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Abstract The incidence of obesity has been rapidly increasing, and this condition has become a major public
health threat. A substantial shift in environmental factors and lifestyle, such as unhealthy diet, is among the major
driving forces of the global obesity pandemic. Longitudinal studies and randomized intervention trials have shown
that genetic susceptibility to obesity may interact with dietary factors in relation to the body mass index and risk of
obesity. This review summarized data from recent longitudinal studies and intervention studies on variations and

diets and discussed the challenges and future prospects related to this area and public health implications.
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Introduction

Obesity and related metabolic diseases, such as type 2
diabetes and cardiovascular disease, have rapidly
increased. The increasing epidemic of obesity is substan-
tially attributed to environmental susceptibility to weight
gain, such as unhealthy diets. As one of the main efforts
against obesity and its complications, emerging dietary
interventions have been conducted to improve weight loss
and long-term weight maintenance [1,2]. Although several
diets generally show no significant differences in their
effectiveness on weight loss, considerable inter-individual
heterogeneity has been identified in participants’ response,
and genetic background may partly account for such
variability [3-5]. With revolutionary advancements in
genomic technologies, a large body of genome-wide
association studies (GWAS) have identified numerous
obesity-associated genetic variants [6]. Growing data from
longitudinal studies and randomized intervention trials
have shown that genetic variations may interact with
dietary factors in relation to obesity and related metabolic
diseases.
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Gene—-environment rationale

Gene—environment interaction studies aim to examine how
genetic and environmental factors jointly influence the trait
of interest [7]. In this context, genes and environmental
exposures may contribute to the developing risk of a
condition in the same individual with genetic predisposi-
tion affecting the sensitivity to environmental exposures.
The genetic predisposition to obesity has its origins in
our evolutionary history, although the obesity pandemic in
the past was likely due to dramatic environmental changes.
Several hypotheses have been proposed to explain the
obesity pandemic in modern society and provided insights
into gene—environment interaction within the understand-
ing of human evolution. The “thrifty genotype” hypothesis
explains that promoting efficient fat deposition was
beneficial to survival during famine in early times, but it
has become disadvantageous in modern societies because
of the prepared fat deposition for famine that has yet to
occur [8]. According to this hypothesis, individuals who
carry “thrifty genes” are more susceptible to obesity under
the same environmental exposure compared with those
who do not carry these genes. An alternative perspective
has been proposed, namely, “drifty gene” hypothesis,
which elaborates that genes favoring obesity have not been
positively selected but have rather been subjected to
random drifting because of an absence of selection [9].
Nevertheless, further studies are needed to validate these
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theories and improve the understanding of gene—environ-
ment interactions.

Evidence from observational studies

A credible gene—environment interaction requires success-
ful replications and biological plausibility [7], which
increase the difficulty in detecting interactions. Never-
theless, several large-scale prospective studies with
replication have sprung up in the burgeoning area of
gene—environment interaction (Table 1).

An increase in the consumption of sugar-sweetened
beverages in the past decades has paralleled the rise in
obesity prevalence. Among three US cohorts, interactions
between genetic susceptibility to obesity and sugar-
sweetened beverages in relation to BMI and obesity were
examined, and investigators found that genetic associa-
tions with increased BMI and obesity risk are pronounced
with high intake of sugar-sweetened beverages [10].
Similar findings were observed in a recent study on
Swedish adults [11].

In addition to sugar-sweetened beverages, coffee is
among the most widely consumed beverages around the
world. Regular coffee consumption has been associated
with a reduced risk of several obesity-related diseases,
such as type 2 diabetes, but the association between coffee
consumption and obesity are not entirely consistent. A

study on three US cohorts has found that high habitual
coffee consumption may attenuate the genetic association
with increased BMI and obesity risk [12].

The consumption of high-fat food may be an indicator of
an unhealthy diet. In a study on three US cohorts,
individuals with the 4POA2 CC genotype seem highly
susceptible to increased BMI and obesity when they
consume a high-saturated fat diet [13]. Foods become rich
in fat after they are fried, and eating fried foods may result
in high intake of high-fat foods. In a study on three US
cohorts, a high frequency of fried food intake may amplify
the genetic association with high BMI and obesity risk
[14].

