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Type 2 diabetes is more common in non-Europeans
and starts at a younger age and at lower BMI cut-offs.
This review discusses the insights from genetic
studies about pathophysiological mechanisms
which determine risk of disease with a focus on the
role of adiposity and body fat distribution in ethnic
disparity in risk of type 2 diabetes. During the past
decade, genome-wide association studies (GWAS)

Introduction
Type 2 diabetes is a common disease worldwide,
but its prevalence varies widely across different
ethnic groups. The prevalence of diabetes in the
USA, according to self-reported ethnicity and selfreported physician-diagnosed diabetes, ranges
from 17.7% in white European individuals to
22.5% in Asians, 30.6% in Hispanics and Africans,
and 45.2% in American Indians/Alaska Natives in
adults ≥ 75 years of age [1]. This diversity is even
evident in ethnic subgroups, where Indians have
the highest risk of disease (38.8%) amongst Asians,
and Mexicans have the highest prevalence (33.4%)
amongst Hispanics [2]. In addition to ethnic disparity in prevalence, type 2 diabetes starts at a
younger age and at lower BMI cut-offs in Africans
and Asians than in white Europeans [3].
Although type 2 diabetes is typically diagnosed as
high levels of blood glucose levels, it is a collection
of metabolic derangements, some of which may

have identified more than 400 genetic variants associated with the risk of type 2 diabetes. The Eurocentric nature of these genetic studies has made them
less effective in identifying mechanisms that make
non-Europeans more susceptible to higher risk of
disease. One possible mechanism suggested by
epidemiological studies is the role of ethnic difference
in body fat distribution. Using genetic variants
associated with an ability to store extra fat in a safe
place, which is subcutaneous adipose tissue, we
discuss how different ethnic groups could be genetically less susceptible to type 2 diabetes by developing a more favourable fat distribution.
Keywords: type 2 diabetes, obesity, ethnicity, genetics.

play a causal role in the ethnic differences in
prevalence of type 2 diabetes, including body fat
distribution, adipose tissue function and different
levels of insulin secretion and insulin sensitivity
(Fig. 1) which may be involved in the ethnic differences. The integration of extensive multidimensional data on glycaemic phenotypes, abdominal
MRI scans of fat distribution and metabolic
biomarkers in combination with dense and accurate genetic data has facilitated the understanding
of diverse disease mechanisms.
Study of ethnic differences in type 2 diabetes risk
could lead us to a better understanding of disease
mechanisms and eventually have implications for
clinical and public health efforts in targeting the
prevention of the disease especially in the era of
precision medicine. In this review, we will discuss the
insights from genetic studies about pathophysiologicalmechanismswhichdetermineriskofdiseasewith
a focus on the role of adiposity and body fat distribution in ethnic disparity in risk of type 2 diabetes.
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Fig. 1 The McCarthy ‘palette’ model of type 2 diabetes. In this model the colour of each individual is painted based on
contribution of the ‘base colours’ representing the various pathophysiological processes underlying type 2 diabetes.
Adapted from McCarthy [96].

Insights from genetic studies of type 2 diabetes
During the past decade, genome-wide association
studies (GWAS) have dissected the genetic architecture of type 2 diabetes in a hypothesis-free way.
In these studies, by comparing frequencies of
alleles between cases and healthy controls, more
than 400 genetic variants known as Single Nucleotide Polymorphisms (SNPs) have been implicated in
the risk of type 2 diabetes [4]. These variants have
unravelled diverse biological mechanisms and
pathways involved in the pathogenicity of the
disease. The majority of these variants modulate
the risk through insulin secretion, either through
direct effects on islet function (e.g. KCNJ11) or islet
development (HNF1A, WFS1) or indirectly through
impact on incretin signalling (GLP1R) [5]. In contrast, a handful of type 2 diabetes associated loci
seem to primarily operate through insulin resistance (PPARG, IRS1), adipogenesis (KLF14, PPARG)
and obesity (FTO) [5].
The discovery from GWAS of type 2 diabetes in
populations of non-Europeans, including South
Asians [6], East Asians [7,8], Hispanics/Latinos [92

11], Africans [12-15] as well as some isolated
populations [16,17], has been successful in identifying ancestry-specific signals that are rare or
nonexistent in most populations but have large
effects in their studied populations. These GWASs
have helped identify novel risk loci, for example,
the KCNQ1 locus in the Japanese population [18],
ZRANB3 locus in Africans [19], SLC16A11 in Mexicans [11], ZFAND3 in East Asians [7] (Table 1).
Studies of relatively isolated populations have
provided examples of common variants with large
effects that are very rare in other populations.
Examples include a CREBRF variant in Samoans
[20], an HNF1A variant in Oji-Cree Indians [16] and
ITGA1 [21] and TBC1D4 variants [17] in the
Greenlandic Inuit (Table 1). The last example,
TBC1D4 variants, accounts for 10% of diabetes in
Greenlandic Inuit where 14% of people carry at
least one copy of the risk allele and those who have
two copies, are at tenfold higher risk of type 2
diabetes.
The other unique opportunity provided by genetic
studies of non-European populations is the
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Table 1.

Examples of genetic variants identified in GWAS of type 2 diabetes in populations of non-Europeans
Mapped

Effect on risk of type 2

SNP ID

gene

Function

Population

rs2283228

KCNQ1

Insulin secretion

Japanese

diabetes in odds ratio
1.26

chr2:136064024

ZRANB3

b-cells production or maintenance

Africans

1.05

rs13342232

SLC16A11

hepatic lipid metabolism

Mexicans

1.29

rs9470794

ZFAND3

b-cells function

East Asians

1.16

rs373863828

CREBRF

Adipogenesis

Samoans

0.6

rs137853240

HNF1A

b-cells production or maintenance

Oji-Cree

2

Indians
rs870992

ITGA1

b-cells function

Greenlandic

2.79

Inuit
rs61736969

TBC1D4

Regulates the insulin-dependent uptake of
glucose by skeletal muscle and fat tissues)

identification of new drug targets. A genetic study
of Mexicans identified a novel protective variant in
IGF2 associated with  20% lower risk of type 2
diabetes [22]. The frequency of the protective allele
is 17% in the Mexican population but the variant is
rare in Europeans. Functional studies showed that
the protective allele is associated with lower
expression of IGF2 in human liver and adipose
tissue but has no effect on other tissues and no
association with other traits [22]. These findings
suggest that any compound which inhibits the
expression of this gene in relevant tissues has
potential as a new therapeutic drug for type 2
diabetes beyond Mexican population with no major
adverse effects on health.
Ethnic-specific genetic predisposition to type 2 diabetes
An alternative explanation for ethnic differences in
diabetes risk relates to genetic predisposition. A
different degree of genetic predisposition has been
shown previously to explain ethnic differences in
the risk of some nondiabetic disease outcomes; for
example, genetic studies have shown that variants
in 8q24 [23] and variants in MYH9 [24] contribute
to excess disease risk of prostate cancer and
kidney disease, respectively, in African Americans
compared to European Americans. Is there any
ethnic-specific genetic variation which could
explain the excess risk of type 2 diabetes in that
ethnic group?
Novel loci identified in ancestry-specific GWASs
have been very successful in providing novel
mechanistic insights and potential drug targets

