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Abstract Numerous classical genetic studies have proved

that genes are contributory factors for obesity. Genes are

directly responsible for obesity associated disorders such as

Bardet–Biedl and Prader–Willi syndromes. However, both

genes as well as environment are associated with obesity in

the general population. Genetic epidemiological approa-

ches, particularly genome-wide association studies, have

unraveled many genes which play important roles in

human obesity. Elucidation of their biological functions

can be very useful for understanding pathobiology of

obesity. In the near future, further exploration of obesity

genetics may help to develop useful diagnostic and pre-

dictive tests for obesity treatment.
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Introduction

Obesity is a condition that affects human health adversely.

Obesity has become a serious health problem worldwide

and is associated with risk of type 2 diabetes, hypertension,

cardiovascular disease, stroke, and physical disabilities [1].

In fact, obesity is a complex disorder that is determined by

genes, environmental factors and interaction between genes

and environment.

According to World Health Organization (WHO) obesity

is abnormal fat buildup that may have an adverse affect on

health. Most commonly used measure for obesity is BMI

defined as a person’s weight in kilograms divided by the

square of the person’s height in meters (kg/m2). Individuals

with BMI\30 are considered as non-obese and those with

BI greater than or equal to 30 are considered as obese.

Although, there is a growing debate on whether different

BMI cut-off points should be adapted for different ethnic

groups due to the increasing evidence that the associations

between BMI, percentage of body fat and body fat distri-

bution differ across populations [2, 3]. However, the WHO

Expert Consultation recommended that the current WHO

BMI cut-off point (C30 kg/m2) should be retained for the

international classification for obesity [4].

In addition to BMI, waist hip ratio (WHR) is another

criterion to assess obesity referred as centralized obesity.

The WHO states that abdominal obesity is defined as a

waist–hip ratio above 0.90 for males and above 0.85 for

females [5]. The WHO states that abdominal obesity is

defined as a waist–hip ratio above 0.90 for males and above

0.85 for females [5]. A high WHR is also considered as

high risk for obesity related complications.

Facts for Genetic Component to Obesity

Pathogenesis of obesity involves multiple interactions

among environmental and genetic factors (Fig. 1).

It is commonly believed that high calorie food intake

and inactive lifestyle is main reason for the rising preva-

lence of obesity, however, evidences have strongly sug-

gested role of genetic component to obesity risk [6, 7].
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Some of supporting facts for role of genetics are mentioned

below

Twin Studies

Twin studies have been used for the assessment of the

genetic component to a given trait due to the fact that

monozygotic (MZ) twins are genetically identical, while

non identical dizygotic (DZ) twins share merely 50 % of

their genetic material, The concordance for fat mass among

MZ twins has been reported between 70 to 90 %, while in

DZ twins it is between 35 to 45 % [8–10]. Also, it has been

revealed that while there is no association between BMI of

non identical twins separated at birth but there is a sig-

nificant association for identical twins [11].

Race or Ethnicity

Differences in obesity prevalence based on race or eth-

nicity also suggests the role of genetic component to obe-

sity risk. For example, a prevalence of 35 % or less in

Caucasian and Asian populations to 50 % or more in Pima

Indians and South Sea Island populations [12] are strong

indicators for genetic component in obesity.

Monogenic Forms of Obesity

Some forms of obesity are caused by single gene mutations

which are rare and severe [13]. In humans, obesity cases

due to single gene mutations are reported in 11 different

genes [13] including leptin, leptin receptor, proopiome-

lanocortin (POMC) and melanocortin four receptor

(MC4R) genes. Table 1 shows the genes involved in

monogenic forms of obesity.

Syndromic Forms of Obesity

Numerous Mendelian syndromes Prader–Willi [28],

Alstrom syndrome [29] and Bardet–Biedl syndromes

[30–32] associated wth obesity are due to distinct genetic

defects or chromosomal abnormalities Strong candidate

genes have been identified for most of the syndromes [33]

and some of them also contribute significantly to human

obesity. Table 2 shows the genes responsible for the syn-

dromic forms of obesity.

