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This book is aimed to accentuate the importance of hypercholesterolemia, since 
targeting and treating the hypercholesterolemia is increasingly well known as 

an essential strategy in the prevention of atherosclerosis-induced cardiovascular 
disease. It is important to look at hypercholesterolemia as it is proved to be crucial 

as well as the early stage of atherogenesis and can also be managed with appropriate 
treatment. This book describes the basics of hypercholesterolemia and its causes and 
various experimental animal models to understand and study the pathophysiology 
of hypercholesterolemia as well as to present practice-based clinical approaches to 

treat hypercholesterolemia. Further, the book describes various treatment strategies 
of hypercholesterolemia in detail, especially the appropriate use of statin. It is well 

known that the use of statin is an ideal as well as a potent therapy to lower cholesterol 
level and also has various beneficial pharmacological effects to prevent cardiovascular 

diseases. However, there exists less awareness about the use of statin. Hence, it is 
important to understand the appropriate use of statin in terms of doses for different 

stages of hypercholesterolemia, side effects, resistance of its use, and also interaction 
of statin with other drugs, which are well described in this book. In short, the major 

aim of this compendium is to present to the readers comprehensive, updated, and 
current research perspectives on hypercholesterolemia.
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Preface

Increased dietary intake of fat has received considerable attention in the past few decades be‐
cause of its link with an increased risk of atherosclerosis and subsequent cardiovascular disease.
Apart from dietary origin, there are several other factors such as genetic factors and hormonal
changes that play a vital role in hypercholesterolemia-induced cardiovascular disease. A num‐
ber of risk factors have been identified for the development of atherosclerosis, among which,
hypercholesterolemia is a well-recognized primary risk factor for cardiovascular disease. A
strong relationship between hypercholesterolemia and cardiovascular disease has been estab‐
lished through epidemiological, experimental, and clinical trial data. Understanding and tar‐
geting hypercholesterolemia becomes important since it is an earlier stage in the pathogenesis
of atherosclerosis and can also be managed with appropriate treatment.

This book describes the basic information on the causes, diagnosis, consequences, and treat‐
ment strategies for hypercholesterolemia. InTech has invited experts in the related field
from different countries to take part in this book. The chapters contain more updated and
wide information, and indeed, some chapters take a practical approach towards the man‐
agement of hypercholesterolemia. This book is a collection of information on hypercholes‐
terolemia from different authors in order to present a vast and clear knowledge about
hypercholesterolemia to readers.

Dr. Sekar Ashok Kumar
Assistant Professor

Centre for Biotechnology
Anna University Chennai

Chennai, Tamil Nadu, India





Section 1

Hypercholesterolemia- Basic Information,
Animal Models, Consequences and Approaches
to Treatment





Chapter 1

Animal Models of Diet-induced Hypercholesterolemia

Jeannie  Chan, Genesio M. Karere, Laura A. Cox and
John L. VandeBerg

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59610

1. Introduction

Cholesterol is a component of the cell membrane and metabolites of cholesterol, such as bile
acids, steroid hormones and vitamin D, serve important biologic functions in vertebrates.
Cholesterol is synthesized primarily in the liver and transported to cells throughout the body
by lipoproteins via the blood, even though all nucleated cells in the body are capable of
synthesizing cholesterol. Whole-body cholesterol homeostasis is determined by cholesterol
absorption, cholesterol synthesis and cholesterol excretion, and losing control of any of these
processes leads to an increase in plasma cholesterol. Liver and intestine are the major sites that
control cholesterol homeostasis. The liver synthesizes cholesterol for secretion in nascent
lipoproteins when blood levels of cholesterol are low, and removes excess cholesterol from the
blood by taking up chylomicron remnants, high density lipoprotein (HDL), very low density
lipoprotein (VLDL) and low density lipoprotein (LDL) particles. It converts cholesterol into
bile acids, and secretes cholesterol and bile acids into bile for elimination from the body. The
intestine regulates influx of cholesterol from the lumen and efflux of cholesterol back into the
lumen to control the amount of cholesterol that enters the body [1].

Hypercholesterolemia is characterized by LDL cholesterol exceeding 159 mg/dl [2]. Many
developed countries have a high prevalence of hypercholesterolemia. According to an estimate
based on data from the 2005-2008 National Health and Nutrition Examination Survey, the
Centers for Disease Control and Prevention reported that 33.5% of US adults aged 20 or older
had high levels of LDL cholesterol [3]. Diets containing high levels of cholesterol and high
levels of fat (HCHF) are frequently the culprit in causing hypercholesterolemia. In addition,
genetic factors influence susceptibility to diet-induced hypercholesterolemia.

Hypercholesterolemia is a complex disorder often due to multiple genetic defects and rarely
due to a single genetic defect as in the case of familial hypercholesterolemia [4]. Because

© 2015 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.



hypercholesterolemia is associated with risk of developing atherosclerosis, much research has
been devoted to understanding the genetic variants and environmental factors that contribute
to elevated blood LDL cholesterol. There are several challenges to investigating gene-diet
interactions in humans. It is difficult to control the diet and environment of human subjects
for long periods of time, and ethical constraints limit access to tissue samples. These problems
can be circumvented by using animals to study the effects of diets on cholesterol homeostasis
and atherosclerosis because animals can be fed the same diet and kept under the same
laboratory conditions for long periods of time, and because access to tissue samples from
animals is less restricted. Numerous animal species have been used as animal models for
investigating hypercholesterolemia, including rabbits [5,6], mice [7], guinea pigs [8], minipigs
[9], laboratory opossums [10] and nonhuman primates [11-15]. Nonhuman primates are more
similar to humans than other animals, but ethical issues, facilities and high cost limit studies
with nonhuman primates. Non-primate animal models have other limitations. However,
extensive use of the collage of primate and non-primate models has provided considerable
insights into the genes and molecular mechanisms that control plasma cholesterol in response
to diets.

In this chapter, we discuss mouse, laboratory opossum and nonhuman primate models of
hypercholesterolemia. Mice lipoprotein profiles differ from humans and they are resistant to
developing hypercholesterolemia and atherosclerosis, but genetic engineering tools have been
used effectively to alter their lipoprotein profiles. A commonly used mouse model in which
the apolipoprotein E gene (apoE) is disrupted exhibits a lipoprotein profile similar to that of
humans. In addition, apoE knockout mice become hypercholesterolemic and have a propensity
to develop atherosclerosis [16,17]. Mice have also been used extensively to elucidate mecha‐
nisms that regulate cholesterol homeostasis. Cholesterol excretion is one of the major processes
that can be targeted to reduce hypercholesterolemia. A nonbiliary pathway for disposal of
cholesterol termed transintestinal cholesterol excretion (TICE) was first described in mice
almost a decade ago [18]. A growing body of evidence for TICE has since been gathered using
genetically modified and normal mice [19,20]. The discovery of TICE has opened a new avenue
of research into the role of the intestine in cholesterol excretion [21].

The laboratory opossum is a model of diet-induced hypercholesterolemia developed at Texas
Biomedical Research Institute that does not require genetic manipulation to knock out or
overexpress specific genes to elevate LDL cholesterol [22,23]. Through many generations of
inbreeding and selection for plasma cholesterol response to an HCHF diet, high and low
responding strains of opossums were produced. All strains have normal levels of plasma
cholesterol on a basal diet. However, high responding opossums exhibit an extremely high
LDL cholesterol response when fed an HCHF diet compared to low responding opossums.
Hypercholesterolemia in high responding opossums is caused by mutations in at least two
genes. One of the causative genes has been identified as ABCB4; mutations in the ABCB4 gene
impair biliary cholesterol secretion [24]. The ABCB4 gene has not been shown previously to be
associated with hypercholesterolemia. The opossum model provides an opportunity to
investigate genes that interact with ABCB4 to regulate cholesterol homeostasis.

Hypercholesterolemia4



hypercholesterolemia is associated with risk of developing atherosclerosis, much research has
been devoted to understanding the genetic variants and environmental factors that contribute
to elevated blood LDL cholesterol. There are several challenges to investigating gene-diet
interactions in humans. It is difficult to control the diet and environment of human subjects
for long periods of time, and ethical constraints limit access to tissue samples. These problems
can be circumvented by using animals to study the effects of diets on cholesterol homeostasis
and atherosclerosis because animals can be fed the same diet and kept under the same
laboratory conditions for long periods of time, and because access to tissue samples from
animals is less restricted. Numerous animal species have been used as animal models for
investigating hypercholesterolemia, including rabbits [5,6], mice [7], guinea pigs [8], minipigs
[9], laboratory opossums [10] and nonhuman primates [11-15]. Nonhuman primates are more
similar to humans than other animals, but ethical issues, facilities and high cost limit studies
with nonhuman primates. Non-primate animal models have other limitations. However,
extensive use of the collage of primate and non-primate models has provided considerable
insights into the genes and molecular mechanisms that control plasma cholesterol in response
to diets.

In this chapter, we discuss mouse, laboratory opossum and nonhuman primate models of
hypercholesterolemia. Mice lipoprotein profiles differ from humans and they are resistant to
developing hypercholesterolemia and atherosclerosis, but genetic engineering tools have been
used effectively to alter their lipoprotein profiles. A commonly used mouse model in which
the apolipoprotein E gene (apoE) is disrupted exhibits a lipoprotein profile similar to that of
humans. In addition, apoE knockout mice become hypercholesterolemic and have a propensity
to develop atherosclerosis [16,17]. Mice have also been used extensively to elucidate mecha‐
nisms that regulate cholesterol homeostasis. Cholesterol excretion is one of the major processes
that can be targeted to reduce hypercholesterolemia. A nonbiliary pathway for disposal of
cholesterol termed transintestinal cholesterol excretion (TICE) was first described in mice
almost a decade ago [18]. A growing body of evidence for TICE has since been gathered using
genetically modified and normal mice [19,20]. The discovery of TICE has opened a new avenue
of research into the role of the intestine in cholesterol excretion [21].

The laboratory opossum is a model of diet-induced hypercholesterolemia developed at Texas
Biomedical Research Institute that does not require genetic manipulation to knock out or
overexpress specific genes to elevate LDL cholesterol [22,23]. Through many generations of
inbreeding and selection for plasma cholesterol response to an HCHF diet, high and low
responding strains of opossums were produced. All strains have normal levels of plasma
cholesterol on a basal diet. However, high responding opossums exhibit an extremely high
LDL cholesterol response when fed an HCHF diet compared to low responding opossums.
Hypercholesterolemia in high responding opossums is caused by mutations in at least two
genes. One of the causative genes has been identified as ABCB4; mutations in the ABCB4 gene
impair biliary cholesterol secretion [24]. The ABCB4 gene has not been shown previously to be
associated with hypercholesterolemia. The opossum model provides an opportunity to
investigate genes that interact with ABCB4 to regulate cholesterol homeostasis.

Hypercholesterolemia4

Nonhuman primates are utilized as models of hypercholesterolemia because of their physio‐
logic and genetic similarities with humans [25]. In addition, nonhuman primates naturally
develop hypercholesterolemia and atherosclerosis, both of which can be exacerbated by HCHF
diets to mimic diet-induced hypercholesterolemia and atherosclerosis in humans [11,15,26].
Because of these characteristics, nonhuman primates including baboon (Papio hymadryas),
rhesus macaque (Macaca mulatta), green monkey (Chlorocebus aethiops) and cynomolgus
monkey (Macaca fascicularis) have been used as animal models for biomedical research aimed
at understanding diet-induced hypercholesterolemia in humans. Nonhuman primates exhibit
species and individual variations in plasma cholesterol in response to HCHF diets. Studies
using pedigreed baboons and high-throughput sequencing technology have identified genetic
factors that influence plasma cholesterol response to HCHF diets [13,27].

2. Mouse models

2.1. Mouse models of cholesterol metabolism

Mouse models are the most widely used animal models because of several advantages such
as ease of breeding, large litter size, a short generation time of 9 months and economies of
colony maintenance. An additional advantage of mice is the availability of tools to add
exogenous genes to the germ line to create transgenic mice, or to disrupt endogenous genes
by homologous recombination in murine embryonic stem cells to create knockout mice.
Although there are important differences between mice and humans in lipoprotein and
cholesterol metabolism, genetic manipulation has provided mouse models that resemble some
aspects of hypercholesterolemia in humans.

Non-genetically modified mice have high levels of HDL cholesterol and low levels of LDL
cholesterol, whereas humans have high levels of LDL cholesterol and low levels of HDL
cholesterol. The difference in lipid profiles between mice and humans is due to absence of the
cholesteryl ester transfer protein (CETP) in mice [28,29]. CETP is an enzyme that transfers
cholesterol ester from HDL to VLDL and LDL in exchange for triglycerides [30]. In normal
mice lacking CETP, more than 80% of plasma cholesterol is carried on HDL, so mice with high
levels of HDL cholesterol are resistant to hypercholesterolemia and atherosclerosis. To
overcome this problem to using mice as models for research aimed at understanding choles‐
terol metabolism in humans, several genetically engineered strains of mice were generated to
alter the distribution of plasma cholesterol from HDL to VLDL and LDL. The genetically
modified mice include CETP transgenic, apoE knockout and LDL receptor knockout mice.

CETP transgenic mice. Transgenic mice carrying human and cynomolgus monkey versions of
the CETP gene were studied to investigate the effects of CETP on distribution of plasma
lipoprotein cholesterol. Transgenic mice expressing high levels of human CETP showed a
small decrease in HDL cholesterol and a small increase in VLDL and LDL cholesterol on the
basal (chow) diet [29]. Transgenic mice expressing high levels of cynomolgus monkey CETP
showed greater responsiveness than nontransgenic mice when challenged with an HCHF diet.
Total plasma cholesterol of CETP transgenic mice averaged 250 mg/dl whereas those of
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nontransgenic mice averaged 163 mg/dl. Furthermore, CETP transgenic mice showed that
CETP activity was inversely associated with apoA-I, but positively associated with apoB [28].
These observations demonstrated that human and monkey CETP can interact with mouse
lipoproteins to mediate its effects in lipoprotein metabolism.

ApoE deficient mice. ApoE is a 34 kD glycoprotein produced primarily in the liver and to a lesser
extent in other tissues. With the exception of LDL particles, apoE is a structural component of
all lipoprotein particles and chylomicrons. It binds to the LDL receptor and to the LDL
receptor-related protein to remove VLDL and chylomicron remnants from the plasma [31].
Using gene targeting to disrupt the apoE gene, mutant mice developed severe hypercholes‐
terolemia as expected from a defect in lipoprotein clearance from plasma. Total plasma
cholesterol levels were highly elevated in homozygous apoE deficient (apoE-/-) mice (400-500
mg/dl) compared with normal mice (80 mg/dl) on a chow diet with 0.01% cholesterol and 4.5%
fat. A more dramatic increase in plasma cholesterol was observed in apoE-/- mice (1800 mg/dl)
fed an HCHF diet with 0.15% cholesterol and 20% fat. Plasma cholesterol concentrations in the
VLDL and intermediate density lipoprotein (IDL) fractions were increased on both diets. The
apoE-/- mice were highly susceptible to atherosclerosis, even on chow diet, as a result of the
increase in plasma cholesterol concentrations [16,17].

LDL receptor deficient mice. The LDL receptor is a cell surface receptor expressed in many cell
types. In the liver, the LDL receptor regulates plasma cholesterol by binding to apoB and apoE
on the surface of lipoprotein particles and removes these particles from the plasma [32].
Patients with familial hypercholesterolemia [33] and Watanabe-heritable hyperlipidemic
rabbits [34] develop elevated levels of LDL cholesterol due to mutations in the LDL receptor.
Based on this knowledge, LDL receptor knock out (LDLR-/-) mice were generated to increase
plasma LDL cholesterol concentrations. The loss of functional LDL receptors elevated total
plasma cholesterol in LDLR-/- mice, but the effect was more moderate compared to apoE-/-
mice. The mean total plasma cholesterol on a chow diet was 293 mg/dl and on a diet enriched
with cholesterol (0.2%) and fat (19%) was 425 mg/dl. The increase in plasma cholesterol in
LDLR-/- mice was attributed to increases in IDL and LDL cholesterol [35]. Compared with
familial hypercholesterolemia patients (receptor-negative homozygotes) who have plasma
cholesterol levels over 700 mg/dl, the effect of LDL receptor deficiency is less severe in mice.
This is due to the fact that mice produce VLDL particles containing both apoB-48 and apoB-100,
whereas humans only produce VLDL particles containing apoB-100 [36]. In mice, VLDL
particles containing apoB-48 can be cleared from the plasma by the chylomicron remnant
receptor in addition to the LDL receptor, so fewer VLDL particles are converted to LDL
particles. Therefore, LDL receptor deficiency in mice does not increase plasma cholesterol to
the same extent as in humans.

2.2. Mouse models of atherosclerosis

Disruption of the apoE gene causes hypercholesterolemic apoE knockout mice to develop
atherosclerotic lesions spontaneously [16,17]. Foam cell lesions were observed in chow-fed
apoE-/- mice 10 weeks after birth and the lesions progress to fibrous plaques by 20 weeks of
age. An HCHF diet accelerates all stages of lesion formation and increases the size of lesions;
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thus, formation of atherosclerotic lesions in apoE-/- mice is responsive to diet as in humans.
Because of the short period of time for lesion formation in apoE-/- mice, they have been used
extensively to study dietary and genetic factors affecting atherosclerosis and mechanisms of
atherogenesis, as well as to assess efficacy of pharmacologic agents on lesion size. Progression
of early lesions to advanced lesions in apoE-/- mice is similar to that in humans; lesions often
develop at vascular branch points and progress rapidly to foam cells with fibrous plaques and
necrotic lipid cores [37]. The major difference from humans is a low incidence of ruptured
plaques that leads to thrombosis and arterial occlusion. Plaque rupture is the event that causes
a heart attack in humans. A higher incidence of ruptured plaques was obtained by feeding a
diet enriched with 0.15% cholesterol and 21% fat to apoE-/- mice. After 8 weeks of feeding the
HCHF diet to apoE-/- mice, acute plaque ruptures were observed in the brachiocephalic arteries
of more than half of the animals [38].

2.3. Mouse models of cholesterol excretion

Hepatobiliary cholesterol excretion. The human body cannot degrade cholesterol, but it can
convert cholesterol to bile acids in the liver. Fecal excretion is the major route for the body to
remove cholesterol as bile acids or neutral sterols (cholesterol and its metabolites formed by
bacteria in the intestine). Diet-induced hypercholesterolemia can be mitigated by increasing
the loss of cholesterol in feces. Fecal excretion of cholesterol and bile acids depends on
transporting these molecules from the liver into bile. The ABCG5/G8 [39] and ABCB11 [40]
proteins transport cholesterol and bile acids, respectively. The ABCB4 protein transports
phospholipids (mainly phosphatidylcholine), which is essential for secretion of cholesterol
into bile [41,42]. ABCB11 plays a central role in hepatobiliary secretion as bile flow is the driving
force for biliary secretion of cholesterol and phospholipids [43].

Many studies have been carried out using transgenic and knockout mouse models to further
our knowledge of the physiologic pathways and molecular mechanisms that control choles‐
terol excretion. Transgenic mice expressing the human ABCG5 and ABCG8 genes directed by
their own regulatory DNA sequences (hG5G8Tg mice) had higher levels (5-fold) of biliary
cholesterol and higher levels (3- to 6-fold) of fecal neutral sterol compared with nontransgenic
mice, providing evidence that ABCG5 and ABCG8 function as cholesterol transporters [44].
Moreover, cholesterol absorption in these transgenic mice was reduced by 50% because the
proteins encoded by ABCG5 and ABCG8 genes are also expressed in the small intestine and
they transport cholesterol from the intestine into the lumen [44]. In another study, Abcg5 and
Abcg8 double knockout (G5G8-/-) mice were created to investigate the effects of disrupting
these genes on biliary cholesterol secretion. G5G8-/- mice were more diet-responsive than
normal mice on a 2% cholesterol diet. Plasma cholesterol increased 2-fold in G5G8-/- mice, but
not in normal mice. Hepatic cholesterol was markedly increased in G5G8-/- mice (18-fold)
compared with normal mice (3-fold). Accordingly, expression of the cholesterol synthesis
genes HMG-CoA synthase and HMG-CoA reductase was lower in G5G8-/- mice than normal
mice. Fecal neutral sterol was reduced by 36% in G5G8-/- mice relative to that in normal mice.
The findings using double knockout mice also supported ABCG5 and ABCG8 function in
cholesterol transport [45].
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Another series of experiments was conducted to investigate the role of phospholipids in
secretion of biliary cholesterol. Disruption of the Abcb4 (also known as Mdr2) gene in mice led
to a severe liver disease. Phospholipids were undetectable in the bile of homozygous Abcb4
knockout (Abcb4-/-) mice, while the levels in heterozygous Abcb4 knockout (Abcb4+/-) mice
were half of those in nontransgenic mice. Interestingly, Abcb4-/- mice secreted extremely low
levels of cholesterol into bile, but cholesterol levels in flowing bile from Abcb4+/- mice were
similar to those in nontransgenic mice [41]. Langheim et al. [46] investigated whether overex‐
pression of ABCG5 and ABCG8 could restore biliary cholesterol secretion in Abcb4-/- mice by
breeding Abcb4-/- mice with hG5G8Tg mice to generate Abcb4-/-;hG5G8Tg mice. The
Abcb4-/-;hG5G8Tg mice also secreted very low levels of biliary cholesterol, which were similar
to the levels in Abcb4-/- mice. Taken together, these results indicate that biliary cholesterol
secretion requires a minimal concentration of phospholipids in the bile. Biliary phospholipid
secretion in the liver serves two purposes. One is to protect the canalicular membrane of
hepatocytes exposed to high concentrations of bile acids from damage by the detergent action
of bile acids. Secretion of phospholipids by the liver into the bile reduces bile salt micelles to
extract phospholipids from the membranes of hepatocytes. The other is to make phospholipids
available for incorporation into pure bile salt micelles to form bile salt mixed micelles.
Solubility of cholesterol in bile salt mixed micelles is greater than that in pure bile salt micelles,
thus phospholipid secretion prevents formation of gallstones [47].

Nonbiliary cholesterol excretion. Hepatobiliary secretion is known to be the main pathway for
eliminating cholesterol from the body, but an increasing body of evidence suggests that plasma
cholesterol is also eliminated by a nonbiliary pathway in mice. As mentioned above, G5G8-/-
mice did not show a dramatic reduction in fecal neutral sterol excretion despite they had
extremely low levels of biliary cholesterol. Normal or even increased fecal neutral sterol
excretion was observed in other mouse models (Abcb4-/-, Npc1l1-LiverTg) that are severely
impaired in hepatobiliary cholesterol secretion [20]. This observation suggests the existence of
an alternate route, known as TICE, which does not involve biliary cholesterol secretion. Plasma
cholesterol is transported via blood to intestinal cells and eventually secreted into the intestinal
lumen for disposal in feces [20]. It should be mentioned that a nonbiliary cholesterol excretion
pathway has also been postulated to explain fecal neutral sterol loss in bile-diverted dogs [48,
49] and bile-diverted rats [50].

Intestinal perfusion studies [19] and in vivo stable isotope studies [51] in mice that have an
intact hepatobiliary secretion and enterohepatic cycling system revealed that TICE accounted
for ~30% of fecal cholesterol excretion. The site of action of TICE is the proximal small intestine
[19,52]. It is thought that TICE involves plasma lipoproteins to deliver cholesterol to the
intestine, then cholesterol is taken up by receptors at the basolateral membrane of enterocytes
and traverses the enterocytes to the apical membrane where it is excreted into the intestinal
lumen. There are still many gaps in our understanding of the molecular mechanism of TICE.
HDL is ruled out as the lipoprotein that delivers cholesterol to the intestine because TICE was
not diminished in Abca1 knockout mice having extremely low concentrations of plasma HDL
[53,54]. Evidence to support VLDL remnants or LDL as the plasma cholesterol carrier came
from studies using antisense oligonucleotides (ASO) to knockdown expression of proteins
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critical for production of VLDL and alter plasma VLDL cholesterol concentrations. ASO-
mediated knockdown of acyl-CoA:cholesterol acyltransferase activity 2 (ACAT2) in mice fed
a high cholesterol diet resulted in an increase in both VLDL cholesterol and fecal neutral sterol
excretion [55]. Conversely, ASO-mediated knockdown of microsomal triglyceride transfer
protein resulted in a decrease in both VLDL cholesterol and fecal neutral sterol excretion [56].
As for the receptor that takes up cholesterol at the basolateral membrane, it is not likely to be
the LDL receptor nor scavenger receptor BI (SR-BI) because neutral sterol excretion was not
affected in LDLR-/- mice [57] and SR-BI-/- mice [58,59]. It may involve other members of the
LDL receptor or a novel receptor. Lastly, Abcg5/Abcg8 and Abcb1 participate in the secretion
of cholesterol from enterocytes into the intestinal lumen [57].

A study in patients with complete biliary obstruction revealed they still excreted substantial
amounts of neutral sterol into feces [60]. Data from these patients showed that ~20% to 30% of
neutral sterols were excreted by TICE, which is similar to that excreted by TICE in normal
mice. However, the relevance of TICE for disposal of cholesterol in humans without biliary
obstruction has yet to be established. A recent ex vivo study showed that human and mouse
intestinal (duodenual) explants mounted on Ussing chambers were capable of effluxing
cholesterol, providing evidence for the activity of TICE in humans [57].

3. Laboratory opossum model

3.1. Characteristics of laboratory opossums

The gray short-tailed opossum (Monodelphis domestica) is a docile, nocturnal marsupial native
to Brazil and adjacent countries. It is the only marsupial species that has adapted to breeding
in captivity to produce large numbers of animals [61]. In addition to being able to breed in
captivity throughout the year, Monodelphis have a short generation time of 6 months and
produce large litters (typically 6-13). Breeding colonies have been established in the United
States, Brazil, Germany, United Kingdom, Japan, and Australia. Opossums in captive colonies
are quite different genetically from their wild counterparts due to selection that has undoubt‐
edly taken place while the animals were bred in isolated colonies for many generations;
therefore laboratory stocks of this species are referred to as laboratory opossums. Adult
laboratory opossums weigh 70-150 g, which is intermediate between mice (20-30 g) and rats
(250-300 g). They are maintained in polycarbonate rodent cages, and the standard laboratory
diet is commercial pelleted fox food provided ad libitium. Owing to its physical characteristics
as a laboratory animal and economic production in captivity, Monodelphis domestica has become
the most widely used marsupial in biomedical research. Furthermore, it was the first marsupial
species to have its genome sequenced and analyzed [62]. The availability of genome sequence
data has accelerated progress on genetic aspects of research involving Monodelphis.

The opossum model has advantageous characteristics for understanding cholesterol homeo‐
stasis. Monodelphis is omnivorous like humans, and its natural diet includes cholesterol derived
from the consumption of insects and small vertebrates. Therefore, laboratory opossums and
humans are likely to have many similarities in lipoprotein and cholesterol metabolism. Unlike
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genetically modified (transgenic and knockout) mouse models, the opossum model provides
an opportunity to identify naturally occurring variants of genes and to study how interactions
among gene variants lead to development of hypercholesterolemia. Some partially inbred
strains of opossums have inbreeding coefficients in excess of 0.95, and strains with high or low
responses to an HCHF diet have inbreeding coefficients in excess of 0.8. Since more than 80%
of the genes in each partially inbred strain have alleles that are identical by descent, the work
required to identify genes that cause diet-induced hypercholesterolemia in the opossum model
is substantially reduced.

3.2. Development of partially inbred strains

Nine wild-caught animals were imported from Brazil into the United States in 1978 by the
National Zoo in Washington, D.C. The founders of the breeding colony of laboratory opossums
at Texas Biomedical Research Institute were comprised of 20 first and second generation
descendants of those nine founders, together with 17 additional wild-caught opossums from
Brazil and two from Bolivia. After several generations of inbreeding, some individuals were
fed a high cholesterol (0.6% by weight) and high fat (17% by weight) diet for 6 months, and
total blood cholesterol was measured after an overnight fast. Low and high responses were
observed among opossums, with few animals exhibiting an intermediate response, i.e. the
phenotypes are clustered at the high and low ends of the range. Low responding opossums
had blood cholesterol levels ranging from 62-171 mg/dl whereas high responding opossums
had levels of 215-932 mg/dl [22]. Furthermore, analysis of lipoprotein particles by gradient gel
electrophoresis showed elevated levels of LDL particles in high responding opossums [22].
Subsequently, inbreeding and selection for either low responsiveness or high responsiveness
to the HCHF diet led to development of two related low responding partially inbred strains
(designated ATHE and ATHL) and a high responding partially inbred strain (designated
ATHH) that show extreme difference (>5-fold) in plasma cholesterol concentrations in
response to the HCHF diet. These strains are being used to identify genetic variants and
molecular mechanisms that cause diet-induced hypercholesterolemia.

3.3. Hypercholesterolemia in high responders

Dietary challenge and plasma cholesterol response. Studies were conducted to compare lipoprotein
characteristics of low responders from the ATHE strain and high responders from the ATHH
strain. The standard laboratory diet is the basal diet, which contains 0.04% cholesterol and
8.1% fat, by weight. Plasma cholesterol concentrations of low and high responders do not differ
on this diet. Most of the plasma cholesterol is carried by HDL, and ~30% of total plasma
cholesterol is carried by LDL [10]. After consuming the HCHF diet for at least 4 weeks, total
plasma cholesterol increases slightly (< 2-fold) in low responders, but dramatically in high
responders (>5-fold). HDL cholesterol levels of low and high responders show small (< 2-fold)
but significant increases. The increase in plasma cholesterol in high responders is mainly due
to an increase in VLDL and LDL (V+LDL) cholesterol such that the percentage of total plasma
cholesterol carried by V+LDL is increased to ~85% in response to diet. The increase in V+LDL
cholesterol on the HCHF diet alters the plasma lipid profile of high responding opossums to
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resemble more closely that of humans. Plasma triglyceride concentrations are relatively low
in low and high responders on the basal diet, and they are not responsive to dietary challenge.
The major lipoprotein is apoA-I and the minor lipoprotein is apoE in HDL particles from low
and high responders on both diets. ApoB is the major lipoprotein in V+LDL particles from low
and high responders on the basal diet and low responders on the HCHF diet. The V+LDL
particles from high responders on the HCHF diet are more heterogeneous, and they carry apoE
in addition to apoB [10].

Cholesterol absorption. Additional studies were conducted to determine whether low and high
responders differ in cholesterol absorption, which is one of the physiologic processes that
govern cholesterol homeostasis. Cholesterol absorption was measured by the fecal isotope
ratio method. On the basal diet, the percentage of cholesterol absorbed through the intestine
was ~60% in low and high responding opossums. On the HCHF diet, low responders reduced
the percentage of absorbed cholesterol by 50%, whereas high responders did not [63]. Several
genes that play a role in cholesterol absorption were analyzed to determine whether their
expression differed between low and high responders on the HCHF diet. Dietary cholesterol
increased expression of ABCG5 and ABCG8 in the small intestine of low and high responders
to limit absorption of cholesterol by transporting cholesterol from enterocytes to the intestinal
lumen; the extent of increase was similar in both strains of opossums. The NPC1L1 gene
transports cholesterol from the lumen into enterocytes, and the ACAT2 and MTP genes
facilitate chylomicron formation and secretion in the small intestine. These genes were
expressed at similar levels in low and high responders. Therefore, the difference in cholesterol
absorption between low and high responders is not due to differences in expression of genes
that regulate influx and efflux of cholesterol in the small intestine [64].

Bile acid synthesis. Liver is the other major site that controls cholesterol homeostasis. In the liver,
cholesterol is converted to bile acids, and bile acids and free cholesterol are secreted into bile
for disposal via fecal excretion. Bile acids are synthesized by two pathways, the classic pathway
and the alternate pathway. The rate-limiting enzyme in the classic pathway is 7α-hydroxylase.
The enzyme sterol 27-hydroxylase initiates bile acid synthesis in the alternate pathway and
catalyzes several oxidation reactions in the classic and alternate bile acid synthesis pathways
[65]. Low and high responders on the HCHF diet had similar 7α-hydroxylase activities but
differed in sterol 27-hydroxylase activities. Low responders had higher activity of hepatic
sterol 27-hydroxylase (14.1 ± 0.8 pmol/mg protein/min) compared with high responders (10.1
± 0.8 pmol/mg protein/min; P<0.01) [66]. Sterol 27-hydroxylase is encoded by the CYP27A1
gene. Expression of the CYP27A1 gene was also higher (2-fold) in low responders fed a high
cholesterol diet [64]. Given that sterol 27-hydroxylase catalyzes several reactions in the classic
and alternate pathways of bile acid synthesis, a reduction in enzyme activity was consistent
with lower concentrations of total bile acids in gall bladder bile of high responders (194 ± 19
mol/ml for high responders versus 244 ± 15 mol/ml for low responders; P=0.05) [66].

Biliary cholesterol and biliary phospholipids. Bile samples collected from gall bladders were
analyzed to determine whether there are any differences in the secretion of cholesterol into
bile by low and high responders fed the HCHF diet. The results revealed differences in biliary
cholesterol concentration and biliary phospholipid concentration in gall bladder bile. Choles‐
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terol concentration in the bile of low responders (5.7 ± 1.3 mg/ml) was higher than that of high
responders (1.3 ± 0.7 mg/ml; P<0.05). Similarly, phospholipid concentration in the bile of low
responders (29.7 ± 3.7 mg/ml) was also higher than that of high responders (6.9 ± 5.5 mg/ml
for high responders; P<0.05) [24]. Biliary cholesterol secretion is mediated by ABCG5, ABCG8
and NPC1L1. ABCG5 and ABCG8 transport cholesterol from the liver into bile [45] whereas
NPC1L1 transports cholesterol from the bile back into the liver [67]. Biliary phospholipid
secretion is mediated by ABCB4 [41,42]. The difference in biliary cholesterol and biliary
phospholipid secretion prompted an investigation of the expression of these genes in response
to dietary challenge in low and high responders. ABCG5 and ABCG8 mRNA levels did not
differ between low and high responding opossums, whereas NPC1L1 mRNA levels were
down-regulated in high responders [68]. There was no significant difference in ABCB4 mRNA
levels between low and high responders on the two diets [69]. Therefore, expression of
cholesterol and phospholipid transporter genes cannot explain differences in biliary lipid
concentrations.

Association of ABCB4 with hypercholesterolemia. Development of a genetic linkage map of
Monodelphis [70], coupled with the Monodelphis genome sequence [62], facilitated the identifi‐
cation of genes that predispose high responders to develop hypercholesterolemia on the HCHF
diet. Genome-wide linkage analyses on data from pedigreed opossums located two quantita‐
tive trait loci (QTL) influencing V+LDL cholesterol levels. The QTL on chromosome 1 influ‐
ences V+LDL cholesterol on the basal diet, and the QTL on chromosome 8 influences V+LDL
cholesterol on the HCHF diet [69]. One gene in the chromosome 8 QTL is ABCB4. Since ABCB4
plays a role in biliary secretion of phospholipids and cholesterol, lower levels of biliary lipids
in high responding opossums could be due to an impairment of ABCB4 function. We tested
this hypothesis by sequencing the ABCB4 gene to identify mutations and found two single
nucleotide polymorphisms (SNPs) that cause missense mutations in exons 2 and 7 of the
ABCB4 gene from high responders. In exon 2, Gly at amino acid 29 in allele 1 is substituted by
Arg in allele 2. In exon 7, Leu at amino acid 235 in allele 1 is substituted by Ile in allele 2. Allele
1 is predominant in the high responding strain, whereas allele 2 is predominant in the two low
responding strains [24,69].

Using a pedigree-based genetic association approach, matings of high responders with low
responders were carried out to produce F2 progeny in two different crosses (designated JCX
and KUSH6) to determine whether ABCB4 has an effect on response to dietary cholesterol.
Animals from both crosses were genotyped for the ABCB4 Ile235Leu polymorphism and
subjected to measured genotype analysis using plasma cholesterol data from a basal diet and
from a 4-week HCHF diet. The average concentration of plasma total cholesterol and V+LDL
cholesterol on the HCHF diet was highest in JCX animals homozygous for the ABCB4 ‘1’ allele,
intermediate in animals with the ABCB4 ‘1/2’ genotype, and lowest in animals homozygous
for the ABCB4 ‘2’ allele. A similar pattern was observed in animals from the KUSH6 cross. The
results showed that genetic variation in ABCB4 had a significant effect on variation in V+LDL
cholesterol levels in response to the HCHF diet, and implicated defects in biliary phospholipid
and biliary cholesterol secretion in causing diet-induced hypercholesterolemia in the opossum
model. However, it was apparent from the analysis that there is at least one additional gene
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that influences diet-induced hypercholesterolemia because some opossums that are homozy‐
gous for the missense mutations are not high responders [24,69].

Variations in the ABCB4 gene have not been shown previously to be associated with variations
in plasma LDL cholesterol in response to diet in other experimental animals or humans. ABCB4
mutations affect secretion of phospholipids, and clinical symptoms are due to production of
bile with a low phospholipid content which cannot prevent bile salts from damaging the
membranes of cells lining the bile ducts. Moreover, the phospholipid deficient bile has a high
cholesterol saturation index. In humans, ABCB4 variants that have a severe effect are associated
with progressive familial intrahepatic cholestasis type 3, a liver disease that often develops in
the first year of life. ABCB4 variants that have a moderate effect are associated with a gallstone
disease in adults known as low-phospholipid associated cholelithiasis, and a reversible form
of cholestasis known as intrahepatic cholestasis of pregnancy that develops in women during
the third trimester of pregnancy and resolves after delivery of their babies [71]. ABCB4
knockout mice lacking phospholipid transport function develop sclerosing cholangitis, which
progresses to metastatic liver cancer [72,73]. Mutations in the opossum ABCB4 gene do not
have a severe effect as high responders exhibit no adverse symptoms when the animals are
fed the basal diet. The reduction in biliary cholesterol and biliary phospholipids associated
with ABCB4 mutations leads to an increase in plasma V+LDL cholesterol when high responders
are challenged with the HCHF diet. However, a gene whose identity is still unknown seems
to be able to compensate for the reduction in biliary cholesterol secretion and rescues high
responders that are homozygous for the ABCB4 mutations from developing diet-induced
hypercholesterolemia. Identification of this gene will lead to a better understanding of the
process involving ABCB4 in controlling plasma LDL cholesterol concentration in response to
dietary cholesterol.

3.4. Pathologic features of high responders

Fatty livers. Dysregulated cholesterol homeostasis causes high responders to develop fatty
livers and atherosclerotic lesions. Cholesterol accumulates in the livers of high responders
as a result of impaired biliary cholesterol secretion. After 4 weeks of HCHF diet,  serum
levels  of  liver  enzymes  (alanine  aminotransferase,  aspartate  aminotransferase,  and  γ–
glutamyltransferase) and bilirubin were significantly elevated, indicating high responders
had liver injury. Histology revealed steatosis, inflammation and ballooned hepatocytes in
their livers after 8 weeks of HCHF diet. The pathologic condition in the liver worsened as
high responders continued to consume the HCHF diet.  In one study in which high and
low responders  were  fed  the  HCHF diet  for  24  weeks,  livers  of  high  responders  were
markedly  enlarged  compared  to  those  of  low  responders.  The  enlarged  livers  had  an
increase  in  free  cholesterol  (2-fold),  esterified  cholesterol  (11-fold)  and  triglycerides  (2-
fold), but no significant increase in free fatty acids. Low responders did not display any
significant  morphological  changes  in  the  liver  after  24  weeks  on  the  HCHF  diet.  Pro‐
longed HCHF dietary challenge caused high responders to develop fibrosis in addition to
steatosis, inflammation and ballooned cells. Liver fibrosis is a characteristic feature of the
severe  form  of  nonalcoholic  fatty  liver  disease  known  as  nonalcoholic  steatohepatitis.
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Expression of  a  set  of  hepatic  genes  associated with  inflammation,  oxidative  stress  and
fibrogenesis  was up-regulated in  high responders,  and the gene expression pattern was
consistent with the histopathological features in the livers of high responders [74].

Atherosclerotic lesions. Similar to humans, hypercholesterolemia leads to development of
atherosclerotic lesions in the arteries of high responding opossums. Low responding opossums
whose V+LDL cholesterol was below 75 mg/dl did not develop gross or histologically detect‐
able lesions after consuming the HCHF diet for one year. In contrast, high responding
opossums whose V+LDL cholesterol was over 500 mg/dl developed gross and histologically
detectable lesions after 40 weeks of HCHF diet. The opossum lesions were similar in histologic
characteristics to those observed in cholesterol-fed mouse models of atherosclerosis [23].

4. Non-human primate models

Non-human primate models stand out as the most biologically similar to humans in physio‐
logic and genetic characteristics of hypercholesterolemia [25]. This is because nonhuman
primates and humans share similar biochemical, anatomical and physiological characteristics,
including lipid synthesis and metabolism. Both humans and primates exhibit spontaneous and
diet-induced hypercholesterolemia [15] and develop atherosclerosis [11,75]. Commonly used
nonhuman primates include African green monkey (green monkey), rhesus monkey, cyno‐
molgus monkey and baboon. These species not only have a high degree of physiological
similarity with humans, but also have many of the same genes underlying relevant pheno‐
types. The size of nonhuman primates by comparison to mice enables the collection of tissue
and organ samples of equivalent sizes to humans, including arteries and hearts. It is important
to mention that great apes share greater similarities to humans than other nonhuman primates.
However, cost and ethical considerations prohibit use of great apes for most human disease
studies.

4.1. Nonhuman primate responses to HCHF diet

Nonhuman primates respond to HCHF diet as do humans. Most nonhuman primates respond
to HCHF diet by an increase in average total plasma cholesterol concentration ranging from
200-800 mg/dl with no change in weight [11,15]. Total plasma cholesterol levels positively
correlate with LDL cholesterol, VLDL cholesterol and triglyceride levels with no change in
HDL cholesterol levels. In addition, triglyceride concentration is positively correlated with
VLDL cholesterol and LDL cholesterol concentrations [15,25]. However, there are differences
among species and among individuals in response to HCHF diet in nonhuman primates.

Variation among species. Nonhuman primate species differ in their response to HCHF diet
challenges by exhibiting variation in plasma cholesterol [11,76]. Baboons and green monkeys
display moderate response with an average plasma cholesterol concentration of 204 and 275
mg/dl, respectively, while cynomolgus monkeys and rhesus macaque have the highest
response, 307 and 467 mg/dl, respectively [11,15,76]. The response of baboons is similar to that
of humans [11].
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In addition, green monkeys and baboons show unusual increases in HDL cholesterol levels in
response to HCHF diet compared to most nonhuman primate species [11,76]. The mechanisms
underlying the marked difference in response to HCHF diet for green monkeys and baboons
are not well understood. Sorci-Thomas et al. [76] compared the responses of green and
cynomolgus monkeys to HCHF diet. Because green monkeys develop modest hypercholes‐
terolemia compared to cynomolgus monkeys when challenged with HCHF diet, green
monkeys were fed diet with more cholesterol than cynomolgus monkeys to induce equivalent
extent of hypercholesterolemia in both species. Surprisingly green monkeys still had 2-3-fold
higher plasma HDL cholesterol and apoA-I concentrations than cynomolgus monkeys,
indicating that higher plasma HDL cholesterol in green monkeys was due to factors inde‐
pendent of level of dietary cholesterol. Further investigation indicated that green monkey
hepatic apoA-I and mRNA expression levels were respectively 2-fold and 3.7-fold higher, and
intestinal apoA-I mRNA level was 3.7-folder higher than in cynomolgus monkeys. These
observations indicate that factors that regulate mRNA transcription and post-transcription,
including microRNA (miRNA) gene regulation, may be determinants of resistance to HCHF
diet.

Variation among individuals. Similar to humans, nonhuman primates display variation among
individual animals of the same species in response to HCHF diet [77-80]. This variation is one
of the important features of nonhuman primate models that enables us to identify genetic
variants that predispose individuals to develop hypercholesterolemia.

a. Plasma lipoprotein cholesterol levels. The response of plasma cholesterol level to HCHF diet
differs among individuals. Baboons challenged with HCHF diet for 2 years exhibited an
increase in plasma cholesterol levels from 5 to 197 mg/dl [81]. Based on these observations,
McGill et al. selectively bred two lines of baboons with extreme plasma cholesterol levels;
low responders and high responders to HCHF diet. Subsequent studies have shown that
low and high responders differed in LDL cholesterol levels when challenged with HCHF
diet. High responders had approximately 2-fold higher plasma cholesterol than low
responders [11,80]. In addition, LDL apoB concentrations were 2-3-fold higher in high
responders compared with low responders [11]. This difference was due to higher
production of apoB in high responders. However, apoB mRNA levels did not differ
between low and high responders on HCHF diet, suggesting that apoB production is
regulated at the post-transcriptional level and is influenced by plasma cholesterol levels,
which differ between low and high responders.

