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Abstract Diet is an important environmental factor inter-
acting with our genes to modulate the likelihood of
developing lipid disorders and, consequently, cardiovascu-
lar disease risk. Our objective was to study whether dietary
intake modulates the association between APOA5 gene
variation and body weight in a large population-based
study. Specifically, we have examined the interaction
between the APOA5–1131T>C and 56C>G (S19W) poly-
morphisms and the macronutrient intake (total fat, carbo-
hydrate, and protein) in their relation to the body mass
index (BMI) and obesity risk in 1,073 men and 1,207
women participating in the Framingham Offspring Study.
We found a consistent and statistically significant interac-
tion between the −1131T>C single-nucleotide polymor-
phism (SNP; but not the 56C>G) and total fat intake for
BMI. This interaction was dose-dependent, and no statisti-
cally significant heterogeneity by gender was detected. In

subjects homozygous for the −1131T major allele, BMI
increased as total fat intake increased. Conversely, this
increase was not present in carriers of the −1131C minor
allele. Accordingly, we found significant interactions in
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determining obesity and overweight risks. APOA5–1131C
minor allele carriers had a lower obesity risk (OR, 0.61,
95%; CI, 0.39–0.98; P=0.032) and overweight risk (OR,
0.63, 95%; CI, 0.41–0.96; P=0.031) compared with TT
subjects in the high fat intake group (≥30% of energy ) but
not when fat intake was low (OR, 1.16, 95%; CI, 0.77–
1.74; P=0.47 and OR=1.15, 95%; CI, 0.77–1.71; P=0.48)
for obesity and overweight, respectively). When specific
fatty acid groups were analyzed, monounsaturated fatty
acids showed the highest statistical significance for these
interactions. In conclusion, the APOA5–1131T>C SNP,
which is present in approximately 13% of this population,
modulates the effect of fat intake on BMI and obesity risk
in both men and women.
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Introduction

Genetic variability has been reported for all the identified
candidate lipid-related genes; however, associations be-
tween many of these variants and lipid profiles have
been highly controversial [1–4]. One of the most
accepted arguments to explain the lack of replication
among studies has been the existence of gene–environ-
ment interactions [5–7]. Overall, gene–environment inter-
action refers to the differential phenotypic effects of
diverse environments on individuals with the same
genotype or to the discrepant effects of the same
environment on individuals with different genotypes
[5–8]. The investigation of gene–environment interactions
will assist in increasing replication among studies and,
consequently, in facilitating cardiovascular disease preven-
tion. Nutrition is part of every individual from conception
to death. Therefore, it is considered one of the most
important environmental factors interacting with our genes
to increase or decrease the likelihood of developing lipid
disorders and further cardiovascular risk [9–11]. Currently,
there is an increasing number of published studies reporting
gene–diet interactions in relation to lipid metabolism [12].
Among dietary factors, total fat, specific fatty acids,
alcohol, carbohydrate, and total energy intake have been
the most studied [13–17]. On the other hand and directly
related to nutrition, obesity has been another factor widely
reported to modulate genetic effects on lipid metabolism and
cardiovascular risk [18–20].

In this regard, the apolipoprotein A5 (APOA5) gene is a
good example of recently reported gene–diet and gene–
obesity interactions [21, 22]. In the Framingham Heart
Study, we have reported a gene–diet interaction between the
APOA5 gene variation and the polyunsaturated fatty acids

(PUFA) in relation to plasma lipid concentrations and
lipoprotein particle size [21]. Furthermore, we have
demonstrated that obesity modulates the effect of the
APOA5 gene variation in carotid intimal medial thickness
(IMT), a surrogate measure of atherosclerosis burden. This
association remained significant even after the adjustment
for triglycerides [22]. The APOA5 gene variation has been
associated with increased triglyceride concentrations [23–
27]. Five common APOA5 single-nucleotide polymor-
phisms (SNPs) have been reported in several populations:
−1131T>C, −3A>G, 56C>G IVS3+476G>A, and 1259T>C
[24–27]. With the exception of the 56C>G SNP, the SNPs
are reported to be in significant linkage disequilibrium [25–
28]. Moreover, the −1131T>C and the 56C>G (S19W) are
considered tag SNPs, representing three APOA5 haplo-
types. The precise mechanism by which APOA5 influences
plasma triglycerides and related measures remains to be
determined [29]. However, the activation of lipoprotein
lipase has been suggested as one of the potential APOA5
hypotriglyceridemic mechanisms [30]. Lipoprotein lipase
has also been implicated in the development of obesity [31,
32] and so are some of the APOA5 gene regulators (i.e.,
peroxisome proliferator-activated receptors, PPARs; insulin,
and thyroid hormones [33, 34]). Therefore, our objective
was to study whether dietary intake modulates the
association between the APOA5 gene variation (examined
using the two tag SNPs, −1131T>C and 56C>G) and body
mass index (BMI) and obesity in a large population-based
study, the Framingham Heart Study.

