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Summary
Background A machine-learning approach identified five subgroups of diabetes in Europeans which included severe
autoimmune diabetes (SAID), severe insulin-deficient diabetes (SIDD), severe insulin-resistant diabetes (SIRD), mild
obesity-related diabetes (MOD) and mild age-related diabetes (MARD) with partially distinct genetic aetiologies. We
previously validated four of the non-autoimmune subgroups in people with young-onset type 2 diabetes (T2D) from
the Indian WellGen study. Here, we aimed to apply European-derived centroids and genetic risk scores (GRSs) to the
unselected (for age) WellGen to test their applicability and investigate the genetic aetiology of the Indian T2D
subgroups.

Methods We applied European derived centroids and GRSs to T2D participants of Indian ancestry (WellGen,
n = 2217, 821 genotyped) and compared them with normal glucose tolerant controls (Pune Maternal Nutrition Study,
n = 461).

Findings SIDD was the predominant subgroup followed by MOD, whereas SIRD and MARD were less frequent.
Weighted-GRS for T2D, obesity and lipid-related traits associated with T2D. We replicated some of the previous
associations of GRS for T2D, insulin secretion, and BMI with SIDD and MOD. Unique to Indian subgroups was
the association of GRS for (a) proinsulin with MOD and MARD, (b) liver-lipids with SIDD, SIRD and MOD, and
(c) opposite effect of beta-cell GRS with SIDD and MARD, obesity GRS with MARD compared to Europeans.
Genetic variants of fucosyltransferases were associated with T2D and MOD in Indians but not Europeans.

Interpretation The similarities emphasise the applicability of some of the European-derived GRSs to T2D and its
subgroups in India while the differences highlight the need for large-scale studies to identify aetiologies in
diverse ancestries. The data provide robust evidence for genetically distinct aetiologies for the T2D subgroups and
at least partly mirror those seen in Europeans.

Funding Vetenskapsrådet, Diabetes Wellness, and Hjärt-Lungfonden (Sweden), DST (India), Wellcome Trust,
Crafoord Foundation and Albert Påhlsson Foundation.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Abbreviations: SIDD, Severe insulin-deficient diabetes; MOD, Mild obesity-related diabetes; SIRD, Severe insulin-resistant diabetes; MARD, Mild age-
related diabetes; PMNS, Pune maternal nutrition study; NGT, Normal glucose tolerance; GWAS, Genome-wide association study; GRS, Genetic risk
score; BMI, Body mass index; VAT, Visceral adipose tissue; CIR, Corrected insulin response; ISI, Insulin sensitivity index; ISR, Insulin secretion rate;
OGTT, Oral glucose tolerance test; IVGTT, Intravenous glucose tolerance test; SNP, Single nucleotide polymorphism; FUT, Fucosyltransferases
*Corresponding author. Department of Clinical Sciences, Diabetes and Endocrinology, CRC, Lund University, S-205 02 Malmö, Sweden.
**Corresponding author.

E-mail addresses: rashmi.prasad@med.lu.se (R.B. Prasad), csyajnik@gmail.com (C.S. Yajnik).

www.thelancet.com Vol 14 July, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rashmi.prasad@med.lu.se
mailto:csyajnik@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lansea.2023.100182&domain=pdf
https://doi.org/10.1016/j.lansea.2023.100182
https://doi.org/10.1016/j.lansea.2023.100182
https://doi.org/10.1016/j.lansea.2023.100182
www.thelancet.com/digital-health


Articles

2

Keywords: Type 2 diabetes; Subgroups; Genetics of subgroups; India; Severe insulin-deficient diabetes; SIDD; Severe
insulin-resistant diabetes; SIRD; Mild obesity-related diabetes; MOD; Mild age-related diabetes; MARD
Research in context

Evidence before this study
A recent study based on a European population (Swedish)
investigated diabetes heterogeneity and identified five
subgroups of diabetes, which included four subgroups of type
2 diabetes (T2D). The T2D subgroups were the severe insulin-
deficient diabetes, severe insulin-resistant diabetes, mild-
obesity-related diabetes, and mild age-related diabetes. The
subgroups were also found to have distinct characteristics and
also, partially distinct genetic aetiologies. Our own previous
research based on Indians validated these clusters in young-
onset T2D and found insulin deficiency to be the major driver
of young T2D in India, contrary to earlier purported reports of
insulin resistance.