McGill et al. [82] examined the effect of cholesterol or saturated fat on plasma cholesterol
response in low and high responders. The study revealed that high responders challenged
with diet containing high cholesterol (1.7 mg/kcal) displayed a higher percent increase of
LDL and VLDL cholesterol levels than low responders, and that there was no difference
in HDL cholesterol levels between high and low responders. The type of saturated fat,
corn or coconut oil in the diet did not influence plasma cholesterol variation between the
two lines of baboons. Genetic analysis revealed that genetic factors explained 57% of the
response to dietary cholesterol. These findings indicated that dietary cholesterol, and not
saturated fat, drives variation in plasma cholesterol in baboons.
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b. Expression of 27-hydroxylase. Nonhuman primates exhibit individual variation in the
synthesis of bile acids from cholesterol. Sterol 27-hydroxylase is an important enzyme for
bile acid synthesis in both the classic and alternate pathways. Kushwaha et al. [83]
measured plasma and hepatic 27-hydroxycholesterol levels, hepatic 27-hydroxylase
activity and mRNA levels in 12 low and 12 high responding baboons. Low responders
displayed higher 27-hydroxycholesterol levels, 27-hydroxylase activities and mRNA
levels than high responders when fed the HCHF diet but not when fed the chow diet.
These parameters were negatively correlated with LDL and VLDL cholesterol concentra‐
tions in low responders. These findings indicate that sterol 27-hydroxylase is induced by
HCHF diet and that the induction is higher in low responding baboons, resulting in higher
bile acid synthesis. Thus, the ability to induce sterol 27-hydroxylase influences LDL
cholesterol variation in baboons.

c. ApoE levels and LDL receptor expression. The liver clears excess plasma lipoprotein choles‐
terol through the LDL receptor and the LDL receptor-related protein. ApoE is a compo‐
nent of chylomicrons and most of the lipoproteins, and aids in receptor mediated-
clearance of plasma lipoprotein cholesterol [31]. A study in cynomolgus and green
monkeys fed an HCHF diet demonstrated that apoE concentrations were positively
correlated with total plasma cholesterol concentrations, plasma LDL cholesterol concen‐
trations and LDL particle size [12]. Since apoE is a high-affinity ligand for the LDL receptor
and the LDL receptor-related protein, plasma cholesterol clearance by the liver is expected
to increase when apoE levels are elevated, but this is not the case. A possible explanation
is that LDL receptors are down-regulated in hypercholesterolemic monkeys, and clear‐
ance of VLDL and LDL particles is impeded. ApoE-enriched LDL particles accumulate in
the plasma of hypercholesterolemic animals because VLDL particles are metabolized to
LDL particles rather than being removed from the circulation by the LDL receptor as in
monkeys with normal plasma cholesterol concentrations [12].

Together, these findings suggest that plasma cholesterol variation in nonhuman primates may
be influenced by the level of sterol 27-hydroxylase activity in the liver. A decrease in conversion
of cholesterol to bile acids may lead to an increase in plasma cholesterol, which in turn
decreases LDL receptor expression. As a consequence, the rate of clearance of plasma VLDL
and LDL cholesterol is reduced and circulating levels of LDL cholesterol are elevated.

4.2. Genetic mechanisms that influence individual variation in plasma cholesterol levels

Baboon genetic resources to study lipid metabolism. The baboon is the most commonly used primate
model for genetic studies of complex traits and susceptibility to complex diseases [14]. The
Southwest National Primate Research Center (SNPRC) at Texas Biomedical Research Institute
maintains approximately 1,500 living baboons for biological research. These baboons have
been used to develop nonhuman primate genomic resources to study responses to environ‐
mental factors, such as diet, and how these factors interact with genomic factors in causing
complex diseases or disorders. In addition, SNPRC maintains an extensive pedigree database
consisting of 16,000 baboons across seven generations. This is the largest nonhuman primate
pedigree in the world. The pedigreed population includes approximately 384 founders of olive

Hypercholesterolemia16



b. Expression of 27-hydroxylase. Nonhuman primates exhibit individual variation in the
synthesis of bile acids from cholesterol. Sterol 27-hydroxylase is an important enzyme for
bile acid synthesis in both the classic and alternate pathways. Kushwaha et al. [83]
measured plasma and hepatic 27-hydroxycholesterol levels, hepatic 27-hydroxylase
activity and mRNA levels in 12 low and 12 high responding baboons. Low responders
displayed higher 27-hydroxycholesterol levels, 27-hydroxylase activities and mRNA
levels than high responders when fed the HCHF diet but not when fed the chow diet.
These parameters were negatively correlated with LDL and VLDL cholesterol concentra‐
tions in low responders. These findings indicate that sterol 27-hydroxylase is induced by
HCHF diet and that the induction is higher in low responding baboons, resulting in higher
bile acid synthesis. Thus, the ability to induce sterol 27-hydroxylase influences LDL
cholesterol variation in baboons.

c. ApoE levels and LDL receptor expression. The liver clears excess plasma lipoprotein choles‐
terol through the LDL receptor and the LDL receptor-related protein. ApoE is a compo‐
nent of chylomicrons and most of the lipoproteins, and aids in receptor mediated-
clearance of plasma lipoprotein cholesterol [31]. A study in cynomolgus and green
monkeys fed an HCHF diet demonstrated that apoE concentrations were positively
correlated with total plasma cholesterol concentrations, plasma LDL cholesterol concen‐
trations and LDL particle size [12]. Since apoE is a high-affinity ligand for the LDL receptor
and the LDL receptor-related protein, plasma cholesterol clearance by the liver is expected
to increase when apoE levels are elevated, but this is not the case. A possible explanation
is that LDL receptors are down-regulated in hypercholesterolemic monkeys, and clear‐
ance of VLDL and LDL particles is impeded. ApoE-enriched LDL particles accumulate in
the plasma of hypercholesterolemic animals because VLDL particles are metabolized to
LDL particles rather than being removed from the circulation by the LDL receptor as in
monkeys with normal plasma cholesterol concentrations [12].

Together, these findings suggest that plasma cholesterol variation in nonhuman primates may
be influenced by the level of sterol 27-hydroxylase activity in the liver. A decrease in conversion
of cholesterol to bile acids may lead to an increase in plasma cholesterol, which in turn
decreases LDL receptor expression. As a consequence, the rate of clearance of plasma VLDL
and LDL cholesterol is reduced and circulating levels of LDL cholesterol are elevated.

4.2. Genetic mechanisms that influence individual variation in plasma cholesterol levels

Baboon genetic resources to study lipid metabolism. The baboon is the most commonly used primate
model for genetic studies of complex traits and susceptibility to complex diseases [14]. The
Southwest National Primate Research Center (SNPRC) at Texas Biomedical Research Institute
maintains approximately 1,500 living baboons for biological research. These baboons have
been used to develop nonhuman primate genomic resources to study responses to environ‐
mental factors, such as diet, and how these factors interact with genomic factors in causing
complex diseases or disorders. In addition, SNPRC maintains an extensive pedigree database
consisting of 16,000 baboons across seven generations. This is the largest nonhuman primate
pedigree in the world. The pedigreed population includes approximately 384 founders of olive

Hypercholesterolemia16

(P. h. anubis) and yellow (P. h. cynocephalus) baboons, and their hybrid descendants. These
resources provided a unique opportunity to map baboon genes, resulting in the first ever
nonhuman primate linkage map [84,85]. In addition, tissues and blood samples have been
collected from 8,000 baboons, and DNA, serum and buffy coats from 4,000 animals [14].

Genetic factors for hypercholesterolemia in baboons. Baboon response to HCHF diet is modest,
similar to the response of humans. Because of this similarity as well as other baboon charac‐
teristics that mimic human characteristics, numerous studies have utilized baboon resources
available at SNPRC to understand how genetic variation influences lipoprotein cholesterol in
response to diet. This initiative started more than three decades ago when scientists at the
Texas Biomedical Research Institute observed differential response of baboons to HCHF diet
[81]. These observations led to selective breeding and characterization of distinct phenotypes
of baboons and revealed that differential response to HCHF diet is heritable [86,87].

Attempts to find the major genes influencing plasma cholesterol in response to dietary
challenge revealed that polymorphisms in the LDL receptor gene contributed only 6% of the
variation [88], suggesting that lipid response to HCHF diet is multigenic. Hypercholesterole‐
mia is a complex disorder plausibly influenced by complex genetic networks. Therefore, to
elucidate the mechanisms that underlie cholesterol variation, a system biological approach is
most appropriate. Using available pedigree and genotypic information for more than 2,400
baboons, important lipid/lipoprotein-related QTL have been identified [27,89,90]. In addition,
improved Next Gen Sequencing techniques for RNA and DNA sequencing and genetic
network analyses have enabled understanding of genes encoding these QTL.

Studies were undertaken to interrogate the QTL to discover gene, genetic variants and
functional mechanisms that influence variation in response to diet in baboons. In one study,
four novel candidate genes (TENC1, ACVR1B, ERBB3, DGKA) were identified that encode a
QTL for LDL cholesterol concentration variation. This QTL overlaps multiple other QTL for
LDL related traits, including particle size, suggesting that these genes have pleiotropic effects
[13]. TENC1 was downregulated while ACVR1B, ERBB3 and DGKA were upregulated in
response to HCHF diet. The protein products of all four genes are central molecules for a single
pathway, affirming that multiple genes influence LDL cholesterol variation. Interestingly these
genes are associated with cancer in the AKT/GSK3B signaling pathway [91]. Several studies
have alluded a link between cancer, hypercholesterolemia and atherosclerosis [92-95], but the
link is not well understood. One aspect that is clear is that cholesterol is intertwined in the
etiology of cancer and atherosclerosis. In addition, tumorigenesis thrives by the ability to alter
important biological processes, including regulation of cholesterol levels. For cancer cells to
proliferate uncontrollably, essential cell components, such as cholesterol must be available for
plasma membrane synthesis. In order to meet the demand for cholesterol, pathways regulating
cellular cholesterol homeostasis are altered in cancer cells.

Other studies have investigated the role of miRNA in LDL cholesterol variation in baboons
[13,80]. miRNAs were hypothesized to regulate genes encoding variation in LDL cholesterol
in response to HCHF diet. Hepatic miRNA expression profiling in low and high LDL choles‐
terol half–sibling baboons by RNA sequencing revealed 226 miRNAs were differentially
expressed (160 downregulated and 66 upregulated) between low and high responders in
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response to HCHF diet. In order to identify molecular mechanisms that may regulate LDL
cholesterol variation, these miRNAs were overlaid onto gene networks that differ between low
and high baboon responders. Seven miRNAs were inversely expressed with respect to the four
candidate genes. Together, these findings demonstrate that hepatic miRNAs are responsive to
diet, and that response differs among baboons with different plasma LDL cholesterol levels.

4.3. Nonhuman primates and atherosclerosis, the clinical endpoint of hypercholesterolemia

Atherosclerosis, a complex progressive disease, is the leading cause of mortality and morbidity
in developed countries [96,97]. The clinical end-point of atherosclerosis is cardiovascular
disease primarily caused by thickening and/or occlusion of coronary arteries. Atherosclerotic
heart disease is the leading cause of death in the world and is projected to remain the single
leading cause of death by 2030 [98].

Atherogenesis is similar in nonhuman primates and humans. Atherogenesis is a multifactorial
process. Initial events during atherogenesis include deposition of modified or oxidized
cholesterol (ox-cholesterol) in the artery wall, resulting in endothelial dysfunction; adhesion
of circulating monocytes onto the endothelium; entry of ox-cholesterol and monocytes into the
intima layer of the artery; engulfment of ox-cholesterol by monocytes and transformation into
macrophages and foam cells; production of pro-inflammatory cytokines and connective
matrix; conversion and proliferation of smooth muscle cells; cell apoptosis; and intima
thickening. During these processes, atherosclerotic lesions, which are grossly and microscop‐
ically heterogeneous, develop on the intimal arterial surface. In nonhuman primates, as in
humans, the initial lesions are flat fatty streaks, which are not elevated on the intimal surface,
containing predominately foam cells derived from monocytes and smooth muscle cells filled
with minimal lipid. These lesions advance to raised fatty streaks that are characterized by lipid-
filled foam cells. Raised lesions may progress to advanced fibrous plaques with lipid cores and
accumulated connective matrix [26,75,99].

Lipoprotein cholesterol and atherosclerosis. Nonhuman primates provide a unique opportunity
not only to understand the factors that underlie differential response to HCHF diet but the link
between diet response and development of atherosclerosis in humans. In both nonhuman
primates and humans, dyslipidemia is associated with atherosclerosis. High levels of non-HDL
cholesterol, including LDL cholesterol, VLDL cholesterol and triglycerides, induced by HCHF
diet are positively correlated with the extent and severity of atherosclerosis while HDL
cholesterol is negatively correlated [75]. This implies that HCHF diets indirectly influence
atherogenesis through induction of hypercholesterolemia. Another study with baboons
revealed that plasma HDL1 levels are negatively correlated with extent and severity of
atherosclerosis [11]. These results are consistent with results from human studies that indicate
plasma lipoprotein cholesterol levels and lipoprotein subclasses are indicators of the extent of
atherosclerosis [100]. Stevenson et al. [12] observed in cynomolgus monkeys that an increase
in apoE correlates with extent of atherosclerosis, suggesting that apoE may represent an
atherogenic feature of diet-induced hypercholesterolemia.

Arterial distribution of atherosclerosis. Atherosclerosis in nonhuman primates and humans
displays a distinctive topographical distribution in the arterial system. The extent and severity
of the disease is greater in the abdominal and common iliac arteries than in the thoracic and
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aortic arch, whereas flat lesions are more abundant in thoracic and aortic arch in nonhuman
primates and humans [11,26]. It is hypothesized that the distinct localization of atherosclerotic
lesions is a consequence of hemodynamic stress induced by blood flow; and anatomic, cellular,
or biochemical variations in the arterial wall, particularly in the endothelium. These hypoth‐
eses are consistent with observations of more abundant lesions in branches and bifurcations
of medium-sized arteries, including abdominal and common iliac arteries in nonhuman
primates [101]. However, the mechanisms underlying the varied distribution of atherosclerosis
in both humans and nonhuman primates are not well understood.

Variation among species and individuals in development of atherosclerosis. Nonhuman primate
species display variation in susceptibility to developing atherosclerosis. Paralleling the
different responses to HCHF diet, rhesus and cynomolgus monkeys are more susceptible to
atherosclerosis [102] than green monkeys and baboons, which develop moderate atheroscle‐
rosis [103] as do humans [11]. Individuals within any one species also display differential
susceptibility to atherosclerosis. High responders to HCHF diet develop more severe athero‐
sclerosis than low responders, consistent with differential levels of plasma non-HDL choles‐
terol [26]. It is this variation that is critical for identification of genetic factors underlying
variation in atherosclerosis development. This variation is heritable [104] and may correspond
to genetic variation that underlies observed plasma cholesterol variation in response to HCHF
diet.

5. Conclusion

ApoE deficient mice, generated by gene targeting, have a lipoprotein profile similar to humans
in that most of the plasma cholesterol is carried on VLDL and IDL particles rather than HDL
particles as in non-genetically modified mice. ApoE-/- mice have elevated levels of plasma
cholesterol even on a chow diet and develop atherosclerotic lesions spontaneously. Advanced
lesions with plaque rupture that resemble those in humans are frequently observed in apoE-/-
mice fed an HCHF diet, and these mice are used for developing drugs to reduce atherosclerosis.

A nonbiliary pathway for cholesterol excretion in humans was suggested more than five
decades ago based on measurement of intestinal cholesterol secretion from patients with bile
duct obstruction. This finding was largely ignored because hepatobiliary secretion is believed
to be the only route to dispose of cholesterol in feces. Observations from studies using several
genetically modified mice (G5G8-/-, Abcb4-/- and Npc1l1-LiverTg) that have severe defects in
biliary cholesterol secretion, but normal or even increased fecal neutral sterol excretion,
prompted several groups of researchers to investigate the TICE pathway. They reported that
TICE accounts for 20%-30% of fecal neutral sterol excretion. However, mechanistic details of
TICE still remain unknown. Because cholesterol excretion is an important process to eliminate
cholesterol from the body, stimulation of TICE by pharmacological agents may be a novel
therapeutic strategy to limit atherogenesis.

Studies using genetically modified mice have shown that they are indispensable for advancing
our knowledge of the genes and pathways that govern cholesterol homeostasis, as well as for
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developing pharmacological agents to treat atherosclerosis. Traditional gene targeting using
embryonic stem cells is a complex and time-consuming procedure to produce mutant mice
and is limited to targeting one gene at a time. Mice carrying mutations in multiple genes are
produced either by sequential gene targeting or intercrossing mice with a single mutation. The
CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 (CRISPR-associated
nuclease 9) system is a new and more efficient genome engineering technology [105]. It allows
targeting multiple genes at the same time by direct co-injection of RNA encoding the Cas9
nuclease and several gene-specific guide RNA into a one-cell embryo to generate mice with
multiple modified genes [106]. Application of the CRISPR/Cas system will accelerate the
production of mouse models carrying multiple modified genes to study complex disease such
as hypercholesterolemia.

High responding opossums have naturally occurring genetic variants that predispose them to
develop hypercholesterolemia when challenged with an HCHF diet. At least two major genes
control the plasma cholesterol response to dietary challenge in high responding opossums.
One has been identified as the ABCB4 gene. Mutations in ABCB4 impair the ability of high
responding opossums to secrete phospholipids into the bile. Because secretion of cholesterol
into bile requires phospholipids, biliary cholesterol secretion is also impaired in high respond‐
ing opossums. As a consequence, plasma V+LDL cholesterol becomes elevated in high
responders, and free and esterified cholesterol accumulates in their livers. However, some
opossums that are homozygous for the ABCB4 mutations are resistant to diet-induced
hypercholesterolemia. The compensatory mechanism that allows these opossums to overcome
the defect in biliary cholesterol secretion is not known. In light of the finding of a nonbiliary
route of cholesterol excretion that functions in normal mice as well as in mice that have very
low biliary cholesterol secretion, cholesterol excretion by the nonbiliary route may compensate
for the defect in biliary excretion in opossums that are homozygous for the ABCB4 mutations.

Phylogenetic similarities between humans and nonhuman primate models are core aspects for
consideration in investigations of environmental and genetic factors that contribute to complex
diseases/disorders, including hypercholesterolemia and atherosclerosis. Moreover, like
humans, nonhuman primates exhibit diet-induced hypercholesterolemia and naturally
develop atherosclerosis, making it possible to identify phenotypic variations without altering
genetic background as is required for this line of research with mice. In addition, environ‐
mental factors, including diet, can be controlled for a prolonged period of time, invasive and
terminal experiments can be conducted, and tissues and organs can be easily collected. These
research activities are not attainable when working with human subjects.

Recent scientific advances have led to discovery of therapeutic regimes, including statins for
lowering LDL cholesterol and retarding the development of atherosclerosis [107]. However,
these therapies are limited by side effects and ineffectiveness in some individuals [108,109].
Thus, there is a need for continued searching for novel therapeutic agents. Diet-induced
hypercholesterolemia in nonhuman primates provides an opportunity 1) to identify lipid
profiles important for the development of atherosclerosis in primates in a controlled environ‐
ment, 2) to identify variation in responses to diet, and 3) to assess progression of and variation
in development of atherosclerosis in response to dietary cholesterol and saturated fat. Identi‐
fication of these variations is essential for genetic analysis to develop novel therapeutic agents
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for lowering plasma cholesterol and biomarkers for detection of early atherosclerosis, a
precursor for cardiovascular disease.

Nonhuman primate genetic resources for studying complex diseases are becoming increas‐
ingly sophisticated and available at SNPRC and Texas Biomedical Research Institute. These
resources enable scientific collaborations to study human diseases using multidisciplinary
approaches. Significant steps have been achieved in the identification of genetic causes of
hypercholesterolemia and atherosclerosis, including discovery of QTL and genes and gene
variants that influence plasma LDL and HDL cholesterol levels, and triglyceride levels.

Further improvement and enhancement of unique genetic resources for research with mice,
laboratory opossums, and nonhuman primates will be critical for future research aimed at
understanding genetic and epigenetic factors influencing human health and disease.
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1. Introduction

Hypercholesterolemia is a well-known risk factor for atherosclerosis in adulthood.

In the first years of life atherosclerosis is generally subclinical, but pathological studies
demonstrate that, already in childhood, atherosclerotic vascular changes and their extend are
associated with both the number of cardiovascular risk factors and their intensity [1, 2]. Fatty
streaks and fibrous plaques at autopsy, presence of coronary artery calcium by electron-beam
computed tomography, increased carotid-intima-media thickness, reduced arterial distensi‐
bility and compliance and endothelial dysfunction by ultrasound have been already associated
with lipid abnormalities in youth [3]. Moreover, levels of cholesterol track strongly from
childhood and adolescence over long follow-up period resulting in the progression of
atherosclerosis process and increased cardiovascular disease (CVD) risk [4].

The mechanism by which hyperlipidemia contributes to atherogenesis includes several stages:

• Chronic hyperlipidemia, and especially hypercholesterolemia, might alter endothelial
function, through the increased production of superoxide and other oxygen free radicals,
which deactivate the nitric oxide, the main relaxing factor the endothelium

• During chronic hyperlipidemia, lipoproteins are accumulated in intima increasing endo‐
thelial permeability

• Oxidative modification of lipids, induced by free radicals, leads to the formation of oxidized
low-density-lipoproteins (oxLDL), which, in their turn, are easily phagocyted by macro‐
phages and, consequently, form foam cells. OxLDL are chemotactic for circulating mono‐
cytes, they inhibit the mobility of macrophages already in the lesion, thus, promoting their
recruitment and their persistence in the plaques. They also stimulate the release of growth
factors and cytokines that, in their turn, induce the production of antibodies against oxidized
lipoproteins and cause a chronic inflammation [5, 6]. Such state of chronic or not-resolving
inflammation facilitates lipid accumulation in the atheroma [7].

© 2015 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.



In some conditions, characterized by altered lipid assessment or other evident disorders of risk
factors, premature CVD could be manifest in the first decades of life. “Vascular age” is
advanced in 73% of familial dyslipidemic children, independently from the presence of others
atherosclerosis-promoting risk factors [8]. The American Heart Association (AHA), endorsed
by the American Academy of Pediatrics (AAP), identified 8 high-risk pediatric diagnosis and
developed practical recommendations for the management of cardiovascular risk [9]. The
selected diseases comprise familial hypercholesterolemia (FH), together with diabetes mellitus
(type 1 and 2), chronic kidney disease, heart transplantation, Kawasaki disease, congenital
heart disease, chronic inflammatory disease and childhood cancer. Subclinical endothelial
dysfunction, measured through non-invasive surrogate methods such as flow-mediated
dilation (FMD), occurs early in FH children indicating an increased risk for premature CVD
and reflecting the need for early initiation of anticholesterolemic treatment [10]. Moreover,
increasing evidences indicate that, in high-risk conditions as well as in most children with a
minor degree of vascular involvement, appropriate therapy could prevent and/or reverse the
progression of these cardiovascular changes [11, 12]. Therefore, the identification and the
management of hypercholesterolemia in children are of great consequence.

2. Lipid concentrations in childhood and adolescence

The thresholds for defining hypercholesterolemia and elevated low density lipoprotein
cholesterol (LDL-C) in childhood and adolescence are not homogeneous. One set of values
were derived from the National Cholesterol Education Program (NCEP) report (Table 1) [13].
An update, published in 2011, included values of apolipoprotein B (ApoB) and apolipoprotein
A-1 (ApoA-1) coming from the National Health and Nutrition Examination Survey III. NCEP
cutoffs seem to accurately estimate adult values of total cholesterol (TC), LDL-C and trigly‐
cerides (TG), while high lipoprotein cholesterol (HDL-C) levels are better predicted by
National Health and Nutrition Examination Survey (NHANES) cutoff points [14].

Another set of values were derived from the Lipid Research Clinics Prevalence Study [15] and
revised in 2008 by the AAP [16] (Table 2).

The lack of a consensus depends on: lipid variability during infancy, childhood and adoles‐
cence, the subsequent need of using percentiles instead of cut-off values (as used in adulthood)
and the lack of studies that correlate lipid values in childhood with adult cardiovascular risk.

After birth, lipids and lipoproteins gradually increase up to 2 years of life, reaching values
similar to adults: therefore, before the third year of life, the determination of the lipid profile
is neither recommended nor useful. An increased stability with no significant differences
between genders can be observed from 5 to 10 years: until pubertal activation, the use of
reference values proposed by the AAP is recommended [16]. Taking into account the changes
between genders occurring during puberty, the percentiles of reference proposed by Jolliffe
and Janssen for males and females from 12 to 19 years could also be used: these percentiles are
based on studies that correlate the values of lipid profile with the probability of subsequent
clinical cardiovascular risk [17].
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Category
Acceptable
< 75° p

Borderline
75-90° p

High
> 90°p

TC, mg/dl < 170 170-199 ≥ 200

LDL-C, mg/dl < 110 110-129 ≥ 130

ApoB, mg/dl < 90 90-109 ≥ 110

TG, mg/dl

2-9 y < 75 75-99 ≥ 100

10-19 y < 90 90-129 ≥ 130

HDL-C, mg/dl
> 45*
(≥25°p)

35-45
(5-25°p)

≤ 35
(≤ 5°p)

ApoA-1, mg/dl >120 110-120 <110

*desiderable: > 65 mg/dl, 75° p

Table 1. Plasma lipid concentration in children and adolescence modified from NCEP, 1992 [13, 14]. Legend: p,
percentile

Male Female

5-9 ys 10-14 ys 15-19 ys 5-9 ys 10-14 ys 15-19 ys

TC, mg/dl

50°p 153 161 152 164 159 157

75° p 168 173 168 177 171 176

90°p 183 191 183 189 191 198

95°p 186 201 191 197 205 208

TG, mg/dl

50°p 48 58 68 57 68 64

75° p 58 74 88 74 85 85

90°p 70 94 125 103 104 112

95°p 85 111 143 120 120 126

LDL-C, mg/dl

50°p 90 94 93 98 94 93

75° p 103 109 109 115 110 110

90°p 117 123 123 125 126 129

95°p 129 133 130 140 136 137

HDL-C, mg/dl

5°p 38 37 30 36 37 35

10° p 43 40 34 38 40 38

25°p 49 46 39 48 45 43

50°p 55 55 46 52 52 51

Table 2. Lipid and Lipoprotein Distributions in Subjects Aged 5 to 19 Years [16]. Legend: p, percentile
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Lipid concentrations vary also according to demographic variables (population specific): TC
seems to be higher among Black children and adolescents than Caucasian ones [18]. Moreover,
dietary habits together with current diseases and seasonality could transitionally influence
cholesterol assessment.

Data from the National Health and Nutrition Examination Survey (NHANES) 1999 to 2006
for  participants  6  to  17 years  of  age documented that  5.2%-6.6% (depending on the cut
points used) and 9.6%-10.7% of them presented an elevated concentration of LDL-C and
TC, respectively [19].

3. Genetic Hypercholesterolemia

Lipid abnormalities can be classified as primary disorders that encompass all genetic (mono‐
genic) forms of dyslipidemia, as summarized in Table 3 [20], and secondary disorders.

Name Genetic Defect Trasmission Clinical features

Classical Familial
Hypercholesterolemia
(FH)

LDLR, diminished
LDL-C clearance

Autosomal
dominant
1:300-1:1.000.000

Heterozygotes: TC 250-500 mg/dl (LDL-C > 135
mg/dl), xanthomas on the extensor tendons of the
hands and feet, arcus cornea and premature CVD
(40-60 y)
Homozygotes: TC 500-1000 mg/dl, xanthomas
and very premature CVD (< 10 y)

Other autosomal
dominant
hypercholesterolemia

PCSK9, diminished
LDL-C clearance

Autosomal recessive
hypercholesterolemia
(ARH)

ARH adaptor protein
absent or unable to
interact with the LDLR,
diminished LDL-C
clearance

Autosomal
recessive
1:100.000
(Sardinia)

Variable, phenotype similar to homozygous FH,
but generally less severe and more responsive to
lipid-lowering therapy, large and bulky
xanthomas from early childhood, TC > 500 mg/dl,
in homozygotes: CVD < 30 y

Familial defective Apo
B-100

Apo B, diminished
LDL-C clearance

Autosomal
dominant
1:700 (North-
Centre Europe)

Heterozygotes: TC 250-500 mg/dl, xanthomas,
arcus senilis and premature CVD (50-60 y)
Homozygotes: TC > 500 mg/dl, premature CVD (<
30 y)

Familial combined
hyperlipidemia

Polygenic
Premature CVD, Apo B elevated, TC 250-500
mg/dl, TG 250-750 mg/dl

Beta sitosterolemia Carrier ABCG5/ABCG8
Autosomal
recessive
1:1.000.000

High vegetables sterols and LDL-C

Table 3. Genetic Hypercholesterolemia [20]. Legend: LDLR, low density lipoprotein receptor; PCSK9, proprotein
convertase subtilisin/kexin type 9
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4. Monogenic primary Hypercholesterolemia

Monogenic hypercholesterolemias are lifelong conditions that often present during childhood
and adolescence with clinically and biochemically extreme phenotypes, due to a variety of
gain-of-function or loss-of-function mutations in a range of candidate genes with important
roles in lipid metabolism.

FH is an autosomal dominant monogenic condition. Homozygous familial hypercholestero‐
lemia (HoFH) is rare, with an occurrence of 1:1.000.000 individuals, but the heterozygous state
(HeFH) is present in the general population with an incidence ranging from 1:300 to 1:500. On
this basis we can affirm that HeFH is the most common monogenic disorder in North America
and Europe. Causative FH mutation alters the function of LDL-receptor (LDLR) resulting in a
reduced clearance of LDL-C particles from the circulation and consequently in an elevation of
their plasma levels. In addition to LDLR defects, a similar phenotype can be caused by a
number of mutations in the ApoB gene (that disrupt the binding of the LDL-C particle to the
LDLR) and by gain of function mutations in the proprotein convertase subtilisin/kexin type 9
(PCSK9) gene (that increase LDLR degradation) [21]. So far, more than 1500 variants have been
identified in the LDLR associated with FH, ranging from single-nucleotide substitutions to
large deletions [22]. The clinical presentation of HeFH is characterized by two- to three-fold
elevations in plasma LDL-C levels, by a family history positive for CVD, and, rarely in
childhood, by the presence of physical symptoms of cholesterol deposits in tissues (tendon
xanthomas, xanthelasma palpebrarum). Historically, left untreated, the cumulative risk of
CVD in HeFH patient is greater than 50% in men by the age of 50 years and at least 30% in
women by the age of 60 years. Homozygous and compound heterozygous FH subjects can
experience serious cardiovascular events as early as in childhood: a six- to eight-fold increase
in plasma LDL-C is found in these subjects and severe xanthomatosis and multiple types of
xanthomas could occur.

Most people with FH are undiagnosed or only diagnosed after their first coronary event, but
medical treatment seems to be effective and it could delay or prevent the onset of CVD.
Therefore, early identification of affected individuals is crucial. Cholesterol levels alone are
not sufficient to confirm a diagnosis of FH because of the extensive overlap in LDL–C levels
existing between FH-causing mutation carries and non-carries (non-genetic polygenic
hypercholesterolemia) and the high prevalence of modestly severe LDLR mutations that
hampers the use of LDL-C cut-offs. Therefore, a diagnostic definition of FH, which supports
cholesterol measurements with clinical signs and family history, has become widely used
(Simon Broome Register Group definition of FH) [23]. According to this definition, a “definite”
diagnosis of FH requires:

a. TC level above 260 mg/dl in children under 16 years of age

OR LDL-C levels above 160 mg/dl in children

b. PLUS tendon xanthomas in patient or relative (parent, child, sibling, grandparent, aunt,
uncle)

c. OR DNA-based evidence of an LDLR mutation or familial defective Apo B.
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A “possible” diagnosis of FH is suggested when (a) is present together with one of (d) or (e):

d. family history of myocardial infarction before the age of 50 years in grandparent, aunt,
uncle or before age 60 in parent or siblings

e. family history of raised cholesterol in parents or siblings or levels above 290 mg/dl in
grandparents, aunt or uncle.

A similar diagnostic tool has been developed by the Dutch Lipid Clinic Network. This includes
similar features to the Simon Broome criteria, but adds the calculation of a numeric score [24].
These criteria differ in DNA testing and in their diagnostic effectiveness. In summary, a child
with significant and isolated elevation of LDL-C (≥160 mg/dl) should be considered to have
FH, particularly if there is family history of early CVD.

After diagnosis of FH, cascade screening should occur in all first degree relatives after age 2
years. Cascade screening is a term used to describe searching for affected relatives of an
inherited disorder once an affected person is known. In UK guidelines, DNA-based cascade
testing is recommended in affected families; however, in about 60% of patients no mutations
are found [25]. This finding leads to a great concern: assigning individuals to an “uncertain”
category (when mutation is not identified) is unsatisfactory and provokes confusion and
ambiguity both in children and adults.

After diagnosis, an appropriate treatment should be pursued, especially after CVD risk
assessment, by a lipid specialist.

5. Polygenic forms of Hypercholesterolemia

Dyslipidemia may also result from interaction of synergic environmental and genetic factors
developing the group of multifactorial or polygenic hypercholesterolemia. Because of this
combination of causative factors, biochemical phenotype could be variable: LDL-C and TG
may be high (rarely normal), HDL-C can be normal or reduced and there is significant
production of small, dense LDL-C particles. Contrary to FH, it is less likely to be diagnosed in
children because LDL-C elevation may occur frequently in adolescence, but strongly tracks
into adulthood (70-75% of cases).

6. Secondary Hypercholesterolemia

The prevalence of lipid abnormalities in children is increasing because of the epidemic of
obesity and subsequent metabolic syndrome (MS). Data from 1999-2004 NHANES demon‐
strated that approximately 10% of participants aged 8-19 years had high TC, 7% had low HDL-
C, 9.7% had high TG and 7.6% had high LDL-C. In addition, prevalence of adverse lipid profile
in youths with high adiposity was found significantly greater than participants without it [26].
Low HDL-C, high TG and small dense LDL-C, characterizing the so called “dyslipidemia of
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insulin resistance”, are often associated with obesity and MS [27]. Promoting free-fatty acids
release from visceral fat and altering the hepatic production of apolipoprotein, insulin
resistance (IR) is the ethiological key of dyslipidemia in MS. Recently, the positive association
demonstrated between PCSK9 activity and fasting glucose, insulin and homeostatic model
assessment IR (in addition to lipid levels) suggests that PCSK9 could play a role in the
development of dyslipidemia associated with the MS [28]. Moreover, the endocrine activity of
adipose tissue produces inflammatory cytokines, such as adiponectin and tumor necrosis
factor-alfa, influencing hepatic production of very low density lipoprotein (VLDL). All these
findings highlight the importance to early counteract obesity to prevent the occurrence of
dyslipidemia: the earlier the prevention begins, the better results are achieved.

Secondary dyslipidemia include also those caused by chronic disease, such as diabetes
mellitus, chronic renal insufficiency, hypothyroidism, liver diseases and drugs (e.g. glucocor‐
ticoids, B-blockers, antiretroviral agents) (Table 4).

Clinical features

Obesity Increase TG, decreased HDL-C

Diabetes Mellitus Increase TG and TC, decrease HDL-C

Chronic renal failure Increase TG and TC, decrease HDL-C

HIV/AIDS wasting Increase TG and TC, decrease HDL-C and LDL-C

HIV/AIDS (HAART) Increase TG, TC and HDL-C

Hypothyroidism Increase TG, TC and LDL-C

Nephrotic syndrome Increase TC and LDL-C

Obstructive liver disease Increase TC

Medications Variable

Table 4. Secondary dyslipidemia.

7. Diagnosing Hypercholesterolemia in childhood

In 2011, the National Heart, Lung, and Blood Institute (NHLBI), backed by AAP, proposed an
universal lipid screening to be performed with measurement of non fasting non-HDL-C
(calculated by subtracting the HDL-C from the TC measurement) in all children between ages
9–11 and 17–21 years [14]. The normal variation in blood cholesterol levels within an individual
over time is approximately 6%. Therefore, at least two elevated blood cholesterol measure‐
ments are required in a lapse of time between 15 days and 3 months, before a diagnosis of
hypercholesterolemia can be made. In the remaining groups of age (2-8 and 12-16 years),
NHLBI agrees with the use of selective screening, as proposed by the NCEP [13, 14]: lipid
screening is recommended only in children with positive family history of premature CVD
OR already known familial dyslipidemia OR unknown family history OR presence of multiple
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risk factors such as hypertension, diabetes and obesity OR overweight/obesity alone. Choles‐
terol screening modalities in youth have been debated for decades. The primary goal of
universal screening is to identify those with FH. It has been shown that family history is
incomplete in young individuals, since parents and even grandparents may be too young to
have demonstrated early CVD [29]. The second goal of universal screening is to use cholesterol
assessment to identify children with components of MS in an effort to highlight and prevent
progression of additional components. Nevertheless, there are several critiques that comprise:
the definition of risk-to-benefit ratio, especially regarding moderate dyslipidemia, the
potential risk to determine anxiety in patients and families and, lastly, the financial costs [30].

8. Treatment of Hypercholesterolemia in childhood

In 2010 the AHA, while developing the 2020 Impact Goals, defined the “cardiovascular health”
concept and determined the metrics needed to monitor it over time [31]. In this way the first
step proposed for management of children with identified lipid abnormalities is to assess their
cardiovascular risk. It includes the collection of:

• anamnestic data about familial premature cardiovascular disease (premature means before
55 years of age in males and before 65 in females)

• individual anamnestic risk factors as smoking habit, drugs and the presence of current high
or moderate risk conditions such as hypercholesterolemia, diabetes, Kawasaki disease,
cancer treatment survivors...

• physical examination that include blood pressure and body mass index.

In children, the definition of ideal cardiovascular health includes several goals: avoid smoking,
body mass index less than 85th percentile, more than 60 minutes of moderate- or vigorous-
intensity physical activity every day, health diet, TC values less than 170 mg/dl (6-19 years of
age), blood pressure less than 90th percentile (8-19 years of age) and fasting plasma glucose less
than 100 mg/dl (12-19 years of age) [31].

8.1. Dietary treatment and lifestyle approach

The cornerstone of lipid-lowering therapy is a healthy lifestyle [32].

Dietary recommendations emphasize the following pattern of nutrient intake:

• adequate nutrition should be achieved by eating a wide variety of foods low in saturated
fat and cholesterol

• total caloric intake should be sufficient to support normal growth and development and
maintain desirable body weight

• saturated fatty acids should provide <10% of total calories

• total fat should provide an average of no more than 30% and no less than 20% of total calories
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• polyunsaturated fatty acids should provide up to 10% of total calories

• less than 300 mg of cholesterol should be consumed per day

• children should consume 5 or more daily serving of vegetables and fruits and 6 to 11 daily
servings of whole-grain or other grain foods

• children should eat adequate amounts of dietary fiber (Age + 5 g/day).

All children with LDL-C level >130 mg/dl should receive targeted intervention and follow-up.
The NCEP suggests for hypercholesterolemic patients a two level cholesterol-lowering diet
[13]. In the Step 1 diet (Table 5) approximately 30% of calories derive from fat (10% from
saturated fat) and the total intake of cholesterol should be limited to 300 mg/day. If the lipid
values remain elevated after 6 weeks, the Step 1 diet should be reviewed to increase the
compliance. If the diet for at least 3 months fails to achieve LDL-C concentrations <130 mg/dl
(the ideal goal is to lower it to <110 mg/dl), a more aggressive dietary approach is needed (Step
2 diet). The two main differences between the Step 1 and Step 2 diets are that in the latter, the
amount of saturated fat is reduced to 7% of total calories and the intake of cholesterol is
decreased to 200 mg/day (Table 5). In order to implement this more stringent diet, advice from
a nutritionist trained in dealing with children and disorders of lipids is needed. No restriction
of fat or cholesterol is recommended for infants <2 years of age, when rapid growth and
development require high energy intakes. Dietetic guidelines called Therapeutic Lifestyle
Changes (TLC) replaced Step 1 and 2 diets. For higher risk people they recommended an
adequate caloric intake, including an increased consume of whole grains, low-fat dairy
products, fruits, vegetables and fish and a reduction of soft drinks and salt (Table 5) [33].

STEP 1 STEP 2 TLC diet

Total fats (% of total calories) 30 30 25-35†

Saturated fats
(% of total calories)

No more than 10 Less than 7 Less than 7

Dietary Cholesterol (mg/day) Limited to 300 Less than 200 Less than 200

Plants stanols/sterols
(grams per day)

NA NA 2

Increased viscous soluble fiber
(grams per day)

NA NA 10-25

Legend: †The 25-35% fat recommendation allows for increased intake of unsaturated fat in place of carbohydrates in
people with metabolic syndrome or diabetes.

Table 5. Characteristics and Differences between STEP 1, STEP 2 and TLC diets [33].

The improvement of dietary habits seems to be effective when hyperlipidemia is secondary to
other conditions, such as obesity [34], but it is not sufficient in primary hypercholesterolemia.
Nevertheless, also in the latter dietary restrictions have to be requested, in order to reduce the
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dose of medications and to avoid a further deterioration of the condition. No long-term (up to
10 years) adverse effects on growth and pubertal development have been documented [34-37].

In children with FH and polygenic hypercholesterolemia, additional benefit could derive from
the introduction of soya protein [38] and/or plant stanols and sterol esters (2 g/day) in the diet
[39]. Nevertheless, despite an improvement in TC and LDL-C levels, supplementation with
stanols and sterols does not improve endothelial function, probably because they concomi‐
tantly reduce plasma carotenoids [39]. Recently, a significant reduction of small dense LDL-C
has been demonstrated in 25 hypercholesterolemic children after the introduction in their diet
of a yogurt-drink enriched with 2 gr/day plant sterols [40]. A large amount of sterol could also
derive directly from fruits, vegetables and cereals (see table 6). Therefore, plant stanols and
sterols have to be considered as beneficial, safe, tasteful, easy-accessible and low-cost lipid-
lowering strategy, especially until children at risk become eligible for a more aggressive
therapy.

Food
Sterol Content

(mg/100 gr edible)

Fruit and vegetables

Broccoli 44

Grean peas 25

Orange 24

Apple 13

Cucumber 6

Tomato 5

Cereals

Wheat bran 200

Swedish knackebrot 89

Wholemeal bread 53

Rolled oats 39

Wheat Bread 29

Fats and Oils

Corn Oil 912

Rapeseed (canola) oil 668

Liquid margarine 522

Sunflower oil 213

Spreadable butter 153

Olive oil 154

Table 6. Sterol content in food.
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The efficacy of a cholesterol-lowering diet, started in childhood, upon reduction of CVD later
in life, has not been firmly established yet [41].

Soluble fibers, including those from psyllium husk, have been shown to increase the choles‐
terol-lowering effects of a low-fat diet. In 2011 guidelines, the water soluble fiber psyllium can
be added to a low fat low-saturated fat diet as cereal enriched with psyllium at a dose of 6
g/d for children 2-12 of age and 12 g/day for those ≥ 12 y of age [14]. Accordingly, it has been
shown that glucomannan, a hydrosoluble fiber, may decrease TC and LDL-C levels, without
changing HDL-C levels, in hypercholesterolemic children [42]. A novel pioneering approach
in reducing the serum cholesterolemia could be represented by the exploitation of probiotics
exerting cholesterol-lowering properties. A recent Italian randomized, double-blind, placebo-
control study evaluates the effects of a probiotic formulation containing three Bifidobacterium
strains on lipid profiles in 39 children affected by primary dyslipidemia: compared to placebo,
probiotics reduced TC by 3.9% and LCL-C by 3.8%. Moreover, this supporting therapy seems
well tolerated [43].

Lifestyle change includes: regular physical activity, screen time less than 2 hours per day,
attainment of ideal body weight (body mass index ≤85th centile for age and gender) and
optimization of blood pressure. In adults the combination of intensive dietary restrictions and
physical exercise improves lipid metabolism, IR and cardiorespiratory fitness, thereby
diminishing cardiovascular risk factors [44]. Reported trials on benefits of physical activity on
lipid-profile are scarce, rarely well—performed and their results are not optimistic. However,
physical activity stimulates lipoprotein lipases and the function of some enzymes like the
lecithin-cholesterol acyltransferase (LCAT), improving HDL-C formation and reducing their
catabolism. Moreover, exercise reduced TG levels and is effective on size and density of LDL-
C particles. Finally, exercise is safe and does not require any additional cost. Therefore, children
should be encouraged to undertake 60 minutes or more of vigorous aerobic activity per day.
The TLC diet itself recommends expending at least 200 kcal per day [33]. The abuse of tobacco
and alcohol should be avoided. An early identification and correction of eating disorders
should be recommended.

8.2. Pharmacological treatment

If cholesterol does not reach acceptable levels through diet, the recourse to a pharmacological
treatment is allowed and advised [45]. The NCEP recommends the administration of medica‐
tions only to children > 10 years of age (better if either at pubertal Tanner stage II or higher or
after onset of menses in girls) and only when an aggressive diet lasting at least 6-12 months
fails [13]. A lipid specialist should be consulted. Traditionally, bile acid sequestrants (BAR)
were considered the first-line therapy in hypercholesterolemic children. Since AHA statement,
statins replaced BAR: their use is now recommended in children younger than 10 years of age
(from 8 years of age). Surprisingly, AAP encouraged the application of this revised therapeut‐
ical approach [16] causing many controversies among experts: up to now, the efficacy of statins
on adult-onset of CVD is not clearly defined and data about their long-term safety, particularly
because they interfere with the production of steroid hormones and liver function, are still
lacking. Nevertheless, in 2002-2005, the use of lipid-lowering drugs increased in children by
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15% [46] and the American Food and Drug Administration (FDA) and the European Medicines
Agency (EMEA) approved pravastatin in children > 8 years, while simvastatin, lovastatin and
atorvastatin were registered by the FDA for children > 10 years of age. Ezetimibe was also
approved by the FDA and EMEA for pediatric use from the age of 10 years.

