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Abstract

BACKGROUND—Temporal increases in the consumption of sugar-sweetened beverages have
paralleled the rise in obesity prevalence, but whether the intake of such beverages interacts with
the genetic predisposition to adiposity is unknown.

METHODS—We analyzed the interaction between genetic predisposition and the intake of sugar-
sweetened beverages in relation to body-mass index (BMI; the weight in kilograms divided by the
square of the height in meters) and obesity risk in 6934 women from the Nurses’ Health Study
(NHS) and in 4423 men from the Health Professionals Follow-up Study (HPFS) and also in a
replication cohort of 21,740 women from the Women’s Genome Health Study (WGHS). The
genetic-predisposition score was calculated on the basis of 32 BMI-associated loci. The intake of
sugar-sweetened beverages was examined prospectively in relation to BMI.

RESULTS—In the NHS and HPFS cohorts, the genetic association with BMI was stronger
among participants with higher intake of sugar-sweetened beverages than among those with lower
intake. In the combined cohorts, the increases in BMI per increment of 10 risk alleles were 1.00
for an intake of less than one serving per month, 1.12 for one to four servings per month, 1.38 for
two to six servings per week, and 1.78 for one or more servings per day (P<0.001 for interaction).
For the same categories of intake, the relative risks of incident obesity per increment of 10 risk
alleles were 1.19 (95% confidence interval [CI], 0.90 to 1.59), 1.67 (95% ClI, 1.28 to 2.16), 1.58
(95% Cl, 1.01 to 2.47), and 5.06 (95% CI, 1.66 to 15.5) (P = 0.02 for interaction). In the WGHS
cohort, the increases in BMI per increment of 10 risk alleles were 1.39, 1.64, 1.90, and 2.53 across
the four categories of intake (P = 0.001 for interaction); the relative risks for incident obesity were
1.40 (95% ClI, 1.19 to 1.64), 1.50 (95% ClI, 1.16 to 1.93), 1.54 (95% Cl, 1.21 to 1.94), and 3.16
(95% CI, 2.03 to 4.92), respectively (P = 0.007 for interaction).

CONCLUSIONS—The genetic association with adiposity appeared to be more pronounced with
greater intake of sugar-sweetened beverages.

Obesity has become a major threat to public health throughout the world.? The dramatic
changes in diet and lifestyle during the past three decades are believed to have played a key
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role in triggering the obesity epidemic.2 In the past several years, large-scale genomewide
association studies have successfully identified multiple loci associated with the body-mass
index (BMI); these loci consist of commonly distributed variants that determine the overall
susceptibility to obesity.3 A meta-analysis of genomewide association studies has
established that 32 loci are associated with BMI at a genomewide significance level 5
However, few studies have examined the interaction between environmental factors and the
genetic predisposition to adiposity.?

During the past 30 years, the consumption of sugar-sweetened beverages has increased
dramatically.> Compelling evidence supports a positive link between the consumption of
sugar-sweetened beverages and the risk of obesity.5-11 The temporal patterns in the
increasing consumption of these beverages have paralleled the rise in the prevalence of
obesity®; in the United States, both the intake of sugar-sweetened beverages and the
prevalence of obesity have more than doubled since the late 1970s.12 Therefore, we
hypothesized that a high intake of sugar-sweetened beverages would influence the
association between the genetic predisposition and adiposity.

To test this hypothesis, we used longitudinal data to examine the interaction between the
intake of sugar-sweetened beverages and a genetic-predisposition score, which was
calculated on the basis of the 32 loci that have an established association with BMI,2 in
relation to BMI and incident obesity in women and men from two prospective cohorts: the
Nurses’ Health Study (NHS) and the Health Professionals Follow-up Study (HPFS). We
replicated the analysis in a large, independent, prospective cohort from the Women’s
Genome Health Study (WGHS).

