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Abstract The contribution of 17 polymorphisms within 13
candidate genes on lipid trait variability was investigated by
a multiplex assay in 772 men and 780 women coming for a
health checkup examination. The studied genes were
APOE, APOB, APOC3, CETP, LPL, PON, MTHFR, FGB,
GpIIIa, SELE, ACE, and AGT. We found that APOB-Thr71Ile,
APOE-(112/158), APOC3-1100C/T, and SELE-98G/T poly-
morphisms had a significant effect on lipid traits (

 

P

 

 

 

<

 

 0.001
to 

 

P

 

 

 

<

 

 0.01). Genetic effects accounted for 3.5–5.7% of
variation in apolipoprotein B (apoB)-related traits among
men, and for 5.7–9.0% among women. The contribution of
APOE polymorphism on apoB-related traits variability was
two to three times more important in women than in men. We
found suggestive evidence for interactive effects between
genetics and age, smoking status, and oral contraceptives.
Increase of LDL-cholesterol and apoB concentrations with
age was stronger among the 

 

«

 

4 carriers in women, and apo-
lipoprotein A-I (apoA-I) concentration decreased with age in

 

«

 

4 male carriers. The effect of 

 

«

 

2 allele on LDL-cholesterol
was more important in the oral contraceptive users. In non-
smokers only, the APOC3-1100C allele in women was re-
lated to lower apoB-related traits concentrations, and in
men to higher apoA-I and HDL-cholesterol concentra-
tions.  In conclusion, this work, in addition to the rein-
forcement of the already known associations between
APOB, APOE, and APOC3 genes and lipids, leads to new
perspectives in the complex relationships among genes and
environmental factors. The newly observed relationships be-
tween E-selectine gene and lipid concentrations support the
hypotheses of multiple metabolic pathways contributing to
the complexity of lipids variability.

 

—Pallaud, C., R. Gue-
guen, C. Sass, M. Grow, S. Cheng, G Siest, and S. Visvikis.
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There is accumulating evidence that plasma concentra-
tions of lipids, lipoproteins, and apolipoproteins are risk
factors for coronary artery diseases, although the exact
mechanisms remain unclear (1–4). Nevertheless, it has
been established that elevated plasma concentrations of

 

total cholesterol (TC), LDL-cholesterol (LDL-C), apolipo-
protein B (apoB), TGs, and decreased plasma concentra-
tions of HDL-cholesterol (HDL-C) and apolipoprotein A-I
(apoA-I) can be considered atherogenic factors, by influ-
encing several mechanisms participating in the initiation
and/or progression of atherosclerosis. Knowledge of lipid
profile could predict the potential victims of cardiovascu-
lar diseases before they become ill (5); therefore, it is very
important to identify factors that could influence blood
lipid concentrations.

It has been demonstrated that lipid levels are influ-
enced by both genetic and environmental factors, and by
interactions between them (6).

In the present study, we sought to investigate the associ-
ation of several candidate genes with serum lipid trait vari-
ability, in a middle-aged adult population coming for a
routine checkup examination in a center for preventive
medicine, to determine genetic profiles associated with
atherogenic or antiatherogenic lipid profile in this popu-
lation. In addition to candidate genes directly involved in
lipid metabolism known to play an important physiologi-
cal role in the regulation of cholesterol and TG homeostasis,
we also considered genes involved in other pathways liable
to contribute to lipid variability, such as blood pressure
regulation, platelet aggregation, homocysteine metabo-
lism, and leukocyte adhesion (

 

Table 1

 

).
Indeed, familial clustering of hyperlipidemia with hyper-

tension has been described (7). Furthermore association
of lipid levels with blood pressure has been described in
several epidemiological studies (8). This suggests that they
may share common genetic determinants. The renin-
angiotensin system is important in blood pressure regula-

 

Abbreviations: ACE, angiotensin converting enzyme; AngII, angio-
tensin II; AT1R, AngII type 1 receptor; BMI, body mass index; HDL-C,
HDL cholesterol; LDL-C, LDL cholesterol; OC, oral contraceptive;
PON, paraoxonase; TC, total cholesterol; TRL, TG-rich lipoprotein.
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tion, and several data indicate complex interactions be-
tween angiotensin II (AngII) and lipids. AngII increases
induced macrophage-mediated oxidation of LDL, cellular
uptake of oxidized LDL by macrophages (9). Further-
more, Keidar et al. (10) have shown that AngII increases
macrophage cholesterol biosynthesis via interaction with
the AngII type 1 receptor (AT1R). Conversely, associations
between polymorphism of the angiotensin converting en-
zyme (ACE) and lipids variability were reported (11).

Adhesion molecules and homocysteine have been re-
lated to lipid variability. Increase levels of E-selectin has
been reported in hypercholesterolemic patients (12). Con-
versely, Sampietro et al. (13) found that LDL apheresis in-
duced a reduction of E-selectin level, and Barter (14)
showed that HDLs have the ability to inhibit cytokine-
induced expression of E-selectin. Elevated homocysteine
levels increase oxidative stress and can promote LDL oxi-
dation. Oxidation of lipids and/or apolipoproteins may
disturb lipid metabolism. Hulten et al. (15) showed that
oxysterols decreased the expression of the LPL. Associa-
tion between homocysteine and cholesterol or TG levels
have been described in some studies (16, 17). We hypo-
thesized that polymorphisms of genes linked to E-selectin
or homocysteine levels could influence lipids variability.
The Ser128Arg mutation in the E-selectin gene and the
C677T polymorphism in the methylenetetrahydrofolate
reductase (MTHFR) have been related to E-selectin and
homocysteine levels, respectively (18, 19).

Platelet aggregation also may influence lipid levels. In-
deed, it has been reported that plasma lipoproteins specif-
ically bind to the plasma membrane of human blood
platelets via the fibrinogen receptor GPIIb-IIIa (20), and
that fibrinogen levels were correlated with lipids variabil-
ity (21, 22). Conversely, variation at the GpIIIa locus was

associated with lipids (23), and polymorphism in the fi-
brinogen gene was related to fibrinogen levels (24).

Therefore, we hypothesized that genetic variation in
the ACE, AGT, SELE, MTHFR, fibrinogen and GpIIIa
genes together with genes directly implicated in lipid me-
tabolism, that is, apolipoproteins B (APOB), E (APOE),
CIII (APOC3), CETP, LPL, and paraoxonase (PON) genes,
could influence lipids variability.

Therefore, for the present investigations we have se-
lected the following gene polymorphisms: APOB Thr71Ile;
APOE (112/158); APOC3 

 

2

 

482C/T, 

 

2

 

455T/C, 1100C/T,
3175C/G, 3206T/G; CETP Ile405Val; LPL Ser447Ter; PON
Gln192Arg; GpIIIa P1

 

A1/A2

 

; fibrinogen 

 

2

 

455G/A, ACE I/D,
AGT Met235Thr, MTHFR 677C/T and SELE 98G/T,
Ser128Arg, Leu554Phe.

Therefore, supposing that several genetic markers, fre-
quent in the population, with small individual effects may
interact together and with environmental factors to deter-
mine lipid levels and increase predisposition of a given indi-
vidual to develop dyslipidemia, we tested putative gene-gene
and gene-environmental factor interactions. This approach
was possible thanks to the use of a multilocus genotyping as-
say (25, 26). Some of the genetic polymorphisms investi-
gated here already have been studied by others (Table 1);
however, these studies generally focused on only one candi-
date gene and frequently were conducted in subjects with
cardiovascular diseases and/or on medication. Few studies
investigated more than one gene, and very often those
genes were involved only in lipid metabolism (27, 28–31).

To our knowledge, this is the first study in which so
many genetic markers were simultaneously investigated in
a large middle-aged and supposedly healthy adult popula-
tion of caucasian origin for identifying genetic markers of
lipids profile.

 

TABLE 1. Panel of markers included in the study

 

Association With

Gene Polymorphism(s) Lipid Traits References

 

Lipid metabolism
APOE Codons (112 and 158) TC, LDL-C, apoB (38)
APOB Thr71Ile LDL-C, apoB (43)
APOC3

 

2

 

482C/T, 

 

2

 

455T/C TG (34, 55, 56)
3206T/G, 3175C/G TG (34, 55, 56)
1100C/T TG, apoC-III (35, 27)

CETP Ile405Val HDL-C, apoA-I, CETP (57, 58)
PON Gln192Arg PON activity (59)
LPL Ser447Ter TG, HDL-C (60)

Renin-angiotensin system
AT1R 1166A/C —

 

b

 

AGT Met235Thr TG, TC (61)
ACE Ins/Del LDL-C (11)

Platelet aggregation
GpIIIa GpIIIa p1

 

A1/A2

 

TG, VLDL-TG (23)
Fibrinogen

 

a

 

2

 

455G/A TC, HDL-C, LDL-C, TG (21, 22)

 

a

 

Homocysteine metabolism
MTHFR

 

a

 

677C/T TC, TG (16, 17)

 

a

 

Molecular adhesion
SELE

 

a

 

98G/T LDL-C (12)

 

a

a

 

Association with the concentration of the gene product.