Genetic Association and Obesity

Although several genes based on familial cases have been

identified but majority of obese individuals occur randomly

in the population. It is now accepted that obesity is a

complex non-Mendelian trait that might result from

numerous susceptible loci. Initially, studies that investi-

gated for genes that predispose to obesity risk were based

on candidate gene approaches.

Many candidate gene studies in relation to obesity

investigated genetic variants in genes related to monogenic

forms of obesity and those related to food intake and

energy metabolism. However, such studies achieved

incomplete success in predisposition to obesity risk

because these studies are dependent on a suspected disease-

causing gene derived from a particular biological hypoth-

esis on the pathogenesis of obesity. Moreover, the patho-

physiological mechanisms underlying obesity are still

unknown and constant implementation of hypothesis dri-

ven candidate gene association approach is unable to

identify the genetic risk factors for the trait. Therefore,

there was a great need for non hypothesis based genome

wide approaches.
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GAIN 
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Fig. 1 Obesity and gene

environment interactions. The

figure above shows the

diagrammatic representation of

gene and environment

interactions leading to obesity

Table 1 Genes and monogenic forms of obesity

S. no. Genes References

1 Leptin [14–21]

2 Leptin receptor [14, 22]

3 POMC [14, 20, 21, 23]

4 MC4R [14, 24–27]
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Genome-Wide Association Studies

In context to genetic epidemiology, a genome-wide asso-

ciation study (GWA study, or GWAS), is evaluation of

genetic variants in different individuals to spot if any

genetic variant from whole genome is associated with a

certain trait [46]. GWAS uses microarray technology to

spot associations between specific disease or trait and

genetic variants across the entire genome, rather than in a

specific gene or locus (Fig. 2).

This methodology identifies genetic variants that are

common in the general population and may or may not

have known functional consequences. A positive associa-

tion arises when there is a greater frequency of a genetic

variant in individuals with a disease or trait as compared to

unaffected individuals. It may be added that an association

in GWAS identifies a genomic region, not a specific cau-

sative mutation involved in the development of the disease

or trait. Several GWAS have revealed numerous genetic

susceptibility loci for obesity risk by means of several

single nucleotide polymorphisms (SNPs) constantly con-

tributing to obesity risk [47].

GWAS are hypothesis generating and an effort to

identify new loci to increase understanding of biology

responsible for the susceptibility to obesity risk. GWAS

have the advantage over genome-wide linkage studies that

they do not require participants to be related, which allows

for studies with larger sample sizes, thus increasing the

power to detect true associations [48]. Since 2007, several

waves of GWAS have been performed for various obesity-

related traits; each subsequent wave included larger num-

ber of sample than the preceding one.

The First Wave GWAS

The GWAS that discovered the first locus associated with

BMI was part of the Welcome Trust Case Control Con-

sortium studies [49]. In this study, genetic variation in 1924

Table 2 Genes and syndromic forms of obesity

S. no Syndrome name Clinical heterogeneity Loci/genes References

1 Prader–willi Muscular hypotony Mental retardation Hyperphagia

Hypogonadism Short stature

15q11 SRNPN Microdeletion

Materanal disomy

[34]

2 Bardet-Biedel Hypogonadism Pigmentary retinopathy Polydactyly

Mental retardation

BBS(1–12) Chaperonin protein MKKS

(Chr20) Cilliary cells proteins

[30–32,

35]

3 Alstorm Myocardiopathy Sensory deficit (retinopathy, deafness)

Dyslipidemia Diabetes

2p14 ALSM1 [29, 36]

4 Borjson-Forssman-

Lehman

Morbid obesity, epilepsy, Hypogonadism, facial

dismorphy

Mutations in novel widely expressed

zinc-finger gene planthomeodomain

(PHD)-like finger (PHF6)

[37]

5 Albright’s

hereditary

osteodystrophy

syndrome

Obesity, short stature, round faces, ectopic Tissue

ossification, resistance to several hormones, Such as

parathyroid hormone

Mutations in GNASI, which encodes

for a-subunit of the stimulatory G

protein (Gs a)