METHODS
STUDY POPULATION

The NHS is a prospective cohort study of 121,700 female registered nurses who were 30 to
55 years old at the inception of the study in 1976.13 The HPFS is a prospective cohort study
of 51,529 male health professionals in the United States who were 40 to 75 years old at the
inception of the study in 1986.14 The participants completed food-frequency questionnaires
every 4 years. For this analysis, we used 1980 as the baseline for the NHS and 1986 as the
baseline for the HPFS, when the first dietary data were collected. The current analysis
included 6934 initially healthy women and 4423 initially healthy men of European ancestry
for whom genotype data based on genomewide association studies were available. 15-19

The WGHS is a prospective cohort study of initially healthy U.S. women.20 Study
participants were health professionals who were 45 years of age or older and did not have
any major chronic diseases during the period from 1992 through 1995. A total of 21,740
women who had confirmed self-reported European ancestry, for whom genotype data and
responses to food-frequency questionnaires were available, and who did not have diabetes at
baseline were included in the current analysis.

The present study was approved by the local institutional review boards. All participants
provided written informed consent for the NHS, HPFS, or WGHS; written informed consent
for the present study was not additionally required. An expanded description of the methods
is available in the Supplementary Appendix, available with the full text of this article at
NEJM.org.

ASSESSMENT OF BEVERAGE INTAKE

We used similar semiquantitative food-frequency questionnaires to assess food and beverage
intakes in the three cohorts.21:22 For sugar-sweetened beverages, we included caffeinated
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colas, caffeine-free colas, carbonated noncola soft drinks, and noncarbonated sugar-
sweetened beverages (fruit punches, lemonades, or other fruit drinks). Artificially sweetened
beverages included caffeinated, caffeine-free, and noncarbonated low-calorie beverages. The
reproducibility and validity of the food-frequency questionnaires have been described
elsewhere.21-23

ASSESSMENT OF BMI AND COVARIATES

In the NHS and HPFS, height and body weight were assessed by means of a questionnaire at
baseline, and weight was requested on each follow-up questionnaire. Self-reported weights
were highly correlated with measured weights (r = 0.97 for men and women).24 The BMI
was calculated as the weight in kilograms divided by the square of the height in meters.
Participants with a BMI of 30 or higher were classified as obese. Information about lifestyle
factors was derived from biennial questionnaires.13:14 The validity of the self-reported
height, body weight, and physical-activity data has been described previously.?4-26 Diet
quality was assessed with the use of the Alternative Healthy Eating Index (with scores
ranging from 2.5 to 87.5 and higher scores indicating a healthier diet).2” In the WGHS,
weight and physical activity were assessed by means of the baseline and follow-up
questionnaires.28:2% Information about medical history and other dietary and lifestyle factors
was collected from questionnaires at baseline.28:2

GENOTYPING

We selected 32 single-nucleotide polymorphisms (SNPs) that represent all 32 loci that are
known to be associated with BMI.> SNP genotyping and imputation have been described in
detail elsewhere.15-20.28 Most of the SNPs were genotyped or had a high imputation quality
score (r2 0.8), as assessed with the use of MACH software, version 1.0.16 (Center for
Statistical Genetics, University of Michigan) (Table S1 in the Supplementary Appendix).

GENETIC-PREDISPOSITION SCORE

The genetic-predisposition score was calculated on the basis of the 32 SNPs with the use of
a previously reported weighting method; scores range from 0 to 64, with higher scores
indicating a higher genetic predisposition to obesity.> Each SNP was weighted according to
its relative effect size (B coefficient). To obtain a more accurate and precise effect size of
each SNP on BMI, we used g coefficients derived from a meta-analysis of studies involving
a total of approximately 126,000 persons.> We rescaled the weighted score to reflect the
number of risk alleles: each point of the genetic-predisposition score corresponded to one
risk allele.