 

b

 

No data.
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MATERIALS AND METHODS

 

Population

 

The study included 772 men and 780 women selected from
the Stanislas Cohort designed to investigate factors related to
cardiovascular disease. The Stanislas Cohort previously was de-
scribed by Siest et al. (32). Individuals were recruited during a
detailed checkup examination, and informed consent was ob-
tained from all participants. Specifically for this study, we se-
lected subjects who were not under treatment with lipid-lowering,
antihypertensive, or anti-inflammatory drugs. In this relatively
young population, all women were premenopausal.

 

Lipid measurements and DNA 
polymorphism determinations

 

Blood samples were collected after an overnight fast. Serum
cholesterol and TG levels were measured using standard enzy-
matic methods (Merck, Darmstadt, Germany), automated on
AU5021 (Olympus; Merck). Serum apoA-I and B were determined
by immunonephelometry on Behring Nephelometer Analyser, with
Behring reagents (Rueil-Malmaison, France). Serum apoE was de-
termined by turbidimetry and serum HDL-C by phosphotung-
state precipitation on a Cobas-Mira (Roche). LDL-C was
obtained according to the Friedwald (1972) formula: LDL-C 

 

5

 

TC 

 

2

 

 HDL-C 

 

2

 

 TG/2.18. None of the subjects studied exhibited
TG concentrations 

 

>

 

400 mg/dl.
Personal and medical history, medication, smoking habits,

and alcohol consumption were recorded using a standardized
questionnaire. Smokers were defined as those who were current
smokers.

Genomic DNA was extracted from peripheral blood samples
by the salting out method (33). The complete multiplex assay
has been described previously by Cheng et al. (25, 26).

Using this multiplex assay, we genotyped all individuals for all
polymorphisms presented in Table 1. Additional mutations or
polymorphisms [APOB3500, CETP442, LPL (

 

2

 

93, 

 

2

 

39, 9, 291),
factor V506, CBS278, SELE554] having a frequency of the less
frequent allele below 8% were not analyzed in this study. For
technical reasons, we were unable to genotype all individuals for
APOC3-625 and AT1R 1166A/C polymorphisms, and these poly-
morphisms also were not included in the analyses.

 

Statistical approach

 

Data for TGs and apoE were log transformed before statistical
analysis to reduce the skewness of the data. Analyses were done
separately for men and women using BMDP

 

®

 

 software (Univer-
sity of California, Los Angeles).

ANOVA was performed to determine significant genetic fac-
tors of variation for lipid traits. In our population, the SELE
98G/T and SELE Ser128Arg are in complete concordance (data
not shown); therefore, we studied only one of the two markers:
the SELE 98G/T polymorphism. Each phenotype-genotype asso-
ciation with a significance of 

 

P

 

 

 

<

 

 0.01 was kept in the multiple
regression analyses.

Multiple regression analysis was used to test the influence of
the APOB, APOE, APOC3, and SELE gene polymorphisms and
several covariates [i.e., age, body mass index (BMI), smoking, al-
cohol, oral contraceptive (OC) use] on lipid traits. Three differ-
ent models of regression were tested; one genotypic model G
and two allelic models A1 and A2.

The genotypic model G allowed a direct estimation of the ef-
fect of each genotype and the covariates listed above. It includes
indicator variables for each genotype. It means that for a bial-
lelic polymorphism (A,a), model G includes I

 

Aa

 

 and I

 

aa

 

, which
are 0–1 variables for corresponding genotypes, the common ho-

mozygote genotype I

 

AA

 

 being used as the reference group for
each polymorphism. For the APOE gene, because there are only
a few carriers of the less frequent genotypes, we introduced E2 as
the indicator variable of two genotypes, 

 

«

 

2

 

«

 

2 and 

 

«

 

3

 

«

 

2, E4 as the
indicator variable of genotypes 

 

«

 

4

 

«

 

4 and 

 

«

 

3

 

«

 

4 and E24 as the in-
dicator variable of genotype 

 

«

 

2

 

«

 

4. Consequently, the reference
group is implicitly 

 

«

 

3

 

«

 

3 genotype. Restricted to these two poly-
morphisms, model G can be written:

Y 

 

5

 

 

 

b

 

0

 

 

 

1

 

 

 

b

 

1

 

 I

 

Aa

 

 

 

1

 

 

 

b

 

2

 

 I

 

aa

 

 

 

1

 

 

 

b

 

3

 

 E2 

 

1

 

 

 

b

 

4

 

 E4 

 

1

 

 

 

b

 

5

 

 E24

The allelic model A1 was designed to estimate the allelic
effects of all the studied polymorphisms; this allelic model A1
was nested in model G. The model A1 uses indicator variables
for each allele: I

 

a

 

 for a biallelic polymorphism. Concerning the
APOE alleles, the A1 model pooled genotypes 

 

«

 

3

 

«

 

2, 

 

«

 

2

 

«

 

4, and

 

«

 

2

 

«

 

2 to define the variable “presence of the 

 

«

 

2 allele,” named 

 

«

 

2,
and pooled genotypes 

 

«

 

4

 

«

 

4 with 

 

«

 

3

 

«

 

4 and 

 

«

 

2

 

«

 

4 to define the
variable “presence of the 

 

«

 

4 allele,” named 

 

«

 

4. So Model A1 is
then written as: Y 

 

5

 

 

 

g

 

0

 

 

 

1

 

 

 

g

 

1

 

I

 

a

 

 

 

1

 

 

 

g

 

2

 

I

 

«

 

2

 

 

 

1

 

 

 

g

 

3

 

I

 

«

 

4

 

. The covariates of
this A1 model were those found significant in model G.

By comparing the residual variances of these two nested
models using F-ratio, we tested the hypothesis of additivity of the
allelic effects. Allelic effects were found to be additive for all
lipid parameters (TC, LDL-C, apoB, apoE, apoA-I, TG, HDL-C)
both in men and in women.

Therefore, the allelic model A2 was used to specify the effect
of the APOE alleles. Model A2 is the same as model A1 with an
extra-variable to indicate the presence of 

 

«

 

3

 

 allele and can be
written as: Y 

 

5

 

 

 

g9

 

0

 

 

 

1

 

 

 

g9

 

1

 

I

 

a

 

 

 

1

 

 

 

g9

 

2

 

I

 

«

 

2

 

 

 

1

 

 

 

g9

 

3

 

I

 

«

 

4

 

 

 

1

 

 

 

g9

 

4I«3. The model
A1 was nested in model A2. With this model, we tested the hy-
pothesis of no difference between the carriers and the noncarriers
of the «3 allele.

Models A1 and A2 were found significantly different (P <
0.001) only in men for apoE concentrations. We therefore used
the allelic model A1 for all lipid traits excepted for apoE concen-
tration in men.

We then included, systematically for each lipid trait, in multi-
ple regression models (A1, A2) putative interactions between
environmental (BMI, smoking, alcohol, OC use, and age) and
genetics factors found significantly associated with a trait in re-
gression analysis, and interactions between genes also were
tested. Interactions were parameterized through products of
variables (i.e., indicator variables for alleles), putting all pos-
sible interactions in the list of covariates in the stepwise regres-
sion procedure. Significant interactions were kept for further
analysis.

Also, the final model A1 included the following determinants:
BMI, age, smoking, alcohol intake, and allelic effects of the
APOB 71Ile, APOC3 1100T, APO«2, APO«4, SELE 98T gene
polymorphisms and interactions APO«4 3 age, APOC3 1100C 3
no-smoker and in women only APO«2 3 OC. The determinants
of the model A1 were tested for all lipid traits by using a forward
stepwise regression analysis. To take into account correction for
multiple testing, we set P value to enter to 0.01 at each step.

RESULTS

Table 2 presents the mean characteristics of the studied
population. Women were slightly, but significantly, younger
than men (P < 0.001). The means of all traits were signifi-
cantly lower in women than in men, with the exception of
HDL and apoA-I concentrations, which were higher in
women (P < 0.001). Table 3 presents allele frequencies.
The genotype distributions for each marker were in Hardy-
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Weinberg equilibrium, and no significant difference in al-
lele frequencies between gender were observed (data not
shown); therefore, allele frequencies were given for men
and women pooled together.

Table 4 (for men) and Table 5 (for women) indicate P
values for significant associations between lipid traits and
the 13 loci given by ANOVA. The polymorphisms in four
genes, (APOB, APOE, APOC3, and SELE) showed signifi-
cant association with a P < 0.01 value for at least one trait
(Table 6 and Table 7) and were kept for further analyses.
No biochemical trait was significantly associated with
genotypic variation in CETP, LPL, PON, ACE, AGT,
MTHFR, GpIIIa, or fibrinogen (P . 0.01).

Multiple regression analysis (Tables 8–12) showed that
the following gene polymorphisms were associated with at

least one lipid trait variability: APOB Thr71Ile; APOE
codons 112/158; APOC3 1100C/T and SELE 98G/T.

