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In mammalian blood plasma there exist some 6 major lipoprotein classes. Under 
physiological conditions lipoproteins are certainly beneficial as they transport 

nutrients and steroids to numerous organs for further metabolism. On the other hand, 
under pathophysiological conditions most lipoprotein classes promote atherogenesis 
except of HDL that are considered to be anti-atherogenic. Lipoprotein research is a 
wide field comprising basic science, analytical methods and clinical investigations. 

Thus this issue does not raise the claim to give a comprehensive picture of the current 
knowledge, but rather focuses on specific questions related to animal models in 

lipoprotein research as well as features of the most atherogenic lipoprotein, Lp(a).
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Preface

Atherosclerosis is a hallmark in cardiovascular diseases (CVD) and stroke. It is a multifacto‐
rial disease triggered by multiple genes. These genes govern the expression of proteins and
enzymes involved in lipid and lipoprotein metabolism, inflammation, hemostasis and all
events leading to CVD. Looking at the anatomy of an atherosclerotic plaque (Fig.1) it be‐
comes apparent, that the deposition of lipids is a prominent feature in the development and
appearance of the arterial stenosis.

Figure 1. Prominent role of lipids in atherosclerosis.

Since all pathophysiological events are in one way or the other triggered by one or several
genes, much efforts are currently directed towards screening of the genome, proteome lipi‐
dome or metabolome to uncover abnormalities related to atherogenesis. Genetic epidemiol‐
ogy, however, is expensive, time consuming and in many cases results in associations of
specific loci or genes with a disease without giving any clue on the mechanism .

In the present book that is far from giving a complete picture on the pathophysiology of
atherosclerosis and CVD we focus on few aspects of the role of lipids and lipoproteins in
atherogenesis. In the first part we address the question as to what extent animals like rabbits
or hamsters may serve as models for that disease. This is addressed in the chapters of Isaac



Karimi and Andriy Zagayko. Another part of this section focuses on the management of
obesity and dyslipoproteinemia in childhood (composed by Maria Mohara).

In the second section of the book two important topics are addressed. The article written by
Stanislav Oravec and his colleagues highlights the fact, that lipoprotein profiles related to
CVD are not necessarily reflected by plasma lipids or lipoprotein-lipid concentrations but
rather by specific electrophoretic lipoprotein patterns. In addition, lipoprotein associated
phospholipase appears to be a very important analyte related to the cardiovascular risk and
inflammatory status of a patient, reviewed by Sanja Stankovic.

Last but not least, an overview is presented by Indumathi Chennamsetty and Gert Kostner
on the current status of the most atherogenic lipoprotein, Lp(a) (Fig.2).

Figure 2. Schematic view of lipoprotein(a)

We are convinced that these snapshots of the role of lipoproteins in the pathophysiology of
atherosclerosis adds to the understanding of related diseases not only for scientists but also
for practitioners working in clinics and in private practice.

Prof. Gerhard Kostner
Institute of Molecular Biology and Biochemistry,

Medical University of Graz, Austria

Dr. Indumathi Chennamesetty
Stanford University, USA
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Animal Models and Lipoproteins in Childhood





Chapter 1

Nutritional Modulations Used to Translate a Rabbit
Model of Atherosclerosis — A Systematic Review and
Meta-analysis

Isaac Karimi, Danial Naseri and Ferdous Karimizand

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61155

Abstract

Dietary cholesterol has been suggested as a cause of dyslipidemic atherosclerosis with
scarce convincing evidence. A systematic review and a meta-analysis were conducted
in MEDLINE (2004–2015) to screen randomized controlled trials (RCTs) that used cho‐
lesterol-fed rabbits as a model of atherosclerosis. A total of 32 RCTs (n = 1104 New
Zealand rabbits; 4.37 ± 2.52 months old) reported lipid and lipoprotein outcomes fol‐
lowing cholesterol intake (0.98 ± 0.67%) for a duration of 8.90 ± 7.26 weeks. Cholester‐
ol intakes significantly raised combined lipid and lipoprotein outcomes (standardized
mean difference) in a random-effect model by 5.618 (95% CI: 4.592, 6.644; P = 0.0001).
The value of I2, heterogeneity, was 89.387%, indicating real variation. A subgroup
analysis based on the duration and amount of cholesterol feeding in a mixed-effects
analysis showed combined heterogeneous effects of 2.788 (95% CI: 2.333, 3.244; P =
0.000; Q = 112.206; df = 14) and 5.538 (95% CI: 4.613, 6.463; P = 0.000; Q = 31.622; df = 6),
respectively. Random-effect meta-regression conducted using cholesterol moderator
did not support causal effects of dietary cholesterol in inducing atherosclerosis, which
may be due to significant publication bias. These high levels of heterogeneity among
studies may decline fidelity of this animal model for translation of dyslipidemic athe‐
rosclerosis.

Keywords: Atherosclerosis, rabbits, cholesterol, lipoproteins, meta-analysis

1. Introduction

Atherosclerosis is a disease that belongs to both antiquity and modern era [1]. This economi‐
cally important disease is an outcome of both genetic and environmental risk factors and their
interactions [2]. Inflammatory and metabolic derangements and their synergy are the main

© 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.



causes in the etiopathogenesis of atherosclerosis [3]. However, all aspects of atherosclerosis
are not known at the present time, and more human and animal studies are requested to decode
the black box of atherosclerosis. Since we are not able to do interventional studies in humans,
animal models are good simulated and translated tools in this endeavor.

Many seminal reviews (e.g., see [4–6]) have shown that rabbits are good, reliable, and cheap
animal models of atherosclerosis, with a high degree of comparability to human’s atheroscle‐
rosis. In this context, low-density lipoprotein cholesterol (LDL-C) is predominant plasma
lipoprotein in rabbits and humans [6].

Despite these data, the amount of dietary cholesterol, the diet formula, and the duration of
cholesterol feeding necessary to induce translated atherosclerosis are not conclusive among
experimental studies (e.g., see [7,8]). In this line, Prof. Watanabe and colleagues [9] partially
solved this problem by producing a genetic rabbit model of hypercholesterolemia many years
ago. However, this expensive model is not globally available in all laboratories and is not
suitable for translating nutritional interventions that lead to atherosclerosis. Watanabe rabbit
is still not a pet animal model for studying atherosclerosis in all laboratories.

In addition, there is not any concert about the methodology used for inducing atherosclerosis
in nongenetic animal models like New Zealand rabbits (NZRs) among various studies. In this
sense, reliable and loyal translation of atherosclerosis in rabbits were hampered by methodo‐
logical limitations, including suitable sample size, suboptimal biomarker assay, amount of
cholesterol intake, routes of cholesterol intake, and duration of cholesterol intake, among
others. The aforementioned limitations result in low statistical power to translate atheroscle‐
rosis in animal models like rabbits.

To obtain a more truthful and defined estimation of association between cholesterol intake and
atherosclerosis (i.e., the occurrence of dyslipidemia), to do root cause analysis, and to explore
the source of heterogeneity among randomized controlled trials (RCTs), we conducted a meta-
analysis of RCTs by evaluating the associations of dietary cholesterol with the dyslipidemia
component of atherosclerosis in rabbits.

2. Materials and methods

2.1. Study selection

A comprehensive electronic search of the MEDLINE (National Library of Medicine) database
was conducted to identify English-written studies published between January 1, 2004, and
January 1, 2015, using (“Atherosclerosis”[Mesh]) AND “Rabbits”[Mesh] AND (Ani‐
mals[Mesh:noexp]) in PubMed as Medical Subject Headings (MeSH). Two investigators (IK
and SSM) coincidentally assessed titles and abstracts of articles generated by the literature
research after removal of duplicated records. Discrepancies in opinion between the two
investigators were adjudicated by a third investigator (GB). We considered the following

Lipoproteins - From Bench to Bedside4



causes in the etiopathogenesis of atherosclerosis [3]. However, all aspects of atherosclerosis
are not known at the present time, and more human and animal studies are requested to decode
the black box of atherosclerosis. Since we are not able to do interventional studies in humans,
animal models are good simulated and translated tools in this endeavor.

Many seminal reviews (e.g., see [4–6]) have shown that rabbits are good, reliable, and cheap
animal models of atherosclerosis, with a high degree of comparability to human’s atheroscle‐
rosis. In this context, low-density lipoprotein cholesterol (LDL-C) is predominant plasma
lipoprotein in rabbits and humans [6].

Despite these data, the amount of dietary cholesterol, the diet formula, and the duration of
cholesterol feeding necessary to induce translated atherosclerosis are not conclusive among
experimental studies (e.g., see [7,8]). In this line, Prof. Watanabe and colleagues [9] partially
solved this problem by producing a genetic rabbit model of hypercholesterolemia many years
ago. However, this expensive model is not globally available in all laboratories and is not
suitable for translating nutritional interventions that lead to atherosclerosis. Watanabe rabbit
is still not a pet animal model for studying atherosclerosis in all laboratories.

In addition, there is not any concert about the methodology used for inducing atherosclerosis
in nongenetic animal models like New Zealand rabbits (NZRs) among various studies. In this
sense, reliable and loyal translation of atherosclerosis in rabbits were hampered by methodo‐
logical limitations, including suitable sample size, suboptimal biomarker assay, amount of
cholesterol intake, routes of cholesterol intake, and duration of cholesterol intake, among
others. The aforementioned limitations result in low statistical power to translate atheroscle‐
rosis in animal models like rabbits.

To obtain a more truthful and defined estimation of association between cholesterol intake and
atherosclerosis (i.e., the occurrence of dyslipidemia), to do root cause analysis, and to explore
the source of heterogeneity among randomized controlled trials (RCTs), we conducted a meta-
analysis of RCTs by evaluating the associations of dietary cholesterol with the dyslipidemia
component of atherosclerosis in rabbits.

2. Materials and methods

2.1. Study selection

A comprehensive electronic search of the MEDLINE (National Library of Medicine) database
was conducted to identify English-written studies published between January 1, 2004, and
January 1, 2015, using (“Atherosclerosis”[Mesh]) AND “Rabbits”[Mesh] AND (Ani‐
mals[Mesh:noexp]) in PubMed as Medical Subject Headings (MeSH). Two investigators (IK
and SSM) coincidentally assessed titles and abstracts of articles generated by the literature
research after removal of duplicated records. Discrepancies in opinion between the two
investigators were adjudicated by a third investigator (GB). We considered the following

Lipoproteins - From Bench to Bedside4

criteria in the selected studies for meta-analysis: (1) inclusion of cholesterol in diet was the
main part of the dietary intervention; (2) comparison groups could include a control diet or an
intervention in which cholesterol intake was quantitatively different from cholesterol intake
in the experimental groups; (3) among pharmacological studies, only results of the control
group and the cholesterol-fed group were selected, and the rest of the drug-treated groups
were excluded; (4) we included studies that reported net quantity of lipid and lipoprotein
profiles and studies that reported changes graphically have been excluded; (5) studies that
solely considered other end points such as inflammatory end points of atherosclerosis,
histopathologic descriptive end points, and vascular imaging of atherosclerosis were excluded;
(6) all studies that reported dyslipidemia in genetic engineered models and strains were
excluded; and (7) all studies that focused on lipid, and lipid profiles of cholesterol-fed New
Zealand rabbits (NZRs) were included to do meta-analysis over their results. In this continu‐
um, 32 articles met the aforementioned eligibility criteria for inclusion in meta-analysis [10–
41]. Figure 1 summarizes information on the study selection process.

To show substantial heterogeneity among studies, we report fixed-, random-, and mixed-

effects meta-analysis [43]. In this continuum, random-effects meta-analysis takes into account 

the precision of discrete studies and the variation among studies and weights of each study 

accordingly.  

    

Figure 1. Flow diagram of publication inclusion. 
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2.2. Statistical analysis

Effect sizes are indices that measure the magnitude of the differences between two groups. For
each comparison, individual RCT data for each outcome measure and combined measure were
pooled to calculated standardized mean difference (SMD) effect size considering P < 0.05
significant level [42] using the Comprehensive Meta-Analysis ver.2.2.064, a software package
developed by Biostat (http://www.meta-analysis.com/; Englewood, NJ 08631 USA).

To show substantial heterogeneity among studies, we report fixed-, random-, and mixed-
effects meta-analysis [43]. In this continuum, random-effects meta-analysis takes into account
the precision of discrete studies and the variation among studies and weights of each study
accordingly.

We conducted two subgroup analyses to explore association of dietary cholesterol and
duration of cholesterol intake with outcome measures. For each subgroup category, overall
net change estimates were calculated using fixed-effects, random-effects, and mixed-effects
models, and the heterogeneity of estimates was assessed. We conducted a meta-regression
analysis to further examine the effects of cholesterol intake as an explanatory factor on outcome
variables using random-effects meta-regression (unrestricted maximum likelihood (UREML)).

The heterogeneity of studies was quantified using chi-square test, Q, and I2 statistics [44].
Begg’s [45] and Egger’s tests [46] were employed to identify publication bias.

3. Results and discussion

A total of 721 articles were initially identified after electronic search from January 1, 2004, to
January 1, 2015, was restricted to animal studies using usual PubMed filters. Three duplicated
articles were subtracted, and 719 unique publications were screened by title and abstract
review. In this continuum, articles dealing with non-New Zealand rabbit strains and studying
imaging end points like MRI, CT scan, and radiology have been excluded (see Figure 1). The
remaining articles were submitted to detail inspection, and articles that focused on inflamma‐
tory and histopathologic end points of atherosclerosis without reporting lipid and lipoprotein
profiles of studied animals were excluded. In total, 32 eligible studies were included in the
systematic review and meta-analysis involving 1104 rabbit subjects [10–41]. We just considered
control and cholesterol-fed (treated; model) rabbits for meta-analytic assessment, and other
animal groups that received other interventions (drug, nutrients, etc.) have been excluded from
the data set. The study identification process is shown in Figure 1.

Of the included RCT, 30 studies reported on outcomes of triacylglycerols (TGs; n = 638 animal
subjects), 32 studies reported on total cholesterol (TC; n = 677 animal subjects), 26 studies
reported on LDL-C (n = 595 animal subjects), 30 studies reported on high-density lipoprotein
cholesterol (HDL-C; n = 571 animal subjects), 4 studies reported on LDL-C/HDL-C (n = 98
animal subjects), 1 study reported on LDL-C/TC (n = 8 animal subjects), 2 studies reported on
oxidized LDL-C (ox-LDL-C; n = 32 animal subjects), and 3 studies reported on TC/HDL-C (n
= 46 animal subjects).

Lipoproteins - From Bench to Bedside6
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Age in the start of studies varied from 1.86 to 9 months old with an average value of 4.37 ± 2.52
months old in 9 studies, and it was not reported in the majority of studies. The duration of
nutritional intervention went from 4 to 56 weeks with an average value of 8.90 ± 7.26 weeks in
all studies (Figure 2). The majority of studies (56%) reported ≤10 months, while 37.5% of studies
reported 10–20 weeks of nutritional intervention to translate a rabbit model of atherosclerosis.
The amount of dietary cholesterol surplus that utilized to induce atherosclerosis varied from
0.34% to 4.00% with an average value of 0.98 ± 0.67% in all studies (Figure 3). In this context,
31% of all eligible studies used 0.5% cholesterol in feed, while 46% of studies used 1% choles‐
terol in their feed.

The approximate analysis and the major ingredients of rations were not usually reported in
studies. However, in 40.6% of studies, a range of fat (1% to 10%) with an average value of (5.03
± 2.80%) from diverse sources like lard has been reported. The 5% fat content has been more
frequently (30.76%) utilized among studies that reported the fat content of diets. However, it
is not precisely clear from studies that the fat added to the ration is the whole content of dietary
fat or surplus fat. Experimental diets must be formulated according to the rabbit requirements
of NRC [47] because all macronutrients (carbohydrate, fat, and protein), micronutrients
(minerals and vitamins), and other diet-specific bioactive compounds may modulate lipid
metabolism and cytokine milieu that lead to atherosclerosis or prevent atherosclerosis. In
addition, the cholesterol content of diets needs to be determined since 0.34% cholesterol in diet
can trigger dyslipidemia in rabbits, depending on the duration of treatment. The lack of dietary
formulations and the approximate analysis are two major shortcomings of studies that report
cholesterol-induced atherosclerosis in rabbits.

No consensus for initial weights of rabbits were observed among eligible studies as well as on
the changes of weight during experiment and the final weight of the studied animal at the end
of dietary intervention. The initial weight of rabbits employed to translate atherosclerosis
changed from 1.5 to 3.25 kg with an average value of 2.45 ± 0.59 kg. Final weights (3.29 ± 0.21
kg) were reported only in four studies, in which their rabbits were fed 1% cholesterol for an
average duration of 2.17 ± 0.84 months of nutritional intervention. By pooling data from 32
RCTs of 1104 rabbit subjects, the current meta-analysis documented lipid and lipoprotein
alterations associated with increased intake of cholesterol. However, dietary formulations,
duration of cholesterol feeding, initial and final weights of animals or their weight changes
during study, and concise age of animals were not reported in most of these studies and would
cause heterogeneity.

The effect of dietary cholesterol inclusion on the combined outcome of lipid and lipoprotein
profiles and indices of rabbits in a random-effect model as an analysis model for the meta-
analyses was 5.618 (95% confidence interval (CI): 4.592, 6.644; P = 0.0001). In this way, SMD
effects of dietary cholesterol inclusion were 2.424 mg/dl (95% CI: 1.531, 3.318 mg/dl; P =
0.000009) for HDL-C, 7.646 mg/dl (6.266, 9.026; P = 0.000000000) for LDL-C, 5.216 (95% CI:
2.155, 8.278; P = 0.001) for LDL-C/HDL-C, 4.658 ng/ml (95% CI: 3.321, 5.995 ng/ml; P =
0.000000000) for ox-LDL-C, 8.643 mg/dl (95% CI: 7.258, 10.028 mg/dl; P = 0.00000000) for TC,
4.392 (95% CI: 2.317, 6.466; P = 0.00003) for TC/HDL-C, and 3.173 mg/dl (95% CI: 2.451, 3.896
mg/dl; P = 0.000000000) for TGs. The value of I2 was 89.387%, indicating that nearly all of the
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variation is real and sturdily supporting the subgroup analysis and/or the meta-regression. By
convention, an I2 value >75% indicates significant between-study heterogeneity [4]. Subgroup
analyses according to whether lipid and lipoprotein changes occurred following the stratifi‐
cation of studies according to the duration of cholesterol feeding in cholesterol-fed rabbits. In
this way, based on a mixed-effects analysis model, SMD effects of the duration of cholesterol
inclusion was 2.788 (95% CI: 2.333, 3.244; P = 0.000009). According to the Q test (Q = 112.206,
P < 0.001), a significant level of heterogeneity has been concluded in the subgroup analysis of
studies based on the duration of cholesterol feeding, which reflects the diversity of study
design among the 28 comparisons.

Figure 2. The duration of dietary cholesterol surplus used in a rabbit model of atherosclerosis. 

Figure 3. The dietary cholesterol surplus used in a rabbit model of atherosclerosis. 

In this continuum, the subgroup analysis based on duration (week) of cholesterol feeding 
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variation is real and sturdily supporting the subgroup analysis and/or the meta-regression. By
convention, an I2 value >75% indicates significant between-study heterogeneity [4]. Subgroup
analyses according to whether lipid and lipoprotein changes occurred following the stratifi‐
cation of studies according to the duration of cholesterol feeding in cholesterol-fed rabbits. In
this way, based on a mixed-effects analysis model, SMD effects of the duration of cholesterol
inclusion was 2.788 (95% CI: 2.333, 3.244; P = 0.000009). According to the Q test (Q = 112.206,
P < 0.001), a significant level of heterogeneity has been concluded in the subgroup analysis of
studies based on the duration of cholesterol feeding, which reflects the diversity of study
design among the 28 comparisons.
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In this continuum, the subgroup analysis based on duration (week) of cholesterol feeding in
a mixed-effects analysis showed combined SMD effects, that is, 2.788 (95% CI: 2.333, 3.244; P
= 0.000; Q = 112.206; df = 14). Furthermore, SMD effects were 1.414 mg/dl (95% CI: 1.049, 1.780;
P = 0.000000000; Q = 166.780; df = 14) for HDL-C, 4.3888 mg/dl (95% CI: 3.779, 4.996; P =
0.000000000; Q = 138.362; df = 13) for LDL-C, 3.367 (95% CI: 2.686, 4.048; P = 0.00000; Q = 35.845;
df = 3) for LDL-C/HDL-C, 4.658 ng/ml (95% CI: 3.321, 5.995 ng/ml; P = 0.000000000; Q = 0.163;
df = 1) for ox-LDL-C, 3.942 mg/dl (95% CI: 3.408, 4.475 mg/dl; P = 0.00000000; Q = 184.421; df
= 17) for TC, 3.725 (95% CI: 2.733, 4.718; P = 0.000; Q = 6.663; df = 2) for TC/HDL-C, and 2.161
mg/dl (95% CI: 1.792, 2.529 mg/dl; P = 0.000000000; Q = 79.221; df = 15) for TGs. The duration
of cholesterol intake was an important determinant of the heterogeneity in studies with regard
to lipid and lipoprotein outcomes. Based on Q values of outcomes following the subgroup
analysis and their comparison with the chi-square table, the high level of heterogeneity has
been detected for all outcomes except TC/HDL-C as an atherogenic index. This strange result
may be due to the low sample size (n = 3) of the TC/HDL-C index. Therefore, the duration of
cholesterol intake may not play an essential role in inducing dyslipidemic atherogenesis in
cholesterol-fed rabbit models.

Subgroup analyses according to whether lipid and lipoprotein changes occurred following the
stratification of studies according to the amount of cholesterol feeding in cholesterol-fed
rabbits. In this continuum, the subgroup analysis based on dietary cholesterol inclusion (%)
in of cholesterol-fed rabbits in a mixed-effects analysis showed SMD effects 5.538 (95% CI:
4.613, 6.463; P = 0.000; Q = 31.622;df = 6). Further, the subgroup analysis based on the amount
of cholesterol feeding in a mixed-effects analysis showed SMD effects 1.743 mg/dl (95% CI:
1.145, 2.341; P = 0.000000000; Q = 77.709; df = 6) for HDL-C, 7.409 mg/dl (95% CI: 6.173, 8.646;
P = 0.000000000; Q = 138.362; df = 4) for LDL-C, 3.208 (95% CI: 1.680, 4.736; P = 0.000000000; Q
= 0.967; df = 1) for LDL-C/HDL-C, 4.658 ng/ml (95% CI: 3.321, 5.995 ng/ml; P = 0.000000000; Q
= not determined; df = 0) for ox-LDL-C, 8.543 mg/dl (95% CI: 7.309, 9.776 mg/dl; P = 0.00000000;
Q = 41.307; df = 6) for TC, 4.255 (95% CI: 2.852, 5.658; P = 0.000; Q = 3.691;df = 1) for TC/HDL-
C, and 3.107 mg/dl (95% CI: 2.491, 3.723 mg/dl; P = 0.000000000; Q = 23.675; df = 6) for TGs.

As the amount of dietary cholesterol surplus was considered as a moderator, the P values of
QR in mixed-model regression were significant for TGs, TC, LDL-C/HDL-C, LDL-C, HDL-C,
and combined lipid and lipid profile (P < 0.01; Table 1 and Figure 4), while the P values of QR

in mixed-model regression were nonsignificant for TC/HDL-C (P = 0.31731; Table 1). Random-
effects meta-regression (UREML) was conducted for change in all parameters and indices
using the cholesterol moderator (data not shown). The ANOVA table of fixed- and mixed-
effect models for combined lipid and lipoprotein profile regression is shown in Table 1.
Accordingly, QM is significant. Then at least one of the regression coefficients between dietary
cholesterol inclusion and lipid and lipoprotein profiles and indices is different from zero. In
this sense, the funnel plot (Figure 5) and the results of Egger’s tests showed a significant
publication bias (data not shown). The subgroup analysis based on the amount of dietary
cholesterol surplus showed heterogeneity in all outcomes except LDL-C/HDL-C (n = 2) and
TC/HDL-C (n = 2) after comparing their Q values using the chi-square table. Therefore,
cholesterol content may not be a pivotal determinant in inducing dyslipidemia in cholesterol-
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fed rabbit models, but it raised all lipid and lipoprotein profile and indices in cholesterol-fed
rabbits. Moreover, no consensus for atherogenic diets was observed based on their cholesterol
and fat contents and the types of their fat, including pure cholesterol, lard, egg yolk powder,
coconut oil, and/or safflower oil as well as different nutritional interventions.

ANOVA

Fixed-effect regression Mixed effects regression

Q df P Q df P

QM 44.51969 1 0.00000 5.30338 1 0.02128

QR 287.66695 34 0.00000 43.61079 34 0.12506

QTOTAL 332.18664 35 0.00000 48.91418 35 0.05934

QM—model sum of squares compared to chi-square distribution with p– 1 df (p is number of predictors in the model); QR

—residual sum of squares compared to chi-square distribution with k– p– 1 df (k is the number of studies) [48].

Table 1. Fixed- and mixed-effect models—analysis of variance (ANOVA) table for combined lipid and lipoprotein
profile regression.

The resulting funnel graphs and the associated statistics based on Egger et al. [46] revealed a
significant asymmetry and publication bias among studies. Therefore, publication or other
sources of bias could be relevant in evaluating an overall effect of the selected nutritional
interventions in lipid and lipoprotein outcomes in the cholesterol-fed rabbit model of
(pre)atherosclerosis.
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Figure 4. Fixed-effect model—regression of dietary cholesterol surplus on standardized mean difference of lipid and
lipid profiles and indices in a rabbit model of atherosclerosis.

Lipoproteins - From Bench to Bedside10



fed rabbit models, but it raised all lipid and lipoprotein profile and indices in cholesterol-fed
rabbits. Moreover, no consensus for atherogenic diets was observed based on their cholesterol
and fat contents and the types of their fat, including pure cholesterol, lard, egg yolk powder,
coconut oil, and/or safflower oil as well as different nutritional interventions.

ANOVA

Fixed-effect regression Mixed effects regression

Q df P Q df P

QM 44.51969 1 0.00000 5.30338 1 0.02128

QR 287.66695 34 0.00000 43.61079 34 0.12506

QTOTAL 332.18664 35 0.00000 48.91418 35 0.05934

QM—model sum of squares compared to chi-square distribution with p– 1 df (p is number of predictors in the model); QR

—residual sum of squares compared to chi-square distribution with k– p– 1 df (k is the number of studies) [48].

Table 1. Fixed- and mixed-effect models—analysis of variance (ANOVA) table for combined lipid and lipoprotein
profile regression.

The resulting funnel graphs and the associated statistics based on Egger et al. [46] revealed a
significant asymmetry and publication bias among studies. Therefore, publication or other
sources of bias could be relevant in evaluating an overall effect of the selected nutritional
interventions in lipid and lipoprotein outcomes in the cholesterol-fed rabbit model of
(pre)atherosclerosis.

Regression of Cholesterol on Std diff in means

Cholesterol

St
d 

di
ff 

in
 m

ea
ns

-0.03 0.41 0.85 1.29 1.73 2.17 2.61 3.05 3.49 3.93 4.37

0.40

-2.04

-4.48

-6.91

-9.35

-11.79

-14.23

-16.66

-19.10

-21.54

-23.98

Figure 4. Fixed-effect model—regression of dietary cholesterol surplus on standardized mean difference of lipid and
lipid profiles and indices in a rabbit model of atherosclerosis.

Lipoproteins - From Bench to Bedside10

-50 -40 -30 -20 -10 0 10 20 30 40 50

0

1

2

3

4

5

6

St
an

da
rd

 E
rro

r

Std diff in means

Funnel Plot of Standard Error by Std diff in means

Figure 5. Funnel plot for a meta-analysis of association between dietary cholesterol inclusion and combined effects of
lipid and lipoprotein profiles and indices in a rabbit model of atherosclerosis.

4. Conclusions

These systematic review and meta-analyses of RCTs initially assess the robustness of choles‐
terol-fed rabbit of atherosclerosis since the causal role of cholesterol intake in progression and
induction of atherosclerosis is not supported in some clinical trials (e.g., see [49]). These
systematic review and meta-analysis showed high levels of heterogeneity among studies that
used the cholesterol-fed rabbit model of atherosclerosis, which may be due to the lack of
consensus on the dietary ingredients and formulation, the amount of dietary cholesterol
surplus, the duration of cholesterol intake, and the analytical methodology in lipid and
lipoprotein determination. In sum, for the first time, this meta-analysis showed that dietary
cholesterol surplus could not be a reliable determinant of dyslipidemic atherosclerosis in
cholesterol-fed rabbits. Rabbits in fact are vegetarians, and plants actually do not contain
cholesterol. Thus, by itself, the model for studying atherogenesis by cholesterol feeding is far
from being ideal or relevant for the situation in humans.
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Abstract

The unbalanced high-calorie diet can be the cause of a number of pathological states,
including metabolic syndrome (MS). It is well known that the risk of MS increases
with age, but gender differences in age-related lipid metabolism changes under this
pathology are not fully understood.

In order to investigate the mechanisms of atherogenic dyslipidemia under the MS, we
study the dynamics of some parameters of lipid and lipoprotein metabolism in
hamsters of different sex and age. In our experiments, we found some age and gender
differences in lipid and lipoprotein metabolism in healthy hamsters and hamsters
with MS. In general, the obtained results demonstrate dyslipidemia development in
males feeding high-calorie diet, irrespective of age. We suppose that hypertriglycer‐
idemia in males under the high-calorie diet developed due to the accumulation of
triacylglycerols (TAGs) in hepatocytes and as a result very low density lipoprotein 1
(VLDL1) over secretion by liver. However, in females feeding high-calorie diet
atherogenic dyslipoproteinemia develops only with aging. It can be assumed that the
reason why high-calorie diet in females leads to the pathological changes in VLDL
morphology and hypertriglyceridemia development is reducing the hepatocytes
sensitivity to insulin. Herewith, insulin resistance in females does not cause lipolysis
activation in adipose tissue, which is probably associated with the ability of female

© 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.



sex hormones to suppress lipolysis in adipose tissue regardless of sensitivity to
insulin.

Keywords: lipoprotein metabolism, metabolic syndrome, hamsters, age differences

1. Introduction

Metabolic syndrome (MS) is the complex of hormonal and metabolic disorders that increase
the risk of type 2 diabetes mellitus and cardiovascular system (CVS) diseases [59, 78]. It was
found the close pathogenic link between obesity, hypertension, insulin resistance (IR) and
atherogenic dyslipidemia in the 60's of the last century [54].

According to clinical observations, MS was already registered in 20–25% of the adult popula‐
tion of the industrialized countries in 2004 [36, 61]. In epidemiological studies was found that
among examined 8814 men and women older than 20 years the incidence of MS according to
the US National Cholesterol Education Program (NCEP) criteria was about 24% among men
and 25% among women in the USA [5, 6]. In another epidemiological study examining men
of all ages, selected by random sampling, MS was diagnosed in 26.2% of the cases [37]. This
prevalence of MS in the population increases with age and is highest among the elderly [24,
38]. In the results of other research groups related to the analysis of men and women, conducted
in the USA, MS according to NCEP criterion was diagnosed in 6.7% people aged 20–29 years,
in 43.5% people aged 60–69 years, and in 42% people aged 70 years [37,38]. It is also known
that MS at a younger age is more common in men, but in women the incidence of MS increases
gradually with age – especially during menopause [13, 78].

However, gender differences in age-related lipid metabolism changes under MS are not fully
understood. In order to investigate the mechanisms of atherogenic dyslipidemia under MS,
we study the dynamics of some parameters of lipid and lipoprotein metabolism in hamsters
of different sex and age.

2. Material and methods

Experiments were planned to develop a diet-induced MS in Golden Syrian hamsters of
different sex and age (4 weeks, 20 weeks, 1 year at the beginning of the experiment), which
were kept in a standard vivarium condition. Animals were fed a standard normal diet (intact
group), and for 5 weeks a high-calorie diet that contained 29% of fats (predominantly saturat‐
ed) with fructose addition – 1 g daily per 100 g body weight (MS groups) [27, 63]. Blood and
liver samples were taken after decapitation in necessary terms and prepared according to
individual procedures.

Experiments were carried out according to the “European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scientific Purposes” (Strasbourg, 1985).
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Lipoprotein fractions (very low density lipoproteins (VLDL); low density lipoproteins (LDL),
and high density lipoproteins (HDL)) were determined using electroforesis. Total LDL and
apoB-containing lipoproteins (apoB-LP) in blood serum and hepatic cytosol were determined
by gradient gel electrophoresis [1]. Using these data (apoВ-LP concentration and data of LP
fractions percentage), we calculated the content of every LP fraction. Total lipids (TL) were
fractionated by thin layer chromatography on the plates with silica layers Silufol U.V.254''
(Sklarny Kavalier, Czech Republic).

Triacylglycerol (TAG) content was determined by enzymatic assay (“KONE,” Finland).

Free and esterified cholesterol (CE) was determined by enzymatic assays (“Boehringer
Mannheim GmbH diagnostica,” Germany). Total lipid concentration was determined by
standard test using vanillin reagent (Eagle Diagnostics, USA).

Cholesterol esterification rate and cholesterol ester (CE) transfer was estimated in the HDL
fraction received by centrifugation and then incubation of material and measuring of choles‐
terol and CE before and after incubation (for determination of cholesterol esterification rate –
adding 5,5′-dithiobis(2-nitrobenzoic acid) [82].

Lipoprotein lipase (LPL, EC 3.1.1.34) activity and hepatic triglyceride lipase (HL, EC 3.1.1.3)
were determined by the method of Lithell and Boberg [52].

Glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) activity was measured using assay
kit (Cayman Chemical, USA), 6-phosphogluconate dehydrogenase (6PGD, EC 1.1.1.44) using
assay kit (Biocompare, USA), and malate dehydrogenase (EC 1.1.1.40) using assay kit (Biovi‐
sion, USA).

Lysosomal acid lipase (LAL, EC 3.1.1.3) activity was measured in hepatic mitochondrial/
lysosomal fraction by the substrate hydrolysis – 4-methylumbelliferone determined fluoro‐
metrically (Е=449 nm, 410 nm) [86]. Protein content was determined by Lowry in Miller
modification.

Statistical analysis was performed using nonparametric van der Waerden criterion [21, 87]
with packet Excel and Statistica, and the correlation coefficient was calculated by Spearman.

3. Results

Changes in blood hormone levels observed under the MS led to a shift in the lipolysis/
lipogenesis balance and were accompanied by the excessive production of the free fatty acids
(FFA).

According to our data, blood FFA levels in animals fed high-calorie diet were significantly
increased in all experimental groups except the young females (Table 1).

Indeed, the FFA level was increased by approximately 40% in male experimental animals
independently of age, and in young females this index was practically unchanged, but in the
adult it increased also by 40% under experimental pathology. However, even such increased
FFA level was 17% lower than in intact males of the same age.
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Sex Age Group
Free fatty acids content,

mmol/L

Males

4 weeks
Intact 1.02±0.07

MS 1.44±0.29*

20 weeks
Intact 1.64±0.16

MS 2.29±0.25*

Females

4 weeks
Intact 0.91±0.42

MS 0.85±0.03

20 weeks
Intact 0.85±0.04

MS 1.20±0.14*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact group.

Table 1. The serum free fatty acids content in male Syrian hamsters with the experimental metabolic syndrome

Our study of lipid and lipoprotein metabolism in the blood serum and liver under modeling
MS in Syrian hamsters of different sex and age also indicates the significant changes in lipid
metabolism as well as sex and age differences of lipid and lipoprotein metabolism in the health
animals and under the experimental MS.

Age Group

Indices

Triacylglycerols,
g/L

Total cholesterol,
mmol/L

apoВ-containing
lipoproteins,

g/L

High density
lipoproteins,

g/L

4 weeks
Intact 1.06±0.07 2.93±0.19 4.72±0.23 1.11±0.05

MS 1.56±0.09* 3.56±0.10* 6.68±0.15* 0.98±0.07

20 weeks
Intact 1.57±0.22 2.84±0.15 5.66±0.34 1.01±0.02

MS 2.00±0.13* 3.71±0,18* 6.68±0.21* 0.85±0.08

1 year
Intact 1.50±0.10 2.73±0.02 5.21±0.06 1.74±0.13

MS 2.27±0.13* 3.15±0.08* 7.00±0.22* 2.32±0.13*

Intact groups – animals fed standard normal diet aged 4 weeks, 20 weeks, and 1 year at the beginning of the experiment.
MS groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per
100 g body weight) aged 4 weeks, 20 weeks, and 1 year at the beginning of the experiment. Each group was composed of
six animals.

Mean±S.D. * – р≤0.05 vs the same age intact group.

Table 2. Some indices of lipid metabolism in blood serum of male Syrian hamsters with the experimental metabolic
syndrome
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Atherogenic dyslipidemia develops independently of age in males fed high-calorie diet (Table
2). As it can be seen from the data presented, increase of total lipids content in the blood serum
of animals is mediated by the increase of apoB-LP level because the HDL content did not
change. Herewith, the serum TAG level rose by 47% and 30% relative to intact groups in young
and adult animals, respectively (Table 2).

According to our data the accumulation of apoB-LP in the blood and increasing of these class
lipoproteins content in the liver undergo simultaneously (Table 3).

Age Group

Indices

Total lipids
(TL),
mg/g

apoВ-containing
lipoproteins,

mg/g

High density
lipoproteins, mg/g

Glucose-6-phosphate
dehydrogenase,

nmol / mg of
protein×min

Lysosomal acid
lipase, nmol / mg
of protein× min

4 weeks
Intact 104.24±2.52 11.46±0.37 1.25±0.14 3.74±0.33 0.67±0.03

MS 124.16±2.05* 15.16±0.54* 1.11±0.07 2.80±0.17* 1.09±0.07*

20 weeks
Intact 112.62±2.66 13.03±0.50 0.94±0.10 4.44±0.28 0.54±0.03

MS 143.59±2.65* 15.69±0.36* 1.10±0.20 3.13±0.28* 1.27±0.09*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact group.

