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The World Health Organization estimates that the number of obese and overweight adults has increased to
1.6 billion, with concomitant increases in comorbidity. While genetic factors for obesity have been extensively studied in
Caucasians, fewer studies have investigated genetic determinants of body mass index (BMI; weight (kg)/height (m)2)
in African Americans. A total of 38 genes and 1,086 single nucleotide polymorphisms (SNPs) in African Americans
(n ¼ 1,173) and 897 SNPs in Caucasians (n ¼ 1,165) were examined in the Southern Community Cohort Study
(2002–2009) for associations with BMI and gene 3 environment interactions. A statistically significant association
with BMI survived correction for multiple testing at rs4140535 (b ¼ �0.04, 95% confidence interval: �0.06, �0.02;
P ¼ 5.763 10�5) in African Americans but not in Caucasians. Gene-environment interactions were observed with
cigarette smoking and a SNP in ADIPOR1 in African Americans, as well as between a different SNP in ADIPOR1
and physical activity in Caucasians. A SNP inPPARGC1A interacted with alcohol consumption in African Americans,
and a different SNP in PPARGC1A was nominally associated in Caucasians. A SNP in CYP19A1 interacted with
dietary energy intake in African Americans, and another SNP in CYP191A had an independent association with
BMI in Caucasians.

African continental ancestry group; body mass index; European continental ancestry group; genetics; molecular
epidemiology; obesity

Abbreviations: AIM, ancestry informative marker; BMI, body mass index; CI, confidence interval; FDR, false discovery rate;
SCCS, Southern Community Cohort Study; SNP, single nucleotide polymorphism.

Globally, the number of overweight (body mass index
(BMI) �25) and obese (BMI �30) adults has increased to
approximately 1.6 billion, with correspondingly increasing
comorbid disease burdens (1). The public health impact and
economic burden of obesity is substantial, since obesity is
associated with increased risks of type 2 diabetes mellitus,
cardiovascular disease, dyslipidemia, hypertension, sleep
apnea, and several forms of cancer (2, 3).

Multiple lines of evidence indicate that a large proportion
of obesity risk is mediated by genetic factors, with studies

estimating that 40%–90% of human BMI variation is due to
genetic factors (4–6). Several genome-wide association studies
have identified reproducible associations, although these ap-
pear to explain only a small proportion of obesity risk. Several
BMI genes are now known to function in the central nervous
system or in energy homeostasis (7–12).

In the United States, the obesity epidemic disproportionately
affects certain racial/ethnic minorities, including African
Americans (13). The causes of this disparity are poorly under-
stood, but they may be related to a combination of behavioral,
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environmental, and genetic risk factors (13). Although un-
derstanding the way in which genetic and environmental/
behavioral risk factors interact may offer insights into mod-
ifiable factors, few studies have been performed to evaluate
those phenomena (14).

In this study, we examined single nucleotide polymorphisms
(SNPs) in 38 candidate genes selected for a putative function in
pathways leading to obesity, as well as genes previously asso-
ciated with body size in published studies of African Americans
and Caucasians. We tested single marker associations and
gene3 environment interactions with known obesity risk fac-
tors, including smoking, physical activity, alcohol consump-
tion, time spent sitting and sleeping, and dietary energy intake.

MATERIALS AND METHODS

Study population and data collection

Participants were enrolled in the Southern Community
Cohort Study (SCCS), a prospective epidemiologic cohort
study designed to examine racial/ethnic disparities in cancer
incidence and mortality (15) in 12 southeastern states from
2002 to 2009. Participants were selected primarily from
community health centers, government-funded facilities
providing health services to low-income persons in un-
derserved areas. Participants were aged 40–79 years, spoke
English, and had not undergone treatment for cancer within
the past year. All eligible participants completed a baseline
in-person interview on lifestyle, medical, and other personal
and familial characteristics and self-reported their height
and weight. A copy of the study questionnaire can be found
at www.southerncommunitystudy.org. For assessment of the
accuracy of self-reported weight, 20% of participants had
weight data abstracted from community health center medical
records; this information was highly correlated with self-
reported weight (r> 0.96). BMI was calculated as weight (kg)
divided by the square of height (m2). Participants were asked
to provide a biologic specimen; over 90% provided a blood,
saliva (mouth rinse), and/or urine specimen, with approx-
imately half donating a 20-mL blood sample.

From SCCS participants enrolled at a community health
center between March 2002 and November 2004 who had
provided a blood sample at the time of enrollment, 395 women
and 396 men were randomly selected for the SCCS Pilot
Biomarker Project on the basis of 4 factors, including sex
(male/female), race/ethnicity (Caucasian or African-American),
smoking status (current, former, or never smoker), and BMI
(18–24, 25–29, or 30–45). In 2006, an additional sample of
1,605 women was randomly selected according to criteria
similar to those used for the SCCS Pilot Biomarker Project,
although 4 BMI strata were used (18–24, 25–29, 30–34, and
35–45). After combining the participants, 2,396 persons were
eligible for genotyping. We excluded 10 subjects who reported
a previous diagnosis of breast cancer at baseline. This resulted
in 2,386 subjects eligible for genotyping. A detailed de-
scription of sample inclusions and exclusions is provided
in Web Figures 1 and 2, which appear on the Journal’s Web
site (http://aje.oxfordjournals.org/).