The results of the final multiple regression models, as
explained in Materials and Methods, are shown in Tables
8–12 (Tables 8, 9, and 10 for men; Tables 11 and 12 for
women). In men, the covariates and the gene polymor-
phisms effects explained 14.6%, 9.3%, 9.5%, 16.2%,
15.5%, 11.3%, and 12.8% of the variability of apoB, LDL-C,
TC, apoE, TG, HDL-C, and apoA-I, respectively, and in
women they explained, respectively, 14.9%, 15.5%, 8.9%,
26.4%, 19.4%, 16.4%, and 15.3%.

APOB Thr71Ile
The APOB 71Ile allele was associated with elevated

LDL-C, apoB (P < 0.001) and TC concentrations (P <
0.01) in women, whereas in men we found no significant
association with the lipid traits studied. This polymor-
phism accounts for 1.5% and 1.3% of the LDL-C and
apoB variability, respectively, and for 0.9% of the TC vari-
ability in women.

APOC3 1100C/T
The APOC3 1100T allele was associated with elevated

concentrations of apoB-related traits (TC, LDL-C, apoB;
P < 0.001) and TG (P < 0.001) in men. The contribution
of this polymorphism in men was 1.7% for apoB-related
traits variability and 1.2% for TG concentrations.

Interactions were found between the APOC3 C1100 al-
lele and smoking status. Indeed, in men, the apoC-III C1100
allele was associated with increased apoA-I (P < 0.001) and
HDL-C (P < 0.01) concentrations in nonsmokers only. In
women, the apoC-III C1100 allele was related to lower con-
centrations of apoB (P < 0.001), LDL-C (P < 0.01) and TC
(P < 0.01) in nonsmokers only.

SELE 98G/T
The SELE 98T allele was found associated with higher

HDL concentrations in women and explained 0.7% of
HDL-C variability (P < 0.01), whereas in men this polymor-
phism was associated with none of the studied lipid traits.

APOE codons112/158
The APOE «2 allele was related to lower concentrations

of apoB-related traits and with elevated concentrations of
apoA-I and apoE in both men and women (P < 0.001 to P <
0.01), and with elevated HDL-C concentrations in women
only (P < 0.001). The apoE «4 allele was associated with
lower concentrations of apoE (P < 0.001) in both men
and women, whereas in women it also was related to higher
TC concentrations (P < 0.01). In women, the APOE «2 al-
lele showed a significant interaction (P < 0.01) with OC
use regarding the LDL-C variability (P < 0.01). This inter-
action leads to a more important effect of APOE «2 allele
in the OC users.

Significant interactions were found between APOE «4
allele and age on apoA-I (P < 0.001) concentrations in
men, and on apoB (P < 0.001) and LDL-C (P < 0.001)
concentrations in women. In men, apoA-I concentrations
decrease with age in «4 carriers only. In women, the con-

TABLE 2. Characteristics of the studied population

Trait

Men
(n 5 772)

(Mean 6 SD)

Women 
(n 5 780)

(Mean 6 SD)

Comparison
Between Gender

P

Age (years) 41.5 6 4.6 39.5 6 4.4 ,0.001
Body mass index (kg/m2) 25.3 6 3.1 23.5 6 3.6 ,0.001
Smoker % 33 21 ,0.001
Alcohol intake (g/day) 23.5 6 26.5 4.4 6 8.7 ,0.001
ApoB (g/l) 1.14 6 0.26 0.97 6 0.21 ,0.001
ApoA-I (g/l) 1.55 6 0.23 1.69 6 0.26 ,0.001
ApoE (mg/l) 48.6 6 13.2 43.8 6 10.5 ,0.001
TG (mmol/l) 1.29 6 0.79 0.83 6 0.39 ,0.001
Cholesterol total (mmol/l) 5.96 6 1.05 5.49 6 0.88 ,0.001
HDL cholesterol (mmol/l) 1.26 6 0.33 1.56 6 0.40 ,0.001
LDL cholesterol (mmol/l) 4.11 6 0.97 3.55 6 0.83 ,0.001

TABLE 3. Allele frequencies observed within the
sample population studied

Gene Allele (A/a) a

APOE
Codons 

(112/158) «2 «4 «3

0.09 0.13 0.79
APOB Thr71Ile 0.32

Arg3500Gln 0.00
APOC3 2482C/T 0.27

2455T/C 0.38
1100C/T 0.26
3175C/G 0.09
3206T/G 0.37

LPL Ser447Ter 0.12
293T/G 0.02
239T/C 0.00
Asp9Asn 0.02
Asn291Ser 0.02

CETP Ile405Val 0.29
Asp442Gly 0.00

PON Gln192Arg 0.30
ACE I/D 0.56
AGT Met235Thr 0.40
MTHFR 677C/T 0.36
CBS Ile278Thr 0.08
GpIIIa P1A1/A2 0.15
Fibrinogen 2455G/A 0.20
Facteur V Arg506Gln 0.02
SELE 98G/T 0.08

Ser128Arg 0.08
Leu554Phe 0.04
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centrations of apoB and LDL-C increase with age and
more strongly among the «4 carriers.

DISCUSSION

The aim of this study was to look for associations be-
tween lipid metabolism phenotypes and 13 genes related
to cardiovascular diseases, in a middle-aged adult popula-
tion coming for a routine checkup examination, to deter-
mine genetic profiles associated with lipid traits concen-
tration in this population. This is the first report in which
so many loci involved in many metabolic pathways were si-
multaneously studied in relation to lipid trait variability in
a large population (772 men, 780 women).

Among the 13 investigated genes, four of them showed
statistically significant association with at least one lipid
trait (APOB, APOC3, APOE, and SELE genes). Most of
these associations were highly significant with a P level <
0.001. Because of the high number of associations tested,
we preferred to ignore weak associations (P . 0.01).

The APOC3 and the APOE genes appeared to be the

two main genes involved in lipid trait variability in our
population; indeed, they exhibited associations with most
of the lipid traits studied.

In men, the APOC3 C1100 allele was found to be
strongly related (P < 0.001) to lower concentrations of
apoB, LDL-C, TC, and TG and also was related to higher
concentrations of apoA-I and HDL-C in nonsmokers only.
In women, apoC-III C1100T polymorphism was strongly
modulated by smoking status. Indeed, the allele C1100 was
related to lower apoB-related traits (P < 0.001, P < 0.01) in
nonsmokers only. Therefore, our results together with the
literature data suggest that the APOC3 C1100 allele is as-
sociated with a benefit lipid profile. Several studies have
shown association of the APOC3 C1100 allele with de-
creased apoC-III and TG concentrations (34, 35). How-
ever, few data are available concerning the association be-
tween the APOC3 C1100T polymorphism and other lipid
traits than TG and TG-rich lipoprotein (TRL) or apoC-III.
Peacock et al. (27) did not find a significant association
between the APOC3 C1100T polymorphism and apoA-I
and HDL-C concentrations in either Icelander men or
women, and Xu et al. (34) observed no association with

TABLE 4. P values of significant associations from ANOVA analyses in men (n 5 772)

Gene Polymorphisms Chol TG ApoB ApoA-I ApoE HDL LDL

APOE (codons 112/158) <0.001 — <0.001 <0.01 <0.001 — <0.001
APOB Thr71Ile — — — — — — —
APOC3 2482C/T — <0.01 — — — <0.01 —
APOC3 2455T/C — — — — — — —
APOC3 1100C/T <0.001 <0.01 <0.001 — <0.01 — <0.001
APOC3 3206T/G — — — — — — <0.01
APOC3 3175C/G — — — — — — —
CETP Ile405Val — — — — — — —
LPL Ser447Ter — — — — — — —
PON Q192R — — — — — — —
ACE ID — — — — — — —
AGT Met235Thr — — — — — — —
GPIIIa P1A1/A2 — — — — — — —
Fibrinogen 2455G/A — — — — — — —
MTHFR 667C/T — — — — — — —
SELE 98G/T — — — — — — —

Long dashes indicate nonsignificant association.

TABLE 5. P values of significant associations from ANOVA analyses in women (n 5 780)

Gene Polymorphisms Chol TG ApoB ApoA-I ApoE HDL LDL

APOE (codons 112/158) <0.001 — <0.001 — <0.001 — <0.001
APOB Thr71Ile — — <0.01 — — — <0.01
APOC3 2482C/T — — — — — — —
APOC3 2455T/C — — — — — — —
APOC3 1100C/T — — — — — — —
APOC3 3206T/G — — — — — — —
APOC3 3175C/G — <0.01 — — — — —
CETP Ile405Val — — — — — — —
LPL Ser447Ter — — — — — — —
PON Q192R — — — — — — —
ACE ID — — — — — — —
AGT Met235Thr — — — — — — —
GpIIIa P1A1/A2 — — — — — — —
FGB 2455G/A — — — — — — —
MTHFR 667C/T — — — — — — —
SELE 98G/T — — — — — <0.01 —

Long dashes indicate nonsignificant association.
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TC concentrations but did in familial combined hyperlipi-
demia. Our results are mechanistically plausible. Evidence
is accumulating that apoC-III regulates TRL metabolism
by modulating their lipolysis (36) and their receptor-
mediated uptake (37). Inhibition of the LPL by apoC-III
leads to a slow turnover of VLDL resulting to an inefficient
conversion of VLDL to IDL and to LDL and an increase in
TG levels. ApoC-III by inhibiting apoE-dependent hepatic

uptake of TRL leads to a slow turnover of VLDL and to an
efficient conversion of apoB in VLDL to LDL and an in-
crease in apoB-related traits.

