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Lars Sjöström, Lena M. S. Carlsson,† and Claude Bouchard†

Human Genomics Laboratory (M.A.S., T.R., C.B.), Pennington Biomedical Research Center, Baton Rouge,
Louisiana 70808; and Institute of Medicine (P.J., B.C., L.S., L.M.S.C.), Sahlgrenska Academy,
Gothenburg University, 413 45 Gothenburg, Sweden

Context and Objective: The magnitude of weight loss-induced high-density lipoprotein cholesterol
(HDL-C) changes may depend on genetic factors. We examined the associations of eight candidate
genes, identified by genome-wide association studies, with HDL-C at baseline and 10 yr after
bariatric surgery in the Swedish Obese Subjects study.

Methods: Single-nucleotide polymorphisms (SNP) (n � 60) in the following gene loci were geno-
typed: ABCA1, APOA5, CETP, GALNT2, LIPC, LIPG, LPL, and MMAB/MVK. Cross-sectional associa-
tions were tested before (n � 1771) and 2 yr (n � 1583) and 10 yr (n � 1196) after surgery. Changes
in HDL-C were tested between baseline and yr 2 (n � 1518) and yr 2 and 10 (n � 1149). A multiple
testing corrected threshold of P � 0.00125 was used for statistical significance.

Results: In adjusted multivariate models, CETP SNP rs3764261 explained from 3.2–4.2% (P � 10�14)
of the variation in HDL-C at all three time points, whereas CETP SNP rs9939224 contributed an addi-
tional0.6and0.9%atbaselineandyr2,respectively.LIPCSNPrs1077834showedconsistentassociations
across all time points (R2 � 0.4–1.1%; 3.8 � 10�6 � P � 3 � 10�3), whereas LPL SNP rs6993414 con-
tributed approximately 0.5% (5 � 10�4 � P � 0.0012) at yr 2 and 10. In aggregate, four SNP in three
genes explained 4.2, 6.8, and 5.6% of the HDL-C variance at baseline, yr 2, and yr 10, respectively. None
of the SNP was significantly associated with weight loss-related changes in HDL-C.

Conclusions: SNP in the CETP, LIPC, and LPL loci contribute significantly to plasma HDL-C levels in
obese individuals, and the associations persist even after considerable weight loss due to bariatric
surgery. However, they are not associated with surgery-induced changes in HDL-C levels. (J Clin
Endocrinol Metab 96: E953–E957, 2011)

Epidemiological studies have provided strong evidence
for an inverse relationship between plasma high-den-

sity lipoprotein cholesterol (HDL-C) levels and coronary
heart disease morbidity and mortality (1–3). Clinical prac-
tice guidelines recommend weight loss to raise low levels
of HDL-C in overweight and obese individuals with dys-
lipidemia (4, 5). Bariatric surgery is considered the most
reliable method of accomplishing long-term weight loss in

morbidly obese individuals (6) and has also been shown to
lead to favorable changes in HDL-C levels. In the Swedish
Obese Subjects (SOS) study, severely obese subjects expe-
rienced increases in HDL-C of 19 and 14% 2 and 10 yr
after bariatric surgery, respectively (7). However, there
was large inter-individual variation in the responsiveness
of HDL-C levels to weight loss achieved through bariatric
surgery in SOS (Supplemental Figs. 1 and 2, published on
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The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org).

It is believed that the heterogeneity in HDL-C response
to bariatric surgery-induced weight loss may be caused in
part by a genetic predisposition. A metaanalysis of cross-
sectional genome-wide association studies (GWAS) iden-
tified at least 14 replicated loci associated with HDL-C (8).
Genetic variants contributing to HDL-C differences
among weight-stable individuals may also contribute to
differences in weight loss-induced HDL-C changes over
time. Therefore, we investigated the cross-sectional asso-
ciations of single-nucleotide polymorphisms (SNP) from
eight GWAS-based candidate genes with HDL-C levels
before surgery (baseline) and 2 and 10 yr after surgery in
SOS bariatric surgery patients. Furthermore, the associa-
tions of SNP with longitudinal changes in HDL-C over 10
yr of follow-up after bariatric surgery were examined.

