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Preface

The term dyslipidemia origins from dys- + lipid (fat) + -emia (in the blood), and
essentially refers to serum lipid disorders. By definition, dyslipidemia is a disorder
of lipoprotein metabolism in terms of either lipoprotein overproduction or
deficiency. It may be expressed by increased serum total cholesterol, low-density
lipoprotein cholesterol and/or triglycerides, a decrease in high-density lipoprotein
cholesterol concentration, and/or various combinations of such disorders.
Lipoproteins, which contain lipids and proteins (apolipoproteins), are mainly
responsible for transporting plasma lipids from the intestines and liver to peripheral
tissues.

Dyslipidemia has a complex pathophysiology consisting of various genetic, lifestyle,
and environmental factors. It has many adverse health impacts, and has a pivotal role
in the development of chronic non-communicable diseases.

Significant ethnic differences exist due to the prevalence and types of lipid
disorders. While elevated serum total and LDL-cholesterol are the main concern in
Western populations, in other countries hypertriglyceridemia and low HDL-
cholesterol are more prevalent. The latter types of lipid disorders are considered as
components of the metabolic syndrome, which is a clustering of dyslipidemia,
hypertension, dysglycemia, and obesity. The rapid escalating trend of obesity at
global level, which is associated with obesogenic milieus through high-calorie intake
and sedentary lifestyle, as well as the environmental factors, will result in increasing
prevalence of dyslipidemia, and will make it a global medical and public health
threat.

This situation is not limited to adults, and the pediatric age group is being involved
more and more. The results of longitudinal studies support the association of risk
factors cluster in children and adolescents with future chronic diseases.

However, the processes by which lipids and lipoproteins participate in the
development of non-communicable diseases at different life stages continue to be an
area of controversy. Several experimental and clinical research studies are being
conducted regarding issues related to the underlying mechanisms and therapeutic
modalities.



Preface

The current book is providing a general overview of dyslipidemia from diverse
aspects of pathophysiology, ethnic differences, prevention, health hazards, and
treatment.

Prof. Roya Kelishadi

Faculty of Medicine & Child Health Promotion Research Center,
Isfahan University of Medical Sciences, Isfahan,

Iran









Obesity Related Lipid Profile and Altered
Insulin Incretion in Adolescent with
Policystic Ovary Syndrome

Annamaria Fulghesu and Roberta Magnini
Department of Obstetrics and Gynecology, University of Cagliari, Cagliari,
Italy

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common female endocrine disorder, present in
5 - 7% of women of reproductive age. The diagnosis of PCOS was made according to
Rotterdam criteria in presence of at least two of the following: 1) oligomenorrhea and/or
anovulation; 2) hyperandrogenism (clinical and/or biochemical); 3) polycystic ovaries with the
exclusion of other etiologies (1). The disorder is characterized by irregular menstrual cycle,
chronic anovulation and hyperandrogenism. Women with PCOS demonstrate marked clinical
heterogeneity: the commonly associated features of hirsutism, acne, polycystic-appearing
ovaries, obesity and acanthosis nigricans are neither uniform nor universal (2-3). In time the
disorder may lead to onset of hyperinsulinemia, insulin resistance, gestational diabetes, early
onset of type 2 diabetes mellitus (DM), dyslipidemia and cardiovascular disease (CVD) (4-5).
PCOS is characterized by a complex physiology implicating an interaction with
environmental and genetic factors, resulting in a broad spectrum of reproductive and
metabolic disorders. (6-7) Adult females with PCOS may be at increased risk for
atherosclerotic cardiovascular disease (CVD) due to increased prevalence of obesity and
central adiposity as well as to hypertension, hyperinsulinemia, type 2 DM, and dyslipidemia
in these patients (8).The prevalence of obesity and consequently the presence of metabolic
abnormalities reported in Italian and American published studies differs considerably,
underlining the presence of important ethnic differences. (9, 10, 11, 12).

A percentage ranging from 30-75% of women with PCOS are obese, European women
generally weighing less than their American counterparts (20,21). Hyperinsulemia and/or
insulin resistance (IR) are frequently manifested in obese, and to a lesser extent (50%) in
lean, PCOS patients (3, 13, 14). Hyperandrogenaemia, hyperinsulemia and obesity are
considered as risk factors for the development of hypertension and dyslipidemia, diabetes
mellitus and coronary disease in PCOS (15-16). The causes of metabolic disorders in PCOS
remain to be clarified, but include obesity-related IR, an intrinsic abnormality of
postreceptor insulin signaling (e.g. excess serine phosphorylation), and abnormal insulin
secretion. On the other hand, increased resistance to insulin is a hallmark of the onset of
normal pubertal development with natural to pre-pubertal values at the end of puberty in
non-obese subjects. Consequently, in early adolescence a physiological resistance to insulin
should be taken into account (12).
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Dyslipidemia in PCOS is frequently manifested and is characterized by elevated plasma
levels of low- density lipoproteins (LDL), very-low-density lipoproteins (VLDL) and
triglycerides with concomitantly reduced concentration of high-density lipoproteins (HDL)
in obese subjects (17, 18). A decrease in HDL, rise in triglyceride, VLDL, and LDL levels, as
well as qualitative disorders of the LDL have all been described in young and adult PCOS
(19). Moreover, recent data have shown a higher prevalence of metabolic syndrome in
adolescent PCOS compared to controls (20) as well as an early impairment of endothelial
structure and function even in non-dyslipidemic subjects with PCOS syndrome (21).
Nevertheless, metabolic disorders in PCOS have not been extensively studied in the
adolescent population. Several studies have shown how both lean and obese adolescents
with PCOS appear to present an increased risk of both metabolic disorders and impaired
glucose tolerance and diabetes (22), similar to their adult counterparts. A previous study
carried out by our group demonstrated that the Italian young PCOS population is
characterized by a high incidence of insulin alterations also in presence of normal weight
and normal peripheral insulin resistance (12). Although the prevalence of dyslipidemia
differs between PCOS subjects and young healthy girls, it however remains to be clarified
whether dissimilarities in dyslipidemia occur in relation only to BMI or also to alterations to
the insulinmetabolism and/or hyperandrogenemia.

Carmina recently demonstrated that MBS in women with PCOS is less common in Southern
Italy compared to rates reported in the USA, the former reaching only 8.2% compared to a
prevalence of 43-46% reported by US authors (23). The prevalence of MBS in the adult
Italian PCOS population is higher than in control population matched for BMI, suggesting
that body weight may be only in part responsible for this metabolic disorder (24).

Although few studies have investigated the latter condition in adolescents, it could prove to
be of considerable importance in view of the health implications involved, requiring medical
counseling to implement an adequate change in lifestyle. Likewise, obesity rate in
adolescent PCOS subjects differs between Europe and the USA. In Sardinia, the incidence of
obesity is lower than throughout the rest of Italy, with only 3-4% of high school female
population presenting a BMI >25 (25). A combination of genetic factors, different lifestyle
and diet are likely involved. In view therefore of the regional peculiarity, the patient
population attending our Clinic was deemed to be of interest.

Therefore it is important to understand the relationship between lipid pattern and BMI,
hyperinsulinemia and/or insulin resistance and circulating androgens in adolescent PCOS.
In a study carried out in July 2005 to the Adolescent Center for gynecological diseases of the
Department of Obstetrics and Gynecology, University of Cagliari, San Giovanni di Dio
Hospital seventy-one adolescent (age 13-18) subjects affected by PCOS were recruited for
this study. On the basis of the various aspects linking PCOS dyslipidemia and CVD risk, the
present study was designed to investigate the influence of BMI and insulin metabolism
derangement on lipid levels. All subjects were screened for other causes of
hyperandrogenism, such as androgen secreting tumors and congenital adrenal hyperplasia
(tested by evaluation of 17- dydroxyprogesterone). All subjects were euthyroid and devoid
of hyperprolactinemia, diabetes mellitus and cardiovascular disease. No subjects had taken
hormonal contraceptives or other type of medication or been on a diet that may have
affected lipid profile, carbohydrate metabolism or insulin levels for at least 3 months
preceding the study. No subjects were either smokers or drinkers. No subjects practiced
sports on a regular basis (3 or more 20-min sessions of aerobic exercise per week).
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These patients were linked with a control group consisting of healthy patients referred to
the Adolescent centre for ultrasound screening of ovarian disease.

Control subjects and PCOS were studied 5 to 8 days following menstrual bleeding, which
was progestin-induced in amenorrhoic patients. All patients were studied at least 15 days
following Medrossi-Progesteron-Acetate administration (MAP 10 mg for 5 days). At the
time of admittance to the study the presence of a dominant follicle, recent ovulation, or
luteal phase was excluded by ultrasound examination and serum P evaluation. Height and
weight were measured on the morning of testing. Waist and hip circumference were
measured as previously referred. Blood pressure was measured in the second position and
in the right arm (26) after 15 minutes resting.The hormonal study (after 12 hours overnight)
included baseline plasma determination of LH, FSH, Estradiol (E2), Androstenedione (A),
Testosterone (T), Dehydroepiandrosteronesulphate (DHEAS), 17hydroxyprogesterone (17-
OHP) and Sex-hormone-binding globulin (SHBG). Lipid assay was performed to measure
total cholesterol level, high-density lipoprotein cholesterol level (HDL), low-density
lipoprotein cholesterol level (LDL) and triglyceride level. Homocysteine levels were also
determined.

Adolescents meeting three or more of the following criteria were diagnosed with MBS: waist
circumference of at least 90th percentile for age and gender; systolic or diastolic blood
pressure at least 90th percentile for age, height and gender; fasting TG at least 110mg/dl
(90th percentile for age); fasting HDL not exceeding 40mg/dl (10th percentile for age); and
fasting glucose at least 110mg/dl.

Subsequently, patients underwent a 75-g oral glucose tolerance test (OGTT). Insulin, C-
peptide, and glucose serum concentrations were analyzed prior to (time 0) and 30, 60, 90,
120 and 180 min after oral glucose load. A normal glycemic response to OGTT was defined
according to the criteria of the National Diabetes Data Group (27). Insulin, C-peptide and
glucose response to glucose load were expressed as area below the curve (AUC), calculated
according to the trapezoidal rule. The homeostatic index of IR (HOMA) was calculated as
follows: HOMA = [fasting insulin (pU/ml) x fasting glucose (mmol/L/22, 5)]. (28) The body
mass index (BMI) was calculated according to the following formula: body weight in
kilograms/ height in m2. Normal weight was considered as 18 < BMI > 25. The degree of
hirsutism was quantified using Ferriman and Gallwey (F-G) score (28).

No differences were observed with regard to the presence of overweight and obese subjects
between PCOS and controls (30% vs. 23%); a similar finding was obtained also for waist
measurement and WHR, confirming that obesity is not a common finding in young PCOS
subjects in the population studied.Moreover, no subjects affected by metabolic Syndrome or
diabetes either among PCOS or in the control group were detected. No differences were
revealed in lipid levels between PCOS and controls. In addition, no differences were
reported for any of the fasting metabolic parameters (i.e. Glucose fasting insulin, HOMA
ratio), whilst a higher insulin response under OGTT was obtained for PCOS subjects. On the
other hand, statistical correlations clearly demonstrated the influence produced by BMI and
waist measurement on HDL, triglyceride and LDL levels. However, dividing the population
into tertiles for BMI and waist measurement significant differences were revealed for both
HDL and LDL levels in lean overweight and obese subjects and in relation to the presence of
visceral fat.The above features have also been reported by several authors carrying out
studies on young subjects.

Glueck published a study regarding PCOS and regular cycling adolescents in USA
demonstrating a higher prevalence of obesity and dyslipidemia in PCOS.
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However, when subjects were matched one-by-one for BMI and age, differences in lipids
were no longer significant. In a recent paper on young obese subjects Shroff failed to
demonstrate any difference in lipid as well as traditional CV factors in PCOS and control
populations, but demonstrated a higher BMI in subjects presenting subclincal coronary
atherosclerosis (CAC) (10). In young subjects from southern Italy, Orio demonstrated
normal lipid levels in lean PCOS even in the presence of increased dimensions of heart
ventricles.The above findings all seem to indicate that rather than being an insulin-
correlated factor BMI may well be implicated in lipid alteration. On the other hand, the
presence of increased waist measurements in PCOS population suggests that the presence of
visceral fat may represent an additional risk factor, independent from BMI in PCOS. The
influence of insulin on lipid profile was also determined.

Indeed, to date very few authors have investigated this aspect: Mather found a significant
increase in traditional CV risk factors in PCOS women with fasting hyperinsulinemia in
respect to their normoinsulinemic counterparts; this difference persisted when BMI was
included as covariate. (29) Through reduction of hyperinsulinemia by means of metformin
treatment Banazewska obtained a significant increase of HDL and reduction of triglycerides
in a group of 43 adult PCOS. Our group recently published a paper on the peculiar insulin
derangement observed in a population of normal weight young PCOS demonstrating a low
incidence of insulin resistance but high incidence of hyperinsulinemia under OGTT (30).
This peculiar metabolic alteration was confirmed in the present sample, thus allowing the
separation of hyperinsulinemia from peripheral insulin resistance in data analysis.

Ibanez et al. also demonstrated higher serum insulin levels after OGTT with normal insulin
sensitivity in a population of adolescent girls with PCOS. The causes underlying the
increased response of -cells in these subjects are, as yet, unknown. It is not clear whether
high levels of insulin necessarily indicate the presence of a disorder although it may be
hypothesized that adaptation to the chronic risk of hypoglycemia in hyperinsulinemic
subjects could lead to IR after some time. Moreover, our group recently demonstrated that a
normal HOMA score is not sufficient to exclude earlymetabolic abnormalities such as
hyperinsulinemia in young lean PCOS subjects. Hyperinsulinemia per se could contribute
toward onset of hyperandrogenism independently of peripheral IR.(12)

In this study was found a significant negative correlation between HDL and fasting insulin
and HOMA, but this correlation was no longer significant when the influence of BMI was
excluded, whereas insulin AUC was not related to any lipid parameters.

Furthermore, although the PCOS sample studied here was divided into tertiles on the basis
of both insulin resistance and insulin AUC levels, the data obtained clearly indicate the
failure to detect any relationship between insulin levels and lipid profile. Nevertheless,
surprisingly a positive correlation was observed between A levels and HDL and a negative
correlation between A and triglycerides. Reports present in literature did not afford any
explanation for this result. A negative effect of A on HDL levels has previously been
reported in males to whom A supplements had been administered (31). Moreover,
exogenous T is reported to influence negatively HDL via hepatic lipase (HL) (31) an enzyme
that increases the clearance of HDL. Less is known about the regulation of HDL by
endogenally-derived androgens. A study performed in women with PCOS was not able to
demonstrate any correlation between T and HDL. Considerable controversy exists as to the
effect of androgens on lipoprotein lipase (LPL) activity.

In obese women LPL activity correlated positively with plasma free testosterone (32),
whereas in women with PCOS a correlation with LPL activity was demonstrated.
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Other authors have attributed to coexisting (29) insulin resistance the negative effect of
androgen observed on lipid profile. In this case, the low incidence of insulin resistant
subjects in a population may explain this unexpected result.

In conclusion, no lipid differences were revealed between our population of adolescent
PCOS from southern Italy and controls.

Anthropometric characteristics (BMI, waist measurement and WHR) are the main
parameters correlated to lipid derangement, confirming the importance of treating obesity at
an early age to prevent onset of complex metabolic syndromes in the future. The latter may
be of particular importance in PCOS populations in which insulin alterations
(hyperinsulinemia and insulin resistance) are well known peculiarities potentially capable of
influencing the long-term evolution of this endocrine disorder towards CVD and diabetes
mellitus. A targeted support program should be set up for these young patients aimed at
altering life style with the specific aim of reducing BMI and preventing onset of

dyslipidemia.

PCOS CONTROLLI P
(n°71) (n°94)
Age (years) (MES) (range 13-19) 18,6104 18,10 £ 0,38 NS
BMI (kg\m?) (MtES) 23,97 +0,72 22,56 + 0,50 NS
Overweight (BMI 25 - 29) (%) 10% 11%
Obesity (BMI > 29) (%) 20% 13%
Waist (cm) (M+ES) 78,60+ 1,79 75,56 +1,18 NS
WHR (M+ES) 0,770 0,770 NS
Hirsutism (score F&G) (MES) 11,24 + 0,67 6,7 +0,45 0,005°
LH (IU/L)(M+ES) 5,21+ 0,55 4,19 +0,36 NS
FSH (IU/L)(M=ES) 6,42 + 0,63 5,96 + 0,19 NS
E; (pmol/L)(M=ES) 129,30 +20,58 | 136,81 +£13,25 NS
A (nmol/L)(M=ES) 0,080 0,05+0 0,005°
Tot T(nmol/L)(M=+ES) 0,020 0,01+0 0,005°
170HP (ng/mL)(M+ES) 1,49 £0,18 1,18 £ 0,07 NS
DHEAS (pmol/L)(M=*ES) 2,05+0,12 1,6 +0,09 NS
SHBG (nmol/L)(M=ES) 65,83 £ 4,54 71,18 £3,35 NS

°P < 0,05

Table 1. Shows the clinical and hormonal characteristics of PCOS population vs. Control
group. No significant differences were revealed in age, body weight, waist and WHR
between PCOS and control group. Likewise, no differences were observed in the incidence
of overweight or obesity in the two groups. As expected, the prevalence of hirsutism and
circulating androgen levels were higher amongst PCOS.
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PCOS CONTROLLI p
(n° 71) (n°94)
Fasting Glucose
+ +
(mmol/L)(MES) 81,13 £ 0,65 88,00 £ 3,27 NS
Fasting Insulin
+ +
(pmol/L)(MZES) 119,98 + 6,14 96,68 +4,73 NS
HOMA (M+ES) 61,02 + 3,09 57,81 £241 NS

[-AUC 180 min 21069 + 978,39 | 16578 + 729,37 0,05°

(Ul/ml)(MES)
(Ifgl;zi;‘gz‘;g) 166,48+353 | 169,51 2,62 NS
H(E;gll)‘?;:i;esr;’l 54,26 + 1,44 51,25 + 0,89 NS
L(Dm]:g/ig?ﬁitsg)ﬂ 96,78 +3,08 | 104,55+234 NS
Cxlgjze):% I;;L 3,16 + 0,09 3,37 £ 0,07 NS
(:ﬁﬁﬁij};) 73,91 + 3,75 78,35 + 3,86 NS
(ﬁ?v(;yf;;;g) 8,16 +0,20 7,68 +0,25 NS
PCR (MZES) 2,04 +0,36 0,89 +0,11 NS

°P<0,05

Table 2. Reports the metabolic features of PCOS and control group. Fasting metabolic
indexes detected for glucose, insulin and HOMA were similar between the two groups. On
the contrary, insulin secretion after glucose load (I-AUC) was significantly higher in PCOS
subjects. Total cholesterol, HDL, LDL, triglycerides and homocysteine levels did not differ
between PCOS and control groups
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Cholesterol LDL- HDL- Triglycerides
Cholesterol | Cholesterol
BMI (kg\m?) R =0,0727 R =0,2579+ R =-0,404~ R =0,1576
WAIST (cm) R =0,0869 R =0,2960* R =-0,5934-~ R =0,1704
WHR (cm) R =0,1645 R=0,2872+ R=-0,1853 R =0,1362
A (nmol/L) R =0,0136 R =-0,0523 R =0,3705~ R =-0,2948+
Tot T (nmol/L) R=-0,1016 R =-0,0948 R =0,0012 R =-0,0157
FSH (mIU/L) R=-0,0134 R=-0,0143 R =0,0623 R =-0,0687
E2(pmol/L) R=-0,1011 R =-0,089 R =0,0698 R=-0,1984
DHEAS (pmol/L) R =-0,0498 R=-0,0022 | R=-0,0447 R =-0,0441
HOMA R =0,0762 R=0,1770 R =-0,3335 R=-0,0214
I-AUC 180 min(Ul/ml) | R =-0,0098 R=-0,0272 | R=-0,0701 R =-0,0287
SHBG (nmol/L) R =-0,0689 R=-0,1514 R=0,1102 R =0,1013
170HP (nmol/L) R =0,0418 R =0,0582 R =0,0854 R=-0,1720
Homocysteine (umol/L) | R =-0,0670 R =-0,0786 R =0,0463 R=-0,1108~
Fasting Glucose R =0,0049 R =0,0260 R =-0,0829 R =0,0643
Fasting Insulin R =0,0586 R =0,1557 R=-0,3314 R =-0,0174

P<0,05
P<0,01
P < 0,001

Table 3. Illustrates linear regression relationship featured between lipid and physical,
hormonal and metabolic parameters. Total cholesterol levels were significantly related to
WHR but not to other antropometric parameters. On analyzing cholesterol fractions LDL
levels were found to correlate positively with BMI, Waist, WHR and HOMA but not with I-
AUC. HDL results correlated in a markedly negative manner with the same physical
parameters as BMI, WHR and waist circumference. Moreover, HDL was negatively
correlated with both fasting insulin and HOMA but not I-AUC. Finally, HDL was positively
correlated with circulating A and negatively with circulating T levels.
Triglycerides appeared to correlate positively with BMI, Waist and WHR, and negatively
with A levels. Homocysteine levels correlated positively with plasma triglyceride content. In
view of the potential capacity of BMI to affect insulin sensitivity, conditional regression
analysis was performed on HOMA and lipid assays to exclude any possible influence of
BMI: HOMA resulted as being no longer correlated with any lipid parameter.To determine
whether lipid alterations were primarily caused by increased BMI, lipid assay was repeated
stratifying the population into 3 weight categories: normal weight, overweight and obese,
and waist measurements were classified (normal and excessive).
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Fig. 1. Shows the lipid levels in relation to the BMI and the waist of PCOS group.Normal
weight and normal waist subjects featured lower LDL and Higher HDL compared to
increased waist overweight or obese counterparts. On the other hand, in order to evaluate
the influence of metabolic alteration subjects were also stratified on the basis of both HOMA
and Insulin AUC values (fig.2).
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Fig. 2. Shows lipid levels in subjects divided into tertiles for both HOMA and Insulin AUC
levels. Similar lipid values were demonstrated in all subjects.
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Cholesterol Chtl)dllzsl;;rol Chg]e)syt;rol Triglycerides
BMI (kg\m?) R =0,0800 R=-0,0017 R=-0,4762- R =0,6962
WAIST (cm) R =0,1410 R =0,0753 R =-0,4253 R=0,6765
WHR (cm) R =10,0326 R=-0,1535 R=-0,1878 R =0,4262
A (nmol/L) R=-0,1921 R =-0,0280 R=-0,1845 R = 0,0007
Tot T (nmol/L) R =-0,3425 R =-0,4544+~ R=-0,1377 R =0,3692
FSH (IU/L) R =10,3094 R =0,3909~ R=0,3711- R=-0,1603
E2(pmol/L) R =0,0150 R=0,0124 R =-0,0264 R =-0,0876
DHEAS (pmol/L) R =0,1230 R =0,1925 R=-0,1793 R =0,2206
SHBG (nmol/L) R =-0,2226 R=-0,2834 R =0,0655 R =-0,0942
170HP (nmol/L) R=-0,0925 R =-0,0586 R =0,1667 R =-0,3703~
HOMA R=04724 R =0,5140 R =0,2293 R=-0,0123
I{;ﬁ?&;ﬁ% R =-0,0021 R =0,0331 R=-0,3391 R =0,2882
Homocysteine R = 0,2148 R = 0,1214 R=-02604 | R=05656r

(umol/L)

Fasting Glucose R =0,0440 R=0,1325 R=-0,1952 R =-0,0396
Fasting Insulin R=0,1226 R=0,1315 R =0,0435 R =0,0972

P<0,05
P<0,01
P < 0,001

Table 4. Linear relationships between lipid assays and phisical endocrine and metabolic
parameters in CONTROLS.
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Cholesterol Ch(l;llzs];;rol Chill]e:)slt;rol Triglycerides

BMI (kg\m?) R=0,1058 R=0,2252 R =-0,3930 R =0,2933
WAIST (cm) R=0,1298 R=0,2624 R =-0,3756 R =0,2856
WHR (cm) R=0,2174 R=10,3039 R=-0,1924 R =0,2063
E2(pmol/L) =-0,0912 | R=-0,0912 R =0,0541 =-0,1495
A (nmol/L) R=-0,0401 | R=-0,0953 R =0,2933 R =-0,2400
Tot T (nmol/L) R=-0,1848 | R=-0,2191 R=10,0181 R =0,0085
SHBG (nmol/L) R =-0,1260 R =-0,1973 R=0,1038 R =0,0368
Fasting Glucose R =0,0107 R =0.0800 R=-0,1425 R =-0,0092
Fasting Insulin R=0,0773 R=0,1239 R =-0,1960 R=0,0109
HOMA R=0,1349 R=0,2269 R =-0,2800~ R =0,0021
I-AUC 180 min(Ul/ml) R=0,0324 R =10,0550 R =-0,0930 R=0,0123
Homocysteine (pmol/L) R =0,0764 R =0,0209 R =-0,0656 R =0,2863~

P<0,05
P<0,01
P <0,001

Table 5. Linear relationships between lipid assays and phisical endocrine and metabolic

parameters in all patients.
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1. Introduction

Dyslipidaemia is a major cardiovascular disease (CVD) risk factor that plays an important
role in the progress of atherosclerosis, the underlying pathology of CVD. To keep lipids and
lipoproteins levels within ideal range has been recommended by different national, regional,
or global (2001; Graham et al. 2007; World Health Organization 2007) guidelines on the
prevention and management of CVD. The prevalence and pattern of lipid disorder,
however, differ between ethnicities and populations.

As a component of the metabolic syndrome, dyslipidaemia often coexists with diabetes,
the coronary heart disease (CHD) risk equivalent. An atherogenic lipid profiles consists of
high triglycerides (TG) and small dense low-density lipoprotein cholesterol (LDL-C) and
low high-density lipoprotein cholesterol (HDL-C). The importance of dyslipidaemia on
risk of CVD in patients with diabetes has been extensively studied in numerous studies.
Reduced HDL-C is well documented as an independent predictor of CVD events (Wilson
et al. 1988; Cooney et al. 2009). In contrast, the role of TG as an independent risk factor for
CVD is more controversial (Patel et al. 2004; Psaty et al. 2004; Barzi et al. 2005; Sarwar et
al. 2007; Wang et al. 2007). Recently, the interest to use novel parameters such as total
cholesterol (TC) to HDL ratio (TC/HDL-C), non-HDL-cholesterol (non-HDL-C),
apolipoprotein B (apoB) and apolipoprotein A (apoA) to assess CVD risk has increased
(Barzi et al. 2005; Pischon et al. 2005; Charlton-Menys et al. 2009). As a CVD risk predictor,
the non-HDL-C has been considered to be superior to LDL-C (Cui et al. 2001; Schulze et
al. 2004; Liu et al. 2005; Ridker et al. 2005). However, there are racial and geographic
disparities in lipid profiles not only in general populations but also in individuals with
different glucose categories. The Third Report of the National Cholesterol Education
Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol
in Adults (NCEP-ATP III) has recommended that certain factors be recognized when
clinicians evaluate the lipid profile of different population groups (Adult Treatment Panel
III 2002). Although management of lipids using NCEP-ATP III guidelines is applicable to
all populations, unique aspects of risk factor profile call for special attention to certain
features in different racial/ethnic groups.
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2. Ethnic differences in lipid profiles in general populations

The prevalence of dyslipidaemia varies depending on the population studied, geographic
location, socioeconomic development and the definition used (Wood et al. 1972; Mann et al.
1988; Onat et al. 1992; Berrios et al. 1997; Ezenwaka et al. 2000; Foucan et al. 2000; Hanh et al.
2001; Zaman et al. 2001; Azizi et al. 2003; Florez et al. 2005; Li et al. 2005; Hertz et al. 2006; Pang
et al. 2006; Pongchaiyakul et al. 2006; Tekes-Manova et al. 2006; Zhao et al. 2007; Erem et al.
2008; Steinhagen-Thiessen et al. 2008). Caucasians generally have higher mean TC
concentrations than do populations of Asian or African origin (Fuentes et al. 2003; Tolonen et
al. 2005). In general populations, the highest prevalence of hypercholesterolaemia (TC 2
6.5mmol/1) has been seen in Malta (up to 50% in women) and the lowest in China (2.7% in
men) in the World Health Orgnization (WHO) Inter-Health Programme (Berrios et al. 1997).
However, inhabitants of the developing world now have had access to more fats in their diets
and more sedentary lives; therefore the disease is becoming an increasing problem there.
Ethnic differences in the risk of CVD and type 2 diabetes have consistently been identified,
with the most studies comparing the risk between African-Americans and Whites. African-
Americans usually display a more favorable lipid profile compared with Whites, despite
having the highest overall mortality rates from CVD. In general, African-American men
have similar or lower LDL-C and TG but higher HDL-C levels compared with White men.
There is evidence that the difference in HDL-C between African-American and White men
may be due to a relatively lower hepatic lipase activity in African-Americans (Vega GL
1998). The difference in TG may be related to increased activity of lipoprotein lipase in
African-Americans (Sumner AE 2005). However, compared with Whites, Hispanics and
Asians, African-Americans have less favorable levels of lipoprotein(a) (Lp[a]), which is
structurally similar to LDL-C, with an additional disulfide linked glycoprotein termed
ApoA. A number of studies have suggested that Lp(a) may be an important risk factor for
CVD (Danesh J 2000; The Emerging Risk Factors C 2009).

Compared to non-Hispanic Whites, Hispanics, specifically Mexican-Americans, have
demonstrated lower HDL-C and higher TG levels (Sundquist ] 1999). Data from the Dallas
Heart Study and a smaller cross-sectional analysis of healthy individuals confirm that levels
of Lp(a) are likely similar or even lower in Hispanics compared with Whites (Tsimikas S
2009). Although Lp(a) levels have been associated with endothelial dysfunction in
Hispanics, the relationship with coronary artery disease in this population is less clear.
Asian Indians exhibit a higher prevalence of diabetes mellitus than Chinese and Malays
(Tan et al. 1999). They also have higher serum TG concentrations and lower HDL-C
concentrations than Chinese (Gupta M 2006). In the HeartSCORE and IndiaSCORE studies
(Mulukutla et al. 2008) where lipids were measured with the same assay procedures for
Asian Indians as for Whites and Blacks, Asian Indians had lowest TC and HDL-C and
highest TG among all the ethnic groups studied. In another multi-ethnic study of the 1992
Singapore National Health Survey (Tan et al. 1999), Asian Indians appeared to have lower
HDL-C but higher TG levels compared with the Chinese group. Data in other racial/ethnic
groups are somewhat limited. Mean total cholesterol and LDL-C levels are lower in
American Indians compared with the US average, and levels of Lp(a) are reported to be
lower than in Whites (Wang W 2002). East Asians tend to have lower LDL-C, HDL-C and
TG as compared with non-Asians (Karthikeyan et al. 2009). East Asians have been reported
to have low Lp(a) levels, whereas south Asians have higher mean Lp(a) levels (Geethanjali
FS 2003; Berglund L 2004).



Ethnic Difference in Lipid Profiles 17

Globalization of the western lifestyle contribute to worldwide increases of adiposity and
type 2 diabetes not only in adults but also in children and adolescents (Kelishadi et al. 2006;
Schwandt et al. 2010). In the BIG Study comparing the prevalence of the metabolic
syndrome components in children and adolescents of European, Asian and South-American
ethnicities, Iranian and Brazilian youths had considerably higher prevalence of
dyslipidaemia than German youths. The most remarkable ethnic difference detected in this
study is the high prevalence of low HDL-C levels in Iranian children and adolescents (38%)
compared with German youths (7%) (Schwandt et al. 2010). Future longitudinal studies
should seek the clinical importance of these ethnic differences.

3. Ethnic differences in lipid profiles in the state of hyperglycaemia

3.1 Lipid disorder and CVD risk in individuals with hyperglycaemia

Lipids and lipoproteins abnormalities are major metabolic disorders, commonly including
elevated levels of TC, LDL-C, Lp(a) and TG and reduced levels of HDL-C. In patients with
type 2 diabetes, a CHD equivalent (Juutilainen et al. 2005), it is most commonly
characterized by elevated TG and reduced HDL-C (Goldberg, 1. J. 2001, Krauss 2004;
Kendall 2005). There is increasing evidence that the diabetic dyslipidaemia pattern is
common not only in patients with overt diabetes (Barrett-Connor et al. 1982) but also in
individuals with different glucose categories, i.e., impaired glucose tolerance (IGT) or
impaired fasting glucose (IFG) (Meigs et al. 2002; Novoa et al. 2005; Chen et al. 2006;
Pankow et al. 2007). These abnormalities can be present alone or in combination with other
metabolic disorders. It is well known that the risk of morbidity and mortality from CVD is
increased by two- to four-fold in diabetic patients compared with the general population
(Kannel 1985; Morrish et al. 1991; Almdal et al. 2004). A number of studies have determined
the association of dyslipidaemia with cardiovascular risk in people with hyperglycaemia,
and most of them were conducted in patients with diabetes. There is a large body of
evidence linking dyslipidaemia and cardiovascular risk in patients with diabetes against
quite few negative reports (Vlajinac et al. 1992; Roselli della Rovere et al. 2003) on this issue.
Cross-sectional studies have found positive associations of atherosclerotic vascular disease
with TC (Ronnemaa et al. 1989; Jurado et al. 2009), LDL-C (Reckless et al. 1978; Agarwal et
al. 2009; Jurado et al. 2009), non-HDL-C (Jurado et al. 2009), TG (Santen et al. 1972;
Ronnemaa et al. 1989; Gomes et al. 2009), apoB (Ronnemaa et al. 1989) and Lp(a) (Mohan et
al. 1998; Murakami et al. 1998; Smaoui et al. 2004), but inverse associations with HDL-C
(Reckless et al. 1978; Ronnemaa et al. 1989; Smaoui et al. 2004; Grant and Meigs 2007; Gomes
et al. 2009; Jurado et al. 2009) and apoA-I (Seviour et al. 1988; Ronnemaa et al. 1989).
Prospective data have provided with further evidence. The UKPDS study (Turner et al.
1998) has demonstrated that high LDL-C and low HDL-C are potentially modifiable risk
factors for coronary artery disease (CAD) in patients with type 2 diabetes. TG, however, was
not independently associated with CAD risk in this study, possibly because of its close
inverse relationship with HDL-C. Results from the MRFIT (Stamler et al. 1993), in which
356,499 nondiabetic and 5163 diabetic men without CHD at baseline were followed for 12
years, indicated that serum cholesterol is an independent predictor of CHD mortality in men
with diabetes. Rosengren et al. (Rosengren et al. 1989) showed similar results in a
prospective study of 6897 middle aged diabetic men. Patients with TC > 7.3 mmol/I had a
significantly higher incidence of CHD during the 7-year follow up than those with TC <5.5
mmol/I (28.3% vs. 5.4%, p<0.05). Long term follow-up of the London cohort of the WHO
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Multinational Study of Vascular Disease in Diabetics, consisting of 254 type 2 diabetic
patients, has showed that TC was associated with incidence of MI (Morrish et al. 1991) and
overall cardiovascular mortality (Morrish et al. 1990). The role of TC in predicting CHD was
also confirmed in women patients with diabetes (Schulze et al. 2004).

3.2 Ethnic difference in lipid profiles across glucose categories

Although the ethnic variation in lipid patterns has been wided studied in general
populations, the ethnic differences in lipid profiles given the same glucose levels have not
been well investigated. This issue has been recently studied in the DECODE (Diabetes
Epidemiology: Collaborative analysis Of Diagnostic criteria in Europe) and DECODA
(Diabetes Epidemiology: Collaborative analysis Of Diagnostic criteria in Asia) study, which
consisted of 64 cohorts of mainly population-based from 24 countries and regions around
the world, with about 84 000 Europeans and 84 207 Asians of Chinese, Japanese, Indians,
Mongolians and Filipinos.

In the collaborative analysis of seven ethnic groups of European and Asian populations
(studies included see Appendix 1), considerable ethnic differences in lipid profiles were
observed within each glucose category. Asian Indians exhibited an adverse lipid pattern
consisting of low HDL-C and high TG across all glucose categories as compared with other
ethnic groups. Reduced HDL-C is prevalent even in Asian Indians with desirable LDL-C
levels regardless of the diabetic status. In addition, in most of the ethnic groups, individuals
detected with undiagnosed diabetes had a worse lipid profile than did diagnosed cases.
Age-, cohort- and BMI adjusted mean TC, LDL-C and TG increased while the mean HDL-C
decreased with more pronounced glucose intolerance in most of the ethnic groups in
individuals without a prior history of diabetes (Fig. 1 a-h). Subjects with undiagnosed
diabetes, however, had a worse lipid profile than those with known disease. Within
individuals with normoglycaemia, mean lipid and lipoprotein concentrations differed
among the ethnic groups. The Europeans had highest TC (Fig. 1 a-b) and LDL-C (Fig. 1 c-d),
while Qingdao Chinese had highest HDL-C levels among all ethnic groups (Fig. 1 e-f). In
contrast, Asian Indians had the lowest TC (Fig. 1 a-b), LDL-C (Fig. 1 c-d) and HDL-C (Fig. 1
e-f) but the highest TG (Fig. 1 g-h) among the ethnic groups (p <0.05 for all comparisons).
These ethnic differences were consistently found in all glucose categories.

The multivariate-adjusted odds ratio (95% CI) of having low HDL-C was significantly
higher for Asian Indians, Mauritian Indians, Hong Kong Chinese and Southern Europeans
but lower for Qingdao Chinese compared with Central & North (C&N) Europeans, across
all glucose categories from normal to diabetes (Table 1). Asian Indians and Mauritian
Indians tended to have higher but Southern Europeans lower odds ratios for having high-
TG compared with the reference group. Unlike that for HDL-C or TG, the odds ratio for
having high LDL-C was consistently lower in all Asian ethnic groups compared with the
reference, across most of the glucose categories.

In the HeartSCORE and IndiaSCORE studies (Mulukutla et al. 2008) where lipids were
measured with the same assay procedures for Asian Indians as for whites and blacks, Asian
Indians had lowest TC and HDL-C and highest TG among all the ethnic groups studied. In
another multi-ethnic study of the 1992 Singapore National Health Survey (Tan et al. 1999),
Asian Indians appeared to have lower HDL-C but higher TG levels compared with Chinese.
The findings of these previous studies are consistent with ours although glucose status was
not controlled in the previous studies.
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Similar to others (Harris and Eastman 2000; Hadaegh et al. 2008), we observed a worse lipid
profile in individuals with undiagnosed diabetes than that of previously diagnosed patients
in most of the ethnic groups, indicating individuals with undiagnosed diabetes are at
increased CVD risk and need to be identified and treated early. On the other hand,
glycaemic control is shown to be an important determinant of diabetic dyslipidaemia (Ismail
et al. 2001). The better lipid profile in diagnosed diabetes as compared with undiagnosed
diabetes might imply a benefit of lifestyle intervention or drug treatment targeting favorable
metabolic profiles and hemoglobin Alc (HbAlc), a surrogate measure for average blood
glucose. However, to what extent the levels of HbAlc have contributed to the differences is
unknown due to the lack of information in the current study. In addition, the data on lipid-
lowering treatment is not available for most of the earlier studies conducted in the 1990s
because the statins were not widely prescribed at that time. These deserve further
investigation in future studies.

In contrast to the lower HDL-C and higher TG profiles, Asian Indians had considerably
lower TC and LDL-C concentrations than others. As shown in Table 2, 71% non-diabetic and
57.6% diabetic Asian Indians had low LDL-C (< 3.0 mmol/l), while the corresponding
figures were 19.2% and 24.6% (p < 0.01) for C&N Europeans and 46.6% and 38.8% (p < 0.01)
for Qingdao Chinese. However, even within the low LDL-C category, there was still a
higher proportion of Asian Indians having low HDL-C compared with others (Table 2). The
results were confirmed in the same analysis conducted separately for men and women.
There is a large body of evidence showing that diabetes is associated with a high prevalence
of dyslipidaemia (Kannel 1985; Cowie et al. 1994; 1997; Jacobs et al. 2005; Bruckert et al.
2007; Abdel-Aal et al. 2008; Ahmed et al. 2008; Okafor et al. 2008; Surana et al. 2008; Agarwal
et al. 2009; Jurado et al. 2009; Papazafiropoulou et al. 2009; Roberto Robles et al. 2009;
Temelkova-Kurktschiev et al. 2009; Zhang et al. 2009; Seyum et al. 2010). In the Framingham
Heart Study (Kannel 1985), the prevalence of low HDL-C (21% vs. 12% in men and 25% vs.
10% in women, respectively) and high TG levels (19% vs. 9% in men and 17% vs. 8% in
women, respectively) in people with diabetes was almost twice as high as the prevalence in
non-diabetic individuals. By contrast, TC and LDL-C levels did not differ from those of non-
diabetic counterparts. A similar pattern of lipid profiles was observed in the UK Prospective
Diabetes Study (UKPDS) (1997). In this study, the plasma TG levels were substantially
increased whereas HDL-C levels were markedly reduced in both men and women with
diabetes compared with the non-diabetic controls. Higher prevalence has been reported in
other studies. Data from a primary care-based 7692 patients with type 2 diabetes in the
United States showed nearly half of the patients had low HDL-C (Grant and Meigs 2007).
The figure was even worse in an urban Indian cohort of 5088 type 2 diabetes patients, with
more than half having low HDL-C (52.3%) or high TG (57.9%) (Surana et al. 2008). In
addition to the traditional lipid measurement, increased levels of apoB were also seen in
patients with diabetes compared with non-diabetic individuals (Bangou-Bredent et al. 1999).
It has been shown that the prevalence of lipid and/or glucose abnormality differs between
ethnic groups. It is clear that certain ethnic groups have differences in lipid profiles in
general. Elevated TG and reduced HDL-C, as the components of the metabolic syndrome
and atherogenic dyslipidaemia, was seen more common in Asian Indians than in the Whites
(Anand et al. 2000; Razak et al. 2005; Chandalia et al. 2008; Mulukutla et al. 2008), Chinese
(Tan et al. 1999; Anand et al. 2000; Razak et al. 2005, The DECODA Study Group 2007;
Karthikeyan et al. 2009), Japanese (The DECODA Study Group 2007; Karthikeyan et al.
2009) or Africans (Mulukutla et al. 2008). In a nationally representative sample of seven
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ethnic groups in the UK (Zaninotto et al. 2007), the prevalence of low HDL-C was highest in
south Asian groups such as Bangladeshi, Indian and Pakistani, followed by Chinese, Irish
and those from the general population living in private households; In contrast, the lowest
prevalence was seen in Black Caribbean. Similar finding was reported in another study
where the comparison was made between non-South-Asians and South Asians (France et al.
2003). In addition, African Americans have been reported to have less adverse lipid profiles
than Whites or Hispanics despite the presence of diabetes (Werk et al. 1993; Cowie et al.
1994; Sharma and Pavlik 2001). The causes of ethnic difference in levels of CVD risk factor
are complex and may include genetic, environmental and cultural factors (Zaninotto et al.
2007). However, little is known about such ethnic differences in lipid profiles at comparable
glucose tolerance status.

4, Causes of ethnic differences

There are several factors that contribute to the development of dyslipidaemia (2001),
including genetic factors (Cohen et al. 1994) and acquired factors (Chait and Brunzell 1990;
Devroey et al. 2004; Ruixing et al. 2008) such as overweight and obesity (Denke et al. 1993;
Denke et al. 1994; Brown et al. 2000), physical inactivity (Berg et al. 1997; Hardman 1999),
cigarette smoking (Criqui et al. 1980; Cade and Margetts 1989; Umeda et al. 1998; Fisher et
al. 2000; Wu et al. 2001; Maeda et al. 2003; Mammas et al. 2003; Venkatesan et al. 2006; Grant
and Meigs 2007; Arslan et al. 2008; Batic-Mujanovic et al. 2008), high fat intake (Hennig et al.
2001; Millen et al. 2002; Tanasescu et al. 2004), very high carbohydrate diets (> 60 percent of
total energy) (McNamara and Howell 1992) and certain drugs (Lehtonen 1985; Fogari et al.
1988; Roberts 1989; Middeke et al. 1990; Stone 1994) (such as beta-blockers, anabolic steroids,
progestational agents, et al.). Excess alcohol intake is also documented as a risk factor
(Umeda et al. 1998; Wu et al. 2001, Mammas et al. 2003) despite that moderate alcohol
consumption may have a beneficial effect on improving HDL-C concentrations (De Oliveira
et al. 2000; Shai et al. 2004). In addition, glycaemic control is an important determinant of
dyslipidaemia in patients with diabetes (Ismail et al. 2001; Grant and Meigs 2007; Ahmed et
al. 2008; Gatti et al. 2009). Among these acquired factors, overweight, obesity and physical
inactivity appear to be most important (Denke et al. 1993; Denke et al. 1994; Berg et al. 1997;
Hardman 1999; Brown et al. 2000). They are also the most important lifestyle variables that
decrease insulin action and increase the risk of diabetes.

The causes of ethnic difference in cardiovascular risk profile are complex. Possible
contributors include genetic, environmental, psychosocial, cultural and unmeasured factors
and many are not well clarified (Zaninotto et al. 2007). It is clear that the observed ethnic
differences in lipid profiles cannot be explained by genetics alone and may be more
indicative of lifestyle-related factors such as dietary pattern and physical activity (Ruixing et
al. 2008; McNaughton et al. 2009; Sisson et al. 2009). To what extent is ethnic-specific lifestyle
pattern associated with different lipid profiles deserves further investigation.

4.1 Genetic factors

An adverse lipid profile in Asian Indians has been reported to be associated with the greater
susceptibility to insulin resistance (Tan et al. 1999; Anand et al. 2000; Bhalodkar et al. 2005;
Palaniappan et al. 2007), and a higher percentage of body fat for the same BMI as compared
with Whites (McKeigue et al. 1991), which may contribute to the high prevalence of CVD
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(Kuller 2004) and diabetes (Ramachandran et al. 2008; Snehalatha and Ramachandran 2009)
in this ethnic group. In addition, it may also reflect the genetic variation, for example, at the
apoE locus (Tan et al. 2003) and an excess of other risk factors such as homocysteine, Lp(a)
or dietary fat (France et al. 2003).

4.2 Environmental factors

As suggested by previous research, dietary factors may play a role in both lipid and insulin
profiles, although these patterns may be mediated by body fat content (Ku CY 1998). Total
fat (and saturated fat) intake has been shown to adversely affect total cholesterol
concentrations in children, adolescents, and young adults (Post GB 1997). The difference in
HDL-C concentrations between Qingdao and Hong Kong Chinese subgroups observed in
the DECODA study cannot be simply explained by the difference in assay methods. It may
largely attribute to the differences in dietary structure and preference, geographic and
environmental factors. Shellfish and beer, for example, are commonly consumed all the year
round in Qingdao. Nevertheless, whether other factors exist and contribute to the high
HDL-C in Qingdao needs to be further investigated.

Mexican Americans have been previously reported to have greater adiposity, higher TG
levels and lower HDL-C levels than Anglos. The relationship between behavioral variables
(caloric balance, cigarette and alcohol consumption, exercise, post-menopausal estrogen or
oral contraceptive use) and lipid pattern has been investigated in the San Antonio Heart
Study (1979-1982) (n=2,102) to explain the ethnic difference in lipids and lipoproteins.
Adjustment for caloric balance (as reflected by body mass index) narrowed the ethnic
difference in TG and HDL-C levels for both sexes, while adjustment for smoking widened
the ethnic difference. For females, the ethnic difference was also decreased by adjustment
for alcohol and estrogen use. However, adjustment for these behavioral variables did not
completely eliminate the ethnic difference in lipids and lipoproteins in either sex. Increased
central adiposity, more characteristic of Mexican Americans than Anglos, was positively
associated with triglycerides and negatively associated with HDL-C levels, especially in
females. Fat patterning made a more important contribution to the prediction of TG and
HDL-C levels than did the other behavioral variables (except for caloric balance) and, in
general, eliminated ethnic differences in lipids and lipoproteins (Steven H 1986).
Epidemiologists should consider the use of a centrality index to distinguish different types
of adiposity since it is easy and inexpensive to measure.