Materials and methods

Subjects and study design

The study sample consisted of 2,280 subjects who
participated in the Framingham Offspring Study (FOS)
[35]. Anthropometric, clinical, and biochemical variables,
as well as dietary intake and other lifestyle variables, were
recorded for subjects who participated in the fifth exami-
nation visit conducted between 1992 and 1995 (n=3515).
DNA was obtained during 1987–1991. The Institutional
Review Board for Human Research at Boston University
and Tufts University/New England Medical Center ap-
proved the protocol of the study reported in this paper. All
participants provided written informed consent. Only
subjects with phenotypic data and complete dietary infor-
mation for whom APOA5 gene variants were examined
were included in this study. In addition, subjects with any
missing data regarding control variables (age, BMI, tobacco
smoking, alcohol consumption, and diabetes status) were
excluded from our analyses. Thus, the data for 1,073 men
and 1,207 women who met the above criteria were
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analyzed. Because nearly all subjects were non-Hispanic
whites, no control for ethnicity was needed. Although in the
Framingham Study recruitment of families was planned
[35], in this specific sample, most participants were
unrelated, and the number of individuals within each family
included in the present study was very low. Thus,
participants were distributed in 1,483 pedigrees, of which
83% were singletons. In the non-singletons, most partic-
ipants were siblings and cousins. Alcohol consumption was
estimated based on the reported alcoholic beverages
consumed in the previous year for each of the individual,
and the subjects were classified as non-drinkers (those who
did not report consumption of alcohol) and drinkers [15].
Smokers were defined as those who smoked at least one
cigarette per day. Physical activity was assessed as a
weighted sum of the proportion of a typical day spent
sleeping and performing sedentary, slight, moderate, or
heavy physical activities. The subjects were classified as
having type 2 diabetes if they were on hypoglycemic drug
therapy for diagnosed type 2 diabetes at any study
examination, or if they had fasting plasma glucose levels
of at least 7.0 mmol/l at two or more exams [36].

Anthropometric and biochemical determinations

Height and weight were measured with the individual
dressed in an examining gown and wearing no shoes [19].
The BMI was calculated as weight in kilograms divided by
the square of height in meters. Obesity was defined as the
BMI at ≥30 kg/m2, and overweight as the BMI at ≥25 kg/
m2. According to these international criteria, there were 550
obese (288 men and 262 women) and 1,507 overweight
(854 men and 653 women) subjects in our study popula-
tion. Fasting glucose, plasma lipids, and lipoproteins were
measured as previously described [16, 26, 36].

Dietary information

Dietary intake was estimated with a semiquantitative food
frequency questionnaire described and validated by Rimm
et al. [37]. The mean daily intake of nutrients was
calculated by multiplying the frequency of consumption
of each item by its nutrient content per serving and totaling
the nutrient intake for all food items. The Harvard
University food composition database derived from the
US Department of Agriculture sources and supplemented
with manufacturer information was used to calculate the
nutrients and total energy intake. Intakes of carbohydrate,
protein, total fat, saturated fatty acids (SFA), monounsatu-
rated fatty acids (MUFA), and total PUFA were calculated
for each individual. These measures were included in the
analyses as both continuous and categorical variables.

Genetic analyses

DNA was isolated from blood samples using DNA Blood
Midi Kits (Qiagen, Hilden, Germany). The −1131T>C and
the 56C>G SNPs at the APOA5 locus were determined
using the ABI Prism SNapShot multiplex system (Applied
Biosystems, Foster City, CA, USA). The primers and
probes used for genotyping were described previously [25].