Subjects and Methods

Design of the SOS study
A complete description of the SOS study design, recruitment,

and assessment procedures have been published elsewhere (7, 9).
The surgery group consisted of 2010 subjects, with surgical treat-
ment techniques including vertical banded gastroplasty (n �
1368), banding (n � 377), or gastric bypass (n � 265). Seven
regional ethics review boards approved the study protocol. In-
formed consent was obtained from all subjects.

HDL-C assessment
Serum lipid measurements were performed at baseline and the

follow-up examinations at yr 2 and 10. All blood samples, which
were obtained in the morning after a 10- to 12-h fast, were pro-
cessed at the primary health care centers and transferred to the
Central Laboratory of Sahlgrenska University Hospital. Spec-
trophotometric methods were used to determine serum HDL-C
from 1991–1997 and enzymatic methods used thereafter (Sup-
plemental Table 1). The change in methodologies seemingly did
not result in different HDL-C values from 1997–2002. However,
an instrument change in 2002 resulted in 13% higher values
according to studies at the Central Lab using both methods.
Thus, the data included in this report have been adjusted to
account for this difference (Supplemental Table 1).

Genes and SNP selection
Candidate genes for the present study were selected from the

first two HDL-C GWAS reports published in 2008 (10, 11). The
following genes were included: ATP-binding cassette, sub-family
A member 1 (ABCA1, n � 8 SNP); apolipoprotein A1/C3/A4/A5
cluster (APOA5, n � 4 SNP); cholesteryl ester transfer protein
(CETP, n � 19 SNP); UDP-GalNAc transferase 2 (GALNT2,
n � 2 SNP); hepatic lipase (LIPC, n � 4 SNP); endothelial lipase
(LIPG, n � 2 SNP); lipoprotein lipase (LPL, n � 20 SNP); and
SNP rs7311187, which is located in the vicinity of the methyl-
malonic aciduria (cobalamin deficiency) cblB type (MMAB) and
mevalonate kinase (MVK) loci. The tagSNP approach was used

for CETP and LPL (including the GWAS SNP), whereas the SNP
for other genes were taken directly from the GWAS reports (10,
11). The tagSNP were selected from the Caucasian data set of
HapMap (12) (data release January 23, 2008) using the pairwise
algorithm of the Tagger program (13). The pairwise linkage dis-
equilibrium (LD) threshold for the LD clusters was set to r2 of
0.85 or higher and minimum minor allele frequency to 10%. The
final SNP set included 60 SNP with minor allele frequency higher
than 0.05 and Hardy-Weinberg equilibrium P � 0.05 in the SOS
cohort.

Genotyping
The SNP were genotyped using the Illumina (San Diego, CA)

GoldenGate chemistry and Sentrix Array Matrix technology on
the BeadStation 500GX. Genotype calling was done with the
Illumina BeadStudio software, and each call was confirmed man-
ually. For quality control purposes, five Centre d’Etude du Poly-
morphisme Humain control DNA samples (NA10851,
NA10854, NA10857, NA10860, and NA10861; all samples in-
cluded in the HapMap Phase II Caucasian panel) were genotyped
in triplicate. Concordance between the replicates as well as with
genotypes from the HapMap database was 100%.