Added value of this study
The four T2D subgroups described in our earlier study
involving European population were validated in the
unselected (no age exclusion criteria applied) Indian WellGen

study. Like our previous study (based on T2D patients
diagnosed before 45 years of age), the insulin deficient SIDD
group was found to be predominant. Genetic scores derived
from European studies for T2D, and related traits associated
with T2D in India affirms the applicability of European derived
scores in the Indian population. Some of the previously
reported genetic associations with subgroups were replicated
in the Indian WellGen study. Some associations were unique
to the Indian WellGen study, suggesting the involvement of
population-specific aetiologies and mechanisms.

Implications of all the available evidence
Our study provides useful clues to the genetic aetiologies and
pathophysiological mechanisms in T2D in India. This
information is invaluable for preclinical research and could be
important clinically by providing biomarkers in the future to
predict or diagnose the distinct subgroups and guide
treatment.
Introduction
Five subgroups of diabetes were recognised in Swedish
people with diabetes by applying a data-driven machine
learning approach to commonly measured clinical pa-
rameters at diabetes diagnosis [including age, glycated
haemoglobin (HbA1c), body mass index, presence of
glutamic acid decarboxylase (GAD) autoantibodies and
homeostatic model assessment (HOMA2) indices for
insulin resistance and secretion].1 The subgroups differ
in relative contribution of beta cell dysfunction and in-
sulin resistance, response to medication, and develop-
ment of complications. These subgroups were robustly
replicated in various populations of European and non-
European ancestries.2–4 The subgroups were partially
genetically different with respect to diabetes-related
traits, indicating possible etiological differences be-
tween the groups5

Indian people with type 2 diabetes (T2D) are diag-
nosed at a younger age and with lower BMI compared to
their European counterparts.6,7 This early onset of dia-
betes and lower BMI of Indian people with T2D may be
partly because of genetic differences; some of which
have been previously described.8–12 However, a major
contribution may be due to early life undernutrition in
Indians.13–15 A substantial variation was also reported in
the prevalence and clinical characteristics of people with
T2D in different states of India in the Indian Council for
Medical Research-India Diabetes (ICMR-INDIAB)
study.16 Hence, there is a need to better characterise the
genetic and developmental drivers of diabetes in Indian
population.
We recently reported subgroups of people with
young-onset T2D in India using the European patient
derived centroids. Contrary to earlier reports of insulin
resistance as the major driver of young-onset T2D, we
found that insulin deficiency was the predominant
pathophysiology.2 This finding has implications in un-
derstanding the pathogenesis as well as the treatment of
diabetes. Genetic studies are likely to validate the po-
tential mechanisms underlying these findings and pro-
vide a rational basis for treatment. Therefore, the
overarching aim was to investigate associations of ge-
netic risk scores of diabetes-related traits (insulin
secretion, insulin resistance, etc.) generated from Eu-
ropean studies with T2D and its subgroups in an Indian
cohort (WellGen) so as to dissect the underlying aeti-
ology of T2D in India.
Methods
Participants
WellGen cohort (Wellcome Genetics study) and PMNS (Pune
Maternal Nutrition Study)
People with T2D (n = 3111) being treated at the Diabetes
Unit, KEM Hospital (Pune, India) and associated clinics
were included in the WellGen cohort. T2D diagnosis
was based on WHO guidelines using the following
clinical criteria: age at diagnosis more than 20 years, no
history of ketoacidosis, and response to treatment with
oral glucose lowering agents.2,17 People with a clinical
diagnosis of type 1 diabetes (T1D) (diagnosis before 20
years of age and on continuous insulin treatment since
www.thelancet.com Vol 14 July, 2023
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then, history of ketoacidosis), fibrocalculous pancreatic
diabetes (FCPD) or monogenic diabetes were excluded.
In absence of GAD autoantibody measurements, we
tested for the presence of genetic T1D by applying a
T1D genetic risk score previously validated in Indian
population.18