Statistical analyses

We examined all continuous variables for normality of
distribution. Triglyceride concentrations were log trans-
formed. Pearson χ2 and Fisher tests were used to test
differences between observed and expected genotype
frequencies, assuming Hardy–Weinberg equilibrium, and
to test differences in percentages. The pair-wise linkage
disequilibria (LDs) between SNPs at the APOA5 locus
were estimated with the coefficient R2 with the HelixTree
program. Due to the low frequency of the variant alleles,
carriers and non-carriers of the minor allele for each
polymorphism were grouped and compared with wild-type
homozygotes. T tests were applied to compare crude means.
The relationships between the APOA5 genotype, dietary
macronutrient intake, and BMI were evaluated by the
analysis of covariance techniques, and the adjusted means
were estimated. In these analyses, we used several different
models to test the consistency of results and to adjust for
potential confounders. Dietary macronutrient intakes were
included in the analyses as both continuous and categorical
variables. To construct the categorical variables, the intakes
were classified into two groups divided by the mean value
of the population. The interactions between the dietary
macronutrients (as categorical or as continuous variables)
and the APOA5 polymorphisms were tested in a hierarchi-
cal multivariate interaction model after controlling for
potential confounders, including sex, age, smoking, alcohol
consumption, total energy intake, and diabetes status.
Additional control for the other macronutrients and for
plasma triglyceride concentrations was carried out. Because
the present study involved some correlated data that were
due to familial relationships (siblings and cousins), we also
controlled for familial relationships. We used two
approaches to accomplish these analyses. First, a general-
ized linear mixed model approach that assumed an
exchangeable correlation structure among all members of
a family (Proc mixed in SAS, Cary, NC, USA), was used.
Second, because this approach could not accurately
represent the true correlation structure within these pedi-
grees, we used a measured genotype approach as imple-
mented in SOLAR, a variance component analysis
computer package for quantitative traits measured in
pedigrees of arbitrary size. After having checked that the
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results obtained using the generalized mixed model were
similar to those of the SOLAR approach because of the
large number of unrelated subjects in this sample, we
decided to present the data obtained with the generalized
mixed model for the adjustment of familial relationships.
Statistical analyses were performed for the whole sample
and for men and women separately to evaluate the
homogeneity of the effect. Standard regression diagnostic
procedures, including multicollinearity tests, homogeneity
of variance tests and normal plots of the residuals, were
used to ensure the appropriateness of these models. When
total fat intake was considered as a continuous variable, its
interaction with the corresponding APOA5 polymorphism
was depicted by computing the predicted values for each
individual from the adjusted regression model and plotting
these values against fat intake by the APOA5 genotype.

For a dichotomous outcome, obesity was defined as
BMI≥30 kg/m2 and overweight BMI≥25 kg/m2. The
logistic regression models were fitted to estimate the odds
ratio (OR) and 95% confidence interval (CI) of obesity and
overweight associated with the presence of each genetic
variant as compared with the wild-type. Logistic regression
applies maximum likelihood estimation after transforming
the dependent into a logit variable (the natural log of the
odds of the dependent occurring or not). In this way,
logistic regression estimates the probability of a certain
event occurring. Logistic regression models were also fitted
to control for the effect of covariates (gender, age, tobacco
smoking, alcohol consumption, diabetes, total energy
intake, protein, carbohydrate, plasma triglycerides) and
familial relationships and to test the statistical significance
of the corresponding gene–diet interaction terms. Statistical
analyses were carried out using SAS software. All reported
probability tests were two-sided.

Results

Table 1 displays the demographic, anthropometric, clini-
cal, biochemical, lifestyle, and genetic characteristics of
the studied population. Genotype frequencies did not
deviate from the Hardy–Weinberg equilibrium expect-
ations. Pair-wise LD coefficient R between the −1131T>C
and 56C>G SNPs was 0.063, indicating the haplotypic
independence of both markers. Neither the −1131T>C nor
the 56C>G SNPs were statistically associated with BMI in
crude analyses (P=0.73; P=0.58, respectively) or after the
control for potential confounders. Then, we examined if the
macronutrient intake modulates the association between
these polymorphisms and BMI in the whole population. As
a first approach, we examined the effect of macronutrients
as categorical variables. The total fat, carbohydrate, and
protein intakes were classified into two groups according to

the mean value of the population (30, 50, and 15%,
respectively). We found a gene–diet interaction between
the −1131T>C polymorphism and fat intake in relation to
the BMI (P=0.001) that remained statistically significant
after controlling for sex, age, alcohol consumption, tobacco
smoking, physical activity, diabetes status, total energy,
protein, and carbohydrate intake (P=0.018) and after the
additional adjustment of this multivariate model for familial
relationships (0.047). Further adjustment for physical

