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Abstract

Combining multiple genetic variants related to obesity into a genetic risk score (GRS) might
improve identification of individuals at risk of developing obesity. Moreover, characterizing gene-
diet interactions is a research challenge to establish dietary recommendations to individuals with
higher predisposition to obesity. Our objective was to analyze the association between an obesity
GRS and BMI in the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) population,
focusing on gene-diet interactions with total fat and saturated fatty acid (SFA) intake and to
replicate findings in Multi-Ethnic Study of Atherosclerosis (MESA) population. Cross-sectional
analyses included 783 US Caucasian participants from GOLDN and 2035 from MESA. Dietary
intakes were estimated with validated food frequency questionnaires. Height and weight were
measured. A weighted GRS was calculated on the basis of 63 obesity-associated variants. Multiple
linear regression models adjusted by potential confounders were used to examine gene-diet
interactions between dietary intake (total fat and SFA) and the obesity GRS in determining BMI.
Significant interactions were found between total fat intake and the obesity GRS using these
variables as continuous for BMI (P for interaction=0.010, 0.046, and 0.002 in GOLDN, MESA
and meta-analysis, respectively). These association terms were stronger when assessing
interactions between SFA intake and GRS for BMI (P for interaction=0.005, 0.018, and <0.001 in
GOLDN, MESA and meta-analysis, respectively). SFA intake interacts with an obesity GRS in
modulating BMI in two US populations. Although to determine the causal direction requires
further investigation, these findings suggest that potential dietary recommendations to reduce BMI
effectively in populations with high obesity GRS would be to reduce total fat intake mainly by
limiting SFAs.

Keywords
body mass index; genetic risk score; saturated fat; saturated fatty acids; obesity

INTRODUCTION

The worldwide obesity epidemic has become a tremendous health challenge. Susceptibility
to obesity is determined by a combination of genetic factors with dietary and other
behavioral factors. The genetic contribution to interindividual variation in common obesity
has been estimated at 40-70%.1 Diet is generally recognized to be one of the most important
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vehicles for obesity prevention and treatment. Although investigation continues into dietary
contributors to obesity, excess energy intake and, particularly, increased amounts of fat may
promote obesity because fat is the most energy dense and, according to some studies, the
least satiating macronutrient.2:3 For the time being, current dietary recommendations alone
to reduce obesity are failing to provide effective long-term solutions to this epidemic. Since
2007 genome-wide association studies (GWAS) have identified several genetic variants that
are frequently associated with obesity and its related traits (BMI, weight, waist, hip and
waist-hip ratio),* but few gene-diet interactions for these traits have been described.® Thus,
characterizing gene-diet interactions for obesity is an important research challenge that may
facilitate the identification and eventual application of targeted dietary recommendations to
individuals with higher predisposition to obesity.

Although a number of genes have obesity associations, few have been shown definitively to
interact with diet for the outcome of BMI. For instance, a variant in the FTO gene showed
significant interactions for BMI with intake of total dietary fat,%” SFAs,”# MUFAs’ and
PUFAs to SFAs ratio.8 A variant in the PPARG gene displayed significant interactions with
dietary fat® and MUFA intakel® 11 on BMI and weight change.! The influence of the
APOA2 -265T>C polymorphism on body-weight-related measures was modulated by SFA
intake in different populations.12.13

The gene-diet interactions described above are each limited by their consideration of a single
genetic variant examined in isolation in relation to obesity. Each obesity locus identified by
empirical studies of GWAS explains only a small fraction of the variation in BMI. Thus,
combining multiple loci with modest effects into a global GRS is thought to improve
identification of individuals at risk of developing obesity. Although a GRS-by-sugar-
sweetened beverages interaction in relation to BMI and obesity risk was published
recently,14 no prior studies have observed significant interactions between an obesity GRS
and dietary fat on BMI.1% Based on previously reported individual gene-diet interactions, we
hypothesized that dietary fat (particularly SFAs) may be important in modulating the effects
of aggregated single nucleotide polymorphisms (SNPs) using an obesity GRS. Therefore,
the objective of this study was to analyze the association between an obesity GRS and BMI
in the GOLDN study, with a focus on gene-diet interactions with total fat and SFA intake
and to study the replication of these gene-diet interactions in another US population from the
Multi-Ethnic Study of Atherosclerosis (MESA).

SUBJECTS AND METHODS
Study population

2817 participants from two US populations were studied. All participants provided written
informed consent.