5. Implications for management and prevention of dyslipidaemia

Epidemiological investigations of human populations have revealed a robust relationship
between lipids and CVD risk. Furthermore, the benefit of lipid-modifying strategy on
cardiovascular events has been demonstrated from a large number of randomized clinical
trials (Thavendiranathan et al. 2006; Mills et al. 2008), especially from those using 3-
hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors (i.e., statins) (Goldberg, R.
B. et al. 1998; Collins et al. 2003; Colhoun et al. 2004; Pyorala et al. 2004; Sever et al. 2005;
Knopp et al. 2006; Shepherd et al. 2006). Intensive control of dyslipidaemia has been
greatly emphasized in the prevention and management of CVD. Current guidelines from
the National Cholesterol Education Program Adult Treatment Panel III (ATP III) (Adult
Treatment Panel III 2002), the European Society of Cardiology (Graham et al. 2007) and
the American Diabetes Association (American Diabetes Association 2009) consistently
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Fig. 1. Age-, study cohort- and body mass index-adjusted mean lipid (geometric means for
triglycerides) and lipoprotein concentrations and 95% Cls (vertical bars) in men (figure 1-a,
¢, e and g) and women (figure 1-b, d, f and h) by ethnicities and glucose categories.* p for
trend < 0.05 within each glucose category.
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LDL-C <3 mmol/I LDL-C >3 mmol/1
Normal Low High  both, Normal Low High  both,
HDL-C HDL-Ca TG® % HDL-C HDL-CaTG? %

and alone, % alone, and alone, % alone,
normal % normal %
TG, % TG, %
Non-diabetic
population
Hong Kong 29.3 9.9 1.6 42 321 12.9 3.7 6.2
Chinese
Qingdao Chinese 31.0 54 8.3 1.9 40.5 24 9.8 0.7
Asian Indian 23.2 33.6 3.2 11.0 9.2 10.7 2.8 6.4
Mauritian Indian  23.9 15.8 5.0 4.7 23.2 14.7 5.7 7.0
Japanese 25.2 6.4 34 35 38.2 13.0 5.0 5.3
Central & 13.3 2.3 2.0 1.6 48.6 9.7 12.6 10.0
Northern
European
Southern 14.2 43 1.1 21 455 15.1 7.8 10.0
European
Diabetic
population
Hong Kong 124 9.6 14 11.0 226 18.1 7.6 17.2
Chinese
Qingdao Chinese 21.1 3.5 11.1 3.1 37.9 2.7 19.1 1.5
Asian Indian 12.8 17.4 6.0 214 8.1 12.4 7.2 14.7
Mauritian Indian  12.4 8.6 6.4 102 212 15.5 10.2 15.5
Japanese 14.3 6.0 7.1 51 34.3 11.6 12.2 94
Central & 10.5 2.8 49 6.4 30.4 9.3 16.4 194
Northern
European
Southern 7.5 3.3 6.0 102 244 11.2 12.8 14.8
European

a <1.03 mmol/1in men and < 1.29 mmol/1 in women
b 21.70 mmol/1

Table 2. Proportions (%) of individuals according to lipid levels stratified by diabetic status
in each ethnic group.

recommend that LDL-C should be the primary target of therapy not only in patients with
CHD or diabetes but also in individuals with increased cardiovascular risk. In addition,
non-HDL-C is set by ATP III as a secondary target of therapy and HDL-C and TG as
potential target. The Current guideline, mainly based on the data of Whites, consistently
recommend that LDL-C < 2.6 mmol/1 should be the primary target of therapy in patients
with diabetes. As shown in our study and others” (Mulukutla et al. 2008; Karthikeyan et al.
2009), the Asian Indian population had significantly lower TC and LDL-C than did Whites.
The threshold of LDL-C for treatment target for Whites may be too high for Asian Indians.
Further studies are warranted to verify this hypothesis and determine the threshold
applicable to this ethnic group.
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In contrast to LDL-C, HDL-C has been either dropped from (Graham et al. 2007) or set as a
secondary (American Diabetes Association 2010) or tertiary (Expert Panel on Detection 2001)
target in the major guidelines despite the strong evidence of reduced HDL-C as an
independent risk factor for CVD (Boden 2000). This may change if more therapy choices
developed to increase HDL-C levels and improve HDL function are shown to prevent CVD
(Singh et al. 2007; Duffy and Rader 2009; Sorrentino et al. 2010) or reduce the residual
cardiovascular risk (Fruchart ] 2008). Most recently, the ARBITER 6-HALTS (Arterial
Biology for the Investigation of the Treatment Effects of Reducing Cholesterol 6-HDL and
LDL Treatment Strategies in Atherosclerosis) trial has shown a significant improvement in
serum HDL-C levels and regression of carotid intima-media thickness when ERN was
conbined with statin therapy in patients with CHD or CHD equivalent (Taylor et al. 2009;
Villines et al. 2010). Considering the high proportion of Asian Indians with adverse HDL-C
levels, appropriate approaches to increasing HDL-C and/or improving HDL function may
become an important treatment target in Asian Indians in order to reduce their excess CVD
risks.

6. Appendix 1
Countriesand  Blood Total cholesterol High-density lipoprotein  Triglycerides
studies sample cholesterol
China
Hong Kong Plasma Cholesterol oxidase =~ Measured after preci- Lipase/ glycerol
Cardiovascular (CHOD) method; pitation of very-low density kinase method;
DiseaseRisk Hitachi 717 analyser  lipoprotein (VLDL) and
Factor (Hitachi Instruments, low-density lipoprotein
Prevalence California, USA). (LDL) by polyethylene
Study glycol PEG 6000.
Hong Kong Venous Enzymatic method, = Enzymatic method after ~ Enzymatic method,
Workforce Plasma with reagents (Baker  precipitation with dextran with reagents
Survey on CVD Instruments sulphate-MgCl> on Cobas (Baker Instruments
Risk Factors Corporation, Mira analyzer (Hoffman- Corporation,
Allentown, PA 18103, La Roche and Co., Basle  Allentown, PA
USA) with Cobas Mira Switzerland) 18103, USA) with
analyzer (Hoffman-La Cobas Mira
Roche and Co., Basle analyzer (Hoffman-
Switzerland). La Roche and Co.,
Basle Switzerland)
Qingdao Venous Enzymatic method Enzymatic method after ~ Enzymatic method
Diabetes Survey Plasma (AMS Analyzer precipitation (AMS (AMS Analyzer
2002 Medical System, Analyzer Medical System, Medical System,
SABA-18, Rome, Italy) SABA-18, Rome, Italy) SABA-18, Rome,
Italy)
Qingdao Serum Enzymatic method Direct method (Olympus Enzymatic method
Diabetes Study (Olympus reagent) reagent) with OLYMPUS- (Olympus reagent)
2006 With OLYMPUS- AU640 Automatic with OLYMPUS-
AU640 Automatic Analyzers (Olympus AU640 Automatic
Analyzers (Olympus  Optical. Tokyo, Japan) Analyzers
Optical. Tokyo, Japan) (Olympus Optical.

Tokyo, Japan)
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Finland
East-West men ~ Serum Enzymatic techniques Enzymetic method after =~ Enzymatic
(Monotest, Boehringer precipitation of VLDL techniques
Mannheim GmbH, and LDL by means of (Monotest,
FRG) dextran-magnesium- Boehringer
Olli C3000 photometer chloride, with Olli C3000 Mannheim GmbH,
(Kone Oy, Finland) photometer (Kone Oy, FRG)
Finland) Olli C3000
photometer (Kone
Oy, Finland)
National Serum Enzymatic techniques Enzymatic method after ~ Enzymatic
FINRISK Study (Cholesterol oxidase-  dextran sulfate techniques (CHOD-
87,92 peroxidase- magnesium chloride PAP, Boehringer-
amidopyrine, CHOD- precipitation of Mannheim,
PAP, Boehringer- apolipoprotein B (apoB)- Mannheim,
Mannheim, containing lipoproteins ~ Germany)
Mannheim, Germany)
National Serum Enzymatic method Enzymatic method Enzymatic
FINRISK Study (CHOD-PAP; Thermo (CHOD-PAP; Thermo techniques
2002 Elektron Oy, Finland); Elektron Oy, Finland) (Glycerol
after precipitation by the phosphate oxidase-
PTA-precipitation method peroxidase-
amidopyrine,
GPO-PAP; Thermo
Elektron Oy)
Oulu Study Serum Enzymatic method Enzymatic CHOD-PAP  Enzymatic method
(CHOD-PAP, method after precipitation (CHOD-PAP,
Boehringer Mannheim, of LDL and VLDL witha Boehringer
Mannheim, Germany). reagent containing Mannheim,
phosphotungstic acid and Mannheim,
MgCl, (Boehringer Germany)
Mannheim)
Savitaipale Plasma Enzymatic colorimetric Enzymatic colorimetric ~ Enzymatic
Study method (CHOD-PAP) method (CHOD-PAP) colorimetric
Cobas Integra 400/700 Cobas Integra 400/700 method (CHOD-
analyzer analyzer PAP) Cobas
Integra 400/700
analyzer
Vantaa Study ~ Serum Enzymatic techniques Enzymatic method after ~ Enzymatic
(Boehringer- precipitation with techniques
Mannheim) polyethylenglycol (Boehringer-
Mannheim)
India
Chennai 94 Serum Enzymatic method; Phosphotungstate- Enzymatic method.
Hitachi 704 magnesium precipitation Hitachi 704
autoanalyser, using ~ method. autoanalyser, using
Boehringer Mannheim Hitachi 704 autoanalyser, Boehringer
(Mannheim, Germany) using Boehringer Mannheim
reagents Mannheim (Mannheim,

(Mannheim, Germany)  Germany) reagents
reagents
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Chennai 97 Venous
Plasma

CURES Serum

Chennai 2006 Serum

Italy

Cremona Study Plasma

Japan
Funagata Study Plasma

Hisayama Study Serum

Mauritius

CHOD-PAP method
(Boehringer
Mannheim, Germany);
Corning Express Plus
Auto Analyser
(Corning, medfied,
MA, USA)

CHOD-PAP method
with Hitachi-912
Autoanalyser (Hitachi,
Mannheim, Germany)
using kits supplied by
Roche Diagnostics
(Mannheim,
Germany).

Standard enzymatic
procedures

(Roche Diagnostics,
Mannheim, Germany)

Enzymatic techniques
(Boehringer-
Mannheim,
Mannheim, Germany)
with CIBA Corning
550 Express Auto-
analyser

Cholesterol oxidase
method (L-type Wako
CHO-H [Wako Pure
Chemical Industries,
Osaka, Japan])

with TBA 80FR
(Toshiba medical
system corporation,
Tokyo)

Enzymatic techniques
(TBA-80S; Toshiba
Inc., Tokyo, Japan)

Phosphotungstic acid
method after
precipitation of LDL and
chylomicrons
(Boehringer Mannheim,
Germany);

Corning Express Plus
Auto Analyser (Corning,
medfied, MA, USA)
Direct method
(polyethylene glycol-
pretreated enzymes)
with Hitachi-912
Autoanalyser (Hitachi,
Mannheim, Germany)
using kits supplied by
Roche Diagnostics
(Mannheim, Germany).
Direct assay method
(Roche Diagnostics,
Mannheim, Germany)

Precipitation with PEG
using a Colortest kit
(Roche, Basel,
Switzerland).

Direct method
(Cholesterol N HDL
[Daiichi Pure Chemicals,
Tokyo, Japan]) with TBA
80FR (Toshiba medical
system corporation,
Tokyo)

Enzymatic method after
precipitation of of VLDL
and LDL with dextran
sulfate and magnesium
(TBA-80S; Toshiba Inc.,
Tokyo, Japan)

GPO-PAP method
(Boehringer
Mannheim,
Germany);

Corning Express
Plus Auto Analyser
(Corning, medfied,
MA, USA)

GPO-PAP method;
Hitachi-912
Autoanalyser
(Hitachi, Mannheim,
Germany) using
kits supplied by
Roche Diagnostics
(Mannheim,
Germany).
Standard
enzymatic
procedures (Roche
Diagnostics,
Mannheim,
Germany)

Enzymatic
techniques
(Boehringer-
Mannheim,
Mannheim,
Germany) with
CIBA Corning 550
Express Auto-
analyser

GPO HDAOS
method (Pureauto
S TG-N [Daiichi
Pure Chemicals,
Tokyo, Japan]) with
TBA 80FR (Toshiba
medical system
corporation, Tokyo)

Enzymatic
techniques (TBA-
80S; Toshiba Inc.,
Tokyo, Japan)
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Mauritius 1987

Mauritius 1992

Mauritius 1998

Poland
POLMONICA

Republic of
Cyprus

Nicosia Diabetes
Study

Spain
The Guia Study

The Viva Study

Sweden
MONICA

The Uppsala
Longitudinal
Study of Adult

Venous
plasma

Venous
plasma

Venous
plasma

Serum

Whole Blood

Plasma

Plasma

Serum

Serum

Manual enzymatic
colorimetric method
(Coulter Minikem
Spectrophotometer),
(Boeringer Cat no
701912)

Automated enzymatic
method with
Chemistry Profile
Analyser Model LS
(Coulter- France)

Automated enzymatic
methods; Cobas Mira
analyzer (Roche
Diagnostics, France)

Direct Liebermann-
Burchard method
(Boehringer-
Mannheim)

Cobas Micra Plus
Roche

Standard enzymatic
methods
(Boehringer-

Manual enzymatic
colorimetric method
(Coulter Minikem
Spectrophotometer),
(Boeringer Cat no
701912)

Precipitation method
(Biomerieux)
Automated enzymatic
method, Chemistry

Manual enzymatic
colorimetric
method(Coulter
Minikem
Spectrophotometer)
(Boeringer Cat nr
400971)

Automated
enzymatic method

Profile Analyser Model LS with Chemistry

(Coulter- France)
Precipitation method
(Biomerieux)
Automated enzymatic
methods; Cobas Mira
analyzer (Roche
Diagnostics, France)
Direct method
(Biomerieux)

Determined in the
supernatant after

precipitation with heparin
manganese (Boehringer-

Mannheim)

Cobas Micra Plus Roche

Phosphotungstate

precipitation (Boehringer-

Mannheim Hitachi 717

Mannheim Hitachi 717 autoanalyser, Tokyo,

autoanalyser, Tokyo,
Japan)

Enzymatic techniques
(Boehringer-
Mannheim)

Enzymatic techniques
(Boehringer-
Mannheim GmbH,
Germany)

Enzymatic techniques
using IL Test
Cholesterol Trinders's

Japan)

Enzymatic techniques

(Boehringer-Mannheim)

Phosphotungstate-Mg?2*

precipitation method

Separated by precipitation

with magnesium
chloride/

Profile Analyser
Model LS (Coulter-
France)

Automated
enzymatic
methods; Cobas
Mira analyzer
(Roche Diagnostics,
France)

Enzymatic method
(Boehringer-
Mannheim)

Cobas Micra Plus
Roche

Standard
enzymatic methods
(Boehringer-
Mannheim Hitachi
717 autoanalyser,
Tokyo, Japan)
Enzymatic
techniques
(Boehringer-
Mannheim)

Enzymatic method
(CHOD-PAP,
Boehringer-
Mannheim GmbH,
Germany)
Enzymatic
techniques using IL
Test Cholesterol



Ethnic Difference in Lipid Profiles

29

Men (ULSAM)

The Netherlands
The Hoorn
Study

Serum

Zutphen Serum

UK.
Isle of ELY
Diabetes Project

Plasma

Newcastle Heart Plasma
Project

The Goodinge  Plasma

Study

Method and IL Test
Enzymatic-
colorimetric Method
for use in a Monarch
apparatus
(Instrumentation
Laboratories,
Lexington, USA).

(http:/ /www.pubcare.
uu.se/ ULSAM/invest/
70yrs/ meth70.htm#09)

Enzymatic techniques Enzymatic techniques
after precipitation of the
low and very low-density
lipoproteins (Boehringer-
Mannheim, Mannheim,

(Boehringer-
Mannheim,

Mannheim, Germany);

Enzymatic techniques

(CHOD-PAP mono-
test kit,Boehringer-
Mannheim)

Enzymatic techniques,

RA 1000 (Bayer
Diagnostics,
Basingstoke, Hants,
UK)

Cholesterol
oxidase/ peroxidase
method with Cobas
Bio centrifugal
analyzer (Roche

Products Ltd, Welwyn

Garden City, UK)

Cholesterol esterase
method (Boehringer
Mannheim, Lewes,
Sussex, U.K.)

phosphotumgstate.

Germany)

Enzymatic method after

precipitation of apoB-

containing particles by

means of dextran
magnesium sulphate.

Enzymatic methods

Measuring the

supernatant cholesterol

concentration after
precipitation of apoB-

containing lipoproteins

with heparin and
manganese.
Cobas Bio centrifugal

analyzer (Roche Products

Ltd, Welwyn Garden
City, UK)

Enzymatic
spectrophotometric
method (Roche
Diagnostics, Hatfield,
Herts, U.K\) after

precipitation of LDL by

the addition of

phosphotungstic acid in

the presence of
magnesium ions.

Trinders's Method
and IL Test
Enzymatic-
colorimetric
Method for use in a
Monarch apparatus
(Instrumentation
Laboratories,
Lexington, USA).

Enzymatic
techniques
(Boehringer-
Mannheim,
Mannheim,
Germany);
Enzymatic
techniques (CHOD-
PAP mono-test
kit,Boehringer-
Mannheim)

Standard
automated
enzymatic method
with the RA1000
(Bayer Diagnostics,
Suffolk, U.K.),
Lipase/ glycerol
kinase method.
Cobas Bio
centrifugal
analyzer (Roche
Products Ltd,
Welwyn Garden
City, UK)

Enzymatic
spectrophotometric
method (Roche
Diagnostics,
Hatfield, Herts,
UK).

Measures of lipid components in each study.
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1. Introduction

Dyslipidemia is an abnormal amount of lipids (abnormality in any of the lipoprotein
fractions), especially elevated Low Density Lipoprotein (LDLs) and decreased High Density
Lipoprotein (HDLs) in the blood (Shalileh et al., 2009). In developed countries, most
dyslipidemias are hyperlipidemias; that is, an elevation of lipids in the blood, are often due
to diet and lifestyle (Wikipedia., 2011; Shalileh et al., 2009). According to the Katharina
studie’s, elevated cholesterol levels and dyslipoproteinemia are metabolic abnormalities that
are becoming increasingly significant in industrialized countries, but also worldwide
(Shalileh et al., 2009).

There is a proportional increase in the risk of Coronary Heart Disease (CHD) with rising
serum cholesterol levels (Shalileh et al., 2009). Dyslipidaemia is an important risk factor for
Cardiovascular Disease (CVD) (Masson & McNeili., 2005).

CVD is a common killer in both the Western and the developing world and is the leading
cause of death globally (Lovegrove & Gitau., 2008).

More people die annually from CVDs than from any other cause. An estimated 17. 1
million people died from CVDs in 2004, representing 29%of all global deaths. Of these
deaths, an estimated 7. 2 million were due to CHD and 5. 7 million were due to stroke. By
2030, almost 23. 6 million people will die from CVDs, mainly from heart disease and
stroke (WHO. 2011).

Atherosclerosis is the most common cause of CHD and related mortality (Debra., 2008;
Shalileh et al., 2009) .Endothelial dysfunction initiates atherosclerosis (Shalileh et al., 2009) .
The first observable event in the process of atherosclerosis is the accumulation of plaque
(cholesterol from low-density lipoproteins, calcium, and fibrin) in the endothelium in large
and medium arteries (Debra., 2008).

One of the factors that causes endothelial dysfunction is dyslipidemia (Shalileh et al., 2009).

2. Treatment

CVD represents the paradigm of multi factorial disorders encompassing multiple genetic
and non modifiable risk factors, for example older age and modifiable risk factors such as
elevated total and LDL-cholesteroland and triglycerides concentrations, reduced HDL-
cholesterol concentrations (Ordovas & Corella., 2004; Ordovas., 2009; Perez-Martinez et al,
2011; Lovegrove & Gitau, 2008). The interactions of those modulate plasma lipid
concentrations and potentially CVD risk (Ordovas., 2009; Lovegrove & Gitau., 2008).
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The link between serum cholesterol and the development of atherosclerosis was established
a few decades ago and is now widely accepted. The National Cholesterol Education
Program (NCEP) Adult Treatment Panel (ATP) publishes updated guidelines for treating
lipid disorders. The latest version is the ATP III (Ordovas & Corella., 2004; Debra., 2008).
The current recommendations aim to reduce the classical modifiable risk factors, and much
emphasis has been placed on controlling high-plasma cholesterol levels (Ordovas &
Corella., 004).

Physicians are encouraged to refer patients to Registered Dietitians (RDs) to help patients
meet goals for therapy (NCEP) based on LDL cholesterol levels. So the ATP III
recommended the therapeutic lifestyle change (TLC) dietary pattern as the cornerstone for
primary and secondary prevention of CHD. These guidelines consider dietary modification
of treatment with emphasis on reducing the high saturated fat atherogenic diet and
increased content of polyunsaturated fatty acid (PUFA) as well as controlling other
behavioral factors. These therapies are used primarily to lower elevated blood levels of LDL-
C, raise HDL -C and lower triglycerides (TGs) (Rubin & Berglund., 2002; Debra., 2008;
Ordovas & Orella., 2004).

3. Response to the diet therapy

Although dietary recommendations have been implemented to improve health and
diminish the risk of CVD, type 2 diabetes and obesity, these recommendations have been
established based on populations and not the individual. On the other hand the approach
has been surprisingly unsuccessful in reducing CVD risk and the drastically different inter
individual responses to a diet (Ordovas & Corella., 2004).

So this clearly highlights the limitations of population-based nutritional recommendations
and suggests that our understanding of the mechanisms responsible for inter-individual
differences are far from being understood (Much et al., 2005).

Recent clinical evidence suggests dramatic inter-individual differences and existence
of consistent hypo- and hyperresponders in response of plasma lipids to dietary
manipulations, ranging from reduced LDL-C levels and TGs in some, to decreased HDL-C
levels to elevated TGs. So in some, a low-fat diet has caused a shift to a lipid pattern that is
more atherogenic than the original one. This supports the hypothesis that responsiveness is
related to genetic variation and existence of nutrient-gene interactions or persons genotype
(defined by the term “nutrigenetics’) (DeBusk, 2008; Perez-Martinez et al., 2011; Masson et
al., 2003; Rideout., 2011; Ordovas et al., 2007).

A classic example of this is the large variation in the concentration of serum low-density
lipoprotein-cholesterol (LDL-C) in response to fish oil supplementation. The cardio
protective effects of the fatty acids in fish oil, Eicosapentaenoic Acid (EPA) and
Docosahexaenoic Acid (DHA) are well recognized. However, a potentially deleterious
increase in LDL-C (5-10%) has been consistently reported after moderate to high doses of
fish oil (>2 g day—1 EPA + DHA) (Lovegrove & Gitau., 2008).

Despite this small, but significant increase in LDL-C, closer examination of the responses
revealed a noticeable inter-individual variation. There was a mean increase in LDL-C of 4.
1%, yet the spread of individual responses was substantial, with 33 of the 74 subjects
demonstrating a lower serum LDL-C and the remaining 41 demonstrating a higher LDL-C
(range —40 to +113%) following fish oil intervention. This heterogeneous response to a
change in dietary fat, may be attributed to a number of factors; including age, gender,
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baseline LDL-C levels, disease status and drug use. However, recent evidence strongly
suggests that variations in a number of key genes may also be important (Lovegrove &
Gitau., 2008). For example, individuals with specific of genetic variants in a gene may
experience different type of lipoprotein changes when placed on a particular diet, whereas
individuals with other variants in the gene may be resistant to the effects of the same diet.
Although data is sparse in regard to whether such interactions exist, some limited work
suggests that interactions may play an important role in determining lipoprotein profiles
and may thus be informative for CVD risk prediction. For example, knowledge of a patient’s
genetic information may allow medical providers and nutritional counselors to predict what
lipoprotein changes are likely to occur if the patient starts a particular dietary intervention
and, thus, better advise the patient regarding lifestyle changes (Musunuru., 2010; Ordovas &
Corella., 2004).

Lipoproteins are macromolecular complexes of lipids and proteins that originate mainly in
the liver and intestine and are involved in transporting and redistributing lipids in the body.
Lipid homeostasis is achieved by the coordinated action of numerous nuclear factors,
enzymes, apolipoproteins, binding proteins, and receptors. Lipid metabolism is also
linked with energy metabolism and is subject to many hormonal controls essential for
adjusting to environmental and internal conditions. Genetic variability exists in humans
for most of these components, and some of these mutations result in abnormal lipid
metabolism and plasma lipoprotein profiles that may contribute to the pathogenesis of
atherosclerosis. Many of these genes have been explored in terms of gene-diet interactions
(Ordovas & Corella., 2004).

So the shift towards personalized nutritional advice is a very attractive proposition, where,
in principle, an individual can be given dietary advice specifically tailored to their genotype.
However, the evidence-base for the impact of interactions between nutrients and fixed
genetic variants on biomarkers of CVD risk is still very limited (Lovegrove & Gitau., 2008;
Ordovas., 2006; Masson et al., 2003; Masson & Mc Neil., 2005; Fisler & Warden., 2005).

With the advent of nutritional genomics, it's becoming clear that an individual's genetic
makeup (genotype) is an important factor in this response and that dietary interventions
must be matched to genotypes to effect the intended lipid-lowering responses (DeBusk.,
2008).

A number of such genes have already been identified and include those involved with
postprandial lipoprotein and triglyceride responses, homocysteine metabolism,
hypertension, blood-clotting, and inflammation (Ordovas & Corella., 2004; DeBusk., 2008).
Genetic polymorphism in human populations is part of the evolutionary process that results
from the interaction between the environment and the human genome. Recent changes in
diet have upset this equilibrium, potentially influencing the risk of most common
morbidities such as cardiovascular diseases, diabetes, and cancer. Reduction of these
conditions is a major public health concern, and such a reduction could be achieved by
improving our ability to detect disease predisposition early in life and by providing more
personalized behavioral recommendations for successful primary prevention. In terms of
cardiovascular diseases, polymorphisms at multiple genes have been associated with
differential effects in terms of lipid metabolism. The integration of genetic and
environmental complexity into current and future research will drive the field toward the
implementation of clinical tools aimed at providing dietary advice optimized for the
individual's genome (Ordovas., 2009; Engler., 2009).
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The recognition that nutrients have the ability to interact and modulate molecular
mechanisms underlying an organism'’s physiological functions has prompted a revolution in
the field of nutrition (Much et al., 2005).

For the field of nutrition, this would encompass the ongoing efforts to understand the
relationships between the genome and diet, currently termed nutrigenomics and
nutrigenetics (Much et al., 2005, Ommen., 2004)

4. Nutritional genomics

Nutrigenetics and nutrigenomics are promising multidisciplinary fields that focus on
studying the interactions between nutritional factors, genetic factors and health outcomes.
Their goal is to achieve more efficient individual dietary intervention strategies aimed at
preventing disease, improving quality of life and achieving healthy aging (Ordovas., 2004).
In contrast to most single gene disorders, chronic disorders (e. g., cardiovascular disease,
cancer, diabetes) are far more complex. First, they involve multiple genes, each of which
comes in more than one variation, that likely contribute in small ways to the overall
condition rather than have the dramatic impact that is more typical with single gene
disorders. Second, the genes are more likely to be influenced by environmental factors,
which make the resulting phenotype murkier than with single-gene disorders. An
individual might have gene variants that predispose to a particular chronic disorder but,
depending on that individual's nutritional and other lifestyle choices, the disorder may or
may not develop (DeBusk., 2008).

Nutritional genomics or nutrigenomics is the newly developing field of science that focuses
on the complex interaction among genes and environmental factors, specifically bioactive
components in food and how a person’s diet interacts with his or her genotype to
influence the balance between health and disease (DeBusk., 2009; Much et al., 2005; Fisler &
Warden., 2005).

Nutritional genomics is the umbrella term (Ryan-Harshman., 2008). There are two major
subcategories of nutritional genomics: nutrigenetics and nutrigenomics (Much et al., 2005).
The creation of nutrigenomics and nutrigenetics, two fields with distinct approaches to
elucidate the interaction between diet and genes but with a common ultimate goal to
optimize health through the personalization of diet, provide powerful approaches to
unravel the complex relationship between nutritional molecules, genetic polymorphisms,
and the biological system as a whole (Much et al., 2005).

Thus, nutrition in the 21st century is poised to be an exciting and highly relevant field of
research, as each new day is accompanied by advances in our understanding of how the
interactions between lifestyle and genotype contribute to health and disease, taking us one
step closer to achieving the highly desirable goal of personalized nutrition (Much et
al., 2005).

4.1 Nutrigenetics

Nutrigenetics term was used first time by Dr R. O Brennan in 1975 (Farhud et al., 2010).
Nutrigenetics is concerned with the effect of gene variations or gene variant or individual’s
genetic make-up on the organism's functional ability, specifically its ability
to digest, absorb, and use food (DeBusk., 2009; Ordovas & Corella., 2004; Lovegrove &
Gitau., 2008). Nutrigenetics embodies the science of identifying and characterizing gene
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variants associated with differential responses to nutrients or dietary pattern, functional
food or supplement on a specific health outcome, and relating this variation to disease states
(Much et al., 2005; Michael., 2008). The particular gene variants a person has to determine
the nutritional requirements for that person and the gene-based differences in response to
dietary components and developing nutraceuticals that are most compatible with health
based on individual genetic makeup (DeBusk., 2009; Subbiah., 2007). Nutrigenetics will
assist clinicians in identifying the optimal diet for a given individual, i. e., personalized
nutrition (Much et al., 2005; Svacina., 2007; Zak & Slaby., 2007; Gillies., 2003).

Furthermore, the concept is that if an individual is genotyped at various genes for disease-
associated risk alleles, a genotype-based diet or nutritional supplement regimen may be
useful to overcome the genetic variation and reduce risk or prevent the disease altogether
(Wood., 2008; Xacur-GarcAa et al., 2008; Kussmann & Fay., 2008).

4.2 Nutrigenomics

Nutrigenomics, is concerned with how bioactive components within food affect genes. The
field of nutritional genomics is still evolving, and it is common to see "nutrigenomics" used
as a shorthand version of "nutritional genomics ". However, keeping the concepts separate
can be helpful when sorting out the underlying mechanisms involved (DeBusk., 2009).
Nutrigenomics will unravel the optimal diet from within a series of nutritional alternatives,
whereas nutrigenetics will help clinicians in identifying the optimal diet for a given
individual, i. e., personalized nutrition (Much et al., 2005).

Although these two concepts are intimately associated, they take a fundamentally different
approach to understanding the relationship between genes and diet. Despite the immediate
goals differing, the long-term goal of improving health and preventing disease with
nutrition requires the amalgamation of both disciplines (Much et al., 2005)

Nutrigenetics is the more familiar of the two subtypes of nutritional genomics (DeBusk.,
2009) At one end of the spectrum of nutritional genomics are the highly penetrant
monogenic disorders that give rise to inborn errors of metabolism such as phenylketonuria
(DeBusk., 2009). More recently less penetrant, more subtle variations have been identified
that also affect the gene-encoded protein's function. However, such variations do not in
themselves cause disease. Instead, they alter a person's susceptibility for developing a
disease. Depending on the specific gene variant, the person's likelihood of developing a
disorder may be increased or reduced. These genes are the primary focus of nutritional
genomics, because they are common within the global population, they affect dietary
recommendations about the types and amounts of food that best fit a person, and
practical interventions are possible. These interventions can potentially improve the
health potential of individual people and, by extrapolation, the populations in which they
live (DeBusk., 2009).

Current nutrition recommendations, directed towards populations, are based on estimated
average nutrient requirements for a target population and intend to meet the needs of most
individuals within that population. They also aim at preventing common diseases such as
obesity, diabetes and cardiovascular disease. So diet has been reported as a major
contributor to alarming prevalence of obesity (Shalileh et al, 2010). For infants with specific
genetic polymorphisms, e. g. some inborn errors of metabolism such as phenylketonuria,
adherence to current recommendations will cause disease symptoms and they need
personalized nutrition recommendations (Hernell & West., 2008; Farhud & Shalileh., 2008).
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Some other monogenic polymorphisms, e. g. adult hypolactasia, are common but with
varying prevalence between ethnic groups and within populations. Ages at onset as well as
the degree of the resulting lactose intolerance also vary, making population-based as well as
personalized recommendations difficult. The tolerable intake is best set by each individual
based on symptoms. For polygenetic diseases such as celiac disease, and allergic disease,
current knowledge is insufficient to suggest personalized recommendations aiming at
primary prevention for all high-risk infants, although it may be justified to provide such
recommendations on an individual level should the parents ask for them.

New technologies such as nutrigenetics and nutrigenomics are promising tools with which
current nutrition recommendations can possibly be refined and the potential of
individualized nutrition be explored. It seems likely that in the future it will be possible
to offer more subgroups within a population personalized recommendations (hernell &
West., 2008).

The possibility of offering personalized nutritional advice to the individual is an attractive
option for dietitians and nutrition scientists and is becoming practicable with the emergence
of nutritional genomics. This developing field promises to revolutionize dietetic practice,
with dietary advice prescribed according to an individual’s genetic makeup to prevent,
mitigate or cure chronic disease (Lovegrove & Gitau., 2008). It has been also termed
“personalized nutrition” or “individualized nutrition” (Ordovas & Corella., 2004; Perez-
Martinez et al., 2011). The practical applications of this research include a new set of tools
that nutrition professionals can use to identify disease susceptibilities and a growing body
of knowledge that will form the basis for developing strategies for disease prevention and
intervention that are specifically targeted to the underlying genetic mechanisms (DeBusk.,
2008).

Nutrigenetics and personalized nutrition are components of the concept that in the future
genotyping will be used as a means of defining dietary recommendations to suit the
individual. Over the last two decades there has been an explosion of research in this area,
with often conflicting findings reported in the literature (Rimbach & Minihane., 2009).
According to WHO reports, diet factors influence occurrence of more than 2/3 of diseases.
Most of these factors belong to the categories of nutrigenetics and nutrigenomics. In the
future both, nutrigenetics and nutrigenomics, will induce many changes in preventive
medicine and also in clinical medicine (Svacina., 2007).

Nutrients interact with the human genome to modulate molecular pathways that may
become disrupted, resulting in an increased risk of developing various chronic diseases.
Understanding how genetic variations influence nutrient digestion, absorption, transport,
biotransformation, uptake and elimination will provide a more accurate measure of
exposure to the bioactive food ingredients ingested. Furthermore, genetic polymorphisms in
the targets of nutrient action such as receptors, enzymes or transporters could alter
molecular pathways that influence the physiological response to dietary interventions.
Knowledge of the genetic basis for the variability in response to these dietary factors should
result in a more accurate measure of exposure of target tissues of interest to these
compounds and their metabolites. Examples of how 'slow' and 'fast' metabolizers respond
differently to the same dietary exposures will be discussed. Identifying relevant diet-gene
interactions will benefit individuals seeking personalized dietary advice as well as improve
public health recommendations by providing sound scientific evidence linking diet and
health (EL-Sohemy, 2007; Amouyel., 2000).
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A really personalized diet will be a diet considering the nutritional status, the nutritional
needs based on age, body composition, work and physical activities, but also considering
the genotype. That is, define the "nutritional phenotype (Perez-Martinez et al., 2011;
Miggiano & De Sanctis., 2006). It is clear that integrating knowledge of gene variants into
dietary recommendations for populations and individuals will increasingly play a role in
nutrition counseling and policy making (DeBusk., 2008).

Nutrigenetics will provide the basis for personalized dietary recommendations based on the
individual's genetic makeup. This approach has been used for decades for certain single
gene diseases; such as phenylketonuria, however, the challenge is to implement a similar
concept for common multi factorial disorders and to develop tools to detect genetic
predisposition and to prevent common disorders decades before their manifestation. The
preliminary results involving gene-diet interactions for cardiovascular diseases and cancer
are promising, but mostly inconclusive. Success in this area will require the integration of
different disciplines and investigators working on large population studies designed to
adequately investigate gene-environment interactions (Ordovas & Corella., 2004; Ordovas &
Mooser., 2004).

4.3 Nutritional genomics and lipid metabolism

From a health perspective, the major concerns regarding genes and lipid metabolism center
on susceptibility to vascular disease. Genes involved with cholesterol homeostasis offer
examples of how genetic variations affect lipid metabolism and, thereby, disease risk
(DeBusk., 2009).

The blood lipid response to diet is influenced by polymorphisms within genes for the
apolipoproteins as well as within those for enzymes, such as hepatic lipase, that are
involved in lipid metabolism (fisler & Warden., 2005).

The major focus of nutritional genomics research is on identifying (1) gene-disease
associations, (2) the dietary components that influence these associations, (3) the
mechanisms by which dietary components exert their effects, and (4) the genotypes that
benefit most from particular dietary choices (DeBusk., 2008).

The following section takes a brief look at some of the key diet-related genes and their
known variants and how these variants affect the person's response to diet. Keep in mind
that chronic diseases involve complex interactions among genes and bioactive food
components, and unraveling the details will require population and intervention studies
large enough to have the statistical power needed to draw meaningful conclusions.
Although what is known today is but the tip of the iceberg compared to what will come in
the years ahead (DeBusk., 2008).

Over the last two decades there has been an explosion of research in this area, with often
conflicting findings reported in the literature (Rimbach & Minihan., 2009).

5. Candidate gene approach

The candidate gene approach involves the selection and study of biologically relevant genes.
Genetic polymorphisms in these genes, known as Single-Nucleotide Polymorphism (SNPs),
can alter susceptibility to a disease. Candidate or "susceptibility" genes should meet one or
more of the following conditions: genes that are chronically activated during a disease state
and have been previously demonstrated to be sensitive to dietary intervention; genes with
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functionally important variations; genes that have an important hierarchical role in
biological cascades; polymorphisms that are highly prevalent in the population (usually
>10% for public health relevance); and/or genes with associated biomarkers, rendering
clinical trials useful (Lovegrove & Gitau., 2008).

Many studies have investigated this possibility and have largely focused on genes whose
products affect lipoprotein metabolism, eg, apolipoproteins, enzymes, and receptors.
Although there have been several reviews of such studies, many of them may have led to
articles being omitted and introduced bias toward positive findings (Ordovas., 2006).

5.1 Apolipoprotein A-l (Apo Al)

The Apo Al gene, codes for apolipoprotein A-I, is a major structural and functional
component of HDL constituting about 70% to 80% of HDL protein mass, and is the main
activator of the enzyme lecithin cholesterol acyl transferase (LCAT) (Ordovas & Corella.,
2004; Lovegrove & Gitau., 2008; Much et al., 2005; DeBusk., 2008).

Plasma HDL-cholesterol plays a protective role for CVD (Lovegrove & Gitau., 2008; Much et
al., 2005). Its gene product Apo A-I plays a central role in lipid metabolism and CVD risk.
Pedigree studies have reported associations between genetic variation at the Apo Al locus
and plasma lipid and lipoprotein levels (Ordovas & Corella., 2004). One of the variants that
has been identified to be diet-related is -75G>A, in which the typical guanine has been
replaced with an adenine at position 75 within the regulatory region of the Apo A-I gene
(DeBusk., 2008).

It was reported that this polymorphism was associated with Apo A-I and HDL-C
concentrations, and individuals carrying the A-allele presented with the highest levels,
compared with subjects homozygotes for the G allele (G/G) but many studies have had
contradictory results (Lovegrove & Gitau., 2008; Ordovas & Corella., 2004).

In the context of the Framingham Heart Study, individuals with a polymorphism in the Apo
A1 gene promoter region (-75 G/A) were found to respond differently to dietary PUFA
(Much et al., 2005; Lovegrove & Gitau., 2008).

The inconsistencies in reported studies outcomes are not necessarily a result of inherent
differences, but are a result of a nutrient-gene interaction, i. e. a classic example of where
individualized dietary advice could be important in relation to exerting a positive influence
on HDL-C levels and CVD risk (Lovegrove & Gitau., 2008; Much et al., 2005). In brief, that
individuals with the A allele showed an increase in HDL levels following an increased
consumption of PUFA. In contrast, those with the more common G allele showed an inverse
relationship between HDL levels and PUFA consumption. This study revealed that
differences in sex also mediate the response. Indeed, men did not show a relationship
between HDL and PUFA consumption, irrespective of their Apo Al polymorphism
(Lovegrove & Gitau., 2008; Much et al., 2005).

A common practice in treating dyslipidemia is to reduce the saturated fat content of the diet
and increase the polyunsaturated fat content. Typically, HDL levels fall in women with the
more common G allele as the polyunsaturated content of the diet increases, an effect counter
to the desired one. These women would benefit from a fat modified diet that keeps amounts
of both saturated and polyunsaturated fat low and increases amounts of monounsaturated
fat. Women with the A allele, increasing polyunsaturated dietary fat leads to increased HDL
levels, and the effect is "dose-dependent; so in women with the more common G allele,
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increasing dietary Polyunsaturated Fat (PUFA) levels from less than 4% of total energy to
4% to 8% to greater than 8% resulted in a corresponding decline in HDL levels as PUFA
levels increase. However, in women with the A allele, increasing PUFA concentrations (>8%
of energy derived from PUFA) increased HDL levels and the increase is more dramatic in
the presence of two copies of the A alleles than it is with just one. For these women, a diet
low in saturated fat, moderate in polyunsaturated fat (8% or greater of total calories), and
supplying the rest in monounsaturated fat has the greatest benefit in raising HDL levels.
Clearly, whether a person has the -75G>A Apo Al variant, and how many copies are
present, will affect any therapeutic intervention developed to correct dyslipidemia (DeBusk.,
2009; Much et al., 2005; Debra., 2008).

Juo et al (Hank Juo., 1999) used a meta analysis approach to show the lack of consistency
between the less common A-allele and higher HDL-cholesterol concentrations. In view of
the significant gene-diet interaction observed for those intervention studies, they
examined whether these results could be extrapolated to a free living population,
consisting of about 1600 Framingham Offspring Study participants (Ordovas et al., 2002).
The results from the straightforward association between genotype and phenotype were
disappointing and suggested that the G/A polymorphism was not associated with HDL-
cholesterol, Apo A-I concentrations, nor with any other anthropometrical or plasma lipid
variable examined. To examine the potential modifying effect of dietary fat on these
associations, they fitted multivariate linear regression models, including interaction terms
for fat intake [total, Saturated Fatty Acid (SFA), Monounsaturated Fat (MUFA), and PUFA
fat]. No significant interactions were observed between the G/A polymorphism, total,
SFA, and MUFA fat intakes. However, in women, HDL-cholesterol concentrations were
associated with a significant interaction between PUFA intake and Apo Al genotype
(p = 0. 005). Using PUFA as a dichotomous variable, their data show that G/G women
consuming <6% PUFA/day had higher HDL-cholesterol (1. 48 + 0. 40 m mol/L) than A-
carriers (1. 43 = 0. 40 m mol/L). Conversely, when consuming 26% PUFA/day, G/G had
lower HDL-cholesterol concentrations (1. 44 £ 0. 39 m mol/L) than A-carriers (1. 49 £ 0. 39
m mol/L). In men, the situation was more complex because the effects were observed
using three-way interactions, including smoking and alcohol consumption, in the
analyzes (Ordovas & Corella., 2004).

The most evident application of these results may be to help us make more efficacious
dietary recommendations based on genetic profile. It is clear that subjects with the A-allele
at this Apo A1-75 (G/ A) polymorphism will benefit from diets containing a high percentage
(it is important to underscore that we are talking about percent in the diet and not about
total amounts) of PUFA (i. e., vegetable oils, fish, nuts, and so on). According to their data,
this should result in higher HDL-cholesterol concentrations, which in turn should lower
CVD risk. These findings suggest that the expression of the Apo Al gene may be regulated
by PUFA (Ordovas & Corella., 2004).

On the other hand, of 13 reports, 5 found that the presence of the Apo A-I-75 (G/A) A allele
instead of the common G allele resulted in greater LDL-cholesterol responses to changes in
dietary. In addition, significant interactions between the G/A genotype and diet were found
for changes in total and LDL cholesterol when subjects changed from a low-fat diet to a diet
high in MUFAs. No significant interactions between diet and other polymorphisms in the
Apo A-I gene were shown (Ordovas & Corella., 2004).
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5.2 Apolipoprotein A-IV (APOA4)

Apo A-1V is a 46-Kd plasma glycoprotein that is synthesized by intestinal enterocytes
during lipid absorption and is incorporated into nascent chylomicrons. Apo A-IV enters
circulation on lymph chylomicrons, but then dissociates from their surface and circulates
primarily as a lipid-free protein. Several genetically determined isoforms of Apo A-IV have
been detected; amino acid positions 360 and 347 of the mature protein are the most
common. The polymorphism at position 360 is due to a CAG — CAT substitution at codon
360 in the Apo A4 gene and encodes a Q360H (GIn — His) substitution in the carboxyl
terminus, and produces an isoform, originally known as Apo A-IV-2, one charge unit more
basic than the common isoform, Apo A-IV-. In some population studies the Apo A-IV-2
allele is associated with higher levels of HDL-cholesterol and or Apo A-I and/or lower
triglyceride (TG) levels, as well as lower LDL-cholesterol, lower Lp (a), and higher fasting
glucose and insulin levels, but no associations have been observed in other studies (Ordovas
& Corella., 2004).

The other common mutation (Thr347—Ser) is due to an ACT—TCT substitution at codon
347 in the human Apo A-IV gene, it is found within subjects with the apoA-IV-1 isoform.
Several population studies note that carriers of the 347S allele have lower plasma, total,
LDL-cholesterol, Apo B levels, and Lp (a) levels, than 347T/T homozygotes. The results of
many reports showing that male carriers of the less common allele at the GIn360His
polymorphism were less responsive to changes in dietary fat and cholesterol or cholesterol
alone (Ordovas & Corella., 2004).

Several studies have focused on the interaction between the Apo A4 locus and dietary
factors, both in the fasting and postprandial states. Similar to the findings for other genes,
the data are conflicting when it comes to the effect of Apo A-IV polymorphisms on the LDL
response to dietary cholesterol. However, according to Weinberg (Weinberg., 2002), the
results from different studies can be partially reconciled if one assumes that the dietary fatty
acid effects dominate over the allele effects. Therefore, if dietary cholesterol intake is the
principal variable, and total fat intake is moderate and constant, Q/H subjects display an
attenuated response of LDL-cholesterol. However, when dietary cholesterol intake is
changed in the setting of a higher baseline dietary fat intake or with a change in fat
saturation, the fatty acid effects on LDL levels predominate and overrule the allele effect.
The impact of the Q360H polymorphism on cholesterol absorption may be greater on a high
PUFAs intake. However, dietary PUFA counteract the effect of dietary cholesterol on the
expression of hepatic LDL receptors. Thus, the final effect of Apo AIV alleles on the LDL
response to dietary cholesterol may be determined by the relative amounts of cholesterol,
saturated fatty acids (SAFAs), and PUFAs in the diet (winberg et al., 2000; Weggemans.,
2000; Lopez-Miranda., 1998; Ordovas & Corella., 2004; Hockey., 2001).

There is more consistency and probably less complexity regarding the impact of Apo A-IV
polymorphisms on HDL-cholesterol: When total fat intake is raised or lowered, Q/H
subjects have an exaggerated, and Threonine /Serine (T/S) subjects an attenuated, response
in plasma HDL levels. It has been suggested, and Weinberg demonstrated, that a high-
PUFA intake may amplify this effect (Ordovas & Corella., 2004; Winberg et al., 2000).

Given the relationships between plasma TG and plasma HDL-cholesterol levels, it is
possible that the response of plasma HDL-cholesterol levels to changes in dietary fat is
mediated by Apo A-IV allele effects on postprandial triglyceride-rich lipoprotein
metabolism. These studies clearly illustrate the extreme complexity associated with the
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interpretation of results from studies involving gene-diet interactions (Ordovas & Corella.,
2004).

The presence of serine instead of threonine at position 347 in the Apo A-IV gene was
associated with increased total and LDL-cholesterol responsiveness when subjects switched
from a high-SFA diet to a National Cholesterol Education Program Step I diet. When the
same subjects changed from the National Cholesterol Education Program Step I diet to a
high-MUFA diet, subjects with the Thr /Thr genotype had a 1% decrease in total cholesterol
concentrations, whereas subjects with the Ser allele had a 5% increase in total cholesterol
concentrations. When the Thr347Ser and the Apo A-1-75 (G/A) genotypes were combined,
carriers of the A and Ser alleles showed greater LDL-cholesterol responses to changes in
dietary fat. However, Carmena-Ramon et al (Carmena-Ramon et al., 1998) investigated both
the GIn360His and Thr347Ser polymorphisms and found no gene-diet or haplotype-diet
interactions (Masson et al., 2003). The evidence that exists for an interaction between diet
and the Apo A-IV glutamine-histidine mutation at position 360 (GIn360His) suggests that
GlIn / Gln subjects show significantly greater total and LDL-cholesterol responses and that
GIn /His subjects show greater HDL-cholesterol responses to changes in dietary fat,
cholesterol, or both. Although Wallace et al found no significant differences in LDL-
cholesterol responses between genotypes, dense LDL cholesterol decreased more in subjects
carrying the His allele when polyunsaturated fatty acids (PUFAs) replaced SFAs in the diet
(Wallace et al, 2000). In the same study, there was a significant difference in HDL-cholesterol
responses between genotype groups such that concentrations decreased in Gin /Gln subjects
and increased in Gln /His subjects (Masson et al., 2003).

