
Review Article

Public Health Genomics 2018;21:169–185

Lifestyle Interventions for Weight  
Control Modified by Genetic Variation:  
A Review of the Evidence

Pui Yee Tan 

a    Soma Roy Mitra 

a    Farahnaz Amini 

b    
a

 School of Biosciences, Faculty of Science and Engineering, University of Nottingham Malaysia, Semenyih, Malaysia; 
b

 School of Healthy Aging, Medical Aesthetics and Regenerative Medicine, UCSI University, Kuala Lumpur Campus, 
Kuala Lumpur, Malaysia

Received: August 27, 2018
Accepted: March 23, 2019
Published online: May 22, 2019

Farahnaz Amini
UCSI University South Wing
Jalan Menara Gading, Taman Connaught
56000 Kuala Lumpur (Malaysia)
E-Mail farahnaz @ ucsiuniversity.edu.my

© 2019 S. Karger AG, Basel

E-Mail karger@karger.com
www.karger.com/phg

DOI: 10.1159/000499854

Keywords
Weight loss · Gene variation · Lifestyle intervention · 
Obesity

Abstract
Background/Aims: Excess weight gain is a result of the inter-
action between diet, environment, and genes. Evidence sug-
gests that responses to lifestyle interventions to manage 
weight are partially modified by genetic factors. This review 
is aimed at summarizing the current evidence from studies 
done on gene variants – single nucleotide polymorphisms 
(SNPs) – and intervention outcomes on weight loss and obe-
sity-related traits. Methods: Intervention studies published 
in English between 2000 and August 2018 were retrieved 
from PubMed, Google Scholar, and Web of Science using 
various keywords. Results: This article is a review of 36 stud-
ies conducted in 13 different countries which included a to-
tal of 15,931 participants between 19 and 70 years of age. 
The effect of 26 genes and 64 SNPs on the reduction of body 
weight and metabolic risk factors in response to diet, exer-
cise, and lifestyle interventions was reviewed. Conclusion: 
Gene-lifestyle interaction studies on the same candidate 
gene in different populations have reported information 
which is challenging to interpret. Thus, it is difficult to arrive 
at a particular model for a strategy on weight management 
at this point in time. Most of the intervention studies focus 

on the effect of variants of a single candidate gene on weight 
loss. Further evidence from large-scale studies is necessary 
to assess the effect of multiple candidate genes to compute 
a gene score that could be used in a model intervention pro-
gramme. Our review suggests that a healthy lifestyle with a 
balanced diet and regular physical activity will benefit indi-
viduals who carry the risk alleles of the obesity-related can-
didate genes. This message should be the mainstay of the 
recommendations and guidelines published by nutrition so-
cieties across the world. © 2019 S. Karger AG, Basel

Introduction

The current weight management programmes that 
combat obesity primarily focus on reducing energy con-
sumption and increasing energy expenditure [1]. These 
strategies may result in reduction in weight and improve-
ment in metabolic risk factors in obese individuals, but 
individuals from different populations may differ in their 
responses to the same intervention, making it difficult to 
arrive at a model for an ideal weight management strat-
egy. Further, evidence suggests that these differences may 
be due to genetic factors [2]. Investigating genetic varia-
tion, i.e., single nucleotide polymorphisms (SNPs) of can-
didate genes (identified to be associated with excess 
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weight gain) and their interactions with lifestyle interven-
tions may explain interindividual variability on weight 
loss outcomes [3].

Intervention trials (reviewed in this article) for weight 
management employed intervention strategies with hy-
pocaloric diets, low-fat/high-fat diets, low-protein/high-
protein diets, and exercise and interaction with single 
genes in individuals carrying different variants of the giv-
en gene. The duration of the above intervention pro-
grammes differed from 3 months to 2 years. Most studies 
assessed body weight, body mass index (BMI), and fat 
mass as the anthropometric outcomes, and lipid profile, 
insulin, and glucose levels as the biochemical outcome 
measures. Advanced techniques such as DNA microar-
rays or variant detector arrays were employed in these 
studies to detect the SNPs [4].

Genes involved in energy homeostasis, adaptive ther-
mogenesis, lipoprotein metabolism, appetite control, and 
insulin signalling pathway are the main candidate genes 
that were reviewed. The studies on how these SNPs or 
gene variants may or may not affect the effectiveness of 
weight loss interventions have not been reported in great 
detail earlier [5]. This study aimed at summarizing the 
current literature on already reported candidate genes 
and gene variants (SNPs) which modulate the outcome of 
various weight loss interventions on obesity-related traits.

Methods

Search Strategy
Articles published in English between 2000 and August 2018 

were searched in PubMed, Google Scholar, and Web of Science. 
The keywords used were divided into two themes. (1) The first 

theme included “weight loss,” “dietary intervention,” “exercise in-
tervention,” “physical activity,” “caloric restriction,” “lifestyle in-
tervention,” “low calorie diet,” “macronutrient composition ra-
tio,” “high or low fat diet,” “high or low carbohydrate diet,” and 
“high or low protein diet.” These search terms were combined with 
the second theme: (2) “gene variants” and “single nucleotide poly-
morphisms (SNPs).” Intervention studies using approaches on di-
etary, exercise, or lifestyle modification were included in this re-
view. Studies using pharmacological and surgical approaches and 
intervention studies which involved subjects with diagnosed dis-
eases were excluded. Articles without full-text access were exclud-
ed as well. For the presentation of the results, the intervention 
studies were divided into different categories according to the 
component of the affected physiological/metabolic processes.

Data Extraction
Data were reviewed and extracted by one author and checked 

for accuracy by two other authors. Data were extracted on the fol-
lowing variables: (1) study details (lead authors, year, duration, and 
study design), (2) population characteristics (sample size, national-
ity/ethnicity, sex, and age range), (3) gene variants (candidate gene, 
SNPs, and major and minor alleles), (4) method (weight reduction 
strategies used [dietary, exercise, or both] and short description of 
the intervention), (5) outcome measures (obesity-related anthro-
pometric and blood biochemical parameters, e.g., BMI, body fat 
mass, percent body fat, waist circumference, fasting blood glucose, 
lipid levels, etc.), and (6) main findings. Discrepancy in the extract-
ed data was solved by discussion among the reviewers.

Results and Discussion

A total of 36 articles were included in this review 
(Fig.  1), with total of 15,913 overweight/obese partici-
pants. The age ranged from 19 to 70 years. Participants 
were from 13 different countries, i.e., Spain, Korea, Unit-
ed States, Japan, Germany, Poland, Sweden, Denmark, 

1,142 articles were screened by
reading title and abstract

324 duplicate articles
were excluded

1,082 articles which did
not meet the criteria

were excluded*

24 articles which did
not meet the criteria

were excluded*

1,466 articles found through
database searching (PubMed =

231, Google Scholar = 476,
Web of Science = 759)

60 articles were assessed
for eligibility

36 articles included in review

Identification

Eligibility

Screening
phase

Included

Fig. 1. Flow chart of data extraction. * In-
tervention studies using approaches on di-
etary, exercise, or lifestyle modification 
were included in this review. Studies using 
pharmacological and surgical approaches 
and intervention studies which involved 
subjects with diagnosed diseases were ex-
cluded. Articles without full-text access 
were excluded as well.
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UK, The Netherlands, Czech Republic, Israel, and France. 
The duration of the intervention ranged from 1 month to 
2 years. These studies had investigated the gene-lifestyle 
interaction in weight loss intervention in 26 different 
genes including ADCY3, ADIPOQ, ADRB2, ADRB3, 
AMY1-AMY2, APOA1, APOA5, CB2R, CETP, CLOCK, 
FABP2, FTO, GHRL, GIPR, IRS1, LEPR, LIPC, MC4R, 
MTNR1B, PCSK7, PPARγ, TCF7L2, TFAP2B, TNF, 
UCP2, and UCP3, with a total of 64 SNPs. Table 1 sum-
marizes the outcome of weight loss interventions in the 
presence of different SNPs.

