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Preface 
 

Lipids are water insoluble in nature and need to be transported in body fluids in the 
form of lipid:protein complexes, i.e. lipoproteins. Lipoproteins consist of a lipid core of 
triglycerides and cholesteryl esters, and an amphiphilic surface of free cholesterol and 
phospholipids. Apolipoproteins (apo-Lp) are interchelated into surface lipids of the 
lipid droplet forming the mature plasma lipoproteins (Fig.1).  

 
Figure 1. 

Nascent lipoproteins on the other hand lack the lipid core and have a disc like 
structure. There are four main lipoprotein density classes - chylomicrons, very low 
density lipoproteins, low density lipoproteins (LDL) and high density lipoproteins 
(HDL) - and yet each of them may be divided into numerous subfractions. The major 
function of lipoproteins is the delivery of nutrient lipids, i.e. triglycerides (TG), 
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phospholipids (PL) and cholesterol, to various organs and tissues. Whereas dietary TG 
and PL may be absorbed up to almost 100%, the absorption rate of cholesterol ranges 
from 30 – 60% only and is influenced by genes and other nutritional factors. There 
exist some 15 or more proteins associated with lipids in the form of apo-Lp that 
function as “structural proteins”, co-factors and inhibitors of enzymes, ligands for 
specific cell surface receptors and possibly others. Although unsaturated and 
polyunsaturated fat is considered to be beneficial, these lipids are prone to oxidation 
and degradation. These products contribute significantly to common diseases found in 
civilized countries such as atherosclerosis, coronary heart disease, Type-2 diabetes 
mellitus, stroke, Alzheimer disease but also auto-immune diseases and cancer.  A 
major trigger for these diseases is LDL whose mass consist to approx. 50% of 
cholesterol. Oxidized and modified LDL are taken up by scavenger receptors of 
macrophages and transform them into foam cells. Foam cells in turn synthesize 
inflammatory cytokines and enzymes hat lead to a vicious cycle of self-perpetuation 
that triggers smooth muscle cell proliferation, lipid deposition and plaque formation 
in the arterial intima (Fig.2).  

Figure 2. 

Similar pathways appear to be also involved in Alzheimer disease and cancer. HDL on 
the other hand have anti-atherogenic, anti-thrombotic anti-oxidative effects and 
therefore are considered to be beneficial (Fig.3).  
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Figure 3. 

As we know there exist so called “LDL” creatures such as primates or rabbits that 
easily develop atherosclerosis and myocardial infarction upon overfeeding with lipid 
rich diet. On the other hand, “HDL” creatures such as rats, mice and dogs hardly 
develop atherosclerosis by feeding them an atherogenic Western-type diet. Thus 
numerous attempts are made to interfere with elevated LDL and low HDL 
concentrations therapeutically in individuals at increased risk for myocardial 
infarction and stroke. 

By typing into databases such as Medline or PubMed the word “lipoprotein” one gets 
more than 100.000 hits that highlights the common interest in this topic. It is actually 
impossible to cover all aspects of lipoprotein structure, function, metabolism and 
pathophysiology in one issue like the present volume, but attempts have been made to 
concentrate on topics that are in focus of current lipoprotein research. These topics 
have been divided into 10 sections.  

Section 1 deals with important issues of lipoprotein structure, the assembly and 
kinetics of apoB containing lipoproteins, and the role of Lp(a) in kidney patients.  

Section 2 reviews clinical chemical methods for diagnosing patients at increased risk 
for atherosclerotic diseases, myocardial infarction and stroke. In addition, hints are 
given how to approach biological databases and how to interprete complex data sets. 
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In Section 3, the characterization of dys- and hyperlipoproteinemias is described in 
detail and their impact on caedivascular disease and mortality is presented. 

In Section 4, the impact of lipid lowering drugs, of long chain polyunsaturated fatty 
acids and of endoscopic treatments on lipoprotein metabolism and atherogenesis is 
described.  

Section 5 highlights the important issue of lipid oxidation and prevention by anti-
oxidants. There is no doubt that the oxidative stress per se and the supply of anti-
oxidative vitamins and plant compound such as polyphenols play a eminent role in 
atherogenesis, yet also other factors mainly genes and environment influence the 
development of atherosclerosis , cardiovascular diseases and stroke. 

Section 6: It is obvious that without animal models it would have been impossible to 
study the function and metabolism of lipoproteins in detail. Thus in this chapter, 
models for dys-and hyperlipoproteinemia are described in addition to the influence of 
diet on obesity and atherosclerosis. Finally, genetically modified animals and animals 
with inborn errors of lipoprotein metabolism such as the WHHL rabbit are described 
for studying the role of lipoproteins in the development of atherosclerotic diseases.  

Neurodegenerative diseases are a burden for the civilized world and still in progress. 
Section 7 highlights different forms of brain diseases with major emphasis to stroke 
and Alzheimer disease that without doubt are causally related to lipid rich diet, lipid 
oxidation and derangements in lipoprotein metabolism.  

Section 8 summarized the most important theories of the involvement of lipids and 
lipoproteins in the development of cancer. 

Adipose tissue has been recognized as an important organ for hormone and cytokine 
production. One of the best studied adipokinine, adiponectin is characterized in 
Section 9. In addition hyperlipoproteinemias associated with chronic virus hepatitis is 
outlined in that chapter. 

Last but not least, lipids and lipoproteins play an eminent role in platelet and 
leucocyte function, and hemostasis. This is the topic of Section 10 that also focuses on 
one of the most atherogenic lipoprotein, Lp(a).  Lp(a) has been studied for more than 
50 years and we still do not know the physiological function of that particle that is 
found only in primates, and in a somewhat different structure in hedgehogs. 

Intense investigations in all these areas are still going one and we wait for exciting new 
developments mediated by “omics” methods and translational research. This volume 
will help new investigators in the field to get acquainted with the general topic of 
lipoprotein research and guides scientists interested in this area to emerging new fields. 

Saša Frank and Gerhard Kostner 
Institute of Molecular Biology and Biochemistry, 

Medical University of Graz, Graz, 
Austria 
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Lipoprotein Structure and Dynamics:  
Low Density Lipoprotein Viewed as  
a Highly Dynamic and Flexible Nanoparticle 

Ruth Prassl and Peter Laggner 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48145 

1. Introduction 

Low density lipoproteins (LDLs) are the principal transporter of cholesterol and fat in 
human blood. Circulating LDLs guarantee a constant supply of cholesterol for tissues and 
cells, whereas cholesterol is required for membrane synthesis, modulation of membrane 
fluidity and the regulation of cell signaling pathways. The function of LDL in metabolism 
is mediating by cellular uptake via receptor-mediated endocytosis followed by lysosomal 
degradation [1,2], and is strongly dependent on the lipid distribution, the structure of 
LDL particles and on the proper conformational orientation of apolipoprotein B100 (apo-
B100). Apo-B100 is the sole protein component of LDL being mainly located on the surface 
of LDL. Apart from their well established role as lipid transporter, LDL particles are 
intimately involved in the progression of cardiovascular diseases such as atherosclerosis 
or stroke, which are among the most prevalent causes of death in developed countries [3]. 
In particular, raised plasma levels of LDL are linked to an increased risk for disease. 
Moreover, dysregulations of LDL due to abnormalities in LDL structure have been 
identified as independent predictors of risk for coronary heart diseases [4,5]. LDL 
particles by themselves are highly heterogeneous in nature, varying in their buoyant 
densities, size, surface charge and chemical composition [6,7], and these biochemical 
characteristics determine the fate of LDL in the subendothelial space [8,9]. For example, 
small, dense LDL subclasses are more atherogenic than their light counterparts, which are 
more susceptible to modifications [5,10]. Modifications of LDL, primarily through 
oxidation, enzymatic degradation or lipolysis are the initiating factors in early 
atherosclerosis. In that case, LDL particles accumulate in the intima of the arterial wall 
where apo-B100 binds to proteoglycans of the extracellular matrix through ionic 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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interactions. As a consequence, LDL becomes trapped in the subendothelium, where it is 
prone to oxidation processes, aggregation and fusion. Bioactive lipids, such as oxidized 
phospholipids, lysolipids or oxidized cholesterylester, are released from LDL particles, 
which are simultaneously non-specifically altered. A broad spectrum of diverse LDL 
particles with non-defined physicochemical properties is generated that, in turn, promotes 
a rapid uptake of these particles by macrophages to form foam cells [11]. This is one of the 
key steps in the progression of atherosclerosis. Today, atherosclerosis is known to be a 
chronic inflammatory disorder of the blood vessels and recognized as a prevailing cause 
of cardiovascular disorders, the leading causes of morbidity and mortality worldwide 
[12]. Since the early initiation of atherosclerosis strongly depends on the metabolism of 
LDL, which is predominantly triggered by molecular characteristics of LDL, it is of 
paramount biomedical importance to explore structural features of LDL particles in great 
detail. However, mostly due to the complex nature of LDL particles many questions 
concerning molecular details are still unanswered.  

This article will review our current knowledge on the structure and dynamics of LDL 
particles. In fact, several recent studies revealed that the molecular organisation and 
dynamics of LDL core lipids, in close relationship to the intrinsic dynamics of LDL surface 
components, control not only the metabolism of lipids in humans, but determine the role 
of LDL in the pathogenesis of cardiovascular diseases. In this article, we will give a short 
historical review on LDL structure and then present prevailing concepts on the self-
organisation of LDL. Special emphasis will be paid to dynamic features of LDL particles. 
In particular, we will discuss the interplay between structure and dynamics in more 
detail. Finally, we will give an outlook to promising future strategies to clarify the 
molecular structural details of LDL and how to exploit LDL nanoparticles for medical 
needs.  

2. Molecular architecture of LDL 

LDLs are composed of lipids and protein, which assemble to form a supramolecular 
complex with a molecular mass exceeding 2.5 - 3.0 million Da and involving 2000 to 3000 
lipid molecules. Thus, LDL particles are commonly described as micellar complexes, 
macromolecular assemblies, self-organized nanoparticles or microemulsions. Regardless of 
diverse definitions, it is generally accepted that assembled LDL particles are organized into 
two major compartments, namely an apolar core, comprised primarily of cholesteryl esters 
(CE), minor amounts of triglycerides (TG) and some free unesterified cholesterol (FC). The 
core is surrounded by an amphipathic outer shell. This shell is composed of a phospholipid 
(PL) monolayer containing the larger part (>2/3) of the FC molecules and one single copy of 
apo-B100, which is one of the largest known monomeric glycoproteins [13]. Figure 1 
provides an overview on characteristic properties of LDL together with a schematic 
presentation of an LDL particle. Since molecular interactions between different kinds of 
lipids have turned out to be highly complex, it is almost impossible to separate the surface 
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and core regions exactly from each other. Accordingly, in some recent reports an additional 
hydrophobic interfacial layer composed of phospholipid acyl chains, FC, some CE 
molecules and hydrophobic protein domains is defined. This description takes account for 
the interplay between neutral core lipids and the surface layer [14]. 

 

 
 

Figure 1. Molecular organisation of LDL. LDL particles are isolated from human plasma within a 
defined density range. Their particle size varies between 20 to 25 nm. LDLs are built up by a 
hydrophobic lipid core of cholesterylester (CE) and triglyceride (TG) molecules, which make up more 
than 40% of particle mass surrounded by a phospholipid (PL) monolayer corresponding to about 20% 
of particle mass. Varying amounts of free cholesterol (FC) are incorporated in the shell and the core 
regions. One single copy of apo-B100 (550 kDa) is embedded in the surface monolayer, partially 
penetrating the core and covering about 40 to 60% of the surface area. The carbohydrate moieties are 
distributed along the protein chain and are surface exposed. The N-terminal end of apo-B100 (about 
26% of total) is hydrophilic and shows a high homology to lamprey lipovitellin. The C-terminal end was 
shown to be located close to the N-terminus.  

Since LDL particles are highly heterogeneous, especially with respect to the chemical 
composition of the core lipids, the actual size of LDL particles varies between 20 to 25 nm, 
with an average particle diameter of about 22 nm. This intrinsic heterogeneity allows a 
subdivision of LDLs into distinct highly homogeneous LDL subspecies, which are 
identified on the basis of their hydrated densities, which normally lies between the 
extremes of d, 1.019 and 1.063 g ml-1 [15]. These subspecies also differ in their physico-
chemical characteristics, receptor binding affinity [16], susceptibility to oxidative 
modifications [17,18], and in their atherogenic behaviour. Following these lines, it is 
important to consider LDL as a flexible construct, which needs to respond to changing 
environmental conditions during lipid exchange. Hence, during particle remodelling, apo-
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surface area and surface pressure [6]. It is known, that apo-B100 predominantly resides on 
the surface of LDL and displaces PL molecules, concomitantly changing the diffusion and 
order parameter of lipids as shown in a recent near atomistic simulation study [19]. Based 
on simple geometrical considerations taking into account the surface PL monolayer (about 
700 PL molecules) with an average area per lipid of 0.65 nm2 and an LDL particle 
diameter of 22 nm, large parts of the surface layer must be covered by the protein to avoid 
unfavourable hydrophobic contacts. In support of these considerations, a loose surface 
packing of PL molecules was derived from molecular dynamics simulations [19]. This low 
surface pressure enables hydrophobic amino acid regions of apo-B100 to penetrate into 
the interfacial regions, predominantly formed by the acyl chains of PLs. Consequently, 
apo-B100 might interact more readily with the neutral core lipids, and indeed it was 
shown that some of the CE molecules align along the β-sheet structures of apo-B100 [20], 
thereby driving CE molecules to the surface, where they become part of the interfacial 
layer. Particularly noteworthy is the fact that the lipids within the interfacial layer are not 
homogeneously distributed but form local microenvironments [14]. More precisely, two 
nanodomains were identified, one rich on sphingomyelin and FC, the other one rich in 
phosphatidylcholine and poor in FC. The latter was shown to be associated more closely 
with apo-B100 [21]. Even though, one has to keep in mind that these domains are not 
static or confined in size and number and co-determine the intrinsic dynamics of LDL. 
Based on these types of findings, it seems reasonable to suggest that variations in the 
molecular organisation of lipid/apo-B100 impact the structure of LDL, and have to be 
considered to act as physiological determinants of LDL function. 

3. Structural models of LDL 

Our present understanding of the structure of LDL particles has emerged from the 
concerted application of different physico-chemical techniques with early ground-breaking 
findings derived from neutron- or X-ray small angle scattering data [22-25] complemented 
by results from negative staining electron micoscopic (e.m.) [26,27] and spectroscopic 
techniques [28,29]. For comprehensive reviews on different biophysical studies applied on 
LDL species see refs. [30,31]. In recent years structural investigations using cryo-e.m. 
reconstruction techniques have become prevalent and with time 3-dimensional models with 
improved resolution were presented [32-37]. While in earlier studies LDLs are described as 
quasi-spherical particles, later studies presented a new view of the overall particle structure 
displaying an oblate elliptical particle shape. Moreover, recent 3D-images show convincing 
data that LDL can be considered as discoidal-shaped particle with two flat surfaces on 
opposite sides. In this model, apo B100 encircles LDL at the edge of the particle, while the 
PL monolayer is rather located at the flat surfaces which are parallel to the CE layers in the 
core [36,37]. To get a better impression of what LDL looks like in a structure map obtained 
by 3D-reconstruction from cryo-e.m, we show some images in Figure 2 revealing the surface 
density distribution on LDL. It has to be stated that this model strictly holds true for LDL 
particles with the core lipids being in a frozen liquid-crystalline state. 
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Figure 2. Density distribution at the surface of LDL. The 3D-density map derived from cryo e.m. 
images by reconstitution reveals the oblate overall particle shape of LDL shown in gray. The overlaid 
high density regions represent the backbone of apo-B100, colored in orange. The belt surrounds the 
particle to form an enclosed circle. The second group of high density regions (green) contours the rims 
and complements the backbone enclosing lower-density regions. The high density regions on the 
sidewall (yellow) are structures extending from the backbone. A knob-like protrusion is visible at the 
pointed end (indicated by triangles in the right and top views). The 3D-map is turned 90° in each frame. 
Reprinted with permission from ref. [37]. 

4. Core lipid packing and lipid phase transition  

Despite of compositional heterogeneity, LDL particles share one common feature: the CE 
molecules in the core undergo a structural transition from an ordered liquid-crystalline phase 
to a fluid oil-like state as function of temperature and chemical composition [38]. More 
precisely, the actual transition temperature, which is close to body temperature, is inversely 
correlated to the content of triglycerides within the lipid core [22,39]. Based on these 
characteristics, several models for CE packing have been suggested including a spherical 
concentric layer model derived primarily from X-ray and neutron scattering data [40,41]. More 
recently, the concept of a flat lamellar structure came up. This model is derived from single-
particle reconstructions from cryo-e.m. images of LDL in vitreous ice [32,34]. An ordered 
three-layer internal lamellar structure with a distance of about 3.6. nm between the single 
lamellae was reported [32], in agreement with repeat distances derived from X-ray scattering 
patterns for LDL below the transition temperature. While these images were observed for LDL 
particles being in the liquid crystalline phase before snap-freezing, diverse results were 
reported for LDL particles frozen from a state above the phase transition temperature [42,43]. 
One plausible explanation for these discrepancies might be that the melting rate of the core 
lipids proceeds extremely fast. It has been shown that the physical state of core lipids changes 
within milliseconds [44]. This fast kinetics has caused experimental difficulties for long time, 
however, a recent experimental approach by speeding up freezing allowed to trap the lipids in 
the molten state [45]. The authors report on a co-existing phase of layered and broken shells for 
LDL particles, which are shock-frozen in a state above the phase transition. This is the first 
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time to visualize the nucleation process of CEs within LDL. Most interesting, the images 
indicate intermediate states between the order/disorder phase transition. Figure 3 shows the 
dynamic model of the core CE packing during the phase transition and gives a comparison of 
the internal features of reconstructed 3D-volumes of LDL.  

 
Figure 3. Schematic picture of the dynamic model of LDL core lipid packing during the phase 
transition. Comparision of the internal features of the reconstructed 3D-volume of LDL snap-frozen 
from below (22°C) and above (53°C) the phase transition temperature (Tm). Samples prepared from 
22°C show a layered organisation while samples prepared from 53°C reveal a disorded shell like 
structure, which is concentric to the surface. Note, the overall shape of LDL has also changed slightly. 
The lower panel shows a hypothetical model for the core lipid packing depicting the dynamic process 
of the core lipid phase transition upon cooling from isotropic to layered passing through an 
intermediate state. Modified with permission from ref. [45].  

In summary, it seems reasonable to argue that both the overall shape and core lipid packing 
of LDL particles are highly sensitive to changes in temperature and lipid composition. 
Indeed, this newly proposed patch nucleation behavior permits the temporary formation of 
local molecular microenvironments as suggested previously by our group in terms of 
trigylceride segregation [46]. In the next paragraph we will address some interesting 
questions in support of above hypotheses. 

Does a lipid microphase separation occur in LDL particles as a function of the relative core 
content of CE and TG ? 

As already mentioned, the transition temperature correlates with the lipid composition, 
however, a discontinuity in the concentration dependence was observed [46]. A break in the 
concentration dependence of a transition temperature in a mixed lipid system constitutes an 
index for the existence of a phase separation at the break point. In isolated triglyceride - 
cholesteryl ester systems no indication of a phase separation at similar compositions was 
found [39,47]. It appears therefore, that structural constraints within the LDL particle 
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determine this effect. Experimental data provide evidence that at low TG content (below 
12%) the TG molecules separate into distinct hydrophobic nanoenvironments while the CEs 
form a smectic liquid crystalline layer. With increasing TG content the thermal stability of 
the CE layer is decreased by intermixing with TG [46]. This hypothesis implies that the TG-
rich fluid nanodomains can serve as a reservoir for lipophilic minor constituents, such as 
vitamins (tocopherol, carotenoids etc.) below the phase transition. The local concentration of 
these antioxidants and hence their efficiency in scavenging lipophilic free radicals is higher 
than if they were dissolved in the bulk volume of total apolar lipids. At the same conditions 
the CE molecules are strongly immobilized and the intracellular degradation of LDL is 
decelerated [48], equally the activity of lipid transfer proteins is diminished [49,50]. Based on 
these considerations it is tempting to speculate that circulating LDL, as a consequence of the 
variation in blood temperature, periodically undergoes a thermal transition resulting in a 
transient increase in the local core concentration of minor constituents [46]. Here, it should 
be emphasized that a periodic redistribution of lipophilic solutes, and also for example of 
drugs, into the confined LDL core volume could represent an attractive approach to the 
modulation of biochemical reactions, which would not occur at sufficient rates under the 
normal conditions of relative concentration. Studies along these lines could indeed verify 
the long missing physiological role of the thermal LDL transition. 

Can LDL structure follow quasi-isothermal changes in blood temperature during its 
circulation, or does it remain adiabatically metastable in the molten-lipid state?  

In order to provide evidence to answer this question we have applied time resolved X-ray 
scattering experiments using a high flux synchrotron generated X-ray beam. Thus, we have 
been able to trigger the thermal transition in either direction (heating and cooling) 
simultaneously monitoring associated structural changes in sub-second time intervals. With 
our special instrumental setup we managed to evaluate the kinetics of core-transition by T-
jump and T-drop experiments [44]. We found that the melting transition proceeds faster 
than 10 milliseconds indicating that thermal-induced lipid reorganisation takes place at the 
time scale of blood circulation. As the velocity of blood-flow can be as low as 0.3 mm/s in 
peripheral blood capillaries the residence time for LDL particles in cooler regions of the 
body can be several seconds. Consequently, LDL can easily follow periodic temperature 
changes during blood circulation and assist the redistribution of lipophilic constituents 
within its core nanodomains forming fluid defect zones. For biomedicine, this strengthens 
the hypothesis that the core lipids of LDL not only act as passive chemical substrates in 
metabolism, but that their physical state within the LDL nanoparticles has the potential to 
control their metabolic fate in normal and atherosclerotic cholesterol transport. 

Does the core lipid transition have a physiological meaning ? 

Despite its occurrence conspicuously close to blood temperature and the variation of the 
transition temperature of LDL among different subjects, no clear evidence for a 
physiological or patho-biochemical role of this transition has so far been found. It is now 
generally accepted in literature that the rearrangement of the core lipids also affects the 
overall structure and shape of the LDL particle. Morphological changes in turn can impact 
receptor-binding activity as well as the action of lipid hydrolyzing enzymes. Equally, the 
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susceptibility of LDL particles to oxidative modifications and lipid peroxidation might be 
correlated to temperature [18]. As oxidized LDL play a crucial role in the pathogenesis of 
atherosclerosis, any contribution to the comprehension of antioxidant efficiency may be of 
therapeutic potential [2,51], further pointing to the physiological relevance of the lipid core 
organisation. However, this vital question still remains unanswered.  

5. Apo-B100 is a flexible string wrapped around the surface of LDL 
As already indicated above, the physicochemical state of the core lipids is intimately related to 
the structure and dynamics of the particle surface, which consists of about 700 phospholipid 
molecules and one single copy of apo-B100. Apo-B100 is a huge glycoprotein and its 
polypeptide chain consists of 4536 amino acid residues with an estimated molecular mass of 
about 550 kDa for the glycosilated form [52,53]. Apo-B100 is a single chain protein with a total 
contour length of about 70 nm [54] and can be viewed as a highly flexible molecular string 
composed of single domains [20]. Five consecutive domains were identified based on 
secondary structure elements representing the main conformational motifs of apo-B100. The 
single domains are connected by flexible interdomain linker regions, which allow relative 
movements of domains to each other. The feasibility of such motions was shown in a low 
resolution model of detergent solubilized apo-B100, which was derived from small angle 
neutron scattering data [55]. In this model, compact rigid domains are visible being connected 
by flexible interdomain linkages, which possess a substantial degree of freedom in their spatial 
orientation. A hypothetical spatial arrangement of the apo-B100 molecule on a spherical LDL 
particle was created after assigning the secondary structure elements, which were deduced 
from a secondary structure prediction, to the surface of apo-B100 (Figure 4). Likewise, the 
averaged surface shape of the 3D-model would allow for variations in the thickness of the apo-
B100 molecule by about 1 nm. Such variations are most likely required to compensate for 
changes in the surface area upon lipid exchange and particle shrinking during endogeneous 
lipoprotein conversion from very low density lipoprotein (VLDL) to LDL.  

 
Figure 4. Reconstituted low resolution model of lipid-free apo-B100 derived from small angle neutron 
scattering data. Apo-B100 shows an elongated arch-like morphology indicating single domains and 
mobile less defined linker regions. A hypothetical model of a spherical LDL particle after superposition 
of the structural model of apo-B100 is shown (adapted from ref. [55]). Secondary structure modules are 
assigned to the surface after a secondary structure prediction was performed. The results nicely 
correspond to the pentapartite model suggested by [20].  
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Concerning the topology of apo-B100 on the surface of LDL the most detailed information is 
obtained from cryo-e.m. images (see also Figure 2). Chatterton et al. were among the first to 
visualize apo-B100 as string circumventing LDL, and to report on mapped epitopes of apo-
B100 distributed over one hemisphere of the LDL particle [56,57]. Recent single particle 3D-
reconstructions from immuno cryo e.m. images delineated a more accurate picture of apo-
B100 revealing a looped topology of the protein backbone with distinct epitopes identified 
along the protein chain. According to this model, epitopes in the LDL receptor binding 
domain are located on one side of LDL, whereas epitopes located in the N-terminal and C-
terminal domains are in close vicinity to each other on the opposite side of LDL [36]. In 
addition, a prominent protrusion is visible in the images at the pointed end of the particle. A 
similar knob-like region was apparent in the low resolution model of lipid-free apo-B100 
shown in Figure 4. This protrusion most probable represents the non-lipid associated 
globular N-terminal domain of apo-B100, which shows a high homology to lamprey 
lipovitellin [58]. Except for the N-terminal domain, little is known about the molecular 
organisation of the structural motifs, whose amphipathic nature determine lipid association. 
However, to evaluate lipid-protein interactions physical parameter like interfacial elasticity 
or molecular dynamics have to be considered. In this context, it was suggested that the 
hydrophobic β-sheet domains of apo-B100 act as elastic lipid anchors, whereas the 
amphipathic α-helical domains respond rapidly to changes in surface pressure [59,60]. In 
any case, it can be assumed that alterations in the adsorption and penetration depth of apo-
B100 in the phospholipid monolayer and in the lipid core are accompanied by structural 
rearrangements of the domains and changes in the orientation of the domains relative to 
each other. In the course of such elastic motions, intramolecular rearrangements are likely to 
alter the overall hydrophobicity and surface activity of single protein domains. These 
modifications not only affect lipid-protein interaction, but are equally important for 
molecular and cellular recognition of apo-B100. 

6. Apo-B100 containing lipoproteins are very soft and flexible 

LDL particles are formed in the circulation by lipolytic conversion of TG-rich VLDL 
particles. This enzyme mediated endogenous transformation is accompanied by an 
extensive shrinking in particle size from about 50-80 nm for VLDL to ~20 nm for LDL. In the 
course of remodelling, apo-B100 remains bound to its nanocarrier stabilizing the lipid 
assembly by maintaining structural integrity. To accomplish this, apoB100 has to become 
more condensed or relaxed depending on the lipid packing density. Likewise, this dynamic 
process is modulated by the molecular mobility of the surrounding microenvironment. To 
test for this hypothesis we have recorded temperature dependent molecular motions in 
VLDL and LDL particles using elastic incoherent neutron scattering [61]. With this 
technique, motions in the nano- to picosecond time scale can be recorded. The calculated 
dynamic force constants are a direct measure for the resilience of the particles. The results 
show that at physiological temperatures VLDL particles are very soft, elastic and mobile as 
compared to LDL, which is more rigid (see Figure 5). This observation supports the notion 
that apo-B100 in VLDL is loosely packed at the interface covering a large surface area with 
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low interfacial surface tension [59]. During particle conversion from VLDL to LDL, however, 
the relative number of surface molecules increases and a higher molecular packing density 
leads to a compression of the lipid anchored protein regions and an overall stiffening of the 
LDL particle [60].  

 
Figure 5. Molecular motions in LDL and VLDL. Elastic temperature scans are recorded with elastic 
incoherent neutron scattering. The mean square thermal fluctuations (<u2>) are shown as function of 
temperature. The molecular resiliences are derived from the slopes in the curves. It is seen that VLDL 
has an increased motion at elevated temperatures compared to LDL. Parts of this figure are reproduced, 
with permission, from ref. [60]. 

To conclude, the intrinsic conformational flexibility and elasticity of apo-B100 containing 
lipoprotein particles is most likely critical for specific affinities of lipoproteins to receptors, 
antibodies or enzymes. Moreover, it would seem that the susceptibility of lipoproteins to 
oxidative modifications and hence their atherogenicity is influenced by their dynamic 
nature. 

7. LDLs are flexible nanotransporters circulating in blood  

In the search for new and improved therapeutics, the field of nanomedicine dealing with 
functionalized nanoparticles for molecular imaging and therapy is rapidly emerging. 
Nanoparticles offer new opportunities to transfer active substances directly to the diseased 
site in the body. By additional surface coatings or functionalizations, the properties of 
nanoparticles can be tuned to specific needs. Within the last two decades, a variety of 
artificial nanoparticles have been designed for targeted delivery of drugs or contrast agents. 
Many of these nanoconstructs are developed for cancer therapy taking advantage of the  
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leaky vasculature of tumours. Apart from tumour targeting, increasing efforts are devoted 
to the treatment and imaging of atherosclerotic plaques (for a recent review see ref. [62]). 
Over time, a broad and versatile nanoparticle platform was created in which liposomes and 
biodegradable polymers have turned out to be the most promising candidates. It is 
important to mention that several nanomedicine products have already been established on 
the market and numerous products are successfully applied in clinical trials [63]. However, 
inherent problems of nanoparticles are biocompatibility and low stability in vivo, since most 
nanoparticles become rapidly cleared by the reticuloendothelial system. In contrast to 
artificial systems, lipoproteins are naturally occurring nanoparticles evading recognition by 
the body´s immune system. Hence, lipoproteins are excellent candidates with attractive 
properties to be considered as molecular transporters. A great advantage of LDL over other 
nanoparticles is the fact that LDL particles stay in circulation for several days, and are not 
cleared immediately by the mononuclear phagocyte system of the liver and spleen. The 
average lifetime of an LDL particle is 2-3 days and this time span is about three times longer 
as reported for long-circulating liposomes, currently applied in chemotherapy [64]. It was 
recognized that certain tumor cells overexpress LDL receptor, however, the targeting 
specificity is limited as the LDL receptor is ubiquitously expressed throughout the body, 
most prominent in the liver. However, using apo-B100 as inherent targeting sequence the 
enhanced circulation times in blood enable drug-loaded LDL particles to bind to specific 
receptors exposed on the surface of e.g. tumor or atherosclerotic plaque. Once recognized by 
the receptor, the functionalized LDL particles become internalized, accumulate in the tissue 
and exert an enhanced effect (reviewed by [65]). The intrinsic targeting properties of LDL to 
atherosclerotic plaques are already utilized for early diagnosis and detection of 
atherosclerotic lesions by different imaging modalities (for reviews see refs. [66,67]). 
However, to modify lipoprotein particles for medical purposes, care has to be taken not to 
compromise essential biophysical and structural features of LDL with the goal to preserve 
the biological activity. In general, there are several possibilities to create multi-
functionalized lipoprotein particles. Some representative examples are shown in the scheme 
in Figure 7. One possibility is to load hydrophobic drugs (e.g. chemotherapeutics, 
antibiotics, vitamins, signal emitting molecules or small nanocrystals) in the lipophilic inner 
core of LDL. This can be accomplished by different techniques including lyophilisation, 
solvent evaporation and reconstitution procedures [68,69]. However, LDL particles can not 
be reconstituted so easily and remote drug/contrast agent loading into native lipoprotein 
particles is still a tedious approach currently not being standardized. Amphiphilic 
substances (drugs or marker molecules) or fatty acid modified chelator complexes can be 
incorporated in the PL monolayer [70,71]. This has successfully been done in numerous 
biophysical studies and for diagnostic purposes. Finally, the surface of LDL can be modified 
by protein labeling. This is done by covalent attachment of substances to the lysine and 
cysteine amino acid residues of apo-B100. Such substances include fluorophores, 
radionuclides or metal ions for molecular imaging [65]. Alternatively, targeting sequences 
(e.g. folic acid) can be coupled to apo-B100 with the purpose to reroute LDL to alternate 
receptors, which, in case of folate, are more specifically expressed in tumor cells [72].  
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Figure 6. Scheme giving some examples of how LDL particles can be modified to act as natural 
endogenous nanoparticles for targeted drug delivery or multifunctional molecular imaging. 

To construct lipoprotein mimetic particles, also referred to as lipoprotein related particles, 
artificial lipoprotein particles have to be reassembled from individual lipid and protein 
entities. This approach was highly successful for high density lipoproteins using apo-AI 
mimetic peptide sequences [73]. For LDL, this approach was not pursued yet and will be 
much more complicated considering the complex dynamic nature of apo-B100.  

Over the last few years, a promising nanoparticle platform was established, which exploits 
the endogenous properties of natural lipoproteins being non-toxic, non-immunogenic and 
biodegradable. Although this platform still offers vast potential for improvements, first 
promising results in enhanced multimodal imaging of tumors and atherosclerotic plaques 
are achieved giving hope that further endeavors to combine diagnostics and personalized 
therapeutics will also be successful. 

8. Conclusions and future directions 

The intrinsic flexibility and dynamics of LDL lipids and protein in conjunction with the 
inherent compositional heterogeneity of LDL particles has hitherto hampered successful 
structure determinations at atomic level. Recent technological developments, however, 
allowed to restore characteristic structural features of individual LDL particles at low 
resolution. In particular, using cryo e.m. 3D-reconstruction techniques several groups have 
succeeded in imaging morphological and topological details of LDL to a resolution limit of 
approximately 2 nm [34-36]. Now, new concepts will be needed to make further progress in 
the development of high resolution models of LDL. One promising way is to put stronger 
emphasis on protein crystallography in combination with computational modelling and 
molecular dynamics simulations. X-ray crystallography apprears to be a hopeless pursuit 
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with heterogeneous and flexible particles like LDL. Nevertheless, our earlier attempts of 
crystallisation have been partially successful [74]. Additional efforts, however, have to be 
focussed on the stabilization of apo-B100 in a more rigid state, perhaps by co-crystallisation 
with monoclonal antibodies. An alternative way ahead would be to work with lipid-free 
apo-B100 stabilized by detergent-mimetic systems, e.g. amphipathic designer peptides, or to 
proceed with truncated fragments of apo-B100.  

At present there is still a deficit in our knowledge concerning the molecular lipid trafficking 
mechanisms of LDL. To know the atomic structure of LDL, in particular of apo-B100, may 
well contribute to a better understanding of biologic aspects of cardiovascular diseases, 
especially with respect to future strategies towards rational pharmaceutical interventions. 
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1. Introduction 
Lipoproteins are complexes consisting of a lipid core of mainly triglycerides and cholesterol 
esters surrounded by a surface monolayer of phospholipids, free cholesterol and specific 
protein components named apolipoproteins [1]. Most apolipoproteins undergo complex 
exchange reactions and serve many metabolic functions including transport, enzyme 
cofactors and receptor ligands. Except for the covalently linked apolipoprotein(a)-
apolipoproteinB-100 (apo(a)-apoB) complex in Lipoprotein(a) [Lp(a)], apolipoproteins are 
non-covalently associated with each other and the lipid core. 

Lipoprotein disorders are often associated with cardiovascular disease (CVD), 
atherosclerosis and other organ dysfunctions [2, 3]. To prevent and treat these diseases and 
to fully understand their cause, it is necessary to characterise the underlying metabolic 
disorders [1]. The conventional initial approach to do this is by measuring concentrations of 
plasma lipids or apolipoproteins. However, abnormal concentrations of lipids and 
apolipoproteins can result from changes in the production, conversion or catabolism of 
lipoprotein particles. Therefore, although static measurements and functional assays are 
important techniques to gain first in vivo functional insights, it is necessary to study their 
metabolic pathway to understand the complexity of lipoprotein function and 
pathophysiology [4, 5]. 

Animal models cannot sufficiently replace human studies to explore lipoprotein metabolism 
due to substantial species specificity. This holds particularly true for conventional 
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laboratory animals such as mice and rats which – unless genetically modified or induced by 
special diet - do not develop atherosclerosis (see review [6]). The same argument is valid for 
investigations using cellular model systems. Since the liver is the central organ responsible 
for lipoprotein metabolism and primary human hepatocytes are of only limited use in 
research, most cellular studies in lipoprotein metabolism have been conducted in human 
hepatoma cells lines. These lines express, secrete and assemble a lipoprotein pattern which 
is substantially different from the respective human counterpart [7]. 

For all these reasons, the in vivo investigation of metabolic pathways in human subjects is 
the ultimate approach to elucidate physiological or pathological functions of metabolites in 
the human body. Historically, such human kinetic studies were performed using radioactive 
tracers; this methodology is, however, nowadays of only restricted use. Therefore, stable-
isotope tracer kinetic studies in human subjects with clear advantages regarding safety and 
technical issues have replaced the radiotracer methods to become an important research tool 
for achieving a quantitative understanding of the dynamics of metabolic processes in vivo.  

The aim of this review is to shortly describe the methodology and illustrate how the 
approach has expanded our understanding of physiological mechanisms as well as the 
pathogenesis of disorders of human lipoprotein metabolism. We will then specifically 
address the assembly mechanism of the atherogenic Lp(a) complex and focus on the kinetics 
of apoB-containing lipoproteins in patients with chronic kidney disease. This patient group 
is well-known for its high risk for atherosclerotic complications and a 10- to 20-fold 
increased cardiovascular mortality compared to the general population [8]. 

2. Principles of tracer technology 
Exogenous and endogenous labelling techniques have been used to study the in vivo 
metabolism of an endogenous molecule, the tracee (see review [4]). In the exogenous 
method, the same molecule, in form of a usually radioactively labelled tracer, is introduced 
into the bloodstream [9]. In lipoprotein studies, this methodology first requires purification 
of the target molecule or particle and ex-vivo radiolabelling followed by reinfusion into the 
circulation. The physological integrity of the target molecule might, however, suffer from 
such procedure. Furthermore, in case of multiprotein complexes (which most lipoproteins 
are), the kinetics of individual protein components cannot be investigated by this approach. 
As an example, the investigation of in vivo kinetics of both protein components of Lp(a), as 
described in this article, to study its assembly mechanism would not be possible with the 
exogenous labelling approach. 

In contrast, in endogenous labelling, a labelled precursor of the molecule of interest, in case 
of proteins usually a labelled amino acid, is used to label the target molecule by infusion 
into the circulation of a suitable proband. Ideally, the tracer can easily be detected and 
quantified, has the same kinetic behaviour as the tracee, and does not perturb the system. 
Usually, kinetic studies are performed in steady state, where the rates of input and output 
for a given unlabelled tracee substance are equal and time invariant. Thus, the information 
provided by the tracer reflects the behaviour of the tracee [10, 11]. At various times, the 
target protein or particle has to be purified from the blood of human probands and the 
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amount of tracer is quantified to provide a kinetic curve. A mathematical model is then 
constructed to extract all the information contained in the kinetic curve. By fitting a model to 
the data, it is possible to calculate the parameters of the model that characterize the flux of 
molecules between kinetically homogeneous pools. For example, it is thus possible to 
investigate the whole pathway including production, conversion or catabolism of 
lipoprotein particles, information that cannot be obtained by static measurements alone. 

The term stable isotope refers to a non-radioactive isotope of a given atom that is less 
abundant in a molecule within a biological system than the lightest naturally occurring 
isotope. The most common stable isotope used as metabolic tracer for apolipoprotein kinetic 
studies is [2H3]-leucine. Stable isotope tracers are much safer than radioactive tracers for 
both the study subject and the investigator. Furthermore, the duration of stable isotope 
experiments is normally less than 24 hours which is much shorter compared to radiotracer 
techniques which may need up to 14 days of examination [9]. 

2.1. Tracer administration 

A tracer can be administered intravenously as either a single bolus injection, a primed 
constant infusion (i.e., a constant infusion given immediately after a priming bolus), or as a 
combination of both. The tracer bolus administration offers superior dynamics compared 
with the primed constant infusion, because the enrichment curves (the tracer  tracee ratios) 
after a bolus injection correspond to the impulse response of the system. It is therefore 
suitable to study components of lipoprotein metabolism with a slow rate of turnover. 
Another advantage of bolus administration is that it facilitates the determination of newly 
synthesized particles, as the intracellular precursor enrichment is greater at the start of the 
study. This argument therefore counts particularly when investigating kinetics of particle 
assembly, as described in 3.1.1. Practically, the bolus infusion is also most convenient for 
both subjects and investigators. 

2.2. Multicompartment models for data analysis 

Multicompartment modelling is a superior method to dissect the complexities of lipoprotein 
metabolism, and has been widely applied to systems in which material is transferred over 
time between compartments connected in a specific structure to permit the movement of 
material amongst the compartments [12]. 

Each compartment is assumed to be a homogenous entity within which the entities being 
modelled are equivalent. For instance, the compartments may represent different types of 
lipoprotein particles that are kinetically homogeneous and distinct from other material in 
the system. Very often, the data can be described by more than one model. To ensure that 
the best model is selected, it is necessary to carefully examine the fitting of the kinetic curve, 
to determine the precision of the parameter estimates, and to perform statistical tests to 
compare results obtained with different models. However, the complexity of a 
multicompartment model is usually a compromise for what is practically possible. A very 
simple model may not adequately describe the kinetic heterogeneity present within the 
system. A model that is too complex, on the other hand, will not be supported by 
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experimental data and, hence, will have little predictive value. Furthermore, even if the 
development of models is based on experimental data, several assumptions are required in 
order to derive the model that is to be used. Thus, mathematical models do not determine 
the kinetics of lipids directly; rather, they derive an indirect approximation. 

The software SAAM (Epsilon Group, Charlottesville, VA, USA) has become the first choice 
for modelling lipoprotein kinetic studies. The SAAM II program was recently developed by 
SAAM Inst., Inc., Seattle, WA, USA, and is frequently used to analyse lipoprotein tracer data 
using compartmental models [13, 14]. The primary kinetic parameter resulting after 
modelling with SAAM II is the fractional synthesis rate (FSR) which, under steady state 
conditions, is identical to the fractional catabolic rate (FCR) and has the dimension of 
pools/day. The reciprocal value of FSR/FCR is called retention time (RT, given in days) and 
indicates the residence time of the investigated tracee (the target apolipoprotein in our 
cases) in the circulation. The product of FSR multiplied by the concentration of tracee is 
called production rate (PR) and is usually expressed as mg/kg body weight/day. 

3. Metabolism of apoB-containing lipoproteins 

Dietary lipids are absorbed in the intestine and packaged into large, triglyceride-rich 
chylomicrons which undergo lipolysis to form chylomicron remnants. In the last step of the 
so-called exogenous lipoprotein pathway, these particles are finally taken up by the liver. 
The liver then secretes triglyceride-rich lipoproteins known as very low-density lipoproteins 
(VLDLs) representing the first step oft the endogenous lipoprotein pathway (Figure 1). 
Lipoprotein kinetic studies have shown that VLDLs are metabolically heterogeneous. 
Following lipolysis by endothelium-bound lipoprotein lipase (LPL) and hepatic lipase (HL), 
these particles are converted via intermediate-density lipoproteins (IDL, also called VLDL 
remnants) to low-density lipoprotein (LDL) or taken up by the liver. LDL is catabolized 
mainly by the liver or peripheral tissues via the LDL receptor. Increased plasma 
concentrations of LDL are a major risk factor for CVD. ApoB-100 is the major apolipoprotein 
of chylomicrons, VLDL, IDL and LDL. 

Lipoprotein(a) [Lp(a)] consists of an LDL-like particle which is covalently bound to the 
glycoprotein apolipoprotein(a) [apo(a)] by disulfide linkage and derives from the liver [15] 
(Figure 2). Among individuals, Lp(a) plasma concentrations vary more than 1000-fold, 
ranging from less than 0.1 mg/dl to more than 300 mg/dl. Depending on the investigated 
population and the used genetic approach, it has been shown that between 30% and 90% of 
this variation in plasma concentrations of Lp(a) is determined by the apo(a) gene locus, 
encoding proteins from <300 to >800 kDa [16-18]. Apo(a) size is negatively correlated with 
Lp(a) concentrations, such that low-molecular-weight (LMW) apo(a) isoforms express on 
average high Lp(a) plasma concentrations, while high-molecular-weight (HMW) isoforms are 
usually associated with lower concentrations (reviewed in reference [15]). Elevated plasma 
concentrations of Lp(a) have been found associated with an increased risk of developing CVD 
in many studies which was confirmed by recent large meta-analyses [19, 20]. In vivo kinetic 
studies using radio-labeled Lp(a) indicated that the large differences in Lp(a) concentrations 
seen among individuals are determined by synthesis and not degradation [9, 21]. 
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Figure 1. Endogenous metabolic pathway of apolipoprotein B (apoB)-containing lipoproteins. 
Triglyceride-rich very-low-density lipoproteins (VLDL) are synthesized and secreted by the liver into 
the blood stream and their triglycerides catabolized by the endothel-bound enzyme lipoprotein lipase 
(LPL) resulting in intermediate-densitly lipoproteins (IDL). LPL and hepatic lipase (HL) further convert 
IDL to low-density lipoproteins (LDL) which are removed from the circulation by the liver and 
extrahepatic tissue cells via LDL-receptor (LDLR)-mediated endocytosis. Lipoprotein(a) [Lp(a)] is 
synthesized and secreted by the human liver into circulation. 

 
Figure 2. Structure of lipoprotein(a) [Lp(a)]. Lp(a) consists of an LDL-like particle and the disulfide-
bridge-linked glycoprotein apolipoprotein(a) [apo(a)] which exerts high sequence homology to 
plasminogen. Apo(a) consists of an inactive protease domain (blue rectangle) and identical as well as 
non-identical repeats of kringle domains (blue circles). The number of identical kringles vary among 
individuals and gives rise to a genetically determined molecular size polymorphism of apo(a). 
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3.1. Biosynthesis of Lp(a) 

Lp(a) has been the target of extensive and successful research particularly with respect to 
the unusually high degree of genetic control of its expression. In contrast, metabolism and 
physiological roles as well as pathogenicities of Lp(a) are still poorly understood, as recently 
reviewed by Dubé et al. [22]. The mechanisms that control Lp(a) secretion and assembly 
were investigated mostly by means of cellular hepatocyte model systems, yielded 
contrasting results and thus remain highly controversially discussed (see review [23]). 
Assembly of apo(a) and apoB to Lp(a) is generally viewed as a two-step procedure [24, 25]. 
In a first step, distinct domains within the apoB molecule initially associate with apo(a) in a 
non-covalent interaction to bring the two molecules into close proximity. In a second step, a 
disulfide bond is formed between apo(a) cysteine 4057 and apoB cysteine 4326 residues [24, 
26]. Whether this disulfide bond is formed through a spontaneous oxidation reaction or 
through a specific enzymatic reaction is unclear [27, 28]. 

The location of this assembly process is the subject of controversial discussion as well. 
Intracellular, extracellular and/or plasma membrane-associated assembly procedures have 
been reported to occur in various cell systems [23]. Lp(a), like many other oligomeric protein 
complexes, may assemble in the endoplasmic reticulum of the hepatocyte and be secreted as 
a whole particle [29, 30]. Alternatively, newly synthesized apo(a) could bind extracellularly 
to preexisting LDL or VLDL circulating in the plasma. Most authors postulate an 
extracellular assembly of Lp(a) based on studies conducted in various cellular model 
systems. White et al. could not detect an intracellular apo(a)-apoB complex by adding anti-
apo(a) antiserum to the culture medium of primary baboon hepatocytes, but found such 
complexes attached to the plasma membrane. The authors therefore concluded that, in that 
cellular system, Lp(a) is primarily assembled after secretion and to some extent also on the 
plasma membrane [31]. This conclusion has to be, however, critically evaluated since baboon 
hepatocytes secrete most of their apoB as VLDL, which does not associate with apo(a) [32]. 
Similar studies in apo(a)-transfected HepG2 cells could not demonstrate an intracellular 
apo(a)-apoB assembly for this human hepatocyte model and thus confirmed the results from 
the baboon studies [24, 33, 34]. Nevertheless, there is also evidence for intracellular assembly 
of Lp(a) in cell culture systems. Bonen et al. were able to detect an intracellular apo(a)-apoB 
complex in HepG2 cells transfected with an apo(a) minigene [35]. HepG2 cells have been 
reported to secrete a triglyceride-rich lipoprotein particle with an LDL density that does not 
exist at all in human plasma [36]. Taken together, the extracellular Lp(a) assembly proposed by 
numerous in vitro studies needs to be reviewed with caution, because these studies used 
cellular models that do not reflect the physiological lipoprotein metabolism. 

3.1.1. In vivo metabolism of Lp(a) and LDL in healthy subjects 

Kinetic in vivo studies in humans have unfortunately also produced controversial results. 
Krempler et al. injected radiolabeled VLDL in Lp(a)-positive healthy probands and found no 
metabolic relationship between apoB in VLDL or LDL and apoB in Lp(a). The authors 
therefore concluded that Lp(a) seems to be synthesized as a separate lipoprotein 
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independently of other apoB-containing lipoproteins [37, 38]. Two in vivo turnover studies 
using stable-isotope labeling techniques came to the same conclusion: Morrisett et al. and Su 
et al. observed similar synthesis rates of Lp(a)-apo(a) and Lp(a)-apoB [39, 40]. While these 
findings are compatible with an intracellular assembly of nascent apo(a) and apoB to Lp(a), 
two other kinetic studies concluded that Lp(a) originates from de novo hepatic LDL as well 
as from plasma LDL [41, 42]. 

We investigated by stable-isotope technology the metabolism of apo(a) and apoB-100, the 
two major Lp(a) protein components, in comparison to apoB of LDL in nine healthy 
probands. The metabolic data accumulating in this study after appropriate modeling 
present a scenario of virtually complete intracellular assembly of Lp(a) [43]. 

Mean FSR, RT and PR values of apo(a) from Lp(a) were similar to those of apoB from Lp(a) 
but significantly different from the kinetic parameters of LDL-apoB. The differences were 
particularly large between the PR values of LDL and Lp(a) since this parameter takes into 
account plasma concentrations that are much higher for LDL than for Lp(a). 

Tracer/tracee data from Lp(a)-apo(a), Lp(a)-apoB, LDL-apoB and VLDL-apoB were analyzed 
based on the multicompartment model shown in Figure 3 in order to investigate whether 
Lp(a) assembles from circulating LDL or from de novo produced “hepatic” LDL. 92% of 
leucine in Lp(a)-apoB originated from the hepatic apoB pool. The remaining 8% derived 
from plasma LDL-apoB. LDL-apoB stemmed from two sources, namely from VLDL-apoB 
(54%) and from de novo synthesis (46%). 

The kinetic parameters obtained from this in vivo turnover study of Lp(a) metabolism in 
healthy men allow three major conclusions: i) Since FSRs of both protein components of 
Lp(a) is very similar and different from those of LDL, an almost exclusive intracellular 
hepatic Lp(a) assembly can be assumed. This analysis, however, does not allow any 
conclusions to be drawn on where (inside the hepatocyte, at its plasma membrane or, 
eventually, in the space of Dissé) this assembly takes place. ii) Apo(a) FSR/FCR is positively 
related to the number of apo(a) kringle 4 repeats (e.g. apo(a) molecular size), suggesting that 
plasma Lp(a) concentrations are controlled not only by synthesis but also to some smaller 
extent by degradation. iii) Longer plasma RT of apo(a) from probands with LMW apo(a) 
isoforms compared to those with HMW apo(a) isoforms help to explain the potential 
atherogenicity of higher concentrations in carriers with LMW apo(a) isoforms. 

The de novo synthesis of LDL is an absolute prerequisite for the postulated (intra)cellular 
hepatic assembly of Lp(a). Such a “direct” LDL production has been questioned by some 
investigators who presume that it may instead be the consequence of a very fast lipolytic 
pathway [45]. However, metabolic studies of apoB metabolism using stable-isotope 
technology fitted by multicompartmental modeling support a significant “direct” LDL 
production by the liver [46, 47]. A substantial amount of nascent LDL production was also 
detected in cultured primary human hepatocytes [48] but not in HepG2 cells [36]. Lp(a) 
secretion was previously demonstrated in such cells, thus additionally supporting the view 
of “direct” LDL synthesis by human hepatocytes [49]. 
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Figure 3. Multicompartmental model for apoB-100 and apo(a) metabolism. A plasma leucine pool 
(compartment 1) was used as a forcing function, and delay compartments that account for assembly and 
subsequent secretion of apoB-100 (compartment 2) and apo(a) (compartment 6), respectively. ApoB in 
VLDL, LDL, Lp(a), and apo(a) in Lp(a) consist all of single compartments. The input of apoB in Lp(a) is 
twofold: one via de novo synthesis from the liver and one from LDL-apoB. d(i,j) denotes the distribution 
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Dyslipidemia in patients with CKD and hemodialysis (HD) patients is distinct from other 
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which render the particles more atherogenic, have been observed [54]. Reduced activities of 
plasma cholesterol esterification and cholesterol ester transfer between lipoproteins – key 
factors for the so-called „reversed cholesterol transport“ – result in substantially abnormal 
lipid composition of virtually all lipoprotein classes in HD patients [55]. 

Plasma triglycerides start to increase in early stages of CKD and show the highest 
concentrations in nephrotic syndrome and in patients treated with peritoneal dialysis (PD). 
In pre-dialysis CKD patients, the accumulation of triglycerides is the consequence of both an 
increased PR and a decreased FCR of triglyceride-rich lipoproteins [56]. The increased 
production of triglyceride-rich lipoproteins is possibly a consequence of impaired 
carbohydrate tolerance and enhanced hepatic VLDL synthesis [57]. The reduced catabolism 
is likely due to decreased activities of LPL and HL [58, 59], two endothelium-associated 
lipases that cleave triglycerides into free fatty acids for energy production or storage. 

Diminished catabolism results in the accumulation of IDL particles contributing to 
compositional and size heterogeneity of triglyceride-rich lipoproteins in plasma of CKD 
patients. IDL are rich in apoE, a ligand that is important for removal from the circulation by 
binding to the LDL receptor [60]. The arterial wall therefore is exposed to high plasma 
concentrations of IDL which may predispose to atherosclerosis [54]. 

Elevated plasma concentrations of LDL cholesterol and –apoB are common in nephrotic 
syndrome and PD but do not occur in patients with advanced CKD, treated with HD. There 
are, however, qualitative changes in LDL in patients with CKD and dialysis patients. The 
fraction of sdLDL, which is considered to be highly atherogenic, is increased in HD patients. 
sdLDL is a subtype of LDL which penetrates the vessel wall more efficiently than normal 
LDL, becomes oxidized, and triggers atherosclerotic processes. In addition, sdLDL exert a 
high affinity for macrophages promoting their entry into the vascular wall to participate in 
the formation of foam cells and atherosclerotic plaques [61]. 

In kidney disease, elevated plasma Lp(a) concentrations are not only genetically determined 
but also a consequence of kidney failure [62]. In predialysis CKD patients, Lp(a) concentrations 
are influenced by the glomerular filtration rate (GFR). In patients with HMW apo(a) isoforms 
but not in those with LMW apo(a) isoforms, plasma Lp(a) concentrations begin to increase in 
stage 1 CKD before GFR starts to decrease [50]. This isoform-specific increase in plasma Lp(a) 
concentrations was observed in several but not all studies in CKD and HD patients [50, 62-66]. 
In contrast, in patients with nephrotic syndrome [67, 68] and in PD patients [63], increases in 
plasma Lp(a) concentrations occur in all apo(a) isoform groups, probably as a consequence of 
the pronounced protein loss and a subsequently increased production in the liver [69]. After 
successful kidney transplantation, a decrease in plasma Lp(a) can be observed in HD patients 
with HMW apo(a) isoforms [70, 71] and in PD patients with all apo(a) isoform groups [72]. 
Thus, the elevation of Lp(a) in CKD is due to non-genetic causes, mostly influenced by the 
degree of proteinuria [50, 67] and less by the cause of kidney disease [63]. 

In summary, the hallmarks of uremic dyslipidemia include hypertriglyceridemia and 
increased circulating concentrations of IDL, sdLDL and Lp(a). HD patients are characterised 
by normal LDL concentrations, whereas patients with nephrotic syndrome and CKD 
patients treated by PD are diagnosed with elevated LDL concentrations. 



 
Lipoproteins – Role in Health and Diseases 30 

3.2.1. Dyslipidemia and CVD in CKD 

Forty years ago, Lindner and colleagues described in their seminal report the excessive risk 
of CVD in HD patients for the first time [73]. Later, Foley et al. extended these observations 
by reporting a 10 to 20 times higher mortality rate in HD patients compared to the general 
population [8]. While in the general population high plasma concentrations of apoB-
containing lipoproteins, low concentrations of HDL cholesterol and high total triglyceride 
concentrations are associated with an increased atherosclerotic cardiovascular risk [74], most 
investigations, including cross-sectional [75-78] and longitudinal [66, 79-87] studies, do not 
support the association between dyslipidemia and CVD in hemodialysed CKD populations 
or even observe opposite associations. Indeed, a worse survival among HD patients has 
been observed with low rather than high BMI [88], blood pressure [89] and serum/plasma 
concentrations of cholesterol [90]. This seemingly paradoxical phenomenon is often called 
„reverse epidemiology“ [91] and exemplified in crossing curves when relating BMI with 
mortality in HD patients and the general population [92]. 

While the BMI-associated death risk shows an almost linear negative gradient in HD 
patients [92], the relationship between plasma total cholesterol and mortality has been found 
to be U-shaped [93]. The group with total cholesterol between 200 and 250 mg/dl had the 
lowest risk for death, whereas those with levels >350 mg/dl had a relative risk of 1.3-fold 
and those with levels <100 mg/dl had a relative risk of 4.2-fold. The association between low 
total cholesterol and increased mortality, however, was reduced after statistical adjustment 
for plasma albumin levels. This dichotomous relationship was confirmed in the Choices for 
Healthy Outcomes in Caring for ESRD (CHOICE) study [94], which showed a nonsignificant 
negative association of cardiovascular mortality with plasma total as well as non–HDL 
cholesterol levels in the presence of inflammation and/or malnutrition; in contrast, there was 
a positive association between total and non–HDL cholesterol and mortality in the absence 
of inflammation or malnutrition. These observations are compatible with the hypothesis that 
the inverse association of total cholesterol levels with mortality in dialysis patients is 
mediated by the cholesterol-lowering effect of malnutrition and/or systemic inflammation 
and not due to a protective effect of high cholesterol concentrations. 

The association of Lp(a) with atherosclerotic complications and CVD has been investigated 
in numerous studies in dialysis patients. Like other atherogenic lipoproteins, Lp(a) has been 
found to contribute to the high cardiovascular burden [66, 79, 84, 95-97]. When apo(a) 
phenotyping was performed along with plasma Lp(a) concentrations, an association 
between the apo(a) K-IV repeat polymorphism and CV complications was consistently 
observed. 

Two final considerations regarding the impact of classical risk factors for the development 
of CVD in CKD patients are, however, worth mentioning: the cardiovascular risk for an 
individual CKD patient at a given time point is the sum (or combination) of risk exposure 
before and after developing CKD. When taking Lp(a) concentrations and apo(a) isoforms as 
an example, a previously healthy subject with low Lp(a) concentrations and a HMW apo(a) 
isoform develops CKD with subsequently rising Lp(a) concentrations covering a relatively 
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short period of his lifespan. A subject with LMW apo(a) isoform, on the other hand, has 
genetically caused elevated Lp(a) concentrations for his whole life which do not substantially 
increase after developing CKD. Since the HMW apo(a) carrier is exposed to elevated 
atherogenic Lp(a) for a much shorter period of his life, this condition has to be considered less 
CVD-prone than having LMW apo(a). This example demonstrates the importance of the 
„longitudinal“ factor when considering risk factors for CVD in CKD patients. 

Finally, as already discussed in the introduction, the quantification of a target parameter 
deemed to be associated with or predictive for a disease can only provide a static picture 
and hardly reflects the true in vivo metabolism. Seemingly normal blood concentrations of 
suspected marker candidates can only be validated by kinetic studies in humans and have 
been therefore performed also in CKD patients. They have provided novel and unexpected 
information regarding the physiology and pathology of atherogenic apoB-containing 
lipoproteins (see review [98]). 

3.2.2. Delayed in vivo catabolism of LDL and IDL in HD patients as potential cause of 
premature atherosclerosis 

For better understanding the atherogeneity of apoB-containing lipoproteins in HD patients 
and to resolve the apparent discrepancy between their obviously impaired lipoprotein 
metabolism and e.g. normal LDL plasma concentrations, we studied the in vivo kinetics of 
VLDL, IDL and LDL by stable isotope technology in HD patients and compared them to 
those of healthy controls [12].  

This study demonstrated for the first time severely decreased FCRs of IDL- and LDL-apoB 
in HD patients as compared to controls (Figure 4), whereas the in vivo kinetics of VLDL did 
not change significantly. A decreased FCR of IDL- and LDL-apoB is identical to a prolonged 
RT of these highly atherogenic particles. The longer RT of these lipoproteins results in an 
extended exposure to oxidation for IDL and LDL in a highly oxidative environment. This is 
in line with experimental data showing a highly significant correlation of 5-hydroxy-2-
aminovaleric acid (HAVA) in LDL, an oxidation product of apoB, with LDL RT in 
normolipidemic controls [99]. In accordance with these results, two previously conducted 
randomized placebo-controlled studies revealed a significant reduction in composite 
cardiovascular disease endpoints when HD patients were treated for two years with 
supplementation of antioxidants such as vitamin E [100] or acetylcysteine [101]. 

Most remarkably, the observed impaired metabolism of apoB-containing lipoproteins is 
accompanied by normal concentrations of LDL-apoB and elevated levels of IDL-apoB 
(Figure 4), in line with previous reports which found increased concentrations of IDL as an 
independent risk factor for atherosclerosis in HD patients [102]. A closer look at the kinetic 
data reveals that the normal concentrations of LDL are the result of a combination of 
decreased FCR and PR. This pattern therefore demonstrates convincingly the strength of 
kinetic studies in contrast to simply quantifying blood concentrations of a target marker 
such as LDL concentrations. Its normal concentrations are masked by two metabolic 
disorders which neutralise each other and result in normal values such as observed in the 



 
Lipoproteins – Role in Health and Diseases 32 

general population. The altered lipoprotein metabolism therefore puts HD patients at high 
risk for developing atherosclerotic disease despite their normal total and LDL cholesterol 
concentrations. Since most lipid-lowering drugs act by “normalising” the RT of the major 
atherogenic lipoproteins IDL and LDL [103], these drugs are expected to correct some of the 
basic defects of the severely disturbed lipoprotein metabolism in HD patients. Therefore, 
kinetic studies on the impact of lipid-lowering medication on the lipoprotein metabolism in 
CKD patients were a logic consequence of the observed, above-described findings (see 
chapter 3.2.5.). 

 
Figure 4. Kinetic parameters of apoB in LDL, IDL and Lp(a) and apo(a) in Lp(a). Plasma concentrations, 
production rates (PR), fractional catabolic rates (FCR) and residence times (RT) are given for healthy 
controls (green columns) and HD patients (red columns). Columns represent mean values ± SD. Results 
for LDL and IDL are taken from Ikewaki et al. [12], those for Lp(a) from Frischmann et al. [44]. 

Due to the laborious nature of these studies and the complexity of the metabolic modeling, 
only few studies have been performed so far in CKD patients either by radiotracer or stable 
isotope technology. Our kinetic data seem to contrast with a previously published turnover 
study in Finnish HD patients performed with conventional radiotracer techniques. While 
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the authors found decreased LDL clearance rates in predialysis CKD patients [104] they 
could not find a significant difference in LDL-apoB FCR between HD patients and controls 
[105]. More recently, Prinsen et al., by using stable isotopes, found unchanged FCRs for 
LDL-apoB in CKD patients treated with peritoneal dialysis [106]. Chan et al. injected radio-
labeled VLDL into HD patients with or without hyperlipidemia and found decreased FCRs 
of VLDL-apoB and IDL-apoB (the latter only in hyperlipidemic patients) [107]. LDL kinetics 
were not investigated in this study. The reason for these discrepancies is not clear. There 
might be ethnic differences in the lipoprotein metabolism between the investigated patient 
populations of different ethnic origin. One major difference between our and the Finnish 
study is an age difference between patients and controls in our but not in the Finnish study. 
Our control subjects were considerably younger than the HD patients (35 vs. 51 years). At 
first glance, this age difference might explain to some extent the dramatic differences found 
in our study, since LDL clearance rates have been repeatedly described to decrease with age 
presumably due to down-regulated hepatic LDL receptor expression in the elderly [108, 
109]. Based on the results of these studies, an age difference of 15 years (as observed in our 
work) would result in an approximately 10% change in FCR values and could therefore not 
explain the more than two-fold difference in our study. The observed differences in kinetic 
parameters can therefore not be explained by age differences between study groups. 

Several mechanisms may contribute to our observations. First, the diminished LDL 
catabolism in HD patients might be explained by a possible contribution of LDL uptake by 
the healthy human kidney which does not function appropriately (or at all) in chronic 
kidney failure. In fact, glomerular cells like mesangial or epithelial cells have been shown in 
vitro to express lipoprotein receptors and to take up LDL comparably to fibroblasts and 
hepatocytes [110]. It is, however, completely unclear whether the kidney plays a significant 
role in LDL catabolism in vivo. Perfusion studies in rat kidneys indicate that virtually no 
intact LDL is cleared from the circulation by the kidney [111]. Second, an impaired lipolytic 
cascade in HD patients most likely also contributes to our results. The relatively normal 
VLDL concentrations and kinetic parameters and the correspondingly impaired IDL 
parameters are in good accordance with previous findings of normal lipoprotein lipase 
(LPL) but significantly decreased activities of hepatic triglyceride lipase (HL) in HD patients 
[59]. Since HL promotes the conversion of IDL to LDL, a decrease in HL activity might 
contribute to the accumulation of IDL and reduced production rates of LDL (without 
accumulating small, dense LDL) in HD patients. 

3.2.3. Kinetics of Lp(a) in hemodialysis patients 

We previously performed in vivo kinetic studies using stable-isotope techniques to elucidate 
the mechanism for increased plasma Lp(a) concentrations in HD patients [44]. PRs of apo(a) 
and apoB, the two apolipoproteins contained in Lp(a), were normal, when compared to 
control subjects with similar plasma Lp(a) concentrations (Figure 4). The FCR of these 
apolipoproteins was, however, significantly reduced compared to controls resulting in a 
much longer plasma RT for apo(a) of almost 9 days, compared to only 4.4 days in controls. 
Since the PR of Lp(a) did not differ between HD patients and controls, its decreased 
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clearance in HD patients leads to increased Lp(a) plasma concentrations and is likely the 
result of loss in kidney function [44]. A role of the kidney in the catabolism has been 
previously supported by the observation of renovascular arteriovenous differences in Lp(a) 
concentrations [112] as well as apo(a) fragments in urine [113, 114]. 

Comparing kinetic data in HD patients [44] with those in patients with nephrotic syndrome 
[69] points to fundamental differences in the metabolism of Lp(a) and other proteins 
between these two patient groups. Patients with nephrotic syndrome do not differ with 
respect to the FCR of Lp(a) compared to controls but have increased Lp(a) PRs [69]. It is well 
known that nephrotic patients show a generally increased lipoprotein synthesis of 
lipoproteins [115]. Since kidney function is relatively well preserved in nephrotic syndrome, 
a decreased clearance of Lp(a) in these patients is not likely to be expected. Metabolic 
differences between nephrotic and dialysis patients are not only evident for Lp(a) but also 
for albumin. Whereas the FCR of albumin in HD patients is similar or even reduced 
compared to controls, the FCR in patients with nephrotic syndrome is increased [116, 117]. 

3.2.4. Consequences of the impaired metabolism of atherogenic lipoproteins in HD patients 

The observation of markedly decreased FCRs of apoB of LDL and IDL as well as apo(a) and 
apoB in Lp(a) causes a prolonged RT of these highly atherogenic lipoproteins. Due to the 
long retention period, “aged” lipoprotein complexes are thus more susceptible for 
alterations such as oxidation damage, which was shown to be associated with accelerated 
atherogenesis in HD patients [118]. Previous kinetic studies investigated the metabolism of 
the two LDL subclasses, “buoyant” LDL1 and the smaller cholesterol-poor “dense” LDL2, in 
subjects with familial defective apoB-100 (FDB). The authors found a more than four-fold 
longer RT for small dense LDL2 in those patients as compared to normolipidemic controls 
[99]. It was therefore suggested that oxidative damage of an “aged” LDL2, which is present 
in large concentrations in both blood and the subendothelial space, may be an important 
mechanism for the development of premature atherosclerosis in patients with familial 
defective apoB-100. Since the LDL-like particle of Lp(a) is compositionally similar to LDL2 
[41], it is tempting to speculate that the increased RT of circulating Lp(a) might pose an 
additional risk factor for the increased incidence of cardiovascular disease in HD patients. 

3.2.5. Influence of statin treatment on kinetic parameters in hemodialysed patients 

In the general population, therapy with HMG-CoA-reductase inhibitors (statins) which 
inhibit endogenous cholesterol biosynthesis has shown to improve outcome in several 
atherosclerotic diseases [119, 120]. The inhibition of cholesterol biosynthesis subsequently 
leads to up-regulation of LDL receptors and therefore increased clearance and thus 
reduced RT of circulating LDL [103]. Statins also have a beneficial role as anti-
inflammatory agents, which is independent of their lipid-lowering effect. Inflammation is 
highly prevalent in patients with CKD and is consistently associated with cardiovascular 
morbidity and mortality. In line with this metabolic background, the first studies in HD 
patients demonstrated a substantial normalisation of the dyslipidemic plasma profile and 
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reduced progression of renal disease [121, 122] and in one study also reduced mortality 
[123] in these patients. 

In contrast and quite surprisingly, three previously conducted large, randomized, placebo-
controlled trials on statin treatment in CKD patients had not led to significant benefits 
regarding their primary cardiovascular outcome. Two of those studies, the German Diabetes 
Dialysis (4D) Study and the Study to Evaluate the Use of Rusovastatin in Subjects on 
Regular Hemodialysis (AURORA) were performed on HD patients, one study, the 
Assessment of Lescol in Renal Transplantation (ALERT) Study on patients who had 
undergone kidney transplantation. Their primary endpoints (death of cardiovascular cause, 
nonfatal myocardial infarction or nonfatal stroke) were virtually unchanged [124-126]. 
However, there has been a promising risk reduction in the secondary endpoint ‘all cardiac 
events combined’ in one study [126]. A simulated study of exactly the same trial using a 
large historical database with more than 10.000 patients also demonstrated that statin use 
was associated with some benefit [127]. A comprehensive review of outcome data from the 
4D and AURORA trials found no benefit of statin therapy in either the whole study group of 
HD patients or after stratification for inflammatory marker levels [128]. More recently, 
another, much larger trial including 9270 patients with chronic kidney disease, the Study of 
Heart and Renal Protection (SHARP) could show a significant risk reduction in 
cardiovascular events in a mixed population of patients with kidney disease including 2/3 
predialysis and 1/3 HD patients treated with a combination of a statin and ezitimibe. This 
effect did not differ between HD and predialysis patients [129]. 

Based on our previous studies on lipoprotein kinetics in HD patients and the above-
described conflicting results regarding their cardiovascular risk profile after statin 
treatment, we examined by stable-isotope technology the in vivo kinetics of apoB-containing 
particles in HD patients before and after treatment with atorvastatin (Schwaiger et al., 
unpublished). 

In this study we described for the first time effects of HMG-CoA reductase inhibition on 
apoB metabolism in CKD patients treated with HD. Low-dose atorvastatin, given for three 
months to six male patients, lowered, as expected, concentrations of VLDL- and LDL-apoB, 
both accompanied by a significant increase of their FCR, while hepatic production of both 
apolipoproteins was not altered. This led, as expected, to a lower RT of these atherogenic 
apoB-containing particles comparable to RT values of healthy subjects with normal kidney 
function. The observed findings therefore argue for a beneficial effect of statin therapy 
regarding cardiovascular events in HD patients similar to described for the general 
population. 

To understand why statins have surprisingly failed to reduce cardiovascular events in HD 
patients, the basic mechanisms underlying the pathophysiology of CVD in CKD must be 
critically considered. In contrast to the general population, CKD patients suffer, in addition 
to dyslipidemia, from several further complex comorbid conditions including diabetes 
mellitus, hypertension, oxidative stress, inflammation, insulin resistance, anemia and 
disturbances in mineral metabolism. Lipid lowering therapy by statins have the potential to 
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ameliorate only some but no all of those conditions (see review [130]). Taken together, statin 
therapy in CKD maybe recommended based on our kinetic studies on apoB-containing 
lipoproteins, optimally combined with medication to treat atherogenic non-lipid factors in 
HD patients. 

4. Conclusion 

Kinetic in vivo studies in human subjects are superior to many methodological approaches 
including animal and cell culture models and thus represent the ultimate approach to 
understand basic metabolic pathways in humans. They have clearly revolutionized human 
lipoprotein research and have particularly resulted in novel insights into the metabolism of 
atherogenic apoB-containing lipoproteins some of which have been the subject of our 
previous investigations and object of this review. 
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1. Introduction 

In spite of the fact that the hyperlipidaemia of pregnancy is usually considered 
physiological [1-12], all pregnant women develop hypertriglyceridaemia with subsequent 
formation of small, dense low-density lipoprotein(LDL) particles, both of which are an 
independent risk factor of coronary heart disease(CHD) [13]. By 3rd trimester most women 
have a lipid profile which could be considered highly atherogenic in the nonpregnant state 
[14]. Similarly, animal model studies showed that maternal hypercholesterolaemia during 
pregnancy even when temporary and limited to pregnancy triggers pathogenic events in the 
fetal aorta, greatly enhanced atherogenesis later in life[14, 15]. On the other hand, 
intrauterine growth retardation (IUGR) has been associated with pre-eclampsia [16], as a 
result of decreased maternal lipid transfer to the fetus secondary to placental abnormalities. 
IUGR has also been associated with failure of development of hyperlipidaemia during 
pregnancy with subsequent reduction in maternal lipid reaching the fetus in a normal 
placenta [17, 18]. Generally, serum lipid and lipoprotein levels in pregnancy are modulated 
by complex interactions between genetics, medical complications of pregnancy, co-existing 
medical conditions, and other maternal factors [9, 19]. This underscores the need to take a 
meticulous and decisive approach in interpreting hyperlipidaemia of pregnancy. In 
searching for an emergent or new cardiovascular risk factor, concerning lipid and 
lipoprotein in adult males and nonpregnant women, several lipoprotein ratios or 
atherogenic indices have been defined[20]. These ratios were found to provide information 
on risk factors difficult to quantify by routine analyses and could be a better mirror of the 
metabolic and clinical interactions between lipid fractions[21]. Despite findings of [22] in a 
registry study of heterozygous familial hypercholesterolaemia(FH) mothers, who observed 
no significant untoward effect of lipid-lowering drugs during pregnancy, the current trend 
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is that Statins, classified by FDA as category X, should be avoided in pregnancy[23, 24]. The 
use of lipid and lipoprotein ratios in interpreting pregnancy associated hyperlipidaemia 
may provide a balanced hyperlipidaemia not only in normal pregnancy but also in the other 
modulators of lipid metabolism in pregnancy. 

2. Pathophysiology of hyperlipidaemia of pregnancy 

Pregnancy is a dynamic state consequent of the fact that normal fetal development needs 
the availability of essential nutrients such as glucose, free fatty acids(FFAs), long-chain 
polyunsaturated fatty acids(LCPUFAs), amino acids, minerals, vitamins, to be continuously 
supplied to the growing fetus despite intermittent maternal food intake[10,25]. The 
dynamism of the gestational period support fetal growth and development while 
maintaining maternal homeostasis and preparation for lactation. This is achieved by 
complex and continuously evolving adjustments in maternal nutrient metabolism occurring 
throughout gestation. 

Many of these maternal adjustments occur in the early stages of pregnancy when the fetus is 
too small to make considerable metabolic demands of the mother, resulting in the maternal 
metabolism working from a different baseline compared with the nonpregnant state. This 
period is called the anabolic phase. In late pregnancy, however, the maternal metabolic 
processes become more complicated because of the two-way interaction between the mother 
and the developing fetus. This is caked the catabolic phase. 

The changes in nutrient metabolism can be described by several general concepts[8]: (a) 
adjustments in nutrient metabolism are driven by hormonal changes, fetal demands and 
maternal nutrient supply; (b) more than one potential adjustment exists for each 
nutrient; (c) maternal behavioural changes augment physiologic adjustment; and (d) a 
limit exists in the physiologic capacity to adjust nutrient metabolism to meet pregnancy 
needs, which when exceeded, fetal growth and development are impaired. Subsequently, 
metabolic adaptations, during pregnancy are essential [26]: 1, To ensure adequate 
growth and development of the fetus; 2, to provide the fetus with adequate energy stores 
and substrates that are needed following birth; 3, and, to provide the mother with 
sufficient energy stores and substrates to cope with the demands of pregnancy as well as 
those of labour and lactation. One of the maternal metabolic adjustments during 
pregnancy includes accumulation of fat depots in maternal tissues[26]. During this 
anabolic phase, the number of insulin receptors on the adipocytes increases, culminating 
into increased insulin sensitivity, increase lipoprotein lipase(LPL) activity which 
hydrolyses circulating triglycerides for tissue uptake, enhanced lipogenesis and marked 
maternal fat deposition(about 3.5 to 6.0kg) which is used as energy sources for the 
mother so that glucose is spared for the developing fetus in the catabolic part of the 
pregnancy[27, 28]. Lean women increase their fat stores more than obese women per kg 
body weight, likely due to higher insulin sensitivity in them, in early pregnancy, 
promoting lipid uptake and de novo synthesis. 
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The important attributes of fat deposits during the anabolic phase in pregnant women are 
:(1) Hyperphagia, present in pregnant women and increases as gestational time advances. 
This progressive increase in the availability of exogenous substrates actively contributes to 
maternal accumulation of fat depots [29]; (2) Promotion of lipogenesis and suppression of 
lipolysis mediated by progressive increase in insulin and its sensitivity and enhanced by 
progesterone and cortisol [30]; (3) The proportional increase in adipose tissue lipoprotein 
lipase (LPL) activity [1,12,31) which hydrolyzes triglycerides(TGs) in form of TG-rich 
lipoproteins, chylomicron and very-low density lipoprotein(VLDL), which are respectively 
converted into remnant particles and intermediate-density lipoprotein (IDL). The hydrolytic 
products, non-esterified fatty acids(NEFA) and glycerol, are partially taken up by subjacent 
tissues [11, 12, 32, 33); (4) the unique capacity of tissue to utilize intracellularly the glycerol 
released during lipolysis. Under normal circumstances, the negligible glycerol kinase 
activity in adipose tissues hampers the utilization of glycerol for glycerol-3-phosphate 
synthesis and its use for the synthesis of TGs [34,35]. However, an increase in glycerol 
kinase activity and its subsequent capacity to metabolize glycerol has been found in rodents 
under condition of hyperinsulinaemia and enhanced fat accumulation, such as occurs in 
obesity [35, 36]. The lower lipolytic activity together with the augmented capacity of the 
tissues for the synthesis of glycerol-3-phosphate for uses in TG synthesis from both glucose 
and intracellular released glycerol results in net intracellular accumulations of TGs. Since all 
these pathways are stimulated by insulin, it is proposed that the enhanced insulin 
responsiveness [37] in the presence of an augmented response of the pancreatic β-cells to the 
insulinotropic stimulus of glucose that has been found in early pregnant women [38] would 
be the principal driving forces for the net fat depot accumulation at this stage of pregnancy. 
These ultimately lead to maternal fat accumulations in the anabolic phase of gestation. 

The anabolic condition of adipose tissue during early pregnancy switches to a net catabolic 
state during the last 1/3 of gestation. The signals responsible for this switch from lipid 
storage to lipid mobilization are not well understood; however, placental hormones that 
increase with advancing gestation, known to induce maternal insulin resistance, may play a 
major role. Placental growth hormone, human placental lactogen, leptin, and tumour 
necrosis factor-α(TNF-α) are placental hormones that induce insulin resistance. The 
presence of high plasma levels of placental hormones, known to have lipolytic effects, 
human placental lipase (HPL), an augmented production of catecholamine secondary to 
maternal hypoglycemia [38], and the insulin-resistant condition present at this stage [39, 40], 
appear to be responsible for the net breakdown of maternal fat depots, consistently causing 
increments of plasma nonesterified fatty acids(NEFA) and glycerol levels during the 3rd 
trimester of gestation. The main destination of these lipolytic products released from 
maternal adipose tissue is the maternal liver. They are converted in the liver into their 
respective active forms, acyl-CoA and glycerol-3-phosphate, to become partially re-
esterified for the synthesis of triglycerides, which are transferred to native VLDL particles 
and released into the circulation. Acyl-CoA can also be converted throughout the β-
oxidation pathway to acetyl-CoA for energy production and ketone body synthesis, whereas 
glycerol may also be used for glucose synthesis.  Fetal-placental glucose and amino acids 
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utilization rates are highest at 22 to 26weeks decreasing near term. In contrast lipid transport 
is maximal in the 3rd trimester coincident with rapid fetal fat accretion, this spares the 
mother to utilize glucose during this period. Humans are born with the highest percentage 
of fat (12 to 15%) compared to any species and 90% deposition occurs in the last 10weeks of 
gestation, exponentially increasing to 7g/day near term. The preferential use of glycerol 
released from maternal adipose tissue for gluconeogenesis acquire greater importance 
during maternal fasting period, when circulating glucose levels are lower than under 
nonpregnant conditions[34]. Under fed condition in early gestation, plasma ketone body 
values are even lower in pregnant than in nonpregnant condition [41], indicating an 
enhanced use of these fuels by maternal tissues as alternative substrate to glucose. However, 
during fasting period maternal ketogenesis become highly accelerated, as indicated by the 
exaggerated increase in plasma ketone bodies that occur [41]. This benefit the fetus in two 
ways: (1) ketone bodies are used by maternal tissues, thus, saving glucose for essential 
function and delivery to the fetus, (2) placental transfer of ketone bodies is very efficient, 
attaining the same concentration in fetal plasma as in maternal circulation[42]. In addition, 
ketone bodies may be used by the fetus as oxidative fuels as well as substrate for brain lipid 
synthesis [43]. 

Insulin is well known to inhibits adipose tissue lipolytic activity, hepatic gluconeogenesis 
and ketogenesis but to increases adipose tissue LPL activity. Thus, it is not surprising that 
all of these pathways change in the opposite direction which is consistent with insulin 
resistance occurring in later part of pregnancy. These pathways become even further 
modified under uncontrolled gestational diabetes mellitus(GDM), where insulin resistance 
is further enhanced [44]. 

3. Maternal hyperlipidaemia of pregnancy 

The enhanced net breakdown of fat depots during late pregnancy is associated with 
hyperlipidaemia, which chiefly corresponds to plasma rises in TGs with smaller rise in 
phospholipids and cholesterol [44]. The greatest increased in plasma TGs corresponds to 
VLDL values but TGs also accumulates in other lipoprotein fractions, which do not 
normally transport them, such as LDL and HDL [45]. The high TGs concentration secondary 
to lipolysis in the presence of increased cholesteryl ester transfer protein(CETP) activity, 
occurring in midgestation[45], contributes to the accumulation of TGs in the lipoprotein 
fractions of higher densities, LDL and HDL[44, 45]. CETP facilitates the exchange of TGs by 
esterified cholesterol between VLDL and either LDL or HDL. Furthermore, during late 
gestation the activity of hepatic lipase (HL) greatly decreased [45]. HL converts the buoyant 
HDL-2-TG-rich particles into small HDL-3-TG-poor particle allowing a proportional 
accumulation of buoyant HDL-2-TG-rich particle. 

Other hormonal dynamism occurring during pregnancy contributing to maternal 
hypertriglyceridaemia are, table 1, consistently increasing oestrogen concentration almost 
throughout the gestation period and oestrogen has been shown to (1) increase endogenous 
production of VLDL-TGs [46]; (2) reduce adipose tissue LPL activity [33, 45], and (3) inhibition 
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of hepatic TG lipase activity [33, 44]. Thus, the oestrogenic influence over TG metabolism 
suggests an increased circulating VLDL-TG. Although the role of progesterone in TG 
metabolism is not certain, its administration in rats had a lipid neutral effect. Thus, the 
interaction between oestrogen and progesterone would favour hypertriglyceridaemia. Prolactin 
may inhibit adipose tissue LPL while stimulating breast LPL in late gestation [45]. Thus, the 
physiologic outcome of increasing concentration of Prolactin with advancing pregnancy would 
be a shift in storage from the adipocytes to the breast in preparation for lactation. 
 

Enzymes Activities  
Adipose tissue lipoprotein lipase(LPL) decrease  
Diacylglycerol acetyltransferase decrease  
Cholesterol 7-alpha hydroxylase decrease  
Placental lipoprotein lipase (PLPL) increase  
Placental triglycerides hydroxylase Increase  
Phospholipase A2(PLA2) Increase  
Cholesterol ester transfer protein(CETP) Increase  
Hepatic lipase Decrease  
  
Hormones and cytokines Concentrations  
Estradiol Increase  

Insulin 

Sensitivities increase during first 
trimester but subsequently 
decreases from second trimester to 
end of gestation

 

Human placental lactogen Increase  
Prolactin Increase  
Cortisol Increase  
Glucagon Increase  
Porgesterone Increase  
Leptin Increase  
Tumor Necrosis Factor-alpha(TNF-alpha) Increase  
Human chorionic somatomammotropin(HCS) Increase  

Table 1. Hormone and enzyme changes during the course of pregnancy. 

The combined effects of enhanced liver production of VLDL [47, 48], decreased removal of 
these particles from the circulation due to low LPL activity [45,49], high CETP activity and 
low HL activity, would not only be responsible for the accumulation of TGs in LDL but also 
for the proportional accumulation of TG in buoyant TG-rich HDL-2b subfractions at the 
expense of the cholesterol-rich and TG-poor HDL-2a or HDL-3[45]. 

The increasing insulin-resistance in late gestation and continuously increasing plasma 
oestrogen levels occurring during pregnancy are the main hormonal factors responsible for 
these metabolic changes resulting into the development of maternal hypertriglyceridaemia, 
see table 2.  
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Lipid and 
lipoproteins 
(mg/dl) 

First trimester Second 
trimester Third trimester Nonpregnant 

controls 

HDL-C 67±12 83±19 81±17 69±10 
LDL-C 90±17 130±46 136±33 99±23 
TGs 79±27 151±80 245±73 77±34 
TC 173±18 243±53 267±30 183±23 
ApoA-1 170±27 204±22 196±28 163±24 
ApoA-2 49±7 52±6 49±5 47±6 
ApoB 70±21 91±25 113±29 61±22 
ApoC-11 265±13 299±18 314±21 237±11 
ApoC-111 141±3 188±5 217±6 121±19 
ApoE 41±12 42±9 49±19 42±20 
Lp(a) 60(0-1440) 63(2-1210) 54(0-1230 86(11-473) 
VLDL-1 19(12-55) 47(26-110) 109(38-170) 23(5-85) 
VLDL-2 17(7-45) 36(20-77) 103946-168) 23(13-44) 
IDL 26(13-54) 58(24-100) 124(79-157) 35(18-62) 
Total LDL 200(135-323) 292(206-410) 353(244-534) 207(150-363) 
LDL-1 33(16-52) 49(37-70) 67(27-96) 50(22-130) 
LDL-11 143(95-231) 160(103-287) 201(59-316) 135(72-258 
LDL-111 28(15-56) 32(24-165) 123(43-192) 31(5-68) 

Table 2. The increasing lipid and lipoproteins during course of gestation(courtesy: Ahmet Basaran, 
MD) 

4. Placental transfer of maternal lipid and lipoproteins and their 
metabolites to the fetus 

The human placenta contains VLDL, LDL, HDL, and scavenger receptors as well as LDL 
receptor-related proteins. The placenta also has LPL, phospholipase-A2 (PLA-2) and 
intracellular lipase activities as well as plasma membrane fatty acid-binding protein 
(FABP/GOT2), fatty acid translocase (CD36), fatty acid transfer protein (FATP) and different 
cytoplasmic FABPs [29, 42,50, 51]. Thus, lipid and lipoproteins in maternal plasma can be 
taken up and handled by the placenta, allowing LCPUFAs associated with plasma 
lipoproteins to be transferred to the fetus. The human placenta is capable of transporting 
free fatty acids(FFAs) by diffusion and selectively increases the transport of essential fatty 
acids (EFAs) and their long-chain polyunsaturated fatty acids (LCPUFA) derivatives by 
fatty acid carrier proteins.  

Although lipoprotein TGs does not directly cross the placental barrier, the placenta has 
mechanisms to release fatty acids(FAs) circulating in maternal plasma lipoproteins into the 
fetus. In addition, high levels of TGs in maternal circulation may create a steep 
concentration gradient across the placenta, which accelerates their transport and deposition 
in fetal tissues. In term human trophoblasts, insulin and fatty acids have been shown to 
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enhance the expression of adipophylin, which is associated with cellular lipid droplets and 
implicated in cellular fatty acid uptake and storage of neutral lipids 

4.1. Fatty acids transfer 

The supply of LCPUFA is important for fetal growth and tissue development especially for 
the development of the nervous system and the considerable requirements of these 
LCPUFAs in the fetus must be provided by their placental transfer [52]. The plasma 
membrane fatty acid-binding proteins present in human placental membrane [51,52] are 
responsible for the preferential uptake of LCPUFAs. A selective cellular membrane of 
certain FAs may also contributes to the placental transfer process, as would the conversion 
of a certain proportion of arachidonic acid(AA) to prostaglandins(PGs)[52], the 
incorporation of some FAs into phospholipids[50-52], the oxidation of placental fatty 
acids[53] and the synthesis of FAs[52,53]. Even though essential fatty acids(EFA) as well as 
LCPUFAs are transferred across the placenta, the fetus needs to receive substantial amounts 
of preformed AA and docosahexaenoic acid(DHA) which can be synthesized to a limited 
extent from the EFA. The two dietary EFAs are linoeic acid(18:2ω-6) and α-linolenic 
acid(18:3ω-3), which are precursors of the ω-6 and ω-3 LCPUFA, respectively. The synthesis 
of AA and DHA do not take place in the fetus or the placenta in substantial amounts, owing 
to the low activities of the desaturating enzymes. Both AA and DHA are abundant in the 
brain and the retina and their appropriate supply during pregnancy and the neonatal period 
is critical for proper function [1,54]. Maternal plasma NEFA, though in smaller proportion 
than lipoprotein TGs, is an important source of polyunsaturated fatty acids(PUFAs) for the 
fetus [51,52]. Maternal plasma NEFAs correlates with those in the fetus and maternal 
adipocytokines have been associated with fetal growth[1]. The combination of these 
processes determines the actual rate of placental FAs transfer and its selectivity, consequent 
to the proportional enrichment of certain LCPUFAs, such as AA and DHA in fetal as 
compared with maternal compartments [52, 54].  

4.2. Cholesterols 

Cholesterol plays a key role in embryonic and fetal development hence the demands for 
cholesterol in the embryo and fetus is relatively high. Cholesterol is an essential component 
of cell membrane influencing the fluidity and passive permeability by interacting with 
phospholipids and sphingolipids [55]. It’s the precursor of bile acids and steroid hormones. 
It is also required for cell proliferation and development of the growing body, cell 
differentiation, and cell-to-cell communications, and is the precursor of oxysterol, which 
regulates key metabolic processes. Available cholesterol in fetus is contributed by: (1) 
transfer from the mother especially during the first half of the gestation and too little 
cholesterol due to lack of maternal cholesterol or reduced expressions of placental 
lipoprotein receptors is correlated with small fetuses and a trends for microcephally; and (2) 
Fetal synthesis especially during the last half of gestation. Too little cholesterol due to lack of 
synthesis leads to a spectrum of congenital defects as seen in infants with Smith-Lomli-
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Opitz Syndrome(SLOS) who are unable to synthesize cholesterol at normal rate due to 
null/null mutations in 3β-hydroxysteriod Δ7-reductase, the enzyme that converts 7-
dehydrocholesterol to cholesterol. The placental endothelial cells are capable of transporting 
substantial amounts of cholesterol to the fetal circulation and this mechanism is further 
enhanced by liver-X receptors and induced up regulation of ATP-binding cassette 
transporter, ABCA1 and ABCG1[56].  

4.3. Glycerol 

Maternal Plasma glycerol levels are consistently elevated during late pregnancy, but crosses 
the placenta less than glucose or L-alanine [1,25, 57] though they all have similar molecular 
weights. Transfer of maternal glycerol via the placenta is by simple diffusion (2). However, 
its effective and rapid utilization through other pathways, such as gluconeogenesis and 
glyceride glycerol synthesis in the mother[10,25] results in its low plasma concentration and 
this very active kinetics impede the formation of the adequate gradient to create the 
appropriate driving forces for its placental transfer. 

4.4. Ketone bodies 

In the 3rd trimester of pregnancy, under fed conditions, plasma ketone body concentrations 
remain low although are greatly increase compared to nonpregnant condition under fasting 
[58] consequent to enhanced adipose tissue lipolysis. The lipolysis accelerates delivery of 
NEFA to the liver and enhanced ketogenesis. Ketone bodies can easily cross the placenta 
and be used as fuels and lipogenic substrates by the fetus. The transfer of ketone bodies 
across the placenta occurs either by simple diffusion or by a low-specificity carrier-mediated 
process [25]. The activities of ketone body metabolizing enzyme are present in fetal tissues 
(brain, liver and kidneys)[1,25] and can be increased by conditions of maternal ketonaemia 
such as occurs in starvation, during late pregnancy[39] or high-fat feeding[25]. Ketone 
bodies are used by the fetus as oxidative fuels as well as substrates for brain lipid synthesis 
[25]. However, in maternal hyperketonaemia as occurs in poorly controlled diabetes patients 
associated with transfer of excessive arrival of ketone bodies to the fetus seems to be 
responsible for the major damages [10], increasing stillbirth rate, incidence of 
malformations, and impaired neurophysiologic development [10]. Subsequently, it could be 
recommended that pregnant mothers, if possible, should avoid starvation and high fat diet 
especially in the 3rd trimester. 

5. The importance of lipid and lipoprotein ratios in hyperlipidaemia in 
adult male and nonpregnant females 

While cholesterol is a key component of the development of atherosclerosis, LDL-C 
concentration has been the prime index of cardiovascular disease(CVD) risk and the main 
target for therapy[21]. However, currently, there is almost unanimous agreement among 
epidemiologists and clinicians that coronary risk assessment based exclusively on LDL-C is 
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not optimal[59]. Therefore in the recent past, efforts have been made in seeking emergent or 
new cardiovascular risk factors to improve cardiovascular disease prediction[20] and in an 
attempt to optimize the predictive capacity of lipid profile, several lipoprotein ratios or 
“atherogenic indices” have been defined. In the Framingham study, the TC:HDL-C ratio, a 
useful summary of the joint contribution of total cholesterol(TC) and HDL-C to coronary 
heart disease(CHD) risk[60], was also found to be an excellent predictor of CHD risk, with a 
hazard ratio of 1.21 for a 1.0 increment in ratio[60]. The value of this ratio should be 
emphasized when lipid profile is within desirable range. It was shown that patients with 
high-risk LDL-C levels >160mg/dl(4.2mmol/L) and low TC: HDL-C ratio (≤5.0) had an 
incidence of CHD of 4.9%. This was similar to those with low levels of both LDL-
C(≤130mg/dl, 3.4mmol/L) and TC:HDL-C ratios, 4.6%[60]. By contrast, subjects with low-
risk LDL-C levels(≤130mg/dl, 3.4mmol/L) and high TC:HDL-C ratio(>5.0) had a 2.5-fold 
higher incidence of CHD than those with similar LDL-C levels but low TC:HDL-C ratio[60]. 
For example, TC of 231mg/dl(5.89mmol/L) and HDL-C of 42mg/dl(1.09mmol/L) gives a 
TC:HDL-C ratio of 5.5, which indicate moderate atherogenic risk[61]. On the other hand, 
with the same level of TC, if HDL-C were 60mg/dl(1.55mmol/L), the ratio would be 3.8[61]. 
However, in the Helsinki Heart Study[62], it was demonstrated that the LDL-C:HDL-C ratio 
that paints the most relevant picture of a person’s cardiovascular health risk especially when 
triglyceridaemia is taken into account and the risk is significantly higher in the presence of 
hypertriglyceridaemia. When there is no reliable calculation of LDL-C, especially when 
triglyceridaemia exceeds 300mg/dl(3.36mmol/L), it is preferable to use the TC:HDL-C ratio. 
Similarly individuals with high concentration of triglycerides, VLDL fraction shows 
cholesterol enrichment and thus the LDL-C:HDL-C ratio may underestimate the magnitude 
of the lipoprotein abnormalities in them[21]. Subsequently, both TC:HDL-C, known as the 
atherogenic or Castelli index, and LDL-C:HDL-C ratios are two important components and 
indicators of vascular risk, the predictive values of which is greater than isolated parameters 
used  independently, particularly LDL-C. These ratios can provide information on risk 
factors difficult to quantify by routine analyses and could be a better mirror of the metabolic 
and clinical interactions between lipid fractions. Their applications therefore in interpreting 
hyperlipidaemia of pregnancy cannot be over emphasized. 

5.1. ApoB:ApoA-1 ratio 

Apolipoprotein-B(apoB) represents most of the protein contents in LDL and is also present 
in IDL and VLDL. ApoA-1 is the principal apolipoprotein in HDL and is believed to be a 
more reliable parameter for measuring HDL than cholesterol content since it is not subject to 
variation. Therefore, the apoB:apoA-1 ratio is also  highly valuable for detecting atherogenic 
risk, and there is currently sufficient evidence to demonstrate that it is better for estimating 
vascular risk than the TC:HDL-C ratio[63-65]. The apoB:apoA-1 ratio was found to be 
stronger than the TC:HDL and LDL:HDL ratios in predicting risk[63]. ApoB:ApoA-1 ratio 
reflects the balance between two completely opposite processes. Transport of cholesterol to 
peripheral tissues, with its subsequent arterial internalization, and reverse transport to the 
liver[66]. Consequently, a larger ratio will implies higher amount of cholesterol from 
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atherogenic lipoprotein circulating through the plasma compartment and likely to induce 
endothelial dysfunction and trigger the atherogenic process. On the other hand, a lower 
ratio will indicate less vascular aggression by plasma cholesterol and increased more 
effective reverse transport of cholesterol, as well as other beneficial effects, thereby reducing 
the risk of CVD. However, its use is limited by the fact that apolipoprotein measurement 
methods are not widely used as lipoprotein methods 

5.2. TG:HDL ratio 

Known as the atherogenic plasma index shows a positive correlation with HDL-C 
estimation rate(FERHDL) and an inverse correlation with LDL size[67]. Therefore, the 
phenotype of LDL and HDL particles is clearly synchronized with the FERHDL. The 
simultaneous use of TG and HDL in this ratio reflects the complex interaction of lipoprotein 
metabolism overall and can be useful for predicting plasma atherogenecity especially in 
pregnant women who manifesting with hypertriglyceridaemia of pregnancy. An 
atherogenic plasma index[Log(TGs:HDL)] over 0.5 has been proposed as the cutoff point 
indicating atherogenic risk[67]. 

5.3. LDL-C:apoB ratio 

Although apoB is not an apolipoprotein exclusive to LDL, since it is present in other 
atherogenic lipoproteins such as IDL and VLDL, the LDL:apoB ratio provides approximate 
information on LDL particle size. A ratio of <1.3 indicate the predominance of LDL particle 
with low cholesterol content, consistent with small, dense LDL particle[68].  

Variations in plasma lipid and lipoprotein ratios in adult men and nonpregnant women 
have been associated with more substantial alterations in metabolic indices predictive of 
future consequences of hyperlipidaemia than individual components of plasma lipid profile 
alone[69, 70] and as discussed above. Given the physiological role of gestational 
hyperlipidaemia in fetal development and the fact that the adaptations in maternal lipid 
metabolisms taking place throughout gestation is not without consequences, an urgent 
establishment of reference values for lipid and lipoprotein ratios in normal pregnancy is 
highly recommended.   

5.4. The hyperlipidaemia of pregnancy, a dyslipidaemia? Find out! 

5.4.1. The importance of lipid and lipoprotein ratios in interpreting the hyperlipidaemia of 
pregnancy 

In normal nonpregnant adult population, higher concentrations of plasma triglycerides are 
associated with preferentially higher VLDL-1 concentration [71]. This particle is secreted by 
the liver to supply tissues with TGs fatty acids in the post absorptive state. The 
concentration of VLDL-2, the principal precursor in the circulation to IDL and LDL, does not 
change as dramatically. In addition, in normal nonpregnant adult population, a higher 
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concentration of VLDL-1 is associated with a failure of insulin action and increased risk of 
CHD. In contrast, in pregnant women, as pregnancy progresses and high TG levels 
developed, VLDL-1 and VLDL-2 rose together so that the ratio, instead of increasing 2-fold, 
as would be predicted from population studies in the nonpregnant subjects (VLDL-1 o 
VLDL-2 ratio at a plasma TGs of 0.5mmol/L is 1.0 compared to 2.0 at plasma TGs of 
2.5mmol/L)[71], remain constant. Sattar[33], et al, found a parallel increase in the small 
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Ratios First trimester 
Second 

trimester 
Third trimester

Nonpregnant 
control 
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VLDL-TGs:CL 1.64±1.53 2.47±3.91 2.57±3.60 3.69±3.48 
LDL-TG:CL 0.46± 1.24±2.68 0.56±0.29 0.14±0.08 
HDL-TG:CL 0.58±0.21 0.60±0.19 0.69±0.32 0.21±0.09 
HDL-TG:ApoA-1 4.09±1.55 5.24±1.43 6.13±1.28 2.73±0.71 
LDL-CL:ApoB 2230±339 2222±228 2113±305 2506±167 
LDL-TG:ApoB 217±59 256±41 332±60 157±32 
LDL-PL:ApoB 748±123 753±66 727±109 824±64 
IDL-TG:ApoB 2026±1085 1666±360 1550±202 1530±371 
VLDL-
TG:ApoB 

6272±1924 6278±1629 5551±1416 7040±2778 

Table 3. Lipid and lipoprotein ratios in the three trimesters of normal pregnancy. 

Taken together, and as shown in table 3, although one of the consequences of pregnancy is 
that maternal lipid metabolism is specifically altered, using the lipid and lipoprotein ratios, 
the hyperlipidaemia occurring in the later part of pregnancy appears to be a balanced 
hyperlipidaemia. These are discussed below 

During the course of normal pregnancy, plasma TGs and cholesterol rise by 200-400% and 
25-50% respectively. The total LDL mass increased during gestation (median concentration 
increased by about 70%, 200-353mg/dl) between 10 to 35weeks, see table 4. The lipid become 
enriched with TGs and depleted in cholesterol. The larger, more buoyant subclasses of LDL 
(LDL-1 and LDL-2) predominant in healthy pregnant females and may in the reproductive 
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age, whereas smaller, denser LDL-3 often occur after menopause [11, 72]. Several studies 
showed there to be an association between elevated plasma TG concentrations, small, dense 
LDL [11, 73] and decreased HDL cholesterol [74], in particular HDL-2 cholesterol [73] 
 

VARIABLES 10 WEEKS OF 
GESTATION 

35 WEEKS OF 
GESTATION 

Triglyceride(mean) 69.65mg/dl 227.69mg/dl 
Total cholesterol(mean) 172.57mg/dl 282.38mg/dl 
HDL-C(mean) 64.73mg/dl 65.50mg/dl 
VLDL-1(mean) 19mg/dl 109mg/dl 
VLDL-2(mean) 17mg/dl 103mg/dl 
IDL(mean) 26mg/dl 124mg/dl 
LDL 200mg/dl 333mg/dl 
LDL-1 33mg/dl 67mg/dl 
LDL-11 143mg/dl 201mg/dl 
LDL-111 28mg/dl 123mg/dl 
LDL-1 17% of total LDL 20% of total LDL 
LDL-11 69% of total LDL 49% of total LDL 
LDL-111 14% of total LDL 32% of total LDL 

Table 4. Magnitude of changes in lipid and liporpotein values from first to third trimester. 

In men and nonpregnant females, plasma TG is the major determinant of small, dense LDL, 
occurring for 40-60% of the variability of this fraction in the plasma [71,75,76]. In addition, 
recent cross-sectional studies [70,74] have prompted the suggestion that, within the 
relationship between plasma TGs and LDL subfractions profile, there is a threshold effect. 
At low-normal plasma TG concentrations, there is a positive association between LDL-2(the 
major LDL species) concentration and plasma TGs. Above a certain plasma value, 
however(reportedly about 1.5mmol/L in men)[71,75], LDL-2 concentration correlates 
negatively with plasma TGs, and LDL-3 concentration which had been relatively constant 
below this TG concentrations, correlates positively with plasma TG. Generally, percent LDL-
3(and LDL-3 mass) changed little in early gestation despite increasing TG concentrations. 
However, there appeared to be considerable variation between individuals in the gestational 
age and plasma TGs intervals at which change in the LDL profile first manifested—the 
elevated TG levels already present in the first trimester may be responsible for the increased 
in dense LDL 

In line with the alarming observations in LDL subclasses and total LDL mass, LDL-1 mass 
increased around 2-fold, from 33 to 67mg/dl; LDL-2 mass increased least by around 40% 
from a median of 143 to 201mg/dl, reaching a maximum of 218mg/dl at 30weeks gestation, 
whereas in sharp contrast, LDL-3 mass increased by greater than 4-fold from 23 to 123mg/dl. 
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However, as concentration of LDL-2 is declining, that of LDL-3 is increasing and implying 
that the ratio may tend towards a unit. 

Towards end of second trimester to end of gestation, the concentrations of VLDL, IDL, and 
LDL-1/LDL-2 further increased, producing a distribution of lipoproteins dominated by 
buoyant lipoprotein species, in particular LDL-1. In line with this, Winkler’s[11], et al data do 
not support the idea that the same mechanisms as those described for the atherogenic 
lipoprotein phenotypes govern lipid metabolism in late pregnancy.  Therefore, in 
uncomplicated pregnancy there appears to be a balance between potentially damaging factors 
such as altered lipid metabolism and as yet poorly understood protective mechanisms 
[11,33,75]. However, the clinical significance of gestational lipoprotein metabolisms may arise 
if this balance is compromised as in hypertensive disorders of pregnancy. It is in these 
circumstances then when the application of these ratios is very important, for example; Toescu, 
[77] et al while comparing lipid levels between pregnant diabetic women(types 1 and 2 and 
GDM) and pregnant nondiabetic counterparts did not demonstrated any significant 
differences among the groups according to trimesters, implying that the observed 
hyperlipoproteinaemia during pregnancy is independent of diabetes status[10] 

Kilby,[78] et al although observed higher lipid levels and increased in TC, TGs, VLDL/LDL 
ratio, HDL-C with gestational age in type 1 DM, similarly found no significant difference 
from gestationally matched controls[78] in their study. Investigations are required to 
characterize lipid and lipoprotein profile using ratios in the other modulators, particular 
these will assists clinicians while dealing with hyperlipidaemia of pregnancy considering 
the limited quantification opportunities. 

Currently the applications of lipid and lipoprotein ratios in interpreting the hyperlipidaemia 
of pregnancy are limited particularly in the poor developing nations. In spite of the fact that 
the hyperlipidaemia of pregnancy is usually considered physiological, serum lipid and 
lipoprotein levels in pregnancies are generally modulated by complex interactions between 
genetics, medical complications of pregnancy, co-existing medical conditions and other 
maternal factors[19], table 5.  

Therefore the hyperlipidaemia during pregnancy could be classified according to clinical 
implications and future prospects as in fig 1, particularly where there is limited opportunity 
of investigations do to poverty. 

In our laboratory [79] the ratios were found to be important particularly where 
measurement of lipid and lipoprotein is not routinely done due to poverty. In addition 
hyperlipidaemia in pregnancy is confounded by other conditions that may predispose to 
hyperlipidaemia, such as obesity, diabetes mellitus, chronic renal insufficiency, and pre-
eclampsia. Similarly subfractions of lipoproteins are usually not done due to limited 
methodology. Without the use of lipid and lipoprotein ratios particularly considering these 
confounding conditions which are also likely to present with hyperlipidaemia, interpreting 
the hyperlipidaemia of pregnancy is encountered with difficulties. 
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Medical complications of pregnancy
1. Pre-eclampsia 
2. Pregnancy-induced hypertension 
3. Gestational diabetes mellitus 
4. Intra-uterine growth restriction(retardation) 
5. Prelipaemia 
Co-existing medical conditions 
1. Obesity 
2. Types 1 and 2 diabetes mellitus 
3. Hypothyroidism 
4. Hypertension 
5. Renal diseases, particularly nephritic syndrome 
6. Alcoholism 
7. Medications, eg LMWt-heparin and glucocorticoid 
Other maternal factors 
1. BMI(Obesity) 
2. Maternal weight gain in the index pregnancy 
3. Maternal nutrition 
4. Pre-pregnancy lipid levels 

Table 5. Factors that can also modulate lipid and lipoprotein concentrations in pregnancy (genetic 
factors not mentioned) 

 

 
 

Figure 1. Classification of hyperlipidaemia of pregnancy 
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Whilst the hyperlipidaemia of pregnancy is considered physiological, studies have 
demonstrated that deviations present as a two-edged sword. On one hand, development of 
the physiological hyperlipidaemia out of proportion could be associated with many 
consequences and on the other hand failure to development the required proportion of 
physiological hyperlipidaemia of pregnancy could also be associated with some 
consequences, Table 6 and these will be discussed subsequently 
 

Consequences of hyperlipidaemia
Complications associated with hyperlipidaemia of pregnancy:
Cholesterol gallstones 
Intrahepatic cholestasis
Acute pancreatitis
Endothelial dysfunction
 
Unanswered questions concerning hyperlipidaemia of pregnancy 
Is hyperlipidaemia of pregnancy atherogenic? 
Is hyperlipidaemia of pregnancy a dyslipidaemia? 
Future effect of pregnancy-induced Supraphysiologic hyperlipidaemia 
Pre-eclapmsia and hyperlipidaemia of pregnancy 
 
Consequences of failure of development of hyperlipidaemia
IUGR—Intra-uterine growth retardation
Future development of metabolic syndrome in affected fetus

Table 6. Consequences of deviations of Hyperlipidaemia of pregnancy. 

6. Is normal pregnancy atherogenic?[80] 

The change in triglycerides in normal pregnancy is important in relation to lipoprotein 
subclasses, such as LDL. These lipoproteins contain subfractions of various sizes, densities 
and compositions, which differ in their ability to initiate atherogenesis [81]. One of the 
subfractions of LDL (LDL-3) is small, dense LDL particles which do not bind readily to the 
LDL receptors and therefore remain in the circulation for longer time,  penetrate the arterial 
intima better than do larger ones[82] and are more readily oxidized, probably because they 
contain less vitamin E and other antioxidants[83]. Finally, their uptake into macrophages to 
create form cells, and initiate atherogenesis, is facilitated [84]. This may explain their 
identification as an independent risk factor for coronary heart disease [82-84]. 

Plasma triglycerides are the major determinant of small, dense LDLs, accounting for 40-60% 
of the variability of this fraction in the plasma [75]. VLDL represents the major precursor of 
LDL and reflects plasma TGs levels. Two subclasses of VLDL have been defined: a large and 
buoyant fraction enriched with TGs (VLDL-1) and a smaller, denser fraction(VLDL-2). It 
follows from the association between LDL subclasses and raised TGs that VLDL-1 may be 
important as a vehicle in the process of neutral lipid exchange and generation of small, 



 
Lipoproteins – Role in Health and Diseases 62 

dense LDLs. Cholesterol esters are transferred from LDL and HDL to VLDL-1 by cholesterol 
ester transfer protein(CETP) in exchange for TGs and the increased concentration of VLDL-
1, due to hypersecretion by the liver promote TG transfer into LDL during pregnancy[33]. 
TG-enriched LDL particles subsequently undergo a size reduction through the action of 
hepatic lipase, resulting in the formation of small, dense LDL subfractions. In addition 
Lippi[2], et al demonstrated in their study that advanced pregnancy is associated with an 
increased prevalence of undesirable or abnormal values for total cholesterol, LDL-C and 
TGs in the second trimester, and total cholesterol, LDL-C, TGs TC:HDL ratio in third 
trimester demonstrating that physiological pregnancy is associated with a substantial 
modification of lipid and lipoproteins metabolism from the second trimester, providing 
reference ranges for traditional and emerging cardiovascular risk predictors throughout the 
gestational period. Therefore, is normal pregnancy atherogenic? 

All pregnant women develop a transient hyperlipidaemia associated with 
hypertriglyceridaemia, and subsequent formation of small, dense LDL particles, both of 
which are an independent risk factor for CHD, and by 3rd trimester most women have a 
lipid profile which would be considered highly atherogenic in the non-pregnant state[13]. 
Increased prevalence of angina, cholesterol gallstone, and obesity in postmenopausal 
women who have had several pregnancies has been observed [85]. Yet the long-term 
consequences of multiple pregnancy, gestational diabetes or maternal obesity in LDL 
subfractions and lipid profile are unknown. Further studies are recommended to determine 
if certain women are at increased risk of CVD in later life because of effects on their lipid 
profile during pregnancy. In contrast, increasing suggestions are that maternal 
hypercholesterolaemia during pregnancy even when temporary and limited to pregnancy 
triggers pathogenic events in the fetal aorta,  greatly enhanced fatty streak formation and 
that may influence atherogenesis later in life[14,15].  Fetal plasma cholesterol levels are high 
and are proportional to the maternal cholesterol levels [14] in second trimester, decline with 
increasing fetal age[14] and are even lower at term birth. This is supported by the fact that 
lipid levels observed in umbilical cord blood(UCB) from normal pregnancy were 
significantly lower than those found in maternal blood with exception of HDL-C, and that 
LDL:HDL ratio in neonate of normal pregnancy are much lower than the value in normal 
pregnant mothers[16]. The high HDL levels and a lower LDL:HDL ratio in UCB suggest that 
the fetus of a normal pregnancy is protected against atherogenic lipoprotein[16]. Despite 
these findings, studies at autopsy demonstrated that atherosclerosis progresses much faster 
in offsprings of hypercholesterolaemic mother than in offsprings of normocholesterolaemic 
mothers[86]. Same studies observed that at each time point, offsprings of 
hypercholesterolaemic mothers had 1.5 to 3-fold larger lesions than offsprings of 
normocholesterolaemic mothers, and they suggested that, pathogenic programming in utero 
increases the susceptibility to atherogenic risk factors later in life and maternal intervention 
with cholesterol-lowering agents reduce postnatal lipid peroxidation and atherosclerosis in 
their offsprings[87]. A registry study by Toleikyte,[22] et al, of heterozygous familial 
hypercholesterolaemic(FH) mothers observed that: the serum levels of cholesterol in the 
nonpregnant, nontreated women were 370mg/dl(9.59mmol/L); no maternal cardiovascular 
deaths were observed; the children of mothers with FH were no more likely than the general 
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population to be born prematurely, have low birth weight, or have congenital 
malformations; and that no congenital malformations were observed in the 19 pregnancies 
associated with the use of lipid-lowering drugs during pregnancy. However, the current 
trend is that Statins, classified by FDA as category X in pregnancy, should be avoided in 
pregnancy [23,24]. Although there are observations for and against the maternal 
hyperlipidaemia being atherogenic to the fetus and increasing tendencies of future 
atherosclerosis, a long-term follow-up studies of offsprings of mothers with FH who did not 
inherited the disease is recommended. The result will demonstrate evidence of effects of 
maternal hyperlipidaemia on fetal atherosclerosis and or predisposition to future 
atherosclerosis in these offsprings.  

6.1. Fetal lipoproteins in pre-eclampsia 

Successful placental development is very important for normal fetal growth, and may 
condition health and well being during childhood and even adulthood [88], because it forms 
the interface for nutrients, fluids and gas exchange between mother and fetus. Pre-eclampsia 
(PE), a human pregnancy specific vascular disorder, defines a pathologic condition that 
affects the mother and can adversely influence the feto-placental unit. PE is associated with 
placental dysfunction, oxidative stress[1, 89], dyslipidaemia[16,90] and endothelial cell 
activation, and is a major cause of maternal and fetal morbidity and mortality[88] A pro-
atherogenic lipid profile, characterized by increased TG levels with reduced HDL 
concentration[90, 91] and increased small, dense LDL particles[90] has been described. In 
contrast other studies demonstrated a dominance of buoyant LDL-1 and a significant 
decreased of small, dense LDL, namely LDL-5 and LDL-6[92]. Notwithstanding, it has been 
suggested that an abnormal lipid metabolism may not only be a manifestation of PE, but 
dyslipidaemia may play an essential role in its pathogenesis 

Apart from genetic predisposition, the second group of disorders associated with an 
increased risk of PE includes a variety of chronic conditions such as dyslipidaemia, diabetes 
mellitus, hypertension, renal diseases, and various thrombophilias[93]. These disorders can 
be convincingly grouped together based on their common association with vascular 
endothelial dysfunction, especially those which have been included in the proposed 
metabolic syndrome [93]. Ironically also all are associated with dyslipidaemia. Although PE 
is a multifactorial disorder, it is therefore tempting to ask, could dyslipidaemia be the 
central focal point linking these disorders into pathogenesis of PE? One of the abnormalities 
found in the abnormal placental bed is presence of acute atherosis in desidual vessels, 
characterized by accumulations of foam cells and perivascular mononuclear cell infiltration. 
Reduced placental perfusion and placental/fetal hypoxia may develop. 

Catarino[16], et al, while comparing lipid and lipoproteins in normal pregnant and PE 
pregnant women found an enhanced physiologic hyperlipidaemia. However, the most 
striking difference noted in PE women was the rise TGs that almost double the median 
value compared to normal pregnant women. Higher TGs value has been associated with 
endothelial dysfunction and may therefore play an important role in the pathogenesis of PE. 
Considering the placental dysfunction and lipid changes occurring in PE, fetal lipid 
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metabolism can be affected due to an altered placental transfer of lipids. Maternal TGs does 
not cross the placenta. It has to be hydrolyzed by human placental LPL into FFAs which is 
then transported to the fetus. Fetal TG levels are therefore dependent on maternal TGs. 
Moreover, the placenta also contains receptors for VLDL, LDL and HDL which also 
transport TGs and other esterified lipid to the fetus (23) 

Catarino[16],et al observed that lipid levels observed in umbilical cord blood (UCB) from 
normal pregnancy were significantly lower than those found in maternal blood except for 
HDL, which was similar. In addition, LDL:HDL ratio in neonates of normal pregnancies are 
much lower than the values in normal pregnant mothers. In contrast, lower values of HDL 
and ApoA-1 and higher TG levels were noted in neonates of PE mothers. In addition, higher 
LDL:HDL ratio, a decreased HDL which is more pronounced than ApoA-1, suggest that 
fetal loading of ApoA-1 with cholesterol is significantly less in PE. Hence fetal HDL 
composition is likely to be altered due possibly to enrichment with the enhanced 
hypertriglyceridaemia. Also observed in the PE is a significantly higher value of TGs in UCB 
which is parallel with significant increased TGs in maternal blood. Since 
hypertriglyceridaemia is considered a maternal adaptation in order to assure fetal growth in 
normal pregnancy, the exaggerated hypertriglycedaemia noticed in PE mothers could be a 
compensation pathway to face the uteroplacental hypoperfusion in order to enhance FAs 
transfer to the fetus. In line with this, it seems LPL expression is also enhanced in PE as was 
observed in IUGR [94]. Taken together, it appears lipid transfer from maternal side in PE 
mothers to their fetus are altered in both quantity and quality and does not seems to be 
protective as noticed in neonates of normal pregnancies. In support of this PE has been 
associated with reduced fetal birth weight [95, 96] and the expression of lipoprotein 
receptors are decreased in the placenta of women with PE. 

PE pregnancies is associated with an enhanced hypertriglyceridaemia, which seems to have 
a negative impact on fetal lipid profile, as reflected by a higher atherogenic LDL:HDL ratio, 
decreased HDL, disproportionate decreased in HDL and ApoA-1 and enhanced 
hypertriglycedaemia, children born in pregnancies associated with PE deserve a closer 
clinical follow-up later in life. 

6.2. Role of lipid metabolism in pathogenesis of intrauterine growth restriction 
(IUGR)[17] 

It was proposed that the abnormal lipid metabolism noted in pre-eclampsia was in an attempt 
to compensate for the placental insufficiency [97], given the physiological role of gestational 
hyperlipidaemia in supplying both cholesterol and triglycerides to the rapidly developing fetus 
[98]. In contrast Dabi[17], et al demonstrated that concentration of total cholesterol (TC), TGs, 
LDL and VLDL observed to increase with increasing gestational age in normal pregnancies, 
these lipids and lipoproteins decreased with increasing gestational age in pregnancies with 
IUGR. HDL did not change significantly. These findings certainly indicated that pregnancies 
complicated by IUGR are associated with an abnormal lipid profile, particularly decreased 
levels of TC, TGs, LDL and HDL(Dabi [17],et al Sattar[18], et al), see table 7 
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these lipids and lipoproteins decreased with increasing gestational age in pregnancies with 
IUGR. HDL did not change significantly. These findings certainly indicated that pregnancies 
complicated by IUGR are associated with an abnormal lipid profile, particularly decreased 
levels of TC, TGs, LDL and HDL(Dabi [17],et al Sattar[18], et al), see table 7 
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  Group A Group B  
        
Weeks 
 28-31 32-36 37-40  28-31 32-36 37-40 

TC 216.3+29.2 202.5+26.0 191.5+34.5  238.0+17.0 250.7+27.6 260.3+23.6 
TGs 173.83+78.18 168.23+51.73 137.83+18.25  148.25+15.31 160.36+24.43 171.14+41.56 
HDL-C 42.0+5.3 43.0+4.4 46.4+3.2  44.4+4.5 43.0+6.0 41.6+8.2 
LDL 139.4+23.9 126.3+21.8 117.0+31.8  165.9+26.5 174.8+26.5 184.5+23.4 
VLDL 34.78+15.63 33.64+10.34 27.26+3.81  29.77+3.06 32.05+4.91 34.22+8.31 

Table 7. Lipid and Lipoprotein changes with advancing gestational age(Group A=Pts with IUGR and 
Group B=Pt with normal pregnancy) 

It is well known that normal fetal development needs the availability of both essential fatty 
acids and long chain polyunsaturated fatty acids (LCPUFAs), thus making a persuasive case 
indicating a relationship between nutritional status of mother during gestation reflecting her 
lipid profile and fetal growth. From observations in study by Dabi[17], et al and similar 
findings in other studies, it is possible that the decreased concentrations of TC, TGs, VLDL 
and LDL may have decreased availability of glycerol, LCPUFAs and essential fatty acids to 
the fetuses of mothers with otherwise normal pregnancy ultimately leading to IUGR. In 
addition to above findings, Sattar[18], et al observed a decreased in levels of VLDL-2 and 
IDL in IUGR pregnancies, which are precursors of LDL. Taken together, the decreased 
cholesterol levels (mainly reflected as decrease LDL) may be due to decreased synthesis of 
LDL in women with IUGR. The HDL: apoA and apoB:apoA ratios were found to be higher 
in the IUGR and was suggested that blood lipid modifications in the IUGR group are partly 
secondary to changes in HDL metabolism and the competitive inhibition of fibrinolysis by 
apoB which is increased in pregnancy with IUGR. This indicated that apoA: apoB ratio 
could be a good marker for the early detection of IUGR. Taken together also, these findings 
definitely generated considerable interest in certain aspects of fetal growth and its 
relationship to blood lipid levels during pregnancy. However, more study is recommended 
aiming at analyzing the otherwise normal pregnancies associated with IUGR, particularly to 
elucidate the hypothesis that the decrease in TGs(and particularly LDL and VLDL-2) 
compromises the supply of substrates for energy production to the growing fetus resulting 
in IUGR. The effect of the changes in lipid profile and its translation in changes in blood 
viscosity needs more extensive research including detailed analyses of apoA and apoB 
levels in these patients.  

6.3. Pregnancy-induced Supraphysiologic hyperlipidaemia 

It is well known in literature that hyperlipidaemia is a normal metabolic adjustment in 
pregnancy benefiting both mother and the fetus. However, some women may not be able to 
adapt to the hyperlipidaemic stress of pregnancy. In addition, in similarity with other 
gestational metabolic syndromes such as gestational diabetes mellitus (GDM), pregnancy-
induced hypertension (PIH), pre-eclampsia, eclampsia, etc, some of them may develop a 
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state of Supraphysiologic hyperlipidaemia, defined as lipid levels greater than 95th 
percentile for the corresponding gestational age, because of failed adaptation to requirement 
of pregnancy. Supraphysiologic hyperlipidaemia may serve as a marker for what is cited by 
Montes[99], et al, a ‘prelipaemia’ in the same way that GDM is a marker for pre-diabetes. 

The characteristics of Supraphysiologic hyperlipidaemia, as observed by Montes[99], et al, 
are that, the antepartum hyperlipidaemia may return to normal levels postpartum more 
slowly than normal, the presence of HDL cholesterol concentrations that are persistently 
low antepartum and postpartum, and the patients do have hyperlipidaemic family 
members. In contrast, hypercholesterolemia is not greatly exaggerated in pregnancy among 
these women. Are there future consequences of the pregnancy-induced Supraphysiologic 
hyperlipidaemia? Long-term follow-up studies of women with genetically well-
characterized disorders of lipoprotein metabolism are required to determine if an abnormal 
lipoprotein response in pregnancy can identify prelipaemic subjects and distinguish among 
the major disorders of lipoprotein metabolism. Identification of the prelipaemia will provide 
an opportunity to study prospectively the natural progression, potential for atherosclerosis, 
and possible treatment of hyperlipidaemia from early adulthood. 
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1. Introduction 

The 1985 Nobel Prize in Medicine was awarded to American lipidologists Goldstein and 
Brown for their work in identifying the role of the LDL receptor pathway in lipoprotein 
metabolism and in maintaining the homeostasis of blood cholesterol (Goldstein & Brown 
1985). 

The discovery of the LDL receptor and an understanding of its role in lipid metabolism in 
health and illness were a milestone in research into metabolic disorders in lipids. At the 
same time, some other successes in lipoprotein research were also reported: a new 
understanding of the role of oxidized LDL in atherosclerosis pathogenesis (Steinberg 1987, 
Witztum & Steinberg 1991); an update of the Ross theory on atherosclerosis genesis (Ross 
1986); studies with hypolipidemics; a cholestyramine study, the Coronary Drug Project with 
niacin, and the Helsinki Heart Study with gemfibrosil. The next two decades was devoted to 
the effort to create sophisticated criteria for determining risk groups in populations, 
developing a consensus about cholesterol, and adopting pharmacological uniformity to 
achieve so-called target lipid values in at-risk individuals with dyslipidemia. The well-
defined criteria as a result of these efforts gave hope to at-risk individuals for longer-term 
survival without ischemic vascular accidents (Canner et al. 1986, Frick et al. 1987, Expert 
panel 2001).  

Generally, it was confirmed that hypercholesterolemia represents a risk factor for the 
development of cardiovascular diseases. In addition to arterial hypertension and nicotine 
abuse, hypercholesterolemia is considered one of three cardinal risk factors.  

Cholesterol in plasma is transported by a sophisticated lipoprotein complex system and is 
also an active part of this lipoprotein system. Different parts of the lipoprotein system are 
called lipoprotein families. Every lipoprotein family transports different concentrations of 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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cholesterol in blood plasma, but the major conveyor of cholesterol in plasma is the family of 
Low Density Lipoproteins, i.e., the LDL family. LDL is considered an atherogenic part of the 
lipoprotein system (Kwiterovich 2002a, 2002b).  

LDL transports a major cholesterol load from the liver to the peripheral cells of the body. 
Under conditions of impaired LDL catabolism in the periphery, LDL particles persist in the 
circulation, their physical-chemical characteristics are modified, and the physiological 
pathway of LDL degradation - via LDL receptors - fails. The consequence of this sequence of 
events is the formation of an alternative metabolic pathway of LDL degradation through 
scavenger receptors and the formation of cholesterol deposits in the subendothelial space of 
the arterial wall. In this way, the process of atherogenesis and atherothrombosis begins; and 
LDL particles play a crucial role at the beginning and in the development of this injury 
process in the vessel walls (Berneis & Krauss 2002, Haffner 2006, Fruchart et al. 2008). 

LDL-cholesterol became a criterion for the degree of atherogenic risk for the development of 
atherothrombosis. A high LDL-cholesterol concentration in plasma correlates positively 
with the premature onset of cardiovascular diseases, and is considered a strong 
cardiovascular risk factor. From this point of view, the aim of treatment of 
hypercholesterolemia, in secondary as well as in primary prevention, is the reduction of 
LDL concentration in plasma and a lowering of the cholesterol level to the ´´target reference 
values” (Expert panel 2001, Backers 2005). 

However, in the last few decades, lipoprotein research has focused on the phenomenon of 
atherogenic and non-atherogenic lipoproteins, atherogenic and non-atherogenic lipoprotein 
profiles, and on the phenotype A vs. phenotype B characterization (Austin et al. 1990, Chait 
et al. 1993, Van et al. 2007). The traditional approach to hypercholesterolemia as an 
atherogenic risk factor for the development of degenerative diseases of the cardiovascular 
system became a target of criticism. Castelli published evidence that more than 75 percent of 
patients with an acute coronary syndrome or a myocardial infarction had normal plasma 
values of cholesterol, LDL cholesterol and/or HDL cholesterol (Castelli 1988, 1992, 1998). 
Thus, it was necessary to look for other risk factors in plasma, at levels that could cause an 
acute coronary event. An increased cholesterol level, as an universal explanation for the 
origin of atherogenesis, was no longer valid.  

A reasonable explanation was found in atherogenic lipoprotein subpopulations, the 
presence of which in plasma, even in very low concentrations, could impair the integrity of 
the vessel wall and lead to endothelial dysfunction with its fatal consequences: formation of 
atherothrombotic plaques, acute myocardial infarction, stroke, and sudden death (Nichols & 
Lundmann 2004, Rizzo & Berneis 2006, Shoji et al. 2009, Zhao et al. 2009). 

Those laboratory analysis methods became an essential contribution to the identification of 
atherogenic lipoprotein entities, which simplified the analysis and quantification of the 
atherogenic lipoprotein subfractions. Gradient gel elecrophoretic separation of LDL and HDL 
subclasses or proton nuclear magnetic resonance spectroscopy were the methods of choice for 
the analysis of these entities (Rainwater et al. 1997, Alabakovska et al. 2002, Otvos et al. 2003). 
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Recently, electrophoresis of plasma lipoproteins on the polyacrylamide gel (PAG) Lipoprint 
LDL System is one of several diagnostic analytical methods for the identification and 
quantitative evaluation of lipoprotein subfractions, i.e., the atherogenic and non-atherogenic 
lipoproteins (Hoefner et al. 2001).  

The LDL System has become a staple in routine laboratory analysis and in the diagnosis of 
lipoprotein metabolism disorders, and has also been recommended by the FDA for human 
medicine. Lipoprint LDL enables the analysis of 12 lipoprotein subfractions: VLDL; IDL1; 
IDL2; IDL3; LDL1; LDL2; LDL 3-7; HDL; and determines an atherogenic lipoprotein profile 
phenotype B versus a non-atherogenic lipoprotein profile phenotype A.  

Atherogenic lipoprotein profiles are characterized by a predominance of atherogenic 
lipoproteins, namely very low density (VLDL), intermediate density IDL1, and IDL2, and 
particularly by the presence of small dense lipoproteins with low density (LDL). Profiles 
identify highly atherogenic LDL subfractions that form the LDL 3-7 fractions (Tab.1). These 
subfractions are smaller, with a diameter < 26.5 nm (265 Angström) and they float within a 
density range of 1.048 – 1.065 g/ml, i.e., a higher density than LDL1 and LDL2. On the PAG 
they are detected as subtle bands on the anodic end of the gel right behind HDL that 
migrate to the head of separated lipoproteins.  
 

Small dense LDL are highly atherogenic for ((Berneis&Krauss 2002, Lamarche et al. 1999, 
Packard 2003, Carmena et al. 2004): 
*low recognition by LDL-receptors  
(configuration alterations Apo B ) → 
*enhanced aptitude for oxidation and acetylation → 
*Oxid-LDL  → release of pro-inflammatory cytokines  
  → muscle cell apoptosis 
*Oxid-LDL  → release of metalloproteinase 
  → collagen degradation 
*Oxid-LDL  → enhanced aptitude for trapping by macrophages (scavenger-receptors)  
  → stimulation of foam cell formation 
*easier penetration into the subendothelial space and formation of cholesterol deposits 

Table 1.   

On the basis of lipoprotein separation by the Lipoprint LDL System, a non-atherogenic 
normolipidemia, an atherogenic normolipidemia, a non-atherogenic hyperbetalipoproteinemia 
and an atherogenic hyperlipoproteinemia can be characterized (Oravec 2006a, 2006b, 2007a, 
2007b). 

Two of these are identified as new lipoprotein profiles with high clinical significance: an 
atherogenic normolipidemia and a non-atherogenic hyper-betalipoproteinemia LDL1,2. 

A non-atherogenic hyperbetalipoproteinemia LDL1,2 involves individuals with a high 
concentration of plasma cholesterol, predominantly transported by LDL1 and LDL2 
subfractions. However, these individuals are at low risk for a cardiovascular event based on 
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cardiologic and angiologic examimation results, and have familial history negative for 
cardiovascular diseases.  

Conversely, an atherogenic normolipidemia was identified in a group of individuals with 
normal cholesterol and triglyceride concentrations in plasma, who had a high concentration 
of strongly atherogenic small dense LDL in the lipoprotein profile. These individuals could 
be at higher risk for a cardiovascular event despite normolipidemia. 

In our clinical study, we characterized hypercholesterolemic individuals with untreated 
hypercholesterolemia, who had a non-atherogenic hyperbetalipoproteinemia, as well as 
normolipemic individuals who were currently without clinical or laboratory signs of 
damage to the cardiovascular system, but who, nevertheless, had an atherogenic lipoprotein 
profile. All these subjects underwent a medical examination to identify the extent of the 
arterial vessel damages caused by hypercholesterolemia, or dyslipidemia. 

2. Patients and methods 

The hypercholesterolemic individuals with untreated hypercholesterolemia were tested by 
Lipoprint LDL analysis. In this group of hypercholesterolemic subjects, 145 individuals with 
a non-atherogenic lipoprotein profile were identified.  

Of the total number, 15 individuals were under 40 years of age without clinically apparent 
impairment and no laboratory signs of cardiovascular disease. These subjects formed one 
subgroup of younger people (34 years +- 5 years). The subgroup of younger subjects was 
separated from the older individuals with hypercholesterolemia because a separate analysis 
of the older subjects with hypercholesterolemia was performed to confirm that undamaged 
vessels in older individuals persist even into old age, and that diagnosed 
hypercholesterolemia does not cause an atherogenic impairment in the vessels. The 
subgroup of older subjects consisted of 130 individuals (32 males, 57 +-11 years of age; and 
98 females, 62 +- 9 years of age).  

The medical examination, which included a physical examination, blood pressure, and ECG 
examination, bicycle stress test, echocardiography, and duplex ultrasound examination of 
the carotid arteries, confirmed that there was no impairment of the cardiovascular system. 
Only mild signs of clinically irrelevant aortic valve sclerosis were found in the subgroup of 
older subjects.  

Individuals with hyperglycemia, diabetics, and those individuals who were being treated 
with lipid-lowering drugs were excluded from the study. 

The control group consisted of 165 normolipidemic volunteers, all nonsmokers, who had 
no clinically apparent impairment, or laboratory signs of cardiovascular disease. 
Volunteers were recruited from medical students at the medical facility. The average age 
of the subjects was 21.5 ± 2.5 years, and the group involved 65 males and 100 females. All 
subjects gave written, informed consent, and the study was approved by the local ethics 
committee. 
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A blood sample from the antecubital vein was collected in the morning after a 12-hour 
fasting period. EDTA-K2 plasma was obtained and the concentration of total cholesterol and 
triglycerides in plasma was analyzed, using an enzymatic CHOD PAP method (Roche 
Diagnostics, Germany). 

The quantitative analysis of lipoprotein families and lipoprotein subfractions included: 
VLDL; IDL1; IDL2; IDL3; LDL1; LDL2; LDL3-7; and HDL. A non-atherogenic lipoprotein 
profile, phenotype A, versus an atherogenic lipoprotein profile, phenotype B, was 
determined using the Lipoprint LDL System (Quantimetrix Corp., USA; (Hoefner et al. 
2001). The analysis of HDL subclasses, with their subpopulations, including large HDL-, 
intermediate HDL-, and small HDL- subclasses in plasma, was also performed using the 
Lipoprint HDL System (Morais et al. 2003).  

The Score of the Anti-Atherogenic Risk (SAAR) was calculated as the ratio between non-
atherogenic and atherogenic lipoproteins in plasma (Oravec 2007a). SAAR values over 10.8 
represented a non-atherogenic lipoprotein profile, whereas values under 9.8 represented an 
atherogenic lipoprotein profile. The cut-off values for a non-atherogenic lipoprotein profile 
and an atherogenic lipoprotein profile were calculated from the results of 940 Lipoprint LDL 
analyses. Using the Quantimetrix Lipoprint LDL system interpretation, all 940 individuals 
were examined (general group of subjects) and tested for the occurrence of atherogenic and 
non-atherogenic lipoprotein profiles, and were then divided into the two subgroups of 
subjects with an LDL profile:  

 Indicative of Type A, i.e., a non-atherogenic lipoprotein profile phenotype A 
 Not indicative of Type A, i.e., an atherogenic lipoprotein profile, phenotype B (Hoefner 

et al. 2001). 

For practical interpretation of the analysed lipoprotein profiles using the Lipoprint LDL 
System, for the non-atherogenic lipoprotein phenotype A, the subtypes 1a, 1b, 2a, 2b, 3, and 
4 were introduced, because of the large profile heterogeneity in the non-atherogenic 
lipoprotein profile phenotype A. With regard to the atherogenic lipoprotein phenotype B, 
only subtype 5 and subtype 6 were introduced. (Oravec 2007b). (Tab.2)  

Statistical evaluation of obtained values was performed by an unpaired student´s t-test. The 
level of significance was set at p < 0.05.  

3. Results 

The subjects with a non-atherogenic hypercholesterolemia had a significantly increased 
concentration of total cholesterol and lipoprotein parameters (p<0.0001), except for LDL 3-7 
subfractions (small dense LDL), which were significantly lower (p<0.0001), compared to the 
control group (Tab.3). The highest increase of concentrations was found for total cholesterol, 
LDL cholesterol, HDL cholesterol, IDL3, and LDL1 subfractions. The concentration of LDL1 
exceeded the LDL1 concentration in the control group by more than 88 percent. The LDL1 
concentration in the younger hypercholesterolemic subjects reached 1.84 mmol/l, i.e., more 
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than twice, comparing to 0.89 mmol/l in the control group. (Tab.3, Tab.5). The rise of LDL2 
concentration (32 percent in younger hypercholesterolemic subjects), did not match the 
increase in LDL1 concentrations (Tab.3 - Tab.6).  
 

A. Non-atherogenic lipoprotein profile, phenotype A …… 59 % 

1a. Subtype: Non-atherogenic lipoprotein profile phenotype A….. 11 % 

Atherogenic lipoproteins absent  

LDL cholesterol normal  

1b. Subtype: Non-atherogenic lipoprotein profile phenotype A….. 10 % 

Atherogenic lipoproteins absent  

LDL cholesterol elevated  

2a. Subtype: Non-atherogenic lipoprotein profile phenotype A…… 12% 

Atherogenic lipoproteins present in traces  

LDL cholesterol normal  

2b. Subtype: Non-atherogenic lipoprotein profile phenotype A… 11% 

Atherogenic lipoproteins present in traces  

LDL cholesterol elevated  

3. Subtype: Non-atherogenic lipoprotein profile phenotype A.…… 3% 

Atherogenic lipoproteins present  

LDL cholesterol normal  

4. Subtype: Non-atherogenic lipoprotein profile phenotype A .......  12% 

Atherogenic lipoproteins present  

LDL cholesterol elevated  

B. Atherogenic lipoprotein profile phenotype B ………… 41 % 

5. Subtype: Atherogenic lipoprotein profile phenotype B…………… 12% 

Atherogenic lipoproteins present  

LDL cholesterol normal  

6. Subtype: Atherogenic lipoprotein profile phenotype B…............... 29% 

Atherogenic lipoproteins present  

LDL cholesterol elevated  

An atherogenic lipoprotein profile was identified in 41% of examined individuals in a general group of subjects (n = 
940), (Oravec 2007b). 

Table 2. Incidence rate of non-atherogenic vs. atherogenic lipoprotein subtypes in a general group of 
subjects (n = 940)  
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T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

Control 4.31 1.16 0.62 0.39 0.28 0.33 0.89 0.41 0.04 2.34 1.33 36.1 

n = 165 ±0.62 ±0.39 ±0.16 ±0.16 ±0.09 ±0.12 ±0.28 ±0.21 ± 0.04 ±0.54 ±0.32 ±20.6 

H-βLP 6.71 1.29 0.74 0.55 0.51 0.82 1.68 0.52 0.01 4.09 1.88 76.0 

n= 145 ±0.90 ±0.49 ±0.21 ±0.16 ±0.12 ±0.23 ±0.36 ±0.21 ±0.01 ±0.69 ±0.46 ±17.0 

Control 
vs. 
HLP 

p< 
0.0001 n.s. <..........................................................p< 0.0001...........................................................> 

Legend: T-cholesterol: total cholesterol, T-LDL: total LDL-cholesterol, H-βLP: hyperbetalipoproteinemia  

Table 3. Plasma concentration of lipids, lipoproteins, and SAAR score in the group of 
hypercholesterolemic subjects vs. control normolipidemic subjects  

 

T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

Control 4.31 1.16 0.62 0.39 0.28 0.33 0.89 0.41 0.04 2.34 1.33 36.1 

n = 165 36.1 ±0.39 ±0.16 ±0.16 ±0.09 ±0.12 ±0.28 ±0.21 ± 0.04 ±0.54 ±0.32 ±20.6 

H-βLPs 6.73 1.30 0.73 0.55 0.52 0.80 1.67 0.52 0.01 4.08 1.93 76.5 

n= 130 ±0.91 ±0.48 ±0.19 ±0.16 ±0.13 ±0.23 ±0.35 ±0.22 ±0.01 ±0.69 ±0.45 ±18.1 

Control 
vs. 
HLP 

p< 
0.0001 n.s. <.......................................................p< 0.0001.........................................................> 

Legend: H-βLPs : hyperbetalipoproteinemia subgroup of seniors 

Table 4. Plasma concentration of lipids, lipoproteins, and SAAR score in the subgroup of older 
hypercholesterolemic subjects and controls  

 

T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

Control 4.31 1.16 0.62 0.39 0.28 0.33 0.89 0.41 0.04 2.34 1.33 36.1 

n = 165 ±0.62 ±0.39 ±0.16 ±0.16 ±0.09 ±0.12 ±0.28 ±0.21 ± 0.04 ±0.54 ±0.32 ±20.6 

H-βLPjr 6.62 1.20 0.84 0.58 0.44 0.80 1.84 0.54 0.01 4.20 1.46 71.1 

n= 15 ±0.80 ±0.59 ±0.28 ±0.18 ±0.01 ±0.25 ±0.42 ±0.18 ±0.01 ±0.64 ±0.23 ±13.2 

Control 
vs. 
HLP 

p< 
0.0001 n.s. <....................p< 0.0001...................> n.s. n.s. 

p< 
0.0001 n.s. 

p< 
0.0001 

Legend: H-βLP jr : hyperbetalipoproteinemia subgroup of younger hypercholesterolemic subjects 

Table 5. Plasma concentration of lipids, lipoproteins, and SAAR-score in the subgroup of younger 
hypercholesterolemic subjects and controls  



 
Lipoproteins – Role in Health and Diseases 

 

80 

T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

H-βLP jr 6.62 1.20 1.20 0.58 0.44 0.80 1.84 0.54 0.01 4.20 1.46 71.1 
n= 15 ±0.80 ±0.59 ±0.28 ±0.18 ±0.01 ±0.25 ±0.42 ±0.18 ±0.01 ±0.64 ±0.23 ±13.2 
H-βLPs 6.73 1.30 0.73 0.55 0.52 0.80 1.67 0.52 0.01 4.08 1.93 76.5 
n= 130 ±0.91 ±0.48 ±0.19 ±0.16 ±0.13 ±0.23 ±0.35 ±0.22 ±0.01 ±0.69 ±0.45 ±18.1 

 <..................................................................... n.s.......................................................> p< 0.001 n.s. 
juniors v.s. seniors   

Legend: H-βLP jr.: Hyperlipoproteinemia subgroup of younger subjects  
 H-βLP s.: Hyperlipoproteinemia subgroup of older subjects  

Table 6. Plasma concentration of lipids, lipoproteins, and SAAR-score in the subgroup of younger 
(n=15) versus older (n=130) hypercholesterolemic subjects  

The lipid and lipoprotein parameters in younger and older hypercholesterolemic subjects 
were very similar, and the results were not statistically significantly different between the 
groups, except that HDL cholesterol in the older hypercholesterolemic individuals was 
statistically significant higher (p<0.001) compared to the control group (Tab.6). Results 
similar to those in older hypercholesterolemic subjects were obtained when the group of 
younger hypercholesterolemic subjects was compared to the control group (Tab.5), except 
for LDL2, LDL 3-7, and HDL lipoproteins, where the changes in the cholesterol 
concentrations - increased in LDL2- and decreased in LDL3-7 subfractions were not 
significant.  
 

 T-HDL 
mmol/l 

± SD 
HDL large HDL intermediate HDL small 

Control 1.31 0.59 0.56 0.15 

(n=103) ± 0.29 ± 0.23 ± 0.10 ± 0.09 

H-βLP 1.51 0.70 0.65 0.15 

(n=110) ± 0.34 ± 0.46 ± 0.42 ± 0.12 

 p< 0.0001 p< 0.005 p< 0.005 n.s. 

Legend: T-HDL: total HDL  

Table 7. Plasma concentration of HDL lipoprotein subclasses 

Tab.7 shows the HDL-cholesterol concentration and HDL subclasses, analysed by the 
Lipoprint HDL System. The concentration of total HDL cholesterol (T-HDL) in the group of 
hypercholesterolemic subjects was significantly higher (p<0.0001), compared to the control 
group. There was an increased concentration of both HDL subclasses, i.e. the HDL large 
subclass (p<0.005) and the HDL intermediate subclass (p<0.005) in the hypercholesterolemia 
subjects. The difference in the concentration of the HDL small subclass between 
hypercholesterolemic subjects and the control group was not confirmed. 



 
Lipoproteins – Role in Health and Diseases 

 

80 

T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

H-βLP jr 6.62 1.20 1.20 0.58 0.44 0.80 1.84 0.54 0.01 4.20 1.46 71.1 
n= 15 ±0.80 ±0.59 ±0.28 ±0.18 ±0.01 ±0.25 ±0.42 ±0.18 ±0.01 ±0.64 ±0.23 ±13.2 
H-βLPs 6.73 1.30 0.73 0.55 0.52 0.80 1.67 0.52 0.01 4.08 1.93 76.5 
n= 130 ±0.91 ±0.48 ±0.19 ±0.16 ±0.13 ±0.23 ±0.35 ±0.22 ±0.01 ±0.69 ±0.45 ±18.1 

 <..................................................................... n.s.......................................................> p< 0.001 n.s. 
juniors v.s. seniors   

Legend: H-βLP jr.: Hyperlipoproteinemia subgroup of younger subjects  
 H-βLP s.: Hyperlipoproteinemia subgroup of older subjects  

Table 6. Plasma concentration of lipids, lipoproteins, and SAAR-score in the subgroup of younger 
(n=15) versus older (n=130) hypercholesterolemic subjects  

The lipid and lipoprotein parameters in younger and older hypercholesterolemic subjects 
were very similar, and the results were not statistically significantly different between the 
groups, except that HDL cholesterol in the older hypercholesterolemic individuals was 
statistically significant higher (p<0.001) compared to the control group (Tab.6). Results 
similar to those in older hypercholesterolemic subjects were obtained when the group of 
younger hypercholesterolemic subjects was compared to the control group (Tab.5), except 
for LDL2, LDL 3-7, and HDL lipoproteins, where the changes in the cholesterol 
concentrations - increased in LDL2- and decreased in LDL3-7 subfractions were not 
significant.  
 

 T-HDL 
mmol/l 

± SD 
HDL large HDL intermediate HDL small 

Control 1.31 0.59 0.56 0.15 

(n=103) ± 0.29 ± 0.23 ± 0.10 ± 0.09 

H-βLP 1.51 0.70 0.65 0.15 

(n=110) ± 0.34 ± 0.46 ± 0.42 ± 0.12 

 p< 0.0001 p< 0.005 p< 0.005 n.s. 

Legend: T-HDL: total HDL  

Table 7. Plasma concentration of HDL lipoprotein subclasses 

Tab.7 shows the HDL-cholesterol concentration and HDL subclasses, analysed by the 
Lipoprint HDL System. The concentration of total HDL cholesterol (T-HDL) in the group of 
hypercholesterolemic subjects was significantly higher (p<0.0001), compared to the control 
group. There was an increased concentration of both HDL subclasses, i.e. the HDL large 
subclass (p<0.005) and the HDL intermediate subclass (p<0.005) in the hypercholesterolemia 
subjects. The difference in the concentration of the HDL small subclass between 
hypercholesterolemic subjects and the control group was not confirmed. 

 
A Non-Atherogenic and Atherogenic Lipoprotein Profile in Individuals with Dyslipoproteinemia 

 

81 

 T-Chol 
(mmol/l ±SD) 

TAG VLDL IDL1 IDL2 IDL3 LDL1 LDL2 LDL3-7 T-LDL HDL SAAR 

Subjects 4.31 1.12 0.62 0.39 0.28 0.33 0.91 0.40 0.03 2.33 1.33 38.1 
with a ±0.62 ±0.38 ±0.16 ±0.17 ±0.09 ±0.12 ±0.27 ±0.21 ±0.03 ±0.54 ±0.32 ±19.6 
non atherogenic profile, n = 155          
              
Subjects 4.37 1.63 0.72 0.36 0.28 0.27 0.67 0.55 0.25 2.37 1.27 5.3 
with an ±0.50 ±0.30 ±0.14 ±0.08 ±0.06 ±0.08 ±0.17 ±0.14 ±0.06 ±0.34 ±0.36 ±2.0 
atherogenic profile, n = 10           
              
All subjects 4.31 1.16 0.62 0.39 0.28 0.33 0.89 0.41 0.04 2.34 1.33 36.1 
n = 165 ±0.62 ±0.39 ±0.16 ±0.16 ±0.09 ±0.12 ±0.28 ±0.21 ± 0.04 ±0.54 ±0.32 ±20.6 
              
nonath.vs.athero p<0.001     p< 0.01 p< 0.02 p< 0.0001   p< 0.0001 

Table 8. Plasma concentration of lipids, lipoproteins, and the SAAR score in the subgroups of 
normolipemic control volunteers  

Tab.8 shows the lipid and lipoprotein values obtained and the Score for Anti-Atherogenic 
Risk (SAAR) in the examined group of 165 control subjects.  

In a subgroup of 155 subjects, a non-atherogenic lipoprotein profile phenotype A was 
identified. In a subgroup of 10 subjects, an atherogenic lipoprotein profile phenotype B was 
identified. Both lipoprotein phenotypes were confirmed by the Lipoprint LDL method. All 
examined subjects had normal values of cholesterol and triglycerides. The highest significant 
difference (p<0.0001) between the subgroup with an atherogenic lipoprotein profile phenotype 
B and a non-atherogenic lipoprotein profile phenotype A was found in the subfractions LDL 3-
7, i.e., small dense LDL (p< 0.0001), which represent strongly atherogenic lipoproteins. The 
SAAR score also showed highly significant differences in the values between the atherogenic 
and the non-atherogenic subgroup (p<0.0001). There was a higher concentration of 
triglycerides (p<0.001) in the atherogenic subgroup. LDL1 was higher in the non-atherogenic 
subgroup (p<0.01) and LDL2 was higher in the atherogenic subgroup.  

4. Discussion 

The identification of atherogenic and non-atherogenic lipoproteins in the plasma lipoprotein 
spectrum represents a deeper analysis of lipoprotein parameters than a routine analysis of 
plasma cholesterol, triglycerides, or lipoproteins like LDL, HDL, and VLDL. These lipid 
parameters only provide limited information about the percentage of subjects in the general 
population (general group of subjects) who are at-risk for a sudden attack for cardiovascular 
or cerebral-vascular event. The 41 percent of the subjects from our large population of 950 
individuals, who were identified by this analytical method, would not otherwise have been 
identified, confirming the value of this information for physicians (Tab.2) know that, based on 
mortality statistics, approximately 50 percent of deaths are caused by cardiovascular events. It 
may be that this 41 percent represents a major part of the 50 percent of deaths attributable to a 
cardiovascular cause, and the individuals with atherogenic dyslipidemia are surely at risk for 
a sudden cardiovascular event. Thus these individuals could be target for close monitoring, 
have a follow-up examination, and the optimal treatment could be recommended.  
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In addition, the identification of six percent of normolipidemic young healthy individuals 
with an atherogenic lipoprotein profile among clinically healthy volunteers questions our 
knowledge and generally accepted belief that normolipidemia, ´per se´, represents an 
optimal health lipid constellation (Tab.8). An atherogenic normolipidemia in the lipoprotein 
profile of our clinically healthy subjects represents a new phenomenon. These individuals 
are also at risk for the development of premature cardiovascular ischemic disease and 
should undergo close medical follow-up. If these individuals receive no preventive anti-
atherothrombotic measures, the manifestation of cardiovascular ischemic diseases is certain 
later in life.  

The findings of hypercholesterolemia in clinically healthy subjects, without clinically 
apparent signs of cardiovascular disease or laboratory confirmation of cardiovascular 
disease, and with a negative history for the occurence of cardiovascular events, stimulated 
an active search for hypercholesterolemic indviduals and the initiation of a medical 
examination of these subjects.  

For the identification of the hypercholesterolemic individuals with a non-atherogenic 
lipoprotein profile, a new innovative electrophoretic method for the analysis of plasma 
lipoproteins on polyacrylamide gel (PAG) was used (Hoefner et.al 2001). The method can 
analyze the total lipoprotein spectrum of examined subjects, identify an atherogenic/non-
atherogenic lipoprotein profile, and quantify the atherogenic lipoprotein subpopulations in 
plasma, including strongly atherogenic LDL subpopulations, i.e., the small dense LDL, 
which form the subfractions LDL 3-7. In the absence of atherogenic lipoproteins, or when 
the atherogenic lipoproteins form a minor part of the whole lipoprotein spectrum, a non-
atherogenic lipoprotein profile exists.  

The identification of a non-atherogenic hypercholesterolemia offers new information, which 
suggests a re-evaluation of the belief that the whole LDL family is an atherogenic 
lipoprotein part of the plasma lipoprotein spectrum. Our results confirme the results of 
several previous research studies. They show that only a part of the LDL is atherogenic. 
Atherogenic are small dense LDL, subfraction of LDL, which are associated with the 
premature development of ischemic cardiovascular diseases. In contrast, LDL1 and LDL2, 
even in higher concentrations in plasma, do not represent a high cardiovascular risk. 
Also negative cardiological examination with normal results: only milde signs of clinically 
irrelevant aortic valve sclerosis, support and confirm the non-atherogenicity of large 
´buoyant´ LDL subfractions in the individuals with hyperbetalipoproteinemia LDL1,2. Fig.1 
- 4. Based on these laboratory results and medical findings, the medical approach to these 
hypercholesterolemic individuals needs to be revised. The intensive hypolipidemic 
treatment should not be recommended, and the question also remains, whether any 
treatment at all, in cases of non-atherogenic hypercholesterolemia, in general, is a reasonable 
clinical decision. The reduction of total LDL-cholesterol as a target for hypolipidemic 
treatment for prevention of atherogenesis and atherothrombosis seems to be no longer 
necessary.  
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Figure 1. Non-atherogenic normolipidemia  

 
Figure 2. Non-atherogenic normolipidemia HDL subfractions 
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Figure 3. Non-atherogenic hyperbetalipoproteinemia LDL1,2 

 
Figure 4. Non-atherogenic hyperbetalipoproteinemiaLDL1,2 HDL subfractions 
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Figure 5. Atherogenic normolipidemia 

LDL represent a lipoprotein family created by several LDL subfractions with different 
characteristics and different role in the intermediary metabolism and in the 
atherothrombogenesis. LDL1 and LDL2 subfractions are important physiological major 
conveyors of cholesterol in plasma. These subfractions are an important source for the 
biosynthesis of highly physiologically effective drugs and structures in the body (steroid 
hormones, bile acids, vitamin D3, membranes of cells and of subcellular structures). 
Lowering of the concentration of LDL1 and LDL2 by using a non-specific hypolipidemic 
treatment has a negative effect on several physiological processes, which create the optimal 
maintenance of healthy equilibrium in the body. LDL1 and LDL2 seem to be a not 
atherogenic part of LDL. The non-specific lowering of total cholesterol reduces in the first 
step the concentration of cholesterol in LDL1, LDL2 subfractions. A protective part of LDL 
(LDL1, LDL2) is removed and the strong atherogenic small dense LDL persist.  

The non-specific hypolipidemic treatment does not form a non-atherogenic lipoprotein 
constellation. On the contrary, along with the impairment of endocrine steroid synthesis in 
the body, with an unjustified hypolipidemic treatment approach, the atherogenicity of the 
plasma will be increased. Figure 6 - 8 shows a Lipoprint LDL picture of atherogenic 
normolipidemia obtained frequently after hypolipidemic treatment of atherogenic 
hypercholesterolemia.  



 
Lipoproteins – Role in Health and Diseases 

 

86 

 
Figure 6. Atherogenic normolipidemia obtained frequently after hypolipidemic treatment of 
atherogenic hypercholesterolemia  

 
Figure 7. Atherogenic hypercholesterolemia 
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Figure 7. Atherogenic hypercholesterolemia 
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Figure 8. Atherogenic hypercholesterolemia HDL subfractions 

In our study a group of individuals with hypercholesterolemia was divided into two 
subgoups: younger and older subjects (Tab.3-6). The reason was to differentiate the 
influence of the age factor on the lipoprotein constellation and on the quality of the vascular 
wall, especially in the group with older subjects. The quality of the arteries was evaluated by 
medical examination. Tested individuals were examined, including physical examination, 
blood pressure, and ECG examination, a bicycle stress test, echocardiography, and duplex 
ultrasound examination of the carotid arteries. The medical results confirmed that the vessel 
wall was not seriously impaired, not even in older subjects with hypercholesterolemia, 
which is why a hyper-betalipoproteinemiaLDL1,2 does not represent a serious 
cardiovascular risk for individuals with this type of hypercholesterolemia. 

The results of HDL subclass analysis (Lipoprint HDL System (Morais et al. 2003) in 
individuals with a non-atherogenic hyperbetalipoproteinemia LDL1 confirm a supposition 
of low atherogenicity in hyperberalipoproteinemia LDL1,2 (Tab.7), The lipoprotein profile of 
HDL typically contains a predominance of HDL large and HDL intermediate subclasses, 
which confer a protective, anti-atherogenic effect on the vessel wall (Morais 2005, Muniz & 
Morais 2005 Oravec et al. 2011c). The small HDL subclass with atherogenic characteristics 
was present in the lipoprotein profile in low concentrations only, compared to the control 
group of healthy volunteers. Fig.3 – 4.  
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The major findings can be summarized as follows: 

1. In examined subjects with hypercholesterolemia, a non-atherogenic lipoprotein profile, 
phenotype A was confirmed with a high concentration of LDL1 and LDL2 subfractions. 
In particular, the LDL1 subfraction was nearly double that of the LDL1 of the control 
group, and, in some individual cases, three times that of the control group average 
(Oravec et al. 2011b). 

2. The lipoprotein electrophoresis confirmed only a trace concentration of LDL3-7 
subpopulations (1mg LDL 3-7 cholesterol/dl, i.e., 0.0256 mmol/l). In the overwhelming 
majority of subjects (60%) indeed, there was an absence of the atherogenic LDL 3-7 in 
the lipoprotein profile of these subjects. (Plasma lipoprotein profiles for patients with 
confirmed cardiovascular disease are generally characterized by a high concentration of 
small dense LDL) (Kwiterovich 2000, Maslowska 2005, Oravec 2010, Oravec et al. 2010a, 
2010b, Oravec et al. 2011a).  

3. The concentration of HDL was significantly increased ( p<0.0001) compared to the 
control group, with an overwhelming majority of the non-atherogenic HDL 
subpopulations, HDL large and HDL intermediate. The concentration of small dense 
HDL was not increased (Tab.7), Fig 1-4. Small dense HDL form an atherogenic part of 
the HDL lipoprotein spectrum, and their higher plasma concentration corelates with the 
development of cardiovascular diseases (Luc et al. 2002, St Pierre et al. 2005, Morais 
2005, Muniz & Morais 2005, Oravec et al. 2011d), Fig.7,8. The structural representation 
of HDL subpopulations confirmed a non-atherogenic type of lipoprotein profiles in our 
examined group of hypercholesterolemic subjects. 

4. The examined individuals, despite increased total cholesterol and LDL cholesterol 
values, were healthy, without apparent clinical signs of cardiovascular disease (angina 
pectoris, cardiac insufficiency, myocardial infarction, or other survived cardiovascular 
events). There is evidence that an optimal anti-atherogenic LDL profile (see the 
lipoprotein results) could actually have a vasoprotective effect in tested 
hypercholesterolemic individuals. Based on the present results, a further, more 
extensive study will continue to evaluate the Lipoprint electrophoretic method as 
a standard method for the diagnosis of cardiovascular risk, along with the standard 
tests now used (ECG examination, bicycle stress test, echocardiography, and duplex 
ultrasound examination of the carotid arteries). 

5. The newly introduced SAAR, a ratio of non-atherogenic/atherogenic lipoproteins, also 
confirmed a non-atherogenic lipoprotein constellation in the plasma of 
hypercholesterolemic individuals (Oravec 2007a). 

Based on the results of examined individuals with hypercholesterolemia, these conclusions 
can be drawn:  

1. LDL1 and LDL2 do not fulfill the criteria of atherogenicity for lipoprotein entities that is 
usually ascribed to LDL lipoproteins. 

2. LDL1 and LDL2 subfractons in hypercholesterolemic indidviduals, in our study group, 
created a non-atherogenic hypercholesterolemia - a non-atherogenic hyperbetalipo-
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In particular, the LDL1 subfraction was nearly double that of the LDL1 of the control 
group, and, in some individual cases, three times that of the control group average 
(Oravec et al. 2011b). 

2. The lipoprotein electrophoresis confirmed only a trace concentration of LDL3-7 
subpopulations (1mg LDL 3-7 cholesterol/dl, i.e., 0.0256 mmol/l). In the overwhelming 
majority of subjects (60%) indeed, there was an absence of the atherogenic LDL 3-7 in 
the lipoprotein profile of these subjects. (Plasma lipoprotein profiles for patients with 
confirmed cardiovascular disease are generally characterized by a high concentration of 
small dense LDL) (Kwiterovich 2000, Maslowska 2005, Oravec 2010, Oravec et al. 2010a, 
2010b, Oravec et al. 2011a).  

3. The concentration of HDL was significantly increased ( p<0.0001) compared to the 
control group, with an overwhelming majority of the non-atherogenic HDL 
subpopulations, HDL large and HDL intermediate. The concentration of small dense 
HDL was not increased (Tab.7), Fig 1-4. Small dense HDL form an atherogenic part of 
the HDL lipoprotein spectrum, and their higher plasma concentration corelates with the 
development of cardiovascular diseases (Luc et al. 2002, St Pierre et al. 2005, Morais 
2005, Muniz & Morais 2005, Oravec et al. 2011d), Fig.7,8. The structural representation 
of HDL subpopulations confirmed a non-atherogenic type of lipoprotein profiles in our 
examined group of hypercholesterolemic subjects. 

4. The examined individuals, despite increased total cholesterol and LDL cholesterol 
values, were healthy, without apparent clinical signs of cardiovascular disease (angina 
pectoris, cardiac insufficiency, myocardial infarction, or other survived cardiovascular 
events). There is evidence that an optimal anti-atherogenic LDL profile (see the 
lipoprotein results) could actually have a vasoprotective effect in tested 
hypercholesterolemic individuals. Based on the present results, a further, more 
extensive study will continue to evaluate the Lipoprint electrophoretic method as 
a standard method for the diagnosis of cardiovascular risk, along with the standard 
tests now used (ECG examination, bicycle stress test, echocardiography, and duplex 
ultrasound examination of the carotid arteries). 

5. The newly introduced SAAR, a ratio of non-atherogenic/atherogenic lipoproteins, also 
confirmed a non-atherogenic lipoprotein constellation in the plasma of 
hypercholesterolemic individuals (Oravec 2007a). 

Based on the results of examined individuals with hypercholesterolemia, these conclusions 
can be drawn:  

1. LDL1 and LDL2 do not fulfill the criteria of atherogenicity for lipoprotein entities that is 
usually ascribed to LDL lipoproteins. 

2. LDL1 and LDL2 subfractons in hypercholesterolemic indidviduals, in our study group, 
created a non-atherogenic hypercholesterolemia - a non-atherogenic hyperbetalipo-
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proteinemia LDL1,2 without the presence of atherogenic small dense LDL (or with traces 
only) that are typically associated with a high concentration of cardiovascular protective 
HDL subfractions in the plasma lipoprotein spectrum. 

We report the existence of a newly described type of hypercholesterolemia, a non-
atherogenic hyperbetalipoproteinemia LDL 1,2, characterized by a minimal onset of 
cardiovascular complications, even in those individuals who are not treated with 
hypolipidemic therapy.  

The hypercholesterolemic subjects of the study group are still undergoing follow-up 
examinations. 

4.1. Atherogenic normolipidemia 

Generally, a normolipidemia is interpreted as an equilibrated state of lipoprotein 
metabolism, characterized by total cholesterol and triglyceride values within reference 
ranges. We know from clinical experience that patients with normolipidemia are better 
protected from development of cardiovascular diseases and degenerative vessel changes, a 
source of cardio-vascular disease.  

In normolipidemia, of the goal is to create a non-atherogenic lipoprotein profile and to lower 
or eliminate the risk of atherosclerosis development and prevent the rise of an acute 
cardiovascular event. However, the existence of an atherogenic normolipidemia disproves 
the theory that normolipidemia provides protection against the development of 
atherosclerotic vessel impairment. A premature atherosclerosis development can be found 
even in young people, adolescents with the high risk (Backers 2005; Rizzo & Berneis 2006).  

An atherogenic lipoprotein profile is characterized by the rich presence of atherogenic 
lipoproteins, very low density lipoprotein (VLDL), intermediate density lipoproteins (IDL1, 
IDL2), and especially, by the presence of small dense low-density lipoproteins (sdLDL), 
which form LDL 3-7 subfractions, and which are strongly atherogenic (Lamarche et al. 1997; 
Gardner et al. 1996; Rajman et al. 1996; Halle et al. 1998, Austin et al. 1994).  

An analysis of the lipoprotein profile by the Lipoprint LDL system reveals a new lipoprotein 
composition in lipoprotein profile and focuses authors on a new clinical-diagnostic 
phenomenon: an atherogenic normolipidemia. Compared to the well known atherogenic 
dyslipidemia, or atherogenic hyperlipoproteinemia, this new atherogenic normolipidemia 
(Oravec et al. 2010; Oravec et al. 2011d) is not identifiable by common biochemical diagnostic 
analysis.  

This phenomenon represents a serious cardiovascular risk for individuals with this profile, and 
these individuals at high cardiovascular risk are not currently identified, diagnosed, medically 
registered, or treated. The presence of an atherogenic normolipidemia enlarges the portion of 
the population at increased risk for a cardiovascular event, however these individuals at risk do 
not participate on the protective measures of primary cardiovascular prevention. Fig.5. Medical 
community does not know till now, that the individuals with an atherogenic normolipimia are 
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at-risk individuals for the development of premature ischemic cardiovascular diseases. 
Identification of the type of lipoprotein profile (atherogenic vs. non-atherogenic) by this 
innovative electrophoretic method for lipoprotein analysis in plasma represents a beneficial 
contribution to actual lipid diagnostics. This system provides the analysis of lipoprotein 
parameters but also offers new interpretation for lipoprotein profiles, including an actual 
framework of the practising scheme for diagnostics and treatment of dyslipidemias.  

The Score of Anti-Atherogenic risk SAAR, newly introduced parameter, a ratio of non-
atherogenic/atherogenic lipoproteins, also confirmes atherogenic lipoprotein constellation 
and determines the degree of the atherogenic risk of subjects with atherogenic 
normolipidemia ( Oravec 2007a; Oravec 2007b; Oravec 2010).  

5. Summary 

A new method of electrophoretic lipoprotein separation on polyacrylamide gel (PAG)using 
the Lipoprint LDL System can quantify non-atherogenic and atherogenic plasma 
lipoproteins, including small dense LDL, i.e. strong atherogenic lipoprotein subpopulations.  

With respect to the predominance of a non-atherogenic or atherogenic lipoproteins in 
thewhole lipoprotein profile, this method distinguishes a non-atherogenic lipoprotein 
profilephenotype A from an atherogenic lipoprotein profile phenotype B. 

The contribution of this method is to confirm the existence of a non-atherogenic type of 
hyper-betalipoproteinaemia and the existence of normolipidemia with atherogenic 
lipoprotein profile, along with the common and well-known atherogenic 
hyperlipoproteinemia and non-atherogenic normolipidemia. 

According to our preliminary analysis of a normolipidemic population, an atherogenic 
lipoprotein profile was revealed in 6% of normolipidemic young healthy individuals. 

More than 40% of the examined individuals in the general group of subjects had an 
atherogenic lipoprotein profile phenotype B. These people represent an at-risk population.  

However, the tools by which is possible to identify these individuals at risk for a 
cardiovascular event are limited. 

A non-atherogenic hyperbetalipoproteinemiaLDL1,2 can be identified, which represents 
approxmately 20% of examined individuals with hypercholesterolemia and 10% of 
individuals in a general group of subjects. HyperbetalipoproteinemiaLDL1,2 is not 
associated with the premature development of arterial vascular impairment. 
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1. Introduction 

In the present paper the rationale for including apolipoprotein (apo)B and apoA-I into 
clinical practice is reviewed. ApoB and apoA-I are the two major apolipoproteins 
involved in lipid transport and in the processes causing atherosclerosis and its 
complications. ApoB is the major protein in Very Low Density (VLDL), Intermediate 
Density (IDL) and Low Density Lipoproteins (LDL), one protein per particle (1). ApoA-I is 
the major protein in High Density Lipoprotein (HDL) particles (Figure 1). The apoB 
number indicates the total number of atherogenic particles, the higher the number the 
higher is the cardiovascular (CV) risk.  

ApoA-I reflects the anti-atherogenic potential in HDL particles, the higher the value the 
better protection of CV risk. The apoB/apoA-I ratio (apo-ratio) indicates the balance between 
atherogenic and anti-atherogenic particles, the higher the value, the higher is the CV risk. In 
previous papers we (2-6) and others (7-12) have reviewed the importance of 
apolipoproteins, mainly apoB and apoA-I, but also other apolipoproteins like apoC-II and 
apoCIII, apoE, and Lp(a) as markers of atherogenic risk. In this review many new data on 
apoB, apoA-I and the apo-ratio and their relations to cardiovascular (CV) risk are presented. 
The majority of these studies were published in the last 6 year period. 

The debate today (mid 2012) is about whether LDL-C should remain as the primary variable 
for CV risk evaluation and target for lipid-lowering therapy. During the last few years non-
HDL-C has been found and proposed to be the next primary target for CV risk evaluation 
and target for treatment (9-11,13,14). Notably, although LDL-C and non-HDL-C are 
considered the best CV risk markers most large studies of CV risk have shown that the lipid 
ratios, i.e. the TC/HDL-C, the LDL-C/HDL-C and the non-HDL-C/HDL-C ratios, are 
stronger than any specific single lipid fraction (2,3,4,6,15). The major aim of this paper is 
therefore to review papers on apoB, apoA-I and the apo-ratio related to risk of atherosclerosis 
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and various clinical complications like myocardial infarction (MI), stroke and other severe 
events to find out if there is evidence for using apoB and apoA-I, and especially the 
apoB/apoA-I ratio (apo-ratio) motivating clinical use of these risk markers/predictors. Both 
similarities, but mainly differences between apos and conventional lipids to predict CV risk, 
will be highlighted. Methodological aspects and the role of apoB and apoA-I, the two 
determinants of the apo-ratio, will first be commented. The major part of the paper describes 
the role of the apo-ratio as a CV risk marker/predictor. The overall conclusion from this 
paper will be that apoB, apoA-I and the apo-ratio merit to be included in future guidelines 
in order to be recognized and used in clinical practice. 

 
Figure 1. The figure shows the atherogenic particles containing one apoB protein per VLDL, IDL, large 
buoyant LDL, small dense LDL particles and the anti-atherogenic lipoproteins containing apoA-I. The 
balance between apoB and apoA-I, i.e., the apoB/apoA-I ratio, reflects the balance between the “bad 
cholesterol particles and the good cholesterol particles”. This apo-ratio is strongly related to 
cardiovascular risk, the higher the ratio, the higher is the risk. (From reference 3). 

2. Methodological pros and cons for using apoB, apoA-I and the apo-ratio 
versus conventional lipids 

2.1. Methodological problems for various lipids 

The most commonly used method world-wide to measure LDL-C is based on the 
Friedewald formula (16). However, errors are common and the methodological problems 
and shortcomings are not commonly recognized but have been discussed in many papers 
(17-25). Thus, the formula (LDL-C = TC – HDL-C – TG/5) is not valid for blood samples 
having triglycerides (TG) above 3.5-4 mmol/L, for patients with type III 
hyperlipoproteinemia or chylomicronemia or non-fasting specimens (17-19). The errors for 
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LDL-C can be false positive in the range of 2-17% or false negative between 12-15% if TG 
levels are very low or closer to 4 mmol/L. This may create large problems for both clinicians 
and patients since patients may be misclassified as being at risk or not at risk according to 
guidelines. Similarly, it may be difficult for the clinician to evaluate if a patient has been 
adequately treated to the target of LDL-C. Newer so called ‘‘direct LDL-C methods’’ have 
been developed and they are homogeneous methods, that is, assays that do not require a 
preliminary separation step, such as ultracentrifugation, or manual manipulation of the 
sample for determining LDL-C (9,18-20). However, these methods, although standardized at 
a given laboratory, do not always correlate well over the whole range of lipid values, and 
they are not even internationally standardized like those for apolipoproteins.  

The practical problems of measuring HDL-C are also of concern and correlation between 
various methods are sometimes even worse than those for LDL-C (18,19,26). Consequently, 
the values for non-HDL-C (TC minus HDL-C) may also be subject to large variations due to 
the errors mainly for measuring HDL-C. However, there is an advantage for non-HDL-C 
over LDL-C determined by the Friedewald formula since non-HDL-C is not subject to 
influence of non-fasting that may distort the TG levels and make it difficult to obtain a 
correct value for LDL-C (27). Furthermore, non-HDL-C contains C from all atherogenic 
fractions i.e. VLDL, IDL and various forms of LDL. Thus, non-HDL-C which indicates the 
total mass of C is more likely to reflect the variation of atherogenic particle set up for many 
patients with various genotypes and phenotypes. Such patients may have a greater chance 
to be correctly identified as risk individuals based on non-HDL-C, rather than to an 
imprecise measure of only LDL-C. For the interested reader of methods and concerns of 
validity, see further excellent reviews (18,19,26,27).  

2.2. Methodological advantages for apolipoproteins 

There are methodological advantages of using apoB and apoA-I compared to LDL-C and 
HDL-C since the apo-methods have been internationally standardized according to WHO-
IFCC already in 1990-ies (26,28,29). The standardization initiatives for apo B have 
proceeded more quickly and more successfully than for LDL-C. The WHO-IFCC 
collaboration has resulted in the development of secondary reference material to ensure 
traceability of manufacturer calibrators to an approved standard. The bias and 
imprecision for 22 immunonephelometric and immunoturbidimetric assays ranged were 
usually below 5%. These errors are commonly smaller than that for calculated LDL-C and 
lipid ratios. Costs for measuring apos can be much reduced if apos are introduced as 
routine methods. However, pedagogical aspects (education of physicians, patients and 
laymen), and the well documented and cemented LDL-paradigm will make it difficult to 
convince guideline committees to introduce apoB and apoA-I as CV risk predictors. 
Importantly, this should not invalidate that apos are accepted as strong risk markers 
especially since so many other methods determining LDL-C and HDL-C are accepted in 
guidelines despite rather weak correlations between various methods due to incomplete 
standardizations.  
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3. Physiological and pathophysiological aspects of apoB  

3.1. ApoB production, circulation and distribution 

ApoB-100 is produced in the liver and apoB-48 is synthesized in the gut (3,12). ApoB-100 is 
the dominating protein in plasma compared with minute amounts of apoB-48 even in the 
postprandial state. In most conditions, more than 90% of all apoB in blood is found in LDL. 
There are excellent reviews of how apoB-100 assembles VLDL in the liver, more details on 
VLDL composition (12), and some comments on the genetics of apoB (30-33). ApoB is 
present in VLDL, IDL large buoyant LDL, and small dense LDL (sdLDL), with one molecule 
of apoB in each of these atherogenic particles (1). Importantly, apoB does not occur on HDL 
particles. Thus, total apoB reflects the total number of potentially atherogenic particles 
(Figure 1). This is principally different from non-HDL-C which indicates the total mass of C. 
ApoB produced in the liver stabilizes and allows the transport of C and TG in plasma VLDL, 
IDL, large buoyant LDL and sdLDL. ApoB also serves as the ligand for the apoB and apoB,E 
receptors thereby facilitating uptake of C in peripheral tissues and in the liver as reviewed 
(2,3,12). ApoB may provoke atherogenesis since it can be entrapped in the arterial wall of 
the coronary arteries and also as exemplified by findings in femoral plaques (12,34,35) 
where it may be modified, oxidized and glucosylated and therefore also contribute in the 
process of plaque formation. In this process LDL-C with apoB infiltrates the arterial wall 
and many factors like adhesion molecules, cytokines, growth factors are involved in 
oxidation processes leading to inflammation and growth of plaques unless HDL bound 
apoA-I can neutralize these processes (see elsewhere in this paper). Interestingly, already in 
1976 Hoff presented data showing that apoB and apoA-I were found in the arterial wall of 
the coronary and carotid arteries as well as in the aorta (35). Olofsson et al (12) discuss the 
intra-arterial metabolism of apoB and apoA-I and also Fogelstrand and Borén (36).  