5.3 Apolipoprotein B (Apo B)

Apolipoprotein B is the main protein component of low-density-lipoprotein (LDL) and
contains several domains. The human Apo B is 43 kb in length with 81 bp signal sequence.
Numerous polymorphisms have been identified on this gene (Heilbronn et al., 2000).

The evidence for an interaction between the Xbal polymorphism and diet is inconsistent. In
2 studies, X-X- subjects showed greater LDL-cholesterol responses, whereas Tikkanen et al,
found that subjects carrying the X+ allele had greater total, LDL-, and HDL-cholesterol
responses. However in, analysis of these data, the Xbal polymorphism only explained a
significant proportion of variance of the change in HDL cholesterol (Tikkanen et al., 1995).
In one research they found no significant effect on LDL-cholesterol responsiveness, although
X-X-subjects showed the greatest HDL,- and VLDL-cholesterol responses. Finally, in
another study researchers studied the effect of the Xbal polymorphism in subjects with the
common Apo E3/3 genotype and found that X-X- subjects showed the greatest
triacylglycerol response. Rantala et al conducted a meta-analysis of all published dietary
trials. In their analysis of 8 studies, X-X+ subjects had greater LDL responses than did X+X+
subjects and no significant differences in the responses of total or HDL cholesterol or
triacylglycerol were found between genotypes (Masson et al., 2003; Rantala., 2000). Two of 7
intervention studies found that the EcoRI R- allele was associated with significantly greater
total and LDL-cholesterol responses to changes in dietary fat and cholesterol. Only one
study found an interaction between the Mspl polymorphism and response to diet. Ten
intervention studies found no significant effects of the Apo B signal peptide
insertion/deletion (I/D) polymorphism on dietary responsiveness; however, 2 studies
reported a significantly greater responsiveness in subjects homozygous for the I allele. In a
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study, 43 men and women were observed to compare the effects of insoluble and soluble
fiber on plasma lipids. Their statistical model identified gene-diet interactions. However,
they did not look specifically at differences between genotype groups. It was found that D/D
subjects had similar decreases in HDL cholesterol after consumption of the insoluble- and
soluble-fiber diets. However, I/I subjects had larger HDL-cholesterol decreases with the
soluble-fiber diet, whereas I/D subjects had larger HDL-cholesterol decreases with the
insoluble-fiber diet. The gene-diet interaction was significant (P = 0. 021) (Masson et al.,
2003; Rantala., 2000).

In response, low-fat, low-cholesterol diet, I/ subjects showed the greatest decrease in HDLo.
In addition, I/I and I/D subjects showed increased VLDL-cholesterol and decreased LDL-
cholesterol concentrations, whereas D/D subjects showed decreased VLDL-cholesterol and
increased LDL-cholesterol concentrations. The I/D polymorphism showed no significant
effect on the responsiveness of total, LDL, or HDL cholesterol or triacylglycerol in a meta-
analysis of 7 studies (Masson et al., 2003).

5.4 Apolipoprotein E (APO E)

Apo E gene variants have implications for nutrition therapy related to preventing and
treating CVD and the responses to dietary fat, soluble fiber, and alcohol. The impact of Apo
E genotype on individual variability in its LDL cholesterol response to diet interventions
and CVD risk has been extensively investigated over the past 30 years. Apo E contains 299
amino acids, considering Apo E’s key role in lipoprotein metabolism, being involved in
chylomicron metabolism, very low-density lipoprotein synthesis and secretion, and in the
cellular removal of lipoprotein remnants from the circulation. Apo E serves as a ligand for
multiple lipoprotein receptors. This gene locus is polymorphic, with 84 gene variants being
characterized to date. The prevalence of this SNP varies in different populations (Lovegrove
& Gitau., 2008; Rubin & Berglund., 2002; Ordovas & Corella., 2004; DeBusk., 2009).

Apo E is present in a subfraction of lipoprotein (a). The receptor-binding properties reside in
the N-terminal part of Apo E, whereas the lipid-binding domain resides in the C-terminal
portion. It was recognized that Apo E was present as three different Apo E isoforms (E2, E3,
and E4), coded by three different alleles (e2, €3, and e4), resulting in six homo and
heterozygous genotypes (e2/e2, e2/e3, e2/e4, e3/e3, e3/e4, e4/e4). Apo E2 differs from the
wild type, Apo E3, by a substitution of arginine for cysteine at amino acid 158, and Apo E4
differs from Apo E3 by a substitution of cysteine for arginine at amino acid 112. In addition,
several other genetic variants have been described at the Apo E locus (Rubin & Berglund.,
2002; Lovegrove & Gitau., 2008; Masson et al., 2003; Farhud et al., 2010).

Persons with E4 variant respond to a high-fat diet negatively with an increased risk for
coronary heart disease (CHD). In these individuals, low-fat diet should be useful (Farhud et
al., 2010; Sheweta et al., 2011).

Population studies show that plasma cholesterol, LDL cholesterol, and Apo B levels are
highest in subjects carrying the Apo E4, intermediate in those with the Apo E3, and lowest
in those with the Apo E2 isoform. An initial observation was that the association of the
Apo E4 isoform with elevated serum cholesterol levels was greater in populations
consuming diets rich in saturated fat and cholesterol than in other populations (Ordovas &
Corella., 2004).

Corella and Ordovas reviewed the numerous studies that have investigated the diet-gene
interaction for Apo E variants. People with at least one E4 allele have the highest basal levels
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of various lipids and show the greatest lipid-lowering response to a low-fat diet. Taking into
account which Apo E alleles a person has is helpful in developing diet and lifestyle
interventions for improving serum lipid levels (DeBusk., 2009).

In 46 studies that examined the Apo E locus and alterations in dietary fat content,
significantly different responses in total and LDL cholesterol by Apo E genotype were
reported in 8 and 11 studies, respectively, with the Apo E4 individuals generally being the
most responsive (Lovegrove & Gitau., 2008; Masson et al., 2003).

Note that despite the numerous studies examining the relation between Apo E genetic
variability and LDL-cholesterol response to diet intervention, there is considerable
inconsistency regarding the magnitude and significance of the reported associations, and
this locus continues to be the subject of intense research (Ordovas & Corella., 2004).

In a study, there are 29 intervention studies that examine Apo E-diet interactions. A total of
3224 subjects participated in these studies, ranging from 16 to 420 subjects per study. Of the
29 studies, 12 demonstrated no significant Apo E-diet interactions, 15 reported significant
interactions (E4 was usually associated with increased dietary response), and 2 were
undefined. Using the same available literature, but different selection criteria, Masson,
reviewed 62 dietary intervention periods, including 3223 subject-by-diet interventions
(Masson et al., 2003). Again, the range of the studies varied between 8 and 210 subjects per
dietary intervention. According to this review, 42 of the diet interventions did not
demonstrate significant Apo E-diet interactions, and only 19 provided evidence for
significant interactions, clearly demonstrating the diversity of the results presented in the
original papers as well as those obtained from review papers (Ordovas & Corella., 2004;
Masson et al., 2003).

The heterogeneous response to changes in dietary fat may be attributed to a number of
factors including age, gender, baseline LDL-C levels, disease status and drug use
(Lovegrove & Gitau., 2008).

One difference between the negative studies and those reporting significant Apo E
gene-diet interactions relates to the baseline lipid levels of the subjects. Studies
reporting significant associations often included subjects who were moderately
hypercholesterolemic and/or had significant differences in base total cholesterol and
LDL-cholesterol among the Apo E genotype groups. This suggests that the significant
gene-diet interaction is apparent only in subjects susceptible to hypercholesterolemia.
Concerning differences in dietary interventions, there were significant interactions in
studies in which total dietary fat and cholesterol were modified. Several mechanisms are
proposed to explain these Apo E-related differences in individual response to dietary
therapy. Some studies show that intestinal cholesterol absorption is related to Apo E
phenotype, with Apo E4 carriers absorbing more cholesterol than non-Apo E4 carriers.
Other mechanisms such as different distribution of Apo E on the lipoprotein fractions,
LDL Apo B production, bile acid, and cholesterol synthesis, and postprandial lipoprotein
clearance may also be involved (Ordovas & Corella., 2004).

On the other hand although the obvious dietary factors implicated in gene-diet interactions
affecting plasma lipid levels are dietary fats and cholesterol, other dietary components have
revealed significant interactions. This is the case for alcohol intake.

Although the raising effect of alcohol consumption on high-density lipoprotein (HDL)-
cholesterol levels is well established, the effect on LDL-cholesterol is still unclear. It is
possible that the reported variability will be due to interactions between genetic factors and
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alcohol consumption. Using cross-sectional analysis, researcher examined whether variation
at the Apo E locus modulates the association between alcohol consumption and LDL-
cholesterol levels in a healthy population based sample of 1014 male and 1133 female
participants in the Framingham Offspring Study (Corella et al., 2001). In male nondrinkers,
LDL-cholesterol levels were not different across Apo E groups; however, in male drinkers,
there were differences in LDL-cholesterol, with Apo E2 subjects displaying the lowest levels.
When LDL cholesterol levels were compared among the Apo E subgroups by drinking
status, LDL-cholesterol levels in Apo E2 male drinkers were lower than in Apo E2 non
drinkers. Conversely, in Apo E4 males, LDL-cholesterol was higher in drinkers than in
nondrinkers. This Apo E-alcohol interaction remained significant after controlling for age,
BMI, smoking, fat, and energy intake. In women, the expected effect of Apo E alleles on
LDL-cholesterol levels was present in both drinkers and nondrinkers. Multiple linear
regression models showed a negative association between alcohol and LDL-cholesterol
levels in Apo E2 men, with alcohol intake a continuous variable. Conversely, in Apo E4
men, this association was positive. There were no statistically significant associations in
either Apo E3 men or in women. These data suggest that in men, variability at the Apo E
locus partially modulates the effects of consuming alcoholic beverages on LDL-cholesterol
levels (Ordovas & Corella., 2004).

The effect of alcohol was also investigated in the Copenhagen City Heart Study (Frikke-
Schmidt., 2000). In that study, there was an interaction between alcohol and Apo E among
women, in which higher triglyceride levels were associated with both the E2 and E4 alleles
among women who regularly consumed alcohol. For men, increased triglyceride levels
among E2 and E4 carriers were seen across the entire alcohol distribution spectrum, perhaps
because of some degree of alcohol consumption among all men. Overall, the results
suggested that metabolic stresses, such as the postprandial situation or alcohol
consumption, might contribute to uncover underlying differences between Apo E genotypes
in cholesterol, triglyceride or lipoprotein metabolism (Frikke-Schmidt., 2000).

The effect of the Apo E gene on lipoproteins may differ with age. In elderly individuals as
well as in children, there is less difference in LDL cholesterol levels in individuals carrying
the E4 allele versus non-E4 carriers. Interestingly, in both of these age groups, the presence
of the Apo E2 allele was associated with lower LDL cholesterol levels. An age-dependent
variation between Apo E and plasma lipids was also seen by Jarvik et al (Jarvik et al, 1997).
By longitudinally following male Caucasian twins, the authors demonstrated that whereas
E4 carriers initially had higher triglyceride and cholesterol levels compared with E3
homozygotes, this difference disappeared over an 18-year period (Rubin & Berglund., 2002).
A sex-specific association between Apo E2 and HDL cholesterol levels has been described in
Turkish individuals. In Turkish women, but not men, the frequency of the Apo E2 allele
increased almost six fold from the lowest to the highest HDL cholesterol tertiary (Rubin &
Berglund., 2002). The available information show, significant diet-Apo E gene interactions
occurred in male-only studies. In studies including men and women, significant effects were
noted only in men, suggesting a significant gene-sex interaction (Ordovas & Corella., 2004).
As pointed out above, in studies in which an Apo E gene nutrient interaction was found, it
was generally more common among men than women, suggesting a modulation by sex.
Interestingly, in the study by Mahley et al, on HDL levels in Turkish individuals, the
authors suggested that the association of Apo E2 with higher HDL cholesterol levels found
in women but not in men may be caused by a sex difference in hepatic lipase. Among
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women, a lower hepatic lipase activity might allow the detection of the modulating effect of
Apo E genotypes, whereas this effect might be overwhelmed by a higher enzyme activity in
men (Mahley et al., 2000). This is an analogous situation to the suggestion above that
differences in susceptibility might be uncovered by a metabolic challenge (Rubin &
Berglund., 2002).

Other causes for the observed differences between studies may be the presence of
confounders, the type of dietary intervention used, the population studied and, importantly,
the number of subjects in the respective studies. A small number of subjects limits the
possibility of detecting differences, or could alternatively lead to spurious associations.
Although the number of studies addressing the gene nutrient interaction for Apo E is
growing, in most studies so far this has been a secondary endpoint, usually analyzed post
hoc. Perhaps the most likely possibility is that a number of dietary interventions will elicit
variable responses across Apo E genotypes, but that the ability to detect such differences
will depend on the strength and type of intervention as well as on specific recipient factors
(type of population, presence of hyperlipidemia, etc. ). In the end, however, our ability
to confirm or refute the presence of Apo E gene nutrient interactions as well as to
understand their metabolic basis fully will require larger and more detailed studies (Rubin
& Berglund., 2002).

Inconsistency in nutrient-gene interactions in relation to Apo E polymorphisms may be a
result, in part, of retrospective genotyping of small study cohorts, for which the genotype-
diet-LDL-C interactions were not the primary outcome. This factor has resulted in the
under-representation of the less-frequent genotypes and, although trends may have been
evident, many of the studies were clearly under-powered to detect significant genotype-
treatment effects. The prospective genotyping of larger study cohorts has been used as an
alternative approach to increase statistical power (Lovegrove & Gitau., 2008).

However, recent evidence strongly suggests that variations in a number of key genes may
also be important, including common variants of the Apo E gene. The most convincing
evidence to date for genotypic effects on dietary response comes from the extensively
studied Apo E gene variant (Lovegrove & Gitau., 2008).

A metaanalysis has been published recently that summarizes the overall findings from
studies using a variety of end-point measures. A mean 40-50% increase in CHD risk was
observed in E4 carriers (overall OR 1. 42) relative to the wild-type E3/E3 genotype, with no
apparent differences for either the E2 and E3 subgroups (OR 0. 98). Although a causal
mechanism to link E4 with increased CHD risk has not been fully elucidated, the association
has been ascribed to a higher concentration of LDL-C. This higher LDL-C is believed to arise
from the Apo E4 isoform having a relatively higher affinity for its membrane
(LDL/chylomicron remnant) receptor and feedback inhibition of receptor activity in E4
carriers Other mechanisms relating to reduced antioxidant status may also be operative
(Lovegrove & Gitau., 2008).

There is the large variation that is observed in the concentration of serum LDL-cholesterol
(LDL-C) in response to fish oil supplementation. The cardioprotective effects of the fatty
acids in fish oil include eicosapantanoiec acid (EPA) and docosahesanoiec acid (DHA) are
well recognized. However, a potentially deleterious increase in LDL-C (5-10%) has been
consistently reported after moderate to high doses of fish oil (>2 g EPA+ DHA/d). These
data showed the DHA rather than the EPA in fish oils that is responsible for the LDL-C
raising effects in E4 individuals (Lovegrove & Gitau., 2008).
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In contrast, those with one or more E4 alleles have the highest serum total cholesterol, LDL-,
and Apo B levels, the lowest HDL-C levels, and have elevated fasting and postprandial
triglyceride levels. They respond best to a low-fat diet but are the least responsive to soluble
fiber for lowering serum lipids or to exercise for increasing HDL levels. Fish oil
supplementation in these people increases total cholesterol and reduces HDL. Whether a
person has the U allele or the E4 allele appears to make a difference in the diet and lifestyle
recommendations that would be appropriate for improving vascular health (DeBusk., 2009).

Two prospectively genotyped studies designed to test the hypothesis that Apo E
polymorphism has a significant effect on the LDL-C response to EPA and DHA have
recently been completed (Lovegrove & Gitau., 2008).

Overall, the triglyceride response to the fat load was lower during fish oil supplementation,
and interestingly the decrease in the incremental area under the curve for triglyceride levels
was significantly higher for E2 carriers compared with E3 homozygotes and E4 carriers
(Rubin & Berglund., 2002).

Although a number of previous studies have observed effects of Apo E genotype in
response to dietary total fat and saturated fatty acid (SFA) manipulation, only one study to
date has examined the Apo E genotype-dietary fat-LDL-C association using prospective
recruitment by genotype. A study reported a significant effect of Apo E genotype on the
plasma lipid response to a low fat diet, with a 5%, 13% and 16% reduction in LDL-C in
E3/E3, E3/E4 and E4/E4 males, respectively. Other studies have examined the association
between Apo E genotype and fish oil (EPA/DHA) on LDL-C responses. In a retrospectively
genotyped study it was observed that a mean increase of 7. 1% in LDL-C for the group as a
whole was solely attributable to a 16% rise in LDL-C in the Apo E4 participants, and it was
speculated that Apo E genotype may, in part, predict the blood lipid response to fish oil
intervention. Variable effects of EPA and DHA on LDL-C have been reported previously
(Kobayashi et al., 2001; Lovegrove & Gitau., 2008).

The ApoE gene locus accounts for approximately 7% of the population variance in total and
LDL cholesterol levels; in general, E4 carriers have higher and E2 carriers have lower LDL
cholesterol levels. It has also been suggested that Apo E variations impact triglyceride levels,
as higher triglyceride levels have been reported for both E4 and E2 carriers compared with
E3 homozygotes (Rubin & Berglund, 2002).

In a recent study of more than 9000 individuals from the Copenhagen City Heart Study,
Frikke-Schmidt and colleagues demonstrated that the association between the Apo E locus
and cholesterol or plasma Apo B levels was invariant, i. e. present in most contexts (e. g.
present in both men and women), whereas associations between Apo E and other
lipoproteins such as triglycerides, Apo A-I, HDL cholesterol and lipoprotein (a) were found
to be context dependent (Frikke-Schmidt., 2000). As the associations of Apo E with Apo B
remained significant when adjusting for cholesterol but not the other way around, this
suggested that Apo B is the factor primarily associated with Apo E genotype. It should be
pointed out, however, that in their study triglyceride levels represented nonfasting
conditions, and LDL cholesterol was not included in the analysis (Rubin & Berglund., 2002).

Furthermore, the Apo E2 allele was more common in individuals with high LpA-I levels,
i. e. HDL with Apo Al but not Apo A-II. This HDL subfraction generally corresponds to the
larger HDL2 subpopulation, which interestingly, in a study by Isasi et al, was associated
with Apo E2 in children (Isasi et al., 2000). In view of their results, Mahley et al, suggest that
HDL containing Apo E2 might be a poorer substrate for hepatic lipase compared with HDL
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with Apo E3 or E4, leading to an accumulation of HDL in plasma. In addition, there might
be a difference in the clearing mechanisms between HDL containing Apo E2 compared with
Apo E3 or E4 (Mahley et al., 2000).

This mixed pattern was recently addressed by Weggemans et al, who performed a meta-
analysis of 26 controlled clinical diet trials conducted. The effect of Apo E genotypes on
response to dietary change in 395 healthy subjects, well balanced for sex, was evaluated. The
authors pooled data in the response of LDL and HDL cholesterol from four types of trials;
replacement of cis-unsaturated fat for saturated fat (n = 7 studies), replacement of cis-
unsaturated fat for trans unsaturated fat (n = 2), changes in dietary cholesterol (n = 8) and
changes in coffee diterpenes (n = 9). Overall, there were small, non-significant differences
between Apo E genotypes in the response of LDL cholesterol, and results were unchanged
after adjusting for age, sex and body mass index. For HDL cholesterol, a sex difference was
noted, as the response to trans fat and cholesterol differed across Apo E genotypes in men
but not in women (Weggemans et al., 2001).

Appropriately, the authors caution against the over interpretation of this result because of
chance associations (Rubin & Berglund., 2002).

Friedlander et al, compared plasma levels across Apo E genotypes in response to two diets,
a high saturated fat/high cholesterol and a low saturated fat/low cholesterol diet, in 214
free-living individuals in two kibbutz settlements in Israel. Although the baseline total and
LDL cholesterol levels were higher among E4 carriers and lower among E2 carriers
compared with E3 homozygotes, the plasma lipid response to the diet intervention did not
differ across Apo E genotypes (Friedlander et al., 2000).

Loktionov et al, investigated 132 free-living healthy individuals participating in the
European Prospective Investigation of Cancer study, a cohort study with approximately 25
000 subjects. The reported subgroup was part of a quality control study on the dietary
methods used. In the 132 subjects, serum cholesterol levels correlated with the intake of total
and saturated fat. For LDL cholesterol, a significant correlation with relative saturated fat
intake was seen only for Apo E 4/3, and not for Apo E3/3 or 3/2 (Loktionov et al., 2000).

In another recent study, researchers analyzed lipid levels in relation to Apo E genotypes in
420 randomly selected free-living Costa Rican individuals consuming a low fat intake (53%
of energy). In accordance with most previous studies, E2 carriers had lower, and E4 carriers
higher LDL cholesterol and Apo B levels compared with E3 homozygotes. The population
was dichotomized in two groups depending on the intake of saturated fat. High saturated
fat intake (mean intake 13. 5% of energy) was associated with increased VLDL cholesterol,
decreased HDL cholesterol and smaller LDL sizes in Apo E2 carriers, whereas the opposite
was found for Apo E4 carriers. Effects on LDL size had previously been noted by Dreon et
al, in which a more pronounced decrease in large, buoyant LDL particles during reduced fat
intake was seen for Apo E4 carriers (Dreon et al, 1995). The findings of Campos et al
suggested, as pointed out by the authors, that in E2 carriers, a high saturated fat intake may
result in increased VLDL production and delayed clearance. Such a metabolic challenge
might thus unmask a relative susceptibility in E2 carriers (Campos et al, 2001).

Finally, the study on plasma lipid response to dietary fat and carbohydrate in men and
women with coronary heart disease provided further support for the association of
triglyceride metabolism with Apo E2. Overall, E2 carriers had lower LDL cholesterol as well
as a tendency to higher triglyceride levels than E3 and E4 carriers. In addition, there was a
positive association between dietary sucrose (6+7% of the total energy intake) and plasma
triglyceride levels among E2 carriers (Rubin & Berglund., 2002).
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Postprandial studies as Apo E have important functions in chylomicron remnant
metabolism, there has been substantial interest in the role of Apo E genotypes in the
postprandial setting. Furthermore, a postprandial challenge could serve as a tool to uncover
more precisely the differences between different Apo E alleles (Rubin & Berglund., 2002).

In a study of normolipidemic adults by Rubin & Berglund, the Apo E2 allele was associated
with an increased postprandial triglyceride response. A similar response has also been
demonstrated in other studies. Regarding the Apo E4 allele, more controversial results have
been obtained (Rubin & Berglund., 2002).

However, although such studies are compatible with a faster clearance of VLDL and
chylomicron remnants in E4 compared with E3 carriers, the meta-analysis showed higher
triglyceride and lower HDL cholesterol levels among E4/3 individuals compared with E3
homozygotes. This would perhaps suggest an impaired postprandial clearance among E4
carriers (Rubin & Berglund., 2002). In support of this, another study found an impaired
clearance of chylomicron and VLDL remnants in normolipidemic male E4 carriers compared
with E3/3. Furthermore, several recent studies have also reported an increased postprandial
triglyceride excursion in E4 carriers. In children, they did not observe any difference in
triglyceride or retinyl palmitate response between E3/3 and E4 carriers, although a non-
significant trend towards higher baseline triglyceride levels as well as higher triglyceride
and retinyl palmitate levels 3 h postprandially among E4 carriers was seen (Couch et al,,
2000). Another research found no significant effects of the Apo E4 allele on the postprandial
triglyceride response after adjusting for baseline triglyceride levels, although a delayed
retinyl palmitate clearance in E2 carriers was observed (Rubin & Berglund., 2002). In a
recent study by Kobayashi et al, individuals with the E3/3 and E3/4 genotypes were
matched for intra-abdominal visceral fat accumulation. Postprandial triglyceride levels did
not differ between the two genotypes when adjusting for baseline levels, whereas retinyl
palmitate levels among lipoproteins with Sf 5400 were higher among male E3/4 subjects,
indicating a slower remnant clearance. As pointed out by the authors, there were fewer
women in the study, which might contribute to the non-significant finding in this sex group
(Kobayashi et al., 2001).

In a study, the researchers investigated postprandial fat load tolerance in 55 healthy
volunteers with an atherogenic lipid profile, defined as triglyceride levels of 1. 534 m M,
cholesterol 5£8 m M and HDL cholesterol less than 1. 1 m M, as part of a double-blind
placebo-controlled crossover study with the consumption of either 6 g of fish oil or 6 g of
olive oil supplements for 6 weeks. At the end of each period, a postprandial study was
carried out. The difference in LDL cholesterol levels among Apo E genotypes is associated
with differences in LDL receptor activity, with Apo E2 carriers having higher and Apo E4
carriers lower activity compared with Apo E3 homozygotes. Conditions with increased
stress of this system, such as the increased intake of cholesterol and saturated fat, could
therefore result in a variable response in LDL cholesterol levels across Apo E genotypes. In
addition, E2 carriers may have decreased lipolytic function with an inhibition of the
conversion of VLDL to LDL, as well as a compromised clearance system for triglyceride-rich
lipoproteins. Therefore, even a modestly increased VLDL production in response to
increased precursor availability might result in differences in plasma triglyceride levels
across Apo E genotypes (Rubin & Berglund., 2002).

Although the results from postprandial studies are generally in agreement with the
established metabolic differences between Apo E2 and E3, it is currently more difficult to
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explain the reduced postprandial clearance in E4 carriers. However, it is possible that a
differential distribution of the varying Apo E isoforms over different lipoprotein fractions,
as well as variations in Apo E levels, could play a role. In addition, a lower LDL receptor
activity in E4 carriers may contribute to a decreased postprandial clearance (Rubin &
Berglund., 2002).

How could we reconcile these varying results? Even if most studies have established
associations between Apo E and baseline lipoprotein levels, the absolute differences
between the Apo E genotypes are relatively modest. It might thus be expected that inter-
genotype differences in response to nutrient variations may generally be even smaller in
magnitude, and thus more difficult to detect, although they might be enhanced by metabolic
challenges affecting the synthetic or clearance systems in lipoprotein metabolism described
above. Examples of such metabolic stresses in which Apo E gene nutrient interactions may
be more readily detectable may be hyperlipidemia, an increased intake of saturated fat or
cholesterol, the postprandial state, or alcohol intake. In agreement with this, studies
indicating Apo E gene nutrient interactions have been more common in hyperlipidemic
settings, whereas it has been more difficult to detect differences across Apo E genotypes in
normolipidemic individuals or populations. However, Apo E genet nutrient interaction has
not been seen in all hyperlipidemic states. In familial heperlipidemia heterozygotes, no
difference in plasma lipid response to a step 1 diet was seen across Apo E genotypes,
indicating that the modulating effects of Apo E may be overwhelmed by other genetic
defects, such as LDL receptor deficiency (Rubin & Berglund., 2002).

In conclusion, Apo E has important functions in lipoprotein metabolism and the Apo E
polymorphism is associated with plasma lipoprotein levels. Although a large number of
studies have addressed whether there is an interaction between Apo E genotypes and diet in
affecting plasma lipid levels, this issue is presently unresolved. Most studies to date have
involved a small number of subjects, analyzed the Apo E polymorphism post hoc, or
included populations in which the effects might be modest, making discrepancies difficult
to detect. Studies conducted with conditions representing a metabolic challenge have
generally been more successful in finding differential effects across Apo E genotypes, and
such studies may be helpful in the future to clarify Apo E gene nutrient relationships. The
mixed results obtained indicate that, at present, it is premature to suggest the use of
genotyping of Apo E in the design of therapeutic diet interventions (Rubin & Berglund.,
2002).

All studies have demonstrated a strong association between plasma cholesterol and Apo E
phenotypes in the following order: E4/E4 > E4/E3 > E3/E3 > E3/E2. It has been thought
possible that the Apo E gene might be involved in the modulation of dietary plasma
cholesterol responses, perhaps explaining the differences in cholesterol concentrations.
Some dietary intervention studies have suggested that Apo E4 individuals react to dietary
change with exaggerated cholesterol responses. In one study, Apo E4/E4 individuals
responded by increased cholesterol reductions during low fat intake, and by increased
cholesterol elevations during a switchback to high fat diet. Plausible mechanisms have been
postulated which could explain such differences. However, other studies have reported no
differences in plasma lipid responses among Apo E phenotypes. The studies cannot be
directly compared because of different designs and study populations with differing Apo E
allele frequencies (Tikkanen., 1995).

Although Tikkanen et al, found that subjects with the E4/4 phenotype showed the greatest
total and LDL-cholesterol responses to dietary change (Tikkanen et al., 1995) Xu et al
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analyzed the same data and concluded that the Apo E polymorphism did not explain a
significant proportion of the variation of the response (Xu et al., 1990). In a meta-analysis of
9 studies involving 612 subjects and found that the presence of the E4 allele was associated
with a significantly greater LDL response to dietary intervention (Masson et al, 2003).

Four studies found significantly different HDL-cholesterol responses between genotype
groups: one study found that carriers of the E4 allele had the smallest HDL-cholesterol
response, whereas the other 3 studies found that carriers of the E4 allele had the largest
response (Masson et al., 2003).

However, recent evidence strongly suggests that variations in a number of key genes may
also be important, including common variants of the Apo E gene. The most convincing
evidence to date for genotypic effects on dietary response comes from the extensively
studied Apo E gene variant (Lovegrove & Gitau., 2008).

5.5 Cholesteryl ester transfer protein (CETP)

Another gene that affects HDL levels is CETP, encoding for the cholesteryl ester transfer
protein that exchanges cholesteryl esters and triglycerids from HDL to other lipoproteins.
This protein is also called the "lipid transfer protein:' People with two copies of a common
allele at position 279 of this gene tend to have low HDL levels and elevated levels of LDL
and VLDL. A variation (279G>A) that decreases plasma levels of CETP is associated with
increased HDL levels, decreased LDL and VLDL levels, and a lower risk of cardiovascular
disease than the more common (GG) form (DeBusk, 2009; Musunuru., 2010).

A recent meta-analysis which confirms that the [405V and TaqlIB variants are indeed
associated with lower CETP activity and higher high-density lipoprotein-cholesterol levels
(Boekholdst., 2004).

The currently available evidence suggests that several genetic variants in the CETP gene are
associated with altered CETP plasma levels and activity, high-density lipoprotein-
cholesterol plasma levels, low-density lipoprotein and high-density lipoprotein particle size,
and perhaps the risk of coronary heart disease (Boekholdt., 2004).

5.6 Hepatic lipase (LIPC)

Hepatic lipase (HL) is a lipolytic enzyme involved in the hydrolysis of triacylglycerols
present in circulating chylomicrons providing nonesterified fatty acids and 2-
monoacylglycerol for tissue utilization and phospholipids from plasma lipoproteins that
participates in metabolizing intermediate-density lipoprotein and large LDL into smaller,
denser LDL particles, and in converting HDL2 to HDL3 during reverse cholesterol transport
(Ordovas & Corella., 2004; Fisler, Warden, 2005; Ordovas., 2006; Much et al., 2005). It may
suggest a role to play as a ligand for cell-surface proteoglycans in the uptake of lipoproteins
by cell-surface receptors (Fisler & Warden., 2005; Ordovas & Corella., 2004).

Given the wide spectrum of effects that HL exerts on lipoprotein metabolism, and the
significance of the promoter variant (s), it is reasonable to hypothesize that genetic variation
at this locus may also be involved in variability in the response to dietary therapy (Ordovas
& Corella., 2004). HL deficiency is characterized by mildly elevated concentrations of
triglyceride-rich LDL and HDL particles, as well as impaired metabolism of postprandial
triglyceride-rich lipoproteins, which may result in premature atherosclerosis. Conversely,
increased HL activity is associated with increased small, dense LDL particles and decreased
HDL2 concentrations, which may also result in increased CAD risk. Four common single
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nucleotide polymorphisms (SNPs) on the 5_-flanking region of the HL gene (LIPC) [-763
(A/G), =710 (T/C), -514 (C/T), and -250 (G/A)] are in total linkage disequilibrium and
define a unique haplotype that is associated with variation in HL activity and HDL-
cholesterol levels (Fisler & Warden., 2005; Ordovas & Corella., 2004).

The less common A-allele of the SNP at position—250 is associated with lower HL activity
and buoyant LDL particles. Normal and CAD subjects heterozygous for the A-allele have
lower HL activity and significantly more buoyant LDL particles. Homozygosity for this
allele (AA) is associated with an even lower HL activity. The A-allele is associated with
higher HDL2-cholesterol (Ordovas & Corella., 2004).

An early intervention study with a low-saturated-fat, low-cholesterol diet found that,
although significant improvements in fasting lipids occurred, there was no difference in
response between genotypes at the hepatic lipase gene (LIPC) polymorphism measured.
However, the study of 83 subjects may not have had adequate power to detect a modest
effect of genotype (Fisler & Warden., 2005; Masson & McNeill., 2005; Ordovas., 2006).
Dietary information collected from Framingham Heart Study participants shows that
subjects carrying the CC genotype react to higher contents of fat in their diets by increasing
the concentrations of HDL-cholesterol, which could be interpreted as a “defense
mechanism” to maintain the homeostasis of lipoprotein metabolism. Conversely, carriers of
the TT genotype cannot compensate, and experience decreases on the HDL-cholesterol
levels. These data could identify a segment of the population especially susceptible to diet-
induced atherosclerosis. Considering the higher frequency of the T allele among certain
ethnic groups (i. e., African-Americans), these data could shed some light on the impaired
ability of certain ethnic groups to adapt to new nutritional environments, as clearly seen for
Native Americans and Asian Indians. In this regard, they replicated the significant gene-diet
interaction demonstrated in the Caucasian population of Framingham in another
multiethnic cohort that consisted of Chinese, Malays, and Indians representing the
population of Singapore. In addition to the significant gene-diet interactions reported in
these papers, these data provides clues about the reasons why genotype-phenotype
association studies fail to show consistent results. In theory, this polymorphism at the
hepatic lipase gene will show dramatically different outcomes in association studies
depending on the dietary environment of the population studies. The impact of these
interactions will be magnified in populations with a high prevalence of the T-allele, as it is
with Asians and African-Americans (Ordovas & Corella., 2004).

Three larger observational studies on the effect of a common polymorphism in the LIPC
promoter gene -514C—T on the response of HDL cholesterol to dietary fat intake have been
published. In examining the effects of the -514C—T LIPC polymorphism x dietary fat
interaction on HDL in 2130 men and women participating in the Framingham Study,
Ordovas et al found that the rarer TT genotype was associated with significantly higher
HDL-cholesterol concentrations only in subjects consuming <30% of energy from fat. This
same interaction was found for saturated and monounsaturated fats but not for
polyunsaturated fat. A second association study, in an Asian population of 2170 subjects,
found that Asian Indian subjects with a total fat intake of <30% of energy and with TT
genotype at the -514C—T polymorphism had the highest HDL-cholesterol concentrations.
This interaction, however, did not apply to the Chinese or Malay subjects in that study, and
the significant interactions found for saturated or monounsaturated fats found by Ordovas
et al were not found in the study by Tai et al. However, these 2 studies are consistent with
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other studies showing that the TT genotype at -514C—T is associated with higher HDL
concentrations, although, in 1 of those studies, this effect was attenuated by visceral obesity
(Fisler & Warden., 2005).

The third association study of the interaction between dietary fat and the -514C—T
polymorphism, by Zhang et al that, from a study population of 18159 men, Zhang et al
selected 780 men with confirmed type 2 diabetes. After adjustment for age, smoking, alcohol
intake, exercise, and BMI, higher HDL-cholesterol concentrations were found in men with
the CT or TT genotype, which is consistent with previous studies. However, they found
significantly higher HDL-cholesterol concentrations in men with the CT/TT genotype who
consumed large amounts of dietary fat (232% of energy), saturated fat, and
monounsaturated fat, a result that is apparently opposite to the findings of the other 2
association studies. Thus, the interaction effect of dietary fat with the -514C—T
polymorphism was not replicated (Zhang et al., 2005).

Two researcher discussed causes of nonreplication of genetic association studies in obesity
and diabetes research that should apply to studies of dyslipidemias as well. An important
cause of nonreplication is a lack of statistical power. For any polygenic model, such as
models with complex phenotypes (eg, obesity, dyslipidemia, or type 2 diabetes), the effect
size for any marker will be small to moderate. Thus, larger sample sizes are needed to
ensure adequate power to observe an effect. In the study of Zhang et al, the problem of
small sample size (despite the fact that >18000 men were screened to identify ~800 men with
type 2 diabetes) is compounded by the fact that the TT genotype is rare, especially in a white
population. Thus, only 30 subjects in that study had homozygous TT genotype at -514C—T
LIPC, and subjects with either the CT or TT genotype were pooled for analysis. Examination
of the data of Ordovas et al and Tai et al found that the slope of predicted values for HDL
cholesterol versus total fat intake as a percentage of energy is steeply negative in persons
with the TT genotype, whereas it is positive for persons with the CT genotype (Ordovas, et
al, 2002; Tai et al, 2003). Assuming that the data of Zhang et al followed the same pattern,
combining the smaller number (n = 30) of persons with the TT genotype with the larger
number (n = 247) of persons with the CT genotype would mask the effects of percentage of
dietary fat and the TT genotype on HDL-cholesterol concentrations. An additional
complexity is that BMI and obesity phenotypes may also interact with dietary fat and LIPC
genotype to modulate HDL-cholesterol concentrations (Tai et al., 2003; Zhang., 2005). Thus,
the nonreplication in the study by Zhang et al of the findings of Ordovas et al and Tai et al is
likely due to the small number of persons with the TT genotype who were available in the
study of Zhang et al (Fisler & Warden., 2005).

5.7 Lipoprotein lipase (LPL)

LPL, encoding lipoprotein lipase, which hydrolyzes triglycerides in chylomicrons and VLDL
particles, converting the latter to LDL particles, as well facilitating cellular lipoprotein
uptake (Musunuru, 2010).

Several polymorphisms have been described that disrupt normal LPL function and
contribute to the premature development of CHD, primarily through the increased levels of
circulating TGs (Much et al., 2005).

Indeed, several of the common LPL polymorphisms described by Merkel et al have recently
been established to influence circulating lipid levels in pregnant women, whom are often
characterized with high levels of circulating TGs and increased total cholesterol (Merkel et
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al., 2011). Although TG levels were unaffected, certain LPL SNPs modulated HDL levels and
may alter the susceptibility of pregnant women to developing CHD. However, further
studies are required to definitively define a relationship between lipid levels, CHD, and
pregnant women. Therefore, the importance of LPL in the whole-body regulation of lipid
metabolism has been avidly demonstrated and merits further exploration.

One common LPL polymorphism, known as T495G Hind 1II, has been extensively examined
and demonstrates the complexity of disease prediction associated with a single SNP. Indeed,
preliminary indications suggest that this polymorphism may play a role in the onset of
several important diseases, such as CHD, diabetes and obesity. This SNP has been
associated with the higher plasma TG and lower HDL levels characteristic with the early
onset of diabetes. Preliminary results have also suggested a positive association between the
Hind 1II polymorphism and a predisposition to developing obesity. Finally, this
polymorphism has been associated with variations in lipid levels and heart disease, and that
these alterations were attenuated by such environmental factors as physical exercise and
low calorie diets, reiterating the important interactions arising between lifestyle, nutrition,
and disease. Although these associations are not conclusive, they do suggest that LPL
variants play a critically important role in the regulation of whole-body lipid metabolism
that may predispose an individual to the onset of several metabolic diseases.

A relationship was established between a low calorie diet and the circulating lipid profile in
obese individuals with the Hind III polymorphism. Homozygotes (H2H2) were found to
have significantly higher levels of plasma VLDL-TG and Apo B than heterozygotes. Caloric
restriction reduced lipid levels in both H2H2 and H1 individuals to a point where no
difference was observed between the groups. Although H2H? individuals responded more
strongly (larger decreases in plasma lipids) to the low calorie diet, these preliminary results
identify an important relationship between LPL polymorphisms, function, and diet (Much
et al., 2005).

As such, it is difficult to draw any firm conclusions from any one gene-diet study in the
absence of replication by another study that examined the same question using similar
methodologies. For example, one study demonstrated that a Mediterranean-style, MUFA-
rich diet compared to a high-carbohydrate diet increased LDL size in individuals with
certain Apo E gene variants but decreased LDL size in those with other Apo E variants; this
is potentially a clinically important observation, but no confirmatory study has yet emerged,
calling this observation into doubt. As pointed out by others, the field would greatly benefit
from increased collaboration and coordination of studies among international nutrition
researchers (Musunuru., 2010).

6. Magnitude of the response

Because of the heterogeneity in the type and duration of the interventions described the
magnitude of the lipid response to dietary interventions varied widely: in one study the
change in LDL cholesterol in the Apo B EcoRI R-R- genotype group was as large as 59% of
the baseline concentration. In the studies that showed a significant difference in response
between genotype groups, the results also varied widely: in some studies, the difference in
response between 2 genotype groups was ~20% of the baseline lipid concentration (Rantala
et al., 2000; Clitfon., 1997). However, the magnitude of these differences cannot be estimated
with any accuracy, largely because most studies had only a small number of subjects in the
rare genotype group (Masson et al, 2003). The proportion of variance in the lipid response
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attributable to a single polymorphism is not likely to be > 10% (Xu et sal., 1990). Therefore,
individual genes contribute only a small part to the variation in the lipid response; however,
when several genes are considered, the proportion of variance explained could be larger
(Masson et al, 2003).

7. Evidence for a gene-diet interaction

Evidence suggests that variation in the genes for apolipoproteins A-I, A-IV, B, and E may
contribute to the heterogeneity in the lipid response to dietary intervention. Many studies
were unable to show significantly different responses between these genotype groups, and
the genotypes showing the greatest response are not necessarily consistent between studies.
There was insufficient evidence to assess whether lipid responsiveness is affected by
variation in the genes for Apo C-III, lipoprotein lipase, hepatic lipase, the cholesteryl ester
transfer protein. Although each of these gene products is essential in lipid metabolism, only
a handful of studies have investigated variation in these genes, and most of these studies
were unable to show significant gene-diet interactions (Masson et al, 2003).

8. Publication bias

Publication bias is a problem with any review because "studies with results that are
significant, interesting, from large well-funded studies, or of higher quality are more likely
to be submitted, published, or published more rapidly than work without such
characteristics" (Sutton, 2000). Therefore, it is possible that other relevant dietary
intervention studies with genotype information exist but were not included in this review
because they have not been published. It is possible that the literature strategy for this
review missed studies because the genotype analyses were not mentioned in their title,
abstract, or subject headings (Masson et al, 2003).

In the search for explanations for the heterogeneity in lipid responses, reviewers may tend
to highlight studies showing significant effects of genetic variation while ignoring a large
proportion of studies that found no such results. Studies showing nonsignificant or
conflicting results cannot be ignored, especially because they outnumber the studies
showing significant effects, notwithstanding the unpublished studies that could have
nonsignificant and uninteresting results. Therefore, one has to ask the question "If genetic
variability plays a role in the heterogeneity of lipid and lipoprotein responses to dietary
change, why have so many studies been unable to demonstrate this with statistical
significance?" (Masson et al, 2003).

9. Possible reasons for conflicting results

There are many possible reasons why studies have been unable to show statistically
significant gene-diet interactions. First, it is highly probable that lipid responses to dietary
change are under polygenic control, with each gene contributing a relatively small effect.
However, most studies have attempted to find only single-gene effects (Masson et al, 2003).
Most of the studies summarized in this review lacked sufficient statistical power to detect
any but a very strong effect because the sample sizes were too small, particularly for
genotypes with low frequencies of the rare allele. However, many of the studies were
retrospective and were not designed to examine gene-diet interactions, but data were
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reexamined after the availability of new information from genotype analyses. Therefore, it is
perhaps not surprising that significant effects were not found in many studies because the
numbers of individuals in each genotype group were so small. In many studies there were
too few subjects homozygous for the rare allele to allow an analysis that would take into
account differences in the response between heterozygote's and homozygote's. For Apo E,
where there are 6 possible genotypes, differences in the grouping of these could also lead to
differences in results between studies. This illustrates that meta-analyses are important
because they can detect effects with greater power and greater precision because of their
inflated sample size (Rantala et al., 2000; Lopez-Miranda et al., 1994). In addition, in studies
with small sample sizes, genotype misclassification of one individual may significantly
affect the interpretation and validity of the results. Conflicting results may also occur
because of the different dietary protocols that were followed. The studies reviewed varied
widely in the composition and length of the baseline and experimental diets. The dietary
factors responsible for the changes seen in each genotype group are not clear because many
studies modified several dietary factors, and so the dietary content in future studies should
be tightly controlled and compliance must be strictly measured not only for cholesterol and
the amount and type of fatty acids but also for other influential dietary components such as
fiber and plant sterols. In addition, these studies investigated fasting lipid and lipoprotein
concentrations; however, the effect of genetic variation may be more evident in the
postprandial state than in the less-common fasting state). Differences in the age, sex, body
mass index, menopausal status, dietary backgrounds, and baseline lipid values of the
participants could also have contributed to the discrepancies between the results. For
instance, subjects with the E4 allele tend to have higher baseline total and LDL-cholesterol
concentrations, and so greater responses in these subjects could reflect the regression to the
mean phenomenon. It is also possible that weight change could account for differences in
lipid and lipoprotein changes. In addition, a significant effect may not reflect a causal
relation but the allele may be in linkage disequilibrium with another one that does. For
example, the base change that results in the Xba I site in the gene for Apo B does not alter
the amino acid, and so it may be in linkage disequilibrium with another functional mutation
(Masson et al., 2003).

The studies varied widely in terms of the number and type of study participants, the
composition and duration of the dietary interventions, the nutrients studied and dietary
assessment methods used in the observational studies, and the polymorphisms analyzed -
some of which had not been studied before with regard to the lipid response to diet (Masson
et al., 2005).

10. Conclusion

Evidence suggests that genetic variation may contribute to the heterogeneity in lipid
responsiveness. At present, the evidence is limited but suggestive and justifies the need
for future studies with much larger sample sizes based on power calculations, with
carefully controlled dietary interventions, and that investigate the effects of
polymorphisms in multiple genes rather than in single genes. Investigating gene-diet
interactions will increase our knowledge of the mechanisms involved in lipid metabolism
and improve our understanding of the role of diet in reducing cardiovascular disease risk
(Masson et al., 2003).
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Future studies will have to be large in order to assess the effects of multiple polymorphisms,
and will have to control for many factors other than diet. At present, it is premature to
recommend the use of genotyping in the design of therapeutic diets. However, such studies
may be useful in identifying the mechanisms by which dietary components influence lipid
levels (Masson & McNeill., 2005).

However, current knowledge is still very limited and so is the potential benefit of its
application to clinical practice. Thinking needs to evolve from simple scenarios (e. g., one
single dietary component, a single nucleotide polymorphism and risk factor) to more
realistic situations involving multiple interactions. One of the first situations where
personalized nutrition is likely to be beneficial is in patients with dyslipidemia who require
special intervention with dietary treatment. This process could be more efficient if the
recommendations were carried out based on genetic and molecular knowledge. Moreover,
adherence to dietary advice may increase when it is supported with information based on
nutritional genomics, and a patient believes the advice is personalized. However, a number
of important changes in the provision of health care are needed to achieve the potential
benefits associated with this concept, including a teamwork

approach with greater integration among physicians, food and nutrition professionals, and
genetic counselors (Ordovas., 2006).

The ultimate goal of nutritional genomics is to provide sufficient knowledge to allow
diagnosis and nutritional treatment recommendations based on an individual’s genotype.
Defining the interaction effects of nutrients and genes on complex phenotypes will be the
challenge of this field of nutrition research for some time to come (Fisler & Warden, 2005;
Gregori et al, 2011; Ordovas & Corella., 2004).

11. Ethic

Although an increased understanding of how these and other genes influence response to
nutrients should facilitate the progression of personalized nutrition, the ethical issues
surrounding its routine use need careful consideration (Lovegrove & Gitau., 2008).

The study of nutrigenetics is in its infancy. Many studies published in this area have only
considered one SNP in a single gene, with little consideration being given to multiple
nutrient-gene-environmental interactions. Although this is scientifically wvalid, and
invaluable for the elucidation of causative mechanisms in disease, multiple gene-nutrient-
environment-gender interactions will be required for developing specific personalized
nutritional advice. The collation of data in haplotype databases and biobanks is expensive
and difficult to establish, but is a necessity if nutrigenetic research is to progress (Lovegrove
& Gitau., 2008).