Table 3. Some indices of lipid metabolism in the liver of male Syrian hamsters with the experimental metabolic
syndrome (for the damp tissue)

The significant changes in the lipid and lipoprotein metabolism were observed in the liver of
adult male hamsters (1 year old) fed high-calorie diet (Tables 4 and 5). In particular, the changes
of apoB-LP composition in the liver (Table 4) led to lipid depletion by lipoproteins.

Indices
Group

Intact MS

Total cholesterol, % of the total content of fraction 9.46±0.81 7.18±0.06*

Triacylglycerols, % of the total content of fraction 45.33±1.39 42.00±1.29*

Intact group – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS group – animals fed
during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight) aged
1 year at the beginning of the experiment. Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact
group.

Table 4. The composition of apoB-containing lipoproteins post mitochondrial fraction in liver of the 1-year-old male
Syrian hamsters with the experimental metabolic syndrome
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The low lipid content, predominantly TAGs, in the hepatic apoB-LP composition observed in
our experiments (Table 4) indicated the lipolysis activation through the triacylglycerol lipases
action (e.g., HL) under experimental MS.

Herewith, the lipoprotein uptake by the liver under experimental MS, obviously, is enhanced,
as the content of the apoB-LP in this organ was increased (Table 5).

The liver G6PDH activity in experimental animals of this age group declined by 35% compared
to the intact group (Table 5).

As can be seen from the obtained data, the 6PGD that is less than G6PDH is sensitive to damage
by free radicals, retained its activity, and the NADP-dependent malate dehydrogenase activity
even increased under experimental MS (Table 5).

Indices
Group

Intact MS

Glucose-6-phosphate dehydrogenase, nmol NADPH(H+)/min× mg of
protein

4.02±0.17 2.62±0.28*

6-phosphogluconate dehydrogenase, nmol NADPH(H+)/min× mg of
protein

1.98±0.15 2.20±0.15

Malate dehydrogenase, nmol NADPH(H+)/min× mg of protein 14.57±0.40 15.09±0.03*

Total lipids, g/100 g for the fresh tissue 11.36±0.69 14.97±0.75*

apoB-containing lipoproteins, mg/g for the fresh tissue 14.71±0.46 18.92±0.84*

Intact group – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS group – animals fed
during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight) aged
1 year at the beginning of the experiment. Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact
group.

Table 5. Some indices of lipid metabolism in the liver of 1-year-old male Syrian hamsters with the experimental
metabolic syndrome

The lowering HDL-cholesterol level is apparently associated with an increased rate of CE
transfer from HDL to apoВ-LP. According to our data, the CE transfer rate from HDL in animals
fed high-calorie diet was increased by 166% and 199% relative to young and adult intact
animals, respectively (Table 6).

We recorded the decrease of serum LPL activity and increase in HL activity in young males
fed high-calorie diet (Table 7). This may be an additional factor for TAG accumulation in the
blood and decrease of the HDL-cholesterol level that we observed in our experiments (see
Tables 4 and 6).

Some age-related features in the serum lipid profile were found in the healthy male hamsters
with aging (from 4 to 20 weeks). Thus, levels of serum FFA (60%), TAGs (48%), and apoB-LP
(20%) increased in 4 weeks old intact males, but the HDL level tended to decrease in 4 weeks
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1 year at the beginning of the experiment. Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact
group.

Table 5. Some indices of lipid metabolism in the liver of 1-year-old male Syrian hamsters with the experimental
metabolic syndrome

The lowering HDL-cholesterol level is apparently associated with an increased rate of CE
transfer from HDL to apoВ-LP. According to our data, the CE transfer rate from HDL in animals
fed high-calorie diet was increased by 166% and 199% relative to young and adult intact
animals, respectively (Table 6).

We recorded the decrease of serum LPL activity and increase in HL activity in young males
fed high-calorie diet (Table 7). This may be an additional factor for TAG accumulation in the
blood and decrease of the HDL-cholesterol level that we observed in our experiments (see
Tables 4 and 6).

Some age-related features in the serum lipid profile were found in the healthy male hamsters
with aging (from 4 to 20 weeks). Thus, levels of serum FFA (60%), TAGs (48%), and apoB-LP
(20%) increased in 4 weeks old intact males, but the HDL level tended to decrease in 4 weeks
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old intact males with the unchanged total lipid an lipoprotein content in the blood serum. All
this testifies that lipidosis develops with aging. Also we found out that in adult males, the free
cholesterol and cholesterol ester levels were lower than in young animals (20% and 25%,
respectively), and the cholesterol ester transfer rate from HDL in adult animals exceeded this
index in young animals 191% (Table 6).

Age Group

Indices

HDL cholesterol,
mcmole / L

HDL cholesterol
esters,

in mcmole / L

Cholesterol
etherification,

mcmole / L × hour

Transfer of
cholesterol esters,
mcmole / L ×hour

4 weeks
Intact 174.17±18.99 1028.33±12.76 54.92±0.58 20.42±1.76

MS 80.83±9.17* 810.00±22.78* 49.00±2.50 33.83±1.56*

20 weeks
Intact 138.00±8.00 770.00±32.56 45.50±2.55 59.50±5.39

MS 164.50±9.97 512.50±0.01* 20.25±2.28* 116.88±9.43*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact group.

Table 6. The HDL-cholesterol and HDL-cholesterol esters content, cholesterol esterification rate, and cholesterol esters
transfer in blood serum of male Syrian hamsters with experimental metabolic syndrome

Age Group

Indices

Lipoprotein lipase (U/ml)
Hepatic triglyceride

lipase(U/ ml)

4 weeks
Intact 8±2 51±4

MS 4±1* 91±3*

20 weeks
Intact 83±2 3±1

MS 129±3* 2±1

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 7. The post-heparin plasma lipase activities in male Syrian hamsters with experimental metabolic syndrome

The atherogenic dyslipidemia development significantly depends on the age in females in
contrast to males (Table 8).

Sex and Age Differences in Lipoprotein Metabolism Proatherogenic Changes under the Experimental Metabolic...
http://dx.doi.org/10.5772/60759

23



Age Group

Indices

Glucose-6-phosphate
dehydrogenase,
nmol/min×mg of

protein

Total lipids (TL),
mg/g

apoB-containing
lipoproteins,

mg/g
HDL, mg/g

Lysosomal
lipase, nmol/
min×mg of

protein

4 weeks
Intact 4.72±0.17* 117.67±4.72 8.87±0.24 1.27±0.08 0.34±0.03

MS 5.38±0.13* 144.34±5.00* 10.24±0.25* 0.65±0.05* 1.24±0.05*

10 weeks
Intact 5.15±0.22 137.54±3.91 10.65±0.46 0.89±0.07 0.83±0.04

MS 5.80±0.15 179.22±3.44* 13.44±0.30* 0.46±0.06* 1.33±0.08*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 8. The indices of lipid metabolism in liver homogenate of female Syrian hamsters with experimental metabolic
syndrome (for the damp tissue)

In particular, while significant changes in liver apoB-LP content in males was not observed
with aging, this index in females increased at growing up in intact animals by 20%, and in
animals with experimental MS by 31%. This indicates intensification of liver lipolytic processes
in females with aging and may be a manifestation of the lipid metabolism activation that is
proved by similar changes in TL content (Table 8).

Moreover, the female liver contains more lipids than male, especially in adulthood – in intact
by 22%, while the MS by 24%. This can be explained by the well-known more pronounced
effect of estradiol on liver lipid metabolism intensity compared to testosterone.

However, the G6PDH activity in females was significantly higher than in males, especially
under MS by 92% in the young ones, and 85% in the adults (Table 8). In addition, this enzyme
activity increased with aging. It can also indicate a significant dependence of the liver lipid
metabolism rate from hormonal background. As can be seen from the obtained data (Table 9),
feeding high-calorie diet did not lead to pronounced atherogenic changes in serum lipid and
lipoprotein spectrum in young hamsters-females. The fact that young females had a more
favorable serum lipid profile compared to males of the same age group also attracts attention
(Tables 9, 10). Thus, the serum total lipid level in young females was 35% lower compared to
males, and the total lipoprotein level lower by 32% (in young intact females 4.01±0.31 mg/ml).

Thus, lower serum total lipoprotein level in females may be associated with the decrease of
the apoB-LP content (the content of this lipoprotein atherogenic faction was at 39% lower in
females compared to males, and the HDL content was similar in animals of both sexes).

As we can see in Tables 9 and 10, in females cholesterol metabolism also was changed in the
blood stream, and these changes clearly depended on age: in young females the activity of CE
transfer and the cholesterol esterification rate was increased, in the adults was increased only
CE transfer, at the same time, the activity of cholesterol esterification rate decreased.
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Age Group

Indices

Glucose-6-phosphate
dehydrogenase,
nmol/min×mg of

protein

Total lipids (TL),
mg/g

apoB-containing
lipoproteins,

mg/g
HDL, mg/g

Lysosomal
lipase, nmol/
min×mg of

protein

4 weeks
Intact 4.72±0.17* 117.67±4.72 8.87±0.24 1.27±0.08 0.34±0.03

MS 5.38±0.13* 144.34±5.00* 10.24±0.25* 0.65±0.05* 1.24±0.05*

10 weeks
Intact 5.15±0.22 137.54±3.91 10.65±0.46 0.89±0.07 0.83±0.04

MS 5.80±0.15 179.22±3.44* 13.44±0.30* 0.46±0.06* 1.33±0.08*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 8. The indices of lipid metabolism in liver homogenate of female Syrian hamsters with experimental metabolic
syndrome (for the damp tissue)

In particular, while significant changes in liver apoB-LP content in males was not observed
with aging, this index in females increased at growing up in intact animals by 20%, and in
animals with experimental MS by 31%. This indicates intensification of liver lipolytic processes
in females with aging and may be a manifestation of the lipid metabolism activation that is
proved by similar changes in TL content (Table 8).

Moreover, the female liver contains more lipids than male, especially in adulthood – in intact
by 22%, while the MS by 24%. This can be explained by the well-known more pronounced
effect of estradiol on liver lipid metabolism intensity compared to testosterone.

However, the G6PDH activity in females was significantly higher than in males, especially
under MS by 92% in the young ones, and 85% in the adults (Table 8). In addition, this enzyme
activity increased with aging. It can also indicate a significant dependence of the liver lipid
metabolism rate from hormonal background. As can be seen from the obtained data (Table 9),
feeding high-calorie diet did not lead to pronounced atherogenic changes in serum lipid and
lipoprotein spectrum in young hamsters-females. The fact that young females had a more
favorable serum lipid profile compared to males of the same age group also attracts attention
(Tables 9, 10). Thus, the serum total lipid level in young females was 35% lower compared to
males, and the total lipoprotein level lower by 32% (in young intact females 4.01±0.31 mg/ml).

Thus, lower serum total lipoprotein level in females may be associated with the decrease of
the apoB-LP content (the content of this lipoprotein atherogenic faction was at 39% lower in
females compared to males, and the HDL content was similar in animals of both sexes).

As we can see in Tables 9 and 10, in females cholesterol metabolism also was changed in the
blood stream, and these changes clearly depended on age: in young females the activity of CE
transfer and the cholesterol esterification rate was increased, in the adults was increased only
CE transfer, at the same time, the activity of cholesterol esterification rate decreased.
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Age Group

Indices

Triacylglycerols,
g/L

Total cholesterol,
mmol/L

apoB-containing
lipoproteins,

g/L

HDL,
g/L

4 weeks
Intact 0.79±0.04 2.32±0.34 2.92±0.34 1.17±0.07

MS 0.81±0.04 2.00±0.07 3.24±0.25 1.22±0.06

20 weeks
Intact 0.97±0.03 2.09±0.07 4.40±0.25 0.99±0.01

MS 2.14±0.06* 1.91±0.17 3.57±0.12* 0.68±0.06*

1 year
Intact 1.48±0.14 2.54±0.08 4.03±0.07 1.85±0.23

MS 2.20±0.09* 2.40±0.04 3.50±0.10 0.75±0.06*

Intact groups – animals fed standard normal diet aged 4 weeks, 20 weeks, and 1 year at the beginning of the experiment.
MS groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per
100 g body weight) aged 4 weeks, 20 weeks, and 1 year at the beginning of the experiment. Each group was composed of
six animals. Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 9. Some indices of lipid metabolism in blood serum of female Syrian hamsters with experimental metabolic
syndrome

Serum TAG level and total cholesterol in young females was lower by 26% and 21% as
compared to the corresponding values of these parameters in males, and the HDL-cholesterol
in females exceeded the value of this index in males by 32% (Tables 9 and 10).

Age Group

Indices

HDL-cholesterol,
mcmol/L

HDL-cholesterol
esters, mcmol/L

Cholesterol
esterification,

mcmole / L × hour

Cholesterol esters
transfer, mcmole / L

×hour

4 weeks
Intact 230.83±7.46 1004.17±3.75 45.58±4.56 10.75±0.80

MS 208.83±5.19* 835.50±20.53* 64.33±4.92* 23.83±3.53*

20 weeks
Intact 258.33±13.08 715.83±48.14 80.17±5.02 18.67±1.30

MS 123.33±7.60* 650.00±22.36 34.25±3.14* 32.08±1.50*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 10. The HDL-cholesterol and HDL-cholesterol esters content, the cholesterol etherification activity and
cholesterol ester transfer rate in blood serum of female Syrian hamsters with experimental metabolic syndrome

According to our data, the CE transfer rate in young females was 48% less than it was in the
serum of males of the same age group (Table 10). The HL activity in intact young females was
28% less in comparison with males (Table 11).
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Age Group

Indices

Lipoprotein lipase (U/ml)
Hepatic triglyceride

lipase
(U/ ml)

4 weeks
Intact 12±1 37±2

MS 7±1* 66±7*

20 weeks
Intact 9±1 47±2

MS 5±2* 94±6*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 11. The post-heparin plasma lipase activities in female Syrian hamsters with experimental metabolic syndrome

However, it is interesting that female hamsters have more favorable (antiatherogenic) initial
lipid serum profile than males. Thus, the total lipid content in intact young females was lower
than in males by 35%, and it was almost 25% in adults. This index was almost two times lower
than in males even with the MS in young females. Only adult females and males with exper‐
imental pathology hardly differed from each other. The same tendency is typical for the total
lipoprotein content and TAG level.

The serum cholesterol content increased by 22% in juvenile age and by 31% in male adults
with MS. However, the corresponding index in females remained practically unchanged,
which confirms the absence of a direct correlation between the MS development and hyper‐
cholesterolemia. At the same time, there were the changes in lipoprotein fractions: in males
with the MS the level of apo-B-LP increased (almost by 20% in adulthood), and the HDL content
did not change. On the contrary, HDL level with MS decreased by 32% in adult females, and
the content of the apoB-LP remained unchanged.

In intact males aged 4–20 weeks under unchanged total serum lipid and lipoprotein content,
the levels of following values increased: TAG (by 48%), FFA (by 60%), and apoB-LP (by 19%).
However, the HDL level tended to decrease. There were almost the same changes under
experimental MS: the TAG level in adult animals with MS was higher by 28% as compared to
the young animals with experimental pathology, FFA level – by 59%, HDL level – decreased
by 14%, although the level of apoB-LP remained the same (see Tables 1 and 2).

All these data indicate to the hyperlipidemia increase due to age, which is further enhanced
by the hyperinsulinemia and IR development. In females these changes were even more
pronounced, although not quite so dramatic. In intact females the total lipid content grew with
age by 37% (compared with 24% for males), lipoprotein by 32% (although it was lower than
21% for males), TAG by 22% (less than 39% for males), and apoB-LP by 50% (in males it was
more than 33%), and the HDL content decreased by 16% (see Tables 1 and 9).
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Age Group

Indices

Lipoprotein lipase (U/ml)
Hepatic triglyceride

lipase
(U/ ml)

4 weeks
Intact 12±1 37±2

MS 7±1* 66±7*

20 weeks
Intact 9±1 47±2

MS 5±2* 94±6*

Intact groups – animals fed standard normal diet aged 4 weeks and 20 weeks at the beginning of the experiment. MS
groups – animals fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100
g body weight) aged 4 weeks and 20 weeks at the beginning of the experiment. Each group was composed of six animals.
Mean±S.D. * – р≤0.05 vs the same age intact groups.

Table 11. The post-heparin plasma lipase activities in female Syrian hamsters with experimental metabolic syndrome

However, it is interesting that female hamsters have more favorable (antiatherogenic) initial
lipid serum profile than males. Thus, the total lipid content in intact young females was lower
than in males by 35%, and it was almost 25% in adults. This index was almost two times lower
than in males even with the MS in young females. Only adult females and males with exper‐
imental pathology hardly differed from each other. The same tendency is typical for the total
lipoprotein content and TAG level.

The serum cholesterol content increased by 22% in juvenile age and by 31% in male adults
with MS. However, the corresponding index in females remained practically unchanged,
which confirms the absence of a direct correlation between the MS development and hyper‐
cholesterolemia. At the same time, there were the changes in lipoprotein fractions: in males
with the MS the level of apo-B-LP increased (almost by 20% in adulthood), and the HDL content
did not change. On the contrary, HDL level with MS decreased by 32% in adult females, and
the content of the apoB-LP remained unchanged.

In intact males aged 4–20 weeks under unchanged total serum lipid and lipoprotein content,
the levels of following values increased: TAG (by 48%), FFA (by 60%), and apoB-LP (by 19%).
However, the HDL level tended to decrease. There were almost the same changes under
experimental MS: the TAG level in adult animals with MS was higher by 28% as compared to
the young animals with experimental pathology, FFA level – by 59%, HDL level – decreased
by 14%, although the level of apoB-LP remained the same (see Tables 1 and 2).

All these data indicate to the hyperlipidemia increase due to age, which is further enhanced
by the hyperinsulinemia and IR development. In females these changes were even more
pronounced, although not quite so dramatic. In intact females the total lipid content grew with
age by 37% (compared with 24% for males), lipoprotein by 32% (although it was lower than
21% for males), TAG by 22% (less than 39% for males), and apoB-LP by 50% (in males it was
more than 33%), and the HDL content decreased by 16% (see Tables 1 and 9).
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The situation under MS became worse: increase of the TL level in females having MS with
aging was 88%, total lipoproteins was 81%, and TAGs was 164%, which was slightly higher
than the corresponding indices in males. However, increased apoB-LP content in females with
aging under MS was smaller than in the intact animals and 47% less than males in the older
age group (see Tables 8 and 9).

For the next series of experiments we used 1-year-old male and female Syrian hamsters that
are most likely to MS development and study pathological changes caused by high-calorie diet
during 5 weeks in dynamics.

The liver TAG content in the animals fed high-calorie diet increased after 3 days of experiment
and remained at a high level in further periods (see Figure 1). The presence of a significant
positive correlation between the liver and serum TAG content in the experimental animals
(correlation coefficient 0.9) confirms the leading role of the intracellular TAG content increase
in the formation of hypertriacylglycerolemia in our experiments.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 1. The liver triglyceride content in male 1-year-old Syrian hamsters under the experimental metabolic syndrome
development (mg/g fresh tissue).

Based on our data, the LAL activity, which reflects the lipoproteins absorption intensity from
the blood, decreased in the liver of experimental males at the beginning of our experiments,
and it did not change significantly in females, and the enzyme activity increase was observed
only after 2 weeks (Figure 2).

As can be seen from the data shown in the Figure 3, the G6PDH activity in males was increasing
at the beginning of the experiment, probably because of pentose phosphate pathway activa‐
tion, and after that it was decreasing, probably due to the lipid peroxidation (LPO) activation.
As for females this rate was not changed significantly during the experiment.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 3. The liver glucose-6-phosphate dehydrogenase activity in 1-year-old male and female Syrian hamsters under
the experimental metabolic syndrome development.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 2. The liver lysosomal acid lipase activity in male and female hamsters under the experimental metabolic syn‐
drome.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 3. The liver glucose-6-phosphate dehydrogenase activity in 1-year-old male and female Syrian hamsters under
the experimental metabolic syndrome development.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 2. The liver lysosomal acid lipase activity in male and female hamsters under the experimental metabolic syn‐
drome.
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As can be seen from the data obtained (Figure 4), the severe hypertriacylglycerolemia was
developing fairly quickly in males fed high-calorie diet during the whole study period. Serum
TAG content in the experimental animals increased after 3 days from the beginning of the
experiment and reached its maximum value after 3 weeks (197% in regards to intact), and
remained at a high level in the subsequent periods (Figure 4).

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 4. The serum triacylglycerols and apoB-containing lipoproteins content in 1-year-old male Syrian hamsters un‐
der the experimental metabolic syndrome development.

At the same time, according to our data, feeding high-calorie diet increased serum apoB-LP
content in experimental animals, but the elevated levels of these lipoprotein fractions was
observed at later time periods and was relatively less pronounced in comparison with the
increased serum TAG levels (Figure 4).

The serum FFA content in animals also was increased after 3 days of the experiment and was
increasing in subsequent periods as well (Figure 5).

In our experiments, the LPL activity was decreased rapidly since 3 days, during all the study
periods (Figure 6), which indicates the stable disorders in VLDL utilization, and may be an
additional factor that contributes to the hypertriacylglycerolemia development.

The abnormal cholesterol transport between different subfractions of lipoprotein particles,
which leads to the blood atherogenic profile formation, is under discussion. As we have
already noted, in our experiments the CE transfer rate was enhanced and this was already
observed in the early stages of MS developing (Figure 7). It correlates with the serum TAG
content increasing (the correlation coefficient is 0.77) and suggests that changes in apoB-LP
morphology is one of the earliest manifestations of MS proatherogenic process.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 5. The serum free fatty acids content in 1-year-old male Syrian hamsters under the experimental metabolic syn‐
drome development.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 6. The serum lipoprotein lipase activity in 1-year-old male and female Syrian hamsters under the experimental
metabolic syndrome.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 5. The serum free fatty acids content in 1-year-old male Syrian hamsters under the experimental metabolic syn‐
drome development.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 6. The serum lipoprotein lipase activity in 1-year-old male and female Syrian hamsters under the experimental
metabolic syndrome.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 7. The cholesterol ester transfer rate in serum of 1-year-old male and female Syrian hamsters under the experi‐
mental metabolic syndrome development.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 8. The cholesterol esterification rate in serum of 1-year-old male and female Syrian hamsters under the experi‐
mental metabolic syndrome.
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The changes in CE transfer activity can be accompanied by cholesterol metabolism changes in
the LP composition. In particular, the HDL-cholesterol esterification rate had already de‐
creased to the second week of the experiment in all investigated animals of this age group
(Figure 8). However, the overall CE level in these antiatherogenic lipoproteins was decreased
(Tables 5, 6, and 10). And this fact again underlines the significant role in CE transfer activation
between different classes of lipoproteins in proatherogenic changes of lipid metabolism under
the MS.

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 9. The serum esterified cholesterol content in 1-year-old male and female Syrian hamsters under the experimen‐
tal metabolic syndrome development.

At the same time, the total CE content in the blood of experimental animals was slightly
increased (Figure 9), which is the consequence of the overall lipids accumulation in the blood
and liver, and may be associated with more active hepatic cholesterol esterification under the
growth of FFA absorption by this organ from the blood. It is known that CE along with the
TAG is the transport form of FA; therefore, its number increase should lead to the activation
of hepatic CE formation.

Compared with changes in cholesterol metabolism and transfer, HL activity was not increased
so quickly with just one week since the beginning of the experiment and remains at a high
level in subsequent periods (Figure 10).

The opposite tendency in the HDL content changes in animals of different sex also attracts
attention (Figure 11): we found out that HDL content reduced in females and increased in
males in the last stages of MS development, but, as we already pointed out, it was decreased
in animals of both sexes in the beginning of the experiment.
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Figure 9. The serum esterified cholesterol content in 1-year-old male and female Syrian hamsters under the experimen‐
tal metabolic syndrome development.

At the same time, the total CE content in the blood of experimental animals was slightly
increased (Figure 9), which is the consequence of the overall lipids accumulation in the blood
and liver, and may be associated with more active hepatic cholesterol esterification under the
growth of FFA absorption by this organ from the blood. It is known that CE along with the
TAG is the transport form of FA; therefore, its number increase should lead to the activation
of hepatic CE formation.

Compared with changes in cholesterol metabolism and transfer, HL activity was not increased
so quickly with just one week since the beginning of the experiment and remains at a high
level in subsequent periods (Figure 10).

The opposite tendency in the HDL content changes in animals of different sex also attracts
attention (Figure 11): we found out that HDL content reduced in females and increased in
males in the last stages of MS development, but, as we already pointed out, it was decreased
in animals of both sexes in the beginning of the experiment.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 11. The serum high-density lipoproteins content in 1-year-old male and female Syrian hamsters under the ex‐
perimental metabolic syndrome development.

Unlike in males, serum TAG content did not change during the first week in females fed high-
calorie diet, and the increase of this index values was observed only after 2 weeks from the
beginning of the experiment (Figure 12).

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 10. The serum hepatic triglyceride lipase activity in 1-year-old male and female Syrian hamsters under the ex‐
perimental metabolic syndrome development.
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Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 12. The serum triacylglycerols and apoB-containing lipoproteins content in 1-year-old female Syrian hamsters
under the experimental metabolic syndrome development.

At the same time, in the serum of females fed high-calorie diet the apoB-LP content did not
differ from the intact level during the first 4 weeks of the experiment, and after 5 weeks we
found out lower values of this index (Figure 12).

Each group was composed of seven animals. Mean±S.D. * – р≤0.05 vs intact group.
Intact groups – animals fed standard normal diet aged 1 year at the beginning of the experiment. MS groups – animals
fed during 5 weeks high-calorie diet that contained 29% of fats with fructose addition (1 g daily per 100 g body weight)
aged 1 year at the beginning of the experiment.

Figure 13. The liver triacylglycerol content in female Syrian hamsters under the experimental metabolic syndrome de‐
velopment.
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Figure 13. The liver triacylglycerol content in female Syrian hamsters under the experimental metabolic syndrome de‐
velopment.

Lipoproteins - From Bench to Bedside34

The hepatic TAG content did not change during the first three weeks of feeding high-calorie
diet and after 4 and 5 weeks since the beginning of the experiment, we found increased values
of this index relative to intact 55% and 69%, respectively (Figure 13).

4. Discussion

The numerous experimental and clinical studies suggest that excessive body weight gain
is associated with reduction of insulin potency to block lipolysis in adipose tissue [18, 32,
65, 92]. Suppression of lipolysis results in raising blood FFA level and intensifies their intake
by insulin-dependent tissues, especially by the liver and muscles [36, 48].  Excessive FFA
disrupts  insulin binding to  hepatocyte  receptors  and leads to  the liver  IR development.
Such conditions cause gluconeogenesis  activation,  increase of  glucose production by the
liver, reduction of the insulin excretion rate, and as the result hyperglycemia and hyperin‐
sulinemia development [48].

The intensive FFA uptake into the muscle cells disturbs the utilization and intracellular glucose
metabolism in this tissue [8, 69]. The rates of glycolysis and glycogen synthesis are decreased
in muscle cells, and also the uptake of glucose from the blood is considerably reduced. This
enhances hyperglycemia and hyperinsulinemia and contributes to IR development.

Thus, raising blood FFA levels due to metabolic activity disorders in the adipose tissue can
cause IR under obesity.

Numerous clinical studies proved [40, 72] that the FFA release rate from adipose tissue in
women is lower compared with men. This regularity was also observed in obesity. For
example, it was found [9] that the rate of FFA release from adipose tissue in men is twice higher
compared with women under obesity.

Observed increasing of serum FFA content could be a result of lipid hydrolysis activation in
adipose tissue under the body weight gain of animals in our experiment. Thereby (see Table
1), the data of our experiments indicated that the low serum FFA level maintained in young
females fed high-calorie diet could be explained by gender differences involving estrogens in
the regulation of adipose tissue lipolysis.

The molecular mechanisms that are the basis of these differences should be dependent on the
different adipose tissue receptor activity in males and females. It is known [70] that the lipolysis
regulation in adipose tissue is carried out mainly at the level of modulation of hormone-
dependent lipases activity, particularly, by the insulin and catecholamines action. The activity
of lipases is inhibited by insulin action. Catecholamines stimulate the activity of hormone-
sensitive lipases indirectly via the β-adrenoreceptors (β-AR), and inhibit enzyme activity via
α2-adrenoreceptors (α2-AR). Female sex hormones increase the number of α2-AR in women
adipose tissue [58, 70]. It was found out that in women adipose tissue number of α2-AR is
greater compared to men, while in men preponderate β-AR [16, 19, 77]. There is evidence that
in women adipose tissue hormone-sensitive lipase has low sensitivity to the increased
intracellular cAMP that is related to the lower protein kinase A (PKA) activity. It is also known
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that estrogens are able to suppress lipolysis even at lower sensitivity of adipocytes to insulin.
All of this evidence can determine the lower lipolytic activity in women adipose tissue
compared to men.

The sex differences in the regulation of adipose tissue lipolysis become less pronounced with
aging [43]. These differences can be associated with significant hormonal changes in women
with aging and specifically depend on the decrease in the sex hormone levels [97], increased
glucocorticoid hormones secretion, and reduced sensitivity to insulin. These changes increase
the risk of MS development in women under obesity with aging.

According to our data, serum FFA level in adult females fed the high-calorie diet increased to
the same level as that in same-age males (see Table 1). The latter can be associated with the
age-related hormonal changes in the female body (correlation coefficient between age-related
changes of FFA content and estradiol is 0.75).

Despite the differences in the release rate of FFA from adipose tissue, the feeding high-calorie
diet leads to hyperglycemia and hyperinsulinemia development and aggravates insulin
resistance in experimental animals, regardless of gender or age [96, 97]. This indicates that MS
development in females is independent to adipose tissue lipolytic activity.

Thus, one of the main features of metabolic proatherogenic changes that we observed under
experimental MS was a significant increase in serum FFA level. FFA overabundance could not
affect the rest of the lipid metabolism links that leads to general lipid and lipoprotein metab‐
olism disorders and is one of the key components of MS.

Clinical studies [15, 39, 76] show that dyslipidemia developed under MS is characterized by
serum TAG level increase, HDL-cholesterol level decrease, and accumulation of LDL that have
a high atherogenicity (LDLB).

The blood TAG content increase under MS is considered to be the key factor in the atherogenic
dyslipidemia formation. A clear correlation between hypertriacylglycerolemia, HDL-choles‐
terol level decrease, and LDLB accumulation in the blood plasma demonstrated in numerous
experimental and clinical studies [4, 39, 45, 54, 55, 74].

It is known that hepatic VLDL hyperproduction plays the leading role in the TAG and apoB-
LP accumulation in blood under the MS development [62].

So we can suppose that VLDL hepatic production is activated in animals fed a high-calorie
diet during our experiments.

Based on these data, we can suppose that lipolysis activation and FFA accumulation in the
blood lead to morphological changes of lipoproteins that are secreted by the liver under the
MS development.

Mechanisms of VLDL hyperproduction in the liver under FFA intensive uptake by hepatocytes
steel remains not fully understood. This activation may occur both using FFA, which inten‐
sively enter from the blood, or via the stimulation of de novo fatty acids synthesis that is caused
by hyperglycemia.
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It is known that FFA, which enters into the liver cells from the blood, is mainly used for TAG
resynthesis under IR. This leads to increased intracellular TAG content and correlated with
increased VLDL secretion rate to the blood [22, 29]. The VLDL composition, which is deter‐
mined primarily on the second stage of their formation, significantly depends on the intracel‐
lular TAG content and hepatocytes sensitivity to insulin [33]. The intense pre-VLDL lipidation
involving phospholipase D takes place under the conditions of intracellular TAG content
increase and hepatic insulin resistance [7, 64]. Insulin blocks the VLDL formation in the liver
[7]. These changes, combined with the TAG intracellular content increase under the IR,
determine mainly the VLDL1 formation and secretion by the liver.

In our experiments, the activation of de novo fatty acids synthesis in the liver, obviously, did
not occur. The G6PDH activity decrease in this organ proved this suggestion (see Table 3). It
is known that the activity of G6PDH, which is the main donator of NADP reduced, directly
correlates with the lipogenesis activity [38]. A certain contribution to the VLDL formation
activation in the liver of animals that was fed high-calorie diet probably makes remnant
lipoproteins (RLPs) uptake by the hepatocytes from the blood stream. The increasing LAL
activity in the liver of experimental animals (see Table 3) is the evidence of this process. LAL
is involved in the RLPs degradation that enters hepatocytes by receptor-mediated transport.

We found the direct correlation between the serum FFA content in animals fed high-calorie
diet and apoB-LP content in the liver (correlation coefficient is 0.77). The FFA content is also
correlated with the content of the TAG and apoB-LP in the blood serum of the studied animals
(coefficient of correlation between the content of FFA and apoB-LP and FFA and TAG is 0.9).
Hence, we can suggest that the main cause of TAG-rich lipoproteins hyperproduction by the
liver is really the flow of FFA large amounts to this organ from the blood under feeding high-
calorie diet.

Therefore, the increase of apoB-LP content in the liver is obviously linked to the activation of
TAG synthesis using FFA that undergo to this organ from adipose tissue due to the activation
of lipolysis. The high serum FFA content proved the lipolysis activation (see Table 1).

A number of studies have been shown that hypertriacylglycerolemia is always accompanied
by the HDL-cholesterol content decrease and LDLB accumulation in blood [11]. LDLB are
highly atherogenic, because of their small size, high sensitivity to oxidative damage, and low
affinity to selective LDL receptors.

A clear correlation between blood serum TAG content and LDLB was demonstrated in many
studies, indicating a prominent role of the TAG content in the blood for the formation of the
LDL morphology. It is also known that LDL morphology is determined primarily by the
morphology of their precursors – VLDL. VLDL1 has relatively high triacylglycerol content,
slowly metabolized and remained for a long time in the blood stream. Increased hepatic VLDL1
secretion leads to the LDLB formation, whereas VLDL2 are precursors of LDLA that have a
low level of atherogenicity and are dominated in the normal state.

Thus, the probable reason for activation of the apoB-LP formation in the liver in males under
MS development is the FFA intake from adipose tissue to this organ. However, high serum
apoB-LP level registered in our experiments is the evidence for increased hepatic secretion of
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these lipoproteins (see Table 2). As mentioned above, increased serum cholesterol level was
also observed (see Table 2). Herewith, the HDL level did not change. These changes indicate
that the increased cholesterol level rose due to apoB-LP cholesterol content. The determined
changes are typical for many people with MS and have specific proatherogenic character.

It is well known that hyperinsulinemia and insulin resistance contribute to the lipolysis
activation and lipogenesis suppression under MS. So, the biggest part of the liver post-
mitochondrial fraction should be composed from lipoproteins that absorbed from the blood
stream, but not those that synthesized in the liver. And presence of lipid-depleted particles
also confirmed the intensification of lipoprotein metabolism in the blood stream.

Probably the activation of free radical oxidation plays the key role because of G6PDH strong
sensitivity to the reactive oxygen species (ROS) action. As a result, apoB-LP peroxidation is
activated and levels of antioxidants (reduced glutathione (GSH), ascorbic acid, and alpha-
tocopherol) are decreased in the liver [97].

These changes should probably contribute in maintaining reduced NADP level, which is
necessary for glutathione reductase (GR) [97] and effect the cholesterol synthesis. However,
the GR activity decline and GSH level decrease indicates the insufficient antioxidant defense
systems activity considering lipidosis and domination of oxidative processes under experi‐
mental MS. This fact is also confirmed by the alpha-tocopherol content reduction [94, 95].

Hence, based on our results and literature analysis, we can note that VLDL1 formation is
activated in the liver of males fed high-calorie diet independently of age. This is probably one
of the reasons for the TAG and apoB-LP accumulation in the blood serum of the experimental
animals. The activation of the VLDL formation and secretion by the liver under MS is the result
of many changes. In particular, increasing intracellular TAG and CE content, which is mediated
by high FFA load into hepatocytes, caused probable activation of microsomal triglyceride
transfer protein (MTP) and apolipoprotein B100 (apoB100) synthesis and stabilization of
apoB100 [99]. Herewith, TAG-enriched VLDL (VLDL1) secretion is increased under hepato‐
cyte insensitivity to insulin and intrahepatic TAG accumulation.

Thus, summarizing the results, we can state that not only hyperinsulinemia and insulin
resistance make an important contribution to the MS development, but other factors that are
the result of obesity as well: changes in activity of lipogenesis and lipolysis systems, FA
accumulation that leads to lipoproteins metabolism disturbances, etc. Naturally this metabolic
situation undoubtedly affects the integral state of the body metabolism.

Hence, the increase of the hepatic VLDL1 secretion should cause the significant changes in
lipid and lipoprotein metabolism in the blood stream: an increase of TAG content and LDLB
accumulation in the blood, which have a high aterogenicity. These changes are the character‐
istics of MS and are considered to be the risk factors for the atherosclerosis development.

Therefore, to study the mechanisms of the dependence between LDLB accumulation, serum
FFA accumulation, and changes in the VLDL morphology became the next task of our research.

Plasma apoB-LP metabolism is closely linked to HDL metabolism, which carry out the reverse
cholesterol transport from peripheral tissues to the liver [9]. The transfer rate of CE from HDL
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to apoB-LP involving cholesteryl ester transfer protein (CETP) [91] and hydrolysis of the TAGs
in apoB-LP composition involving LPL and HL are important factors of the process of VLDL
conversion to LDL in the blood stream [81].