The APOE common polymorphism was found to be
strongly associated with variation of all the studied lipid
traits except for TG concentration. The APOE «2 allele
was associated with lower concentrations of apoB-related
traits, higher apoE, and apoA-I concentrations in men

TABLE 6. Lipid traits according to APOB, APOC3, APOE, and SELE polymorphisms in men (n 5 772)

P

APOB Th71Ile 11 (n 5 343) 12 (n 5 347) 22 (n 5 82)
Chol 5.94 6 1.06 5.96 6 1.05 6.11 6 1.10 0.001
TG 1.28 6 0.76 1.29 6 0.83 1.32 6 0.79 —
ApoB 1.13 6 0.26 1.14 6 0.26 1.20 6 0.28 0.001
ApoA-I 1.56 6 0.22 1.54 6 0.23 1.50 6 0.23 0.010
ApoE 47.6 6 13.0 49.4 6 13.3 49.1 6 14.1 0.001
HDL 1.28 6 0.32 1.25 6 0.34 1.22 6 0.36 —
LDL 4.08 6 0.99 4.11 6 0.95 4.28 6 1.03 0.001

APOC3 2482C/T 11 (n 5 404) 12 (n 5 312) 22 (n 5 56)
Chol 5.88 6 1.05 6.06 6 1.07 6.06 6 1.05 —
TG 1.21 6 0.72 1.36 6 0.86 1.47 6 0.87 0.010
ApoB 1.12 6 0.26 1.16 6 0.26 1.18 6 0.26 —
ApoA-I 1.55 6 0.24 1.54 6 0.22 1.50 6 0.19 —
ApoE 48.0 6 12.5 49.2 6 14.1 49.1 6 14.1 —
HDL 1.29 6 0.34 1.24 6 0.33 1.17 6 0.27 —
LDL 4.04 6 0.95 4.20 6 0.99 4.22 6 0.98 —

APOC3 1100C/T 11 (n 5 424) 12 (n 5 300) 22 (n 5 48)
Chol 5.83 6 1.04 6.11 6 1.07 6.26 6 1.04 0.001
TG 1.21 6 0.75 1.38 6 0.82 1.47 6 0.96 0.010
ApoB 1.11 6 0.26 1.17 6 0.26 1.24 6 0.25 0.001
ApoA-I 1.54 6 0.23 1.57 6 0.23 1.48 6 0.19 —
ApoE 47.3 6 12.7 50.3 6 13.7 48.8 6 14.0 0.010
HDL 1.27 6 0.34 1.25 6 0.33 1.16 6 0.27 —
LDL 4.00 6 0.95 4.22 6 0.99 4.43 6 0.93 0.001

APOC3 3175C/G 11 (n 5 643) 12 (n 5 121) 22 (n 5 8)
Chol 5.93 6 1.06 6.12 6 1.02 6.83 6 0.97 —
TG 1.26 6 0.79 1.40 6 0.80 1.83 6 0.96 —
ApoB 1.14 6 0.26 1.17 6 0.24 1.35 6 0.29 —
ApoA-I 1.55 6 0.23 1.54 6 0.22 1.46 6 0.12 —
ApoE 48.2 6 13.1 50.4 6 13.9 53.8 6 16.4 —
HDL 1.26 6 0.33 1.24 6 0.32 1.16 6 0.24 —
LDL 4.08 6 0.97 4.24 6 0.94 4.82 6 1.09 —

APOC3 3206T/G 11 (n 5 317) 12 (n 5 364) 22 (n 5 91)
Chol 5.84 6 1.06 6.04 6 1.02 6.11 6 1.16 —
TG 1.21 6 0.77 1.33 6 0.80 1.40 6 0.86 —
ApoB 1.11 6 0.26 1.16 6 0.26 1.18 6 0.28 —
ApoA-I 1.54 6 0.23 1.56 6 0.23 1.51 6 0.22 —
ApoE 47.5 6 13.1 49.5 6 13.6 48.7 6 12.2 —
HDL 1.27 6 0.33 1.26 6 0.33 1.19 6 0.31 —
LDL 4.01 6 0.98 4.17 6 0.94 4.28 6 1.07 0.010

SELE 98G/T 11 (n 5 662) 12 (n 5 100) 22 (n 5 10)
Chol 5.98 6 1.06 5.98 6 1.05 5.83 6 1.21 —
TG 1.29 6 0.77 1.29 6 0.91 1.41 6 1.06 —
ApoB 1.14 6 0.26 1.14 6 0.27 1.13 6 0.29 —
ApoA-I 1.54 6 0.23 1.58 6 0.24 1.55 6 0.19 —
ApoE 48.5 6 13.2 49.1 6 14.0 47.1 6 10.5 —
HDL 1.25 6 0.32 1.32 6 0.36 1.23 6 0.36 —
LDL 4.13 6 0.98 4.07 6 0.92 3.95 6 1.17 —

APOE (codons112/158) 2/2 1 3/2 (n 5 111) 3/3 (n 5 493) 3/4 1 4/4 (n 5 154) 2/4 (n 5 14)
Chol 5.58 6 0.99 6.02 6 1.06 6.09 6 1.04 6.00 6 1.17 0.001
TG 1.27 6 0.73 1.28 6 0.77 1.32 6 0.93 1.48 6 0.78 —
ApoB 1.00 6 0.26 1.16 6 0.25 1.20 6 0.26 1.09 6 0.24 0.001
apoA-I 1.62 6 0.24 1.55 6 0.23 1.49 6 0.21 1.54 6 0.31 0.010
ApoE 58.0 6 14.4 47.4 6 11.7 44.8 6 14.2 55.9 6 11.0 0.001
HDL 1.33 6 0.35 1.25 6 0.32 1.22 6 0.33 1.21 6 0.34 —
LDL 3.66 6 0.87 4.17 6 0.97 4.26 6 0.97 4.11 6 0.97 0.001
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and in women, and with higher HDL-C concentrations in
women. These results are in accordance with those previ-
ously obtained (38), which showed APOE «2 allele associ-
ated with favorable lipid profile and APO «4 allele with unfa-
vorable lipid profile (39–41). We observed also that the
APOE «2 allele lowering effect on apoB concentrations
was most pronounced in the OC user. Consistent with this
result, sex hormones have been reported to modulate the

impact of apoE phenotype on apoB concentrations (42).
The APOE «4 allele was associated with lower apoE con-
centrations in both men and women, lower HDL-C concen-
trations in men, and higher TC in women. The results re-
ported here are consistent with those of Sing and Davignon
(38) and Kamboh et al. (40). We found that the APOE «4
allele effect on apoA-I in men and on apoB and LDL-C in
women was modulated by age with a more pronounced ef-

TABLE 7. Lipid traits according to APOB, APOC3, APOE, and SELE polymorphisms in women (n 5 780)

P

APOB Thr71Ile 11 (n 5 360) 12 (n 5 340) 22 (n 5 80)
Chol 5.43 6 0.89 5.51 6 0.86 5.69 6 0.88 —
TG 0.84 6 0.42 0.82 6 0.37 0.84 6 0.36 —
ApoB 0.95 6 0.21 0.98 6 0.21 1.02 6 0.22 0.010
ApoA-I 1.70 6 0.28 1.69 6 0.25 1.68 6 0.24 —
ApoE 43.9 6 10.7 43.8 6 10.3 43.3 6 10.6 —
HDL 1.58 6 0.42 1.55 6 0.39 1.55 6 0.37 —
LDL 3.47 6 0.81 3.58 6 0.83 3.75 6 0.87 0.010

APOC3 2482C/T 11 (n 5 416) 12 (n 5 312) 22 (n 5 52)
Chol 5.45 6 0.86 5.56 6 0.91 5.37 6 0.85 —
TG 0.81 6 0.39 0.85 6 0.40 0.88 6 0.47 —
ApoB 0.96 6 0.21 0.99 6 0.21 0.92 6 0.22 —
ApoA-I 1.69 6 0.27 1.70 6 0.26 1.69 6 0.28 —
ApoE 43.3 6 10.3 44.6 6 10.9 43.4 6 9.80 —
HDL 1.58 6 0.42 1.54 6 0.38 1.57 6 0.42 —
LDL 3.50 6 0.81 3.64 6 0.84 3.39 6 0.84 —

APOC3 1100C/T 11 (n 5 407) 12 (n 5 315) 22 (n 5 58)
Chol 5.47 6 0.89 5.48 6 0.85 5.74 6 0.90 —
TG 0.80 6 0.35 0.87 6 0.44 0.82 6 0.45 —
ApoB 0.97 6 0.21 0.97 6 0.22 1.00 6 0.22 —
ApoA-I 1.69 6 0.26 1.70 6 0.27 1.74 6 0.26 —
ApoE 43.5 6 10.0 43.9 6 10.9 45.2 6 11.3 —
HDL 1.56 6 0.39 1.55 6 0.41 1.66 6 0.47 —
LDL 3.54 6 0.83 3.52 6 0.82 3.71 6 0.84 —