STATISTICAL ANALYSIS

To minimize reverse causality in the NHS and HPFS, we analyzed the data prospectively
with the assessment of beverage intake 4 years before the assessment of BMI. Generalized
linear models with repeated-measures analysis were applied to estimate the difference in
BMI for each increment of 10 risk alleles, stratified according to the four categories of
beverage intake (less than one serving per month, one to four servings per month, two to six
servings per week, and one or more servings per day). Cox proportional-hazards models
were used to estimate the relative risk, per increment of 10 risk alleles, that obesity would
develop during follow-up (in 4-year intervals), stratified according to the four categories of
intake of sugar-sweetened beverages. Participants who were obese at baseline were excluded
from this analysis. The effects of interactions between the genetic-predisposition score and
beverage intake on BMI or the risk of obesity were tested by including the respective
interaction terms in the models (e.g., sugar-sweetened beverage intake x genetic-
predisposition score). The analyses were repeated in the WGHS cohort to replicate the
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results in the NHS and HPFS cohorts. We used a principal component analysis to calculate
the eigenvectors indicating population stratification in the WGHS cohort.20 We also used
general linear models to estimate differences in BMI associated with one serving per day of
a sugar-sweetened beverage according to the quartiles of the genetic-predisposition score in
each cohort. The findings across cohorts were pooled by means of inverse-variance—
weighted, fixed-effects meta-analyses. All reported P values are nominal and two-sided.
Statistical analyses were performed with the use of SAS software, version 9.1 (SAS
Institute), or R software, version 2.13.0 (R Foundation).

BASELINE CHARACTERISTICS OF THE THREE COHORTS

The baseline characteristics of the participants from the three cohorts are shown in Table 1.
At baseline, the mean (£SD) intakes of sugar-sweetened beverages were 0.33+0.70,
0.32+0.56, and 0.26+0.57 servings per day in the NHS cohort (in 1980), the HPFS cohort (in
1986), and the WGHS cohort (in 1992), respectively. The baseline intake was positively
associated with BMI in all three cohorts (P<0.001, P = 0.007, and P<0.001 in the NHS,
HPFS, and WGHS cohorts, respectively). In addition, as compared with participants with a
lower intake of sugar-sweetened beverages, those with a higher intake were younger and
tended to have lower levels of alcohol consumption, physical activity, and intake of
artificially sweetened beverages and a lower score on the Alternative Healthy Eating Index;
they also had a higher total energy intake.

The genetic-predisposition score ranged from 13 to 43, and the mean scores in the NHS,
HPFS, and WGHS cohorts were 29.1+3.9, 29.2+3.9, and 29.1+3.8, respectively. The
genetic-predisposition scores showed similar normal distributions across the three cohorts
(Fig. S1 in the Supplementary Appendix). As expected, in all cohorts, participants with a
higher genetic-predisposition score had a higher BMI (P<0.001 for all cohorts) (Fig. S1 in
the Supplementary Appendix).

GENETIC PREDISPOSITION AND BMI ACCORDING TO BEVERAGE INTAKE

In the NHS and HPFS cohorts, the genetic association with BMI was stronger among
participants with a higher intake of sugar-sweetened beverages than among those with a
lower intake (Table 2). No significant heterogeneity in the interaction effect was observed
between the two cohorts (P = 0.75 for heterogeneity). In the pooled results for women and
men, the increases in BMI for an increment of 10 risk alleles were 1.00 for an intake of less
than one serving per month, 1.20 for one to four servings per month, 1.37 for two to six
servings per week, and 1.85 for one or more servings per day (P<0.001 for interaction).
Further adjustment for dietary and lifestyle factors and total energy intake did not change the
results.

Considering the strong effect of the £70 (the fat-mass and obesity—related gene) loci on
BMI, we performed a sensitivity analysis that excluded the #70 genetic variant in the
calculation of the genetic-predisposition score, and the results were similar (P<0.001 for
interaction in the pooled data). In addition, a sensitivity analysis was conducted with the use
of follow-up data up to 2006 from the NHS and HPFS cohorts, which yielded a similar but
weaker interaction pattern (P = 0.006 for interaction in the pooled data). In contrast, we did
not find a significant interaction between the intake of artificially sweetened beverages and
the genetic-predisposition score in relation to BMI (P = 0.83 for interaction).