A lot of clinical studies show that increased СЕТР activity in HDL composition is mostly
accompanied by HDL-cholesterol level decrease and blood plasma LDLB accumulation and
these changes are correlated with the blood TAG content [51, 83].

According to the literature data, the blood TAG content increase is the factor that leads to
disorders in the processes of cholesterol reverse transport, which HDL participate in. The
transfer of CE from the HDL to apoB-LP with the participation of СЕТР is the key component
of the cholesterol reverse transport. At that the rate and direction of CE transfer depends
primarily on the TAG content in VLDL composition. At the normal state, СЕТР transfers CE
from the HDL to LDL that have a high affinity to hepatic LDL receptors containing apolipo‐
proteins B and E (E/B-LDL), and LDL are rapidly removed from the blood stream. Thus,
СЕТР reveals antiatherogenic action by stimulating the reverse transport of cholesterol. VLDL
does not accept the CE and turn into LDL involving LPL. The high TAG content in the VLDL
composition increases their ability to accept the EC. It was found that VLDL1 became the main
acceptors for CE from HDL under hypertriacylglycerolemia when it is caused by the VLDL1
increase in the blood.

Hence, the СЕТР activation should be atherogenic for two reasons:

• Firstly, CE-enriched VLDL that are formed converted to LDLB with the HL action.

• Secondly, TAG-enriched HDL are formed and hydrolysis of TAGs in their composition
involving HL lead to their rapid removal from the blood stream and result in the HDL-
cholesterol level decrease.

A recent study has shown the significant changes in cholesterol and HDL metabolism in the
blood serum of animals fed high-calorie diet. These proatherogenic changes are suggested as
one of the reasons for LDLB accumulation in the blood. The determined increasing of serum
total cholesterol (see Table 2) in hamsters fed high-calorie diet is obviously related to the high
cholesterol in apoВ-LP composition because the HDL-cholesterol level decreased (see Table 6).

It was found that levels of HDL-cholesterol and HDL-CE lowered in young males, whereas in
adults it decreased only CE content. The CE transfer rate from HDL to apoВ-LP is activated
under increased blood TAG content that was observed at postprandial period [73], as well as
at apoВ-LP metabolic disorders [23].

In both cases, the CE transfer activation is a consequence of increased TAG-enriched lipopro‐
teins level in blood. This is also confirmed by the increased neutral lipids content of the apoB-
LP composition in hamsters with experimental MS [95-97]. These differences are probably
based on different rates of HDL cholesterol esterification in males of different age groups (see
Table 6), which is mainly determined by the lecithin: cholesterol acyltransferase (LCAT)
activity – the enzyme that is associated with HDL.

Increased CE transfer activity from HDL is suggested to be a consequence of the СЕТР
activation. Increased СЕТР activity under MS was demonstrated in a large number of studies
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[14, 75, 79, 91, 99]. It is known that increased activity of СЕТР in the blood HDL composition
is the result of the СЕТР synthesis activation in the liver, but the mechanisms of this protein
induction remain not fully understood.

Thus, the enhanced CE transfer rate from HDL under hypertriacylglycerolemia that was
observed in our experimental animals fed high-calorie diet (see Table 6) caused atherogenic
changes because CE transfer primarily to TAG-enriched lipoprotein fractions leads to the CE-
enriched VLDL1 accumulation, which are the main LDLB precursors. Intensive TAG uptake
by HDL in exchange for CE leads to the TAG-enriched HDL accumulation in the blood. TAG-
enriched HDL is the preferred substrate for HL and is rapidly removed from the blood stream
that leads to the HDL-cholesterol content reduction.

Another factor that can affect the lipoprotein metabolism and atherogenic LDLB formation is
the transformation of VLDL to LDL. It takes place in the blood stream involving a number of
lipases.

Therefore, changes in the activity of enzymes, which catalyze lipid hydrolysis in lipopro‐
teins in the blood stream, particularly LPL and HP, affect significantly lipoprotein metabo‐
lism under MS.

The first enzyme in the vascular lipoprotein transformation cascade is the LPL, which is
synthesized mainly in adipocytes and myocytes. TAGs in the TAG-enriched lipoproteins
composition (chylomicrons (CM) and VLDL) are substrate for the LPL. FFA released during
the hydrolysis by LPL are absorbed by adipocytes and muscle cells where they are involved
in TAG synthesis or used as an energy source. TAG hydrolysis in the VLDL composition
increases the cholesterol availability to be transferred to HDL, so LPL mediates the reverse
cholesterol transport. The LPL activity is regulated via transcription activation, translation,
and enzyme transport from the cells [49, 55]. Insulin activates LPL in a healthy state that leads
to blood TAG content decrease and reverse cholesterol transport stimulation [28].

According to our data, the LPL activity decreased in the blood serum in young male hamsters
fed high-calorie diet (see Table 7). Our results corresponded with the literature data about LPL
activity decrease under obesity and IR [60]. Mechanisms of LPL inhibition under these
conditions remains to be not fully understood, although IR development may contribute.

The other enzyme – HL, necessary for lipoprotein intravascular transformations is synthesized
in hepatocytes, secreted and binds to endothelial cell proteoglycans of hepatic vessels. HL
hydrolyzes TAGs and phospholipid content of the different lipoprotein fractions and plays a
leading role in their metabolism [41]. It was found that HL mediates selective transport of
VLDL remnants (rVLDL) to hepatocytes via the LDL-receptors and participates in the reverse
cholesterol transport by stimulating the HDL flow to the liver via scavenger receptors (SR-B1).
HL hydrolysis TAGs in apoB-LP content hence plays a significant role in their remodeling in
the blood stream. It is known that the HL activity makes a great effect on the lipid composition,
size, and properties of LDL [15, 22].

HL activity is regulated mainly at the level of transcription involving sex hormones, gluco‐
corticoids, and adipokines [2]. Intension of HL gene transcription also depends on the lipid
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in hepatocytes, secreted and binds to endothelial cell proteoglycans of hepatic vessels. HL
hydrolyzes TAGs and phospholipid content of the different lipoprotein fractions and plays a
leading role in their metabolism [41]. It was found that HL mediates selective transport of
VLDL remnants (rVLDL) to hepatocytes via the LDL-receptors and participates in the reverse
cholesterol transport by stimulating the HDL flow to the liver via scavenger receptors (SR-B1).
HL hydrolysis TAGs in apoB-LP content hence plays a significant role in their remodeling in
the blood stream. It is known that the HL activity makes a great effect on the lipid composition,
size, and properties of LDL [15, 22].

HL activity is regulated mainly at the level of transcription involving sex hormones, gluco‐
corticoids, and adipokines [2]. Intension of HL gene transcription also depends on the lipid
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intracellular content in hepatocytes, predominantly cholesterol [20]. In our experiments, the
HL activity in the blood serum of males fed high-calorie diet rose irrespective of age (see Table
7), which is consistent with literature data. A number of authors reported that the HL activity
was increasing under IR, obesity, and high-calorie diet [30]. HL mRNA content increased in
the liver of Syrian hamsters fed high-calorie diet that is the evidence of HL synthesis activation.
The authors associated this activation with serum adiponectin content decrease because of the
ability to suppress the HL synthesis in hepatocytes.

Taking into consideration these data and the data obtained in our studies [95, 96] that proved
the reduction of the serum adiponectin content under obesity, we can suggest that one of the
reasons of HL activity increase is reduced adiponectin secretion in adipose tissue under high-
calorie diet provided in our experiments.

The increased HL activity is seen as one of the key factors of the atherogenic dyslipidemia
development under obesity and MS [10]. Some studies demonstrated a clear correlation
between the HL activity and the serum LDLB content [15]. It is considered that the HL
activation leads to increased LDLB formation [2]. The latter occurs under the conditions of
increasing TAG-enriched VLDL1 content in blood and СЕТР activation. Moreover, the HL
activity increase reduced the HDL-cholesterol level [89]. This happened because the hydrolysis
of TAGs in the HDL3 content leads to their transformation into HDL2, which are rapidly
removed from the blood stream by the liver. Thus, reducing HDL-cholesterol level observed
during our experiments (see Table 6) may be a consequence of HL activity increase.

Hence, we found that serum FFA level increase was accompanied by the activation of the apoB-
LP synthesis by the liver in male Syrian hamsters fed high-calorie diet independently of age.
The activation of the apoB-LP synthesis causes the increase of TAG and apoB-LP levels in
blood. HDL-cholesterol level reduction is obviously a consequence of the cholesterol ester
transfer activation from HDL to LDL via the СЕТР and the HL activation. The development
of the atherogenic dyslipidemia, which is the feature of MS, and increased blood atherogenicity
are observed as the result of these changes. The received data are agreed with the literature
data about the lipid metabolism age-related changes in males that have proatherogenic
character [90]. It is known that the level of sex hormones decreases and the level of glucocor‐
ticoids secretion increases in men with aging [67]. The blood plasma lipid profile in men is also
determined by the level of secretion of sex hormones that have anti-atherogenic properties [93].
A number of studies indicated the direct correlation between blood testosterone and dihy‐
drotestosterone levels and content of HDL-cholesterol [25, 46, 47, 68]. Besides, the high level
of sex hormones is correlated with the decrease of TAGs and total cholesterol [12, 47]. Thus,
the TAG content increase and HDL-cholesterol content reduction in the male blood serum with
aging may be associated with reduced sex hormone secretion [97]. The serum lipid profile
changes in males with aging may also be associated with glucocorticoid increased secretion
observed in our experiments [95-97].

Thus, in males with aging blood plasma lipid profile undergoes unfavorable changes that are
manifested by the FFA and TAG content increase and lowering of HDL-cholesterol level. These
changes may be associated with reduced sex hormone levels and increased cortisol secretion.
Herewith, atherogenic dyslipidemia develops independently of age under obesity and IR
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despite the more favorable blood plasma lipid profile in young males compared with healthy
adult animals.

Thus, activation of the de novo fatty acid synthesis in the liver, probably, does not occur as was
proved by the G6PDH activity decrease (see Tables 3 and 5). It is known that the G6PDH
activity, which is one of the main generators of reduced NADPH, directly correlates with the
lipogenesis activity.

There is information about glucose-6-phosphate accumulation, which is utilized by pentose-
phosphate pathway, occurs under MS. Therefore, the increase of glucose-6-phosphate content
can be an important consequence of reduced NADP accumulation in cells. The close correlation
was found between NADPH(H+) content and fatty acid synthase activity. Therefore, changes
in the activity of dehydrogenases that reduce NADP+ can be an indicator of the lipogenesis
intensity. As we have already pointed out, we found out that MS was accompanied by
increased NADP-dependent malate dehydrogenase activity and a reduced activity of pentose-
phosphate pathway dehydrogenases (see Tables 5 and 8). So de novo lipogenesis activation
insignificantly contributes to hyperlipidemia development. Herewith, lipid content in the
blood serum and liver homogenate increased significantly. These results are consistent with
literature data that under MS mitochondrial lipid oxidation inhibition is primary and is no
significant influence on the FA and steroids synthesis rate [53, 75].

Despite the physiological serum apoB-LP level, the apoB-LP content increased in the liver of
old females in 10 weeks (see Table 8). This is probably connected with the activation of lipid
synthesis using FFA, which is released during the hydrolysis of lipoproteins received from the
blood stream. The increased activity of liver LAL that catalyzes the hydrolysis of lipids received
via receptor-mediated endocytosis is the confirmation of this suggestion. An increase in the
apoB-LP content (see Table 8) in the liver of adult females was also found. However, unlike in
young animals, the synthesis of apoB-LP TAGs, probably, involved FFA that undergo to the
liver from the blood stream due to lipolysis activation in adipose tissue.

The increased serum FFA level in adult females confirms the lipolysis activation (see Table 1).
According to the literature data [26] and our study [96] estrogen secretion decreased with
aging, and, as a result lipolysis increased in adipose tissue under the reduced insulin sensi‐
tivity. This increases the risk of MS in women with aging. Our results suggest that the risk of
atherogenic dyslipidemia development, which increases in females with aging, is probably
connected with sex hormones metabolism changes with aging, in particular, with increasing
extragonadal estrogen production.

We observed the reduction of HDL level in the liver of females independently of age (see Table
8). Considering the literature data [66, 85] regarding the gender features of lipoprotein
metabolism, it can be suggested that the decrease of the liver HDL content in females under
the experimental MS is connected not only with changes in their formation, but with active
uptake by tissues, including adipose tissue, which is less than characteristically for males. It is
known that the abdominal fat accumulation in males occurs due to the TAG-enriched lipo‐
proteins because testosterone increases the tissue sensitivity to insulin [31, 80]. In addition, it
is known that phospholipid metabolism in females has the higher rate compared to males [71].
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As previously mentioned, the CE transfer activation is proatherogenic, because it leads to the
apo-B-LP hydrophobic core growth. This fact was confirmed by the decrease of total HDL-
cholesterol content in females with the experimental MS and shows the significant dependence
the MS development on aging in females compared to males.

As can be seen from the abovementioned information, the changes in lipid and lipopro‐
tein metabolism in the experimental animals differ greatly depending on the age and sex.
We have already pointed out  the difference in FFA content  and its  mobilization by the
tissues (see Table 1).

According to our data, the serum FFA content in young females is significantly lower com‐
pared to the corresponding value in males, and the feeding high-calorie diet along with the
developing IR did not lead to the blood FFA level growth in females (see Table 1). This data
is consistent with the literature about the lower FFA release rate from adipose tissue in women
is mediated by the antilipolytic estrogen activity [56, 84, 88]. Furthermore, estrogens can
suppress lipolysis in adipose tissue in women even with reduced insulin sensitivity in the
adipose tissue. This may explain the absence of serum FFA content growth in 4-week-old
females fed high-calorie diet.

The absence of lipolysis activation in the adipose tissue in young females fed high-calorie diet
is probably the reason for the absence of atherogenic changes in the blood serum in animals
of this experimental group even under obesity and insulin resistance.

At the same time, sex differences are revealed in other indices (see Tables 2 and 9). Thus, the
total serum lipid level in females with MS was elevated more significantly than in males and
especially in adult females (by 58% as compared to the intact animals, while it was only 16%
for males of this group).

The obtained data are consistent with literature data about sex differences in the lipid and
lipoprotein metabolism [25, 71]. There is sufficient evidence that the serum lipids in women are
less favorable for atherosclerosis development as compared to men, which is mainly associat‐
ed with low serum TAG content in women and high HDL-cholesterol level [42, 56, 84, 88].

These differences are considered to explain the higher risk of CVS disease in men at young age
compared with women [46].

Therefore, lipid and lipoprotein metabolism sex differences revealed on a number of key
stages, mainly:

• The different lipolytic activity in adipose tissue of men and women

• The differences in the liver lipid and lipoprotein metabolism

• The different CE transfer rate associated with lower CETP activity in women

• The different levels of basal HL activity

It is well known that the HL activity is regulated by hormones via the transcription activation,
and estrogens inhibit this enzyme synthesis by binding with estrogen-sensitive areas in the
promoter of its gene [44].
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According to the literature data, the HL activity in women is approximately 2 times lower
compared with men [22], which correlates with a LDL lower level in women in health and
obesity and even under MS.

With a feeding high-calorie diet, the CE transfer rate from HDL and HL activity in the serum
of young females increased (see Tables 10 and 11). But as it is known, these changes have
atherogenic character under the serum TAG level increase, which we did not record during
our experiments (see Table 9).

Let us pay our attention to the fact that LPL activity in females was significantly higher than
in males, as in intact and under MS, and with aging, the activity of this enzyme was decreased.
Furthermore, the HL activity in post-heparin serum was increased in all animals with exper‐
imental pathology, and this increasing should reflect the growth of hormone-sensitive lipases
activity in response to excessive cortisol production [96, 97] and is primarily adaptive. This
increase under MS, on the contrary, leads to the FFA accumulation, dyslipidemia, and
dyslipoproteinemia that, finally, can lead to the atherosclerosis development. Moreover, the
activity of this enzyme was higher in males (see Tables 7 and 11) and increases with aging
indicate the serum lipolysis activation in the animal ontogenesis.

The absence of changes in LPL activity in adult males with MS should be noted (see Table 7).
It is well known [22] that males have a higher propensity to atherosclerosis, which also
increases with aging, and the given results seem to be paradoxical. However, with a very high
(almost 40% higher than in females in the same group) triacylglycerol lipase (TGL) activity
and low (60% lower than in females in the same group) LPL activity, even in the absence of
changes in this enzyme activity, the ratio between TGL activity and LPL activity in males of
this group was 3.5 times higher than in females in the same group. Hence, it is obvious that
the high risk of atherogenesis remains. In addition, LPL activity in intact males is 30–35% lower
than in females.

The comparison of the obtained data about sex and age features under MS development with
the literature evidence indicates that young females have more favorable blood serum lipid
profile compared with males due to the lipolysis low rate in adipose tissue in females, low
CETP activity, which determines the CE transfer rate from HDL, and low basal HL activity.
The expressed atherogenic dyslipidemia was not observed in young females fed high-calorie
diet, even under obesity and IR. One of the reasons may be the lack of lipolysis activation in
adipose tissue, which is associated with the powerful antilipolytic estrogen activity.

The TAG content increasing was observed in the serum of 20-week-old females fed high-calorie
diet. The apoB-LP content did not change (see Tables 5 and 9), which indicates the TAG-
enriched VLDL1 accumulation in serum in the animals of this experimental group. According
to data about the elevated serum FFA level in adult females fed a high-calorie diet, it can be
assumed that the cause of hepatic VLDL1 formation is hepatic absorption of a large number
of FFA from the blood, which was released as a result of the lipolysis activation in adipose
tissue.

These results are the confirmation of the suggestion that sex differences in the lipolysis
regulation in adipose tissue become less pronounced with aging. The latter can be associated

Lipoproteins - From Bench to Bedside44



According to the literature data, the HL activity in women is approximately 2 times lower
compared with men [22], which correlates with a LDL lower level in women in health and
obesity and even under MS.

With a feeding high-calorie diet, the CE transfer rate from HDL and HL activity in the serum
of young females increased (see Tables 10 and 11). But as it is known, these changes have
atherogenic character under the serum TAG level increase, which we did not record during
our experiments (see Table 9).

Let us pay our attention to the fact that LPL activity in females was significantly higher than
in males, as in intact and under MS, and with aging, the activity of this enzyme was decreased.
Furthermore, the HL activity in post-heparin serum was increased in all animals with exper‐
imental pathology, and this increasing should reflect the growth of hormone-sensitive lipases
activity in response to excessive cortisol production [96, 97] and is primarily adaptive. This
increase under MS, on the contrary, leads to the FFA accumulation, dyslipidemia, and
dyslipoproteinemia that, finally, can lead to the atherosclerosis development. Moreover, the
activity of this enzyme was higher in males (see Tables 7 and 11) and increases with aging
indicate the serum lipolysis activation in the animal ontogenesis.

The absence of changes in LPL activity in adult males with MS should be noted (see Table 7).
It is well known [22] that males have a higher propensity to atherosclerosis, which also
increases with aging, and the given results seem to be paradoxical. However, with a very high
(almost 40% higher than in females in the same group) triacylglycerol lipase (TGL) activity
and low (60% lower than in females in the same group) LPL activity, even in the absence of
changes in this enzyme activity, the ratio between TGL activity and LPL activity in males of
this group was 3.5 times higher than in females in the same group. Hence, it is obvious that
the high risk of atherogenesis remains. In addition, LPL activity in intact males is 30–35% lower
than in females.

The comparison of the obtained data about sex and age features under MS development with
the literature evidence indicates that young females have more favorable blood serum lipid
profile compared with males due to the lipolysis low rate in adipose tissue in females, low
CETP activity, which determines the CE transfer rate from HDL, and low basal HL activity.
The expressed atherogenic dyslipidemia was not observed in young females fed high-calorie
diet, even under obesity and IR. One of the reasons may be the lack of lipolysis activation in
adipose tissue, which is associated with the powerful antilipolytic estrogen activity.

The TAG content increasing was observed in the serum of 20-week-old females fed high-calorie
diet. The apoB-LP content did not change (see Tables 5 and 9), which indicates the TAG-
enriched VLDL1 accumulation in serum in the animals of this experimental group. According
to data about the elevated serum FFA level in adult females fed a high-calorie diet, it can be
assumed that the cause of hepatic VLDL1 formation is hepatic absorption of a large number
of FFA from the blood, which was released as a result of the lipolysis activation in adipose
tissue.

These results are the confirmation of the suggestion that sex differences in the lipolysis
regulation in adipose tissue become less pronounced with aging. The latter can be associated

Lipoproteins - From Bench to Bedside44

with significant hormonal changes in the body of females with aging. There are changes in the
sex hormones secretion – to be more specific, the increase of cortisol secretion (according to
our data, the content of cortisol in the serum of adult animals is 54% higher than the value of
this indicator in the 4 weeks animals [95, 96]) and decrease of insulin sensitivity. Moreover,
we found out that the serum estradiol level in young females was increasing while feeding
high-calorie diet, while the serum of adult animals had not changed, which may be an
additional factor of age-related differences in lipolytic activity in adipose tissue of females
under MS.

We also found a decrease in the serum HDL and HDL-cholesterol content in the adult females
fed high-calorie diets (see Table 9). All this gives us the opportunity to state the atherogenic
dyslipidemia development in 20-week-old females fed high-calorie diet. However, unlike
males, changes in serum lipid profile of adult females in the proatherogenic side may be
associated with the TAG-enriched lipoprotein accumulation in the blood and a HDL and HDL-
cholesterol content decrease. The latter, obviously, is the result of CE transfer growth rate from
HDL (see Table 10) and increased HL activity (see Table 11), which is accompanied by a HDL-
cholesterol level decrease under hypertriacylglycerolemia.

Therefore, our data show that by feeding high-calorie diet the expressed atherogenic dyslipi‐
demia in females developed only in adulthood. Probably, this is mediated by different lipolytic
activity in adipose tissue in young and adult females and is associated with their hormonal
status changes with aging. The favorable cardiovascular risk serum lipid profile that was
observed in adult animals fed high-calorie diet is associated with TAG blood content increase
and with the HDL decrease. Probably it occurs due to the liver VLDL1 secretion activation and
disorders in intravascular lipoprotein remodeling.

To establish mechanisms of atherogenic dyslipidemia development under high-calorie diet,
we investigated some lipid and lipoprotein indices dynamics of metabolism in the serum and
liver in hamsters during experimental MS development. Also the correlation analysis of the
obtained data was conducted. In a series of experiments, we used male and female Syrian
hamsters that were 1 year old at the beginning of the experiment (group of animals with
predisposition to MS).

As mentioned above, it is known that the liver cells are able to secrete two different VLDL
fractions: VLDL1 and VLDL2, which differ in size and density. TAG-enriched VLDL1 have
large size and low density. VLDL2 are smaller, denser, and contain smaller amounts of TAG
in comparison with VLDL1. It is known that in various pathological conditions, including
obesity and hepatic IR, the liver secretes mainly VLDL1, which is the main reason of hyper‐
triacylglycerolemia under these conditions. VLDL morphology essentially depends on the
intracellular TAG content and the sensitivity of hepatocytes to insulin.

In our experiment, IR is probably not the main reason of serum TAG increase in the male
hamsters in the early stages, as was evidenced by the lack of correlation between these indices,
also a later IR development compared with the blood TAG increase (see Figure 1) [96].
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Thus, we can suggest that hypertriacylglycerolemia in males developed by feeding a high-
calorie diet because of liver preferential VLDL1 secretion due to the TAG accumulation in
hepatocytes.

The reasons of the liver TAG content increasing can be as follows:

• The intensive uptake of lipoprotein particles from the blood by hepatocytes

• The enhanced TAG formation in hepatocytes due to the FA de novo synthesis or FA uptake
from the blood stream

This data suggests that although liver lipolysis activation does occur, it does not play a key
role in the MS development.

Moreover, the lack of positive correlation between the TAG content and the liver LAL activity
shows that the lipoprotein uptake from the blood stream does not play a key role in the hepatic
TAG accumulation in our experiments.

The TAG content increasing in the male hamsters’ liver fed high-calorie diet probably occurs
because of esterification of FFA coming from the blood. And the presence of a positive
correlation between the liver TAG and FFA content (the correlation coefficient at early stages
– 0.97) and the liver TAG content and serum FFA level (the correlation coefficient at the early
stages – 0.98) demonstrates this fact.

Another evidence of the key role of blood FFA in the formation of MS pathogenic complex is
the change in NADPH-generating enzyme G6PDH activity in the liver of the experimental
animals. These data indicate the absence of the significant lipogenesis activation within the
models used and highlight the key role of extra-hepatic lipolysis activation.

It is well-known that the excessive triacylglycerolemia between the food uptake develops due
to the growth of TAG-enriched lipoproteins in blood [50], which may be a result of increased
hepatic VLDL secretion and/or changes of its morphology.

A significant serum TAG content increase in the studied animals, with the later and less visible
apoB-LP growth, confirms the idea that the main reason of hypertriacylglycerolemia in males
under the MS development initial period is the VLDL morphology change toward the TAG
enriching.

The main FFA source in serum is the TAG release from adipose tissue due to its hydrolysis.
Therefore, the FFA content increase is usually associated with the activation of lipolysis in
adipose tissue.

The data that was previously discussed along with the positive correlation between the serum
TAG and FFA content (correlation coefficient – 0.85) proved the fact that the activation of
lipolysis in adipose tissue is the reason for hypertriacylglycerolemia in the male hamsters fed
a high-calorie diet. This leads to an intensive FFA uptake by the liver, growth of intracellular
TAG in hepatocytes, and causes the preferential VLDL1 secretion.

Although the lipolysis regulation in adipose tissue is carried out involving many factors
including pancreatic hormones, glucocorticoids, and adipokines, its activation may take place
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under different conditions including the MS. It is a well-known fact that insulin inhibits
lipolysis in adipose tissue under healthy conditions, whereas lipolysis is activated under IR.

The adipose tissue factor adiponectin also has an antilipolytic action, whereas cortisol can
increase the lipolytic activity of adipose tissue [98]. We found out the significant positive
correlation (coefficient of correlation – 0.87) between the serum FFA and cortisol content in
males fed high-calorie diet, and the negative correlation between the FFA and adiponectin
content (correlation coefficient – 0.90) [96]. The correlation between the FFA content and IR
was not observed at the very beginning of our experiments, which indicates the predominance
of hypercortisolemia and hypoadiponectinemia over IR as the reason of lipolysis activation in
adipose tissue of males fed high-calorie diet.

Thus, based on the results of our analysis and literature data, we can suggest that the lipolysis
activation in adipose tissue is the base of lipid and lipoprotein metabolic disorders in males
fed high-calorie diet. And the lipolysis activation is a consequence of the hormonal status
disorders, namely, the cortisol increased secretion and adiponectin decreased secretion. The
adiponectin decreased secretion is probably a consequence of the adipose tissue rapid growth
because of overeating. Lipolysis activation in adipose tissue ultimately leads to impaired lipid
metabolism in the liver, in particular the vast VLDL1 secretion that leads to the hypertriacyl‐
glycerolemia development.

As we noted above, all these processes led to the excessive formation of the most atherogenic
LDLB. It is generally considered that the reasons of LDLB accumulation in blood under
hypertriacylglycerolemia are the following:

• The disorders in lipoproteins remodeling in the blood stream [50]

• The disorders in lipoprotein’s particle utilization in the hepatocytes and peripheral organs
[3, 17, 57]

As already mentioned, LPL plays a significant role in the utilization of TAGs in lipoprotein
composition, which is localized predominantly in adipose and muscle tissue. Hydrolysis of
TAGs in the VLDL composition catalyzed by this enzyme leads to VLDL transformation into
intermediate-density lipoproteins (IDL), which later turns into LDL, and FFA, revealed as a
result of hydrolysis, absorbed by adipocytes and muscle cells.

The abnormal cholesterol transport between different lipoprotein subfraction particles that
leads to the blood atherogenic profile formation is under discussion.

As we have already noted, in our experiments the CE transfer rate was enhanced and this was
already observed in the early stages of MS developing (see Figure 7). It correlates with the
serum TAG content increasing (the correlation coefficient is 0.77) and suggests that changes
in apoB-LP morphology is one of the earliest manifestations of MS proatherogenic process.

These results are corresponded to the well-known fact from above that the key factor deter‐
mining the CE transfer rate is the total serum TAG content. Thus, increased cholesterol
esterification and CE transfer between lipoprotein particles make a significant contribution to
the atherogenic LDLB formation.
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Another factor that significantly affects this process is HL activation. As we have already
mentioned, HL is associated with proteoglycans of liver blood vessels endothelial cells and
hydrolyzes TAGs and phospholipids (PL) in the composition of the various lipoprotein
fractions and plays a leading role in their metabolism.

It is known that activation of increased HL activity under CE transfer and growth of blood
TAG content determined in our experiments is one of the main reasons of HDL-cholesterol
content decrease. This is linked with the fact that TAG hydrolysis in the HDL3 composition
leads to their transformation to HDL2, which are rapidly removed from the blood stream by
the liver.

According to our data, the HL activity increase is accompanied by LAL activity increase in the
liver (compared with Figures 2 and 10), which shows the intense lipoprotein uptake (probably
HDL) from the blood stream.

Hence, our results suggest that changes in VLDL secretion are associated with the MS
development FFA accumulation in the blood and elevated hepatic FFA uptake then followed
changes in the CE transfer activity and after all was HL activation. This leads to the LDLB
accumulation and cholesterol reverse transport disorder.

At the same time, it is apparent that changes in lipoprotein enzymatic transformations are led
to their abnormal composition. This fact is confirmed by earlier enzymatic changes compared
with changes in the blood lipid fractions content. Furthermore, the lipoprotein content changes
earlier than their composition, which should reflect the balance disorder of their secretion and
absorption. Probably, the latter is related with HDL metabolism in the blood and liver uptake
under the condition of EC enrichment.

Thus, the TAG-enriched apoB-LP accumulation, which was accompanied by an increased CE
transfer rate and increased HL activity, was found out in blood serum of male Syrian hamsters
fed high-calorie die. It is known that such changes have a pronounced proatherogenic
character, because they lead to the formation of atherogenic LDL fractions – LDLB and lower
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The reason for hypertriacylglycerolemia development in the experimental animals in our
investigation, probably, is the lipolysis activation in adipose tissue due to cortisol secretion
elevation and decreased adiponectin secretion, which was observed under body weight gain.
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Based on these statements we can suggest that the cause of hypertriacylglycerolemia in females
in our experiments, probably, is the predominant only liver VLDL1 fraction secretion by liver
and/or diminished VLDL utilization because of the LDL activity decrease.

As is mentioned above, the intensive formation of TAG-enriched VLDL1 in liver and their
secretion to the blood may occur due to the growth of the intracellular TAG content, including
the intensive FFA inflow from the blood, and reducing of the hepatocytes sensitivity to insulin.
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In our experiments, the liver TAG content increase in females occurs in later periods as
compared to the hypertriacylglycerolemia development in animals fed high-calorie diet (see
Figure 13) and these indices are not correlated. In addition, feeding a high-calorie diet did not
lead to serum FFA increase in females during the first 4 weeks (see Figure 5), which indicates
that there were no significant lipolysis activation in adipose tissue of the experimental animals
in the first period of our experiments.

Our current data suggest that lipolysis activation in adipose tissue and intensive FFA flow
from the blood and liver cells are not the main reasons of the TAG accumulation in the serum
of females when consuming a high-calorie diet.

There is sufficient evidence that hepatic VLDL1 formation may occur under hepatic IR [7, 15,
76]. It is known that the hepatocyte sensitivity to insulin determines the VLDL morphology.
Insulin suppresses the pre-VLDL lipidation, and as a result VLDL2 characterized by low TAG
content are formed in the liver. The activation of enzymes that transfer TAGs to pre-VLDL
leading to the formation of TAG-enriched VLDL1 was recorded under reducing the cell
sensitivity to insulin.

Thus, the obtained results allow to make the assumption that the main reason for VLDL
morphology defects that lead to hypertriglyceridemia in females fed high-calorie diet is the
reduced sensitivity of liver cells to insulin. This IR in females does not cause lipolysis activation
in adipose tissue, which probably relates to the ability of female sex hormones to suppress the
lipolysis in adipose tissue without dependence on insulin sensitivity.

Another possible reason of hypertriacylglycerolemia in females is diminished TAG-enriched
lipoproteins utilization because of the reduced LPL activity.

According to our data, this enzyme activity in the serum of females fed high-calorie diet
decreased after 3 days from the beginning of the experiment and it was even lower than in
later periods (see Figure 6).

We suppose that in our experiments the reason for serum LPL activity reducing was also the
insulin sensitivity decrease in females, which is evidenced by the presence of the significant
negative correlation between this enzyme activity and IR index (coefficient of correlation
between them makes –0.87). Inhibition of LPL activity under IR and obesity diminished the
TAG-enriched lipoproteins utilization and can be considered as one of the hypertriacylgly‐
cerolemia causes. In the context of our experiments, the LPL activity reduction in the early
terms of MS development correlated with the growth of serum TAG content (correlation
coefficient – 0.80).

5. Conclusion

The obtained results suggest that the MS begins to develop differently in individuals of
different sex. In males, the starting point for MS development is the increase in adipose tissue
mass, changes of its endocrine activity, and as a result the hypercortisolemia development,
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decreased adiponectin secretion, which is caused by the lipolysis activation in adipose tissue
and with time, provokes metabolic and hormonal shifts and the IR development. In females,
the MS development begins with the IR appearance, which activates the other pathogenetic
factors, although they are delayed by estrogens in the first stages.

Our data are consistent with literature data and demonstrate that feeding high-calorie diet
causes the atherogenic dyslipidemia development in experimental animals, which is the
consequence of metabolic disorders in adipose tissue and liver as well as lipid and lipoprotein
metabolic disorders in the bloodstream.

Our current studies revealed some age and gender features of lipid metabolism disorders
mediated by body weight gain. In particular, it was demonstrated that the tendency to
atherogenic dyslipidemia in males does not significantly depend on age, but it increases with
age in females.

The hormonal disturbances that cause lipolysis activation in adipose tissue in males are the
bases of hypertriacylglycerolemia development, which in turn provokes the further blood lipid
profile deterioration. The hypertriacylglycerolemia in females is associated with lipid metab‐
olism disorders in the liver due to hepatic IR. The body weight gain of the experimental animals
is of great importance as to the formation of these disorders.

Author details

A. Zagayko*, G. Kravchenko, K. Strelchenko, A. Shkapo and T. Briukhanova

*Address all correspondence to: andrey.zagayko@gmail.com

National University of Pharmacy, Kharkiv, Ukraine

References

[1] Adler L. Chemical precipitation of apolipoprotein B-containing lipoproteins facili‐
tates determination of LDL particle size / L. Adler, J.S. Hill, J. Frohlich // Clinical Bio‐
chemistry. – 2000. – Vol. 33, N 3. – P. 187-190.

[2] Annema W. Role of hepatic lipase and endothelial lipase in high-density lipoprotein–
mediated reverse cholesterol transport / W. Annema, U.J.F. Tietge // Current Athero‐
sclerosis Reports. – 2011. – Vol. 13, N 3. – Р. 257-265.

[3] Bartels E.D. Hepatic expression of microsomal triglyceride transfer protein and in
vivo secretion of triglyceride-rich lipoproteins are increased in obese diabetic mice /
E.D. Bartels, M. Lauritsen, L.B. Nielsen // Diabetes. – 2002. – Vol. 51. – P. 1233 –1239.

Lipoproteins - From Bench to Bedside50



decreased adiponectin secretion, which is caused by the lipolysis activation in adipose tissue
and with time, provokes metabolic and hormonal shifts and the IR development. In females,
the MS development begins with the IR appearance, which activates the other pathogenetic
factors, although they are delayed by estrogens in the first stages.

Our data are consistent with literature data and demonstrate that feeding high-calorie diet
causes the atherogenic dyslipidemia development in experimental animals, which is the
consequence of metabolic disorders in adipose tissue and liver as well as lipid and lipoprotein
metabolic disorders in the bloodstream.

Our current studies revealed some age and gender features of lipid metabolism disorders
mediated by body weight gain. In particular, it was demonstrated that the tendency to
atherogenic dyslipidemia in males does not significantly depend on age, but it increases with
age in females.

The hormonal disturbances that cause lipolysis activation in adipose tissue in males are the
bases of hypertriacylglycerolemia development, which in turn provokes the further blood lipid
profile deterioration. The hypertriacylglycerolemia in females is associated with lipid metab‐
olism disorders in the liver due to hepatic IR. The body weight gain of the experimental animals
is of great importance as to the formation of these disorders.

Author details

A. Zagayko*, G. Kravchenko, K. Strelchenko, A. Shkapo and T. Briukhanova

*Address all correspondence to: andrey.zagayko@gmail.com

National University of Pharmacy, Kharkiv, Ukraine

References

[1] Adler L. Chemical precipitation of apolipoprotein B-containing lipoproteins facili‐
tates determination of LDL particle size / L. Adler, J.S. Hill, J. Frohlich // Clinical Bio‐
chemistry. – 2000. – Vol. 33, N 3. – P. 187-190.

[2] Annema W. Role of hepatic lipase and endothelial lipase in high-density lipoprotein–
mediated reverse cholesterol transport / W. Annema, U.J.F. Tietge // Current Athero‐
sclerosis Reports. – 2011. – Vol. 13, N 3. – Р. 257-265.

[3] Bartels E.D. Hepatic expression of microsomal triglyceride transfer protein and in
vivo secretion of triglyceride-rich lipoproteins are increased in obese diabetic mice /
E.D. Bartels, M. Lauritsen, L.B. Nielsen // Diabetes. – 2002. – Vol. 51. – P. 1233 –1239.

Lipoproteins - From Bench to Bedside50

[4] Barter Philip J. The causes and consequences of low levels of high density lipopro‐
teins in patients with diabetes / J. Barter Philip // Diabetes & Metabolism - Journal. –
2011. – Vol. 35, N 2. – Р. 101-106.