APOC3 3175C/G 11 (n 5 636) 12 (n 5 141) 22 (n 5 3)
Chol 5.48 6 0.89 5.53 6 0.83 6.55 6 0.60 —
TG 0.81 6 0.37 0.89 6 0.45 1.80 6 1.01 0.010
ApoB 0.97 6 0.21 0.99 6 0.22 1.23 6 0.17 —
ApoA-I 1.70 6 0.26 1.69 6 0.26 1.63 6 0.20 —
ApoE 43.6 6 10.4 44.7 6 10.7 45.9 6 6.4 —
HDL 1.57 6 0.41 1.52 6 0.38 1.29 6 0.33 —
LDL 3.53 6 0.84 3.60 6 0.79 4.43 6 0.76 —

APOC3 3206T/G 11 (n 5 301) 12 (n 5 362) 22 (n 5 117)
Chol 5.44 6 0.87 5.47 6 0.87 5.68 6 0.90 —
TG 0.81 6 0.36 0.85 6 0.42 0.82 6 0.40 —
ApoB 0.97 6 0.21 0.97 6 0.21 1.00 6 0.28 —
ApoA-I 1.68 6 0.26 1.69 6 0.26 1.76 6 0.26 —
ApoE 43.6 6 10.0 44.4 6 10.8 42.5 6 10.6 —
HDL 1.54 6 0.39 1.56 6 0.41 1.64 6 0.42 —
LDL 3.53 6 0.83 3.53 6 0.82 3.66 6 0.86 —

SELE 98G/T 11 (n 5 656) 12 (n 5 118) 22 (n 5 6)
Chol 5.47 6 0.87 5.62 6 0.93 5.26 6 0.43 —
TG 0.83 6 0.40 0.84 6 0.39 0.63 6 0.19 —
ApoB 0.97 6 0.21 1.00 6 0.20 0.84 6 0.12 —
ApoA-I 1.69 6 0.26 1.71 6 0.28 1.81 6 0.26 —
ApoE 43.9 6 10.4 42.8 6 10.7 49.7 6 9.99 —
HDL 1.55 6 0.39 1.59 6 0.42 2.03 6 0.63 0.010
LDL 3.53 6 0.83 3.65 6 0.83 2.94 6 0.42 —

APOE (codons112/158) 2/2 1 3/2 (n 5 110) 3/3 (n 5 468) 3/4 1 4/4 (n 5 179) 2/4 (n 5 23)
Chol 5.05 6 0.83 5.51 6 0.86 5.71 6 0.87 5.39 6 0.76 0.001
TG 0.82 6 0.33 0.83 6 0.41 0.80 6 0.36 1.04 6 0.54 —
ApoB 0.83 6 0.17 0.99 6 0.21 1.03 6 0.20 0.93 6 0.19 0.001
ApoA-I 1.77 6 0.28 1.68 6 0.26 1.67 6 0.25 1.76 6 0.21 —
ApoE 52.8 6 11.2 43.2 6 9.47 38.5 6 8.16 54.0 6 8.95 0.001
HDL 1.69 6 0.45 1.54 6 0.40 1.54 6 0.38 1.60 6 0.33 —
LDL 2.99 6 0.73 3.59 6 0.80 3.81 6 0.79 3.31 6 0.77 0.001
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fect of the APO «4 allele with advancement of age. Jarvik
et al. (41) showed also that «4 allele effects on lipids may
be age dependent, but they found that «4 allele effects on
TC and TG decreased over longitudinal examinations.

We found that the APOB 71Ile allele was related to ele-
vated concentrations of LDL-C, apoB, and TC concentra-
tions in women. Few data have been published concern-
ing this gene polymorphism and lipid levels and its
physiological significance. Tikkanen et al. (43) observed
in children a significant association with this allele and
apoB-related traits. Our results are mechanistically plausi-
ble given that apoB is both the structural protein for the
LDL particle and the ligand for the LDL receptor (44),
and this polymorphism is located in the N-terminal region
of the protein that may participate in the binding to the
LDL receptor (45). The presence of the APOB 71Ile allele
or another polymorphism in desequilibrium may be related
to lower affinity or lower binding to the LDL receptor result-
ing in a lower clearance of apoB-related traits from the
plasma.

This study is the first one to our knowledge investigating
the relationship between SELE polymorphisms and lipid
levels. We found that the SELE 98T allele was strongly as-
sociated (P < 0.01) with higher HDL-C in women. This re-
sult suggests that this allele is associated with a benefit
lipid profile at least in women. E-selectin mediates the ad-
hesion of leukocytes to activated endothelium, and E-
selectin level has been correlated with cholesterol and TG
levels and with decreased HDL-C level (46). Very few data
are available concerning the physiologic significance of
the 98G/T polymorphism. The 98G/T polymorphism in
the 59 untranslated region may be related to regulatory as-
pects. Conversely, the SELE 98T allele has been associated
previously with cardiovascular diseases (47). One possible
explanation for our observed results may be a regulatory
mechanism to maintain E-selectin homeostasis. Indeed,
several studies (13, 14, 48) showed that lipids could regu-
late SELE expression; HDL-C especially can induce de-
creased SELE expression in cells culture. We can hypothe-
size that E-selectin could regulate its own level via HDL-C

TABLE 8. Model A1: determinants of lipid traits variability in men

ApoB LDL-C TC

Covariates b 6SE
Change 

in R2 b 6SE
Change 

in R2 b 6SE
Change 

in R2

BMI 0.0178a 0.0028 0.0553 0.0375b 0.0108 0.0130 0.0463a 0.0017 0.0269
Age 0.0083a 0.0019 0.0187 0.0299a 0.0074 0.0202 0.0300a 0.0081 0.0202
Tobacco 0.0681a 0.0185 0.0151 0.1991b 0.0710 0.0093 — c — c — c

Alcohol 3 10E23 — c — c — c — c — c — c 4.6a 1.4 0.0131
APOB 71Thr — c — c — c — c — c — c

APOC3 1100T 0.0592a 0.0143 0.0173 0.2093a 0.0549 0.0171 0.2320a 0.0596 0.0171
APOE «2 20.1460a 0.0238 0.0400 20.4693a 0.0912 0.0332 20.3985a 0.0992 0.0181
APOE «4 — c — c — c — c — c — c — c — c — c

SELE 98T — c — c — c — c — c — c — c — c — c

APOE «4 3 age — c — c — c — c — c — c

C31 3 no-smoking — c — c — c — c — c — c — c — c — c

Y-intercept 0.3156 2.0223 3.3868
Total R2 0.1464 0.0929 0.0954

BMI, body mass index; b, standard regression coefficient, C31, APOC3 1100C. P value to enter was set to 0.01 at each step: a P < 0.001, b P ,
0.01, c nonsignificant association.

TABLE 9. Model A1: determinants of lipid traits variability in men

ApoA-I HDL-C TG

Covariates b 6SE
Change in 

R2 b 6SE
Change 

in R2 b 6SE
Change 

in R2

BMI 20.0130a 0.0025 0.0324 20.0287a 0.0036 0.0698 0.0274a 0.0025 0.1326
Age —b —b —b —b —b —b —b —b —b

Tobacco —b —b —b —b —b —b 0.0547a 0.0164 0.0109
Alcohol 3 1023 2.2a 0.3 0.0537 2.4a 0.43 0.0335 —b —b —b

APOB 71Thr — b —b —b —b —b —b —b —b —b

APOC3 1100T — b —b —b —b —b —b 0.0418a 0.0127 0.0119
APOE «2 0.0553c 0.0210 0.0079 —b —b —b —b —b —b

APOE «4 —b —b —b —b —b —b —b —b —b

SELE 98T —b —b —b —b —b —b —b —b —b

APOE «4 3 age 20.0016a 0.0004 0.0171 —b —b —b —b —b —b

C31 3 no-smoking 0.0606a 0.0158 0.0168 0.0677c 0.0231 0.0098 —b —b —b

Y-intercept 1.7911 1.8857 20.6342
Total R2 0.1279 0.1131 0.1554

BMI, body mass index; b, standard regression coefficient; C31, APOC3 1100C. P value to enter was set to 0.01 at each step: a P < 0.001,
b nonsignificant association, c P , 0.01.
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concentrations. The relation between SELE polymorphism
and HDL-C was observed in women only. This may be re-
lated to the capacity of estrogens to regulate SELE expres-
sion as shown by Cid et al. (49).

Gender differences also were observed concerning the
contribution of APOC3 and APOE genes to lipid trait vari-
ability. The APO «2 allele explained twice as much of the
apoB-related traits variability (TC, LDL-C, apoB) in
women (4%, 7.6%, 7%, respectively) than in men (1.8%,
3.3%, 4%, respectively). These results support previous re-
sults showing that the contribution of the APOE polymor-
phism on lipid variability is larger in women than in men
(40, 50). Conversely, the results obtained are very similar
to those reported by Lussier-Cacan et al. (51) on LDL-C
variability, showing that the three common APOE alleles
explained 6% of LDL-C variation in women and 3.5% in
men. In women, the effect of the APOC3 1100C/T poly-

morphism on apoB-related traits was observed only in
nonsmokers, whereas in men it was independent of smok-
ing status. This polymorphism explained 1.7% to the
apoB-related traits variability in men, whereas in women it
explained 1%.