Greenlandic

10.3

Inuit

for type 2 diabetes; however, they have not successfully explained ethnic disparities in type 2
diabetes risk. The majority of genetic variants
associated with the risk of type 2 diabetes are
common and have similar effect sizes and frequencies across ethnic groups [25-28]. Studies which
looked at the role of genetic predisposition in
ethnic-specific type 2 diabetes risk are based on
comparisons of genetic risk scores between different ethnic groups. These genetic risk scores are
defined as the number of risk alleles across multiple established type 2 diabetes variants. Studies
have shown that African populations have the
greatest genetic risk, Europeans an intermediate
risk, whilst East Asians and American Indians
have the lowest risk [29-32]. This pattern may
partially explain some of the differences between
Africans and Europeans but fails to explain the
high prevalence of type 2 diabetes in American
Indians [32].
The major limitation in the design of these studies
is that they all have used genetic variants solely
derived from GWASs of Europeans which have
minimal ability to capture risk in individuals of
non-European origin. Due to different linkage
disequilibrium patterns across different populations, the correlation between established variants
and true causal variants are different between
Europeans and other populations. Furthermore,
these studies have used a small number of established type 2 diabetes genetic markers that may
not be the true causal variants. The true causal
variants in these genetic regions may be more
common in frequency and/or have larger effects

ª 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication
Journal of Internal Medicine

3

Ethnic differences in adiposity and diabetes / H. Yaghootkar et al.

than the index signals in non-European populations. The other limiting factor is power. The
established type 2 diabetes variants have very
modest odds ratios (1.1–1.3 per copy of the risk
allele). Therefore, their discovery required studies
of more than tens of thousands of cases and
controls to reach genome-wide significance in
European populations. Available sample sizes in
non-European studies have provided limited power
to detect these modest effects. Finally, the
increased prevalence of type 2 diabetes in nonEuropean populations could be the result of environmental factors or genetic factors that remain
largely unidentified.
The role of variation in adiposity in susceptibility to type 2
diabetes, evidence from observational studies
Epidemiological studies have highlighted the differences in anthropometry and body composition
as one possible mechanism for ethnic differences
in susceptibility to obesity-related metabolic disorders including type 2 diabetes [33,34]. This argument is based on a number of observational
differences between ethnic groups which are presented here.
South Asians have been reported to have higher
waist circumference, waist-to-hip ratio [35] and
5-7% higher total body fat at any given BMI [36]
compared to white Europeans. This elevated
central adiposity in South Asians has been linked
to greater risk of developing type 2 diabetes,
insulin resistance and cardiovascular disease at a
lower BMI compared to white Europeans [37].
Lean mass and the lean-to-fat-mass ratio are also
lower in South Asians compared to white Europeans and East Asians. The combination of low
muscle mass and high truncal fat (estimated by
high subscapular skinfold thickness) has been
detected in South Asian newborns and is presumed to predispose to insulin resistance later in
life [38].
East Asians have lower prevalence of obesity,
although fat distribution appears to be less favourable. Data from Chinese, Japanese, Korean, Taiwanese and Filipino populations show that in both
sexes, the per cent of abdominal adiposity is higher
in East Asians compared to white Europeans. This
pattern of fat distribution seems to arise early since
prepubescent East Asian boys and girls have lower
gynoid fat and fat in extremities compared to white
children at pubertal age [39-41].
4

The prevalence of obesity and morbid obesity is
particularly high in Africans, but they develop a
favourable fat distribution in comparison to white
Europeans in spite of the higher disease risk [42].
Individuals of West African descent have higher
muscle mass and less central adiposity compared
to white Europeans, yet have a higher risk of
developing hypertension, stroke and type 2 diabetes [43,44]. The greater susceptibility to develop
metabolic diseases in Africans therefore appears to
be at odds with a favourable profile of less central
fat mass and higher muscle mass. African Americans have a larger risk than whites at BMI of
22 kg m 2 and an equivalent risk for both groups
at BMI of 32 kg m 2 [45]. Thus, the impact of BMI
on diabetes risk seems to be different for African
Americans and white Europeans.
Adiposity per se does not explain the excess risk for type 2
diabetes
Data from observational studies indicate that
although different ethnic groups have different
degrees of adiposity, these differences do not
explain the excess risk. For example, nondiabetic
African Americans and Hispanics have higher
insulin resistance compared with nondiabetic
white Europeans after adjusting for adiposity
measures, suggesting that higher insulin resistance, independent of obesity, may be in part
responsible for the higher prevalence of diabetes
in these groups [46]. Other studies show African
American nondiabetic children and adults exhibit
hyperinsulinaemia due to a combination of higher
insulin secretion and lower rates of insulin clearance [47-51] compared to other ethnicities [47,5256] which is not explained by insulin resistance
[47,53]. Hyperinsulinaemic feature in black African and whether it precedes insulin resistance or is
merely a compensatory mechanism is reviewed in
an accompanying paper by Goedecke and Olsson.
Evidence from Asian ethnic groups is different
suggesting that an insulin secretory defect may
play a more important role than insulin resistance
in the pathogenesis of type 2 diabetes [57-59]. For
example, impaired pancreatic b-cell function has
been shown to be the driving force behind the high
prevalence of diabetes in Asian Indians compared
to white Europeans, Africans and Hispanics [60].
Studies of beta-cell function amongst individuals of
Chinese, Malay and Asian–Indian ethnicity living
in Singapore demonstrated early-phase insulin
secretion trended highest amongst Chinese,
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followed by Asian Indians and was the lowest
amongst Malays. However, Chinese are the most
insulin sensitive whilst Asian Indians are the least
insulin sensitive [61].
BMI, body fat % and waist-to-hip ratio are poor predictors for
adiposity, fat distribution and metabolic risk
Previous studies assessing the impact of ethnicity
on body fat composition and risk of type 2 diabetes
most often used indirect measurements of adiposity, including BMI, waist-to-hip ratio and/or measures of fat mass and lean mass derived from
bioelectrical impedance. These measures are
unable to differentiate between anatomically distinct fat depots. Accurate phenotyping of anthropometry and body fat distribution using medical
imaging for precise mapping and quantification of
body adiposity is therefore required to determine
their potential contribution to ethnic differences in
diabetes risk.
It is well established that BMI has numerous
limitations; it cannot distinguish between fat and
lean mass and is not indicative of body fatness.
This may explain why ~ 50% of overweight
and ~ 30% of obese individuals, based on BMI,
are free from any obvious sign of metabolic and
cardiovascular complications [62]. The problem
with waist circumference or waist-to-hip ratio is
that they cannot distinguish between visceral and
abdominal subcutaneous fat depots. Figure 2
illustrates how two people with same BMI or waist
circumference, same age and gender can have very
different levels of subcutaneous, visceral and liver
fat and therefore, different disease risk.
What MRI measures add to the evidence?
Not all fat depots are equally detrimental for
health. A different anatomical location makes a
substantial difference. Visceral fat and ectopic fat
accumulation in or around the liver, pancreas and
muscles are causally related to insulin resistance,
impaired glucose homoeostasis and type 2 diabetes. The divergent regulatory functions of visceral and subcutaneous fat depots may be the
reason why some people are relatively protected
against cardiometabolic diseases, especially type 2
diabetes.
There is limited data available regarding specific
patterns of body fat distribution and liver fat
content in different ethnic groups. In general,