Table 1 Demographic, biochemical, dietary, and genotypic character-
istics of participants according to gender

Men (n=1,073),
mean (SD) or n(%)

Women (n=1,207),
mean (SD) or n(%)

Age (years) 54.5 (9.8) 53.9 (9.6)
Body mass index
(kg/m2)

28.21 (4.0) 26.72 (5.5)

Total cholesterol
(mg/dl)

202 (34) 208 (37)

LDL-C (mg/dl) 129 (22) 124 (23)
HDL-C (mg/dl) 43 (11) 56 (15)
Triglycerides (mg/dl) 161 (129) 134 (94)
Glucose (mg/dl) 103 (28) 97 (26)
Total Energy intake
(kcal/day)

2004 (649) 1726 (575)

Total fat intake
(% energy)

29.8 (6.3) 29.2 (6.3)

SFA (% energy) 10.6 (2.9) 10.4 (2.9)
MUFA (% energy) 11.4 (2.6) 10.9 (2.6)
PUFA (% energy) 5.8 (1.7) 6.0 (1.7)
Carbohydrates
(% of energy)

49.9 (8.4) 51.9 (8.3)

Protein (% of
energy)

14.6 (3.6) 15.8 (3.8)

Fiber (g/d) 19.1 (8.5) 18.9 (8.2)
Alcohol (g/d) 3.7 (4.6) 1.8 (2.6)
Drinkers (n, %) 833 (77.6) 842 (69.8)
Smokers (n, %) 186 (17.3) 223 (18.5)
Diabetic subjects
(n, %)

110 (10.2) 77 (6.4)

Obese subjects
(BMI≥30 kg/m2)

288 (26.8) 262 (21.7)

Overweight subjects
(BMI≥25 kg/m2)

854 (79.6) 653 (54.1)

APOA5–1131T>C, n(%)
TT 877 (86.6) 936 (87.7)
C carriers 144 (13.4) 148 (12.3)
APOA5 56C>G, n(%)
CC 927 (88.5) 1058 (89.4)
G carriers 123 (11.5) 128 (10.6)

Values are listed as mean (standard deviation, SD) or as number (n)
and percent (%)
LDL-C Low-density lipoprotein-cholesterol, HDL-C high-density
lipoprotein-cholesterol, SFA saturated fatty acids, MUFA monounsat-
urated fatty acids, PUFA polyunsaturated fatty acids
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activity index did not modify the significance of the results
for this and all the subsequent models. This interaction was
not found for carbohydrate intake or for protein intake
neither in the crude model nor in the multivariate model
adjusted for familial relationships (P=0.39 and P=0.56,
respectively). Table 2 shows the BMI and P values for men
and women combined, depending on the amount of the
macronutrient consumed in the diet and the APOA5
polymorphism. The interaction effect of the −1131T>C
polymorphism with the total fat on the BMI revealed that
the increase in BMI associated with a higher fat intake
(≥30% of energy from fat) observed in subjects homozy-
gotes for the −1131T major allele was not present in
carriers of the −1131C minor allele at the APOA5 locus
(approximately 13% of the population). This interaction
was not observed for the 56C>G polymorphism (P=0.55).
Taking into account that APOA5 polymorphisms have been
associated with triglycerides in several studies, an addition-
al adjustment for plasma triglyceride concentrations was
carried out. After this additional adjustment, the gene–diet
interaction between the −1131T>C SNP and the total fat
intake in determining the BMI remained statistically
significant (P=0.044). Moreover, there was no evidence
that the effect of this interaction differed between men and
women (P for heterogeneity by gender=0.477). Likewise,
no heterogeneity by sex was observed when there was no
interaction between the 56C>G polymorphism and total fat
intake as dichotomous on BMI (P=0.985). To explore a
possible dose-response relationship in the −1131T>C–fat
interaction and to avoid the problem of selection of cut-off
points, total fat intake was considered as a continuous
variable. As no heterogeneity of the effect by sex was
observed (P for interaction with sex=0.93), subsequent
analyses combined men and women and the model