[5] Beltrán-Sánchez H. Prevalence and trends of metabolic syndrome in the adult U.S.
population, 1999–2010 / H. Beltrán-Sánchez, M.O. Harhay, M.M. Harhay et al. // Jour‐
nal of the American College of Cardiology. – 2013. – Vol. 62, N 8. – P. 697-703.

[6] Bethene R.E. Prevalence of metabolic syndrome among adults 20 years of age and
over, by sex, age, race and ethnicity, and body mass index: United States, 2003–2006 /
R.E. Bethene // National Health Scientific Reports. – 2009. – N 13. – P. 1-7.

[7] Bochem A.E. The promise of cholesteryl ester transfer protein (CETP) inhibition in
the treatment of cardiovascular disease / A.E. Bochem, J.A. Kuivenhoven, E.S.G.
Stroes // Current Pharmaceutical Design. – 2013. – Vol. 19, N 17. – Р. 3143-3149.

[8] Boden G. Obesity, insulin resistance and free fatty acids / G. Boden // Current Opin‐
ion in Endocrinology, Diabetes, and Obesity. – 2011. – Vol. 18, N 2. – Р. 139-143.

[9] Browning J.D. The effect of short-term fasting on liver and skeletal muscle lipid, glu‐
cose, and energy metabolism in healthy women and men / J.D. Browning, J. Baxter, S.
Satapati et al. // The Journal of Lipid Research. – 2012. – Vol. 53. – P. 577-586.

[10] Brunzell J.D. The effect of hepatic lipase on coronary artery disease in humans is in‐
fluenced by the underlying lipoprotein phenotype / J.D. Brunzell, A. Zambon, S.S.
Deeb // Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids.
– 2012. – Vol. 1821, N 3. – Р. 365-372.

[11] Camhi S.M. The relationship of waist circumference and BMI to visceral, subcutane‐
ous, and total body fat: sex and race differences / S.M. Camhi, G.A. Bray // Obesity. –
2012. – Vol. 19, N 2. – Р. 402-408.

[12] Cattabiani C. Relationship between testosterone deficiency and cardiovascular risk
and mortality in adult men / C. Cattabiani, S. Basaria, C.P. Ceda et al. // Journal of
Endocrinological Investigation. – 2012. – Vol. 35, N 1. – Р. 104-120.

[13] Carr M.C. The emergence of the metabolic syndrome with menopause / M.C. Carr //
The Journal of Clinical Endocrinology & Metabolism. – 2003. – Vol. 88. – P.
2404-2411.

[14] Chapman M.J. Triglyceride-rich lipoproteins and high-density lipoprotein cholester‐
ol in patients at high risk of cardiovascular disease: evidence and guidance for man‐
agement / M.J. Chapman, H.N. Ginsberg, P. Amarenco et al. // European Heart
Journal. – 2011. doi:10.1093/eurheartj/ehr112.

[15] Chatterjee C. Hepatic lipase, high density lipoproteins, and hypertriglyceridemia / C.
Chatterjee, D.L. Sparks // The American Journal of Pathology. – 2011. – Vol. 178, N 4.
– Р. 1429-1433.

Sex and Age Differences in Lipoprotein Metabolism Proatherogenic Changes under the Experimental Metabolic...
http://dx.doi.org/10.5772/60759

51



[16] Chen Y. Endogenous hormones and coronary heart disease in postmenopausal wom‐
en / Y. Chen, A. Zeleniuch-Jacquotte, A.A. Arslan et al. // Atherosclerosis. – 2011. –
Vol. 216, N 2. – Р. 414-419.

[17] Choi S.H. Increased very low density lipoprotein (VLDL) secretion, hepatic steatosis,
and insulin resistance / S.H. Choi, H.N. Ginsberg // Trends in Endocrinology & Me‐
tabolism. – 2011. – Vol. 22, N 9. – Р. 353-363.

[18] Choi K. Molecular mechanism of insulin resistance in obesity and type 2 diabetes / K.
Choi, Y.-B. Kim // The Korean Journal of Internal Medicine. – 2010. – N 25. – P.
119-129.

[19] Crandall C.J. Endogenous sex steroid levels and cardiovascular disease in relation to
the menopause / C.J. Crandall, E. Barrett-Connor // Endocrinology and Metabolism
Clinics of North America. – 2013. – Vol. 42, N 2. – Р. 227-253.

[20] Deeb S.S. Hepatic lipase and dyslipidemia: interaction among genetic variants, obesi‐
ty, gender and diet / S.S. Deeb, A. Zambon, M.C. Carr et al. // The Journal of Lipid
Research. – 2003. – Vol. 44. – P. 1279-1286.

[21] Dobs A.S. Interrelationships among lipoprotein levels, sex hormones, anthropomet‐
ric parameters, and age in hypogonadal men treated for 1 year with a permeation-
enhanced testosterone transdermal system / A.S. Dobs, P.S. Bachorik, S. Arver et al. //
The Journal of Clinical Endocrinology & Metabolism. – 2001. – Vol. 86. – P.
1026-1033.

[22] Ebbert J.O. Fat depots, free fatty acids, and dyslipidemia / J.O. Ebbert, M.D. Jensen //
Nutrients. – 2013. – Vol. 5, N 2. – Р. 498-508.

[23] Evans G.F. Inhibition of cholesteryl ester transfer protein in normocholesterolemic
and hypercholesterolemic hamsters: effects on HDL subspecies, quantity and lipo‐
protein distribution / G.F. Evans, W.R. Bensch, L.D. Apelgren et al. // The Journal of
Lipid Research. – 1994. – Vol. 35. – P. 1634-1645.

[24] Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) Executive summary of the third report of The Na‐
tional Cholesterol Education Program (NCEP) // Journal of the American Medical
Association. – 2001. – Vol. 285. – P. 2486-2497.

[25] Fernandez-Balsells M.M. Adverse effects of testosterone therapy in adult men: a sys‐
tematic review and meta-analysis / M.M. Fernandez-Balsells, M.H. Murad, M. Lane
et al. // The Journal of Clinical Endocrinology & Metabolism. – 2010. – Vol. 95, N 6. –
Р. 2560-2575.

[26] Finan B. Targeted estrogen delivery reverses the metabolic syndrome / B. Finan, B.
Yang, N. Ottaway et al. // Nature Medicine. – 2012. – Vol. 18, N 12. – Р. 1847-1856.

[27] Foster M.T. Social defeat increases food intake, body mass, and adiposity in Syrian
hamsters / M.T. Foster, M.B. Solomon, K.L. Huhman et al. // American Journal of

Lipoproteins - From Bench to Bedside52



[16] Chen Y. Endogenous hormones and coronary heart disease in postmenopausal wom‐
en / Y. Chen, A. Zeleniuch-Jacquotte, A.A. Arslan et al. // Atherosclerosis. – 2011. –
Vol. 216, N 2. – Р. 414-419.

[17] Choi S.H. Increased very low density lipoprotein (VLDL) secretion, hepatic steatosis,
and insulin resistance / S.H. Choi, H.N. Ginsberg // Trends in Endocrinology & Me‐
tabolism. – 2011. – Vol. 22, N 9. – Р. 353-363.

[18] Choi K. Molecular mechanism of insulin resistance in obesity and type 2 diabetes / K.
Choi, Y.-B. Kim // The Korean Journal of Internal Medicine. – 2010. – N 25. – P.
119-129.

[19] Crandall C.J. Endogenous sex steroid levels and cardiovascular disease in relation to
the menopause / C.J. Crandall, E. Barrett-Connor // Endocrinology and Metabolism
Clinics of North America. – 2013. – Vol. 42, N 2. – Р. 227-253.

[20] Deeb S.S. Hepatic lipase and dyslipidemia: interaction among genetic variants, obesi‐
ty, gender and diet / S.S. Deeb, A. Zambon, M.C. Carr et al. // The Journal of Lipid
Research. – 2003. – Vol. 44. – P. 1279-1286.

[21] Dobs A.S. Interrelationships among lipoprotein levels, sex hormones, anthropomet‐
ric parameters, and age in hypogonadal men treated for 1 year with a permeation-
enhanced testosterone transdermal system / A.S. Dobs, P.S. Bachorik, S. Arver et al. //
The Journal of Clinical Endocrinology & Metabolism. – 2001. – Vol. 86. – P.
1026-1033.

[22] Ebbert J.O. Fat depots, free fatty acids, and dyslipidemia / J.O. Ebbert, M.D. Jensen //
Nutrients. – 2013. – Vol. 5, N 2. – Р. 498-508.

[23] Evans G.F. Inhibition of cholesteryl ester transfer protein in normocholesterolemic
and hypercholesterolemic hamsters: effects on HDL subspecies, quantity and lipo‐
protein distribution / G.F. Evans, W.R. Bensch, L.D. Apelgren et al. // The Journal of
Lipid Research. – 1994. – Vol. 35. – P. 1634-1645.

[24] Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) Executive summary of the third report of The Na‐
tional Cholesterol Education Program (NCEP) // Journal of the American Medical
Association. – 2001. – Vol. 285. – P. 2486-2497.

[25] Fernandez-Balsells M.M. Adverse effects of testosterone therapy in adult men: a sys‐
tematic review and meta-analysis / M.M. Fernandez-Balsells, M.H. Murad, M. Lane
et al. // The Journal of Clinical Endocrinology & Metabolism. – 2010. – Vol. 95, N 6. –
Р. 2560-2575.

[26] Finan B. Targeted estrogen delivery reverses the metabolic syndrome / B. Finan, B.
Yang, N. Ottaway et al. // Nature Medicine. – 2012. – Vol. 18, N 12. – Р. 1847-1856.

[27] Foster M.T. Social defeat increases food intake, body mass, and adiposity in Syrian
hamsters / M.T. Foster, M.B. Solomon, K.L. Huhman et al. // American Journal of

Lipoproteins - From Bench to Bedside52

Physiology - Regulatory, Integrative and Comparative Physiology. – 2006. – Vol. 290.
– P. R1284-R1293.

[28] Foufelle F. Mechanism of storage and synthesis of fatty acids and triglycerides in
white adipocytes / F. Foufelle, P. Ferré // Physiology and Physiopathology of Adi‐
pose Tissue. – New York: Springer. – 2013. – Р. 101-121.

[29] Frohnert B.I. Relation between serum free fatty acids and adiposity, insulin resist‐
ance, and cardiovascular risk factors from adolescence to adulthood / B.I. Frohnert,
Jr. R. Jacobs, J. Steinberger // Diabetes. – 2013. – Vol. 62, N 9. – Р. 3163-3169.

[30] Frühbeck G. Regulation of adipocyte lipolysis / G. Frühbeck, L. Méndez-Giménez,
J.A. Fernández-Formoso et al. // Nutrition Research Reviews. – 2014. – Р. 1-31.

[31] Fujimoto S. Impaired metabolism–secretion coupling in pancreatic β-cells: role of de‐
terminants of mitochondrial ATP production / S. Fujimoto, K. Nabe, M. Takehiro et
al. // Diabetes Research and Clinical Practice. – 2007. – Vol. 77, N 3. – Р. 2-10.

[32] Girousse A. Partial inhibition of adipose tissue lipolysis improves glucose metabo‐
lism and insulin sensitivity without alteration of fat mass / A. Girousse, G. Tavernier,
C. Valle et al. // A Peer-Reviewed Open-Access Journal. – 2013. – Vol. 11, N 2. doi:
10.1371/journal.pbio.1001485.

[33] Goldberg I.J. Triglycerides and heart disease: still a hypothesis? / I.J. Goldberg, R.H.
Eckel, R. McPherson // Arteriosclerosis, Thrombosis, and Vascular Biology. – 2011. –
Vol. 31, N 8. – P. 1716-1725.

[34] Grefhorst A. Acute hepatic steatosis in mice by blocking β-oxidation does not reduce
insulin sensitivity of very-low-density lipoprotein production / A. Grefhorst, J.H oek‐
stra, T.G.J. Derks et al. // The American Journal of Physiology-Gastrointestinal and
Liver Physiology. – 2005. – Vol. 289. – P. G592-G598.

[35] Grundy S.M. Metabolic syndrome pandemic // Arteriosclerosis, Thrombosis, and
Vascular Biology. – 2008. – N 28. – P. 629-636.

[36] Grundy S.M. Clinical management of metabolic syndrome / S.M. Grundy, B. Hansen,
S.C. Smith et al. // Circulation. – 2004. – Vol. 109. – P. 551-556.

[37] Grundy S.M. Definition of metabolic syndrome: report of the National Heart, Lung,
and Blood Institute/American Heart Association conference on scientific issues relat‐
ed to definition / S.M. Grundy, H. Brewer, J.L. Cleeman et al. // Circulation. – 2004. –
Vol. 109. – P. 433-438.

[38] Grundy S.M. Clinical management of metabolic syndrome: report of the American
Heart Association/National Heart, Lung, and Blood Institute/American Diabetes As‐
sociation conference on scientific issues related to management / S.M. Grundy, B.
Hansen, S.C. Smith et al. // Circulation. – 2004. – Vol. 109. – P. 551-556.

Sex and Age Differences in Lipoprotein Metabolism Proatherogenic Changes under the Experimental Metabolic...
http://dx.doi.org/10.5772/60759

53



[39] Guay V. Effect of short-term low- and high-fat diets on low-density lipoprotein parti‐
cle size in normolipidemic subjects // V. Guay, B. Lamarche, A. Charest et al. // Me‐
tabolism. – 2012. – Vol. 61, N 1. – Р. 76-83.

[40] Homko C.J. Effects of free fatty acids on glucose uptake and utilization in healthy
women / C.J. Homko, P. Cheung, G. Boden // Diabetes. – 2003. – Vol. 52. – P. 487-491.

[41] Huang J.P. The diverse mechanisms of cardiomyopathy and heart failure in obese
and non-obese insulin-resistant rat models / J.P. Huang, L.M. Hung // The FASEB
Journal. – 2014. – Vol. 28, N 1 Supplement. – С. 1086.2.

[42] Jankowska E.A. Circulating estradiol and mortality in men with systolic chronic
heart failure / E.A. Jankowska, P. Rozentryt, B. Ponikowska et al. // Journal of the
American Medical Association. – 2009. – Vol. 301, N 18. – Р. 1892-1901.

[43] Jaworski K. Hormonal regulation of lipolysis in adipose tissue / K. Jaworski, E. Sar‐
kadi-Nagy, R. Duncan et al. // The American Journal of Physiology-Gastrointestinal
and Liver Physiology. – 2007. – Vol. 256. – P. 2901-2907.

[44] Jensen E.V. Estrogen action: a historic perspective on the implications of considering
alternative approaches / E.V. Jensen, H.I. Jacobson, A.A.Walf et al. // Physiology &
Behavior. – 2010. – Vol. 99, N 2. – Р. 151-162.

[45] Jocken J.W.E. Insulin-mediated suppression of lipolysis in adipose tissue and skeletal
muscle of obese type 2 diabetic men and men with normal glucose tolerance / J.W.E.
Jocken, G.H. Goossens, H. Boon et al. // Diabetologia. – 2013. – Vol. 56, N 10. – Р.
2255-2265.

[46] Jones T.H. Testosterone deficiency: a risk factor for cardiovascular disease? / T.H.
Jones // Trends in Endocrinology & Metabolism. – 2010. – Vol. 21, N 8. – Р. 496-503.

[47] Jones T. H. The effects of testosterone on risk factors for, and the mediators of, the
atherosclerotic process / T.H. Jones, F. Saad // Atherosclerosis. – 2009. – Vol. 207, N 2.
– Р. 318-327.

[48] Karpe F. Fatty acids, obesity, and insulin resistance: time for a reevaluation / F.
Karpe, J.R. Dickmann, K.N. Frayn // Diabetes. – 2011. – Vol. 60. – P. 2441-2449.

[49] Kersten S. Physiological regulation of lipoprotein lipase / K. Sander. // Biochimica et
Biophysica Acta. – 2014. – Vol. 1841, N 7. – Р. 919-933.

[50] Krauss R.M. Lipoprotein subfractions and cardiovascular disease risk / R.M.
Krauss // Current Opinion in Lipidology. – 2010. – Vol. 21, N 4. – Р. 305-311.

[51] Li Y. Lipoprotein lipase: from gene to atherosclerosis / Y. Li, P.-P. He, D.-W. Zhang et
al. // Atherosclerosis. – 2014. – Vol. 237, N 2. – Р. 597–608.

[52] Lithell H. Determination of lipoprotein-lipase activity in human skeletal muscle tis‐
sue / H. Lithell, J. Boberg // Biochimica et Biophisica Acta. – 1978. – Vol. 528. – P.
58-68.

Lipoproteins - From Bench to Bedside54



[39] Guay V. Effect of short-term low- and high-fat diets on low-density lipoprotein parti‐
cle size in normolipidemic subjects // V. Guay, B. Lamarche, A. Charest et al. // Me‐
tabolism. – 2012. – Vol. 61, N 1. – Р. 76-83.

[40] Homko C.J. Effects of free fatty acids on glucose uptake and utilization in healthy
women / C.J. Homko, P. Cheung, G. Boden // Diabetes. – 2003. – Vol. 52. – P. 487-491.

[41] Huang J.P. The diverse mechanisms of cardiomyopathy and heart failure in obese
and non-obese insulin-resistant rat models / J.P. Huang, L.M. Hung // The FASEB
Journal. – 2014. – Vol. 28, N 1 Supplement. – С. 1086.2.

[42] Jankowska E.A. Circulating estradiol and mortality in men with systolic chronic
heart failure / E.A. Jankowska, P. Rozentryt, B. Ponikowska et al. // Journal of the
American Medical Association. – 2009. – Vol. 301, N 18. – Р. 1892-1901.

[43] Jaworski K. Hormonal regulation of lipolysis in adipose tissue / K. Jaworski, E. Sar‐
kadi-Nagy, R. Duncan et al. // The American Journal of Physiology-Gastrointestinal
and Liver Physiology. – 2007. – Vol. 256. – P. 2901-2907.

[44] Jensen E.V. Estrogen action: a historic perspective on the implications of considering
alternative approaches / E.V. Jensen, H.I. Jacobson, A.A.Walf et al. // Physiology &
Behavior. – 2010. – Vol. 99, N 2. – Р. 151-162.

[45] Jocken J.W.E. Insulin-mediated suppression of lipolysis in adipose tissue and skeletal
muscle of obese type 2 diabetic men and men with normal glucose tolerance / J.W.E.
Jocken, G.H. Goossens, H. Boon et al. // Diabetologia. – 2013. – Vol. 56, N 10. – Р.
2255-2265.

[46] Jones T.H. Testosterone deficiency: a risk factor for cardiovascular disease? / T.H.
Jones // Trends in Endocrinology & Metabolism. – 2010. – Vol. 21, N 8. – Р. 496-503.

[47] Jones T. H. The effects of testosterone on risk factors for, and the mediators of, the
atherosclerotic process / T.H. Jones, F. Saad // Atherosclerosis. – 2009. – Vol. 207, N 2.
– Р. 318-327.

[48] Karpe F. Fatty acids, obesity, and insulin resistance: time for a reevaluation / F.
Karpe, J.R. Dickmann, K.N. Frayn // Diabetes. – 2011. – Vol. 60. – P. 2441-2449.

[49] Kersten S. Physiological regulation of lipoprotein lipase / K. Sander. // Biochimica et
Biophysica Acta. – 2014. – Vol. 1841, N 7. – Р. 919-933.

[50] Krauss R.M. Lipoprotein subfractions and cardiovascular disease risk / R.M.
Krauss // Current Opinion in Lipidology. – 2010. – Vol. 21, N 4. – Р. 305-311.

[51] Li Y. Lipoprotein lipase: from gene to atherosclerosis / Y. Li, P.-P. He, D.-W. Zhang et
al. // Atherosclerosis. – 2014. – Vol. 237, N 2. – Р. 597–608.

[52] Lithell H. Determination of lipoprotein-lipase activity in human skeletal muscle tis‐
sue / H. Lithell, J. Boberg // Biochimica et Biophisica Acta. – 1978. – Vol. 528. – P.
58-68.

Lipoproteins - From Bench to Bedside54

[53] Ma K. Increased beta-oxidation but no insulin resistance or glucose intolerance in
mice lacking adiponectin / K. Ma, A. Cabrero, P.K. Saha et al. // Journal of Biological
Chemistry. – 2002. – Vol. 277. – P. 34658 – 34662.

[54] Marcello A. Mechanisms of diabetic dyslipidemia: relevance for atherogenesis / A.
Marcello, P. Giovanni, F. Carla et al. // Current Vascular Pharmacology. – 2012. – Vol.
10, N 6. – Р. 684-686.

[55] Martins A.R. Mechanisms underlying skeletal muscle insulin resistance induced by
fatty acids: importance of the mitochondrial function / A.R. Martins, R.T. Nachbar, R.
Gorjao // Lipids in Health and Disease. – 2012. – Vol. 11-30. doi:
10.1186/1476-511X-11-30.

[56] McCullough A.J. Epidemiology of the metabolic syndrome in the USA / A.J. McCul‐
lough //Journal of Digestive Diseases. – 2011. – Vol. 5, N 12. – P. 333-340.

[57] Mead J.R. Lipoprotein lipase: structure, function, regulation, and role in disease/ J.R.
Mead, S.A. Irvine, D.P. Ramji // Journal of Molecular Medicine. – 2002. – Vol. 80. – P.
753–769.

[58] Mendelsohn M.E. Estrogen actions in the cardiovascular system / M.E. Mendel‐
sohn // Climacteric. – 2009. – Vol. 12, N 1. – Р. 18-21.

[59] Meshkani R. Hepatic insulin resistance, metabolic syndrome and cardiovascular dis‐
ease / R. Meshkani, K. Adeli // Clinical Biochemistry. – 2009. – Vol. 42, N 13. – Р.
1331-1346.

[60] Meyer M.R. Obesity, insulin resistance and diabetes: sex differences and role of oes‐
trogen receptors / M.R. Meyer, D.J. Clegg, E.R. Prossnitz et al. // Acta Physiologica. –
2011. – Vol. 203. – P. 259-269.

[61] Misra A. The metabolic syndrome in South Asians: epidemiology, determinants, and
prevention / A. Misra, L. Khurana // Metabolic Syndrome Relative Disorders. – 2009.
– Vol. 6, N 7. – P. 497-514.

[62] Nakajima K. Postprandial lipoprotein metabolism: VLDL vs chylomicrons / K. Naka‐
jima, T. Nakano, Y. Tokita et al. // Clinica Chimica Acta. – 2011. – Vol. 15-16, N 412. –
Р. 1306-1318.

[63] Nistor A. The hyperlipidemic hamster as a model of experimental atherosclerosis / A.
Nistor, A. Bulla, D.A. Filip et al. // Atherosclerosis. – 1987. – Vol. 68. – P. 159-173.

[64] Parks J.S. Hepatic ABC transporters and triglyceride metabolism / J.S. Parks, S.
Chung, G.S. Shelness et al. // Current Opinion in Lipidology. – 2012. – Vol. 23, N 3. –
Р. 196-200.

[65] Qatanani M. Mechanisms of obesity-associated insulin resistance: many choices on
the menu / M. Qatanani, M.A. Lazar // Genes & Development. – 2007. – P. 1443-1455.

Sex and Age Differences in Lipoprotein Metabolism Proatherogenic Changes under the Experimental Metabolic...
http://dx.doi.org/10.5772/60759

55



[66] Razzouk L. Ethnic, gender, and age-related differences in patients with the metabolic
syndrome / L. Razzouk, P. Muntner // Current Hypertension Reports. – 2009. – Vol.
11, N 2. – Р. 127-132.

[67] Rohrmann S. Body fatness and sex steroid hormone concentrations in US men: re‐
sults from NHANES III / S. Rohrmann, M.S. Shiels, D.S. Lopez et al. // Cancer Causes
& Control. – 2011. – Vol. 22, N 8. – Р. 1141-1151.

[68] Saad F. The role of testosterone in the metabolic syndrome: a review / F. Saad, L.
Gooren // The Journal of Steroid Biochemistry and Molecular Biology. – 2009. – Vol.
114, N 1. – Р. 40-43.

[69] Samuel V.T. Mechanisms for insulin resistance: Ccommon threads and missing
links / V.T. Samuel, G.I. Shulman // Cell. – 2012. – Vol. 148, N 5. – P. 852-871.

[70] Schmidt S.L. Adrenergic control of lipolysis in women compared with men / S.L.
Schmidt, D.H. Bessesen, S. Stotz et al. // Journal of Applied Physiology. – 2014. – Vol.
117, N 9. – Р. 1008-1019.

[71] Schwertz D.W. Sex differences in the response of rat heart ventricle to calcium / D.W.
Schwertz, J.M. Beck, K.J. Mowalski et al. // Biological Research For Nursing. – 2004. –
Vol. 5. – P. 286-298.

[72] Shah P. Elevated free fatty acids impair glucose metabolism in women: decreased
stimulation of muscle glucose uptake and suppression of splanchnic glucose produc‐
tion during combined hyperinsulinemia and hyperglycemia / P. Shah, A. Vela, A. Ba‐
su et al. // Diabetes. – 2003. – N 52. – P. 38-42.

[73] Shinkai H. Cholesteryl ester transfer-protein modulator and inhibitors and their po‐
tential for the treatment of cardiovascular diseases / H. Shinkai // Journal of Vascular
Health and Risk Management. – 2012. – Vol. 8. – P. 323-331.

[74] Stephane S. Fatty acids - induced lipotoxicity and inflammation / S. Savary, D.
Trompier, P. Andreoletti et al. // Current Drug Metabolism. – 2012. – Vol. 13, N 10. –
Р. 1358-1370.

[75] Taghibiglou C. Mechanisms of hepatic very low density lipoprotein overproduction
in insulin resistance. Evidence for enhanced lipoprotein assembly, reduced intracel‐
lular ApoB degradation, and increased microsomal triglyceride transfer protein in a
fructose-fed hamster model / C. Taghibiglou, A. Carpentier, S.C. Van Iderstine et
al. // The Journal of Biological Chemistry. – 2000. – Vol. 275. – P. 8416–8425.

[76] Tan C.E. Relations between plasma lipids and postheparin plasma lipases and VLDL
and LDL subfraction patterns in normolipemic men and women / C.E. Tan, L. Foster,
M.J. Caslake et. al. // Arteriosclerosis, Thrombosis, and Vascular Biology. – 1995. –
Vol. 15. – P. 1839-1848.

[77] Tan Y.Y. Gender differences in risk factors for coronary heart disease / Y.Y. Tan, G.-
C. Gast, Y.T. van der Schouw // Maturitas. – 2010. – Vol. 65, N 2. – Р. 149-160.

Lipoproteins - From Bench to Bedside56



[66] Razzouk L. Ethnic, gender, and age-related differences in patients with the metabolic
syndrome / L. Razzouk, P. Muntner // Current Hypertension Reports. – 2009. – Vol.
11, N 2. – Р. 127-132.

[67] Rohrmann S. Body fatness and sex steroid hormone concentrations in US men: re‐
sults from NHANES III / S. Rohrmann, M.S. Shiels, D.S. Lopez et al. // Cancer Causes
& Control. – 2011. – Vol. 22, N 8. – Р. 1141-1151.

[68] Saad F. The role of testosterone in the metabolic syndrome: a review / F. Saad, L.
Gooren // The Journal of Steroid Biochemistry and Molecular Biology. – 2009. – Vol.
114, N 1. – Р. 40-43.

[69] Samuel V.T. Mechanisms for insulin resistance: Ccommon threads and missing
links / V.T. Samuel, G.I. Shulman // Cell. – 2012. – Vol. 148, N 5. – P. 852-871.

[70] Schmidt S.L. Adrenergic control of lipolysis in women compared with men / S.L.
Schmidt, D.H. Bessesen, S. Stotz et al. // Journal of Applied Physiology. – 2014. – Vol.
117, N 9. – Р. 1008-1019.

[71] Schwertz D.W. Sex differences in the response of rat heart ventricle to calcium / D.W.
Schwertz, J.M. Beck, K.J. Mowalski et al. // Biological Research For Nursing. – 2004. –
Vol. 5. – P. 286-298.

[72] Shah P. Elevated free fatty acids impair glucose metabolism in women: decreased
stimulation of muscle glucose uptake and suppression of splanchnic glucose produc‐
tion during combined hyperinsulinemia and hyperglycemia / P. Shah, A. Vela, A. Ba‐
su et al. // Diabetes. – 2003. – N 52. – P. 38-42.

[73] Shinkai H. Cholesteryl ester transfer-protein modulator and inhibitors and their po‐
tential for the treatment of cardiovascular diseases / H. Shinkai // Journal of Vascular
Health and Risk Management. – 2012. – Vol. 8. – P. 323-331.

[74] Stephane S. Fatty acids - induced lipotoxicity and inflammation / S. Savary, D.
Trompier, P. Andreoletti et al. // Current Drug Metabolism. – 2012. – Vol. 13, N 10. –
Р. 1358-1370.

[75] Taghibiglou C. Mechanisms of hepatic very low density lipoprotein overproduction
in insulin resistance. Evidence for enhanced lipoprotein assembly, reduced intracel‐
lular ApoB degradation, and increased microsomal triglyceride transfer protein in a
fructose-fed hamster model / C. Taghibiglou, A. Carpentier, S.C. Van Iderstine et
al. // The Journal of Biological Chemistry. – 2000. – Vol. 275. – P. 8416–8425.

[76] Tan C.E. Relations between plasma lipids and postheparin plasma lipases and VLDL
and LDL subfraction patterns in normolipemic men and women / C.E. Tan, L. Foster,
M.J. Caslake et. al. // Arteriosclerosis, Thrombosis, and Vascular Biology. – 1995. –
Vol. 15. – P. 1839-1848.

[77] Tan Y.Y. Gender differences in risk factors for coronary heart disease / Y.Y. Tan, G.-
C. Gast, Y.T. van der Schouw // Maturitas. – 2010. – Vol. 65, N 2. – Р. 149-160.

Lipoproteins - From Bench to Bedside56

[78] The Metabolic Syndrome / edited by H. Beck-Nielsen. – Verlag Wien: Springer, 2013.
– 228 p.

[79] Tiwari S. Intracellular trafficking and secretion of VLDL / S. Tiwari, S.A. Siddiqi //
Arteriosclerosis, Thrombosis, and Vascular Biology. – 2012. – Vol. 39. – P. 1079-1086.

[80] Tsai E.C. Association of bioavailable, free, and total testosterone with insulin resist‐
ance: influence of sex hormone-binding globulin and body fat / E.C. Tsai, A.M. Mat‐
sumoto, W.Y. Fujimoto et al. // Diabetes Care. – 2004. – Vol. 27. – P. 861-868.

[81] Turner S. Measurement of reverse cholesterol transport pathways in humans: in vivo
rates of free cholesterol efflux, esterification, and excretion / S. Turner, J. Voogt, M.
Davidson et al. // Journal of the American Heart Association. – 2012. – Vol. 1. doi:
10.1161/JAHA.112.001826.

[82] Tvorogova M.G. Correlations of lipoprotein metabolism indicators in persons with
low and high cholesterol ester transport activity / M.G. Tvorogova, T.A. Rozhkova,
V.V. Kukharchuk et al. [English Abstract, Journal Article] // Voprosu Medicinskoiy
Khimii. – 1999. – Vol. 45, N 4. – P. 332-338.

[83] Vasan R.S. Association of circulating cholesteryl ester transfer protein activity with
incidence of cardiovascular disease in the Ccommunity / R.S. Vasan, M.J. Pencina, S.J.
Robins et al. // Circulation. – 2009. – Vol. 120. – Р. 2414-2420.

[84] Vitale C. Gender differences in the cardiovascular effect of sex hormones / C. Vitale,
M.E. Mendelsohn, G.M. Rosano // Nature Reviews Cardiology. – 2009. – Vol. 6, N 8. –
Р. 532-542.

[85] Wang H. Skeletal muscle–specific deletion of lipoprotein lipase enhances insulin sig‐
naling in skeletal muscle but causes insulin resistance in liver and other tissues / H.
Wang, L.A. Knaub, D.R. Jensen et al. // Diabetes. – 2009. – Vol. 58, N 1. – Р. 116-124.

[86] Wilson P.W.F. Triglycerides, HDL-cholesterol and coronary artery disease: a Fra‐
mingham update on their interrelations / P.W.F. Wilson, M.G. Larson, W.P. Castelli //
Canadian Journal of Cardiology. – 1994. – Vol. 10. – P. 5B-9B.

[87] Wu G. The distribution of lipoprotein lipase in rat adipose tissue. Changes with nu‐
tritional state engage the extracellular enzyme/ G. Wu, G. Olivecrona, T. Olivecro‐
na // The Journal of Biological Chemistry. – 2003. – Vol. 278. – P. 11925-11930.

[88] Xing D. Estrogen and mechanisms of vascular protection / D. Xing, S. Nozell, Y.F.
Chen et al. // Arteriosclerosis, Thrombosis, and Vascular Biology. – 2009. – Vol. 29, N
3. – Р. 289-295.

[89] Yasuda T. Update on the role of endothelial lipase in high-density lipoprotein metab‐
olism, reverse cholesterol transport, and atherosclerosis / T. Yasuda, T. Ishida, D.J.
Rader // Circulation Journal: Official Journal of the Japanese Circulation Society. –
2010. – Vol. 74, N 11. – Р. 2263-2270.

Sex and Age Differences in Lipoprotein Metabolism Proatherogenic Changes under the Experimental Metabolic...
http://dx.doi.org/10.5772/60759

57



[90] Yatsuya H. Race-and sex-specific associations of obesity measures with ischemic
stroke incidence in the Atherosclerosis Risk in Communities (ARIC) study / H. Yat‐
suya, A.R. Folsom, K. Yamagishi et al. // Stroke. – 2010. – Vol. 41, N 3. – Р. 417-425.

[91] Yazdanyar A. Role of phospholipid transfer protein in high-density lipoprotein–
mediated reverse cholesterol transport / A. Yazdanyar, C. Yeang, X.-C. Jiang // Cur‐
rent Atherosclerosis Reports. – 2011. – Vol. 13, N 3. – Р. 242-248.

[92] Ye J. Mechanisms of insulin resistance in obesity / J. Ye // Frontiers in Medicine. –
2013. – Vol. 1, N 7. – P. 14-24.

[93] Yeap B.B. Androgens and cardiovascular disease / B.B. Yeap // Current Opinion in
Endocrinology, Diabetes and Obesity. – 2010. – Vol. 17, N 3. – Р. 269-276.

[94] Zagayko A.L. Antioxidant complexes and lipoprotein metabolism – experience of
grape extracts application under metabolic syndrome and neurogenic stress / A. L.
Zagayko, G.B. Kravchenko, M.V. Voloshchenko et al. // Lipoproteins - Role in Health
and Diseases. – Rijeka, Croatia: InTech, 2012. – P. 445-488.

[95] Zagayko A.L. Antioxidant status changes in golden Syrian hamsters with experimen‐
tal metabolic syndrome / A.L. Zagayko, L.N. Voronina, P.A. Kaliman et al. // Ukraini‐
an Biochemistry Journal. – 2008. – Vol. 80, N 3. – P. 103-109.

[96] Zagayko A.L. Grape polyphenols increase the activity of HDL enzymes in old and
obese rats / A.L. Zagayko, G.B. Kravchenko, O.A. Krasilnikova et al. // Oxidative
Medicine and Cellular Longevity. – 2013, art. 593761, 7 pages (http://www.hinda‐
wi.com/journals/omcl/2013/593761/).

[97] Zagayko A.L. The sexual differences of changes in some lipid metabolism parameter
in syrian hamster with experimental metabolic syndrome under hypercaloric diet /
A.L. Zagayko, L.N. Voronina, K.V. Strelchenko // Ukrainian Biopharmaceutical Jour‐
nal. – 2008. – Vol. 1, N 1. – P. 31-33.

[98] Zerradi M. Androgens, body fat distribution and adipogenesis / M. Zerradi et al. //
Current Obesity Reports. – 2014. – Vol. 3, N 4. – Р. 396-403.

[99] Zhang Z. Role of cholesterol ester mass in regulation of secretion of ApoB100 lipo‐
protein particles by hamster hepatocytes and effects of statins on that relationship /
Z. Zhang, K. Cianflone, A.D. Sniderman // Arteriosclerosis, Thrombosis, and Vascu‐
lar Biology. – 1999. – Vol. 19. – P. 743-752.

Lipoproteins - From Bench to Bedside58



[90] Yatsuya H. Race-and sex-specific associations of obesity measures with ischemic
stroke incidence in the Atherosclerosis Risk in Communities (ARIC) study / H. Yat‐
suya, A.R. Folsom, K. Yamagishi et al. // Stroke. – 2010. – Vol. 41, N 3. – Р. 417-425.

[91] Yazdanyar A. Role of phospholipid transfer protein in high-density lipoprotein–
mediated reverse cholesterol transport / A. Yazdanyar, C. Yeang, X.-C. Jiang // Cur‐
rent Atherosclerosis Reports. – 2011. – Vol. 13, N 3. – Р. 242-248.

[92] Ye J. Mechanisms of insulin resistance in obesity / J. Ye // Frontiers in Medicine. –
2013. – Vol. 1, N 7. – P. 14-24.

[93] Yeap B.B. Androgens and cardiovascular disease / B.B. Yeap // Current Opinion in
Endocrinology, Diabetes and Obesity. – 2010. – Vol. 17, N 3. – Р. 269-276.

[94] Zagayko A.L. Antioxidant complexes and lipoprotein metabolism – experience of
grape extracts application under metabolic syndrome and neurogenic stress / A. L.
Zagayko, G.B. Kravchenko, M.V. Voloshchenko et al. // Lipoproteins - Role in Health
and Diseases. – Rijeka, Croatia: InTech, 2012. – P. 445-488.