One previous study on 18 European cohorts tested
whether a composite score representing healthy diet, which
was calculated on the basis of whole grains, fish, fruits,
vegetables, nuts/seeds, red/processed meats, sweets, sugar-
sweetened beverages, and fried potatoes, modifies the
associations of genetic variations, which were assessed in
terms of the genetic risk scores of 32 BMI- and 14 waist—
hip ratio-associated single nucleotide polymorphisms, with
obesity traits [15]. Although the magnitudes of the reported
interactions were small, this study suggested that the
associations between genetic predisposition and obesity
traits were strong with a healthy diet. One study on two US
cohorts examined the interaction between adherence to
healthy dietary patterns and genetic predisposition to

Table 1 Dietary factors that may interact with genetic susceptibility to obesity on adiposity in observational studies

Studies Dietary factors

Genetic factors

Major findings

Qi et al. 2012 [10] Sugar-sweetened beverages

Brunkwall ez al. 2016 [11]  Sugar-sweetened beverages

Wang et al. 2017 [12] Coffee

Corella et al. 2009 [13] Saturated fat

Qi et al. 2014 [14] Fried food

Nettleton ez al. 2015 [15] A diet score based on whole grains,
fish, fruits, vegetables, nuts/seeds
(favorable) and red/processed meats,
sweets, sugar-sweetened beverages,

and fried potatoes (unfavorable)

Wang et al. 2018 [16]
Index 2010 and Dietary Approach to
Stop Hypertension

A genetic risk score based on 32
BMI-associated loci

A genetic risk score based on 30
BMIl-associated loci

A genetic risk score based on 77
BMI-associated loci

APOA2-265T>C polymorphism

A genetic risk score based on 32
BMI-associated loci

A genetic risk score based on 18
WHR-associated loci

Two diet score: Alternate Healthy Eating A genetic risk score based on 77
BMI-associated loci

High consumption of sugar-sweetened
beverages may amplify the genetic
association with higher BMI and obesity
risk

The relation of sugar-sweetened beverages
intake and BMI is strong in people
genetically predisposed to obesity

High habitual coffee consumption may
attenuate the genetic association with
high BMI and obesity risk

Individuals with the 4POA2 CC genotype
show increased susceptibility to increased
BMI and obesity when they consume a
high-saturated fat diet

Higher frequency of fried food consump-
tion may amplify the genetic association
with high BMI and obesity risk

The associations between genetic predis-
position and obesity traits were strong
with a healthy diet

The association between a healthy diet and
weight loss was strong in participants
with a great genetic predisposition to
obesity
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obesity in relation to long-term weight change. The authors
found that the association between a healthy diet, which
was assessed by the Alternate Healthy Eating Index 2010
and Dietary Approach to Stop Hypertension, and long-
term weight loss is strong in participants with a great
genetic predisposition to obesity [16].

Evidence obtained in the US and Europe has suggested
that genetic variants and particular dietary factors may
interplay in relation to BMI and obesity. Adiposity may
interact with genetic susceptibility on nonalcoholic fatty
liver disease (NAFLD) and dyslipidemia, which are
frequently associated with obesity and excessive calorie
intake. Adiposity remarkably amplifies the effect of the
PNPLA3 1148M 15738409 variant associated with NAFLD
[17], and this variant interacts with overweight and dietary
intakes on fasting triglyceride levels [18].

The advantages of testing gene—diet interactions in
observational studies include a large sample size, long
follow-up periods, and generalizability of findings to

general populations; however, results may be biased by
confounding and reverse causation.

Evidence from diet interventions

Evidence-based prevention and intervention rely mainly
on the statistical interpretation of data from randomized
clinical trials in which the potential confounding effects are
minimized. Therefore, gene—diet interaction in diet inter-
vention trials on weight loss should be detected. Table 2
summarizes the studies on gene—diet interaction in
randomized diet intervention trials published since 2011
[19-39].