[13]

6 Cohen syndrome Obesity, mental retardation, microcephaly, prominent

Upper central incisors and progressive retinochoroidal

Dystrophy

Mutation in chromosome 8q, and a

novel gene, COH1

[38]

7 Fragile X syndrome Moderate to severe Mental retardation, macroorchidism,

large ears, macrocephaly, Prominent jaw (mandibular

prognathism), high-pitched Jocular speech and mild

obesity

Unstable expansions of a CGG

trinucleotide repeat located in the

FMR1 (fragile X mental retardation)

gene

[39]

8 Wilson–Turner

syndrome

Mental retardation (XLMR), obesity, gynaecomastia,

speech difficulties, emotional Lability, tapering fingers,

and small feet

X-linked mutation [40]

9 Mehmo syndrome Mental retardation, epileptic seizures, hypogenitalism,

Microcephaly and obesity

Locus Xp21.1-p22.13 [41]

10 WAGR syndrome Wilms tumour, anorexia, ambiguous genitalia, mental

retardation

Chromosomal deletions at 11p13, the

location of the WT1 gene

[42, 43]

11 Ulnar-mammary

syndrome

Ulnar defects, delayed puberty and hypoplastic nipples Defect in the gene TBX3 located in

12q24.1

[44]

12 Simpson-Golabi-

Behmel, type 2

(SGBS)

Visceral And skeletal abnormalities Alterations in the glypican-3 gene

(GPC3), which is located on Xq26

[45]

Ind J Clin Biochem (Oct-Dec 2016) 31(4):361–371 363

123



individuals with type 2 diabetes was compared with that in

2938 population-based controls. A SNP in the FTO (fat

mass- and obesity-associated) gene was found to be

strongly associated with type 2 diabetes, which was sub-

sequently replicated at the second stage with 3757 cases

diabetes and 5346 controls. But when analyses were

adjusted for BMI, the association with type 2 diabetes was

abolished indicating that the effect of FTO on type 2 dia-

betes was mediated through BMI.

This association with BMI was robustly replicated in a

sample of 19,424 adults from seven studies and 10,172

children from two separate studies. Thus, it was concluded

that FTO locus affects diabetes through its effect on obe-

sity. Simultaneously, a GWAS in 6,142 individuals

examined specifically anthropometric traits—BMI, hip

circumference and weight. SNPs in two loci (FTO and

PFKP) were followed up in 3,467 individuals in the Gen-

Net family-based cohort [50]. The FTO gene as an obesity

susceptibility locus has been consistently replicated in

subsequent studies to be strongly associated with obesity

risk.

The Second Wave GWAS

For the second round of GWAS, a meta-analysis was

performed by means of data from four population-based

cohorts and three disease-specific case series [51] which

confirmed the robust association of FTO locus to obesity

risk. At the same time, a GWAS of various obesity-related

traits in 2682 Indian Asians, of which 23 genetic variants

were followed up in a sample of 11,955 individuals of both

Indian and European descent, identified a locus near MC4R

to be associated with BMI [52].

The Third Wave GWAS

To identify more loci, the GIANT (Genetic Investigation of

Anthropometric Traits) consortium was founded to bring

together GWAS with anthropometric traits. The first meta-

analysis by the GIANT consortium combined 15 cohorts to

provide a discovery stage of 32,387 individuals. SNPs in 35

loci from discovery phase were taken forward for replica-

tion in further 14 studies of 59,082 individuals [53].

Besides confirming FTO and MC4R, loci in or near

TMEM18, GNPDA2, SH2B1, MTCH2, KCTD15 and

NEGR1 were also found to show genome-wide significant

association with obesity risk. Concurrently, meta-analyses

of GWAS for BMI and body weight were performed,

combining data from five studies adding together 34,416

individuals from Iceland [47]. The 43 most significantly

associated SNPs were followed up in 5586 Danes and their

associations were also examined in the data available from

the GWAS performed by the GIANT consortium [53].

