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OBJECTIVE Variation in the fat mass and obesity-associated (FTO) gene is associated with
obesity. The extent to which separate and combined effects of physical activity and caloric intake
modify this association remains unclear.

RESEARCH DESIGN AND METHODS —FT0 polymorphism rs8050136 was measured,
and physical activity, caloric intake, and anthropometrics were self-reported in 21,675 appar-
ently healthy Caucasian women.

RESULTS —The effect of the risk allele (A) on BMI was larger among inactive or higher intake
women, with additive effects of inactivity and high intake on the associated genetic risk. Specif-
ically, each A allele was associated with mean BMI difference of +0.73 (SE 0.08) kg/m” among
inactive women (=median, 8.8 MET-hours/week), compared with +0.31 (0.06) kg/mz, P <
0.0001, among active women (>8.8 MET-hours/week). Similarly, each A allele was associated
with mean BMI difference of +0.65 (0.07) among high intake women (>median, 1,679 kcals/
day), compared with +0.38 (0.07) kg/mz, P =0.005, among low intake women (=1,679 kcals/
day). Among inactive/high intake women, each A allele was associated with mean BMI difference
of +0.97 (0.11) kg/m2 vs. +0.22 (0.08) kg/rn2 among inactive/low intake women, P << 0.0001.
Among inactive/high intake women, each A allele carried increased risk of obesity (odds ratio
1.39,95% CI 1.27-1.52) and diabetes (odds ratio 1.36, 95% CI 1.07-1.73).

CONCLUSIONS—In this study, lifestyle factors modified the genetic risk of FTO on obesity
phenotypes, particularly among women who were both inactive and had high intake. Healthier
lifestyle patterns blunted but did not completely eliminate the associated genetic risk.
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prevalence of obesity such that al-

most one in three U.S. adults is now
obese (1). The major environmental de-
terminants of obesity are excessive caloric
intake and low physical activity (1). Re-
cently, high-throughput approaches to
finding the genetic determinants of obesity
and type 2 diabetes have led to the dis-
covery and confirmation of a cluster of

There has been a steady rise in the

highly correlated single-nucleotide poly-
morphisms (SNPs) in intron 1 of the fat
mass and obesity-associated (FTO) gene in
strong association with both type 2 diabe-
tes and obesity (2—4).The FTO-diabetes
association is abolished by adjustment
for BMI, suggesting that the association
of FTO with type 2 diabetes is mediated
through its effect on adiposity (2,4). In
Caucasian populations, FTO heterozygotes
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have ~1.75 kg greater body weight and
20-30% higher prevalence of overweight/
obesity (3,4). The population attributable
risk for obesity because of genetic variation
in FTO is at least 20% (2).

The extent to which lifestyle factors
may modify this genetic risk is unclear.
Some studies suggested that the obeso-
genic effects of FTO may be accentuated
by lower physical activity (5) or blunted
by higher physical activity (6), whereas
other studies found no interaction be-
tween FTO and activity (7). One recent
study reported that high-fat and low-
carbohydrate intake accentuated the
FTO-associated susceptibility to obesity
(8). These findings are highly suggestive
for a role of lifestyle in modifying the as-
sociation between FTO and obesity. De-
spite this, the interaction between FTO
and combinations of physical activity and
caloric intake has not been well studied.

Therefore, we evaluated the separate
and combined effects of two key lifestyle
factors (physical activity and caloric in-
take) (9,10) on modifying the inherited
predisposition to obesity that is carried
by a common variant in the FTO gene
(rs8050136). This variant, located in the
intron 1 SNP cluster of the FTO gene, has
been significantly associated with both
BMI and type 2 diabetes and is in com-
plete linkage disequilibrium with the
other commonly associated FTO poly-
morphism, r$9939609, also located in
this cluster.