Participants were classified as current, former, or never
smokers, and pack-years of smoking were calculated. The

questionnaire also obtained data on physical activity and
amounts of time spent sitting and sleeping and included
an 89-item food frequency questionnaire (16, 17). We ex-
cluded participants who had extreme values for total energy
intake (for women, <500 kcal/day or >3,500 kcal/day (156
African Americans, 86 Caucasians); for men, <800 kcal/day
or >4,200 kcal/day (48 African Americans, 25 Caucasians))
(18) when analyzing interactions with energy intake. Alcohol
consumption was self-reported by participants according to
beverage type (beer, white wine, red wine, and liquor) and
then totaled as grams of alcohol per day. Participants self-
reported diagnoses of medical conditions and treatments, in-
cluding diabetes, heart attack, coronary bypass surgery, and
cancer. Institutional review boards at Vanderbilt University
and Meharry Medical College approved the study.

Genotyping and SNP selection

We evaluated 38 candidate genes from relevant obesity
and related biologic pathways. Obesity-related genes were
selected on the basis of evidence from at least 2 studies in-
dicating an association with obesity-related phenotypes and
information available in the Obesity Gene Map (1). SNPs
were selected to include functional candidate SNPs and
haplotype tag SNPs tagging 10,000-base-pair flanking regions
of each gene with an r 2 value greater than or equal to 0.8 and
a minor allele frequency greater than or equal to 0.05 using
the Caucasian (CEU) and Yoruban (YRI) data sets in the
HapMap Project (19). A total of 1,244 SNPs for the 38 can-
didate genes were selected. A complete list of genes and the
number of SNPs examined is provided in Web Table 1.

A list of 300 ancestry informative markers (AIMs) was
generated by comparing CEU and YRI subjects from HapMap
and from a list of 1,508 AIMs from an Illumina-designed
panel of ancestry estimation (Illumina, Inc., San Diego,
California) (19). To minimize selection of AIMs associated
with BMI, we excluded SNPs lying within 5 megabases of the
boundaries of a candidate gene. Of the 300 AIMs selected,
292 passed through the Illumina scoring algorithm and were
included in the final genotyping assay.

Genomic DNAwas extracted from buffy coat using Qiagen’s
DNA purification kit (Qiagen, Inc., Valencia, California) ac-
cording to the manufacturer’s instructions. Of the 2,386 par-
ticipants genotyped, 2,371 were successfully genotyped using
the Illumina GoldenGate genotyping platform (Illumina, Inc.),
and 2,369 had available BMI data. There was a 99.9%
genotype concordance rate when duplicated samples were
compared across plates.

Quality control

A total of 1,444 SNPs were genotyped (1,152 from the
candidate genes and 292 AIMs). We included 1,374 total geno-
typed SNPs in the final analytic data set including the AIMs
after removing SNPs with low genotyping efficiency (<95%),
low concordance rates (<95%), and X-chromosome hetero-
zygosity inconsistent with reported sex. All samples included
in the final analysis had genotyping efficiency greater than
95%. A total of 2,338 participants remained in the final data
set. All SNPs were tested for deviation from Hardy-Weinberg
equilibrium using PLINK software, stratified by race/ethnicity
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(20). We excluded SNPs with a Hardy-Weinberg equilibrium
P value less than or equal to 1.00 3 10�6, dropping 9 SNPs
in African Americans and 6 SNPs in Caucasians. SNPs with
a minor allele frequency less than 0.01 were also excluded,
which resulted in our dropping 13 SNPs in African Americans
and 205 SNPs in Caucasians. A detailed description of SNP
inclusion and exclusion criteria is given in Web Figure 2.

We used Structure software (version 2.3.3; http://pritch.
bsd.uchicago.edu/structure.html) and EIGENSTRAT (http://
genepath.med.harvard.edu/~reich/Software.htm) to examine
AIMs in order to remove racially misclassified persons, as
well as to create a term representing ancestry to include in
our statistical models (21, 22). We conducted analyses ad-
justing for ancestry both with STRUCTURE variables and
with EIGENSTRAT principal components separately for each
racial/ethnic group using the AIMs and determined that the
STRUCTURE variables resulted in the lowest genomic in-
flation factor. As a result, we adjusted for STRUCTURE
variables in linear models evaluating associations between
SNPs and BMI. EIGENSTRAT was used to examine the first
and second principal components plotted according to self-
reported race/ethnicity (Web Figure 3). This identified 18 self-
reported Caucasians and 13 self-reported African Americans
whose genotypes were not consistent with their reported
race/ethnicity. The final data set included 1,086 SNPs in
African Americans (n¼ 1,173) and 897 SNPs in Caucasians
(n ¼ 1,165), not including AIMs.