Our review revealed that FTO was the most investi-
gated gene for gene-lifestyle interaction studies. Between 
2009 and 2015, there were a total of 6 studies investigating 
the interactions between FTO rs9939609, rs1558902, and 
rs8050136 SNPs with various weight loss strategies. The 
second most investigated gene SNPs are ADRB3 (rs4994) 
and ADRB2 (rs1042713 and rs0142714), in 3 studies. MT-
NR1B (rs10830963), PPARγ (rs1801282), MC4R 
(rs17782313 and another 19 SNPs), APOA5 (rs964184, 
rs662799, and rs3135506), TCF7L2 (rs7903146 and 
rs12253372), and IRS1 (rs2943641 and rs1522813) SNPs 
were examined in 2 studies each. ADIPOQ, APOA1, 
AMY, UCP2, UCP3, GHRL, ADCY3, NPY, LIPC, TFAP2B, 
TNF, GIPR, FABP2, CB2R, PCSK7, LEPR, and CLOCK 
were only reported once. In this review, a total of 36 gene-
lifestyle interaction studies identified 64 SNPs from 26 
genes from five different physiological/metabolic pro-
cesses: (1) energy homeostasis, (2) adaptive thermogen-
esis, (3) lipoprotein metabolism, (4) appetite regulation, 
and (5) insulin signalling.

Gene Involved in Energy Homeostasis: Fat Mass and 
Obesity-Associated Protein Gene
The fat mass and obesity-associated protein (FTO) 

gene is highly expressed in the arcuate nucleus of the hy-
pothalamus and is known to play an important role in 
energy homeostasis [42]. FTO polymorphisms are linked 
to appetite responses and therefore influence energy in-
take [43]. Besides, studies have suggested that FTO genes 
regulate body fat mass through lipid metabolism [44], 
and they have reported to alter body weight, BMI [45], as 
well as waist and hip circumference [46]. Among all the 
reported FTO SNPs (rs9939609 [T>A], rs1558902 [T>A], 
and rs8050136 [C>A]), rs9939609 (T>A) was the most 
investigated SNP in gene-diet interaction studies. This 
was assessed in 4 dietary intervention studies. The effect 
of FTO SNPs on weight loss outcomes will be discussed 
based on the following subheadings depending on the in-
tervention strategies employed.

Low-Calorie Diet Interventions. In a population of 
obese Spanish women, Labayen et al. [11] found no sig-
nificant association between rs9939609 alleles (T>A) and 
the changes in body weight and body composition after 
14 weeks of calorie-restricted dietary intervention. Indi-
viduals with the risk allele (AA) of FTO rs9939609 had 
similar improvement in body weight, anthropometric pa-
rameters, and blood biomarkers compared to the non-
carriers (TT). With respect to insulin sensitivity, a 10-
week randomized controlled trial, NUGENOB, conduct-
ed by Grau et al. [8], reported that TT genotype carriers 
of the same gene and SNP had a greater reduction in ho-
meostatic model assessment of insulin resistance 
(HOMA-IR) and homeostatic model assessment beta 
(HOMA-β) with a 10-week low-fat diet compared to a 
high-fat diet in the European population. The beneficial 
effect of a low-fat diet on insulin sensitivity was not found 
in the risk allele carriers (AA) [8]. Matsuo et al. [6] re-
ported that no significant association was found between 
rs9939609 (T>A) and weight loss outcomes after a 14-
week calorie-restricted dietary intervention in obese Jap-
anese women. The 2-year POUNDS LOST trial com-
pared the effects of an energy-restricted diet (an energy 
deficit of 750 kcal/day) with different compositions of fat, 
protein, and carbohydrate. Improvements in weight 
management and insulin sensitivity were observed in 
both gene variants (risk allele carriers [AA] and non-car-
riers [TT] of FTO rs9939609) in an American population; 
however the differences were not statistically significant 
[7]. It is to be noted that female carriers of the TT geno-
type of rs9939609 were more numerous in the NUGE-
NOB study (75%) compared to the POUNDS LOST trial 
(62%). Moreover, NUGENOB participants were signifi-
cantly younger (age range 20–50 years) compared to the 
POUNDS LOST participants (50.1 ± 9.9 years, age range 
20–70 years). We suggest that these differences between 
the two studies (POUNDS LOST and NUGENOB) may 
be explained by the differences in age and sex. Further, a 
study conducted by Zhang et al. [9], comparing the effect 
of four hypocaloric diets with different macronutrient 
compositions, reported that the risk allele carriers (A) of 
rs1558902 showed a higher reduction in BMI and body 
adiposity on a high-protein diet compared to non-carri-
ers (T) in overweight and obese American adults.

Exercise Interventions. Evidence from previous obser-
vational studies suggest that physical activity can attenu-
ate the effect of genetic mutations of FTO rs9939609 on 
obesity and body fat accumulation [47, 48]. This finding 
was replicated in a recent observational study in a Nige-
rian population. The study reported that the carriers of 
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the risk allele (A) of FTO rs9939609 had higher odds of 
being overweight/obese compared to non-carriers (T), 
but this association was attenuated by high physical activ-
ity of the participants [49]. Further, lifestyle intervention 
(through lower energy intake and increased physical ac-
tivity) showed better improvement in C-reactive protein 
and fasting plasma glucose in Brazilians at high cardio-
metabolic risk who carried the risk allele (A) of FTO 
rs9939609 [50]. Similar positive results were reported in 
gene variant rs8050136. Individuals carrying the risk al-
lele (A) demonstrated a greater reduction in weight com-
pared to the non-carriers (C) after a moderate-intensity 
exercise intervention in Caucasian postmenopausal 
women [10]. The mechanism of action of FTO in mediat-
ing satiety and hunger signals is yet to be elucidated. It is 
known that FTO is a DNA/RNA demethylase which in-
fluences the splicing, stability, and export of mRNA. An-
imal studies provided evidence that FTO is expressed in 
the arcuate nucleus of the hypothalamus and is associated 
with appetite and energy intake. A study conducted by 
Karra et al. [51] showed that FTO gene variants were as-
sociated with obesity and obesity-prone behaviour due to 
a higher level of the circulating “hunger hormone” ghre-
lin that eventually increased food intake and a preference 
for energy-dense foods. It is known that exercise can sup-
press appetite by reducing the circulating ghrelin levels in 
an intensity-dependent way. Thus, exercise followed by 
reduced energy intake can eventually improve body com-
position [52], and individuals with FTO gene variants 
who are genetically predisposed to obesity may benefit 
from increased physical activity. It must be emphasized 
that although physical activity modifies the effects of 
FTO, the latter has no influence on energy expenditure. 
This has been adequately proved by a study by Kring et 
al. [46] where the authors reported no effect of FTO on 
resting energy expenditure, glucose-induced thermogen-
esis, cardiorespiratory fitness, and leisure time physical 
activity. Recently, a new mechanism was proposed that 
FTO SNPs may remotely alter the expression of other 
downstream genes such as genes involved in body mass 
regulation by changes in epigenetic mechanisms includ-
ing methylation of other genes [53, 54]. The presence of 
FTO variants increased adipocyte-specific expression of 
IRX3 and IRX5 during early adipocyte differentiation, 
causing a reduction in mitochondrial thermogenesis and 
increased lipid storage [55]. With respect to lifestyle in-
terventions, it can be said that individuals carrying minor 
alleles of FTO may benefit from calorie restriction and 
low-fat diets. A study suggested that high-protein diet can 
be beneficial as well. Further exercise intervention can 

positively impact weight management in all individuals, 
including those with minor alleles. This review reports 
that, overall, dietary intervention does not affect individ-
uals with FTO minor and major alleles differentially.

Genes Involved in Adaptive Thermogenesis
The components of total energy expenditure are (1) 

obligatory energy expenditure required to perform cellular 
and organ functions, (2) adaptive thermogenesis induced 
by diet or cold exposure, and (3) physical activity. At the 
cellular level, biochemical processes involved in energy ex-
penditure that happen in the mitochondria hold a key to 
the modulation of adaptive thermogenesis in order to ex-
pend excess energy and prevent obesity. Therefore, identi-
fication of target tissue and intracellular mechanisms me-
diating adaptive thermogenesis is an area of intense inter-
est. Many pieces of evidence support the view that brown 
adipose tissue is responsible for beta-adrenergic receptor-
mediated thermogenesis and that uncoupling protein 1 
(UCP1)-driven uncoupled respiration is the intracellular 
mechanism. Other than brown fat, skeletal muscle, liver, 
and white adipose tissue can be the sites of interest because 
they could be involved in weight control in humans.