3.2. Plasma levels of apoB and target values for therapy 

The levels of apoB in plasma may vary from 0.2 to above 3 g/L, with highest values for those 
with hereditary hypercholesterolemias. In the “normal case” the values for males and 
females do not differ much. Reference values have been published by Cantois et al. already 
in 1996 (37). The values slowly increase from childhood to adult life (2,3). Those who live to 
ages above 75 years commonly have relatively low apoB values since those with higher 
values may have died due to various CV events. During lipid-lowering therapy apoB targets 
have been recommended to be < 0.90 g/L for those at moderate risk and < 0.80 for those at a 
high risk, see further below (3,9,11,38). Values should be given in two decimals. 

3.3. ApoB versus LDL-C and risk for CV events 

One of the first publications on clinical risks during the course of myocardial infarction (MI) 
related to apoB and also to apoA-I was presented by Avogaro already in 1978 (39,40). In 
1980 Sniderman et al. presented data indicating that hyperapoB with normal C levels was 
related to coronary atherosclerosis (41). Since then many reports have been published 
indicating that apoB is involved in atherogenesis and its complications like MI. In 1996 
Lamarche et al. (42) showed that apoB was strongly associated with onset of coronary heart 
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disease in 2,155 men aged 45–76 years followed for 5 years (Quebec Cardiovascular Study). 
The predictive effect of apoB remained after adjustment for TG, HDL-C and TC/HDL-C. 
ApoA-I was protective, but not as strong as the harmful apoB in multivariate analysis. In the 
10-year follow up of the Atherosclerosis Risk in Communities (ARIC) study, apoB was 
measured in 12,339 middle-aged participants (43) and had predictive power above that of 
LDL-C, TG and HDL-C. However, despite strong univariate associations for apoB and LDL-
C, apoB did not contribute to risk prediction in subgroups with elevated TG, with lower 
LDL-C, or with high apoB relative to LDL-C. This may be due to the error for apoB 
determination which was estimated at 17% which is considerably higher than the 
approximate 5% that is common in most recent trials.  

Importantly, apoB has been found to have a stronger relation with CV risk than LDL-C in 
several other studies as reported in coming sections. These include the AMORIS study (44), 
especially at low values of LDL-C (see below), the Thrombo Study (45), the Thrombo Metabolic 
Syndrome Study (46), the Northwick Park Heart Study (47), the Nurses’ Health Study (48) and 
amongst patients with type 2 diabetes in the Health Professionals Follow-up Study (49).  

In the Copenhagen City Heart Study Benn et al. (50) studied 9,231 asymptomatic women 
and men from the Danish general population followed prospectively for 8 years and 
observed the following incident events: ischemic heart disease 591, MI 278, ischemic 
cerebrovascular disease 313, ischemic stroke 229, and any ischemic CV event 807. ApoB, 
adjusted for multiple common confounding risk factors, had a higher predictive ability than 
LDL-C in all these various ischemic events (p < 0.03 to < 0.001). They suggested that 
prediction of future ischemic cardiovascular events could be improved by measuring apoB. 

 
Figure 2. The AMORIS study; apoB, non-HDL-C and LDL-C (x-axis, deciles) versus risk of myocardial 
infarction (Odds Ratio) (y-axis) in males (left) and females (right).  

In addition, in the placebo groups of several major statin clinical trials such as 4S (51), 
AFCAPS/TexCAPS (52,53) and LIPID (54) apoB was more informative than LDL-C as an 
index of the risk of CV events. Taken together, this strongly indicates that apo B is superior to 



 
Lipoproteins – Role in Health and Diseases 100 

LDL-C in recognizing the risk of CV disease and effects of statin therapy. Additional results 
(55) also favor apoB over LDL-C, and others are also reported in the section on the apo-ratio 
below. Such major studies are the AMORIS (3,44,56,57). In our study we found the steepest 
risk-relationship for MI with increasing values of apoB followed by non-HDL-C and the 
lowest increase in relation to LDL-C values with similar risk progressions for men and women 
(Figure 2 and Figure 3 left). Also in the INTERHEART (58,59) and ISIS-studies (60) as well as 
those summarized in the ERFC-meta-analyses (8,10) apoB was strongly related to risk of MI. In 
meta-analyses similar strong findings for apoB versus LDL-C are summarized by a large 
number of international scientists and clinicians in more detail (4,13,61,62). 

4. ApoB versus non-HDL-C  

ApoB indicates the number of atherogenic particles whereas non-HDL-C indicates the C 
mass from all atherogenic fractions like VLDL, IDL and the large buoyant LDL and the most 
atherogenic sdLDL fractions. But is apoB similar to or better than non-HDL-C in predicting 
risk? Although there is a similarity between apoB and non-HDL-C, they may have  different 
metabolic fate and thus impact on risk. The rationale for using non-HDL-C is based on the 
fact that there is a close relationship between non-HDL-C and apoB values. Usually the 
correlation is about 0.80–0.85. However, correlation is not the same as concordance. In fact, 
two variables can be highly correlated but also be highly discordant, i.e. they do not 
correspond well. Either they are too high or too low compared with the other variable. 
Importantly, discordance produces major errors in the middle of the population 
distribution. Sniderman has frequently presented data with explanations of the advantages 
of apoB over LDL-C and non-HDL-C (4,13,14,21,62,63). Commonly, the sdLDL-particles 
contribute much to the large numbers of atherogenic particles, i.e. the apoB number is high 
and these small particles can easily penetrate into the arterial wall. However, in conditions 
with high non-HDL-C due to high VLDL-C and high large buoyant LDL-C the sdLDL-
particles may be rather low in numbers indicating comparatively low numbers of apoB 
particles. These larger cholesterol-containing VLDL and IDL particles, although rich in C, do 
not easily penetrate into the arterial wall. 

Of interest, the number of apoB is more closely associated with insulin resistance or markers 
of the metabolic syndrome than either LDL-C or non-HDL-C (3,62,63). Thus, in patients 
with hypertriglyceridaemia with normal, or even low LDL-C values, i.e. patients with the 
metabolic syndrome (MetS), and in patients with overt diabetes, apoB has been shown to be 
superior to non-HDL-C in predicting vascular risk (3,62,63). Again, even if non-HDL-C and 
apoB correlate, they are not the same biologically or clinically. In most cases apoB is 
associated with a higher CV risk than non-HDL-C as well as LDL-C. Furthermore, non-
HDL-C may not be that easy to understand or explain for the clinician or the patient once 
they have learnt that the bad C is LDL-C.  

Many studies and clinical trials have been published showing that apoB has a stronger 
capacity to identify all different phenotypes and to better predict CV risk than both LDL-C 
and non-HDL-C (3,11,61-63). Sniderman et al. (62) have published a convincing meta-
analysis of results from published epidemiological studies that contains estimates of the 
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relative risks of LDL-C, non-HDL-C and apoB of fatal or non-fatal ischemic CV events. 
Twelve reports including 23,455 subjects and 22,950 events, were analyzed. Whether 
analyzed individually or in head-to-head comparisons, apoB was the most potent marker of 
CV risk RR = 1.43; (95% CI, 1.35-1.51), LDL-C was the least RR = 1.25; (1.18-1.33), and non-
HDL-C was intermediate RR = 1.34; (1.24-1.44). Only HDL-C accounted for any substantial 
portion of the variance of the results among the studies. They commented that in patients in 
whom LDL composition is normal, the cholesterol markers and apoB are equivalent markers 
of risk, i.e. correlation between the three markers is high. However, when the markers are 
discordant, that is, when LDL-C is normal but LDL-particles (P)(= apoB) is high or, 
alternatively, when LDL-C is high but LDL-P are normal, then apoB and non-HDL-C are 
better markers of risk than LDL-C. They calculated the number of clinical events prevented 
by a high-risk treatment regimen of all those >70th percentile of the US adult population 
using each of the 3 markers. Over a 10-year period, a non-HDL-C strategy would prevent 
300,000 more events than an LDL-C strategy, whereas an apoB strategy would prevent 
500,000 more events than a non-HDL-C strategy. These examples emphasize the greater 
potential for using apoB rather than non-HDL-C and LDL-C. 

However, in another major meta-analysis by Boekholdt et al. (64) they studied 62,154 
patients enrolled in 8 statin trials published between 1994 and 2008. Among 38,153 statin 
treated patients 158 developed fatal MI, 1,678 non-fatal MI, 615 fatal events from other 
coronary artery disease, 2,806 hospitalizations for unstable angina, and 1,029 fatal or nonfatal 
strokes occurred during follow-up. The adjusted HRs for major CV events per 1-SD increase 
were 1.13 (95% CI, 1.10-1.17) for LDL-C, 1.16 (1.12- 1.19) for non-HDL-C, and 1.14 (1.11-1.18) 
for apoB. These HRs were significantly higher for non-HDL-C than LDL-C (p = 0.002) and 
apoB (p = 0.02). Thus, from both these meta-analyses non-HDL-C stands out as a stronger 
predictor of CV diseases than LDL-C. The explanation for the different findings of apoB in 
these two meta-analyses is unclear but may be explained by the fact that the first study is 
based on data from a prospective risk studies, whereas the second study reflects effects of 
statins on lipid and lipoprotein metabolism. Further comments are given in the discussion. 

5. Physiological and pathophysiological aspects of apoA-I  

There are many subgroups of particles of HDL with different lipid and apo compositions 
(3,12,29). Beyond apoA-I there are other apos such as apoA-II, apoA-III, apoC-III, apoD and 
apoM. ApoA-I is the major protein in HDL and this protein is taken to represent HDL 
metabolism since it occurs almost exclusively in HDL particles. By measuring HDL-C the 
amount of C transported in blood is indicated to represent the reverse cholesterol transport 
(RCT), a major protective aspect of HDL metabolism – by laymen named “the good 
cholesterol”. ApoA-I initiates the RCT process in peripheral tissues. ApoA-I has also many 
other functions beyond RCT since apoA-I is involved in anti-inflammation, anti-oxidation, 
anti-infectious activity, anti-proteas activity, anti-apoptotic, and anti-thrombotic functions 
(3). Furthermore, apoA-I can initiate the endothelial production of nitric oxide that is of vital 
help in producing vasodilation (3). Furthermore apoA-I may help to regulate glucose-
insulin homeostasis. Thus, by measuring apoA-I you may get additional “protective” effects 
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above those given only by the HDL-C number. For  methodological reasons Warnick and 
others prefer to use apoA-I rather than HDL-C methods (19). HDL and apoA-I metabolism 
are reviewed in more detail, see ref. (3,12,29,65-67). 

5.1. Plasma levels of apoA-I and target values for therapy 

The plasma concentration of apoA-I can vary from 0.1 to over 3 g/L. Reference values have 
been published by Cantois et al. already in 1996 (37). There is little variation with fasting-
non-fasting (68). Normally women have 0.1-0.3 g/L higher apoA-I values than men, similar 
to the higher HDL-C values for women. After menopause apoA-I values commonly 
decrease in parallel with HDL-C. However, there have been few published 
recommendations regarding what should be a “normal apoA-I value”. A normal value for 
any adult should be at least close to 1 g/L or above. So far, there have been few 
recommendations on valid cut values indicating increased CV risk and target values. Values 
should be given in two decimals. For further comments, see the section on the apo-ratio. 

5.2. Biological variation of apoA-I 

ApoA-I and ApoA-II may also enter the cerebrospinal flow via the choroid plexus (69). 
Reduction in the HDL apoA-I/apoC-III ratio, changes in the HDL subpopulation distribution 
and an increase in HDL oxidation potential correlated with the development of MI in young 
patients (70). In a Korean study of 15,154 healthy subjects higher CRP levels were associated 
with significantly lower HDL-C and apoA-I levels, and also higher apoB values  (71). In a US 
population of 8,708 apparently healthy population apoA-I was strongly positively associated, 
whereas apoB was significantly reduced with alcohol intake. Similarly the transaminases AST, 
ALT and gamma-GT increased with higher alcohol consumption (72).  

5.3. ApoA-I and risk for CV events 

Already in 1978,1979, Avogaro et al. (39,40) showed that apoA-I was as good as lipids in 
predicting myocardial infarction (MI) in those under 50 years of age but apoA-I was a better 
predictor in those over 60 years of age. In the Swedish APSIS study (73) Held  et al. in 1994 
studied patients with angina pectoris. During a median follow-up time of 3.3 years (2,663 
patient years), 37 patients suffered a CV death, 30 suffered a non-fatal MI and 100 
underwent a revascularization. Apo-I and TG were predictors of CV death or non-fatal MI 
in univariate analyses, but only apoA-I remained as an independent predictor in 
multivariate analyses. All lipid variables except LDL-C were related to the risk of 
revascularization in univariate analyses, but only apoA-I and apoB were independent 
predictors of such events. They concluded that apolipoprotein levels were better predictors 
of CV events than other lipid parameters in patients with stable angina pectoris.  

Many studies have shown an inverse relationship between apoA-I and MI 
(3,44,74,52,53,59,60). In a study of Japanese Americans apoA-I predicted coronary heart 
disease only at low concentrations of HDL (75). High apoA-I values have been found to 
correlate with low risk for MI in AMORIS as indicated (Figure 3, right). Luc et al. also found 
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that apoA-I is the best prospective risk marker of several other apoproteins in HDL (76). In 
the large INTERHEART case-control study apoA-I had a greater protective effect of MI at a 
wider range of apoA-I values than HDL-C (58,59). Patel et al. (77) found that ApoA-I levels 
are a consistent discriminator of atherosclerotic burden among patients with stable CAD. 

 
Figure 3. Left; The AMORIS study: Fatal myocardial infarction (Odds Ratio) is related to increasing 
values of apoB. The values are adjusted for age, TC and TG. Right; The AMORIS study: Fatal 
myocardial infarction is related to decreasing values of the apoA-I. The values are adjusted for age, 
gender, TC and TG. Similar pattern for men (män) and women (kvinnor). 

In the CORONA study performed in patients with severe heart failure (placebo versus 
rosuvastatin) apoA-I, in univariate analysis, was the second best (after apoB plus apoA-I) of 
all different lipid fractions in predicting total death and MACE (MAjor Coronary Events). 
Furthermore, in a multivariate  stepwise analysis apoA-I ranked fifth, better than high 
sensitivity CRP (hsCRP), of all 14 predictors of outcome where no conventional lipid 
fraction was significant. The best predictor was pro-BNP (78). 

In a study of risk of stroke in Taiwan it was shown that apoA-I but not apoB levels may 
serve as an effect modifier of hypertension for the risk of stroke events (79). 

In the combined analysis of data from the IDEAL statin trial and the Epic-Norfolk case-
control study (80) very high HDL-C due to enlarged HDL-particles values were associated 
with increased rather than decreased CV risk. However, in contrast, apoA-I appears not to 
turn into a significant risk factor at high plasma concentrations. They conclude that apoA-I 
is associated with CHD risk independently from HDL size suggesting that the 
cardioprotective role of large HDL might be more closely related to its apoA-I content than 
to HDL size per se. These observations may have important consequences for future CAD 
risk assessment and novel treatment strategies. Indeed, several experimental studies have 
pointed to a crucial role for apoA-I in protection against atherosclerosis (3,12,65,81).  

In the AFCAPS /TexCAPS statin trial (placebo versus lovastatin) multivariate analysis showed 
that apoA-I was better than HDL to predict outcome (52,53). In addition, the apo-ratio was the 
best of all lipids and apo-fractions to explain CV risk reduction, see further below. 
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6. General comments on the validity of using a ratio as a primary marker 
of risk 

Lipid and lipoprotein ratios like TC/HDL-C and LDL-C/HDL-C have been used in various 
international guidelines for decades to define CV risk. However, LDL-C has in the vast 
number of guidelines dominated as the primary risk marker why ratios rarely are used today 
in clinical practice. One major reason why the lipid ratios are questioned as relevant risk 
markers is due to the fact that HDL-C is included in the value for TC, so HDL-C occurs both in 
the nominator and denominator of the ratio. Similarly, since LDL-C most commonly is derived 
by the Friedewald formula, HDL-C is involved as a factor for calculating LDL-C and therefore 
also indirectly in the nominator and denominator of that ratio. Therefore physicians are 
hesitant to the mathematical way of dividing various lipid numbers to obtain a mathematical, 
but, in their mind, not a biologically relevant ratio. When so called direct methods are used for 
measuring LDL-C this problem is less. In recent years non-HDL-C has been recommended as 
the next primary risk variable and the new non-HDL-C/HDL-C ratio has been defined. 
Interestingly, this ratio gives the same final number of risk as that of the TC/HDL-C ratio.  

Most researchers and guidelines recommend the use the TC/HDL-C ratio since calculation 
of this ratio is not dependent on that blood sampling has been performed in the fasted state. 
This is the same argument as for using non-HDL-C rather than calculated LDL-C. The 
challenge now is can the apo-ratio, which summarizes the CV risk related to all atherogenic 
and all anti-atherogenic variables into one number, be the next rational choice as a primary 
risk variable? Does the apo-ratio add to information already obtained by lipids and lipid 
ratios? And are the values for apoB, apoA-I and especially the apo-ratio much influenced by 
other confounding risk factors? These and many other questions are addressed in the 
sections below based on a vast number of publications.  

7. Prospective cardiovascular risk studies – Relations to apoB, apoA-I and 
the apoB/apoA-I-ratio  

7.1. The AMORIS prospective study and risk of myocardial infarction (MI) 

The Swedish AMORIS (Apolipoprotein-related MOrtality RISk) study is the largest of all 
studies in which apoB and apoA-I have been measured in more than 175.000 individuals 
followed prospectively for up to 25 years. The participating subjects were recruited from 
health check-ups during 1985-1996. Their age ranged from below 10 years to above 90 years. 
In these years health screening was very common in Sweden. Subjects included in the 
database called AMORIS were mainly healthy, not acutely ill or hospitalized and no subject 
participated in clinical trials. They were all treated by their general practitioners in the 
greater Stockholm area and they constitute a valid socio-economical cohort of the greater 
Stockholm population as indicated in several of our papers presented below. Large blood 
screening programs were used including some 8,000 determinations of LDL-C according to 
Friedewald. Simultaneously apoB and apoA-I were analyzed by automated 
immunoturbidimetric methods in all 175.000 subjects according to the WHO-IFCC protocol 
and in collaboration with their representatives (82). LDL-C was calculated according to the 
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Jungner formula (44). The Jungner formula yields the same LDL-C values as those obtained 
by using the Friedewald formula (16) as confirmed by Talmud et al. (47). Also HDL-C 
values were determined by the Friedewald formula once LDL-C was calculated by the 
Jungner formula. All analyses in the AMORIS laboratory database (confounding clinical risk 
factors like hypertension, diabetes and obesity were available in cohorts) were performed by 
automated methods at the same CALAB laboratory headed by Ingmar Jungner. Several 
papers were published describing the apoB, apoA-I and the apo-ratio characteristics of the 
population and the methods (3,21,44,82-85). In an early AMORIS study we have previously 
noted that patients with type IIB dyslipidemias, i.e. combined hypercholesterolemia and 
hypertriglyceridemia, had the highest apo-ratio (86). The subsequent CV manifestations 
were related to the laboratory variables obtained at the first visit to the physician. 

In 2001 we presented the first endpoint paper based on 98,722 men and 76,831 women in the 
Lancet (44). We found a strong direct relationship between apoB and an indirect inverse 
relationship between apoA-I and risk of MI (men = 864, women = 359) (Figure 3). 
Furthermore, apoB was a stronger risk factor than LDL-C especially at low values of LDL-C. 
The apo-ratio was the strongest lipid-related factor (Figure 4). In the left part of the figure 
the values for apoB and apoA-I divided into quartiles are displayed in a three dimensional 
way. Thus, in those with highest values of apoB and in those with lowest apoA-I values the 
risk increased about 6-fold in a stepwise fashion compared to those with lowest apoB and 
highest apoA-I values. The highly significant results were similar for men and women and 
remained after adjusting for age, TC and TG. The figure clearly illustrate that the risk is about 
the same for those with an increased apoB at highest apoA-I levels, as the risk for those with 
lowest apoA-I levels but with low apoB values. Thus the figure illustrates the importance of 
measuring both apoB and apoA-I to get correct information on MI risk level. In the right part 
of the figure the same results can also be depicted as a straight line (semi-log scale) showing 
the impact of higher apo-ratio versus increased risk of MI. We also found that apoB was 
significantly better to predict risk than LDL-C especially for those with low values for LDL-C.  

 
Figure 4. Left; The AMORIS study: Fatal myocardial infarction (Risk ratio) is related to increasing 
values of apoB and decreasing values of apoA-I. The values are adjusted for age, TC and TG. Similar 
pattern  is seen for men and women (reference 3). Right; The AMORIS study: Fatal myocardial 
infarction is related to increasing values of the apoB/apoA-I ratio. The values are adjusted for age, 
gender, TC and TG. (Both figures from reference 3). 
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With increasing values of the apo-ratio there was a parallel increase in apoB, LDL-C, non-
HDL-C and TG (Figure 5, left) and a decrease in apoA-I and HDL-C values (Figure 5, right). 
This figure illustrates that an increasing apo-ratio indirectly also indicate the contribution of 
the other lipids as risk factors. In multivariate analyses the apo-ratio is the strongest of all 
lipid-related variables and is thus the best summarizing risk variable.  

 
Figure 5. Left; the apo-ratio in deciles (x-axis) versus different atherogenic lipid fractions (y-axis). Right; 
the apo-ratio in deciles (x-axis) versus values for HDL-C and apoA-I (y-axis). Both figures from the 
AMORIS study (in reference 3). 

In collaboration with Sniderman we have also published data from AMORIS showing that the 
apo-ratio has a significantly stronger relation with MI than any other lipid-based ratio (3,4,21).  

In another AMORIS cohort including 69,029 men and 57,167 women who were followed for 
a mean of 10.3 years we determined LDL size as reflected by the LDL-C/apoB ratio (87). 
Because LDL size did not add predictive information to the apo-ratio, it appears that this 
apo-ratio also captures the risk related to LDL size. These findings add to our previously 
published results from AMORIS that indicates that the apo-ratio is the best single lipid-
related summary index of risk and that TC, TG, non-HDL-C, and LDL-C do not add 
significant predictive power to the apo-ratio. 

7.2. The apo-ratio and inflammatory risk factors – relations to MI, stroke and 
heart failure in the AMORIS study 

The risk relation to age during prolonged follow-up was also studied in an AMORIS 
population (n = 149,121) free of previous MI at blood sampling. They were followed from 
1985 to 2002 with respect to n = 6,794 first cases of MI. The mean value of the apo-ratio for 
men was 1.0 and for women 0.85 at baseline. In collaboration with Holme we found that the 
apo-ratio was somewhat stronger for those developing non-fatal than fatal MI (88). The risk 
was also stronger associated with the apo-ratio in those < 65 years of age than above, but 
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risk remained significantly related to the apo-ratio also in the older population. In 
multivariate analyses the apo-ratio was a better predictor than TCHDL-C. Furthermore, the 
apo-ratio added clinically significant information to TCHDL-C in men as reflected by a net 
reclassification improvement (NRI) of 9.4% (P < 0.0001). Furthermore, also in patients 
developing heart failure, a common complication after MI, the apo-ratio is the best lipid-
related variable to classify risk especially in men (89).  

Subsequently we have shown that for the inflammation marker haptoglobin (Hp) has strong 
relations with MI, stroke and heart failure in the AMORIS cohort (90). There were 11,216 
men and 4,291 women who had a first MI, 8,463 men and 6,072 women who had a first 
stroke, and 4,670 and 3,634 who had a first heart failure, respectively. Based on 4,254 MI 
cases the risk of MI was about 4.5 times higher in the upper joint quartile of the apo-ratio as 
compared to the lower, whereas this relative risk for Hp was about 4.1. However, the 
attributable risk for the apo-ratio is higher since more subjects were classified into the top 
joint quartile of TC and the apo-ratio (12.8%) than that of TC and Hp (8.8%) and into the 
lower joint quartiles (12.1%) and (6.4%), respectively. 

In another AMORIS-based cohort of 65,050 subjects Holme et al. (91) developed an 
inflammatory score comprising white blood cell count, haptoglobin and in a subgroup also 
CRP. After 11.8 years follow-up 3,649 MI, 2,663 stroke, 2,690 heart failure, in total 7, 456 
MACE, occurred. In multivariate Cox proportional hazards analysis the inflammatory 
scores added predictive information over and above classical lipids such as TC and TG. 
Based on the apo-ratio, which was a stronger marker of CVD risk than conventional lipids, 
the inflammatory score added significant information value measured by net reclassification 
improvement, especially for those with the higher values for these variables. However, there 
was no statistically significant biological interaction between lipoproteins and the 
inflammatory markers. These data indicate that routinely used markers of inflammation in 
combination with the apo-ratio could be used in daily medical practice to assess CV risk. 

We have also published data of lipid- and the apo-ratio from three cultures (Sweden, Iran, 
US) showing that the apo-ratio is highest in the Swedes (the AMORIS cohort) but similar in 
the Americans (NHANES) and Iranians (92). By contrast, the TC/HDL-C ratio is highest in 
the Iranians, intermediate in the Americans and lowest in the Swedes. There were similar 
associations of the pro-atherogenic and anti-atherogenic lipoproteins between the genders 
and variation with age in these three different cultures. These data indicate that complete 
characterization of lipoproteins requires measurement of apoB and apoA-I as well as 
lipoprotein lipids. 

7.3. The apo-ratio in relation to chronic kidney disease and MI risk in the 
AMORIS study 

Some previous studies have shown apoB to be increased and apoA-I to be decreased in 
patients with renal insufficiency. In the much larger AMORIS study  Holzmann et al. (93) 
performed in 142,394 middle-aged mainly healthy men and women it was shown that the 
apo-ratio, the TC/HDL-C ratio, and non-HDL-C all are strong predictors of first MI, among 
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both men and women, with or without chronic kidney disease (CKD). Those with the lowest 
glomerular filtration rate (estimated GFR mL/min/1.73 m2, n = 5,838) had the highest apo-
ratio. In Receiver Operator Characteristics (ROC) analysis the area under the curve (AUC) 
for the apo-ratio was 0.77 for men and 0.83 for women without CKD, and 0.65 and 0.74 
among men and women with CKD, respectively analyses. These and other data reflect a 
certain advantage in the prediction of MI for the apo-ratio as compared to conventional 
lipids. Furthermore, the findings also indicate the presence of severe atherosclerosis both in 
the kidney and in the coronary arteries.  

7.4. The apo-ratio and risk of stroke in the AMORIS study 

High LDL-C is a major risk factor for MI. However, LDL-C is rarely increased in those who 
suffer any type of stroke. A low HDL-C and some abnormalities in either apoB and/or apoA-
I have previously been found in patients with ischaemic stroke (94-99). In 2006 Walldius et al. 
published the first report on risk of stroke based on the AMORIS-population (100). The 
relationships between different types of fatal stroke and the lipid fractions, apoB, apoA-I and 
the apo-ratio were examined in 98,722 men and 76,831 women followed for a mean of 10.3 
years. High apoB and low apoA-I values were significantly related to risk of stroke. The odds 
ratio comparing the upper 10th vs. the 1st decile of the apo-ratio for all strokes adjusted for 
age, gender, TC and TG was 2.07 (95% CI: 1.49–2.88, p < 0.0001). The apo-ratio was linearly 
related to the risk of stroke although the slope was less than observed for the risk of fatal MI 
(Figure 6, left). Low apoA-I was a common abnormality in all stroke subtypes including 
subarachnoidal and haemorrhagic strokes. In multivariate analyses the apo-ratio was a 
significantly stronger risk predictor than TC/HDL-C and LDL-C/HDL-C ratios.  

 
Figure 6. Risk of total stroke (left) (reference 3 and 100) and ischemic stroke (right) (reference 101). Both 
figures from the AMORIS study. 

In a prospective follow-up study (mean observation age 11.8, range 7–17 years) based on the 
AMORIS population (n = 148,600). Holme et al. focused on risk of fatal and non-fatal 
ischaemic and haemorrhagic stroke in relation to all lipids and apos (101). Hazard ratio of 
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non-fatal and fatal ischaemic and haemorrhagic stroke for 1 SD difference in lipoprotein 
components was calculated by gender, adjusted for age, MI, diabetes and hypertension. 
Ischaemic stroke was more common than haemorrhagic stroke (5:1), but case fatality was 
higher in haemorrhagic stroke. The apo-ratio, non-HDL-C and TG as well as low HDL-C and a 
high TC/HDL-C ratio were all predictors of ischemic stroke (Figure 6, right) and all 
cerebrovascular events (n=7,480) with somewhat stronger relations for non-fatal than fatal 
events. The apo-ratio was significantly stronger than the TC/HDL-C ratio in the patients with 
ischaemic stroke as reflected by chi-squared information value, adjusted for hypertension, 
diabetes, AMI, age and gender. The strongest association was for ischaemic stroke in those < 65 
years of age and also for those with LDL-C < 3.0 mmol/L. There were no lipid relations to risk 
of haemorrhagic stroke other than a high apo-ratio related to risk in women.  
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8. The apo-ratio in case-control CV risk studies  

8.1. The INTERHEART study and risk of MI 

The largest case-control study which has been performed is the INTERHEART study (58)  
comprising 15,152 patients with a first MI compared to 14,820 subjects from 52 countries 
world-wide matched for age, gender, ethnicity and continent. The aim of the study was to 
investigate which of the nine most common risk factors had the strongest relation to risk of 
MI and also which of the factors was most prevalent (highest Population Attributable Risk). 
These factors were: lipids primarily measured as the apoB/apoA-I ratio, smoking, diabetes, 
hypertension, abdominal obesity, psychosocial, fruits and vegetables, exercise, and alcohol. 
They found that all these risk factors were statistically related to risk.  

The strongest (Figure 7, left, (Table 1, left) and also the most prevalent risk factor (Table 1, 
right), was the apo-ratio both in men and women in each of the 52 countries worldwide. The 
apo-ratio plus smoking variables explained 70% of the entire risk which amounted to 90% 
for all nine risk factors taken together.  

In a subsequent paper (59) they also showed that the apo-ratio had the strongest relation to 
MI-risk of all other measured lipids (Figure 7, right, top panel). They also showed a 
significantly stronger relationship to MI risk for the apo-ratio than the TC/HDL-C ratio 
(Figure 7, right; bottom panel). It was also shown that apoA-I had better diagnostic power 
than HDL-C over a wider range of low to high values. 

Based on the findings and impact of these risk factors on risk of MI the INTERHEART 
Modifiable Risk Score (IHMRS) was developed based on age, the apo-ratio, smoking – 
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present, smoking – second hand, diabetes and hypertension with a range of points from 0-32 
(102). 

 
Figure 7. The INTERHEART study. Risk (Odds ratio, y-axis) versus the apoB/apoA-I ratio (left) 
(reference 58), and single lipids, apolipoproteins and their ratios (right) (reference 59). 

 

 
Table 1. The INTERHEART study. Risk of myocardial infarction (AMI); Odds ratios for nine 
conventional risk factors (left) and Population Attributable Risk for nine conventional risk factors (right) 
(booth tables reprinted from reference 58). 

The IHMRS was positively associated with incident MI in a large cohort of people at low risk 
for CV disease (12% increase in MI risk with a 1-point increase in score). The data were 
internally validated and the discrimination was tested (ROC c-statistic 0.69, 95% CI: 0.64-0.74) 
or even higher values up to 0.79 in certain global areas. Results were consistent across ethnic 
groups and geographic regions. A non-laboratory-based score has also been supplied. The 
IHMRS demonstrated clinical credibility, evidence of accuracy, and evidence of generality. 
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In an analysis of 15,780 patients from the INTERHEART study (103) it was shown that 
HbA1c was a useful diagnostic tool of risk and the levels increased with increasing apo-ratio 
from 0.75-0.84 for each quintile increase of HbA1c from <5.4 – >6.12% (p < 0.0001). Most of 
the MI patients had values in the highest HbA1c quintile. The advantage of using the apo-
ratio in India (104), Latin America (105), Puerto Rico (106), and Africa (107) based on the 
INTERHEART study designs has been useful for evaluating CV risk and should be valuable 
in treating risk in these countries but also elsewhere in the world. 

8.2. The INTERSTROKE study 

The standardized INTERSTROKE case-control study was performed in 22 countries 
worldwide (108). Cases were patients with acute first stroke (within 5 days of symptoms 
onset and 72 hours of hospital admission). Controls had no history of stroke, and were 
matched with cases for age and sex. In 3,000 cases (n = 2,337, 78%, with ischaemic stroke; n = 
663, 22% with intracerebral haemorrhagic stroke) and 3,000 controls, significant risk factors 
for all stroke were: history of hypertension, current smoking, waist-to-hip ratio, diet risk 
score, regular physical activity, diabetes mellitus, alcohol intake, psychosocial stress and 
depression, cardiac causes, and the apo-ratio in falling order. Together, these risk factors 
accounted for 88.1% of the population attributable  risk for all stroke. Increased 
concentration of non-HDL-C was not associated with risk of ischaemic stroke, but was 
associated with reduced risk of intracerebral haemorrhagic stroke, whereas increased 
concentration of apoB was associated with increased risk of ischaemic stroke, but was not 
associated with risk of intracerebral haemorrhagic stroke. The apo-ratio was a stronger 
predictor of ischaemic stroke than was ratio of non-HDL-C/HDL-C.  

8.3. Other studies on stroke and atherosclerosis in the carotid arteries 

Kostapanos et al. (109) studied 163 patients aged 70 years (88 men) with a first-ever acute 
ischemic/non-embolic stroke and 166 volunteers (87 men) with no history of CV disease. 
Compared with subjects with an apo-ratio in the lowest quartile, those within the highest 
quartile had a 6.3-fold increase in the odds of suffering an ischemic stroke (p<0.001). This 
association remained significant after controlling for sex, age, smoking status, body mass 
index, waist circumference, glucose and insulin levels, the presence of hypertension and 
diabetes mellitus, and lipid profile parameters (adjusted OR = 3.02; 95% CI 5.16-7.83; p = 
0.02). The findings support elevated apo-ratio as an independent predictor of ischemic 
stroke in individuals over age 70. 

Park et al. (110) studied 464 statin or fibrate naïve Korean patients with acute ischemic stroke: 
intracranial (ICAS, n = 236), extracranial (n = 44), and no cerebral atherosclerotic stenosis (n = 
184). The ICAS group showed a significantly higher apo-ratio than the other two groups. The 
apo-ratio of 0.93 was substantially increased in patients with advanced ICAS (3 or more 
intracranial stenoses), the highest quartile of the apo-ratio was an independent predictor of 
ICAS (OR, 2.13; 95% CI, 1.05 - 4.33). A dose–response relationship (multivariate analysis) was 
observed between the presence of advanced ICAS and the apo-ratio quartiles (ORs, 4.03, 4.88, 
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and 7.79, for the fourth quartile versus the first quartile). Patients having more metabolic 
syndrome components indicating MetS were more likely to have ICAS, advanced ICAS, and a 
higher apo-ratio (p < 0.001 for all). Thus, a higher apo-ratio is a predictor of ICAS rather than of 
extracranial atherosclerotic stenosis or no cerebral atherosclerotic stenosis. The apo-ratio might 
be a biomarker for ICAS in Asian patients with stroke.  

8.4. The ISIS-study relating the apo-ratio to risk of MI 

This ISIS case–control study was conducted among 3,510 acute MI patients (without prior 
vascular disease, diabetes, or statin use) in UK hospitals and 9,805 controls (60). Relative 
risks (age, sex, smoking, and obesity-adjusted) were more strongly related to apoB than to 
LDL-C and, given apoB, more strongly negatively related to apoA-I than to HDL-C. The 
apo-ratio was substantially more informative about risk than LDL-C/HDL-C, TC/HDL-C, 
non-HDL-C, and TC. Relative risks within several subgroups of patients showed no clear 
heterogeneity of effect with respect to sex, smoking, or BMI. The strongest effects were seen 
in those aged 30-49 years but even at ages 70-79, a 2SD higher apo-ratio was associated with 
a highly significant (P < 0.00001) relative risk. Furthermore, the apo-ratio, if untreated, is 
stable over time. Given the usual value of apoB, the usual value of LDL-C (indicating sdLDL 
particles) the risk was significantly higher. They concluded that single measurements of 
apoB and apoA-I are more predictive than single measurements of LDL-C and HDL-C and 
that the apo-ratio is the single best predictor of all lipid fractions is consistent with 
previously reviewed results including the AMORIS study (3,44). 

9. Other studies showing strong prediction of CV risk by the apo-ratio 

In our previous review from 2006 (3) we commented results from several prospective risk 
studies all showing an important diagnostic improvement of CV risk using apos and the 
apo-ratio over conventional lipids most commonly also adjusted for other confounders. The 
Dutch EPIC-Norfolk study (111) published in 2007 was performed in 1,511 apparently 
healthy controls and in 869 cases who had developed a non-fatal or fatal MI. They showed 
that in a head to head analysis of TC/HDL-C ratio versus the apo-ratio the Odds ratio for 
linear trend for quartiles was non-significant for the lipid-ratio but strongly significant for 
the apo-ratio, p < 0.006. These analyses were adjusted for sex, age, and time of enrollment 
and was adjusted for diabetes (yes or no), body mass index, smoking status (yes or no), 
systolic blood pressure, C-reactive protein level, and log-transformed triglyceride level. The 
apo-ratio added significant predictive value above that of the Framingham risk score since 
the area under the receiver-operating characteristic curve was 0.594 for Framingham risk 
score alone vs. 0.613 for Framingham risk score plus the apo-ratio, p < 0.001. Despite the fact 
that the difference was strongly significantly in favor of the apo-ratio the authors concluded 
that this was only a small increase. However, the authors pointed out that the apo-ratio is 
also useful since it can be applied in non-fasting samples. 

The German MONICA/Kora Augsburg study (112) showed that in 1,414 men and 1,436 
women without prior MI and a median follow up of 13 years the TC/HDL-C ratio predicted 
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MI risk. In addition, the apo-ratio was significantly related to increased risk of MI adjusted 
for age, smoking, alcohol, BMI, diabetes and hypertension. 

In the American Thrombo study and its follow-up (113) both high apoB and low apoA-I 
predicted risk of re-infarction. In a follow-up they found that apoB was the strongest risk 
factor in those who manifested the MetS (114). However, in the German GRIPS (115), the 
results were negative in that LDL-C in multivariate analysis was found to be a stronger 
determinant of risk than apoB and the apo-ratio. This is, in fact, one of the very few studies 
to be found that shows LDL-C to be significantly better than apos in predicting risk. In the 
South Wales Cearphilly studies (116), although significant prediction was seen for apoB and 
apoA-I, the addition of apos did not improve prediction MI. In both of these two studies the 
number of events was below 300. 

In the Swedish ULSAM studies (117,118) they showed that the risk of MI increased in 
parallel with increasing values of the apo-ratio. In those who had values for the ratio of 
<0.67 the incidence of MI was 9.5%, those who had ratios of 0.67–0.86 had an incidence of 
17.7%, those with ratios of 0.87–1.23 had an incidence of 30.7%, and those with apo-ratio 
values >1.24 had an incidence of 44.8%. These risk values correspond well with those found 
in the AMORIS study (3,44). A risk prediction score was derived from one half of the 
population sample from the ULSAM cohort including systolic blood pressure, smoking, 
family history of MI, serum pro-insulin, and the apo-ratio. The score was highly predictive 
for future MI in the other half of the population that was not used for generating the score. 
The ULSAM score performed slightly better than the Framingham and PROCAM scores 
(evaluated as areas under the receiver operating curves; Framingham, 61%; PROCAM, 63%; 
ULSAM, 66%; p < 0.08). The authors also reported from the 30-year follow up of patients in 
the ULSAM study that ECG abnormalities were risk markers after the first 20 years of follow 
up but also that the apo-ratio and blood pressure remained significant risk predictors over 
three decades (118). 

Ingelsson et al. (119) in the US Framingham study found that after a median follow-up of 
15.0 years, 291 participants, 198 of whom were men, developed various manifestations of 
CHD. In multivariate models adjusting for non-lipid risk factors, the apo-ratio predicted 
CHD (HR per SD increment, 1.39; 95% CI 1.23-1.58 in men and HR, 1.40; 1.16-1.67 in 
women), but risk ratios were similar for the TC/HDL-C ratio (HR, 1.39; 1.22- 1.58 in men and 
HR, 1.39; 1.17-1.66 in women) and for LDL-C/HDL-C (HR, 1.35; 1.18-1.54 in men and HR, 
1.36; 1.14-1.63 in women). In both genders, models using the apo-ratio were comparable 
with but not better than that for other lipid ratios. The apo-ratio did not predict CHD risk in 
a model containing all components of the Framingham risk score including the TC/HDL-C 
ratio. They concluded that the apo-ratio adds no incremental utility over this lipid ratio. 
Notably, there were few hard events in this small study, a fact that may restrict the 
interpretation of the results. 

In India Goswami et al. (120) studied 100 patients with MI who were age-matched with 100 
healthy control subjects. The exponential value of the regression coefficient beta for the apo-
ratio was 11.9, as compared to 4.4 for the LDL-C/HDL-C ratio, 3.5 for the TC/HDL-C ratio 
and 2.2 for the TC/HDL-C ratio. The findings suggested that the apo-ratio is a better 
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discriminator of CAD risk in the atherosclerosis-prone Indian population, than any of the 
conventional lipid ratios. They suggested that the apo-ratio should be an alternative to other 
lipid ratios in the risk assessment in patients with CAD. 

In a comparative observational study by Agoston-Coldea et al. (121) on 289 subjects were 
divided into two groups: 144 subjects with old MI, and 145 subjects without CHD, but with 
CV risk factors. The multivariate analysis indicated that apoB over 1.7 g/L are closely 
correlated with MI (p = 0.001) independent of age, smoking, diabetes, hypertension, lipid 
TC/HDL-C and the LDL-C/HDL-C ratio. The protective effect of apoA-I was also significant 
(p = 0.004) in multivariate analysis. They concluded that the predictive value of the apo-ratio 
is superior to that of serum lipid fractions and that the apo-ratio therefore should be 
introduced in current clinical practice. 

In the prospective case-cohort study (PREVEND cohort) (122) 6,948 subjects without 
previous CHD they studied the risk factors predicting major coronary events. The age- and 
sex-adjusted HR was 1.37 (95% CI, 1.26-1.48) for the apo-ratio and 1.24 (1.18-1.29) for the 
TC/HDL-C ratio (both p < 0.001). The risks of the two ratios were only marginally attenuated 
by additional controlling for traditional risk factors TG, hypertension, diabetes, obesity and 
smoking), hs-CRP and albuminuria.  

In a Korean study by Kim et al (123) they studied the association between plasma lipids, and 
apolipoproteins and coronary artery disease: a cross-sectional study in a low-risk Korean 
population in 544 subjects. In the lowest quartile of TC, TG and LDL-C, and the highest 
quartile of HDL-C, only the apo-ratio was associated with CAD in both men and women. 
They concluded that the apo-ratio is the only variable that differentiates the patients with 
CAD from those without and, furthermore, gives additional information to that supplied by 
traditional lipid risk factors in a low-risk Korean population. 

Agoston-Coldea et al. (124) studied 208 patients (100 men and 108 women), with and 
without previous MI by coronary angiography. They showed that the apo-ratio had a 
stronger correlation with MI than the TC/HDL-C ratio. Multivariate analysis performed 
with adjustments for conventional risk factors, showed that the levels of apoB, the apo-ratio 
and Lp(a), are significant independent CV risk factors. Therefore they recommend that the 
apo-ratio and Lp(a) should be included in clinical practice. 

10. Meta-analysis of studies on CV risk 
In 2006 Thomson and Danesh published a meta-analysis based on data from 23 relevant 
prospective studies in which apoB, apoA-I and the apo-ratio were associated with risk of MI 
(8). They compared risk in the top versus the bottom tertile of baseline values. The relative 
risks were; apoB 1.86 (95% CI 1.55-2.22, cases n = 6,320), apoA-I 1.62 (1.43-1.83, cases n = 
6,333), and the apo-ratio 1.86 (1.55-2.22, cases n = 3,730). ApoB and the apo-ratio were 
directly related to risk, whereas apoA-I was protective. In that study no results were given 
for any lipids.  

In 2009 the Emerging Risk Factor Collaboration (ERFC) published an extended meta-
analysis in which they included 302,430 men and women without previous vascular disease 
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from 68 long-term prospective studies, mostly in Europe and North America (10). During 
2.79 million person-years of follow-up, there were 8,857 nonfatal MI, 3,928 coronary heart 
disease deaths, 2,534 ischemic strokes, 513 hemorrhagic strokes, and 2,536 unclassified 
strokes. Half of the studies included less than 100 events, and the largest study (ARIC) 
included 871 cases. In 22 studies on risk of MI and in 8 studies on risk of ischemic stroke 
they had also measured apoB, apoA-I and the apo-ratio. In 91,307 individuals with 4,499 MI 
and in 8 studies with 60,571 individuals and 1,192 cases they could compare how well the 
TC/HDL-C ratio and apoB, apoA-I and the apo-ratio were related to these CV events. In all 
of these comparisons non-HDL-C, HDL-C, the non-HDL-C/HDL-C ratio, apoB, apoA-I and 
the apo-ratio, adjusted for age and sex, were significantly related to risk of both MI and 
ischemic stroke. When additionally adjusted also for blood pressure, smoking, BMI, 
hypertension, and other lipid markers the HR was 1.50 (95%CI, 1.38-1.62) for the non-HDL-
C/HDL-C ratio and 1.49 (1.39-1.60) for the apo-ratio. Interestingly, adjusting for these 
confounders changed the HR only marginally. These data show that the lipid- and apo-
ratios give similar and significant prediction of risk. Furthermore they also found that apoB 
had similar risk as non-HDL-C, and apoA-I had similar risk as HDL-C. The ERFC authors 
concluded that both lipid- and apo-ratios can be used even in the non-fasted state since the 
apo-ratio and the lipid ratio give similar information. Furthermore, they also discuss that 
there may be important advantages for using apolipoproteins. 

Importantly, the ERFC did not include the three largest studies on risk of MI and stroke 
related to lipids, apos and the apo-ratio. These are the studies; AMORIS, n = 6,794 first cases 
of AMI (88), and n = 4,470 first ischemic stroke (101), INTERHEART, cases n = 15, 152 for 
first MI (59), n = 2,337 for first stroke (108), and the ISIS study, n = 3,510 for first MI (60). 
These studies were excluded because a complete set of confounding variables were not 
available (AMORIS), or that two studies were case-control studies (INTERHEART and ISIS). 
The findings in ERFC are therefore restricted to the results based on only prospective studies 
with many fewer number of events (total n = 5,691) compared to these much larger studies also 
covering a world-wide population (AMORIS, INTERHEART, INTERSTROKE and ISIS) (total 
n = 32,263). So adding all these results to those obtained in the ERFC studies the advantages of 
the apo-ratio as risk predictor may be even more compelling. Such advantages for clinical use 
are commented in several sections below and are summarized in the discussion. Results from 
a recent ERFC publication are also included and discussed in page 39. 

11. Relations between the apo-ratio and the metabolic syndrome,  
glucose - insulin metabolism and diabetes - Risk predictors for CV 
manifestations 

11.1. Metabolic syndrome (MetS) and diabetes 

In subjects with the MetS and in patients with diabetes several studies have been performed 
indicating advantages of using apos, especially apoB, over conventional lipids. In our 
previous review (3) we summarized these results from Stewart et al. (125), Korean studies 
(126-128) and studies from India (129) and Canada (130). In these papers the highest values 
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for the apo-ratio were found in those who had most manifestations of the MetS. The apo-
ratio was also related to atherosclerosis verified by angiography even if LDL-C values were 
low. In the Swedish ULSAM study (131) at the 26.8 year follow-up 462 patients had 
developed MI. The apo-ratio was highest in those who developed a MetS, and their apo-
ratio was inversely related to glucose disposal. These findings were independent of LDL-C 
and smoking. Both the apo-ratio and MetS independently predicted MI. 

Sierra-Johnson et al. (132) studied 2,955 adults (mean age 47 years; 1,457 women) without 
diabetes from the US NHANS III population. The apo-ratio was an independent predictor of 
insulin resistance after adjustment for age and race, and remained significant after further 
adjustment for MetS components including TG, HDL-C, traditional and inflammatory risk 
factors. They recommended that the apo-ratio should be recognized and implemented in 
future clinical guidelines. In the follow-up paper (133) of a multi-ethnic representative 
subset of 7,594 US adults (mean age 45 years; 3,881 men, 3,713 women) there were 673 CV 
deaths of which 432 were from CHD. Both the apo-ratio (HR 2.14, 95% CI, 1.11 – 4.10) and 
the TC/HDL-C ratio (HR 1.10, 1.04 – 1.16) were related to CHD death. Only apoB (HR 2.01, 
1.05 – 3.86) and the apo-ratio (HR 2.09, 1.04 – 4.19) remained significantly associated with 
CHD death after adjusting for CV risk factors (Figure 8 left). This suggested that the 
measurement of apolipoproteins has superior clinical utility over traditional risk markers 
such as the TC/HDL-C ratio in identifying subjects at risk for fatal CV disease. In addition, 
the combined elevation of glucose and a high apo-ratio increases the risk of MI as 
documented in the AMORIS study (3) (Figure 8, right). 

Zhong et al. (134) found also in China that the apo-ratio increased significantly with number 
of MetS components. Belfki et al (135) have shown in a Tunisian population that the apo-
ratio increased significantly with each of the components as well as with increasing numbers 
of components of the MetS after adjusting for age and gender. Similarly, the apo-ratio was 
associated with insulin resistance. 

 
Figure 8. Cumulative survival (y-axis) in relation to quartiles of the apoB/apoA-I ratio in patients with 
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relation to glucose and the apoB/apoA-I ratio (right) (AMORIS study, reference 3). 
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Based on the findings in subjects with MetS Sniderman and Faraj (136) have argued for 
including both apoB and apoA-I as stronger risk markers especially compared to LDL-C 
(often low in MetS), TG and HDL-C. These apos also have strong relations to glucose and 
insulin homeostasis. Therefore the apo-ratio should be a valid component of the MetS 
especially since the apo-ratio has so strong predictive value of CV risk. The apo-ratio also 
summarizes the risk for individuals with MetS into one simple and predictive risk number. 
In another paper Sniderman et al. (137) have also analyzed pros and cons for using the apo-
ratio.  

Bruno et al. (138) studied diabetic subjects and they found that apoB and the apo-ratio were 
associated with CV mortality independently of non-HDL-C. They recommended that apoB and 
apoA-I should be measured routinely in all people with diabetes, particularly in the elderly.  

Bayu et al. (139) studied 224 diabetic patients (85 type 1 and 139 type 2). After adjusting for 
age, sex, diabetes duration, systolic blood pressure and diabetes medications they found 
that the apo-ratio was the best predictor of diabetic retinopathy. Traditional lipids improved 
the ROC area by only 1.8 % whereas the apo-ratio improved the area by 8.2 %.  

Enkhma et al. (140) have studied several ethnic groups of European and African Americans 
and developed a CV risk score which was found to be significantly increased across tertiles 
of the apo-ratio. They concluded that the apo-ratio differed across ethnicities and was 
associated with presence of the MetS in both groups. Among African Americans, an 
elevated apo-ratio independently predicted a greater risk of CAD. 

Ounis et al. (141) studied thirty-two obese 13 years old children with 16 subjects who 
participated in a 8-week training period and 16 subjects serving as a control group. The apo-
ratio was positively correlated with TG (r = 0.46, p < 0.01), blood glucose (r = 0.48, p < 0.01), 
waist circumference (r = 0.34, p < 0.01), systolic (r = 0.31, p < 0.01) or diastolic (r = 0.29, p < 
0.05) blood pressure and was negatively correlated with HDL-C (r = 0.51, p < 0.01), Fat max 
(r = 0.45, p < 0.01) and VO2 peak (r = 0.39, p < 0.01). When adjusted for pubertal stage, the 
relationships between the apo-ratio and other variables were not significantly altered. The 
multiple regression analysis showed that the change in total HDL-C is the most significant 
predictor of the change of the apo-ratio explaining 82% of the variance of its change over the 
training program. 

Gatz et al. (142) studied thirty same-sex twin pairs in which both members were assessed at 
baseline and one twin subsequently developed dementia, at least 3 years subsequent to the 
baseline measurement, while the partner remained cognitively intact for at least three 
additional years. Eighteen of the 30 cases were diagnosed with Alzheimer’s disease. Baseline 
assessments were conducted when twins’ average age was 70.6 (SD = 6.8) years. Which twin 
would develop dementia was predicted by less favorable lipid values defined by higher 
apoB and higher apo-ratio, poorer grip strength, and — to a lesser extent — higher 
emotionality on the EAS Temperament Scale. Given the long preclinical period that 
characterizes Alzheimer’s disease, these findings may suggest late life risk factors for 
dementia. Alternatively, there may be early development of atherosclerosis in critical 
cerebral arteries based on an elevated apo-ratio over time. 
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Carnevale-Schianca et al. (143) enrolled 616 patients with normal glucose tolerance (NGT) (273 
men and 343 women), and measured insulin resistance, lipid profile, the apo-ratio and the 
factors compounding the MetS. An unfavorable apo-ratio (> 0.90 for males and > 0.80 for 
females) was present in 13.9 % of 108 patients with LDL-C < 100 mg/dL. Compared to subjects 
with lower apo-ratio, they had more elements of MetS and their lipid profile strongly 
correlated with high CV risk. In NGT individuals with LDL-C < 100 mg/dL, a higher apo-ratio 
indicated an atherogenic lipid profile, suggesting that LDL-C alone is insufficient to define CV 
risk. This study demonstrates that the apo-ratio is at least complementary to LDL-C in 
identifying a more correct CV risk profile of asymptomatic NGT subjects. 

Wen et al. (144) measured high sensitive hsCRP, apoB, apoA-I, and the profiles of coronary 
angiograms, echocardiography and oral glucose tolerance tests (OGTT)s as well as 
traditional risk factors in 1,757 cardiology patients. The hsCRP or the apo-ratio were 
significantly correlated with the presence and severity of angiographic profiles, the levels of 
left ventricular (LV) ejection fraction, LV mass and LV mass index, and the presence of 
abnormal OGTT. The combination of the apo-ratio and hsCRP had greater correlation with 
abnormal glucose metabolism than its individual components in patients with normal 
fasting glucose, and was an independent predictor for coronary artery disease. 

12. The apo-ratio and relations to atherosclerosis, vascular functions and 
inflammation 

In many clinical conditions coronary arteriography, carotid ultrasound (CIMT), endothelial 
function, calcium scoring (CAC) and even more recently Intra Vascular Ultrasound (IVUS) 
studies of the coronary arteries has been related to lipid- and apo-abnormalities. Coronary 
and femoral plaques also contain apos (34-36). Many of these studies indicate that apos are 
more closely related to the amount of atherosclerosis than conventional lipids. Relevant 
studies are commented below. 

In the Uppsala PIVUS study by Andersson et al. (145) the prevalence of carotid plaque was 
investigated. In 942 free living 70 year old men (n = 469) and women (n = 473) an ultrasound 
was performed. A plaque was defined by at least 50% increase of the intima-media thickness 
(IMT). Plaques were slightly more prevalent in men (n = 322) than in women (n = 293). 
Individuals with plaques had significantly higher the apo-ratio (p = 0.013), LDL-C/HDL-C-
ratio (p = 0.04), LDL-C (p = 0.02), higher levels of fasting blood glucose (p = 0.02), 
Framingham risk score (p < 0.0001), higher levels of systolic blood pressure, (p < 0.0001), and 
also a higher average of pack-years of cigarette smoking (p = 0.008) after adjustment for 
gender and statin use. No significant differences were seen for HDL-C, diastolic blood 
pressure or BMI. The inflammatory markers oxidized LDL, TNF alpha, and leucocyte count 
as well as insulin resistance (HOMA) were increased. 

In another subsample of 70 years old men (n = 124) and women (n = 123) who did not use 
lipid-lowering drugs from the PIVUS study (146) were investigated whether the amount of 
visceral (VAT) or subcutaneous adipose tissue (SAT) independently of the other can 
determine the apo-ratio. VAT and SAT areas were assessed using magnetic resonance 
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imaging. Their adipose tissue areas were related to their levels of apoB, apoA-I and the apo-
ratio. ApoA-I levels were independently related to the VAT area (r = −0.33, p < 0.0001) 
whereas the apoB levels were not (r = 0.102, p = 0.07). The VAT area was independently 
significantly (r = 0.25, p = 0.001) related to the apo-ratio in the multiple regression analysis 
whereas the SAT area was not. This observation may indicate that VAT is metabolically 
active possibly through decreased adiponectin levels. The VAT metabolism seems more 
related to abnormalities in the apo-ratio which also may be a consequence of abnormal 
glucose-insulin metabolism as discussed above in other studies on the MetS. 

Schmidt and Wikstrand (147) reported that in a multi-variable analysis including all baseline 
variables only the apo-ratio (p = 0.003) and serum insulin (p = 0.026) were significantly 
related to IMT composite progression rate indicating that the apo-ratio is an important risk 
factor for predicting atherosclerotic progression rate during very long-term follow-up in 
clinically healthy middle-aged men.  

Reis et al (148) have studied factors that may influence MetS and development of obesity. 
They performed weighted Pearson partial correlation coefficients for waist circumference, 
log-transformed leptin, and insulin vs. metabolic, inflammatory, and thrombogenic CV risk 
factors among men and women aged 40 years and older, NHANES III. They found that 
apoB was positively correlated with waist, leptin and insulin both in men and women, 
whereas apoA-I was significantly and negatively related to these risk markers. These 
findings may indicate that the apo-ratio can summarize the lipid abnormalities into one 
number. The results were adjusted for age, ethnicity, smoking, physical activity, alcohol 
intake and time of fasting. 

Junyent et al. (149) assessed carotid intima-media thickness (CIMT) and plaque in relation to 
classical risk factors and apoA-I and apoB levels in 131 unrelated patients with familial 
hypercholesterolemia (FCHL), 27 with prior CVD and 190 age- and sex-matched control 
subjects. By multivariate analysis in a model with all risk factors, inclusive of the MetS, 
independent associations of CIMT were age, the apo-ratio, systolic blood pressure, fasting 
glucose, family history of CVD and TC/HDL-C ratio (r2 = 0.475, p < 0.001). The strongest 
determinant of IMT was the apo-ratio (β = 0.422, p < 0.001). The findings support the 
atherogenicity of the lipid phenotype in FCHL beyond associated risk factors. They also 
have implications for diagnosis and management of CVD risk in this condition. 

Vladimirova-Kitova et al. (150) have found that carriers of a LDL-receptor defective gene 
have a higher carotid IMT and apo-ratio than non-carriers, whereas no difference between 
the groups was found with respect to the level of other lipid parameters, ADMA, total 
homocysteine, cell adhesion molecules, and % flow mediated dilation. Thus the apo-ratio is 
a predictor of IMT in carriers of this LDL-receptor gene. 

Dahlen et al. (151) performed the CARDIPP-1 primary care study a study in 247 patients 
with type 2 diabetes, aged 55-66 years. They found that there was a significant association 
between the apo-ratio and CIMT in middle-aged patients with in type 2 diabetes. The 
association was independent of conventional lipids, hsCRP, glycaemic control and use of 
statins. 
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In the study by Rasouli et al. (152) 138 men and 126 women aged 40-70 years, were classified 
as CAD cases or controls, according to the results of coronary angiography. The severity of 
CAD was scored on the basis of the number and extent of lesions in coronary arteries. The 
results indicate that the apo-ratio, apoB and Lp(a) are independent risk factors for CAD and 
are superior to any of the cholesterol ratios. They suggested using the apo-ratio as the best 
marker of CAD in clinical practice. 

Smith et al. (153) compared the body composition and the apo-ratio in migrant Asian 
Indians white Caucasians in Canada. Indian men and women had a higher apo-ratio than 
Caucasians (p = 0.0003)]. Of interest, there were also significant correlations between the 
apo-ratio and WHR in all groups, except the Indian women. 

Both in children and adults obesity either defined by BMI or waist/hip ratio has been found 
to be directly related to apoB and the apo-ratio, and indirectly to apoA-I levels (154-156). 

In the Cardiovascular Risk in Young Finns Study (157) they measured CIMT and brachial 
endothelial function in 879 subjects. They determined whether apoB and apoA-I measured 
in childhood and adolescence could predict atherosclerosis in adulthood. In subjects aged 12 
to 18 years at baseline, apoB and the apo-ratio were directly (p < 0.001) related and apoA-I 
was inversely (p = 0.01) related with adulthood IMT. In subjects aged 3 to 18 years at 
baseline, apoB (p = 0.02) and the apo-ratio (p < 0.001) were inversely related, and apoA-I (p = 
0.003) was directly related to adulthood flow mediated dilatation. Adjustment for age, 
gender, blood pressure, BMI, TG, insulin, CRP and brachial diameter at baseline did not 
change these relations. The apo-ratio measured in adolescence was stronger than the LDL-
C/HDL-C or non-HDL-C/HDL-C ratios (c-values, 0.623 vs. 0.569, p = 0.03) in predicting 
increased CIMT in adulthood. The authors concluded that apoB and apoA-I measured in 
children and adolescents reflect an abnormal lipoprotein profile that may predispose to the 
development of subclinical atherosclerosis later in life. These markers are therefore useful in 
pediatric lipid risk assessment.  

In a cross-sectional and 6-year prospective data from the cardiovascular risk in young Finns 
study (aged 24 to 39 years) (158) they studied metabolic risk variable MetS and their 
associations with CIMT. ApoB, CRP, and type II secretory phospholipase A2 enzyme 
activity were significantly higher and apoA-I lower in subjects with MetS (n = 325) than in 
subjects without MetS (n=858) indicating that the apo-ratio may summarize the risk into one 
number. In prospective analysis both MetS and high apoB predicted (p < 0.0001) incident 
high CIMT. The association between MetS and incident high CIMT was attenuated by about 
40% after adjustment with apoB. Adjustments with apoA-I, CRP, or type II secretory 
phospholipase A2 did not diminish the association. Thus, the atherogenicity of MetS in this 
population assessed by incident high CIMT is mainly mediated by elevated apoB, but not 
inflammatory markers.  

In the Swedish study Wallenfeldt et al. studied the relationships between abnormalities in 
lipoprotein concentrations in 338 apparently healthy 58-year-old men with manifestations of 
the MetS (159). Those who had an apo-ratio > 0.74, irrespective of blood pressure and 
smoking, had a significant progression (untreated) of the IMT values of the carotids over a 
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3-year period. Thus CIMT is a non-invasive simple, sensible and useful method to follow 
dynamic progression of atherosclerosis. Furthermore, the level of the apo-ratio is a strong 
predictor of these atherosclerotic changes in the arterial wall. Thus, values of the apo-ratio > 
0.74 may alert the treating doctor to the need of adequate lipid-lowering therapy. 

In a Japanese study (160) sixty-six type 2 diabetic patients with carotid atherosclerosis and 
66 age- and sex-matched patients without carotid atherosclerosis were compared. They 
concluded that the combination of apoB and HOMA-R is a superior marker of carotid 
atherosclerosis compared with LDL-C alone in patients with type 2 diabetes. 

Kim et al. (161) have studied 757 stroke patients undergoing coronary artery bypass 
grafting. They found that prevalence of asymptomatic carotid stenosis > 50% and > 70% was 
26.4 % and 8.6%, respectively. In multivariate analysis, plasma levels of the apo-ratio and 
homocysteine were independently associated with carotid stenosis. Receiver operating 
characteristic curve (ROC) analysis indicated area under the curve values of 0.708 (the apo-
ratio), 0.678 (Lp(a)), and 0.689 (homocysteine).  

Ajeganova et al. (162) have studied patients with rheumatoid arthritis (RA) that commonly 
are affected by premature atherosclerosis including development of xanthomas. They 
studied 114 patients, age 50.6 years, 68.4% women, with recent RA (< 12 months after 
symptoms onset) and they were assessed at 0, 3, 12, 24 and 60 months after RA diagnosis. 
Plaque detection was positively associated with age and smoking (ever). After adjustment, a 
longitudinal approach demonstrated an independent positive prediction of CIMT by the apo-
ratio (p = 0.030), but negative prediction by apoA-I (p = 0.047). Higher levels of the pro-
atherogenic apo-ratio and apoB and low anti-PC (IgM antibodies against phosphorylcholine) 
were independently associated with bilateral carotid plaque p = 0.002, 0.026 and 0.000, 
respectively). Both baseline and longitudinal levels of other inflammatory/disease-related 
factors failed to show significant associations with the study outcomes. 

13. Effects of lipid-lowering therapy on change of apoB, apoA-I and the 
apo-ratio 

The mode of actions of statins and their effects on lipids and apos is reviewed in more detail 
elsewhere (163-165). The most commonly used drugs today are the statins that can reduce 
apoB synthesis and increase apoA-I synthesis and turnover. In clinical practice simvastatin and 
pravastatin are the most commonly used statins since they are now available as generics. They 
can reduce apoB up to about 20% and increase apoA-I by about 2-5% and a bit more for 
simvastatin. The most effective apoB-reducing statins are atorvastatin and rosuvastatin which 
lower the apoB-values by about 40-45% and 45-50%, respectively. Best increase in apoA-I 
concentrations is obtained by rosuvastatin which can increase the value by about 10-15% 
depending on baseline values, the lower the higher is the increase (163-165). Commonly for all 
statins there is a strong dose-response relationship, except for atorvastatin where higher doses 
commonly result in lowering of HDL-C and apoA-I values. The strongest lowering effects of 
the apo-ratio is obtained by rosuvastatin which lowers this ratio by about 50 %, followed by 
atorvastatin about 40-45 %, and simvastatin and pravastatin up to 30 %.  
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14. Prediction of outcome in statin trials using LDL-C or the apo-ratio  
LDL-C has been the primary focus in lipid-lowering trials for more than two decades. A vast 
number of studies, both in primary and secondary prevention, have shown that there is a 
close relationship between LDL-C and CV event rates, the lower the LDL-C, the lower is the 
risk (163-165). In several of these trials also apoB, apoA-I and the apo-ratio have been 
measured. When explaining the relationship of each lipid fraction and each apo-fraction to 
CV event reduction virtually all lipids as well as apoB and apoA-I and the apo-ratio are 
significantly related to outcome. However, LDL-C is much weaker predictor than apoB and 
any lipid ratio. The best relationship with CV risk reduction is the apo-ratio. Examples from 
several trials are presented below.  

In the AFCAPS/TexCAPS study (52,53), lovastatin 20-40 mg/d or placebo were given to 3,304 
patients with rather normal LDL-C but low HDL-C values. ApoB decreased by 18.9 % and 
apoA-I increased by 7.2 %. At 5 years, there was a 37 % decrease in the relative risk for 
having a first acute coronary event in the lovastatin versus placebo group. In a head to head 
analysis it was found that apoB was better than LDL-C, p < 0.01, apoA-I was better than 
HDL-C, p < 0.01, and the apo-ratio was better than the TC/HDL-C ratio, p <0.01 in 
explaining the event reduction (Figure 9, left). In this study it made no difference to which 
treatment group the patients were assigned, conventional diet – placebo or the lovastatin 
group. The apo-ratio value on treatment was the only lipid-related marker that was 
significantly related to outcome (Figure 9, right).  

 
Figure 9. The AFCAPS/TexCAPS study. The apoB/apoA-I ratio was the best predictor of outcome 
expressed in head to head analyses versus lipids (left) (reference 52). Risk remaining during treatment 
(lovastatin versus placebo) in relation to obtained values for the apoB/apoA-I ratio (right) (reference 53). 

In the LIPID trial pravastatin reduced CHD mortality by 24 % and total mortality by 22 % 
(3,4,54). The TC/HDL-C and the apo-ratios on treatment were considerably better in 
explaining outcome than either LDL-C or HDL-C. The values of the apo-ratio had strongest 
relations to event reduction. 

To which target LDL-C values should lipid-lowering aim? In the ACCESS study (166) 
therapy reduced LDL-C levels to ‘normal – target levels’. However, such therapy only 



 
Lipoproteins – Role in Health and Diseases 122 

14. Prediction of outcome in statin trials using LDL-C or the apo-ratio  
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HDL-C, p < 0.01, and the apo-ratio was better than the TC/HDL-C ratio, p <0.01 in 
explaining the event reduction (Figure 9, left). In this study it made no difference to which 
treatment group the patients were assigned, conventional diet – placebo or the lovastatin 
group. The apo-ratio value on treatment was the only lipid-related marker that was 
significantly related to outcome (Figure 9, right).  

 
Figure 9. The AFCAPS/TexCAPS study. The apoB/apoA-I ratio was the best predictor of outcome 
expressed in head to head analyses versus lipids (left) (reference 52). Risk remaining during treatment 
(lovastatin versus placebo) in relation to obtained values for the apoB/apoA-I ratio (right) (reference 53). 
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reached apoB levels to about the 50th percentile of a population. This means that the 
patients were not optimally treated by using LDL-C at recommended guideline levels. These 
results may illustrate that apoB would be a better target if proper target levels have been 
proposed.  

To reach targets in guidelines has been further investigated in a more recent paper by 
Vodnala et al. (167). They applied the ATP III guidelines, including Framingham Risk Scores 
to determine whether patients met non-HDL-C goals upon referral. In order to reach targets 
for non-HDL-C among patients (n = 5,692) most high- and many intermediate-risk patients 
goals would require more aggressive treatment to reach either the TC/HDL-C = 3.5 or the 
apo-ratio = 0.50 goals. Thus, a more intense therapy using better target goals, i.e. apoB or the 
apo-ratio, than the conventional LDL-C or non-HDL-C would most likely add clinical value 
and better treatment effects. 

Van den Bogaard et al. (168) studied 9,247 patients (mean age 61 years, 81% males), 
participating in the Treatment to New Targets (TNT) trial in which the effects of 80 mg 
versus 10 mg atorvastatin was compared. The association between lipoprotein components 
and the risk of cerebrovascular events after the first year into the trial was investigated. All 
lipoprotein components, except LDL-C, showed a significant gradient for incidence of 
cerebrovascular events with increasing quartiles of the lipoprotein component. If the 
lipoprotein components were treated as continuous variables, the adjusted HR for 
cerebrovascular events for 1 SD difference in 1-year lipoprotein components were for LDL-C 
1.13 (95%CI, 1.02–1.25), for HDL-C 0.86 (0.76–0.97), for apoB 1.17 (1.04–1.28), for apoA-I 0.83 
(0.74–0.94), for TC  HDL-C 1.22 (1.10–1.34) and for the apo-ratio 1.24 (1.12–1.37). The apo-
ratio was superior to TC HDL-C, because adding the apo-ratio to TC/HDL-C improved 
prediction, whereas adding TC/HDL-C to the apo-ratio did not. These findings are 
consistent with the AMORIS study linking the apo-ratio to risk of stroke (99,100), and are 
also similar to results from the combined data of TNT and IDEAL showing that TCHDL-C 
and the apo-ratios are more closely associated with CVD than any of the individual 
lipoprotein parameters. They concluded that in coronary heart disease patients receiving 
intensive lipid-lowering treatment, the on-treatment apo-ratio provides the strongest 
association with incidence of cerebrovascular events followed by TC  HDL-C. They also 
stated that as current European and US guidelines only acknowledge LDL-C as a 
therapeutic target and HDL-C and triglycerides as risk markers it will be up to future 
guideline committees to implement these new parameters as risk predictors and to define 
new treatment targets based on these apolipoproteins. 

Kastelein et al. (169) showed in a post hoc analysis that combined data from 2 prospective, 
randomized clinical trials in which 10 001 TNT and 8,888 (“Incremental Decrease in End 
Points through Aggressive Lipid Lowering”- IDEAL) patients with established coronary 
heart disease were assigned to atorvastatin 10 mg/d or atorvastatin 80 mg/d. In models with 
LDL-C, non-HDL-C and apoB were positively associated with cardiovascular outcome, 
whereas a positive relationship with LDL-C was lost. In a model that contained non-HDL-C 
and apoB, neither was significant owing to collinearity. Inclusion of measurements of apoA-
I further strengthened the relationships. The TC/HDL-C and the apo-ratio in particular were 
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each more closely associated with outcome than any of the individual pro-atherogenic 
lipoprotein parameters (Table 2). In a pair-wise COX model comparison of the two ratios 
the TC/HDL-C was non-significant but the apo-ratio was significant, p<0.001. However, the 
authors mainly conclude that these data support the use of non-HDL-C or apoB as novel 
treatment targets for statin therapy, but do not believe that the apo-ratio is yet a valid risk 
variable because of uncertainness  of the impact of risk of HDL-C and apoA-I. Furthermore, 
they state that in the absence of interventions that have been proven to consistently reduce 
CVD risk through raising plasma levels of HDL-C or apoA-I, it seems premature to consider 
the ratio variables as clinically useful. These conclusions merit further comments in the 
discussion. However, clearly the apo-ratio comes out as the best CVD predictor as 
manifested by their data when all head-to-head comparisons are performed between 
various lipids and apos. 
 

 
Table 2. TNT-IDEAL pooled data. Head to head comparisons between various lipids, apolipoproteins 
and ratios (redrawn from reference 169). 

Holme et al. (170) studied the ability of apolipoproteins to predict new-onset of congestive 
heart failure (HF) in statin-treated patients with coronary heart disease (CHD) in the IDEAL 
study based on 8,326 patients of whom 185 subjects had a HF event. Variables related to 
LDL-C carried less predictive information than those related to HDL-C, and apoA-I which 
was the single variable most strongly associated with HF. LDL-C was less predictive than 
both non-HDL-C and apoB. The apo-ratio was most strongly related to HF after adjustment 
for potential confounders, among which diabetes had a stronger correlation with HF than 
did hypertension. The apo-ratio was 2.2 times stronger associated than that of diabetes. 
Calculation of the net reclassification improvement (NRI) index revealed that about 3.7 % of 
the patients had to be reclassified into more correct categories of risk once the apo-ratio was 
added to the adjustment factors. The reduction in risk by intensive lipid-lowering treatment 
as compared to usual-dose simvastatin was well predicted by the difference in apo-ratio on-
treatment levels mostly through the reductions in apoB. Thus, both apoB, apoA-I and the 
apo-ratio had additional clinical value above lipids in predicting risk of HF. 

Holme et al. (171) also looked into the ability of apoB, apoA-I or the apo-ratio to predict new 
coronary heart disease (CHD) events in patients with CHD on statin treatment in the IDEAL 
trial comparing the effects of atorvastatin 80 mg/d to that of simvastatin 20-40 mg/d to 
prevent CHD subsequent major coronary events (MACE). Variables related to LDL-C 
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carried more predictive information than those related to HDL-C, but LDL-C was less 
predictive than both non-HDL-C and apoB. Of all lipoprotein variables, the apo-ratio was 
the best predictor of MACE during statin treatment. The apo-ratio carried as much 
information as apoB, apoA-I, LDL-C, and HDL-C together. However, for estimating 
differences in relative risk reduction between the treatment groups, apoB and non-HDL-C 
were the strongest predictors. They recommended that measurements of apoB and apoA-I 
should be more widely available in clinical praxis. 

Results from the recently published ASTEROID Trial (172) showed that in patients with 
acute coronary syndromes treated with rosuvastatin 40 mg daily for 2 years a significant (p 
<  0.001) regression was found of the atherosclerotic burden in the coronary arteries 
(intravascular ultrasound). In these patients LDL-C was reduced from 3.35 mmol/L (130 
mg/dl) to 1.55 mmol/L (60 mg/dl), p < 0.001 and the apo-ratio was reduced from high 0.95 to 
low 0.49, p < 0.001. These results indicate that the risk related to the apo-ratio risk was 
reduced from the eighth risk decile to the first decile, i.e. to normality.  

Nicholls et al. (173) presented data based on 4 studies in which IVUS was used in 1,455 
coronary patients. They were given lipid-lowering with either atorvastatin, simvastatin, 
pravastatin and rosuvastatin (strongest lipid-lowering). A highly significant regression of 
coronary atheroma volume over a two year period was recorded. They stated that 
“Reducing the ratio of apoB to apoA-I was the strongest lipid predictor of changes in 
atheroma burden in patients treated with a statin”. Thus, even small, but clinically 
important changes in atheroma volume, can be identified by IVUS techniques and also by 
closely related changes in the strongest marker of lipoprotein metabolism, i.e. the apo-ratio. 

Tani et al. in Japan performed a 6-month prospective study of 64 patients with coronary artery 
disease treated with pravastatin (174). The plaque volume, assessed by IVUS, decreased by 
12.6% (p < 0.0001). A significant decrease of 6.4 % and 14.6 % was found in the serum level of 
apoB and the apo-ratio (p < 0.0001 and p <0.0001, respectively, vs baseline), and apoA-I 
increased by 14.0 % (p < 0.0001). A stepwise regression analysis revealed that the change in the 
apo-ratio was an independent predictor of the change in coronary plaque volume (p < 0.0023). 
They concluded that a decrease in the apo-ratio is a simple predictor for coronary 
atherosclerotic regression: the lower the apo-ratio, the lower the risk of coronary atherosclerosis. 

Taskinen et al. studied diabetic patients treated with fenofibrate (the FIELD study,175). 
Lipid ratios and the apo-ratio performed significantly better than any single lipid or 
apolipoprotein in predicting CVD risk during treatment. In the placebo group, the variables 
best predicting CVD events were non-HDL-C/HDL-C, TC/HDL-C (HR 1.21, p < 0.001 for 
both), the apo-ratio (HR 1.20, p < 0.001), LDL-C/HDL-C (HR 1.17, p < 0.001), HDL-C (HR 
0.84, p < 0.001) and apoA-I (HR 0.85, p < 0.001). In the fenofibrate group, the first four 
predictors were very similar (the apo-ratio was fourth), followed by non-HDL-C and apoB.  

In the JUPITER primary prevention trial (176) rosuvastatin 20 mg versus placebo was given to 
patients with initial LDL-C levels < 3.4 mmol/L and hsCRP > 2 mg/dL. Already after a medium 
time of treatment of 1.9 years, the trial was stopped for safety reasons since the actively treated 
patients benefitted by a highly significant risk reduction in MACE by 50 %. It should be 
pointed out that several thousand patients, those first recruited into the trial, participated for 
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more than three to four years in the trial. LDL-C was reduced to 1.4 mmol/L and the apo-ratio 
was reduced from 0.95 to 0.49, p < 0.001. This indicates that “normal values” for the apo-ratio 
should be in the order of < 0.50 in order to obtain as low future risk as possible.  

In a recent publication from JUPITER the authors reported that LDL-C, non-HDL-C, apoB and 
lipid-ratios as well as the apo-ratio had about similar predictive value of remaining risk during 
treatment with rosuvastatin (177). However, in subgroup analyses they reported that apoA-I 
had a greater capacity to define remaining risk than HDL-C. Furthermore, they also found that 
any lipid-related ratios had a greater predictive value than single values of LDL-C, non-HDL-
C or apoB. In addition, if LDL-C values reached < 100 mg/dL or < 70 mg/dL, or if non-HDL-C 
targets were reached < 130 mg/dL or < 100 mg/dL, the only lipid-related variable or ratio that 
still was associated with remaining significant risk was the apo-ratio. These data, although the 
number of events is small in the sub-cohorts, indicate that the apo-ratio is a realistic and a valid 
predictor of risk and may be better than conventional lipids. However, the authors indicated 
that differences were small and that LDL-C and non-HDL-C were still sufficiently good as 
targets for treatment despite the fact that the results were in favor of the apo-ratio.  

15. Treating CV risk patients to new targets using apolipoproteins 
The apo-ratio, as shown in this paper, has commonly been shown to predict CV risk equally 
well or, in fact, more commonly even significantly better than conventional lipids in both 
prospective and treatment studies. So, which cut levels and targets of the apo-ratio should 
be recommended in the clinic to indicate CV risk before and after treatment? Since there is 
an almost linear increase (semi-log scale) in risk with increasing values of the apo-ratio from 
both AMORIS and the INTERHEART studies (Figure 10) it is clear that at values of the apo-
ratio > 0.90 (values should be given in two decimals in order not to lose important 
information) there is a considerable increase in risk, whereas values from 0.70 to about 0.90 
are indicative of a moderate risk. Values for men < 0.70 and for fertile females < 0.60 can be 
more normal especially if no other risk factors are present. The “ideal-biologically normal 
values” are rather < 0.50 as also documented in lipid-lowering trials in which CV events 
have been successfully reduced (176,177). So the target values during therapy must focus on 
these levels, the lower the apo-ratio the better is the therapy. 

Lipids and apos are commonly correlated as also manifested in the AMORIS study (3 and 
others). In order to simplify for the physicians to learn what a value of LDL-C corresponds 
to regarding apoB (Figure 11, left), a table has been compiled based on data from AMORIS 
also for the relationship between LDL-C and the apo-ratio (Figure 11, right). A value of the 
apo-ratio of 0.80 roughly corresponds to a value for LDL-C of 3.0 mmol/L, and an apo-value 
of about 0.50 corresponds to LDL-C value 1.6 mmol/L for men and about 0.1 units lower for 
females. Notably, there is a large deviation from this correlation line. Those having a higher 
apoB or a higher apo-ratio at all levels of LDL-C (above the line) in general have a much 
higher CV risk than those below the line. Further details and relations between 
apolipoproteins, lipids and their relations to CV risk, and cut- and target levels of apoB and 
apoA-I have been reviewed (3). Since the target level for LDL-C according to many 
guidelines is set at LDL-C < 1.6 mmol/L, a target and normal value of the apo-ratio < 0.50 
seems to be a realistic number. 
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Figure 10. This line of risk of myocardial infarction is based on the findings in the AMORIS (reference 
3) and the INTERHEART (reference 58) studies. Tentative cut-values are indicated in green (low risk), 
yellow (medium risk), and red (high risk). Values for a particular patient can be indicated by the dots on 
the line. During lipid-lowering treatment it is easy to monitor how a patient moves upwards or 
downwards in the risk line for the apo-ratio. 

. 
Figure 11. Data from the AMORIS study. Relations between LDL-C and apoB (left), and LDL-C and the 
apoB/apoA-I levels (right). Various cut-levels of LDL-C correspond to apoB and apoB/apoA-I values 
(both figures from reference 3). 

How much can effective lipid-lowering therapy reduce apoB and the apo-ratio and how much 
can apoA-I be increased? Physical exercise and diet, if effective and longstanding, can reduce 
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apoB by 5-10 % at the most and the apo-ratio by about 5% and increase apoA-I by about 5%. 
For more information see  reference 3 and data on effects of statins in section 13 above.  

16. Discussion 

Today, LDL-C, non-HDL-C and lipid ratios are prioritized in international guidelines 
although apoB has also been mentioned in a few guidelines (9,18,38,178-180). In this review 
evidence is given indicating that apoB, apoA-I, and especially the apo-ratio, are at least 
equally good, or often even better than conventional lipids to predict CV risk prospectively 
and during lipid-lowering treatment. Much of this new information has not yet been 
included in any previously published meta-analyses. It is therefore of importance to review 
these data obtained from countries in the whole world in order to get the full information of 
what apolipoproteins can deliver for CV risk prediction and evaluation. These findings and 
advantages are summarized below and also briefly in Table 3 (I) and (II).  

The biological relevance of using apoB and apoA-I as markers of CV risk is convincing since 
these proteins are carriers of lipids in the circulation and deliver C to peripheral tissues 
including the arterial wall (mediated by apoB). ApoA-I can remove C from the 
subendothelial space for breakdown and removal through the bile and further GI excretion. 
ApoA-I has also my other protective actions as summarized above and can thereby modify 
or inhibit inflammation and atherogenesis provoked by oxidation and modification of LDL-
C with apoB (3,64). Thus, both apoB and apoA-I are biologically and patho-physiologically 
strongly active in normal biology and in plaque formation.  

There are also methodological advantages of using these apos (3,23,28,65). Direct 
measurements of apoB and apoA-I by internationally standardized methods are available, 
analysis can be performed even if taken from patients in the non-fasted state, apos can be 
trustfully analyzed on frozen samples, the errors of the methods are not dependent on TG 
levels, and the methodological errors are usually low. Furthermore, costs for the direct 
analysis can be low as is the case in many countries. Importantly, the apo-ratio reflects the 
whole lipoprotein spectrum of virtually all phenotypes (type III patients need additional 
definition of risk) into one number. No sort like mg/dL or mmol/L has to be given for the 
ratio, which may otherwise be difficult to convert to understandable numbers in different 
countries. In summary, just one number of the apoB/apoA-I ratio indicates the risk level, 
similar numbers in all parts of the world. The higher the number, the higher is the risk (3) as 
also supported by a vast number of studies summarized in this paper.  The cardiovascular 
risk line related to increasing value of the apo-ratio seems to be very similar world-wide 
(Figure 10).  

ApoB, which indicates the number of potentially atherogenic particles, mainly sdLDL 
particles, has in a majority of publications been shown to be a better predictor of CV risk 
than LDL-C (9,11,13,14,44,59-62,88,89 and others) but in several instances apoB and non-
HDL-C seem to indicate similar CV risk (10). One explanation why apoB may be better than 
non-HDL-C in risk prediction may be due to the fact that larger VLDL- and IDL-C-
containing particles may have less potential to penetrate into the arterial walls than  
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than LDL-C (9,11,13,14,44,59-62,88,89 and others) but in several instances apoB and non-
HDL-C seem to indicate similar CV risk (10). One explanation why apoB may be better than 
non-HDL-C in risk prediction may be due to the fact that larger VLDL- and IDL-C-
containing particles may have less potential to penetrate into the arterial walls than  
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Table 3 (I) 
_________________________________________________________________________________ 
 
 
Relations to CV risk factors 
Strong associations with abdominal obesity, metabolic syndrome and both diabetes   

Relations to CV risk in univariate and multivariate analyses 
Risk relationships for individual apos ant the apo-ratio commonly remained after 
adjustment for multiple conventional risk factors. 

Relations to lipids and lipoproteins as predictors of CV risk 
Lipids and lipid-based ratios are rarely significantly better than apos or the apo-ratio. 
However, apos and the apo-ratio are at least as good as lipids and lipid ratios, but
commonly significantly better than lipids to predict CV risk  

Relations to atherosclerosis 
Strong associations with atherosclerosis in carotid arteries (IMT), coronary atherosclerosis
(angiography and IVUS), femoral plaques and impaired endothelial function. Predicts 
progression and regression of carotid and coronary atherosclerosis 

Relations to lipid-lowering treatment 
Predicts outcome in statin trials equally well or commonly better than conventional lipids
and lipoproteins 
 

Table 3 (II) 

Table 3. (I) and (II). Summary of findings supporting the use of apoB, apoA-I and the apo-ratio.  
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sdLDL particles. In fact, in a number of large publications including meta-analyses  apoB 
has been shown to be a stronger predictor than the next best predictor non-HDL-C 
(9,11,13,14,61,62). LDL-C is only the third best predictor of future CV risk according to major 
analyses (9,62) and so also during statin treatment (169-171). However, in another meta-
analysis they found non-HDL-C to be better than LDL-C and apoB during statin treatment 
(64). In a majority of these studies data have been adjusted for age and gender as well as 
other confounding risk factors like blood pressure, smoking, obesity and commonly also 
diabetes and other lipids. 

Direct comparative data of HDL-C versus apoA-I is more sparse and is still much debated 
due to the complexity of HDL metabolism. ApoA-I has often similar predictive value as 
HDL-C as presented in the ERFC meta-analysis (10). However, especially in the large 
INTERHEART study, apoA-I over the whole range of HDL-values was a better predictor of 
risk than HDL-C (59). Similarly, in the AFCAPS/TexCAPS statin study apoA-I was a 
stronger determinant of risk than HDL-C (52,53). 

What about the lipid-ratios versus the apo-ratio, which has strongest relations to CV risk? 
Importantly, all ratios and especially the apo-ratio predict prospective risk better than any 
single lipid variable (3,4,7,22,44,52,53,56,59,60,80,88,89,100,101,169-171 and others). 
Similarly, during statin treatment ratios also beat single lipoproteins in predicting risk (168-
171,174). That should be obvious since ratios has a greater potential to find subjects at risk in 
whom the anti-atherogenic capacity of HDL-C or apoA-I are deranged. These data are also 
obtained when controlling for confounders i.e. conventional risk factors. Thus, the apo-ratio 
may have a better potential to identify subjects with different phenotypes than a single 
lipoprotein fraction. These strong findings in favor of any ratio, especially the apo-ratio, are 
strangely enough, not considered important in any international guideline despite the fact 
that ratios virtually in all studies in which ratios have been used outperform the results 
obtained by single lipoprotein fractions. Why this unscientific approach by guidelines 
committees? 

Results from meta-analyses are generally well trusted but can also be questioned regarding 
selection criteria for including studies, acceptance of analytical and diagnostic methods used 
in each of the studies, primary and secondary variables used as major endpoints as well as 
the general conclusions drawn from the analyses.  The results from the first ERFC meta-
analysis have been taken to indicate that the apo-ratio and the TC/HDL-C ratio are equally 
good predictors of risk (10) and that apoB is equally good as risk predictor as non-HDL-C 
and apoA-I is equally predictive as HDL-C. The authors also open for future use of 
apolipoproteins especially in evaluation of risk of MI. In these risk conditions they found 
that apoB and apoA-I could be more useful in men than women, and in subjects with high 
TC, in those with low HDL-C, in individuals with hypertension, and in those with 
intermediate CV risk (Framingham risk score) apos can also be useful. They also found that 
the apo-ratio was a better predictor of CHD than stroke. However, in a recent publications 
in JAMA they conclude that the TC/HDL-C ratio had stronger predictive power than the 
apo-ratio when these ratios were added to conventional risk factors.  
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Two major critical views against these JAMA (see footnotes a/ and b/ below) papers may be 
raised that unfavorably affect the trust of using apos as risk predictors. Many early studies 
on apos included in these meta-analyses had large methodological errors (not 
internationally standardized) which may affect the conclusions on the credibility to use apos 
as risk predictors. This is unfair to the modern apo-technology which has much lower 
methodological errors.  

Furthermore, in the ERFC studies they pooled non-fatal MI, all CHD fatalities, peripheral 
vascular diseases, and even all strokes, especially haemorrhagic stroke and unidentified 
stroke in very old people, into the primary variable “cardiovascular events”. Such pooling of 
events considerably dilute the potential of adequate information yielded by an 
appropriately measured apos and the apo-ratio. This is especially the case for patients with 
risk of MI and in those suffering ischemic strokes in which positive diagnostic values have 
been obtained for apos as summarized in previously commented studies.  

The authors also discuss some potential problems with introduction of apos such as need for 
education, lack of availability of apo-methods in the most laboratories, standardization 
problems as well as additional costs for such methods. All these aspects and possible 
problems must obviously be considered when new diagnostic tests shall be introduced for 
clinical use in risk evaluation. Yes, education is mandatory and may take time, but such 
problems must not over shade the importance of innovation of analytical tools. Costs can be 
significantly reduced if apo-tests become standard analyses. In fact, many biochemists already 
now favor these analyses over conventional lipids as documented previously in this paper. 

Another criticism of the ERFC-studies is related to which studies were excluded (lack of 
confounding variables or case-control studies) from the meta-analyses in ERFC. Thus, major 
studies like AMORIS (44), INTERHEART (58) and ISIS (60) were not included in the ERFC 
meta-analysis. Neither were their positive results commented in the discussion on risk of MI 
despite the fact that these three studies have six times as many well defined events than 
those in the ERFC studies. In all these large studies apoB, apoA-I and especially the apo-
ratio, due to their large number of events, were each significantly stronger predictors than 
conventional lipids. In ERFC there were many studies, but few of these studies showed 
significant differences between lipids and apos due to few well defined hard events. Neither 
did ERFC point out that the apo-ratio also seems to be the best variable to describe the 
remaining CV risk after statin treatment. This has been shown especially in the statin trials 
like AFCAPS/TexCAPS (52,53), IDEAL (169-171), TNT (168-170), CARDS (181), and JUPITER 
(176) as well as in studies on regression of atherosclerosis during lipid-lowering therapy 
(172-174) as pointed out above. In most of these studies the data were also adjusted for age, 
gender, conventional lipids and lipoproteins as well as other major risk factors like blood 
pressure, smoking, obesity and diabetes. Grundy simply concludes in the JAMA editorial 
                                                                 
a/ The Emerging Risk Factors Collaboration. Lipid-Related Markers and Cardiovascular Disease Prediction. JAMA. 
2012;307(23):2499-2506. 
b/ Scott M. Grundy. Editorial: Use of Emerging Lipoprotein Risk Factors in Assessment of Cardiovascular Risk. 
2012;307(23):2540-2541. 
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that conventional risk factors plus LDL-C, and possibly one more risk factor, is enough as 
tools for prediction of risk – a very conservative approach which is so (too!) common in US! 

How much do confounders/risk factors impact on the results from all these CV risk studies? 
Importantly, in ERFC (10) and also in the majority of studies cited above, the impact of 
adjusting for major confounders was very small and only changed the risk (HR, RR or OR) 
to a minor degree. In fact, the apolipoproteins added value, measured as net reclassification 
index (NRI) in several large studies (88,91,170). This indicates that apolipoproteins, 
especially the apo-ratio, could change the numbers of individuals either to a higher or a 
lower CV risk compared to conventional lipids. Newly developed risk algorithms based on 
the apo-ratio have also been developed showing at least equal predictive or even better 
values than conventional risk algorithms (102,117,118). Thus, apoB, apoA-I and the apo-ratio 
can already now be used in clinical settings.  

In the present review the apo-ratio has been shown to be closely related to many different 
types of CV events in prospective studies. These common diseases are myocardial 
infarction, stroke, especially ischemic stroke, heart failure, renal failure, aortic aneurysms, 
development of diabetes, including retinopathy (Table 3 I and II). However, in the meta-
analyses published so far only CV events have been chosen as endpoints and other 
manifestation of CV risk related to atherosclerosis have been excluded.  

Is the apo-ratio useful in predicting various metabolic and inflammatory conditions 
commonly underlying atherosclerosis and its future consequences? In fact, the apo-ratio has 
also been found to be a valuable summarizing index of lipid-abnormalities and their 
complications in a large number of studies of the MetS and/or diabetes (125-139,143,144). In 
addition, the apo-ratio values are also increased in patients with hypertension, obesity, in 
pubertal children and in those with heredity for CV diseases (130,141). The apo-ratio is also 
more closely than lipids related to atherosclerosis in a large number of studies in which 
different techniques like coronary angiography, arterial wall thickness obtained by 
ultrasound techniques in the carotid arteries (CIMT values) or even in the coronary arteries 
by intravascular ultrasound (IVUS) and arterial abnormalities such as the endothelial 
dysfunction have been used (145-162). Thus, in all these disease or risk situations the apo-
ratio may identify those at an increased risk even better than what is currently performed by 
using LDL-C or the recently recommended non-HDL-C.  

The newest research data on the apo-ratio have not yet been reviewed by international 
guideline committees. Thus, so far, in the newest guidelines developed over the last few 
years non-HDL-C and apoB are mentioned, and accepted for clinical use, whereas the apo-
ratio is still waiting for acceptance (9,35,178,179). 

In conclusion; with all the new knowledge presented in this paper about the strong relations 
between apoB, apoA-I, and the apo-ratio, and CV risk as well as other disease 
manifestations, it is proposed, as many researchers have already done, that these strong risk 
predictors/factors/markers are included in new guidelines. In many disease conditions and 
manifestations of atherosclerosis apolipoproteins are at least equally informative, and often 
better than LDL-C, non-HDL-C and lipid ratios in predicting risk. It is realized that there 
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will be pedagogical hurdles, but it should be possible to educate physicians, patients and 
health providers to understand that these apolipoproteins are markers of normal and 
abnormal cholesterol metabolism. The apo-ratio simply reflects the “balance between the 
bad cholesterols and the good cholesterols” technically measured by apolipoproteins. The 
apo-ratio is a valid cardiovascular risk index (CRI) that reflects the level of CV risk for 
virtually all patients with different lipid phenotypes, the higher the value of the apo-ratio, 
the higher is the risk. Finally, targeting lower values (about 0.50) of the apo-ratio during 
therapy may more correctly identify who is at risk or not at risk, and how high is the risk? 
Does the risk depend on the atherogenic apoB, or the anti-atherogenic apoA-I or rather on 
the most informative value i.e. the apo-ratio which summarizes the level of risk in a simple 
way? Since physicians usually only manage to effectively evaluate and trust one laboratory 
marker, the apo-ratio is such a valid marker. By simply plotting the value for a given patient 
on the risk line you can easily follow improvement during therapy and also motivate the 
patient to improve values to normal levels (Figure 10). New guidelines should at least 
contain equally objective information (cut-values and target values) on how to use apoB, 
apoA-I, and the apo-ratio as on lipids so that physicians can choose whichever diagnostic 
marker of risk they prefer. Gradually this new apolipoprotein-based risk classification with 
a focus on the apoB/apoA-I ratio may, or rather should be, introduced in clinical practice.  
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CV  cardiovascular 
VLDL   Very Low Density Lipoprotein   
IDL   Intermediate Density Lipoprotein     
LDL  Low Density Lipoprotein 
sdLDL  small dense LDL 
TC  total cholesterol 
HDL  high density lipoprotein 
hsCRP     high sensitivity CRP (C-reactive protein) 
IVUS  intravascular ultrasound 
CIMT   carotid intima media thickness  
CRI  Cardiovascular Risk Index  
HR   Hazards Ratio 
NRI    Net Reclassification Index 
MACE   Major Coronary Events 
RR   Relative Risk 
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1. Introduction 

In recent years, technological revolutions in genomics and proteomics have revolutionized 
the work of researchers in molecular biology. Through various techniques of data 
generation, they have at their hand in the web a very large amount of information contained 
in public and heterogeneous data sources. Each source has content organized around a 
particular data type like sequences in Uniprot (for proteins) and Genbank (for gene and 
mRNA), protein structure in PDB (Protein Data Bank) and publications in biomedical 
Medline. Their content is heterogeneous in the sense that a similar data can be represented 
differently in two data sources (eg different names for the same gene). More data sources 
have a variety in terms of structure, and there are sources of structured data, such as 
relational databases or semi-structured sources like XML and unstructured sources such as 
databases composed of flat files. That is to say that a biologist who wishes to obtain 
information from these sources have to question these one by one, then copy and analyze 
the data collected, and manage redundancy, complementarities of the information and 
inconsistencies. Today, one of the greatest challenges of bioinformatics is to enable biologists 
to effectively access multiple data sources, each with a different pattern. Various approaches 
have been adopted to unify access to various data sources given a query. Several systems 
have been produced from data warehouses, a federation of databases or mediators. 

In this work, we are interested in mediation systems. Such systems offer to the user a 
uniform and centralized view of distributed data, this view may also reflect a more abstract, 
condensed, qualitative data and therefore more meaningful to the user. These mediation 
systems are also very useful in the presence of heterogeneous data, because they seem to use 
a homogeneous system. 

We aim to assist biologists in their research through the development of a generic tool for 
the integration of heterogeneous genomic data distributed over the web, and we are placed 
in a very particular context that is the study of cardiovascular disease and especially familial 
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hypercholesterolemia. This is a disorder of high LDL ("bad") cholesterol that is passed down 
through families, which means it is inherited. This disease is caused by a genetic mutation of 
certain lipoproteins. Indeed, these lipoproteins (called LDL) carry the 2/3 of cholesterol 
circulating in the blood; they deliver cholesterol to tissues by a system of recognition 
between Apo lipoprotein Band a receiver: the LDL receptor (lock and key system) that 
allows the entry of LDL and their cholesterol content in cells. When the LDL receptor (LDL-
R) is weak (about one mutation), LDL accumulates in the blood and artery walls causing 
familial hypercholesterolemia (HF). So knowing these different mutations by biologists, can 
greatly facilitate the molecular screening of the disease and therefore to find the proper 
treatment. However, to answer such a query: “What are the mutations that cause familial 
hypercholesterolemia (HF)?” The biologist hasto make a fastidious search in disparate and 
heterogeneous databases which requires a considerable investment time.  

This chapter is structured as following: 

 First we present the background of the project 
 Second we focus on the problem of heterogeneity of data sources and biological 

characteristics of these sources. 
 Third we present the state of the art of data integration, problems and constraints of this 

integration and the various existing approaches to solve this problem. 
 And fourth we expose studied scenario, the realization and perspectives. 

2. General context 

Since the completion of the human genome sequencing in April 2003, we observe the 
accumulation of an outsize amounts of genomic and proteomic data on the web often 
syntactically and semantically heterogeneous and difficult to capitalize.  

Information about genes provides access to their corresponding proteins. In addition, all 
diseases are associated with alterations in the structure or function of such proteins. A good 
knowledge of protein structure provides insight into their function.  

Bioinformatics has become an important tool to explore genomic data by relying heavily on 
computer systems. It suggests methods and software’s for biological data storage and 
processing. Actually, it is acquiring and organizing data, developing software for the 
analysis, comparison and modeling of these data and analysis results produced by 
bioinformatics software to infer new biological knowledge, in collaboration with biologists. 

This work contributes to facilitate to biologists searching among heterogeneous and 
distributed data in public and / or private data sources on the web. In particular, it helps 
them to analyze proteins, by building a platform for integrating biological data. This will 
provide a tracking system to target special proteins involved in a disease known as familial 
hypercholesterolemia and thus, to better understand the biological activity of these 
macromolecules.  

Familial hypercholesterolemia disease results from mutations in the LDLR gene. The LDLR 
gene provides instructions for making a protein called a low-density lipoprotein receptor. 
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This type of receptor binds to particles called low-density lipoproteins (LDLs), commonly 
known as bad cholesterol. By removing low-density lipoproteins from the bloodstream, 
these receptors play a critical role in regulating cholesterol levels. When the LDL receptor 
(LDL-R) is deficient, LDL accumulated in arteries induces the familial hypercholesterolemia 
(HF) pathology. So, in biology knowing these different mutations can greatly facilitate the 
molecular screening of the disease and thus find appropriate treatment.  

3. Biological data sources 

Number of data sources and tools available to biologists on the web has grown dramatically 
in recent years. This huge number of available data along with heterogeneous information 
generated wide variety of access interfaces, and also a profound heterogeneity. 

3.1. Genomic databases 

There are two types of databanks, those that correspond to a set of heterogeneous data so-
called "databases" and those more homogeneous established around a specific theme. 

Also, to avoid confusion we will distinguish between semantic databases, general [2] and 
specialized [3]databases. 

For specific requirements related to the activity of a group, or to bibliographic compilations, 
many specific databases were created in laboratories. In some cases, these databases have 
been developed continuously; others have not been updated and disappeared as they 
represented a specific need. Still others are unknown or poorly known and are waiting for 
further investigation. 

All these specialized databases of interest may vary considerably from one base to another 
according to their size. In most of the case, these bases correspond to a combination 
compared of generalist databases such as: Swiss-Prot, GenBank. DDBJ (DNA Data Bank of 
Japan), EMBL (European Molecular Biology Laboratory) which are used very often. It is 
important to know, that according to the field of activity or the genomics research, the 
surveyed banks are not necessarily the same. The genomic libraries contain various 
information that may include: 

 Characteristics of proteins or genes such as localization of the gene in the cell: 
LocusLink5, the 3D structure of protein: Protein Data Bank (GDP) and Molecular 
Modeling Database (MMDB) or its biological function. More specifically, some 
databases contain information about a specific family of protein such as “Enzyme8” 
which include exclusively enzyme type proteins.  

 Some phenotypes (specific genes, morphological feature, clinical syndrome ...) or more 
specifically some genetic diseases: Online Mendelian Inheritance in Man (OMIM); 

 Specific species or families of species: FlyBase, Reptilia, Saccharomyces Genome 
Database (SGD), Mouse Genome Database (MGD); 

 The medical literature (banks abstracts): Medline, PubMed. 
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Table1 and Table 2 give two examples of genomic databases along with protein database. 

  
Designation Location Roles Comments Web sites and references 
Nucleic bases 
EMBL 
 
 
 
 
 
 
 
 
 
 
 

European 
Bioinform

atics 
Institute 

(EBI) 
Europe 

More than 1 million 
records (January 1998)  
for more than 15,500 

species. 
The predominant species: 

Homo 
sapien,Caenorhabditis 

elegans, 
Saccharomyces 

cerevvisae ... 

Information’
s search 

tools: SRS, 
System 

Retrieval 
System and 
via a web 

interface on 
EBI, through 

BLAST et 
FASTA 

software 

Accessible via the web site: 
http://www.ebi.ac.uk/ebi_docs/em

bl_db/ebi/topembl.html 

Specific genomic resources 
SGD 
Saccharom
yces 
Genome 
Database 

Works of 
Cherry 
and al, 
1998. 

Online resources on 
molecular biology  and  

S.cerevisiae genetic 

Numerous 
research help 
functions  on 

line 

Accessible via the web site: 
http://genome-

www.stanford.edu/Saccharomyce
s/ 

Table 1. Genomic databases 

Designation   Location Roles Comments Web sites and  references 
Primary databases 
PIR 
Protein 
Information 
Resource 

National 
Biomedical 
Research 
Foundation 

Sequences collecting 
to detect  
evolutionary 
relationship between 
proteins  

The current 
structure includes 4 
compartments : 
PIR1,  PIR2, PIR3 
and  PIR4 
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Table1 and Table 2 give two examples of genomic databases along with protein database. 
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3.2. Characteristics of biological data sources 

The diversity of information distributed sources and their heterogeneity are the one of the 
main problem that the web users have to face. This heterogeneity may result from the size or 
structure of the sources (structured sources: relational databases, partially structured 
sources: XML documents, or unstructured: texts), the access mode and query, or semantic 
heterogeneity: between concept maps, and implicit or explicit underlying ontology’s. 

Biological sources have a large heterogeneity at different levels: 

 Syntactic: because of the different formats for describing the content sources usually 
ASN.1 (formal notation for describing data transmitted via exchange protocols), (eg 
Enter), but also more standard formats such as XML (eg GenBank).  

 Semantic which covers several aspects. First, it concerns the focus. However, each base 
focuses on a type of biological object (eg, the focus of Swiss-Prot is the protein, the focus 
of GenBank is gene, and the PDB is the 3D protein structure). 

 Then, according to the base, the same information is not represented with the same level 
of detail: some bases are generalists (eg Swiss-Prot in general on proteins) while others are 
more specialized (eg SGD (Saccharomyces Genome Database) on yeast proteins). 

 The final aspect of semantic heterogeneity is related to the diversity of nomenclature 
modes. Different vocabularies are used to annotate the sequences and the reliance on 
such annotations is seldom complete.  Moreover, within a same database, there are a 
several names for each single entity (protein, gene). The name of an entity may depend 
on the disease to which it is linked or to its inventor.  

 Source query language: another form of heterogeneity comes from query languages. 
Languages are often simple forms (combinations of words to search in a text), in the 
case of portals or simple databases. But one can also find structured languages such as 
SQL or OQL. 

 Protocols for collecting data that are different such as CGI / HTTP or FTP. Access to 
web sources is limited to the entry forms and their underlying programs 

 The tools offered by the Web: there are many tools for text searching and sequence 
comparison algorithms such as BLAST (Basic Local Alignment Search Tool), FASTA15 
or LASSAP16. 

4. State of the art of approaches to integration 
A data integration system remedies to the problems associated with the expansion of public 
data sources by giving the possibility to have a unified view of them. Such a system is the 
interface between user and data sources simplifying requests to perform (a request to query 
all sources covered by the system). The user is not obliged to know where the data are and 
how they are structured. 

4.1. Current integration approaches 

There are two major approaches for integration of information: (1) the data warehouse (DW) 
or materialized approach and (2) virtual approach (mediator based).In DW approach, huge 
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amount of historic data is stored in the DW. In the virtual approach, on the other hand, the 
data is not materialized, but rather is globally manipulated using views. Each of these 
approaches is suitable in some kinds of applications. 

4.1.1. Data warehouse 

DW is a powerful tool for decision support and querying the data because it explicitly stores 
information from heterogeneous sources locally. However, some external data, such as new 
product announcements from opponents and currency exchange rates, may be needed to 
support the accuracy of the business decisions. We should not neglect the importance of 
such data to avoid the problems of incompleteness, inexact, or sometimes wrong results. 
Warehousing huge and frequently changed information is a big challenge for the following 
reasons.  

Firstly, since the data in the DW is loaded in snapshots and the DW is a huge information 
repository. Secondly, as the data sources change frequently, the maintenance becomes a 
complicated and costly issue 

Here are two examples of using data warehouses: 

 Genomics Unified Schema, GUS [4] is a system for creating a data warehouse focused 
on molecular biology; 

 Gene Expression Data Warehouse, GEDAW [5] is a warehouse dedicated to the analysis 
of the transcriptome of human liver. 

 
Figure 1. Simple schematic for a data warehouse 
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4.1.2. The virtual approach (mediator based) 

In this approach, the actual data resides in the sources, and queries against the integrated 
‘virtual’ view will be decomposed into sub queries and posed to the sources. This approach 
is preferred over the materialized approach DW when the information sources change very 
often. On the other hand, the DW approach may be desired when a quick query answer is 
required and the information sources change rarely.   

The most important step in the construction of a mediator is the creation of the global 
schema. The mapping consists on the relations between the global schema and local sources. 
Specification of this mapping, depending on the method, determines the difficulty of query 
reformulation and the facility of adding or removing sources within the system. Two 
methods are commonly used to determine the global schema  

 GAV (Global As View) approach: In this approach, each concept of the global schema is 
mapped to a query over data sources. In other words, when the user presents his/her 
query over the integrated schema, the data corresponds to a concept in the integrated 
schema, which can actually be answered from the data sources through a specific query. 
The query processing in GAV is easy, since it just unfold each concept in the integrated 
schema in the user query with the associated query over the sources, but this approach 
does not help much when the sources change or grow very often, since these factors 
affect the mappings and require restricting the integrated schema. 

 LAV (Local As View) approach: LAV approach defines the mapping in the other way 
around; each concept in the data sources is defined in terms of a query over the 
integrated schema. This makes query processing more difficult, since in this case, the 
system does not know explicitly how to reformulate the concepts in the integrated view 
expressed in the user query in terms of the data sources. On the other hand, changes or 
incremental growth in the sources will not lead to reconstruction of the integrated 
schema, and need only to modify the mappings 

 
Figure 2. GAV vs. LAV 
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Figure 3. Architecture of a mediator 

In fact, these two approaches are not opposite, but complementary; depending on the 
problem to be solved. To integrate a few sources, most of which are stable, better to use the 
GAV method. By cons, as part of a large-scale integration, the LAV method is preferable as a 
material change at a local source with little or no impact on the global schema. 

Two examples of systems integration based mediator: 

 Tambis (Transparent Access To Multiple Bioinformatics Information Sources) [6] is an 
integration system coupled to an ontology that allows for better interoperability 
between sources; 

K2/BioKleisli [7] is a system based on CPL (Collection Programming Language) is a query 
language for high-level querying multiple sources. 

4.1.3. The multi agents approach 

This approach was used in GID-IGC (Integrated Genomic Database - Genome Information 
System) project. The proposed architecture uses a network of agents communicating each 
with other via CORBA and KQML. All have a specific function, such as EIA (External 
Interface Agent) that manages the user interface, or SCA (Dial Selector 

Agent) witch decompose the global query into sub-queries for local data sources. This 
approach is very modular and easily extensible. 
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4.1.4. Navigating between sources 

This approach is based on what users usually do when searching for information on the 
web, which involves a search page to page by clicking the mouse. In practice, queries 
generated for this type of tool are converted into path expressions. The data banks are then 
integrated based on their cross-references. These expressions can answer the query of the 
user according to different levels of satisfaction.  

A reference is a link between two data sources (Figure 4), a bridge between the information 
relating on the same object or the same concept. It can be done through an identifier of an 
external source or a URL (Unified Resource Locator). If the link can be browsed in both 
directions it is a cross-reference ("cross-reference"). 

 
Figure 4. Navigating between sources 

4.2. Adopted approach 

In this work, we are interested in mediation systems. Such systems offer a uniform and 
centralized view of distributed data. This view may also reflect a more abstract, condensed, 
qualitative data and therefore more meaningful to the user. These mediation systems are 
also very useful in the presence of heterogeneous data, because they seem to use a 
homogeneous system. 

In this architecture, each component provides a set of features, which, together will help to 
satisfy the user request at the end. 

 The mediator is a software module that directly receives the user’s request. It has to locate 
the necessary information to answer the query, resolve schematic and semantic conflicts, 
query different sources and integrate the partial results in a consistent and coherent 
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response. This is the most complex component but only one instance of it is necessary 
(unlike multiple adapters). It provides access to multiple data sources as if it was a single 
one and offers this consultation through multiple languages and ontologies. 

 
Figure 5. Adopted approach 

This is a crucial component that allows a local system to distribute its information to a 
community of users. 

 The adapter allows the presentation of data in the mediation’s syntactic format. So it’s 
an interface for querying a database using a standardized language (pivot language). 

 Data source: Represent the sources and banks of biological information. A data source 
can be described by its: 
- Location: Reference, communication protocol, access technique (JDBC, ODBC API), 

support (DBMS, web pages) 
- Type of data it manages: structured (relational, object), semi-structured (XML, 

OEM), unstructured (image, multimedia) 
- Ability to query: SQL, OQL, search 
- Results Format: XML, HTML, relationships, texts 

5. Studied scenario 

After exploring the different integration systems that solve the problem of heterogeneous 
biological data sources, this section describes the scenario we have chosen to work on. 

5.1. Biologist’s need 

The objective of our work is to develop an integration system for biological data with an 
application on familial hypercholesterolemia. Such system should facilitate access to 
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multiple data sources available on the Web, in a transparent and uniform way by giving 
biologists a single virtual source that summarizes the sites of interest to the application. 

In order to satisfy this biologist’s need we studied their current way to work. We first 
focused on existing tools, data sources they use and their functional specifications. 

Tools: they use, mainly: 

 CHARMM (Chemistry at Harvard Macromolecular Mechanics) [8]: This program 
offers a wide choice for the production and analysis of molecular simulations. It 
simulates the standard energy minimization of a given structure and the 
production of a molecular dynamics trajectory. 

 VMD (Visual Molecular Dynamic) [9]: This software is used to visualize the 
molecules available on the web. 

Data sources: The focus was mainly on the following sources: 

 PDB (Protein Data Bank) [10]: It’s a worldwide collection of data on three-
dimensional structure of biological macromolecules: Proteins and nucleic acids. 
The PDB is the primary source of structural biological data. It allows access to 3D 
structures of pharmaceutical interest proteins. 

 PubMed [11]: it’s a free search engine giving access to the MEDLINE bibliographic 
database, gathering citations and abstracts of biomedical research. 

5.2. Adopted scenario 

The adopted scenario consists on building a local database "homemade" that would include 
unorganized data already available in the biologist’s laboratory and for our particular case 
data related to LDL receptor mutations. This goes along with the research we're going to do 
on the Web using the mediation system:  

 
Figure 6. The adopted scenario 
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The integration platform is the mediation system. It will query data sources related to 
cardiovascular diseases especially familial hypercholesterolemia namely: PDB and PubMed. 
The results of the query will be processed by the tool CHARMM before being presented to 
the user [12, 13]. 

5.3. Selected data sources 

PubMed [8]: Is the leading bibliographic data search engine of all fields of biology and 
especially medicine. It was developed by the National Center for Biotechnology Information 
(NCBI), and is hosted by the National Library of Medicine U.S. National Institutes of Health. 
PubMed is a free search engine giving access to the MEDLINE bibliographic database, 
gathering citations and abstracts of biomedical research. 

The MEDLINE database in April 2007 had more than 15 million citations from 1950 
published in 5000 biomedical journals (journals in biology and medicine) distinct. It is the 
database of reference for biomedical sciences. As with other indexes, including a citation in 
PubMed has no content. In addition to MEDLINE, PubMed also provides access to: 

 OldMedline for articles before 1966 
 Citations of all articles, even "irrelevant" (that is to say, covering topics such as plate 

tectonics or astrophysics) from certain MEDLINE journals, primarily those published in 
major newspapers of general science or biochemical (such as Science and Nature, for 
example). 

 Citations being listed before indexing in MEDLINE or MeSH, or passage or status "off 
topic" 

 Older citations selected for MEDLINE journal from which they arise (when they are 
supplied electronically by the publisher) 

 Articles submitted to PubMed Central for free 

Most citations include a link to the full article when it is available (eg PubMed Central). 
PubMed is a search engine that allows users to search in the MEDLINE database; this 
information is also available from private organizations such as Ovid and Silverplatter, 
among others. PubMed is free since the mid-1990s. For optimal use of PubMed, it is 
necessary to have an understanding of his core, MEDLINE, and especially the MeSH 
vocabulary used for indexing articles in MEDLINE. 

We can also find in PubMed information about the log, which can search by title, subject, 
short title, NLM ID, ISO abbreviation, and ISSN (International Standard Serial Number) 
written and electronic. The database "newspaper" includes all newspapers Enter Base. 

The major interest of these bibliographic databases is that: 

 Their bodies are used to identify recent publications in scientific journals. 
 They help to establish bibliographies (lists of relevant articles) on a subject or author. 
 They are portals to access full text documents available on the Internet. 
 The bibliographic databases used to find references to documents, select, print or export 

them to other software. They may also propose to order documents or provide access to 
full text. 
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PDB (Protein Data Bank): The databank on proteins of Research Collaborator for Structural 
Bioinformatics, more commonly known as Protein Data Bank or PDB is a worldwide 
collection of data on the three-dimensional (or 3D structure) of biological macromolecules  : 
protein essentially, and nucleic. 

Founded in 1971 by Brookhaven National Laboratory, the Protein Data Bank was 
transferred in 1998 to the Research Collaborator for Structural Bioinformatics (RCSB), which 
consists of Rutgers University, the University of Wisconsin at Madison, National Institute of 
Standards and Technology (NIST) and the "San Diego Supercomputer Centre." The PDB 
originally contained (in 1971) 7 structures. The number of structures deposited has grown 
since the 1980s. Indeed, at that time, the crystallographic techniques have improved, the 
structures determined by NMR have been added, and the scientific community has changed 
its view on data sharing. 

The PDB containedon 28-04-2008, 50480 structures. The data are from the original pdb 
format, and in recent years are also mmCif format, specifically developed for structural data 
from the PDB. From 2000 to 3000 structures are added each year. The bank contains files for 
each molecular model. These files describe the exact location of each atom of the 
macromolecule studied, that is to say, the Cartesian coordinates of the atom in a three-
dimensional coordinate. 

Each model is referenced in the bank by a unique identifier to 4 characters, the first is always 
a numeric character, the next three being alphanumeric characters. This identifier is called 
"pdb code". 

Several formats exist for PDB files: 

The PDB format: it is the original format. The guide of this format has been revised several 
times; the current version is version 2.2[14], which has existed since 1996. Originally pdb 
format was dictated by the width and the use of punch cards for computers. Consequently, 
each line contains exactly 80 characters. 

Pdb file format is a text file where each column has its meaning: Each parameter is 
positioned so immutable. Thus, the first 6 columns, that is to say the first 6 characters for a 
given line, determine the scope of the file. Found for example in the fields " TITLE_ "(That is 
to say, the title of the macromolecule of interest)," KEYWDS "(The keywords of the entry)," 
EXPDTA "Which provides information on the experimental method used," SEQRES "(The 
sequence of the protein under study),” ATOM_ “Or” HETATM "Fields containing all 
information related to a particular atom. 

Pdb format limitations: Format in 80 columns pdb files is relatively restrictive. The maximum 
number of atoms in a pdb file is 99999, since there are only 5 columns allocated for the 
numbers of atoms. Similarly the number of residues per chain is at most 9999: There are only 4 
columns allowed for this figure. The number of channels is limited to 62: A single column is 
available, and possible values are one of the 26 letters of the alphabet in upper or lower case, or 
one of the digits 0 through 9. As this format has been defined, these limitations did not seem 
restrictive, but they have been taken several times during the deposition of extremely large 
structures, such as viruses, ribosome, and multienzyme complexes. 
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MmCIF format:The growing interest in the development of database and electronic 
publications in the late 1980s has created the need for a more structured, standardized, 
open-ended and high quality data from the PDB. In 1990, the International Union of 
Crystallography IUCr extended to macromolecules data representation used to describe 
crystal structures of molecules of low molecular weight. This representation is called CIF, 
for Crystallographic Information File. The dictionary mmCIF (macromolecular 
Crystallographic Information File) published in 1996, was then developed.  

In MmCIF format, each field of each section of a pdb file is represented by a description of a 
characteristic of an object, which includes both the name of the characteristic (eg 
_struct.entry_id), and the content of the description (pdb code: 1cbn). Which we can call 
"name-value". It is easy to convert, without loss of information, an mmCIF file format pdb, 
since all information is directly analyzed. It is not possible, however, to completely automate 
the conversion of a pdb file format mmCIF, since many mmCIF descriptors are either absent 
from the PDB file, either in this field " REMARK "Who can not always be analyzed. The 
contents of fields " REMARK " is indeed separated according to different mmCIF dictionary 
entries, in order to preserve the completeness of the information contained in such Materials 
and Methods section (crystal characteristics, refinement method ...) or in the description of the 
biologically active molecule or other molecules (substrate, inhibitor, ...) 

The mmCIF dictionary contains over 1700 entries, which are much safer not all used in a 
single PDB file. All field names are preceded by the character "underscore"(_), In order to 
differentiate the values themselves. Each name corresponds to an mmCIF dictionary entry, 
where the characteristics of the object are exactly defined. 

Pdbml format: This format is pdbml adaptation to XML data format bps and contains the 
entries described in the dictionary "PDB Exchange Dictionary". This dictionary contains the 
same entries as the mmCIF dictionary, in order to take into account all data managed and 
distributed by the PDB. This format can store much more information on models than pdb 
format. 

Data retrieval: The files describing molecular models can be downloaded from the website 
of the PDB and visualized using various software such as Rasmol [15], Jmol [16], chime [17] 
or an extension VRML [18] (plugin) a browser. The website of the PDB also contains 
resources for teaching, on structural genomics and other useful software. 

5.4. The global schema 

By studying and exploring the previous sources and by combining data from genome 
sources, we have identified all data that define the dictionary related to familial 
hypercholesterolemia disease (Table 3). From this data dictionary and business rules (as 
defined and established by experts in the field of biology), we extracted the major biological 
entities useful for our study. These entities are not independent and form a semantic graph 
with nodes reflecting relationships between these entities. 
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differentiate the values themselves. Each name corresponds to an mmCIF dictionary entry, 
where the characteristics of the object are exactly defined. 

Pdbml format: This format is pdbml adaptation to XML data format bps and contains the 
entries described in the dictionary "PDB Exchange Dictionary". This dictionary contains the 
same entries as the mmCIF dictionary, in order to take into account all data managed and 
distributed by the PDB. This format can store much more information on models than pdb 
format. 

Data retrieval: The files describing molecular models can be downloaded from the website 
of the PDB and visualized using various software such as Rasmol [15], Jmol [16], chime [17] 
or an extension VRML [18] (plugin) a browser. The website of the PDB also contains 
resources for teaching, on structural genomics and other useful software. 

5.4. The global schema 

By studying and exploring the previous sources and by combining data from genome 
sources, we have identified all data that define the dictionary related to familial 
hypercholesterolemia disease (Table 3). From this data dictionary and business rules (as 
defined and established by experts in the field of biology), we extracted the major biological 
entities useful for our study. These entities are not independent and form a semantic graph 
with nodes reflecting relationships between these entities. 
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Property Description

code_biblio Library code

auteur_biblio Author of publication

date_biblio Date of publication

volume_biblio Volume of structure

langue_biblio Language 

contribution_biblio Contribution

journal_biblio Newspaper

revue_scint_biblio Journal

livre_biblio Book

Cd_proceeding_biblio CD procedure

nom_recepteur Name of receiver

nom_mutation Name of mutation

classe_mutation Class of mutation

nom_proteine Name of the protein

longueur_proteine Length of the protein

type_proteine Protein type

structure_summary Summary of the structure

structure_title Under the structure

nom_molecule Name of the molecule

author_name Name of author

date_depot Date Filed

date_release Date of publication

derniere_release Last update

Resolution Resolution

Compound Compound

Classification Classification

molecule_chain_type Channel Type

experimental_methode Experimental method of resolution (RX, NMR) 
 
Table 3. Data Dictionaries 
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Figure 7. Global Schema 

From the global schema, it is possible to make our request and submit it to SQL mediator for 
treatment. For example, the query that givesthe associated protein mutated gene and 
publications on familial hypercholesterolemia is expressed as follows in SQL: 

Select nom_proteine, journal_biblio, auteur_biblio, date_biblio, langue_biblio  
From mRNA, gene g, b bibliography 
Where a.nom_gene = g.nom_gene  
And g.nom_gene in (select nom_gene from recepteurs r, mutation m  
                                   Where r.nom_recepteur = m.nom_recepteur) 

For its execution, the query is first submitted to the mediator which is responsible for 
locating sources and queries them through the wrapper or the associated adapter.It should 
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be noted that the only access point to our sources for interrogation is a web form that, once 
processed through a wrapper, gives us the local sources that we describe below. 

5.5. Analysis of the query 

In the global query, 6 attributes are involved: Nom_proteine, nom_gene, journal_biblio, 
auteur_biblio, date_biblio, langue_biblio shown in the following table along with the 
sources (PubMed (S1), and PDB (S2). 
 

Attributes Lists of sources 
journal_biblio, auteur_biblio, date_biblio,langue_biblio S1 
nom_proteine S2 
nom_gene S2, S1 

Table 4. Identification of sources 

From these sources, we can extract a local schema, for example: 

S1_L (journal_biblio, auteur_biblio, date_biblio, langue_biblio, nom_gene), 

S2_L (nom_proteine, nom_gene) 

From a programming point of view, S1_L and S2_L represent wrapper sources. 

Next section describes the realization in which we develop wrappers, submit queries to the 
mediator, and combine the final result to be presented to the user.  

6. Realization 
We define four steps in the realization: 

 The development of wrapper 
 Definition of "global schema" 
 Correspondence between local tables and global schema 
 Results analysis 

6.1. Step 1: Development of wrappers   

A wrapper is a program that envelops the execution of another program in the way that the 
environment can be more suitable. The mediator requests the various databases via 
wrappers that will extract information from websites of interest. It is necessary to create a 
wrapper for each specific database. 

The sources that we identified in section 4 will be integrated through wrappers. There are 
different types of wrappers depending on the type of pages they incorporate. These can be 
either text files or XML files (Extensible Mark-up Language). It is necessary to know the 
structure of these files and know where the information is located (after any tag, for example). 
Developing wrappers is linked to functional specifications of the sources presented earlier. 
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Wrappers allow therefore the extraction of data to be represented in tables. Indeed, we 
declare the objects and their attributes for each site based on data provided. From all this 
information, local schemas (relational) for each of these databases are established. 

Various programs were written in java. Even if a wrapper has been created for each 
database, they all have the same main structure. To fill out the fields of tables, the wrapper 
accesses the Web site to integrate the page and look for keywords behind which is the value 
to extract. Wrappers are of two types depending on the format of the sources   : Either text 
wrappers or XML wrappers (Figure 8). 

 
Figure 8. Presentation of a wrapper 

Finally, a program that generates and initializes (gives the starting values for all wrappers) 
is created to coordinate everything. This program is also written in Java and integrates all 
the wrappers and their relationships. We thus obtain a set of local tables (Provisional) 
performed by the wrappers. 

6.2. Step 2: Definition of “global schema” 

It is therefore necessary to build the global schema that will be the only interface for user. 
Indeed, the user does not know absolutely how the data are integrated. The global schema is 
a set of relational tables that are defined using local tables (for information). This schema 
was introduced in the previous section. 
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6.3. Step 3: Matches between local tables and global schema 

As the various local tables have been filled by the wrappers and the global schema has been 
established, we should now define the correspondence rules between them in order to 
implement global schema with the extracted information from local schemas. The problem 
is that several sources may correspond to a business table (we must then join conditions on 
these tables) or otherwise a source may have several tables trades. For this, we use the 
Medience server tool. 

Medience Server (Figure 5.2) is a complete environment that treats all matching problems 
(different formats, different representation of business information, dispersal of information 
described in a single business table). It is a "virtual database", because it does not store 
information but analyse the user needs. This tool will serve as a mediator that is to say that 
it will be the unique interface for the user as it will both integrate databases, present data 
and also offers possibility to loop and see only some information tables of interest to the 
user. The use of this tool goes in three steps:  

1. The first step consists on recording data sources and creating associated source tables 
using source files provided by wrappers. The global schema is also implemented by 
local tables. We define the attributes of all tables.  

2. In the second part we define the correspondence rules from source tables to the global 
schema tables. The supply of each table in the global database is defined from the 
records of source tables. It is thus possible to standardize results coming from various 
sources by the definition of a standard type.  

3. The final step is the verification of all components and installation of all matching rules 
to make it operational (Figure 9). 

 
Figure 9. Architecture of Medience 
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Figure 10. Anexample of Medience interface [19] 

6.4. Step 4: Data analysis 

It is therefore possible through a platform like Medience to integrate data sources (BD, Excel 
files, and text files) and view the results in a tabular form. Now, we can process to the 
analysis of the results. For this, the definition of demand in terms of mining must be 
decided: How can we use the data provided. Medience offers the possibility to ask tables on 
the global schema in SQL way. It also offers the ability to define views on these tables and 
keep a small part that is particularly interesting. It is possible to use our tool to answer the 
question like what is the protein associated with the mutated gene responsible for familial 
hypercholesterolemia and related publications. 

7. Conclusion 

The objective of this work was to develop a system for integrating biological data with an 
application on familial hypercholesterolemia disease. Such a system should facilitate access to 
multiple data sources available on the Web, in a transparent and uniform way, giving 
biologists a single virtual source that summarizes all relevant data sources for the application. 

This chapter describes the solution adopted to achieve such a system, where the main 
elements have been identified, and a computer deployment scenario developed. Among 
different existing integration approaches, we adopted the mediator approach to integrate 
data sources. In this approach the most important step is the construction of the global 
schema as the mediator has to process queries at runtime in order to integrate data sources. 
We first studied the biologists’ needs by exploring different scenarios and we identified with 
their help various data sources involved. 
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A study of these sources was necessary in order to build our global schema. From the diagram 
established, we formulated our SQL query as we built various adapters associated with 
different sources and at the end we have submitted this request to the mediator for treatment. 

As prospects, we have to implement and test this solution and combine the final result of the 
mediator and that of the tool CHARMM before presenting to the user. 

We are currently expanding the platform by integrating other proteins involved in 
cardiovascular diseases which are the main cause of mortality in the world. In particular, we 
are investigating a protein called paraoxonase-1 (PON1) which plays an important role in 
the cardiovascular diseases prevention. 

PON1 is an HDL associated enzyme synthesized in the liver and distributed in the blood. It 
catalyzes the hydrolysis of modified lipids in both HDL (known as good cholesterol) and 
LDL (known as bad cholesterol) particles and protects them from oxidative modifications, 
and subsequently reducing the risk of atherosclerosis. 

Further bioinformatics analysis including molecular simulations are performed on the 
PON1 enzyme to better understand the structure activity relationship and also to explore 
the mutated proteins (genetic polymorphism associated with heart disease) responsible for 
the weak activity revealed trough the clinical study in both diabetic and coronary patients 
from Morocco. 
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1. Introduction 

Cardiovascular diseases – the main result of the generalized atherosclerosis are the 
leading cause of global mortality all over the world [1,2]. The number of atherosclerotic 
diseases - an ischemic stroke, coronary heart disease and peripheral artery disease 
increases every year [1]. Possibly, due to increase in the population age, better health care 
and improved survival the prevalence of heart diseases is still so high [3]. The 
cardiovascular mortality in the most developed countries also is very high [2,3]. About 
half of all deaths occures due to cardiovascular diseases, it‘s an over 4,35 million deaths 
each year in the 53 member states of the World Health Organization European Region and 
more than 1,9 million deaths each year in the European Union [2]. Moreover there is a 35 
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disease in Lithuania. In 2011, 20944 men and 20093 women have died, 47,7% and 62,7% due 
to coronary artery disease respectively [9]. 

The main cardiovascular disease - coronary heart disease - highly associated with an 
increased cardiovascular mortality, hospitalisation and patients disability, significantly 
raising the cost of medical care [6]. In 2009 it was 4283,39 per 100 000 population hospital 
discharge for cardiovascular diseases and 1311,8 for coronary artery disease in Lithuania 
(Figure 4,5) [8].  

In 2000 in Canada 7,3 billion dollars (17%) of total direct health care costs and 12,3 billion 
(14,5%) dollars of total indirect health care costs for all disease categories were attributed to 
cardiovascular diseases [3]. In the European Union, the economic cost of cardiovascular 
diseases in direct and indirect healthcare goes to 192 billion euros annually [1]. A total 
annual cost for person is vary from 50 euros in Malta to 600 euros in Germany, and 372 
euros in average [2].  
 

 
SDR – standartized death rate 

Figure 1. Age standartized cardiovascular mortality rate for Baltic States and all European Region 
dynamic. 
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Figure 2. Age standartized cardiovascular mortality rate per 100 000 population, 2008. 
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Figure 3. Age standartized mortality rate for coronary artery disease per 100 000 population, 2008. 
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Figure 4. Hospital discharges for the patients with cardiovascular diseases in 2009, per 100 000 
population. 
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Figure 5. Hospital discharges for the patients with coronary artery disease in 2009, per 100 000 
population. 

Epidemiological studies have evaluated a number of important risk factors for coronary 
artery disease, such as positive family history, particulary in the age less than 40 for men, 
and 50 for women, age, male gender, blood lipids abnormalities, diabetes, hypertension, 
loss of physical activity, smoking and others, not so substantial (high sensitivity C-
reactive protein, hyperfibrinogenemia etc.) [4,6,10-12]. Reducing one or more of these risk 
factors reduces the risk of major cardiac event accordingly [4]. There are a lot of evidence 
that lipoprotein disorder is the main pathogenesis of atherosclerosis. This relationship 
that was estimated century ago by Anitschkow is still important today [3,13]. Variuos 
epidemiological studies demonstrated a strong association between dyslipoproteinemia and 
coronary heart disease. There is a strong relation between serum cholesterol concentration  
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level and the coronary heart disease risk [14]. The Multiple Risk Factor Intervention Trial 
(MRFIT) in USA with 356222 men with different cardiovascular risk factors and 6-year 
follow-up period have shown that elevated total cholesterol blood concentration 
significantly increases cardiovascular risk [14,15]. In 2008, the authors published the report 
about the continuous follow-up for 25 years. The main finding was that total cholesterol is 
continuous and strong independent predictor for cardiovascular mortality. Estimated 
increased cardiovascular mortality risk at every total cholesterol level from 160 mg/dl (about 
4,14 mmol/l) and higher [15]. Abnormal lipids metabolism or excessive intake of cholesterol 
especially with a genetic predisposition, initiates the atherosclerosis. A lot of clinical studies 
established total cholesterol and low density lipoprotein cholesterol are associated with a 
great risk of coronary heart disease. The reduce of total cholesterol by 10% decreasing the 
risk of ischemic heart disease by 25% within 5 years [16]. Low density lipoprotein 
cholesterol reduction not only decreases cardiovascular events, but reduce total mortality as 
well [3,17]. Furthermore, large randomized controlled clinical trials established the low 
density lipoprotein cholesterol lowering benefits [10]. It is proved, the reduce of low density 
lipoprotein cholesterol by 1 mmol/l, decreasing the risk of acute cardiac events by 20%, 
cardiovascular mortality by 22% [1,11,16-18]. Treatment of lipoproteins disorder also 
decrease the development of new lesion, regenerates endothelial function and signally 
reduce cardiovascular events in treated patients [4]. However, the data based on the 
National Health And Nutrition Examination Survey (NHANES) study from 2005-2008 have 
estimated that 71 million adults (33,5%) in the USA had elevated low density lipoprotein 
cholesterol level, but only 34 million (48,1%) were treated and 23 million (33,2%) had 
reached target low density lipoprotein value. Though, comparing this data to the data from 
NHANES study in 1999-2002, the number of people with elevated low density lipoprotein 
level treated with lipids-lowering medications increased from 28,4% to 48,1% between 1999-
2002 and 2005-2008 periods. The prevalence of controled low density lipoprotein increased 
from 14,6% to 33,2% [17]. Although, statins significantly reduce low density lipoprotein 
cholesterol and coronary heart disease risk, substantial residual cardiovascular risk remains, 
even with very aggressive low density lipoprotein cholesterol values reduction [11,19,20]. 
However, atherosclerosis pathogenesis is multiple. It depends not only on low density 
lipoprotein cholesterol level, but also on genetic, environmental factors, infections, lifestyle 
factors and other diseases or condition [10-12]. More than a hundred different risk factors 
for atherosclerosis are estimated today. Although it is known many risk factors for coronary 
heart disease, the most of them are modifiable. Such as smoking cessation, treatment of 
dyslipidaemia, lowering of blood pressure can prevent the progression of atherosclerosis 
and major cardiovascular events [4]. One of the most important mechanisms of  
the atherosclerosis pathogenesis is Endothelial dysfunction [21]. In the early stages of 
atherosclerosis endothelian-dependent vasorelaxation disturbes due to oxidative stress and 
reduced nitric oxide bioavailability. Monocytes and T-lymphocytes adhesion occures. These 
inflammatory cells penetrate the cell wall, as well as lipid accumulation in the walls of blood 
vessels takes place. The inflammation and lipids accumulation make a plaque unstable, so it 
may occlude the vessel. Endothelial dysfunction is observed not only in the initial stage, but 
also in all other stages of atherosclerosis as well [21-23]. However, the main risk factors still  
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are male gender and older age (more common in women in menopause), heredity, 
hypertension, diabetes, smoking, stress, obesity, lack of physical activity, elevated low 
density lipoprotein cholesterol and total cholesterol and decrease high density lipoprotein 
cholesterol levels [6,10-12]. Numerous epidemiological studies have found reduced high 
density lipoprotein cholesterol as an independent risk factor for cardiovascular disease [24]. 
The Framingham study evaluated 43-44% increasing coronary events in patients with high 
density lipoprotein cholesterol < 40 mg/dL (1,03 mmol/l) [25]. Patients whose high density 
lipoprotein cholesterol less than 0,9 mmol/l (35 mg/dL) have 8 times higher risk of 
cardiovascular disease, versus those, whose high density lipoprotein cholesterol more than 
1,68 mmol/l (65 mg/dL) [26]. Studies demonstrates that declined high density lipoprotein 
cholesterol levels are relatively common in general population. 16-18% of men and 3-6% of 
women have a high density lipoprotein cholesterol level less than 0,9 mmol/l (35 mg/dL) 
[20]. Moreover, the reduced high density lipoprotein cholesterol level is a component of the 
metabolic syndrome – the great predictor of high cardiovascular risk. Experimental studies 
have found high density lipoprotein cholesterol as a potential antiatherogenic by following 
characteristics. Estimated high density lipoprotein cholesterol facilitates reverse cholesterol 
transport and delivers cholesterol from the smooth muscles into hepatic cholesterol uptake. 
So, harmfull atherogenic cholesterol parts, such as low density lipoprotein cholesterol, are 
catabolized and neutralized [27-29]. High density lipoprotein cholesterol acts as an 
antioxidant, reducing vascular oxidative stress and has anti-inflammatory properties, 
reducing vascular inflammation due to atherosclerosis. There are evidence high density 
lipoprotein cholesterol has a vasoprotective effect, facilitates blood vessel relaxation, play an 
important role in the inhibition of white blood cells chemotaxis and adhesion. Also it is 
known about an anti-apoptotic effect of high density lipoprotein cholesterol on endothelial 
cells. High density lipoprotein cholesterol enhances the proliferation and migration of 
Endothelial cells and endothelial progenitor cells and thereby promotes the restoration of 
the endothelium’s integrity. Finally, it has an antiplatelet/profibrinolitic effect, in this way 
reducing platelet aggregation and inactivating coagulation cascade [20,27-29]. Despite the 
evidence that reduced high density lipoprotein cholesterol is associated with an increased 
cardiovascular morbidity and mortality, the major guidelines in cardiology still do not 
recommend to initiate the treatment of dyslipidemia on high density lipoprotein cholesterol. 

So, dyslipoproteinemia is a major risk factor for atherosclerosis and coronary artery disease. 
Its‘ proper recognition and management can significantly reduce cardiovascular and total 
mortality rates [12]. Follow the American Heart Association and the National Heart, Lung 
and Blood Institute and the Adult Treatment Panel III guidelines it is recommended to start 
treat from the low density lipoprotein cholesterol. Recent clinical studies provide supporting 
evidence for low density lipoprotein cholesterol target values of less than 2,5 mmol/l (< 100 
mg/dl) for the prevention of coronary artery disease for the high cardiovascular risk patients 
and less thant 1,8 mmol/l (< 70 mg/dl) for the very high cardiovascular risk patients [1]. 
Studies demonstrate the significant decrease of atherosclerosis with aggressive reduction of 
low density lipoprotein cholesterol level in patients with coronary artery disease [3]. Only 
achieved target low density lipoprotein cholesterol value it is recommended to take care of 
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high density lipoprotein cholesterol. Studies evaluated, that high density lipoprotein 
cholesterol level more than 60 mg/dl (about 1,5 mmol/l) significantly reduce cardiovascular 
risk and can be named as „inverse risk factor“ [21]. The target high density lipoprotein 
cholesterol is over 1,03 mmol/l (40 mg/dL) for men and more than 1,29 mmol/l (50 mg/dL) 
for women [20].  

2. Lipoproteins disorder as a risk factor for cardiovascular mortality 

Today there are more than one lipoproteins disorder classification. The Frederickson, Lees 
and Levy‘s one was based on the lipoprotein fraction after separation by electrophoresis. 
This classification recognized chylomicrons, very low density cholesterol and low density 
cholesterol. However, the main limitation of this classification, that it does not include high 
density lipoprotein cholesterol. That‘s why the World Health Organisation, the European 
Atherosclerosis Society and the National Cholesterol Education Program have classified 
lipoproteins disorder on the basis of the absolute plasma level of lipids (total cholesterol and 
trygliceride) and lipoprotein cholesterol level (low density lipoprotein cholesterol and high 
density lipoprotein cholesterol) [12,30]. This classification sustained on biochemical 
characteristics of lipoproteins and lipids. The plasma lipids do not circulate freely in plasma. 
They are bound to proteins and transported as macromolecular complexes called 
lipoproteins [24]. In these complexes lipids are surrounded by a stabilizing coat of 
phospholipid. There are five principal types of lipoprotein particles in the blood: very low 
density lipoproteins, intermediate density, low density, high density lipoproteins and 
chylomicrons. They are structurally different by electrophoretic mobility and density after 
separation in the ultracentrifuge and by the function [14,24]. The lipoprotein density 
depends on amount of fats contained within it [31].  

Chylomicrons are the largest lipoproteins and synthesized in the small intestine from 
dietary fat and cholesterol [14,24,31]. They contain triglyceride from the intestine and a 
small amount of cholesterol. The main task of chylomicrons to transport the digestion 
products of dietary fat to the liver and peripheral tissue, where they are needed as a source 
of energy. In the circulation triglycerides are removed from chylomicrons via the action of 
lipoprotein lipase. If present in large amounts, such as after a fatty meal, chylomicrons cause 
the plasma to appear milky. Very low density lipoproteins are synthesized in the liver 
continuously and consists of triglyceride and cholesterol. Like chylomicrons they function 
primarily to distribute triglycerides to target sites such as adipose tissue and skeletal muscle 
where they are used for storage and energy [31]. It is the main body source of energy in 
prolonged fasting [14]. Like chylomicrons, they are removed due to lipoprotein lipase 
action. With removal of triglycerides and protein, very low density lipoproteins are 
converted to low density lipoproteins. High plasma levels of very low density lipoprotein 
cholesterol are to be found in familial hypertriglyceridaemia, diabetes mellitus, in people 
with a depressed thyroid function and in people with a high alcohol intake [31]. 
Intermediate density lipoproteins – one of the source of low density lipoproteins 
production. Last-mentioned are the main particles of lipids. They can deposit lipids into the 
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arterial wall and initiate atherosclerosis. Low density lipoprotein cholesterol are cholesterol-
rich particles. About 70% of plasma cholesterol find in this form. Low density lipoprotein 
cholesterol have a main role in transporting the cholesterol manufactured in the liver to the 
tissues, where it is used. When low density lipoprotein cholesterol binds to low density 
lipoprotein cholesterol receptors on the cell surface, low density lipoprotein cholesterol is 
taken into the cell and broken down into free cholesterol and amino acids. Disorders involving 
a defect in or lack of low density lipoprotein cholesterol receptors are usually characterised by 
high plasma cholesterol levels. In the case of the inherited familial hypercholesterolemia the 
cholesterol excess cannot be cleared efciently from the blood and therefore accumulates, 
caused coronary heart disease. And the last particles – high density lipoproteins are produced 
in liver and intestine. They are composed of 50% protein, with phospholipid and cholesterol as 
the remainder [31]. They transport lipids away from the periphery. The transfer of pro-
atherogenic particles, such as very low density lipoproteins to the liver for the reverse 
cholesterol transport is one of the most important role of high density lipoprotein cholesterol. 
In this process harmful pro-atherogenic particles are transporting from the periphery to the 
liver for the reverse cholesterol transport and neutralizing [14,21]. It is well known low density 
lipoprotein cholesterol is one of the major factor for the development of atheroma. 
Atherosclerotic plaque consist of accumulated intracellular and extracellular lipids, smooth 
muscle cells, connective tissue, and glycosaminglycans. 

There are two main hypotheses to explain the pathogenesis of atherosclerosis: the lipid 
hypothesis and the chronic endothelial injury hypothesis. Both of them are interrelated. The 
endothelial dysfunction is an initial stage of atherosclerosis, occures due to oxidative stress 
and sub-endothelial accumulation of lipids. Low density lipoprotein cholesterol undergo 
oxidation and become local cytotoxic. Macrophages migrate into the sub-endothelial space, 
take up lipids and become “foam” cells. The earliest detectable lesion of atherosclerosis is 
the fatty strip. This strip consists of foam cells full of lipids. As the process progress, the 
smooth muscle cells also migrate into the lesion. At this stage, the lesion may be 
hemodynamically insignificant. But endothelial dysfunction exists and it’s ability to limit the 
entry of lipoproteins into the vessel is impaired [4]. So, the elevation of plasma low density 
lipoprotein cholesterol level results in penetration of low density lipoprotein cholesterol into 
the vessel wall, lipids accumulation in macrophages and smooth muscle cells. Endothelial 
injury produces loss of endothelium, adhesion of platelets to subendothelium, aggregation 
of platelets, chemotaxis of monocytes and T-cell lymphocytes, and release of growth factors 
that induce migration of smooth muscle cells from media to intima, where synthesize 
connective tissue and proteoglycans and forms a fibrous plaque. Low density lipoprotein 
cholesterol is cytotoxic and may cause endothelial injury and stimulate smooth muscle 
growth. Touched endothelial cell are functionally impaired and increase the uptake of low 
density lipoprotein cholesterol from plasma [24]. Growing atherosclerotic plaque may cause 
a severe stenosis that can progress to total arterial occlusion. Eventually the plaque may 
become calcified. Some plaques, reached in lipids and inflammatory cells, as macrophages, 
covered with a thin fibrous cap may undergo spontaneous rupture, resulting in cascade of 
events, stimulates thrombosis and ends in acute ischaemic event [4,24]. 
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Hypercholesterolemia occures either from overproduction or defective clearance of very low 
density lipoprotein cholesterol or from increased conversion of very low density lipoprotein 
cholesterol to low density lipoprotein cholesterol. Overproduction of very low density 
lipoprotein cholesterol by liver may be caused by obesity, diabetes, alcohol consumption, 
nephrotic syndrome or genetic disorders. Each of this conditions can result in increased low 
density lipoprotein cholesterol and trygliceride levels. When dietary cholesterol reaches the 
liver, elevates intracellular cholesterol level. Due to this, low density lipoprotein cholesterol 
receptor synthesis is suppressed. This suppression occurs at the level of transcription of the 
low density lipoprotein cholesterol gene. A reduced number of receptors results in higher 
levels of plasma low density lipoprotein cholesterol and total cholesterol [24]. Today, it 
appears, that high density lipoprotein cholesterol assist in the mobilization of low density 
lipoprotein cholesterol [4]. Cardiovascular risk increases progressively with elevated of low 
density lipoprotein cholesterol and with a decrease in high density lipoprotein cholesterol 
level. Studies demonstrated that each decrease in high density lipoprotein cholesterol level 
by 1 mg/dl (0,0259 mmol/l) elevating cardiovascular risk by 2-3%. [20]. And contrarily, each 
increase in high density lipoprotein cholesterol level by 1 mg/dl (about 0,02 mol/l) lowering 
cardiovascular mortality by 6%, independently of low density lipoprotein cholesterol level 
[20,32]. Similarly, The Treating to New Target study evaluated high density lipoprotein 
cholesterol as a more significantly predictive for cardiovascular events comparing with low 
density lipoprotein cholesterol [21,33]. High density lipoprotein cholesterol is protective 
through multiple mechanisms. There are some new points in the high density lipoprotein 
cholesterol role and effects on atherosclerosis. Recently published studies showed the 
antooxidative role of high density lipoprotein cholesterol. Due to this effect the reduction of 
vascular oxidative stress is occured. It is thought, this can contribute to the atheroprotective 
effects. Supposedly, high density lipoprotein cholesterol decreases inflammatory process, 
stops the proliferation and migration of endothelial cells and has anti-apoptotic effects on 
them. All of this contributes to the anti-atherosclerotic effect [21]. High density lipoprotein 
cholesterol also affects the platelets function and haemostatic cascade [14]. 

The prevalence of hypercholesterolemia differ in the world. In 1996 in Taiwan 41,5% men 
and 19,6% of women had abnormal rates of plasma cholesterol [34]. In 1995 in Holand 19,2% 
of men and 12,4% of women have total cholesterol more than 6,5 mmol/l [35]. In 1999-2000 
in Europe the European Action on Secondary Prevention through Intervention to Reduce 
Events (EUROASPIRE) study have been performed. The prevalence of high total cholesterol 
have been declined in Europe 1995-2000 from 86,2 till 58,8% In 2000 58,8% of the population 
have total cholesterol more than 5,0 mmol/l [36]. In 2006-2007 The European Society of 
Cardiology carried out the EUROASPIRE III survey in 76 medical centers in 22 European 
countries (Belgium, Bulgaria, Cyprus, Croatia, The Czech Republic, Finland, France, Germany, 
Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Poland, the Netherlands, Romania, Russian 
Federation, Slovenia, Spain, Turkey and UK). The total 13935 participants with established 
coronary artery disease were reviewed and 8966 were interviewed 6 months after acute 
coronary event. 76,5% of all the patients had elevated total cholesterol and low density 
lipoprotein cholesterol. For 51% the total cholesterol more than 4,5 mmol/l was estimated and 
only for one half of them a total cholesterol goal (<4,5 mmol/l) was reached with lipid-lowering 
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medications, despite of the rather high rate of the statins prescription (80,7%). So, this study 
showed that one of the most important risk factor for cardiovascular mortality - 
dyslipoproteinemia control was inadequate and most of the patients did not achieve the 
targets defined in the guidelines [37]. By the data from MONICA project with 39 population 
from the 21 countries, in 2003 the main total cholesterol in Kaunas, Lithuania was near 6 
mmol/l for men and 6,5 mmol/l for women. Females from Lithuania were at the top of all 
countries, whereas the men were about an average. 15 countries evaluated higher levels of 
total cholesterol for men [38]. One of the meta-analysis showed that the highest protective 
effect can be get treating high risk patients with very high total cholesterol level [39]. 
Regarding to the existing evidence on lipoproteins disorder, treatment and also due to 
increased cardiovascular mortality in Lithuania we started the clinical data. At this study we 
have evaluated independent risk factors for one year cardiovascular mortality for the patients 
with acute and chronic coronary syndromes. Lipoprotein disorder was one of the most 
important risk factor for one year cardiovascular mortality. 

3. Methods 

A total of 3268 patients with coronary heart disease who were selected for this study. The 
data was collected by a standardized questionnaire. A total of 1865 (728 women and 1137 
men) with acute and chronic coronary heart disease, male and female, aged from 20 years 
till more than 80 years were reexamined after one year. Risk factors for coronary heart 
disease were evaluated. Lipoprotein disorder was definable as low density lipoprotein 
cholesterol level in twelve-hour fasting venous blood samples more than 3 mmol/l, total 
cholesterol level – more than 5,2 mmol/l, high density lipoprotein cholesterol level less than 
1,2 mmol/l for women and less than 1,0 mmol/l for men. Due to medical history and data on 
admission patients were attributed to chronic or acute coronary syndrome. The myocardial 
infarction and unstable angina were attributed to acute coronary syndromes. Stable angina – 
to chronic coronary syndrome. Myocardial infarction was diagnosed according to the World 
Health Organisation guidelines: angina pain and equivalent, ischemic signs on ECG (Q 
wave, ST and T changes) and an increase in troponin I more than 0,05 mg/l. Unstable angina 
diagnosis confirmed with the angine syndrome, ischemic changes on the ECG without 
increasing enzymes in the blood and with angiography assessment of the coronary artery. 
Stable angina determined using a standard clinic, ECG, exercise test and angiography. 

4. Statistical analysis 

The statistical analysis was performed using SPSS (Statistical Package for Social Science) 
version 13 and Microsoft Office Excel 2003 statistical programs. Descriptive statistics was 
used for the quantitative data analysis. Categorical data have been summarized as 
frequencies and percentages, and for comparisons, chi-square test have been used. 
Univariate and multivariate logistic regression analysis was used for the risk assessment. 
One year mortality risk was evaluated by isolated and standardized odds ratios with 95% 
confidence interval (CI). 
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medications, despite of the rather high rate of the statins prescription (80,7%). So, this study 
showed that one of the most important risk factor for cardiovascular mortality - 
dyslipoproteinemia control was inadequate and most of the patients did not achieve the 
targets defined in the guidelines [37]. By the data from MONICA project with 39 population 
from the 21 countries, in 2003 the main total cholesterol in Kaunas, Lithuania was near 6 
mmol/l for men and 6,5 mmol/l for women. Females from Lithuania were at the top of all 
countries, whereas the men were about an average. 15 countries evaluated higher levels of 
total cholesterol for men [38]. One of the meta-analysis showed that the highest protective 
effect can be get treating high risk patients with very high total cholesterol level [39]. 
Regarding to the existing evidence on lipoproteins disorder, treatment and also due to 
increased cardiovascular mortality in Lithuania we started the clinical data. At this study we 
have evaluated independent risk factors for one year cardiovascular mortality for the patients 
with acute and chronic coronary syndromes. Lipoprotein disorder was one of the most 
important risk factor for one year cardiovascular mortality. 

3. Methods 

A total of 3268 patients with coronary heart disease who were selected for this study. The 
data was collected by a standardized questionnaire. A total of 1865 (728 women and 1137 
men) with acute and chronic coronary heart disease, male and female, aged from 20 years 
till more than 80 years were reexamined after one year. Risk factors for coronary heart 
disease were evaluated. Lipoprotein disorder was definable as low density lipoprotein 
cholesterol level in twelve-hour fasting venous blood samples more than 3 mmol/l, total 
cholesterol level – more than 5,2 mmol/l, high density lipoprotein cholesterol level less than 
1,2 mmol/l for women and less than 1,0 mmol/l for men. Due to medical history and data on 
admission patients were attributed to chronic or acute coronary syndrome. The myocardial 
infarction and unstable angina were attributed to acute coronary syndromes. Stable angina – 
to chronic coronary syndrome. Myocardial infarction was diagnosed according to the World 
Health Organisation guidelines: angina pain and equivalent, ischemic signs on ECG (Q 
wave, ST and T changes) and an increase in troponin I more than 0,05 mg/l. Unstable angina 
diagnosis confirmed with the angine syndrome, ischemic changes on the ECG without 
increasing enzymes in the blood and with angiography assessment of the coronary artery. 
Stable angina determined using a standard clinic, ECG, exercise test and angiography. 

4. Statistical analysis 

The statistical analysis was performed using SPSS (Statistical Package for Social Science) 
version 13 and Microsoft Office Excel 2003 statistical programs. Descriptive statistics was 
used for the quantitative data analysis. Categorical data have been summarized as 
frequencies and percentages, and for comparisons, chi-square test have been used. 
Univariate and multivariate logistic regression analysis was used for the risk assessment. 
One year mortality risk was evaluated by isolated and standardized odds ratios with 95% 
confidence interval (CI). 

 
Lipoproteins Impact Increasing Cardiovascular Mortality 185 

5. Results 

The data from 1865 patients with chronic and acute coronary syndromes was analysed. For 
more than a half of the patients an acute coronary syndrome was diagnosed. The 
participants were mostly men (61%). 54,7% of the patients had a reduced level of high 
density lipoprotein cholesterol (less than 1,0 mmol/l for male, and less than 1,2 mmol/l for 
female), for about 32% an increased total cholesterol and low density lipoprotein cholesterol 
levels for each were evaluated. About 20,5% of the patients with decreased high density 
lipoprotein cholesterol level have elevated low density lipoprotein cholesterol level together. 
Nearly 90% of women with diagnosed dyslipidemia had a reduced high density lipoprotein 
cholesterol, whereas total cholesterol and low density lipoprotein cholesterol levels were 
elevated in about one-third of the females. The proportion in these atherogenic lipids in men 
was about 30% for everyone. 7,6% of the patients had died within one year. The one year 
cardiovascular mortality was similar for men and women, also for the patients with acute or 
chronic coronary syndrome. Nearly 22% of died patients had an increased levels of total 
cholesterol and low density lipoprotein cholesterol. For more than 67% of them the decrease 
of high density lipoprotein cholesterol was evaluated. The majority of the patients (50,5%) 
with acute coronary syndrome and more than 80% with stable angina had a reduced high 
density lipoprotein cholesterol (Table 1).  
 

 
High LDL1

n(%) 
Low HDL2

n(%) 
High TC3, 

n(%) Total, n(%) 
one-year CV 

mortality, n(%) 
Total 588 (31,5) 1021 (54,7) 594 (31,8) 1865 (100) 

Medical 
history      
Acute 
coronary 
syndrome 

371(35,3) 531 (50,5) 359 (34,2) 1050(56,3) 90(8,6) 

Chronic 
coronary 
syndrome 

217(36,5) 490(82,5) 235(39,6) 815(43,6) 52(8,7) 

Gender 
Female 241(33,1) 654(89,8) 264(36,2) 728(39) 55(7,5) 
Male 347(30,5) 367(32,2) 330(29) 1137(61) 87(7,6) 
Age groups 
< 70 years 419(35) 585(48,8) 433(36,2) 1197(64,2) 70(49,3) 
70-80 years 144(25,6) 368(65,6) 136(24,2) 561(30,1) 56(39,4) 
> 80 years 25(24,7) 63(62,4) 24(23,8) 101(5,4) 15(10,6) 
One year CV 
mortality 31(21,8) 96(67,6) 31(21,8) 142(7,6) 

 
LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol, CV – cardiovascular; 1>3,0 
mmol/l, 2< 1,0 for males; < 1,2 mmol/l for females, 3> 5,2 mmol/l 

Table 1. Patients baseline characteristics. 
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For the 34-40% of the patients elevated low density lipoprotein cholesterol and total 
cholesterol were diagnosed (Figure 6,7). Patients distribution due to age shows Figure 8.  

 

 
 

Figure 6. Part of the patients with different total cholesterol level. 

 

 
 

Figure 7. Part of the patients with different low density lipoprotein cholesterol level. 
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Figure 8. Patients distribution due to the age. 

About 35-36% of the patients younger than 70 years, high total cholesterol and low density 
lipoprotein cholesterol levels were evaluated, the high density lipoprotein cholesterol have 
been decreased in nearly 49%. For the seniors (more than 70 years), the elevated total 
cholesterol and low density lipoprotein cholesterol were not so common (24-25% of the 
patients), but the reduced high density lipoprotein cholesterol was present more frequently 
(62-65%) (Table 1). Our data evaluated 1,8 times greater independent one year 
cardiovascular mortality risk for the patients with decreased high density lipoprotein 
cholesterol level (1,800, 95%CI 1,251-2,591, p=0,002). However, the assessment of the 
increased general values of the total cholesterol (more than 5,2 mmol/l) and low density 
lipoprotein cholesterol (more than 3,0 mmol/l) reduced mortality risk (0,575, 95%CI 0,382-
0,868, p=0,008 and 0,585, 95%CI 0,388-0,882, p=0,01 respectively) (Table 2).  
 

Risk factor OR (95%CI) p value 

TC 0,575(0,382-0,868) 0,008 

LDL 0,585 (0,388-0,882) 0,01 

HDL 1,800 (1,251-2,591) 0,002 

TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 2. Independent cardiovascular one year mortality rate. 

Though, one year cardiovascular death risk elevates with the increase of these parameters 
(total cholesterol more than 9,0 mmol/l, low density lipoprotein cholesterol more than 6,0 
mmol/l), although not significant (1,742, 95%CI 0,718-4,224, p=0,22 for total cholesterol more 
than 9,0 mmol/l and 1,167, 95%CI 0,408-3,339, p=0,773 for low density lipoprotein cholesterol 
more than 6,0 mmol/l). It is believed, the absence of the statistical significans due to small 
sampe size (Table 3).  
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Risk factor OR (95%CI) p value 
TC 
5,2-7 mmol/l 0,465(0,286-0,759) 0,002 
7,1-9 mmol/l 0,670(0,266-1,689) 0,396 
> 9 mmol/l 1,742(0,718-4,224) 0,22 
LDL 
3-5 mmol/l 0,524(0,333-0,825) 0,005 
5,1-6 mmol/l 0,788(0,240-2,588) 0,694 
> 6 mmol/l 1,167(0,408-3,339) 0,773 
HDL 
< 1,0 for males; < 1,2 mmol/l for females 1,800(1,251-2,591) 0,002 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 3. Independent cardiovascular one year mortality rate depending on lipoproteins level. 

For the patients with acute coronary syndrome one year cardiovascular mortality rate 
insignificantly increases with the total cholesterol more than 9,0 mmol/l (2,578, 95%CI 0,931-
7,136, p=0,068) and low density lipoprotein cholesterol more than 5 mmol/l (1,030, 95%CI 
0,305-3,481, p=0,963 for the level of 5-6 mmol/l, and 2,023, 95%CI 0,668-6,130, p= 0,213 for the 
level more than 6,0 mmol/l). Simillary, high density lipoprotein cholesterol less than 1,0 
mmol/l for men and less than 1,2 mmol/l for women increases one year cardiovascular 
mortality 1,4 times insignificantly (1,444, 95%CI 0,932-2,239, p=0,1) (Table 4).  
 

Risk factor OR (95%CI) p value 
TC 
>5,2 mmol/l 0,765(0,476-1,230) 0,269 
5,2-7 mmol/l 0,633(0,364-1,102) 0,106 
7,1-9 mmol/l 0,768(0,269-2,195) 0,623 
> 9 mmol/l 2,578(0,931-7,136) 0,068 
LDL 
> 3 mmol/l 0,724(0,451-1,164) 0,183 
3-5 mmol/l 0,613(0,360-1,041) 0,07 
5,1-6 mmol/l 1,030(0,305-3,481) 0,963 
> 6 mmol/l 2,023(0,668-6,130) 0,213 
HDL 
< 1,0 for males; < 1,2 mmol/l for females 1,444(0,932-2,239) 0,1 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 4. Cardiovascular one year mortality rate for the patients with acute coronary syndrome 
depending on lipoproteins level. 

For the patients with chronic coronary artery disease, only reduced high density lipoprotein 
cholesterol increased mortality risk, and this was great and significant (3,378, 95%CI 1,623-
7,028, p= 0,001). It surprised the increase of the total cholesterol and low density lipoprotein 
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5,1-6 mmol/l 0,788(0,240-2,588) 0,694 
> 6 mmol/l 1,167(0,408-3,339) 0,773 
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< 1,0 for males; < 1,2 mmol/l for females 1,800(1,251-2,591) 0,002 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 3. Independent cardiovascular one year mortality rate depending on lipoproteins level. 

For the patients with acute coronary syndrome one year cardiovascular mortality rate 
insignificantly increases with the total cholesterol more than 9,0 mmol/l (2,578, 95%CI 0,931-
7,136, p=0,068) and low density lipoprotein cholesterol more than 5 mmol/l (1,030, 95%CI 
0,305-3,481, p=0,963 for the level of 5-6 mmol/l, and 2,023, 95%CI 0,668-6,130, p= 0,213 for the 
level more than 6,0 mmol/l). Simillary, high density lipoprotein cholesterol less than 1,0 
mmol/l for men and less than 1,2 mmol/l for women increases one year cardiovascular 
mortality 1,4 times insignificantly (1,444, 95%CI 0,932-2,239, p=0,1) (Table 4).  
 

Risk factor OR (95%CI) p value 
TC 
>5,2 mmol/l 0,765(0,476-1,230) 0,269 
5,2-7 mmol/l 0,633(0,364-1,102) 0,106 
7,1-9 mmol/l 0,768(0,269-2,195) 0,623 
> 9 mmol/l 2,578(0,931-7,136) 0,068 
LDL 
> 3 mmol/l 0,724(0,451-1,164) 0,183 
3-5 mmol/l 0,613(0,360-1,041) 0,07 
5,1-6 mmol/l 1,030(0,305-3,481) 0,963 
> 6 mmol/l 2,023(0,668-6,130) 0,213 
HDL 
< 1,0 for males; < 1,2 mmol/l for females 1,444(0,932-2,239) 0,1 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 4. Cardiovascular one year mortality rate for the patients with acute coronary syndrome 
depending on lipoproteins level. 

For the patients with chronic coronary artery disease, only reduced high density lipoprotein 
cholesterol increased mortality risk, and this was great and significant (3,378, 95%CI 1,623-
7,028, p= 0,001). It surprised the increase of the total cholesterol and low density lipoprotein 
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cholesterol reduced one year cardiovascular mortality (almost in all groups significantly, 
p<0,05) (Table 5).  
 

Risk factor OR (95%CI) p value 
TC 
>5,2 mmol/l 0,247(0,097-0,628) 0,003 
5,2-7 mmol/l 0,183(0,056-0,595) 0,005 
7,1-9 mmol/l 0,420(0,056-3,160) 0,005 
> 9 mmol/l 0,667(0,087-5,124) 0,697 
LDL 
> 3 mmol/l 0,276(0,108-0,705) 0,007 
3-5 mmol/l 0,320(0,125-0,818) 0,017 
5,1-6 mmol/l - - 
> 6 mmol/l - - 
HDL 
< 1,0 for males; < 1,2 mmol/l for females 3,378(1,623-7,028) 0,001 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 5. Cardiovascular one year mortality rate for the patients with chronic coronary syndrome 
depending on lipoproteins level. 

Both in men and women with reduced high density lipoprotein cholesterol elevated 
mortality risk was evaluated (2,044, 95%CI 0,622-6,716, p= 0,239 for women, and 2,303, 
95%CI 1,483-3,577, p< 0,001 for men respectively). For females high total cholesterol (more 
than 9,0 mmol/l) and low density lipoprotein cholesterol (more than 6,0 mmol/l) 
insignificantly increased one-year cardiovascular mortality risk. For men, relevant total 
cholesterol level was more than 7,0 mmol/l and low density lipoprotein cholesterol more 
than 5,0 mmol/l, insignificantly (Table 6,7). 
 

Risk factor OR (95%CI) p value 
TC 
>5,2 mmol/l 0,236(0,105-0,530) 0 
5,2-7 mmol/l 0,123(0,038-0,4) 0 
7,1-9 mmol/l 0,263(0,035-1,963) 0,193 
> 9 mmol/l 2,0(0,550-7,239) 0,292 
LDL 
> 3 mmol/l 0,372(0,179-0,773) 0,008 
3-5 mmol/l 0,283(0,119-0,674) 0,004 
5,1-6 mmol/l 0,533(0,07-4,082) 0,544 
> 6 mmol/l 1,743(0,375-8,106) 0,479 
HDL 
< 1,0 for males; < 1,2 mmol/l for females 2,044(0,622-6,716) 0,239 
TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 6. Cardiovascular one year mortality rate for females depending on lipoproteins level. 
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Risk factor OR (95%CI) p value 

TC 

>5,2 mmol/l 0,926(0,568-1,510) 0 

5,2-7 mmol/l 0,844(0,484-1,470) 0,548 

7,1-9 mmol/l 1,050(0,366-3,017) 0,928 

> 9 mmol/l 1,540(0,450-5,272) 0,491 

LDL 

> 3 mmol/l 0,755(0,458-1,246) 0,008 

3-5 mmol/l 0,722(0,421-1,239) 0,238 

5,1-6 mmol/l 1,014(0,233-1,239) 0,985 

> 6 mmol/l 0,892(0,207-3,852) 0,879 

HDL 

< 1,0 for males; < 1,2 mmol/l for females 2,303(1,483-3,577) 0 

TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 7. Cardiovascular one year mortality rate for males depending on lipoproteins level. 

It was noticed, that a decrease in high density lipoprotein cholesterol – is an important and 
reliable cardiovascular mortality risk factor in middle-aged patients (40-60 years). For the 
41-50 years patients the mortality risk increases nearly 5 times when high density 
lipoprotein cholesterol level declines less than 1,0 mmol/l for men, and less than 1,2 mmol/l 
for women (4,985, 95%CI 1,230-20,196, p<0,05). In the 51-60 year group the risk of death 
increases 2,5 times with a similar levels of high density lipoprotein cholesterol significantly 
(2,572, 95%CI 1,094-6,106, p< 0,05) and with a total cholesterol more than 5,2 mmol/l 
insignificantly (1,073, 95%CI 0,462-2,495, p=0,87). A similar trend for the high density 
lipoprotein cholesterol was evaluated for the elderly patients, without significance (due to 
small sample size) (Table 8,9,10). 
 

Years OR (95%CI) p value
20-40 
41-50 0,591(0,147-2,383) 0,46 
51-60 0,610(0,238-1,564) 0,303 
61-70 0,581(0,258-1,312) 0,191 
71-80 0,771(0,395-1,504) 0,445 
>80 0,421(0,088-2,012) 0,279 

Table 8. Cardiovascular one year mortality rate depending on age groups for the patients with 
increased low density lipoprotein cholesterol level. 
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Risk factor OR (95%CI) p value 
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7,1-9 mmol/l 1,050(0,366-3,017) 0,928 

> 9 mmol/l 1,540(0,450-5,272) 0,491 

LDL 

> 3 mmol/l 0,755(0,458-1,246) 0,008 
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5,1-6 mmol/l 1,014(0,233-1,239) 0,985 

> 6 mmol/l 0,892(0,207-3,852) 0,879 

HDL 

< 1,0 for males; < 1,2 mmol/l for females 2,303(1,483-3,577) 0 

TC – total cholesterol, LDL- low density lipoprotein cholesterol, HDL – high density lipoprotein cholesterol 

Table 7. Cardiovascular one year mortality rate for males depending on lipoproteins level. 

It was noticed, that a decrease in high density lipoprotein cholesterol – is an important and 
reliable cardiovascular mortality risk factor in middle-aged patients (40-60 years). For the 
41-50 years patients the mortality risk increases nearly 5 times when high density 
lipoprotein cholesterol level declines less than 1,0 mmol/l for men, and less than 1,2 mmol/l 
for women (4,985, 95%CI 1,230-20,196, p<0,05). In the 51-60 year group the risk of death 
increases 2,5 times with a similar levels of high density lipoprotein cholesterol significantly 
(2,572, 95%CI 1,094-6,106, p< 0,05) and with a total cholesterol more than 5,2 mmol/l 
insignificantly (1,073, 95%CI 0,462-2,495, p=0,87). A similar trend for the high density 
lipoprotein cholesterol was evaluated for the elderly patients, without significance (due to 
small sample size) (Table 8,9,10). 
 

Years OR (95%CI) p value
20-40 
41-50 0,591(0,147-2,383) 0,46 
51-60 0,610(0,238-1,564) 0,303 
61-70 0,581(0,258-1,312) 0,191 
71-80 0,771(0,395-1,504) 0,445 
>80 0,421(0,088-2,012) 0,279 

Table 8. Cardiovascular one year mortality rate depending on age groups for the patients with 
increased low density lipoprotein cholesterol level. 
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Years OR (95%CI) p value
20-40 1,545(0,087-27,358) 0,767 
41-50 4,985(1,230-20,196) 0,024 
51-60 2,572(1,094-6,106) 0,032 
61-70 1,155(0,568-2,347) 0,691 
71-80 1,227(0,675-2,232) 0,502 
>80 2,745(0,721-10,445) 0,139 

Table 9. Cardiovascular one year mortality rate depending on age groups for the patients with 
decreased high density lipoprotein cholesterol level. 

 

Years OR (95% CI) p value
20-40 2,111(0,118-37,722) 0,611 
41-50 0,265(0,054-1,293) 0,1 
51-60 1,073(0,462-2,495) 0,87 
61-70 0,485(0,207-1,137) 0,096 
71-80 0,654(0,321-1,334) 0,243 
>80 0,448(0,094-2,142) 0,314 

Table 10. Cardiovascular one year mortality rate depending on age groups for the patients with 
increased total cholesterol level. 

6. Discussion 

In the last decade, lack of evidence on low density lipoprotein cholesterol and high 
density lipoprotein cholesterol in the pathogenesis of coronary heart disease have 
appeared. Mostly long-term outcomes were evaluated by the previous studies on 
lipoprotein disorder. We decided to estimate impact of the dyslipoproteinemia to the one 
year survival. It is proved by another studies, that patients with very low high density 
lipoprotein cholesterol have much higher risk of severe cardiovascular event or 
cardiovascular death comparing with patients with normal high density lipoprotein 
cholesterol level. Lower high density lipoprotein cholesterol values are associated with a 
higher great cardiovascular events risk and a greater burden of atherosclerosis, even 
among the patients with reduced low density lipoprotein cholesterol level [33,40,41]. In 
another side, very low low density lipoprotein cholesterol level is a significant prognostic 
factor, improved survival for the patient with acute coronary syndrome and may be a 
target for the treatment. In this study first and foremost we found that reduced high 
density lipoprotein cholesterol are highly prevalent in a large cohort of the patients with 
coronary artery disease and tend to be associated with a significantly higher 
cardiovascular mortality risk. More than a half of the patients in our study had decreased 
high density lipoprotein cholesterol, and therefore the higher cardiovascular events and 
mortality risk, especially for the patients with stable angina. These data are similar to 
another studies [40]. Results from another studies showed that the prevalence of the 
elevated low density lipoprotein cholesterol increases with age [17]. By data from our 
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study it is not only the problem for the eldery patients. The prevalence of the impaired 
low density lipoprotein cholesterol by the gender was similar both for men and women 
and it was high for the patients with established coronary artery disease, taking notice 
that elevated low density lipoprotein cholesterol can be managed and controlled 
successfully with lifestyle changes, medications or a combination both of them. We have 
found that decreased high density lipoprotein cholesterol level is a significant 
independent risk factor for cardiovascular one year mortality. Interestingly, in another 
similar studies reduced high density lipoprotein cholesterol more often were found in 
young men. In our study 90% of females with coronary artery disease had a decreased 
high density lipoprotein cholesterol level. Also, insufficient high density lipoprotein 
cholesterol level more often have been found in eldery people. Although high density 
lipoprotein cholesterol less than 1,3 mmol/l for women has been widely considered as a 
cardiovascular risk factor, in the present study we selected a cutoff point of less than 1,2 
mmol/l as a lowest high density lipoprotein cholesterol value that allowed us to identify 
those females at risk of cardiovascular one year mortality. It have been evaluated that 
about 20% of participants of our study had reduced high density lipoprotein cholesterol 
with elevated low density lipoprotein cholesterol level together. So, it is let to suspect, 
that one year cardiovascular mortality risk for them have to be much higher. There are a 
lot of evidence, that decreased high density lipoprotein cholesterol significantly increases 
cardiovascular mortality risk in stable patients. Also, there are some studies, showed that 
reduced high density lipoprotein cholesterol is associated with a higher risk of adverse 
outcomes [40]. Some reports on lipoproteins did not evaluated cardiovascular mortality 
due to acute or chronic ischaemic syndrome. Comparing acute coronary syndrome and 
chronic coronary artery disease patients we have been evaluated the more important role 
of total cholesterol and low density lipoprotein cholesterol on cardiovascular one year 
mortality for acute patients, though not significant. In contrast, high density lipoprotein 
cholesterol was strong independent risk factor both for acute (not significant) and chronic 
patients. Suprisingly, total cholesterol more than 5,2 mmol/l and low density lipoprotein 
cholesterol more than 3,0 mmol/l reduced one year mortality risk both for acute and 
chronic patients significantly. Additionally, the previous studies showed the increased 
mortality rate due to elevated low density lipoprotein cholsterol, have not 
comprehensively evaluated the impact of different low density lipoprotein cholesterol 
and high density lipoprotein cholesterol lipoproteins levels on cardiovascular mortality. 
Lehto and al. evaluated, that among 35-64 years females with acute myocardial infarction 
total cholesterol more that 8 mmol/l significantly increases reccurence cardiovascular 
disease risk [42]. It was a reason to search an impact of different levels of low density 
lipoprotein cholesterol and total cholesterol on cardiovascular mortality risk for men and 
women. Our hypothesis was confirmed, as it became clear, that one year cardiovascular 
mortality risk sharply rises when signally increased total cholesterol more than 9 mmol/l 
and low density lipoprotein cholesterol more than 6 mmol/l, especially in women. The 
future major research need to evaluate a different lipoprotein and total cholesterol levels 
impact in cardiovascular mortality, not only in short term, but in long-term outcomes as 
well. It seems, the highest levels of lipids, that could be attributed to hereditary 
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independent risk factor for cardiovascular one year mortality. Interestingly, in another 
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young men. In our study 90% of females with coronary artery disease had a decreased 
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cholesterol level more often have been found in eldery people. Although high density 
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cardiovascular risk factor, in the present study we selected a cutoff point of less than 1,2 
mmol/l as a lowest high density lipoprotein cholesterol value that allowed us to identify 
those females at risk of cardiovascular one year mortality. It have been evaluated that 
about 20% of participants of our study had reduced high density lipoprotein cholesterol 
with elevated low density lipoprotein cholesterol level together. So, it is let to suspect, 
that one year cardiovascular mortality risk for them have to be much higher. There are a 
lot of evidence, that decreased high density lipoprotein cholesterol significantly increases 
cardiovascular mortality risk in stable patients. Also, there are some studies, showed that 
reduced high density lipoprotein cholesterol is associated with a higher risk of adverse 
outcomes [40]. Some reports on lipoproteins did not evaluated cardiovascular mortality 
due to acute or chronic ischaemic syndrome. Comparing acute coronary syndrome and 
chronic coronary artery disease patients we have been evaluated the more important role 
of total cholesterol and low density lipoprotein cholesterol on cardiovascular one year 
mortality for acute patients, though not significant. In contrast, high density lipoprotein 
cholesterol was strong independent risk factor both for acute (not significant) and chronic 
patients. Suprisingly, total cholesterol more than 5,2 mmol/l and low density lipoprotein 
cholesterol more than 3,0 mmol/l reduced one year mortality risk both for acute and 
chronic patients significantly. Additionally, the previous studies showed the increased 
mortality rate due to elevated low density lipoprotein cholsterol, have not 
comprehensively evaluated the impact of different low density lipoprotein cholesterol 
and high density lipoprotein cholesterol lipoproteins levels on cardiovascular mortality. 
Lehto and al. evaluated, that among 35-64 years females with acute myocardial infarction 
total cholesterol more that 8 mmol/l significantly increases reccurence cardiovascular 
disease risk [42]. It was a reason to search an impact of different levels of low density 
lipoprotein cholesterol and total cholesterol on cardiovascular mortality risk for men and 
women. Our hypothesis was confirmed, as it became clear, that one year cardiovascular 
mortality risk sharply rises when signally increased total cholesterol more than 9 mmol/l 
and low density lipoprotein cholesterol more than 6 mmol/l, especially in women. The 
future major research need to evaluate a different lipoprotein and total cholesterol levels 
impact in cardiovascular mortality, not only in short term, but in long-term outcomes as 
well. It seems, the highest levels of lipids, that could be attributed to hereditary 
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dyslipoproteinemia, may be very important predicting cardiovascular mortality rates and 
reducing a cardiovascular death risk. As it was find earlier, high density lipoprotein 
cholesterol more predictive for middle-aged men. Similarly, our study evaluated the more 
important role of decreased high density lipoprotein cholesterol, especially for 51-60 years 
men with the chronic coronary artery disease for one year cardiovascular mortality.  