observational data suggests that South Asians
not only accumulate high amounts of adipose
tissue, but also demonstrate a preferential central
fat distribution with larger visceral depots in comparison to white European subjects matched for
waist circumference [63,64] and also have higher
levels of ectopic liver fat both postnatally [65] and
in adulthood [66] compared with Europeans. CT
and MRI studies show that visceral fat is higher in
East Asians compared to Europeans [67-69] and
they show the most deleterious abdominal fat
distribution amongst white Europeans, Caribbean
Africans, Hispanics and Southeast Asians, [70].
A number of studies have pointed out a potential
role for deep abdominal subcutaneous fat in
metabolic abnormalities [71]. However, most imaging studies of body adiposity do not differentiate
between superficial and deep abdominal subcutaneous fat [72]. This is mainly due to the fact that it
is not always feasible to distinguish between these
depots in most volunteers. However, in the studies
where this has been achieved, African women show
larger superficial, and similar deep subcutaneous
adipose tissue depots compared to white Europeans [73]. Comparing individuals of white European, Chinese, South Asian and Native American,
fat in the deep compartment was higher in Native
Americans and South Asians, and lower in Chinese
[70,74].
Another potentially important ectopic fat depot is
the intramuscular fat, which has been shown to be
higher in African than in white Europeans and
East Asian individuals [75]. There is evidence that
Hispanic and African Americans have a tendency
for higher lipid accumulation in skeletal muscle
compared to white Europeans, independent of
their overall body size, obesity or higher visceral
and/or subcutaneous adipose tissue [76]. However, a recent study of healthy white European and
black west African men reported similar levels of
muscle fat in both groups [77].
It should be pointed out that in all the studies
reporting ethnic differences in fat distribution, the
classification of individuals into ethnic groups of
white Europeans, Africans, and East and South
Asian origin has been overly simplistic. Furthermore, there is evidence that differences in adiposity
and fat distribution exist within ethnic subpopulations, for example, Kenyan and Chinese [78,79].
Another limitation which makes the current evidence less conclusive is that it is difficult to rule
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Fig. 2 Transverse slices of 4 participants from abdominal MRI measures. Intensity-corrected fat image using overlay
colours illustrates how two people with same BMI or waist circumference, same age and gender can have very different
levels of subcutaneous and visceral fat and therefore, different disease risk.

out the role of selection bias in all these studies.
Participants may not be representative of their
ethnic groups and may have other factors associated with less or more favourable metabolic profile.
To overcome these limitations, we analysed data
from UK Biobank study [80] where we had access
to adiposity measures including detailed phenotyping of fat depots from MRI scans in much larger
sample size than previously reported. The availability of genetic data made it possible for us to
identify ethnicity of participants who genetically
clustered with white Europeans or Africans or
South Asians. We did not observe any differences
in visceral fat, liver fat or intramuscular fat,
adjusted for age and BMI, between South Asians
and white Europeans or Africans. The comparison
of same phenotypes in another UK-based cohorts
was consistent with results from UK Biobank
(Alenaini et al, unpublished). This observation
could indicate that ethnic variations in susceptibility to cardiometabolic disease may not arise from
differences in body fat distribution. These findings,
like any observational studies, suffer from two
6