[95] Zagayko A.L. Antioxidant status changes in golden Syrian hamsters with experimen‐
tal metabolic syndrome / A.L. Zagayko, L.N. Voronina, P.A. Kaliman et al. // Ukraini‐
an Biochemistry Journal. – 2008. – Vol. 80, N 3. – P. 103-109.

[96] Zagayko A.L. Grape polyphenols increase the activity of HDL enzymes in old and
obese rats / A.L. Zagayko, G.B. Kravchenko, O.A. Krasilnikova et al. // Oxidative
Medicine and Cellular Longevity. – 2013, art. 593761, 7 pages (http://www.hinda‐
wi.com/journals/omcl/2013/593761/).

[97] Zagayko A.L. The sexual differences of changes in some lipid metabolism parameter
in syrian hamster with experimental metabolic syndrome under hypercaloric diet /
A.L. Zagayko, L.N. Voronina, K.V. Strelchenko // Ukrainian Biopharmaceutical Jour‐
nal. – 2008. – Vol. 1, N 1. – P. 31-33.

[98] Zerradi M. Androgens, body fat distribution and adipogenesis / M. Zerradi et al. //
Current Obesity Reports. – 2014. – Vol. 3, N 4. – Р. 396-403.

[99] Zhang Z. Role of cholesterol ester mass in regulation of secretion of ApoB100 lipo‐
protein particles by hamster hepatocytes and effects of statins on that relationship /
Z. Zhang, K. Cianflone, A.D. Sniderman // Arteriosclerosis, Thrombosis, and Vascu‐
lar Biology. – 1999. – Vol. 19. – P. 743-752.

Lipoproteins - From Bench to Bedside58

Chapter 3

Obese Childhood Dyslipidemia Management Beyond
Statins — MUFA, PUFA, and Sea-buckthorn Supplements

Bogdana Virgolici, Laura Anca Popescu,
Horia Virgolici, Daniela Elena Casariu,
Olivia Timnea and Maria Mohora

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61001

Abstract

The dyslipidemia pattern usually associated with childhood obesity consists of a
combination of elevated triglyceridemia, decreased plasma high density lipoprotein
cholesterol concentration and LDL-c concentration at the upper limit of the normal
range. This type of dyslipidemia is associated with dense and small LDL, which are
proatherogenic. High circulating levels of oxidized LDL were described in extreme
pediatric obesity, in children with high fructose intake and are associated with insulin
resistance. The worst effect on blood lipids have trans and saturated fatty acids. But
the amount of total energy intake plays more important role in lipid profiles. In
childhood obesity it seems that insulin resistance precedes the development of the
metabolic syndrome feature and insulin resistance is correlated with dyslipidemia.
Insulin resistance increases free fatty acid flux to the liver by decreased inhibition of
lipolysis and also by increased de novo lipogenesis. Fish oil is rich in eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) and has hypotriglyceridemic effect in
comparison to monounsaturated fatty acids. Passive in utero exposure to a hyperli‐
pidemic environment may have programmed these children for accelerated athero‐
sclerosis. The infant formula should be enriched with long chain fatty acids because
this supplementation is associated with lower blood pressure during later childhood.
In obese children, supplements with Omega-3 polyunsaturated fatty acids improve
lipid profile, blood pressure values and inflammatory markers. Omega-3 fatty acids
prevent metabolic syndrome, by reducing hepatic steatosis, visceral fat, by reducing
serum triglycerides and improving insulin sensitivity. Potentially all compounds of

© 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.



the Sea buckthorn berry, including flavonols, carotenoids, fatty acids, tocopherols and
phytosterols can affect the metabolic profile. Special features of the berry oils are high
proportions of palmitoleic acid as well as vitamin E, carotenoids, and sterols. The
palmitoleic acid stimulates muscle insulin action, suppresses hepatosteatosis and
prevent the deleterious effects of saturated fatty acids and high glucose on human
pancreatic beta-cell turnover and function. Phenolic compounds and flavonoids from
sea buckthorn ameliorate bodyweight, blood glucose, and serum lipid profile. By
reducing triglyceridemia and by improving the blood pressure levels, sea buckthorn
pulp oil may prevent metabolic syndrome in obese children. The treatment is
recommended in hypertriglyceridemic waist phenotype obese children. Omega-3
supplements and sea buckthorn pulp oil supplements reversed the carotid intima
media thickness values in obese children and they have beneficial effects in childhood
obesity

Keywords: MIFA, PUFA, childhood obesity

1. Introduction

The World Health Organization (WHO) regards childhood obesity as one of the most serious
global public health challenges for the 21st century. Childhood obesity is associated with a
higher chance of obesity, premature death, and disability in adulthood. But in addition to
increased future risks, overweight and obese children are at an increased risk of developing
various health problems. Visceral obesity leads to insulin resistance, mediated by free fatty
acids and adipokines [1, 2].

The present review deals with the management of obesity and dyslipoproteinemia in child‐
hood and emphasis the beneficial effects of supplements with Omega-3 fatty acids and Sea-
buckthorn (Hippophae rhamnoides) pulp oil obtained by cold pressing.

2. Dyslipidemia in childhood obesity

The dyslipidemia pattern usually associated with childhood obesity consists of a combina‐
tion of elevated triglyceridemia, decreased plasma level high-density lipoprotein cholester‐
ol (HDL-c) concentration, and low-density lipoprotein cholesterol (LDL-c) concentration at
the upper limit of the normal range. According to the nuclear magnetic resonance spectro‐
scopy results, this type of dyslipidemia is associated with dense and small LDL, less stable
HDL, a reduction in total  HDL-c,  and in large HDL particles [3].  Small  and dense LDL
particles  are  associated  also  with  visceral  fat  and  insulin  resistance.  In  school-age  chil‐
dren, greater total and central adiposity are associated with smaller LDL particle size and
lower HDL-c plasma levels [4].
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The LDL can be easily oxidized; they have low affinity for LDL receptors and they penetrate
the intima [5]. The macrophages from the vessel wall take the oxidized LDL and they are
transformed into foam cells, and so the process of atherosclerosis starts. GGT (Gamma
Glutamyl Transpeptidase), an enzyme known to modulate the redox status of the thiol
proteins, can also catalyze the oxidation of LDL from the circulation, augmenting the devel‐
opment of atherosclerosis [6]. In the plasma, GGT constitutes complexes with albumin and
lipoproteins [7]; while in the atheromatous plaques, GGT is colocalized with oxidized LDL
and foam cells [8].

HDL inhibits LDL oxidation. The antioxidant activity of HDL can be explained by its proteins,
which link transitional metals, and by two intrinsic enzymatic systems: acetylhydrolase and
paraoxonase [9].

High circulating levels of oxidized LDL were described in extreme pediatric obesity [10] in
children with high fructose intake [11] and are associated with insulin resistance [12].

More than half of the obese children have dyslipidemia. Improper dietary habits, such as fast
foods and snacks, rich in saturated and trans-fatty acids have an important contribution for
dyslipidemia. Decreased physical activity and unhealthy eating habits are noticed to have
higher incidence in adolescents. These lifestyle modifications, increased susceptibility to
insulin resistance, and hormonal changes make pubertal subjects prone to metabolic syn‐
drome. Dyslipidemia present in metabolic syndrome (hypertriglyceridemia and low HDL-c)
is associated with insulin resistance, with inflammatory markers (C reactive protein) and with
a protrombotic status [13, 14, 15].
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HDL-c 29.7%, high non-HDL-c 15.8%, hypercholesterolemia 11.9%, and elevated LDL-c 10.7%.
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HDL-c, so they must be avoided in the diet. C12-16 saturated fatty acids increase both LDL-c
and HDL-c levels, but stearic acid has a neutral effect on the plasma lipid profile comparable
to that of oleic acid [19].

Replacement of saturated fatty acids by polyunsaturated fatty acids (PUFA) or monounsatu‐
rated fatty acids (MUFA) lowers both LDL-c and HDL-c [20].
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Supplementation with MUFA is supported by authoritative bodies. When MUFA replaces
saturated fatty acids it reduces total cholesterol, and when MUFA replaces carbohydrates it
decreases triglycerides and increases HDL [21].

The atherogenic lipid profile is more severe in obese children, especially in boys, who are
insulinoresistent. The severity of obesity estimated by the value of body mass index (BMI)
is  of  a  lesser  importance in  comparison with insulin resistance on the atherogenic  lipid
profile [22].

The atherogenic index can be calculated in many ways, but the most used procedures are: as
the ratio between total cholesterol to HDL cholesterol or as a ratio apoB/apoA1. By assessing
atherogenic indexes, it has been demonstrated that overweight and obese children have twice
higher risk of atherosclerosis [23] and that advancing puberty and advancing age are athero‐
genic risk factors for obese boys [24].

The relation between plasma lipids and prediabetes in obese prepubertal children is proved
by the association of saturated fatty acids in triglycerides with the HOMA-IR (homeostatic
model assessment of insulin resistance) [25].

In children, the process of atherosclerosis starts at an early age and is linked to visceral obesity
[26]. The common carotid artery intima-media thickness (C-IMT) measured by ultrasound
imaging is a marker of preclinical atherosclerosis. C-IMT relates to the severity and extent of
coronary artery disease and predicts the likelihood of cardiovascular events in adults.

True primary prevention of atherosclerosis, as contrasted with primary prevention of clinically
manifest atherosclerotic disease, must begin in childhood or adolescence [27].

Results from the Young Finns Study have shown that conventional childhood risk factors, such
as dyslipidemia, obesity, elevated blood pressure, and smoking, are predictive of subclinical
atherosclerosis in young adults [28]. The same authors of the study underline the good news
that the adverse cardiometabolic effects of childhood overweight/obesity are reversed among
those who become nonobese adults.

The relation cause-effect between dyslipidemia and insulin resistance is not well established
but they are interdependent. Most of the researchers consider that insulin resistance precedes
the development of the metabolic syndrome feature, including dyslipidemia [29].

Insulin resistance increases free fatty acid flux to the liver by decreased inhibition of lipolysis
and also by increased de novo lipogenesis [30].

Supplements with docosahexaenoic acid (DHA) reduce plasma concentrations of free fatty
acids of LDL-c and the ratio triacylglycerols/HDL-c, improving insulin resistance [31].

Eicosapentaenoic acid (EPA) increases the anti-inflammatory monocyte cytokine IL-10
expression and reduces arterial stiffness, which may contribute to the antiatherogenic effect
of EPA in obese dyslipidemic patients [32].
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2.1. Effects of MUFA and PUFA supplements on dyslipidemia associated to childhood
obesity

The MUFA from n-7 and n-9 classes can be synthesized in our body from acetyl-coA, but the
essential PUFA from n-3 and n-6 classes are required in the diet. A balance between n-6 and
n-3 PUFA must be maintained in the diet. There is no consensus about the value of this ratio,
but the most used value is around 5. Linoleic acid (C18 delta 9,12) represents the parental fatty
acid for class n-6 and linolenic acids (C18 delta 9,12,15) for class n-3, respectively. Naturally,
the structure of unsaturated fatty acids is cis fatty acids. PUFA are incorporated in the structure
of membrane phosphatides involved in cell fluidity, permeability, and signal transduction. n-3
PUFA are important in the brain development in the fetus and also in early postnatal life [19].

Differences in the composition of dietary fat may also contribute to adipose tissue development
by altering rates of adipocyte differentiation and proliferation. Relatively low intake of n-3
PUFA and excessive dietary linoleate may contribute to excessive adipose tissue [33].

Postmortem examination of fetuses delivered from hypercholesterolemic mothers demon‐
strated that passivity in utero exposure to a hyperlipidemic environment may have program‐
med these children for accelerated atherosclerosis [34].

It was demonstrated that an enhanced maternal-fetal n-3 PUFA status was associated with
lower childhood adiposity [35]. But, in another study, supplementation with n-3 fatty acids
during pregnancy and lactation didn’t influence significantly the fat mass in the offspring
during the first year of life [36]. Good news is that fish oil supplementation during lactation
affects blood pressure and body composition of children [37] and that nutritional interventions
may improve plasma long-chain PUFA profile and metabolic outcomes of normolipidaemic
obese children [38].

According to the European directive, the infant formula should be enriched with long-chain
PUFA because this supplementation is associated with lower blood pressure during later
childhood. In clinical studies done in adults, fish oil supplementation gave varying results on
blood pressure values but most of them showed a lowering in the blood values [19].

A decrease in serum n-3 PUFA, especially DHA, and an increase in saturated FA was noticed
in obese children versus lean controls. The subcutaneous adipose tissue and not the visceral
adipose tissue was correlated to the changes in PUFA and saturated FA, suggesting an
abnormal essential FA metabolism in obese adolescents [39].

Fish oil is rich in EPA and DHA and has a hypotriglyceridemic effect in comparison to MUFA,
but supplementation only with DHA does not share the hypotriglyceridemic effect. Fish may
be more beneficial than fish oil supplementation. The favorable effect of cis-MUFA on
cardiovascular diseases is unlikely, but of those n-3 PUFA is suggestive [19].

Omega-3 PUFA supplementation was associated with a reduced level for triglycerides and an
up-regulated expression of the gene encoding peroxisome proliferator activated receptor-α
(PPARα), a transcription factor that increases fatty acid oxidation and down-regulates pro-
inflammatory genes [40].
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Omega-3 fatty acids can prevent prediabetes and diabetes mellitus development because these
PUFA are ligands for peroxisome proliferator receptor activator gamma (PPARγ) involved in
insulin sensitivity and also, by constituting of the novel biologically active lipid mediators
(resolvins and protectins), which also increase insulin sensitivity. The obesity-induced hepatic
steatosis can be prevented by Omega-3 PUFA because they decrease endogenous lipid
production by inhibiting the expression of the transcription factor, sterol response element
binding protein-1c, SREBP-1c [41].

In accordance with the above molecular effects, beneficial effects of Omega-3 PUFA in obesity
were demonstrated in clinical and experimental studies. It was shown that Omega-3 fatty acids
prevent metabolic syndrome by reducing hepatic steatosis and visceral fat, by reducing serum
triglycerides, and improving insulin sensitivity [42, 43].

Omega-3 fatty acids, by inhibiting hepatic lipogenesis, reduce a jéun and postprandial
triglyceridemia [44] and improve the quality of platelets membrane phospholipids. In
extrahepatic tissues, the activation of lipoprotein lipase has also a great contribution to the
hypotriglyceridemic effect of Omega-3 fatty acids. They have also an antiatherogenic effect by
reducing the quantity of small and dense LDL [45].

Many clinical and experimental studies have demonstrated that omega-3 PUFA have lipid-
lowering effects. The improvement in lipid profile is due mainly to enhanced fatty acid beta-
oxidation and suppression of fatty acid synthesis in the liver [46, 47, 48, 49].

During PUFA treatment,  the gene expression of  the lipogenesis  enzyme sterol  regulator
element binding protein-1c (SREBP-1c) is decreased while the fatty acid oxidation in the
liver is increased via the activation of peroxisome proliferator activated receptor-α (PPAR-
α) [50, 51].

Dyslipidemia and insulin resistance are associated with non-alcoholic fatty liver disease
(NAFLD). Diet rich in lipids and augmented lipolysis in adipose tissues increase the hepatic
pool of fatty acids for the liver. Hyperglycaemia and hyperinsulinemia increase lipogenesis in
the liver and contribute to hepatic steatosis [52, 53].

Omega-3 PUFA have beneficial effects in liver steatosis by decreasing triglyceridemia and by
reducing the muscle intramyofibrillar triglycerides [51].

By upregulating the genes involved in insulin sensitivity, namely glucose transporters
(GLUT-2/GLUT-4), peroxisome proliferator activated receptor-γ (PPAR-γ), and insulin
receptor signaling (IRS-1/IRS-2) [41], Omega-3 PUFA increase insulin sensitivity.

Lipid intake should represent 25–35% of total energy intake. In USA, saturated FA represents
11% of total energy intake, PUFA 7%, and MUFA 12%. Excess consumption of fatty acids,
above the intake recommended, lead to weight gain that is detrimental for body health [21].

When in the diet, saturated fatty acids and trans fatty acids are replaced by cis-MUFA and
PUFA, plasma levels for total cholesterol and LDL-c are reduced, while HDL-c concentration
remains unchanged. According to the value of the calculated atherogenic index (total choles‐
terol/HDL-c), this should mean a beneficial effect. Diets rich in cis-MUFA and PUFA may

Lipoproteins - From Bench to Bedside64



Omega-3 fatty acids can prevent prediabetes and diabetes mellitus development because these
PUFA are ligands for peroxisome proliferator receptor activator gamma (PPARγ) involved in
insulin sensitivity and also, by constituting of the novel biologically active lipid mediators
(resolvins and protectins), which also increase insulin sensitivity. The obesity-induced hepatic
steatosis can be prevented by Omega-3 PUFA because they decrease endogenous lipid
production by inhibiting the expression of the transcription factor, sterol response element
binding protein-1c, SREBP-1c [41].

In accordance with the above molecular effects, beneficial effects of Omega-3 PUFA in obesity
were demonstrated in clinical and experimental studies. It was shown that Omega-3 fatty acids
prevent metabolic syndrome by reducing hepatic steatosis and visceral fat, by reducing serum
triglycerides, and improving insulin sensitivity [42, 43].

Omega-3 fatty acids, by inhibiting hepatic lipogenesis, reduce a jéun and postprandial
triglyceridemia [44] and improve the quality of platelets membrane phospholipids. In
extrahepatic tissues, the activation of lipoprotein lipase has also a great contribution to the
hypotriglyceridemic effect of Omega-3 fatty acids. They have also an antiatherogenic effect by
reducing the quantity of small and dense LDL [45].

Many clinical and experimental studies have demonstrated that omega-3 PUFA have lipid-
lowering effects. The improvement in lipid profile is due mainly to enhanced fatty acid beta-
oxidation and suppression of fatty acid synthesis in the liver [46, 47, 48, 49].

During PUFA treatment,  the gene expression of  the lipogenesis  enzyme sterol  regulator
element binding protein-1c (SREBP-1c) is decreased while the fatty acid oxidation in the
liver is increased via the activation of peroxisome proliferator activated receptor-α (PPAR-
α) [50, 51].

Dyslipidemia and insulin resistance are associated with non-alcoholic fatty liver disease
(NAFLD). Diet rich in lipids and augmented lipolysis in adipose tissues increase the hepatic
pool of fatty acids for the liver. Hyperglycaemia and hyperinsulinemia increase lipogenesis in
the liver and contribute to hepatic steatosis [52, 53].

Omega-3 PUFA have beneficial effects in liver steatosis by decreasing triglyceridemia and by
reducing the muscle intramyofibrillar triglycerides [51].

By upregulating the genes involved in insulin sensitivity, namely glucose transporters
(GLUT-2/GLUT-4), peroxisome proliferator activated receptor-γ (PPAR-γ), and insulin
receptor signaling (IRS-1/IRS-2) [41], Omega-3 PUFA increase insulin sensitivity.

Lipid intake should represent 25–35% of total energy intake. In USA, saturated FA represents
11% of total energy intake, PUFA 7%, and MUFA 12%. Excess consumption of fatty acids,
above the intake recommended, lead to weight gain that is detrimental for body health [21].

When in the diet, saturated fatty acids and trans fatty acids are replaced by cis-MUFA and
PUFA, plasma levels for total cholesterol and LDL-c are reduced, while HDL-c concentration
remains unchanged. According to the value of the calculated atherogenic index (total choles‐
terol/HDL-c), this should mean a beneficial effect. Diets rich in cis-MUFA and PUFA may

Lipoproteins - From Bench to Bedside64

improve insulin sensitivity; and cis-MUFA compared with carbohydrate and saturated fatty
acids reduced HOMA-IR values [19].

When replacing carbohydrate and saturated fat, MUFA consumption can be beneficial. MUFA
has positive impact on surrogate markers, but the potential impact on disease outcome remains
unclear. When MUFA replaces saturated fatty acids it reduces total cholesterol and when
MUFA replaces carbohydrates it decreases triglycerides and increases HDL [21].

Nowadays, the recommendation is to replace solid fats with oils rich in MUFA and PUFA and
the most recommended diet is the Mediterranean diet. A randomized controlled trial done on
7,000 patients demonstrated that Mediterranean diet beats low-fat diet. In the study, the two
groups of subjects with Mediterranean diet that were supplemented with either olive oil
(approximately 4 tablespoons/day) or nuts (average of 3 servings/day) versus the group with
low-fat diet reduced the risk for major cardiovascular events [54].

2.2. Effects of supplements with Sea-buckthorn fractions on dyslipidemia associated to
childhood obesity

Sea-buckthorn (Hippophae rhamnoides) is a plant of seashores and cliffs; it can be found in
Central Asia and Europe, all the way from the shores of the Black Sea to the northwestern
shores of the continent. In addition, Sea-buckthorn has spread to Canada and the United States
and nowadays the plant has been currently domesticated. Both the berries and the leaves of
the plant can be used as dietary supplements.

According to Greek legend, the sick and wounded horses of warriors would be allowed to
roam and feed on the shrub. The horses would return more strong and healthy. Sea-buckthorn
is a special food that is used to help astronauts maintain their health in space [55].

Since ancient times, Sea-buckthorn berries have been used for their beneficial effects on blood
circulation, skin regeneration, and anti-inflammatory effects. The berry contains oil, both in
the seed and in the soft parts (pulp oil from the flesh and peel). Special features of the oils are
high proportions of palmitic (16:0), oleic (18:1n-9), palmitoleic (16:1n-7), linoleic (18:2n-6), and
α-linolenic (18:3n-3) acids as well as vitamin E, carotenoids, and sterols [56].

While the seed oil is rich in linoleic and α-linolenic acids, the pulp oil is a very rich source
of palmitoleic acid.  This acid is an essential  fatty acid that is  rare to find in the natural
form. Macadamia nuts are the only other source of Omega-7 fatty acids and only in trace
amounts [57].

The pulp oil provides a 1:1 ratio of Omega-3/Omega-6. The pulp can be consumed either as a
juice or a puree. All the components of the berry contain flavonoides, but the seed residues
and the leaves are the most important sources of flavonoides (particularly quercetin, isorham‐
netin, kaempherol) [58]. Flavonoides and vitamin C have anti-inflammatory effects and act
through a synergic mechanism [59].

The Sea-buckthorn fruit is a very rich source of vitamin C (695 mg per 100 grams), about 12
times greater than oranges, placing Sea-buckthorn fruit among the most enriched plant sources
of vitamin C [60].
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The origin (subspecies of more than seven) and harvesting time of the berries, as well as oil
isolation technology, influence the oil composition [61]. The amounts of bioactive compounds
in sea buckthorn berry vary depending on the subspecies, area and year of cultivation, and the
maturity of the berries [62].

The method used for extracting Sea-buckthorn influences the potency and the quality of the
oil. Cold pressing, hot pressing, solvent extraction, and maceration in other carrier oils are the
most used ways for Sea-buckthorn oil extraction, but each method have its own disadvantages.
For example, cold-pressing may be ideal, but the extraction rate is quite low. Hot-pressing
destroys healthy nutrients and solvent extraction may contaminate the oil with hazardous
solvents. The best way to obtain Sea-buckthorn oil is through supercritical CO2-extraction.

Potentially all compounds of the berry, including flavonols, carotenoids, fatty acids, toco‐
pherols, tocotrienos, and phytosterols of the pulp oil, can affect the metabolic profile. Clinical
and experimental studies have demonstrated a wide range of positive effects of the sea
buckthorn oils and flavonoides on the lipid profile. Animal and in vitro studies have suggested
that sea buckthorn oils [63, 64, 65] and alcohol extracts and flavonoid preparations [66, 67, 68,
69] have antioxidant and anti-inflammatory activities and may beneficially affect serum
glucose and triglyceride concentrations. The effect was observed in participants who had a
metabolic profile that reflected higher cardiometabolic risk.

In  two  clinical  studies  [70,  71]  involving  healthy  men,  the  intake  for  8  weeks  of  Sea-
buckthorn juice versus placebo or supplementation with 5 g of Sea-buckthorn berry oil for
4 weeks versus coconut oil control had no significant influence on the lipid profile (total
cholesterol, LDL-c, HDL-c, and triglycerides), but decreased moderately the susceptibility
of LDL to oxidation [71].

In healthy, normolipidemic adults having healthy diets, consumption of Sea-buckthorn berry
did not affect the circulating concentration of lipid markers, but increased the fasting plasma
concentration of quercetin and isorhamnetin indicating that Sea-buckthorn berry is a good
dietary source of flavonols [72].

There is a paucity of clinical and animal experiments focused on Sea-buckthorn oil effects on
dyslipidemia associated to obesity and the studies are lacking in childhood obesity. Also, in
some published data, the tested oils are not defined and some studies should have a better
design. The influence of the oils on the plasma lipid levels needs further investigation.

In the experimental study done on white albino rabbits fed with high cholesterol, CO2 extracted
Sea-buckthorn seed oil treatment (1 ml for 30 days) had significant anti-atherogenic and
cardioprotective activity. The treatment increased the HDL-c plasma levels and restored the
acetylcholine-induced vasorelaxant effect to that of normal values [73].

A randomized, double-blind, crossover study including two 4-week periods with either 3
g/day of black currant seed oil or 2.8 g/day of fish oil separated by a 4-week washout period
was done on 15 healthy females. The results showed that black currant seed oil had minor
changes on serum n3 fatty acids. Serum levels of LDL cholesterol were lower (p < 0.05) after
black currant seed oil compared to fish oil. Plasma glucose concentration decreased during the
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fish oil supplementation (p < 0.05). The results underline the beneficial effects of berries and
berry seed oils on serum lipid profile [74].

In a study group including 49 atopic dermatitis patients who took 5 g (10 capsules) of seed
oil, pulp oil, or paraffin oil daily for 4 months, a significant (p < 0.05) increase in the level
of high-density lipoprotein cholesterol from 1.38 to 1.53 mmol/L was observed in the pulp
oil group [75].

It was demonstrated that a high-MUFA, cholesterol-lowering diet may be superior to a low-
fat diet because it lowers triglyceridemia and does not decrease the plasma level of HDL
cholesterol [76].

C16:1n7-palmitoleate is known as an adipose tissue-derived lipid hormone that works at the
crosstalk between lipid and sugar metabolism. The acid stimulates muscle insulin action and
suppresses hepatosteatosis [77]. The following lines will present the effects of palmitoleic acid
on insulinodependent tissues.

In vitro studies done on rat L6 skeletal muscle cells, it was demonstrated that palmitoleic might
facilitate uptake and utilization of glucose by upregulation of the activities of the glucose
transporters GLUT1 and GLUT4 [78].

On a spontaneous model of obese type 2 diabetes rats, researchers demonstrated that repeated
administration of palmitoleic acid increased insulin sensitivity by down-regulating mRNA
expressions of proinflammatory adipocytokine genes (TNFα and resistin) in white adipose
tissue and by decreasing hepatic lipid accumulation. Palmitoleic acid down-regulates the
mRNA of lipogenic genes (as an example, SREBP-1) in the liver and reduces both the plasma
triglyceride and hepatic triglyceride levels [79].

It is worth mentioning the effects of C16, n-7 on pancreatic tissue. It was demonstrated that
palmitoleic and oleic acids prevent the deleterious effects of saturated fatty acids and high
glucose on human pancreatic beta-cell turnover and function via Bcl-2 [80].

In a recent randomized crossover study, 80 overweight women were divided into four groups
with different supplements intake for 30 days: dried Sea-buckthorn berries, Sea-buckthorn oil,
Sea-buckthorn phenolics ethanol extract mixed with maltodextrin (1:1), or frozen bilberries.
Sea-buckthorn-induced effects were mainly on serum triglycerides and very-low-density
lipoprotein (VLDL) and its subclasses in the groups with higher metabolic risk. From the
supplements, Sea-buckthorn oil induced a decreasing trend in serum total, IDL, and LDL
cholesterol and apolipoprotein B in participants with the baseline metabolome of higher
cardiometabolic risk [81].

In the Sea-buckthorn, most antioxidants appear to accumulate in the seeds relative to the pulp,
leaves, or stem despite most flavonoids being in the leaves. The total phenolic content of the
leaves is high and is between 47.06–66.03 mg/g rutin equivalents (RE) [82].

Phenolic compounds and flavonoids ameliorate bodyweight, blood glucose, and serum lipid
profile. Also flavonoids from seeds and leaves have anti-obesity and hypoglycemic effect.
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Clinical studies have demonstrated that the berry and the ethanol fraction from Sea-buckthorn
pulp has beneficial effects on postprandial glucose and insulin levels [83].

Experimental studies done in diabetic rats demonstrated that flavonoids present in water
extracts of Sea-buckthorn seeds have hypoglycemic and triglyceride-lowering effect [84].

The fibers and polyphenols in Sea-buckthorn (Hippophaë rhamnoides) extraction residues
delay also the postprandial lipemia [85].

Quercetin, as an important flavonoid in the Sea-buckthorn, has also hypolipidemic effect [86].

Quercetin inhibits fatty acid and triacylglycerol synthesis in rat liver cells [87].

In vitro studies demonstrated that quercetin and isorhamnetin have protective effects against
oxidized LDL-induced endothelial cell injuries. The flavonoids’ beneficial effects might derive
from their antioxidant activity and from their capability in modulating the expression of eNOS
(endothelial nitric oxide synthase) and LOX-1(lipooxygenase-1) [66].

There are some molecules that are (currently known to be) unique to Sea-buckthorn named
flavonoid glycosides [88] and they have antioxidant activity.

High-fat diet obese C57BL/6J mice treated with 70% ethanolic extract of Sea-buckthorn at 500–
1,000 mg/kg bodyweight over 13 weeks had lower hepatic and serum total cholesterol, lower
hepatic triglycerides and serum leptin level versus non-treated mice. Triglyceridemia and
insulinemia were similar in the studied group. The study demonstrated that the Sea-buckthorn
intervention was effective in preventing body weight gain and fat accumulation in the liver.
The molecular mechanism of this effect is the increase of the hepatic mRNA expression of
peroxisome proliferator-activated receptor (PPAR) α and PPAR-γ while the level of the hepatic
key enzyme in the fatty acid synthase was decreased [89].

Many compounds from Sea-buckthorn help lose extra weight. Omega-7 in Sea-buckthorn
sends messages to the brain, telling it to stop storing calories as excess fat. Sea-buckthorn oil
stimulates healthy bowel moves, thereby protecting cell membranes from oxidative and
physical stress.

In overweight or obese women, the intake of different berries and berry fractions for 33 days
with washout periods of 30–39 days have resulted in positive effects such as a significantly
decrease in the waist circumference and in the level of vascular cell adhesion and intercellular
adhesion molecules [90].

2.3. Association of the atherogenic indexes with antropometric, inflammatory, oxidative
stress and endothelial dysfunctional markers in childhood obesity

It was demonstrated that in obese children with metabolic syndrome, there is a positive
association between the high waist circumference and the atherogenic index (total cholesterol/
HDL-c) [91].

Endothelial dysfunction, inflammation, and oxidative stress are present in childhood obesity.
Especially during puberty, there are some pro-inflammatory and pro-oxidative changes
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associated with a relative insulin resistance. The association of the inflammatory and oxidative
stress markers with the high value of the apo B/apo A1 ratio in obese children underlies the
action in the cluster of different pathogenic mechanisms, augmenting the atherosclerosis
development [26, 92].

Apolipoproteins B and A-1 are proposed as markers with value in pediatric lipid risk assess‐
ment. High apo B and low apo A-1 levels, usually present in obese children and adolescents
reflect a lipoprotein profile predisposing to the development of subclinical atherosclerosis in
adulthood [93], [94].

The concentrations of plasma apolipoprotein (apo) B are often increased in childhood obesity,
partly due to the hepatic overproduction of apo B containing lipoproteins [95,96].

Many researchers consider apo B as a better predictor of vascular risk than LDL because
apo B, in comparison with LDL, is more strongly associated with other cardiovascular risk
factors [97].

3. Diet and weight loss

A comparative study between severely obese children versus moderately obese children
demonstrated a markedly more unfavorable cardio-metabolic risk profile in the first group.
The study highlights that severely obese children need to receive particular attention regarding
obesity treatment [98].

A recent study demonstrated that the strongest negative predictor of weight loss is waist
circumference. The study underscores that obese children with abdominal fat distribution
need more intensive interventions [99].

In a review about the impact of dietary and physical activity in obese children, including the
studies that have been done in the last 35 years, demonstrated that diet-only and diet-plus-
exercise interventions resulted in weight loss and metabolic profile improvement. Diet-only
intervention reduced triglycerides and LDL levels, while diet-plus-exercise interventions
reduced fasting glycaemia and insulinemia and increased HDL-c concentration [100].

In obese children and adolescents, weight loss improved the values of the parameters included
in the metabolic syndrome criteria with the exception of HDL-c concentration. The reduction
in fasting triglycerides concentration (but not waist circumference) was the only significant
predictor of metabolic syndrome change [101].

Diet modifications and physical activity have been included in obesity management, but have
shown relatively limited success among severely obese children and adolescents. However,
the parents of obese children should know that a healthy lifestyle is important for better
physical and mental health no matter how much or how little weight is lost. The physician
should help patients to cope obesity for psychosocial functioning and must motivate them to
make use of the available healthcare resources.
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Pharmacotherapy for obesity has side effects (growth problems, lessened self-esteem, unheal‐
thy weight-control mechanisms) and frequently fails to be efficacious because obesity is a
multifactorial, polygenic disease [102,103].

4. Own results

We did some studies in obese children and adolescents (n = 41 and n = 48) and analytical
evaluations were performed before and immediately after supplements were administrated.
In one study we gave Sea-buckthorn pulp oil (800 mg/day for 60 days) and placebo, and in
another study we gave Omega-3 fatty acids (DHA 130 mg and EPA 25 mg) associated with
vitamins (A 200 µg, D 1.25 µg, E 2.5 mg, and C 30 mg). As a control, we enrolled 30 lean children.
All the children under medications or those with chronic disease (endocrine, inflammatory,
or hereditary diseases) or smokers were excluded. The participants were instructed not to
change their lifestyle (dietary and drinking habits, physical activity) during the whole studies
and not to take any additional medication including vitamin supplements.

The atherogenic indexes (calculated either as total cholesterol/HDL-c or apoB/apo-A1) were
calculated in obese children. Higher values for atherogenic indexes have predictive values for
atherosclerosis development. The atherogenic indexes were correlated with other cardiovas‐
cular risk factors such as: waist circumference (Figure 1), C reactive protein (CRP), GGT activity
(Figure 2), diastolic blood pressure, and malondialdehyde (MDA)-marker of lipid peroxida‐
tion (Figure 3). The multiple associations of atherogenic index with dyslipidemia, antropo‐
metric, inflammatory, and oxidative stress markers underline that in obesity there is a cluster
of patogenic mechanisms that contribute to atherosclerosis. Also, the atherogenic indexes were
associated with subclinical atherosclerotic disease markers as carotid intima media thickness-
CIMT (positive correlation) (Figure 4) and with brachial artery flow-mediated dilation-FMD
(Flow Mediated Dilatation (negative correlation) (Figure 5) [104, 105].

Figure 1. Correlation between atherogenic index and waist circumference (r = 0.33). The atherogenic index was calcu‐
lated as the ratio between total cholesterol/HDL-c.
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Figure 2. Correlation between GGT activity with aterogenic index (r = 0.42). The atherogenic index was calculated as
the ratio between total cholesterol/HDL-c.

By hydrolyzing the glutathione, the GGT has a pro-oxidant effect. Also, the products of the
GGT reaction may themselves lead to increased free radical production, particularly in the
presence of iron. High serum GGT activity was positively associated with the risk of coronary
heart disease, type 2 diabetes mellitus, and stroke. We have demonstrated a positive correlation
between GGT activity and the cholesterol/HDL-c ratio value [104] (Figure 2).

Figure 3. Correlation between MDA and apoB/apo A-1 (r = 0.39).

There is a paucity of studies on systemic oxidative stress in childhood obesity but almost all
of them have demonstrated higher levels of serum malonyldialdehyde, a marker of lipid
peroxidation. There is a direct relation between dyslipidemia and lipid peroxidation and both
contribute to a pro-inflammatory phenotype in childhood obesity [105, 106, 107] (Figure 5).
NADPH oxidase activity (respiratory burst) in monocytes is increased in childhood obesity
and together with serum lipid peroxidation contributes to an increased systemic oxidative
stress [105].

Obese Childhood Dyslipidemia Management Beyond Statins — MUFA, PUFA, and Sea-buckthorn Supplements
http://dx.doi.org/10.5772/61001

71



Our research team demonstrated that in obese children versus lean ones, plasma total
cholesterol and triglycerides were higher, while HDL-c level was lower. LDL-c concentrations
were similar in the studied groups. The treatment (800 mg/day, for 60 days) with Sea-buck‐
thorn pulp oil (obtained by cold pressing) reduced significantly the total plasma cholesterol,
the apo B/apo A-I ratio and the plasma triglycerides. A weak improvement of HDL-c and LDL-
c levels was noticed [105]. We consider that the composition of the Sea-buckthorn pulp oil rich
in MUFA and phytosterols is responsible for this effect [108].

Figure 4. Correlation between apo B/apo A-1 with CIMT (r = 0.38).

Figure 5. Correlation between apo B/apo A-1 with FMD (r = -0.36).