The mechanism underlying these gender differences
remains unknown, but similar effects have been reported
in other studies (35, 52). These results presumably reflect
hormonal effects on gene expression or possible gender-
associated lifestyle effects such as diet or adiposity.

Despite these major gender differences in the genetic
impact on lipid traits variation, the total contribution of
the complete model to lipid variability was remarkably
similar in men and in women. The total variability of each
studied lipid trait explained by our models ranged from
9.3% to 16.2% in men and from 8.9% to 26.4% in women.
As observed in other studies investigating quantitative
variation in lipid traits (30, 35, 53), most of the variability
in these lipid, lipoprotein, and apolipoprotein traits re-
mains unexplained by the considered predictors. Other
genetic markers and loci have to be considered in further
studies as segregation analysis have shown that genetics fac-
tors explained ,40–50% of lipid variability (54). Our results
emphasize what was observed already in many other analyses
with a single gene: that each genetic factor explained a small
part of lipid trait variability. However, small genetic effects
can be expected because of the complexity of lipid metabo-
lism. All together, our results reinforce the concept that the
relation between genetic factors and lipid levels will be de-
pendent of the context, that is, gender, age, and environ-
mental factors, such as tobacco and OC. Interaction between
genes also may be important, but in our study we did not
find any significant interaction between APOE, APOC3,
APOB, and SELE polymorphisms on lipid levels.

Finally, our results underline the importance of study-
ing simultaneously the influence of several genetic markers.
Our results show that the benefit effect of the APOE «2 al-

TABLE 10. Model A2: determinants of lipid traits variability in men

ApoE

Covariates b 6SE
Change

in R2

BMI 0.0078a 0.0012 0.0498
Age 0.0022b 0.0008 0.0083
Tobacco — c — c — c

Alcohol 3 1023 — c — c — c

APOB 71Thr — c — c — c

APOC3 1100T — c — c — c

APO «2 0.0941a 0.0102 0.0935
APO «4 20.0281b 0.0091 0.0100
APO «3 — c — c — c

SELE 98T — c — c — c

C31 3 no smoking — c — c — c

APO «4 3 age — c — c — c

Y-intercept 1.3723
Total R2 0.1616

P value to enter was set to 0.01 at each step: a P , 0.0091, b P ,
0.01, c nonsignificant association.

Table 11. Model A1: determinants of lipid traits variability in women

ApoB LDL-C TC

Covariates b 6SE
Change

in R2 b 6SE
Change

in R2 b 6SE
Change

in R2

BMI 0.0128a 0.0020 0.0419 0.0423a 0.0076 0.0297 0.0250b 0.0084 0.0090
Age — c — c — c — c — c — c 0.0243a 0.0070 0.0136
Tobacco — c — c — c — c — c — c — c — c — c

Pill — c — c — c — c — c — c — c — c — c

Alcohol 3 1023 — c — c — c — c — c — c — c — c — c

APOB 71Thr 0.0377a 0.0107 0.0126 0.1508a 0.0416 0.0145
0.1285b

0.0457 0.0087

APOC3 1100T — c — c — c — c — c — c — c — c — c

APOE «2 20.1465a 0.0188 0.0716 20.4730a 0.0843 0.0760 20.4315a 0.0805 0.0385
APOE «4 — c — c — c — c — c — c 0.2166b 0.0694 0.0099
SELE 98T — c — c — c — c — c — c — c — c — c

C31 3 no-smoking 20.0512a 0.0160 0.0112 20.1810† 0.0622 0.0102 20.1943b 0.0694 0.0092
APOE «2 3 OC — c — c — c 20.3879† 0.1471 0.0076 — c — c — c

APOE «4 3 age 0.001a 0.0004 0.0113 0.0065a 0.0016 0.0175 — c — c — c

Y-intercept 0.6955 2.6229 4.0223
Total R2 0.1487 0.1555 0.0890

BMI, body mass index; OC, oral contraceptive; b, standard regression coefficient; C31, APOC3 1100C. P value to enter was set to 0.01 at each
step: a P < 0.001, b P , 0.01, c nonsignificant association.
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lele on apoB-related traits overcompensated for the unfa-
vorable effects of the APOC3 1100T and APOB 71Thr al-
leles in men and in women, respectively. The favorable
APOC3 common allele (1100C) effect in nonsmokers on
apoB-related traits was important enough to compensate
for the unfavorable APOB 71Thr effects on apoB-related
traits concentrations in women.

To summarize, polymorphisms of four genes among
the 13 genes studied were strongly associated with lipid
metabolism (P < 0.001). Three of them (APOB, APOE,
APOC3) are involved in lipid metabolism; the fourth one,
SELE, is implicated in molecular adhesion. This result
leads us to a new insight in the genetic of lipid regulation,
even if further studies are needed to confirm the ob-
served relationship between SELE and lipids. APOE
codons 112/158 and APOC3 1100C/T polymorphisms
appeared to be the most important sites affecting lipid
trait variability in our population, and their effects ap-
peared highly modulated by environmental factors. Our
results emphasize the importance to analyze simulta-
neously several genes and to consider gene-environment
interactions. Finally, our findings may contribute to a bet-
ter understanding of the complex interactions between
genes and environmental factors on lipid variability and
may help for the identification of individuals at increased
risk of cardiovascular diseases.

We thank the staff of Center of Preventive Medecine of Van-
doeuvre-lès-Nancy, France. We also are indebted to the families
of the STANISLAS survey, who made this study possible. The
STANISLAS Cohort study is supported by the Caisse Nationale
d’Assurance Maladie des Travailleurs Salariés (CNAM), the In-
stitut National de Santé et de Recherche Médicale (INSERM),
The Région Lorraine, the communauté urbaine of Nancy, the
University Henri Poincaré Nancy I, Bayer-Pharma, Hoffmann-
LaRoche, Beckmann-Coulter, Biomérieux, Daiichi Pure Chem-
icals, Randox, and Dade-behring.

Manuscript received 18 December 2000 and in revised form 22 May 2001.

REFERENCES

1. Kannel, W. B., W. P. Castelli, and T. Gordon. 1979. Cholesterol in
the prediction of atherosclerotic disease. New perspectives based
on the Framingham study. Ann. Intern. Med. 90: 85–91. 

2. Wilson, P. W., R. J. Garrison, W. P. Castelli, M. Feinleib, P. M.
McNamara, and W. B. Kannel. 1980. Prevalence of coronary heart
disease in the Framingham Offspring Study: role of lipoprotein
cholesterols. Am. J. Cardiol. 46: 649–654. 

3. Ordovas, J. M., and E. J. Schaefer. 1999. Genes, variation of choles-
terol and fat intake and serum lipids. Curr. Opin. Lipidol. 10: 15–
22. 

4. Rainwater, D. L., C. A. McMahan, G. T. Malcom, W. D. Scheer, P. S.
Roheim, H. C. McGill, Jr., and J. P. Strong. 1999. Lipid and apo-
lipoprotein predictors of atherosclerosis in youth: apolipoprotein
concentrations do not materially improve prediction of arterial le-
sions in PDAY subjects. The PDAY Research Group. Arterioscler.
Thromb. Vasc. Biol. 19: 753–761. 

5. Castelli, W. P. 1984. Epidemiology of coronary heart disease: the
Framingham study. Am. J. Med. 76: 4–12. 

6. Hayman, L. L. 2000. Abnormal blood lipids: is it environment or is
it genes? J. Cardiovasc. Nurs. 14: 39–49. 

7. Williams, R. R., S. C. Hunt, P. N. Hopkins, L. L. Wu, S. J. Hasstedt,
T. D. Berry, G. K. Barlow, B. M. Stults, M. C. Schumacher, and E. H.
Ludwig. 1993. Genetic basis of familial dyslipidemia and hyper-
tension: 15-year results from Utah. Am. J. Hypertens. 6: 19S–327S. 

8. Bonaa, K. H., and D. S. Thelle. 1991. Association between blood
pressure and serum lipids in a population. The Tromso Study. Cir-
culation. 83: 1305–1314. 

9. Keidar, S., M. Kaplan, and M. Aviram. 1996. Angiotensin II-modified
LDL is taken up by macrophages via the scavenger receptor, leading
to cellular cholesterol accumulation. Arterioscler. Thromb. Vasc. Biol.
16: 97–105. 

10. Keidar, S., J. Attias, R. Heinrich, R. Coleman, and M. Aviram. 1999.
Angiotensin II atherogenicity in apolipoprotein E deficient mice is
associated with increased cellular cholesterol biosynthesis. Athero-
sclerosis. 146: 249–257. 

11. Oren, I., J. G. Brook, R. Gershoni-Baruch, I. Kepten, A. Tamir, S.
Linn, and E. Wolfovitz. 1999. The D allele of the angiotensin-
converting enzyme gene contributes towards blood LDL-C levels and
the presence of hypertension. Atherosclerosis. 145: 267–271. 