8.3. 3-Hydroxy-3-MethylGlutaryl-CoA (HMG-Coa) reductase inhibitors

Statins inhibit HMG-CoA reductase, an enzyme fundamental in de novo cholesterol synthesis.
Their action consequently provokes an increase in hepatic production of LDLR determining
an additional decrease in LDL-C levels. Statins are commonly safe and well tolerated. How‐
ever, because of the principal role of cholesterol in cellular structure and function, the use of
statins is not allowed in prepubertal children. In HeFH children and adolescents, statins are
effective in reducing levels of LDL-C by 20-40% and increasing HDL-C, but, because of the
scarcity and the non-uniformity of trials shown by meta-analysis, no data about outcomes of
different types, doses and length of therapy could be deduced [47,48]. In terms of safety, no
differences in occurrence of adverse effects, alterations in sexual development and muscle or
liver toxicity have been demonstrated in children treated with statins in comparison to placebo-
treated ones [49]. Nevertheless, while adult guidelines do not recommend routine screening
of liver and muscle enzymes during treatment, pediatric guidelines indicate to start statin at
the lowest dose with baseline measurements of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and creatinine kinase (CK). These levels plus a fasting lipid profile
should be repeated four and eight weeks after initiation of therapy and then every 3–6 months.
If liver enzymes are above 3 times the upper limit of normal and/or CK is above 10 times the
upper limit of normal and/or patient complains any adverse effects, medication should be
stopped to determine if there is an improvement. Some researchers have suggested hydro‐
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suggested to be lowest with pravastatin and fluvastatin, probably because they are more
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Up to now, few studies have examined vascular efficacy of statins in children, confirming an
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Target LDL-C is typically below 130 mg/dl, but ideally under 100 mg/dl in high risk popula‐
tions such as FH. If target levels are not achieved within 3 months, the dose of statin can be
gradually increased to maximum dose. Occasionally, a second agent such as a BAR may be
useful. Multiple drug therapy should be guided by a lipid specialist.
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8.4. BAR

Even if FDA never approved BARs in children, they were used in the past as first-line therapy
in hypercholesterolemia. Colestipol, cholestyramine and colestilan bind bile salts in the
intestine preventing their re-absorption and increasing their excretion and discharge from
cholesterol pool. Increased emission of bile acids causes a large conversion of cholesterol into
bile salts; in liver, cholesterol pool decreases and a compensatory rise in LDLR synthesis takes
place. In children with HeFH, BARs determine a decrease in TC of 10-20%. These drugs are
not absorbed systematically, but local side-effects as abdominal pain and nausea could nullify
compliance. Recently, a novel bile acid sequestrant, the colesevelam hydrochloride, with
enhanced binding capacity for bile acids has been evaluated in HeFH children, alone or in
combination with statin therapy: the therapeutical compliance has increased (about 85%)
together with an effective LDL-C reduction [54].

8.5. Niacin and fibrates

Niacin, a water-soluble B complex vitamin, increases HDL-C levels and significantly reduces
hepatic production and release of VLDL but it is not commonly utilized in children because
of lack of information about its safety. Adverse effects consist of flushing, hepatic insufficiency,
myopathy, glucose intolerance and hyperuricemia. Therefore, niacin is limited both in HoFH
children and in ones with stroke and increased lipoprotein A levels.

Fibrates (gemfibrazil, fenofibrate, bezafibrate and ciprofibrate) are mainly effective in lowering
TG and in increasing HDL-C, while LDL-C levels seem only partially and variably influenced.
They have a complex and poorly understood way of action and, due to the lack of data on
safety, their use is restricted in HeFH children with high TG levels and an increased risk for
pancreatitis.

8.6. Ezetimibe

Ezetimibe is a new selective cholesterol absorption inhibitor acting at the brush border of
the small intestine with no effects on the absorption of TG and fat-soluble vitamins. Target
pathways  may  consist  in  the  Niemann-Pick  C1-like  protein  and  the  annexin-caveolin  1
complex. In 2002, FDA approved ezetimibe in FH children older than 10 years of age, but
long-term effects have not been extensively evaluated yet. In HoFH, ezetimibe has a synergic
effect  in  reducing  LDL-C,  if  associated  with  statins,  without  increasing  adverse  effects.
Satisfying data in term of efficacy and tolerance have also been documented in children
with polygenic hypercholesterolemia, HeFH and familial combined hyperlipidemia treated
with ezetimibe [55].

These positive data are partially dampened by an absolute lack of knowledge about the long-
term effects of ezetimibe. In fact, the combination of statin and ezetimibe may not restore
endothelial dysfunction [56]. Moreover, ezetimibe dose not influence HDL-C, an independent
risk factor for CVD. Future data from the ongoing IMPROVED-IT study, enlisting 18.000 adults
affected by acute coronary syndrome on simvastatin either with or without ezetimibe, may
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clarify the role of ezetimibe in CVD prevention [57]. In addition, systemic effects of ezetimibe,
in contrast to its minimal absorption have still to be clearly defined.

In the last years, new lipid-lowering drugs are coming out. Starting from the demonstration
that PCSK9 loss-of-function mutations result in a significant drop in circulating LDL-C,
subsequent studies demonstrated that PCSK9 binds the epidermal growth factor precursor
homology domain-A on the surface LDLR and directs LDLR and PCSK9 for lysosomal
degradation. A monoclonal antibody that binds circulating PCSK9 and blocks its interactions
with surface LDLR and called Alirocumab has recently demonstrated a great potentiality in
reducing LDL-C in adulthood. Nevertheless, there is no data in adolescence and no evidence
on its capacity in improving CVD outcome yet [58].

9. HoFH: Treatment in childhood

HoFH has to be considered an almost exclusive pediatric disease. Because of the earlier risk of
CVD, HoFH patients should started pharmacological therapy as soon as possible, as recom‐
mended by AHA [45]. LDL-C apheresis and/or liver transplant have been the historical
treatment in this subset, although efficacy and success are variable [59]. LDL-C apheresis is an
extracorporeal plasma-perfusion method that involves selective removal of LDL-C particles.
The procedure takes three or more hours and is performed at 1- to 2-week intervals. Even if it
results in the regression of coronary lesions and has been found to increase life expectancy, its
use is limited by its availability, higher cost and difficulties in procedures [60]. As most of the
LDLR are present in the liver, liver transplantation alone or in combination with pharmaco‐
therapy is effective in normalizing the plasma cholesterol levels. Nevertheless, the associated
risks include the need of a life-long immunosuppressive therapy [61]. HoFH may also benefit
from lipid-lowering drugs. However, statins require some residual LDLR function, thus they
are not effective in receptor-negative HoFH. Higher risk patients will benefit from combination
therapy: ezetimibe, but also niacin, fibrates, and BAR. Therapeutic efficacy, safety, medication
adherence, and compliance should be monitored closely. Novel medical therapies for adults
with HoFH have recently been approved in the US. These include inhibitors of PCSK9,
microsomal triglyceride transfer protein and cholesteryl ester transfer protein (CETP), as well
as mipomersen, an apolipoprotein B synthesis inhibitor [62, 63].

10. Conclusions

The role of pediatrician in the prevention of chronic and disabling diseases in adulthood is
reinforced by the extensive scientific evidence that proves the beginning of causative processes,
such as atherosclerosis, in childhood. Therefore, the identification of patients at risk of
premature CVD has become, today, one of the primary aims of pediatricians. The evaluation
of hypercholesterolemic children should not be based exclusively on lipid assessment: it is
essential to quantify the overall cardiovascular risk through the collection of a full medical
history (including familial history), the performance of an accurate physical examination, the
assessment of eating habits and the identification of concomitant risk factors. Moreover, in
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such as atherosclerosis, in childhood. Therefore, the identification of patients at risk of
premature CVD has become, today, one of the primary aims of pediatricians. The evaluation
of hypercholesterolemic children should not be based exclusively on lipid assessment: it is
essential to quantify the overall cardiovascular risk through the collection of a full medical
history (including familial history), the performance of an accurate physical examination, the
assessment of eating habits and the identification of concomitant risk factors. Moreover, in
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hypercholesterolemic children, the monitoring over time of cardiovascular function through
non-invasive methods can be useful.

Childhood could be considered as the best period of life to acquire a proper lifestyle and
healthy eating habits, especially in patients at risk of premature CVD. The diet, low in saturated
fat and cholesterol, should be the first therapeutic approach to be proposed in children with
hypercholesterolemia. Early pharmacological treatment could be planned in cases of genetic
hypercholesterolemia or when diet alone persistently fails. Several studies have demonstrated
the short-term efficacy and safety of statins in childhood.

The definition of pediatric population-specific percentiles for lipid values, the achievement of
a shared screening strategy and the demonstration of long-term safety and efficacy of statin
therapy have to be considered the current priorities for improving the approach to childhood
hypercholesterolemia.
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Role of Oxidized LDL in Atherosclerosis
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Additional information is available at the end of the chapter
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1. Introduction

Nowadays, Atherosclerosis is the most important source of morbidity and mortality in the
world, and is detected by the accumulation of lipids deposits (mainly cholesterol) in macro‐
phages located not only in large but also in medium sized arteries. Currently, the association
between atherosclerosis and heightened oxidative stress is widely accepted. Nevertheless,
despite numerous efforts the role of oxidative stress in the progression of Atherosclerosis is
still not clear.

Oxidation is a biochemical process of loss of electrons, which is essential for life due to its
involvement in the production of cellular energy. However, when oxidation is excessive
causing cellular damage is when Oxidative Stress appears. This process is complex; therefore,
it cannot be measured or defined by a single parameter. For this reason, currently the interest
lies on developing antioxidant therapies and diets enriched with antioxidants that prevent or
at least decrease cellular damage and atheromatous plaque formation originated by the excess
of oxidative stress.

Aim. The aim of this review is to analyze the state of the art on oxidized LDL role within the
pathogenesis of atherosclerosis.

This chapter will be developed according to the following titles,

1. Oxidative stress and atherosclerosis.

2. LDL Oxidation

3. OxLDL in atheromatous plaque formation

4. Study Models

5. OXIDATIVE STRESS AND ATHEROSCLEROSIS

© 2015 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 eproduction in any medium, provided the original work is properly cited.



The word “Atherosclerosis” comes from the ancient Greeks where "sclerosis” means harden‐
ing and “athere” is gruel or accumulation of lipid. The physiopathological process is charac‐
terized by the aggregation of cholesterol, infiltration of macrophages and the proliferation of
smooth muscle cells (SMCs) as accumulation of connective tissues and thrombus creation. In
early stages of the disease, the growth of the lesion starts in the sub endothelial space and its
progress may even cause total cessation in blood flow with intermittent periods of quiescence.
The accumulation of lipids and other organic molecules lead to a proliferation of certain cell
types within the arterial wall that gradually impinge the vessel lumen and block up the blood
flow in large and medium sized arteries. Furthermore, this disease tends to be more common
in white than black men [1]. The magnitude of this problem is deep, because atherosclerosis
claims more lives than all types of combined cancer and economic costs are considerably
high[2]. Currently, the idea that atherosclerosis constitutes a state of high levels of oxidative
stress is widely accepted and this phenomenon is associated with lipid and protein oxidation
in the vascular wall[3, 4].

Despite the countless efforts made to explain the role of oxidative stress in progression of
atherosclerosis, its predictive role is still not clear. Goldstein and Brown discovered the LDL
incorporation  process  in  peripheral  cells  as  fibroblasts,  macrophages  and  others  -which
meant for them the Nobel Prize- has been the basis for a series of subsequent discoveries,
from 1979 up to now, which have intended to explain the development of the atherosclero‐
sis’ process [5-8]. The hypothesis of oxidative modification in atherosclerosis, reviewed by
Steinberg  and  others  in  several  opportunities  argues  that  the  oxidation  of  low-density
lipoprotein (LDL) is an early stage of the disease and that oxidized LDL (OxLDL) would
contribute to atherogenesis [9-12].

Until 1991, the strength of the scientific evidence regarding the role of the oxidation of LDL in
the phenomenon of atherosclerosis was such that the National Heart, Lung and Blood Institute
recommended the initiation of clinical trials [8, 13-17]. In relationship to this hypothesis, based
on in vitro assays, the evidence showed the following relevant aspects: 1) the LDL oxidation is
the first event in the foam cell formations [18, 19] the LDL lipids in human arterial lesions are
extensively oxidized and 3) the presence of Ox LDL is evident in vivo[20]. On the other hand,
the existence of several structurally unrelated compounds such as probucol and vit E that
inhibit atherosclerosis in animals, prevent the initiation of the disease due to a reduction of the
oxidization of LDL [21]. In relationship to probucol, It seems to be a more effective protection
against lesion formation on an early-stage of the disease than the statin-mediated lipid-
lowering effects [22].

The events involving the process of atherosclerosis begin with LDL oxidation in the vascular
wall. This happens due to the production of reactive oxygen species (ROS) and nitrogen species
(NOS) by endothelial cells, therefore, oxidative modifications would be crucial in the clinical
aspect of coronary artery disease such as endothelial dysfunction and plaque disruption [23].

Although it is known by scientific evidence that LDL oxidation plays a central role in the
pathophysiology of atherosclerosis, up to now there is no convincing proofs related to the
protective effect of antioxidant therapy as a way to prevent the damage caused by that process
on vital macromolecules such as lipids, proteins and DNA.This may be due to the discrepancies
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between human and animal studies that use antioxidant therapies either to try or to limit the
atherosclerotic process and cardiovascular events. It is not clear if oxidative stress is cause or
consequence of the atherogenic process. In this sense, it has been proposed that inflammation
could be considered as a primary process and oxidative stress as a secondary event of
atherosclerosis [24].

2. LDL oxidation

Oxidation is a biochemical process of loss of electrons, which is essential for life due to its
involvement in the production of cellular energy. Oxidative stress appears when oxidation is
excessive. This apparently simple process is actually complex in all biological levels, and
cannot be measured or defined by a single parameter.

The oxidation process of lipids and proteins is the result of an excess of free radical and other
oxidant species derived from oxygen, nitrogen and other chemical elements in the body.
Chemically, the oxidative stress is associated with an increased production of oxidizing species
or a significant decrease in the effectiveness of antioxidants defenses such as reduced gluta‐
thione, catalase, peroxidases and others. The cell proliferation and death are key processes in
the progression of atherosclerosis and severe oxidative stress can cause cell death and even
mild oxidation can trigger cellular stress and apoptosis, while more intense stress may cause
necrosis [25].

There is a constant production of ROS and other oxidative species derived from the normal
and xenobiotic metabolism, ionizing radiation and smoke snuff exposure, among others.
Oxidative molecules can exert positive or negative effects over cells and tissues, depending on
their concentration. ROS plays an important role in several physiological cell processes, such
as signaling and regulation cascades, however excesses can induce chemical and structural
modifications which has been proven that alter the function of cellular components, inhibit
protein function, induce DNA damage, viral activation and lipid peroxidation which can
promote cell death (Figure 1).

In addition, redox systems such as gluthation peroxidase, thioredoxine reductase and pyridine
nucleotide redox status can change their physiological function when modified by ROS and
others reactive species, affecting the normal cell signaling including apoptotic cell death [26].

Today there are clear proofs that LDL oxidation plays a significant role in atherogenesis. In
fact, this has been demonstrated throughout time. So, between 1985 and 1989, 62 papers about
OxLDL were published; between 1992 and January 1997, the number of publications related
to OxLDL went up to 727, and up to day only considering PubMed entry, it is possible to find
over 7000 publications associated with the key words Oxidized LDL. This growing interest is
supported by the large amount of evidence which confirms that oxidative modification of LDL
plays a pivotal role in atherosclerosis and hence, makes it an obvious target for therapeutic
approaches [10, 27].

Role of Oxidized LDL in Atherosclerosis
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In 2002, Friedman et al. showed that the oxidized lipids from OxLDL are biologically active.
Specifically, polyunsaturated fatty acids (PUFA) either free or bound to an ester from phos‐
pholipid are converted into hydroperoxides, which break down to form highly reactive
molecules, such as malondialdehyde and 4-hydroxynonenal among other metabolic products.
These reactive aldehydes can then form Schiff-bases, covalent Michael-type adducts with
lysine residues of apolipoprotein B in LDL molecules. Besides, the sn-2 oxidized fatty acid
fragments which can remain attached via ester bridges may also contain terminal reactive
aldehydes. However, this reactive phospholipid also called "aldehyde phospholipid core" may
also form adducts with Schiff-base lysine residues of apolipoprotein B and presumably also
with other proteins and amines-containing phospholipids, such as phosphatidylethanolamine
and phosphatidylserine (Figure 2).Finally, the authors proved that when LDL presents
substantial oxidative modifications, a great number of neoepitopes are generated transforming
it in a highly immunogenic LDL. Indeed, there are a variety of autoantibodies directed to
epitopes of OxLDL derived from specific oxidation in animals and human, that appear to
increase in individuals with clinical and morphological signs of atherosclerosis [28].

On the contrary, OxLDL is thought to promote atherosclerosis through complex inflammatory
and immunologic mechanisms that lead to lipid dysregulation and foam cell formation.
Matsuura et al (2006) proposed that in the intima of atherosclerotic lesions, the OxLDL forms
complex with the Beta 2 glycoprotein I (beta2GPI) and / or C-reactive protein (CRP). In patients
with systemic lupus erythematosus (SLE) and/or antiphospholipid syndrome (APS), anti-
OxLDL/beta2GPI complex autoantibodies have been found which has been significantly
related to arterial thrombosis. In a non-immunized animal model of APS (NZWxBXSB F1
mice), it was demonstrated that anti-OxLDL/beta2GPI complex IgG autoantibodies can
emerge spontaneously. Moreover, a monoclonal autoantibody (WB-CAL-1; IgG2a) against a
complex beta-2-GPI was derived from the same mice. WB-CAL-1 significantly increased the

Figure 1. The figure shows some sources and consequences of oxidative stress.
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in vitro uptake of OxLDL/beta-2-GPI complex by macrophages, suggesting that these IgG auto
antibodies are pro-atherogenic. As opposed, IgM antibodies to OxLDL found in pro- athero‐
genic mice ApoE (-/-) and LDL -R (-/-) seemed to be protective. In human beings it has been
widely reported the presence of IgG anti-Ox - LDL antibodies, but their clinical significance is
not clear yet [29].

In the beginning, OxLDL was characterized by its biological properties, specifically for being
a ligand for acetyl LDL receptor instead of a native LDL receptor. The Acetyl LDL receptor,
present in macrophages, uptakes the OxLDL much faster than the native receptors, favoring
the excessive intracellular accumulation of cholesterol. LDL oxidation and its uptake can be
accomplished in vitro by an overnight incubation with macrophages cultured on an appropri‐
ate medium with 5 - 10 μM Cu2 + (oxidant) for 8-16 h allowing the study of the mechanism and
kinetics of OxLDL.[30]

LDL oxidative modification, produces numerous structural changes, resulting in an increment
of electrophoretic mobility, higher density, a polipoprotein B degradation, hydrolysis of
phosphatidylcholine, changes on the amino groups of lysine residues and generation of
fluorescent adducts caused by the covalent binding of lipid oxidation products to Apo B[31].

In vitro assays have shown that oxidative modification of LDL can be mutated by cultured
endothelial cells or by cupric ions, which results in an increase of the lipoprotein uptake into
macrophages [32, 33]. Therefore, it seems to be obvious that LDL oxidation is a crucial step for
macrophage-derived foam cells formation in early stages of an atherosclerotic lesion. More‐
over, LDL can be oxidized by specific enzymes such as lipooxygenase and phopholipase A2,
even when these modifications are not necessarily identical to the endothelial cells-dependent
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Figure 2. Oxidative modifications in ApoB present in lipoproteins.
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modifications, they are still useful for studying oxidative alterations of LDL. In fact, in 1998,
it was demonstrated that the oxidative modification of LDL by specific enzymes leads to an
increased recognition by macrophages [32]. In conclusion, it is possible to say that oxidation
of LDL in cells depends on at least three possibilities: (a) lipid oxidation by the action of
lipoxygenase within the cells followed by the LDL exchange on its medium; (b) direct lipox‐
ygenase-dependent lipid oxidation during cell contact with LDL and (c) both possibilities
mentioned above [34].

It is has been reported that the in vitro addition of acetyl groups to LDL (acetylation), generates
a modified LDL which can induce cholesterol accumulation in macrophages. Indeed, acety‐
lated LDL is incorporated by “scavenger receptors” (SRA), which in contrast to the normal
LDL receptor, are not “down regulated”, so they induce a great intracellular lipid accumula‐
tion. Thus, acetylated LDL increases the formation of foam cells [35].

Another process that needs to be taken into account is the autoxidation of glucose or the early
glycation products (carbonyl compounds) generated by oxygen free radicals (superoxide and
hydroxyl) and hydrogen peroxide that can cause oxidative damage. Baynes et al in 1991
introduced the “glycoxidation hypothesis”, which proposes that oxidative stress concomitant
to glycation plays an important role in the stage of advanced glycation of proteins. Modifica‐
tions of lipoproteins by glycation and oxidation alter their structure to make them sufficiently
immunogenic. In type 2 diabetes, high titles of antibodies have been found against glicosylat‐
ed-LDL and glicosylated-OxLDL. Immunogenic properties of glycosilated-OxLDL induce
immune complex formation. It has been shown that glycosilated-OxLDL is trapped in the
artery wall in situ [36-40].

Various pathologies can be originated by oxidative stress-induced apoptotic signaling which
is a consequence of an increase of ROS and a decrease of other oxidative species and/or
antioxidants, disruption of intracellular redox homeostasis and irreversible oxidative modifi‐
cations of lipids, proteins or DNA. A better understanding of redox control over the develop‐
ment of apoptotic process in the cell, could better guide the course of the therapeutic strategies
associated with disorders related to oxidative stress [25].

A great number of diseases have been related to oxidative stress and generation of free radicals,
for this reason, antioxidant therapies and diets (such as Mediterranean diet) rich or enriched
with antioxidants are thought to be a promising way to prevent or at least to attenuate the
organic deterioration originated by the excessive oxidative stress.

3. OxLDL in atheromatous plaque formation

Atherosclerosis is a chronic inflammatory disease of the arterial wall that culminates with the
atheromatous plaque formation. At present, there is a consensus that oxidation of LDL in the
endothelial wall is an early event in atherosclerosis, according to the oxidative hypothesis [24].
First, the circulating LDL particles are transported from the vascular space into the arterial
wall, mainly across trancytosis[41]. LDL is retained in the extracellular matrix of subendothe‐
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immune complex formation. It has been shown that glycosilated-OxLDL is trapped in the
artery wall in situ [36-40].

Various pathologies can be originated by oxidative stress-induced apoptotic signaling which
is a consequence of an increase of ROS and a decrease of other oxidative species and/or
antioxidants, disruption of intracellular redox homeostasis and irreversible oxidative modifi‐
cations of lipids, proteins or DNA. A better understanding of redox control over the develop‐
ment of apoptotic process in the cell, could better guide the course of the therapeutic strategies
associated with disorders related to oxidative stress [25].

A great number of diseases have been related to oxidative stress and generation of free radicals,
for this reason, antioxidant therapies and diets (such as Mediterranean diet) rich or enriched
with antioxidants are thought to be a promising way to prevent or at least to attenuate the
organic deterioration originated by the excessive oxidative stress.

3. OxLDL in atheromatous plaque formation

Atherosclerosis is a chronic inflammatory disease of the arterial wall that culminates with the
atheromatous plaque formation. At present, there is a consensus that oxidation of LDL in the
endothelial wall is an early event in atherosclerosis, according to the oxidative hypothesis [24].
First, the circulating LDL particles are transported from the vascular space into the arterial
wall, mainly across trancytosis[41]. LDL is retained in the extracellular matrix of subendothe‐
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lial space, through the binding of basic aminoacids in a polipoprotein B100 to negatively
charged sulphate groups of proteoglycans in the extracellular matrix (ECM) [42, 43], where it
is prone to be oxidized by oxidative stress, generating OxLDL[21], as we previously mentioned
in this article.

It is known that OxLDL participates actively in atheromatous plaque formation, where it is
retained. Multiple studies provide evidence suggesting OxLDL contribute in atherosclerotic
plaque formation in several ways. In fact, at least four mechanisms have been proposed, being
they complementary to each other: a) endothelial dysfunction, b) foam cell formation, c) SMCs
migration and proliferation and c) induction of platelet adhesion and aggregation.

3.1. Endothelial dysfunction

The Endothelial dysfunction is a pathological condition in which the endothelium presents an
impairment of anti-inflammatory, anti-coagulant and vascular regulatory properties. Nowa‐
days, it is considered a key event in the atherosclerosis development. OxLDL formed and
retained in the sub-entothelial space, activates endothelial cells (ECs) through the induction
of the cell surface adhesion molecules which in turn, induce the rolling and adhesion of blood
monocytes and T cells. It is reported that OxLDL induces the expression of intercellular
adhesion molecule-1 (ICAM-1) and vascular-cell adhesion molecule-1 (VCAM-1), increasing
the adhesive properties of endothelium in a similar manner to the effects of pro-inflammatory
cytokines as interleukin 1 beta [44].

The blood leukocytes recruited migrate into the tunica intima, guided by chemokines. Indeed,
OxLDL stimulates ECs and SMCs to secrete monocyte chemotactic protein-1 (MCP-1) and
monocyte colony stimulating factor (mCSF) that induce the recruitment of monocytes into the
endothelial wall [45-47]. On another hand, OxLDL can be chemotactic itself for monocytes and
T lymphocytes (since it possesses lyso-phosphatidylcholine) and also for macrophages [48].

Nitric oxide (NO), is recognized as an important cardiovascular protective molecule, because
exerts vasodilator properties and inhibits the adhesion of leucocytes and platelets to endothe‐
lium. This is generated in the vasculature by endothelial NO sythase (eNOS); the impairment
of NO production and secretion by ECs is considered one of the most important characteristic
of endothelial dysfunction [49].

The NO production from ECs is inhibited by OxLDL, given that the OxLDL is able to induce
cholesterol depletion in the plasma membrane invaginations called caveolae, which causes the
translocation of the protein caveolin and eNOS from the membrane domains, inhibiting eNOS
activity in ECs [50]. Besides, another mechanisms to explain the inhibitory effect of OxLDL
over NO production in ECs, has been proposed. It has been reported that OxLDL leads to an
increased oxidative stress in ECs, producing significant amounts of superoxide, which
chemically inactivates NO, forming peroxynitrite [51].

Lectin-like oxidized LDL receptor-1 (LOX-1), identified as the mayor OxLDL receptor in ECs,
is expressed in several pro-inflammatory conditions and seems to play a crucial role in
endothelial dysfunction induced by OxLDL[52]. Indeed, in human atherosclerotic lesions,
LOX-1 overexpression in ECs has been reported, especially in the early stage of plaque
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formation [53]. It has been observed that the knockdown of LOX-1, inhibits the MCP-1
expression in human ECs stimulated with OxLDL and mitogen-activated protein kinase
(MAPK) pathway would play a critical role [54]. Also, up-regulation of endothelial adhesion
molecules as ICAM-1 and VCAM-1, can be induced by OxLDL in a LOX-1-dependent manner
and this is mediated by the nuclear factor κB (NF-κB) [55]. Furthermore, the inhibitory effects
of OxLDL over endothelial NO productions has been associated with LOX-1 function [51, 56].
Finally, it has been proposed that OxLDL can induce endothelial cell death through the
activation of NF-κB and AP-1 pathways [57], worsening endothelial dysfunction and promot‐
ing the progression of the atherosclerotic plaque.

Figure 3. Role of OxLDL in endothelial dysfunction.

3.2. Foam cell formation

Once inside the sub-endothelial ECM, monocytes differentiate into macrophages that express
several scavenger receptors (SRs) such as SR-AI/II, SR-BI, cluster of differentiation 36 (CD36)
and LOX-1, and toll-like receptors (TLRs). It is important to remark that this phenotypic
change, since the internalization of native LDL, occurs at a very low rate to account for foam
cells formation and this process is prone to suffer down regulation of LDL receptor. In contrast,
scavenger receptors have high affinity for OxLDL and they are not down regulated, leading
to a massive intracellular lipid accumulation [20], which results in the foam cells formation [58,
59]. This differentiation into macrophages that promotes pro-inflammatory milieu, is part of
a “macrophage trapping”, a vicious circle that involves cell retention, oxidation of new LDL
and the recruitment of more monocytes [18].
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OxLDL also induce the expression of a number of genes associated to inflammation in
macrophages: MCP-1, serum amyloid A, ceruloplasmin and hemeoxigenase-1 [60]. Moreover,
macrophage activation induces the release of pro-inflammatory cytokines (interleukin 1-β,
tumor necrosis factor), reactive oxygen species (ROS) and metalloproteases, which are
associated with progression of inflammation [58].

Internalized OxLDL provides oxidized lipids as ligands for PPAR-γ pathway, upregulating
CD36 expression, facilitating in turn, the internalization of more OxLDL[61, 62]. This inter‐
nalization activates the macrophage, inducing the secretion of cytokines that recruits immune
cells to intima and the secretion of the enzymes myeloperoxidase and 12/15-lipoxigenase,
which are thought to participate in the oxidization of new LDL, increasing the local pool of
OxLDL[63, 64]. Also, the internalization of OxLDL by CD36 seems to induce the inhibition of
macrophage migration, favoring cell spreading and the activation of focal adhesion kinase, in
a process mediated by src-kinases and oxidative stress [65]. Besides, OxLDL-CD36 interaction
induces the loss of cell polarization in macrophages, an essential process to cell migration [66].
Thus, the evidence suggests that OxLDL not only participates in monocyte differentiation and
macrophage activation, but also macrophage retention.

As mentioned, LOX-1 is one of the SRs expressed in macrophages and when it occurs by the
influence of pro inflammatory cytokines, OxLDL or other stimuli, the OxLDL uptake increases
significantly favoring the foam cells formation [67, 68]. The accumulation of OxLDL can lead
to foam cell apoptosis or necrosis, forming cellular debris deposited in the core of the athero‐
sclerotic plaque and contributing to inflammatory progression.

Figure 4. Role of OxLDL in foam cell formation.
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3.3. Smooth muscle cell migration and proliferation

The migration and subsequent focal proliferation of SMCs in tunica intima are some of the
hallmarks of the atheromatous phenomenon and they play a critical role on it. The SMCs
migrate from tunica media to the subendothelial space, where they proliferate in response to
growth factors. The proliferation of SMCs can be stimulated by OxLDL, since these particles
enhance platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF)
expression and secretion [69, 70] by ECs and macrophages. On the other hand, OxLDL also
induces the secretion of a variety of other growth factors and their receptors: insulin-like
growth factor-1(IGF-1) and epidermal growth factor (EGF), all with mitogenic effects inducing
SMCs proliferation [71].

OxLDL has also been shown to induce changes directly in SMCs. OxLDL increases migration
and leads to changes in SMCs phenotype making them to produce large amounts of ECM [72].
The production of interstitial collagen and elastin leads to the building of a fibrous cap that
covers the developing atherosclerotic plaque, forming a “necrotic core” containing foam cells,
cellular debris, extracellular lipids and lysosomal enzymes [73]. Thus, OxLDL participate in
the expansion of the atherosclerotic lesion size.

OxLDL also induce LOX-1 expression in SMCs and recently, it has been proposed that many
of the named effects of OxLDL are mediated by LOX-1[71]. Another important effect mediated
by LOX-1 is the increment of ROS generation induced by OxLDL in SMCs, which can induce
the cell death, contributing to plaque instability and rupture in the final stage of atherosclerosis
[74]. Taken together, the evidence suggests that OxLDL has a crucial role in the plaque
instability and hence, in the development of its complications.

Figure 5. Role of OxLDL in smooth muscle cells proliferation and migration.
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3.4. Induction of platelet adhesion and aggregation

Platelets are important players in atherosclerosis plaque development, especially after the
plaque rupture, where they promote thrombus formation. In this process, OxLDL also is
implicated. The impairment of endothelial NO production by OxLDL has been associated with
an increase in prostaglandin secretion and thus, platelet aggregation [73]. CD36 is expressed
in resting platelets and its interaction with OxLDL has been implicated with platelet activation,
evidenced by P-selectin expression and the activation of integrin αIIbβ3[75].

OxLDL seems to induce a hyperactive state in platelets, since when they are cultured with
OxLDL, they show more sensitivity to the classic platelet-activator ADP, in a process mediated
by JNK and Vav family members [76, 77]. OxLDL is able to promote shape change and fast
platelet activation through the action of Src kinases and Rho kinase-signaling pathways [78].
The effects of OxLDL over platelets could account also for additional pro-atherogenic phe‐
nomena. Platelets exposed to OxLDL release chemokines that favors atherosclerotic develop‐
ment [79] and promote endothelial dysfunction and foam cells formation [80, 81].

LOX-1 is expressed in platelets once they are activated [82], where it contributes to OxLDL
internalization together with CD36. Since LOX-1 is able to binds anionic phospholipids as the
present in the surface of activated platelets, has been proposed that endothelial LOX-1
mediates platelet adhesion to ECs [68]. Indeed, platelet binding to LOX-1 enhances endothe‐
lin-1 (ET-1) release from ECs [83] and induces oxidative inactivation of NO in ECs [56],
suggesting that LOX-1 participates in endothelial dysfunction also through activated platelets.
Thus, OxLDL seems to play a pivotal role in the pro-atherosclerotic behavior of activated
platelets.

Figure 6. Role of OxLDL in pro-atherosclerotic function of platelets.
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4. Mouse models for atherosclerosis

Given the importance of knowing the role of oxidized LDL in the process of atherosclerotic
plaque formation, the study of animal models has been an important tool, where the exami‐
nation of genetically modified mice has significantly contributed towards a better under‐
standing of the mechanisms involved in this pathology.

It is worth noting that the use of small animals in research benefits from easy availability and
low cost compared to large animals like primates. In addition, working with small animals
reduces ethical concerns and limits the quantity of new agents needed for in vivo studies.

Transgenic and knockout mouse models for atherosclerosis have also been instrumental in
evaluating existing, finding and testing new atherosclerotic drugs [84]. Small-animal models
have the advantage of a well-defined genetic characterization which opens the possibility to
transform them into transgenic and gene knockout animals [85].

Atherosclerosis is it not developed by wild-type mice; in fact they have high levels of anti-
atherogenic high-density lipoprotein (HDL) and low levels of pro-atherogenic LDL and very-
low-density lipoprotein (VLDL). Furthermore, mice do not express cholesteryl ester transfer
protein (CETP), a plasma protein known to transfer cholesteryl ester from HDL particles and
other lipoprotein fractions to pro-atherogenic apolipoprotein-B-containing lipoproteins LDL,
VLDL and intermediate low-density lipoproteins (ILDL).

The current mouse models of atherosclerosis are based on disorders on the metabolism of
lipoproteins through diets or genetic manipulations [84]. These perturbations have been made
thanks to the current availability of genetic information, a variety of inbred strains and the
development of molecular biology technics [86]. Atherosclerotic mice were first reported by
Thompson et al., 1969, [87] using C57BL/6 inbred mice fed for five weeks with a diet containing
a 50% of fat, whereas control mice were fed with a regular diet of 5% of fat. Nevertheless, this
diet had a high percentage of mortality [86]. Paigen et al. modified the diet proposed by
Thompson supplementing it with a regular diet containing 1.25% of cholesterol, 0.5% of cholic
acid and 15% of fat. Nowadays, this diet is named the “Paiged diet” [88]. However, Ignatowski
et al., [89] reported in 1980 the first evidence of atherosclerosis in the aorta of a rabbit model
fed with a diet containing animal proteins like meat, eggs and milk.

Nowadays, the most used model of atherosclerosis in mice is based on the alteration of genes
that codify the low-density lipoprotein receptor (LDLr) and the apolipoprotein E (ApoE), being
both key elements for the lipid metabolism.

5. Apolipoprotein E-deficient (Apo E -/-) mice

The ApoE, is a glycoprotein found in almost every lipoprotein with the exception of LDL. The
purpose of this glycoprotein mainly synthesized in the brain and liver is to serve as a ligand
for receptors that removes the VLDL and chylomicrons remnants. Since the ApoE can also be
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synthesized by macrophages and monocytes in the atherosclerotic vessels, is thought to have
an important role on inflammatory processes and on the cholesterol homeostasis [90]. More‐
over, it has been reported that ApoE may function in the biliary excretion and in dietary
absorption of cholesterol [91].

Plump et al., [92] in 1992, produced the first mice models deficient in apolipoprotein E (ApoE-/-).
These animals were fed with a diet of 4.5% fat to develop a strong atherosclerosis model. This
became an important tool in the research of atherosclerosis.

To inactivate the mice’s ApoE gene, a homologous recombination of genes was made in
embryonic stem cells. Two plasmids (pNMC109 and pJPB63) with a neomycin-resistance gene
were used to disrupt the structure of the ApoE gene. Chimeric mice were generated by
blastocyst injection with targeted lines [93]. The fact that homozygous animals were born at
the expected frequency and that they appeared to be healthy, was of significant importance.

Currently, the ApoE-/-mice are available on Jackson Laboratories which are direct descendants
of the original ApoE-/- mouse created by the Maeda group (002052 B6.129P2-Apoetm1Unc).

Under a normal chow-fed diet, the mice developed a fatty streak observed in the aorta as early
as a 3-month-old [93]. Foam cells at 10 weeks of age under the same diet were observed using
a light microscopy. At 15 weeks of age, lesions containing SMCs and foam cells were observed,
and at 20 weeks of age, fibrous plaques could be seen. It is worth mentioning that when a
Western diet is used, the process is accelerated [94].

Although it is known that this model of ApoE-/- has considerable limitations, it has been used
widely, because of the rapid development of atherosclerosis. A major drawback of the
complete absence of ApoE protein is that most plasma cholesterol is confined to VLDL and
not to LDL particles as in humans.

6. LDL receptor-deficient (LDLr-/-) mice

In humans, mutations in the LDLr gene cause familial hypercholesterolemia. The LDLr-/-mouse
has a milder lipoprotein alteration than ApoE-/-mice when fed standard low-fat chow, with
plasma cholesterol levels around 250 mg/dL due mainly to the accumulation of LDL [95].

In 1993, LDLr-/- mice were created by gene targeting of embryonic stem cells [96]. By feeding
them with a 10% fat diet, an increase of total cholesterol level (2-fold) was observed on these
mice, due mainly to the high levels of VLDL and LDL. When fed on a high-fat/high-cholesterol
diet, LDLr-/- mice showed a rapid increase in the severity of hypercholesterolemia and
atherosclerotic lesion development throughout the coronary arteries, aortic root, and aorta [85,
97]. The plasma lipoprotein profile of LDLr-/- mice resembled the one of humans, with the
cholesterol being confined mainly to the LDL fraction. Nevertheless, this mice model of
atherosclerosis is very responsive to the diet. In fact, their cholesterol levels rose up to 1500
mg/dL when they were under the Paigen diet [98]. The lesions produced in LDLr-/- mice were
similar to the lesions produced in the ApoE-/- mice, in terms of their development of plaques
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in a time-dependent manner. On the contrary, the LDLr-/- mouse produced a more moderate
murine model of atherosclerosis than the ApoE-/- mouse. This characteristic is produced mainly
due to a milder degree of hyperlipidemia [99].

In 1998, a mouse model deficient in the Apo B mRNA editing activity (Apobec1-/-) and LDL
receptor (LDLr-/-) were generated by Powell-Braxton et al [100]. The lipoprotein profile of this
animal model resembles the human familial hypercholesterolemia and when fed with a chow
diet, exhibited atherosclerosis at its 8-month of age. The characteristics of this animal model
provided an advantage to study the interactions between the environment (high fat diet) and
the gene response in the onset of atherosclerosis [101].

7. ApoE3-leiden transgenic mice

Mutations in the gene encoding ApoE can lead to a binding-defective ApoE, which mediates
the binding of lipoproteins to LDL receptor and is an essential ligand for the receptor-mediated
uptake of chylomicron and VLDL remnants by hepatic lipoprotein receptors. This results in a
disturbed receptor-mediated clearance of lipoprotein remnants by the liver, as has been
described for patients with familial dysbetalipoproteinemia[102]. Premature atherosclerosis is
produced by a genetic disorder named familial dysbetalipoproteinemia, which presents high
levels of plasmatic triglycerides and cholesterol, mainly due to the increase in the VLDL
remnants and chylomicron. The ApoE3-Leiden, a genetic variant of ApoE, is related with an
inherited familial dysbetalipoproteinemia [103].

The ApoE3-Leiden mutation it is characterized by a rare dominant-negative tandem duplica‐
tion of codons 120 to 126 in human ApoE3 gene. Introducing a human ApoE3-Leiden gene
construct into C57BL/6 mice has generated the ApoE3-Leiden transgenic mice. The ApoE3-
Leiden gene consists of a construct with the ApoC1and ApoE genes with a promoter element
to regulate the expression. While, this mice model of atherosclerosis still expresses ApoE
protein, the clearance of lipoproteins containing ApoE is impaired, being less dramatic than
the ApoE-/- mice model of atherosclerosis. The introduction of the ApoC1 gene in transgenic
mice has exhibited elevated levels of cholesterol and triglycerides owing to an accumulation
of VLDL-size particles in the circulation, increasing plasma lipid levels by diminished lipolysis
and VLDL uptake through both the LDLr and low density lipoprotein receptor-related protein
(LRP) [84, 104].The ApoE3-Leiden mice have a hyperlipidemic phenotype, develop athero‐
sclerosis on being fed cholesterol, and are more sensitive to lipid-lowering drugs than ApoE-/-

and LDLr-/- mice [105]. The ApoE3-Leiden mice model is very responsive to diets containing
sugar, fat and cholesterol, developing high levels of plasma triglycerides and cholesterol, with
a prominent increase in LDL and VLDL lipoproteins.

Compared with ApoE-/- and LDLr-/- mice, ApoE3-Leiden mice represent a moderate mouse
model for hyperlipidemia. Therefore, diets and drugs that influence the production of VLDL
and chylomicron also show parallel effects on plasma levels of triglycerides and cholesterol.
In this sense, the ApoE3-Leiden mice are more responsive to hypolipidemic compounds than
the LDLr-/- and ApoE-/- mice [84, 106].
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8. Double knockout mice models

A model that develops severe hyperlipidaemia and atherosclerosis was obtained with an ApoE
and LDLr double knockout (ApoE-/-/ LDLr-/- / DKO) [98]. It has been observed that, even on a
regular chow diet, the atherosclerosis progression is generally more considerable than in mice
only deficient in ApoE [107, 108]. Hence, the ApoE-/-/, LDLr-/-/, DKO mouse is appropriate to
study the effect of compounds with anti-atherosclerotic activity without the need of athero‐
genic diets.

Besides, the role of the ApoE and the LDLr in the development of the atherosclerosis and
dysregulation of the NOS system leading to impairment of NO bioavailability, has been
documented for some time in atherosclerotic vessels of both experimental animals and humans
[109]. To study the contribution of endothelial eNOS to lesion formation, Kuhlencordt et al.
[110] created ApoE-/-/ eNOS-/-/double knockout mice (ApoE-/-/ eNOS-/- / DKO), which presents a
more pronounced atherosclerosis than ApoE-/- mouse model. Besides, eNOS absence favors
the development of peripheral coronary disease, chronic myocardial ischemia, heart failure
and an array of other vascular complications not detected in ApoE-/- mice [111].

Additionally, key structural proteins like apoB100 and apoB48, are needed to assemble
lipoproteins rich in triacylglycerol; moreover, these proteins are part of all classes of athero‐
genic lipoproteins [112]. Veniant et al., 1998, characterized LDLr-/- and ApoE-/- mice which were
homozygous to the ApoB-100 allele, founding that the LDLr-/-/ApoB100/100 mice model develop
an extensive atherosclerosis, even when were fed with a normal chow diet, [113]

In summary, the experimental evidences show that the oxidative stress plays a pivotal role in
atherogenesis, having OxLDL as a crucial player. Nevertheless, the clinical trials that used
antioxidants strategies have shown poor results in relationship to the development of athero‐
sclerosis, besides strong discrepancies between the different studies to establish the correlation
between oxidative stress and atherogenic process. Therefore, the achievement of a successful
therapy in humans based on the oxidative modification hypothesis is still a major challenge.
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1. Introduction

The European Atherosclerosis Society and the European Society of Cardiology have made new
recommendations regarding the treatment of dyslipidaemia (1). Such recommendations build
upon the “Joint European Societies' Task Force Guidelines on the Prevention of CVD in Clinical
Practice" of 2007 [1, 2]. The most important changes include the redefinition of the risk
categories and the addition of a ‘very high-risk’ category. For these new risk categories, the
LDL-C targets have been redefined. In the highest risk individuals, the lowering of LDL to 70
mg/dl is recommended. Furthermore, HDL-c has been added to the new SCORE risk chart and
non-HDL cholesterol is now considered to be a secondary target.