Statistical analysis

All analyses were conducted using STATA 11.0 statistical
software (StataCorp LP, College Station, Texas). Demographic
variables were analyzed with 2-sample rank sum tests to com-
pare racial/ethnic groups when variables were continuous, and
chi-square tests were used for binary variables.

The relation between BMI and candidate risk factors for
obesity, including smoking, physical activity, time spent sitting,
time spent sleeping, alcohol consumption, and dietary energy
intake were investigated. Each factor was regressed separately
on BMI in a generalized linear model while adjusting for sex
and age. BMI values were not normally distributed; therefore,
we performed an analysis assuming a Gaussian distribution
with a log link function and applied a robust measure of stan-
dard error. The normality of regression residuals was verified
to evaluate the modeling approach. Histograms of the BMI
distributions are provided in Web Figure 4. Similarly, the asso-
ciation between each genetic marker and BMI was assessed
using a generalized linear model stratified by race/ethnicity,
using a log link function and robust standard errors, while
adjusting for percent ancestry. The most significant SNPs in
African-American and Caucasian subjects were also evalu-
ated using logistic regression subdividing BMI into strata
(<25, 25–29, 30–34, and �35) and evaluating each category
in comparison with BMI <25 as the outcome to estimate the
changes in risk of overweight, obesity, and severe obesity,
respectively. Given the known differences in environmental
risk factors, we also performed sensitivity analyses for gene-
environment interactions. We did not observe significant dif-
ferences in point estimates or levels of statistical significance
from the sex- and age-adjusted analyses.

Obesity risk factors examined for gene-environment
interactions included cigarette smoking (current smoking and
pack-years analyzed individually), physical activity, alcohol
consumption, time spent sitting, time spent sleeping, and total
energy intake. For investigation of a BMI gene-environment
interaction, we included adjustments for ancestral variation,
age at interview, terms for the environmental variable and
SNP, and sex. We considered only SNPs with a minor allele
frequency greater than or equal to 0.10 to maintain the stability
of effect estimates and statistical validity. Age and sex were
not included as covariates in single-SNP analyses because they
are not confounders for the genetic effects, as assessed by
observing effect-size point estimates of SNP regression terms
with and without sex and age. Alcohol consumption was anal-
yzed with adjustment for smoking (current smoking vs. never
smoking) after we observed that effect estimates for alcohol
were attenuated when results were adjusted for smoking but
smoking estimates were unchanged when adjusted for alcohol.
Additionally, the most significant interactions were stratified
by the levels of discrete environmental factors or by strata
of continuous factors to evaluate the magnitude and direc-
tion of effect modification. Multiple testing was assessed
through a false discovery rate (FDR) correction for multiple
testing with q* ¼ 0.10 for all single-SNP analyses and gene-
environment interactions (23). For Caucasians, the FDR thresh-
old for the most significant of 897 tests was P < 1.1 3 10�4;
for African Americans, the analogous threshold for 1,086 tests
was 9.2 3 10�5. For the gene-environment interactions, there
were 824 tests per environmental variable in African-American
subjects, with an FDR threshold for the most significant test
of P< 1.2 3 10�4, and in Caucasian subjects there were 699
tests per variable, with an FDR threshold of P< 1.4 3 10�4.
Statistically significant associations were those that passed
an FDR correction for multiple testing, and nominally signif-
icant associations were those that had a P value less than or
equal to 0.05 but did not pass an FDR correction for multiple
testing. All P values are 2-sided.

RESULTS

Demographic data

This study included 1,173 African-American participants
and 1,165 Caucasian participants; approximately 84% of
participants were female (Table 1). African Americans re-
ported approximately one-half the cigarette smoking of
Caucasians but higher average amounts of time spent sitting
(P< 1.00 3 10�4) or sleeping (P¼ 0.003). Reported alcohol
(P < 1.00 3 10�4) and dietary energy (P < 1.00 3 10�4)
intakes and rates of diabetes (P ¼ 0.010) were also higher
among African Americans. By design, mean BMIs were
similar for African Americans and Caucasians (30.06 (stan-
dard deviation, 6.27) and 30.04 (standard deviation, 6.53),
respectively; P ¼ 0.822).

Environmental/behavioral risk factors and BMI

A summary of the association between BMI and smoking
status or other candidate environmental/behavioral risk factors
is provided in Table 2. We observed statistically significant
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inverse associations between BMI and current cigarette smok-
ing and alcohol consumption among both African Americans
and Caucasians. Among Caucasians, but not among African
Americans, we observed an inverse association with energy
expenditure and a positive association with amount of time
spent sitting.