Statistical analysis
Association models were performed using the total associa-

tion model implemented in MERLIN version 1.1.2 (14). Cross-
sectional association models were tested at the baseline, yr-2, and
yr-10 examinations. Changes in HDL-C over time were calcu-
lated from baseline to yr 2 (n � 1518) and yr 2 and 10 (n � 1149).
The cross-sectional association models included age, sex, body
mass index (BMI), smoking, diabetes, and lipid-modifying med-
ications as covariates. Gastric bypass surgery technique (yes or
no) was also included as a covariate in the yr-2 and yr-10 models.
The HDL-C change over time models included baseline age, sex,
BMI of the most recent included exam (yr-2 or -10 BMI), gastric
bypass surgery technique (yes or no), weight change, and smok-
ing and lipid-modifying medications at either exam (yes or no).
Genotype effect size (R2) was defined as the proportion of total
phenotypic variance explained by the genotype. Because multiple
SNP (n � 60) were used in the association analyses, we applied a
multiple testingcorrectionasproposedbyNyholt (15). Inourstudy,
the corrected threshold for statistical significance was set to P �
0.00125 as the total effective number of SNP was 40.

To examine the independent contributions of the SNP on
cross-sectional HDL-C levels, all significant (P � 0.00125) SNP
from the single-SNP analyses were analyzed with multivariate
regression models. Because the significant SNP within the LIPC
and LPL loci were in strong LD (r2 � 0.80), only one significant
SNP each from these two gene loci was selected for the final
forward regression model. Additionally, because the CETP locus
had more significant SNP in the single-SNP analyses with LD
ranging from 0.002–0.703, we entered all significant CETP SNP
into a stepwise regression model with backward elimination to
remove redundant SNP. The final forward regression models
included the CETP SNP retained after backward elimination
along with one SNP each from LIPC and LPL and all covariates.

Results

Overall, SOS subjects lost a significant amount of weight
[28.6 (SD 14.1) kg] from baseline to the yr-2 examination
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after surgery and experienced a mean HDL-C increase of
0.26 (SD 0.3) mmol/liter (Supplemental Table 2). On av-
erage, subjects regained 7.4 (SD 13.4) kg of weight from the
yr-2 until yr-10 examinations after surgery and experi-
enced a mean decrease in HDL-C levels [�0.03 (SD 0.3)
mmol/liter] (Supplemental Table 2).

All SNPwere inHardy-Weinberg equilibrium.Theminor
allele frequencies, Hardy-Weinberg equilibrium, and pair-
wise LD among all included SNP stratified by gene locus can
be found in Supplemental Table 3. The results of the single-
SNP associations with cross-sectional HDL-C levels for all
SNP can be found in Supplemental Table 4. After adjusting
for covariates, markers in the CETP, LIPC, and LPL loci
showed significant cross-sectional associations with HDL-C
(Table 1), with CETP SNP rs3764261 showing the strongest
association at each time point (Fig. 1). The results of the
forward regression models for cross-sectional HDL-C levels
at baseline and yr 2 and 10 can be found in Supplemental
Tables 5–7. The multivariate regression models showed that
CETP SNP rs3764261 explained 3.2, 4.2, and 3.8% of the
variation in HDL-C at baseline, yr 2, and yr 10, respectively,
whereas CETP SNP rs9939224 contributed an additional
0.6 and 0.9% at baseline and yr 2, respectively. LIPC SNP
rs1077834 showed consistent associations with HDL-C
across all time points (R2 � 0.4–1.1%), whereas LPL SNP
rs6993414 contributed 0.5 and 0.8% at yr 2 and 10, respec-
tively. The percentage of the HDL-C variance explained by
these four SNP in three genes was 4.6, 6.8, and 6.1% at
baseline, yr 2, and yr 10, respectively.

None of the SNP were significantly associated with
bariatric surgery-induced changes in HDL-C (Supplemen-
tal Table 8).

Discussion

We investigated the associations of SNP in candidate genes
identified by GWAS with HDL-C levels in morbidly obese

FIG. 1. Serum HDL-C levels at baseline (yr 0) and yr 2 and 10 stratified
by CETP SNP rs3764261 genotype when number of subjects has been
maximized globally (n � 1132 for all time points). Mean values are
adjusted for age, sex, BMI, smoking, diabetes, and lipid medication. R2

is the proportion of total HDL-C variance (percent) explained by the
SNP in the model.