7. Conclusion 

Lipoproteins disorder is the main factor for development of the atherosclerosis and predicts 
cardiovascular mortality. The most important findings from our data concerns the inverse 
relationship between the high density lipoprotein cholesterol and cardiovascular mortality 
rates. This association is characterized by a high degree of generality and strength. 
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1. Introduction 

1.1. What are lipids? 

Lipids consists of a broad group of naturally occurring molecules that include fats, waxes, 
sterols including cholesterol, fat-soluble vitamins (such as vitamins A, D, E, and K), 
monoglycerides, diglycerides, triglycerides, phospholipids, and others. Lipids were 
previously known as sources of energy storage and the building blocks for cell membrane. 
Lipids are now known to play several key roles in intracellular signalling, membrane 
trafficking, hormonal regulation, blood clotting (Muller-Roeber and Pical, 2002; Vance and 
Vance, 2002; Fahy et al., 2009). All lipids may be defined as hydrophobic or amphiphilic 
small molecules. The amphiphilic nature of some lipids allows them to form structures such 
as vesicles, liposomes, or membranes in an aqueous environment. Biological lipids originate 
entirely or in part from two distinct types of biochemical subunits, which are ketoacyl and 
isoprene groups (Fahy et al., 2009).  

Lipids typically do not travel alone in the blood. Instead, it binds to a protein that transports 
it to its destination in the body. The complex formed by the binding of lipid to protein i.e. 
lipoprotein, makes lipids water soluble, which enables its transportation in blood. The 
lipoprotein particle is composed of an outer shell of phospholipids, which renders the 
particle soluble in water; a core of fats called lipid, including cholesterol and a surface 
apoprotein (apolipoprotein). Ideally, the lipoprotein aggregates should be described in 
terms of the different protein components (apolipoprotein) because this determines the 
overall structures and metabolism of the lipoprotein, and the interactions with receptor 
molecules in liver and peripheral tissues. The apolipoprotein molecule enables tissues to 
recognize and take up the lipoprotein particle. However, lipoproteins are classified based on 
their characteristic density on ultracentrifugation, which has been used to segregate the 
different lipoprotein classes. Lipoproteins are broadly classified as high density lipoprotein 
(HDL), low density lipoprotein (LDL), intermediate density lipoprotein (IDL), very low 
density lipoprotein (VLDL) and chylomicrons (CM). Each of these particles perform 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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different functions and can be detrimental (VLDL, IDL, LDL) or beneficial (HDL) to the 
cardiovascular system. 

 
Figure 1. Structure of Lipoprotein available from http://www.campbell.edu 

 CM VLDL IDL HDL 
Density (g/ml) < 0.94 0.94 – 1.006 1.006 – 1.063 1.063 -1.210 
Diameter (Á) 6000 - 2000 600 250 70-120 

Total lipid (wt %) * 99 91 80 44 
Triacylglycerols 85 55 10 6 

Cholesterol esters 3 18 50 40 
Cholesterol 2 7 11 7 

Phospholipids 8 20 29 46 

*Most of the remaining materials comprise the various apolipoproteins 

Table 1. Physical properties and lipid compositions of lipoprotein classes 

1.2. Role of cholesterol in membrane dynamics 

It is relevant to establish the important of cholesterol in the body to be able to relate the 
various metabolic events associated with cholesterol and its homeostasis. Mammalian cell 
membranes contain varying proportions of cholesterol depending on organelle and cell 
type. These levels are tightly controlled by lipid transfer, through both vesicular and 
protein-bound pathways. With its rigid sterol backbone, cholesterol preferentially locates 
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among saturated membrane lipids that have straight, elongated hydrocarbon chains rather 
than among kinked, unsaturated species. The presence of cholesterol in the membrane 
increases lateral ordering of lipids, reducing permeability and fluidity and potentially 
restricting diffusion of membrane proteins. Its distribution is not uniform within a 
membrane: regions of high cholesterol and corresponding low fluidity are termed lipid rafts. 
These areas act as platforms for the assembly of signalling complexes within the membrane 
and have been implicated in the development of numerous disease processes, notably 
arteriosclerosis and cancer (Di Vizio et al., 2008; Ikonen, 2008). 

2. Cardiovascular disease and risk factors 

Elevated plasma levels of low density lipoprotein (LDL) and low levels of high density 
lipoprotein (HDL) poses a major risk of development of cardiovascular diseases (Grundy et 
al., 1999). A dietary intake of saturated fat and a sedentary lifestyle has been associated with 
about 31% of coronary heart disease and 11% of stroke in humans. According to the 
Framingham Heart Study and other studies (Wilson et al., 1998), the major and independent 
risk factors for coronary heart disease (CHD) are cigarette smoking of any amount, elevated 
blood pressure, elevated serum total cholesterol and low-density lipoprotein cholesterol 
(LDL-C), low serum high-density lipoprotein cholesterol (HDL-C), diabetes mellitus, and 
advancing age. More recently, a review by Patrick and Uzick (2001) documented new risk 
factors for CHD which included levels of circulating homocysteine, fibrinogen, C-reactive 
protein (CRP), endogenous tissue plasminogen-activator, plasminogen-activator inhibitor 
type I, lipoprotein(a), factor VII and certain infections such as Chlamydia pneumonia. These 
studies showed that the total risk of an individual is the summation of all major risk factors.  

Other factors contributing to the total risk for CHD are categorized as conditional risk 
factors and predisposing risk factors. The conditional risk factors are associated with 
increased risk for CHD, although their causative, independent, and quantitative 
contributions to CHD have not been well documented. The predisposing risk factors are 
those that worsen the independent risk factors. Two of these risk factors; obesity and 
physical inactivity, are designated major risk factors by the American Heart Association 
(AHA) (Fletcher et al., 1996; Eckel, 1997). The adverse effects of obesity are worsened when it 
is expressed as abdominal obesity, an indicator of insulin resistance. These risk factors apply 
before clinical manifestation of coronary atherosclerotic diseases. The clinical significance of 
these risk assessment is to identify high-risk patients who require attention, motivate 
patients to adhere to risk-reduction therapies and modify the intensity of risk reduction 
effort required in potential patients (Grundy et al., 1999). 

2.1. Lipoproteins, cholesterol and atherosclerosis 

Cholesterol is a building block of the outer layer of cell membranes. Cholesterol is a waxy 
steroid of fat that is produced in the liver or intestines. It is used to produce hormones and 
cell membranes and is transported in the blood plasma of all mammals (Leah, 2009). As an 
essential structural component of mammalian cell membranes, it is required to establish 
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proper membrane permeability and fluidity. In addition, cholesterol is an important 
component for the manufacture of bile acids, steroid hormones, and vitamin D. Cholesterol 
is the principal sterol synthesized by animals; however, small quantities can be synthesized 
in other eukaryotes such as plants and fungi. It is almost completely absent among 
prokaryotes including bacteria (Pearson et al., 2003). 

Owing to its limited solubility in water, cholesterol is transported in blood in lipoproteins. 
The lipoprotein outer layer is formed of amphiphilic cholesterol and phospholipid 
molecules, studded with proteins, surrounding a hydrophobic core of triglycerides and 
cholesterol esters. Lipoproteins are specifically targeted to cells by distinct apolipoproteins 
on their surface that bind to specific receptors. Low density lipoprotein (LDL) contains the 
highest level of cholesterol. LDL receptors in peripheral tissues bind LDL, triggering its 
endocytosis, lysosomal targeting and hydrolysis. When cells have abundant cholesterol, 
LDL receptor synthesis is inhibited by the sterol regulatory element binding proteins 
(SREBP) pathway (Wang et al., 1993; Yokoyama et al., 1993; Brown and Goldstein, 2009).  

The biosynthesis of cholesterol is intensely regulated in the body with negative feedback of 
plasma cholesterol levels. The molecular basis of this regulation was set out by Michael 
Brown and Joseph Goldstein, earning them the Nobel Prize in Physiology and Medicine in 
1985 (Leah, 2009). A key irreversible step of cholesterol synthesis is catalyzed by HMG-CoA 
reductase. Transcription of the HMG gene is controlled by SREBPs, transcription factors that 
bind sterol regulatory elements. SREBPs are only able to enter the nucleus when cholesterol 
levels fall. At other times they are tied up in a complex that includes Scap (SREBP-cleavage 
activating protein), an escort protein with a cholesterol-binding motif that senses cellular 
cholesterol levels. The SREBP pathway is now implicated in multiple regulatory aspects of 
lipid formation and metabolism (Brown and Goldstein, 2009). 

2.2. Atherogenicity of lipoprotein sub-fractions 

The first stages of cholesterol build up in the blood vessels (atherosclerosis) occur when LDL 
particles circulating in the blood penetrate through the inner lining of blood vessels and 
become trapped in the artery wall. The normal function of LDL is to deliver cholesterol to 
cells, where it is used in membranes or for the synthesis of steroid hormones. Cells take up 
cholesterol by receptor-mediated endocytosis. LDL binds to a specific LDL receptor and is 
internalized in an endocytic vesicle. Receptors are recycled to the cell surface, while 
hydrolysis in an endolysosome releases cholesterol for use in the cell. The liver removes 
LDL and other lipoproteins from the circulation by receptor-mediated endocytosis. 

Deregulation of cholesterol levels results in the existence of more LDL in the blood than can 
be taken up by LDL receptors. Excess LDL is oxidized and taken up by macrophages, 
forming foam cells that can become trapped in the walls of blood vessels along with cells of 
inflammation (Zioncheck et al., 1991; Young and McEneny, 2001). Fatty streaks, consisting of 
subendothelial collection of foam cells are initially formed in blood vessels. Small, dense 
LDL particles are more atherogenic than large, buoyant LDL particles, and oxidation of LDL 
also increases its atherogenicity. In addition, LDL belongs to the group of lipoproteins that 
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reductase. Transcription of the HMG gene is controlled by SREBPs, transcription factors that 
bind sterol regulatory elements. SREBPs are only able to enter the nucleus when cholesterol 
levels fall. At other times they are tied up in a complex that includes Scap (SREBP-cleavage 
activating protein), an escort protein with a cholesterol-binding motif that senses cellular 
cholesterol levels. The SREBP pathway is now implicated in multiple regulatory aspects of 
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particles circulating in the blood penetrate through the inner lining of blood vessels and 
become trapped in the artery wall. The normal function of LDL is to deliver cholesterol to 
cells, where it is used in membranes or for the synthesis of steroid hormones. Cells take up 
cholesterol by receptor-mediated endocytosis. LDL binds to a specific LDL receptor and is 
internalized in an endocytic vesicle. Receptors are recycled to the cell surface, while 
hydrolysis in an endolysosome releases cholesterol for use in the cell. The liver removes 
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Deregulation of cholesterol levels results in the existence of more LDL in the blood than can 
be taken up by LDL receptors. Excess LDL is oxidized and taken up by macrophages, 
forming foam cells that can become trapped in the walls of blood vessels along with cells of 
inflammation (Zioncheck et al., 1991; Young and McEneny, 2001). Fatty streaks, consisting of 
subendothelial collection of foam cells are initially formed in blood vessels. Small, dense 
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also increases its atherogenicity. In addition, LDL belongs to the group of lipoproteins that 
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contain apolipoprotein (apo) B-100. Some of the particles in this highly heterogeneous group 
contain other apolipoproteins, such as apo C-II, apo C-III, and apo E. Furthermore, some 
particles are larger and rich in triglycerides (large VLDL), whereas others are smaller and 
rich in cholesteryl esters (small VLDL, IDL). It is now known that remnant lipoproteins 
containing apo C-III are highly atherogenic and may be more specific measures of coronary 
heart disease (CHD) risk assessment than plasma triglycerides (Carmena et al., 2004).  

The end result is the formation of an atherosclerotic plaque which occludes the endothelial 
lumen and impedes blood flow, leading to myocardial infarction, the major cause of heart 
attacks and strokes. Although LDL levels correlate with heart attack risk, high density 
lipoprotein (HDL) has an inverse ratio of risk because HDL particles transport cholesterol to 
the liver for excretion. Modern cholesterol tests distinguish the LDL/HDL ratio as well as the 
overall level (Barter et al., 2007). Other sub-fractions of lipoproteins such as chylomicrons, 
IDL and VLDL may enter the endothelial spaces due to their sizes, thus contribute 
substantially to development of atherosclerotic plaques. They may also increase 
prothrombotic factors, triggering cardiovascular diseases (Brunzell et al., 2008). 

 
Figure 2. Sizes of Lipoproteins available at http://www.sigmaaldrich.com/european-export.html 

Triglyceride-rich lipoproteins comprise a great variety of nascent and metabolically 
modified lipoprotein particles differing in size, density, and lipid and apolipoprotein 
composition. Studies have shown an inverse relationship between the size of lipoproteins 
and their ability to cross the endothelial barrier to enter the arterial intima. Chylomicrons 
and large VLDLs are probably not capable of entering the arterial wall. On the other hand, 
small VLDL and IDL can enter the arterial intima. Therefore, certain triglyceride rich 
lipoproteins are atherogenic, whereas others are not. A large body of evidence suggests that 
small VLDLs and IDLs are independently associated with atherosclerosis (Carmena et al., 
2004). 
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2.3. Apolipoproteins in lipoproteins 

Apolipoproteins are the carrier proteins for lipoproteins and they consist of a single 
polypeptide chain often with relatively little tertiary structure. They are required to 
solubilise the non-polar lipids in the circulation and in some instances to recognise specific 
receptors. They are classified as Apo A1, A2, A4, A5, B48, B100, C1, C2, C3, D, E, H, J, L, M 
and Apo (a). Most apolipoproteins are synthesised by the liver and intestine. 

Apolipoprotein Molecular weight Lipoprotein Function 

Apo AI 29,100 HDL Lecithin: cholesterol 
acyltransferase (LCAT) activation. 
Main structural protein. Binds 
ABCA1 on macrophages 

Apo AII 17,400 HDL Enhances hepatic lipase activity 

Apo AIII 46,000 CM

Apo AIV 46,000 HDL, CM Inhibits food intake in CNS 

Apo AV 39,000 HDL Enhances triacylglycerol uptake 

Apo B48 241,000 CM Derived from Apo B100 gene by 
RNA editing, lacks the LDL 
receptor binding site

Apo B100 512,000 LDL, IDL, VLDL Binds to LDL receptor 

Apo CI 7,600 VLDL, CM Activates LCAT

Apo CII 8,900 VLDL, CM Activates lipoprotein lipase 

Apo CIII 8,750 VLDL, CM Inhibits lipoprotein lipase 

Apo D 33,000 HDL Closely associated with LCAT, 
progesterone binding 

Apo E 34,000 HDL At least 3 forms. Binds to LDL 
receptor

Apo(a) 300,000 – 800,000 LDL, Lp(a) Linked by disulfide bonds to apo 
B100 and similar to plasminogen, 
associated with premature 
coronary artery disease and stroke 

Apo H 50,000 Chylomicrons Involved with triacylglycerol 
metabolism

Apo M HDL Transports sphingosine-1- 
phosphate

Table 2. Classes of apolipoproteins, their molecular weight and functions 
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2.3.1. Apolipoprotein A 

Apo A are subdivided into apo AI, AII, AIII, AIV and AV. Apo AI and AII are the major 
apolipoproteins in the HDL particle. HDL is primarily saddled with the responsibility of 
removing excess cholesterol from peripheral tissues and delivering it to the liver for 
excretion in bile as bile acids in a process known as reverse cholesterol transport. Apo AI is 
synthesised mainly by the liver and also by the intestine. The protein consists of 243 amino 
acids arranged as eight α-helical segments of 22 amino acids which have 11 –mer repeats, no 
disulfide bonds or glycosylations. The helices are believed to be amphipathic in nature with 
both hydrophobic and hydrophilic faces. This nature enhances its interaction with the lipid 
and aqueous phases. Apo AII on the other hand is found as a twin chain of 77 amino acids 
each, linked by disulfide bonds. It enhances the activity of hepatic lipase, thus increasing 
lipoprotein metabolism. Apo III is found in chylomicrons. 

2.3.2. Apolipoprotein E 

Three isoforms of this apolipoprotein exist and they are all synthesised mainly by the liver 
and also by several tissues such as arterial wall, brain and adipose tissue. They are 
important for homeostasis of lipid and lipoproteins in blood circulation as well as their 
metabolism in these tissues. Apo E is required for the clearance of VLDL remnant (IDL) 
from circulation in the liver. Other suggestions on its involvement with immune response 
and inflammation have also been put forward.  

2.3.3. Apolipoprotein B 

Two types of apolipoprotein B are synthesised from the intestine and liver as apo B100 
which has the full length of 4536 amino acid residues and a truncated form with 48% of the 
full length known as apo B48. These proteins which are synthesised on ribosomes, an 
organelle located on the surface of rough endoplasmic reticulum are translocated through 
the reticular membrane into the lumen of endoplasmic reticulum. Assembly of VLDL occurs 
here by accretion of lipids to the core of apo B particle. This occurs in three distinct stages as 
the apo B grows bigger, forming the pre-VLDL to VLDL 2 which eventually grows to 
become the triacylglycerol-rich VLDL 1 or chylomicrons, the most energy dense substances 
in the body. VLDL 2 is a triacylglycerol-poor version of VLDL and its assembly occurs in 
golgi bodies. This is transported to basolateral membrane of the intestinal cells where final 
assembly of VLDL 1 or chylomicrons occur and these are secreted into the lamina propria of 
the intestinal cells by reverse exocytosis.  

Apo B100 and B48 are large and water-insoluble, and are the only non-exchangeable 
apolipoproteins. They are major components of chylomicrons and VLDL, and usually 
remain with their lipid aggregates throughout their passage in plasma and several metabolic 
changes occurring during their circulation in plasma. Chylomicrons are usually transported 
through the intestinal lymphatic system and flow into blood circulation via the left 
subclavian vein. As apo B carries the VLDL or chylomicrons through the blood stream, their 
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triacylglycerol content are removed by peripheral tissues via enzymatic activity of 
lipoprotein lipase, located in the endothelial wall. This makes free fatty acids available for 
energy production in muscle and some are stored in adipose tissue. Apo B48 remains with 
the remnant of the lipoprotein particle, along with dietary cholesterol and apo E. the 
lipoprotein remnant is eventually cleared from circulation in the liver by an apo E 
dependent receptor-mediated reaction.  

ApoB-100 is one of the largest monomeric proteins known and it is the major apolipoprotein 
component common to the atherogenic lipoproteins [VLDL, LDL, IDL and Lp(a)] 
(Boerwinkle et al., 1992; Carmena et al., 2004). Apo B100 differs from apo B48 by the presence 
of LDL receptor site on the apo B100 molecule. Apo B-100 is encoded for by the Apo B gene 
and mutations in this gene cause familial hypercholesterolemia, an autosomal hereditary 
metabolic disorder. The level of apo B-100 is a stronger predictor of risk than LDL in 
humans. Apo B-100 is speculated to mediate delivery of the cholesterol content of 
lipoproteins to cells via an unknown mechanism. It is well established that Apo B-100 is 
associated with atherogenic lipoproteins, thus the number of Apo B-100 can be used to 
determine the risk of atherosclerosis and CHD in individuals. Apo B-100/apo A-I ratio are 
strongly and positively related to increased risk of fatal myocardial infarction. 
Apolipoprotein A-I (apo A-I) is the major apolipoprotein in the HDL structure. The Apo B-
100/apo A-I ratio is especially valuable in patients with normal or low LDL concentrations, a 
frequent observation in type 2 diabetes mellitus which may present with 
hypertriglyceridemia and hyper-apo B concentrations (Carmena et al., 2004).  

2.3.4. Apolipoprotein C 

Apolipoprotein C is subdivided into three and each has its own distinct function. Apo CI is 
involved with activation of Lecithin: cholesterol acyltransferase (LCAT) along with apo AI. 
This enzyme converts free cholesterol into cholesterol ester, which enhances the 
incorporation of cholesterol into the lipid core of a lipoprotein particle, particularly in 
assembly of HDL particle. The enzyme is mainly bound to HDL and LDL in plasma. Apo 
CII and CIII have antagonistic activity to each other which are required in regulation of 
lipoprotein lipase activity. Apo CII is required for activation of lipoprotein lipase, while CIII 
inhibits lipoprotein lipase activity. Apo CII is believed to open a lid-like region of the 
enzyme which allows the active site to hydrolyse the fatty acid ester bonds of 
triacylglycerols. In addition to inhibition of lipoprotein lipase, apo CIII also inhibits the 
binding of lipoproteins to receptors at the cell surface, thereby decreasing hydrolysis of 
triacylglycerols. High levels of apo CIII have been associated with elevated serum levels of 
triacylglycerols (hypertriglyceridemia).  

2.3.5. Transfer of apolipoproteins in lipoprotein homeostasis 

Lipids enter blood circulation bound to apolipoproteins as chylomicrons or VLDL which as 
secreted into the blood stream from the intestines. Chylomicrons or VLDL consist mainly of 
apo B100 and B48, but also consist of some apo AI, along with other apolipoprotein which 
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will be discussed. These lipoproteins carry triacylglycerol-rich cholesterols to the peripheral 
tissues to provide sources of energy and for storage, while HDL carries excess cholesterol 
from peripheral tissue to the liver for excretion in bile acids. Immediately chylomicrons 
enter blood circulation, an exchange of apolipoproteins occurs between chylomicrons and 
HDL. The apo AI content of chylomicrons is exchanged for the apo C and E content of HDL. 
Apo C content is required for activation and inhibition of lipoprotein lipase which 
hydrolyses the triacylglycerol content of chylomicrons and VLDL, while apo E is needed for 
the receptor mediated clearance from circulation. Circulation of VLDL and chylomicrons in 
the blood stream exposes the particles to enzymatic release of triacylglycerols from the 
lipoprotein core and excess cholesterol is removed from cells. The triacylglycerol- poor and 
cholesterol rich LDL remnant produced is potentially toxic to the body and needed to be 
safely cleared from blood circulation. The main concern for this lipoprotein is its toxic effect 
on the cardiovascular system. The liver scavenges and disposes chylomicrons remnant more 
effectively than the LDL particles, a mechanism put in place by the body to get rid of the 
more atherogenic particle of the two; chylomicrons remnant. LDL particles are mostly 
removed by other mechanisms involving HDL. 

2.3.6. Apolipoprotein(a) 

Apolipoprotein(a) itself is a large glycoprotein that exhibits size heterogeneity among 
individuals with isoforms that range between 180 – 700kDa in size. Apo(a) genotypes were 
determined using a newly developed pulsed-field gel electrophoresis method which 
distinguished 19 different genotypes at the apo(a) locus. The apo(a) gene itself was found to 
account for virtually all the genetic variability in plasma Lp(a) levels (Boerwinkle et al., 
1992). The apo(a) cDNA contains multiple tandem copies of a sequence that encodes a 
cysteine-rich protein motif called a kringle. The particular repeated kringle in apo(a) is 
designated kringle 4 because it closely resembles the fourth kringle in plasminogen, with the 
protease domain of apo(a) containing 88% amino-acid identity to plasminogen. McLean et al. 
(1992) proposed that the apo(a) isoforms are of different sizes because of variations in the 
numbers of kringle 4-encoding repeats in the apo(a) gene. The molecular mass of apo(a) 
protein varies from 187 kDa for an apo(a) that contains 12 kringle 4 domains, to 662 kDa for 
an apo(a) that contains 50 kringle 4 domains (Carmena et al., 2004). 

2.4. Lipoprotein A [Lp(a)] 

Lipoprotein [Lp(a)] is a variant of LDL with an additional apolipoprotein in the structure. 
Lp(a) is essentially an LDL particle with a large glycoprotein, apolipoprotein (a) [apo(a)] 
attached to it (McLean et al., 1987; Loscalzo et al., 1990; Boerwinkle et al., 1992; Palabrica et al., 
1995). Lp(a) resembles low density lipoprotein (LDL) in lipid composition, but it is 
distinguished by the presence of apo(a) which is bound by a disulfide linkage to 
apolipoprotein B-100, a ligand in the LDL molecule by which LDL binds to its receptor. 
Lp(a) levels has been demonstrated to have a clear association with development of 
atherosclerosis and other cardiovascular diseases (Zenker et al., 1986; Danesh et al., 2000; 
Berglund and Anuurad, 2008; Danik et al., 2008). The postulated atherogenicity of Lp(a) is 
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probably due to the presence of apo(a) component of the Lp(a) molecule. A study showed 
that the removal of apo(a) from Lp(a) particles result in a lipoprotein with greatly enhanced 
affinity for the LDL receptor (Armstrong et al., 1985). 

2.4.1. Synthesis of lipoprotein(a)  

Apo(a) is expressed by liver cells (hepatocytes), and the assembly of apo(a) and LDL 
particles seems to take place at the outer hepatocyte surface. The half-life of Lp(a) in the 
circulation is about 3 to 4 days (Rader et al., 1993) and this particle varies in blood 
concentration from one individual to another from <0.2 - >200 mg/dL. Ethnicity is a factor, 
with those of Asian and African origin averaging the highest concentrations. Within ethnic 
groups, individual elevation of Lp(a) is directly associated with increased risk of 
cardiovascular diseases (Sandholzer et al., 1991; Chien et al., 2008). Lp(a) is usually 
unaffected by factors like age, blood pressure, and total cholesterol.  

2.4.2. Similarity between lipoprotein(a) and plasminogen 

The structure of Lp(a) is similar to plasminogen, a naturally occurring glycoprotein that 
participates in dissolving of clots that form in the bloodstream, and tissue plasminogen 
activator (tPA). Lp(a) competes with plasminogen for its binding site, leading to reduced 
fibrinolysis (Loscalzo et al., 1990; Palabrica et al., 1995). Also because Lp(a) stimulates 
secretion of PAI-1 it leads to thrombogenesis. In addition, because of LDL cholesterol 
content, Lp(a) contributes to atherosclerosis (Schreiner et al., 1993; Sotiriou et al., 2006) and 
ultimately a cardiovascular risk factor (Berglund and Ramakrishnan, 2004).  

2.4.3. Correlation between apolipoprotein size and Lp(a) concentration 

There is a general inverse correlation between the size of the apo(a) isoform and the Lp(a) 
plasma concentration (Bowden et al., 1994; Kraft et al., 1996) which is caused by a variable rate 
of degradation before the apo(a) protein has matured for Lp(a) assembly (White et al., 1994). 
The plasma concentration of Lp(a) is unaffected by many physiological, pharmacological, and 
environmental factors that affect the levels of other plasma lipoproteins (Albers et al., 1977). A 
genetic determination of plasma Lp(a) levels was strongly suggested due to this lack of 
environmental and physiological influences. Consistent with this formulation, early genetic 
studies suggested that the presence of Lp(a) in plasma was inherited as a single autosomal 
dominant trait (Berg and Mohr, 1963; Iselius et al., 1981), with an estimated heritability level 
ranging from 0.75 to 0.98 (Boerwinkle et al., 1992).  

Plasma Lp(a) concentrations vary 1000-fold between individuals and represent a continuous 
quantitative genetic trait with a skewed distribution in Caucasian populations (Utermann, 
1989). A study was conducted by Lackner et al. (1991) in which the apo(a) gene of members 
of 12 Caucasian families were segregated. It was found that within a given family, sibling 
pairs with identical apo(a) genotypes tended to have very similar plasma Lp(a) levels 
(Lackner et al., 1991). However, individuals with the same apo(a) genotypes who were 
members of different families often had significantly different plasma concentrations of 
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Lp(a). Taken together, these observations suggest that the apo(a) gene is the major 
determinant of plasma Lp(a) levels and that cis-acting DNA sequences at or near the apo(a) 
locus, other than the number of kringle 4 repeats, contribute importantly to plasma Lp(a) 
concentrations (Boerwinkle et al., 1992). Variation in the hypervariable apo(a) gene on 
chromosome 6q2.6-q2.7 and interaction of apo(a) alleles with defective LDL-receptor genes 
explain a large fraction of the variability of plasma Lp(a) concentrations (Utermann, 1989). 

Furthermore, the size of the apo(a) glycoprotein varies in individuals and this size is 
inversely correlated with the plasma level of Lp(a). The reason for the inverse correlation 
between the size of the apo(a) gene and level of plasma Lp(a) is not known, but a variation 
of length within the kringle 4-encoding region of the apo(a) gene may account for a greater 
proportion of the inter-individual variation in plasma Lp(a) concentrations. Also, the 
number of kringle 4 repeats in the gene may not have a direct effect on plasma Lp(a) 
concentration (Boerwinkle et al., 1992; Brunner et al., 1996). A study conducted on apo(a) 
gene of mamorset monkeys showed a plasma Lp(a) concentration of a very wide range of 
over a 100-fold, but only one apo(a) isoform (Guo et al., 1991). This may be explained by the 
differences in the composition of kringle 4 sequence of apo(a) genes in which individuals 
may have same sizes of apo(a) alleles but different plasma Lp(a) concentrations. The 
frequency of recombination activity in this locus may be responsible for the variation in 
their kringle 4 composition and number which may have marked effect on synthesis and /or 
degradation of Lp(a) (Boerwinkle et al., 1992). 

2.5. Role of oxidation in atherogenesis 

Oxidative stress, especially LDL oxidation has been suggested for almost three decades as 
the most probable aetiology of atherosclerosis (Steinbrecher et al., 1984). Markers of LDL 
oxidation in plasma, particularly circulating oxidized LDL and auto-antibodies against 
oxidized LDL, could be used to assess the development of atherosclerosis in patients 
(Carmena et al., 2004). Circulating oxidized LDL is additive to the global risk score based on 
age, sex, total and HDL cholesterol, diabetes mellitus, hypertension, and smoking as a useful 
marker for identifying persons at risk for CAD (Holvoet et al., 2001; Toshima et al., 2000). 

A study has associated circulating oxidized LDL with both subclinical atherosclerosis 
(clinically silent ultrasound assessed atherosclerotic changes in the carotid and femoral 
arteries) and inflammatory variables (C-reactive protein and the inflammatory cytokines 
interleukin-6 and tumor necrosis factor-α). This conclusion supports the concept that 
oxidatively modified LDL may play a major role in development of atherosclerosis (Hulthe 
and Fagerberg, 2002). It has been proposed that, because of the antigenic properties of 
oxidized LDL, the anti-oxidized LDL antibody titer could represent a useful index of in vivo 
LDL oxidation. Autoantibodies against oxidized LDL have been reported to be associated 
with atherosclerosis, but existing reports are still conflicting. Some studies have reported a 
positive relationship between autoantibodies against oxidized LDL and CHD (Sherer et al., 
2001) whereas another did not (Leinonen et al., 1998). There is a strong cross-reactivity 
between autoantibodies against oxidized LDL and anticardiolipin antibodies, which have 
been positively associated with CHD (Erkkila et al., 2000).  
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2.6. Relationship between insulin resistance, diabetes, and small, dense LDL  

Cardiovascular heart disease risk is usually significantly increased when elevated levels of 
small, dense LDL accompanied by hypertriglyceridemia, reduced HDL-cholesterol levels, 
abdominal obesity, and insulin resistance. Results from the Que´bec Cardiovascular Study 
have indicated that persons displaying elevated plasma concentrations of insulin and apo B 
together with small, dense LDL particles showed a remarkable increase in CHD risk 
(Lamarche et al., 1999).  

Sensitivity to insulin in diabetic and non-diabetic individuals was assessed using nuclear 
magnetic resonance (NMR) spectroscopy. Insulin resistance had profound effects on 
lipoprotein size and an increase in serum triglycerides. The lipid profile revealed a 2- to 3-
fold increase in concentrations of large VLDL particles with no change in medium or small 
VLDL, increase in overall LDL particle concentration with more small LDL particle size and 
reduced large LDL. In type 2 diabetes, these alterations could be attributed primarily to the 
underlying insulin resistance. These changes in the NMR lipoprotein subclass profile 
predictably increased the risk of cardiovascular disease but were not fully apparent in the 
conventional lipid profile (Garvey et al., 2003). The Diabetes Atherosclerosis Intervention 
Study (DAIS) (Vakkilainen et al., 2003) showed that lipid-modifying treatment decreased the 
angiographic progression of coronary atherosclerosis in subjects with type 2 diabetes. This 
effect was related in part to the correction of lipoprotein abnormalities. Compared with 
placebo, fenofibrate treatment significantly increased LDL particle size and HDL cholesterol 
and decreased plasma total cholesterol, LDL cholesterol, and triglyceride concentrations. 
The final LDL particle size was inversely correlated with the increase in percentage diameter 
stenosis (Vakkilainen et al., 2003). 

The Pittsburgh Epidemiology of Diabetes Complications Study on whether NMR 
lipoprotein spectroscopy improves the prediction of coronary artery disease (CAD) in 
patients with childhood-onset type 1 diabetes, independently of conventional lipid and 
other risk factors showed that both lipid mass and particle concentrations (NMR 
spectroscopy) of all VLDL subclasses, small LDL, medium LDL, and medium HDL were 
increased in CAD cases compared with controls, whereas large HDL was decreased. Mean 
LDL and HDL particle sizes were also less in CAD cases (Soedamah-Muthu et al., 2003; 
Carmena et al., 2004). 

2.7. Dyslipoproteinaemia 

Dyslipoproteinaemia is a term broadly used for derangement in lipid and lipoprotein 
metabolism, which may either be hyperlipoproteinaemia or hypolipoproteinaemia. 
Dyslipoproteinaemias are generally classified as familial (primary) or acquired (secondary). 
This chapter discusses hyperlipoproteinaemia with its close relevance to development of 
cardiovascular diseases. Primary hyperlipoproteinaemias are of genetic origin and may be 
due to a mutation in a receptor protein which presents as inborn errors of lipid metabolism, 
and includes common hypercholesterolemia, combined familiar hyperlipidemia, familiar 
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hypercholesterolemia, familiar hypertriglyceridemia, VLDL remnants hyperlipidemia and 
primary chylomicronaemia (Garmendia, 2003). Primary hyperlipoproteinaemia was first 
classified by Fredrickson and Lees (1965) and this classification was adopted by World 
Health Organization (WHO). They divided primary hyperlipoproteinaemias into four types 
and details are show in Table 3 below.  

The secondary hyperlipoproteinemias also mimic primary types and may present with 
similar symptoms. Secondary dyslipoproteinaemias are usually due to other underlying 
causes that lead to alterations in plasma lipid and lipoprotein metabolism, including 
hypothyroidism, diabetes mellitus, nephrotic syndrome, chronic biliary obstruction, renal 
insufficiency. Some drugs modify lipid metabolism and these include alcohol, beta-
adrenergic blockers, diuretics, progestagens, corticosteroids (Garmendia, 2003). Treatment 
of the underlying cause or discontinuation of offending drug may resolve the 
dyslipoproteinaemia. Lipid and lipoprotein abnormalities are common observations and are 
regarded as modifiable risk factors for development of cardiovascular diseases. 

Hyperlipo-
proteinaemia 

Sub-type Classification  Defect Lipoprotein 
increased 

Treatment 

 
Type I 

a, c  Familial 
hyperchylo-
micronemia  

↓ Lipoprotein 
lipase (LpL) 

 
Chylomicron
s 

 
Diet 
control 

b apoprotein CII 
deficiency 

Altered Apo 
CII 

 
Type II 

a Familial 
hypercholesterolem
ia 

LDL receptor 
deficiency 

LDL Bile acid 
sequestrant
s, 
statins,niac
in 

b Familial combined 
hyperlipidemia 

↓ LDL 
receptor or 
and ↑Apo B 

LDL and 
VLDL 

Statins, 
niacin,fibra
te 

Type III Familial 
dysbetalipo-
proteinaemia 

Apo E2 
synthesis 

IDL Fibrate, 
statins 

Type IV Familial 
hypertriglyce-
ridaemia 

↑VLDL and 
↓LpL 

VLDL Fibrate, 
niacin, 
statin 

Type V  ↑VLDL and 
↓LpL  

VLDL and 
chylomicrons 

Niacin, 
fibrate 

Adapted from Fredrickson classification of hyperdyslipoproteinaemia (Fredrickson and Lees, 1965). 

Table 3.  
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2.8. Theories of atherogenesis 

Arteries are blood vessels that carry oxygenated blood from the heart to all tissues of the 
body. The arterial wall is composed of three layers, namely the intima (inner lining), media 
and adventitia. A single layer of endothelial cells line the inner surface of the intima, 
forming a barrier to blood cells and plasma flowing within the blood vessel. Atherosclerosis 
is characterized by lesions in the intima of arteries, seen as raised fibrous plagues ranging in 
colour from pearly gray to yellowish gray. The cellular components of the plaque include a 
cell similar to the adjacent endothelial cell, macrophages, fibrinogen from which fibrin is 
formed and white blood cells intersparsed between dense connective tissue which consist 
majorly of collagen fibers. The cells within and around the plaque are usually lipid ladened. 
Atherosclerosis poses a high risk not just because it can close up an artery, slowing down or 
entirely restricting blood flow, but may also lead to thrombus formation. A thrombus is a 
complex aggregation of platelets, red and white blood cells in a fibrin network. Several 
theories have emanated, suggesting the actual pathogenesis of atherosclerosis. 

Schoenhagen (2006) documented the different theories that have been postulated in the 
course of history. In 1851, a scientist, Rokitansky suggested the encrustation theory or 
thrombogenesis in which it is said that atherosclerosis began in the intima of arteries with 
the deposition of thrombus. This is followed by the organisation of the thrombus through 
infiltration of fibroblast, secondarily followed by deposition of lipid. The German 
pathologist, Rudolf Virchow postulated the insudation or inflammation theory in 1856, a 
different initiation of atherosclerosis. It was suggested that infiltration of fatty substances 
from the blood stream into the arterial wall leads to deposition of cholesterol which acts as 
an irritant, causing inflammation and the proliferation of cells. The cholesterol deposits act 
as irritant in the arterial intima, initiating inflammatory process as macrophages are 
incriminated as key role players in the phases of the disease. This theory was further 
supported by the work of N.N. Anitschkow in 1933 where he discovered that a disease 
resembling human atherosclerosis could be reproduced in rabbits with high serum 
cholesterol or LDL levels. He thus stated this occurrence may be as a result of defects in 
metabolism of lipids and lipids Schoenhagen, 2006).  

The flow theory relates the circulation of blood in vessels to its effect on arterial wall. It 
stated that lesions occurred more often at curved, branching, or bifurcated sites, generally at 
regions of perturbed blood flow. Other hypotheses that arose from the flow theory include 
the stagnation point hypothesis by Fox and Hugh (1966), high wall shear stress hypothesis 
proposed by Fry (1968), low wall shear stress hypothesis by Caro et al. (1969), diminished 
lateral pressure hypothesis by Texon (1980) and the convection-diffusion hypothesis. 

All the theories above were established based on three methods. Atherosclerotic plaques 
from autopsy findings from individuals of both sexes, various ages and race with different 
diseases which included hyperlipidaemia, diabetes and hypertension were considered. 
Epidemiological studies of factors which promote or prevent development of 
atherosclerosis, and finally experimental pathology which established the sequence of lesion 
development or regression were considered. None of these theories entirely explains the 
pathogenesis of atherosclerosis, but each has explained an aspect of this process. 
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2.9. Prevention and treatment of cardiovascular diseases 

The contributing factors to development of cardiovascular diseases are numerous as 
mentioned in the risk factors above. Lowering of plasma cholesterol levels is usually the first 
line of intervention for prevention and treatment of cardiovascular diseases. Dramatic 
successes have been recorded with cholesterol-lowering therapy which may suggest that 
maintenance of low cholesterol levels is sufficient to prevent development of atherosclerosis 
or reversing an established disease condition (Brunzell et al., 2008). Different approaches 
have been used for prevention and treatment of this condition, some are enumerated below. 

2.9.1. Role of High density lipoprotein-cholesterol (HDL-C) 

High density lipoprotein-cholesterol (HDL-C) is the smallest of the lipoprotein sub-
fractions. It is however, the most complicated and diverse of the lipoproteins. It is the major 
lipoprotein which transports excess cholesterol from the plasma to the liver for excretion or 
utilization in the liver and other hormone producing regions of the body. Excess cholesterol 
is eliminated from the body via the liver, which secretes cholesterol in bile or converts it to 
bile salts (Toth, 2005; Tall, 2008). Also, its anti-inflammatory property protects LDL from 
oxidation and limits the concentrations of oxidized components, which may pose as 
atherogenic treats. HDL-C have been associated with reduced risk of cardiovascular events 
(Duffy and Rader, 2009; Khera et al., 2011). HDL-C plays a key role in the reverse 
transportation of cholesterol by accepting cholesterol from lipid-laden macrophages (Lehrke 
et al., 2007). In the study conducted by Khera et al. (2011), the ability of HDL to promote 
cholesterol efflux from macrophages was strongly and inversely associated with both 
subclinical atherosclerosis and obstructive coronary artery disease. It was also discovered 
that the associations persisted after adjustment for traditional cardiovascular risk factors, 
including the levels of HDL cholesterol and apolipoprotein A-I. HDL has several protein 
constituents which are exchangeable with other lipoproteins, and it acquires different 
apolipoproteins in the process of maturation such as apo AII, AIV, AV, CI, CII, CIII and E 
which results in generation of diverse HDL particles with various metabolic functions. In 
addition to being carrier proteins for the HDL particle, these proteins have protective roles 
which they play against cardiovascular diseases, such as by acting as anti-inflammatory 
regulators to limit the activity of pro-inflammatory cytokines. 

Nascent HDL is synthesised and secreted by the liver and small intestine. It travels in the 
circulation where it gathers cholesterol to form mature HDL, which then returns the 
cholesterol to the liver via various pathways. Apolipoprotein A-I (ApoA-I) is the major 
protein component of high density lipoprotein (HDL) in plasma. The protein is encoded for 
by APOAI gene (Breslow et al., 1982, Arinami et al., 1990). Defects in this gene have been 
associated with HDL deficiencies (HUGO Gene Nomenclature Committee, 2011). This 
protein increases the efflux of cholesterol from tissue to liver where it is excreted. A few 
individuals were reported to produce a HDL ApoA-I protein variant called ApoA-I Milano, 
an abnormal and apparently more efficient apolipoprotein. It has low measured HDL-C 
levels yet very low rates of cardiovascular events even with high blood cholesterol values 
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(Franceschini et al., 1981). Apo CI, CII and apo E also accumulate in the nascent HDL 
particle, which serves as a store for these apolipoproteins in circulation.  

Phospholipids are transferred from macrophages by a specific transporter molecule known 
as ATP-binding cassette transport protein A1 (ABCA-1) into the core of the lipoprotein, and 
cholesterols are extracted from the cells by a transporter protein derived from macrophages 
in the sub-endothelial spaces of tissues; ABCG-1 transporter. The eventual maturation of the 
HDL particle is dependent on the lecithin: cholesterol acyltransferase (LCAT), an enzyme 
activated by apoAI, which catalyses the formation of cholesterol esters from cholesterol. 
Mobilization of free cholesterol and phospholipids from IDL and LDL continues until a 
matured, spherical HDL particle is formed. Endocytosis of the matured HDL into 
hepatocytes occurs and the cholesterol and cholesterol esters are transported via a facilitated 
transfer to distinct pools within the cell. The modified HDL particles are secreted back into 
circulation where they can further acquire cholesterol before they re-circulate to the liver. 
The complete reverse cholesterol transport occurs with the addition of apo E to the HDL 
particle which facilitates their uptake and catabolism.  

2.9.2. Lipoprotein Lipase as an anti-atherogenic agent 

Activation of lipoprotein lipase (LpL) activity has been reported to have anti-atherogenic 
activity. Lipoprotein lipase (LpL) is a rate-limiting enzyme found on the surface of 
endothelial cells. It is polypeptide with 839 amino acids and an extracellular domain which 
binds to apo B100 and apo E. LpL catalyses the hydrolysis of the triacylglycerol (TAG) 
component of circulating chylomicrons and very low density lipoproteins (VLDL). The 
enzyme digests the TAG to fatty acids and monoglycerides. This provides non-esterified 
fatty acids and 2-monoacylglycerol which can be utilised immediately by cells for energy 
production or synthesis of other lipids. Unutilized fatty acids may be bound to circulating 
albumin and released slowly to meet future cellular requirements. Glycerol produced from 
LpL activity is transported back to the liver and kidneys, where it is converted to 
dihydroxyacetone phosphate in the alternative glycolytic pathway. The fatty acids from LpL 
activity in the muscle may diffuse into cells to be oxidized to two-carbon units or used to re-
synthesis TAG which are stored in adipose cells (Clee et al., 2000; Tsutsumi, 2003). 
Significant LpL activity occurs in muscle, adipose tissue and lactating mammary glands. 
Accumulation of VLDL remnants (IDL with apo B100 and apo E are converted to LDL with 
further loss of triacylglycerols. Both carrier proteins are necessary for recognition of IDL and 
LDL by the LDL receptors in the liver, after which they are taken up into hepatocytes by 
endocytosis and catabolized.  

Research carried out over the past two decades have not only established a central role for 
LpL in the overall lipid metabolism and transport but have also identified additional, non-
catalytic functions of the enzyme. Furthermore, abnormalities in LpL function have been 
found to be associated with a number of pathophysiological conditions, including 
atherosclerosis, chylomicronaemia, obesity, Alzheimer's disease, and dyslipidaemia 
associated with diabetes, insulin resistance, and infection (Mead et al., 2002).  
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Figure 3. Summary of the fate of Lipoprotein sub-fractions (Adapted from 
http://courses.washington.edu/conj/bess/cholesterol/liver.html) 

LpL encodes lipoprotein lipase, which is expressed in heart, muscle, and adipose tissue. LpL 
functions as a homodimer, and has the dual functions of triglyceride hydrolysis and 
ligand/bridging factor for receptor-mediated lipoprotein uptake. Through catalysis, VLDL is 
converted to IDL and then to LDL. Severe mutations that cause LpL deficiency result in type 
I hyperlipoproteinemia, while less extreme mutations in LpL are linked to many disorders 
of lipoprotein metabolism.  

LpL isozymes are regulated differently depending on the tissue. For example, insulin is 
known to activate LpL in adipocytes and its placement in the capillary endothelium. By 
contrast, insulin has been shown to decrease expression of muscle LpL (Kiens et al., 1989). 
The form that is in adipocytes is activated by insulin, whereas that in muscle and 
myocardium is activated by glucagon and epinepherine. This helps to explain why during 
fasting, LpL activity increases in muscle tissue and decreases in adipose tissue. After 
feasting, the opposite occurs (Braun and Severson, 1992; Mead et al., 2002).  

The concentration of LpL displayed on endothelial cell surface cannot be regulated by 
endothelial cells, as they neither synthesize nor degrade LpL. Instead, this regulation occurs 
by managing the flux of LpL arriving at the lipolytic site and being released into circulation 
attached to lipoproteins (Braun and Severson, 1992; Goldberg, 1996). The typical 
concentration of LpL in plasma is in the nanomolar range. Lipoprotein lipase deficiency 
leads to hypertriglyceridemia (elevated levels of triglycerides in the bloodstream) and 
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decreased high density lipoprotein activity (Clee et al., 2000; Tsutsumi, 2003; Okubo et al., 
2007). Diets high in refined carbohydrates have been shown to cause tissue-specific 
overexpression of LpL. This has been implicated in tissue-specific insulin resistance and 
consequent development of type 2 diabetes mellitus & obesity. 

2.9.3. Influence of Hormones on plasma LDL-C and Lp(a) levels 

Several studies have reported conflicting reports on the effect of hormonal replacement 
therapy on plasma LDL-C and Lp(a) levels (Taskinen et al., 1996; Shlipak et al., 2000; Vigna et 
al., 2002). In a cohort study conducted by Danik et al. (2008), the effect of hormone 
replacement therapy (HT) on Lp(a) and cardiovascular risk was investigated. It was 
reported that the relationship of high Lp(a) levels with increased cardiovascular disease is 
modified by hormonal therapy. These data suggest that the predictive utility of Lp(a) is 
markedly attenuated among women taking HT and may inform clinicians' interpretation of 
Lp(a) values in such patients. It was noteworthy that the effect of hormonal therapy was 
observed only in women with high LDL cholesterol levels, in agreement with previous 
studies suggesting an interaction between Lp(a) and LDL cholesterol (Berglung and 
Anuurad, 2008). 

3. Summary 

Elevated serum LDL-C and low levels of HDL-C are known as major and independent risk 
factors for CHD. Small, dense lipoprotein sub-fractions have been reported to have 
atherogenic potentials, with particular reference to Lipoprotein(a) [Lp(a)], a variant of low 
density lipoprotein (LDL). Other atherogenic sub-fractions of lipoproteins are VLDL, LDL, 
and IDL. These sub-fractions are characterized by the presence of apolipoprotein B-100, with 
an additional apolipoprotein known as apo(a) in the Lp(a) structure. Apo(a) is structurally 
and functionally similar to plasminogen and it accounts for virtually all the genetic 
variability in plasma Lp(a) levels. Variation of length within the kringle 4-encoding region 
of the apo(a) gene may account for a greater proportion of the inter-individual variation in 
plasma Lp(a) concentrations, with a strong genetic involvement inherited as a single 
autosomal dominant trait. 

In the course of the pathogenesis of atherosclerosis, oxidized LDL is taken up by 
macrophages and into endothelial cells. This leads to formation of atherosclerotic plaques 
which precedes development of CHD. Oxidized LDL is antigenic and titres of auto-
antibodies against oxidized LDL in plasma can be used as indicator of a positive association 
with CHD. A positive association has also been established between plasma level of LDL, 
specifically oxidized LDL and other risk factors contributing to development of CHD. Such 
risk factors were identified as hypertriglyceridemia, reduced HDL-C levels, abdominal 
obesity and insulin resistance. Treatment of CHD can be achieved by lowering of plasma 
cholesterol levels which has been achieved by cholesterol-lowering therapy, suggesting that 
maintenance of low cholesterol levels may sufficiently prevent or reverse an established 
atherosclerosis. Increasing plasma levels of HDL-C has been reported to also be of benefit. 
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which precedes development of CHD. Oxidized LDL is antigenic and titres of auto-
antibodies against oxidized LDL in plasma can be used as indicator of a positive association 
with CHD. A positive association has also been established between plasma level of LDL, 
specifically oxidized LDL and other risk factors contributing to development of CHD. Such 
risk factors were identified as hypertriglyceridemia, reduced HDL-C levels, abdominal 
obesity and insulin resistance. Treatment of CHD can be achieved by lowering of plasma 
cholesterol levels which has been achieved by cholesterol-lowering therapy, suggesting that 
maintenance of low cholesterol levels may sufficiently prevent or reverse an established 
atherosclerosis. Increasing plasma levels of HDL-C has been reported to also be of benefit. 
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HDL-C has anti-inflammatory activity which may prevent oxidation of LDL and it plays a 
key role in reverse transportation of cholesterol from lipid-laden macrophages. 

The enzyme Lipoprotein lipase (LpL) may be useful in chemotherapy or prophylaxis of 
CHD. LpL has anti-atherogenic activity by its dual functions of triglyceride hydrolysis and 
ligand/brigding factor for receptor-mediated lipoprotein uptake. Activation of the enzyme is 
dependent on the tissue, resulting in variability of its activity. Hormonal replacement 
therapy may also be of benefit to patients with CHD and related diseases, but reported on 
current findings are conflicting.  
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1. Introduction 

This chapter focuses on the potential contributions of the blood-borne neutrophils to 
hypercholesterolemia-related pathophysiology (e.g., thrombus formation, embolism, heart 
attack, stroke, etc.). Neutrophils are immersed in the cholesterol-abundant plasma of 
blood and play critical roles in the acute inflammatory response of the body to infection or 
tissue damage. Because of their high degree of sensitivity to inflammatory agonists and 
their arsenal of potent microbicidal and tissue degradative agents, a number of redundant 
cellular mechanisms exist to control or “turn-off” the inflammatory processes by these 
cells under physiological (non-pathological) conditions. Failure of these mechanisms leads 
to sustained levels of cell activity that contribute to a chronic inflammatory phenotype 
with the continuous release of proteases and cytokines as well as the potential to elicit 
non-specific damage to host tissues. Alternatively, chronic neutrophil activity may impair 
tissue perfusion via its effects on the rheological flow behavior of blood particularly in 
terms of the ability of leukocytes to transit the microcirculation[1]. Such potential damage 
mechanisms are thought to govern an increasing number of human pathological scenarios 
(e.g., Alzheimer’s, diabetes, vascular disease) that correlate with a chronic inflammatory 
state. In this regard, chronic inflammation has gained recognition in the scientific 
community and even in the mainstream national media (e.g., Time[2] and Newsweek[3] 
magazines) as a common denominator for human diseases. The question is whether the 
dysregulation of neutrophil activity is a significant component of this potential disease 
mechanism. 

We address this issue from a mechanobiological perspective by presenting evidence that 
supports a role of impaired neutrophil mechanotransduction of hemodynamics-derived 
fluid flow in the pathogenesis of hypercholesterolemia-linked diseases. For this purpose, we 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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will first discuss the link between chronic inflammation and hypercholesterolemia and then 
highlight the neutrophil involvement in the pathophysiology of related cardiovascular 
diseases, e.g. atherosclerosis and microvascular dysfunction. To further exemplify this 
link, we will explain the potential mechanism(s) by which cholesterol in blood may 
impact the biochemical regulation of neutrophil activity at the cellular level. Finally, we 
will introduce our own evidence as well as those of others pointing to dysregulated 
neutrophil mechanotransduction as an important component of hypercholesterolemic 
pathologies. 

2. Hypercholesterolemia and chronic inflammation  

Hypercholesterolemia is the dominant risk factor for atherosclerosis and its downstream 
complications (e.g., heart attack, stroke, etc.). Over the past two decades, a wealth of insight 
has pointed to the development of atherosclerotic lesions in the large vessels (e.g., aorta, 
carotid, femoral artery, etc.) as occurring at the interface between hypercholesterolemia and 
inflammation (see reviews[4, 5]). According to the current paradigm, at atheroma-prone 
sites, inflamed endothelial cells (due to damage or dysregulation) initiate the invasion of 
blood leukocytes (predominantly, monocytes) and smooth muscle cells (SMCs) into the 
subendothelial (e.g., the intimal) layer of the vascular wall contributing to atherosclerotic 
tissue remodeling, thrombosis, and finally embolus formation. The main lipid species that 
appear to dominate this inflammatory process are modified low-density lipoprotein (LDL) 
particles, particularly oxidized LDL (oxLDL), which act as potent proatherogenic and 
proinflammatory factors responsible for not only loading monocyte-derived macrophages 
with cholesterol but also directly stimulating leukocytes and other vascular wall cells (for a 
more complete explanation, see reviews[5, 6]).  

Hypercholesterolemia also induces chronic inflammation in the microcirculation[7]. 
Phenotypic changes in the microvasculature are observed long before the appearance of 
fatty streak lesions in the large arteries of animals placed on high fat (HFD), i.e. 
proatherogenic, diet[8, 9]. The inflammatory phenotype of the microvessels in 
hypercholesterolemic animals results in increased basal levels of rolling, adherent, and 
emigrating leukocytes in the postcapillary venules, predominantly neutrophils, as well as 
enhanced production of reactive oxygen species (ROS). Hypercholesterolemia also 
exaggerates microvascular responses to a range of proinflammatory stimuli. For example, 
the postcapillary venules of LDL receptor deficient (LDLr-/-) mice, a murine model of 
modest hypercholesterolemia (with 3-fold higher levels of plasma cholesterol compared to 
their wild-type (WT) counterparts), exhibit enhanced leukocyte adhesion and albumin 
leakage in response to experimental ischemia/reperfusion injury as compared to those of 
WT mice[10]. Interestingly, similar phenotypic changes can be observed in the 
microvasculature of normocholesterolemic animals administered oxLDL[11, 12], suggesting 
that oxLDL participates in hypercholesterolemia-related microvascular dysfunction.  

Although the mechanisms responsible for the induction of inflammation by 
hypercholesterolemia in both microvessels and larger arteries remain unclear, it appears 
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that they both begin with endothelial dysfunction characterized by reduced vasodilation, a 
proinflammatory state, and enhanced permeability to macromolecules (e.g., lipids). 
However, the original triggers for this endothelial dysfunction are still controversial. In this 
regard, oxLDL, based on its potent proinflammatory effects, has been considered as a 
candidate that initiates the inflammatory responses. In fact, production and release of ROS 
and myeloperoxidase (MPO)[13], which play critical roles in the oxidation of LDL-
cholesterol conjugates and are tightly controlled under the physiological non-inflamed 
conditions, increase in response to hypercholesterolemia. The cellular basis for the causality 
between oxLDL formation and chronic inflammation, however, remains elusive.  

Interestingly, the preferential formation of atherosclerotic lesions at bifurcations, severe 
curvatures, and stenoses in the arterial circulation strongly suggests that the hemodynamic 
flow environment is an important determinant in atherogenesis. Fluid flow-derived 
frictional (i.e., shear) stresses imposed on the surfaces of endothelium lining the vascular 
wall have been shown to serve an atheroprotective function when blood flow is laminar (i.e., 
smooth and ordered; for a more comprehensive discussion, see review[14]). For example, 
laminar fluid flow stimulates endothelial production of nitric oxide (NO), with vasodilatory 
and anti-inflammatory actions[15]. In contrast, oscillatory shear stresses enhance production 
and release of ROS[16]. In addition, disturbed flows lead to the upregulation of adhesion 
molecules on the endothelial surface (e.g., intercellular adhesion molecule-1 or ICAM-1) 
responsible for recruiting leukocytes to the vascular wall[17]. In effect, generation of 
complex distributions of fluid shear stresses on the vascular wall, such as at sites of 
bifurcations and branch points, appears to shift the endothelial phenotype from 
atheroprotective to proatherogenic.  

However, complex flow fields are not sufficient for the onset/progression of 
hypercholesterolemia-related atherosclerosis since, for example, we are born with 
bifurcations and curvatures but do not develop atherosclerosis from birth. It is, therefore, 
clear that cardiovascular pathobiology due to hypercholesterolemia occurs at the 
intersection between vascular cell biology and the surrounding fluid stress environment. In 
this regard, it may be the sensitivity (i.e., responsiveness) of vascular cells to fluid shear 
stress that is altered in the face of hypercholesterolemia leading to a proinflammatory and a 
proatherogenic phenotype. Moreover, the endothelial cells are not the only cells in the 
vasculature. Neutrophils also exist in the cholesterol-enriched, fluid flow environment of the 
circulation and are critical for initiating acute inflammation. Recently, a growing body of 
evidence supporting the involvement of neutrophils has emerged.  

3. The neutrophil involvement in hypercholesterolemia-related vascular 
dysfunction  

Neutrophils make up the majority of the nucleated leukocytes in human blood with the 
remaining being monocytes and lymphocytes. As the principal gatekeepers of the acute 
inflammatory response of the body’s immune system, neutrophils are extremely sensitive to 
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inflammatory stimuli allowing them to rapidly (i.e., on the order of milliseconds) transition 
from an inactivated to an activated state. Upon activation, the upregulation of cell-cell 
adhesion molecules (e.g., selectins, integrins) enables neutrophils to roll and adhere onto the 
endothelium prior to their transmigration (via diapedesis) across the vascular wall and to 
the target tissues (i.e., sites of infection and tissue injury) where they release a potent array 
of biochemicals including proinflammatory mediators, ROS, and proteases to fight infection 
and orchestrate tissue repair. During this process, neutrophils also undergo changes in their 
physical attributes such as their size, deformability, and adhesiveness. It is these features 
that cause neutrophils to be major players in the pathobiology of hypercholesterolemia-
related cardiovascular diseases for both the macro- and micro- circulations.  

3.1. Potential roles of neutrophils in atherosclerosis  

While it has long been appreciated that monocytes and their descendants, along with T 
lymphocytes, mast cells, and platelets, contribute to the development and destabilization of 
atherosclerotic lesions, only recently has the neutrophil been seriously considered as a 
contributing factor for disease onset and/or progression. Direct evidence comes from the 
identification of neutrophils in different locations of atherosclerotic lesions present in 
hypercholesterolemic mice and humans using antibodies to neutrophil-specific antigens 
including Ly6G, CD177, and CD66b[18-21]. Neutrophils, in fact, have been reported to 
accumulate in atheroprone arteries preceding plaque formation in hypercholesterolemic 
murine models of atherosclerosis[18, 20]. Further evidence of a neutrophilic component in the 
early stages of atherosclerosis is the positive correlation between the number of circulating 
neutrophils and lesion sizes[18]. Experimental data also point to neutrophil infiltration into the 
highly inflamed areas of atherosclerotic arteries during late disease stages[19] with 
contribution to lesion destabilization and thromboembolus formation[21, 22].  

One way chronically activated neutrophils may enter atheroprone regions in the 
macrocirculation are at sites of disturbed flow and recirculation[23] where their enhanced 
residence times promote capture at the vascular wall[24]. Alternatively, activated 
neutrophils may disrupt vascular (i.e., adventitial or medial) wall perfusion in the vasa 
vasorum (or microcirculation) of large vessels (e.g., aorta) leading to vessel tissue injury 
followed by atherogenesis (from within the vessel wall to the luminal surface)[25-27]. In 
these ways, neutrophils may initiate or exacerbate atherosclerosis at different stages via 
their capability to release vast amounts of ROS and proteins stored in their cytosolic 
granules[28]. For example, while MPO released by activated neutrophils can reduce the 
bioavailability of NO[29, 30] and contribute to the onset of endothelial dysfunction, a 
number of granule proteins, such as LL-37, azurocidin, cathepsin G, and -defensins, exert 
direct chemotactic activity for monocytes[31, 32]. Moreover, neutrophil secretory products, 
e.g., -defensins, also promote macrophage maturation and activation, contributing to the 
uptake of oxLDL and the formation of foam cells[28]. Finally, neutrophil-derived proteolytic 
enzymes, particularly matrix metalloproteinase (MMP) -2 and -9[28], play critical roles in 
plaque destabilization and eventual rupture.  
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3.2. Effects of neutrophils on microvascular dysfunction 

Similar to situations in large arteries, activated neutrophils promote microvascular 
dysfunction through the sustained release of proinflammatory, cytotoxic, and degradative 
agents. However, while leukocytes have no significant effect on the macrovascular flow 
properties of blood (which is dominated by the substantially greater numbers of 
erythrocytes), these cells, particularly the neutrophils, influence blood flow in the 
microcirculation (Figure 1). This is because vessel diameters in the microcirculation are in 
the range of 6 – 100 m, which are comparable in size to the diameters of leukocytes.  

 
Figure 1. Potential rheological effects of leukocyte activation on the blood flow in the 
microcirculation. Sustained activation, e.g., due to proinflammatory stimuli, hinders leukocyte passage 
through the small vessels either by promoting pseudopod projections or through enabling cell adhesion 
to the vascular wall. Ultimately, these may elevate peripheral resistance and contribute to microvascular 
dysfunctions (adapted from Shin, H.Y., et al., 2011[79]). 

The relatively comparable size scales of the neutrophil and vessel diameters are important 
to note since the quiescent neutrophil under physiological (i.e., non-inflamed) conditions 
is capable of efficient transit through the microvessels due to their inherently round, 
deformable, and non-adhesive state. On the other hand, cell activation physically hinders 
the passage of neutrophils through the small vessels of the microcirculation[1]. 
Pseudopods projected by activated neutrophils, while enabling cells to attach to other 
cells (e.g., endothelial cells, other blood cells) or phagocytose particles, also contribute to a 
reduction in cell deformability due to their enriched content of F-actin, and increases in 
geometric size and irregularity[1, 33], all of which serve to increase leukocyte transit time 
or enhance leukocyte retention in the microvasculature[34, 35]. In turn, activated 
leukocytes disrupt the motion of erythrocytes, leading to increases in the apparent 
viscosity of blood and microvascular resistance[1, 34, 36, 37]. Moreover, activated 
neutrophils are hyperadhesive and exhibit extensive interactions with other leukocytes or 
platelets, e.g. during hypercholesterolemia[7], which may also enhance the apparent 
viscosity of blood. Finally, once neutrophils adhere to endothelium, they further increase 
flow resistance by reducing microvessel diameters (resistance ∝ 1/[diameter]4)[34, 37]. The 
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state of neutrophil activation is, thus, a critical determinant of tissue blood flow and 
perfusion.  

In summary, as a result of their arsenal of noxious agents and their effects on microvascular 
blood flow, it is evident that tight regulation of neutrophil activity is an essential 
requirement for a healthy circulation. A failure to either prevent or “turn-off” cell activity, 
e.g., due to hypercholesterolemia, leads to sustained neutrophil activation which has 
potential impacts not only in terms of the initiation and progression of atherosclerosis in 
large arteries but also as it relates to microvascular blood flow and downstream tissue 
perfusion.  

4. The influence of cholesterol on neutrophil activity 

One way hypercholesterolemia may influence the activation state of neutrophils is to modify 
the lipid composition of biological membranes. Cholesterol is an essential component of 
mammalian cell membranes. Approximately 90% of the free (i.e. unesterified) cholesterol in 
cells resides in the plasma membrane[38]. These sterol molecules not only maintain the 
integrity of cell membranes, but also play an important role in regulating membrane 
properties (e.g., microviscosity) and functions (e.g., via their influence on membrane-bound 
signaling components). In addition to de novo biosynthesis, mammalian cells can take up 
cholesterol from the extracellular milieu. Exposure to elevated cholesterol levels both in vivo 
and in vitro enhances cholesterol abundance within the plasma membrane of neutrophils 
and other blood cells[39-42]. These findings, in conjunction with the wealth of evidence 
demonstrating the influence of the extracellular cholesterol levels on neutrophil activity, 
point to membrane cholesterol enrichment as a potential link between hypercholesterolemia 
and chronic neutrophil activity. To better understand this link, we next describe the possible 
cholesterol uptake pathways, the influence of cholesterol on physicochemical properties of 
the cell membrane, and lastly, the influence of cholesterol on neutrophil activity. 

4.1. Transport of extracellular cholesterol into the plasma membrane  

Due to its insolubility in aqueous media, cholesterol must be transported complexed to 
carrier molecules, i.e. within the hydrophobic cores of lipoproteins[43]. Lipoproteins (e.g., 
LDL) in the blood plasma are positioned in close proximity to the circulating blood cells. 
Conditions that elevate cholesterol-enriched lipoprotein levels may thus favor cholesterol 
transport into the membranes of these blood cells[39, 42]. In the laboratory, cyclodextrin 
derivatives (e.g., methyl--cyclodextrin or MCD), synthetic cholesterol carrier molecules, 
are commonly used to alter membrane cholesterol abundance. Such treatments elicit acute 
changes in membrane cholesterol levels and downstream cell activity indicating the 
existence of mechanism(s) that permit rapid transport of cholesterol into nearby cell 
membranes. Cholesterol uptake may occur by either receptor dependent/independent 
endocytosis followed by rapid membrane mobilization[44] or direct exchange between the 
hydrophobic environments of carrier molecules and the lipid bilayer(Figure 2). 
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4.1.1. Receptor-dependent endocytosis 

For a variety of cell types (including leukocytes)[45], LDL-cholesterol is taken up in vivo 
mainly through LDL receptor (LDLr)-mediated endocytosis. LDLr expression is subject to 
feedback regulation and, thus, is unlikely to contribute significantly to the overaccumulation 
of cellular cholesterol[43]. Cellular uptake of cholesterol can also occur via endocytosis 
mediated by other receptors[43]. Potentially, these pathways can load cholesterol 
continuously into the cell leading to cholesterol elevations in the plasma membrane[43]. For 
example, a family of scavenger receptors have been identified on monocytes, macrophages, 
and SMCs[6] that, by binding to modified LDL (e.g., oxidized and acetylated LDL) with 
high affinity, account for the majority of cholesterol uptake by these cells[6]. To our 
knowledge, such scavenger receptors have not yet been identified for neutrophils. 

 
Figure 2. Schematic representation of three possible modes of cholesterol uptake. A: Receptor-
mediated endocytosis; B: Direct surface exchange of cholesterol between extracellular carrier molecules 
and plasma membrane which may occur due to the formation of a transient collision complex without  
(➀) or with (➁) membrane fusion or resulting from diffusion across the aqueous phase (➂);  
C: Receptor-independent endocytosis.  

4.1.2. Receptor-independent endocytosis 

The entire LDL particle can be internalized as a result of fluid or bulk endocytosis without 
receptor-mediated LDL binding to the cell surface[46]. It is taken up at a rate strictly 
proportional to its concentration in the extracellular milieu[43]. Alternatively, some LDL, 
e.g., cationized LDL, can also be taken up by the cell through a non-specific low affinity 
adsorptive endocytotic process. In this case, endocytosis occurs after cationized LDL binds 
to the negatively charged membrane surface[47]. For both of these modes of endocytosis, 
cholesterol transport is not influenced by intracellular cholesterol levels and thus may lead 
to progressive cholesterol uptake[43].  

4.1.3. Cholesterol surface exchange 

Cholesterol may also directly enter or exit the plasma membrane[48]. In this case, free 
cholesterol is exchanged between the hydrophobic cores of the plasma membrane and 
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extracellular carriers (e.g., lipoproteins). The direction of net flux of cholesterol is governed 
by its concentration gradient between the lipid bilayer and the carrier molecules. Two 
mechanisms for this surface transfer have been proposed: 1) formation of transient collision 
complexes with/without membrane fusion and 2) direct diffusion across the aqueous phase. 
In principle, these transport modes follow similar kinetics with transfer rates depending on 
the concentrations and structures of both donor (e.g., extracellular LDL) and acceptor (e.g., 
cells) particles (for more details, see review[48]). This level of complexity contributes, in 
part, to the diverse half-times ranging from seconds to hours measured for the uptake of 
cholesterol by human erythrocytes[49]. Finally, this pathway is not under feedback control.  

4.2. The influence of cholesterol on the plasma membrane dynamics 

In the lipid bilayer, cholesterol orients with its polar hydroxyl group encountering the 
aqueous phase and the hydrophobic steroid ring parallel to and buried in the hydrocarbon 
chains of the phospholipids[50]. This unique orientation allows cholesterol to interact with 
membrane phospholipids and sphingolipids and thus influence their physicochemistry. 
Along these lines, cholesterol influences the physical and biological properties of the lipid 
bilayer and, in doing so, impacts the functions of membrane signaling molecules.  

4.2.1. Effects of cholesterol on the physical properties of cellular membranes 

A key function of cholesterol is to modulate the fluidity (i.e., the inverse of microviscosity) 
of the lipid bilayer. The close inter-positioning of sterols (i.e., cholesterol) between 
neighboring membrane phospholipids imposes a degree of immobility on the carbon 
atoms nearest the membrane surface, while increasing the freedom of motion deep within 
the hydrophobic core of the membrane[51]. In this regard, membrane fluidity reflects the 
temperature-dependent influence of cholesterol on the gel to liquid-crystal (i.e., solid-like 
to fluid-like) phase transition of the lipid bilayer[51]. Under physiological conditions (i.e., 
37oC), biological membranes adopt a liquid crystalline state whereby increases and 
decreases in cholesterol content reduce and enhance membrane fluidity, respectively[42, 
52, 53].  

Operationally, membrane fluidity refers to the ensemble of physical properties that govern 
the motion of the phospholipid molecules in a membrane, including segmental, rotational, 
lateral, and translational motions[54]. In this fashion, lipid bilayer fluidity can physically 
influence the dynamics of membrane-associated molecules including proteins that drive 
downstream cell functions. Two mechanisms have been proposed to explain how 
membrane fluidity alters the activities and functions of membrane proteins. One mechanism 
occurs through effects on protein mobility, particularly lateral diffusion which impacts 
collisional encounters[54]. This effect appears to be of physiological significance particularly 
for diffusion-controlled processes that are mediated by large membrane proteins. For 
example, modulation of membrane fluidity influences Ca++-dependent cAMP signaling 
through changes in protein mobility that governs the coupling between hormone receptors 
and the adenylate cyclase catalytic unit[55, 56]. Alternatively, membrane fluidity can also 
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influence the structural flexibility of membrane proteins and, thus, their ability to adopt an 
optimal conformation for activity[57]. Membrane fluidity has, in fact, been reported to 
impact the conformation-dependent activation of G-protein coupled receptors (GPCRs) on 
endothelial cells by affecting changes in the protein tertiary structure[58].  

4.2.2. Role of cholesterol in lipid raft structure and function 

Lipid rafts are nano-scale microdomains that are abundant in the plasma membrane. 
Structurally, lipid rafts consist of dynamic assemblies of cholesterol and sphingolipids in the 
outer leaflet of the phospholipid bilayer[59]. The preponderance of saturated hydrocarbon 
chains in raft sphingolipids renders lipid rafts with a distinct liquid-ordered (i.e., solid-like) 
phase that is dispersed in the liquid-disordered matrix of the lipid bilayer[60]. One 
important property of lipid rafts is that they include or exclude proteins to variable extents 
depending on the raft affinity of proteins[59]. Once individual rafts cluster, they spatially 
facilitate interactions between raft proteins and expose them to a new membrane 
environment that is enriched in accessory enzymes and/or second-messenger molecules. In 
doing so, lipid rafts serve to efficiently initiate and/or amplify signaling cascades. As such, 
lipid rafts act as signaling platforms that orchestrate outside-in and inside-out signal 
transduction. Interestingly, these cholesterol-rich microdomains have also been implicated 
as mechanotransduction centers such as caveolae, a subtype of lipid rafts that reportedly 
play a role in endothelial mechanotransduction of shear stress and pressure[61-63].  

Cholesterol is required to support the formation of lipid rafts and maintain their 
functionality. It condenses the packing of sphingolipids in the exoplasmic leaflet by 
occupying the spaces between their saturated hydrocarbon chains near the hydrophilic 
polar head groups. In this way, cholesterol content and organization influence the stability 
of lipid rafts with an impact on their capacity to interact with target proteins. Removal or 
depletion of cholesterol from the plasma membrane using MCD has been widely used to 
disrupt rafts and disperse raft proteins into the liquid-disordered matrix of the cell 
membrane[59]. Treatment of cells with cholesterol-sequestering agents (e.g., filipin or 
nystatin) or inhibition of cholesterol biosynthesis (e.g., lovastatin) as well as addition of 
exogenous cholesterol into cell membranes also disrupts raft structure leading to an impact 
on the functions of raft proteins[59]. As a consequence of these lipid raft-related 
perturbations, neutrophil functions (e.g., chemokine-induced calcium signaling, 
extracellular regulated kinase activity, cell polarization, shape change, adhesion, migration, 
integrin expression, and actin polymerization) are altered[64-68].  

4.3. Effects of elevated cholesterol environments on neutrophil activity 

Up to this point, we have described how perturbations in extracellular cholesterol levels 
modify the membrane physicochemistry and the mode by which these modifications may 
influence membrane protein-related signaling in the neutrophil. The altered cell signaling 
capacity of membrane-bound proteins is followed by changes in cell behavior that 
contribute to the principal role of the neutrophil as the first responder to tissue damage and 



 
Lipoproteins – Role in Health and Diseases 232 

infection. In this way, the influence of membrane cholesterol on the ability of the neutrophil 
to sense its environment extends to basic cell functions including cell adhesion and 
migration, phagocytosis, ROS production, and degranulation. We will discuss the effects of 
cholesterol on these cell functions in order to illustrate the link between the lipid bilayer 
properties and the control of neutrophil activation. 

4.3.1. Expression of membrane adhesion molecules  

Upon agonist stimulation, neutrophils exhibit upregulated expression of adhesion 
molecules that facilitate their recruitment to sites of inflammation by enabling their binding 
to other cells (e.g., leukocytes, platelets, endothelium)[33]. Two classes of adhesion 
molecules govern leukocyte interactions with other cells: selectins and integrins. In addition 
to the ligands for platelet (P)- or endothelial (E)- selectins, neutrophils constitutively express 
leukocyte (L)-selectins and 2 (i.e., CD18) integrins, which participate in their initial capture 
and firm adhesion to other cells, respectively[33]. Currently, the impact of 
hypercholesterolemia on expression of the selectin family of adhesion molecules is unclear 
since neutrophils in a cholesterol-rich environment have been reported to exhibit both 
elevated surface expression[69] and cleavage of L-selectins[70]. In the case of the integrins, 
surface levels of CD18, particularly Mac-1 (CD11b/CD18), are elevated on neutrophils 
exposed to a hypercholesterolemic environment both in vitro and in vivo[29, 69, 70]. 
Notably, surface expression of Mac-1 by neutrophils in hypercholesterolemic patients 
positively correlates with serum cholesterol levels[29]. But, cholesterol enrichment does not 
appear to alter the expression of LFA-1 (CD11a/CD18)[69], another CD18 subtype. Thus, the 
influence of extracellular cholesterol levels on neutrophil adhesion molecule expression is 
receptor-specific.  

Moreover, neutrophils exposed to elevated cholesterol levels undergo increased adhesive 
interactions with other cells. For example, neutrophils with increased membrane cholesterol 
exhibit enhanced tethering and firm arrest on activated endothelial cell monolayers[41, 71, 
72]. Moreover, neutrophils exposed to hypercholesterolemia display increased heterotypic 
adhesion to platelets[73] as well as increased homotypic aggregation in response to 10 M 
N-formyl-Met-Leu-Phe (fMLP)[74]. These studies confirm that cholesterol-dependent 
modulation of adhesion molecule expression has an impact on neutrophil adhesion to other 
leukocytes, platelets, or the endothelium lining the blood vessel lumen.  

4.3.2. ROS production 

Neutrophil-derived ROS includes superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl 
radicals (-OH), and NO-related oxidants. Notably, total production of ROS by neutrophils in 
a hyperlipidemic environment positively correlates with levels of triglycerides and LDL but 
not with total amount of cholesterol in the plasma[75]. Recent studies, however, did 
demonstrate a positive correlation between O2- release rate and plasma cholesterol 
levels[29]. Interestingly, enhanced O2- release by neutrophils was detected in other clinical 
states associated with cardiovascular complications, namely hypertension and diabetes[76, 
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77], which are usually accompanied by hyperlipidemia. In fact, elevations in extracellular 
cholesterol levels have been shown to enhance neutrophil respiratory burst in response to 
agonist stimulation. Moreover, plasma activity of superoxide dismutase (SOD), which 
scavenges ROS, decreases with increases in total cholesterol[75].  

4.3.3. Degranulation  

Neutrophils contain four main types of granules: primary, secondary, and tertiary granules 
as well as secretory vesicles. These granules contain a multitude of cytokines (e.g., 
interleukins, tumor necrosis factor-, etc.), enzymes (e.g., MPO, etc.), and proteases (e.g., 
cathepsins, MMPs, etc.). Upon activation, neutrophils degranulate and release these 
bioactive mediators into the extracellular milieu. Interestingly, although neutrophils from 
hyperlipidemic patients contain significantly lower levels of intracellular MPO, sera from 
these patients exhibit significantly higher levels of MPO[29]. These results point to a 
degranulation process that further links the activation state of neutrophils with the 
cholesterol levels in the blood environment. 

5. Membrane cholesterol and the neutrophil mechanosensitivity to shear 
stress  

In addition to the presence of inflammatory stimuli (e.g., oxLDL), elevated neutrophil 
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and spontaneous periods of blood stasis followed by reperfusion, a typical scenario in the 
microvessels. Under this condition, neutrophils sediment, attach, extend pseudopods, and 
migrate on the vascular endothelium. Upon reintroduction of fluid flow, these cells retract 
pseudopods and detach into the flow field in a mechanobiological fashion. Such a scenario 
has been documented using intravital microscopy of microvascular networks of rodents 
(e.g., mesentery, spinotrapezius muscle, cremaster muscle)[81-83]. The ability of shear stress 
to minimize pseudopod activity has been further confirmed for non-adherent heterogeneous 
leukocyte populations[84] exposed to a constant shear field (5 dyn/cm2) in a cone-plate 
viscometer (Figure 3B).  

 
Figure 3. Deactivation of neutrophils under flow stimulation. A: A migrating/adherent neutrophil 
exposed to a micropipette flow (~ 2 dyn/cm2) for 2 min. B: Non-adherent neutrophils in suspension 
exposed to cone-plate shear (5 dyn/cm2) for 10 min. Bars are mean percentage of activated cells with 
pseudopods (see image insets) in each population tested ± SEM; *p < 0.05 compared to static condition 
using paired Student’s t-test.  

Notably, impairment of shear-induced pseudopod retraction by treating neutrophils with 
cell agonists above threshold concentrations, e.g. fMLP (>10-8 M), commits these cells to an 
activated (inflamed) phenotype and leads to their microvascular entrapment due to 
increases in adhesivity, size, and stiffness[35, 81, 82]. Thus, during inflammation, the 
biochemical milieu of the neutrophil overrides mechanobiological deactivation. Exposure to 
shear of magnitudes typically found in the macro- and micro- circulations is also associated 
with other attributes of neutrophil deactivation such as decreased surface expression of 
integrin receptors (i.e., CD18), depolymerization of the F-actin cytoskeleton, cell 
detachment, and attenuated phagocytic activity[81, 82]. Moreover, shear stress exposure 
enhances caspase 3-dependent apoptosis[85], in line with the relatively short lifespan (18 to 
24 hrs) of these cells when they are passively circulating in the physiologic bloodstream. 
These observations support the key role of fluid flow-related shear stress as a biophysical 
stimulus that promotes neutrophil inactivation when cell activity is below a threshold level. 
As such, the mechanical influence of fluid flow serves an anti-inflammatory role. 
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5.2. Shear stress mechanotransduction at the neutrophil surface 

An understanding of the fluid flow mechanoregulation of neutrophil activity in the 
circulation reveals clues regarding how impaired mechanosensitivity to flow may be a 
mitigating factor for hypercholesterolemic disorders. Membrane detachment during 
pseudopod retraction by migrating neutrophils in response to fluid shear stress points to 
two fundamental requirements that must be fulfilled by the cell signaling apparatus: 1) 
depolymerization of the F-actin cytoskeleton that serves as a structural and a signaling 
scaffold for neutrophil motility and 2) rapid disengagement of adhesion receptors that 
anchor the pseudopod to the underlying substrates. For suspended neutrophils, similar 
events are needed but, in this case, mechanisms must be in place to prevent the expression 
of adhesive proteins or interfere with engagement of adhesion molecule with substrates (e.g. 
foreign surfaces, other cells) presenting counter-receptors. These fundamental requirements 
point to the neutrophil surface components as critical players in mechanotransduction since 
the cell must sense the extracellular flow environment and remediate its interactions with 
the cellular microenvironment (e.g., the surrounding matrix and cells). 

5.2.1. GPCRs and shear stress control of neutrophil pseudopod activity 

Shear stress-induced pseudopod retraction by neutrophils occurs in parallel with a rapid 
decrease in F-actin content[86, 87]. Typically, remodeling of the F-actin cytoskeleton in 
leukocytes is controlled by the Ras superfamily of small guanine triphosphate (GTP)-
binding proteins, particularly the small GTP-binding phosphatases (GTPases) including 
Rac1, Rac2, cdc42 and members of the Rho family (as reviewed in the literature[88-90]). 
Rather than stimulating the activity of molecules that coordinate pseudopod retraction (e.g., 
RhoA, MLCK), fluid shear stress appears to either inhibit (e.g., possibly through release of 
an inhibitor) or interfere with the ability of neutrophils to form and sustain pseudopod 
projections via reducing cytosolic activity of the key small GTPases (e.g., Rac1, Rac2) 
involved in actin polymerization[83]. These reported effects point to the actions of fluid 
shear stress on G protein signaling downstream of GPCRs that regulate neutrophil 
chemotaxis, such as the formyl peptide receptor (FPR).  

Notably, fMLP, a ligand for FPR, dose-dependently impairs neutrophil pseudopod 
retraction responses to shear stimulation[81]. Along this line, HL-60-derived neutrophils 
subjected to shear stress exhibit reduced activity of Gαi downstream of FPR[91]. A critical 
piece of evidence pointing to FPR as a mechanosensory regulator of pseudopod retraction is 
the observation that transfection of FPR expression plasmid in undifferentiated HL-60 cells 
not only confers expression of this receptor but imparts on these cells the ability to form 
pseudopods that retract under the influence of fluid shear stress[91]. Furthermore, HL-60 
promyelocytes differentiated into neutrophils and subsequently transfected with siRNA to 
silence FPR expression exhibit an attenuated pseudopod retraction response to shear 
exposure, despite the fact that these cells retain the ability to project pseudopods because of 
the presence of other cytokine-related GPCRs[91]. Together, these observations point to a 
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role of fluid flow in regulating the activity of membrane-associated receptors by establishing 
the importance of membrane-bound GPCRs, specifically FPR, in the neutrophil pseudopod 
retraction response to shear stress. In conjunction with the dependence of GPCR activity on 
the membrane cholesterol content, it is conceivable that the influence of shear stress on 
GPCR activity is impacted by perturbations in extracellular cholesterol abundance and their 
effects on the cell membrane properties. 

5.2.2. Cell surface CD18 integrins and shear stress regulation of neutrophil adhesion 

Pseudopod retraction by migrating neutrophils subjected to fluid flow depends on their 
expression levels of CD18 integrins[92], consistent with the requirement of these receptors 
for cyclical pseudopod projection and retraction[93]. In addition to modulating CD18 
interactions with their ligands (e.g. ICAM-1) during inflammation[94, 95], fluid shear stress 
appears to regulate integrin dynamics on the neutrophil surface under conditions that 
mimic low activation states by redistributing these receptors from areas of maximal shear 
stress to regions where shear is minimal, i.e. at focal adhesions. Moreover, shear exposure 
reduces CD18 levels on the surfaces of migrating, and also non-adherent, neutrophils even 
in the presence of inflammatory mediators, e.g. fMLP[81, 96]. Considering the role of CD18 
in strengthening neutrophil attachment to the vascular wall, shear-mediated reductions in 
CD18 likely diminish the ability of cells to maintain adhesive attachments[97]. In this way, 
shear-mediated reductions in CD18 serve an anti-inflammatory role that ensures neutrophils 
in a non-inflamed environment remain in a non-adhesive state.  

The mechanism underlying shear-induced reductions in CD18 surface levels involves 
proteolysis that occurs on the surfaces of migrating and suspended neutrophils. Proteolysis 
modulates the levels of a wide variety of transmembrane receptors on the neutrophil surface 
including L-selectin (involved in rolling interactions with endothelium)[98] and CD43, an 
anti-adhesive mucin-like molecule[99]. CD18 integrins also undergo cleavage of the 
intracellular domain by calpain to promote detachment of the cell uropod during neutrophil 
migration[100]. But shear-induced truncation of CD18 integrins differs from calpain-
mediated cleavage in that the former involves lysosomal cysteine proteases (e.g., cathepsin 
B) that exert extracellular activity[96, 97]. Notably, the cell membrane is critically positioned 
between the intracellular levels, and the extracellular actions, of these proteases.  

Additionally, cleavage of CD18 integrins under fluid flow also requires conformational 
changes in their extracellular domains[96]. Conformational activity of CD18 integrins 
involves shifts in the protein tertiary structure from a closed-bent to an open-extended 
configuration[96]. In the case of cytokine stimulation, this conformational change exposes 
ligand binding sites[101] that promote cell capture onto the vessel wall[95, 102]. Another 
consequence of CD18 conformational changes, which occur upon shear stress exposure, is to 
expose proteolytic cleavage sites[96]. With this evidence in mind, it is apparent that the 
physicochemical state of the cell membrane is a key factor in neutrophil mechanosensitivity 
that directly or indirectly affects the ability of shear stress to unfold the CD18 ectodomain. 
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5.2.3. RNS and ROS in shear mechanotransduction  

Reactive nitrogen species (RNS; e.g., NO) and ROS are multi-functional free radical 
mediators of acute inflammation serving not only as anti-microbial agents but also as 
biological second messengers that influence leukocyte functions (e.g., chemotaxis, 
phagocytosis, etc.)[103, 104]. NO from exogenous and endogenous sources (such as 
membrane-associated NO synthase) inhibits neutrophil recruitment out of the 
microvasculature during acute inflammation[105, 106]. Interestingly, NO also enhances 
neutrophil pseudopod retraction in response to shear stress and counteracts the blocking 
effects of cell agonists (e.g. fMLP and platelet-activating factor)[81]. In contrast, ROS, 
particularly O2-, interferes with the neutrophil shear response and is thought to contribute to 
the blocking effects of cell agonist, e.g. fMLP, on flow-induced pseudopod retraction[84].  

Notably, the fact that inhibition of NO synthase activity in neutrophils has no effect on 
shear-induced pseudopod retraction[81] points to an exogenous source and an extracellular 
role for NO. This finding leaves open the possibility that the facultative effects of NO on the 
neutrophil shear response (i.e., pseudopod retraction) result from its ability to scavenge O2-

[103] and, in this way, mediate cell pseudopod activity[107, 108]. In support of this, SOD (an 
O2- scavenger) also enhances the shear responses of fMLP-stimulated neutrophils[84]. Thus, 
O2- is a critical mediator for neutrophil shear response. Since the cell membrane, particularly 
cholesterol-enriched lipid rafts, plays an important role in regulating the production/release 
of O2-[109], its state may indirectly influence neutrophil mechanosensitivity to shear stress.  

5.3. Neutrophil mechanosensitivity and cardiovascular disease 

The accumulated evidence reported in the vascular mechanotransduction literature (see 
reviews[23, 78]) points to the following general paradigm. Exposure of vascular cells to 
physiological flows under normal (i.e., non-diseased, non-inflamed) conditions correlates 
with quiescence (i.e., baseline activity). This paradigm resulted from a multitude of studies 
that selectively examined the activity of various signaling pathways and putative force 
sensors in response to applied mechanical stresses. They, however, overlooked a subtle, but 
equally important, factor: mechanosensitivity or the degree to which cells respond to 
mechanical stresses. Just as biochemical perturbations (e.g. pathogens, inflammatory 
agonists) temporally and dose-dependently alter vascular cell activity leading to 
pathogenesis, so must changes in cell mechanosensitivity impact circulatory health. 

Neutrophils experience wide variations in fluid stresses as they pass through the circulation 
and, thus function “normally” under a diverse array of mechanical stress distributions and 
magnitudes. In other words, aberrant mechanical stresses are unlikely to be a cause of cell 
dysfunction. What may change and contribute to “abnormal” behavior is their sensitivity to 
the surrounding fluid flow mechanoenvironment with a negative impact on the ability of 
fluid shear stress to deactivate the neutrophils. Along this line, the work of Geert Schmid-
Schönbein at the University of California, San Diego has demonstrated that attenuated 
neutrophil shear responses contribute to the microvascular pathobiology observed in 
spontaneously hypertensive rats (SHRs)[110] and, in doing so, illustrated the potential 
impact of impaired shear stress mechanotransduction on cardiovascular health. 
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5.3.1. Impaired fluid shear responses and downstream effects on vascular pathophysiology 

Significant features of the blood from SHRs are elevated numbers of circulating neutrophils, 
suppressed expression of adhesion molecules (e.g., selectins, CD18), and an activated 
phenotype[111-113]. Although the increased activity of neutrophils is not associated with 
increased adhesion to microvascular endothelium[78], their increased numbers raise 
peripheral vascular resistance[110]. One possible explanation is that circulating activated 
neutrophils in SHRs release vasoactive substances that constrict the small arteries and 
arterioles; this has been documented for atherosclerosis[114-116]. Extensive evidence, 
however, points to a hemorheological effect of leukocyte activation on microvascular 
resistance[1, 34, 36]. Specifically, the disturbed motion of white blood cells, due to 
pseudopod projection, significantly reduces erythrocyte velocities in the microcirculation 
increasing hemodynamic resistance and upstream blood pressures[36, 110] (see Figure 1). 

The key evidence for the involvement of fluid flow mechanotransduction in microvascular 
abnormalities due to hypertension is that neutrophils from SHRs lack the ability to retract 
pseudopods in response to shear stress; in some cases, cells extend cellular projections 
under flow stimulation[110]. The underlying mechanism associated with the blockade and 
possible reversal of the pseudopod retraction response to shear stress reportedly involves 
the dependence of blood pressure in SHRs on the plasma level of glucocorticoid-related 
steroid hormones and the density of glucocorticoid receptors on the neutrophil surface[117, 
118]. In line with this, glucocorticoid-treated[119] rats, like SHRs, exhibit elevated peripheral 
resistance in parallel with elevated numbers of neutrophils that lack a pseudopod retraction 
response to shear stress. Taken together, leukocyte shear mechanotransduction appears to be 
critical for the maintenance of a healthy circulation, particularly the microcirculation. Failure of 
this regulatory mechanism, e.g., due to impaired cell mechanosensitivity resulting from a 
pathological blood environment, may not only lead to sustained neutrophil activation but also 
result in disturbed blood flow. In this way, aberrant neutrophil mechanotransduction may 
contribute to microvascular damage that exacerbates ischemia-reperfusion injury or leads to 
peripheral vascular disease and downstream organ/tissue injury. 

Studies on spontaneous hypertension also reveal a key point. Factors that drive phenotypic 
changes in neutrophils (e.g., from an inactivated to an activated state) dramatically alter 
their ability to sense the surrounding flow environment (i.e., mechanosensitivity) leading to 
the development of pathological behavior, including immune suppression. Intuitively, cell 
mechanosensitivity depends on the number and activity of proteins “moonlighting” as 
putative mechanosensors embedded in the cell membrane positioned at the interface 
between the intra- and extra- cellular milieu. These studies further strengthen the argument 
that the plasma membrane is a critical determinant of neutrophil mechanosensitivity. 

5.3.2. The plasma membrane and shear stress mechanosensitivity 

The fact that shear stress-induced neutrophil deactivation (e.g., FPR deactivation, G protein 
signaling, CD18 cleavage, pseudopod retraction, etc.) occurs in the absence of any passive 
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cell deformation due to flow[120] substantiates the presence of a cell surface component(s) 
that transduces flow stimulation. Interestingly, neutrophils retract pseudopods 
independently of the fluid shear stress distribution imposed on the cell surface[82]. Thus, 
membrane properties appear to outweigh the location of mechanosensors on the cell 
surface. Moreover, non-adherent neutrophils respond to shear stress further emphasizing 
the importance of cell membrane-mediated over cell deformation-based (e.g., cytoskeleton-
related, cell adhesion-dependent) neutrophil mechanotransduction.  

The membrane itself may act as a mechanotransducer either via stress-induced changes in 
its fluidity[121-123] or through lipid rafts[62, 63, 124]. However, the concept that the 
membrane serves as a fluid stress sensor lacks the specificity that explains the diversity of 
cell type-specific responses to shear. An alternative, more plausible, viewpoint is that the 
cell membrane serves as mechanotransduction center for the cell. Along this line, the 
specificity associated with mechanotransduction depends on the specific 
mechanoreceptor(s) expressed by the cell. In this regard, a multitude of cell transmembrane 
proteins including various GPCRs[58, 91, 125], tyrosine kinase receptors[126-130], ion 
channels[131], NO synthases, and integrin-associated focal adhesions[132, 133] have been 
implicated as fluid shear stress transducers for a variety of cells (e.g., endothelial cells, 
osteoblasts, neutrophils) and microorganisms (e.g. dino-flagella)[134].  

One potential action of fluid shear stress on transmembrane mechanosensors (e.g., FPR) is 
to alter their surface levels. In the case of GPCRs, exposing migrating neutrophil-like cells 
to parallel plate flow redistributes surface-associated FPRs to a perinuclear compartment 
in the cytosol[135]. These results suggest that internalization of FPRs under fluid shear 
stimulation leads to pseudopod retraction by counteracting their constitutive activity 
which drives pseudopod extension. It should be noted, however, that intact FPR must be 
present since cleavage of FPR is linked to an impaired ability of fluid shear stress to 
promote retraction of neutrophil pseudopods[136]. Since receptor internalization occurs 
across the lipid bilayer, shear-induced changes in mechanoreceptor surface levels may 
thus be a mechanosensitive neutrophil response influenced by properties of the cell 
membrane.  

It is also feasible that the ability of shear stress to alter protein tertiary structure is a function 
of membrane properties. In addition to evidence regarding the influence of shear stress on 
the conformation of FPR and CD18 integrins, fluid flow also alters the structure of other 
membrane-bound GPCRs in other cell types including the bradykinin B2 receptor for 
endothelial cells and the type I parathyroid hormone receptor for osteoblasts[58, 125]. 
Interestingly, physiologically relevant magnitudes of mechanical stresses are capable of 
physically altering the conformation of proteins[132, 133, 137]. Since these proteins are 
embedded in the cell membrane, it is possible that membrane properties influence flow-
related perturbations of protein structure.  

In the end, the physicochemical properties (e.g., fluidity, lipid rafts) of the cell membrane, 
with their influence on the ability of surface mechanosensors to adopt structural shifts under 
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shear, come to the forefront in terms of how hypercholesterolemia modifies neutrophil 
mechanosensitivity. This is the topic of the next section. 

5.3.3. Membrane cholesterol versus membrane fluidity in hypercholesterolemic impairment 
of neutrophil mechanosensitivity  

Hypercholesterolemia is associated with chronic neutrophil activation and elevated blood 
cholesterol as well as cholesterol enrichment in the plasma membranes of blood cells. Based 
on the intimate relationship between protein dynamics (e.g., surface expression, 
conformational activity) and the cell membrane (as described in the previous section), the 
chemical and mechanical properties of the lipid bilayer may be critical determinants of the 
ability of neutrophils to sense fluid shear stress. Along this line, hypercholesterolemia-
related membrane perturbations may reduce the neutrophil responsiveness to shear stress 
by interfering with critical mechanotransduction events, e.g. GPCR and CD18 
conformational activity, protease release, and/or production of ROS, that must 
bidirectionally transmit biological activity across the cell membrane (Figure 4).  

 
Figure 4. Effects of cholesterol abundance on neutrophil mechanotransduction. Elevations in 
extracellular cholesterol lead to membrane cholesterol enrichment which may alter cell 
mechanosensitivity either by influencing shear-induced structural changes of surface sensors, or by 
interfering with shear-induced release of lysosomal proteases. The cell membrane may also influence 
contributions from ROS/RNS (not shown). 
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Figure 5. Relationship between membrane cholesterol-dependent fluidity and neutrophil shear 
responses. A: Recovery effects of benzyl alcohol (BnOH; a membrane fluidizer) on the shear response 
by neutrophils treated with cholesterol-enhancing agents (CH). B: Does-dependent effects of cholesterol 
enrichment on neutrophil shear response and membrane fluidity. Cone-plate shear: 5 dyn/cm2 for 10 
min. Bars are mean percentage of reductions in activated cells by shear ± SEM. *, #p < 0.001 compared to 
untreated cells using Student’s t-test with Bonferrroni’s adjustment.  

Recently, we reported that neutrophil deactivation by shear stress depends on the 
cholesterol-dependent physicochemical properties (i.e., fluidity) of the cell membrane[40]. 
Fundamentally, we showed that the deactivating actions of fluid shear require a cell 
membrane containing an optimal level of cholesterol. Shear stress mechanotransduction is 
impaired if there is too much or too little cholesterol. Moreover, the membrane must be 
capable of supporting the formation of lipid rafts. But, the critical evidence from this work 
are our observations[40] that membrane fluidizer, benzyl alcohol, was capable of 
counteracting the rigidifying effects of membrane cholesterol enhancement (with 
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cyclodextrin-cholesterol conjugates) and that the concentration of benzyl alcohol to achieve 
this depended on the amount of cholesterol loaded into the neutrophil membranes (Figure 
5A). Thus, there is also an optimal membrane fluidity level permissive for shear-induced 
neutrophil deactivation. This was confirmed by regression analysis[40] which revealed a 
linear relationship (Figure 5B) between membrane cholesterol-related fluidity and the 
degree to which neutrophils within a population are inactivated by fluid flow. Membrane 
cholesterol enrichment therefore impairs neutrophil mechanosensitivity, at least in part, 
through its impact on membrane fluidity.  

Interestingly, neutrophils from LDLr-/- mice fed a HFD exhibit a reduced and even reversed 
shear stress response relative to cells from similar mice maintained on a regular chow (i.e., 
normal) diet (ND)[40]. These observations were consistent with our in vitro data correlating 
membrane cholesterol levels with neutrophil mechanosensitivity[40]. In fact, the shear 
sensitivity of neutrophils from hypercholesterolemic mice tracks negatively with time-
dependent increases in blood levels of cholesterol, particularly of the free form (Figure 6). 
Presumably, the gradual loading of cholesterol into the neutrophil membrane resulting from 
the progressive increases in the cholesterol concentration gradient across the outer leaflet of 
the cell membrane is responsible for the time-dependent decrease in shear 
mechanosensitivity. Impairment of neutrophil shear responses by membrane cholesterol 
enrichment may thus underlie the pathogenesis of hypercholesterolemic disorders via an 
effect on cell membrane fluidity which governs the ability of protein sensors to initiate a 
sufficient degree of mechanotransduction at the cell surface. As such, a chronic 
inflammatory state may develop. 

 

 
 

Figure 6. Correlation between neutrophil shear responses and serum levels of free cholesterol. A: 
LDLr-/- mice on normal diet (ND); B: LDLr-/- mice on high fat diet (HFD). Cone-plate shear: 5 dyn/cm2 
for 10 min. Bars and square dots are mean ± SEM. *, #p < 0.02 compared to 2-week using Student’s t-test 
with Bonferrroni’s adjustment.  
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6. Future directions  

To date, the accumulated evidence strongly points to shear stress mechanotransduction as 
an important negative control mechanism for neutrophils flowing in blood under non-
inflamed conditions and, thus, an important mediator of circulatory homeostasis. For the 
most part, the pathobiology of hypercholesterolemia is a process that takes decades to 
develop into a serious, life-threatening condition and tracks with gradual elevations in 
blood cholesterol levels. In addition, hypercholesterolemia is characterized by a chronic 
inflammatory phenotype associated with elevated levels of neutrophil activity in the blood. 
The question is how these two factors may be related or linked? 

Based on the evidence presented in this chapter, the possibility that elevations in blood 
cholesterol levels impair the neutrophil-deactivating effects of fluid shear stress further 
suggests that vascular mechanotransduction is an important aspect of cardiovascular 
physiology and that the pathobiology of hypercholesterolemia may result, at least in part, 
from a putative disruption of this mechanotransducing function. This statement applies not 
only to neutrophils, but also to other cells in the circulation including the other white cells 
and the endothelium. Moreover, the presented evidence hints at the need to shift focus on 
the study of vascular mechanobiology from characterizing mechanotransduction (i.e., 
identifying mechanobiological signaling) in disease to actively investigating the influence of 
mechanosensitivity (i.e. the degree to which cells transduce fluid stresses) on vascular 
pathogenesis. In our case, we linked altered neutrophil mechanosensitivity with the gradual 
changes in blood cholesterol levels and leukocyte membranes during the development of 
hypercholesterolemia in LDLr-/- mice fed a fat-enriched diet. In light of our own evidence 
and those of others[3, 4, 8] showing that shear stress is anti-inflammatory for neutrophils, it 
is possible that a putative source of vascular dysfunction causal for hypercholesterolemic 
pathobiology is the aberrant neutrophil mechanosensitivity. 

Despite recognition that vascular mechanotransduction is critical for circulatory 
homeostasis, there are no markers currently in use or, to our knowledge, in development 
that account for mechanosensitivity to predict vascular inflammatory status. Current 
indicators of inflammation include C-reactive protein (CRP; >3 mg/L is at cardiovascular 
risk) and serum amyloid protein A (SAA; >10 mg/L is at cardiovascular risk). But even 
though these two biochemical markers are the gold standard measures of inflammatory 
activity for blood[138, 139], they are upregulated when leukocyte activity levels are already 
elevated. It is thus not clear whether these molecules are viable “predictors” or just 
indicators of chronic inflammatory disorders. As such, understanding, characterizing, and 
formulating measures of neutrophil mechanosensitivity may prove useful in revealing 
earlier clues regarding the state of inflammation in blood.  

In the end, the likelihood that a cholesterol-dependent loss of neutrophil sensitivity to fluid 
flow stimuli leads to pathological situations implicates a wide range of cardiovascular (and 
non-cardiovascular) diseases that correlate with both chronic inflammation and an altered 
cholesterol environment, e.g. hypercholesterolemia and diabetes[74, 140]. The critical issues 
are to increase efforts to define the link between chronic inflammation and impaired 
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neutrophil mechanotransduction and to determine if chronic inflammation precedes or 
results from an impairment of vascular mechanotransduction. Further work is, therefore, 
needed to determine mechanistic-level connections between the cell surface, the flow 
sensors, the extracellular flow environment, and the influence of a hypercholesterolemic 
environment on these. The hope is that by fully defining the role of fluid mechanics in the 
physiological regulation of leukocytes, particularly the neutrophils, one may gain a better 
understanding of their role in the pathogenesis of cardiovascular disease. 

Author details 

Xiaoyan Zhang and Hainsworth Y. Shin* 
Center for Biomedical Engineering, University of Kentucky, Lexington, KY, USA 

7. References 

[1] Mazzoni, M.C. and G.W. Schmid-Schönbein, Mechanisms and consequences of cell 
activation in the microcirculation. Cardiovasc Res, 1996. 32(4): p. 709-19. 

[2] Gorman C, P.K.D.A., and Cray D, The Fires Within. Time, 2004. 163: p. 30-46. 
[3] Underwood, A., Quieting a Body's Defenses. Newsweek, 2005. 
[4] Libby, P., P.M. Ridker, and A. Maseri, Inflammation and atherosclerosis. Circulation, 2002. 

105(9): p. 1135-43. 
[5] Steinberg, D., Atherogenesis in perspective: hypercholesterolemia and inflammation as partners 

in crime. Nat Med, 2002. 8(11): p. 1211-7. 
[6] Boullier, A., et al., Scavenger receptors, oxidized LDL, and atherosclerosis. Ann N Y Acad 

Sci, 2001. 947: p. 214-22; discussion 222-3. 
[7] Stokes, K.Y., et al., Hypercholesterolemia promotes inflammation and microvascular 

dysfunction: role of nitric oxide and superoxide. Free Radic Biol Med, 2002. 33(8): p. 1026-36. 
[8] Scalia, R., J.Z. Appel, 3rd, and A.M. Lefer, Leukocyte-endothelium interaction during the 

early stages of hypercholesterolemia in the rabbit: role of P-selectin, ICAM-1, and VCAM-1. 
Arterioscler Thromb Vasc Biol, 1998. 18(7): p. 1093-100. 

[9] Stokes, K.Y., et al., NAD(P)H oxidase-derived superoxide mediates hypercholesterolemia-
induced leukocyte-endothelial cell adhesion. Circ Res, 2001. 88(5): p. 499-505. 

[10] Mori, N., et al., Ischemia-reperfusion induced microvascular responses in LDL-receptor -/- 
mice. Am J Physiol, 1999. 276(5 Pt 2): p. H1647-54. 

[11] Lehr, H.A., et al., P-selectin mediates the interaction of circulating leukocytes with platelets 
and microvascular endothelium in response to oxidized lipoprotein in vivo. Lab Invest, 1994. 
71(3): p. 380-6. 

[12] Vink, H., A.A. Constantinescu, and J.A. Spaan, Oxidized lipoproteins degrade the 
endothelial surface layer : implications for platelet-endothelial cell adhesion. Circulation, 2000. 
101(13): p. 1500-2. 

                                                                 
* Corresponding Author 



 
Lipoproteins – Role in Health and Diseases 244 

neutrophil mechanotransduction and to determine if chronic inflammation precedes or 
results from an impairment of vascular mechanotransduction. Further work is, therefore, 
needed to determine mechanistic-level connections between the cell surface, the flow 
sensors, the extracellular flow environment, and the influence of a hypercholesterolemic 
environment on these. The hope is that by fully defining the role of fluid mechanics in the 
physiological regulation of leukocytes, particularly the neutrophils, one may gain a better 
understanding of their role in the pathogenesis of cardiovascular disease. 

Author details 

Xiaoyan Zhang and Hainsworth Y. Shin* 
Center for Biomedical Engineering, University of Kentucky, Lexington, KY, USA 

7. References 

[1] Mazzoni, M.C. and G.W. Schmid-Schönbein, Mechanisms and consequences of cell 
activation in the microcirculation. Cardiovasc Res, 1996. 32(4): p. 709-19. 

[2] Gorman C, P.K.D.A., and Cray D, The Fires Within. Time, 2004. 163: p. 30-46. 
[3] Underwood, A., Quieting a Body's Defenses. Newsweek, 2005. 
[4] Libby, P., P.M. Ridker, and A. Maseri, Inflammation and atherosclerosis. Circulation, 2002. 

105(9): p. 1135-43. 
[5] Steinberg, D., Atherogenesis in perspective: hypercholesterolemia and inflammation as partners 

in crime. Nat Med, 2002. 8(11): p. 1211-7. 
[6] Boullier, A., et al., Scavenger receptors, oxidized LDL, and atherosclerosis. Ann N Y Acad 

Sci, 2001. 947: p. 214-22; discussion 222-3. 
[7] Stokes, K.Y., et al., Hypercholesterolemia promotes inflammation and microvascular 

dysfunction: role of nitric oxide and superoxide. Free Radic Biol Med, 2002. 33(8): p. 1026-36. 
[8] Scalia, R., J.Z. Appel, 3rd, and A.M. Lefer, Leukocyte-endothelium interaction during the 

early stages of hypercholesterolemia in the rabbit: role of P-selectin, ICAM-1, and VCAM-1. 
Arterioscler Thromb Vasc Biol, 1998. 18(7): p. 1093-100. 

[9] Stokes, K.Y., et al., NAD(P)H oxidase-derived superoxide mediates hypercholesterolemia-
induced leukocyte-endothelial cell adhesion. Circ Res, 2001. 88(5): p. 499-505. 

[10] Mori, N., et al., Ischemia-reperfusion induced microvascular responses in LDL-receptor -/- 
mice. Am J Physiol, 1999. 276(5 Pt 2): p. H1647-54. 

[11] Lehr, H.A., et al., P-selectin mediates the interaction of circulating leukocytes with platelets 
and microvascular endothelium in response to oxidized lipoprotein in vivo. Lab Invest, 1994. 
71(3): p. 380-6. 

[12] Vink, H., A.A. Constantinescu, and J.A. Spaan, Oxidized lipoproteins degrade the 
endothelial surface layer : implications for platelet-endothelial cell adhesion. Circulation, 2000. 
101(13): p. 1500-2. 

                                                                 
* Corresponding Author 

 
Linking the Pathobiology of Hypercholesterolemia with the Neutrophil Mechanotransduction 245 

[13] Parthasarathy, S., D. Steinberg, and J.L. Witztum, The role of oxidized low-density 
lipoproteins in the pathogenesis of atherosclerosis. Annu Rev Med, 1992. 43: p. 219-25. 

[14] Cunningham, K.S. and A.I. Gotlieb, The role of shear stress in the pathogenesis of 
atherosclerosis. Lab Invest, 2005. 85(1): p. 9-23. 

[15] De Caterina, R., et al., Nitric oxide decreases cytokine-induced endothelial activation. Nitric 
oxide selectively reduces endothelial expression of adhesion molecules and proinflammatory 
cytokines. J Clin Invest, 1995. 96(1): p. 60-8. 

[16] De Keulenaer, G.W., et al., Oscillatory and steady laminar shear stress differentially affect 
human endothelial redox state: role of a superoxide-producing NADH oxidase. Circ Res, 1998. 
82(10): p. 1094-101. 

[17] Nagel, T., et al., Shear stress selectively upregulates intercellular adhesion molecule-1 
expression in cultured human vascular endothelial cells. J Clin Invest, 1994. 94(2): p. 885-91. 

[18] Drechsler, M., et al., Hyperlipidemia-triggered neutrophilia promotes early atherosclerosis. 
Circulation, 2010. 122(18): p. 1837-45. 

[19] Rotzius, P., et al., Distinct infiltration of neutrophils in lesion shoulders in ApoE-/- mice. Am J 
Pathol, 2010. 177(1): p. 493-500. 

[20] van Leeuwen, M., et al., Accumulation of myeloperoxidase-positive neutrophils in 
atherosclerotic lesions in LDLR-/- mice. Arterioscler Thromb Vasc Biol, 2008. 28(1): p. 84-9. 

[21] Ionita, M.G., et al., High neutrophil numbers in human carotid atherosclerotic plaques are 
associated with characteristics of rupture-prone lesions. Arterioscler Thromb Vasc Biol, 2010. 
30(9): p. 1842-8. 

[22] Naruko, T., et al., Neutrophil infiltration of culprit lesions in acute coronary syndromes. 
Circulation, 2002. 106(23): p. 2894-900. 

[23] Davies, P.F., Hemodynamic shear stress and the endothelium in cardiovascular 
pathophysiology. Nat Clin Pract Cardiovasc Med, 2009. 6(1): p. 16-26. 

[24] Burns, M.P. and N. DePaola, Flow-conditioned HUVECs support clustered leukocyte 
adhesion by coexpressing ICAM-1 and E-selectin. Am J Physiol Heart Circ Physiol, 2005. 
288(1): p. H194-204. 

[25] Maiellaro, K. and W.R. Taylor, The role of the adventitia in vascular inflammation. 
Cardiovasc Res, 2007. 75(4): p. 640-8. 

[26] Mulligan-Kehoe, M.J., The vasa vasorum in diseased and nondiseased arteries. Am J Physiol 
Heart Circ Physiol, 2010. 298(2): p. H295-305. 

[27] Ritman, E.L. and A. Lerman, The dynamic vasa vasorum. Cardiovasc Res, 2007. 75(4): p. 
649-58. 

[28] Soehnlein, O., Multiple roles for neutrophils in atherosclerosis. Circ Res, 2012. 110(6): p. 875-
88. 

[29] Mazor, R., et al., Primed polymorphonuclear leukocytes constitute a possible link between 
inflammation and oxidative stress in hyperlipidemic patients. Atherosclerosis, 2008. 197(2): p. 
937-43. 

[30] Nicholls, S.J. and S.L. Hazen, Myeloperoxidase and cardiovascular disease. Arterioscler 
Thromb Vasc Biol, 2005. 25(6): p. 1102-11. 



 
Lipoproteins – Role in Health and Diseases 246 

[31] Chertov, O., et al., Identification of human neutrophil-derived cathepsin G and 
azurocidin/CAP37 as chemoattractants for mononuclear cells and neutrophils. J Exp Med, 
1997. 186(5): p. 739-47. 

[32] Soehnlein, O., et al., Neutrophil secretion products pave the way for inflammatory monocytes. 
Blood, 2008. 112(4): p. 1461-71. 

[33] Schmid-Schönbein, G.W., Analysis of inflammation. Annu Rev Biomed Eng, 2006. 8: p. 93-
131. 

[34] Eppihimer, M.J. and H.H. Lipowsky, Effects of leukocyte-capillary plugging on the resistance 
to flow in the microvasculature of cremaster muscle for normal and activated leukocytes. 
Microvasc Res, 1996. 51(2): p. 187-201. 

[35] Worthen, G.S., et al., Mechanics of stimulated neutrophils: cell stiffening induces retention in 
capillaries. Science, 1989. 245(4914): p. 183-6. 

[36] Helmke, B.P., et al., A mechanism for erythrocyte-mediated elevation of apparent viscosity by 
leukocytes in vivo without adhesion to the endothelium. Biorheology, 1998. 35(6): p. 437-48. 

[37] Lipowsky, H.H., Microvascular rheology and hemodynamics. Microcirculation, 2005. 12(1): 
p. 5-15. 

[38] Lange, Y., et al., Plasma membranes contain half the phospholipid and 90% of the cholesterol 
and sphingomyelin in cultured human fibroblasts. J Biol Chem, 1989. 264(7): p. 3786-93. 

[39] Day, A.P., et al., Effect of simvastatin therapy on cell membrane cholesterol content and 
membrane function as assessed by polymorphonuclear cell NADPH oxidase activity. Ann Clin 
Biochem, 1997. 34 ( Pt 3): p. 269-75. 

[40] Zhang, X., et al., Membrane cholesterol modulates the fluid shear stress response of 
polymorphonuclear leukocytes via its effects on membrane fluidity. Am J Physiol Cell Physiol, 
2011. 301(2): p. C451-60. 

[41] Oh, H., et al., Membrane cholesterol is a biomechanical regulator of neutrophil adhesion. 
Arterioscler Thromb Vasc Biol, 2009. 29(9): p. 1290-7. 

[42] Cooper, R.A., Influence of increased membrane cholesterol on membrane fluidity and cell 
function in human red blood cells. J Supramol Struct, 1978. 8(4): p. 413-30. 

[43] Goldstein, J.L. and M.S. Brown, The low-density lipoprotein pathway and its relation to 
atherosclerosis. Annu Rev Biochem, 1977. 46: p. 897-930. 

[44] Brasaemle, D.L. and A.D. Attie, Rapid intracellular transport of LDL-derived cholesterol to 
the plasma membrane in cultured fibroblasts. J Lipid Res, 1990. 31(1): p. 103-12. 

[45] Lara, L.L., et al., Low density lipoprotein receptor expression and function in human 
polymorphonuclear leucocytes. Clin Exp Immunol, 1997. 107(1): p. 205-12. 

[46] Goldstein, J.L. and M.S. Brown, Binding and degradation of low density lipoproteins by 
cultured human fibroblasts. Comparison of cells from a normal subject and from a patient with 
homozygous familial hypercholesterolemia. J Biol Chem, 1974. 249(16): p. 5153-62. 

[47] Basu, S.K., et al., Degradation of cationized low density lipoprotein and regulation of 
cholesterol metabolism in homozygous familial hypercholesterolemia fibroblasts. Proc Natl 
Acad Sci U S A, 1976. 73(9): p. 3178-82. 



 
Lipoproteins – Role in Health and Diseases 246 

[31] Chertov, O., et al., Identification of human neutrophil-derived cathepsin G and 
azurocidin/CAP37 as chemoattractants for mononuclear cells and neutrophils. J Exp Med, 
1997. 186(5): p. 739-47. 

[32] Soehnlein, O., et al., Neutrophil secretion products pave the way for inflammatory monocytes. 
Blood, 2008. 112(4): p. 1461-71. 

[33] Schmid-Schönbein, G.W., Analysis of inflammation. Annu Rev Biomed Eng, 2006. 8: p. 93-
131. 

[34] Eppihimer, M.J. and H.H. Lipowsky, Effects of leukocyte-capillary plugging on the resistance 
to flow in the microvasculature of cremaster muscle for normal and activated leukocytes. 
Microvasc Res, 1996. 51(2): p. 187-201. 

[35] Worthen, G.S., et al., Mechanics of stimulated neutrophils: cell stiffening induces retention in 
capillaries. Science, 1989. 245(4914): p. 183-6. 

[36] Helmke, B.P., et al., A mechanism for erythrocyte-mediated elevation of apparent viscosity by 
leukocytes in vivo without adhesion to the endothelium. Biorheology, 1998. 35(6): p. 437-48. 

[37] Lipowsky, H.H., Microvascular rheology and hemodynamics. Microcirculation, 2005. 12(1): 
p. 5-15. 

[38] Lange, Y., et al., Plasma membranes contain half the phospholipid and 90% of the cholesterol 
and sphingomyelin in cultured human fibroblasts. J Biol Chem, 1989. 264(7): p. 3786-93. 

[39] Day, A.P., et al., Effect of simvastatin therapy on cell membrane cholesterol content and 
membrane function as assessed by polymorphonuclear cell NADPH oxidase activity. Ann Clin 
Biochem, 1997. 34 ( Pt 3): p. 269-75. 

[40] Zhang, X., et al., Membrane cholesterol modulates the fluid shear stress response of 
polymorphonuclear leukocytes via its effects on membrane fluidity. Am J Physiol Cell Physiol, 
2011. 301(2): p. C451-60. 

[41] Oh, H., et al., Membrane cholesterol is a biomechanical regulator of neutrophil adhesion. 
Arterioscler Thromb Vasc Biol, 2009. 29(9): p. 1290-7. 

[42] Cooper, R.A., Influence of increased membrane cholesterol on membrane fluidity and cell 
function in human red blood cells. J Supramol Struct, 1978. 8(4): p. 413-30. 

[43] Goldstein, J.L. and M.S. Brown, The low-density lipoprotein pathway and its relation to 
atherosclerosis. Annu Rev Biochem, 1977. 46: p. 897-930. 

[44] Brasaemle, D.L. and A.D. Attie, Rapid intracellular transport of LDL-derived cholesterol to 
the plasma membrane in cultured fibroblasts. J Lipid Res, 1990. 31(1): p. 103-12. 

[45] Lara, L.L., et al., Low density lipoprotein receptor expression and function in human 
polymorphonuclear leucocytes. Clin Exp Immunol, 1997. 107(1): p. 205-12. 

[46] Goldstein, J.L. and M.S. Brown, Binding and degradation of low density lipoproteins by 
cultured human fibroblasts. Comparison of cells from a normal subject and from a patient with 
homozygous familial hypercholesterolemia. J Biol Chem, 1974. 249(16): p. 5153-62. 

[47] Basu, S.K., et al., Degradation of cationized low density lipoprotein and regulation of 
cholesterol metabolism in homozygous familial hypercholesterolemia fibroblasts. Proc Natl 
Acad Sci U S A, 1976. 73(9): p. 3178-82. 

 
Linking the Pathobiology of Hypercholesterolemia with the Neutrophil Mechanotransduction 247 

[48] Phillips, M.C., W.J. Johnson, and G.H. Rothblat, Mechanisms and consequences of cellular 
cholesterol exchange and transfer. Biochim Biophys Acta, 1987. 906(2): p. 223-76. 

[49] Brasaemle, D.L., A.D. Robertson, and A.D. Attie, Transbilayer movement of cholesterol in 
the human erythrocyte membrane. J Lipid Res, 1988. 29(4): p. 481-9. 

[50] Ohvo-Rekila, H., et al., Cholesterol interactions with phospholipids in membranes. Prog Lipid 
Res, 2002. 41(1): p. 66-97. 

[51] Rothman, J.E. and D.M. Engelman, Molecular mechanism for the interaction of phospholipid 
with cholesterol. Nat New Biol, 1972. 237(71): p. 42-4. 

[52] Chabanel, A., et al., Influence of cholesterol content on red cell membrane viscoelasticity and 
fluidity. Biophys J, 1983. 44(2): p. 171-6. 

[53] Coderch, L., et al., Influence of cholesterol on liposome fluidity by EPR. Relationship with 
percutaneous absorption. J Control Release, 2000. 68(1): p. 85-95. 

[54] Lenaz, G., Lipid fluidity and membrane protein dynamics. Biosci Rep, 1987. 7(11): p. 823-37. 
[55] Rimon, G., et al., Mode of coupling between hormone receptors and adenylate cyclase elucidated 

by modulation of membrane fluidity. Nature, 1978. 276(5686): p. 394-6. 
[56] Schramm, M., Transfer of glucagon receptor from liver membranes to a foreign adenylate 

cyclase by a membrane fusion procedure. Proc Natl Acad Sci U S A, 1979. 76(3): p. 1174-8. 
[57] Lenaz, G.a.P.C., G., Structure and Properties of Cell Membranes, G. Benga, Editor 1985, 

CRC Press: Boca Raton, FLA. p. 73-136. 
[58] Chachisvilis, M., Y.L. Zhang, and J.A. Frangos, G protein-coupled receptors sense fluid shear 

stress in endothelial cells. Proc Natl Acad Sci U S A, 2006. 103(42): p. 15463-8. 
[59] Simons, K. and D. Toomre, Lipid rafts and signal transduction. Nat Rev Mol Cell Biol, 

2000. 1(1): p. 31-9. 
[60] Brown, D.A. and E. London, Functions of lipid rafts in biological membranes. Annu Rev 

Cell Dev Biol, 1998. 14: p. 111-36. 
[61] Radel, C., M. Carlile-Klusacek, and V. Rizzo, Participation of caveolae in beta1 integrin-

mediated mechanotransduction. Biochem Biophys Res Commun, 2007. 358(2): p. 626-31. 
[62] Rizzo, V., et al., In situ flow activates endothelial nitric oxide synthase in luminal caveolae of 

endothelium with rapid caveolin dissociation and calmodulin association. J Biol Chem, 1998. 
273(52): p. 34724-9. 

[63] Rizzo, V., et al., Rapid mechanotransduction in situ at the luminal cell surface of vascular 
endothelium and its caveolae. J Biol Chem, 1998. 273(41): p. 26323-9. 

[64] Marwali, M.R., et al., Membrane cholesterol regulates LFA-1 function and lipid raft 
heterogeneity. Blood, 2003. 102(1): p. 215-22. 

[65] Niggli, V., et al., Impact of cholesterol depletion on shape changes, actin reorganization, and 
signal transduction in neutrophil-like HL-60 cells. Exp Cell Res, 2004. 296(2): p. 358-68. 

[66] Pierini, L.M., et al., Membrane lipid organization is critical for human neutrophil polarization. 
J Biol Chem, 2003. 278(12): p. 10831-41. 

[67] Seely, A.J., J.L. Pascual, and N.V. Christou, Science review: Cell membrane expression 
(connectivity) regulates neutrophil delivery, function and clearance. Crit Care, 2003. 7(4): p. 
291-307. 



 
Lipoproteins – Role in Health and Diseases 248 

[68] Tuluc, F., J. Meshki, and S.P. Kunapuli, Membrane lipid microdomains differentially regulate 
intracellular signaling events in human neutrophils. Int Immunopharmacol, 2003. 3(13-14): 
p. 1775-90. 

[69] Stulc, T., et al., Leukocyte and endothelial adhesion molecules in patients with 
hypercholesterolemia: the effect of atorvastatin treatment. Physiol Res, 2008. 57(2): p. 184-94. 

[70] Lehr, H.A., et al., In vitro effects of oxidized low density lipoprotein on CD11b/CD18 and L-
selectin presentation on neutrophils and monocytes with relevance for the in vivo situation. Am 
J Pathol, 1995. 146(1): p. 218-27. 

[71] Sugano, R., et al., Polymorphonuclear leukocytes may impair endothelial function: results of 
crossover randomized study of lipid-lowering therapies. Arterioscler Thromb Vasc Biol, 2005. 
25(6): p. 1262-7. 

[72] Furlow, M. and S.L. Diamond, Interplay between membrane cholesterol and ethanol 
differentially regulates neutrophil tether mechanics and rolling dynamics. Biorheology, 2011. 
48(1): p. 49-64. 

[73] Tailor, A. and D.N. Granger, Hypercholesterolemia promotes leukocyte-dependent platelet 
adhesion in murine postcapillary venules. Microcirculation, 2004. 11(7): p. 597-603. 

[74] Lechi, C., et al., Increased leukocyte aggregation in patients with hypercholesterolaemia. Clin 
Chim Acta, 1984. 144(1): p. 11-6. 

[75] Araujo, F.B., et al., Evaluation of oxidative stress in patients with hyperlipidemia. 
Atherosclerosis, 1995. 117(1): p. 61-71. 

[76] Kristal, B., et al., Participation of peripheral polymorphonuclear leukocytes in the oxidative 
stress and inflammation in patients with essential hypertension. Am J Hypertens, 1998. 11(8 
Pt 1): p. 921-8. 

[77] Shurtz-Swirski, R., et al., Involvement of peripheral polymorphonuclear leukocytes in oxidative 
stress and inflammation in type 2 diabetic patients. Diabetes Care, 2001. 24(1): p. 104-10. 

[78] Makino, A., et al., Mechanotransduction in leukocyte activation: a review. Biorheology, 2007. 
44(4): p. 221-49. 

[79] Shin, H.Y., et al., Mechanobiological Evidence for the Control of Neutrophil Activity by Fluid 
Shear Stress in Mechanobiology Handbook, J. Nagatomi, Editor 2011, CRC Press: Boca 
Raton, FL, USA. p. 139-75. 

[80] Fukuda, S. and G.W. Schmid-Schönbein, Centrifugation attenuates the fluid shear response 
of circulating leukocytes. J Leukoc Biol, 2002. 72(1): p. 133-9. 

[81] Fukuda, S., et al., Mechanisms for regulation of fluid shear stress response in circulating 
leukocytes. Circ Res, 2000. 86(1): p. E13-8. 

[82] Moazzam, F., et al., The leukocyte response to fluid stress. Proc Natl Acad Sci U S A, 1997. 
94(10): p. 5338-43. 

[83] Makino, A., et al., Control of neutrophil pseudopods by fluid shear: role of Rho family GTPases. 
Am J Physiol Cell Physiol, 2005. 288(4): p. C863-71. 

[84] Komai, Y. and G.W. Schmid-Schönbein, De-activation of neutrophils in suspension by fluid 
shear stress: a requirement for erythrocytes. Ann Biomed Eng, 2005. 33(10): p. 1375-86. 



 
Lipoproteins – Role in Health and Diseases 248 

[68] Tuluc, F., J. Meshki, and S.P. Kunapuli, Membrane lipid microdomains differentially regulate 
intracellular signaling events in human neutrophils. Int Immunopharmacol, 2003. 3(13-14): 
p. 1775-90. 

[69] Stulc, T., et al., Leukocyte and endothelial adhesion molecules in patients with 
hypercholesterolemia: the effect of atorvastatin treatment. Physiol Res, 2008. 57(2): p. 184-94. 

[70] Lehr, H.A., et al., In vitro effects of oxidized low density lipoprotein on CD11b/CD18 and L-
selectin presentation on neutrophils and monocytes with relevance for the in vivo situation. Am 
J Pathol, 1995. 146(1): p. 218-27. 

[71] Sugano, R., et al., Polymorphonuclear leukocytes may impair endothelial function: results of 
crossover randomized study of lipid-lowering therapies. Arterioscler Thromb Vasc Biol, 2005. 
25(6): p. 1262-7. 

[72] Furlow, M. and S.L. Diamond, Interplay between membrane cholesterol and ethanol 
differentially regulates neutrophil tether mechanics and rolling dynamics. Biorheology, 2011. 
48(1): p. 49-64. 

[73] Tailor, A. and D.N. Granger, Hypercholesterolemia promotes leukocyte-dependent platelet 
adhesion in murine postcapillary venules. Microcirculation, 2004. 11(7): p. 597-603. 

[74] Lechi, C., et al., Increased leukocyte aggregation in patients with hypercholesterolaemia. Clin 
Chim Acta, 1984. 144(1): p. 11-6. 

[75] Araujo, F.B., et al., Evaluation of oxidative stress in patients with hyperlipidemia. 
Atherosclerosis, 1995. 117(1): p. 61-71. 

[76] Kristal, B., et al., Participation of peripheral polymorphonuclear leukocytes in the oxidative 
stress and inflammation in patients with essential hypertension. Am J Hypertens, 1998. 11(8 
Pt 1): p. 921-8. 

[77] Shurtz-Swirski, R., et al., Involvement of peripheral polymorphonuclear leukocytes in oxidative 
stress and inflammation in type 2 diabetic patients. Diabetes Care, 2001. 24(1): p. 104-10. 

[78] Makino, A., et al., Mechanotransduction in leukocyte activation: a review. Biorheology, 2007. 
44(4): p. 221-49. 

[79] Shin, H.Y., et al., Mechanobiological Evidence for the Control of Neutrophil Activity by Fluid 
Shear Stress in Mechanobiology Handbook, J. Nagatomi, Editor 2011, CRC Press: Boca 
Raton, FL, USA. p. 139-75. 

[80] Fukuda, S. and G.W. Schmid-Schönbein, Centrifugation attenuates the fluid shear response 
of circulating leukocytes. J Leukoc Biol, 2002. 72(1): p. 133-9. 

[81] Fukuda, S., et al., Mechanisms for regulation of fluid shear stress response in circulating 
leukocytes. Circ Res, 2000. 86(1): p. E13-8. 

[82] Moazzam, F., et al., The leukocyte response to fluid stress. Proc Natl Acad Sci U S A, 1997. 
94(10): p. 5338-43. 

[83] Makino, A., et al., Control of neutrophil pseudopods by fluid shear: role of Rho family GTPases. 
Am J Physiol Cell Physiol, 2005. 288(4): p. C863-71. 

[84] Komai, Y. and G.W. Schmid-Schönbein, De-activation of neutrophils in suspension by fluid 
shear stress: a requirement for erythrocytes. Ann Biomed Eng, 2005. 33(10): p. 1375-86. 

 
Linking the Pathobiology of Hypercholesterolemia with the Neutrophil Mechanotransduction 249 

[85] Shive, M.S., W.G. Brodbeck, and J.M. Anderson, Activation of caspase 3 during shear stress-
induced neutrophil apoptosis on biomaterials. J Biomed Mater Res, 2002. 62(2): p. 163-8. 

[86] Shive, M.S., M.L. Salloum, and J.M. Anderson, Shear stress-induced apoptosis of adherent 
neutrophils: a mechanism for persistence of cardiovascular device infections. Proc Natl Acad 
Sci U S A, 2000. 97(12): p. 6710-5. 

[87] Chen, H.Q., et al., Effect of steady and oscillatory shear stress on F-actin content and 
distribution in neutrophils. Biorheology, 2004. 41(5): p. 655-64. 

[88] Cicchetti, G., P.G. Allen, and M. Glogauer, Chemotactic signaling pathways in neutrophils: 
from receptor to actin assembly. Crit Rev Oral Biol Med, 2002. 13(3): p. 220-8. 

[89] Niggli, V., Signaling to migration in neutrophils: importance of localized pathways. Int J 
Biochem Cell Biol, 2003. 35(12): p. 1619-38. 

[90] Tybulewicz, V.L. and R.B. Henderson, Rho family GTPases and their regulators in 
lymphocytes. Nat Rev Immunol, 2009. 9(9): p. 630-44. 

[91] Makino, A., et al., G protein-coupled receptors serve as mechanosensors for fluid shear stress in 
neutrophils. Am J Physiol Cell Physiol, 2006. 290(6): p. C1633-9. 

[92] Marschel, P. and G.W. Schmid-Schönbein, Control of fluid shear response in circulating 
leukocytes by integrins. Ann Biomed Eng, 2002. 30(3): p. 333-43. 

[93] Anderson, S.I., et al., Linked regulation of motility and integrin function in activated 
migrating neutrophils revealed by interference in remodelling of the cytoskeleton. Cell Motil 
Cytoskeleton, 2003. 54(2): p. 135-46. 

[94] Simon, S.I. and C.E. Green, Molecular mechanics and dynamics of leukocyte recruitment 
during inflammation. Annu Rev Biomed Eng, 2005. 7: p. 151-85. 

[95] Simon, S.I. and H.L. Goldsmith, Leukocyte adhesion dynamics in shear flow. Ann Biomed 
Eng, 2002. 30(3): p. 315-32. 

[96] Shin, H.Y., S.I. Simon, and G.W. Schmid-Schönbein, Fluid shear-induced activation and 
cleavage of CD18 during pseudopod retraction by human neutrophils. J Cell Physiol, 2008. 
214(2): p. 528-36. 

[97] Fukuda, S. and G.W. Schmid-Schönbein, Regulation of CD18 expression on neutrophils in 
response to fluid shear stress. Proc Natl Acad Sci U S A, 2003. 100(23): p. 13152-7. 

[98] Walcheck, B., et al., Neutrophil rolling altered by inhibition of L-selectin shedding in vitro. 
Nature, 1996. 380(6576): p. 720-3. 

[99] Carney, D.F., et al., Effect of serine proteinase inhibitors on neutrophil function: alpha-1-
proteinase inhibitor, antichymotrypsin, and a recombinant hybrid mutant of antichymotrypsin 
(LEX032) modulate neutrophil adhesion interactions. J Leukoc Biol, 1998. 63(1): p. 75-82. 

[100] Pfaff, M., X. Du, and M.H. Ginsberg, Calpain cleavage of integrin beta cytoplasmic domains. 
FEBS Lett, 1999. 460(1): p. 17-22. 

[101] Arnaout, M.A., Structure and function of the leukocyte adhesion molecules CD11/CD18. 
Blood, 1990. 75(5): p. 1037-50. 

[102] Radi, Z.A., M.E. Kehrli, Jr., and M.R. Ackermann, Cell adhesion molecules, leukocyte 
trafficking, and strategies to reduce leukocyte infiltration. J Vet Intern Med, 2001. 15(6): p. 
516-29. 



 
Lipoproteins – Role in Health and Diseases 250 

[103] Fialkow, L., Y. Wang, and G.P. Downey, Reactive oxygen and nitrogen species as signaling 
molecules regulating neutrophil function. Free Radic Biol Med, 2007. 42(2): p. 153-64. 

[104] Guzik, T.J., R. Korbut, and T. Adamek-Guzik, Nitric oxide and superoxide in inflammation 
and immune regulation. J Physiol Pharmacol, 2003. 54(4): p. 469-87. 

[105] Dal Secco, D., et al., Nitric oxide inhibits neutrophil migration by a mechanism dependent on 
ICAM-1: role of soluble guanylate cyclase. Nitric Oxide, 2006. 15(1): p. 77-86. 

[106] Kubes, P., M. Suzuki, and D.N. Granger, Nitric oxide: an endogenous modulator of 
leukocyte adhesion. Proc Natl Acad Sci U S A, 1991. 88(11): p. 4651-5. 

[107] Kubes, P., et al., Nitric oxide synthesis inhibition induces leukocyte adhesion via superoxide 
and mast cells. Faseb J, 1993. 7(13): p. 1293-9. 

[108] Gaboury, J., et al., Nitric oxide prevents leukocyte adherence: role of superoxide. Am J 
Physiol, 1993. 265(3 Pt 2): p. H862-7. 

[109] Vilhardt, F. and B. van Deurs, The phagocyte NADPH oxidase depends on cholesterol-
enriched membrane microdomains for assembly. EMBO J, 2004. 23(4): p. 739-48. 

[110] Fukuda, S., et al., Contribution of fluid shear response in leukocytes to hemodynamic 
resistance in the spontaneously hypertensive rat. Circ Res, 2004. 95(1): p. 100-8. 

[111] Suzuki, H., et al., Impaired leukocyte-endothelial cell interaction in spontaneously 
hypertensive rats. Hypertension, 1994. 24(6): p. 719-27. 

[112] Arndt, H., C.W. Smith, and D.N. Granger, Leukocyte-endothelial cell adhesion in 
spontaneously hypertensive and normotensive rats. Hypertension, 1993. 21(5): p. 667-73. 

[113] Suematsu, M., et al., The inflammatory aspect of the microcirculation in hypertension: 
oxidative stress, leukocytes/endothelial interaction, apoptosis. Microcirculation, 2002. 9(4): p. 
259-76. 

[114] Kaul, S., R.C. Padgett, and D.D. Heistad, Role of platelets and leukocytes in modulation of 
vascular tone. Ann N Y Acad Sci, 1994. 714: p. 122-35. 

[115] Mugge, A., et al., Activation of leukocytes with complement C5a is associated with 
prostanoid-dependent constriction of large arteries in atherosclerotic monkeys in vivo. 
Atherosclerosis, 1992. 95(2-3): p. 211-22. 

[116] Faraci, F.M., et al., Effect of atherosclerosis on cerebral vascular responses to activation of 
leukocytes and platelets in monkeys. Stroke, 1991. 22(6): p. 790-6. 

[117] DeLano, F.A. and G.W. Schmid-Schönbein, Enhancement of glucocorticoid and 
mineralocorticoid receptor density in the microcirculation of the spontaneously hypertensive rat. 
Microcirculation, 2004. 11(1): p. 69-78. 

[118] Sutanto, W., et al., Corticosteroid receptor plasticity in the central nervous system of various 
rat models. Endocr Regul, 1992. 26(3): p. 111-8. 

[119] Fukuda, S., H. Mitsuoka, and G.W. Schmid-Schönbein, Leukocyte fluid shear response in 
the presence of glucocorticoid. J Leukoc Biol, 2004. 75(4): p. 664-70. 

[120] Sugihara-Seki, M. and G.W. Schmid-Schönbein, The fluid shear stress distribution on the 
membrane of leukocytes in the microcirculation. J Biomech Eng, 2003. 125(5): p. 628-38. 



 
Lipoproteins – Role in Health and Diseases 250 

[103] Fialkow, L., Y. Wang, and G.P. Downey, Reactive oxygen and nitrogen species as signaling 
molecules regulating neutrophil function. Free Radic Biol Med, 2007. 42(2): p. 153-64. 

[104] Guzik, T.J., R. Korbut, and T. Adamek-Guzik, Nitric oxide and superoxide in inflammation 
and immune regulation. J Physiol Pharmacol, 2003. 54(4): p. 469-87. 

[105] Dal Secco, D., et al., Nitric oxide inhibits neutrophil migration by a mechanism dependent on 
ICAM-1: role of soluble guanylate cyclase. Nitric Oxide, 2006. 15(1): p. 77-86. 

[106] Kubes, P., M. Suzuki, and D.N. Granger, Nitric oxide: an endogenous modulator of 
leukocyte adhesion. Proc Natl Acad Sci U S A, 1991. 88(11): p. 4651-5. 

[107] Kubes, P., et al., Nitric oxide synthesis inhibition induces leukocyte adhesion via superoxide 
and mast cells. Faseb J, 1993. 7(13): p. 1293-9. 

[108] Gaboury, J., et al., Nitric oxide prevents leukocyte adherence: role of superoxide. Am J 
Physiol, 1993. 265(3 Pt 2): p. H862-7. 

[109] Vilhardt, F. and B. van Deurs, The phagocyte NADPH oxidase depends on cholesterol-
enriched membrane microdomains for assembly. EMBO J, 2004. 23(4): p. 739-48. 

[110] Fukuda, S., et al., Contribution of fluid shear response in leukocytes to hemodynamic 
resistance in the spontaneously hypertensive rat. Circ Res, 2004. 95(1): p. 100-8. 

[111] Suzuki, H., et al., Impaired leukocyte-endothelial cell interaction in spontaneously 
hypertensive rats. Hypertension, 1994. 24(6): p. 719-27. 

[112] Arndt, H., C.W. Smith, and D.N. Granger, Leukocyte-endothelial cell adhesion in 
spontaneously hypertensive and normotensive rats. Hypertension, 1993. 21(5): p. 667-73. 

[113] Suematsu, M., et al., The inflammatory aspect of the microcirculation in hypertension: 
oxidative stress, leukocytes/endothelial interaction, apoptosis. Microcirculation, 2002. 9(4): p. 
259-76. 

[114] Kaul, S., R.C. Padgett, and D.D. Heistad, Role of platelets and leukocytes in modulation of 
vascular tone. Ann N Y Acad Sci, 1994. 714: p. 122-35. 

[115] Mugge, A., et al., Activation of leukocytes with complement C5a is associated with 
prostanoid-dependent constriction of large arteries in atherosclerotic monkeys in vivo. 
Atherosclerosis, 1992. 95(2-3): p. 211-22. 

[116] Faraci, F.M., et al., Effect of atherosclerosis on cerebral vascular responses to activation of 
leukocytes and platelets in monkeys. Stroke, 1991. 22(6): p. 790-6. 

[117] DeLano, F.A. and G.W. Schmid-Schönbein, Enhancement of glucocorticoid and 
mineralocorticoid receptor density in the microcirculation of the spontaneously hypertensive rat. 
Microcirculation, 2004. 11(1): p. 69-78. 

[118] Sutanto, W., et al., Corticosteroid receptor plasticity in the central nervous system of various 
rat models. Endocr Regul, 1992. 26(3): p. 111-8. 

[119] Fukuda, S., H. Mitsuoka, and G.W. Schmid-Schönbein, Leukocyte fluid shear response in 
the presence of glucocorticoid. J Leukoc Biol, 2004. 75(4): p. 664-70. 

[120] Sugihara-Seki, M. and G.W. Schmid-Schönbein, The fluid shear stress distribution on the 
membrane of leukocytes in the microcirculation. J Biomech Eng, 2003. 125(5): p. 628-38. 

 
Linking the Pathobiology of Hypercholesterolemia with the Neutrophil Mechanotransduction 251 

[121] Haidekker, M.A., N. L'Heureux, and J.A. Frangos, Fluid shear stress increases membrane 
fluidity in endothelial cells: a study with DCVJ fluorescence. Am J Physiol Heart Circ 
Physiol, 2000. 278(4): p. H1401-6. 

[122] Butler, P.J., et al., Rate sensitivity of shear-induced changes in the lateral diffusion of 
endothelial cell membrane lipids: a role for membrane perturbation in shear-induced MAPK 
activation. Faseb J, 2002. 16(2): p. 216-8. 

[123] Butler, P.J., et al., Shear stress induces a time- and position-dependent increase in endothelial 
cell membrane fluidity. Am J Physiol Cell Physiol, 2001. 280(4): p. C962-9. 

[124] Ferraro, J.T., et al., Depletion of plasma membrane cholesterol dampens hydrostatic pressure 
and shear stress-induced mechanotransduction pathways in osteoblast cultures. Am J Physiol 
Cell Physiol, 2004. 286(4): p. C831-9. 

[125] Zhang, Y.L., J.A. Frangos, and M. Chachisvilis, Mechanical stimulus alters conformation of 
type 1 parathyroid hormone receptor in bone cells. Am J Physiol Cell Physiol, 2009. 296(6): p. 
C1391-9. 

[126] Chen, K.D., et al., Mechanotransduction in response to shear stress. Roles of receptor tyrosine 
kinases, integrins, and Shc. J Biol Chem, 1999. 274(26): p. 18393-400. 

[127] Jin, Z.G., et al., Ligand-independent activation of vascular endothelial growth factor receptor 2 
by fluid shear stress regulates activation of endothelial nitric oxide synthase. Circ Res, 2003. 
93(4): p. 354-63. 

[128] Lee, H.J. and G.Y. Koh, Shear stress activates Tie2 receptor tyrosine kinase in human 
endothelial cells. Biochem Biophys Res Commun, 2003. 304(2): p. 399-404. 

[129] Milkiewicz, M., et al., HIF-1alpha and HIF-2alpha play a central role in stretch-induced but not 
shear-stress-induced angiogenesis in rat skeletal muscle. J Physiol, 2007. 583(Pt 2): p. 753-66. 

[130] Shay-Salit, A., et al., VEGF receptor 2 and the adherens junction as a mechanical transducer 
in vascular endothelial cells. Proc Natl Acad Sci U S A, 2002. 99(14): p. 9462-7. 

[131] Tarbell, J.M., S. Weinbaum, and R.D. Kamm, Cellular fluid mechanics and 
mechanotransduction. Ann Biomed Eng, 2005. 33(12): p. 1719-23. 

[132] Kamm, R.D. and M.R. Kaazempur-Mofrad, On the molecular basis for 
mechanotransduction. Mech Chem Biosyst, 2004. 1(3): p. 201-9. 

[133] Lee, S.E., R.D. Kamm, and M.R. Mofrad, Force-induced activation of talin and its possible 
role in focal adhesion mechanotransduction. J Biomech, 2007. 40(9): p. 2096-106. 

[134] Chen, A.K., et al., Evidence for the role of G-proteins in flow stimulation of dinoflagellate 
bioluminescence. Am J Physiol Regul Integr Comp Physiol, 2007. 292(5): p. R2020-7. 

[135] Su, S.S. and G.W. Schmid-Schönbein, Internalization of Formyl Peptide Receptor in 
Leukocytes Subject to Fluid Stresses. Cell Mol Bioeng, 2010. 3(1): p. 20-29. 

[136] Chen, A.Y., et al., Receptor cleavage reduces the fluid shear response in neutrophils of the 
spontaneously hypertensive rat. Am J Physiol Cell Physiol, 2010. 299(6): p. C1441-9. 

[137] Mofrad, M.R., et al., Force-induced unfolding of the focal adhesion targeting domain and the 
influence of paxillin binding. Mech Chem Biosyst, 2004. 1(4): p. 253-65. 

[138] Gillmore, J.D., et al., Amyloid load and clinical outcome in AA amyloidosis in relation to 
circulating concentration of serum amyloid A protein. Lancet, 2001. 358(9275): p. 24-9. 



 
Lipoproteins – Role in Health and Diseases 252 

[139] Johnson, B.D., et al., Serum amyloid A as a predictor of coronary artery disease and 
cardiovascular outcome in women: the National Heart, Lung, and Blood Institute-Sponsored 
Women's Ischemia Syndrome Evaluation (WISE). Circulation, 2004. 109(6): p. 726-32. 

[140] Tomida, K., et al., Hypercholesterolemia induces leukocyte entrapment in the retinal 
microcirculation of rats. Curr Eye Res, 2001. 23(1): p. 38-43. 



 
Lipoproteins – Role in Health and Diseases 252 

[139] Johnson, B.D., et al., Serum amyloid A as a predictor of coronary artery disease and 
cardiovascular outcome in women: the National Heart, Lung, and Blood Institute-Sponsored 
Women's Ischemia Syndrome Evaluation (WISE). Circulation, 2004. 109(6): p. 726-32. 

[140] Tomida, K., et al., Hypercholesterolemia induces leukocyte entrapment in the retinal 
microcirculation of rats. Curr Eye Res, 2001. 23(1): p. 38-43. 

Section 4 

 

 
 
 

Management of Hyper and Dyslipoproteinemias 

 

   



 



 

Chapter 10 

 

 

 
 

© 2012 Acevedo, licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

The Confounding Factor of Apolipoprotein E  
on Response to Chemotherapy and Hormone  
Regulation Altering Long-Term  
Cognition Outcomes 

Summer F. Acevedo 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48115 

1. Introduction 

One player in health cognitive functioning is shown to be lipoproteins, essential in the 
metabolism and redistribution of lipids: cholesterol, phospholipids and triacylglycerol. 
There are several classes of lipoproteins which are used to transport lipids throughout the 
body and range in density (protein/lipid ratio); chylomicrons (contain dietary lipids), 
intermediate low density lipoproteins (IDL), very low density lipoproteins (VLDL, bad 
cholesterol), low density lipoproteins (LDLs) and the high density lipoproteins (HDLs, good 
cholesterol). The Apolipoprotein/Apoprotein gene family of proteins is part of the 
lipoprotein complexes that function as regulators of binding between lipoproteins and 
receptors. These proteins act as enzyme co-factors during lipid metabolism, helping to 
stabilize lipoproteins during transportation from cell or tissue to its destination [1].  

Apolipoprotein E (ApoE), initially termed the “arginine-rich apoprotein”, was first 
identified as a part of the VLDL complexes. ApoE is synthesized principally in the liver, but 
has also been found in other tissues such as the brain, ovaries, lungs, adrenals, spleen, 
muscle cells, and macrophages [2]. The three most common alleles of ApoE are ApoE2, 
ApoE3, ApoE4 [3] found in the nervous system are primarily produced in astroglia and 
microglia. The three major isoforms differ at position 112 (ApoE2/ApoE3 Cysteine, ApoE4 
Arginine) and 158 (ApoE2 Cysteine, ApoE3/ApoE4 Arginine), the amino acid substitutions at 
position 112 affect salt bridge formation within the protein, which ultimately impacts on 
lipoprotein preference, stability of the protein and on receptor binding activities of the 
isoforms [4]. Being an ApoE4 carrier or having the ApoE2/ApoE3 genotype is associated with 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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higher triglyercide levels, higher VLDL levels, higher total cholesterol, higher total 
lipoproteins levels and elevated LDL or “bad cholesterol” levels all of which contribute to 
hypertension and diabetes confounding factors that have to be considered when designing a 
chemotherapy treatment regiment [5].  

In rodent models, the lack of ApoE or ApoE4 protein expression leads to destabilization of 
cell membranes, increased apoptosis, and heightened sensitivity to neuronal trauma; 
whereas, ApoE3 and ApoE2 protein expression allow for healthy cell functioning and 
neuroprotection [4]. ApoE4 has detrimental effects in transgenic mice, including behavioral 
abnormalities, such as deficits in spatial learning and memory using Morris water maze 
(MWM) [6], as well as significant alterations in the hippocampus and cortex [4,7]. The 
studies in mice are consistent with clinical studies indicating reduced spatial learning and 
memory in those who carry the ApoE4 allele [8]. Experiments have also demonstrated that 
the three isoforms of human ApoE gene have different effects on the development of 
neurodegenerative diseases. Those individuals that are ApoE4 carriers have an increased 
risk of age-related mild cognitive impairments (MCI) and the development of Alzheimer’s 
disease (AD) particularly in females [9].  

In ovarian cancer, ApoE protein levels act as a potential tumor-associated marker as found 
in serous carcinomas, but not in serious borderline or normal ovarian surface epithelium 
cells [10]. Up-regulation of ApoE protein levels is also seen in breast carcinomas, pancreatic 
cancer, stomach carcinomas, colon carcinomas and prostate carcinomas [10]. Blockage of 
ApoE expression in the serous carcinoma cell lines leads to cell cycle arrest and apoptosis. 
Women infused with ApoE protein at the time of diagnosis showed significantly higher 
survival rates [10]. This data suggest that upregulation of ApoE expression may be a defense 
mechanism to help body fight carcinomas. 

2. Chemotherapy, ApoE and memory 

Over the last 20 years it has become apparent that chemotherapy drugs not only attack 
cancer cells, but also cross the blood brain barrier (BBB) leading to negative effects on 
cognitive processing which is known as Chemo-brain or Chem-fog [11,12]. Methotrexate, 5-
Flourouracil (5-FU) the most common chemotherapy drugs used to treat breast, colorectal, 
head and neck cancers been shown in both rodent models and clinical studies to lead to 
neurocognitive deficits in a variety of domains including visual memory and visuospatial 
functioning [11,13,14]. In clinical studies, there is considerable variability between studies as 
to the extent and frequency of such impairments heretofore mentioned. However, rodent 
studies are clearly show that the drugs in the CMF (cyclophosphamide, methotrexate, 5-FU) 
regiment lead to decreased hippocampus cell proliferation and induce MWM memory 
impairments [15,16]. In addition, cytarabine (cytosine arabinoside) and ifosfamide among 
other chemotherapy have been shown to lead to memory impairments, hemiparesis, aphasia 
and progressive dementia [17]. However, there is significant lack of pre-clinical testing of 
most chemotherapeutic agents and their long-term effects on memory. 
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impairments [15,16]. In addition, cytarabine (cytosine arabinoside) and ifosfamide among 
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and progressive dementia [17]. However, there is significant lack of pre-clinical testing of 
most chemotherapeutic agents and their long-term effects on memory. 
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Currently, only one study has examined if ApoE4 carrier status as a potential genetic risk 
factor in breast or lymphoma survivors. They have found that even after 8 years, ApoE4 
carriers displayed impairments, specifically in visual memory and spatial ability [18]. This 
suggests that the ApoE genotype may be a confounding factor to consider when examining 
post-chemotherapy neurocognitive status. More studies are necessary to confirm this 
result. 

Studies in women treated with CMF regiment for breast cancer found increased total 
cholesterol, LDL, HDL cholesterol and Apolipoprotein A-1 (ApoA-1) in those who 
developed permanent amenorrhea (loss of menstrual cycle, induced menopause) [19]. 
Studies report that around 30% of patients who have gone through chemotherapy develop 
permanent amenorrhea [20]. There is evidence that ApoE4 carriers have an earlier onset of 
natural menopause [21]. Age of menopause and being an ApoE4 carrier are both risk factors 
for age related diseases including AD and coronary artery disease (CAD). There is also a 
direct connection between ApoE mRNA levels and estrogen in various tissues, including the 
brain [22] leading to regulation of neurite outgrowth [7]. The data suggests that ApoE is a 
critical intermediary in the estrogen related neuroplasticity [7]. Lack of estrogen along with 
expression of ApoE4 protein which has reduced ApoE functioning is one potential cause of 
impaired cognitive performance in some women that have undergone chemotherapy. 
Studies do not take this factor into account or narrowly examine menopausal status at the 
time of testing.  

3. Apolipoproteins effects on secondary drug response 

3.1. Tamoxifen  

Other confounding factors that can affect cognitive status after chemotherapy include other 
medications patients are taking to control comorbid conditions or to treat the tumor itself. 
Tamoxifen is used as an estrogen receptor modulator (SERM) in estrogen receptor (ER) 
positive breast cancer carcinomas. Tamoxifen is a pure estrogen receptor blocker. As with 
other drugs, tamoxifen and its metabolites can cross the BBB affecting ER in various brain 
regions including the cerebral cortex, hippocampus and amygdala [23]. In combination with 
chemotherapy, tamoxifen appears to intensify the cognitive impairments, particularly in 
visual memory, verbal working memory and visuospatial ability [24]. The Anatrozole, 
Tamoxifen Combined (ATAC) trial, also found verbal memory and processing speed 
impairments post-chemotherapy treated only with tamoxifen compared to women only on a 
combined ATAC treatment (Table 1) [25]. This suggests that tamoxifen has confounding 
effects when given as part of the chemotherapy regiment. Tamoxifen also appears to have 
both agonist and antagonist properties in the brain with reported up-regulation of pro-
inflammatory cytokines shown to be related to cognitive dysfunction [26]. Positron emission 
tomography (PET) imaging of survivors does show higher hypometabolism with dual 
chemotherapy and tamoxifen, not seen in women treated only with tamoxifen [27]. Animal 
models using repeated tamoxifen or combinations of methotrexate and 5-FU injections both 
produced deficits in acquisition and retention in an operant learning paradigm (Table 1) 
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[28]. These studies were conducted when women were still in treatment, leaving the 
question of potential long-term effects. There is a study that examined women who used 
tamoxifen for <4 years compared to >6 years of exposure. The study found that the current 
exposure led to greater memory deficits compared to non-users (Table 1) [29]. This suggests 
that while on therapy, patients may have acute memory impairments and that alternative 
drugs should be seriously considered.  

In breast cancer survivors undergoing tamoxifen treatment, their total cholesterol, VLDL, 
high density lipoproteins (HDL) and Apolipoprotein B (ApoB) protein levels have been 
shown to decrease in both ApoE4 carriers and non-ApoE4 carriers (Table 1) [30,31]. Breast 
cancer patients who are ApoE4 carriers have higher plasma triglyceride levels and altered 
ApoA-1/ApoB ratio. Both are risk factors for cardiovascular events, after tamoxifen 
treatment (Table 1) [30,31]. In non-ApoE4 carriers, there were lower levels of lipoprotein (a) 
after treatment, but no effect on triglycerides or the ApoA-1/ApoB ratio (Table 1). This 
suggests that non-ApoE4 carriers have a more positive response to tamoxifen with respect to 
lipid profiles and risk for cardiovascular complications [31]. Considering tamoxifen and 
ApoE4 both have a deleterious effect on cognition and tamoxifen has an ApoE genotype 
dependent effect on lipid profiles, suggest further investigations are warranted to 
understand the mechanistic relationship. 

3.2. Anatrozole 

Anatrozole also known as arimidex is an aromatase inhibitor that lowers estrogen levels and 
is used as a treatment in estrogen positive breast cancer patients post-surgery. Results of the 
ATAC trial of 9399 women indicated that those only on arimidex had better clinical 
outcomes including vascular events and gynecological problems compared to the tamoxifen 
group with no differences seen in cognitive outcomes [25,32]. There data suggests that 
arimidex was the preferred initial treatment by women treated for breast cancer [32]. 
However, other studies indicate that women on arimidex treatment had greater cognitive 
decline than tamoxifen treatment in verbal and visual memory (Table 1) [33,34]. At this 
point no effects have been seen on cholesterol, lipoproteins or apolipoprotein levels in both 
animal models and clinical studies (Table 1) [35,36]. Although, there are not alternations in 
lipids levels, the cognitive side effects are of concern with this medication and should be 
examined with respect to ApoE genotype. 

3.3. Letrozole 

Letrozole, a potent aromatase interfering with adrenal steroid biosynthesis, has also been 
assessed as a replacement for tamoxifen or as secondary maintenance treatment after 
tamoxifen as part of the Breast International Group (BIG 1-98) trial [37,38]. In the BIG 1-98 
study, better overall cognitive outcomes were seen in women on letrozole treatment 
compared to those on a tamoxifen treatment (Table 1) [37,38]. In the tamoxifen only group, 
increased endometrial cancer and vaginal bleeding where found [38]. Participants given 
letrozole only did displayed more incidences of skeletal and cardiac events and 
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hypercholesterolemia compared to the tamoxifen group [37]. After letrozole treatment, 
unfavorable effects have been seen including increased serum total cholesterol, LDL and 
ApoB with atherogenic ratio risk of total cholesterol/HDL and LDL/HDL levels (Table 1) 
[39]. Therefore, the better cognitive outcomes may not out-weigh negative effects on 
lipoprotein levels, particularly in those with or at risk for hypertension and/or diabetes. The 
potential confounding factor of ApoE genotype has not been reported. 

3.4. Exemestane 

There is another alternative for estrogen suppression therapy exemestane, an aromatase 
inhibitor, general used after tamoxifen is not working in post-menopausal women. 
Exemestane has been examined as part of the randomized Tamoxifen and Exemestane 
Adjunctive Multinational (TEAM) trial [24]. The preliminary data from the TEAM trial 
found that tamoxifen is associated with lower verbal and executive function, while 
exemestane did not seem to alter cognitive performance levels (Table 1) [24]. Analysis of 
data from 72 patients as part of the EORTC trail 10958 indicates that treatment with 
exemestane resulted in reduced triglyceride levels and tamoxifen treatment increased 
triglyceride levels [40]. All other lipid parameters including HDL, ApoA-1, ApoB or Lip (a) 
levels at 8, 24 and 48 weeks were unchanged by either treatment [40]. Further studies will be 
needed to determine if stable cognitive performance and lipid levels are effect of ApoE 
genotype.  

3.5. Raloxifene 

Raloxifene, also a SERM and is used as a hormone replacement therapy, has the positive 
effects of estrogen on the skeletal system and is an antagonist of estrogen in breast or 
endometrial tissues [41]. Raloxifene treatment also appears to be less detrimental to 
cognitive function assessed by Modified Mini-Mental State (3MS) compared to tamoxifen 
[42]. Used to prevent osteoporosis, it has been shown that after three years of treatment 
raloxifene did not affect overall cognitive scores [43]. The Multiple Outcomes of Raloxifene 
Evaluation (MORE) study of 7478 women, reported finding that raloxifene treatment 
lowered the risk of cognitive decline in word list recall test and there was no overall effect 
on cognitive function (Table 1) [44]. A subset of the National Surgical Adjuvant Breast and 
Bowel Project (NSABP) Study of Tamoxifen and Raloxifene (STAR), the CoSTAR study for 
women at high risk for breast cancer did not find any cognitive effects of either drug (Table 
1) [45]. Together the evidence supports that raloxifene treatment does not impair cognitive 
function the way that tamoxifen treatment and in fact may even lower the risk of cognitive 
decline [34]. 

With respect to lipid and lipoprotein levels post hoc analysis of 2659 women in the MORE 
study, found that raloxifene treatment in women with or without high triglycerides lead 
to reduced cholesterol levels with healthier lipoprotein parameters (Table 1) [46]. Studies 
in Greek women, found that LDL cholesterol levels were lower in women treated with 
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raloxifene [47]. Raloxifene also appears to raise HDL levels and ApoA-1 while decreasing 
ApoB protein levels and improving ratios of total cholesterol to lipoproteins (Table 1). 
After one year of treatment with raloxifene women had reduced fat mass and trunk and 
central regions along with decreased adiposity in their truck and abdominal regions 
(Table 1) [48]. Overall, raloxifene treatment improves cholesterol health and alters fat 
distribution in a positive manner to help prevent obesity, making it a better candidate for 
overall health compared to tamoxifen. Its effects in relation to ApoE genotype have not 
been reported. 

3.6. Estradiol 

In post-menopausal estradiol (also known as 17β-estradiol or oestradiol) treatment is used 
for estrogen replacement therapy. Healthy post-menopausal women given estradiol 
display improved visuospatial abilities measured by a mental rotation task (Table 1) [49]. 
Other non-randomized studies in women with surgically induced amenorrhea or those 
with AD indicate that estrogen replacement treatment may help to improve or minimize 
cognitive deficits [50]. Even in men those given estradiol performed better on visual 
memory after treatment (Table 1) [51]. These results are consistent with improved memory 
in mice given other replacement estrogens treatments [52]. Over half of randomized clinical 
studies find significant improvements in cognition and attention after estrogen 
replacement therapy (Table 1) [53]. Estradiol has been shown to increase levels of ApoE in 
the brain, proposed to be beneficial for neuronal reorganization and repair [7]. In a health 
study of 3,393 women, results suggest that estrogen replacement reduces the risk of age-
related cognitive decline in non-ApoE4 women, but not in ApoE4 carriers (Table 1) [54]. 
Another study with 181 post-menopausal women, also found the best learning and 
memory performance after estrogen replacement is seen in non-ApoE4 carriers [55]. This 
suggests that knowing ApoE genotype may be helpful to assess potential response to 
estrogen replacement therapy.  
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Treatment Function Effects on 
Lipids/Apolipoproteins  

Effects on Cognition 

in rodent model 
operant learning 
paradigm. 

Letrozole Aromatase inhibitor 
lowers estrogen 
function. 

Increased serum total 
cholesterol, LDL and ApoB 
increase risk of cardiovascular 
events. 

Better overall 
cognitive outcomes 
compared to 
tamoxifen treatment. 

Exemestane Aromatase inhibitor 
lowers estrogen 
function. 

Reduces triglyercide levels. No effect on 
cognitive 
performance 
compared to 
Tamoxifen group 
that had lower 
verbal and executive 
functioning. 

Raloxifene SERM, lowers 
estrogen function in 
reproductive tissue 
and used as estrogen 
replacement therapy 
in non-reproductive 
tissues. 

Lower cholesterol, LDL, ApoB 
protein levels and increases 
ApoA-1, HDL level leading to 
better cardiovascular health. 
Also shown to reduced 
adiposity and fat mass. 

Lowered the risk of 
cognitive decline or 
has no effect. 

Estradiol Estrogen 
replacement therapy 

Increase ApoE protein levels in 
brain. Reduces cognitive 
decline in only non-ApoE4 
carriers. 

Treatment improves 
visuospatial abilities 
and visual memory. 

Tibolone Estrogen 
replacement therapy 

Reduces total cholesterol, 
triglyceride levels, HDL and 
ApoA-1 levels. 

Decreased anxiety, 
improved quality of 
like and semantic 
memory. 
 

Cetrorelix Used to reduce 
gonadotrophins and 
sex steroids 

Increases ApoA-1 and HDL 
levels. 

Anxiolytic, anti-
depressive and 
improved beta-
amyloid 25-35 
associated memory 
consolidation 
impairments. 

Table 1. Hormone treatments effects of lipids/apolipoproteins levels and cognition. 
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3.7. Tibolone 

Tibolone is another drug used in hormonal replacement therapy having estrogenic, 
progestogenic, and androgenic effects. Long-term treatment does appear to decrease 
anxiety, improve semantic memory and overall quality of life; however, one study reported 
that those in treatment did score worse on attention task compared to women not on 
treatment (Table 1) [56,57]. Tibolone appears to be the most beneficial with respect to 
reducing total cholesterol, triglyercide, HDL and ApoA-1 levels compared to raloxifene and 
estradiol (Table 1) [47,58-60]. This suggests that hormone replacement therapy with 
medications such as tibolone in post-menopausal women are beneficial to cognitive health 
and lipid profiles. 

3.8. Cetrorelix 

Cetrorelix an antagonist of hypothalamic luteinizing hormone-releasing hormone (LHRH), 
is used in treatment of prostate carcinoma, benign prostatic hyperplasia, and ovarian cancer 
to reduce gonadotrophins and sex steroids [61]. In mice, a study suggests that it is 
anxiolytic, anti-depressive and able to correct beta-amyloid 25-35 associated memory 
consolidation impairments (Table 1) [61]. Injection of cetrorelix into ApoE deficient mice 
(ApoE-/-) mice suggests that the associated suppression of testosterone leads to increased 
atherosclerosis despite lower cholesterol levels in the male mice [62]. In female ApoE-/- mice, 
the reduction in testosterone also leads to reduction in estradiol, insulin and HDL levels 
without effects on atherosclerosis [62]. In a pilot study conducted in men, treatment with 
cetrorelix resulted in increased ApoA-1, HDL, insulin and leptin consistently (Table 1) [63]. 
Therefore, when this drug is used within a chemotherapy treatment regiment it is important 
to carefully monitor lipid levels. Additional studies are needed to examine if ApoE genotype 
has any effect on response and potential long-term cognitive side effects of this drug. 

4. Recommendations 

1. Determine if an ApoE genotype can help assess what is most treatment useful including 
how to properly maintain lipid levels during chemotherapy. 

2. Find out lipid levels, track and maintain determined treatment to reduce risk of post-
chemotherapy cognitive impairments.  

3. Examine ApoE genotype before selecting pharmacotherapy options pre or post-
chemotherapy treatment. 

5. Conclusion 

Overall of the studies SERMs/aromatase inhibitors raloxifene or exemestane may be better 
alternatives to tamoxifen or letrozole treatment in terms of effects on cognitive deficits and 
overall health risk in women treated with chemotherapy. In addition, ApoE genotype and 
cholesterol levels need to be taken into account when examining efficacy of these drugs and 
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in hormone replacement therapies as efficacy is dependent on ApoE genotype. Knowing 
these issues will help doctors to address them early for improving quality of life, reducing 
services used and saving millions of dollars in unneeded medical expenses. Realistically, the 
wonder drug that can cure all cancer and has no side effects will not be found. What is 
needed is to reduce the impact and intensity of cognitive side-effects as much as possible, 
taking into account an individual’s physiology and genetics. The more we know about 
cognitive status across ages, ethnicity, lipid levels, and genetic status the better we can treat 
mind and body. 
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1. Introduction 

Taurine (2-aminoethanesulfonic acid) is a sulphur-containing compound characterized as an 
amino acid. The presence of a sulfonic group, as opposed to a carboxyl group in other amino 
acids, gives taurine a pKa value of 1.5 and it is the most acidic amino acid. It is an 
exclusively free amino acid, i.e. it is not incorporated into proteins, but still widely 
distributed in most body tissues.  

 
Figure 1. The structure of taurine 

Taurine was identified almost two centuries ago and was named after the ox, Bos taurus, 
since it was first isolated from the bile of ox [1]. After its discovery, taurine was considered 
non-essential and biologically inert, however a multitude of functions have now been 
identified. Yet, all its physiological roles have not been fully elucidated. The 
phylogenetically oldest and best documented function of taurine is conjugation with bile 
acids in bile salt synthesis [2, 3]. In addition, taurine is involved in a variety of physiological 
processes as extensively reviewed [2], including neuromodulation in the central nervous 
system [4], energy production [5], protection against oxidation [6, 7] and immunomodulation 
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[8, 9]. An osmoregulatory role of taurine has also been established, playing a pivotal role in 
Central nervous system (CNS) cell volume regulation [10-12]. 

In felines taurine is considered indispensable and dietary deficiency leads to several clinical 
problems, including retinal degeneration and developmental abnormalities [13]. In humans 
it is regarded as a conditionally essential amino acid due to a limited ability to synthesize it 
[14, 15]. Taurine is now thought to play a more important role in human nutrition, and an 
increased dietary intake of taurine has been linked to several beneficial health outcomes in 
various diseases and medical conditions [16-18]. 

2. Taurine and nutrition 
Estimates of dietary intake of taurine vary greatly. Although taurine content have been 
analysed in a variety of foods, it is usually excluded in food and nutrition data banks. Therefore, 
it is difficult to assess the dietary intake. A diet high in meat and especially seafood will provide 
a higher intake than a vegetarian diet which will provide very little taurine [19]. Mean ± SE 
dietary intake of taurine of 58 ± 19.5 mg/d was reported in omnivores [20], while it was not 
detected in a vegan diet. Laidlaw et al. [21] analysed taurine content in foods and calculated a 
taurine intake of less than 200 mg/d for individuals consuming a diet high in meat.  

2.1. Taurine biosynthesis 

Taurine is the most abundant intracellular free amino acid in the human body, the average 
amount being approximately 560 mmol (70g). The main organs of distribution are the retina, 
along with white blood cells, platelets, spleen, heart, muscle and brain [22]. 

As a product in the metabolism of sulphur-containing amino acids, taurine can be 
synthesised from its precursors methionine and cysteine, as shown in figure 2. The first step 
of the synthesis is methionine’s reversible conversion to homocysteine by transmethylation 
and remethylation processes. Homocysteine can then be converted irreversibly to cysteine 
through the transsulfuration pathway catalyzed by cystathionine β-synthase and 
cystathionine γ-lyase [23]. Cysteine is, in turn, the origin of several biologically important 
molecules, including glutathione, inorganic sulphur and taurine [24]. Taurine can be 
synthesised from cysteine through several pathways, most commonly via cysteine sulfinic 
acid and hypotaurine, involving the enzymes cysteine dioxygenase (CDO) and cysteine 
sulfinic decarboxylase (CSAD) mainly present in the liver and brain. The activities of the 
enzymes involved, in particular the activity of CSAD, are both species and age dependent 
[25-27], being high in rodents and absent in cats. In addition, taurine synthesis is dependent 
on an adequate cysteine concentration, as production of glutathione is favoured when 
cysteine concentration is limited [28]. 

In humans the CSAD activity is low and the average daily synthesis of taurine ranges from 
0.4 to 1.0 mmol (50-125mg). Excretion of taurine is very variable (0.22-1.85 mmol day-1) and 
affected by several factors such as genetics, age, gender, dietary intake, kidney function and 
health status [22]. The taurine body pool size is however regulated by the kidneys through 
renal absorption by the proximal tubule [14, 26, 29, 30]. 
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Figure 2. Taurine biosynthesis 
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2.2. Dietary sources 

Taurine is found in most meats used for human consumption, whereas plants including 
grains, legumes, fruits and vegetables are devoid or contain only negligible amounts [21]. 
An exception is algae, mainly red algae (Rhodophyta), where notable amounts have been 
found [31, 32]. 

Taurine concentration has been investigated in a wide range of food products and it varies 
substantially between different marine and non-marine food items [17, 33]. A comparison of 
taurine concentrations in various foods is presented in table 1 [21, 34-43]. It is evident that 
seafood, and especially molluscs are high in taurine. Taurine is a key osmolyte in marine 
molluscs [44] and the highest taurine concentrations are found in marine bivalves and 
univalves [45]. Scallops and blue mussels are reported to have a respective taurine content 
of 827±15 and 510±12 mg per 100g raw muscle [21, 34]. In fact, the univalve abalone was 
already early in the last century 1918 exploited for preparation of taurine in large quantities 
[46]. 

There is also a tendency of taurine being more abundant in fish than in terrestrial animals. 
Taurine concentrations (mg per 100g raw fillets) of entire muscle of farmed Atlantic 
salmon (94 ± 16 mg), cod (120 ± 21 mg), saithe (162 ± 25 mg) and haddock (57 ± 6 mg) are 
reported to be intermediate [34]. Taurine content varies greatly between white and red 
muscle both in fish, poultry and mammals, with significantly higher levels being present 
in red muscle [21, 39, 40, 43], probably due to the increased vascularisation of these 
tissues.  

Several studies investigating the retention and losses of taurine during food processing and 
preparation have been conducted [34, 36, 47-49]. Results indicate that taurine is susceptible 
to leaching losses similar to or even more than other free amino acids. Data on the oxidative 
and heat stability of taurine in foods is scarce. In milk, taurine losses seemed to proceed with 
the same degradation rate as lysine due to browning reactions [50]. 

2.3. Taurine supplementation 

Taurine is maybe most famous for being an ingredient that is added to energy drinks, the 
concentration being approximately 4.0 g/L. Its physiological effect has been debated, with 
manufacturers, backed by studies, claiming that taurine in combination with other active 
ingredients may improve cognitive and muscular performance [51, 52]. The safety of taurine 
intake has also been investigated, especially in conjunction with its use in energy drinks. 
The European Food Safety Authority (EFSA) have concluded that taurine do not present any 
safety concerns with the levels currently used in energy drinks. The no observable adverse 
effect level (NOAEL) was at least 1000 mg/kg bw/day for pathological and behavioural 
changes, being much higher than an extreme consumer would be exposed to [53]. In their 
risk assessment, Shao and Hatchcock [54], found that absence of adverse effects was strong 
for taurine at supplemental intakes up to 3 g per day.  
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Food source 
Taurine content

(mg/100g wet weight) 
reported range ± SEM 

References 

Meat   
Beef, round 36 [38] 
Beef (Bos taurus) 43 ± 8 [21] 
Chicken, light meat 18 ± 3 [21] 
Chicken, dark meat 169 ± 37 [21] 
Turkey, light meat 30 ± 7 [21] 
Turkey, dark meat 306 ± 69 [21] 
Pork (loin) 61 ± 11 [21, 38] 
Pork (loin) 50 ± 11 [21, 38] 
Lamb, leg 45 ± 4 [38] 
Veal 40 ± 13 [21] 
Reindeer (loin) 62,4 ± 12 [42] 
Red deer (loin) 28 ± 13 [37] 
   
Fish   
Plaice 146 ± 5 [[35] 
Cod fillet 120 ± 21 [34, 48] 
Cod roe 365 [34] 
Saithe fillet 162  ± 25 [34] 
Haddock fillet 57  ± 6 [34] 
African catfish 201  ± 32 [36] 
Salmon fillet 94  ± 16 [34] 
Mackerel 78 [35] 
Bigeye tuna, white muscle 26 [41] 
Bigeye tuna, dark muscle 270 [41] 
Yellowfin tuna, white muscle 42 [41] 
Yellowfin tuna, dark muscle 964 [41] 
Bluefin tuna, white muscle 88 [41] 
Bluefin tuna, dark muscle 195 [41] 
Pacific saury, white muscle 223 [41] 
Pacific saury, dark muscle 248 [41] 
Milkfish, white muscle 95,7 [39] 
Milkfish, dark muscle 309 [39] 
Octopus 388 ± 13 [43] 
Squid 356 ± 95 [21] 
   
Fresh water fish   
Rainbow trout, white muscle 17 [40] 
Rainbow trout, dark muscle 206 [40] 
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Coho salmon, white muscle 23 [40] 
Coho salmon, dark muscle 275 [40] 
Eel, white muscle 7 [40] 
Eel, dark muscle 65 [40] 
Catfish, white muscle 193 [40] 
Catfish, dark muscle 465 [40] 
Tilapia, white muscle 75 [40] 
Tilapia, dark muscle 649 [40] 
Carp, white muscle 129 [40] 
Carp, dark muscle 579 [40] 
Char, white muscle 15 [40] 
Char, dark muscle 190 [40] 
Sweet smelt, white muscle 137 [40] 
Sweet smelt, dark muscle 294 [40] 
   
Shellfish   
Peeled shrimps (Northern) 220 ± 2 [34] 
Blue mussels 510 ± 12 [34] 
Mussel 655 ± 72 [21] 
Mussel 349 [43] 
Clams 520 ± 97 [21, 43] 
Scallops 827 ± 15 [21] 
Scallop 332 [43] 
Oysters 396 ± 29 [21] 

Table 1. Taurine content in various food sources 

Another food item where taurine is supplemented is in infant formulas. This practice started 
in the early 1980s after recognizing that preterm infants fed infant formulas had lower urine 
and plasma concentrations than infants fed pooled human milk [55]. The necessity of this 
supplementation remains disputed as clinical studies have not provided evidence of any 
clinical effects of growth and development in preterm or low birth weight infants [56]. High 
concentrations of taurine in the developing brain [57], as well as results from various animal 
studies clearly indicate the importance of taurine in neurodevelopment [58, 59].  