Standardized protocols in nutrigenetics are not yet established, the comparison of studies is
challenging and conclusions are often difficult to draw. As discussed previously, studies are
often retrospective in design and thus of insufficient power to detect nutrient-gene
associations. Prospective genotyping increases the power to resolve these associations and
should be used whenever possible. With any research, publication bias results in positive
associations being reported more often than negative associations. This has applied to
nutrigentic studies and created a false impression of the level of significance of many
nutrient-gene interactions (Lovegrove & Gitau., 2008).

There are numerous ethical issues and unavoidable assumptions that need to be considered
before personalized nutritional can become routine practice. First, it is important to consider
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whether the genetic tests and personalized food products would be affordable, cost-effective
and socially acceptable. It is also of concern that only the well educated and affluent would
benefit. The open accessibility of genetic information to third parties has major implications
for the availability of health insurance and increased premiums (Lovegrove, Gitau, 2008).
Moreover, it is still unknown whether people will want to undertake genetic tests or even
understand the concept of such technology. A survey was conducted by Cogent Research in
2003 on 1000 Americans in which 62% of respondents reported they had never heard of
‘nutrigenomics’. However, if specific products did arise from nutrigenomic research, those
interviewed did express interest in an in-depth well-being assessment and also a strong
interest in vitamins, fortified foods and natural foods. More research is required to
determine whether individuals would want to undergo such tests, and for understanding
the value to the individual of an increased awareness of personalized nutrition regimens.
There is already a large gap between the existing dietary guidelines and what people
actually eat. Knowledge of being at higher than average risk of CVD may motivate people to
actually make positive changes to their diets. However, genetic testing could undermine
current healthy eating messages, by implying that only those with the ‘risky gene’ need to
eat a healthy diet. These are important unanswered questions that must be addressed if
personalized nutritional advice is ever to become part of mainstream disease prevention and
treatment. It may be that the interactions between genotype-phenotype and the
environment are just too complex to be properly understood from human dietary
intervention studies (Lovegrove, Gitau, 2008).

There is resistance to the use and perceived effectiveness of personalized nutrition that is
based on genomics, and whether this can offer a solution to diseases caused by a diet that is
inappropriate for health (Canon & Leitzmann, 2005). It has been suggested that it may be
more beneficial to use current risk factors as a basis for population screening and the
management of CVD (McCluskey et al., 2007). There has also been dialogue on the social,
economic and environmental causes of CVD, shifting the emphasis away from dietary
intake to food manufacturing as being more effective in disease management (Canon &
Leitzmann, 2005; Lovegrove & Gitau., 2008).

Progression of knowledge in the fields of nutrient-gene interactions promises a future
revolution in preventative health care. However, although there is increasing evidence for
interactions between diets/nutrients, genes and environmental factors, there are
inconsistencies in the evidence that will limit the application of nutrigenetics in diet-related
disease in the immediate future. In addition to the need for adequately powered
intervention studies, greater attention should be given to ethical issues, such as the public’s
acceptance of genetic testing and the economics of this relatively new science (Lovegrove &
Gitau., 2008).

Ethical issues fall into a number of categories: (1) why nutrigenomics? Will it have
important public health benefits? (2) questions about research, e. g. concerning the
acquisition of information about individual genetic variation; (3) questions about who has
access to this information, and its possible misuse; (4) the applications of this information in
terms of public health policy, and the negotiation of the potential tension between the
interests of the individual in relation to, for example, prevention of conditions such as
obesity and allergy; (5) the appropriate ethical approach to the issues, e. g. the moral
difference, if any, between therapy and enhancement in relation to individualised diets;
whether the 'technological fix' is always appropriate, especially in the wider context of the
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purported lack of public confidence in science, which has special resonance in the sphere of
nutrition (Chadwick., 2004).
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1. Introduction

Environmental factors, notably climate change and air pollution influence health before
conception, and continue during pregnancy, childhood, and adolescence. Experts have
suggested that such health hazards may represent the greatest public health challenge
humanity has faced. The accumulation of greenhouse gases such as carbon dioxide,
primarily from burning fossil fuels results in warming, which has an impact on air
pollution, particularly on levels of ozone and particulates. Heat-related health effects
include increased rates of pregnancy complications, pre-eclampsia, eclampsia, low birth
weight, renal effects, vector-borne diseases as malaria and dengue; increased diarrheal and
respiratory disease, food insecurity, decreased quality of foods (notably grains),
malnutrition, water scarcity, exposures to toxic chemicals, worsened poverty, natural
disasters, and population displacement. Air pollution has many adverse health effects,
which would have long-term impact on the components of the metabolic syndrome. In
addition to short-term effects as premature labor, intrauterine growth retardation, neonatal
and infant mortality rate, malignancies (notably leukemia and Hodgkin lymphoma),
respiratory diseases, allergic disorders and anemia, exposure to criteria air pollutants from
early life might be associated with dyslipidemia, increase in stress oxidative, inflammation
and endothelial dysfunction which in turn might have long-term effects on chronic non-
communicable diseases.

2. Environmental factors: Climate change and air pollution

2.1 Air pollutants

Air pollution is a mixture of solid particles and gases in the air. The six common and
hazardous air pollutants consist of particulate matter, ground-level ozone, carbon
monoxide, sulfur oxides, nitrogen oxides, and lead; of which, particle pollution and ground-
level ozone are the most widespread health hazards (Samet & Krewski, 2007; Chen & Kan,
2008).
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Particulate matter or PM consists of a diverse mixture of very small particles and liquid
droplets suspended in air. The PM size is directly related to their potential for affecting
health. Particles with diameter < 10 micrometers are the particles that usually pass through
the throat and nose to enter the lungs. Then, they can affect different body organs especially
the heart and lungs, and may cause serious health effects. According to the size, the particle
pollution is grouped into: "inhalable coarse particles" which have a diameter of 2.5 to 10
micrometers, and are found near roadways and industries, and "fine particles" < 2.5
micrometers in diameter such as those found in smoke and haze; they can form when gases
emitted from power plants, industries and automobiles react in the air. Ozone (O3) is a gas
composed of three oxygen atoms. In the presence of sunlight, it is created at ground-level by
a chemical reaction between oxides of nitrogen and volatile organic compounds. Ozone
might have harmful effects when formed in the earth's lower atmosphere, i.e. at ground-
level. Hot weather and sunlight cause ground-level ozone to form in harmful concentrations
in the air. Carbon monoxide (CO) is an odorless and colorless gas formed by incomplete
carbon combustion. It is mainly emitted from the motor vehicle exhaust followed by non-
road engines as construction equipment, industrial processes and wood burning. The
increasing number of cars has an important role in the increase in CO emission worldwide.
Sulfur Dioxide (SO2) is a gas formed when fuel containing sulfur, such as coal and oil, is
burned, and when gasoline is extracted from oil or metals are extracted from ore. Nitrogen
oxides (Nox) are a group of highly reactive gases containing various levels of nitrogen and
oxygen. Lead is usually emitted from motor vehicles and industrial sources (Chen & Kan,
2008; Brook et al., 2004). Other stationary sources are waste incinerators, utilities, and lead-
acid battery manufacturers. In addition to exposure to lead in air, other major exposure
pathways include ingestion of lead in drinking water and lead-contaminated food as well as
incidental ingestion of lead-contaminated soil and dust. Lead-based paint remains a major
exposure pathway in older homes. Some toys might contain considerable amounts of lead
that would be harmful for children’s health (Samet & Krewski, 2007; Han & Naeher, 2006).

2.2 Climate change

Climate change and global warming have various health hazards (Poursafa & Kelishadi
2011).

Climate change has an impact on levels of ozone and particulate matters, which are both
associated with various health hazards. The accumulation of greenhouse gases such as
carbon dioxide, primarily from burning fossil fuels results in warming. Heat increases
ground level ozone production, which in turn augments morbidity and mortality (Bell et al.,
2007). Moreover, warming increases water vapor and ground-level ozone formation, and
will result in harmful ozone levels (Jacob & Winner, 2009). Warming modify the risk of
forest fires, and may generate massive amounts of carcinogens, as formaldehyde and
benzene, potent lung irritants, as acrolein and other aldehydes, carbon monoxide, and
particulates (Wegesser et al., 2009).

3. Association of environmental factors and dyslipidemia

Environmental factors are associated with many chronic diseases. Air pollution and climate
change are associated with risk factors of non-communicable diseases in children and
adolescents (Kelishadi et al., 2009; Sheffield & Landrigan, 2011; Kelishadi & Poursafa, 2010;
Mansourian et al., 2010; Poursafa et al., 2011; Kargarfard et al., 2011).
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The effects of environmental factors on intrauterine growth retardation and preterm labor
are well documented. In turn, low birth weight (Sinclair et al., 2007) and prematurity
(Evensen et al., 2008) would increase the risk of chronic non-communicable diseases and
their risk factors. Exposure to air pollutants is reported to be associated with stress oxidative
and markers of insulin resistance (Kelishadi et al., 2010) as well as with diabetes mellitus
(Brook et al., 2008). These systemic responses to environmental factors can potentially
increase the risk for dyslipidemia, development of the metabolic syndrome, hypertension,
and other chronic diseases.Moreover, it is documented that some environmental factors as
increased humidity are associated with preeclampsia and eclampsia, and their related
consequences (Subramaniam, 2007).

Several reports exist on the association of environmental factors with dyslipidemia and the
components of metabolic syndrome. By applying generalized additive models, Secondary
analyses of a Taiwanese survey in 2002 demonstrated that increased particulate matter with
aerodynamic diameters <10 microm was associated with elevated systolic blood pressure,
triglycerides, apolipoprotein B, hemoglobin Alc, and reduced high-density lipoprotein
(HDL) cholesterol. Elevated ozone was associated with increased diastolic blood pressure,
apolipoprotein B, and hemoglobin Alc (Chuang et al., 2010). Genetic-environment
interactions may have a role in this regard (Eisenberg et al., 2010).

The associations of both obesity and air pollution with several age-related diseases remain
poorly understood with regard to causality and underlying mechanisms. Exposure to both,
excess body fat and particulate matter, is accompanied by systemic low-grade inflammation
as well as alterations in insulin/insulin-like growth factor signaling and cell cycle control.
Understanding the causality of exposure disease associations and differences in
susceptibilities to environment and lifestyle is an important aspect for effective prevention
(Probst-Hensch, 2010).

A case-control study evaluated the effects of urban pollution on the lipid balance of
members of a municipal police force in comparison with controls. Mean and frequency
distributions of HDL-cholesterol and triglycerides had significant difference between the
exposed traffic police group and controls. This study suggested that some chemical agents,
as carbon dioxide, of the urban pollution could cause dyslipidemia among exposed people
(Tomao et al., 2002).

A study among asthmatic patients showed that with a 1-microg/m3 increase in coarse PM,
triglycerides increased 4.8% (p = 0.02), and very low-density lipoprotein increased 1.15%
(p = 0.01). This study suggested that small temporal increases in ambient coarse PM are
sufficient to affect lipid profile in adults with asthma (Yeatts et al., 2007).
Hypercholesterolemia may potentiate diesel exhaust-related endothelial gene regulation.
These regulated transcripts may implicate pathways involved in the acceleration of
atherosclerosis by air pollution (Maresh et al., 2011). The systemic pro-inflammatory and
pro-thrombotic response to the inhalation of fine and ultrafine particulate matters may be
associated with platelet activation (Poursafa & Kelishadi, 2010 platelets).

A study conducted in Greece, explored the relations between ambient environmental factors
and arterial stiffness, peripheral and central hemodynamics in a cohort of 1222
participants.It found that the exposure to lower environmental temperatures is related to
impaired hemodynamics not only to the periphery but also to the aorta. In men, PM10 levels
were associated with intensified amplitude of the reflection wave resulting in significant
alterations in central-pulse pressure (Adamopoulos et al., 2010).
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A study examined the associations of PM2.5 with heart rate variability, a marker of
autonomic function, and whether metabolic syndrome modified these associations. It found
significant correlations; which were stronger among individuals with metabolic syndrome
than among those without it. This study proposed that autonomic dysfunction may be a
mechanism through which PM exposure affects cardiovascular risk, especially among
persons with metabolic syndrome (Park et al., 2010).

Exposure to high and low air temperatures are associated with cardiovascular mortality, the
underlying mechanisms are still under investigation. In a cohort in the US, 478 men with a
mean age of 74.2 years were followed up from 1995 to 2008. Associations of three
temperature variables, i.e. ambient, apparent, and dew point temperature with serum lipid
profile were studied with linear mixed models by including possible confounders such as
air pollution and a random intercept for each individual. HDL decreased -1.76%, and -5.58%
for each 5°C increase in mean ambient temperature. For the same increase in mean ambient
temperature, LDL increased by 1.74% and 1.87%. Similar results were also found for
apparent and dew point temperatures. No changes were found in total cholesterol or
triglycerides in relation to temperature increase. This study suggested that changes in HDL
and LDL levels, which are associated with an increase in ambient temperature, may be
among the underlying mechanisms of temperature-related cardiovascular mortality
(Halonen et al., 2011).

A study in Taiwan found that increased 1-year average ozone, PM and nitrogen dioxide
were associated with elevated blood pressure, total cholesterol, fasting glucose, and HbA1lc.
PM2.5 was more significantly associated with end-point variables than other gaseous
pollutants (Chuang et al., 2011). A study on the association of blood markers of
cardiovascular risk and air pollution in a national sample of the U.S. population found that
PM1g, but not gaseous air pollutants, is associated with blood markers of cardiovascular risk
(Schwartz, 2001). In a study in Italy, the carboxyhaemoglobin concentration had an inverse
correlation with HDL-C (Biava et al., 1992). In addition to the outdoor environment, the
health hazards of indoor pollution should be considered (Kaplan, 2010).

In recent years, global climate change has affected many biological and environmental
factors. Of its most important effects are the increasing levels of atmospheric carbon dioxide,
ultraviolet radiation, and ocean temperatures. In turn, they have resulted in decreased
marine phytoplankton growth and reduced synthesis of omega-3 polyunsaturated fatty
acids. It is suggested that the detrimental effects of climate change on the oceans may reduce
the availability of dietary omega-3, which may have detrimental effects on serum lipid
profile (Kang, 2011).

4. Conclusion

Climate change may alter concentrations of air pollutants or alterations in mechanisms of
pollutant transport and thus influence individual and public health. The potential impacts
of climate change and air pollution on lipid disorders is considered as an important area of
investigation. This is of special concern for low- and middle-income countries, where the
burden of air pollution and climate-related health disorders, and the burden of non-
communicable diseases are emerging. Effects of environmental factors on dyslipidemia
should be considered in primordial and primary prevention of chronic diseases from early
life.
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1. Introduction

Dyslipidemia is the major risk factors for macrovascular complications leading to
cardiovascular disease (CVD) in type 2 diabetes mellitus (T2DM). In addition to this,
endothelial dysfunction, platelet hyperactivity, impaired fibrinolytic balance and abnormal
blood flow may accelerate atherosclerosis and increased risk of thrombotic vascular events
(Colwell & Nesto, 2003). Macrovascular disease is the most common cause of morbidity and
mortality in T2DM (Koskinen, 1998). Macrovascular disease is defined as illnesses affecting
the larger arteries supplying the heart, brain, and the legs, thereby causing ischemic heart
disease, cerebrovascular disease, and peripheral vascular disease (Thompson, 1999). In
patients with diabetes, alteration in distribution of lipid increased risk of atherosclerosis.
Specifically, insulin resistance and insulin deficiency was identified as phenotype of
dyslipidemia in diabetes mellitus (Taskinen, 2003; Krauss & Siri, 2004; Chahil & Ginsberg,
2006). This was characterized with high plasma triglyceride level, low HDL cholesterol level
and increased level of small dense LDL-cholesterol (Mooradian, 2008). In these patient also,
the increment of free fatty-acid release is due to insulin resistance. With the presence of
adequate glycogen stores in the liver, this will promote triglyceride production, which
stimulates the secretion of apolipoprotein B (Apo B) and VLDL cholesterol (Mooradian,
2008). Hepatic production of VLDL cholesterol is enhanced due to disability of insulin to
inhibit the release of free fatty-acid. Low HDL cholesterol levels were also associated with
hyperinsulinemia. There are several associations between dyslipidemia and the increased
risk of cardiovascular disease in patients with type 2 diabetes mellitus. Low HDL cholesterol
and increased triglyceride levels may contribute to the increased risk of cardiovascular
disease. In conjunction with increased small dense LDL cholesterol and low HDL cholesterol
levels, further evidence suggests that acceleration of atherosclerosis in diabetes mellitus and
insulin-resistant conditions is regulated by hypertriglyceridemia. Nevertheless, the
association between LDL cholesterol and CHD risk is stronger compared to the association
between hypertriglyceridemia and CHD risk. Type 2 diabetes is also associated with insulin
resistance and hyperinsulinemia or syndrome X comprises hypertension, dyslipidemia,
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decreased fibrinolysis and increased procoagulation factors (Serrano Rios, 1998). Besides
dyslipidemia, platelet abnormalities contributed significantly to increased risk of CVD in
these patients. In patients with type 2 diabetes, the platelet abnormalities are due to
increased platelet aggregability and adhesiveness (Colwell & Nesto, 2003) and enhanced
platelet aggregation activity may precede development of CVD (Halushka et al. 1981,
Mandal et al. 1993). It has been well known that management of dyslipidemia in diabetes
mellitus includes lifestyle changes such as increased physical activity and dietary
modifications. Besides, various antihyperlipidemic agents have been utilized for this
purpose. In contrast, antiplatelet agents are recommended mainly for primary and
secondary prevention for cardiovascular disease in T2DM. Dyslipidemia is categorized as
one of the cardiovascular risk factors besides others (family history CHD, hypertension,
smoking, albuminuria) (American Diabetes Association, 2011). Patients with T2DM and
having dyslipidemia are eligible for primary prevention of CVD with antiplatelet agents.
This chapter will discuss on different types of antiplatelet agents used as primary
prevention of cardiovascular disease in patients with T2DM. It will also emphasize
appropriate selection of antiplatelet agents pertaining to clinical conditions of patients with
T2DM and dyslipidemia.

2. Pathophysiology of dyslipidemia and platelet abnormalities in type 2
diabetes mellitus

Atherogenic dyslipidemia is characterized by three lipoprotein abnormalities: elevated
VLDL, small LDL and decreased HDL cholesterol levels, named as atherogenic lipoprotein
phenotype (Grundy, 1998). In patients with type 2 diabetes, the prothrombotic state is
characterized by increased fibrinogen levels (Imperatore et al 1998), increased plasminogen
activator inhibitor (PAI)-1 (Byberg et al., 1998) and abnormalities in platelet function
(Trovati et al., 1988). The reason for three aforementioned phenotypes in athrogenic
dyslipidemia is the increased free fatty-acid release from insulin-resistant fat cells (Taskinen,
2003; Krauss & Siri, 2004; Chahil & Ginsberg, 2006). The increased flux of free fatty acids
into the liver in the presence of adequate glycogen stores promotes triglyceride production,
which in turn stimulates the secretion of apolipoprotein B (ApoB) and VLDL cholesterol
(Mooradian, 2008). The impaired ability of insulin to inhibit free fatty-acid release leads to
enhanced hepatic VLDL cholesterol production (Frayn, 2001) which correlates with the
degree of hepatic fat accumulation (Adiels et al., 2007). The increased number of plasma
VLDL cholesterol and triglyceride levels decrease the level of HDL cholesterol and increase
the concentration of small dense LDL cholesterol (Mooradian, 2008).

Platelet activation commenced with binding of thrombogenic substances (collagen,
thrombin, components of atheromatous plaque) to receptors located on the platelet surface
(Colwell & Nesto, 2003). Receptor binding triggers a series of events that include hydrolysis
of membrane phospholipids, mobilization of intracellular calcium, and phosphorylation of
important intracellular proteins (Colwell & Nesto, 2003). There are several platelet
abnormalities seen in diabetes patients. Abnormalities of thromboxane A2 (TXAj)
production were among the earliest abnormalities in platelets of diabetes patients. TXA is a
potent activator and its synthesis is suppressed by aspirin (Natarajan et al., 2008). Platelets
from patients with type 2 diabetes mellitus found to have increased expression of adhesion
molecules CD31, CD36, CD49b, CD62P and CD63 (Eibl et al., 2004). Glycemic control



Dyslipidemia and Type 2 Diabetes Mellitus:
Implications and Role of Antiplatelet Agents in Primary Prevention of Cardiovascular Disease 81

improvement led to a significant decline in their expression (Eibl et al., 2004). In type 2
diabetes patients, platelets increased surface expressionof GP Ib and GP Ilb/Illa (Vinik et al.,
2001). GP Ib mediates binding to von Willebrand factor (vWf) which is important in platelet-
dependent thrombogenesis (Natarajan et al., 2008). Increased expression of GP IIb/Illa on
platelet surfaces leads to enhanced fibrinogen binding, platelet cross-linking and
thrombogenesis (Colwell & Nesto, 2003). In patients with type 2 diabetes, decreased platelet
insulin receptor number and affinity responsible for platelet hyperactivity (Vinik et al.,
2001). Platelets have been shown to be targets of insulin action as they act as functional
insulin receptor for insulin binding and autophosphorylation (Vinik et al., 2001). Insulin
reduces platelet responses to the agonists’ adenosine diphosphate (ADP), collagen,
thrombin, arachidonate and platelet-activating factor. (Natarajan et al., 2008). In patients
with type 2 diabetes also, platelets show disordered calcium homeostasis (Li et al., 2001).
This may cause hyperactivity including platelet shape change, secretion, aggregation and
thromboxane formation (Beckman et al., 2002). Furthermore, the deficiency of magnesium in
diabetes has been associated with platelet hyperaggregability and adhesiveness (Gawaz et
al.,, 1994). In type 2 diabetes patients, the reduced vascular synthesis of the anti-aggregants
prostacyclin and nitric oxide by endothelium, shift the balance towards aggregation and
vasoconstriction (Vinik et al., 2001; Ferroni et al., 2004). In type 2 diabetes patients with
acute hyperglycaemia, shear stress-induced platelet activation and P-selection expression
(Natarajan et al., 2008). Hyperglycaemia also causes non-enzymatic glycation of platelet
membrane proteins resulting in changes in protein structure and conformation, as well as
alterations of membrane lipid dynamics (Brownlee et al., 1988; Winocour et al., 1992). This
could result in enhanced expression of certain crucial platelet receptors, for instance,
P-selectin and GP IIb/Illa, thus altering platelet activity (Ferroni et al., 2004). Glycated LDL
causes an increase in intracellular calcium concentration and platelet nitric oxide (NO)
production, as well as inhibition of the platelet membrane Na+/K+-adenosine
triphosphatase (Na+/K+-ATPase) activity (Ferroni et al., 2004).

3. Implications of dyslipidemia and platelet abnormality in type 2 diabetes
mellitus

In patients with type 2 diabetes mellitus, low HDL cholesterol and high triglyceride levels
might contribute to the increased risk of cardiovascular disease (Mooradian, 2008). Based on
the Expert panel on Detection, Evaluation and Treatment of High Blood Cholesterol in
Adults (2011), hypertriglyceridemia, increased small dense LDL cholesterol and low HDL
cholesterol found to be important in accelerating atherosclerosis in diabetes mellitus and
insulin-resistant conditions. Abnormal platelet function is another important risk factors for
cardiovascular disease in patients with diabetes (Colwell & Nesto, 2003). Atherosclerosis
and thrombosis contribute significantly to the increased cardiovascular risk of diabetic
patients (Colwell, 1997). The majority of ischemic coronary and cerebrovascular events are
precipitated by vessel occlusion caused by atherosclerotic plaque disruption, platelet
aggregation, platelet adhesion and thrombosis (Colwell & Nesto, 2003). Several systems that
involved vasculature such as platelet, endothelial function, coagulation and fibrinolysis are
impaired in patients with diabetes (Jokl & Colwell, 1997). Furthermore, increased platelet
aggregability and adhesiveness are due to reduce membrane fluidity, increased intracellular
Ca2+ and decreased intracellular Mg2+, increased arachidonic acid metabolism, increased
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TXA; synthesis, decreased prostacyclin production, decreased NO production, decreased
antioxidant levels and increased expression of activation-dependent adhesion molecules
(Halushka et al., 1981; Mayfield et al., 1985; Watala et al., 1998; Martina et al., 1998; Trovati
et al., 1997; Sarji et al., 1979; Tschoepe, et al., 1997; Leet et al., 1981). For patients with T2DM,
the presence of dyslipidemia and platelet hyperactivity justifies the use of antiplatelet agents
as primary prevention strategy of CVD.

4. Role of antiplatelet agents in primary prevention of CVD

Increased physical activity, dietary modifications and pharmacologic interventions are the
key methods in management of dyslipidemia in type 2 diabetes mellitus (Mooradian, 2008).
The Antithrombotic Trialists’ Collaboration meta-analysis found that antiplatelet therapy
reduces the relative risk of any serious vascular event by 25% in patients at high risk for a
cardiovascular (CV) event (Antithrombotic Trialist” Collaboration, 2002). Antiplatelet agents
are used for primary and secondary prevention of CVD in type 2 diabetes mellitus patients.
Antiplatelet therapy is needed in the management of diabetes mellitus because there is an
increase of platelet aggregability and adhesiveness due to platelet and endothelial
dysfunction, impaired coagulation cascade, and fibrinolysis process among diabetic
individuals compared to nondiabetic individuals (Colwell & Nesto, 2003). Consequently, the
balance in normal hemostasis is shifted to favor thrombosis and accelerated atherosclerosis
and results in increasing CVD (Colwell & Nesto, 2003). For primary prevention of
cardiovascular diseases, type 2 diabetes mellitus patients with high risk acquiring
cardiovascular events such as those with family history of cardiovascular disease,
hypertension, obesity (BMI > 30 kg/m?2), smoking, dyslipidemia and albuminuria (Colwell,
2004). Several types of antiplatelet agents is being utilized for prevention of CVD which
including aspirin, ticlopidine, clopidogrel and glycoprotein (Gp) IIb-Illa antagonist such as
abciximab, eptifibatide and tirofiban (Patrono et al., 2004; American Diabetes Association,
2006; Colwell & Nesto, 2003). Aspirin is one of the most common antiplatelet that been
suggested in prevention of CVD in diabetes. Clopidogrel and ticlopidine are theinopyridine
antiplatelet agents that generally suggested if patients are contraindicated to aspirin
(American Diabetes Association, 2006). In contrast, Gp IIb-IIla antagonist is usually given to
diabetes patients who undergo precutaneous coronary intervention in order to intensify the
antiplatelet therapy and to reduce the risk of procedure related thrombotic complication and
reoccurrence of CV event (Patrono et al., 2004).

5. Types of antiplatelet

5.1 Aspirin

Aspirin selectively and irreversibly acetylates the COX-1 enzyme, thereby blocking the
formation of thromboxane A2 in platelets and leads to inability of platelet to resynthesize
COX-1 (Patrono et al., 2005). Aspirin has been used as a primary strategy to prevent CVD in
type 2 diabetes due to its effectiveness in atherosclerosis prevention is well established.
Various meta-analyses studies and large scale randomized controlled trials in T2DM
support that low-dose aspirin therapy should be prescribed as prevention strategy in T2DM,
if the contraindication is not exist (Colwell, 2004). Low dose of aspirin inhibits thromboxane
production by platelets but has little or no effects on other sites of platelet activity (Colwell
& Nesto, 2003). Several randomized controlled trials had been designed to assess the
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efficacy of aspirin in primary prevention of CVD which included Primary Prevention Project
(PPP), US physicians’ Health Study (USPHS), Early Treatment of Diabetes Retinopathy
Study (ETDRS), Hypertension Optimal Treatment Trial (HOT), British Male Doctors” Trial
(BMD) and the Thrombosis Prevention Trial (TPT) (Colwell & Nesto, 2003; Hayden et al.,
2002). In Primary Prevention Project (PPP), a low dose aspirin (100 mg/day) was evaluated
for the prevention of cardiovascular events in individuals with one or more of the following
conditions such as hypertension, hypercholesterolemia, diabetes, obese, family history of
premature myocardial infarction or being elderly. After a mean of 3.6 years follow-up,
aspirin was found to significantly lower the frequency of cardiovascular death (from 1.4 %
to 0.8 %); relative risk (RR) 0.56 [confidence interval (CI) 0.31-.99] and total cardiovascular
events (from 8.2 to 6.3% ; RR 0.77 [ 0.62-0.95] ). This trial involved large sample size (n =
4495) with the largest proportion of patients with diabetes mellitus (17%) (Collaborative
Group of the Primary Prevention Project, 2001). Overall, PPP provides evidence to prove the
efficacy of aspirin in diabetes; though participants were not blinded and were not given
placebo pills. Additionally, a meta-analysis done by Hayden et al., (2002) also rated the
quality of PPP as “fair” if compared to the rest of studies. In addition to PPP, a 5 years
primary prevention trial in 22 701 healthy men; included 533 men with diabetes was
conducted in US Physicians” Health Study (USPHS) in which a low-dose aspirin regimen
(325 mg every other day) was given to treated group compared with placebo. A total of 44%
significant risk reduction in CVD treated group was noted and the subgroup analyses in the
diabetes reveals a reduction in myocardial infarction from 10.1 % (placebo) to 4.0 %
(aspirin), yield a relative risk reduction of 0.39 for the diabetes men on aspirin therapy
(Steering Committee of the Physicians” Health Study Research Group, 1989). Researcher and
participants were blinded in this trial. In contrast with PPP, women were included in the
study populations (2583 out of 4495 sample sizes). Hence, this study was more reliable
compared to previous ones even though only 2% of the study population was diagnosed
with diabetes. The Hypertension Optimal Treatment Trial (HOT) also examined the effects
of low dose of aspirin (75 mg/day) versus placebo in 18 790 hypertension patients and 8% of
them had diabetes. Results showed that aspirin significantly reduce cardiovascular event by
15% and myocardial infarction by 36% (Hansson et al., 1998). The HOT trial was another
primary prevention study that included women, which was 46.6 % from total study
population. Colwell (2004) commended that this study provided further evidence for the
efficacy and safety of aspirin therapy in diabetes with systolic blood pressure less than 160
mmHg. Hayden et al., (2002) was in agreement with Colwell (2004) and concluded that HOT
was a “good” quality of trial in their meta-analysis. Despite that, these findings were
mirrored by Early Treatment of Diabetes Retinopathy Study (ETDRS) where they reported
that although aspirin did not prevent progression of retinopathy but it did produce a
significant reduction in risk for myocardial infarction (28%) over 5 years (P=0.038). This
study may viewed as mixed primary and secondary prevention trials since those enrolled
had a history of myocardial infarction and less than 50% had elevated blood pressure and
history of CVD (ETDRS Investigators 1992). Conversely, the British Male Doctors” Trial
(BMD) had conflicting results regarding aspirin effects in reducing the risk for myocardial
infarction and adverse effects such as gastrointestinal bleeding and hemorrhagic stroke to
diabetes patients. A total of 39 % of participants were discontinued therapy during the study
due to adverse effect of aspirin (Hayden et al., 2002). Similar to PPP trial, participants in this
study were not blinded thus results may be varies. Following this, a meta-analysis of these
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five randomized clinical trials (except ETDRS) was performed by Hayden et al., (2002) and
systematic reviews on nine articles about the effect of aspirin on gastrointestinal bleeding
and hemorrhagic stroke were conducted. They concluded that the net benefit of aspirin
increase with CV risk. Nonetheless, this meta-analysis was found to have selection bias due
to exclusion of 2 large trials that examined the effects of aspirin in patients with diabetes or
stable angina. Sanmuganathan et al., (2001) also reached similar estimates of the beneficial
effects of aspirin in primary prevention of CVD. The Japanese Primary Prevention of
Atherosclerosis With Aspirin for Diabetes (JPAD) trial was the first prospectively designed
trial to evaluate the use of aspirin (81 mg or 100 mg) in the primary prevention of
cardiovascular events in patients with type 2 diabetes (1 = 2539) aged 30-85 years in Japan
(Ogawa et al., 2008). Among patients aged > 65 years (n =1363), aspirin was associated with
a 32% reduction in the risk of the primary end point (6.3 vs. 9.2%; P = 0.047). Furthermore, in
aspirin-treated patients, the incidence of fatal coronary and cerebrovascular events was
significantly lower by 90% (0.08 vs. 0.8%; P = 0.0037). Paradoxically, there were no
differences in nonfatal coronary and cerebrovascular events. Aspirin was well tolerated,
with no significant increase in the composite of hemorrhagic stroke and severe
gastrointestinal bleeding (Angiolillo, 2009). The outcome of this study was in opposite with
the current recommendations on aspirin usage in primary prevention of CVD in diabetes
patients (Angiolillo, 2009). However, the ASCEND and ACCEPT-D study are two ongoing
trials will provide further insights to the appropriateness of aspirin usage in primary
prevention of CVD in patients with diabetes. Another recent trial (POPADAD), failed to
show any benefit with aspirin or antioxidants in primary prevention of cardiovascular
events (Belch, 2008). The outcome of the study could be due to small number of patients
with low event rates. A study on the utilization of antiplatelet therapy in type 2 diabetes
patients revealed that many of the eligible patients did not receive the drugs as primary
prevention strategy for CVD (Huri et al., 2008). Therefore, the recommendations on aspirin
usage in primary prevention of CVD in type 2 diabetes patients must be fully justified after
taking consideration against the benefit versus risk of its use. In another words, the
recommendations should be base on individual patients” assessment and clinical judgment.
Proper use of aspirin in primary prevention of CVD in type 2 diabetes patients may result in
long-term benefits.

5.2 Clopidogrel

Clopidogrel is another type of antiplatelet agents used in primary prevention of CVD in
type 2 diabetes when patients are intolerant to aspirin. It inhibits ADP-induced platelet
aggregation by blocking the purinergic receptors and therefore prevents the activation of the
Gpllb-Illa receptor and subsequent binding to fibrinogen (Colwell & Nesto, 2003).
Clopidogrel is preferable compared to ticlopidine because of its safety profile (Savi &
Herbert, 2005; Bertrand et al., 2000). Nevertheless, the information regarding the usage of
clopidogrel in primary prevention of CVD is limited than for secondary prevention of CVD
in diabetes patients. Even though clopidogrel may be slightly more effective than aspirin,
the size of any additional benefits is statistically uncertain and it has not been granted a
claim of superiority against aspirin (Patrono et al., 2004). However, the publication of the
Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) recently had led to
FDA approval of a new indication for clopidogrel in patients with acute coronary
syndromes without ST-segment elevation (Patrono et al., 2004).The CURE trial examined CV
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outcomes with clopidogrel plus aspirin versus aspirin alone in patients with acute ischemic
heart disease (IHD) (CURE Steering Committee, 2001). These findings demonstrated that
clopidogrel has beneficial effects in patients with acute coronary syndromes without ST-
segment elevation thus can be generalized as the study sample size (n =12,562) was large
and patients were recruited from 482 centers in 28 countries. This trial also showed that
3.7% of patients in this combination therapy group had major bleeding and it was
significant more compared with those solely on aspirin but there was no increase in life-
threatening bleeds (CURE Steering Committee, 2001). Hence, a loading dose of 300mg
clopidogrel should be used in this setting followed by 75 mg daily (Patrono et al., 2004).
Bhatt et al., (2002) concluded that clopidogrel is an effective drug for secondary prevention
in diabetes. Therefore, previous studies clearly justified the use of dual anti platelet therapy
with aspirin and clopidogrel for secondary prevention of CVD in diabetes patients. Its role
in primary prevention of CVD in diabetes patients is vague since no study has directly
measure the outcome for this purpose.

5.3 Ticlopidine

Ticlopidine also inhibit ADP-induced platelet aggregation with no direct effects on the
metabolism of arachidonic acid (Patrono, 1998). It has slower antiplatelet effect compared
with clopidogrel (Patrono et al., 2004). Ticlopidine in Microangiopathy of Diabetes (TIMAD)
study was conducted by involving 435 patients with nonproliferative diabetes retinopathy
to evaluate for its effects on macrovascular disease in diabetes patients. Patients were
randomized to receive ticlopidine, 250 mg twice daily and were followed up to 3 years.
Ticlopidine was found significantly reduced annual microaneurysm progression by 67%
and overall progression of retinopathy was significantly less severe with ticlopidine
(TIMAD Study Group, 1990). However, this study was not designed to evaluate effect of
ticlopidine on cardiovascular events. There are limited studies done on effect of ticlopidine
in prevention of CVD in diabetes. In contrast to clopidogrel, ticlopidine does not have an
approved indication for patients with a recent myocardial infarction (Patrono et al., 2004).
Even though ticlopidine has lower cost compared to clopidogrel, (Drug Formulary
University Malaya Medical Centre, 2005; Patrono et al., 2004), its role in primary prevention
of CVD in type 2 diabetes patients have not been established.

5.4 Dipyridamole

Dipyridamole inhibits platelet cyclic-3’,5-adenosine monophosphate and cyclic-3’, 5'-
guanosine monophosphate phosphodiesterase (Natarajan et al. 2008). Overview of 25 trials
among approximately 10000 high risks of CVD patients with the use of dipyridamole and
aspirin, it was found that the addition of dipyridamole to aspirin has not been shown clearly
to produce additional reductions in serious vascular events (Patrono et al., 2004). However,
one of 25 trials suggested that there may be a worthwhile further reduction in stroke
(Patrono et al. 2004). Patrono et al., (2004) also suggested that the combination of low dose
aspirin and extended release dipyridamole (200 mg twice daily) is considered an acceptable
option for initial therapy of patients with non-cardioembolic cerebral ischemic events and
not in patients with ischemic heart attack. The benefits of dipyridamole in patients with
diabetes have not been reported (Natarajan et al., 2008). Specifically, there are limited
studies or trials conducted to examine the role of dipyridamole for primary and secondary
prevention of CVD amongst T2DM patients.
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5.5 GP lIb/llla inhibitors

The platelet glycoprotein (GP) IIb/Illa complex receptor antagonists block activity at the
fibrinogen binding site on platelet (Colwell & Nesto, 2003). These agents are useful in type 2
diabetes patients with acute coronary syndrome and in those undergoing percutaneous
coronary interventions (Colwell & Nesto, 2003). These agents are administered intravenously
with a rapid onset of action and short half-life (Natarajan et al., 2008). Numerous studies have
been performed comparing various GP Ilb/Illa inhibitors. Currently, three different GP
IIb/1lla inhibitors (abciximab, eptifibatide, and tirofiban) are approved for clinical use. This
group of drugs was mainly study for secondary prevention of CVD in diabetes patients.
Evidence from three trials revealed that among 1,262 diabetes patients, use of these agents was
associated with reduction in mortality from 4.5% to 2.5% (p=0.031) (Bhatt et al., 2000). In
another meta-analysis of six large trials, with 6,458 patients with diabetes and acute coronary
syndromes, GP IIb/1Illa inhibitor therapy was associated with a significant mortality reduction
at 30 days, from 6.2% to 4.6% CI(0.59-0.92, p=0.007) (Roffi et al., 2001). Nonetheless, the role of
GP IIb/Illa inhibitors in primary prevention of CVD in type 2 diabetes mellitus has not been
justified; therefore it is not recommended for this purpose.

6. Appropriate selection of antiplatelet agents for primary prevention of CVD
in type 2 diabetes patients

Among all choices, there are considerations to be taken into account before types of
antiplatelet agents chosen. According to American Diabetes Association (2011), aspirin (75-
162mg/ day) should be considered for primary prevention of cardiovascular disease in type
2 diabetes patients for men (>50 years) and women (>60 years) with at least one additional
major risk factor (family history of cardiovascular disease, hypertension, smoking,
dyslipidemia or albuminuria). The other types of antiplatelet agents either alone or
combination with aspirin therapy has no established role in primary prevention of
cardiovascular disease in type 2 diabetes patients. In contrast, aspirin should not be
recommended for CVD prevention for diabetes patients with low CVD risk (10-year CVD
risk <5%, such as in men <50 and women <60 years of age with no additional CVD risk
factors, since the potential adverse effects from bleeding likely outweigh the potential
benefits (ADA, 2011). A same recommendation goes to type 2 diabetes patients with
multiple other risk factors (e.g. 10-year risk 5-10%), in which clinical judgment is required
(American Diabetes Association, 2011).

7. Monitoring of aspirin efficacy and adverse effects

Aspirin once daily (75-100 mg) is recommended in primary prevention of CVD in type 2
diabetes patients when antiplatelet prophylaxis has a favorable benefit/risk profile (Patrono
et al., 2004). For effectiveness of primary prevention strategy, patients should be followed on
a regular basis and examined for signs and symptoms of any cardiovascular diseases. In
consideration of dose-dependent GI toxicity and its potential impact on compliance,
physicians are encouraged to use the lowest dose of aspirin that was shown to be effective in
each clinical setting (Patrono et al., 2001). Aspirin should not be given to patients with
gastrointestinal ulcerations; best tolerated after food. In conclusion, bleeding and gastrointestinal
complications are the most common adverse effects of aspirin. Thus, the patients on aspirin
should be monitored for stomach pain, heartburn, nausea and bleeding tendency.
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8. Conclusion

Dyslipidemia is one of the risk factors for acquiring cardiovascular disease in patients
with type 2 diabetes. In absent for contraindication, type 2 diabetes patients with
dyslipidemia are eligible for primary prevention of cardiovascular disease although the
routine use has not been documented. Aspirin plays a key role in primary prevention
strategy of cardiovascular disease in type 2 diabetes patients. With limited studies and
evidence for other antiplatelet agents, their role in primary prevention has not been
established.

9. Summary

Dyslipidemia is one of the major risk factors for macrovascular disease leading to CVD in
type 2 diabetes.

In type 2 diabetes patients with dyslipidemia, alteration in lipid distribution and platelet
abnormalities increased risk of acquiring CVD.

Patients with type 2 diabetes with one of the following; dyslipidemia, family history of
coronary heart disease, hypertension, smoking and albuminuria are at increased risk of
CVD, thus eligible for primary prevention strategy of CVD.

With limited evidence, proper justification and clinical judgments of benefit versus risk,
aspirin plays a key role as antiplatelet agent in primary prevention of CVD in patients with
type 2 diabetes with dyslipidemia.

Patients with type 2 diabetes and dyslipidemia receiving aspirin for primary prevention
strategy should be monitored for effectiveness of treatment (sign and symptoms of CVD)
and adverse effects (stomach pain, heartburn, nausea and bleeding tendency).
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1. Introduction

Dyslipidemia is characterized by an aggregation of lipoprotein abnormalities including low
high density lipoprotein cholesterol (HDL-C), high serum triglycerides (TG) and increased
small low density lipoprotein cholesterol (LDL-C). Lipoproteins, which contain lipids and
proteins (apolipoproteins, APO) are responsible, primarily, for transporting water insoluble
lipids (cholesterol, TG) in plasma from the intestines and liver, where they are absorbed and
synthesized, respectively, to peripheral tissues (muscle, adipose) for utilization, processing
and/or storage (Kwan et al., 2007). There are several subtypes of lipoproteins with specific
functions including, from smallest to largest: 1) chylomicrons, which transport dietary TG
from the intestines to the peripheral tissue and liver; 2) very LDL (VLDL) particles, which
transport TG from the liver to peripheral tissues; 3) intermediate density lipoproteins (IDL),
which are produced from VLDL particle metabolism and may be taken up by the liver or
further hydrolyzed to LDL; and, 4) HDL, which is key in ‘reverse cholesterol transport” or
shuttling cholesterol from peripheral cells to the liver (Kwan et al., 2007).

The Metabolic Syndrome (MetSyn) is a clustering of traits including dyslipidemia as well as
hypertension (raised systolic and/or diastolic blood pressure), dysglycemia (high fasting
glucose) and obesity (high body mass index (BMI) and/or waist circumference).
Dyslipidemia is formally defined within the context of MetSyn. Various diagnostic
definitions have been proposed for MetSyn by several organizations including the World
Health Organization (WHO) (Alberti and Zimmet, 1998), European Group Insulin
Resistance (EGIR) (Balkau and Charles, 1999), National Cholesterol Education Program
Adult Treatment Panel III (NCEP ATP III, (2001), International Diabetes Federation (IDF,
(Alberti et al., 2005), American Heart Association/National Heart, Lung, and Blood Institute
(AHA/NHLBI) (Grundy et al., 2006) and, with the most recent joint interim statement
proposed by the AHA/NHLBI, IDF and other organizations (Alberti et al., 2009). Although
the recommendations differ widely on the obesity component, the dyslipidemia component
has been fairly consistently defined as having TG = 150 mg/l, HDL-C <40 mg/dL (1.03
mmol/], in males) or <50 mg/dL (1.29 mmol/] in females) or drug treatment for elevated
TG or low HDL-C (NCEP ATP III: (2001), IDF: (Alberti et al., 2005), Joint Statement: (Alberti
et al., 2009)). However, the WHO (Alberti and Zimmet, 1998) proposed slightly lower limits
for HDL-C (male: < 0.9 mmol/1 (35 mg/dl); female: < 1.0 mmol/1 (39 mg/dl)) and the EGIR
(Balkau and Charles, 1999) recommended dyslipidemia be defined by HDL-C < 1.0 mmol/1
(39 mg/dl) or TG > 2.0 mmol/1 (177 mg/dl). There is currently no recommended value for
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LDL-C levels in the context of MetSyn yet LDL-C remains the primary target of therapy for
the management of high blood cholesterol per the most recent guidelines from the NCEP
ATPIIIL, which recommended drug therapy for LDL-C values ranging from =100 mg/dl to
>190 mg/dl depending on the presence/absence of other coronary heart disease (CHD) risk
factors (Grundy et al., 2004). When LDL becomes lipid depleted, small dense LDL (sdLDL)
particles are formed, which have a lower affinity for the LDL receptor (LDLR), more
susceptibility to oxidation and a higher affinity for macrophages; and, thus, sdLDL particles
contribute to the atherosclerotic process (Austin et al., 1990; Littlewood and Bennett, 2003)
and likely MetSyn (Kruit et al., 2010).

Dyslipidemia and MetSyn are common in developed nations and the prevalence of both are
rising worldwide, which may be attributed, in part, to the rising rates of overweight and
obesity (Alberti et al., 2009; Halpern et al., 2010). According to the National Health and
Nutrition Examination Survey (NHANES) III (1988-1994) in the United States (U.S.), which
used the NCEP ATP III criteria, the age-adjusted prevalence of dyslipidemia defined by
high TG or low HDL-C, was approximately 30.0% and 37.1%, respectively; and, the
prevalence of MetSyn was approximately 23.7% (Ford et al., 2002). The prevalence of
dyslipidemia and MetSyn generally increase with increasing age (Ford et al., 2002).
However, in a more recent study that used the Health Survey for England (HSE) (2003-2006)
survey data and NHANES (1999-2006) data with exclusion of persons over 80 years old, the
prevalence of low HDL-C (defined in both males and females as <40 mg/dL) was 10.0% in
England and 19.2% in the U.S. (Martinson et al., 2010). Thus, the prevalence can vary markedly
depending on how these traits are defined (Cook et al., 2008). Interestingly, trends in the U.S.
and England indicate during the past two decades an increase in the proportion of individuals
diagnosed with high cholesterol (=240 mg/dL) but who achieved therapeutic control (Roth et
al., 2010). For example, in the U.S. in 2006, 54.0% of men (95% CI: 47.6-60.4) and 49.7% of
women (95% Cl: 44.3-55.0) with high total serum cholesterol were on cholesterol-lowering
medication, as opposed to 10.8% of men (95% CI: 8.0-13.6) and 8.6% (95% CI: 6.7-10.6) of
women in 1993 (Roth et al., 2010). In England, in 2006, 35.5% of men (95% CI: 32.8-38.3) and
25.7% of women (95% CI: 23.4-28.1) were on cholesterol-lowering medication as opposed to
0.6% of men (95% CI: 0.3-1.3) and 0.4% of women (95% CI: 0.1-0.7%) in 1993 (Roth et al., 2010).
Thus, prevalence rates will also vary by whether or not relevant drug treatments have been
considered and, perhaps, the list of relevant drugs should include cholesterol lowering
therapies (e.g., statins) as well as other drugs (e.g., tamoxifen, glucocorticoids) known to alter
TG and cholesterol levels (Garg and Simha, 2007).