additionally adjusted for sex. In agreement with the data
obtained using the total fat as a qualitative variable, the
modification of the effect of the −1131T>C polymorphism
by total fat intake appeared to be linear in determining the
BMI (Fig. 1a). After the adjustment for covariates,
including plasma triglyceride concentrations, a statistically
significant interaction (P=0.048) between total fat intake
as a continuous variable and the −1131T>C polymorphism
in determining BMI was found. Thus, in subjects homozy-
gous for the −1131T allele, BMI increased as total fat intake
increased. In contrast, among carriers of the −1131C allele,
the expected increase was not observed and those with
higher fat intake appeared to have lower BMI. On the other
hand, no significant interaction between the 56C>G
polymorphism and the total fat (P=0.57) was detected
when the same regression model was fitted (Fig. 1b). In
both wild type and carriers of the variant allele, the BMI
increased as total fat intake increased. Furthermore, we
examined the effect of specific fatty acids on the
interaction between the −1131T>C polymorphism and fat
in relation to BMI. When each fatty acid intake was
examined separately as a dichotomous variable by popu-
lation mean (10% energy for SFA, 11% for MUFA, and
6% for PUFA), although the direction of the effect was
similar for each of these fatty acids, only the interaction
between the −1131T>C polymorphism and the MUFA
intake reached statistical significance (P=0.024 in the
multivariate model adjusted for sex, age, tobacco smoking,
alcohol consumption, diabetes status, total energy, protein,
carbohydrate, plasma triglycerides and familial relation-
ships). No significant interactions between specific fatty
acids and the 56C>G polymorphism on the BMI were
detected. No statistically significant heterogeneity by sex
was detected neither for the −1131T>C nor for the 56C>G

Table 2 Body mass index (mean and standard error) depending on the amount of macronutrient consumed in the diet and the APOA5
polymorphism

−1131T>C 56C>G (S19W)

TT (n=1866) TC+CC (n=292) P* for interaction CC (n=1985) CG+GG (n=251) P* for interaction
APOA5 genotypes Mean (SE) Mean (SE) APOA5 nutrient Mean (SE) Mean (SE) APOA5 nutrient

Total fat
<30% energy 27.09 (0.22) 28.07 (0.47) 0.047 27.22 (0.21) 26.66 (0.49) 0.552
≥30% energy 28.17 (0.21) 27.01 (0.49) 27.97 (0.20) 27.91 (0.48)
Total carbohydrate
<50% energy 28.47 (0.22) 28.07 (0.50) 0.385 28.36 (0.22) 28.07 (0.51) 0.645
≥50 energy 26.92 (0.21) 27.28 (0.45) 27.16 (0.21) 26.69 (0.48)
Protein
<15% energy 27.07 (0.21) 27.35 (0.55) 0.561 27.14 (0.21) 26.78 (0.49) 0.995
≥15% energy 28.35 (0.22) 28.13 (0.51) 28.31 (0.22) 28.03 (0.51)