A study reported that energy expenditure standard-
ized for lean body mass predicted future weight gain [56]. 
Excess food intake is sensed by the brain, which, to pre-
vent excess weight gain, triggers an increase in energy ex-
penditure through adaptive thermogenesis. An example 
of uncoupling as a means of increasing energy expendi-
ture is mediated by UCP1. Sympathetic nerve activity is 
thought to be the efferent pathway to the brain by which 
the brain regulates adaptive thermogenesis. It has been 
proved in rodent models that the activity of UCP1 in 
brown fat is controlled by sympathetic nerve activity. The 
evidence for this is as follows: (1) cold exposure and diet 
increase sympathetic nerve activity, (2) exogenous ad-
ministration of neurotransmitters (norepinephrine and 
epinephrine) stimulates energy expenditure, and (3) the 
thermogenic target tissue, brown adipose tissue, is heav-
ily innervated by sympathetic nerves. ADRB2 and ADRB3 
genes coding for β2- and β3-adrenergic receptors, respec-
tively, have received significant attention in this respect. 
These receptors are part of the adrenergic system and 
stimulate lipid mobilization in adipose tissue through the 
action of catecholamines [57]. The effect of ADRB2, 
ADRB3, UCP2, and UCP3 gene polymorphisms on weight 
loss outcomes is discussed below based on the interven-
tion strategies employed:

Low-Calorie Diet Interventions. A 2-year DIETFITS in-
tervention study reported no significant gene-diet inter-
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action between the two alleles of ADRB2 rs1042714 (C>G) 
in weight loss in response to two hypocaloric diets (low-
carbohydrate diet versus low-fat diet) in overweight and 
obese Americans [17]. A study conducted by Yoon et al. 
[12], which investigated the individual and combined ef-
fect of 10 SNPs from UCP2 and UCP3 polymorphisms, 
reported that the major allele carriers (GG) of UCP2866 
G>A polymorphism showed a greater reduction in BMI 
and fat compared to the risk allele (AA) after 1 month of 
low-calorie diet (700 kcal/day) in overweight and obese 
Korean women. No significant difference was found in the 
other nine SNPs. Another study with calorie restriction as 
dietary intervention conducted by Ruiz et al. [13] reported 
that both genotypes of ADRB2 rs1042713 (G>A) showed 
a similar reduction in body weight; however, obese Span-
ish women carrying the risk allele (G) of ADRB2 rs1042714 
had a greater reduction in body weight compared to the 
non-carriers (CC) after 3 months of energy-restricted 
diet. This finding suggests that there may be a sex-specific 
genetic association between rs1042714 and intervention 
employed on the changes in body weight.

Diet and Exercise Interventions. In an obese Brazilian 
population, polymorphisms in ADRB2 rs1042714 (C>G), 
ADRB2 rs1042713 (G>A), and ADRB3 rs4994 (C>G) did 
not affect the two allele carriers differently in a 7-week 
lifestyle modification with a combination of dietary and 
exercise intervention [14]. Mutation in the aforemen-
tioned genes did not lead to greater or lesser weight loss 
in response to calorie restriction. Besides, a study con-
ducted by Tahara et al. [15] also showed that weight re-
duction was not affected by ADRB3 rs4994 polymor-
phism in obese Japanese men after a 3-month lifestyle 
modification intervention. Failure to observe significant 
gene-lifestyle intervention may be due to the small reduc-
tion in BMI and short duration of intervention (< 1 kg 
reduction in 3 months). Conflicting results were observed 
in other studies. Shiwaku et al. [16] reported that obese 
premenopausal Japanese women carrying the risk allele 
(C) of ADRB3 rs4994 had difficulty in losing weight 
through lifestyle modification intervention compared to 
non-carriers (T).

In summary, individuals with minor alleles of UCP2 
and ADRB2 SNPs reported difficulty in losing weight 
with calorie restriction compared to the major allele car-
riers. However, with both diet and exercise intervention, 
with the exception of one study, individuals carrying mi-
nor alleles of ADRB2 and ADRB3 SNPs benefitted with 
respect to body composition and metabolic health. How-
ever, our findings suggest that there may be a sex-specific 
genetic association between ADRB2 and ADRB3 SNPs 

and weight loss. Women carrying the minor alleles of the 
latter showed difficulty in losing weight when using calo-
rie restriction and lifestyle intervention, but this effect 
was not observed in male participants.

Genes Involved in Lipoprotein Metabolism
Gene variants that cause any defect in the pathway of 

lipoprotein metabolism can lead to the development of 
atherogenic dyslipidaemia, including increased small 
low-density lipoprotein (LDL) particles, increased tri-
glyceride (TG), and reduced high-density lipoprotein 
cholesterol (HDL-C) levels. Previous reviews have re-
ported that there was a consistent association between 
apolipoprotein E (APOE) gene with total cholesterol (TC) 
and LDL cholesterol (LDL-C); cholesteryl ester transfer 
protein (CETP), apolipoprotein A1 (APOA1), and hepat-
ic lipase (LIPC) genes with HDL-C; and apolipoprotein 
A5 (APOA5) gene with TG concentrations [58, 59]. 
APOA1 is a major component of HDL particles and plays 
an important role in lipoprotein metabolism. LIPC gene, 
which encodes for hepatic lipase, also plays an important 
role in HDL metabolism.

The CETP gene exerts a profound impact on HDL me-
tabolism and lipid transport [60]. Its action affects the net 
transfer of cholesteryl ester from HDL to apolipoprotein 
B-containing lipoproteins including LDL in exchange for 
TGs, thus modulating the levels of these lipoproteins and 
hence influencing the risk of atherosclerosis. Low levels 
of CETP may increase the circulating HDL-C particle size 
and reduce the transfer of cholesteryl ester from HDL to 
other lipoproteins. A study reported that losing weight by 
consuming a low-carbohydrate high-fat diet benefited in-
dividuals carrying the risk allele (CC) of CETP rs3764261 
(G>A). The latter had greater reduction in TG levels and 
elevation of HDL-C levels compared to a high-carbohy-
drate low-fat diet [24]. In case of CETP rs5882 (G>A), 
overfeeding by 1,000 kcal/day in the individuals carrying 
the minor allele (A) resulted in unfavourable changes in 
adiposity and reduction in HDL-C levels [61], although 
this study did not specify the macronutrient composi-
tions of the experimental diet. How the CETP gene mod-
ulates fat depots is unclear, but it has been proposed that 
the observed gene-diet interaction on serum lipid profile 
may be due to the fuel storage portioning between adi-
pose tissue and other tissues. TG-enriched HDL is pref-
erentially hydrolysed by hepatic lipase, and the released 
non-esterified fatty acids are more likely to be taken up by 
liver cells, reducing the fat store in adipocytes [62].

Genetic association and animal studies have indicated 
a plasma TG-modulating effect of APOA5 [63]. This pro-
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tein reduces plasma TG by (1) reducing the rate of he-
patic very-low-density lipoprotein (VLDL)-TG produc-
tion [64] and (2) enhancing the rate of lipoprotein lipase-
mediated intravascular TG lipolysis [65]. Hydrolysis of 
VLDL-TG by lipoprotein lipase releases fatty acids into 
skeletal muscle and adipose tissue, leading to clearance of 
plasma TG. Therefore, overexpression of APOA5 lowers 
plasma TG but increases body weight and the inguinal fat 
pad in mice [66]. It has been suggested that gene variants 
of APOA5 may modulate the effect of dietary fat intake 
on weight reduction [67]. Further, a wide interindividual 
variability in lipid and lipoprotein concentrations in these 
gene variations has been reported in response to dietary 
fat intake [60]. The effect of APOA5, LIPC, ADIPOQ, 
APOA1, and PPARγ gene polymorphisms on weight loss 
outcomes is discussed below based on the intervention 
strategies employed.