Associations were confirmed for genetic variants at loci

in or near NEGR1, TMEM18, SH2B1, KCTD15, ETV5,

BDNF and SEC16B, as well as confirming the FTO and

MC4R loci. Another locus, FAIM2 was very close to

genome-wide significance for body weight. Both studies

confirmed the loci in FTO and near MC4R and 4 newly

identified loci SH2B1, KCTD15, TMEM18 and NEGR1

overlapped between the two studies. By the end of the third

wave, a total of 12 loci had been found to be undoubtedly

associated with obesity risk.

The Fourth Wave GWAS

In the fourth wave, the GIANT consortium expanded fur-

ther to offer the large sample size required to discover

variants with even smaller effect sizes or lower allele fre-

quencies than those discovered in the third wave.

As such, the discovery stage comprised a meta-analysis

of 46 studies including 123,865 individuals of white

European descent. SNPs in the 42 most significantly

associated genetic variants were taken forward for follow-

up in 18 additional studies comprising 125,931 individuals

[54]. All 12 previously established loci were confirmed,

and 18 novel loci associated with BMI were discovered,

totaling to 32 obesity associated loci.

DNA 
Sample

Genotyping 
of SNPs by 
microarray 
chip 

Disease 
associated 
SNPs 

Candidate 
genes 

Statistical 
Analysis 

Fig. 2 Schematic representation of GWAS methodology. The figure

above represents the basic methodology behind the GWAS. The DNA

samples bind to a micro array chip which is a collection of millions of

microscopic DNA spots attached to a solid surface. Each DNA spot

contains picomoles of a specific DNA sequence, known as probes (or

reporters or oligos). These can be a short section of a gene or other

DNA element that are used to hybridize a cDNA sample (called

target) under high-stringency conditions. Probe-target hybridization is

usually detected and quantified by detection of fluorophore-, silver-,

or chemiluminescence-labeled targets to determine relative abun-

dance of nucleic acid sequences in the target. This genotype data is

statistically analyzed and is evaluated for its association with some

specific disease or trait. This disease associated SNPs are then

classified for their candidate gene identification
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Recently, a study of 97 loci revealed physiological

mechanisms leading to obesity. The findings of the study

revealed a connection between obesity and metabolic dis-

eases suggesting that physiological and molecular pathways

are contributing to obesity risk. These results also signify that

obesity is a disorder with very complex biology [55].

Tables 3 and 4 summarize the GWAS identified genes and

their genetic variants associated with obesity phenotype.

Replication of GWAS

Several replication studies of GWAS were performed in

different populations. In the population architecture using

genomics and epidemiology study thirteen SNPs in eight

genes previously associated with BMI were selected for

genotyping based on prior GWAS findings of positive

association with BMI or obesity. This large and diverse

study replicated and generalized associations between 13

SNPs and BMI. The fraction of SNPs that generalized to

non-European other racial/ethnic groups varied substan-

tially and appeared to be somewhat dependent on LD

patterns [70].

A longitudinal study to examine the long-term effects of

candidate SNPs previously reported as BMI risk variants in

GWAS confirmed that risk variants of genes implicated in

pathways related to neural development and cell metabo-

lism exert major longitudinal effects on BMI, Also, there

are different sets of risk variants associated with childhood

and adulthood BMI [71]. In a large GWAS meta-analysis,

comprising over 87,000 women identified 30 novel loci for

the timing of menarche, and provide evidence for a further

10 possible novel loci. These loci were in/near genes

associated with cellular development, body weight regu-

lation and hormonal regulation with a wide variety of other

biological functions [72].

Similarly, several GWA meta-analyses have identified

additional susceptibility loci responsible for obesity [47,

53, 54, 73–75]. A recent meta-analysis of body mass index

identified 97 BMI-associated loci. Five loci demonstrated

clear evidence of several independent association signals,

and many loci had significant effects on other metabolic

phenotypes. Pathway analyses provided strong support for

a role of the central nervous system in obesity suscepti-

bility and implicated new genes and pathways, including

those related to synaptic function, glutamate signaling,

insulin secretion/action, energy metabolism, lipid biology

and adipogenesis [55]. Table 5 summarizes the GWAS

replication studied in context to obesity phenotype.