The GOLDN study population comprised 782 participants (aged 49 + 16 years) recruited
from three-generational pedigrees from two National Heart, Lung, and Blood Institute
Family Heart Study field centers (Minneapolis, MN, and Salt Lake City, UT). The study
included entirely individuals of European origin. The detailed design and methodology of
the study are published.1® The protocol was approved by the Institutional Review Boards at
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the University of Alabama at Birmingham, the University of Minnesota, the University of
Utah, and Tufts University.

The MESA study population consisted of 2035 Caucasian participants (aged 63 + 10 years)
recruited from six US communities (Baltimore, Maryland; Chicago, Illinois; Forsyth
County, North Carolina; Los Angeles County, California; Northern Manhattan, New York;
and St. Paul, Minnesota). Detailed descriptions of the study design and methods are
published.1” The protocol was approved by the institutional review board of each study
center.

Anthropometric and laboratory measurements

Anthropometric data including height, weight, waist circumference, and waist-to-hip ratio
were measured by standard techniques.16:17 BMI was calculated as weight in kilograms
divided by height in meters squared. Obesity was defined as a BMI =30kg/m?. Blood
samples were drawn after fasting overnight. Detailed laboratory methods have been
described.16.18

Dietary intake, physical activity and other lifestyle variables

Dietary intake was estimated by the validated Diet History Questionnaire in GOLDN19.20
and a food frequency questionnaire modified from the Insulin Resistance Atherosclerosis
Study instrument in MESA.21:22 GOLDN participants with total daily energy intake outside
the range 800-5500 kcal in men and 600-4500 kcal in women were excluded from
analysis.16 MESA participants with implausible energy intakes, defined by consuming
>6000 kcal/day or <600 kcal/day, were excluded.?® 3.5% and 8.4% of GOLDN and MESA
participants, respectively, had energy intakes outside the indicated range. Physical activity in
GOLDN was assessed with a nonvalidated questionnaire.18 In MESA, physical activity was
measured using a detailed, semiquantitative questionnaire adapted from the Cross-cultural
Activity Participation Study,2* which captured total intentional exercise in MET-minutes/
week. Questionnaires were administered to assess lifestyle and demographic information,
medication use, and medical history in both populations. Lifestyle data also included the
number of hours per day spent viewing television or using a computer (“screen time”) in
GOLDN and television viewing time in MET-minutes/week in MESA.24:25

Genetic analysis

Genomic DNA was extracted from peripheral blood lymphocytes by standard methods. We
selected 60 single nucleotide polymorphisms (SNPs) that showed significant genome-wide
association with obesity phenotypes* and four SNPs on the basis of data from empirical
evidence with gene-diet interactions for BMI or obesity related measures or that were
strongly associated with BMI: rs4073054 (APOA2) (proxy for rs5082; r2=0.93),12.13
rs1801282 (PPARG),%-11 rs2972162 (PPARG) (proxy for rs2938392; r2=1.00)26 and
rs4580704 (CLOCK). 27 Proxy SNPs were obtained from the SNP Annotation and Proxy
Search tool employing 1000 Genomes Pilot 1 data.28 Genotype data were produced using
the Affymetrix 6.0 platform in both GOLDN and MESA. SNP descriptions are presented in
Table 1. Genotype frequency distributions were consistent with Hardy-Weinberg
equilibrium (HWE) (P>0.01).
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Obesity genetic risk score calculation

The obesity GRS was calculated on the basis of 59 of 60 established SNPs associated with
obesity phenotypes? and four previously described SNPs. From 60 established SNPs,*
rs2074356 (C12orf51) was omitted from the GRS calculation because it was monomorphic.
Therefore, the GRS was calculated with 63 SNPs related to obesity phenotypes using a
weighting method described previously.1 GRS may reflect the effect of epistasis, which
may be specific to each population. Thus, the effect size of each risk allele was calculated
within each population. Scores ranged from 0 to 126 and higher scores indicated a greater
genetic risk of obesity. Each SNP genotype was coded as 0, 1, and 2 according to the
number of risk alleles and weighted by its relative effect size (B-coefficient), obtained for
each SNP on BMI in the GOLDN population (Table 1). The GRS was calculated by
multiplying each B-coefficient by the number of corresponding risk alleles and then
summing the products. This produced a possible maximum score of 47.56 (twice the sum of
the reported p-coefficients), and thus all values were divided by 47.56 and multiplied by 126
so that the GRS closely approximates one point for each risk allele. In MESA, the GRS was
calculated on the basis of 55 of 60 established SNPs associated with obesity phenotypes?
and four other SNPs: rs4073054 (APOA2), rs1801282 (PPARG), rs2972162 (PPARG) and
rs4580704 (CLOCK). Multiplying each B-coefficient by the number of corresponding risk
alleles and then summing the products produced a score of 19.34. Therefore, all values were
divided by 19.34 and multiplied by 118.