In this study, we illustrate how these guidelines can be used in clinical practice. We also give
some tips on how to make them more user-friendly for clinicians (Figure 1). The discussed case
(Clinical Case 1) was developed to combine a series of difficulties in therapeutic decision-
making. We accepted the principle that any correctable secondary causes of dyslipidaemia had
been excluded and that the patient had already received all the care to improve the other risk
factors but without real (enough) success. These risk factors included smoking cessation,
weight loss and/or blood pressure reduction. Unfortunately, this case is far from an exception.
The reality is that it is often more difficult to quantitatively reduce risk factors, than it is to
reduce cholesterol levels.

© 2015 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.



Figure 1. Algorithm of dyslipidaemia management in cardiovascular prevention.

Clinical Case 1. Presentation.

The patient,a woman of 59 years of age, has come to visit her doctor because she has reached the same age as when
her sister suffered from a heart attack (two years ago).

Personal history:Without particularity.

Family history:Her mother is obese and has been treated for diabetes since the age of 60 years. Her sister has
undertaken a coronary bypass surgery following a heart attack at 59 years of age.

Lifestyle-dietary habits.Smokes (15 cigarettes per day), sedentary (works in an office, does not practice sport and
only engages in interior recreation).

Clinical examination.Weight: 92 kg; height: 1,74 m (Body mass index – BMI : 30,5 kg/m²); waist circumference:
99 cm ; blood pressure: 145 / 85 mm Hg, no xanthoma, no corneal arcus.

Biology:Total cholesterol: 5.8 mmol/l; HDL cholesterol(HDL-C) : 1.0 mmol/l; triglycerides (TG): 3.5 mmol/l:
cholesterol LDL (LDL-C) : 3.2 mmol/l (tableau 1); glycaemia : 112 mg/dl ; hs-CRP= 1,2 mg/dL; normal levels of
creatinin, hepatic enzymes and thyroid hormones.
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Clinical Case 2. What is the Cardiovascular Risk of this Patient?

Our patient has no cardiovascular history, diabetes or any severe risk factors. Thus, we should calculate the risk
SCORE, i.e., the risk of cardiovascular mortality in 10 years (we should take into consideration that we are a country
with a high-risk population).

- Based on the classical risk factors (gender, age, systolic blood pressure and total cholesterol levels) and according
to the classical SCORE table, the risk SCORE is 4% (Figure 2).

- Based on the new way to calculate the risk, the risk of our patient is quite high. After adjusting the HDL-C (near
1 mmol/l), using the four tables or using multipliers plus the reference chart, the SCORE reached should be 6 -6,4%.
Given her family history (her sister, a woman of 60 years), this must be multiplied by 1.7 (Figure 2). Thus, the
calculation is 10-11%. In addition, the presence of other risk factors (high levels of triglycerides, obesity, sedentariness
and high hs-CRP) justifies the multiplication by 1.5 (~1.46=1.1 x 1.1 x 1. 1 x 1.1). This gives us 15-16% (let us take
15% as a base to facilitate later calculations). Thus, in total, we estimate that the risk of the patient dying of
cardiovascular disease in 10 years is likely to be 15 % (Table 1). The patient is, therefore, in the category of risk
labelled very high. The global risk (fatal and non-fatal) can be calculated by multiplying this by three (as the patient
is a woman of nearly 60 years of age), giving a value of ~ 45%, which is very high.

2. First question: What is the cardiovascular risk of this patient?

To determine whether the patient is in the highest/high-risk category, we propose the acronym
"C.A.R.D.I.A.SCORE". This will make it easy to remember (Figure 1).

2.1. Acronym « C.A.R.D.I.A. SCORE »

If there is an history of cardiovascular (« C ») disease, coronary, cerebrovascular or any artery
injuries (« A ») in general (peripheral arteries, aneurism, etc.); if there is renal insufficiency
(« R ») defined by a glomerular filtration below 60 ml/min/1,73 m²; if there is diabetes (« D »),
either type I or II complicated of organ injuries (microalbuminuria) or type II without com‐
plications; if the patient is older than 40 years of age and displaying other risk factors (notice
that, in diabetes, the three conditions of « complication, age and risk factor give the acronym
« CAR »), the patient should be considered as « very high-risk ».

For patients who show an isolated, yet severe, risk factor (« I »), like diabetes, without any
other risk factor, severe hypercholesterolemia (cholesterol > 7.5 mmol/l and/or familial
hypercholesterolemia) or severe hypertension (>180 mm Hg), they should be considered as
« high-risk ». Furthermore, patients who have been diabetic since a young age (« I ») should
also be considered as « high-risk ».

All other individuals who do not present one of the above characteristics should be examined
using SCORE (6).
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2.2. SCORE with two novelties

First novelty. It is now possible to qualify the risk SCORE quantitatively, according to the
presence of a family history of early cardiovascular disease and the level of HDL cholesterol
(1, 3and 4).We can do this by using either the four specific tables (one for each of the four HDL-
C levels) (1) or the HDL-C specific multipliers to adjust the SCORE risk based on one reference
table (the table for HDL-C = 0.8 mmol/l)(6) (Figure 2). In addition, we should consider the
patient as higher risk if other risk factors are present (high levels of triglycerides, obesity,
sedentariness, etc.). For these factors, the guidelines do not provide any multipliers but, as a
rule of thumb, we should accept a minimum value of 1.1 as a multiplier for each additional
factor. Indeed, in epidemiological studies, it is rare that a parameter can be identified as
statistically independent and a clinically meaningful risk factor if it does not increase the risk
to a minimum of 10%, after adjusting for other risk factors.

Second novelty. Patients should not be categorized according to a single "frontier of risk"
(below or above 5%). Instead, they should be categorized based on the three "frontiers of risk":
1%, 5% and 10%. Thus, the risk SCORE should be defined as “low” if it is less than
1%,"moderate" if it is between 1% and 5%, "high" if it is between 5% and 10% and "very
high" if it is over 10% (Figure 1).

Our case (Clinical Case 2) illustrates how a "moderate" 4% risk can be significantly enhanced
in refining the other risk factors such as HDL-C, family history and so on. It is possible to
calculate the global risk (fatal and non-fatal) simply by multiplying by three for men, by four
for women and by a little less for older people. Taking this into consideration, for our female
patient of 59 years, we should multiply by three. Thus, the overall risk is 45%. This is another
way of expressing the CVD risk (with a higher number!). It should be used to increase our
patient’s awareness of CVD and encourage her to be more motivated to follow the regime and
take her medication.

3. Second question, how do we treat this patient?

The LDL-C remains the primary target, as in the previous guidelines. The target LDL-C is
determined as a function of the patient’s risk.For each risk category, there is a different LDL
GOAL. There is also a simplified chart to calculate the LDL reduction percentage to reach that
goal. The evidence to decrease LDL-C to such low levels is supported by previous studies that
indicate a possible regression of atherosclerotic plaques (i.e., a "rejuvenation" of the arteries)
in this condition.

What if the level of LDL-C is unavailable because it is non-computable by the Friedewald
formula (when TG levels are above 4.5 mmol/l)? In this case, we should use another target.
The alternative target is not the level of total cholesterol, as proposed in the previous guide‐
lines. Instead, it is the level of non HDL-C that will become, in this case, the primary target
(see §4).
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GOAL. There is also a simplified chart to calculate the LDL reduction percentage to reach that
goal. The evidence to decrease LDL-C to such low levels is supported by previous studies that
indicate a possible regression of atherosclerotic plaques (i.e., a "rejuvenation" of the arteries)
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(see §4).
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Figure 2. Table of risk SCORE, (the risk of cardiovascular death at 10 years) and the adjustments according to the level
of HDL-C (8) as well as any family history of early cardiovascular disease (before 50 years of age in men and before 60
years of age in women). The table should be used as a reference chart; the table of SCORE at 0.8 mmol/l HDL-C, which
contains the highest risk values. This allows the multipliers for the other HDL levels to be between 0 and 1 (which
facilitates multiplication, e.g., to multiply by 0.4, multiply by 4 and divide by 10). Figure 2a. displays the SCORE in the
high-risk population and Figure 2.b, in the low risk population.
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3.1. Which Statin, What Dose and How Fast

Statin should always be the first line treatment (even for dyslipidaemia mixed with elevations
of cholesterol and triglycerides, as we will demonstrate below (§4)). We should begin by
prescribing a statin at a dosage that is the most likely to be effective in obtaining the correct
reduction target. The rationale to choose the statin type and dosage is quite mathematical and
is based on the baseline level, the LDL-C target and knowledge of the different statins’ power
(Figure 3). In terms of power (for a same dosage), these are fluvastatin < pravastatin < sim‐
vastatin <pitavastatin< atorvastatin < rosuvastatin [5]. Another rule is that, on average,
doubling each of the statin dosage leads to a further decline in the rate of LDL-C of 4% to 6%.
Another way to intensify the treatment is to associate the statin with one of the other anti-
dyslipidaemia drugs (Figure 3). Among these, ezetimibe has the largest (20% to 25%) addi‐
tional reduction of LDL-C. When the risk is high and the target is not reached, it is important
to adjust the treatment as quickly as possible. The compliance and satisfaction of the patient,
as well as the physician, depends on it.

Figure 3. The choice and the statin dose should be based on a near mathematical criterion: the target reduction of LDL–
C. The necessary reduction is easily estimated by the difference between the baseline LDL-C level and its target (ac‐
cording to the risk level) divided by the baseline LDL-C. The figure displays the power of different treatments in re‐
ducing LDL-C. For better precision of atorvastatin, we should use the following rule (dosage→ % LDL-C reduction): 10
mg → 38%, 20 mg → 45%, 40 mg → 49%, 80 mg → 52%). Other drugs also influence the HDL-C and TG levels. Statins
have a small effect on the levels of HDL-C (slight ↑) and triglycerides (slight ↓). Fluva: fluvastatin; prava: pravastatin;
pita: pitavasatin; simva: simvastatin; rosuva:rosuvastatin; atorva: atorvastatin.

3.2. Before prescribing a statin, we will check

Before the initiation of treatment, it is important to ensure that the CK (creatine phosphokinase)
levels are not too high. If they are very high (> 5 times the upper limit of normal), it is better
to delay and to check again six weeks later. Furthermore, it is important to determine the cause
of these levels (intense physical exercise, trauma or recent intramuscular injection). To reduce
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the risk of muscle side effects, we have to be more vigilant in elderly patients or in cases where
the simultaneous use of treatment is interfering (via cytochrome P 450) with the metabolism
of the proposed statin. We also have to be particularly careful if the patient has previously
suffered from hepatic or renal insufficiencies.

For our patient in the very high-risk category, the LDL-C target is below 1.8 mmol/l. To achieve
this target, we should reduce the patient’s LDL-C by 40% (Clinical Case 3).

Clinical Case 3. How do we Treat Cholesterol in this Patient?

For our patient with a very high-risk,

- The target is < 1.8 mmol/l

- The necessary LDL-C reduction is: 3.0 mmol/l - 1.8 mmol/l = 1.2 mmol/l, which requires a reduction of 40% of the
LDL-C (1.2 / 3.0 = 40%).

- The statins that are able to achieve a 40% reduction (Figure 3) are, for example, 40 mg simvastatin or 20 mg
atorvastatin (there is very little chance of achieving such a reduction with pravastatin, even with 20 mg simvastatin).

- Prior to prescribing the drug, we should first verify the levels of CPK and liver enzymes, if this has not already been
achieved.

Figure 4. Shows how various LDL reductions decrease the risk of cardiovascular mortality up to 10 years (SCORE) and
the risk of global cardiovascular risk (fatal and non-fatal) up to 10 years (this is calculated by multiplying the risk
SCORE by three). (1) The current 0.9 mmol/l reduction of LDL-C relatively reduces CV events by 18%. Hence, the abso‐
lute risk of mortality CV decreases from 15% to 12%. Similarly, the global CV risk (multiplied by 3, see above) decreas‐
es from 45% to 36%. (2) A greater reduction below the target of 1.8 mmol/l allows a relative reduction in the amount of
CV events by 32%. Hence, the absolute risk of mortality CV decreases from 15% to 10% and the CV global risk decreas‐
es from 45% to 30%.
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4. Third question, how to follow up the patient?

In order to verify the effectiveness and safety of the patient’s prescription, the improved
guidelines recommend a patient follow up eight weeks later. Once the lipid levels have reached
the target levels (according to the risk of the patient) and a safe level is maintained, an annual
follow up will suffice.

4.1. Tolerance monitoring

Throughout the therapy, the monitoring of liver enzymes (Figure 5) is required. In subjects
complaining of muscle pain, the muscle enzymes should be analysed. As long as the enzymes
are not too high (< 3 x the upper limit of normal or ULN), we should continue the statin.
However, if the enzymes exceed by 3 x ULN for liver enzymes or 5 X ULN for muscle enzymes
(Figure 5), the statins should be stopped. Furthermore, the enzymes should be checked four
to six weeks later (or two weeks later if the CK is very high). For high elevation of the CK, we
should check the renal function. When the enzymes return to a normal value, treatment (or an
alternative treatment) should be carefully reintroduced. In all cases, other common causes of
the elevation of these enzymes should be excluded. In the instance of high CK, this means
intensive muscle efforts and injuries (including intramuscular injections, etc.). For cases of high
ALT, this means weight gain, excess of sugar, fat or alcohol, steatosis, hepatitis, lithiasis
migration and other medications, etc.

Figure 5. Biological monitoring of liver and muscle enzymes. CK: Creatine kinase. ALT. Alanine aminotransferase (al‐
so called SGPT).
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Figure 6. In the intensity of treatment, a rapid escalation is more beneficial than a slow progression.

4.2. Efficacy monitoring

If the target is not achieved and, especially, if the observed reduction is lower than expected,
as is the case here (Clinical Case 4), we should first check whether the patient has been
compliant. We know that, after one year, approximately half of patients do not correctly take
their medication [6]. If the patient has been compliant with her medication, it is possible that
the inadequate response is due to a resistance to the statin. This occurs in 10% of patients. If
this is the case, we should adapt the treatment.

Clinical Case 4. How do we Follow up the Patient?

Eight weeks after the prescription of 40 mg simvastatin, the patient is not complaining of myalgia. CPK levels have
not been controlled and the GOT rates are normal. However, we are slightly disappointed with the lipid profile of the
patient, which has become (Table 1):

Total cholesterol: 4.8 mmol/l; LDL-C: 2, 3 mmol/l; HDL-C: 1.1 mmol/l; Triglycerides: 3.1 mmol/l

The treatment appears to be well tolerated but the target has not been reached. Curiously, the reduction has not
achieved the expected 40% (but only 28%!).

4.2.1. Why is it important that the target is reached?

In a recent meta-analysis of the results of 118,000 subjects from 26 intervention trials with
statins, there was evidence of a relationship between the reduction of LDL-C and the reduction
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of the incidence of CV disease in 4-5 years. Every decrease of 1 mmol/l for LDL - C by a statin
(Figure 4) was associated with a relative reduction in about 20% coronary events, stroke and
heart deaths [7]. This relationship was universal (regardless of age, sex and other risk factors).
Furthermore, it was almost linear over the range of studied LDL-C levels.

The absolute benefit produced by statins not only depends on their capacity to lower LDL-C
but also, on the initial CV risk. Thus, the greater the initial CV risk, the greater the reduction
of absolute risk. In such cases, it is crucial to ensure the reduction of LDL-C. For our patient
(Clinical Case 4 and Figure 4), we calculated that a reduction ofLDL-C to 1.6 mmol/l (below
the target of 1.8 mmol/l), instead of the current reached level of 2.3 mmol/l (Clinical Case 4),
should reduce the risk of mortality from 12% to 10% CV. This should also reduce the CV global
risk (multiplied by three) from 36% to 30% (Figure 4). This means that if this target was not
achieved in 100 patients, six (30-36%) patients would experience a CV event and two patients
would die (10%-12%). This highlights the importance of achieving values below the target,
even if it sometimes seems difficult.

4.2.2. What to do if the target is not reached?

In our patient’s case (Clinical Case 5), we should try to obtain her compliance by reassuring
her. If, in spite of this, the target is still not reached, we should adapt the treatment. This can
be achieved by increasing the dosage of the statin (doubling each = 6% further LDL reduction)
or replacing it with a more powerful statin. Another option is to combine the treatment with
Ezetimibe (with an additional reduction of 20-25%) (Figure 3). The latter option is particularly
useful when the observed reduction appears lower than expected, despite the patient’s
compliance with the treatment. Indeed, this suggests that the patient has a resistance to the
statins. This usually affects all statins at all doses (the effect of each doubling statin dose does
not allow the patient to achieve more than 4% or even 3%).

Clinical Case 5. What do we do if the Target is not Reached?

Due to the disappointing result at the second visit, we ask the patient about her resistance to comply. The patient
says that she is scared of the side effects of the medication and thus, she only takes half a pill and tends to forget to
take her medication. We answer all of her questions. We put the patient’s mind at ease and encourage her to correctly
take her medicine. Thus, the patient finally complies. This is confirmed at her third visit. However, at this visit, the
patient’s LDL-C still remained above 1.8 mmol/l. This means that we should adapt the statin (Table 1).

Eight weeks later (visit 4, Table 1), the lipid profile of the patient becomes (Table 1):

Total cholesterol: 4.0 mmol/l; LDL-C : 1.6 mmol/l; HDL-C : 1.2 mmol/l; Triglycerides: 2.8 mmol/l.

The target of LDL - C (less than 1.8 mmol/l) has now been reached. However, elevated levels of triglycerides and low
level of HDL – C still remain! Should we be concerned about them?
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4.2.3. Reach the target« ASAP2 ».

As mentioned above, the benefit of the LDL-C reduction can be seen within the first year
treatment. The goal of "as quickly as possible" is all the more important in patients that are
considered as high-risk. In a patient such as ours, there is a 15% risk of her dying from CVD
in the next 10 years. Furthermore, there is a 45% (almost a "chance" on 2) risk of her having a
global (fatal and non-fatal) CV event in the next 10 years. This means that there is a respective
1.5% risk and 4.5% (almost a "chance" on 20) risk of CV mortality and global CV risk per year.
Although this may seem like a relatively small number, the delay in the necessary reduction
of LDL-C for a year in 100 individuals (like our patient) would result in at least four to five CV
events (including one death). However, in our practice, we should take note of the excuses
given by the patient or by ourselves (anniversary cake, Christmas or Easter celebration,
carnivals, holidays in all-inclusive hotels, etc., are a few days before blood sampling!). Such
legions delay treatment adaption and obtaining satisfactory results. Taking this into consid‐
eration, it is clear that a more honest escalation in treatment would be more beneficial for the
patient (Figure 6).

5. Fourth question: Should we go beyond LDL?

This leads us to three questions: (1) under statin therapy, does the patient still have a residual
CV risk? (2) Is it necessary to target HDL-C and triglycerides? (3) Finally, is there scientific
evidence that suggests further intervention would be beneficial? To answer these three
questions, the guidelines respond affirmatively. Even after the reduction of LDL–C under the
correct value target, a residual risk persists (between 60 and 80% of the initial risk). Part of this
residual risk is attributed to the persistence of other alterations in a lipid profile.

Thus, if after the LDL-C correction, the patient still displays a high or very high-risk and has
combined dyslipidaemia (triglycerides [TG] high > 1.7 mmol/l and HDL cholesterol [HDL - C]
too low < 1.2 mmol/l for men or < 1.4 mmol/l for women), she may benefit from further
improvement in her lipid profile.

The next question is: at this stage, how should a therapeutic target be set? Should we correct
these levels of HDL-C and triglycerides or should we seek another target? In practice, it is often
impossible to completely correct TG and HDL-C levels to achieve levels of 1.7 mmol/l for TG
or 1.2 mmol/l in men and1.4 mmol/l in women for HDL-C. On the one hand, TG levels vary
too much from one day to the next. On the other hand, HDL-C levels are difficult to increase.
For example, a baseline HDL-C at 0.8 mmol/l gives a rise of 20%, equivalent to 0.16 mmol/l.
This only allows the HDLL-C levels to reach 1 mmol/l - a difference barely perceptible, given
the limited accuracy of laboratory measurements. Thus, the new guidelines recommend a more
realistic target: the level of non-HDL cholesterol (non-HDL-C). This level is measured by a
simple calculation:

    –  Non HDL C total cholesterol HDL C- - = -
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In fact, as we can understand from the formula of Friedewald, this non-HDL-C is the sum
[LDL-C + VLDL cholesterol]. The originality of this parameter is that it integrates all the
potentially atherogenic lipoproteins, namely LDL and VLDL. These have a particularly high
presence of low HDL-C and high TG (e.g., in the metabolic syndrome) [8].

The conditions and level of non-HDL-C targets are easy to deduct from the target levels of
LDL–C. This is because they integrate the target value of LDL-C (< 1.8 or <2.5 mmol/l) plus the
ideal value of VLDL-C (< 0.8 mmol/l; 0.8 is obtained by dividing the ideal 1.7 mmol/l level of
TG by 2.2, see the Friedewald formula). Consequently, the level of non-HDL-C should be less
than 2.5 mmol/l or 3.3 mmol/l as the risk is very high or high, respectively (Clinical Case 6).

Clinical Case 6. Should we go Further in Correcting the Dyslipidaemia?

The presence of high levels of triglycerides and low levels of HDL –C signal the calculation of the level ofcholesterol
non-HDL and the examination of the patient’s residual risk.

At this stage, the calculated risk SCORE (with a total cholesterol of 4 mmol/l) is still very high. The SCORE is equal
to 10.4%, taking into account the SCORE, HDL-C and family history, as well as the other risk factors such as TG,
obesity, sedentariness and high hs-CRP (Table 1). Another way to calculate this risk is by considering the initial risk
SCORE of 15% and removing the CV risk reduction produced by the LDL - C reduction (Figure 4). This leads to
the same result.

Non-HDL cholesterol, which is equal to 2,8 mmol/l (tot chol – HDL-C = 4.0 – 1.2), should certainly be reduced below
2.5 mmol/l (= target for very high-risk). To do so, we can either strengthen the power of the statin or add ezetimibe
to further reduce LDL–C. Another option is to add a fibrate or niacin to reduce TG (and LDL for niacin). Although
these alternatives result in approximately the same reduction of the non - HDL cholesterol, they lead to different final
lipid patterns (Table 1).

Visit 1 Visit 2 Visit 4 Visit 5 (2 alternatives)

Time line 0 2 months 6 months 10 months

Therapeutic target(s)
LDL-C

< 1,.8 mmol/l
< 70 mg/dl

Second attempt
to correct LDL-C

Non HDL-C < 2.5
mmol/l (↓ LDL-C)

Alternative to ↓
non HDL-C < 2,5
mmol/l (↓ VLDL-

C)

Current treatment Baseline Simva 40 mg

- Better
compliance

- Atorva 40 mg or
rosuva 20 mg

Same as visit 4
+ ezetimibe 10 mg

Same as visit 4
+fenofibrate 145

mg

Total cholesterol
5,8 mmol/l
(224 mg/dl)

4,8 mmol/l
(185 mg/dl)

4,0 mmol/l
(156 mg/dl)

3,6 mmol/l
(140 mg/dl)

3,7 mmol/l
(141 mg/dl)
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Visit 1 Visit 2 Visit 4 Visit 5 (2 alternatives)

HDL-C
1,0 mmol/l
(39 mg/dl)

1,1 mmol/l
(42 mg/dl)

1,2 mmol/l
(45 mg/dl)

1,2 mmol/l
(47 mg/dl)

1,3 mmol/l
(49 mg/dl)

Triglycerides
3,5 mmol/l
(308 mg/dl)

3,1 mmol/l
(271 mg/dl)

2,8 mmol/l
(246 mg/dl)

2,6 mmol/l
(232 mg/dl)

2,0 mmol/l
(172 mg/dl)

LDL-C
3,2 mmol/l
(124 mg/dl)

2,3 mmol/l
(89 mg/dl)

1,6 mmol/l
(62 mg/dl)

1,2 mmol/l
(46 mg/dl)

1,5 mmol/l
(58 mg/dl)

Non HDL-C

5,8-1,0=4,8
mmol/l

(224-39=185
mg/dl)

4,8-1,1=3,7
mmol/l

(185-42=143
mg/dl)

4,0-1,2=2,9
mmol/l

(156-45=111
mg/dl)

3,6-1,2=2,4 mmol/l
(140-47=93 mg/dl)

3,7-1,3=2,4 mmol/l
(141-49=92 mg/dl)

LDL reduction (from
baseline level)

-0,9 mmol/l
(-28%)

(- 35 mg/dl)

-1,6 mmol/l
(-50%)

(- 62 mg/dl)

-2,0 mmol/l (-63%)
(- 77 mg/dl)

-1,7 mmol/l (-53%)
(- 66 mg/dl)

Relative risk
reduction (Absolute

risk reduction or
ARR)

- 18%
(- 2,7%)

- 32%
(- 4,8%)

- 40%
(- 6,0%)

> - 34%*
(>- 5,1%)*

SCORE evolution
calculated from the

initial SCORE and the
subsequent ARR

15,0% 12,3% 10,2% 9,0% <9,9%

SCORE evolution
estimated from

SCORE Chart (see
Figure 2).

15,9% 12,2% 10,4% 10,4% 8,1%

The relative risk reduction (RRR) is calculated from the CTT regression (every LDL-C reduction of 1 mmol/l LDL-C leads
to a 20% CVD risk reduction). * The effect associated with the combination of statin and fibrate is expected to be greater
than the effect of the LDL reduction. According to a recent study of diabetes (ACCORD), the addition of fibrate to statin
in patients (including non-diabetic patients) with high TG and low HDL-C brings an additional 30% reduction in the risk
of CVD. In our SCORE calculation, the smaller risk (8-9%) is due to the increase in HDL-C (the multiplier is 0.6 instead
of 0.7) and the suppression of TG amongst the “other risk factors” (only obesity, sedentariness and hs-CRP remain,
therefore, the multiplier for the other risk factor is 1.1 x 1.1 x 1.1 = 1.3 instead of 1.5). Simva: simvastatin; rosuva:
rosuvastatin; atorva: atorvastatin.

Table 1. The evolution of the lipid profiles and CV risk in relation to our patient’s increased treatment.

The reduction in the level of non-HDL-C should be achieved by an additional lowering of the
LDL-C level. There are a number of ways to do this, including the prescription of a higher
statin dosage, a stronger statin, a combination with ezetimibe (if intolerant) or by lowering the
level of TG (and therefore, VLDL-C) via the association of the statin with fibrate or niacin
(Clinical Case 6).
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6. Conclusions

The new recommendations offer a practical approach. They are more precise in supporting
the lipid profile of CV prevention. The four levels of risk and the possible adjustment of the
new targets (non-HDL-C or apoB) next to the traditional targets of the LDL–C and HDL-C rate
will allow better prescriptions of appropriate therapeutic drugs.

The present case illustrates step by step (visit by visit) the rationale for escalating treatment in
order to achieve the best cardiovascular prevention. We hope that such an example can help
give a better understanding of the EAS/ESC guidelines. The rigorous mathematical reasoning
is, of course, only displayed here to better quantify the benefit of the various therapeutic
choices. It is unlikely that it would be used in clinical practice. It is important to note that the
practical implementation of guidelines requires the intuitive clinical skill of the practitioner,
as well as open discussions with the patient. We would also like to highlight that, if the
correction of the lipid profile is accepted as the cornerstone of CV prevention, the importance
of lifestyle change (smoking, diet and physical activity) and the need to correct other risk
factors should not be forgotten.
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Chapter 5

Hypercholesterolemia Effect on Potassium Channels

Anna N. Bukiya and Avia Rosenhouse-Dantsker

Additional information is available at the end of the chapter
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1. Introduction

Cholesterol is a major lipid component of the plasma membrane in mammalian cells consti‐
tuting up to 45 mol % with respect to other lipids [1, 2]. Yet, even a limited increase in blood
and/or tissue cholesterol of up to 2-3 fold above the physiological level is cytotoxic [1-3] and
is associated with the development of cardiovascular disease [4-6]. The underlying source for
the effect of cholesterol on cellular functions is its ability to alter the function of multiple
membrane proteins including ion channels (see, for example, reviews [7-9]).

In recent years, high cholesterol diet has been shown to affect the function of multiple ion
channels. In this chapter we focus on the effect of dietary-induced increase in blood and tissue
cholesterol levels on potassium channels. Potassium channels are among the largest and most
complex types of ion channels. They are widely expressed in human tissues and are involved
in many aspects of cell function including membrane excitability, regulation of heart rate,
neuronal signaling, vascular tone, insulin release and salt flow across epithelia (see, for
example, reviews [10-17]). In addition, they also play a critical role in the protection of neurons
and muscle under metabolic stress. As a result, mutations in potassium channels lead to a wide
range of disease in the brain (epilepsy, episodic ataxia), ear (deafness), heart (arrhythmia),
muscle (myokymia, periodic paralysis), kidney (hypertension), pancreas (hyperinsulinemic
hypoglycemia, neonatal diabetes). Therefore, the effect of hypercholesterolemia on potassium
channel function has important pathophysiological implications.

The most common effect of a high-cholesterol diet on ion channels in general and potassium
channels in particular is a decrease in channel activity. Yet, the activity of some channels is
increased following a high cholesterol diet. For example, hypercholesterolemia suppressed the
function of the Kir2 subfamily of inwardly rectifying potassium (Kir) channels in different cell
types by ~2 fold [18-19]. However, atrial G-protein gated inwardly rectifying potassium
channels (GIRK or Kir3) that underlie KACh currents in the heart are enhanced by a high-

© 2015 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 eproduction in any medium, provided the original work is properly cited.



cholesterol diet [19]. Several types of voltage gated (Kv) channels were sensitive to changes in
the level of cellular membrane and dietary cholesterol [20-26]. The majority of the reports
described suppression of channel function by high-cholesterol diet. Moreover, large conduc‐
tance calcium-activated potassium (BK) channels were often suppressed following a high-
cholesterol diet [27-31].

In this chapter, we will describe the implications of high-cholesterol dietary intake on members
of three major families of potassium channels: voltage gated potassium (Kv) channels, calcium-
activated potassium (KCa) channels of large conductance (BK) and inwardly rectifying
potassium (Kir) channels. We will demonstrate that not only does high-cholesterol diet
increase the levels of blood cholesterol but it also increases the level of cholesterol in tissues in
which these types of channels are expressed. We will show that this cholesterol accumulation
in-vivo is reflected in the function of potassium channels. Lastly, we will discuss the importance
of the observed effects to organ function.

2. High-cholesterol diet model

Cholesterol-rich diet that is characteristic of Western societies critically controls blood lipid
levels in several species, including humans [32-33]. Regression models have been reported for
serum total cholesterol, triacylglycerol, and low-density-, high-density-, and very-low-
density-lipoprotein cholesterol. In particular, correlations between increased levels of dietary
cholesterol and these plasma lipids and lipoproteins were found to be 0.74, 0.65, 0.41, 0.14, and
0.34, respectively [32]. It has been predicted that compliance with the dietary recommendation
to consume <300 mg cholesterol per day (with 30% of energy from fat, < 10% from saturated
fat) will reduce plasma total and low-density-lipoprotein-cholesterol (LDL) concentrations by
approximately 5% compared with amounts associated with the average American diet [32].
Restriction of dietary cholesterol intake represents a widely used preventative measure against
numerous pathological conditions since increased total cholesterol and LDL levels are well-
recognized risk factors for several largely prevalent pathologies, including stroke [34-37],
coronary heart disease [38-39], vascular dementia [40], and atherosclerosis [41]. Therefore, it
is not surprising that a cholesterol-rich diet has been recreated in a research laboratory setting
to study the deleterious effects of cholesterol-rich food intake.

High-cholesterol diet-induced hypercholesterolemia is widely used for studies on monkeys
[42], hamsters [43], guinea pigs [44], rabbits [20, 27, 29, 45, 46], rats [19, 47-49] and mice [50].
The dietary-induced hypercholesterolemia model has several advantages. First, it mimics the
high-cholesterol food intake that is characteristic to the US population, and which impacts
cholesterol levels in the blood of human individuals [32-33]. Second, it does not require
alteration of the genetic background of the animal. These advantages make high-cholesterol
diet a useful tool to manipulate cholesterol levels in species in which genetic alterations to
achieve hypercholesterolemia are challenging. For example, diet-induced changes in blood
cholesterol level have been detected in primates besides humans, such as baboons Papiospp
(reviewed by [51]) and Japanese monkeys Macacafuscata [42].
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It should be noted that earlier studies have documented the existence of “hyper-“ and
“hyporesponders” to a cholesterol-rich diet in the human population. Trials with the same
subjects demonstrated that the human population includes people with a consistently low or
high response to increased dietary intake of cholesterol (reviewed by [52]). Similarly to
humans, other primates also vary in their blood lipid responses to dietary lipid composition.
Selective breeding of primates based on their individual responses to the composition of the
diet resulted in lines that are characterized by low versus high responses to changes in dietary
lipids. Thus, similarly to humans, changes in lipoprotein patterns in response to dietary
cholesterol seem to be heritable in primates (reviewed by [51]). Further studies have shown
that the differential response to cholesterol consumption in smaller laboratory animals also
results in inbred strains of rabbits, rats, and mice that differ in their sensitivity to high-
cholesterol diet. Their responsiveness to high-cholesterol diet is largely influenced by the
genetic background [52]. Compared to humans, changes in blood cholesterol and LDL levels
induced by high-cholesterol diet in lab animals are robust and of high magnitude. Therefore,
a high-cholesterol diet represents a useful and practical tool to induce an increase in blood
cholesterol levels that ultimately leads to hypercholesterolemia in animal models.

In a typical protocol for a high-cholesterol diet in animal models, the animal would be fed (ad
libitum of via gavage) cholesterol-rich food. The ability of a high-cholesterol diet to increase
blood cholesterol and LDL levels is well documented in various animal models. For instance,
consumption of food containing 2% cholesterol for 20 months leads to up to a 2-fold increase
in total cholesterol and LDL levels in the blood of a macaque [42]. An even more drastic increase
was documented multiple times in rabbits: feeding animals with dietary cholesterol supple‐
mentation in the amount of 1 g per day for 4 weeks resulted in ~20-fold increase in total serum
cholesterol concentration in rabbits [29], 1% cholesterol food for 8 weeks resulted in a nearly
30-fold increase in total serum cholesterol level [20], and 0.5% cholesterol for 12 weeks raised
blood cholesterol level by nearly 33-fold [45]. Another study reported a 10-fold increase in
plasma cholesterol concentration in rabbits fed by 0.5% cholesterol food for 16 weeks [27]. Mice
and rats usually respond with a lower magnitude of increase in blood cholesterol and LDL
levels in response to diet, yet these changes are still easily detected. In mice, consumption of
1, 000 mg/kg cholesterol per day for 8 weeks increased blood cholesterol and LDL levels by
2-3 times [50]. Significant increase in blood cholesterol and LDL levels have been documented
following feeding with 4% cholesterol food for 4 weeks in Sprague-Dawley rats [48], 2%
cholesterol diet for 20-24 weeks in the same strain [19], and 5% cholesterol diet for 3 weeks led
to a significant increase in the plasma cholesterol level in Wistar rats [47].

In our rat model of a high-cholesterol diet, male Sprague-Dawley rats (50 g) were subjected to
an ab libitum high-cholesterol diet (2% cholesterol). The total cholesterol plasma level remained
unchanged for 11-12 weeks of diet, but significantly increased during weeks 18-23 and was
increased even further during weeks 27-28 of the high-cholesterol diet compared to the control
group (Figure 1A). After receiving a high-cholesterol diet for 11-12 weeks, the rats displayed
a significant increase in the LDL plasma level, with the increase becoming more pronounced
during weeks 18-23 on a high-cholesterol diet and reaching a nearly 5-fold increase during
weeks 27-28 on a high-cholesterol diet when compared to the control group (Figure 1B). High-
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density-lipoproteins (HDL), however, seemed to be less sensitive to high-cholesterol diet
intake, as HDL level increased significantly only during weeks 27-28 on a high-cholesterol diet
(Figure 1C). Triglycerides followed the pattern of response of cholesterol and LDL: triglyceride
level increased significantly during weeks 18-23 and became even higher during weeks 27-28
of the high-cholesterol diet (Figure 1D). Overall, changes in the blood lipid profile correlated
with the duration of the high-cholesterol diet. Therefore, a high-cholesterol diet constitutes a
valuable tool when the degree of change in the blood lipid profile needs to be controlled tightly.

Figure 1. Blood lipid profile in Sprague-Dawley rats fed high-cholesterol diet. (A) Serum total cholesterol. (B) Low-
density-lipoprotein-cholesterol. (C) High-density-lipoprotein. (D) Triglycerides. Here and in all figures: significantly
different from control is indicated by an asterisk (*, p<0.05; **, p<0.01).

3. Effect of high-cholesterol diet on potassium channels.

In view of the advantages of a high cholesterol diet described above and its ability to ade‐
quately represent the characteristics of high cholesterol food intake in the US, it is widely used
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for studies on ion channel function during dyslipidemia and hypercholesterolemia. For
instance, dietary-induced hypercholesterolemia was shown to up-regulate the function of L-
type Ca2+-channels in detrusor smooth muscle [48], transient receptor potential channels 5 and
6 (TRPC5 and TRPC6) in aortic endothelial cells [53], cardiac G protein gated inwardly
rectifying potassium channels [19], and epithelial Na+ channels (eNaC) [54].

In this chapter, we will focus on high-cholesterol diet-driven changes in the function of
potassium channels. In particular, we will discuss the effect of an increase in the dietary intake
of cholesterol on voltage gated (Kv) channels, calcium activated potassium channels (KCa) and
inwardly rectifying potassium channels (Kir).

Voltage-gated potassium (KV) channels. Several reports describing the effect of a high-
cholesterol diet on potassium channel function came from studies on voltage-gated potassium
channels (KV) [21]. These channels are transmembrane proteins that are located on the plasma
membrane and sensitive to changes in the transmembrane potential [55]. Upon membrane
depolarization, voltage-gated potassium channels conduct outward potassium currents as
these channels exhibit the highest selectivity for K+ ions compared to other monovalent cations.
Activation of KV channels usually results in decreased depolarization and the return of the
plasma membrane potential to the resting level. Vertebrate KV channels are tetramers of four
pore-forming subunits, each contributing to the wall of the K+ conducting pore. Each pore-
forming subunit is composed of six transmembrane α-helices with intracellular N- and C-
termini (Figure 2A). Helices S1-S4 contribute to voltage-sensing and S5-S6 form the pore
region. Voltage-gated potassium channels play a key role in cellular excitability including
vascular smooth muscle [55]. The effect of a high-cholesterol diet on KV channel function has
been extensively studied in the cardiovascular system.

High-cholesterol diet failed to modulate KV channel function after a brief placement of an
Ossabaw miniature swine model on a high-fat/high-cholesterol/high-fructose diet [26]. The
animals were fed by the diet for 9 weeks. The authors considered the duration of diet admin‐
istration to be relatively short. As a result, only an early stage of a complex metabolic syndrome
developed. The diet caused ~4-fold increase in blood cholesterol level in the group on diet
compared to the control group on standard chow. Coronary arterioles from both groups were
isolated and pressurized to 60 cmH2O for in-vitro pharmacological studies. Those include the
assessment of the KV channel contribution to the arteriolar response to the vasodilator 2-
chloroadenosine. Pharmacological blockade of KV channels by 4-aminopyridine reduced the
arteriolar sensitivity to 2-chloroadenosine in both control and early stage metabolic syndrome
groups. This result suggests that Kv channel regulation of the arteriolar diameter was still
preserved at the early stage of the modeled metabolic syndrome. In contrast, blockade of Kir6
(KATP) channels (see below) with glibenclamide reduced the arteriolar sensitivity to 2-chlor‐
oadenosine in the control group only. Therefore, the involvement of KV channels in the
arteriolar responses to 2-chloroadenosine is resistant to the described diet.

A more complex scenario was observed in work by Heaps et al on a Yucatan miniature swine
model that was placed on high-fat/high-cholesterol diet for 20 weeks [22-23]. Already after 4
weeks, blood cholesterol and LDL levels were increased on the average by 6 times when
compared to the pre-diet and to the group on control diet levels. At the end of a 20 week-long
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diet, coronary vascular reactivity was assessed. Coronary microvessels were removed, cannu‐
lated, pressurized at 40 mmHg and the luminal diameter was monitored. In this experimental
setting, 4-aminopyridine attenuated adenosine-induced dilation of coronary arterioles in the
control group, but did not affect adenosine-induced arteriole dilation in the group subjected
to high-fat/high-cholesterol diet. Therefore, adenosine activation of KV channels is attenuated
during hypercholesterolemia. In contrast, Bender et al did not detect diet-induced changes in
KV channel contribution to the 2-chloroadenosine-induced dilation of swine coronary arterio‐
les [26]. This controversy may be attributed to several differences between the two studies. For
instance, in the study by Bender et al., animals were subjected to a high-fructose diet in addition
to high-fat/high-cholesterol food. Second, Bender et al were studying the consequences of brief
(only 9 weeks) dieting as opposed to Heaps et al who placed the animals on a 20 weeks diet.
It is therefore likely that a longer duration of diet is needed for KV channels to lose their
sensitivity to adenosine application. Loss of KV channel contribution to adenosine-mediated

Figure 2. Schematic structures of Kv, KCa, and Kir channels. (A) Schematic structure of voltage-gated and voltage-/
calcium gated potassium channel subunits. TM: transmembrane domain of b subunit; S: transmembrane domain of a
subunit; RCK: regulator of conductance of potassium; EXT: extracellular media; INT: intracellular media. (B) Schematic
structure of inwardly rectifying potassium channel subunit. TM1 is the outer transmembrane helix and TM2 is the in‐
ner transmembrane helix.

Hypercholesterolemia100



diet, coronary vascular reactivity was assessed. Coronary microvessels were removed, cannu‐
lated, pressurized at 40 mmHg and the luminal diameter was monitored. In this experimental
setting, 4-aminopyridine attenuated adenosine-induced dilation of coronary arterioles in the
control group, but did not affect adenosine-induced arteriole dilation in the group subjected
to high-fat/high-cholesterol diet. Therefore, adenosine activation of KV channels is attenuated
during hypercholesterolemia. In contrast, Bender et al did not detect diet-induced changes in
KV channel contribution to the 2-chloroadenosine-induced dilation of swine coronary arterio‐
les [26]. This controversy may be attributed to several differences between the two studies. For
instance, in the study by Bender et al., animals were subjected to a high-fructose diet in addition
to high-fat/high-cholesterol food. Second, Bender et al were studying the consequences of brief
(only 9 weeks) dieting as opposed to Heaps et al who placed the animals on a 20 weeks diet.
It is therefore likely that a longer duration of diet is needed for KV channels to lose their
sensitivity to adenosine application. Loss of KV channel contribution to adenosine-mediated

Figure 2. Schematic structures of Kv, KCa, and Kir channels. (A) Schematic structure of voltage-gated and voltage-/
calcium gated potassium channel subunits. TM: transmembrane domain of b subunit; S: transmembrane domain of a
subunit; RCK: regulator of conductance of potassium; EXT: extracellular media; INT: intracellular media. (B) Schematic
structure of inwardly rectifying potassium channel subunit. TM1 is the outer transmembrane helix and TM2 is the in‐
ner transmembrane helix.

Hypercholesterolemia100

vasodilation was studied further at the level of coronary arteriole smooth muscle KV currents.
Outward K+ currents were recorded in whole-cell configuration from freshly isolated arteriole
myocytes. Noteworthy, the intracellular calcium was chelated to eliminate the calcium-
dependent component from the whole-cell K+ currents. KV currents from myocytes in the high-
cholesterol diet group were significantly smaller compared to the control [22-23]. Therefore,
reduction in K+ currents may underlie the attenuation of the KV component in adenosine-
induced arteriole dilations. Treatment of membrane patches with different concentrations of
the non-selective potassium channel blocker tetraethylammonium (TEA) revealed that high-
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sensitive (KV component) was detected [25]. This report suggests that the effect of high-
cholesterol diet on the function of KV channels may be gender-specific.

Loss of KV channel current and its contribution to vasodilatory responses has not only been
documented in coronary arteries, but also in the middle cerebral artery. In the latter work, New
Zealand rabbits were placed on chow supplemented with 1% cholesterol for 8 weeks [20]. The
total blood serum cholesterol increased close to 30 times at the end of the diet. In the vasodi‐
latory response study, the middle cerebral arteries were dissected, mounted and pre-contract‐
ed with a high-K+ (50 mM) physiologic saline solution. In the pre-contracted arteries isolated
from control animals, acetylcholine produced artery relaxation. In the arteries from the high-
cholesterol diet group, similar concentrations of acetylcholine induced less relaxation. In the
control group, neither TBA, an inhibitor of KCa channels, nor glibenclamide, an inhibitor of
KATP channels, significantly affected the concentration-response to acetylcholine, whereas 4-
aminopyridine, a blocker of KV channels, strongly inhibited this relaxation. In the high-
cholesterol diet group, TBA, glibenclamide or 4-aminopyridine did not significantly affect the
response to acetylcholine [20]. Loss of 4-aminopyridine effect on acetylcholine-induced
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cerebral artery dilation suggests that either the function of KV channels or their sensitivity to
acetylcholine-activated pathway is diminished.

