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Abstract
Genes coding for proteins involved in lipid metabolism and, in women, menopausal status are
independently associated with high-density lipoprotein cholesterol (HDL-c) and low-density
lipoprotein cholesterol (LDL-c) levels. We examined whether the association between common
functional genetic polymorphisms of apolipoprotein E (apoE Cys112Arg and Arg158Cys) gene and
LDL-c levels, as well as the associations between the cholesteryl ester transfer protein (CETP TaqIB),
hepatic lipase (LIPC C-514T), and lipoprotein lipase (LPL Ser447Stop) genes and HDL-c levels are
significantly modified by menopausal status. Plasma lipid concentrations, genotype, and menopausal
status were assessed across four examinations in a sample of Caucasian and African-American
women (n=4652 to 4876) who were aged 45-64 years at baseline from the Atherosclerosis Risk in
Communities Study. The association between LDL-c levels and the apoE gene, and HDL-c levels
and the LIPC and LPL genes were not modified by menopausal status. The only statistically
significant gene by menopause interaction was with the CETP gene on HDL-c concentrations
(p=0.04). However, the significant CETP gene by menopause interaction was possibly due to chance
because of multiple testing. Postmenopausal women who were carriers of the A allele of the CETP
gene had approximately 0.7 mg/dL lower HDL-c levels than pre-/perimenopausal counterparts,
whereas the opposite pattern of HDL-c (0.4 mg/dL higher HDL-c postmenopausally) was observed
for the GG genotype. Overall, our data suggest that the decrease in endogenous estrogen as a result
of menopause may independently affect lipoprotein concentration, but does not alter the effect on
plasma lipids of some common genetic polymorphisms that regulate lipoprotein metabolism.
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Introduction
Epidemiologic research has provided strong evidence that low plasma concentrations of high-
density lipoprotein cholesterol (HDL-c) and high plasma concentrations of low-density
lipoprotein cholesterol (LDL-c) are associated with increased risk of coronary heart disease
(CHD).(1,2) Many factors have been found to affect HDL-c and LDL-c levels, including
specific genetic variants(3,4) and postmenopausal status in women.(5-8)

Apolipoprotein E plays an important role in lipid metabolism by serving as a receptor-binding
ligand on the surface of very-low-density lipoproteins (VLDL), HDL, and chylomicrons, which
mediate the clearance of these lipoproteins from plasma.(9) The apoE polymorphism is located
on chromosome 19, exon 3 and has three alleles, ε2, ε3, and ε4. The ε2 and ε4 variants result
from a C to T mutation at position 158 and a T to C mutation at position 112, respectively.
Compared with the ε3 allele, the ε2 allele is associated with lower levels and the ε4 allele is
associated with increased levels of LDL-c.(10) Further, the association of apoE allele with
LDL-c has been reported to be significantly greater among postmenopausal women than
premenopausal women.(11)

CETP plays a key role in metabolism of HDL by transferring cholesteryl esters from HDL to
triglyceride-rich lipoproteins,(12) and thus, CETP activity is inversely related to HDL-c levels.
(13) The TaqIB polymorphism of CETP is a noncoding mutation in intron 1 of the TaqI
restriction site located on chromosome 16q21. The B2 (A) allele of the TaqIB polymorphism
of CETP is associated with higher HDL-c levels than is the B1 (G) allele.(13) Hepatic lipase
activity is inversely correlated with HDL-c levels, and is involved in the metabolism of HDL-
c through selective uptake of HDL-cholesterol esters.(14) The C-514T polymorphism is
located on chromosome 15q21-q22 in the promoter region of the LIPC gene, and the variant
allele is the result of a C to T mutation at position -514. Postmenopausal women who are
carriers of the variant T allele in the C-514T polymorphism of LIPC have higher HDL-c levels
than postmenopausal women who are C/C for this polymorphism.(15) LPL is responsible for
hydrolysis of triglyceride molecules into free fatty acids, conversion of chylomicrons to
chylomicron remnants that play a role in conversion of VLDL to LDL, and regulation of HDL.
(16) The Ser447Stop polymorphism of LPL is located on chromosome 8p22. A C to G
substitution in exon 9 results in a premature stop codon and the deletion of the last two amino
acids in the protein. Carriers of the variant 447X (G) allele of the Ser447Stop polymorphism
of LPL have higher HDL-c than the S/S (CC) genotype.(17,18)