Statistical analysis

Continuous variables were examined for normality. The relationship between obesity GRS,
fat intake and biochemical measures were evaluated using analysis of variance techniques.
We used the generalized estimating equation approach with exchangeable correlation
structure implemented in the SAS GENMOD procedure to adjust for familial relationships
in GOLDN. R? was calculated to estimate the proportion of variation in BMI using
GENMOD procedure for GOLDN adjusted by family relationships, gender, age and center;
and general linear regression model for MESA study adjusted by population structure (using
10 principal components), gender, age and center. To study gene-diet interactions in
determining BMI and other obesity phenotypes (waist circumference and waist-to-hip ratio),
we used a multivariate interaction model using GENMOD procedure adjusted by family
relationships, gender, age, center, tobacco smoking (current vs. former/never), alcohol
consumption (current vs. former/never), hyperlipidemia medication use, presence of
diabetes, physical activity and total energy intake in the GOLDN study, and a general linear
regression model adjusted by population structure and the same covariates mentioned above,
except family relationships, in MESA. The GRS, BMI (and waist circumference) and dietary
variables were evaluated continuously and SFA intake was also evaluated categorically. A
prior study2® found no significant population structure in GOLDN, allowing this term to be
omitted from the model as a potential confounder. To construct the categorical variable,
SFA intakes expressed as percent total daily energy intake were classified into two groups
(low or high) according to the median score of the population. SAS software (version 9.2 of
the SAS System for Windows, 2008, SAS Institute Inc, Cary, NC, USA) was used to
analyze data. The combined analyses were performed using a weighted inverse normal
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method via the function “metagen”, with a fixed effect, using the META R package (version
2.15.3 for Windows, 2013, R Foundation for Statistical Computing, Vienna, Austria). A P
value of 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Genotypic information

The genotypic information for the obesity GRS calculation is described in Table 1.
Variation in BMI explained by each SNP ranged from 0.13 to 1.89% and 0.01 to 0.56% in
GOLDN and MESA populations, respectively; whereas the variation by the obesity GRS
was 11.09% in GOLDN and 3.72% in MESA. The difference in heritability between the two
populations can be attributed to the family structure in GOLDN vs. the unrelated individuals
in MESA. It is well established that heritability estimated in family-based populations is
generally higher than that based on unrelated individuals.3% The reason for this difference is
that genetic variance estimated using a family-based population contains (co)variances of
gene x gene and gene x environment interactions (reflecting epigenetic contribution as well).
These covariances are less likely to occur in populations of unrelated individuals.

Anthropometric, lifestyle and dietary measurements

Anthropometric, lifestyle and dietary characteristics in the entire population and stratified
according to obesity status for both populations are shown in Table 2. In GOLDN (N=782),
the mean BMI was 28.5 kg/m? and 34.5% were obese, whereas in MESA (N=2035) the
mean BMI was 27.9 kg/m? and 28.0% were obese. In both populations percentages of total
fat, SFA, MUFA and PUFA intakes were higher and percentage of carbohydrate intake was
lower in obese compared to non-obese participants. Obese participants showed higher screen
time than non-obese.

Nutrient-obesity GRS interactions

Significant interactions were found between total fat intake and the obesity GRS using these
variables as continuous for BMI (P for interaction=0.010, 0.046, and 0.002 in GOLDN,
MESA, and meta-analysis, respectively) (Table 3). These association terms were stronger
when assessing interactions between SFA intake and GRS for BMI (P for interaction=0.005,
0.018, and <0.001 in GOLDN, MESA, and meta-analysis, respectively). For the meta-
analysis, there was no evidence of statistical heterogeneity between studies (Cochran's Q
statistic P>0.05). Significant interactions were observed between total fat and SFA intake
and the GRS for waist circumference (P for interaction=0.003 and 0.019, respectively) and
waist-to-hip ratio (P for interaction=0.046 and 0.027, respectively) in GOLDN but not
MESA (data not shown). As intake of SFAs (percent total daily energy intake) correlated
positively with MUFA intakes in GOLDN (r=0.66, P<0.001) and MESA (r=0.75, P<0.001),
significant interactions between MUFA intake and the GRS were also observed for BMI (P
for interaction=0.005 and 0.047 in GOLDN and MESA, respectively).