Both dyslipidemia and MetSyn increase the risk of Type II diabetes mellitus (T2DM) (Adiels
et al., 2006; Kruit et al., 2010) and cardiovascular disease (CVD) morbidity (Alberti et al.,
2009; Linsel-Nitschke and Tall, 2005) and CVD mortality (Lewington et al., 2007). Patients
with MetSyn have a five-fold increase in the risk of developing T2DM and are at twice the
risk of developing CVD over the next 5 to 10 years compared to individuals without the
syndrome (Alberti et al., 2009). In the presence of both MetSyn and T2DM, the prevalence of
CVD is markedly increased with an odds ratio (OR) of 3.04 [95% confidence interval (CI) of
OR: 1.98-4.11] in comparison to those with none of these conditions (Athyros et al., 2004).
The importance of MetSyn is exemplified by its ICD-9 code (277.7), which was initially
established as a diagnosis of “Dysmetabolic Syndrome X” (Einhorn et al., 2003; Kahn et al.,
2005). In summary, both dyslipidemia and MetSyn are substantial public health problems,
which require a better understanding of their respective etiologies to develop more effective
lifestyle and therapeutic interventions.
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Heritability estimates suggest there is a strong genetic component to dyslipidemia and
MetSyn. Heritability estimates for dyslipidemia range from 0.20 to 0.60 (Edwards et al.,
1997; Goode et al., 2007; Herbeth et al., 2010; Kronenberg et al., 2002; Wang and Paigen,
2005) and from 0.24 to 0.63 for MetSyn (Lin et al., 2005; Sung et al., 2009).

Multiple genetic variants in the form of single nucleotide polymorphisms (SNPs) (i.e., single
DNA base changes) have been associated with manifestation of dyslipidemia and MetSyn.
In this chapter, we review and summarize associations between common SNPs (i.e., those
with a minor allele frequency (MAF) 20.05) in the most biologically plausible candidate
genes and HDL-C, LDL-C and TG levels as well as MetSyn as a single, unifying trait.
Previous estimates suggest all common variants together explain less than 10 percent of
HDL-C levels in the general population (Kronenberg et al., 2002); however, more elegant
statistical modeling methods that combine SNPs in a more biologically meaningful way may
be needed to better understand the collective role of genetic variants in manifestation of
dyslipidemia, MetSyn and other complex metabolic traits. As a result, at the end of this
chapter, we review studies that have undertaken more complex modeling strategies to
understand the aggregate effects of SNPs in manifestation of dyslipidemia and MetSyn and
provide our insights for future directions in this field.

2. Genetic variants in lipid metabolism and HDL-C levels

As mentioned above, HDL-C is important for “reverse cholesterol transport” or the
shuttling of cholesterol from peripheral cells to the liver. Many of the genetic variants
associated with HDL-C levels have been summarized nicely in a recent comprehensive
review by Boes et al. (Boes et al., 2009). In Table 1, we include common SNPs tabulated in
Boes et al. (2009) review of large studies (ethnic group sample sizes 2500) as well as common
SNPs in large studies that have been identified since their review.

Gene | Polym. |rs Number| MAF |Ethn. |Sample Results Reference
Size (Effect Size,
p-value)
ABCA1| C(-297)T | rs2246298 [0.25 (T)| A 1625 p=0.0455 (Shioji et al.
(GP) 2004b)
ABCA1| G (-273)C | rs1800976 |0.40 (C)| A 1626 | +1.9/+2.7mg/dl | (Shiojietal.
(GP) |(1/2copies); p=0.03 2004b)
735 | +1.9 /+5.0 mg/dl
(HBP) [(1/2 copies); p=0.03
ABCA1| G (-273)C | rs1800976 |0.38 (T)| Tu | 2332 | 4+0.7/+1.9 mg/dl |(Hodoglugil et
(GP) (1/2 copies); al. 2005)
p<0.02
ABCA1| G378C | 1rs1800978 |0.13 (C)| W 5040 | -1.2/-2.7mg/dl | (Porchay et al.
(GP) (1/2 copies); 2006)
p=0.03
ABCA1 rs3890182 (0.13 (A)| W 5287 | -1/-3mg/dl (1/2 | (Kathiresan et
(GP) | copies) ; p=0.003 al. 2008)
ABCA1 152275542 A | <1880 p=0.006 (Shioji et al.
(GP) 2004b)
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ABCA1 rs2515602 | 0.27 B [1943 (P) M; p=0.034; (Klos et al.
F; p<0.001 2006a)
ABCA1| G596A | rs2853578 |0.28 (A)| W 2468 | 0.2 /+2.8 mg/dl | (Whiting et al.
CVD (1/2 copies); 2005)
834 (Co) p=0.02
ABCA1| 2310G>A | rs2066718 |0.03 (A)| W |9123 (P) | F: higher levels in (Frikke-
carriers; p=0.02 | Schmidt et al.
2004)
ABCA1| G2706A | rs2066718 [0.05(A)| Tu | 2458 |M:+2.0 mg/dl for|(Hodoglugil et
(GP) heterozygotes; al. 2005)
p<0.01
ABCA1| 2472G>A | rs2066718 0.06 (A)| Tu 2105 | F:+3.1 mg/dl for |(Hodoglugil et
G2868A (GP) | carriers; p=0.0005 al. 2005)
ABCA1| 1883M | rs4149313 (012 (G)| W |9123 (P) |F: + heterozygotes;|  (Frikke-
p=0.05 Schmidt et al.
2004)
ABCA1| 32b.+30, W |1543 (P)| -22mg/dlfor | (Costanza et
ABC32 carriers ; p=0.0040 al. 2005)
ABCA1| R1587K | rs2230808 |0.24 (A) 9123 (P) | M: - 1.5 mg/dl for (Frikke-
heterozygotes; | Schmidt et al.
p=0.008 2004)
ABCAL1 |4759G > A | 152230808 |0.26 (K)| W 779 -1.5 mg/dl for (Clee et al.
(CVD) | carriers; p=0.03 2001)
ABCA1| 50b.3038, |rs41474449 W |1543 (P)| +1.6 mg/dlfor | (Costanza et
ABC50 carriers; p=0.043 al. 2005)
ABCA1 rs3890182 |0.12 (A)| EA | 25,167 p=4.53E-07 |(Dumitrescu et
al. 2011)
APOA1l| T84C rs5070 023 (C)| A 1637 | +1.9 /+5.4 mg/dl | (Shiojiet al.
(HaellI) (GP) (1/2copies); 2004a)
p=0.0005
APOA1| Mspl rs5069 0.31(C)| B |3831 (P) | M/F; p=n.s/0.022| (Brown et al.
RFLP 2006)
APOA1 rs2892768010.93 (G)| EA | 25,167 p=8.61E-09 (Dumitrescu et
al. 2011)
APOA1 rs964184 10.86 (C)| EA | 25,167 p=6.08E-10  |(Dumitrescu et
al. 2011)
APOA5| - 1131T > | rs662799 |0.06 (C)| UK |1696 (P)| -1.5mg/dl /-5.4 | (Talmud et al.
C mg/dl (1/2 2002a)
copies) ; p=0.04
APOA5| - 1131T > | rs662799 |0.07 (C)| W |1596(SA| -3.5mg/dlper | (Grallertetal
C PHIR) | copy; p=0.00038 2007)
APOAS5| - 1131T > | 15662799 | 0.23- |C, Ma|2711 (C)| -2.3/-54 mg/dl |(Lai et al. 2003)
C 0.30 (©) 707 (M) 1/2 copies;
p<0.0001
-12 /-81mg/dl
1/2 copies;

p<0.0001
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APOA5|-1131T > C| rs662799 |0.34 (C)| A 521 -3.3mg/dl per |(Yamada et al.
HoCo copy, p<0.001 2007)
APOA5| -3A>G | rs651821 | 0.07 | W |2056 (P)| M;p=0.30;F; (Klos et al.
p=0.26 2006a)
APOA5| -3A>G | rs651821 |0.18(G)| C 2711 | -2.3/-5.8 mg/dl |(Lai et al. 2003)
(GP) 1/2 copies ;
p<0.0001
APOA5| -3A>G | rs651821 (0.34(C)| A 5207 -2.7mg/dl per |(Yamada etal.
(Ho Co,| copy; p<0.001 2007)
P)
APOA5| -3A>G | rs651821 |0.36 (G)| A 2417 | -3.9 /-7.0mg/dl | (Yamada et al.
(Ho Co) 1/2 copies; 2008)
p<0.001
APOA5| S19W | rs3135506 |0.06 (W)| UK |1660 (P)| -1.9 /+1.2 mg/dl | (Talmud et al.
(1/2 copies); 2002a)
p=0.02
APOA5| 56C>G | rs3135506 |0.06 (G)| W |2347 (P)| -2.0mg/dlfor |(Laietal. 2004)
carriers; p=0.008
APOA5 rs2072560 |0.16 (A)| C 2711 | -1.9 /-39 mg/dl |(Lai et al. 2003)
(GP) (1/2 copies) ;
p=0.003
APOAS5| IVS3+476 | rs2072560 Ma | 707 (P) | -0.4 /9.3 mg/dl |(Qietal. 2007)
G>A (1/2 copies) ;
p=0.004
APOA5| V153M | rs3135507 W 2557 | F:-3.5mg/dlfor | (Hubacek
carriers; p<0.01 2005)
APOA5| +553 rs2075291 (0.07 (T)| A 5206 -4.6 mg/dlper |(Yamada etal.
HoCo copy, p<0.001 2007)
APOA5|Gly185Cys| rs2075291 |0.08 (T)| A 2417 | -5.0 /-11.2mg/dl | (Yamada et al.
HoCo (1/2 copies); 2008)
p<0.001
APOAS5| 1259T>C | rs2266788 |0.18 (C)| C 2711 | -2.3 /-3.1mg/dl |(Lai et al. 2003)
(GP) 1/2 copies;
p<0.0001
APOB rs1190241710.78 (G)| E 17723 p=3.7x107 (Waterworth
et al. 2010)
APOC3| C455T | rs2854116 (041 (C)| In |1308 (P)| -3.1/-54mg/dl | (Lahiry etal.
(1/2 copies) ; 2007)
p<0.05
APOC3| Pvull rs618354 | 0.49 A F:291 |F:+0.1/-4.2 mg/dl| (Kamboh et al.
(GP) |1/2 copies;p=0.029 1999)
APOC3|Sstl RFLP| rs5128 |0.09(S2)| W | M:1219 | M: -1.8 mg/dl for | (Russo etal.
P carriers; p=0.04. 2001)
APOC3 [3'-utr/Sacl| rs5128 10.09 (+)| Hu | 713 (P) | -5.0mg/dlfor | (Hegeleetal.
heteroz.; 1995)

p=0.0014
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APOC3(3238C>G| rs5128 007 (S2)| W |906 (GP)| +1.9mg/dlfor | (Corella etal
carriers; p=0.079 2002)
APOE |Cys112Arg| rs429358 |0.16 (A)| N 3575 p=0.001 (Povel et al.
2011)
CETP | G2708A |rs12149545(0.30 (A)] W |2683 GP| +1.9mg/dlper | (McCaskie et
556 Cvd| copy; p<0.001 al. 2007)
CETP | G2708A |rs12149545|0.31 (A)| W 709 | +1.5 /+3.5mg/dl | (Klerkx et al.
(CVD) (1/2 copies) 2003)
;p=0.0016
CETP rs3764261 |0.14 (T)| C 4192 +0.07 mg/dl; (Liu et al.
p=4.3x10-14 2011)
CETP | G971A | rs4783961 (049 (A)] W 709 | +1.2/+1.9mg/dl | (Klerkx et al.
(CVD) (1/2 copies) ; 2003)
p=0.09
CETP | C629A | rs1800775 |048 (A)] W |7083 (P)| +2.7 /+5.4 mg/dl | (Borggreve et
(1/2 copies); al. 2005a)
p<0.001
CETP | C629A | rs1800775 (0.51 (A)] W | 847 M, | +4.2mg/dlfor | (Bernstein et
873 F (P)| homoz.; p<0.002 al. 2003)
CETP | C629A | rs1800775 (049 (A)| W 5287 +3 /+5mg/dl | (Kathiresan et
(GP) | (1/2copies); p= al. 2008)
2x10-29
CETP | C629A |rs1800775 |042A | A 4050 | +2.2/+3.4mg/dl (Tai et al.
(GP) 1/2 copies; 2003b)
p=3.28x10-9
CETP | C629A | rs1800775 (048 (A)] W |2683GP| +2.7mg/dlper | (McCaskie et
556 Cvd| copy; p<0.001 al. 2007)
CETP | C629A | rs1800775 (040 (A)| W 1214 CVD: (Blankenberg
(CVD) | +2.0/3.5mg/dl et al. 2004)
574 (1/2 copies) ;
(Co) p=0.02
Co: +3.3/6.1
mg/dl (1/2
copies) ; p=0.05
CETP | C629A | rs1800775 |0.44 (A)| W 709 +0.8/3.9mg/dl | (Klerkx et al.
(CVD) (1/2 copies) ; 2003)
p<0.0001
CETP | C629A | rs1800775 |0.50 (A)] W (309 MI)| +1.9/6.1 mg/dl |(Eiriksdottir et
757 (Co)| (1/2 copies); al. 2001)
p<0.0001
CETP | C629A | rs1800775 [048 (A)| W 498 +2.9/44mg/dl |(Freeman et al.
(cvd) (1/2 copies) ; 2003)
1107(Co) p<0.001
CETP | TaqlB | rs708272 (040 (B2) 13,677 | +1.2 /+3.8 mg/dl | (Boekholdt et
(Meta) 1/2 copies; al. 2005)

p<0.0001
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CETP | TaqlB | rs708272 >10,000 | +4.6 mg/dlfor | (Boekholdt &
(Meta) [homoz.; p<0.00001| Thompson
2003)
CETP | TaqlB | rs708272 (042(B2)) W |7083 (P)| +2.7/5.0mg/dl | (Borggreve et
(1/2 copies) ; al. 2005b)
p<0.001
CETP | TaqlB | rs708272 (044 (B2)) W (2916 (P)| +2.5/4.7mg/dl |(Ordovasetal.
(1/2 copies) ; 2000)
p<0.001
CETP | TaqlB | rs708272 | 043 | W 2056 p<0.01; (Klos et al.
026(A)| B [1943 (P) p<0.02 2006b)
CETP | TaqlB | rs708272 | 044 | W (8764 (P)| +2.3/5.8mg/dl | (Nettleton et
0.27 (A) (1/2 copies) ; al. 2007)
B p<0.001
+3.8/9.8 mg/dl
(1/2 copies) ;
p<0.001
CETP | TaqlB | rs708272 (041 (A)] W |[1503 (P)| +2/+5mg/dl | (Sandhofer et
(1/2 copies) ; al. 2008)
p<0.001
CETP | TaqlB | rs708272 033 (A)| A 4207 | +2.5/44mg/dl (Tai et al.
(GP) (1/2 copies ; 2003b)
p=1.25x10-10
CETP | TaqlB | rs708272 |0.40(A)| A 1729 |M: +1.2/3.5mg/dl| (Tsujita et al.
(GP) (1/2 copies); 2007)
p=0.096
F:+1.9/6.2 mg/dl
(1/2 copies);
p<0.001
CETP | TaqlB | rs708272 042 (A)] W (2683 GP| +2.7mg/dlper | (McCaskie et
556 CVd| copy; p<0.001 al. 2007)
CETP | TaqlB | rs708272 |0.42(A)| W 2392 | +1.7/3.6 mg/dl | (Whiting et al.
cvd 827 | (1/2 copies) ; 2005)
Co p<0.001
CETP | TaqlB | rs708272 |0.40(A)| W 1464 | +21/3.0mg/dl | (Carlquist &
CVD (1/2 copies) ; Anderson
p=0.003 2007)
CETP | TaqlB | rs708272 |041(A)] W (1200 CV| +2.6 /+4.3 mg/dl | (Blankenberg
571 (Co)|  (1/2copies); et al. 2004)
p<0.02
CETP | TaqlB | rs708272 (044 (A)| W 499 +2.1/3.6 mg/dl |(Freeman et al.
CVvD (1/2 copies) ; 2003)
1105 Co p<0.001
CETP | +784CCC |rs34145065(0.39 (A)| W 709 +1.2/3.5mg/dl | (Klerkx et al.
(CVD) (1/2 copies) ; 2003)

p=0.0009
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CETP | A373P rs5880 |0.05(A)| W | 8467 P 5.4 mg/dl for (Agerholm-
1636 CV | heteroz.; p<0.0001 | Larsen et al.
2000)
CETP | Ile405Val | rs5882 >10,000| +1.9mg/dlfor | (Boekholdt &
(Meta) homoz. ; Thompson
p<0.00001 2003)
CETP A+ rs61212082(0.32 (A)| W |6421 (P) [M: +1.5/2.3 mg/dl| (Isaacs et al.
16G/Ex.14 (1/2 copies); 2007)
p=0.002
F: +0.0/+2.3
mg/dl (1/2
copies); p=0.007
CETP rs61212082(0.30 (A)| W 1208 | +1.4 /+3.1 mg/dl | (Blankenberg
(CVD) (1/2 copies) ; et al. 2004)
572 (Co) p=0.08
+0.3 /+8.4 mg/dl
(1/2 copies);
p=0.003
CETP rs6121208210.30 (A)| W 498 | +1.2 /+3.5mg/dl |(Freeman et al.
(CVD) (1/2 copies); 2003)
1108 p<0.05
(Co) |+1.5/+1.5mg/dl
(1/2 copies);
p<0.05
CETP | D442G |rs2303790b|0.03 (A)| A 3469 +49mg/dlfor | (Zhongetal.
(He Ex) | heteroz.; p<0.001 1996)
CETP | R451Q | rs1800777 |0.04 (A)] W |[8467 (P)| 5.4 mg/dlfor (Agerholm-
1636 heterozygotes; | Larsen etal.
(CVD) p<0.001 2000)
CETP G+ rs1800777 |0.03 (A)] W |1071 CV|3.6 /5.2 mg/dl for| (Blankenberg
82A/Ex15 532 Co heteroz.; et al. 2004)
p=0.06/0.07
EA | 25,167 (Dumitrescu et
CETP 1512596776 |0.90 (C) p=1.18E-05 al. 2011)
EA | 25,167 (Dumitrescu et
CETP rs9989419 10.39 (A) p=1.71E-53 al. 2011)
LCAT | Gly230Ar W | 156 low | Variant sig. only | (Miettinen et
g 160 high|in low HDL group| al. 1998)
LCAT | 608C/T rs5922 A 203 | Increase in HDL; | (Zhang et al.
(CVD) p=0.015 2003)
LCAT rs5922 A | 150Str | Lower HDL-Cin | (Zhuetal
122 Co | heteroz.; p<0.05 2006)
LCAT | P143L A 190 | Association with | (Zhang et al.
+511C>T CVD |low HDLGC; p<0.01 2004)
209 (Co)
LCAT rs2292318 |0.12 (A)| W 1442 | Increases HDLC; | (Pare et al.
CVD,Co p=2x10-5 2007)
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LDLR | Exon2 | rs2228671 W |1543 (P)| +3.8mg/dlfor | (Costanza et
carriers; p=0.0056 al. 2005)
LDLR |1866C>T| 1s688= [0.12(T)| A 2417 | +1.5 /+8.5mg/dl | (Yamada et al.
Asn591As | 1s57911429 (HoCo)| (1/2copies); 2008)
n p=0.0155
LDLR Exon rs688 = 1039 (+)| Hu | 713 (P) | 23 /43 mg/dl | (Hegeleetal
12/Hincll |rs57911429 (1/2 copies) ; 1995)
p=0.047
LDLR | 2052T >C | rs5925= |0.17(C)| A 2417 +1.2/+54(1/2 |(Yamada etal.
rs57369606 HoCo | copies) ; p=0.043 2008)
LIPC | T-710C | rs1077834 |0.22(C)| W |9121 (P)| +3-4% per copy; | (Andersen et
p<0.001 al. 2003)
LIPC | C-514Ta | rs1800588 |0.25 (T)| Va |>24,000 | +1.5 /+3.5mg/dl | (Isaacs et al.
(Meta) (1/2 copies); 2004)
p<0.001
LIPC | Pos.-480T | rs1800588 (0.21 (T)| W |8897 (P)| W:+22/+3.8 (Nettleton et
053 (T)] B [2909 (P) mg/dl (1/2 al. 2007)
copies); p<0.001
B: +1.6/+4.0
mg/dl (1/2
copies); p<0.001
LIPC rs1800588 |0.21 (T)| W |6239 (P)| +1.3/+4.3mg/dl | (Isaacs et al.
(1/2 copies); 2007)
p<0.001
LIPC rs1800588 |0.38 (T)| A |2170 (P)| +2.3 /+2.7mg/dl | (Taietal
(1/2 copies); 2003a)
p=0.001
LIPC rs1800588 |0.21 (T)| W 5287 +1 /+4mg/dl | (Kathiresan et
(GP) |(1/2 copies); p=4x| al. 2008)
10 -10
LIPC rs1800588 10.25 (T) 2773 +1.5mg/dl per | (Talmud et al.
(GP) copy; p=0.04 2002b)
LIPC rs1800588 |0.24 (T) 3319 CV| +1.0 /+3.8 mg/dl | (Whiting et al.
1385 Co| (1/2 copies); 2005)
p=0.001
LIPC rs1800588 |0.51 (T)| A 5207 +2.5mg/dl per |(Yamada etal
Ho Co | copy; p<0.001 2007)
LIPC rs1800588 |0.21 (T)| W 6412 +2.0-2.5mg/dl | (McCaskie et
(CVD) | per copy; p<0.001 al. 2006)
LIPC | G-250A | rs2070895 |0.22(A)| W |9121 (P)| +3-4% per copy; | (Andersen et
p<0.001 al. 2003)
LIPC rs2070895 W [1543 (P)| +1.5mg/dlfor | (Costanza et
carriers; p=0.020 al. 2005)
LIPC rs2070895 |0.32 (A)| W | 514 (P) M; p=0.001 (de Andrade

et al. 2004)
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LIPC rs2070895 (0.23 (A)| W |5585 (P)| +3.9/3.9mg/dl | (Grarup etal.
(1/2 copies); 2008)
p=8x10-10
LIPC rs2070895 |0.51 (A)| A 5213 +2.7mg/dl per |(Yamada et al.
HoCo copy; p<0.001 2007)
LIPC rs2070895 0.39 (A)| A 716 +2.1 mg/dl for |(Ko etal. 2004)
HeEx carriers;
p=0.026
LIPC rs12594375|0.37 (A)| A 2970 p=0.00003 (lijima et al.
(GP) 2008)
LIPC rs8023503 |0.38 (T)| A 2970 p=0.0001 (lijima et al.
(GP) 2008)
LIPC | +1075C | rs3829462 [0.05(C)| A 823 +8.0mg/dlfor | (Fang & Liu
heterozygotes; 2002)
p<0.05
LIPC rs4775041 | 0.29C | EA | 25,167 p=1.03E-16 (Dumitrescu et
al. 2011)
LIPC rs261332 |0.20 (A)| EA | 25,167 p=1.99E-13 (Dumitrescu et
al. 2011)
LPC rs261334 |0.20(T)| E 17723 p=4.9x10-2 (Waterworth
et al. 2010)
LIPG |-384A > C| rs3813082 |0.12 (C)| A |541 (Co)|+1.3/ +10.2.mg/ dl (Hutter et al,
(1/2 copies) ; 2006)
p=0.021
LIPG rs3813082 (0.12 (C)| A 340 +0.7/+9.8 (1/2 | (Yamakawa-
(Kids) copies) ; Kobayashi et
p=0.0086 al. 2003)
LIPG | 584 C/T | rs2000813 [0.32(I)| W |[495(GP)| M:1.2/+2.7
T1111 mg/dl (1/2
copies) ; p=0.82 | (Paradis et al.
F:0.4 /+1.9 mg/dl 2003)
(1/2 copies) ;
p=0.09
LIPG rs2000813 |0.24 (T)| A |541 (Co)| +0.5/+6.1 mg/ dl (Hutter et al.
(1/2 copies) ; 2006)
p=0.048
LIPG rs2000813 |0.30 (T)| A 265 +3.7 for carries; (Tang et al
CVD p=<0.02 2§B) '
265 Co
LIPG rs2000813 |0.29 (T)| W 372 | +1.6 /+6.0 mg/dl (Ma et al
90% | (CVD) (1/2 copies) ; 2003) ’
p=0.035
LIPG | C+42T/In| rs2276269 |0.44 (T)| W 594 | Decreases HDLGC; (Mank-
5 (HDL) p=0.007 Seymour et al.

2004)
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LIPG |T+2864C/1| rs6507931 (042 (C)| W 594 | Decreases HDLC; (Mank-
n8 (HDL) p=0.004 Seymour et al.
2004)
LIPG |2237G > A| rs3744841 |0.36 (A)| A 340 40mg/dl /-43 | (Yamakawa-
(Kids) mg/dl (1/2 Kobayashi et
copies) ; p=0.011 al. 2003)
LPL D9N; | rs1801177 - 5067 -3.1mg/dlfor | (Wittrup et al.
Asp9Asn (Meta) | heteroz.; p=0.002 1999)
LPL |Gly188Glu - | 10434 | -9.7mg/dlfor | (Wittrup etal.
(Meta) | heteroz.; p<0.001 1999)
LPL N291S rs268 - | 14912 | -4.6mg/dlfor |(Wittrup etal.
(Meta) | heteroz.; p<0.001 1999)
LPL | Hindlll; rs320 (030(H)] W | 520(P) |+5.5mg/dlinH -| (Sentietal.
Int8 H- vs. H+tH+; 2001)
p=0.025
LPL | HindIl rs320 0.26 W 1361 (P) | M: +3.5 mg/dl for | (Holmer et al.
Int8 (H1) heteroz. ; p=0.0018 2000)
F:+4.2 mg/dl for
heteroz. ; p=0.0212
LPL | HindlIll rs320 (032 (H)] W [906 (GP)| +1.9mg/dl; (Corella et al.
Int8 p=0.003 2002)
LPL HindIll; rs320 A 550 NGT: +3.0 mg/dl | (Radha et al.
Int8 (NGT) |[for carriers; p<0.05 2006)
465 DM: +1.0 mg/dl
(DM) |for carriers; p<0.05
LPL | Hindlll; rs320 0.27- NHW| 615(W); p=0.005 (Ahn et al.
Int8 031 | ,H | 579(H) 1993)
LPL 15326 0.44 B |1943 (P) M; p=0.013; (Klos et al.
F; p=0.004 2006a)
LPL 5447X rs328 4388 +1.5 mg/dl for | (Wittrup et al.
Ser447Ter (Meta) | heteroz.; p<0.001 1999)
LPL 5447X rs328  |0.10 (G)| W |8968 (P)| +2.8 /+4.0 mg/dl | (Nettleton et
Serd47Ter (1/2 copies); al. 2007)
p<0.001
LPL S447X rs328 007 (G)| B |2677 (P)|+3.1 /+12.6 mg/dl
Ser447Ter (1/2 copies);
p<0.001
LPL S447X rs328 (011 (X)| A |4058 (P) +3.1mg/dl; (Lee et al.
p<0.001 2004)
LPL rs328 W [1543 (P) +2.7 mg/dl; (Costanza et
p=0.0017 al. 2005)
LPL rs328 25,167 P=5.6E-22 (Dumitrescu et
al. 2011)
LPL rs328 |0.09 (G)| W 5287 +3 /+5mg/dl | (Kathiresan et
(GP) |(1/2 copies); p=3 x| al.2008)

10-12




104

Dyslipidemia - From Prevention to Treatment

LPL rs325 [0.89(T)| E | 17723 p="7.8%x10-25 (Waterworth
et al. 2010)
MLXIP rs1714573810.12 (T)| EA | 25,167 p=1.64E-05 (Dumitrescu et
L al. 2011)
PON1 | QI192R rs662= 1030 (G)| W |[1232(P)| W:+0.1 /+2.3 | (Srinivasan et
rs60480675 mg/dl (1/2 al. 2004)
copies) ; p=0.041
PON1 | GIn192Ar | rs662 = 0.67 B 554 | -54 /-6.7mg/dl “
g rs60480675 (1/2 copies) ;
p=0.008
PON1 rs662 = 1029 (R)| Hu | 738 (P) | -3.1 mg/dl /-3.1 | (Hegele et al.
rs60480675 mg/dl (1/2 1995)
copies) ; p=0.001
PONI1 rs662 = 10.36 (R)| W- 261 M: +1.5 /+2.7 (Rios et al.
1560480675 Bra | CVD, mg/dl (1/2 2007)
Co copies) ; p=0.035
PON1 | C-107T | rs705379 (048 (C)| W 710 | -3.1/-23 mg/dl | (Blatter Garin
(CVD) (1/2 copies) ; et al. 2006)
p=0.006
PON1 | Leu55M | 1s85456 |0.20 (T)| MA | 741 p=0.02 (Chang et al.
2010)
SCARB| Exon38 rs5888 1044 (T)| W | 865(P) | +1.9/2.7mg/dl |(Morabia et al.
1 C>T 1/2 copies;p=0.006 2004)
SCARB| C1050T rs5888 1049 (T)| W 546 | +2.3 /+1.9 mg/dl | (Boekholdt et
1 (CVD) (1/2 copies); al. 2006)
p=0.03

Table 1. Genetic Polymorphisms Associated With HDL-C. MAF=Minor Allele Frequency;
Ethn.: A=Asians; AA=African Americans; Am=Amish; A-I=Asian Indian; B=Blacks;
C=Chinese; CH=Caribbean Hispanics; In=Inuit; Ma= Malays; N=Netherlands; NHW=Non-
Hispanic Whites; H=Hispanics; Hu=Hutteries; Tu=Turks; UK=United Kingdom; W-
Bra=Caucasian Brazilians; W= Whites; Va=Various; Non-DM C0=Non diabetic control
subjects; MI=Myocardial infarction; NGT=Normal glucose tolerance; DM= Diabetes
mellitus; Ho Sta= Hospital staff; HBP= Hypertensive patients; He Ex=Health examination;
Cor Ang=coronary angiography; hyperCH=hypercholesterolemia patients; CVD=
Cardiovascular Disease; Co=Controls; Ho Co=Hospital based controls; GP=General
Population; Meta= Meta Analysis; P=Population based; M= Males; F= females; + =increase;
- = decrease; n.s.=not significant; see text for full gene names. Adapted from Boes et al.
(2009) with permission from Elsevier.

2.1 Genetic variation in enzymes involved in lipid metabolism and HDL-C levels

Perhaps, the most notable gene in the HDL-C synthesis and metabolism pathways, whose
variants have been consistently associated with HDL-C, is the cholesterol ester transfer
protein (CETP), which is a key plasma protein that mediates the transfer of esterfied
cholesterol from HDL to APOB containing particles in exchange for TG. Although complete
loss of CETP function is rare and can yield HDL-C levels up to five times higher than
normal (Klos and Kullo, 2007), three common polymorphisms (Table 1: TagIB (rs708272); -
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629C>A (rs1800775); Ile405Val (rs5882)) can all modestly inhibit CETP activity and have
been consistently associated with higher HDL-C levels (Bernstein et al., 2003; Blankenberg et
al., 2004; Boekholdt et al., 2005; Boekholdt and Thompson, 2003; Borggreve et al., 2005;
Eiriksdottir et al., 2001; Freeman et al., 2003; Kathiresan et al., 2008a; Klerkx et al., 2003; Tai
et al., 2003b; Thompson et al., 2008). The CETP gene is located on chromosome 16 (16q21).
Lipoprotein lipase (LPL) is an enzyme involved in lipolysis of TG-containing lipoproteins
such as VLDL and chlyomicrons (Miller and Zhan, 2004), which generate free fatty acids
(FFA) that can be taken up by the liver, muscle and adipose tissues (Kwan et al., 2007). Thus,
LPL affects LDL levels directly (see Section 3.2) may only affect HDL-C levels indirectly
(Lewis and Rader, 2005). The human LPL gene is located on chromosome 8 (8p22). Several
LPL SNPs have been associated with HDL-C (Table 1) (Ahn et al., 1993; Corella et al., 2002;
Holmer et al., 2000; Klos and Kullo, 2007; Klos et al., 2006; Komurcu-Bayrak et al., 2007; Lee
et al., 2004; Nettleton et al., 2007; Senti et al., 2001; Wittrup et al., 1999); however, many of
them are in strong linkage disequilibrium with each other (e.g., rs320, rs326, rs13702,
rs10105606) (Boes et al., 2009; Heid et al., 2008).

Hepatic lipase (HL; LIPC) is a glycoprotein that is synthesized by liver cells (hepatocytes)
and catalyzes the hydrolysis of TG and phospholipids (Miller et al., 2003). For example, after
hydrolysis of TG by LPL, VLDL particles are reduced to IDL particles and can be further
hydrolyzed by HL/LIPC to LDL or taken up by the liver (Kwan et al., 2007). The human
HL/LIPC gene is located on chromosome 15 (15q21). Several HL/LIPC SNPs have been
associated with HDL-C levels (Table 1) (Andersen et al.,, 2003; Costanza et al., 2005; de
Andrade et al., 2004; Fang and Liu, 2002; Grarup et al., 2008; Iijima et al., 2008; Isaacs et al.,
2007; Kathiresan et al., 2008b; Ko et al., 2004; McCaskie et al., 2006; Nettleton et al., 2007; Tai
et al., 2003a; Talmud et al., 2002b; Whiting et al., 2005; Yamada et al., 2007). However, the
most consistent associations have been observed for rs1800588 and rs2070895 and, several
SNPs in the promoter region are in strong LD (Boes et al., 2009).

Endothelial lipase (EL; LIPG) is an enzyme expressed in endothelial cells that, in the
presence of HL/LIPC, metabolizes larger (HDLs) to smaller (HDL,) HDL-C particles and
increases the catabolism of APOA-I (see Section 2.3) (Jaye and Krawiec, 2004). EL/LIPG
plays a role in the dyslipidemia component and, possibly, the yet to be established,
proinflammatrory component of MetSyn (Lamarche and Paradis, 2007) (see Section 5.0). The
human EL/LIPG gene is located on chromosome 18 (18q21.1). Several polymorphisms in
EL/LPIG have been associated with HDL-C levels (Table 1) (Hutter et al., 2006, Ma et al.,
2003; Mank-Seymour et al., 2004; Paradis et al., 2003; Tang et al., 2008; Yamakawa-
Kobayashi et al., 2003). However, most of these SNPs have not been as well studied as those
in CETP, LPL and EL; and, only the nonsynonymous SNP, rs2000813, has been consistently
associated with HDL-C levels in African-American populations (Hutter et al., 2006; Tang et
al., 2008; Yamakawa-Kobayashi et al., 2003).

In the presence of cofactor, APOA-I (see Section 2.3), lecithin-cholesteryl acyltransferase
(LCAT), catalyzes the esterification of free cholesterol and, can metabolize larger HDL-C
particles to smaller HDL-C particles (Klos and Kullo, 2007; Miller and Zhan, 2004). The
human LCAT is located on chromosome 16 (16q22.1). Although mutations leading to
complete loss of LCAT and marked (5-10%) reduction in HDL-C levels are rare and can
cause cornea opacifications (fish eye disease) and renal disease (Garg and Simha, 2007),
several common polymorphisms in LCAT have been associated, albeit inconsistently, with
much more modest changes in HDL-C levels (Table 1) (Boekholdt et al., 2006; Miettinen et
al., 1998; Pare et al., 2007; Zhang et al., 2004; Zhu et al., 2006).
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Parroxanonase 1 (PON1), inhibits the oxidation of LDL (Mackness et al., 1991) and,
therefore, may only indirectly affect antioxidant properties of HDL-C. The human PON1
gene is located on chromosome 7 (7q21.3). Several SNPs in PON1 have been associated
with HDL-C levels, most notably, two nonsynonymous SNPs, rs662 and rs3202100, which
are in strong LD, but results are inconsistent across studies (Table 1) (Blatter Garin et al.,
2006; Hegele et al., 1995; Manresa et al., 2006; Rios et al., 2007; van Aalst-Cohen et al.,
2005).

2.2 Genetic variation in receptors and transporters and HDL-C levels

Scavenger receptor class B, type 1 (SCARB1; SR-B1), which is highly expressed in liver
and steroidogenic tissues (testes, ovaries, adrenal) (Cao et al., 1997), has been shown to
participate in the uptake of HDL in animals by transferring cholesterol from the HDL-C
particle and releasing the lipid-depleted HDL particle into the circulation (Acton et al,,
1996; Miller et al., 2003). The human SCARBI1 gene is located on chromosome 12
(12g24.31). Only a few studies have examined potential associations between SCARB1
polymorphisms and HDL-C levels (Table 1) (Boekholdt et al., 2006; Costanza et al., 2005;
Hsu et al., 2003; Morabia et al., 2004; Osgood et al., 2003; Roberts et al., 2007). The most
well studied polymorphism has been rs5888; however, the association with rs5888 and
HDL-C levels was only significant among Caucasian (White, W) males in one study
(Morabia et al., 2004), Amish females (Roberts et al., 2007) and Caucasian CVD patients
(Boekholdt et al., 2006).

The LDL receptor (LDLR) and LDLR-related protein participate in the uptake of LDL and
chylomicron remnants by hepatocytes (Kwan et al., 2007) and, therefore, may only indirectly
affect HDL-C levels. The human LDLR is located on chromosome 19 (19p13.2). Although
some common polymorphisms in LDLR have been associated with HDL-C levels (Table 1:
(Costanza et al., 2005; Hegele et al., 1995; Yamada et al., 2008), their impact is likely greater
on LDL-C levels (see Section 3.1).

The ATP-binding cassette transporter A1 (ABCA1), which is highly expressed in the liver,
steroidogenic tissues and macrophages, plays a key role in ‘reverse cholesterol transport’
by mediating the efflux of cholesterol and phospholipids from macrophages to the
nascent lipid-free, APOA-1 HDL particle (Cavelier et al., 2006; Miller et al., 2003). The
human ABCA1l gene is located on chromosome 9 (9q31.1). Due to its functional
importance, genetic variants in this gene have been well investigated but many of them
are quite rare including the homozygous deletion that leads to Tangier’s disease that is
characterized by very low HDL-C levels (~5 mg/dl), orange colored tonsils, peripheral
neuropathy and, sometimes, premature CHD (Garg and Simha, 2007). Several common
polymorphisms have been fairly consistently associated with more modest changes in
HDL-C levels but different variants appear to drive this association in different ethnic
groups (Table 1) (Clee et al.,, 2001; Costanza et al., 2005; Frikke-Schmidt et al., 2004;
Hodoglugil et al., 2005; Kathiresan et al., 2008b; Klos et al., 2006; Porchay et al., 2006;
Shioji et al., 2004b; Whiting et al., 2005).

2.3 Genetic variation in apolipoproteins and HDL-C levels

Apolipoprotein A-1 (APOA1; APOA-I) is a ligand required for HDL-C binding to its
receptors including SCARB1 and ABCA1 and, is an important cofactor in ‘reverse
cholesterol transport’ (Miller et al., 2003; Remaley et al., 2001; Rigotti et al., 1997). The
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human APOA1 gene is located on chromosome 11 (11q23-24). APOA-I is a major constituent
of HDL particles and deletions leading to complete APOA-I deficiency are rare but lead to
HDL deficiency (HDL-C <10 mg/dl) and sometimes CHD (Garg and Simha, 2007). Several
common polymorphisms in APOA-I have been associated with more modest reductions in
HDL-C but results across studies are inconsistent (Table 1) (Brown et al., 2006; Kamboh et
al., 1999b; Larson et al., 2002; Shioji et al., 2004a).

Apolipoprotein A-4 (APOA4; APOA-IV) is a potent activator of LCAT and modulates the
activation of LPL and transfer of cholestryl esters from HDL to LDL (Kwan et al., 2007).
The human APOA4 gene is located on chromosome 11 near APOA1 (11q23) and is part of
what is known as the APOA1/C3/A4/A5 gene cluster. Polymorphisms in APOA4 have
not been as well studied; however, the nonsynonymous SNP, rs5110 (GIn360His), has
recently been associated with reduced HDL-C levels in Brazilian elderly (Ota et al., 2011)
and coronary artery calcification (CAC) progression, a marker of subclinical
atherosclerosis, in patients with Type I Diabetes Mellitus (T1DM) (Kretowski et al., 2006).
The rs675 polymorphism has been associated with reduced HDL-C levels in females with
T2DM (Qi et al., 2007).

Apolipoprotein A-5 (APOA5; APOA-V) is located predominantly on TG-rich chylomicrons
and VLDL and activates LPL (Hubacek, 2005). The human APOA5 gene is located on
chromosome 11 (11q23) in the APOA1/C3/A4/A5 gene cluster. Several APOA5 SNPs have
been associated with reduced HDL-C levels; and, perhaps, the most well studied and
consistent associations have been observed for rs651821 and rs662799 (Table 1) (Grallert et
al., 2007; Hubacek, 2005; Klos et al., 2006; Lai et al., 2003; Qi et al., 2007; Talmud et al., 2002a;
Yamada et al., 2008; Yamada et al., 2007).

Apolipoprotein C-3 (APOC3; APOC-III) is an inhibitor of LPL and is transferred to HDL
during the hydrolysis of TG-rich lipoproteins (Kwan et al., 2007; Miller and Zhan, 2004). The
human APOC3 gene is located on chromosome 11 (11g23) in the APOA1/C3/A4/A5 gene
cluster. Although several APOC3 SNPs have been identified and investigated, associations
between these SNPs and HDL-C levels have been quite inconsistent (Table 1) (Arai and
Hirose, 2004; Brown et al., 2006; Corella et al., 2002; Hegele et al., 1995; Kamboh et al., 1999a;
Lahiry et al., 2007; Pallaud et al., 2001; Qi et al., 2007; Russo et al., 2001).

Chylomicron remnants, VLDL and IDL particles are rich in apolipoprotein E (APOE) and
APOE is a critical ligand for binding to hepatic receptors that remove these particles from
the circulation (Kwan et al., 2007). Mutations in APOE are well known to modify LDL-C
levels; however, their independent influence on HDL-C levels remains controversial
(Sviridov and Nestel, 2007). Nevertheless, associations between APOE SNPs and HDL-C
levels in large scale studies have been fairly consistent (Costanza et al., 2005; Frikke-Schmidt
et al., 2000; Gronroos et al., 2008; Kataoka et al., 1996; Srinivasan et al., 1999; Volcik et al.,
2006; Wilson et al., 1994; Wu et al., 2007).

2.4 GWAS and HDL-C Levels

Results from genomewide association studies (GWAS) have confirmed associations between
polymorphisms in viable candidate genes including CETP, LPL, HL/LIPIC, EL/LIPG,
ABCA1, LCAT and the APOA1/C3/A4/A5 gene cluster and HDL-C levels (Boes et al.,
2009). GWAS have also identified several novel putative loci, which are discussed in detail
in a recent review (Teslovich et al., 2010).
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3. Genetic variants in lipid metabolism and LDL-C levels

3.1 Genetic variation in enzymes, receptors and transporters and LDL-C levels

LDL-C is a widely accepted risk factor for atherosclerotic cardiovascular diseases. The most
marketed drugs for lowering LDL-C are statins, which inhibit hydroxy-3-methylglutaryl
coenzyme A reductase (HMGCR), the rate limiting enzyme in cholesterol synthesis that is
normally suppressed (Endo, 1992). The human HMGCR gene is located on chromosome 5
(5q13.3-14). Only a few common HMGCR polymorphisms have been associated with LDL-C
levels including rs3846662, which was identified through GWAS (Table 2) (Burkhardt et al.,
2008; Hiura et al., 2010; Polisecki et al., 2008; Teslovich et al., 2010).

As mentioned above, the LDL receptor (LDLR) regulates the uptake of LDL and chylomicron
remnants by hepatocytes (Kwan et al., 2007) and, the human LDLR gene is located on
chromosome 19 (19p13.2). Familial (or monogenic) hypercholesterolemia (FH: OMIM No.
143890), which is due to mutations in LDLR occurring at a frequency of approximately 1 in 500
(heterozygotes) to 1 in 1,000,000 (homozygotes), is one of the most common inherited
metabolic diseases and results in a reduced number of LDL receptors and, in heterozygotes, a
2- to 3-fold increase in LDL-C levels and, in homozygotes, complete loss of LDLR function and
a greater than 5-fold increase in LDL-C (Garg and Simha, 2007). A few common
polymorphisms in LDLR have been identified and associated with more modest changes in
LDL-C levels, most notably, rs6511720, which was highly significantly associated with LDL-C
in a recent meta analysis (Table 2) (Teslovich et al., 2010; Willer et al., 2008).

ATP-binding cassette transporters G5 and G8 (ABCG5/8) regulate the efflux of cholesterol
back into the intestinal lumen and, in hepatocytes, the efflux of cholesterol into bile (Graf et
al., 2003). The human ABCG5/8 gene cluster is located on chromosome 2 (2p21). A rare
autosomal recessive mutation in ABCGb5/8 leads to sitosterolemia characterized by
xanthomas, premature atherosclerosis and other features (Berge et al., 2000). Only a couple
of common variants in ABCG5/8 have been associated with LDL-C levels and a recent
meta-analysis failed to find associations between ABCG5/G8 polymorphisms including,
ABCGS rs6544718, and plasma lipid levels (Table 2) (Jakulj et al., 2010; Teslovich et al., 2010)

3.2 Genetic variation in lipoproteins and LDL-C levels

Apolipoprotein B (APOB; main isoform: ApoB-100) is responsible for the recognition and
uptake of LDL by LDLR, which clears approximately 60-80% of the LDL in ‘normal’
individuals with the remaining taken up by LRP or SCARB1 (Kwan et al., 2007). The human
APOB gene is located on chromosome 2 (2p23-24). Familial defective APOB (FDB: OMIM
No. 144010) is an autosomal codominant disorder due to mutations in APOB that are a bit
more rare than FH mutations at approximately 1 in 500 to 1 in 700 resulting in lower LDL-C
levels than in FH patients (Garg and Simha, 2007). Common polymorphisms have also been
identified and associated with more modest changes in LDL-C (Table 2) (Haas et al., 2011;
Teslovich et al., 2010; Waterworth et al., 2010; Willer et al., 2008).

As mentioned above, APOE is a critical ligand for binding chylomicron remnants, VLDL
and IDL particles to hepatic receptors to remove these particles from the circulation (Kwan
et al., 2007). The human APOE gene is located on chromosome 19 (19q13.2). The structural
APOE gene is polymorphic with three common alleles, designated as €2, €3 and &4 which
encode for E2, E3 and E4 proteins, respectively. Although several APOE polymorphisms
have been identified, the APOE &4 allele has been the most consistently associated with
CHD and LDL-C levels (Table 2) (Anoop et al., 2010; Chang et al., 2010; Eichner et al., 2002;
Teslovich et al., 2010; Willer et al., 2008).
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Gene | Polym. | rs Number | MAF | Ethn. | Sample | Results (Effect | Reference
Size | Size, p-value)
ABCGS8 rs4299376 | 030 (G) | E 95,454 | +2.75mg/dl; |(Teslovich et
(Meta) p=2x10"8 al. 2010)
ABCGS8| A632V | rs6544718 Va 982 p=0.02 (Jakuljl et al.
2010)
APOB rs562338 | 0.18 (A) | Va | 10,849 | +4.89 mg/dl; | (Willer et al.
p=3.6 X 10-12 2008)
APOB rs754523 | 0.28 (A) | Va 6,542 | +2.78 mg/dl; | (Willer et al.
p=1.3 X10-¢ 2008)
APOB rs693 042(G)| Va 3,222 | +244mg/dl; | (Willer et al.
p=0.0034 2008)
APOB | Thr98lle | rs1367117 | 030(A)| E 95,454 | +4.05 mg/dl; |(Teslovich et
(Meta) p=4x10-114 al. 2010)
APOB rs7575840 | 0.28 (T) F 5054 0.131 (Haas et al.
p=3.88x10 2011)
APOB rs515135 | 0.19 (A) | Va 982 p=2.4X100 | Waterworth
et al. (2010)
APOE rs4420638 | 0.17 (G) E 95,454 | +7.14mg/dl; |(Teslovich et
(Meta) p=9x10-147 al. 2010)
APOE | Argl76 rs7412 0.06 (T) | N-HB | 683 -22.52mg/dl; | (Chang et al.
Cys p< 0.0001 2010)
APOE | Cys130 | 1rs429358 |[0.076 (T)| M-A 739 10.54mg/dl; |(Chang et al.
Arg p< 0.0001 2010)
APOC1 rs4420638 | 0.82 (A) | Va | 10,806 | +6.61 mg/dl; | (Willer et al.
p =4.9 X10-# 2008)
APOE/ rs10402271 | 0.67 (T) | Va 6,519 | +2.62mg/dL p | (Willer et al.
Cl/C4 =15 X 10" 2008)
LDLR rs6511720 | 0.11 (T) E 95,454 | -6.99mg/dl; |(Teslovich et
(Meta) p=4x10-117 al. 2010)
LDLR rs6511720 | 0.90 (T) | Va 7,442 | 49.17 mg/dl; p | (Willer et al.
=3.3 X101 2008)
PCSK9 rs11206510 | 0.81(C) | Va | 10,805 | +3.04 mg/dl; | (Willer et al.
p=5.4 X107 2008)
PCSK9 rs2479409 | 0.30 (G) E 95,454 | +2.0lmg/dl; |(Teslovich et
(Meta) p=2x10-28 al. 2010)
PCSK9 | A443T | rs28362263 | 0.06 (A) | B 1750 | 95.5vs.106.9 | (Huanget
Ala443Thr mg/dL;p<0.001 | al. 2009)
PCSK9 | C679X | rs28362286 B 1750 81.5 vs.106.9 (Huang et
mg/dL;p<0.001 | al. 2009)
PCSK9 | E670G rs505151 | 011 (G) | W 691 P=0.001 (Chen et al.
2005)
PCSK9 rs11206510 | 0.81 (T) | EA | 21,986 | p=1.44E-05 |(Dumitrescu
(Meta) et al. 2011)
SORT1 rs629301 | 0.22 (G) E 95,454 | -5.65mg/dl; |(Teslovich et
(Meta) | p=1x10170 al. 2010)

Table 2. Genetic Polymorphisms Associated with LDL-C. See Table 1 legend.
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3.3 Genetic variation in proteases and LDL-C levels

Proprotein convertase subtilisin-like kexin type 9 (PCSKD9) is a serine protease that degrades
hepatic LDLR in endosomes (Maxwell et al., 2005). The human PCSK9 gene is located on
chromosome 1 (1p32.3). A mutation in PCSK9 results in an autosomal dominant form of
hypercholesterolemia (OMIM No. 607786) with clinical features similar to FH patients (Garg
and Simha, 2007). Over 50 variants in PCSK9 have been shown to affect circulating levels of
cholesterol; however, most of these are relatively rare (see Davignon et al.,, 2010) for a
complete list). The number of common polymorphisms in PCSK9 is substantially less with
only a few SNPs having been associated with changes in LDL-C levels (Table 2) (Chen et al.,
2005; Evans and Beil, 2006; Huang et al., 2009; Teslovich et al., 2010; Willer et al., 2008).