Low-Calorie Diet Interventions. A 2-year dietary inter-
vention using different macronutrient compositions re-
ported that 20% energy from fat had a positive impact on 
BMI and lipid profiles (TC and LDL-C levels) in the risk 
allele carriers (G) of APOA5 rs964184 (C>G) in over-
weight and obese Americans [19]. Similar results were 
reported by Xu et al. [23]. Their study found that the risk 
allele carriers (AA) of LIPC rs2070895 (G>A) showed 
greater improvement in blood lipids (reduction in TC, 
LDL-C, and TG levels and increase in HDL-C levels) with 
a 2-year low-fat diet compared to GG and GA genotypes 
in an overweight and obese American population. This is 
supported by another study, which reported that individ-
uals carrying the risk allele (T) of LIPC rs1800588 (C>T) 
had a significant increase in HDL-C with < 30% of energy 
from fat in an American population [68]. Adiponectin is 
a protein hormone which is involved in regulating serum 
glucose levels as well as fatty acid breakdown. In humans 
it is encoded by the ADIPOQ gene and it is produced in 
adipose tissue. Circulating adiponectin concentrations 
increase during calorie restriction in animals and hu-
mans. Mutation in this gene is associated with decreased 
adiponectin production. Decrease in adiponectin leads to 
reduced efficiency in energy expenditure, reduced glu-
cose utilization, and hence increased risk of obesity and 
type 2 diabetes [69–71]. Earlier studies have reported that 
weight reduction resulted in a significant increase in plas-
ma adiponectin [71]. The binding of adiponectin to its 
receptors enhances the AMPK, PPARα, and Akt pathway 
in the liver and skeletal muscle, which decreases gluco-
neogenesis and free fatty acid influx into the liver and 
hence increases fatty acid oxidation. Circulating adipo-
nectin enhances glucose uptake via glucose transporter 4 

(GLUT4) [72, 73] and increases fatty acid uptake and ox-
idation in skeletal muscle in animal models [74]. This ul-
timately leads to a reduction in circulating free fatty acids 
and prevents insulin resistance. De Luis et al. [21] report-
ed that the non-risk allele carriers (GG) of ADIPOQ 
rs1501299 (G>T) had better outcomes in LDL-C, fasting 
glucose, insulin levels, and HOMA-IR after 3 months of 
a Mediterranean hypocaloric diet compared to the risk 
allele carriers (T) in an obese Caucasian population. An-
other study reported that GG homozygotes of ADIPOQ 
rs1501299 (G>T) had a beneficial effect on insulin sensi-
tivity after modest weight loss by 3 months of a calorie-
restricted diet in an obese Korean population [75]. In case 
of APOA1 rs670 (G>A), De Luis et al. [22] reported that 
the risk allele carriers (A) had better outcomes on anthro-
pometric parameters, TC, LDL-C, insulin, and HOMA-
IR compared to the non-carriers (G allele) after a Medi-
terranean hypocaloric diet.

Diet and Exercise Interventions. Suchanek et al. [20] 
reported that Czech women carrying at least one risk al-
lele of APOA5 rs662799 (T>C) and rs3135506 (C>G) did 
not benefit from a combination of reduction in total en-
ergy and exercise intervention (no reduction in plasma 
TG or LDL-C levels). However, with 3 months of a fat-
restricted diet, risk allele carriers (CC) of rs6622799 
(T>C) showed greater reduction in BMI compared to 
non-carriers (TT). It is worth noting that both risk and 
non-risk alleles of rs6622799 (T>C) showed reduction in 
TC, LDL-C, HDL-C, and TGs. Therefore, it was suggest-
ed by the authors that a fat-restricted diet may be con-
sidered as an intervention strategy to improve body 
composition in the risk allele carriers of APOA5 
rs6622799 [76]. Transcription factor peroxisome prolif-
erator-activated receptor-γ (PPARγ) PPARG regulates 
fatty acid storage and glucose metabolism. The genes ac-
tivated by PPARG stimulate lipid uptake and adipogen-
esis by fat cells [77]. Gardner et al. [17] reported no sig-
nificant interaction between the PPARγ rs1801282 (C>G) 
allele carriers and weight loss diets in an American pop-
ulation. However, Zarebska et al. [18] found that CC 
genotype carriers of PPARγ rs1801282 had greater re-
duction in body weight and fat mass compared to the 
risk allele carriers (G) after an exercise training pro-
gramme in obese Polish women.

In summary, individuals carrying the minor alleles of 
LIPC, PPARγ, and APOA5 showed a positive impact on 
anthropometric parameters and blood lipid levels (re-
duced TC, LDL-C, and TG levels and increased HDL-C 
levels) with a hypocaloric low-fat diet compared to a hypo-
caloric high-fat diet. De Luis et al. [22] reported that the 
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minor allele carriers of APOA1 SNP had a greater positive 
impact in anthropometric parameters, blood lipid levels, 
and insulin resistance compared to the major allele carriers 
after a Mediterranean hypocaloric diet. However, the mi-
nor allele carriers of PPARγ, ADIPOQ, and APOA5 SNPs 
showed a less favourable effect on body composition and 
cardiometabolic parameters compared to the major allele 
carriers with calorie restriction and exercise intervention.

Genes Involved in Appetite Regulation
Genetic variants of hormones and proteins involved in 

appetite regulation have been reported to be potentially 
affected by calorie-restricted diet. In this respect, the 
genes that have been widely studied include leptin (LEP), 
leptin receptor (LEPR), pro-opiomelanocortin (POMC), 
melanocortin 3 receptor (MC3R), and melanocortin 4 re-
ceptor (MC4R) [78]. Leptin acts on the central nervous 
system by modulating the expression of some neuropep-
tides such as proopiomelanocortin (POMC) and neuro-
peptide Y (NPY). Mutation in these genes causes failure 
to signal satiety and leads to excess energy intake [79, 80]. 
Recent studies have identified the gene-diet interaction of 
melatonin receptor type 1B (MTNR1B) rs10830963 
(C>G) gene polymorphisms on weight loss outcomes. 
Here we review the literature on the effect of the above 
gene variants on weight loss outcomes based on the inter-
vention strategies employed.

Low-Calorie Diet Interventions. Mammès et al. [81] re-
ported that French women carrying the T allele of 
Ser(T)343Ser(C) LEPR were predisposed to obesity and 
that women carrying the C allele lost more weight in re-
sponse to a low-calorie diet compared to non-carriers. 
Interestingly, this effect was only observed in women, 
suggesting a gene-sex interaction. A study by Santoro et 
al. [82] in an Italian population found that subjects carry-
ing the POMC R236G variant did not experience any dif-
ficulty in losing weight. They exhibited an adequate im-
provement in anthropometric as well as metabolic fea-
tures after about 1 year of hypocaloric diet. Although the 
R236G variant of the POMC gene played a role in the 
development of early-onset obesity and its complications, 
it did not compromise the individual’s ability to lose 
weight. Non-risk allele carriers (C) of MTNR1B 
rs10830963 had a greater reduction in fasting insulin and 
HOMA-IR compared to the risk allele carriers (G) after a 
Mediterranean hypocaloric diet in an obese Caucasian 
population [25], where G allele carriers had a greater re-
duction in TC and LDL-C levels with an energy-restricted 
low-fat diet compared to a high-fat diet in an overweight 
and obese American population [26]. These findings in-

dicate that the circadian rhythm plays a role on metabol-
ic responses to different dietary approaches. Lin et al. [29] 
also reported that the minor allele carriers of NPY bene-
fited from a hypocaloric low-fat diet with reduction in 
body adiposity when compared to a high-fat diet. A large 
European NUGENOB study involving seven countries 
with a total of 760 obese participants investigated the ef-
fect of SNPs of melanocortin 3 receptor (MC3R) gene on 
a 10-week dietary intervention with either a low-fat or a 
high-fat hypocaloric diet [83]. The findings revealed that 
genetic variants in MC3R (rs1543873, rs6099058, 
rs3827103, rs3746619, rs6024728, rs6014646, rs6024730, 
rs6024731, rs11697509, and rs6127698) did not have dif-
ficulty in losing weight in response to a calorie-restricted 
diet regardless of the difference in macronutrient compo-
sitions. The POUNDS LOST trial reported that the risk 
allele carriers (C) of NPY rs16147 (T>C) had a significant 
reduction in waist circumference at month 6 and in sub-
cutaneous adipose tissue, visceral adipose tissue, and ab-
dominal adipose tissue at month 24 with a high-fat diet 
compared to a low-fat diet in an overweight and obese 
American population.

Diet and Exercise Interventions. De Luis Roman et al. 
[28] reported that both genotypes of LEPR rs1805094 
(G>C) showed a significant reduction in body weight and 
BMI after a 3-month lifestyle modification in an obese 
Spanish population. This finding was replicated in a 
2-year lifestyle intervention study, which reported that no 
significant association was found between 19 MC4R SNPs 
and weight loss after a lifestyle modification intervention, 
and only the risk allele carriers (T) of rs17066866 (A>T) 
were associated with lesser short-term and long-term 
weight loss compared to the non-carriers (A) in over-
weight and obese Americans [27]. Therefore, calorie-re-
stricted diets that reduce the total energy intake may be 
more effective in weight loss in case of individuals carry-
ing these gene variants.