major limitations. Firstly, both cohorts we used
might be subject to ‘healthy volunteer’ selection
bias; and secondly, neither of the cohorts are fully
representative of their original populations.
There is a genetic predisposition for adipose tissue expandability
and fat storage capacity
Recent large-scale GWASs have provided evidence
that a number of genetic variants implicate a
paradoxically inverse relationship between adiposity and risk of cardiometabolic disease [81-86]. In
the most recent study, we identified 14 genetic
variants where the adiposity-increasing alleles
were associated with a favourable metabolic profile
and lower risk of type 2 diabetes, heart disease and
hypertension (Table 2). These alleles were named
as ‘favourable adiposity’ alleles as people carrying
the greatest number have increased adiposity
(higher body fat % and BMI), but paradoxically a
reduced frequency of metabolic complications of
obesity compared to noncarriers. For example, the
10% of subjects carrying the greatest number of
favourable adiposity alleles had  1.04% higher
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body fat % and 0.4 kg m 2 higher BMI but almost
half risk of type 2 diabetes compared with the 10%
of subjects carrying the fewest favourable adiposity
alleles. Analysis of MRI based imaging data provided an important explanatory mechanism
through fat distribution: the favourable adiposity
alleles were associated with no differences in
visceral fat, but higher subcutaneous and lower
liver fat [81] (Fig. 3).
Effective fat storage in subcutaneous adipose tissue would separate potential detrimental lipids
from ectopic fat storage or reduce lipotoxicity in
cells or tissues lacking dedicated fat storage capacity. Amongst many possible mechanisms underlying this specific aetiology is the ability to generate
new adipocytes. Adipocytes expand to store circulating free fatty acids postmeals in the form of
triglycerides. This expansion occurs by the
enlargement of pre-existing adipocytes (hypertrophy) or by generating new small adipocytes (hyperplasia), or both [87]. The expansion in the form
of size or hypertrophy correlates with higher fasting
insulin, insulin resistance and higher risk of type 2
diabetes [88,89]. Obese subjects with few large
adipocytes are more glucose intolerant and hyperinsulinemic than those having the same degree of
obesity but many small adipocytes [88,89].
Our initial results from more than 160 subcutaneous fat biopsies provide evidence that three
favourable adiposity variants (in or near PPARG,
KLF14 and FAM13A) are linked with adipose tissue
function [90]. These results indicate that adiposityincreasing alleles at these variants possibly protect
from type 2 diabetes by increasing the pool of small
adipocytes in the subcutaneous fat depots. For
other favourable adiposity variants, it is not known
which genes they are acting through; however, the
nearest genes are enriched in mechanisms related
to adipogenesis and adipocyte differentiation (IRS1,
DNAH10 and CCDC92), insulin signalling
(FAM13A), adipose tissue maintenance (TRIB1),
triglycerides lipase (LYPLAL1) and insulin sensitivity (GRB14), all mainly expressed in subcutaneous
adipose tissue.
The pattern of association between favourable
adiposity variants and adiposity, subcutaneous
and ectopic fat and risk of type 2 diabetes is
consistent with the ‘adipose tissue expandability’
hypothesis [91]. Type 2 diabetes occurs as a result
of the inability of the adipose tissue to expand and
accommodate excess fat following extra calories

independent of total adiposity [92]. In fact, genetics
of favourable adiposity provides evidence that there
is a genetic predisposition for adipose tissue
expandability and the fat storage capacity may be
in part genetically determined. If individuals are
able to sufficiently expand their subcutaneous
adipose tissue, they will be protected, to some
extent, against the adverse effects of higher adiposity and have a normal metabolic profile despite
considerable increase of their adipose tissue mass
(Fig. 4).
Can genetics of favourable adiposity tell us about the ethnic
difference in risk of type 2 diabetes?
Now the question is whether the genetic variants
associated with favourable adiposity within Europeans have similar paradoxical association with
adiposity and risk of diabetes in other ethnic
groups. The unpublished results using genetic
data from 10 700 South Asian individuals in the
UK Biobank study indicates that favourable adiposity alleles have similar effect as seen in Europeans [93]. Comparison of the allele frequencies,
however, has revealed that South Asians living in
the UK have fewer of these protective alleles
compared to white European participants in the
UK Biobank study. This genetic difference could
partly explain the differences in body fat distribution and its relationship with disease in South
Asian. This ethnic group appears to carry a smaller
number of alleles that are associated with the
ability to store extra fat in a safe place which is
subcutaneous adipose tissue.
There are very few observational studies investigated the cellular characteristics of adipose tissue
across ethnicities but their results are consistent
with our finding about the low frequency of
favourable adiposity alleles in South Asians. Compared to white Europeans, South Asian men and
women have been shown to have larger adipocytes
[94]. The study of type 2 diabetes risk factors in
obese Pima Indians indicated the best predictive
factor for the onset of diabetes was adipocyte size
independent of age, sex and body fat percentage,
suggesting difficulty in differentiating new adipocytes plays an important role in disease mechanism [95].
Although these findings may partly explain the
excess prevalence of type 2 diabetes in South
Asians, it is very important to study the effect and
frequencies of these genetic variants in other ethnic
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Table 2.

Genetic variants associated with favourable adiposity
Is there an association between the

SNP ID

Chromosome

Nearest

Function of the nearest

SNP and the nearest gene expression
in adipose tissue?

Position

gene

gene

rs11118306

1

219627486

LYPLAL1

Triglyceride lipase

rs13389219

2

165528876

GRB14

Adipogenesis, lipid

Yes

metabolism, and
insulin signalling
rs2943653

2

227047771

IRS1

Adipogenesis, lipid

Yes

metabolism, and
insulin signalling
rs1801282

3

12393125

PPARG

Master transcriptional

Yes

regulator of adipocyte
differentiation
rs2276936

4

89726283

FAM13A

Adipose development

Yes

and insulin sensitivity
rs40271

5

55796319

rs632057

6

139834012

ANKRD55
CITED2

rs998584

6

43757896

VEGFA

rs972283

7

130466854

KLF14

Yes
Master regulator of gene
expression in adipose
tissue

rs2980888

8

126507308

TRIB1

Adipose tissue

rs7133378

12

124409502

DNAH10

Adipogenesis/adipocyte

rs11045172

12

20470221

AEBP2

rs7258937

19

33938800

PEPD

maintenance
Yes

differentiation
Adipogenesis, lipid

Yes

metabolism, and
insulin signalling
rs2267373

22

38600542

MAFF

groups. The discovery of favourable adiposity variants was originally made in populations of European descent and therefore may not adequately
capture genetic variation in individuals of nonEuropean descent. Furthermore, the allelic architecture of favourable adiposity may differ for
African, native American and Asians versus Europeans.
Type 2 diabetes, a disease with a heterogeneous spectrum of
metabolic disturbance
Insulin resistance and insulin secretory failure are
two well-established characteristics of type 2
8

Yes

diabetes. Insulin resistance may initially be compensated by increased insulin secretion, and progression to type 2 diabetes is thought to occur
when beta-cells are unable to compensate to a
sufficient degree. However, type 2 diabetes is a
multisystem disease which involves abnormalities
in the pancreas, fat, muscle, liver and, probably,
the brain. Despite the huge enthusiasm and extensive effort to identify distinct subtypes for type 2
diabetes, there is an increasing body of evidence
from GWAS studies supporting the concept that
considerable variation exists in the phenotype of
individuals with type 2 diabetes not only across
ethnic groups but also within each ethnic group.
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(a)
6 x 10

–263

3.6 x 10

–45

–14

2 x 10

–14

2 x 10

5.6 x 10

–6

(b)

3 x 10–14

1 x 10–33

4 x 10–44

Fig. 3 The effect of ‘favourable adiposity’ genetic score on (a) measures of adiposity, MRI abdominal fat distribution and
(b) cardiometabolic disease risk. Data from Ji et al (81). Effects are per carrying 5 additional adiposity-increasing alleles.
Red box shows p-value for the association.