Dyslipidemia, inflammation, insulin resistance, and oxidative stress are important culprits
for atherosclerosis in obesity.  Hyperleptinemia and hypoadiponectinemia represent links
between inflammation and vascular dysfunction in obese children. Atherosclerosis begins
with endothelium dysfunction and insulin resistance is an important trigger. Puberty alerts
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some of the inflammatory markers associated with endothelial dysfunction in obese children
and  leptin  concentration  rises.  Leptin  is  a  biomarker  of  vascular  dysfunction,  while
adiponectin improves endothelial cells function. In our study done on 48 obese children,
the intake of  Omega-3 fatty acids (DHA 130 mg and EPA 25 mg) associated with vita‐
mins  (A 200 µg,  D 1.25  µg,  E  2.5  mg,  and C 30  mg)  for  3  months  has  resulted in  im‐
proved  lipid  profile.  The  values  for  total  cholesterol,  LDL-c,  and  triglycerides  were
decreased, while the HDL-c level was increased [109]. We showed that in the obese children,
supplements with Omega-3 fatty acids improved not only the lipid profile,  but also the
blood pressure values and inflammatory markers. By lowering leptin, increasing adiponec‐
tin, and by decreasing the HOMA-IR values, Omega-3 PUFA reduces the risk of cardiovas‐
cular disease development in adulthood [109].

According to the ATP III (adult treatment panel) modified criteria [110] in our studies, more
than 55% of the obese children had triglyceridemia higher than 100 mg/dl and triglyceridemia
was correlated with ALT (Alanine aminotransferase) activity. Our results are in accordance
with others. In a study done on 700 overweight and obese children aged 7–18 years, ALT
activity was correlated with BMI, waist circumference, blood pressure values, triglyceridemia,
and insulin resistance [111]. Calcaterra et al. proposed the high value of ALT as a screening
marker for metabolic syndrome in obese children [112].

In one of our studies, we divided the obese children in two groups: hypertriglyceridemic waist
fenotype (n = 17) and obese nonhypertriglyceridemic (n = 24). Modified ATP III cut points for
serum triglycerides (≥110 mg/dL) and waist circumference (≥90th percentile for age and sex)
were used to divide obese children. Metabolic and inflammatory parameters were measured
before and after Sea-buckthorn pulp oil intake (800 mg/day, 60 days) and the best improvement
of the measured plasma variables was observed in hypertriglyceridemic waist phenotype
obese children. We demonstrated that high serum values for triglycerides were associated with
low values for HDL-C and the treatment reduced significantly the levels of triglycerides and
improved the HDL-C concentration [113].

Hepatic de novo lipogenesis is augmented in hypertriglyceridemic waist phenotype obese
children and this can be demonstrated by the high values of ALT. In our study, treatment with
Sea-buckthorn pulp oil reduced ALT activity and triglyceridemia and improved blood
pressure levels. By reducing triglyceridemia and by improving the blood pressure levels, Sea-
buckthorn pulp oil may prevent metabolic syndrome in obese children [105, 113]. The study
underlines that treatment with Sea-buckthorn pulp oil should be recommended in hypertri‐
glyceridemic waist phenotype obese children. Also, in obese children, the intake of Omega-3
fatty acids (DHA 130 mg and EPA 25 mg per day) associated with vitamins (A 200 µg, D 1.25
µg, E 2.5 mg, and C 30 mg) for 3 months reduced the blood pressure values (systolic and
diastolic) significantly [109].

Some of the most important effects for Omega-3 supplements and Sea-buckthorn pulp oil
supplements are to prevent atherosclerosis and to reverse the CIMT values [105,109].

In a high-fat diet mouse model, we induced non-alcoholic fatty liver disease to NMRI mice
and the treatment with normocaloric/normolipidic diet and Omega-3 fatty acids (DHA 130 mg
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and EPA 25 mg per day) had reversed liver histopatological results from steatohepatitis to
normal aspect and improved the plasma lipid profile [114].

5. Treatment of dyslipidemia associated to childhood obesity

Both in adults and in children, the extent of atherosclerotic lesions is significantly correlated
with a modified serum lipid profile (increased total and LDL cholesterol, triglycerides, low
HDL cholesterol) together with elevated blood pressure and waist circumference.

Reversal of vascular functional abnormalities with early therapy with statins and supplemen‐
tation with antioxidant vitamins and Omega-3 fatty acids has been observed in children with
familial hypercholesterolemia.

According to an AHA Scientific Statement, “LDL cholesterol lowering drug therapy is
recommended only in those children ≥10 years of age whose LDL cholesterol remains ex‐
tremely elevated after an adequate 6- to 12-month trial of diet therapy. Drug therapy was to
be considered for children with LDL cholesterol levels ≥190 mg/dL and in those with LDL
cholesterol ≥160 mg/dL together with either the presence of ≥2 other cardiovascular disease
risk factors or a positive family history of premature cardiovascular disease” [34].

Omega-3 PUFA represents the first choice in treating hypertrigliceridemia in childhood
obesity because they do not have adverse reactions, they are safe, and they have good tolerance.
Also, different Sea-buckthorn fractions do not have side effects [110–86] and they have great
future as food supplements in preventing obesity complications. Future research work will
show if the beneficial changes of the supplements revert back if the treatment is stopped.

Cook and Kavey recommend that “any medication except Omega-3 fish oil in youths with
combined dyslipidemia should be undertaken only with the assistance of a lipid specialist” [3].
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Abstract

Research  focus:  Identification  of  incidence  of  an  atherogenic  lipoprotein  pheno‐
type  B  in  four  representative  diagnoses  of  cardiovascular  diseases:  a)  arterial
hypertension,  b)  coronary  heart  disease,  c)  lower  extremity  arterial  disease,  d)
ischemic stroke Research methods: A clinical study included 366 patients with a
diagnosis of arterial hypertension (n=107), coronary heart disease (n= 104), lower
extremity arterial disease (n= 100) and ischemic stroke (n= 55). The control group
consisted  of  150  healthy  normotensive  and  normolipemic  volunteers,  all  non-
smokers,  without  signs  of  cardiovascular  disease.  In  all  tested  individuals  (or
subjects)  lipid parameters in serum: cholesterol and triglycerides were analyzed,
using the enzymatic CHOD-PAP method, Roche Diagnostics Germany. Lipopro‐
teins in serum lipoprotein spectrum by Lipoprint LDL system were analyzed and
an atherogenic and a non-atherogenic lipoprotein profile idetified. The Score of the
Anti-Atherogenic Risk (SAAR) was calculated as the ratio between non-atherogen‐
ic  and atherogenic lipoproteins.  Results:  More than 80 percent of tested patients
with cardovascular diseases have an atherogenic lipoprotein profile,  with a high
level of strongly atherogenic small dense LDL. The aterogenic profile was found
in  arterial  hypertension  78.5%,  in  coronary  heart  disease  in  81.7%,  in  lower
extremity arterial disease in 80 %, and in patients who survived an ischemic stroke
in 85%. Main conclusion: The atherogenic lipoprotein profile was found to be the
overwhelming  lipoprotein  profile  in  tested  cardiovascular  diseases  A  new
phenomenon- atherogenic normolipidemia - as a risk factor for the development

© 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.



of  cardiovascular  disease,  would  be  established  as  a  new  term  used  in  the
diagnostics of dyslipoproteinemias

Keywords: atherogenic lipoproteins, atherogenic lipoprotein profile, small dense
LDL, cardiovascular diseases

1. Introduction

In the last few decades, lipoprotein research has focused on the phenomenon of atherogenic
and non-atherogenic lipoproteins, specifically, atherogenic and non-atherogenic lipoprotein
profiles phenotype A and phenotype B [7, 18, 60] after it was reported that more than 75% of
patients with an acute coronary syndrome or myocardial infarction had normal plasma values
of cholesterol, Low Density Lipoprotein cholesterol (LDL cholesterol) and High Density
Lipoprotein cholesterol (HDL cholesterol) [15 - 17].

Thus, it was necessary to look for other risks factors in plasma, the presence of which in relevant
quantities could cause damage to endothelial cells and resultant endothelial dysfunction [59].
This called into question whether an increased total cholesterol level, or increased LDL-
cholesterol, as a criterion for the degree of atherogenic risk, provided a universal explanation
for the origin of atherogenesis. A reasonable explanation was found in atherogenic lipoprotein
subpopulations, the presence of which in plasma, even in very low concentrations, could
impair the integrity of the vessel wall and lead to endothelial dysfunction with its fatal
consequences [Table 1]: formation of atherothrombotic plaques, acute myocardial infarction,
ischemic stroke, or sudden death [39, 59, 64].

The predominance of atherogenic lipoproteins in plasma is characteristic for the atherogenic
lipoprotein spectrum, phenotype B. When present in plasma in high concentrations, these
lipoproteins contribute to ischemic vascular impairment [6, 8, 57, 60]. The process of degen‐
erative changes in vessels results in the formation of atheromatous vascular plaques. These
later play an important role in the formation of stable or unstable angina (pectoris), and critical
ischemia of peripheral and/or cerebral arteries as well [39,56]. When atherogenic lipoproteins
in plasma are present in small quantities, we obtain a picture of a non-atherogenic lipoprotein
profile, phenotype A.

Various methods have been developed (gradient gel electrophoresis, ultracentrifugation,
magnetic resonance spectroscopy, endothelial models for testing lipoprotein cytotoxicity) to
identify atherogenic lipoproteins [2, 26, 45, 48], but because of technical and financial issues,
long-term analyses and high operating costs, the previously mentioned methods were used
primarily in basic research. Simple analytical procedures for routine distribution were lacking
and the possibility of their implementation in every day laboratory practice remained limited.

An electrophoretic method by which to separate lipoproteins on polyacrylamide gel (PAG)
with the use of Lipoprint LDL System [29, 41] has become a milestone in routine laboratory
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analysis and in diagnosing metabolism disorders of lipoproteins. It enables the analysis of 12
lipoprotein subfractions: VLDL, IDL 1-3, LDL 1-7, and HDL.

1. The Lipoprint LDL system identifies and quantifies

a. Atherogenic lipoproteins (VLDL, IDL1, IDL2, and LDL3-7, so-called small dense
LDL)

b. Non-atherogenic lipoprotein entities (IDL3, HDL)

c. Lipoproteins with uncertain atherogenicity (LDL1, LDL2)

2. And determines

a. The atherogenic vs. non-atherogenic lipoprotein spectrum, phenotype B vs. pheno‐
type A

Atherogenic lipoprotein spectrums are characterized according to the predominance of
atherogenic lipoproteins: very low density (VLDL); intermediate density IDL1 and IDL2; and
by the presence of small dense-low density lipoproteins (sd-LDL). The last represented small
dense LDL are highly atherogenic LDL subfractions that form fractions LDL3-7. As the name
implies, they are smaller than the other types of LDL with a diameter < 26.5 nm (265 Angströms)
and they float within the density range of 1.048–1.065 g/ml, that is, higher than LDL1 and LDL2.
On the separating polyacrylamide gel (PAG) sd-LDL are detected as subtle bands on the anodic
end of the gel, right behind HDL, that migrate to the head of separated lipoproteins.

Small dense LDL are highly atherogenic for [11, 14, 46 ]:

* Low recognition by LDL-receptors (configuration
alterations Apo B )

→

* Enhanced aptitude for oxidation and acetylation →

* Oxide-LDL
→  release of pro-inflammatory cytokines
→  muscle cell apoptosis

* Oxide-LDL
→  release of metalloproteinase
→  collagen degradation

* Oxide-LDL
→  enhanced aptitude for trapping by macrophages (scavenger-
receptors)
→  stimulation of foam cell formation

* Easier penetration into the subendothelial space and formation of cholesterol deposits

Table 1. Atherogenicity of small dense LDL

In our studies were analyzed serum lipoprotein spectrums in patients with newly recognized
a) arterial hypertension, b) coronary heart disease, c) lower extremity arterial disease, and d)
in patients who survived a stroke. As mentioned earlier, an analytical method for a quantitative
evaluation of lipoprotein fractions was used, and the incidence of an atherogenic lipoprotein
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spectrum phenotype B (vs. phenotype A) in these four representatives of cardiovascular
diseases was identified. At the same time, a lipoprotein spectrum of a control group of healthy
individuals was examined and tested for the incidence of phenotype B.

2. Arterial hypertension

Arterial hypertension (AH) (Fig. 3) is one of the most serious cardiovascular diseases. More
than 20% of the adult population suffers from this disease. AH is one of the risk factors for
atherosclerosis development of coronary, brain, and peripheral arteries, together with the main
cardinal risk factors, that is, dyslipoproteinemia and tobacco smoking [14,20,38]. Atherogenic
LDL subfractions also play a role in the development of the arterial hypertension [32, 43].

AH is a permanent, long-lasting increase in blood pressure of more than 140/90 mmHg in
people of middle age. In people older than 70 years of age, values higher than 160/95 mmHg
are considered increased. For more extensive guidelines see the Statement of WHO/ISH
(International Society of Hypertension) on the management of hypertension [61].

Dyslipoproteinemia, which frequently accompanies AH and multiplies the risk of athero‐
sclerosis development, can also be considered one of the multiple sources that give rise to
AH [35, 64].

Atherogenic lipoproteins in plasma cause endothelial dysfunction, increase vessel tone, and
support the development of AH, which terminates in organ ischemia [8,50,51,55,57,59].

2.1. Patients

In our study 107 patients with newly diagnosed arterial hypertension were examined.
Repeated blood pressure (BP) examination confirmed an increased blood pressure more than
150 mmHg for systolic and more than 90 mmHg for diastolic blood pressure in all hypertensive
patients. Average systolic blood pressure was 172 ±19 mmHg and average diastolic blood
pressure was 102 ±10 mmHg. The group of hypertensive patients comprised 66 men and 41
women. The average age of the men was 50 ± 17.6 years and the average age of the women
was 51.0 ± 13.4 years.

The control group consisted of 150 healthy normotensive and normolipemic volunteers, all
non-smokers, without signs of cardiovascular disease and without biochemical signs of lipid
metabolism disorders. The average age of the subjects was 21 years, and the control group
involved 50 males and 100 females. Volunteers were recruited from medical students at the
Medical Faculty, who gave written, informed consent, and the study was approved by the
local ethics committee.

2.2. Methods

A blood sample from an antecubital vein was obtained in the morning after a 12-hour fasting
period. Total cholesterol and triglycerides in serum were analyzed from lipid parameters,
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using the enzymatic CHOD-PAP method, Roche Diagnostics Germany. To determine the non-
atherogenic lipoprotein phenotype A and the atherogenic lipoprotein phenotype B, the
Lipoprint LDL System Quantimetrix CA, USA, was used.

The Score of the Anti-Atherogenic Risk (SAAR) was calculated as the ratio between non-
atherogenic and atherogenic lipoproteins in serum [42]. SAAR values over 10.8 represented a
non-atherogenic lipoprotein profile, whereas values under 9.8 represented an atherogenic
lipoprotein profile. The cut off values for a non-atherogenic lipoprotein profile and an
atherogenic lipoprotein profile were calculated from the results of 940 Lipoprint LDL analyses.
Using the Quantimetrix Lipoprint LDL system interpretation, all 940 individuals were
examined (general group of subjects) and tested for the occurrence of atherogenic vs. non-
atherogenic lipoprotein profile and were divided into the two subgroups of subjects with an
LDL profile:

• Indicative of Type A, that is, a non-atherogenic lipoprotein profile phenotype A

• Not indicative of Type A, that is, an atherogenic lipoprotein profile, phenotype B [29]

Statistical evaluation of obtained values was performed with an unpaired student’s t-test. The
level of significance was accepted at p < 0.05.

2.3. Results

In the control group shown in Table 2, along with the individuals with non-atherogenic
normolipidemia, that is, an ideal lipoprotein profile (Fig. 1), a subgroup of normolipidemic
individuals with an atherogenic lipoprotein profile was also identified. This group represented
people with an atherogenic normolipidemia (Fig. 2). These people are clinically healthy,
without clinical or laboratory signs of cardiovascular diseases, but with a positive familial
history for cardiovascular diseases (myocardial infarction) in the parents’ or grandparents’
generation. The triglycerides and LDL3-7 concentrations in the control group with the
atherogenic profile, compared to the individuals with a non-atherogenic lipoprotein profile,
were increased (p < 0.05, respectively, p < 0.0001). The Score of the Anti-Atherogenic Risk
(SAAR) for a non-atherogenic lipoprotein profile is a sensitive indicator by which to differen‐
tiate between an atherogenic and non-atherogenic plasma lipoprotein constellation (non-
atherogenic vs. atherogenic: p < 0.0001).

Chol TAG VLDL LDL1, 2 LDL3-7 LDL HDL Score

(mmol/l±SD)

Control 4.28 1.15 0.60 1.29 0.03 2.31 1.35 37.8

±0.60 ±0.39 ±0.16 ±0.38 ±0.003 ±0.53 ±0.32 ±19.7

(non atherogenic profile n =140)

Control 4.25 1.44 0.68 1.16 0.22 2.24 1.32 6.0

±0.54 ±0.40 ±0.14 ±0.24 ±0.08 ±0.36 ±0.31 ±2.0
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Chol TAG VLDL LDL1, 2 LDL3-7 LDL HDL Score

(mmol/l±SD)

(atherogenic profile n = 10)

Control 4.27 1.17 0.61 1.28 0.04 2.30 1.34 35.8

±0.60 ±0.39 ±0.16 ±0.37 ±0.004 ±0.52 ±0.32 ±18.5

(total number n=150)

Non-atherogenic vs. atherogenic

p<0.05 p< 0.0001 p< 0.0001

Non-atherogenic profile, 93.4 % vs. atherogenic profile, 6.6 %, in control group

Table 2. Serum concentration of lipids, lipoproteins, and SAAR-score in the control group

*Reference ranges derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status
**LDL-C comprised of the sum of cholesterol in Md bands C through A as well as all the subfractions

Figure 1. Non-atherogenic normolipidemia – Control group, SAAR score: 62.5
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*Reference ranges derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status
**LDL-C comprised of the sum of cholesterol in Md bands C through A as well as all the subfractions

Figure 2. Atherogenic normolipidemia – atherogenic subgroup of control group atherogenic small dense LDL are
present in LDL 3,4 subfractions SAAR score: 2.7

A non-atherogenic lipoprotein profile in the control group was confirmed in 93.4% healthy
normolipidemic individuals, and an atherogenic lipoprotein profile was found in 6.6%.

Table 3 shows high statistical significance for the analyzed lipid and lipoprotein parameters
between the control group and the group of subjects with arterial hypertension (p < 0.0001,
and for HDL, p <0.03).

In Table 4, 78.5% of patients with arterial hypertension have an atherogenic lipoprotein profile.
There is a highly significantly increased concentration of small dense LDL (subfractions
LDL3-7) in a subgroup of AH-patients, who have an atherogenic profile, compared to the
concentration of small dense LDL in the subgroup of AH-patients with a non-atherogenic
profile, which confirms the predominance of atherogenic lipoproteins in AH-patients and the
creation of atherogenic lipoprotein profile, phenotype B, as well. SAAR in patients with AH
is low, that is, 9.2 (cut off is 10.8), and confirms also the predominance of atherogenic lipopro‐
teins in serum.

The Assessment of the Atherogenic Lipoprotein Profile in Cardiovascular Diseases by Lipoprint System Analysis
http://dx.doi.org/10.5772/60989

93



*Reference ranges derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status
**LDL-C comprised of the sum of cholesterol in Md bands C through A as well as all the subfractions

Figure 3. Arterial hypertension with a borderline hypertriglyceridemia, small dense LDL are present in LDL3, 4 sub‐
fractions, SAAR score: 0.9

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l SD)

Control 4.27 1.17 0.61 1.28 0.04 2.30 1.34 35.8

±0.60 ±0.39 ±0.16 ±0.37 ±0.004 ±0.52 ±0.32 ±18.5

(total number n=150)

AH 5.19 2.28 0.97 1.54 0.35 3.00 1.25 9.2

±1.10 ±1.07 ±0.34 ±0.55 ±0.25 ±0.91 ±0.34 ± 4.5

(total number n= 107)

Control vs. AH

p<0.0001 p< 0.03 p< 0.0001

Table 3. Serum concentration of lipids, lipoproteins, and SAAR-score in AH patients vs.
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Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l SD)

AH 5.32 1.56 0.84 1.78 0.08 3.02 1.49 24.2

±0.98 ±0.55 ±0.31 ±0.44 ±0.04 ±0.71 ±0.34 ±13.6

(non-atherogenic profile n= 23)

AH 5.15 2.48 1.01 1.47 0.42 2.99 1.18 5.1

±1.14 ±1.34 ±0.35 ±0.58 ±0.31 ±0.96 ±0.34 ± 2.0

(atherogenic profile n= 84)

AH 5.19 2.28 0.97 1.54 0.35 3.00 1.25 9.2

±1.10 ±1.07 ±0.34 ±0.55 ±0.25 ±0.91 ±0.34 ± 4.5

(total number n=107)

Non-atherogenic vs. atherogenic

n.s. p<0.002 p<0.05 p<0.02 p< 0.0001 n.s. p< 0.001 p< 0.0001

Atherogenic 78.5% vs. non-atherogenic 21.5% – arterial hypertension

Table 4. Serum concentration of lipids, lipoproteins, and SAAR-score in patients with arterial hypertension

3. Coronary heart disease

Coronary heart disease (CHD) (Fig. 4) is a common manifestation of cardiovascular diseases
and is frequently associated with lipid and lipoprotein metabolism disorders. Hypercholes‐
terolemia and hypertriglyceridemia, as well as combined hyperlipoproteinemia are regular
features that accompany CHD [22,50,51]. Pathophysiologically, the cause of myocardial
ischemia is a disproportion, or imbalance, between myocardial oxygen supply and oxygen
demand. Ischemia in stable angina is generally due to fixed atheromatous stenosis of one or
more coronary arteries as a consequence of impaired lipoprotein metabolism and the formation
of lipid atheromas in the coronary arteries [5, 33, 34,49].

However, clinically, stable angina is not the only form of manifestation of coronary heart
disease. Stable angina, as an ischemia due to fixed atheromatous stenosis, can turn into a
myocardial ischemia due to plaque rupture with thrombosis and spasm of the artery (instable
angina). In addition, myocardial necrosis (myocardial infarction), caused by acute occlusion
of a coronary artery (due to plaque rupture and thrombosis), can have fatal consequences for
disabled persons. It can be supposed that the modified forms of lipoproteins can play an
important role in any form of clinical manifestation of coronary heart disease. Recently, clinical
studies reported that the atherogenic lipoprotein populations (lipoprotein subfractions),
presented in the plasma lipoprotein spectrum in high concentrations, play an important role
in the development of atherosclerotic changes in the arterial wall [14, 38, 39].
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We distinguish facultative atherogenic very low density lipoproteins, VLDL, and their
remnants, intermediate density lipoproteins, IDL, low density lipoproteins, LDL (considered
a lipoprotein family with high atherogenicity), and high density lipoproteins, HDL. Modified
lipoprotein entities in all these lipoprotein families can play a role in the formation of athero‐
genic lipoproteins, which accelerate the atherogenesis in the artery walls, including in the
coronary arteries.

In our study, we focused on the determination of the incidence of an atherogenic lipoprotein
phenotype in patients with coronary heart disease – in stable angina patients.

3.1. Patients

In our study, 104 patients with newly diagnosed coronary heart disease were examined. The
diagnosis of CHD (stable angina pectoris grade I or II) was confirmed by medical examination,
laboratory results, resting ECG, results of echocardiography, and duplex ultrasound of the
carotid arteries.

*Reference ranges derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status
**LDL-C comprised of the sum of cholesterol in Md bands C through A as well as all the subfractions

Figure 4. Coronary heart disease combined with an atherogenic hypercholesterolemia. High concentration of athero‐
genic small dense LDL in LDL 3,4 subfractions SAAR score: 5.1
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3.2. Methods

See methods published in the section “Arterial hypertension (AH).”

3.3. Results

The results of lipid parameters presented in Table 5 confirm a highly significant increased
concentration of analyzed lipid and lipoprotein parameters (p<0.0001) in CHD-patients,
compared to control values and a low value of the SAAR. These low values (< 10.8) are regularly
found in atherogenic lipoprotein phenotype B.

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l SD)

Control 4.27 1.17 0.61 1.28 0.04 2.30 1.34 35.8

±0.60 ±0.39 ±0.16 ±0.37 ±0.004 ±0.52 ±0.32 ±18.5

(total number n=150)

CHD 5.25 2.41 0.99 1.52 0.41 3.06 1.18 5.6

±1.15 ±1.72 ±0.43 ±0.47 ±0.29 ±0.85 ±0.29 ± 3.8

(total number n= 104)

Control vs. CHD

p<0.0001

Table 5. Serum concentration of lipids, lipoproteins, and SAAR-score in CHD patients vs. control group

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l±SD)

CHD 5.26 1.44 0.82 1.73 0.13 3.11 1.29 12.7

±0.99 ±0.50 ±0.27 ±0.49 ±0.06 ±0.80 ±0.31 ±5.1

(non-atherogenic profile = 19)

CHD 5.25 2.63 1.02 1.47 0.48 3.05 1.16 4.0

±1.19 ±2.03 ±0.47 ±0.46 ±0.35 ±0.86 ±0.28 ±3.5

(atherogenic profile n= 85)

CHD 5.25 2.41 0.99 1.52 0.41 3.06 1.18 5.6

±1.15 ±1.72 ±0.43 ±0.47 ±0.29 ±0.85 ±0.29 ±3.8

(total number n=104)

Non-atherogenic vs. atherogenic profile

p<0.01 p<0.05 p< 0.0001 n.s. p< 0.0001

Note: In the column without published p values, the differences in the evaluated parameter were not significant (n.s.)

Atherogenic 81.7% vs. non-atherogenic 18.3%, in coronary heart disease

Table 6. Serum concentration of lipids, lipoproteins, and SAAR-score in coronary heart disease
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In Table 6, an atherogenic lipoprotein phenotype B is present in 81.7% of patients with CHD.
An increased concentration of small dense LDL (LDL3-7) in the CHD-patient subgroup with
an atherogenic lipoprotein profile, compared to the results of the CHD-patient subgroup with
a non-atherogenic lipoprotein profile (p<0.0001), confirms a predominance of atherogenic
lipoproteins in the serum of patients with CHD.

4. Lower extremity arterial disease

Lower extremity arterial disease (LEAD) (Fig. 5) is a common atherogenic disease of the
cardiovascular system. Patients with LEAD exhibit normal to high atherogenic dyslipopro‐
teinemia [8, 31, 50 -52, 62].

*Reference ranges derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status
**LDL-C comprised of the sum of cholesterol in Md bands C through A as well as all the subfractions

Figure 5. Lower extremity arterial disease with combined atherogenic hyperlipoproteinemia with high concentration
of atherogenic small dense LDL (LDL3,4 subfractions) SAAR score: 1.5
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Almost all lower extremity arterial disease is due to atherosclerotic changes in artery vessels,
and the pathology of LEAD is also similar to coronary heart disease. The most important risk
factor for the development and progression of atherosclerotic LEAD are tobacco smoking,
arterial hypertension, and hyperlipidemia. Other risk factors include diabetes mellitus, low
physical activity, and a diet rich in lipids and carbohydrates. However, dyslipidemia plays an
important role. Increased lipid levels of cholesterol and triglycerides are generally accepted as
important risk factors for the development of atherosclerosis [14,25, 47].

In the last few decades, there has been much discussion about which atherogenic lipoproteins
participate in the formation of the atherogenic lipoprotein profile, phenotype B. Atherogenic
lipoproteins in relevant concentration in the blood serum are responsible for the acceleration
of the development of atherogenic cardiovascular diseases, including the development of
LEAD. The LDL subpopulations of small dense LDL are considered to be strongly atherogenic
lipoprotein entities in the plasma/serum lipoprotein spectrum [38,59] with consequent
acceleration of endothelial dysfunction and formation of the atheromatous subendothelial
plaques in the arteries [21]. In the present study, we have focused on determining the incidence
of an atherogenic lipoprotein phenotype, along with determining the role of atherogenic serum
lipoproteins, in patients with lower extremity arterial disease.

4.1. Patients

In the clinical study, 100 patients with newly diagnosed lower extremity arterial disease were
examined. The study included 55 males and 45 females: the average age of males was 56.0
years ±11 years and the average age of females 52.5 years ± 14 years. The patients had C2a
degree, according to the Claudication classification: [proximal type (AP), the first degree (P1)
with dyslipidemia]. Patients were ex-smokers.

LEAD was diagnosed according to the history of disease, intermittent claudication, the medical
examination, including physical examination (Ratschow’s test in the modification according
to Linhart, see the Angiological Section of Slovak Medical Chamber) [23, 24, 27, 28] and
examination of the ankle-brachial (pressure) index (ABPI) [40, 55, 57].

4.2. Methods

See methods published earlier in the section “Arterial hypertension (AH).”

4.3. Results

Results of lipid parameters presented in Table 7 confirm the highly significant increased
concentration of analyzed lipid and lipoprotein parameters in LEAD-patients (p<0.0001),
compared to control values. The low values of the SAAR, which is generally low (< 10.8) in the
atherogenic lipoprotein phenotype, also confirms the atherogenic lipoprotein constellation in
the serum of LEAD-patients.
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Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l SD)

Control 4.27 1.17 0.61 1.28 0.04 2.30 1.34 35.8

±0.60 ±0.39 ±0.16 ±0.37 ±0.004 ±0.52 ±0.32 ±18.5

(total number n=150)

LEAD 5.29 2.21 0.96 1.58 0.39 3.11 1.21 7.2

±1.21 ±1.05 ±0.37 ±0.51 ±0.28 ±0.96 ±0.31 ± 4.5

(total number n= 100)

Control vs. LEAD

«...............................................p<0.0001.................................»

Table 7. Serum concentration of lipids, lipoproteins, and SAAR-score in LEAD-patients vs. control group

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l±SD)

LEAD 5.37 1.81 0.86 1.82 0.10 3.18 1.33 17.4

±0.95 ±0.51 ±0.26 ±0.54 ±0.03 ±0.82 ±0.29 ± 6.5

(non-atherogenic profile n= 20)

LEAD 5.28 2.31 0.98 1.52 0.46 3.09 1.18 4.6

±1.28 ±1.18 ±0.39 ±0.50 ±0.34 ±0.99 ±0.32 ± 4.0

(atherogenic profile n= 80)

LEAD 5.29 2.21 0.96 1.58 0.39 3.11 1.21 7.2

±1.21 ±1.05 ±0.37 ±0.51 ±0.28 ±0.96 ±0.31 ± 4.5

(total number n=100)

Non-atherogenic vs. atherogenic

p<0.01 p<0.001 p<0.05 p< 0.0001 p< 0.0001

Atherogenic 80% vs. non-atherogenic 20% in lower extremity arterial disease

Table 8. Serum concentration of lipids, lipoproteins, and SAAR-score in lower extremity arterial disease

In 80% of patients (Table 8), LEAD was associated with an atherogenic lipoprotein phenotype.
An increased concentration of small dense LDL (LDL3-7 subgroups) in the LEAD-patients with
an atherogenic lipoprotein profile, compared to the results from the LEAD-patients with a non-
atherogenic lipoprotein profile (p<0.0001), confirms the predominance of atherogenic lipo‐
proteins in serum in the subgroup of patients with an atherogenic lipoprotein profile.
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atherogenic lipoprotein profile (p<0.0001), confirms the predominance of atherogenic lipo‐
proteins in serum in the subgroup of patients with an atherogenic lipoprotein profile.
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5. Stroke

Stroke (Fig. 6) is the leading cause of mortality and of long-term morbidity in the populations
of developed industrialized countries in the world. The atherogenic serum lipoproteins in high
concentrations create an atherogenic lipoprotein profile, which plays a key role in the acute
onset of cardiovascular and cerebrovascular events, that is, stroke [54,55]. Cerebral stroke
attack remains a frequent medical problem and is the third most frequent cause of mortality
all over the world. It represents a heterogeneous group of diseases with more than 150 known
causes. In 25–39% of strokes, the cause leading to the acute cerebrovascular event cannot
usually be definitively explained [4].

Figure 6. Patient survived an ischemic stroke with combined atherogenic hyperlipoproteinemia high concentration of
VLDL, VLDL remnants and atherogenic small dense LDL, i.e. LDL 3, 4 subfractions. SAAR score: 2.4*Reference ranges
derived from 125 serum samples that met the NCEP ATPIII guidelines for desirable lipid status**LDL-C comprised of
the sum of cholesterol in Md bands C through A as well as all the subfractions

Dyslipidemia represents a risk factor for the development of cardiovascular disease, and thus
dyslipidemia has been classified as an atherogenic phenomenon. The goal of the treatment of
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hyperlipoproteinemia, that is, of dyslipidemia, is to reduce the lipid concentration in serum
to established target values of lipids (cholesterol and triglycerides), but the primary goal is to
reduce the atherogenic potential of serum lipids [9, 21, 53]. Dyslipoproteinemia is also the key
phenomenon in the pathogenesis of the onset of atherosclerotic alterations in brain vessels [64].
Accompanied by high cholesterol levels – a classic risk factor for the development of cardio‐
vascular diseases – an increased concentration of triglycerides in the blood serum can also play
an important role in atherogenesis [3,58].

There are several studies that have provided evidence for the relation between carotid artery
stenosis and an ischemic cerebral event [55]. However, the causal inter-relation between
dyslipidemia and stroke has not been explained sufficiently [3, 4, 63]. Relapsing ischemic
strokes account for one-fourth of all strokes in a year and are a strong evidence for a failure of
secondary prevention [10]. This hard reality leads rightly so to the idea of optimal stroke
prevention through the selection of individuals, who are at risk of stroke [13]. The aim of this
pilot study was to identify the atherogenic lipoproteins and determine the lipoprotein profile
in subjects who had suffered an ischemic cerebrovascular event, that is, stroke.

5.1. Patients

The study included 55 patients, 23 men, with an average age of 64 years ± 13 years, and 32
women, average age 74 years ± 13 years, who survived an ischemic cerebrovascular event, that
is, a large-artery atherosclerosis subtype of stroke. To determine the subtype of ischemic stroke,
the original TOAST (Trial of ORG 10172 in Acute Stroke Treatment) [1] criteria were used. The
diagnosis of subtype was based on the risk factor profiles, clinical features, and results of
diagnostic tests, including CT scan/MRI, vascular imaging (carotid duplex, transcranial
Doppler), EEG – electroencephalography, echocardiography (transesophageal/ transthoracic),
assessment of prothrombotic syndromes [1,30], activated partial thromboplastin time (aPTT),
and international normalized ratio (INR).

5.2. Methods

See methods published in the section “Arterial hypertension (AH).”

A blood sample from the antecubital vein was obtained throughout the 24 hours after the onset
of cerebrovascular event.

5.3. Results

The results of lipid parameters presented in Table 9 confirm a highly significantly increased
concentration of analyzed lipid and lipoprotein parameters (p<0.0001) in people who survive
a stroke, compared to control values, and also a low value on the SAAR, which is generally
low (< 10.8) in an atherogenic lipoprotein phenotype.

In Table 10, an atherogenic lipoprotein phenotype was identified in 85.5 % of the patients who
survive a cerebral ischemic stroke. The increased concentration of small dense LDL (LDL3-7
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subgroups) in the atherogenic lipoprotein profile of patients with stroke, compared to the
results in a non-atherogenic lipoprotein profile, is mild, but significant (p<0.05). The difference
in the SAAR between the two subgroups was highly significant (p<0.0001), which also
confirmed the overwhelming atherogenic lipoprotein constellation in patients who survived
a stroke. The concentration of LDL1 was significantly higher in the subgroup of stroke-patients
with a non-atherogenic lipoprotein profile (p<0.0001), however, the difference in the LDL2
lipoprotein subfraction was not significant.

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score

(mmol/l SD)

Control 4.27 1.17 0.61 1.28 0.04 2.30 1.34 35.8

±0.60 ±0.39 ±0.16 ±0.37 ±0.004 ±0.52 ±0.32 ±18.5

(total number n=150)

Stroke 5.19 2.21 1.08 1.56 0.29 2.91 1.09 6.40

±1.10 ±0.91 ±0.34 ±0.57 ±0.24 ±0.82 ±0.32 ±4.22

(total number n= 55

Control vs. stroke

«........................................p<0.0001..........................................»

Table 9. Serum concentration of lipids, lipoproteins, and SAAR-score in stroke patients vs. control group.

Chol TAG VLDL LDL1,2 LDL3-7 LDL HDL Score LDL1 LDL2

(mmol/l±SD)

Stroke 5.54 1.70 0.93 2.19 0.14 3.30 1.31 13.74 1.22 0.92

±1.30 ±0.44 ±0.14 ±0.86 ±0.07 ±1.01 ±0.35 ±1.36 ±0.45 ±0.44

(non-atherogenic profile n= 8)

Stroke 5.14 2.29 1.11 1.48 0.31 2.86 1.06 5.33 0.72 0.76

±1.11 ±0.94 ±0.37 ±0.41 ±0.23 ±0.72 ±0.29 ±3.32 ±0.26 ±0.26

(atherogenic profile n = 47)

Stroke 5.19 2.21 1.08 1.56 0.29 2.91 1.09 6.40 0.78 0.78

±1.06 ±0.91 ±0.35 ±0.53 ±0.23 ±0.77 ±0.31 ± 4.22 ±0.33 ±0.28

(total number n= 55)

Non-atherogenic vs. atherogenic

n.s. n.s. n.s. p<0.002 p<0.05 n.s. n.s. p< 0.0001 n.s. p< 0.0001

Atherogenic 85.5 % vs. non-atherogenic 14.5 % in stroke patients.