We then performed similar analyses with the data from 21,740 women from the WGHS. In
those analyses, the association for each increment of 10 risk alleles was an increase in BMI
of 1.39, 1.64, 1.90, and 2.53 across the four categories of intake (P = 0.001 for interaction),
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with adjustment for age, geographic region, eigenvectors (derived from genomewide
association studies20), lifestyle factors, and total energy intake (Table 3).

GENETIC PREDISPOSITION AND RISK OF OBESITY ACCORDING TO BEVERAGE INTAKE

In the NHS, there were 1107 incident cases of obesity among 6402 initially nonobese
women during 18 years of follow-up (1980 to 1998), and in the HPFS, there were 297
incident cases of obesity among 3889 initially nonobese men during 12 years of follow-up
(1986 to 1998). There was a significant interaction between the intake of sugar-sweetened
beverages and the genetic-predisposition score in relation to the risk of incident obesity
among women in the NHS (P = 0.03 for interaction). We observed a nonsignificant
interaction pattern among men in the HPFS (P = 0.20 for interaction), but there was no
significant heterogeneity in the results from these two cohorts (P = 0.84 for heterogeneity).

In the combined results from the NHS and HPFS cohorts (Fig. 1), the relative risks of
incident obesity for each increment of 10 risk alleles were 1.19 (95% confidence interval
[CI], 0.90 to 1.59) for an intake of sugar-sweetened beverages of less than one serving per
month, 1.67 (95% ClI, 1.28 to 2.16) for one to four servings per month, 1.58 (95% CI, 1.01
to 2.47) for two to six servings per week, and 5.06 (95% CI, 1.66 to 15.5) for one or more
servings per day (P = 0.02 for interaction). The results were similar in the WGHS cohort
(Fig. 1), in which 2280 women (of 18,127 women who were nonobese at baseline) became
obese during 6 years of follow-up (1992 to 1998). Across the four categories of intake, the
relative risks of incident obesity per increment of 10 risk alleles were 1.40 (95% Cl, 1.19 to
1.64), 1.50 (95% ClI, 1.16 to 1.93), 1.54 (95% CI, 1.21 to 1.94), and 3.16 (95% CI, 2.03 to
4.92) (P = 0.007 for interaction). No significant heterogeneity was observed among the three
cohorts (P = 0.38 for heterogeneity). We then combined the results from all three cohorts,
and the pooled relative risks of incident obesity for each increment of 10 risk alleles were
1.35 (95% CI, 1.18 to 1.54), 1.59 (95% Cl, 1.33 to 1.91), 1.56 (95% ClI, 1.26 to 1.92), and
3.35 (95% Cl, 2.22 to 5.05) across the four categories of intake (P<0.001 for interaction).

BEVERAGE INTAKE AND BMI ACCORDING TO GENETIC PREDISPOSITION

We also examined the association between intake of sugar-sweetened beverages and BMI
according to the quartiles of the genetic-predisposition score. As shown in Figure 2, the
increment in BMI associated with one serving of a sugar-sweetened beverage per day
consistently increased across the quartiles of the genetic-predisposition score in the three
cohorts. No significant heterogeneity was observed among the three cohorts (P = 0.12 for
heterogeneity). In the pooled results from the three cohorts, the association between intake
(one serving of a sugar-sweetened beverage per day) and BMI was stronger among persons
with a genetic-predisposition score in the highest quartile (5 coefficient [+SE], 0.44+0.15; P
= 0.003) than among those with a genetic-predisposition score in the lowest quartile (8
coefficient, —0.07+0.08; P = 0.36) (P<0.001 for interaction).