Based on data from clinical, biochemical, immunological, anthropometric and, more importantly,
genetic measures, it seems more probable that
individuals develop type 2 diabetes due to a
combination of defects in multiple pathways albeit
to a different degree. This concept was introduced
by McCarthy as the palette model of diabetes [96].
In this model, different ‘base colours’ represent

pathophysiological pathways which in combination, but with different degrees of contribution,
transport individuals in a journey from health to
diabetes (Fig. 1). These pathways include beta-cell
development, size, and function, islet autoimmunity, incretin activity, obesity, fat distribution,
adipose tissue dysfunction, insulin resistance and
many other mechanisms that are still unknown
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disrupted liver lipid metabolism) and (ii) intermediate phenotypes as captured by transcriptome,
proteome or metabolome. If the degree of pathogenesis differs based on ethnicity, one would
expect to see enrichment of different ‘base colours’ in different ethnic groups.
Summary

Fig. 4 Genetic variants associated with ‘favourable adiposity’ are associated with the ability to store the extra fat
in a safe depot. Individuals carrying the greatest number
of ‘favourable adiposity’ alleles are able to sufficiently
expand their subcutaneous adipose tissue to protect
important organs from ectopic fat. They will be protected,
to some extent, against the adverse effects of higher
adiposity and have a normal metabolic profile despite
considerable increase of their adipose tissue mass.

Our current knowledge on genetic architecture of
type 2 diabetes is Eurocentric where more than
55% of samples are from white European ethnicity
whereas majority of people with type 2 diabetes are
of non-European ethnicity. The comparatively limited number of non-European GWASs have been
very successful in providing insights about the
disease mechanisms and drug targets but they
have not been effective in identifying mechanisms
that make non-European more susceptible to
higher risk of disease. It is expected that completion of large-scale GWASs and whole genome/
exome sequencing in non-Europeans provide more
resolution about the disease mechanism in these
populations. Since type 2 diabetes is driven by not
only genetic variation but also by variation in
different environmental exposures, any ethnicspecific contribution of genetic background to
individual predisposition needs to be merged with
information on internal (e.g. microbiome) as well as
the external (e.g. lifestyle) environment.

[96]. As shown in Fig. 1, the palette model illustrates a colour for each individual based on
contribution of each ‘base colour’ (pathophysiological pathway).

Acknowledgement

With inconclusive evidence from studies which try
to unravel the mystery of ethnic difference in risk of
type 2 diabetes, it seems reasonable to consider the
palette model in study design and also interpretation of results. With the exception of isolated
populations, where common genetic variants
impair a distinct pathway and explain a large
proportion of disease risk, in majority of populations, type 2 diabetes is indeed a complex polygenic
disease, where multiple common low-impact risk
variants contribute to the disease mechanism.

Conflict of interest statement

To understand the impact and role of each pathway
in different populations, it makes more sense to
design a multiomic approach by measuring (i)
genetic variants associated with each pathway
(e.g. beta-cell function, obesity, lipodystrophy and
10

HY acknowledges support by grants from Diabetes
UK RD Lawrence fellowship (17/0005594).

No conflict of interest was declared.

References
1 Golden SH, Yajnik C, Phatak S, Hanson RL, Knowler WC.
Racial/ethnic differences in the burden of type 2 diabetes over
the life course: a focus on the USA and India. Diabetologia
2019; 62: 1751–60.
2 Cowie CCCS, Geiss LS. Prevalence and incidence of type 2
diabetes and prediabetes. Diabetes in America, 3rd edn
National Institutes of Health, Bethesda, MD. 2018:3–1–3–32
3 Cho NH, Shaw JE, Karuranga S et al. IDF diabetes Atlas:
Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract 2018; 138: 271–81.
4 Mahajan A, Taliun D, Thurner M et al. Fine-mapping type 2
diabetes loci to single-variant resolution using high-density

ª 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication
Journal of Internal Medicine

Ethnic differences in adiposity and diabetes / H. Yaghootkar et al.

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

imputation and islet-specific epigenome maps. Nat Genet
2018; 50: 1505–13.
Dimas AS, Lagou V, Barker A et al. Impact of type 2 diabetes
susceptibility variants on quantitative glycemic traits reveals
mechanistic heterogeneity. Diabetes 2014; 63: 2158–71.
Kooner JS, Saleheen D, Sim X et al. Genome-wide association
study in individuals of South Asian ancestry identifies six new
type 2 diabetes susceptibility loci. Nat Genet 2011; 43: 984–9.
Cho YS, Chen CH, Hu C et al. Meta-analysis of genome-wide
association studies identifies eight new loci for type 2 diabetes
in east Asians. Nat Genet 2011; 44: 67–72.
Imamura M, Takahashi A, Yamauchi T et al. Genome-wide
association studies in the Japanese population identify seven
novel loci for type 2 diabetes. Nat Commun 2016; 7: 10531.
Qi Q, Stilp AM, Sofer T et al. Genetics of type 2 diabetes in U.S.
Hispanic/Latino individuals: results from the hispanic community health study/study of latinos (HCHS/SOL). Diabetes
2017; 66: 1419–25.
Parra EJ, Below JE, Krithika S et al. Genome-wide association study of type 2 diabetes in a sample from Mexico City and
a meta-analysis of a Mexican-American sample from Starr
County, Texas. Diabetologia 2011; 54: 2038–46.
Williams AL, Jacobs SB, Moreno-Macias H et al. Sequence
variants in SLC16A11 are a common risk factor for type 2
diabetes in Mexico. Nature 2014; 506: 97–101.
Palmer ND, McDonough CW, Hicks PJ et al. A genome-wide
association search for type 2 diabetes genes in African
Americans. PLoS ONE 2012; 7: e29202.
Ng MC, Shriner D, Chen BH et al. Meta-analysis of genomewide association studies in African Americans provides
insights into the genetic architecture of type 2 diabetes. PLoS
Genet 2014; 10: e1004517.
Chen J, Sun M, Adeyemo A et al. Genome-wide association
study of type 2 diabetes in Africa. Diabetologia 2019; 62:
1204–11.
Adeyemo AA, Tekola-Ayele F, Doumatey AP et al. Evaluation
of genome wide association study associated type 2 diabetes
susceptibility loci in Sub Saharan Africans. Front Genet 2015;
6: 335.
Hegele RA, Zinman B, Hanley AJ, Harris SB, Barrett PH, Cao
H. Genes, environment and Oji-Cree type 2 diabetes. Clin
Biochem 2003; 36: 163–70.
Moltke I, Grarup N, Jorgensen ME et al. A common Greenlandic TBC1D4 variant confers muscle insulin resistance and
type 2 diabetes. Nature 2014; 512: 190–3.
Unoki H, Takahashi A, Kawaguchi T et al. SNPs in KCNQ1 are
associated with susceptibility to type 2 diabetes in East Asian
and European populations. Nat Genet 2008; 40: 1098–102.
Adeyemo AA, Zaghloul NA, Chen G et al. ZRANB3 is an
African-specific type 2 diabetes locus associated with betacell mass and insulin response. Nat Commun 2019; 10: 3195.
Minster RL, Hawley NL, Su CT et al. A thrifty variant in
CREBRF strongly influences body mass index in Samoans.
Nat Genet 2016; 48: 1049–54.
Grarup N, Moltke I, Andersen MK et al. Identification of novel
high-impact recessively inherited type 2 diabetes risk variants in the Greenlandic population. Diabetologia 2018; 61:
2005–15.
Mercader JM, Liao RG, Bell AD et al. A loss-of-function splice
acceptor variant in IGF2 is protective for type 2 diabetes.
Diabetes 2017; 66: 2903–14.