In summary, individuals carrying the minor allele of 
MTNR1B had a less favourable effect on insulin resistance 
compared to the major allele carriers in an intervention 
with a Mediterranean hypocaloric diet. However, another 
study reported that, with a hypocaloric low-fat diet, the 
minor allele carriers of the same gene had a positive impact 
on TC and LDL-C levels. Lin et al. [29] also reported that 
the minor allele carriers of NPY benefited from a hypoca-
loric low-fat diet with reduction in body adiposity when 
compared to a high-fat diet. Among 20 SNPs of MC4R re-
viewed, with the exception of one SNP, minor and major 
alleles of 19 other MC4R SNPs showed no significant dif-
ference in weight loss outcomes with dietary and exercise 
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intervention. The minor and major allele carriers of LEPR 
SNP had similar body weight changes with dietary and ex-
ercise intervention, but the beneficial effect on LDL-C lev-
els was only observed in the minor allele carriers.

Genes Involved in the Insulin Signalling Pathway
Some genes that are involved in the insulin signalling 

pathway are insulin receptor substrate 1 (IRS1), propro-
tein convertase subtilisin/kexin type 7 (PCSK7), tran-
scription factor 7 like 2 (TCF7L2), and gastric inhibitory 
polypeptide receptor (GIPR) [30, 31, 35]. There is a large 
body of evidence showing that dietary carbohydrate and 
fat can modulate the effect of these genetic variants on 
insulin sensitivity. For example, studies have reported 
that variation in the IRS1, gene which is a mediator be-
tween insulin receptor and phosphatidylinositol 3-kinase 
(PI3K) in the insulin signalling pathway, is associated 
with insulin resistance and type 2 diabetes [84]. To date, 
there are several gene polymorphisms related to the insu-
lin signalling pathway, such as GIPR rs2287019 (C>T), 
IRS1 rs2943641 (C>T), IRS1 rs1522813 (G>A), TCF7L2 
rs7903146 (C>T), TCF7L2 rs12255372 (G>T), and PCSK7 
rs236918 (C>G). These genes have been reviewed under 
calorie-restricted dietary interventions with different 
macronutrient compositions.

Low-Calorie Diet Interventions. In a 2-year Preventing 
Overweight Using Novel Dietary Strategies (POUNDS 
LOST) trial, the risk allele carriers (CC) of IRS1 rs2943641 
(C>T) had a greater reduction in weight and improvement 
in insulin sensitivity with a high-carbohydrate, low-fat 
diet compared to the non-risk allele carriers (T) in an over-
weight and obese American population [31]. The underly-
ing mechanism is unknown, but the authors claimed that 
it may be due to lipid-induced insulin resistance. High-fat 
diet may increase plasma free fatty acids and impair the 
insulin signalling pathway by altering tyrosine/serine 
phosphorylation of IRS, leading to decreased activation of 
IRS-associated PI3K activity [85]. Thus, IRS1-associated 
PI3K activity may be enhanced by high-carbohydrate, 
low-fat diet in CC genotype. However, the findings were 
not replicated in other study. Qi et al. [32] reported that a 
high-fat diet was more effective in improving metabolic 
syndrome compared to a low-fat diet in subjects carrying 
A allele of rs1522813 IRS1, but no significant effect was 
found in IRS1 rs2943641 in an overweight and obese 
American population with the same intervention. The in-
teraction of gene variant at rs1522813 and dietary effect on 
reversion of metabolic syndrome was independent of 
weight loss and insulin resistance. It is very interesting to 
note that the authors report that gene-diet interaction in 

rs1522813, with a positive effect on the minor allele (high-
fat diet), was independent of body weight, waist circum-
ference, and insulin resistance, indicating modulation of a 
positive effect on serum lipid levels, independent of adi-
posity. The same authors did not find any gene-diet effect 
on rs2943641 on the same candidate gene. They speculate 
that SNP rs2943641 and rs1522813 near IRS1 fall into two 
independent linkage disequilibrium blocks with low cor-
relation between them. The risk allele carriers (T) of gas-
tric inhibitory polypeptide receptor (GIPR) rs2287019 
(C>T) showed greater reduction in weight, fasting glu-
cose, fasting insulin, and improvement in insulin sensitiv-
ity after 6 months of a low-fat, high-carbohydrate, high-
fibre diet compared to a high-fat diet in an overweight and 
obese American population [30]. Similar finding was ob-
served in PCSK7 gene polymorphism: risk allele carriers 
(GG) of PCSK7 rs236918 (C>G) had greater reduction in 
fasting insulin and HOMA-IR by consuming a hypocalo-
ric low-fat, high-carbohydrate diet compared to the non-
carriers (C) in an overweight and obese American popula-
tion [35]. The risk allele carriers (T) of TCF7L2 rs7903146 
(C>T) and rs12255372 (G>T) had a greater reduction in 
plasma glucose, insulin levels, HOMA-IR, and glycaemic 
control after a low-fat diet compared to a high-fat diet in 
overweight and obese European and American popula-
tions [33, 34].

In summary, our findings show that a hypocaloric, 
low-fat, high-carbohydrate diet was effective in improv-
ing body composition, glycaemic control, and insulin 
sensitivity in the individuals carrying the risk allele of 
GIPR, IRS1, TCF7L2, and PCSK7 SNPs. Contrary to this, 
Qi et al. [31] reported that the benefits of a hypocaloric 
low-fat diet on body composition and insulin sensitivity 
was only found in the major allele carriers of IRS1 
rs2943641. The same authors reported that the major al-
lele carriers of IRS1 rs1522813 had better improvement in 
metabolic syndrome after a hypocaloric high-fat diet. 
Therefore, we suggest that the composition of the diet 
with respect to the calories from fat and carbohydrate 
plays an important role in modulating the effect of genes 
involved in insulin signalling.

Conclusion

This review paper summarizes the current evidence on 
selected candidate genes and their effect on body composi-
tion and cardiometabolic parameters in response to di-
etary and/or exercise interventions to manage overweight 
and obesity. However, there are several limitations to the 
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studies reported so far, including small sample size, short 
duration for the intervention, and measurement of differ-
ent outcomes. Most of the intervention studies focus on the 
effect of variants of single candidate genes on weight loss. 
Further evidence from large-scale studies is necessary to 
assess the effect of multiple candidate genes to compute a 
gene score that could be used in a model intervention pro-
gramme. The studies reviewed included genotyping and 
lifestyle interventions through controlled energy and mac-
ronutrient intake. However, gene-lifestyle interaction 
studies on the same candidate gene in different popula-
tions have reported information which is challenging to 
interpret. Thus, it is difficult to arrive at a particular model 
for a strategy on weight management at this point in time.

At present, technology targeting personalization of 
healthcare may be a better way to fight the epidemic of 
obesity. However, for the latter to materialize, we need 
better understanding of genes and corresponding bio-
chemical phenotypes. With the current data available, it 
is still premature to introduce or apply the use of genetic 
testing prior to weight loss intervention trials in the com-
munity. Due to the high cost involved in such diagnostics, 
only a handful of individuals will be able to afford such 
tests. At present, our review suggests that a healthy life-
style with a balanced diet and regular physical activity will 

benefit individuals who carry the risk alleles of the obesi-
ty-related candidate genes. This message should be the 
mainstay of the recommendations and guidelines pub-
lished by the nutrition societies across the world.

Statement of Ethics

The authors have no ethical conflicts to disclose.

Disclosure Statement

The authors have no conflicts of interest to declare.

Funding Sources

This review paper received no specific grant from any funding 
body.

Author Contributions

F. Amini advised on the paper. P.Y. Tan and S.R. Mitra wrote 
the paper. All authors read and approved the final manuscript.

References

  1	 Brown T, Smith S, Bhopal R, Kasim A, Sum-
merbell C. Diet and physical activity interven-
tions to prevent or treat obesity in South 
Asian children and adults: a systematic review 
and meta-analysis. Int J Environ Res Public 
Health. 2015 Jan; 12(1): 566–94.

  2	 Loos RJ, Rankinen T. Gene-diet interactions 
on body weight changes. J Am Diet Assoc. 
2005 May; 105(5 Suppl 1):S29–34.

  3	 Xiang L, Wu H, Pan A, Patel B, Xiang G, Qi L, 
et al. FTO genotype and weight loss in diet 
and lifestyle interventions: a systematic re-
view and meta-analysis. Am J Clin Nutr. 2016 
Apr; 103(4): 1162–70.

  4	 Chen X, Sullivan PF. Single nucleotide poly-
morphism genotyping: biochemistry, proto-
col, cost and throughput. Pharmacogenomics 
J. 2003; 3(2): 77–96.

  5	 Deram S, Villares SM. Genetic variants influ-
encing effectiveness of weight loss strategies. 
Arq Bras Endocrinol Metabol. 2009 Mar; 

53(2): 129–38.
  6	 Matsuo T, Nakata Y, Murotake Y, Hotta K, 

Tanaka K. Effects of FTO genotype on weight 
loss and metabolic risk factors in response to 
calorie restriction among Japanese women. 
Obesity (Silver Spring). 2012 May; 20(5): 

1122–6.