Apart from the vascular system, the effect of a high-cholesterol diet on KV channels was studied
in the heart itself [24]. Rabbits were subjected to a high-cholesterol diet (1.5% cholesterol) for
8 weeks. The diet resulted in an approximately 14 times increase in blood serum cholesterol
level. RT-PCR studies were used to determine the impact of the high-cholesterol diet on the
left ventricular mRNA expression level of several potassium channels that play a key role in
the contractility of the heart. High-cholesterol diet significantly decreased the expression of
KV4.2, but did not alter the level of KV4.3. Notably, a significant decrease and a significant
increase in mRNA levels were detected for KV11.1 (ERG1) and KV7.1 (KVLQT1) channels,
respectively [24]. These data document that that a high-cholesterol diet differentially affects
the expression of voltage-gated potassium channels, with decrease, increase and “no-effect”
being detected for this group of channels. The authors suggested that the arrhythmogenic
nature of the hypercholesterolemia may be mediated by changed expression levels of the
examined channels.

Calcium-activated potassium (KCa) channels. The effect of a high-cholesterol diet on calcium-
sensitive potassium channels (KCa) is well described for calcium- and voltage-gated potassium
channels of large conductance (BK). Fully functional BK channels result from the tetrameric
association of 125-140 kDa polypeptides termed α, slo or slo1 subunits. Slo1 subunits share
significant homology with KV channels of the six transmembrane domain (TM6) family, with
the S1-S4 regions contributing to voltage-sensing and the S5-S6 helices forming the activation
gate-pore region (Figure 2A) [12, 56-57]. Unlike purely voltage-gated KV channels, in addition
to the S1-S6 core, BK slo1 subunits contain an additional transmembrane helix S0 leading to
an extracellular N-terminus [58] and a large cytosolic tail domain (CTD) [59-61]. The CTD
includes two domains that Regulate the Conductance of K+ (RCK). RCKs contain sites for
sensing intracellular Ca2+ levels and allow BK channels to increase channel activity in response
to an increase in intracellular Ca2+ physiological levels [59-60]. In most tissues, BK channels
usually result from the association of slo1 proteins with auxiliary β subunits. Four types of BK
β subunits, β1-4, have been identified. BK β subunits share an overall topology of two TM
segments joined by a large extracellular loop, plus two short intracellular N and C termini [62].
Expression of β subunits is tissue-specific, with the β1 subunit being prevalent in smooth
muscle, including vasculature [62-63]. The functional role of BK channels is similar to KV

channels: upon membrane depolarization BK channels generate outward potassium currents
to oppose depolarization and favor the return of the transmembrane voltage to its resting level.

Several animal models have been used to document that plasmalemma BK channels are
sensitive to dietary-induced hypercholesterolemia [64]. Considering the ample evidence
linking hypercholesterolemia to cardiovascular disease, and the key role of BK channels in
regulating vascular tone [65], most of the studies describe the effect of a high-cholesterol diet
on BK channel function in the vascular system. One of the early studies addressed changes in
endothelium-dependent and independent components in-vitro relaxation of carotid artery
rings obtained from rabbits following administration of a 12 week-long high-cholesterol diet
(0.5% cholesterol). Evaluation of isometric tension in carotid artery rings was performed in the
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presence of nitric oxide (NO), sodium nitroprusside and 8-bromoguanosine 3′, 5′-cyclic
monophosphate (8-Brc-GMP). The responses to all three chemicals remained unaltered by
dietary-induced hypercholesterolemia [45]. After application of a BK channel blocker, NO-
mediated artery relaxation was significantly reduced in the hypercholesterolemic group. These
findings could imply that BK channel contribution to the regulation of arterial tension during
hypercholesterolemia is enhanced. It has been repeatedly suggested that dietary-induced
hypercholesterolemia may lead to a compensatory increase in BK channel activity [45, 66].
Considering that smooth muscle BK channels are critical regulators of the arterial diameter,
the compensatory increase in BK channel function during the course of high-cholesterol diet
could take place in the arterial smooth muscle [45, 66]. Alternatively, BK channel activity could
be reduced by hypercholesterolemia, in which case BK channels would be more available for
activation [64], and would contribute more to an NO-induced decrease in vascular tension.
However, the latter scenario is unlikely as an increase in vascular smooth muscle BK channel
activity has been reported in cell-attached recordings from the area affected by the athero‐
sclerotic plaque formation [67]. This difference is lost when BK channel function is evaluated
in cell-free patches excised from the cells [67]. Thus, increased smooth muscle BK channel
activity associated with atherosclerotic plaque likely requires the involvement of the intracel‐
lular organelles and/or freely diffusible cytosolic signals.

Hypercholesterolemia-driven increase in arterial KCa channel function compared to control
chow was also reported in diabetic pigs receiving high-fat/high-cholesterol (2%) diet [21].
Patch-clamp recording of whole-cell outward potassium currents revealed increased density
of the KCa-component in the high-cholesterol diet group. Western blot failed to detect a
significant increase in the amount of the KCa pore-forming protein. In addition, intracellular
calcium concentration did not differ in control versus high-cholesterol diet groups. The data
indicated that diabetic hypercholesterolemia leads to an increased functional coupling
between KCa and intracellular calcium release.

In contrast to the above in-vitro studies, in-vivo work conducted on hypercholesterolemic
rabbits showed a reduction in NO-induced vasodilation as determined by monitoring the
hindlimb vascular conductance in response to acetylcholine and bradykinin [27]. In this set of
experiments, rabbits were fed high-cholesterol (0.5% cholesterol) diet for 16 weeks. The NO-
independent vasodilation in response to acetylcholine and bradykinin, however, was larger
in animals on high-cholesterol diet. Development of this NO-independent component of
vasodilation was blocked by either TEA or by a mixture of the KCa channel blocker charybdo‐
toxin and the small conductance KCa channels blocker apamin. Thus, the authors concluded
that hypercholesterolemia impaired KCa channel-mediated vasodilation [27].

Another study using hypercholesterolemic rabbits to test acetylcholine-induced vasorelaxa‐
tion focused on renal artery. Rabbits were subjected to a high-cholesterol diet (0.5% cholesterol)
for 5 weeks. This diet resulted in an over 50 fold increase in the total blood cholesterol and an
almost 40-fold increase in LDL-cholesterol [28]. Contrary to the findings in the hindlimb
circulation, acetylcholine-induced dilation of phenylephrine pre-constricted renal arteries was
not changed by the high-cholesterol diet. However, the NO-independent (N(G)-nitro-l-
arginine-resistant) component of this relaxation was significantly enhanced in arteries from
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hypercholesterolemic animals. This component totally vanished after endothelial removal in
both control and hypercholesterolemic groups, yet was only reduced significantly in the
hypercholesterolemic group when an artery with endothelium was incubated in BK and the
intermediate conductance KCa channel blocker charybdotoxin [28].

Studies on rat cerebral arteries yielded results that are in agreement with the conclusions
obtained in the hindlimb of rabbits. Specifically, rat middle cerebral arteries obtained from a
Sprague-Dawley strain on control versus high-cholesterol (2% cholesterol supplement for
either 10 or 18-23 weeks) were dissected, de-endothelialized, cannulated and pressurized at
60 mm Hg. A blood lipid profile revealed a significant increase in the total serum cholesterol,
LDL, and triglyceride levels only at 18-23 weeks of diet (Figure 1). The arterial responses to a
depolarizing solution containing 60 mM KCl were similar in control and in all hypercholes‐
terolemic arteries. However, treatment of arteries from either one of the high-cholesterol diet
groups with the selective BK channel blocker paxilline resulted in vasoconstriction that was
significantly smaller compare to the control group (Figure 3A). BK channel function seemed
to be altered rather selectively: arterial diameter responses to the KV channel blocker 4-
aminopyridine were similar in control versus hypercholesterolemic animals (Figure 3A). First,
these results demonstrated that the general contractile capability of the artery (as tested by a
high KCl-containing solution) was largely preserved during the high-cholesterol diet. Second,
endothelium-independent vasodilation that is mediated by the activity of smooth muscle BK
channels was diminished during hypercholesterolemia [30, 31]. Moreover, the fact that
reduced sensitivity to paxilline was observed after 10 weeks on a high-cholesterol diet, well
before the changes in the blood lipid profile took effect (Figure 1) suggested that BK channels
were highly sensitive to dietary cholesterol levels, independent of the increase in blood
cholesterol.

Further experimentation took place in an effort to unveil molecular mechanisms that enable
the sensitivity of BK channels to dietary cholesterol. First, it was shown that cholesterol
accumulation in the wall of de-endothelialized cerebral arteries of hypercholesterolemic rats
followed the pattern of increase in blood cholesterol level. In particular, the cholesterol level
in cerebral artery tissue was only increased significantly during weeks 18-23 on diet, but not
earlier (Figure 3B) [31]. Therefore, the direct accumulation of cholesterol in the vicinity of the
BK channel might not be the sole reason for depressed BK channel sensitivity to paxilline
during a high-cholesterol intake. The reduction in paxilline-induced cerebral artery constric‐
tion by hypercholesterolemia might result from a decreased number of BK channels in arterial
smooth muscle. In particular, hypercholesterolemia may down-regulate accessory, smooth
muscle-type β subunit (β1) (Figure 2A). Indeed, cerebral arteries of β1 (KCNMB1) knock-out
mice were reported to be insensitive to selective BK channel block by the peptide blocker
iberiotoxin [68]. Moreover, hypercholesterolemia-induced changes in BK β1 subunit level have
been studied in circular smooth muscle strips from the sphincter of Oddi in rabbits fed by high-
cholesterol food (1 g cholesterol per day) for 4 weeks [29]. Immunohistochemical and Western
blot protein analysis using a BK β1 subunit-specific polyclonal antibody showed a decreased
level of the BK β1 protein in the cholesterol-fed group. Thus, in the sphincter of Oddi high-
cholesterol diet down-regulated BK β1 subunits [29]. However, in rat cerebral artery myocytes
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high-cholesterol diet did not down-regulate, but actually significantly increased the fluores‐
cent signal associated with selective labeling of BK β1 subunits (Figure 3C, left panel). Since
β1 subunits themselves do not form functional channels, diminished responses of the artery
to paxilline may be indicative of the reduction in the amount of the BK pore-forming (α) subunit
protein. However, no significant differences between the BK α subunit-associated fluorescence
signal in cerebral artery myocytes from rats on control versus high-cholesterol diet were
detected (Figure 3C, right panel). Therefore, ablated paxilline-induced cerebral artery con‐
striction observed in pressurized cerebral arteries from hypercholesterolemic rats could not
be attributed to down-regulation of BK protein surface presence on myocyte membranes.
Alternatively, ablated paxilline-induced cerebral artery constriction may arise from diminish‐
ed functional properties of the BK channel itself. These may include but are not limited to the
coupling (both, physical association and functional communication) between the BK pore-
forming α subunit and the accessory β1 subunits, changes in the gating pattern of the channel
making the protein less responsive to paxilline binding. Alternatively, reduction in paxilline-
induced cerebral artery constriction may not be a reflection of decreased BK channel function
but rather be explained by changes in the affinity of the channel to paxilline. The latter
possibility needs to be further studied as several BK channel blockers other than paxilline block
BK channel with different efficacy depending on the presence of the accessory β1 and β4
subunits [69]. Theoretically, an increased amount of the BK β1 protein by high-cholesterol diet
may preclude paxilline from reaching its site in the BK α subunit and therefore, may result in
a decreased paxilline effect. The most unequivocal evidence of the effect of a high-cholesterol
diet on BK channel function must come from direct electrophysiological evaluation of BK
voltage- and calcium-dependent gating following a high-cholesterol diet. The intrinsic
mechanism(s) that underlie(s) alteration in BK channel function during a high-cholesterol diet
is currently under investigation.

Remarkably, dietary cholesterol does not only alter the paxilline-sensitivity of the channel but
also protects against ethanol-induced BK channel-mediated constriction of cerebral arteries. It
was shown that BK channels represent a major target for ethanol in the cerebral vessels. Upon
ethanol application, BK channel function is diminished, and cerebral artery constriction is
observed [70]. The protective role of a high-cholesterol diet against alcohol-induced constric‐
tion of cerebral arteries was demonstrated in-vivo using a closed cranial window on anesthe‐
tized rats receiving conventional chow versus high-cholesterol (2% cholesterol) diet for 18-23
weeks [31]. Control or ethanol-containing solutions were infused into the cerebral circulation
via a catheter in the carotid artery of the rat, and the diameter of the pial arterioles was
determined. Infusion of 50 mM ethanol (e.g. the amount of ethanol detected in the blood during
moderate-to-heavy alcohol intake in humans) into the cerebral circulation of control rats
rendered a significant, 20% decrease in the pial arteriole diameter (Figure 4A). In contrast to
the control group, infusion of 50 mM ethanol into the cerebral circulation of rats on a high-
cholesterol diet resulted in no more that a 10% decrease in the pial arteriole diameter. To rule
out the contribution of circulating factors in the observed protective effect of a high-cholesterol
diet, the experiment was repeated using isolated cerebral arteries that were pressurized in-
vitro at 60 mmHg. As observed with pial arterioles in-vivo, application of 50 mM ethanol to
pressurized middle cerebral arteries from control rats resulted in up to 12% decrease in the
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Figure 3. Effect of high-cholesterol diet on rat cerebral artery BK channel function. (A) Average data showing a de‐
crease in arterial diameter by the selective BK channel blocker paxilline. (B) Cholesterol level in de-endothelialized cer‐
ebral arteries from rats fed control versus high-cholesterol diet. (C) Representative confocal microscope images
showing an isolated cerebral artery myocyte and its fluorescence labeling of BK β1 and α subunits. (D) Averaged fluo‐
rescence intensity associated with BK β1 subunit. (E) Averaged fluorescence intensity associated with BK α subunit.
(With modifications from [94]).
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arterial diameter. In contrast, application of 50 mM ethanol to pressurized middle cerebral
arteries from rats on a high-cholesterol diet resulted in only a 6-7% decrease in the arterial
diameter (Figure 4B). Remarkably, the protective effect of a high-cholesterol diet against
ethanol-induced constriction of cerebral arteries was similar in arteries with intact endotheli‐
um and in de-endothelialized vessels. Accordingly, dietary cholesterol-driven protection did
not require the presence of functional endothelium and/or endothelium-derived vasoactive
factors. Moreover, accumulation of cholesterol within the arterial wall was shown to play a
major role in the observed protection by high-cholesterol diet against ethanol-induced
constriction of cerebral arteries. In particular, after removal of the cholesterol that was
accumulated in the cerebral artery tissue in the course of a high-cholesterol diet, ethanol-
induced constriction was restored and reached the control value (Figure 4C) [31]. The molec‐
ular mechanisms by which membrane cholesterol affects the function of a major ethanol target
in the artery, namely the BK channel, are still under investigation and are discussed in great
detail elsewhere [71].

Inwardly rectifying potassium (Kir) channels. The effect of high-cholesterol diet on Kir
channel function has been demonstrated for several members of the Kir family. Kir channels
regulate important functions including membrane excitability, heart rate, vascular tone,
insulin release and salt flow across epithelia (see, for example, reviews [10, 11, 13]). Structur‐
ally, they are comprised of four homo- or heteromeric subunits, each with two membrane
spanning helices and intracellular N- and C- termini (Figure 2B). Fifteen Kir channels have
been identified and classified in seven subfamilies (Kir1–7) [72]. Among these, it has been
shown that a high-cholesterol diet affects the function of Kir2 channels, Kir3.1/Kir3.4 (KACh)
channels and Kir6 (KATP) channels.

The effect of a high-cholesterol diet on Kir2 channels has been determined in different animal
models and cell types. In earlier studies of Kir2 channels expressed in endothelial cells,
hypercholesterolemia was induced by administering an atherogenic diet (0.5% cholesterol,
10% lard, and 1.5% sodium cholate) to castrated male Yorkshire pigs [18]. The properties of
endothelial Kir2 channels and the values of the membrane potentials were compared in porcine
aortic endothelial cells freshly isolated from the pig aortas. Cells isolated from hypercholes‐
terolemic animals had significantly lower Kir currents than those isolated from control cells.
Moreover, the membrane potential in hypercholesterolemic pigs was significantly more
depolarized compared with that in control animals. More recently, the effect of a high-
cholesterol diet on Kir2 channels expressed in cardiac myocytes was determined using a rat
model [19]. In these experiments a group of 25-day-old male Sprague-Dawley rats was placed
on a high-cholesterol diet (2% cholesterol in standard rodent food). Another group of the same
age was fed an isocaloric, cholesterol-free diet from the same supplier. The rats were sacrificed
as atrial tissue donors after 20-24 weeks on control or high-cholesterol diet. Notably, as a result
of the high-cholesterol diet, in addition to an approximately 2.5-fold increase in serum LDL
levels (see Figure 1), there was also an approximately1.8-fold increase in cholesterol levels in
the atrial tissue itself (see Figure 5A). This increase in cholesterol levels in the atrial myocytes
following the high cholesterol diet resulted in an approximately 60% decrease in Kir2 currents
in atrial cardiomyocytes [19].
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In addition to Kir2 channels, atrial myocytes also express Kir3 channels. In particular, atrial
KACh channels are heterotetrameric proteins that consist of Kir3.1 and Kir3.4 [73]. Recent studies

Figure 4. Cholesterol control of ethanol-induced constriction of cerebral artery. (A) Averaged data showing constric‐
tion of pial arterioles in-vivo in rats fed control versus high-cholesterol diet. (B) Ethanol-induced cerebral artery con‐
striction in pressurized cerebral arteries in-vitro obtained from rats on control versus high-cholesterol diet. (C)
Averaged data showing ethanol-induced cerebral artery constriction in-vitro in arteries from rats on a high-cholesterol
diet before and after removal of excessive cholesterol using the cholesterol carrier methyl-β–cyclodextrin.(From [94]).
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[19] demonstrated that unexpectedly rats that were on a high-cholesterol diet for 18-22 weeks
exhibited up to 2-3 fold increase in KACh currents that were sensitive to the selective IK, ACh-
blocker tertiapin (Figure 5B-5E). The summary data in Figure 5D-E show that the high-
cholesterol diet affected both inward and outward currents in a similar manner. Thus, while
the effect was more visible for the larger inward currents, the physiologically relevant smaller
outward currents were also significantly affected by cholesterol. This result was surprising
because an increase in channel function following an increase in cholesterol levels (as shown
in Figure 5A) is rare. These data suggest that an increase in cholesterol levels in atrial myocytes
may underlie the increase in KACh currents in hypercholesterolemic rats.

Figure 5. ACh-induced KAChcurrents in atrial cardiomyocytes are enhanced in hypercholesterolemic rats. (A) Choles‐
terol levels in atrial tissue of Sprague-Dawley rats fed a high-cholesterol diet compared to control. Tertiapin-sensitive
currents (B) and I-V relationships (C) of ACh-induced current densities for atrial myocytes from control and hypercho‐
lesterolemic rats. Summary data: (D) inward ACh-induced current densities at -80 mV; (E) outward ACh-induced cur‐
rent densities at +40 mV. ((B)-(E) From [19]).
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Several studies were also carried out to determine the effect of high-cholesterol diet on Kir6
channels. ATP-sensitive K+ (KATP) channels are expressed in the sarcolemma of cardiomyocytes
[74] and in the mitochondrial inner membrane [75]. Structurally, KATP channels are comprised
of a pore forming Kir channel (Kir6.1 or Kir6.2) and an ATP-binding regulatory subunit, the
sulfonylurea receptor (SUR1, SUR2A, or SUR2B).

Activation of KATP channels mediates coronary vasodilation during decreases in perfusion
pressure within the autoregulatory range [76] and dilation of collateral and noncollateral
vessels during ischemia [77]. However, dilation in response to the KATP channel activator
aprikalim was not altered in monkeys following an atherogenic diet and reduction in dietary
cholesterol [78].

In contrast, acidosis-induced coronary arteriolar dilation was impaired in hypercholesterole‐
mic rabbits. When myocardial ischemia takes place [79], the interstitial pH of the heart rapidly
decreases followed by an immediate decrease in coronary resistance by microvascular dilation
[80]. It was shown that acidosis-induced coronary arteriolar dilation is mediated via the
activation of pertussis toxin-sensitive G protein and consequent opening of the KATP channel
[81-82]. Since hypercholesterolemia produces structural and functional abnormalities in blood
vessels [83], its impact on coronary microvascular response to acidosis was investigated [84].
Coronary arterioles isolated from rabbit hearts were cannulated to micropipettes in a vessel
chamber and microvascular responses were observed. The effect of the KATP channel blocker
glibenclamide on the acidosis-induced microvascular responses was examined. Coronary
arterioles significantly dilated as the pH was reduced and the dilation was significantly
inhibited by glibenclamide. In another set of experiments, rabbits were randomly assigned to
normal chow or high-cholesterol diet. After 8 weeks, the responses of isolated coronary
arterioles to acidosis were examined in the two groups. Acidosis-induced dilation in the high-
cholesterol group was significantly attenuated compared to the control group. These data
suggest that KATP channels play an important role in the acidosis-induced dilation of rabbit
coronary arterioles and that dilation of coronary arterioles is impaired in hypercholesterole‐
mia. Notably, the impairment occurs upstream of KATP channel opening.

KATP channels play a key role in endogenous cardioprotective mechanisms [85-88]. Specifi‐
cally,  during cardiac ischemia,  the levels of intracellular ATP may decrease.  This would
result in the opening of KATP channels that operate as molecular biosensors for coupling
cellular  energy  metabolism and excitability  [89].  The  opening of  KATP  channels  leads  to
increased influx of K+, which then leads to shortening of the action potential duration and
to reduction of the Ca2+ overload that occurs during ischemia-reperfusion induced injury
[90-92].  Since  hyperlipidemia  has  been  shown to  interfere  with  cardioprotective  mecha‐
nisms,  studies  were  carried  out  to  investigate  the  interaction  of  hyperlipidemia  with
cardioprotection  induced  by  pharmacological  activators  of  KATP  channels  [93].  Hearts
isolated from rats fed a 2% cholesterol-enriched or normal diet for 8 weeks were subject‐
ed to 30 min of global ischemia and 120 min of reperfusion in the presence or absence of
KATP modulators. In normal diet-fed rats, activation of KATP channels either by the nonselec‐
tive KATP activator cromakalim or the selective mitochondrial KATP  channel opener diazo‐
xide  significantly  decreased  infarct  size  compared  with  vehicle-treated  control  rats.
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Moreover,  the  cardioprotective  effect  was  abolished by blocking the  channels  using the
nonselective KATP blocker glibenclamide or the selective mitochondrial KATP channel blocker
5-hydroxydecanoate. In contrast, in cholesterol-fed rats, the cardioprotective effect was not
observed following administration of KATP channel activators, demonstrating that cardiopro‐
tection by KATP channel activators is impaired in cholesterol-enriched diet-induced hyperli‐
pidemia. Notably, whereas protein levels of Kir6.1 and Kir6.2 remained unchanged, cardiac
expression of Kir6.1 was significantly downregulated in cholesterol-fed rats.

Together, these data demonstrate a wide range of effects of a high-cholesterol diet on the
function of inwardly rectifying potassium channels and on their physiological implications.
Whereas the function of Kir2 and Kir6 channels was suppressed in several cases following a
high-cholesterol diet, atrial Kir3 channels were enhanced. Moreover, in the case of Kir6
channels, whereas KATP-mediated coronary vasodilation was not altered in atherosclerotic
monkeys, a high-cholesterol diet resulted in impaired cardioprotection by KATP channel
activators in rats and impaired KATP-mediated acidosis-induced coronary arteriolar dilation in
rabbits.

4. Conclusive remarks

Different types of potassium channels have been shown to be affected by high-cholesterol diet
in a variety of species. The modulation of potassium channel activity by high-cholesterol diet
results in alterations of organ function in-vitro and in-vivo. Notably, the effect of high-choles‐
terol diet on potassium channels varies and may result in decreased or increased channel
function. In a few cases, potassium channels were found to be insensitive to dietary cholesterol
manipulation. Among the potassium channels that were affected by a high-cholesterol diet are
included several voltage-gated potassium channels (KV), calcium-activated potassium (KCa)
channels, and inwardly rectifying potassium (Kir) channels. Among the channels studied, only
the currents of the heterotetrameric Kir3.1/Kir3.4 (KAch) channels were consistently enhanced
by high-cholesterol dietary intake. The structural and molecular bases for the diverse effect of
high-cholesterol diet on potassium channels remain largely unknown. Thus, considering the
critical role of potassium channels in physiology and pathology, an important aspect of future
studies will be to elucidate the intrinsic mechanisms leading to dietary cholesterol modulation
of channel function.
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Hypercholesterolemia as a Risk Factor for
Catheterization-Related Cerebral Infarction — A
Literature Review and a Summary of Cases
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Additional information is available at the end of the chapter
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1. Introduction

Hypercholesterolemia is one of the major risk factors of atherosclerotic disease. Treatment with
statins reduces serum levels of low-density lipoprotein cholesterol, and attenuates athero‐
sclerotic plaque formation in the carotid artery, coronary artery, and thoracic aorta.

During diagnostic angiography or interventions for coronary artery diseases, catheterization
can lead to devastating complications, including stroke. Previous studies reported stroke rates
of 0.1–0.4% [1-9]. Catheterization-related acute stroke is associated with high in-hospital
mortality and prevalence of overall major complications [5,10,11].

Because only new neurological complications are classified as stroke, clinically unapparent
cerebral embolisms are not taken into account. Asymptomatic cerebral infarction is thought to
be related to the incidence of symptomatic cerebral infarction, cognitive decline, and demen‐
tia [12], and may thus represent a significant complication of catheterization procedures.

Here, we summarize our review of published literature, present two case studies in our
cardiovascular center, and summarize our data on hypercholesterolemia and catheterization-
related stroke.

2. A review of published literature on hypercholesterolemia and
catheterization-related stroke

Previously published data on catheterization-related acute stroke is summarized in Figure
1. Previous studies have reported stroke rates of 0.1– 0.4% [1-9], and rates of stroke and

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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transient ischemia attack (TIA) after catheterization do not appear to have decreased over
time (Figure 1). Much of the published data is limited to stroke. Stroke is defined as cerebral
infarction or hemorrhage with a neurological  deficit  lasting >24 h;  TIA is a neurological
deficit lasting <24 h.

Figure 1. Rates of stroke and transient ischemic attack (TIA) after catheterization have not reduced overtime [1-9].

Magnetic resonance imaging (MRI) can be used to detect asymptomatic cerebral infarction
related to catheterization. Diffusion-weighted MRI (DW-MRI), in particular, represents a
highly sensitive tool for detecting acute cerebral ischemic lesions [13,14]. New lesions appear
as focal high-intensity cerebral lesions on diffusion-weighted imaging (DWI) and have a low
signal on apparent diffusion coefficient (ADC) maps [15].

Several prospective studies of silent cerebral infarction have been performed in a small number
of patients. Bendszus et al. used DW-MRI before and after angiography of cerebral vessels to
assess embolic events in 100 consecutive angiographies (66 diagnostic and 34 interventional)
in 91 patients [16]. In their report, published in The Lancet in 1999, they showed that 23% of
procedures caused silent embolic cerebral infarction: 42 bright lesions were observed in 23
patients after 23 procedures (17 diagnostic, six interventional), in a pattern consistent with
embolic events, and in the absence of any new neurological deficit. More contrast medium, a
longer fluoroscopy time, more frequent additional catheters, and having more vessels that
were difficult to approach were the risks of silent embolic cerebral infarction. Patients’ mean
age did not differ between patients with lesions and those without lesions, but their mean age
was relatively young (around 50 years old) compared to patients who are receiving cardiac
catheterization.

Lund et al. monitored cerebral microemboli during catheterization in 42 unselected patients
using multifrequency transcranial Doppler alongside cerebral DW-MRI and neuropsycholog‐
ical assessments. Measurements were taken on the days before and after catheterization [17].
Their report, published in the European Heart Journal in 2005, showed that new cerebral lesions
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were present in 15.2% of transradial catheterization patients, but in none of the transfemoral
catheterization patients. These lesions were significantly associated with a higher number of
solid microemboli and a longer fluoroscopy time. Approximately 80% of patients were male
and had hyperlipidemia or were statin users; approximately 40% of patients had a previous
history of myocardial infarction.

In 2005, Karen et al., using MRI before and after catheterization procedures, reported focal
cerebral infarction without any symptoms in 15% of 48 patients [18]. In this prospective study,
definitive conclusions could not be drawn owing to the small sample size, but procedure
duration appeared to predict cerebral infarction following catheterization. Patients with
cerebral infarction were also found to have a history of smoking, hyperlipidemia, hyperten‐
sion, and obesity.

It is often difficult to acquire MR images before and after procedures in prospective studies.
In 2011, Kojuri et al. reported in BMC Cardiovascular Disorders the prevalence of retinal emboli
after diagnostic and therapeutic catheterization during retinal examination: 6.3% of 300
patients and only 1 patient developed vision disorder [19].

Patients who undergo aortic stenosis (AS) procedures that involve crossing of the aortic valve
carry a high risk of cerebral infarction. In 2003, Omran et al. reported in the Lancet that 22% of
101 AS patients undergoing retrograde catheterization of the left ventricle had new lesions on
MRI, and 3 patients had symptomatic cerebral infarction [20]. A total of 152 patients with AS
undergoing cardiac catheterization were randomized to receive catheterization with or
without retrograde passage of the aortic valve in a ratio of 2:1. An additional 32 patients
without AS were also assessed as healthy controls. In patients without retrograde passage of
the aortic valve, and in healthy controls, there was no MRI or clinical evidence of cerebral
embolism.

Although these studies used relatively small sample sizes, the incidence of asymptomatic
cerebral infarction following catheterization, as assessed by MRI or other methods, appears to
remain relatively high. Following improvements in catheter design (rendering them more
slender) and in techniques, catheterization-related cerebral infarctions were expected to
decrease, though this may be counterbalanced by the increased risk profile of patients who
undergo catheterization.

3. Two cases of asymptomatic and symptomatic cerebral infarction related
to catheterization

Here we present two cases of cerebral infarction with and without symptoms which was
related to cardiac catheterization.

Case 1: A 73-year-old man with hyperlipidemia, hypertension and diabetes underwent
percutaneous coronary intervention (PCI) via the right radial artery. An initial diagnostic
procedure was performed using 4F catheter; a 6F catheter was subsequently used to perform
PCI for the left anterior descending artery (LAD). Due to the tortuosity of the LAD, the
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procedure time was 58 min and 275 ml contrast medium was used. MRI was performed 5 days
later for MR angiography to detect carotid and intra-cranial lesions. MRI was not performed
prior to the procedure; however, new lesions appeared as focal high-intensity cerebral lesions
on DWI (Figure 2A) and gave a low signal on ADC maps (Figure 2B). ADC maps represent a
useful tool for detecting acute ischemic infarct lesions [16].

Case 2: A 69-year-old woman with hyperlipidemia and diabetes underwent diagnostic
catheterization for left ventricular systolic dysfunction of unknown etiology, with 45% ejection
fraction. On the day after catheterization, the patient complained of dizziness. DW-MRI
revealed a spotty high-intensity signal (Figure 2C).

Figure 2. Magnetic resonance imaging (MRI) in two cases of asymptomatic and symptomatic cerebral infarction relat‐
ed to catheterization. (A) Diffusion-weighted MR image of Case 1. (B) Apparent diffusion coefficient (AMC) map of
Case 1. (C) DW-MR image of Case 2.
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4. A single center retrospective analysis of catheterization-related cerebral
infarction

We next present the summarized results of a single center analysis of catheterization-related
cerebral infarction in our cardiovascular center. A total of 84 patients who had undergone 1237
consecutive catheterizations with follow-up MRI within 14 days, between 2010 and 2011, were
retrospectively analyzed. Of these, 10 symptomatic patients underwent MRI to check for
cerebral infarction. The remaining 74 patients were asymptomatic, and underwent MRI for
preliminary assessment before coronary artery bypass graft (35%), valvular surgery (18%), or
aortic repair (6.8%). MRI revealed cerebral infarction in 5 out of 10 symptomatic patients (50%),
and in 22 out of 74 asymptomatic patients (29.7%). Patient background characteristics are
presented in Tables 1 and 2. In univariate analysis, the prevalence of dyslipidemia, the number
of atherosclerotic risk factors, the number of catheters used, the procedure time, urgent
settings, and reasons for intervention differed significantly between patients with and without
cerebral infarction (Tables 1 and 2). Dyslipidemia and the number of catheters used were
identified as predictive of catheterization-related cerebral infarction by multivariate analysis
(odds ratio [OR], 4.66; 95% CI, 1.32−20.2; P=0.02 and OR, 2.04; 95% CI 1.02−4.35; P=0.04,
respectively). Overall, the rate of asymptomatic catheterization-related cerebral infarction
detected by DW-MRI was high (29.7%). This may be partially due to selection bias because
MRI was performed in candidates for cardiac surgery for atherosclerotic disease. The rate of
catheterization-related symptomatic ischemic stroke recorded in this study (0.24%) is roughly
equivalent to those reported in previous studies [1-9].

Infarction group No infarction group P value

(n=27) (n=57)

Age, yr 74.1±6.6 70.4±9.4 0.08

Male, % 66.7 59.6 0.54

Risk factors

Hypertension, % 77.8 71.9 0.57

Dyslipidemia, % 81.5 52.6 0.01

Diabetes, % 55.6 36.8 0.11

Smoking, % 63 57.9 0.66

Family history, % 29.6 15.8 0.14

No. of risk factors 3.03±1.26 2.32±1.19 0.014

Table 1. Baseline characteristics
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Infarction group No infarction group P value

(n=27) (n=57)

No. of catheters used 2.85±1.1 2.12±0.9 0.003

Catheter size, F 4.44±0.8 4.25±0.6 0.3

Contrast volume, ml 128±55 120±55 0.48

Fluoroscopy time, min 22.7±14 17.1±12 0.04

LV angiogram, % 48.2 43.9 0.71

Aortic angiogram, % 11.1 14 0.71

Urgent, % 22.2 7 0.04

IABP, % 3.7 0 0.14

Purpose of procedure

Diagnostic, % 74.1 91.2 0.04

Interventional, % 25.9 8.8 0.04

Approach site

Radial or brachial, % 81.5 80.7 0.93

Femoral, % 18.5 19.3 0.93

Table 2. Procedural characteristics

5. Conclusions

Despite improvements in procedural techniques and catheter design, patients undergoing
catheterization remain at greater risk of atherosclerosis. While ischemic or hemorrhagic stroke
is the most debilitating complication of such procedures, conferring significant comorbidity
and mortality, asymptomatic cerebral infarction, which has been associated with cognitive
decline, is also a significant complication. Intervention against atherosclerotic risk factors is
needed along with careful procedural planning, in order to reduce rates of catheterization-
related cerebral infarction. Hypercholesterolemia is one of risks of catheterization-related
cerebral infarction.
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1. Introduction

1.1. Hypercholesterolemia

Hypercholesterolemia is a known major risk factor in the development of athereosclerosis
[29, 32, 51]. This circumstance is caused by internal homeostasis due to foods consumed.
The hypercholesterolemia may be related to high cholesterol diet or regular saturated fatty
acids intake [42]. The incidence of Chronic Heart Disease (CHD) remains high despite blood
pressure  being  controlled  in  hypertensive  patients.  Thus,  in  hypercholesterolemia  pa‐
tient’s LDL (Low Density Lipoprotein) concentration increases, and the lipoprotein is more
aged and more susceptible to oxidative modifications than LDL from healthy subjects [50].
These patients have been diagnosed with disability of LDL excreation and very low LDL
receptor activity. The most potent inhibitors of cellular cholesterol synthesis are inhibitors
of  3-hydroxy-3-methyglutaryl  coenzyme  A  (HMG-CoA)  reductase  and  consequently
elevated the cellular LDL receptors synthesis, resulting in significant reduction of plasma
LDL levels. [66].

1.1.1. Relation of hypercholesterolemia with atherosclerosis

Atherosclerosis is the disease caused by accumulation of foam cells originated from the
monocytes which are transformed into macrophages that engulf excessive oxidized lipopro‐
tein cholesterol. There was an increased foam cell formation which leads to intimal thickening
after migration of smooth muscle cells to the intima and lamellar calcification under the
endothelium. Finally a typical plaque characterized (Voet and Voet, 1990). The lumen of the
arteries was narrowed and high blood pressure induced. The formation of plaque occurrs
internally and raises the risk of cardiovascular diseases (CVDs) and strokes while remaining
asymptomatic.

© 2015 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.



Cholesterol is an important component and needed in development of metabolism cell, but
the excess of cholesterol content in serum could be problematic. Preclinical and clinical studies
have shown that high cholesterol diet is regarded as a main factor in the development of
hypercholesterolemia, atherosclerosis and ischemic heart disease [14]. The cholesterol content
in hypercholesterolemia cases produced extremely high risk agents such as oxygen free
radicals in serum as well as erythrocytes, platelets and endothelial cells. The elevation of total
serum cholesterol and LDL cholesterol along with generation of reactive oxygen species (ROS)
play a key role in the development of coronary artery disease and atherosclerosis.

In term of mechanism, these vascular problems of atherosclerosis, hypercholesterolemia and
hypertension are all correlated to each other. The formation of plaque is associated with a
period of time and relies on homeostasis of each individual in dealing with good cholesterol
(HDL: high-density lipoprotein) and bad cholesterol (LDL).

Today, strategies and remedies are available to combat CVDs. Even though changing life style
with appropriate dietary intake remains the first line of defence advocated by the healthcare
workers, drug treatment is still widely used because of the rapid effect especially in treating
severe cases [7]. Hence, most research today focuses on screening and identifying compounds
exhibiting anti-hypercholesterolemic properties.

To date, several cholesterol lowering medications were discovered and used singly or in
combination to lower the LDL cholesterol and triglycerides, a type of fats in the blood that also
increases the risk of atherosclerosis. Concomitantly increase of HDL cholesterol often offers
protection from CVDs [21]. These types of drug include, bile acid binding resins, cholesterol
absorption inhibitor, combination cholesterol absorption inhibitor and statins such as ezeti‐
mibe-simvastatin, fibrates, niacin and omega-3 fatty acids. However, almost all the anti-
hypercholesteromia drugs have been reported as having various adverse effects [46]. Several
side effects such as constipation, nausea, diarrhea, stomach pain, cramps, muscle soreness,
pain and weakness are reported; while more severe side-effects such as facial and neck
flushing, nausea, vomiting, diarrhea, gout, high blood sugar etc. are also known. The side
effects of statin and niacin are similar to each other. In addition, adverse drug reactions are
always encountered in multiple diseases treated with a number of drugs. If hypercholestero‐
lemia is accompanied by other diseases, these diseases may have an impact on the response
of the body to anti-hypercholesterolemia drugs and the metabolic processes of the body may
be affected negatively. Later on, increased dosages may be required, which in turn would only
worsen the cholesterol medication drugs. The search for cholesterol lowering medication has
now turned to complementary traditional medicine. However, the traditional use of herbs in
lowering cholesterol is often not verified scientifically. On the other hand, even if proven
effective, such herbs should be investigated on their mechanisms of action.

1.1.2. Mushrooms as medicinal-functional food against hypercholesterolemia

Medicinal mushrooms have been scientifically proven to be safe, efficacious, and novel anti-
hypercholesterolemia therapeutic agents of natural source. An abundance of scientific research
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and studies on medicinal mushrooms or edible mushrooms shed light on them as functional
food due to their broad spectrum of therapeutic efficacy beside culinary demand [80].

The original term “functional food” has been defined by Martirosyan (1992) as “a natural or
processed food that contains known biologically-active compounds which when in defined
quantitative and qualitative amounts provides a clinically proven and documented health
benefit, and thus, an important source in the prevention, management and treatment of chronic
diseases of the modern age”.

Medicinal Mushrooms (macrofungi), mostly members of the class Basidiomycetes fulfil the
requirement of functional foods. Recently, they have become increasingly attractive as
functional foods for their potential beneficial effects on human health. Hence, the food industry
is especially interested in cultivating these mushrooms. The wild edible mushrooms have
gained their reputation as health food due to their geographical origin in natural unpolluted
environment. Nonetheless the cultivation of medicinal mushrooms using modern technology
and the quality of the extracted product are crucial factors determining them as functional-
medicinal food.

A plethora of potent therapeutic components in medicinal mushrooms such as fibers, phytos‐
terols, saponins, polyphenols, flavanoids, terpenes and polysaccharides confer antihypercho‐
lesterolemic, antioxidant and anti-atherosclerotic properties [80].

The intensive study of [33] reported the hypocholesterolemic effect of the mushroom fruiting
bodies and several types of these extracts exhibited different mechanisms of action, such as
impairing dietary cholesterol absorption or inhibiting the endogenous cholesterol metabolism.
Other reports showed that medicinal mushrooms are rich in chitin (dietary fibre) and specific
β-glucans which may inhibit cholesterol absorption by increasing the faecal excretion of bile
acids and reducing the amount of serum LDL-cholesterol [19, 28].

Among the most studied mushroom species are Tricholoma giganteum (giant mushroom),
Marasmius androsaceus (horsehair parachute mushroom), Grifola frondosa (maitake mushroom),
Pleurotus species (oyster mushroom), Lentinula edodes (shiitake mushroom), Ganoderma
lucidum (reishi or lingzhi mushroom), Sparassis crispa (cauliflower mushroom), Pholiota
adiposa (black tiger’s paw mushroom), Sarcodon aspratus (yellow cap mushroom), Hypsizygus
marmoreus (shimeji/buna shimeji mushroom), Flammulina velutipes (enoki mushroom),
Hericium erinaceus (lion’s mane mushroom), and Agaricus bisporus (button mushroom) [65].

The objectives of this article are to review the possible anti-hypercholesterolemic mechanisms
of some putative bioactive compounds extracted from well known medical mushrooms
particularly G. lucidum.

2. Selective mushrooms as anti-hypercholesterolemia agent

Ganoderma species are Basidiomycetes belonging to Polyporaceae (or Ganodermataceae) of
Aphyllophorales. They differ from the ordinary mushrooms and are categorized in the order
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Agaricales in that they have pores rather than gills on the surface of the fruiting bodies. G.
lucidum has been reported to have multi-beneficial values and concerted medicinal effects in
the treatment of various diseases. The recent application of modern analytical techniques has,
in a number of cases, provided a scientific basic for these earlier empirical observation. Thus,
many putatively effective compounds are isolated and identified from G. lucidum. The
pharmacological activities of G. lucidum have been attributed mainly to its polysaccharides
and triterpenes [24].

2.1. Ganoderma polysaccharides

As fungal wall constituents, bioactive polyglycans (polysaccharides), such as β-glucans in G.
lucidum, are found in all parts of the mushroom, including the mycelium (Bartnicki-Garcia,
1968). Fungal polyglycans can also be secreted into the growth medium and become extrac‐
ellular (Buck et al., 1968). Bioactive polyglycans in G. lucidum comprise neutral polysaccharides
(β-1,3, β-1,6 homo D-glucan), acidic glucan and polyglycan [60], protein-bond heteroglucan
[58], arabinoxyoglucan, a highly branched heteroglucan [61], with a heteroglycan with β-(1,4)
core [62], and peptidoglycan: ganoderan A, B, C [35] in the fruiting body [84], β-D glucan [72]
and lucidan, a protein-bond heteroglycan [44], as well as other polyglycans in the mycelia
which have not been characterized.

In fact, Ganoderma glucans, β-(1,3), β-(1,6)-D-glucan is blocked by basic unit of β-(1,3)-D-
glucopyronan which consists of 1-15 units of β-(1,6) monoglucosyl side chains (Mizuno, 1991).
Numerous reports show that β-(1,3), β-(1,6)-D-glucans with molecular weight of 104-106

Daltons exhibit antitumor activity (Mizuno, 1991). It seems that the higher the molecular
weight, the more effective anti-hypercholesterolemia activity. Anti-hypercholesterolemia
activity is also linked to the frequency of polysaccharide branching which varies during
different stages of mycelial growth. Different extraction and purification processes yield a
variety of bioactive glycans. Identification of these large and highly complex bioactive
Ganoderma polysaccharides, whose precise structures have not been elucidated, involved
expensive process.

2.2. Ganoderma Triterpenes

Triterpenes are relatively simple molecules which are easy to isolate and quantify. They can
be used as a measure of the quality of different Ganoderma samples [24] (Stavinoha, 1995).
Twenty or so bioactive triterpenes have been isolated from G. lucidum although over one
hundred with known chemical compositions and molecular configurations have been reported
to occur in G. lucidum.

Triterpenes are produced in the fruiting body. They can also be induced in the mycelial mat
on solid medium (Nishitoba et al., 1987) or in the still liquid culture of late stationary phase [86].
Limited amount of triterpene is formed in the mycelial pellets of liquid shaking culture [76].
It is said that strains producing basidiocarps with a light yellow underside may contain a high
amount of triterpenes in their caps. Such observation has been used to grade commercial
Ganodema fruiting bodies in Asia [37]. [75] found that the highest concentration of Ganoderma
triterpenes was in the spore scrapings obtained from the underside of the mushroom in the
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1-2 mm tube region (the hymenial layer). Only 18-58 mg of bioactive triterpenes were obtained
from 1000 g of Ganoderma tsugae basidiocarps, while 4.5% (w/v) of crude ethanol extract was
obtained from the sample [77]; thus, Stavinoha et al. (1993) used spore scrapings from the
mushroom underside instead of the whole mushroom for extracting bioactive triterpenes.