SE Standard error
*P value obtained in the multivariate model for interaction after the adjustment for age, sex, tobacco smoking, alcohol consumption, diabetes
status, total energy intake, and the other macronutrients as dichotomous (total fat, carbohydrates, or proteins depending on the nutrient
considered) and familial relationships
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polymorphisms. Figure 2 shows the mean BMI depending
on the −1131T>C polymorphism (a) or the 56C>G
polymorphism (b), and the MUFA intake in men and
women. Finally, the effect of the APOA5–fat interaction on
the obesity risk was examined. There were 550 obese
subjects and 1,730 non-obese. As expected, and after the
adjustment for sex, age, tobacco smoking, alcohol con-
sumption, diabetes, total energy intake, protein, carbohy-
drate, plasma triglyceridesm, and familial relationships, we
found a statistically significant interaction between the
−1131T>C polymorphism and total fat intake as a dichot-
omous variable (less or more than 30%) in obesity risk (P=
0.049). No statistically significant interaction was found for
the 56C>G polymorphism (P=0.24) when the same logistic
regression model was fitted. A stratified analysis by fat
intake (Table 3) clearly provides evidence of the gene–diet
interaction effect between the −1131T>C polymorphism
and total fat intake in determining the risk of obesity: When
the level of fat intake was low (<30% of energy), subjects
with the −1131C allele had a non-significant modest
increase in obesity risk. However, in subjects consuming
≥30% of energy from fat, carriers of the −1131C allele have
about one third the risk of obesity (OR, 0.61, 95%; CI,
0.39–0.98; P=0.032) compared with the −1131T homozy-
gotes. When the specific fatty acids were analyzed, we
observed a statistically significant interaction (P=0.026)
between the MUFA intake and the −1131C>T polymor-
phism on the obesity risk after the adjustment for sex, age,
tobacco smoking, alcohol consumption, diabetes, total
energy intake, protein, carbohydrate, plasma triglycerides,
and familial relationships. Thus, in subjects consuming
≥11% of energy from MUFA, carriers of the −1131C allele
have 38.2% lower obesity risk (OR, 0.62, 95%; CI, 0.41–
0.94; P=0.026) compared with the −1131T homozygotes.
No heterogeneity of this effects by sex was observed (P for
the interaction sex–genotype–fat>0.05). Moreover, when
the risk of being overweight was studied (1,507 overweight
and 773 non-overweight subjects), we also obtained a
significant interaction between the −1131T>C polymor-
phism and the total fat intake that remained statistically
significant after the adjustment for sex, age, tobacco
smoking, alcohol consumption, diabetes, total energy
intake, protein, carbohydrate, plasma triglycerides, and
familial relationships (P=0.029). Table 3 shows the OR
estimations of overweight for the −1131T>C polymorphism
in the stratified analyses by total fat intake. In line with the
previous results concerning obesity risk, the −1131C minor
allele was associated with a 37% reduction of overweight risk
(P=0.031) in subjects consuming ≥30% of energy from fat
when compared with TT homozygotes. No reduction of the
overweight risk in carriers of the −1131C minor allele was
found if the level of total fat intake was lower. No statistically
significant interaction between total fat intake and the 56C>G

Total fat (% energy)

6050403020100

P
re

di
ct

ed
B

M
I (

kg
/m

2)
32.5

30.5

28.5

26.5

24.5

22.5

-1131T>C

TC+CC

TT

a

P for interaction

Total fat-SNP: 0.049

Total fat (% energy)

6050403020100

P
re

di
ct

ed
B

M
I (

kg
/m

2)

32.5

30.5

28.5

26.5

24.5

22.5

56C>G

CG+GG

CC

b

P for interaction

Total fat-SNP: 0.57

Fig. 1 Predicted values of BMI by the −1131T>C (a) and the C56G
polymorphisms (b) depending on the total fat consumed (as
continuous) in both men and women. Predicted values were calculated
from the regression models containing the total fat intake, the
corresponding APOA5 polymorphism, their interaction term, and the
potential confounders [sex, age, tobacco smoking, alcohol consump-
tion, diabetes status, total energy intake, carbohydrate (as dichoto-
mous), protein (as dichotomous), plasma triglycerides, and familial
relationships]. P values for the interaction terms between fat intake (as
continuous) and the corresponding APOA5 polymorphism were
obtained in the hierarchical multivariate interaction model containing
total fat intake, the APOA5 SNP, and the additional control for the
other covariates. Open symbols represent estimated values for wild-
type homozygotes and solid symbols represent estimated values for the
variant allele
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polymorphism in determining the risk of overweight was
found (P=0.79). No statistical significant heterogeneity by
sex in the tested interactions on overweight risk was detected.

Discussion

We found a consistent gene–diet interaction between the
−1131T>C polymorphism in the APOA5 gene and total fat
intake in determining obesity-related measures (BMI,
overweight, and obesity) in a large US population-based
study. This gene–diet interaction was not observed when
we examined another genetic marker within the same gene,
namely the 56C>G (S19W) polymorphism. Previous
reports have demonstrated that these two SNPs are not in
LD and are considered two tag SNPs representing three
APOA5 haplotypes [25, 26, 28]. Although both SNPs have
been associated with higher plasma triglyceride concen-
trations in several populations [25, 27, 28, 38–40], they
appear to differ in their associations with other cardiovas-
cular risk factors [26, 41]. Moreover, in a recent report in
the Framingham Heart Study [22], we have demonstrated
gene–diet interactions between the APOA5 gene variation
and the PUFA intake in determining plasma fasting
triglycerides, remnant lipoprotein concentrations, and lipo-
protein particle size that were exclusive for the −1131T>C
polymorphism. Specifically, we found that higher n-6 (but
not n-3) PUFA intake increased fasting triglycerides,
remnant-like particle concentrations, and very low density
lipoprotein size and decreased low-density lipoprotein size
in APOA5 -1131C minor allele carriers, but such inter-
actions were not observed in carriers of the variant allele for
the APOA5 56C>G polymorphism, suggesting different
mechanisms driving the biological effects associated with
these APOA5 gene variants or haplotypes.