  7	 Zheng Y, Huang T, Zhang X, Rood J, Bray 
GA, Sacks FM, et al. Dietary fat modifies the 
effects of FTO genotype on changes in insu-
lin sensitivity. J Nutr. 2015 May; 145(5): 977–
82.

  8	 Grau K, Hansen T, Holst C, Astrup A, Saris 
WH, Arner P, et al. Macronutrient-specific 
effect of FTO rs9939609 in response to a 10-
week randomized hypo-energetic diet among 
obese Europeans. Int J Obes (Lond). 2009 
Nov; 33(11): 1227–34.

  9	 Zhang X, Qi Q, Zhang C, Smith SR, Hu FB, 
Sacks FM, et al. FTO genotype and 2-year 
change in body composition and fat distribu-
tion in response to weight-loss diets: the 
POUNDS LOST Trial. Diabetes. 2012 Nov; 

61(11): 3005–11.
10	 Mitchell JA, Church TS, Rankinen T, Earnest 

CP, Sui X, Blair SN. FTO genotype and the 
weight loss benefits of moderate intensity ex-
ercise. Obesity (Silver Spring). 2010 Mar; 

18(3): 641–3.
11	 Labayen I, Margareto J, Maldonado-Martin 

S, Gorostegi I, Illera M, Medrano M, et al. 
Independent and combined influence of the 
FTO rs9939609 and MC4Rrs17782313 poly-
morphisms on hypocaloric diet induced 
changes in body mass and composition and 

energy metabolism in non-morbid obese 
premenopausal women. Nutr Hosp. 2015 
May; 31(5): 2025–32.

12	 Yoon Y, Park BL, Cha MH, Kim KS, 
Cheong  HS, Choi YH, et al. Effects of ge-
netic polymorphisms of UCP2 and UCP3 on 
very low calorie diet-induced body fat re-
duction in Korean female subjects. Biochem 
Biophys Res Commun. 2007 Aug; 359(3): 

451–6.
13	 Ruiz JR, Larrarte E, Margareto J, Ares R, La-

bayen I. Role of β₂-adrenergic receptor poly-
morphisms on body weight and body compo-
sition response to energy restriction in obese 
women: preliminary results. Obesity (Silver 
Spring). 2011 Jan; 19(1): 212–5.

14	 Saliba LF, Reis RS, Brownson RC, Hino AA, 
Tureck LV, Valko C, et al. Obesity-related 
gene ADRB2, ADRB3 and GHRL polymor-
phisms and the response to a weight loss diet 
intervention in adult women. Genet Mol Biol. 
2014 Mar; 37(1): 15–22.

15	 Tahara A, Osaki Y, Kishimoto T. Effect of the 
β3-adrenergic receptor gene polymorphism 
Trp64Arg on BMI reduction associated with 
an exercise-based intervention program in 
Japanese middle-aged males. Environ Health 
Prev Med. 2010 Nov; 15(6): 392–7.

D
ow

nloaded from
 http://karger.com

/phg/article-pdf/21/5-6/169/3427894/000499854.pdf by guest on 24 April 2024



Tan/Mitra/AminiPublic Health Genomics 2018;21:169–185184
DOI: 10.1159/000499854

16	 Shiwaku K, Nogi A, Anuurad E, Kitajima K, 
Enkhmaa B, Shimono K, et al. Difficulty in 
losing weight by behavioral intervention for 
women with Trp64Arg polymorphism of the 
beta3-adrenergic receptor gene. Int J Obes 
Relat Metab Disord. 2003 Sep; 27(9): 1028–36.

17	 Gardner CD, Trepanowski JF, Del Gobbo LC, 
Hauser ME, Rigdon J, Ioannidis JP, et al. Ef-
fect of low-fat vs low-carbohydrate diet on 
12-Month weight loss in overweight adults 
and the association with genotype pattern or 
insulin secretion: the DIETFITS randomized 
clinical trial. JAMA. 2018 Feb; 319(7): 667–79.

18	 Zarebska A, Jastrzebski Z, Cieszczyk P, Leon-
ska-Duniec A, Kotarska K, Kaczmarczyk M, 
et al. The Pro12Ala polymorphism of the per-
oxisome proliferator-activated receptor gam-
ma gene modifies the association of physical 
activity and body mass changes in Polish 
women. PPAR Res. 2014; 2014: 373782.

19	 Zhang X, Qi Q, Bray GA, Hu FB, Sacks FM, 
Qi L. APOA5 genotype modulates 2-y chang-
es in lipid profile in response to weight-loss 
diet intervention: the Pounds Lost Trial. Am 
J Clin Nutr. 2012 Oct; 96(4): 917–22.

20	 Suchanek P, Lorenzova A, Poledne R, Hubacek 
JA. Changes of plasma lipids during weight re-
duction in females depends on APOA5 vari-
ants. Ann Nutr Metab. 2008; 53(2): 104–8.

21	 De Luis DA, Izaola O, Primo D, Gómez-
Hoyos E, Ortola A, López-Gómez JJ, et al. 
Role of rs1501299 variant in the adiponectin 
gene on total adiponectin levels, insulin resis-
tance and weight loss after a Mediterranean 
hypocaloric diet. Diabetes Res Clin Pract. 
2019 Feb; 148: 262–7.

22	 De Luis DA, Izaola O, Primo D, Aller R. Role 
of rs670 variant of APOA1 gene on lipid pro-
file, insulin resistance and adipokine levels in 
obese subjects after weight loss with a dietary 
intervention. Diabetes Res Clin Pract. 2018 
Aug; 142: 139–45.

23	 Xu M, Ng SS, Bray GA, Ryan DH, Sacks FM, 
Ning G, et al. Dietary fat intake modifies the 
effect of a common variant in the LIPC gene 
on changes in serum lipid concentrations 
during a long-term weight-loss intervention 
trial. J Nutr. 2015 Jun; 145(6): 1289–94.

24	 Qi Q, Durst R, Schwarzfuchs D, Leitersdorf E, 
Shpitzen S, Li Y, et al. CETP genotype and 
changes in lipid levels in response to weight-
loss diet intervention in the POUNDS LOST 
and DIRECT randomized trials. J Lipid Res. 
2015 Mar; 56(3): 713–21.

25	 De Luis DA, Izaola O, Primo D, Aller R. As-
sociation of the rs10830963 polymorphism in 
melatonin receptor type 1B (MTNR1B) with 
metabolic response after weight loss second-
ary to a hypocaloric diet based in Mediterra-
nean style. Clin Nutr. 2018 Oct; 37(5): 1563–8.

26	 Goni L, Sun D, Heianza Y, Wang T, Huang T, 
Cuervo M, et al. Macronutrient-specific effect 
of the MTNR1B genotype on lipid levels in 
response to 2 year weight-loss diets. J Lipid 
Res. 2018 Jan; 59(1): 155–61.

27	 Pan Q, Delahanty LM, Jablonski KA, Knowler 
WC, Kahn SE, Florez JC, et al.; Diabetes Pre-

vention Program Research Group. Variation 
at the melanocortin 4 receptor gene and re-
sponse to weight-loss interventions in the dia-
betes prevention program. Obesity (Silver 
Spring). 2013 Sep; 21(9):E520–6.

28	 De Luis Roman D, de la Fuente RA, Sagrado 
MG, Izaola O, Vicente RC. Leptin receptor 
Lys656Asn polymorphism is associated with 
decreased leptin response and weight loss sec-
ondary to a lifestyle modification in obese pa-
tients. Arch Med Res. 2006 Oct; 37(7): 854–9.

29	 Lin X, Qi Q, Zheng Y, Huang T, Lathrop M, 
Zelenika D, et al. Neuropeptide Y genotype, 
central obesity, and abdominal fat distribu-
tion: the POUNDS LOST trial. Am J Clin 
Nutr. 2015 Aug; 102(2): 514–9.

30	 Qi Q, Bray GA, Hu FB, Sacks FM, Qi L. 
Weight-loss diets modify glucose-dependent 
insulinotropic polypeptide receptor rs2287019 
genotype effects on changes in body weight, 
fasting glucose, and insulin resistance: the Pre-
venting Overweight Using Novel Dietary 
Strategies trial. Am J Clin Nutr. 2012 Feb; 

95(2): 506–13.
31	 Qi Q, Bray GA, Smith SR, Hu FB, Sacks FM, 

Qi L. Insulin receptor substrate 1 gene varia-
tion modifies insulin resistance response to 
weight-loss diets in a 2-year randomized trial: 
the Preventing Overweight Using Novel Di-
etary Strategies (POUNDS LOST) trial. Cir-
culation. 2011 Aug; 124(5): 563–71.