Single-locus associations

A summary of the gene information and BMI association
results for SNPs with P values less than 0.01 is provided in
Table 3. Eight SNPs in 6 genes showed evidence of associ-
ation among African Americans (P < 0.01); all SNPs were
nominally associated, with the exception of 1 SNP that sur-
vived correction for multiple testing. Nine SNPs in 7 genes
showed evidence of association with BMI among Caucasians,
at a nominal significance level.

The most statistically significant single-locus asso-
ciation, which also passed an FDR correction for multi-
ple testing, was seen among African Americans for the
5-hydroxytryptamine receptor 1B (HTR1B) SNP rs4140535
(minor allele frequency ¼ 0.38; b¼�0.04, 95% confidence
interval (CI): �0.06, �0.02; P ¼ 0.00006). The presence of
the minor allele (A) for rs4140435 was associated with lower
BMI (Figure 1), such that participants with the African-
American genotype had a median BMI 2.4 units lower than

participants with the GG genotype. Additional analyses per-
formed after subdividing BMI into strata (<25, 25–29, 30–34,
and �35) further demonstrated the declining risk of severe
obesity per minor allele for rs4140535, with an odds ratio for
exposure to the minor allele of 0.58 (95% CI: 0.45, 0.75)
among African Americans with BMI �35 as compared with
African Americans with BMI <25 (Table 4). Two other
SNPs within HTR1B also were associated with BMI (rs6296
and rs13212041). These 3 SNPs in HTR1B had minor al-
leles associated with a lower BMI, and these SNPs were in
moderate-to-high linkage disequilibrium (r2 ¼ 0.17–0.47;
D#¼ 0.48–0.99) (Web Figures 5 and 6). Rs4140535 passed
an FDR correction for single-locus multiple testing among
African Americans.

The single-locus association of highest statistical signif-
icance among Caucasians, which did not pass a correction
for multiple testing, was for the cytochrome p450, family
19, subfamily A, polypeptide 1 (CYP19A1) SNP rs1902584
(minor allele frequency ¼ 0.08; b¼ 0.05, 95% CI: 0.02, 0.08;
P¼ 0.001) (Table 3). The minor allele (A) for rs1902584 was
associated with an increase in BMI, but this SNP did not pass
correction for multiple testing (Figure 1). The odds ratio for
exposure to the minor allele increased with rising BMI; for
BMI �35, the odds ratio was 1.91 (95% CI: 1.26, 2.88)
(Table 4). Linkage disequilibrium plots for this gene among
Caucasians are presented in Web Figures 7 and 8.

Table 1. Demographic, Behavioral, and Health Status Characteristics of Participants, by Race/Ethnicity, Southern Community Cohort Study,

2002–2009

Variable

African Americans (n 5 1,173) Caucasians (n 5 1,165)

No. of
Persons

Mean (SD) %
No. of

Persons
Mean (SD) %

Body mass indexa 1,173 30.06 (6.27) 1,165 30.04 (6.53)

<25 304 25.92 307 26.35

25–29 313 26.68 304 26.09

30–34 282 24.04 280 24.03

�35 274 23.36 274 23.52

Weight, poundsb 1,173 183.31 (40.84) 1,165 181.65 (42.48)

Age at interview, years 1,173 50.11 (8.72) 1,165 50.31 (8.67)

Male sex 191 16.28 193 16.57

Heart disease (yes) 50 4.26 74 6.35

Prevalent diabetes (yes) 251 21.40 200 17.17

Cigarette smoking 1,171 1,160

Never smoker 477 40.73 379 32.67

Current smoker 434 37.06 503 43.36

Former smoker 260 22.20 278 23.97

Pack-years of cigarette smoking 1,168 9.85 (14.88) 1,156 20.67 (25.40)

Physical activity, MET-hours 1,169 22.21 (16.60) 1,160 22.91 (17.47)

Time spent sitting, hours/day 1,164 9.35 (5.03) 1,158 8.50 (4.41)

Time spent sleeping, hours/day 1,167 7.30 (1.98) 1,159 6.97 (1.81)

Alcohol consumption, g/day 1,118 13.25 (38.78) 1,137 7.46 (34.40)

Total dietary energy intake, kcal/day 916 1,969.12 (751.02) 1,026 1,876 (719.94)

Abbreviations: MET, metabolic equivalent of task; SD, standard deviation.
a Weight (kg)/height (m)2.
b 1 pound ¼ 0.45 kg.
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No associations were observed at P< 0.01 at specific SNPs
or at the gene level in either racial/ethnic group.