Table 10. Serum concentration of lipids, lipoproteins, and SAAR-score in patients with stroke.
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6. Discussion

In the last few decades, lipoprotein research has focused on the phenomenon of atherogen‐
ic and non-atherogenic lipoproteins, and on the phenotype A vs. phenotype B characteriza‐
tion, as a consequence of the published evidence that the majority of the patients with an
acute  coronary  syndrome  or  patients  who  survive  a  myocardial  infarction  had  normal
plasma values of cholesterol, LDL-cholesterol, and HDL-cholesterol [15-17]. A reasonable
explanation for this  fact  was to posit  a  new, active atherogenic substance in plasma, an
atherogenic  lipoprotein  subfraction,  the  presence  of  which in  plasma,  even in  very  low
concentrations,  could  impair  the  integrity  of  the  vessel  wall  and  lead  to  endothelial
dysfunction with its fatal consequences. Several clinical studies reported observations that
in  the  plasma of  patients  with coronary heart  disease  there  are  subfractions of  lipopro‐
teins,  which  could  play  a  crucial  role  in  atherodegenerative  processes  and  form  the
atherothrombotic  plaques  [5,  33,  34,  37,  39,49].  The  Quebec  Cardiovascular  Study,  a
prospective study of 2,103 men [33,34] concluded that “ a significant proportion of the risk
for  heart  disease  associated  with  small,  dense  LDL  particles  may  be  independent  of
variations in plasma lipid concentrations. Small  LDL particles and elevated apo B levels
were found to be the most predictive indications for ischemic heart disease ”.

For this reason, patients who were suffering from cardiovascular diseases were examined in
order to quantify the atherogenic lipoproteins in serum and to determine the incidence of an
atherogenic lipoprotein profile in patients who had a diagnosis of cardiovascular diseases.

The clinical studies included 366 patients with a diagnosis of arterial hypertension (n=107),
coronary heart disease (n= 104), lower extremity arterial disease (n= 100), and ischemic stroke
(n= 55). Patients were tested with the diagnostic method Lipoprint LDL System, which
quantifies atherogenic lipoproteins and identifies an atherogenic and a non-atherogenic
lipoprotein profile [29]. This was a fundamental methodological contribution of this new
analytical and diagnostic method.

Our study confirmed that more than 80% of tested patents with cardiovascular diseases have
an atherogenic lipoprotein profile, with a high level of strongly atherogenic small dense LDL.
The atherogenic lipoprotein profile was found to be the overwhelming lipoprotein profile in
tested cardiovascular diseases. Such a profile was found in arterial hypertension in 78.5%, in
coronary heart disease in 81.7%, in lower extremity arterial disease in 80%, and in patients who
survived an ischemic stroke in 85%. The average atherogenic lipoprotein profile in all these
tested diagnoses in the study was found to be of 81.3%.

This study also highlights the observation that, in the atherogenic lipoprotein profiles, in all
diagnoses, compared to the non-atherogenic profiles, the concentration of total cholesterol is
lower (n.s.) and the concentration of triglycerides is higher (even statistically significant; in
AH, CHD, LEAD, as well as in the control group, up to p<0.002). Hypertriglyceridemia
accompanied the hypercholesterolemia in all tested diagnoses, that is, in AH, CHD, LEAD,
and stroke). The concentration of triglycerides, compared to the control group, was signifi‐
cantly increased (p<0.0001) and proportionally even higher than cholesterol. From this result,
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it can be assumed that triglycerides/hypertriglyceridemia can play a much more important
role than was generally accepted, as until now the most important role in the pathogenesis of
vascular degenerative atherosclerotic injury was attributed to cholesterol and hypercholester‐
olemia. Our present results are in agreement with other authors, who have called attention to
hypertriglyceridemia as a risk factor for cardiovascular diseases [8,12,19, 36,58], as triglyceride-
rich lipoproteins can generate small dense LDL in high quantities [46].

The strong atherogenic lipoproteins – small dense LDL – have been found in the lipoprotein
profile of all diagnostic groups [25,52,55,56]. Their presence is decisive for an atherogenic
profile declaration. This is a rule that is valid not only for a hyperlipidemia, but also for a
normolipidemia.

In the case of normolipidemia (see the atherogenic lipoprotein profile in the control group), a
new phenomenon could be established – atherogenic normolipidemia [44] – as a risk factor for
the development of cardiovascular disease. A special form of normolipidemia can also be
atherogenic. This is new knowledge, and this new knowledge could help in the prevention
and treatment of cardiovascular disease.
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Abstract

Within the last decade, a broad range of biomarkers associated with an increased risk
for death and cardiovascular/cerebrovascular endpoints have been identified. Epide‐
miological studies clearly indicate that lipoprotein-associated phospholipase A2 (Lp-
PLA2) has the potential to become clinically useful emerging biomarker in the true
sense, linking plaque biology with cardiovascular/cerebrovascular event rate. Lipo‐
protein-associated phospholipase A2 is a specific vascular inflammatory marker, a risk
factor, a prognostic biomarker, and also a therapeutic target. This chapter will sum‐
marize our current knowledge on Lp-PLA2 with emphasis on its potential pathophy‐
siological mechanisms of action and on clinical relevance as cardiovascular/
cerebrovascular biomarker. This chapter gives comprehensive, systematic review of
studies assessing the significance of Lp-PLA2 in cardiovascular/cerebrovascular dis‐
eases with emphasis on clinical benefit of pharmacologic inhibition of Lp-PLA2.

Keywords: biomarker, cardiovascular disease, lipoprotein-associated phospholipase
A2

1. Introduction

Although an atherogenic lipoprotein phenotype was reported as a predictor of cardiovascular/
cerebrovascular disease, numerous recent studies have recognized additional lipid-related
markers as emerging biomarkers to identify patients with cardiovascular/cerebrovascular
disease risk. Among them the most promising biomarkers for cardiovascular/cerebrovascular
risk assessment is lipoprotein-associated phospholipase A2 (Lp-PLA2).

© 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.



2. Lipoprotein-associated phospholipase A2: structure and biology

Lipoprotein-associated phospholipase A2 (Lp-PLA2), also known as platelet-activating factor
acetylhydrolase (PAF-AH), belongs to the phospholipase A2 superfamily [1,2]. This Ca2+-
independent phospholipase is encoded by PLA2G7 gene that consists of 12 exons and 11 introns
located on chromosome 6p21.2 to 12 [3,4]. Lp-PLA2 is protein of 45,4 kDa that consists of 441
amino acid residues [5]. The major sources of Lp-PLA2 in plasma are T lymphocytes, mono‐
cytes/macrophages, activated bone marrow-derived mast cells, and liver cells [6-8]. The
secreted Lp-PLA2, circulates in plasma in active form. It predominantly binds to LDLs, and in
a much smaller extent to HDLs, Lp(a), lipoprotein remnants, and platelet-borne microparticles
[6,9-12]. Indeed, Lp-PLA2 is highly associated with the smallest LDL and HDL subclasses [13]
and with electronegative LDL, which overlaps with small dense LDL [14]. Lp-PLA2 bound to
HDL has a much lower specific activity compared to when bound to LDL [10]. Different
distribution of Lp-PLA2 in various plasma lipoproteins affects its functions.

Lp-PLA2 catalyzes hydrolysis of the acetyl group at sn-2 position of PAF to generate lyso-PAF
and acetate [15]. On the other side, Lp-PLA2 cleaves oxidatively modified lipoproteins from
the sn-2 position of the apoB100-containing lipoproteins into oxidized nonesterified fatty acids
(oxFFAs) and lysophosphatidylcholine.

3. Actions of lipoprotein-associated phospholipase A2

We can think about Lp-PLA2 as a friend and foe at the same time. On the one hand, it functions
as PAF-AH, which hydrolyzes inflammatory mediator PAF, inhibits foam cell formation,
enhances cholesterol efflux in macrophages, and exerts its atheroprotective role [16].

On the other hand, Lp-PLA2 has a proatherogenic role. Lp-PLA2 relates to a number of different
proatherogenic biological processes. Lp-PLA2 hydrolyzes oxidized phospholipids on modified
LDL particles within the arterial intima, and thus contributes to the initiation and progression
of atheroma. Lp-PLA2 is produced by macrophages and foam cells within atherosclerotic
plaque. Its expression is mainly confined to plaque areas with massive lipid accumulation and
leukocyte infiltration, cellular necrosis, and calcification, suggesting that Lp-PLA2 is a marker
for rupture-prone plaque [16]. The amount of Lp-PLA2 and its by-product, lysophosphatidyl‐
choline in the coronary circulation is proportional to the extent of the atheroma and indirectly
affects local endothelial function [17]. Proatherogenic activities of lysophosphatidylcholine
are: expression of adhesion molecules; upregulation of cytokines and CD40 ligand by T-cells,
cytotoxic at concentrations higher than 30–50 µM; stimulation of macrophage proliferation;
release of arachidonic acid from endothelial cells; induction of MCP-1 and genes for growth
factors; release of myeloperoxidase; migration of vascular smooth muscle cells; chemoattrac‐
tant for monocytes, macrophages, and T-cells; induction of apoptosis in smooth muscle cells
and macrophages; involvement in the antigenicity of oxidized LDL; inhibition of endothelium-
derived nitric oxide [18-20]. Furthermore, oxFFAs promote atherosclerosis by direct and

Lipoproteins - From Bench to Bedside114



2. Lipoprotein-associated phospholipase A2: structure and biology

Lipoprotein-associated phospholipase A2 (Lp-PLA2), also known as platelet-activating factor
acetylhydrolase (PAF-AH), belongs to the phospholipase A2 superfamily [1,2]. This Ca2+-
independent phospholipase is encoded by PLA2G7 gene that consists of 12 exons and 11 introns
located on chromosome 6p21.2 to 12 [3,4]. Lp-PLA2 is protein of 45,4 kDa that consists of 441
amino acid residues [5]. The major sources of Lp-PLA2 in plasma are T lymphocytes, mono‐
cytes/macrophages, activated bone marrow-derived mast cells, and liver cells [6-8]. The
secreted Lp-PLA2, circulates in plasma in active form. It predominantly binds to LDLs, and in
a much smaller extent to HDLs, Lp(a), lipoprotein remnants, and platelet-borne microparticles
[6,9-12]. Indeed, Lp-PLA2 is highly associated with the smallest LDL and HDL subclasses [13]
and with electronegative LDL, which overlaps with small dense LDL [14]. Lp-PLA2 bound to
HDL has a much lower specific activity compared to when bound to LDL [10]. Different
distribution of Lp-PLA2 in various plasma lipoproteins affects its functions.

Lp-PLA2 catalyzes hydrolysis of the acetyl group at sn-2 position of PAF to generate lyso-PAF
and acetate [15]. On the other side, Lp-PLA2 cleaves oxidatively modified lipoproteins from
the sn-2 position of the apoB100-containing lipoproteins into oxidized nonesterified fatty acids
(oxFFAs) and lysophosphatidylcholine.

3. Actions of lipoprotein-associated phospholipase A2

We can think about Lp-PLA2 as a friend and foe at the same time. On the one hand, it functions
as PAF-AH, which hydrolyzes inflammatory mediator PAF, inhibits foam cell formation,
enhances cholesterol efflux in macrophages, and exerts its atheroprotective role [16].

On the other hand, Lp-PLA2 has a proatherogenic role. Lp-PLA2 relates to a number of different
proatherogenic biological processes. Lp-PLA2 hydrolyzes oxidized phospholipids on modified
LDL particles within the arterial intima, and thus contributes to the initiation and progression
of atheroma. Lp-PLA2 is produced by macrophages and foam cells within atherosclerotic
plaque. Its expression is mainly confined to plaque areas with massive lipid accumulation and
leukocyte infiltration, cellular necrosis, and calcification, suggesting that Lp-PLA2 is a marker
for rupture-prone plaque [16]. The amount of Lp-PLA2 and its by-product, lysophosphatidyl‐
choline in the coronary circulation is proportional to the extent of the atheroma and indirectly
affects local endothelial function [17]. Proatherogenic activities of lysophosphatidylcholine
are: expression of adhesion molecules; upregulation of cytokines and CD40 ligand by T-cells,
cytotoxic at concentrations higher than 30–50 µM; stimulation of macrophage proliferation;
release of arachidonic acid from endothelial cells; induction of MCP-1 and genes for growth
factors; release of myeloperoxidase; migration of vascular smooth muscle cells; chemoattrac‐
tant for monocytes, macrophages, and T-cells; induction of apoptosis in smooth muscle cells
and macrophages; involvement in the antigenicity of oxidized LDL; inhibition of endothelium-
derived nitric oxide [18-20]. Furthermore, oxFFAs promote atherosclerosis by direct and

Lipoproteins - From Bench to Bedside114

indirect increasing of oxidative stress and the presence of oxidized LDL and other lipoproteins
in the plasma and arterial walls, thereby initiating fatty streak formation [21].

4. Assays for Lp-PLA2 mass and activity determination

It is well known that circulating Lp-PLA2 can be measured by different assays ascertaining
either its mass or activity. There is no definite decision about the potential superiority of the
tests.

According to the literature data, Lp-PLA2 levels were determined preferentially using PLAC®
test. Lp-PLA2 mass was determined by diaDexus PLAC Test ELISA, sandwich enzyme
immunoassay, followed by diaDexus PLAC® test based for Lp-PLA2 mass measurement on
turbidimetric immunoassay technology. More recently, enzyme assay PLAC® Test for
measurement of Lp-PLA2 activity has been developed and commercially available. The
preferred sample type is EDTA plasma, and serum is also acceptable. It should be noted that
methodological issues associated with Lp-PLA2 measurement make comparisons between
studies difficult.

Recently published meta-analysis of 32 prospective studies in persons with stable vascular
disease or recent acute ischemic event revealed a moderate correlation between mass and
activity of Lp-PLA2 [24]. The PROVEIT-TIMI 22 study [25] has also found a moderate corre‐
lation between Lp-PLA2 activity and mass measured at baseline and at 30-day after ACS. There
is still controversy about the method of estimating Lp-PLA2 level. While Koenig et al. [26]
reported that Lp-PLA2 mass was the better risk predictor of future cardiovascular events than
Lp-PLA2 activity, Persson et al. [27] has reached the opposite conclusion. Jenny et al. [28]
showed no difference in Lp-PLA2 activity and mass with respect to risk prediction.

Currently, there is no consensus on the best method to estimate Lp-PLA2 level. A consensus
panel recommendation for incorporating Lp-PLA2 testing into the cardiovascular disease risk
assessment guidelines used Lp-PLA2 mass for stratifying patients [23].

Blood samples should be refrigerated after processing and should be kept frozen for long-term
storage. There are no restrictions to the time of day that the sample should be drawn and no
dietary restrictions. In contrast to other emerging risk markers, a very minimal biological
variation in Lp-PLA2 concentrations has been demonstrated among individuals monitored
serially over several weeks [29].

In addition, Lp-PLA2 levels are typically unaffected by conditions of systemic inflammation,
such as osteoarthritis and chronic obstructive pulmonary disease, whereas markers of
inflammatory response are often elevated by these conditions. The normal population medians
for men and women are in the range of 230–250 ng/mL, and a value of >300 ng/mL may be
considered elevated [30].

Gender differences in Lp-PLA2 levels were found; men had significantly higher levels than
women. Also, a significant association between Lp-PLA2 levels and smoking was noticed.

Lipoprotein-Associated Phospholipase A2 – Pathophysiological Role and Clinical Significance as a...
http://dx.doi.org/10.5772/60608

115



These finding has been observed in previous studies [31,32,33,34]. Lower Lp-PLA2 levels in
women could be explained by estrogen-mediated down-regulation of Lp-PLA2 expression,
due to lower concentrations of LDL cholesterol in women or estrogen-related decrease in
platelet activating factor acetyl hydrolase activity [35,36]. Estrogen-replacement therapy can
significantly reduce Lp-PLA2 activity in healthy postmenopausal women [37], while admin‐
istration of steroids with progesterone-like activity increases Lp-PLA2 activity [38]. Smoking
may increase the carrier (LDL) and the substrate (oxidized LDL) for Lp-PLA2 [39].

5. Association of Lp-PLA2 with cardiovascular disease risk

Lp-PLA2 is an emerging inflammatory biomarker, characterized by high vascular specificity
and low biovariability. High Lp-PLA2 levels are indicative of rupture-prone plaque [22].
Numerous epidemiological and clinical studies examined association between Lp-PLA2

concentration/enzyme activity and cardiovascular disease risk in apparently healthy individ‐
uals, in subjects with stable cardiovascular disease, acute coronary syndrome (ACS), heart
failure (HF), stroke, transient ischemic attack (TIA) support, trying to answer in which patients
would determination of Lp-PLA2 be the most valuable. There are novel data about the
prognostic significance of Lp-PLA2 as a predictor of short-term or long-term outcome in
patients with cardiovascular disease. To evaluate this, systematic literature review concerning
the association of Lp-PLA2 with cardiovascular disease risk and prognostic implications was
done. The studies on this issue were extracted from relevant electronic databases (Medline
(http://www.ncbi.nlm.nih. gov/pubmed/), Embase (http://www. embase.com/), Google
Scholar (http://scholar. google.com/), Yahoo (http:// www. yahoo. com/), Kobson (http://
www.kobson.nb.rs/), ClinicalTrails.gov.) and the obtained results were included in the text.

In 2008, the panel’s recommendation [23] incorporated Lp-PLA2 testing as an adjunct to
traditional risk factors in assessing future cardiovascular risks. It endorses Lp-PLA2 testing in
moderate-risk persons determined as having simply two risk factors. An Lp-PLA2 >200 ng/mL
warrants reclassification of the moderate-risk patient as high cardiovascular risk and should
prompt reduction of the LDL-C target from 130 mg/dL to 100 mg/dL. The panel also recom‐
mends Lp-PLA2 testing for patients with coronary artery disease (CAD) or CAD risk equiva‐
lents (diabetes, ischemic stroke, etc.) be considered at very high risk when Lp-PLA2 is elevated,
warranting reduction in the LDL-C target from 100 mg/dL to 70 mg/dL. Today, Lp-PLA2

measurement for cardiovascular disease risk stratification of patients is included in four
international clinical guidelines: 2012 European Guidelines on CVD Prevention in Clinical
Practice European Society of Cardiology – Lp-PLA2 may be measured as a part of a refined
risk assessment in patients at high risk of a recurrent acute atherothrombotic event. Class IIb;
2010 ACCF/AHA Guideline for Assessment of Cardiovascular Risk in Asymptomatic Adults
– Lp-PLA2 testing may be considered in intermediate-risk asymptomatic adults; 2011
AHA/ASA Guidelines for the Primary Prevention of Stroke Measurement of inflammatory
markers such as high sensitive C-reactive protein (hs-CRP) or Lp-PLA2 in patients without
CVD may be considered to identify patients who may be at increased risk of stroke; 2012 AACE
Guidelines for Management of Dyslipidemia and Prevention of Atherosclerosis Test for Lp-
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PLA2, which in some studies has demonstrated more specificity than highly sensitive CRP,
when it is necessary to further stratify a patient’s CVD risk [40-43].

Some studies suggested that Lp-PLA2 predicts risk complementary to hs-CRP, although when
compared with hs-CRP, Lp-PLA2 in some studies is suggested to be a more promising marker
of risk prediction. In multiple previous studies, correlation analysis revealed no association of
Lp-PLA2 with CRP [28,31,44-47]. It can be expected because CRP is an acute-phase reactant
and its elevation can be caused by a wide range of inflammatory conditions. CRP shows
intraindividual variability of ∼40%. On the other hand, Lp-PLA2 is not affected by systemic
inflammation; it is a specific marker of vascular inflammation. Also, it shows significantly
lower biologic variability than CRP, and higher stability in states of myocardial ischemia [48].

Lp-PLA2 is suggested to be a more promising marker of risk prediction than CRP [49]. Winkler
et al. [50] showed that increased Lp-PLA2 levels in moderate-risk patients with hs-CRP<3 mg/
L doubled the risk for cardiac death. The WOSCOPS study [44] found that Lp-PLA2 was
significantly associated with cardiovascular risk, compared with hs-CRP. Stankovic et al.’s [32]
results confirmed that Lp-PLA2 have better risk prediction than CRP.

Although, the majority of published studies showed a significant relationship between Lp-
PLA2 levels and cardiovascular events, there are several important differences across ethnic
groups; for example, African-Americans and Caucasians with respect to Lp-PLA2. Activity of
Lp-PLA2 was higher among African-Americans with CAD. The difference in Lp-PLA2 activity
levels between CAD and non-CAD patients was higher among African-Americans. Also, the
Lp-PLA2 index was independently associated with the extent of CAD among African-
Americans [51-53].

From the WOSCOPS publication (West of Scotland Coronary Prevention Study, WOSCOPS)
[44], which revealed a positive association between elevated circulating concentrations of Lp-
PLA2 and the risk of coronary heart disease (CHD), the interest in Lp-PLA2 as a biomarker for
cardiovascular disease rapidly increased. The vast body of evidence derived from prospective
epidemiologic studies, two meta-analyses (79,036 participants in 32 prospective studies, and
52,995 subjects participated in 33 studies) and review revealed the positive association of
elevated Lp-PLA2 with cardiovascular risk [24,54-56]. Furthermore, Lp-PLA2 has been
confirmed to predict the presence of CAD, even among patients undergoing coronary
angiography. Uniquely, Lp-PLA2 predicted the risk of CAD death, but not all cause death [57].

LpPLA2 has been considered as a prognostic marker in patients with CAD. Li et al. [58]
identified prognostic value of Lp-PLA2 baseline measurement for major adverse cardiac event
(MACE) (cardiovascular death, nonfatal myocardial infarction, and target vessel revasculari‐
zation) in ACS patients during follow-up for a median of 6 months. Mockel et al. [59] demon‐
strated that Lp-PLA2 levels in the first 7 hours after onset of symptoms may be an independent
predictor of MACE within 42 days in ACS patients. PROVEIT-TIMI 22 study [25] has shown
that Lp-PLA2 in patients randomized to atorvastatin or pravastatin measured 30 days after
ACS are associated with an increased risk of cardiovascular events (death, myocardial
infarction, unstable angina, revascularization, or stroke) over 24 months of follow-up. Gerber
et al. MACE [48] found that Lp-PLA2 level measured early after myocardial infarction is
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strongly and independently associated with 1-year mortality. Stankovic et al. [32] demon‐
strated that the Lp-PLA2 may have short-term predictive value in pure STEMI patients treated
by primary percutaneous coronary intervention (PCI). They concluded that pre-interventional
plasma Lp-PLA2 level is an independent predictor of 30-day MACE in patients with first
anterior STEMI treated by primary PCI, and suggested that Lp-PLA2 level could help in very
early risk stratification of STEMI patients treated by PCI.

Previously published studies examined and suggested the association between Lp-PLA2 and
heart failure (HF) incidence in a population-based cohort of healthy individuals, and in people
older than 65 years [60]. Baseline Lp-PLA2 levels are associated with a high risk of developing
heart failure in 3,991 adults older than 65 years, independent of coronary risk factors [61]. Lp-
PLA2 activity is significantly associated with congestive heart failure in 5,531 persons older
than 65 years [62]. Gerber et al. [63] evaluated the association of Lp-PLA2 with mortality in
subjects with diagnosed HF. Lp-PLA2 was strongly and independently associated with
mortality in patients under 80 years of age. Moldoveanu et al.’s study [64] in 208 patients with
HF found significantly increased Lp-PLA2 activity in HF patients with preserved ejection
fraction (EF) than in HF with reduced EF. The literature data about the association of Lp-
PLA2 and heart failure on admission in patients with acute myocardial infarction are missing.
Stankovic et al. [32] suggested that patients with the first anterior STEMI who had higher levels
of Lp-PLA2 had a worse prognosis, but not with a greater probability of developing HF. In
Raichlin et al.’s [65] study in heart transplant patients, Lp-PLA2 correlated with the progression
of cardiac allograft vasculopathy and increased risk of cardiovascular events/death suggesting
that it could be therapeutic target in heart transplant patients.

In 2005, the US Food and Drug Administration (FDA) approved Lp-PLA2 blood test for
assessing patients at risk for ischemic stroke. The Rotterdam Study was the first population-
based study that determined the impact of elevated Lp-PLA2 on stroke. It identified that Lp-
PLA2 activity was an independent predictor of ischemic stroke in the middle-aged healthy men
and women population [31]. In the ARIC study, healthy middle-aged adults with increased
levels of both Lp-PLA2 and hs-CRP had an 11-fold higher incidence of stroke than individuals
with low Lp-PLA2 and hs-CRP levels [45]. This association between Lp-PLA2 mass/activity and
first ischemic stroke was confirmed in the Malmo Diet and Cancer Study [66], Bruneck Study
[67], and Cardiovascular Health Study [28]. The Tsekepis et al. study [68] showed that Lp-
PLA2 correlated with the intima-media thickness in patients with beta-thalassemia, suggesting
that Lp-PLA2 may be implicated in premature carotid atherosclerosis.

Although some reports inconclusively found this positive association of Lp-PLA2 and first-
ever and recurrent stroke, little is known about its influence on stroke outcome. Elkind et al.
[69] measured Lp-PLA2 mass and activity in relation to outcome in first ischemic stroke
patients, determined as recurrent stroke, recurrence of vascular events, and mortality. Lp-
PLA2 was a good predictor of recurrent stroke risk. Delgado et al. [70] investigated the temporal
profile of Lp-PLA2 mass and activity within the first 24 hours after stroke and found significant
changes in Lp-PLA2 concentrations early after stroke onset. Patients with higher Lp-PLA2 mass
were more likely to be resistant to intravenous t-PA administration with very low early
recanalization rates.
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mortality in patients under 80 years of age. Moldoveanu et al.’s study [64] in 208 patients with
HF found significantly increased Lp-PLA2 activity in HF patients with preserved ejection
fraction (EF) than in HF with reduced EF. The literature data about the association of Lp-
PLA2 and heart failure on admission in patients with acute myocardial infarction are missing.
Stankovic et al. [32] suggested that patients with the first anterior STEMI who had higher levels
of Lp-PLA2 had a worse prognosis, but not with a greater probability of developing HF. In
Raichlin et al.’s [65] study in heart transplant patients, Lp-PLA2 correlated with the progression
of cardiac allograft vasculopathy and increased risk of cardiovascular events/death suggesting
that it could be therapeutic target in heart transplant patients.

In 2005, the US Food and Drug Administration (FDA) approved Lp-PLA2 blood test for
assessing patients at risk for ischemic stroke. The Rotterdam Study was the first population-
based study that determined the impact of elevated Lp-PLA2 on stroke. It identified that Lp-
PLA2 activity was an independent predictor of ischemic stroke in the middle-aged healthy men
and women population [31]. In the ARIC study, healthy middle-aged adults with increased
levels of both Lp-PLA2 and hs-CRP had an 11-fold higher incidence of stroke than individuals
with low Lp-PLA2 and hs-CRP levels [45]. This association between Lp-PLA2 mass/activity and
first ischemic stroke was confirmed in the Malmo Diet and Cancer Study [66], Bruneck Study
[67], and Cardiovascular Health Study [28]. The Tsekepis et al. study [68] showed that Lp-
PLA2 correlated with the intima-media thickness in patients with beta-thalassemia, suggesting
that Lp-PLA2 may be implicated in premature carotid atherosclerosis.

Although some reports inconclusively found this positive association of Lp-PLA2 and first-
ever and recurrent stroke, little is known about its influence on stroke outcome. Elkind et al.
[69] measured Lp-PLA2 mass and activity in relation to outcome in first ischemic stroke
patients, determined as recurrent stroke, recurrence of vascular events, and mortality. Lp-
PLA2 was a good predictor of recurrent stroke risk. Delgado et al. [70] investigated the temporal
profile of Lp-PLA2 mass and activity within the first 24 hours after stroke and found significant
changes in Lp-PLA2 concentrations early after stroke onset. Patients with higher Lp-PLA2 mass
were more likely to be resistant to intravenous t-PA administration with very low early
recanalization rates.
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Lp-PLA2, an inflammatory biomarker, has been described as able to predict risk of first-ever
or recurrent stroke and myocardial infarction [71]. Moreover, Lp-PLA2 may also have a role
in the pathophysiology of cerebrovascular disease, particularly in strokes of atherosclerotic
etiology, since its expression is enhanced in atherosclerotic carotid lesions together with
markers of oxidative damage, inflammation, and instability [72].

Sarlon-Bartoli et al. [73] reported that Lp-PLA2 mass is increased in patients with high-grade
carotid stenosis and unstable plaque and suggest that Lp-PLA2 could be an important bio‐
marker for classifying carotid plaque as vulnerable and predict neurological risk of a carotid
stenosis in asymptomatic subjects. Although these findings have the potential to improve
cerebrovascular disease stratification, correlation with ultrasonic or MRI markers of plaque
instability or the presence of infarction on brain imaging must be performed [74].

Shoamanesh et al. [75] investigated the association between circulating biomarkers of inflam‐
mation including Lp-PLA2 and MRI markers of cerebral small vessel disease in 1,763 stroke-
free Framingham offspring. They observed higher levels of lipoprotein-associated
phospholipase A2 mass in patients with greater white matter hyperintensity volumes and silent
cerebral infarcts. These results could improve stroke risk prognosis.

The accumulating results of numerous studies demonstrate a significant positive association
between Lp-PLA2 levels and incident cardiovascular disease and heart failure. A dissociation
could be noted between mass and activity in terms of risk prediction. Several of the epidemi‐
ology studies have measured only Lp-PLA2 mass (26,30,33,44,47,57,63,65,69), whereas others
measured only enzyme activity (31,50,62,64,67) and a few have measured both in the same
study population (25,27,28, 76). Recently published meta-analysis assessed the 32 prospective
studies of Lp-PLA2 and cardiovascular outcomes. For each standard deviation Lp-PLA2

increase, the relative risks for the primary endpoint of coronary heart disease were 1.10 (1.05–
1.16) and 1.11 (1.07–1.16) for Lp-PLA2 activity and mass, respectively. The relative adjusted
risks for ischemic stroke were 1.08 (0.97–1.20) and 1.14 (1.02–1.27); vascular mortality 1.16
(1.09–1.24) and 1.13 (1.05–1.22); and nonvascular mortality 1.10 (1.04–1.17); and 1.10 (1.03–1.18)
for Lp-PLA2 activity and mass, respectively. The final decision whether to measure the Lp-
PLA2 mass or its enzyme activity may help transition of this biomarker from research to routine
clinical practice.

6. Lp-PLA2 and genetic influences

Several Lp-PLA2 gene polymorphisms and their role in affecting the regulation or production
of LpPLA2 assessed as activity and mass were described; many in small studies and some in
recently published genome-wide association studies. It is known that genetic factors account
for 62% of the variation in Lp-PLA2 activity [76,77].

Although familial factors explain about one-half and one-quarter of the variance in Lp-PLA2

activity and mass, respectively [78,79], few genetic determinants of Lp-PLA2 have been
identified. The first genome-wide association study using data from 6,668 Caucasian subjects
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in population-based Framingham Heart Study identified one locus associated with Lp-PLA2

mass, and four loci associated with Lp-PLA2 activity [80]. Twelve SNPs in the region of
chromosome 6p12.3 near the gene for PLA2G7 were associated with Lp-PLA2 mass at a
genome-wide level of significance. The top hit SNP rs1805017, is a nonsynonymous change
(H92R) within the PLA2G7 gene. It was found that T allele that corresponds to the amino acid
histidine was associated with higher Lp-PLA2 mass. On the other side, four loci achieving
genome-wide significance for association with Lp-PLA2 activity was identified: a) first within
the APOE/APOC1 gene cluster on chromosome 19q13.32 (rs41377151); b) second locus on
chromosome 1p13.3, which includes the genes PSRC1 (rs599839), CELSR2 (rs4970834); c) third
locus within an intron of SCARB1 on chromosome 12q24.31 (rs10846744); d) fourth locus in
ZNF259 gene and BUD13 gene on chromosome 11q23.3 near the apolipoprotein gene cluster
APOA5/APOA4/APOC3/APOA1 (rs12286037, rs11820589). Investigation from Suchindran’s
study was extended by Grallert et al. who made meta-analysis with additional four cohorts
[81]. They performed genome-wide association study as part of the Cohorts for Heart and
Aging Research in Genomic Epidemiology (CHARGE) Consortium in five population-based
studies with the aim to identify genetic loci related to Lp-PLA2 mass/activity [82]. This study,
in the popoulation of 13,664 subjects, revealed the association of PLA2G7 loci variants with
Lp-PLA2 mass/activity, and genetic variants (APOC1, CELSR2, LDL, ZNF259, SCARB1)
related to low-density lipoprotein cholesterol levels with Lp-PLA2 activity.

Also, Lp-PLA2 mass was associated with SNP rs247616 on chromosome 16 within the choles‐
teryl ester transfer protein gene. The T allele of rs247616 was associated with higher HDL-C
concentration and higher mean Lp-PLA2 mass [83]. The additional value of this study was the
revealed significant association of four polymorphisms (in APOC1, CELSR2, SCARB1,
ZNF259), but not PLA2G7 with coronary heart disease. Large-scale analysis focusing on
variants in PLA2G7 did not identify any SNP that achieved experiment-wide statistical
significance [79].

The most frequently studied SNPs within PLA2G7 are: variants in exon 9 (Val279Phe;
rs45619133), exon 11 (Val379Ala; rs1051931), exon 7 (Ile198Thr, Iso195Thr; rs1805018), and
exon 4 (Arg92His; rs1805017) [84-86].

The V279F SNP was found in subjects of Asian ancestry. The Val279Phe substitution is located
within the catalytical domain of Lp-PLA2 and leads to reduction of enzyme activity in V/F
heterozygous individuals or complete loss of enzymatic activity in homozygous F/F individ‐
uals. The 279F null allele is relatively frequent in Japan, with approximately 25% and 2% of
the population carrying one or two copies. Its prevalence declines toward the West, has
intermediate frequencies in China and Korea, is rare in the Middle East, and almost completely
absent in European populations. The results from the association studies on this V279F variant
and coronary artery disease have thus far been inconclusive. Li et al. [87] in Chinese Han
population, found significant association of V279F and coronary artery disease, indicating that
carrier of F allele increases the risk of coronary artery disease. This result was consistent with
the Yamada et al. [88] study (850 cases/1,684 controls), which found that subjects carrying the
mutant allele are at higher risk of arterial events (MI or stroke), and the Shimokata study (3,085
subjects with coronary artery disease/2,163 controls) [89]. The Jang et al. [90] study in two
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different patient sets (2,890 men diagnosed with CAD before age 60/3,128 male controls and
877 CAD cases/1,230 controls) confirmed that deficiency in Lp-PLA2 activity due to carriage
of PLA2G7 279F allele protects from CAD in Korean men. Nevertheless, in the South Korean
population (532 cases/670 controls) and Chinese study (827 cases/947 controls), V279F variant
results in an unexpectedly opposite outcome [91,92]. Meta-analysis of 14 association studies
focusing on R92H polymorphism in PLA2G7 gene and risk of CHD in 8,280 cases/5,656 controls
indicate 92H allele had probably increased the risk of CHD [92]. The missense polymorphisms
I198T and A379V are identified mainly in Caucasians. A379V variant in which alanine is
substituted by valine is functional. Some studies explored the contribution of A379V to Lp-
PLA2 activity with contradictory results; some found the association of A379V variant with
increased [86,93] and some with decreased Lp-PLA2 activity [94].

There are also different reports about the association between the A379V variant and cardio‐
vascular disease [94-97]. A recent Taiwanese population study reported that subjects carrying
the 379 V allele had increased severity of coronary atherosclerosis [94]; two studies in Cauca‐
sian subjects reported that the 379 V allele was associated with decreased atherosclerosis risk
[93,96]; a large meta-analysis showed that the 379 V allele was associated with Lp-PLA2

activity, but not with cardiovascular risk markers [97]; and another study showed no associ‐
ation [95].

Intriguingly, in the study conducted by Liu and colleagues [94], the outcome was quite
contradictory. They found that in the Chinese Taiwan Han population, A379V variant is
significantly associated with Lp-PLA2 activity and the severity of coronary atherosclerosis.
Recently, a meta-analysis including a total of 12 studies shows that in the populations from
European ancestry, among the 7 SNPs, A379V variant shows the strongest association with
Lp-PLA2 activity; however, no significant correlation is found between PLA2G7 variants and
cardiovascular risk markers, coronary atheroma, or CHD [97].

7. Lp-PLA2 as a therapeutic target

It is well known that lipid-altering medications, including statins, fenofibrate, prescription of
omega-3 fatty acids, for weight loss, have been shown to reduce Lp-PLA2 levels. The degree
of its reduction correlates with the extent of lipid lowering.

Lp-PLA2 was identified as a potential novel target of therapy. The most used therapy targeting
Lp-PLA2 in plasma in advanced stages of clinical investigation is darapladib. Darapladib is a
selective, potent, reversibile, oral inhibitor of lipoprotein-associated phospholipase A2. The
basic idea of applying darapladib is to improve patient outcomes in addition to evidence-based
treatments and potentially reduce cardiovascular and cerebrovascular events by decreasing
cytokines concentrations, stabilizing atherosclerotic plaque, inhibiting macrophage infiltra‐
tion, and thickening of the connective tissue cap.

The first study that showed as a secondary endpoint a change in coronary artery plaque
necrotic core with darapladib after 12 months of treatment was Integrated Biomarkers and
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Imaging Study (IBIS)-2 [98]. It was a multicenter, randomized, double-blind placebo-control‐
led study that included 330 patients with angiographically confirmed coronary artery disease.
Inhibition of Lp-PLA2 with darapladib also prevented necrotic core expansion of coronary
plaque as measured on intravascular ultrasound.

One multicenter, randomized, double-blind placebo-controlled study examined the effects of
darapladib on biomarkers of cardiovascular risk in 959 CAD and CAD-risk equivalent patients
who were previously randomized to atorvastatin 20 mg or 80 mg and then randomized to oral
darapladib 40, 80, 160 mg, or placebo for 12 weeks. Overall dose-dependent inhibition of Lp-
PLA2 activity was sustained over the study period and was present in both atorvastatin dose
groups, at different baseline LDL cholesterol < or ≥70 mg/dl, and high-density lipoprotein
cholesterol HDL-C < or ≥40 mg/dl [99].