The trial on Preventing Overweight Using Novel
Dietary Strategies (Pounds Lost) comprised 811 over-
weight or obese adults who were assigned to 1 of 4 weight-
loss diets varying in macronutrient contents for 2 years
[40]. Investigators performed a series of analyses on

Table 2 Selected gene—diet interactions on obesity and related metabolic traits in randomized trials

Studies Study design

Genetic factors

Major findings

Qi et al. 2011 [19] N = 738; 2-y diet intervention

Erez et al. 2011 [20] N = 322; 2-y diet intervention

Mattei et al. 2012 [21] N = 591; 2-y diet intervention

Zhang et al. 2012 [22] N = 742; 2-y diet intervention

Diabetes-associated /RS7 1s2943641

Obesity-related LEP variants

Diabetes-associated 7CF7L2 variant
1s7903146

Obesity-related FTO variant rs1558902

IRS1 genetic variants modify effects of
dietary carbohydrate on weight loss and
insulin resistance

LEP genotype is related to weight regain
from 7-24 m

Dietary fat intake interacts with TCF7L2
genotype in relation to changes in BMI,
total fat mass, and trunk fat mass

High-protein diet interacts with F70
genotype in relation to weight loss and

improvement of body composition and
fat distribution

Heni et al. 2012 [23] N = 304; 9-m diet intervention

Zhang et al. 2012 [24] N = 734; 2-y diet intervention

Zhang et al. 2012 [25] N = 723; 2-y diet intervention

Larsen et al. 2012 [26] N = 742; 6-m diet intervention on
weight loss maintenance

Qi et al. 2012 [27] N =737, 2-y diet intervention

Xu et al. 2013 [28] N = 734; 2-y diet intervention

Brahe et al. 2013 [29] N = 841 (baseline); 6-m diet
intervention on weight loss

maintenance

McCaffery et al. 2013 [30] N = 3899; 4-y lifestyle intervention in

diabetic patients
N = 3819; 2-y intervention; lifestyle
modification and metformin

Pan et al. 2013 [31]

Diabetes-associated TCF7L2 variant
rs7903146

Lipid metabolism-related APOAS
variant rs964184

Hypertension-associated NPY variant
rs16147

768 tag SNPs for nutrient-sensitive
genes

Diabetes-related GIPR variant
rs2287019

BCAA-associated PPMI1K SNP
rs1440581

240 tag SNPs for candidate genes

Obesity-related variants

Obesity-related MC4R variants

CC genotype is associated with great
weight loss in participants with high fiber
intake but not those with low fiber intake

Dietary fat interacts with APOAS5 genotype
in relation to 2-y changes in lipid profile

NPY genotype modifies effects of dietary
fat on 2-y changes of blood pressure

Multiple interactions with GI or dietary
protein on waist and fat mass regain

Dietary carbohydrate modified GIPR gen-
otype effects on changes in body weight,
fasting glucose, and insulin resistance

Dietary fat significantly modifies genetic
effects on changes in weight and fasting
insulin

LPINI SNP 1s4315495 genotype interacts
with dietary protein on change of TG
concentration

Variations in the F70 and BDNF loci are
related to weight regain after weight loss

rs17066866 is associated with less short-
term (baseline to 6 m) and less long-term
(baseline to 2 y) weight loss in the
lifestyle intervention group but not in
placebo group
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(Continued)

Studies

Study design

Genetic factors

Major findings

Kostis et al. 2013 [32]

Qi et al. 2013 [33]

N = 722; 4-m intervention; diet and
medication

POUNDS Lost: N = 738; 2-y diet
intervention

21 SNPs related to hypertension,
diabetes, or obesity

Diabetes-associated /RS7 152943641
and rs1522813

Multiple genotypes are related to change in
blood pressures in response to diet
intervention

High-fat weight-loss diets may be more
effective in the management of the

Mirzaei et al. 2014 [34] N = 721; 2-y diet intervention

Huang et al. 2015 [35] N = 730; 2-y diet intervention

Qi et al. 2015 [36] POUNDS Lost: N = 732; 2-y diet
intervention; DIRECT: N = 171; 2-y

diet intervention

Zheng et al. 2015 [37] N = 743; 2-y diet intervention

Lin et al. 2015 [38] N = 723; 2-y diet intervention

Qi et al. 2015 [39] N = 721; 2-y diet intervention

Circadian-related genes CRY2 and
MTNRIB

Iron homeostasis-related PCSK7

variant

Cholesterol-related CETP variant

Obesity-associated FTO variant

Obesity-associated NPY variant

Three vitamin D metabolism-related
variants

metabolic syndrome compared with low-
fat diets among individuals with the A-
allele of the rs1522813 variant near IRS/

Variants in CRY2 and MTNRIB may affect
long-term changes in energy expenditure,
and dietary fat intake may modify the
genetic effects

PCSK7 genotypes may interact with diet-
ary carbohydrate intake on changes in
insulin sensitivity