Table 3 Summary of the GWAS in context to obesity

S. no. Population Gene References

1 European FTO [49]

2 European FTO, MC4R [56]

3 European, Indian Asian MC4R [52]

4 European FTO, MC4R, TMEM18, KCTD15, GNPDA2, SH2B1, MTCH2 and

NEGR1

[53]

5 Icelandic, Dutch, European Americans,

African American, Scandinavians, Danish

FTO, MC4R, BDNF and SH2B1 [47]

6 Northern Finland FTO, MC4R, OLFM4 and ADCY3 [57]

9 Sardinia FTO and PFKP [50]

11 Europeans FTO, NPC1, MAF, PTER and MC4R [58]

12 Caucasian NRXN3, FTO and MC4R [59]

13 European FTO [60]

14 Hispanic VAT, SAT, VSR, RGS6, NGEF, ASB18, VAV2 [61]

15 African Americans TMEM212, CDH12, MFAP3, GALNT10, SLC39A11and FER1L4 [62]

16 Caucasian FTO, SH2B1, MC4R, KCTD15 and NRXN3 [63]

17 Korean BDNF,MTCH2, FTO,MC4R, SEC16B, TFAP2B, TMEM18, FAIM2,

TNNI3 K, NUDT3, MTIF3 and MAP2K5

[64]

18 European FTO, TMEM18, MC4R, TNN13 K, SEC16B, GNPDA2, POMC, PRKD1,

CADM2, NRXN3, QPCTL, FANCL

[65]

20 European EFEMP1, BMP6, MIR-129-2/HSD17B12, PRDM11, WWOX, KCNJ2,

GSTCD and PTCH1

[66]

21 European LINC01122, NLRC3-ADCY9, GPRC5B-GP2, BDNF, MC4R, AGBL4-

ELAVL4, ATP2A1-SBK1, TCF7L2, GIPR, IRS1, FOXO3, ASB4,

RPTOR, NPC1, CREB1, FAM57B, APOBR, HSD17B12, PTBP2,

ELAVL4, CELF1, RALYL, MAP2K5, MAPK3, FAIM2, PARK2 and

OLFM4

[55]
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Table 4 Summary of GWAS

identified SNPs with obesity

phenotype

S. no. SNP Gene Study references

1 rs7566605 INSIG2 [67]

2 rs7903146 TCF7L2 [68]

3 rs12255372 TCF7L2

4 rs8050136 FTO

5 rs7190492 FTO

6 rs9939973 FTO [69]

7 rs1421085 FTO [60]

8 rs1121980 FTO

9 rs17817449 FTO

10 rs3751812 FTO

11 rs9939609 FTO [49]

12 rs17782313 MC4R [56]

13 rs6548238 TMEM18 [53]

14 rs11084753 KCTD15

15 rs10938397 GNPDA2

16 rs7498665 SH2B1

17 rs10838738 MTCH2

18 rs2815752 NEGR1 [57]

19 rs11676272 ADCY3

20 rs12429545 OLFM4

21 rs9299 HOXB5

22 rs6602024 PFKP [50]

23 rs9930506 FTO

24 rs10146997 NRXN3 [59]

25 rs6794092 TMEM212 [62]

26 rs2033195 MFAP3

27 rs815611 GALNT10

28 rs268972 CDH12

29 rs6088887 FER1L4

30 rs8077681 SLC39A11

31 rs11624704 NRXN3 [63]

32 rs17817449 FTO

33 rs9940128 FTO [65]