32	 Qi Q, Xu M, Wu H, Liang L, Champagne CM, 
Bray GA, et al. IRS1 genotype modulates met-
abolic syndrome reversion in response to 
2-year weight-loss diet intervention: the 
POUNDS LOST trial. Diabetes Care. 2013 
Nov; 36(11): 3442–7.

33	 Grau K, Cauchi S, Holst C, Astrup A, Marti-
nez JA, Saris WH, et al. TCF7L2 rs7903146-
macronutrient interaction in obese individu-
als’ responses to a 10-wk randomized hypoen-
ergetic diet. Am J Clin Nutr. 2010 Feb; 91(2): 

472–9.
34	 Mattei J, Qi Q, Hu FB, Sacks FM, Qi L. TC-

F7L2 genetic variants modulate the effect of 
dietary fat intake on changes in body compo-
sition during a weight-loss intervention. Am 
J Clin Nutr. 2012 Nov; 96(5): 1129–36.

35	 Huang T, Huang J, Qi Q, Li Y, Bray GA, Rood 
J, et al. PCSK7 genotype modifies effect of a 
weight-loss diet on 2-year changes of insulin 
resistance: the POUNDS LOST trial. Diabetes 
Care. 2015 Mar; 38(3): 439–44.

36	 Heianza Y, Sun D, Wang T, Huang T, Bray 
GA, Sacks FM, et al. Starch digestion-related 
amylase genetic variant affects 2-year changes 
in adiposity in response to weight-loss diets: 
the POUNDS Lost trial. Diabetes. 2017 Sep; 

66(9): 2416–23.
37	 De Luis DA, Aller R, Izaola O, Sagrado MG, 

Conde R. Influence of G308A promoter vari-
ant of tumor necrosis factor-α gene on insulin 
resistance and weight loss secondary to two 
hypocaloric diets: a randomized clinical trial. 
Arch Med Res. 2009 Jan; 40(1): 36–41.

38	 Goni L, Riezu-Boj JI, Milagro FI, Corrales FJ, 
Ortiz L, Cuervo M, et al. Interaction between 

an ADCY3 genetic variant and two weight-
lowering diets affecting body fatness and 
body composition outcomes depending on 
macronutrient distribution: A randomized 
trial. Nutrients. 2018 Jun; 10(6):E789.

39	 Stocks T, Angquist L, Banasik K, Harder MN, 
Taylor MA, Hager J, et al. TFAP2B influences 
the effect of dietary fat on weight loss under 
energy restriction. PLoS One. 2012; 7(8): 

e43212.
40	 De Luis DA, Mulero I, Primo D, Izaola O, 

Aller R. Effects of polymorphism rs3123554 
in the cannabinoid receptor gene type 2 
(CB2R) on metabolic and adiposity parame-
ters after weight loss with two hypocaloric di-
ets. Diabetes Res Clin Pract. 2018 May; 139: 

339–47.
41	 Garaulet M, Corbalán MD, Madrid JA, Mo-

rales E, Baraza JC, Lee YC, et al. CLOCK gene 
is implicated in weight reduction in obese pa-
tients participating in a dietary programme 
based on the Mediterranean diet. Int J Obes 
(Lond). 2010 Mar; 34(3): 516–23.

42	 Fredriksson R, Hägglund M, Olszewski PK, 
Stephansson O, Jacobsson JA, Olszewska AM, 
et al. The obesity gene, FTO, is of ancient ori-
gin, up-regulated during food deprivation 
and expressed in neurons of feeding-related 
nuclei of the brain. Endocrinology. 2008 May; 

149(5): 2062–71.
43	 Fawcett KA, Barroso I. The genetics of obe-

sity: FTO leads the way. Trends Genet. 2010 
Jun; 26(6): 266–74.

44	 Wåhlén K, Sjölin E, Hoffstedt J. The common 
rs9939609 gene variant of the fat mass- and 
obesity-associated gene FTO is related to fat cell 
lipolysis. J Lipid Res. 2008 Mar; 49(3): 607–11.

45	 Frayling TM, Timpson NJ, Weedon MN, Zeg-
gini E, Freathy RM, Lindgren CM, et al. A 
common variant in the FTO gene is associated 
with body mass index and predisposes to 
childhood and adult obesity. Science. 2007 
May; 316(5826): 889–94.

46	 Kring SI, Holst C, Zimmermann E, Jess T, 
Berentzen T, Toubro S, et al. FTO gene associ-
ated fatness in relation to body fat distribu-
tion and metabolic traits throughout a broad 
range of fatness. PLoS One. 2008 Aug; 3(8): 

e2958.
47	 Andreasen CH, Stender-Petersen KL, Mo-

gensen MS, Torekov SS, Wegner L, Andersen 
G, et al. Low physical activity accentuates the 
effect of the FTO rs9939609 polymorphism 
on body fat accumulation. Diabetes. 2008 Jan; 

57(1): 95–101.
48	 Sonestedt E, Roos C, Gullberg B, Ericson U, 

Wirfält E, Orho-Melander M. Fat and carbo-
hydrate intake modify the association be-
tween genetic variation in the FTO genotype 
and obesity. Am J Clin Nutr. 2009 Nov; 90(5): 

1418–25.
49	 Oyeyemi BF, Ologunde CA, Olaoye AB, Al-

amukii NA. FTO gene associates and interacts 
with obesity risk, physical activity, energy in-
take, and time spent sitting: pilot study in a 
Nigerian population. J Obes. 2017; 2017: 

3245270.

D
ow

nloaded from
 http://karger.com

/phg/article-pdf/21/5-6/169/3427894/000499854.pdf by guest on 24 April 2024



Lifestyle Interventions, Gene Variation, 
and Weight Loss

185Public Health Genomics 2018;21:169–185
DOI: 10.1159/000499854

50	 Curti ML, Rogero MM, Baltar VT, Barros CR, 
Siqueira-Catania A, Ferreira SR. FTO T/A and 
peroxisome proliferator-activated receptor-γ 
Pro12Ala polymorphisms but not ApoA1 -75 
are associated with better response to lifestyle 
intervention in Brazilians at high cardiometa-
bolic risk. Metab Syndr Relat Disord. 2013 
Jun; 11(3): 169–76.

51	 Karra E, O’Daly OG, Choudhury AI, Yousseif 
A, Millership S, Neary MT, et al. A link be-
tween FTO, ghrelin, and impaired brain food-
cue responsivity. J Clin Invest. 2013 Aug; 

123(8): 3539–51.
52	 Hazell TJ, Islam H, Townsend LK, Schmale 

MS, Copeland JL. Effects of exercise intensity 
on plasma concentrations of appetite-regulat-
ing hormones: potential mechanisms. Appe-
tite. 2016 Mar; 98: 80–8.

53	 Almén MS, Jacobsson JA, Moschonis G, 
Benedict C, Chrousos GP, Fredriksson R, et 
al. Genome wide analysis reveals association 
of a FTO gene variant with epigenetic chang-
es. Genomics. 2012 Mar; 99(3): 132–7.

54	 Zhou Y, Hambly BD, McLachlan CS. FTO as-
sociations with obesity and telomere length. J 
Biomed Sci. 2017 Sep; 24(1): 65.

55	 Claussnitzer M, Dankel SN, Kim KH, Quon 
G, Meuleman W, Haugen C, et al. FTO Obe-
sity Variant Circuitry and Adipocyte Brown-
ing in Humans. N Engl J Med. 2015 Sep; 

373(10): 895–907.
56	 Ravussin E, Lillioja S, Knowler WC, Christin 

L, Freymond D, Abbott WG, et al. Reduced 
rate of energy expenditure as a risk factor for 
body-weight gain. N Engl J Med. 1988 Feb; 

318(8): 467–72.
57	 Kurokawa N, Young EH, Oka Y, Satoh H, 

Wareham NJ, Sandhu MS, et al. The ADRB3 
Trp64Arg variant and BMI: a meta-analysis of 
44 833 individuals. Int J Obes (Lond). 2008 
Aug; 32(8): 1240–9.