TABLE 1. SNP, of the 60 total SNP tested, showing significant cross-sectional associations with HDL-C levels in SOS
bariatric surgery patients

SNP Chr Map Gene

Time point

Baseline, n � 1771 yr 2, n � 1583 yr 10, n � 1196

R2 P value R2 P value R2 P value
rs283 8 19,859,378 LPL 0.75 0.0003 0.07 0.28 0.02 0.65
rs328 8 19,864,004 LPL 0.39 0.009 0.62 0.003 1.02 0.0010
rs6993414 8 19,947,198 LPL 0.52 0.003 0.70 0.0014 1.12 0.0005
rs1077834 15 56,510,771 LIPC 0.50 0.003 1.34 3.8 � 106 1.09 0.00027
rs1800588 15 56,510,967 LIPC 0.54 0.002 1.14 2.2 � 105 0.96 0.0006
rs588136# 15 56,517,790 LIPC 0.60 0.0011 0.96 1.0 � 104 0.87 0.00121
rs9989419 16 55,542,640 CETP 1.53 1.9 � 107 2.07 9.7 � 109 3.27 3.7 � 1010

rs3764261 16 55,550,825 CETP 3.72 9.4 � 1016 4.61 1.9 � 1017 5.03 1.7 � 1014

rs4783961 16 55,552,395 CETP 0.91 7.4 � 105 1.22 1.2 � 105 1.28 1.2 � 104

rs1800775 16 55,552,737 CETP 2.60 1.7 � 1012 4.31 1.2 � 1017 3.88 1.7 � 1012

rs9929488 16 55,556,073 CETP 0.79 0.00019 1.45 1.8 � 106 1.38 5.3 � 105

rs9939224 16 55,560,233 CETP 2.14 4.9 � 1010 2.76 2.9 � 1011 2.53 3.2 � 108

rs7205804 16 55,562,390 CETP 2.64 2.2 � 1011 3.88 1.2 � 1014 3.54 2.1 � 1010

rs289714 16 55,564,952 CETP 1.11 8.2 � 106 0.97 8.8 � 105 0.68 0.004
rs289719 16 55,567,442 CETP 0.60 0.00118 0.69 0.0010 0.21 0.12
rs12720917 16 55,576,893 CETP 0.28 0.03 0.29 0.03 1.09 0.0005

R2 is the proportion of total HDL-C variance (percent) explained by the single SNP in the model. Values in bold meet the multiple testing threshold
for statistical significance of P � 0.00125. Number of SNP tested for each significant gene locus was as follows LPL, n � 20; LIPC, n � 4; CETP,
n � 19. The number of subjects with data for all covariates included in the model is represented by n. The difference in sample size between
baseline (n � 1771) and yr 2 (n � 1583) and yr 10 (n � 1196) is not mainly due to dropout but largely reflects the fact that the study had a 13-yr
recruitment period and not all subjects had reached the yr-2 or -10 follow-up at the time the analysis data set was frozen. Chr, Chromosome.
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individuals before and after bariatric surgery-induced
weight loss. We found consistent associations between
SNP in the CETP, LIPC, and LPL genes and HDL-C levels
in cross-sectional analyses both at baseline and after bari-
atric surgery, thereby replicating previous observations
from population-based studies (8, 10). However, we did
not observe any associations with bariatric surgery-in-
duced changes in HDL-C levels. Thus, our results indicate
that the genetic variants contributing to overall HDL-C
levels in apparently weight-stable individuals have little
effect on inter-individual variation in the changes of
HDL-C in response to the weight loss induced by bariatric
surgery.