34 rs12463617 TMEM18

35 rs7234864 MC4R

36 rs12142020, rs1514175 TNNI3 K

37 rs7234864 MC4R/PMAIP1

38 rs591120, rs543874 SEC16B

39 rs13130484 GNPDA2

40 rs1561288 POMC

41 rs11847697 PRKD1

42 rs13078807 CADM2

43 rs7359397 SH2B1

44 rs10150332 NRXN3

45 rs10968576 LRRN6NC

46 rs2287019 QPCTL

47 rs887912 FANCL

48 rs9299 HOX5

49 rs9568856 OLFM4

50 rs7759938, rs314268 and rs314276 LIN28B
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Since reproducibility is considered a key part of the

scientific method in epidemiological studies, replication

studies in different populations with the use of different

study designs and methods therefore play an important role

and help to establish that the previous studies are not an

artifact [79]. Therefore the replication studies of GWAS

identified loci are useful for understanding the importance

and strength of their role to obesity risk.

Family studies and animal models have helped to

identify many genetic actions associated with obesity.

Subsequently, GWAS have determined the evolution from

studying monogenic traits to ones of a more polygenic

nature and have also revolutionized the field of genomics

of obesity.

Long-Range Interactions Between Genes Leading

to Obesity

Evidences have suggested that, obesity is influenced by

genes which are being regulated by other genes. Such

genes may be adjacent or located far away. A new type of

long range interaction has been observed in genes related to

obesity. Recently, studies have revealed that association of

SNPs in FTO with obesity might be due to linkage dise-

quilibrium between FTO intronic variations and some other

genes. Ragvina et al. [80] found that the obesity-associated

SNPs rs8050136, rs1421085, rs9939609, and rs17817449

in FTO regulate IRX3 gene which is located several mega

base away from FTO. Smemo et al. [81] have reported that

variants within FTO interact through the promoters of

IRX3 gene regulating its expression and determining

obesity.

Therefore, it is now evident that long range interactions

between genes might play an important role for obesity

risk. In our association study performed in North Indians

we found that the SNPs of FTO and IRX3 were in high LD

with each other. In addition we also performed higher order

gene–gene interaction analysis of the FTO and IRX3 The

results of these studies also supports the concept of func-

tional connectivity of FTO and IRX3 genes and signifies

long-range interactions between genes leading to obesity

(Fig. 3).

Table 4 continued
S. no. SNP Gene Study references

51 rs9783304, rs2862996, rs10768966, and rs6485443 HSD17B12 [66]

52 rs1430189 EFEMP1 [55]

53 rs492400 ZNF142

54 rs492400 TLL4

55 rs17001654 NUP54

56 rs4740619, CCDC171

57 rs2176598 HSD17B12

58 rs3849570 GBE1

59 rs3736485 DMXL2

60 rs7164727 BBS4

61 rs9925964 ZNF646

Table 5 Summary of the GWA replication studied in context to obesity

S.

no.

Population Gene variants References

1 Northern

Sweden

FTO rs1121980, MC4R rs17782313, GNPDA2 rs10938397, SH2B1 rs7498665, MTCH2 rs4752856,

NEGR1 rs2815752

[76, 77]

2 Danish TMEM18 rs2867125, GNPDA2 rs10938397, SEC16B rs543874, TFAP2B rs987237, SH2B1 rs7359397

and KCTD15 rs29941

[77]

3 Caucasians BDNF rs6265, rs10767664 KCTD15 rs29941, TMEM18 rs2867125, MTCH2 rs10838738, FAIM2

rs7138803, MAP2K5 rs2241423,TFAP2B rs987237 and FTO rs6499640

[71]

4 East Asian-

ancestry

KCNQ1 rs2237892, ALDH2/MYL2 rs671, ITIH4 rs2535633, NT5C2 rs11191580 [78]

5 European FTO rs1558902, TMEM 18 rs13021737, MC4R rs6567160, GNAPD2 rs10938397, SEC16 rs543874,

TFAP2B rs2207139, BDAF rs11030104, NEGR1 rs3101336, BCDIN3D rs7138803, ADCY3

rs10182181, NRXN3 rs7141420, CADM2 rs13078960, LINGO2 rs10968576, OLFM4 rs12429545,

PTBP2 rs11165643, HNF4G rs17405819, LINC01122 rs1016287, RPTOR rs12940622, PRKD1

rs11847697, LRP1B rs2121279, KCTD15 rs29941, NPC1rs1808579

[55]
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Indian Perspective of Obesity Genetics

In India morbid obesity has affected 5 % of the country’s

population. [82]. In Northern India, obesity is more

prevalent in urban than rural populations [83]. In fact,

obesity and related disorders have become major public

health problem in India.