Individuals with the CETP 153764261 CC
genotype may derive great effects on
raising HDL cholesterol and lowering
triglycerides by choosing a low-
carbohydrate/high-fat weight-loss diet
instead of a low-fat diet

Carriers of the risk alleles of rs1558902
benefit differently in improving insulin
sensitivity by consuming high-fat weight-
loss diets rather than low-fat diets

NPY 1516147 genotypes affect the change
in abdominal adiposity in response to
dietary interventions

Individuals carrying the T allele of DHCR7
rs12785878 may benefit more in
improvement of insulin resistance than
non-carriers by consuming high-protein
weight-loss diets

Abbreviations: BCAA, branched chain amino acid; GI, glycemic index; HDL, high-density lipoprotein cholesterol; m, month; SNP, single nucleotide

polymorphism; TG, triglyceride; y, year.

gene—diet interactions in the POUNDS Lost trial
[19,21,22,24,25,27,28,33-39]. For example, the FTO
genetic variants, which are among the main culprits in
determining genetic susceptibility to obesity and are highly
expressed in the central nervous system, have been found
to modify the effect of dietary protein intake or dietary fat
intake on a series of obesity-related traits, such as weight
loss, changes in body composition and fat distribution, and
improvement of insulin resistance [22,37]. Insulin receptor
substrate 1 (/RSI) gene has been associated with insulin
resistance and hyperinsulinemia, and genetic variants in
IRS1 significantly interact with dietary fat intake in relation
to weight loss, improvement in insulin resistance, and the
management of the metabolic syndrome components in
this trial [19,33].

Other studies have examined gene—diet interactions in
randomized intervention trials [20,23,26,29-32]. The
transcription factor 7-like 2 (TCF7L2) genetic variant
rs7903146 interacts with dietary fiber intake in relation to
weight loss in the Tiibingen Lifestyle Intervention

Program, a trial consisting of exercise and diet intervention
with decreased intake of fat and increased intake of fibers
(> 15 g of fiber per 1000 kcal) [23]. In the Diabetes
Prevention Program, Pan et al. [31] found that the minor
allele of MC4R rs17066866 is associated with less weight
loss during 6 months and 2 years in the lifestyle
intervention group that receives less fat and calories and
exercises for a total of 150 min a week but not in the
placebo group. However, identifying the confounding
factors from interactions between lifestyle components
(diet or exercise) and genotypes is difficult.

These findings from randomized intervention trials
suggest that weight loss and related metabolic improve-
ment can be conditional on different genetic backgrounds
in response to diet interventions. One unique advantage of
studies applying diet intervention trials to test gene—diet
interactions is that they may provide direct evidence to
instruct genetic-targeted diet modifications in future public
health practice. However, most of existing diet intervention
trials are relatively small in size, thereby limiting the power
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for the detection of moderate gene—diet interactions [4],
and replication remains a major challenge in gene—diet
interaction analyses in randomized trials.

Challenges and future prospects

Current gene—diet interaction findings clearly show that
genes and diets unlikely separately affect obesity and
related metabolic traits. Individuals with high genetic
predisposition may reveal increased susceptibility to
adverse health outcomes in response to unhealthy diets.
Alternatively, healthy diets may counteract the negative
effects associated with certain genetic predisposition.
Remarkable challenges still exist in this field. The
sample size required to detect a multiplicative interaction
effect of two variables is at least four times the sample size
that is needed to evaluate the main effect of each of the
variables. Unless the interactions are strong, the occurrence
of false-negative findings about such interactions is a
concern in individual studies [7]. The replication of
findings is necessary to interpret gene—diet interactions.
Therefore, collaborative individual well-designed studies
should be performed to increase the power of analyses and
search consistent results across different studies. New
statistical approaches are required to establish biologically
functional relevance for the observed statistically signifi-
cant gene—diet interactions. The majority of current gene—
diet interaction analyses apply the identified genetic
variables from the GWAS. Emerging genome-wide
approaches facilitate studies on mining interactions in
genome-wide data and exploring biological pathways [41].
Obesity and related metabolic diseases can be prevented
by adhering healthy lifestyle and diet habits. Gene—diet
interaction studies help accelerate efficient diet interven-
tions in a personalized manner, which is different from the
traditional one-size-fits-all approach [42]. Although
genomic information is not generally applied to predict
diseases, it can be used with other risk factors to screen
and classify high-risk populations to tailored interventions.
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