Gene-environment interactions

Potential interactions between each genetic marker and
candidate obesity risk factors were examined within each
racial/ethnic group. This included gene interactions with
current cigarette smoking (never smoker reference group,
with former smokers deleted from the analysis), pack-years
of cigarette smoking (never smoker reference group), physical
activity, alcohol consumption, time spent sitting, time spent
sleeping, and total energy intake. The most significant results
from each set of tests are provided in Table 5, and detailed
results are presented in Web Tables 2–15. Tests of association
for the SNPs stratified by levels of environmental factors
are provided in Web Table 16. Among African Americans,
the strongest statistical interaction was between peroxisome
proliferator-activated receptor-gamma coactivator 1, alpha
(PPARGC1A) rs4619879 and alcohol consumption (b¼ 0.001,
95% CI: 0.001, 0.001; P¼ 3.75 3 10�5). The minor allele of
rs4619879 in combination with increasing alcohol consump-
tion was associated with increased BMI. The most significant
interaction affecting BMI in Caucasians, though it was only
nominally significant, was between ghrelin (GHRL) rs1617161
and time spent sleeping, where a combination of the minor
allele and increasing amount of time spent sleeping was asso-
ciated with lower BMI (b¼�0.03, 95% CI: �0.047, �0.013;
P ¼ 5.08 3 10�4). No significant interactions were observed
consistently in both African Americans and Caucasians.

DISCUSSION

In this study, most environmental/behavioral factors that
were associated with BMI differed between African Americans
and Caucasians. Exceptions included a strong inverse asso-

ciation with current smoking status and an inverse association
between alcohol consumption and BMI, after adjustment for
smoking. The latter association has been previously reported in
some observational studies, although results have been in-
consistent (24). Physical activity was inversely associated
with BMI in both groups, while increasing sitting time
was associated with increased BMI only among Caucasians.
Total energy intake was significantly inversely associated
with BMI in African Americans but not in Caucasians.

Our analysis most strongly implicated HTR1B as a determi-
nant of BMI in African Americans. This SNP was especially
associated with a high BMI (�35) in African Americans but
not in Caucasians. The HTR1B protein is a G-protein-linked
receptor for serotonin (25, 26) and has been associated with re-
ward pathways and addictive behaviors in mice (27). This gene
is also reported to be associated with chemical dependency
(28, 29), attention-deficit/hyperactivity disorder (30), and sui-
cide (31), as well as extreme neurologic traits associated with
eating behavior, such as BMI in bulimia nervosa patients (32).
Response to treatment with selective serotonin reuptake in-
hibitors for depression, aggression, and obsessive-compulsive
disorder has been associated with HTR1B genotype (33–35).
Additionally, a nominally associated nonsynonymous HTR1B
SNP from our study, rs6296 G861C, has been associated with
substance abuse disorder, major depression, attention-deficit/
hyperactivity disorder, and antisocial personality in alcohol-
dependent patients (36–39). Our finding is thus consistent
with observations from previous work in Caucasians in which
several neurologic rather than metabolic genes were observed
to be associated with BMI (12).

The gene CYP19A1 contained the most statistically sig-
nificant SNP (it was nominally associated and did not pass
a correction for multiple testing) in Caucasians, and there was
evidence for an interaction between variation in this gene
and dietary energy intake in African Americans. These SNPs
(rs2445762 and rs1902584) were not in tight linkage

Table 2. Associations Between Environmental/Behavioral Risk Factors and BodyMass Indexa (Continuous) After Adjustment for Sex and Age at

Interview, by Race/Ethnicity, Southern Community Cohort Study, 2002–2009

Variable
African Americans (n 5 1,173) Caucasians (n 5 1,165)

bb 95% CI P Valuec bb 95% CI P Valued

Cigarette smoking

Former smoking �0.020 0.051, 0.011 0.205 0.012 �0.019, 0.043 0.446

Current smoking �0.093 �0.121, �0.066 <1.00 3 10�10 �0.068 �0.097, �0.038 7.93 3 10�6

Pack-years of smoking �0.001 �0.002, �0.001 0.001 �0.0005 �0.001, �0.0004 0.033

Physical activity �0.0005 �0.001, 0.0002 0.157 �0.001 �0.002, �0.0005 0.001

Time spent sitting 0.001 �0.002, 0.004 0.432 0.006 0.004, 0.009 2.41 3 10�6

Time spent sleeping �0.002 �0.008, 0.004 0.571 0.0005 �0.007, 0.008 0.894

Alcohol consumptione �0.0007 �0.001, �0.0003 0.0003 �0.0006 �0.001, �0.0002 0.004