The first  study that  examined the effects  of  darapladib on Lp-PLA2  activity in Japanese
dyslipidemic patients with/without the Val279Phe single-nucleotide polymorphism (SNP)
of  the  PLA2G7  gene  showed that  darapladib  produced sustained inhibition  of  Lp-PLA2

activity [100].

Two large-scale studies with hard clinical endpoints were completed: the Stabilization of
Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial, with 15,828
randomized patients, and the Stabilization of Plaques using Darapladib-Thrombolysis In
Myocardial Infarction 52 Trial (SOLID-TIMI 52), with an estimated recruitment of 13,026
patients [101-103].

The SOLID-TIMI 52 was a randomized, double-blind, placebo-controlled, multicenter, and
event-driven trial that determined the clinical benefit of direct inhibition of Lp-PLA2 activity
with darapladib in patients after an acute coronary syndrome (non-ST-elevation or ST-
elevation myocardial infarction). Subjects were randomized to darapladib (160 mg enteric-
coated tablet daily) or matching placebo within 30 days after acute coronary syndrome. The
primary endpoint was the composite of coronary heart disease death, nonfatal myocardial
infarction, or nonfatal stroke, and secondary endpoints were major and total coronary events,
individual components of the primary endpoint, and all-cause mortality. Patients were
followed up for a median of 2.5 years. In patients who experienced an ACS event, direct
inhibition of Lp-PLA2 with darapladib added to optimal medical therapy and initiated within
30 days of hospitalization did not reduce the risk of major coronary events.

The STabilization of Atherosclerotic plaque By Initiation of darapLadIb TherapY (STABILITY)
trial was a double-blind trial in patients randomized more than one month after a myocardial
infarction to double-blind darapladib (160 mg daily) or placebo (daily). The primary endpoint
was a composite of cardiovascular death, myocardial infarction, or stroke. Secondary end‐
points included the components of the primary endpoint as well as major coronary events
(death from coronary heart disease, myocardial infarction, or urgent coronary revasculariza‐
tion for myocardial ischemia) and total coronary events (death from coronary heart disease,
myocardial infarction, hospitalization for unstable angina, or any coronary revascularization).
Patients were followed up for a median of 3.7 years. In patients with stable coronary heart
disease, darapladib did not significantly reduce the risk of the primary composite endpoint of
cardiovascular death, myocardial infarction, or stroke.
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Darapladib is a selective Lp-PLA2 inhibitor that is under investigation for its potential to
stabilize high-risk atherosclerotic plaques and potentially reduce cardiovascular events
[104,105]. A phase 2 clinical trial in 959 patients with CHD or CHD-risk equivalents demon‐
strated that darapladib was effective at producing sustained inhibition of plasma Lp-PLA2

activation in patients on atorvastatin therapy. This study was a post hoc analysis of this phase
2 trial studying high-risk patients with a diagnosis of peripheral arterial disease (PAD). Despite
a more aggressive baseline risk factor profile, darapladib was equally effective at reducing Lp-
PLA2 in patients with and without PAD [106]. Johnson et al. [107] assessed the effects of
darapladib on both plasma and plaque Lp-PLA2 activity in patients undergoing elective carotid
endarterectomy randomized to darapladib 40 mg (n = 34), 80 mg (n = 34), or placebo (n = 34)
for 14 days. Patients were followed by carotid endarterectomy 24 hours after the last dose of
study medication. Darapladib reduced plasma and plaque Lp-PLA2 activity compared with
placebo.

8. Conclusion

Within the last decade, a broad range of biomarkers associated with an increased risk for death
and cardiovascular/cerebrovascular endpoints have been identified. Epidemiological studies
clearly indicated that Lp-PLA2 has the potential to become a clinically useful biomarker
because it promotes independent information in the diagnosis, and especially cardiovascular/
cerebrovascular risk stratification. In the future, we can expect new drugs (new Lp-PLA2

inhibitors) that will affect patient’s management, and assessing the effect of Lp-PLA2 inhibition
on cardiovascular endpoints can provide definitive answers.

However, further clinical validation in well-designed observational and interventional studies
is needed before these recommendations can be properly evaluated in order to include them
in the clinical diagnostic algorithms.

Currently, Lp-PLA2 measurement has only been reserved to patients with moderate and high
cardiovascular risk, rather than healthy population or low-risk patients, since the values of Lp-
PLA2 in these population groups are insignificant. Also, the evaluation of Lp-PLA2 in combi‐
nation with noninvasive imaging could be expected. The formation of best-case model from
Lp-PLA2 and other biomarkers can yield the best patient stratification algorithm. The next step
could be cost-effectiveness analysis of more accurate risk stratification with biomarker testing.
Future studies need to focus on exploring the potential of this biomarker and evaluating the
effects of Lp-PLA2 inhibition on human populations.

The final decision on which test to use for Lp-PLA2 determination, test based on mass or activity
of Lp-PLA2, together with the development of commercially available automated, robust,
valid, high throughput, cost-effective test capable of increasing agility and reducing the
analytical imprecision can be adopted routinely in clinical practice for better risk stratification
and therapeutic choice in patients with cardiovascular/cerebrovascular disease.
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Abstract

Lipoprotein(a) [Lp(a)] consists of a low-density lipoprotein (LDL)-like core and
apo(a), a large molecular weight glycoprotein. Apo(a) is highly homologous to plas‐
minogen, yet in contrast exhibits a unique size polymorphism that is characterized by
an increasing number of kringle-IV (K-IV) repeats. The number of K-IV repeats ranges
from n = 2 to n = 40 or even higher. Apo(a) is synthesized almost exclusively in the
liver and there is still some debate whether the assembly of Lp(a) from LDL and
apo(a) occurs inside the liver cells or in the circulating blood. The plasma Lp(a) con‐
centration is markedly skewed reaching from <1 mg/dl up to >200 mg/dl. The plasma
concentration is >90% genetically determined and correlates negatively with the num‐
ber of K-IV repeats. In the apo(a) promoter, there are numerous response elements for
transcription factors and nuclear receptors that regulate apo(a) expression. The
HNF4α binding sequence appears to be the most important one in that respect, yet
further work needs to be done to unravel the key features of apo(a) biosynthesis un‐
der different conditions. Importantly, activation of FXR causes the dissociation of
HNF4α α from its response element and in turn a significant downregulation of
apo(a) transcription.

Undoubtedly, Lp(a) is one of the most atherogenic lipoproteins and recent large epi‐
demiological studies document quite impressively that Lp(a) is an independent causal
risk factor for coronary heart disease (CHD) and myocardial infarction. This fact led
to the development of specific medications to reduce Lp(a) in patients with high plas‐
ma concentrations. Among the registered lipid-lowering drugs, only nicotinic acid has
a consistently significant Lp(a)-lowering effect, and we recently succeeded in elucidat‐
ing the mode of action of this drug. There are numerous medications in the pipeline
for the treatment of hyper-Lp(a). Among those that are currently in clinical trials,
CETP inhibitors, PCSK9 antibodies, MTP inhibitors as well as antisense oligonucleoti‐
des (ASO), such as the specific APO(a)Rx® from ISIS, which is directed against apo(a)-
mRNA and appears to be the most promising drug as it lowers Lp(a) levels by more
than 90%.

Lp(a) emerged as an important screening parameter to assess coronary atherosclerosis
risk. Its quantitation in the clinical laboratory was, for a long time, quite problematic
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since commonly accepted reference materials and standardized analytical methods
were lacking. However, newer commercial assays based on nephelometry or tur‐
bidimetry, or ELISA using monoclonal antibodies that recognize single epitopes in
apo(a), warrant comparable interlaboratory results.

Keywords: Metabolism, Fibrinolysis, Reference values, Medication

1. Introduction

Lipoprotein(a) [Lp(a)] was uncovered in 1963, and its role in atherogenesis has been a matter
of debate for many years. This was caused to a certain extent by the fact that the function of
Lp(a) was—and still is—unknown. Also, there exists no specific therapy for reducing elevated
blood levels of Lp(a). Lp(a) consists of an LDL-like core and a specific antigen, apo(a). Apo(a)
exhibits a great homology to plasminogen. For this reason, it was long believed that Lp(a) may
play a role in hemostasis and fibrinolysis. There are numerous publications dealing with the
role of Lp(a) in hemostasis (reviewed in ref. [1]) providing evidence that the atherogenicity of
Lp(a) in fact might be due to a certain extent to pathophysiological effects in fibrinolysis. These
findings, however, appear to be of little relevance for practical considerations. Of much greater
importance is the causal relationship of elevated plasma Lp(a) with the incidence of athero‐
sclerosis, coronary heart diseases and stroke [2–4]. Of note, on the other hand, are the findings
that plasma Lp(a) levels rise with age, i.e. that nonagenarians exhibit significantly higher Lp(a)
plasma levels than younger generations [5].

2. Lp(a) metabolism

The protein part of Lp(a) consists of two main components, apoB-100 and apo(a) [6]. ApoB-100,
the main component of LDL, is biosynthesized in the liver and LDL is the end-product of VLDL
catabolism. Yet, LDL also appears to be synthesized directly and secreted from the liver. Liver
LDL, however, displays a different composition from VLDL-derived LDL. Apo(a) consists of
11 unique “kringle-IV’s” (K-IV) that are highly homologous to kringle-4 of plasminogen. In
addition, apo(a) has a variable number of so-called repetitive K-IVs, which is one of the main
puzzles in the immunochemical quantification of Lp(a) (see below). In addition to the presence
of K-IVs, apo(a) possesses one kringle-V and a nonactive protease domain; further details on
the structure of apo(a) may be found in ref. [7]. The exact mode of the assembly of Lp(a) from
LDL and apo(a) might be irrelevant for Lp(a) quantifications, yet it has important implications
for the development of Lp(a)-lowering drugs and the interpretation of their mode of action.
Mixing recombinant apo(a) with LDL in the test tube and incubation for a few minutes leads
to the formation of an intact Lp(a) particle that is indistinguishable from native Lp(a). This led
to the assumption that the assembly of Lp(a) takes part outside the liver in circulating blood.
Turnover studies carried out in the laboratory of H. Dieplinger (Innsbruck), on the other hand,
revealed that the synthesis rate of protein components of Lp(a), i.e. apoB-100 and apo(a), are
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identical but distinct from the synthesis rate of apoB-100 in LDL [8]. This appears to be a strong
argument for the intracellular assembly of Lp(a).

It is well established that the black population has strikingly different plasma Lp(a) concen‐
trations compared with the white population (black individuals have the highest and Asians
have the lowest plasma Lp(a) levels [9]). In addition to these ethnic differences, there are great
differences of plasma Lp(a) levels in any ethnic group ranging from <1 mg/dl to >200 mg/dl.
This heterogeneity is caused, on one hand, by numerous polymorphisms in the apo(a)
promoter and on the other hand by the variable number of K-IV repeats: individuals with a
high copy number of K-IV have lower plasma Lp(a) levels and those with a low number copy
number have higher plasma Lp(a) levels.

3. The biosynthesis of apo(a)

The locus for the apo(a) gene is situated at chromosome 6 (6q26–q276). The biosynthesis of
apo(a) is characteristic of that for any glycoprotein, and the negative correlation of the number
of K-IV repeats with the plasma concentration has been explained by longer cellular residence
times causing a more efficient intracellular degradation of large molecular weight apo(a)
isoforms.

The rate of apo(a) biosynthesis, on the other hand, is significantly influenced by the promoter
activity and its activation by transcription factors and nuclear receptors. We provided evidence
that the apo(a) promoter contains response elements for >70 transcription factors including
HNFs, FXR, PPARs, RXR, SREBPs, CCAAT-Enhancer, IL-6 in addition to numerous others that
play important roles in the lipid and lipoprotein metabolism [10]. The presence of these
multiple transcription factor binding sites led to the assumption that the regulation of apo(a)
transcription might be complex and influenced by numerous metabolic features. Our research
group was in fact the first to characterize important response elements in the apo(a) promoter
that are key for apo(a) transcription and the abundance of apo(a) in blood plasma [10]. The
most significant response element is that of HNF4α at position –826 to –814 in the apo(a)
promoter. HNF4α βνδνγ is competed by farnesoid-X receptor (FXR), a nuclear receptor that
plays an important role in bile acid metabolism. Thus, elevated plasma bile acid levels that
activate FXR lead to a profound reduction of Lp(a) biosynthesis. These metabolic relationships
are schematically displayed in Fig. 1.

4. The Lp(a) catabolism

There exist numerous gaps not only in the understanding of Lp(a) biosynthesis but even more
so in Lp(a) catabolism. Very little is known on the site of uptake, the mode of cell binding,
internalization and intracellular degradation. In vivo studies have been performed mostly on
animals that by themselves do not produce Lp(a). These latter studies revealed that >50% of
Lp(a) is taken up by the liver and that protein degradation products are secreted into bile [11].
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Significant amounts of radioactivity from labeled Lp(a), however, were also found in kidney,
spleen, lung and pancreas, yet it is unknown whether these organs are of relevance for Lp(a)
catabolism in humans. Since the liver is the principal organ for the LDL-receptor-mediated
catabolism of apoB-containing lipoproteins, it was of interest to study this particular pathway
for Lp(a) catabolism. In vivo studies carried out in our laboratory as well as by other groups,
however, revealed that Lp(a) only has a low affinity to the LDL-R. The main argument for this
allegation is the fact that Lp(a) is catabolized in homozygous FH patients with the same rate
as compared to healthy control individuals [12]. Since pathways involved in Lp(a) catabolism
—and in particular the role of specific receptors—is of eminent importance for strategies to
develop Lp(a)-lowering drugs, many attempts have been made to identify binding proteins
(receptors) that might be specific for Lp(a). Actually there is hardly any lipoprotein receptor
that had not been found to bind Lp(a), including LRP, VLDL-R, asialo-glycoprotein receptor,
different scavenger receptors and others. Unfortunately, all these results are based on in
vitro studies that may have little relevance for the in vivo situation. One pathway that appears
to be a hot candidate for Lp(a) catabolism is the binding of apo(a) kringle to lysine (Lys)-rich
cell surface proteins. Along these lines, we actually demonstrated in previous experiments that

Figure 1. Inhibition of apo(a) transcription by bile acids. Chenodeoxycholic acid (CDCA), the FXR agonist with the
highest affinity in humans, binds and activates FXR leading to a displacement of that complex from the cytoplasm to
the nucleus. The complex interferes with HNF4α binding to DR-1, a key response element in the apo(a) promoter and
in turn silences apo(a) transcription. With permission of the Medical University of Graz (copyrights held by the MUG
Graz, Austria).
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feeding of Lys analogues such as tranexamic acid or δ-amino valeric acid to transgenic apo(a)
or Lp(a) mice increased the Lp(a) plasma levels by a factor of 1.5–2, and this correlated with a
lower cell uptake and a higher Lp(a) degradation [13].

5. Lp(a): A causal risk factor for atherosclerosis, CHD and stroke

In MedLine and other databanks, there are more than 1500 papers listed dealing with this topic.
Thus, it is almost impossible to consider all these publications in this report. Therefore, in this
article, we concentrate mainly on the most recent findings; this does not imply that older
references might be of lesser relevance. Semiquantitative measurements of Lp(a) in a Scandi‐
navian collective by the “father” of Lp(a), Kare Berg, revealed that individuals with a more
pronounced “sinking pre-β band” [= Lp(a)] is found in lipoprotein electrophoresis correlated
with the appearance of angina pectoris and CHD [14]. The first quantitative measurements of
Lp(a) were in fact carried out by rocket electrophoresis in our laboratory in cooperation with
P. Avogaro from Venice. In that case-control study, where 183 probands were included, it was
found that the relative risk (RR) of suffering from myocardial infarction (MI)—depending on
the applied cutoff value—was approximately 2-fold higher than in healthy controls [15]. This
led to the adoption of an upper cutoff value of 30 mg/dl in most subsequent studies. In our
first publication, we also could show that patients with type-IIa hyperlipoproteinemia (familial
hypercholesterolemia, FH) exhibited a 6-fold higher risk of myocardial infarction (MI). Most
of the subsequent studies that were published from various laboratories confirmed a positive
correlation of Lp(a) plasma levels with CHD and MI. Some of the studies in fact were also
negative, i.e. no relation of Lp(a) with atherosclerotic diseases could be established (for a
review, see ref. [16]). A stab in the back to Lp(a) research in fact was given in 1993 by the article
from Ridker et al. [17], who could not find any significant relation between Lp(a) and the risk
for CHD in a nested case-control evaluation in the Physician’s Health Study with almost 15,000
probands “In this prospective study of predominantly middle-aged white men, we found no
evidence of association between Lp(a) level and risk of future MI. These data do not support
the use of Lp(a) level as a screening tool to define cardiovascular risk among this population.”
These findings of Ridker et al [17] might have been based on the fact that the methodology
used for Lp(a) quantification was subject to criticism.

Some years later, Lp(a) research encountered a revival after the publication of new data from
several research groups in 2009–2011. These studies comprised >100.000 patients or probands
and, for the first time, revealed beyond any doubt a significant causal relationship between
elevated plasma Lp(a) and CHD ([2–4, 18,19]). Of note are studies from the last 3 years which
underline the significance of Lp(a) as a risk factor for atherosclerotic cardiovascular diseases:

The PROCARDIS Consortium asked the question that had been discussed for a long time,
whether different apo(a) isoforms with different number of K-IV repeats would exert differ‐
ences in their atherogenicity [20]. There were actually indications in the literature that not only
the actual plasma concentration of Lp(a) but also the size polymorphism may reflect the risk
of atherosclerosis. Thus, in the PROCARDIS study, including some 1000 patients and a similar
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number of control individuals, plasma Lp(a) concentrations were measured by latex-enhanced
immune-turbidimetry (see below) and apo(a) isoforms were assayed by SDS-polyacrylamide
gel electrophoresis followed by immune blotting, using the isoform-standard from Immuno
A.G., Vienna. Unfortunately, Immuno A.G. does not exist anymore and isoform standards are
nowadays hard to obtain. The authors of PROCARDIS calculated the odds ratio (OR) of
patients and controls between the first and last quintile before and after adjusting for the
number of K-IV repeats. In both calculations, an OR of 2.05 (p < 0.001) was found, i.e. no
difference could be observed whether the apo(a) size polymorphism was taken into consid‐
eration or not. This report appears to quite definitely conclude this debate and is proof that
Lp(a) exerts its atherogenicity through its plasma concentration and not through possible
structural differences in K-IV repeats. In an editorial to this report, F. Kronenberg (Innsbruck)
pointed out that the analysis of SNPs—in particular rs41272114, rs10455872 and rs3798220,
which exhibit the strongest association to plasma Lp(a) concentrations can neither be taken as
surrogates nor as substitutions for the number of K-IV repeats. He further pointed out that
more than half the number of individuals with isoforms containing less than 22 K-IV repeats
are not recorded by this SNP analysis mentioned above.

In a further publication by the PROCARDIS Consortium published in ATVB [21], the question
was asked as to what extent the LPA “null allele” (rs41272114) might influence the plasma
concentration of Lp(a) in heterozygous individuals and if it might be a determinant for
atherogenic risk. In this study comprising some 8000 CAD patients, an allele frequency for
rs41272114 of approximately 3% was found. Patients containing the null allele exhibited
significantly lower plasma Lp(a) levels as compared to control individuals without the
rs41272114 allele (OR 0.79; p = 0.023). According to findings from the group of G. Utermann
[22], the rs41272114 SNP represents a donor-splice site mutation leading to the biosynthesis of
a truncated apo(a) with only 7 K-IVs (K-IV 1–7) in total and no K-V or protease domain. As a
consequence of the absence of K-IV type 9, which contains the only free –SH group in apo(a)
and is responsible for the covalent binding to apoB-100, the truncated apo(a) fragments are
well secreted from the liver into the blood but do not assemble with LDL and thus are rapidly
degraded and removed from the circulation. The PROCARDIS study also proved that
individuals with only one apo(a) isoform exhibit a large variation in their plasma Lp(a)
concentrations and that there exists a sigmoid correlation between the number of K-IV repeats
and plasma Lp(a) levels. The question of the mechanism that causes this variation, however,
could not be answered by this study. The authors of the PROCARDIS Consortium claimed, on
the basis of their results, that in future epidemiological studies by SNP analysis for the
assessment of the CAD risk, the rs41272114 polymorphism must be taken into consideration
as a matter of state-of-the-art experiments.

Further support of the hypothesis published in 1981 by our group [15] indicating that Lp(a)
might be a significant risk factor for MI comes from the “Bruneck Study” comprising 826 male
and female probands [23]. In a recall survey after 15 years, it was found that the inclusion of
Lp(a) in the Framingham algorithm for the risk assessment of CHD, an improvement of 0.016
in the C-index was reached. Consideration of Lp(a) plasma levels improved the hit rate in the
prediction of CHD by 40%.
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6. Lp(a) and stroke

The question as to what extent Lp(a) might also be causally related to stroke was addressed in
numerous publications (reviewed in ref. [24]). Sultan et al. [25] recently published the results
of his meta-analysis, where he included 10 published papers dealing with ischemic stroke in
children. Setting the cutoff level for Lp(a) at 30 mg/dl, a positive association between Lp(a)
and stroke was found with a Mantel-Haenszel OR of 4.24 (p < 0.00001).

As mentioned above, the physiological function of Lp(a) is in the dark. Concerning the
pathophysiology, the work of Tsimikas et al. from San Diego is noteworthy because they
believe that the high affinity of Lp(a) for oxidized phospholipids might be responsible for its
atherogenicity [26]. Oxidized phospholipids are known to promote the synthesis of inflam‐
matory cytokines that recruit monocytes and T-lymphocytes. Monocytes differentiate to
macrophages that phagocytose oxLDL and are transformed to foam cells, hallmarks in
atherogenesis. Negatively charged phospholipids such as Ox-Phos are key components in
oxLDL and also bind a specific protein, β-2-glykoprotein-I (β2-GPI). The latter also forms a
complex with Lp(a). In a recently published paper, it was reported that the plasma levels of
Lp(a), Ox-Lp(a) and β2GP-I-Lp(a) in stroke patients were significantly higher than in controls
(124 patients vs. 64 controls). In addition, a positive correlation of these plasma parameters
with the severity of stroke was established [27]. These findings point towards the assumption
that Lp(a) might not neutralize ox-PL but in contrast boosts its atherogenic properties.

7. Medication of patients with elevated plasma Lp(a)

Although recent publications might be taken as a clear hint for the causal relationship between
elevated Lp(a) and CHD, a final proof might be only obtained from intervention studies with
Lp(a)-lowering drugs (see ref. [28]). Unfortunately, there hardly exists any drug that may
specifically lower plasma Lp(a). As a consequence of the work cited above, however, intensive
efforts have been taken to develop such therapeutic agents. In addition, any new lipid-lowering
or HDL-raising drug that is in clinical trials is checked for its potential action on Lp(a). There
exist several serious recommendations for the treatment of relevant patients (reviewed in ref.
[16]), but many of them are based on anecdotal observations, or are of little practical value or
low efficacy. As mentioned above, Lp(a) is hardly bound by the LDL-R and thus specific drugs
acting solely by increasing LDL-R activity are mostly inactive in the treatment of hyper-Lp(a)
patients. Statins that belong to this sort of drugs are therefore not the drugs of choice—and
actually there are reports that statins even may lead to an elevation of Lp(a) [29]. Unfortunately,
the pathomechanism of the LDL-raising effect of this observation is unknown.

The only current method that reduces plasma Lp(a) levels to a satisfactory extent is apheresis,
and it has been shown that lowering Lp(a) by this method reduced the CHD risk significantly
[30]. Apheresis is therefore strongly advised in the secondary prevention of patients with very
high plasma Lp(a) (>80 mg/dl).
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Another current possibility is medication with nicotinic acid or derivatives thereof. Nicotinic
acid (niacin), its amide or different retard compounds were, for a long time, in the markets of
numerous countries because of their HDL-raising properties. In addition, these compounds
reportedly reduce plasma Lp(a) by some 30% [31]. In recent studies, we succeeded to uncover
the mode of action of this drug at a molecular level: the APOA promoter contains several cAMP
response elements that impact the apo(a) transcription [32]. Nicotinic acid interferes in liver
with the binding activity of cAMP to these elements and reduces the biosynthesis of apo(a)
(see cartoon in Fig. 2).

Figure 2. Influence of nicotinic acid on apo(a) biosynthesis: Proposed mode of action. cAMP regulates apo(a) biosyn‐
thesis by binding to specific cAMP response elements in the APOA promoter. Nicotinic acid inhibits adenylate cyclase,
the key enzyme of cAMP biosynthesis in the liver and in turn lowers its intracellular concentration, leading to a lower
expression of the APOA gene. With permission of the Medical University of Graz (copyrights held by the MUG Graz,
Austria).

A major side effect of nicotinic acid is the activation of prostaglandin D2, particularly in the
skin, which causes the dilatation of blood vessels by binding to DP1 (PGD2 receptors) and in
turn causing skin flushing (red face). Thus, nicotinic acid is not very well appreciated by most
patients and, as a consequence, it was removed from the market in most countries. Another
drawback for nicotinic acid was the outcome of the HPS2-THRIVE study (http://
www.nejm.org/doi/full/10.1056/NEJMoa1300955). In this trial, 25,673 patients were treated
with a standard statin background therapy plus a nicotinic acid supplement consisting of 2 g
extended-release niacin + 400 mg of the DP1 antagonist laropiprant or a matching placebo. As
it turned out, the supplement nicotinic acid-laropiprant therapy did not reduce CHD risk but
increased the incidence of serious adverse events.
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8. Selective medication for hyper-Lp(a)

In our study cited in ref. [10], we actually found that patients suffering from extrahepatic
cholestasis exhibited very low Lp(a) plasma concentrations. After treating these patients and
curing them from cholestasis, Lp(a) levels vent up significantly. In this study, we succeeded
in pinpointing FXR as the most important repressor for apo(a) biosynthesis (see also Fig. 2).
Unfortunately, FXR is a pluripotent nuclear receptor that plays eminent roles not only in bile
acid and glucose metabolism but also influences the activity of LXR, the master regulator of
cellular cholesterol metabolism. There exist negative feedback loops not only between FXR
and LXR but also between FXR and other transcription factors, cytokines and interleukins.
Thus, the application of FXR activation must be done with great caution and may be not feasible
at all for prolonged applications. Nevertheless, such FXR agonists are in development and are
currently being tested for their action on the plasma levels of Lp(a). Phenex, a SME that
specializes on the development of antagonists and agonists of nuclear receptors, has the FXR
agonist Px-102® in clinical trials (http://www.phenex-pharma.com/pdf/PR-Phenex-Phase
%20I%20finished_5%20M%20Euros_engl.pdf). Px-102® significantly affects plasma choles‐
terol levels in laboratory animals and is also tested for its potential effect on liver tumors. No
data has been released so far on its potential effect on Lp(a).

Other selective Lp(a)-lowering agents are currently under investigation. They comprise mostly
drugs that were originally drafted to lower LDL cholesterol or increase HDL cholesterol.
Among them, inhibitors of PCSK-9, CETP, MTP and thyromimetica are worth noting.

8.1. PCSK-9 inhibitors

Recently, it has been published in Circulation that AMG145, the monoclonal antibody against
PCSK-9 from Amgen®, at a dose of 105 mg Q2W reduced plasma Lp(a) levels on average by
32% [33]. At this dose, the authors observed a reduction of plasma LDL-C and of apoB by 60%
and 50%, respectively. It must be stressed, however, that among the 626 male and female
patients, approximately half of them had Lp(a) levels below the median concentration of 43
nmol/L. Although the Lp(a)-lowering effect of AMG-145 correlated significantly with the
reduction of LDL-C, patients with low Lp(a) showed a much bigger relative reduction of Lp(a)
than patients of the 3rd or 4th Lp(a) quartile. At a dosage of 420 mg, Q4W patients of the 4th
quartile did not respond at all with a reduction of Lp(a). According to unconfirmed commu‐
nications AMG-145 might be registered in the 2nd half of 2015, yet the treatment costs will
certainly be significantly higher as compared to that of statin therapy.

In a similar study with SAR236553, the PCSK-9 antibody from Sanofi®, an average reduction
of Lp(a) of up to 28.6% was observed [34].We actually consider these trials as pilot studies as
they do not address all the questions of the mode of action of PCSK-9 inhibitors on Lp(a). It is
well known that these drugs increase the activity of LDL-R, particularly in the liver, and this
receptor has a relatively low affinity to Lp(a).
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8.2. CETP inhibitors

CETP stands for “cholesterol ester exchange/transfer protein.” It catalyzes the exchange of CE
and triglycerides between VLDL or LDL and HDL. In fact, many years ago, we published that
Lp(a) also serves as a substrate for CETP [35]. On theoretical grounds, CETP inhibitors should
be ideal for the treatment of stroke patients that exhibit significantly elevated Lp(a) and
reduced HDL levels [36]. The development of drugs containing the CETP inhibitors Torcetra‐
pib and Dalcetrapib has been stopped because of unwanted side effects. Anacetrapib and
Evacetrapib, on the other hand, are currently in phase II clinical trials. Concerning Anacetrapib,
it was published in several reports that it reduces Lp(a) by up to 25%, yet details of this study
are still lacking.

Further medications such as Eprotirome, a thyromimetikum, Lomitapide, an MTP inhibitor
from Aegerion, and Mipomersen, an antisense oligonucleotide targeting apoB, all reportedly
reduce Lp(a); however, it is rather uncertain that these drugs will ever be admitted for the
indication, high Lp(a).

The most promising medication, at the time being, appears to be APO(a)rx, a specific antisense
drug from ISIS®. In that respect, it is noteworthy that we published in 2001 that by RNA
interference, a 100% inhibition of the expression of ap(a) may be accomplished in transgene
apo(a) mice [39]. ISIS®, in fact, claims from a phase I study that in patients with Lp(a) of 10–
100 mg/dl, a reduction of up to 90% was reached (http://www.isispharm.com/Pipeline/
Therapeutic-Areas/Cardiovascular.htm#ISIS-APOARx). If ISIS ® succeeds in admitting their
antisense drug APO(a)rx, we consider this strategy as the most specific and effective in treating
hyper-Lp(a).

9. How and when should Lp(a) be measured

Actually, Lp(a) is not measured routinely in clinical laboratories because of the following
reasons: (i) there exists no effective treatment regime to lower plasma Lp(a); (ii) the currently
available Lp(a) assays are not standardized and results from different laboratories vary
considerably (see ref. [16]).

i. As mentioned above, very effective and partially specific Lp(a) medications are in
clinical trials and it is hoped that some of them might soon be on the market. Even if
it should take several years before such drugs are admitted, knowledge of the plasma
Lp(a) value gives additional important information to judge CHD risk. It has been
reported previously that plasma Lp(a) levels stay pretty constant over months and
years and may hardly be influenced by diet and living conditions. Systematic studies
within single individuals, however, revealed quite large fluctuations. Patients with
elevated or borderline Lp(a) values therefore should be assayed for Lp(a) at several
occasions.

ii. It is true that most commercial Lp(a) assays are not standardized, and the accuracy
and precision of these assays needs to be seriously revised. Since there is a strong
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genetic component in Lp(a) plasma levels, Lp(a) should also be measured in all
relatives of such index patients mentioned above. In addition, we advise that Lp(a)
should be measured in the plasma of all premature myocardial infarction and stroke
patients in addition to patients with borderline CHD risk because elevated Lp(a) puts
them into a higher risk group. Since a specific practicable Lp(a) therapy is currently
lacking, patients at increased CHD risk that exhibit elevated Lp(a) must be treated
quite more rigorously with conventional lipid-lowering therapy than similar patients
with low Lp(a). The monitoring of Lp(a), in addition, is advised in patients that
undergo state-of-the-art therapy but still show a progression of atherosclerosis or
vascular diseases, in all FH patients and in patients with genetic lipoprotein disorders,
in patients with low HDL or high homocysteine, or in patients with disorders of
hemostasis or fibrinolysis. Finally, we recommend assaying Lp(a) in patients with
diabetes mellitus and autoimmune diseases.

In a consensus report of the European Atherosclerosis Society, monitoring of plasma Lp(a) is
recommended in patients at a 10-year atherosclerosis risk of >3%. Particular attention should
be paid to hemodialysis patients and patients with any form of kidney disease. In kidney
disease, it is important before targeting hyperlipoproteinemias by medication to treat the
primary disease as well as possible and to concentrate on modifiable CHD risk factors such as
LDL-C, high blood pressure, smoking, blood glucose and obesity. Apheresis in addition to
nicotinic acid therapy must be considered in these patients if feasible, although evidence-based
results are still lacking.

10. What needs to be kept in mind when measuring Lp(a)

The first laboratory methods for measuring plasma Lp(a) were radial immune diffusion, rocket
electrophoresis and later nephelometry. Today, high-throughput methods are mostly request‐
ed comprising ELISE, DELFIA nephelometry and turbidimetry. In all these methods, one must
consider the fact that the molecular mass of Lp(a) and apo(a) varies quite strikingly within
large limits, that Lp(a) contains apoB-100 in addition to apo(a), that Lp(a) exhibits great
affinities to other proteins, e.g. β2-GPI, and in particular that apo(a) contains repetitive
structures: the number of repetitive K-IV repeats varies from 2 to approximately 40 or more.
This causes, in many assays, an overestimation of Lp(a) concentrations in patients with large
apo(a) isoforms and an underestimation in patients with small apo(a) isoforms. Finally, one
must consider the presence of small apo(a) fragments in plasma that are not bound to LDL.
Yet the concentration of these fragments correlates positively with Lp(a) levels. In order to
circumvent some problems in the quantitative analysis of Lp(a), ELISA and DELFIA methods
have been suggested where the capture antibody binds relatively unspecific all apo(a) isoforms
yet the detection antibody is monoclonal and recognizes only one epitope in apo(a). Other
assays use anti-apoB as a detection antibody. This, however, is biased by the fact that in
hyperlipidemic samples, one Lp(a) particle may bind additional apoB-containing lipoproteins
leading to an overestimation of plasma Lp(a) levels.
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As a consequence of these challenges, a group of experts in the field vent together that tackled
these problems by propagating various reference standards and methods. We also participated
in this survey using our in-house laboratory methods and antibodies [40]. A major problem
that came out from this study was the different reference materials used in the assays. Even
the use of the WHO/IFCC Reference Material as a common calibrator did not result in
satisfactory harmonization of Lp(a) values [41].

We consider most of the considerations, based on theoretical grounds, of little importance in
commercial routine clinical assays. There are three important questions that need to be solved:
(1) What methods are apo(a)-isoform insensitive? (2) How can be units in mg/dl be transformed
into nmol/L? (3) What are the cutoff levels to be adopted for risk stratification?

11. What needs to be considered in measuring Lp(a)?

Considering all these puzzles, we propagate the following: Our preferred commercial assays
are based on latex-enhanced immune-nephelometry or -turbidimetry. This is based on the
consideration that the size of latex particles in comparison to the size of Lp(a) is very high and
the size polymorphism of apo(a) becomes negligible. In addition, the latter methods are highly
precise and may be applied in high-throughput. ELISA and DELFIA methods may be isoform-
insensitive if monoclonal antibodies are used that recognize only one epitope on apo(a).

Another possibility that still needs confirmation is to assay apo(a) fragments in urine. In urine,
apo(a) fragments are secreted by a mechanism that has not been fully explored so far. These
fragments consist mostly of repetitive K-IV structures of different lengths and thus what is
measured accurately even by the use of polyclonal antibodies is the concentration of K-IVs,
mostly of type 2, that have been shown to correlate significantly with the plasma Lp(a)
concentration [42]. In the work cited in ref. [42], we could actually show that the discriminatory
power of urinary apo(a) fragments is at least as good—if not even better—than that of plasma
Lp(a).

12. Should Lp(a) levels be expressed as mass units or molar units?

This question is partly academic since there is, at the moment, no validated commercial assay
on the market that gives accurate and reliable molar values. One must also consider that most
of the individuals are heterozygous, i.e. they have 2 kinds of Lp(a) particles in their blood with
quite large differences in the molecular mass. In our laboratory, we use mass values since the
majority of the published epidemiological studies publish their values in mg/dl or mg/L. In
addition, the cutoff values propagated in the Consensus Report of the European Atheroscle‐
rosis Society are given in mg/dl.

Keeping in mind that not only the molecular mass but also the composition of Lp(a) varies
quite remarkably, we must think practicable for the time being. Assuming a molecular mass
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for Lp(a) of 3,150.000 Daltons, a value that sounds quite realistic on the basis of quasielastic
light-scattering data, a conversion factor of 3.17 for converting mass into molar units has been
proposed: 1 mg/dl apo(a) corresponds roughly to 3.17 nmol/L. It should be pointed out,
however, that in the US, a conversion factor of 2.5 has been proposed. This factor may be
calculated on the grounds of a molecular mass of 4 million.

What are the most realistic cutoff values? Most of the results from recent studies assumed that
Lp(a) is not a continuous risk factor but rather that a significant risk starts at a certain border
value. This in fact is not supported by any evidence-based study, yet on practical considera‐
tions, cutoff levels have been propagated. In the original study where Lp(a) was quantitatively
measured in our laboratory, we published that at a cutoff point of 30 mg/dl, the relative risk
for myocardial infarction in that particular collective was 1.75 and at a cutoff value of 50
mg/dl, the relative risk was 2.5 [15]. These values are very close to those that have been obtained
in numerous large epidemiological studies including meta-analyses of prospective trials
published by many laboratories. The European Atherosclerosis Society propagates, in a
consensus report that is mostly based on data from the Copenhagen Heart Study, a cutoff value
of 50 mg/dl, corresponding to approximately 150 nmol/L.
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