In this study, we found that subjects homozygous for the
−1131T major allele presented the expected positive
association between the fat intake and the BMI. Conversely,
in subjects carrying the APOA5 −1131C minor allele
(approximately 13% of this population), higher fat intakes
were not associated with higher BMI. In contrast, this
gene–fat interaction was not detected in carriers of the 56G
minor allele. In these individuals, the BMI increased as the
total fat intake increased following the same trend observed
for subjects homozygous for the APOA5 56C major allele.
This gene–diet interaction between total fat intake and the
−1131T>C polymorphism was consistently found whether
fat intake was considered as a categorical or as a continuous
variable. In addition, this interaction effect was homoge-
neously found in both men and women adding support to
its potential causal role.

Furthermore, when we considered BMI dichotomously
to estimate the effect of this gene–diet interaction on
obesity risk, we also found a statistically significant
interaction between total fat intake and the APOA5
−1131T>C polymorphism. Considering that our data
revealed that, in carriers of the −1131C minor allele, a
higher fat intake was not associated with a higher BMI, we
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Fig. 2 Mean BMI in both men and women depending on the
−1131T>C polymorphism (a) or the C56G polymorphism (b) at the
APOA5 gene according to the level of MUFA intake (below and above
the population mean, 11% of energy). Estimated means were adjusted
for sex, age, tobacco smoking, alcohol consumption, diabetes status,
total energy intake, carbohydrate (as dichotomous), protein (as
dichotomous), plasma triglycerides, and familial relationships.
P values for the interaction terms between fat intake and the
corresponding polymorphism were obtained in the hierarchical
multivariate interaction model containing MUFA intake as a categor-
ical variable, the APOA5 SNP, and additional control for the other
covariates. Bars indicate standard error (SE) of means
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should expect a reduced obesity risk among −1131C minor
allele carriers consuming a high-fat diet. Consistent with
this hypothesis, we found one third the risk of obesity in
subjects carrying the −1131C minor allele compared with
−1131T homozygotes only in the high category of total fat
intake (≥30% of energy). In the low category of total fat
intake (<30% energy from fat), the −1131C allele was not
associated with a lower obesity risk. These results were
consistently found when risk of overweight instead
obesity was considered and no heterogeneity by sex was
detected.

There are no published studies focusing on reported
interactions between dietary fat, the APOA5 −1131T>C
SNP, and BMI or obesity to compare with our results. To
our knowledge, only one related paper reporting an
association between the −1131T>C polymorphism and
weight loss after short-term diet [42] has been published.
In this research, Aberle et al. [42] investigated how a short-
term diet in a group of 606 hyperlipemic men from
Hamburg affected BMI and lipid traits depending on the
−1131T>C polymorphism. In their study, the investigators
found no differences in BMI at baseline between TT
homozygotes and carriers of the −1131C allele. However,
after 3 months of energy restriction, patients with the
−1131C allele lost significantly more weight (13.4%) than
did TT homozygotes (0.04%; P=0.002). Although the
results of this study are not directly comparable with our
results because of the different design, it is important to
note that at least another study has found an interaction
between the −1131T>C polymorphism and fat intake in
determining body-weight changes. Aberle et al. [42]
suggested that the impaired ribosomal translation efficiency
linked to the −1131C allele [43] may cause a reduced
lipoprotein lipase-mediated triglyceride uptake into adipo-
cytes and a more efficient decrease in BMI in response to

fat intake. In addition, Koike et al. [32] have reported that
the over-expression of lipoprotein lipase significantly sup-
pressed high-fat-diet-induced obesity and insulin resistance
in transgenic Watanabe heritable hyperlipemia rabbits.
Other potential mechanisms may involve a different
regulation of the APOA5 gene by thyroid hormones [34]
or PPARs [33], depending on the promoter allele and the fat
intake. However, the design of our study cannot address the
mechanisms by which dietary fat interacts with the
−1131T>C polymorphism in determining the BMI, and
further studies are needed.