Dietary energy intakef 0.0002 �0.002, 0.002 0.815 0.0003 �0.002, 0.002 0.763

Abbreviations: BMI, body mass index; CI, confidence interval.
a Weight (kg)/height (m)2.
b Beta coefficient from the generalized linear model for the variable indicated, which is the log of the average change in BMI.
c Test of the association between the risk factor and BMI in African Americans.
d Test of the association between the risk factor and BMI in Caucasians.
e Analyses of alcohol consumption also included adjustment for current smoking.
f Dietary energy intake was divided by 100 in order to reduce the scale and make the coefficients more interpretable.
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disequilibrium in either racial/ethnic group (Caucasians:
r2 ¼ 0.03; African Americans: r2 ¼ 0.05), and both associa-
tions persisted when conditioned on the other SNP (data
not shown). This SNP was associated with a high BMI
(�35) in Caucasians but not in African Americans.
CYP19A1 is expressed in many tissues, including the ova-
ries, and CYP19A1 activity in fat tissue is a primary es-
trogen source and sets the androgen/estrogen ratio for
men and postmenopausal women. It is feasible that vari-
ants in CYP19A1 associated with BMI can extend the
testosterone limits of adipose deposition or interact with
insulin growth factors to maintain lean body mass or
growth or induce tissue differentiation (40). SNPs in
CYP19A1 have also been strongly associated with height
in a Japanese cohort (41) and a European-ancestry sam-
ple (42), as well as with bone mineral density (43) and risk
of fracture (44).

In addition, we observed nominally significant evidence
for an association with SNPs in the PPARGC1A gene for
Caucasian subjects and a statistically significant interac-
tion with alcohol consumption in African Americans. These
associated SNPs (rs6821591 and rs4619879) were in mod-

erate linkage disequilibrium in both racial/ethnic groups
(Caucasians: r2 ¼ 0.06; African Americans: r2 ¼ 0.20).
Peroxisome proliferator-activated receptor gamma (PPARG)
is a regulator of adaptive thermogenic activity, insulin action,
and energy homeostasis, is probably inhibited by ethanol, and
is a regulator of energy intake (45–49). PPARGC1A acts as
a key transcriptional cofactor for PPARG function by binding
to enhancer elements of key mitochondrial genes involved
in adenosine triphosphate synthesis, and it is also expressed
in the brain in areas implicated in addiction and in GABAergic
neurons (49, 50). Obesity (51, 52) and several metabolic
traits have been associated with PPARGC1A variation, such
as waist-to-hip ratio hyperinsulinemia (53), birth weight (54),
and type 2 diabetes mellitus (55–58). Furthermore, associ-
ations between PPARGC1A G482S genotypes and alcohol
consumption have been observed in a Mediterranean pop-
ulation (59). It is thereby feasible that variation in this gene
influences both the amount of alcohol consumed and measures
of adiposity and metabolism, which might vary by popula-
tion because of the underlying unobserved genetic variation.
Stratified analysis of this SNP and alcohol consumption in
African-American subjects suggests that this effect is

Table 3. Associations of Single Genetic Markers With Body Mass Indexa (Continuous) After Adjustment for Ancestry (P< 0.01) and Minor Allele

Frequency (Frequency > 0.01), Southern Community Cohort Study, 2002–2009b

Population and
Gene

Chromosome rs No.
Base Pair
Position

Minor
Allele

Minor Allele
Frequency

bc 95% Confidence
Interval

P Value

African
Americans

HTR1B 6 rs13212041 78171124 A 0.43 �0.02 �0.04, �0.01 0.008

HTR1B 6 rs6296 78172260 G 0.23 �0.03 �0.05, �0.01 0.006

HTR1B 6 rs4140535 78175052 A 0.38 �0.04 �0.06, �0.02 0.00006

UCP2 11 rs17132534 73691774 G 0.19 0.03 0.01, 0.05 0.009

UCP3 11 rs7110607 73710478 C 0.08 �0.04 �0.07, �0.01 0.009

VDR 12 rs4334089 48286015 G 0.38 �0.02 �0.04, �0.01 0.008

IGF1 12 rs6214 102793569 G 0.46 0.02 0.01, 0.04 0.008

MC4R 18 rs17066829 58030066 T 0.46 0.02 0.01, 0.04 0.007

Caucasians

IL6R 1 rs12083537 154381103 G 0.22 �0.03 �0.05, �0.01 0.003

IL6R 1 rs1386821 154382049 C 0.20 �0.03 �0.05, �0.01 0.004

GHSR 3 rs11929140 172155437 G 0.11 �0.04 �0.07, �0.02 0.002

GHSR 3 rs2948694 172165163 G 0.11 �0.04 �0.07, �0.01 0.003

PPARGC1A 4 rs6821591 23797000 A 0.48 0.02 0.01, 0.04 0.008

LEP 7 rs2278815 127881851 G 0.44 �0.03 �0.04, �0.01 0.006

CYP19A1 15 rs1902584 51611654 A 0.08 0.05 0.02, 0.08 0.001

GLDN 15 rs1961177 51625078 A 0.11 0.04 0.01, 0.07 0.006

PPARA 22 rs135543 46555321 A 0.30 �0.03 �0.05, �0.01 0.005

Abbreviations: CYP19A1, cytochrome P450, family 19; GHSR, growth hormone secretagogue receptor isoform 1a; GLDN, gliomedin; HTR1B,