3.4 GWAS and LDL-C Levels

GWAS have confirmed associations between polymorphisms in viable candidate genes
including APOB, APOE, LDLR and PCSK9, and have identified novel SNPs associated with
LDL-C levels with strong biological plausibility including an inhibitor of lipase (ANGPTL3),
see Section 4.1 and a transcription factor activating triglyceride synthesis (MLXIPL) see
Section 4.2 (Teslovich et al., 2010).

4. Genetic variants in lipid metabolism and TG levels

Plasma triglycerides (TG) integrate multiple TG-rich lipoprotein particles, predominantly,
intestinally synthesized chylomicrons in the postprandial state and hepatically synthesized
VLDL in the fasted state. Therefore, not surprisingly, there is considerable overlap between
genetic variants associated with HDL-C and LDL-C levels as well as TG levels. For example,
the Global Lipids Genetics Consortium (GLGC) found that 15 of the 32 loci associated with TG
levels were also jointly associated with HDL-C levels, explaining 9.6% of the total variation in
plasma TG, which corresponded to 25-30% of the total genetic contribution to TG variability
(Teslovich et al., 2010). However, the joint associations reported do not appear additionally
adjusted for the other lipid phenotype. Furthermore, certain loci appear to be more strongly
associated with one lipid phenotype over the other while others have similar effect sizes; and,
genetic heterogeneity between loci clearly exists between major ethnic groups.

4.1 Genetic variation in aolipoproteins and TG levels

As mentioned above (see Section 3.2), APOB is the backbone of atherogenic lipoproteins and
is located on chromosome 2 (2p23-24). A rare monogenic autosomal recessive disorder
called homozygous hypobetalipoproteinemia and rare autosomal codominant disorder
called familial hypobetalipoproteinaemia (HHBL and FHBL, respectively: OMIM No.
107730), characterized by very low (<5th percentile of age- and sex-specific values) of
plasma TG (and LDL-C) levels, which are caused by rare mutations in APOB (Burnett and
Hooper, 2008; Di et al., 2009). Although common APOB polymorphisms have primarily
been associated with LDL-C levels (Benn, 2009), GWAS has revealed that a common SNP in
APOB, rs1042034, is associated with TG (Johansen and Hegele, 2011; Teslovich et al., 2010).
Common polymorphisms in the APOA1/C3/A4/A5 gene cluster, located on chromosome
11 (11923), have been associated with HDL-C levels (see Section 2.3) as well as TG levels
(Teslovich et al., 2010; Willer et al., 2008). A SNP in the APOE gene, rs439401, has also been
shown to be strongly associated with TG levels in a recent GWAS meta analyses (Johansen
and Hegele, 2011; Teslovich et al., 2010).
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z Polym. |rs Number| MAF | Ethn. Saslpple R?sults (Effect Reference
ize | Size, p-value)
ANGPTL3 rs2131925 | 0.32(G) | E 96,598 | -4.94mg/dl; | (Teslovich et
(Meta) p=9x10-8 al. 2010)
ANGPTL3 rs1748195 | 0.70 (G) | Va 9,559 712mg/dl; | (Willer et al.
p=5.4x10-8 2008)
APOAb5 rs964184 | 013 (G) | E 96,598 | +16.95mg/dl; | (Teslovich et
(Meta) p=7x10-240 al. 2010)
APOA5/A rs12286037 | 0.94 (C) | Va 9,738 25.82mg/dl; | (Willer et al.
4/C3/A1 p=1.6x10-22 2008)
APOAS5 15662799 | 0.05(A) | Va 3,248 | 16.88 mg/dl | (Willer et al.
p=2.7x10-10 2008)
APOA5/A rs2000571 | 0.17 (G) | Va 3,209 6.93mg/dl; | (Willer et al.
4/C3/A1 p=8.7x10"> 2008)
APOA5/A rs486394 | 0.28 (A) | Va 3,597 | 1.50mg/dl; | (Willer et al.
4/C3/A1 p=0.0073 2008)
APOE rs439401 | 040(C) | C 4.192 p=2.2x10> |(Liu etal. 2011)
APOE rs439401 | 0.64 (C) | Va Meta p=5.5x100 |Johansen et al.
(2010)
LIPC/HL rs4775041 | 0.67 (G) | Va 8,462 | 3.62mg/dl; | (Willeretal.
p=2.9x10-> 2008)
LIPC/HL rs261342 | 0.22 (G) | Va Meta p=2.0x1013 |Johansen et al.
(2010)
LPL rs12678919| 0.12(G) | E 96,598 | -13.64 mg/dl | (Teslovich et
(Meta) p=2x10-115 al. 2010)
LPL rs10503669 | 0.90 (A) | Va 9,711 | 11.57 mg/dL; | (Willer et al.
p=1.6x10-14 2008)
LPL rs2197089 | 0.58 (A) | Va 3,202 | 3.38mg/dl; | (Willer etal.
p=0.0029 2008)
LPL rs6586891 | 0.66 (A) | Va 3,622 | 4.60mg/dl; | (Willer etal.
p=5x10+4 2008)
LPL S447X rs328 0.90(C) | EA | 24,258 | p=4.16E-30 | (Dumitrescu
et al. 2011)
LPL 5447X rs328 010 (X) | Va | 43,242 | -0.15(-0.12-- | (Sagoo et al.
0.19) mmol/1 2008)
LPL DON | rs1801177 | 0.03 (N) | Va | 21,040 [0.14 (0.08-0.20)| (Sagoo et al.
mmol/1 2008)
LPL N291S rs368 0.03(S) | Va | 27,204 (0.19(0.12-0.26)| (Sagoo et al.
mmol/1 2008)
LPL rs326 018(G) | C 4,192 p=2.3x10¢ |(Liu et al. 2011)
LRP1 rs11613352| 0.23 (T) | E 96,598 | -2.70mg/dl | (Teslovich et
(Meta) p=4x10-10 al. 2010)
MLXIPL rs17145738| 0.12(T) | E 96,598 | -9.32mg/dl | (Teslovich et
(Meta) p=6x10-58 al. 2010)
MLXIPL rs17145738 | 0.84 (T) | Va 9,741 | 821 mg/dl; | (Willer etal.
p=5x10-8 2008)
MLXIPL rs7811265 | 0.81 (A) | Va Meta 791 mg/dl | (Johansen et
p=9.0x10- al. 2011)

Table 3. Genetic Polymorphisms Associated With TG Levels. See Table 1 legend.
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Angiopoietin-like 3 protein (ANGPTL3) inhibits LPL catalytic activity but this process is
reversible (Shan et al., 2009; Shimizugawa et al., 2002). A monogenic autosomal recessive
disorder called familial combined hypolipidemia (FCH: OMIM No. 605019), characterized
by very low TG levels, is genetically complex and poorly understood; however, mutations in
ANGPTL3 are believed to play a role. Common polymorphisms in ANGPTL3, most notably,
rs2131925, have been associated with more modest changes in TG levels (Johansen and
Hegele, 2011; Keebler et al., 2009; Lanktree et al., 2009; Teslovich et al., 2010; Willer et al.,
2008). Sequencing individuals in the Dallas Heart Study has identified several additional
nonsynonymous ANGPTL3 variants affecting TG levels (Musunuru et al., 2010); however,
these SNPs require further investigation in other populations.

4.2 Genetic variation in enzymes and transcription factors and TG levels

As mentioned above (see Section 2.1), LPL is an enzyme that hydrolyzes TG-rich particles in
peripheral tissues (muscle, macrophages, adipose) generating FFA and glycerol for energy
metabolism and storage (Goldberg, 1996). More than 100 mutations in LPL have been
identified (Murthy et al., 1996); however, only a few common nonsynonymous SNPs have
been consistently associated with TG levels including rs1801177, rs328 and rs268 (Mailly et
al., 1995; Rip et al., 2006; Sagoo et al., 2008; Teslovich et al., 2010; Willer et al., 2008). Two
SNPs, rs1801177 and rs328, have also been consistently associated with CHD; however,
there is fairly strong LD between these SNPs, at least in Caucasians (Sagoo et al., 2008).

MLX interacting protein like (MLXIPL) locus encodes a transcription factor of the
Myc/Max/Mad superfamily which activates, in a glucose-dependent manner, carbohydrate
response element binding protein (CREBP) that is expressed in lipogenic tissues
coordinating the subsequent activation of lipogenic enzymes such as fatty acid synthase
(FAS) to convert dietary carbohydrate to TG (lizuka and Horikawa, 2008). The human
MLXIPL gene is located on chromosome 7 (7q11.23). Although initially identified through
GWAS, the rs1745738 polymorphism has been replicated in other studies (Johansen and
Hegele, 2011; Teslovich et al., 2010; Wang et al., 2008; Willer et al., 2008).

5. Genetic variants in dyslipidemia and the Metabolic Syndrome (MetSyn)

As mentioned in the Introduction (see Section 1.0), MetSyn is a clustering of traits including
dyslipidemia as well as obesity, hypertension and insulin resistance/dysglycemia.
Undoubtedly, there is complex interplay between genetic determinants of each of these
traits and ‘environmental” factors including those related to lifestyle (diet, exercise, sleep)
and those related to toxin exposure. Due to space limitations, we focus only on the genetic
determinants of dyslipidemia that overlap with MetSyn defined as a single, unifying trait
and refer the reader to other reviews for genetic determinants of the other traits involved in
MetSyn (Joy et al., 2008; Monda et al., 2010; Pollex and Hegele, 2006; Sharma and McNeill,
2006) and their interactions with lifestyle factors (Adamo and Tesson, 2008; Garaulet et al.,
2009; Ordovas and Shen, 2008; Phillips et al., 2008) and toxins (Andreassi, 2009).

Lipoprotein related genes with common SNPs associated with MetSyn (as defined by NCEP
ATP III and AHA/NHLBI criteria) and HDL-C, LDL-C or TG levels include APOA5 and
APOC3 (Table 4) (Grallert et al., 2007; Joy et al., 2008; Miller et al., 2007; Pollex et al., 2006;
Pollex and Hegele, 2006, Yamada et al., 2008). Enzymes involved in lipid metabolism with
genetic polymorphisms that have also been associated with MetSyn (using the NCEP ATPIII
criteria) appear limited to the nonsynonymous SNP in LPL, rs328 (Table 4) (Joy et al., 2008;
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Komurcu-Bayrak et al., 2007). Several SNPs in the LDLR have been associated with MetSyn
(using AHA /NHLBI criteria) and LDL-C or HDL-C (Joy et al., 2008; Yamada et al., 2008).

. s Sample| Results Comments
Gene |Polymorphism Number Ethn. SizI:: (p-value) Reference (definition)
APOA5| -1131T-C ] 1788 | p<0.0009 | (Yamada | NCEP ATP
et al. 2007) 111
APOA5| ¢c.56C—G C 3124 | p=0.026 |(Grallertet| NCEP ATP
al. 2007) 111
APOA5 -3A-G J 2417 | p<0.0001 | (Yamada |AHA/NHLBI
et al. 2008)
APOC3 -455T—C O-C | 515 p=0.029* | (Miller et | *Women only
al.2007) | NCEP ATP
(Pollex et III
al. 2006)
LDLR 2052TmC ] 2417 | p=0.0005 | (Yamada | AHA/NHLBI
et al. 2008)
LPL S447X Tu | 1586 p=0.04 |(Komurcu-| NCEP ATP
Bayrak et I
al. 2007)
LPL 15295 Va | 1407 | OR=0.7; | (Grassiet | NCEP ATPIII
p=21x103| al.2011)

Table 4. Genetic Polymorphisms in Lipid Metabolism Associated with MetSyn. See Table 1
legend. WHO= World Health Organization; NCEP ATP IlI=National Cholesterol Education
Program Adult Treatment Panel III, IDF=International Diabetes Federation;
AHA=American Heart Association; NHLBI=National Heart, Lung, and Blood institute.

6. Genetic variants in dyslipidemia and MetSyn: Future directions

Given the polygenic nature and multi-level complexity of Dyslipidemia and MetSyn, a
better understanding of the genetic determinants of each intermediate (lower level)
phenotype as well as the collective integration of these traits as unifying syndromes
(higher/hierarchical level) is needed, which will require more elegant statistical modeling
methods and, perhaps, a paradigm shift in the way in which we think about dissecting
genetic and environmental factors in complex traits. As stated throughout this chapter, there
is considerable overlap between genetic variants associated with HDL-C, LDL-C and TG
levels as well MetSyn as a unifying trait. As a result, there is great need to understand not
only the aggregate effects of multiple variants in each of these genes but to also understand
how the effects of variation in one gene are modified in the presence of other genes.
Aggregate effects of multiple variants in genes affecting dyslipidemia and MetSyn related
traits have included calculation of ‘risk scores’, which simply add the number of ‘risk alleles’
in a weighted or unweighted manner. For example, unweighted risk scores were
constructed by summing the number of “TG-raising” alleles at 32 loci and placed in ‘risk
bins” (categories) to show that higher risk scores were significantly associated with patients
with hypertriglyceridemia (HTG) compared to controls (Johansen and Hegele, 2011;
Teslovich et al., 2010). Increasing genotype risk scores comprised by summing risk alleles in
9 common SNPs were associated with decreasing HDL-C levels (Kathiresan et al., 2008a).
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We have used the multivariate statistical framework of structural equation modeling (SEM)
to evaluate multiple genetic determinants of MetSyn and aggregate effects of individual
genes by modeling MetSyn as a second-order factor together with multiple putative
candidate genes represented by latent constructs, which we mathematically defined by
multiple SNPs in each gene (Nock et al., 2009b). Using this approach with the Framingham
Heart Study (Offspring Cohort, Exam 7; Affymetrix 50k Human Gene Panel) data, we found
that the CETP gene had a very strong association with the Dyslipidemia factor but little
effect on MetSyn directly. Furthermore, we found that the effects of the CSMD1 gene
diminished when modeled simultaneously with six other candidate genes, most notably
CETP and STARD13. Work to identify the genetic determinants of ‘Syndrome Z’, modeled
as a higher-order, unifying syndrome defined by 5 first-order factors (dyslipidemia, insulin
resistance, obesity, hypertension, sleep disturbance) (Nock et al., 2009a) using the latent
gene construct SEM approach is underway.

The use of other forms of ‘causal modeling’ (edge/node; integrative genetics) has been
proposed (Lusis et al., 2008), particularly, to improve our understanding of differential
effects by gender as well as to better understand how maternal nutrition and epigenetics
affect MetSyn. Furthermore, a complex model for the genetic determinants of MetSyn
associated phenotypes was recently proposed and, using gene enrichment analysis and
protein-protein interaction network approaches, the retinoid X receptor and farnesoid X
receptor (FXR) were identified as key players in MetSyn given their multiple interactions
with metabolism, cell proliferation and oxidative stress (Sookoian and Pirola, 2011).
However, more elegant kinetic models may be required to understand the true influence of
genetic variants on Dsylipidemia and MetSyn given the presence of multiple feedback loops
and reversible reactions (Bakker et al., 2010; Gutierrez-Cirlos et al., 2011).

7. Acknowledgement

This work was supported, in part, by the National Institutes of Health/National Cancer
Institute Grant [K07CA129162] awarded to NLN.

8. References

2001. Executive Summary of The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of High
Blood Cholesterol In Adults (Adult Treatment Panel III). JAMA 285: 2486-2497.

Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, Krieger M. 1996. Identification of
scavenger receptor SR-BI as a high density lipoprotein receptor. Science 271: 518-
520.

Adamo KB, Tesson F. 2008. Gene-environment interaction and the metabolic syndrome.
Novartis. Found. Symp. 293: 103-119.

Adiels M, Olofsson SO, Taskinen MR, Boren J. 2006. Diabetic dyslipidaemia. Curr. Opin.
Lipidol. 17: 238-246.

Ahn YI, Kamboh MI, Hamman RF, Cole SA, Ferrell RE. 1993. Two DNA polymorphisms in
the lipoprotein lipase gene and their associations with factors related to
cardiovascular disease. J. Lipid Res. 34: 421-428.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 115

Alberti KG, Eckel RH, Grundy SM, et al. 2009. Harmonizing the metabolic syndrome: a joint
interim statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute;
American Heart Association; World Heart Federation; International Atherosclerosis
Society; and International Association for the Study of Obesity. Circulation 120:
1640-1645.

Alberti KG, Zimmet P, Shaw J. 2005. The metabolic syndrome--a new worldwide definition.
Lancet 366: 1059-1062.

Alberti KG, Zimmet PZ. 1998. Definition, diagnosis and classification of diabetes mellitus
and its complications. Part 1: diagnosis and classification of diabetes mellitus
provisional report of a WHO consultation. Diabet. Med. 15: 539-553.

Andersen RV, Wittrup HH, Tybjaerg-Hansen A, Steffensen R, Schnohr P, Nordestgaard BG.
2003. Hepatic lipase mutations,elevated high-density lipoprotein cholesterol, and
increased risk of ischemic heart disease: the Copenhagen City Heart Study. J]. Am.
Coll. Cardiol. 41: 1972-1982.

Andreassi MG. 2009. Metabolic syndrome, diabetes and atherosclerosis: influence of gene-
environment interaction. Mutat. Res. 667: 35-43.

Anoop S, Misra A, Meena K, Luthra K. 2010. Apolipoprotein E polymorphism in
cerebrovascular & coronary heart diseases. Indian J. Med. Res. 132: 363-378.

Arai Y, Hirose N. 2004. Aging and HDL metabolism in elderly people more than 100 years
old. J. Atheroscler. Thromb. 11: 246-252.

Athyros VG, Mikhailidis DP, Papageorgiou AA, et al. 2004. Prevalence of atherosclerotic
vascular disease among subjects with the metabolic syndrome with or without
diabetes mellitus: the METS-GREECE Multicentre Study. Curr. Med. Res. Opin. 20:
1691-1701.

Austin MA, King MC, Vranizan KM, Krauss RM. 1990. Atherogenic lipoprotein phenotype.
A proposed genetic marker for coronary heart disease risk. Circulation 82: 495-506.

Bakker BM, van EK, Jeneson JA, van Riel NA, Bruggeman FJ, Teusink B. 2010. Systems
biology from micro-organisms to human metabolic diseases: the role of detailed
kinetic models. Biochem. Soc. Trans. 38: 1294-1301.

Balkau B, Charles MA. 1999. Comment on the provisional report from the WHO
consultation. European Group for the Study of Insulin Resistance (EGIR). Diabet.
Med. 16: 442-443.

Benn M. 2009. Apolipoprotein B levels, APOB alleles, and risk of ischemic cardiovascular
disease in the general population, a review. Atherosclerosis 206: 17-30.

Berge KE, Tian H, Graf GA, Yu L, Grishin NV, Schultz ], Kwiterovich P, Shan B, Barnes R,
Hobbs HH. 2000. Accumulation of dietary cholesterol in sitosterolemia caused by
mutations in adjacent ABC transporters. Science 290: 1771-1775.

Bernstein MS, Costanza MC, James RW, Morris MA, Cambien F, Raoux S, Morabia A. 2003.
No physical activity x CETP 1b.-629 interaction effects on lipid profile. Med. Sci.
Sports Exerc. 35: 1124-1129.

Blankenberg S, Tiret L, Bickel C, et al. 2004. [Genetic variation of the cholesterol ester
transfer protein gene and the prevalence of coronary artery disease. The
AtheroGene case control study]. Z. Kardiol. 93 Suppl 4: IV16-1V23.

Blatter Garin MC, Moren X, James RW. 2006. Paraoxonase-1 and serum concentrations of
HDL-cholesterol and apoA-I. J. Lipid Res. 47: 515-520.



116 Dyslipidemia - From Prevention to Treatment

Boekholdt SM, Sacks FM, Jukema JW, et al. 2005. Cholesteryl ester transfer protein TaqIB
variant, high-density lipoprotein cholesterol levels, cardiovascular risk, and
efficacy of pravastatin treatment: individual patient meta-analysis of 13,677
subjects. Circulation 111: 278-287.

Boekholdt SM, Souverein OW, Tanck MW, et al. 2006. Common variants of multiple genes
that control reverse cholesterol transport together explain only a minor part of the
variation of HDL cholesterol levels. Clin. Genet. 69: 263-270.

Boekholdt SM, Thompson JF. 2003. Natural genetic variation as a tool in understanding the
role of CETP in lipid levels and disease. ]. Lipid Res. 44: 1080-1093.

Boes E, Coassin S, Kollerits B, Heid IM, Kronenberg F. 2009. Genetic-epidemiological
evidence on genes associated with HDL cholesterol levels: a systematic in-depth
review. Exp Gerontol. 44: 136-160.

Borggreve SE, Hillege HL, Wolffenbuttel BH, de Jong PE, Bakker SJ, van der Steege G, van
TA, Dullaart RP. 2005. The effect of cholesteryl ester transfer protein -629C->A
promoter polymorphism on high-density lipoprotein cholesterol is dependent on
serum triglycerides. J. Clin. Endocrinol. Metab 90: 4198-4204.

Brown CM, Rea TJ, Hamon SC, Hixson JE, Boerwinkle E, Clark AG, Sing CF. 2006. The
contribution of individual and pairwise combinations of SNPs in the APOA1 and
APOC3 genes to interindividual HDL-C variability. ]J. Mol. Med. (Berl) 84: 561-
572.

Burkhardt R, Kenny EE, Lowe JK, et al.. 2008. Common SNPs in HMGCR in micronesians
and whites associated with LDL-cholesterol levels affect alternative splicing of
exonl13. Arterioscler. Thromb. Vasc. Biol. 28: 2078-2084.

Burnett JR, Hooper AJ. 2008. Common and rare gene variants affecting plasma LDL
cholesterol. Clin Biochem. Rev. 29: 11-26.

Cao G, Garcia CK, Wyne KL, Schultz RA, Parker KL, Hobbs HH. 1997. Structure and
localization of the human gene encoding SR-BI/CLA-1. Evidence for
transcriptional control by steroidogenic factor 1. J. Biol. Chem. 272: 33068-33076.

Cavelier C, Rohrer L, von EA. 2006. ATP-Binding cassette transporter Al modulates
apolipoprotein A-I transcytosis through aortic endothelial cells. Circ. Res. 99: 1060-
1066.

Chang MH, Yesupriya A, Ned RM, Mueller PW, Dowling NF. 2010. Genetic variants
associated with fasting blood lipids in the U.S. population: Third National Health
and Nutrition Examination Survey. BMC. Med. Genet. 11: 62.

Chen SN, Ballantyne CM, Gotto AM, Jr., Tan Y, Willerson JT, Marian AJ. 2005. A common
PCSK9 haplotype, encompassing the E670G coding single nucleotide
polymorphism, is a novel genetic marker for plasma low-density lipoprotein
cholesterol levels and severity of coronary atherosclerosis. ]. Am. Coll. Cardiol. 45:
1611-1619.

Clee SM, Zwinderman AH, Engert JC, et al. 2001. Common genetic variation in ABCA1 is
associated with altered lipoprotein levels and a modified risk for coronary artery
disease. Circulation 103: 1198-1205.

Corella D, Guillen M, Saiz C, Portoles O, Sabater A, Folch J, Ordovas JM. 2002. Associations
of LPL and APOC3 gene polymorphisms on plasma lipids in a Mediterranean
population: interaction with tobacco smoking and the APOE locus. J. Lipid Res. 43:
416-427.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 117

Costanza MC, Cayanis E, Ross BM, Flaherty MS, Alvin GB, Das K, Morabia A. 2005. Relative
contributions of genes, environment, and interactions to blood lipid concentrations
in a general adult population. Am. J. Epidemiol. 161: 714-724.

Davignon J, Dubuc G, Seidah NG. 2010. The influence of PCSK9 polymorphisms on serum
low-density lipoprotein cholesterol and risk of atherosclerosis. Curr. Atheroscler.
Rep. 12: 308-315.

de Andrade FM, Silveira FR, Arsand M, et al. 2004. Association between -250G/A
polymorphism of the hepatic lipase gene promoter and coronary artery disease and
HDL-C levels in a Southern Brazilian population. Clin. Genet. 65: 390-395.

Di LE, Magnolo L, Pinotti E, et al. 2009. Functional analysis of two novel splice site
mutations of APOB gene in familial hypobetalipoproteinemia. Mol. Genet. Metab
96: 66-72.

Edwards KL, Newman B, Mayer E, Selby JV, Krauss RM, Austin MA. 1997. Heritability of
factors of the insulin resistance syndrome in women twins. Genet. Epidemiol. 14:
241-253.

Eichner JE, Dunn ST, Perveen G, Thompson DM, Stewart KE, Stroehla BC. 2002.
Apolipoprotein E polymorphism and cardiovascular disease: a HuGE review. Am.
J. Epidemiol. 155: 487-495.

Einhorn D, Reaven GM, Cobin RH, et al. 2003. American College of Endocrinology position
statement on the insulin resistance syndrome. Endocr. Pract. 9: 237-252.

Eiriksdottir G, Bolla MK, Thorsson B, Sigurdsson G, Humphries SE, Gudnason V. 2001. The
-629C>A polymorphism in the CETP gene does not explain the association of TaqlB
polymorphism with risk and age of myocardial infarction in Icelandic men.
Atherosclerosis 159: 187-192.

Endo A. 1992. The discovery and development of HMG-CoA reductase inhibitors. J. Lipid
Res. 33: 1569-1582.

Evans D, Beil FU. 2006. The E670G SNP in the PCSK9 gene is associated with polygenic
hypercholesterolemia in men but not in women. BMC. Med. Genet. 7: 66.

Fang DZ, Liu BW. 2002. Polymorphism of HL +1075C, but not -480T, is associated with
plasma high density lipoprotein cholesterol and apolipoprotein Al in men of a
Chinese population. Atherosclerosis 161: 417-424.

Ford ES, Giles WH, Dietz WH. 2002. Prevalence of the metabolic syndrome among US
adults: findings from the third National Health and Nutrition Examination Survey.
JAMA 287: 356-359.

Freeman DJ, Samani NJ, Wilson V, et al. 2003. A polymorphism of the cholesteryl ester
transfer protein gene predicts cardiovascular events in non-smokers in the West of
Scotland Coronary Prevention Study. Eur. Heart J. 24: 1833-1842.

Frikke-Schmidt R, Nordestgaard BG, Jensen GB, Tybjaerg-Hansen A. 2004. Genetic variation
in ABC transporter Al contributes to HDL cholesterol in the general population. J.
Clin. Invest 114: 1343-1353.

Frikke-Schmidt R, Tybjaerg-Hansen A, Steffensen R, Jensen G, Nordestgaard BG. 2000.
Apolipoprotein E genotype: epsilon32 women are protected while epsilon43 and
epsilon44 men are susceptible to ischemic heart disease: the Copenhagen City
Heart Study. J. Am. Coll. Cardiol. 35: 1192-1199.



118 Dyslipidemia - From Prevention to Treatment

Garaulet M, Lee YC, Shen |, Parnell LD, Arnett DK, Tsai MY, Lai CQ, Ordovas JM. 2009.
CLOCK genetic variation and metabolic syndrome risk: modulation by
monounsaturated fatty acids. Am. J. Clin Nutr. 90: 1466-1475.

Garg A, Simha V. 2007. Update on dyslipidemia. J. Clin Endocrinol. Metab 92: 1581-1589.

Goldberg 1J. 1996. Lipoprotein lipase and lipolysis: central roles in lipoprotein metabolism
and atherogenesis. J. Lipid Res. 37: 693-707.

Goode EL, Cherny SS, Christian JC, Jarvik GP, de AM. 2007. Heritability of longitudinal
measures of body mass index and lipid and lipoprotein levels in aging twins. Twin.
Res. Hum. Genet. 10: 703-711.

Graf GA, Yu L, Li WP, Gerard R, Tuma PL, Cohen JC, Hobbs HH. 2003. ABCG5 and ABCGS8
are obligate heterodimers for protein trafficking and biliary cholesterol excretion. J.
Biol. Chem. 278: 48275-48282.

Grallert H, Sedlmeier EM, Huth C, Kolz M, Heid IM, Meisinger C, Herder C, Strassburger K,
Gehringer A, Haak M, Giani G, Kronenberg F, Wichmann HE, Adamski ],
Paulweber B, Illig T, Rathmann W. 2007. APOAS variants and metabolic syndrome
in Caucasians. J. Lipid Res. 48: 2614-2621.

Grarup N, Andreasen CH, Andersen MK, et al. 2008. The -250G>A promoter variant in
hepatic lipase associates with elevated fasting serum high-density lipoprotein
cholesterol modulated by interaction with physical activity in a study of 16,156
Danish subjects. J. Clin. Endocrinol. Metab 93: 2294-2299.

Gronroos P, Raitakari OT, Kahonen M, et al.. 2008. Relation of apolipoprotein E
polymorphism to markers of early atherosclerotic changes in young adults--the
Cardiovascular Risk in Young Finns Study. Circ. J. 72: 29-34.

Grundy SM, Cleeman ]I, Daniels SR, et al. 2006. Diagnosis and management of the metabolic
syndrome: an American Heart Association/National Heart, Lung, and Blood
Institute scientific statement. Curr. Opin. Cardiol. 21: 1-6.

Grundy SM, Cleeman JI, Merz CN, et al. 2004. Implications of recent clinical trials for the
National Cholesterol Education Program Adult Treatment Panel III Guidelines. J.
Am. Coll. Cardiol. 44: 720-732.

Gutierrez-Cirlos C, Ordonez-Sanchez ML, Tusie-Luna MT, Patterson BW, Schonfeld G,
Aguilar-Salinas CA. 2011. Familial hypobetalipoproteinemia in a hospital survey:
genetics, metabolism and non-alcoholic fatty liver disease. Ann. Hepatol. 10: 155-
164.

Haas BE, Weissglas-Volkov D, Aguilar-Salinas CA, et al. 2011. Evidence of how rs7575840
influences apolipoprotein B-containing lipid particles. Arterioscler. Thromb. Vasc.
Biol. 31: 1201-1207.

Halpern A, Mancini MC, Magalhaes ME, et al. 2010. Metabolic syndrome, dyslipidemia,
hypertension and type 2 diabetes in youth: from diagnosis to treatment. Diabetol.
Metab Syndr. 2: 55.

Hegele RA, Brunt JH, Connelly PW. 1995. Multiple genetic determinants of variation of
plasma lipoproteins in Alberta Hutterites. Arterioscler. Thromb. Vasc. Biol. 15: 861-
871.

Heid IM, Boes E, Muller M, Kollerits B, et al. 2008. Genome-wide association analysis of
high-density lipoprotein cholesterol in the population-based KORA study sheds
new light on intergenic regions. Circ. Cardiovasc. Genet. 1: 10-20.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 119

Herbeth B, Samara A, Ndiaye C, Marteau JB, Berrahmoune H, Siest G, Visvikis-Siest S. 2010.
Metabolic syndrome-related composite factors over 5 years in the STANISLAS
family study: genetic heritability and common environmental influences. Clin
Chim. Acta 411: 833-839.

Hiura Y, Tabara Y, Kokubo Y, Okamura T, Goto Y, Nonogi H, Miki T, Tomoike H, Iwai N.
2010. Association of the functional variant in the 3-hydroxy-3-methylglutaryl-
coenzyme a reductase gene with low-density lipoprotein-cholesterol in Japanese.
Circ. J. 74: 518-522.

Hodoglugil U, Williamson DW, Huang Y, Mahley RW. 2005. Common polymorphisms of
ATP binding cassette transporter Al, including a functional promoter
polymorphism, associated with plasma high density lipoprotein cholesterol levels
in Turks. Atherosclerosis 183: 199-212.

Holmer SR, Hengstenberg C, Mayer B, Doring A, Lowel H, Engel S, Hense HW, Wolf M,
Klein G, Riegger GA, Schunkert H. 2000. Lipoprotein lipase gene polymorphism,
cholesterol subfractions and myocardial infarction in large samples of the general
population. Cardiovasc. Res. 47: 806-812.

Hsu LA, Ko YL, Wu S, Teng MS, Peng TY, Chen CF, Chen CF, Lee YS. 2003. Association
between a novel 11-base pair deletion mutation in the promoter region of the
scavenger receptor class B type I gene and plasma HDL cholesterol levels in
Taiwanese Chinese. Arterioscler. Thromb. Vasc. Biol. 23: 1869-1874.

Huang CC, Fornage M, Lloyd-Jones DM, Wei GS, Boerwinkle E, Liu K. 2009. Longitudinal
association of PCSK9 sequence variations with low-density lipoprotein cholesterol
levels: the Coronary Artery Risk Development in Young Adults Study. Circ.
Cardiovasc. Genet. 2: 354-361.

Hubacek JA. 2005. Apolipoprotein A5 and triglyceridemia. Focus on the effects of the
common variants. Clin. Chem. Lab Med. 43: 897-902.

Hutter CM, Austin MA, Farin FM, Viernes HM, Edwards KL, Leonetti DL, McNeely M],
Fujimoto WY. 2006. Association of endothelial lipase gene (LIPG) haplotypes with
high-density lipoprotein cholesterol subfractions and apolipoprotein Al plasma
levels in Japanese Americans. Atherosclerosis 185: 78-86.

lijima H, Emi M, Wada M, Daimon M, Toriyama S, Koyano S, Sato H, Hopkins PN, Hunt
SC, Kubota I, Kawata S, Kato T. 2008. Association of an intronic haplotype of the
LIPC gene with hyperalphalipoproteinemia in two independent populations. J.
Hum. Genet. 53: 193-200.

lizuka K, Horikawa Y. 2008. ChREBP: a glucose-activated transcription factor involved in
the development of metabolic syndrome. Endocr. J. 55: 617-624.

Isaacs A, Aulchenko YS, Hofman A, et al. 2007. Epistatic effect of cholesteryl ester transfer
protein and hepatic lipase on serum high-density lipoprotein cholesterol levels. J.
Clin. Endocrinol. Metab 92: 2680-2687.

Jakulj L, Vissers MN, Tanck MW, Hutten BA, Stellaard F, Kastelein JJ, Dallinga-Thie GM.
2010. ABCG5/G8 polymorphisms and markers of cholesterol metabolism:
systematic review and meta-analysis. J. Lipid Res. 51: 3016-3023.

Jaye M, Krawiec ]. 2004. Endothelial lipase and HDL metabolism. Curr. Opin. Lipidol. 15:
183-189.

Johansen CT, Hegele RA. 2011. Genetic bases of hypertriglyceridemic phenotypes. Curr.
Opin. Lipidol. 22: 247-253.



120 Dyslipidemia - From Prevention to Treatment

Joy T, Lahiry P, Pollex RL, Hegele RA. 2008. Genetics of metabolic syndrome. Curr. Diab.
Rep. 8: 141-148.

Kahn R, Buse J, Ferrannini E, Stern M. 2005. The metabolic syndrome: time for a critical
appraisal: joint statement from the American Diabetes Association and the
European Association for the Study of Diabetes. Diabetes Care 28: 2289-2304.

Kamboh MI, Bunker CH, Aston CE, Nestlerode CS, McAllister AE, Ukoli FA. 1999a. Genetic
association of five apolipoprotein polymorphisms with serum lipoprotein-lipid
levels in African blacks. Genet. Epidemiol. 16: 205-222.

Kamboh MI, Manzi S, Mehdi H, Fitzgerald S, Sanghera DK, Kuller LH, Atson CE. 1999b.
Genetic variation in apolipoprotein H (beta2-glycoprotein I) affects the occurrence
of antiphospholipid antibodies and apolipoprotein H concentrations in systemic
lupus erythematosus. Lupus 8: 742-750.

Kataoka S, Robbins DC, Cowan LD, Go O, Yeh JL, Devereux RB, Fabsitz RR, Lee ET, Welty
TK, Howard BV. 1996. Apolipoprotein E polymorphism in American Indians and
its relation to plasma lipoproteins and diabetes. The Strong Heart Study.
Arterioscler. Thromb. Vasc. Biol. 16: 918-925.

Kathiresan S, Melander O, Anevski D, et al. 2008a. Polymorphisms associated with
cholesterol and risk of cardiovascular events. N. Engl. ]. Med. 358: 1240-1249.

Kathiresan S, Melander O, Guiducci C, et al. 2008b. Six new loci associated with blood low-
density lipoprotein cholesterol, high-density lipoprotein cholesterol or triglycerides
in humans. Nat. Genet. 40: 189-197.

Keebler ME, Sanders CL, Surti A, Guiducci C, Burtt NP, Kathiresan S. 2009. Association of
blood lipids with common DNA sequence variants at 19 genetic loci in the
multiethnic United States National Health and Nutrition Examination Survey IIL
Circ. Cardiovasc. Genet. 2: 238-243.

Klerkx AH, Tanck MW, Kastelein JJ, Molhuizen HO, Jukema JW, Zwinderman AH,
Kuivenhoven JA. 2003. Haplotype analysis of the CETP gene: not TaqlB, but the
closely linked -629C-->A polymorphism and a novel promoter variant are
independently associated with CETP concentration. Hum. Mol. Genet. 12: 111-123.

Klos KL, Kullo IJ. 2007. Genetic determinants of HDL: monogenic disorders and
contributions to variation. Curr. Opin. Cardiol. 22: 344-351.

Klos KL, Sing CF, Boerwinkle E, Hamon SC, Rea TJ, Clark A, Fornage M, Hixson JE. 2006.
Consistent effects of genes involved in reverse cholesterol transport on plasma lipid
and apolipoprotein levels in CARDIA participants. Arterioscler. Thromb. Vasc.
Biol. 26: 1828-1836.

Ko YL, Hsu LA, Hsu KH, Ko YH, Lee YS. 2004. The interactive effects of hepatic lipase gene
promoter polymorphisms with sex and obesity on high-density-lipoprotein
cholesterol levels in Taiwanese-Chinese. Atherosclerosis 172: 135-142.

Komurcu-Bayrak E, Onat A, Poda M, Humpbhries SE, Acharya ], Hergenc G, Coban N, Can
G, Erginel-Unaltuna N. 2007. The S447X variant of lipoprotein lipase gene is
associated with metabolic syndrome and lipid levels among Turks. Clin. Chim.
Acta 383: 110-115.

Kretowski A, Hokanson JE, McFann K, Kinney GL, Snell-Bergeon JK, Maahs DM, Wadwa
RP, Eckel RH, Ogden LG, Garg SK, Li J, Cheng S, Erlich HA, Rewers M. 2006. The
apolipoprotein A-IV GIn360His polymorphism predicts progression of coronary
artery calcification in patients with type 1 diabetes. Diabetologia 49: 1946-1954.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 121

Kronenberg F, Coon H, Ellison RC, Borecki I, Arnett DK, Province MA, Eckfeldt JH,
Hopkins PN, Hunt SC. 2002. Segregation analysis of HDL cholesterol in the NHLBI
Family Heart Study and in Utah pedigrees. Eur. ]. Hum. Genet. 10: 367-374.

Kruit JK, Brunham LR, Verchere CB, Hayden MR. 2010. HDL and LDL cholesterol
significantly influence beta-cell function in type 2 diabetes mellitus. Curr. Opin.
Lipidol. 21: 178-185.

Kwan BC, Kronenberg F, Beddhu S, Cheung AK. 2007. Lipoprotein metabolism and lipid
management in chronic kidney disease. ]. Am. Soc. Nephrol. 18: 1246-1261.

Lahiry P, Ban MR, Pollex RL, et al. 2007. Common variants APOC3, APOA5, APOE and
PONI are associated with variation in plasma lipoprotein traits in Greenlanders.
Int. J. Circumpolar. Health 66: 390-400.

Lai CQ, Tai ES, Tan CE, Cutter J, Chew SK, Zhu YP, Adiconis X, Ordovas JM. 2003. The
APOADS locus is a strong determinant of plasma triglyceride concentrations across
ethnic groups in Singapore. J. Lipid Res. 44: 2365-2373.

Lamarche B, Paradis ME. 2007. Endothelial lipase and the metabolic syndrome. Curr. Opin.
Lipidol. 18: 298-303.

Lanktree MB, Anand SS, Yusuf S, Hegele RA. 2009. Replication of genetic associations with
plasma lipoprotein traits in a multiethnic sample. J. Lipid Res. 50: 1487-1496.

Larson IA, Ordovas JM, Barnard JR, Hoffmann MM, Feussner G, Lamon-Fava S, Schaefer E]J.
2002. Effects of apolipoprotein A-I genetic variations on plasma apolipoprotein,
serum lipoprotein and glucose levels. Clin Genet. 61: 176-184.

Lee J, Tan CS, Chia KS, Tan CE, Chew SK, Ordovas JM, Tai ES. 2004. The lipoprotein lipase
5447X polymorphism and plasma lipids: interactions with APOE polymorphisms,
smoking, and alcohol consumption. J. Lipid Res. 45: 1132-1139.

Lewington S, Whitlock G, Clarke R, Sherliker P, Emberson ], Halsey ], Qizilbash N, Peto R,
Collins R. 2007. Blood cholesterol and vascular mortality by age, sex, and blood
pressure: a meta-analysis of individual data from 61 prospective studies with
55,000 vascular deaths. Lancet 370: 1829-1839.

Lewis GF, Rader DJ. 2005. New insights into the regulation of HDL metabolism and reverse
cholesterol transport. Circ. Res. 96: 1221-1232.

Lin HF, Boden-Albala B, Juo SH, Park N, Rundek T, Sacco RL. 2005. Heritabilities of the
metabolic syndrome and its components in the Northern Manhattan Family Study.
Diabetologia 48: 2006-2012.

Linsel-Nitschke P, Tall AR. 2005. HDL as a target in the treatment of atherosclerotic
cardiovascular disease. Nat. Rev. Drug Discov. 4: 193-205.

Littlewood TD, Bennett MR. 2003. Apoptotic cell death in atherosclerosis. Curr. Opin.
Lipidol. 14: 469-475.

Lusis AJ, Attie AD, Reue K. 2008. Metabolic syndrome: from epidemiology to systems
biology. Nat. Rev. Genet. 9: 819-830.

Ma K, Cilingiroglu M, Otvos JD, Ballantyne CM, Marian AJ, Chan L. 2003. Endothelial lipase
is a major genetic determinant for high-density lipoprotein concentration, structure,
and metabolism. Proc. Natl. Acad. Sci. U. S. A 100: 2748-2753.

Mackness MI, Arrol S, Durrington PN. 1991. Paraoxonase prevents accumulation of
lipoperoxides in low-density lipoprotein. FEBS Lett. 286: 152-154.



122 Dyslipidemia - From Prevention to Treatment

Mailly F, Tugrul Y, Reymer PW, et al. 1995. A common variant in the gene for lipoprotein
lipase (Asp9-->Asn). Functional implications and prevalence in normal and
hyperlipidemic subjects. Arterioscler. Thromb. Vasc. Biol. 15: 468-478.

Mank-Seymour AR, Durham KL, Thompson JF, Seymour AB, Milos PM. 2004. Association
between single-nucleotide polymorphisms in the endothelial lipase (LIPG) gene
and high-density lipoprotein cholesterol levels. Biochim. Biophys. Acta 1636: 40-
46.

Manresa JM, Zamora A, Tomas M, et al. 2006. Relationship of classical and non-classical risk
factors with genetic variants relevant to coronary heart disease. Eur. J. Cardiovasc.
Prev. Rehabil. 13: 738-744.

Maxwell KN, Fisher EA, Breslow JL. 2005. Overexpression of PCSK9 accelerates the
degradation of the LDLR in a post-endoplasmic reticulum compartment. Proc.
Natl. Acad. Sci. U. S. A 102: 2069-2074.

McCaskie PA, Cadby G, Hung J, McQuillan BM, Chapman CM, Carter KW, Thompson PL,
Palmer L], Beilby JP. 2006. The C-480T hepatic lipase polymorphism is associated
with HDL-C but not with risk of coronary heart disease. Clin. Genet. 70: 114-121.

Miettinen HE, Gylling H, Tenhunen J, et al. 1998. Molecular genetic study of Finns with
hypoalphalipoproteinemia and hyperalphalipoproteinemia: a novel Gly230 Arg
mutation (LCAT[Fin]) of lecithin:cholesterol acyltransferase (LCAT) accounts for
5% of cases with very low serum HDL cholesterol levels. Arterioscler. Thromb.
Vasc. Biol. 18: 591-598.

Miller M, Rhyne ], Chen H, Beach V, Ericson R, Luthra K, Dwivedi M, Misra A. 2007.
APOC3 promoter polymorphisms C-482T and T-455C are associated with the
metabolic syndrome. Arch. Med. Res. 38: 444-451.

Miller M, Rhyne ], Hamlette S, Birnbaum J, Rodriguez A. 2003. Genetics of HDL regulation
in humans. Curr. Opin. Lipidol. 14: 273-279.

Miller M, Zhan M. 2004. Genetic determinants of low high-density lipoprotein cholesterol.
Curr. Opin. Cardiol. 19: 380-384.

Monda KL, North KE, Hunt SC, Rao DC, Province MA, Kraja AT. 2010. The genetics of
obesity and the metabolic syndrome. Endocr. Metab Immune. Disord. Drug
Targets. 10: 86-108.

Morabia A, Ross BM, Costanza MC, Cayanis E, Flaherty MS, Alvin GB, Das K, James R,
Yang AS, Evagrafov O, Gilliam TC. 2004. Population-based study of SR-BI genetic
variation and lipid profile. Atherosclerosis 175: 159-168.

Murthy V, Julien P, Gagne C. 1996. Molecular pathobiology of the human lipoprotein lipase
gene. Pharmacol Ther. 70: 101-135.

Musunuru K, Pirruccello JP, Do R, et al. 2010. Exome sequencing, ANGPTL3 mutations, and
familial combined hypolipidemia. N. Engl. J. Med. 363: 2220-2227.

Nettleton JA, Steffen LM, Ballantyne CM, Boerwinkle E, Folsom AR. 2007. Associations
between HDL-cholesterol and polymorphisms in hepatic lipase and lipoprotein
lipase genes are modified by dietary fat intake in African American and White
adults. Atherosclerosis 194: e131-e140.

Nock NL, Li L, Larkin EK, Patel SR, Redline S. 2009a. Empirical evidence for "syndrome Z":
a hierarchical 5-factor model of the metabolic syndrome incorporating sleep
disturbance measures. Sleep 32: 615-622.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 123

Nock NL, Wang X, Thompson CL, Song Y, Baechle D, Raska P, Stein CM, Gray-McGuire C.
2009b. Defining genetic determinants of the Metabolic Syndrome in the
Framingham Heart Study using association and structural equation modeling
methods. BMC. Proc. 3 Suppl 7: S50.