The bitter taste of G. lucidum as a traditional Chinese medicine or tonic is attributed to its highly
oxygenated polar triterpenes [54]. Triterpenes as secondary metabolites are more strain
specific in G. lucidum [64]. High temperature and prolonged oxidation should be avoided
during extraction to retain intact structures of these volatile compounds [37].

3. Mechanism on different biomedical application of Ganoderma lucidum

There are many studies on G. lucidum worldwide due to its superior therapeutic value in
tackling many types of diseases. However the mechanisms involved have yet to be clarified
and fully understood. This review is undertaking to specify the anti-hypercholesterolemia
mechanisms of different G. lucidum medicinal compounds.

Excretion of second metabolism products of the mushroom are used for self protection in
extremely severe environment condition. The second metabolism products of G. lucidum,
which included β-glucans and triterpenes have been known to possess a broad spectrum of
health benefits from disease prevention and maintenance of health to the regulation or
treatment of chronic as well as acute life threatening illness [16]. The anti-hypercholesterolemia
therapeutics of G. lucidum extracts involved several types of mechanisms.

3.1. Mechanism of inhibitory effect of ganoderic acid on HMG-CoA reductase

Previous research by [85] focused on the oxygenated lanostanoid triterpenes isolated from G.
lucidum. The pure isolated triterpenes taste bitter and some are cytotoxic. Their unique
chemical structures have been studied in detail. The derivatives of these terpenes type
compounds (Figure 1) were obtained through chemical conversion during inhibition of
cholesterol biosynthesis.

These mushroom triterpenes inhibited histamine release from rat mast cells. Compound VI
with 7-oxo and 15 α-hydroxy groups at 40 μM showed highly potential inhibition of cholesterol
synthesis from [24,25-3H]-24,25-dihydrolanosterol (18 μM). This encouraging result was
obtained by testing 24, 25-dihydrolanosterol on rat hepatic subcellular 10,000 xg supernatant
fraction. The triterpene involved is ganoderic acid C methyl ester. Its derivative is synthesized
by a complicated reaction included the yield of tri β-methoxyethoxymethyl ether (MEM)
derivative under Wolff-Kishner condition to allow the 7-oxo-11-deoxo derivative further
decarboxylation and deprotection of the hydroxyl group. The whole structure of compound
VI has no functional group in the side chain and has both 7-oxo and 15 α-hydroxy groups on
the same skeleton and showed potent inhibitory effect compared with other derivatives with
carboxyl groups at the side chain.

Compound I and II showed the other derivatives with oxo group at C-23 and decarboxyl
compounds at the side chain had moderate inhibitory effects. Derivatives of compond IV and
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V has carboxyl group at C-25 in the side chain showed almost no inhibitory effect. These results
provided an excellent clue and fundamental of specific side of triterpenes on the discovery of
other G. lucidum bioactive triterpenes in anti-hypercholesterolemic study.
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Figure I : Ganoderic acid B methyl ester (compound II ) was obtained by treating 
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synthesized by the reaction of compound I and III with lead tetraacetate in the presence of 

Compound  I Compound  II 

Compound  IV

Compound V Compound  VI 

Compound III 

(Source: [84]

Figure 1. Ganoderic acid B methyl ester (compound II) was obtained by treating compound I with ethereal diazome‐
thane. Decarboxylated compounds IV and V were synthesized by the reaction of compound I and III with lead tetraa‐
cetate in the presence of cupric acetate containing a drop of pyridine in refluxing benxene. In the case of V derived
from III, the 7β-hydroxyl group was further oxidized to the carbonyl group.

3.1.1. Mechanism

Figure 2 showed the statins as HMG-CoA reductase inhibitor drug playing its key role in the
pathway of blocking the biosynthesis mevalonate from the HMG-CoA. The mechanism
involved the statin by interrupting the structure of HMG-CoA reductase binding to NADPH
in HMG-CoA to produce mevalonate. Therefore the metabolic pathway that produces
cholesterol and other isoprenoids has terminated.
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Figure 2. Figure 2 showed the statins as HMG-CoA reductase inhibitor drug play its key role in the pathway of block‐
ing the biosynthesis mevalonate from the HMG-CoA. Whereby ganoderic acid inhibit the cholesterol formation by
competed with squalene oxido-cyclase at the last stage of cholesterol synthesis.

Akira Endo and his group discovered statins in 1976, and these HMG-CoA reductase inhibitors
showed competitive effect on inhibiting HMG reductase due to their very close molecular
structure to HMG-CoA. The use of statins is able to reduce the blood cholesterol levels
significantly as HMG reductase is the first committed enzyme in the sequence of cholesterol
synthesis cumulative process. However, since mevalonic acid (MVA) is a common precursor
for many isoprenoids, blocking of MVA formation may induce undesired side effects besides
inhibiting sterol synthesis. More specific inhibition of cholesterol synthesis may be attained by
inhibition at some later stage of cholesterol synthesis. In this case, lanosterol was chosen in the
ganoderic acid test as it originally converts from squalene by squalene oxido-cyclase at the end
of cholesterol synthesis (Figure 2).

3.1.2. Comparison of structure of statins and ganoderic acid derivatives

These renowned drugs have been studied for their functional anti-hypercholesterolemic
mechanism as a model for preliminary comparison of undefined natural products based on
the results of the laboratory and the spectroscopy elucidation of their structure. Therefore the
highest percentage of similarity of both compound structures implied similar highest effec‐
tiveness. This theory has been validated when the structure of HMG-CoA and the binding site
of competitor lovastatin drug in HMG-CoA reductase inhibition was compared (figure 3).
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Figure 3. Comparison structure of HMG-CoA and the binding site of competitor lovstatin drug in HMG-CoA reduc‐
tase inhibition.

Figure 4. Comparative molecular structure of lavastatin as pharmaceutical drug and compound VI as triterpene deriv‐
ative of ganoderic acid.

The active side of lovastatin is circled in box, while the structure site of the ganoderic acid
derivatives automatically refers to the site chain for comparison. The important difference is
statin inhibited the earlier stage of cholesterol formation whereby ganoderic acid inhibited at
the late stages of cholesterol formation. Figure (4a) showed that lavostatin has 5 carbons in
aromatic ring when the reaction of carboxyl group and the hydroxyl group occurred. The active
sites mostly rely on the double bond of oxide group and the beta hydroxyl group. The position
of both active sites is separated and impossible to react intra-molecularly. Conversely the site
chain of ganoderic acid derivatives (figure 4b) is aliphatic whereby the position of carboxyl
group and double bond could possibly interact. Compound IV and V (in figure 1) has close
double bond at C-23 and 24 and this contribute to instability. Structure of figure (VI) shows
that it is a potent inhibitor but is surprisingly without any carboxyl and double bond at the
site chain. Its competitor effect could be due to the interaction of C-7 and C-15 with the binding
site of 24, 25-dihydrolanosterol. The binding site of ganoderic acids with 24, 25-dihydrolanos‐
terol is essentially similar to ganoderic acid and hence no side effect to the patient will result.
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3.2. Mechanism as angiotensin converting enzyme inhibitor in rennin angiotension-
aldosterone system

The other mechanism that could apparently be involved is the inhibition of angiotensin
converting enzyme (ACE) in renin-angiotensin system. This system is indirectly related to
hypercholesterolemia. Atherosclerosis is the main contributory factor in this case but it may
result in high blood pressure due to the narrowing of lumen of blood arteries. Therefore the
regulatory mechanism of blood pressure by vasoconstriction and vasodilation may attenuate
the hypercholesterolemia impact.

[62] identified five novel lanostane triterpenes, namely ganoderal A; ganoderols A and B;
ganoderic acids K and S in the methanolic extract. These compounds were tested for their ACE
inhibitory effect by a modification of the method described by Friedland and Silverstein (1976)
and expressed in terms of IC50 (the amount of samples needed to inhibit 50% of ACE activity).
All the newly discovered lanostane triterpenes showed IC50 of the order of 10-5 M which is
considered potent. However, the earlier reported ganoderic acid F (figure 5) achieved the
highest inhibitory effect with IC50 of 4.7 x 10-6 M.

In 2012, Abdullah et al. reported that the hot water extract of G. lucidum exhibited the best ACE
inhibitory effect compared to other culinary-medicinal mushrooms. Normally the hot water
extract consists of polar compounds. It has been proposed that the multitudes of phenolic
substances present in G. lucidum contributed to this inhibitory action [62]. In addition the anti-
ACE activity of the hot water extract of G. lucidum was enhanced when the mushroom was
grown on the germinated brown rice [35].

3.2.1. Mechanism of Renin-Angiotensin System (RAS) of G. lucidum extract

The RAS is important for the aldosterone hormone system in kidneys and lung. Consequently,
the blood pressure and water (fluid) balance is regulated.

Briefly, when the blood volume is low in the circulation, this scenario would be sensed by the
juxtaglomerular cells at the afferent arterioles of the renal glomeruli [11] in kidneys and
concurrently activate the prorenin which converts to renin directly into circulation. Plasma
rennin hydrolyzes its substrate, angiotensinogen released by the liver to produce a decapeptide
known as angiotensin I, which is then rapidly converted to an octapeptide, angiotensin II, by
a circulating angiotensin-converting enzyme found in the lungs. Angiotensin II is a potent
vasoconstrictor peptide that stimulates the cells of the zona glomerulosa of adrenal cortex to
produce aldosterone [10] and [41] which causes blood vessels to constrict, resulting in
increased blood pressure. When the re-intake of sodium and water in the kidneys tubules is
caused by Aldosterone, the body fluid eventually increases resulting in increase of blood
pressure. [4].

3.2.2. ACE inhibitor

Interrupting the RAS effectively control the constriction of blood vessels. When the arteries
are confronted with the problem of narrowing lumen caused by the formation of plaque
in hypercholesterolemia, the treatment of using ACE inhibitor or compound that blocks the
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activity of ACE could reduce some risk drastically via vasodilation. Most of the synthetic
pharmaceutical drug for the treatment of hypertension has no curative effect, and in fact
needs prolonged administration for congestive heart failure protection. These types of drugs
are usually used in combination with other medication and are usually well-tolerated by
most individuals.  Nevertheless,  side effects  such as cough,  headache,  drowsiness,  weak‐
ness, abnormal taste (metallic or salty taste), rash are very common. By testing the active
ingredient(s) in G. lucidum, it is possible to identify ACE inhibitor(s) which may be devoid
of side effect.

3.2.3. Comparative structure of ACE inhibitor captopril and ganoderic acid F

Captopril (figure 5) is a ACE inhibitor used for the treatment of hypertension and some types
of congestive heart failure. Captopril plays its role in blocking the conversion of angiotensin I
to angiotensin II. Both captopril and ganoderic acid F are highly active ACE inhibitor. In term
of structure, captopril contains a side chain with 3 carbons with different functional groups
and an aromatic ring formed with 4 carbons and a nitrogen atom as the main attachment to
the side chain. The molecule is small with a molecular weight of 217 Daltons. In contrast,
ganoderic acid F is a natural product. Its structure is huge with 7 carbons at the side chain
attached to the main skeleton which contains 4 aromatic rings. Its molecular weight is 2.6 times
more than captopril. Both compounds have the carboxyl, ketone and methyl functional groups
except captopril which, in addition has a sulphate group at the tail. There is no sulphate and
nitrogen atom in ganoderic acid F.

Figure 5. Comparative molecular structure of captopril as a commercial pharmaceutical drug and ganoderic acid F ex‐
tracted from G. lucidum.

Comparison of the molecular structure cannot really ascertain the effectiveness of both
compounds in term of anti-hypertension or indirectly on anti-hypercholesterol activity. In
addition, there are many other differences in term of their configurations and binding site of
both compounds. Moreover, there could be many other factors influencing the mechanism of
RAS system. As the comparison is based on the isolated and characterized G. lucidum lanostane
triterpenes which have shown ACE-inhibitory activity, this wound provide some hints on the
working structure. The effect of captopril on hypertension is rapid but comes with side effect.
While ganoderic acid F is a natural product, experimental studies and clinical trials are still
needed. The findings from this present review contrasted the conclusion by [8] that the
compounds responsible for anti-hypertensive activity have molecular weights of more than
1,000,000 Daltons, based on their in vivo data in Spontaneously Hyoertensive rats.
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3.3. Mechanism of inhibition of oxidative damage

Extracts prepared from either mycelial or fruiting body of G. lucidum have been accorded a
prominent role as a source of natural antioxidants [57]. The antioxidant activity of these extracts
was found mainly correlated with their polysaccharide content as well as with their phenolic
content [21]. Several scientific reports [26, 38, 45] have proven that the mechanism involved is
direct inhibition of the process of oxidation at the cell membrane of the host. The reactive
compounds react directly with the free radicals and neutralize the oxidation effect in reducing
oxi LDL which forms the key precursor in cardiovascular diseases included hypercholestero‐
lemia. The physiological effects of these extracts was shown to depend on the strain and the
nature of cultivation [65].

(1 → 6) or (1 → 3)-β-D-glucans from G. lucidum are reportedly potential drugs against oxidation.
These substances seem to enhance the activity of the immune system, but there is no accepted
mechanism of action nor agreement on the parameters which influence the activity (Werner
et al., 1997). Therefore, glucans with different structures and/ or varying molar mass were
characterized by spectroscopy, spectrometry coupled with size-exclusion chromatography in
order to obtain the molar mass distribution and to gain an idea of the structure in solution.
The activity of polysaccharides is determined by their conformation, composition and size [13].
Additionaly, polysaccharides may contribute to the oxidation properties, depending on their
molecular structure, the sugar unit and conformation in whole. [78]

Many  synthetic  chemicals  such  as  phenolic  compounds  are  found  to  be  strong  radical
scanvengers but they usually have side effects [33]. Most of the 2,2-diphenyl-1-picrylhydra‐
zyl (DPPH) scavenging activities of G. lucidum crude extract were compared with those of
the well-known antioxidants such as vitamin C. At all concentrations tested, the G. lucidum
polysaccharides exhibited a dose-dependent DPPH radical-scavenging activity. [19]

3.3.1. The mechanism of scavenging DPPH radicals

Crude hot water extract of G. lucidum showed its maximum scavenging activity (94.8%) at 2.5
mg/mL. However a declining tendency was also noted with higher concentrations (till 10 mg/
mL). This could be caused by limitation of solubility, and increased hydrogen bonding once
the concentration of polysaccharide is increased. [43] reported that the concentration of
available hydroxyl groups is responsible for the scavenging ability of polysaccharides. [56]
supported the direct relationship between monosaccharide composition and conformation of
side chains with scavenging ability of polysaccharides. In this case, the scavenging of DPPH
radicals is conducted by the arabinose linked by 1, 4 linkages of the side-chain and glucose
linked to the 1,6 glycosidic linkage respectively [57].

3.3.2. Inhibition of Lipid Peroxidation (LPO)

LPO is regarded as one of the basic mechanisms of cellular damage caused by free radicals [68].
The relationship between LPO and hypercholesterolemia is well recognized. A cholesterol rich
diet results in increased LPO by the induction of free radical production [3]. Hypercholestero‐
lemia and lipid peroxidation are believed to be critically involved in development of atheroscle‐
rosis [9].
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G. lucidum extract expressed the same pattern in prevention of linoleic acid peroxidation. In
such experiment, the antioxidant activity of G. ludicum extract increased from 0.1 to 10.0
mg/mL and reached a plateau of 77.2−77.3% at 10.0−20.0 mg/mL. [56] measured the inhibition
of lipid peroxidation by conjugated diene method. They concluded that strong relationship
existed between monosaccharide ratio and antioxidant activity. Antioxidant activity increased
with increasing concentrations of mannose and rhamnose,whereas the activity decreased with
corresponding increases in concentration of arabinose and glucose.

3.3.3. Reducing power

G. lucidum polysaccharide extract exerted a high potential in hydrogen-donating ability in the
ferric–reducing antioxidant power assay [57]. This extract showed promising reducing power
gradually when the concentration was increased from 0.1 to 0.5 mg/mL and achieved a relative
stable level of 3.2−3.4 at 5.0−20.0 mg/mL. The effectiveness of G. lucidum extract in reducing
power test was obvious when compared to ascorbic acid tested as positive control which had
a reducing power of 3.5 at 20.0 mg/mL.

[70] reported xanthan and methylcellulose showed hardly any hydrogen donating activity
compared with the very huge activity of ascorbic acid. [56] also reported that weak relationship
was found between monosaccharide composition and reducing ability. In fact the non-
polysaccharide components of the Ganoderma extract play the main role in reducing power.
These components could react with free radicals and eventually stabilize and block chain
reactions.

3.3.4. Chelating ability on ferrous ions

The molecular masses of the polysaccharide fractions are important for the chelating ability
[43]. The ferrous ions chelating ability of polysaccharides extract of G. lucidum is 11.0−64.6%
at 0.1−20 mg/mL and achieved a maximum of 68.9 % at 10 mg/mL. A mole number of poly‐
saccharide is required to chelate a mole number of ferrous (Fe2+) ions. The absolute chelating
power is inversely related with the mean molecular mass, showing that higher molecular
weight of polysaccharide exhibits higher chelating ability. However, this rule excludes
amylopectine and starch which have no chelating effect despite their higher molecular weight.
Therefore glycoside linkage of β-D-glucan exhibited higher ranking in chelating ability
compared to α-D-glucan.

3.4. Mechanism of inflammation — Hepatoprotective effect

Total triterpenes extract from G. lucidum have been tested on two different experimental liver
injury mice models induced by carbon tetrachloride and D-galactosamine [69]. In this test
model, the extract showed inhibition of liver triglyceride and serum alanine aminotransferase
levels significantly. Such result is encouraging when compared to a known reference sub‐
stance, malotilate for this form of protective effects. Both superoxide dismutases (SOD) activity
and the glutathione content have been antagonized and decreased by G. lucidum extract. This

Hypercholesterolemia144



G. lucidum extract expressed the same pattern in prevention of linoleic acid peroxidation. In
such experiment, the antioxidant activity of G. ludicum extract increased from 0.1 to 10.0
mg/mL and reached a plateau of 77.2−77.3% at 10.0−20.0 mg/mL. [56] measured the inhibition
of lipid peroxidation by conjugated diene method. They concluded that strong relationship
existed between monosaccharide ratio and antioxidant activity. Antioxidant activity increased
with increasing concentrations of mannose and rhamnose,whereas the activity decreased with
corresponding increases in concentration of arabinose and glucose.

3.3.3. Reducing power

G. lucidum polysaccharide extract exerted a high potential in hydrogen-donating ability in the
ferric–reducing antioxidant power assay [57]. This extract showed promising reducing power
gradually when the concentration was increased from 0.1 to 0.5 mg/mL and achieved a relative
stable level of 3.2−3.4 at 5.0−20.0 mg/mL. The effectiveness of G. lucidum extract in reducing
power test was obvious when compared to ascorbic acid tested as positive control which had
a reducing power of 3.5 at 20.0 mg/mL.

[70] reported xanthan and methylcellulose showed hardly any hydrogen donating activity
compared with the very huge activity of ascorbic acid. [56] also reported that weak relationship
was found between monosaccharide composition and reducing ability. In fact the non-
polysaccharide components of the Ganoderma extract play the main role in reducing power.
These components could react with free radicals and eventually stabilize and block chain
reactions.

3.3.4. Chelating ability on ferrous ions

The molecular masses of the polysaccharide fractions are important for the chelating ability
[43]. The ferrous ions chelating ability of polysaccharides extract of G. lucidum is 11.0−64.6%
at 0.1−20 mg/mL and achieved a maximum of 68.9 % at 10 mg/mL. A mole number of poly‐
saccharide is required to chelate a mole number of ferrous (Fe2+) ions. The absolute chelating
power is inversely related with the mean molecular mass, showing that higher molecular
weight of polysaccharide exhibits higher chelating ability. However, this rule excludes
amylopectine and starch which have no chelating effect despite their higher molecular weight.
Therefore glycoside linkage of β-D-glucan exhibited higher ranking in chelating ability
compared to α-D-glucan.

3.4. Mechanism of inflammation — Hepatoprotective effect

Total triterpenes extract from G. lucidum have been tested on two different experimental liver
injury mice models induced by carbon tetrachloride and D-galactosamine [69]. In this test
model, the extract showed inhibition of liver triglyceride and serum alanine aminotransferase
levels significantly. Such result is encouraging when compared to a known reference sub‐
stance, malotilate for this form of protective effects. Both superoxide dismutases (SOD) activity
and the glutathione content have been antagonized and decreased by G. lucidum extract. This

Hypercholesterolemia144

corresponds to the reduction of malondialdehyde content in the carbon tetrachloride and D-
galactosamine liver-injured mice. (Andréia et al., 2013).

These data indicated that peptides and ganoderic acids which have been isolated from G.
lucidum have a powerful protective effect against liver damage induced by carbon tetrachloride
and D-galactosamine. The increased activity of free radical scavenging enzymes could be
related to the hepatoprotective effects and, thus, enhancing the effectiveness of anti-oxidation.

However the other experiments revealed administration of G. lucidum polysaccharides dose-
dependently significantly enhanced antioxidant enzymes activities in the serum of rats fed
with polysaccharides compared to model group [73]. Another report reported that rats fed
with ergosterol-rich and nicotinic acid-rich extract had significantly higher serum glutathione
peroxidase and SOD activities (Andréia, 2013).

The liver is the main organ of detoxification and is the site of metabolic conversion of endog‐
enous and exogenous compounds. Another major function of the liver is to synthesize bile
acids from cholesterol and to secrete these compounds from the hepatocytes into the intestine,
thereby generating bile flow and facilitating dietary fat emulsification and absorption [82]. The
studies on hepatoprotective effect of G. lucidum relied on many types of substrates. Since the
liver is the main organ of metabolism, many biochemical pathway are related, thus more than
one substrates are involved in the respective mechanism.

3.4.1. Mechanism of hepatoprotective effect of Ganoderma extract

Whatever substrates are involved, the basic of this mechanism is promoting the release of SODs
into the blood stream. Kurt and Stefan (2014) reported that plasma clearance of human
extracellular-superoxide dismutase C (EC-SOD C) in rabbits was initiated in the liver which
contained the most 125I-EC-SOD C, followed by kidney, spleen, heart, and lung. This scenario
shows that almost all 125I-EC-SOD C in the organs was deposited on endothelial cell surfaces
and was not associated with any other tissue cell surfaces, or present within the cells. [47].

Pathology studies on the hepatocytes that the SODs are a family of metalloenzymes which
need mineral copper as integral component. About 50−80% copper absorption is maximal in
the duodenum and may be absorbed from the stomach. Within the intestinal mucosal cells,
copper can react with metallothionein, a sulfhydryl group-rich protein that binds copper
through the formation of mercaptide bonds. Factors affecting copper absorption include
gender, the chemical form and certain dietary constituents.

The rich and multi nutrient ingredient of ganoderma extract has provided sufficient natural
supplement in enhancing the liver metabolism. Besides beta-glucan, coumarin, mannitol, and
alkaloids, triterpenes isolated from G. lucidum included ganodenic acid which have a molecular
structure similar to steroid hormones and ganoderol, ganoderenic acid, ganoderiol, ganoder‐
manontriol, lucidadiol, and ganodermadiol which is believed to stimulate the metabolism of
liver to achieve the detoxifying effect. Combination of different substrates and components
also provoke the synergic in term of efficacy. It is interesting that phytochemistry profile of G.
lucidum includes 18 types of amino acids and more than 10 minerals which could be the vital
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ingredient of 50−80 % cupper and other minerals absorbed from duodenum and stomach in
men.

There are three types of SODs in eukaryotic cells catalysing the same reaction. They are copper
and zinc-containing SOD (CuZnSOD) exists in cytosol, an manganese-containing SOD
(MnSOD) which is encoded in the nucleus, synthesized in the cytosol and imported post-
translationally into the mitochondrial matrix, and an extracellular CuZnSOD.

Basically 90% of the cell’s oxygen is consumed by MnSOD at the mitochondria matrix. Thus
mitochondria are sensitive to oxidative damage, especially inducible by environment oxida‐
tive stress. Most probability due to mitochondria are lack of histones and an efficient DNA
repair [12].

The SODs are playing their role in the initial stage of cellular anti-oxidant defense by the
dismutation of the superoxide radical into hydrogen peroxide and molecular oxygen. Super‐
oxide is the one-electron reduction product of molecular oxygen.

There are two possible equations of SOD-catalysed dismutation of superoxide where the
oxidation state of the metal cation oscillates between n and n+1. The half-reactions could be
written as :

M(n+1)+-SOD + O2- → Mn+-SOD + O2

Mn+-SOD + O2- + 2H+ →M(n+1)+-SOD + H2O2

The H2O2 will be disproportionating to H2O and O2 by catalase which is excreted from
hepatocytes to complete the oxygen radical detoxification process [12]

The mechanisms of the hepatoprotective effects of G. lucidum have been largely undefined.
However accumulating evidences suggest most of the identified substrates of G. lucidum
extract are able to enhance the release of SOD or other anti-oxidant enzymes from the cytosolic
and extracellular which have potential hepatoprotective effect. They play their role in modu‐
lation of hepatic phase I and II enzymes, modulation of nitric oxide production, and mainte‐
nance of hepatocellular calcium homeostasis [81].

3.5. Mechanism on immunostimulation with Ganoderma polysaccharides

Many bioactive components in G. lucidum are biological response modifiers which stimulate
the host’s own defense system [54] by evoking favorable immune responses. The cell surface
is the Ganoderma bioactivity target site in terms of receptors and membrane alternation. In
contrast to starch and a number of other naturally occurring polysaccharides, bioactive
Ganoderma glycans are not degraded into their component sugars in animals or humans. Thus,
such fungal polysaccharides are able to produce therapeutic effects. Starch, on the other hand,
is decomposed enzymatically into its component sugar, glucose, and can be used as an energy
source [37].

Hypercholesterolemia146



ingredient of 50−80 % cupper and other minerals absorbed from duodenum and stomach in
men.

There are three types of SODs in eukaryotic cells catalysing the same reaction. They are copper
and zinc-containing SOD (CuZnSOD) exists in cytosol, an manganese-containing SOD
(MnSOD) which is encoded in the nucleus, synthesized in the cytosol and imported post-
translationally into the mitochondrial matrix, and an extracellular CuZnSOD.

Basically 90% of the cell’s oxygen is consumed by MnSOD at the mitochondria matrix. Thus
mitochondria are sensitive to oxidative damage, especially inducible by environment oxida‐
tive stress. Most probability due to mitochondria are lack of histones and an efficient DNA
repair [12].

The SODs are playing their role in the initial stage of cellular anti-oxidant defense by the
dismutation of the superoxide radical into hydrogen peroxide and molecular oxygen. Super‐
oxide is the one-electron reduction product of molecular oxygen.

There are two possible equations of SOD-catalysed dismutation of superoxide where the
oxidation state of the metal cation oscillates between n and n+1. The half-reactions could be
written as :

M(n+1)+-SOD + O2- → Mn+-SOD + O2

Mn+-SOD + O2- + 2H+ →M(n+1)+-SOD + H2O2

The H2O2 will be disproportionating to H2O and O2 by catalase which is excreted from
hepatocytes to complete the oxygen radical detoxification process [12]

The mechanisms of the hepatoprotective effects of G. lucidum have been largely undefined.
However accumulating evidences suggest most of the identified substrates of G. lucidum
extract are able to enhance the release of SOD or other anti-oxidant enzymes from the cytosolic
and extracellular which have potential hepatoprotective effect. They play their role in modu‐
lation of hepatic phase I and II enzymes, modulation of nitric oxide production, and mainte‐
nance of hepatocellular calcium homeostasis [81].

3.5. Mechanism on immunostimulation with Ganoderma polysaccharides

Many bioactive components in G. lucidum are biological response modifiers which stimulate
the host’s own defense system [54] by evoking favorable immune responses. The cell surface
is the Ganoderma bioactivity target site in terms of receptors and membrane alternation. In
contrast to starch and a number of other naturally occurring polysaccharides, bioactive
Ganoderma glycans are not degraded into their component sugars in animals or humans. Thus,
such fungal polysaccharides are able to produce therapeutic effects. Starch, on the other hand,
is decomposed enzymatically into its component sugar, glucose, and can be used as an energy
source [37].

Hypercholesterolemia146

Of great interest is the discovery of β-D-glucan receptors on the surface of a number of white
blood cells (leukocytes, monocytes, macrophages, natural killer (NK) cells, and other lympho‐
cytes) in animals and humans [17, 22]. The broad stimulatory effects of Ganoderma β-glucans,
via transduced cell surface receptors in the immune system, lead to the release of cytokines
and lymphokines (cell mediators), such as IL-1, IL-2, IL-4 (interleukins), interferon and TNF
(tumor necrosis factor). Many immune parameters are improved, e.g., increase of T-cell
functions and antibody production. Potential benefits and low toxicity make Ganoderma
polysaccharides desirable for boosting the immune system of patients undergoing chemothe‐
raphy, radiation therapy or during recovery from major surgery [17]. Immunomodulatory
effects of Ganoderma polysaccharides may also be useful in atherosclerosis, hypercholestero‐
lemia and heart failure prevention.

[64] reported activation of T-cell by administering Ganoderma polysaccharides orally. Stimu‐
lation of cytokines [15] and activation of cytotoxic NK cells [83] by Ganoderma polysaccharides
were subsequently reported. The major polysaccharide fraction, β-1,3 glucan has been shown
to exhibit a wide-based adjuvant stimulatory activity on macrophages and T-cells, leading to
IL-1 [39], IL-2 [15, 87], and TNF production [88] which play a role in antitumor immune
surveillance [49]. Ganoderma has been reported to have some effects on immunofunctions
which can stimulate the activity of acid phosphatase and β-glucuronidase of peritoneal
macrophages in mice (Liu, 1993). It is also observed that there is a significant increase in plague
forming cell and agglutination titer of anti-sheep erythrocytes (SRBC) antibody as well as the
activity of γ interferon of mice [52]. The activity of crude Ganoderma extract on NK cells was
of specific interest. Firstly, the effectiveness of a water soluble Ganoderma polysaccharide
fraction derived from mycelium was shown to enhance splenic NK activity in normal mice
when administered via intraperitoned, intravenous or oral route. The fraction also restored
depressed NK cytotoxicity in tumor-bearing mice [83]. Secondly, the capacity of Ganoderma
polysaccharide in activating macrophages [89] and lastly the polysaccharides markedly
enhanced the cytotoxicity of T-lymphocytes [52]. The last two activities are established
tumoricidal affector pathways of the host immune system.

3.6. Mechanism — Ganoderma lanostane-type triterpenes as potent Farnesoid-X-Receptor
(FXR) agonists

[79] reported the application of in silico tools for the identification of natural products, namely
Ganoderma lanostane-type triterpenes as potent FXR agonists. Intriguingly, three lanostanes
secondary metabolites from G. lucidum, that is, ergosterol peroxide, ganodermanontriol, and
ganoderiol F, dose-dependently induced FXR in the low micromolar range in a reporter gene
assay.

The relevance of FXR as bile acid (BA) activated receptor was illustrated with regard to the
treatment of atherosclerosis and its counter-regulatory role in immunity and inflammation.
FXR exhibits a regulating function in many endogenous pathways. Its active site contains
specific features which are well-characterized. These important characteristics have contrib‐
uted to the attractiveness of this nuclear receptor as an atypical drugable target for the
development of novel therapaeutic agents which may be effective in the prevention and
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treatment of, including, the metabolic syndrome, dyslipidemia and atherosclerosis. Cheno‐
deoxycholic acid (CDCA) and other BA are natural ligands for FXR.

A dose-dependent FXR-inducing activity showed the EC50 of the most active lanostanes
identified from G. lucidum activated FXR at even lower concentrations than control, the ranking
from the most active is ergosterol peroxide (0.85l M), ganodermanontriol (2.5l M), ganoderiol
F (5.0l M) and the control CDCA (16.8 lM). The tested Ganoderma compounds significantly
decreased the levels of cholesterol 7α- hydroxylase (CYP7A1) mRNA. The degree of inhibition
was similar to that induced by the positive control CDCA.

3.6.1. Comparative molecular structure of active lanostanes and CDCA

Four of the compounds have the basic molecular structure with 3 benzene rings and a penta
ring, and the side chain is completely different (Figure 6). In term of number of carbon,
ergosterol peroxide has the higher number of carbons at the side chain which is 4 carbons more
than CDCA. The other two compounds contain same number of carbon. Ergosterol peroxide
has 4 methyl groups at the side chain excluding hydroxyl group. The rest contain at least a
hydroxyl group at the side chain with the possibility of intermolecular bond forming. Only
ergosterol peroxide and ganoderiol F formed double bond at their side chain but at different
position. This is important as double bond is favoured in binding and activating the compound.
The position of double bond of ergosterol peroxide is ideal compared with ganoderiol F,
because there is no other functional group beside the double bond. There is a carbonyl group
at the side chain of CDCA compared with others. This interpretation is comparable with the
possible mechanism of inhibition of HMG-CoA reductase by ganoderic acid derivatives, as
the compound with carboxyl group at the side chain has lower inhibitory potential. In the
component of aromatic ring, the position of carbon 7 determines the activity of the compound.
In this case, ergosterol peroxide showed double bond within carbon 6 and 7. Ganodermanon‐
triol and ganoderiol F formed double bond at carbon 7 but within carbon 8 and both com‐
pounds have another double bond of which the configuration is not as stable as ergosterol
peroxide and CDCA. The interesting point is, only ergosterol peroxide showed the binding of
oxygen between carbon 5 and 8 which stablises the compound and equivalent the active side
of double bond between carbon 6 and 7 in the ring.
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from G. lucidum.
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3.6.2. Mechanism

Farnesoid X receptor (FXR; NR1H4) plays a role in the pathogenesis of cardiovascular disease
[28]. It is a ligand-induced transcriptional activator and is expressed at high level in liver,
intestine, kidney, adrenal glands, and also in the vasculature. It targets the enterohepatic
recycling and detoxification of BA. When activated, FXR translocates to the cell nucleus, forms
a heterodimer with retinoid-X-receptor and binds to hormone response elements on DNA,
which produces either repression or an up regulation of gene transcription. The resulting
mechanisms are affected by antagonist or agonist character of the respective ligand [79].

On the other hand, both (CYP7A1) and sterol response element binding protein 1c (SREBP1c)
have shown their expression by elevation of oxysterol-induced liver X receptor-α (LXR-α)
activation. This may result in increased triglyceride and BA biosynthesis, whereby the FXR-
α-mediated induction of small heterodimer partner (SHP), will interrupt the activity of (LXR-
α) to induce CYP7A1 and SREBP1c, and hence inhibits BA and lipogenesis synthesis.
Supernumerary, FXR-α-mediated induction of intestinal mouse fibroblast growth factor 15 is
a surrogate SHP-independent signal from the gut to the liver to inhibit BA biosynthesis [18].

4. Conclusion

These mechanisms are possibly valid due to the promising results by comparing the treated
and the control group. The activity of isolated compounds mentioned herein is very convincing
and the working mechanisms mentioned above are involved. However, it is likely more than
one mechanism may interplay. The method of extracting the bioactive compounds or the
fraction used is closely related to the anti-hypercholesterolemia effect. There are several factors
that may influence the possible mechanisms. The effective dosage of G. lucidum extract have
yet to be standardized in animal and human clinical trial. Although many reports showed the
favourable effects of G. lucidum extract to patients in China, such reports are anecdotal. In the
absence of case-control studies, these reports could not be validated. The duration of admin‐
istration of G. lucidum for its anti-hypercholesterolemia activity is also arguable. The mecha‐
nism responsible for the inhibition of cholesterol synthesis is also unclear, as the test subjects
were provided with high cholesterol diet during the course of trial which did not reflect the
real situation. Hence, to date, the effectiveness of G. lucidum on the hypercholesterolemia
patients is still undefined. There is a lack of evidence to prove that G. lucidum successful
dislodge the cholesterol plaque from the affected blood vessels. Whether other mechanisms
are also playing a part in cholesterol lowering activity is still unclear. Another compounding
factor is the different absorption rate of each test subject. In addition, the effectiveness data of
G. lucidum acquired from testing in rats could not be applied to human, as the dosage is based
on body weight. Moreover, the strain of Ganoderma used is also an important factor in
determining the rate and type of mechanism involved, since different strain produces different
contents in the extract. This becomes more prominent when the mushroom is harvested from
different geographical regions.
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Synthetic anti-hypercholesterolemia drug works by affecting an array of intermediate precur‐
sors which could be important for health. Therefore the side effect of such drug would be more
severe than someone taking a mixture of active components present in G. lucidum since G.
lucidum extract most probably exerts its inhibitory effects at the late stage of the pathway.
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1. Introduction

1.1. Pharmacology of statin

It is known as statins a group of drugs used to lower cholesterol in patients suffering from
hypercholesterolemia and who have therefore increased risk of developing atherosclerosis and
have episodes cardiovascular disease. From the pharmacological point of view, fall within the
HMG-CoA reductase. Enzyme inhibition is precisely this which justifies the reduction of
certain fractions of cholesterol in the body and explains its importance: their positive inter‐
vention on cardiovascular risk factors, leading to numerous cardiovascular diseases, which
are the leading cause of death in the developed world [1,2]. Despite its short history (less than
forty years) are many studies that have been done on statins and hundreds of thousands of
patients who have taken these drugs. This has given rise to an extensive knowledge of the
characteristics of these drugs has led to the synthesis of new substances that improve the
properties of the above statins; in this line part of pharmaceutical research is still moving.
However, it has also given rise to broadly meet the real toxicological profile for each substance.
The phase IV studies have revealed the risks of using these substances for long periods or in
certain basal conditions, which has led, among other things, the withdrawal of any member
of the family due to their increased incidence of severe adverse reactions. Because of the
variability in origin, the pharmacokinetics of statins differ greatly, however, its pharmacody‐
namic similarities allowed their joint study group them because, in terms of mechanism of
action and effects of statins, and especially, regarding the clinical consequences of its use, there
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is an important congruence group, which has been widely studied (Table 1). All developed
statins are used orally and absorbed by this route on a variable range from 30% of lovastatin
to 35% of pravastatin, decreasing its absorption in the presence of food in the stomach.
However, the changes in peak concentrations or the respective curves of assimilation have no
impact on the final results in the modification of cholesterol levels, so it is generally advisable
to take them at any time of day and in most cases with or without food. Also, there appears to
be accumulation due to multiple doses, which is general consensus decision single dose. The
recommendations do not drink grapefruit juice while being treated with statins is due to
interference with the metabolism, not altered absorption. Generally, the bioavailability of the
statins is low, ranging from 5% of lovastatin and 17% of pravastatin. Binding to plasma proteins
is variable, but in general very high lines. Except 50% of pravastatin, all have a 95% binding
to proteins. The tissue distribution is broad, crossing the blood-brain and placental barriers,
even going to milk in lactating women. Liver specificity of these drugs is determined by its
degree of lipophilicity and by the presence of some organic anion transporter proteins that
allow more hydrophilic statins such as pravastatin and rosuvastatin, entering the hepatocyte
[3]. Moreover, some statins may inhibit P-glycoprotein (multidrug resistance protein), a carrier
protein of many drugs in the cell, which could predispose to drug interactions. [4]

PHARMACOLOGICAL CHARACTERISTICS OF STATIN

Sinvastatin Pravastatin Lovastatin Fluvastatin Atorvastatin Rosuvastatin Pitavastatin

Prodrugs YES NO YES NO NO NO NO

Food and absorptionNo influence ↓ ↑ ↓ ↓ No influence

Bioavailability ≤5% 17% ≤5% 24% 14% 20% ≥30%

Binding
to plasma proteins

94% 50% >95% 98% 98% 88% -

Crosses blood-brain
barrier

YES NO YES NO NO NO YES

Metabolism CYP3A4 sulphation CYP3A4 CYP2C9 CYP3A4 CYP2C9
CYP2C9
CYP2C8

Biliary excretion 60% 70% 83% 95% - 90% -

Urinary excretion 13% 20% 10% 5% <2% 30% 3%

Elimination half-life2-3h 0.8h 1-4h 2.5h 20h 20h -

Table 1. Pharmacological characteristics of statin

The metabolism of statins is liver, undergoing first pass metabolism. In most, there are
differences in the metabolism regarding sex and age, but not enough to change the doses in
the absence of other pathologies. It seems clear that are substrates of CYP450: lovastatin,
simvastatin and atorvastatin are metabolized exclusively by CYP3A4, and fluvastatin does
exclusively by 2C9. For rosuvastatin, only 10% use the CYP2C9 and 2C19. Pitavastatin has a
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low affinity for CYP2C9, so not a major metabolic pathway. Pravastatin is not metabolised by
the cytochrome, but does so by enzymes present in the cytoplasm of hepatocytes. The metab‐
olites may be hydroxylated derivatives, omega or beta-oxidized methylated glucuronide. The
pharmacological activity of the same is very variable. Thus, the range is wide, from lovastatin,
simvastatin, which are really a pharmacologically inactive lactones and performing their
pharmacological activity through its metabolites, to fluvastatin, which has virtually inactive
metabolites. For the most part, excretion in feces is due to its poor absorption. According to
each type of statins, renal excretion ranges from 2% to 20%.

Statins are inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase. This
enzyme catalyzes the conversion of HMG-CoA to mevalonate, which is a key metabolite in
the biosynthesis of cholesterol. Blocking occurs due to the high structural resemblance with
these drugs exhibit HMG-CoA. The affinity of the enzyme by statins is 1.000 to 10.000 times
that of the natural substrate (Figure 1).
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The blockade of hepatic cholesterol synthesis causes an activation of the regulatory proteins
SREBP (sterol regulatory elements-binding proteins), which activate transcription of protein
and thus result in higher expression of the LDL receptor gene and increased the number of
functional receptors on hepatocytes [5]. Moreover, it has been shown that statins also produced
inhibition associated antigen-1 with the function of lymphocytes (LFA-1: lymphocyte function-
associated antigen-1) [6]. The LFA-1 is a glycoprotein integrin family expressed on the surface
of leukocytes. When the LFA-1 is activated by certain receptors, binds to the intracellular
molecule-1 adhesion (ICAM-1 or CD-54) and stimulates the extravasation of leukocytes and
activation of T lymphocytes. This means that the LFA-1 is a proinflammatory agent and its
inhibition is beneficial in conditions such as rheumatoid arthritis and rejection of homograft.
It was shown that statins and particularly, lovastatin, bind to a site of LFA-1 domain, lovastatin
currently designated site. This is the molecular mechanism by which lovastatin, simvastatin
and other statin lesser extent inhibit the LFA-1 [7]. This would be one of the anti-inflammatory
mechanisms and hence possessing antiatherogenic statins.

2. Effects of statins

The consequences of the inhibition of HMG-CoA may be grouped into two groups:

a. Derivatives of interaction on cholesterol metabolism: Lower levels of total cholesterol
and LDL, substances closely related to atherosclerosis and increased cardiovascular risk.
Density decreases LDL particles, increasing the size of these, leading to decreased
atherogenesis [8]. Apolipoprotein B also falls substantially during treatment with statins.
In addition, some statins modestly increase cHDL and reduces plasma triglycerides. As a
result of these changes, the ratio of total cholesterol to HDL cholesterol and the ratio of
LDL and HDL cholesterol are reduced. We have considered the combination of fibrate
and enhancer preventing cardiac of statins, especially having no competitive metabolism
pathways.

b. Pleiotropic effects: In addition to its effects on the lipid profile, statins have other
beneficial cardiovascular effects, especially on the arterial wall, known as pleiotropic
effects which explain the additional benefit not attributable to the reduction in cLDL
observed in many studies intervention [9].

By inhibiting HMG-CoA reductase inhibitors, statins interfere with the formation of isopre‐
noids from mevalonate. [10] Isoprenoids are molecules such as farnesyl pyrophosphate (FPP)
and geranylgeranylpyrophosphate (GGPP), derived from the metabolism of mevalonate,
which serve as lipid-tags for the posttranslational modification of a variety of proteins,
including the gamma subunit of G proteins and small GTP unidoras proteins. As a result, the
prenylation of the G proteins (Rho, Rac, Ras and Rab Rac1) is reduced. Prenylation of these
molecules is necessary for anchoring to the cell membrane and thus to exercise their mecha‐
nism of action related to migration, differentiation and cell proliferation. Generally, stimulate
and inhibit proinflammatory pathways useful mechanisms for endothelial homeostasis.
Through these potential effects on cellular proteins, statins may have a number of antiather‐
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osclerotic and antithrombotic properties, such as inhibiting the growth of smooth muscle cells,
cell adhesion, platelet activation and secretion of C-reactive protein among other. The meva‐
lonic acid, may also act directly by inhibiting the synthesis of nitric oxide (NO) in a process
dependent transferase inhibiting genilgeranil. NO is an essential molecule for proper function
and vasodilatation of endothelium. To this should be added the effects resulting from inhibi‐
tion of LFA-1, which in turn significantly impacting on endothelial function in blood vessels.
These pleiotropic effects are constant source of research, since they can extend the usage profile
of statins. Moreover, these drugs maintain and improve endothelial function to increase the
bioavailability of NO, which is synthesized by the enzyme NO synthase (eNOS). NO is the
principal regulator of the homeostasis of the arteries and endothelium-dependent vasodila‐
tion. The functions are, among others, inhibiting proinflammatory mechanisms and act as an
antioxidant on lipoproteins [12].