Independent of age and weight gain, menopause is associated with changes in lipid levels,
specifically increases in total cholesterol, LDL-c, and triglycerides (TG),(5-7) and decreases
in HDL-c.(8,19) The changes in LDL-c during menopause are thought to occur from reduced
metabolism of LDL particles as a result of postmenopausal decreases in estrogen levels.),
(5-7) Increased hepatic lipase activity resulting from reductions in estrogen in menopause may
play a role lowering of HDL-c.(20).

Many studies have shown associations of specific genetic polymorphisms with HDL-c and
LDL-c levels. However, the impact of these genes on lipids in women during and after the
menopausal transition has not been thoroughly studied. As a result of decreasing estrogen
levels, progression through the menopause transition may act synergistically with gene
variation to alter lipoprotein levels. This longitudinal study aims to determine if there is an
interaction between menopausal status and specific gene polymorphisms to influence
lipoprotein levels beyond the independent contributions of menopause or genotype.
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Methods
Study Population

The ARIC study is a prospective cohort of African-American and Caucasian adults aged 45-64
years gathered from four communities in the United States: Forsyth County, North Carolina;
Jackson, Mississippi; Minneapolis suburbs, Minnesota; and Washington County, Maryland.
(21) A total of 15,792 participants (8710 women) were enrolled by probability sampling from
1987 to 1989, and completed a home interview and clinic visit. Sampling differed by
recruitment area, and only African-Americans were recruited from Jackson, Mississippi. A
total of four visits were conducted, each spaced three years apart.

Participants were excluded if they were men, Asian or American Indian, had a history of cancer
or developed cancer during study follow-up, had prevalent CHD or stroke at baseline, did not
consent to DNA analysis, had never menstruated, were postmenopausal due to radiation, or
who had inconsistent menopausal status over the four visits. Missing genotype values were
also excluded for analysis of each gene, and those who had apolipoprotein E genotype ε24
were excluded from the apoE analysis due to limited frequency and inconsistent allelic effects.
Women who had TG levels greater than 400 mg/dL were set to missing for LDL-c concentration
for a specific visit, and those who were in the upper and lower 1% of the LDL-c or HDL-c
distributions were also set to missing for that visit. Those who had 2 or more visits with missing
LDL-c or HDL-c were excluded from our study sample. After these restrictions, the sample
sizes ranged from 4652 to 4876 for our analyses.

Menopausal Status Definition
Based on the mean age of the women participating in this study, menopausal status was
dichotomized into two groups: pre-/perimenopausal and postmenopausal. The groups were
determined by questionnaire and self-reported menstrual status during the clinic interviews. A
woman was categorized as pre-/perimenopausal if she (a) had menstruated in the last two years
or (b) had a hysterectomy without total oophorectomy, but at the time of the interview was
younger than age 55. A woman was defined as postmenopausal if she (a) had at least 24
consecutive months of amenorrhea, (b) had a bilateral oophorectomy, or (c) had a hysterectomy
and was 55 years or older at the interview.

HDL and LDL Cholesterol Determination
Blood collection and processing techniques for the ARIC study have been previously
described.(22) Enzymatic methods were used to measure total cholesterol(23) and TG levels.
(24) Reagents were supplied by Boehringer-Mannheim Biochemical (Indianapolis, IN), and
adapted for analysis using the Cobas-Bioanalyzer from Roche (Montclair, NJ). HDL
cholesterol levels were determined enzymatically after dextran sulfate-Mg2+ precipitation of
other lipoproteins.(25) LDL cholesterol levels were estimated with the Friedewald formula.
(26)