12. Hackman, A., Y. Abe, W. Insull, Jr., H. Pownall, L. Smith, K. Dunn,
A. M. Gotto, Jr., and C. M. Ballantyne. 1996. Levels of soluble cell
adhesion molecules in patients with dyslipidemia. Circulation. 93:
1334–1338. 

13. Sampietro, T., M. Tuoni, M. Ferdeghini, A. Ciardi, P. Marraccini,
C. Prontera, G. Sassi, M. Taddei, and A. Bionda. 1997. Plasma cho-
lesterol regulates soluble cell adhesion molecule expression in
familial hypercholesterolemia. Circulation. 96: 1381–1385. 

TABLE 12. Model A1: determinants of lipid traits variability in women

ApoA-I HDL-C TG ApoE

Covariates b 6SE
Change

in R2 b 6SE
Change

in R2 b 6 SE
Change

in R2 b 6SE
Change

in R2

BMI 20.0146a 0.0024 0.0405 20.0312a 0.0037 0.0835 0.0160a 0.0017 0.102 0.0039a 0.0009 0.0208
Age 0.0058b 0.0021 0.0085 — c — c — c 0.0043b 0.0013 0.0101 — c — c — c

Tobacco 20.1159a 0.0220 0.0349 20.1670a 0.0330 0.0270 0.0717a 0.0147 0.0189 — c — c — c

Alcohol 0.0046a 0.0010 0.0282 0.0087a 0.0015 0.0302 — c — c — c 20.122a 0.0373 0.0102
Pill 0.1160a 0.0210 0.0292 — c — c — c 0.1167a 0.0141 0.0598 20.0644a 0.0077 0.0612
APOB 71Thr — c — c — c — c — c — c — c — c — c — c — c — c

APOC3 1100T — c — c — c — c — c — c — c — c — c — c — c — c

APOE «2 0.0769b 0.0231 0.0120 0.1350a 0.0352 0.0155 — c — c — c 0.1032a 0.0086 0.1387
APOE «4 — c — c — c — c — c — c — c — c — c 20.0404a 0.0074 0.0327
SELE 98T — c — c — c 0.0918b 0.0338 0.0075 — c — c — c — c — c — c

C31 3 no-smoking — c — c — c — c — c — c — c — c — c — c — c — c

APOE «2 3 OC — c — c — c — c — c — c — c — c — c — c — c — c

APOE «4 3 age — c — c — c — c — c — c — c — c — c — c — c — c

Y-intercept 1.6560 2.0873 20.70657 1.5501
Total R2 0.1533 0.1642 0.1909 0.2637

BMI, body mass index; OC, oral contraceptive; b, standard regression coefficient; C31, APOC3 1100C. P value to enter was set to 0.01 at each
step: a P < 0.001, b P , 0.01, cnonsignificant association.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Pallaud et al. Genetic determinants of lipid trait variability 1889

14. Barter, P. J. 1997. Inhibition of endothelial cell adhesion molecule
expression by high density lipoproteins. Clin. Exp. Pharmacol. Physiol.
24: 286–287. 

15. Hulten, L. M., H. Lindmark, U. Diczfalusy, I. Bjorkhem, M. Ottosson,
Y. Liu, G. Bondjers, and O. Wiklund. 1996. Oxysterols present in
atherosclerotic tissue decrease the expression of lipoprotein lipase
messenger RNA in human monocyte-derived macrophages. J. Clin.
Invest. 97: 461–468. 

16. Motti, C., A. Gnasso, S. Bernardini, R. Massoud, A. Pastore, P.
Rampa, G. Federici, and C. Cortese. 1998. Common mutation in
methylenetetrahydrofolate reductase. Correlation with homo-
cysteine and other risk factors for vascular disease. Atherosclerosis.
139: 377–383. 

17. Wang, X. L., N. Duarte, H. Cai, T. Adachi, A. S. Sim, G. Cranney,
and D. E. Wilcken. 1999. Relationship between total plasma ho-
mocysteine, polymorphisms of homocysteine metabolism related
enzymes, risk factors and coronary artery disease in the Australian
hospital-based population. Atherosclerosis. 146: 133–140. 

18. Bannan, S., M. W. Mansfield, and P. J. Grant. 1998. Soluble vascular
cell adhesion molecule-1 and E-selectin levels in relation to vas-
cular risk factors and to E-selectin genotype in the first degree rel-
atives of NIDDM patients and in NIDDM patients. Diabetologia. 41:
460–466. 

19. Gudnason, V., D. Stansbie, J. Scott, A. Bowron, V. Nicaud, and S.
Humphries. 1998. C677T (thermolabile alanine/valine) polymor-
phism in methylenetetrahydrofolate reductase (MTHFR): its fre-
quency and impact on plasma homocysteine concentration in differ-
ent European populations. EARS group. Atherosclerosis. 136: 347–354. 

20. Koller, E., F. Koller, and B. R. Binder. 1989. Purification and identi-
fication of the lipoprotein-binding proteins from human blood
platelet membrane. J. Biol. Chem. 264: 12412–12418. 

21. Cushman, M., D. Yanez, B. M. Psaty, L. P. Fried, G. Heiss, M. Lee, J. F.
Polak, P. J. Savage, and R. P. Tracy. 1996. Association of fibrinogen
and coagulation factors VII and VIII with cardiovascular risk fac-
tors in the elderly: the Cardiovascular Health Study. Cardiovascular
Health Study Investigators. Am. J. Epidemiol. 143: 665–676. 

22. Lam, T. H., L. J. Liu, E. D. Janus, C. Bourke, and A. J. Hedley.
1999. The relationship between fibrinogen and other coronary
heart disease risk factors in a Chinese population. Atherosclerosis.
143: 405–413. 

23. Senti, M., C. Aubo, and M. Bosch. 1998. The relationship between
smoking and triglyceride-rich lipoproteins is modulated by genetic
variation in the glycoprotein IIIa gene. Metabolism. 47: 1040–1041. 

24. Humphries, S. E., S. Ye, P. Talmud, L. Bara, L. Wilhelmsen, and L.
Tiret. 1995. European Atherosclerosis Research Study: genotype at
the fibrinogen locus (G-455-A beta-gene) is associated with differ-
ences in plasma fibrinogen levels in young men and women from
different regions in Europe. Evidence for gender-genotype-
environment interaction. Arterioscler. Thromb. Vasc. Biol. 15: 96–104. 

25. Cheng, S., M. A. Grow, C. Pallaud, W. Klitz, H. A. Erlich, S. Visvikis,
J. J. Chen, C. R. Pullinger, M. J. Malloy, G. Siest, and J. P. Kane.
1999. A multilocus genotyping assay for candidate markers of car-
diovascular disease risk. Genome Res. 9: 936–949. 

26. Cheng, S., C. Pallaud, M. A. Grow, S. J. Scharf, H. A. Erlich, W.
Klitz, C. R. Pullinger, M. J. Malloy, J. P. Kane, G. Siest, and S. Visvikis.
1998. A multilocus genotyping assay for cardiovascular disease.
Clin. Chem. Lab. Med. 36: 561–566. 

27. Peacock, R. E., A. Hamsten, J. Johansson, P. Nilsson-Ehle, and S. E.
Humphries. 1994. Associations of genotypes at the apolipoprotein
AI-CIII-AIV, apolipoprotein B and lipoprotein lipase gene loci with
coronary atherosclerosis and high density lipoprotein subclasses.
Clin. Genet. 46: 273–282. 

28. Hegele, R. A., P. W. Connelly, A. J. Hanley, F. Sun, S. B. Harris, and
B. Zinman. 1997. Common genomic variation in the APOC3 pro-
moter associated with variation in plasma lipoproteins. Arterioscler.
Thromb. Vasc. Biol. 17: 2753–2758. 

29. Aalto-Setala, K., J. Viikari, H. K. Akerblom, V. Kuusela, and K.
Kontula. 1991. DNA polymorphisms of the apolipoprotein B and
A-I/C-III genes are associated with variations of serum low den-
sity lipoprotein cholesterol level in childhood. J. Lipid Res. 32:
1477–1487. 

30. Kamboh, M. I., C. H. Bunker, C. E. Aston, C. S. Nestlerode, A. E.
McAllister, and F. A. Ukoli. 1999. Genetic association of five apo-
lipoprotein polymorphisms with serum lipoprotein-lipid levels in
African blacks. Genet. Epidemiol. 16: 205–222. 

31. Austin, M. A., P. J. Talmud, L. A. Luong, L. Haddad, I. N. Day, B.
Newman, K. L. Edwards, R. M. Krauss, and S. E. Humphries. 1998.

Candidate-gene studies of the atherogenic lipoprotein phenotype:
a sib-pair linkage analysis of DZ women twins. Am. J. Hum. Genet.
62: 406–419. 

32. Siest, G., S. Visvikis, B. Herbeth, R. Gueguen, M. Vincent-Viry, C.
Sass, B. Beaud, E. Lecomte, J. Steinmetz, J. Locuty, and P. Chevrier.
1998. Objectives, design and recruitment of a familial and longitu-
dinal cohort for studying gene-environment interactions in the
field of cardiovascular risk: the Stanislav cohort. Clin. Chem. Lab.
Med. 36: 35–42. 