Statins preserve and increase the bioavailability of NO in several ways:

1. Inhibition of Rho protein increases the expression of the enzyme nitric oxide synthase.

2. Increasing the half-life of the messenger RNA of the enzyme nitric oxide synthase.

3. Reduce excess caveolin molecule that acts as an inhibitor of nitric oxide synthase enzyme.

4. Inhibit the production of superoxide.

5. To protect the NO statins decrease platelet aggregation and reducing thromboxane A2 by
platelets and thus limit the formation of unstable plaque.

6. Increasing the expression of tissue plasminogen activator and inhibit the expression of
endothelin-1, a potent vasoconstrictor with mitogenic action [12].

The hypolipidemic action itself inherently reduces oxidative stress. However, of statins have
their own antioxidant mechanisms that inhibit the production of superoxide anion radical.
Superoxide is synthesized by NADPH oxidase, an enzyme which can be activated by the action
of membrane receptor of angiotensin II, type I (R-1) receptors. Statins block the R-AT1 and also
inhibit the phosphorylation of the NADPH oxidase, inactivating it [13].

Statins also block RhoA, one of the mediators of smooth muscle proliferation. The smooth
muscle proliferation is a central phenomenon in the pathogenesis of vascular lesions, including
post-angioplasty restenosis, transplant atherosclerosis and occlusion of the coronary vein
grafts [14].

Atherosclerosis is a strong inflammatory component characterized by the presence of mono‐
cytes, macrophages and T cells in the plate. This process is induced by proinflammatory
cytokines, free radicals and NO deficiency. Statins increase the bioavailability of NO and
inhibit several proinflammatory cytokines [1].

A marker of inflammation and predictor of coronary heart disease risk is C-reactive protein
(PCR). It is considered that PCR is also proinflammatory as joining the cLDL of the atherom‐
atous, activates complement plate and induces the expression of inhibitor-1, plasminogen
activator (PAI-1), reduces the expression of eNOS and increases the expression of adhesion
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molecules [15]. Therefore, it is valid to assume that the decrease in plasma CRP levels might
be beneficial. Large studies with statins, as the AFCAPS/TexCAPS showed reduced blood PCR.
For its anti-inflammatory action, statins increase the stability of the atheromatous plaque, and
much of the reduction in coronary events attributable to the mechanism. Preclinical studies
demonstrated that statins reduce the accumulation of macrophages in the atheromatous
plaque and inhibit metalloproteinase production by activated macrophages. Metalloprotei‐
nases are capable of degrading proteins support and are therefore partly responsible for the
accident plaque with thrombus formation [16].

Clinically the effects of statins lead to a reduction in cardiovascular risk, through the following
mechanisms:

1. Directly decreasing cholesterol levels.

2. Improving endothelial function and inflammatory response.

3. Stabilizing atherosclerotic plaque.

4. Preventing thrombus formation.

Then offer recommendations for clinical practice for the treatment of hypercholesterolemia in
adults and reduce the risk of atherosclerotic cardiovascular disease, which includes coronary
heart disease, cerebrovascular disease, peripheral artery disease and other atherosclerotic
probable origin.

3. Indications of statin in clinical practice

Statins are indicated as an adjunct to diet to reduce elevated total cholesterol, LDL cholesterol,
apolipoprotein B and triglycerides; and to increase HDL cholesterol in patients with:

1. Primary hypercholesterolaemia.

2. Mixed dyslipidemia.

3. Homozygous familial hypercholesterolemia.

Also present clear indication in cardiovascular prevention [17]:

Primary prevention of coronary events: in hypercholesterolemic patients without clinical
evidence of coronary heart disease.

1. Reduce the risk of myocardial infarction.

2. Reduce the risk of myocardial revascularization procedures.

3. Reduce the risk of cardiovascular mortality with no increase in death from non-cardio‐
vascular causes.

Secondary prevention of cardiovascular events: in patients with clinical evidence of cardio‐
vascular disease.
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1. Reduce the risk of total mortality by reducing coronary death.

2. Reduce the risk of myocardial infarction.

3. Reduce the risk of myocardial revascularization procedures.

4. Reduce the risk of stroke and transient ischemic attacks (TIA).

5. Slow the progression of coronary atherosclerosis.

The latest evidence recommends an individualized approach (tailored treatment approach)
identified four risk groups associated with therapeutic strategy (Figure 2). Groups that benefit
from the use of statin therapy in moderate intensity: LDL reduction of 30-49% or high intensity,
LDL reduction of >49% both demonstrate reduction cardiovascular risk (RCV) [17].

1. Group 1: Patients with clinical cardiovascular disease (secondary prevention): high
intensity treatment with statins (<75 years) or moderate intensity (>75 years).

2. Group 2: Patients with LDL > 190 mg/dL: high intensity treatment.

3. Group 3: Diabetic patients between 40-75 years, LDL 70-189 mg/dL without cardiovascular
disease: treatment of at least moderate intensity and high intensity probably if cardiovas‐
cular estimated 10-year risk ≥7.5%.

4. Group 4: Patients without diabetes and without clinical cardiovascular disease, with LDL
between 70-189 mg / dl but with estimated 10-year risk> 7.5%: treatment of moderate to
high intensity.

3.1. Types of statin therapy

The main therapeutic strategies are (Table 2),

High-intensity
statin therapy

Moderate-intensity
statin therapy

Low-intensity
statin therapy

Daily doses lowers LDL on
average >50%

Daily dose lowers LDL on average
30-50%

Daily dose lowers LDL on average 30%

Atorvastatin 40-80 mg
Rosuvastatin 20 -40 mg

Atorvastatin 10-20 mg
Rosuvastatin 5-10 mg
Simvastatin 20-40 mg
Pravastatin 40-80 mg
Lovastatin 40 mg
Fluvastatin XL 80 mg
Fluvastatin 40 mg BID
Pitavastatin 2-4 mg

Simvastatin 10 mg
Pravastatin 10-20 mg
Lovastatin 20 mg
Fluvastatin 20-40 mg
Pitavastatin 1 mg

Table 2. Low, moderate and high-intensity statin therapy categories in treating patients with varying risks.

Statin therapy of high, moderate and low intensity according to studies is classified:
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1. Statin therapy in high-intensity studies: Atorvastatin 40-80 mg or rosuvastatin 20-40 mg.

2. Statin therapy in moderate intensity: Atorvastatin 10-20 mg, rosuvastatin 5-10 mg, simvas‐
tatin 20-40 mg (higher doses are not recommended by the incidence of adverse effects),
pravastatin 40-80 mg, lovastatin 40mg, fluvastatin XL 80 mg, *Fluvastatin 40 mg bid and
pitavastatin 2 to 4 mg.*

3. Statin therapy in low-intensity: Simvastatin 10 mg, * Pravastatin 10 mg-20 mg, lovastatin 20
mg, fluvastatin 20-40 mg and *Pitavastatin 1 mg.

* FDA approved but not tested in randomized controlled trials.

3.2. Specific risks

1. Primary prevention with LDL ≥ 160 mg/dL.

2. Genetic testing hyperlipidemias.

3. Family history of premature cardiovascular disease with onset <55years in a male first-
degree relative or <65 years female.

4. C-reactive protein levels of high sensitivity (hs-CPR) >2 mg /L,

5. Coronary artery calcium (CAC) score ≥300 Agatston units or ≥ 75th percentile for age, sex
and ethnicity.

6. Ankle-brachial index <0.9.

3.3. Treatment strategies

1. Treat for goals: It is the strategy most used in the past 15 years, but with 3 problems: Current
randomized clinical trials do not specify what the best goal. The magnitude of the further
reduction of the atherosclerotic cardiovascular disease than is obtained with a lower
cholesterol goal another is unknown. Does not account the possible adverse effects of
polypharmacy, which may be necessary to achieve a specific goal.

2. "Lower is better": This approach does not take into account the possible adverse effects of
polypharmacy with an unknown magnitude reduction in atherosclerotic cardiovascular
disease.

3. Dealing with the level of atherosclerotic cardiovascular disease (currently preferred): Consider
both benefits in reducing cardiovascular risk and adverse effects of statin therapy. Hence
the 4 groups that benefit, as previously mentioned, with the exception of use in individuals
undergoing hemodialysis or heart failure with NYHA functional class III-IV out. This
strategy is advocated today.

4. Risk throughout life: Are yet tracking data on >15 years, safety, reduction of atherosclerotic
cardiovascular disease when statins are used for periods >10 years and treatment in
individuals <40 years.
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4. Side effects of statin and clinical management

4.1. Adverse effects of statins

In general, statins are well tolerated and the dropout rate in clinical trials as a result of any
adverse effect is <10%, similar to that of patients taking placebo, and less than 1% are serious
side effects (Table 3).
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DIFFERENCES IN ADVERSE EFFECTS BETWEEN STATINS

Adverse effects Incidence
versus
placebo

Dose-response
relationship

Differences
(favor/ against)

Statistically significant
overall difference against

Abandonment
adverse impact

6% yes Simvastatin/atorvastatin
Pravastatin/atorvastatin
Pravastatin/rosuvastatin

-

Significantly
relevant myalgia

2% - - -

Relevant
significantly
increased
transaminases

1% yes Simvastatin/atorvastatin
Simvastatin/fluvastatin
Pravastatin/atorvastatin
Pravastatin/fluvastatin
Rosuvastatin/atorvastatin
Rosuvastatin/fluvastatin

Atorvastatin
Fluvastatin

Relevant
significantly
increased CPK

0.6% yes Fluvastatin/others Pitavastatin

Diabetes 9% - - -

Table 3. Differences in adverse effects between statins

1. Myotoxicity: The most serious adverse effect associated with the muscular condition,
which can range from myalgia (proximal muscle pain and/or weakness with a value of
creatine kinase (CK) normal or slightly increased) to more severe forms, such as myopathy
(pain and/or weakness over the presence of very high CK, usually >10 times normal) or
rhabdomyolysis (serious muscle condition, with muscle weakness and pain, the presence
of very high CK, myoglobinuria and renal failure) [18]. In general, the most common
disorder is myalgia without elevated CK. Special mention should be cerivastatin with‐
drawal from the market, since it is the statin showed higher number of severe myopathy.
The rate of fatal rhabdomyolysis associated with cerivastatin use at least 15 times higher
than that produced by other statins, and was associated with the use of high doses of the
drug (0.8 mg/day) or when coadministered with gemfibrozil [19].

The drugs and clinical conditions that increase the risk of myopathy are,

a. Chronic diseases (renal failure and diabetes).

b. Multiple drugs.

c. Surgical interventions.

d. High doses of statins.
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increased CPK

0.6% yes Fluvastatin/others Pitavastatin

Diabetes 9% - - -

Table 3. Differences in adverse effects between statins

1. Myotoxicity: The most serious adverse effect associated with the muscular condition,
which can range from myalgia (proximal muscle pain and/or weakness with a value of
creatine kinase (CK) normal or slightly increased) to more severe forms, such as myopathy
(pain and/or weakness over the presence of very high CK, usually >10 times normal) or
rhabdomyolysis (serious muscle condition, with muscle weakness and pain, the presence
of very high CK, myoglobinuria and renal failure) [18]. In general, the most common
disorder is myalgia without elevated CK. Special mention should be cerivastatin with‐
drawal from the market, since it is the statin showed higher number of severe myopathy.
The rate of fatal rhabdomyolysis associated with cerivastatin use at least 15 times higher
than that produced by other statins, and was associated with the use of high doses of the
drug (0.8 mg/day) or when coadministered with gemfibrozil [19].

The drugs and clinical conditions that increase the risk of myopathy are,

a. Chronic diseases (renal failure and diabetes).

b. Multiple drugs.

c. Surgical interventions.

d. High doses of statins.
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e. Statins in combination with:

• Fibrates.

• Nicotinic acid (not clearly stated)

• Cyclosporine.

• Antifungal azoles.

• Macrolide antibiotics

• Inhibitors of HIV protease.

• Verapamil.

• Amiodarone.

• Abuse of alcohol.

• Grapefruit juice (> 1/4 liter daily)

2. Hepatotoxicity: active hepatopathy or unexplained persistent elevations of serum
transaminases (hypertransaminasemia). An elevation of three times the upper limit of
normal transaminases in patients treated with statins occurs between 0.5% to 2% of cases
and is directly related to the dose [20]. Hypertransaminasemia is reversible with drug
discontinuation and progression to liver failure rarely occurs.

3. Hypersensitivity to any statin or any of the excipients of commercial presentations.

4. Dyspepsia.

5. Less common: sleep disturbances and memory, depression,....

4.2. Absolute contraindications to statins

1. Pregnancy and lactation.

2. Concomitant administration of potent inhibitors of CYP3A4 (itraconazole, ketoconazole,
protease inhibitors, erythromycin, clarithromycin, telithromycin and nefazodone) or
CYP2C9 (relative contraindication not dependent on CYP450 statins).

4.3. Relative contraindications to statins (but you can take a special medical supervision is
required)

1. Elderly (age >70 years).

2. Renal failure.

3. Uncontrolled hypothyroidism.

4. Personal or family history of hereditary muscular disorders.

5. History of muscular toxicity with a statin or fibrate.
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6. Alcoholism.

7. Concomitant weak inhibitors of CYP3A4 (Table 4)

OTHER DRUG THAT INTERACT WITH STATIN

antacids ↓  absorption of statins

anticoagulants ↑  the anticoagulant effectiveness

Ion exchange resins ↓  absorption of statins

colchicine ↑  toxicity of colchicine

glibenclamide ↑  plasma levels of glibenclamide

oral contraceptives ↑  up to 30% in blood hormone levels

Table 4. Other drug that interact with statin

4.4. Recommendations to prevent adverse effects with statin use

Select the dose and type of statin, according to the type of patient cardiovascular risk and
potential adverse effects.

Use moderate intensity therapy if the patient has renal or hepatic dysfunction including
unexplained persistent transaminase elevations, history of muscular disorders or intolerance
to statin use, ALT elevations >3 times the upper limit, concurrent use of medication known
interactions with statin, age greater than 75 years, history of hemorrhagic stroke event, asian
ancestry. This behavior can substantially reduce adverse events with statin use. The use of
simvastatin is not recommended at doses of 80 mg/day because of the risk of toxicity. Liver
function tests should be performed before starting statin therapy, with dose changes with the
change of drug. During treatment should be monitored signs and symptoms of muscle toxicity.

Whenever a statin prescribing or replaced by another is important to analyze the other co-
administered drugs due to the risk of clinically relevant interactions. In the absence of
abnormal liver function and potential interactions with coadministered drugs, statins are all
interchangeable. In the presence of inducing drugs or inhibitors of CYP3A4, fluvastatin,
pravastatin and rosuvastatin are interchangeable. In the presence of inducers or inhibitors of
CYP2C9 drugs, statins are all interchangeable, except fluvastatin. In the presence of drugs
inducing activad or inhibitors of P-gp, fluvastatin and rosuvastatin are interchangeable. In the
presence of inducers or inhibitors of OATP1B1 drugs, is not recommended therapeutic
interchange of pravastatin and rosuvastatin. For all other statins, the exchange must be made
with caution.
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4.5. Analytical monitoring

Monitoring of CK at baseline in patients with or without a history of myopathy, have no solid
evidence. It could only be recommended if the patient has muscle symptoms, weakness or
fatigue. The only test that is fully justified, prior to initiating statin is the measurement of ALT.
The liver function should be measured if the patient is suspected of hepatotoxicity statin use.
With the same level of evidence is regular monitoring of blood glucose, the onset of diabetes
mellitus associated with treatment [21].

4.6. Attitude pain, muscle stiffness, weakness or muscle fatigue statin taker

Clarify if the symptoms actually developed or intensified therapy. If there is a causal relation‐
ship apparent, and muscle symptoms are intolerable, discontinue medication. If rhabdomyol‐
ysis is suspected, measure CK-creatinine and urinalysis. If muscular symptoms are mild or
moderate statin should be discontinued to reassess symptoms and assess whether the patient
has conditions that increase risk of muscle symptoms (hypothyroidism, renal or hepatic
dysfunction, polymyalgia rheumatica, steroid myopathy, vitamin D or primary) myopathies.
If symptoms are resolved and there are no contraindications, restart the same statin at a lower
dose. If symptoms relapse: start another statin at a lower dose and increase slowly. If after 2
months, the symptoms do not improve or CK levels do not decrease, consider alternative
etiologies. If muscle symptoms persist after stopping statin or other clinical condition corre‐
spond to restart therapy [21].

In summary, the adverse events associated with statin therapy are uncommon. Statins are not
associated with cancer risk, but on the contrary there is a greater chance of diabetes. Simvas‐
tatin and pravastatin appear to be safer and better tolerated than other statins [22]. It has not
been able to show that there are real differences between the effects generic statin drug and
reference mark to the modification of the lipid profile, nor in adverse reactions, assessed
according to the elevation of transaminases and CPK [23,24].

5. Conclusions

Atherosclerotic cardiovascular disease is one of the most important public health problems of
our time, both in Europe and in the rest of the world. Consistency of clinical care, incorporating
new evidence and synthesis of recommendations from current practice is common task in
various committees for clinical practice worldwide (Europe-ESC, American-AHA / ACC,
British-NICE, Australian, Canadian...). This has generated discrepancies with the publication
of the latest guidelines of the 2013 AHA/ACC compared to its European namesake 2011 ESC/
EAS. The innovation of greatest impact of the latest guidelines, has been the abandonment of
the therapeutic strategy based on the target values LDL. The individualized strategy (tailored
treatment approach) is recommended identifying four risk groups associated with therapeutic
strategy. Are advised to use statins as well as healthy habits and lifestyle changes for all
patients. The CK should not be measured routinely in patients on statins and there is no reason
to monitor LDL levels.
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Chapter 9

Pleiotropic Effects of Statins

Sigrid Mennickent

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59202

1. Introduction

Atherosclerosis is a multi-factorial condition involving dyslipidemia that can result in
cardiovascular disease.

The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors or statins are potent
inhibitors of cholesterol biosynthesis, and most of the benefits of statin therapy are owing to
the lowering of serum cholesterol levels. Reduction of LDL-cholesterol leads to upregulation
of the LDL receptor and increased LDL clearance. Statins are the principal drugs in the primary
and secondary prevention of coronary heart disease. Recent evidence also shows that more
intensive lowering of LDL-cholesterol by statins is associated with greater clinical benefits.
The mechanisms attributed to lipid lowering with statin therapy include atheromatous plaque
stabilization, modification of the atherosclerosis progression and improved endothelial
functions.

Statins reduce cardiovascular events in not only hypercholesterolemic but also normocholes‐
terolemic patients with coronary heart disease (CHD) or cardiovascular risks.

Moreover, clinical trials and clinical benefits have shown that statins’ effects involved other
pharmacological activities and not only changes in lipid levels. “Pleiotropic" effects of statins
involve improving endothelial function, decreasing vascular inflammation and oxidative
stress, and inhibiting the thrombogenic response. Moreover, some works shows statins’
beneficial extrahepatic effects on the immune system, CNS, and bone. Many of these pleio‐
tropic effects are mediated by inhibition of isoprenoids, which serve as lipid attachments for
intracellular signaling molecules. In particular, inhibition of small GTP-binding proteins, Rho,
Ras, and Rac, whose proper membrane localization and function are dependent on isopreny‐
lation, may play an important role in mediating the pleiotropic effects of statins. By inhibiting
the conversion of HMG-CoA to L-mevalonic acid, statins prevent the synthesis of the impor‐
tant isoprenoids mentioned above, and also farnesyl pyrophosphate (FPP) and geranylgeranyl

© 2015 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.



pyrophosphate (GGPP), which are precursors of cholesterol biosynthesis. Isoprenylated
proteins can modify diverse cellular functions, therefore, statins have additional effects
cholesterol-independent. Indeed, recent studies suggest that statins might be involved in
immunomodulation, neuroprotection, and cellular senescence.

Therefore, statins might exert cholesterol-independent or “pleiotropic” effects through direct
inhibition of these small GTP-binding proteins.

2. HMG-CoA reductase inhibition

The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors or Statins (Figure 1) are
potent inhibitors of cholesterol biosynthesis, and most of the benefits of statin therapy are
owing to the lowering of serum cholesterol levels. Because 60-70% of serum cholesterol is
derived from hepatic synthesis and HMG-CoA reductase is the crucial rate-limiting enzyme
in the cholesterol biosynthetic pathway, inhibition of this enzyme by statins results in a
dramatic reduction in circulating low-density lipoprotein (LDL)-cholesterol. Reduction of
LDL-cholesterol leads to up-regulation of the LDL receptor and increased LDL clearance.
Moreover, statins increases HDL levels and decreases triglyceride levels. Statins are the
principal drugs in the primary and secondary prevention of coronary heart disease for more
than 25 million people at risk of cardiovascular disease worldwide. The Scandinavian Sim‐
vastatin Survival Study (4S) was the first randomized controlled trial to show significant risk
reduction in cardiovascular mortality in patients with coronary-artery disease. Many studies,,
such as 4S, Cholesterol and Recurrent Events (CARE), Long-term Intervention with Pravasta‐
tin in Ischemia Disease (LIPID), West of Scotland Coronary Prevention Study (WOSCOPS),
Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS), and the
Heart Protection Study (HPS), have demonstrated the beneficial effects of statins in the
prevention of cardiovascular disease. These works have shown significant risk reduction in
cardiovascular mortality in patients with coronary artery disease, due to reduction in choles‐
terol levels and, therefore, reduction in atherosclerotic lesion development. The mechanisms
attributed to lipid lowering with statin therapy include atheromatous plaque stabilization,
modification of the atherosclerosis progression, and improved endothelial functions. The
lowering of serum cholesterol levels is therefore thought to be the primary mechanism
underlying the therapeutic benefits of statin therapy in cardiovascular disease. As 60-70% of
serum cholesterol is obtained from hepatic synthesis mediated by HMG-CoA reductase,
inhibition of this enzyme by statins is a principal way of reducing circulating low-density
lipoprotein (LDL) cholesterol [1, 5, 7, 11, 10, 13, 16, , 24, 27, 30, 36, 39].

Statins  in  use  today are:  lovastatine,  simvastatine,  pravastatine,  fluvastatine,  athorvasta‐
tine  and  rosuvastatine.  Lovastatine,  simvastatine,  and  pravastatine  are  natural  com‐
pounds,  obtained  from  the  fungi  Aspergillus  terreus,  and  the  other  statins  are  synthetic
compounds [1, 22, 30].

Another statin used in the past was cerivastatine, but it produced some fatal adverse effect of
rhabdomyolysis. Therefore, this drug was discontinued in 2000 [4].
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Fig. 1: Chemical structure of statins (Sweetman, 2006; Mc Evoy, 2012). 
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Figure 1. Chemical structure of statins [22, 30].

3. Pleiotropic effects of statins

However, the overall clinical benefits observed with statin therapy appear to be greater than
what might be expected from changes in lipid profile alone, suggesting that the beneficial
effects of statins may extend beyond their effects on serum cholesterol levels.

Statins reduce cardiovascular events in not only hypercholesterolemic but also normocholes‐
terolemic patients. Because of the effects of lipid lowering on atherosclerosis, statins reduce
morbidity and mortality in patients with ischemic heart failure. Statins also improve heart
function and survival in patients with non-ischemic heart failure. Indeed, statins improve
neurohormonal imbalance and idiopathic dilated cardiomyopathy. Thus, the improvements
in heart function by statins might be owing to cholesterol-independent mechanisms [2, 5, 7,
11, 13, 19, 22, 24, 29, 30, 32].

Moreover, clinical trials and clinical benefits had shown that statins’ effects involved other
pharmacological activities and not only changes in lipid levels. Cholesterol-independent or
"pleiotropic" effects of statins involve improving or restoring endothelial function, decreasing
oxidative stress and vascular inflammation, enhancing the stability of atherosclerotic plaques,
inhibiting the thrombogenic response, and lowering oxidative stress. Moreover, some works
shows statins beneficial extrahepatic effects on the immune system, CNS, and bone.
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Statins might exert cholesterol-independent or pleiotropic effects by inhibiting the conversion
of HMG-CoA to L-mevalonic acid and, in this manner, prevent the synthesis of important
isoprenoids, such as farnesylpyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP)
and ubiquinone, which are precursors of cholesterol biosynthesis and of lipid attachments for
intracellular signaling molecules. In particular, inhibition of small GTP-binding proteins, Rho,
Ras, and Rac, whose proper membrane localization and function are dependent on isopreny‐
lation, may play an important role in mediating the direct cellular effects of statins on the
vascular wall. These isoprenylated proteins constitute approximately 2% of total cellular
proteins, and isoprenylated proteins might control diverse cellular functions, as signal
transduction, growth of vascular smooth muscle, apoptosis and in the regulation of the
vascular activity of NAD(P) H oxidase.

Ras and Rho isoprenylation by statins, lead to increase of the amount to both compounds
in the cytoplasm cells. As Rho is the more important target in the geranylgeranylation way,
inhibition of Rho y de Rho-kinasa is an very important mechanism for the pleiotropic effects
of statins at the vascular wall [8, 19, 25] (Figures 2 and 3).

Hypocholesterolemic effects of statins can be explained by hepatic HMG-CoA reductase
inhibition, whereas the independent cholesterol effects can be found in all kinds of cells.

As isoprenylated proteins might control diverse cellular functions, we can explain that statins
might have additional effects beyond lipid lowering [3, 4, 8, 17, 20, 23, 25, 37] (Li et al., 2002].

Indeed, recent studies suggest that statins might be involved in immunomodulation, neuro‐
protection, and cellular senescence [2, 5, 7, 11, 13, 18, 22, 24, 29, 30, 31, 32, 35].

Finally, statin therapy can be used for patients with autoimmune diseases, such as multiple
sclerosis [26, 34, 35]. Furthermore, in a 6 month, randomized, double-blind placebo-controlled
clinical trial, patients with rheumatoid arthritis who received atorvastatin showed a reduction
in disease activity [21]. However, it is too early to predict whether these promising data can
translate into clinical benefit by statins in patients with autoimmune disease.

The potential clinical implications of statin pleiotropy suggests that perhaps other biomarkers,
in addition to lipid levels, should be used to gauge the full efficacy of statin therapy in patients
with cardiovascular risks or that statin therapy may be effective in disease states, such as
inflammatory conditions, ischemic stroke, or cancer, where elevated cholesterol levels have
not been shown to be a strong epidemiological risk for these diseases [2, 5, 7, 8, 11, 12, 13, 19,
20, 22, 24, 25, 29, 30] (Vaughan et al., 2003).

Some clinical  trials,  such  as  MIRACL (Myocardial  Ischemia  Reduction  with  Aggressive
Cholesterol Lowering), TNT (Treating to New Targets), PROVE IT-TIMI 22, and SPARCL
(Stroke Prevention by Aggressive Reduction in Cholesterol Levels), have shown that statins,
when used in high doses, can reduce vascular risks better than when used in low doses. Although
high doses, adverse effects are relatively low, except atorvastatin 80-mg, that is associated with
higher rates of elevated hepatic transaminase, and simvastatin 80-mg with higher rates of
myopathy and rhabdomyolysis. A challenge today is to discover if high-dose statin therapy
provides greater benefits due to lower cholesterol levels or due to statin pleiotropic effects [2,
5, 7, 11, 13, 18, 19, 22, 24, 29, 30, 31, 35] (Vaughan et al., 2003).
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Figure 2. Biological actions of isoprenoids [19].

Figure 3. Regulation of the Rho GTPase cycle. Rho proteins cycle between a cytosolic, inactive GDP-bound state and a,
membrane, active, GTP-bound state [35].
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3.1. Improve or restore endothelial function

Hypercholesterolemia impairs endothelial function, and endothelial dysfunction is one of the
earliest manifestations of atherosclerosis. When endothelial dysfunction appears, its principal
sign is the impaired synthesis, release, and activity of endothelial-derived nitric oxide (NO).
Endothelial NO inhibits several components of the atherogenic process, such as vascular
relaxation and platelet aggregation, vascular smooth muscle proliferation, and endothelial-
leukocyte interactions. [9, 15, 17, 19, 28, 38].

Statins could restore endothelial function, in part, by lowering serum cholesterol levels.
Indeed, statins increase endothelial NO production by action over NO synthase (eNOS). Also,
statins restore eNOS activity in hypoxia condition. Statins also inhibit the expression of
endothelin-1, a potent vasoconstrictor and mitogen [6, 14].

3.2. Oxidative stress

Oxidative stress is defined as tissue injury resulting from a disturbance in theequilibrium
between the production of reactive oxygen species (ROS) also known as free radicals and
antioxidant defense mechanisms [3].

ROS have been implicated in many disease states, including neurodegenerative disease like
Alzheimer and Parkinson disease, atherosclerosis, inflammatory conditions, certain cancers,
diabetes mellitus (DM), cataract in the eye, pulmonary, renal, heart diseases, and the process
of aging.

NADPH oxidase is an important signaling mediator in the signaling pathway mediated
alpha-1-AR, stimulating hypertrophy in adult rat cardiac myocytes. Moreover, recently had
been identified calmodulin, Ras and Raf-1 as the upstream signaling molecules in this pathway.
In addition, the role of NAD (P) H oxidase in the development of cardiac hypertrophy has
been demonstrated. This indicated an interesting new direction in the research of alpha-1-AR
signaling mechanisms.

Polyunsaturated lipid acids (PUFAS) in plasma are susceptible to the oxidation process
mediated by EROs. This leads to the transformation of the native LDL (LDLn) to oxidative
LDL (oxLDL). The oxLDLs does not bind to the LDLn hosts; however oxLDLs bind to the
scavenger hosts in monocytes / macrophagues, endothelium and vascular smooth muscle cells,
with the consequence of the increase of these compounds and the intracellular generation of
the foam cells, an important sign of early atherosclerotic damage [2, 4, 6, 8, 9, 14, 15, 17, 18, 28,
29, 33, 38].

The proliferation of vascular smooth muscle cells is a central event in the pathogenesis of
vascular lesions, including post-angioplasty restenosis, transplant arteriosclerosis and veinous
graft occlusion.

Statins possesses antioxidant properties by reducing lipid generation and its peroxidation and
ROS production by the vascular NAD (P) H oxidase pathway, the susceptibility of lipoproteins
to oxidation both in vitro and in vivo, i.e. they decrease the LDL oxidation, especially simvas‐
tatine, pravastatine, and lovastatine [4, 6, 9, 14, 15, 17, 24, 27, 28, 33, 36, 38, 39], decrease the
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pro-oxidant effects of Angiotensin II and of Endothelin-1 (peptides that stimulate vasocon‐
striction and increase of vascular smooth muscle cells), decreasing the NAD(P)H oxidase
activity and the generation of superoxide anion as in vascular cells as in phagocytes, and
increase the vascular synthesis of nitric oxide. Moreover statins inhibit vascular SMC prolif‐
eration by arresting cell cycle between the G1/S phase transition, decrease inflammatory
cytokines, C-reactive protein C, and adhesion molecules, stimulate NO release, and stimulate
activated hosts by PPAR, therefore decrease plasma lipid peroxidation products [4, 9, 14, 15,
17, 24, 27, 28, 33, 36, 38].

4. Statins and dementia

Recent epidemiological reports suggest that statins might be protective for Alzheimer’s disease
and for other types of dementia, as cerebrovascular disease. Alzheimer’s disease is related to
the effects of β-amyloid, and some experimental and clinical trials have shown that there is a
pathophysiologic relation between β-amyloid and cholesterol levels. Statins, regardless of their
brain availability, have been suggested to induce alterations in cellular cholesterol distribution
in the brain. However, major studies are necessary to establish a relationship between statin
therapy and Alzheimer disease [19].

5. Clinical trials relationed to pleiotropic effects of statins

HPS and ASCOT showed that the relative risk reduction by statin was independent of the
treatment for lipid levels. Also, other studies suggest that the risk of myocardial infarctions in
patients treated with statins is significantly lower compared to individuals with other choles‐
terol-lowering agents [18].

6. Conclusions

Statins reduce cardiovascular events in not only hypercholesterolemic but also normocholes‐
terolemic patients. Moreover, clinical trials and clinical benefits have shown that statins’ effects
involved other pharmacological activities and not only changes in lipid levels. Cholesterol-
independent or “pleiotropic” effects of statins involve improving or restoring endothelial
function, decreasing oxidative stress and vascular inflammation, enhancing the stability of
atherosclerotic plaques, inhibiting the thrombogenic response, and lowering oxidative stress.
Moreover, some works show that statins have a beneficial extrahepatic effects on the immune
system, CNS, and bone.

Statins might exert cholesterol-independent or pleiotropic effects by inhibiting the conversion
of HMG-CoA to L-mevalonic acid and, in this manner, prevent the synthesis of important
isoprenoids, which are precursors of cholesterol biosynthesis and of lipid attachments for
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intracellular signaling molecules. Inhibition of Rho GTPases in vascular cellwalls by statins
improves expression of atheroprotective genes and inhibition of vascular SMC proliferation.
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1. Introduction

Resistance happens when an individual has an incorrect response to the effectiveness of a drug
as stated in the National Library of Medicine. It is difficult to give an accurate definition of
statin resistance. Patients who fail to reach LDL-C target levels despite undergoing the best
available therapy of the most highly tolerated dose of a more potent statin, are considered to
be statin-resistant. Many individuals do not reach LDL-C target levels, even when compliance
is taken into consideration. The reduction of LDL-C in response to statin therapy can vary from
5-70 %. This can be influenced by many factors. For instance,racial andestry, with attenuated
responses in blacks compared to whites. A study comparing statin resistance patients to
patients who show no resistance to statin has yet to appear.

The resistance to statins can be related to differences in drug absorption, drug transport,
intrahepatic drug metabolism, drug metabolism within other organs, and drug excretion
mechanisms. The same can occur due to differences in the level of the various target pathways
that are unrelated to pharmacokinetics, including HMG-CoA reductase, as well as various
points along the cholesterol biosynthesis and lipoprotein metabolic pathways.

2. Possible causes of statin resistance

According to Herman and Moncada the process of atherogenesis includes 28 stages. [48] Key
points in this process are two - oxygenated LDL-cholesterol and endogenous nitric oxide
synthase. Statin reistance may exist in both directions:
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2.1. Failed targeting LDL cholesterol

It seems that not only genetic but environmental factors can influence the LDL-C response to
statins. Studies have found that patients with hypertension have a smaller decrease than those
without hypertension. Furthermore, smokers have smaller statin-induced LDL-C decrease
compared with nonsmokers[47]. It also seems that inflammation might cause statin resistance.
Namely, it has been shown that inflammatory cytokines, in particular IL-1b which affects sterol
regulatory element binding protein cleavage-activating protein, cause statin resistance due to
the disruption of LDL-R feedback regulation. Therefore, it has been suggested that in inflam‐
matory states, higher concentrations of statin may be required to achieve the appropriate LDL-
C lowering [107]. Particularly interesting are observations concerning certain subpopulations
of patients who might be resistant to statin treatment. Some studies have shown statins to be
less effective in individuals with HIV infection. [22]. Other studies have a contraversal
perspective. [55]. The role of concomitant amiodarone treatment in statin resistance was also
suspected. Both amiodarone and amiodarone induced hypothyroidism influence the synthesis
of LDLR, which may explain the lack of statin effect. Thyroid hormone is one of several
hormones that control gene expression of the LDLR and hypothyroidism is a wellknown cause
of secondary dyslipidemia characterized by elevated LDL-C levels. Similar to hypothyroidism,
administration of amiodarone also increases LDL-C levels, which is the result of a decreased
expression of the LDLR gene [1].

More recently, an approach was published which used metabolomics to identify markers
indicative of mechanisms that contribute to differences in LDL-C response to statin. Metabolic
changes were shown to be more comprehensive in responders to statin treatment than those
seen in nonresponders. The baseline cholesterol ester and phospholipid metabolites correlated
with LDL-C response to treatment [56]. It has also been suggested that clusters of metabolites
involved in multiple pathways not directly connected with cholesterol metabolism might as
well play a role in modulating the response to statin therapy - influence statin resistance [90].

Insufficient LDL-C response to statin treatment is probably the result of pseudo-resistance,
which could be caused by nonadherence or nonpersistence in real life circumstances. [68].

3. Lack of effect on the endothelium-dependent vasodilation after targeting
LDL-C

There is a lot of evidence that the endothelium plays a crucial role in the maintenance of
vascular tone and structure. [39; 40, 41; 38; 5; 51; 9]. One of the major endothelium-derived
vasoactive mediators was shown to be nitric oxide (NO). [38; 74; 51; 67]. Multifactional are the
mechanism by which NO activity is reduced: reduced NO release, NO inactivation by
superoxide anion, or reduced NO production by NO synthase (NOS). [91] Decrease in NOS
expression by oxidized low-density lipoprotein (LDL) can cause impaired NO production [77;
91], or by the presence of asymmetric dimethylarginine (ADMA). [72; 16 ;29]

According to Herman and Moncada the basis of atherogenesis remain oxygenated LDL and
eNOS. Lipid-regulating effects of statins in terms of LDL-cholesterol are undeniable, but the
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pleiotropic discussioncy is a particularly relevant issue of resistance of statin therapy in
patients with high levels of ADMA - endogenous inhibitor of eNOS. Research of statin
influence on flow-mediated vasodilation (FMD) reveals controversial results. Some studies
indicate that there is an effect, whereas others document the opposite tendency [18]. There is
a number of studies on simvastatin and likewise they demonstrate controversial findings.
These controversies can be dismissed by studing ADMA levels.(18 ;16;6). It has been suggested
that ADMA could modify the effect of statins on myocardial blood flow and on FMD% (53).

In our subsequent studies found in a logical sequence following facts. This facts determinate
ADMA as a basic factor for statin`s resistans.

International recommendations underline the importance of diagnosis and treatment of
asymptomatic individuals with high absolute cardiovascular risk [10; 37; 8], as individuals
with severe hypercholesterolemia. [47; 45; 58] the levels of ADMA in patients with severe
hypercholesterolemia in our study are higher than those cited in the literature in the same
population patients. [13].

1. A good marker of endothelial dysfunction is considered to be ADMA, as indicated by recent
publications. [16]. Subjects with cardiovascular risk – hypercholesterolemia, hyperhomocys‐
teinemia, diabetes mellitus, hypertension, smoking, erectile dysfunction having increased
ADMA levels. [67; 11; 16,17]. Plasma levels of ADMA have been shown to be elevated in
hypercholesterolemic rabbits [108]. The elevation of ADMA is associated with reduced activity
of NOS in animal models, as well as in young asymptomatic hypercholesterolemic adults [13].
The mechanism of increased ADMA in hypercholesterolemia is not very clear - LDL cholesterol
increases the expression of ADMA precursor protein and reduces the activity of the enzyme
dimethyl arginine dimethyl amino hydrolase. [52; 15] Increased ADMA are associated with
reduced NO synthesis and this assessed by impaired endothelium-dependent vasodilatation.
Flow-mediated dilatation (FMD) - shear stress during hyperemia activates receptors on the
endothelial cell surface and causes influx of intracellular calcium, which activates eNOS and
NO release [54; 24; 80; 60]. The main effect that dilatation has in respons to shear stress during
FMD is influenced by NO and to a smaller extent on prostaglandins and endothelial-dependent
hyperpolarizing factors [78; 54; 31; 30; 73]. Ultrasound determination of flow-mediated
dilatation of the brachial artery as a method has many advantages – it is non-invasive, with
good reproducibility and reliable. [3; 28; 31; 36; 61]. There is convincing evidence that reduced
percentage of FMD (FMD%) is a marker of coronary endothelial dysfunction [3].

Several studies have associated hypercholesterolemia with reduced FMD% and this effect can
be reversed by L-arginine [34; 26; 32; 33]. However, L-arginine does not lead to the improve‐
ment of endothelial dependent vasodilatation in normocholesterolemic individuals. In this
condition indicate the main role of endogenous ADMA. [11; 44] Furthermore, a recent
publication demonstrated that improvement of FMD% under statin treatment depends on the
ADMA levels [53; 12]. Little is know about the relationship between ADMA, and FMD%. In a
small number of hypercholesterolemic patients ADMA was shown to be positively correlated
with FMD% in mild hypercholesterolemia [13]. A recent paper demonstrated that low
cardiovascular risk subjects have increased ADMA level. [6]. No data exist about the relation‐
ship between ADMA and FMD% in severe hypercholesterolemia patients. In our study
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"Relationship of asymmetric dimethylarginine with flow-mediated dilatation in subjects with
newly detected severe hypercholesterolemia" was the evaluation of the relationship between
ADMA and FMD, also that of ADMA and lipid parameters as well as other endothelial
dysfunction in newly detected subjects with severe hypercholesterolemia. The major findings
of the present study are that: (1) plasma levels of ADMA, are increased in severe hypercho‐
lesterolemia; (2) there is a significant link between ADMA and age, Apo-B, Apo-B ⁄ Apo-A1

and tHcy; (3) newly detected severe hypercholesterolemia has reduced flow-mediated
endothelial dependent vasodilatation, there is a correlation between plasma levels of FMD%
and age, Apo-B, Apo-B ⁄ Apo-A1 and tHcy; and (4) homocystein levels has no contribution to
the atherogenic risk in the patients.

Newly detected severe hypercholesterolemia is associated with elevated ADMA, and to the
proportional increase in total cholesterol. The ADMA correlates with age, Apolipoprotein-B,
Apo-B ⁄ Apo-A1 and tHcy. Apo-B was found to indicate elevated ADMA in these patients. FMD
% correlates most strongly with age, Apolipoprotein-B, index Apo-B ⁄ Apo-A1 and tHcy. In
multiple regression analysis, ADMA is the strongest predictor for FMD%. ADMA is the main
modulator of FMD% - among the investigated biomarkers in newly detected severe hyper‐
cholesterolemia. Serious functional changes in the vascular wall are cause by increased level
of ADMA. At the same time, ADMA is found to be a predictor of flow-modulated vasodilation
of the brachial artery which also makes a probable marker for endothelial dysfunction.
Therefore, measuring ADMA levels in newly detected severe hypercholesterolemia is of great
importance when FMD% changes need to be clarified.

2. In the next study we investigated intima-media complex of carotid artery. The intima-media
thickness (IMT) of the CCA is one of the validated measurements of subclinical atherosclerosis,
as early as structural vascular abnormalities [85]. Intima-media thickening of the CCA
correlates with the coronary risk factors [80] and with associated with the degree of coronary
atherosclerosis. It serves as a predictor of coronary and vascular events in different patients'
populations. Intima-media thickening reflects both intimal atherosclerosis and medial
hypertrophy. It is used to evaluate the luminal and wall characteristics of the carotid artery.
In the literature, hypercholesterolemia has an important role in early-onset IMT changes in the
CCA However, there is not a lot of data about asymptomatic subjects with newly detected
severe hypercholesterolemia.[72]. In the literature, data on the IMT of CCA predictors is
controversial. There are a few studies of the endothelium-related biomarkers (ADMA, tHcy,
soluble cell adhesion molecules), especially in asymptomatic subjects with newly detected
severe hypercholesterolemia [72].

The research "Predictors of the intima-media thickness of carotid artery in asymptomatic newly
detected severe hypercholesterolemic patients" age and Apo-B were established as the most
important statistically significant factors related to IMT mean of CCA. This fact illustrates that
they determine the slow progressive structural changes in the vascular wall. The Apo-B is a
better biomarker of the total number of atherogenic particles. It might be concluded that Apo-
B is a better factor for assessment of risk, as LDL cholesterol underestimates the risk in
asymptomatic subjects with newly detected severe hypercholesterolemia.
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In the study "Intima-Media Thickness and Flow-Mediated Vasodilation in Asymptomatic
Subjects with Newly Detected Severe Hypercholesterolemia", our results show a significant
correlation between IMT mean and FMD%. The correlation is still present when separating
IMT on the basis of the level of thickening. This supports the idea that the two noninvasive
methods complete each other. It is important with regard to building a diagnostic algorithm.
These methods show early subclinical atherosclerosis but by different trigger mechanisms.

3. After establishing who is a predictor of FMV - ADMA, the next study proved that ADMA
is the main determinant of the effect of simvastatin on FMV in severe hypercholesterolemia -
"Asymmetric dimewthylarginine determines the effect of simvastatin on endothelium-
dependent vasodilation in severe hypercholesterolemia" Future Medicine Clinical Lipidology
2010. With respect to their total cholesterol, LDL-cholesterol and FMD% the two groups of
hypercholesterolemic patients (according to the plasma ADMA levels) differ significantly.
ADMA, cell adhesion molecules or total homocysteine levels are not affected by Simvastatin
in moderate dose [40 mg). Higher baseline levels of ADMA affect the ability of statins to
improve endothelium-dependent vasodilation by diminishing it. Subjects from the same
population, but with lower baseline levels of ADMA experience the same effect of simvastatin.
Therefore, ADMA seems to be a pathophysiologycal modulator of the statin therapeutic
response. The present study has been confirm by studies that there is a connection between
ADMA and FMD% response to statins found by Böger et al. The different is that in our study
is in the larger group of the patients.

In terms of non-randmized study "Effect of Moderate and High-Dose Simvastatin on Asym‐
metric-Homocysteine Metabolic Pathways in Patients with Newly Detected Severe Hyper‐
cholesterolemia" was demonstrated dose-dependent effect of simvastatin on the levels of
ADMA.The 40 mg simvastatin has no effect on ADMA and homocysteine level in contrast to
80 mg, after target LDL-levels are reached ≤2.6 mmol/L. It is likely that statin-pleiotropic effects
on ADMA-homocysteine metabolic pathways are independent of their lipid-regulating
properties.