Few studies have examined the association of gene
variants with intervention-induced HDL-C changes
over time. Our results are in agreement with those found
in the HERITAGE Family Study (16). In White subjects,
CETP SNP were strongly associated with baseline
HDL-C levels, explaining 4.0% of the variance in sed-
entary-state HDL-C. However, concordant with the
present findings, CETP SNP were not associated with
HDL-C changes after 20 wk of exercise training in HER-
ITAGE subjects (16). Limited studies have examined as-
sociations between SNP and spontaneous longitudinal
changes in HDL-C (17, 18). A previous study examined
the association of variants in the APOA5, LPL, and GCK
genes with spontaneous changes in HDL-C over more
than 20 yr in over 2800 unrelated individuals (17). The
authors found that cross-sectional analyses replicated pre-
vious findings, whereas longitudinal analyses showed no
evidence that variant associations changed over time, in-
dependent of age-related changes, in all but one case (17).

Although the HDL-C methodology changed over time
in the SOS study, the results did not differ until 2002, when
a 13% difference in HDL values was observed. This dif-
ference has been corrected for in the present analyses. If
variation associated with the assay methods remained in
the data, there should not be systematic differences by
genotype, and thus the results of genetic associations
should not be affected.

In summary, there was a significant increase in HDL-C
(15–29%, depending on surgical intervention) in response
to bariatric surgery. HDL-C response to surgery-induced
weight loss over time showed large inter-individual vari-
ation within the SOS cohort. However, the associations of
genetic variation with HDL-C response to weight loss are
not clear. Three of the GWAS-based candidate genes for
HDL-C levels explored in this study contributed signifi-
cantly to plasma HDL-C levels at baseline and after bari-
atric surgery. None of the explored SNP was associated
with change in HDL-C and will therefore not be useful in
predicting response to treatment. Although a few obser-

vational studies have shown associations of DNA se-
quence variation with HDL-C fluctuations measured lon-
gitudinally, these studies did not target obese subjects or
severely obese subjects that underwent voluntary weight
losses. Thus, additional studies are needed that examine
the genetic associations of HDL-C changes in response to
weight loss and weight loss surgery, especially in obese
subjects. A better understanding of the SNP-HDL associ-
ations in obesity and after weight loss surgery could be
used as an aid for improving risk prediction and in deter-
mining the best treatment options for obese patients.

Acknowledgments

Address all correspondence and requests for reprints to: Claude
Bouchard, Ph.D., Human Genomics Laboratory, Pennington
Biomedical Research Center, 6400 Perkins Road, Baton Rouge,
Louisiana 70808-4124. E-mail: claude.bouchard@pbrc.edu.

This work was supported by grants from the Coypu Foun-
dation to the Human Genomics Laboratory at Pennington Bio-
medical Research Center, the Swedish Research Council
(K2010-55X-11285-13), the Swedish Foundation for Strategic
Research to Sahlgrenska Center for Cardiovascular and Meta-
bolic Research, the Swedish Diabetes Foundation, and the
Swedish federal government under the agreement concerning
research and education of doctors. C.B. is partially supported by
the John W. Barton Sr. Chair in Genetics and Nutrition.

Disclosure Summary: The authors have nothing to disclose.

References

1. Gordon DJ, Probstfield JL, Garrison RJ, Neaton JD, Castelli WP,
Knoke JD, Jacobs Jr DR, Bangdiwala S, Tyroler HA 1989 High-
density lipoprotein cholesterol and cardiovascular disease. Four pro-
spective American studies. Circulation 79:8–15

2. Abbott RD, Donahue RP, Kannel WB, Wilson PW 1988 The impact
of diabetes on survival following myocardial infarction in men vs
women. The Framingham Study. JAMA 260:3456–3460

3. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H,
Kannel WB 1998 Prediction of coronary heart disease using risk
factor categories. Circulation 97:1837–1847

4. 1998 Clinical Guidelines on the Identification, Evaluation, and
Treatment of Overweight and Obesity in Adults: The Evidence Re-
port. National Institutes of Health. Obes Res [Erratum (1998)
6:464] 6(Suppl 2):51S–209S

5. National Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) 2002 Third Report of the Na-
tional Cholesterol Education Program (NCEP) Expert Panel on De-
tection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) final report. Circulation 106:
3143–3421
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