23 Haiman CA, Patterson N, Freedman ML et al. Multiple regions
within 8q24 independently affect risk for prostate cancer. Nat
Genet 2007; 39: 638–44.
24 Kao WH, Klag MJ, Meoni LA et al. MYH9 is associated with
nondiabetic end-stage renal disease in African Americans.
Nat Genet 2008; 40: 1185–92.
25 Golden SH, Brown A, Cauley JA et al. Health disparities in
endocrine disorders: biological, clinical, and nonclinical factors–an Endocrine Society scientific statement. J Clin Endocrinol Metab 2012; 97: E1579–639.
26 McCarthy MI. Genomics, type 2 diabetes, and obesity. N Engl
J Med 2010; 363: 2339–50.
27 Waters KM, Stram DO, Hassanein MT et al. Consistent
association of type 2 diabetes risk variants found in europeans in diverse racial and ethnic groups. PLoS Genet 2010;
6: e1001078.
28 Saxena R, Elbers CC, Guo Y et al. Large-scale gene-centric
meta-analysis across 39 studies identifies type 2 diabetes
loci. Am J Hum Genet 2012; 90: 410–25.
29 Klimentidis YC, Abrams M, Wang J, Fernandez JR, Allison
DB. Natural selection at genomic regions associated with
obesity and type-2 diabetes: East Asians and sub-Saharan
Africans exhibit high levels of differentiation at type-2 diabetes regions. Hum Genet 2011; 129: 407–18.
30 Chen R, Corona E, Sikora M et al. Type 2 diabetes risk alleles
demonstrate extreme directional differentiation among
human populations, compared to other diseases. PLoS Genet
2012; 8: e1002621.
31 Corona E, Chen R, Sikora M et al. Analysis of the genetic basis
of disease in the context of worldwide human relationships
and migration. PLoS Genet 2013; 9: e1003447.
32 Hanson RL, Rong R, Kobes S et al. Role of established type 2
diabetes-susceptibility genetic variants in a high prevalence
American Indian population. Diabetes 2015; 64: 2646–57.
33 Abate N, Chandalia M. The impact of ethnicity on type 2
diabetes. J Diabetes Complications 2003; 17: 39–58.
34 Anand SS, Yusuf S, Vuksan V et al. Differences in risk factors,
atherosclerosis, and cardiovascular disease between ethnic
groups in Canada: the Study of Health Assessment and Risk
in Ethnic groups (SHARE). Lancet 2000; 356: 279–84.
35 Sachdev HS, Fall CH, Osmond C et al. Anthropometric
indicators of body composition in young adults: relation to
size at birth and serial measurements of body mass index in
childhood in the New Delhi birth cohort. Am J Clin Nutr 2005;
82: 456–66.
36 Deurenberg P, Deurenberg-Yap M, Guricci S. Asians are
different from Caucasians and from each other in their body
mass index/body fat per cent relationship. Obes Rev 2002; 3:
141–6.
37 Sniderman AD, Bhopal R, Prabhakaran D, Sarrafzadegan N,
Tchernof A. Why might South Asians be so susceptible to
central obesity and its atherogenic consequences? The adipose tissue overflow hypothesis. Int J Epidemiol 2007; 36:
220–5.
38 Yajnik CS, Fall CH, Coyaji KJ et al. Neonatal anthropometry:
the thin-fat Indian baby. The Pune Maternal Nutrition Study.
Int J Obes Relat Metab Disord 2003; 27: 173–80.
39 Morimoto Y, Maskarinec G, Conroy SM, Lim U, Shepherd J,
Novotny R. Asian ethnicity is associated with a higher trunk/
peripheral fat ratio in women and adolescent girls. J Epidemiol 2012; 22: 130–5.

ª 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication
Journal of Internal Medicine

11

Ethnic differences in adiposity and diabetes / H. Yaghootkar et al.