RESEARCH DESIGN AND
METHODS

Study participants

Study participants were members of the
Women’s Genome Health Study (WGHS),
a prospective genetic evaluation study in
initially healthy U.S. women (11). Study
participants were health professionals who
were age 45 years and older and free of
major chronic disease including cancer
and cardiovascular disease at study entry
(1992-1995). Information on baseline
variables including medical history and
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dietary and lifestyle factors was self-reported
on questionnaires. Participants provided a
baseline blood sample and consented to
ongoing analyses linking blood-derived
observations with risk factor profiles and
disease. The study was approved by the
institutional review board of Brigham
and Women’s Hospital (Boston, MA).

Genotype data were available for
22,054 women.We excluded women
with missing rs8050136 genotype (N = 3)
or BMI (N = 376), resulting in 21,675
women of European ancestry for this
analysis. Caloric information was missing
for 555 women, and physical activity in-
formation was missing for one woman;
these women were included in other
analyses.

Assessment of obesity, physical
activity, and caloric intake
Obesity-related phenotypes. Weight
and height were self-reported on baseline
questionnaires. BMI was calculated as
weight divided by the square of the height
(kg/m*) and used to deﬁne categories of
BMI (normal <25 kg/m overweight 25—
29.9 kg/m?, and obese =30 kg/m?).
Waist-to- hlp ratio and waist-circumfer-
ence were self-reported and available
only at 72 months. Participants were
identified as having diabetes and hyper-
tension as previously described (12,13).
Specifically, hypertension was defined as
self-reported history of hypertension, an-
tihypertensive treatment, or blood pres-
sure of at least 140 mmHg for systolic or
90 mmHg for diastolic. Diabetes status
was indicated at baseline by reported
physician-diagnosed diabetes.

Physical activity. Physical activity was
assessed using a questionnaire that has
been shown previously to be both valid
and reliable, with test-retest correlation of
0.59 (14). The correlation of activity re-
ported on the questionnaires as compared
with activity diaries kept for four weeks
over a year was 0.62 (14). Participants
were asked on the questionnaire to esti-
mate the average time per week over the
past year spent on eight groups of recrea-
tional activities and to report the number
of flights of stairs climbed daily (15). A
MET score was assigned to each activity
based on the energy cost of that activity.
The energy expended on each activity was
estimated by multiplying its MET score
with hours/week and summed across all
activities, providing an estimate that is
independent of body weight.

Caloric intake. Participants completed a
131-item semiquantitative food frequency

questionnaire previously validated in a
similar population (Nurses Health Study)
(16). Briefly, participants were asked to
estimate average consumption over the
past year of each food item and allowed
nine responses, ranging from “never” to
“six or more times per day.” The average
daily intake for each food item was calcu-
lated by multiplying the intake frequency
by portion size. Nutrient intake was com-
puted by multiplying the intake fre-
quency of each unit of food by the
nutrient content of the specified portion
size according to food composition tables
from the Harvard School of Public Health
(Boston, MA) (17).

Genotyping. DNA samples were genoty-
ped with the Infinium II technology from
[llumina (Human HAP300 panel) (11).
Either the HumanHap300 Duo-Plus
chip or the combination of the Human-
Hap300 Duo and I-Select chips was used.
The 159939609 polymorphism in FTO was
not on our chip. Another previously vali-
dated polymorphism (3,4), rs8050136,
which is in complete hnkage disequilib-
rium with 159939609 (+* = 1 and D=1 in
the CEU sample) was used for this study.
Both SNPs are in intron 1 of FTO and are
4,252 base pairs apart. The call rate for
158050136 was >99%.

Statistical analysis
All analyses were performed using SAS/
Genetics 9.1 package (SAS Institute, Cary,
NC). We calculated allele frequencies at
18050136 and performed Hardy -Weinberg
equilibrium tests using x* tests. We com-
pared baseline Varlables based on means
or medians using x> tests for categorical
variables, ANOVA for normally distrib-
uted Variables, and Kruskal-Wallis tests
for nonnormally distributed variables.
We performed linear regression to test as-
sociations of the risk allele with BMI,
physical activity, and caloric intake. We
performed stratified analysis to test for as-
sociations of the risk allele with obesity,
using study median levels or U.S. federal
guideline-based recommended levels of
physical activity and caloric intake
(9,10) with linear regression for BMI as a
continuous variable and logistic regres-
sion for dlchotomously defined BMI
(<30 vs. =30 kg/m [obese]). Similar
logistic regression models were also per-
formed for type 2 diabetes as the outcome.
Statistical tests for interaction were
performed using regression models (lin-
ear or logistic) that included age, geno-
type, physical activity or caloric intake,
and an interaction term (e.g., physical