Phenotypic measurements were made as described
previously.2 Briefly, clinical information including age,
sex, age at T2D diagnosis, family history and socioeco-
nomic status was obtained through a standardised
questionnaire. Height and weight were measured using
standardised methods.19,20 Fasting plasma glucose and
HbA1c were measured using standard methods.19,20

Fasting C-peptide was measured by ELISA (Diagnostic
Biochem Canade, ON, Canada). Fasting glucose and C-
peptide measurements were used to calculate Homeo-
static Model Assessment 2 estimates of β-cell function
(HOMA2-B) and insulin resistance (HOMA2-IR).21,22

The characteristics of the participants are shown in
Table 1.

For controls, we included normal glucose tolerant
(NGT) participants from the Pune Maternal Nutrition
Study (PMNS), a birth cohort from the Diabetes Unit,
KEM Hospital.23 Briefly, ∼800 families were serially
followed-up for anthropometric and biochemical mea-
surements every six years. The participants were clas-
sified as having diabetes or NGT based on American
Diabetes Association (ADA) 2014 criteria after an oral
glucose tolerance test (OGTT, 75 g anhydrous glucose).
In this analysis, we have considered the parents who
were NGT at 12-year follow-up as controls (Table 1).
WellGen and PMNS participants were from the same
geographic area and the same background population.
Moreover, all the anthropometric and clinical measure-
ments in WellGen and PMNS were performed in the
same department using the same instruments and lab-
oratory assays.

The Ethics Committee of the KEMHospital Research
Centre, Pune approved both the studies, WellGen (KEM/
HRC/Dir.off/977) and PMNS (KEMHRC/VSP/Dir.Off/
Characteristic WellGen study (n = 2217)

Male Female All

No. of participants (%) 1224 (55.2) 993 (44.8) 2217

Age, yearsa 42.04 (9.58) 41.88 (10.25) 41.97 (9.88

BMI, kg/m2 25.46 (3.68) 27.27 (4.45) 26.27 (4.14

Fasting glucose, mg/dL 8.79 (3.15) 9.04 (3.32) 8.91 (3.23

HbA1c, mmol/mol 71.88 (22.59) 71 (22.62) 71.48 (22.6

HbA1c, % 8.73 (2.07) 8.65 (2.07) 8.69 (2.07

Fasting C-peptide, nmol/l 0.82 (0.48) 0.83 (0.48) 0.83 (0.48

HOMA2-B 64.81 (44.3) 64.06 (46.17) 64.48 (45.1

HOMA2-IR 2.2 (1.38) 2.24 (1.35) 2.22 (1.37

Values are mean (SD). p-values are calculated using ANOVA (unequal variances) adjusted
Study. aAge at diabetes diagnosis for WellGen, age at study for PMNS.

Table 1: Clinical characteristic of the WellGen according to sex.
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EC/065), and all participants signed a written informed
consent.

All new diabetes in Scania—Malmö Diet and Cancer (ANDIS-
MDC) cohort
The ANDIS-MDC cohort has been described previously.5

Briefly the ANDIS (All new diabetes in Scania) project
(http://andis.ludc.med.lu.se/) is aimed at recruiting all
incident cases of diabetes within Scania (Skåne) County
in southern Sweden. All healthcare providers in the
region were invited. Individuals from ANDIS-MDC
(n = 6986) with genome-wide association study
(GWAS) data available were included in the current
study.1 For controls, participants from the MDC (Malmö
Diet and Cancer) study including individuals from
Malmö (the largest city in Scania, Sweden) and born
between 1923 and 1950 were selected. Individuals
without diabetes (n = 2744) from the MDC cardiovas-
cular arm re-examination cohort (aged 61–85) were used
as controls in the genetic analyses.24

The ANDIS and MDC study protocols were approved
by the regional ethics review committee in Lund (nos.
584/2006, 2011/354, 2011/367, 2012/676, 2014/198,
LU 51-90 and 532/2006). All participants gave info-
rmed written consent. Study participants received no
compensation.