Accuracy of lipoprotein measurements was assessed using standards from the Centers for
Disease Control and Prevention (CDC). Repeatability of cholesterol measurements was tested
by duplicate blood samples in 5% of study participants shipped to the laboratory one week
after the original sample. The within-person and method coefficients of variation for these
samples were 6.8% and 5.3%, respectively, for LDL-c and 5.2% and 4.4% for HDL-c.(27)
Intraindividual reliability was assessed as being greater than 0.90 (correlation between 1-week
apart measurements of cholesterol) for both LDL-c and HDL-c.(27)
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Genotyping
Genotyping of the apoE (rs429358 and rs7412), CETP (rs708272), LIPC (rs1800588), and
LPL (rs328) genes was conducted using the TaqMan assay from Applied Biosystems. Probe
sequences were also obtained from Applied Biosystems and primer sequences were obtained
from Genosys. The ABI 770 and the Sequence Detection System software from Applied
Biosystems were used to perform allele detection and genotype calling. Details on primers and
probes are available from the ARIC website, http://www.cscc.unc.edu/ARIC/.

Statistical Analysis
All analyses were conducted using SAS version 8.2 (SAS Institute, Cary, NC). Participant
baseline characteristics by menopausal status were compared using a chi-square for categorical
measures and analysis of variance for continuous measures. Each gene was tested for allelic
dominance or co-dominance by comparing statistical significance of least-squares means of
lipid values between genotypes. Based on the results of the dominance or co-dominance
evaluations, the genotypes were grouped for comparison as follows: ε22/ε23 vs. ε34/ε44 vs.
ε33 for apoE (subjects with the ε24 genotype were excluded); AA vs. AG vs. GG for CETP;
TT vs. CT vs. CC for LIPC; GG/CG vs. CC for LPL.

Associations of the genes across four exams with LDL-c and HDL-c, and the interaction
between genotype and menopausal status were estimated using repeated measures regression
with fixed effects (proc mixed procedure with compound symmetric covariance matrix) after
adjustment for a combined race and center variable (African-Americans from Forsyth County,
NC; Caucasians from Forsyth County, NC; African-Americans from Jackson, MS; Caucasians
from Minneapolis suburbs, MN, and Caucasians from Washington County, MD) and the
following time-varying covariates: visit (1 (referent), 2, 3, 4), age (years), body mass index
(<25.0 (referent), 25.0 to 29.9, >29.9 kg/m2), cholesterol-lowering medications (current, never
(referent)), smoking status (current, former, never (referent)), menopausal status
(postmenopausal, pre/perimenopausal (referent)), and use of hormone replacement therapy
(current estrogen only or estrogen plus progestin, former estrogen only or estrogen plus
progestin, never (referent)).

We first assessed whether the effect of genotype on lipoprotein concentration was modified
by race. We then conducted a sensitivity analysis on fasting (8 or more hours) participants and
found no difference in mean LDL-c or HDL-c cholesterol level between fasting participants
versus all participants (data not shown). Therefore, we included both fasting and non-fasting
cholesterol measurements in our analyses. We also ran a sensitivity analysis excluding all
individuals who did not have cholesterol measurements for all four visits. Compared to
excluding those with any missing visits, inclusion of participants who had one missing visit
did not vary the mean cholesterol values (data not shown). Thus, we included individuals who
had either one or no missing cholesterol values in all analyses. We ran three models to test the
main effects of genotype on cholesterol levels: an unadjusted model, a demographic model
adjusted for age and a combined race/center variable, and a full model, which included the
covariates from the demographic model plus body mass index, smoking, use of cholesterol-
lowering medications, use of hormone replacement therapy, and menopausal status. Finally,
we added a gene by menopausal status interaction to our full model to test for an additive effect
on lipid levels as women progressed through menopause.

Results
As shown in Figure 1, 4652, 4778, 4876, and 4835 ARIC female study participants at baseline
in 1987-1989 met the study inclusion criteria for the apoE, CETP, LIPC, and LPL analyses,
respectively. All women included in our analyses had repeated cholesterol measurements at
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either 3 or all 4 ARIC visits. Table 1 describes baseline characteristics of the study sample by
menopausal status. Postmenopausal women were older, had a higher frequency of obesity and
overweight, were more likely to be taking cholesterol-lowering medication and hormone
replacement therapy, more commonly had diabetes, and were more frequently current smokers
than pre-/perimenopausal women at baseline. Approximately three-fourths of the women in
this dataset were Caucasian, but there was a higher percentage of African-Americans among
the postmenopausal women than in the pre-/perimenopausal group.