Another interesting finding from our study came from
the specific analysis of the effects of different dietary
fats. We found that only MUFA provided an interaction
term that was statistically significant. However, in this
US population, MUFA and SFA are highly correlated
[13]. Therefore, studies in other populations consuming a
Mediterranean-type diet, in which such correlation is
lower, are needed to confirm the specific benefit of a
high-MUFA diet in carriers of the −1131T>C polymor-
phism. The paradoxical association between a higher
MUFA consumption and a lower BMI in carriers of the
C allele has been previously described for another
polymorphism by Memisoglu et al. [44] in the Nurses’
Health Study. They found that the PPAR gamma proline to
alanine substitution polymorphism (Pro12Ala) modifies the
association between dietary fat and BMI. Thus, MUFA
intake was not associated with BMI among homozygous
wild-type women but was inversely associated with BMI
among 12Ala variant allele-carriers (mean in lowest
quintile=27.6 versus mean in highest quintile=25.5 kg/m2;
P-trend=0.006; P-interaction=0.003).

Despite the general consistency regarding the associ-
ation of the APOA5 variant alleles with higher triglyceride
concentrations, their relation with coronary artery disease

Table 3 Risk of obesity and risk of overweight depending on the −1131T>C polymorphism and total fat intake in men and women

Phenotype Total fat P** for interaction

<30% energy ≥30% energy

OR 95% CI P* OR 95% CI P* APOA5 total fat

Obesity risk
TT 1 1
TC+CC 1.16 (0.77–1.74) 0.470 0.61 (0.39–0.96) 0.032 0.049
Overweight risk
TT 1 1
TC+CC 1.15 (0.78–1.71) 0.407 0.63 (0.41–0.96) 0.031 0.029

*P value for the genotype obtained in the corresponding logistic regression model after adjustment for age, sex, tobacco smoking, alcohol
consumption, diabetes, total energy intake, protein (as dichotomous), carbohydrate (as dichotomous), plasma triglycerides, and familial
relationships in the corresponding strata of total fat consumption
**P value for the interaction term obtained in the corresponding logistic regression model for interaction after adjustment for sex, age, tobacco
smoking, alcohol consumption, diabetes, total energy intake, protein (as dichotomous), carbohydrate as dichotomous), plasma triglycerides, and
familial relationships
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remains highly controversial. Therefore, a careful investi-
gation of this gene–diet interaction may help to explain
these contradictory results with clinical outcomes [26, 40,
41, 45–48]. Based on our findings, carriers of the −1131C
allele, despite their increase in plasma triglycerides, have a
lower likelihood of obesity when consuming a high-fat
(specifically, high MUFA) diet as compared with subjects
homozygous for the −1131T allele. This circumstance may
mask the risk estimation of cardiovascular disease if this
interaction is not considered. Supporting this hypothesis are
our recent results in the Framingham Study [21], where we
found that the association between the haplotype defined by
the 56C>G polymorphism (for which no gene–fat interac-
tion in determining obesity risk is present) was associated
with higher carotid IMT compared with the wild-type
haplotype, whereas the haplotypes defined by the presence
of the rare allele in the −1131T>C, −3A>G, IVS+476G>A,
and 1259T>C genetic variants were associated with higher
carotid IMT only in obese subjects.

In summary, we have found a gene–diet interaction
between the −1131T>C polymorphism (but not the
56C>G) in the APOA5 gene and total fat intake in
relation to BMI, overweight, and obesity risk. The
homogeneity of this interaction is detected in both men
and women and follows a dose-response relationship. In
comparison with wild-type subjects, the carriers of the
variant C allele appear to be protected from the increase
in body weight when consuming more dietary fat. When
specific fatty acid families were analyzed, the MUFA
were the most significantly implicated. Despite the
higher consistence of our results, further studies are
required to replicate these findings and to characterize
the potential mechanisms involved before making nutri-
tional recommendations.
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