2.4. Taurine and associated health benefits 

An increased dietary intake of taurine has been associated with multiple beneficial 
health outcomes. Epidemiological data and animal studies suggests that dietary intake of 
taurine has beneficial effects on cardiovascular disease (CVD) [33, 60-62]. Perhaps the 
best characterized attribution of taurine is the antihypertensive effect although there are 
still questions about the exact mechanisms of action [63-66]. A long term effect of 
hypertension is the development of hypertrophy of the left ventricle, in which 
Angiotensin II (Ang II) plays an important role. Several studies have shown that taurine 
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reverses these actions of Ang II [67, 68]. Animal studies have also indicated that taurine 
may reduce insulin resistance [69, 70], but  most of the clinical studies have failed to 
prove the beneficial role of taurine in insulin resistance and diabetic complications [71, 
72]. Taurine have also been found to ameliorate alcoholic steatohepatitis [73-75] in rats. 
In addition, some evidence have been brought forward of a potential therapeutic use of 
taurine in nonalcoholic fatty liver disease [76]. Despite taurine being linked to beneficial 
health outcomes in an increasing number of diseases and medical conditions, the number 
of studies is relatively small. The effects of taurine on cholesterol and CVD are most 
studied and documented.   

3. Taurine and cholesterol metabolism 

Perhaps the best studied function of taurine is its role in cholesterol metabolism. Cholesterol 
is metabolized and broken down to cholic acids, conjugated to taurine or glycine, and 
excreted in the bile [77].  

3.1. Effects of taurine on circulating cholesterol levels 

High blood cholesterol levels is the most pronounced risk factor for developing 
atherosclerosis, vascular inflammation and hardening of the arteries associated with excess 
cholesterol deposition in the vasculature. Taurine has generally been associated with a 
beneficial effect on blood cholesterol levels. Cholesterol is metabolized and broken down to 
cholic acids, conjugated to taurine or glycine, and excreted in the bile [77]. The conjugation 
pattern varies considerably across species. In dog and rat bile acids are entirely conjugated 
to taurine, whereas rabbits have all their bile acids conjugated to glycine. Species where 
glycine-conjugated bile acids dominate have higher blood cholesterol levels and are more 
susceptible to dietary induced hypercholesterolemia, and based on these observations it was 
hypothesized that dietary taurine might counteract dietary induced increase in blood 
cholesterol  [2].  

3.1.1. Effects of taurine on cholesterol levels in mice 

Several studies have investigated the effect of dietary intake of taurine on lipids in different 
mice strains. Six months administration of 1% taurine (w/v) to the drinking water given to 
C57BL7/6J mice fed a high-fat diet resulted in reduced serum LDL and VLDL cholesterol 
and increased serum HDL cholesterol  [78]. Similar results were obtained in a small study 
using the same mouse strain, where 1% taurine (w/w) added to a high cholesterol diet 
reduced serum triglycerides, total cholesterol and VLDL+LDL cholesterol levels already 
after 4 weeks treatment [79]. Cholesterol-fed and streptozotocin (STZ)-induced diabetic male 
ICR mice were given a diet enriched with 2% cholesterol (w/w) and 0.5% cholate (w/w) for 
10 weeks  [80]. In addition, mice received a daily dose of saline or taurine (50 or 100 mg/kg 
p.o.). Both taurine-treated groups had lower serum total and LDL cholesterol compared to 
the STZ/saline group.  
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In more extreme models such as apolipoprotein E-deficient (apoE-/-) mice fed a normal 
rodent chow supplemented with 2% taurine (w/w) for 12 weeks, serum VLDL, LDL and 
total cholesterol levels increased compared to mice without taurine supplementation [81]. 
Similar results has been reported for extreme spontaneously hyperlipidemic mice (SHL; 
KOR-Apoeshl), where 12 weeks treatment with 1% taurine (w/v) added to the drinking water 
increased serum HDL-cholesterol but did not affect serum total cholesterol or VLDL+LDL 
cholesterol levels  [82]. 

3.1.2. Effects of taurine on cholesterol levels in rats 

A large number of studies have investigated the effect of dietary taurine on dietary 
hypercholesterolemia in various rat models [65]. Rats fed high-fat diets seem to be the 
model with most consistent antihypercholesterolemic effects of dietary taurine. Rats have a 
relatively low taurine content in skeletal muscles (10-25 mg/100 g muscle) [83, 84]. 

Rats are generally not suitable for pharmacologically cholesterol and lipoprotein studies due 
to their substantially different lipid profile compared to humans. 

Male wistar rats. Taurine supplementation does not alter plasma lipids in male wistar rats fed 
normal chow [85]. However, when these rats were fed high cholesterol diet containing 2% 
cholesterol and 1% cholic acid, dietary supplementation of 4% taurine significantly 
counteracted the observed increase in serum cholesterol by 44% [86]. This observation has 
been confirmed be several studies [87-90]. In Wistar male rats fed a cholesterol-containing diet 
(0.5% cholesterol w/w) for 40 days, serum cholesterol increased 5 fold compared to chow fed 
rats. Oral supplementation of 470 mg/kg/day taurine (0.5% w/v) in water lowered the 
increased serum cholesterol (54%) [91]. When these rats were fed a high-fat diet (11% coconut 
oil w/w) for 6 months, a daily oral supplementation of 1 mg taurine lowered serum cholesterol 
(37%), LDL cholesterol (34%), and triglycerides (95%), compared to the high-fat control diet 
[88]. Already after 14 days intervention, 5% dietary taurine (w/w) supplementation has been 
indicated to lower high cholesterol (1% cholesterol, 2.5% cholate) induced serum cholesterol (-
42%) [90]. In wistar rats, the taurine effect has been indicated to be caused by an increased 
faecal bile acid excretion, increased hepatic cholesterol 7α-hydroxylase expression and activity 
[89, 90]. The rapid effect of taurine supplementation on serum cholesterol has been confirmed 
recently  [92]. When fed a diet containing 60.7% sucrose, 9.0% lard, and 0.5% cholesterol for 14 
days, serum cholesteryl ester and free cholesterol were reduced by 39% and 53% compared to 
rats fed control diet without taurine, respectively. Rats fed taurine also had smaller livers 
compared to control-fed rats. Hepatic cholesteryl esters were also reduced by approximately 
20% in the taurine supplemented rats. This hypocholesterolemic effect was ascribed to a lower 
hepatic secretion of cholesteryl esters.   

Streptozotocin-induced diabetic rats. Male Wistar rats injected with STZ are also used as a 
diabetic model. In these rats dietary taurine supplementation markedly reduced serum total 
cholesterol (-50%) induced by cholesterol-containing diet (1% cholesterol w/w) for 4 weeks 
[93].  
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Fructose-induced rat insulin resistance model. Male wistar rats fed a diet containing 60% 
fructose developed impaired glucose tolerance and insulin resistance [85]. Taurine 
administration (300 mg/kg/day i.p.) counteracted the fructose induced plasma total 
cholesterol, LDL cholesterol, and triglycerides by 11%, 21%, and 23%, respectively.  

Spontaneously hypertensive rats (SHR). The effect of taurine supplementation on blood 
pressure in SHR rats was investigated already in the 1970ies [94]. How dietary 
administration of taurine affects cholesterol metabolism has not been reported in these 
studies. However, in a stroke-prone substrain of the SHR rats, taurine supplementation has 
been indicated to prevent high-fat/high cholesterol induced elevation of serum cholesterol in 
SHR rats [95].  

Sprague-Dawley rats. Also in male Sprague-Dawley rats fed a high-fat, high cholesterol diet 
(HFCD; 10% corn oil, 1.5% cholesterol) supplemented with taurine (1.5% w/w) plasma 
cholesterol was lowered by 31% compared to HFCD control rats  [87]. LDL+VLDL 
cholesterol (-38%) and triglycerides (-43%) were also lower in rats supplemented with 
taurine compared to HFCD control rats. These results have been confirmed with an identical 
experimental setup for 5 weeks reporting a 20% and 25% reduction in serum total 
cholesterol and triglycerides, respectively [96]. In this model, plasma total cholesterol, LDL 
cholesterol and triglycerides were reduced in rats fed taurine supplemented cholesterol free 
diet compared the cholesterol free control diet  [87].  

3.1.3. Effects of taurine on cholesterol levels in rabbits 

Different rabbit strains have been used to investigate the effects of dietary taurine 
supplementation on dietary induced hypercholesterolemia [86, 97, 98]. The results from the 
administration of taurine to rabbits have been ambiguous. In Male New Zealand white rabbits, 
fed a high cholesterol (1% w/w) diet, addition of 2.5% taurine (w/w)  for 2.5 month reduced 
the serum total cholesterol and triglyceride levels by 22% and 38%, respectively, compared 
to high cholesterol diet alone [99]. In this study similar reductions were observed for hepatic 
and aorta lipid levels in these rabbits. However, when the same rabbit strain were given 
normal chow supplemented with 0.5% cholesterol (w/w)  for 4 weeks no effect of dietary 
taurine (2.5% w/w) supplementation was observed  [100]. Also when given a normal diet 
supplemented with 2% cholesterol (w/w), taurine added to the drinking water (0.1 or 0.5% 
w/v) for 14 weeks had no influence on serum cholesterol and triglycerides [97]. 

3.1.4. Effects of taurine on cholesterol levels in hamsters 

Hamsters (Male Golden Syrian hamsters) have also been used as model for studying 
cholesterol metabolism. The rationale for this is that hamsters and humans have comparable 
blood cholesterol levels, hamsters use both taurine and glycine for bile acid conjugation and 
the lipoprotein profile in response to dietary cholesterol is comparable  [101]. When Male 
Golden Syrian hamsters were fed a normal chow supplemented with 0.05% cholesterol or a 
10% coconut oil, high-fat diet (0.05% cholesterol) for two weeks, taurine dissolved in 
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drinking water (1% w/v) reduced serum total cholesterol in chow- (15% reduction) as well 
as high-fat diet-fed (42% reduction) hamsters [102]. A similar effect was observed for non-
HDL (LDL+VLDL) cholesterol.  

Recently, lipid metabolism has been closely studied in Male Golden Syrian Hamsters fed 
different diets with or without taurine for 4 weeks  [103]. The groups received a high fat diet 
(chow mixed with 7% butter [w/w] and 0.2% cholesterol [w/w]) and drinking water without 
or supplemented with either 0.35% or 0.7% taurine (w/v). Hamsters given taurine was 
smaller, had less visceral fat and smaller livers after 4 weeks. Both taurine concentrations 
resulted in significant lower serum triglycerides, total cholesterol, and LDL+VLVL 
cholesterol. Up-regulated gene expression of the low-density lipoprotein receptor and 
CYP7A1 genes, paralleled by increased faecal cholesterol and bile acid concentrations in the 
taurine treated hamsters, indicated that the taurine effect on the cholesterol and lipid 
profiles is due to increased cholesterol metabolism.  

3.1.5. Effects of taurine on cholesterol levels in humans 

Historically, taurine has been believed to decrease blood cholesterol levels in adults. Only 
a limited number of studies have investigated the effect of oral taurine supplementation 
on blood cholesterol or lipoprotein levels in humans and ambiguous results have arisen 
from these. Early studies found no effect on serum cholesterol after incidental treatment 
of patients with 1.5 to 3 g taurine/day for up to 2 months [77, 104, 105]. To our knowledge 
there has been no well-designed random controlled clinical trial assessing the dose-
response effect of oral taurine supplementation on blood lipids in healthy humans. 
However, the effect of taurine in relation to development of CVD has been documented 
through a human clinical trial. Results of a 7 week human intervention trial revealed that 
supplementation with 0.4 g taurine/day in combination with omega-3 fatty acids (1 g 
EPA+DHA/day) significantly improved the lipid profiles by reducing serum total and 
LDL cholesterol levels compared to supplementation with omega-3 fatty acids alone  
[106]. In another study the effects of oral supplementation with taurine (3 g/day) or 
placebo for 7 weeks was assessed in young obese healthy subjects  [107]. In this study, 
taurine had no effect on serum cholesterol, but triglycerides and bodyweight was 
significantly reduced compared to placebo effect. Finally, a daily 6 g taurine 
supplementation to human healthy volunteers receiving a cholesterol-inducing diet for 3 
weeks attenuated the expected increase of serum total cholesterol and LDL-cholesterol, 
whereas serum VLDL-cholesterol and triglyceride levels compared to the control group 
[108]. In insulin-dependent diabetes mellitus patients intake of taurine (1 g/day) reduced 
serum triglyceride levels, but no effect was observed on serum cholesterol [109]. Finally, 
in a randomized, double-blinded, crossover intervention, overweight non-diabetic men 
given a daily dose of 1.5 g taurine or placebo, no effect was reported on blood lipids  [71]. 
In summary, results from oral taurine supplementation to humans are ambiguous, and 
further adequately designed interventions are warranted to further investigate the 
potential of taurine as a hypocholesterolemic agent.  
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4. Effects of taurine on atherogenesis/development of atherosclerosis 

High blood cholesterol levels is the most pronounced risk factor for developing 
atherosclerosis, vascular inflammation and hardening of the arteries associated with excess 
cholesterol deposition in the vasculature. Apart from humans and monkeys, wild animals 
normally do not develop substantial atherosclerosis. There is however, an array of 
laboratory animal models in common use for studying the effects of pharmacological 
substances and dietary modifications on lesion formation. The effect of taurine has been 
investigated in several of these models. 

4.1. Effects of taurine on atherosclerosis in mice 

In the hyperlipidemic apoE-/- mice, taurine has been reported to delay atherogenesis by 
decreasing oxidized substances that cause inflammation, as well as increasing HDL-
cholesterol  [82]. Also in apoE-/- mice fed a normal rodent chow supplemented with 2% 
taurine (w/w) for 12 weeks, formation of atherosclerotic lesions were significantly reduced 
[81]. However this effect was independent of serum cholesterol as VLDL, LDL, and total 
cholesterol were increased.  

Moreover, in spontaneously hyperlipidemic mice, taurine (1% w/v) provided through 
drinking water, was reported to suppress the development of lesion formation without 
affecting the levels of serum VLDL and LDL [82]. 

In our lab, apoE-/--mice were given Western diets (WD) containing 20% fat (w/w), 0.2%  
cholesterol (w/w) for 13 weeks [110]. The mice received WD, WD supplemented with 0.5% 
taurine (w/w) or WD supplemented with 0.5% taurine (w/w) in combination with a daily 
dose of marine long-chain omega-3 polyunsaturated fatty acids (n-3 PUFA) recommend in 
the dietary guidelines for humans. In these studies, taurine did not affect serum cholesterol 
or triglyceride levels alone or combination with n-3 PUFA. This may indicate that a larger 
supplementary dose of taurine is needed to prevent dietary induced hypercholesterolemia 
in apoE-/--mice. 

4.2. Effects of taurine on lipid lesion formation in rats 

Rats are generally not a suitable animal model for atherosclerosis as they do not develop 
lesion deposits resembling the early phase of human atherogenesis. However, in a rat model 
of balloon induced vascular neointima formation, supplementation with taurine (3% in 
drinking water) from 2 days before the surgical procedure and 14 days after, reduced 
vascular smooth muscle cell proliferation [111]. This key step in the initiation of 
atherogenesis was reduced by 28% compared to control fed rats. Taurine was located 
immunohistochemically mainly to the surface of the exposed media and adventitia of the 
injured carotid artery and higher levels were observed in the taurine treated rats. This 
corresponded to a lower vascular production of superoxide anion compared to the control 
animals. From these experiments it was concluded that the preventive effect of taurine 
towards neointima formation was attributable to anti-oxidative effects. 
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4.3. Effects of taurine on atherosclerosis in rabbits 

The effect of dietary taurine on development of atherosclerosis has been investigated in 
different rabbit strains. Taurine has been indicated to prevent progression of 
atherosclerotic lesions in rabbits without affecting serum cholesterol in two different 
models. In New-Zealand white male rabbits given a diet containing 2% cholesterol (w/w), 
taurine added to the drinking water (0.1 or 0.5% w/v) for 14 weeks reduced the aortic 
deposition of fat [97]. This so-called anti-atherosclerotic effect was only significant for the 
highest taurine dose tested. Recently, it was indicated that the taurine antiatherosclerotic 
effect was evident in these rabbits after only 4 weeks on the atherogenic diet [100]. 
Watanabe heritable hyperlipidemic (WHHL) rabbits carries an inheritable mutation in the LDL 
receptor and is hence a typical genetically hyperlipidemic animal model. When WHHL 
rabbits were given drinking water containing 1% taurine (w/v) for 6 months they 
developed significantly less atherosclerotic lesion formation compared to rabbits not 
supplemented with taurine [112]. 

4.4. Effects of taurine on atherosclerosis in humans 

Results on the effects of dietary taurine in humans are mainly from prospective studies. It is 
evident that individuals with high urinary excretion of taurine and high dietary intake of 
food high in taurine in general have fewer incidences of cardiovascular diseases compared 
to individuals with low dietary intake of taurine [33]. In addition, increased dietary intake of 
taurine either alone or in the combination with omega-3 fatty acids, has also been suggested 
to reduce MCP-1, an important risk factor of CVD  [106]. No further randomised clinical 
trials on the effects of dietary supplementation of taurine on CVD disease markers has been 
reported. 

5. Conclusion 

Taurine appears to be able to prevent hypercholesterolemia and hepatic steatosis induced by 
high-fat and high-cholesterol diets in most animal models. The major mechanism by which 
taurine lowers serum cholesterol levels is by increased utilization of cholesterol for bile acid 
synthesis. In mice, rats, and hamsters, dietary intake of taurine cause reduction in diet-
induced serum cholesterol accompanied by enhanced mRNA expression and enzymatic 
activity of 7a-hydroxylase, the rate-limiting enzyme of bile acid synthesis. In normal diets 
taurine does not appear to modify serum and liver cholesterol levels.  

Dietary supplementation with taurine is indicated to have cardiovascular benefits. The effect 
on atherosclerosis appears to be highly dose- and model-dependent. In animal experiments 
using high-fat diets to induce increased levels of lipids, taurine has been demonstrated to 
significantly alleviate atherosclerotic lesions. The effects of taurine appear to be related to 
increased degradation and excretion of cholesterol as bile in the feces and the most common 
feature is that taurine increases expression and activity of cholesterol 7α-hydroxylase. Only 
a few studies have evaluated the effects of taurine in human subjects.  
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From the available data it is not possible to conclude about the proposed antihyperlipidemic 
and antiatherosclerotic, therefore more basic and clinical research on the effects of taurine 
supplementation on hypercholesterolemic and atherosclerotic effects are warranted. 
Randomized clinical trials of dietary taurine and taurine sources may provide further 
knowledge about the potential hypocholesterolemic and antiatherogenic effects of long-term 
dietary taurine supplementation in healthy volunteers and humans with hyperlipidemia, 
metabolic syndrome and cardiovascular diseases.  
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1. Introduction 

For a long time, obesity has been known as a risk factor for cardiovascular disease, which is one 
of the main causes of death in developed countries. The prevalence of obesity (defined as 
having a body mass index [BMI] of  30 kg/m2 or more) is increasing in both developing and 
developed countries. A 5-kg/m2 increase in body mass index (BMI) increases the risk of cardiac 
complications by 29% [1]. This risk is due to the coexistence of other factors associated with 
obesity, such as hypertension, dyslipidemia, nonalcoholic fatty liver disease and abnormalities 
in glycemic metabolism. Resistances to insulin and lipid abnormalities are commonly found 
among obese patients with type 2 diabetes mellitus (T2DM) and are strongly related to an 
increase of cardiovascular risk.  Resistance to insulin and consequent compensatory 
hyperinsulinemia significantly increase the risk of death due to cardiovascular diseases [2–5]. 

To identify the patients with metabolic syndrome, insulin resistance, and greater 
cardiovascular risk, there are criteria, established by the Adult Treatment Panel III (NCEP 
ATP III), that include the presence of three of more of the following: central obesity 
(abdominal circumference above 102 cm in men and 88 cm in women), increased 
triglycerides (greater than or equal to 150 mg/dl) or use of a lipid-lowering agent, reduced 
HDL cholesterol (lower than 40 mg/dl among men and lower than 50mg/dl among women) 
or use of a lipid lowering agent, hypertension (systolic arterial pressure greater than or 
equal to 130 mmHg or diastolic pressure greater than or equal to 90mmHg) or use of an 
antihypertensive agent, andglucose levels greater than or equal to 100 mg/dl or use of an 
oral hypoglycemic agent and/or insulin [6]. 

Despite this, recent studies propose that the use of the TG/HDL (Triglicerides/High Density 
Lipoprotein) ratio may be a more practical way to estimate insulin resistance. It is believed 
that the greater the ratio, the greater the insulin resistance of the patient. This ratio provides 
an estimate of the sensitivity to insulin and is as accurate as the criteria for the metabolic 
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syndrome defined by the ATP III, the concentration of plasma insulin when fasting, or other 
estimates that measure the amount of glucose and the plasma concentration of insulin in 
order to evaluate its action [5, 7 -9]. Some studies suggest that the increase of the TG/HDL 
ratio may better predict the risk of cardiovascular diseases than do conventional risk factors 
such as hypertension, tobacco use, and physical activity [10]. 

To control the obesity and insulin resistance the initial steps are lifestyle changes aimed at 
controlling diet and increasing activity with the goal of reducing body weight, followed by 
the addition of orally active pharmacologic agents and insulin to the treatment regimen. 

However, dietary modification and pharmaceutical therapy offer limited potential for 
sustained weight loss, effective in fewer than 5% of cases [2]. In a meta-analysis of 
pharmacotherapy for obesity, the percentages of patients achieving 5% and 10% weight loss 
thresholds by using anti obesity drugs were 54% and 18%, respectively, but a lack of 
adherence to treatment limited the efficacy and effectiveness [11].  

Weight loss surgery, in contrast, has been shown to effect a more durable response . In 
addition, it can induce reversal of obesity-associated comorbidities [2,12].  

Of interest is the observation that obese patients with diabetes who undergo certain gastric 
bypass procedures demonstrate improvement in glycemia, often within days of surgery and 
before significant weight loss. The exact mechanism responsible for this dramatic effect of 
surgical procedures for obesity on diabetes improvement is not fully understood; however, 
the surgical rearrangement of the anatomy of the gastrointestinal (GI) tract changes the 
location where partially digested nutrients first contact the intestine, suggesting that 
correction of dysfunctional homeostatic mechanisms may contribute to the glycemic 
improvement. Whether it is a pure effect of weight reduction or bypass of the hormonally 
active foregut has a primary effect remains a controversy. Hypothesis includes weight 
reduction, decreased caloric intake, and bypass of the hormonally active foregut [12-14]. 

However, weight loss surgery is associated with complications such as anastomotic leak and 
ulcer presenting a mortality rate estimates range between 0.1 and 2.0% [2]. 

Endoscopic weight loss therapies may provide some of the benefits of weight loss surgery 
while being reversible, with a lower risk profile, and being available to patients who do not 
qualify for surgery or are poor candidates for surgery. Those endoscopic solutions for 
weight loss are also applicable as metabolic procedures to address comorbidities as type 2 
diabetes, dyslipidemia and nonalcoholic fatty liver disease. 

2. Physiopathology of metabolic improvement after metabolic surgery 

Several studies have shown a significant diabetes improvement in obese patients  who 
undergo certain gastric bypass procedures. The improvement of glycemia is observed, often 
within days of surgery and before significant weight loss. The  mechanism responsible for 
this improvement is not fully understood; however, the surgical rearrangement of the 
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location where partially digested nutrients first contact the intestine, suggesting that 
correction of dysfunctional homeostatic mechanisms may contribute to the glycemic 
improvement. Whether it is a pure effect of weight reduction or bypass of the hormonally 
active foregut has a primary effect remains a controversy. Hypothesis includes weight 
reduction, decreased caloric intake, and bypass of the hormonally active foregut [12-14]. 

However, weight loss surgery is associated with complications such as anastomotic leak and 
ulcer presenting a mortality rate estimates range between 0.1 and 2.0% [2]. 

Endoscopic weight loss therapies may provide some of the benefits of weight loss surgery 
while being reversible, with a lower risk profile, and being available to patients who do not 
qualify for surgery or are poor candidates for surgery. Those endoscopic solutions for 
weight loss are also applicable as metabolic procedures to address comorbidities as type 2 
diabetes, dyslipidemia and nonalcoholic fatty liver disease. 

2. Physiopathology of metabolic improvement after metabolic surgery 

Several studies have shown a significant diabetes improvement in obese patients  who 
undergo certain gastric bypass procedures. The improvement of glycemia is observed, often 
within days of surgery and before significant weight loss. The  mechanism responsible for 
this improvement is not fully understood; however, the surgical rearrangement of the 
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anatomy of the gastrointestinal tract may contribute to the glycemic improvement. If the 
glicemic improvement is a pure effect of weight reduction or bypass of the hormonally 
active foregut has a primary effect remains a controversy. Hypothesis to explain those 
effects includes weight reduction, decreased caloric intake, and bypass of the hormonally 
active.foregut. [12-14] 

Two hypothesis have been proposed to explain the effect of duodenal jejunal bypass on type 
2 diabetes. The “hindgut hypothesis” holds that diabetes control results from the expedited 
delivery of nutrient chyme to the distal intestine, enhancing a physiologic signal that 
improves glucose metabolism. A potential candidate mediator of this effect is glucagon-like 
peptide 1 (GLP-1). This incretin hormone is secreted by L cells of the distal bowel in 
response to intestinal nutrients. It stimulates insulin secretion and exerts proliferative and 
antiapoptotic effects on pancreatic beta cells.16 If proven true, the hindgut hypothesis would 
spur further research on methods to enhance signaling by GLP-1 (or other distal gut 
peptides) to treat type 2 diabetes [14-16]. An alternative hypothesis is that the effect of 
selected bariatric operations on diabetes depends on exclusion of the duodenum and 
proximal jejunum from the transit of nutrients, possibly preventing secretion of a putative 
signal that promotes insulin resistance and type 2 diabetes (“foregut hypothesis”). Although 
no obvious candidate molecules can be identified with current knowledge, if proven true, 
this hypothesis might open new avenues in the search for the cause and cures of diabetes 
[14,17,18].  

Several reports supported that the duodeno jejunal exclusion (foregut hypothesis) owes to a 
direct effect of the bypass of the hormonally active foregut.  Rubino and Marescaux showed 
in their study in animal model that bypassing a short segment of proximal intestine  directly 
ameliorates type 2 diabetes, independently of effects on food intake, body weight, 
malabsorption, or nutrient delivery to the hindgut [14]. 

However,in previous studies, it was observed that a strict calorie restriction, as performed in 
the first weeks after bariatric surgery, could bring itself to a normalization of plasma glucose 
and insulin levels before body weight decrease [19,20]. 

Wei-Jei Lee in a study comparing the band (restrictive) with the gastric bypass (duodeno 
jejunal bypass), with a longer follow-up, showed that the gastric banding group had a 
similar improvement of insulin resistance to the bypass group while similar weight 
reduction was achieved. The gastric banding group had similar result at postoperative 6 
months compared to the gastric bypass group at the first postoperative month. Also, 3 
months to 1 year and 6 months to 2 years were compatible. Suggesting that  for a long-
term effect of resolution of insulin resistance, sustained weight reduction plays the key 
mechanism [12]. 

Improvement in the glycemic control,  insulin resistance and metabolic syndrome after 
bariatric surgery is regulated by a complex  mechanism and still there is no certainty 
whether it is a pure effect of calorie restriction and weight reduction or it is caused by the 
bypass of the hormonally active foregut . 
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3. Metabolic improvements with the intragastric baloon 

The intragastric baloon is a spherical silicone elastomer balloon that is resistant to 
degradation by gastric acid for approximately 6 months. It can be placed endoscopicallyand 
filled with 400 to 700 ml of saline and methylene blue dye, which changes the color of the 
urine in the event of balloon rupture.  

Balloon insertion and removal are performed under conscious sedation or general 
anesthesia. Before the insertion, an upper gastrointestinal endoscopy is performed to detect 
possible contraindications to the procedure.  The baloon placement device is inserted 
through the mouth into the stomach. Then the balloon is positioned in the fundus under 
endoscopic control, and inflated by injecting saline mixed with 10-ml methylene blue into 
the catheter. Finally, once the desired volume has been injected, the balloon is released by a 
short pull on the catheter. The baloon should be removed after a maximum of 6 months 
because beyond this period, the risk of spontaneous balloon deflation significantly increases. 

A meta-analysis by Imaz et al. [21] of 15 studies comprising 3698 patients estimated 14.7 kg 
weight loss, 32.1% excess weight loss (EWL), and 5.7 kg/m2 decrease in BMI after 6 months. 

In a review including 22 studies with a total of 4371 patients implanted with the intragastric 
baloon,  demonstrated a mean weight loss  of 17.8 Kg, with extremes of the means of 4.9–
28.5 kg and higher absolute values observed in higher BMI categories. [22]. 

A prospective study, evaluating the effect of the baloon on weight, insulin resistance, and 
liver steatosis in obese patients showed that 76% of the patients had a BMI decrease of 3.5 
Kg/m2 or more. The mean (SD) weight loss with respect to baseline values was 16.4 (8.2) kg 
with a corresponding mean (SD) BMI reduction of 6.4 (3.2) kg/m2. The absolute percentage 
of participants with glycemia levels of 100 mg/dL or higher decreased from 50% to 12%, 
those with triglyceridemia 150 mg/dL or higher from 58% to 19%, and those with abnormal 
ALT level from 38% to 7% [23]. 

Two studies (one randomized, one uncontrolled) totaling 143 patients have reported that, 
one year after BIB removal, patients had regained 41% and 28% (mean values, respectively) 
of the absolute weight loss observed at BIB removal [24,25]. Another study following 88 
patients for a median of 22 month after baloon withdrawal, observed that (50%) regained 
some weight, 34 (39%) maintained their weight, and the remaining 10 (11%) continued to 
lose weight [23]. 

It is also important to consider that 20–40% of patients fail to achieve a significant weight 
loss (often defined as ≥10% baseline weight or ≥25% excess weight). Such failures may be 
related to the request of early baloon removal by patients who present a digestive or 
psychological intolerance to the baloon, to the early vanishing of anticipated effects on 
hunger and early satiety, or to patient’s adaptation of food intake [23]. 

In conclusion, the BIB strategy may be an alternative to current management of obesity 
focused on lifestyle changes, drug therapy, and treating associated metabolic 
complications. 
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Although the baloon has not yet proved to be a convincing means of primary long term 
weight loss, it holds some promise for improving co-morbidities and quality of life in 
nonmorbidly obese patients or those who are unwilling to undergo bariatric surgery. New 
perspectives are also beginning to show its potential value in specific patient groups 
especially, for example, those preparing for surgery.  

4. Metabolic improvements with duodeno jejunal bypass liner 

A totally different concept, that of mimicking principles of bariatric surgery, has recently 
been applied in the development of the endoscopic duodenal-jejunal bypass liner. In 
addition to early satiety and delayed gastric emptying, the intraluminal sleeve aims at 
creating a duodenojejunal exclusion.  

The DJBL is a sterilized, single-use endoscopic device, which is minimally invasive and 
employed under radioscopic control. It is composed of a nitinol anchoring with tiny lateral 
barbs for fixation and an impermeable plastic conduit made of a fluorine polymer 62 cm in 
length, which impedes contact of the chyme with bile–pancreatic secretions prior to the 
proximal segments of the jejunum. FIGURE 1 

 
Figure 1. Impermeable plastic conduit and anchor system. 

Endoscopic implantation is performed under general anesthesia. The device is introduced 
over a guidewire that has been previously positioned in the duodenal bulb with endoscopic 
assistance. The plastic conduit is stretched to overlay the duodenum and the proximal 
region of the jejunum. After the correct positioning of the plastic conduit, the anchoring 
system is freed, setting the device in the duodenal bulb. The infusion of a contrast agent is 
performed to verify the correct positioning of the prosthesis and the absence of obstructions 
within the plastic conduit. FIGURE 2  
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Figure 2. Implanted DJBL. 

Previously studies with obese patients that used the duodenojejunal bypass liner (DJBL) 
demonstrated a significant weight loss. In addition, an improvement in the control of T2DM 
was observed, which was statistically greater than that of the group treated with a low-
calorie diet [26-33].  

Our group in the Gastrointestinal Endoscopy Unit of the University of São Paulo School of 
Medicine performed a prospective study to evaluates the effectiveness of this method over 
the control of hyperlipidemia, improvement of insulin resistance, metabolic syndrome, and 
in the potential benefit in the reduction of cardiovascular risk [34]. 

The inclusion criteria of the study were ages between 18 and 65 years, BMI≥35 kg/m2, T2DM 
with or without other comorbidities, and a triglyceride/high-density lipoprotein cholesterol 
ratio (TG/HDL) ratio greater than or equal to 3.5, indicating insulin resistance. 

To identify patients with resistance to insulin and metabolic syndrome, TG/HDL ratio has 
proved to be an excellent practical indicator. This ratio estimates the resistance to insulin and is 
as accurate in terms of the clinical criteria for metabolic syndrome as specified by the Adult 
Treatment Panel III [6], the measure of the fasting concentration of plasma insulin,or other 
estimates that measure glycemia and the plasma concentration of insulin in order to identify 
individuals with insulin resistance [5, 7,8]. In addition, the TG/HDL ratio has proved to be an 
independent factor that was correlated with the risk of cardiovascular events [5]. 

A low TG/HDL ratio indicates large particles and a lower atherogenic potential of LDL 
cholesterol, while a high TG/ HDL ratio indicates a large population of small, dense, and 
pro-atherogenic particles of LDL cholesterol [7]. The lipid disorder consisting of the increase 
of plasma triglycerides and the reduction of HDL cholesterol, known as atherogenic 
dyslipidemia, is directly associated with insulin resistance  and is also an independent risk 
factor for cardiovascular diseases [3–5, 7]. 
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Eighty-one patients were selected for implantation of the device. Of these, 78 successfully 
received the implant and three were not given the implant due to anatomic factors (short 
bulb). Among the 78 patients, one was excluded from the analysis for not having performed 
the laboratory measures. Of the 77 remaining patients, we calculated the initial TG/ HDL 
ratio (at the time of the implant), identifying 54 patients (70%) with a ratio greater than or 
equal to 3.5, indicating the presence of insulin resistance and metabolic syndrome. These 
patients were included in the study and were monitored in order to evaluate whether or not 
an improvement occurred in this ratio during the period in which they had the implanted 
device. 

We compared the TG/HDL ratio at the time of the implant with the ratio obtained after 6 
months to evaluate whether there was an improvement in insulin resistance. We divided the 
patients into two groups: those who demonstrated a ratio below 3.5 in the end of the study, 
considered as control of the insulin resistance, and those that did not demonstrate values 
lower than 3.5. In the two groups, we evaluated whether control of T2DM and weight loss 
occurred during this period, and we correlated the influence of the control of diabetes and 
weight loss with the improvement of TG/HDL. We considered a significant weight loss to be 
a reduction of at least 10% of initial body weight and control of T2DM as an HbA1c level 
lower than 7%. The patients who presented a reduction of HbA1c levels greater than 1.5% 
yet did not obtain values lower than 7% were considered to have partial control over DM2. 

The overall initial average of the TG/HDL ratio was 5.75 and presented a significant 
reduction down to 4.36 at the end of the 6 months (p=<0.001), indicating an improvement of 
insulin resistance (Table 1). Of these patients, 23 (42.6%) presented control of the TG/HDL 
ratio with values lower than 3.5 at the end of the study. This group presented a significant 
improvement in the ratio, which decreased from 5.15 to 2.85 (p<0.001). Thirty-one patients 
did not show a controlled TG/HDL ratio but rather a discrete improvement, with an initial 
average of 6.2 and a final of 5.47, with no statistical difference (p=0.1641).  
 

 Patients N Initial average 
TG/HDL ratio

Final average 
TG/HDL ratio p 

Baseline non 
controlled TG/HDL 54 5,75 4,36 0,001 

Controlled TG/HDL 
at the end 23 5,15 2,85 <0,001 

Not controlled 
TG/HDL at the end 31 6,2 5,47 0,1641 

Table 1. Improvement on TG/HDL ratio. 

In order to identify the differences between the group that presented an improvement in the 
ratio and the group that did not, we evaluated the control of T2DM (HbA1c improvement) 
and the success of weight loss (reduction >10% of initial weight). 

In the evaluation of T2DM control (Table 2), we observed that all patients presented a 
significant improvement in the levels of HbA1c (p<0.001). In the group that controlled the 
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TG/HDL ratio, three patients already had diabetes controlled at the beginning of the study, 
with an initial average of HbA1c of 6.4% and a final of 5.83% (p=0.023). Fifteen patients did not 
have diabetes under control, presenting an initial average of 7.8%, and then developing control 
of T2DM, with a final average of 6.1% (p<0.001). Five patients did not have diabetes 
undercontrol and obtained partial control after the intervention. These patients presented 
higher initial levels of HbA1c than those of the group that controlled diabetes, with an initial 
average of 10.34%, and presented a significant reduction of the final average of 8.88% (p=0.03). 

In the group that did not control the TG/HDL ratio, five patients already had T2DM under 
control, with an initial average of 6.6%mg/dl and a final average of 6.2% (p=0.037). Fifteen 
patients did not have diabetes under control and were able to bring it under control with 
initial and final averages of 8.5% and 6.4%, respectively (p=0.001). Eleven patients did not 
have diabetes under control and obtained partial control. These patients also presented a 
higher level of HbA1c than that of the patients who had controlled T2DM, with an initial 
average of 9.9%, reaching a significant reduction at the end of the study with an average of 
7.7% (p=0.003), which is very close to the level required for T2DM control.  

An association was not observed between the control of T2DM and an improvement in the 
TG/HDL ratio (Table 3). 
 

Diabetes improvement on TG/HDL controlled patients

Diabetes Patients N 
Inial HbA1c 

average 
Final HbA1c 

average p 

Already controled 
and improved 3 6,4 5,38 0,023 

Not controled who 
controlled 15 7,8 6,1 <0,001 

Not controlled with 
partial control 11 10,34 8,88 0,03 

HbA1c Worsening 0 - - . 
Diabetes improvement on TG/HDL not controlled patients

Diabetes Patients 
Inial HbA1c 

average 
Final HbA1c 

average p 

Already controled 
and improved 5 6,6 6,2 0,037 

Not controled who 
controlled 15 8,5 6,4 0,001 

Not controlled with 
partial control 11 9,9 7,7 0,003 

HbA1c Worsening 0 - - . 
Legend: Diabetes evolution on TG/HDL controlled and not controlled patients. Glycemic improvement was 
statistically significant in all groups of patients. 

Table 2. Diabetes improvement. 
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Diabetes Improvement – HbA1c
HbA1c 

Worsening 
Already 

controled and 
improved 

Not controlled 
who controlled 

Not controlled 
with partial 

control 
TG/HDL 
controlled 
(n = 23) 

3 15 5 0 

TG/HDL not 
controlled 
(n= 31) 

5 15 11 0 

Legend: Relationship between improvement of diabetes and TG/HDL control. Patients improved diabetes regardless 
of having controlled the TG/HDL ratio (p 0,35). 

Table 3. Relation between TG/HDL ratio control and HbA1C control. 

In relation to weight loss (Table 4), the patients lost on average 12.6% of their initial weight. 
Among the 23 patients who controlled their TG/HDL ratio, 19 (82.6%) lost more than 10% of 
their initial weight. The average initial weight of these patients was 116.5 kg and the average 
final weight was 97 kg, constituting an average loss of 16.7% of initial weight. Four patients 
did not lose more than 10% of their weight. The average initial weight of these patients was 
94.4 kg, and the average final weight was 87.47 kg, marking an average loss of 7.4%. In the 
group that did not control the TG/HDL ratio, 15 lost more than 10% of their initial weight 
(48%), with an average initial weight of 123.9 kg and an average final weight of 105.7 kg 
(loss of 14.6% in initial weight). Sixteen patients did not lose more than 10% of their weight, 
presenting an average initial weight of 111.9 kg and an average final weight of 103.5 kg, 
with an average loss of 7.5% in initial weight. 
 

Weight loss on TG/HDL controlled patients

Weight loss Patients N 
(%) 

Inicial average 
weight - Kg 

Final average 
weight - Kg 

Percentage of 
loss 

Over than 10% of 
initial weight 19 (82,6) 116,5 97 16,7 

Less than 10% of 
initial weight 4 (17,4) 94,4 87,47 7,4 

Weight loss on TG/HDL not controlled patients

Weight loss 
Patients N 

(%) 
Inicial weight 

average 
Final weight 

average 
Percentage of 

loss 
Over than 10% of 
initial weight 15 (48) 123,9 105,7 14,6 

Less than 10% of 
initial weight 16 (52) 111,9 103,5 7,5 

Table 4. Weight loss 
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Comparing the patients who lost weight with the patients who controlled their TG/HDL 
ratio, an association can be observed between a weight loss greater than 10% of initial 
weight and control of the TG/HDL ratio (p<0.01), with an odds ratio of 5.06 (Table 5).  
 

 Weight loss

 
Over than 10% of 

inicial weight 
Less than 10% of 

inicial weight 
Total 

TG/HDL controlled -
N (average  
weight loss %) 

19 (16,7) 4 (7,4) 23 

TG/HDL not controlled
N (average  
weight loss %) 

15 (14,6) 16 (7,5) 31 

Legend: Relationship between weight loss and TG/HDL control. Control of TG/HDL ratio is related to weight loss 
greater than 10% of initial weight. (p 0,01-  OR 5,06). 

Table 5. Relation between TG/HDL ratio control and weight loss. 

Of the 54 patients included in this 6 months study, 38 have completed  (26 completed 24 
weeks, 12 completed 20 weeks). Among the 16 patients left, 12 had the device removed at 
16 weeks, 2 at 12 weeks, and 2 had the implant for just 4 weeks. The early implant 
removals occurred due to migration of the device in nine patients, the observation of a 
free device anchor during endoscopic exam in four patients, the presence of bleeding 
without migration in one patient, subject request in one case, and due to the decision of 
the researcher in one case. 

In resume, all patients implanted with the device presented a statistically significant 
reduction of the levels of HbA1c, and the majority of these patients (70.3%) presented 
values lower than 7% at the end of the study and were therefore considered to be 
controlled diabetics. In addition, all patients presented a statistically significant reduction 
of initial weight, with an average general loss of 12.6% of initial weight. Regarding the 
improvement of insulin resistance and metabolic syndrome, there was a significant 
reduction of the TG/HDL ratio from 5.75 to 4.36 (p=0.0001). Of these patients, 42.6% 
controlled their insulin resistance, presenting a TG/HDL ratio value lower than 3.5 at the 
end of the study. 

Among the patients who controlled the TG/HDL ratio, the reduction of the ratio went from 
6.8 at the beginning of the study to 2.8 at the end (p<0.001). 

In other study conducted by our group,  twenty two implanted patients were followed 
during a period of 1 year [13]. In the full analysis population, the mean percentage excess 
weight loss was 35.5% (P < 0.0001). The reduction in excess body weight was reflected by 
reductions in BMI and waist circumference of  6.7  kg/m2 and  13.0 cm, respectively. 

The improvement in glycemic control is convincingly demonstrated by the results with a 
percentage of subjects with HbA1c < 7% at baseline improved from 4.5% to 73.0% at final 
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controlled their insulin resistance, presenting a TG/HDL ratio value lower than 3.5 at the 
end of the study. 

Among the patients who controlled the TG/HDL ratio, the reduction of the ratio went from 
6.8 at the beginning of the study to 2.8 at the end (p<0.001). 

In other study conducted by our group,  twenty two implanted patients were followed 
during a period of 1 year [13]. In the full analysis population, the mean percentage excess 
weight loss was 35.5% (P < 0.0001). The reduction in excess body weight was reflected by 
reductions in BMI and waist circumference of  6.7  kg/m2 and  13.0 cm, respectively. 

The improvement in glycemic control is convincingly demonstrated by the results with a 
percentage of subjects with HbA1c < 7% at baseline improved from 4.5% to 73.0% at final 

 
Endoscopic Treatment of Metabolic Syndrome 299 

study assessment. Statistically significant reductions in fasting blood glucose ( - 30.3 ± 10.2 
mg/dL), fasting insulin ( - 7.3 ± 2.6 lU/mL), and HbA1c ( - 2.1 ± 0.3%) were observed. 

Blood levels of total cholesterol, low-density lipoprotein cholesterol, and triglycerides also  
were significantly reduced during the study. 

On this one year series, thirteen subjects completed the 52-week period, and 18 subjects 
completed at least 24 weeks. The mean duration of the implant period for all subjects was 41.9 
± 3.2 weeks. The reasons for early removal of the device were migration or rotation of the 
device (n = 3; 36, 36, and 48 weeks post implantation), GI bleeding (n = 1; 4 weeks post 
implantation), abdominal pain (n = 2; 21 and 30 weeks post-implantation), and principal 
investigator request due to subject’s non compliance with study visits (n = 2; 20 and 32 weeks 
post implantation). The device was removed from one subject who presented an  abdominal 
tumor  not related to the device. 

Sixteen subjects had HbA1c measured 3 and/or 6 months after explantation of the DJBL. 
These subjects demonstrated a mean decrease in HbA1c during the original 52-week study 
of - 2.3 ± 0.4%. Three and 6 months after removal of the device, their mean changes from 
baseline were - 2.3 ± 0.3% (n = 15) and - 1.7 – 0.7% (n = 11), respectively. 

The DJBL offers a new non-surgical therapeutic possibility, positioned between 
pharmacological drugs and the various techniques employed in bariatric surgery. This 
technology platform may be employed prior to bariatric surgery to help control T2DM, in 
order to promote weight loss and a reduction of visceral fat, lipid control, a reduction of 
insulin resistance, and of cardiovascular risk,minimizing the risk of per operative clinical 
complications, accustoming the patient to a restricted diet that will be necessary in the post-
operative period and can even be used as a substitution for bariatric surgery as a less 
invasive technique in selected cases. 

5. Conclusion 

As the prevalence of obesity increases, less invasive methods will be needed to obtain a 
sustained weight loss. Some new endoscopic tools and methods are being investigated and 
they could be applied as first-line therapy for obesity, to control the metabolic comorbidities, 
to reduce the operatory risk prior bariatric and metabolic surgery and as substitution of 
surgery in selected cases. 

The intragastric baloon and the Duodeno Jejunal Bypass Liner are tools with promising 
results in the endoscopic treatment of obesity. They are still subject of  research with a great 
potential for improvement. Although outcomes from the use of the intragastric baloon and 
the DJBL are not comparable to those of surgery with regard to weight loss and late results, 
these new techniques have showed an excelent result in ameliorating health status, in the 
control of  the metabolic syndrome as well as improving the quality of life for a  well 
selected group of patients. 
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1. Introduction 

Atherogenic dyslipidemia includes increase in blood concentrations of LDL cholesterol, total 
cholesterol, triglycerides and decrease in high-density lipoprotein cholesterol, both of which 
are frequently associated with the development of cardiovascular diseases (CVDs) [1,2] 
.Treatment of dyslipidemia can reduce the risk of CVDs [3]. In both industrialized and non-
industrialized countries, the prevalence of dyslipidemia is increasing (4-7), therefore 
management of dyslipidemia has become a mainstay of routine clinical practice for both 
public health and clinicians. Although the benefits of lipid-lowering therapy have been 
demonstrated most conclusively, the role of diet determinants in dyslipidemia needs to be 
further considered [8]. Diet plays an important role in the concentrations of lipoprotein and 
is the primary intervention for patients with dyslipidemia. Understanding the relationships 
between dietary determinants and dyslipidemia and the effect of diet on lipoprotein 
concentrations may help to identify the dietary changes needed to reduce health risks [2]. 
Dietary changes, including reduced intakes of saturated fat and cholesterol, increased 
intakes of polyunsaturated fatty acids, fish, fruits and vegetables, and reduced energy 
intakes may have beneficial effects on lipoprotein concentrations [9-12]. One important 
aspect of diet is dietary patterns that address the effect of the diet as a whole and thus may 
provide insight beyond the effects described for single nutrients or foods [13]. The effects of 
some dietary patterns including the Mediterranean diet, the dietary stop to hypertension 
(DASH) and traditional dietary patterns, on lipoprotein particles need to be discussed [14, 
15, 16]. In addition, other aspects of diet, including herbal, phytochemical, and dietary 
supplement (plant stanols and sterols) also play important roles in the prevention and 
treatment of dyslipidemia and may improve lipoprotein concentrations [17]. We searched 
the medical literature for studies of the effects of diet and its component including 
macronutrient, dietary food groups, dietary patterns and herbal on disturbances of 
lipoprotein concentrations. The purpose of this chapter is to update current knowledge on 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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the role of the following dietary determinants in lipoprotein concentrations and 
dyslipidemia: including 1) macronutrients (total fat, saturated fatty acids, trans fatty acids, 
n-6 polyunsaturated fatty acids, n-3 polyunsaturated fatty acids, dietary cholesterol, 
carbohydrate and protein), 2) food groups (grains and cereal, fruit and vegetables, dairy 
products, nuts, beans and legumes, and meat, fish, poultry and eggs), 3) dietary patterns 
(Mediterranean diet, Dietary to Stop Hypertension, western diet and healthy diet), and 
therapeutic life style change (TLC), 4) dietary supplements, (plant stanols and sterols), 
herbal and phytochemicals.  

2. Diet and lipoprotein  

Lipoprotein concentrations are affected by both genetic and environmental factors. Among 
environmental factors such as physical activity and smoking, diet is an important 
component in preventing and improving dyslipidemia. Diet intervention is recommended 
by the National Cholesterol Education Program (NCEP) guidelines as first-line therapy for 
the management of disturbances in lipoprotein concentrations. Also the Third report of the 
NCEP recommended that if dietary therapy do not improve disturbances in lipoprotein 
concentrations, non-pharmacologic therapeutic factors such as viscous fiber and plant 
stanols and sterols should be recommended prior to advancing to drug therapy[18]. 

3. Macronutrient and lipoprotein 

3.1. Total fat 

The Nutrition Committee of the American Heart Association (AHA) emphasises on that 
diets providing up to 40% of dietary energy as primarily unsaturated fat (20% MUFA, 10% 
SFA, 10% PUFA and 1% TFA) were as heart healthy as low-fat diets (<30% of dietary 
energy) [19]. The effects of different dietary fatty acids on lipid profiles should be 
considered in the evaluation of strategies for controlling of disturbances in lipoprotein 
concentrations. Changes in dietary fat composition are clearly associated with changes in 
lipoprotein concentrations. Types of dietary fatty acids include saturated fatty acids (SFAs), 
monounsaturated fatty acid (MUFAs), polyunsaturated fatty acid (PUFAs) and dietary 
cholesterol, the effects of which on lipoprotein concentrations will be discussed.  

3.2. Dietary saturated fatty acids (SFAs) 

Among the dietary fatty acids only dietary SFAs and trans fatty acids increase LDL 
cholesterol concentrations [18]. The major sources of dietary SFAs are fast foods, processed 
foods, high-fat dairy products (whole milk, cheese, butter, ice cream, and cream), high-fat 
red meats, tropical oils such as palm oil, coconut oil, and palm kernel oil, baked products 
and mixed dishes containing dairy fats, shortening, and tropical oils. Dietary SFAs increase 
LDL and total cholesterol  concentrations, in comparison with all dietary fatty acids except 
trans fatty acids [20-21], by inhibiting LDL receptor activity and enhancing apolipoprotein 
(apo) β-containing lipoprotein production [22]. Every 1 percent increase of total energy from 
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dietary SFAs raises the serum LDL cholesterol about 2 percent. Conversely, a 1 percent 
reduction in saturated fatty acids will reduce serum cholesterol by about 2 percent [23,24]. 
The LDL cholesterol–raising effect of dietary SFAs depends on the intake of dietary 
cholesterol and PUFAs. In high intakes of dietary cholesterol, dietary SFAs decreased LDL 
receptor activity and increased plasma LDL concentrations [25]. However, in the adequate 
of dietary PUFAs (5–10% of total energy), dietary SFAs have no effect on LDL clearance [22]. 
In addition different dietary SFAs have different effects on lipoprotein concentrations [29]. 
Short chain SFAs have been shown to have a stronger LDL cholesterol raising effect, such 
that lauric acid (12:0) raised LDL cholesterol the most, followed by myristic (14:0) and 
palmitic (16:0) acids. In contrast, stearic acid (18:0), as a long chain SFA, has no effect on 
LDL and HDL cholesterol or the TC: HDL cholesterol ratio, and even lowers serum 
cholesterol [27,28]. Finally, the effects of dietary SFAs can be modulated by the foods in 
which they are contained. Cheeses may have smaller effects on LDL cholesterol 
concentrations than butter, and fermented dairy foods, such as yogurt, have been associated 
with LDL reductions [29]. Reduced intakes of dietary SFAs and cholesterol are first steps for 
the purpose of achieving the LDL cholesterol goal (<100 mg/dl). To maximize LDL 
cholesterol lowering by reducing dietary SFAs, it will be necessary to lower intakes of 
dietary SFAs approximately to <7 percent of total energy [18]. However the replacement of 
dietary SFAs with other macronutrients is important. Although replacement of dietary SFAs 
with carbohydrate decrease total, LDL, and HDL cholesterol, it also increases triglycerides 
[20]; however replacement of dietary SFAs by PUFAs decreases concentrations of total, LDL, 
and the LDL/HDL cholesterol ratio by decreasing LDL cholesterol production and 
increasing LDL clearance [30]. Although replacement of dietary SFAs with PUFAs has been 
shown to decrease HDL cholesterol, it decreases LDL cholesterol even more substantially; 
thus, the HDL:LDL ratio is increased [23] and the TC:HDL cholesterol ratio is decreased [26]. 
Replacement of 5% of total energy from SFAs with PUFAs reduces CHD risk by 42% [31]. 
Replacement of dietary SFAs with MUFAs has also been associated with improving 
lipoprotein concentrations, although this effect is slightly less than when PUFAs are the 
replacement dietary fatty acid [23]. Replacement of dietary SFAs with both MUFAs and 
carbohydrate decrease LDL cholesterol; however replacement with MUFA was associated 
with lower reductions in HDL cholesterol and lower arises in triglyceride concentrations [32].  

3.3. Trans fatty acids 

Trans fatty acids contain at least one double bond in the trans configuration [40] and were 
the most harmful macronutrient that increase disturbances in lipoprotein concentrations 
[26,33,34]. Dietary trans fatty acids, produced during the hydrogenation of either vegetable 
or fish oils (industrial TFA), are found in manufacturing products such as cookies, pastries, 
and salad dressings; trans fatty acids are also formed during anaerobic bacterial 
fermentation of unsaturated fatty acids that occurs in the rumen of polygastric animals such 
as cattle, sheep, and goats (natural trans fatty acids), and hence found in dairy products 
derived from the animals’ milk and meat [33,35]. Industrial and natural trans fatty acids 
contain similar types of these fatty acids, but in different proportions. Industrial trans fatty 
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acids contain trans isomers of oleic acid, the major ones being C18:1 trans-9 ( elaidic acid) 
and C18: 1 trans-10 [35]. Consumption of industrial trans fatty acids increases total, LDL 
cholesterol, and total to HDL cholesterol ratio and the LDL to HDL cholesterol ratio [33, 35-
37] and decrease HDL cholesterol [40]. Data on the effects of natural trans fatty acids on 
plasma lipoproteins in humans are inconsistent. An equivalent of 1% natural trans fatty 
acids of daily energy, has no significant effect on total cholesterol, LDL cholesterol, apo B, 
triglyceride concentrations but may be associated with a reduction in plasma HDL 
cholesterol concentrations [38]. However high intakes of natural trans fatty acids, but not 
low intakes, have adverse effects [39]. Therefore both natural and industrial trans fatty acids 
have detrimental effects on lipoprotein concentrations and their intakes should be limited 
[40]. The effects of trans fatty acids on lipid profiles are also variable, depending on their 
chain length; long chain trans fatty acids may have more adverse effect on lipid profiles. 
Partially hydrogenated fish oil or trans alpha-linolenic acid had more detrimental effect on 
lipoprotein compared with isocaloric amount of partially hydrogenated soy bean oil [37,41]. 
Effect of trans fatty acids on lipoprotein concentrations is a current topic of debate. 
Trans fatty acid intake increases lipoprotein a and triglycerides when substituted for dietary 
SFAs [42,43]. Issues related to the potential change in lipoprotein a levels induced by 
trans fatty acid intake and risk for disease need to be clarified. 

Dietary guidelines for American 2010 emphasize that consumption of trans fatty acids 
should be reduced as much as possible by limiting foods that contain sources of these fatty 
acids [43]. On the basis of these data, it should be attempts to substitute unhydrogenated oil 
for hydrogenated or SFAs in diet.  

3.4. Monounsaturated fatty acids 

Monounsaturated fatty acids have received increased attention as being potentially 
beneficial for their association with low rates of CHD in olive-oil consuming populations of 
the Mediterranean style diet [18]. The most common form of dietary MUFAs is oleic acid 
(18:1 n-9), which occurs in the cis form. Olive oil, canola oil, and sunflower oil are the main 
sources of dietary MUFAs. Oleic acid is an effective hypocholesterolemic factor when 
substituted for dietary SFAs. MUFA-rich oil consumption has been one of the strategies 
recommended for modulating the plasma lipid profile in humans. Diets containing high 
MUFA-rich foods reduce plasma total and LDL cholesterol levels and enrich LDL particles 
with cholesteryl oleate, a change in LDL particle composition that has been shown to confer 
atherogenicity [23, 45-48]. Also compared with diets rich in saturated fat, MUFA-rich diets 
lower apolipoprotein β concentrations along with declines in LDL cholesterol level [49,50]. 
Consumption of MUFA-rich diets also induces lower triglycerides and higher HDL 
cholesterol concentrations compared with low-fat, high-carbohydrate diets [51]. Long term 
MUFA-rich diets result in an earlier postprandial peak in plasma triglyceride and apo β-48 
concentrations [52,53]; this mechanism is not clear, however oleic acid has been shown to be 
preferentially esterified into triglycerides in the enterocyte [54], which may be result a faster 
entry rate of chylomicrons into the circulation, reflecting accelerated rates of digestion and 
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acids contain trans isomers of oleic acid, the major ones being C18:1 trans-9 ( elaidic acid) 
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Trans fatty acid intake increases lipoprotein a and triglycerides when substituted for dietary 
SFAs [42,43]. Issues related to the potential change in lipoprotein a levels induced by 
trans fatty acid intake and risk for disease need to be clarified. 

Dietary guidelines for American 2010 emphasize that consumption of trans fatty acids 
should be reduced as much as possible by limiting foods that contain sources of these fatty 
acids [43]. On the basis of these data, it should be attempts to substitute unhydrogenated oil 
for hydrogenated or SFAs in diet.  
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Monounsaturated fatty acids have received increased attention as being potentially 
beneficial for their association with low rates of CHD in olive-oil consuming populations of 
the Mediterranean style diet [18]. The most common form of dietary MUFAs is oleic acid 
(18:1 n-9), which occurs in the cis form. Olive oil, canola oil, and sunflower oil are the main 
sources of dietary MUFAs. Oleic acid is an effective hypocholesterolemic factor when 
substituted for dietary SFAs. MUFA-rich oil consumption has been one of the strategies 
recommended for modulating the plasma lipid profile in humans. Diets containing high 
MUFA-rich foods reduce plasma total and LDL cholesterol levels and enrich LDL particles 
with cholesteryl oleate, a change in LDL particle composition that has been shown to confer 
atherogenicity [23, 45-48]. Also compared with diets rich in saturated fat, MUFA-rich diets 
lower apolipoprotein β concentrations along with declines in LDL cholesterol level [49,50]. 
Consumption of MUFA-rich diets also induces lower triglycerides and higher HDL 
cholesterol concentrations compared with low-fat, high-carbohydrate diets [51]. Long term 
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absorption or upregulation of chylomicron synthesis and secretion [55]. However MUFA-
rich diets increase clearance of plasma triglycerides compared with isocaloric SFA-rich or 
high complex carbohydrate diets and therefore decrease triglyceride concentrations 
[51,56,57]. MUFA substitution for dietary SFAs suggest an effective dietary strategy for 
improving disturbances of lipoprotein concentrations, which currently recommended in 
most national and international dietary guidelines [18]. 

3.5. N-6 Polyunsaturated fatty acids 

Dietary n-6 PUFAs such as linoleic acid (18:2) are widely found in a variety of vegetables 
and vegetables oils [58]. Conjugated linoleic acid (CLA), a group of naturally occurring fatty 
acids that are mainly present in foods from ruminant sources, is a collective term used to 
describe positional and geometric derivatives of linoleic acid containing conjugated double 
bonds [59]. 

CLA have beneficial effects on lipoprotein disturbances. CLA reduced total, LDL and VLDL 
cholesterol, especially atherogenic apolipoprotein β-rich lipoproteins and triglycerides 
concentrations [60,61]. CLA increases the excretion of sterols and consequently decreases 
serum cholesterol concentration [86]. 

3.6. N-3 Polyunsaturated fatty acids 

Dietary sources of n-3 PUFAs are limited. The shorter chain n-3 PUFAs FA, α-linolenic acid 
(ALA), is found in many plants, but the longer chains eicosapentaenoic acid  (EPA) and 
docosahexaenoic acid (DHA) are produced almost exclusively by cold water algae, which 
are, in turn, ingested by fish. Humans cannot synthesize the n-3 double bond, but they do 
have the elongase and desaturase enzymes to convert ALA to EPA and DHA, a conversion, 
which however is an inefficient process. The conversion of ALA to EPA may be further 
reduced as a result of large amounts of n-6 FA in the diet, which compete for the same 
enzymes. Some studies however have found that ALA, irrespective of n-6 PUFAs, has a 
beneficial effect of lipid profiles [63]. Mechanism of actions of the medium- and long chain n-3 
fatty acids appears to be independent. ALA exerts most of its effects by modulating 
lipoproteins, while EPA and DHA may reduce triglyceride synthesis [64]. Experts currently 
recommend the consumption of EPA and DHA, rather than ALA, to meet dietary goals for 
dietary n-3 PUFA [65]. Long-chain n-3 PUFA reduce triglyceride concentrations. An intake of 4 
g EPA and DHA per day results in a 25–30% decrease of fasting triglyceride concentrations in 
both normolipidaemic and hypertriacylglycerolaemic subjects (66). Compares EPA and DHA, 
EPA-ethyl ester shows no change in triglyceride concentrations, suggesting that DHA is the 
active agent in fish oil, that decreases triglyceride concentrations. Therefore among long chain 
n-3 PUFAs, EPA may produce favourable effects on triglyceride and HDL cholesterol 
concentrations [67,68]. The hypotriglyceridaemic effect of long chain n-3 PUFAs, mediated by 
several mechanisms such as enhanced hepatic fatty acid oxidation [69], inhibition of fatty acid 
and triglyceride synthesis, reduced assembly and secretion of VLDL triglyceride 
concentrations [70], facilitates triglyceride  rich lipoprotein removal through enhanced LPL 
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activity in plasma [71]. Significant increases in HDL have been observed after DHA 
supplementation [67,68,72,73]; it may be related to decreased cholesteryl ester transfer protein 
activity that reduces the exchange from HDL cholesterol ester and VLDL, resulting in larger, 
more cholesterol-rich HDL cholesterol particles [74,75].  

Inconsistent effects of DHA on total and LDL cholesterol levels have been shown; some 
investigators found a LDL cholesterol-raising effect [68,76] or no significant changes in total 
cholesterol or LDL cholesterol concentration [77,78]. After supplementation with n-3 Long 
chain PUFA, limited amounts of triglycerides are available for packaging into VLDL, which 
results in VLDL particles with low triglycerides that are readily converted to LDL, increases 
LDL cholesterol concentrations [79]. N-3 PUFAs could increase production of LDL via 
conversion of VLDL to LDL by increased lipolysis of VLDL and/or increased lipolytic 
activity or decreased clearance of LDL, by decreases in LDL receptor binding activity or 
reduced LDL receptor expression [80]. ALA, an n-3 polyunsaturated fatty acid found mainly 
in plant sources, including flaxseed oil, canola oil, and walnuts, is a metabolic precursor of 
DHA and EPA and any risk reduction may be mediated through conversion to these fatty 
acids; ALA cannot be synthesized by humans, and therefore, it is an essential fatty acid in 
diet [58]. Although evidence indicates that consumption of long chain n-3 PUFAs from 
seafood reduces the risk factors of cardiovascular disease, the effect of ALA intake in these 
risk factors is less well established. Daily supplementation with ALA-rich flaxseed is 
reported to reduce total cholesterol, LDL-cholesterol [81,82]. Weight of the evidence favors 
recommendations for modest dietary consumption of ALA (2 to 3 g per day) for primary 
and secondary prevention of CHD [58]. The relationship between ALA intake and CHD risk 
was seen among participants who consumed very little seafood; among men with limited 
seafood intake, each 1 g per day ALA intake was associated with 50% lower risk of CVDs; in 
contrast among subjects with some seafood intake, ALA intake was not associated with 
CHD risk. If benefits of ALA are greatest when EPA and DHA intakes are very low, the 
consumption of plant sources of n-3 fatty acids may be particularly important for CHD 
prevention among individuals who do not regularly consume fish [58].  

3.7. Dietary cholesterol 

The main source of dietary cholesterol is eggs, which contribute about one-third of the 
cholesterol in the diet; intake of dietary cholesterol has increased in recent year. Other 
sources of dietary cholesterol include animal products, dairy, meats, poultry, and shellfish 
[83]. High cholesterol intakes increase LDL cholesterol and the degree of rise varies from 
person to person. On average, the response of serum cholesterol to dietary cholesterol as 
revealed is approximately 10 mg/dL per 100 mg dietary cholesterol per 1000 kcal [84,85]. A 
recent meta-analysis showed that dietary cholesterol raises the ratio of total to HDL 
cholesterol, adversely affecting the serum cholesterol profile [86].  

3.8. Carbohydrate 

Recommendations to decrease fat and increase carbohydrate intake have come under 
scrutiny. Diets low in fat necessarily has a high proportion of carbohydrates, and high 
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The main source of dietary cholesterol is eggs, which contribute about one-third of the 
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sources of dietary cholesterol include animal products, dairy, meats, poultry, and shellfish 
[83]. High cholesterol intakes increase LDL cholesterol and the degree of rise varies from 
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carbohydrate diet increase triglycerides, reduce HDL cholesterol concentrations, and 
increase LDL cholesterol concentrations [87]. In addition to carbohydrate intake, the type of 
carbohydrate, according to glycemic index, most likely influences lipid profiles [88]. 
Glycemic index refers to the value obtained by feeding a carbohydrate load and measuring 
the level of blood glucose. Using the glycemic index, carbohydrates with a low glycemic 
index may decrease triglyceride concentrations and increase HDL cholesterol [89]. Also 
substituting low-GI foods for high-GI foods lowers triglyceride concentrations by 15 to 25% 
[138]. High-carbohydrate diets increase triglyceride concentrations, compared to high-fat 
diets [91] via enhance hepatic lipogenesis [92] and decrease the synthesis of lipoprotein 
lipase [93]. A high carbohydrate diet also increases glucose and insulin concentrations, the 
latter increasing lipogenesis, leading to increases in triglyceride concentrations, triglyceride-
enriched VLDL particles, and increases the LDL cholesterol concentrations [94]. Therefore 
reductions in dietary carbohydrate have been associated with reduced concentrations of 
LDL cholesterol [95] and increase means LDL particle size [96]. 

High carbohydrate diets (>60 percent of total energy) are associated with lipoprotein 
disturbances; reduction in the content of carbohydrate have beneficial effects on lipid 
profiles. However substitution of carbohydrate with other macronutrients is important. 
When carbohydrates are substituted for SFAs, the fall in LDL cholesterol levels equals that 
with monounsaturated fatty acids, and however, compared with MUFAs, this substitution 
frequently causes a fall in HDL cholesterol and a rise in triglycerides [23,97]. When dietary 
carbohydrate is consumed along with high-fiber diets, however, the rise in triglycerides or 
fall in HDL cholesterol has been reported to be reduced [98,99]. Addition of n-3 PUFA to 
low-fat, high-carbohydrate diets decreases the adverse effects of carbohydrate on blood 
lipids [51,100]. Also refined- and whole grains, as sources of carbohydrate, have an essential 
role in the metabolism of lipid profiles, that will be discussed in the section on food groups. 
In a relatively short period of time, dietary consumption of fructose has increased several 
fold above the amount present in natural foods, because of the use of high fructose corn 
sweeteners and sucrose in manufactured foods [101]. In human diets approximately one-
third of dietary fructose comes from fruit, vegetables, and other natural sources and two-
thirds is added to beverages and food in the diet (e.g. soft drinks, fruit-flavored drinks, 
candies, jams, syrups, and bakery products). Although there is little evidence that modest 
amounts of fructose have detrimental effects on carbohydrate and lipid metabolism, larger 
doses have been associated with numerous metabolic abnormalities, suggesting that high 
fructose consumption adversely affects health. High levels of plasma triacylglycerols are a 
well-established consequence of dietary fructose intake [101]. Numerous mechanisms have 
been suggested to explain this phenomenon [102,103], e.g. enhanced hepatic lipogenesis, 
and therefore overproduction of VLDL [102,104].  

3.9. Protein 

Plant sources of protein are predominantly legumes, dry beans, nuts, and, to a lesser extent, 
grain products and vegetables, which are low in saturated fats and cholesterol. Animal 
sources of protein include dairy products, egg whites, fish, poultry, and meats. Dietary 
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protein in general has little effect on lipoprotein profiles. However, substituting plant 
protein including wheat gluten, soy proteins for animal protein decrease serum cholesterol 
[104,105]. Advice on the use of soy foods to displace animal products is consistent with the 
AHA advisory on soy [107], which states that 50 g/d soy protein consumption reduces 
approximate 3% LDL-C with no apparent dose-response effect [108]. Maximum reduction in 
LDL cholesterol was achieved when ~50 g of soy protein when was replaced meat or dairy 
protein [109]. Soy is a complex protein with a globulin fraction to which its cholesterol-
lowering effect has been attributed; this fraction digested to peptides with inhibitory effects 
on cholesterol synthesis [110]. Isoflavones or the saponins found in soy, are also responsible 
for the cholesterol-lowering effect of soy [111,112]. Soy and other vegetable proteins also 
reduce oxidized LDL due to antioxidant activity [112,113].  

4. Dietary food groups and lipoprotein 

4.1. Grains and cereal 

Based on evidence from both population and intervention studies, the recommended intake 
of whole grains of the 2005 Dietary Guidelines for Americans, is at least three ounces per 
day [114]. The Dietary Guidelines Advisory Committee (DGAC) 2010 Report emphasizes 
fiber-rich carbohydrate foods such as whole grains and vegetables, fruits, and cooked dry 
beans and peas, it specifically recommends that half of the grains consumed be whole 
grains, hence some whole grains should replace refined grains [115]. Similar 
recommendations are made by the American Heart Association [116] and the American 
Diabetes Association [117]. Whole grains are referred to as “complex” or “high-quality” 
carbohydrates, mainly due to their dietary fiber content [118], which has a beneficial effect 
on body weight, and lipid profiles because they are usually less energy-dense and more 
satiating than refined-grain foods [119] may be due to their high fiber content. Among 
whole grains, oat and barley have an advantage over wheat and brown rice in lowering 
serum lipids [120,121,122], contain viscous fibres, including β-glucacon [118] that lower 
serum cholesterol; 3.5 g of β-glucan from oats reduces LDL-C by 5% [123,124]. β-glucan 
interferes with reabsorption of bile acids and cholesterol by binding to bile acids, leading to 
increase bile acid excretion and lowering the bile acid levels in the liver and thereby 
increasing the conversion rate of cholesterol to bile acids. A viscous fiber intake of 10–25 g/d 
is recommended by the National Cholesterol Education Program’s Adult Treatment Panel 
III as an additional diet option to decrease LDL cholesterol; an intake of 5–10 g/d lowers 
LDL-C by about 5% [126].  

4.2. Fruit and vegetables 

The 2010 Dietary Guidelines for Americans, recommend consuming sufficient amounts (5-13 
servings, depending on energy needs) and a varieties of fruits and vegetables to reduce the 
risk of developing chronic diseases [115]; fruits, vegetables, or both should be emphasized at 
each meal, being major sources of vitamins C, E, and A, beta-carotene, other vitamins, fiber, 
flavonoids, and some minerals. Snacks and desserts that contain fruits and/or vegetables can 
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increase bile acid excretion and lowering the bile acid levels in the liver and thereby 
increasing the conversion rate of cholesterol to bile acids. A viscous fiber intake of 10–25 g/d 
is recommended by the National Cholesterol Education Program’s Adult Treatment Panel 
III as an additional diet option to decrease LDL cholesterol; an intake of 5–10 g/d lowers 
LDL-C by about 5% [126].  

4.2. Fruit and vegetables 

The 2010 Dietary Guidelines for Americans, recommend consuming sufficient amounts (5-13 
servings, depending on energy needs) and a varieties of fruits and vegetables to reduce the 
risk of developing chronic diseases [115]; fruits, vegetables, or both should be emphasized at 
each meal, being major sources of vitamins C, E, and A, beta-carotene, other vitamins, fiber, 
flavonoids, and some minerals. Snacks and desserts that contain fruits and/or vegetables can 
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be low in saturated fat, total fat, and cholesterol, and are very nutritious [18]. Fruits and 
vegetable intakes do not significantly change HDL cholesterol concentrations, but do decrease 
total and LDL cholesterol [9,127-132]. The protective effect of fruit and vegetables against 
CVDs is from their water-soluble and also viscous fibers (e.g. pectins) [133]. Viscous fiber 
increases fecal bile acid losses [134] and chenodeoxycholic acid synthesis [135].  

4.3. Dairy products 

Dairy products are important sources of protein, calcium, phosphorus, and vitamin D. The 
recommendation for intakes of dairy products is 2-3 serving per day; fat-free milk or 1 
percent fat milk, fat-free or low-fat cheese (e.g., ≤3g per 1 oz serving), 1 percent fat cottage 
cheese or imitation cheeses made from vegetable oils, and fat-free or low-fat yogurt are good 
choices. Fat-free milk and other fat-free or low-fat dairy products provide as much or more 
calcium and protein than whole milk dairy products, with little or no saturated fat [18].  

Recent studies confirm that milk products were associated with lower small dense LDL, and 
triglyceride concentrations, and higher HDL cholesterol [136]. In the CARDIA study, obese 
subjects with more frequent consumption of dairy products showed a trend towards lower 
risk of dyslipidaemia [137]. Minerals (calcium, magnesium), protein (casein and whey) and 
vitamins (riboflavin and vitamin B-12) have the hypocholesterolaemic effect of dairy 
product. The possible hypolipidaemic mechanism of calcium includes decreased intestinal 
absorption of cholesterol, bile acids, or fat [138], decreased fatty acid synthesis, increasing 
lipolysis, all of which lead to decreased triacylglycerol  stores [139]. Milk proteins (whey) 
[140] or peptides [141] may also play a role. Whey may act independently or synergistically 
with the calcium; attenuate lipogenesis, and accelerate lipolysis [142]. Dairy products 
contain SFAs that could affect the blood lipid profile. A recent meta-analysis of 21 
prospective cohort studies showed that the harmful effects of SFAs on CHD are still 
controversial [143]. An inverse association was shown between milk-specific fatty acids in 
serum cholesterol esters with serum cholesterol and apolipoprotein β levels [144]. 
Consumption of fat-free dairy products might decrease plasma cholesterol levels, while 
whole milk has neither a hypo- nor hypercholesterolaemic effect [139]. SFAs in dairy 
products can adversely influence CHD, although the effect of SFAs on CHD risk depends on 
the source of calories by which it is substituted to maintain energy balance [145]. Different 
dairy products have different effects on the lipid profiles. The LDL-C-raising effect of cheese 
was less than that of butter at comparable intakes of total fat and saturated fat [146,147]. 
Butter fat may increase total and LDL cholesterol by down-regulation of LDL removal from 
the circulation [148]. Fermented dairy products may have a favourite effect on lipid profiles. 
The protective effect of yogurt [139,149], a fermented dairy product, was shown to reduce 
absorption of cholesterol and therefore prevent dyslipidemia; it is thought to increase 
calcium bioavailability through its high acidity [149]. Fermented milk products may 
decrease cholesterol levels more than non-fermented products [149-151]. Probiotic yogurt 
decreased total cholesterol by 4% and LDL cholesterol by 5% [149]. A meta-analysis of 
fermented dairy products has shown a possible cholesterol lowering property, through the 
high content of probiotic bacteria [152]. 



 
Lipoproteins – Role in Health and Diseases 312 

4.4. Nuts 

Although nuts are high in fat, in most nuts the predominant fats are unsaturated. Studies 
over the last decade have demonstrated favourable effects of nuts in modifying lipid risk 
factors for CHD [153]. However, their use is not yet part of standard advice for patients with 
hyperlipidemia, despite recognized health benefits for the general population. Intake of nuts 
fits well with current American Heart Association guidelines [19] to replace dietary SFAs 
with unsaturated fats and with the National Cholesterol Education Program (NCEP) 
guidelines to increase intake of dietary MUFAs [153]. Less atherogenic plasma lipid profiles 
associated with long-term consumption of nuts [154,155]. Addition of nuts to the habitual 
diet of both normocholesterolemic and hypercholesterolemic subjects results in a significant 
reduction in plasma total and LDL cholesterol, whereas HDL remains unchanged or 
increases [155-158]. One-percent reductions in LDL cholesterol would be achieved with 
daily intakes of 4-11 g of walnuts, pecans, peanuts, macadamias, and pistachios [50,155,157-
161]. There are several components in nuts i.e. high MUFA, high PUFAs : SFAs ratio, 
proteins (specially high arginin), plant sterols, fiber, and associated phenolic substances, 
which may all contribute to the cardioprotective effect of nuts [154,162]. Also replacement of 
dietary SFAs with MUFAs due to the high MUFA content of nuts and high content of 
vitamin E in nuts reduce susceptibility of LDL to oxidation, a key event in the development 
of CVDs [233]. Consumption of almonds, either as the whole nut or the oil, lower total and 
LDL cholesterol concentrations. Addition of 100 g of almonds to the diets reduces total 
cholesterol by 9-16% and LDL cholesterol by 12-19 % in hypercholesterolemic subjects [164]; 
in one study almond consumption also reduced fasting triglyceride concentrations by 14%, 
compared with baseline [165]. Macadamia is another nut that improve lipid disturbances, 
and its inclusion as part of a healthy diet favourably altered the plasma lipid profile, despite 
the nuts being high in fat; their consumption reduced plasma total and LDL cholesterol 
concentrations and increase HDL cholesterol without any change in the triglyceride 
concentrations [166]. These changes could contribute to high MUFA intake and lower intake 
of PUFA and SFA consumption of macadamia nuts. Of nuts, walnuts are unique in 
improving dyslipidemia because they are a rich source of PUFAs, especially α-linolenic acid 
and linoleic acid; 100 g of walnuts contain 65.2 g fat; mainly from PUFAs (47.2 g) including 
α-linolenic acid (9.1 g) and linoleic acid (38.1 g) [167]. In a meta-analysis, consumption of 
walnuts resulted in decrease in total and LDL cholesterol concentrations, whereas HDL 
cholesterol and triglycerides were not affected [168]. Despite favourable effects of nuts on 
dyslipidemia, the intake of nuts should fit within the calorie and fat goal [18].  

4.5. Beans and legumes 

Legumes include a variety of beans such as navy, pinto, kidney, garbanzo, lima beans and 
peas such as split green peas or lentils. The Dietary Guidelines for Americans suggest 
consuming 3 cups of legumes per week [18, 169]. Legumes are a rich source of soluble 
dietary fiber and vegetable protein and have long been known to be hypercholesterolaemic 
foods [170,171 ]. One-half cup of cooked beans or peas can provide a range of dietary fiber 
from 4.6 g in fava beans up to 9.6 g fiber in navy beans, with a half cup of chick peas 
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reduction in plasma total and LDL cholesterol, whereas HDL remains unchanged or 
increases [155-158]. One-percent reductions in LDL cholesterol would be achieved with 
daily intakes of 4-11 g of walnuts, pecans, peanuts, macadamias, and pistachios [50,155,157-
161]. There are several components in nuts i.e. high MUFA, high PUFAs : SFAs ratio, 
proteins (specially high arginin), plant sterols, fiber, and associated phenolic substances, 
which may all contribute to the cardioprotective effect of nuts [154,162]. Also replacement of 
dietary SFAs with MUFAs due to the high MUFA content of nuts and high content of 
vitamin E in nuts reduce susceptibility of LDL to oxidation, a key event in the development 
of CVDs [233]. Consumption of almonds, either as the whole nut or the oil, lower total and 
LDL cholesterol concentrations. Addition of 100 g of almonds to the diets reduces total 
cholesterol by 9-16% and LDL cholesterol by 12-19 % in hypercholesterolemic subjects [164]; 
in one study almond consumption also reduced fasting triglyceride concentrations by 14%, 
compared with baseline [165]. Macadamia is another nut that improve lipid disturbances, 
and its inclusion as part of a healthy diet favourably altered the plasma lipid profile, despite 
the nuts being high in fat; their consumption reduced plasma total and LDL cholesterol 
concentrations and increase HDL cholesterol without any change in the triglyceride 
concentrations [166]. These changes could contribute to high MUFA intake and lower intake 
of PUFA and SFA consumption of macadamia nuts. Of nuts, walnuts are unique in 
improving dyslipidemia because they are a rich source of PUFAs, especially α-linolenic acid 
and linoleic acid; 100 g of walnuts contain 65.2 g fat; mainly from PUFAs (47.2 g) including 
α-linolenic acid (9.1 g) and linoleic acid (38.1 g) [167]. In a meta-analysis, consumption of 
walnuts resulted in decrease in total and LDL cholesterol concentrations, whereas HDL 
cholesterol and triglycerides were not affected [168]. Despite favourable effects of nuts on 
dyslipidemia, the intake of nuts should fit within the calorie and fat goal [18].  

4.5. Beans and legumes 

Legumes include a variety of beans such as navy, pinto, kidney, garbanzo, lima beans and 
peas such as split green peas or lentils. The Dietary Guidelines for Americans suggest 
consuming 3 cups of legumes per week [18, 169]. Legumes are a rich source of soluble 
dietary fiber and vegetable protein and have long been known to be hypercholesterolaemic 
foods [170,171 ]. One-half cup of cooked beans or peas can provide a range of dietary fiber 
from 4.6 g in fava beans up to 9.6 g fiber in navy beans, with a half cup of chick peas 
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providing 6.2 g of total fiber, and 1.3 grams soluble dietary fiber [169]. In a meta-analysis 
both total and LDL cholesterol decreased, while HDL cholesterol did not change 
significantly, when diets uses supplemented with non-soy legumes [169]. The 
hypocholesterolaemic property of legumes is associated with the water-soluble fibre. 
Dietary fiber in legumes is not digested in the small intestine but be fermented in the colon 
and produces short chain fatty acids such as acetate, propionate and butyrate [172,173]; that 
inhibits hydroxy-3-methylglutaryl-CoA reductase, the limiting enzyme for cholesterol 
synthesis. Dietary fiber also decrease LDL cholesterol concentration by partially interrupting 
the enterohepatic circulation of bile acids via binding to bile acids in the intestines and 
preventing their re-absorption [174]. Consequently, an increase in the production of bile 
acids decreases the liver pool of cholesterol and increases uptake of serum cholesterol by the 
liver, decreasing thereby circulating cholesterol in the blood [175]. Another 
hypercholesterolemic component of legume is phytochemicals, which has been shown to 
reduce blood cholesterol levels and is present in small to moderate amounts in many types 
of legumes, such as chickpeas [176]. Dietary modification strategies that target the reduction 
of risk factors for CVDs should include an increase in legume consumption in addition to 
other strategies which have been of proven benefit [169].  

4.6. Meat, fish, poultry and eggs 

Recommendation for intakes of meat, fish and poultry are up to 5 oz per day from lean 
meats (beef, pork, and lamb), poultry, and fish [18]. To achieve NCEP dietary goals, 
individuals are often counselled to reduce the amount and frequency of red meat 
consumption because of its hypercholestromia effects [177-179]. Cholesterol raising effects of 
red meats appears to result from high contents of SFAs [177,179]. Therefore, lean red meats 
that provide small amounts of these fatty acids do not adversely influence the blood lipid 
profile, compared with lean white meats. In isoenergetic low-fat diets, lean meat, fish and, 
poultry had similar effects on blood lipid response in both hypercholesterolemic and 
normocholesterolemic subjects [178,180,181]. Data available suggest that meat protein, per 
se, is not hypercholesterolemic [177,181,182]. The blood cholesterol-raising potential of meat 
products appears to be a function of their SFA fat and cholesterol contents. Therefore, 
substituting lean for higher fat red meat should favourably influence serum total cholesterol 
and LDL-C levels. Incorporating lean beef, fish, or poultry into the AHA diet can be 
beneficial in lower disturbances of lipid profile in patients with hypercholesterolemia 
[178,183]. Therefore the hypercholesterolemic subjects known to be at high risk for CVDs, 
could be advised to include lean fish as well as lean beef or poultry without skin in an AHA 
diet to reduce their lipoprotein disturbances [184,185]; normolipidemic subjects can also 
incorporate lean fish in an AHA diet  [184], althought it is not necessary to eliminate or 
drastically reduce intake of lean red meat consumption because it is a rich source of iron, 
zinc and vitamin B12. One of the dietary recommendations in the prevention of CVDs is to 
limit egg consumption, because they have been shown to be a major source of dietary 
cholesterol (One egg contains 200 mg/cholesterol) that increases both serum total and LDL-
cholesterol concentrations [21,86,186]. Several epidemiologic studies however found no 
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relation between egg consumption and risk of coronary heart disease [187,188], may be 
because dietary cholesterol increases not only concentrations of total and LDL cholesterol 
but also concentrations of HDL cholesterol [21,186,189,190]. Egg intake has been also shown 
to promote the formation of large LDL particles, which is less atherogenic [191]. Therefore 
dietary recommendations aimed at restricting egg consumption should not be generalized 
to include all individuals [191].  

4.7. Dietary pattern 

Using single nutrients or dietary food groups have some limitations in assessing their effect 
on lipid profiles separately because nutrients and foods are consumed in combination. To 
date, dietary patterns consider how foods are consumed in combination, and are used to 
evaluate the effects of overall nutritional habits on health status. There are two dietary 
patterns that demonstrate the beneficial effect on disturbances of lipoprotein concentrations; 
there include the dietary to stop hypertension (DASH) and the Mediterranean diet. The 
DASH dietary pattern, rich in fruits, vegetables, and low-fat dairy foods, emphasizes fish, 
poultry, and whole grains, and is reduced in total fat, SFAs and cholesterol, red meat, 
sweets, and sweetened beverages [192,193]; it lowers total, LDL and HDL cholesterols, 
without any adverse effects on triglyceride concentrations [194]; all of these coupled with 
decrease in blood pressure, reduce 10-year coronary heart disease risk of approximately 12% 
[194]. The Mediterranean dietary pattern consists of: (a) daily consumption: of non refined 
cereals and products (whole grain bread, pasta, brown rice, etc), vegetables (2 – 3 servings/ 
day), fruits (6 servings/day), olive oil (as the main added lipid) and dairy products (1 – 2 
servings/day), (b) weekly consumption: of fish (4–5 servings/week), poultry (3 – 4 
servings/week), olives, pulses, and nuts (3 servings/ week), potatoes, eggs and sweets (3 – 4 
servings/week) and monthly consumption: of red meat and meat products (4 – 5 
servings/month). It is also characterized by moderate consumption of wine (1 – 2 
wineglasses/day). Mediterranean diet is a diet poor in SFAs and PUFAs but rich in MUFA 
(oleic acid) provided by the olive oil. The ratio of MUFAs : SFAs fat ratio is high > 2 [195]. 
This diet pattern is associated with reduction in total and LDL-cholesterol, and also a 
significant effect on triglycerides and VLDL concentrations, and a small positive or no effect 
on HDL-cholesterol [196-199] and improves dyslipidemia in dislipidemic patients [200]. This 
diet also includes antioxidant vitamins and phenolic compounds, and therefore reduces 
levels of circulating oxidized LDL and increases total antioxidant capacity [201]. Beside 
these two dietary patterns, other dietary pattern such as the western, and healthy dietary 
patterns affect lipoprotein profiles. The western pattern is characterized by high consumption 
of food such as refined grains, french fries, and red meats that have detrimental effects on lipid 
profiles. The healthy pattern included non-hydrogenated fat, vegetables, eggs, and fish and 
was negatively associated with lipoprotein disturbances [202-205]. In addition of dietary 
patterns, therapeutic lifestyle change is another dietary approach that ATP III recommends to 
reduce risks for CHD. This dietary approach includes the following: 1) Reduced intakes of 
dietary SFAs (<7% of total calories) and cholesterol (<200 mg/d), 2) weight reduction, 3) 
increased physical activity, and 4) therapeutic options for enhancing LDL lowering such as 
plant stanols/ sterols (2 g/d) and increased viscous (soluble) fiber (10-25 g/d) [18]. 
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5. Dietary supplement  

5.1. Plant stanols and sterols 

Dyslipidemia may be treated with dietary interventions, including the daily consumption of 
foods with added plant stanols or plant sterols. Plant sterols are isolated from soybean and 
tall pine-tree oils. Also some foods such as macadamia nuts are a rich source (1.28 mg/g 
lipid) of plant sterols. Plant sterols can be esterified to unsaturated fatty acids, creating sterol 
esters, to increase lipid solubility. Hydrogenating of sterols produces plant stanols. Plant 
stanols and sterols are available in commercial margarines. Daily consumption of 2 g plant 
stanols or plant sterols, expressed as free plant stanol or plant sterol equivalents improves 
dyslipidemia [18]. FDA confirms a daily dose of plant sterols and stanols of 2 g per day as 
safe, a dose which reduces LDL cholesterol by 10% [206], with little or no change in HDL 
cholesterol or triglyceride levels. There were no apparent added benefits at higher doses of 
palnts stanols and sterols. Plant stanols and sterols compete with absorption of dietary 
cholesterol and bile acid [8]. The consumption of plant stanols and sterols is an effective 
LDL cholesterol lowering strategy for patients who are undergoing statin therapy. The lipid-
lowering response to combined plant stanols and sterols/statin therapy target both intestinal 
and hepatic cholesterol metabolism. Consumption of plant stanols and sterols reduces 
intestinal cholesterol absorption and reduces hepatic cholesterol synthesis. Consumption of 
statins simultaneously with plant stanols and sterols inhibit hepatic cholesterol synthesis 
and therefore reduce in LDL cholesterol concentrations [8]. Plant sterols/stanols reduce 
absorption of dietary carotenoids, and decrease levels of plasma betacarotene; therefore 
increased intakes of fruits and vegetables are recommended with consumption of plant 
stanols/sterols[18]. 

5.2. Herbal 

There is a need to identify additional non-pharmacologic therapeutic options for cholesterol 
lowering. There is also a need to find products that are more practical for the consumer than 
viscous fiber and plant stanols and sterols to permit widespread adoption.  

5.2.1. Flavonoid 

Flavonoids have 2 aromatic rings that are bound by an oxygenated heterocyclic ring. On the 
basis of their chemical structure, they are divided into several subclasses: flavones, 
flavonols, flavanones, flavan-3-ols, anthocyanins and isoflavones. Flavones and flavonols 
are found in leaf vegetables and onion. Flavanones are mainly found in grapefruits and 
citrus fruits. Tea and cocoa are the richest sources of flavan-3-ols. Soy and soy products such 
as tofu, and miso are the main sources of isoflavones [207,208]. Although increased 
resistance of LDL to oxidation was observed after treatment with various synthetic 
pharmaceutical agents, an effort is made to identify natural food products which can offer 
antioxidant defense against LDL oxidation. Polyphenolic flavonoids are powerful 
antioxidants and their antioxidative capacity is related to their chemical structure [209]. 
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Incubation of LDL with flavonoids protects the lipoprotein against oxidation [210]. Certain 
flavonoids such as querectin could have a potentially protective role in suppression of LDL 
oxidation, regardless of the effect of antioxidant vitamins [211] via scavenging radicals and 
reduce total and LDL cholesterol concentrations, by reducing the hepatic lipogenesis [212]. 

5.2.2. Tea 

The effect of tea on lipid profiles is uncertain. Although some studies have found no lipid-
lowering effects from green or black tea consumption, most showed hypolipidemic effects 
for tea [213-218]. The association between tea drinking and lipid profile concentrations was 
linear for up to 10 cups per day, beyond which the association disappeared [219]. Daily 
consumption of 10 cups of green tea was associated with a reduction of approximately 2% in 
serum total cholesterol [219]. Tea also is a major source of flavonoids, the predominant ones 
in green tea being catechins. Theaflavins are polyphenol pigments present in black tea, 
formed from the polymerization of catechins during fermentation of green tea [220]. 
Catechins reduce intestinal cholesterol absorption [221], reduce hepatic cholesterol content 
[222] and increase fecal excretion of total fatty acids, neutral sterols, and acidic sterols [223] 
and up-regulate the LDL receptor in liver cells [224]. Polyphenol in black tea also increases 
fecal excretion of total lipids and cholesterol [225]. 

5.2.3. Chocolate 

The beneficial effects of chocolate on healthy humans have been widely addressed in recent 
years. Supplementation of cocoa products affects lipid profiles in subjects with 
cardiovascular-related diseases such as hypercholesterolemia, glucose intolerance, and 
hypertension as well as healthy individuals [226-228]. Consumption of cocoa and dark 
chocolate increase the concentration of HDL cholesterol [229] and plasma antioxidant 
capacity, decrease the formation of lipid oxidation products, and inhibit the oxidation of 
LDL [230]. In a meta-analysis study, cocoa was associated with small decreases in total and 
LDL cholesterol, but not HDL cholesterol concentrations [231]. Cocoa products contain more 
polyphenols than teas. A particular group of flavonoids, namely, the flavan-3-ols was found 
in chocolate (flavanols) [232]. Moderate consumption of cocoa or dark chocolate, have 
potential health benefits [231], however, a high dose of polyphenols has been shown to exert 
cytotoxic effects on liver cells [233] and higher polyphenol supplementation may counteract 
its beneficial biological effects on lipid metabolism [234]. 

5.2.4. Fenugreek  

Fenugreek (Trigonella foenum-graecum), an annual medicinal plant of the Fabaceae family 
is well documented for its pharmacological properties. Fenugreek seeds have been 
historically used for the treatment of various chronic diseases such as diabetes, 
dyslipidemia, and obesity [235,236 ]. The seeds of Fenugreek contain many nutrients 
including protein, carbohydrates, fat, vitamin, and minerals, fiber, saponins, choline and 
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trigonelline, polyphenolic flavonoids, steroid saponins,  polysaccharides mainly 
galactomannans and 4-hydroxyisoleucine [237,239], the fiber and saponin components of the 
seeds have been shown to have hypocholesterolemic effect [240], and the beneficial effect of 
raw fenugreek seeds on elevated serum cholesterol levels has been well established [241]. 
Raw fenugreek seeds reduce serum total cholesterol, LDL cholesterol, VLDL cholesterol and 
triglyceride concentrations, without altering the HDL fraction [242]; intakes of 20–25 g in 
three divided doses yielded maximum benefit in the control of cholesterol concentrations 
[243]. Its use as a dietary adjunct however is limited because of its bitterness. Soaking and 
washing of fenugreek seeds in water overnight removes the bitterness to a certain extent 
and makes then edible [243,244]. 

5.2.5. Ginseng 

The beneficial metabolic effects of ginseng on lipid profiles as a hypolipidemic agent were 
reported over 20 years ago [245-247]. Ginseng leads to reduction of cholesterol and 
triglyceride concentrations in liver and serum. Administration of red ginseng powder and 
extract reduces plasma total cholesterol, triglycerides, FFA, and increased HDL-C [248,249 ]. 
Ginseng saponins may decrease blood cholesterol concentrations by increasing cholesterol 
excretion through bile acid formation [249,250]. Ginsenoside, one of active components of 
ginseng saponins, may accelerate serum cholesterol turnover by increased cholesterol 
degradation and excretion in the feaces notwithstanding increased hepatic cholesterogenesis 
[250,251]. Ginseng saponins as ginsenosides increase LDL receptors by promoting the 
synthesis of LDL receptors[252].  

5.2.6. Ginger 

Ginger has been listed in the ‘‘Generally Recognized as Safe’’ by FDA [338]; fresh ginger 
rhizome contains polyphenolic compounds such as gingerols; zingerone, which is the major 
active component and gingerol, is one of the most abundant constituents in the gingerol 
series and also responsible for its characteristic pungent taste [253,254]. Ginger oleo-resin 
and dried ginger rhizome reduce hypercholesterolaemia. The speculated mechanism for 
these compounds is by disrupting cholesterol absorption from the gastro-intestinal tract 
[255], which may be due to the presence of niacin in ginger, and it causes increased 
clearance of VLDL, lowers triglyceride levels, increases hepatic uptake of LDL and 
inhibition of cholesterogenesis [256]. Ginger powder significantly reduces the extent of lipid 
peroxidation and improves plasma antioxidant capacity, which decreases plasma-free 
radicals [257]. Moreover, polyphenolic flavonoids present in ginger may prevent coronary 
artery disease by reducing plasma cholesterol levels or by inhibiting LDL oxidation [258]. 
Reduction in serum triglycerides is dose dependent; doses of 200 and 400 mg/kg of ginger 
are more effective as antihypercholesterolaemics than atorvastatin when given for 4 weeks 
and are equivalent to it when given for shorter period under the same conditions of diet and 
life style for the treatment of the same pathologic condition. The triglyceride lowering effect 
of ginger may be due to ginger’s ability to enhance lipase activity [255].  



 
Lipoproteins – Role in Health and Diseases 318 

5.2.7. Licorice 

Licorice root, derived from the plant Glycyrrhiza glabra is used widely in Asia as a 
sweetener or a spice, contains flavonoids from the flavan and chalcone subclasses, and has a 
antioxidative properties [259]. Licorice-derived glabridin binds to the LDL particle and 
protects it from oxidation by its capacity to scavenge free radicals and its property to reduce 
the LDL aggregation [260,261].  

6. Conclusion 

Diet therapy is the initial recommended intervention for prevention of and managing 
disturbances of lipoprotein concentrations, prior to advancing to drug therapy. Further 
research on the association between dietary components and lipoprotein disturbances is 
recommended. 
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1. Introduction 

Cyclosporin A (CsA) is an immunosuppressant drug widely used in organ transplant 
recipients and patients with auto-immune disorders. Long-term treatment with CsA is 
associated with hyperlipidemia and an increased risk of atherosclerosis. The mechanisms by 
which cyclosporin A causes hyperlipidemia are unclear. Cell and animal studies have 
pointed to various mechanisms that may mediate CsA-induced hyperlipidemia. In this 
review we will give an overview of CsA-induced hyperlipidemia, with a focus on the data 
available that might explain the underlying mechanism(s) and describe the available 
treatment regimes used to treat hyperlipidemia induced by immunosuppressant drugs. 

2. Hyperlipidemia in humans after solid organ transplantation 

Hyperlipidemia is observed in about 60% of kidney, liver, cardiac and bone marrow 
transplants after treatment with CsA (for review see [1,2]. There are multiple factors 
potentially contributing to hyperlipidemia in these patients, such as post-transplantation 
obesity, multiple drug therapy and diabetes. The concurrent use of steroids in particular, 
makes it hard to establish a direct contribution of CsA to dyslipidemia in humans, as 
corticosteroids are known to exacerbate hyperlipidemia in transplant recipients [3,4].  

Studies investigating plasma lipids after CsA monotherapy are limited [4,5,6,7,8,9] and only a 
few studies have directly compared the combination of CsA therapy with low dose 
prednisolone with other immune suppressing strategies in combination with low dose steroids 
[10,11]. In general, these studies indicate that CsA treatment can independently lead to 
elevated plasma triglyceride and cholesterol levels in humans and that these effects are 
reversible upon cessation of immunosuppression therapy (Table 1). Animal studies (reviewed 
in [12]), where the effect of CsA can be studied in a more controlled background, indicate that 
CsA directly raises plasma lipid levels in rats, mice, guinea pigs and rabbits, and have proven 
that animals are valuable models to study mechanisms of CsA-induced hyperlipidemia.  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Treatment Patients Patient 
number  

Duration Lipid effects Reference 

Monotherapy Amyotrophic 
lateral 
sclerosis 

36 2 mnths TC (21%) 
LDL-C (31%) 
apoB (12%) 
TG = 
HDL = 

[5] 

Monotherapy Autologous 
bone marrow 
transplants 

13 32 days TC (26%) 
LDL-C   
HDL-C   
TG = 
VLDL-C = 

[13] 

Monotherapy Renal 
transplants 
 

59 3-6 and 12 
mnths 

TC = 
LDL-C = 
apoB  
TG  
HDL-C  
apoA-I  

[8] 

Monotherapy Renal 
transplants 

58 >1 yr TC  
LDL-C  
apoB  
TG  
VLDL-C = 
HDL-C  
HDL2-C = 
HDL3-C  

[14] 

Monotherapy  
and CsA/pred 

Bone marrow 
transplants 

180 100 days TC  
LDL-C  
apoB  
TG  
VLDL-trig  
VLDL-C = 
HDL  
HDL2  
HDL3 = 
apoA-I  

[4] 

Monotherapy Psoriasis 15 3 mnths TC  (22%) 
LDL-C  (35%) 
TG = 
VLDL-C = 
HDL-C = 

[9] 
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Treatment Patients Patient 
number  

Duration Lipid effects Reference 

ALG/aza/cort v 
CsA/ALG/aza/cort 

Renal 
transplants 

702 52 wks TC (20%)
LDL-C  
TG  
HDL-C = 

[7] 

Aza/pred v CsA v 
CsA/pred 

Renal 
transplants 

9 3 mnths TC 
LDL-C  (45%) 
TG = 
VLDL-C = 
HDL-C =

[6] 

Aza/pred v 
CsA/pred 

Renal 
transplants 

20 7.7 yrs TC 
LDL-C  
apoB  
TG  
VLDL-C  
HDL-C 

[10] 

ALG, Minnesota antilymphocyte globulin; aza, azathioprine; cort, corticosteroids; pred, prednisolone 
TC, total cholesterol; TG, total triglyceride; LDL, low density lipoprotein; VLDL, very low density lipoprotein; HDL, 
high density lipoprotein; apo, apolipoprotein; 

Table 1. Effect of CsA on plasma lipid parameters in humans 

2.1. Plasma VLDL  

Triglyceride-containing VLDL particles are produced in the liver via lipidation of 
apolipoprotein B (apoB) by microsomal triglyceride transfer protein (MTP), generating 
triglyceride-poor (VLDL2) as well as triglyceride-rich VLDL (VLDL1) particles, both of 
which can be secreted [15]. In plasma, VLDL is converted to intermediate-density 
lipoprotein (IDL) by lipoprotein lipase (LPL). IDL can be further hydrolyzed by lipases to 
low density lipoprotein (LDL). CsA increases plasma VLDL levels in transplant recipients 
and a concomitant increase in plasma apoB levels is observed [4,10,11]. It is unclear whether 
both plasma VLDL1 and VLDL2 levels are elevated. In contrast to LDL levels, plasma 
triglyceride and VLDL levels appear to increase only after long-term treatment with CsA 
(Table 1 and [8]) 

Hypertriglyceridemia in transplant patients is associated with increased plasma 
apolipoprotein CIII  (apoCIII) levels [16,17,18] and decreased lipase activity (see below). As 
apoCIII inhibits LPL and hepatic lipase (HL) as well as uptake of triglyceride lipoprotein in 
liver, the increase of apoCIII may be an important contributor to hypertriglyceridemia 
found in transplant patients. 

2.2. Plasma LDL  

Plasma LDL levels appear to be consistently elevated by CsA [4,5,6,7,9,10,13,14] even in 
patients where plasma VLDL levels are not altered [5,6,9,13]. A correlation between CsA 
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levels and plasma LDL-C has been described in some studies [19], but was not observed 
in others [5,20]. Regulation of plasma LDL levels is complex, depending on hepatic VLDL 
production, subsequent lipolysis of VLDL, clearance of LDL via the LDL receptor (LDLr) 
in the liver and conversion into bile. CsA may affect LDL metabolism at several levels 
(section 3.2).  

2.3. Plasma HDL  

Total plasma HDL levels are inversely correlated with the risk of cardiovascular disease 
[21]. HDL particles are however heterogeneous in size and composition, and occur as 
HDL2a, HDL2b, HDL3a, HDL3b and HDL3c which are progressively smaller in diameter 
and contain higher protein to lipid ratios. The precise contribution of various HDL 
subclasses to cardiovascular disease is currently unclear [21,22]. Plasma HDL cholesterol 
levels are determined by production of nascent HDL particles in the liver and intestine, by 
plasma transfer reactions of lipids between HDL and lipolysed triglyceride lipoproteins 
such as VLDL or chylomicrons, hepatic uptake of HDL lipids via the scavenger receptor 
class B1 (SRB1) HDL receptor in the liver, and renal clearance of small, lipid-poor apoA-I 
particles. Nascent HDL particles are formed by lipidation of apolipoprotein A-I (apoA-I) via 
the ATP-binding cassette transporter-1 (ABCA1) located in cellular membranes, although 
ABCA1-independent pathways of apoA-I lipidation also exist [23]. The formed lipid-poor 
HDL particles acquire more lipid after interaction with ABCG1 and mature by the 
subsequent esterification of cholesterol by lecithin-acyl transferase (LCAT). Further 
remodeling occurs by phospholipid transfer protein (PLTP) generating HDL2. HDL2 can be 
converted into HDL3 by hydrolysis via lipases and by transfer of cholesteryl esters to 
triglyceride-containing lipoproteins with the reciprocal exchange for triglycerides, which is 
mediated by cholesteryl ester transfer protein (CETP).  

Immunosuppressive therapy has been reported to increase, decrease or leave HDL levels 
unaffected [5,10,11,24]. Parallel changes in plasma apoA-I levels are usually observed. 
Increased HDL levels are observed in most transplant patients, but this is most likely related 
to the concomitant treatment with steroids, which are known to increase plasma HDL [3]. 
CsA may affect particular subclasses of HDL more than others. Independently of steroids, 
plasma HDL levels, especially the HDL3 subpopulation, were found to inversely relate to 
plasma CsA levels [19]. In a study of bone marrow transplant recipients CsA decreased total 
plasma HDL, and in particular HDL2 [4]. In rats, a similar decrease in plasma HDL and 
HDL2 levels was observed after CsA treatment [25]. A recent study performed in pediatric 
renal transplant recipients showed that although total plasma HDL levels were not changed 
with CsA treatment, the relative proportion of HDL2b decreased while the relative 
proportion of HDL3a, HDL3b and HDL3c increased [26]. This is important as decreased 
HLD2b with increased HDL3b is associated with an atherogenic lipoprotein phenotype 
characterized by increased triglycerides and small dense LDL [27]. This result also emphases 
that simple monitoring of total HDL cholesterol may be insufficient to understand the 
consequences of CsA on HDL biology.  
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2.4. Plasma lipoprotein (a) 

Lipoprotein (a) [Lp(a)] is a LDL-like lipoprotein consisting of LDL with one molecule of 
apoB covalently linked to a molecule of apolipoprotein (a). Plasma Lp(a) levels, and 
especially certain genetic Lp(a) variants, are independently associated with an increased risk 
for CVD [28,29]. Elevated Lp(a) plasma levels have been observed in renal transplant studies 
[14,30] this was however, not observed by others [31]. Although some studies suggested 
normalization of elevated Lp(a) levels after successful transplantation due to improved 
kidney function [31,32], CsA treatment has been indicated to independently increase Lp(a) 
levels in renal transplant recipients [8,14,33]. The mechanisms by which CsA affect plasma 
Lp(a) levels are unexplored, but may involve similar mechanisms to that of elevation of 
plasma LDL levels. As the LDLr does not play a major role in the clearance of Lp(a), the 
mechanism however, is unlikely mediated via effects of CsA on the LDLr (see section 3.2.1). 

2.5. Qualitative differences in lipoproteins  

2.5.1. Particle changes  

Elevated plasma triglyceride levels are associated with the formation of triglyceride rich 
LDL particles that are more atherogenic [34]. A high prevalence of smaller denser LDL 
particles is observed in transplant recipients [35] and appears to be associated with CsA 
therapy [26,36]. Inhibition of lipoprotein lipase (LPL) activity is associated with the 
formation of small dense LDL subclasses. As apoCIII inhibits lipase activity, increased 
plasma apoCIII levels observed with CsA-treatment may explain inhibited lipase activity 
and subsequent increase in small dense LDL particles [17]. In addition decreased lipase 
activity could contribute to decreased HDL2 subclasses observed, while effects on CETP by 
CsA may help explain increases in HDL3 subfractions (see section 2.3 and 3.1.2). 

2.5.2. Interaction of CsA with plasma lipoproteins 

In whole blood CsA is primarily transported bound to lipoproteins (33%) and erythrocytes 
(58%) and whole blood CsA levels correlate with lipoprotein levels [37,38]. In vitro and in 
vivo studies show that in serum from healthy patients 50-60% of CsA is bound to HDL, 20-
30% to LDL, 10-25% to VLDL with 10-15% bound to the non-lipoprotein proteins 
[39,40,41,42]. However, the proportion of CsA bound to the LDL and VLDL fractions 
increases in hyperlipidemic serum, without changing the amount bound to free protein 
[40,41], indicating that the distribution of CsA between the lipoprotein classes will change as 
plasma lipoprotein concentrations change. The binding of CsA to lipoprotein particles may 
also depend on lipoprotein composition. For example, Wasan et al. [41] showed that high 
triglyceride content of HDL was associated with a decreased percentage of CsA recovered in 
the HDL fraction and an increased percentage recovered in the VLDL fraction. Interestingly, 
treatment of patients with lipid lowering agents, such as statins have been reported to 
increase the unbound fraction of CsA and clearance of CsA in plasma [43]. 

Concerns have been raised about changes to the bioavailabilty and activity of CsA resulting 
from its binding to lipoproteins, especially as decreased CsA activity and increased toxicity 
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have been observed in patients with hyperlipidemia [42,44]. CsA levels are higher in 
hyperlipidemic patients due to decreased clearance which was reversed after lipid-lowering 
with fibrates (reviewed in [37]). In vitro studies using skin fibroblasts indicate that CsA 
bound to LDL does not affect binding to cells via the LDLr, but uptake of CsA is inhibited 
[45]. These studies were confirmed in HepG2 and Jurkat Tcells which showed decreased 
uptake of CsA in the presence of LDL [40]. In line with these findings, uptake of CsA in 
tissues from rats was reduced when CsA was co-injected with lipoproteins [46].  

3. Mechanisms of CsA-Induced hyperlipidemia – What we learn from 
cell and animal studies 
As the effects of CsA in humans are confounded by many factors such as other medication, 
obesity, insulin resistance and nutritional status, cell and animal studies are useful to 
elucidate the mechanism(s) of CsA-induced hyperlipidemia. Figure 1 depicts the reported 
CsA-effects on VLDL, LDL and HDL metabolism. 

3.1. VLDL 

3.1.1. Effects of CsA on VLDL synthesis and secretion 

CsA decreased apoB translocation over the endoplasmic reticulum (ER) membrane in the 
human liver cell line HepG2 [47]. It was suggested that this was due to a reduction in the 
efficiency of lipid transfer by inhibition of MTP, however whether MTP activity is inhibited 
by CsA was not investigated. These findings are in line with the report from Kaptein et al. 
[48], which showed that CsA inhibits VLDL and apoB secretion from HepG2 cells, by post-
translational mechanisms. In contrast, in mice, CsA increased the rate of hepatic VLDL 
secretion in vivo, while total apoB secretion was unaffected [49]. No effect of CsA on levels of 
VLDL receptors in either adipose tissue or skeletal muscle were found [50] suggesting that 
VLDL uptake may not be affected by CsA. There are no studies that we are aware of 
studying the effect of CsA on in vivo VLDL synthesis in humans.  

3.1.2. VLDL metabolism  

Inhibition of lipolysis by CsA could contribute to increased plasma VLDL and reduced HDL 
concentrations. Various studies have investigated lipase activity in patients, but results may 
be confounded by co-treatment with steroids. HL activity was increased in cardiac 
transplant patients and correlated with CsA dose while lipoprotein lipase (LPL) activity was 
decreased in these patients [51]. Others have shown decreased HL as well as LPL activity in 
kidney transplant recipients [52]. More directly, Tory et al [53] showed suppression of LPL 
activity in plasma from normolipidemic subjects treated with CsA, while in rats, CsA dose- 
and time-dependent decreased plasma LPL activity [24]. In addition, LPL abundance in 
skeletal muscle and adipose tissue was decreased in rats [50]. These latter studies suggested 
CsA can inhibit LPL activity independently of steroids. Although the precise mechanism of 
CsA-inhibited LPL activity is unknown, it helps to explain increased triglyceride levels 
observed after CsA treatment. 
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Some studies show reduced cholesteryl ester transfer protein (CETP) activity in transplant 
recipients [54]. In contrast, CsA directly added to human plasma ex vivo increased CETP 
activity [53]. These apparently anomalous results may relate to differences between the 
direct effects of CsA on CETP itself and indirect effects secondary to changes in the 
concentrations of other lipoproteins, but remain unexplained. Since CETP transfers 
cholesteryl ester from HDL to apoB-containing lipoproteins with reciprocal transfer of 
triglycerides, any effect of CsA on CETP activity could be expected to have major effects on 
plasma lipoprotein profiles.  

3.2. LDL 

3.2.1. LDL synthesis and catabolism  

We have recently reviewed this literature in detail [55]. There appear to be conflicting 
conclusions arising from in vitro and in vivo studies. One of the key discrepancies is the role 
of LDLr expression and LDL clearance by the liver in mediating CsA-hyperlipidemia. In 
general, in vitro studies are consistent with a role for decreased LDL receptor expression or 
activity in liver cells after exposure to CsA [48,56]. In vivo studies however, show mixed 
effects, with no effect or an increase in hepatic LDLr protein or mRNA levels [49,50]. 
Similarly 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoAr), the rate limiting 
enzyme in cholesterol synthesis, mRNA levels were upregulated in HepG2 cells and mouse 
liver after CsA, but hepatic HMG-CoA reductase protein levels in rat liver were unaffected 
by CsA treatment [49,50,57]. In rats, CsA decreased the fractional catabolic rate of LDL [58]. 
One very important consideration is the difference in concentrations of CsA used in in vitro 
studies relative to those achieved in vivo under normal transplant immunosuppression. In 
vitro studies commonly use concentrations of 10 μg/ml whereas plasma levels of CsA in 
humans and in animal studies are typically in the order of 100 ng/ml. This apparent 10-fold 
difference in concentration may underestimate the difference in effective concentrations 
tested in vivo and in vitro studies because of the complicating effects of in vivo 
hyperlipidemia, which under some circumstances can lessen the effective concentration of 
CsA delivered to some tissues [46]. 

3.3. HDL 

CsA effects on plasma HDL and HDL subclasses may be mediated by effects on the 
synthesis and/or formation of HDL as well as by effecting remodeling of HDL through 
changes in lipase and/or CETP activity (see 3.1.2) 

3.3.1. Effect of CsA on HDL synthesis and formation 

In vitro studies have indicated that CsA potently inhibits ABCA1 activity thereby inhibiting 
apoA-I lipidation, the first step in HDL formation [59,60,61]. This was associated with 
decreased ABCA1 turnover and an increase in total and cell-surface levels of ABCA1 [59]. 
Uptake, Internalization and re-secreton of apoA-I were however decreased by CsA, 
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suggesting that ABCA1 trapped at the plasma membrane is dysfunctional [59,60]. In vivo 
studies using wild type C57Bl6 mice corroborated these in vitro findings. CsA lowered 
plasma HDL levels after 6 days of treatment [59]. A lowering in plasma HDL in mice was 
however not observed by others after long-term treatment of mice with CsA combined with 
a high fat diet [62]. As many aspects of lipid metabolism can be affected by CsA, it may be 
difficult to determine a causal effect on HDL levels via ABCA1 inhibition in an in vivo whole 
body system NB.  

Direct effects of CsA on the expression of ABCA1 and apoA-I have also been reported and 
may contribute to the changes in HDL formation. The target of immunosuppression by CsA, 
Nuclear Factor of activated T-cells, cytoplasmic 2 (NFATc2), was found to bind the mouse 
ABCA1 promoter and mediate CsA-inhibition of ABCA1 expression by inflammatory 
stimuli [63]. In addition CsA has been found to inhibit apoA-I gene expression in human 
HepG2 cells and rats [64]. A recent proteomic study in HepG2 cells showed that CsA 
decreased secretion levels of apoA-I suggesting that the transcriptional effects of CsA on 
apoA-I expression may lead to decreased amounts of secreted apoA-I [65]. 

3.3.2. Effects on HDL metabolism 

As mentioned above (section 3.1.2), CsA directly suppresses LPL activity and increases 
CETP activity in human plasma and animals (section 3.1.2). LPL activity is strongly 
associated with plasma HDL2 concentrations [66], and decreased LPL levels in CsA 
treatment may therefore contribute to decreased HDL2 levels [4,25]. On the other hand, 
increased CETP activity will generate triglyceride-rich HDL, which is converted to smaller 
HDL3 particles by HL [66].  

3.4. Effects on bile acid synthesis and secretion  

3.4.1. Effects on bile synthesis  

In liver, cholesterol is converted to bile acids by 7-hydroxylase (CYP7) or 27-hydroxylase 
(CYP27A1) [67]. In healthy humans, CYP7α is considered the predominantly pathway while 
CYP27A1 accounts for 10% of bile acid synthesis and subsequent formation of 
chenodeoxycholate. However inhibition of Cyp7α can increase the contribution of the 
CYP27A1 pathway [68]. In vitro studies show that CsA inhibits both CYP27A1 activity and 
subsequent formation of chenodeoxycholate in human and animal liver extracts and in 
primary hepatocyte cultures [57,69,70,71]. A CsA responsive element has been mapped on 
the CYP27A1 promoter [72], indicating that CsA affects transcription of the CYP27A1 gene 
directly. In most of the in vitro studies, CYP7α activity was not affected by CsA [69,70]. In 
vivo, in rat however, CsA decreased CYP7α protein levels [50], indicating that the 
predominant bile acid synthesis pathway may also be affected by CsA. The inhibitory effect 
of CsA on bile synthesis is suggested to contribute to increased plasma lipid concentrations 
in transplant recipients. Radioisotope studies performed in children after liver 
transplantation demonstrated that CsA treatment significantly inhibits bile salts synthesis 



 
Lipoproteins – Role in Health and Diseases 344 

suggesting that ABCA1 trapped at the plasma membrane is dysfunctional [59,60]. In vivo 
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rates, especially that of chenodeoxycholate and that bile acid synthesis rate inversely 
correlates with plasma cholesterol and triglyceride levels [73].  

 
Figure 1. Mechanisms of CsA-mediated hyperlipidemia. Figure only displays pathways that are 
reported to be affected by CsA. 1) Inhibition of VLDL formation via inhibition of MTP, 2) Increased and 
decreased secretion of VLDL particles have been reported, 3) Decreased lipolysis of VLDL due to 
increased apoCIII and subsequent inhibition of LPL, 4) hypertriglyceridemia by increased CETP 
activity, 5) Increased LDL due to decreased LDLr expression as well as activity, 6) Increased liver FC 
content leading to decreased LDLr levels, 7) Increased and decreased levels of HMG-CoAr affecting 
cholesterol synthesis, 8/9) Inhibition of bile acid conversion via CYP27A1 or CYP7α leading to increased 
liver FC levels, however in most studies Cyp7 is not affected by CsA. NB: decreased CYP27A1 activity 
can increase HMG-CoAr levels via negative feedback, 10) Decreased flow of bile salts, cholesterol and 
phospholipids into bile, 11) Decreased expression and secretion of apoA-I, 12) Inhibition of ABCA1 
expression, 13) inhibition of apoA-I lipidation via inhibition of ABCA1 activity 14) Stimulation of HL 
and CETP leads to increased formation of HDL2 to HDL3, however decreased HL activity has also been 
reported. VLDL, very low density lipoprotein; IDL, intermediate density lipoprotein; LDL, low density 
lipoprotein; HDL, high density lipoprotein; AI, apolipoprotein A-I, B, apolipoprotein B; CIII, 
apolipoprotein CIII; MTP, microsomal triglyceride transfer protein; LPL, lipoprotein lipase; HL, hepatic 
lipase; CETP, cholesteryl ester transfer protein; ABCA1, ATP-binding cassette transporter-1; SRB1, 
scavenger receptor class B1; LDLr, LDLreceptor; VLDLr, VLDLreceptor; PL, phospholipid; FC, free 
cholesterol; HMG-CoAr, 3-hydroxy-3-methyl-glutaryl-CoA reductase; CYP7, 7-hydroxylase; 
CYP27A1, 27-hydroxylase; MRD, multidrug resistance protein; BSEP, bile salt export protein. 
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The effects of CsA on CYP27A1 may relate to effects of CsA on cholesterol metabolism. 27-
hydroxycholesterol is a potent negative feedback regulator of HMG-CoA reductase [74] and 
decreased CYP27A1 activity may therefore explain increased HMG-CoA reductase mRNA 
and cholesterol levels [57]. Although important in macrophages, it should be noted however 
that it is not clear whether such a feedback loop exists in liver cells [75]. Increased cholesterol 
synthesis could subsequently lead to downregulation of LDLr levels as observed in some CsA 
studies, also contributing to increased plasma cholesterol levels (see section 3.2.1).  

Besides effects on bile acid synthesis CsA may affect bile flow. CsA treatment is associated 
with increased plasma bile acid concentrations and cholestasis in humans as well as in 
animal models [9,52,76]. Studies in rat indicate that bile flow and the secretion of bile salts, 
proteins and lipids into the bile are dose-dependently inhibited by CsA [52,76,77]. 
Interestingly, the changes in serum levels of bile acids are consistent with CsA-mediated 
inhibition of hepatocellular uptake of individual bile acids [78,79]. The inhibitory effect was 
greater for phosholipid secretion than that for cholesterol [80] and in some studies no 
inhibition of cholesterol excretion was observed [81], suggesting differential effects on 
transport mechanisms. Transport pumps involved in bile synthesis and secretion belong to 
the family of the ATP-binding cassette transporters which include, multidrug resistance 
proteins (MDR) and P-glycoprotein, and most of which are effectively inhibited by CsA 
[79,82]. Interestingly, comparison of the bile salt export pump (BSEP) activity from different 
species, showed that CsA inhibits bile salt transport with species and bile salt specific variation 
[83]. Rat BSEP was for example more effectively inhibited than mouse BSEP. Biliary cholesterol 
secretion is mediated via ABCG5 and ABCG8 [84]. Although both members of the ATP-
binding cassette family, it has not been investigated whether CsA inhibits ABCG5/8 activity. 
As phospholipids are transported via MDR3, it is likely that differences in efficacy of CsA 
between inhibition of MRD3 and ABCG5/8 exist. It is clear that CsA can affect bile flow and 
secretion in cultured cells and animal models. It should be noted however, that in humans no 
inhibitory effect of CsA on secretion of bile acids and lipids or on bile composition after liver 
transplantation was observed [85]. Others have shown that although cholate synthesis was 
reduced by CsA, compensatory increased intestinal absorption counteracted this decrease [86]. 
It remains therefore unclear to what extent inhibition of bile flow and secretion by CsA are 
contributing to hypercholesteremia in vivo.  

4. Therapies to address hyperlipidemia 
Hyperlipidemia is associated with significant morbidity and mortality rates in transplant 
recipients [87]. Many strategies have been investigated to target dyslipidemia in transplant 
patients. A number of excellent comprehensive reviews have been published on the clinical 
management of hyperlipidemia and its risks (eg [88,89]). We will therefore restrict our 
comments to a very brief summary of this area. 

4.1. Statins 

Statins inhibit HMG-CoA reductase, the rate limiting enzyme in the cholesterol synthesis 
pathway and are world-wide the drug of choice to lower plasma LDL-C levels. Various 
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statins have been tested in transplant patients and all show significant lowering of plasma 
cholesterol, LDL-C and apoB levels with some indicating improved survival rates (for 
review see [88,89,90]). A randomized trial, investigating the safety and efficacy of statins in 
renal transplant patients, the Assessment of LEscol in Renal Transplantation (ALERT) study, 
showed that fluvastatin effectively lowered LDL-C by 32% and reduced cardiac death and 
non-fatal myocardial infarction incidence significantly [91]. Importantly, statins may 
provide beneficial effects other then their lipid-lowering properties [92]. Wissing et al [93] 
reported improved flow mediated brachial artery vasodilatation by atorvastatin in kidney 
transplant patients and significant reductions in acute rejections have been observed in 
cardiac transplant patients [94]. 

Rhabdomyolysis, one of the few serious side effects of statins, is more common with high 
dose statin treatment. The risk is elevated in patients with renal disease and in patients 
taking drugs affecting statin metabolism, especaily in those taking CsA [88,89]. All statins 
have the potential to interact with CsA, as CsA substantially increases plasma levels of all 
statins. Although this is most notable for those metabolized via the Cyp3A4 pathway, statins 
not metabolized via the Cyp3A4 pathway [95] such as pravastatin and fluvastatin are also 
affected [95], suggesting that the interaction of CsA and statins may involve other 
mechanisms such as inhibition of drug transporters. Simvastatin poses the highest risk of 
myopathy, and particular care must be taken with higher doses of this agent, with 
recommendations that doses of 10mg/d are not exceeded in transplant patients [89]. Because 
statin therapy has been associated with mortality benefit after transplantation, correction of 
hyperlipidemia using lower doses of statins is mandatory after transplantation. Therefore 
careful clinical monitoring of patients as well as measurement of creatine kinase levels to 
detect muscle injury is advised, and the use of statins that are not metabolized via CYP3A4, 
such as fluvastatin or pravastatin may be preferential [95].  

4.2. Fibrates 

Fibrates lower plasma triglyceride levels via activation of the Peroxisome Proliferator 
Activated Receptor alpha (PPARα) and may be useful in transplant patients with elevated 
plasma triglycerides especially in combination with statin treatment to lower plasma 
cholesterol levels. Gemfibrozil was found to significantly lower plasma triglyceride levels in 
heart transplant patients and increase long term survival [96,97]. Fenofibrate is less well 
studied in transplant patients and may be associated with increased nephrotoxicity [88,98]. 
Care must be taken administering fibrates with CsA, particularly in combination with 
statins as drug-drug interactions exist via CYP3A4 as well as the hepatic uptake transporter 
the organic anion transporting polypeptide 1B1 (OAT1B1).  

4.3. Ezetimibe  

Inhibition of intestinal cholesterol absorption to lower high plasma cholesterol levels may be 
used when statins or fibrates are ineffective or are not tolerated. Ezetimibe proved to be an 
effective drug lowering plasma LDL-C levels significantly by blocking cholesterol 
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absorption in the small intestine [99]. To that point though, various studies showed effective 
LDL-C lowering in liver, cardiac and renal transplant recipients [99]. Although, drug-drug 
interaction between CsA and ezetimibe were suggested (See [88]), CsA levels in studied 
transplant patients were not affected by combined ezetimibe use (reviewed in [99]). Co-
administration of ezetimibe with (low-dose) statins has been found to effectively reduce 
high plasma cholesterol levels in transplant recipients and may be useful in patients that 
resistant to high-dose statin or where target plasma lipid levels can not be achieved by statin 
therapy alone [100,101]. 

5. Conclusions 

CsA-induced hyperlipidemia is well established and remains a significant clinical issue. CsA 
potentially affects many aspects of lipid and lipoprotein metabolism and the precise 
underlying mechanism(s) causing dyslipidemia are still unclear. Further mechanistic studies 
may lead to the generation immunosuppressants that do not cause hyperlipidemia or may 
help to develop strategies to effectively target CsA-induced hyperlipidemia. 
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1. Introduction 

In this chapter, we outline the structure of the retina and the aetiopathogenesis of the major 
age-related eye disease: age-related macular degeneration (AMD). We then discuss the role 
that lipoproteins and apolipoproteins play in the ageing eye and in the development  
of AMD. 

2. The macula and retina 

The macula is the central part of the retina, the neurosensory portion of the eye, and it is 
responsible for detailed central and colour vision due to its high concentration of cone 
photoreceptors. Anatomically, the macula is centred on the foveola, and has a ganglion cell 
layer of more than one cell in thickness. The macula has a diameter of approximately 5.5 
mm. The macula is characterised by a yellowish colour (hence the term macula lutea, which is 
Latin for ‘yellow spot’), attributable to the presence of macular pigment (MP).[1] The 
concentration of MP peaks at the centre of the macula, where the appearance of the ‘yellow 
spot’ may be clearly evident on clinical examination or fundus photography [Figure 1]. MP is 
optically undetectable outside the macula.[2] Within the layer structure of the retina, the 
highest concentration of MP is seen in the receptor axon layer and the inner plexiform layer.[1] 

The retina consists of a neurosensory portion comprised of nine individual layers, and an 
external retinal pigment epithelium (RPE). The RPE plays an important physiological role in 
the maintenance of neurosensory retinal health, through functions including Vitamin A 
metabolism, phagocytosis of photoreceptor outer segments, maintenance of the outer blood-
retina barrier, heat exchange, and the active transport of substances in and out of the RPE.[3] 
The blood supply of the retina is derived from the inner retinal vasculature and the outer 
choriocapillaris. Non-pathological changes that occur in the RPE with age include an 
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increase in cellular pleomorphism and a decrease in cell number, with migration of 
peripheral RPE cells towards the macula, reduced melanin composition, and an 
accumulation of the age-pigment lipofuscin.[4;5] These changes may lead to a reduction in 
the metabolic activity of the RPE, with subsequent apoptosis, which pre-dates 
pathological change.[5;6] The RPE is separated from the choriocapillaris by Bruch’s 
membrane (BrM). BrM is a semipermeable filtration barrier, comprised of five individual 
layers.[7;8] Disruption of BrM may result in alteration of its filtration properties, 
impacting on the function of the RPE and the neurosensory retina.[9] Changes that occur 
in BrM with age include an increase in its overall thickness, with a reconfiguration of 
associated lipids and proteins and the accumulation of debris.[10;11] When this debris 
accumulates between BrM and the RPE, it is referred to as a basal laminar deposit 
(BlamD) and is not specifically pathological in nature.[12] However, when deposits 
accumulate within the inner collagenous layer of BrM, they are referred to as basal linear 
deposits (BlinDs) and are a histopathological hallmark of AMD.[13] These deposits 
(BlamDs and BlinDs) contain a wide range of constituents including collagen, 
inflammatory proteins and lipoproteins. When sufficient debris accumulates in BlinDs, 
they are visible clinically as drusen.[14;15] 

3. Age-related macular degeneration 

Age-related macular degeneration (AMD) is the leading cause of blindness in people over 50 
years of age in the developed world, and it results in loss of central and colour vision if not 
treated, or if not amenable to treatment.[16-18] The loss of central vision impacts greatly on 
the individual, as their ability to perform simple daily tasks, such as reading, watching 
television, driving and recognizing people’s faces becomes increasingly difficult. Thus, their 
quality of life and their ability to lead an independent life diminish significantly as the 
disease progresses. The peripheral retina is not affected in individuals with AMD, 
regardless of stage, such that, in the absence of other ocular pathology, peripheral 
(navigational) vision remains unchanged.  

It is currently estimated that late AMD affects 513,000 people in the United Kingdom 
(2.4% of those over the age of 50), and that this number will increase to 679,000 by the 
year 2020.[19] Prevalence data from the United States in 2004 estimated that more than 
1.75 million individuals were affected by the disease, with this latter figure expected to 
rise to almost 3 million by the year 2020.[20] The prevalence of this condition is likely to 
increase dramatically in the future, as a result of increasing life-expectancy and the 
resultant increasing senescence of society.[21] Data from the National Eye Institute in the 
United States in 2004 indicated that the prevalence of advanced AMD in people over 40 
years of age was 1.47%, rising to 15% in white females aged over 80 years. Beyond its 
impact on the individual sufferer,[22] the predicted increase in longevity (Figure 2), 
coupled with the predicted growth in world population (Figure 3) will significantly 
increase the socio-economic burden that AMD places on countries and their health-care 
systems.[23-26] 
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3. Age-related macular degeneration 

Age-related macular degeneration (AMD) is the leading cause of blindness in people over 50 
years of age in the developed world, and it results in loss of central and colour vision if not 
treated, or if not amenable to treatment.[16-18] The loss of central vision impacts greatly on 
the individual, as their ability to perform simple daily tasks, such as reading, watching 
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impact on the individual sufferer,[22] the predicted increase in longevity (Figure 2), 
coupled with the predicted growth in world population (Figure 3) will significantly 
increase the socio-economic burden that AMD places on countries and their health-care 
systems.[23-26] 
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Figure 1. Colour fundus photograph showing the macula, surrounding the fovea, which is centred on 
the foveola (not marked, but evident as the ‘yellow spot’) of a left eye. 
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Figure 2. Male and female life expectancy 1950-2050. 
* Figures from 1950 and 2001: Irish Department of Health and Children data; 
  Projected figures for 2028 and 2050: USA data. 
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Figure 3. World population 1950-2050 (predicted). 

4. Classification of AMD 

In 1995, the International Age-Related Maculopathy Epidemiological Study Group clarified 
the definition and core grading system used to detect and define AMD.[27] This was done to 
homogenize the systems used to identify and classify this disease in all future clinical and 
epidemiological studies. This current classification system defines AMD primarily on the 
basis of morphological changes, without reference to visual acuity. 

AMD is defined as a disorder of the macular area, most often clinically apparent after 50 
years of age, and characterised by any of the following findings, which are not patently due 
to another disorder: 

1. Soft drusen ≥ 63 μm in diameter. Drusen are whitish-yellow spots that lie external to the 
neurosensory retina or the RPE (Figure 4). Drusen may be soft and confluent, soft 
distinct, or soft indistinct. Hard drusen do not, of themselves, characterize AMD. 

2. Hyperpigmentation in the outer retina or choroid associated with drusen. 
3. Hypopigmentation of the RPE, most often more sharply demarcated than drusen, 

without any visible choroidal vessels associated with drusen. 
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Figure 4. Macular soft drusen of a left eye. 

These age-related pathological changes, which are associated with progressive accumulation 
of debris under the retina, predispose to the late stage of AMD.[28;29] Late AMD is 
classified as either geographic atrophy (atrophic AMD) or neovascular AMD (choroidal 
neovascularisation, also referred to as ‘exudative AMD’ or ‘disciform AMD’). 

Geographic atrophy (GA) is characterised by the following, which is not patently due to 
another disorder: 

1. Any sharply delineated area of hypopigmentation, or depigmentation, or apparent 
absence of the RPE, in which the choroidal vasculature is more visible than in the 
surrounding area. The area of atrophy must be ≥ 175 μm in diameter (Figure 5). 

Neovascular AMD is characterised by any of the following, which are not patently due to 
another disorder: 
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1. RPE detachment(s), which may be associated with neurosensory retinal detachment. 
2. Subretinal or sub-RPE neovascularisation. 
3. Epiretinal, intraretinal, subretinal, or sub-RPE glial tissue or fibrin-like deposits. 
4. Subretinal haemorrhage (Figure 6). 
5. Hard exudates (lipids) within the macular area, related to any of the above, in the 

absence of other retinal vascular disease. 

Rarely, neovascular AMD may develop in an area of GA. If this happens, the affected eye is 
re-classified as having neovascular AMD. 

 
 

 

 

Figure 5. Geographic atrophy, affecting the entire macula of a right eye. 
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Figure 6. Neovascular AMD, showing sub-retinal haemorrhage in a left eye. 

5. Pathogenesis of AMD 

AMD has a multi-factorial pathogenesis.[30;31] Therefore, the development of AMD is 
dependent on a complex interaction between an individual’s genetic composition 
(genotype) and lifestyle (or environmental) factors. This interaction is complex and 
incompletely understood; however, certain factors have been well established as 
representing risk for this condition, whereas others are known as putative risk factors, 
according to our current understanding of this disease. The well-established risk factors for 
the development of AMD are: increasing age, a positive family history of AMD (including 
specific genotypes), and tobacco smoking.[30;32;33] Therefore, tobacco smoking is the only 
proven environmental/lifestyle risk factor for this disease.[34;35] Putative risk factors 
include: obesity,[36;37] hypertension,[38] light iris colour,[39] cumulative sunlight 
exposure,[40] and a diet low in anti-oxidant fruits and vegetables,[41] particularly those 
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containing the hydroxy-carotenoids: lutein and zeaxanthin.[42] Although the pathogenesis 
of AMD remains incompletely understood, there is a growing consensus that one or more of 
the following processes contribute to this condition: inflammation; oxidative stress; 
cumulative blue light damage; RPE cell and BrM dysfunction; reduced foveolar choroidal 
circulation. 

6. Macular pigment 

Macular pigment (MP) is composed of the hydroxy-carotenoids lutein (L), zeaxanthin (Z), 
and meso-zeaxanthin (meso-Z). L and Z are of dietary origin and are not synthesized de novo 
in humans, whereas meso-Z is not found in a conventional western diet, but is understood to 
be primarily formed in the retina following conversion from L.[43;44] Interestingly, it has 
been shown that L is the dominant carotenoid in the diet,[45] whereas Z/meso-Z have been 
shown to be the dominant carotenoids at the central macula.[46;47] MP is found in highest 
concentration at the central macula, where it functions as a powerful antioxidant and acts as 
a filter of actinic short wavelength blue light, thus limiting (photo-)oxidative damage to 
retinal cells.[48] These properties of MP are believed to be the mechanism whereby it may 
protect against the development, and/or progression, of AMD. 

Although MP is entirely of dietary origin, it is also subject to heritability, as reported in 2005 
by Liew et al. in a classic twin study.[49] In that study of 76 monozygotic and 74 dizygotic 
female twin pairs, they estimated that heritability accounted for between 67% and 85% of an 
individual’s MP level. However, to date a direct significant association between MP levels 
and the major risk genes for AMD has not been shown.[50] 

MP can be measured in vivo by non-invasive psychophysical means, resulting in an MP 
optical density measurement.[51;52] 

7. Lipoproteins 

Circulating lipoproteins consist of a complex of triglycerides, phospholipids and cholesterol, 
and one or more specific proteins, referred to as apolipoproteins. The association of 
lipoproteins with high affinity receptors on cell surfaces regulates lipid metabolism and 
transport in the body.[53] Lipoproteins are classified into the following six groups: 
chylomicrons; chylomicron remnants; very low density lipoproteins (VLDL); intermediate 
density lipoproteins (IDL); low density lipoproteins (LDL); high density lipoproteins 
(HDL).[53] 

Chylomicrons are synthesised by the intestine and deliver dietary triglycerides to muscle 
and adipose tissue, and dietary cholesterol to the liver. Lipoprotein lipase, located at 
capillary endothelial cell surfaces, hydrolyses the triglyceride core of the chylomicron, thus 
liberating fatty acids and glycerol, which are used as energy sources by various cells,  
or are taken up by adipocytes and stored as triglycerides. Chylomicron remnants, which are 
rich in cholesterol, result from chylomicron metabolism, and are rapidly cleared by the 
liver.[53]  
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Subsequently, the liver synthesises a second class of triglyceride-rich lipoprotein, referred to 
as VLDL, which, upon secretion, functions as a transporter of lipids and cholesterol. In the 
bloodstream, VLDL undergoes progressive removal of triglycerides from its core by 
lipoprotein lipase, in a similar way to chylomicrons. The VLDL particles thus become 
increasingly smaller, leading to the formation of IDL, and LDL. LDL are the final metabolic 
products of VLDL and are responsible for most of the cholesterol transport in serum.[53] 

HDL are the smallest lipoproteins, arising from several sources including the intestine and 
liver. HDL are involved in a process known as ‘reverse cholesterol transport’, whereby HDL 
acquire cholesterol from cells and deliver it to the liver.[53] This is a particularly important 
mechanism in humans, as the quantities of cholesterol transported out of the gut and liver 
far exceed the quantities converted to steroid hormones, or those lost through the skin in 
sebum. Thus, unless the requirement for cell membrane repair or synthesis is high, excess 
cholesterol must be returned to the liver for excretion.[54]  

8. Association of carotenoids with plasma lipoproteins 

The majority of plasma carotenoids are transported on LDL, with 55% of total carotenoids 
associated with this lipoprotein, whereas HDL is associated with 33%, and VLDL is 
associated with 10-19%, of the total carotenoids.[55] However, in the case of the hydroxy-
carotenoids, L and Z, some studies have reported that they are relatively equally distributed 
between LDL and HDL molecules, but other studies have reported that HDL is the 
preferential carrier of the MP carotenoids in plasma.[56;57] 

MP is inversely related to percentage body fat.[58] Interestingly, Viroonudomphol et al. have 
demonstrated lower levels of HDL in overweight and obese subjects, consistent  
with the possibility that a relative lack of HDL may impair transport and/or retinal capture 
of the carotenoids.[59] Furthermore, Seddon and co-workers have demonstrated a 
significantly increased risk of AMD in association with obesity.[33] These findings have 
prompted the suggestion that an individual’s lipoprotein, and apolipoprotein, profile  
may influence the transport and delivery of these carotenoids to the retina, with a 
consequential impact on MP.  

A recent study, designed to investigate the respective relationships between lipoprotein 
profile, MP optical density and serum concentrations of L and Z, was conducted in 302 
healthy adult subjects.[60] This study found that there was a statistically significant inverse 
association between serum triglyceride concentration and MP optical density, and an 
inverse association between serum triglyceride concentration and serum L concentration in 
subjects with a positive family history of AMD. There have been no previous reports on the 
association between serum triglyceride concentration and either MP optical density or 
serum concentrations of L and/or Z. Elevated serum triglyceride concentration is an element 
of an undesirable lipoprotein profile and represents risk for cardiovascular disease.[61;62] 
Since there is an inverse association between serum triglyceride concentration and serum 
HDL concentration,[62] one could expect an inverse association between serum triglyceride 
concentration and serum L, since HDL appears to be the most important lipoprotein 
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involved in the transport of L in serum. This expected inverse association was observed in 
subjects with a positive family history of AMD. In this study sample there was a positive 
and significant association between serum HDL concentration (and serum cholesterol 
concentration) and serum L and Z concentrations. Of note, there was no significant 
association observed between MP optical density and either serum cholesterol concentration 
or serum HDL concentration. There was also no association between serum LDL 
concentration and MP optical density (or serum concentrations of its constituent 
carotenoids). These findings suggest that a desirable lipoprotein profile (higher serum HDL, 
lower serum LDL and lower serum triglyceride concentrations) is associated with greater 
serum L concentration. However, the impact of lipoprotein profile on the capture and/or 
stabilization of these carotenoids at the macula, where they comprise MP, is less clear from 
this data. 

In this study, the lipoprotein particle-concentration of L and/or Z in serum was not directly 
measured, nor were lipoprotein subspecies measured, as performed by Goulinet et al.[57] In 
their study, they fractionated HDL and LDL subspecies on the basis of their hydrated 
density by gradient ultracentrifugation, and they found that serum L and Z (combined) 
were relatively equally distributed between HDL and LDL; but more importantly, they 
found that there was a progressive decrease in the concentration of these carotenoids with 
increasing density (and decreasing lipoprotein particle size) from light to dense LDL. They 
also found that the majority of macular carotenoid transport by LDL was accounted for by 
the most abundant subspecies, LDL3 (intermediate LDL) and LDL4 (dense LDL). This is 
highly relevant to the transport of L and Z in serum, as LDL3 and LDL4, despite being the 
most abundant subspecies of LDL in that study, had reduced particle-concentrations of 
these carotenoids compared to less dense LDL subspecies, making them more vulnerable to 
oxidation.[63] LDL is the primary component of total cholesterol,[62] and has previously 
been reported in various studies to transport between 22-44% of L and Z in serum.[55;57;64-
66] Of note, it has been shown that there is no significant difference in the transport of L and 
Z by lipoproteins between subjects with and without AMD.[65] 

The findings of Goulinet et al in relation to HDL were similar to that of LDL, in that there 
was a progressive and marked decrease in HDL particle concentration of L and Z, with 
maximal carotenoid concentration evident in the lightest, largest HDL subspecies (HDL2-1), 
and minimal concentration in the densest HDL. Certainly, the findings of Goulinet et al with 
respect to HDL, in concert with our findings, are consistent with the view that HDL plays an 
important role in the transport of L and Z in human serum, and are provocative given that 
AMD and cardiovascular disease share certain antecedants.[32;57;60;67-70] Furthermore, 
and again consistent with a shared pathogenesis between AMD and cardiovascular disease, 
the finding of an inverse association between serum triglyceride concentration and MP 
optical density (and between serum triglyceride concentration and serum L concentration) 
in subjects with a positive family history of AMD, is noteworthy.[60] Since AMD has been 
shown to be associated with low serum concentrations of L,[71] and given that risk factors 
for AMD are associated with a relative lack of MP,[31] our observations are yet another 
example of how AMD and cardiovascular disease share risk factors.[32;60-62;67-70]  
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In 2007, Connor et al reported on the role that HDL plays in the transport of L and Z in 
serum in a study involving WHAM chicks.[64] WHAM chickens have a recessive sex-linked 
mutation in the ABCA1 transporter gene that results in very low circulating HDL 
concentration, with normal, or increased, concentrations of other plasma lipoproteins, 
particularly LDL. The analogous mutation in humans results in Tangier disease, which is 
characterized by a similar deficiency in circulating HDL concentration.[72] In their study, 
involving 24 WHAM chicks and 24 control chicks, Connor et al found that one-day old 
WHAM chicks had only 9% of the L concentration in plasma when compared with control 
chicks, and only 6% of the retinal concentration of controls (the corresponding 
concentrations of Z were 6% and 9%, respectively). Following a high-L diet for 28 days, 
there was a significant increase in the plasma and retinal concentrations of L in WHAM 
chicks and controls, but the increases were still greatly inferior in the WHAM chicks when 
compared with control chicks and, furthermore, still did not reach the concentrations 
observed in the one-day old control chicks. The observations of Connor et al suggest an 
important role for HDL in the transport of L and Z in serum and/or their incorporation into 
the retina, and are consistent with our findings.[60;64] 

Interestingly, although all subjects in our study were healthy volunteers with no evidence of 
ocular pathology, it is notable that, on average, subjects with a positive family history of 
AMD had a higher serum concentration of L than subjects with a negative family history of 
AMD, yet MP optical density levels in both groups were comparable, as were serum 
concentrations of HDL.[60] As was shown in this study, and as has previously been 
documented,[73] serum concentrations of L and Z generally correlate positively with MP 
optical density. Therefore, it is plausible to suggest that in the subjects in this study with a 
positive family history of AMD, the delivery to, and/or uptake by, the retina of the macular 
carotenoids is defective when compared to subjects without such a family history.[60] 
Indeed, although MP optical density levels were comparable between subjects with and 
without a family history of AMD, subjects with a positive family history of this disease also 
had higher serum L concentrations. This is consistent with the observations of Nolan et al, 
where a relative lack of MP was seen in association with a positive family history of AMD in 
828 healthy subjects, but where dietary and serum concentrations of L and Z were 
comparable for subjects with and without a family history of this condition, suggesting 
defective retinal capture of circulating L and/or Z in persons who are genetically 
predisposed to AMD.[31] Mechanisms governing the retinal capture and/or stabilization of 
L and/or Z may be subject to influence by HDL subspecies profile, by affecting receptor-
mediated uptake of these carotenoids from serum. Indeed, apolipoprotein profile is 
probably a determinant of retinal uptake of the macular carotenoids from serum, reflected in 
our recently reported finding that individuals with at least one Apo ε4 allele exhibit 
significantly higher MP optical density than individuals without this protective allele, 
despite statistically comparable serum concentrations of L and Z.[74] Interestingly, the lack 
of an association between MP optical density and either serum cholesterol concentration or 
serum HDL concentration in our study would suggest that our observations are more likely 
due to impaired uptake and/or stabilization of circulating L and/or Z by the macula than 
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due to any impact the HDL subspecies profile may have on the transport of the macular 
carotenoids in serum.  

Another recent study has shown somewhat conflicting evidence regarding the association 
between circulating lipoprotein levels and MP levels in serum and in the macula.[75] These 
differences may be attributable to differences in the methods used to measure serum 
lipoproteins, although it should be noted that this study also found a positive association 
between serum L and serum HDL levels, underscoring the importance of HDL as a 
transporter of L in serum. However, it should be emphasised that a notable paucity of data 
still remains regarding the mechanism(s) whereby L and Z accumulate in the liver, are 
repackaged into lipoproteins, and transported via the circulatory system to specific target 
tissues such as the retina. 

9. Apolipoproteins 

Plasma lipoproteins include one or more protein constituents, known as apolipoproteins. 
Apolipoproteins have been classified into several subgroups, including apolipoprotein A 
(ApoA), apolipoprotein B (ApoB), apolipoprotein C (ApoC), and apolipoprotein E (ApoE). 
These subgroups are themselves further sub-classified, for example: ApoA-I, ApoA-II etc. 
Each lipoprotein class is associated with certain apolipoproteins, for example: chylomicrons 
and VLDL are associated with ApoB; chylomicrons, VLDL and HDL are associated with 
ApoE.[76] The primary role of apolipoproteins is the transport and redistribution of lipids 
amongst various tissues in the body. Specific apolipoproteins are recognised by cell surface 
receptors, and this facilitates the high affinity binding required for delivery to target tissues. 
Certain apolipoproteins also act as cofactors of enzymes involved in lipoprotein metabolic 
pathways, including those of lipoprotein lipase and lecithin-cholesterol acyl transferase 
(LCAT), which catalyse the formation of cholesterol esters. Another role of specific 
apolipoproteins is the maintenance of the structure of lipoproteins, by stabilizing their 
micellar structure, and by providing a hydrophilic surface in association with 
phospholipids.[53] The function of apolipoproteins has provoked interest in their possible 
role in a range of degenerative conditions. In particular, several investigators have 
suggested an association between ApoE and various diseases, including Alzheimer’s 
disease, atherosclerosis and AMD.[77-80] 

Abalain et al. investigated the association between AMD and serum levels of lipoproteins 
and lipoparticles.[78] They found that there was no difference in serum ApoA-I and ApoB 
levels between AMD patients and controls. However, they found that serum ApoE levels 
were higher, and that serum ApoC-III levels were lower, in AMD patients compared with 
controls. The higher level of serum ApoE in AMD patients is consistent with the findings of 
Boerwinkle and Utermann, who found that the Apo ε4 allele is associated with lower serum 
ApoE levels, and that the Apo ε2 allele is associated with higher serum levels of ApoE.[79] 
ApoC-III interferes with lipoprotein metabolism and, when associated with ApoB as a 
lipoparticle, it has been shown to be involved in atherogenesis.[80] Abalain et al. found no 
difference in the levels of this particular lipoparticle between AMD patients and 
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controls.[78] The evidence to date suggests that, of the apolipoproteins, ApoE has the 
strongest association with AMD.  

10. Apolipoprotein E 

ApoE is a structural component of plasma chylomicrons, VLDL, and a subclass of HDL. It is 
a 299 amino-acid protein, and is synthesised in a large number of tissues including the 
spleen, kidneys, lungs, adrenal glands, liver, brain and retinal Müller cells.[81] ApoE is 
polymorphic, with three common isoforms: E2, E3 and E4, which are coded for by three 
separate alleles: Apo ε2, Apo ε3 and Apo ε4. These alleles are differentiated on the basis of 
cysteine-arginine residue interchanges at sites 112 and 158 in the amino acid sequence.[82] 
As a result of this polymorphism, six common phenotypes exist: three homozygous 
phenotypes (ε3ε3, ε2ε2, ε4ε4) and three heterozygous phenotypes (ε2ε3, ε2ε4, ε3ε4). ApoE is 
crucial to many processes, including: cholesterol transport and metabolism; receptor-
mediated uptake of specific lipoproteins; heparin binding; formation of cholesteryl-ester-
rich particles; lipolytic processing of type IIIβ-VLDL; inhibition of mitogenic stimulation of 
lymphocytes; transport of lipids within the brain.[53] 

ApoE is an important regulator of cholesterol metabolism because of its affinity for ApoE-
specific receptors in the liver, and its affinity for LDL receptors in the liver and other 
peripheral tissues requiring cholesterol.[53] ApoE-specific receptors are present on the 
membranes of hepatic parenchymal cells, and have a high binding affinity for chylomicron 
remnants, IDL and a sub-class of HDL. ApoE also regulates the activity of several lipid-
metabolising enzymes, including lipoprotein lipase, and LCAT.  

ApoE is found in greatest concentrations in the liver. However, it is also the predominant 
apolipoprotein in the brain, and is responsible for lipid transport and cholesterol regulation 
within the central nervous system (CNS). ApoE is a major component of plasma and 
cerebrospinal fluid, and plays a fundamental role after CNS injury, where it appears to 
regulate the transport of cholesterol and phospholipids during the early and intermediate 
phases of the reinnervation process.[83;84] 

ApoE polymorphisms result in differences in the metabolism of ApoE-containing 
lipoprotein particles.[85] For example, it is possible that certain ApoE polymorphisms affect 
their ability to interact with lipoprotein lipase in the conversion of VLDL to LDL.[86] 
Indeed, ApoE polymorphism influences plasma lipid levels both in sedentary states and in 
their response to exercise, and it is therefore believed to be related to risk for coronary artery 
disease. In general, carriers of the Apo ε4 allele have higher levels of total cholesterol and 
LDL-cholesterol than those with the Apo ε3 allele. ApoE polymorphism also appears to play 
a role in the responsiveness of blood lipids to dietary and lipid-lowering drug interventions. 
Thus, the ApoE gene-environmental interactions contribute to population variance in blood 
lipid-lipoprotein levels.[87]  

ApoE receptors also play an important role in lipoprotein metabolism. The primary 
physiological role of ApoE is to facilitate the binding of lipoproteins to LDL receptors, 



 
Lipoproteins – Role in Health and Diseases 368 

controls.[78] The evidence to date suggests that, of the apolipoproteins, ApoE has the 
strongest association with AMD.  

10. Apolipoprotein E 

ApoE is a structural component of plasma chylomicrons, VLDL, and a subclass of HDL. It is 
a 299 amino-acid protein, and is synthesised in a large number of tissues including the 
spleen, kidneys, lungs, adrenal glands, liver, brain and retinal Müller cells.[81] ApoE is 
polymorphic, with three common isoforms: E2, E3 and E4, which are coded for by three 
separate alleles: Apo ε2, Apo ε3 and Apo ε4. These alleles are differentiated on the basis of 
cysteine-arginine residue interchanges at sites 112 and 158 in the amino acid sequence.[82] 
As a result of this polymorphism, six common phenotypes exist: three homozygous 
phenotypes (ε3ε3, ε2ε2, ε4ε4) and three heterozygous phenotypes (ε2ε3, ε2ε4, ε3ε4). ApoE is 
crucial to many processes, including: cholesterol transport and metabolism; receptor-
mediated uptake of specific lipoproteins; heparin binding; formation of cholesteryl-ester-
rich particles; lipolytic processing of type IIIβ-VLDL; inhibition of mitogenic stimulation of 
lymphocytes; transport of lipids within the brain.[53] 

ApoE is an important regulator of cholesterol metabolism because of its affinity for ApoE-
specific receptors in the liver, and its affinity for LDL receptors in the liver and other 
peripheral tissues requiring cholesterol.[53] ApoE-specific receptors are present on the 
membranes of hepatic parenchymal cells, and have a high binding affinity for chylomicron 
remnants, IDL and a sub-class of HDL. ApoE also regulates the activity of several lipid-
metabolising enzymes, including lipoprotein lipase, and LCAT.  

ApoE is found in greatest concentrations in the liver. However, it is also the predominant 
apolipoprotein in the brain, and is responsible for lipid transport and cholesterol regulation 
within the central nervous system (CNS). ApoE is a major component of plasma and 
cerebrospinal fluid, and plays a fundamental role after CNS injury, where it appears to 
regulate the transport of cholesterol and phospholipids during the early and intermediate 
phases of the reinnervation process.[83;84] 

ApoE polymorphisms result in differences in the metabolism of ApoE-containing 
lipoprotein particles.[85] For example, it is possible that certain ApoE polymorphisms affect 
their ability to interact with lipoprotein lipase in the conversion of VLDL to LDL.[86] 
Indeed, ApoE polymorphism influences plasma lipid levels both in sedentary states and in 
their response to exercise, and it is therefore believed to be related to risk for coronary artery 
disease. In general, carriers of the Apo ε4 allele have higher levels of total cholesterol and 
LDL-cholesterol than those with the Apo ε3 allele. ApoE polymorphism also appears to play 
a role in the responsiveness of blood lipids to dietary and lipid-lowering drug interventions. 
Thus, the ApoE gene-environmental interactions contribute to population variance in blood 
lipid-lipoprotein levels.[87]  

ApoE receptors also play an important role in lipoprotein metabolism. The primary 
physiological role of ApoE is to facilitate the binding of lipoproteins to LDL receptors, 

 
Lipoproteins and Apolipoproteins of the Ageing Eye 369 

thereby regulating the uptake of cholesterol required by the cell. For instance, large amounts 
of lipids are released from degenerating cell membranes after nerve cell loss, thus 
stimulating astrocytes to synthesise ApoE, which binds these excess lipids and distributes 
them appropriately for reuse in cell membrane biosynthesis.[88] This observation prompted 
Klaver et al. to speculate that a high degree of ApoE biosynthesis is required to support the 
high rate of photoreceptor renewal at the macula.[88] Indeed, it has been demonstrated that 
mice which were fed a high-fat diet, or which were deficient in ApoE, exhibit an increase in 
the thickness of BrM, which is seen in association with ageing and with AMD.[89]  

Ishida et al. identified the presence of ApoE and lipids at the inner aspect of the RPE, and 
proposed that both compounds may be secreted by the RPE.[90] The role of ApoE in reverse 
cholesterol transport prompted the authors to suggest that this apolipoprotein may also 
facilitate the efflux of lipids from the RPE into the adjacent BrM, and they proposed a 
possible pathway for RPE cell-secreted lipids to cross BrM, where partially digested or 
undigested photoreceptor outer segments are secreted across the basal surface in association 
with ApoE. Subsequent binding with HDL at BrM may then facilitate desorption of the lipid 
particles into the circulation.[90] 

In the retina ApoE is synthesised in Müller cells and in the RPE, and the presence of ApoE has 
been demonstrated in drusen.[81;91;92] It has been suggested, therefore, that age and/or 
disease-related disruption of normal ApoE function may result in the accumulation of 
lipoproteins at the interface between the RPE and BrM, consistent with observations that lipid 
deposits in drusen are largely composed of cholesteryl esters and unsaturated fatty acids. 

These findings are consistent with the view that ApoE plays an important physiological role 
in the maintenance of macular health, and that an impaired ApoE system may affect the 
functional integrity of BrM. Furthermore, there is a biologically plausible rationale whereby 
the ApoE profile might influence the transport, capture, and stabilization of key 
compounds, such as L and Z, at the macula.  

11. Lipoproteins, apolipoproteins and the retina 

As noted previously, the ageing retina features changes in the RPE and BrM, which include 
changes in the lipoprotein and apolipoprotein composition of both structures. These 
changes may progress to the disease state of AMD. In recent times, evidence accrued from 
light microscopy, ultrastructural studies, lipid histochemistry, isolated lipoprotein assays, 
and gene expression analysis had led to the identification of many of the constituents that 
deposit in the RPE and BrM with age and AMD.[93] One of the universal changes that 
occurs with age is the development of BlamDs between the RPE and BrM.[11;12] This 
process may progress to the development of a ‘lipid wall’, mainly composed of neutral lipid 
deposits, decreasing the permeability of BrM and hindering metabolic activity between the 
RPE and BrM, preceding pathological changes associated with AMD.[10;93;94] When these 
deposits accumulate within the inner collagenous layer of BrM, they are referred to as basal 
linear deposits (BlinDs) and are a histopathological hallmark of AMD, which, when 
sufficiently large, can be recognised clinically as drusen.[13-15;95] 
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Much of the debris that accumulates in BrM in the form of BlinDs is composed of 
lipoproteins and lipoprotein particles.[14] It has been found that almost 60% of the total 
cholesterol within these lipoproteins is esterified cholesterol.[96] Furthermore, the esterified 
cholesterol within BrM was enriched between 16 and 40-fold compared to plasma. If these 
extracellular lipid deposits had been derived from plasma, more than 90% of the 
phospholipid would be phosphatidylcholine, whereas in actual fact, these lipoproteins are 
comprised of less than 50% phosphatidylcholine.[96] Indeed, the composition of drusen, 
which are essentially large BlinDs, has been shown to include esterified and unesterified 
cholesterol, and multiple apolipoproteins, including apolipoproteins B, A-I, C-I, C-II, and E, 
appearing with frequencies ranging from 100% (ApoE) to approximately 60% (A-
I).[88;91;97;98] Interestingly, ApoC-III, although abundant in plasma, is present in fewer 
drusen (16.6%) than ApoC-I (93.1%), which is not present in plasma in large quantities, 
indicating either a specific retention of plasma-derived apolipoproteins within drusen, or an 
intraocular source for these apolipoproteins.[93] It is now understood that the majority of 
lipoproteins in BrM have undergone intracellular processing within the RPE prior to 
secretion as neutral lipids, mainly esterified cholesterol.[99;100] The RPE origin has been 
definitively shown by two groups using metabolic labelling and immunoprecipitation in rat-
derived and human-derived RPE cell lines that were shown to secrete full-length 
ApoB.[101;102] This evidence is further strengthened by the finding of microsomal 
triglyceride transfer protein within native human RPE, indicating that the RPE is capable of 
secreting lipoprotein particles.[102] The pattern of lipid deposition in BrM with age, in 
which debris appears firstly in the elastic layer and then fills in towards the RPE, is also 
consistent with this lipid being primarily of RPE origin.[103] 

The hydrophobic nature of the age-related thickening of BrM has been implicated in the 
aetiopathogenesis of AMD. In the case of Apo E, it is noteworthy that ApoE4 presents a 
positive charge relative to both ApoE2 and ApoE3. ApoE4 possesses arginine at residue 112 of 
the amino acid sequence, whereas ApoE3 possesses cysteine at this position, and in the case of 
ApoE2, the most frequent variant has cysteine instead of the normally occurring arginine at 
residue 158. Thus, ApoE3 presents a neutral charge, and ApoE2 a negative charge, relative to 
ApoE4.[53] Souied et al. suggested that this difference in charges between the ApoE isoforms 
may also contribute to differences in the clearance of debris through BrM.[104] 

It appears that Müller cells are the most prominent biosynthetic sources of ApoE in the 
neural retina, and RPE cells are the most prominent sources in the RPE/choroid.[91] 
However, it remains unclear whether the concentration of ApoE in the cytoplasm of some 
RPE cells, especially those in close proximity to drusen, is the result of biosynthesis or 
selective accumulation. It has been shown that, in both the central and peripheral nervous 
systems, ApoE expression by astrocytes is up-regulated in response to neuronal injury and 
neuro-degenerative disease.[84;105;106] Indeed, there is evidence for ApoE up-regulation by 
Müller cells in degenerating human retina, where increased ApoE immuno-reactivity is 
found in the sub-retinal space of detached retinas[107] and in the Müller cells of retinas 
affected by glaucoma or AMD.[108] Furthermore, the relatively high levels of ApoE mRNA 
detected in the retina, especially in the eyes of older donors and in an individual with 
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documented AMD, support the view that up-regulation by retinal glia may be responsible 
for the observed increase in ApoE expression.[91]  

12. Apo ε4 allele status and AMD 

ApoE gene status is believed to be a determinant of AMD risk.[88;104;109-111] The ApoE 
gene has three separate alleles: Apo ε2, Apo ε3 and Apo ε4, resulting in six common 
phenotypes: three homozygous (ε3ε3, ε2ε2, ε4ε4) and three heterozygous (ε2ε3, ε2ε4, ε3ε4) 
phenotypes. The ε4 allele has been found to be associated with a reduced risk of AMD, 
whereas the ε2 allele has been associated with an increased risk of developing this 
disease.[88;104;109-113] 

Due to the lack of cysteine residues at positions 112 and 158, preventing the formation of 
disulphide bridges with ApoA-II or other peptide components, the Apo ε4 allele has an 
inability to form dimers. It has been suggested that this inability of the Apo ε4 allele to form 
dimers, when compared with the Apo ε2 and Apo ε3 alleles, favours easier transport of 
lipids through BrM because of the smaller sized lipid particles, thus protecting against a loss 
of permeability of BrM.[104] 

In the same way, it is possible that the neurosensory retina and the RPE respond to 
conditions of high oxidative injury by up-regulation of ApoE synthesis and/or 
accumulation, with implications for selective capture and stabilisation of L and Z in the 
retina.[91] It has been demonstrated that there is selective binding of certain receptors 
within the CNS to HDL particles enriched with ApoE, and that there is a lack of binding of 
these receptors to HDL particles deficient in ApoE.[114] Should this selectivity of the uptake 
mechanism be dependent on the ApoE polymorphism of the transporting lipoproteins, and 
given that the Apo ε4 allele is putatively protective for AMD, it is tempting to hypothesise 
that retinal capture of L and Z may be related to apolipoprotein profile. In other words, the 
apolipoprotein composition as well as the lipoprotein profile, may play an important role in 
the transport and delivery of L and Z, and their subsequent accumulation and stabilisation 
within the retina.[115] Therefore, it is possible that the putative protective effect of the Apo 
ε4 allele against AMD is attributable, at least in part, to the role its phenotypic expression 
(ApoE4) plays in the transport and delivery of the macular carotenoids to the retina, and to 
their stabilisation within the retina. Furthermore, recent research has shown an association 
between possession of at least one Apo ε4 allele and higher levels of MP across the macula, 
which is consistent with the view that apolipoprotein profile influences the transport and/or 
retinal capture of the macular carotenoids.[74] 

13. Conclusion 

In conclusion, the role that lipoproteins and apolipoproteins play in the ageing eye and in 
the aetiopathogenesis of AMD is complex and, as yet, incompletely understood. 
Lipoproteins and apolipoproteins play an important role in the delivery of potentially 
protective nutrients from the digestive tract to the eye. The local ocular metabolic activity, 
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centred on the RPE and BrM, involves an exchange of nutrients from the choroidal 
circulatory system via BrM to the RPE and retina, with a reverse process whereby waste 
products are removed from the retina by the RPE through BrM in association with locally 
produced lipoproteins and apolipoproteins (particularly ApoB and ApoE). Unfortunately, 
over time it appears that these lipoproteins and apolipoproteins can accumulate between the 
RPE and BrM, and within BrM, leading to degradation in the metabolic efficiency between 
these two structures and the choroidal circulation. This deposition has been described as a 
‘lipid wall’ and precedes the development of AMD.[93;94] Methods to detect and arrest or 
delay this process before it becomes clinically apparent and visually consequential to the 
patient have yet to be developed. Recent advances in our understanding of the lipoprotein 
and apolipoprotein molecular biology of the ageing and AMD-affected eye will help to 
direct future treatment strategies.[100] 
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1. Introduction 

Lipoproteins are large lipid/protein complexes that play a major role in transport of lipids 
and lipophilic molecules in the plasma and central nervous system (CNS). Plasma 
lipoproteins represent a dynamic continuum of particles that are constantly undergoing re-
modulation in their lipid and protein components leading to re-structuring of the particle 
under normal physiological conditions. The re-modulation is the result of lipid transfer and 
metabolism mediated by non-enzymatic and enzymatic processes, and of lipid 
association/dissociation behavior of apolipoproteins. Variations in protein and lipid 
components and composition arise because of changes in the feeding, metabolic and 
hormonal states, and due to differences in age, gender and disease states. 

In this chapter, we will focus on oxidation of lipoproteins, paying attention to sources of 
oxidative stress, oxidation products of specific lipid and protein components, and the 
pathophysiology of oxidized lipoproteins in various disease states. The disease states that 
are addressed in this chapter include cardiovascular disease (CVD)/atherosclerosis, 
Alzheimer’s disease and diabetes. 

2. Lipoproteins 

2.1. Classes of lipoproteins in plasma and CNS 

Lipoproteins are classified based on their density, ranging from high density lipoproteins 
(HDL), low density lipoproteins (LDL), intermediate density lipoproteins (IDL), very low 
density lipoproteins (VLDL) and, chylomicrons (CM), Figure 1. They can also be classified 
based on their mobility during electrophoresis on an agarose gel as α-, pre-β- and β-
lipoproteins, which correspond to HDL, VLDL and LDL, respectively. Lipoproteins vary 
significantly in particle diameter and density, protein and lipid components and 
composition. In general, the particle diameter is inversely related to the density. 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Lipoprotein classes. The classification of the major types of lipoproteins is based on their 
densities obtained by flotation ultracentrifugation analysis. The density range for each class is shown, in 
addition to the lipid (red) and protein (blue) content. The diagram is not to scale. 

One of the main functions of lipoproteins is to transport hydrophobic factors in the highly 
aqueous vascular system. The CM is composed of lipids of dietary origin and is synthesized 
by the intestines. The VLDL is synthesized and secreted by the liver, and plays a role in 
distribution of lipids synthesized by the liver to the peripheral tissues. In the blood stream, 
the VLDL undergoes particle re-modulation to IDL and LDL, during which process the LDL 
become enriched in cholesterylesters. LDL plays a predominant role in delivery of 
cholesterol to the peripheral tissues and to the liver, with the cell surface-localized LDL 
receptor (LDLr) family of proteins playing a role in the cellular uptake and internalization of 
lipoproteins in target cells. The HDL may be synthesized by the liver and intestines or 
derived from other lipoproteins. In addition, peripheral tissues such as the macrophages are 
an important source of HDL, which are formed from cellular cholesterol efflux, and 
eventually transported to the liver. This process is called reverse cholesterol transport 
(RCT), which is an important mechanism for removal of peripheral cholesterol to the liver 
for eventual disposal.  

Much less is known about lipoprotein metabolism in the CNS. Studies on lipoproteins 
secreted by astrocytes and those isolated from the cerebrospinal fluid (CSF) indicate the 
presence of only HDL-sized particles; large triglyceride-containing lipoprotein particles 
have not been detected in the CNS. The CNS maintains autonomy in terms of cholesterol 
synthesis and metabolism, right from the time when the blood brain barrier is established 
during development. One of the main functions of HDL secreted by astrocytes appears to be 
cholesterol delivery to the neurons via the LDLr family of proteins, for eventual use in the 
process of synaptogenesis. 
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2.2. Lipid and protein components of lipoproteins 

In general lipoproteins are spherical in shape with a monolayer of amphipathic lipids (for 
example phospholipids, cholesterol and sphingolipids) and proteins encircling a core of 
neutral lipids (such as triglycerides and cholesterylesters), Figure 2. The lipid composition 
and content vary significantly in the different lipoproteins: in general, the larger 
lipoproteins (CM, VLDL and IDL) are enriched in triglycerides, while the smaller 
lipoproteins (LDL and HDL) are enriched in cholesterylesters and cholesterol. Unesterified 
or free cholesterol is esterified to cholesterylester by the action of lecithin-cholesterol 
acyltransferase (LCAT) on HDL. The phospholipids serve as the donor of the fatty acyl 
chains (especially 18:1 or 18:2 fatty acids) utilized in the esterification process. The fatty acid 
composition of triglycerides in the fasted state is dominated by 16:0 and 18:1 fatty acids.  

 
Figure 2. Schematic representation of a generic lipoprotein particle. Lipoproteins have a spherical 
geometry with a monolayer of amphipathic lipids and proteins encircling a core of neutral lipids. ApoB-
100 (pale blue) is a single large polypeptide and is the non-exchangeable component of  lipoproteins 
such as VLDL and LDL. The molecular mass of exchangeable lipoproteins (yellow cylinders) varies 
from 8-50 kDa. The exchangeable apolipoproteins have the ability to exist in lipid-free and lipid-bound 
states. 

The protein composition and content of the lipoproteins also vary significantly from one 
particle to another. There are two types of apolipoproteins: non-exchangeable and 
exchangeable. The non-exchangeable apolipoproteins, apolipoprotein B-100 (apoB-100) and 
apoB-48, are present as a single copy per lipoprotein particle: apoB-100 on VLDL, IDL or 
LDL and apoB-48 on CM and CM remnants. ApoB-100 is 4536 residues long that is 
synthesized in the liver, while apoB-48, represents the N-terminal 48% of apoB-100, and is 
synthesized in the intestines. Both apoB-100 and apoB-48 are integral to the structure and 
stability of the lipoprotein particle. There are different types of exchangeable 
apolipoproteins, Table 1, which undergo a reversible association with lipoproteins 
depending on the metabolic state.  
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Apolipoprotein Lipoprotein Function
ApoAI HDL activates LCAT; promotes ABCA1-

mediated cholesterol efflux in RCT 
ApoAII HDL Inhibits LCAT 
ApoAIV Chylomicrons, HDL Activates LCAT, cholesterol clearance 

and transport 
ApoB-48 Chylomicron and chylomicron 

remnants 
Cholesterol clearance and transport; 
lacks LDLr binding sites 

ApoB-100 VLDL, IDL and LDL Binds to LDLr 
ApoCI VLDL, HDL Activates LCAT 
ApoCII VLDL, IDL, chylomicrons Activates lipoprotein lipase 
ApoCIII VLDL, IDL, chylomicrons Inhibits lipoprotein lipase 
ApoD HDL Carrier proteins family (lipocalins) 
ApoE2 VLDL, IDL, chylomicrons, 

chylomicron remnants 
Poor LDLr binding activity; 
associated with Type III 
hyperlipoproteinemia and CVD 

ApoE3 HDL, VLDL, IDL, chylomicron 
remnants (higher binding 
preference for HDL over VLDL) 

Binds to LDLr family of proteins with 
high affinity; significant role in 
cholesterol efflux and RCT in 
atherosclerosis  

ApoE4 VLDL, HDL, IDL, chylomicron 
remnants (higher binding 
preference for VLDL over HDL) 

Binds to LDLr family of proteins with 
high affinity; associated with CVD 
and Alzheimer’s disease 

ApoM HDL  Transports sphingosine-1-phosphate 
Apo(a) Lipoprotein(a) (Lp(a)) Linked to apoB-100 via disulfide 

bond; similar to plasminogen 
1 Adapted with permission from the AOCS Lipid Library, “Plasma Lipoproteins: Composition, Structure and 
Biochemistry,” Table 3, ‘The main properties of apoproteins, in http://lipidlibrary.aocs.org/lipids/lipoprot/index.htm, 
accessed June 12, 2012  

Table 1. Major apolipoprotein components of lipoproteins and associated functions1 

The exchangeable apolipoproteins have the ability to exist in lipid-free and lipid-bound 
states, and undergo a large conformational change upon transitioning from one state to the 
other. Exchangeable apolipoproteins are characterized by an abundance of amphipathic α-
helices that are folded into a helix bundle. For example, in the case of apoE, the protein is 
composed of a series of α-helices that are folded into an N-terminal (NT) and a C-terminal 
(CT) domain. The NT domain is comprised of a 4-helix bundle bearing the LDLr binding 
sites on helix 4, which has an abundance of basic residues, while the CT domain harbors 
high-affinity lipid binding sites and apoE self-association sites. A similar arrangement was 
noted for apoAI; however, apoAI does not have the capability to interact with LDLr. 
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In summary, lipoprotein particles offer several targets that are vulnerable to attack by 
oxidative species. Oxidative modification is expected to compromise the structure and 
function of the protein and lipid components.  

3. Oxidative stress 

Reactive oxygen species (ROS) generally refer to oxygen free radicals with one or more 
unpaired electrons, and other highly reactive oxygen-containing molecules. They may be 
generated by the cells as products of normal cellular metabolism, or derived from 
exogenous sources including environmental pollutants, which could in turn, trigger further 
release of ROS. Whereas the ROS may be beneficial at low concentrations and play key 
physiological roles, their deleterious effect at high concentrations contributes to the etiology of 
several disease states. Organisms have developed an exquisite arsenal of defense mechanisms 
to combat the harmful effects of ROS, thereby maintaining a redox homeostasis. However, 
when the ROS overcome the cellular defense mechanism, there is a dysregulation of the redox 
balance, which leads to the state of oxidative stress (Esterbauer et al., 1991).  

3.1. ROS 

The high reactivity of free radicals is attributed to the unpaired electron(s) on the oxygen 
molecule. The primary ROS is the superoxide anion, which is generated by the addition of 
one electron to molecular oxygen during mitochondrial electron transport (Equation 1).  
This in turn gives rise to hydrogen peroxide following the action of antioxidant enzymes, 
superoxide dismutases (SOD) (Equation 2). The superoxide anions also give rise to the 
hydroxyl radicals in the presence of trace amounts of Fe2+ (Fenton reaction) (Equation 3); the 
hydroxyl radical is an extremely deleterious species that is capable of causing indiscriminate 
damage in the immediate vicinity of its formation. 