GWAS quality control and imputation
GWAS QC and imputation
Genome wide genotyping data was generated on Well-
Gen and PMNS participants using Affymetrix SNP 6.0
Chips (Affymetrix, CA, USA) as previously described
(generated at the Chandak lab, CCMB, Hyderabad, In-
dia).2 Quality control was performed on the samples
using the PLINK 1.9 software.25 All individuals had a
genotyping success rate of >95%. Sex checks derived
from genetic data were performed to assess concor-
dance with reported sex. Relatedness was assessed by
IBS matrix assessment in PLINK and the included in-
dividuals were not related to each other by first, second
NGT (PMNS, n = 461)

Male Female All p value

173 (37.5) 288 (62.5) 461

) 39.80 (4.21) 33.31 (3.29) 35.56 (4.80) 1.35E-31

) 21.16 (3.39) 19.74 (2.99) 20.25 (3.21) 8.59E-192

) 4.92 (0.45) 4.79 (0.36) 4.84 (0.40) 3.39E-141

) – – – –

) – – – –

) – – – –

4) 82.24 (36.67) 85.22 (32.94) 84.14 (34.33) 1.69E-45

) 0.78 (0.51) 0.79 (0.44) 0.78 (0.47) 7.24E-57

for age and sex. NGT: Normal glucose tolerance, PMNS: Pune Maternal Nutrition
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or third degrees. Single nucleotide polymorphism (SNP)
exclusion criteria included missingness threshold of
>5%, minor allele frequency <1%, and Hardy–Weinberg
equilibrium with p-value <0.05. Heterozygosity of the
samples was checked and none of the samples were
outside three SDs from the mean. No duplicate or
related samples were found during data analysis, and
monomorphic sites were removed. Imputation was
performed on the Michigan Imputation server using
1000G Phase 3 v5 (GRCh37/hg1) as a reference panel
along with Eagle v2.4 phasing and SAS (South Asian) as
population type. SNPs of interest were extracted using
the grep command and imputation scores were >0.4.

ANDIS study participants were genotyped with
InfiniumCoreExome-24v1-1 BeadChip arrays (Illumina)
at Lund University Diabetes Centre, Malmö, Sweden.
MDC was genotyped at the Broad genotyping facility
using Infinium OmniExpressExome-8 v.1.0 BeadChip
arrays (Illumina). For each of the genetic datasets,
standard quality control was performed as described
previously.5 Genotype imputation was performed at the
Haplotype Reference Consortium v.1.0.3 Michigan
Server.

Statistical methods
Subgrouping of people with T2D
K-means clustering was performed as described previ-
ously.1 Briefly, participants with measurements above or
below 5 SD from the mean for the clustering parameters
were excluded from the analysis. Values outside the
limits for HOMA2 (fasting glucose (FG) <3 mmol/L or
C-peptide >3.5 nmol/ml) were capped to the proximal
upper or lower limits. Participants with FG >25 mmol/L
were excluded. To perform supervised clustering in
relation to the European derived cluster coordinates,
phenotype data (age at diagnosis, HbA1c, HOMA2B,
HOMA2IR and BMI) in WellGen were scaled using the
same scaling parameters (mean and standard deviation).
Due to the unavailability of GADA data, we only
included the non-autoimmune T2D subgroups (SIDD,
SIRD, MOD and MARD).

Demographic data that were not normally distributed
were log-transformed before the analysis. Phenotypic
characteristics of the cases and controls as well as the four
subgroups were compared using ANOVA (type III sum
of squares for unequal variances) adjusted age and sex.