Ordovas JM, Shen ]. 2008. Gene-environment interactions and susceptibility to metabolic
syndrome and other chronic diseases. ]. Periodontol. 79: 1508-1513.

Osgood D, Corella D, Demissie S, et al. 2003. Genetic variation at the scavenger receptor
class B type I gene locus determines plasma lipoprotein concentrations and particle
size and interacts with type 2 diabetes: the framingham study. J. Clin Endocrinol.
Metab 88: 2869-2879.

Ota VK, Chen ES, Ejchel TF, Furuya TK, Mazzotti DR, Cendoroglo MS, Ramos LR, Araujo
LQ, Burbano RR, Smith MD. 2011. APOA4 Polymorphism as a Risk Factor for
Unfavorable Lipid Serum Profile and Depression: A Cross-Sectional Study. J.
Investig. Med.

Pallaud C, Sass C, Zannad F, Siest G, Visvikis S. 2001. APOC3, CETP, fibrinogen, and
MTHER are genetic determinants of carotid intima-media thickness in healthy men
(the Stanislas cohort). Clin Genet. 59: 316-324.

Paradis ME, Couture P, Bosse Y, Despres JP, Perusse L, Bouchard C, Vohl MC, Lamarche B.
2003. The T111I mutation in the EL gene modulates the impact of dietary fat on the
HDL profile in women. J. Lipid Res. 44: 1902-1908.

Pare G, Serre D, Brisson D, Anand SS, Montpetit A, Tremblay G, Engert JC, Hudson T]J,
Gaudet D. 2007. Genetic analysis of 103 candidate genes for coronary artery disease
and associated phenotypes in a founder population reveals a new association
between endothelin-1 and high-density lipoprotein cholesterol. Am. J. Hum. Genet.
80: 673-682.

Phillips CM, Tierney AC, Roche HM. 2008. Gene-nutrient interactions in the metabolic
syndrome. J. Nutrigenet. Nutrigenomics. 1: 136-151.

Polisecki E, Muallem H, Maeda N, et al. 2008. Genetic variation at the LDL receptor and
HMG-CoA reductase gene loci, lipid levels, statin response, and cardiovascular
disease incidence in PROSPER. Atherosclerosis 200: 109-114.

Pollex RL, Hanley A], Zinman B, Harris SB, Khan HM, Hegele RA. 2006. Metabolic
syndrome in aboriginal Canadians: prevalence and genetic associations.
Atherosclerosis 184: 121-129.

Pollex RL, Hegele RA. 2006. Genetic determinants of the metabolic syndrome. Nat. Clin
Pract. Cardiovasc. Med. 3: 482-489.

Porchay I, Pean F, Bellili N, et al. 2006. ABCA1 single nucleotide polymorphisms on high-
density lipoprotein-cholesterol and overweight: the D.ESSIR. study. Obesity.
(Silver. Spring) 14: 1874-1879.

Qi L, Liu S, Rifai N, Hunter D, Hu FB. 2007. Associations of the apolipoprotein
A1/C3/A4/ A5 gene cluster with triglyceride and HDL cholesterol levels in women
with type 2 diabetes. Atherosclerosis 192: 204-210.

Remaley AT, Stonik JA, Demosky SJ, et al. 2001. Apolipoprotein specificity for lipid efflux
by the human ABCAI transporter. Biochem. Biophys. Res. Commun. 280: 818-823.

Rigotti A, Trigatti B, Babitt ], Penman M, Xu S, Krieger M. 1997. Scavenger receptor Bl--a cell
surface receptor for high density lipoprotein. Curr. Opin. Lipidol. 8: 181-188.



124 Dyslipidemia - From Prevention to Treatment

Rios DL, D'Onofrio LO, Cerqueira CC, et al. 2007. Paraoxonase 1 gene polymorphisms in
angiographically assessed coronary artery disease: evidence for gender interaction
among Brazilians. Clin. Chem. Lab Med. 45: 874-878.

Rip J, Nierman MC, Ross CJ, Jukema JW, Hayden MR, Kastelein JJ, Stroes ES, Kuivenhoven
JA. 2006. Lipoprotein lipase S447X: a naturally occurring gain-of-function mutation.
Arterioscler. Thromb. Vasc. Biol. 26: 1236-1245.

Roberts CG, Shen H, Mitchell BD, Damcott CM, Shuldiner AR, Rodriguez A. 2007. Variants
in scavenger receptor class B type I gene are associated with HDL cholesterol levels
in younger women. Hum. Hered. 64: 107-113.

Roth GA, Fihn SD, Mokdad AH. 2010. High total serum cholesterol, medication coverage
and therapeutic control: an analysis of national health examination survey data
from eight countries. In: pp. 92-101.

Russo GT, Meigs JB, Cupples LA, et al. 2001. Association of the Sst-I polymorphism at the
APOC3 gene locus with variations in lipid levels, lipoprotein subclass profiles and
coronary heart disease risk: the Framingham offspring study. Atherosclerosis 158:
173-181.

Sagoo GS, Tatt I, Salanti G, Butterworth AS, Sarwar N, van MM, Jukema JW, Wiman B,
Kastelein JJ, Bennet AM, de FU, Danesh ], Higgins JP. 2008. Seven lipoprotein
lipase gene polymorphisms, lipid fractions, and coronary disease: a HuGE
association review and meta-analysis. Am. J. Epidemiol. 168: 1233-1246.

Senti M, Elosua R, Tomas M, Sala ], Masia R, Ordovas JM, Shen H, Marrugat J. 2001.
Physical activity modulates the combined effect of a common variant of the
lipoprotein lipase gene and smoking on serum triglyceride levels and high-density
lipoprotein cholesterol in men. Hum. Genet. 109: 385-392.

Shan L, Yu XC, Liu Z, Hu Y, Sturgis LT, Miranda ML, Liu Q. 2009. The angiopoietin-like
proteins ANGPTL3 and ANGPTL4 inhibit lipoprotein lipase activity through
distinct mechanisms. J. Biol. Chem. 284: 1419-1424.

Sharma V, McNeill JH. 2006. The etiology of hypertension in the metabolic syndrome part
one: an introduction to the history, the concept and the models. Curr. Vasc.
Pharmacol 4: 293-304.

Shimizugawa T, Ono M, Shimamura M, Yoshida K, Ando Y, Koishi R, Ueda K, Inaba T,
Minekura H, Kohama T, Furukawa H. 2002. ANGPTL3 decreases very low density
lipoprotein triglyceride clearance by inhibition of lipoprotein lipase. ]. Biol. Chem.
277: 33742-33748.

Shioji K, Mannami T, Kokubo Y, Goto Y, Nonogi H, Iwai N. 2004a. An association analysis
between ApoAl polymorphisms and the high-density lipoprotein (HDL)
cholesterol level and myocardial infarction (MI) in Japanese. J]. Hum. Genet. 49: 433-
439.

Shioji K, Nishioka J, Naraba H, et al. 2004b. A promoter variant of the ATP-binding cassette
transporter Al gene alters the HDL cholesterol level in the general Japanese
population. J. Hum. Genet. 49: 141-147.

Sookoian S, Pirola CJ. 2011. Metabolic syndrome: from the genetics to the pathophysiology.
Curr. Hypertens. Rep. 13: 149-157.

Srinivasan SR, Ehnholm C, Elkasabany A, Berenson G. 1999. Influence of apolipoprotein E
polymorphism on serum lipids and lipoprotein changes from childhood to
adulthood: the Bogalusa Heart Study. Atherosclerosis 143: 435-443.



Dyslipidemia: Genetics and Role in the Metabolic Syndrome 125

Sung ], Lee K, Song YM. 2009. Heritabilities of the metabolic syndrome phenotypes and
related factors in Korean twins. J. Clin Endocrinol. Metab 94: 4946-4952.

Sviridov D, Nestel PJ. 2007. Genetic factors affecting HDL levels, structure, metabolism and
function. Curr. Opin. Lipidol. 18: 157-163.

Tai ES, Corella D, Deurenberg-Yap M, Cutter ], Chew SK, Tan CE, Ordovas JM. 2003a.
Dietary fat interacts with the -514C>T polymorphism in the hepatic lipase gene
promoter on plasma lipid profiles in a multiethnic Asian population: the 1998
Singapore National Health Survey. J. Nutr. 133: 3399-3408.

Tai ES, Ordovas JM, Corella D, Deurenberg-Yap M, Chan E, Adiconis X, Chew SK, Loh LM,
Tan CE. 2003b. The TaqIB and -629C>A polymorphisms at the cholesteryl ester
transfer protein locus: associations with lipid levels in a multiethnic population.
The 1998 Singapore National Health Survey. Clin. Genet. 63: 19-30.

Talmud PJ, Hawe E, Martin S, Olivier M, Miller GJ, Rubin EM, Pennacchio LA, Humphries
SE. 2002a. Relative contribution of variation within the APOC3/A4/A5 gene
cluster in determining plasma triglycerides. Hum. Mol. Genet. 11: 3039-3046.

Talmud PJ, Hawe E, Robertson K, Miller GJ, Miller NE, Humphries SE. 2002b. Genetic and
environmental determinants of plasma high density lipoprotein cholesterol and
apolipoprotein Al concentrations in healthy middle-aged men. Ann. Hum. Genet.
66: 111-124.

Tang NP, Wang LS, Yang L, Zhou B, Gu HJ, Sun QM, Cong RH, Zhu HJ, Wang B. 2008.
Protective effect of an endothelial lipase gene variant on coronary artery disease in
a Chinese population. J. Lipid Res. 49: 369-375.

Teslovich TM, Musunuru K, Smith AV, Edmondson AC, et al. 2010. Biological, clinical and
population relevance of 95 loci for blood lipids. Nature 466: 707-713.

Thompson A, Di AE, Sarwar N, Erqou S, Saleheen D, Dullaart RP, Keavney B, Ye Z, Danesh
J. 2008. Association of cholesteryl ester transfer protein genotypes with CETP mass
and activity, lipid levels, and coronary risk. JAMA 299: 2777-2788.

van Aalst-Cohen ES, Jansen AC, Boekholdt SM, Tanck MW, Fontecha MR, Cheng S, Li J,
Defesche JC, Kuivenhoven JA, Kastelein JJ. 2005. Genetic determinants of plasma
HDL-cholesterol levels in familial hypercholesterolemia. Eur. ]. Hum. Genet. 13:
1137-1142.

Volcik KA, Barkley RA, Hutchinson RG, Mosley TH, Heiss G, Sharrett AR, Ballantyne CM,
Boerwinkle E. 2006. Apolipoprotein E polymorphisms predict low density
lipoprotein cholesterol levels and carotid artery wall thickness but not incident
coronary heart disease in 12,491 ARIC study participants. Am. ]J. Epidemiol. 164:
342-348.

Wang J, Ban MR, Zou GY, Cao H, Lin T, Kennedy BA, Anand S, Yusuf S, Huff MW, Pollex
RL, Hegele RA. 2008. Polygenic determinants of severe hypertriglyceridemia. Hum.
Mol. Genet. 17: 2894-2899.

Wang X, Paigen B. 2005. Genetics of variation in HDL cholesterol in humans and mice. Circ.
Res. 96: 27-42.

Waterworth DM, Ricketts SL, Song K, et al. 2010. Genetic variants influencing circulating
lipid levels and risk of coronary artery disease. Arterioscler. Thromb. Vasc. Biol. 30:
2264-2276.



126 Dyslipidemia - From Prevention to Treatment

Whiting BM, Anderson JL, Mubhlestein JB, Horne BD, Bair TL, Pearson RR, Carlquist JF.
2005. Candidate gene susceptibility variants predict intermediate end points but
not angiographic coronary artery disease. Am. Heart J. 150: 243-250.

Willer CJ, Sanna S, Jackson AU, et al. 2008. Newly identified loci that influence lipid
concentrations and risk of coronary artery disease. Nat. Genet. 40: 161-169.

Wilson PW, Myers RH, Larson MG, Ordovas JM, Wolf PA, Schaefer EJ. 199%4.
Apolipoprotein E alleles, dyslipidemia, and coronary heart disease. The
Framingham Offspring Study. JAMA 272: 1666-1671.

Wittrup HH, Tybjaerg-Hansen A, Nordestgaard BG. 1999. Lipoprotein lipase mutations,
plasma lipids and lipoproteins, and risk of ischemic heart disease. A meta-analysis.
Circulation 99: 2901-2907.

Wu K, Bowman R, Welch AA, Luben RN, Wareham N, Khaw KT, Bingham SA. 2007.
Apolipoprotein E polymorphisms, dietary fat and fibre, and serum lipids: the EPIC
Norfolk study. Eur. Heart ]. 28: 2930-2936.

Yamada Y, Ichihara S, Kato K, et al. 2008. Genetic risk for metabolic syndrome: examination
of candidate gene polymorphisms related to lipid metabolism in Japanese people. ].
Med. Genet. 45: 22-28.

Yamada Y, Matsuo H, Warita S, et al. 2007. Prediction of genetic risk for dyslipidemia.
Genomics 90: 551-558.

Yamakawa-Kobayashi K, Yanagi H, Endo K, Arinami T, Hamaguchi H. 2003. Relationship
between serum HDL-C levels and common genetic variants of the endothelial
lipase gene in Japanese school-aged children. Hum. Genet. 113: 311-315.

Zhang K, Zhang S, Zheng K, Hou Y, Liao L, He Y, Zhang L, Nebert DW, Shi ], Su Z, Xiao C.
2004. Novel P143L polymorphism of the LCAT gene is associated with
dyslipidemia in Chinese patients who have coronary atherosclerotic heart disease.
Biochem. Biophys. Res. Commun. 318: 4-10.

Zhu XY, Xu HW, Hou RY, Liu HF, Xiao B, Yang XS, Yang QD, Tang BS. 2006. [Lecithin-
cholesterol acyltransferase gene 608C/T polymorphism associated with
atherosclerotic cerebral infarction]. Zhonghua Yi. Xue. Yi. Chuan Xue. Za Zhi. 23:
419-422.



7

Functions of OSBP/ORP Family Proteins
and Their Relation to Dyslipidemia

Hiroshi Koriyama, Hironori Nakagami,
Tomohiro Katsuya and Ryuichi Morishita
Osaka University

Japan

1. Introduction

The pathway of intracellular cholesterol synthesis, uptake and efflux is much affected by
both the positive and the negative feedbacks from direct interaction between cholesterol and
its oxygenated derivatives (oxysterols) as well as the regulatory factors such as the sterol-
regulatory-element-binding protein (SREBP)- cleavage-activating protein-Insig complex
(Radhakrishnan, Ikeda et al. 2007), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase
(Sever, Song et al. 2003) and liver X receptors (LXRs) (Chen, Chen et al. 2007). Since these
regulatory factors are located in the compartments with comparatively low cholesterol
density, they can react promptly on acute changes in local cholesterol or oxysterol density.
While much is known about the interaction between these regulatory factors and
cholesterol, only little has been studied about the mechanism to deliver the cholesterol or
oxysterol to its appropriate compartments.

Therefore, there arises a possibility that oxysterol-binding protein/oxysterol-binding
protein-related protein (OSBP/ORP) family may regulate such processes by binding
oxyterol and/or cholesterol and by functioning as a cholesterol sensor or cholesterol
transporter. According to the study about the family members, it is now becoming clear that
they affect the regulation such as the cholesterol or triglyceride level.

For comprehensive information on OSBP/ORP family, please refer to several good reviews
already published (Fairn and McMaster 2008; Ngo, Colbourne et al. 2010; Raychaudhuri and
Prinz 2010; Vihervaara, Jansen et al. 2011). This review focuses more on the family’s
association with dyslipidemia from a perspective of the individual features of the structure,
the expression, the cellular localization, the molecular functions, and the epidemiologial
study-based information of each member.

2. Overview of functions of OSBP/ORP family proteins and their relation to
dyslipidemia

It has become widely known that each member of OSBP/ORP family respectively affects
diverse processes considered to have an association with dyslipidemia, such as intracellular
trafficking of cholesterol or neutral lipid. The first presented is a brief overview of the
members as a whole before the individual explanation of each member.
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OSBP negatively regulates ATP-binding cassette transporter A1 (ABCA1) protein stability
(Bowden and Ridgway 2008). OSBP induces upregulation of SREBP-1c and enhances hepatic
lipogenesis (Yan, Lehto et al. 2007).

ORP1L forms a RILP-Rab7-ORP1L complex (Johansson, Rocha et al. 2007) and is involved in
both protein and lipid transport functions of the late endocytic compartments (Vihervaara,
Uronen et al. 2011).

ORP1S and ORP2 enhance plasma membrane (PM)-to-lipid droplet (LD) sterol transport
(Jansen, Ohsaki et al. 2011). ORP2 presents on LD and has a functional role in the regulation
of neutral lipid metabolism, possibly as a factor that integrates the cellular metabolism of
triglycerides (TG) with that of cholesterol (Hynynen, Suchanek et al. 2009).

ORP3 may play an important role in efficient directed membrane trafficking (Lehto,
Mayranpaa et al. 2008). But the direct evidence that ORP3 functions to regulate dyslipidemia
is yet to be reported.

ORP4 in an interaction with intermediate filaments inhibits an intracellular cholesterol-
transport pathway mediated by vimentin (Wang, JeBailey et al. 2002).

ORP5 may cooperate with Niemann-Pick C1 (NPC1) to mediate the exit of cholesterol from
endosomes/lysosomes (Du, Kumar et al. 2011).

ORP6 is identified as one of the candidate genes that are possibly involved in the regulation
of high-density lipoprotein (HDL) cholesterol levels (North, Martin et al. 2003).

SNPs near ORP7 gene show a genome-wide significant association with low-density
lipoprotein (LDL) cholesterol (Teslovich, Musunuru et al. 2010).

ORPS8 negatively regulates ABCA1 expression and macrophage cholesterol efflux (Yan,
Mayranpaa et al. 2008). ORP8 has the capacity to modulate lipid homeostasis and SREBP
activity, probably through an indirect mechanism required Nup62 (Zhou, Li et al. 2011). The
OSBPL8-ZDHHC17 region (chrl2) is detected for HDL cholesterol identified by one new
SNP with genome-wide significance (Ma, Yang et al. 2010).

ORP9 and ORP11 are dimerized and may act as an intracellular lipid sensor or transporter
(Zhou, Li et al. 2010).

ORP10 suppresses hepatic lipogenesis and very-low-density lipoprotein production
(Perttila, Merikanto et al. 2009). ORP10 is genetically associated with both TG (Perttila,
Merikanto et al. 2009) and LDL cholesterol level (Koriyama, Nakagami et al. 2010).

SNPs in the ORP11 gene is associated with LDL cholesterol levels, hyperglycemia /diabetes as
well as with metabolic syndrome per se (Bouchard, Faucher et al. 2009).

2.1 Phylogenetic distribution and molecular structure of OSBP/ORP family

As aresult of differential promoter usage and splicing, there are 16 major OSBP/ORP family
members. The human ORP family is divided into six subfamilies based on the gene
structure and amino acid sequence homology (Fig. 1). Some of the proteins, for example
ORP1 and ORP4, have both short (S) and long (L) variants.

A feature in common for all ORPs is a conserved C-terminal OSBP-related domain (ORD),
which contains the highly conserved “OSBP-fingerprint (OF)” sequence EQVSHHPP (Fig.
1). Most of the human ORPs belong to the long subtype have a pleckstrin homology domain
(PH domain), which bind phosphoinositides (PIPs). This interaction controls the subcellular
localization of the proteins. 12 out of the 16 major mammalian OSBP/ORP family members
contain a FFAT motif, which is a short sequence that binds VAMP associated proteins
(VAPs), integral membrane proteins of the ER. Instead of an ER targeting FFAT motif, ORP5
and ORP8 contain a putative C-terminal transmembrane segment, which anchors these
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proteins in the ER. The human ORPIL have at their N-terminus ankyrin repeats, which
interacts with the active GTP-bound form of Rab7 on late endosomes, and thus mediates
targeting of the protein to late endosomes.

—_— | I —— OSBP |
I | I GORP4L
| QORP4S
mEE N s | ORPIL I
I ORP1S
1 I QRP? _
— | —— ORP3 (1) 7]
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— I — ORP10 VI
— I E— ORP1

Fig. 1. Domain organization of the humam OSBP/ORP family.

Human OSBP/ORP family members are arranged into subfamilies I-VI. The color codes are:
red, OSBP-related domain (ORD); yellow, OSBP-fingerprint (OF) motif; green, pleckstrin
homology (PH) domain; Blue, ankirin repeats; black, VAP targeting motif (FFAT motif);
Orange, transmembrane domain. L and S in the protein names indicate long and short
variants, respectively.

2.2 OSBP

Structure, Tissue distribution and Intracellular localization: OSBP belongs to the
subfamily I of OSBP/ORP homologues. OSBP has an ORD, a PH domain and an FFAT
motif. OSBP shares the highest degree of similarity with ORP4 and dimerizes with ORP4. In
the transfected cells, some of the OSBP was distributed diffusely in the cytoplasm, and some
was bound to small vesicles near the nucleus. Upon addition of 25-hydroxycholesterol, most
of the OSBP became concentrated in the Golgi apparatus (Ridgway, Dawson et al. 1992).
Molecular functions related to dyslipidemia: OSBP is the founding member of the
OSBP/ORP family. Human OSBP was cloned in 1990 (Levanon, Hsieh et al. 1990) and was
studied intensively (Ridgway, Dawson et al. 1992; Lagace, Byers et al. 1997; Ridgway,
Badiani et al. 1998; Ridgway, Lagace et al. 1998; Storey, Byers et al. 1998; Lagace, Byers et al.
1999; Mohammadi, Perry et al. 2001; Levine and Munro 2002).

Yan et al. reported that adenovirus-mediated hepatic overexpression of OSBP induced a
marked increase of VLDL TG. Also, the liver tissue TG were elevated in the AdOSBP-
injected mice, and their TG secretion rate was increased by 70%. The messenger RNAs for
enzymes of fatty acid synthesis and their transcriptional regulator, SREBP-1c, as well as the
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Insig-1 mRNA, were upregulated two-fold in the OSBP expressing livers. Silencing of OSBP
in hepatocytes suppressed the induction of SREBP1-c by insulin and resulted in a reduction
of TG synthesis. These results demonstrate that OSBP regulates hepatic TG metabolism and
suggest the involvement of OSBP in the insulin signaling pathways that control hepatic
lipogenesis (Yan, Lehto et al. 2007).

Bowden et al. revealed that suppression of OSBP in Chinese hamster ovary cells by RNA
interference resulted in increased ABCA1 protein expression and cholesterol efflux activity
following induction with oxysterols or the synthetic LXR agonist TO901317. OSBP
knockdown in ]774 macrophages also increased ABCA1 expression in the presence and
absence of LXR agonists. Their results demonstrate that OSBP opposes the activity of LXR
by negatively regulating ABCAI activity in the cytoplasm by sterol-binding domain-
dependent protein destabilization (Bowden and Ridgway 2008).

Cephalostatin 1, OSW-1, ritterazine B and schweinfurthin A are natural products that
potently, and in some cases selectively, inhibit the growth of cultured human cancer cell
lines. Recently, Burgett et al. have discovered that these molecules target OSBP and its
closest paralog, ORP4L, and have named these natural products ORPphilins (Burgett,
Poulsen et al. 2011). By uncovering the cellular targets of the ORPphilins, they have revealed
that OSBP and ORP4L are involved in cancer cell survival.

They also show that ORPphilins perturb the cellular localization of OSBP and affect
sphingomyelin biosynthesis. The ORPphilins are powerful probes of OSBP and ORPA4L that
will be useful in uncovering their cellular functions and their roles in human diseases.
Epidemiological study: Epidemiological study of OSBP is not reported yet.

2.3 OSBPL1B (ORP1L)

Structure, Tissue distribution and Intracellular localization: ORPIL belongs to the
subfamily II of OSBP/ORP homologues. ORP1L has an ORD, an FFAT motif, a PH domain
and three ankyrin repeats.

While macrophages, brain, and lung are the areas where ORPIL is expressed most
predominantly, it is also found in colon, kidney, and liver (Johansson, Bocher et al. 2003).
ORP1L localizes to late endosomes.

Molecular functions related to dyslipidemia: Johansson et al. reported that ORP1L binds to
Rab7, modifies its functional cycle, and can interfere with LE/lysosome organization and
endocytic membrane trafficking (Johansson, Lehto et al. 2005).

They show that the GTPase Rab7, when bound to GTP, simultaneously binds to ORP1L and
RILP to form a RILP-Rab7-ORP1L complex, which is required for the perinuclear
localization of late endosomes/lysosomes (Johansson, Rocha et al. 2007). The later study of
Rocha et al., went deeper in examining these processes more in detail. They found that the
cholesterol levels in late endosomes are sensed by ORPIL and are lower in peripheral
vesicles. Under low cholesterol conditions, ORP1L conformation induces the formation of
endoplasmic reticulum (ER)- late endosome membrane contact sites. At these sites, the ER
protein VAP (VAMP [vesicle-associated membrane protein]-associated ER protein) can
interact in trans with the Rab7-RILP complex to remove p150 (Glued) and associated motors.
late endosomes then move to the microtubule plus end. Under high cholesterol conditions, as
in Niemann-Pick type C disease, this process is prevented, and late endosomes accumulate at
the microtubule minus end as the result of dynein motor activity. These data explain how the
ER and cholesterol control the association of late endosomes with motor proteins and their
positioning in cells (Rocha, Kuijl et al. 2009).
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Recently, Vihervaara et al. have shown that ORPI1L silencing in macrophage foam cells
inhibits the efflux of lipoprotein-derived endocytosed cholesterol to apolipoprotein A-I,
providing evidence for the involvement of ORP1L in both protein and lipid transport
functions of the late endocytic compartments (Vihervaara, Uronen et al. 2011).

The multivesicular body(MVB) sorting pathway is known to be involved in many processes,
including growth factor receptor down-regulation, exosome secretion, antigen presentation,
the budding of enveloped viruses, and cytokinesis. Recently, Kobuna et al. have shown that
knockdown of ORP1L induces the formation of enlarged MVBs in HeLa cells. They suggest
that the proper cholesterol level of late endosomes/lysosomes generated by ORPs is
required for normal MVB formation and MVB-mediated membrane protein degradation
(Kobuna, Inoue et al. 2010).

Epidemiological study: Epidemiological study of ORP1L is not reported yet.

2.4 OSBPL1A (ORP1S) and OSBPL2 (ORP2)

Structure, Tissue distribution and Intracellular localization: ORP1S and ORP2 belong to
the subfamily II of OSBP/ORP homologues. ORP1S and ORP2 have an ORD and an FFAT
motif but lack PH domain.

ORPIS is expressed predominantly in skeletal muscle and heart (Johansson, Bocher et al.
2003). ORP2 is expressed ubiquitously in mammalian tissues. Highest mRNA levels of ORP2
are present in specific parts of the central nervous system (cerebellum, pituitary gland, pons,
and putamen) as well as in leukocytes, placenta, and pancreas (Laitinen, Lehto et al. 2002).
ORPIS has been reported to be largely cytosolic (Johansson, Bocher et al. 2003) and ORP2
localizes, in addition to a cytosolic fraction, on the surface of lipid droplets (LDs) and also
the plasma membrane (PM) (Hynynen, Suchanek et al. 2009).

Molecular functions related to dyslipidemia: In the earlier study of Hynynen et al,
overexpression of ORP2 induces enhancement of [14C]cholesterol efflux to all extracellular
acceptors, which results in a reduction of cellular free cholesterol. They also show that ORP2
binds PtdIns(3,4,5)P(3) and enhances endocytosis.

In their recent study, Hynynen et al. discover that ORP2 localizes not only cytosolic fraction
but also on cytoplasmic LDs and reveal its function in neutral lipid metabolism. They show
that the ORP2 LD association depends on sterol binding: Treatment with 5 mM 22(R)OHC
inhibits the LD association, while a mutant defective in sterol binding is constitutively LD
bound. Silencing of ORP2 using RNA interference slows down cellular TG hydrolysis.
Furthermore, ORP2 silencing increases the amount of [14C]cholesteryl esters but only under
conditions in which lipogenesis and LD formation are enhanced by treatment with oleic acid
(Hynynen, Suchanek et al. 2009). These results identify ORP2 as a sterol receptor present on
LD and provide an evidence for its role in the regulation of neutral lipid metabolism,
possibly as a factor that integrates the cellular metabolism of TG with that of cholesterol.

By overexpressing all mammalian ORPs, Jansen et al. found that especially ORP1S and
ORP2 enhanced PM-to-LD sterol transport. This reflected the stimulation of transport from
the PM to the ER, rather than from the ER to LDs. Double knockdown of ORP1S and ORP2
inhibited sterol transport from the PM to the ER and LDs, suggesting a physiological role for
these ORPs in the process (Jansen, Ohsaki et al. 2011). These findings suggest that ORP1S
and ORP2 are essential in controlling cellular neutral lipid and cholesterol and has a strong
association with the pathophysiology of dyslipidemia.

Epidemiological study: Epidemiological studies of ORP1S or ORP2 are not reported yet.
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2.5 OSBPL3 (ORP3)

Structure, Tissue distribution and Intracellular localization: ORP3 belongs to the
subfamily III of OSBP/ORP homologues. ORP3 has an ORD, a PH domain and an FFAT
motif. A total of eight isoforms of ORP3 were demonstrated with alternative splicing
(Collier, Gregorio-King et al. 2003). In human tissues there was specific isoform distribution,
with most tissues expressing varied levels of isoforms with the complete ORD; while only
whole brain, kidney, spleen, thymus, and thyroid expressed high levels of the isoforms
associated with the truncated ORD. The expression in cerebellum, heart, and liver of most
isoforms was negligible. Lehto et al described that ORP3 was expressed at high levels in
kidney tubule epithelia and in the human embryonic kidney cell line HEK293 (Lehto,
Mayranpaa et al. 2008).

They also described that the endogenous ORP3 protein in HEK293 cells localized at the ER
and the PM, especially thin filopodial cell-surface projections.

Molecular functions related to dyslipidemia: The direct evidence that ORP3 functions to
regulate Dyslipidemia is yet to be reported.

ORP3 interacts with R-Ras, a small GTPase regulating cell adhesion, spreading and
migration (Lehto, Mayranpaa et al. 2008). Gene silencing of ORP3 and overexpression of
ORP3 in HEK293 cells or primary macrophages demonstrate the function of ORP3 as part of
the machinery that controls the actin cytoskeleton, cell polarity and cell adhesion. These
functional evidences, together with the abundant expression of ORP3 in polarized cell types,
suggest that ORP3 may play an important role in efficient directed membrane trafficking.
Epidemiological study: Epidemiological study of ORP3 is not reported yet.

2.6 OSBPL4 (ORP4, OSBP2, HLM)

Structure, Tissue distribution and Intracellular localization: ORP4 belongs to the
subfamily I of OSBP/ORP homologues. ORP4 has an ORD, a PH domain and an FFAT
motif. ORP4 shares the highest degree of similarity with OSBP and dimerizes with OSBP.
Two ORP4 cDNAs were identified: a full-length ORP4 containing a PH domain and an ORD
(designated ORP4-L), and a splice variant in which the PH domain and part of the ORD
were deleted (designated ORP4-S). ORP4 mRNA and protein expression overlapped
partially with OSBP and were restricted to brain, heart, muscle and kidney(Wang, JeBailey
et al. 2002).

Immunofluorescence localization in stably transfected Chinese hamster ovary cells showed
that ORP4-S co-localized with vimentin and caused the intermediate filament network to
bundle or aggregate. ORP4-L displayed a diffuse staining pattern that did not overlap with
vimentin except when the microtubule network was disrupted with nocodazole.

Molecular functions related to dyslipidemia: Cells overexpressing ORP4S had a 40%
reduction in the esterification of low-density-lipoprotein-derived cholesterol, demonstrating
that ORP4 in an interaction with intermediate filaments inhibits an intracellular cholesterol-
transport pathway mediated by vimentin (Wang, JeBailey et al. 2002).

ORP4L bound [3H]25-hydroxycholesterol with high affinity and specificity. However,
sterol-binding or a mutation that ablated sterol-binding did not influence the interaction of
GST-ORP4 with vimentin (Wyles, Perry et al. 2007). Thus the precise mechanism about what
ORP4L senses to regulate intracellular cholesterol-transport pathway still remains
unidentified.

Epidemiological study: Epidemiological study of ORP4 is not reported yet.
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2.7 OSBPLS5 (ORPS5)

Structure, Tissue distribution and Intracellular localization: ORP5 belongs to the
subfamily IV of OSBP/ORP homologues. ORP5 has an ORD, a PH domain and a
transmembrane domain. ORP5 localizes to the ER.

Molecular functions related to dyslipidemia: Knocking down ORP5 causes cholesterol
accumulation in late endosomes and lysosomes, which is reminiscent of the cholesterol
trafficking defect in Niemann Pick C (NPC) fibroblasts (Du, Kumar et al. 2011). Cholesterol
appears to accumulate in the limiting membranes of endosomal compartments in ORP5-
depleted cells, whereas depletion of NPC1 or both ORP5 and NPC1 results in luminal
accumulation of cholesterol. Moreover, trans-Golgi resident proteins mislocalize to
endosomal compartments upon ORP5 depletion, which depends on a functional NPC1.
Niemann-Pick type C (NPC) disease is most often caused by mutations in the NPC1 gene,
whose protein product is believed to facilitate the egress of cholesterol and other lipids from
late endosomes and lysosomes to other cellular compartments (Boadu and Francis 2006).
The results of the research by Du et al. establish the first link between NPC1 and a
cytoplasmic sterol carrier, and suggest that ORP5 may cooperate with NPC1 to mediate the
exit of cholesterol from endosomes/lysosomes.

Epidemiological study: Epidemiological study of ORP5 is not reported yet.

2.8 OSBPL6 (ORP6)

Structure, Tissue distribution and Intracellular localization: ORP6 belongs to the
subfamily III of OSBP/ORP homologues. ORP6 has an ORD, a PH domain and an FFAT
motif. ORP6 shows the highest expression in brain and skeletal muscle (Lehto, Tienari et al.
2004). Endogenous ORP6 associated predominantly with the nuclear envelope. When
expressed from the cDNA in cultured cells, ORP6 was distributed between the cytosol and
ER membranes, with a minor portion found at the PM.

Molecular functions related to dyslipidemia: The direct evidence that ORP6 functions to
regulate Dyslipidemia is yet to be reported.

Epidemiological study: Using the Framingham Heart Study data set, a quantitative trait locus
in the chromosome 2q was found to be significantly involved in variations of HDL cholesterol
levels. ORP6 is identified as one of the candidate genes that are possibly involved in the
regulation of HDL cholesterol levels in this region (North, Martin et al. 2003).

2.9 OSBPL7 (ORP7)

Structure, Tissue distribution and Intracellular localization: ORP7 belongs to the
subfamily III of OSBP/ORP homologues. ORP7 has an ORD, a PH domain and a an FFAT
motif. ORP7 shows the highest expression in the gastrointestinal tract (Lehto, Tienari et al.
2004). When expressed from the cDNA in cultured cells, ORP7 was distributed between the
cytosol and ER membranes, with a minor portion found at the PM. The N-terminal portion
of the proteins, containing a PH domain, has markedly strong PM targeting specificity,
while the C-terminal half remains largely cytosolic. The dual targeting of the proteins
indicates a putative role in communication between the ER and the PM.

Molecular functions related to dyslipidemia: Recently, Zhong et al. identified by yeast two-
hybrid screening an interaction partner of ORP7, GATE-16, which (i) regulates the function
and stability of Golgi SNARE of 28kDa (GS28), and (ii) plays a role in autophagosome
biogenesis (Zhong, Zhou et al. 2011).
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GATE-16 is a ubiquitin-like low molecular weight peripheral membrane protein which was
initially reported to localize at the Golgi complex and to regulate docking/fusing reactions
in intra-Golgi traffic and Golgi assembly from mitotic fragments via interactions with NSF
and the Golgi v-SNARE GS28 (Sagiv, Legesse-Miller et al. 2000). G528 was identified as a
SNARE protein, the majority of which is associated with the cis-Golgi, and is implicated in
both ER-Golgi and intra-Golgi transport (Subramaniam, Peter et al. 1996). In the presence of
NSF, SNAP and ATP, GATE-16 interacts with GS28, apparently maintaining GS28 in a
transport competent form and protecting it from proteolysis.

Zhong et al. revealed that ORP7 knockdown in 293A cells resulted in a 40% increase of G528
protein while ORP7 overexpression had the opposite effect. Similar to ORP7 overexpression,
treatment of cells with 25-hydroxycholesterol (25-OH) resulted in GS28 destabilization,
which was potentiated by excess ORP7 and inhibited by ORP7 silencing. Their results
suggest that ORP7 negatively regulates G528 protein stability via sequestration of GATE-16,
and may mediate the effect of 25-OH on GS28 and Golgi function.

Epidemiological study: It is reported that SNPs near ORP7 gene show genome-wide
significant association with LDL cholesterol (Teslovich, Musunuru et al. 2010).

2.10 OSBPLS8 (ORPS8)

Structure, Tissue distribution and Intracellular localization: ORP8 belongs to the
subfamily IV of OSBP/ORP homologues. ORP8 has an ORD, a PH domain and a
transmembrane domain. ORPS8 is expressed at the highest levels in macrophages, liver,
spleen, kidney, and brain (Yan, Mayranpaa et al. 2008). ORPS is localized in the ER via its C-
terminal transmembrane domain.

Molecular functions related to dyslipidemia: It is reported that silencing of ORP8 by RNA
interference in THP-1 macrophages increased the expression of ABCA1 and concomitantly
cholesterol efflux to lipid-free apolipoprotein A-l. Experiments employing an ABCA1
promoter-luciferase reporter confirmed that ORPS silencing enhances ABCA1 transcription.
These data identify ORP8 as a negative regulator of ABCA1 expression and macrophage
cholesterol efflux. But the precise mechanism to regulate the expression of ABCA1 has not
been revealed.

Recently, Zhou et al. investigated the action of ORP8 in hepatic cells in vivo and in vitro.
They found that adenoviral overexpression of ORP8 in mouse liver induced a decrease of
cholesterol, phospholipids, and triglycerides in serum (-34%, -26%, -37%, respectively) and
liver tissue (-40%, -12%, -24%), coinciding with reduction of nuclear (n)SREBP-1 and -2 and
mRNA levels of their target genes. Consistently, excess ORP8 reduced nSREBPs in HuH7
cells, and ORP8 overexpression or silencing by RNA interference moderately suppressed or
induced the expression of SREBP-1 and SREBP-2 target genes, respectively. In accordance,
cholesterol biosynthesis was reduced by ORP8 overexpression and enhanced by ORPS8
silencing in [(3)H]acetate pulse-labeling experiments.

They also performed yeast two-hybrid, bimolecular fluorescence complementation (BiFC),
and co-immunoprecipitation analyses, and revealed the nuclear pore component Nup62 as
an interaction partner of ORPS8. They showed that the impact of overexpressed ORP8 on
nSREBPs and their target mRNAs was inhibited in cells depleted of Nup62.

These results reveal that ORP8 has the capacity to modulate lipid homeostasis and SREBP
activity, probably through an indirect mechanism required Nup62.
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Epidemiological study: Ma et al. performed a genome-wide association analysis of total
cholesterol and HDL cholesterol levels using the Framingham heart study data. In that
study, single-locus effects and pairwise epistasis effects of 432,096 SNP markers were tested
for their significance on log-transformed total cholesterol and HDL cholesterol levels.

As a result, the OSBPL8-ZDHHC17 region (chrl2) was detected for HDL cholesterol
identified by one new SNP with genome-wide significance (Ma, Yang et al. 2010).

2.11 OSBPL9 (ORP9)

Structure, Tissue distribution and Intracellular localization: ORP9 belongs to the
subfamily V of OSBP/ORP homologues. ORP9 has an ORD, a PH domain and an FFAT
motif. VAP binding FFAT motif and PH domains target ORP9 to the ER and a Golgi-COPII
compartment, respectively (Wyles and Ridgway 2004).

Molecular functions related to dyslipidemia: Ngo et al. demonstrate that ORPIL
partitioning between the trans-Golgi/trans-Golgi network (TGN), and the ER is mediated
by a phosphatidylinositol 4-phosphate (PI-4P)-specific PH domain and VAP, respectively
(Ngo and Ridgway 2009). In vitro, ORPIL mediates PI-4P-dependent cholesterol transport
between liposomes, suggesting that its primary function in vivo is sterol transfer between
the Golgi and ER. Depletion of ORPIL by RNAi caused Golgi fragmentation, inhibition of
vesicular somatitus virus glycoprotein transport from the ER and accumulation of
cholesterol in endosomes/lysosomes. These findings indicate that ORP9 maintains the
integrity of the early secretory pathway by mediating transport of sterols between the ER
and trans-Golgi/ TGN.

It is also reported that ORPY, in interaction with ORP11, may act as an intracellular lipid
sensor or transporter (Zhou, Li et al. 2010). (see also ORP11.)

Epidemiological study: Epidemiological study of ORP9 is not reported yet.

2.12 OSBPL10 (ORP10)

Structure, Tissue distribution and Intracellular localization: ORP10 belongs to the
subfamily VI of OSBP/ORP homologues. ORP10 has an ORD and a PH domain but does not
have an FFAT motif or a transmembrane domain.

ORP10 was shown to associate dynamically with microtubules, being consistent with its
involvement in intracellular transport or organelle positioning (Perttila, Merikanto et al.
2009).

Immunofluorescence localization in transiently transfected bovine aorta endothelial cells
showed that EGFP-ORP10 co-localized with alpha-tubulin (Fig. 2 ¢, g) and not with actin
(Fig. 2 a, e) or vimentin (Fig. 2 b, f). The microtubules co-localize with EGFP-ORP10 show
the aberrant bundled structures. These structures were disrupted by treatment with
nocodazol (Fig. 2 d, h).

Molecular functions related to dyslipidemia: Silencing of ORP10 increased the
incorporation of [(3)H]acetate into cholesterol and both [(3)H]acetate and [(3)H]oleate into
triglycerides and enhanced the accumulation of secreted apolipoprotein B100 in growth
medium, suggesting that ORP10 suppresses hepatic lipogenesis and very-low-density
lipoprotein production.

Epidemiological study: We examined the association between polymorphisms in the
ORP10 gene and risk factors for the metabolic syndrome in the Tanno and Sobetsu Study in
Japan (Koriyama, Nakagami et al. 2010).
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Fig. 2. Intracellular localization of ORP10.

As a result, we found that the LDL cholesterol of individuals with the rs2290532 (D254NN)
polymorphism was significantly greater in subjects with the CC+CT genotype than in
subjects with the TT genotype (124.3+/-1.3 vs. 111.6+/-4.1 mg per 100 ml, P=0.009) (Fig. 3).
Comparison of the genotype frequency in both groups indicated that the genotype
associated with low risk (TT) reduced the risk of hyper-LDL cholesterolemia significantly
(P=0.003), with an odds ratio of 0.35 (95% confidence interval=0.17-0.76). These findings
suggest that the 152290532 (D254N) polymorphism in OSBPL10 may predispose individuals
with this SNP to hyper-LDL cholesterolemia.
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Fig. 3. Relation of rs2290532 of ORP10 with serum LDL cholesterol.

Perttila et al. also reported that the analysis of variants in ORP10 gene revealed suggestive
linkage of ORP10 single-nucleotide polymorphisms (SNPs) with extreme end high TG
(>90th percentile) trait. They carried out an association analysis in a metabolic syndrome
subcohort (Genmets) of Health2000 examination survey (N = 2,138), revealing an association
of multiple ORP10 SNPs with high serum TG levels (>95th percentile).

The result proves that ORP10 is genetically associated with both TG and LDL cholesterol
levels. Though it is estimated that microtubule dependent intracellular transport of vesicles
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plays an important role in that process, the mechanism to control TG and LDL cholesterol
levels is yet to be explained. A further analysis is highly expected.

2.13 OSBPL11 (ORP11)

Structure, Tissue distribution and Intracellular localization: ORP11 belongs to the
subfamily VI of OSBP/ORP homologues. ORP11 has an ORD and a PH domain but does not
have an FFAT motif or a transmembrane domain. ORP11 is present at the highest levels in
human ovary, testis, kidney, liver, stomach, brain, and adipose tissue.
Immunohistochemistry demonstrates abundant ORP11 in the epithelial cells of kidney
tubules, testicular tubules, caecum, and skin. ORP11 dimerizes with ORP9 and localizes at
the Golgi-late endosome interface (Zhou, Li et al. 2010).

Molecular functions related to dyslipidemia: Cells overexpressing ORP11 displayed
lamellar lipid bodies associated with vacuolar structures or the Golgi complex, indicating a
disturbance of lipid trafficking. Similar multilamellar membranes arise in endo-lysosomal
compartments in phospholipidosis occurring, for instance, upon incubation of macrophage
with oxidized low-density lipoprotein, or associated with inheritable lysosomal storage
disorders, situations in which normal lipid transport is disturbed. These findings indicate
that ORP11, in interaction with ORP9, may act as an intracellular lipid sensor or transporter.
Epidemiological study: it is reported that ORPI11 is significantly overexpressed in the
visceral adipose tissue of obese men with metabolic syndrome (Bouchard, Faucher et al.
2009). Furthermore, they found SNPs in the ORP11 gene to be associated with several
cardiovascular risk factors in obese individuals. IVS12+95 T>C, a newly discovered SNP
of the study, was associated with LDL cholesterol levels (OR = 1.63; P < 0.001),
hyperglycemia/diabetes (OR = 1.48; P < 0.004) as well as with metabolic syndrome per se
(OR = 1.56; P < 0.01). These results suggest that ORP11 is involved in cholesterol and
glucose metabolism in obese individuals.

3. Conclusion

Since OSBP/ORP family involves functional redundancy as well as overlap tissue
expression and intracellular localization, the function of each family member has been
mostly left unrevealed. Various studies including the genome-wide association study,
however, have succeeded to prove the direct association between the individual members
and dyslipidemia. Analyses on the individual members have also made it clear that the
members affect the regulation of cholesterol and triglyceride level in interaction with
diverse molecules.

Nevertheless, the precise molecular mechanism of the process still remains unascertained.
The recent findings such as the identification of the small molecule which associates with
OSBP are expected to act as a convenient tool to clarify the more detailed functions of
OSBP/ORP family in future.
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1. Introduction

Obesity and lack of physical activity are two major factors contributing considerably to the
pathogenesis of many chronic diseases so prevalent in contemporary human population.
Adipose tissue and skeletal muscle are therefore the primary organs one would immediately
suggest to target in an attempt to battle metabolic disease progression. Fine tuning of the
physiological processes within the two organs have a large potential to modulate (i) energy
balance, (ii) lipid storage-utilization efficiency as well as (iii) central and peripheral actions
in the brain, gastrointestinal system or liver which are integrated by the endocrine activity
of the two energy balance maintaining tissues.

2. Adipose tissue in metabolic health and disease

Despite the fact that the primary role of adipose tissue is an effective lipid storage and
timely regulation of its release and that these processes could, in a simplified adipocentric
view, be the primary determinants of the dyslipidemia and metabolic disease progression,
adipose tissue has a broad range of other regulatory functions exerted via its autocrine,
paracrine and endocrine actions. Adipose tissue secretory products, “adipokines”, could
modulate food intake, energy expenditure, or tissue oxidative capacity (Trayhurn et al. 1998;
Ukropec et al. 2001; Ahima & Lazar 2008; Henry & Clarke 2008; Friedman 2011). In addition,
adipose tissue dynamically changes its structure (tissue remodeling, lipid composition),
function (lipid storage & lipolysis) as well as endocrine action in response to different
physiological (fasting / refeeding, exercise, microgravity) and pathophysiological (obesity,
prediabetes, diabetes, cachexia, lipodystrophy, growth hormone deficiency) conditions (Ukropec et
al. 2008; Itoh et al. 2011; Pietilainen et al. 2011). It is important to understand that adipose
tissue is a mixture of very different cell-types. Apart from approximately 50% of mature
lipid-laden adipocytes it contains various stromal cells including preadipocytes, endothelial
cells, fibroblasts, pluripotent stem cells and immune cells which substantially influence its
function (Bjorntorp 1974; Sethi & Vidal-Puig 2007, Divoux & Clement 2011). Extreme
enlargement of the fat cell size, such as we have recently observed in individuals with
growth hormone deficiency, is perhaps the best early marker of the obesity related -
metabolic disease development (Ukropec et al. 2008a) (Fig. 1.). Adipose tissue with enlarged
adipocytes, expressing markers of the local tissue microhypoxia but not responding to it
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properly and attracting large amount of activated immunocompetent cells, has recently been
termed “pathogenic adipose tissue” (Bays et al. 2008; Ukropec et al. 2008b).
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Fig. 1. Fat cell size in obesity and in growth hormone deficiency (GHD), percentage of
cumulative frequency (Y axis), (Ukropec et al. 2008a).