activity*genotype). In these models,
physical activity and caloric intake were
categorized either by median levels or pre-
specified percentile cut-points (<10th,
=10-25th, >25-50th, >50-75th, >75—
90th, and >90th percentiles) to evaluate
the effect of a range of values of physical
activity and caloric intake. Statistical
tests for interaction were obtained using
likelihood-ratio tests that compared mod-
els with and without the interaction term.
Associations and interactions were
also similarly examined in four combina-
tions of physical activity and caloric in-
take levels in order to examine the joint
effects of physical activity and caloric
intake on the FTO gene-related risk.

RESULTS —The frequency of the FTO
risk-allele (A) was 0.40, and Hardy—
Weinberg equilibrium was met (x* =
0.02, d.f. =1, P = 0.88). The mean age of
participants was 54.2 years, with mean
BMI of 25.9 (SD 5.0) kg/m Each FTO
A allele was significantly associated Wl[h
a mean BMI difference of +0.52 kg/m*
(SE 0.05 kg/m*, P < 0.001).

Characteristics of the study popula-
tion according to FTO genotype are
shown in Table 1. There were statistically
significant genotype associations with all
the reported obesity phenotypes; A/A
homozygotes had higher values for all
obesity phenotypes compared with het-
erozygotes, consistent with an additive
mode of inheritance. There were statisti-
cally significant associations for FTO with
obesity-related traits such as hyperten-
sion and type 2 diabetes (P = 0.001).
There were no genotype differences in
the total MET-hours/week or number of
hours spent walking. There were no asso-
ciations with total caloric intake or intake
from specific nutritional components of
food (fats, carbohydrates, legumes, or
fruits). Associations were found for higher
intake of two nutritional components (pro-
tein and cereal) with the A allele.

There were statistically significant
effects of the FTO A allele within all pre-
specified percentile categories of physi-
cal activity and caloric intake (Fig. 1).
Although there was no direct relation-
ship between genotype and either phys-
ical activity or caloric intake (as shown in
Table 1), both activity and intake modified
the association of genotype with obesity
(significant interaction terms). Specifi-
cally, larger effects of the A allele on BMI
were noted in women who were less active
or had higher intake (Fig. 1). Furthermore,
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Table 1—Characteristics of the study population by FTO genotype

A/A (high risk) A/C C/C (low risk) P

N 3,495 10,404 7,776
Age, years 54.1(7.1) 542 (7.1) 54.2 (7.1) 0.90
Height, m 1.64 (0.06) 1.64 (0.06) 1.64 (0.06) 0.34
Weight, kg 72.1(15.6) 69.9 (14.1) 69.1 (13.4) <0.0001
BMI, kg/m2 26.7(5.4) 25.9(5.0) 25.6 (4.7) <0.0001
BMI categories, %

Normal 45.9 51.6 54.5

Overweight 31.7 312 29.8 <0.0001

Obese 22.5 17.1 15.7
Waist-to-hip ratio 0.843 (0.229) 0.834 (0.084) 0.833 (0.116) <0.001
Waist circumference, cm 90.43 (15) 88.86 (14.4) 88.08 (13.6) <0.0001
Hypertension, % 273 245 23.1 <0.0001
Diabetes, % 3.1 2.7 2.1 0.001
MET-hours/wk 8.86 (2.85-20.37) 8.70 (2.85-20.47) 8.91 (2.95-20.89) 0.51
Exercise frequency, %