Genetic association and genetic risk scores (GRSs)
GRS traits. A previously described set of 403 SNPs for
T2D including only genome-wide significant variants
from Mahajan et al.26 were selected (since this was the
latest and largest T2D GWAS reported at this time point)
and subsequently restricted to 384 SNPs as assessed
in Mansour Aly et al.5 (Supplementary Table S1,
Supplementary Table S2). Of these, 381 SNPs were
included whereas 3 SNPs were excluded due to non-
availability of data (data not available for rs571342427,
rs549498088, rs560716466 and their proxies). These
SNPs weighted by their effect on T2D risk in the primary
GWAS study were used to construct T2D-GRS
(Supplementary Table S2).

GRSs was also constructed in WellGen data for fast-
ing insulin, insulin secretion, insulin action, insulin ac-
tion secretion (rs7454108 was replaced with proxy SNP
rs3957146), adiposity, and impaired lipids weighted by
their effect on T2D risk (Supplementary Table S2). These
calculations were performed as previously described in
the study by Mahajan and colleagues26 based on clus-
tering of T2D risk variants.

We next constructed weighted GRSs (wGRS) for in-
sulin secretion [corrected insulin response (CIR), insu-
lin secretion rate (ISR), and sensitivity (insulin
sensitivity index (ISI))] weighted by their genetic effect
on their respective measures in normal glucose tolerant
(NGT) individuals. The SNPs for this analysis were
extracted from their respective largest genetic studies
and assessed in the T2D subgroup GWAS.5,27–29 The
wGRS for BMI, waist-hip ratio (WHR) and estimated
visceral adipose tissue (VAT) (rs757318 was replaced
with rs9304955) were constructed based on genome-
wide association signals from their respective largest
genetic studies.30–32

Finally, GRSs were also constructed for the five
clusters obtained from the only genetic clustering for
T2D till date, the T2D “soft” clustering approach,
including proinsulin, beta cells, obesity, lipodystrophy,
and liver lipids.33 Proxy SNPs were selected based on
linkage disequilibrium r2 > 0.8. The GRS were pre-
sented as grouped based on trait characteristics
(Supplementary Tables S1 and S2).

GRS assessment. All GRSs were computed using
PLINK (version 1.9) weighted by their effect in the pri-
mary GWAS (Supplementary Table S2). GRS data were
normalised using inverse normal transformation. Sepa-
rate logistic regression models were generated to assess
the association of the GRS with T2D and the subgroups
[(1) T2D vs controls (2) SIDD vs controls (3) SIRD vs
controls (4) MOD vs controls and (5) MARD vs controls]
adjusting for sex. Outcome was presence or absence of
T2D (or subgroup) for each individual. Odds ratios were
used to interpret the strength of the association. Asso-
ciation of GRS for their corresponding phenotypes (GRS
for Insulin secretion 1, Insulin secretion 2, Beta cells,
Proinsulin, corrected insulin response (CIR), fasting
insulin, Insulin secretion rate with HOMA2B, GRS for
insulin sensitivity index (ISI), insulin action, insulin
action secretion with HOMA2IR and GRS for BMI,
WHR, VAT, lipodystrophy, liver lipids and adiposity with
BMI) was performed using linear regression on the in-
verse normal transformed outcomes (adjusting for age
and sex). Beta values were used to interpret the strength
of the association. All statistical analyses were performed
using R software (v4.0.3). An association was considered
www.thelancet.com Vol 14 July, 2023
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statistically significant if it had a p < 0.05, given that this
is a replication of previous findings.5 For the analysis of
association of all GRS with T2D, a second model was
computed with age, sex, and BMI as covariates.

Sensitivity analysis with LD considerations. SNP list for
each trait was assessed for LD within each list using
PLINK. Two SNP pairs for T2D, one SNP pair for BMI,
one for insulin action secretion GRS and seven for VAT
were in LD (Supplementary Table S3). For each SNP
pair in LD for a particular trait, one representative SNP
was selected for the sensitivity analysis whereas the
other was excluded. GRS analysis was performed as
described before.

Sensitivity analysis with outliers. We performed a
sensitivity analysis by including the participants who
had clustering variables values outside mean ± 5 SD and
were initially excluded from the primary analysis. We
applied the European derived centroids to assign in-
dividuals to the T2D subgroups and subsequently per-
formed the GRS association analysis.