5-hydroxytryptamine (serotonin) receptor 1B; IGF1, insulin-like growth factor 1 (somatomedin C); IL6R, interleukin 6 receptor isoform 1 precursor;

LEP, leptin precursor;MC4R, melanocortin 4 receptor; PPARA, peroxisome proliferator-activated receptor A; PPARGC1A, peroxisome proliferator-

activated receptor G coactivator 1; rs, reference SNP; SNP, single nucleotide polymorphism; UCP2, uncoupling protein 2; UCP3, uncoupling

protein 3 isoform UCP3L; VDR, vitamin D (1,25-dihydroxyvitamin D3) receptor.
a Weight (kg)/height (m)2.
b There were no statistically significant deviations from Hardy-Weinberg equilibrium in these associated SNPs.
c Beta coefficient from the generalized linear model.
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observable only when the term for interaction with alcohol is
included in the model.

Nominally significant interactions were observed between
variants in the adiponectin receptor 1 gene (ADIPOR1) and
smoking among African Americans and between ADIPOR1
variants and physical activity in Caucasians. ADIPOR1 is
a receptor for globular and full-length adiponectin and medi-
ates the expression of peroxisome proliferator-activated

receptor A (PPARA) ligand activities, as well as fatty acid
oxidation and glucose uptake by adiponectin (60, 61). Plasma
adiponectin levels are decreased in obesity, insulin resistance,
and type 2 diabetes mellitus, and adiponectin-deficient mice
exhibit insulin resistance and diabetes (62–64). Suppression
of ADIPOR1 expression decreases PPARGC1A expression
and DNA deacetylation, decreases mitochondrial content and
enzymes, and decreases oxidative stress-detoxifying enzymes

Figure 1. Box plots of the distribution of body mass indices (weight (kg)/height (m)2; continuous) according to genotype in A) African Americans
(HTR1Bmarker rs4140535) andB) Caucasians (CYP19A1 rs1902584), Southern Community Cohort Study, 2002–2009.HTR1B, 5-hydroxytryptamine
(serotonin) receptor 1B; CYP19A1, cytochrome P450, family 19. The T-shaped bars represent the 5th and 95th percentiles of the data.

Table 4. Associations of the Most Statistically Significant Single Nucleotide Polymorphisms With Body Mass Indexa

(Categorical), by Race/Ethnicity, Southern Community Cohort Study, 2002–2009

Population and
Gene

rs No.
Body Mass Index

Category
Odds Ratio

95% Confidence
Interval

P Value

African
Americans

HTR1B rs4140535 <25 1.00

25–29 0.85 0.67, 1.07 0.168

30–34 0.77 0.60, 0.98 0.031

�35 0.58 0.45, 0.75 2.33 3 10�5

CYP19A1 rs1902584 <25 1.00

25–29 1.20 0.78, 1.83 0.409

30–34 1.01 0.62, 1.63 0.977

�35 1.34 0.85, 2.10 0.207

Caucasians

HTR1B rs4140535 <25 1.00

25–29 0.75 0.59, 0.96 0.021

30–34 0.93 0.73, 1.18 0.538

�35 0.87 0.68, 1.12 0.274

CYP19A1 rs1902584 <25 1.00

25–29 0.88 0.55, 1.40 0.592

30–34 1.22 0.78, 1.92 0.382

�35 1.91 1.26, 2.88 0.002

Abbreviations: CYP19A1, cytochrome P450, family 19; HTR1B, 5-hydroxytryptamine (serotonin) receptor 1B; rs, reference

SNP; SNP, single nucleotide polymorphism.
a Weight (kg)/height (m)2.
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in skeletal muscle, which are associated with insulin resis-
tance and decreased exercise endurance (65). In a study of
ADIPOR1 SNPs in African-American men, Beebe-Dimmer
et al. (66) detected an association with BMI. Stratified analysis
of these interactions suggested that the effect of ADIPOR1
variation was stronger in African-American nonsmokers and
was greatly reduced in smokers. The stratified analysis of
Caucasians suggested that more physical activity was asso-
ciated with higher BMI levels per allele, while less activity
was associated with lower BMI per allele. More research is
required to elucidate more precisely the molecular mechanisms
underlying the differences observed in the interaction for
ADIPOR1.