Rare/never 38 37 37

<1 time/wk 20 19 20 0.49

1-3 times/wk 31 32 32

4 times/wk 12 11 12
Total caloric intake, kcal/day 1,680 (1,346-2,082) 1,678 (1,355-2,049) 1,680 (1,361-2,046) 0.81
Saturated fat, gm/day 19 (14-24) 19 (14-24) 19 (14-24) 0.93
Carbohydrates, gm/day 221 (199-242) 221 (199-242) 221 (198-244) 0.82
Proteins, gm/day 82 (73-90) 81 (72-90) 80 (72-90) 0.01
Cereal, kcal/day 441 (321-582) 435 (316-577) 432 (314-568) 0.03
Fruit, kcal/day 153 (94-223) 155 (96-224) 153 (94-225) 0.91
Legumes, kcal/day 33 (19-62) 31 (18-59) 30 (13-62) 0.32
Soluble fiber, gm/day 6 (4-7) 6 (4-7) 6 (4-7) 0.18
Vegetables, kcal/day 105 (72-150) 105 (74-147) 104 (75-147) 0.85

Values shown for variables are means (SD) or median (interquartile range: 25th to 75th percentile) and percentage. BMI categories are as follows: normal weight (BMI <25
kg/m?), overweight (BMI 25-29.9 kg/m?), and obese (BMI >30 kg/m?). A/A, homozygous carriers of the A allele; A/C, heterozygous carriers; C/C, noncarriers.

the effects of activity and intake on mod-
ifying the association of FTO with BMI
were independent of each other, since
the associations remained essentially un-
changed after mutual adjustment. The sta-
tistical tests for these interactions were
significant before and after adjusting for
the other lifestyle factor (P before adjust-
ment: <0.001 and <0.001; after mutual
adjustment: <0.001 and 0.003, for activ-
ity and intake, respectively).

When the analyses were performed
according to median levels of activity,
each copy of the A allele was associated
with a mean BMI difference of +0.73 (SE
0.08) kg/m* among inactive women com-
pared with +0.31 (0.06) kg/m?*, P <
0.0001, among active women. Similarly,
among women stratified by median levels
of intake, each A allele was associated
with a mean BMI difference of +0.65
(0.07) among women with high intake
compared with +0.38 (0.07) kg/mz, P =
0.005, among women with low intake.

The joint effects of combinations of
physical activity and caloric intake are

shown in Table 2. We found an additive
effect of activity and intake in modifying
the effect of the A allele on BMI according
to these combined strata. Specifically,
among inactive/high intake women,
each A allele was associated with a mean
BMI difference of +0.97 (0.11) kg/m2 VS.
+0.22 (0.08) kg/m” among inactive/low
intake women, P << 0.0001. Interestingly,
BMI differences between A allele carriers
and noncarriers were blunted, but not
eliminated, in the active/low intake group
(Table 2).

When BMI was categorized according
to obesity status (BMI =30 kg/mz), the A
allele was associated with greater odds
of obesity in all categories except the
active/low intake participants, which
was borderline significant (P = 0.07).
When compared with noncarriers of
the A allele, inactive/high intake women
had 39% greater likelihood of obesity
associated with each copy of the A al-
lele, whereas active/low intake carriers
had only 13% greater likelihood (P =
0.003).

The prevalence of diabetes was low in
this study (2.6%), and the overall results
were very similar to the results among the
subgroup of women without diabetes.
Among women with diabetes, significant
association for FTO with BMI and obesity
were only seen among inactive/high in-
take women, with each A allele associated
with a mean BMI difference of +1.67 kg/m?,
P = 0.04, and an increased risk of obesity
(odds ratio 1.61, 95% CI 0.96-2.69; P =
0.07). Statistically significant interactions
were noted for physical activity and caloric
intake in relation to BMI and obesity
among the subgroups of women with
and without diabetes.

Generally similar results were ob-
tained when physical activity and caloric
intake were categorized according to U.S.
federal guideline-based recommended
levels of physical activity and caloric in-
take (9,10) instead of medians.