DISCUSSION

In two prospective cohorts of U.S. women and men, we found that greater consumption of
sugar-sweetened beverages was associated with a more pronounced genetic predisposition to
an elevated BMI and an increased risk of obesity. The findings were further replicated in an
independent large cohort of U.S. women. In all three cohorts, the combined genetic effects
on BMI and obesity risk among persons consuming one or more servings of sugar-
sweetened beverages per day were approximately twice as large as those among persons
consuming less than one serving per month. These data suggest that persons with greater
consumption of sugar-sweetened beverages may be more susceptible to genetic effects on
adiposity. Viewed differently, persons with a greater genetic predisposition to obesity
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appeared to be more susceptible to the deleterious effects of sugar-sweetened beverages on
BMI. Our findings further underscore the need to test interventions that reduce the intake of
sugary drinks as a means of reducing the risk of obesity and related diseases.

Our study shows a significant interaction between an important dietary factor, the intake of
sugar-sweetened beverages, and a genetic-predisposition score in relation to BMI and
obesity risk. Most studies that have investigated gene—environment interactions in relation to
obesity have focused on a single locus, £70, and physical activity; and they have yielded
inconsistent results.28:30-34 Major reasons for the inconsistent results include small samples
in previous studies and the small effect of a single genetic variant. Recently, a meta-analysis
with a large sample (218,166 persons) validated a modest interaction between physical
activity and F7O variants in relation to obesity risk.3°

In the current analysis, we calculated a genetic-predisposition score that was composed of
multiple genetic variants, which has become the preferred method in analyses of gene—
environment interactions.3® As expected, owing to the modest effect of each individual SNP
on BMI, most of the individual SNPs did not show significant interactions with intake of
sugar-sweetened beverages in relation to BMI (Table S2 in the Supplementary Appendix).
Furthermore, our prospective analysis minimized the potential reverse causality that is more
likely to occur in cross-sectional studies,3” and the repeated-measures analysis with the use
of longitudinally collected data represented long-term dietary habits, reduced random
measurement error, and enhanced the robustness of our findings. The highly consistent
results were replicated in a large independent cohort, further verifying the reliability of our
findings.

Numerous studies have shown a positive association between the intake of sugar-sweetened
beverages, obesity, and related cardiometabolic diseases.511 As reported elsewhere in this
issue of the Journal, two randomized intervention studies show that a reduction in the
consumption of sugar-sweetened beverages and a replacement of sugar-sweetened beverages
with noncaloric sweetened beverages reduced weight gain in children.38:39 Although further
evidence is warranted, these data support a causal relationship among the consumption of
sugar-sweetened beverages, weight gain, and the risk of obesity. The current finding that the
genetic effects on adiposity are stronger in persons with higher intake than in those with
lower intake provides useful information on the role of sugar-sweetened beverages in
triggering obesity; increased consumption might contribute to the obesity epidemic by
interacting with a genetic predisposition to elevated BMI. From another perspective, persons
with a greater genetic predisposition may be more susceptible to obesity-inducing effects of
sugar-sweetened beverages.

The intake of sugar-sweetened beverages contributes to obesity through several potential
mechanisms, including a high caloric content with low satiety and incomplete compensation
for these liquid calories, resulting in an increased total energy intake.%41 In addition,
because of the large amounts of rapidly absorbable carbohydrates in sugar-sweetened
beverages, greater consumption may increase the risks of insulin resistance, beta-cell
dysfunction, inflammation, visceral adiposity, and other metabolic disorders.4243 However,
it is unclear whether these factors linking the intake of sugar-sweetened beverages to obesity
modify the genetic effect, accounting for the observed interactions. Because the biologic
functions of most established BMI-associated loci are largely unknown, the underlying
mechanisms of the interaction between the intake of sugar-sweetened beverages and a
genetic predisposition to elevated adiposity or obesity need to be clarified in future studies.