 2 2O e O Superoxideanion    (1) 

 SOD
2 2 2 2O 2H H O +O Hydrogen peroxide     (2) 

 
2 -

2 2 2 2O H OH+OH +O Hydroxyl radicalFeO
    (3) 

SOD catalyzes the dismutation of superoxide anion into oxygen and hydrogen peroxide, 
thereby affording protection to the cell. Three forms of SOD exist in humans and other 
mammals: SOD1 is located in the cytoplasm, SOD2 in the mitochondria, while SOD3 is 
extracellular. Mutations in SOD lead to diseases commonly associated with high oxidative 
stress such as familial amyotrophic lateral sclerosis, Parkinson’s Disease, and cardiovascular 
disease (Fukai et al., 2002; Noor et al., 2002; Tórsdóttir et al., 2006). Overexpression of SOD 
inhibits LDL oxidation by endothelial cells (Fang et al., 1998). Higher SOD levels were 
demonstrated to be protective against LDL oxidation in vitro (Laukkanen et al., 2000). 
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Red blood cells (RBC) are particularly susceptible to ROS and free radical stress due to its 
constant interactions with oxygen. Despite their lack of mitochondria, RBC are under 
tremendous oxidative stress, due to the abundance of hemoglobin. Hemoglobin is prone to 
oxidation through either exogenous or endogenous sources, which results in superoxide 
production. Therefore, the RBC contains many SOD enzymes to convert the superoxides to 
hydrogen peroxide. Furthermore, hydrogen peroxide can combine with hemoglobin to form 
ferrylhemoglobin, a strong oxidizing agent (Rifkind et al, 2002). The RBCs are also equipped 
with other antioxidant enzymes such as catalase and glutathione peroxidase to overcome 
the harmful effects of ROS. 

3.2. Reactive aldehydes 

It is well established that polyunsaturated fatty acids (PUFA) undergo lipid peroxidation 
that is initiated by ROS, which generate a ‘spectrum’ of reactive aldehyde species. The 
reactive aldehydes formed in biological systems are more complex than those formed in 
simple systems like purified lipid preparations and their physiological concentrations are 
believed to be lower. They play a crucial role in amplifying the free radical-initiated reaction 
by generating a complex array of toxic end products. Although considered as end products 
of oxidative damage of lipids, the aldehydic products display reactivity with a wide variety 
of biological molecules under cellular conditions, thereby enhancing the pathogenesis of the 
diseases. They are therefore considered as toxic second messengers of oxidative stress and 
lipid peroxidation. Protein-bound aldehydes have been proposed as potential markers of 
oxidative stress as evidenced by immunohistochemical analysis of atherosclerotic lesions 
(Uchida et al., 1998a). Numerous α,β-unsaturated aldehydes have been reported in 
literature: we will focus on acrolein, 4-hydroxynonenal (4-HNE) and malondialdehyde 
(MDA), Figure 3.  

 
Figure 3. Major aldehydic products of lipid peroxidation 

3.2.1. Acrolein 

Acrolein is an acrid smelling environmental pollutant that is formed during combustion of 
organic and plastic substances (Beauchamp et al., 1985). It is present as one of the major 
components in the gaseous phase of tobacco smoke (up to 140 μg/cigarette) (Witz, 1989).  It 
is also generated as a natural metabolite during oxidative stress mediated lipid peroxidation 
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(Uchida et al., 1998b). In addition, oxidation of threonines by myeloperoxidase (MPO) gives 
rise to acrolein (Anderson, et al., 1997; Savenkova et al., 1994). Acrolein is the most reactive 
of all α,β-unsaturated aldehydes; it causes oxidative modification of proteins by reacting 
with the sulfhydryls of cysteines, ε-amino groups of lysines and imidazole group of 
histidines (Witz, 1989; Esterbauer et al., 1991). Some possible products formed upon reaction 
of acrolein with lysine side chains include aldimine adducts (Schiff base formation), 
propanal adducts (Michel addition) and Nε-(3-formyl-3,4-dehydropiperidino)lysine (FDP-
lysine), Figure 4. 

3.2.2. 4-HNE 

Discovered more than 50 years ago, alkenals have been under intense scrutiny in terms of 
their chemistry, biochemistry, toxicology and as oxidative stress agents. Amongst these 
alkenals, 4-HNE was determined to be the most toxic. It was discovered to be a product of 
lipid peroxidation, particularly of n-6 PUFA such as linoleic acid and arachidonic acid. Since 
then, 4-HNE has been implicated in a number of diseases, including atherosclerosis, 
Alzheimer’s Disease, Parkinson’s Disease, liver cirrhosis, and cancer (Zarkovic, 2003).  

 
Figure 4. Modifications of lysine side chains by acrolein. The major lysine modification products of 
acrolein are shown, along with the expected increments in molecular weight during mass spectral 
analysis. Adapted from Furuhata et al, 2003.  

From a chemical perspective, the reactivity of 4-HNE is conferred by the carbonyl group at 
C1 position, and a C=C bond between the second and third carbons which provide a partial 
positive charge to C3 (Schaur, 2003). This results in 4-HNE being highly reactive towards 
thiol and amino groups of proteins. 4-HNE reacts with thiols via a Michael addition, in 
which a nucleophile such as the sulfhydryl of cysteine or glutathione reacts with the C3 of 
HNE to form a covalent adduct. In addition, amino compounds such as lysine, 
ethanolamine, guanine, and the imidazole group of histidine are capable of forming Michael 
addition adducts with 4-HNE. 4-HNE can also undergo reactions involving a reduction or 
an epoxidation of the double bond. 4-HNE has been shown to react in vivo with common 
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biomolecules, and can often have an inhibitory role with enzymes (Schaur, 2003; 
Korotchkina et al, 2001). Cross-reactivity of anti-4-HNE antibody with oxidized LDL (Ox-
LDL) suggests that 4-HNE may contribute to the overall process of atherosclerotic plaque 
formation (Uchida et al., 1993).  

3.2.3. MDA 

In fresh samples, MDA is formed mainly from PUFA such as arachidonic acid (Esterbauer et 
al., 1991). Initially determined by the thiobarbituric acid (TBA) assay as TBA reactive 
substances (TBARS), the presence of pre-existing MDA or protein-bound MDA needs to be 
confirmed by other sensitive assays as well. Under physiological conditions, MDA readily 
modifies protein side chains forming stable cross-linked adducts with the ε-amino groups of 
lysines.  Other side chains that may be modified include those of histidine, tyrosine, arginine 
and methionine. 

While the levels of acrolein, 4-HNE, MDA and other aldehydic compounds per se are 
thought to be too low for detection, their role in mediating oxidative damage has been 
confirmed by the presence of autoantibodies against aldehyde-modified proteins. It 
provides evidence for the in vivo occurrence of lipid peroxidation products and their role in 
disease progression (Steinberg et al, 1989). We have a better understanding of the association 
between lipid peroxidative products, oxidative stress and disease progression, in part due to 
the development of antibodies directed against oxidized lipids and protein-bound aldehydes 
in the past two decades, Table 2. Currently, we have a repertoire of antibodies directed against 
different types of oxidatively modified lipids and proteins, Table 2, that serve as powerful 
tools for ELISA, immunohistochemical and immunoblotting analyses. 

3.3. Sources of ROS 

In addition to the mitochondrial electron transport, there are enzymatic sources of ROS that 
contribute to the redox status in biological systems. Located in the blood stream, they are of 
relevance to lipoprotein oxidation. 

3.3.1. MPO 

MPO is an enzyme found abundantly in neutrophil granulocytes and to some extent in 
macrophages. It is a lysosomal protein stored in the azurophilic granules in neutrophils and 
can be identified by its characteristic green heme pigment. During the respiratory burst of 
the neutrophil, MPO catalyses the production of hypochlorous acid (HOCl) from hydrogen 
peroxide and chloride anion (Equation 4). MPO is also responsible for generation of 3-
chlorotyrosine and 3-nitrotyrosine; individuals with coronary artery disease show elevated 
levels of these two products in their blood and HDL. MPO has been shown to play a role in 
promoting atherosclerotic lesions through oxidative modification of apoAI (Shao et al., 2012) 
(described under apoAI).  

 - +
2 2 2H O +Cl +H HOCl+H O  (4) 
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contribute to the redox status in biological systems. Located in the blood stream, they are of 
relevance to lipoprotein oxidation. 

3.3.1. MPO 

MPO is an enzyme found abundantly in neutrophil granulocytes and to some extent in 
macrophages. It is a lysosomal protein stored in the azurophilic granules in neutrophils and 
can be identified by its characteristic green heme pigment. During the respiratory burst of 
the neutrophil, MPO catalyses the production of hypochlorous acid (HOCl) from hydrogen 
peroxide and chloride anion (Equation 4). MPO is also responsible for generation of 3-
chlorotyrosine and 3-nitrotyrosine; individuals with coronary artery disease show elevated 
levels of these two products in their blood and HDL. MPO has been shown to play a role in 
promoting atherosclerotic lesions through oxidative modification of apoAI (Shao et al., 2012) 
(described under apoAI).  

 - +
2 2 2H O +Cl +H HOCl+H O  (4) 
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Lipid peroxidation products mAb Epitope 
Oxidized lipids   

a9-Hydroxy-10E,12Z-octadecadienoic acid (9-HODE) 9H2 9-HODE 
b13-Hydroxy-9Z,11E-octadecadienoic acid (13-HODE) 13H1 13-HODE 
a12-Hydroxyeicosatetraenoic aci (12-HETE) 12H8 12-HETE 
aLeukotoxin (epoxylinoleic acid) 21D1 Leukotoxin 
a7-Ketocholesterol (7-KC) 35A-8 7-KC 
c15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) 11G2 15d-PGJ2 

Protein-bound aldehydes   
dAcrolein (ACR) 5F6 ACR-lysine 
eCrotonaldehyde (CRA) 82D3 CRA-lysine 
a2-Hexenal (HE) CT5 HE-lysine 
f2-Nonenal (NE) 27Q4 NE-lysine 
gMalondialdehyde (MDA) 1F83 MDA-lysine 
h4-Hydroxy-2-hexenal (HHE)  53 HHE-histidine 
i2-Hydroxyheptanal (2HH) 3C8 2-HH-lysine 
j4-Hydroxy-2-nonenal (HNE) HNEJ2 HNE-histidine 
k4-Hydroxy-2-nonenal (HNE) 2C12 HNE-lysine 
l4R-4-Hydroxy-2-nonenal ((R)-HNE) R310  (R)-HNE-histidine 
m4S-4-Hydroxy-2-nonenal ((S)-HNE) S412 (S)-HNE-histidine 
n4-Hydroperoxy-2-nonenal (HPNE) PM9 HPNE-lysine 
o4-Oxo-2-nonenal (ONE)  9K3 ONE-lysine 

Protein-bound core aldehyde   
p9-Oxononanoylcholesterol (9-ONC) 2A81  9-ONC-lysine 

aUnpublished 
bShibata et al. (2009) Acta Histochem. Cytochem. 42, 197; cShibata et al. (2011) JBC 277, 10459; dUchida et al. (1998) 
PNAS 95, 4882; eIchihashi et al. (2002) JBC 276, 23903; fIshino et al. (2010) JBC 285, 15302; gYamada et al. (2001) JLR 42, 
1187; hYamada et al. (2004) JLR 45, 626; iItakura et al. (2003) BBRC 308, 452; jToyokuni et al. (1995) FEBS Lett. 359, 189; 
kItakura et al. (2000) FEBS Lett. 473, 249; lHashimoto et al. (2003) JBC 278, 5044; mHashimoto et al. (1995) JBC 278, 5044; 
nShimozu et al. (2011) JBC 286, 29313; oShibata et al. (2011) JBC 286, 19943; pKawai et al. (2003) JBC 278, 21040; qKawai et 
al. (2003) JBC 278, 50346 

Table 2. Lipid peroxidation-specific monoclonal antibodies 

3.3.2. NADPH oxidase 

NADPH oxidase is an enzyme complex that is normally found in the plasma membranes of 
neutrophils and monocytes. Like MPO, it is activated during the respiratory burst of the 
neutrophil. Its main role is to generate superoxide by transferring electrons from NADPH to 
molecular oxygen (Equation 5). The superoxide is then used to destroy phagocytosed 
bacteria or pathogens. NADPH oxidase and its product, superoxide, are major contributory 
factors for foam cell formation in atherosclerosis (Meyer & Schmitt, 2000). 
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 - + +
2 22O +NADPH 2 O +NADP +H   (5) 

3.3.3. Lipoxygenase 

Lipoxygenases are iron-containing enzymes that catalyze the dioxygenation of PUFA in 
lipids. Specifically, they form hydroperoxides from fatty acids and molecular oxygen. 15-
lipoxygenase is the main protein in this family; it is involved in the metabolism of 
eicosanoids (prostaglandins, leukotrienes), which function as secondary messengers. 15-
lipoxygenase has been shown to be involved in LDL oxidation (Bailey et al., 1995), with 
considerably greater 15-lipoxygenase activities in atherosclerotic compared to normal aortas 
(Hiltunen et al., 1995).  

4. Lipoprotein oxidation  

We now turn to the specifics of lipoprotein oxidation with reference to the different lipid 
and protein components. 

4.1. Oxidation of lipid components 

Of the different lipid components that may be potentially oxidized in various lipoprotein 
particles, we will focus on the oxidation of fatty acyl chains, including those on 
phospholipids, cholesterylester and triglycerides, and on cholesterol derivatives. The reader 
is referred to a comprehensive review by Subbaiah and colleagues (Levitan et al., 2010) for 
an introduction to the role of ceramides in Ox-LDL and of sphingosine 1-phosphate in HDL 

4.1.1. Oxidation of fatty acyl chain 

One group of biological targets that are highly vulnerable to attack by ROS and aldehydes 
are the lipids: their abundance in lipoproteins and the ease with which their unsaturated 
bonds are oxidatively modified make them susceptible to damage. Products of lipid 
peroxidation have been associated with the pathophysiology of numerous disease states, 
including atherosclerosis, diabetes and cancer. Although found in low concentrations in 
normal healthy tissues, they are found to be enriched in pathological cells and tissues, 
including macrophage foam cells and atherosclerotic lesions (Olkkonnen, 2008; Brown & 
Jessup, 1999; Olkkonen & Lehto, 2004; Javitt, 2008; Tsimikas et al., 2005; Berliner & Watson, 
2005). PUFA peroxidation products cause further damage to proteins by oxidative 
modification of amino acid side chains and formation of protein carbonyl groups (Refsgaard 
et al., 2000). 

Briefly, lipid peroxidation is initiated by the hydroxyl radical abstracting a hydrogen from 
the methylene group adjacent to a double bond of fatty acids, Figure 5. The fatty acid may 
also be part of the phospholipid at the sn-2 position or esterified to the –OH group of 
cholesterol in a lipoprotein. This process gives rise to an unstable lipid radical, which 
undergoes rearrangement of double bonds and addition of oxygen to form a peroxyl radical. 
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The lipid radical or the peroxyl radical could react with a neighbouring fatty acyl chain as 
well, thereby propagating the peroxidation process. The chain reaction may be terminated 
by eventual formation of a lipid hydroperoxide.  

 
Figure 5. Lipid peroxidation. The lipid peroxidation process may be divided into the initiation, 
propagation and termination steps; only the double bond containing segment of a fatty acid is shown. 

In the context of a lipoprotein, it was postulated that LDL oxidation was initiated through cell-
generated ROS formation, with the involvement of the lipoxygenase pathway (Cyrus et al, 
1999). Both apoE-null and LDLr-null mice genetically deficient in the 12/15-lipoxygenase were 
found to have significantly less atherosclerosis. Other groups developed mice overexpressing 
the 12/15-lipoxygenase, and found spontaneous aortic fatty streak lesions on a chow diet 
(Reilly et al., 2004). Finally, it was shown that the endothelial cells within the vessels required 
12/15-lipoxygenase to generate oxidized phospholipids. It was also shown that the MPO 
pathway contributed to Ox-LDL in human atherosclerotic lesions (Savenkova et al., 1994).  

LDL oxidation may occur within the arterial endothelial cells, which have high levels of 
precursor molecules like linoleic acid and arachidonic acid - fatty acids that are involved in 
producing eicosanoids. Hydroperoxide reaction with linoleic acid produces 13(S)-
hydroperoxy-octadecadienoic acid (13(S)-HPODE), and reaction with arachidonic acid 
produces 15(S)-hydroperoxy-eicosatetraenoic acid (15(S)-HPETE). These molecules are 
present as part of LDL surface phospholipids and trigger further oxidation of phospholipids 
with arachidonic acid. These are early events occurring prior to apoB-100 modification and 
constitute the ‘minimally-modified’ LDL (Navab et al., 2001). Another consequence of 
phospholipid oxidation is fragmentation of the fatty acyl group at sn-2 position resulting in 
short chain fatty acids, which structurally and functionally resemble platelet activating 
factors with chemotactic activity.  

Although less understood, in vitro oxidation of HDL is also shown to generate oxidized 
lipids and proteins. It is likely that HDL lipids may be oxidized initially even before LDL 
lipids, upon exposure of human plasma to peroxyl radicals, Cu2+ ions or lipoxygenase 
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(Garner et al., 1998). These studies also show that Met residues are oxidized in apoAI and 
apoAII. Further, 1H and 31P NMR analysis indicate a loss of the unsaturated system with 
appearance of epoxides on fatty acyl chains and 5,6-epoxide derivatives of cholesterol 
indicating significant modification of HDL (Bradamante et al., 1992). 

4.1.2. Oxysterols 

Oxysterols are molecules that are formed from the oxidation of cholesterol, which can occur 
at several sites (Vaya & Schipper, 2007). They display higher water solubility compared to 
cholesterol. The major oxysterols isolated from plasma LDL include 7α-OH and 7β-OH 
cholesterol. In addition, 7-keto cholesterol, which impairs cholesterol efflux and reduces cell 
membrane fluidity, and 5,6-epoxide derivatives of cholesterol, have also been identified in 
Ox-LDL (Levitan et al., 2010). Other types of oxysterols have been localized in 
atherosclerotic lesions, including those wherein the side chains of cholesterol are oxidized 
(for example, 27-hydroxycholesterol). The cytochrome P-450 system is largely responsible 
for generating the hydroxylated derivatives. They also function as transcriptional effectors 
and attenuate the Liver X Receptor (LXR). A majority of PUFA in LDL is esterified as 
cholesterylester; thus, hydroperoxide and hydroxide derivatives of cholesterylester are 
found in abundance in human atherosclerotic lesions. 

In the CNS, the neurons convert cholesterol to 24S-hydroxycholesterol (also known as 
cerebrosterol), Figure 6; the conversion facilitates its movement out of the CNS, since 
cholesterol as such does not cross the blood brain barrier. Almost all circulating 24S-
hydroxycholesterol originates from the brain (Lutjohann et al., 1996; Lutjohann et al., 2000; 
Bjorkhem et al., 1998) and may reflect CNS cholesterol turnover.  

 
Figure 6. 24S-hydroxycholesterol (obtained from: http://pubchem.ncbi.nlm.nih.gov) 

4.2. Oxidation of protein components 

4.2.1. ApoB-100 

From a historical perspective, apoB-100 was the earliest apolipoprotein to be identified as 
being a target for oxidative modification on lipoproteins (Steinberg et al., 1989). It is implied 
in the discussions involving Ox-LDL hypothesis, along with oxidation of the lipid moieties 
in LDL. The term Ox-LDL is used to identify LDL that has been modified to an extent that it 
is not recognized by the LDLr anymore; instead it becomes a ligand for the scavenger 



 
Lipoproteins – Role in Health and Diseases 394 

(Garner et al., 1998). These studies also show that Met residues are oxidized in apoAI and 
apoAII. Further, 1H and 31P NMR analysis indicate a loss of the unsaturated system with 
appearance of epoxides on fatty acyl chains and 5,6-epoxide derivatives of cholesterol 
indicating significant modification of HDL (Bradamante et al., 1992). 

4.1.2. Oxysterols 

Oxysterols are molecules that are formed from the oxidation of cholesterol, which can occur 
at several sites (Vaya & Schipper, 2007). They display higher water solubility compared to 
cholesterol. The major oxysterols isolated from plasma LDL include 7α-OH and 7β-OH 
cholesterol. In addition, 7-keto cholesterol, which impairs cholesterol efflux and reduces cell 
membrane fluidity, and 5,6-epoxide derivatives of cholesterol, have also been identified in 
Ox-LDL (Levitan et al., 2010). Other types of oxysterols have been localized in 
atherosclerotic lesions, including those wherein the side chains of cholesterol are oxidized 
(for example, 27-hydroxycholesterol). The cytochrome P-450 system is largely responsible 
for generating the hydroxylated derivatives. They also function as transcriptional effectors 
and attenuate the Liver X Receptor (LXR). A majority of PUFA in LDL is esterified as 
cholesterylester; thus, hydroperoxide and hydroxide derivatives of cholesterylester are 
found in abundance in human atherosclerotic lesions. 

In the CNS, the neurons convert cholesterol to 24S-hydroxycholesterol (also known as 
cerebrosterol), Figure 6; the conversion facilitates its movement out of the CNS, since 
cholesterol as such does not cross the blood brain barrier. Almost all circulating 24S-
hydroxycholesterol originates from the brain (Lutjohann et al., 1996; Lutjohann et al., 2000; 
Bjorkhem et al., 1998) and may reflect CNS cholesterol turnover.  

 
Figure 6. 24S-hydroxycholesterol (obtained from: http://pubchem.ncbi.nlm.nih.gov) 

4.2. Oxidation of protein components 

4.2.1. ApoB-100 

From a historical perspective, apoB-100 was the earliest apolipoprotein to be identified as 
being a target for oxidative modification on lipoproteins (Steinberg et al., 1989). It is implied 
in the discussions involving Ox-LDL hypothesis, along with oxidation of the lipid moieties 
in LDL. The term Ox-LDL is used to identify LDL that has been modified to an extent that it 
is not recognized by the LDLr anymore; instead it becomes a ligand for the scavenger 

 
Pathophysiology of Lipoprotein Oxidation 395 

receptors family of proteins. On the other hand, the term ‘minimally-modified’ LDL has 
been adopted to encompass the different preparations that have been modified enough to be 
chemically distinguishable from, but recapitulates the LDLr binding feature of, unmodified 
LDL. ApoB-100 is one of the oxidizable targets on lipoproteins: one of the earliest in vitro 
studies demonstrate that incubation of human LDL with 4-HNE (Haberland et al., 1984; 
Jurgens et al., 1986), results in modification of 45 lysines, 7 histidines, 23 serines and 51 
tyrosine residues on apoB-100. 

4-HNE forms covalent adducts with lysine residues on apoB-100, thereby blocking its ability 
to recognize the macrophage LDLr. Evidence for in vivo LDL oxidation was provided by 
immunocytochemical staining and immunoblot analysis of extracts from atherosclerotic 
lesions of LDLr-deficient rabbits using antibodies against Ox-LDL, MDA-lysine or 4-HNE-
lysine, (Palinski et al., 1990). This study also demonstrated higher titers of autoantibodies 
against MDA-conjugated LDL in the human and rabbit antisera. 4-HNE-modified LDL is an 
efficient ligand for scavenger receptors (Hoff & O’Neil, et al, 1993; Rosenfeld et al., 1990).  
ApoB-100 can also be modified by MPO, which leads to formation of chlorotyrosine and 
nitrotyrosine derivatives.  

4.2.2. ApoE 

ApoE is a 299 residue, 34 kDa protein that is commonly associated with VLDL, CM 
remnants and a sub-class of HDL. It is a major cholesterol transport protein in the plasma 
and the CNS (Hatters et al., 2006). In humans, apoE is polymorphic; variation in the APOE 
gene results in three major alleles, ε2, ε3 and ε4, occurring at frequencies of 8%, 77% and 
15%, respectively in the population. The products of the three alleles are the isoforms, 
apoE2, apoE3 and apoE4, which differ in the amino acids at positions 112 and 158: apoE2 
has Cys while apoE4 has Arg at these locations; apoE3 has a Cys and Arg at these locations, 
respectively. ApoE3 is considered an anti-atherogenic protein; individuals homozygous for 
the APOE ε2 allele are prone to developing familial type III hyperlipoproteinemia and 
premature atherosclerosis. The inheritance of one or more of the APOE ε4 alleles 
predisposes the bearer to hypercholesterolemia, as well as Alzheimer’s disease, affecting 
both the age of onset and the severity of these diseases. 

In vitro oxidative modification of the receptor-binding domain of apoE3 by acrolein generates 
epitopes recognized by an antibody specific for acrolein-lysine adducts, mAb5F6 (Tamamizu-
Kato et al., 2007) with formation of both intra- and inter-molecular cross-linked products. This 
modification resulted in severe impairment of three major functions of apoE3: (i) its ability to 
interact with the LDLr, a function mediated by specific lysines and arginines located on helix 4 
of the receptor-binding domain; (ii) its ability to bind heparin, which is facilitated 
predominantly by two specific lysines (K143 and K146), Figure 7; (iii) its ability to bind lipids. 
These studies indicate that acrolein either directly modifies the lysines in helix 4 that are 
involved in LDLr and heparin binding or that modification of lysines elsewhere on apoE3 
alters the conformation of lysines in helix 4, thereby disrupting its binding. Further evidence 
was provided by direct exposure of VLDL isolated from human plasma to acrolein or Cu2+, 
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which disrupted its ability to bind and internalize the lipoprotein particle via LDLr, LDLr-
related protein or HSPG on hepatocytes. (Arai et al., 1999; 2005). Taken together, oxidative 
modification appears to compromise the functional integrity of apoE3. 

 
Figure 7. Lysines relevant in LDLr and HSPG binding function of apoE3.  Ribbon diagram of 
apoE3 receptor-binding domain is shown with the LDLr- and HSPG-binding sites 
represented in green and yellow, respectively. 

From a physiological perspective, the loss of apoE function by oxidative modification has 
direct implications in CVD: (i) decreased uptake and internalization of apoE-containing 
lipoproteins leading to their accumulation in the blood; (ii) decreased ability of apoE to interact 
with heparan sulfate proteoglycans (HSPG) lining the blood vessels and cell surfaces, where 
apoE is believed to be stored; and (iii) impaired ability of apoE to interact with lipoproteins, 
which is an essential prerequisite for the receptor-binding domain to elicit LDLr binding.   

In the CNS, where apoE is the predominant apolipoprotein that has been identified so far, 
oxidative modification is expected to have serious implications in progression of 
neurological diseases such as Alzheimer’s disease in an isoform-specific manner. About 65% 
of individuals with late-onset familial and sporadic Alzheimer’s disease bear the APOE ε4 
allele (Huang et al., 2004). The precise mechanism by which apoE4 is associated with 
Alzheimer’s disease remains a contentious issue. While the role of apoE4 in aggravating the 
beta amyloid toxicity has received widespread attention, the inherent propensity of apoE4 to 
misfold noted under in vitro physiological conditions requires further scrutiny in vivo. 
Further, since oxidative damage plays a significant role in the pathogenesis associated with 
Alzheimer’s disease (Perry et al., 2002), it is likely that oxidative modification of apoE4 
further exacerbates its role in the etiology of the disease. Indeed, cerebrospinal fluid 
obtained by lumbar puncture in a limited number of Alzheimer’s disease patients 
homozygous for APOE3 or APOE4, and age-matched controls with or without dementia 
display a 50 kDa apoE-immunoreactive protein co-migrating with proteins immunoreactive 
for 4-HNE and MDA adducts (Montine et al., 1996; Bassett et al., 1999).  

A similar 50 kDa apoE-immunoreactive protein was also reported in P19 neuroglial cultures 
differentiated into neurons and astrocytes subjected to oxidative stress. Interestingly, apoE3 
appeared to be cross-linked to a greater extent than apoE4. The cross-linking has been 
attributed to the susceptible site provided by apoE3 in the form of Cys112, and the known 
reactivity of 4-HNE with sulfhydryl groups (Esterbauer et al., 1991). In vitro modification of 
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apoE3 or apoE4 (isolated from plasma) by 4-HNE yielded cross-linked products with apparent 
molecular weights corresponding to dimeric and trimeric apoE (Montine et al., 1996). A similar 
trend was noted with MDA. It is possible that the greater susceptibility of apoE3 to cross-
linking and oxidation than apoE4 is a reflection of its greater potency as an antioxidant. 

4.2.3. ApoAI 

ApoAI is a 243 residue, 28 kDa exchangeable apolipoprotein that is a major component of 
HDL.  Like apoE, it is composed predominantly of amphipathic α-helices, with an N-
terminal domain 4-helix bundle. Under normal physiological conditions, apoAI plays a 
critical role in promoting ATP Binding Cassette Transporter A1 (ABCA1)-mediated 
cholesterol efflux from macrophages. This aids in mobilizing cholesterol and phospholipids 
from peripheral tissues to the liver by the RCT process, for eventual disposal by biliary 
secretion. In atherosclerotic lesions, apoE plays a dominant role in RCT by virtue of the fact 
that cholesterol-laden macrophages secrete lipid-poor apoE, which in turn in promotes 
ABCA1-mediated cholesterol efflux (Huang et al, 1995). 

With both apoAI and apoE, a nascent discoidal form of HDL is generated that is composed 
of a bilayer of phospholipids and cholesterol circumscribed by the α-helices of the protein. 
The discoidal HDL is an excellent substrate for LCAT, the enzyme that catalyzes the transfer 
of a fatty acyl chain from phospholipids to the free hydroxyl group of cholesterol to form 
cholesterylesters. The conversion of the amphipathic free cholesterol to the hydrophobic 
cholesterylesters promotes its transition to the core of the lipoprotein particle, thereby 
generating a spherical HDL containing a cholesterylester core. The HDL is targeted to the 
liver and steroidogenic tissues where they are recognized by the scavenger receptor class B 
Type 1 (SR-B1), which mediate selective uptake of cholesterylesters into the cells.  

 
Figure 8. Immunohistochemical co-localization of apoAI and acrolein adducts in human atherosclerotic 
lesions. This research was originally published in The Journal of Biological Chemistry. Shao, B., Fu, X., 
McDonald, T. O., Green, P. S., Uchida, K., O’Brien, K. D., Oram, J. F. & Heinecke, J. W. Acrolein impairs 
ATP Binding Cassette Transporter A1-dependent cholesterol export from cells through site-specific 
modification of apolipoprotein A-I. J. Biol. Chem. (2005) Vol. 280, No. 43, pp. 36386-36396 © the 
American Society for Biochemistry and Molecular Biology. 

There is strong evidence that MPO oxidizes HDL in vivo (Daugherty et al., 1994; Bergt et al., 
2004; Pennathur et al., 2004; Zheng et al., 2004). In addition, aldehyde modification of HDL 
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is also associated with the loss in ability of HDL to activate LCAT (McCall et al., 1995). 
Acrolein modifies apoAI specifically at Lys226 in helix 10 converting it to Nε-(3-
methylpyridinium)lysine (MP-Lys). A corresponding decrease in ABCA1-mediated 
cholesterol efflux was also noted. In addition, immunohistochemical analysis demonstrated 
co-localization of acrolein-adducts and apoAI in human atherosclerotic lesions, Figure 8, 
confirming previous studies (Uchida et al., 1998b). Further chlorination of Tyr192 and 
oxidation of specific Met residues in apoAI via the MPO pathway impairs its ability to 
promote cholesterol efflux (Shao et al., 2010). Taken together, it appears that oxidative 
modification of HDL apoAI may be one of the contributory factors to atherogenesis. 

Figure 9 provides a simplified overview of the roles of apoB-100, apoAI and apoE in lipid 
distribution between liver and peripheral tissues. It also shows potential functional sites that 
are likely to be affected because of oxidative modification of lipoproteins. 

  
Figure 9. Distribution cholesterol mediated by apoB-100, apoE and apoAI. The green block arrow 
shows the general direction of the RCT process. The red stars draw attention to processes that are 
affected by oxidative modification of protein and lipid components of lipoproteins. 

5. Lipoprotein oxidation and disease states 

5.1. Atherosclerosis 

Atherosclerosis is one of the leading causes of death worldwide, and is commonly 
associated with coronary and cerebrovascular diseases (Rocha & Libby, 2009; Moore & 
Tabas, 2011). Originally considered purely a lipid-storage disease, it is now recognized that 
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distribution between liver and peripheral tissues. It also shows potential functional sites that 
are likely to be affected because of oxidative modification of lipoproteins. 

  
Figure 9. Distribution cholesterol mediated by apoB-100, apoE and apoAI. The green block arrow 
shows the general direction of the RCT process. The red stars draw attention to processes that are 
affected by oxidative modification of protein and lipid components of lipoproteins. 

5. Lipoprotein oxidation and disease states 

5.1. Atherosclerosis 

Atherosclerosis is one of the leading causes of death worldwide, and is commonly 
associated with coronary and cerebrovascular diseases (Rocha & Libby, 2009; Moore & 
Tabas, 2011). Originally considered purely a lipid-storage disease, it is now recognized that 
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atherosclerosis is intrinsically linked to inflammation, particularly with respect to 
involvement of innate and adaptive immunity.  

Atherosclerosis is a progressive disorder marked by several stages with varying extent of 
lesions marking each stage. It is initiated by accumulation of lipoproteins in the sub-
endothelium, typically at arterial branch points, which tend to have impaired laminar flow. 
The physiological response to this retention includes: (i) chemical modification (due to the 
production of ROS and other oxidative factors from intimal macrophages) and aggregation 
of the lipoproteins, (ii) early inflammatory response such as T cell recruitment, (iii) cytokine 
secretion, and, (iv) endothelial alterations. In response to the chemokines, the circulating 
monocytes enter the arterial wall and eventually differentiate to macrophages under the 
influence of macrophage colony stimulating factors. 

The macrophages internalize oxidized and modified lipoproteins via several types of 
scavenger receptors, including class A and B scavenger receptors (e.g. CD36) and lectin-like 
oxidized LDLr-1 (LOX-1). Mice lacking CD36, platelet-activating-factor receptor, and toll-
like receptors 2 and 4 show decreased atherosclerosis. The internalized cholesterol is stored 
in the cytoplasm as cholesterylester lipid droplets, surrounded by a monolayer of 
phospholipids. When viewed by electron microscopy, these cells have a foamy appearance, 
and are therefore called foam cells. Foam cell formation marks the earliest pathological 
lesion in atherosclerosis called ‘fatty streaks’. 

As the fatty streaks progress, they induce migration of smooth muscle cells from media to 
the intima of the arterial wall, which is accompanied by secretion of collagen and matrix 
proteins and macrophage proliferation. As lipid accumulation continues to occur in 
macrophages, smooth muscle cells also take up lipids. Collectively, these processes give rise 
to fibrous lesions. As the lesion progresses, foam cells die and release lipids, which 
aggregate with lipoproteins trapped in the matrix, eventually leading to advanced lesions 
with calcification and hemorrhage. 

Ox-LDL also plays a role in modulating smooth muscle function, by increasing their 
adhesion to macrophages and foam cells in the plaques. At low concentrations, Ox-LDL 
stimulates proliferation of smooth muscle cells, whereas at higher concentrations, they cause 
smooth muscle apoptosis by up-regulating levels of the pro-apoptotic lipid ceramide. 
During this process, a necrotic core is formed in the vessel lumen. The necrotic plaque is 
unstable and subject to disintegration or rupture, leading to formation of a thrombus. Ox-
LDL are key stimulators of the coagulation pathway, and promote the secretion of tissue 
factor from endothelial cells, which is required to form a clot. At various stages of the lesions 
unstable angina, heart attack or stroke may occur.  

In summary, our understanding of the atherogenesis process has progressed rapidly since 
the deleterious nature of Ox-LDL was first pointed out about 3 decades back. We now 
recognize it as a multifactorial disease with inflammation and oxidative stress playing key 
roles. The last decade has seen the additional role of HDL in mitigating the severity of 
atherosclerosis; in this context, the role of HDL (not HDL levels per se, but the robustness of 
HDL function) is currently under intense scrutiny.   
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5.2. Alzheimer’s disease 

Alzheimer’s disease is a neurodegenerative disorder that is clinically characterized by 
progressive cognitive decline and dementia. The major neuropathological hallmarks of this 
age-related disease are the extra cellular accumulation of amyloid beta peptide (Aβ), the 
intracellular presence of neurofibrillary tangles composed of hyperphosphorylated tau and 
the loss of cholinergic neurons in the brain. 

Several hypotheses have been put forward to explain the pathogenesis of Alzheimer’s 
disease, of which the oxidative stress hypothesis is of relevance here. In general, the brain of 
Alzheimer’s disease subjects is believed to be in a heightened state of oxidative stress and is 
characterized by higher levels of lipid peroxidation products (acrolein, 4-HNE and MDA) 
(Arlt et al., 2002; Butterfield et al., 2010). The brain is particularly susceptible to oxidative 
stress due to the high oxygen and metal content, lipid levels, and paucity of antioxidants 
(such as vitamins C and E) compared to normal tissues (Schippling et al., 2000). The 
Alzheimer’s disease brain is also rich in isoprostanes (a stable marker of peroxidation of 
arachidonic acid) and neuroprostanes (Lovell et al., 2001).  

Accumulation of soluble and insoluble assemblies of Aβ (a peptide composed of 39-43 
residues) in the brain parenchyma and in the cerebral vasculature is considered the primary 
event in Alzheimer’s disease pathogenesis by the amyloid hypothesis. Aβ is derived from 
the ubiquitously expressed transmembrane protein amyloid precursor protein by regulated 
intramembranous proteolysis. The oligomeric form of Aβ is considered as the most toxic 
species; one of the reasons for its toxicity is its ability to act as an oxidative stress agent in a 
lipid environment. The oxidative nature of Aβ has been attributed to the presence of Met35, 
which is capable of undergoing one-electron oxidation to form a sulfuranyl radical cation 
(S+). This in turn is able to abstract a H-atom from a fatty acyl chain as shown in Figure 7, 
and initiate a series of free radical-mediated events in a lipid milieu such as a membrane 
bilayer or a lipoprotein particle (Butterfield et al., 2005). 

In the CNS, apoE is localized on HDL-sized spherical and discoidal particles. Lipoproteins 
isolated from CSF of Alzheimer’s disease patients were shown to have a higher sensitivity to 
in vitro oxidation compared to those from normal subjects. It has also been shown that CSF 
lipoproteins can be oxidized through transition metal ions such as Cu2+ or Fe3+. These metal 
ions are present in CSF as complexes with metal-binding proteins like ceruloplasmin or 
transferrin (Schippling et al., 2000); under pathological conditions, they are released in a 
catalytically active form. Furthermore, Aβ itself can induce oxidation through interactions 
with metal ions. Aβ contains three histidines and one tyrosine, all of which can chelate 
transition metal ions. This promotes Aβ aggregation and a pro-oxidative state of Aβ through 
reduction of the transition metal (Artl, et al., 2002). The peptide can then produce ROS or 
induce lipid peroxidation, both of which strongly affect lipoprotein stability.   

Conversion of cholesterol to 24S-hydroxycholesterol is believed to be a mechanism by  
which the brain maintains cholesterol homeostasis. Plasma concentrations of 24S-
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hydroxycholesterol are utilized as a biomarker and a diagnostic tool for neurological 
disorders. Neuronal damage is accompanied by destruction of neuronal membranes, which 
causes more cholesterol to be converted into 24S-hydroxycholesterol. In agreement 
significantly higher peripheral concentrations of 24S-hydroxycholesterol were found in 
Alzheimer’s disease and vascular demented patients (Lutjohann at al., 2000). Importantly, the 
latter study showed that the apoE genotype does not contribute significantly to the elevated 
plasma levels of 24S-hydroxycholesterol in Alzheimer’s disease patients (Bretillon, 2000). 

The CSF levels of 24S-hydroxycholesterol appears to be sensitive to changes in the brain 
(possibly because they are not affected by hepatic clearance rates of this oxysterol) and may 
represent better markers both for neurodegenerative diseases and for disturbances in the 
blood brain barrier (Leoni & Caccia, 2011). In early stages of Alzheimer’s disease, there are 
significantly higher CSF concentrations of 24S-hydroxycholesterol suggesting increased 
cholesterol turnover in the CNS during degeneration (Leoni & Caccia, 2011). These levels 
decrease as the disease advances, possibly reflecting the loss of cells expressing cholesterol 
24S-hydroxylase, the enzyme responsible for the conversion of brain cholesterol into 24S-
hydroxycholesterol. In Alzheimer’s disease and mild cognitive impairment, but not in 
normal individuals, the levels of 24S-hydroxycholesterol significantly correlate with CSF 
levels of apoE (Shafaati et al., 2007).  

The elevation of 24S-hydroxycholesterol in CSF is consistent with a significant role for this 
oxysterol as a signaling molecule during neuronal degeneration. It has been shown that 24S-
hydroxycholesterol is able to induce expression of apoE and ABC transporters in astrocytes 
through activation of LXR, and to stimulate cellular cholesterol efflux (Baldan et al., 2009).  

5.3. Diabetes 

Diabetes mellitus is a disease characterized by hyperglycemia and insufficiency or resistance 
to insulin. In general, diabetes is associated with increased generation of free radicals, 
heightened state of oxidative stress, and attenuated antioxidant response. Studies have 
revealed greater levels of TBARS in the plasma of diabetic patients compared to controls 
(Kawamura et al., 1994). Plasma lipoproteins isolated from diabetic rats have been shown to 
be cytotoxic in vitro in cultured cells, suggesting they may have been oxidatively modified in 
vivo (Morel & Chisolm, 1989). Other studies have shown that glucose autoxidation and 
protein glycation can result in the formation of radicals like superoxide anions that promote 
lipoprotein oxidation.   

Hyperglycemia promotes glycation of the protein and lipid components of lipoproteins 
leading to generation of advanced glycation end-products (AGE) (Sun et al., 2009). 
Glycation is the process whereby glucose attaches to the ε-amino group of lysines or the α-
amino group of an N-terminal amino acid in a non-enzymatic manner (Maritim et al., 2003). 
Biochemically, glucose attachment to the protein results in the formation of an unstable 
Schiff base, which then rearranges to an Amadori product. These Amadori products then 
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undergo dehydration reactions and rearrange themselves to finally form AGE, which are 
responsible for many of the irreversible pathological effects seen in diabetes. The receptors 
for AGE (RAGE) are abundantly expressed on vascular endothelial cells, smooth muscle 
cells and macrophages, which are enhanced in atherosclerotic lesions in diabetes. Since Ox-
LDL has AGE epitopes, it binds RAGE on macrophages and enhances macrophage 
proliferation and oxidative stress. 

Like oxidation, glycation of LDL prevents LDLr-mediated cellular uptake of lipoproteins 
and promotes scavenger receptor-mediated uptake.  In vivo, small, dense, which is more 
atherogenic than large buoyant LDL, appears to be preferentially glycated; also, in vitro 
studies suggest that it is more susceptible to glycation (Soran & Durrington, 2011). Diabetic 
individuals display higher plasma concentrations of glycated LDL than non-diabetic 
individuals. 

Type 1 diabetes subjects have lipid disorders (diabetic dyslipidemia), with a pro-atherogenic 
lipid profile: increased concentration of TG and LDL cholesterol, low HDL levels (Verges, 
2009). In addition, they display increased cholesterol-triglyceride ratio within their VLDL, 
increased triglyceride in their LDL and HDL, glycation of apolipoproteins, increased 
oxidation of LDL and an increase in small dense LDL (relatively more atherogenic). HDL 
from Type 1 diabetes subjects is less effective in promoting cholesterol efflux and has 
reduced antioxidant properties.  

Subjects with Type 2 diabetes also have a proatherogenic lipid profile with quantitative and 
qualitative differences in their lipoproteins (Verges, 2005). Typically, they have increased 
triglyceride levels, increased VLDL production and decreased VLDL catabolism, and 
decreased HDL cholesterol levels. They have large VLDL particles that are richer in 
triglyceride, small dense LDL particles, increase in triglyceride content of LDL and HDL, 
Ox- and glycated-LDL, glycation of apolipoproteins and increased susceptibility of LDL to 
oxidation. 

6. Concluding remarks  

In conclusion, this chapter has provided a broad overview of the role of oxidative stress, 
ROS, and lipoprotein oxidation in the pathophysiology of disease states such as 
atherosclerosis, Alzheimer’s disease and diabetes. While Ox-LDL and inflammation seem to 
be bona fide factors in the development of atherosclerosis, the role of dysfunctional HDL in 
these disease states is not known at this point. There are several points of uncertainty 
regarding the in vivo source of ROS and oxidative stress, the physiological behavior of 
oxidized lipoproteins, particularly in Alzheimer’s disease and diabetes, and the line-up of 
antioxidants and autoantibodies in response to the oxidized factors. It is anticipated that the 
next decade will provide more insights into the molecular and mechanistic basis of the effect 
of oxidative damage on lipoprotein in disease states. This would pave the way for new 
therapeutic options for preventing and treating these diseases.     
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1. Introduction 

Phospholipids containing polyunsaturated fatty acids are highly prone to modification by 
reactive oxygen species. They tend to undergo lipid peroxidation to form OxPLs which 
induce cytotoxicity and apoptosis and plays a significant role in inflammation. There are 
reports that provide insights for involvement of OxPLs in interleukin transcription, 
phenotype switching of smooth muscle cells and apoptotic mechanisms of the modified 
phospholipids. Thus peroxidation greatly alters the physiochemical properties of 
membrane lipid bilayers and consequently induces signaling depending upon the 
formation or reorganization of membrane domains or specific molecular binding (Deigner 
et al, 2008). Distinct OxPLs species may interact with specific binding sites and receptors 
leading to the activation of individual signaling pathways. The most prevalent human 
coronary atherosclerosis is a chronic inflammatory disease that occurs due to lipid 
abnormalities. Pro-inflammatory oxidized low-density lipoprotein (OxLDL) has been 
suggested to be a link between lipid accumulation and inflammation in vessel walls. 
Increased levels of phospholipids’ oxidation products have been detected in different 
organs and pathological states, including atherosclerotic vessels (Watson et al 1997, 
Subbanagounder et al 2000), inflamed lung (Yoshimi et al 2005, Nakamura et al 1998 ), non-
alcoholic liver disease (Ikura et al 2006), plasma of patients with coronary artery disease 
(Tsimikas et al 2005), as well as in apoptotic cells (Huber et al 2002, Chang et al 2004), 
virus-infected cells (Van Lenten et al 2004) and cells stimulated with inflammatory agonists 
(Subbanagounder et al 2002). Moreover, studies have been done on two HDL-associated 
enzymes, serum paraoxonase (PON1) and PAF-acetylhydrolase (PAF-AH), which are 
responsible for hydrolysis of plasma oxidized phospholipids (Forte et al 2002) thereby 
providing evidence for their role in atherosclerosis. Another important marker of oxidative 
stress is the association of OxPLs with the apolipoprotein B-100 particle (OxPLs/apoB) of 
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LDL. Increased levels of OxPLs/apoB are implicated in coronary artery disease, progression 
of carotid and femoral atherosclerosis and the prediction of cardiovascular events 
(Tsimikas et al 2005). 

2. Formation of OxPLs 

OxPLs are generated by the oxidation of polyunsaturated fatty acid residues, which are 
usually present in the phospholipids at the sn-2 position. Oxidation of phospholipids is 
initiated either enzymatically by lipoxygenases or by reactive oxygen species and 
propagates via the classical mechanism of lipid peroxidation chain reaction. This implies 
that the production of OxPLs cannot be regulated by adjusting the amount or activity of 
enzymes. Hence there is a probability of the uncontrolled generation of OxPLs during 
oxidative stress. Several evidences suggest that OxPLs are formed from Poly Unsaturated 
Fatty Acids (PUFAs) at the sn-2 position (Bochkov et al 2007, Podrez et al 2002). Bioactive 
oxidized phospholipids may contain fragmentation products of PUFA, such as 1-palmitoyl-
2-oxovaleroyl-sn-glycero-3-phosphorylcholine and 9-keto-10-dodecendioic acid ester of 2-
lyso-phosphatidyl choline (KOdiA-PC); prostaglandins, such as 15 deoxy-delta 12, 14 
prostaglandin I2 (PGI2) and 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-
phosphoryl choline (PEIPC); and levuglandins. These molecules exhibit different biological 
activities. Chromatographic separation of many products formed by oxidation of 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (PAPC) led to the identification 
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High structural variation may explain why OxPLs demonstrate a remarkable variety of 
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Enzymatic and non-enzymatic reactions, free-radical, and radical-free processes are 
capable of initiating wide spectrum of reactions causing oxidation of PUFAs. Majority of 
these reactions produce identical primary oxidation products (i.e., peroxyl radicals and 
hydroperoxides). Subsequent oxidation of OxPLs is an enzyme-independent stochastic 
process producing a wide spectrum of OxPLs. Peroxidation products thus generated 
proceeds according to several mechanisms such as oxidation of PUFA residue, cyclization 
of peroxyl radical or oxidative fragmentation of esterified PUFAs generating either full-
length residues incorporating several oxygen atoms, or shortened fatty acid residues. 
Introduction of additional oxygen atoms into PUFAs is a common mechanism that 
increases complexity of OxPLs mixtures however biological activities of poly-oxygenated 
PLs are still not characterized. On the other hand, cyclization of peroxyl radical produces 
cyclic peroxide, which undergoes re-arrangements yielding bicyclic endoperoxide, or 
oxidation introducing additional non-cyclic or cyclic peroxide group. Cyclization of 
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Figure 1. Representative chemical structures of oxidized phospholipids formed during oxidation of PAPC. 

2.1. Oxidative cleavage and generation of fragmented OxPLs species 

Peroxides/ peroxyls are transformed into advanced oxidation products by fragmentation of 
hydroperoxides. γ-Hydroxy (or oxo) a,b-unsaturated PLs with terminal aldehyde groups are 
produced from hydroperoxides via oxidation/fragmentation or polymerization/cleavage. 
Oxidative fragmentation of hydroperoxides occurs via several mechanisms including b-
scission, Hock rearrangement, or cyclization of alkoxy radical produced from 
hydroperoxide (Gugiu et al 2006). γ-Hydroxy (or oxo)-α,β-unsaturated aldehyde PLs are 
highly reactive compounds, that are able to covalently link to amino groups of proteins, as 
well as thiol groups of biomolecules (Hoff et al 2003). On the other hand, peroxyl radical can 
cross-react with double bonds present in hydroperoxides yielding peroxydimers, these are 
unstable products and spontaneously break down forming either new radicals or α,β-
unsaturated aldehydes (Schneider et al 2008). In addition to these products, saturated 
fragmented species containing terminal carbonyl groups are produced by oxidative 
fragmentation of PUFA-PLs, most common amongst which are oxononanoate and azelaoate 
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formed from linoleic acid, oxovaleroate, and glutaroate generated from arachidonic acid, or 
oxobutyrate and succinate produced from docosahexaenoic acid (Gu et al 2003, Podrez et al 
2002). Saturated fragmented OxPLs can be formed by further oxidation of γ-hydroxy (or 
oxo)-α, β-unsaturated PLs in addition to direct formation from hydroperoxides, (Podrez et 
al 2002). Saturated fragmented OxPLs l lack double bonds and hence they are resistant to 
further oxidation as the absence of double bonds within fragmented chains results in 
reduced reactivity of aldehyde containing saturated OxPLs as compared to α,β-unsaturated 
fragmented OxPLs. 

2.2. Non-enzymatic oxidation of PL-PUFAs 

This process is initiated by free radicals or non-radical reactive oxygen species (ROS). Free 
radical-mediated chain reaction is initiated by the formation of carbon-centered radicals 
and/or hydroperoxides of PUFAs (peroxidation of PUFAs). Due to the presence of 
methylene groups located between double bonds (bisallylic methylene groups), PUFAs are 
more susceptible to oxidation as compared to saturated FAs. As a result they are 
characterized by weakened hydrogen-carbon bonds. Free radicals can abstract hydrogen 
from bisallylic methylene leading to the formation of carbon-centered radicals within 
PUFAs. Now occurs the initiation step of lipid peroxidation, Carbon-centered radicals 
rapidly react with molecular oxygen, producing peroxyl radicals. These Peroxyl radicals 
react with bisallylic methylene groups in other PUFA molecules, leading to the 
transformation of peroxyl radicals to hydroperoxides and generation of new carbon-
centered radicals. Thus, additional cycles of peroxidation are initiated. PUFA 
hydroperoxides in turn produce reactive alkoxyl and hydroxyl radicals via iron or copper-
catalyzed Fenton-like reactions, further propagating the chain reaction (Bochkov et al 2010). 

2.3. Enzymatic oxidation of PL-PUFAs 

1, 4-pentadiene motifs are recognized within unsaturated fatty acids by lipoxygenases (LOXs) 
and molecular oxygen with high stereoselectivity is introduced. The majority of 
lipoxygenases oxidize only unesterified PUFAs. Only one group (12/15-LOX) amongst all 
known LOXs is capable of oxidizing PL-esterified fatty acids. This class of enzymes is present 
in different biological species and includes mouse, rat, rabbit, bovine, and porcine leukocyte-
type 12- LOX, rabbit and human reticulocyte-type 15-LOX, and soybean LOX (Huang et al 
2008, Wittwer et al 2007). Switching of activity of electron transport in mitochondria to 
peroxidation by cytochrome c (cyt c) has been suggested by Kagan et al (2005). This 
transformation begins when cyt c binds to negatively charged cardiolipin (CL), leading to 
conformational changes and subsequent release of PL-protein complex from mitochondria 
into cytosol. The complex of cyt c with CL activated by traces of PUFA-OOH or H2O2 
acquires the ability to oxidize CL, PS, or PI, with formation of PL-OOH (Kagan et al 2009). 

Alternatively, OxPLs are also generated by re-esterification of free oxidized PUFAs into 
lyso-PLs. Several types of OxPLs have been found to be generated by this mechanism both 
in vivo and in vitro (Arai et al 1997, Birkle et al 1984). 
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2.4. Detoxification of reactive OxPLs 

Detoxification of OxPLs comprises the mechanisms that terminate peroxidation chain 
reaction and inactivate chemically reactive toxic groups produced by oxidation. Hydroxides 
are characterized by significantly lower chemical reactivity and therefore are considered to 
be stable and non-toxic compared to hydroperoxides (Spiteller et al 1997). Most commonly, 
the enzyme catalyzing the reduction of hydroperoxides to hydroxides is glutathione 
peroxidase (GPx). Lipid hydroperoxides are reduced in a reaction that involve 
selenocysteine residue of GPx and glutathione thus generating lipid hydroxide and oxidized 
glutathione. With respect to membrane-bound hydroperoxides of PL esterified PUFAs, PL 
glutathione peroxidase (GPx4) has the highest activity amongst GPx enzymes (Savaskan et 
al 2007). 

A variety of products containing aldehyde and keto functional groups are formed upon 
oxidation of OxPLs which are further reduced by aldo-keto reductases to respective 
hydroxyl groups. Apart from playing physiological role in metabolism of sugar aldehydes, 
aldo-keto reductases also play a role in detoxification of toxic phospholipid aldehydes (Jin et 
al 2007). 

Another aspect of detoxification is OxPLs cleavage. Platelet activating factor acetylhydrolase 
(PAF-AH) has been recognized for its ability to cleave and thus inactivate PAF (McIntyre et 
al 2009).The enzyme was shown to hydrolyze fragmented saturated OxPLs (Stremler et al 
1991), as well as long-chain OxPLs, including esterified F2-isoprostanes, PC-hydroperoxides 
and PEIPC (Kriska et al 2007, Davis et al 2008). 

3. Mechanism of action 

Specific receptor binding of OxPLs is the subject of an ongoing debate. Available evidence 
suggests that OxPLs interact with various signal transduction receptors and pattern 
recognition receptors present on the cell surface. Most commonly known receptors include 
CD36, SRB1, EP2, VEGFR2 and the PAF receptor (Bochkov et al 2007, Zimman et al 2007). It 
has been demonstrated that when present in vesicles, truncated oxidized fatty acids at the 
sn-2 position move from the hydrophobic interior to the aqueous exterior of the vesicle. this 
would allow their recognition by cell surface receptors Earlier models of isoprostane-
containing phospholipids have suggested that they are highly twisted and may distort 
membrane areas in which they are present (Morrow et al 1992). Moumtzi et al (2007) have 
shown that phospholipid oxidation products can integrate into lipid membranes of cells and 
lipoproteins; they can either act as ligands or may cause local membrane disruption. 
Besides, peroxidation of phospholipids leads to the accumulation of lysoforms as a result of 
both non-enzymatic decylation and enzymatic hydrolysis reactions catalyzed to a large 
extent by lipoprotein-as-associated phospholipase A2 (also known as PAF acetylhydrolase), 
which has high substrate selectivity toward polar phospholipids, including the oxidized 
forms (Zalewski et al 2005). Some lysophospholipids bind and activate G protein-coupled 
receptors (GPCR). Parhami et al (1993 & 1995) explained that oxidized phospholipids act by 



 
Lipoproteins – Role in Health and Diseases 414 

binding to a G protein-coupled receptor. These authors demonstrated that minimally 
modified LDL stimulated a putative Gs-coupled receptor, thus increasing cyclic AMP 
(cAMP) levels in endothelial cells. Lysophosphatidylcholine and lysophosphatidic acid 
triggered the activity of G2A and LPA1-LPA4 receptors respectively (Tomura et al 2005, 
Anliker et al 2004). In addition to GPCR, OxPLs also activate other classes of receptors such 
as peroxisome proliferator-activated receptors (PPAR). Thus, phospholipid peroxidation 
may induce the generation of lysophospholipids that are known to accumulate in LDL 
(OxLDL) and atherosclerotic lesions (Siess et al 2004, Tselepis et al 2002). 

Prostaglandin receptors have been recently implicated into OxPLs-induced inflammation. 
OXPAPC and its component lipid PEIPC are able to stimulate prostaglandin E2 and D2 
receptors (EP2 and DP respectively) and to compete with receptor binding of radio labeled 
prostaglandin E2 (Li et al 2006). Previously, it was observed that POVPC binds to human 
macrophages via the PAF receptor (PAF-R). Occupancy of the PAF-R by the OxPLs modifies 
the transcription levels of pro-inflammatory genes such as IL-8 (Pegorier et al 2006). 

Some effects of OxPLs are probably not mediated by signal transducing receptors. 
Modulation of cellular cholesterol depots has been suggested as a non-receptor mediated 
mechanism of OxPLs sensing by cells. It is well illustrated that OxPAPC induces depletion 
and re-distribution of cellular cholesterol reserves finally leading to the activation of a 
transcription factor SREBP, a well recognized sensor for cellular cholesterol contents. In 
turn, SREBP activates IL-8 production (Yeh et al 2004).The human aortic EC gene expression 
was found to be stimulated by PAPC. Furthermore, OxPAPC may bind to a 37KDa 
glycosylphosphatidylinositol anchored protein, which interacts with TLR4 to induce 
interleukin-8 (IL-8) transcription (Walton et al 2003). Leitinger et al (2003) and Watson et al 
(1997) have described a possible role of toll-like receptors (TLRs) in OxPLs-induced 
inflammation. Studies have confirmed that Asp299Gly-TLR4 polymorphism plays a 
protective role in attenuation of atherosclerosis.  

Mitogen activated protein kinase phosphatase-1 (MKP-1) was reported to be involved in 
OxPAPC-induced MCP-1 production. Also activation of eNOS by OxPAPC is regulated via 
a phosphatidylinositol-3-kinase/Akt-mediated mechanism, OxPAPC-induced SREBP 
activation is significantly reduced with eNOS inhibition (Berliner and Gharavi, 2008). 

Chen et al (2007) reported that LDL-associated phosphatidylcholine esterified with sn-2-
azelaic acid at the sn-2 position is readily taken up by cells. This compound, one of the main 
phospholipid oxidation products in LDL, induces apoptosis of HL60 cells at low micromolar 
concentrations. Since the intact phospholipid is required for signaling, this effect can be 
prevented by over-expression of PAF acetyl hydrolase known for oxidizing phospholipids 
with polar residues at the sn-2 position. 

Another biologically active phospholipid described is platelet activating factor (PAF) having 
various inflammatory actions such as platelet aggregation, hypotension, anaphylactic shock 
and increased vascular permeability (Prescott et al 2000). PAF is structurally identified as 1-
0-alkyl-2-acetyl-sn-glycero-3-phosphocholine. Atherogenic effects are also induced by PAF 
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by activating monocytes and stimulating smooth muscle cell growth. In contrast to the 
tightly regulated physiological generation of PAF, uncontrolled processes of free radical 
oxidation generate analogs of PAF in vivo and in vitro. As a result of this uncontrolled 
chemical reaction, fragmentation of the residue at sn-2 position occurs and these oxidatively 
generated PAF mimetics stimulate monocytes, leukocytes and platelets. They are found in 
atherosclerotic lesions and even in blood from individuals exposed to cigarette smoke 
(Heery et al 1995). 

Other oxidized phospholipids such as POVPC and PGPC have also been shown to play 
major roles in activation of endothelial cells and induction of leukocyte binding. They are 
identified as abundant products in oxidized LDL. The effect of POVPC is protein kinase-A 
dependent leading to the stimulation of the cAMP-mediated pathway (Berliner and 
Gharavi, 2008). 

OxPLs also induces autocrine mediators such as vascular endothelial growth factor (VEGF), 
which works through activation of transcription factor-4 (ATF4) (Oskolkova et al 2008). 

4. OxPLs receptors 

It has been shown that OxPLs stimulate a number of signal-transducing receptors located on 
the cell surface or in the nucleus, including G protein-coupled receptors, receptor tyrosine 
kinases, Toll-like receptors, receptors coupled to endocytosis, and nuclear ligand-activated 
transcription factors such as PPARs. 

4.1. Prostaglandin receptors 

OxPCs containing esterified PEIPC activate receptors recognizing prostaglandins E2 and D 
respectively (Li et al 2006). Activation of EP2 receptor on ECs results in activation of 
integrins and increased binding of monocytes. 

4.2. Scavenger receptors 

OxPLs comprise a major group of ligands for scavenger receptors. Different classes of 
Scavenger receptors range from Class A, B, D, E and F depending upon the nature and type 
of ligand (FIGURE-2). CD36 have been described as the major receptor expressed on 
macrophages and involved in the process of atherogenesis and apoptosis. The role of CD36 
has been shown to be responsible for recognition of free oxidized phospholipids (Boullier et 
al 2000, Podrez et al 2000). Also Boullier et al (2000) and Watson et al (1997) have pointed 
out that oxidized phospholipid is covalently linked to apolipoprotein B-100 in extensively 
oxidized LDL (e.g. Cu2+ -oxLDL) and serve as ligand for CD36. Scavenger receptor- ligand 
interaction initiates signaling cascades that regulate macrophage activation, lipid 
metabolism and inflammatory pathways which may influence the development and 
stability of atherosclerotic plaque. Recent studies have demonstrated the expression of 
scavenger receptors especially CD36 and SR-BI on platelets suggesting their critical role in 
platelet hyper-reactivity in dyslipidemia and atheroprogression. 
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Figure 2. Schematic representations of different class of scavenger receptors involved in OxPLs 
binding. 

4.3. PAF receptors 

OxPLs initiate activation of receptor specific for PAF, which act as an important lipid 
mediator of inflammation and platelet aggregation. It recognizes alkyl-acyl-
phosphatidylcholines specifically and contains an ether bond at the sn-1 position in 
combination with unusually short sn-2 acetyl residue. Oxidative fragmentation of sn-2 
PUFAs in alkyl-PCs generates products such as 1-alkyl-2-butenoyl and 1-alkyl-2-butanoyl 
that are recognized by PAF receptor (Androulakis et al 2005, Marathe et al 1999). However, 
the role of the PAF receptor in the overall biological activity of OxPCs is not characterized. 

4.4. VEGF receptors 

It has been demonstrated that phosphorylation (activation) of VEGFR2 is enhanced within 
the first minutes of incubation with OxPAPC (Zimman et al 2007). They hypothesized that 
trans-activation of VEGFR2 in OxPAPC-treated cells was mediated by c-SRC. 

4.5. Sphingosine-1-phosphate (S1P) receptor 1 

It has shown that OxPAPC stimulates the recruitment of S1P1 to caveolin-enriched 
membrane microdomains, and induces its phosphorylation (activation) by AKT. 
Transactivation of S1P1 by OxPAPC plays a role in barrier-protective function of OxPLs. 
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4.6. Toll-like receptor 4 

TLR4 plays a role in OxPAPC-mediated induction of IL-8 in HeLa cells. OxPAPC also 
induces lung injury and IL-6 production by mouse lung macrophages via the TLR4–TRIF–
TRAF6 pathway (Imai et al 2008). On the other hand various classes of OxPLs do not 
influence the basal levels of E-selectin, ICAM-1, VCAM-1, TNFa, IL-6, IL-1a, IL-1b, and 
COX-2 in whole blood or individual cell types, including human umbilical vein ECs, blood 
monocytes, macrophage cell line, or fibroblasts (Bochkov et al 2002, Erridge et al 2008). 

4.7. PPARα and PPARγ 

Peroxisome proliferator-activated receptors (PPARs) are intracellular ligand-activated 
transcription factors. Diacyl-OxPLs stimulated a PPAR response element-driven reporter 
construct in transfected HAECs and the effect of OxPAPC, POVPC, and PGPC was 
mediated by PPARα as indicated by the activation of the ligand binding domain of PPARα, 
but not PPARγ or PPARδ (Lee et al 2000). 

Second messengers up-regulated by OxPLs: Apart from the above described receptors , 
minimally modified Low Density Lipoproteins (MM-LDL) also induces elevation of Ca2+ in 
ECs (Honda et al 1999) and also OxPAPC was shown to induce rapid and reversible Ca2þ-
responses in ECs (Bochkov et al 2002). MM-LDL causes a saturable dose-dependent increase 
in cAMP levels in aortic ECs that may arise due to activation of Gs and inhibition of Gi 
heterotrimeric G-protein complexes (Parhami et al 1995). 

5. Biological function 

Many cellular events are initiated and modulated by biologically active oxidized 
phospholipids. OxPLs were initially characterized as an active principle of minimally 
modified LDL (MM-LDL), responsible for its ability to stimulate EC to bind the leukocytes 
(Watson et al 1995). MM-LDL and OxPLs has the characteristic feature of inflammatory 
agonist i.e., their ability to activate binding of monocytes but not neutrophils (Watson et al 
1997). In contrast to lipopolysaccride (LPS), tumor necrosis factor α (TNFα), or interleukin 1 
(IL-1), MM-LDL does not up-regulate the expression of ICAM-1, VCAM-1 and E-Selectin on 
EC (Kim et al 1994), but promotes surface deposition of CS-1-containing variant of 
fibronectin (CS-1 FN) serving as ligand for the α4β1 (VLA-4) integrin expressed on the 
surface of monocytes (Shih et al 1999). Similar to MM-LDL, OxPLs selectively stimulate 
adhesion of monocytes by CS-1 FN-dependent mechanism. Likewise other inflammatory 
agonists, OxPLs also stimulate the production of cyto- and chemokines. OxPLs are known to 
up-regulate expression IL-6, IL-8, MCP-1, GROα, MIP-1α, MIP-1β and CXCL3 
(Subbanagounder et al 2002, Furnkranz et al 2005, Lee et al 2000, Reddy et al 2002, Kadl et al 
2002, Gargalovic et al 2006, Huo et al 2001). 

Expression of a number of genes related to angiogenesis, atherosclerosis, inflammation and 
wound healing are modulated by oxidized phospholipids in human aortic endothelial cells 
(Berliner and Gharavi, 2008; Gargalovic et al., 2006). Bochkov and colleagues (2002, 2007) 



 
Lipoproteins – Role in Health and Diseases 418 

have made known that OxPLs counteract the lipopolysaccride (LPS) pathway. Considering 
anti-inflammatory role of OxPLs, they reported that oxidized 1-palmitoyl-2arachidonoyl-sn-
glycero-3-phosphocholine (OxPAPC) interfered with the ability of LPS to bind to the LPS-
binding protein (LBP) and to CD-14, thus suppressing LPS-induced nuclear factor-κB (NF-
κB)-mediated up-regulation of inflammatory genes. 

Knapp and coworkers (2007) found that OxPAPC inhibits the interaction of LPS with LPS-
binding protein and CD14. This also reduces phagocytotic activity of neutrophils and 
macrophages by a CD-14-independent mechanism. However, in these experiments, 
administration of OxPAPC rendered mice highly susceptible to Escherichia coli peritonitis, 
which may cause mortality during gram-negative sepsis in vivo. Thus the overall harmful 
profile of phospholipid oxidation products includes the impairment of host response to 
bacterial infections.  

Recently, Gharavi and colleagues (2007) have reported the activation of JAK2/STAT3 
pathway by phospholipids and implicated their role in atherogenesis. 1-Palmitoyl-2-
epoxyisoprostane-sn-glycero-3-phosphocholine, an oxidation product of -1palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine, induces c-Src kinase-dependent activation of 
JAK2 in endothelial cells and synthesis of chemotactic factors, such as interleukin (IL)-8. In 
turn, STAT3 activation and regulation of IL-8 transcription is dependent on JAK2 leading to 
the enhanced levels of STAT3 activity in inflammatory regions of human atherosclerotic 
lesions. Since STAT3 activation is involved in other chronic inflammatory diseases such as 
rheumatoid arthritis, psoriasis etc, it has been suggested that STAT3 activation by oxidized 
phospholipids could be an important interventional target for atherosclerosis and other 
diseases with inflammatory components.  

5.1. Regulation of vascular cell function 

OxPLs have multiple effects on endothelial cells. After 4h treatment with 50μg/ml of 
OxPAPC ~1000 genes are regulated amongst which ~600 are up-regulated and ~400 are 
down-regulated (Gargalovic et al 2006). Also, a major difference in responsiveness to 
specific effects of Ox-PAPC of endothelial cells from different human donors has been 
documented (Gargalovic et al 2006). The atherogenic pathways which were found to be 
upregulated include inflammation, cholesterol synthesis, coagulation and decrease in cell 
division. Some important effects of OxPAPC on endothelial cell function independent of 
gene regulation have been reported. OxPAPC has been shown to increase monocytes but 
not neutrophils binding by activating β-1 integrin (Berlin et al 2008, Leitinger et al 2005). 

Many effects of OxPLs are mediated by its interaction with CD36. Several studies have 
indicated that LDL supplemented with OxPAPC or vesicles supplemented with fragmented 
α/β unsaturated fatty acids at the sn-2 position, such as KOdiA or HODA PC, bind to CD36 
(Podrez et al 2002, Greenberg et al 2006). Another important phagocytic function of 
macrophages is the uptake of apoptotic cells, which are abundant in atherosclerotic plaques. 
OxPLs including oxidized phosphatidyl serine and phosphatidyl choline derivatives were 
shown to serve as ligands for macrophage uptake of apoptotic cells (Chou et al 2008, 
Greenberg et al 2006). 
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OxPLs also interact and bind with other recognition receptors in macrophages such as TLRs, 
CD14, LPS binding protein and C-reactive protein competing with negative ligands 
(Bochkov et al 2007, Bochkov et al 2002, Erridge et al 2008, Miller et al 2003). Thus, the 
formation of OxPLs during inflammation may represent an important feedback mechanism 
to limit further tissue damage. OxPLs have also been shown to activate macrophages. 
Currently conducted studies have revealed the role of OxPAPC in inducing lung injury and 
cytokine production by lung macrophages (Imai et al 2008). 

The role of OxPLs in adaptive immune response can’t be overlooked where they modulate 
the maturation process of dendritic cells (DCs). OxPLs also regulate innate immunity in 
human leprosy (Cruz et al 2008). In addition to the effects on DCs, OxPLs have also been 
shown to affect and induce T-cells (Seyerl et al 2008). 

Phenotypic switching of smooth muscle cells (SMCs) involving increased proliferation; 
enhanced migration and down-regulation of SMC differentiation marker genes play a 
critical role in atherogenesis. Many studies have shown that OxPLs stimulate differentiation 
and cell division of SMCs (Heery et al 1995, Pidkovka et al 2007) while others have shown 
activation of apoptotic signaling pathways (Fruhwirth et al 2008). 

5.2. Gene expression 

OxPLs have profound effect on gene expression. OxPAPC have been shown to modulate the 
expression of approximately 1000 genes in human aortic ECs which include both up-
regulated and down-regulated mRNAs (Gargalovic et al 2006). OxPLs regulate genes related 
to inflammation, lipid metabolism, cellular stress, proliferation, and differentiation. These 
include VEGF-A and IL-8, which are induced by OxPLs independent of their transcription 
factors. 

5.3. Pathophysiological functions 

Pathophysiologically OxPLs are involved in various proinflammatory and cardiovascular 
disorder; details are being described below (FIGURE-3). 

5.4. Atherosclerosis 

Quantification of OxPLs using liquid chromatography coupled with mass spectrometry has 
indicated that atherosclerotic vessels contain high concentrations of OxPCs. Different 
species of OxPCs were detected in atherosclerotic vessels including PL-hydroperoxides and 
hydroxides (Waddington et al 2001). In addition to elevated levels of OxPLs, atherosclerotic 
vessels express high amounts of proteins known to be induced by OxPLs in vitro. The latter 
includes MKP-1 (Reddy et al 2004), ATF3, ATF4 (Gargalovic et al 2006), SREBP-1 (Yeh et al 
2004), HO-1 and IL-8 (Cheng et al 2009), MCP-1 and COX-2 (Ma et al 2008). OxPLs act on all 
major cell types involved in atherogenesis including monocytes, endothelial and vascular 
smooth muscle cells, lymphocytes, and platelets. 
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Figure 3. Oxidized phospholipids present in oxidized LDL induce various Diseases. 

5.5. Lung injury 

The epithelial lining pulmonary surfactant is permanently exposed to high concentrations of 
oxygen and other oxidants present in the air. Ozone gas also plays a role in generating 
oxidatively truncated PLs (Uhlson et al 2002). Under normal healthy conditions surfactant is 
protected from oxidation by maintaining low contents of PUFAs, antioxidant action of 
glutathione present in the lining fluid and surfactant proteins A and D (Kuzmenko et al 
2004). However, the accumulation of biologically active OxPLs products occurs in 
pathological states due to the oxidation of surfactant PCs, membrane lipids and apoptosis of 
bronchial cells. Studies conducted with animal models have shown that OxPLs protect lungs 
from acute lung injury. Ma et al. (2004) showed that OxPAPC inhibits elevation of TNFa in 
mice upon intratracheal or systemic administration of LPS or CpG DNA. Hence the 
available data shows that OxPLs may induce either beneficial or detrimental effects on 
lungs. The action of OxPLs on the lungs may depend upon their concentrations, lower levels 
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of OxPLs protect endothelial barrier whereas high concentrations of the same OxPLs induce 
disruptive effects (Birukov et al 2004, DeMaio et al 2006). 

5.6. Ischemia 

Ischemia/reperfusion results in elevated levels of OxPLs both in tissues and systemic levels. 
PAF like (alkyl-acyl) OxPLs were detected within the first minutes after reperfusion of 
kidneys after warm ischemia (Lloberas et al 2002). Plasma concentrations of fragmented 
OxPCs were increased in patients during the reperfusion period after coronary surgery with 
cardiopulmonary bypass (Frey et al 2000). Hence available data shows that 
ischemia/reperfusion is a pathological state characterized by elevated local and circulating 
levels of OxPLs. 

5.7. Inflammation 

Inflammation is characterized by a massive production of ROS. The elevation of circulating 
levels of OxLDL in response to inflammatory stimuli has already been shown. The OxPLs 
production in response to inflammation is induced by different cell types including 
leukocytes. Phorbol ester-stimulated neutrophils and monocytes incubated with PUFA-PCs 
produced mono- and bishydroperoxides of PC, as well as isoP–PC, thus suggesting that 
activated phagocytes can oxidize lipids in the surrounding medium (Jerlich et al 2003). 

5.8. Radiation stress 

Formation of OxPLs can be activated by visual and UV-light. OxPLs accumulating in retinas 
serve as ligands for CD36-dependent phagocytosis of shed photoreceptor outer segments by 
retinal pigment epithelium; this process is necessary for normal function of the retina (Sun 
et al 2006). Generation of OxPLs by light exposure has also been shown in skin cells. UVA-1-
irradiated PAPC containing several OxPLs species induced expression of antioxidant and 
anti-inflammatory enzyme heme oxygenase-1 in dermal fibroblasts, keratinocytes, and in a 
three-dimensional epidermal equivalent model (Gruber et al 2007). Therefore, OxPLs are 
likely to play a protective role in UVA irradiated skin by inducing HO-1. 

5.9. Leprosy 

Oxidized PCs have been detected in lepromatous (disseminated) leprosy lesions, but not in 
tuberculous leprosy characterized by stronger host immune response and self-contained 
infection (Cruz et al 2008). Lepromatous leprosy lesions are characterized by the accumulation of 
OxPLs, which can counteract innate and specific immune responses, thereby promoting survival. 

5.10. Multiple sclerosis 

Multiple sclerosis (MS) is an autoimmune disease of the brain that causes 
neurodegeneration. Role of OxPLs in MS is supported by Qin et al. (2007), demonstrating 
the presence of OxPLs (alone and conjugated to a 15 KDa protein) in extracts of MS lesions 
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directly by Western blot analyses using the E06 antibody. OxPLs might be promoting the 
inflammatory process in MS lesions. 

6. Medical relevance 

Increasing number of studies suggest the role of oxidized phospholipids in development of 
atherosclerosis by interacting with specific receptors as well as through their reactive groups 
that can bind covalently to proteins, forming lipid-protein adducts that become 
dysfunctional. It is a challenge to determine if therapeutic inhibition of the OxPLs interaction 
with vessel wall cells can inhibit atherosclerosis. Also it will be interesting to identify the lipid 
oxidation products that activate each response in the various cell types and the receptors or 
binding molecules and signal transduction pathways activated by these lipids.  

Pro-inflammatory oxidized phospholipids are significant predictors of the presence of 
carotid and femoral atherosclerosis, development of new lesions and increased risk of 
cardiovascular events (Ashraf et al 2009). Hence oxidized phospholipids could serve as 
biomarker for diagnosis of coronary artery disease and they could also be used as potential 
targets for therapeutic intervention. 

7. Conclusions 
The inflammatory profile of OxPLs combines both pro- and anti-inflammatory effects. OxPLs 
may show detrimental as well as beneficial cellular effects. OxPLs exert pro-inflammatory 
effects on different cell types such as endothelium where they induce a shift from 
antithrombotic and anti-inflammatory state to procoagulant and inflammatory phenotype of 
EC. Although OxPLs stimulate a number of classical inflammation mechanisms, they are not 
capable of activating many signaling and adhesion events characteristic of acute 
inflammation, such as activation of the NFκB pathway, expression of ICAM-1 and E-selectin 
or adhesion of granulocytes. Several studies have provided evidence that OxPLs play an 
important role in atherosclerosis. In addition, OxPLs also up-regulate monocytes-specific 
chemokines and stimulate EC to bind monocytes, thus initiating monocytic inflammation. 
Thus it can be concluded that OxPLs can stimulate and inhibit inflammation depending upon 
the biological situation. Advancement in this field can be expected from studies that are 
based on well defined synthetic and labeled OxPLs species and the modern techniques of 
system biology. Also advances in the knowledge of signaling pathways and the interaction 
partners of oxidized phospholipid will increase our understanding of inflammatory 
processes and molecular mechanisms of various diseases such as atherosclerosis. These 
studies may also help in playing important role in future therapeutic diagnostics. 

Abbreviations 

Oxidized phospholipids (OxPL) 
Oxidized low-density lipoprotein (OxLDL) 
Serum paraoxonase (PON1)  
PAF-acetylhydrolase (PAF-AH) 
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Multiple sclerosis (MS) 
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1. Introduction 

The story of paraoxonase 1 (PON1) begins in 1946, when Abraham Mazur reported the 
presence of an enzyme in human and rabbit tissues which was able to hydrolyse 
organophosphate compounds [1]. In 1950s, enzyme was named "paraoxonase" according to 
its ability to hydrolyse paraoxon, the toxic metabolite of the organophosphate insecticide 
parathion [2,3]. Later it was discovered that it exhibits a broad spectrum of activities and has 
diverse substrates. Mackness and colleagues linked PON1 to cardiovascular diseases in 1991 
and demonstrated that PON1 could prevent the accumulation of oxidized lipids in low-
density lipoprotein (LDL) [4]. However, despite intensive research over sixty years the exact 
physiological function of PON1 is still unclear.  

2. Body 

2.1. Paraoxonase 1 

The paraoxonase (PON) family of the enzymes consists of three members, PON1, PON2 and 
PON3 that share approximately 65% similarity at the amino acid level. These were named in 
order of their discovery, but according to the structural homology and predicted 
evolutionary distance between them it seems that PON2 is the oldest and PON1 is the 
youngest family member [5].  

PON1 and PON3 enzymes are secreted from liver cells and associate with HDL in the 
circulation [6]. Low levels of PON1 may be expressed in a number of tissues, primarily in 
epithelia. PON2 in humans is more widely expressed and is found in nearly every human 
tissue including heart, kidney, liver, lung, placenta, small intestine, spleen stomach, testis [6-

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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8]. Also, human PON2 mRNA is detected in the cells of the artery wall, including 
endothelial cells, smooth muscle cells and macrophages and is undetectable in HDL, LDL or 
the media of cultured cells [6, 7]. Of the three PON proteins, PON3 is the most recently 
identified and the least characterized.  

PON1 is the most studied and best understood. This calcium-dependent esterase is 
consisting of 354 amino acids with a molecular mass od approximately 45 kDa [9, 10] and 
requires calcium ions for structural stability and enzymatic activities [11]. It is capable of 
hydrolyzing organophosphates such as oxon metabolites of a insecticides parathion, 
diazinon and chlorpyrihos and nerve agents sarin and soman, aromatic esters such is 
phenyl acetate (arylesterase activity) and a variety of aromatic and aliphatic lactones 
(lactonase activity) [12-18]. Beside its protective role against dietary and environmental 
lactones, PON1 also catalyzes the reaction of lactonization of γ- and δ-hydroxycarboxylic 
acids [18]. It is capable of hydrolyse the oxidised lipid derivates 5-hydroxy-
eicosatetraenoic acid lactone acid (5-HETEL) and 4-hydroxy-docosahexaeonic acid (4-
HDoHE) which are potent triggers of an inflammatory response and therefore 
determinants of atherosclerotic disease [16,19]. 

2.2. Paraoxonase 1 gene polymorphisms  

Genes that code for three PON proteins (pon1, pon2 and pon3) are located to each other on the 
long arm of chromosome 7 in humans (7q21.3-22.1) and share approximately 70% similarity 
at the nucleotide level [8]. Earlier studies on different human populations showed that the 
hydrolytic activity of serum PON1 was polymorphically distributed [20-22] and a number of 
research demonstrated that the molecular basis of these differences were Q192R, L55M and 
C(-107)T polymorphisms in pon1 gene.  

The pon1 gene contains functional polymorphisms in both the coding and promoter regions. 
In the coding region, two common polymorphism are a glutamine (Q) to arginine (R) 
substitution at codon 192 (Q192R) and a leucine (L) to methionine (M) substitution at 
position 55 (L55M). In Q192R polymorphism the exchange of codon CAA to CGA in exon 6 
of pon1 gene determines isoforms of the enzyme which differ greatly in the rate of 
hydrolysis a number of substrates. Paraoxon is hydrolysed at a far greater rate by the R192 
isoform compared to the Q192, but some organophospates and lactones are hydrolyzed 
faster by Q192 [12,13]. Recent study showed that R isoform of the enzyme has higher 
lactonase activity and increased antiatherogenic potential [23]. 

L55M polymorphism (exchange of codon TTG to ATG in exon 3) is correlated with blood 
enzyme level with isoform L55 associated with higher serum enzymatic activity. Still, it is 
not clear whether this is because of a decreased stability of the M55 alloenzyme [24] and/or 
because of the linkage disequilibrium with -107/-108 T allele [25, 26]. Isoform M55 showed 
lower stability and loses activity more rapidly and to a greater extent than the L isoform 
[24]. This is due to the key role of L55 in packing in the propeller's central tunnel, and of its 
neighboring residues which ligate calcium iones [27]. 
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At least five polymorphisms have been detected in the human pon1 gene promoter region: 
C(-107/-108)T, G(-126)C, G(-162)A, G(-832)A and G(-909)C, but only C(-107T) apear to affects 
expression level of PON1 enzyme [25,26]. This single nucleotide polymorphism (SNP) is 
within stimulating protein-1 (Sp1) binding site with allele T that disrupts the recognition 
sequence for Sp1 and results in decreased affinity for it [28].  

The frequencies of alleles of Q192R, L55M and C(-107)T polymorphisms are different among 
populations worldwide (Table 1). Data for European population showed predominance of 
Q192 and -107C alleles over R192 and -107T alleles. Spanish and Serbian populations 
showed higher frequency of the -107T allele. For codon 55 polymorphism, populations 
worldwide show predominance of L55 over M55 allele. In Asia allele Q192 is more frequent 
only in Indian Punjabis and Iranians and allele -107C is predominant among examined 
populations. Afro-Americans and Amerindian tribes showed higher frequency of allele R 
compared with allele Q and predominance of allele-107C. Only Mexicans showed higher 
frequency of -107T allele. There is a very little data from „black“ continent and it concerns 
only Q192R polymorphism frequency with higher frequency of allele R only in Beninese 
(Table 1). 

More than 200 single nucleotide polymorphisms (SNPs) have been identified in the human 
pon1 gene but only these three have been associated with a number of pathophysiological 
conditions.  

2.3. Pon1 variants and oxidative stress-related disorders  

The central role of HDL is in the process of reverse cholesterol transport (RHC). Also it has 
antioxidative, antiinflammatory and antifibrinolytic functions that contribute to its 
antiatherosclerotic effects. Mackness and coworkers were the first that showed that HDL 
acted at a specific point in the oxidation cascade: it metabolises oxidized phospholipids on 
LDL [29]. Although several other HDL-associated proteins such as apo AI, 
lecithin:cholesterol acyltransferase (LCAT) and platelet-activating factor acetyltransferase 
(PAFAH) also have antioxidant properties, PON1 seems to be the predominant antioxidant 
enzyme [4, 29-31]. HDL isolated from the blood of PON1 knock-out mice or from avian 
species which naturally lack PON1, has at best, no effect on LDL-oxidation and at worst 
promotes LDL-oxidation [32,33]. Conversely, HDL isolated from mice overexpressing 
human PON1 completely abolishes LDL-oxidation [34]. Several human studies have shown 
an inverse linear relationship between the concentration of oxidised-LDL in the circulation 
and PON1 activity, strongly implicating PON1 in the metabolism of oxidised-LDL in vivo 
[35,36].  

Enzymatic and nonenzymatic systems of antioxidative protection are included in 
scavenging free radicals and their metabolic products and in maintaining normal cellular 
physiology. Increased level of free radicals and impairment of antioxidant status are 
processes underlying pathophysiologic mechanisms in a variety of diseases including 
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atherosclerosis, diabetes mellitus, cancer, chronic liver impairment, several neurological 
diseases, many infectious diseases and association studies have identied links between 
pon1 gene polymorphisms and susceptibility and outcome of these diseases.  

pon1 
polymorphisms 

Q192R L55M C(-107)T References 
Q R L M C T  

Populations of Europe 
Finnish 0.69 0.31 0.67 0.33 - - 76 
Dutch 0.68 0.32 0.63 0.37 - - 77 

Spanish 0.7 0.3 0.63 0.37 0.46 0.54 78 
Italians 0.65 0.35 0.66 0.34 0.57 0.43 79 
English 0.78 0.22 0.7 0.3 0.52 0.48 80 
Turkish 0.69 0.31 0.7 0.3 - - 81 
Croatian 0.77 0.23 0.66 0.34 0.54 0.46 82 

Czecs 0.54 0.46 0.69 0.31 0.59 0.41 83 
Serbian 0.77 0.23 0.68 0.32 - - 84 

Populations of Asia 
Asian Indians 

Punjabis 
0.74 0.26 0.81 0.19 0.52 0.48 85 

Japanese 0.4 0.6 0.94 0.06 0.48 0.52 86 
Koreans 0.38 0.620 0.94 0.06 - - 87 
Chinese 0.42 0.58 0.95 0.05 0.57 0.43 88, 89 
Iranian 0.69 0.31 0.59 0.41 - - 90 

Populations of America 
Caucasian-
Americans 

0.73 0.27 0.64 0.36 0.5 0.5 26 

Canadians 0.73 0.27 0.64 0.36 0.48 0.52 91, 28 
African-

Americans 
0.37 0.63 0.79 0.21 0.85 0.15 92 

Amazonian 
Amerindian 

tribes 
0.27 0.730 0.967 0.033 - - 93 

Caribean-
Hispanics 

0.540 0.460 0.71 0.29 0.65 0.35 92 

Mexicans 0.510 0.490 0.84 0.16 0.45 0.55 94 
Peruvians 0.539 0.461 - - 0.61 0.39 95 

Populations of Africa 
Beninese 0.388 0.612 - - - - 96 

Ethiopians 0.592 0.408 - - - - 96 
Egyptians 0.67 0.33 - - - - 97 

Table 1. The allele frequencies of pon1 gene polymorphisms Q192R, L55M and C(-107)T in populations 
worldwide 
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According to World Health Organization (WHO data for 2010), 95% of mortality in Serbia is 
caused by chronic noncontagious diseases, wherefrom 58% of it is caused by cardiovascular 
diseases (CVD) [37]. Although patients with CVD commonly have at least one identifiable 
risk factor, many ischemic events occur in the absence of any of it [38]. Atherogenesis, one of 
the main risk factors for CVD, is initiated by oxidation of the low-density lipoprotein (LDL) 
and by impairment in oxidative stress-antioxidant balance.  

Enhanced oxidative stress such as in diabetes, leads to the development of accelerated 
atherosclerosis. Atherosclerosis in patients with diabetes tends to occur earlier and be more 
aggressive. People with type 2 diabetes have a 3–4 fold increased risk of developing 
atherosclerosis compared to people without type 2 diabetes. Serbia falls into the group of 
European countries with the highest diabetes mortality rates where diabetes is the fifth 
leading cause of death and the fifth cause of the burden of disease [39]. At least a half of the 
persons with non-insulin dependent diabetes mellitus (NIDDM) have not been diagnosed 
and are not aware of their disease [40,41]. 

Due to the abovementioned, there has been a marked interest in discovering additional 
markers of oxidative stress, including gene variants, which may have a role in predicting 
wide spread diseases risk. Because controversial results have been reported so far, the aim 
of studies performed in our laboratory was to evaluate possible interactions between pon1 
gene polymorphisms and clinical manifestations of atherosclerosis and diabetes mellitus 
type 2 in our population.  

Allele and genotype frequencies for Q192R, L55M and C(-107)T did not show significant 
difference between cases with clinical manifestations of atherosclerosis (60 subjects) and 
controls (100 subjects) (P>0.05). Although the M allele (L55M) has shown a somewhat higher 
risk (OR=1.23) and the T allele (-107C/T) has shown a 1.49 times lower risk of occurence of 
the disease (OR=0.67) the difference did not reach statistical significance, most likely due to 
low number of subjects (Grubisa et al., unpublished data). 

Also, we investigated the association between these polymorphisms and atherosclerosis in 
patients with type 2 diabetes mellitus (140 subjects). Our results have shown that R allele is a 
risk factor for atherosclerosis in these patients (OR=2.22, P<0.0001). Although M allele has 
shown a little higher risk (OR=1.26) and allele T has shown a slightly lower risk (OR=0.85) 
the results obtained do not support an association between these pon1 gene variants and 
atherosclerosis in NIDDM patients (Grubisa et al., unpublished data). 

Lactones are hydrolyzed preferentially by either PON1 Q or R isoformes, depending of 
their structure. R192 is more efficient at hydrolyzing homocysteine thiolactone, while δ-
valerolactone and 2-coumaranone are more rapidly hydrolyzed by PON1Q192 [12]. In 
1990's the results obtained indicated that the Q192R polymorphism may play the role in 
coronay heart disease (CHD) etiology because this genotype is associated with LDL 
oxidation; the PON1-192 R isoform is less effective at hydrolysing lipid peroxides than the 
Q isoform [42,43]. It have been shown that position 192 is involved in HDL binding as a 
part of amphipathic helix H2 of active site [27]. Gaidukov and coworkers reported from in 



 
Lipoproteins – Role in Health and Diseases 436 

vitro and sera tests that the PON1-192Q izoform binds HDL with a 3-fold lower affinity 
than the R isozyme and consequently exhibits significantly reduced stability, 
lipolactonase activity, and macrophage cholesterol efflux [27]. The higher lactonase 
activity is manifested by increased antiatherogenic potency: the observed rate of HDL-
mediated cholesterol efflux from macrophages is 2.2-fold higher for the 192R [27]. Also it 
was shown that the affinity and stability of the PON1 on HDL was lower in sera of 
individuals with the Q192 variant than in individuals with the 192R variant [27]. Low 
levels of HDL particles is one of the strongest risk factors for coronary heart disease and 
one of the characteristic features of diabetic dyslipidemia and it seems that proteins on 
HDL play a major role in the protection against atherosclerois-based cardiovascular 
diseases. HDL carryng apolipoprotein A-I binds PON1 with high affinity,  stabilizes the 
enzyme and stimulates  its lipolactonase activity [44].  

PON1 is also an extracellular homocysteine-thiolactonase (Hcy-thiolactonase). Hcy-
thiolactone is a toxic metabolite linked to immune activation and thrombogenesis in human 
cardiovascular diseases and is elevated under conditions predisposing atherosclerosis [45-
47]. A small fraction of Hcy, a sulfur-containing amino acid, is metabolized to a Hcy-
thiolactone in an error-editing reaction in protein biosynthesis when Hcy is mistakenly 
selected instead of dietary methonine (Met) [48]. Hcy-thiolactone is neutral at physiological 
pH and can diffuse out of the cell and accumulate in the extracellular fluids where is 
hydrolyzed to Hcy by extracellular Hcy-thiolactonase-paraoxonase 1 [49] 

Hcy-thiolactonase activity is strongly associated with pon1 genotype in diverse human 
populations [15]. High Hcy-thiolactonase activity is associated with L55 and R192 alleles, 
more frequent in blacks than in whites and low activity is associated with M55 and Q192 
alleles, more frequent in whites than in blacks [15]. Despite the impact of pon1 genotype on 
Hcy-thiolactonase activity, these genetic variations are not asociated with atherosclerosis-
based cardiovascular diseases. It seems that PON1 phenotype is better predictor [16,50]. 

Human clinical studies suggest that PON1 phenotype, i.e., paraoxonase activity is a much 
stronger predictor of cardiovascular disease status than PON1 genetic polymorphisms [51-
55] a finding that has been confirmed in other studies [52,55]. Bhattacharyya and colleagues 
demonstrated that both the pon1 Q192R polymorphism and serum PON1 activity are 
associated with prevalent coronary artery disease and incident adverse cardiovascular 
events [56]. This study complemented the study of Gaidukov, demonstrating that 
individuals with the arginine (R) at position 192 have higher serum levels of PON1 activity, 
lower systemic indices of systemic oxidative stress and corresponding reductions in both 
prevalent coronary artery disease and prospective cardiac events [56]. Plasma PON1 activity 
can vary up to 40 to 50-fold, and differences in PON1 protein levels up to 13–15-fold are also 
present within a single PON1 Q192R genotype in adults [57,58]. A number of studies 
indicated that measurement of an individual's PON1 function (serum activity) takes into 
account all polymorphism and other factors that might affect PON1 activity or expression. 
However, modulation of PON1 by alcohol, smoking, drugs, diet, certain physiological and 
pathological conditions should also be considered. These factors can increase or decrease 
PON1 activity [59] as well as HDL status. 
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can vary up to 40 to 50-fold, and differences in PON1 protein levels up to 13–15-fold are also 
present within a single PON1 Q192R genotype in adults [57,58]. A number of studies 
indicated that measurement of an individual's PON1 function (serum activity) takes into 
account all polymorphism and other factors that might affect PON1 activity or expression. 
However, modulation of PON1 by alcohol, smoking, drugs, diet, certain physiological and 
pathological conditions should also be considered. These factors can increase or decrease 
PON1 activity [59] as well as HDL status. 
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However, PON1 activity is partially inactivated during the detoxification of lipid 
hydroperoxides [60]. This effect can be possibly related to displacement of calcium ions or 
inhibition through free radicals directly. It has been suggested that other antioxidant 
enzymes might prevent this inhibition of PON1 activity. Antioxidant enzymes, all show co-
activity and might work in a collaboration against oxidative stress and elevation in oxidative 
stress might inhibit these enzymes [61].  

Paraoxonases are important detoxifying and anti-oxidative enzymes, which establishes their 
role in organophosphate poisoning, diabetes, obesity, cardiovascular diseases, and innate 
immunity [62, 63] Consequently, PON2 has been the focus of a great deal of research in 
recent years. Both PON1 and PON2 protect against atherosclerosis development and share 
ability to hydrolyze lactones with both overlaping and distinct substrate specificities [19]. 
Although PON1 is associated with circulating serum HDL and reduces oxidative stress in 
lipoproteins, macrophages in arterial walls and in atherosclerotic lesion by its ability to 
hydrolyze specific oxidized lipids, PON2 acts as an intracelullar antioxidant [7,64-68] 
associated with plasma membrane [6-8]. The mechanism how PON2 modulates oxidative 
stress is still unknown, although Altenhöfer demonstrated that PON2 prevents superoxide 
generation, but was ineffective against existing radicals [69]. Oxidative stress affects PON2 
expression too, but additional studies are needed to highlight the PON2 expression level 
under oxidative stress since controversial results both from in vivo and in vitro experiments 
have been reported [6,7,66,70-74]. 

3. Conclusion 

Paraoxonase 1 is found to be associated with HDL particles within circulation and therefore 
promotes some of HDL's functions. There is no consistent evidence for involvement of pon1 
genotypes in atherosclerosis and diabetes mellitus type 2. Studies analyzed the role of pon1 
polymorphisms in oxidative stress-based diseases showed a great variation in ethnics, 
environmental background, age and gender of case and control groups. Allele frequencies 
appeared to be dependent on geographic locations, perhaps also due to genetic drift. Probably 
the effect of each polymorphism alone of he so called oxidative stress-associated genes is not 
strong enough to affect initiation and progression of atherosclerosis as well as PON1 enzyme 
status (activity levels and catalytic efficiency specified by the Q192R polymorphism) [75]. 
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1. Introduction 

The oxidative hypothesis of atherosclerosis states that peroxide modification of LDL (or other 
lipoproteins) is important and probably required for the pathogenesis of arterial sclerotic 
disease; thus, there is an assumption that inhibition of LDL oxidation would increase or 
prevent atherosclerosis and its clinical consequences [1]. It is believed that the basis for the 
atherosclerotic plaque development is the foam cell formation from oxidized low-density 
lipoproteins (LDL) captured by monocytes and macrophages via scavenger-receptors. 

Oxidation of LDL is also important for the healthy vessel functioning. High LDL 
concentrations can suppress the function of arteries in relation to release of nitric oxide from 
the endothelium, and many of such effects are mediated by the products of lipid oxidation 
[2]. Moreover, oxidized LDL inhibit the endothelium-dependent nitric oxide mediated 
relaxations in a rabbit isolated coronary arteries. Oxidized LDL induce apoptosis in the 
vascular cells, including macrophages, and this is prevented by nitric oxide [3]. 

One of the most important mechanisms of the inflammation proatherogenic effect is 
development of the systemic oxidative stress, and, as a consequence of proatherogenic 
abnormalities of the blood lipoprotein metabolism, there is appearance of antibodies to 
them, alterations of the main artery wall structure [4]. 

At the same time, on the one hand, a high atherogenicity of strongly oxidized LDL, 
especially tiny subfractions, has been confirmed; on the other hand, the oxidative stress is 
one of the causes of endothelial dysfunction. 
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Endothelium vascular wall cells are involved into the interaction with the pathogenic LDL 
[5]. While macrophages are being overloaded with esterified cholesterol, oxysterols and 
other biologically active substances, including powerful enzymes with a wide spectrum of 
action, a foam cell is formed from the macrophage. Yet so far to its apoptosis the foam cell 
secrets a wide complex of interleukins, enzymes, mediators. Many of them induce a local 
inflammatory process, destruction of the surrounding intercellular substance, damage of the 
fibrous structures and separate cells. 

Many factors are considered as the most important factors for atherosclerosis development 
risk. Among such factors an important role belongs to the so-called proatherogenic states, 
including chronic stress and metabolic syndrome (MS) [6]. The proatherogenic character of 
stress is connected, first of all, with the activation of free radical oxidation and hyperlipidemia 
development. One of the principal statements of all contemporary conceptions of the 
atherosclerosis pathogenesis is thought to be the destruction of the cell membrane structure, 
which universal damage factor is peroxide oxidation of lipids (POL) [7]. 

It is well-known that free-radical processes play the leading role in atherosclerosis 
pathogenesis. So the antioxidants using in correction of proatherogenic states is fully 
explicable especially when we speak about natural antioxidants. Thus, the investigation of 
their biological effects under stress and metabolic syndrome is of grate interest and may be a 
perspective direction of research. 

At the same time it is known that the enzymes associated with HDL, paraoxonase and PAF-
acetyl hydrolase can hydrolyse biologically active lipids of mm-LDL, destroy monocyte 
aggregates and decrease the endothelial activation of mm-LDL [8]. HDL also contain a high 
concentration of tocopherol due to which they can be free radical scavengers as well. 

Antioxidants protect LDL from peroxide oxidation and consequently from intensive uptake 
of LDL by macrophages decreasing the foam cell formation, the endothelium damage and 
possibility for lipids to infiltrate the intima. This condition supports the actuality of 
searching medicines for treating atherosclerosis, in which inhibition of the POL process 
plays an important part in the mechanism of their action [9]. Tocopherol, carotene, probucol, 
a number of plant medicines containing flavonoids are proposed as antioxidants.  

The overwhelming majority of antioxidant substances used in pharmacotherapy are 
xenobiotics and so substrates of CYP system actvating ROS formation. Moreover some of 
them, such as probucol, leade to HDL-C decreasing. 

Therefore, the substances of natural, in particular, plant origins that possess a complex 
activity draw attention of researchers. 

Phenolic compounds are widely present in the world of plants; they are the most 
widespread product of the plant metabolism. Participation of polyphenols in redox 
processes to produce stable quinone structures by their phenolic forms reveals an antiradical 
direction of their action which provides their direct antioxidant activity. At present it has 
been proven that polyphenols as antiradical agents not only hinder the initiation of free 
radical oxidation, but also interrupt the chain of lipoperoxidation [10]. A great variety of 
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studies carried out both in vitro and in vivo supports the ability of polyphenols to inactivate 
(“to bind”, “to scavenge”) the radicals that initiate chains of oxidation. First of all, it relates 
to the primary ROS - ·O2-and ·OH [11]. 

There are some data that such natural polyphenols as catechins and procyanidins exposed to 
the human blood plasma produce certain complexes primarily with ApoA-1, i.e. with HDL. 

One of the richest sources of polyphenols is Vitis vinifera and products of its processing, in 
particular wine. 

Phenolic substances of grapes, including flavonoids and other polyphenols of grape, wine 
and grape seeds, are of a great interest due to their antioxidant properties and the ability to 
scavenge free radicals [12]. 

Studies in vitro have shown that grape, wine and grape seeds inhibit the oxidation of LDL. 
The activity of those substances as oxidation inhibitors in wine diluted 1,000 times markedly 
exceeded the analogous values for vitamins C and E [13]. It has been experimentally proven 
that red wine polyphenols slow down LDL oxidation processes and prevent platelet 
aggregation, thus preventing coronary heart diseases [14]. 

However, there is not a lot of research in this field yet. Arguments for anti-atherogenic 
properties of antioxidants are not enough. Results of convincing research are needed in order 
to decisively recommend antioxidants for treatment and prophylaxis of atherosclerosis. 

2. Actuality 

Taking into account the leading role of the free-radical processes in atherosclerosis 
pathogenesis one can make a conclusion about expediency of using natural antioxidants in 
prophylaxis and correction of this disease. [15]. Consequently, the study of the antioxidant 
influence on the development of stress-reactions and metabolic syndrome (MS) with the 
purpose of prevention of harmful complications for the cardiovascular system is of 
undoubted interest.  

A number of studies also confirm the ability of a natural antioxidant α-tocopherol to reduce 
the risk of cardiovascular system diseases developed in patients with MS. It has been found 
that administration of α-tocopherol limits oxidation and cytotoxicity of LDL in the blood 
plasma significantly, supports the vascular endothelial function and reduces the intensity of 
systemic inflammation in the conditions of MS. The inhibiting effect of this antioxidant on 
aggregation and adhesion of platelets, adhesion of monocytes to endothelial cells and the 
smooth muscle cell proliferation has also been shown. However, numbers of experimental 
studies confirm that the single use of α-tocopherol is not enough for prevention of 
cardiovascular diseases in patients with MS [16]. It has been determined that the use of α-
tocopherol in combination with ascorbic acid and aspirin (as a thrombolytic drug) is more 
effective [8]. In the ASAP study, the combination of vitamins E plus C was also tested, and 
this significantly decreased the intima-to-media progression rates in human. The ATBC 
clinical study used a combination of vitamin E and β-carotene in human as a secondary 



 
Lipoproteins – Role in Health and Diseases 448 

prevention strategy; however, no benefit on major coronary events has been found. The 
large MRC/BHF Heart Protection Study (HPS) for secondary prevention also examined the 
benefit of the antioxidant combination (vitamins E and C and β-carotene). 

A strong dose-dependent effect of α-tocopherol administration is one of the unwanted effects. 
It is known that even a slight increase of the α-tocopherol dose could affect lipoprotein 
oxidation, the endothelium function and the degree of systemic inflammation [12]. 

The results of Cambridge Heart Antioxidant Study (CHAOS) of using antioxidants in 
cardiology published in 1996 give the opportunity to say that in patients with true 
(confirmed by angiography) coronary atherosclerosis vitamin E administration (a daily dose 
of 544-1088 mg (400-800 МU) reduces the risk of non-fatal myocardial infarction. The overall 
mortality from cardiovascular diseases in this case does not decrease. A favourable effect is 
revealed only after one-year administration of tocopherol.  

At the same time in the Heart Outcomes Prevention Evaluation (HOPE) study, which was 
devoted to the study of the action of both ramipril and vitamin E (400 МU/daily dose), it 
was found that use of this antioxidant during approximately 4.5 years did not cause any 
effect on either the primary (myocardial infarction, insult and death from cardiovascular 
diseases) or any other end points of research. In another large-scale study on the primary 
prophylaxis of atherosclerotic diseases in people at least with one risk factors (hypertension, 
hypercholesterolemia, obesity, preliminary MI of the closest relative or advanced age) 
vitamin E (300 МЕ/daily dose) was used during 3.6 years and did not reveal any effect on 
any of the end points (the incidence of cardiovascular events and death). The vitamin E 
effectiveness was also not confirmed for various other cases (hypercholesterolemia, the level 
of sportsmen training, sexual potency, retardation of aging processes, etc.).  

Empirically vitamin E is used in various diseases; however, the majority of the reports about 
tocopherol effectiveness is based on the single clinical observation and experiment data. 
Nowadays there are no reliable results on the role of vitamin E in prevention of tumour 
diseases, though the ability to reduce formation of nitrosamines (potentially carcinogenic 
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antitoxic effects when using chemotherapeutic remedies is well-known. In addition, the 
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In HDL Atherosclerosis Treatment Study (HATS) there was the treatment of atherosclerosis 
depending on the high density lipoprotein cholesterol (HDL-C) level; in 160 patients with 
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the higher (800 МU/day) dose of vitamin E than in HOPE was used. The treatment 
combination also included 1000 mg of vitamin C, 25 mg of β-carotene and 100 mg of 
selenium. The study lasted 3 years and revealed that antioxidants had no influence on the 
HDL-C level, but in combination with hypocholesterolemic drugs they reduced their effect 
on LDL-C and especially – on HDL-C.  

The dominant carotenoid revealed in blood and various tissues (such as liver, kidneys, 
adrenal glands, ovaries and prostate) is lycopene. Due to its structure and mechanism of 
action lycopene belongs to the group of antioxidants; a lycopene molecule contains 13 
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double bonds, which can interact with free radicals. Like β-carotene lycopene can serve as a 
precursor of vitamin A. However, the lycopene antioxidant activity is two times stronger 
than that of vitamin A.  

Lycopene is recommended as an adjuvant in the treatment of the following diseases: 
idiopatic male infertility, chronic prostatitis, preeclampsia and intrauterine growth 
retardation (IUGR), mastopathia, diabetes mellitus, cardiovascular diseases, leucoplakia, 
age-related degeneration of yellow spots and cataract [17]. As with other oxidants, lycopene 
is administered in immunodeficiency states against chronic infections and to reduce the 
harmful action of unfavourable environmental factors.  

The most representative evidence of the antioxidants’ positive role in cardiovascular 
diseases prophylaxis was obtained in the multicultural European community multicentre 
study on antioxidants, myocardial infarction, and breast cancer (EURAMIC), during which 
the relationship between the antioxidant status and acute myocardial infarction in patients 
from 10 European countries was determined. The protective action was proven only for 
lycopene. In the Kuopio Ischemic Heart Disease Risk Factor Study (KIHD) the high level of 
blood plasma lycopene is associated with decreased risk of acute coronary syndrome and 
insult. In Erasmus Rotterdam Health Study (ERGO, also called “Rotterdam Study”) it has 
been proven that lycopene prevents development and progression of atherosclerosis. 

The meta-analysis of 72 epidemiological studies conducted concerning the connection 
between the tomato intake and cancer has determined the associative feed-back between the 
blood plasma lycopene level and the risk of cancer in 57 studies and 35 from 57 obtained 
associations were statistically significant [18]. 

Probucol (phenbutol) is a hypolipidemic medicine and belongs to butyl phenol derivatives. 
Probucol is the medicine that is similar in structure to hydroxytoluene – the compound with 
the potent antioxidant properties.  

The hypolipidemic effect of Probucol is caused by activation of non-receptor ways of LDL 
extraction from the blood. It is believed that the prominent antioxidant activity of probucol 
prevents LDL oxidation.  

Probucol decreases the total cholesterol content in plasma due to intensification of the LDL 
catabolism at the final stage of cholesterol elimination from the organism. It also inhibits the 
cholesterol biosynthesis at early stages and to a small extent slows down the food 
cholesterol absorption. It does not influence the triacylglycerol and the VLDL content, but 
significantly decreases the antiatherogenic HDL level in the blood. It is believed that 
decrease of the HDL-C level reflects improvement of cholesterol esters transfer with HDL on 
acceptor lipoproteins due to increase of the cholesteryl ester transfer protein (CETP) activity.  

In spite of undesired decrease in the HDL-C concentration probucol causes regression of 
xanthelasma; this effect is revealed best of all in patients with the most dramatic HDL-C 
decrease. This important observation demonstrates that the low HDL-C content is not 
undoubtedly a negative phenomenon. The data obtained in experiments with animals indicate 
that probucol due to its antioxidant properties prevents lipid peroxidation and thereby inhibits 
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the LDL uptake by macrophages, therefore, it inhibits atherogenesis. This allows suggesting 
that the therapeutic effect of the medicine may not be connected with its ability to decrease the 
LDL level. There is no clinical evidence of this hypothesis at the moment.  

The medicine is absorbed slowly when taken internally, it is readily soluble in the adipose 
tissue releasing gradually into the bloodstream, and so its action is kept for a long time (up 
to 6 months after discontinuation of the treatment).  

When using probucol in MultiVitamins and Probucol (MVP) research the renewal of the 
endothelium function in patients with IHD, decrease of restenosis cases after coronary 
angioplasty (when taking it at least 4 weeks before the procedure and further treatment 
during 6 months) was observed. Other antioxidants (α-tocopherol in high doses (700 mg per 
day), β-carotene and vitamin C) turned out to be ineffective.  

Combined application of the endogenous antiradical antioxidants is of particular interest. In 
HPS (Heart Protection Study) along with the study of the simvastatin effectiveness the 
prophylactic action of antioxidants was investigated. The use of the vitamin complex (600 
mg of vitamin E, 250 mg of vitamin C and 20 mg of β-carotene per day) lasted in average 5.5 
years and did not reveal any differences in placebo groups and groups taking vitamins. 
Moreover, if the tendency exists, it reflects increasing of vascular events in the antioxidant 
intent-to-treat group. The action of antioxidants was compared with the effect of the 
combined use of simvastatin and nicotinic acid (niacin). Moreover, one of the groups 
received simvastatine+niacin and antioxidants. Angiographic and clinical data of this study 
were also disappointing with respect to the use of antioxidants.  

Unfortunately, a great part of the compounds synthesized, which are used for 
pharmacocorrection of these states, are xenobiotics, so they can activate the free-radical 
formation process. Synthetic antioxidants, in particular probucol, can not be recommended 
for patient use because they decrease the HDL-C level.  

The lack of antioxidant medicines popularity and the absence of traditions of their common 
use in practical medicine are caused a number of reasons: unsatisfactory previous study of 
this issue, complexity of adequate estimation of oxidation state parameters in the organism 
and the absence of the effective medicines with the antioxidant activity that are able to 
quickly reduce the consequences of the oxidative stress.  

Therefore, the main indications for using antioxidants are excessively activated free-radical 
oxidation processes accompanying different pathologies. The choice of specific medicines, 
correct indications and contraindications for their use has not been developed yet and 
require further research. 

3. Experiment design 

In our experiments we studied the indicators of lipid and lipoprotein metabolism in the 
blood plasma and the liver under the experimental metabolic syndrome (MS) in Syrian 
hamsters of different sex and age.  
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In the experiments purebred male rats with 180-220 g of the body weight were used. The 
animals were kept in vivarium on a balanced diet. During 21 days the animals were given 
low alcoholic beverages from grapes of red and white grades per os daily. These beverages 
were introduced in the maximum effective doses of 9 mg of polyphenols/100 g the body 
weight. Taking into account the fact that the polyphenol content in the beverages 
investigated was quite low, the effective dose was introduced 3 times a day by 2 ml of 
liquids per 100 g of the animal’s body weight. Control animals were introduced the 
corresponding volume of the saline solution. Ethanol was given in the corresponding dose. 

Stress was caused by immobilization on the abdomen for 3 hours [19]. Animals were 
decapitated 3 hours after the immobilization. The blood was collected to get the serum. The 
liver was perfused by the cold extraction medium (0.25 M sucrose in 0.025 M tris-HCl, pH 
7.5), homogenized in the Potter homogenizer with 2 ml of the extraction medium per 1 g of 
the liver. All manipulations with animals were held under chloralose-urethane anaesthesia. 

To distribute the plasma lipoproteins the samples were centrifuged at 65,000 rpm (342,000 g) 
for 4 h at 4°C in the Optima XL-100K ultracentrifuge (Beckman Coulter) set at slow 
acceleration and deceleration [20]. Samples were fractionated within 1 h of centrifugation.  

Lipids were extracted with chloroform and methanol (1:2 v/v) twice, as described by Bligh et 
al [21], and the supernatant was collected for determination of TG and FFA. TG and FFA 
were determined by enzymatic colorimetric methods with commercial kits (Zhongsheng, 
Beijing, China). The total cholesterol content was detected with the help of standard 
enzymatic cholesteroloxidase kits of “Boehringer Mannheim GmbH diagnostica” firm 
(Germany). The total lipid concentration was determined with the help of a standard kit 
“Eagle Diagnostics” (USA) – the reaction with vanillin reagent. 

Determination of the lipid peroxide product quantity was performed in heptane-
isopropanol extracts [22]. The optical density was measured at the wavelength of 220 nm 
(for compounds with isolated double bonds), 232 nm (for diene conjugates) and 278 nm – 
for ketodienes and conjugate trienes. 

The TBA content was determined on the spectrophotometer with the help of the reaction 
with thiobarbituric acid [23]. 

A modified version of the high performance liquid chromatography (HPLC) procedure 
developed by Stacewicz-Sapuntzakis et al. [24] was used to measure vitamins E in the 
plasma. The HPLC system included a 150 × 3.9 mm Nova-pak C18 (4 microns) column with 
a guard-pak pre-column (both from Waters, Milford, MA), Waters Millipore TCM column 
heater, Waters 490 multi-wavelength detector, Hitachi 655–61 processor, Hitachi 655A-11 
liquid chromatography, and BioRad autosampler AS-100.  

The serum ascorbic acid concentrations were measured as described by using HPLC [25] 
with salicylsalicylic acid as a deproteinizing agent, metaphosphoric acid as a stabilizer. 

The serum PON1 activity was measured by the rate of generation of p-nitrophenol 
determined at 405 nm according to MacKness B et al. [26]. 
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The plasma cholesterol ester transfer protein (CETP) activity was examined using the 
modifications of Khosla et al. [44]. The CETP activity in duplicate10-μL aliquots of the 
plasma was determined after incubations with 3H-cholesterol ester (CE)-labeled HDL3 and 
LDL. Radioactivity transferred from 3H-HDL3 to LDL (measured in the supernatant after 
precipitation with heparin/MnCl2+) was used to calculate the CETP activity (expressed as the 
percentage of radioactivity transferred from 3H-HDL3 to LDL per 16 h of incubation).  

To measure endothelium-bound LPL, the perfusion solution was changed to buffer 
containing 1% fatty acid–free BSA and heparin (5 units/ml). The coronary effluent was 
collected in timed fractions over 10 min and assayed for the LPL activity by measuring the 
hydrolysis of a sonicated [3H]triolein substrate emulsion [27]. 

The plasma LCAT activity was measured by determination of the amount of radioactivity in 
each spot calculating the free cholesterol/ total cholesterol ratio in each plasma sample 
before and after the LCAT reaction and thus estimating the esterification rate [28]. The 
fractional esterification rate (% . h’) expressed as the percentage of the free cholesterol 
esterified in the plasma sample per hour. 

The HL activity was evaluated using the glycerol-stabilized emulsion of triolein and egg 
phosphatidylcholine containing glycerol-tri[9,10(n)-3H] oleate by determination of the 
radioactivity amount during incubation [29]. 

Statistical analysis. All data were analyzed for statistical significance with SPSS 13.0 
software. The data were presented as means ± standard deviation. Statistical analysis used 
one-way ANOVA. P<0.05 was considered to be statistically significant. 

4. Discussion 

The results of our studies suggest the existence of significant changes in the lipid 
metabolism, as well as sex and age differences in the lipid and lipoprotein metabolism both 
in healthy animals and in animals with MS.  

In male hamsters fed with a high-calorie diet atherogenic dyslipidemia develops 
independently of age (Table 1). As it can be seen from the data obtained, increase of the total 
lipid content in the animal blood plasma is caused by increasing of the ApoB-containing 
lipoprotein (ApoB-LP) level since the HDL content is not changed. At the same time it has 
been found that the plasma TAG level in young (47%) and in adult animals (30%) increased 
in comparison with the intact group. 

Increase of the TAG blood content in conditions of MS is considered to be a key factor for 
development of atherogenic dyslipidemia that is typical for this pathology [30]. A strong 
correlation between hypertriacylglycerolemia plus the HDL-C level decrease and 
accumulation of LDLB in the blood plasma has been demonstrated in many experiments 
and clinical studies [18]. 

It is assumed that atherogenic alterations occur as a result of lipoprotein disbalance in the 
blood plasma, i.e. because of predominance of the LDL and VLDL fractions over the 
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antiatherogenic HDL fraction (especially when the values of the LDL+VLDL/HDL index are 
higher than 3.5). 
 

Age Group 

Parameters

TAG, 
g/L 

Total 
cholesterol, 

mmol/L

ApoB-LP, 
g/L 

HDL, 
g/L 

4 weeks 
Intact 1.06±0.07 2.93±0.19 4.72±0.23 1.11±0.05 

MS 1.56±0.09* 3.56±0.10* 6.68±0.15* 0.98±0.07 

20 weeks 
Intact 1.57±0.22 2.84±0.15 5.66±0.34 1.01±0.02 

MS 2.00±0.13* 3.71±0.18* 6.68±0.21* 0.85±0.08 

1 year 
Intact 1.50±0.10 2.730.02 5.21±0.06 1.74±0.13 

MS 2.27±0.13* 3.150.08* 7.00±0.22* 2.32±0.13* 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 1. Some plasma lipid values in male Syrian golden hamsters with MS (in each group n=10). 

As it is known, there are 2 phenotypes of LDL: LDLA and LDLB that differ by size, density, 
the lipid content and the atherogencity coefficient. LDLB have less size (d 25.5-25.75) 
comparing to LDLA (d > 25.75) and are characterized by a lower content of polar lipids, as 
well as a higher content of cholesterol esters. Lipoproteins of this subfraction are slowly 
removed from the bloodstream that is caused by their low affinity to B/E-receptors for LDL, 
higher sensitivity to glycosylation and oxidative damage [31]; they also have a high affinity 
to scavenger-receptors of macrophages [32]. 

All this features explain a high atherogenicity of LDLB subfraction. Numerous clinical and 
epidemiological studies have confirmed that accumulation of LDLB in the blood is an 
independent risk factor for atherosclerosis occurrence [33]. 

Normally, there are predominantly LDLA in the blood plasma, and LDLB are present in a 
small percent of the total LDL, but in MS and insulin resistance the LDLB content increases 
significantly.  

It is well-known that in MS the key factor for TAG and ApoB-LP accumulation in the blood 
is the VLDL hyperproduction by the liver [34]. According to our data, accumulation of 
ApoB-LP in the blood occurs parallelly with increase in the content of this lipoprotein 
fraction in the liver (Table 2). 

These results allow us to make a suggestion that VLDL formation is activated in the liver of 
the animals fed with a high-calorie diet in our experiment.  

The mechanisms of the VLDL hyperproduction by the liver in the conditions of FFA 
intensive supply to hepatocytes have remained still unclear. The stimulation of VLDL 
formation can occur both by using the elevated uptake of the blood FFA and via activation 
of fatty acid biosynthesis de novo because of hyperglycemia. 
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Age Group

Parameters

Total lipids, 
mg/g liver 

ApoB-LP, 
mg/g liver 

HDL, mg/g 
liver 

G6PDH, 
nmol/mg 

protein/min 

Lysosomal 
lipase,  

nmol/mg 
protein/min 

Week 4 
 

Intact 104.24±2.52 11.46±0.37 1.25±0.14 3.74±0.33 0.67±0.03 
MS 124.16±2.05* 15.16±0.54* 1.11±0.07 2.80±0.17* 1.09±0.07* 

Week 20 Intact 112.62±2.66 13.03±0.50 0.94±0.10 4.44±0.28 0.54±0.03 
MS 143.59±2.65* 15.69±0.36* 1.10±0.20 3.13±0.28* 1.27±0.09* 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 2. Some liver lipid metabolism values in male Syrian golden hamsters with MS used in the 
current study (in the crude tissue, in each group n=10). 

It is known that in insulin resistance FFA that come to hepatocytes from the blood are 
primarily used for the TAG re-synthesis. It leads to increase in the intracellular TAG content 
and correlates with the increase of the VLDL secretion rate into the bloodstream. The VLDL 
morphology, which is specified predominantly at the second stage of their formation, 
depends significantly on the intracellular TAG content and hepatocyte sensitivity to insulin 
[35]. More active phospholipase D-dependent pre-VLDL lipidation takes place in the 
elevated intercellular TAG content and insulin resistance of hepatocytes [36]. Insulin blocks 
the VLDL1 formation in the liver. In the conditions of insulin resistance this effect and the 
elevated intercellular TAG content stimulate formation and secretion predominantly of 
VLDL1 by the liver [37].  

The VLDL1 secretion increase leads to significant changes in the lipid and lipoprotein 
metabolism in the blood: the increased TAG content and accumulation of LDLB with high 
atherogenicity in the blood. These changes are typical for MS and considered to be separate 
risk factors for development of atherosclerosis. 

Metabolism of ApoB-LP in the blood plasma is tightly connected with metabolism of HDL 
performing a reverse cholesterol transport from peripheral tissues to the liver. The leading 
factors in the process of transformation of VLDL into LDL in the bloodstream and 
determination of the LDL morphology are the rate of cholesterol esters transfer from HDL to 
ApoB-LP mediated by cholesteryl ester transfer protein (CETP), and the rate of TAG 
hydrolysis in the ApoB-LP composition mediated by lipoprotein lipase (LPL) and hepatic 
lipase (HL) [38].  

According to data of many clinical studies, increase of the CETP activity of the HDL 
composition in most cases leads to decrease of the HDL-C level and accumulation of LDLB 
in the blood plasma. Moreover, a degree of these modifications correlates with the blood 
TAG level. 

We observed significant changes in the cholesterol and HDL metabolism in the blood plasma 
in animals fed with a high-calorie diet. These changes have expressed the proatherogenic 
character and could be one of the causes for the LDLB accumulation in the blood.  
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ApoB-LP mediated by cholesteryl ester transfer protein (CETP), and the rate of TAG 
hydrolysis in the ApoB-LP composition mediated by lipoprotein lipase (LPL) and hepatic 
lipase (HL) [38].  

According to data of many clinical studies, increase of the CETP activity of the HDL 
composition in most cases leads to decrease of the HDL-C level and accumulation of LDLB 
in the blood plasma. Moreover, a degree of these modifications correlates with the blood 
TAG level. 

We observed significant changes in the cholesterol and HDL metabolism in the blood plasma 
in animals fed with a high-calorie diet. These changes have expressed the proatherogenic 
character and could be one of the causes for the LDLB accumulation in the blood.  
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Our results suggest that increase of the total blood cholesterol level in hamsters fed with a 
high-calorie diet is obviously connected with increase of the cholesterol content in the ApoB-
LP composition as its level in the HDL composition decreases (Table 3). 
 

Age (at the 
beginning of the 

experiment) 
Group 

Parameters 
HDL-C, 

mkmol/L 
HDL-CE, 
mkmol/L 

LCAT, 
mkmol/l/h 

CETP, 
mkmol/l/h 

Week 4 
Intact 174.1718.99 1028.3312.76 54.920.58 20.421.76 

MS 80.839.17* 810.0022.78* 49.002.50 33.831.56* 

Week 20 
Intact 138.008.00 770.0032.56 45.502.55 59.505.39 

MS 164.509.97 512.500.01* 20.252.28* 116.889.43* 

The data presented as mean±SD 
* –р0.05 versus intact animals, а –р0.05 versus intact animals 4 weeks. 

Table 3. Plasma HDL-C and HDL-CE, cholesterol esterifying activity and CE transfer in Syrian golden 
hamsters with the experimental MS (in each group n=10). 

Decrease in the HDL cholesterol level is apparently connected with increase of the transfer rate 
of cholesteryl esters from HDL to ApoB-LP. According to our data the rate of the cholesteryl 
esters transfer from HDL in the animals fed with a high-calorie diet grows to 166% and 199% 
compare to the values of young and adult intact animals, respectively (Table 3).  

At the same time decrease in the free cholesterol and HDL esterified cholesterol levels was 
determined in young males, but in adult animals only the HDL esterified cholesterol content 
lowered. The cholesteryl ester transfer rate from HDL to ApoB-LP is activated when the 
TAG content increases in the blood, it is observed in the postprandial period, as well as in 
ApoB-LP metabolism abnormalities [39]. In both cases the cholesteryl ester transfer 
activation is a consequence of increasing the TAG-rich lipoproteins (TRL) in the 
bloodstream [40]. The latter is also confirmed by our data pertaining to the increase of the 
neutral lipids content in the ApoB-containing lipoproteins in hamsters with the 
experimental MS. These differences seem to be connected with the difference in the HDL 
free cholesterol esterification rate in males of various ages. This rate is primarily determined 
by the activity of LCAT – the enzyme associated with HDL [41]. 

The increase of the cholesteryl-ester transfer activity from HDL is mostly the result of the 
CETP activation. The increase of the CETP activity in MS was demonstrated in a great 
number of experiments [22]. It is known that the activation of CETP biosynthesis in the liver 
is primarily the cause for increasing the activity of this protein in the blood HDL 
composition, but mechanisms of CETP induction have been still unclear.  

Thus, increase of the cholesteryl ester transfer rate from HDL on the background of 
hypertriacylglycerolemia, which is observed in our experiment in the animals fed with a 
high-calorie diet (Table 3), is atherogenic since the cholesteryl ester transfer predominantly 
to TAG-enriched lipoproteins leads to accumulation of CE-enriched VLDL1, which are 
major precursors of LDLB. Intensive TAG supply to HDL in exchange for cholesteryl esters 
results in accumulation of TAG-enriched HDL particles, which are the predominant 
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substrate for hepatic lipase (HL), in the blood. So, HDL particles are rapidly removed from 
the bloodstream and it leads to decrease of the HDL-C content. 

That is why changes in the enzymes activity, which hydrolyze lipoprotein lipids in the 
bloodstream, in particular – in LPL and HL activity, affect significantly the lipoprotein 
metabolism in MS. 

TAG in the TAG-enriched lipoproteins (chylomicrons and VLDL) are the substrate for LPL. 
FFA, released after hydrolysis under the action of LPL, come to adipocytes and muscle cells 
where they are deposited as the TAG component or used as a source of energy. TAG 
hydrolysis in the VLDL composition increases availability of cholesterol for its transfer to 
HDL, therefore, in this way LPL mediates the reverse cholesterol transfer. The LPL activity 
is regulated by the influence on transcription, translation and enzyme transport from the 
cells. Insulin is known to activate LPL that results in decrease of the total blood TAG level 
and stimulation of cholesterol reverse transfer [35]. 

According to our data, the plasma LPL activity decreased in young male hamsters fed with 
a high-calorie diet (Table 4). 
 

Age (at the beginning of 
the experiment) 

Group 
Parameters 

LPL (U/ml) HL (U/ml) 

Week 4 
Intact 8±2 51±4 

MS 4±1* 91±3* 

Week 20 
Intact 83±2 3±1 

MS 129±3* 2±1 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 4. Postheparin plasma lipase activities in Syrian golden hamsters with the experimental MS (in 
each group n=10). 

The results obtained are in agreement with the literature data about the reduction of the LPL 
activity in obesity and insulin resistance [42]. The mechanisms of the LPL activity inhibition 
in these conditions are still unclear though a definite contribution could be made by 
development of insulin resistance. 

The increase of the cholesteryl ester transfer rate from HDL on the background of 
hypertriacylglycerolemia, which was stated in our experiment both in animals fed with a 
high-calorie diet and in chronic stress, is an atherogenic factor for two reasons. Firstly, the 
cholesteryl ester transfer predominantly to the TAG-enriched lipoprotein fractions leads to 
accumulation of VLDL1 enriched with cholesteryl esters, which are the main LDLB 
precursors. Secondly, the intensive exchange of cholesteryl esters in HDL for TAGs results 
in accumulation of TAG-enriched HDL in the blood, which are the predominant substrates 
for HL, and they are rapidly removed from the bloodstream, and it, in turn, causes decrease 
in the HDL-C concentration. The activation of the lipoprotein secretion by the liver is also 
observed in the conditions of the acute chemical and emotional painful stress. This fact may 
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be considered to be a sign of proatherogenesis since it is accompanied by hyperlipidemia 
development due to increase of atherogenic lipoprotein fractions.  

As shown in our studies, decrease of the LPL activity in the blood plasma of young males 
fed with a high-calorie diet can be an additional factor for TAG accumulation in the blood 
and the HDL-C level reduction observed in our experiment. 

HL mediates a selective transport of VLDL remnants to hepatocytes via LDL-receptors, 
takes part in reverse transport of cholesterol accelerating HDL coming into the liver via 
scavenger receptors (SRB1). Hydrolyzing TAG in the ApoB-LP composition HL plays a 
significant role in their re-modelling in the bloodstream. It is known that the HL activity 
specifies substantially the lipid composition, size and properties of LDL [43]. 

The HL activity is predominantly regulated at the transcriptional level under the influence of 
sex hormones, glucocorticoids and adipokines. The rate of the HL gene transcription is also 
dependent on the intercellular lipid content, primarily cholesterol in the hepatocytes [44]. 

In our experiment the blood plasma HL activity in male hamster fed with a high-calorie diet 
increased irrespective of age (Table 4), it corresponds to literature data. In a number of studies 
it has been shown that the HL activity increases in insulin resistance, obesity, and a high-
calorie diet [45]. Moreover, it has been determined that increase of the HL mRNA content is 
observed when using a high-calorie diet; this is the evidence of the enzyme biosynthesis 
activation under these conditions. The authors associate this fact with the decrease in the blood 
plasma adiponectin level, which can inhibit the HL synthesis in hepatocytes. 

Considering these data, as well as the data obtained in our studies about adiponectin 
decrease in the blood plasma in obesity (Fig. 1), we may suppose that one of the causes for 
the HL activity increasing when taking a high-calorie diet in our experiment is decrease of 
adiponectin secretion by the adipose tissue. 

The HL activity increase is considered to be one of the key factors for the atherogenic 
dyslipidemia development in obesity and MS. In a number of works a clear correlation 
between the HL activity and the LDLB content in the blood plasma was demonstrated [19]. 
It is believed that namely HL activation results in the increased LDLB formation [33]. The 
latter occurs with increase of the TAG-enriched VLDL1 content in the blood and the CETP 
activation. Furthermore, the HL activity increase leads to decrease of the HDL cholesterol 
level [46]. This is associated with the fact that hydrolysis of TAG in the HDL3 composition 
results in their transformation into HDL2, which are rapidly removed from the bloodstream 
by the liver. Thus, the HDL-C level decrease that we determined in our experiment (Table 3) 
can be a consequence of the HL activity increase.  

In the current study we have found that the blood FFA level increase is accompanied by the 
ApoB-LP synthesis activation in the liver of Syrian male hamsters fed with a high-calorie 
diet irrespective of age. This causes increase of the TAG and ApoB-LP level in the blood. 
Decrease of the HDL-C level is a consequence of the rate of cholesteryl ester exchange 
between HDL and LDL due to activation of CETP and HL. As a result of these changes the 
atherogenic dyslipidemia development, which is typical for MS, is observed. 
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Figure 1. Plasma adiponectine level in Syrian golden hamsters with the experimental MS development 
(values are mean±SD; * –р0.05 versus intact animals, in each group n=10, * – p < 0.05 versus intact animals). 

We have found the age differences of the lipid profile in the blood plasma of the normal 
male hamsters. So, in intact males (with age from 4 to 20 weeks) on the background of the 
constant content of total lipids and lipoproteins in the blood plasma there was increase of 
the FFA level (60% comparing to a 4-week intact), TAG (48%) and ApoB-LP (20%), and the 
HDL level showed a tendency to decrease. These results are the evidence of the lipidation 
increase with age. It has been also shown that in adult males the unesterified cholesterol and 
cholesteryl ester levels are lower than in young animals (20% and 25%, respectively), and 
the cholesteryl ester transfer rate from HDL in adult animals exceeds this index value in 
young animals (191%) (Table 3). 

The data obtained correspond to the literature data about age-dependent changes in the lipid 
metabolism in males, which have the proatherogenic character [47]. It is known that with age 
the sex hormones level lowers in males and the glucocorticoid secretion level increases. The 
plasma lipid profile in males is determined, among other factors, by the secretion level of sex 
hormones possessing antiatherogenic properties. A lot of studies proved the presence of direct 
correlation between the blood testosterone plus the dehydrotestosterone level and the HDL-C 
content [48]. Moreover, the high level of sex hormones correlates with decrease of the TAG 
content and the total cholesterol in the blood. Thus, increase of the TAG level and decrease of 
the HDL cholesterol content in the blood plasma of males with age may be connected with 
reduction of the sex hormone secretion (Table 5). Changes of the lipid profile in the blood 
plasma of males with age may be also associated with increase of glucocorticoid secretion, 
which was observed in our experiment (Table 5). 

Thus, with age the blood plasma lipid profile in males is subjected to unfavourable changes 
such as increase of the FFA and TAG content and decrease of HDL-C. The latter may be 
connected with decrease of the sex hormone level, and increase of the cortisol secretion. 
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However, despite the more favourable lipid profile in the blood plasma of young males 
comparing with normal adult animals, atherogenic dyslipidemia in obesity and insulin 
resistance develops irrespective of age.  

In contrast with males, in females the atherogenic dyslipidemia development is significantly 
dependent on age (Table 6). In particular, while in males with age there are no significant 
changes in the liver ApoB-LP content, in females this index raises during maturation – in 
intact animals – to 20%, and in animals in the experimental MS – to 31%. That indicates 
intensification of lipolytic processes in the liver of females during ageing, and may serve as 
a manifestation of the lipid metabolism activation. The analogous changes in the total lipid 
content also proved this tendency (Table 6).  
 

Sex Parameter Group Age (at the beginning of the experiment) 
4 weeks 20 weeks 1 year 

Females 

Estradiol, 
pmol/mL 

Intact 0.550.05 0.640.06 0.540.05 
MS 0.630.06* 0.750.08 0.360.04* 

Cortisol,
nmol/L 

Intact 47.003.85 73.175.56 76.00±4.95 
MS 74.05.49* 87.54.45 117.00±2.63* 

Males 

Estradiol, 
pmol/mL 

Intact 0.240.02 0.190.02 0.290.03 
MS 0.270.02 0.290.02* 0.200.03* 

Testosterone, 
pmol/mL 

Intact 4.020.39 4.240.31 3.580.37 
MS 4.450.41* 3.510.40* 3.030.31* 

Cortisol,
nmol/L 

Intact 61.173.71 94.83.06 85.33±5.40 
MS 84.673.62* 132.007.88* 148.40±9.54* 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 5. Plasma sex hormones and cortisol levels in hamsters with the experimental MS (in each group 
n=16) 

 

Age Group 

Parameters

Total lipids, mg/g ApoB-LP, mg/g 
liver HDL, mg/g 

Lysosomal lipase, 
nmol/mg 

protein/min 

4 weeks Intact 117.674.72 8.870.24 1.270.08 0.340.03 
MS 144.345.00* 10.240.25* 0.650.05* 1.240.05* 

10 
weeks 

Intact 137.543.91 10.650.46 0.890.07 0.830.04 
MS 179.223.44* 13.440.30* 0.460.06* 1.330.08* 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 6. Lipid metabolism parameters in the liver homogenate in Syrian golden female hamsters with 
MS (in the crude tissue, in each group n=16) 

Oxidation of LDL and VLDL (i.e. ApoB-LP) is an alternative way of the lipoprotein 
catabolism, which leads to their uptake by macrophages via scavenger-receptors, and may 
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lead to the transformation of these cells into “foam” ones. That is why it is one of the factors 
of atherogenesis in MS. 

In our experiment we also observed the composition changes in lipoproteins and in particular 
HDL particle enrichment with lipids (Table 7). However, the cholesterol content of these 
lipoproteins decreased in contrast to the ApoB-LP cholesterol content that was increased. 
 

Parameters 
Group 

Intact MS 
Total lipids, % of the total HDL composition 49.451.35 57.311.91* 

Total cholesterol, % of the total HDL composition 14.970.23 11.210.76* 
TAG, % % of the total HDL composition 1.750.07 3.080.15* 

-Tocopherol, mmol/L 8.020.39 5.700.35* 
Isolated double bonds, U/ml 8.640.59 7.310.17* 
Diene conjugates, mmol/L 18.882.10 31.681.65* 

Ketodienes+conjugated trienes, U/ml 1.150.08 1.480.06* 
Total hydroperoxides, mmol/L 69.043.46 78.311.33* 

The data presented as mean±SD or percentage 
* –р0.05 versus intact animals 

Table 7. The plasma HDL composition in Syrian golden hamsters (1 year) with the experimental MS  
(in each group n=10). 

There are several possible reasons for that phenomenon. One of them is a well-known fact 
that HDL contains high levels of both unsaturated fatty acids, which are rapidly utilized, 
and proteins, which hydrophilic properties compensate the lack of phospholipids, as well as 
α-tocopherol and enzymatic antioxidants, particularly paraoxonase, which protect these 
lipoproteins from peroxidation. There is no doubt that the changes in the cholesterol 
metabolism enzymes activity associated with HDL (CETP) are involved in this process 
(Table 3).  

Nevertheless, the content decrease of compounds with isolated double bonds and 
accumulation of the lipoperoxidation products has been determined in the HDL fraction in 
MS (Table 7). Moreover, the data obtained have shown that the content of ketodienes and 
coupled trienes in the HDL fraction is 129% comparing to control; the content of diene 
conjugates – 168% and the content of the total hydroperoxides – 115%. It has been also 
found that there is decrease of the α-tocopherol content in HDL (41%) comparing to the 
control values (Table 7). 

Thus, HDL can protect LDL from oxidation “providing” a cell with paraoxonase and PAF-
acetyl hydrolase. However, this protective effect of HDL is reduced in response to induction 
of the stress acute phase in animal models [49]. 

As can be seen from our data (Table 8), the HDL-associated paraoxonase activity is generally 
decreased in experimental MS. 
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Sex Age Groups 
Activity,  

nmol/mL/min 

Males 
4 week 

Intact 80.783.69 
MS 67.063.70* 

20 week 
Intact 62.192.63 

MS 37.293.33* 

Females 
4 week 

Intact 104.412.95 
MS 75.452.21* 

20 week 
Intact 127.272.95 

MS 121.933.05 

The data presented as mean±SD 
* –р0.05 versus intact animals 

Table 8. The plasma HDL paraoxonase activity in Syrian golden hamsters with experimental MS (in 
each group n=10). 

The data obtained show that application of antioxidant complexes for correction of 
unfavourable changes in proatherogenic states may be perspective since free radical 
oxidation activation is a common pathogenetic link of all those states; this link is not only 
involved in damage of cells and their components, but also as an alternative way of 
catabolism it accelerates the lipid recyclization. 

At the same time, since a significant feature of proatherogenic states is the hormone status 
imbalance, polyphenolic antioxidants need special attention because these compounds 
along with the antioxidative activity also demonstrate phytoestrogen properties [50], and it 
may be an additional factor of the lipid metabolism regulation. 

An important effect of flavonoids is scavenging of oxygen-derived free radicals. The 
experimental systems in vitro have also shown that flavonoids possess anti-inflammatory, 
antiallergic, antiviral, and anticarcinogenic properties. The so-called ‘‘Mediterranean diet’’ is 
thought to prevent cardiovascular diseases, as a consequence of its high content of 
antioxidants, which are crucial in ameliorating oxidative events implicated in many 
diseases. In addition to the antioxidant/antiradical activity, red wine polyphenols (RWPs) 
have been shown to possess many biological properties, including inhibition of platelet 
aggregation, the vasorelaxing activity, modulation of the lipid metabolism, and inhibition of 
the low-density lipoprotein oxidation. 

In our research we have used wine, juice and polyphenolic extracts from grapes of different 
grades, and polyphenolic concentrates “Enoant” and “Polyphen” obtained from Vitis 
Vinifera grapes to correct the changes in the lipid metabolism in the conditions of the 
experimental metabolic syndrome, acute and chronical stress. All substances used in our 
research were developed in National Institute for Vine and Wine "Magarach" (Yalta, 
Ukraine). The studies carried out have specified that polyphenolic extracts and concentrates 
are quite active remedies that decrease negative effects in MS though the effectiveness of 
various substances administered are significantly different.  
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So, administration of any of the investigated substances has significantly decreased the total 
blood plasma lipoprotein content in hamsters with MS, but the use of “Cabernet” extract has 
the most pronounced effect (Fig. 2). The same tendency is observed in decreasing the ApoB-
LP content, the total cholesterol and FFA level have also decreased, though practically no 
difference between the grape varieties investigated has found.  

 
* – р0.05 versus intact animals. 

Figure 2. The effect of Vitis Vinifera substances on some plasma lipid metabolism values in male Syrian 
golden hamsters (1 year old) with the experimental MS (in each group n= 7)  

The non-enzyme antioxidant level (α-tocopherol, reduced glutathione and ascorbic acid) in 
the blood serum has also reached reference values under the influence of the polyphenolic 
extracts. This fact confirms the high antioxidant activity of the studied substances. 

Normalization of the blood plasma phospholipid content under the influence of polyphenolic 
extracts arouses the interest. The phospholipid content returned to the intact level, which may 
be a result of their oxidation reduction, given that the unsaturated fatty acids in phospholipids 
are compounds that undergo oxidation by free radicals quickly and easily. 

However, in spite of the quite favourable effect of “Isabella” extract, its administration also 
has negative consequences, particularly the HDL level decrease to the value observed in 
intact animals accompanied by the LDL content increase. 

The investigated substances normalize also the blood lipoproteins composition. Thus, the 
total lipid and the total cholesterol content decrease in the ApoB-LP composition, moreover 
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extracts arouses the interest. The phospholipid content returned to the intact level, which may 
be a result of their oxidation reduction, given that the unsaturated fatty acids in phospholipids 
are compounds that undergo oxidation by free radicals quickly and easily. 

However, in spite of the quite favourable effect of “Isabella” extract, its administration also 
has negative consequences, particularly the HDL level decrease to the value observed in 
intact animals accompanied by the LDL content increase. 

The investigated substances normalize also the blood lipoproteins composition. Thus, the 
total lipid and the total cholesterol content decrease in the ApoB-LP composition, moreover 
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“Enoant” lowers the cholesterol content in this atherogenic lipoprotein fraction even below 
the control level. 

Generally, the TAG content is also normalized under the action of all the investigated 
substances, but taking into account the ratio – cholesterol/triacylglycerols, “Polyphen” has 
the most favourable effect. 

The polyphenol extracts and concentrates have significantly improved the ApoB-LP 
oxidative status in animals with MS. The best results have been obtained when using 
“Cabernet”, as well as for other indexes investigated (Table 9). 
 

Parameter 
Group

MS MS 
+“Enoant”

MS 
+“Polyphen”

MS+
“Isabella” 

MS+ 
“Cabernet” 

Total lipids, % of the total 
ApoB-LP composition

88.87
0.71*

83.70
0.78 */**

83.12
0.37*/**

82.22
0.09*/** 

81.00 
0.19* 

Total cholesterol, % of the total 
ApoB-LP composition

8.39
0.24

7.87
0.04*/**

8.13
0.04

8.06
0.12** 

8.17 
0.08*/** 

TAG, % of the total ApoB-LP 
composition

37.55
1.89*/**

53.97
0.10*/**

53.02
0.14*/**

50.65
1.23*/** 

49.57 
0.40*/** 

 - Tocopherol, mmol/L 2.68
0.08*

2.98
0.05*/**

3.06
0,04*/**

3.17
0,02*/** 

3.19 
0,05*/** 

Isolated double bonds, U/ml 1.71
0.06*

1.84
0.03*/**

1.90
0.02*/**

1.97
0.03** 

2.09 
0.03** 

Diene conjugates, mmol/L 37.25
1.50*

30.63
0.41*/**

29.54
0.34*/**

28.77
0.14*/** 

26.68 
1.94** 

Ketodienes+conjugated trienes, 
U/ml

8.18
0.11*

7.49
0.04*/**

7.23
0.08*/**

7.17
0.08*/** 

6.99 
0.26** 

Total hydroperoxides, mmol/L 108.25 
1.39* 

98.52 
0.55*/** 

94.97 
0.15*/** 

90.65 
1.15*/** 

89.30 
1.06*/** 

The data presented as mean±SD or percentage 
* – р0.05 versus intact animals, ** – р0.05 versus model of MS  

Table 9. The effect of Vitis Vinifera substances on the plasma ApoB-LP composition in male Syrian 
golden hamsters (1 year old) with the experimental MS (in each group n= 10) 

The HDL composition in the blood is also affected by the substances studied. In these 
particles the total lipid content decreases and even reaches the level of intact animals when 
using “Cabernet” extract (Table 10). 

The cholesterol level also changes: it decreases when using “Enoant” and increases under 
the action of “Isabella” and “Cabernet” extracts. 

The HDL-C content decreases under the action of “Enoant” may occur due to peroxide 
processes inhibition since cholesterol accumulation in lipoprotein particles, as it was 
mentioned before, has a compensatory character in response to the phospholipid oxidation 
of the lipoprotein particle hydrophilic cover. The TAG content decreased under the action of 
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all substances, and “Isabella” was the most effective substance. The TAG content decrease is 
probably mediated by the phytoestrogenic action of polyphenols directed to lipolysis 
inhibition in the adipose tissue. 
 

Parameter 
Group

MS MS 
+“Enoant”

MS 
+“Polyphen”

MS+
“Isabella” 

MS+ 
“Cabernet ” 

Total lipids, % of the total ApoB-
LP composition

57.31
1.91*

54.91
0.21*/**

53.09
0.08*/**

51.74
0.74*/**

49.20 
0.42** 

Total cholesterol, % of the total 
ApoB-LP composition

11.21
0.76*

10.54
0.30*/**

11.14
0.04*

12.05
0.21*

12.45 
0.34*/** 

TAG, % of the total ApoB-LP 
composition

3.08
0.15*

2.90
0.09*/**

2.11
+0.12*/**

1.92
0.04*/**

1.96 
0.03*/** 

 - Tocopherol, mmol/L 5.70
0.35*

7.47
0.20*/**

7.19
0.17*/**

7.36
0.11*/**

8.13 
0.06** 

Isolated double bonds, U/ml 7.31
0.17*

7.67
0.08*/**

7.69
0.07*/**

7.99
0.05*/**

8.15 
0.01*/** 

Diene conjugates, mmol/L 31.68
1.65*

24.85
0.35*/**

23.44
0.40*/**

22.55
0.34*/**

21.88 
0.23** 

Ketodienes+conjugated trienes, 
U/ml

1.48
0.06*

1.24
0.03**

1.32
0.03*/**

1.25
0.03*/**

1.54 
0.47*/** 

Total hydroperoxides, mmol/L 78.31
1.33*

75.26
0.31*/**

75.62
0.54*/**

74.48
0.55*/**

73.41 
0.39*/** 

The data presented as mean±SD or percentage 
* – р0.05 versus intact animals, ** – р0.05 versus model of MS  

Table 10. The effect of Vitis Vinifera substances on the plasma HDL composition in male Syrian golden 
hamsters (1 year old) with the experimental MS (in each group n= 10) 

The exact bimolecular mechanisms for this cardioprotection are unclear, but it is likely that 
actions mediated both through the estrogen receptors, such as the beneficial alteration in 
lipid profiles and upregulation of the low-density lipoprotein (LDL) receptor, and 
independently of the estrogen receptors, such as antioxidant action, contribute to the 
cardioprotective effects of phytoestrogens observed. 

The potential role of phytoestrogens, including isoflavonoids, as cardioprotective agents has 
been extensively reviewed. The data obtained in our experiments showed that in male hamsters 
with the experimental MS the treatment with grape extracts reduced VLDL cholesterol (VLDL-
C) and TG by 30 and 40 % compared with the control animals. Furthermore, golden Syrian 
hamsters fed with red wine phenolics had a significant decrease in the plasma apo B 
concentrations. Similar to our previous study, grape polyphenols may have altered hepatic 
secretion of TG-rich VLDL. This reduction is evident when observing the decreases in both 
plasma apo B and apo E concentrations. The significant decrease in apo E concentrations may 
have further reduced plasma TG concentrations. In general, apo E displaces apo C-II from the 
VLDL particle, thereby inhibiting the lipoprotein lipase (LPL) activity and overall lipolysis. 
Furthermore, Huang et al. [51] showed that adding apo C-II to transgenic apo-E3–enriched 
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all substances, and “Isabella” was the most effective substance. The TAG content decrease is 
probably mediated by the phytoestrogenic action of polyphenols directed to lipolysis 
inhibition in the adipose tissue. 
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+“Polyphen”

MS+
“Isabella” 

MS+ 
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57.31
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54.91
0.21*/**

53.09
0.08*/**

51.74
0.74*/**
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Total cholesterol, % of the total 
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11.21
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11.14
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0.21*

12.45 
0.34*/** 
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3.08
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2.11
+0.12*/**
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0.03*/** 

 - Tocopherol, mmol/L 5.70
0.35*

7.47
0.20*/**

7.19
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0.11*/**

8.13 
0.06** 

Isolated double bonds, U/ml 7.31
0.17*

7.67
0.08*/**

7.69
0.07*/**

7.99
0.05*/**

8.15 
0.01*/** 

Diene conjugates, mmol/L 31.68
1.65*

24.85
0.35*/**

23.44
0.40*/**

22.55
0.34*/**

21.88 
0.23** 

Ketodienes+conjugated trienes, 
U/ml

1.48
0.06*

1.24
0.03**

1.32
0.03*/**

1.25
0.03*/**

1.54 
0.47*/** 

Total hydroperoxides, mmol/L 78.31
1.33*

75.26
0.31*/**

75.62
0.54*/**

74.48
0.55*/**

73.41 
0.39*/** 

The data presented as mean±SD or percentage 
* – р0.05 versus intact animals, ** – р0.05 versus model of MS  

Table 10. The effect of Vitis Vinifera substances on the plasma HDL composition in male Syrian golden 
hamsters (1 year old) with the experimental MS (in each group n= 10) 

The exact bimolecular mechanisms for this cardioprotection are unclear, but it is likely that 
actions mediated both through the estrogen receptors, such as the beneficial alteration in 
lipid profiles and upregulation of the low-density lipoprotein (LDL) receptor, and 
independently of the estrogen receptors, such as antioxidant action, contribute to the 
cardioprotective effects of phytoestrogens observed. 

The potential role of phytoestrogens, including isoflavonoids, as cardioprotective agents has 
been extensively reviewed. The data obtained in our experiments showed that in male hamsters 
with the experimental MS the treatment with grape extracts reduced VLDL cholesterol (VLDL-
C) and TG by 30 and 40 % compared with the control animals. Furthermore, golden Syrian 
hamsters fed with red wine phenolics had a significant decrease in the plasma apo B 
concentrations. Similar to our previous study, grape polyphenols may have altered hepatic 
secretion of TG-rich VLDL. This reduction is evident when observing the decreases in both 
plasma apo B and apo E concentrations. The significant decrease in apo E concentrations may 
have further reduced plasma TG concentrations. In general, apo E displaces apo C-II from the 
VLDL particle, thereby inhibiting the lipoprotein lipase (LPL) activity and overall lipolysis. 
Furthermore, Huang et al. [51] showed that adding apo C-II to transgenic apo-E3–enriched 
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VLDL increased the LPL activity in a dose-dependent manner. The reductions in apo E and TG 
concentrations suggest less displacement by apo E, thereby promoting the grape polyphenols 
activity and further reducing the TG concentrations in the plasma.  

Due to decreases in TG concentrations, administration of “Cabernet” extract was shown to 
affect the overall lipoprotein metabolism. Decreased concentrations of the plasma TG 
altered substrate availability in the delipidation cascade, leading to the decrease observed in 
LDL-C concentrations. After a 3-week treatment period the grape polyphenols treatment 
induced a significant decrease in the cholesteryl ester transfer protein (CETP) activity as 
well. Such decrease in the CETP activity may be partially a result of the substantial decrease 
in substrate availability, including both the plasma TG and LDL-C.  

It is evident that grape polyphenols modify the packaging of VLDL through alteration in the 
hepatic enzyme activity and apo B secretion. These modifications seem to decrease the 
overall secretion of the VLDL particles and therefore, decrease plasma TG and related apo 
concentrations. Due to decrease of the TG substrate, further modifications in the lipoprotein 
metabolism may occur.  

The alteration in the TG metabolism may not be the single mechanism driving the 
hypocholesterolemic effects of grape polyphenols. When golden Syrian hamsters were 
treated with dealcoholized red wine, red wine, or grape juice, similar significant reductions 
in both TC and LDL-C concentrations were apparent in all treatment groups compared with 
the control [51]. Although there was a trend for decrease in TG concentrations in all 
treatment groups compared with the control, the differences were not significant. That 
study, along with others, suggests the presence of an additional mechanism by which grape 
polyphenols exert the cardioprotective effect. In Hep G-2 cells, dealcoholized red wine was 
shown to upregulate significantly the LDL receptor activity. This significant increase in 
activity was similar to the increase seen when Hep G-2 cells were treated with atorvastatin. 
Furthermore, when Hep G-2 cells were treated with increasing doses of red wine, LDL 
receptor mRNA abundance was significantly increased in a dose-responsive manner. The 
increase of the LDL receptor activity and abundance may be a result of the homeostatic 
intracellular cholesterol feedback loop. In general, decrease in the intracellular cholesterol 
will upregulate the LDL receptor expression and activity, whereas increase in the 
intracellular cholesterol will downregulate the receptor [48]. Grape polyphenols were 
shown to decrease hepatic cholesterol concentrations; therefore, the liver compensates for 
this deficiency by upregulating the LDL receptor and the overall decrease in the plasma 
LDL concentrations occurs.  

One possible explanation of the anti-atherogenic activity of grape polyphenols is the well-
known HDL cholesterol-increasing effect of polyphenols in various species, including 
transgenic mice [52]. 

In our experiments it has been found that the grape extract treatment induced slight (15%) 
increase in HDL cholesterol concentrations is possibly related to the significant decrease in 
the hepatic lipase activity (Table 11). The reductions observed in both hepatic and LPL 
activities by grape polyphenols treatment may prevent formation of small atherogenic 
VLDLB particles and may also decrease their uptake by the LDL receptor -related protein.  
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In addition to increases in HDL cholesterol concentrations, grape extracts also change the 
size and quality of HDL particles [53]. Although the mechanisms by which polyphenols 
influence the metabolism of HDL particles are not clear, changes in LPL and cholesteryl 
ester transfer protein (CETP) may play an important role. 

Polyphenols treatment in humans is associated with decrease in the CETP content correlated 
with the concomitant increase in HDL cholesterol concentrations [54]. Consistent with our 
findings, grape extracts caused a significant increase in the postheparin LPL activity and 
HDL cholesterol concentrations in patients with moderate hypercholesterolemia and in 
hamsters [39]. However, the HDL cholesterol-increasing action of polyphenols in animals 
(mouse, hamster and rat) without CETP in some cases [52] suggests that this effect is may be 
independent of the CETP activity. 
 

milliunits Control (MS) (n=50) Grape extract “Cabernet” (n=50) 
LPL 356.0±53.2 258.6±57.3* 
Hepatic lipase 232.6±25.9 216.2±34.7 

*P<0.05 versus control animals. 

Table 11. The plasma postheparin lipases activity in male hamsters with MS (in each group n=10) 

The “Cabernet” extract appeared to be the most effective substance in relation to the HDL 
defence from peroxidation, though the other substances revealed the same but not so high 
activity. They decreased the content of products (diene conjugates, ketodienes+coupled trienes, 
total hydroperoxides) effectively and increased – substrates (compounds with isolated double 
bonds) of lipoperoxidation, prevented decrease of the antioxidant level (α-tocopherol). 

It should be pointed out that the level of lipid peroxidation secondary products 
(ketodienes+coupled trienes) decreased more effectively under the influence of “Enoant” (to 
intact values). 

Under the action of the studied substances the lipoprotein supply to the liver also decreases, 
evidenced by the decrease of the ApoB-LP content in the organ. Moreover, in the composition 
of these lipoproteins the TAG content normalizes, and it indicates normalization of the activity 
of lipases catalyzing the lipoprotein metabolism in the blood (Table 12). 

The liver oxidative status is also improved: the antioxidant levels almost restore, the 
peroxidation products content decreases, the content of compounds with isolated double 
bonds increases (Tables 3, 5, 9, 12). 

Testing of the “Enoant” action – one of the substances studied – in female hamsters of 
different age with the experimental MS proved the effectiveness of the antioxidant therapy 
of this pathology. 

So, the total lipids, TAG and FFA contents decrease in the blood plasma of those animals 
under the action of “Enoant” (Table 12). In addition, in adult females “Enoant” causes 
decrease in the ApoB-LP and total cholesterol content, and it, in turn, reduces atherogenic 
changes in MS. 
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In addition to increases in HDL cholesterol concentrations, grape extracts also change the 
size and quality of HDL particles [53]. Although the mechanisms by which polyphenols 
influence the metabolism of HDL particles are not clear, changes in LPL and cholesteryl 
ester transfer protein (CETP) may play an important role. 

Polyphenols treatment in humans is associated with decrease in the CETP content correlated 
with the concomitant increase in HDL cholesterol concentrations [54]. Consistent with our 
findings, grape extracts caused a significant increase in the postheparin LPL activity and 
HDL cholesterol concentrations in patients with moderate hypercholesterolemia and in 
hamsters [39]. However, the HDL cholesterol-increasing action of polyphenols in animals 
(mouse, hamster and rat) without CETP in some cases [52] suggests that this effect is may be 
independent of the CETP activity. 
 

milliunits Control (MS) (n=50) Grape extract “Cabernet” (n=50) 
LPL 356.0±53.2 258.6±57.3* 
Hepatic lipase 232.6±25.9 216.2±34.7 

*P<0.05 versus control animals. 

Table 11. The plasma postheparin lipases activity in male hamsters with MS (in each group n=10) 

The “Cabernet” extract appeared to be the most effective substance in relation to the HDL 
defence from peroxidation, though the other substances revealed the same but not so high 
activity. They decreased the content of products (diene conjugates, ketodienes+coupled trienes, 
total hydroperoxides) effectively and increased – substrates (compounds with isolated double 
bonds) of lipoperoxidation, prevented decrease of the antioxidant level (α-tocopherol). 

It should be pointed out that the level of lipid peroxidation secondary products 
(ketodienes+coupled trienes) decreased more effectively under the influence of “Enoant” (to 
intact values). 

Under the action of the studied substances the lipoprotein supply to the liver also decreases, 
evidenced by the decrease of the ApoB-LP content in the organ. Moreover, in the composition 
of these lipoproteins the TAG content normalizes, and it indicates normalization of the activity 
of lipases catalyzing the lipoprotein metabolism in the blood (Table 12). 

The liver oxidative status is also improved: the antioxidant levels almost restore, the 
peroxidation products content decreases, the content of compounds with isolated double 
bonds increases (Tables 3, 5, 9, 12). 

Testing of the “Enoant” action – one of the substances studied – in female hamsters of 
different age with the experimental MS proved the effectiveness of the antioxidant therapy 
of this pathology. 

So, the total lipids, TAG and FFA contents decrease in the blood plasma of those animals 
under the action of “Enoant” (Table 12). In addition, in adult females “Enoant” causes 
decrease in the ApoB-LP and total cholesterol content, and it, in turn, reduces atherogenic 
changes in MS. 
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Parameter 
Group

MS MS +
“Enoant”

MS + 
“Polyphen ”

MS+
“Isabella”

MS+ 
“Cabernet” 

Total cholesterol, % 
of the total ApoB-LP 

composition.
7.180.06* 8.230.26*/** 8.460.05** 8.760.05** 9.100.13** 

TAG, % of the total 
ApoB-LP 

composition
42.001.29* 44.640.52** 44.420.43** 45.950.50** 45.410.73** 

Isolated double 
bonds, U/g 2.130.06* 2.390.04*/** 2.710.03*/** 2.990.09** 2.770.16** 

Total 
hydroperoxides, 

mmol/g 
101.032.00* 90.551.54*/** 88.691.02*/** 80.460.77*/** 78.832.71*/** 

The data presented as mean±SD or percentage 
* – р0.05 versus intact animals, ** – р0.05 versus the model of MS  

Table 12. The effect of Vitis Vinifera substances on the liver cytosol ApoB-LP composition in male 
Syrian golden hamsters (1 year old) with the experimental MS (in the crude tissue, in each group n= 10) 

The increase of -tocopherol (the main lipid-phase antioxidant) in the blood plasma of 
animals that received “Enoant” proved its antioxidant activity in our experiment (Table 13).  

Furthermore, the significant decrease of the body weight was observed in hamsters that 
received “Enoant” along with a high-calorie diet compared to the animals on a high-calorie 
diet alone. 

Based on these findings, we may conclude that introduction of grape polyphenolic extracts 
and concentrates in MS can prevent the increase of the total lipid and ApoB-LP content in 
the blood plasma, prevent the activation of free radical processes in the plasma lipoprotein 
particles, and normalize the liver lipid metabolism. The ability of the investigated 
substances to reduce negative consequences of MS such as atherosclerosis development has 
been proven. 

The last suggestion is confirmed by our results concerning the aorta wall lipid composition 
in the experimental MS. The introduction of “Enoant” for prophylaxis and treatment 
reduces significantly atherogenesis manifestations in the aorta, decreasing the aorta media 
lipidation and the neutral lipid content (Fig. 3, 4). 

Thus, from our data, we can conclude that antioxidants, particularly grape polyphenolic 
concentrates and extracts, which have pronounced antioxidant, phytoestrogenic and stress-
protector properties, should be included into a complex therapy of MS to reduce its negative 
effects. 

The next experiment was designed to investigate the action of grape wines and polyphenolic 
concentrates on development of proatherogenic effects of the emotional-painful stress. In 
our experiments we used purebred female rats because, as it was shown in previous studies, 
the acute stress response in females was more expressive than in males.  
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Age Group 

Parameter

Total 
lipids, 
mg/ml 

ApoB-
LP, 

mg/ml 

Total 
cholesterol, 

mmol/L 

TAG, 
mg/ml 

FFA, 
mmol/L

Diene 
conjugates 
in ApoB-

LP, 
nmol/ml 

 - 
Tocopherol, 

nmol/ml 

4 
weeks 

MS 4.52
0.17

4.00
0.16

2.04
0.08

1.08
0.49

1.17
0.06

24.82
1.46

6.67 
0.22 

MS+ 
“Enoant”

3.54
0.16**

3.47
0.13

1.88
0.06

0.91
0.02**

0.95
0.02**

22.27
0.99

9.79 
0.77** 

20 
weeks 

MS 7.75
0.20

3.84
0.11

2.58
0.07

1.40
0.04

1.42
0.04

23.58
1.35

10.49 
0.82 

MS+ 
“Enoant”

6.88
0.14**

3.30
0.08**

2.22
0.05**

1.18
0.03**

1.15
0.03**

21.10
1.14

12.87 
0.36** 

The data presented as mean±SD or percentage 
** – р0.05 versus the model of MS  

Table 13. The effect of polyphenol concentrate “Enoant” on some plasma lipid metabolism values in 
female Syrian golden hamsters with the experimental MS (in each group n= 10) 

 

Age Group 

Parameters

Total lipids, 
mg/g 

 -
Tocopherol, 

nmol/g

Ascorbic 
acid, 

mkmol/g

TBA active 
substances, 

nmol/g 

4 weeks 
MS 140.75

9,15
21.01
1.47

3.73
0.14

1.97 
0.06 

MS+
“Enoant” 

111.53
4.08** 

25.31
0.34** 

4.08
0.10 

1.74 
0.09 

20 weeks 
MS 154.18

2.70 
19.59
0.39 

6.10
0.35 

1.95 
0.09 

MS+
“Enoant”

121.04
4.18**

26.11
1.03**

5.96
0.24

1.73 
0.09 

The data presented as mean±SD or percentage 
** – р0.05 versus the model of MS  

Table 14. The effect of polyphenol concentrate “Enoant” on some liver lipid metabolism values in 
female Syrian golden hamsters with the experimental MS (in each group n= 10) 

During 21 days animals were daily given per os grape wines of “Cabernet” and “Rkatsiteli” 
grades in the doses that corresponded to 300 ml of wine for a human of 70 kg. Other animals 
were given alcohol in the dose corresponding to 30 ml of alcohol for a human of 70 kg, as 
well as polyphenolic concentrates “Enoant” and “Polyphen” in the doses of 0.05 ml/kg of 
the body weight. The grape wines and polyphenolic concentrates were produced by the 
National Institute of Grape and Wine “Magarach”. Control animals were given the 
corresponding volume of the physiological solution. 
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Age Group 

Parameter

Total 
lipids, 
mg/ml 

ApoB-
LP, 

mg/ml 

Total 
cholesterol, 

mmol/L 

TAG, 
mg/ml 
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mmol/L

Diene 
conjugates 
in ApoB-

LP, 
nmol/ml 

 - 
Tocopherol, 

nmol/ml 

4 
weeks 
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0.17
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2.04
0.08

1.08
0.49

1.17
0.06

24.82
1.46

6.67 
0.22 

MS+ 
“Enoant”

3.54
0.16**

3.47
0.13

1.88
0.06

0.91
0.02**

0.95
0.02**

22.27
0.99

9.79 
0.77** 

20 
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0.07

1.40
0.04

1.42
0.04
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1.35

10.49 
0.82 
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“Enoant”

6.88
0.14**
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1.18
0.03**
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0.03**

21.10
1.14

12.87 
0.36** 

The data presented as mean±SD or percentage 
** – р0.05 versus the model of MS  
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female Syrian golden hamsters with the experimental MS (in each group n= 10) 
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1.74 
0.09 

20 weeks 
MS 154.18

2.70 
19.59
0.39 

6.10
0.35 

1.95 
0.09 

MS+
“Enoant”

121.04
4.18**

26.11
1.03**

5.96
0.24

1.73 
0.09 

The data presented as mean±SD or percentage 
** – р0.05 versus the model of MS  

Table 14. The effect of polyphenol concentrate “Enoant” on some liver lipid metabolism values in 
female Syrian golden hamsters with the experimental MS (in each group n= 10) 

During 21 days animals were daily given per os grape wines of “Cabernet” and “Rkatsiteli” 
grades in the doses that corresponded to 300 ml of wine for a human of 70 kg. Other animals 
were given alcohol in the dose corresponding to 30 ml of alcohol for a human of 70 kg, as 
well as polyphenolic concentrates “Enoant” and “Polyphen” in the doses of 0.05 ml/kg of 
the body weight. The grape wines and polyphenolic concentrates were produced by the 
National Institute of Grape and Wine “Magarach”. Control animals were given the 
corresponding volume of the physiological solution. 
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Figure 3. The lipid content in the aorta wall in male Syrian golden hamsters with the experimental MS 
and “Enoant” treatment (Mm, in each group n=10). 

 

 
Figure 4. The lipid content in the aorta wall in female Syrian golden hamsters with the experimental 
MS and “Enoant” treatment (Mm, in each group n=10). 

It was shown that all the substances investigated: polyphenolic concentrates “Enoant” and 
“Polyphen”, 10% solution of ethanol, and grape wines “Cabernet” and “Rkatsiteli” 
possessed the stress-protective activity, which intensity was dependent on the substance 
used (Tables 15-17). 

When introducing only “Enoant” and “Polyphen” to the animals these complexes did not 
cause any changes on the investigated indexes of the pro-oxidant and antioxidant status in 
the liver and it is an indication about safety of using these concentrates. 

“Enoant” and “Polyphen” revealed the significant protective activity in the emotional-
painful stress. It allows to use them as stress-protective, hepatoprotective and 
antiatherogenic remedies. 
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Parameter 

Group
Stress +
Enoant 

Stress +
Polyphen 

Stress +
ethanol 

Stress +
Cabernet 

Stress + 
Rkatsiteli 

str. non-
str. str. non-str. str. non-

str. str. non-
str. str. non-

str. 

TL, 
mg/ml 

4.14 
0.45* 

3.98
0.31

**

3.81
0.03
*/**

3.82
0.48 

**

5.50
0.74
*/**

5.58 
0.37*

3.41
0.66

**

3.46
0.43

**

3.43 
0.15 

** 

3.57 
0.54 

** 

TAG, 
mg/ml 

0.76
0.08
*/** 

0.78 
0.09*

0.51 
0.08 

0.71 
0.09* 

0.66
0.12
*/** 

0.91
0.05
*/** 

0.50 
0.05

0.58
0.04
*/** 

0.54 
0.10 

0.54 
0.05 

** 
Total 

cholesterol, 
mg/ml 

70.76 
9.34* 

54.90
6.92
*/**

74.14
8.21*

82.93 
9.48 

**

85.71
5.71

69.10
7.37

**

56.71
7.32*

62.25
6.50

**

97.51 
9.66 

** 

80.83 
8.74 

** 

HDL, mg/ml 0.98
0.14 

0.89
0.08

0.96
0.05 

0.88
0.08 

1.10
0.19

1.00
0.12

1.26
0.15

1.04
0.08

1.08 
0.12 

0.96 
0.05 

АpоВ-LP, 
mg/ml 

1.56
0.12 

**

1.89 
0.26*

1.59
0.16

** 

1.54
0.22 

**

1.85
0.19

**

1.67
0.18

**

2.07 
0.29*

1.67
0.18

**

1.86 
0.20 

** 

1.63 
0.18 

** 

Corticosterone, 
nmol/l 

5.50
0.99
*/** 

5.87
1.08
*/** 

7.10
0.80
*/** 

29.33 
8.58 

15.00
1.72
*/** 

38.75
5.64

** 

32.75
5.17

** 

26.33
4.40
*/** 

16.93 
2.43 
*/** 

40.60 
6.38 

** 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 15. The effect of grape polyphenol complexes and grape wines on the lipid metabolism and the 
plasma corticosterone level in rats with the neurogenic stress (in each group n=10). 

Moreover, we have found out that the stress-protective activity of grape wines is equal to 
the polyphenolic concentrates activity given in the similar dose. 

Wines of “Cabernet” and “Rkatsiteli” grades normalized the total lipid content both in a 
liver homogenate and in the blood plasma in stress; in addition, TAG levels also reached the 
control values.  

Grape wine components prevented the FFA content increase noted when introducing the 
solution of alcohol. This fact may prove the protective action of the components mediated 
by inhibition of fatty infiltration of organs.  

The latter is confirmed by the absence of influence of grape wine introduction on the 
NADPH-generating dehydrogenases activity in the liver. 

The cholesterol content decrease in the blood plasma when introducing grape wines has 
attracted our attention, as well as a favourable redistribution of cholesterol in the LP 
fractions – decrease of ApoB-containing lipoprotein level with the unchanged HDL content. 
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Parameter 

Group
Stress +
Enoant 

Stress +
Polyphen 

Stress +
ethanol 

Stress +
Cabernet 

Stress + 
Rkatsiteli 

str. non-
str. str. non-str. str. non-

str. str. non-
str. str. non-

str. 

TL, 
mg/ml 

4.14 
0.45* 

3.98
0.31

**

3.81
0.03
*/**

3.82
0.48 

**

5.50
0.74
*/**

5.58 
0.37*

3.41
0.66

**

3.46
0.43

**

3.43 
0.15 

** 

3.57 
0.54 

** 

TAG, 
mg/ml 

0.76
0.08
*/** 

0.78 
0.09*

0.51 
0.08 

0.71 
0.09* 

0.66
0.12
*/** 

0.91
0.05
*/** 

0.50 
0.05

0.58
0.04
*/** 

0.54 
0.10 

0.54 
0.05 

** 
Total 

cholesterol, 
mg/ml 

70.76 
9.34* 

54.90
6.92
*/**

74.14
8.21*

82.93 
9.48 

**

85.71
5.71

69.10
7.37

**

56.71
7.32*

62.25
6.50

**

97.51 
9.66 

** 

80.83 
8.74 

** 

HDL, mg/ml 0.98
0.14 

0.89
0.08

0.96
0.05 

0.88
0.08 

1.10
0.19

1.00
0.12

1.26
0.15

1.04
0.08

1.08 
0.12 

0.96 
0.05 

АpоВ-LP, 
mg/ml 

1.56
0.12 

**

1.89 
0.26*

1.59
0.16

** 

1.54
0.22 

**

1.85
0.19

**

1.67
0.18

**

2.07 
0.29*

1.67
0.18

**

1.86 
0.20 

** 

1.63 
0.18 

** 

Corticosterone, 
nmol/l 

5.50
0.99
*/** 

5.87
1.08
*/** 

7.10
0.80
*/** 

29.33 
8.58 

15.00
1.72
*/** 

38.75
5.64

** 

32.75
5.17

** 

26.33
4.40
*/** 

16.93 
2.43 
*/** 

40.60 
6.38 

** 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 15. The effect of grape polyphenol complexes and grape wines on the lipid metabolism and the 
plasma corticosterone level in rats with the neurogenic stress (in each group n=10). 

Moreover, we have found out that the stress-protective activity of grape wines is equal to 
the polyphenolic concentrates activity given in the similar dose. 

Wines of “Cabernet” and “Rkatsiteli” grades normalized the total lipid content both in a 
liver homogenate and in the blood plasma in stress; in addition, TAG levels also reached the 
control values.  

Grape wine components prevented the FFA content increase noted when introducing the 
solution of alcohol. This fact may prove the protective action of the components mediated 
by inhibition of fatty infiltration of organs.  

The latter is confirmed by the absence of influence of grape wine introduction on the 
NADPH-generating dehydrogenases activity in the liver. 

The cholesterol content decrease in the blood plasma when introducing grape wines has 
attracted our attention, as well as a favourable redistribution of cholesterol in the LP 
fractions – decrease of ApoB-containing lipoprotein level with the unchanged HDL content. 
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Parameter 
 

Group
Stress +
Enoant

Stress +
Polyphen

Stress +
ethanol

Stress +
Cabernet

Stress + 
Rkatsiteli 

str. non-
str. str. non-

str. str. non-
str. str. non-

str. str. non-
str. 

PON, 
nmol/ml/min 

240.25

20.86
*/** 

216.00

16.24
*/** 

231.33

15.53
*/** 

231.25

15.52
** 

197.50
14.37

*/** 

150.00

19.24
*/** 

239.25
24.18

*/** 

246.00

16.56
** 

222.75 
13.98** 

215.25 

13.78 
** 

Ascorbic acid, 

mkmol/ml 
49.99

4.41*

43.20

4.16*

53.76

4.51

**

45.08

6.08
*/** 

38.04

4.12
*/** 

34.83

4.43*

48.07

2.13*

48.10

2.49
*/** 

55.87 

6.65 

** 

53.41 

5.42 
*/** 

-Tocopherol, 

nmol/ml 

10.70

1.34

**

10.62

0.67

**

10.39

1.12

**

10.8 

1.26

**

6.07 

0.76
*/** 

5.35 

0.78
*/** 

9.45 

1.11

9.99 

0.48

**

10.26 

0.48 

** 

9.32 

1.04 

 

O
xi

di
ze

d 
А

pо
В-

LP
 

Isolated double bonds, 
U/ml 

2.76 

0.36*

2.23 

0.24*

3.14 

0.46

**

3.51 

0.42
*/** 

3.13 

0.37

**

2.35 

0.24*

3.25 

0.38

**

2.64 

0.28*

4.13 

0.43 

** 

3.11 

0.41* 

Diene conjugates, 
mmol/ml 

22.47

3.20
*/** 

25.93

2.98
*/** 

21.54

1.22
*/** 

25.93

1.76
*/** 

30.44

2.20*

26.28

1.24*

23.05

4.48*

26.99

1.38*

19.54 

0.93 

** 

21.56 

0.99 
*/** 

Ketodienes+conjugated 
trienes, U/ml 

2.31 

0.14

 

2.58 

0.29
*/** 

2.20 

0.11

** 

2.37 

0.10*

3.01 

0.50*

2.97 

0.42*

2.29 

0.16

2.60 

0.31*

2.22 

0.11 

 

2.23 

0.06 

** 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 16. The effect of grape polyphenol complexes and grape wines on the plasma 
oxidant/antioxidant status in rats with the neurogenic stress (in each group n=10). 

Paraoxonase activity was normalized in the animals given wines and the antioxidant content 
both in the blood plasma and in the liver was significantly higher than in the control animals. 

These effects together with much lower level of ApoB-LP oxidation in the animals given 
grape wines prove the high antiatherogenic potential of the wines investigated. 

In addition, the grape wines have revealed a rather high level of the stress-protective 
activity and it is indicated by a significant decrease of the corticosterone content in the blood 
plasma in stressed animals given wines. 
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Since grape wines have shown a high level of the stress-protective activity we investigated 
how the ratio of wine components – polyphenols and ethanol – can influence the stress-
protective activity of this complex. 

As was shown in our experiments “Enoant” administration even in the combination with 
ethanol does not reduce the stress-protective action of it, but on the contrary – it intensifies 
this action preventing unfavourable effects of the alcohol. At the same time the TAG and 
FFA level in the liver tissue of rats given ethanol together with “Enoant” decreases even 
when using the lowest dose investigated (0.01 ml per 100 g) (Table 18). Since the content of 
TAG and FFA increases apparently due to the lipogenesis activation when using ethanol, 
which might lead to fatty infiltration of the liver, then reduction of this process activity 
could protect the liver. 