One limitation of this study is the fact that several SNPs in
genes most recently associated with BMI were not included
in our analysis. Since all SNPs investigated were previously
identified as associated with obesity, we attempted in our
study to validate those prior findings in Caucasians and extend
the results to African Americans. However, we realize that
an independent replication sample for analyses of African
Americans is needed prior to drawing conclusions. Addition-
ally, we note that differences in the unobserved underlying
genetic variation from the ancestral populations, as well as
differences in the demographic histories of these populations,
make direct replication of specific SNPs less likely than in
2 cohorts of the same race/ethnicity. Given the candidate gene

Table 5. Associations of the Most Statistically Significant Gene 3 Environment Interactions and Overlapping Interactions With Body Mass

Indexa, by Race/Ethnicity, Southern Community Cohort Study, 2002–2009

Population and
Gene

Chromosome
Gene-Environment

Interaction
Base Pair
Position

Minor
Allele

Minor Allele
Frequency

bb 95% Confidence
Interval

P Value

African
Americans

HTR2C X rs17095676 3 cigarette
smoking (current)

113776514 A 0.18 �0.073 �0.119, �0.028 0.001

ADIPOR1 1 rs6672643 3 cigarette
smoking (current)

201167175 G 0.26 �0.070 �0.112, �0.028 0.001

ADIPOR1 1 rs6672643 3 cigarette
smoking (pack-years)

201167175 G 0.26 �0.003 �0.005, �0.001 1.44 3 10�4

PPARGC1A 4 rs4619879 3 alcohol
consumption

23443974 C 0.46 0.001 0.001, 0.001 3.75 3 10�5

IL6 7 rs2069824 3 dietary
energy intake

22731757 G 0.12 �0.006 �0.010, �0.003 3.00 3 10�4

PPARA 22 rs7284616 3 physical
activity

45020136 A 0.19 0.002 0.001, 0.003 7.05 3 10�5

INSIG2 2 rs17047728 3 time spent
sitting

118555487 A 0.14 0.008 0.004, 0.013 4.46 3 10�4

LEPR 1 rs6697315 3 time spent
sleeping

65766144 G 0.38 0.016 0.008, 0.023 9.20 3 10�5

Caucasians

INSR 19 rs11667110 3 cigarette
smoking (current)

7087609 C 0.32 0.074 0.031, 0.118 7.21 3 10�4

IGFBP3 7 rs6670 3 smoking
(pack-years)

45918779 T 0.23 �0.002 �0.002, �0.001 6.52 3 10�4

LEPR 1 rs17127677 3 alcohol
consumption

65730862 A 0.14 0.001 0.000, 0.001 0.001

GHSR 3 rs9819506 3 dietary
energy intake

173652798 A 0.30 �0.006 �0.009, �0.003 1.87 3 10�4

ADIPOR 1 rs12045862 3 physical
activity

201183429 A 0.26 0.002 0.001, 0.003 0.001

PPARG 3 rs709157 3 time spent
sitting

12437024 A 0.32 �0.006 �0.01, �0.002 0.001

PPARG 3 rs1175540 3 time spent
sitting

12440243 A 0.36 �0.006 �0.009, �0.002 0.001

GHRL 3 rs1617161 3 time spent
sleeping

10311853 A 0.11 �0.030 �0.047, �0.013 5.08 3 10�4

Abbreviations: ADIPOR1, adiponectin receptor 1; GHRL, ghrelin precursor; GHSR, growth hormone secretagogue receptor isoform 1a;

HTR2C, 5-hydroxytryptamine (serotonin) receptor 2C; IGFBP3, insulin-like growth factor binding protein 3; IL6, interleukin 6 (interferon, beta 2);

INSIG2, insulin-induced protein 2; INSR, insulin receptor; LEPR, leptin receptor isoform 3; PPARA, peroxisome proliferator-activated receptor A;

PPARGC1A, peroxisome proliferator-activated receptor G coactivator 1; PPARG, peroxisome proliferator-activated receptor G; rs, reference

SNP; SNP, single nucleotide polymorphism.
a Weight (kg)/height (m)2.
b Beta coefficient from the generalized linear model.
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approach, we chose not to adjust all P values for an increase
in type 1 error due to the number of statistical tests. The self-
reported environmental/behavioral variables employed in this
study, particularly diet and physical activity exposures, are
subject to measurement error that effectively reduces the
power to detect associations for these variables. An additional
limitation of this analysis was the use of self-reported height
and weight values to calculate BMI (67); however, self-
reported body size was strongly correlated with objective
measurements in a sample of SCCS participants, as we noted
above.

This study explored relations of SNPs in several candidate
genes, environmental factors, and gene-environment interac-
tions with BMI in African-American and Caucasian subjects.
Although some but not all of the most statistically significant
associations survived FDR correction for multiple testing,
they warrant further study. While Caucasian populations have
been extensively studied for genetic factors influencing BMI,
the African-American population has been studied much
less, despite a higher prevalence of obesity. More effort is
required to discover whether the genetic determinants of BMI
are population-specific or overlap between these populations.
While commonalities are likely, this study suggests that there
are potential differences in the genetic determinants of obesity
by race/ethnicity. These differences may derive from specific
associations with environmental factors within each racial/
ethnic group and highlight the need to consider the environ-
ment and environmental interactions in genetic investigations
of obesity.
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