The major strengths of this study include the prospective design, the large sample, use of
repeated measures of sugar-sweetened beverage intake and BMI, comprehensive coverage
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of the established BMI-associated genetic factors, and replication of the results across three
cohorts. Several limitations need to be acknowledged. Measurement errors in the intake of
sugar-sweetened beverages and other dietary factors are inevitable, but the food-frequency
questionnaires have been extensively validated.21-23 In addition, the self-reported weight
and height in our cohorts were found to be highly reliable.24 Although we adjusted for
several major lifestyle and dietary factors in the analysis, the potential for confounding by
unmeasured or unknown factors could not be fully eliminated. The proportion of the total
energy intake derived from sugar-sweetened beverages was not evaluated. Our genetic-
predisposition score captured the combined information from all the established BMI-
associated loci that have been identified to date, but it accounts for only a small amount of
variation in BMI.5 Our study cohorts were restricted to persons of European ancestry, and it
is unknown whether our results can be generalized to other ethnic groups.

In conclusion, our data provide consistent evidence from three separate cohorts that greater
consumption of sugar-sweetened beverages was associated with a more pronounced genetic
predisposition to elevated BMI and obesity risk among women and men.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relative Risk of the Development of Obesity per Increment of 10 Risk Alleles,
According to Intake of Sugar-Sweetened Beverages

For the discovery phase, with data from the Nurses’ Health Study (NHS) and Health
Professionals Follow-up Study (HPFS) cohorts, the analyses were based on 18 years of
follow-up for 6402 initially nonobese women (1980 to 1998, 1107 incident cases of obesity)
and 12 years of follow-up for 3889 initially nonobese men (1986 to 1998, 297 incident cases
of obesity). Shown are the pooled relative risks of incident obesity, with adjustment for age,
source of genotyping data, level of physical activity, status with respect to current smoking,
alcohol intake, time spent watching television, Alternative Healthy Eating Index score, and
total energy intake. For the replication phase, with data from the Women’s Genome Health
Study (WGHS) cohort, the analyses were based on a median of 6 years of follow-up for
18,127 initially nonobese women (1992 to 1998, 2280 incident cases of obesity). Shown are
the relative risks of incident obesity, with adjustment for age, geographic region,
eigenvectors, level of physical activity, status with respect to current smoking, alcohol
intake, and total energy intake. Horizontal bars indicate 95% confidence intervals.
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Figure 2. Difference in BMI Associated with One Serving of a Sugar-Sweetened Beverage per
Day, According to the Quartile of the Genetic-Predisposition Score

Data are effect sizes (S coefficients [£SE]) of sugar-sweetened beverage intake (one serving
per day) on body-mass index (BMI; the weight in kilograms divided by the square of the
height in meters), stratified according to the quartile of the genetic-predisposition score. In
the NHS cohort, the median scores across the quartiles were 24.5 (range, 13.1 to 26.3), 27.8
(range, 26.4 to 29.0), 30.3 (range, 29.1 to 31.7), and 33.6 (range, 31.8 to 43.4); in the HPFS
cohort, 24.9 (range, 16.0 to 26.5), 27.9 (range, 26.6 to 29.1), 30.4 (range, 29.2 to 31.7), and
33.6 (range, 31.8 to 41.9); and in the WGHS cohort, 24.7 (range, 15.3 to 26.5), 27.8 (range,
26.6 to 29.1), 30.3 (range, 29.2 to 31.6), and 33.4 (range, 31.7 to 43.4). In the NHS and
HPFS cohorts, the analyses were based on data from the first 4 years in women (1980 to
1984) and men (1986 to 1990), respectively, with adjustment for age, source of genotyping
data, level of physical activity, time spent watching television, status with respect to current
smoking, alcohol intake, and Alternative Healthy Eating Index score. In the WGHS cohort,
the analyses were based on data from the first 3 years, with adjustment for age, geographic
region, eigenvectors, level of physical activity, status with respect to current smoking, and
alcohol intake. P values are for interaction. | bars indicate standard errors.
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