 

Parameter 
 

Group 
Stress + 
Enoant 

Stress + 
Polyphen 

Stress + 
ethanol 

Stress + 
Cabernet 

Stress + 
Rkatsiteli 

str. 
non-
str. 

str. 
non-
str. 

str. 
non-
str. 

str. 
non-
str. 

str. non-str. 

Total 
lipids, 
mg/g 

149.17

33.14

151.84

19.86
** 

130.98

23.66

201.93

33.71
** 

193.32

25.61
*/** 

220.54

23.22
*/** 

171.39

28.66
** 

180.31

15.98
** 

164.93 

16.93 
** 

190.03 

18.21** 

TAG, 

mg/g 

4.65 

0.78 

3.77 

0.47 

6.00 

0.32 

5.94 

1.08

** 

7.86 

0.25

** 

6.89 

0.49

** 

4.90 

1.08 

3.88 

1.08 

5.74 

0.61 

 

4.93 

0.68 

 

АpоВ-LP, 
mg/g 

4.58 

0.06

** 

4.43 

0.07
*/** 

3.72 

0.34*

3.15 

0.44*

5.00 

0.82 

4.10 

0.49
*/** 

3.06 

0.16
*/** 

3.15 

0.16
*/** 

2.87 

0.30 
*/** 

3.02 

0.36* 

FFA, 

mg/g 

1.06 

0.12 

1.00 

0.11

 

1.08 

0.16 

1.26 

0.08*

1.35 

0.15*

1.45 

0.13*

1.05 

0.22 

1.22 

0.20 

1.15 

0.13 

1.40 

0.31 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 17. The effect of grape polyphenol complexes and grape wines on the liver lipid metabolism in 
rats with the neurogenic stress, in the crude tissue (in each group n=10). 
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Since grape wines have shown a high level of the stress-protective activity we investigated 
how the ratio of wine components – polyphenols and ethanol – can influence the stress-
protective activity of this complex. 

As was shown in our experiments “Enoant” administration even in the combination with 
ethanol does not reduce the stress-protective action of it, but on the contrary – it intensifies 
this action preventing unfavourable effects of the alcohol. At the same time the TAG and 
FFA level in the liver tissue of rats given ethanol together with “Enoant” decreases even 
when using the lowest dose investigated (0.01 ml per 100 g) (Table 18). Since the content of 
TAG and FFA increases apparently due to the lipogenesis activation when using ethanol, 
which might lead to fatty infiltration of the liver, then reduction of this process activity 
could protect the liver. 

 

Parameter 
 

Group 
Stress + 
Enoant 

Stress + 
Polyphen 

Stress + 
ethanol 

Stress + 
Cabernet 

Stress + 
Rkatsiteli 

str. 
non-
str. 

str. 
non-
str. 

str. 
non-
str. 

str. 
non-
str. 

str. non-str. 

Total 
lipids, 
mg/g 

149.17

33.14

151.84

19.86
** 

130.98

23.66

201.93

33.71
** 

193.32

25.61
*/** 

220.54

23.22
*/** 

171.39

28.66
** 

180.31

15.98
** 

164.93 

16.93 
** 

190.03 

18.21** 

TAG, 

mg/g 

4.65 

0.78 

3.77 

0.47 

6.00 

0.32 

5.94 

1.08

** 

7.86 

0.25

** 

6.89 

0.49

** 

4.90 

1.08 

3.88 

1.08 

5.74 

0.61 

 

4.93 

0.68 

 

АpоВ-LP, 
mg/g 

4.58 

0.06

** 

4.43 

0.07
*/** 

3.72 

0.34*

3.15 

0.44*

5.00 

0.82 

4.10 

0.49
*/** 

3.06 

0.16
*/** 

3.15 

0.16
*/** 

2.87 

0.30 
*/** 

3.02 

0.36* 

FFA, 

mg/g 

1.06 

0.12 

1.00 

0.11

 

1.08 

0.16 

1.26 

0.08*

1.35 

0.15*

1.45 

0.13*

1.05 

0.22 

1.22 

0.20 

1.15 

0.13 

1.40 

0.31 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 17. The effect of grape polyphenol complexes and grape wines on the liver lipid metabolism in 
rats with the neurogenic stress, in the crude tissue (in each group n=10). 
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Parameter 
 

Group 

Stress +
Enoant

Stress +
Polyphen

Stress +
ethanol

Stress +
Cabernet

Stress + 
Rkatsiteli 

str. non-str. str. non-str. str. non-
str. str. non-

str. str. non-str. 

GSH, 

mkmol/g 

6.02 

0.27

*/**

3.70 

0.42* 

5.12 

0.46 

5.48 

0.34 
4.40 

0.34

2.87 

0.29
*/** 

4.64 

0.70

4.38 

0.35

4.47 

0.51 

3.59 

0.50* 

-Тocopherol, 

nmol/g 

27.82

2.86
*/** 

34.01 

3.56 

**

34.34 

4.14 

**

25.39 

1.18
*/** 

6.55 

0.61
*/** 

5.59 

0.54
*/** 

26.95

1.32
*/** 

24.64

0.81
*/** 

29.24 

1.82 
*/** 

28.9 

3.15 

** 

Ascorbic acid, 

mkmol/g 

1.31 

0.13

**

1.29 

0.10
*/** 

1.17 

0.23* 

1.25 

0.15
*/** 

0.59 

0.07

*/**

0.81 

0.06*

1.04 

0.21*

1.21 

0.11
*/** 

1.24 

0.20 
*/** 

1.24 

0.17 
*/** 

Isolated double 
bonds, U/g 

18.63

1.88
*/**

15.99 

1.50
*/**

20.40 

1.34
*/**

18.66 

1.52
*/**

16.98

0.66*
13.89

1.73*

24.40

2.92
*/**

16.15

1.76
*/**

26.67 

1.62 
*/** 

18.82 

1.90 
*/** 

Diene conjugates, 
mmol/g 

13.58

0.74
*/** 

12.87 

0.54
*/** 

13.48 

0.62
*/** 

12.85 

0.26
*/** 

13.61

0.08
*/** 

13.20

0.58
*/** 

10.90

1.10

**

15.00

2.12*

10.66 

1.88 

** 

14.32 

1.62* 

Ketodienes+conju
gated trienes, U/g

13.57

0.54*

13.39 

1.67 

11.44 

1.56 

**

11.84 

1.88
*/** 

12.68

1.91

13.04

1.31

**

14.20

2.02*

15.74

1.98

17.15 

1.62* 

16.04 

1.78 

ТBA-active 
products, 

nmol/mg protein

0.21 

0.02*

0.19 

0.02 

**

0.28 

0.03* 

0.22 

0.03 

**

0.55 

0.08
*/** 

0.68 

0.06
*/** 

0.15 

0.02

0.28 

0.04*

0.18 

0.02 

0.17 

0.02 

** 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 18. The effect of grape polyphenol complexes and grape wines on the liver tissue 
oxidant/antioxidant status in rats with the neurogenic stress (in the crude tissue, in each group n=10). 

It should be noted that the effect of high doses of “Enoant” (0.1 and 0.15 ml/100 g) was 
ambiguous. On the one hand, it caused α-tocopherol accumulation in the liver that might be 
an indicator of their protective action, but on the other hand, it probably revealed some 
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prooxidative effect initiating the increase in the content of the POL final products – 
thiobarbituric acid-active products, and also activating ApoB-containing lipoproteins 
oxidation. In this case the secondary oxidative stress developed. A tendency to decrease the 
lipid content in the liver and to increase it in the blood plasma testifies about it. 

Such effect is typical for high doses of many antioxidants capable to reveal the prooxidant 
action, including α-tocopherol. These data indicate the necessity of reasonable attitude to 
antioxidants therapy, including “Enoant”. 

 

Parameter 
Group 

Stress 
+Ethanol

Stress+Ethanol+ Enoant, ml per 100 g of the body weight: 
0.01 0.03 0.05 0.07 0.1 0.15 

Total lipids, 
mg/ml 

5.89 
0.08* 

5.69 
0.06* 

5.30 
0.05* 

4.82 
0.15* 

3.51 
0.08 

3.44 
0.09 

3.58 
0.15 

TAG, mg/ml 
0.91 
0.07* 

0.99 
0.04* 

0.73 
0.04* 

0.52 
0.03 

0.43 
0.03 

0.39 
0.02* 

0.50 
0.02 

Total 
cholesterol, 

mg/ml 

0.49 
0.07 

0.46 
0.05 

0.54 
0.04 

0.40 
0.01* 

0.55 
0.09 

0.55 
0.03 

0.56 
0.02 

HDL, mg/ml 
0.93 
0.02 

1.00 
0.06 

1.02 
0.07 

0.91 
0.05 

1.81 
0.03* 

1.23 
0.06* 

1.32 
0.04* 

АpоВ-LP, 
mg/ml 

1.73 
0.05* 

1.84 
0.05* 

1.48 
0.06 

1.44 
0.03 

1.18 
0.05 

1.41 
0.02 

1.64 
0.04* 

-Тocopherol, 
nmol/мml 

4.11 
0.34* 

4.88 
0.17* 

5.84 
0.14* 

6.68 
0.24* 

8.20 
0.34* 

9.23 
0.35 

8.80 
0.46 

Ascorbic acid, 
mkmol/L 

33.81
1.73* 

34.04 
2.73* 

39.04 
1.60* 

49.25 
1.10* 

55.01 
1.67 

56.98 
2.03 

49.96 
3.43 

Diene 
conjugates in 
АpоВ-LP, 
mkmol/L 

28.11
0.34* 

28.99 
0.14* 

29.35 
0.80* 

28.81 
1.30* 

23.91 
0.51 

20.60 
1.43 

28,27 
1.35* 

ТBA-active 
products, 
mkmol/L 

2.39 
0.55* 

2.01 
0.30* 

1.48 
0.16* 

1.11 
0.04 

1.18 
0.34 

0.77 
0.21 

1.31 
0.20* 

Corticosterone, 
nmol/L 

35.25
4.27 

24.00 
3.03 

28.25 
4.54 

16.00 
0.44* 

25.50 
0.50 

17.50 
2.33* 

21.60 
6.00 

The data presented as mean±SD 
* - р0.05 versus intact animals 

Table 19. The effect of different doses of polyphenol concentrate “Enoant” in combination with ethanol 
on the plasma parameters of the stress response development in rats with the neurogenic stress (in each 
group n=10). 
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prooxidative effect initiating the increase in the content of the POL final products – 
thiobarbituric acid-active products, and also activating ApoB-containing lipoproteins 
oxidation. In this case the secondary oxidative stress developed. A tendency to decrease the 
lipid content in the liver and to increase it in the blood plasma testifies about it. 

Such effect is typical for high doses of many antioxidants capable to reveal the prooxidant 
action, including α-tocopherol. These data indicate the necessity of reasonable attitude to 
antioxidants therapy, including “Enoant”. 

 

Parameter 
Group 

Stress 
+Ethanol

Stress+Ethanol+ Enoant, ml per 100 g of the body weight: 
0.01 0.03 0.05 0.07 0.1 0.15 

Total lipids, 
mg/ml 

5.89 
0.08* 

5.69 
0.06* 

5.30 
0.05* 

4.82 
0.15* 

3.51 
0.08 

3.44 
0.09 

3.58 
0.15 

TAG, mg/ml 
0.91 
0.07* 

0.99 
0.04* 

0.73 
0.04* 

0.52 
0.03 

0.43 
0.03 

0.39 
0.02* 

0.50 
0.02 

Total 
cholesterol, 

mg/ml 

0.49 
0.07 

0.46 
0.05 

0.54 
0.04 

0.40 
0.01* 

0.55 
0.09 

0.55 
0.03 

0.56 
0.02 

HDL, mg/ml 
0.93 
0.02 

1.00 
0.06 

1.02 
0.07 

0.91 
0.05 

1.81 
0.03* 

1.23 
0.06* 

1.32 
0.04* 

АpоВ-LP, 
mg/ml 

1.73 
0.05* 

1.84 
0.05* 

1.48 
0.06 

1.44 
0.03 

1.18 
0.05 

1.41 
0.02 

1.64 
0.04* 

-Тocopherol, 
nmol/мml 

4.11 
0.34* 

4.88 
0.17* 

5.84 
0.14* 

6.68 
0.24* 

8.20 
0.34* 

9.23 
0.35 

8.80 
0.46 

Ascorbic acid, 
mkmol/L 

33.81
1.73* 

34.04 
2.73* 

39.04 
1.60* 

49.25 
1.10* 

55.01 
1.67 

56.98 
2.03 

49.96 
3.43 

Diene 
conjugates in 
АpоВ-LP, 
mkmol/L 

28.11
0.34* 

28.99 
0.14* 

29.35 
0.80* 

28.81 
1.30* 

23.91 
0.51 

20.60 
1.43 

28,27 
1.35* 

ТBA-active 
products, 
mkmol/L 

2.39 
0.55* 

2.01 
0.30* 

1.48 
0.16* 

1.11 
0.04 

1.18 
0.34 

0.77 
0.21 

1.31 
0.20* 

Corticosterone, 
nmol/L 

35.25
4.27 

24.00 
3.03 

28.25 
4.54 

16.00 
0.44* 

25.50 
0.50 

17.50 
2.33* 

21.60 
6.00 

The data presented as mean±SD 
* - р0.05 versus intact animals 

Table 19. The effect of different doses of polyphenol concentrate “Enoant” in combination with ethanol 
on the plasma parameters of the stress response development in rats with the neurogenic stress (in each 
group n=10). 
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At the same time small doses of “Enoant” have a relatively low biological activity; they do not 
reduce negative effects of ethanol intake and do not inhibit the stress response significantly. 

Therefore, we can conclude that the most effective doses of “Enoant” are 0.05-0.07 ml/100 g 
of the body weight because with these doses “Enoant” has not only high stress-protective, 
antiatherogenic and hepatoprotective activities, but practically neutralizes negative effects 
of ethanol. 

Thus, our results suggest that grape wines have a high stress-protective, antiatherogenic and 
hepatoprotective activity that is equal to grape polyphenolic non-alcoholic concentrates 
characteristics, and the wine components in the doses studied have prevented negative 
effects of ethanol. Introduction of ethanol to animals in the human equivalent dose – 0.43 
ml/kg of the body weight increases their tolerance to stress, but is an unfavourable factor 
that could result in MS development, fatty infiltration of organs and other pathologies. The 
polyphenolic concentrates “Enoant” and “Polyphen” in the human equivalent dose – 0.3 
ml/kg of the body weight reveal a significant stress-protective, hepatoprotective and anti-
atherogenic activity under the action of the emotional-painful stress. Grape wines from 
“Cabernet” and “Rkatsiteli” grades in the human equivalent dose – 4.3 ml/kg of the body 
weight also reveal a high stress-protective, antiatherogenic and hepatoprotective activity 
equal to grape polyphenolic non-alcoholic concentrates, and the wine components in the 
doses used prevented the negative effect of ethanol. 

The highest activity has been shown by the combination of “Enoant” and ethanol that 
corresponds to the ratio of components in dry red wines, as well as the absence of significant 
difference in the protective effects of red and white wines, in spite of the difference in the 
polyphenol content [55]. Based on these results, in the second series of our experiments we 
decided to investigate “Cabernet” and “Rkatsiteli” wine effects on the development of 
stress-reaction proatherogenic consequences under the action of the emotional-painful stress 
in different periods of introduction. 

It has been shown that “Cabernet” had a higher level of the anti-atherogenic activity than 
“Rkatsiteli”; in relation to the stress-protective activity the wines of these grades did not 
differ markedly. Such effect is likely connected with accumulation of polyphenols in the 
organism. 

To examine the last supposition it was necessary to determine how different periods of 
introduction of the investigated wines influenced the stress-reaction development. We have 
carried out the study of wine intake influence on the development of proatherogenic 
consequences of the emotional and painful stress in different terms after consumption. 

The data obtained in the experiments showed significant improvement of the antioxidant 
status both in the blood plasma and the liver tissue one day after the introduction of 
“Cabernet” wine (tables 20, 21).  

At the same time “Rkatsiteli” wine did not reveal such activity. A similar condition 
persisted for 2-5 days of administration. 
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Periods of 
time 

Parameter 

Total lipids, 
mg/g 

TAG, mg/g
GSH, 
mkmol/g 

-
Tocopherol, 
nmol/g 

Diene 
conjugates, 
nmol/g 

ТBA-active 
products, 
nmol/g 

Day 
1 

C+Str 94.945.65* 3.800.11* 2.120.17* 18.880.79* 14.930.37* 1.680.10 

R+Str 103.164.63* 5.150.61* 2.370.28* 15.600.39* 15.940.39* 2.240.32 

Day 
2 

C+Str 105.175.12* 3.580.23* 2.510.34* 26.042.17* 14.130.09* 1.070.24* 

R+Str 106.939.42* 5.670.34* 2.770.87* 15.650.92* 15.100.07* 1.910.15 

Day 
3 

C+Str 115.3811.65* 3.920.13* 3.820.37* 23.692.18* 13.850.48* 1.700.11 

R+Str 103.285.81* 6.470.28* 2.470.26* 16.890.71* 14.440.25* 2.290.20* 

Day 
5 

C+Str 139.148.06* 5.570.31* 2.430.37* 26.962.12 13.190.34 1.350.15 

R+Str 116.663.60* 6.880.37* 2.430.42* 18.641.18* 14.220.16* 2.060.13 

Day 
8 

C+Str 161.186.05* 7.270.15 4.110.21 32.120.85 12.280.52 1.640.13 

R+Str 122.207.07* 6.350.45 2.330.28* 23.082.08* 12.930.44 1.730.04 

Day 
10 

C+Str 181.829.24 8.040.63 5.150.42 30.622.53 11.860.12 1.300.19* 

R+Str 153.995.30* 8.410.56 3.220.48* 26.311.26* 11.840.48 1.290.14* 

Day 
12 

C+Str 174.726.15 8.340.55 3.740.25 32.555.58 12.420.36 1.470.27 

R+Str 164.48.03* 8.630.47 3.250.17* 28.282.26 11.410.22 1.450.31 

Day 
15 

C+Str 162.1612.81 7.500.43 4.610.22 38.162.06* 10.500.52* 1.340.06* 

R+Str 172.1310.42 7.680.69 4.420.34 41.992.42 10.270.63* 1.240.17 

The data presented as mean±SD 
* - р0.05 versus intact animals 

Table 20. The effect of prophylactic administration of grape wines of "Cabernet" (C) and "Rkatsiteli" (R) 
grades on the stress response development in the liver tissue in rats with the neurogenic stress in 
different periods of time, in the crude tissue (in each group n=10). 
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Periods of 
time 

Parameter 

Total lipids, 
mg/g 

TAG, mg/g
GSH, 
mkmol/g 

-
Tocopherol, 
nmol/g 

Diene 
conjugates, 
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ТBA-active 
products, 
nmol/g 
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R+Str 103.164.63* 5.150.61* 2.370.28* 15.600.39* 15.940.39* 2.240.32 
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2 

C+Str 105.175.12* 3.580.23* 2.510.34* 26.042.17* 14.130.09* 1.070.24* 

R+Str 106.939.42* 5.670.34* 2.770.87* 15.650.92* 15.100.07* 1.910.15 

Day 
3 

C+Str 115.3811.65* 3.920.13* 3.820.37* 23.692.18* 13.850.48* 1.700.11 

R+Str 103.285.81* 6.470.28* 2.470.26* 16.890.71* 14.440.25* 2.290.20* 

Day 
5 

C+Str 139.148.06* 5.570.31* 2.430.37* 26.962.12 13.190.34 1.350.15 

R+Str 116.663.60* 6.880.37* 2.430.42* 18.641.18* 14.220.16* 2.060.13 

Day 
8 

C+Str 161.186.05* 7.270.15 4.110.21 32.120.85 12.280.52 1.640.13 

R+Str 122.207.07* 6.350.45 2.330.28* 23.082.08* 12.930.44 1.730.04 

Day 
10 

C+Str 181.829.24 8.040.63 5.150.42 30.622.53 11.860.12 1.300.19* 

R+Str 153.995.30* 8.410.56 3.220.48* 26.311.26* 11.840.48 1.290.14* 

Day 
12 

C+Str 174.726.15 8.340.55 3.740.25 32.555.58 12.420.36 1.470.27 

R+Str 164.48.03* 8.630.47 3.250.17* 28.282.26 11.410.22 1.450.31 

Day 
15 

C+Str 162.1612.81 7.500.43 4.610.22 38.162.06* 10.500.52* 1.340.06* 

R+Str 172.1310.42 7.680.69 4.420.34 41.992.42 10.270.63* 1.240.17 

The data presented as mean±SD 
* - р0.05 versus intact animals 

Table 20. The effect of prophylactic administration of grape wines of "Cabernet" (C) and "Rkatsiteli" (R) 
grades on the stress response development in the liver tissue in rats with the neurogenic stress in 
different periods of time, in the crude tissue (in each group n=10). 
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Periods of 
time 

Parameter 

Total 
lipids, 
mg/ml 

TAG, 
mg/ml 

Total 
cholesterol, 

mg/ml 

АpоВ-LP, 
mg/ml 

-
Тocopherol, 

nmol/ml 

Diene 
conjugates, 

nmol/ml 

Corticosterone 
nmol/l 

Day 
1  
 

C+Str 5.15±0.50* 0.78±0.07* 0.94±0.04 1.53±0.02* 8.52±0.27* 31.49±2.58* 75.00±8.66* 

R+Str 6.15±0.44* 0.93±0.07* 1.08±0.05# 1.68±0.03* 6.29±0.47* 38.35±1.56* 111.70±10.00 

Day 
2 

C+Str 3.87±0.23 0.71±0.04* 0.89±0.03 1.52±0.02* 8.90±0.72* 31.65±1.92* 96.6721.86* 

R+Str 4.85±0.16* 0.84±0.06* 0.86±0.04 1.70±0.04* 7.77±0.27 32.17±1.71* 81.5416.50* 

Day 
3 

C+Str 3.42±0.32 0.56±0.03 0.73±0.05* 1.54±0.04* 10.20±0.52 24.72±2.89 35.679.49 

R+Str 4.45±0.41 0.70±0.04* 0.89±0.06 1.66±0.04* 8.49±0.38* 22.24±1.84 43.008.50 

Day 
5 

C+Str 3.54±0.27 0.49±0.05 0.72±0.02* 1.45±0.06 10.28±0.65 28.34±1.77* 41.5018.50 

R+Str 3.56±0.23 0.58±0.05 0.88±0.02 1.66±0.04* 10.01±0.27 20.46±2.03 57.103.00* 

Day 
8 

C+Str 3.47±0.39 0.49±0.08 0.77±0.02* 1.36±0.03 12.02±0.35 20.47±2.03 42.5010.61 

R+Str 4.08±0.31 0.4±0.06 0.84±0.03 1.55±0.04 10.04±0.68 20.15±2.61 40.509.19 

Day 
10 

C+Str 3.73±0.24 0.54±0.05 0.69±0.02* 1.33±0.02 11.03±0.89 22.68±2.46 34.0018.38 

R+Str 3.60±0.35 0.55±0.09 0.76±0.04* 1.43±0.04 11.39±0.47 22.90±1.93 38.002.82 

Day 
12 

C+Str 3.71±0.35 0.49±0.07 0.65±0.03* 1.26±0.04 11.18±1.01 21.72±1.57 25.502.12 

R+Str 3.55±0.45 0.054±0.06 0.75±0.03* 1.35±0.03 11.40±0.93 20.08±1.45 27.001.31 

Day 
15 

C+Str 3.78±0.36 0.59±0.04 0.61±0.02* 1.33±0.02 11.04±1.32 20.99±0.92 34.007.00 

R+Str 4.22±0.57 0.51±0.09 0.69±0.03* 1.29±0.06 11.72±0.93 20.59±1.92 31.0010.82 

The data presented as mean±SD 
* - р0.05 versus intact animals 

Table 21. The effect of prophylactic administration of grape wines of "Cabernet" (C) and "Rkatsiteli" (R) 
grades on the plasma parameters of the stress response development in rats with the neurogenic stress 
(in each group n=10). 
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However, on day 8 of administration the antioxidant and stress-protective effects of these 
wines were almost similar, and on the day 10 –they practically did not differ. 

On days 12 and 15 there were also no differences as to the antioxidant and stress-protective 
action of the wines studied, which significantly reduced activation of the free radical 
oxidation under the action of stress normalizing the most of the indexes investigated. 

Thus, the investigated wines are characterized by the high level of the antioxidant and 
stress-protective activity, and in the first days of introduction “Cabernet” wine improved 
more effectively the antioxidant status in the blood and the liver tissue than “Rkatsiteli” 
wine, but by day 10 the effects of the studied wines had no substantial difference. 

Probably, these results are dependent on polyphenol cumulation in the organism because it 
is known that the polyphenol content of “Cabernet” is 10 times more than of “Rkatsiteli”. 

Thus, the results suggest that “Cabernet” and “Rkatsiteli” wines have already revealed the 
high stress-protective, hepatoprotective and anti-atherogenic activity in the conditions of the 
emotional-painful stress on the 2-3 days after introduction, and practically normalized the 
oxidative status and the lipid metabolism under the action of stress in prophylactic 
administration within 10 days. This indicates that grape polyphenols possess a high total 
antioxidant activity. At the same time the last suggestion required further research. 

In order to examine the effects of wine stocks and polyphenolic concentrates obtained from 
other grape grades on development of proatherogenic consequences of the emotional-
painful stress we investigated the action of substances obtained from the grapes of hybrid 
grades “Krasen”, “Golubok” and “Podarok Magaracha” produced by the National Institute 
of Grape and Wine “Magarach”. 

In the series of experiments we used purebred male rats that during 21 day were given daily, 
per os, table wine stocks of the grades “Podarok Magaracha”, “Krasen” and “Golubok” in the 
human equivalent dose corresponding to 300 ml of wine for a human with 70 kg of the body 
weight. Other groups of animals were given ethanol in the human equivalent dose 
corresponding to 30 ml of ethanol for a human with 70 kg of the body weight taking into 
account the species sensitivity coefficients, as well as the table wine stocks of the grades 
mentioned in doses equivalent to the polyphenol content of the given wines calculated by the 
polyphenol content in active doses (AD – 9 mg of polyphenols/100 g of the body weight). 

The results have demonstrated that not only polyphenolic concentrates, but the table wine 
stocks also revealed a substantial stress-protective activity to a different extent (Tables 22-25). 

In fact, “Krasen” table wine stock revealed the highest activity; the stress-protective activity 
was almost 2.4 times more the ethanol activity in the dose studied. This product effectively 
prevented the activation of free radical oxidation both in the blood (increased the level of 
compounds with isolated double bonds in the atherogenic ApoB-LP, decreased the content 
of peroxidation products – diene conjugates – almost 3 times comparing to the stressed 
animals, and 15% - comparing to the intact animals), and the liver tissue (prevented the 
antioxidant content decrease, particularly the content of -tocopherol and ascorbic acid 
returned practically to the intact level, and there was 40% decrease of the diene conjugates 
level). At the same time this table wine stock prevented hyperlipidemia and the shift of 
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oxidative status and the lipid metabolism under the action of stress in prophylactic 
administration within 10 days. This indicates that grape polyphenols possess a high total 
antioxidant activity. At the same time the last suggestion required further research. 

In order to examine the effects of wine stocks and polyphenolic concentrates obtained from 
other grape grades on development of proatherogenic consequences of the emotional-
painful stress we investigated the action of substances obtained from the grapes of hybrid 
grades “Krasen”, “Golubok” and “Podarok Magaracha” produced by the National Institute 
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In the series of experiments we used purebred male rats that during 21 day were given daily, 
per os, table wine stocks of the grades “Podarok Magaracha”, “Krasen” and “Golubok” in the 
human equivalent dose corresponding to 300 ml of wine for a human with 70 kg of the body 
weight. Other groups of animals were given ethanol in the human equivalent dose 
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compounds with isolated double bonds in the atherogenic ApoB-LP, decreased the content 
of peroxidation products – diene conjugates – almost 3 times comparing to the stressed 
animals, and 15% - comparing to the intact animals), and the liver tissue (prevented the 
antioxidant content decrease, particularly the content of -tocopherol and ascorbic acid 
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metabolism to the increased lipolysis, there was 60% decrease of the blood total lipid content 
comparing to the stressed animals, and 11% - comparing with the intact animals. At the same 
time the TAG content in the liver was equal to the intact level that also demonstrated the 
protective action of this table wine stock. Reduction of lipogenesis in the liver tissue under the 
action of this product is important, and it protects the organ from steatosis. It should be also 
mentioned that the given product normalized the cholesterol content in the blood plasma.  
 

Group 

Parameter

Total lipids, 
mg/g TAG, mg/g FFA, 

mmol/g 
АpоВ-LP, 

mg/g 

Lysosomal 
lipase,  

nmol/mg 
protein/min 

Str.+Con. 
Podarok 

Magaracha (AD)

149.03 
2.59*,** 

5.74 
0.07** 

4.46 
0.04* 

4.22 
0.03*,** 

0.45 
0.03** 

Str.+Con. 
Krasen (АD) 

147.13
1.15*

4.27
0.02*,**

4.19
0.05*,**

4.61
0.01*,**

0.50 
0.02 

Srt.+Wine 
Podarok 

Magaracha 

161.74 
1.91*,** 

6.33 
0.05** 

4.30 
0.11*,** 

4.43 
0.03*,** 

0.32 
0.01*,** 

Srt.+Wine 
Krasen 

155.88
1.35*,** 

6.04
0.16** 

3.24
0.04** 

4.50
0.07*,** 

0.56 
0.03** 

Str.+Con. 
Podarok 

Magaracha (DW)

141.29 
1.79* 

4.95 
0.15*,** 

3.83 
0.09** 

3.18 
0.03* 

0.65 
0.02** 

Str.+Con. 
Krasen (DW) 

145.87
3.19* 

4.24
0.07*,** 

4.23
0.07*,** 

4.39
0.08*,** 

0.55 
0.03** 

Wine 
Podarok 

Magaracha 

182.4 
3.08* 

6.51 
0.07** 

2.70 
0.08*,** 

4.80 
0.10*,** 

0.37 
0.01* 

Wine 
Krasen 

164.36
1.86 

5.97
0.17 

2.95
0.09* 

4.93
0.18* 

0.35 
0.02* 

Con. 
Podarok 

Magaracha (AD)

191.33 
2.03* 

6.47 
0.04* 

4.61 
0.31* 

4.33 
0.08* 

0.83 
0.03* 

Con. 
Krasen (AD) 

170.4
2.09 

6.15
0.14 

3.22
0.05 

4.97
0.11* 

0.69 
0.02# 

Ethanol 229.76
3.39*

7.40
0.13*

4.57
0.13*

6.11
0.07*

0.38 
0.02* 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 22. The effect of grape polyphenol concentrates and grape wines on the liver lipid metabolism in 
rats with the neurogenic stress (in the crude tissue, in each group n=10). 
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It is also necessary to point out that the control intake of the investigated substances (Tables 
22-25) did not reveal negative effects on the organisms of the experimental animals. 
Moreover, in addition to the antioxidant activity these substances revealed a significant 
hypocholesterolemic and anti-atherogenic action, which was more pronounced when using 
“Krasen” grade wine stock and the concentrate. 
 

Group 

Parameter

GSH, 
mkmol/g 

-Тocopherol,
nmol/g 

Ascorbic acid, 
mkmol/g 

Diene 
conjugates, 

nmol/g 

ТBA-active 
products, nmol/ 

mg protein 
Str.+Con. 
Podarok 

Magaracha (AD)

3.34 
0.02*,** 

24.01 
0.47*,** 

1.21 
0.01*,** 

14.96 
0.22*,** 

0.49 
0,01 

Str.+Con. 
Krasen (АD) 

3.8
0.02*,** 

26.71
0.46*,** 

1.28
0.01*,** 

15.03
0.11*,** 

0,45 
0.02 

Srt.+Wine 
Podarok 

Magaracha 

3.48 
0.02*,** 

26.71 
0.34*,** 

1.33 
0.02*,** 

13.81 
0.18#,** 

0.42 
0.03** 

Srt.+Wine 
Krasen 

3.57
0.08*,** 

28.46
0.75** 

1.41
0.03*,** 

13.36
0.40** 

0.21 
0.01*,** 

Str.+Con. 
Podarok 

Magaracha 
(DW) 

2.00 
0.07*,** 

21.72 
0.51*,** 

1.02 
0.03*,** 

16.05 
0.11*,## 

 

0.47 
0.01 

Str.+Con. 
Krasen (DW) 

3.27
0.06* 

21.12
0.39*,** 

1.04
0.03*,** 

16.72
0.16*,## 

0.45 
0.02 

Wine 
Podarok 

Magaracha 

4.68 
0.10*,** 

33.59 
0.60 

2.16 
0.04* 

10.42 
0.53* 

0.15 
0.01* 

Wine 
Krasen 

4.56
0.24 

35.48
0.78* 

1.57
0.03 

9.27
0.24* 

0.13 
0.01* 

Con. 
Podarok 

Magaracha (AD)

4.46 
0.13 

35.29 
0.45* 

1.95 
0.03* 

10.87 
0.41 

0.20 
0.01* 

Con. 
Krasen (AD) 

4.82
0.14* 

27.84
0.39 

2.00
0.04* 

10.26
0.06* 

0.15 
0.01* 

Ethanol 5.31
0.35* 

24.16
1.40* 

2.06
0.03* 

12.62
0.60 

0.46 
0.02 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 23. The effect of grape polyphenol concentrates and grape wines on the oxidant/antioxidant 
status in the liver tissue in rats with the neurogenic stress (in the crude tissue, in each group n=10). 
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hypocholesterolemic and anti-atherogenic action, which was more pronounced when using 
“Krasen” grade wine stock and the concentrate. 
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2.16 
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0.15 
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Wine 
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4.56
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35.48
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1.57
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9.27
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0.13 
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4.46 
0.13 

35.29 
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10.87 
0.41 
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The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 23. The effect of grape polyphenol concentrates and grape wines on the oxidant/antioxidant 
status in the liver tissue in rats with the neurogenic stress (in the crude tissue, in each group n=10). 
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Group 

Parameter  

Total 
lipides, 
mg/ml 

TAG, 
g/ml 

FFA, 
mmol/L 

Total 
cholesterol, 

g/ml 

HDL, 
mg/ml 

АpоВ-LP, 
mg/ml 

Cortico-
sterone, 
nmol/L 

Str.+Con. 
Podarok 

Magaracha 
(AD) 

3.89 
0.08** 

0.72 
0.01*,**

1.40 
0.02#,**

56.66 
1.49*,** 

0.79 
0.02*,** 

1.45 
0.05*,** 

47 
2** 

Str.+Con. 
Krasen (АD) 

4.12 
0.08# 

0.67 
0.01*,**

1.16 
0.03*,**

58.70 
1.77 

0.82 
0.03 

0.,90 
0.04*,** 

47 
3** 

Srt.+Wine 
Podarok 

Magaracha 

4.60 
0.11* 

0.65 
0.02*,**

1.63 
0.02* 

63.32 
1.01** 

0.85 
0.02** 

1.21 
0.02** 

41 
1*,** 

Srt.+Wine 
Krasen 

3.42 
0.09*,**

0.52 
0.03** 

1.40 
0.04** 

64.69 
1,70** 

0.86 
0.02 

1.08 
0.03#,** 

42 
1** 

Str.+Con. 
Podarok 

Magaracha 
(DW) 

5.25 
0.07* 

0.74 
0.02* 

0.74 
0.02*,**

56.67 
1.15*,** 

0.87 
0.03 

1.75 
0.07*,** 

60 
2 

Str.+Con. 
Krasen (DW) 

3.88 
0.08** 

0.67 
0.01*,**

0.67 
0.01*,**

55.58 
1.21*,** 

0.83 
0.03** 

1.06 
0.03*,** 

63 
1* 

Wine 
Podarok 

Magaracha 

3.72 
0.09 

0.38 
0.01* 

1.14 
0.02* 

60.78 
1.64 

1.4 
0.02* 

1.11 
0.02 

54 
2 

Wine 
Krasen 

3.76 
0.03 

0.36 
0.01* 

1.18 
0.02* 

57.21 
0.81# 

1.11 
0.02* 

1.14 
0.01 

44 
4 

Con. 
Podarok 

Magaracha 
(AD) 

4.32 
0.04* 

0.56 
0.02 

1.23 
0.01 

68.70 
1.22 

1.04 
0.02* 

1.14 
0.02 

71 
2* 

Con. 
Krasen (AD) 

3.78 
0.04 

0.39 
0.02* 

1.43 
0.04* 

60.89 
1.67 

1.16 
0.02* 

1.20 
0.02 

35 
2* 

Ethanol 
4.05 
0.09 

0.74 
0.03* 

1.65 
0.02* 

55.80 
1.46* 

1.24 
0.06* 

1.32 
0.02* 

75 
3* 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 24. The effect of grape polyphenol concentrates and grape wines on the plasma lipid metabolism 
parameters and corticosterone level in rats with the neurogenic stress (in each group n=10). 
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Group 

Parameter 

PON, nmol/
mlmin 

Ascorbic acid, 
mkmol/L 

-Тocopherol, 
nmol/ml 

Isolated 
double bonds 
in ApоВ-LP 

Diene 
conjugates in 

ApоВ-LP 

Str.+Con. 
Podarok 

Magaracha 
(AD) 

174 
2* 

37.26 
1.60*,** 

7.77 
0.21* 

2.07 
0.09* 

27.03 
1.30*,# 

Str.+Con. 
Krasen (АD) 

194 
3*,** 

41.79 
0.44*,** 

8.25 
0.66*,** 

2.35 
0.15* 

26.86 
0.43* 

Srt.+Wine 
Podarok 

Magaracha 

173 
3* 

40.08 
1.72*,** 

8.91 
0.29** 

1.92 
0.25* 

18.45 
0.18*,** 

Srt.+Wine 
Krasen 

189 
2*,** 

54.30 
0.97*,** 

10.42 
0.16*,** 

2.47 
0.03*,** 

14.50 
0.35*,** 

Str.+Con. 
Podarok 

Magaracha 
(DW) 

159 
1* 

35.46 
1.10* 

7.04 
0.07* 

1.52 
0.06* 

25.73 
0.68*,** 

Str.+Con. 
Krasen (DW) 

179 
2*,** 

48.59 
0.96*,** 

8.03 
0.06*,** 

2.21 
0.07* 

27.68 
0.60*,** 

Wine 
Podarok 

Magaracha 

223 
6 

75.95 
0.74* 

10.03 
1.72 

5.43 
0.12* 

15.67 
0.15* 

Wine 
Krasen 

215 
3* 

74.79 
0.34* 

11.52 
0.24* 

5.55 
0.15* 

15.81 
0.15* 

Con. 
Podarok 

Magaracha 
(AD) 

221 
4 

67.04 
1.40 

9.49 
0.24 

4.83 
0.11 

16.87 
0.21 

Con. 
Krasen (AD) 

255 
3 

70.61 
2.31 

9.97 
0.16 

5.39 
0.04* 

15.47 
0.34* 

Ethanol 
236 
3 

79.49 
2.18* 

10.22 
0.36 

5.75 
0.17* 

17.82 
0.24 

The data presented as mean±SD 
* - р0.05 versus intact animals 
** - р0.05 versus stressed animals 

Table 25. The effect of grape polyphenol concentrates and grape wines on the plasma 
oxidant/antioxidant status in rats with the emotional-painful stress (in each group n=10). 
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Group 

Parameter 

PON, nmol/
mlmin 

Ascorbic acid, 
mkmol/L 

-Тocopherol, 
nmol/ml 
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conjugates in 
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0.44*,** 

8.25 
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2.35 
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26.86 
0.43* 
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3* 
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1.72*,** 

8.91 
0.29** 

1.92 
0.25* 

18.45 
0.18*,** 
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Krasen 
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2*,** 

54.30 
0.97*,** 

10.42 
0.16*,** 

2.47 
0.03*,** 

14.50 
0.35*,** 

Str.+Con. 
Podarok 
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(DW) 

159 
1* 

35.46 
1.10* 

7.04 
0.07* 

1.52 
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25.73 
0.68*,** 
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0.96*,** 

8.03 
0.06*,** 

2.21 
0.07* 

27.68 
0.60*,** 

Wine 
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6 

75.95 
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10.03 
1.72 

5.43 
0.12* 

15.67 
0.15* 

Wine 
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215 
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74.79 
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11.52 
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5.55 
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15.81 
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67.04 
1.40 

9.49 
0.24 
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0.36 

5.75 
0.17* 

17.82 
0.24 

The data presented as mean±SD 
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** - р0.05 versus stressed animals 

Table 25. The effect of grape polyphenol concentrates and grape wines on the plasma 
oxidant/antioxidant status in rats with the emotional-painful stress (in each group n=10). 
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5. Conclusion 

Based on our findings, it is possible to state that antioxidant complexes, particularly 
polyphenol extracts and the concentrates obtained from Vitis Vinifera, which are safe and 
reveal the potent antioxidant and stress-protective activity, should be used for reduction of 
proaterogenic states consequences in the complex prophylactic and treatment of 
atherosclerosis as effective stress-protective remedies. 

Thus, administration of Vitis Vinifera substances can prevent the increase of the total 
lipoprotein and ApoB-LP content in the blood, and prevent the free radical process 
activation in the plasma lipoprotein particles, and, in general, normalize the lipid and 
lipoprotein metabolism in the liver in metabolic syndrome. These results have proven the 
ability of the investigated complexes to reduce such negative consequence of metabolic 
syndrome as development of atherosclerosis. 

In addition, according to obtained research data the polyphenolic concentrates possess a 
potent protective activity both in acute and chronical neurogenic stress. 

Our studies suggest that multicomponent active substances with antioxidant properties are 
more effective in correction of the proatherogenic states caused by stress and metabolic 
syndrome negative effects in comparison with individual antioxidants (particularly, α-
tocopherol). The research data suggest that the increased plasma antioxidant activity alone 
does not result in decreased foam cell formation, at least in the studied animal model. 
Moreover, in vitro studies have shown that α-tocopherol can be pro-oxidative rather than 
protective for lipids in isolated LDL. Similarly with vitamin E, vitamin C additives do not 
offer consistent benefit against atherosclerosis in animals.  

The occurrence of tocopherol-mediated peroxidation and the mode of its prevention 
predicts that the balance of α-tocopherol and available coantioxidants, rather than α-
tocopherol alone, determines whether LDL lipid peroxidation occurs in biological systems. 
Inhibition of the free radical process with the polyphenolic complexes administration can be 
associated with their ability to increase the level of antioxidants – α-tocopherol, ascorbic 
acid and reduced glutathione in the test animal liver tissue compared with the group of the 
stressed animals. The complexes obtained from Vitis Vinifera, in particular, polyphenolic 
concentrates “Enoant” and “Polyphen”, as well as grape wines (particularly “Cabernet”) 
with their moderate use revealed the potent antioxidant activity. The preliminary results 
also suggest that coantioxidants inhibit lipoprotein lipid peroxidation in vivo. Thus, if LDL 
oxidation causes atherosclerosis, the requirement for coantioxidants may explain why 
supplementation with individual antioxidants, particular vitamin E alone, overall has 
yielded inconclusive results in the controlled human and animal intervention studies. 

In conclusion, our research results may be used for the development of the atherosclerosis 
prophylaxis strategy, and treatment of diabetes mellitus and metabolic syndrome because 
recent studies proved insufficient effectiveness of α-tocopherol and advantages of 
multicomponent antioxidant complexes administration. The high effectiveness of the 
polyphenolic complexes obtained from Vitis Vinifera, including polyphenolic concentrates 
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“Enoant” (from grape of “Cabernet” grade) and “Polyphen” (from grape of “Rkatsiteli” 
grade) produced by the National Institute of Grape and Wine “Magarach” has been proven. 
Our results also confirmed the high effectiveness of the antioxidant complexes from grapes 
in the correction of the endothelial dysfunction, thus, including these extracts in the 
treatment schemes is very reasonable. As it would be expected from our observations, 
increasing the antioxidant oxidant defense by antioxidant supplementation has the ability to 
restore the endothelial vasomotor function. 

An important question to be asked is whether the polyphenol antioxidants exerted their 
inhibitory effect on lesion progression only because of their antioxidant properties or, possibly, 
because of additional biological properties, in particular – the phytoestrogen activity. 

However, further studies, especially in humans, are required to validate the role of these 
antioxidants in inhibiting LDL oxidation. 

Nevertheless, there are some limitations in the use of the concentrates produced from red 
grade grapes because of the uric acid content changes. 
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1. Introduction 

Cardiovascular diseases (CVD) are one of the leading causes of death in world. Many 
epidemiological studies have concluded that a diet rich in fruits and vegetables reduces the 
incidence of heart disease in humans (Khachik et al., 2002). Carotenoids are important 
photochemical those are considered to be responsible for the health protective effects of 
fruits and vegetables (Omoni & Aluko, 2005). The carotenoids are a group of over 600 fat 
soluble pigments that are responsible for the natural yellow, orange, and red colors of fruits 
and vegetables (Giovannucci, 2002). Lycopene is one of such carotenoids, and is the pigment 
principally responsible for the distinctive red color of ripe tomato (Lycopersicon esculentum) 
and tomato products (Shi, 2000). Several epidemiological studies have suggested that a high 
consumption of tomatoes and tomato products containing lycopene may protect against 
CVD (Wu et al., 2003). These epidemiological leads have stimulated a number of animal 
model studies designed to test this hypothesis and to establish the beneficial effects of 
lycopene. Evidence from these studies suggests that lycopene has anti-atherogenic effects 
both in vitro and in vivo. The focus of this chapter is the anti-atherogenic effects of lycopene. 
This chapter will also highlight the chemical composition of lycopene, its sources and 
function, as well as potential impact an human health.     

2. Sources and function of lycopene  

Animals and humans do to not synthesize lycopene, and thus depend on dietary sources. 
Tomatoes and tomato products are the major dietary sources of lycopene. Other sources 
include watermelon, pink grapefruit, apricots, pink guava and papaya (Willis & Wians, 
2003). Lycopene is the most abundant carotenoid in ripe tomatoes, comprising 
approximately 80-90% of the pigments present. The amount of lycopene in fresh tomatoes 
depends on the variety, maturity, and environmental conditions in which the fruit matures 
(Shi, 2000).  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Source  Lycopene content (mg/100g wet basis) 
Tomatoes fresh  0.72 – 20 
Tomato juice 5.00 – 11.60 
Tomato sauce  6.20 
Tomato paste  5.40 – 15.00 
Tomato soup 7.99 
Ketchup  9.90 – 13.44 
Pizza sauce  12.71 
Watermelon  2.30 – 7.20 
Pink guava 5.23 – 5.50 
Pink grapefruit 0.35 – 3.36 
Papaya  0.11 – 5.30 
Carrot  0.65 – 0.78 
Pumpkin  0.38 – 0.46 
Sweet potato  0.02 – 0.11 
Apricot  0.01- 0..05 

Table 1. shows the lycopene content of tomatoes, some commonly consumed tomato products and 
other lycopene containing fruits and vegetables. 

Lycopene is also widely distributed in the human body. It is one of the major carotenoids 
found in the human serum (between 21 and 43% of total carotenoids) with plasma levels 
ranging from 0.22 to 1.06 nmol/ml (Cohen, 2002). It is also found in various tissues 
throughout the body such as the liver, kidney, adrenal glands, tests, ovaries and the prostate 
gland (Basu & Imrhan, 2006). Unlike other carotenoids like α-and β-carotene, lycopene lacks 
the β.:onone rang structure common to other carotenooids (Agarwal & Rao, 2000). Although 
it lacks provitamine an activity, lycopene is known to be a potent antioxidant (Livny et al., 
2002). Reactive oxygen (ROS) species have been implicated in playing a major role in the 
causation and progression of several chronic diseases. These ROS are highly reactive 
oxidant molecules that are generated endogenously through regular metabolic activity. 
They react with cellular components, causing oxidative damage to such critical cellular 
biomolecules as lipids, proteins and DNA. Antioxidants are protective agents that inactive 
ROS and therefore, significantly delay or prevent oxidative damage associated with chronic 
disease risk. Lycopene is one of the most potent antioxidants among the dietary carotenoids 
and may help lower the risk of chronic diseases including cancer and heart disease. 

3. Chemical composition of lycopene 

Lycopene is a lipophelic, 40-carbon atom highly unsaturated, straight chain hydrocarbon 
containing 11 conjugated and 2 non-conjugated double bonds. The all-trans isomer of lycopene 
is the most predominant isomer in fresh tomatoes and is the most thermodynamically stable 
from (figure 1). The many conjugated double bonds of lycopene make it a potentially powerful 
antioxidant, a characteristic believed to be responsible for its beneficial effects. The antioxidant 
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activity of lycopene is high light by its singlet oxygen-quenching property and its ability to 
trap peroxy1 radicals. This singlet quenching ability of lycopene is twice as high as that of β-
carotene and 10 times higher than that of α-tocopherol and butylated hydroxyl toluene. 

 
Figure 1. All-trans Lycopene. 

As a result of the 11 conjugated carbon-carbon double bonds in its backbone, lycopene can 
theoretically assume 211 or 2048 geometrical configurations (Omani & Aluko, 2005).  

However, it is now known that the biosynthesis in plants leads to the all-trans-form, and this 
is independent of its thermodynamic stability. In human plasma, lycopene is an isomeric 
mixture, containing at least 60% of the total lycopene as cis- isomers ( Kim et al., 2012).  

All-trans, 5-cis, 9-cis, 13-cis, and 15-cis are the most commonly identified isomeric forms of 
lycopene with the stability sequence being 5-cis>all-trans>9-cis>13-cis>15- cis>7-cis>11-cis, 
(Agarwal & Rao, 2000) so that the 5-cis-form is thermodynamically more stable than the all-
trans-isomer. Whereas a large number of geometrical isomers are theoretically possible for 
all-trans lycopene, according to only certain ethylenic groups of a lycopene molecule can 
participate in cis-trans isomerization because of steric hindrance. In fact, only about 72 
lycopene cis isomers are structurally favorable. Figure 2 illustrates the structural distinctions 
of the predominant lycopene geometrical isomers. 

 
Figure 2. Geometrical isomers of lycopene 
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4. Mechanisms action of lycopene  

A cellular and molecular study have shown lycopene to be one of the most potent 
antioxidants and has been suggested to prevent atherogenesis by protecting critical 
bimolecules such as DNA, proteins, lipids and low density lipoproteins (Pool-zobel et al., 
1997). Lycopene, because of its high number of conjugated double bonds, exhibits higher 
singlet oxygen quenching ability compared to β-carotene or α-tocopherol (Di-Mascio et al., 
1989). Cis lycopene has been shown to predominate in both benign and malignant prostate 
tissues, suggesting a possible beneficial effect of high cis-isomer concentrations, and also the 
involvement of tissue isomerases in vivo isomerization from all trans to cis form (Clinton et 
al., 1996). Where as Levin et al., (1997) have shown that 9- cis- β-carotene is a better 
antioxidant than its all-trans counterpart, no such mechanistic data have been reported in 
case of individual lycopene isomers. Handley et al., (2003) reported a significant increase in 
5-cis lycopene concentrations following a 1- week lycopene-restricted diet, and a subsequent 
reduction in 5-cis, and a concomitant increase in cis-β, cis-D and cis-E lycopene isomers 
during the 15-day dietary intervention with tomato products in healthy individuals. 
Although this study reported a decrease in LDL oxidizability due to the intervention with 
tomato lycopene, the individual antioxidant role of lycopene isomers and their inter 
conversions remain unclear. At a physiological concentration of 0.3 μmol/1, lycopene has 
been shown to inhibit growth of non-neoplastic human prostate epithelial cells in vitro, 
through cell cycle arrest which may be of significant implications in preventing benign 
prostate hyperplasia, a risk factor for prostate cancer (Obermuller-Jevic et al., 2003). 
Lycopene has also been shown to significantly reduce LNCaP human prostate cancer cell 
survival in a dose-dependent manner, and this anti-neoplastic action may be explained by 
increased DNA damage at high lycopene concentrations (> 5μm), whereas lower levels of 
lycopene reduced malondialdehyde formation, with no effects on DNA (Hwang & Bowen, 
2005). Physiologically attainable concentrations of lycopene have been shown to induce 
mitochondrial apoptosis in LNCaP human prostate cancer cells, although no effects were 
observed on cellular proliferation or necrosis (Hantz et al., 2005). Lycopene has also been 
shown to interfere in lipid metabolism, lipid oxidation and corresponding development of 
atherosclerosis. Lycopene treatment has been shown to cause a 37% suppression of cellular 
cholesterol synthesis in J-774A.1 macrophage cell line, and augment the activity of 
macrophage LDL receptors (Fuhrman et al., 1997). Oxidized LDLs are highly atherogenic as 
they stimulate cholesterol accumulation and foam cell formation, initiating the fatty streaks 
of atherosclerosis (Libby, 2006). LDL susceptibility to oxidative modifications is decrease by 
an acyl analog of platelet-activating (PAF), acyl-PAF, which experts its beneficial role during 
the initiation and progression of atherosclerosis. Purified lycopene in association with α-
tocopherol or tomato lipophillic extracts has been shown to enhance acyl-PAF biosynthesis 
in endothelial cells during oxidative stress (Balestrieri et al., 2004). Fuhrman et al., (2000) 
further reported comparative data in which tomato oleoresin exhibited superior capacity to 
inhibit in vitro LDL oxidation in comparison with pure lycopene by up to fivefold. A 
combination of purified lycopene (5μmol/I) with α-toopherol in the concentration range of 
1-10μmol/I resulted in a significant greater inhibition of in vitro LDL oxidation, than the 
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combination of purified lycopene (5μmol/I) with α-toopherol in the concentration range of 
1-10μmol/I resulted in a significant greater inhibition of in vitro LDL oxidation, than the 
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expected additive individual inhibitions. In this study, purified lycopene was also shown to 
act synergistically with other natural antioxidants like the flavonoid glabridin, the phenolics 
rosmarinic acid and carnosic acid, and garlic acid in inhibiting LDL oxidation in vitro. These 
observations suggested a superior antiatherogeneic characteristic of tomato oleoresin over 
pure lycopene. The combination of lycopene with other natural antioxidants, as in tomatoes, 
may be more potent in inhibiting lipid peroxidation, than lycopene per se. The 
antiatherogenic effects of lycopene are generally believed to be due to its antioxidant 
properties. Dietary lycopene increases blood and tissue lycopene levels and acting as an 
antioxidant, lycopene traps reactive oxygen species and reduce the oxidative damage to 
lipids (lipoproteins and membrane lipids), proteins including important enzymes, and 
DNA, therapy lowering oxidative stress. This reduced oxidative stress then leads to a 
reduced risk for chronic diseases associated with oxidative stress such as cardiovascular 
disease (Omani & Aluko 2005). Alternatively, some non-oxidative mechanisms may be 
responsible for the beneficial effects of lycopene. The increased lycopene status in the body 
may regulate gene functions, improve intercellular communication, modulate hormone and 
immune response, or regulate metabolism, thus lowering the risk for chronic disease 
(Agarwl & Rao, 2000). A possible mechanism speculated for the protective role of lycopene 
in heart disease is via the inhibition of cellular HMGCoA reducate, the rate-limiting enzyme 
in cholesterol synthesis (Fuhrman et al., 1997). 

5. Lycopene stability  

Being acyclic, lycopene possesses symmetrical planarity and has no vitamin A activity, and 
as a highly conjugated polyene, it is particularly susceptible to oxidative degradation. 
Physical and chemical factors known to degrade other carotenoids, including elevated 
temperature, exposure to light, oxygen, extremes in pH, and molecules with active surfaces 
that can destabilize the double bonds, apply to lycopene as well (Rao et al., 2003). 

In a study to determine the photoprotective potential of dietary antioxidants including 
lycopene carried out by Handley et al., (2003) carotenoids were prepared in special 
nanoparticle formulations together with vitamin C and/or vitamin E. The presence of 
vitamin E in the formulation further increased the stability and cellular uptake of lycopene, 
which suggests that vitamin E in the nanoparticle, protects lycopene against oxidative 
transformation. Their findings suggest that lycopene stability may be improved by 
nanoparticle formulation and incorporation of vitamin E in the lycopene formulation. 
Badimon et al., 2010 studied the stability of lycopene during heating and illumination. They 
carried out various pretreatment steps to the all-trans lycopene standard, which included; 
dissolving the lycopene standard into hexane and evaporating to dryness under nitrogen in 
vials, after which a thin film formed at the bottom surface. The resulting lycopene was 
heated at 50, 100, and 150°C or illuminated at a distance of 30 cm with illumination intensity 
in the range of 2000–3000 lux (25°C) for varied lengths of time (up to100 hours for heating 
and 5 days for illumination). After analysis, the degradation of total lycopene (all-trans plus 
cis forms) during heating or illumination was found to fit a firstorder model. At 50°C, the 
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isomerization dominated in the first 9 hours; however, degradation was favored afterwards. 
At 100 and 150°C, the degradation proceeded faster than the isomerization, whereas, during 
illumination, isomerization was the main reaction. The degradation rate constant (min−1) of 
lycopene was found to rise with increasing temperature with an activation energy calculated 
as 61.0 kJ/mol. 

The stability of crystalline lycopene was determined under various temperature conditions 
(5, 25, and 35°C) while stored in airtight containers, sealed under inert gas, and protected 
from light. After 30 months of storage, crystalline lycopene remained stable when stored 
under the recommended conditions (Barros et al., 2011).  

Lycopene (synthetically prepared by the Wittig reaction) 5% TG (Tablet Grade) and 
lycopene 10% WS (Water Soluble) beadlet formulations tested for over 24 months of storage, 
and Lycopene 10% FS (Fluid Suspension) liquid formulation tested for over 12 months of 
storage under various temperature conditions (5 and 25°C), were all found to be stable.(25) 
For the 10% WS lycopene beadlet formulations, an important market application form, 
stability with respect to oxidation under ambient light conditions and room temperature for 
12 months in beverages was found to be 93% of the initial content of the beverage lycopene 
(Pool-zobel et al., 1997). 

6. Dietary intake of lycopene 

The human body is unable to synthesize carotenoids, which qualifies diet as the only source 
of these components in blood and tissues. At least 85% of our dietary lycopene comes from 
tomato fruit and tomato-based products, the remainder being obtained from other fruits 
such as watermelon, pink grapefruit, guava, and papaya, Tomatoes are an integral part of 
the human diet and are commonly consumed in fresh form or in processed form such as 
tomato juice, paste, puree, ketchup, soup, and sauce. Kim et al., (2012) used a tomato 
products consumption frequency questionnaire to estimate the average daily consumption 
of different tomato products in the Canadian population.  
Di-Mascio et al., (1989) estimated that 50% of the dietary lycopene was obtained from fresh 
tomatoes, while the average daily intake of lycopene was estimated to be 25 mg in the 
Canadian population. In a British study conducted with elderly females, the daily 
consumption of lycopene-rich food, such as tomatoes and baked beans in tomato sauce 
(measured by weight of foods eaten), was equivalent to a daily lycopene intake of 1.03 mg 
per person (Omani & Aluko, 2005) developed a database from which the carotenoid intake 
of the German population, stratified by sex and age, was evaluated on the basis of the 
German National Food Consumption Survey (NVS). The mean total carotenoid intake 
amounted to 5.33 mg/day. The average intake of lycopene was 1.28 mg/day with tomatoes 
and tomato products providing most of the lycopene. 

A study presenting data on dietary intake of specific carotenoids in The Netherlands, based on 
a food composition database for carotenoids, was done by Furhman et al., (1997). Regularly 
eaten vegetables, the main dietary source of carotenoids, were sampled comprehensively and 
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analyzed with modern analytic methods. The database was complemented with data from 
literature and information from food manufacturers. Intake of carotenoids was calculated for 
participants of the Dutch Cohort Study on diet and cancer, aged 55 to 69 in 1986, and the mean 
intake of lycopene was 1.0 mg/day for men and 1.3 mg/day for women. 

6.1. Bioavailability of lycopene 

Although 90% of the lycopene in dietary sources is found in the linear, all-trans 
conformation, human tissues (Particularly liver, adrenal, adipose tissue, testes and prostate) 
contain mainly cis-isomers. Hollowy et al., (2002) reported that a dietary supplementation of 
tomato pure for 2 weeks in healthy volunteers led to a completely different isomer pattern 
of plasma lycopene in these volunteers, versus those present in tomato pure. 5-cis, 13-cis and 
9-cis lycopene isomers, not detected in tomato puree, were predominant in the serum 
(Hollowary et al., 2000).Analysis of plasma lycopene in male participants in the health 
professionals follow-up study revealed 12 distinct cis-isomers and the total cis-lycopene 
contributed about 60-80% of total lycopene concentrations (Wu et al., 2003). Studies 
conducted with lymph cannulated ferrts have shown better absorption of cis-isomers and 
their subsequent enrichment in tissues (Boileau et al., 1999). Physiochemical studies also 
suggest that cis-isomer geometry accounts for more efficient incorporation of lycopene into 
mixed micelles in the lumen of the intestine and into chylomicrons by the enterocyte. Cis-
isomers are also preferentially incorporated by the liver into very low-density lipoprotein 
(VLDL) and get secreted into the blood (Britton, 1995). Research has shown convincing 
evidence regarding the isomerization of all trans-lycopene to cis-isomers, under acidic 
conditions of the gastric juice. Incubation of lycopene derived from capsules with simulated 
gastric juice for 1-min shown a 40% cis-lycopene content, whereas the levels did not exceed 
20% even after 3h incubation with water as a control. However, when tomato puree was 
incubated for 3h with simulated gastric juice, the cis-lycopene content was only 18% versus 
10% on incubation with water. Thus, gastric pH and food matrix influence isomerization 
and subsequent absorption and increased bioavailability of cis-lycopene (Re et al., 2001).  

The process of cooking which releases lycopene from the matrix into the lipid phase of the 
meal increases its bioavailability, and tomato paste and tomato puree are more bioavailable 
sources of lycopene than raw tomatoes (Gartner et al., 1997 & Porrini et al., 1998). Factors 
such as certain fibers, fat substituents, plant sterols and cholesterol-lowering drugs can 
interfere with the incorporation of lycopene into micelles, thus lowering its absorption 
(Boileau et al., 2002). Several clinical trials have also shown the bioavailability of lycopene 
from processed tomato products (Table 2). Agarwal and Rao (1998), reported a significant 
increase in serum lycopene levels following a 1-week daily, consumption of spaghetti sauce 
(39mg of lycopene), tomato juice (50mg of lycopene) or tomato oleoresin (75 or 150 mg of 
lycopene), in comparison with the placebo, in healthy human volunteers. There was also 
indication that the lycopene levels increased in a dose-dependent manner in the case of 
tomato sauce and tomato oleoresin. Reboul et al., (2005) further demonstrated that 
enrichment of tomato paste with 6% tomato peel increases lycopene bioavailability in men, 
thereby suggesting the beneficial effects of peel enrichment, which are usually eliminated 
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during tomato processing. Richelle et al., (2002) compared the bioavailability of lycopene 
from tomato paste and from lactolycopene formulation (Lycopene from tomato oleoresin 
embedded in a whey protein matrix), and reported similar bioavailability of lycopene from 
the two sources in healthy subjects. Dietary fat has been shown to promote lycopene 
absorption, principally via stimulating bile production for the formation of bile acid 
micelles. Consumption of tomato products with olive oil or sunflower oil has been shown to 
produce an identical bioavailability of lycopene, although plasma antioxidant activity 
improved with olive oil consumption, suggesting a favorable impact of monounsaturated 
fatty acids on lycopene absorption and its antioxidant mechanism (Lee et al., 2000). In an 
interesting study Unlu et al., (2005) reported the role of avocado lipids in enhancing 
lycopene absorption. In this study, in healthy, nonpregnant, nonsmoking adults, the 
addition of avocado oil (12 or 24g) to salsa (300g) enhanced lycopene absorption, resulting in 
4.4 times the mean area under the concentration-versus-time curve after intake of avocado-
free salsa. This study demonstrates the favorable impact of avocado consumption on 
lycopene absorption and has been attributed to the fatty acid distribution of avocados 
(66.00% oleic acid), which may facilitate the formation of chylomicrons. In a comparative 
study by Hoppe et al., (2003), both synthetic and tomato –based lycopene supplementation 
showed similar significant increases of serum total lycopene above baseline whereas no 
significant changes were found in the placebo group. In an attempt to study lycopene 
metabolism, Diwadkar-Navsariwala et al., (2003) developed a physiological pharmcokinetic 
model to describe the disposition of lycopene, administered as a tomato beverage 
formulation at five graded does (10, 30, 60, 90, or 120 mg) in healthy men. Blood was 
collected before dose administration and at scheduled study intervals until 672h. The overall 
results of this study showed that independent of dose, 80% of the subjects absorbed less 
than 6mg of lycopene, suggesting a possible saturation of absorptive mechanisms. This may 
have important implications for planning clinical trials with pharmacological doses of 
lycopene in the control and prevention of chronic disease, if absorption saturation occurs at 
normally consumed levels of dietary lycopene.  

6.2. The anti-atherogenic effects of lycopene 

In a previous study (Basuny et al., 2006 and 2009) was to study the effect of tomato lycopene 
on hypercholesterolemia. Lycopene of tomato wastes was extracted and determination. The 
level of tomato lycopene was 145.50ppm. An aliquots of the concentrated tomato lycopene, 
represent 100, 200, 400 and 800ppm; grade lycopene (200ppm) and butylated hydroxyl 
toluene (BHT, 200ppm) were investigated by 1,1-diphenyl-2-picrylhydrazyl (DPPH) free 
radical scavenging method. These compounds were administered to rats fed on 
hypercholestrolemic diet daily from 10 weeks by stomach tube. Serum lipid contents (total 
lipids, total cholesterol, high density lipoprotein cholesterol and low density lipoprotein 
cholesterol), oxidative biomarkers (glutathione peroxidase and malonaldhyde), the liver 
(aspartate aminotransferase, alanine aminotranseferase and alkaline phosphatase activities) 
and kidney (uric acid, urea and creatinine) function testes were measured to assess the 
safety limits of the lycopene in tomato wastes. The data of the aforementioned 
measurements indicated that the administration of tomato lycopene did not cause any 
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changes in liver and kidney functions. On the contrary, rats fed on hypercholesterolemic 
diet induced significant increases in the enzymes activities and the serum levels of total lipids, 
total cholesterol and low and high density lipoproteins cholesterol and decreased levels of the 
glutathione peroxidase and malonaldhyde. In conclusion, presently available data from 
epidemiological and a number of animal studies have provided evidence to suggest that 
lycopene, the naturally present carotenoid in tomatoes and other fruits and vegetables, 
possesses anti-atherogenic effects. However, there is a need for more human dietary 
intervention studies in order to better understand the role of lycopene in human health.  

Scientific evidence indicates that oxidation of low density lipoprotein (LDL), which carry 
cholesterol in the blood stream plays an important role in the development of atherosclerosis, 
the underlying disorder leading to heart attacks and ischemic strokes (Rao, 2002). Several 
studies indicate that consuming the antioxidant lycopene that is contained in tomatoes and 
tomato lycopene products can reduce the risk of cardiovascular diseases (CVD). Available 
evidence from the Kuopio Ischaemic Heart Disease Risk Factor (KIHD) study suggests that the 
thickness of the innermost wall of blood vessels and the risk of myocardial infarction reduced 
in persons with higher serum and adipose tissue concentrations of lycopene (Rissanen et al., 
2003). This finding suggests that the serum lycopene concentration may play a role in the early 
stages of atherosclerosis. A thick artery wall is a sign of early atherosclerosis, and increased 
thickness of the intima media has been shown to predict coronary events. Similarly, the 
relationship between plasma lycopene concentration and intima-media thickness of the 
common carotid artery wall (CCA-IMT) was investigation in 520 middle-aged men and 
women 45-69 years as parts of the Antioxidant Supplementation in Atherosclerosis Prevention 
(ASAP) study (Rissanen et al., 2000). Low levels of plasma lycopene were associated with a 
17.80% increment in CCA-IMT in men, while there was no significant difference among 
women. These findings also suggest that low plasma lycopene concentrations are associated 
with early atherosclerosis, evidenced by increased CCA-IMT in middle-aged men.  

Findings from the Rotterdam Study (Klipstein-Grobusch et al., 2000) showed modest inverse 
associations between levels of serum lycopene and atherosclerosis, assessed by the presence 
of calcified plaques in the abdominal aorta. Study population comprised of 108 cases of aortic 
atherosclerosis and 109 controls aged 55 years and over. The association between serum 
lycopene levels and atherosclerosis was most pronounced among subjects who were current 
and former smokers. No association with risk of aortic calcification for the serum carotenoids 
α-carotene, β-carotene, lutein and zeaxanthin was observed. These results suggest that 
lycopene may play a protective role in the development of atherosclerosis. Results from the 
European Study of Antioxidant, Myocardial Infarction, and Cancer of the breast (the 
EURAMIC study) also show that men with the highest concentration of lycopene in their 
adipose tissue biopsy had a 48% reduction in risk of myocardial information compared with 
men with the lowest adipose lycopene concentrations (Kohlmeir et al., 1997). An increase in 
LDL oxidation is known to be associated with an increased risk of atherosclerosis and 
coronary heart disease (Parthasarathy, 1998). Agarwal and Rao (1998) investigated the effect 
of dietary supplementation of lycopene on LDL oxidation in 19 healthy human subjects. 
Dietary lycopene was provided using tomato juice, spaghetti sauce and tomato oleoresin for a 
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period of 1 week each. Blood samples were collected at the end of each treatment, and TBARS 
and conjugated dienes were measured to estimate LDL oxidation. In addition to significantly 
increasing serum lycopene levels by a least twofold, lycopene supplementation significantly 
reduced serum lipid peroxidation and LDL oxidation. The average decrease of LDL –TBARS 
and LDL-conjugated diene for the tomato products treatment over placebo was 25 and 13%, 
respectively. These results suggest significance for lycopene in decreasing risk for coronary 
heart disease. Results from the ongoing Women’s Health Study (WHS) showed that women 
with the highest intake of tomato-based foods rich in lycopene had a reduced risk for CVD 
compared to women with a low intake of those foods (Sesso et al., 2003). Results showed that 
women who consumed seven servings or more of tomato based foods like tomato sauce and 
pizza each week had a nearly 30% risk reduction in total CVD compared to the group with 
intakes of less than one serving per week. The researchers also found out that women who 
ate more than 10 servings per week had an even more pronounced reduction in risk (65%) for 
specific CVD outcomes such as heart attack or stroke. Though not statistically significant, the 
strongest association of dietary lycopene with CVD protection was seen among women with 
a median dietary lycopene intake of 20.20 mg/day, who had a 33% reduction in risk of the 
disease when compared with women with the lowest dietary lycopene intake (3.3 mg/day).  

Lycopene has also been shown to have a hypercholesterolemic effect both in vivo and in 
vitro. In a small dietary supplementation study, six healthy male subjects were fed 60 
mg/day lycopene for 3 months. At the end of the treatment period, a significant 14% 
reduction in plasma LDL cholesterol levels was observed in vivo with no effect on HDL 
cholesterol concentration (Fuhrman et al., 1997) & Lorenz et al., 2012).  

6.3. Safety of lycopene 

The safety issue for carotenoids attracted much attention after the publication of the β-carotene 
supplementation trials, which yielded negative results. It is interesting that in thus studies an 
increased risk for lung cancer was related to a 12- and 16 fold increase in β-carotene plasma 
levels due to supplementation. β-carotene plasma levels increased from 0.32μml before 
supplementation up to 3.90 and 5.90 μm, respectively. Rao et al., (2003), which showed no effect 
for β-carotene supplementation, only a 5-fold increase in the carotenoid serum level was 
achieved. Interestingly, the only study with positive results after supplementation with β-
carotene was achieved in linxian, a chinese community with very low carotenoid levels 
(0.11μm) before the intervention (Jonker et al., 2003). Although supplementation caused an 11-
fold increase in β-carotene level, the final concentration of β-carotene reached was a relatively 
low 1.5μm. Interestingly, reviewing many studies which measured serum levels of β-carotene 
and lycopene after supplementation suggests that β-carotene serum levels are significantly 
higher than those found for lycopene. Serum levels reached for β-carotene are around 3μm and 
may exceed 5μm after supplementation; on the other hand lycopene levels above 1.2μm are 
rarely seen even after long-term application. Moreover, the serum level achieved for lycopene 
was not directly correlated to the amount of the supplementation carotenoid (Nahum et el., 
2001). For example, supplemented as high as 75 mg/day did not increase lycopene serum levels 
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levels due to supplementation. β-carotene plasma levels increased from 0.32μml before 
supplementation up to 3.90 and 5.90 μm, respectively. Rao et al., (2003), which showed no effect 
for β-carotene supplementation, only a 5-fold increase in the carotenoid serum level was 
achieved. Interestingly, the only study with positive results after supplementation with β-
carotene was achieved in linxian, a chinese community with very low carotenoid levels 
(0.11μm) before the intervention (Jonker et al., 2003). Although supplementation caused an 11-
fold increase in β-carotene level, the final concentration of β-carotene reached was a relatively 
low 1.5μm. Interestingly, reviewing many studies which measured serum levels of β-carotene 
and lycopene after supplementation suggests that β-carotene serum levels are significantly 
higher than those found for lycopene. Serum levels reached for β-carotene are around 3μm and 
may exceed 5μm after supplementation; on the other hand lycopene levels above 1.2μm are 
rarely seen even after long-term application. Moreover, the serum level achieved for lycopene 
was not directly correlated to the amount of the supplementation carotenoid (Nahum et el., 
2001). For example, supplemented as high as 75 mg/day did not increase lycopene serum levels 
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more than 1μm (Agarwl & Rao 1998). In conclusion, by some unknown mechanism, lycopene 
plasma levels after supplementation remain relatively low, which may provide a safety value. 

6.4. Lycopene relationship with other micronutrients 

When reviewing data related to the chemoprevention of various diseases, it become evident 
that the use of a single carotenoid, or any other micronutrient which has been successful in vitro 
and animal models, does not prove as favorable in human intervention studies. That is, there is 
no magic bullet. In fact, accumulating evidence suggests that a concerted, synergistic action of 
various micronutrients is, more likely to be the basis of the disease-prevention activity of a diet 
rich in vegetables and fruits. Indeed, the sources of lycopene used in most of the human studies 
reviewed there were either prepared tomato products or tomato extracts containing lycopene 
and other tomato micronutrients and carotenoids in various proportions. Pure lycopene has not 
been tested as a single in human prevention studies. On the other hand, many studies showing 
the beneficial effect of lycopene in alleviating chronic conditions have been conducted in which 
the subjects were provided with tomato-based foods, or tomato extracts, but not with the pure 
compound. For example, the oleoresin preparation used in many of these studies also contained 
other tomato carotenoids such as phytoene, phytofluene and β-carotene (Amir et al., 1999; 
Pastori et al., 1998 & Stahl et al., 1998). In a recent study (Bioleau et al., 2003) that compared the 
potency of freeze-dried whole tomatoes (tomato powder) or pure lycopene in a rat model of 
prostate cancer. Rats were treated with the carcinogen (N-methyl1-N-nitrosourea) combined 
with androgens to stimulate prostate carcinogenesis, and the ability of these two preparations 
containing lycopene to enhance survival was compared. Mortality with prostate cancer was 
lower by 25 % (p- 0.09) for rats fed the tomato powder diet than for rats fed control feed. 
Prostate cancer morality of rats fed our lycopene was similar to that of the control group. The 
authors concluded that consumption of tomato powder but not pure lycopene inhibited 
prostate carcinogenesis, suggesting that tomato products contain other compounds, besides 
lycopene, that modify prostate carcinogenesis.  

6.5. Epidemiologic studies: lycopene and cardiovascular diseases 

Epidemiological observations also report an inverse association between plasma of tissue 
lycopene levels and the incidence of cardiovascular diseases. In the Kuopio Ischemic Heart 
Disease Risk Factor Study, lower levels of plasma lycopene were seen in men who had a 
coronary event compared with men who did not. In addition, a higher concentration of serum 
lycopene was inversely correlated with a decrease in the mean and maximal intima-mediated 
thickness of the common carotid artery (CCA-IMT) with lo lycopene, resulting in an 18% 
increase in CCA-IMT (Rissanen et al., 2003). The European Multiccnter Case-Control Study on 
antioxidants, Myocardial Infarction and Breast Cancer Study (EURAMIC Study) reported that 
a higher lycopene concentration was independently protective against cardiovascular diseases 
(Basu & Imrhan 2006). The Women’s Health Study further revealed that a decreased risk for 
developing cardiovascular diseases was more strongly associated with higher tomato intake 
than with lycopene intake (Sesso et al., 2003). Processed tomato products definitely provide a 
bioavailability source of lycopene and have a positive correlation with plasma and tissue 



 
Lipoproteins – Role in Health and Diseases 500 

lycopene levels. However, these studies do not suggest a role of lycopene perse, in reducing 
the risks for cardiovascular diseases, as plasma level of lycopene, in epidemiologic studies, 
only reflects the consumption of tomato and tomato products. 

7. Conclusion 

Thus, it can be concluded that moderate amounts of whole food-based supplementation  
(2–4 servings) of tomato soup, tomato puree, tomato paste, tomato juice or other tomato 
beverages, consumed with dietary fats, such as olive oil or avocados, leads to increases in plasma 
carotenoids, particu- larly lycopene. The recommended daily intake of lycopene has been set at 
35 mg that can be obtained by consuming two glasses of tomato juice or through a combination 
of tomato products (Rao and Agarwal, 2000). These foods may have both chemopreventive as 
well as chemotherapeutic values as outlined in Figure 3. In the light of recent clinical trials, a 
combination of naturally occurring carotenoids, including lycopene, in food sources and 
supplements, is a better approach to disease prevention and therapy, versus a single nutrient. 
Lycopene has shown distinct antioxidant and anticarcinogenic effects at cellular levels, and 
definitely contributes to the health benefits of consumption of tomato products. However, until 
further research establishes sig- nificant health benefits of lycopene supplementation per se, in 
humans, the conclusion may be drawn that consumption of naturally occurring carotenoid-rich 
fruits and vegetables, particularly processed tomato products containing lycopene, should be 
encouraged, with positive implications in health and disease. 

 
Figure 3. Summary of mechanisms of action of tomato products or tomato oleoresin supplementation, 
containing lycopene, in health and disease. 
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 Type and duration of 
lycopene supplementation

Effects on biomarkers of 
oxidative stress/ 
carcinogenesis 

 

Agarwal and 
Rao 

(1998) 

19 healthy subjects 
(mean age 29 years, BMI 

2472.8 kg/m2) 

0 mg lycopene (placebo), 39 
mg lycopene (spaghetti 
sauce), 50 mg lycopene 
(tomato juice), or 75 mg 

lycopene (tomato oleoresin) 
per day for 1 week 

25% decrease in LDL-
TBARS 13% 

decrease in LDL-CD for 
all groups versus 

Increase at 7 days in 
all groups versus 
placebo (P<0.05) 

 placebo (P<0.05)  
  

Riso et al. 
(1999) 

10 healthy subjects 
(mean age 23.171.1 years, 

BMI 20.571.5 kg/m2) 

16.5 mg lycopene (60 g 
tomato puree), per day for 

21 days 

38% decrease in DNA 
damage in lymphocytes 

(P<0.05) 

Increase at 21 days 
versus baseline 

(P<0.001) 
Bub et al. 

(2000) 
23 healthy volunteers 

(mean age 
3474 years, BMI 2372 

kg/m2) 

40 mg lycopene (330 ml
tomato juice) for 

2 weeks 

12% decrease in plasma 
TBARS 18% increase in 

LDL lag time (P<0.05) no
effects on water-soluble 

antioxidants, FRAP, 
glutathione peroxidase 
and reductase activities 

(P<0.05) 

Increase at 2 weeks 
versus baseline 

(P<0.05) 

  
  
  

Chopra et al. 
(2000) 

34 healthy females 
(mean age 

37.578.5 years, BMI 
2473.5 kg/m2) 

440 mg lycopene (200 g 
tomato 

puree þ 100 g watermelon) 
per day for 7 days 

Significant decrease in 
LDL oxidizability in 

nonsmokers (P<0.05); no 
effects in smokers (P<0.05)

Increase at 7 days 
versus baseline 

(P<0.05) 

Porrini and 
Riso 

(2000) 

9 healthy subjects (mean 
age 25.472.2years, BMI 

20.371.5 kg/m2) 

7 mg lycopene (25 g tomato 
puree), per day for 14 days

50% decrease in DNA 
damage in lymphocytes 

(P<0.05) 

Increase at 14 days 
versus baseline 

(P<0.001) 
Upritchard 

et al. 
15 well-controlled type 

II diabetics 
Tomato juice (500 ml) per 

day or placebo 
Decreased LDL 

oxidizability versus 
Increase at 4 weeks 

versus baseline 
(2000) (mean age 6378years, 

BMI30.977 kg/m2) 
for 4 weeks baseline (P<0.001) (P<0.001) 

Hininger et 
al. (2001) 

175 healthy volunteers 
(mean age 

33.571 years, BMI- 
24.370.5 kg/m2) 

15 mg lycopene (natural 
tomato extract) 

or placebo per day for 12 
weeks 

No effects on LDL 
oxidation, reduced 

glutathione, protein SH 
groups and antioxidant 

metalloenzyme activities
(P<0.05) 

Increase at 12 weeks 
versus baseline 

(P<0.05) 

  
  

Chen et al. 
(2001) 

32 patients with 
localized prostate 

30 mg lycopene (200 g 
spaghetti sauce) per day for 
3 weeks before surgery or a

reference group with no 
supplementation 

Decreased leukocyte and 
prostate tissue 

Increase at 3 weeks 
versus baseline 

 adenocarcinoma (mean 
age 63.776.1 years, BMI 

28.074.9 kg/m2) 

oxidative DNA damage; 
decreased serum PSA 

levels (P<0.05) 

(P<0.001) 

Kucuk et al. 
(2001) 

26 patients with newly 
diagnosed, clinically 

localized prostate cancer
(mean age 62.1571.85 

years, BMI not reported)

15 mg lycopene (Lyc-O-
Mato capsules) twice daily 
or no supplementation for 

3 weeks before surgery 

Decreased tumor growth 
in the intervention group 

versus control(P<0.05); 
decreased plasma PSA 

levels and increased 
expression of connexin43 
in prostate tissue in the 

intervention group 
versus control 

(P<0.05);decreased 
plasma IGF-1 levels in 

intervention and control 
groups(P<0.05) 

No effects at 3 weeks 
versus baseline 

(P<0.05)  
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 Type and duration of 
lycopene supplementation

Effects on biomarkers of 
oxidative stress/ 
carcinogenesis 

 

Porrini et al. 
(2002) 

9 healthy subjects (mean 
age 

25.272.2 years, BMI 
20.271.6 kg/m2) 

7 mg lycopene (25 g tomato
puree) with 

150 g of spinach and 10 g of 
olive oil per 

day for 3 weeks 

Decreased DNA 
oxidative damage 

(P<0.05) 

Not reported 

    

Table 2. Summary of clinical trials investigating the effects of supplementation of tomato products, 
tomato oleoresin or purified lycopene on biomarkers of oxidative stress and Carcinogenesis 

Author details 
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1. Introduction 

Close to one century ago, Joslin, an American diabetologist, proposed the link between 
diabetes and obesity [1]. He concluded that “diabetes is largely a penalty of obesity, and the 
greater the obesity, the more likely is Nature to enforce it”. In the 1950s, Vague [2] described 
that central obesity predisposes not only to diabetes but also to atherosclerosis. In the 1970s, 
for the first time, Haller [3] used the term "metabolic syndrome" (MetS) for associations of 
obesity, diabetes mellitus (DM), hyperlipoproteinemia, hyperuricemia, and hepatic steatosis 
when describing the additive effects of risk factors on atherosclerosis. Phillips developed the 
concept of metabolic risk factors for myocardial infarction and described a cluster of 
abnormalities including glucose intolerance, hyperinsulinemia, hyperlipidemia, and 
hypertension [4,5]. In 1988, Reaven, an American endocrinologist, propounded that insulin 
resistance (IR) was the cause of glucose intolerance, hyperinsulinaemia, increased very-low-
density lipoprotein cholesterol (VLDL-C), decreased high-density lipoprotein cholesterol 
(HDL-C) and hypertension and named the constellation of abnormalities “syndrome X” [6]. 
Reaven did not include abdominal obesity, which has also been hypothesized as the 
underlying factor, as part of the condition. In the late 1990s and the early 21st century, MetS 
was widely recognized as a leading risk factor for cardiovascular morbidity and mortality 
and variously defined by World Health Organization [7], International Diabetes Federation 
(IDF [8]), the European Group for the Study of Insulin Resistance [9] and the National 
Cholesterol Education Program Adult Treatment Panel III [10] based on the reference 
intervals of its components. Accordingly to these definitions, MetS is thought to represent a 
combination of cardiometabolic risk determinants, including obesity, glucose intolerance 
and IR, dyslipidemia (including hypertriglyceridaemia, increased free fatty acids (FFAs) and 
decreased HDL-C) and hypertension and more recently a growing list of clinical 
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manifestations like polycystic ovarian syndrome (PCOS), atherosclerosis, proinflammatory 
state, oxidative stress and non-alcoholic fatty liver disease (NAFLD) has been associated to 
it. 

The MetS is increasingly recognized as a strong predictor of patient risk for developing 
coronary artery disease. It is associated with an atherogenic dyslipidemia characterized by 
elevated levels of triglycerides (TGs), reduced levels of HDL-C and a preponderance of 
small dense low-density lipoprotein (LDL) particles [11]. An atherogenic dyslipidemia is an 
integral component of MetS, and a major contributor to the cardiovascular risks in patients. 
These alarming situations increase the priority for developing new methods and 
technologies to investigate and to fight the MetS and its related comorbidities. Translational 
physiology offers us specific animal models for investigating these conditions to help 
support biomedical research efforts towards finding the necessary cures. This chapter 
summarizes various types of animal models that used as a tool in lipoprotein clinical 
researches and critically evaluates the physiological fidelity of these animal models to the 
human condition. The animal models are used to investigate biological or pathobiological 
phenomena or employed to find therapeutic and/or toxic effects of a xenobiotic or food 
ingredients. The laboratory animal models are developed and used to study the cause, 
nature, and cure of human lipoprotein disorders. They may conveniently be categorized in 
one of the following two groups:  

1. Experimental animal models of lipoprotein disorders 
2. Spontaneous animal models of lipoprotein disorders 

2. Experimental animal models of lipoprotein disorders 

Experimental (induced) models are healthy animals in which the condition (usually disease) 
to be investigated is experimentally induced, for instance, the induction of DM with 
encephalomyocarditis virus or alloxan. Although homologous animal models that 
completely show symptoms and the course of the lipoprotein metabolic disorders are very 
rare, the most induced models are exploratory, helping to understand mechanisms 
operative in fundamental normal biology or mechanisms associated with an abnormal 
biological function. Generally, induced models of metabolic disorders are prepared by 
genetic manipulation, dietary intervention, surgery, applying xenobiotics (drugs or toxins), 
and a combination of mentioned methods (see review [12]). This chapter will focus mainly 
on diet-induced and spontaneous animal models commonly used to investigate lipoprotein 
metabolic disorders. Readers referred to chapter 22 to study transgenic models of 
lipoprotein disorders. 

Nowadays, obesity, particularly visceral (or central) obesity, is accepted as network 
backbone of the other MetS components and their manifestations. It has been reported that 
the incidence of MetS and type 2 diabetes (T2D) increases with the severity of obesity [13]. 
In this context, increasing body mass index is positively associated with prevalence of both 
impaired glucose tolerance and T2D and also correlated with dyslipidemia component of 
MetS that characterized by (a) increased flux of free fatty acids (FFA), (b) raised TGs values, 
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(c) low HDL-C values, (d) increased small, dense low density lipoprotein particles (e) 
increased TC and LDL-C and (f) raised apolipoprotein (apo) B levels  

The intake of high energy diet and sedentary behavior in developed countries has an accrual 
effect on the incidence of obesity. Although the association between visceral fat and MetS is 
strong, the mechanism is not fully elucidated. The adipose tissue is not an inert tissue and 
constitutively produces adipocytokines that involve in pathogenesis of MetS and IR (see 
review [14]). Diets play a fundamental role in inducing obesity-related diseases in human, 
and most animal models do use diet as a way to precipitate the obesity-related diseases. 
Today, most diet-driven animal disease models are generated using open source, purified 
ingredient diets. The “open source” nature of purified ingredient diets allows researchers to 
compare data from different studies, since the diet formulas are generally freely available to 
the public, while the “close source”, chow diets are differently formulated. Purified 
ingredients, on the other hand, are highly refined and contain just a single nutrient (ie. 
fructose). These ingredients have little variability and therefore provide consistency between 
batches, and so help to minimize data variability. There are numerous differences between 
chows and purified diets, creating countless variables, thus making it difficult to interpret 
the results when these diets are used together in a study. Chow is a nonpurified diet 
composed of a mixture of intact feed. In contrast, purified diets provide macronutrients as 
purified ingredients. For example, carbohydrate in chow diets is derived from complex 
mixtures of corn and wheat flakes, wheat middlings, ground corn, and dried whey. In 
addition to carbohydrate, these ingredients provide variable amounts of protein, fat, 
vitamins, minerals, and various phytochemicals and other (anti)nutrients. Some of these 
compounds, in particular the phytoestrogens, may act as endocrine disruptors that alter 
endocrine milieu and disease progression and so are usually unwanted variables. Finally, 
purified ingredient diet formulas can be easily modified so that researchers can intentionally 
and specifically change one ingredient at a time, allowing them to study the effects of large 
or small changes in the nutritional quantity and quality of the diet. Because of these 
advantages, most metabolic disease animal research uses and requires purified ingredient 
diets. In addition to purified and chow diets, some scientists used what is known as the 
cafeteria diet (CAF) to induce obesity. In this model, animals are allowed free access to 
standard chow and water while concurrently offered highly pleasant, energy dense, 
unhealthy human junk foods including cookies, candy, cheese, and processed meats ad 
libitum. These foods contain a substantial amount of salt, sugar, and fat and are meant to 
simulate the human “Western diet”. However, the nutritive and nonnutritive components of 
these foods are not well defined. In addition, the animal may choose a different selection of 
foods each day. In this section, I discuss how high diets influence the phenotypes of the 
obesity and/or MetS in translated animals. 

2.1. The mouse models 

The advantages of mouse models that made them suitable for translating human conditions 
include a well-known genome, relative ease of genetic manipulation, a short breeding span, 
access to physiological and invasive testing, short reproductive cycle, large litter size, much 
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lower cost and possibility of conducting longitudinal studies using larger numbers of 
animals, rapid development of atherosclerotic plaques, only partial resemblance to humans, 
very high levels of blood lipids, useful for noninvasive imaging and large experience.  

Normal mice have traditionally not been ideal models of cardiovascular disease research 
since they typically have very low levels of TC and LDL-C but high levels of HDL-C. This 
is in contrast to humans in whom the reverse is true because unlike humans and several 
other animals, mice do not possess plasma cholesteryl ester transfer protein (CETP) and, 
therefore, about 70% of the plasma TC is found in HDL particles. Mouse models have 
proved to be useful to study development and progression of atherosclerotic lesion, and 
several reviews have extensively discussed the different available models (see review 
[15]). The ability of mice to maintain their cholesterol profile even in the face of high-
cholesterol diets means that very little actual atherosclerosis develops [16]. As wild-type 
mice are resistant to lesion development, the current mouse models for atherosclerosis are 
based on genetic modifications of lipoprotein metabolism with additional dietary 
changes. In order to ‘force’ the atherosclerosis phenotype on normal mice, it is usually 
necessary to combine high concentrations of dietary cholesterol with 0.25%-0.5% cholic 
acid which promotes fat and cholesterol absorption from the intestine [17]. However, 
cholic acid can also promote liver inflammation, decrease bile acid production, and alter 
circulating TG and HDL-C, it may independently affect the development of 
atherosclerosis [15]. Atherosclerosis is a complex multifactorial disease with different 
etiologies that synergistically promote lesion development. High-fat diets (HFDs) are 
used to model obesity, dyslipidaemia, atherosclerosis, IR and MetS in rodents (see 
reviews [18,19]. High-fat diet (HFD) feeding in mice increased systolic blood pressure and 
induced endothelial dysfunction [20] and some kind of nephropathy [21]. Different types 
of HFDs have been used with fat fractions ranging between 20% and 60% energy as fat as 
either animal-derived fats, such as lard or beef tallow, or plant oils such as olive or 
coconut oil [22]. Long-term feeding of rats (60% of energy) and mice (35% fat wt/wt) with 
HFD increased body weight compared to standard chow-fed controls [23]. Although the 
increase in body weight was significant after as little as 2 weeks, the diet-induced 
phenotype became apparent after more than 4 weeks of HFD feeding [23]. Long-term 
feeding with both animal and plant fat-enriched diets eventually led to moderate 
hyperglycaemia and impaired glucose tolerance in most rat and mouse strains [24]. Lard, 
coconut oil and olive oil (42% of energy content) increased body weight, deposition of 
liver TGs, plasma TGs and FFAs concentrations and plasma insulin concentrations [22]. 
Lard, coconut oil and olive oil caused hepatic steatosis with no signs of inflammation and 
fibrosis [22]. Although HFD induces most of the symptoms of human MetS in rodents, it 
does not resemble the diet causing MetS and associated complications, as the human diet 
is more complex than a HFD. Other major components of modern diets are refined 
carbohydrates and fructose. The epidemiologic data has proved that a significant 
correlation in the prevalence of diabetes with fat, carbohydrate, corn syrup (source of 
fructose), and total energy intakes. The striking features of these studies are the fact that 
intake of corn syrup was positively associated with T2D, while protein and fat were not 
(see review [25]). Most studies have utilized mice as animal models to define the role of 
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carbohydrate enriched diets in formation of different aspects of MetS. The interested 
readers will have to go to the current literature in order to understand more fully the 
fidelity of mice for translation of similar conditions in humans. In this context, high-fat 
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2.2. The rat models 
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developed into a purified diet model [34]. In this model, Sprague-Dawley (SD) rats fed a 
purified moderately high-fat (MHF) diet exhibit a bimodal pattern in body weight gain 
similar to that observed in humans. Approximately half of the rats gain weight rapidly 
compared with chow-fed rats (obesity prone [OP] or diet-induced obese [DIO]), whereas the 
other half gain BW at a rate similar to or lower than that of the chow-fed animals (obesity 
resistant [OR] or diet-resistant [DR]) [34-36]. Most rodents tend to become obese on HFD 
and very high-fat diet (VHFD), but there can be variable responses in glucose tolerance, IR, 
TGs, and other parameters depending on the strain and gender, and source of dietary fat 
[22,37]. When outbred SD and Wistar rats were placed on HFD (32 or 45 kcal% fat), there 
was a wide distribution in body weight gain and a subset of animals became obese, whereas 
others remained as lean as the animals fed with a low-fat diet (LFD) have shown that the rat 
model of diet-induced obesity develops mild hypertension accompanied by vascular and 
renal changes similar to those observed in obese hypertensive humans [35,38]. The MHF 
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opposed to many other models that have very high levels of fat [38]. All rats fed the MHF 
diet did not become obese and their body weight displayed a bimodal distribution. The 
increased body weight reflects an increase in the adipose mass in the OP rats versus the 
chow-fed rats [38].  
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Elevation of plasma TGs and FFAs was commonly observed in patients with diabetic 
dyslipidemia or obesity [39]. Evidence showed that hyperglycemia and 
hypertriglyceridemia had direct effects on arterial wall and induced endothelial dysfunction 
[40]. The elevation of TGs and fasting plasma glucose was noted in HFD studies [41]. 
However, the levels of TGs and TC in high-fat fed DR rats were no more than chow-fed 
control rats. The HDL-cholesterol level decreases in hypercholesterolemic and MHF-fed rats 
[38]. The TGs content of plasma, LDL, and VLDL has been increased in OP rats fed MHF 
diet after 3 weeks [38]. As opposed to cholesterol content, this difference is even greater after 
10 weeks of the MHF diet therefore authors concluded that factors other than diet like 
reduced growth hormone secretion are also responsible for the high levels of TGs in OP rats 
[38,42]. The underlying mechanism is not known. Insight into the differences in endocrine 
and lipoprotein metabolism may provide further evidences. For example, Yang et al’s study 
showed that DR rats had higher levels of plasma peptide YY, a gut-derived anorexigen, than 
DIO and the control groups. This indicates that a difference in appetite control is responsible 
for the lower caloric intake and weight gain in DR rats [43]. One of the common features of 
obesity in humans is dyslipidemia which occurs in rat model of diet-induced obesity and is 
frequently associated with hypertension [38]. I have decided to ignore molecular 
mechanisms of hypertension in OP rat because of limited space. However, hypertension 
developed in OP, but not OR, rats, is a multifactorial disorder and diet is not the major 
factor that causes the high blood pressure in this model.  

According to Barker hypothesis, adult metabolic diseases are programmed during fetal life 
[44]. To investigate the mechanisms by which altered intrauterine milieu predisposes to later 
development of MetS, different animal models have been developed (see review [45]). 
Interestingly, offspring of rats fed high saturated fats during pregnancy have fetal IR [46], 
abnormal cholesterol metabolism [47] and raised adult blood pressure [48]. Furthermore, the 
outbred Sprague-Dawley DIO and DR rats have been selectively bred over time such that 
their future body weight response to a HFD is known in utero, allowing the researcher to 
look early in life (prior to the onset of obesity) for genetic traits that may later predispose 
them to their DIO or DR phenotypes [37,49]. 

The inbred obese Zucker diabetic fatty (ZDF) rat is high-fidelity model with close 
resemblance to human case in obesity and T2D. The males become obese and diabetic on a 
LFD, but HFD feeding promotes more robust disease. The female ZDF rat is unique in that 
while they are obese, they do not develop diabetes unless fed a diet (in this case, chow-
based) containing 48 kcal% fat [50]. The female ZDF rat is also suitable model mimics pre-
diabetic state in humans because she shows a prolonged period of insulin sensitivity prior to 
the onset of diet-induced diabetes [51]. The ZDF rats show profound dyslipoproteinaemia 
with increased TC and TGs levels and lower chylomicra disposal rates that mimics 
conditions occurred in human case of obesity [52]. Although normal rats are not ideal model 
of cardiovascular disease research since they typically have very low levels of TC and LDL-
C but high levels of HDL-C, they are mild diet-responsive. The ability of rats to sustain their 
cholesterol profile even in the face of high-cholesterol diets means that very little actual 
atherosclerosis develops [16]. However, feeding Wistar rats a high calorie "Western diet" 
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(45% fat) for up to 48 weeks induces obesity and cardiac dysfunction, while a high fat diet 
(60% fat) induces obesity only [53]. The "Western diet" composed of a purified ingredient 
SF-rich HFD, and cholesterol (~0.2% by weight) can elevate TC and LDL-C and in turn cause 
atherosclerosis in certain rodent models and humans [54]. A mixture of high levels of 
dietary cholesterol with 0.25%-0.5% cholic acid has been used to induce atherosclerosis 
phenotype on normal rats and mice for many years ago [55]. More recently, Zaragosa and 
colleagues introduced various animal models of cardiovascular diseases (see review [56]). 
Surprisingly rat does not develop atheroma in the process of atherosclerosis (see review 
[56]). Generally rats are highly resistant to the development of atherosclerosis because they 
lack physiological resemblance on many aspects with humans that are pathophysiologically 
important [57]. For example, HDL is dominating lipoprotein in these animals and rat 
platelets are generally resistant in hyperlipidemic condition (see review [58]). Rats are 
potentially practical model for studying hypercholesterolemia along with hypertension (see 
review [58]). They exhibit augmented thrombotic response and develop coronary 
atherosclerotic lesions under hypertensive and hyperlipidemic conditions (e.g., [59]). 
Triglyceride-rich diets containing various amounts of cholesterol, with or without cholic 
acid have been used to induce hypercholesterolemia in rats. The fat sources vary from lard 
to soybean, canola or sunflower oils. Nevertheless, the question of the caloric value of the 
employed diets has not yet been considered properly since their high fat content, which is 
the strategy used in order to induce hypercholesterolemia, leads to lower ingestion by the 
animals and induces malnutrition. To overcome this shortcoming, Matos and colleagues [60] 
proposed a diet containing 25% soybean oil, 1.0% cholesterol, 13% fiber (cellulose) and 
4,538.4 Kcal/Kg that led to an increase in LDL-C, a decrease in the HDL-C fraction and 
affected less the hepatic function of the rats during eight weeks. Roberts and colleagues 
presented a rat model of diet-induced syndrome X and they explored potential mechanisms 
of hypercholesterolemia in diet-induced syndrome X [61]. To induce syndrome X, female 
Fischer rats were fed a high-fat (primarily from lard plus a small amount of corn oil), 
refined-carbohydrate (sucrose) diet for 20 months [61]. Sampey and colleagues [62] have 
demonstrated that the CAF is a more robust model of MetS than lard-based HFD and that 
the rapid-onset of weight gain, obesity, multiorgan dysfunctions and pathologies observed 
in the CAF model more closely reflect the modern human condition of early onset obesity. 
However, they did not repot possible lipid-lipoprotein disorders that may be occurred in 
their model. Recently, Manting and colleagues [63] have shown that a combination of 
chronic stress and HFD (83.25% basal feed, 10% lard, 1.5% cholesterol, 0.2% sodium 
taurodeoxycholate, 5% sugar and 0.05% propylthiouracil) can induce lipid metabolism 
disorder in Wistar rats and they claimed that their multiple factor model better mimics the 
disease characteristics of human beings.  

2.3. The hamster models 

Hamsters are another animal model can be used to assess some aspects of MetS. Like rats 
and mice, HDL-C is predominant plasma cholesterol-rich lipoprotein in these animal, but in 
contrast, dietary cholesterol (~ 0.1%) can significantly elevate LDL-C and like humans, SF 
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can increase these levels further [64]. The combination of high dietary SF and cholesterol is 
commonly used to promote atherosclerosis in these animals and atherosclerotic lesions 
similar to those found in humans can be found after prolonged feeding periods [65]. 
Actually, cholesterol itself may not always be necessary for this phenotype, since a purified 
diet with no cholesterol but high concentrations of SF can promote more aortic cholesterol 
accumulation compared to a diet with both cocoa butter and 0.15% cholesterol [66]. 
Cholesterol-fed hamsters have been used to screen therapeutic anti-atherosclerotic and 
hypolipidemic properties of (phyto)medicines (e.g., [67,68]). Hamsters have been proposed 
as an animal model to evaluate diet-induced atherosclerosis since the 1980s [69]. Relative to 
other normal rodent models, hamsters have a low rate of endogenous cholesterol synthesis, 
cholesteryl ester transfer protein (CETP) activity and tissue specific editing of 
apolipoprotein (apo) B mRNA and secretion of apo B-100 from the liver and apo B-48 from 
the small intestine. Hamsters, like humans, take up approximately 80% of LDL-C via the 
LDL receptor pathway. The morphology of aortic foam cells and lesions in hamsters fed 
atherogenic diets was reported to be similar to human lesions [70]. Recently, in a systematic 
review Dillard and colleagues concluded that the Golden-Syrian hamster does not appear to 
be a constructive model to determine the mechanism(s) of diet-induced development of 
atherosclerotic lesions (see review [71]) however the authors only concentrated on 
atherogenecity of cholesterol- and fat-rich diets in hamster models of atherosclerosis.  

Leung and colleagues investigated intestinal lipoprotein production and the response to 
insulin sensitization in the high fat-fed Syrian Golden hamster for 5 weeks [72]. They 
concluded that Syrian Golden Hamsters were fed 60% fat is a good model of nutritionally-
induced IR that intestinal overproduction of lipoproteins appear to contribute to the 
hypertriglyceridemia of IR in this animal model and insulin sensitization with rosiglitazone 
(an insulin sensitizer) ameliorates intestinal apoB48 particle overproduction in this model. 
An appropriate dyslipidemic animal model that has diabetes would provide an important 
tool for research on the treatment of diabetic dyslipidemia. Ten days of high fat feeding in 
golden Syrian hamsters resulted in a significant increase in IR and baseline serum lipid 
levels accompanied by a prominent dyslipidemia. Thirteen days of treatment with 
fenofibrate, a peroxisome proliferator-activated receptor alpha (PPAR alpha) selective 
agonist, produced a dose-dependent improvement in serum lipid levels characterized by 
lowered VLDL-C and LDL-C and raised HDL-C in a fashion similar to that seen in man [73]. 
Various diet formula, fat resources and time tables have been found to induce some aspects 
of MetS in the literature. For example, a diet consisted of 80 g of anhydrous butterfat, 100 g 
of corn oil, 20 g of Menhaden fish oil and 1.5 g of cholesterol has been used to encourage 
hypercholesterolemia in male golden Syrian hamsters for 21 days [68]. Male golden 
hamsters were given 15% HFD contained 100 g of lard and 50 g of soybean oil and 100 g of 
sucrose showed diabetic dyslipidemia for eight weeks [74]. F1B hamster is a genetically-
defined hamster, derived from two highly inbred lines, namely by crossbreeding between 
Bio 87.20 female with a Bio 1.5 male. F1B hamster is an exciting animal model for 
hyperlipidemic-related applications. The F1B strain is very responsive to SF and cholesterol 
by increasing the non-HDL fraction to a greater extent than the HDL fraction [75]. Dietary 
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fatty acid chain length, degree of saturation and cis-trans conformation have been shown to 
alter several metabolic pathways involving cholesterol throughout the body, the combined 
effect of which is reflected in plasma lipid and lipoprotein profiles (see review [76]). 
Interestingly, intake of trans-fatty acids in shortenings and margarines has been linked to 
increased risk of cardiovascular disease through effects on lipoprotein metabolism and 
substituting trans-fatty acids for either saturated or polyunsaturated fatty acids results in 
more deleterious lipid-lipoprotein profiles [77]. Hamsters are candidate model to investigate 
cardiometabolic risks of different fat resource and fat-rich diets [78]. Similarity with the 
human LDL receptor gene, makes hamster ideal to study LDL receptor antagonists and also 
useful for drugs which interfere with CETP activities and reverse cholesterol transport 
(RCT) from peripheral tissues to the liver for biliary and fecal excretion [79]. A considerable 
amount of experimental attention is currently directed at understanding the in vivo 
mechanisms of RCT. Although not established in vivo, RCT is thought to be impaired in 
patients with MetS, in which liver steatosis prevalence is relatively high. In this sense, 
Briand and coworkers [80] introduced a hamster model of MetS to study RCT. These 
scientists with the help of HFT diet containing 27% fat, 0.5% cholesterol, and 0.25% 
deoxycholate as well as 10% fructose in drinking water for 4 weeks induced promoted IR, 
dyslipidemia with significantly higher plasma non-HDL-C concentrations and CETP 
activity, and hepatic steatosis. In vivo RCT was assessed by intraperitoneally injecting (3)H-
cholesterol labeled macrophages. Finally their results indicate a significant increase in 
macrophage-derived cholesterol fecal excretion, which may not compensate for the diet-
induced dyslipidemia and liver steatosis [80]. One of the main target organs of MetS is liver, 
in which it manifests itself as NAFLD [81]. Bhathena and colleagues currently developed a 
triumphant BioF1B Golden Syrian hamster model of MetS that successfully manifested 
hyperlipidemia, IR and NAFLD [81]. They induced this model by feeding hamsters a high-
fat, high-cholesterol, inadequate methionine- and choline-containing diet. In addition to F1B 
hamster strain from Biobreeders (Watertown, MA) that commonly used to study diet-
induced metabolic disorders other three outbred strains are Charles River (CR), Sasco and 
Harlan (see review [71]). All these strains are derived from inbred or outbred Golden-Syrian 
hamster.  

Similar to rats, hamsters fed high fructose diets (~60% of energy) may develop IR and 
hypertriglyceridemia in TG after only two weeks compared to diets low in fructose [72,73]. 
Interestingly, hamsters fed high-sucrose diets did not have elevated TG levels and 
developed only mild IR relative to those fed diets high in fructose [72]. Avramoglu and 
colleagues reviewed mechanisms of metabolic dyslipidemia in insulin resistant states (see 
review [82]). They developed an explanatory fructose-fed hamster model of insulin 
resistance to study hepatic lipid metabolism as its lipoprotein metabolism as described 
previously [83,84]. Hamsters exhibit obesity, hypertriglyceridemia, increase plasma FFAs 
concentration and IR if fed fructose-rich diet for a two week period. Fructose feeding 
induced a noteworthy increase in synthesis and secretion of total TGs as well as VLDL-TG 
by primary hamster hepatocytes [73]. The microsomal triglyceride transfer protein plays a 
pivotal role in VLDL assembly and its activity showed a striking 2.1-fold elevation in 
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hepatocytes derived from fructose-fed versus control hamsters [73]. The apoB production 
also has been increased in the fructose-fed hamsters [73]. Fructose-fed hamster also has been 
introduced as an exploratory animal model to excavate role of intestinal lipoprotein 
overproduction in the dyslipidemia of insulin-resistant states [74]. The authors have shown 
that fructose feeding for 3 weeks increases secretion of apoB48-containing lipoproteins in the 
fasting state and during steady state fat feeding. Wang and coworkers [75] investigated the 
composition of plasma lipoproteins in hamsters fed high-carbohydrate diets of varying 
complexity (60% carbohydrate as chow, cornstarch, or fructose) for 2 weeks. They showed 
that hamsters fed the high-fructose diet showed significantly increased VLDL–triglyceride 
(92.3%), free cholesterol (68.6%), and phospholipid (95%), whereas apolipoprotein B levels 
remained unchanged. Fructose feeding induced a 42.5% increase LDL–triglyceride 
concurrent with a 20% reduction in LDL–cholesteryl ester. Compositional changes were 
associated with reduced LDL diameter. In contrast, fructose feeding caused elevations in all 
HDL fractions.  

2.4. The guinea pig models  

A number of seminal reviews on the details of the criteria that make guinea pigs suitable 
animal models for studying lipoprotein metabolism are available (see reviews [85-87]) and a 
summary will be presented here. Guinea pigs in contrast to other rodents have higher levels 
of plasma LDL-C compared to HDL-C. As humans, guinea pigs have higher concentrations 
of free compared to esterified cholesterol found in the liver and they show evidence of 
moderate rates of hepatic cholesterol synthesis and catabolism. Similar to humans, the 
binding domain for the LDL receptor of guinea pigs discriminates normal and familial 
binding defective apo B-100 and apo B mRNA editing in liver is scarce (< 1%) compared to 
18 to 70% in other species [88]. The three important proteins involved in lipoprotein 
remodeling and RCT (CETP, lecithin:cholesterol acyltransferase (LCAT), and lipoprotein 
lipase (LPL) have been reported in guinea pigs.  

Guinea pigs have been used as models to dissect the mechanisms by which various dietary 
fat resources influences plasma lipid-lipoprotein profiles. In contrast to hamsters they do not 
possess a fore-stomach fermentation which modifies dietary macronutrients before reaching 
the small intestine [89]. Guinea pigs are not only superior models for studying the 
mechanisms by which statins [90], cholestyramine [91], apical sodium bile acid transport 
inhibitors [92] and microsomal transfer protein inhibitors [93] lower plasma LDL-C but also 
are selected to investigate the mechanisms by which certain drugs or toxins affect lipid-
lipoprotein metabolism (e.g.,[94]). Guinea pigs respond to dietary fat saturation, dietary 
cholesterol and dietary fiber by alterations in LDL-C (see review [87]). For example, the SF-
rich diet will increase TC and LDL-C levels much more than polyunsaturated fat (PF)-rich 
diet in guinea pigs and cholesterol-rich diets can further increase TC and LDL-C levels [95].  

The suitability of guinea pigs as models of atherosclerosis is augmented by an array of review 
and assessment features (see review [59]). However, guinea pigs do not develop advanced 
atherosclerotic lesions, and are not an entrenched model for atherosclerosis progression [96]. 
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High plasma level of lipoprotein (a) (also called Lp(a)) is associated with coronary heart 
disease and other forms of atherosclerosis in humans (see review [97]), and as primates, 
hedgehogs [98] and guinea pigs possess Lp(a) among normal animal models [99]. Guinea pigs 
are practical model to study the role of oxidized LDL (oxLDL) in progression of atherosclerosis 
[100]. Initial atherosclerosis induced by various formula of HFD in guinea-pigs. Intake of HFD 
(guinea-pig pellet diet + 0.2% w/w cholesterol) can induce the onset of early atherosclerotic 
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hepatic production of apo B 100-containing VLDL, plasma CETP activity, human-like apo B, 
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rabbits are hepatic lipase–deficient and do not have an analogue of human apo A-II. Rabbits 
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levels to induce more advanced disease (see review [110]). Rabbits also have significant 
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“cholesterol storage syndrome” while on high-cholesterol diets (0.5–3%), with cholesterol 
deposited in their liver, adrenal cortex, and reticuloendothelial and genitourinary systems 
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[108]. We found that a high-cholesterol diet contained in 0.47% cholesterol would be 
tolerable for adult male rabbits for 4 weeks but our high-cholesterol diet was mildly 
atherogenic [94,111]. The atherosclerotic lesions of rabbits do not completely resemble those 
in humans [108] and the formed lesions are more fatty and macrophage rich than human 
[112]. Atherogenic diets are usually associated with hypercholesterolemia and the 
development of atherosclerotic lesions in the aortic arch and thoracic aorta rather than in the 
abdominal aorta that is almost always affected in humans. New Zealand White rabbits are 
the strain commonly used in atherosclerosis research. Although they have low plasma TC 
concentrations and HDL as dominant lipoprotein [113], βVLDL becomes the major class of 
plasma lipoproteins when exposed to cholesterol-rich diet (see review [59]). In conjunction 
with chylomicron remnants, βVLDL becomes highly atherogenic. Long-term experiments 
using diets high in cholesterol are discouraging in rabbits, because they cannot increase the 
excretion of sterols and resulting hepatotoxicity does not allow the animal to survive (see 
review [114]).  

Various HFD and intervention period have been used to induce MetS in rabbits or its 
components like IR, visceral obesity, hypertension, dyslipidemia (e.g., [115,116]). Rabbits are 
suitable animals to investigate MetS-associated multiorgan dysfunctions. Helfenstein and 
colleagues recently proposed an experimental model of impaired glucose tolerance combined 
with hypercholesterolaemia induced by diets (high-fat/high-sucrose (10/40%) and cholesterol-
enriched diet for 24 weeks) that gained weight, increased blood glucose, TC, LDL-C, TGs, and 
decreased HDL-C in New Zealand male rabbits [117]. Their cheap model reproduced several 
metabolic characteristics of human DM and promoted early signs of retinopathy. Corona and 
colleagues [118] reviewed relationships between hypogonadism and MetS emphasizing their 
possible interaction in the pathogenesis of cardiovascular diseases. However they concluded 
that the clinical significance of the MetS-associated hypogonadism needs further clarifications. 
Vignozzi and colleagues [119] described an animal model of MetS obtained by feeding male 
rabbits for 12 weeks. In their experiment, HFD-animals develop hypogonadism and all the 
MetS features like hyperglycemia, glucose intolerance, dyslipidemia, hypertension, and 
visceral obesity. A recently established rabbit model of HFD-induced MetS showed 
hypogonadism and the presence of prostate gland alterations, including inflammation, 
hypoxia and fibrosis [120]. Rabbits fed a cholesterol-rich diet (1% cholesterol) for 8 weeks and 
12 weeks share several physiopathological aspects of NAFLD [121]. Because this model is not 
insulin resistant and obese, it may be useful for elucidating the mechanism of NAFLD related 
mainly to hyperlipidemia. 

3. Spontaneous animal models of lipoprotein disorders 

The pathophysiology of disorders of lipoprotein metabolism of humans cannot highly 
translated to wild-type rodents since they are very resistant to atherogenesis and have no 
similarity to human lipid and lipoprotein metabolism; further, they do not develop 
cardiovascular diseases identical to humans. Therefore search for more reliable model is still 
continuing. In this regard, pig, is a considered a very good model of human atherosclerosis, 
because it is similar to humans in terms of body size and other physiological features (see 
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review [122]). Pigs spontaneously develop atherosclerosis even on a normal porcine diet and 
dietary modification lead to sever atherosclerosis [123]. As humans, pigs transport most 
cholesterol in LDL-C and dietary modification alters their plasma lipoproteins closely 
resemble those occurring in humans. In contrast to rodents, swine atherosclerosis, like the 
human illness, progresses to advanced stages (see review [122]). For example, mini-pigs fed 
fat-enriched food showed fatty streaks in their abdominal and thoracic aorta and coronary 
arteries during 18 months [124]. Cholesterol contents of diets also affects the extension and 
exacerbation of atherosclerotic changes in pigs (see review [122]). Johansen and colleagues 
[125] suggested an obese Göttingen minipig model of MetS that was highly responsive to a 
high fat high energy diet. Several swine models of T2D and IR have been proposed (see 
review [18]). However, spontaneity in development of MetS and IR, is not common in this 
species [58]. Dogs do not naturally show atherosclerosis and cholesterol- and SF-rich diets 
combined with thyroid suppression is required for atherosclerosis development [126]. 
Beagles and miniature Schnauzer dogs show useful similarities with human in cholesterol 
synthesis, and lipoproteins level [127,128]. Feline DM, in both spontaneous and inducible 
forms, therefore provides a reliable animal model of human T2D and may provide 
additional insights into the clinical, physiological, and pathological features of this disease 
(see review [129]). Considerably more studies must be forthcoming to establish firmly how 
lipoprotein profile participates in pathogenesis of atherosclerosis, DM and possibly MetS in 
pet animal since companion animal obesity would be a serious veterinary medical concern 
in near future [130]. The subject of suitability of other domesticated animal species such as 
pigs and sheep, as well as feral, migrating and hibernating species for studying lipid and 
lipoprotein metabolism has been concisely reviewed (see review [131]). For thorough 
coverage of this aspect of animal models, this work is recommended.  

A number of other interesting wild rodents that are explanatory or exploratory animal 
models of different disorders of lipid and/or carbohydrate metabolism have been 
introduced. Recently, Octodon degus (degu) has been proposed as an animal model of diet-
induced development of atherosclerosis [132]. To induce atherosclerosis, degus were fed for 
16 weeks chow containing 0.25% cholesterol and 6% palm oil. Cholesterol-fed degus 
exhibited 4- to 5-fold increases in TC, principally in the VLDL-C and LDL-C fractions and 
developed cholesteryl ester-rich atherosclerotic lesions throughout the aorta [132]. 
Hedgehogs are homologous animal models for studying roles of Lp(a) in atherosclerosis 
[98]. Sand rat, Tuco-Tuco and spiny mouse are unusual models of diet-induced obesity and 
T2D (see review [12]. In laboratory condition, sand rat (Psammomys obesus) develops obesity 
and diabetes when fed on standard chow (high energy diet) instead of its usual energy-
diluted vegetable diet composed mainly of saltbush Atriplex [133]. Surprisingly, sand rats 
are studied extensively and serve as more statable polygenic model for the study of 
diabesity syndrome [133,134]. Spiny mouse (Acomys calirinus) is another small rodent living 
in semiarid areas of eastern Mediterranean. They gain weight and exhibit marked impaired 
pancreatic beta cell when they are placed in captivity on high energy rodent lab chow [135]. 
Ctenomis talarum (Tuco-tuco) is another feral species which exhibit similar characteristic 
features of sand rat and spiny mice when fed on high energy rodent diet [136]. Brandt's vole 
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(Lasiopodomys brandtii) is another rodent model used in diet-induced obesity [137]. The Nile 
grass rat (NGR), Arvicanthis niloticus, is a herbivorous rodent inhabiting dry savanna, 
woodlands, and grasslands in Africa. Noda and colleagues [138] recently showed that the 
NGR is a precious, spontaneous model for exploring the etiology and pathophysiology of 
MetS as well as its various complications.  

Avian models of human atherosclerosis include pigeon, chicken, Japanese quail, turkey and 
parrots. Although these avian models are not frequently used in studying atherosclerosis, it 
is worthy to note, that spontaneous atherosclerosis in the chicken was first described in 1914 
[139]. Use of pigeon models of atherosclerosis has been extensively reviewed (see review 
[140]). Briefly, the most important key points supporting the use of pigeons as models for 
human atherosclerosis include: 1. Pigeons are hypercholesterolemic compared to humans. 2. 
Pigeons are primarily HDL-C carriers but βVLDL-C and LDL-C become major lipid carriers 
when these animals are fed cholesterol-rich diet. 3. Their lipid metabolism and lesion 
progression are similar to humans. 4. Pigeons also resemble humans in cellular and vascular 
dysfunctions involving in atherogenesis. 5. Pigeons are negative animal models to study 
relevance of apoE, apo B48, chylomicra or LDL receptor in atherosclerosis pathology. 6. 
Pigeons are susceptible to both spontaneous and diet-induced atherosclerosis. Parrots are 
exceptional animal models to assess the impacts of various risk factors include elevated 
cholesterol level, diet composition, social stress and inactivity (similar to sedentary behavior 
in humans) on occurrence and progression of atherosclerosis (see review [59]).  

Phylogenetically, nonhuman primates are more similar to humans than other models in 
terms of lipid-lipoprotein profiles, pathophysiology of atherosclerosis, feeding habits, and 
genotype. It is demonstrated that, along with aging, some rhesus monkeys spontaneously 
develop diabesity (e.g. [141]). In this context, Macaca nigra is very valuable in studies focused 
on the interactions between atherosclerosis and diabetes [142]. Spontaneous diabetes has 
been documented in nonhuman primates include cynomolgus, rhesus, bonnet, Formosan 
rock, pig-tailed, celebes macaques, African green monkeys, and baboons (see reviews 
[18,143]). Diabetic nonhuman primates have detrimental changes in plasma lipid and 
lipoprotein concentrations and lipoprotein composition which may contribute to 
progression of atherosclerosis. As both the prediabetic condition (similar to MetS in 
humans) and overt diabetes become better translated in monkeys, their use in 
pharmacological studies is increasing. Monkeys can be categorized into hyperresponders 
and hyporesponders based on initiation, progression and severity of atherosclerotic lesions. 
Several nonhuman primates, such as squirrel monkeys, baboons, and wooly and spider 
monkeys, may develop spontaneous early stage (fatty streaks) atherosclerosis at different 
anatomical locations (see reviews [59,108]). Rare cases of LDL receptor deficiency in a rhesus 
monkey family associated with increased levels of LDL-C, Lp(a), and advanced 
atherosclerotic lesions in the aorta, and to a lesser extent in coronary arteries, were reported 
[144]. Nonhuman primates are more reliable model to study cardiovascular disease plus 
MetS rather than rodents, since they develop MetS and cardiovascular diseases as they age. 
They develop spontaneous (in some species) and high fat high cholesterol diet-induced 
atherosclerotic lesions [145]. Nonhuman primates are good model of hypertension and its 
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harmful effect on atherosclerosis development. The close similarity of plasma lipoprotein-
lipid level, plaque development and its calcification and mineralization with humans makes 
nonhuman primates practical model to explore the correlation between plasma lipids and 
plaque development (see review [59]). Kaufman and colleagues measured some 
anthropometric indices and metabolic parameters in 250 laboratory-born bonnet macaques 
living in social groups and maintained on commercial monkey chow [146]. Finally they 
concluded socially reared and housed bonnet macaques may provide a useful model for 
studying the pathogenesis, prevention, and treatment of the MetS. Recently, in an excellent 
investigation, Zhang and colleagues established a rhesus monkey model of spontaneous 
MetS using population screening approaches suitable to explore the pathogenesis of MetS in 
relation to cardiovascular disease and DM [147]. To sum, the inconsistency in anatomic 
location of atherosclerotic lesions, high cost of husbandry and veterinary services, limited 
animal availability, difficult handling, together with ethical queries are major obstacles in 
the use of monkeys as common animal models in studying MetS and its comorbidities.  

4. Conclusion 

The incidence of metabolic syndrome is increasing on a pandemic level. One of the major 
underlying cause and/or outcome of metabolic syndrome is dyslipidemia, which contribute 
greatly to the cardiovascular problems associated with the syndrome. The animal models 
have a vital role to play in extending our understanding of metabolic syndrome and its 
related comorbidities. Conventional laboratory animals such as mice, rats, hamsters, guinea 
pigs and rabbits have been examined to gain a better perceptive of the relationship between 
disorders of lipid metabolism and their clinical correlations. High-fat diets frequently used 
to induce different aspects of metabolic syndrome in rodent models. However, 
nonconventional animal models like pig, pigeon, and feral animals (e.g., spiny mice, sand 
rat, hedgehogs) can consider as spontaneous animal models suitable for studying both the 
pathogenesis and potential therapeutic agents in lipoprotein disorders. The attempts to find 
animal models relevant to the study of metabolic syndrome are continuing. 
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1. Introduction 

Coronary artery disease (CAD) is a leading cause of death in the world and one of the 
major risk factors for CAD is dyslipidemia. In understanding dyslipidemia and 
developing therapeutics, animal models, especially genetically modified animals, have 
played important roles and contributed greatly to progress in this field. Before the 
development of genetically modified animals, the Watanabe heritable hyperlipidemic 
(WHHL) rabbit, the first animal model for familial hypercholesterolemia, developed by 
Yoshio Watanabe in 1980 (Watanabe, 1980), helped to verify a low-density lipoprotein 
(LDL) receptor-pathway in vivo and to clarify lipoprotein metabolism in humans 
(Goldstein, 1983), in addition to the process by which atherosclerosis develops (Shiomi, 
2009). Furthermore, WHHL rabbits have contributed to the development of 
hypocholesterolemic agents, statins, (Watanabe, 1981; Tsujita, 1986) and to clarifying 
anti-atherosclerotic effects (Watanabe, 1988; Shiomi, 1995; 2009). In the present, WHHL 
rabbits were improved by selective breeding to produce the WHHLMI strain, which 
suffers from severe and vulnerable coronary atheromatous plaques and myocardial 
infarction due to coronary occlusion with progression of atherosclerotic plaques (Shiomi, 
2003). However, WHHL or WHHLMI rabbits were not suitable for studying the role of 
genes in lipid metabolism, because it is difficult to apply genetic modification techniques 
to rabbits.  

The first transgenic mice were developed in 1982 (Gordon, 1982) and the first knockout 
mice in 1984 (Bradley, 1984). Genetically modified mice are commonly used to study 
lipoprotein metabolism and atherosclerosis. The first transgenic mice for lipoprotein 
metabolism were LDLR-overexpressing mice, developed in 1988 (Hofmann, 1988), and the 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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first knockout (KO) mice for lipoprotein metabolism were apolipoprotein (apo) E-KO 
mice, developed in 1992 (Zhang, 1992). Thereafter, numerous genetically modified mouse 
models were produced and these mice have contributed to a better understanding of 
lipoprotein metabolism. However, we should recognize that the lipoprotein metabolism 
of genetically modified mice is not entirely the same as that of humans, despite 
hyperlipidemia or hypercholesterolemia. In addition, recent studies have demonstrated 
different phenotypes manifested in mice and rabbits after the same gene transfer (Fan, 
2003). The first transgenic rabbit was developed in 1985 (Hammer, 1985) and the first 
transgenic rabbit for lipoprotein metabolism, the hepatic lipase-overexpressing rabbit, 
was developed in 1994 (Fan, 1994). The differences in phenotype following gene transfer 
between mice and rabbits may be due to species differences in lipoprotein metabolism. 
When using animal models in experimental research, one has to be careful interpreting 
the results. Since other chapters explain in detail the functions of enzymes, 
apolipoproteins, and receptors relating to lipoprotein metabolism, this chapter 
concentrates on introducing various genetically modified animals and species differences 
in phenotype expression after gene modification for researchers wishing to study 
lipoprotein metabolism. 

2. Species differences in lipoprotein metabolism 

2.1. Species differences in lipoprotein profiles 

Fig. 1 shows lipoprotein profiles of mice, rabbits, and humans analysed with high 
performance liquid chromatography (HPLC). The main lipoprotein is LDL in human 
normal subjects but high-density lipoprotein (HDL) in wild-type mice. LDL is increased 
markedly in the plasma of patients with hypercholesterolemia (Yin, 2012) and WHHLMI 
rabbits, but lipoproteins that elute at the position of very low-density lipoprotein (VLDL) 
are increased in apoE-deficient mice, one of the most commonly used genetically modified 
mice (Piedrahita, 1992). Although serum lipid levels and the lipoprotein profile of apoE-
KO mice vary depending on the colony, the lipoprotein profile of apoE-KO mice is similar 
to that of cholesterol-fed rabbits (Yin, 2012). In LDL receptor (LDLR)-deficient 
individuals, LDL increased markedly in patients (familial hypercholesterolemia) and 
rabbits (WHHLMI rabbits) despite a normal diet or chow, while plasma LDL levels were 
not so high in homozygous LDLR-KO mice fed standard chow as described by Ishibashi 
et al. (1993), although serum lipid levels and lipoprotein profiles of LDLR-KO mice vary 
in each colony similar to those of apoE-KO mice. After consumption of a cholesterol-
enriched diet, plasma cholesterol levels increased markedly in LDLR-KO mice, similar to 
FH patients and WHHL rabbits, but the increased lipoprotein fraction eluted at the 
position of VLDL (Ishibashi, 1994) and the lipoprotein profile was similar to that of 
cholesterol-fed rabbits (Yin, 2012). These differences in lipoprotein profiles between mice 
and humans or rabbits are probably due to the species differences in lipoprotein 
metabolism.  
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Figure 1. Lipoprotein profiles of a healthy human, rabbits, and mice. Lipoprotein profiles were 
analyzed with high performance liquid chromatography. Animals were fed standard chow.  Red lines 
indicate cholesterol and blue lines indicate triglyceride 

2.2. Lipoprotein metabolism in mice and rats 

Fig. 2 shows a schematic diagram of lipoprotein metabolism in wild-type mice and rats. 
Dietary cholesterol is absorbed at the intestine mediated by Niemann-Pick C1-like 1 
protein (NPC1L1) (Altmann, 2004) and ATP-binding cassette transporters (ABC) (Berge, 
2000). Dietary fat is hydrolyzed to form monoglycerides and fatty acids in the intestine. 
These lipolytic products are translocated to the enterocyte membrane, and migrate to the 
endoplasmic reticulum. Overexpression of the tis7 gene in mice increases triglyceride 
absorption (Wang, 2009), and the transport of saturated fatty acids and cholesterol is 
decreased in fatty acid-binding protein (FABP)-KO mice (Newberry, 2009). 
Monoglycerides and fatty acids are re-esterified into triglycerides at the cytoplasmic 
surface of the endoplasmic reticulum. Synthesized triglycerides, cholesterol, and 
apolipoproteins are assembled in chylomicron particles. In the process of chylomicron 
assembly, MTP assists in binding lipids to apolipoproteins (Hussain, 2012). Since the apoB 
mRNA editing enzyme (apobec-1) functions at the intestinal wall, chylomicron particles 
contain apoB-48 as a major apolipoprotein but do not contain apoB-100. Chylomicron 
particles are released into the lacteal vessel. ApoB-48 is a marker of exogenous lipoprotein 
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in humans and rabbits. At the capillary of peripheral tissue, chylomicron particles release 
free fatty acids (FFA) to adipose tissues mediated by lipoprotein lipase (LPL) and are 
converted to chylomicron remnants (Goldstein, 1983). Chylomicron remnants rapidly 
disappear from the circulation through apoE-receptors (apoER, remnant receptors) 
expressed in the liver. The metabolism of exogenous lipoproteins is preserved across 
species. In endogenous lipoprotein metabolism, cholesterol and other lipids synthesized 
in the liver are assembled in VLDL particles. Since apobec-1 is not expressed in the liver in 
humans and rabbits, VLDL particles contain apoB-100 but not apoB-48. However, VLDL 
particles of mice and rats contain both apoB-100 and apoB-48, because apobec-1 is 
expressed in the liver (Greeve, 1993). At the capillary in peripheral tissue, VLDL particles 
release FFA similar to chylomicron particles, which is then transformed into intermediate-
density lipoprotein (IDL) (Goldstein, 1983). Part of the remaining VLDL particles and/or 
partially catalyzed VLDL particles bind to VLDL receptors expressed in peripheral tissue 
(Takahashi, 2004). Finally, apoB-48-containing VLDL and IDL in mice and rats disappear 
from the circulation through apoER expressed in the liver similar to chylomicron 
remnants. Some IDL particles containing apoB-100 bind to LDLRs in the liver, the rest 
release fatty acids via hepatic lipase (HL) and are transformed into LDL. LDL particles 
bind to LDLRs expressed at the surface of somatic cells. Therefore, a marker of 
endogenous lipoproteins is apoB-100 in humans and rabbits but endogenous lipoproteins 
of mice and rats contain both apoB-100 and apoB-48. Since the fractional catabolic rate for 
apoB-48-containing lipoproteins is very high compared to that for apoB-100-containing 
lipoproteins (Li, 1996), concentrations of VLDL and LDL are very low in wild-type mice 
and rats compared to humans. In reverse cholesterol transport from peripheral tissue to 
the liver, high-density lipoproteins (HDLs) receive free cholesterol from macrophages 
through scavenger receptor type B-I (SR-BI) and ABCs such as ABCA1 (Rohrer, 2009). The 
free cholesterol transported from macrophages is esterified by lecithin:cholesterol 
acyltransferase (LCAT) in plasma. The esterified cholesterol in HDL particles is 
transferred to VLDL, IDL, and LDL in plasma by cholesterol ester transfer protein (CETP) 
in humans and rabbits (Son, 1986), while mice and rats do not have CETP activity in 
plasma (Agellon, 1991). Therefore, the cholesterol ester in HDL particles is not transferred 
to apoB-containing lipoproteins in mice and rats. This is one of the major reasons why 
HDL is the predominant lipoprotein in these two species. Circulating HDL particles bind 
to SR-BI in the liver. Therefore, the large difference in lipoprotein metabolism between 
mice / rats and humans / rabbits is characterized by both the expression of apobec-1 in the 
liver and absence of CETP in the plasma of mice and rats. Dyslipidemia develops when 
lipoprotein metabolism is impaired. For example, LDLR deficiency causes familial 
hypercholesterolemia, and impaired LPL function causes hypertriglyceridemia. A number 
of animal models including transgenic animals, knockout animals, and spontaneous 
mutant animals can develop hypercholesterolemia, hypertriglyceridemia, and 
postprandial hypertriglyceridemia. However, the lipoprotein profile of these mice is 
greatly different from that of human patients. 
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Figure 2. Lipoprotein metabolism in mice and rats (wild-type). Abbreviations: ACAT, acyl-
CoA:cholesterol acyltransferase; apoB, apolipoprotein B; CETP, cholesterol ester transfer protein; Chyl, 
chylomicron; CR, chylomicron remnant; DGAT2, acyl-Co-A:diacylglycerol acyltransferase 2; ER, apoE 
receptor; FABP, fatty acids-binding protein; FFA, free fatty acids; H, high-density lipoprotein; HL, 
hepatic lipase; I48, intermediate-density lipoprotein (IDL) with apoB-48; I100, IDL with apoB-100; L, 
low-density lipoprotein (LDL); LCAT, lecithin:cholesterol acyltransferase; LPL, lipoprotein lipase; LR, 
LDL receptor; M, macrophage; MTP, microsomal triglyceride transfer protein; NPC1L1, Niemann-Pick 
C1-like 1; PLTP, phospholipid transfer protein; SR-BI, scavenger receptor type B-I; V48, very low-
density lipoprotein (VLDL) with apoB-48; V100, VLDL with apoB-100; VR, VLDL receptor 

3. Genetically modified animal models as tools for studying lipoprotein 
metabolism 

Genetically modified animals for studying lipoprotein metabolism are summarized in Table 
1. The list includes genetically modified mice, rats, rabbits, and chicken, but not double- or 
triple-modified animals. Several double- or triple-modified mice were developed by cross-
breeding, for example, the apoE/LDLR-dKO mouse, the apoE/SRBI-dKO mouse, and others. 
Genetically modified animals can be good tools for clarifying the role of genes in lipoprotein 
metabolism and atherosclerosis if researchers take into consideration species differences. 
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 Transgenic animals  Knockout animals 
 mouse rat rabbit mouse rat chick 
Apolipoprotein 
apoA-I Walsh, 1989 Swanson, 1992 Duverger, 1996 Plump, 1997 
apoA-II Marzal-Casacub, 1996 Koike, 2009 Weng, 1996 
apoB100 Farese, 1995  Fan, 1995 Young, 1995 
apoC-I Simonet, 1991   Gautier, 2002 
apoC-II Shachter, 1994 
apoC-III Aalto-Setala, 1992  Ding, 2011 
apoC-IV Allan, 1996 
apoE Shimano, 1992  Fan, 1998 Piedrahita, 1992 
apo(a) Chiesa, 1992  Rouy, 1998 
apoM Christoffersen, 2008  Christoffersen, 2008 
Cholesterol absorption in intestine 
NPC1L1     Altmann, 2004   
ABCA1     McNeish, 2003   Mulligan, 2003 
ACAT1     Buhman, 2000 
Apobec 1     Kendrick, 2001 
MTP     Xie, 2006 
PLTP     Liu, 2007 
SR-BI     Mardones, 2001 
FABP     Newberry, 2009 
tis7 Wang, 2005 
VLDL secretion from liver 
DGAT2     Liu, 2008   
MTP     Raabe, 1998 
Apobec-1     Morrison, 1996 
Lipolytic enzyme 
LPL Shimada, 1993  Fan, 2001 Coleman, 1995 
HL Braschi, 1998  Fan, 1994 Gonzalez-Navarro, 2004 
EL Ishida, 2003;  Ishida, 2003; Ma, 2003 
Lipoprotein metabolism 
LDLR Hofmann, 1998  Ishibashi, 1993  Asahina, 2012 
PCSK9 Herbert, 2010    Rashid, 2005 
VLDLR     Frykman, 1995 
SR-type A     Suzuki, 1997 
Reverse cholesterol transport 
ABCA1 Vaisman, 2001    McNeish, 2000 
ABCG1 Kennedy, 2005    Kennedy, 2005 
SR-BI Wang, 1998    Rigotti, 1997 
LCAT Vaisman, 1995  Hoeg, 1996 
CETP Aggellon, 1991 Herrera, 1999 
PLTP Jiang, 1996  Masson, 2011 Jiang, 1999 

Table 1. List of genetically modified animals regarding lipoprotein metabolism. 
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3.1. Cholesterol absorption in the intestine 

Recent studies using genetically modified animals have help to clarify the mechanism of 
cholesterol absorption in the jejunum. Dietary cholesterol forms micelles with bail acids in the 
lumen of the jejunum, which are then transported through NPC1L1. Thereafter, the free 
cholesterol is esterified by acyl coenzyme A:cholesterol acyltransferase 2 (ACAT2) and 
chylomicron particles are formed by the packaging of esterified cholesterol, triglyceride, and 
apolipoprotein B by MTP (Hussain, 2012). NPC1L1 was found by Altman et al (2002). 
NPC1L1, highly expressed in the jejunum and located on the surface of absorptive enterocytes, 
is critical for the intestinal absorption of dietary and biliary cholesterol (Altmann, 2004). 
NPC1L1 mediates cholesterol uptake through vesicular endocytosis. Davis et al (2004) 
produced NPC1L1 KO mice, which had substantially reduced intestinal uptake of cholesterol 
and sitosterol. NPC1L1-deficiency resulted in the up-regulation of intestinal 
hydroxymethylglutaryl-CoA synthase mRNA expression and an increase in intestinal 
cholesterol synthesis, the down-regulation of ABCA1 mRNA expression, and no change in 
ABCG5 and ABCG8 mRNA levels. Therefore, NPC1L1 is required for intestinal uptake of both 
cholesterol and phytosterols and plays a major role in cholesterol homeostasis. These findings 
in NPC1L1-KO mice were similar to results obtained with an inhibitor of cholesterol 
absorption, ezetimibe (Garcia-Calvo, 2005). Phospholipid transfer protein (PLTP) is also 
involved in cholesterol absorption in the intestine (Liu R, 2007). PLTP-KO mice absorb 
significantly less cholesterol than wild-type mice. In addition, mRNA levels of NPC1L1 and 
ABCA1 and MTP activity levels were significantly decreased in the small intestine of PLTP-KO 
mice. The free cholesterol taken up through NPC1L1 and PLTP is esterified by ACAT2. 
Experiments with ACAT2-KO mice demonstrated that a deficiency of ACAT2 activity inhibits 
cholesterol absorption in the intestine (Buhman, 2000). In the intestine, lipids absorbed are 
packaged with apolipoproteins and form chylomicron particles. The major structural 
apolipoprotein in chylomicron particles is apoB-48. ApoB-48 is produced by apobec-1, which 
inserts a stop codon. A deficiency of apobec-1 in the intestine resulted in reduction in the 
secretion and assembly of chylomicron particles (Kendrick, 2001). These results from apobec-1-
KO mice suggested that apoB-48 is involved in the assembly of chylomicron particles (Lo, 
2008). Finally, absorbed lipids and synthesized apolipoproteins are assembled by MTP. MTP-
KO mice demonstrated a decrease in cholesterol absorption and chylomicron secretion, in 
addition to manifestations of steatorrhea (Xie, 2006). Although ABC and SR-BI were 
considered important to cholesterol absorption until the year 2000, SR-BI is not essential for 
intestinal cholesterol absorption (Mardones, 2001). Cholesterol absorption was independent of 
ABCA1 in KO mice (McNeish, 2000) and ABCA1-mutant chickens (Mulligan, 2003). Thus, 
studies with genetically modified animals have verified the mechanisms of dietary lipid 
absorption revealed by experiments in vitro.  

3.2. Formation and secretion of VLDL particles from liver 

The liver is the main organ in lipoprotein metabolism. Endogenous lipoprotein (VLDL) 
particles are produced in liver. The production and secretion of VLDL consist of the 
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synthesis of cholesterol, triglyceride, phospholipids, and apolipoproteins, and assembly of 
these components. As described, apobec-1 is expressed in the liver in mice and rats, but not 
in humans and rabbits. Therefore, apoB-48-containing VLDL particles are secreted from the 
mouse and rat liver. Compared to those containing apoB-100, VLDL particles containing 
apoB-48 are rapidly cleared from circulation through apoER expressed on hepatocytes, 
similar to chylomicron remnants (Fig 2). To better approximate human lipoprotein 
metabolism, apobec-1-deficient mice were developed by gene targeting (Morrison, 1996). 
The LDL levels increased and HDL levels decreased in the circulation. However, 
overexpression of human apoB-100 showed different results between mice and rabbits. 
Plasma cholesterol levels decreased in apoB-100-overexpresing mice (Farese, 1996), although 
plasma cholesterol, triglyceride, and LDL levels increased and HDL levels decreased in 
apoB-100-overexpressing rabbits (Fan, 1995). This difference may be due to differences in 
CETP activity in the circulation between mice and rabbits. In addition, suppression of acyl-
CoA: diacylglycerol acyltransferase 2 (DGAT2) expression by antisense treatment decreased 
VLDL secretion in mice (Liu, 2008). This suggests that suppression of triglyceride synthesis 
decreases VLDL secretion. Studies using inhibitors of MTP suggested that MTP plays a key 
role in the production of VLDL particles and inhibition of MTP activity decreases VLDL 
secretion in WHHL rabbits (Shiomi, 2001). Indeed, MTP+/- mice fed a high-fat diet 
demonstrated decreased levels of apoB-containing lipoproteins in plasma (Raabe, 1998). 
Furthermore, hepatocytes synthesize and/or secrete a lot of apolipoproteins, such as apoA, 
apoB, apoC, apoE, apoM, and apo(a). The function of these apolipoproteins has been 
clarified using genetically modified animals. However, influences of the overexpression of 
apoB, apoE, and apo(a) differ between mice and rabbits. ApoE overexpression resulted in a 
marked decrease in non-HDL cholesterol in mice (Shimano, 1992), while in rabbits, 
cholesterol of LDL and HDL increased and the fractional catabolic rate of chylomicron also 
increased (Fan, 1998). These differences between mice and rabbits may be due to CETP 
activity and the expression of abobec-1 in mouse liver. Lipoprotein (a), an atherogenic 
lipoprotein, is formed by the binding of apo(a) to LDL particles and is detected in plasma of 
only humans and monkeys. In human-apo(a) transgenic mice (Chiesa, 1992), apo(a) does not 
bind to mouse LDL particles, while human apo(a) binds to rabbit LDL particles and 
lipoprotein (a) is also atherogenic in rabbits (Rouy, 1998; Fan, 1999). Therefore, the role of 
endogenous apoB-containing lipoproteins (VLDL, IDL, and LDL) in the regulation of 
plasma lipid levels differs between genetically modified mice and rabbits or humans. 

3.3. Lipolysis of apoB-containing lipoproteins  

Lipoproteins are transporters in circulation that provide cholesterol as a material for steroid 
hormones and the cytoskeleton, and triglycerides (fatty acids) for energy to peripheral 
tissue. In the transportation of fatty acids, lipoprotein lipase (LPL), hepatic lipase (HL), and 
endothelial lipase (EL) function at capillaries and apoC affects lipolytic activities. LPL 
mediates the lipolysis of VLDL and chylomicrons, and these lipoprotein particles are 
transformed into IDL and chylomicron remnants, respectively. Although LPL-/- mice die 
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within a day after birth because of dramatic hypertriglyceridemia, impaired fat tolerance, 
and hypoglycemia (Weinstock, 1995), these LPL-KO mice could be rescued by transient LPL 
expression induced by adenoviral-mediated gene transfer (Strauss, 2001). Rescued adult 
LPL-KO mice exhibit severe hypertriglyceridemia as patients with homozygous LPL-
deficiency. LPL+/- mice showed increases in plasma triglyceride levels due to increases in 
the fraction of VLDL and chylomicrons in the circulation. Overexpression of LPL in mice 
(Shimada, 1993) and rabbits (Fan, 2001) caused decreases in plasma triglyceride, VLDL, and 
LDL levels, in addition to the suppression of atherosclerotic lesions (Shimada, 1996). ApoC-I 
modulates this metabolism. Although knockout of apoC-I gene did not affect serum lipid 
levels, expression of human CETP markedly increased levels of cholesterol ester in plasma, 
VLDL, and LDL in apoC-I-KO mice (Gautier, 2002). In contrast, in transgenic mice 
overexpressing human apoC-I, plasma triglyceride and total cholesterol levels were 
increased compared to those in wild-type mice. In addition, overexpression of apoC-I, apoC-
II, apoC-III, and apoC-IV also increased plasma triglyceride and total cholesterol levels, and 
suppressed LPL activity in mice (Simonet, 1991; Shachter, 1994; Aalto-Setala, 1992; Allan, 
1996) and rabbits (Ding, 2011). HL modulates the metabolism of both apoB-containing and 
apoA-containing lipoproteins. In apoE-KO mice, deficiency of HL showed a decrease in the 
fractional catabolic rate of apoB-48-containing VLDL, IDL and LDL despite no effects on 
apoB-100-containing LDL, in addition to increases in total cholesterol and triglyceride levels 
in apoB-containing and apoA-containing lipoproteins (Mezdour, 1997 & Gonzalez-Navarro 
H, 2004). However, development of atherosclerotic lesions was reduced in HL-KO mice. In 
HL-transgenic mice (Brashci, 1998) and rabbits (Fan, 1994), catabolism of both HDL and 
apoB-48-containing lipoproteins is enhanced, and plasma total cholesterol and triglyceride 
levels are decreased. Therefore, HL may be associated with catabolism of not only apoB-
containing lipoproteins but HDL. EL is located in arterial endothelial cells and has 
phospholipase activity against phospholipids in HDL particles (Broedl, 2003; Ishida, 2003). 
EL hydrolyzes phospholipids on HDL particles and promotes catabolism of HDL. 
Overexpression of EL decreases in HDL cholesterol and apoA-I levels decreased in mice 
(Ishida, 2003; Jaye, 1999). By contrast, a deficiency of EL increases HDL levels (Ishida, 2003; 
Ma, 2003), in addition to atherogenic action (Ishida, 2004) and allergic asthma (Otera, 2009). 
Another study confirmed the high HDL-C levels in EL-/- mice but did not document an 
association with atherosclerosis (Ko, 2005). Thus, the role of EL in reverse cholesterol 
transport and atherosclerosis has not been fully elucidated. Further studies are required to 
clarify the function of EL in the metabolism of HDL and atherosclerosis. In studies about 
lipolysis, genetically modified animals have demonstrated no species differences, and are 
useful in this field.  

3.4. Receptor-mediated catabolism of apoB-containing lipoproteins 

3.4.1. LDL receptor 

Lipoprotein receptors, such as LDLRs, VLDL receptors (VLDLRs), apoE receptors (remnant 
receptors, apoERs), and scavenger receptors (SRs), take up lipoprotein particles into 
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parenchymal cells and/or phagocytes. LDLRs are expressed on the surface of parenchymal 
cells and bind to circulating LDL. The ligands are apoB-100 and apoE. A deficiency or the 
suppression of LDLRs results in the accumulation of LDL in the circulation, a condition 
known as human familial hypercholesterolemia. Several animal models for LDLR-deficiency 
have been developed. One of the better known models is the WHHL (Watanabe, 1980) or 
WHHLMI (Shiomi, 2003; 2009) rabbit. WHHL or WHHLMI rabbits show 
hypercholesterolemia due to LDLR deficiency even when fed standard chow. However, 
LDLR-KO mice (Ishibashi, 1993 & 1994) and LDLR-KO rats (Asahina, 2012) showed mildly 
increased serum cholesterol levels. Sanan et al. (1998) reported that LDLR-KO mice 
expressing human apoB-100 showed hypercholesterolemia due to the accumulation of LDL 
in the plasma even in chow feeding. In addition, Teng et al (1997) demonstrated that 
adenovirus-mediated gene delivery of apobec-1 reduced plasma apoB-100 levels, leading to 
the almost complete elimination of LDL particles and a reduction in LDL cholesterol in 
LDLR-KO mice. These studies suggests that the absence of any increase in plasma 
cholesterol levels in LDLR-KO mice is due to the expression of apobec-1 in the liver and 
apoB-100-containing LDL is a key player in LDLR deficiency to increased plasma cholesterol 
levels. Expression of LDLRs on the cell surface is regulated by proprotein convertase 
subtilisin/kexin type 9 (PCSK9). Recently, Huijgen et al. (2012) reported that plasma levels of 
PCSK9 were associated with LDL cholesterol levels in patients with familial 
hypercholesterolemia. In addition, overexpression of PCSK9 induced negative modulation 
of LDLR expression and decreased plasma LDL clearance, also promoting atherosclerosis 
(Herbert, 2010). In contrast, knockout of PCSK9 resulted in an increase in the LDL receptor 
protein (Mbikay, 2010) and a decrease in plasma cholesterol levels (Rashid, 2005). 
Furthermore, PCSK9 regulates the expression of not only LDLRs but VLDLRs and apoERs 
(Poirier, 2008). Therefore, PCSK9 can be considered a new target in the treatment of 
hypercholesterolemia. 

3.4.2. VLDL receptor 

VLDL particles are incorporated through VLDLRs. VLDLRs are expressed in heart, muscle, 
adipose tissues, and macrophages but not in liver in humans and rabbits. In mice, however, 
VLDLRs are not expressed in macrophages (Takahashi, 2011), suggesting the process of 
atherogenesis to be somewhat different between mice and humans or rabbits. Knockout of 
VLDLRs does not affect lipoprotein metabolism but decreases body weight, BMI, and 
epididymal fat in mice (Frykman, 1995). In addition, LPL activity is decreased by VLDLR-
deficiency. These observations suggest VLDLRs to be associated with metabolic syndrome. 
Furthermore, a recent study suggests that the expression of VLDLRs is affected by PCSK9 
(Roubtsova, 2011). Surprisingly, adipose tissues of apoE-KO mice did not express LDLR, 
VLDLR, and LDLR-related proteins (Huang, 2009), although wild-type mice developed 
these receptors in adipose tissue. Since the VLDLR has various functions, genetically 
modified animals may contribute to further studies. 
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3.4.3. Remnant receptor 

Remnant receptors are mainly expressed in liver and contribute to the metabolism of 
exogenous lipoproteins, which contain apoB-48, in humans and rabbits. Therefore, down-
regulation of remnant receptor function causes the accumulation of chylomicron remnants 
in plasma. As their ligand is apolipoprotein E, remnant receptors are also called apoE 
receptors (apoERs). In mice and rats, VLDL, IDL, and LDL contain apoB-48 due to the 
expression of apobec-1 in the liver. These apoB-48-containing lipoproteins bind to apoERs 
through interaction with the apoE ligand and disappear from the circulation rapidly. The 
fractional catabolic rate for apoB-48-containing VLDL is remarkably high compared to that 
for apoB-100-containing VLDL (Gonzalez-Navarro, 2004). This is one of the reasons why 
concentrations of VLDL and LDL are very low in plasma of mice and rats. In contrast, apoE-
KO mice have very high VLDL concentration and the VLDL fraction consists of apoB-48 
(Gonzalez-Navarro, 2004). Since apoE is a ligand of apoER, lipoproteins containing only 
apoB-48 cannot bind to apoERs in apoE-KO mice. This is the reason for the 
hypercholesterolemia in apoE-KO mice. Consequently, the hypercholesterolemia of apoE-
KO mice due to the accumulation of apoB-48-containing lipoproteins is different from 
human hypercholesterolemia due to the accumulation of apoB-100-containing lipoproteins. 
This difference affects the development of hypocholesterolemic agents.  

3.4.4. Scavenger receptor type A 

Scavenger receptor type A (SR-A) is expressed on phagocytes and plays an important role in 
the removal of modified lipoproteins, such as oxidized-LDL, acetyl-LDL, and glycated-LDL. 
Therefore, SR-A plays an important role in atherogenesis. Knockout of SR-A decreases the 
uptake of modified LDL, but does not affect plasma lipid levels (Suzuki, 1997).  

3.5. Reverse cholesterol transport 

The plasma concentration of HDL is inversely related to the risk of atherosclerotic vascular 
diseases. HDL plays a key role in the reverse transport of cholesterol from peripheral tissue 
to liver. Recent studies suggest that HDL is also associated with anti-inflammation, anti-
thrombosis, anti-oxidation, and the enhancement of endothelial function. Newly 
synthesized apoA-I binds to ABCs (particularly ABC-A1) or SR-BI of macrophages and 
takes up free cholesterol from macrophages. The complex of apoA-I and free cholesterol is 
transformed into discoidal nascent HDL (pre-β HDL). These nascent HDLs become HDL 
particles (HDL3) after esterification of the free cholesterol by LCAT in plasma. In the process 
of the transformation from discoidal HDL to HDL3, HDL takes up apoE and free cholesterol 
from macrophages mainly by ABCG1. Therefore, as the HDL matures, its cholesterol 
content increases. In humans and rabbits, CETP in plasma exchanges the cholesterol ester of 
HDL particles with triglyceride in apoB-containing lipoproteins. Therefore, peripheral 
cholesterol is transported by two pathways; an LDLR pathway mediated by CETP function 
and a SR-BI pathway. However, mice and rats do not have CETP activity in plasma. 
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Therefore, the pathway of reverse cholesterol transport is markedly different between mice / 
rats and humans / rabbits. 

3.5.1. Apolipoproteins of HDL particles 

HDL particles contain apoA, apoC, apoE, and apoM. ApoA, the main structural 
apolipoprotein of HDL particles, is mainly classified as apoA-I, apoA-II, and apoA-IV. 
ApoA and apoE play an important role in the efflux of cholesterol from macrophages to 
discoidal and small HDL, respectively. Recent studies suggested that apoM is related to the 
anti-oxidative function of HDL (Elsoe, 2012).  

ApoA-I is a major structural apolipoprotein of HDL particles. ApoA is synthesized mainly 
in the liver and intestine, and from HDL particles hydrolyzed by HL. Humans and mice 
have two types of HDLs. One contains only apoA-I and the other, both apoA-I and apoA-II. 
However, rabbit HDLs are apoA-I particles (Chapman, 1980 & Koike, 2009). ApoA-I plays 
an important role in the reverse transport of cholesterol. Overexpression of apoA-I increases 
HDL-cholesterol levels in mice (Walsh, 1989), rats (Swanson, 1992), and rabbits (Duverger, 
1996). In contrast, knockout of the apoA-I gene in mice decreases cholesterol levels in HDL, 
VLDL, and whole plasma (Plump, 1997). In addition, apoA-I-deficient HDL is a poor 
substrate for HL and LCAT. These studies using genetically modified animals indicate that 
apoA-I plays an important role in cholesterol reverse transport. Another major 
apolipoprotein of HDL is apoA-II. Overexpression of human apoA-II in mouse liver resulted 
in a decrease in plasma cholesterol levels due to a decrease in HDL cholesterol but an 
increase in plasma triglyceride levels (Marzal-Casacub, 1996). In addition, LCAT activity 
and mouse apoA-II levels in plasma were decreased in human apoA-II transgenic mice. 
Consequently, the changes in plasma lipid levels in human apoA-II transgenic mice may be 
due to a reduction in levels of mouse apoA-II. These results suggest species differences in 
apoA-II. In addition, apoA-II is dimer in human but monomer in mice. Knockout of apoA-II 
in mice resulted in a decrease in not only HDL-cholesterol but non-HDL cholesterol. In 
addition, the fractional catabolic rate for apoA-I was increased by a deficiency of apoA-II 
(Weng, 1996). Furthermore, the deficiency was associated with lower free fatty acid, glucose, 
and insulin levels, suggesting insulin hypersensitivity, while apoA-II does not relate to 
insulin sensitivity in humans. Therefore, the function of apoA-II is very confusing in mouse 
models. Conversely, rabbits overexpressing human apoA-II, which do not have apoA-II, 
lipid levels in plasma and non-HDL lipoproteins were increased but HDL-cholesterol levels 
and activities of LPL and HL were decreased (Koike, 2009). Therefore, effects of human 
apoA-II overexpression may be different between mice and rabbits. To clarify the function 
of apoA-II, more studies are required. 

3.5.2. Transfer of cholesterol from macrophages to HDL 

The start of the reverse cholesterol transport process is the transfer of cholesterol from 
macrophages to apoA-I, in which ABCs play important roles. Several strains of mice with 
genetically modified ABCA1 and ABCG1 have been produced. Overexpression of ABCA1 in 
mice increases cholesterol efflux from macrophages, in addition to increases in levels of 
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However, rabbit HDLs are apoA-I particles (Chapman, 1980 & Koike, 2009). ApoA-I plays 
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in a decrease in plasma cholesterol levels due to a decrease in HDL cholesterol but an 
increase in plasma triglyceride levels (Marzal-Casacub, 1996). In addition, LCAT activity 
and mouse apoA-II levels in plasma were decreased in human apoA-II transgenic mice. 
Consequently, the changes in plasma lipid levels in human apoA-II transgenic mice may be 
due to a reduction in levels of mouse apoA-II. These results suggest species differences in 
apoA-II. In addition, apoA-II is dimer in human but monomer in mice. Knockout of apoA-II 
in mice resulted in a decrease in not only HDL-cholesterol but non-HDL cholesterol. In 
addition, the fractional catabolic rate for apoA-I was increased by a deficiency of apoA-II 
(Weng, 1996). Furthermore, the deficiency was associated with lower free fatty acid, glucose, 
and insulin levels, suggesting insulin hypersensitivity, while apoA-II does not relate to 
insulin sensitivity in humans. Therefore, the function of apoA-II is very confusing in mouse 
models. Conversely, rabbits overexpressing human apoA-II, which do not have apoA-II, 
lipid levels in plasma and non-HDL lipoproteins were increased but HDL-cholesterol levels 
and activities of LPL and HL were decreased (Koike, 2009). Therefore, effects of human 
apoA-II overexpression may be different between mice and rabbits. To clarify the function 
of apoA-II, more studies are required. 

3.5.2. Transfer of cholesterol from macrophages to HDL 

The start of the reverse cholesterol transport process is the transfer of cholesterol from 
macrophages to apoA-I, in which ABCs play important roles. Several strains of mice with 
genetically modified ABCA1 and ABCG1 have been produced. Overexpression of ABCA1 in 
mice increases cholesterol efflux from macrophages, in addition to increases in levels of 
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cholesterol, apoA-I, and apoA-II in HDL (Vaisman, 2001). In contrast, ABCA1-KO mice 
showed a marked decrease in HDL-cholesterol, LDL-cholesterol, and plasma apoB levels, 
and an absence of apoA-I in plasma, but an increase in cholesterol absorption and the 
accumulation of lipid-laden macrophages (McNeish, 2000). Furthermore, in ABCG1-KO 
mice, cholesterol efflux from macrophages to HDL is decreased (Kennedy, 2005). After its 
efflux from macrophages to apoA-I and HDL, free cholesterol is esterified by LCAT in the 
plasma. Overexpression of LCAT in mice increases levels of cholesterol, apoA-I, apoA-II, 
and apoE in plasma, in addition to HDL cholesterol (Vaisman, 1995). LCAT-overexpressing 
rabbits showed an increase in HDL-cholesterol on a chow diet but non-HDL cholesterol was 
not increased on a cholesterol diet (Hoeg, 1996). Therefore, LCAT plays an important role in 
the esterification of free cholesterol in HDL. Studies using ABCA1-KO mice, ABCG1-KO 
mice, and ABCA1/ABCG1-dKO mice (Out, 2008) have elucidated how cholesterol is 
transported from macrophages to HDL. ApoE also promotes reverse cholesterol transport 
by enhancing the efflux of free cholesterol from peripheral macrophages to maturing HDL 
particles (Hayek, 1994). The efflux of free cholesterol to apoE-binding HDL is mediated by 
ABCG1/4 (Matsuura, 2006). The efflux from macrophages to apoE-containing HDL3 (small 
HDL particles) depends on apoE. HDL-cholesterol levels are markedly low in apoE-KO 
mice, despite being high HDL in wild-type mice (Zhang, 1992). Therefore, the low HDL-
cholesterol levels in apoE-KO mice are due to a decrease in the efflux of cholesterol from 
macrophages to HDL. By contrast, the overexpression of apoE induced a marked decrease in 
apoB-containing lipoproteins in mice (Shimano, 1992), but human apoE3 overexpression 
increased cholesterol levels in not only HDL but LDL in rabbits (Fan, 1998). These 
differences between mice and rabbits are due to the activity of CETP in plasma, since no 
CETP activity is detected in mice but strong activity is found in rabbits. 

3.5.3. Transfer of lipids from HDL to apoB-containing lipoproteins 

One of the main courses of reverse cholesterol transport depends on CETP in plasma in 
human and rabbits (Son, 1986). However, mice and rats do not have CETP activity in plasma 
(Agellon, 1991). Therefore, in mice, the HDL cholesterol level is high but cholesterol levels of 
apoB-containing lipoproteins are markedly low. Overexpression of human CETP in mice 
induces a decrease in HDL-cholesterol but no changes in cholesterol levels in VLDL and 
LDL (Agellon, 1991). Similar findings were made in Dahl rats (Herrera, 1999). One of the 
reasons for no changes in cholesterol levels of non-HDL fraction is due to a rapid clearance 
of apoB-48-containing lipoproteins through apoER. These results suggest that CETP 
transfers cholesterol ester from HDL to apoB-containing lipoproteins. Furthermore, CETP 
expression led to atherosclerosis in Dahl rats fed a cholesterol diet. Therefore, CETP-
overexpression can cause complex responses depending on diet. PLTP is a plasma protein, 
which transfers phospholipids from apoB-containing lipoproteins to HDL. Knockout of 
PLTP resulted in a decrease in cholesterol (Jiang, 1999; 2001). In PLTP transgenic mice, PLTP 
did not affect lipid levels of apoB-containing lipoproteins but increased phospholipid and 
cholesterol levels in HDL (Jiang, 1996). However, overexpression of PLTP in rabbits 
increased cholesterol levels in apoB-containing lipoproteins but had no effect on HDL lipids 
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in a high-cholesterol deiet feeding (Masson, 2011). These differences in the function of PLTP 
between mice and rabbits may be due to fundamental differences in lipoprotein metabolism, 
such as CETP activity in the plasma and apobec-1 expression in the liver. Therefore, one has 
to be deliberate in interpreting results from gene modification studies. 

3.5.4. HDL receptors 

HDL particles are incorporated by SR-BI, a HDL receptor, expressed in liver. In humans and 
rabbits, cholesterol is transferred from peripheral macrophages to liver through two 
pathways, via CETP-LDLR and SR-BI, while in mice and rats, cholesterol is transported to 
liver via SR-BI expressed in liver. Overexpression of SR-BI in mice induces a decrease in 
plasma lipids and an increase in the fractional catabolic rate for HDL (Wang, 1998). In 
contrast, SR-BI-KO mice show increases in plasma cholesterol levels, HDL particle size, and 
levels of apoE and apoA-I in HDL particles (Rigotti, 1997). These results demonstrate the 
function of SR-BI in reverse cholesterol transport. However, these changes in plasma lipid 
levels reflect HDL lipid levels, because mice do not have CETP activity in the plasma.  

4. Species differences in phenotypes between genetically modified 
animals  

Table 2 shows species differences in phenotypes of lipoprotein metabolism between 
genetically modified animals when the same genes were modified. Overexpression of apoB-
100 increased HDL-cholesterol but had no effect on non-HDL-cholesterol in mice fed a chow 
diet (Farese, 1996) but increased in cholesterol levels in plasma and LDL in rabbits (Fan, 
1995). Overexpression of apoE decreased levels of apoB-containing lipoproteins in mice 
(Shimano, 1992) but increased cholesterol levels in plasma and LDL in rabbits (Fan, 1998). In 
addition, overexpression of PLTP increased HDL-cholesterol and apoA-I levels but did not 
affect LDL-cholesterol in mice (Jiang, 1996), while it increased LDL-cholesterol and did not 
affect HDL in rabbits (Masson, 2011). These differences may be due to high CETP activity in 
rabbits and no CETP activity in mice. Lipoprotein(a) is detected in humans and monkeys, 
and is an atherogenic lipoprotein. In mice overexpressing human apo(a) (Chiesa, 1992), 
apo(a) did not bind to mouse LDL particles, while in rabbits, human apo(a) can bound to 
rabbit LDL particles and formed Lp(a) (Rouy, 1998; Fan, 1999). Finally, LDLR-KO increased 
cholesterol levels mildly in plasma and LDL in mice (Ishibashi, 1993) and rats (Asahina, 
2012), while spontaneous LDLR-deficient rabbits (WHHL or WHHLMI rabbits) show severe 
hypercholesterolemia due to the accumulation of LDL in plasma even on a normal diet 
(Goldstein, 1993; Shiomi, 2003; 2009). In humans, LDLR-deficiency produces severe 
hypercholesterolemia due to the accumulation of LDL in plasma. These differences in effects 
of LDLR between humans / rabbits and mice / rats may be due to the expression of apobec-1 
in the liver and CETP activity in the plasma. Therefore, one has to consider species 
differences when using animal models. LDLR-KO mice on a high-fat diet showed dramatic 
hypercholesterolemia (Ishibashi, 1994), and the plasma cholesterol level is comparable with 
or higher than that of apoE-KO mice. In contrast, the degree of atherosclerosis is greater in 
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in a high-cholesterol deiet feeding (Masson, 2011). These differences in the function of PLTP 
between mice and rabbits may be due to fundamental differences in lipoprotein metabolism, 
such as CETP activity in the plasma and apobec-1 expression in the liver. Therefore, one has 
to be deliberate in interpreting results from gene modification studies. 

3.5.4. HDL receptors 

HDL particles are incorporated by SR-BI, a HDL receptor, expressed in liver. In humans and 
rabbits, cholesterol is transferred from peripheral macrophages to liver through two 
pathways, via CETP-LDLR and SR-BI, while in mice and rats, cholesterol is transported to 
liver via SR-BI expressed in liver. Overexpression of SR-BI in mice induces a decrease in 
plasma lipids and an increase in the fractional catabolic rate for HDL (Wang, 1998). In 
contrast, SR-BI-KO mice show increases in plasma cholesterol levels, HDL particle size, and 
levels of apoE and apoA-I in HDL particles (Rigotti, 1997). These results demonstrate the 
function of SR-BI in reverse cholesterol transport. However, these changes in plasma lipid 
levels reflect HDL lipid levels, because mice do not have CETP activity in the plasma.  

4. Species differences in phenotypes between genetically modified 
animals  

Table 2 shows species differences in phenotypes of lipoprotein metabolism between 
genetically modified animals when the same genes were modified. Overexpression of apoB-
100 increased HDL-cholesterol but had no effect on non-HDL-cholesterol in mice fed a chow 
diet (Farese, 1996) but increased in cholesterol levels in plasma and LDL in rabbits (Fan, 
1995). Overexpression of apoE decreased levels of apoB-containing lipoproteins in mice 
(Shimano, 1992) but increased cholesterol levels in plasma and LDL in rabbits (Fan, 1998). In 
addition, overexpression of PLTP increased HDL-cholesterol and apoA-I levels but did not 
affect LDL-cholesterol in mice (Jiang, 1996), while it increased LDL-cholesterol and did not 
affect HDL in rabbits (Masson, 2011). These differences may be due to high CETP activity in 
rabbits and no CETP activity in mice. Lipoprotein(a) is detected in humans and monkeys, 
and is an atherogenic lipoprotein. In mice overexpressing human apo(a) (Chiesa, 1992), 
apo(a) did not bind to mouse LDL particles, while in rabbits, human apo(a) can bound to 
rabbit LDL particles and formed Lp(a) (Rouy, 1998; Fan, 1999). Finally, LDLR-KO increased 
cholesterol levels mildly in plasma and LDL in mice (Ishibashi, 1993) and rats (Asahina, 
2012), while spontaneous LDLR-deficient rabbits (WHHL or WHHLMI rabbits) show severe 
hypercholesterolemia due to the accumulation of LDL in plasma even on a normal diet 
(Goldstein, 1993; Shiomi, 2003; 2009). In humans, LDLR-deficiency produces severe 
hypercholesterolemia due to the accumulation of LDL in plasma. These differences in effects 
of LDLR between humans / rabbits and mice / rats may be due to the expression of apobec-1 
in the liver and CETP activity in the plasma. Therefore, one has to consider species 
differences when using animal models. LDLR-KO mice on a high-fat diet showed dramatic 
hypercholesterolemia (Ishibashi, 1994), and the plasma cholesterol level is comparable with 
or higher than that of apoE-KO mice. In contrast, the degree of atherosclerosis is greater in 
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apoE-KO mice than LDLR-KO mice. In addition, LDLR-KO mice on a chow diet did not 
show massive atherosclerotic lesions at the age of 12 months (Ishibashi, 1994), while apoE-
KO mice on a chow diet for the same period showed massive atherosclerotic lesions (Zhang, 
1992 and Reddick, 1994). These differences in plasma lipid profiles and atherosclerosis are 
not fully understood but are likely to be attributable to the quality or subtype of the 
circulating lipoproteins.  

Genes modification Mice and/or rats Rabbits 

Apo-B100 overexpression 
Increase in HDL-cholesterol 
and no effect on non-HDL-
cholesterol on chow feeding 

Increase in plasma and LDL 
cholesterol 

Apo-E overexpression 
Decrease in non-HDL 

cholesterol 
Increase in plasma and LDL 

cholesterol 

Apo (a) overexpression Not bind to mouse LDL 
Binds to rabbit LDL and 

forms Lp(a) 

PLTP overexpression 
Increase in HDL-cholesterol 
and apoA-I but no effects on 

LDL-cholesterol 

Increase in LDL-cholesterol 
but no effect on HDL 

LDLR-deficiency 
Mild increase in plasma 

cholesterol 
Marked increase in plasma 

cholesterol 

Table 2. Species differences in phenotype on overexpression of the same genes. 

5. Genetically modified animal models for human dyslipidemia  

Table 3 summarizes plasma lipid profiles of genetically modified animal models for human 
dyslipidemia. Plasma lipid and/or lipoprotein profiles of genetically modified mice resemble 
those for human diseases involving apoC-II deficiency, LPL deficiency, and CETP deficiency. 
However, plasma lipid levels and lipoprotein profiles of genetically deficient mice are 
markedly different from those of humans with a deficiency of ABCA1, apoE or LDLR. In 
ABCA1-KO mice, cholesterol levels markedly decreased in not only HDL but whole plasma, 
while patients with Tangier disease, who do not have ABCA1 and show very low levels of 
HDL-cholesterol, exhibit a mild decrease in plasma cholesterol levels. This difference 
between ABCA1-KO mice and patients with Tangier disease may be due to CETP activity in 
plasma. ApoE-KO mice fed normal chow show hypercholesterolemia and the increased 
lipoprotein fraction is VLDL, which contains apoB-48, although plasma triglyceride levels are 
almost normal. In addition, HDL-cholesterol levels are markedly low. However, patients 
with apoE deficiency show type III hyperlipidemia by the WHO classification. The increased 
lipoprotein is VLDL and IDL, and both cholesterol and triglyceride levels are increased. HDL 
cholesterol is almost normal (Mabuchi, 1989). These differences in lipoprotein metabolism 
between mice and patients may be due to the expression of apobec-1 in mouse liver and the 
triglyceride content of the VLDL fraction. Considering these observations, the 
hypercholesterolemia in apoE-KO mice may not reflect human hypercholesterolemia. In 
LDLR deficiency, although humans and rabbit models show marked hypercholesterolemia 
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due to the accumulation of LDL in plasma despite a normal diet (Watanabe, 1980; Shiomi, 
2009), the accumulation of LDL in plasma in homozygous LDLR-KO mice is mild (Ishibashi, 
1993; 1994). These differences in plasma lipid levels and lipoprotein profiles between LDLR-
KO mice and familial hypercholesterolemia or WHHL rabbits are due to the rapid clearance 
of apoB-48-containing VLDL, IDL, and LDL through apoER in mouse liver. Recently, LDLR-
KO rats were developed (Asahina, 2012) . These animals have a similar lipoprotein profile to 
LDLR-KO mice. Studies demonstrate that both the expression of apobec-1 in liver and a 
deficiency of CETP in plasma greatly affect lipoprotein metabolism and plasma lipid levels in 
mice and rats. To solve these problems with LDLR-KO mice and apoE-KO mice, cross 
breeding with apobec-1-KO/CETP-expressing animals may be required in studies of 
lipoprotein metabolism. In the development of statins, potent anti-hyperlipidemic agents 
used by more than 40 million patients world-wide, no cholesterol-lowering effect was 
observed in mice and rats, although strong cholesterol-lowering effects were found in rabbits, 
dogs, monkeys and chickens (Tsujita, 1986). In addition, simvastatin, a statin, did not 
decrease serum cholesterol levels in LDLR-KO mice and CETP(+/-)LDLR(-/-)mice, and 
increased serum cholesterol levels in apoE-KO mice at a dose of 30 mg/kg/day (Yin, 2012), 
although an extremely high dose of statins (0.168% in diet, 200-300 mg/kg/day) decreased 
serum cholesterol levels in LDLR-KO mice (Krause, 1998). In contrast, WHHL rabbits, an 
animal model of familial hypercholesterolemia, have played important roles in studies of the 
hypocholesterolemic effects and anti-atherosclerotic effects of statins (Shiomi, 1995; 2009). The 
cholesterol-lowering effect of statins is mainly mediated by an increase in LDLR in liver. 
Therefore, the effect is weak when the contribution of LDLR to the regulation of plasma 
cholesterol levels is small, as in mice and rats. These studies suggest the need to select animal 
models based on study purposes. 

Gene modification Mice and/or rats Human 

ABCA1 deficiency 
Marked decrease in cholesterol 
levels in both plasma and HDL 

Tangier disease, 
Marked decrease in HDL 

cholesterol but mild decrease in 
plasma cholesterol 

apoC-II deficiency Hypertriglyceridemia Hypertriglyceridemia 

apoE-deficiency 
Hypercholesterolemia 

Increase in VLDL and decrease in 
HDL 

Combined hyperlipidemia 
Increase in IDL and no changes 

in HDL 

LDLR-deficiency 
Mild increase in plasma cholesterol

Mild increase in LDL 
Hypercholesterolemia 

Marked increase in LDL 

LPL deficiency 
Hypertriglyceridemia 

Lethal right after birth in 
homozygotes 

Hypertriglyceridemia 

CETP deficiency 
High HDL cholesterol (wild-type 

mice) 
High HDL cholesterol 

Table 3. Plasma lipid profiles of genetically modified animal models for human dyslipidemia 
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due to the accumulation of LDL in plasma despite a normal diet (Watanabe, 1980; Shiomi, 
2009), the accumulation of LDL in plasma in homozygous LDLR-KO mice is mild (Ishibashi, 
1993; 1994). These differences in plasma lipid levels and lipoprotein profiles between LDLR-
KO mice and familial hypercholesterolemia or WHHL rabbits are due to the rapid clearance 
of apoB-48-containing VLDL, IDL, and LDL through apoER in mouse liver. Recently, LDLR-
KO rats were developed (Asahina, 2012) . These animals have a similar lipoprotein profile to 
LDLR-KO mice. Studies demonstrate that both the expression of apobec-1 in liver and a 
deficiency of CETP in plasma greatly affect lipoprotein metabolism and plasma lipid levels in 
mice and rats. To solve these problems with LDLR-KO mice and apoE-KO mice, cross 
breeding with apobec-1-KO/CETP-expressing animals may be required in studies of 
lipoprotein metabolism. In the development of statins, potent anti-hyperlipidemic agents 
used by more than 40 million patients world-wide, no cholesterol-lowering effect was 
observed in mice and rats, although strong cholesterol-lowering effects were found in rabbits, 
dogs, monkeys and chickens (Tsujita, 1986). In addition, simvastatin, a statin, did not 
decrease serum cholesterol levels in LDLR-KO mice and CETP(+/-)LDLR(-/-)mice, and 
increased serum cholesterol levels in apoE-KO mice at a dose of 30 mg/kg/day (Yin, 2012), 
although an extremely high dose of statins (0.168% in diet, 200-300 mg/kg/day) decreased 
serum cholesterol levels in LDLR-KO mice (Krause, 1998). In contrast, WHHL rabbits, an 
animal model of familial hypercholesterolemia, have played important roles in studies of the 
hypocholesterolemic effects and anti-atherosclerotic effects of statins (Shiomi, 1995; 2009). The 
cholesterol-lowering effect of statins is mainly mediated by an increase in LDLR in liver. 
Therefore, the effect is weak when the contribution of LDLR to the regulation of plasma 
cholesterol levels is small, as in mice and rats. These studies suggest the need to select animal 
models based on study purposes. 