The tissue damage due to overwhelming adipocytes with lipids, largely exceeding their lipid
storage capacity, changes the adipokine secretory profile and leads to uncontrolled release of a
large amount of lipids into circulation while the capacity of the adipose tissue adaptive
remodeling is compromised. This is followed by the accumulation of lipids in tissues not
designed for the lipid storage such as liver, skeletal muscle, pancreatic beta cells or lung which
largely interferes with their physiological functions and accelerates the development of
metabolic disease (Bays et al. 2008; Foster et al. 2010; Unger et al. 2010). Limited expandability
of the adipose tissue seems to determine individual propensity to the development of
metabolic disease (Arner, P. et al. 2011). Adaptive expansion of the adipose tissue is enabled by
combination of adipocyte hypertrophy and hyperplasia. Expansion of adipose tissue requires
quite extensive tissue remodeling, in order to maintain adequate energy and oxygen supply,
active neuronal network as well as integrity and functional properties of cellular membranes
(Itoh et al. 2011; Pietilainen et al. 2011). Broader knowledge of the fat cell life-cycle dynamics is
critical for our understanding the pathophysiological mechanisms limiting adipose tissue
hyperplastic expansion. In 2008, Arner’s group analyzed the adipocyte turnover by detecting
the genomic DNA incorporation of atmospheric 14C derived from above-ground nuclear bomb
tests in period between 1955 and 1963. This work revealed that approximately 10% of fat cells
are renewed per year at all adult ages and levels of BMI and that neither adipocyte death nor
generation rate is altered in early onset obesity. It seemed that the steady production of
adipocytes in adults results in a stable size of the constantly turning over adipocyte population
(Spalding et al. 2008). More recent work by these authors examining morphology of the
subcutaneous adipose tissue from 764 individuals with broad range of BMI (18-60 kg.m?)
defines hyperplasia and hypertrophy as a difference between measured adipocyte volume and
volume predicted by the curve-like fit, for adipocyte volume and body fat mass (Fig. 2.). In this
analysis occurrence of hyperplasia or hypertrophy correlated with fasting plasma insulin and
insulin sensitivity. In addition, total adipocyte number was greatest in individuals with
pronounced hyperplasia, and smallest in those with pronounced hypertrophy. The absolute
number of new adipocytes generated each year was 70% lower in patients with hypertrophy
than with hyperplasia. Whereas the relative death rate (~ 10% per year) or mean age of
adipocytes (~ 10 years) was not correlated with adipocyte morphology (Arner, E. et al. 2010).
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Fig. 2. (A) Graph depicts large variability in adipose tissue morphology in individuals with
identical body fat mass (764 subjects). (B) Level of hyperplasia is represented by adequately
lowered morphology value while hypertrophy is associated with parallel increase in
morphology value defined as a difference between measured and expected adipocyte
volume given by the curve-like fit, for given body fat mass (Arner, E. et al. 2010).

Insulin sensitivity could therefore govern adipose tissue morphology towards beneficial
hyperplastic state at the population level. Conversely, defects in insulin action are
interconnected with the hypertrophic adipocytes, and higher risk of lipid flooding the
nonadipose tissues. Absolute numbers of adipocytes as well as their capacity to expand and
store lipids are quite difficult to modulate. Morbid obesity and lipodystrophy represent the
two medical conditions associated with excessive hypertriglyceridemia, hepatic steatosis,
and disordered muscle glucose metabolism, due to defected ability of adipose tissue to store
lipids or the selective loss of adipose tissue respectively. Activation of adipogenic
programme by PPARy agonists or chronic leptin treatment improves insulin-stimulated
hepatic and peripheral glucose metabolism in obese and lipodystrophic patients
respectively (Petersen et al. 2002; Rieusset et al. 2002; Van Gaal et al. 2003). Adipogenesis is
necessary to increase the adipose tissue cellularity (hyperplastic adaptive change) and lipid
storage capacity; it is largely dependent on the signal transducers and activators of
transcription (STAT) pathway. In brief, transcription factors C/EBPa, C/EBPp, and PPARy
control adipogenesis by regulating STAT5B and STAT5A. Regulation of PPARy-STAT5 by
C/EBPp signaling seems to be the crucial adipogenesis - initiating cascade of the various
adipogenic genes (Jung et al. 2011). Activation of adipogenic program should be paralleled
with the extracellular matrix remodeling. As mentioned above, adipocytes are embedded in
a unique extracellular matrix which main function is to provide mechanical support, in
addition to participating in a variety of signaling events. Extracellular matrix requires
remodeling to accommodate growing adipocytes in the expanding adipose tissue. We have
recently participated in the research by Christian Wolfrum’s laboratory investigating
regulatory processes related to adipose tissue hyperplasia. In this work, the transcription
factor retinoid-related orphan receptor y (RORy) was identified as an important regulator of
adipocyte development through regulation of its newly identified target gene matrix
metallopeptidase-3. RORy might serve as a novel predictor for the risk of metabolic
complications in obesity as well as a pharmaceutical target for the treatment of obesity-
associated diseases (Meissburger et al. 2011).
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Khan et al., recently proposed that "adipose tissue fibrosis" is a hallmark of metabolically
challenged adipocytes. Authors observed that the absence of collagen VI, the highly enriched
extracellular matrix component of adipose tissue, results in the uninhibited expansion of
individual adipocytes, which is paradoxically associated with substantial improvements in
whole-body energy homeostasis, both with high-fat diet exposure and in the ob/ob
background. Weakening the extracellular scaffold of adipocytes seems to enable their stress-
free expansion during states of positive energy balance, which is consequently associated with
an improved inflammatory profile (Khan et al. 2009). Further support to the notion that
metabolic deregulation is rather due to lipid-leakage than the adipocyte hypertrophy per se
comes from the experiment where mice lacking leptin were made to overexpress adiponectin.
This led to the modest increase in circulating levels of full-length adiponectin and to
subsequent normalization of glucose and insulin levels, dramatic improvement of glucose
tolerance and positive effect on serum triglyceride levels. Adiponectin in fact completely
rescued the diabetic phenotype in ob/ob mice. These mice displayed increased expression of
PPARYy target genes and a reduction in macrophage infiltration in adipose tissue and systemic
inflammation. Adiponectin expressing ob/ob mice, however, were morbidly obese, with
significantly higher levels of adiposity and adipocyte hypertrophy than their ob/ob
littermates. Adiponectin seems to act as a peripheral "starvation" signal promoting the storage
of triglycerides preferentially in adipose tissue. As a consequence, reduced triglyceride levels
in the liver and muscle convey improved systemic insulin sensitivity despite adipocyte
hypertrophy (Kim et al. 2007).

2.1 Specificities of subcutaneous and visceral adipose tissue

In contrast to visceral adipose tissue, which is often blamed from inducing detrimental
metabolic effects, subcutaneous adipose tissue has the potential to benefit lipid and glucose
metabolism. It has been repeatedly shown that differences in regional body fat distribution
determine the propensity for the development of obesity related metabolic complications
(Tchernof 2007). Accumulation of fat in the visceral region (mesentery, omentum,
retroperitoneum), that in fact corresponds to central obesity (determined by increased waist
circumference) is associated with cardiovascular disease and type 2 diabetes, independently
on overall obesity (Wajchenberg 2000; Hamdy et al. 2006; Pischon et al. 2008). The amount of
visceral fat increases with age in both genders but man in general have greater visceral
adiposity than women (Wajchenberg 2000). Consistent with this notion, removal of visceral
adipose tissue (omentectomy) decreases glucose and insulin levels in humans (Thorne et al.
2002). By contrast peripheral obesity - increased subcutaneous adipose tissue mass, mainly
in the region of buttock and thighs seem to be associated with improved insulin sensitivity
and lower risk for type 2 diabetes mellitus (Snijder et al. 2003; Koska et al. 2008). One
possible explanation for the detrimental effect of visceral fat accumulation comes from its
unfortunate anatomical location (Arner, P. 1998; Bergman et al. 2006), but second theory
based on adipose tissue transplantation experiments blames rather the tissue internal
properties such as unfavorable secretory profile (Matsuzawa et al. 1999).

Adipose tissue transplantation experiments have been primarily used as a tool to study
physiology for human reconstructive surgery, but they provide important information on
differences between visceral and subcutaneous adipose tissue which opens the vision of the
adipose tissue or adipose tissue derived stem cells transplantation for the treatment of
obesity and metabolic disorders.
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2.2 Brown adipose tissue in human physiology

Humans and other mammals have two types of adipose tissue that contribute to control of
the whole body energy metabolism. The above discussed white adipose tissue, “the bad
guy” associated with obesity, is necessary for energy storage. Brown adipose, “the good
guy”, contains a lots of mitochondria and is ready to burn energy to generate heat in
response to cold or dietary intake, keeping the body warm and slim (Cannon & Nedergaard
2004). Until recently, physiologically relevant amount of brown fat was only found in
newborns. However, accumulating evidence indicates that adult humans - or at least
significant portion of us retain physiologically relevant amount of brown fat (van Marken
Lichtenbelt et al. 2009; Vijgen et al. 2011; Virtanen & Nuutila 2011). This provides an exciting
possibility to precisely regulate the adaptive thermogenic process in humans, which could
dissipate energy and lower the obesity related metabolic burden. Brown adipose tissue
activity in humans was determined with the aid of 8F-fluorodeoxyglucose positron-
emission tomography and computing tomography mainly in the supraclavicular region of
cold-exposed individuals. Importantly, specimens of the adipose tissue from the
supraclavicular region of adult humans with active brown adipose tissue were positive for
UCP1 protein (Fig. 3.) (van Marken Lichtenbelt et al. 2009; Zingaretti et al. 2009). Vision of
translating this knowledge into the clinical practice is quite reachable (Nedergaard &
Cannon 2010; Tseng et al. 2010). Clinical importance could be significant, despite the fact
that the volume of active brown adipose tissue tends to be lower in the overweight or obese
than in the lean individuals (van Marken Lichtenbelt et al. 2009), and that it decreases with
age (Cypess et al. 2009). Interestingly, applying the personalized cooling protocol for
maximal nonshivering conditions to morbidly obese individuals could still increase brown
adipose tissue activity (Vijgen et al. 2011).

Fig. 3. Metabolically activated brown adipose tissue in supraclavicular region (arrows, B) in
morbidly obese individuals after personalized cooling protocol (Vijgen et al. 2011).

2.3 Metabolic activation of the white adipose tissue

It has recently been shown that brown adipocytes and muscle cells share the common origin
and in this respect they are quite distinct from white adipocytes (Tseng et al. 2008; Seale &
Lazar 2009). The question remains, what is the origin of “brown fat-like white (brite) ”
adipocytes containing UCP1 which could be induced in white fat depots under certain
pohysiological (cold exposure) (Fig. 4.) or pharmacological (activation of SNS, agonists of
PPARy) conditions (Granneman et al. 2005; Li et al. 2005; Ukropec et al. 2006). Nedegaard's
laboratory had recently reported that chronic treatment with the PPARy agonist
rosiglitazone promotes not only the expression of PGCla and mitochondriogenesis but also
a catecholamine - inducible UCP1 gene expression in a significant subset of the white
adipocytes, giving them the genuine, thermogenic capacity.
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Fig. 4. Metabolically activated “brite adipocytes” as found in inguinal white adipose tissue
of mice lacking the UCP1-thermogenesis after gradual exposure to cold.

(A) histomorphology, (B) O, consumption by oxymetry, (C) adipose tissue ex vivo
palmitate oxidation, (D&E) evidence for AMPK activation (Ukropec et al. 2006).

In collaboration with laboratory of dr. Kvatnansky we have recently observed that
catecholamines, important regulators of lipolysis in adipose tissue, could be produced
within adipocytes. Adipocytes isolated from mesenteric adipose tissue expressed genes
encoding the catecholamine biosynthetic enzymes and produced catecholamines de novo.
Administration of tyrosine hydroxylase inhibitor, alpha-methyl-p-tyrosine, significantly
reduced concentration of catecholamines in isolated adipocytes in wvitro (Fig. 5.). We
therefore hypothesized that the sympathetic innervation of adipose tissue is not the only
source of catecholamines and that adipocyte-derived catecholamines could dynamically
modulate metabolic or thermogenic properties of the white adipose tissue perhaps by
enhancing "brite adipocyte” function (Vargovic et al. 2011).

3. Adipocentric view on the pathophysiology of metabolic disease

The prevalence of obesity and its consequent pathologies in modern society is of serious
health concern. Although the expansion of adipose tissue mass during pathological obesity
is in itself not a grave problem, rather it is the ensuing pathologies resultant of this state,
including development of hypertension, type 2 diabetes and cardiac myopathies, that
impacts peoples lives and health services worldwide.
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Clearly not all obese individuals develop metabolic and cardiovascular complications; here
we discuss several regulatory mechanisms representing a base for the strategies to prevent
metabolic disease development.
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Fig. 5. Adipocytes have internal catecholamine production capacity. Adipose tissue contains
mRNA and proteins specific for tyrosine hydroxylase (TH) and phenylethanolamine N-
methyltransferase PNMT as shown on histological sections probed with specific PNMT (a,b)
and TH (c) antibodies, scale bar: 20 um. (d) Adipocytes freshly isolated from mesenteric
adipose tissue produce dopamine (DA), norepinephrine (NE) and epinephrine (EPI) into the
media. Production of catecholamines is largely inhibited by addition of alpha-methyl-p-
tyrosine (AMPT) - competitive inhibitor of TH activity (Vargovic et al. 2011).

3.1 Hypoxia

Hypothesis that adipose tissue populated by large adipocytes contains the local
microhypoxia suffering areas, which has a profound effect on the tissue metabolic and
inflammatory phenotype, has been largely accepted. Hypoxia is one of the major triggers
strongly inhibiting adipocyte differentiation. Tissue hypoxia in obesity is associated with the
defects in the nutrient and oxygen supply into the tissue, related to a defective blood flow
regulation which might be perpetuated by the increased fat cell size (Yun et al. 2002). This is
happening in spite of the almost unlimited capacity of adipose tissue to expand in a non-
transformed form, which is a very unique property of adipose tissue that cannot be seen in
any other organ. To accomplish this adipose tissue requires potent mechanisms to remodel,
acutely and chronically, as it can rapidly reach the diffusional limit of oxygen; molecular
response to hypoxia is therefore an early determinant that limits healthy adipose tissue
expansion. Proper expansion requires a highly coordinated response among many different
cell types, including endothelial precursor cells, immune cells, and preadipocytes (Sun et al.
2011). It has also been demonstrated that mitochondrial oxidative apparatus is essential for
the white fat adipocyte differentiation (De Pauw et al. 2009). Beside their key role in ATP
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production, mitochondria constitute the primary source of reactive oxygen species (ROS),
which have a great potential to influence the tissue plasticity.

ROS are not only considered a negative factors contributing to degenerative processes and
ageing, but also a physiological signal molecules participating in the oxygen sensing
mechanisms (Chandel & Budinger 2007). Mitochondrial ROS production influences the size
of the white adipocytes, and ROS are in fact antiadipogenic signaling molecules triggering
the hypoxia-dependent inhibition of adipocyte differentiation (Carriere et al. 2004). In
addition, decreased oxygen availability stimulates the programming of cellular metabolism
towards increased glycolysis and fatty acid and triacylglyceride synthesis (Halperin et al.
1969; Kinnula et al. 1978). Hypoxia-inducible factor (HIF), dimers composed of HIFla,
HIF2a. or HIF3a (collectively HIFa) and HIF18/ARNT subunits, play a key role in the
coordination of these metabolic adaptations (Trayhurn et al. 2008; Krishnan et al. 2009).
HIFa subunits are constitutively expressed but degraded under normoxia due to prolyl
hydroxylase activity, which marks them for recognition by the von Hippel-Lindau (VHL)
tumor suppressor protein pVHL, that acts as part of an E3 ubiquitin ligase complex to target
HIFo. subunit for proteasomal degradation. Loss of pVHL function or hypoxia leads to
accumulation of HIFa, dimerization with HIFa/ARNT and the activation of numerous
hypoxia-inducible genes (Krek 2000; Semenza 2001). Previous work by Krek's laboratory
provided the seminal observation that hypoxia activated pVHL and HIFla oxygen sensing
system affects normal physiological function of heart and pancreatic beta cells by triggering
the changes in the glucose and fatty acid metabolism (Zehetner et al. 2008; Krishnan et al.
2009). Interestingly, hypoxia present in atherosclerotic lesions contributes to the pro-
inflammatory lipid-loaded foam cells formation, as it decreases expression of enzymes
involved in B-oxidation and increases expression of enzymes related to fatty acid synthesis
and lipid droplet formation. The aforementioned processes possibly stimulate progression
of the atherosclerotic plaque formation (Bostrom et al. 2007). Finally, tissue hypoxia largely
modulates adipocytokine production and possibly contributes to the adipose tissue
inflammation in obesity (Hosogai et al. 2007; Wang et al. 2007; Ukropec et al. 2008).

3.2 Inflammation — Macrophage, adipocyte and preadipocyte plasticity

Chronic low level of inflammation present in the “pathogenic” adipose tissue has been
found to have adverse effects on the adipose tissue physiological functions contributing thus
to the metabolic disease. It has been shown that increase in both body fat mass and
adipocyte cell size are directly related to the number of macrophages found in the adipose
tissue (Wellen & Hotamisligil 2005; Weisberg et al. 2006; Goossens 2008). A net pro-
inflammatory response of the adipose tissue may result from adipose tissue secretion of pro-
inflammatory factors; adipose tissue secretion of factors that stimulate other tissues to
produce inflammatory factors; and decreased production of anti-inflammatory factors.
Although the contribution of specific cell types to inflammation is uncertain, evidence is
mounting that implicates adipose tissue macrophages as the significant contributor to
inflammation in insulin resistant adipose tissue (Kanda et al. 2006; Neels & Olefsky 2006).
There are controversial reports related to the importance of the CC chemokine ligand 2
(CCL2, monocyte chemoattractant protein-1) for the macrophage-recruitment and activation
in obesity (Kamei et al. 2006; Inouye et al. 2007). Interestingly CCL2 has also been proposed
to affect metabolism independently of its macrophage-recruiting capabilities (Inouye et al.
2007). There is also preliminary data indicating that the tissue infiltration by macrophages
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depends upon the expression of osteopontin, an extracellular matrix protein and pro-
inflammatory cytokine which promotes the monocyte chemotaxis and cell motility. Mice
exposed to a high-fat diet exhibited increased plasma osteopontin level, and elevated
expression of osteopontin in macrophages recruited into adipose tissue. In addition, obese
mice lacking osteopontin displayed improved insulin sensitivity in the absence of an effect
on the diet-induced obesity, body composition or energy expenditure. These mice further
demonstrated decreased macrophage infiltration into adipose tissue, which may reflect both
impaired macrophage motility and attenuated monocyte recruitment by stromal vascular
cells. Finally, obese osteopontin-deficient mice exhibited decreased markers of
inflammation, both in adipose tissue and systemically (Nomiyama et al. 2007).

Adipose tissue resident macrophages show significant heterogeneity in their properties and
activation state, reflecting the local metabolic and immune microenvironment (Gordon &
Taylor 2005). Different stimuli activate macrophages to express distinct patterns of
chemokines, surface markers and enzymes that ultimately generate the diversity of
macrophage function seen in inflammatory and non-inflammatory settings. It has recently
been proposed that adipose tissue macrophages, which accumulate with obesity and are
implicated in insulin resistance switch their phenotype from one of an alternatively
activated (M2) to pro-inflammatory (M1) cells (Lumeng et al. 2007). Characteristic features
of the IFN-y induced pro-inflammatory (M1) macrophages include enhanced MHC class 11
expression, but distinctive up-regulation of i-NOS. Alternative activation of macrophages
(M2) is strongly associated with extracellular parasitic infections, allergy, humoral
immunity, and fibrosis. It is characterized by up-regulation of the endocytic lecithin-like
receptors and arginase rather than i-NOS (Gordon 2007). Therefore, the alternatively
activated (M2) macrophages seem to have high capacity for the tissue remodeling and
repair.

It had been recently proposed that PPARYy is required for maturation of alternatively
activated macrophages (M2), which could also participate to its insulin sensitizing effect
(Odegaard et al. 2007). Disruption of PPARy in myeloid cells impaired alternative
macrophage activation and predisposed to the development of diet-induced obesity, insulin
resistance, and glucose intolerance. This might be related to the concomitant down-
regulation of oxidative phosphorylation gene expression in skeletal muscle and liver
(Odegaard et al. 2007). Phenotype of macrophages in the pathogenic-hypoxic adipose tissue
might also be regulated by HIF-1 since the functional loss of HIF-1a resulted in a dramatic
reduction of the intracellular ATP stores in macrophages to approximately 15-20%, most
likely due to the inhibition of the HIF-1a regulated glycolytic energy generation (Cramer &
Johnson 2003; Cramer et al. 2003). It could be hypothesized that resident alternatively
activated macrophages have a beneficial role in regulating nutrient homeostasis and suggest
that macrophage polarization towards the alternative state might be a useful strategy for
treating type 2 diabetes, by modulating adipose tissue phenotype.

Fatty acid binding proteins (FABPs), which are common to adipocytes and macrophages,
could also play an important role in metabolic and inflammatory disease, and might
therefore represent desirable therapeutic targets for metabolic syndrome (Erbay et al. 2007).
Macrophage-derived foam cells express the adipocyte fatty acid-binding protein (FABP) aP2
that plays an important role in regulating the development of insulin resistance in obesity. It
has been shown that macrophages deficient in aP2 display alterations in the inflammatory
cytokine production. Through its distinct actions in adipocytes and macrophages, aP2 links
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together the features of the metabolic syndrome including insulin resistance, obesity,
inflammation, and atherosclerosis (Linton & Fazio 2003).

3.3 Phospholipid membrane composition

In the last decades, free radical processes delineated an interdisciplinary field linking
chemistry to biology and medicine. Free radical mechanisms became of importance as
molecular basis of physiological and pathological conditions. Lipids, in particular
unsaturated fatty acids, are susceptible to free radical attack. The reactivity of the double
bond toward free radicals is well known; in particular the reversible addition of radical
species to this functionality determines the cis-trans double bond isomerization. Since the
prevalent geometry displayed by unsaturated fatty acids in eukaryotes is cis, the occurrence
of the cis-trans isomerization by free radicals corresponds to the loss of an important
structural information linked to biological activity (Ferreri & Chatgilialoglu 2009).
Formation of trans isomers of unsaturated fatty acid in biological membranes can have
important meaning and consequences connected to radical stress associated with nutritional
overload and mitochondrial defects. It might, together with changes in membrane lipid
composition (Pietilainen et al. 2011), substantially modulate lipid membrane biophysical
characteristics such as thickness, fluidity, protein lateral diffusion capacity, permeability to
small molecules in expanding adipocytes and contribute thus to the development of
metabolic disease in obesity.

3.4 Pollutants and metabolic health

Physical inactivity and unhealthy diet are well recognized environmental influences largely
increasing the risk for metabolic disease development. Recent advances in detecting the
presence of various persistent organic pollutants in the surrounding world as well as within
our bodies, prompted us to evaluate its possible role in pathogenesis of different endocrine
and metabolic pathological states (Langer et al. 2003; Langer et al. 2007; Langer 2010; Langer
et al. 2010; Ukropec et al. 2010; Langer et al. 2011).

A heavily polluted area of Eastern Slovakia was targeted by the PCBrisk cross-sectional
survey to search for possible links between environmental pollution and both prediabetes
and diabetes. Associations of serum levels of five persistent organic pollutants (POPs),
namely polychlorinated biphenyls (PCBs), 2,2'-bis(4-chlorophenyl)-1,1-dichloroethylene
(p,p'-DDE), 2,2'-bis(4-chlorophenyl)-1,1,1-trichloro-ethane (p,p'-DDT), hexachlorobenzene
(HCB) and beta-hexachlorocyclohexane (B-HCH), with prediabetes and diabetes were
investigated in 2,047 adults. Prevalence of prediabetes and diabetes increased in a dose-
dependent manner, with individuals in upper quintiles of individual POPs showing striking
increases in prevalence of prediabetes (Fig. 6.) Interestingly, unlike PCBs, DDT and DDE,
increased levels of HCB and B-HCH seemed not to be associated with increased prevalence
of diabetes (Ukropec et al. 2010). Cumulative effect of all five persistent organic pollutants
(sum of orders) more than tripled the prevalence of prediabetes while that of diabetes was
increased more than six times as compared to the referent quintile composed of individuals
with lowest levels of pollutants in serum. We as well as the others have clearly shown that
increasing serum concentrations of individual persistent organic pollutants considerably
increased prevalence of prediabetes and diabetes in a dose-dependent manner. Interaction
of industrial and agricultural pollutants in increasing prevalence of prediabetes or diabetes
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is likely (Hong et al. 2010; Ukropec et al. 2010; Howard & Lee 2011; Lee, D. H. et al. 2011;
Lee, D. H. et al. 2011; Lee, H. K. 2011).
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Fig. 6. The prevalence of prediabetes increases with increased circulating levels of PCBs
(sum 15 congeners of polychlorinated biphenyls); DDE (2,2'-bis(4-chlorophenyl)-1,1-
dichloroethylene); DDT (2,2'-bis(4-chlorophenyl)-1,1,1-trichloro-ethane); HCB
(hexachlorobenzene) and b-HCH (beta-hexachlorocyclohexane); POLL5 represents the sum
of orders for all 5 pollutants. Odds ratios were adjusted for age, gender and BMIL

4, Skeletal muscle in metabolic health and disease

Skeletal muscle represents a large mass of tissue, and its primary function is to use
energy, though quite inefficiently, to enable us the 3D life, voluntary positioning and
moving our bodies in a surrounding space. This makes an active muscle to be the most
effective energy burner. In addition to obvious metabolic consequences, regular exercise
activates central reward mechanisms and makes us happy (Figure 7.) (Sher 1998; Boecker
et al. 2008).
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Fig. 7. Correlation of opidergic ligand 6-O-(2-['8F]fluoroethyl)-6-O-desmethyldiprenorphine
binding in right orbitofrontal cortex (OFC) with the visual analog mood scale (for euphoria)
in runners (A) and effect of exercise on the individual’s mood expressed in the visual analog
mood scale (B) (Boecker et al. 2008).
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More importantly, inadequate physical activity, associated with defects in mitochondrial
function and changes in ultrastructure as well as muscle endocrine properties, largely
contributes to the imbalance between energy intake and energy expenditure and is tightly
associated with many chronic metabolic and cardiovascular diseases (Bluher & Zimmer
2010; Pedersen 2011). Physical activity is a key factor to bring individuals living in a
modern society with plenty of palatable food choices to energy balance. The mechanisms
that tie muscle activity to health are unclear. Generation of “exercise pill” targeting organ
systems involved in facultative thermogenesis had been envisaged (Himms-Hagen 2004).
And results of studies aimed at identifying the endocrine properties of exercising muscle
are encouraging our thinking in this respect. In our recent study we observed on the
sample of 71 individuals with a broad range of BMI that overweight and obesity is
associated with decreased physical activity. This might be not so surprising. But low
physical activity level was also associated with decreased insulin sensitivity, increased fat
cell size and expanded visceral adiposity all independent on BMI (Fig. 8.). In addition, the
basic metabolic rate was positively and respiratory quotient negatively associated with
the duration of the daily physical activity representing thus a direct link between physical
activity and major determinants of energy homeostasis (Ukropcova et al., unpublished
observations).
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Fig. 8. Free-living ambulatory activity (number of steps in 24h) correlates with insulin
sensitivity, modulates adipocyte diameter as well as visceral adiposity (Ukropcova et al.,
unpublished observations).

This complements the previous observations by others indicating that inactivity initiates
unique cellular processes that are qualitatively different from the exercise responses.
Inactivity physiology studies are beginning to raise a new concern with potentially major
clinical and public health significance. Sedentary lifestyle threatens our society. The average
nonexercising person may become even more metabolically unfit in the coming years if they
sit too much and thereby lower the normally high volume of intermittent nonexercise
physical activity in everyday life (Fig. 8) (Hamilton et al. 2007; Levine et al. 2008). Dynamic
interrelations of skeletal muscle and adipose tissue during exercise are necessary to support
muscle performance. This requires precise spacio-temporal management of the adipose
tissue metabolic flux. The transcriptional coactivator PGCla has recently been shown to
regulate several exercise-associated aspects of muscle function. There is mounting evidence
suggesting that this transcription factor controls muscle plasticity, suppresses a broad
inflammatory response and integrates many beneficial effects of exercise on metabolic
health (Handschin & Spiegelman 2008).
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4.1 Exercise and skeletal muscle endocrinology

The recent identification of skeletal muscle as an endocrine organ that produces and releases
biologically active substances, “myokines”, expands our knowledge on how the endocrine,
immune and nervous systems contribute to the maintenance of homeostasis, especially
when energy demands are increased (Pedersen & Febbraio 2008). To date, only a few muscle
cell-secreted proteins with auto-, para-, or endocrine functions have been identified. It could
be hypothesized that skeletal muscle releases a large number of biologically active
substances which participate to cell-to-cell and organ-to-organ cross-talk. It also has to be
noted that specific biological functions of known myokines are very incompletely
understood.

Certain myokines, such as calprotectin (Mortensen et al. 2008), IL15 (Nielsen & Pedersen
2007) and IL6 (Jonsdottir et al. 2000), are acutely induced by muscle contraction but might
not necessarily be increased in response to muscle training (Pedersen & Febbraio 2008;
Haugen et al. 2010). Exercise training involves multiple adaptations including increased pre-
exercise skeletal muscle glycogen content (Kirwan et al. 1990), enhanced activity of key
enzymes involved in B-oxidation (Schantz 1986), increased sensitivity of adipose tissue to
epinephrine-induced lipolysis (Crampes et al. 1986), and increased muscle capacity to
oxidize fat (Holloszy & Booth 1976; Phillips et al. 1996). It could therefore be hypothesized
that secretory activity of muscle subjected to inadequate physical activity would be
qualitatively and quantitatively distinct from that of the trained athlete, and that it could
simply be regulated by e.g. the glycogen level (Keller et al. 2001; Steensberg et al. 2001),
reactive oxygen species production (Kosmidou et al. 2002; Steensberg et al. 2007) or by
modulating biological availability of various forms of lipids (Peter et al. 2009), such as found
in obesity.

Previous reports indicate that calprotectin, IL6 and IL15 might contribute to homeostatic
control of glucose and lipid metabolism (Van Hall et al. 2003; Febbraio et al. 2004). In
addition, fibroblast growth factor-21 (FGF-21), the potent metabolic regulator, shown to
improve glucose metabolism and insulin sensitivity in animal models, had recently been
found to be expressed and secreted in vitro from murine muscle cells and in vivo from
human muscle in response to insulin stimulation (hyperinsulinemic-euglycemic clamp)
(Hojman et al. 2009). Follistatin-like 1 (Fstl-1) is another myokine whose functional
significance in physiological and pathological processes is incompletely understood.
Preliminary evidence indicates that Fstl-1 promotes endothelial cell function and stimulates
revascularization in response to ischemic insult through its ability to activate Akt-eNOS
signaling in muscle (Ouchi et al. 2008). Interleukin-8 is a CXC family chemokine increased in
human muscle in response to concentric exercise (Akerstrom et al. 2005), which has also
been shown to have angiogenic actions associated with activation of CXCR2 receptors in the
human microvascular endothelial cells (Bek et al. 2002; Frydelund-Larsen et al. 2007). Recent
report by Drevon’s laboratory describes interleukin-7 as a novel myokine affecting
myogenesis in vitro in human primary muscle cells. Interleukin-7 is up-regulated by exercise
training in male individuals undergoing a strength training program (Haugen et al. 2010).

4.2 Mitochondrial biogenesis in skeletal muscle — Energetic remodeling of muscle
phenotype in obesity, insulin resistance and exercise

Mitochondria are energy power plants of the cells, believed to have evolved over billions of
years from invading prokaryotic oxygen utilizing “quite energizing” eubacterium to early
eucaryotic cells, giving the life on earth new energy spark (Lanza & Nair 2010). Their
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structure and function is orchestrated by a strict coordination of nuclear and mitochondrial
genome. Of ~1.000 mitochondrial proteins, only 13 are encoded by the mitochondrial
genome, remaining proteins are translated from nuclear genome and transported across the
inner mitochondrial membrane (Lanza & Nair 2010). Mitochondria cover majority of
energetic needs of cells by coupling substrate oxidation with ATP formation, the process
known as oxidative phosphorylation. This process also generates reactive oxygen species
(ROS). It has been estimated that 0.2 - 2% of oxygen taken up by the cell is converted into
ROS (Harper et al. 2004). Mechanisms for detoxifying the ROS are quite well developed in a
eukaryotic cell which is another reason for their long lasting partnership with “dangerous”
mitochondria. Sustained excessive production may accumulate amount of ROS exceeding
the antioxidant capacity of the specific cell, eventually leading to cell damage and death
(Harman 1956). During recent years, mitochondria , though not only those found in skeletal
muscle, were put on the spot as organelles involved in aging and associated chronic
civilization diseases such as Alzheimer’s disease (Reddy 2009), some forms of cancer,
obesity and type 2 diabetes (Johannsen & Ravussin 2009).

4.2.1 Mitochondria in obesity, insulin resistance and type 2 diabetes

Recent evidence indicates that insulin resistance in skeletal muscle might develop due to the
reduced capacity of mitochondria to oxidize lipids (Bjorntorp et al. 1967; Kelley et al. 2002;
Petersen et al. 2004; Ukropcova et al. 2007) and reduced capacity for insulin-stimulated ATP-
synthesis (Petersen et al. 2005). Obese individuals and subjects with type 2 diabetes are
characterized also by reduced adiponectin signaling (Kern et al. 2003; Civitarese et al. 2004;
Rasmussen et al. 2006), lower rates of fasting lipid utilization and impaired switch to
carbohydrate oxidation in response to insulin (Kelley et al. 1999; Kelley & Mandarino 2000;
Ukropcova et al. 2005; Ukropcova et al. 2007). Recent studies using microarray expression
analysis reported a decrease in the expression of genes involved in mitochondrial biogenesis
in skeletal muscle of individuals with insulin resistance (Patti et al. 2003) and T2D (Mootha
et al. 2003). Further studies in insulin resistant subjects and individuals with type 2 diabetes
have shown reduced mitochondrial content, lower electron transport chain activity in total
mitochondria and in intramyofibrilar and subsarcolemal mitochondrial fractions (Kelley et
al. 2002; Ritov et al. 2005). Taken together, these data support the hypothesis that insulin
resistance in human skeletal muscle arises from lowering mitochondrial number and
functional capacity. Another hypothesis challenges this paradigm; it is supported by
observations that increased fatty acid availability is associated with increased mitochondrial
fat oxidation. However, mitochondrial overload with energy rich substrates highlights the
pathophysiological role of ROS and that of products of incomplete mitochondrial oxidation
rather than simple lowering of mitochondrial functional capacity (Koves et al. 2008;
Holloszy 2009). The importance of mitochondria for energy homeostasis makes this
organelle an exciting target for investigation and better understanding to regulation of
mitochondrial biogenesis and function would help us to understand its putative role in the
pathogenesis of obesity and insulin resistance.

4.2.2 Exercise and ageing keep constant battle for healthy mitochondria

Exercise is one of the two physiological stimuli known to increase production of new
mitochondria and to improve mitochondrial efficiency. In our work, we have shown that
caloric restriction, the only officially acknowledged physiological stimulus demonstrated to
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prolong lifespan, is also inducing mitochondrial biogenesis in human skeletal muscle
(Civitarese et al. 2007). Many scientists are on a quest, pursuing the vision of exercise
mimicking pill, capable of induction of mitochondrial biogenesis in vivo. , Exercise in a pill”
(another option would be a pill mimicking caloric restriction) is by many considered a
putatively great tool to combat obesity and civilization diseases. However, healthy lifestyle
intervention, with sufficient physical activity and matching caloric intake still proves to be
the most natural and effective way how to stay fit, healthy and with increased chances to
live up to be a hundred.

4.2.3 Adipose tissue and skeletal muscle interplay

Our organism can be viewed as a very complex society of tissues that need to communicate
with one another in order to maintain metabolic health. Tissue cross-talk plays the central
role in the regulation of food intake, energy expenditure, oxidative capacity, adaptation to
changes in physical activity, nutritional status etc. As mentioned above, adipose tissue (as
well as many other tissues in our body) is (are) a (the) source of many biologically active
substances with autocrine, paracrine and endocrine activities, exerting effects over many
different neighboring as well as distant tissues and organs.

Adiponectin is the most studied adipocytokine which is in relatively high quantities
secreted from adipose tissue into the bloodstream. Adiponectin has very positive effects on
our metabolic health as it activates glucose and fatty acid metabolism and improves insulin
sensitivity. Adiponectin levels are inversely correlated with body fat mass and positively
with insulin sensitivity (Hara et al. 2005) and it also displays anti-atherogenic and anti-
inflammatory effects (Antoniades et al. 2009). This hormone was first characterized in mice
as a transcript overexpressed in preadipocytes (precursors of fat cells) differentiating into
adipocytes. The human homologue was identified as the most abundant transcript in
adipose tissue. Contrary to expectations and despite being produced in adipose tissue,
adiponectin was found to be decreased in obesity. The gene was localized to chromosome
3p27, a region highlighted as affecting genetic susceptibility to T2D and obesity.
Supplementation by differing forms of adiponectin was able to improve insulin control,
blood glucose and triglyceride levels in mouse models. The question remains what are the
mechanisms underlying positive effects of adiponectin on metabolism?

The molecular mechanisms leading to mitochondrial dysfunction in obesity and T2D remain
largely unknown. Bergeron et al (Bergeron et al. 2001) demonstrated that activation of
cAMP-activated protein kinase (AMPK) increases both mitochondrial biogenesis and
oxidative capacity in skeletal muscle of rodents. In animal models of T2D, the activation of
AMPK by adiponectin increases muscle and hepatic fat oxidation and improves insulin
sensitivity (Yamauchi et al. 2001). Studies in obese and diabetic rhesus monkey demonstrate
that plasma adiponectin level declines in the early phases of obesity and in parallel to the
progressive development of insulin resistance (Hotta et al. 2001). Furthermore, circulating
plasma adiponectin levels and the expression of both adiponectin receptors are reduced in
subjects with a family history of diabetes (Civitarese et al. 2004), while prospective studies in
Pima Indians show that high concentrations of adiponectin is protective against the
development of T2D (Lindsay et al. 2002). Collectively, these data define a pathway in
skeletal muscle by which adiponectin contributes to energy homeostasis by modulating
mitochondrial number and function (Civitarese et al. 2006). Early defects in the secretion of
adiponectin or in adiponectin signaling might contribute to the lower mitochondrial content
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and/or function in the prediabetic state. Interestingly and in accordance with our results, it
has been recently demonstrated that an adiponectin-like molecule, a recombinant globular
domain of adiponectin (rgAd110-244), has a significant therapeutic potential to treat insulin
resistance in mice fed a high fat diet for 3 months (Sulpice et al. 2009). This makes
adiponectin derivatives a promising new treatment for T2D.

It appears that adiponectin is also produced by skeletal muscle and that globular
adiponectin is capable of inducing the differentiation and fusion of muscle cells in vitro
(Fiaschi et al. 2009). Mimicking of pro-inflammatory settings or exposure to oxidative stress
strongly increases the production of adiponectin from differentiating primary muscle cells.
These data suggest a mnovel function of adiponectin, coordinating the myogenic
differentiation program.

4.2.4 Mitochondrial biogenesis in muscle cells — Lipids and exercise

Fatty acids are known to be the ligands of various transcription factors involved in the
regulation of metabolism and mitochondrial biogenesis (Gilde & Van Bilsen 2003). It has
been shown previously that fatty acids as well as a diet with an increased fat content is
capable of inducing mitochondrial biogenesis both in vitro and in vivo (Watt et al. 2006;
Hancock et al. 2008). In our work, we have tested the effect of chronic, 4-day long exposure
to palmitate on metabolic phenotypes of human primary skeletal muscle cells. We observed
an increase in number of active mitochondria as measured by incorporation of mitotracker
(fluorescencent dye selectively activated within respiring mitochondria) as well as increased
expression of genes involved in mitochondrial biogenesis, increase in the capacity for fatty
acid oxidation (Ukropcova et al. 2005, Ukropcova et al, unpublished observation). At this
moment we can only speculate on the mechanisms behind this oxidation boosting effect of
palmitate. However, it has been shown that fatty acids are capable of activating AMP
activated protein kinase (AMPK) in skeletal muscle (Watt et al. 2006). AMPK signaling is
activated in energy deficit states and it primarily saves the cell by inducing de novo
mitochondrial biogenesis. It cooperates with transcription factor PGCla, overexpression of
which has been demonstrated to enhance both lipid oxidation and synthesis (Espinoza et al.
2010). Another possibility is that palmitate is a ligand for the transcription factors involved
in the regulation of cell’s oxidative capacity, such as PPARGS (Gilde & Van Bilsen 2003).
Animal (Hancock et al. 2008) as well as clinical studies (Bajaj et al. 2007) also support the
role of fatty acids for PGCla regulation at the level of gene expression. We and others have
indicated that saturated fatty acids (e.g. palmitate) contribute to the regulation of
metabolism by self-promoting their utilization via increased oxidative capacity of the
skeletal muscle cell.

In addition, dynamic interrelations of skeletal muscle and adipose tissue during exercise are
necessary to support muscle performance and adipose tissue energy fluxes management.
The transcriptional coactivator PGCla has also been shown to regulate several exercise-
associated aspects of muscle function. It could be hypothesized that this protein controls
muscle plasticity, suppresses a broad inflammatory response and mediates the beneficial
effects of exercise on metabolic health (Handschin and Spiegelman 2008).

4.2.5 Caloric restriction induces mitochondrial biogenesis in skeletal muscle
Caloric restriction is a non-genetic manipulation that results in the lifespan extension of
many different species, from yeasts to dogs, and even primates, and it is accompanied by
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delayed onset of chronic civilization diseases (Ball et al. 1947; Anderson et al. 2009). There
are also hints that people who eat a calorie-restricted diet might live longer than those
who overeat. People living in Okinawa, Japan, have a lower energy intake than the rest of
the Japanese population and an extremely long life span (Willcox et al. 2007). In addition,
calorie-restricted diets beneficially affect several biomarkers of aging, including decreased
insulin sensitivity. Based on combined favorable changes in lipid and blood pressure,
caloric restriction with or without exercise induces weight loss and favorably reduces risk
for cardiovascular disease even in healthy non-obese individuals (Lefevre et al. 2009) and
ameliorates the age-related loss of muscle mass, sarcopenia, in a variety a species
(Marzetti et al. 2009). But how might caloric restriction slow aging? Some of the theories
behind the lifespan extending effect of caloric restriction include (i) decreased oxidative
damage, (ii) altered glucose utilization, (iii) increased insulin sensitivity, (iv)
neuroendocrine changes and (v) enhanced stress responsiveness (Allard et al. 2009).
Reduction of oxidative damage to proteins, lipids, and DNA is one of the leading theories,
although the underlying mechanisms of this process are unclear. Cellular nutrient sensing
systems seem to mediate many of the metabolic responses to caloric restriction, including
the regulation of free radical production and oxidative stress. Mitochondria are the major
consumers of cellular oxygen (~85%) and the predominant production site of free radicals,
a by-product of oxidative phosphorylation. Studies in mammals have shown that caloric
restriction reduces the generation of free radicals by mitochondria, in parallel to
reductions in mitochondrial proton leak and whole-body energy expenditure.
Paradoxically, caloric restriction induces mitochondrial proliferation in rodents (Lanza &
Nair 2010), and either lowers (Handschin & Spiegelman 2008) or does not affect
mitochondrial oxygen consumption (Lanza & Nair 2010). Low mitochondrial content
seems to contribute to increased ROS production. When mitochondrial mass is reduced,
mitochondria have increased “workload,” leading to higher membrane potential and
increased ROS production (Handschin & Spiegelman 2008; Lanza & Nair 2009; Lanza &
Nair 2010). It has also been demonstrated that caloric restriction is strongly associated
with an increased level and activation of sirtuins, namely the Sir2 histone deacetylase and
its mammalian ortholog Sirtl. Sirtuins are members of the silent information regulator 2
(Sir2) family, a family of Class III histone/protein deacetylases. The enzymatic activity of
most sirtuins has been shown to be dependent on nicotinamide dinucleotide, suggesting
that the activity of these enzymes is dependent on the nutritive state of the organism
(Allard et al. 2009). Specific Sirtl activation mimics low energy levels and protects against
diet-induced metabolic disorders by enhancing fat oxidation (Feige et al. 2008). PGCla is
a transcriptional coactivator playing a pivotal role in the regulation of mitochondrial
biogenesis, which is known to be induced in response to exercise and caloric restriction
(Fig. 8.). Research strongly supports the health benefits of exercise in humans of all ages.
Increased exercise in the absence of other behavioral changes prevents the onset of many
chronic diseases (Elbekai & El-Kadi 2005).

In our study we showed that short-term caloric deficit (caloric restriction with or without
exercise) coordinately up-regulated the expression of genes involved in mitochondrial
biogenesis in skeletal muscle resulting in increased mitochondrial content, improved whole
body energy efficiency, and decreased DNA fragmentation in non-obese humans (Civitarese
et al. 2007). Our results suggest that caloric restriction induces biogenesis of “efficient”
mitochondria as an adaptive mechanism, which in turn lowers oxidative stress.
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Fig. 9. The free radical theory of aging posits that a senescent phenotype is induced by
accumulation of oxidative damage resulting from reactive oxygen species. Exercise and
caloric restriction (CR) are two interventions that induce mitochondrial biogenesis through
PGC-1a. Although exercise and CR increase average life expectancy by protecting against
age-related comorbidities, only CR has been shown to increase maximal life span; an effect
that seems to require the activation of sirtuins (Lanza & Nair 2010).
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5. Conclusion

Ability of tissues to adapt morphologically and functionally to different physiological
situations determines the overall metabolic health. Increased adipose tissue mass but mainly
adipocyte lipid overload is responsible for the “pathogenic” adipose tissue phenotype. This
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phenotype, characteristic by extra-large unilocular adipocytes, further promotes tissue
hypoxia and development of chronic persistent inflammation and metabolic stress.
Pathogenic modification of the adipocyte modulates its metabolic, secretory and
immunologic function leading to the development of metabolic disease (Fig. 10.). Inactive
skeletal muscle, overloaded with fat could also contribute to metabolic imbalance by
switching the fiber type towards less oxidative (less insulin sensitive) fibers, by lack of anti-
inflammatory and insulin-sensitizing myokine production as well as by chronic
inflammation associated with mitochondrial stress and stress of endoplasmic reticulum (Fig.
10.). Our environment greatly modifies our metabolic health by means of dietary influences
and exercise activity which together with pathologies associated with hyperlipidemia,
chronic systemic hypoxia and tissue inflammation determines adipose tissue and skeletal
muscle metabolic and secretory phenotype and subsequently our metabolic health.

It is generally accepted that regular physical activity prevents metabolic and cardiovascular
disease development, and supports healthy aging. Skeletal muscle has been shown to
produce and secrete several bioactive factors (hormones) termed “myokines”. Different
spectra of myokines originating from either active “trained” or inactive “sedentary” skeletal
muscles elicit distinct adaptive changes in immune system, metabolic balance and processes
of cellular growth and differentiation in order to maintain the whole body homeostasis. This
requires extensive communication of skeletal muscle with many different cells and organs
but the nature of mechanisms that tie muscle activity to metabolic health is not completely
understood. It seems to be essential (i) to identify myokines differentially expressed and
secreted from muscle cells derived from healthy and obese individuals, and individuals
with type 2 diabetes; to (ii) determine basic principles of the muscle cross-communication
with adipocytes (differentiation) and endothelial cells (angiogenesis) in fostering tissue
plasticity necessary for adaptation to obesity and type 2 diabetes; and (iii) to discover novel
myokines and to investigate their physiological significance in cell culture models and in
vivo in genetically modified animal models as well as in humans. Myokines may be involved
in mediating the health beneficial effects of exercise and play important roles in the
protection against chronic diseases associated with low-grade inflammation, insulin
resistance, hyperlipidemia, such as cardiovascular disease, type-2-diabetes, and cancer.
Extension of the knowledge on the mechanisms whereby regular exercise offers protection
against chronic diseases in combination with clinical research serves as a foundation for the
development of public health guidelines with regard to exercise. Moreover, identification of
new myokines and understanding basic principles and mechanisms of their action will
potentially provide pharmacological targets for the treatment of metabolic and
cardiovascular disorders.
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