Numerous candidate gene studies in Indian population

have conferred association of many genes to obesity risk.

FTO rs9939609 variant has been shown to be associated

with measures of adiposity and metabolic consequences in

South Indians with an enhanced effect associated with

urban living [84, 85].

Our candidate gene study in north India reported sig-

nificant association of MC4R rs17782313 and POMC

rs1042571 with morbid obesity [87]. GWAS identified

obesity-associated genes such as FTO, MC4R, GNPDA2,

TMEM18, QPCTL/GIPR, BDNF, ETV5, MAP2K5/

SKOR1, SEC16B and TNKS/MSRA have been shown to

be associated with obesity risk in Singaporean Asian-In-

dian populations [88]. In addition, GWAS in Asian Indians

have reported strong associations of variants near MC4R

genes with insulin resistance and several obesity-related

quantitative traits [89]. Table 6 summarizes genetic asso-

ciation studies of obesity in Indian Population.

Obesity Genetics for Its Prediction And Prevention

Traditional approaches for the management of obesity have

not been so efficient and obesity surgery is an efficient but

invasive method. Therefore, prevention may be considered

as most promising strategy to face the obesity epidemic. So

in such background, the use of genetic knowledge in

clinical practice to predict individuals at high risk of obe-

sity and obesity associated co morbidities is the only hope

to prevent obesity. Promising approaches such as whole-

exome and eventually whole genome sequencing, in

addition to studies exploring short and long-range inter-

actions between genes leading to obesity have the potential

to guide to an exhaustive map of obesity predisposing

genes in the near future. Gene identification efforts using

the genetic studies have provided a more broad aspect to

understand the biological mechanisms involved in the

development of obesity and this information can be

important not only for scientists and clinicians but for a

general population too. For instance, the studies in genetics

have found that people differ in their perceptions of hunger

and satiety on a genetic basis and that predisposed sub-

groups of the population may be particularly vulnerable to

obesity in ‘‘obesogenic’’ societies with unlimited access to

food. It is clear that obesity cannot be considered as a

High LD of FTO and IRX3 SNPs

500kbFTO 
Gene 

Exon1 Exon2 Exon3 

LD Block 
of obesity 
associated 
FTO  
SNPs  
rs1421085 
rs9939609 
rs8050136 

IRX3 Gene IRX5 Gene RPGRIPL1 
Gene 

IRX3 
rs3751723 

Fig. 3 Genomic organization of FTO regions in high LD to its

neighboring gene IRX3. Genomic organization of FTO regions in

high LD to its neighboring gene IRX3, FTO variants rs8050136,

rs1421085, rs9939609, and rs17817449 are believed to act as long

range enhancers for genes like IRX3 contributing to obesity

phenotype

Table 6 Summary of genetic association studies of obesity in Indian

Population

S.

no.

Gene References

1 CETP, APOE [90]

2 TNF–a [91]

3 LMNA [92]

4 MC4R [86, 87, 89]

5 FTO [84, 85, 93]

6 FTO, MC4R [85]

7 GNPDA2, TMEM18, QPCTL/GIPR,

BDNF, ETV5, MAP2K5/SKOR1,

SEC16, TNKS/MSRA, MC4R, FTO

[88]

8 APOB [94]

10 AGRP [87, 93]

11 POMC [87, 93]

12 IRX3 [95]

13 CXCR4, HHEX, TCF7L2, NGN3, FOXA2,

LOC646279, FLJ3970, TCF7L2

and THADA

[96]
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consequence only of indolence or lack of will, as often

thought in our societies. In the long term, progress in

genetics will help to develop useful diagnostic and pre-

dictive tests and design new treatments.
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