Gene modification Mice and/or rats Human 

ABCA1 deficiency 
Marked decrease in cholesterol 
levels in both plasma and HDL 

Tangier disease, 
Marked decrease in HDL 

cholesterol but mild decrease in 
plasma cholesterol 

apoC-II deficiency Hypertriglyceridemia Hypertriglyceridemia 

apoE-deficiency 
Hypercholesterolemia 

Increase in VLDL and decrease in 
HDL 

Combined hyperlipidemia 
Increase in IDL and no changes 

in HDL 

LDLR-deficiency 
Mild increase in plasma cholesterol

Mild increase in LDL 
Hypercholesterolemia 

Marked increase in LDL 

LPL deficiency 
Hypertriglyceridemia 

Lethal right after birth in 
homozygotes 

Hypertriglyceridemia 

CETP deficiency 
High HDL cholesterol (wild-type 

mice) 
High HDL cholesterol 

Table 3. Plasma lipid profiles of genetically modified animal models for human dyslipidemia 
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6. Conclusion 

In this chapter, the authors summarized achievements of studies using genetically modified 
animal models in lipoprotein research. The cross-breeding of genetically modified animals, 
such as double KO mice, triple KO mice, and others, has contributed to studies of 
lipoprotein metabolism. Studies using genetically modified mice have elucidated the 
mechanisms of cholesterol absorption in the intestine, lipolysis of apoB-containing 
lipoproteins, lipoprotein receptor function, and cholesterol efflux from macrophages to 
HDL. Although genetically modified animals are useful to elucidate the function of genes 
related to lipoprotein metabolism, we have to carefully select animal species to know the 
effect of these genes on lipid levels of whole plasma and lipoprotein profiles in humans. In 
addition, genetically modified mice have limitations in studies about the development of 
hypocholesterolemic agents, because of the expression of apobec-1 in liver and a deficiency 
of CETP activity in plasma. Consequently, these fundamental differences in lipoprotein 
metabolism between mice and humans affect the interpretation of results of gene 
modification about lipoprotein metabolism in mice. To solve these problems, genetically 
modified mice should be produced using CETP-transgenic/apobec-1-KO mice or animals 
having a background of no expression of apobec-1 in the liver and expression of CETP in 
plasma. We have to be careful in the interpretation of results obtained using genetically 
modified animals, and to select animal models in response to study purposes to extrapolate 
the results to humans. Recently, techniques of X-linked severe combined immunodeficiency 
(X-SCID) using zinc-finger nucleases, transcriptional activator-like effector nucleases 
(TALEN), and mutation using an N-ethyl-N-nitrosourea mutagenesis have become available 
for knockout gene expression. These techniques will be able to produce KO-animals other 
than mice. These animals will contribute further to studies of lipoprotein metabolism and 
lipid disorders in humans. 
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1. Introduction 

Functions of the central nervous system (CNS) are mainly performed by neurons and glial 
cells (astrocytes, oligodendrocytes and microglia). Microglia or microcytes have 
macrophage-like immune related functions; oligodendrocytes are the myelinating cells in 
the CNS; and astrocytes have diverse roles in synaptogenesis, neurotransmission, 
myelination and reactive mechanisms to injury. CNS tissue is separated from blood 
circulation by specialized cell barriers, the most extensive being the endothelium of the so-
called blood-brain barrier (BBB).  

Brain cholesterol and lipid homeostasis is largely independent of plasma lipoproteins 
because the BBB restricts the transport of these molecules. In consequence, lipoprotein 
fractions and compositions in the CNS are different from those in the blood, and consist 
mainly of high-density lipoproteins (HDL)-like particles. Glial cells (in particular astrocytes) 
are the main source of cholesterol and HDL-like particles in the CNS [1]. This specialized 
scenario is reflected on the analysis of cerebrospinal fluid (CSF). The CSF contains 
apolipoproteins similar to those of plasma, including apoE, apoA-I and A-II, apoC-I, C-II 
and C-III, apoJ and apoD, but not apoB; apoE and apo A-I are the most abundant. 
Importantly, while HDL-cholesterol and apoA-I in blood influence its levels in the CSF, this 
is not the case for apoE, apoJ and apoD, which are synthetized by glial cells [1-2]. In vitro 
studies have suggested apoA-I expression by brain endothelium and that plasma HDL 
(containing apoA-I) is transcytosed across the BBB [3]. In consequence, the implications of 
plasma lipoprotein metabolism in brain physiology and pathological states have been 
controversial. Nevertheless, many CNS disorders are associated with disturbances of the 
plasma lipoprotein profile and there is increasingly evidence for pathogenic and clinical 
relevance of these alterations.  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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In this chapter we do not pretend to make an exhaustive review on the vast literature related 
to this theme. Rather, we intend to incorporate some relevant studies in a comprehensive 
framework addressed to open new avenues of research. With this purpose, we will mainly 
focus on two frequent and disabling conditions, multiple sclerosis (MS) and Alzheimer 
disease (AD), and discuss the involvement of plasma lipoproteins in brain inflammatory 
and neurodegenerative mechanisms. With this approach we expect that useful insights may 
emerge regarding the contribution of plasma lipoproteins in CNS physiology and 
pathological states. 

2. Multiple sclerosis 

MS is a demyelinating inflammatory and neurodegenerative disease of the CNS with 
heterogeneous pathology (see below) and clinical outcomes. More than 80% of MS patients 
present initially with acute attacks (relapses) of neurological dysfunction (follow by variable 
degree of recovery and periods of “remission”), characterizing the relapsing-remitting 
phenotype (RR-MS). Most of these patients develop a disabling progressive course 
independently of eventual relapses (secondary progressive MS). A small percentage of 
patients (10-15%) presents initially with a progressive disease course (primary progressive 
MS). Patients with clinical isolated syndrome (CIS) have an isolated episode suggestive of 
MS. The investigation of CIS patients is of special theoretical and practical interest because 
of their increased risk to develop the disease. 

A possible involvement of plasma lipoprotein in MS pathogenesis was suggested in 1953 by 
the work of Swank [4]. This author presented evidence for a favorable disease course in 
patients taking a diet poor in animal fat [5]. Sinclair, in 1956, called attention for the 
importance of a deficiency in polyunsaturated fatty acids and remarked similar 
epidemiological aspects of MS and cerebrovascular disease [6]. A landmark work, providing 
a clear potential involvement of plasma lipoproteins in disease was published by Shore et al, 
in 1987 [7]. These authors studied the animal model of MS, experimental autoimmune 
encephalomyelitis (EAE) and concluded that “major changes in apoE-containing lipoproteins are 
undoubtedly significant in the altered immune function in EAE”. Supporting this prediction, it 
was observed higher plasma apoE concentrations in MS patients during relapses in 
comparison to remission states and lower levels in patients under remission in comparison 
to normal controls [8-10]. Studying EAE induction in apoE-deficient female mice, Karussis 
in 2003, found that apoE deficiency might be connected with a defective neuronal repair 
mechanism and enhanced immune reactivity and worse course of the disease [11]. These 
results could indicate that plasma apoE may have an immunosuppressive role in MS [9]. In 
agreement with this concept, our group observed that lower levels of plasma apoE might 
promote immune reactivity in these patients [12]. 

In their work, Shore et al observed higher concentrations of total LDL and HDL 
cholesterol after onset of clinical symptoms. Giubilei et al, in 2002, studied plasma 
lipoproteins and magnetic resonance imaging (MRI) in patients with a first clinical 
episode suggestive of MS (CIS), supporting the findings in EAE [13]. These authors 
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observed high total and HDL-cholesterol in these patients and a significant correlation 
between disease activity (as assessed by MRI) and both total and LDL-cholesterol levels. 
Jamroz-Wisniewska et al found high total cholesterol levels in patients (RR and 
progressive forms) and also higher LDL-cholesterol in RR patients in remission and in 
progressive forms than in healthy subjects [14]. Serum paraoxonase 1 (a HDL associated 
enzyme) activity in relapses was significantly lower in RR patients in comparison to other 
MS groups. An epidemiological survey based on almost 9000 patients with MS found that 
the presence of hypercholesterolemia, among other vascular co-morbidities, increased the 
risk of a more rapid disabling progression of the disease [15]. Recently, Weinstock-
Guttman et al studied the serum lipid profiles in association with clinical disability and 
MRI measures in 492 MS patients [16]. They found that worsening disability was 
associated with higher total and LDL cholesterol, and triglycerides. Higher HDL levels 
were associated with lower probability for the presence of acute inflammatory lesions 
(assessed by MRI). Other authors have found higher HDL-cholesterol (and total blood 
homocysteine) levels in MS patients during a phase of clinical inactivity in comparison to 
normal controls [17]. 

The possible influence of apoE allele polymorphism in MS susceptibility and disease 
severity has been addressed in many studies. Overall, literature does not suggest a role of 
apoE alleles as risk factor of developing MS [18-19]. An association of apoE polymorphism 
with disease severity in MS patients has been more controversial. Using MRI methodology, 
some studies have shown an association between the apoE4 isoform and more severe brain 
tissue destruction in these patients [20-22]. However, an influence of this isoform on the 
clinical course of the disease is not established and the interaction with potential 
confounders should be considered. For example, it was suggested that an influence of apoE 
polymorphism on the clinical course, and even the risk of MS, could particularly exist in 
women [23]. Our group has provided evidence for an influence of cigarette smoking in 
apoE4-carriers, in modulating the clinical severity of RR-MS patients [24]. Some studies have 
suggested an association of apoE4 allele and apoA1 promoter polymorphism with cognitive 
impairment in these patients, which may occur very early in the clinical course of the 
disease [25-26]. 

As mentioned above, MS is a heterogeneous clinical entity. RR-MS has a higher prevalence 
in women (which is increasing) and the course of the disease is in general more disabling in 
men. It is not unreasonable to hypothesize that gender-related and other genetic influences 
could implicate different impacts of lipoprotein metabolism in MS. Few studies have 
analyzed the influence of MS therapies in plasma lipoproteins of these patients. However, 
these studies could provide useful insights on the pathogenic role of this metabolism. Our 
group first suggested that interferon beta therapy changes this metabolism in RR-MS 
patients. In particular, we found that at 12 month of therapy, lower apoA1 and higher apoE 
levels were associated with the presence of relapses and/or progression of the disease [27]. 
Others authors have found that MS therapy is associated with a decrease of plasma total 
cholesterol [28-29]. Overall, the reviewed data strongly support a role of plasma lipoproteins 
metabolism in the pathophysiology of the disease, as discussed below. 
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2.1. Pathophysiological mechanisms 

A major link between plasma lipoproteins and MS concerns the immune system. It is well 
known that immune reactivity interacts with adaptive alterations of lipoprotein metabolism 
[30-31]. Recent reports have showed that distinct metabolic programs are essential for 
survival and functional specialization of different lymphocyte cell populations. For example, 
lipid oxidation is essential for Treg generation while Th1 differentiation and cytokine 
production by differentiated Th1, Th2 and Th17 cells are suppressed by lipids and require 
glucose metabolism [32]. Although the immunopathogenesis of MS lesions (demyelinating 
plaques) is heterogeneous and may differ in different patients, an imbalance favoring a Th1 
effector cell activation is generally accepted [33]. Therefore, it would not be unexpected if an 
abnormal lipid modulation of immune functions could contribute for MS pathogenesis. 
However, a primary role of lymphocytes (T cells and B cells) in mediating CNS injury in this 
disease (at least in all patients) is controversial [32]. Myeloid cells play a pivotal role in the 
regulation of infiltrating lymphocyte cell activities and are involved in myelin breakdown 
and axonal injury [33-34]. Macrophages of M1 phenotype are characterized by high 
production of pro-inflammatory mediators and are crucial in Th1 cell response, while M2 
phenotypes are associated with tissue remodeling/repair and expression of anti-
inflammatory molecules [35]. In MS lesions, myelin phagocytosis by myeloid cells induces a 
foamy appearance. Foamy macrophages are originated from resident myeloid cells 
(microglia) and infiltrating monocytes and are suggested to be of M2-type macrophages and 
to contribute to the resolution of brain inflammation [36-37]. 

Macrophage polarization is modulated by different factors. For example, the M2 
antinflammatory phenotype is induced by HDLs and apoE [35, 38], and fatty acid and 
phospholipid synthesis is essential for phagocytic differentiation of human monocytes [39]. 
ApoE is one ligand for the LDL-receptor-related-protein-1 (LRP1). Quite interesting, LRP1 
mediates the downregulation of microglial inflammatory activity by apoE [40] and is 
essential for phagocytosis of degraded myelin in mice with EAE [41]. Moreover, LRP1 is also 
expressed in neurons and astrocytes and regulates BBB permeability [42]. This scenario is 
consistent with a reduction of inflammatory infiltrates and clinical disability by apoE-
derived peptides in EAE [43] and immunosuppressive and neuroprotective effects of plasma 
apoE in EAE [11] and MS patients [8-10, 12]. 

Among the transcriptional factors regulating macrophage polarization, peroxisome 
proliferator-activated receptor (PPAR) γ is known to promote M2 macrophages [35]. This is 
of potential interest in the context of preliminary evidence implicating PPARs in MS 
pathogenesis and as therapeutic targets for the disease [44-45]. 

In brain, apoE is associated with HDL-like particles, also containing the second major 
apolipoprotein, apoA-I. These apolipoproteins are primarily located on separated 
lipoproteins particles [1]. Although apoE in the brain is predominantly synthetized by glial 
cells, plasma HDL/apoA-I may cross the BBB and influence its levels in the brain [2]. HDL 
effects include an inhibition of cytocine-induced expression of adhesion molecules in 
endothelial cells, which could further depress brain parenchyma immune reactivity [46]. As 
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mentioned, higher levels of plasma HDL were found in CIS and RR-MS and were associated 
with a lower probability in development of acute inflammatory lesions in these patients [13, 
16-17]. Recently, preliminary evidence from our group suggests that higher plasma HDL 
levels are associated with an increased intrathecal IgG synthesis in these patients [47]. 
Because low plasma HDL-cholesterol is associated with a predominance of pro-
inflammatory phenotype of monocyte-derived macrophage [48], these findings suggest an 
immunosuppressive role of HDL in the development of MS lesions. This interpretation is 
further supported by the beneficial therapeutical effects of fingolimod in the disease [49].  

Fingolimod (FTY720) is a structural analog of sphingosine, which down modulates 
sphingosine 1-phosphate (S1P) receptors. S1P is a major component of HDL, including in 
the CNS and induces an anti-inflammatory phenotype in macrophages. SP1 receptors are 
widespread in CNS cells and a defect of sphingolipid and phospholipid metabolism is 
observed early in normal appearing white and grey matter in MS patients. Moreover, S1P is 
reduced in affected white matter and is increased in CSF of these patients [49]. Importantly, 
FTY720 treatment has been shown to have neuroprotective effects independent of 
immunomodulatory mechanisms [50]. These data suggest a protective role of endogenous 
HDL components not only in the genesis of acute inflammatory lesions but also in the 
neurodegenerative process of MS. 

An involvement of oxidative stress in MS, including of lipid peroxidation has recently received 
much support [51]. Newcombe et al, in 1994, demonstrated for the first time the presence of 
oxidized LDL (ox-LDL) and their peroxidative end-products in early and actively 
demyelinating plaques in post-mortem MS brain [36]. They suggested that plasma LDL enters 
(through a damaged BBB) the parenchyma and is oxidatively modified in the lesions. More 
recent data supports an important involvement of oxidative damage including oxidized 
phospholipids in myelin and axon injury in MS [52]. Several studies have also demonstrated 
that measures of oxidative stress and lipid peroxidation are consistently increased in the blood 
of these patients [51]. Our group reported increased levels of serum oxLDL in RR-MS patients 
in remission in comparison to normal controls and higher levels during relapses [53]. These 
findings are consistent with a contribution of plasma ox-LDL in promotion BBB permeability 
and acute inflammatory CNS lesions in the disease. However, increased plasma lipid 
peroxidation or oxidative stress is probably not associated with disability progression in these 
patients [54]. The pathophysiology of acute lesions (MS plaques) and disability progression are 
indeed thought to be mediated by different mechanisms. In fact, it was suggested that low 
oxygen radical formation in peripheral leukocytes may be associated with a increased severity 
of the disease [55]. These findings indicate that the role of oxidative stress in MS is complex. 
An oral formulation of dimethylfumarate (BG-12) activates the Nrf2 antioxidant pathway and 
was recently observed to be of clinical benefit in RR-MS patients, possibly in disease 
progression also [56]. These recent promising results should stimulate future research to clarify 
the involvement of lipid peroxidation in the disease. It should be noted that this involvement 
further supports a role of plasma HDL in disease pathogenesis, as discussed above. Plasma 
HDL-associated α-tocopherol is transcytosed across the BBB and may have antioxidant as well 
as anti-inflammatory effects [3].  
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Ludewig and Laman (2004) remarked the similarities that may exist between the 
atherosclerotic plaque development and MS lesions and suggested: “Systematic comparison 
of these two diseases involving foam cells in chronic lesions may prove fruitful” [57]. As we have 
reviewed, recent research clearly supports this prediction. Moreover, patients with MS 
have several vascular abnormalities and a higher risk for ischemic stroke [58]. In 2003, our 
group first reported a pilot trial suggesting a benefit of statin monotherapy in the 
pathogenesis process (assessed by MRI) and clinical activity of RR-MS patients [59]. These 
beneficial effects were confirmed by Vollmer et al trial in 2004 [60] and in a long-term 
follow-up of our patients [61]. Very recently, beneficial effects of statin monotherapy were 
reported in patients with a first clinical episode (CIS) suggestive of MS [62-63]. A 
synthesis of some shared pathophysiological factors involved in MS and atherosclerosis is 
presented on Table 1. As we will discuss below, the presence of similar mechanisms 
involving plasma lipoprotein metabolism in the pathogenesis of atherosclerosis/ischemic 
and demyelinating lesions may be extensive to other chronic inflammatory and 
neurodegenerative pathologies. 

 
Pathophysiology Comment References 

Lesions 
Foam Cells Plaques Macrophage lipid uptake in 

early lesion formation
[36-37] 

Lipoprotein Related 
Total and LDL cholesterol Promotion of lesion formation 

and/or progression
[13-16] 

HDL-Cholesterol Protective of lesion formation 
and/or progression

[13, 16-17, 47] 

ApoA-I Immunosuppressive and 
protective

[26-27] 

ApoE Immunosuppressive and 
protective

[8-10, 12] 

Sphingosine-1-phosphate Modulation of immune 
reactivity and lesion formation

[49-50] 

Oxidative stress and oxLDL Lipid peroxidation in lesion 
formation

[51-53] 

Secretory phospholipase A2 Increased expression [115] 
Immunopathogenesis 

M2-Macrophages Anti-inflammatory, phagocytic 
cells in lesions

[37] 

T-Cells Promoting lesion formation [33] 
Inflammatory cytokines Promoting lesion formation [33] 
Interleukin-10 Protective of lesion formation [116] 
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Pathophysiology Comment References 
Adipocytokines Leptin and Adiponectin 

involvement in immune 
dysfunction

[117-118] 

MMP-9 Upregulation associated with 
lesion formation

[42] 

Others 
Statins Pathological and clinical 

benefits
[59, 63] 

PPARs PPAR-gamma agonists 
protective

[45] 

Estrogens Protective of lesion formation 
and/or progression

[119] 

Homocysteine Increased levels associated 
with lesion formation

[17, 58] 

Platelets Increased adhesiveness and 
aggregation 

[58, 120] 

Smoking Promotes lesion formation [121] 
Ischemic events Increased risk associated with 

atherogenesis and MS 
pathogenesis

[58] 

Table 1. Some pathogenic similarities between multiple sclerosis and atherosclerosis. 

3. Alzheimer disease 

Possession of the apoE4 allele is the major genetic risk factor for sporadic late-onset AD [64-
65]. This observation led to a large body of research on cholesterol and lipid metabolism in 
patients and animal models of AD during the last two decades. However, the investigation 
of this metabolism in patients with clinical AD is not sufficient to clarify its role in the 
pathogenesis of the dementia. It is generally accepted that the pathogenic processes in AD 
begin many decades before the appearance of evident symptoms. More recently, a major 
focus of interest has been on longitudinal studies addressing the association between 
lipoprotein profiles and clinical evolution of cognitive normal subjects or patients with mild 
cognitive impairment (MCI). A large percentage of patients with the diagnosis of MCI by 
the 6th decade are known to develop AD later in life. Therefore prospective studies are 
crucial for development of efficient preventive or therapeutic measures. 

Amyloid-β (Aβ) deposition in plaques (AP) (also known senile or neuritic plaques (NP)) and 
neurofibrillary tangles (NFT), characterized by hyperphosphorylated tau protein 
aggregates, are pathologic hallmarks of AD [66-67]. The association between plasma 
lipoprotein profiles and risk of development of clinical manifestations of dementia has been 
controversial. An association between high cholesterol levels in midlife and an increased 
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risk for dementia in old age has been suggested by several publications [68], but it was not 
confirmed by a recent large population study [69]. Instead, this study found that low 
cholesterol levels in late life were predictive of subsequent dementia. Supporting this 
conclusion, another study in elderly individuals found that low HDL-cholesterol and low 
total and Non-HDL cholesterol were associated with higher AD risk [70]. These authors 
suggested a protective effect of late life total cholesterol level on the risk for mild cognitive 
impairment and AD. Low HDL-cholesterol levels were also associated with decline of 
memory in middle-aged adults [71]. Within this framework, decreased plasma apoA-I levels 
have also been found in AD as well as in vascular dementia, and higher apoA-I levels 
associated with decreased risk of dementia [72-73]. Few studies have investigated the 
association of lipid profiles with AD-related pathology. A recent work has found that high 
total cholesterol, LDL-cholesterol and non-HDL-cholesterol levels were associated with risk 
of development of AP, but not NFT [74]. However, as we will discuss below, the genesis of 
pathological hallmarks of AD is not invariably associated with clinical manifestations of 
cognitive impairment and dementia. 

The apoE4 allele is an established risk factor for the development of sporadic AD; it is 
associated with an early age at onset of dementia in an allele dose-dependent manner; and 
with increased Aβ burden. Moreover, in MCI it predicts conversion to AD. In contrast, 
apoE2 allele is associated with delayed age of onset of AD [66]. Recent data have provided 
evidence for an important role of apoE protein levels, independently of the genotype. In one 
study, middle-aged offspring with familial history of AD were found to have lower plasma 
apoE levels when compared with offspring without familial history of AD, independent of 
APOE genotype [75]. In other study, plasma apoE levels were found to be lower in patients 
with AD and decreased with Aβ load [76]. 

Overall the reviewed data strongly support a role of plasma lipoprotein metabolism in the 
pathogenesis of AD, as discussed in more detail below. 

3.1. Pathophysiological mechanisms 

As already mentioned, NP and NFT are the hallmarks of AD pathology. However, these 
aggregates are present in a variable extend in about 30% of cognitively normal elderly 
subjects. In AD, synaptic structural and functional alterations also occur early and are more 
pronounced than in normal ageing individuals. ApoE-containing lipoproteins, mainly 
derived from astrocytes, may influence these pathogenic processes in several ways. 
Cholesterol associated with these lipoproteins is necessary for neurons and to stimulate 
axonal growth and synaptogenesis. Lipidate-apoE contributes for clearing out Aβ from the 
brain, a process mediated by apoE receptors (especially LRP1) present in glial cells, neurons 
and in endothelium of the BBB. Pathways for Aβ clearance also include proteolytic 
degradation and oligomerization in the aggregates of amyloid plaques, mechanisms also 
modulated by apoE. For all these processes the isoform apoE4 (which is in general 
associated with less secreted production of the protein) is less efficient and promotes 
synaptic dysfunction, toxicity of soluble Aβ and NP deposits. Moreover, it is suggested that 
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apoE4 fragments induce mitochondrial dysfunction and neurotoxicity and that cholesterol 
levels may regulate Aβ production [65, 66]. Supporting this important role of apoE for AD 
and the harmful effects of Aβ on cognitive functions, cognitive performance in normal older 
adults was associated with Aβ load (PET), mainly in ε4 carriers [77].  

The above findings do not exclude the contribution of other apolipoproteins for Aβ 
pathology. For example, apoJ and apoD (see below) also modulate Aβ deposition, a 
deficiency of apoA-I promotes cognitive impairment and polymorphisms of all these 
apolipoproteins were associated with risk for AD [1]. Interestingly, increased plasma levels 
of apoJ (clusterin) are not present before the development of AD but are indeed associated 
with the severity and progression of the disease, supporting a neuroprotective role [78]. 

The link between a lipoprotein dysregulation and tau pathology (NFT deposition), in contrast, 
is not well understood. Beyond the involvement of cholesterol and apolipoproteins, AD is 
associated with disturbances of sphingolipids and phospholipid metabolism that may 
contribute for its pathogenesis [67]. Moreover, cognitive impairment and dementia, including 
AD, are frequently associated with markers of systemic and brain inflammatory activity [79], 
vascular atherogenic [80] and white-matter (myelin) pathology [81]. An underlying 
dysregulation of lipoprotein metabolism could be linked to all these pathogenic pathways.  

The scenario briefly described above is clearly consistent with the observations that low 
plasma apoE may be associated with increased risk of AD and correlates with Aβ load, as 
assessed by PET [75-76]. As remarked, the last studies emphasized the importance of total 
apoE levels, independently of the genotype. Supporting this concept, it was recently 
reported in AD mouse models a stimulation of Aβ clearance and cognitive function by 
inducing apoE expression [82]. After apoE-mediated transport through the BBB, plasma Aβ 
transport is accomplished by triglyceride-rich lipoproteins (TRL) rich in apoE, for uptake in 
liver [83]. These findings are also consistent with the risk conferred by low plasma apoE 
levels. Low plasma apoE levels could also promote systemic immune reactivity and 
atherogenic pathology in these patients. 

Although no relation exists between plasma and brain apoE levels, a strong correlation was 
found between HDL-cholesterol and apoA-I in serum and in CSF lipoproteins (which are 
HDL-like particles) [2]. This scenario could contribute to the risk of cognitive impairment 
and AD conferred by low plasma HDL-cholesterol and apoA-I levels [70-73]. On one hand, 
these deficiencies could be linked to an increased systemic inflammatory and oxidative 
status and promotion of atherogenesis. On the other hand, low HDL and apoA-I levels 
would provide less neurotrophic and immunosuppressive abilities to the brain [84]. If high 
total and LDL or non-HDL cholesterol in plasma cannot influence its levels in the brain, how 
could they be associated in some studies with an increased AD risk and Aβ load (NPs)? 
Experimental studies suggest that plasma cholesterol levels do not normally regulate 
production of brain Aβ [85]. One possibility resides in the fact that high non-HDL 
cholesterol in these patients may be associated with low HDL, apoE and apoA-I levels, a 
pro-inflammatory systemic status and increased atherogenic/ischemic pathology. 
Supporting this hypothesis, in animal models, cognitive impairment following high fat diet 
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consumption was associated with brain inflammation [86]. Among other markers of 
inflammation [79], serum levels of adipocytokines have been associated with cognitive 
impairment and progression of AD, as well as atherogenic/ischemic disease [87-88]. 
Metabolic syndrome [89] and insulin resistance and type 2 diabetes [90] are associated not 
only with higher risk of vascular disease but also with risk of dementia, including AD. All 
these conditions may promote the development of dementia also by affecting myelin 
integrity and white-matter connective functions.  

It should be noted that clinical overt cognitive impairment and dementia do not depend 
solely on the severity of neurodegenerative and vascular pathologies. Human brain is 
provided with potential compensatory or plastic mechanism, which may mitigate the 
clinical impact of ageing-associated pathologies [91-92]. This means that in old age, risk 
factors for dementia may not have the same significance they have in previous decades. 
Those factors may include high total and non-HDL cholesterol plasma levels, which may 
have a major impact in promoting atherogenesis/ischemic/inflammatory processes and AD-
related pathology in middle-life, but not in neuroplastic mechanisms increasingly required 
with advancing age. Lower total and LDL cholesterol have indeed been associated with a 
poor prognosis in the ischemic stroke [93] and in elderly individuals, as observed above, this 
profile may increase the risk for overt dementia. Increased body mass index (BMI) in middle 
life appears to be a risk factor for latter development of cognitive decline and AD, but in late 
life the burden of cerebral amyloid and tau is associated with lower BMI in cognitively 
normal and MCI subjects [94-95]. These facts could contribute to the inconsistent results 
regarding the benefits of statins on prevention and treatment of AD, despite in vitro and 
animal studies demonstrating an effect in decreasing Aβ formation [96].  

In Figure 1 are presented some of the suggested implications of lipoproteins in the 
pathogenesis of AD and MS.  

4. Other brain disorders 

Results concerning an association between high serum cholesterol levels and the risk for 
Parkinson disease (PD) have been conflicting. However, this possible association may not exist 
in older subjects (≥55 years). As for AD, low serum total and LDL-cholesterol levels may increase 
the risk of PD with advancing age [97-99]. In this context, it is intriguing that hyperlipidemia 
probably has also a protective role on the neurodegenerative process of amyotrophic lateral 
sclerosis (ALS) [100-101]. PD and ALS also involve inflammatory processes and it has been 
noted some convergence in the mechanisms underlying neurodegeneration in these disorders, in 
AD and MS. [102]. An abnormal brain cholesterol homeostasis may also contribute to the 
pathophysiology of Huntington’s disease [103]. In what concerns PD, and in contrast to AD, an 
involvement of apoE genotypes is not clarified. Several studies reported no influence of apoE4 
allele in the development of PD or in dementia associated with the disease, which is in contrast to 
its established role in AD pathogenesis [104]. However, apoE and LRP1 were found to be 
increased in brain from PD patients, suggesting an involvement in the deposition of α-sinuclein 
aggregates (Lewy bodies) typical of this disease [105]. 
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Figure 1. Some putative implications of lipoproteins for the pathogenesis of Multiple Sclerosis and 
Alzheimer disease (see text for interpretation). 

As mentioned above, apolipoprotein D in the CNS is normally synthetized by glial cells 
(astrocytes and oligodendrocytes). Although present in the CSF in lower concentrations than 
apoE, A-I and J, some studies have suggested a possible neuroprotective role of apoD in 
neuropathological states [1,106]. ApoD is a member of the lipocalin family of proteins that 
are involved in the transport of small hydrophobic ligands. Among several proposed 
ligands (cholesterol, progesterone, pregnenolone, bilirubin), apoD can bind with high 
affinity arachidonic acid (AA). Inflammatory responses and oxidative stress associated with 
brain insults are known to mobilize AA from membranes. Therefore, apoD could have a 
neuroprotective role by controlling oxidative damage [106-107]. In fact, higher levels of 
apoD have been found in brain or CSF of AD and other neuropathologies [108]. Curiously, 
an increase of apoD has also been reported in plasma and certain brain regions of patients 
with schizophrenia and bipolar disorder. In these conditions, a disturbance of 
phospholipid metabolism has been proposed and apoD could represent a response 
addressed to stabilize membrane AA or bind free AA [106]. The fact that atypical 
antipsychotics such as clozapine up-regulate apoD expression supports neurotrophic effects 
of this protein [106]. It should be noted that other apolipoproteins have been implicated in 
these neuropsychiatric disorders, including apoE, and apoA-I [106, 109-110]. Interestingly, 
as observed for AD and MS, lower serum apoA-I levels were found in schizophrenia [110]. 
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Overall, these data emphasizes the relevance of plasma lipoprotein metabolism in brain 
physiology and the convergence of similar dysfunctions of this metabolism associated with 
several neuropathologies. 

5. Conclusion 

This review has addressed MS and AD as a strategy to explore the potential relevance of 
plasma lipoproteins in CNS inflammatory and neurodegenerative disorders. Despite quite 
different in their demographics, clinical and pathological characteristics, some similarities in 
their inflammatory and neurodegenerative components have been noted previously [102]. 

In MS as in AD, the genesis of brain pathology is thought to begin many years before the 
clinical overt disease. Despite the occurrence of widespread lesions, brain plastic compensatory 
mechanisms may maintain those disorders clinically silent, delay their symptoms or modify 
their clinical evolution. Molecular mechanisms underlying grey and white matter plasticity are 
of outstanding neurobiological and medical importance and are currently poorly understood 
[111]. This review suggests that an involvement of lipoprotein metabolism in brain plasticity 
mechanisms is highly plausible and deserves much future research. 

Clinical signs of MS very rarely first appear in individuals after 60 years of age and sporadic 
AD rarely manifest before that age. However, it is remarkable that a profile of low HDL-
cholesterol, apoE and apoA-I plasma levels and elevated total and non-HDL cholesterol may 
promote the risk or progression of disability in both disorders. As discussed, this profile 
could be associated with both the genesis of lesions in the CNS and the systemic immune-
related or metabolic alterations implicated in their pathophysiology  (Table 1, Figure 1). It is 
to note that disturbances in brain cholesterol transport (that may occur in MS, AD and other 
neuropathologies) can lead to alterations in cholesterol uptake from plasma to brain and 
decrease plasma HDL levels (112). In MS as in AD, this lipoprotein profile may promote 
foam cell plaque formations. In young individuals genetically susceptible to MS, this profile 
may promote the genesis of demyelinating plaques; instead with advanced age, atheroma 
plaques formation prevails, contributing to AD,  in genetically susceptible subjects. 
Supporting this speculation, MS pathogenesis may share many lipoprotein-related and 
inflammatory mechanisms underlying atherogenesis (Table1). In addition, with aging, this 
lipoprotein profile could have a convergent impact for the maintenance of the typical CNS 
lesions occurring in MS and AD. In fact, advanced ageing may be associated with lower 
recruitment of anti-inflammatory and phagocytic macrophages and other blood-derived 
factors to the CNS [113]. This situation, on one hand, favors lower capacity of β-amyloid 
clearance, oligodendrocyte toxicity and myelin lesions, early present in incipient AD. On the 
other hand, it restricts remyelination capacities in MS, which are more accentuated with 
advancing ageing in these patients. The presence of age-related changes in blood circulation 
has recently been noted of possible relevance for MS and AD [114]. These relevant age-
related changes should comprise circulating lipoprotein metabolism. 

Despite the similarities of lipoproteins involvement in these two disorders, including the 
neuroprotective, immunosuppressive and vascular/ischemic protective functions of HDL-
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cholesterol and associated apolipoproteins (Fig. 1), distinctive implications on their 
pathogenesis are expected. In MS, a participation of lymphocyte infiltration is certainly 
important while this is not the case for AD. For example, sphingosine-1-phosphate 
component of HDL could be special relevant for the immune dysfunction and the 
abnormal sphingosine metabolism associated with the genesis of demyelinating plaques 
and neurodegenerative processes in MS. In AD, triglyceride-rich plasma lipoproteins and 
apoE4 isoform are especially relevant in the clearance of Aβ and genesis of amyloid 
plaques. It should be emphasized that MS and AD are pathological and clinical 
heterogeneous diseases. For example, the immunopathogenesis of MS differ among 
patients even with similar clinical profiles and prominent atherosclerosis lesions are 
absent in some patients with AD. Therefore, the contribution of plasma lipoprotein 
metabolism for the pathogenesis of these disorders may be variable and this could explain 
discrepancies among some studies. Future work aimed to clarify the roles of plasma 
lipoproteins in these diseases should address clinical homogeneous patient populations, 
include concomitant pathological and immunological markers and consider potential 
environmental confounders. Ideally, laboratory data should be correlated with 
neuroimaging measures. Finally, MS and AD are clear examples of complex conditions for 
which multiple genetic risk factors for developing and progression are to be expected. 
Selected genetic typing of the study population is therefore convenient, because 
lipoprotein alterations may not have the same significance and the same therapeutical 
implications in different genetic backgrounds.  

In sum, the available reviewed data suggest that plasma lipoproteins metabolism is a 
fruitful “window” to an improved understanding of MS and AD and other neurological 
diseases. Of outstanding interest, plasma lipoproteins may represent useful targets for 
discovering preventive and therapeutical strategies for these common disabling human 
conditions.  

A very recent paper from Dr Lawrence Steinman group at Stanford University highlights 
the importance of lipids in the pathogenesis of MS and the therapeutic potential of lipid-
based strategies for the disease (Science Transl Med 2012; 8 (137); E-pub 2012 6 Jun). 
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1. Introduction 

Stroke is the leading cause of neurological disability and among the leading causes of death 
worldwide. It is a focal neurological deficit that results from events that decrease or stop 
cerebral blood flow. As the consequence neurons cease functioning and irreversible 
neuronal ischemia and injury occur.  

Broadly, strokes are classified into two main types-ischemic and hemorrhagic. Ischemic 
stroke (IS) is characterized by blockage in blood flow to a focal area of the brain, until 
hemorrhagic stroke is caused by bleeding into the brain. Acute IS is more common than 
hemorrhagic stroke. Although according the previous literature data about 80% of strokes 
were ischemic, the retrospective review from a stroke center found that about 60% were 
ischemic 1. Except their causes and pathophysiology ischemic and hemorrhagic types 
differ in their treatments and outcomes 2.  

Based on the system of categorizing stroke developed in multicenter Trial of Org 10172 in 
Acute Stroke Treatment (TOAST), IS may be divided into the following major subtypes: 
large artery infarction, small-vessel (lacunar) infarction, and cardioembolic infarction. This 
classification on the basis of inferred origin of cerebrovascular occlusion 3 is the most 
frequently used. Other studies used systems based on clinical presentation or location and 
size of the lesion within the brain (such as the Oxfordshire Community Stroke Project 
system) 4. It classifies patients in five infarct types: cerebral infarction, lacunar infarct, total 
anterior circulation infarct, partial anterior circulation infarct, and posterior circulation 
infarcts. Many other classifications have been proposed, such as those from the Lausanne 
Stroke Registry and the Étude du profil Génétique de l’Infarctus Cérébral (GÉNIC) study 
5,6. The first one included atherosclerosis with stenosis, atherosclerosis without stenosis, 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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emboligenic heart disease, hypertensive arteriopathy, cerebrall hemorrhage, mixed causes 
and undetermined causes. The former included atherothrombotic stroke, cardioembolic 
stroke, lacunar stroke, arterial dissection, unknown causes stroke. Although stroke is often 
considered a disease of elderly persons, one third of strokes occur in persons younger than 
65 years.  

Risk factors for IS includes modifiable and non-modifiable etiologies. Non-modifiable risk 
factors include: age, sex, race, ethnicity, heredity, etc. Modifiable risk factors include the 
followings: hypertension, diabetes mellitus, hypercholesterolemia, atrial fibrillation, lifestyle 
factors, etc. Unfortunately, modifiable risk factors accounts for only approximately 60% of 
the population-attributable risk for stroke 7.  

2. Genetic risk factors in stroke 

Evidence continues to accumulate to suggest important roles for genetic factors in stroke. 
Genetic risk factors are particularly interesting, because they can offer a direct clue to the 
biological pathways involved. Genetic factors might affect stroke risk at various levels. They 
could act through conventional risk factors, interact with conventional and environmental 
risk factors, or contribute directly to an established stroke mechanism. They could further 
affect the latency of stroke or infarct size, and stroke outcome [8]. Stroke may be the 
outcome of a number of monogenic disorders or, more commonly, a polygenic 
multifactorial disease. 

Evidence shows that genetic factors are more important in small- and large-vessel stroke 
than in cardioembolic stroke [9,10]. Some intermediate phenotypes also exhibit high 
heritability, such as carotid intima-medial wall thickness and white-matter lesions [8]. 

Genetic predisposition to stroke has been proven in animal models and in humans (twins, 
affected sibling pair, families). Several studies demonstrated higher rates of stroke among 
relatives of patients who died from stroke than among relatives of healthy control subjects. 
In a large study of stroke patients and age and sex matched controls, the odds ratios (ORs) 
of having a family history of stroke were 2.24 for large vessel-disease and 1.93 for small 
vessel disease [9]. Twin studies have confirmed a significant genetic component to stroke, 
with the stroke prevalence fivefold higher in monozygotic than in dizygotic twins [11]. 
Touze and Rothwell [12] in a metaanalysis based on 18 studies confirmed sex differences in 
heritability of IS; women with stroke were more likely than men to have a parental history 
of stroke, which is accounted for by an excess maternal history of stroke. Also, genetic 
predisposition could differ depending on age and IS subtype. 

The initial expectancy to find only one or a few common mutations that substantially 
contribute to the risk of IS shifted toward the hypothesis of a large number of small-effect 
genetic variants with complex gene-gene and gene-environment interactions. The first 
approach used in identification of genetic variants contributing to stroke was linkage studies. 
Linkage analysis relies on the cosegregation of known polymorphic DNA marker with nearby, 
unknown disease-causing alleles in families. This approach was successful in monogenic 
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diseases, but was less successful in the identification of genetic loci that contribute to the 
occurrence of polygenic stroke. The second approach was candidate gene approach. 

2.1. Candidate-gene association studies of ischemic stroke 

Until recently, candidate gene approach was the most common in genetic investigation of  
IS. A gene identified as a “candidate” is hypothesized to be involved in IS risk, and then, 
genetic variants, usually single nucleotide polymorphisms (SNPs), are identified within that 
gene. The SNPs are selected on the basis of their localization in genes which encode proteins 
with a known function in a biological pathway implicated in the pathophysiology of the 
disease. Then, the frequency of the SNPs is determined in a series of cases and controls and 
the obtained results are compared. They use a case-control study design. A gene variant that 
is more common in patients than in controls may cause stroke or be located close to the true 
causal variant.  

Genes encoding products involved in lipid metabolism, thrombosis, and inflammation are 
believed to be potential genetic factors for IS [13-15. Although a large group of candidate 
genes have been studied, most of the epidemiological results are conflicting. Especially great 
interest is shown in exploring potential links between polymorphisms in genes encoding 
proteins involved in lipid metabolism and the risk of IS.  

This chapter summarize the results of meta-analyses and case-control studies assessing the 
linkage of specific candidate genes with the risk of IS and specific subtypes. Electronic 
databases (Medline (http://www.ncbi.nlm.nih. gov/pubmed/), Embase (http://www. 
embase.com/), Google Scholar (http://scholar.google.com/), Yahoo (http://www.yahoo.com/), 
Kobson (http://www.kobson. nb.rs/) were searched until March 2012 and the obtained results 
were included in the text.  

It is very well known that individuals with higher levels of plasma cholesterol, decreased 
high-density lipoprotein (HDL) and increased low-density lipoprotein (LDL) have a higher 
risk of premature atherosclerosis. The phenotype may arise not only from single gene 
disorders, but also from a number of genetic and environmental factors, including 
polymorphic variants of genes encoding the apolipoproteins, lipoprotein receptors and the 
key enzymes of plasma lipoprotein metabolism.  

Apolipoprotein E. One of the most intensively investigated candidate genes for IS that 
received widespread attention is the apolipoprotein (apo) E gene. It forms a cluster with 
certain apoC genes on the long arm of chromosome 19 (19q13.2). The human apoE gene is 
polymorphic, with three common alleles (2, 3, 4) coding for three isoforms (E2, E3, E4). 
The association studies of apoE gene polymorphisms with IS gave conflicting results based 
on 9 meta-analyses [16-24] and 77 case-control studies [25-101]. In small case-control or 
cross-sectional studies, both the ε2ε3 genotype and the ε4 allele have been over-represented 
in patients with IS. Other groups have examined the role of the apoE genotype in 
modulating the outcome of cerebral infarction as this lipoprotein appears to be an important 
regulator of lipid turnover within the brain and of neuronal membrane maintenance and 
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repair. McCarron et al. [102] found a favorable effect of the ε4 allele on stroke outcome. 
Stankovic and colleagues [85] reviewed the conflicting results on the importance of the apo 
alleles in predisposition to IS.  

Seven metaanalyses [17-19,21-24] gave a positive association between the ε4 allele and IS. 
The first one [22], published in 1999, revealed a significantly higher apo4 allele frequency in 
affected patients compared with controls (OR 1.68, 95% CI 1.36–2.09, P0.001). In the next 
decade, five metaanalyses [17-19, 21,23] confirmed that ε4 allele carriers have a higher risk 
of IS compared with pooled ε2 and ε3 allele carriers in European populations, persons of 
non-European descent, Asians, Han Chinese and persons with early-onset IS. Performing 
large-scale meta-analysis (10674 cases/33430 controls) consisted of four meta-analysis [19,21-
23] and 9 case-control studies [33,35,36,54,59,65,66,84,88], Hamzi et al. [24] calculated OR for 
the apo4 allele to be 0.95 (95%CI 0.77-1.14, P=0.002). 

Approximately half of all casecontrol studies [26,27,29,33,38,41,45,47,49,51,53,54,57,58, 
60,64,67,69,71,73-76,78-80,82,84,85,89-91,93-96,99,100] showed an increased frequency of the 
ε4 allele in stroke patients, making it a highly probable risk factor for IS; in four, significant 
association with large-vessel IS was observed. Three groups described the 2 allele as a risk 
factor for IS [76,85,94]. The status of the E2/3 genotype as a protective or risk factor is 
controversial. One report [100] demonstrated a protective role of the ε4 allele for small-
vessel disease, and another [93] concluded that the E3/4 genotype could be a risk factor for 
lacunar stroke compared with the E3/3 genotype.  

Several SNPs have been described in the 5’ regulatory region (c.491A>T, c.427T>C, c.219G>T, 
and c.113G>C), but current information is very preliminary. A higher risk of IS was 
associated with the G allele of the tightly linked c.219G>T and c113G>C promoter 
polymorphisms [96], and with the T allele of c.427T>C polymorphism [94]. One paper [94] 
reported the C allele of c.427T>C polymorphism as protective for IS.  

Other apolipoproteins. Except apoE gene polymorphism that was frequently investigated 
polymorphism in patients with IS, another apolipoprotein genes have undergone intense 
investigation (apo AI/CIII, apoAIV, apoAV, apoB, apoH). The most published studies 
investigating the relationship between these polymorphisms and IS are small in sample size 
and inconclusive in their results.  

Some authors have studied the association between IS and DNA polymorphisms in apoAI 
gene (SstI (rs5128), MspI, c.75G>A, c.84T>C), apoCIII gene (c.641C>A, c.482 C>T, c.455C>T, 
c.1100C>T, c3175C>G, c3206T>G), apoAIV (p.Thr347Ser, p.Gln360His), and apoH 
(c.1025G>C, c.341G>A), mainly with negative results [28,30,31,34,52,103,104]. 

The apoB gene is located on chromosome 2q23, spanning approximately 43 kb and has 29 
exons and 28 introns. ApoB polymorphisms (T71I (c>t; rs17246849), A591V (c>t; rs17240681), 
BfaI (P2712L; c>t; rs17240903), MspI (R3611Q; g>a; rs17247291), EcoRI (E4154K; g>a; 
rs1042031), and Eco57I (N4311S; a>g; rs17240958), p.Arg3500Gln, c.4311A>G) were examined 
in patients with IS. Only two studies found that apoB polymorphisms [105,106] were 
associated with IS risk. Zhang et al. [107] found that C7673T polymorphism in apoB gene is 
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associated with risk of ischemic cerebral infarction with family history in 47 Han Chinese 
patients. In Danish prospective study (the Copenhagen City Heart Study) [108]  with 23-yr 
follow-up the E4154K KK homozygosity was associated with an 80% reduction in risk of IS 
(0.2 (0.1-0.7)) compared with non-carriers. The other SNPs or haplotypes examined in this 
study were not associated with risk of IS. 

The most promising results in IS studies are connected with apoA5 and apo(a) gene 
polymorphisms. It is well konown that apoAV is a member of apoAI/CIII/AIV gene cluster. 
apoAV gene consists of 4 exons and codes 369 amino acids protein. The common variants 
within the apoAV gene are associated with plasma tryglicerides (TG) levels, by enhancing 
the intravascular triglyceride hydrolysis by activating lipoprotein lipase (LPL), or can 
decrease the serum concentration of triglycerides through the inhibition of the hepatic very 
low density lipoprotein (VLDL) production. Literature data suggest significant association 
between apoAV gene polymorphisms (c.1131T>C, c.12238T>C, c.553G>T) and IS risk [34,109-
112]. The association of apoAV 56G allele was observed in the large-vessel associated stroke 
group compared to the healthy controls [113]. The same group of authors [114] examined 
three polymorphism in apoAV gene in small-vessel, large-vessel and mixed subgroups of 
378 patients with stroke and healthy controls. They found that patients carriers of -1131C 
and IVS3+476A alleles confer risk for all IS types, In this study the T1259C variant was not 
associated with IS that is in agreement with previous study of Jeromi et al.[112]. Recently 
published study on Han Chinese population confirmed the previously found association 
between c.1131T>C polymorphism in apoAV gene and IS risk [115]. 

There is growing and convincing evidence that elevated lipoprotein (a) levels have a 
significant role in stroke. Genetic studies demonstrated that Lp(a) is an inherited trait 
determined almost entirely by the apo(a) gene locus. Variations at the apo(a) gene locus 
beyond the kringle IV-2 domain seem to influence Lp(a) concentrations [116]. The 
pentanucleotide TTTTA repeat (PNTR) polymorphism located at the 5’ untranslated region 
of the apo(a) gene accounts for 10% to 14% of the variation in plasma Lp(a) concentrations 
[117], and was reported to be inversely correlated with Lp(a) levels. Low numbers of apo(a) 
TTTTA VNTR were associated with IS in three studies [118-120] that were included with the 
only meta-analysis [19] that evaluated the association of apo(a) TTTTA VNTR 
polymorphism and IS.  

The Precocious Coronary Artery Disease (PROCARDIS) study identified 2 single-nucleotide 
polymorphisms (SNPs) at the Lp(a) locus (LPA) on chromosome 6q26–27 (rs3798220 (T/C) 
and rs10455872(A/G)) that each was strongly and independently related to Lp(a) levels and 
risk of coronary disease [121]. Wang et al. 122 in meta-analysis of 3550 IS cases and 6560 
controls showed no significant association of LPA variants previously associated with Lp(a) 
levels with IS (OR per allele 0.96, 95% CI 0.88-1.04, for rs1853021 and 0.95, 95% CI 0.88-1.03, 
for rs1800769). Also, there was the lack of evidence of an association of LPA score and 
prevalent or incident stroke in Heart Protection Study (1326 prevalent and 507 incident IS 
cases) [123]. It does not exclude the possibility that lowering Lp(a) could have beneficial 
effects on the risk of stroke or stroke subtypes. On the contrary, theWomen’s Health Study 
(123 IS cases) suggested a positive association of rs3798220 with stroke [124]. 
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Future studies are warranted to assess whether the analysis of previously mentioned 
polymorphisms may be useful for the clinical approach to evaluate risk factors for IS. 

Cholestryl ester transfer protein (CETP). CETP participates in HDL metabolism by facilitating 
the transfer of cholesteryl esters from HDL to apoB-containing lipoproteins in exchange for 
triglycerides being transferred to HDL This glycoprotein is secreted mainly from the liver 
and circulates in plasma, bound mainly to HDL. A deficiency of CETP is connected with 
anti-atherogenic profile, with increased HDL and decreased LDL levels. The CETP gene is 
located on chromosome 16q21 and consists of 16 exons. Several polymorphisms have been 
described, including (Taq1 B in intron-1(rs708272), 405V and A373P (rs5880) in exon 12, 
R451Q (rs 1800777) in exon 15, and -629A/C (rs 1800775). Of these, the most widely studied 
is the TaqI B polymorphism which results from a nucleotide substitution at position 277 of 
the first intron (rs708272). CETP Taq1 B2B2 genotype is associated with decreased CETP 
activity, higher HDL-cholesterol concentrations [125,126], decreased risk of coronary artery 
disease [126,127], lower carotid intimal medial thickness and stenosis [128], lower incidence 
of microangiopathy in patients with type 2 diabetes [129], and atrial fibrillation [130].  

The relationship between CETP polymorphisms and the  risk of IS has been the subject of 
eight reports [28,30,34,131-135]. An association with CETP Taq1 B polymorphism was found 
in one study [133] but not in another [132]. Some isolated reports of a significant association 
relate to the rs12720922 and rs9939244 [134] and the rs5883 [135] polymorphisms. Clearly, 
more extensive investigations in this area are warranted.  

ATP-binding cassette transporter I(ABCAI). ABCA1 is a transmembrane protein present on 
peripheral tissue cells, crucial in the initial step of HDL formation. It mediates the transfer of 
cellular phospholipids and cholesterol to acceptor apolipoproteins such as apolipoprotein 
A-I [136]. The ABCA1 locus is located on chromosome 9q22-q31, and is composed of 50 
exons ranging in size from 33bp to 249bp. More than 100 common and rare variants have 
been described [137]. Several polymorphisms of the ABCA1 gene have been investigated for 
their association with IS.  

The first published study in IS on 244 Hungarian patients [138] suggests a protective role for 
the ABCA1-R219K and V771M polymorphisms. Pasdar et al. [139] studied four common 
polymorphisms in ABCA1 gene: G/A-L158L, G/A-R219K, G/A-G316G and G/A-R1587K in 
400 Caucasian IS patients. There was no significant difference in allele frequencies of all 
polymorphisms, as the haplotypes arrangement. This study did not support a major role for 
the ABCA1 gene as a risk factor for IS. Following a report of an association of -14C/T 
polymorphism in the promoter region of the ABCA1 gene with IS [140], extensive studies to 
confirm this association in different populations are essential.  

Lipoprotein lipase (LPL). Lipoprotein lipase (LPL) is a member of the lipase gene family [141] 
that may play a central role in lipid metabolism. The major sources of LPL synthesis are 
skeletal and heart muscle as well as adipose tissue, from which the mature enzyme is then 
secreted and transported to the vascular endothelium, the physiological site of the enzyme’s 
action [142]. The physiological action of LPL consists of the hydrolysis of the triacylglycerol 
component of triglycerides and VLDL, resulting in the production of chylomicron remnants, 
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and in the case of VLDL, resulting in the production of smaller, intermediate-density 
lipoproteins [143]. LPL is also synthesized by macrophages and macrophage-derived foam 
cells in atherosclerotic lesions [144-146], and this fraction of the enzyme has been linked to 
LPL-related proatherogenic effects. LPL possess a noncatalytic activity on lipoproteins such 
as molecular bridging [147] and retention of LDL-C by proteoglycans of the subendothelial 
matrix occurs, thereby proposing LPL activity in the arterial wall to promote atherosclerosis. 

The human LPL gene is localized to chromosome 8p22, spanning 35kb. It contains 10 exons. 
The gene locus is highly polymorphic and contains many single nucleotide polymorphisms 
(SNPs) in both coding and non-coding regions. Some cause loss of enzymatic activity and 
others have only mild detrimental effects on LPL function, or serve more as markers for 
genetic variation elsewhere in the genome [148]. 

Epidemiological evidence on the potential role of LPL in IS remains scarce and 
controversial. Two SNPs in the coding DNA (cSNPs) that have been studied extensively 
cause point mutations in exons 2 and 6, with substitution of an aspartic acid to an 
asparagine residue at position 9 (D9N, p.Asp9Asn), and an asparagine to a serine residue at 
position 291 (N291S, p.Asn291Ser), respectively. These mutations occur at high frequencies 
in the general population (up to 5%) and are associated with elevated TG, decreased HDL-
cholesterol levels, and concomitantly with a higher incidence of cardiovascular disease 
compared with non-carriers [149]. Polymorphism Ser447Ter is a consequence of a C to G 
transversion at nucleotide 1595 in exon 9, which converts the serine 447 codon (TCA) to a 
premature termination codon (TGA). This polymorphism is associated with increased 
lipolytic function and beneficial effects on lipid homeostasis and atheroprotection [148]. 
HindIII polymorphisms of the LPL gene in intron 8, which identifies a two-allele 
polymorphism with restriction fragments of 6 kb (H1) and 11 kb (H2), is associated with 
elevated TG levels [150], low HDL-cholesterol levels [151], and was considered as a possible 
IS-associated polymorphism [152] Also, Pvu II polymorphism in intron 6 has been 
associated with high TG levels and coronary artery disease. 

Four metaanalysis [16,153,154], and 17 casecontrol studies have been reported 
[28,30,34,72,88,94,132,152,155-163] about the association of LPL gene polymorphisms and IS. 
In a metaanalysis of six studies [153] the inverse association between LPL Ser447Ter 
polymorphism and IS risk was of borderline significance (OR=0.88, 95%CI 0.790.99, 
P=0.033). In recently published meta-analysis [154] of 4681 IS patients and 8516 controls 
from 13 studies LPL Ter447 variant was associated with a significantly reduced risk for IS 
(OR 0.79, 95%CI 0.68-0.93, P=0.005) in Causcasian and East-Asian population. According the 
data of four studies (387 cases/589 controls), this association was of great importance in 
atherosclerotic stroke (OR 0.44, 95%CI 0.32-0.62, P<0.00001). In the meta-analysis of same 
authors [154] that included 7 studies (3669 cases and 6693 controls) no significant association 
between Ser291 variant and IS stroke risk was found. This is in accordance with the 
conclusion of previously published meta-analysis of LPL Asn291Ser polymorphism and IS 
[16]. A positive association between S447X variant and stroke has been reported in specific 
subtypes, as in the study of Shimo-Nakanishi et al. [152], Zhao et al. [160], Guan et al. [161], 
and Xu et al. [163] which reported a relationship with atherosclerotic stroke, and in the 
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prospective cohort study of Morrison et al. [72] who described a positive association 
between S447X and asymptomatic stroke lesions, and in the study of Kostulas et al. [162] 
where the protective role of G-allele of LPL S447X polymorphism had a lower frequency in 
males. Shimo-Nakanishi et al. [152] observed a protective role of H- H- and H-H+ genotypes 
vs. H+H+ (HindIII polymorphism), and Xu et al. [163] noted a protective role of the P allele 
(PvuII polymorphism) for IS. In conclusion, there is evidence to support an association 
between LPL gene polymorphism and IS, but this notion needs to be strengthened by 
further investigations. 

Hepatic lipase. Despite the numerous association studies of LPL gene polymorphisms and IS, 
and these have generated consistently negative results [28,30,164].  

Paraoxonase(PON). Paraoxonase is a glycoprotein, HDL-associated esterase, that hydrolyzes 
products of lipid peroxidation and prevents the oxidation of LDL. It has antioxidant and 
anti-atherogenic properties [165,166]. The paraoxonase gene maps to chromosome 7q21.3. It 
codes three isoforms, PON1, PON2, and PON3, that share 60 to 65% homology at the amino 
acid level [167]. PON1 and PON3 reside on circulating HDL particles. PON2 is ubiquitously 
expressed and does not appear to be associated with HDL particles [168-170]. PON genes 
polymorphisms may affect the corresponding enzyme activity. 

Two non-synonymous PON1 polymorphisms with possible regulatory effects on enzyme 
activity [171], namely rs662 (c.575A>G or p.Gln192Arg) and rs854560 (c.163T>A or 
p.Leu55Met), have been extensively investigated as potential risk factors for atherosclerosis-
related phenotypes, including coronary artery disease, peripheral arterial disease and IS 
[171-173]. Two previously published systematic reviews suggested that the G allele of rs662 
is associated with a small increase (per-allele OR 1.12) in the risk of coronary artery disease, 
while no such association was found for rs854560 [172,173]. Inter-individual variability in 
PON1 levels is determined by the Q192R (Gln192Arg) and L55M (Leu55Met) coding region 
polymorphisms and by two described polymorphisms in the promoter of the PON1 gene, 
C(-107)T and G(-824)A. Five polymorphic sites were found in the promoter region of the 
PON1 gene: c.107C>T, c.126G>C, c.160G/A, c.824G>A, and c.907G>C. Specific 
polymorphisms are associated with the risk of acute IS.  

According the literature data there are three metaanalysis [18,174,175] and 26 casecontrol 
studies [28,30,34,35,176-197] explored the association of PON1 polymorphisms and IS risk. 
A positive association of Gln192Arg PON1 polymorphism and IS was described in the 
metaanalyses and in five case-control studies [177,178,184,185,188], but this association was 
negative in all other reports. Only two studies in Turkish populations obtained evidence for 
a positive association of Leu55Met PON1 polymorphism and IS [188,193], in contrast to 12 
where no evidence for this association was found [28,30,177-179,181,186,187,190-192,194].  

Two recently published meta-analysis included the studies examined the association of two 
common polymorphisms in the coding region of PON1 gene (rs662 and rs854560) and the 
occurrence of IS. In meta-analysis [174] of 22 studies (7384 cases/11074 controls) PON1 
polymorphism rs662 was associated with increased risk for IS (OR 1.10 per G allele copy, 
95%CI 1.04–1.17, P=0.001), while no significant association of rs854560 was observed in 
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meta-analysis of 16 eligible studies (OR 0.97 per T allele copy, 95% CI 0.90–1.04, P=0.37). The 
other meta-analysis [175] included 8 studies on rs854560 polymorphism and 9 studies on rs662 
polymorphism. This analysis provides strong evidence that the rs662 polymorphism of PON1 
gene is associated with IS (OR 1.21, 95%CI 1.02-1.43, P=0.03), and that the rs854560 gene 
polymorphism is not associated with IS (OR 1.12, 95%CI 0.96-1.31, P=0.13).  

Man et al. [198] in 191 Han Chinese patients with acute IS, of whom 25% had concurrent 
stenosis found that genotype distributions of PON1 Q192R differed significantly between 
patients with stroke and controls, and that the presence of at least one R allele in PON1 
Q192R was associated with concurrent stenosis.  

Polymorphism c.107C>T is important because it contributes 23% of the variances in PON1 
levels. Since the presence of T at position -107 of the PON1 gene disturbs a recognition 
sequence for stimulating protein-1 (Sp1), the TT genotype is associated with the lowest 
serum PON1 levels. Although the frequency of the T allele and TT genotype did not differ 
significantly between young adults with arterial IS and controls, the presence of the -107T 
allele was associated with an independent increase in the risk of arterial IS [197].  

There are two common polymorphisms of the PON2 gene: A148G (Ala148Gly) and C311S 
(Ser311Cys)). Almost all research groups except one [192] agree that there is no significant 
association between IS and these polymorphisms [28,30,177,181,187,199] Four 
polymorphisms in the PON3 gene were examined in two studies on IS patients [181,187]. No 
evidence for an association was obtained. Whereas rs662 (c.575A>G or p.Gln192Arg) 
polymorphism of the PON1 gene could be regarded as a potential risk factor for IS, this does 
not seem to be the case for PON2 and PON3.  

Although, Lazaros et al. [200] did not identified none of the PON polymorphisms 
(PON1(Q/R) 192, PON1(M/L) 55, and PON2(S/C) 311) as a risk factors for IS, they concluded 
that PON2 311C allele was significantly increased in patients with severe forms of IS and 
could be reviewed as a possible predisposing factor for severe cases of IS.  

Large-scale multicenter-controlled prospective studies are warranted to further explore the 
effects of PON polymorphisms on stroke susceptibility and severity. 

Low-density lipoprotein receptor (LDLR). LDLR is a cell surface receptor that plays an integral 
role in plasma lipoprotein metabolism, especially in cholesterol homeostasis. The LDLR 
gene is localized on chromosome 19, and comprises 45 kb with 18 exons. Mutations in this  
gene may lead to dysfunction of the receptor resulting in familial hypercholesterolemia and 
premature ischemic heart disease. The most frequently studied is A370T polymorphism 
(c.1171G>A in exon 8 that changes alanine to threonine at position 370 in the LDLR protein. 
The other described polymorphisms are NcoI, AvaII, c.1773C>T, and rs2738446 and 
rs2738450. 

Only few studies explored the association of LDLR gene polymorphisms and IS. Guo et al. 
[201] investigated the relationship between NcoI and AvaII polymorphisms of the LDLR 
gene in Han Chinese patients with atherosclerotic cerebral infarction and concluded that the 
coexistence of A-A- and N+N+ genotypes significantly increases the risk of atherosclerotic 
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cerebral infarction  (RR 5.56, p0.001). The data of Frikke-Schmidt et al. [202] support an 
association between c.370A>T polymorphism (370A allele) and increased risk of stroke. Two 
studies reported an association between rs2738450 and IS [135,203]. Recently published 
study [204], for the first time revealed the association of rs1122608 (located 58.7 kb upstream 
of the LDLR gene) and 530 IS patients in Chinese Han population.  

Oxidized LDL that play a key role in the atherogenesis process exert most effects through 
the interaction with its major receptor lectin like oxidized low density lipoprotein receptor 
1(LOX-1). LOX-1 is encoded by the lectin like oxidized low density lipoprotein receptor 1 
(OLR1) gene, located in the p12.3–p13.2 region of human chromosome 12 and consists of 6 
exons. Few SNPs located within introns 4, 5, and 3′ untranslated region, are associated with 
higher risk of developing acute myocardial infarction. Polymorphism (rs11053646, G501C) 
located in exon 4, leads to a change from a lysine to an asparagine at position 167 (K167N). 
As the consequence, reduced binding and internalization of the oxLDL was noticed. Only 
one paper [205] relates G501C polymorphisms of the OLR1 gene and IS, with negative 
results. Except LOX-1 full receptor, LOXIN as an isoform lacking part of the functional 
domen was identified and it has a protective role by blocking LOX-1 activation. One 
recently published study examined the prevalence of OLR1 gene polymorphisms, IVS4-14 
A/G and IVS4-73 C/T, which regulate the expression of LOXIN, in 43 patients with ischemic 
cerebrovascular diseases (ICVD). Patients with G homozygosity for IVS4-14 polymorphism 
and T homozygosity for IVS4-73 polymorphism have higher risk to develop ICVD [206]. 
Man et al. [198] in 191 Han Chinese patients with acute IS, of whom 25% had concurrent 
stenosis examined whether oxidized low-density lipoprotein receptor (OLR) 3 untranslated 
region (UTR) C > T (rs1050283) polymorphism and found that TT allele in OLR rs1050283 
were associated with concurrent stenoses. 

The association of LDLR and OLR1gene polymorphisms with IS should be further assessed 
in different populations and in wider series of patients. 

Soluble epoxide hydrolase 2. Soluble (cytosolic) epoxide hydrolase (sEH) has two activities as 
epoxide hydrolase and phosphatase. It is an enyzme involved in conversion of 
epoxyeicosatrienoic acids (EETs) metabolites of arachidonic acid in less active 
corresponding diols. EETs functions as vasodilatators, have anti-inflammatory effects [207], 
and anti-trombotic effects [208,209]. EETs have been shown to regulate cerebral blood flow 
and, through their mitogenic properties, may contribute to angiogenesis in the brain. Hence, 
they may protect against IS [210-212]. It modifies blood pressure [213] or plasma lipid levels 
and composition of lipoprotein particles [214]. Soluble EH is encoded by EPHX2 gene 
located at  chromosome 8 (8p21-p12). This gene contains 19 exons. It encodes 555 amino 
acids. Fourty four SNPs and one insertion/deletion polymoprhism [215] was identified in 
these gene. Substitutions Lys55Arg, Cys154Tyr and Glu470Gly resulted in an enzyme with 
increased epoxide hydrolase activity, until two other variants, the Arg287Gln substitution 
and the Ser402Argins insertion resulted in enzymes with reduced epoxide hydrolase activity. 

Genetic studies links polymorphisms in the human EPHX2 gene with modified risk of IS 
in a number of human populations [216-218]. In the Fornage’s study, a positive 
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studies reported an association between rs2738450 and IS [135,203]. Recently published 
study [204], for the first time revealed the association of rs1122608 (located 58.7 kb upstream 
of the LDLR gene) and 530 IS patients in Chinese Han population.  

Oxidized LDL that play a key role in the atherogenesis process exert most effects through 
the interaction with its major receptor lectin like oxidized low density lipoprotein receptor 
1(LOX-1). LOX-1 is encoded by the lectin like oxidized low density lipoprotein receptor 1 
(OLR1) gene, located in the p12.3–p13.2 region of human chromosome 12 and consists of 6 
exons. Few SNPs located within introns 4, 5, and 3′ untranslated region, are associated with 
higher risk of developing acute myocardial infarction. Polymorphism (rs11053646, G501C) 
located in exon 4, leads to a change from a lysine to an asparagine at position 167 (K167N). 
As the consequence, reduced binding and internalization of the oxLDL was noticed. Only 
one paper [205] relates G501C polymorphisms of the OLR1 gene and IS, with negative 
results. Except LOX-1 full receptor, LOXIN as an isoform lacking part of the functional 
domen was identified and it has a protective role by blocking LOX-1 activation. One 
recently published study examined the prevalence of OLR1 gene polymorphisms, IVS4-14 
A/G and IVS4-73 C/T, which regulate the expression of LOXIN, in 43 patients with ischemic 
cerebrovascular diseases (ICVD). Patients with G homozygosity for IVS4-14 polymorphism 
and T homozygosity for IVS4-73 polymorphism have higher risk to develop ICVD [206]. 
Man et al. [198] in 191 Han Chinese patients with acute IS, of whom 25% had concurrent 
stenosis examined whether oxidized low-density lipoprotein receptor (OLR) 3 untranslated 
region (UTR) C > T (rs1050283) polymorphism and found that TT allele in OLR rs1050283 
were associated with concurrent stenoses. 

The association of LDLR and OLR1gene polymorphisms with IS should be further assessed 
in different populations and in wider series of patients. 

Soluble epoxide hydrolase 2. Soluble (cytosolic) epoxide hydrolase (sEH) has two activities as 
epoxide hydrolase and phosphatase. It is an enyzme involved in conversion of 
epoxyeicosatrienoic acids (EETs) metabolites of arachidonic acid in less active 
corresponding diols. EETs functions as vasodilatators, have anti-inflammatory effects [207], 
and anti-trombotic effects [208,209]. EETs have been shown to regulate cerebral blood flow 
and, through their mitogenic properties, may contribute to angiogenesis in the brain. Hence, 
they may protect against IS [210-212]. It modifies blood pressure [213] or plasma lipid levels 
and composition of lipoprotein particles [214]. Soluble EH is encoded by EPHX2 gene 
located at  chromosome 8 (8p21-p12). This gene contains 19 exons. It encodes 555 amino 
acids. Fourty four SNPs and one insertion/deletion polymoprhism [215] was identified in 
these gene. Substitutions Lys55Arg, Cys154Tyr and Glu470Gly resulted in an enzyme with 
increased epoxide hydrolase activity, until two other variants, the Arg287Gln substitution 
and the Ser402Argins insertion resulted in enzymes with reduced epoxide hydrolase activity. 

Genetic studies links polymorphisms in the human EPHX2 gene with modified risk of IS 
in a number of human populations [216-218]. In the Fornage’s study, a positive 
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association was observed between the Glu470Gly variant and the incidence of IS in 
African American cohort [216]. 

Zhang et al. [218] examined potential associations between EPHX2 G860A polymorphism 
and IS risk in Chinese population. The G860A polymorphism results in an amino acid 
substitution (R287Q, Arg287Gln) that alters enzyme stability and reduces enzyme activity 
[215,219]. They concluded that the presence of at least one A allele at position 860 of EPHX2 
was independently associated with a decreased risk of IS. Gschwendtner et al. [217] in 
Caucasians found significant association between rs751141, rs7357432, rs2291635 and IS. The 
haplotype containing the associated alleles of the three SNPs showed an odds ratio of 1.59 
(1.06-2.37, P=0.022) in the large-vessel subgroup and an odds ratio of 1.54 (0.96-2.41, P=0.062) 
in the subgroup of patients with undetermined etiology. Lee et al. [220] did not find positive 
association of three polymorphism in EPHX2 gene (R103C, R287Q, and  
Arg402-403ins ) and IS risk.  

Fava’s study [221] examined whether the EPHX2 missense K55R and R287Q, together 
with the –1452T>C (rs7003694) in the promoter region and the +1784A>G (rs1042032) in 
the 3UTR polymorphisms, are associated with hypertension and with risk of 
cardiovascular events in middle-aged Swedes. They found no significant difference in the 
incidence of IS in carriers of different EPHX2 R287Q, EPHX2 –1452T>C genotypes, EPHX2 
+1784A>G (P>0.05), until the higher incidence of IS was evident in male EPHX2 R-
homozygotes versus male K-allele carriers. 

2.2. Genome-wide association studies (GWAS) in ischemic stroke 

The completion of the Human genome project, together with rapid improvements in 
laboratory techniques in this field, has enabled investigators to examine multiple genetic 
variants simultaneously in large study populations and it can be used for unlocking the 
genetic basis of complex human diseases [222,223]. The genetic variants that can be 
identified by GWAS are common SNP and have low effect size. By introducing GWAS a 
major limitation of the candidate gene study was overcame and candidate gene studies have 
now been largely superseded by the GWAS technique. 

To date, GWAS of IS has been performed in 6 cohorts, resulting in 7 publications with 
somewhat inconsistent results. The initial step in a genome-wide genotyping study in 
patients with IS was performed in 2007 [224]. The analysis which compared 408,803 unique 
SNPs in 249 white patients with IS and 268 white neurologically normal controls in five US 
stroke centers do not suggest any single common genetic variant exerting a major risk for IS. 
The other recently published genome-wide association study [225] found a significant 
association between two SNPs rs11833579 and rs12425791on chromosome 12p13 with total, 
ischemic, and atherothrombotic stroke in white persons. The SNPs are located closed to the 
gene Ninjurin2 (nerve injury-induced protein 2-NINJ2) and WNK1- serine-threonine kinase 
that regulate ion channels involved in sodium and potassium transport. Finally, SNPs in 
paired-like homeodomain transcription factor 2 (PITX2) and zinc finger homeobox 3 
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(ZFHX3) were observed to be associated with cardioembolic stroke and atrial fibrillation in 
Icelandic population [226,227]. 

Three GWAS were performed in Japanese populations. Kubo et al. [228] found significant 
association of non-synonymous SNP (1425 GA) in protein kinase C-eta (PRKCH) with 
lacunar infarction in the pathogenesis of IS. Hata et al. [229] found that SNP in the 5'-
flanking region of angiotensin receptor like-1 (AGTRL1) gene (rs9943582, - 154G/A) to have 
a significant association with brain infarction. Also, rs9615362 of cell surface receptor 
CELSR1 (cadherin epidermal growth factor laminin A seven-pass G-type receptor 1) was 
associated with IS [230].  

3. Conclusion 

Genetics of IS represents a unique challenge. Among the most examined candidate genes in 
IS are those associated with lipid metabolism. Unfortunately, the results are complex and far 
from clear-cut. According the literature review in this chapter it can be consluded that  
genes (polymorphisms) that are the most likely to be associated with IS are: apoE (apo 
ε2/ε3/ε4) and PON1 gene (p.Gln192Arg). Insufficient or inconsistent data that neither 
supported nor excluded an association of some genes polymorphisms with IS apoAV 
(c.1131T>C), LPA (rs3798220), LPL (S447X), LDLR (c.370A>T), OLR1(IIVS4-14A/G, IVS4-
73C/T) and EPHX2 (G860A). For other genes/polymorphisms that were reviewed in this 
paper, we are reasonably confident that an association with IS can be ruled out. 

The reasons for contradictory results in the studies may be limited sample size, 
heterogeneity of study designs and endpoints, differences in inclusion and exclusion 
criteria, ethnically different patient populations, selection of control population, different 
stroke subtypes and age of stroke onset, type of statistical evaluation, covariates, correction 
for multiple testing etc. One of the limitations of multiple non-reproducible candidate gene 
studies was the restriction to a single or rather few genetic variants tested for association 
with disease in examined gene. Further, genetic variants of candidate genes with strong 
effects at the transcriptional level or others affecting the functionality of the protein may 
have escaped the test for association with disease risk. Thus, in retrospect, it is not 
surprising that the candidate gene approach resulted in only limited success in the 
elucidation of IS stroke genes. 

Research in the field of IS should be directed towards facilitation of the characterization of IS 
pathogenesis at the molecular level and the development of genetic markers’ panels for 
assessment of IS risk. Technological developments such as GWAS, NGS technology, 
transcription profiling and proteomics will provide huge amounts of genetic information 
and allow investigators to identify variants in patients with specific stroke subtype and to 
identify how they exert their effects at the molecular level. The replication in an 
independent study, in large and well-characterized groups of patients of different ethnic 
origin, is required to confirm previously obtained results. On the basis of genetic or genomic 
information the therapeutic outcome or side effects in stroke patients could be predicted, as 
the effectiveness and safety of applied therapy. Also, this approach may help in stroke 
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prevention by identification of presymptomatic at-risk individuals, resulting in minimizing 
patients’ morbidity and mortality and reducing health care costs associated with stroke.  
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1. Introduction 

Alzheimer’s disease (AD) represents the so-called “storage disorder” of amyloid β (Aβ). The 
AD brain contains soluble and insoluble Aβ, both of which have been hypothesized to 
underlie the development of cognitive deficits or dementia (1-3). The steady-state level of 
Aβ is controlled by the generation of Aβ from its precursor, the degradation of Aβ within 
the brain, and transport of Aβ out of the brain. The imbalance among three metabolic 
pathways results in excessive accumulation and deposition of Aβ in the brain, which may 
trigger a complex downstream cascade (e.g., primary amyloid plaque formation or 
secondary tauopathy and neurodegeneration) leading to memory loss or dementia in AD. 
Accumulated lines of evidence indicate that such a memory loss represents a synaptic 
failure caused directly by soluble Aβ oligomers (AβOs) (4-6), whereas amyloid fibrils may 
cause neuronal injury indirectly via microglial activation (7). Many attentions are paid to 
understand the mechanism underlying the neurotoxic action of AβOs so far. However, the 
exact metabolic conditions controlling the in vivo generation of soluble AβOs has been out of 
attention.  

Several lines of evidence indicated that lipidic environments in the central nervous 
system (CNS) represent one of the prevailing metabolic conditions. We then 
hypothesized that an alteration of the lipoprotein-soluble Aβ interaction in the CNS is 
capable of initiating and/or accelerating the cascade favoring Aβ assembly (8). We found 
that dissociation of Aβ42 from lipoprotein in the cerebrospinal fluid from AD accelerates 
Aβ42 assembly (9). Thus, lipoprotein is a key molecule to maintain monomeric soluble 
Aβ42 in CNS. 

In this chapter, we review the issue regarding how lipoprotein and apolipoproteins 
contribute to physiological metabolic conditions. Then, we focus on how they constitute the 
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AD-related metabolic conditions in the CNS. We are certain that these points of view 
introduce a novel approach to find a therapeutic intervention for AD. 

2. Lipoproteins, apolipoproteins, and Aβ metabolism in the CNS 

In the CNS, we need to be aware that cholesterol metabolism is quite different from that 
in systemic circulation. Lipidic environments in the CNS were regulated by HDL-like 
lipoproteins, mainly lipidated apolipoprotein E (apoE), which is in charge of cholesterol 
transport to and from neurons (10, 11). This is also the case in lipidated apolipoprotein J 
(apoJ) (12). In addition to lipid trafficking, apoE or apoJ as a form of HDL-like lipoprotein 
plays a major role in Aβ metabolism in the CNS. Both apolipoproteins are well known as 
major carrier proteins for Aβ (13-17). Interestingly, transgenic mouse models of AD (apoE-

/-/apoJ-/-) revealed that both apolipoproteins regulate in a cooperative manner the 
clearance and the deposition of Aβ in brain (18). The hypothetical pathways involved in 
the clearance of CNS Aß are efflux of Aß into the plasma via blood-brain barrier (BBB). 
Two lipoprotein-receptors, LRP-1 and LRP-2, seem to be responsible for efflux of 
lipoprotein-free or lipoprotein-associated (apoJ-associated) Aß from the brain to blood, 
respectively (19). In vivo relevance of LRP-1-mediated Aß transport has been confirmed in 
transgenic mice expressing low LRP-1-receptor and APP, which develops extensive Aß 
accumulation much faster than transgenic mice expressing high level of APP (20). 
Reduced expression of brain endotherial LRP-1 was also observed in AD patients, which 
was associated with impaired Aß clearance and cerebrovascular accumulation. LPR-2 
appeared to function bi-directionally (influx vs efflux) at BBB. In contrast to LRP2-
mediated influx (21), LPR2-mediated efflux of brain Aß was actively operated under 
physiological concentration of either Aß or apoJ (19). Interestingly, a recent study shows 
that apoE4 binding to Aß redirects its clearance from LRP-1 to VLDLR, which resulted in 
slower efflux of brain Aß than LRP-1 (22). In contrast, apoE2-Aß and apoE3-Aß complexes 
are cleared at BBB via both LPR-1 and VLDLR at a substantially faster rate than apoE4-Aß 
complexes(22). Impairment of the above-mentioned receptor-mediated clearance at BBB 
could contribute to the pathogenesis of AD. Alternatively, ApoE4-HDL shows less 
cholesterol exchange between lipid particles and the neuronal membrane as compared 
with apoE3-HDL (23), leading to altered membrane functions, e.g., signal transduction, 
enzyme activities, ion channel properties, and conformation of sAß peptides, which 
contribute to the disease-related metabolic conditions. Furthermore, when the generation 
of HDL-like lipoproteins in the AD mouse model is suppressed or overexpressed via the 
specific regulation of ATP-binding cassette A1 (ABCA1), Aβ deposition exhibits 
augmentation or reduction, respectively, which depends on the degree of ABCA1-
mediated lipidation of apoE in the CNS (24, 25). From these points of view, lipidic 
environments in the CNS represent one of the prevailing metabolic conditions. We 
hypothesized that an alteration of the lipoprotein-sAβ interaction in the CNS is capable of 
initiating and/or accelerating the cascade favoring Aß assembly. Thus, we postulate that 
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AD-related metabolic conditions in the CNS. We are certain that these points of view 
introduce a novel approach to find a therapeutic intervention for AD. 

2. Lipoproteins, apolipoproteins, and Aβ metabolism in the CNS 

In the CNS, we need to be aware that cholesterol metabolism is quite different from that 
in systemic circulation. Lipidic environments in the CNS were regulated by HDL-like 
lipoproteins, mainly lipidated apolipoprotein E (apoE), which is in charge of cholesterol 
transport to and from neurons (10, 11). This is also the case in lipidated apolipoprotein J 
(apoJ) (12). In addition to lipid trafficking, apoE or apoJ as a form of HDL-like lipoprotein 
plays a major role in Aβ metabolism in the CNS. Both apolipoproteins are well known as 
major carrier proteins for Aβ (13-17). Interestingly, transgenic mouse models of AD (apoE-

/-/apoJ-/-) revealed that both apolipoproteins regulate in a cooperative manner the 
clearance and the deposition of Aβ in brain (18). The hypothetical pathways involved in 
the clearance of CNS Aß are efflux of Aß into the plasma via blood-brain barrier (BBB). 
Two lipoprotein-receptors, LRP-1 and LRP-2, seem to be responsible for efflux of 
lipoprotein-free or lipoprotein-associated (apoJ-associated) Aß from the brain to blood, 
respectively (19). In vivo relevance of LRP-1-mediated Aß transport has been confirmed in 
transgenic mice expressing low LRP-1-receptor and APP, which develops extensive Aß 
accumulation much faster than transgenic mice expressing high level of APP (20). 
Reduced expression of brain endotherial LRP-1 was also observed in AD patients, which 
was associated with impaired Aß clearance and cerebrovascular accumulation. LPR-2 
appeared to function bi-directionally (influx vs efflux) at BBB. In contrast to LRP2-
mediated influx (21), LPR2-mediated efflux of brain Aß was actively operated under 
physiological concentration of either Aß or apoJ (19). Interestingly, a recent study shows 
that apoE4 binding to Aß redirects its clearance from LRP-1 to VLDLR, which resulted in 
slower efflux of brain Aß than LRP-1 (22). In contrast, apoE2-Aß and apoE3-Aß complexes 
are cleared at BBB via both LPR-1 and VLDLR at a substantially faster rate than apoE4-Aß 
complexes(22). Impairment of the above-mentioned receptor-mediated clearance at BBB 
could contribute to the pathogenesis of AD. Alternatively, ApoE4-HDL shows less 
cholesterol exchange between lipid particles and the neuronal membrane as compared 
with apoE3-HDL (23), leading to altered membrane functions, e.g., signal transduction, 
enzyme activities, ion channel properties, and conformation of sAß peptides, which 
contribute to the disease-related metabolic conditions. Furthermore, when the generation 
of HDL-like lipoproteins in the AD mouse model is suppressed or overexpressed via the 
specific regulation of ATP-binding cassette A1 (ABCA1), Aβ deposition exhibits 
augmentation or reduction, respectively, which depends on the degree of ABCA1-
mediated lipidation of apoE in the CNS (24, 25). From these points of view, lipidic 
environments in the CNS represent one of the prevailing metabolic conditions. We 
hypothesized that an alteration of the lipoprotein-sAβ interaction in the CNS is capable of 
initiating and/or accelerating the cascade favoring Aß assembly. Thus, we postulate that 

 
Lipoproteins and Apolipoproteins in Alzheimer's Disease 615 

lipoproteins or apolipoproteins may regulate the metabolic conditions controlling the in 
vivo generation of soluble AβOs. 

3. Aß is present in either lipoprotein-free or lipoprotein-associated form 
in brain parenchyma 

To assess the above-mentioned issue, we examined whether the dissociation of sAß from 
lipoprotein-particles occurs in the brain. The combination of size exclusion chromatography 
(SEC) and enzyme-linked immunosorbent assay (ELISA) revealed that the dissociation of 
sAß from lipoprotein-particles occurs in brain parenchyma and the presence of soluble 
dimeric lipoprotein-free Aß in AD brains (8). These findings may support the hypothesis 
that functionally declined lipoproteins may be major determinants in the production of 
metabolic conditions leading to higher levels of soluble dimeric SDS-resistant form of Aβ in 
AD brains (8, 26). At this moment, it remains undetermined whether dissociation of Aβ 
from lipoprotein or less association of Aβ to lipoproteins accounts for such a metabolic 
conditions. To further verify this hypothesis, we focused on the entorhinal cortex (EC), 
followed by biochemical analyses using an anti-oligomer specific antibody, namely 2C3 (9, 
27). Fifty brains obtained from healthy elderly are composed of three Braak NFT stages; 
Braak NFT stages I-II (n=35, normal control); Braak NFT stages III-IV (n=13, MCI stage); 
Braak NFT stages IV-V (n=2, AD stages). Immunoblot analysis of the delipidated EC 
employing monoclonal 2C3 revealed that the accumulation of soluble 12-mers precedes the 
appearance of neuronal loss or cognitive impairment, and is enhanced as the Braak 
neurofibrially tangle (NFT) stages progress, indicating that the ECs of AD patients indeed 
bear metabolic conditions that accelerate Aβ assembly.  

4. Aß is present in either lipoprotein-free or lipoprotein-associated form 
in cerebrospinal fluid (CSF)9 

The presence of lipoprotein-free sAβOs in CSF was also assessed in age-matched normal 
controls (NCs) and patients with Alzheimer’s disease (AD) by SEC and ELISA specific for 
either AβOs or AβMs. The SEC experiment using pooled CSF revealed that the dissociation 
of sAβMs from lipoprotein particles indeed occurs in CSF, which was lower in AD than in 
NCs. Furthermore, the SEC experiment using lipoprotein-depleted pooled CSF (LPD-CSF) 
confirmed the presence of oligomeric 2C3 conformers (4- to 35-mers), which appeared to be 
higher in AD patients than in NCs. To address the issue on the presence of any metabolic 
conditions favoring Aβ assembly, we compared the levels of lipoprotein-free sAβMs and 
sAβOs in LPD-CSF from the 12 sporadic AD patients and 13 NCs to evaluate the AβOs/ 
AβMs ratio (the O/M index). The levels of 2C3 oligomeric conformers composed of Aβ42 are 
significantly higher in AD patients than in NCs. The O/M index for either Aβ42 or Aβ40 is 
also significantly higher in AD patients than in NCs. Of note, the relative amounts of total 
lipoprotein-associated sAβMs (~70%) versus lipoprotein-free sAβMs (~30%) remained  
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Figure 1. Hypothetical metabolic conditions favoring Aβ assembly. Functionally declined lipoproteins 
may accelerate the generation of metabolic conditions leading to higher levels of soluble Aβassembly in 
the CNS. 
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essentially unchanged in sporadic AD patients as compared with NCs. However, the 
relative amounts of lipoprotein-free Aβ42 was significantly lower in the sporadic AD 
patients (9.3 ± 3.9 %) than in NCs (13.2 ± 4.5 %), which is in accordance with our above-
mentioned finding that the level of oligomeric 2C3 conformers composed of Aβ42 was 
significantly elevated in AD patients. Thus, it is likely that the conversion of lipoprotein-free 
monomeric soluble Aβ42 into oligomeric assembly preferentially occurs in AD CSF, 
mirroring the disease-related metabolic conditions in the brain parenchyma.  

5. Summary 

We previously reported that ~90% of sAβMs that circulate in normal plasma is associated 
with lipoprotein particles (27). From the above data, it is plausible to assume that about 70% 
of CSF sAβMs is normally associated with lipoprotein particles, indicating that CNS 
constitutes a risky environment where the lipoproteins-sAβMs interaction is impaired, 
leading to Aβ assembly. From this point of view, a key molecule to maintain monomeric 
sAβ42 metabolism in CNS appears to be HDL-like lipoprotein particles. In this sense, the 
dissociation of sAβ42 from or the lack of association with HDL-like lipoprotein particles not 
only constitutes a potential mechanism to initiate and/or accelerate the cascade favoring 
Aβ42 assembly in the brain, but also results in a reduced clearance of physiological 
lipoprotein-associated sAβ42 peptides in the brain. Thus, above-mentioned CNS 
environments may strongly affect conformation of sAβ peptides, resulting in the conversion 
of sAβ42 monomers into sAβ42 assembly. The findings suggest that functionally declined 
lipoproteins may accelerate the generation of metabolic conditions leading to higher levels 
of sAβ42 assembly in the CNS. 
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1. Introduction 

Circulating lipoproteins perform vital functions, including the transport of fatty acids and 
cholesterol from intestine and liver throughout the body. However, in well-fed Western 
societies, elevated concentrations of lipoproteins in blood have long been recognized to 
convey increased risk for cardiovascular disease. High fat diets, obesity, and heredity can all 
contribute to hyperlipidemia. More recently, there has been concern for the possible effects 
of hyperlipidemia on risk for or progression of cancers, which have a far greater demand for 
lipids than normal tissues. For example, obesity is now an established risk factor for certain 
types of cancer and is also found to affect the prognosis for cancer patients (Calle and Kaaks 
2004; Cleary and Grossmann 2009). While the association of obesity with cancer is complex, 
higher circulating lipids may be a contributing element. Similarly type 2 diabetes, a 
condition of multiple co-morbidities including hyperlipidemia, is associated with the 
incidence of and mortality from cancer (Faulds and Dahlman-Wright 2012).   

 
Figure 1. Cytoplasmic lipid droplets consist of an oily core of TAG and CE surrounded by a 
phospholipid monolayer, specific coat proteins, and other proteins. 
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The association of hyperlipidemia with cancer began with early observations of an 
accumulation of cholesterol in tumors (reviewed,  (Mulas, Abete et al. 2011)). Higher levels 
of cholesterol and cholesteryl esters (CE) in malignant compared to less malignant tumors 
and normal tissues were first measured chemically (Yasuda and Bloor 1932). The 
accumulation of lipids in tumors was subsequently noted in tumor sections through 
histological examination and staining for lipid droplets (also called lipid bodies) (Freitas, 
Pontiggia et al. 1990). Lipid droplets are cellular organelles that store neutral lipids 
triacylglycerol (TAG) and CE (Fig. 1). Adipocytes store lipids in a single, large lipid droplet. 
Most other cell types have fewer, smaller lipid droplets except under pathological 
conditions when increased numbers and amounts of lipid may be present (Bozza and Viola 
2010). Lipid droplets were detected in vivo in tumors with proton magnetic resonance 
(Delikatny, Chawla et al. 2011), and more recently, in vivo and in vitro with coherent anti-
Stokes Raman scattering microscopy (Le, Huff et al. 2009). Unlike adipocyte lipid droplets, 
tumor cell lipid droplets contain significant quantities of CE (Tosi and Tugnoli 2005); 
therefore as these tumors grow and accumulate cholesterol, they may be expected to affect 
whole body cholesterol homeostasis and circulating cholesterol levels. 

The observation of changes in plasma cholesterol in cancer patients constitutes the second 
line of evidence in the association of lipoproteins with cancer. It appeared in multiple 
studies over many years that lower plasma cholesterol was associated with a higher risk of 
cancer (Rose and Shipley 1980). This was a concern because lowering plasma cholesterol is a 
goal in cardiovascular disease prevention. The relationship between plasma cholesterol and 
cancer was examined in many population-based studies. Although total plasma cholesterol 
(total-C) measurements were used in many studies, determinations of individual lipoprotein 
cholesterol fractions were increasingly included. Plasma cholesterol resides primarily in low 
density lipoproteins (LDL) and high density lipoproteins (HDL), the lipoproteins that 
transport cholesterol to cells and collect excess cholesterol from cells, respectively. High 
HDL-C is a protective factor against atherosclerosis, while high LDL-C is positively 
associated with risk of atherosclerosis. 

Two trends ultimately emerged from the data. First, total-C concentrations were lower two 
to six years prior to a cancer diagnosis, suggesting reverse causation: i.e., the early stages of 
the tumor led to lower circulating cholesterol (Sharp and Pocock 1997). Second, the plasma 
cholesterol fraction associated with tumor-caused decreases was primarily HDL-C, although 
the trend was detectable in total-C values also (Ahn, Lim et al. 2009). These conclusions 
were supported by data showing an increase in HDL-C when the patient was in remission 
(Dessi, Batetta et al. 1995). 

The observations above suggest that in some types of cancer, tumor cells accumulate 
cholesterol as CE in lipid droplets and efflux less cholesterol to HDL, resulting in lower 
circulating HDL-C, detectable even before the tumor can be diagnosed. There is also some 
indication that low HDL-C levels may contribute to the development of cancer (Mondul, 
Weinstein et al. 2011). HDL has antioxidant and anti-inflammatory properties in addition to 
its role in reverse cholesterol transport (Kwiterovich 2000), and low HDL-C is a defining 
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cancer was examined in many population-based studies. Although total plasma cholesterol 
(total-C) measurements were used in many studies, determinations of individual lipoprotein 
cholesterol fractions were increasingly included. Plasma cholesterol resides primarily in low 
density lipoproteins (LDL) and high density lipoproteins (HDL), the lipoproteins that 
transport cholesterol to cells and collect excess cholesterol from cells, respectively. High 
HDL-C is a protective factor against atherosclerosis, while high LDL-C is positively 
associated with risk of atherosclerosis. 

Two trends ultimately emerged from the data. First, total-C concentrations were lower two 
to six years prior to a cancer diagnosis, suggesting reverse causation: i.e., the early stages of 
the tumor led to lower circulating cholesterol (Sharp and Pocock 1997). Second, the plasma 
cholesterol fraction associated with tumor-caused decreases was primarily HDL-C, although 
the trend was detectable in total-C values also (Ahn, Lim et al. 2009). These conclusions 
were supported by data showing an increase in HDL-C when the patient was in remission 
(Dessi, Batetta et al. 1995). 

The observations above suggest that in some types of cancer, tumor cells accumulate 
cholesterol as CE in lipid droplets and efflux less cholesterol to HDL, resulting in lower 
circulating HDL-C, detectable even before the tumor can be diagnosed. There is also some 
indication that low HDL-C levels may contribute to the development of cancer (Mondul, 
Weinstein et al. 2011). HDL has antioxidant and anti-inflammatory properties in addition to 
its role in reverse cholesterol transport (Kwiterovich 2000), and low HDL-C is a defining 
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characteristic of the metabolic syndrome which has already been linked to cancer risk 
(Faulds and Dahlman-Wright 2012). Although lower HDL-C can have multiple etiologies, it 
can be one indicator of the presence of a tumor. If some tumors accumulate cholesterol, then 
it might be reasonable to ask if LDL-C fuels the development of this type of tumor. 

In this chapter, we will review the evidence that LDL-C, which is usually highly correlated 
to total-C, is positively associated with the risk of some types of cancer. We will also review 
the growing body of data on what mechanisms may be involved in tumor cholesterol 
accumulation and what markers may be useful to identify tumors that are stimulated by 
cholesterol. We will address the questions: does higher circulating cholesterol increase the 
risk of or prognosis for certain cancers, and should lowering LDL-C be a goal in the 
prevention or management of some types of cancer?  

2. Clinical and epidemiological evidence for an association of LDL with 
cancer 
The presence of cancer can affect whole body cholesterol homeostasis, leading to the 
observation of low plasma HDL-C in cancer patients as described above. Plasma LDL-C 
levels in cancer may be confounded by the increased catabolism of LDL by a known or 
undiagnosed tumor, leading to an apparent association of low LDL-C with some types of 
cancer (Vitols, Gahrton et al. 1985). These apparent interactions of synchronous lipoprotein 
levels with cancer make it difficult to distinguish a tumor-promoting effect of lipoproteins 
from a tumor-induced effect on lipoproteins. Prospective studies that include a baseline 
measurement of blood cholesterol levels and a sufficient follow-up period could reveal if 
there was a positive association of hypercholesterolemia with the incidence of cancer, or in 
cancer patients, with prognosis or survival. Such studies have been conducted and the 
results have been somewhat inconsistent, which may be partially explained by the fact that 
tumors vary greatly by tissue of origin and even by sub-types of tumor arising from the 
same tissue. 

Additional insight has been gained from studies of statins and statin users. Statins 
(inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)), the rate limiting step 
in cholesterol biosynthesis) are considered to have pleiotropic effects against cancer due to 
the multiple biosynthetic products downstream of HMGCR (Gazzerro, Proto et al. 2012). 
However, pharmacokinetic data suggests that the peripheral tissues do not have access to 
high enough concentrations of therapeutic statins to effect other pathways and that the 
major effect of statins is through the reduction of cholesterol biosynthesis in the liver 
(Solomon and Freeman 2008). Statins lower plasma total-C, which reflects a large reduction 
in LDL-C (up to 50% or more), a lesser reduction of VLDL-C and minor effects on HDL-C. 
The reduction of circulating LDL-C, a major consequence of statin use, is likely the primary 
anti-cancer action of statins.  

The largest prospective study to date on cholesterol and cancer was done in Korean adults 
enrolled in the Korean National Health Insurance Corporation (NHIC); participants (n = > 
one million) underwent biennial medical evaluations where a baseline fasting total-C 
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measurement was obtained and follow-up data was collected for up to 14 years (Kitahara, 
Berrington de Gonzalez et al. 2011). The study identified cancer types that had a positive 
trend with quintiles of total-C in men (prostate, P = 0.002, and colon, P = 0.05) and women 
(breast, P = 0.003, and colon, P = 0.004), as well as those that had a negative trend in men 
(esophageal, stomach, liver, and lung) and women (liver). The results were adjusted for 
multiple factors including BMI, and excluded cancers diagnosed in the first 5 years of 
follow-up. This study identified the hormone-related cancers and colon cancer as having the 
greatest association with total-C.  These cancers are also the most heavily studied with 
respect to the effects of total-C, statins, or dietary fat.  

Prostate cancer. Early stage prostate cancer (PrC) is stimulated by circulating testosterone 
through over-expression of the androgen receptor (AR). AR signaling regulates the 
expression of the PrC marker prostate specific antigen (PSA); androgen-deprivation 
(castration) therapies block AR signaling, providing an effective treatment and reducing 
PSA levels. However, over time advanced PrC emerges which is resistant to castration 
therapies (androgen-independent), although the AR may still play a role in tumor 
progression (Taplin and Balk 2004). Testosterone is synthesized from cholesterol in the 
testes, but also in advanced prostate tumor cells, providing a rationale for an effect of 
cholesterol availability on prostate tumorigenesis (Mostaghel, Solomon et al. 2012). 

Several large prospective studies in the USA showed an association between higher baseline 
plasma total-C and the development of high-grade (Gleason sum ≥ 7), but not total or low-
grade PrC. In the Health Professionals Follow-Up Study, 18,018 men provided a baseline 
blood sample and were followed for up to 7 years (Platz, Clinton et al. 2008). Men with low 
total-C had a reduced incidence of high-grade PrC (odds ratio (OR) = 0.61, 95% CI, 0.39-
0.98), and the association persisted after excluding men who were diagnosed within 2 years 
of blood draw. In the Prostate Cancer Prevention Trial (7 years), 5586 men in the placebo 
arm with a lower baseline total-C measurement had a reduced incidence of Gleason 8-10 
PrC (OR = 0.41, 95% CI, 0.22-0.77) (Platz, Till et al. 2009). In the CLUE II study, 6816 men in 
Washington County, Maryland were followed for a mean of 12 years (Mondul, Clipp et al. 
2010). Those with a baseline total-C in the desirable or borderline range had a reduced 
incidence of high grade PrC (hazard ratio (HR) = 0.68, 95% CI, 0.40-1.18), which was more 
pronounced in men with a higher BMI (HR = 0.36, 95% CI, 0.16-0.79). Excluding users of 
cholesterol-lowering drugs or cases diagnosed within two years of follow-up did not change 
the results. 

The differential effects of total-C on high-grade PrC were supported in several studies 
conducted outside the USA. In the Alpha Tocopherol, Beta Carotene Cancer Prevention 
Study cohort, baseline fasting total-C and HDL-C were obtained for >29,000 Finnish male 
smokers who were enrolled between 1985 and 1988. After long-term follow-up (still 
ongoing) in 2006, and excluding the first 10 years from baseline, it was found that men with 
higher total-C had increased risk of overall (HR = 1.22, 95% CI, 1.03-1.44) and advanced (HR 
= 1.85, 95% CI, 1.13-3.03) PrC (Mondul, Weinstein et al. 2011). The Midspan studies (begun 
in the 1960s and 1970s in Scotland, UK) had a median follow-up period of 24 years after a 
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(castration) therapies block AR signaling, providing an effective treatment and reducing 
PSA levels. However, over time advanced PrC emerges which is resistant to castration 
therapies (androgen-independent), although the AR may still play a role in tumor 
progression (Taplin and Balk 2004). Testosterone is synthesized from cholesterol in the 
testes, but also in advanced prostate tumor cells, providing a rationale for an effect of 
cholesterol availability on prostate tumorigenesis (Mostaghel, Solomon et al. 2012). 

Several large prospective studies in the USA showed an association between higher baseline 
plasma total-C and the development of high-grade (Gleason sum ≥ 7), but not total or low-
grade PrC. In the Health Professionals Follow-Up Study, 18,018 men provided a baseline 
blood sample and were followed for up to 7 years (Platz, Clinton et al. 2008). Men with low 
total-C had a reduced incidence of high-grade PrC (odds ratio (OR) = 0.61, 95% CI, 0.39-
0.98), and the association persisted after excluding men who were diagnosed within 2 years 
of blood draw. In the Prostate Cancer Prevention Trial (7 years), 5586 men in the placebo 
arm with a lower baseline total-C measurement had a reduced incidence of Gleason 8-10 
PrC (OR = 0.41, 95% CI, 0.22-0.77) (Platz, Till et al. 2009). In the CLUE II study, 6816 men in 
Washington County, Maryland were followed for a mean of 12 years (Mondul, Clipp et al. 
2010). Those with a baseline total-C in the desirable or borderline range had a reduced 
incidence of high grade PrC (hazard ratio (HR) = 0.68, 95% CI, 0.40-1.18), which was more 
pronounced in men with a higher BMI (HR = 0.36, 95% CI, 0.16-0.79). Excluding users of 
cholesterol-lowering drugs or cases diagnosed within two years of follow-up did not change 
the results. 

The differential effects of total-C on high-grade PrC were supported in several studies 
conducted outside the USA. In the Alpha Tocopherol, Beta Carotene Cancer Prevention 
Study cohort, baseline fasting total-C and HDL-C were obtained for >29,000 Finnish male 
smokers who were enrolled between 1985 and 1988. After long-term follow-up (still 
ongoing) in 2006, and excluding the first 10 years from baseline, it was found that men with 
higher total-C had increased risk of overall (HR = 1.22, 95% CI, 1.03-1.44) and advanced (HR 
= 1.85, 95% CI, 1.13-3.03) PrC (Mondul, Weinstein et al. 2011). The Midspan studies (begun 
in the 1960s and 1970s in Scotland, UK) had a median follow-up period of 24 years after a 
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baseline plasma total-C measurement (Shafique, McLoone et al. 2012). In 12,926 men 
diagnosed with PrC >5 years after entry into the study (n = 650), the HR for the risk of high-
grade disease (Gleason score ≥ 8) in those with cholesterol levels in the second highest 
quintile or the highest two quintiles combined compared to the lowest quintile was 1.75 
(95% CI, 1.03-2.97) and 1.88 (95% CI, 1.08-3.27), respectively. The use of statins was not 
available. The Nijmegen Biomedical Study in the Netherlands reported that among 2118 
men followed for a median period of 6.7 years who had never used cholesterol-lowering 
drugs (and excluding those diagnosed in the first year), those with higher baseline total-C 
had increased risk for PrC (HR = 1.39, 95% CI,  1.03–1.88) and aggressive PrC (HR = 1.65, 
95% CI,  1.10–2.47 (Kok, van Roermund et al. 2011). An even stronger association was seen 
for LDL-C levels and PrC (HR = 1.42, 95% CI, 1.00–2.02) and aggressive PrC (HR = 1.83, 95% 
CI, 1.15–2.90). 

Some studies did not support a role for cholesterol in PrC. No association of baseline plasma 
total-C or HDL-C with incident, advanced, or fatal PrC was found in the HUNT 2 study 
where a cohort of 29,364 Norwegian men were followed for a mean 9.3 years (Martin, Vatten 
et al. 2009). A stated limitation of the study was the small number of advanced or fatal cases. 
Similarly, no association of total-C with incidence of PrC was found in the Apolipoprotein 
MOrtality RISk (AMORIS) study, which followed 200,660 Swedish men for a mean of 8 
years (Van Hemelrijck, Garmo et al. 2011). In this study no information was available on 
tumor severity, precluding a finding of a differential effect based on tumor grade. 

Other types of studies have contributed evidence for the effects of blood cholesterol on PrC. 
In a cross-sectional cohort study of 531 American men, the incidence of benign prostate 
hyperplasia was 4-fold greater in those with diabetes who were in the highest compared to 
the lowest quartile of LDL-C; this effect was not seen in those without diabetes (Parsons, 
Bergstrom et al. 2008). A positive diagnosis of PrC in African-American (AA) men (n = 521), 
but not non-AA men (n = 451), undergoing biopsy was >3-fold higher for those in the 
highest quartile of LDL-C compared to the lowest (Moses, Abd et al. 2009). In a case-control 
study in 1294 Italian men <75 years of age with incident PrC compared to 1451 men 
hospitalized with acute, non-neoplastic conditions, the odd ratio (OR) for prostate cancer 
was 1.54 (95% CI, 1.26-1.89) for those with hypercholesterolemia (Pelucchi, Serraino et al. 
2011). A post hoc analysis of the REDUCE study (which evaluated the anti-testosterone 
dutasteride in men with high prostate specific antigen (PSA) values but no PrC) examined 
the association of coronary artery disease (CAD) with PrC risk (Thomas, Gerber et al. 2012). 
In 6729 men who underwent at least one biopsy, those with CAD had an increased risk of 
PrC diagnosis (OR = 1.35, 95% CI, 1.08–1.67), suggesting common risk factors. 

The benefit of statins in PrC prevention or treatment is still under evaluation, but 
observational studies have demonstrated reduced risk of PrC in statin users (reviewed, 
(Solomon and Freeman 2008; Marcella, David et al. 2011)). Statin use was recently shown to 
reduce the risk if death from PrC in a case-control study; cases were residents of New Jersey, 
USA ages 55 to 79 years who died from PrC between 1997 and 2000 (n = 380) and controls 
from the population were matched by 5-year age group and race. The unadjusted OR for 
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death from PrC was 0.49 (95% CI, 0.34-0.70) for any exposure to statins and decreased to 0.37 
(P < .0001) after multivariate adjustment (Marcella, David et al. 2011). Users of high-potency 
statins had about 2.5 times more protection compared with users of low-potency statins; the 
authors suggest that this points to cholesterol-lowering as the mechanism of protection. A 
positive association between LDL-C and PSA was demonstrated in a longitudinal study of 
1214 American veterans undergoing statin treatment between 1990 and 2006 (Hamilton, 
Goldberg et al. 2008). After a relatively short period of statin use (< 1 year), there was a near-
linear relationship between changes in LDL-C and changes in PSA values. After adjustment 
for multiple factors, for every 10% change in LDL-C, PSA changed by 1.64% (95% CI, 0.64% 
to 2.65%, P = .001). This relationship held over increases or decreases in the values, although 
the mean and median changes in LDL and PSA were -26% and -4.1%, respectively 
(Hamilton, Goldberg et al. 2008). A subsequent study showed that statin use dose-
dependently lowered the risk of a PSA recurrence in men who underwent a radical 
prostectomy (n = 1319) (30% lower risk of PSA recurrence (HR = 0.70, 95% CI, 0.50-0.97) 
(Hamilton, Banez et al. 2010). Median follow-up time was 24 months for statin users (n = 
236, 18%), 36 months for non-users. 

Breast cancer. Epidemiological studies showing a higher incidence of breast cancer (BrC) in 
Westernized countries led to a focus on the role of dietary fat in BrC risk (Kelsey 1993). 
Although dietary fat may affect circulating cholesterol levels, the specific contribution of 
plasma lipoproteins to BrC has received less attention. In addition, the relationship between 
circulating cholesterol and BrC risk may be complicated by the fact that, as for testosterone, 
cholesterol is a biosynthetic estrogen precursor and structurally similar to estrogen. 
Estrogen lowers plasma LDL by increasing the expression of the LDLR (Kovanen, Brown et 
al. 1979; Hulley, Grady et al. 1998), but stimulates breast tumor growth through over-
expression of estrogen receptor alpha (herein referred to as ER). Obesity and menopausal 
status can affect circulating lipids, estrogen levels, and BrC risk.  

The Nurses’ Health Study of >70,000 female, married, American nurses used self-reported 
serum cholesterol levels to analyze the association of blood cholesterol with risk of invasive 
BrC during up to 12 years of follow-up (Eliassen, Colditz et al. 2005). In that study, BrC 
incidence was not affected by cholesterol levels or use of statins or other lipid-lowering 
drugs. In a 10-year follow-up of postmenopausal Korean women (n = 170,374), a positive 
trend for quartiles of baseline fasting serum total-C and BrC incidence was found (HR = 
1.31, 95% CI, 1.06-1.61); however, after adjustment for BMI the trend was no longer 
significant (Ha, Sung et al. 2009). In contrast,  157 of 5865 peri/postmenopausal Swedish 
women in the Malmö Preventive Project developed BrC over a mean of 6.6 years; relative 
risk was increased by quartiles of baseline fasting total-C (P for trend, 0.05) (Manjer, Kaaks 
et al. 2001). This effect was not seen among the 112/3873 premenopausal women who 
developed BrC over a mean of 9.6 yrs. BMI was not a factor in the risk of BrC in either 
group. 

Because BrC has multiple types with distinct and recognizable patterns of gene expression, 
different treatments and prognoses, it may be more useful to examine BrC types separately 
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(Hu, Fan et al. 2006). Expression of the ER is an important discriminating factor among BrC 
types, with ER- BrC having fewer treatment options and a worse prognosis. A number of 
studies have shown differences in cholesterol metabolism between ER+ and ER- BrC. LDLR 
and ER content were determined (by ligand binding) in tumors from 72 Swedish patients 
who had undergone mastectomy (Rudling, Stahle et al. 1986).  Interesting, LDLR content 
was negatively, while ER content was positively correlated with survival in months. LDLR 
content strongly and independently predicted a worse prognosis in these patients (Rudling, 
Stahle et al. 1986). This finding is consistent with more recent data on tumor gene 
expression, where LDLR mRNA expression was generally higher in ER- as compared to ER+ 
human breast tumors in multiple studies (P < 0.05, oncomine.org). 

Circulating cholesterol may affect severity, recurrence, or outcome of BrC. In a prospective 
study of Canadian women diagnosed with early stage BrC (n = 520) and followed for a median 
period of 8.7 years, a trend toward higher risk of recurrence was seen in women with a higher 
fasting baseline total-C or LDL-C (Bahl, Ennis et al. 2005). Unfortunately, women with 
preexisting hyperlipidemia were excluded from the study, leaving a population with a smaller 
range of cholesterol levels in the evaluation. In 24,329 Norwegian women, a higher baseline 
non-fasting total-C level was not associated with BrC incidence (Vatten and Foss 1990), but 
those in the highest quartile did have an increased the risk of death from BrC (HR = 2.0, 95% 
CI, 1.1 – 3.7) (Vatten, Foss et al. 1991). In the Women’s Intervention Nutrition Study (WINS), 
women with BrC counseled for a low-fat diet (20% of calories) and followed for a median 
period of 5 years had a 24% lower risk of recurrence (n = 96/975, HR = 0.76, 95% CI, 0.60 to 
0.98) as compared to the control group (n = 181/1462);  interestingly, the effect was even 
stronger in those whose tumor was ER- (n = 28/205, HR = 0.58, 95% CI, 0.37 to 0.91) as 
compared to those whose tumor was ER+ (n = 59/273) (Chlebowski, Blackburn et al. 2006). 
Although neither total-C nor LDL-C were reported, serum fatty acid analysis showed a 
reduction in saturated fats in the diet group, and saturated fats are known to increase 
circulating cholesterol levels (Blackburn and Wang 2007). 

A number of clinical trials are underway to evaluate statins for the prevention or treatment 
of breast cancer. Large scale prospective studies on the association of statin use with risk of 
breast cancer have had mixed results (Cauley, McTiernan et al. 2006; Jacobs, Newton et al. 
2011), but beneficial effects of statins on disease recurrence have been documented. In a 
prospective cohort study of all female residents in Denmark diagnosed with stage I-III 
invasive BrC between 1996 and 2003 (n = 18,769), users of simvastatin (a lipophilic statin) 
had a 10% lower risk of recurrence (95% CI, -11% to -8%) as compared with nonusers of 
statins (Ahern, Pedersen et al. 2011). No reduced risk was observed in users of hydrophilic 
statins. In 703 American women treated for stage II/III breast cancer between 1999 and 2005 
and followed until 2008, users of statins (n = 156) had a reduced risk of recurrence in 
multivariate analysis (HR = 0.40, 95% CI, 0.24–0.67) (Chae, Valsecchi et al. 2011). No effect 
was seen on overall survival. Interestingly, a retrospective analysis of BrC patients in the 
Kaiser Permanente Cancer Registry in California (n = 2141) found that those who had used 
statins for one year or more had fewer aggressive ER-/PR- tumors and were more likely to 
have low grade and less invasive tumors (Kumar, Benz et al. 2008). 
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In a small study of women with newly diagnosed BrC (chemotherapy and radiotherapy 
naïve, n = 17) who were postmenopausal and normal weight, it was found that oxidized 
LDL (oxLDL) (P < 0.001), total-C (P = 0.001) and LDL-C (P = 0.001) were higher compared to 
a matched control group (n = 30) (Delimaris, Faviou et al. 2007). While LDL-C may 
contribute to cancer risk or prognosis, as in cardiovascular disease oxLDL may also play a 
role. OxLDL is present as a small percentage of total LDL in normal individuals, but the 
percentage of oxLDL may increase in pathological states (Holvoet, Lee et al. 2008; Mello, da 
Silva et al. 2011). An oxLDL receptor (OLR1) and was recently identified experimentally as 
part of gene signature responsible for transformation, tumor growth, and proliferation in 
multiple cancer cell lines (Hirsch, Iliopoulos et al. 2010). There is evidence that oxLDL is 
higher in hypercholesterolemic subjects, and that lowering total LDL with statins will result 
in lower oxLDL (Stojakovic, Claudel et al. 2010; Tavridou, Efthimiadis et al. 2010).  

Ovarian cancer. Ovarian cancer (OvC) has a much lower incidence than BrC, but is more 
deadly as most tumors are highly advanced at diagnosis. OvC is not stimulated by estrogen, 
but there is some evidence that circulating cholesterol affects outcomes. In a prospective 
study of 132 American women with stage III or IV OvC, serum banked at the time of 
diagnostic surgery was analyzed for total-C, HDL-C, and TAG (LDL was calculated; statin 
users were excluded) (Li, Elmore et al. 2010). Disease-specific survival was longer in patients 
with normal LDL as compared to those with elevated LDL-C (59 and 51 months, 
respectively, P = 0.04). In another study at the same site, statin use was found to be an 
independent positive prognostic factor in 126 women with stage III/IV OvC, 17 of whom 
were taking statins at the time of initial surgery (Elmore, Ioffe et al. 2008). Mean 
progression-free survival, as well as overall survival, was longer for statin users (24 months 
compared to 16 months, P = 0.007) as compared to statin non-users (62 months compared to 
46 months, P = 0.04). Serum was not available to determine actual levels of lipoproteins. In a 
small study, women with OvC (n = 15) compared to a matched control group (n = 30) had 
higher oxLDL (P = 0.006) and there was a trend toward higher LDL-C (P = 0.076) (Delimaris, 
Faviou et al. 2007). The women had not yet received any chemotherapy or radiotherapy at 
the time of blood collection.  

Colorectal cancer. Colon cancer risk was associated with baseline total-C in the Korean 
NHIC data (Kitahara, Berrington de Gonzalez et al. 2011). Other studies have had mixed 
results. In the European Prospective Investigation into Cancer and Nutrition, 1238 incident 
cases of colorectal cancer (CRC) and matched controls were analyzed for an association of 
CRC risk with serum lipoproteins (van Duijnhoven, Bueno-De-Mesquita et al. 2011). No 
significant trend for quintiles of total-C or LDL-C with CRC incidence was detected; a 
negative trend for HDL-C with colon cancer was seen, even when excluding the first two 
years of follow-up. No correction for the use of statins, aspirin or other medications was 
possible in this study. In the Japan Collaborative Cohort Study for Evaluation of Cancer 
Risk, the association of oxLDL and autoantibodies to oxLDL (oLAB) with the incidence of 
CRC was examined (Suzuki, Ito et al. 2004). A positive trend was found for oxLDL and 
CRC, even after multiple adjustments (P = 0.038, n = 119 cases, 316 controls); the trend for 
oLAB was not significant. The adjusted OR for the highest compared to the lowest quartile 
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In a small study of women with newly diagnosed BrC (chemotherapy and radiotherapy 
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46 months, P = 0.04). Serum was not available to determine actual levels of lipoproteins. In a 
small study, women with OvC (n = 15) compared to a matched control group (n = 30) had 
higher oxLDL (P = 0.006) and there was a trend toward higher LDL-C (P = 0.076) (Delimaris, 
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significant trend for quintiles of total-C or LDL-C with CRC incidence was detected; a 
negative trend for HDL-C with colon cancer was seen, even when excluding the first two 
years of follow-up. No correction for the use of statins, aspirin or other medications was 
possible in this study. In the Japan Collaborative Cohort Study for Evaluation of Cancer 
Risk, the association of oxLDL and autoantibodies to oxLDL (oLAB) with the incidence of 
CRC was examined (Suzuki, Ito et al. 2004). A positive trend was found for oxLDL and 
CRC, even after multiple adjustments (P = 0.038, n = 119 cases, 316 controls); the trend for 
oLAB was not significant. The adjusted OR for the highest compared to the lowest quartile 
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of oxLDL was 3.10, 95% CI, 1.04-9.23. Although total-C was not different between cases and 
controls, oxLDL was strongly associated with total-C (P < 0.001, n = 304).  

Plasma cholesterol may affect the progression of colon cancer to a more aggressive disease. 
The fasting lipid profiles of Italian men and women with metastatic CRC (n = 22) had higher 
synchronous total cholesterol, LDL-cholesterol and LDL/HDL ratios compared to those 
without metastases (n = 62) (P = 0.03, 0.01, and 0.002, respectively) (Notarnicola, Altomare et 
al. 2005). These results were independent of BMI. The authors hypothesized that LDL is 
beneficial for the proliferation and invasion steps of tumor progression. The effect of statin 
use on CRC incidence is unsettled due to mixed results from several retrospective analyses 
(Poynter, Gruber et al. 2005; Flick, Habel et al. 2009; Singh, Mahmud et al. 2009). There is 
hopeful data that statins may lower the recurrence rate of CRC , and a large-scale clinical 
trial is currently examining the potential of statin therapy to reduce the relapse rate in colon 
cancer in patients who have had surgery for early stage colon cancer (Hede 2011). 

Other cancers. There is little consistent evidence to date from large prospective studies for 
the positive association of total-C or LDL-C with the incidence of other cancers. However, 
retrospective case control and observational studies showing a reduced risk of cancer in 
statin users are suggestive that lowering LDL-C may be an effective preventative strategy 
for a wider range of cancer types. For example, renal clear cell carcinoma (the most 
prevalent renal cell carcinoma) is known to accumulate large amounts of CE (Gebhard, 
Clayman et al. 1987), and a large case control study in American veterans (n = 1446 cases) 
found a 48% reduction in risk for this cancer in statin users (Khurana, Caldito et al. 2008). In 
the same population, a 55% reduction in the incidence of lung cancer in statin users 
compared to nonusers was found (n = 7280 cases) (Khurana, Bejjanki et al. 2007).  

The evidence cited in this section suggests that higher circulating cholesterol can have the 
strongest effects on more advanced tumors. The question of whether more advanced or 
aggressive tumors accumulate more cholesterol as compared to early stage tumors in vivo 
has not been specifically addressed, although there is some evidence to suggest that this is 
the case (Tosi and Tugnoli 2005). Experimental data in the next section provide more 
support for the association of exogenous cholesterol with more aggressive cancer, as well as 
insight into how and why cancer cells accumulate cholesterol against normal homeostatic 
mechanisms. 

3. Experimental and mechanistic evidence for role of LDL in cancer 

Cholesterol homeostasis. If cholesterol homeostasis is altered in cancer cells to meet a 
greater demand for cholesterol, an understanding of the mechanisms involved will open up 
new targets against cancer. In normal cells, free cholesterol in cells is closely regulated to 
maintain adequate membrane cholesterol but prevent free cholesterol toxicity. Excess 
cholesterol is stored in the form of neutral cholesteryl esters (CE) that are available to the cell 
through the CE cycle (Brown, Ho et al. 1980), or is effluxed to circulating HDL for transport 
back to the liver (Fielding and Fielding 2001). In cholesterol-accumulating tumors, there is 
more CE storage and less efflux of cholesterol to HDL. Is this cholesterol newly synthesized  
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Study 
(Country) 

Years of 
follow-

up

n
(n for 
cases)

Sex Type of 
cancer 

Association with risk of cancer for: Reference 
 Total-C LDL-C HDL-C 

National Health 
Insurance Corp. 
enrollees (South 
Korea) 

Up to 14
1,189,719
(M:53,944
F: 24,475) 

M,F All 

Positive for PrC 
(M), BrC (F), CRC 
(M,F); negative for 

stomach, liver 
(M,F), lung (M) 

Not 
measured 

Not 
measured 

{Kitahara, 
2011} 

Health 
Professionals 
Follow-Up (USA) 

Up to 7 18,018 
(698) M PrC Positive for high-

grade PrC 
Not 

measured 
Not 

measured 
{Platz, 
2008} 

Prostate Cancer 
Prevention Trial 
(USA) 

Up to 7 5,586 
(1,251) M PrC Positive for high-

grade PrC   {Platz, 
2009} 

CLUE II (USA) Mean of 
11.9 

6,816
(438) M PrC Positive for high-

grade PrC 
Not 

measured 
Not 

measured 
{Mondul, 

2010} 
Alpha-
Tocopherol, Beta-
Carotene Cancer 
Prevention 
(smokers, Finland) 

>10 29,093 
(2,041) M PrC 

Positive for 
aggressive and 
advanced PrC 

Not 
measured 

Negative 
trend 

{Mondul, 
2011} 

Midspan 
(Scotland, UK) Up to 37 12,926

(650) M PrC Positive for high-
grade PrC 

Not 
measured 

Not 
measured 

{Shafique, 
2012} 

Nijmegen 
Biomedical 
(Netherlands) 

Mean of 
6.6 

2,118 
(43) M PrC 

Positive for total 
and aggressive 

PrC 

Positive for 
total and 

aggressive 
PrC

Positive for 
non-

aggressive 
PrC 

{Kok, 2011} 

HUNT 2 (Norway) Mean of 
9.3 

29,364
(687) M PrC None Not 

measured None {Martin, 
2009} 

Apolipoprotein 
MOrtality RISk  
(Sweden) 

Mean of 
7.0 - 8.3 

200,660 
(5,112) M PrC None   

{Van 
Hemelrijck, 

2011} 
Nurses’ Health 
(self-reported 
serum chol-
esterol) (USA) 

6 - 12 79,994 
(3177) F BrC None Not 

measured 
Not 

measured 
{Eliassen, 

2005} 

Postmenopausal 
public servants 
(South Korea) 

Up to 10 170,374 
(714) F BrC Positive trend Not 

measured 
Not 

measured {Ha, 2009} 

Malmö Preventive 
Project (Sweden) Up to 20 9,738 

(269) F BrC 

Positive for 
postmenopausal; 

none for 
premenopausal 

Not 
measured 

Not 
measured 

{Manjer, 
2001} 

National 
Health Screening 
Service (Norway) 

11 - 14 24,329 
(242) F BrC 

Negative (pre-
menopausal); none 
(post-menopausal)

Not 
measured 

Not 
measured 

{Vatten, 
1990} 

EPIC and 
Nutrition (nested 
case-control) 

Mean of 
3.8 

521,448 
(1238) M,F CRC None Not 

measured 
Positive for 
colon cancer 

{van Duijn-
hoven, 
2011} 

Table 1. Large, prospective studies with a baseline total cholesterol measurement and long-term 
follow-up for cancer incidence. M, male; F, female; PrC, prostate cancer; BrC, breast cancer; CRC, 
colorectal cancer. 
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or obtained from LDL, and what determines this? Normal cells obtain cholesterol primarily 
through endocytosis of circulating LDL through the LDLR, but have the capacity for 
endogenous synthesis via the mevalonate pathway; both mechanisms are tightly controlled 
for cholesterol homeostasis (Goldstein, DeBose-Boyd et al. 2006). The expressions of both 
LDLR and HMGCR are regulated by the transcription factors sterol response element 
binding proteins (SREBP1/2), whose processing and maturation proceed in response to 
decreased intracellular cholesterol (Brown and Goldstein 1997). The observed accumulation 
of CE in some tumors, the positive association of total-C with the risk of some types of 
cancer, and the demand for cholesterol for membrane building in growing cells, all suggest 
that the expression of these proteins and other components of the cholesterol homeostatic 
response system are altered in cancer. 

Cholesterol biosynthesis in cancer. In order to obtain sufficient cholesterol, proliferating 
cells may accelerate the rate of cholesterol biosynthesis. Oncogenes that transform cells and 
dysregulate growth activate anabolic and biosynthetic pathways leading to de novo 
cholesterol and fatty acid synthesis. This is accomplished by a greatly increased flux of 
glucose into cells and through the glycolytic pathway to produce energy, and transport of 
TCA cycle citrate from the mitochondria to the cytosol for lipid biosynthesis (Vander 
Heiden, Cantley et al. 2009). The cytosolic enzyme ATP citrate lyase converts citrate to 
acetyl-CoA, the basic building block for both fatty acids and cholesterol. Growth factor 
activation of tyrosine kinase receptors and downstream PI3K/AKT and MAP-kinase 
signaling pathways increase expression and activation of the SREBPs (Kotzka, Muller-
Wieland et al. 2000; Porstmann, Griffiths et al. 2005; Krycer, Sharpe et al. 2010), which 
control many lipid biosynthetic enzymes. Interesting, it was recently demonstrated that a 
mutated form of the cell cycle regulator p53, common in many tumors, bound to the 
promoter regions of the SREBPs and increased the expression of mevalonate pathway genes 
in BrC cells (Freed-Pastor, Mizuno et al. 2012).  

A high enough rate of de novo biosynthesis may not always be possible; for example in solid 
tumors, expansion and insufficient vascularization may limit the delivery of glucose and 
oxygen. If oxygen is limited, activation of the hypoxia inducible factor 1 (HIF1) pathway can 
increase survival but divert pyruvate to lactate, reducing production of citrate (Gordan, 
Thompson et al. 2007). If glucose is limited, reducing ATP production, the AMP activated 
protein kinase (AMPK) pathway can inactivate key biosynthetic enzymes by 
phosphorylation (Shackelford and Shaw 2009). If biosynthesis becomes constrained, cells 
would have an advantage by being able to obtain lipids exogenously from circulating 
lipoproteins.  

Cholesterol uptake in cancer. Uptake of cholesterol from LDL is primarily through the 
LDLR, although several scavenger receptors may also contribute. Over-expression of LDLR 
without feedback regulation by cholesterol has been observed in many types of cancer cells 
(Chen, Li et al. 1988; Hirakawa, Maruyama et al. 1991; Chen and Hughes-Fulford 2001; 
Antalis, Uchida et al. 2011). Although the role of SREBPs in feedback regulation of LDLR 
expression is well understood (Goldstein, DeBose-Boyd et al. 2006), there is evidence that 
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cell signaling pathways also contribute to LDLR up-regulation in cancer. In BrC cells, LDLR 
mRNA expression was 3-5-fold higher in ER- as compared to ER+ cell lines; PKC activation 
was strongly associated with increased LDLR expression in ER+ BrC cells, and to a lesser 
extent, even in ER- cells (Stranzl, Schmidt et al. 1997). Activation of the p42/44 (MAPK) 
cascade was sufficient to induce LDLR transcription in human hepatoma HepG2 cells 
expressing oncogenic Raf-1 kinase (Kapoor, Atkins et al. 2002). In glioblastoma cells, chronic 
activation of the EGF receptor tyrosine kinase, or other mechanisms which ultimately 
activated the PI3K/AKT pathway, led to increased expression of SREBP1 and the LDLR and 
to LDL-responsive proliferation (Guo, Reinitz et al. 2011). 

Increased dietary cholesterol has been shown to promote tumorigenesis in animal models. A 
Western-type high cholesterol diet compared to a chow diet increased tumor incidence and 
metastasis in a mouse model of PrC (Llaverias, Danilo et al. 2010). The same group, using 
similar diets, showed an increase in tumor formation and more aggressive tumors in a 
mouse model of BrC (Llaverias, Danilo et al. 2011). In both studies, plasma total-C was 
reduced following tumor development, suggesting utilization of circulating cholesterol by 
the tumor and similarity to what is observed in people with cancer. 

Role of cholesterol esterification. Whether tumor cells obtain the needed cholesterol 
endogenously or exogenously, it would be imperative to have a way to manage the 
increased flux of cholesterol so as to meet the dual goals of ensuring a ready supply and 
avoiding toxicity. Cholesterol toxicity is prevented by effluxing the excess free cholesterol to 
an extracellular acceptor or converting free cholesterol to non-toxic esters of fatty acids. The 
observed low HDL-C in cancer patients, combined with the observed increased cholesterol 
content in tumors suggest that efflux mechanisms are reduced and esterification is 
increased. Synthesis and storage of CE in lipid droplets not only reduces toxicity but 
provides an accessible depot of cholesterol for future cell needs.  

The enzyme responsible for cholesterol esterification is acyl-CoA:cholesterol acyltransferase 
1 (ACAT1/SOAT1), a constitutive resident of the endoplasmic reticulum. ACAT1 esterifies 
cholesterol obtained from LDL and also from endogenous synthesis (Chang, Li et al. 2009). 
ACAT1 is frequently found to be over-expressed in cancer vs. normal tissues in human 
tumor gene expression analyses, including cancers of brain, breast, cervix, esophagus, head 
and neck, kidney, and testis (P < 0.05, oncomine.org). Over-expression of ACAT1 has been 
specifically associated with cholesterol accumulation in renal clear cell carcinoma, a tumor 
type characterized by 35-fold more CE as compared to normal kidney (Gebhard, Clayman et 
al. 1987). 

ACAT activity has been associated with proliferation in cancer cells. The CE content of 
lymphocytes from patients with acute or chronic lymphocytic leukemia (n = 30) was 6-fold 
higher as compared to lymphocytes from healthy age-matched controls (n = 15), and plasma 
HDL was >40% reduced in the leukemia patients compared to the controls (Mulas, Abete et 
al. 2011). Phytohemaglutinin (PHA)-stimulated proliferation of the isolated leukemic cells 
was positively correlated to esterification of oleate to cholesterol, and inhibition of ACAT 
greatly reduced PHA-induced proliferation (Mulas, Abete et al. 2011). Cholesterol 



 
Lipoproteins – Role in Health and Diseases 634 

cell signaling pathways also contribute to LDLR up-regulation in cancer. In BrC cells, LDLR 
mRNA expression was 3-5-fold higher in ER- as compared to ER+ cell lines; PKC activation 
was strongly associated with increased LDLR expression in ER+ BrC cells, and to a lesser 
extent, even in ER- cells (Stranzl, Schmidt et al. 1997). Activation of the p42/44 (MAPK) 
cascade was sufficient to induce LDLR transcription in human hepatoma HepG2 cells 
expressing oncogenic Raf-1 kinase (Kapoor, Atkins et al. 2002). In glioblastoma cells, chronic 
activation of the EGF receptor tyrosine kinase, or other mechanisms which ultimately 
activated the PI3K/AKT pathway, led to increased expression of SREBP1 and the LDLR and 
to LDL-responsive proliferation (Guo, Reinitz et al. 2011). 

Increased dietary cholesterol has been shown to promote tumorigenesis in animal models. A 
Western-type high cholesterol diet compared to a chow diet increased tumor incidence and 
metastasis in a mouse model of PrC (Llaverias, Danilo et al. 2010). The same group, using 
similar diets, showed an increase in tumor formation and more aggressive tumors in a 
mouse model of BrC (Llaverias, Danilo et al. 2011). In both studies, plasma total-C was 
reduced following tumor development, suggesting utilization of circulating cholesterol by 
the tumor and similarity to what is observed in people with cancer. 

Role of cholesterol esterification. Whether tumor cells obtain the needed cholesterol 
endogenously or exogenously, it would be imperative to have a way to manage the 
increased flux of cholesterol so as to meet the dual goals of ensuring a ready supply and 
avoiding toxicity. Cholesterol toxicity is prevented by effluxing the excess free cholesterol to 
an extracellular acceptor or converting free cholesterol to non-toxic esters of fatty acids. The 
observed low HDL-C in cancer patients, combined with the observed increased cholesterol 
content in tumors suggest that efflux mechanisms are reduced and esterification is 
increased. Synthesis and storage of CE in lipid droplets not only reduces toxicity but 
provides an accessible depot of cholesterol for future cell needs.  

The enzyme responsible for cholesterol esterification is acyl-CoA:cholesterol acyltransferase 
1 (ACAT1/SOAT1), a constitutive resident of the endoplasmic reticulum. ACAT1 esterifies 
cholesterol obtained from LDL and also from endogenous synthesis (Chang, Li et al. 2009). 
ACAT1 is frequently found to be over-expressed in cancer vs. normal tissues in human 
tumor gene expression analyses, including cancers of brain, breast, cervix, esophagus, head 
and neck, kidney, and testis (P < 0.05, oncomine.org). Over-expression of ACAT1 has been 
specifically associated with cholesterol accumulation in renal clear cell carcinoma, a tumor 
type characterized by 35-fold more CE as compared to normal kidney (Gebhard, Clayman et 
al. 1987). 

ACAT activity has been associated with proliferation in cancer cells. The CE content of 
lymphocytes from patients with acute or chronic lymphocytic leukemia (n = 30) was 6-fold 
higher as compared to lymphocytes from healthy age-matched controls (n = 15), and plasma 
HDL was >40% reduced in the leukemia patients compared to the controls (Mulas, Abete et 
al. 2011). Phytohemaglutinin (PHA)-stimulated proliferation of the isolated leukemic cells 
was positively correlated to esterification of oleate to cholesterol, and inhibition of ACAT 
greatly reduced PHA-induced proliferation (Mulas, Abete et al. 2011). Cholesterol 

 
Lipoproteins and Cancer 635 

esterification and ACAT1 expression were also studied in leukemia cell lines. Cells with a 
greater ability to esterify cholesterol and with lower cholesterol efflux (CEM) had a higher 
rate of proliferation as compared to cells with a greater ability to synthesize cholesterol de 
novo (MOLT4) (Dessi, Batetta et al. 1997). Further work demonstrated that the faster-
growing CEM cells expressed more ACAT1 and less HMGCR mRNA as compared to the 
slower-growing MOLT4 cells (Batetta, Pani et al. 1999).  

In BrC, we showed that more aggressive basal-like ER- BrC cells had more lipid droplets 
and a much higher ratio of CE to TAG in stored neutral lipids as compared to less 
aggressive ER+ BrC cells; this was associated with higher expression of ACAT1 (Antalis, 
Arnold et al. 2010). The cell line differences were mirrored in gene expression analyses of 
human breast tumors, where higher expression of ACAT1/SOAT1 is characteristic of basal-
like ER- tumors (Antalis, Arnold et al. 2010). We further showed that ER- cells took up more 
LDL as compared to ER+ cells, and that LDL dose-responsively increased proliferation only 
of ER- cells and in an ACAT-sensitive manner. In a follow-up study, we examined the effect 
of lipoprotein deprivation on chemotactic migration of the highly motile basal-like ER- cell 
line MDA-MB-231. We showed that lipid droplets were depleted and migration was 
reduced 85% when cells were grown in medium without lipoproteins, and that adding back 
LDL or fatty acids restored migration in an ACAT-sensitive manner (Antalis, Uchida et al. 
2011). In addition, LDLR expression in these cells was not affected by exogenous LDL but 
was reduced 75% in the presence of an ACAT inhibitor, suggesting that high ACAT1 
expression permitted continued high expression of the LDLR.    

What mediates the over-expression of ACAT1 in cancer is not completely understood. 
Although ACAT1 is a critical component of intracellular cholesterol homeostasis, its 
expression is not known to be regulated by the SREBPs (Goldstein, DeBose-Boyd et al. 2006). 
In monocytes and macrophages, ACAT1 expression was up-regulated by interferon γ and 
all-trans-retinoic acid via STAT1 (Yang, Duan et al. 2001) and by dexamethasone via a 
glucocorticoid response element in its promoter (Yang, Yang et al. 2004). ACAT1 has also 
been shown to have an NFκB binding element in its proximal promoter and to be up-
regulated in response to TNFα signaling through NFκB (Lei, Xiong et al. 2009). Cholesterol 
acts as an allosteric activator of ACAT1 activity (Liu, Chang et al. 2005).  

The LXR pathway. The transcription factor LXR is a major regulator of fatty acid and 
cholesterol metabolism in cells. When cellular free cholesterol levels are high, some 
cholesterol is oxidized to form oxysterols, which act as endogenous ligands for LXR; thus 
LXRs are considered “cholesterol sensors”(Tontonoz 2011). LXR has an absolute 
requirement for RXR as a dimerization partner. RXR expression is highly regulated by 
both transcription and protein degradation (Boudjelal, Wang et al. 2000; Lefebvre, Benomar 
et al. 2010). RXR availability is also affected by competition with its other binding partners, 
including PPAR, RAR, VDR, TR and FXR. LXR/RXR is a permissive heterodimer, being 
stimulated by agonists of either partner (Tontonoz 2011). 

LXR signaling is known to have dual roles: up-regulation of genes of fatty acid biosynthesis 
(including fatty acid synthase and stearoyl-CoA desaturase 1/2) and repression of NFκB 
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controlled inflammatory genes (including IL-6, COX-2, and nitric oxide synthase) (Joseph, 
Castrillo et al. 2003). In addition, LXR/RXRα controls the transcription of key genes in 
cholesterol homeostasis: MYLIP/IDOL, the E3-ligase that ubiquitinates the LDLR leading to 
its degradation, ABCA1 and ABCG1, transporters involved in cholesterol efflux to APOA1 
and HDL, and others (Tontonoz 2011). The demonstrated control of ACAT1 by NFκB 
suggests that its transcription could be antagonized by LXR activity. LXR signaling may 
have the ability to mediate the balance between lipid biosynthesis/efflux mechanisms and 
uptake/storage mechanisms. Fig. 2 and Fig. 3 illustrate how key factors in cellular 
cholesterol homeostasis may be affected by the activity of LXR and its target genes.  

The uptake of exogenous LDL through LDLR leads to increased cellular free cholesterol, 
reduced maturation of SREBPs and reduced transcription of LDLR. When LXR/RXR is 
active (Fig. 2), LDLR protein is degraded by MYLIP and cholesterol efflux mechanisms are 
increased (Beltowski 2008). ACAT1 transcription may be reduced by the inhibitory effect of 
LXR/RXRon NFB transactivation activity, blocking cholesterol accumulation. Similarly 
ApoA1, the apolipoprotein acceptor for cholesterol efflux, which under some conditions is 
repressed by NFB, could be increased (Mogilenko, Dizhe et al. 2009). As a result, normal 
cellular cholesterol homeostasis is enforced. 

When LXR/RXRα is less active (Fig. 3), and under the influence of cytokines, a different 
pattern of gene expression predominates. Cholesterol efflux is reduced and thus free 
cholesterol is maintained at a high enough level in bilayer membranes that maturation of 
SREBPs is not triggered. More free cholesterol is esterified and stored in lipid droplets, due 
to a possible induction of ACAT1. LDLR protein degradation is reduced, allowing the cell to 
maintain high LDLR expression and unrestrained uptake of LDL. In this way, cellular 
cholesterol homeostasis is perturbed in the direction of LDL uptake and cholesterol 
accumulation. 

The pathways described in Figs. 2 and 3 are hypothesized to explain the observed 
cholesterol accumulation in some tumors and cancer cell lines. LDLR is placed at the center 
of the process of LDL uptake and accumulation, with LXR pathway inactivation being the 
key factor allowing cholesterol accumulation. No doubt the situation is more complicated 
than shown, as it does not account for scavenger receptor participation. However, the 
central role of LXR makes it a potential target in cancer. 

LXR agonists have been tested in experimental models of cancer. In glioblastoma cells over-
expressing the EGFR, EGF stimulated PI3K/Akt-driven up-regulation of SREBP1 and LDLR 
(Guo, Reinitz et al. 2011). An LXR agonist induced MYLIP/IDOL-mediated degradation of 
LDLR, ABCA1-mediated cholesterol efflux, and cell death both in vitro and in an animal 
model. In OvC cells, oxLDL stimulated proliferation and secretion of the cytokine 
cardiotrophin 1 (Scoles, Xu et al. 2010). An LXR agonist blocked both the cytokine secretion 
and the proliferation induced by oxLDL; the authors attribute the response to increased 
cholesterol efflux and decreased inflammatory effects of the LXR agonist. In an athymic 
model of PrC, progression of androgen-dependent tumors to androgen-independent tumors 
after castration was accompanied by decreases in expression of LXR target genes in the 
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tumor, and treatment with an LXR agonist delayed the progression for about 4 weeks 
(Chuu, Hiipakka et al. 2006). 

 
Figure 2. LXR transcriptional targets control intracellular cholesterol concentrations. Dotted line 
indicates pathways not proven. 

 
Figure 3. Reduced LXR signaling allows increased LDL uptake and intracellular cholesterol 
accumulation. Dotted line indicates pathways not proven. 

Cholesterol and tumorigenesis. The question remains as to the role that CEs may play in 
the survival, proliferation and metastasis of cancer cells. We and others have proposed that 
accumulation of CE spares energy needed for de novo sterol synthesis, allowing greater 
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proliferation and migration and perhaps a quicker return to growth after a period of stasis 
(Batetta, Pani et al. 1999; Antalis, Arnold et al. 2010; Antalis, Uchida et al. 2011). The process 
of cholesterol esterification was linked to proliferation in multiple studies in different cancer 
cell lines (Batetta, Pani et al. 1999; Peiretti, Dessi et al. 2007; Paillasse, de Medina et al. 2009; 
Antalis, Arnold et al. 2010; Mulas, Abete et al. 2011), implying a complex network of 
signaling pathways and gene expression that ties cholesterol accretion to tumorigenesis. 
However, the exact role of CE in tumorigenesis remains to be determined.    

PrC is a unique case considering the slow growth characteristics of this malignancy. The 
lipid raft concept has been proposed to account for the tumorigenic effects of cholesterol 
(Freeman, Cinar et al. 2007), and a higher level of cholesterol in PrC cells has been linked to 
membrane lipid raft-induced oncogenic cell signaling (Hager, Solomon et al. 2006). A 
connection between LXR signaling and lipid raft-associated signaling was demonstrated in 
androgen-responsive LnCAP cells, where an LXR agonist down-regulated Akt signaling in a 
cholesterol- and lipid raft-dependent manner, resulting in apoptosis of cells and xenograft 
tumors (Pommier, Alves et al. 2010). In addition, a relationship between androgens and 
cholesterol metabolism was demonstrated in PrC cells. It was first noted that androgen 
stimulation caused a dramatic increase in lipid droplets in LNCap cells. The induced neutral 
lipids included both TAG (33-fold) and CE (7-fold increase), most of which originated from 
new lipid synthesis (Swinnen, Van Veldhoven et al. 1996). This was later found to be due to 
an up-regulation of the SREBPs and lipid biosynthetic genes (Nelson, Clegg et al. 2002). The 
androgen-independent PC-3 cells had a higher content of CE and but not higher ACAT1 
activity or expression as compared to LNCap cells (Locke, Wasan et al. 2008). In both an 
androgen-independent cell line and a mouse xenograft model of PrC progression, changes 
in cholesterol metabolism and homeostasis were associated with initiation of tumoral 
androgen production and expression of the AR and PSA (Locke, Wasan et al. 2008; Leon, 
Locke et al. 2010). These data, along with the clinical data cited in Section 2, suggest that in 
PrC cholesterol accumulation may be important for androgen synthesis, which is closely 
involved with PrC progression even under castration therapy. 

Another function of LDL and other lipoproteins is the provision of essential fatty acids. 
Mammalian cells are not able to make polyunsaturated fatty acids; the essential n-6 and n-3 
fatty acids are derived from the diet and carried to cells by lipoproteins. Human glioma, one 
of the deadliest types of cancer, was found to contain up to 100-fold more CE compared to 
control tissue, and the fatty acid composition of the tumor CEs indicated an LDL origin 
(Nygren, von Holst et al. 1997). The n-6 fatty acid arachidonic acid is necessary for synthesis 
of second messengers such as the prostaglandin PGE2, a tumor promoter (Wang and Dubois 
2006). In androgen-independent PrC PC-3 cells, PGE2 production increased >3-fold in 
response to LDL (Chen and Hughes-Fulford 2001). Thus the fatty acids esterified to 
cholesterol and other lipids may be important for the effect of LDL on cancer cells. 

Finally, although lower plasma HDL-C in cancer patients may be due to reduced efflux of 
cholesterol to HDL from the tumor, there is evidence that some cancer cells can take up CE 
from circulating HDL, providing another explanation for low HDL. Recent investigations 
with the CEM-CCRF lymphoblastic cell line into the source of intracellular CE showed that 
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HDL-CE were taken up and stored without hydrolysis and re-esterification, while LDL-CE 
were hydrolyzed and re-esterified (Uda, Accossu et al. 2012). Although the mechanism was 
not clear, the data implied that HDL as well as LDL could be a source of CE for leukemic 
cells. A previous study in BrC cells showed that either HDL or LDL dose-dependently 
stimulated proliferation of ER- cell lines, but only HDL had the effect on ER+ cells lines 
(Rotheneder and Kostner 1989). In an animal model of PrC, a diet high in fat and cholesterol 
resulted in increased tumor incidence and increased tumor expression of scavenger receptor 
B1, the receptor responsible for selective uptake of HDL-C (the major form of circulating 
cholesterol in mice) by cells (Llaverias, Danilo et al. 2010). The question of whether HDL can 
supply cholesterol to tumor cells in vivo in humans remains open.    

4. Conclusions and future directions 

The heterogeneous nature of cancer and the changes that accompany tumor progression 
make it very difficult to draw overall conclusions about the effects of circulating cholesterol 
on cancer incidence or progression. However, large scale prospective studies have shown 
that higher plasma total-C and LDL-C can increase the risk for some cancers, with the 
hormone-related cancers in men and women being especially affected. Data also point to a 
more potent effect of exogenous cholesterol on more aggressive cancers. These conclusions 
are supported by data on the effect of statins, which have been shown to reduce both the 
risk and the progression of some cancers. As more clinical trial data emerges, we will have a 
clearer picture of the usefulness of cholesterol reduction and statins in cancer and what 
types of cancer respond to these therapies. 

Individualized approaches are the future for cancer therapy. Gene and protein expressions 
may serve as biomarkers to identify tumors that are stimulated by LDL. The genes/proteins 
expected to be more expressed as a result of LXR/RXRα pathway activation, i.e. MYLIP and 
ABCA1, and those expected to be more expressed as a result of LXR/RXRα pathway 
inactivation, i.e. ACAT1/SOAT1 and LDLR, may be used to distinguish tumors that are 
cholesterol-accumulating. The cholesterol and CE content of tumor biopsies determined by 
chemical or enzymatic methods could also be used as biomarkers. Imaging methods such as 
magnetic resonance (Delikatny, Chawla et al. 2011) and coherent anti-Stokes Raman 
scattering (Le, Huff et al. 2009) have the potential to allow in vivo visualization of lipids in 
tumors. These kinds of data will help to substantiate and clarify the association of CE 
accumulation with types of cancer. 

If it can be shown that a tumor has the markers of higher cholesterol uptake and 
accumulation, treatments to lower circulating lipids and affect intracellular cholesterol 
homeostasis are available. Existing drugs developed for prevention or treatment of 
cardiovascular disease or metabolic syndrome, such as statins and metformin (an AMPK 
activator), are being “repurposed” for the treatment of cancer. ACAT inhibitors that did not 
have the expected result of reducing atherosclerotic plaques in clinical trials may find a new 
use in cholesterol-accumulating cancers. A new ACAT1-specific inhibitor was effective in 
killing glioma cells in in vitro studies (Bemlih, Poirier et al. 2010). LXR pathway modulators 
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that can increase cholesterol efflux and HDL-C levels without stimulating lipid biosynthesis 
in the liver, needed to treat cardiovascular disease and metabolic syndrome, may also be 
useful in cancer (Ratni, Blum-Kaelin et al. 2009). Dietary regimens targeting fat and 
cholesterol reduction in those with hyperlipidemia, with known benefits in preventing and 
treating heart disease, may be recommended to decrease the risk or recurrence of some 
types of cancer. 
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1. Introduction 

Lipoproteins are complex aggregates of lipids and proteins that render endogenous lipids 
compatible with the aqueous environment of body fluids (Brown, 2007). The major 
physiological role of lipoproteins is to transport water-insoluble lipids from their point of 
origin to their respective destinations. Lipoproteins are synthesised mainly in the liver and 
intestines. They are in a state of constant flux, in circulation, changing in composition and 
physical structure as the peripheral tissues take up the various components before the 
remnants are returned to the liver. The most abundant lipid constituents of lipoproteins are 
free cholesterol, cholesterol esters, triacylglycerols and phospholipids, though fat-soluble 
vitamins and anti-oxidants are also found in lipoproteins (Kwiterovich, 2000). 

Classification of lipoproteins 

Lipoproteins are classified as chylomicrons (CM), very-low-density lipoproteins (VLDL), 
low-density lipoproteins (LDL) and high-density lipoproteins (HDL), based on the relative 
densities of the aggregates on ultracentrifugation. These classes are further refined by 
improved separation procedures, and intermediate-density lipoproteins (IDL) and 
subdivisions of the HDL (e.g. HDL1, HDL2, HDL3 etc) are often defined. Density of 
lipoproteins is determined largely by the relative concentrations of triacylglycerols and 
proteins and by the diameters of the broadly spherical particles, which vary from about 
6000Å in CM to 100Å or less in the smallest HDL. An alternative nomenclature is based on 
the relative mobilities on electrophoresis on agarose gels. Thus, α, pre-β and β lipoproteins 
correspond to HDL, VLDL and LDL, respectively (Lacko et al., 2007). 

Chylomicrons  

Chylomicrons, the largest and least dense of the lipoproteins are formed in the intestinal cell 
walls from dietary fat and cholesterol. Their main task is to carry triglycerides from the 
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intestine to the tissues where they are needed as a source of energy. In the circulation, 
triglycerides are removed from chylomicrons via the action of lipoprotein lipase (LPL), an 
enzyme present in the capillaries of many tissues. If present in large amounts, such as after a 
fatty meal, chylomicrons cause the plasma to appear milky. 

Very low density lipoproteins  

Very low density lipoproteins (VLDLs) are synthesised in the liver. Much like chylomicrons, 
they function primarily to distribute triglycerides to target sites such as adipose tissue and 
skeletal muscle where they are used for storage and energy. The manner in which 
triglycerides are removed from the circulation is the same as that of chylomicrons. 
Gradually with removal of triglycerides and protein, VLDLs are converted to LDL. High 
plasma levels of VLDL are associated with familial hypertriglyceridaemia, diabetes mellitus 
and underactive thyroid. 

Low density lipoproteins 

Low density lipoproteins are cholesterol-rich particles. About 70% of plasma cholesterol 
occurs in this form. LDLs are chiefly involved in the transport of the cholesterol 
manufactured in the liver to the tissues, where it is used. Uptake of cholesterol into cells 
occurs when lipoprotein binds to LDL receptors on the cell surface. LDL is then taken into 
the cell and broken down into free cholesterol and amino acids. Disorders involving a defect 
in or lack of LDL receptors are usually characterised by high plasma cholesterol levels. The 
cholesterol cannot be cleared efficiently from the blood and therefore accumulates.  

High density lipoproteins 

The high-density lipoproteins (HDLs) are small, dense, and spherical lipid-protein complexes 
which are normally considered to consist of those plasma lipoprotein particles which fall into 
the density range of 1.063–1.210 g/mL. HDL particles are composed of an outer layer 
containing free cholesterol, phospholipid, and various apolipoproteins (Apo), which covers a 
hydrophobic core consisting primarily of triglycerides and cholesterol esters (Barter et al., 
2003). The major proteins are Apo A-I (Mr 28,000) and Apo A-II (Mr 17,000). Apo A-I, the 
primary protein constituent of these particles, accounts for about 60% of the protein content of 
HDL. Apo A-I is synthesized in the intestines and liver and is thought to be largely responsible 
for the antiatherogenic effects of HDL. Some HDL particles carry only Apo A-I, whereas others 
contain both Apo A-I and Apo A-II (Shah et al., 2001). Other apolipoprotein species found in 
HDL particles include Apo A-IV, Apo C (C-I, C-II, and C-III), and Apo E. 

High density lipoprotein subtypes  

Several subtypes of HDL particles have been identified on the basis of density, 
electrophoretic mobility, particle size, and apolipoprotein composition (Albers et al., 1984). 
Differences in particle size are mainly the result of the number of apolipoprotein particles 
and the volume of the cholesterol ester in the core of the particle. HDL can also be classified 
into larger, less dense HDL2 or smaller, denser HDL3 which falls within the density ranges 
1.063–1.125 and 1.125–1.210 g/mL, respectively. Although the major proportion of HDL is 
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normally present in HDL3, individual variability in HDL levels in human populations 
usually reflects different amounts of HDL2 (Skinner, 1994). HDL2 is richer in particles 
containing Apo A-I without Apo A-II, whereas HDL3 is richer in particles containing both 
Apo A-I and Apo A-II (Gotto, 2001). 

Synthesis, Metabolism and Regulation of plasma lipoprotein concentration 

Normal metabolism and homeostasis of carbohydrates, amino acids and lipids in vivo 
depend on integrated liver function. Most plasma apolipoproteins and endogenous lipids 
and lipoproteins, including apolipoprotein(a) (apo(a)) and lipoprotein(a) (Lp(a)), are 
synthesized in the liver. The apolipoprotein(a) is a high molecular weight glycoprotein, of  
250-838 kD (Bowden, 1994) and a total of 34 different apo(a) isoforms have been identified in 
populations (Marcovina et al., 1993). The core components of Lp(a) are neutral lipid and an 
apoB-100 molecule, which are covalently connected by a disulfide-bond bridge and 
surrounded by hydrophilic apo(a) (Byrne, 1994). The heterogeneity of apo(a) determines the 
changes in plasma Lp(a) concentrations, and there is a negative correlation between the 
molecular weight of apo(a) and the plasma Lp(a) concentration (Wade, 1993) 

Lp(a) has a simple Mendelian dominant inheritance, which is controlled by the alleles Lpa 
and Lp0 (Utermann et al., 1988). Plasma Lp(a) concentration is controlled by three alleles., 
i.e., LpA, Lpa and Lp0 (Hasstedt et al. 1986). Pedigree analysis indicated that the size 
polymorphism of Lp(a) is controlled by a series of alleles of a single point (Utermann, 1988). 
The apo(a) gene which is located in q26-27 of chromosome 6 in humans has a linkage to the 
plasminogen (PGN) gene, and is inherited in a codominant Mendelian model (Amemiya, 
1996). Apolipoprotein(a) mRNA (14 kb) encodes for a mature protein of 4529 amino acid 
residues in the presence of a signal peptide with 19 amino acid residues (McLean, 1987) 
while a high-degree homology exists between the molecular structures of the apo(a) gene 
and the PGN gene. The high-degree homology between the apo(a) gene and the PGN gene 
determines the biological actions of Lp(a) (Romics et al., 1996).  

2. Role of lipoprotein in cancer 

Cancerous cells generally have high requirements for cholesterol as they are rapidly dividing 
cells. The Low density lipoproteins (LDL) which are cholesterol-rich particles have been 
especially found to play significant role in the pathogenesis of a large number of cancers. For 
instance, increased LDL requirement and receptor activity have been reported in cancer of the 
prostate gland (Chen and Hughes-Fulford, 2001); colon (Niendorf  et al., 1995); adrenal gland  
(Nakagawa et al., 1995); hormone unresponsive breast tumors (Stranzl et al., 1997), cancers of 
gynecological origin, tumors of lung tissues (Vitols et al., 1992), leukemia (Tatidis et al., 2002), 
and malignant brain tumors (Rudling et al., 1990). In contrast, high density lipoproteins (HDL) 
have been reported significantly lowered in patients with primary or metastatic liver cancer 
(Moorman et al., 1998). Hoyer and Engohm (1992) observed an inverse association between 
serum HDL-cholesterol and risk of breast cancer in a cohort of 5,207 Danish women, who 
participated in the Glostrup population studies of breast cancer. 
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Lymphoma patients often exhibit abnormal lipid metabolism. Numerous clinical studies of 
lymphoma patients have reported lipid abnormalities that are similar to the dyslipidemia 
observed in inflammatory and infectious diseases that are believed to develop secondary to 
circulating cytokines and the accompanying acute-phase response (Blackman et al., 1993). 
Spiegel et al. (1989) investigated plasma lipids and lipoproteins at presentations in 25 
patients with acute leukemia and non-Hodgkin's lymphoma and reported that all patients 
demonstrated an abnormality in at least one plasma lipid fraction and most exhibited a 
predictable pattern of lipid alterations that consisted of extremely low levels of HDL-
cholesterol, elevated triglyceride, and elevated very low density lipoprotein (VLDL). The 
degree of lipid abnormality was directly related to the underlying tumor burden and 
particularly to the presence of bone marrow involvement. Therefore, low levels of 
circulating HDL-cholesterol in lymphoma patients may occur before the clinical onset of 
cancer and may serve as a marker for inflammation-induced lymphomagenesis, rather than 
a consequence of lymphoma-induced acute-phase responses. 

2.1. Role of lipoprotein(a) in pathogenesis of cancer 

Lipoprotein[a] is an intriguing molecule consisting of a low-density lipoprotein core and a 
covalently bound apolipoprotein[a]. Apolipoprotein[a] possess an inactive protease domain 
which is a single copy of the plasminogen kringle 5 and multiple repeats of domains 
homologous to the plasminogen kringle 4. The plasminogen kringle 5 (K5) domain, which is 
distinct from angiostatin, possesses potent anti-angiogenic properties on its own, which can 
be exploited in cancer therapy. The angiostatic effect and novel proinflammatory role of the 
K5 protein is via its ability to recruit tumor-associated neutrophils and NKT lymphocytes, 
leading to a potent antitumor response (Perri et al., 2007).  

Recently, anti-angiogenic agents have been found to promote leucocyte-vessel wall 
interaction as part of their anti-tumorigenic effects. Studies on animal models have indicated 
that the proteolytic break-down products of apolipoprotein[a] may posses anti-angiogenic 
and anti-tumorigenic effects both in vitro and in vivo. This is a convenient premise to 
develop novel therapeutic modalities which may efficiently suppress tumor growth and 
metastasis (Giuseppe et al., 2007). Significant decrease in Lipoprotein[a] levels have been 
reported in liver cancer patients by Samonakis et al., 2004. Although the liver plays an 
important role in lipid metabolism, several non-hepatic factors such as hormones, cytokines, 
genetics and nutrition are also involved in different ways. For example, several 
inflammatory and tumoral diseases are characterized by the production and delivery of 
cytokines influencing serum Lipoprotein[a] levels.  

The mechanisms by which cancers induce cachexia involve inflammatory cytokine production; 
which is responsible for a wide number of metabolic disorders, essentially involving lipid 
metabolism (Langstein and Norton, 1991) and serum Lipoprotein[a] level changes during 
inflammatory disease.  Liver damage has been linked to reduce Lipoprotein[a] serum levels 
(Malaguarnera et al., 1996). Geiss et al.(1996) observed marked increase in Lipoprotein[a] 
concentration from 7 mg/dl in acute stage to 32 mg/dl in convalescence in hepatitis 
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patients.The lipoprotein[a] half-life is short in vivo, 3.3~3.9 d, (Krempler et al., 1983), and 
influenced early by liver function alterations (Malaguarnera et al., 1994), The high involvement 
of Lipoprotein[a] in lipid and protein metabolism have been suggested to be a sensitive and 
early marker of liver malfunction, therefore Lipoprotein[a] may supply useful additional 
information for a more complete assessment and monitoring of the liver function in patients 
with hepatocellular carcinoma and liver cirrhosis (Uccello et al., 2011). 

2.1.1. Role of high density lipoprotein (HDL) in the pathogenesis of cancer 

The origin and fate of HDL are less well understood than other lipoproteins. HDL may be 
formed both in the intestine and in the liver. It is also formed during lipolysis of 
Triglycerides-rich lipoproteins. Apolipoprotein AI (ApoAI) and apolipoprotein AII (apoAII) 
are the major apolipoproteins of HDL and the production rate of apoA-I is an important 
determinant of the variability of plasma HDL concentrations. Production rate of apoA-I is 
however, influenced by many factors and apoA-I transcriptional regulation has an impact 
on plasma HDL concentrations.  

A large number of cellular lipid transporters and receptors including a spectrum of HDL and 
intermediates of HDL participate in the transport of excess cholesterol from peripheral cells to 
the liver. At one end of the spectrum are lipid-free or lipid-poor apoA-I particles, referred to as 
pre-β HDL. These particles are secreted by the liver and small intestine or generated from 
surface material from partially lipolyzed chylomicrons  or from HDL2 in the periphery by the 
action of cholesteryl ester transfer protein (CETP), hepatic lipase, or phospholipid transfer 
protein (PTP) (Dullaart  et al., 2001). Lipolyzed chylomicrons are HDL precursors that accept 
unesterified cholesterol and phospholipids transferred by ATP-binding cassette transporter A1 
(ABCA1) on peripheral cells, giving rise to discoidal lipoproteins containing apoA-I (Yokoyama, 
2005). The acquired unesterified cholesterol of the apoA-I is esterified by the plasma enzyme 
lecithin:cholesterol acyltransferase (LCAT) to form cholesteryl ester which is packaged into the 
hydrophobic core of the discoidal particle, converting it to spherical HDL3. HDL3 can continue 
to accept unesterified cholesterol and phospholipids from the class B, type I scavenger receptor 
(SR-BI); through continued action of LCAT (Fig. 1). This causes the hydrophobic core of the 
discoidal lipoprotein particle to expand and the size increases, thereby forming HDL2.  

High density lipoprotein (HDL) plays a key role in the reverse cholesterol transport 
pathway (RCTP) (Genest et al., 1990) and various fractions of HDL have been shown to offer 
a new approach to study liver diseases (Cooper et al., 1996). Plasma HDL-C, HDL-PL and 
HDL-C/HDL-PL have been reported to be lower in hepatocellular carcinoma patients than 
those in normal patients (Li et al., 1993). In a study on 40 patients with hepatocellular 
carcinoma, LDL-C level was found to be significantly lower in the hepatocellular carcinoma 
patients than in the controls, but HDL-C did not show a statistically significant difference to 
the controls (Motta et al., 2001). HDL-C itself has also been reported significantly decreased 
in patients with primary or metastatic liver cancer (Kanel et al. 1983). Therefore, variations in 
the level of plasma lipids and lipoproteins may assist in describing the nature of cirrhosis 
and hepatocellular carcinoma (Ahaneku et al., 1992). 
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Figure 1. Formation of HDL2 from unesterified cholesterol  

Furthermore, an inverse and significant association exists between levels of HDL cholesterol 
and the risk of incident cancer, according to the results of a recent study (Jafri et al., 2010). 
Exceptionally, a few cancer risk factors are associated with increased levels of HDL. For 
instance, many breast cancer risk factors are associated with high HDL-C and the 
relationship between breast cancer and HDL-C is independent of other risk factors 
(Moorman et al., 1998). 

HDL could play a role in carcinogenesis through its influence on cell cycle entry, via a 
mitogen-activated protein kinase-dependent pathway or regulation of apoptosis. 
Specifically, an inverse association exists between serum HDL and risk of breast cancer, 
and several studies have reported lower levels of HDL in breast cancer patients. Further 
studies have also shown that tumor progression from localized to metastatic disease is 
associated with declining HDL levels. At least two population-based screening surveys 
involving Norwegian women have established low HDL, as part of the metabolic 
syndrome associated with increased post-menopausal breast cancer risk. The risk of post-
menopausal breast cancer among overweight and obese women in the highest serum 
HDL-cholesterol quartile was one-third the risk of women in the lowest serum HDL-
cholesterol quartile (Furberg et al., 2004).  
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2.2. Serum lipid profile and incidence of cancer 

Cancer patients often present altered serum lipid profile including changes of HDL level. 
Case-control studies of newly diagnosed lung cancer have shown that HDL levels are 
reduced in lung cancer cases. Patients with advanced nonresectable lung cancer also often 
have decreased serum HDL. Although the biological mechanisms that might link low 
plasma levels of HDL with cancer are not well understood, the HDL regulation of cell cycle 
entry through a mitogen activated protein kinase-dependent pathway and apoptosis, 
modulation of cytokine production, and antioxidative function (Perletti et al., 1996) has been 
suggested biologically plausible.  

The association between higher HDL and lower overall cancer incidence observed in the 
ATBC cohort is biologically plausible, as HDL has anti-inflammatory properties (Perletti et 
al., 1996). However, it is also plausible that this association reflects the effect of factors such 
as inflammation, which are associated with both HDL and risk of cancer.  

2.3. Effect of inflammation on HDL levels in the body 

Inflammation reduces HDL and likely increases risk of lung cancer (Mendez et al., 1991). 
Studies have shown that chronic inflammation is known to reduce both serum HDL-
cholesterol levels and its anti-inflammatory properties. The lipoprotein abnormalities seen 
in patients with inflammatory diseases are thought to develop secondary to circulating 
cytokines and the accompanying acute-phase response (Blackman et al., 1993). Low HDL-
cholesterol may therefore be a marker for the severity of systemic inflammation and 
inflammation-induced non-Hodgkin's lymphoma risk. Conversely, high HDL-cholesterol 
itself may be protective against non-Hodgkin’s lymphoma. High-density lipoprotein-
cholesterol seems to modulate inflammatory responses independent of non-HDL cholesterol 
levels by suppressing chemotactic activity of monocytes and lymphocytes and inhibiting 
cytokine-induced expression of endothelial cell adhesion molecules.  

2.4. Association between antioxidant enzymes and HDL 

There are a number of enzymes associated with HDL that have antioxidant properties, 
including paraoxonase, platelet-activating factor acetylhydrolase, and glutathione 
peroxidase. Paraoxonase-1 (PON1), the enzyme primarily responsible for HDL's antioxidant 
function, is closely bound to the HDL particle. PON1's enzymatic activity is highly regulated 
by environmental factors such as diet and physical activity, by certain drugs, and by genetic 
factors, especially certain genetic polymorphisms in the paraoxonase-1 gene, PON1. PON1 is 
synthesized in the mammalian liver and circulates in blood bound to HDL apolipoprotein 
(apo) A-1 and apo J. There are 2 other proteins in the same family as PON1 that probably 
also have antioxidant actions. These are PON2 and PON3. PON2 is ubiquitously expressed 
within cells, whereas PON3 exhibits a basal constitutive antioxidant activity and is 
essentially bound to HDL (Reddy et al., 2001; Ng et al., 2001). These enzymes have the ability 
to prevent the formation of proinflammatory oxidized phospholipids and to block the 
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activity of those already formed; however, these oxidized lipids negatively regulate the 
activities of the HDL-associated enzymes. During an acute-phase response in rabbits, mice, 
and humans, there seems to be an increase in the formation of these oxidized lipids that 
results in the inhibition of the HDL-associated enzymes and an association of acute-phase 
proteins with HDL that renders HDL pro-inflammatory rather than being anti-
inflammatory.  

2.5. Role of lipoproteins in cancer chemotherapy 

The efficacy of cancer chemotherapy is often limited by severe cytotoxic effects induced by 
anticancer drugs, on healthy and cancerous cells (Sehouli et al., 2002).  In addition, most of 
the available dosage forms perform with less than optimal efficiency because of poor 
solubility and limited accessibility to target tissues (Rosen and Abribat, 2005). Furthermore, 
it is difficult to eradicate cancer cells in vivo because they share the same biochemical 
machinery with normal cells.  

In spite of the overwhelmingly large number of anticancer drugs that have been developed, 
none is completely selective for cancer cells. Consequently, all anticancer drugs presently in 
use induce significant dose-limiting toxic side effects. For this reason, there has been 
increased emphasis on selective delivery of drugs to tumours in ways that bypass normal 
body tissues.  

2.5.1. Lipoproteins as special anticancer drug delivery agent 

The cytotoxic effects of cancer chemotherapeutic drugs on healthy organs can be 
significantly diminished by employing special drug delivery systems targeted specifically to 
cancer cells (Minko et al., 2004). Targeting is especially important in circumstances where a 
localized tumor is removed surgically, and chemotherapy is prescribed as a follow-up 
preventive against potential metastases (Dharap et al., 2005). Among the vehicles that can be 
used for special anticancer drug delivery are lipoproteins.  

Lipoproteins have been considered appropriate drug-delivery vehicles for anticancer drugs 
(Braschi et al., 1999), owing to their structural features, biocompatibility and targeting 
capability via receptor mediated mechanisms (Nikanjam et al., 2007). The basic structure of 
lipoproteins, which comprises of an outer protein–phospholipid shell with a lipophilic 
surface and an interior hydrophobic compartment, positions them as ideal transporters of 
hydrophobic drugs, including anticancer agents. Due to their biocompatible, lipoproteins 
have considerable advantages over the conventional carrier systems currently used in cancer 
chemotherapy in that they provide the opportunity for targeted delivery of the anticancer 
drug they carry through endocytosis by receptor mediated uptake or by selective uptake of 
core components (Pathania, et al., 2003).  

The main advantages of lipoprotein-based formulations are their biocompatible 
components, their relative stability in the blood circulation and their track record of having 
already been safely injected into human subjects (Bisoendial et al., 2002). In addition, 
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lipoprotein-based formulations have vast targeting potential via receptor-mediated 
mechanisms that are overexpressed in cancer cells compared with normal cells. It has been 
shown that anticancer drugs can be targeted to cancer cells that generally express a high 
level of lipoprotein receptors, by encapsulation into reconstituted high density lipoprotein 
nanoparticles which are similar to the endogenous lipoprotein particles responsible for 
shuttling of hydrophobic molecules to different parts of the body.  

Lipoprotein complexes are ideal for loading and targeted delivery of cancer therapeutic and 
diagnostic agents because they can mimic the shape and structure of endogenous 
lipoproteins, and as such, remain in circulation for an extended period of time, while largely 
evading the reticuloendothelial cells in the body’s defenses. The small size (less than 30 nm) 
of the low-density and high-density classes of lipoproteins allows them to maneuver deeply 
into tumors. Furthermore, lipoproteins can be targeted to their endogenous receptors, 
especially, when the receptors are implicated in cancer. Although the lipophilic character of 
certain pharmaceuticals may be a disadvantage during intravenous therapy, this can be 
advantageous in anticancer drug deliveries as the highly lipid compounds are ideally suited 
for incorporation into lipoproteins. Most of the ‘orphaned’ anticancer drugs that have failed 
primarily due to their poor water solubility can also be made to progress faster through 
development process by incorporating them into lipoproteins.  

2.5.2. Low density lipoprotein in cancer chemotherapy 

Low density lipoprotein (LDL) has been found to represent a suitable carrier for cytotoxic 
drugs that may target them to cancer (Kader and Pater, 2002). This is because the low-density 
lipoprotein receptor (LDLR) has been found to be over-expressed in numerous cancers. The 
upregulated levels of low-density receptor in these cancers are believed to provide the cancer 
cells with the necessary lipid substrates needed for active membrane synthesis. In fact, 
sequestration of plasma LDL cholesterol in cancers has been suggested to explain the low 
levels of circulating total and LDL cholesterol observed in patients with malignancies. These 
findings have led many researchers to investigate the possibility of exploiting LDL as a 
delivery vehicle for cancer diagnostics and therapeutics (Corbin and Zheng, 2007).  

The high requirement of LDL by cancer cells and thus the overexpression of LDL receptor 
can be utilized for developing a novel targeted drug delivery system. This can be achieved 
by targeting of the LDL particle and allowing the anticancer drugs to be transferred to the 
natural LDL inside of the body. LDL will function as a secondary carrier of anticancer 
molecules and deliver these molecules selectively to cancerous cells via elevated LDL 
receptors. This approach requires the anticancer molecules to have affinity for the LDL 
particle endogenously and to have certain special physicochemical properties.  

There are at least three different ways in which diagnostic or anticancer agents can be 
incorporated into LDL. The first of these is protein labeling in which the anticancer drug 
is covalently attached to the amino acid residues of apolipoprotein (apo) B-100 protein of 
LDL; the second is surface labeling which involves intercalation of the diagnostic or 
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anticancer agent into the phospholipid monolayer of LDL; the third is reconstitution core 
loading via substitution of anticancer agents into the lipid core of LDL. A large number of 
researchers have shown that various anticancer agents could be actively incorporated into 
LDL through intercalation or reconstitution methods. Moreover, these novel LDL–drug 
complexes were shown to be more efficacious against cancer cells than their conventional 
counterparts.  

Coupling of doxorubicin to human LDL to form a LDL-doxorubicin complex injected to 
mice resulted in greater accumulation of LDL-doxorubicin, in the liver, than free 
doxorubicin. In contrast, LDL- doxorubicin was less accumulated in heart than free 
doxorubicin. This suggests LDL could be used as carriers to conjugate anti-cancer drugs.  

2.5.3. Problems limiting the use of LDL as delivery vehicle 

Although a lot of studies have produced promising results, progress towards utilizing LDL 
as a delivery vehicle in the clinical setting has been impeded by the need to isolate LDL from 
fresh donor plasma. Relying on donor plasma to acquire LDL is problematic because LDL 
samples vary from batch to batch, methods for isolating LDL are lengthy and large 
quantities of LDL are difficult to attain. Furthermore, isolated LDL can only be stored for 
finite periods before aggregation and degradation processes compromise the integrity of the 
LDL sample. As a result of these limitations, attempts have been made to prepare synthetic 
LDL-like particles consisting of phospholipid/cholesterol ester microemulsions and apoB-
100 (the LDLR-binding component of LDL). Difficulties also plagued this endeavor owing to 
the size and complexity of the apoB-100 protein which is one of the largest monomeric 
proteins known consisting of over 4500 amino acids with a molecular weight of 550 kDa. 
Furthermore, apoB-100 is highly insoluble in aqueous solutions, making it difficult to work 
with. In addition, these problems are compounded still by the difficulties of having to 
isolate apoB-100 from donor plasma and other approaches to working with apoB-100 are 
therefore needed.  

2.5.4. High-density Lipoprotein in cancer chemotherapy 

The targeted delivery of anticancer agents via lipoprotein carriers is based on the concept 
that cancer cells have a higher expression of lipoprotein receptors (Lacko et al., 2002; Cao et 
al., 2004) due to their increased need for cholesterol to promote rapid proliferation. Clinical 
studies have shown that HDL cholesterol levels, like LDL levels, are lower in cancer 
patients, including those with haematological malignancies (Fiorenza et al., 2000). 
Unfortunately, the targeting of chemotherapeutic agents via HDL is daunting because 
overwhelming efforts are required for the isolation HDL from human plasma and a lot of 
biosafety concerns are attached with the injection of human-blood-derived products (Adams 
et al., 2003). Consequently, the focus of future studies is likely to be on 
synthetic/reconstituted lipoproteins with favourable drug-carrying capacity, and the 
exploitation of their potential for targeting tumour cells and tissues.  
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HDL transports cholesterol to liver cells, where they are recognized and taken up via 
specific receptors. Cholesteryl esters within HDL are selectively uptaken by hepatocytes via 
the scavenger receptor class B type I (SR-BI). An interesting feature of SR-BI is that the 
receptor selectively translocates HDL-cholesteryl esters from the lipoprotein particle to the 
cytosol of the liver parenchymal cells without a parallel uptake of the apolipoproteins and 
this property may allow for the delivery of its loaded drugs avoiding lysosomal degradation 
(Lou et al., 2005). The high affinity of cancer cells for HDL has made them useful as carriers 
for delivering anticancer drugs into hepatoma cells to treat HCC. Anti-cancer drug-HDL 
complexes work as efficient drug delivery vehicles due to the ability of cancer cells to 
acquire HDL core components  (Wasan et al., 1996). Complexing of anti-cancer drugs with 
HDL does not influence characteristics of the anticancer drugs (Kader et al., 2002) and 
administration of anti-cancer drug-HDL complex may reduce toxic side-effects during the 
chemotherapy( Lacko, et al.,2002).  

In a cell culture system, cellular uptake of recombinant HDL-aclacinomycin by the 
SMMC-7721 hepatoma cells was significantly higher than that of free aclacinomycin at the 
concentration range of 0.5–10 μg/mL. Cytotoxicity of recombinant HDL- aclacinomycin to 
the hepatoma cells was significantly higher than that of free aclacinomycin at 
concentration range of less than 5 μg/mL just as IC50 of recombinant HDL-aclacinomycin 
was lower than IC50 of free aclacinomycin (Lou et al., 2005). These results strongly 
suggest that HDL could be used as carriers to conjugate water-insoluble anti-cancer drugs 
in order to achieve higher therapeutic concentrations of the drugs in the 
microenvironment of the cancer cells.  

3. Conclusion 

Lipoproteins are complex endogenous aggregates of lipids and proteins that function 
primarily for the transport of water insoluble lipids from their point of origin to their 
respective destinations. Lipoproteins are classified as chylomicrons, very low density 
lipoproteins, low density lipoproteins and high density lipoproteins, based on the relative 
densities of the aggregates on ultracentrifugation.  

Lipoproteins, which are cholesterol-rich particles, have been especially found to play 
significant roles in the pathogenesis of a large number of cancers because rapidly dividing 
cancerous cells generally have high requirements for cholesterol. This is exemplified by the 
increased LDL-requirement associated with a number of cancers including cancers of the 
prostate, colon, adrenal gland etc.  