To understand the effect of the interaction between SFA intake and the GRS, SFA intake
was evaluated categorically according to low and high intake based on the population
median (interquartile range): 11.83 (9.96-13.51) and 10.68 (8.34-13.01) in GOLDN and
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MESA, respectively; and significant interactions were observed with the GRS for BMI (P
for interaction=0.008 in GOLDN; 0.013 in MESA). Participants with a high SFA intake
(=11.8 and =10.7%, in GOLDN and MESA, respectively) and high GRS were associated
with higher BMI compared to participants with low SFA intake (Figure 1A and Figure 1B).
When SFA intake was low, a 0.20 versus 0.11 unit increase in BMI (in GOLDN versus
MESA) was predicted for every unit increase in the GRS (P<0.001) (in both populations);
whereas when SFA intake was high, a 0.41 and 0.19 unit increase in BMI was predicted
(P<0.001). Examining the impact of the GRS on BMI according to SFA intake level, we
observed that for a GRS of 62, high SFA intake was predicted to be 0.72 versus 0.94 units
lower in BMI than low SFA intake in GOLDN versus MESA. However, for a GRS of 75,
high SFA intake was predicted to be 1.50 versus 2.08 units in BMI higher than low SFA
intake in GOLDN versus MESA. Similar results were observed for waist circumference but
only in GOLDN (data not shown).

Our findings are consistent with previous results obtained from single locus gene-diet
interactions for obesity in which dietary SFA intake represented an important environmental
modulator of genetically based obesity risk. For example, genes encoding FTO (highly
expressed in the hypothalamus) and APOA2 (hypothesized to act as a satiety signal) appear
to be modulated by SFA. At both FTO and APOA2 loci, the presence of variant alleles in
individuals consuming high amounts of SFAs was associated with greater BMI compared to
individuals without those alleles.”:8:12 As previously reported,” we also obtained similar
results for the interaction terms with MUFA intake, probably because of the strong
correlation that exists between MUFA and SFA consumption in North American
populations, where the major source of MUFA is animal fat (meat and dairy products).
However, instead of using a single locus, we combined over 50 well-established obesity
variants to calculate an obesity GRS. Although the use of a GRS may be less informative at
a biological level, it is emerging as a preferred method in analyses of gene-environment
interactions.3!

Obesity GRS evaluated by tertiles for BMI

With the GRS evaluated by tertiles for BMI, participants with a higher GRS had a higher
BMI (Figure 2; P for trend <0.001 in both populations). We next examined differences in
anthropometric, biochemical, lifestyle and dietary measurements in the lowest and highest
GRS tertiles and by obesity status (Table 4). With low genetic obesity predisposition
(Tertile 1), non-obese participants were younger than obese in GOLDN, while age did not
differ by obesity status in MESA. Furthermore, GOLDN obese participants showed similar
total energy intake compared to non-obese, suggesting that obese individuals may be
modifying their diets to limit intakes. Similar results were observed in MESA when we age-
matched MESA participants (<60 years) to resemble GOLDN. In the highest GRS tertile, all
types of fats were lower in GOLDN and MESA in non-obese compared to obese
participants.

Physical inactivity as reflected by screen time may affect obesity in both studies. In MESA,
physical inactivity was greater in obese compared to non-obese participants, and a similar
but non-significant difference was observed in GOLDN, with its lower statistical power. In
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contrast in GOLDN, when the genetic obesity predisposition was high, no differences in
physical inactivity were observed by obesity status. Hence, non-obese status may be
attributed to a lower intake of total fat and SFAs rather than by a lower physical inactivity or
other behaviors that affect energy balance as indicated by comparing non-obese to obese
participants.

The finding that a high SFA intake amplified the genetic predisposition to obesity suggests
that individuals with a high obesity GRS may be more SFA-sensitive and may derive the
most benefit from dietary manipulation of this macronutrient. Reducing SFA intake may be
more effective in preventing obesity, especially among individuals with a high genetic
predisposition to obesity. Therefore, dietary recommendations to reduce BMI in populations
with a high obesity GRS could include reducing total fat intake mainly by limiting SFAs.

Postulated mechanisms

Although the association between SFA intake and obesity risk is controversial, 3233 high
SFA intake may contribute to obesity through several potential mechanisms. Rodent studies
have reported that SFA intake activates hypothalamic toll-like receptor signaling and
promotes resistance to anorexigenic signals thought to contribute to obesity via increased
energy intake.3* Increasing SFA intake in humans is known to increase obesity risk.3°:36
Experimental evidence suggests a lower satiating® and thermogenic effect38 of SFAs than
unsaturated fatty acids. Moreover, long-chain SFAs were observed to be the least oxidized
after examining different fatty acid oxidation rates compared to short-chain SFA and other
types of fatty acids, including MUFA and PUFA.38 Nevertheless, it is unclear whether these
mechanisms linking SFA intake to obesity also mediate SFA modulation of genetic
susceptibility as reflected by gene-diet interaction studies. Since we cannot establish causal
mechanisms using the current study design, additional laboratory-based studies are needed
to clarify possible mechanisms of the interaction between SFA intake and genetic
predisposition to obesity.