33. Miller, S. A., D. D. Dykes, and H. F. Polesky. 1988. A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res. 16: 1215. 

34. Xu, C. F., P. Talmud, H. Schuster, R. Houlston, G. Miller, and S.
Humphries. 1994. Association between genetic variation at the
APO AI-CIII-AIV gene cluster and familial combined hyperlipid-
aemia. Clin. Genet. 46: 385–397. 

35. Peacock, R. E., A. Temple, V. Gudnason, M. Rosseneu, and S. E.
Humphries. 1997. Variation at the lipoprotein lipase and apolipopro-
tein AI-CIII gene loci are associated with fasting lipid and lipoprotein
traits in a population sample from Iceland: interaction between geno-
type, gender, and smoking status. Genet. Epidemiol. 14: 265–282. 

36. Ginsberg, H. N., N. A. Le, I. J. Goldberg, J. C. Gibson, A. Rubin-
stein, P. Wang-Iverson, R. Norum, and W. V. Brown. 1986. Apolipo-
protein B metabolism in subjects with deficiency of apolipopro-
teins CIII and AI. Evidence that apolipoprotein CIII inhibits
catabolism of triglyceride-rich lipoproteins by lipoprotein lipase in
vivo. J. Clin. Invest. 78: 1287–1295. 

37. Sehayek, E., and S. Eisenberg. 1991. Mechanisms of inhibition by
apolipoprotein C of apolipoprotein E-dependent cellular metabo-
lism of human triglyceride-rich lipoproteins through the low den-
sity lipoprotein receptor pathway. J. Biol. Chem. 266: 18259–18267. 

38. Sing, C. F., and J. Davignon. 1985. Role of the apolipoprotein E
polymorphism in determining normal plasma lipid and lipopro-
tein variation. Am. J. Hum. Genet. 37: 268–285. 

39. Reilly, S. L., R. E. Ferrell, B. A. Kottke, and C. F. Sing. 1992. The
gender-specific apolipoprotein E genotype influence on the distri-
bution of plasma lipids and apolipoproteins in the population of
Rochester, Minnesota. II. Regression relationships with concomi-
tants. Am. J. Hum. Genet. 51: 1311–1324. 

40. Kamboh, M. I., C. E. Aston, and R. F. Hamman. 1995. The rela-
tionship of APOE polymorphism and cholesterol levels in nor-
moglycemic and diabetic subjects in a biethnic population from
the San Luis Valley, Colorado. Atherosclerosis. 112: 145–159. 

41. Jarvik, G. P., E. L. Goode, M. A. Austin, J. Auwerx, S. Deeb, G. D.
Schellenberg, and T. Reed. 1997. Evidence that the apolipopro-
tein E-genotype effects on lipid levels can change with age in
males: a longitudinal analysis. Am. J. Hum. Genet. 61: 171–181. 

42. Schaefer, E. J., S. Lamon-Fava, S. Johnson, J. M. Ordovas, M. M.
Schaefer, W. P. Castelli, and P. W. Wilson. 1994. Effects of gender
and menopausal status on the association of apolipoprotein E phe-
notype with plasma lipoprotein levels. Results from the Framing-
ham Offspring Study. Arterioscler. Thromb. 14: 1105–1113. 

43. Tikkanen, M. J., J. Viikari, H. K. Akerblom, and E. Pesonen. 1988.
Apolipoprotein B polymorphism and altered apolipoprotein B
and low density lipoprotein cholesterol concentrations in Finnish
children. Br. Med. J. (Clin. Res. Ed). 296: 169–170. 

44. Rosseneu, M., and C. Labeur. 1995. Physiological significance of
apolipoprotein mutants. FASEB J. 9: 768–776. 

45. Yang, C. Y., Z. W. Gu, S. A. Weng, T. W. Kim, S. H. Chen, H. J.
Pownall, P. M. Sharp, S. W. Liu, W. H. Li, and A. M. Gotto, Jr. 1989.
Structure of apolipoprotein B-100 of human low density lipopro-
teins. Arteriosclerosis. 9: 96–108. 

46. Matsumoto, K., S. Miyake, M. Yano, Y. Ueki, and Y. Tominaga.
2000. High serum concentrations of soluble E-selectin in patients
with impaired glucose tolerance with hyperinsulinemia. [In Pro-
cess Citation]. Atherosclerosis. 152: 415–420. 

47. Wenzel, K., M. Ernst, K. Rohde, G. Baumann, and A. Speer. 1996.
DNA polymorphisms in adhesion molecule genes—a new risk fac-
tor for early atherosclerosis. Hum. Genet. 97: 15–20. 

48. Cockerill, G. W., J. Saklatvala, S. H. Ridley, H. Yarwood, N. E.
Miller, B. Oral, S. Nithyanathan, G. Taylor, and D. O. Haskard.
1999. High-density lipoproteins differentially modulate cytokine-
induced expression of E-selectin and cyclooxygenase-2. Arterioscler.
Thromb. Vasc. Biol. 19: 910–917. 

49. Cid, M. C., H. K. Kleinman, D. S. Grant, H. W. Schnaper, A. S.
Fauci, and G. S. Hoffman. 1994. Estradiol enhances leukocyte
binding to tumor necrosis factor (TNF)-stimulated endothelial

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1890 Journal of Lipid Research Volume 42, 2001

cells via an increase in TNF-induced adhesion molecules E-selectin,
intercellular adhesion molecule type 1, and vascular cell adhesion
molecule type 1. J. Clin. Invest. 93: 17–25. 

50. Reilly, S. L., R. E. Ferrell, and C. F. Sing. 1994. The gender-specific
apolipoprotein E genotype influence on the distribution of plasma
lipids and apolipoproteins in the population of Rochester, MN. III.
Correlations and covariances. Am. J. Hum. Genet. 55: 1001–1018. 

51. Lussier-Cacan, S., M. Xhignesse, A. M. Kessling, J. Davignon, and
C. F. Sing. 1999. Sources of variation in plasma lipid and lipopro-
tein traits in a sample selected for health. Am. J. Epidemiol. 150:
1229–1237. 

52. Kessling, A., S. Ouellette, O. Bouffard, A. Chamberland, C. Betard,
E. Selinger, M. Xhignesse, S. Lussier-Cacan, and J. Davignon. 1992.
Patterns of association between genetic variability in apolipopro-
tein (apo) B, apo AI-CIII-AIV, and cholesterol ester transfer protein
gene regions and quantitative variation in lipid and lipoprotein
traits: influence of gender and exogenous hormones. Am. J. Hum.
Genet. 50: 92–106. 

53. Hegele, R. A., J. H. Brunt, and P. W. Connelly. 1995. Multiple ge-
netic determinants of variation of plasma lipoproteins in Alberta
Hutterites. Arterioscler. Thromb. Vasc. Biol. 15: 861–871. 

54. Boomsma, D. I., H. J. Kempen, J. A. Gevers Leuven, L. Havekes, P.
de Knijff, and R. R. Frants. 1996. Genetic analysis of sex and gener-
ation differences in plasma lipid, lipoprotein, and apolipoprotein
levels in adolescent twins and their parents. Genet. Epidemiol. 13:
49–60.

55. Hegele, R. A., P. W. Connelly, A. J. Hanley, F. Sun, S. B. Harris, and

B. Zinman. 1997. Common genomic variants associated with varia-
tion in plasma lipoproteins in young aboriginal Canadians. Arterio-
scler. Thromb. Vasc. Biol. 17: 1060–1066. 

56. Surguchov, A. P., G. P. Page, L. Smith, W. Patsch, and E. Boerwinkle.
1996. Polymorphic markers in apolipoprotein C–III gene flanking
regions and hypertriglyceridemia. Arterioscler. Thromb. Vasc. Biol. 16:
941–947. 

57. Tall, A. R. 1993. Plasma cholesteryl ester transfer protein. J. Lipid
Res. 34: 1255–1274. 

58. Gudnason, V., K. Thormar, and S. E. Humphries. 1997. Interaction
of the cholesteryl ester transfer protein I405V polymorphism with
alcohol consumption in smoking and non-smoking healthy men,
and the effect on plasma HDL cholesterol and apoA-I concentra-
tion. Clin. Genet. 51: 15–21. 

59. Laplaud, P. M., T. Dantoine, and M. J. Chapman. 1998. Paraoxo-
nase as a risk marker for cardiovascular disease: facts and hypotheses.
Clin. Chem. Lab. Med. 36: 431–441. 

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

61. Pamies, A. E., P. C. Palmero, L. R. Garcia, P. Stiefel Garcia-Junco,
M. L. Miranda Guisado, S. Martin, O. J. Villar, R. A. Nunez, J. de la
Fuente Carneado. 1999. The effect of the angiotensinogen M235T
and the angiotensin-converting enzyme I/D polymorphisms on ar-
terial hypertension and other cardiovascular risk factors. Med.
Clin. (Barc.). 113: 164–168. 

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