Table 3 shows odds ratios per A allele
of type 2 diabetes among women stratified
by combinations of activity and intake.
Among inactive/high intake women, each
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Figure 1—The difference in mean BMI per FTO A allele at prespecified percentiles of physical activity and caloric intake, with and without ad-
justment. The values for MET-hours per week and kilocalories per day represent the following percentile groups: <10%, =10-25%, >25-50%,
>50-75%, >75-90%, and >90%. The bars represent means and SE. For physical activity, the P values within each percentile category for the
association of the A allele with mean BMI (starting with <10% and ending with >90%) were <0.0001, <0.0001, <0.0001, 0.0001, 0.02, and 0.01,
respectively. For caloric intake, the respective P values were 0.03, 0.002, <0.0001, <0.0001, <0.0001, and <0.0001. Tests for these interactions
were significant (P before adjustment: <0.001 and <0.001; after mutual adjustment: <0.001 and 0.003, for physical activity and caloric intake,

respectively).

copy of the A allele was associated with
significantly greater likelihood of type 2
diabetes (odds ratio 1.36, 95% CI 1.07—
1.73) compared with noncarriers. To test
whether the association of FTO with dia-
betes may be mediated through its effect
on BMI, we further adjusted the analyses
in Table 3 for BMI and found that the as-
sociations with diabetes became attenu-
ated and nonsignificant.

CONCLUSIONS —In this study of

healthy U.S. Caucasian middle-aged
women, variation in the rs8050136 FTO

genotype was associated with higher BMI,
obesity phenotypes, and obesity-related
conditions including hypertension and
type 2 diabetes. There was statistically sig-
nificant modification of this risk by life-
style, with the largest magnitude of effect
noted in women with both low levels of
physical activity and high caloric intake.
Healthier lifestyle blunted but did not
completely eliminate this associated
FTO-related genetic risk.

The allele frequency and the modest
strength of association with obesity in this
study was similar to previously reported

studies in populations of European de-
scent (4,18). Each A allele in this study
was associated with an increase in mean
BMI of +0.52 kg/mz, consistent with pre-
viously reported increases in the range of
0.40 to 0.66 kg/m* (2). Importantly, we
found that the effect of the risk alleles
ranged from as much as 1.18 kg/m” per
allele in inactive/high intake women to as
little as 0.24 kg/m” per allele in active/low
intake women.

The main finding of this study is that
modifiable behaviors that define healthy
or unhealthy lifestyles may amplify or blunt
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Table 2—Difference in BMI and risk of obesity per FTO A allele according to combinations of physical activity and caloric intake

Inactive Active
High intake Low intake High intake Low intake p*

N 5,145 5,400 5416 5,158
Mean BMI, kg/m2 (SD) 27.1(5.5) 26.5(5.2) 252 (4.3) 24.8 (4.2)

A/A (high risk) 28.2 (6.0) 27.2 (5.5) 25.8 (4.8) 25.3 (4.6)

A/C 271 (54) 26.4(5.1) 251 (4.2) 24.6 (4.1)

C/C (low risk) 26.3(4.9) 26.1(4.8) 24.9 (4.3) 24.6 (4.1)
Difference in BMI (SE) per A allele, kg/m2 +0.97 (0.11) +0.49 (0.10) +0.38 (0.08) +0.22 (0.08) <0.0001
Pt <0.0001 <0.0001 <0.0001 0.009
OR (95% CI) of obesity per A allelet 1.39 (1.27-1.52) 1.21(1.11-1.33) 1.15 (1.02-1.28) 1.13 (0.99-1.28) 0.003
P¥ <0.0001 <0.0001 0.02 0.07

High intake, >1,679 kcal/day; low intake, =1,679 kcal/day; inactive, =8.8 MET-hours/week; active, >8.8 MET-hours/week. *P indicates the significance of the
interaction across the four categories defined by caloric intake and physical activity. TP value indicates the significance of the association for having one copy of the
FTO A allele with BMI (continuous variable, kg/m?) within each category of caloric intake and physical activity. $Odds ratio (OR), 95% CI, and associated P value for

likelihood of obesity (categorical variable, BMI =30 kg/m?) per A allele within each category of caloric intake and physical activity.