Strengths and limitations

Strengths of this study include use of an obesity GRS weighted by its relative effect size for
each SNP in each population, a greater proportion of the variation in BMI is explained by
GRS than by single SNPs, comprehensive coverage of established BMI associated genetic
variants, the use of well-validated dietary questionnaires, and replication of the interaction in
a different population. Principal limitations of the current study derive from the cross-
sectional study design, which prevents us from establishing causality. Moreover, different
methodologies used to assess dietary and lifestyle variables between populations may
introduce measurement imprecision that may reduce statistical power, as well as our ability
to achieve complete replication.

CONCLUSIONS

Our data provide novel findings that dietary fat intake interacts with an obesity genetic risk
score in determining BMI in two US populations. SFAs were particularly important in
modulating the relationship between genetic risk and BMI. Total fat and especially SFA
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intake may be more relevant in preventing weight gain in susceptible individuals. These
results are preliminary, and we cannot refute the possibility that SFAs may represent a
marker for poor dietary quality or other substandard lifestyle habits, either of which can
increase obesity risk. The use of an obesity GRS may be a practical application to establish
personalized nutritional recommendations, especially for those individuals with high genetic
predisposition to obesity.
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Figure 1.
Interaction between the obesity GRS and SFA intake (% total daily energy intake) for BMI.

(A) Interaction between the obesity GRS and SFA intake (% total daily energy intake) for
BMI in GOLDN. Predicted values of BMI and waist circumference by the obesity GRS are
shown according to SFA intake (as a dichotomous variable). Predicted values were
calculated from the regression models that contain SFA intake (as a categorical variable, 2
levels based on the population median (interquartile range): 11.82 (9.96-13.51), the obesity
GRS (as continuous), their interaction term, and the potential confounders including familial
relationships, gender, age, center, tobacco smoking (current vs. former/never), alcohol
consumption (current vs. former/never), hyperlipidemia medication use, presence of
diabetes, physical activity and total energy intake (in both studies). P-value for interaction
indicates the statistical significance of the interaction term for SFA intake and the obesity
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GRS in the adjusted regression model. P-values for low and high SFA intake models
indicate the statistical significance of the regression coefficients for the obesity GRS in the
adjusted regression model. (B) Interaction between the obesity GRS and SFA intake (% total
daily energy intake) for BMI in MESA. Predicted values of BMI by the obesity GRS are
shown according to SFA intake (as a dichotomous variable). Predicted values were
calculated from the regression models that contain SFA intake (as a categorical variable, 2
levels based on the population median (interquartile range): 10.68 (8.34-13.01), the obesity
GRS (as continuous), their interaction term, and the potential confounders including
population structure, gender, age, center, tobacco smoking (current vs. former/never),
alcohol consumption (current vs. former/never), hyperlipidemia medication use, presence of
diabetes, physical activity and total energy intake (in both studies). P-value for interaction
indicates the statistical significance of the interaction term for SFA intake and the obesity
GRS in the adjusted regression model. P-values for the low and high SFA intake models
indicate the statistical significance of the regression coefficients for the obesity GRS in the
adjusted regression model. BMI, body mass index; GRS, genetic risk score; SFA, saturated
fatty acid.
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Figure 2.
Relationship between the obesity GRS and BMI. (A) BMI by tertiles of obesity GRS in

GOLDN. Ranges (minimum-maximum) for tertiles 1 through 3 are 44.8-66.3, 66.4-71.5 and
71.6-85.7, and values in parentheses are means of tertiles of obesity GRS. P for trend was
calculated by the generalized estimating equation approach with exchangeable correlation
structure implemented in the SAS GENMOD procedure to adjust for familial relationships,
gender, age and center. (B) BMI by tertiles of obesity GRS in MESA. Ranges (minimum-
maximum) for tertiles 1 through 3 are 37.6-56.3, 56.4-62.2 and 62.3-83.1, and values in
parentheses are means of tertiles of obesity GRS. P for trend was calculated by using a
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general linear regression model adjusted by population structure, gender, age and center.
BMI, body mass index; GRS, genetic risk score; SFA, saturated fatty acid.
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