58	 Ordovas JM, Corella D. Genetic variation 
and lipid metabolism: modulation by dietary 
factors. Curr Cardiol Rep. 2005 Nov; 7(6): 

480–6.
59	 Bandarian F, Hedayati M, Daneshpour MS, 

Naseri M, Azizi F. Genetic polymorphisms in 
the APOA1 gene and their relationship with 
serum HDL cholesterol levels. Lipids. 2013 
Dec; 48(12): 1207–16.

60	 Masson LF, McNeill G, Avenell A. Genetic 
variation and the lipid response to dietary in-
tervention: a systematic review. Am J Clin 
Nutr. 2003 May; 77(5): 1098–111.

61	 Terán-García M, Després JP, Tremblay A, 
Bouchard C. Effects of cholesterol ester trans-
fer protein (CETP) gene on adiposity in re-
sponse to long-term overfeeding. Atheroscle-
rosis. 2008 Jan; 196(1): 455–60.

62	 Rashid S, Watanabe T, Sakaue T, Lewis GF. 
Mechanisms of HDL lowering in insulin re-
sistant, hypertriglyceridemic states: the com-
bined effect of HDL triglyceride enrichment 
and elevated hepatic lipase activity. Clin Bio-
chem. 2003 Sep; 36(6): 421–9.

63	 Garelnabi M, Lor K, Jin J, Chai F, Santanam 
N. The paradox of ApoA5 modulation of tri-

glycerides: evidence from clinical and basic 
research. Clin Biochem. 2013 Jan; 46(1–2): 

12–9.
64	 Schaap FG, Rensen PC, Voshol PJ, Vrins C, 

van der Vliet HN, Chamuleau RA, et al. 
ApoAV reduces plasma triglycerides by in-
hibiting very low density lipoprotein-triglyc-
eride (VLDL-TG) production and stimulat-
ing lipoprotein lipase-mediated VLDL-TG 
hydrolysis. J Biol Chem. 2004 Jul; 279(27): 

27941–7.
65	 Merkel M, Loeffler B, Kluger M, Fabig N, Ge-

ppert G, Pennacchio LA, et al. Apolipoprotein 
AV accelerates plasma hydrolysis of triglycer-
ide-rich lipoproteins by interaction with pro-
teoglycan-bound lipoprotein lipase. J Biol 
Chem. 2005 Jun; 280(22): 21553–60.

66	 Pamir N, McMillen TS, Li YI, Lai CM, Wong 
H, LeBoeuf RC. Overexpression of apolipo-
protein A5 in mice is not protective against 
body weight gain and aberrant glucose ho-
meostasis. Metabolism. 2009 Apr; 58(4): 560–
7.

67	 Sánchez-Moreno C, Ordovás JM, Smith CE, 
Baraza JC, Lee YC, Garaulet M. APOA5 gene 
variation interacts with dietary fat intake to 
modulate obesity and circulating triglycerides 
in a Mediterranean population. J Nutr. 2011 
Mar; 141(3): 380–5.

68	 Ordovas JM, Corella D, Demissie S, Cupples 
LA, Couture P, Coltell O, et al. Dietary fat in-
take determines the effect of a common poly-
morphism in the hepatic lipase gene promot-
er on high-density lipoprotein metabolism: 
evidence of a strong dose effect in this gene-
nutrient interaction in the Framingham 
Study. Circulation. 2002 Oct; 106(18): 2315–
21.

69	 Thamer C, Machann J, Tschritter O, Haap M, 
Wietek B, Dahl D, et al. Relationship between 
serum adiponectin concentration and intra-
myocellular lipid stores in humans. Horm 
Metab Res. 2002 Nov–Dec; 34(11–12): 646–9.

70	 Stefan N, Vozarova B, Funahashi T, Matsu-
zawa Y, Weyer C, Lindsay RS, et al. Plasma 
adiponectin concentration is associated with 
skeletal muscle insulin receptor tyrosine 
phosphorylation, and low plasma concentra-
tion precedes a decrease in whole-body insu-
lin sensitivity in humans. Diabetes. 2002 Jun; 

51(6): 1884–8.
71	 Acharya SD, Brooks MM, Evans RW, Linkov 

F, Burke LE. Weight loss is more important 
than the diet type in improving adiponectin 
levels among overweight/obese adults. J Am 
Coll Nutr. 2013; 32(4): 264–71.

72	 Ceddia RB, Somwar R, Maida A, Fang X, 
Bikopoulos G, Sweeney G. Globular adipo-
nectin increases GLUT4 translocation and 
glucose uptake but reduces glycogen synthe-
sis in rat skeletal muscle cells. Diabetologia. 
2005 Jan; 48(1): 132–9.

73	 Mao X, Kikani CK, Riojas RA, Langlais P, 
Wang L, Ramos FJ, et al. APPL1 binds to adi-
ponectin receptors and mediates adiponectin 
signalling and function. Nat Cell Biol. 2006 
May; 8(5): 516–23.

74	 Yoon MJ, Lee GY, Chung JJ, Ahn YH, Hong 
SH, Kim JB. Adiponectin increases fatty acid 
oxidation in skeletal muscle cells by sequen-
tial activation of AMP-activated protein ki-
nase, p38 mitogen-activated protein kinase, 
and peroxisome proliferator-activated re-
ceptor alpha. Diabetes. 2006 Sep; 55(9): 

2562–70.
75	 Shin MJ, Jang Y, Koh SJ, Chae JS, Kim OY, Lee 

JE, et al. The association of SNP276G>T at 
adiponectin gene with circulating adiponec-
tin and insulin resistance in response to mild 
weight loss. Int J Obes (Lond). 2006 Dec; 

30(12): 1702–8.
76	 Aberle J, Evans D, Beil FU, Seedorf U. A poly-

morphism in the apolipoprotein A5 gene is 
associated with weight loss after short-term 
diet. Clin Genet. 2005 Aug; 68(2): 152–4.

77	 Farmer SR. Transcriptional control of adipo-
cyte formation. Cell Metab. 2006 Oct; 4(4): 

263–73.
78	 Martínez JA, Parra MD, Santos JL, Moreno-

Aliaga MJ, Marti A, Martinez-Gonzalez MA. 
Genotype-dependent response to energy-re-
stricted diets in obese subjects: towards per-
sonalized nutrition. Asia Pac J Clin Nutr. 
2008; 17 Suppl 1: 119–22.

79	 Yilmaz Z, Davis C, Loxton NJ, Kaplan AS, 
Levitan RD, Carter JC, et al. Association be-
tween MC4R rs17782313 polymorphism and 
overeating behaviors. Int J Obes (Lond). 2015 
Jan; 39(1): 114–20.

80	 Boumaiza I, Omezzine A, Rejeb J, Rebhi L, 
Ouedrani A, Ben Rejeb N, et al. Relationship 
between leptin G2548A and leptin receptor 
Q223R gene polymorphisms and obesity and 
metabolic syndrome risk in Tunisian volun-
teers. Genet Test Mol Biomarkers. 2012 Jul; 

16(7): 726–33.
81	 Mammès O, Aubert R, Betoulle D, Péan F, 

Herbeth B, Visvikis S, et al. LEPR gene poly-
morphisms: associations with overweight, fat 
mass and response to diet in women. Eur J 
Clin Invest. 2001 May; 31(5): 398–404.

82	 Santoro N, Perrone L, Cirillo G, Raimondo P, 
Amato A, Coppola F, et al. Weight loss in 
obese children carrying the proopiomelano-
cortin R236G variant. J Endocrinol Invest. 
2006 Mar; 29(3): 226–30.

83	 Santos JL, De la Cruz R, Holst C, Grau K, 
Naranjo C, Maiz A, et al.; NUGENOB Con-
sortium. Allelic variants of melanocortin 3 re-
ceptor gene (MC3R) and weight loss in obe-
sity: a randomised trial of hypo-energetic 
high- versus low-fat diets. PLoS One. 2011; 

6(6):e19934.
84	 Caruso M, Ma D, Msallaty Z, Lewis M, Sey-

oum B, Al-janabi W, et al. Increased interac-
tion with insulin receptor substrate 1, a nov-
el abnormality in insulin resistance and 
type  2 diabetes. Diabetes. 2014 Jun; 63(6): 

1933–47.
85	 Belfort R, Mandarino L, Kashyap S, Wirfel K, 

Pratipanawatr T, Berria R, et al. Dose-re-
sponse effect of elevated plasma free fatty acid 
on insulin signaling. Diabetes. 2005 Jun; 

54(6): 1640–8.

D
ow

nloaded from
 http://karger.com

/phg/article-pdf/21/5-6/169/3427894/000499854.pdf by guest on 24 April 2024