All four genes were in Hardy-Weinberg equilibrium within race groups (Table 2). For the
CETP gene, Caucasians had much higher proportions of genotypes AA and AG, whereas over
half of the African-Americans were genotype GG. The majority of Caucasians carried at least
one C allele for LIPC, whereas the majority of African-Americans were carriers of the T allele.
Less than 5% of Caucasians were TT for the LIPC gene, yet almost 28% of African-Americans
were genotype TT.

Before formal genotype-lipid and genotype-menopause interaction analyses, we tested an
interaction between genotype and race. The interactions were not statistically significant for
the apoE, CETP, or LPL genes (all interactions p>0.05). However, the effect of LIPC genotypes
on HDL-c levels was modified by race (p=0.02). Although the genotype-race interaction was
significant for LIPC, the mean HDL-c concentrations by menopausal status were similar to the
means reported in Table 4 for all women except pre-/perimenopausal African Americans.
Therefore, we report only pooled results. Additionally, we tested for a gene*visit interaction
and found no significant interaction by visit for any of the genes (all interactions p>0.10). Since
the effect of genotype on mean cholesterol level did not vary by visit, we report estimates
pooled over all four ARIC visits.

The individual associations of genotypes with mean LDL-c and HDL-c, after accounting for
time trend and the effect of aging, were consistent with findings from previous literature (Table
3). For example, compared to the ε33 genotype of apoE, the ε2 allele was associated with 16.5
mg/dL lower LDL-c and the ε4 allele was associated with 6.4 mg/dL higher LDL-c.
Postmenopausal status was associated with an 8.2 mg/dL greater LDL-c compared to pre-/
perimenopausal women (p<0.0001). There was no significant difference in HDL-c between
the pre-/perimenopausal women and the postmenopausal women (p>0.10).

The models testing the interaction between genotype and menopause are found in Table 4.
Menopausal status did not modify the association of apoE genotype on LDL-c levels
(interaction p=0.47). HDL-c levels among genotypes for the LIPC and LPL genes were
comparable between the pre-/perimenopausal group and the postmenopausal group (both
interactions p>0.10). The only statistically significant gene by menopause interaction was with
the CETP gene on HDL-c concentrations (p=0.04). Postmenopausal women who were carriers
of the A allele of the CETP gene had approximately 0.7 mg/dL lower mean HDL-c levels than
pre-/perimenopausal counterparts, whereas the opposite pattern of HDL-c (0.4 mg/dL higher
HDL-c postmenopausally) was observed for the GG genotype.

Discussion
In this longitudinal analysis within the ARIC study, the associations of genotype alone with
LDL-c and HDL-c were similar to associations reported previously.(10,13,15,17,18) The only
statistically significant interaction was between the CETP gene and menopause on HDL-c
levels, and it was of modest magnitude. The significant CETP gene by menopause interaction
was possibly due to chance because of multiple testing.

As observed here, the ε2 allele is universally associated with lower LDL-c levels and the ε4
allele associated with higher LDL-c levels than the ε3 allele of apoE. The Framingham
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Offspring Study reported a significantly greater association of apoE with LDL-c among
postmenopausal women compared to premenopausal women. The effect of the ε2 allele was
to lower LDL-c by 8.2 mg/dL and 20.4 mg/dL, and the ε4 allele was associated with increases
of 1.6 mg/dL and 7.1 mg/dL LDL-c among premenopausal and postmenopausal women,
respectively.(7) The effect of apoE allele on LDL-c in our data was within the range reported
in the Framingham Offspring Study, but we did not observe a statistically significant difference
by menopausal status.

Women with one or more A alleles of the CETP gene had greater HDL-c levels than those who
were GG. A meta-analysis of over 50 studies compared mean HDL-c levels in over 10,000
individuals homozygous for either the A (B2) or G (B1) allele of the TaqIB polymorphisms
of CETP.(28) B2B2 individuals had significantly higher HDL-c (weighted mean difference of
4.64 mg/dL) than those with the B1B1 genotype. This meta-analysis included both male and
female participants, but did not provide separate analysis among women based on menopausal
status. Our CETP and HDL-c results showed a similar trend to the meta-analysis, but we also
found modest evidence that menopausal status influences HDL-c concentrations differently by
CETP genotype.