The efficacy of cancer chemotherapy is often limited by severe deleterious effects induced 
by anticancer drugs, on healthy and cancerous cells because of lack of specificity for the 
cancerous cells. In addition most available anticancer drugs do not perform optimally 
because of limited accessibility to target tissues. The deleterious effects of anticancer drugs 
on healthy organs can be markedly diminished by employing special drug delivery systems 
that specifically target cancer cells, using lipoproteins as carriers. 
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The main advantages of lipoproteins as anti-cancer drug carriers are: (1) lipoproteins are 
spherical particles consisting of a core of apolar lipids surrounded by a phospholipid 
monolayer, in which cholesterol and apoproteins are embedded. Therefore, highly lipophilic 
drugs can be incorporated into the apolar core without affecting lipoprotein receptor 
recognition; (2) lipoproteins are completely bio-degradable, do not trigger immunological 
responses, escape from recognition and elimination by the reticuloendothelial system, and 
have a relatively long half-life in the circulation; (3) lipoproteins can be recognized and 
taken up via specific receptors, and can mediate cellular uptake of the carried drugs ; and (4) 
many cancer cells show a high ability of lipoprotein uptake and therefore high therapeutic 
levels of the conjugated drugs can be rapidly attained at the target site(s).  
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1. Introduction 
Self-assembled proteinaceous complexes with oleic acid (OA) acquire distinct properties 
that are not characteristic of the native protein. Most notably, the newly obtained features 
include the ability to specifically kill tumor cells while sparing the healthy, normally 
functioning ones, as it is the case with human or bovine α-lactalbumin made lethal to tumor 
cells (HAMLET or BAMLET) [1,2] or to indiscriminately induce cell death in all tested cell 
lines, as it is the case with equine lysozyme (EL) complex with oleic acid (ELOA) [3,4]. While 
extensive information has been accumulated on the structural, functional and therapeutic 
properties of protein complexes with OA, many questions remain still unanswered, such as 
what is the structural origin of their toxicity, what are the specific targets at the cell surface 
and/or the cellular interior, what are the mechanisms of cellular uptake?  

In this chapter, we summarize our current understanding of the structure and function of 
HAMLET-type protein complexes with oleic acid, using ELOA as an example.  

2. Origin of HAMLET - Human α-lactalbumin made lethal for tumor 
cells 
Complexes of human α-lactalbumin with OA were discovered by Catharina Svanborg and 
co-workers about two decades ago [5]. Initially, Håkansson et al. [5,6] and Svensson et al. [7] 
discovered that a multimeric human -lactalbumin derivative isolated from the casein 
fraction of milk was a potent Ca2+-elevating and apoptosis-inducing agent with a broad, yet 
selective cytotoxic activity. It was found that the apoptosis-inducing fraction of -
lactalbumin contained oligomers of -lactalbumin that have undergone a conformational 
change towards a molten globule-like state [7]. Oligomerization appeared to have conserved 
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-lactalbumin in a state with molten globule-like properties under physiological conditions. 
Multimeric -lactalbumin was shown to bind to the cell surface, enter the cytoplasm and 
accumulate in cell nuclei [7]. Multimeric -lactalbumin was also shown to increase the rate 
of respiration in isolated mitochondria by exerting an uncoupling effect, which was 
abolished completely by bovine serum albumin. Multimeric -lactalbumin accumulated in 
the nuclei of sensitive cells rather than in the cytoplasm, vesicular fraction, or ER-Golgi 
complex [6]. Nuclear uptake was shown to occur rapidly in cells that are susceptible to an 
apoptosis-inducing effect, but not in nuclei of resistant cells. Nuclear uptake was shown to 
proceed through the nuclear pore complex and was critical for the induction of DNA 
fragmentation. Ca2+ was required for induction of DNA fragmentation by multimeric -
lactalbumin but nuclear uptake of multimeric -lactalbumin is independent of Ca2+.  

Similar cytotoxic activity was observed by in vitro produced HAMLET complexes, in which 
human -lactalbumin was converted into the apoptosis-inducing tumoricidal folding 
variant by binding OA [8-10]. The formation of HAMLET was carried out in 
chromatography ion exchange columns preconditioned with fatty acids. It was also 
identified that HAMLET formation is governed by stereo-specific lipid-protein interactions 
and that only unsaturated C16-C20 fatty acids in cis conformation, but not other fatty acids 
could induce HAMLET [11]. Among such complexes, only HAMLET complex with OA and 
cis vaccenic acid complexes were shown to kill tumor cells efficiently, while the C16 or C20 
cis fatty acid complexes with -lactalbumin showed low or intermediate activity [11].  

HAMLET's remarkable tumor-selective cytotoxicity correlated with the conformational 
change of the protein that has taken place upon complex formation, i.e. conversion to 
molten globule-like state. However, α-lactalbumin in a molten globule state without OA 
does not possess such activity per se, indicating that the presence of both components is 
required. As partially unfolded α-lactalbumin can revert easily to its native state upon Ca2+ 
binding in natural cell culture media or within cells, the D87A Ca2+- binding site mutant of 
α-lactalbumin was produced [12], which was lacking Ca2+-binding property and remained 
partially unfolded at physiological conditions. Such mutant formed a tumoricidal 
HAMLET-like complex with OA, but the partially unfolded protein alone did not kill tumor 
cells. Another non-native -lactalbumin variant with all amino acids building disulfide 
bridges substituted by Ala residues also did not exhibit cytotoxic activity in the absence of 
OA, while its HAMLET-like form displayed strong tumoricidal activity against lymphoma 
and carcinoma cell lines [13]. Together, these experiments consistently confirmed that both 
molten globule like protein conformation and specific fatty acids are required for the 
tumoricidal activity of the investigated complexes.  

It has been suggested that naturally occurring HAMLET may have a protective function. In 
the stomach of nursing children low pH can induce the release of Ca2+ from the high-affinity 
Ca2+-binding site of α-lactalbumin and activate lipases hydrolyzing free fatty acids from 
milk triglycerides, thereby providing naturally occurring conditions that favor the formation 
of -lactalbumin lethal to tumors [14]. This could be important for lowering the incidence of 
cancer in breast-fed children by purging tumor cells from the gut of the neonate.  
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3. Equine lysozyme (EL) as a structural homologue of α-lactalbumin 

The protein component of ELOA is equine lysozyme (EL), a protein that is abundant in mare 
milk and kumys (a fermented beverage produced from mare milk that is widely used in 
Middle Asia). EL belongs to an important calcium-binding sub-family within the extended 
family of lysozymes, i.e. in contrast to common c-type lysozyme EL possesses high affinity 
calcium binding site, resembling with this regards α-lactalbumins. Lysozymes and -
lactalbumins are characterized by not more than 35-40% in sequence homology, but share 
remarkably similar tertiary folds. EL serves as an evolutionary bridge between lysozymes 
and -lactalbumins, combining the structural and folding properties of both. These are 
rather small molecules of about 14.6 kDa, consisting of two sub-domains – -helical and -
sheet rich domains separated by a deep cleft. Lysozyme active site is located in this cleft 
(absent in α-lactalbumins). Calcium is coordinated by a loop positioned at the bottom of the 
cleft and important for the structural integrity of the protein, yet the physiological function 
of calcium binding to EL and other calcium-binding lysozymes is still unclear. The calcium-
binding usually increases the protein stability against denaturing treatments, however in the 
case of EL, the significantly lower stability and cooperatively was observed compared to 
non-calcium-binding lysozymes even in its holo-form, while in the apo-form its 
thermodynamic stability is closer of -lactalbumins than to c-type lysozymes [15,16]. EL 
forms a wide range of partially folded states under equilibrium conditions similar to these 
of -lactalbumins [16,3,17,18]. However, EL molten globule is much more structured 
compared to the “classical” molten globules of α-lactalbumins, possessing an extended 
native-like hydrophobic core stabilised by interactions between three major α-helices (A, B 
and D-helices) in the α-domain [17,18]. Like c-type lysozymes, during refolding kinetics EL 
forms an ensemble of well-defined transient kinetic intermediates, possessing very 
persistent structures [19]. Importantly, the rapidly formed kinetic intermediate of EL (2.5 ms 
refolding time) is characterised by the same extended core structure as its equilibrium 
molten globule analogues populated under acidic conditions, indicating that the 
hydrophobic collapse into molten globule-like state is an essential step in protein folding. 
Given its distinct structural properties, EL may be used as an invaluable research object in 
revealing the general mechanism and role of intermediate states in protein folding.  

4. Controlled ELOA production using ion-exchange chromatography  

Similar to HAMLET, ELOA was produced at the solid-liquid interface in an ion-exchange 
chromatography column preconditioned with OA (Figure 1). 

ELOA was eluted as a strong peak by using a 0-1.5 M NaCl gradient. In the absence of OA, 
free EL was eluted as a narrow peak at a low NaCl concentration [4]. EL was subjected to 
column chromatography without decalcification as it has been performed with human -
lactalbumin during original HAMLET production, indicating a difference in the generic 
properties of EL and -lactalbumin. ELOA complex remains stable in its lyophilized form 
suitable for long storage as well as it can be kept in solution for up to a week. It is also 
important to note, that co-incubation of a 50 fold excess of OA mixed with EL in solution at 
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room temperature did not lead to ELOA formation as was evident from the lack of 
characteristic ELOA conformational transitions monitored by near-UV CD [4]. Thus, the 
application of a solid-liquid interface facilitating protein self-assembly and protein-OA 
interactions proved to be an efficient approach in production of both ELOA and HAMLET 
complexes. By comparison, the complex of hen egg white lysozyme with oleic acid was also 
produced under the same conditions, but it was very low populated, unstable and OA can 
be easily depleted from its structure. Hen egg white lysozyme is much more stable than EL 
and it is evident that the hydrophobic interface in the column chromatography is not 
sufficient to cause its partial unfolding and interactions with OA molecules. 

 
Figure 1. Schematic presentation of ELOA formation at the solid–liquid interface in a Sepharose 
chromatography column. The positively charged Sepharose matrix is preloaded with oleic acid  
(the hydrophilic carboxyl group is denoted by a blue circle and the aliphatic chain by a gray line with a 
“kink” at the position of the double bond). When folded, EL molecules (shown in space-filling 
representation, with exposed hydrophilic residues in purple and buried hydrophobic residues in grey) 
are added to the column some hydrophobic residues become exposed and interact with oleic acid 
molecules forming ELOA. 

Indeed, hydrophobic and charged surfaces often facilitate the self-assembly processes by 
recruiting proteins and modifying their interactions [20]. Within the ion-exchange matrix 
bound OA molecules constitute an extended surface, facilitating both charged and 
hydrophobic interactions with EL molecules, while in solution OA, like many other small 
aliphatic molecules, would be present as a micelle. In addition, the solid-liquid interface 
may induce EL partial unfolding and expose its hydrophobic surfaces buried in the native 
state; this can also be critical for ELOA complex formation. It is worth noting, that 
hydrophobic interactions within the column chromatography may effectively model the 
interactions, which can take place at the hydrophobic and charged surfaces in biological 
systems. For example, the interactions with cell lipid membranes may be able to induce 
protein-ligand complexation otherwise not occurring in solution.  
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5. EL conformation in ELOA 

Similar to human -lactalbumin in the HAMLET complex, EL in ELOA acquires a partially 
folded state as evident from spectroscopic and NMR measurements [4]. The ELOA near-UV 
CD spectrum at room temperature shows the presence of less structure than in the native 
holo-state and even in the EL molten globule at 57 C, i.e. the characteristic CD peaks are 
largely overlapped and the magnitude of the ellipticity is diminished at all wavelengths. 
ELOA spectra in the far-UV CD region recorded at both 25 and 57 C exhibit the same 
shape as the EL molten globule spectrum at 57 C, which together with the near UV CD data 
demonstrate disordering of the tertiary interactions, but preservation of the secondary 
structure.  

Consistently with molten globule conformation, the 1D 1H NMR spectrum of ELOA at pH 
9.0 exhibit very broad aromatic and aliphatic resonances, indicative of conformational 
mobility in a millisecond time scale, and a complete absence of resolved methyl peaks in the 
up-field region of 2.5 - 0.5 ppm [4,21]. This is in contrast to the NMR spectrum of native EL 
characterized by well-dispersed resonances in both the aromatic and aliphatic regions. 
Examination of the 1D 1H NMR spectrum of ELOA showed up-field shifts of the resonance 
of bound OA compared with the resonances of free OA. This unequivocally demonstrates 
that OA molecules are integrated in ELOA. Specifically, OAs interact directly with EL 
aromatic residues as manifested in the presence of cross-peaks between the protons of 
aromatic residues and OA observed in the 1H NOESY spectrum of ELOA. Due to the poor 
chemical shift dispersion of the ELOA spectrum, it is impossible to assign the positive NOE 
cross-peaks to specific aromatic residues, nonetheless this is an absolutely clear indication 
that EL aromatic residues are directly involved in OA binding. 

Similar to typical molten globule states, ELOA binds the hydrophobic dye ANS, which is 
commonly used to examine the partially folded protein conformations. Interaction with 
ELOA resulted in ca. 10-fold increase in dye fluorescence compared with free ANS in 
solution. A shorter wavelength shift of the spectrum maximum of ANS (from 515 to 495 nm) 
indicates that ANS in its bound form is involved into a more hydrophobic environment. 
These results demonstrate that the ELOA complex is characterized by some exposed 
hydrophobic surfaces, which attract hydrophobic ANS molecules. 

The surface dynamics and exposure of aromatic residues of ELOA were also probed by 
photochemically induced dynamic nuclear polarization (photo-CIDNP) spectroscopy [21]. 
CIDNP method evaluates the surface structure of proteins and complexes by means of a 
laser induced photochemical reaction, which takes place only if the aromatic side-chains of 
histidine, tyrosine and tryptophan residues are accessible to a photosensitizer [22]. The 
ELOA CIDNP spectra were compared with those of holo EL and EL molten globule. 

The CIDNP spectra of the native EL at several pH 4.5, 6.9 and 9.0 are well-resolved and were 
assigned by comparison with NMR chemical shifts [17,18,22]. ELOA and EL molten display 
less resolved CIDNP spectra, consistent with their millisecond conformational fluctuations, 
although it is still straight forward to distinguish tyrosine and tryptophan/histidine residues 
based on their emissive (negative) and absorptive (positive) polarizations, respectively. In 
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the EL molten globule state the characteristic emissive peak corresponding to the Tyr ε 
protons is the dominant feature, while the other peaks observed for the native state are not 
present, indicating that these residues are not surface-accessible. The ELOA spectrum contains 
the same emissive Tyr peak (≈ 6.75 ppm) as seen for the molten globule state. In addition, at ca. 
7.7 ppm narrow absorptive photo-CIDNP signals assigned to either His 114 or Trp 63 or 
potentially both are present in ELOA spectrum, but not in the spectrum of EL molten globule. 
Both of these residues occur close to the EL inter-domain cleft, indicating limited 
conformational mobility in this region compared to the rest of the protein and hence that this 
region is affected by the presence of OA and may be an OA-binding site. Occupation of this 
cleft by OA may induce further large-scale changes in the relative positions of EL - and -
domains, possibly lowering the affinity of the calcium-binding site. Hence, although there are 
clear similarities with EL molten globule, ELOA is characterized by some more structured 
regions arising from OA binding. These structural changes may be also related to ELOA 
functional activity as exposed hydrophobic residues in these regions may promote the ELOA 
interactions with the hydrophobic environment in lipid bilayers and cell membranes. 

The thermal unfolding transition of ELOA, monitored by far-UV CD ellipticity at 222 nm, 
was manifested in an overall decrease of the CD signal and occurred over a very board 
range of temperatures from 30 C and up to 80 C. In EL alone, dissolved at both pH 9.0 and 
pH 7.0, two unfolding transitions were observed over the same temperature range, 
however, these transitions were not distinguished in ELOA. This indicates that the 
conformational changes in ELOA and EL may have different structural origin. It is 
interesting to note, that HAMLET is less stable towards thermal denaturation than holo 
human -lactalbumin, while exhibiting the same stability towards urea denaturation [23]. 
This demonstrates that OA may produce some destabilizing effect on proteinaceous 
compounds in both ELOA and HAMLET, but to different degree and with different 
manifestation in their thermal unfolding transitions. 

6. ELOA stoichiometry and comparison with EL amyloid oligomers  

The question which is still debated concerns how many protein and OA molecules can be 
involved in the HAMLET-type complex formation and which conditions can affect this 
process. Firstly, in the case of ELOA the analysis of 1D 1H NMR spectrum enabled us to 
determine the amount of bound OA per protein molecule by comparing the peak areas of 
the bound OA, reflecting the contribution of 2 olefinic protons, with the peaks 
corresponding to EL aromatic proton resonances [4]. This value can vary from 4 to 48 OA 
molecules per EL molecule, depending on the specific chromatographic conditions during 
ELOA formation. In general, increasing saturation of the column with OA resulted in the 
formation of ELOA with higher OA content. Secondly, the number of EL molecules in ELOA 
was determined by pulsed-field gradient NMR diffusion measurements and estimated to be 
4–9 in most cases [4]. Thus, both number of OA and protein molecules can vary significantly 
within the ELOA complexes and the largest ELOA lies at the upper scale among the 
HAMLET-type complexes. 
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At the same time, the size of ELOA complexes tends to decrease upon dilution to 
micromolar concentration range. Their dimensions were characterized by AFM using the 
volume measurements of the round-shaped particles naturally attached to the mica surface, 
under the assumption that they acquire a shape of spherical cup due to their interactions 
with mica [24,22]. At the concentrations used in this study (< 1.5 μM) ELOA was 
predominantly present in the form of low molecular weight complexes - monomers to 
pentamers, while some larger aggregates were observed in a lower quantity. This finding 
was corroborated by fluorescence correlation spectroscopy (FCS). By comparing the average 
residence time of fluorescently labeled ELOA (ca. 120 μs) to the residence time of the 
reference fluorescent dye (ca. 35 μs), FCS indicated that ELOA is predominantly present as a 
low molecular weight complex (20-30 kDa) in diluted solutions [22]. 

It is interesting to draw comparison between ELOA and EL amyloid oligomers since they 
display some common properties. Amyloid oligomers attracted particular attention among 
protein self-assembled complexes due to their critical involvement in several amyloid and 
conformational diseases [25-27]. Oligomerisation precedes the amyloid fibril formation and 
oligomers may serve as nuclei for fibrillar growth. It has also been suggested that oligomers, 
rather than the apparently inert amyloid fibrils are major cytotoxic agents in amyloid 
diseases. Both -lactalbumins and lysozymes form amyloids in vitro [28,29] and the 
lysozymes amyloid formation is associated with systemic amyloidosis in the body [30]. 
Under EL self-assembly both amyloid oligomers and ELOA become well populated, 
providing a unique opportunity to compare them directly.  

Both ELOA and EL amyloid oligomers exhibited very similar stochiometry with 4 to 20-30 
EL molecules involved [4,22,24]. Both ELOA and the amyloid species of corresponding size 
display the cytotoxic apoptotic activity, clearly absent in EL itself. ELOA and EL amyloid 
oligomers were characterized by spherical morphology examined by AFM and both tended 
to self-assemble into donut-like circular structures with very similar diameters of ca. 30 nm 
as measured by AFM [4,31]. In addition, ELOA and EL amyloid oligomers possess 
characteristic amyloid tinctorial properties such as binding of thioflavin-T dye, which is 
known as an amyloid specific marker. Thus, ELOA has some common structural and 
cytotoxic features with both HAMLET and amyloid oligomers and their further studies may 
shed light on both these phenomena and potential link between them. It is important that 
ELOA complexes are stable enough to be amenable for structural characterization at atomic 
resolution, whereas the amyloid oligomers are often transient in nature and tend to 
associate into larger aggregates or split into monomers. Amyloid oligomers are also not well 
populated and attempts have been made to stabilize them by using fatty acids and 
surfactants [32-35], which extend further the comparison between HAMLET-type complexes 
and amyloid species. 

7. Live cell study of ELOA interaction with the plasma membrane  
Molecular mechanisms of protein complexes interaction with living cells and their primary 
targets at the cell surface remain largely unknown and disputed [20,36]. Methods with 



 
Lipoproteins – Role in Health and Diseases 670 

single molecule sensitivity, Fluorescence Correlation Spectroscopy (FCS) and Confocal Laser 
Scanning Microscopy (CLSM) imaging by avalanche photodiodes (APD), so called APD 
imaging [37], which enable quantitative and nondestructive studies of molecular 
interactions and mobility in living cells, revealed that ELOA primarily acts on the plasma 
membrane of PC12 cells, inflicting damage and eventually causing plasma membrane 
rupture (Figure 2 A and B) followed by a rapid influx and distribution of ELOA inside the 
already dead cell (Figure 2 C) [21]. 

 
Figure 2. ELOA interaction with live PC12 cells studied by Fluorescence Correlation Spectroscopy 
(FCS) and APD imaging. (A) Schematic presentation of different locations – the cell culturing medium, 
PC12 cell plasma membrane and nucleus, at which FCS measurements were performed. (B) FCS 
measurements show that the concentration of ELOA in the bulk medium ( bulk

mediumc  = 240 nM) is lower 
than in the immediate vicinity of the cell ( .cell surr

mediumc  = 670 nM) and the plasma membrane  
( .plasma membrane

mediumc  = 2.5 μM). Insert: Autocorrelation curves normalized to the same amplitude show that 
lateral mobility of ELOA in the plasma membrane (red) is significantly slower than in the medium (blue 
and green), as evident from the shift of the autocorrelation curve recorded at the plasma membrane 
(red) towards longer characteristic times. ELOA was neither detected in the cell nucleus nor in the 
cytoplasm. FCS measurements were taken 40-45 min after exposing PC12 cells to fluorescently labeled 
ELOA. (C) APD imaging shows that fluorescently labeled ELOA complexes are not gradually taken up 
by PC12 cells. Instead, the concentration of ELOA complexes in the immediate cellular surroundings 
progressively increases, reaching a local concentration that is several times higher than the 
concentration in the bulk medium. At a critical time-point (61.5 min), the plasma membrane ruptures. 
Only then the ELOA complexes “stream in” and swiftly distribute in the cellular interior, preferring 
particularly the cell nucleus. The scale bar is 10 μm.  
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8. Putative mechanism of ELOA-induced cellular toxicity 

Local rearrangements of lipid organization in the plasma membrane of PC12 cells (Figure 3) 
observed using a general lipophilic marker that differently partitions between the ordered 
and disordered phase of the lipid bilayer (1,1'-dioctadecyl-3,3,3',3'-tetramethylind 
ocarbocyanine perchlorate dye, DiIC18(5)) [21,38], are consistent with the hypothesis that 
ELOA may form transient pores in the plasma membrane.  

 
Figure 3. Lipid marker distribution in the plasma membrane of live PC12 treated with ELOA. (A) 
Representative image showing uniform distribution of the fluorescent lipid marker DiIC18(5) in PC12 
cells not exposed to ELOA (left). In cells exposed to ELOA the distribution of DiIC18(5) becomes patchy, 
and regions of local accumulation could be observed (right). (B) DiIC18(5) partitioning between different 
regions in the plasma membrane is also affected, as evident from the shifting of the autocorrelation 
curve to longer characteristic times in cells treated with ELOA. (C) Transmitted-light and APD images 
of PC12 cells taken 40 min after exposure to ELOA show that the plasma membrane marker DiIC18(5) 
(red) colocalizes with the fluorescently labeled ELOA complexes (green). The scale bar is 10 μm.  

9. Future development and prospective applications 

Recently, complexes of bovine -lactoglobulin and pike parvalbumin with OA were 
produced and classified as HAMLET-type complexes [39]. These proteins are neither 
structurally related to -lactalbumins nor to lysozymes. Nevertheless, their complexes with 
OA displayed cytotoxic activity that bears a resemblance to the cytotoxic activity of 
HAMLET [39]. This suggests that protein self-assembly may be mediated by oleic acid and 
more oleic acid-protein complexes can be discovered in future. Their putative ability to 
eliminate specifically rapidly divided cells, such as cancer cells, has a significant therapeutic 
potential. The mechanisms of their toxic activity are still debated. Our research provides 
first insight at a single cell level that ELOA interactions with the cellular membrane play 
critical role in cytotoxicity, leading to membrane permeability and even rupture. There are 
obvious differences in the composition and structure of protein-oleic acid complexes arising 
due to differences in the structure and dynamics of the protein component and differences 
in the conditions of complex formation. The common feature of these complexes can be 
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related to the fact that they all serve as cargo vessels delivering oleic acid to the cells and 
facilitating its penetration into cell membrane and cell interior. HAMLET is the first example 
of proteinaceous complexes with oleic acid effectively used in combating various cancer 
conditions and other complexes can be also potentially used for this purpose if their 
properties will be well-understood and controlled.  
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1. Introduction 

Adipose tissue as a substantial part of the human body contains about 10 % of body mass. It 
serves both as a reservoir of the energy storage and the active endocrine tissue producing 
many proactive substances including adipokines. These molecules have many important 
metabolic effects [1]. Adiponectin is an adipose tissue-derived adipokine which circulates at 
relatively high concentrations in blood. It has protective role in the initiation and 
progression of atherosclerosis through its antiinflammatory and antiatherogenic effects. 
Adiponectin serum levels are decreased in obesity, type 2 diabetes, and patients with 
coronary artery disease, etc [2]. The level of circulating adiponectin correlates positively 
with HDL cholesterol, and negatively with inflammatory markers, markers of insulin 
resistance, triglyceride-rich lipoprotein particles, and other adipokines. Adiponectin 
disposes of protective actions on development of various obesity-linked diseases. The 
antiinflammatory properties may be the major component of its beneficial effects on 
cardiovascular and metabolic disorders including atherosclerosis and insulin resistance. In 
addition, adiponectin displays a direct biological activity through the induction of a classical 
pathway of complement activation.  

2. Adiponectin and atherosclerosis 

Human adiponectin is a protein containing 244 amino acids. It is produced by apM1 cDNA 
transcripts. Adiponectin consists of two structurally distinct domains and the C-terminal 
part is likely to be involved in protection against atherosclerosis (Figure 1).  

As a member of the soluble collagen superfamily, adiponectin has a structural homology 
with collagen type VIII, X, complement C1q and tumor necrosis factor alpha family [2]. In 
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human plasma, adiponectin is present in a variety of heterogeneous isoforms, from large 
multimeric structures of high molecular weight to trimeric isoform. Monomeric one is 
present only in adipose tissue. The biological activity of various multimeric isoforms are not 
fully known yet, but it appears different isoforms have varying effects in different diseases. 
Although some studies have proposed that the ratio of high molecular weight (HMW) form 
to the other forms may serve as a better indicator of metabolic disorders, the majority of 
studies that have linked adiponectin to metabolic diseases have used assays for total 
adiponectin. 

 
Figure 1. Schematic presentation of adiponectin structure (adapted from [2]). 

Adiponectin gene is located on chromosome 3q27 and contains 3 exons and 2 introns. In 
2003, DNA sequences encoding two receptors for adiponectin Adipo R1 and Adipo R2 were 
identified [3]. They are localized on chromosome 1 (1p36.13-q41) and 12 (12p13.31), 
respectively, with expression in most organs (AdipoR1 in skeletal muscle, AdipoR2 in the 
liver, in particular). Adiponectin gene is polymorphic, located in the region that contains 
susceptible loci for type 2 diabetes mellitus and metabolic syndrome. A number of single 
nucleotide polymorphisms (SNPs) and missense mutations were observed, especially in 
exons 2, 3 and the gene promoter. 

Figure 2 schematically depicts some of the antiatherogenic properties of adiponectin 
towards different types of cells that have been established in experimental models. 
Adiponectin negatively regulates the expression of TNF alpha and C-reactive protein (CRP) 
in adipose tissue. On the contrary, its expression is negatively regulated by TNF alpha and 
interleukin 6 (IL 6). Adiponectin reduces expression of vascular and intracellular adhesion 
molecules (VCAM 1, ICAM 1), E-selectin, interleukin 8, and monocyte adhesion to human 
aortal endothelial cells after their stimulation with TNF alpha [4]. The proliferation and 
migration of smooth muscle cells induced by platelet growth factor (PDGF) is abolished or 
diminished by adiponectin action as inhibition of activation of nuclear factor kappa B in 
endothelial cells. This effect is partially mediated by its ability to support the action of cyclic 
adenosine monophosphate - proteinkinase A system (cAMP-PKA). 

In endothelial cells, adiponectin inhibits the production of reactive oxygen species (ROS) 
induced by high levels of glucose via above mentioned the cAMP-PKA system. Adiponectin 
inhibits macrophage transformation to foam cells and reduces the intracellular content of 
cholesterol esters via suppression of expression of scavenger receptors, class A (SR-A). In 
these cells, adiponectin reduces lipopolysaccharides stimulated TNF alpha production. 
Recent clinical trials show a positive correlation of plasma levels of adiponectin and IL 10 
[5]. In accordance with these findings, adiponectin has an antiatherogenic properties in mice 
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models. Adenovirus-mediated supplementation of adiponectin inhibits the formation of 
atherosclerotic lesions and reduces the levels of mRNA of SR-A, TNF alpha and VCAM 1 in 
the vascular wall [6]. It is interesting that in these models, adiponectin has no effect on 
glucose and lipid parameters. The authors conclude that adiponectin affects atherogenesis 
through a series of antiinflammatory effects on macrophages and vascular endothelium. 

 
Figure 2. Some of protective actions of adiponectin (adapted from [2]). 

A very important finding was observed in recent work describing the relationship of 
adiponectin-immune system. Adiponectin is able to bind to a number of target molecules, 
including the damaged endothelium and the surface of apoptotic cells. The significance of 
this phenomenon is not entirely clear. The study describes in vitro binding of purified C1q 
complement to recombinant adiponectin and dependence on calcium and magnesium ions. 
It was found that this binding stimulates the classical pathway of complement activation. 
Adiponectin does serve as an antiinflammatory factor, but may also induce biological 
activity through activation of complement. The authors hypotesize the binding of C1q leads 
to conformational changes in the adiponectin molecule, which induces the classical pathway 
of complement activation. Adiponectin may play an important role in immunity by its direct 
biological effect [7]. There is also evidence of adiponection accumulation on injured vascular 
arterial wall (but not in healthy one). This may lead to the hypothesis of the "consumption" 
of circulating adiponectin in patients with ischemic heart disease. 

In some recent studies, adiponectin has a positive effect in endothelial homeostasis. It acts as 
a regulator of the enzyme endothelial nitric oxide synthase (eNOS), which is a key 
determinant of endothelial function and angiogenesis (the production of NO inhibits the 
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inflammatory response in the arteries), and also promotes phosphorylation of eNOS in 
endothelial cells, increases its expression and induces NO production after suppression of 
its activity caused by the effect of oxidized low-density lipoproteins (oxLDL) [8].  

Adiponectin promotes cyclooxygenase 2 (COX-2) expression and prostaglandin E2 (PGE2) 
synthesis in cardiac cells. It also has an antiapoptotic properties in vitro, as in endothelial 
cells. In the heart tissue adiponectin thus acts as a regulator of cardiac damage through its 
antiinflammatory effect and as a factor preventing the reconstruction of cardiac tissue. In 
order to become a useful biomarker of cardiovascular risk, it is necessary to determine 
which of its isoforms exhibit cardioprotectivity, and to clarify mechanism of their action in 
various pathophysiological conditions [7]. 

There is an increasing number of papers on experimental models point to the fact that 
adiponectin plays an important protective role in the development of insulin resistance and 
diabetes. Severe insulin resistance was seen in adiponectin-deficient knockout mice (KO-
AD) after administration of high fat and/or carbohydrates diets. Administration of 
adiponectin led to reduced hyperglycemia in the diabetic mice without affecting insulin 
levels. In another study, increased muscle fatty acid oxidation and reduction of plasma 
glucose, free fatty acids and triglycerides were observed. Studies on experimental animal 
models revealed the administration of adiponectin has a beneficial action against the 
development of obesity and atherosclerosis. It seems that adiponectin acts not only as a 
factor increasing insulin sensitivity, and the protective effect may result from its ability to 
suppress production of proinflammatory cytokine [4]. 

2.1. Adiponectin and its relationship to obesity and metabolic syndrome 

There has been a growing evidence of significantly reduced levels of adiponectin in obese 
individuals compared to subjects with normal body mass index (BMI) [9]. An inverse 
relationship with BMI was observed in both men and women, as well as negative 
correlation of adiponectin with visceral fat accumulation. It is obvious that 
hypoadiponectinemia (levels typically less than 4 mg/l) is associated with the development 
of insulin resistance and type 2 diabetes mellitus, independently of BMI and metabolic 
syndrome. Low adiponectinemia are considered the independent risk factor for developing 
hypertension. Kern et al. measured adiponectin plasma concentrations and mRNA levels in 
adipose tissue in nondiabetic subjects with varying degree of obesity and IR. They found a 
strong correlation of these two parameters. The obese individuals had significantly lower 
plasma adiponectin. When BMI was less than 30 kg/m2, women had twice more the body fat 
than men, but adiponectin levels were higher on average of 65% than in men (14.2 mg/l vs. 
8.6 mg/l). Individuals with the highest levels of mRNA secreted the lowest levels of TNF 
alpha in adipose tissue. The authors conclude that adiponectin expression in adipose tissue 
is highest in lean subjects and women, and correlates with higher index of insulin sensitivity 
and lower TNF alpha expression [9]. Another study found that expression of adiponectin 
mRNA in adipose tissue may reflect short-term energy changes in some obese subjects. 
Expression of adiponectin and insulin sensitivity may be influenced by genetic variations in 
the adiponectin gene in response to acute energy fluctuations [10].  
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Metabolic syndrome characterized by abdominal obesity, dyslipidemia, hypertension and 
hyperglycemia, is a general risk for the development of atherosclerotic vascular disease. The 
study with 661 Japanese individuals investigated possible application of adiponectin as a 
biomarker of the metabolic syndrome [11]. Its plasma levels negatively correlated with waist 
circumference, visceral fat, TGL concentration, glucose and fasting insulinemia, systolic and 
diastolic blood pressure, and positively with HDL cholesterol. With decreasing levels of 
adiponectin, on the contrary, the number of components of metabolic syndrome increased. 
Total of 52% men and of 38% women with levels below 4.0 mg/l met criteria for MS. The 
authors suppose hypoadiponectinemia is closely associated with the clinical phenotype and 
its measurement could be useful in the MS treatment. Saely et al. observed a group of 
patients undergoing coronary angiography. Low adiponectin levels were independently 
associated with both metabolic syndrome and angiographically confirmed coronary 
atherosclerosis [12]. The highest levels of adiponectin were seen in subjects without MS and 
heart disease (12.1 ± 8.3 mg/l), whereas the lowest levels in patients with MS and presence of 
heart disease (6.7 ± 3.8 mg/l). Another study then identified a link between serum 
adipokines and cholesterol metabolism in individuals with MS. In 58 subjects with impaired 
glucose tolerance or elevated fasting glucose and signs of MS the markers of cholesterol 
synthesis were measured (determined by the ratio of non-cholesterol sterols to cholesterol 
and dietary cholesterol portion), in relation to adipokines and ultrasensitive CRP (hsCRP). It 
was found that adiponectin, leptin and CRP were associated with cholesterol metabolites 
(variations) and the high ratio of cholesterol synthesis to its absorption is characterized by 
high levels of serum leptin and low adiponectin [13].  

2.2. Adiponectin and its relationship to heart disease 

The hypoadiponectinemia was also found in patients with angiographically documented 
coronary atherosclerosis or acute coronary syndrome. In men, plasma adiponectin 
significantly predicted the extent of coronary atherosclerosis [14]. A prospective study of 
patients with end-stage renal disease showed an inverse relationship between 
cardiovascular events and adiponectinemia. Higher adiponectin levels represent a low risk 
of myocardial infarction in healthy men individuals and moderately reduced risk of 
coronary heart artery disease in diabetic men patients [4]. In contrast, adiponectin 
concentrations did not correlate significantly with the risk of heart disease in American 
Indians or the British women. A large prospective study involving British men with heart 
disease combined with a meta-analysis of seven previously published studies found only a 
weak association of adiponectin with the disease [4]. This inconsistent data could be due to 
differences in study populations (ethnicity, gender, type of disease etc.). In any cases, it 
remains unclear whether hypoadiponectinemia is a reliable indicator of heart disease. 

2.3. Adiponection and inflammation 

CRP is known to be an independent predictor of future risk for cardiovascular events and 
risk factor for developing MS. Its positive association with BMI is considered as a useful 
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biomarker for chronic inflammation linked to obesity. Plasma levels of CRP correlated 
negatively with adiponectin levels [15] which was confirmed by various studies. Since CRP 
mRNA in humans is expressed in adipose tissue, adiponectin can apparently participate in 
influencing CRP levels in plasma by regulation of its expression. The regulation of CRP 
synthesis in the liver is also influenced by proinflammatory adipokines IL 6 and TNF alpha. 
On the one side, adiponectin expression is regulated by proinflammatory cytokines, on the 
other side, adiponectin modulates the activity and the production of TNF alpha in different 
tissues. Several studies have found links between hypoadiponectinemia and elevated serum 
IL 6. So far, there is no evidence of a link between adiponectin and TNF alpha in plasma in 
humans. Nishida et al. describe the action of IL 6, adiponectin, CRP and metabolic 
syndrome in subclinical atherosclerosis [16]. The relative influence of these parameters on a 
group of healthy subjects was observed. In 714 men and 364 women aged 40 to 59 years, 
thickness of the intima-media complex (IMT), pulse blood flow velocity and components of 
MS were measured. IL 6 levels correlated with IMT parameter, while adiponectin correlated 
negatively with IMT only in men. Individuals with either high IL 6 or CRP, or low levels of 
adiponectin, had increased IMT in the presence of MS. Increasing number of MS 
components was expressed more strongly in women than in men. The authors speculate IL 
6 and adiponectin are important risk factors for premature arterial alterations in men. 

In another study, the relationship of adiponectin to markers of inflammation, atherogenic 
dyslipidemia and heart disease was investigated in patients with coronary artery disease 
[17]. Study participants were in a rehabilitation program to reduce the cardiovascular risk 
factors. After adjusting for age and sex, adiponectin was associated positively with HDL 
cholesterol and N- terminal propeptide of B natriuretic peptide (NT-proBNP), while the 
association was negative for triglycerides. In this study, no relationship was found with 
markers of inflammation. The same results were obtained after next adjustment for other 
parameters; BMI, alcohol intake, smoking, presence of diabetes and/or hypertension and 
lipid-lowering therapy, and fasting glucose. The authors conclude serum adiponectin is 
associated with the presence of the atherogenic dyslipidemia and NT-proBNP levels, but not 
with markers of systemic inflammation (IL 6, CRP) in patients with manifest coronary heart 
disease. Atherogenic dyslipidemia may be a link between adiponectin and progression of 
atherosclerosis. The role of systemic inflammation as part of the adiponectin-atherosclerosis 
relationship may decrease during the course of the disease, and could be more amplified in 
the earlier stage of disease development. 

3. Adiponectin and gene polymorphisms 

As mentioned above, the adiponectin gene is located on chromosome 3q27, containing 3 
exons and 2 introns. This region also encopasses the susceptibile loci for type 2 diabetes and 
metabolic syndrome. The sequence polymorphism was found in the form of several single 
nucleotide polymorphisms (SNPs) and a number of missense mutations. Sequence analysis 
of the gene for adiponectin in Japanese and Caucasian populations found more than 10 
SNPs, some of which are associated with BMI, metabolic syndrome, insulin sensitivity, 
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hyperglycemia, type 2 diabetes, levels of plasma adiponectin, etc. The results of studies, 
however, are inconsistent, providing conflicting results. In many cases, the haplotype 
analysis was performed from a combination of alleles of individual SNPs. 

Kondo et al. analyzed a cohort of Japanese patients with type 2 diabetes and nondiabetic 
controls to detect mutations in the gene for adiponectin [18]. Four missense mutations in the 
globular domain (I+164T, R+112 C, H+241P, R+221S) were identified. The frequency of one 
mutation, the substitution of I+164T, was significantly higher in patients than in controls of 
comparable age and body weight. Mutation carriers had lower adiponectin concentrations 
in plasma and also showed the presence of a feature characteristic of the metabolic 
syndrome (hypertension, hyperlipidemia, diabetes, atherosclerosis). Hypoadiponectinemia 
was already evident at the same time in heterozygotes I+164 T mutation carriers and also in  
R +112 C, but this was the case of only 3 patients. The authors suggest I+164 T variant is 
associated with low adiponectin levels in plasma and type 2 diabetes mellitus. 

Another study has examined the adiponectin gene locus as a candidate site for coronary 
artery disease [19]. 383 Japanese patients with angiographically confirmed disease and 318 
individuals adjusted for age and BMI were the subjects of this study. Analyses of SNPs were 
performed using real time polymerase chain reaction (rtPCR) and restriction fragment 
length polymorphism (RFLP). In patients, the higher incidence of T+164 mutation and lower 
adiponectin levels in plasma were seen, independently of BMI. Subjects with the mutation 
showed a clinical phenotype of metabolic syndrome. According to the authors, the I+164T 
polymorphism is associated with metabolic syndrome and coronary artery disease in 
Japanese population. 

Hara et al. examined the relationship between two SNPs located at exon 2 of adiponectin 
gene (T+45G and G+276T) and type 2 diabetes in the Japanese population [20]. Subjects with 
the GG genotype at position +45 or +276 had an increased risk of DM compared to TT 
genotypes. GG +276 homozygotes showed higher insulin resistance index and the presence 
of G allele at position 276 was characterized by lower levels of plasma adiponectin in 
subjects with higher BMI (GG: 10.4 mg/l, TT: 16.6 mg/l). The different results showed the 
study focused on the relationship between haplotypes of the adiponectin gene with obesity 
and other signs of metabolic syndrome in nondiabetic Caucasian population [21]. Both 
polymorphisms, T+45G and G+276T, separately significantly correlated with IR. The 
common haplotype was also closely associated with a number of components of metabolic 
syndrome. Homozygotes for middle-risk haplotype TG (i.e. individuals with +45 TT variant 
and +276 GG variant) had higher body weight, waist circumference, blood pressure, fasting 
glucose, insulin, cholesterol/ HDLcholesterol ratio and lower adiponectin levels, after 
adjustment for age, sex and body weight. However, in the second group (614 Caucasian 
individuals with type 2 DM) the risk haplotype was associated with increased body weight, 
not with DM. It is hypothesized the variability of the adiponectin gene is connected with 
obesity and other features of insulin resistance, but the risk haplotype is probably a marker 
of linkage disequilibrium with a polymorphism yet unidentified that directly affects the 
plasma levels of adiponectin and insulin sensitivity. Moreover, Fillipi et al. found no 
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association of SNP T+45G with insulin resistance [22]. The T+276 G polymorphism was 
associated with higher BMI, lower insulin and adiponectin, but, unlike previous study, in 
the TT genotype. In discussion the authors analyzed possible causes of these results and 
conclude the same mentioned above. There is the high probability of the existence of further 
SNPs or gene mutations, which is in linkage disequilibrium with SNP +276 and which 
determines its effect. Variations in the adiponectin gene and risk for subsequent type 2 
diabetes in women has been of interest in the study of Hu et al. [23]. 

A prospective study focused on the determination of SNPs participation in the development 
of IR in French population found that variations in the adiponectin gene affects weight gain, 
body fat distribution and the development and the onset of hyperglycemia, as well as serum 
adiponectin [24]. At the start of a three-year study, the normoglycemic individuals with no 
signs of diabetes or impaired glucose tolerance were influenced mainly by two SNPs: G-
11391A and T+45G. 

An interesting work was published in 2006 in Clinical Chemistry by Hegener et al. [24]; the 
prospective study monitoring the risk of atherothrombotic disease in individuals with no 
signs of diabetes. Five SNPs in the gene for adiponectin were investigated in 600 Caucasian 
men with subsequent aterotrombotic events (myocardial infarction or stroke) and 600 
controls. After adjustment for potential risk factors, regression analysis then revealed two 
variants with a decreased risk of stroke (C-11377G and G-11066A). This study has provided 
evidence of links of specific adiponectin gene variants with reduced risk of stroke. 

3.1. Relationship between G+276T single nucleotide polymorphism of 
adiponectin gene and markers of insulin resistance in dyslipidemic patients 

In many recent studies, the adiponectin gene has been proposed as a potential candidate 
gene for insulin resistance but only a few of them have confirmed this relationship. Insulin 
resistance is considered the key factor in the patogenesis of common disorders, such as 
atherosclerosis, metabolic syndrome and diabetes mellitus. The genetic backround is likely 
to be polygenic but the genes involved are mostly unknown.  

In our work, we have studied the possible relationship between single nucleotide 
polymorphism G+276T and IR markers, including lipid and lipoprotein profiles and 
adiponectin plasma levels in 355 dyslipidemic patients and their first-degree relatives. 

3.2. Subjects 

The group consisted of 355 patients attending Lipid Center of 3rd Medical Clinic, Faculty 
Hospital Olomouc, and their first-degree relatives. Patients had the first examination 
between January 2004 and January 2006. All patients were examinated by a physician and 
the family history were collected and medical history with physical examinations were 
performed. All individuals were tested for secondary hyperlipidemia, especially on the 
presence of diabetes mellitus, hypothyroidism, hepatic and renal failure and nephrotic 
syndrome. Violation of the following criteria led to exclusion from the study: hypolipidemic 
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treatment in the previous 6 weeks, the presence of secondary hyperlipidemia, acute 
infection, acute cardiovascular or cerebrovascular attack within the past 3 months, cardiac 
disease (NYHA III and IV). Participiants were also divided into three groups. Group G1 
included the presence of individuals with clinically manifest atherosclerosis, the group G2 
individuals with dyslipidemia defined by Sniderman [25] (apolipoprotein B > 1.2 g/l and/or 
triglycerides > 1.5 mmol/l) but without clinical signs of the presence of atherosclerosis. 
Group 3 consisted of healthy individuals with the apolipoprotein B < 1.2 g/l and 
triglycerides < 1.5 mmol/l. The participants signed informed consent before taking a blood 
sample for DNA testing. The study was approved by the Ethical Committee of the Faculty 
of Medicine, Faculty Hospital Olomouc. 

3.3. Materials and methods 

Venous blood for biochemical tests were collected after 12-hour fasting. Total cholesterol, 
HDL cholesterol and triglycerides were determined enzymatically using an analyzer 
Modular SWA (Roche, Switzerland), as well as other routine biochemical analyses. LDL 
cholesterol was calculated using the Friedewald equation for specimens with TG < 4.5 
mmol/l (available for 242 subjects). Concentrations of apolipoproteins AI and B were 
determined by immunoturbidimetric method, as well as C-reactive protein levels, 
established by highly sensitive method (all Roche, Switzerland). Insulin was determined by 
IRMA (Immunotech, France). HOMA parameter (homeostatic model) was calculated from 
the formula: fasting glucose x fasting insulin / 22.5. C-peptide and proinsulin were 
determined by commercially available kits (Immunotech, France, DRG Instruments GmbH, 
Germany, respectively). Serum levels of soluble adhesion molecules ICAM 1 and VCAM 1 
were analyzed by immunoenzymatic technique (Immunotech, France). Adiponectin 
determination was performed by the ELISA method (BioVendor, Czech Republic). The 
following markers of endothelial dysfunction were examined: plasminogen activator 
inhibitor-1 (PAI-1) and tissue plasminogen activator (tPA), both determined by ELISA 
methods (Technoclone, Vienna, Austria). Concentrations of adhesion molecules, insulin, 
proinsulin, C-peptide and adiponectin were measured on samples frozen at - 80 ° C until 
analysis.  

G+276T adiponectin gene SNP was detected by real time polymerase chain reaction with 
fluorescent hybridization probes (FRET) on the Light Cycler instrument, v.2.0 (Roche), 
according Fillipi et al [22]. Genotyping was performed after the isolation of DNA from 
peripheral blood samples using phenol method [26]. DNA isolates were then stored at - 20 
°C until analysis. The primer and probe synthesis was made at the in TibMolbiol (Germany). 
The sequence of oligonucleotides for the detection of SNP +276 G> T were as follows: 

Primers: 

5'- GGC CTC TTT CAT CAC AGA CC -3' 

5'- AGA TGC AGC AAA GCC AAA GT -3' 
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Probes: 

5'- AAG CTT TGC TTT CTC CCT GTG TCT A--FL 

5'- LCRed640- GCC TTA GTT AAT AAT GAA TGC CTT—PH 

Individual genotypes were determined by melting curve analysis after the amplification 
process. The fluorescence signal was converted and delivered to the graph as the 
dependency of negative fluorescence change with temperature (y axis) on temperature (x 
axis). As the result, creation of the characteristic peaks representing the melting temperature 
of the product and allow to distinguish the genotypes GG, GT and TT was performed. 
Example of analysis is shown in Figure 2. 

3.4. Statistical analysis 

Quantitative data were expressed as a mean ± standard deviation. Parameters with 
abnormal distribution were logarithmically transformed before statistical analysis. 
Differences between genotypes in continuous variables were determined by using ANOVA 
after adjustment for age, gender and waist circumference (SPSS 12.0 statistical package, 
SPSS Inc., USA). Furthermore, the calculation of frequency of alleles (G and T) and 
genotypes (GG, GT and TT) in individual groups and subgroups were performed. 

 

 
Figure 3. An example of the melting curve analyses for G+276T polymorphism of adiponectine gene. 
(melting temperature for T and G alelles: Tm(T) = 54.8 ± 1.5  ºC, Tm(G) = 61.3 ± 1.5  ºC). 
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3.5. Results 

In Table 1 the clinical and laboratory characteristics of the groups of dyslipidemic patients 
divided according to genotypes at position +276 of the gene for adiponectin are shown. 
Table 2 presents the results of laboratory parameters that differed significantly between each 
of groups determined by genotype at position +276. The data are adjusted for age, gender 
and waist circumference. The results show that the GG genotype carriers had significantly 
higher levels of total cholesterol (GG: 6.54 ± 1.74 mmol/l, GT: 6.18 ± 1.45 mmol/l, TT: 6.25 ± 
1.64 mmol/l, p < 0.05) and LDL cholesterol (GG: 4.12 ± 1.49 mmol/l, GT: 3.78 ± 1.31 mmol/l, 
TT: 3.70 ± 1.34 mmol/l, p < 0.05) than T allele carriers. In heterozygotes, however, the 
presence of T allele at position +276 was associated with higher concentrations of PAI-1 (GG: 
71.50 ± 41.0 μg/l, GT: 81.0 ± 38.7 μg/l, TT: 70.14 ± 44.4 μg/l, p < 0.05). We did not find any 
significant association with other markers of IR, such as BMI, blood glucose, insulin, or 
serum adiponectin. Table 3 depicts the frequencies of genotypes and alleles at position +276, 
Table 4 then presents the distribution of genotypes in groups according to triglyceride levels 
(cut-off value of TGL = 1.5 mmol/l). 

 

 GG GT TT 
Number 188 144 23 

BMI (kg/m2) 26 ± 4 26 ± 4 26 ± 5 
Systolic blood pressure (mmHg) 130 ± 18 132 ± 18 129 ± 14 
Diastolic blood pressure (mmHg) 80 ± 10 83 ± 9 80 ± 7 

Total cholesterol (mmol/l) * 6.47 ± 1.73 6.18 ± 1.44 6.26 ± 1.64 
Triglycerides (mmol/l) 2.38 ± 2.97 2.43 ± 2.23 2.30 ± 3.44 

HDL cholesterol (mmol/l) 1.47 ± 0.44 1.44 ± 0.44 1.46 ± 0.39 
LDL cholesterol (mmol/l) * 4.07 ± 1.47 3.79 ± 1.31 3.70 ± 1.34 

Apolipoprotein AI (g/l) 1.55 ± 0.30 1.57 ± 0.34 1.60 ± 0.29 
Apolipoprotein B (g/l) 1.21 ± 0.39 1.15 ± 0.32 1.15 ± 0.32 

hsCRP (mg/l) 1.99 ± 1.94 2.20 ± 1.93 2.02 ± 1.69 
tPA (μg/l) 4.08 ± 4.81 4.31 ± 4.46 4.03 ± 3.89 

PAI-I (μg/l) * 69.7 ± 40.7 79.9 ± 39.0 72.3 ± 44.4 
VCAM 1(μg/l) 808 ± 247 823 ± 287 743 ± 184 
ICAM 1 (μg/l) 563 ± 140 592 ± 165 585 ± 209 

Fasting glucose (mmol/l) 5.09 ± 0.91 5.25 ± 1.23 4.82 ± 0.68 
Insulin (U/l) 8.33 ± 5.55 7.99 ± 4.84 7.77 ± 4.54 

HOMA IR 1.93 ± 1.45 1.92 ± 1.33 1.84 ± 1.18 
C- peptide (μg/l) 2.38 ± 1.25 2.40 ± 1.12 2.41 ± 1.30 

Adiponectin (mg/l) 12.9 ± 7.6 13.0 ± 7.0 12.0 ± 5.7 
* GG vs. GT+TT, p < 0.05 

Table 1. Clinical and laboratory characteristics according to adiponectin genotypes at position +276 
(G+276T). 
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 GG GT TT p 
Number 188 144 23  

Total cholesterol (mmol/l) 6.54 ± 1.74 6.18 ± 1.45 6.25 ± 1.64 < 0.05 
LDL cholesterol (mmol/l)* 4.12 ± 1.49 3.78 ± 1.31 3.70 ± 1.34 < 0.05 

PAI-I (μg/l) 71.5 ± 41.0 81.0 ± 38.7 70.14 ± 44.4 < 0.05 
 *only 242 patients included 

Table 2. Laboratory characteristics according to adiponectin genotypes at position +276 (G+276T) with 
significant differences between groups (GG vs. GT+TT, after adjustment for sex, age and BMI). 

APM1 G+276T Patients (n = 355) 
Genotype  

GG 188 (53 %) 
GT 144 (41 %) 
TT 23 (6 %) 

Allele  
G 520 (73 %) 
T 190 (27 %) 

Table 3. Genotype and allele frequencies for G+276T polymorphism in dyslipidemic patients. 

Genotype GG GT TT 

TG ≤ 1.5 (n = 225) 119 (53 %) 94 (42 %) 12 (5 %) 

TG > 1.5 (n = 148) 85 (57 %) 52 (35 %) 11 (8 %) 

Chi-square 1.981, p = 0.37 

Table 4. Genotype frequencies for G+276T polymorphism in dyslipidemic patients according to level of 
triglycerides (mmol/l). 

3.6. Discussion  

Insulin resistance is considered the key factor in the pathogenesis of complex diseases such 
as atherosclerosis, metabolic syndrome and diabetes mellitus. Genetic background IR is 
probably multifactorial but the participating genes are largely unknown. 

In this study, the relationship of polymorphism G+276T of adiponectin gene and markers of 
insulin resistance was investigated. We found an association between genotype GT and one 
marker of IR, PAI-I. However, we found no association with serum adiponectin, insulin, 
HOMA and BMI. Our work did not confirm the preliminary findings from 2005, where the 
relationship between the adhesion molecules ICAM 1 and TT genotype was observed [27].  

Possible association between SNPs and dyslipidemic phenotypes defined by Sniderman 
classification, based on serum TGL and apo B, was not seen. We found no linkage (data not 
specified), even in a situation where the only criterion was TGL alone. The genotype 
distribution in this case was comparable in both groups. 
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As shown in Table 1, GG genotype was associated with higher levels of total cholesterol and 
LDL cholesterol compared with GT and TT genotypes. This was found in our previous 
study as well [27]. 

Table 3 displays the fact that distribution of genotypes at position 276 is comparable with 
those published in previous works [20, 21, 22].  

3.7. Conclusions 

In summary, our study found only a weak association of adiponectin gene SNP G+276T 
with IR markers. The relationship of GG genotype and selected quantitative lipid 
parameters were confirmed, in accordance with several studies. Based on some recent 
literature we suggest the gene variant G+276T may be marker of one or more haplotypes 
containing a causal polymorphism determining IR or diabetes mellitus. Differences among 
populations on the linkage disequilibrium structure may result in association on the disease 
haplotype with different SNP alleles in different population. More studies will be necessary 
to perform for evaluation of the influence of G+276T SNP on insulin resistance. 

4. Adiponectin and its relationship to endothelial dysfunction 

In vitro experiments revealed the physiological concentrations of adiponectin inhibited TNF 
alpha induced expression of VCAM 1 and ICAM 1 on the endothelium and exhibited other 
antiatherogenic effects. In 2008 Vaverková et al. published a study concerning the relationship 
between adiponectin and serum concentrations of soluble adhesive molecules VCAM 1 and 
ICAM 1 as well as with markers of insulin resistance and inflammation in patients with 
cardiovascular disease and in dyslipidemic patients at high risk of cardiovascular disease [28].  

The aim of the study was to evaluate the relationship of adiponectin to soluble forms of 
vascular cell adhesion molecule 1 (VCAM 1) and intercellular cell adhesion molecule 1 
(ICAM 1) in patients with cardiovascular disease or dyslipidemia. 

The data from experimental research in animals support the hypothesis of antiaterogenic 
properties of adiponectin. Adiponectin accumulates in the arterial wall of injured arteries 
[29]. In adenovirus-treated animals the increase of adiponectin significantly reduced 
progression of atherosclerotic lesions [6]. In vitro experiments revealed the fact that 
physiological concentrations of adiponectin inhibited TNF alfa induced expression of 
VCAM 1 and ICAM 1 on the endothelium [29] and exhibited other antiatherogenic effects.  

We have investigated the relationship between adiponectin and serum concentrations of 
VCAM 1 and ICAM 1 as well as with markers of insulin resistance and inflammation in 
patients with cardiovascular disease and in dyslipidemic patients at high risk of CVD.  

4.1. Subjects 

264 patients of Lipid Center at Faculty Hospital Olomouc were included in the study. All 
patients were examined by a physician and the following information were obtained: 
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medical history, physical examination and NYHA classification. Subjects were tested for 
secondary hyperlipidemia. Patients were divided into three groups, those with the presence 
of clinically manifest atherosclerosis (G1), those with dyslipidemia defined according to 
Sniderman, but without clinically manifest atherosclerosis (G2), and healthy individuals 
(G3). 

4.2. Results 

The characteristics of the three subgroups of the studied cohort are shown in Table 5. 
Participants with CVD (G1) had comparable lipid, lipoprotein and apolipoprotein profile to 
the dyslipidemic subjects without CVD (G2) but were more insulin resistant. These 
differences persisted after adjustment for age, sex and BMI. The G1 had also the highest 
soluble ICAM 1, the difference in VCAM 1 was not statistically significant. Subjects with 
dyslipidemia (G2) had significantly lower adiponectin levels and higher levels of ICAM 1 
compared with G3. Lower adiponectin levels in patients with CVD did not reach statistical 
significance, possibly due to a small number of patients. Adiponectin correlated with many 
lipid and nonlipid markers of insulin resistance. Adiponectin did not correlate with ICAM 1, 
but there was a strong positive association of adiponectin with VCAM 1. While ICAM 1 and 
VCAM 1 were strongly intercorrelated, they showed different association pattern with other 
risk factors. ICAM 1 correlated strongly with many markers of insulin resistance and hsCRP, 
while VCAM 1 were negatively associated with apo AI and apo B, and positively with 
adiponectin. Association of adiponectin with VCAM 1 was most prominent in group G1 and 
G2, but was not significant with G3. Results of multiple backward stepwise regression 
analysis confirmed these observations. Adiponectin levels were independently positively 
associated with sex (higher in women), HDL cholesterol and VCAM 1, and negatively with 
hsCRP. In multiple stewise regression analysis with VCAM 1 as the dependent variable, 
VCAM 1 was independently associated with ICAM 1 (p < 0.0001), adiponectin (p < 0.0001), 
HDL cholesterol (p = 0.0208) and triglycerides (p = 0.0091). On the other hand, ICAM 1 was 
independentely associated with VCAM 1 (p < 0.0001), atherogenic index (p < 0.0001), hsCRP 
(p = 0.0001) and HOMA (p = 0.0307). (More detailed results are given in lit. [28].) 

4.3. Discussion 

Our study confirms the previously described correlations of adiponectin with many lipid 
and nonlipid markers of IR as well as its relationships with HDL cholesterol, sex and hsCRP 
[30, 31, 32]. The unexpected finding was the significant independent positive association of 
adiponectin with VCAM 1 but not with ICAM 1 serum concentrations in patients with or at 
risk for CVD. Their expression results in adhesion of circulating leukocytes to the 
endothelial cells and their subsequent transendothelial migration- an important step in 
initiation and progression of atherosclerosis. VCAM 1 and ICAM 1 have different expression 
pattern and probably different roles in atherogenesis [33]. Soluble forms of these molecules 
can be measured in peripheral circulation. The origins of circulating soluble cell adhesion 
molecules are not entirely clear, but they may derive from shedding or proteolytic cleavage 
from endothelial cell. 
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 G1 (CVD+, DLP+/-) G2 (CVD-, DLP+) G3 (CVD-, DLP-) 
Number 29 (M 18/F 11) 173 (M 97/F 76) 62 (M 19/ F 43) 

Age (years) 60.0 ± 9.1 44.9 ± 13.8 36.4 ± 14.5 
BMI (kg/m2) 27.5 ± 3.7 26.3 ± 5.7 23.6 ± 4.3 
Waist (cm) 92.3 ± 13.1 88.4 ± 11.4 77.4 ± 10.8 

Systolic blood pressure (mm Hg) 143 ± 15 131 ± 17 120 ± 13 
Diastolic blood pressure (mm Hg) 86.3 ± 9 83 ± 8 75.6 ± 9.8 

Total cholesterol (mmol/l) 6.8 ± 1.2 6.7 ± 1.4 4.7 ± 0.7 
Triglycerides (mmol/l) 3.0 ± 2.1 2.7 ± 2.3 0.9 ± 0.2 

AIP: log (TGL/HDLchol) 0.29 ± 0.38 0.24 ± 1.16 -0.2 ± 0.2 
HDL cholesterol (mmol/l) 1.32 ± 0.43 1.34 ± 0.37 1.56 ± 0.36 
LDL cholesterol (mmol/l) 4.2 ± 1.1 4.3 ± 1.3 2.8 ± 0.6 
Apolipoprotein AI (g/l) 1.52 ± 0.28 1.51 ± 0.29 1.60 ± 0.30 
Apolipoprotein B (g/l) 1.29 ± 0.3 1.33 ± 0.33 0.84 ± 0.17 

hsCRP (mg/l) 3.4 ± 4.9 2.68 ± 3.6 2.69 ± 5.6 
VCAM 1(μg/l) 885 ± 261 800 ± 285 860 ± 265 
ICAM 1 (μg/l) 673 ± 202 601 ± 164 538 ± 114 

Fasting glucose (mmol/l) 5.8 ± 1.8 5.1 ± 0.8 4.8 ± 0.6 
Insulin (mIU/l) 8.8 ± 4.8 8.9 ± 5.3 6.6 ± 3.4 

HOMA IR 2.3 ± 1.6 2.1 ± 1.3 1.4 ± 0.8 
C- peptide (μg/l) 3.2 ± 1.2 2.6 ± 1.0 1.9 ± 0.7 

Proinsulin (mIU/l) 17.0 ± 8.0 15.6 ± 9.9 11.3 ± 5.2 
Adiponectin (mg/l) 15.5 ± 8.0 12.3 ± 6.6 16.1 ± 6.8 

Table 5. The demographic, clinical and laboratory characteristics of the study population 

The expression pattern of adhesion molecules may explain why VCAM 1 is a marker of 
increased risk for future coronary events only in patients with atherosclerosis [34]. Patients 
with stable CAD have moderately increased and in several studies even normal levels of 
soluble VCAM 1 in comparison with healthy controls. The highest level of VCAM 1 was 
noted in patients with acute myocardial infarction [35]. In another study, VCAM 1 was a 
useful marker for predicting future ischemic events in the 6 months after presentation with 
unstable angina pectoris or nonQ myocardial infarction [36]. In our cohort, levels of VCAM 
1 in the CVD patients were not significantly higher than in controls. This is in agreement 
with several other works.  

4.4. Conclusions 

Many studies, including experiments in vitro, animal models and studies in human, have 
shown that adiponectin has antiatherogenic and antiinflammatory properties. Low 
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adiponectin levels were found in patients with CAD independently of other risk factors. 
Therefore, the finding of positive and independent association of adiponectin with the 
marker of endothelial dysfunction VCAM 1 was suprising. This positive association was 
present both in patients with CVD and dyslipidemic subjects without CVD, but it was not 
significant in healthy subjects without dyslipidemia. We hypothesize that adiponectin, 
which accumulates in the arterial wall only in place of endothelial injury and atherosclerotic 
plaques (that is the same places where VCAM 1 is expressed) may be involved in shedding 
of ectodomains of VCAM 1 from endothelial surface. This may represent a mechanism by 
which VCAM 1 effects on the cell surface can be downregulated. In this way, adiponectin 
could protect vascular wall from adhesion of leukocytes and thus from progression of 
atherosclerosis. 

5. Adiponectin and dyslipidemia: Relationship of adiponectin, fibroblast 
growth factor 21 and adipocyte fatty acid binding protein levels to 
dyslipidemic phenotypes – Pilot study  

5.1. Background 

Adipose tissue is an important place of many metabolic and inflammatory processes. 
Adipokines are considered to be the mediators of these pathways. 

Adiponectin (ADP, AdipoQ, apM1, GBP28) is a “favourable” adipokine of fat tissue 
circulating at relatively high concentrations in human plasma. Adiponectin has the 
protective effects in early stages and during progression of atherosclerosis probably by its 
antiinflammatory and antiatherogenic actions.  

Fibroblast growth factor 21 (FGF 21) is also a “favourable” cytokine of adipose tissue 
considered as a new metabolic regulator of non insulin dependent glucose transport in cells 
[37]. Systematic administration of FGF 21 decreases plasma levels both of glucose and 
triglycerides, and leads to improving of lipoprotein profiles in genetic compromised FGF 
transgenic mice and primates [38]. Increased levels of FGF 21 and a negative correlation 
with HDL and adiponectin were found in patients with metabolic syndrome [39]. 

Adipocyte fatty acid binding protein (A-FABP) is a „unfavourable“ adipokine, probably a 
new marker and/or predictor of metabolic syndrome [40]. A-FABP is a dominant 
cytoplasmic protein of mature adipocytes and a regulator of lipid and glucose metabolism, 
present also in macrophages of fat tissue. Its expression is induced by oxidated LDL [41]. 
Higher levels of A-FABP are associated with increased fasting glucose, triglycerides, insulin 
BMI and waist circumference, and decreased HDL in patients with metabolic syndrome. 
Inhibition of A-FABP action is associated with reversion of atherosclerosis (improving of 
diabetic and lipoprotein parameters). 

The aim of our study was to evaluate the relationship between adiponectin, FGF 21 and A-
FABP levels and dyslipidemic phenotypes defined on the basis of concentrations of 
triglycerides and apolipoprotein B [25].  
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5.2. Subjects, material and methods 

119 pacients of Lipid Center at Faculty Hospital Olomouc were included on the pilot scheme. 
Routine serum biochemical parameters were analyzed on Modular SWA (Roche, Switzerland) 
in the day of blood collection. Levels of ADP, FGF 21 and A-FABP were determinated by 
imunochemical Elisa methods (BioVendor, Czech Republic). The analytical characteristics 
from data sheets were verificated according to laboratory protocol for all procedures. 

119 individuals were divided into four dyslipidemic phenotypes (DLP) according to 
Sniderman classification- see Table 6. 

 TGL (mmol/l) Apo B (g/l) 
DLP1 < 1.5 < 1.2 
DLP2 ≥ 1.5 < 1.2 
DLP3 < 1.5 ≥ 1.2 
DLP4 ≥ 1.5 ≥ 1.2 

Table 6. Classification of dyslipidemic phenotypes 

5.3. Results 

Basic clinical characteristics are shown in Table 7. Concentrations of adipokines and other 
biochemical parameters are given in Table 8. 

 Number 
(n) 

F/M Age (y) Waist 
(cm)

SBP 
(mg Hg)

DBP 
(mm Hg)

Smoking 
(n)

Manifestation 
of ATS 

DLP1 32 16/16 41 ± 10.0 85 ± 9.3 129 ± 12 77 ± 9 4 3 
DLP2 38 20/18 47.1 ± 10.1 96 ± 12 130 ± 19 78 ± 11 7 3 
DLP3 13 3/10 47.8 ± 10.5 88 ± 8.0 125 ± 18 75 ± 7 2 0 
DLP4 36 22/15 49.9 ± 10.7 92 ± 9.0 126 ± 15 75 ± 9 9 4 

Table 7. Basic clinical characteristics of DLP groups 

 ADP 
(mg/l) 

FGF 21 
(ng/l)

A-FABP 
(ug/l) 

CHOL 
(mmol/l)

TGL 
(mmol/l)

HDLchol
(mmol/l)

LDLchol 
(mmol/l)

Apo AI 
(g/l) 

Apo B 
(g/l) 

GLU 
(mmol/l) 

BMI 
(kg/ 
m2) 

DLP1 10.6 ± 
6.0 

186 ± 
100 

22.5 ± 
10.3 

5.68 ± 0.8 1.04 ± 
0.26 

1.74 ± 
0.41 

3.48 ± 
0.75 

1.74 ± 
0.41 

0.91 ± 
0.16 

5.16 ± 
0.66 

25.9 ± 
5.2 

DLP2 8.0 ± 
5.1 

333 ± 
360* 

33.9 ± 
29.0* 

6.23 ± 
1.92 

5.29 ± 8.0 1.22 ± 
0.31* 

3.14 ± 
0.93 

1.51 ± 
0.30 

0.98 ± 
0.14 

5.57 ± 
1.19* 

28.3 ± 
4.7* 

DLP3 8.6 ± 
4.9 

165 ± 
104 

14.4 ± 
4.6 

7.47 ± 
1.14 

1.11 ± 0.2 1.45 ± 
0.33 

5.52 ± 
1.27 

1.51 ± 
0.25 

1.41 ± 
0.25 

5.03 ± 
0.52 

25.2 ± 
3.1 

DLP4 9.0 ± 
5.9 

384 ± 
347**

29.2 ± 
18.4** 

8.43 ± 2.0 3.5 ± 2.2 1.27 ± 
0.45** 

5.59 ± 2.0 1.50 ± 
0.43 

1.62 ± 
0.39 

5.36 ± 
1.27*** 

27.2 ± 
5.0** 

Differences between groups were analyzed with ANOVA. Parameters with skewed distribution (TGL, ADP, FGF 21, 
A-FABP) were log transformed to normalize their distributions before statistical analyses.  

* DLP2 vs. DLP1 and DLP3, p < 0.01, ** DLP4 vs. DLP1 and DLP3, p < 0.01, *** DLP4 vs. DLP1 and DLP3, p < 0.05 

Table 8. Adipokines and other biochemical parameters in connection with DLP 
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The highest levels of ADP were observed in DLP1 (no significance). Suprisingly, there was 
seen no negative association between adiponectin levels and DLP2 (DLP4). FGF 21 and A-
FABP were significantly increased in the groups with the most important atherogenic 
potential (DLP2, DLP4). These two parameters correlated with higher levels of triglycerides, 
fasting glucose, BMI and lower HDL cholesterol, both in DLP2 and DLP4.  

5.4. Conclusions 

No association was found between ADP levels and other adipokines in DLP groups in our 
study. There was the correlation between FGF 21 and A-FABP in groups with TGL > 1.5 
mmol/l. Increased levels of both parameters were associated with increased glucose, BMI 
and decreased HDL cholesterol levels (in accordance with lit.[40]). The increase of FGF 21 
concentrations are probably due to the compensatory response to higher A-FABP that is 
considered the predictor of metabolic syndrome. In individuals with MS, the determination 
of A-FABP could be considered as a parameter with the independent metabolic effects [42]. 
The clinical potential especially of A-FABP in diagnostics and prediction of metabolic 
syndrome should be continue to observe.  

6. Adiponectin in members of families with familial combined 
hyperlipidemia 

Familial combined hyperlipidemia (FCH) is the most common genetic hyperlipidemia 
which affects 1.0% to 2.0% of the population. The lipids and lipoprotein levels are, however, 
only moderately elevated and do not fully explain the increased risk of cardiovascular 
disease. The aim of the study of Karásek et al. [43] was to evaluate plasma levels of 
adiponectin in asymptomatic, nonsmoking members of families with FCH. We also 
investigated the association between adiponectin and selected risk factors of atherosclerosis 
and markers of insulin resistance and chronic inflammation. Furthermore, we investigated 
the relationship between adiponectin and the intima-media thickness of the CCA (IMT), a 
recognized morphologic marker of early atherosclerosis. 

6.1. Subjects and methods 

The study was carried out with 82 members of 29 FCH families. A family with FCH was 
defined by a proband exhibiting plasma cholesterol and triglycerides concentrations above 
90th percetile, adjusted for age and sex, based on data from the Czech population. At least 
one first-degree relative of the proband should have plasma cholesterol and/or triglycerides 
above 90th percentile, adjusted for age and sex, or level of apo B more than 1.25 g/l. 
Secondary hyperlipidemia was excluded by additional testing. Other exclusion criteria were 
a history of clinically manifest atherosclerosis, heart failure, cerebrovascular ischemic 
disease, peripheral vascular disease, smoking, hypolipidemic therapy in the previous 8 
weeks, hormone therapy with estrogens and acute infection or trauma. Members of FCH 
were divided into 2 groups: HL (hyperlipidemic members of FCH families, i.e. probands 
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and their hyperlipidemic first-degree relatives) and NL (normolipidemic first-degree 
relatives). The control groups, C-HL and C-NL, were sex and age matched to groups. 
Control groups consisted of healthy individuals with a negative family history of 
hyperlipidemia and early manifestation of atherosclerosis. Nobody was treated for 
hypertension. 

Laboratory parameters were analyzed by routine methods described above. Ultrasound 
scanning was performed with a 10 MHz linear array transducer (Hewlett-Packard, Image 
Point, M2410A). All measurements were performed with the subjects in a supine position. 
Three video records were made of common carotid artery (CCA). IMT measurements were 
processed off-line using software Image-Pro Plus (v. 4.0, Media-Cybernetics, Silver Spring). 
The average of the IMT of 3 frozen images of both sides was chosen as the outcome variable. 
Subjects with an atherosclerotic plaque in the evaluated region were not included in the 
study. The measurement of IMT was made without knowledge of laboratory results. 

6.2. Results 

In comparison to sex and age matched controls, HL subjects had significantly higher 
diastolic blood pressure (DBP), BMI, insulin resistance and elevated levels of C-peptide and 
proinsulin. They had higher IMT, hsCRP and ICAM 1 as well. By definition, the FCH 
subjects showed higher plasma cholesterol and triglycerides concentrations compared with 
controls and normolipidemic relatives. They had a more atherogenic lipid and lipoprotein 
profile as reflected by increased LDL cholesterol and apo B concentrations. Normolipidemic 
relatives had significantly higher DBP, TGL and proinsulin concentrations compared with 
their sex and age matched controls. There was no difference in other measured 
anthropometric and biochemical parameters.  

Compared with healthy controls, HL subjects had lower levels of adiponectin (13.02 ± 4.58 
mg/l vs. 16.19 ± 5.39 mg/l, p < 0.05). In the NL relatives, there was no significant differences 
in adiponectin (15.77 ± 2.95 mg/l vs. 16.53 ± 4.26 mg/l). In all FCH families, a significant 
negative correlation was found between adiponectin and TGL (r = - 0.35, p < 0.01), 
proinsulin (r = - 0.26, p < 0.05), hsCRP (r = - 0.24, p < 0.05), BMI (r = - 0.27, p < 0.05) and waist 
circumference (r = -0.32, p < 0.01). Levels of adiponectin did not correlate with IMT, in 
members of FCH families or in controls. By using regression model in HL subjects, levels of 
adiponectin were predicted by apo B (p < 0.05) and hsCRP (p < 0.05). (More detailed results 
are given in lit. [43].) 

6.3. Discussion and conclusions 

This study reported decreased adiponectin levels in asmyptomatic hyperlipidemic members 
of FCH families. There was no difference in serum adiponectin levels between their first-
degree normolipidemic relatives and healthy controls. A negative correlation between 
adiponectin and markers of insulin resistance, chronic inflammation and visceral obesity 
was found in FCH families. The results were consistent with previous findings and support 
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an insulin-sensitizing effect of adiponectin. In hyperlipidemic individuals, the levels of 
plasma adiponectin were predicted by apolipoprotein B and high sensitive CRP, 
independent of insuline resistance and visceral obesity. Authors conclude low adiponectin 
levels are associated with proinflammatory status and insulin resistance, and could partially 
explain the increased risk of coronary heart disease, even if the lipids and lipoprotein levels 
are only moderately elevated. 

The study did not confirm any correlation between adiponectin levels and IMT, a marker of 
subclinical atherosclerosis, in FCH subjects. Publications regarding the relationship between 
these parameters are not entirely consistent. Similar results were observed in other work 
published by Karásek et al [44] where IMT proved to correlate with age, lipid parameters, 
markers of insulin resistance and that of visceral obesity and blood pressure. These 
parameters seem to be risk factors instead of adiponectin. The lack of correlation between 
adiponectin and IMT does not argue for adiponectin as an independent predictor for next 
cardiovascular events in clinically asymptomatic, dyslipidemic individuals. 

7. Conclusion of chapter 

Adiponectin is another promising parameter of the metabolic syndrome, atherosclerosis and 
associated syndromes. Its effect should be studied in many other situations. Nowadays, its 
determination in plasma provides valuable information, for example in patients with 
angiographically documented coronary artery disease, even if not all studies confirm this 
relationship. We can rely on the fact that its levels show no or very little circadian 
variability, its concentration is independent of fasting, it has low intraindividual variability, 
it is present in high concentrations in plasma and its levels can be influenced by diet, 
lifestyle or medication. Probably the most effective way to increase adiponectin levels in 
plasma and thus to reduce cardiovascular risk in obese individuals is a reduction in body 
weight. Beneficial effect of thiazolidinediones are also used to treat patients with type 2 
diabetes to increase adiponectin production and plasma levels.  

On the other hand, although adiponectin is associated with many of the traditional 
cardiovascular risk factors and further evidence has shown that hypoadiponectinemia is 
associated with atherosclerotic cardiovascular events such as myocardial infarction and 
brain infarction [45, 46], recent epidemiologic studies have shown contradictory results. 
Some of them revealed that hyperadiponectinemia rather than hypoadiponectinemia is 
associated with liver cirrhosis, rheumatoid arthritis, inflammatory bowel disease and 
systemic lupus erythematosus, all of which are conditions predisposed to wasting . Release 
of adiponectin from fat tissue is increased under conditions of malnutrition and plasma 
adiponectin concentration rises in the inflammatory state. Therefore, adiponectin can act as 
a mirror reflecting the degree of systemic wasting, and thus can predict death [47].  

We can speculate about the real impact of high adiponectin levels on atherosclerosis: are 
they protective of harmful? In healthy subjects without clinically important signs of 
atherosclerosis, adiponectin has the protective effects especially due to its tissue-insulin 
senzitizing action. However, in individuals with advanced atherosclerosis and/or 
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inflammatory disease, the positive association of adiponectin levels with markers of 
endothelial dysfunction/hemostasis (VCAM 1, but also with thrombomodulin and von 
Willebrand factor) could explain the increased total and cardiovascular mortality and the 
one associated with high adiponectin levels. It could be also the case of other populations, 
such as elderly people, patients with heart failure, patients with chronic kidney diseases, 
patients with type 1 diabetes mellitus etc. In recent studies, adiponectin effects should be 
evaluated in these populations. 
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1. Introduction 
Hepatitis C virus (HCV) is a unique virus whose life cycle is closely associated with 
lipoprotein metabolism [1, 2, 3]. Assembly of HCV particles, formation of HCV-virions, is 
closely connected to the formation of lipid droplets in hepatic cells that may serve as an 
assembly platform [1, 4]. In addition, the production of HCV particles is tightly linked to the 
very low-density lipoprotein (VLDL) production pathway [5, 6]. HCV particles circulating 
in the blood during chronic HCV infection form lipo-viral particles (LVP) that are rich in 
triglycerides (TG), apoB-100 and apoE, with physiochemical similarity to VLDL particles 
and are highly infectious [7, 8]. In contrast, denser HCV particles are less infectious. These 
data strongly suggest that both viral particles and VLDL are integral components of LVPs 
with high infective capability. Although LVPs are thought to be assembled in liver cells by 
association with host lipoproteins prior to secretion, association between HCV and VLDL in 
the circulation after secretion from the liver cannot be ruled out. 

Studies to date have indicated that the process of HCV assembly and secretion largely 
utilizes the VLDL pathway. Therefore, suppression of apoB-100 or apoE also inhibits 
secretion of HCV. Inhibition of microsomal triglyceride transfer protein (MTP), a critical 
protein for the initial step of VLDL assembly by co-translational lipidation of apoB-100 [9, 
10], inhibits HCV secretion.  

As HCV depends on VLDL pathways for its assembly and secretion, the lipid-rich 
environment of the liver cell combined with reduced VLDL secretion may be required for 
efficient assembly and secretion of HCV virions by ensuring the feasibility of co-assembly 
with VLDL. Hypobetalipoproteinemia, reduced activity of MTP with negative correlation to 
hepatic steatosis and viral load, is observed in HCV-G3 chronic infection [11]. Secretion of 
apoB-100 was reduced by HCV nonstructural proteins using the HCV subgenomic replicon 
expression system and interaction between the HCV NS5A and apoB-100 was observed [12]. 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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In addition, there has been accumulating evidence that the HCV core protein is induced 
upon the redistribution of lipid droplets, affecting the assembly of both HCV and VLDL [13, 
14]. The function of core protein in lipid metabolism has been widely examined including in 
models of steatosis involving HCV core protein transgenic mice [15]. Findings include 
reduction in activity of MTP [9] and Tyr164Phe substitution in relation to marked steatosis 
in HCV-G3 infection [16]. Although the participation of Arg70Gln/His substitution in 
steatosis of hepatocytes has been proposed [17], the precise connection between hepatic 
steatosis and HCV-G1b and/or HCV-G2 infection remains unclear. 

As mentioned earlier, HCV particles in peripheral blood may associate not only with VLDL, but 
also with other lipoproteins, especially LDL, since circulating LVPs span a wide range of 
buoyant gravity and physicochemical characteristics [8, 18]. The association of lipoproteins with 
HCV particles may be beneficial for HCV through protection against anti-HCV neutralizing 
antibodies, as the antigenicity of HCV surface proteins is hidden beneath the associated 
lipoprotein particle [18]. Lipoprotein particles isolated from sera of HCV patients displayed 
differentially modulated lipid synthesis in human monocyte-derived macrophages in 
comparison to lipoproteins obtained from normal subjects, suggesting that HCV infection 
influences the biochemical composition of lipoproteins, thus revealing an alternative influence 
on lipid metabolism [19]. HCV entry into liver cells may occur through many receptors, 
including CD81 (direct binding to HCV E2 protein) and claudin-1, both of which act during the 
later steps of HCV entry [20]. The predominant role of LDL-receptors or remnant receptors is to 
catch VLDL-derived lipoprotein particles. Meanwhile, SR-BI (a receptor for HDL and oxidized 
LDL) directly binds HCV E2 protein [21]. Very recently, Nieman-Pick C1-like 1 cholesterol 
absorption receptor has been reported as a new factor for HCV entry to hepatic cells [22]. 
Interestingly, lipoprotein lipase, which hydrolyzes VLDL, is reported to increase the binding of 
LVP to hepatic cells while simultaneously decreasing infection levels of hepatic cells [23].  

These findings suggest that examination of serum lipid profiles in chronic HCV infection 
may be important for understanding the biological features of HCV infection. Compared to 
normal subjects, low levels of TC, high-density lipoprotein cholesterol (HDL-C) and LDL-C 
was reported in chronic HCV-G3a infection [24]. However, lipoprotein profiles in infections 
of genotypes other than HCV-G3 have not been fully described and the data are somewhat 
conflicted. Moriya et al. indicated that TC levels and apoB, CII and CIII were reduced in 
HCV-G1b compared with chronic HCV-G2a or hepatitis B virus (HBV) infection [25], while 
others have not reported such a distinction. In addition, distortion of serum lipid levels has 
been widely observed in connection with virological outcome of IFN-based antiviral 
therapy, especially in HCV-G1 infection. Lower LDL-C, HDL-C, TC and/or TG was reported 
to be a possible predictor for unfavorable response to IFN-based therapy [24, 26, 27]. 
However, after the discovery of a genetic polymorphism near the human IL28B gene as the 
most potent predictor of the outcome of IFN-based therapy, the distortion of serum lipid 
levels is no longer thought to be an independent factor, but rather a confounding variable 
for predicting therapeutic efficacy [28]. 

In this chapter, we described the lipoprotein profiles in chronic HCV-G1b infection (the 
most common genotype in Japan) compared with that in chronic HCV-G2 infection (the 
second most common genotype in Japan). In addition, the influence of the genetic 
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polymorphism near the human IL28B gene and aa substitutions in the core and NS5A 
regions of HCV on lipoprotein profiles in chronic HCV-G1b infection was determined. 

To examine the serum lipid profiles of many patients, ultracentrifugation was unsuitable. 
We instead measured serum lipoprotein using HPLC in addition to a conventional 
laboratory method involving measurement of apolipoproteins. To examine serum LDL-C 
levels, the Friedwald equation can be used as an indirect calculation method yielding “total 
cholesterol minus HDL-C minus 0.2  TG. However, the precision of this equation has not 
been determined in pathological conditions such as chronic HCV infection.  

2. Methods 

2.1. Patients and materials 

Fasting sera of patients who were diagnosed as having chronic HCV infection were 
collected and stored at lower than -30 degrees centigrade until examination of 
apolipoproteins and/or lipoproteins. At the time of serum collection, TC, TG and HDL-C 
were measured using a routine laboratory kit. Serum LDL-C was measured by a direct assay 
using an LDL-cholesterol kit (Sekisui Medical, Japan). A good correlation between the direct 
assay and indirect measurement using the Friedwald equation (r=0.96) in 96 healthy adults 
whose TG level was lower than 400 mg/dl was observed. 

Detection of HCV infection was made using a commercial real-time PCR Kit. Detection of 
HCV genotype was performed by a PCR method based on the 5’ non-coding sequence. 
Some patients diagnosed as having HCV-G1b infection, aa substitutions at core 70/91, 
interferon sensitivity determined region (ISDR) and/or IFN RBV resistance determining 
region (IRRDR) were examined. All patients examined were Japanese without ongoing 
treatment of IFN-based antiviral therapy. 

All patients were confirmed not to be co-infected with HIV, HTLV, tuberculosis or other 
chronic bacterial infections. In addition, patients who were diagnosed with hepatic cirrhosis 
were excluded from the study. Study protocols were approved by the review board of each 
institution and written informed consent was obtained prior to study enrollment. 

2.2. Detection of serum apolipoproteins 

Serum levels of apolipoproteins (apoA1, apoA11, apoB, apoCII, apoCIII and apoE) were 
analyzed by immunonephelometry using an apolipoprotein detection kit (Sekisui Medical, 
Japan). Serum apoB-48 was assayed by chemiluminescent enzyme immunoassay [29] using 
an apoB-48 CLEIA kit (Fujirebio, Japan). Serum apoB-100 level was determined as apoB 
minus apoB-48. 

2.3. Detection of lipoprotein fractions by HPLC based method 

Fasting serum lipoprotein profiles were analyzed using an HPLC system with on-line 
enzymatic dual detection of cholesterol and TG as described previously (LipoSEARCH, 
Skylight Biotech, Japan) [30]. Briefly, 10 l of whole serum sample was injected into two 
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connected columns (300  7.8 mm) of TSKgel LipopropakXL (Tosoh, Japan) and eluted by 
TSKeluent Lp-1 (Tosoh). The eluent from the columns was divided by a micro splitter and 
continuously monitored at 550 nm after an online enzymatic reaction with a commercial kit, 
Determiner L TC (Kyowa Medex, Japan) and Determiner L TG (Kyowa Medex). Then, the 
cholesterol and TG concentrations were calculated by the computer program, which was 
designed to process complex chromatograms with a modified Gaussian curve fitting for 
resolving overlapping peaks by mathematical treatment. 

Lipoprotein particles were fractionated into four major lipoproteins according to particle 
diameter as follows: >80 nm classified as chylomicrons; 30 to 80 nm as VLDL; 16 to 30 nm as 
LDL; and 8 to 16 nm as HDL. Next, the concentration of cholesterol and TG was measured 
in each major lipoprotein fraction and the ratio of cholesterol:TG concentration (C:T ratio) 
was calculated. This system has been successfully applied elsewhere in clinical research 
with excellent reproducibility [31]. Although freezing and thawing may affect the 
lipoprotein fraction, the influence of freezing and thawing on the measurement of 
cholesterol and TG concentration in healthy samples is fairly low, as described on homepage 
of Skylight Biotech (http://www.lipo-search.com). 

Figure 1 illustrates chromatographic pattern of cholesterol and triglycerides derived 
LipoSEARCH was illustrated.  

 
Figure 1. Chromatographic pattern of fasting serum cholesterol and TG derived HPLC-based method 
(LipoSEARCH). 

2.4. Detection of amino acid substitutions at aa 70/91 in core region of HCV-G1b 

HCV RNA was extracted from serum samples and reverse transcribed with random primers 
and MMLV reverse transcriptase (Takara Shuzo, Japan). Based on the method of Akuta et al. 
[32], nucleotide sequences of the core region were analyzed by direct sequencing after nested 
PCR. Subsequently, the aa substitutions at position 70 (arginine, Arg70; or glutamine/histidine, 
Gln70/His70) and at position 91 (leucine, Leu91; or methionine Met91) were determined. 
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2.5. Detection of amino acid substitutions related to ISDR in NS5A of HCV-G1b  

Nucleotide sequences of NS5A-ISDR were analyzed by direct sequencing after double-
round PCR according to Enomoto et al. [33]. Then, the aa sequence from 2209-2248, termed 
the ISDR region, in NS5A was determined and the numbers of aa substitutions defined. 

2.6. Detection of amino acid substitutions related to IRRDR in NS5A of HCV-
G1b  

Nucleotide sequences of NS5A-IRRDR were analyzed by direct sequencing after double-
round PCR according to El-Shamy et al. [34] and the numbers of aa substitutions within this 
region (2334-2376) determined. Moreover, the particular position of aa substitutions were 
evaluated in connection to dyslipoproteinemia, found in chronic HCV-G1b patients. 

3. Results 

Difference in lipoprotein profiles between patients with chronic HCV-G2 and HCV-G1b 
infection, between HCV-G1b patients with favorable and unfavorable response to PEG-IFN 
plus RBV combination therapy, and between minor (non-responder) genotypes and major 
(responder) genotypes of IL28B (rs8099917) 

Serum lipoprotein profiles are clearly distorted in patients with chronic HCV-G3 infection 
and this is characterized by a decrease in apoB-100-related cholesterol [24]. However, serum 
lipoprotein disturbances in other genotypes are an issue that has been under discussion. In 
addition, disturbances in lipoprotein profiles have been reported in patients who were not 
responsive to IFN-based antiviral therapy in comparison to responsive patients with chronic 
HCV-G1 infection [26, 27]. However, whether or not dyslipoproteinemia is an independent 
factor affecting the efficacy of IFN-based therapy remains controversial. The latest 
interpretation seems to be that dyslipoproteinemia in HCV-G1 patients may be a 
confounding factor of the host genotype of IL28B that is the strongest predictor for 
virological outcome following PEG-IFN plus RBV therapy [28]. 

Initially, we compared serum levels of apolipoproteins in chronically HCV-G2- and G1b-
infected patients paying special attention to virological outcome of PEG-IFN plus RBV 
therapy in the HCV-G1b patients. Of the pre-treatment fasting sera taken from 42 HCV-G1b 
patients, 23 achieved a sustained viral response (SVR; negative for HCV RNA at 6 months 
after standard 48 weeks of therapy); 8 had a transient viral response (TVR; HCV RNA-
negative during therapy, but reappearing after therapy); and 11 had a non-viral response 
(NVR; HCV RNA-positive during therapy). 24 HCV-G2 patients were also examined. 

There were no differences in the concentration of apoAI, apoAII, apoCIII, apoE and apoB-48 
(138.2±27.4 mg/dl vs. 142.4±32.4 mg/dl, 30.4±6.5 mg/dl vs. 29.9±4.8 mg/dl, 5.7±2.0 mg/dl vs. 
6.2±2.4 mg/dl, 4.4±1.1 mg/dl vs. 4.3±1.0 mg/dl and 3.3±4.2 mg/dl vs. 3.1±1.4 mg/dl, respectively) 
between HCV-G1b and G2 patients. In addition, no significant changes were observed among 
patients with HCV-G1b showing different outcome of PEG-IFN plus RBV therapy. However, 
there were substantial differences in apoB and apoCII levels according to the response to PEG-
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IFN plus RBV therapy in HCV-G1b patients. In HCV-G1b infection, apoB and apoCII levels 
were significantly higher in SVR patients than in NVR patients. The levels of apoB and apoCII 
in HCV-G2 patients were similar to those in HCV-G1b patients who achieved SVR (Figure 2). 

These data suggest that the apolipoprotein profile in HCV-G1b patients is basically 
indistinguishable from that in HCV-G2 patients. Meanwhile, the profile differed in relation 
to different outcomes of PEG-IFN plus RBV therapy among chronic HCV-G1b infection. 
From these observations, we presumed that a decrease in LDL and/or VLDL may be a 
feature of dyslipoproteinemia in HCV-G1b patients who failed to respond to PEG-IFN plus 
RBV therapy. ApoB-100 (about 95% of apoB is apoB-100 in fasting sera) is an indicator of 
total VLDL, intermediate-density lipoprotein (IDL) and LDL particles in the blood because 
each particle of VLDL, IDL or LDL is composed of one molecule of apoB-100. Moreover, the 
majority of apoCII, which activates the enzyme lipoprotein lipase in capillaries, is associated 
with VLDL. Therefore, a decrease in apoCII could be related to a decrease in VLDL. Taking 
into consideration these observations, we concluded that a characteristic of the lipoprotein 
profile during the pre-treatment period of chronic HCV-G1b patients who subsequently fail 
antiviral IFN-based therapy is a decline in VLDL levels. Although lower serum apoE has 
recently been reported to be related to a favorable response to IFN-based therapy [35], we 
did not find any differences in serum apoE levels. 

 
Figure 2. Serum apoB and apoCII levels in patients with chronic HCV-G1b or HCV-G2 infection. All 
HCV-G1b patients were treated with standard PEG-IFN plus RBV combination therapy and clarified 
according to the virological response. (NVR; non-viral response, TVR; transient viral response, SVR; 
sustained viral response) 
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Next, we examined the profiles of serum lipoproteins in 32 patients who were chronically 
infected with HCV-G2 and 111 patients with HCV-G1b, along with genotyping of the region 
near the IL28B gene (SNP ID rs8099917), the strongest predictor of outcome to PEG-IFN plus 
RBV therapy. Recently, we reported that serum apoB-100 levels are prescribed by genetic 
polymorphism of rs8099917, and a minor genotype of rs8099917 (TG or GG; also known as 
non-responder genotype of PEG-IFN plus RBV combination therapy) may be related to a 
decrease in serum apoB-100 in chronic HCV-G1b infection [36]. In chronic HCV-G1b 
infections in Japan, the minor genotype was found in 25-35% of cases, whereas it was only 
10-20% in chronic HCV-G2 infections. We examined SNP of rs8099917 and the lipoprotein 
profiles obtained by LipoSEARCH were compared among 29 HCV-G2 patients who had the 
major genotype of IL28B (rs8099917), 75 HCV-G1b patients who had the major IL28B 
genotype and 36 HCV-G1b patients who had the minor IL28B genotype. 

There were no differences related to gender, age, fibrosis score of liver biopsy, BMI, serum 
ALT level, viral load or platelet count among these three groups (data not shown). We did 
not cite the chylomicron fraction because this fraction was too small to analyze precisely. 
 

Lipoprotein fraction TC VLDL-C LDL-C HDL-C 
HCV-G2, IL28B major   167.92±31.20 38.22±17.65 81.18±22.25 44.79±14.49 
HCV-G1b, IL28B major 169.65±30.52 45.52±18.64 72.80±17.27* 46.54±12.22 
HCV-G1b, IL28B minor 161.69±30.87 36.22±15.18*** 68.61±18.40* 52.20±16.64** 

(mg/dl) 
Lipoprotein fraction TG VLDL-TG LDL-TG HDL-TG 

HCV-G2, IL28B major 104.46±59.41 52.48±36.43 27.22±10.17 16.22±5.91 
HCV-G1b, IL28B major 93.30±36.74 43.52±20.99 24.65±7.37 16.82±6.20 
HCV-G1b, IL28B minor 92.92±42.21 41.53±20.32 22.10±6.69* 19.14±8.25 

(mg/dl) 
*P>0.05 vs HCV-G2, **P>0.05 vs HCV-G1b with IL28B major, ***P>0.01 vs HCV-G1b with IL28B major 

Table 1. Differences in lipoprotein fractions among patients with chronic HCV-G1b and G2 infection 
with different IL28 genotype 

In patients with HCV-G1b having the IL28B major (responder) genotype, the concentration 
of cholesterol in the LDL fraction (LDL-C) was significantly lower than that in patients with 
HCV-G2. In addition, the tendency of a reciprocal increase of VLDL-C (P=0.055) in HCV-
G1b patients having the responder genotype was observed. As a result, the level of LDL-C 
plus VLDL-C was similar between these two groups. In contrast, a reciprocal increase of 
VLDL-C was not observed in G1b patients who had the non-responder genotype. Decrease 
of VLDL-C and increase of HDL-C is a feature of the non-responder genotype compared 
with the responder genotype in chronic HCV-G1b patients. 

We also examined serum lipoprotein profiles of five patients who had been infected with 
HCV-G1b, but achieved SVR by PEG-IFN plus RBV therapy (HCV-free status continuing for 
longer than 6 months). In these cured patients, low levels of VLDL-C and high levels of 
LDL-C and HDL-C were observed (Table 2). The lipoprotein profiles of these cured patients 
were quite normal with a normal composition of cholesterol and TG in each lipoprotein 
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fraction when assessed by C:T ratio. When compared with cured patients, a relative 
decrease of TG in the VLDL fraction and a relative increase of TG in the LDL and HDL 
fractions were noted in chronic HCV infection. 

In chronic HCV infection, we unexpectedly found that the serum levels of LDL-C measured 
by an HPLC system (LipoSEARCH) were considerably lower than those measured directly 
using a conventional method (HCV-G1b: 93.8±26.76 mg/dl; HCV-G2: 101.21±34.19 mg/dl), or 
measured indirectly by the Friedwald equation. In place of the decreased LDL fraction, the 
VLDL fraction was increased. This pattern is somewhat reminiscent of hyperlipidemic (high 
TG) samples [31]. However, in chronic HCV infection, TG levels are not much different from 
those in cured patients. Therefore, this finding cannot be explained by an increase of TG.  
 

Lipoprotein fraction TC VLDL-C LDL-C HDL-C 
HCV-G1b, achieved 
SVR   

177.49±35.63 26.34±7.24 89.41±31.61 61.28±15.14 

(mg/dl) 
 TG VLDL-TG LDL-TG HDL-TG 
HCV-G1b, achieved 
SVR 

79.15±25.33 44.11±18.77 22.08±4.96 10.47±2.64 

(mg/dl) 
Table 2. Serum lipid profiles of patients who achieved SVR by PEG-IFN plus RBV therapy for chronic 
HCV-G1b infection (sera were obtained at least 6 months after HCV was completely eradicated) 

An increase of the VLDL fraction in chronic HCV infection could be explained by reduced 
enzymatic activity of lipoprotein lipase, which may facilitate HCV cell entry [23] while 
delaying the conversion of VLDL to LDL. Alternatively, discrepancy between chemically 
determined LDL (conventional measurement method) and levels determined by particle 
size (HPLC-based method) may be explained by the existence of LDL-associated LVPs in the 
blood during chronic HCV infection. These particles may have the physicochemical surface 
nature of LDLs, but particle sizes larger than 55 nm because the diameter of the HCV 
particle is about 55 nm, and hence must be eluted in the VLDL fraction. Although we must 
take into consideration that lipoprotein particles could theoretically become fused together 
during freezing and thawing, thus seriously distorting the lipoprotein fraction pattern 
determined by the HPLC-based method, freezing and thawing has reportedly been found 
not to seriously affect lipoprotein profiles (Skylight Biotech, http://www.lipo-search.com). 

A recent study by Nishimura et al. [37] suggested that diminished VLDL-TG/non-VLDL-TG 
is a key feature of chronic HCV infection. They detected VLDL-TG based on the chemical 
nature of VLDL. Their findings do not conflict with our data. Our results indicate a relative 
decrease of TG in the VLDL fraction, but a relative increase of TG in the LDL and HDL 
fractions. Thus, their findings of decreased VLDL-TG/non-VLDL-TG appear to be consistent 
with our results. 

As this kind of lipid abnormality is not easily determined by conventional methodology, the 
HPLC-based method is extraordinarily useful for the study of lipoprotein profiles in chronic 
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HCV infection. However, close attention to sample handling is needed because lipoprotein 
particles are fairly unstable. 

The tentative conclusions are as follows: 1. Decrease of apoB (apoB-100) and apoB-100-
related cholesterol might be a main feature of dyslipoproteinemia in chronic HCV-G1b 
infection with unfavorable response to PEG-IFN plus RBV combination therapy; 2. Existence 
of abnormally large particles (LPVs) eluted in the VLDL fraction by HPLC, in spite of the 
chemical characteristics of LDL, and/or reduced activity of lipoprotein lipase with delayed 
VLDL dissociation, may be a feature of dyslipoproteinemia in chronic HCV infection; 3. 
Relative increase of TG in the LDL and HDL fractions with a relative decrease of TG in the 
VLDL fraction may be a feature of chronic HCV infection. These conclusions are partially in 
concordance with those reported by Mawatari et al. [38]. 

4. Do viral factors participate in the dyslipoproteinemia seen during 
chronic HCV-G1b infection? 
HCV-G1 infection is widely distributed worldwide and the most common genotype in the 
world, while it is one of the most resistant genotypes to IFN-based therapy. In Japan, almost 
all G1 subtypes are 1b, contributing to more than 70% of chronic HCV infection cases. Viral 
factors participating in the response to IFN-based therapies have been extensively studied, 
especially with regard to HCV-G1b in Japan. Among them, core protein substitution at aa 
70/91 [32] and aa substitutions in the ISDR [33], IRRDR [34] and in NS5A are widely 
accepted as candidates. Among them, substitution at core protein 91, Leu91Met, did not 
affect serum levels of apoB-100 as reported earlier by us [36]. We further examined the 
significance of substitution at aa 70, Arg70Gln/His, aa substitutions in the ISDR and IRRDR 
and aa substitutions at particular positions within the IRRDR. 

In that former study, we determined that substitution of Arg70 to Gln/His70 was a 
distinctive factor participating in the regulation of serum apoB-100 levels in chronic HCV-
G1b patients, independent from the IL28B genotype. To clarify the lipoprotein profiles 
according to substitution at aa 70, we examined the lipoprotein profiles of fasting sera from 
113 chronic HCV-G1b patients (68 were Arg70 and 45 were Gln/His70) by LipoSEARCH, as 
described earlier (Table 3). 
 

Lipoprotein fraction TC VLDL-C LDL-C HDL-C 
HCV-G1b    Arg70 169.80±30.75 43.16±18.39 74.23±18.68 48.09±14.03 
HCV-G1b  Gln/His70 158.54±28.44 40.02±17.40 65.99±15.51* 47.57±14.09 

(mg/dl) 
Lipoprotein fraction TG VLDL-TG LDL-TG HDL-TG 

HCV-G1b    Arg70 89.49±33.68 42.15±20.80 23.53±6.71 16.24±5.31 
HCV-G1b  Gln/His70 95.95±41.99 42.13±19.50 18.14±7.83 19.42±8.31* 

(mg/dl) 
(*: p>0.05) 

Table 3. Differences in lipoprotein profiles related to the substitution at aa 70 in core region (Arg70 to 
Gln/His70) in patients with chronic HCV-G1b infection 
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There were no differences related to gender, age, fibrosis score of liver biopsy, BMI, serum 
ALT level, viral load or platelet count between Arg70 and Gln/His70. However, a significant 
difference was found in the distribution of the IL28B genotype (SNP of rs8099917). In Arg70, 
49 patients were of the major (responder) genotype while 15 were of the minor (non-
responder) genotype. In Gln/His70, 22 were major and 20 were minor. A total of 7 patients 
remained undetermined. The difference in the IL28B genotype distribution between these 
two groups was significant (P=0.0005 by chi-square test with Yate’s correction). Therefore, 
the influence of the IL28B genotype was not excluded in this study. However, the pattern of 
dyslipoproteinemia seen in Gln/His70 cases is dissimilar to that in the IL28B minor 
genotype, which was described in detail. In core 70 mutants (Gln/His70), a significant 
decrease in LDL-C and increase in HDL-TG levels was demonstrated without a decrease in 
VLDL-C. TC levels tended to be lower than that in the core Arg70 cases (P=0.052). These 
findings may indicate that the core mutation at aa 70 is an important viral feature in relation 
to the dyslipoproteinemia seen in HCV-G1b, functioning mainly through decreasing LDL-C. 
As a result of the substitution at aa 70, the nature of the amino acid is substantially changed. 
Therefore, the configuration and the biological activity of the core protein may be 
significantly disturbed, which may lead to the disruption of lipid metabolism. However, the 
precise mechanism of the consequence of aa 70 substitution on lipid metabolism is a matter 
to be solved in the future. 

To exclude the influence of the IL28B genotype, we further compared the lipoprotein 
profiles in 49 patients with core 70 wild-type, and 22 patients with core 70 mutant 
phenotypes in whom the IL28B genotype was major (Table 4). 
 

Lipoprotein fraction TC VLDL-C LDL-C HDL-C 
HCV-G1b    Arg70 173.37±30.83 45.80±18.29 76.41±18.28 46.38±12.37 
HCV-G1b  Gln/His70 155.44±24.13* 41.01±17.02 65.71±13.34* 45.72±12.45 

(mg/dl) 
Lipoprotein fraction TG VLDL-TG LDL-TG HDL-TG 

HCV-G1b    Arg70 92.33±35.95 42.57±22.27 25.50±6.77 15.87±5.28 
HCV-G1b  Gln/His70 93.44±36.33 41.36±17.84 26.12±8.72 18.28±7.38 

(mg/dl) 
(*: p>0.05) 

Table 4. Differences in lipoprotein profiles related to substitution at aa 70 in the core region (Arg70 to 
Glun/His70) in patients with chronic HCV-G1b having IL28B major (responder) genotype 

Although a relatively small-sized study, the features of the dyslipoproteinemia seen in 
patients with the core aa 70 mutation was clearly elucidated as a decrease of TC due to a 
decrease of LDL-C. Even after exclusion of the influence of the IL28B genotype, the core 70 
aa substitution was found to have a role in dyslipoproteinemia that may be critical. 

We also examined aa substitutions in the NS5A region in relation to disturbance of serum 
lipid/lipoprotein levels, since NS protein may inhibit the secretion of apoB-100 in vitro [12]. 
Moreover, a polypeptide comprised of aa residues 2135 to 2419 within the NA5A protein co-
precipitated with apoB, suggesting a possible interaction between NS5A protein and apoB-
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100. Thus, we examined aa substitutions in particular regions of NS5A to elucidate the 
possibility of a viral factor being the determinant of lipid metabolism. We compared the aa 
sequence 2209-2248 (ISDR) with the sequence of HCV-J and the number of aa substitutions 
was classified as wild-type (0 or 1) or non-wild-type (≥2). According to the numbers of aa 
substitutions in the ISDR [33], 102 of 117 subjects were judged to be wild-type and 15 non-
wild-type. No significant differences in serum apoB and lipid concentrations were found 
between wild-type and non-wild-type ISDR (Table 5).  
 

Lipid profile T.C. TG LDL-C* apoB 
ISDR      wild 172.8±32.0 104.3±54.1 92.5±26.6 80.9±19.8 
ISDR  non-wild 167.1±28.0 82.2±26.2 92..9±22.1 78.2±13.9 

(mg/dl) 
*measured directly using commercial kit. Note the substantial differences of LDL-C level measured by 
HPLC system shown in Table 1, Table 2 and Table 3.

Table 5. Lipid profiles of HCV-G1b patients with ISDR wild and ISDR non-wild 

Although not described in Table 5, there was no statistical difference between patients with 
wild-type and non-wild-type ISDR in terms of serum levels of apoAI, apoAII, apoCII, apoCIII, 
apoE and apoB-48. We also compared lipid profiles between patients with a substitution 
number of 0 (N=80) and ≥1 (N=37), and found no significant difference (data not shown). 

We very recently examined the aa substitution number and the place of substitution in the 
IRRDR (aa 2334-2376) in 105 patients who were chronically infected with HCV-G1b. By 
comparison with the HCV-J sequence, the number of aa substitutions was determined. A 
high degree (≥6 substitutions) of sequence variation in the IRRDR, which is thought to be a 
useful marker for predicting SVR [34], was found in 34 patients, whereas a less diverse (≤5 
substitutions) IRRDR sequence (predictive of non-SVR) was found in 71 patients. 

The clinical background is illustrated in Table 6. 
 

Gender (M/F) 42/63 TG 89.8±40.2 (mg/dl) 
Age  62.9±12.0 (years) LDL-C  95.5±29.2 (mg/dl) 
ALT 53.5±38.5 (U/L) apoB-100 73.0±21.1 (mg/dl) 
Albumin 4.1±0.4 (g/dl) rs8099917 (Major/Minor) 65/40 
Plt 16.0±6.3x104 aa 70 (Wild/Mutant) 64/41 
HCV-RNA  6.4±0.6 (logIU/ml)  aa 91 (Wild/Mutant) 63/42 
TC 171.3±32.7 (mg/dl) ISDR (Wild / Mutant) 92/12 

Table 6. Clinical characteristics of 105 HCV-G1b patients whose IRRDR sequences were examined 

The number of aa substitution detected in this study was illustrated in Figure 3. 

As shown in Figure 3, the substitution number in the IRRDR was widely distributed. There 
was no difference in lipid profile between the two groups (substitution number ≥6 vs. 
substitution number ≤5) along with other clinical backgrounds except for the distribution of 
the IL28B genotype (Table 7). 
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Figure 3. Distribution of aa substitution number in the IRRDR among 105 chronic HCV-G1b patients 

 

 Substitutions (≤5) Substitutions (≥6) P value
TC 171 (115-253) 160 (96-268) 0.10
TG 81(42-267) 82 (37-207) 0.83
LDL-C 93 (36-193) 86 (50-172) 0.40 
apoB-100  75 (39-131) 72 (44-135) 0. 23
IL28-B (TT/nonTT) 39/35 20/5 0.024

Data were expressed as median (range)

Table 7. Differences in lipid profile according to the substitution number in the IRRDR 

Next, we examined the relationship between each aa substitution in the IRRDR and 
dyslipoproteinemia. As illustrated in Figure 4, substitution at aa 2356 may impact serum lipid 
profiles. There was no difference in lipid profile related to substitutions other than aa 2356.  

A substitution at aa 2356 from Gly to Glu, Lys or Ala may be critical for distortion of the 
serum lipid profile. This substitution was previously shown to be a key substitution 
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determining virological outcome of PEG-IFN plus RBV therapy in HCV-G1b patients [39]. 
The therapeutic outcome of 63 patients treated with PEG-IFN plus RBV is indicated in the 
lower right of Figure 4. Although a clear difference was not observed in the outcome of the 
therapy, NVR tended to be frequent in patients with non-Gly at aa 2356. The substitution at 
aa 2356 of Gly to Glu or Gly to Lys caused a drastic change in the nature of the amino acid 
that may influence the nature of the protein and in turn affect the biochemical interaction of 
apoE or apoB-100 with NA5A protein resulting in the decrease of serum apoB-100 and LDL-
C. However, the change in serum apoB-100 level was minor. As aa substitution in the 
IRRDR is somewhat related to aa substitution in other regions such as the core aa 70, further 
examination is needed to establish the importance of aa 2356 substitution on lipoprotein 
metabolism in chronic HCV-G1b infection. 

 
Figure 4. Consequence of substitution at aa 2356 from G to E, K or A in the IRRDR. Serum levels of TC, 
LDL-C and apoB-100 were significantly higher in patients who had G2356 than in patients who had not. 
At lower right, the virological response to PEG-IFN plus RBV therapy in 63 patients with HCV-G1b was 
summarized.  

5. Are lipid/lipoprotein profiles independent predictors of therapeutic 
outcome in chronic HCV- G1b infection? 
Chronic HCV infection has been treated with PEG-IFN and RBV combination therapy. 
HCV-G2 and HCV-G3 responded fairly well to this combination therapy. However, the 
response was weaker in HCV-G1 patients with only half of the patients achieving a 
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sustained virological response. Before the discovery of the IL28B genotype, a decrease in TC, 
LDL-cholesterol or apoB-100-related cholesterol had been considered as an independent 
predictor of the outcome of PEG-IFN plus RBV therapy in HCV-G1. However, after the 
discovery that the genotype near the IL28B gene was a potent predictor, serum lipid levels 
have since been considered to be a confounding factor of the IL28B genotype. Actually, as 
we described earlier in this chapter and also in an earlier manuscript [36], the IL28B 
genotype may profoundly affect serum lipid levels in HCV-G1b infection. 

Our latest knowledge, based on a prospective study examining predictive factors for the 
outcome of PEG-IFN plus RBV therapy, indicates that an increase in serum apoB-100 levels is 
an independent factor predicting rapid virological response (decline of serum HCV RNA at 4 
weeks) to PEG-IFN plus RBV therapy. However, it does not appear to be an independent 
predictor of the final outcome of virological response in chronic HCV-G1b infection (data 
currently under consideration for contribution). These findings may partly indicate that 
disturbance of the lipid profile may reflect the efficiency of HCV replication due to efficient 
entry of HCV into hepatic cells and efficient production/secretion of HCV along with VLDL. 

Although the evidence described in this chapter is not based on in vitro studies using HCV-
secreting cells, our observations based on clinical samples may contribute to furthering the 
understanding of HCV-lipid metabolism interaction. From this viewpoint, it is noteworthy 
that lipoprotein lipase may act not only in the conversion of VLDL to LDL, but also in 
inhibiting HCV entry into liver cells [23]. Interestingly, in in vitro studies using naturally 
HCV-secreting cells, the enzymatic activity of lipoprotein lipase may be reduced in HCV-
infected cells and may act to promote cell entry of HCV. This may contribute to an increase 
in the number of large-size (suitable for VLDL particle size) LVP having a chemical nature 
of LDL as suggested in our HPLC-based study. 

Finally, hepatic steatosis may be associated with dyslipoproteinemia in chronic HCV 
infection and has been extensively studied with special attention to its relation to the IL28B 
genotype [40] and substitution at aa 70 [17] in HCV-G1b. However, in our experience, the 
relationship between hepatic steatosis and these host and/or viral factors was equivocal, 
perhaps because there are other environmental and host factors strongly affecting hepatic 
steatosis other than the factors discussed in this manuscript. 

6. Summary 

The features of dyslipoproteinemia in chronic HCV infection have been described. Serum 
lipid/lipoprotein profiles were in part HCV-genotype specific. The HCV core protein of HCV-
G1b is closely associated with lipoprotein metabolism, and substitution of amino acid (aa 70) 
in the core protein may precipitate dyslipoproteinemia, in addition to substitution of aa 2356 in 
NS5A. In addition, dyslipoproteinemia in chronic HCV-G1b infection is largely affected by the 
genotype near the human IL28B gene. Therefore, dyslipoproteinemia in chronic HCV infection 
may involve complicated interplay between viral and host factors that could affect human 
lipid metabolism. Further study of lipids/lipoproteins in chronic HCV infection will be 
valuable to clarify the interaction of HCV and host lipid metabolism in detail. 
Dyslipoproteinemia in chronic HCV-G1b infection may play a role in the rapid decline of HCV 
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inhibiting HCV entry into liver cells [23]. Interestingly, in in vitro studies using naturally 
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infected cells and may act to promote cell entry of HCV. This may contribute to an increase 
in the number of large-size (suitable for VLDL particle size) LVP having a chemical nature 
of LDL as suggested in our HPLC-based study. 
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infection and has been extensively studied with special attention to its relation to the IL28B 
genotype [40] and substitution at aa 70 [17] in HCV-G1b. However, in our experience, the 
relationship between hepatic steatosis and these host and/or viral factors was equivocal, 
perhaps because there are other environmental and host factors strongly affecting hepatic 
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6. Summary 
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lipid/lipoprotein profiles were in part HCV-genotype specific. The HCV core protein of HCV-
G1b is closely associated with lipoprotein metabolism, and substitution of amino acid (aa 70) 
in the core protein may precipitate dyslipoproteinemia, in addition to substitution of aa 2356 in 
NS5A. In addition, dyslipoproteinemia in chronic HCV-G1b infection is largely affected by the 
genotype near the human IL28B gene. Therefore, dyslipoproteinemia in chronic HCV infection 
may involve complicated interplay between viral and host factors that could affect human 
lipid metabolism. Further study of lipids/lipoproteins in chronic HCV infection will be 
valuable to clarify the interaction of HCV and host lipid metabolism in detail. 
Dyslipoproteinemia in chronic HCV-G1b infection may play a role in the rapid decline of HCV 
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during PEG-IFN plus RBV therapy. However, the clinical utility of dyslipoproteinemia as a 
predictor of final response to PEG-IFN plus RBV treatment remains controversial. 
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1. Introduction 

When thrombi are formed, infiltration of leukocytes including neutrophils and macrophages 
follows in and around the thrombi. On the other hand, in inflammatory lesions where 
infiltration of leukocytes is observed, thrombi are often observed. When thrombi are 
formed, activated platelets release a lot of substances while adhering to subendothelial 
connective tissues, recruiting other platelets and aggregating together. In these regions with 
thrombus formation or platelet activation, it is possible that platelets affect leukocytic 
function via the action of the released products, since the substances released from platelets 
include factors that activate [1-14] and suppress [15-22] neutrophilic functions. 

In experiments using human platelets and neutrophils, we found that platelets release 
several neutrophilic phagocytosis activators. Among substances released from activated 
platelets, ATP and ADP have been reported to activate iC3b receptor-mediated phagocytosis 
[1, 2, 23], and some prostaglandins including PGE2, PGF2and thromboxane B2 and 
macromolecular activators of phagocytosis from platelets (MAPPs) activate Fc receptor-
mediated phagocytosis.  

MAPPs have two subsets, l-MAPP (3x105 Da) and s-MAPP (1.5x105 Da) [24, 25]. Platelets 
stored in the form of platelet-rich plasma lose the capacity to release MAPPs but recover it if 
incubated with the plasma-derived precursors of MAPPs (precursors of l-MAPP and s-
MAPP, 3x105 Da and 1.5x105 Da, respectively) and thrombin in the presence of Ca++ [26]. It 
was suggested that the loss of platelet ability to release MAPPs is due to escape of the 
precursors and thrombin during storage with CPD (citrate-phosphate-dextrose) solution. It 
is possible to produce MAPPs using stored platelet-derived lysate by stimulation with 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



 
Lipoproteins – Role in Health and Diseases 722 

thrombin or trypsin in the presence of the precursors [27]. It has also been suggested that the 
precursors of l-MAPP and s-MAPP are polymerized transferrins, probably of tetrameric and 
dimeric forms, respectively [28].  

As for the production of MAPPs in platelets, it was suggested that GP Ib-bound thrombin 
reacts with a high-molecular-weight substance (HMW activator) to release a low-molecular-
weight substance (LMW activator) [29], which can produce MAPPs from the precursors 
directly.  

In an ultracentrifugation study of the platelet lysate, the HMW activator activity was 
observed in the HDL fraction. Anti-apolipoprotein A1 antibody abolished the HMW 
activator function from the HDL fraction of the platelet lysate. These findings suggest that 
the HMW activator belongs to HDL. In an affinity chromatography study of the protein 
obtained from the HDL-rich fraction of the platelet lysate using an anti-apolipoprotein CIII 
(Apo CIII) column, it was suggested that LMW activator is derived from Apo CIII. In fact, it 
was observed that the commercially available Apo CIII could produce LMW activator by the 
activity of thrombin [30]. 

The purpose of this study was to determine the structure of the LMW activator. 

2. Materials and methods 

This study was approved by the local institutional review board of our university hospital. 
The procedures followed were in accordance with the Helsinki Declaration of 1975, as 
revised in 1983. 

2.1. Phagocytosis experiment 

The phagocytosis experiments were performed according to a method previously described 
[30]. Briefly, neutrophils were separated from heparinized venous blood from healthy 
volunteers by centrifugation on MonoPoly resolving medium (ICN Biochemicals Japan, 
Tokyo, Japan). After washing of neutrophils in phosphate-buffered saline (PBS) (Sigma, St. 
Louis, MO), one thousand neutrophils in 5 l of PBS were attached to the surface of a Terasaki 
microplate well (Nunc, Roskilde, Denmark) by centrifugation at 160 g for 2 minutes. Then, 
stimulation was performed with 10 l of the test material in PBS supplemented with 1% 
bovine serum albumin (Sigma) (PBS-BSA) at 37 °C for 15 minutes. After washing, the 
neutrophils were incubated with 5,000 sheep red blood cells (SRBCs) in 5 l of RPMI 1640 
medium supplemented with 1% BSA and a one-hundredth volume of anti-SRBC rabbit IgG at 
37 °C for 25 minutes under 5% CO2. After lysing the unphagocytosed SRBCs using a Tris-
buffered ammonium chloride solution [31] and fixation with 1% glutaraldehyde (Sigma) in 
PBS, the phagocytosed SRBCs were counted under a light microscope.  

All phagocytosis experiments were performed in triplicate. Mean numbers of ingested 
SRBCs per neutrophil in a well were calculated. Then, means of three wells were obtained. 
The results are expressed as phagocytic indices normalized by the phagocytic activity of the 
PBS-BSA control taken as 100.  
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Tokyo, Japan). After washing of neutrophils in phosphate-buffered saline (PBS) (Sigma, St. 
Louis, MO), one thousand neutrophils in 5 l of PBS were attached to the surface of a Terasaki 
microplate well (Nunc, Roskilde, Denmark) by centrifugation at 160 g for 2 minutes. Then, 
stimulation was performed with 10 l of the test material in PBS supplemented with 1% 
bovine serum albumin (Sigma) (PBS-BSA) at 37 °C for 15 minutes. After washing, the 
neutrophils were incubated with 5,000 sheep red blood cells (SRBCs) in 5 l of RPMI 1640 
medium supplemented with 1% BSA and a one-hundredth volume of anti-SRBC rabbit IgG at 
37 °C for 25 minutes under 5% CO2. After lysing the unphagocytosed SRBCs using a Tris-
buffered ammonium chloride solution [31] and fixation with 1% glutaraldehyde (Sigma) in 
PBS, the phagocytosed SRBCs were counted under a light microscope.  

All phagocytosis experiments were performed in triplicate. Mean numbers of ingested 
SRBCs per neutrophil in a well were calculated. Then, means of three wells were obtained. 
The results are expressed as phagocytic indices normalized by the phagocytic activity of the 
PBS-BSA control taken as 100.  
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2.2. Production of MAPPs in vitro    

2.2.1. Preparation of the precursors of MAPPs using holo-transferrin 

Precursors of MAPPs were produced artificially using holo-transferrin (Sigma) according to 
a method described previously [28, 30]. Briefly, the peak fraction of holo-transferrin in 
Superdex 200 (GE Healthcare UK Ltd., Buckinghamshire, England) gel filtration was 
incubated on ice for 15 min with 0.2% glutaraldehyde (Sigma) to induce polymerization [32], 
and subjected to filtration again. The fractions obtained at the same elution volumes as the 
conventional l-MAPP (tetramer transferrin-rich fraction) and s-MAPP (dimer transferrin-
rich fraction) were adjusted to an optical density of 0.04 at 280 nm with PBS and used as 
precursors of l-MAPP and s-MAPP, respectively.  

2.2.2. Preparation of LMW activators 

Apo CIII (Chemicon International Inc., Temecula, CA) was adjusted to a concentration of 10 
g/ml in PBS and incubated with 0.1 unit/ml human thrombin (thrombin) (Sigma) or 1 
unit/ml bovine trypsin (trypsin) (Sigma) at 37 °C for 30 minutes, and then applied on a PD10 
column (GE Healthcare UK Ltd.) to obtain the low-molecular-weight fraction, which was 
serially diluted x10 and used as the LMW activator. 

Another Apo CIII （10 g/ml） was incubated with 0.1 unit/ml thrombin or 1 unit/ml 
trypsin and gel-filtered through a Superdex peptide column (GE Healthcare UK Ltd.) 
(elution buffer, PBS; elution speed, 0.5 ml/minute; fraction volume, 1 ml each) to obtain 
LMW activator fraction.  

Samples of the low-molecular-weight fraction of variously prepared platelet-related 
materials including platelet release products and platelet lysate (see below for details) were 
obtained using PD-10 columns.  

Some peptides associated with Apo CIII were synthesized artificially, and the activity as an 
LMW activator was examined. 

2.2.3. Preparation of MAPPs using LMW activators and precursors of MAPPs 

To form MAPPs, 1 ml of appropriately diluted LMW activator derived from Apo CIII, 
platelet release products or artificially produced peptides was incubated with 10 l of 
precursor of l-MAPP or s-MAPP at 37 °C for 30 minutes. 

2.3. Preparation of platelet release products using platelets from platelet-rich 
plasma 

To prepare fresh and stored platelets, heparinized venous blood was mixed with 13 vol% 
citrate-phosphate-dextrose (CPD) solution and centrifuged at 60 g for 20 minutes at 20 °C. 
The platelet-rich plasma, which was contaminated by less than one erythrocyte per 1,000 
platelets, was transferred into another plastic tube and stored at 20 °C in a water bath with 
agitation once a second for 0, 72 or 120 hours.  
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These platelets were washed twice in PBS supplemented with 6.7 mM EDTA and twice in 
PBS, and adjusted to a concentration of 4x105/l. The platelet suspension was stimulated 
with 0.1 unit/ml thrombin at 37 °C for one minute in the presence or absence of 4 mEq/l Ca++, 
then cooled immediately on an ice-water bath and centrifuged at 960 g for 15 minutes at 4 °C 
to obtain the platelet release products in the supernatant.  

2.4. Preparation of platelet lysate 

Platelet suspensions obtained from platelet-rich plasma as described above were frozen at -
15 °C, thawed and centrifuged at 1,500 g for 30 minutes. The supernatant was used as the 
platelet lysate.  

2.5. Peptide synthesis 

Peptides such as S1-K21, H18-R40, H18-K24, H18-K21 and T22-K24 of Apo CIII were 
synthesized by Sawady Technology (Tokyo, Japan). Other peptides that contain part or all of 
H18-K24 (HATKTAK) of Apo CIII were produced by Thermo Fisher Scientific GmbH (Ulm, 
Germany).  

2.6. Inhibition of the LMW activator activity by anti-HATKTAK rabbit IgG 
antibody 

Antibody against HATKTAK was raised in a rabbit by intracutaneous injection of keyhole-
limpet-conjugated CHATKTAK (6 injections at 2-week intervals) by Sigma Aldrich Japan 
(Ishikari city, Japan). The IgG antibody was refined using a protein A column. The control 
IgG antibody was obtained from the same rabbit at day 0 of immunization. 

By indirect enzyme-linked immunosorbent assay (ELISA) [33], specificity of the anti-
HATKTAK rabbit antibody was examined. 100 l of antigens involving Apo CIII and Apo 
CIII-related peptides (1 g/ml in PBS) was immobilized to each well of a polystyrene 
microplate by incubation at 4 °C overnight. 1000-fold-diluted anti-HATKTAK rabbit 
antibody or l000-fold-diluted anti-Apo CIII gout IgG (Gene Tex, Inc., San Antonio, TX) was 
used as the primary antibody. Peroxidase-conjugated anti-rabbit IgG (Fab’) or anti-goat IgG 
(Fab’) (Histofine simple stain MAX-PO(R) or -PO(G), respectively, Nichirei Bioscience, 
Tokyo, Japan) was used as the secondary antibody. Substrate solution consisted of 10 ml of 
0.5 M citrate buffer, 10 ml of 0.3% hydrogen peroxide and 10 mg of orthophenylene diamine 
(Wako, Osaka, Japan). 2 M sulfuric acid was used as a stopping solution. Absorbance was 
determined at 450 nm in a model 550 microplate reader (Bio-Rad, Tokyo, Japan). 

To examine the effect of anti-HATKTAK antibody on an LMW activator, a x102-diluted low-
molecular-weight fraction of the platelet release products prepared from fresh platelet- rich 
plasma and a x106-diluted one from platelet-rich plasma stored for 120 hours were prepared. 
Then, they were incubated with a one-hundredth volume of anti-HATKTAK IgG or control 
IgG at room temperature for 30 min, applied to a protein A column to remove the immune 
complexes and the residual antibodies, and used as the source of the LMW activator. 
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2.7. Ion exchange chromatography 

Cation exchange chromatography was performed using a MONO S HR5/5 column (GE 
Healthcare UK Ltd.). Samples were dissolved in 20 mM Tris-HCl, pH 8.0 (buffer A). The 
adsorbed materials were recovered by elution with a linear increase in buffer B (buffer A + 1 
M NaCl). 

2.8. Assessment of peptide concentrations using the o-phthalaldehyde (OPA) 
fluorescent method 

Peptide concentrations were assessed according to the OPA fluorescent method with intact 
protein [34]. Fluorescence was measured with an excitation wavelength of 340 nm and an 
emission wavelength of 450 nm using a spectrofluorometer (FP-6300, JASCO, Tokyo, Japan). 

2.9. Mass spectrometry 

Matrix-associated laser desorption/ionization time-of-flight mass spectrometry was performed 
with a Voyager System 4314 (Applied Biosystems, Foster City, CA) in the reflector time-of-
flight configuration at an acceleration voltage of 25 kV with delayed ion extraction. Samples 
were diluted 1:1 with a freshly prepared matrix solution consisting of 10 mg/ml -cyano-4-
hydroxycinnamic acid (Sigma) in 20% acetonitrile with 0.1% trifluoroacetic acid. Aliquots of 1 
l were deposited on a metallic sample holder and analyzed immediately after drying in a 
stream of air. Mass scale calibration was performed externally. 

2.10. Immunohistochemistry 

Coagulation of the fresh peripheral blood taken without anticoagulants was induced in a 
glass tube for 3 hours. This coagulum was formalin-fixed, and paraffin sections of 3 m 
thickness were prepared. After deparaffinization and hydration, antigen retrieval was 
performed by heating in 10 mM citrate buffer (pH 6.0) for 40 minutes. After rinsing in PBS 
and incubation with 2% BSA in PBS at room temperature for 60 minutes, incubation with a 
mixture of rabbit anti-HATKTAK IgG (x1,000 diluted) and murine anti-CD 61 monoclonal 
IgG (Dako Japan, Tokyo, Japan) (x100 diluted) at 4 °C overnight was performed followed by 
incubation with a mixture of Alexa Fluor 594-conjugated anti-rabbit IgG (x200 diluted) and 
Alexa Fluor 488-conjugated anti-murine antibody (x200 diluted) (Molecular Probes, Eugene, 
OR, USA). The fluorescent signals were viewed under a confocal microscope (Bio-Rad 
Radiance 2100). As a control experiment, an identical immunohistochemical procedure with 
omission of the primary antibodies was performed. 

2.11. Assay of concentrations of Apo CIII, apolipoprotein AI (Apo AI) and 
apolipoprotein B100 

Concentrations of Apo CIII, Apo AI and Apo B100 in the platelet lysate were assayed by 
ELISA using commercially available assay kits for Apo CIII (AssayPro, St. Charles, MO), 
Apo AI (Mabtech AB, Nacka Strand, Sweden) and Apo B100 (Mabtech AB), respectively. 
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Figure 1. Characterization of the LMW activator produced from Apo CIII. A. MAPP formation using 
Apo CIII. To prepare LMW activator, 10 g/ml Apo CIII was treated with 0.1 unit/ml thrombin or 1 
unit/ml trypsin, and then diluted serially x10. The activity of each diluted sample as LMW activator was 
examined. B. MONO S cation exchange chromatography of thrombin-treated Apo CIII (10 g). MAPPs 
were generated using each fraction at a dilution of x102 and one of the precursors of MAPPs. C. MONO 
S cation exchange chromatography of trypsin-treated apolipoprotein CIII (10 g/ml). MAPPs were 
generated using each fraction at a dilution of x104 and one of the precursor of MAPPs. D. Superdex 
peptide gel filtration of thrombin-treated Apo CIII (10g/ml). Formation of MAPPs was achieved using 
each fraction at a dilution of x102 and one of the precursors of MAPPs. E. Superdex peptide gel filtration 
of trypsin-treated Apo C-III (10 g/ml). Formation of MAPPs was achieved using each fraction at a 
dilution of x104 and one of the precursors of MAPPs. F. Molecular weight determination of the LMW 
activator with comparisons with those of Apo CIII-derived peptides. G. Amino acid sequence of Apo 
CIII, distributions of basic (+) and acidic (-) amino acids and sugar binding amino acid (T74) in Apo CIII. 
The amino acid sequence is cited from the database of GenPex (NCBI Protein DataBase, 
http://www.ncbi.nlm.nih.gov/protein). A, B, C, D and E were performed using the precursor of s-MAPP.  
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2.12. Statistics 

In this study, the differences were analyzed using Mann-Whitney test, Kruskal-Wallis test, 
paired t test or Wilcoxon test. A P value of less than 0.05 was considered significant. 

3. Results 

3.1. LMW activator is considered to be HATKTAK 

As it was shown in a previous study that both thrombin and trypsin could produce a 
substance with LMW activator activity from platelet lysate [27] and that incubation of Apo 
CIII with thrombin resulted in production of LMW activator, Apo CIII was treated with 
thrombin or trypsin and the LMW activator activities produced were compared to 
determine whether LMW activators produced by these enzymes are the same substance. 
Both thrombin and trypsin could produce LMW activator activity, but 1 unit/ml trypsin 
could produce LMW activator 100 to 1,000 times more effectively than 0.1 unit/ml thrombin 
(Figure 1A). 

The LMW activator activities prepared using thrombin and trypsin appeared at the same 
NaCl concentration of the MONO S cation exchange chromatography (0.2 M NaCl, pH 8.0) 
(Figure 1B and Figure 1C, respectively), and at the same elution volume (16 ml) of the 
Superdex peptide gel filtration (Figure 1D and Figure 1E, respectively), which corresponds 
to the approximate molecular size of 800 Da (Figure 1F). These findings suggest that the two 
LMW activators are the same substance.  

The fact that LMW activator can be produced by trypsin digestion of Apo CIII suggests that 
the C terminal of LMW activator consists of K or R [35]. LMW activator is suggested to be 
one of the basic peptides that would appear after trypsin digestion of Apo CIII (S1-K24, 
H18-R40, H18-K24, H18-K21, T22-K24) (see Figure 1G for the sequence of Apo CIII, 
distribution of basic and anionic amino acids and the sugar binding amino acid). These 
peptides were artificially produced and filtered on the Superdex peptide column to use as 
molecular size markers. The optical peaks of OPA fluorescence and LMW activator activity 
by H18-K24 (HATKTAK) appeared at the same elution volume of Superdex peptide gel 
filtration corresponding to Apo CIII-derived LMW activator (Figure 1D, 1E, 2A and 2B). In 
MONO S cation exchange chromatography, the action of HATKTAK as LMW activator was 
recovered at the fraction with the same NaCl concentration (0.2 M NaCl, pH 8.0) (Figure 2C) 
as the Apo CIII-derived LMW activator (Figure 1B and 1C). 

3.2. Only HATKTAK among examined peptides showed MAPP-forming activity 

Among the peptides used for calibration on Superdex peptide gel filtration (Figure 1F), H18-R40 
and H18-K21 were separated in the fractions near to HATKTAK (LMW activator). The activity 
of these peptides as LMW activators were examined. Only HATKTAK showed LMW activator 
activity with a peak at 1 nM (Figure 2D). Then, some Apo CIII-derived peptides that contain 
part or all of H18-K24 were examined for their LMW activator activity. All of them were used at 
a concentration of 1 nM. Only HATKTAK showed MAPP-forming activity (Table 1).   
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Figure 2. HATKTAK functions as the LMW activator. A. Superdex peptide gel filtration of HATKTAK 
(200 g, 0.2 ml). The peptide concentration of each fraction was measured by the OPA fluorescent 
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method. The inset shows the standard graph for the assay of HATKTAK. B. MAPP formation using 
fractions of Superdex peptide gel filtration of HATKTAK (200 g, 0.2 ml) at a dilution of x106 by 
incubation with one of the precursors of MAPPs. C. MONO S cation exchange chromatography of 1 
g/ml HATKTAK. MAPPs were generated by incubation of each fraction from the chromatography at a 
dilution of x104 and one of the precursors of MAPPs. D. MAPP formation using peptides containing 
part of the sequence of apolipoprotein CIII. Each peptide was serially diluted x10 and incubated with 
one of the precursors of MAPPs. B, C and D were performed using the precursor of s-MAPP. 

  Peptides Precursor of l-MAPP Precursor of s-MAPP 
  HATK - - 
  HATKT - - 
  HATKTA - - 
  HATKTAK + + 
  HATKTAKD - - 
                    K - - 
                 AK - - 
              TAK - - 
      ATKTAK - - 
KHATKTAK - - 

Table 1. MAPP formation from precursors of MAPPs with peptides derived from K16 to D25 of Apo 
CIII (KHATKTAKD) 

3.3. LMW activator activity in platelet release products and platelet lysate 

In the next part of the study, the LMW activator activities in variously prepared samples 
including platelet release products and platelet lysate were compared to determine whether 
platelets release LMW activator. Platelet release products were prepared using platelets 
from fresh and stored platelet-rich plasma. The reason why we examined platelet release 
products prepared from stored platelet-rich plasma along with those prepared from the 
fresh equivalent is that platelet releasate from stored platelet-rich plasma was expected to 
contain a higher concentration of LMW activator because platelets lose the precursors of 
MAPPs during storage [26]. From all of these samples, the low-molecular-weight fraction 
was separated using PD10 columns, and the activity corresponding to LMW activator was 
compared by the largest dilution from the original sample for which a phagocytic index 
higher than 150 was recorded (effective dilution).  

1 ng/ml HATKTAK and platelet release products from fresh platelets stimulated with 4 
mEq/l Ca++ and 0.1 unit/ml thrombin showed an effective dilution of 102 to 103, whereas 
fresh platelets stimulated only with 4 mEq/l Ca++ or 0.1 unit/ml thrombin for 1 minute 
showed far lower effective dilution, and platelet release products prepared from platelets 
after storage for 72 hours and 120 hours in the form of platelet-rich plasma showed 
extremely high effective dilution (103 to 105, platelets from platelet-rich plasma stored for 72 
hours; 107 to 108, those stored for 120 hours). None of the platelet lysate produced from 
platelets in fresh and stored platelet-rich plasma showed LMW activator activity (Figure 3). 
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To confirm whether these LMW activator activities were by the same substance, Superdex 
peptide gel filtrations of the low-molecular-weight fractions of platelet release products 
prepared from fresh platelets (A), and those stored for 72 hours (B) and 120 hours (C), with 
stimulation with 0.1 unit/ml thrombin in the presence of 4 mEq/l Ca++ were performed. 
Fractions of the gel filtrations were diluted x102 (A), x104 (B) and x106 (C). All of these 
samples showed LMW activator activity at the fraction corresponding to HATKTAK 
(compare Figure 4A, 4B and 4C with Figure 2B). 

3.4. Inhibition of LMW activator activity by anti-HATKTAK antibody 

Then, to obtain evidence of the existence of HATKTAK in the platelet release products, 
actions of an anti-HATKTAK rabbit antibody against LMW activator activity were 
examined.  

 
Figure 3. Comparisons of effective dilution of LMW activator in platelet release products and platelet 
lysate prepared using platelets that were obtained from platelet-rich plasma stored for 0 hours, 72 hours 
and 120 hours. A black circle means a case with the effective dilution of LMW activator indicated by the 
horizontal axis. *, P<0.01 with the Mann-Whitney test, and #, P<0.01 with the Kruskal-Wallis test. All 
experiments were performed using the precursor of s-MAPP. 
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Figure 4. Comparisons of molecular size of LMW activator in platelet release products prepared using 
(A) platelet release products using fresh platelets stimulated with 0.1 unit/ml thrombin in the presence 
of Ca++; (B) platelet release products using platelets stored for 72 hours stimulated with 0.1 unit/ml 
thrombin in the presence of Ca++; (C) platelet release products using platelets stored for 120 hours 
stimulated with 0.1 unit/ml thrombin in the presence of Ca++. The LMW activator activity of each 
fraction was examined at dilutions of x102 (A), x103 (B) and x106 (C). All experiments were performed 
using the precursor of s-MAPP. 
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ELISA revealed that anti-HATKTAK reacted strongly to H18-K24 (HATKTAK), K17-K24 and 
S1-K24 of Apo CIII, but very weakly to Apo CIII and H18-D25 of Apo CIII, whereas anti-Apo 
CIII goat antibody showed a positive reaction only to Apo CIII (Figure 5A and 5B, respectively).  

 
Figure 5. Effects of anti-HATKTAK antibody on LMW activator activity. A, ELISA using anti-
HATKTAK rabbit IgG and control rabbit IgG against Apo CIII and H18-K24 of Apo CIII. B, ELISA 
using anti-HATKTAK rabbit IgG and anti-Apo CIII gout IgG against peptide associated with Apo CIII, 
HATKTAAK and Apo CIII. C, Effects of control rabbit IgG and anti-HATKTAK rabbit IgG on LMW 
activator activity in the low-molecular-weight fraction of platelet release products prepared from 
platelets of fresh platelet-rich plasma. D, Effects of control rabbit IgG and anti-HATKTAK rabbit IgG on 
LMW activator activity in the low-molecular-weight fraction of platelet release products prepared using 
platelets of platelet-rich plasma stored for 120 hours. In C and D, figures reveal the result of 
experiments using the precursor of s-MAPP. The bars in the figure show the average.  
*, P<0.01; **P<0.05 by paired t test. 

Both LMW activators derived from fresh platelet and platelets stored for 120 hours were 
inhibited by the anti-HATKTAK IgG antibody (Figure 5C and 5D, respectively). 
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3.5. Evidence of existence of HATKTAK by mass spectrometry 

In mass spectrometry, HATKTAK showed m/z 756 (Figure 6A). Although it was impossible 
to show the existence of a substance with m/z 756 in thrombin-digested Apo CIII (10 g/ml) 
and in platelet release products released from fresh platelets and those stored for 72 hours 
(data not shown), a substance with m/z 756 was detected in the trypsin-treated Apo CIII (10 
g/ml) (Figure 6B) and platelet release products prepared from platelets stored for 120 hours 
(Figure 6C). 

 

 
Figure 6. Mass spectrometry of HATKTAK, trypsin-digested Apo CIII and platelet release products 
from platelets of platelet-rich plasma stored for 120 hours. A, 1 mg/ml HATKTAK in PBS;  B, 10 g/ml 
Apo CIII digested with 1 unit/ml trypsin; and C, platelet release products using platelets of platelet-rich 
plasma stored for 120 hours. Platelets were stimulated with 0.1 unit/ml thrombin in the presence of Ca++. 

 

 
Figure 7. Confocal microscopic images of double staining for the anti-HATKTAK antibody (visualized 
as red in A), and the anti-CD61 antibody (visualized as green in B). The colocalization of two antibodies 
is indicated by the conversion of green and red to yellow (C). Scale bar indicate 20 m. 
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3.6. Immunohistochemical evidence of existence of HATKTAK in activated 
platelets 

To show the existence of HATKTAK in activated platelets, an immunohistochemical study 
of the blood coagula was performed. Platelets in the coagula showed positive reactions with 
both anti-HATKTAK and anti-CD 61 antibodies simultaneously (Figure 7). 

3.7. Increases in concentrations of Apo CIII, Apo AI and Apo B100 in the platelet 
lysate 

As the LMW activator activity in the products released from platelets increased markedly if 
stored platelets were used, concentrations of Apo CIII, Apo AI and Apo B100 in the platelet 
lysate prepared from platelet-rich plasma stored for 120 hours at 20 °C were compared with 
those prepared from fresh equivalent plasma to determine whether lipoproteins are 
internalized by platelets during storage of platelet-rich plasma. All of Apo CIII, Apo AI and 
Apo B100 in the lysate from 120 hour-stored platelets were high (20 ng/ml, 18 ng/ml and 252 
ng/ml in average, respectively), whereas those from platelet-rich plasma before storage were 
very low (1.4 ng/ml, 0.6 ng/ml and 130 ng/ml on average, respectively) (Figure 8).  

 
Figure 8. Concentrations of Apo CIII, Apo AI and Apo B100 in the platelet lysate. Concentrations of 
Apo CIII, Apo AI and Apo B100 in the platelet lysate, which were prepared from platelet-rich plasma 
before (0 hours) and after storage for 120 hours (120 hours), were determined using commercially 
available ELISA kits. The bars in the figure show the average. **, P<0.05 by Wilcoxon test. 

4. Discussion 

Since we found MAPPs in platelet release products, we have investigated their structure 
and the mechanisms of production and release by platelets. When fresh platelets are 
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stimulated by thrombin, collagen or centrifugation in the presence of Ca++, MAPPs are 
released. When platelets are stored longer than 72 hours in the form of platelet-rich plasma, 
they lose the capacity to release MAPPs. It is speculated that this is because platelets lose 
their contents of thrombin and precursors of MAPPs during storage in the form of platelet-
rich plasma. They recover the MAPP-releasing function by washing with PBS and 
incubation with plasma-derived precursors of MAPPs and thrombin in the presence of 
Ca++ [26]. This suggests that some platelet factor other than thrombin and the precursors of 
MAPPs is necessary for MAPP production. To analyze this factor, the action of the platelet 
lysate obtained by freeze-thaw of stored platelets on MAPP formation was investigated. 
By incubation of the platelet lysate with thrombin and the plasma-derived precursors, it 
was possible to produce MAPPs. When producing MAPPs using plasma-derived 
precursors and the platelet lysate, we found that trypsin instead of thrombin can produce 
MAPPs [27].  

After we found that the plasma precursors of MAPPs are dimer and tetramer transferrins 
[28], we produced precursors of MAPPs by glutaraldehyde treatment of commercially 
available holo-transferrin and used them to produce MAPPs in vitro. 

In the former study [30], we found that Apo CIII associated with the high-density 
lipoprotein in platelet lysate can be the source of LMW activator. In this study, we compared 
the LMW activators produced from Apo CIII by the actions of thrombin and trypsin. It was 
revealed that both LMW activators appeared in the fractions of the same elution volume of 
Superdex peptide gel filtration and in the fractions with the same NaCl concentration of 
MONO S cation exchange chromatography. These findings suggest that the LMW 
activators produced by thrombin and trypsin are the same substance. The fact that trypsin 
can form LMW activator suggests that LMW activator is a peptide with a C-terminal 
amino acid of lysine or arginine and that the N-terminal is an amino acid next to lysine or 
arginine in the amino acid sequence of Apo CIII. It can be asserted that the action of 
thrombin in LMW activator formation occurs by its trypsin-like activity, although the 
activity of thrombin to release LMW activator from Apo CIII is far lower than that of 
trypsin. Cation exchange chromatography in this study revealed that the LMW activator 
is cationic, suggesting that it is a peptide rich in basic amino acids. In Apo CIII, K17 to 
K24 is a region rich in basic amino acids, containing four basic amino acids among eight 
amino acids in total. Several candidate peptides for LMW activator that contain all or part 
of the K17 to K24 peptide were raised. By comparing the elution volumes of peaks of 
these peptides with that of LMW activator function on Superdex peptide gel filtrations 
and by examining MAPP formation using these peptides, it was strongly suggested that 
HATKTAK is the LMW activator.  

As for the reaction of thrombin, the most abundant natural substrate of thrombin is 
fibrinogen [36], whereas O’Mullan et al. [37] reported that the action of thrombin to various 
proteins including Apo CIII is more variable and various peptides cleaved from Apo CIII 
appear by the action of thrombin on Apo CIII. Our study revealed that the trypsin-like 
thrombin activity that digests Apo CIII to release HATKTAK is weak, but does in fact exist. 
We have shown that GP-1b-bound thrombin functions in MAPP production [29]. GP-Ib is 
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a high-affinity thrombin receptor on platelets [38-39]. Binding of thrombin with GP-1b 
might enhance the trypsin-like activity of thrombin in platelets.  

To confirm that LMW activator, HATKTAK, is produced by the platelets, we examined the 
LMW activator activity in the low-molecular-weight fractions of variously prepared platelet 
release products. We found that, in the platelet release products prepared using 4x105/l 
fresh platelets (0.1 unit/ml thrombin in the presence of 4 mEq/l Ca++), the LMW activator 
involved is as much as 1 ng/ml HATKTAK.  

By storage of the platelet-rich plasma, release of LMW activator from platelets induced by 
thrombin in the presence of Ca++ increased prominently. It was suggested that the 
concentration of LMW activator released from platelets stored for 120 hours is 10,000 times 
as much as that from fresh platelets.  

One reason for the tremendous increase in LMW activator, HATKTAK, in the released 
products during storage is probably the loss of the precursor of MAPPs during storage, as 
shown in a previous report [26]. It is speculated that, in activated fresh platelets, LMW 
activator (HATKTAK) is produced as much as in stored platelets, but it decreases markedly 
because precursors of MAPPs remove it in fresh platelets. Another possible reason is that 
lipoproteins, apolipoproteins or fragments of apolipoproteins might be transported at high 
levels into platelets from the plasma during storage. In fact, it was shown that the 
concentrations of Apo CIII and Apo A1 in the platelet lysate increased markedly after 
storage of platelets in the form of platelet-rich plasma, but this was still too small to explain 
the observed increase in the effective dilution by as much as 1,000 times.  

Indirect ELISA of the platelet release products using anti-HATKTAK antibody was 
undertaken to prove the existence of HATKTAK. The results were satisfactory if synthesized 
pure peptides were used, and it was shown that the anti-HATKTAK rabbit antibody reacted 
positively to Apo CIII-derived peptides with C-terminal HATKTAK. However, we have not 
succeeded in establishment of a method to analyze HATKTAK in platelet release products. 
It is postulated that some substances derived from the platelet release products interfere 
with the adherence of HATKTAK on the wall of microtiter plate. Therefore, we examined 
the effect of the antibody on the LMW activator function. It was confirmed that the anti-
HATKTAK antibody cancels the activity of the LMW activator in the platelet release 
products from fresh platelet-rich plasma and that stored for 120 hours. Mass spectrometry 
study revealed the presence of a substance corresponding to HATKTAK (m/z 756) in the 
platelet release products from platelets stored for 120 hours. Immunohistochemistry of the 
blood coagula revealed the existence of platelets with double-positive reaction to anti-
HATKTAK and anti-CD61 antibodies. These findings strongly suggest that the LMW 
activator is HATKTAK and is produced and released by platelets.  

A schematic illustration of the probable mechanism of production and release of MAPPs 
and HATKTAK by platelets is depicted in Figure 9. 

At present, the mechanism of how MAPP contributes to neutrophilic phagocytosis 
enhancement after binding to neutrophils is not known. Because MAPPs possess transferrin 
molecules and anti-transferrin receptor antibody inhibits the action of MAPPs [28], it is 
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suggested that the action of MAPPs occurs via the transferrin receptor. As shown 
previously, treatment of neutrophils with MAPP does not result in an increase in the 
number of Fc receptors on neutrophils [40]. This suggests that the effect of MAPP is to 
strengthen the affinity of Fc receptors with the Fc portion of IgG and to internalize more 
foreign materials inside the cell. The necessity of HATKTAK for MAPP function suggests 
that the transferrin receptor might have a site for binding to both transferrin and 
HATKTAK, and the fact that MAPPs consist of multimers (dimer and tetramer) of 
transferrin suggests that transferrin receptors must be fixed at an appropriate distance when 
MAPPs induce enhancement of phagocytosis via the Fc receptors. The mechanisms of how 
the transferrin receptor, which is stimulated by HATKTAK and transferrin, transfers the 
information to Fc receptors remain to be elucidated.  

 
Figure 9. A schematic illustration of the mechanism of production of MAPPs and HATKTAK in 
platelets and their subsequent release.  

In conclusion, we could show that HATKTAK is the LMW activator, which is produced in 
activated platelets and activates MAPPs, and that the residual HATKTAK is released with 
other platelet-related substances including MAPPs.  
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1. Introduction 

Lipoprotein (a) [Lp(a)], first described in 1963 is an inherited cholesterol-rich particle 
found in a density range of 1.055-1.120 g/ml. The suggestion that Lp(a) might be a risk 
factor for cardiovascular diseases was first made by Dahlen et al. [1] who found out that 
individuals with angina pectoris exhibit an “extra pre--band” in lipid electrophoresis. 
In whites the concentration of Lp(a) in plasma varies from undetectable up to 200 mg/dl 
in different individuals but seems to be rather constant in the same person [2]. Chemical 
and physicochemical properties of Lp(a) in comparison with LDL are summarized in 
table 1.  

Plasma Lp(a) concentrations above 30 mg/dl, as measured in about 20 percent of white 
people, are associated with an approx. two-fold relative risk of coronary atherosclerosis [3] 
rising to the range of five-fold when LDL and Lp(a) are both elevated [4]. Interestingly, 
blacks with high levels of Lp(a) do not experience greatly increased atherosclerotic 
progression and mortality. In those cases it is assumed that the atherogenicity of Lp(a) must 
be decreased or counterbalanced by other factors [5].  

Till now the site and mechanism of Lp(a) synthesis are quite unclear. Measurements of 
serum Lp(a) levels of patients suffering from liver disease or from cholestasis who showed 
significantly lower concentrations than healthy controls gave indications that Lp(a) might be 
synthesized by the liver [6]. On the other hand there are studies which suggest that apo-a is 
associated with the postprandial d < 1.006 lipoproteins induced by fat feeding [7] but it is 
not yet clear however whether apo-a determined in this fraction is really of intestinal origin 
or whether it originates from free apo-a in serum which might bind to freshly secreted 
chylomicrons [8]. Because of the chemical similarities between Lp(a) and LDL it is possible 
that Lp(a) is formed during the metabolic catabolism of chylomicrons, VLDL or LDL. As 
Lp(a) levels stay nearly constant within one individual and as lipid-rich diet as well as 
fasting have no influence on Lp(a) concentrations it is assumed that Lp(a) exhibits a 
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metabolic behaviour completely different from other apo-B containing lipoproteins. 
Turnover studies in vivo performed with labelled VLDL confirmed these assumptions. 
Nearly all the activity of labelled VLDL could be detected in LDL whereas only trace 
amounts could be found in Lp(a) [9] confirming the hypothesis that unlike LDL, Lp(a) 
probably has no triglyceride-rich lipoproteins as precursors but seems to be secreted directly 
by the liver [10]. On the other hand the site of catabolism of Lp(a) in humans is unknown so 
far although the kidney is favourized to be implicated [11].  

Despite extensive work on Lp(a) its possible physiological function remains unclear till now.  
 

 LDL Lp(a) 

Hydr. Density [g/ml] 1.034 1.085 

Mol. Wt. [x 106] 2.4 5.5 

Diameter [Å] 210 250 

E. Mobility β pre-β1 

   

Chem. Composition [%]   

Free cholesterol 11 10 

Cholesterolester 40 30 

Triglycerides 4 4 

Phospholipids 21 20 

Protein 22 28 

Carbohydrates 2 8 

Table 1. Chemical and physicochemical properties of LDL and Lp(a) 

2. Structural arrangement and catabolism of Lp(a) 

The major protein component of this LDL-like particle is apolipoprotein B (apo-B-100) 
which carries an additional protein called apolipoprotein-a [apo-a] linked to apo-B-100 via 
disulphide bridges (Fig.1) the lipid moiety however being almost indistinguishable from 
that of LDL [12]. Human apo-a itself consists of multiple so-called kringle repeats, sequences 
consisting of 80-90 amino acids arranged in a tripleloop tertiary structure and tandemly 
arrayed resembling kringles IV and V of plasminogen and a protease domain [13]. Copy 
number variants in the LPA gene on chromosome 6 coding for apo-a are responsible for a 
variation of plasma Lp(a) levels of up to 1000-fold among individuals. The most influential 
is the kringle IV-2 size polymorphism [14] while kringle IV types 1 and 3-10 as well as 
kringle V occur only once in Lp(a) [15]. The number of kringle IV type 2 structure repeats 
results in a large number of different sized isoforms of apo-a and correlates inversely with 
the plasma concentration of Lp(a) [16]. Although the exact mechanism responsible for this 
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inverse correlation has not been elucidated so far an isoform dependent retention and 
degradation in the endoplasmatic reticulum has been implicated [17].  

Contradictory results have been reported about the clearance of Lp(a) and till now it 
remains unclear whether Lp(a) binds to the B/E receptor via apo-B like LDL or whether it is 
catabolised independently of the LDL-receptor mediated pathway. Whereas in one study 
using fibroblasts from normal subjects and from subjects with autosomal dominant 
hypercholesterolemia the conclusion was reached that Lp(a) enters fibroblasts 
independently of the LDL-receptor [18] others  concluded that Lp(a) is also bound to the 
LDL-receptor, internalized and degraded but with a degradation capacity of only 25% of 
that of LDL [19]. Binding studies of native and reduced Lp(a) with different monoclonal 
antibodies against apolipoprotein B revealed that there was no antibody that failed to react 
with native Lp(a) but some of the antibodies recognized apoB of Lp(a) to a lesser degree 
than that of LDL. This favoured the idea that certain regions on apo-B of Lp(a) could be 
different from those on LDL and led to the assumption that certain domains close to the 
binding domain of Lp(a) to the B/E-receptor could be covered  by apo-a or that apo-a causes 
conformational changes in the binding region of apo-B thereby constricting the binding of 
Lp(a) to the LDL-receptor [20] being in agreement with the fact that normal unreduced Lp(a) 
seemed to be taken up by fibroblasts through  B/E-receptor-mediated endocytosis but 
showed poorer specificity for the receptor than LDL [21].  

 
Figure 1. Schematic model of Lp(a) in comparison to LDL 

3. Free apolipoprotein-a in human serum 

In the beginning of “Lp(a)-research” this lipoprotein was believed to represent a genetically 
polymorphic form of LDL [22]. According to this assumption apo-a should distribute 
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uniformly between all apo-B-containing lipoproteins. Investigation of this problem in more 
detail revealed that Lp(a) forms a particular lipoprotein class found primarily in the HDL-2 
density region [23] but can also be detected in LDL class (d = 1.019-1.063 g/ml) [24] and even 
in chylomicrons induced by fat feeding [25]. The fact however that a portion of the Lp(a)-
specific antigen can be found in the d > 1.21 g/ml lipoprotein free bottom fraction after 
ultracentrifugation of plasma [26] led to further investigation of this phenomenon. Apo-a is 
virtually absent in the VLDL fraction (d < 1.006 g/ml) of freshly drawn fasting human sera 
while 95% of total Lp(a) can be obtained in the d > 1.006 g/ml bottom fraction. 
Approximately 5% of the total serum Lp(a) are found in the d > 1.125 g/ml bottom fraction 
after ultracentrifugation as well as with polyanionic precipitation agents irrespective of the 
Lp(a) concentration in serum [8]. Due to the lack of Sudan Black staining this bottom Lp(a) is 
considered as a lipid free “apo-a protein” raising the question whether or not free apo-a can 
reassociate with LDL to form “native Lp(a)”. 

4. Lp(a) and platelet aggregation 

One of the physiological roles of platelets involves binding to subendothelial tissue after 
vascular injury [27]. The adherence of platelets to the exposed connective tissue, preferably 
collagen, leads to aggregation followed by the release of ADP, 5-hydroxytryptamine and 
Ca2+ from their dense granules, causing passing platelets to adhere to the primary clot [28]. 

There is little doubt that lipoproteins interfere with platelets in vivo being reflected by the 
fact that platelets from hyperlipoproteinemic patients are hyperreactive [29]. This is 
confirmed by the fact that incubation of platelets with physiological concentrations of 
atherogenic apoB-containing lipoproteins such as LDL or VLDL results in enhanced platelet 
aggregability [30] while antiatherogenic lipoproteins such as HDL exert the opposite effect 
[31]. Concerning Lp(a) it is generally accepted that elevated plasma concentrations of this 
lipoprotein are connected with premature atherosclerosis [32] but much uncertainty remains 
about the influence of Lp(a) on platelet activation, a phenomenon that is believed to be 
involved not only in long-term processes of plaque formation but also in acute events such 
as stroke and myocardial infarction [33]. Moreover a two-fold increase in the risk of 
coronary heart disease (CHD) and ischaemic stroke could be demonstrated especially in 
subjects with small apolipoprotein(a) phenotypes [34] and prospective findings in the 
Bruneck study have revealed a significant association specifically between small 
apolipoprotein(a) phenotypes and advanced atherosclerotic disease involving a component 
of plaque thrombosis [35]. Indeed, Lp(a) is a “sticky” lipoprotein that self-aggregates, 
attaches to all sorts of surfaces [36], and precipitates not only in vitro but possibly in vivo. 
Moreover, Lp(a) binds to proteoglycans and glycosaminoglycans [37] and it has high affinity 
for fibronectin [38], tetranectin [39], collagen [40], and other connective-tissue structures 
[41]. Therefore the influence of Lp(a) on platelet aggregation induced with various triggers 
was investigated measuring serotonin release and thromboxane A2 formation during 
collagen-triggered aggregation as well as adhesion of platelets to collagen in flowing blood 
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under the influence of Lp(a). As Lp(a) represents an LDL-like particle an elevated platelet 
reactivity was expected under the influence of this lipoprotein similar to that described for 
LDL [42]. 

Unlike LDL, Lp(a) revealed no proaggregatory effects on platelets, contrary collagen-
induced platelet aggregation was inhibited by up to 54% and the aggregation rate was 
attenuated by 47% compared with platelets incubated with Tyrode’s solution (Fig. 2), being 
accompanied by a significant reduction of serotonin release and TXA2 formation. 
Furthermore Lp(a) significantly reduced platelet adhesion to collagen by about 20% and the 
size of platelet aggregates up to 63% especially at high shear rates (Fig. 3) suggesting that 
Lp(a) exerts antiaggregatory effects at least under well-defined in vitro conditions [43]. If 
these observations are relevant for the in vivo situation, a variety of potential platelet-
collagen binding sites such as GPIa/IIa or GPIV could be covered by Lp(a) the more that 
binding of Lp(a) to platelets could be demonstrated [44]. As there is conflicting evidence on 
the role of Lp(a) in thrombosis in vivo and in vitro work has been done to elucidate the 
mechanisms whereby Lp(a) is influencing platelet aggregation and a variety of mechanisms 
is suggested how Lp(a) interferes with platelet aggregation and hence fibrin bound clot 
formation. Lp(a) binds to resting, non-stimulated platelets on the IIb subunit of the 
fibrinogen (IIb/IIIa) receptor via binding sites distinct from the arginyl-glycyl-aspartyl 
(RGD) epitope of apo-a [45]. By this way the RGD binding site of Lp(a) could be exposed via 
conformational change induced by platelet agonist stimulation leading to binding of the 
RGD epitope of apo-a to the RGD binding site on the IIb protein of the fibrinogen (IIb/IIIa) 
receptor of the platelet [46] thereby reducing fibrinogen binding to the platelet [47]. Low 
concentrations of Lp(a) (1-25 mg/100 ml washed platelets) increase intracellular levels of c-
AMP of in vitro resting platelets leading to an antiaggregatory condition [48] while at higher 
in vitro levels of Lp(a) (50-100 mg/100 ml washed platelets) resting platelet intracellular c-
AMP levels return to normal [49] which cannot explain the reported progressive Lp(a)-
mediated decrease in collagen-induced aggregation [43, 50]. Further investigations strongly 
support an apo-a mediated, Lp(a) induced reduction of collagen and ADP-stimulated platelet 
aggregation via diminished production of thromboxane A2 [43, 51]. Concerning the in vivo 
situation only one study has been published to date looking at adult human type 2 diabetics all 
of whom where obese (BMI >30). In this in vivo study of human type 2 diabetics there is a 
positive correlation between fasting serum concentrations of Lp(a) and bleeding time, a strong 
correlate of in vivo platelet aggregation [52] favouring the inhibitory effect of Lp(a) on platelet 
aggregation. On the other hand there are studies reporting an apparent proaggregatory action 
of Lp(a) possibly mediated by the apo-a subunit. While no effect of recombinant apo-a [r-apo-
a] derivatives on primary ADP-induced platelet aggregation was observed weak platelet 
responses stimulated by the thrombin receptor-activating peptide SFLLRN were significantly 
enhanced by the r-apo-a derivatives accompanied by a significant enhancement of 
[14C]serotonin release of the dense granules [53]. Further investigations showed that r-apo-a 
isoforms and Lp(a) do not cause platelet aggregation by themselves but preincubation of 
platelets with r-apo-a derivatives promotes an aggregation response to otherwise 
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subaggregant doses of thrombin receptor activation peptide (TRAP) and arachidonic acid 
while inversely platelet stimulation with arachidonic acid enhanced platelet binding of  apo-a 
[54]. In both studies it turned out that the size of r-apo-a determined by the number of KIV 
type 2 modules seems not to play a crucial role in its proaggregant effect.  

Summarizing, in vitro studies indicate that Lp(a) induced decreases, increases or no change 
at all in platelet aggregation [43, 45, 50, 51, 53, 54]. In all cases the mechanisms involved are 
quite unclear and only speculative. A recent work strongly supports the evidence to suggest 
that Lp(a) binds to platelets via its arginyl-glycyl-aspartyl (RGD) epitope of  the apo(a) but 
not via apo(a)’s lysine binding region in both strong and weak agonist-stimulated platelets 
and inhibits the binding of fibrinogen thus reducing aggregation [55]. On the other side 
there are in vivo studies published quite recently suggesting that Lp(a) concentrations 
greater than 30 mg/dl are a frequent and independent risk factor for venous thrombosis [56] 
and that high levels of Lp(a) could be a more frequently thrombophilic risk factor in young 
women [57]. To date disagreement exists about increased arterial thrombosis due to 
elevated blood levels of Lp(a). The fact that this procedure is a result of collagen-exposed 
platelets in case of plaque rupture followed by clot formation argues against the 
proaggregatory nature of Lp(a) and maybe procedures others than platelet activation 
account for the atherogenic nature of Lp(a).  

 
Figure 2. Aggregation curves showing the influence of lipoproteins on collagen-induced platelet 
aggregation. Gel filtered platelets (200 μl; 2x108/ml) were incubated for 30 min at 37°C with a) LDL 5 
mg/ml, b) Tyrodes’s buffer or c) Lp(a) 0.5 mg/ml. Aggregation was triggered with 10 μl collagen (final 
concentration 4 μg/ml).  
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Figure 3. Aggregate formation of fibrillar collagen at a shear rate of 1600/s for a control (top) and under 
addition of 1 mg/ml  Lp(a) (bottom). Aggregates are shown  in black.  

5. Lp(a) and plasminogen 

The mechanism by which Lp(a) accelerates atherosclerosis could not yet been clarified. One 
possible explanation leads via the connection of Lp(a) to the fibrinolytic system as in 1987 it 
was found out that Lp(a) and plasminogen are immunochemically related [58] leading to 
speculations whether Lp(a) might interfere with fibrinolysis. Through partial amino acid 
sequencing it could be shown for the first time that apo-a has a striking homology of about 
70% to plasminogen, the precursor of the proteolytic enzyme plasmin which dissolves fibrin 
clots [58]. This could be confirmed in our own studies demonstrating that polyclonal 
antisera from rabbit, sheep and horse as well as three monoclonal antibodies from mouse 
raised against apo-a reacted with plasminogen on immunoblots and similar to plasminogen, 
Lp(a) bound selectively but with somewhat lower affinity to lysine-Sepharose [59]. 
Plasminogen, a protein of 791 amino acids and a molecular weight of about 92 000 D is a 
plasma serine protease zymogen that consists of five cysteine-rich sequences of 80-114 
amino acids each, called kringles, followed by a trypsin like protease domain [60]. The 
highly glycosylated apo-a exists in various polymorphic forms with molecular weights 
higher, lower or equal to apoprotein B (Mr ≈ 550 000 D) [61] which are covalently linked to 
apoprotein B via disulfide bridges [62]. It contains a hydrophobic signal sequence for 
secretion followed by up to >50 copies of kringle IV of plasminogen predicting the risk for 
coronary heart disease in the way that apo-a alleles with a low kringle IV copy number (<22) 
and high Lp(a) plasma concentration are significantly more frequent in the CHD group 
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(p<0.001) [63]. Additionally one kringle V as well as protease domains of plasminogen are 
found in apo-a [58]. Later on cDNA sequencing revealed that human apolipoprotein(a) is 
homologous to plasminogen but despite the fact that apo-a contains a protease domain it 
does not act fibrinolytically like plasminogen because the arginine at the cleavage site for 
tissue plasminogen activator in plasminogen is changed to serine in apo-a [64].  

Nevertheless Lp(a) might interfere with the fibrinolytic system in different ways due to its 
similarity to plasminogen as it may inhibit the binding of plasminogen to its receptor on 
endothelial cells thereby preventing generation of plasmin and increasing the thrombotic 
risk [65, 66]. Furthermore it could be demonstrated that Lp(a) accumulates in atherosclerotic 
lesions maybe via adherence to fibrinogen or fibrin incorporated in atherosclerotic plaques 
thereby inhibiting fibrinolysis [66]. Another mechanism by which Lp(a) is thought to 
attenuate fibrinolysis involves direct competition with plasminogen for fibrinogen or fibrin 
binding sites thus reducing the efficiency of plasminogen activation [67]. Fibrinolysis is 
initiated by binding of plasminogen to lysine residues on fibrin thereby initiating activation 
of plasmin and amplifying fibrinolytic processes [68]. Like plasminogen Lp(a) also binds to 
lysine residues [69] but without catalytical activity leading to interference with or inhibition 
of fibrinolysis resulting in hypofibrinolysis and accumulation of cholesterol included in the 
LDL-like component of Lp(a) [66]. The fact that low molecular weight isoforms of apo-a are 
associated with greater inhibition of fibrinolysis [70, 71] confirms the hypothesis that 
subjects with small apo-a phenotypes have a two-fold risk of CHD and stroke compared 
with those with larger isoforms of apo-a [34]. In contrast Knapp et al. [72] observed that the 
rate of plasmin formation was inversely related to Lp(a) but inhibition of plasmin 
generation increased with the size of apo-a using a standardized in vitro fibrinolysis model. 
From the fact that the inhibitory effect of free apo-a was much stronger than that of the 
complete Lp(a) particle they conclude that the apo-a component is responsible for the 
observed reduction of plasmin formation maybe due to the availability of additional lysine 
binding sites in the unbound apo-a which was formerly reported by Scanu et al. [73]. On the 
other hand there are also data showing that the plasma concentration of Lp(a) is inversely 
related to plasmin formation but that this relationship is not influenced by the size of apo-a 
isoforms [74]. Above all  there are other reports explaining the inhibitory effect of  Lp(a) on 
fibrinolysis not only by competition of Lp(a) with plasminogen for the binding sites on 
fibrin, endothelial cells and monocytes but also by reduction of tissue plasminogen activator 
or streptokinase-induced fibrinolytic activity [75, 76, 77]. 

A novel contribution to the understanding of Lp(a)/apo-a-mediated inhibition of 
plasminogen activation comes from results showing the ability of the apo(a) component of 
Lp(a) to inhibit the key positive feedback step of plasmin-mediated conversion of Glu-
plasminogen to Lys-plasminogen an essential step for fibrin clot lysis [78]. Interestingly, 
with the exception of the smallest naturally-occurring isoform of apo(a), isoform size was 
found not to contribute to the inhibitory capacity of apo(a). 

In summary, the proposed mechanisms modulating the antifibrinolytic effects of  elevated 
Lp(a) levels in vitro are manifold and emphasize the prothrombotic effects of  this 
lipoprotein particle. The in vivo situation however seems to be much more complex the 
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more that there is a strong positive correlation reported between bleeding time and fasting 
serum concentrations of Lp(a) [ 52]. 

6. Lp(a) and lipid lowering drugs 

High levels of Lp(a) are strongly associated with atherosclerosis as revealed by numerous 
studies [4, 79, 80, 81, 82]. As plasma Lp(a) concentrations above 30 mg/dl, as measured in 
about 20 percent of white people, are associated with an approx. two-fold relative risk of 
coronary atherosclerosis [3] rising to the range of five-fold when LDL and Lp(a) are both 
elevated [4] reduction of plasma Lp(a) concentration is recommended. Dietary interventions 
do not seem to be effective in lowering Lp(a) plasma levels [9, 83] or even lead to an increase 
of Lp(a) in plasma, alone [84] or at least when combined with exercise 85]. The same 
phenomenon could be observed in case of exercise where cross-sectional data suggest that 
a lifestyle of moderate to intense exercise training does not exert a significant impact on 
the Lp(a) level [86, 87]. Therefore pharmacological reduction of plasma levels of Lp(a) 
would be desirable. 

Innumerable investigations however indicate that the plasma concentration of Lp(a) is 
resistant to drug therapy in most cases. As Lp(a) resembles LDL especially with regard to 
the lipid content (Tab.1) medications reducing LDL-cholesterol should be suitable for 
lowering Lp(a) as well. Bile acid resins such as cholestyramine which actually cause a 
significant reduction of LDL-cholesterol as well as of apo-B have no effect on Lp(a) levels 
[88, 89]. Therapies with bezafibrate or clofibrate [90, 91] showed that there is no role for 
fibrates in the treatment of elevated Lp(a) concentrations and estrogens also do not seem to 
significantly affect Lp(a) [92, 93].  

Stanozolol, an anabolic steroid used in the treatment of postmenopausal osteoporosis, 
showed a significant reduction of Lp(a) by about 65% after six weeks therapy but five weeks 
after the drug was discontinued Lp(a) was near pretreatment levels [94]. Although drastic 
reductions of Lp(a) up to 40-50% are reported in another study [95] these compounds seem 
to be unsuitable for the routine treatment due to their harmful side effects [96].  

Statins, also known as  HMG-CoA-reductase inhibitors are another group of lipid lowering 
drugs which could be interesting with regard to Lp(a). These drugs have proven to be 
extremely effective in lowering plasma LDL and apo-B levels presumably through inhibition 
of intracellular cholesterol synthesis concomitant with an increase of the LDL receptors in 
the liver [97]. Although Lp(a) and LDL are very similar especially concerning the content of 
cholesterol, inhibitors of HMG-CoA-reductase, the regulating enzyme of cholesterol 
biosynthesis, show no influence [98, 99], only modest reduction of  about 10% [100, 101] or 
even an increase of serum Lp(a) levels [102]. Altogether the limited magnitude of decrease 
of  Lp(a) by HMG-CoA-reductase inhibitors confirms the assumption that the LDL-receptor 
does not seem to play a major role in Lp(a) clearance from plasma [103]. 

Nicotinic acid, also known as niacin has been shown to lower not only plasma total 
cholesterol, LDL-cholesterol and triglycerides thereby increasing HDL-cholesterol [104] but 
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also Lp(a) in a dose-dependent manner up to 40% [105]. A more pronounced effect could be 
observed in a combination therapy with niacin and neomycin showing a reduction of LDL-
cholesterol by 48% and of Lp(a) by 45% respectively [106]. In a recently published study 
niacin was applied in combination with omega-3-fatty acids and the Mediterranean diet. 
The average reduction of Lp(a) after 12 weeks combination therapy was reported to be 
about 23%. Additionally a significant association with increasing baseline levels of Lp(a) 
was observed [107]. 

Diets rich in fish oils containing considerable amounts of omega-3 polyunsaturated fatty 
acids are recommended to have beneficial effects on plasma lipids thereby lowering the risk 
of vascular complications [108, 109]. In a study investigating the influence of dietary fish oils 
on plasma Lp(a) levels a decrease of triglycerides could be observed after six weeks dietary 
supplementation while total cholesterol, LDL- and HDL-cholesterol as well as Lp(a) 
remained unchanged [110]. Furthermore collagen- and thrombin-stimulated platelet 
aggregation and TXB2-formation in platelets decreased by approx. 45% irrespective of the 
plasma concentration of Lp(a) [111]. This is in agreement with many other studies showing 
that fish oils only seem to be able to reduce Lp(a) in combination with other therapies [107] 
or moderate exercise [112] but not when used alone [113, 114, 115]. 

Summarizing it can be shown that increased Lp(a) levels are minimally if at all influenced 
by drug treatment or drugs reducing Lp(a) to a greater extent like nicotinic acid are not 
widely used due to undesirable side effects. From previous turnover studies it could be 
demonstrated that plasma Lp(a) levels correlate with its rate of biosynthesis rather than with 
the fractional catabolic rate [116, 117] and therefore attempts to reduce Lp(a) should focus 
on an interference with apo-a biosynthesis. This is supported by the fact that adenovirus-
mediated apo-a-antisense RNA expression efficiently inhibits apo-a synthesis in vitro in 
stably transfected liver cells but also in vivo in transduced  mice expressing recombinant 
human apo-a [118]. In a recently published study it was found that patients suffering from 
biliary obstructions have very low plasma Lp(a) levels that rise substantially after surgical 
intervention. Consistent with this, common bile duct ligation in mice transgenic for human 
apo-a lowered plasma concentrations and hepatic expression of apo-a. Treatment of 
transgenic mice with cholic acid led to farnesoid X receptor (FXR) activation followed by 
markedly reduced plasma concentrations and hepatic expression of  human apo-a [119]. 
From that it is concluded that transcription of the apo-a gene is under strong control of the 
farnesoid X receptor which may have important implications in the development of Lp(a)-
lowering medications. 

7. Conclusion 

High levels of Lp(a) are strongly associated with atherosclerosis. About 10-15% of the white 
population exhibit plasma Lp(a) concentrations above the atherogenic cut-off value of 
approx. 30 mg/dl. Therefore the European Atherosclerosis Society recommended screening 
for Lp(a) in a consensus report, in which the desirable cut-off was set at less than 50 mg/dl 
[82]. On the other hand it is very well known that Lp(a) is an inherited atherogenic plasma 
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component determined to more than 90% by genetic factors a fact that aggravates the 
influence on plasma levels of this lipoprotein. So far there are only speculations about the 
mechanism by which Lp(a) accelerates atherosclerosis and the exact mechanism could not 
yet be clarified. Its prothrombotic effects may be ascribed to impaired fibrinolysis by 
inhibition of plasminogen activation rather than to amplification of platelet aggregation 
which is shown to be reduced by Lp(a) in most cases. At present dietary interventions or 
drug therapies seem to be only minimal if at all successful concerning reduction of plasma 
Lp(a). Up to now it was assumed that the atherogenicity of high Lp(a) levels in blacks must 
be decreased by other factors [5]. However data published recently show that associations 
between Lp(a) levels and cardiovascular disease are at least as strong in blacks compared 
with whites [120] and emphasize the recommendation that factors such as total cholesterol, 
LDL-cholesterol, smoking, diabetes mellitus or overweight that can still increase the 
atherosclerotic risk of Lp(a) should be kept under observation. 
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