In another of our observation "Asymmetric dimethylarginine-a determinant of the effect of the
high dose Simvastatin confirmed this dose-dependent effect". The two groups of patients
(according to the plasma ADMA levels) differ significantly with respect to their total choles‐
terol, LDL-cholesterol and FMD%. Simvastatin in moderate dose (40 mg) does no affect
ADMA, cell adhesion molecules and total homocysteine levels. The higher levels of ADMA
change the ability of statins to improve the endothelium-dependent vasodilatation, by
diminishing it. This shows that ADMA is a pathophysiological modulator of the statin
therapeutic response. This study confirms that, for the first time, there is a correlation between
ADMA levels and FMD% response to statins, found by Böger et al., but in the larger group of
patients with severe hypercholesterolemia and with higher dose simvastatin. Obviously, these
mechanisms require further investigation

To give a more precise answer to the question of dose-dependent manner for avoidable statin
resistance subsequently conducted a randomized, placebo-controlled study "The effect of
simvastatin on asymmetric dimethylarginine and flow-mediated vasodilation after optimizing
the LDL level — A randomized, placebo-controlled study" The major findings of the present
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study are 1. Significantly higher ADMA and tHcy were seen in patients with severe hyper‐
cholesterolemia compared to the control group. 2. Administration of 40 mg simvastatin for
one month results in no variation in ADMA, tHcy plasma levels and FMD%, following
optimizing of the LDL. 3. Administration of 80 mg simvastatin for a month leads to a variation
of ADMA and tHcy plasma levels and FMD% after optimizing the LDL. FMD%-changes can
be predicted with ADMA levels and ApoB%-changes is a predictor of LDL-changes% in
patients on 80 mg simvastatin (for one month) following the optimization of the LDL-C.

This study gives evidence that in experimental models and in humans (59), higher ADMA
levels have a harmful effect on the coronary endothelium. On the other hand, the experimental
model shows that statins have no protective effect against that harmful effect of ADMA on the
endothelium. This provokes a discussion as to whether ADMA is the pathophysiological
modulator of the therapeutic response of statins in hypercholesterolemia.

The ADMA in severe hypercholesterolemia are higher compared to those in patients in similar
research protocols (13), and are similar to those in our previous research studies. Applying
various laboratory methods(ELISA in the present study, high-pressure liquid chromatography
in other studies) does not allow for the mean levels of ADMA to be compared directly. Using
ELISA to differentiate the sample groups is less reliable than LC-MS.This is caused by the fac
that the higher coefficient of variation and to the fact that the matrix dependence is likely to
cloud or mimic the differences The ADMA ELISA method can be used for clinical investiga‐
tions in which groups of samples are compared and the result is the shift of the ADMA
concentration in response to an intervention. The application of ELISA analysis in our study
is the likely ex- planation of the higher levels of ADMA, in comparison with other studies (13).
On the other hand, this is likely due to the higher levels of total cholesterol > 7.5 mmol/l and
LDL-C > 4.9 mmol/l. The difference in L-arginine substitution in hypercholesterolic patients
and normo-cholesterolic patients is explained by the higher levels of ADMA in hypercholes‐
terolic petients in comparison with controls with controls (11; 44).

The mechanism of an increased ADMA level in hypercholesterolemia is not clear enough. An
association between ADMA and hypercholesterolemia has been previously observed [13].
Laufs et al. (1998) demonstrated that simvastatin reverse, in a dose-dependent manner, the
inhibitory effect of oxidized LDL on NO production. It has been suggested that LDL- choles‐
terol increases the expression of ADMA precursor protein. This reduces the activity of the
enzyme dimethylarginine dimethylaminohydrolase, which breaks down ADMA [52]. This is
why, by decreasing cholesterol levels with statin therapy, ADMA plasma levels will decrease
as well. The therapeutic hypothesis that the decrease of circulating ADMA levels can be
achieved by lowering plasma cholesterol levels is the main idea in this publication.

In randomized, placebo-controlled research, a statistically significant reduction of ADMA
plasma levels has been established following a one-month therapy with 80 mg simvastatin,
yet the 40 mg simvastatin dose does not result in achieving the LDL target levels. The study
showed that a 40 mg simvastatin therapy for 3 months does not produce the desired effect.
Therefore, it is likely that the pleiotropic effect of the statins (respectively ADMA and tHcy) is
independent from the lipid-regulation in a short-term and long-term plan. The lack of effect
on 40 mg simvastatin coincides with the results presented in other studies but there is no
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optimizing of LDL-C level. The research in similar articles regarding the effect of 80 mg
simvastatin on ADMA levels is scant. Most research works have documented a negative effect
in hypercholesterolemia. However, these studies have tested a considerably smaller number
of patients (64). The present study comprises 85 patients and LDL target levels have been
optimized regarding the risk category. The established statistically significant therapeutic
effect of 80 mg simvastatin on ADMA is comparable to the results from a recently published
study — an experimental model of the effect of simvastatin on ADMA tissue levels (64). This
recent experimental data shows that simvastatin regulates dimethylarginine dimethylamino‐
hydrolase transcription via the transcription factor Sterol Regulatory Element Binding Protein.
The latter is activated by statins due to a reduction of plasma membrane cholesterol. These
experimental models suggest that the level of asymmetric dimethylarginine will be decreased
by stаtin therapy. Almost all other clinical studies (of smaller sample size and shorter duration)
showed no effect of statins on ADMA (positive effect only 10 mg rosuvastatin and 80 mg
fluvastatin). It is unclear whether the higher plasma levels of ADMA in human disease states
correlate with a higher intracellular level. Studies testing the statin effect in vivo have reported
endothelial protection without overly affecting plasma ADMA levels, however in these studies
the tissue levels of ADMA have not been taken into consideration. It is likely that in the present
study achieving the LDL-C target level substitutes for the LDL-cholesterol tissue levels. Similar
titrations have not been carried out in any other related articles so far. The results of the present
study provide further clinical evidence to the experimental model of the Ivashchenko et al.,
that simvastatin regulates dimethylarginine dimethylaminohydrolase transcription via the
transcription factor Sterol Regulatory Element Binding Protein.

The present study shows a statistically significant increase in FMD% in patients on 80 mg
simvastatin therapy for one month in the presence of controversial results in related materials
on this issue. The mechanism of this improvement is proved to be related to the enhancement
of gene expression of eNOS (64). On the other hand, the FMD%-changes correlate (correlations
with all biomarkers at a baseline level and the %-changes have been tested) significantly only
with the baseline level of ApoB, ADMA, and tHcy. Interestingly enough,patients with ADMA
levels greater than 1 μmol/l, following statin therapy, appear to have only small or no FMD%
changes. A likely explanation of this finding is that in patients with ADMA greater than 1
μmol/l, competes with L-arginine as a substrate for eNOS and thus decreases the production
and availability of endothelium-derived NO. For this reason, in such patients, there are no
FMD% changes following statin therapy. In patients with documented small FMD% changes,
the most likely explanation is the action of other mediators (endothelium-derived hyperpola‐
rizing factor or prostaglandins) that lead to vasodilation through calcium-activated potassium
channels simvastatin (80 mg daily).

The high simvastatin doses should be done with caution. According to the Food and Drug
Administration monitoring are also important every 3 and 6 months during the course of
therapy.

In the multifactor regressive analysis only the initial ADMA levels remain predictors of an
FMD%-change. For the first time, in 2007 Böger GI et al. established that ADMA determines
FMD%- changes in a small hypercholesterolemic patients group (treated with a smaller
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simvastatin dose — 40 mg (12). Further clinical studies can be based off of this study, in order
to achieve LDL-target levels and to optimize the effect of different doses statins on ADMA.
Other statins are better tolerated at a high dose (atorvastatin, pravastatin, fluvastatin, lova‐
statin). There is only one study testing the effect of 80 mg fluvastatin treatment in hypercho‐
lesteromic patients with metabolic syndrome, which demonstrated decrease in plasma ADMA
level at 6 weeks.

What is interesting is that the established fact that the Apo-B%-change (not the LDL%-change)
is a predictor of the changes in the plasma levels of ADMA (ADMA%-change) in the linear
regression model. It’s very likely that this is due to the level of the smallest atherogenic and
dense particles are reflected my ApoB. The fact that ApoB is a predictor of the ADMA%-change
presumably is due to the higher proportion of patients with family Apo B defect (previously
reported in patients with hypercholesterolemia in our previous studies.

Statins vary in their pharmacokinetics and pharmacodynamics. There is a difference in their
lipid regulating and pleiotropic effect. Therefore, the data on simvastatin could not be referred
to other statins. There is no other therapeutic option in cases with high ADMA levels in
hypersholesterolic ptients,apart from 80 mg simvastatin. The clinical significance of our study
is that high-risk patients with severe hypercholesterolemia, a family history of premature
atherosclerosis and a high level of plasma ADMA, the high dose of Simvastatin is a possible
therapeutic option. Substituting with L-arginine is another possible approach (11; 44; 92). These
two hypotheses complete one another.

A number of factors are the cause of controversial results on the effects of statins on the
endothelial-dependent vasolidation. 1. The clinical studies, testing the effect of statins on
ADMA and FMD% involve only a small number of patients for a short period of time. 2. LDL
levels are not optimized in accordance with the risk category of hypercholesterolemic patients
(the pleiotropic effects of statins are partly connected to lipid regulating ones). 3. The im‐
provement of FMD% via increasing the activity of NO with the statin therapy is connected
additionally to the effect on other inhibitors of eNOS apart from ADMA. 4. In most studies
there is no testing of ADMA tissue levels.

The present study established patients with severe hypercholesterolemia have high ADMA
levels in comparison with the control group. One-month treatment with 80 mg simvastatin,
aimed at achieving LDL target levels of ≤ 2.6 mmol/l in high-risk contingents with severe
hypercholesterolemia leads to a statistically significant reduction of ADMA and an increase
of FMD% in contrast with 40 mg simvastatin therapy. The FMD%-changes correlate in a
statistically significant way with the initial ApoB, ADMA and tHcy levels. The baseline ADMA
levels are a predictor of FMD% changes and Apo-B%-changes is a predictor of ADMA%-
changes at baseline and post one-month therapy with 80 mg simvastatin. In case of optimized
LDL target levels it appears that ADMA is a major modulator of FMD%-change.

4. The impact of genetic factors on statin resistance

The same dose of the same statin in different individuals produces different LDLC decreases.
The time to reach maximum LDL-C decrease differs significantly between individuals. [81;
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82] Such a wide interindividual variation as the response to statins is more and more attributed,
at least partly, to the polymorphisms in genes affecting statin pharmacodynamics and
pharmacokinetics. The resistance to statins has been associated with polymorphisms in the
HMG-CoA-R, ABCB1, ABCG2, ABCC1, ABCC2, OATP1B1, OATP2B1, RHOA, NPC1L1, FXR,
CYP7A1, ApoE, PCSK9, LDLR, LPA, CETP, and TNF-a genes. However, currently, there is
still not enough evidence to advocate pharmacogenetic testing before initiating therapy with
statins.

Pharmacogenetics seeks to determine the role of genetic factors in variation of statin response.
However, today the origins of the notable interindividual variation in response to statins are
still poorly understood. In a number of studies, genetic variability has been shown to affect
statin responsiveness thus influencing statin resistance. These studies have identified numer‐
ous candidate genes (>50) and dozens of single-nucleotide polymorphisms (SNPs). It have
been reported to be associated with differing aspects of statin response - pharmacokinetics and
pharmacodynamics of statins being potential determinants of drug responsiveness in terms
of LDL-C lowering. Although genes are supposed to be associated with statin cholesterol-
lowering efficacy, the magnitude of variation in statin response that could be explained by
these associations is still questionable. [62; 89; 35; 79; 71]

The association between SNPs in genes involved in lipid metabolism and total cholesterol and
LDL-C response to statin therapy is of particular interest. The 3-hydroxyl-3- methylglutaryl
coenzyme A reductase (HMG-CoA-R) gene encoding the enzyme HMG-CoA-R, which is the
principal target of statins, because the foremost pharmacological action of these drugs is
exactly the competitive inhibition of HMG-CoA-R. The last one might be one of the candidate
genes when analyzing the SNPs as a possible cause of diminished statin responsiveness. When
SNPs and the common haplotypes inferred from them were tested for association with plasma
LDL-C levels and LDL-C response to statin treatment, it has been shown that HMG-CoA-R
gene polymorphisms are associated with reduced plasma LDL-C levels and LDL-C response
to simvastatin. [104; 42; 75; 84; 88; 49; 50]

Therefore, although it was considered that genome-wide association studies may yield a more
comprehensive set of markers for predicting statin efficacy and/or resistance, this has not been
proven so far and the results of these studies cannot be translated into clinical practice yet. We
need future pharmacogenetic research [93].

5. Conclusion

It is difficult to give an accurate definition of statin resistance. The patients who fail to reach
LDL-C target values despite the best available therapy, mostly a highest tolerable dose of a
more potent statin, are considered to be statin-resistant. Resistance to statins can be related to
differences in drug absorption, transport, intrahepatic drug metabolism, drug metabolism
within other organs, and drug excretion mechanisms. Possible causes of statin resistance:
1.Failed targeting LDL cholesterol - smokers have smaller statin-induced LDL-C decrease
compared with nonsmokers and the patients with hypertension have smaller decrease than
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those without hypertension, inflammation might cause statin resistance. The role of concom‐
itant amiodarone treatment in statin resistance was also suspected. It has also been suggested
that clusters of metabolites involved in multiple pathways not directly connected with
cholesterol metabolism might as well play a role in modulating the response to statin therapy
and therefore influence statin resistance. 2.Lack of effect on the endothelium-dependent
vasodilation after targeting LDL-C. There is much evidence that improvement of endotheli‐
um-dependent vasodilation under statin treatment depends on the ADMA levels. At this stage
of knowledge, there are two options for the management of this type of statin resistance - the
use of a high dose of a statin, or the addition of L-Arginine to the statin. These two strategies
are not contradictory, but complementary. 3. The impact of genetic factors on statin resist‐
ance. The resistance to statins has been associated with polymorphisms in the HMG-CoA-R,
ABCB1, ABCG2, ABCC1, ABCC2, OATP1B1, OATP2B1, RHOA, NPC1L1, FXR, CYP7A1,
ApoE, PCSK9, LDLR, LPA, CETP, and TNF-a genes. However, currently, there is still not
enough evidence to advocate pharmacogenetic testing before initiating therapy with statins.
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1. Introduction

1.1. Angiotensin-Converting Enzyme Inhibitors

1.1.1. History

In the 1950s, it was discovered that angiotensin exists as both an inactive decapeptide angio‐
tensin I and an active octapeptide angiotensin II. Human angiotensin-converting enzyme
contains 277 amino-acid residues and has two homologous domains, each with a catalytic site
and a region for binding Zn+2 [1, 2]. The degradation of bradykinin to inactive peptides occurs
via action of ACE; ACE thus not only produces a potent vasoconstriction but also inactivates
a potent vasodilator. In 1965, Ferreira [3] studied the physiological effects of snake poisoning
and discovered a specific component from the venom of the pit viper, Bothrops jararaca, which
inhibits degradation of the peptide bradykinin and potentiate hypotensive action of bradyki‐
nin potentiating factors (BPFs), basically amino-acid-containing peptides. Bakhle [4] reported
that these same peptides had an inhibitory activity on ACE of dog lung homogenate and
inhibited the enzymatic conversion of angiotensin I to angiotensin II. Brunner and Laragh [5]
administered them to hypertensive patients and found them to be extremely effective in
lowering blood pressure. The structural requirements for substrates of angiotensin-converting
enzyme to cleave a substrate are found to be similar to those observed with carboxypeptidase
A of bovine pancreas [6, 7].

The molecule ACE is a zinc metallopeptidase and has a similar mode of action to carboxy‐
peptidase [8]. In 1970, the Bradykinin-potentiating pentapeptide BPP5a was isolated, which
inhibited enzyme angiotensin and decreased blood pressure [9]. The significance of ACE in
the pathogenesis of hypertension was not fully appreciated until 1977, when Ondetti [10] first
isolated and then synthesized the naturally occurring non-peptide, teprotide. He proposed a
hypothetical model of the active site of ACE and used it to predict and design compounds that
would occupy the carboxy-terminal binding site of the enzyme captopril, a specific potent

© 2015 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 eproduction in any medium, provided the original work is properly cited.



inhibitor of ACE. Clinical trials showed excellent anti-hypertensive properties and these
results had a major impact on the treatment of cardiovascular disease [11]. The first demon‐
stration of an orally active ACE inhibitor was made on 31 March 1975, when the succinyl group
was replaced with a derivative of cysteine, increasing inhibitory potency about 2,000-fold
because sulphhydryl of cysteine bound with zinc more tightly than the carboxyl of succinyl.
This resulted in captopril, with a dramatic effect on renal function and on hypertension [12].
Enalapril is basically a first derivative of ACE inhibitor, which was developed to overcome the
limitations of captopril. Lisinopril is a lysine analogue of enalaprilat (the active metabolite of
enalapril). In vitro lisinopril is slightly more potent than enalaprilat. It is a non-sulphhydryl
angiotensin-converting-enzyme (ACE) inhibitor active without metabolism and is absorbed
in its active form.

1.1.2. Chemistry

Angiotensin enzyme inhibitors are basically ester-containing drugs that show 100-1000 times
less activity than their active form; these inhibitors are synthetic in nature and can be classified
on the basis of their chemical structure. They can be grouped as sulphhydral-containing
(fentiapril, pivalopril, zofenopril, alacepril, etc.), dicarboxyl-containing (lisinopril, benazepril,
quinapirl, perindopril, indopril, pentopril, indalapril, alazapril, moexipril, romipril, spirapril,
etc.), phosphorous-containing (fosinopril) [13] and naturally occurring lactokinins and
casokinins. [14]

Drug Nomenclature Structure Ref

Enalapril
(S)-1-[N-[1-(ethoxycarbonyl)-3-phenyl propyl]-L-alanyl]-

L-proline,(Z)-2-butenedioate salt
[15]

Captopril 1-(3-mercapto-2-dmethyl-1-oxopropyl)-1-proline (S,S) [16]

Lisinopril
((S)-1-[N2-(1-carboxy-3-phenylpropyl)-1-lysyl]-1-proline

dehydrate
[16]

Table 1. ACE Inhibitors with structure and nomenclature

In general we can say that all ACE inhibitors differ by three properties: potency, conversion
from pro-drug to active form, and pharmacokinetics (i.e., ADME). They also differ in terms of
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tissue distribution. All ACE inhibitors have a similar antihypertensive efficacy – they effec‐
tively block the conversion of angiotensin 1 to angiotensin II – and all have similar therapeutic
indications, adverse effect profiles and contraindications.

1.1.3. Mechanism of action

These inhibitors block the converting enzyme of angiotensin, which is responsible for cleavage
from angiotensin I, which is decapeptide, to angiotensin II, which is octapeptide [17, 18], and
lower the BP by reducing PVR (peripheral vascular resistance). They also decrease aldosterone
secretion and the resulting sodium and water retention.

1.1.4. Pharmacokinetics

The oral bioavailability of ACE inhibitors ranges from 13% to 95% [19, 20]. Most ACE inhibitors
are administered as pro-drugs that remain inactive until esterified in the liver [21]. Pharma‐
kokinetic characteristics of different ACE inhibitors are given in Table 2

Drug Oral resorption
%

Protein binding
%

Elimination half-
life hr

Metabolism Usual dose (mgd-1)

Enalapril 60 <08 11
Partly converted

enalaprilate
5-20

Captopril >25 30 1.7 Partly metabolized 25-50

Lisinopril 25 0 41 Non metabolized 5-20

Table 2. Pharmacokinetic of ACE Inhibitors

1.1.5. Therapeutic use

ACE inhibitors are effective in patients with mild to moderately severe hypertension, normal
or low plasma renin activity, collagen vascular disease and cardiovascular disease [22, 23].
They are also used in the prevention and treatment of myocardial infarction [24, 25] and in the
management of cardiac arrhythmias [26]. They can decrease the progression of atherosclerosis,
microalbuminuria and diabetic retinopathy, and produce a beneficial effect in patients with
Bartter’s syndrome [27].

1.1.6. Adverse effects

ACE inhibitors have a relatively low incidence of side effects and are well tolerated; however,
dry cough is common, appearing in 10-30% of patients. This appears to be related to the
elevation in bradykinin [28-30]. Hypotension is seen especially in patients with heart failure
[31], angiooedema (life-threatening airway swelling and obstruction; 0.1-0.2% of patients) and
hyperkalaemia. ACE inhibitors are contraindicated in pregnancy, in the first trimester
associated with a risk of major congenital malformations, particularly affecting the cardiovas‐
cular and central nervous systems [32]. The most common (≥1% of patients) adverse effects
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include hypotension, fatigue, dizziness, headache, nausea and other gastrointestinal distur‐
bances, dry cough, hyperkalaemia and renal impairment. Rash and taste disturbances are more
prevalent with captopril and are attributed to its sulphhydryl moiety; eosinophilia has also
been reported. Most of the adverse effects are reversible on withdrawing therapy [33].
Treatment with ACE inhibitor has been associated with the development of anaphylactoid
reaction [34].

1.1.7. Drug interactions

Hypotensive effect of ACE inhibitors decreased when given in combination with non-steroidal
anti-inflammatory drugs [35], but this effect was enhanced with calcium-channel blockers and
beta-blockers [36]. Granulocytopaenia occurs after combined therapy of ACE inhibitors and
interferones [37]. ACE inhibitors interact with different drugs, like NSAIDs [38]. Cytokines
antagonize the hypotensive effect of ACE inhibitors [39]; severe hypokalaemia occurs with
potassium-depleting diuretics [40] and potassium-sparing diuretics produce hyperkalaemia
[41, 42]. ACE inhibitors were shown to increase potassium levels in the body [43]. Alpha-
blockers enhance the hypotensive effect of ACE inhibitors [44]. Iron supplementation success‐
fully decreases cough induced by ACE inhibitors [45] and can interfere with the absorption of
ACE inhibitors [46]. Hypoglycaemic effect is enhanced with anti-diabetics and insulin [47,
48]. Combination of azathioprine and ACE inhibitors is associated with anaemia [49]. The risk
of bone marrow depression is increased in patients taking concomitant therapy of ACE
inhibitors and immunosuppressive agents.

1.2. HMG-CoA reductase inhibitors (statins)

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) are the
most effective among all hypolipidaemic agents [50]. These lipid-lowering drugs are increas‐
ingly used for primary and secondary hindrance of cardiovascular disease [51]; they have only
been recognized for treatment of hyperlipidaemia. In clinical studies, statins are highly
effective in enhancing HDL levels while reducing total cholesterol, LDL cholesterol, apolipo‐
protein B and triglyceride levels.

The normal treatment regimen for these drugs involves daily exposure over a period of many
years [52, 53]. They have also been examined in combination with cures of multiple sclerosis,
osteoporosis, Alzheimer’s disease and dropping the superfluous increased occurrence in CHD
in women on HRT treatment [54]. They have anti-thrombogenic, anti-inflammatory and
anticoagulant properties [55, 56]. These therapeutic properties are independent of lipid
lowering [57], and the benefits of statins appear to be independent of baseline cholesterol [58].
They can be classified into subclasses: the naturally or fungi-derived first generation, and the
synthetic second generation. The first generation includes simvastatin, lovastatin and pravas‐
tatin, and the second atorvastatin and rosuvastatin. They can be further divided into the
lipophilic group (simvastatin, lovastatin and atorvastatin) and the OH hydrophilic group
(pravastatin and rosuvastatin) [59].
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Statin Nomenclature Structure

Rosuvastatin

(3R,5S,6E)-7-
[4-(4-fluorophenyl)-2-
(N methyl-methanesulphonamido)-6-(propan-2-yl)
pyrimidin -5-yl]-3,5-dihydroxyhept-
6-enoic acid

Atorvastatin

[R-(R*,R*)]-2-(4-fluorophenyl)-β,δ-dihydroxy-5-
(1-methylethyl)-3-phenyl-4[(phenylamino)
carbonyl]-1 H -
pyrrole-1-heptanoic acid

Simvastatin

[1S-[1α,3α,7β,8β(2S*,4S*),
8aβ]]-2,2-dimethyl-butanoic acid1,2,3,7,8,
8a-hexahydro-3,7-dimethyl -8-
[2-(tetrahydro-4-hydroxy-6-oxo-
2H-pyran-2-yl ethyl]-1-
naphthalenyl ester

Pravastatin

[1 S- [1alpha(beta S*, delta S*), 2,
6alpha ,8beta(R*):8]]-1,2,6,7,8,8a-hexahydro-beta,
delta,[6-trihydroxy-2-methyl-8-
[2-methyl-1-oxobutoxy]-1-
phthaleneheptanoic acid salt

Table 3. Statins with structure and chemical name

2. Experiment

2.1. Materials

Raw materials used were of pharmaceutical purity and were obtained from different phar‐
maceutical companies (Table 4). Tablets were purchased from a local pharmacy; each product
was labelled with an expiry date not earlier than two years from the time of these studies.
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Class Drugs Brands Potency
(mg)

Pharmaceutical industry

ACE inhibitors

Enalapril Renitec 10 MSD

Captopril Capoten 25 Bristol Meyers (Pvt.) Ltd.

Lisinopril Lisinopril 5 Atco Laboratories Ltd.

Statins

Rosuvastatin X-plended 20 Pharm Evo (Pvt.) Ltd.

Atorvastatin Atopitar 10 Atco Pharma (Pvt.) Ltd.

Pravastatin Pravachol 20 Bristol Meyers (Pvt.) Ltd.

Simvastatin Atcol 10 Geofman Pharma (Pvt.) Ltd.

Table 4. Drugs, brands and manufacturers

2.1.1. Reagents

Analytical-grade solutions were used for the performance of the experiment. Methanol and
acetonitrile were of HPLC grade and other reagents included HCl, sodium hydroxide (NaOH),
sodium chloride (NaCl), disodium hydrogen orthophosphate, potassium dihydrogen ortho‐
phosphate, ammonium chloride, NH3 solution (10%), phosphoric acid (8%) (Merck Germany).
Organic solvents used were methanol, ethanol, ethyl acetate, chloroform, acetronitrile,
triethylamine and DMSO (Merck HPLC Grade Germany).

2.1.2. Equipment

A UV-visible spectrophotometer (Shimadzu Model 1601, Japan) with 10-mm path length was
connected to a computer with UVPC version 3.9 software. A Stedec CSW-300 was used for
deionization of water. Dissolution was accomplished using BP 2009 standards. Chromato‐
graphic studies were carried out by using two Shimadzu HPLC systems, one equipped with
an LC-10 AT VP pump (SPD-10 A VP), and the second with an LC-20AT UV/VIS detector
utilizing Hypersil, ODS, C18 (150×4.6 mm, 5 micron) and a Purospher® STAR RP-18 column.
Chromatographic data peaks were analysed using Shimadzu Japan CBM-102, class GC 10
software.

Infrared studies were performed using Shimadzu FTIR Prestige-21. Spectral analysis was
performed using Shimadzu software. The proton H1-NMR spectra were calculated on a Bruker
(AMX 500 MHz) spectrometer using TMS as an internal standard. Melting points were
recorded using Gallen kamp melting-point apparatus Minnesota Mining And Manufacturing
Company.

2.2. Methods

2.2.1. Preparation of simulated gastric juice and buffers

0.1 N HCl was prepared by using 9 mL HCl (11 N) in a volumetric flask; the volume was made
up with de-ionized water. Chloride buffer at pH 4 was prepared by dissolving 3.725 g of KCl
(potassium chloride) in deionized water and 0.1N HCl was used for pH adjustment. For
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preparation of PO4 (phosphate buffer pH 7.4) 0.6 gm of potassium dihydrogen orthophosphate
was used, plus 6.4 g of disodium hydrogen orthophosphate and 5.85 g of NaCl (sodium
chloride), and the pH was adjusted. Preparation of NH3 ammonia buffer at pH 9 was done
using 4.98 g of NH4Cl ammonium chloride and pH-adjusted with 10% ammonia.

2.2.2. Construction of the calibration curve of drugs

The above standard solutions of all drugs were scanned in the region 200-700 nm against the
reagent blank, and absorbance maxima were recorded as shown in Table 5. Calibration curves
were constructed between concentration and absorbance. Epsilon values and linear coeffi‐
cients were calculated in each case at all the above-described pH values. Beer Lambert’s law
was obeyed at all concentrations and pHs.

Class of drugs Analytes Wavelength (nm) Conc. range
(m Mole)

ACE inhibitors

Enalapril 203, 206, 207, 208 1-9 x 10-5

Captopril 203, 204, 206 5 -14 x 10-7

Lisinopril 206 1-10 x 10-5

Statins

Atorvastatin 241 0.5-4.5 × 10-2

Rosuvastatin 240 1-5 × 10-5

Simvastatin 231, 238, 246 1-9 × 10-5

Pravastatin 235 1-9 × 10-5

Table 5. Please Add Caption

2.2.3. Monitoring of drug interactions of enalapril, captopril and lisinopril by high-performance liquid
chromatography

HPLC methods for simultaneous determination of enalapril, captopril and lisinopril with
statins in raw materials, pharmaceutical dosage forms or in human serum were developed and
validated according to ICH guidelines. These methods were then applied to drug-drug, drug-
metals and drug-antacid interaction studies.

2.2.4. Chromatographic conditions

Isocratic elution was performed at ambient temperature with two different types of column.
Hypersil, ODS, C18 (150×4.6 mm, 5 micron) and Purospher® STAR RP-18, for assay of
enalapril, captopril and lisinopril and simultaneous determination of these drugs with
interacting drugs, respectively. The mobile phase, flow rate, wavelength and UV detection
were varied as shown in Table 6. A sample volume of 20 μL was injected in triplicate onto the
HPLC column and the elute was monitored at different wavelengths.
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2.2.5. Preparation of standard solutions

Stock reference standard solutions of all drugs were prepared daily by dissolving appropriate
amounts of each drug in mobile phase to yield final concentration of 300 μgmL-1. For the
calibration standards, calibrators of each drug were prepared by making serial dilutions from
stock solutions. All solutions were filtered through 0.45 μm filter and degassed using sonicator.

2.2.6. Preparation of pharmaceutical dosage from samples

Pharmaceutical formulations of the respective brands commercially available in Pakistan were
evaluated. In each case, groups of 20 tablets were individually weighed and finely ground in
a mortar. The portion of the powder equivalent to the amount of drug was transferred into a
volumetric flask and completely dissolved in mobile phase, and then diluted with this solvent
up to the mark. After filtration using a 0.45 micrometre μm filter this was then injected.

2.2.7. Preparation of standard plasma solutions

Samples of blood used were collected then centrifuged at 3000 rpm for at least ten minutes,
Supernatant solution was stored at –20°C. The solution serum was deprotinated by using
(ACN) acetonitrile, and this solution was spiked daily with working solutions for required
concentrations of ACE inhibitors and interacting drugs (statins). 10 μL of sample was injected
and chromatographed under the above conditions.

Drug Mobile phase pH Flow rate Detection

MeOH ACN H2O mLmin-1 nm

Enalapril assay 70 - 30 3.5 1 215

Enalapril + statins 60 40 3 1.8 230

Captopril 50 - 50 2.9 1 220

Captopril + statins - 60 40 2.9 1.5 230

Lisinopril 80 2.5 17.5 3 1 225

Lisinopril + statins - 60 40 3 1 225

Table 6. Chromatographic conditions of HPLC methods

2.2.8. Method development and optimization

HPLC methods were developed and optimized for certain parameters before method valida‐
tion. The optimization of the analytical procedure was carried out by varying the mobile-phase
composition, flow rate, pH of the mobile phase, diluent of solutions and wavelength of analytes
in order to achieve symmetrical peaks with good resolution at reasonable retention time.

2.2.9. Method validation

All validation parameters were established according to the guidelines given by ICH: system
suitability, linearity, selectivity of drugs, specificity, (concentration-detector response rela‐
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tionship), accuracy or precision and sensitivity with systems, i.e., D and Q (detection and
quantification) limit.

Specificity and linearity

The drugs were spiked with pharmaceutical formulations containing different excepients. The
linearity of the proposed method was checked at different levels of concentration with different
groups. Correlation coefficient was linear; intercept and slope values were also calculated.

Suitability of system

The system suitability of the method was evaluated by analysing five replicate analyses of the
drug at a specific concentration for repeatability, (peaks) symmetry factor, theoretical plates
for columns, resolution of peaks between interacting drugs, and relative retention of drugs.

Accuracy and precision

Accuracy was calculated at three different levels of concentration (80±20%) by spiking a known
amount of the drug. Three or four injections of each drug were injected into the system and
the percentage recovery was calculated.

For precision, six replicates of each level were injected into the system on two different non-
consecutive days in each case, and the %RSD was calculated.

Limit of detection and quantification

The detection limit (LOD) of the method was calculated by the formula LOD = 3.3 SD/slope.
The quantitation limit (LOQ) – the lowest level of analyte that is accurately measured – was
set at ten times the noise level (LOQ = 10ơ/S, where ơ is the standard deviation of the lowest
standard concentration and S is the slope of the standard curve).

Robustness

Robustness was established by changing the concentration of mobile phase (water, methanol
and acetonitrile), wave length, flow rate and pH. At least five repeated solutions were used
with small variations of different parameters. Parameters that were changed mainly had a
small deviation: ± 0.2% flow rate/pH, and ±5% for wave length.

Ruggedness

Ruggedness was determined in different labs. Lab 1 was the (RIPS) Research Institute of
Pharmaceutical Sciences, Faculty of Pharmacy, Karachi University, and the other at the same
university in the Department of Chemistry. Two different instruments (LC 10/LC 20) and two
different columns (Purospher STAR C18/Hypersil ODS) were used.

2.2.10. Interaction studies by HPLC

Enalapril solution was mixed with a solution of the interacting drug (statins), which gave a
final concentration of 100 μgmL-1 for each constituent). These solutions were kept in a water
bath at 37 °C for three hours. An aliquot of 5 mL was withdrawn at 30-minute intervals; after
making appropriate dilutions it was filtered through 0.45 μ filter paper and three replicates
were injected into the HPLC system. The concentration of each drug was determined and the

Interaction Studies of ACE Inhibitors with Statins
http://dx.doi.org/10.5772/59491

211



percentage recovery was calculated; the same procedure was applied for captopril and
lisinopril.

2.3. Synthesis of ACE inhibitors and interacting-drugs complexes

Complexes of enalapril, captopril and lisinopril with all interacting drugs were synthesized.
Equimolar solutions of enalapril and interacting drugs were prepared in methanol. An
equivolume solution of enalapril was mixed with each drug individually and the respective
pH was adjusted either by 1-2 drops of ammonia or 0.1 N HCl. These mixtures were refluxed
for three hours then filtered and left for crystallization at room temperature. Melting points
and physical characteristics of these complexes were noted. Solubility of all these complexes
was checked in different solvents: water, methanol, ethanol, chloroform and DMSO. A similar
procedure was adopted for captopril and lisinoril.

2.3.1. Spectroscopic studies of complexes

2.3.1.1. Infrared studies

ACE inhibitors and their complexes were characterized by using a FT-IR spectrophotometer
in the region 400-4000 cm-1. The infrared spectra were recorded using a potassium bromide
disc. ATR (attenuated total reflection) or smart performer accessory was used for the sample
(minimum amount).

2.3.1.2. Proton NMR analysis

Proton 1H NMR analysis was performed using a Bruker instrument in deuterated H2O,
chloroform and methanol using (TMS) tetramethyl silane as an IS (internal standard).

3. Results and discussion

3.1. Method development/validation by HPLC

Simple, cheap and very precise, HPLC was used for the determination of ACE inhibitors
(captopril, enalapril and lisinopril) in the presence of different statins: ROS (rosuvastatin), ATR
(atorvastatin) and SMV(simvastatin) in active ingredients as well as in formulations. It was
developed according to guidelines ICH. All inhibitors with statins separated out in less than
10 mins without interference from any ingredients. The recovery of drugs was within the
desired range (99-102%). These methods were validated according to ICH and the criteria for
acceptance (accuracy/linearity/precision/specificity) and for system suitability were met. The
methods can easily be used for quantitative analysis of ACE inhibitors and statins as single
drugs or in formulations.

3.2. Interaction of ACE inhibitors with statins

Hyperlipidaemia and hypertension correlate with each other. They can effect coronary heart
disease (CHD), because cardiovascular disease (CVD) is closely related to different factors,
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such as hypertension (HT) or high cholesterol levels. Factors include family history, age, sex,
and diabetes [60-66]. Co-administration of antihypertensive, lipid-lowering and antidiabetic
drugs is used in the treatment [67-72]. The most commonly used combinations of diuretic
(chlorthalidone, hydrochloroth-iazide, etc.) and an angiotensin II receptor antagonist to
control hypertension, as well as with a statin (fluvastatin, simvastatin, etc.) to reduce the
cholesterol [73]. Co-administration of an antihypertensive agent with statin is an effective
therapeutic option for treatment of multiple cardiovascular risk factors, and especially for high
blood pressure (BP) and LDL-C [74-78]. In addition, statins may improve the vasodilatation
capacity of large arteries and may thus contribute to BP-lowering in patients treated with both
an anti-hypertensive and a statin [79]. Hypercholesterolaemia is often accompanied by
hypertension, an associated risk factor for coronary-artery disease (CAD) [80-82]. ACE
inhibitors are effective for the management of hypertension, supraventricular arrhythmias and
angina pectoris. Other antihypertensive drugs such as propranolol [83] and atenolol [84] also
interact with HMG-CoA reductase inhibitor. In the light of the above results, ACE inhibitors
may interact and effect a change in each other’s availabilities. Methods were developed by
HPLC for both ACE inhibitors and statins before starting interaction studies [85-88]. In vitro”
interactions of ACE inhibitors with statins (atorvastatin, rosuvastatin, pravastatin and
simvastatin) were studied in stimulated body environments utilizing the HPLC technique.

3.2.1. Interaction of enalapril with statins using HPLC

In vitro interactions of enalapril in the presence of statins drugs (rosuvastatin, atorvastatin and
simvastatin) were observed in 1:1 ratio buffers of pH 4 and 7.4 at 37°C. Simultaneous deter‐
mination of both interacting drugs was also developed, as described above. The results are
summarized in Table 7 and Figures 1-3. There was no significant increase or decrease in the
concentration of enalapril and interacting drugs at pH 4 and pH 7.4. When enalapril interacted
with rosuvastatin, atorvastatin and simvastatin, concentration remained at nearly 99-103% at
pH 4 and 99-107% at pH 7.4. Collectively, in vitro interaction of enalapril with rosuvastatin,
atorvastatin and simvastatin using HPLC at pH 4 and pH 7.4 did not show any significant
interactions.

Time % Availability at pH 4 % Availability at pH 7.4

min ENP ROS ENP ATR ENP SIM ENP ROS ENP ATR ENP SIM

0 100 100 98 98.3 99 99.8 100 99 99 99.99 99.02 99.97

30 100 100 99 99.3 100 101 99.78 99 98 100 99.9 99.9

60 99 100 104 98.3 99 101 98.99 95 98 102 99.99 100.3

90 100 101 100 99.4 100 102 102.6 106 106 101.8 100.3 100

120 100 100 104 99.4 101 102 99.79 106 104 101.9 101 101.3

150 100 100 101 99.4 100 103 98.93 106 105 102.6 101.3 102.1

180 100 100 99.7 102 101 102 102 106 107 106.5 102 103

Table 7. Percentage availability of enalapril and statins at pH 4 and 7.4 using HPLC
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Figure 1. Percentage availability of enalapril and statins at pH 4

Figure 2. Percentage availability of enalapril and statins at pH 7.4

3.2.2. Interaction of captopril with statins using HPLC

In vitro interactions of captopril in the presence of statins drugs (rosuvastatin, atorvastatin and
simvastatin) were observed in 1:1 ratio solutions at 37°C. Simultaneous determination of both
interacting drugs was also developed, as described above. Interaction results (Table 8 and
Figure 3) show that availability of all drugs was 100% at zero minutes; after that, availability
of atorvastatin and simvastatin increased in ascending order, but the percentage availability
of captopril decreased in the presence of atorvastatin and simvastatin and remained the same
in the presence of rosuvastatin. The availability of atorvastatin and simvastatin was 173% and
115% after 180 min, respectively. Retardation effect was observed at availability of captopril
of 97.8%, and 58.2% was available at the end of experiment. Rosuvastatin showed no effect on
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captopril and availability of rosuvastatin and captopril at the end of experiment was 100% was

99.12%, respectively.

Time min CAP ROS CAP ATOR CAP SIM

0 100 100.4 100.3 100 100.7 100.3

30 100.2 100.4 100.3 101.5 100.36 100.23

60 100.3 100.3 101.3 100.3 62.1 105.3

90 100.2 99.98 100.2 102.2 67.3 108.2

120 99.9 99.69 100.2 160.8 59.3 110.3

150 100.3 99.87 98.9 162.1 59.3 113.6

180 100.2 99.12 97.8 173.1 58.2 115.6

Table 8. Percentage availability of captopril and statins using HPLC
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Figure 3. Chromatogram showing change in AUC of drugs. CAP+ATR, CAP+ROS and CAP+SIM (pink before and black after 
interaction). 

3.2.3. Interaction of lisinopril with statins using HPLC 

In vitro interactions of lisinopril in the presence of statin drugs (pravastatin, rosuvastatin and atorvastatin) were 
carried out in solution of 1:1 ratio at 37°C. Simultaneous determination of these interacting drugs was also 
developed as described above. Results of these interactions (Table 9 and Figure 4) show that when lisinopril 
interacted with pravastatin, rosuvastatin and atorvastatin its concentration remained in the range 100.3- 102%, 
99.9-101.4% and 99.36-102% at 37oC. Pravastatin, rosuvastatin and atorvastatin amplified the availability of 
lisinopril, unaffected at 37oC using HPLC. Availability of pravastatin and rosuvastatin after interaction almost 
stayed unchanged at 37oC. Interactions of lisinopril in the presence of atorvastatin showed that availability of 
atorvastatin was enhanced, while that of lisinopril after interaction was unchanged. Collectively, in vitro 
interaction of lisinopril with rosuvastatin, atorvastatin and simvastatin using HPLC at 37oC did not show any 
significant results. 

Figure 3. Chromatogram showing change in AUC of drugs. CAP+ATR, CAP+ROS and CAP+SIM (pink before and
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3.2.3. Interaction of lisinopril with statins using HPLC

In vitro interactions of lisinopril in the presence of statin drugs (pravastatin, rosuvastatin and
atorvastatin) were carried out in solution of 1:1 ratio at 37°C. Simultaneous determination of
these interacting drugs was also developed as described above. Results of these interactions
(Table 9 and Figure 4) show that when lisinopril interacted with pravastatin, rosuvastatin and
atorvastatin its concentration remained in the range 100.3- 102%, 99.9-101.4% and 99.36-102%
at 37°C. Pravastatin, rosuvastatin and atorvastatin amplified the availability of lisinopril,
unaffected at 37 °C using HPLC. Availability of pravastatin and rosuvastatin after interaction
almost stayed unchanged at 37 °C. Interactions of lisinopril in the presence of atorvastatin
showed that availability of atorvastatin was enhanced, while that of lisinopril after interaction
was unchanged. Collectively, in vitro interaction of lisinopril with rosuvastatin, atorvastatin
and simvastatin using HPLC at 37 °C did not show any significant results.

Time min LIS PRA LIS ROS LIS ATOR

0 100.3 99.98 99.98 100.3 99.36 97.34

30 100.6 99.63 99.36 100.2 101.5 100.2

60 100.3 99.36 101 100.6 101.3 105.2

90 100.6 100.3 101 100.2 102.5 106.3

120 100.9 100.3 102.3 100.9 101.1 106.20

150 102.0 100.3 102.3 100.4 102.4 106.2

180 102.3 101.3 101.4 100.5 102.4 106.02

Table 9. Percentage availability of lisinopril and statins using HPLC

15 
 

30  100.6  99.63 99.36 100.2 101.5  100.2 
60  100.3  99.36 101  100.6 101.3  105.2 
90  100.6  100.3 101  100.2 102.5  106.3 
120  100.9  100.3 102.3 100.9 101.1  106.20 
150  102.0  100.3 102.3 100.4 102.4  106.2 
180  102.3  101.3 101.4 100.5 102.4  106.02 

 

99

99.5

100

100.5

101

101.5

102

102.5

0 50 100 150 200

T i me( mi n)

l i sinopr i l

Pr avastatin

99

99.5

100

100.5

101

101.5

102

102.5

0 50 100 150 200

Ti me ( mi n)

lisinopril

Rosuvast at in

0

20

40

60

80

100

120

140

160

0 50 100 150 200

T i me ( mi n )

l i s i nopr i l

A tor vastat i n

 

Fig 3.4 % Availability of lisinopril and statins 

Conclusion: 

Interaction studies suggest that with enalapril and lisinopril not affected by statins but captopril have change availability 

of drugs but invivo studies requires for prove this relationship. 
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4. Conclusion

Interaction studies suggest that enalapril and lisinopril are not affected by statins but captopril
changes the availability of drugs. In vivo studies are required to prove this relationship.
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