40 Novotny R, Going S, Teegarden D et al. Hispanic and Asian
pubertal girls have higher android/gynoid fat ratio than
whites. Obesity (Silver Spring) 2007; 15: 1565–70.
41 He Q, Horlick M, Thornton J et al. Sex and race differences in
fat distribution among Asian, African-American, and Caucasian prepubertal children. J Clin Endocrinol Metab 2002;
87: 2164–70.
42 Keswell D, Tootla M, Goedecke JH. Associations between
body fat distribution, insulin resistance and dyslipidaemia in
black and white South African women. Cardiovasc J Africa
2016; 27: 177–83.
43 Lane D, Beevers DG, Lip GY. Ethnic differences in blood
pressure and the prevalence of hypertension in England. J
Hum Hypertens 2002; 16: 267–73.
44 Francis DK, Bennett NR, Ferguson TS et al. Disparities in
cardiovascular disease among Caribbean populations: a
systematic literature review. BMC Public Health 2015; 15:
828.
45 Resnick HE, Valsania P, Halter JB, Lin X. Differential effects
of BMI on diabetes risk among black and white Americans.
Diabetes Care 1998; 21: 1828–35.
46 Haffner SM, D’Agostino R, Saad MF et al. Increased insulin
resistance and insulin secretion in nondiabetic AfricanAmericans and hispanics compared with non-hispanic
whites: the insulin resistance atherosclerosis study. Diabetes
1996; 45: 742–8.
47 Gower BA, Granger WM, Franklin F, Shewchuk RM, Goran
MI. Contribution of insulin secretion and clearance to glucose-induced insulin concentration in african-american and
caucasian children. J Clin Endocrinol Metab 2002; 87: 2218–
24.
48 Osei K, Cottrell DA, Harris B. Differences in basal and
poststimulation glucose homeostasis in nondiabetic first
degree relatives of black and white patients with type 2
diabetes mellitus. J Clin Endocrinol Metab 1992; 75: 82–6.
49 Osei K, Schuster DP. Ethnic differences in secretion, sensitivity, and hepatic extraction of insulin in black and white
Americans. Diabet Med 1994; 11: 755–62.
50 Osei K, Schuster DP, Owusu SK, Amoah AG. Race and
ethnicity determine serum insulin and C-peptide concentrations and hepatic insulin extraction and insulin clearance:
comparative studies of three populations of West African
ancestry and white Americans. Metabolism 1997; 46: 53–8.
51 Arslanian SA, Saad R, Lewy V, Danadian K, Janosky J.
Hyperinsulinemia in african-american children: decreased
insulin clearance and increased insulin secretion and its
relationship to insulin sensitivity. Diabetes 2002; 51: 3014–9.
52 Goran MI, Bergman RN, Cruz ML, Watanabe R. Insulin
resistance and associated compensatory responses in african-american and Hispanic children. Diabetes Care 2002;
25: 2184–90.
53 Hannon TS, Bacha F, Lin Y, Arslanian SA. Hyperinsulinemia
in African-American adolescents compared with their American white peers despite similar insulin sensitivity: a reflection of upregulated beta-cell function? Diabetes Care 2008;
31: 1445–7.
54 Uwaifo GI, Nguyen TT, Keil MF et al. Differences in insulin
secretion and sensitivity of Caucasian and African American
prepubertal children. J Pediatr 2002; 140: 673–80.
55 Arslanian S, Suprasongsin C. Differences in the in vivo
insulin secretion and sensitivity of healthy black versus white
adolescents. J Pediatr 1996; 129: 440–3.

12

56 Arslanian S, Suprasongsin C, Janosky JE. Insulin secretion
and sensitivity in black versus white prepubertal healthy
children. J Clin Endocrinol Metab 1997; 82: 1923–7.
57 Kodama K, Tojjar D, Yamada S, Toda K, Patel CJ, Butte AJ.
Ethnic differences in the relationship between insulin sensitivity and insulin response: a systematic review and metaanalysis. Diabetes Care 2013; 36: 1789–96.
58 Fukushima M, Suzuki H, Seino Y. Insulin secretion capacity
in the development from normal glucose tolerance to type 2
diabetes. Diabetes Res Clin Pract 2004; 66(Suppl 1): S37–
43.
59 Kahn SE. The relative contributions of insulin resistance and
beta-cell dysfunction to the pathophysiology of Type 2
diabetes. Diabetologia 2003; 46: 3–19.
60 Gujral UP, Mohan V, Pradeepa R et al. Ethnic variations in
diabetes and prediabetes prevalence and the roles of insulin
resistance and beta-cell function: the CARRS and NHANES
studies. J Clin Transl Endocrinol 2016; 4: 19–27.
61 Tan VM, Lee YS, Venkataraman K et al. Ethnic differences in
insulin sensitivity and beta-cell function among Asian men.
Nutr Diabetes 2015; 5: e173.
62 Wildman RP, Muntner P, Reynolds K et al. The obese without
cardiometabolic risk factor clustering and the normal weight
with cardiometabolic risk factor clustering: prevalence and
correlates of 2 phenotypes among the US population
(NHANES 1999–2004). Arch Intern Med 2008; 168: 1617–24.
63 Lear SA, Kohli S, Bondy GP, Tchernof A, Sniderman AD.
Ethnic variation in fat and lean body mass and the association with insulin resistance. J Clin Endocrinol Metab 2009;
94: 4696–702.
64 Eastwood SV, Tillin T, Wright A et al. Estimation of CTderived abdominal visceral and subcutaneous adipose tissue
depots from anthropometry in Europeans, South Asians and
African Caribbeans. PLoS ONE 2013; 8: e75085.
65 Modi N, Thomas EL, Uthaya SN, Umranikar S, Bell JD, Yajnik
C. Whole body magnetic resonance imaging of healthy newborn infants demonstrates increased central adiposity in
Asian Indians. Pediatr Res 2009; 65: 584–7.
66 Samaan MC, Anand SS, Sharma AM et al. Adiposity and
immune-muscle crosstalk in South Asians & Europeans: A
cross-sectional study. Sci Rep 2015; 5: 14521.
67 Araneta MR, Barrett-Connor E. Ethnic differences in visceral
adipose tissue and type 2 diabetes: Filipino, African-American, and white women. Obes Res 2005; 13: 1458–65.
68 Park YW, Allison DB, Heymsfield SB, Gallagher D. Larger
amounts of visceral adipose tissue in Asian Americans. Obes
Res 2001; 9: 381–7.
69 Lear SA, Humphries KH, Kohli S, Chockalingam A, Frohlich
JJ, Birmingham CL. Visceral adipose tissue accumulation
differs according to ethnic background: results of the Multicultural Community Health Assessment Trial (M-CHAT). Am J
Clin Nutr 2007; 86: 353–9.
70 Nazare JA, Smith JD, Borel AL et al. Ethnic influences on the
relations between abdominal subcutaneous and visceral
adiposity, liver fat, and cardiometabolic risk profile: the
International Study of Prediction of Intra-Abdominal Adiposity and Its Relationship With Cardiometabolic Risk/IntraAbdominal Adiposity. Am J Clin Nutr 2012; 96: 714–26.
71 Smith SR, Lovejoy JC, Greenway F et al. Contributions of total
body fat, abdominal subcutaneous adipose tissue compartments, and visceral adipose tissue to the metabolic complications of obesity. Metabolism 2001; 50: 425–35.