Women in our study with the T allele for the C-514T polymorphism of LIPC exhibited higher
mean HDL-c levels than the CC group. Hepatic lipase activity has been shown to be inversely
related to estradiol levels.(20) Additonally, HDL-c levels are positively associated with
estradiol levels.(19) Mean HDL-c concentrations are significantly higher among carriers of the
T allele and consistently highest among women with the TT genotype.(15) Our results for LIPC
agree with previous literature with respect to mean HDL-c level differences by genotype.
However, we did not find an interaction between LIPC genotype and menopausal status.

The Ser447Stop polymorphism of the LPL gene was associated with higher HDL-c levels
among the GG/CG group compared to the CC group in our study. Our results are consistent
with two meta-analyses that compared HDL-c among whites who carry the 447X (G) allele to
those who are non-carriers of the 447X allele. Both concluded that individuals heterozygous
and homozygous for the 447X allele had significantly higher HDL-c concentrations than those
who were homozygous for the wildtype allele.(29,30) Out of almost 40 studies included in the
meta-analyses, no study focused primarily on HDL-c levels among women; in fact, only half
of the studies included women participants. Our study has shown the association of HDL-c
with LPL is not modified by menopausal status.

Limitations of this study include some degree of misclassification of menopausal groups due
to self-reported menopausal status, rather than a biological measure. However, self-report of
menstrual patterns are likely to be more accurately reported than detailed information on cycle
length and variability. Also, combining the pre- and perimenopausal women into the same
comparison group may have lead to attenuated associations, although the age range of the
younger ARIC women was consistent with the perimenopausal transition. Further investigation
of the associations between menopausal transition and genes affecting lipoprotein
concentrations may benefit from analyzing the perimenopausal women separately from
premenopausal women in a younger cohort of women. Additionally, this study included only
Caucasian and African-American women. Therefore, the results are not generalizable to
women of other race groups.

In conclusion, we rejected our hypothesis that the association between LDL-c levels and the
apoE gene, and HDL-c levels and the LIPC and LPL genes are modified by menopausal status.
We did find that the association of the CETP gene with HDL-c levels was modestly modified
by menopausal status, although this may have been due to chance because of multiple testing.
Overall, our data suggest that the decrease in endogenous estrogen as a result of menopause
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may independently affect lipoprotein concentration, but does not alter the effect on plasma
lipids of some common genetic polymorphisms that regulate lipoprotein metabolism.
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Figure 1. Study Sample (n) and Exclusions [n excluded at each step], ARIC
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Table 1
Baseline ARIC characteristics by menopausal status, 1987-1989*

Pre-/Perimenopausal
n=1665

Postmenopausal
n=3053

p-value

Age, years 49.1 ± 0.11 56.4 ± 0.08 <0.0001
Race
 Caucasian 1311 (78.7) 2177 (71.3) <0.0001
 African-American 354 (21.3) 876 (28.7)
Smoking Status
 Current 297 (17.9) 669 (21.9) 0.003
 Former 415 (24.9) 693 (22.7)
 Never 951 (57.2) 1690 (55.4)
BMI, kg/m2

 <25.0 734 (44.1) 1136 (37.2) <0.0001
 25.0-29.9 492 (29.5) 1009 (33.1)
 >29.9 439 (26.4) 908 (29.7)
Diabetes 109 (6.6) 319 (10.5) <0.0001
Lipid Lowering Medications 8 (0.5) 108 (3.6) <0.0001
HRT use
 Current 249 (15.5) 654 (22.2) <0.0001
 Former 1216 (75.8) 1780 (60.4)
 Never 140 (8.7) 514 (17.4)
LDL-c, mg/dL 124.54 ± 0.88 141.08 ± 0.65 <0.0001
HDL-c, mg/dL 58.09 ± 0.38 58.03 ± 0.28 0.89
Values are N (%) for categorical variables and mean ± standard error for continuous variables.