the genetic risk of increased weight asso-
ciated with FTO gentoype. We found in-
teractions between FTO, physical activity,
and caloric intake, and combinations
of these lifestyle choices. Prior studies
have been inconsistent in reporting asso-
ciations or interactions between physical
activity, caloric intake, and FTO risk alleles
and have not examined the combined ef-
fects of activity and intake on FTO-related
risk. Several studies have found that the
effects of FTO risk alleles are accentuated
by lower levels of physical activity (5,8)
and blunted by physical activity (6).
However, one recent study in a large co-
hort showed no interaction between FTO
risk alleles and physical activity (7). Stud-
ies have been unclear as to whether
increased caloric intake may be a mecha-
nism by which FTO predisposes to obe-
sity (19-21), and a recent study reported
that dietary fat and carbohydrate intake
modified the obesogenic effect of FTO
(8). The current study extends our knowl-
edge of this topic by reporting an interac-
tion across a combination of lifestyle
choices (activity and intake) and FTO ge-
notype.

The function of FTO is incompletely
understood. The rs8050136 polymorphism
is likely not causal, since other polymor-
phisms in the first intron of the FTO gene
that are in linkage disequilibrium with
18050136 have been found to be associ-
ated with obesity phenotypes (3). It is un-
clear whether these changes influence FTO
expression or splicing, or tag another ge-
netically mechanistic region.

It should be noted that the effect of
FTO on BMI and type 2 diabetes is mod-
est, and the clinical applications, if any, of
genetic testing remain to be determined.
At this time, lifestyle interventions that
emphasize both increased physical activ-
ity and dietary interventions that help in-
dividuals obtain and maintain an ideal
body weight should be recommended to
all individuals (9,10,22).

Several limitations of this study war-
rant consideration. Physical activity, caloric
intake, and obesity variables were assessed
by self report. However, the effect of the
FTO A allele on BMI in this study was sim-
ilar to studies with more objective mea-
surements of adiposity. Under-reporting
of energy intake and overestimation of

physical activity (23,24) is a documented
phenomenon among obese individuals,
and misclassification of this nature would
be expected to bias our results toward the
null. Data on energy intake were obtained
from food frequency questionnaires,
which may underestimate absolute energy
intake. By contrast, the relative ordering of
subjects (ranked by medians or percentile
cut-points) has good reproducibility, as
assessed by correlation coefficients of
0.6 or greater (16). We only had data on
Caucasian women, which may limit the
generalizability of these findings. Although
our study is large and had detailed pheno-
typing and genotyping, it is cross-sectional
in design. Finally, the BMI variance ex-
plained by the FTO allele is modest and
the missing heritability is possibly ex-
plained by other common polymorphisms
and rare variants.

Strengths of this study include the
combined information on activity, dietary
intake, and other risk factors in a large
cohort of women that allowed for a com-
prehensive look at the lifestyle by gene
interactions at FTO with obesity. Given
the large number of participants in our

Table 3—Difference in risk of type 2 diabetes per FTO A allele according to combinations of physical activity and caloric intake

Inactive Active
High intake Low intake High intake Low intake p*
N 5,145 5,400 5,416 5,158 _
Type 2 diabetes, N (%) 137 2.7) 175 (3.2) 113 2.1) 108 (2.1)
OR (95% CI) of type 2 diabetes per A allelet 1.36 (1.07-1.73) 1.20 (0.97-1.48) 1.14 (0.87-1.48) 1.33 (1.01-1.75) 0.78
Pt 0.01 0.10 0.35 0.04

High intake, >1,679 kcal/day; low intake, =1,679 kcal/day; inactive, =8.8 MET-hours/week; active, >8.8 MET-hours/week. *P indicates the significance of the
interaction across the four categories defined by caloric intake and physical activity. TOdds ratio (OR), 95% CI, and associated P value for likelihood of type 2 diabetes
per A allele within each category of caloric intake and physical activity.
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study, we were able to examine the effect
of FTO across a wide range of values of
activity, intake, and obesity phenotypes.

In this study, we found that carriers of
the 158050136 A allele in the FTO gene
have a greater risk of both obesity and
its related conditions including type 2 di-
abetes. Physical activity and caloric intake
had separate and additive effects on the
FTO-associated genetic risk. Finally, this
study shows that healthier lifestyle behav-
iors relating to caloric intake and physical
activity may blunt the deleterious effects
of this common genetic variant.
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