ª 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication
Journal of Internal Medicine

Ethnic differences in adiposity and diabetes / H. Yaghootkar et al.

72 Walker GE, Verti B, Marzullo P et al. Deep subcutaneous
adipose tissue: a distinct abdominal adipose depot. Obesity
(Silver Spring) 2007; 15: 1933–43.
73 Lovejoy JC, Smith SR, Rood JC. Comparison of regional fat
distribution and health risk factors in middle-aged white and
African American women: The Healthy Transitions Study.
Obes Res 2001; 9: 10–6.
74 Kohli S, Lear SA. Differences in subcutaneous abdominal
adiposity regions in four ethnic groups. Obesity (Silver Spring)
2013; 21: 2288–95.
75 Gallagher D, Kuznia P, Heshka S et al. Adipose tissue in
muscle: a novel depot similar in size to visceral adipose
tissue. Am J Clin Nutr 2005; 81: 903–10.
76 Maligie M, Crume T, Scherzinger A, Stamm E, Dabelea D.
Adiposity, fat patterning, and the metabolic syndrome among
diverse youth: the EPOCH study. J Pediatr 2012; 161: 875–
80.
77 Hakim O, Bello O, Ladwa M et al. Ethnic differences in
hepatic, pancreatic, muscular and visceral fat deposition in
healthy men of white European and black west African
ethnicity. Diabetes Res Clin Pract 2019; 156: 107866.
78 Christensen DL, Eis J, Hansen AW et al. Obesity and regional
fat distribution in Kenyan populations: impact of ethnicity
and urbanization. Ann Hum Biol 2008; 35: 232–49.
79 Ruixing Y, Weixiong L, Hanjun Y et al. Diet, lifestyle, and
blood pressure of the middle-aged and elderly in the Guangxi
Bai Ku Yao and Han populations. Am J Hypertens 2008; 21:
382–7.
80 Sudlow C, Gallacher J, Allen N et al. UK biobank: an open
access resource for identifying the causes of a wide range of
complex diseases of middle and old age. PLoS Med 2015; 12:
e1001779.
81 Ji Y, Yiorkas AM, Frau F et al. Genome-wide and abdominal
mri data provide evidence that a genetically determined
favorable adiposity phenotype is characterized by lower
ectopic liver fat and lower risk of type 2 diabetes, heart
disease, and hypertension. Diabetes 2019; 68: 207–19.
82 Yaghootkar H, Lotta LA, Tyrrell J et al. Genetic evidence for a
link between favorable adiposity and lower risk of type 2
diabetes, hypertension, and heart disease. Diabetes 2016;
65: 2448–60.
83 Lotta LA, Gulati P, Day FR et al. Integrative genomic analysis
implicates limited peripheral adipose storage capacity in the
pathogenesis of human insulin resistance. Nat Genet 2017;
49: 17–26.
84 Yaghootkar H, Scott RA, White CC et al. Genetic evidence for a
normal-weight "metabolically obese" phenotype linking insulin resistance, hypertension, coronary artery disease, and
type 2 diabetes. Diabetes 2014; 63: 4369–77.

85 Scott RA, Fall T, Pasko D et al. Common genetic variants
highlight the role of insulin resistance and body fat distribution in type 2 diabetes, independent of obesity. Diabetes
2014; 63: 4378–87.
86 Kilpelainen TO, Zillikens MC, Stancakova A et al. Genetic
variation near IRS1 associates with reduced adiposity and an
impaired metabolic profile. Nat Genet 2011; 43: 753–60.
87 Arner E, Westermark PO, Spalding KL et al. Adipocyte
turnover: relevance to human adipose tissue morphology.
Diabetes 2010; 59: 105–9.
88 Lundgren M, Svensson M, Lindmark S, Renstrom F, Ruge T,
Eriksson JW. Fat cell enlargement is an independent marker
of insulin resistance and ’hyperleptinaemia’. Diabetologia
2007; 50: 625–33.
89 Weyer C, Foley JE, Bogardus C, Tataranni PA, Pratley RE.
Enlarged subcutaneous abdominal adipocyte size, but not
obesity itself, predicts type II diabetes independent of insulin
resistance. Diabetologia 2000; 43: 1498–506.
90 Martin S, Pitt A, Weymouth L, Barnes A, Hudson M, Kos K
et al. Favourable adiposity genes pinpoint to the role of
adipose tissue function in mechanisms protecting obese
individuals from Type 2 diabetes. Diabetes UK Conference.
Glasgow, 18–20 March 2020.
91 Vidal-Puig A. Adipose tissue expandability, lipotoxicity and
the metabolic syndrome. Endocrinol Nutr 2013; 60(Suppl 1):
39–43.
92 Danforth E Jr. Failure of adipocyte differentiation causes type
II diabetes mellitus? Nat Genet 2000; 26: 13.
93 Yaghootkar H, Harrison J, Frayling T, Bell J. ‘Favourable
adiposity’ genetic factors pinpoint to the role of subcutaneous
adipose tissue and ectopic liver fat in the ethnic differences in
adiposity and diabetes risk. Diabetes UK Conference. Liverpool, 6–8 March 2019.
94 Anand SS, Tarnopolsky MA, Rashid S et al. Adipocyte
hypertrophy, fatty liver and metabolic risk factors in South
Asians: the Molecular Study of Health and Risk in Ethnic
Groups (mol-SHARE). PLoS ONE 2011; 6: e22112.
95 Paolisso G, Tataranni PA, Foley JE, Bogardus C, Howard BV,
Ravussin E. A high concentration of fasting plasma nonesterified fatty acids is a risk factor for the development of
NIDDM. Diabetologia 1995; 38: 1213–7.
96 McCarthy MI. Painting a new picture of personalised medicine
for diabetes. Diabetologia 2017; 60: 793–9.
Correspondence: Hanieh Yaghootkar, Genetics of Complex Traits,
University of Exeter Medical School, Royal Devon & Exeter
Hospital, Exeter EX2 5DW, UK.
(e-mail: h.yaghootkar@exeter.ac.uk).

ª 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication
Journal of Internal Medicine

13