*
We used the dataset for hepatic lipase (n=4876), and 158 women were missing on menopausal status at baseline in this dataset.
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Table 2
Genotype frequencies by race group, ARIC

Caucasian African-American

Apolipoprotein E
 E22 28 (0.8) 18 (1.4)
 E23 443 (12.5) 171 (13.7)
 E33 2094 (58.9) 575 (45.9)
 E34 832 (23.4) 358 (28.6)
 E44 68 (1.9) 65 (5.2)
 E24* 89 (2.5) 65 (5.2)
 n 3554 1252
Cholesteryl Ester Transfer
Protein
 AA 684 (19.4) 73 (5.9)
 AG 1683 (47.6) 484 (38.9)
 GG 1168 (33.0) 686 (55.2)
 n 3535 1243
Hepatic Lipase
 TT 172 (4.8) 357 (27.8)
 TC 1196 (33.3) 630 (49.1)
 CC 2225 (61.9) 296 (23.1)
 n 3593 1283
Lipoprotein Lipase
 GG 32 (0.9) 9 (0.8)
 CG 715 (19.6) 164 (13.7)
 CC 2894 (79.5) 1021 (85.5)
 n 3641 1194
Values are N (%)

*
The ε24 genotype was included for determination of Hardy-Weinberg Equilibrium, but was excluded from analysis.
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Table 3
Mean Difference in LDL-c and HDL-c by Genotype, ARIC

Model 1 P-value Model 2 P-value

LDL-c, mg/dL
Apolipoprotein E
 ε22/ε23 -15.7 <0.0001 -16.5 <0.0001
 ε34/ε44 6.2 <0.0001 6.4 <0.0001
 ε33 - ref - ref
HDL-c, mg/dL
Cholesteryl Ester
Transfer Protein
 AA 5.4 <0.0001 5.5 <0.0001
 AG 2.2 <0.0001 2.5 <0.0001
 GG - ref - ref
Hepatic Lipase
 TT 3.5 <0.0001 3.3 <0.0001
 TC 2.2 <0.0001 2.0 <0.0001
 CC - ref - ref
Lipoprotein Lipase
 GG/CG 2.8 <0.0001 2.8 <0.0001
 CC - ref - ref
Values are mean differences between genotypes with 1 or 2 copies of the variant allele versus the wildtype over 4 ARIC visits.

Model 1 is adjusted for visit, age, and a combined center/race variable.

Model 2 is model 1 plus the following time-dependent covariates: body mass index, smoking, use of cholesterol lowering medications, use of hormone
replacement therapy, and menopausal status.
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Table 4
Adjusted Mean LDL-c and HDL-c Levels by Menopausal Status, ARIC

Pre-/Perimenopausal Postmenopausal Difference in Means P-value for Interaction

LDL-c, mg/dL
Apolipoprotein E
 ε22/ε23 105.9 ± 1.75 116.0 ± 1.19 10.1 0.47
 ε34/ε44 130.6 ± 1.25 138.4 ± 0.86 7.8
 ε33 124.1 ± 0.88 132.0 ± 0.60 7.9
HDL-c, mg/dL
Cholesteryl Ester
Transfer Protein
 AA 61.2 ± 0.70 60.6 ± 0.52 -0.6 0.04
 AG 58.4 ± 0.42 57.6 ± 0.30 -0.8
 GG 54.9 ± 0.45 55.3 ± 0.33 0.4
Hepatic Lipase
 TT 59.5 ± 0.89 59.6 ± 0.65 0.1 0.80
 TC 58.5 ± 0.46 58.2 ± 0.33 -0.3
 CC 56.6 ± 0.39 56.2 ± 0.29 -0.4
Lipoprotein
Lipase
 GG/CG 59.3 ± 0.63 59.6 ± 0.47 0.3 0.13
 CC 57.2 ± 0.32 56.6 ± 0.23 -0.6
Values are mean (mg/dL) ± standard error across up to 4 ARIC visits.

Means are adjusted for visit, age, a combined center/race variable, body mass index, smoking, use of cholesterol lowering medications, and use of hormone
replacement therapy.
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