Association of SNPs with T2D and subgroups. Association
of individual SNPs with T2D risk was performed using
logistic regression implemented in PLINK (version 1.9)
with sex as a covariate. Power to detect true association
for disease prevalence of 11%, risk allele frequency of
20% and relative risk of 1.5 at a modest significance
level of 0.05 was 0.9 (http://csg.sph.umich.edu/abecasis/
gas_power_calculator/index.html).

Individual SNPs used in the construction of GRSs
for adiposity, BMI, obesity, WHR, VAT, liver lipids,
impaired lipids and lipodystrophy were tested for as-
sociation with BMI using linear regression adjusted
for age and sex. SNPs used for the construction of
GRSs for insulin secretion and resistance related
traits were tested for association with the concordant
traits (HOMA-B and HOMA-IR respectively) using
linear regression in a model adjusted for age and sex.
All outcome variables were inverse normal trans-
formed prior to analysis. Association of selected SNPs
with subgroups risk was performed using logistic
regression implemented in PLINK (version 1.9) with
sex as a covariate. BMI and age were not included as
covariates since they are clustering parameters.

Type 1 diabetes genetic risk scores. In the absence of
GAD autoantibody data, we applied a ‘type 1’ GRS pre-
viously validated in the Indian population18 to 821 Well-
Gen participants with available genotype data to estimate
the proportion of those carrying autoimmune risk alleles
as described in our previous study.2 A positive control
group comprised 261 individuals with type 1 diabetes, as
described previously.2 A negative control group
www.thelancet.com Vol 14 July, 2023
comprised 461 participants with NGT (75 g OGTT;
WHO 1999 criteria) from the PMNS.

Role of the funding source
The funders had no role in study design, data collection,
data analysis, interpretation, or writing of themanuscript.
Results
Complete data on the subgrouping variables (age at
diagnosis, BMI, HbA1c, HOMA2B and HOMA2IR)
was available on 2217 people with diabetes
(Supplementary Figure S1). These people with diabetes
were similar to 894 people with diabetes who were not
included with respect to age, duration of diabetes, BMI
and HbA1c (Supplementary Table S4). The people with
diabetes were on average 42 years old (55.2% males,
44.8% females) and duration since diagnosis of dia-
betes was ∼10 years. The average BMI of the people
with diabetes was 26.27 kg/m2 (male 25.4 kg/m2, fe-
male 27.3 kg/m2), HbA1c was 8.69%, HOMA2B was
64.4 and HOMA2IR was 2.22 (Table 1). Of 2217 people
with diabetes, 821 had GWAS data (Affymetrix SNP 6.0
Chips). These people with diabetes were marginally
older and had lower fasting C-peptide concentrations
compared to the rest (Supplementary Table S5). Char-
acteristics of genotyped people with diabetes compared
to NGT controls are presented in Supplementary
Table S6. The T1D GRS distribution in people with
diabetes confirmed the absence of genetic T1D in our
participants (Supplementary Figure S2).

Weighted risk scores for T2D, insulin, glucose and
related phenotypes constructed from European
studies associate with T2D risk in India
We constructed genetic risk scores (nSNPs = 381, T2D-
GRS) based on previously reported genome-wide sig-
nificant associations with T2D risk from European
GWAS26 in WellGen. T2D-GRS showed a strong asso-
ciation with T2D risk in Indian people with diabetes
(OR per 1 SD increment [95% CI] = 1.55 [1.37–1.75]).
wGRS for proinsulin levels (nSNPs = 223), corrected in-
sulin response (nSNPs = 220), beta cells (nSNPs = 27),
insulin secretion (insulin secretion 1, nSNPs = 8; insulin
secretion 2, nSNPs = −21), insulin action/secretion
(nSNPs = 37), and insulin action (nSNPs = 16) were all
associated with T2D risk in the WellGen study
compared to NGT controls (Table 2).

In an additional model, we perform the associations
of glucose-insulin trait-related GRS with T2D adjusting
for age, sex, and BMI; and the associations persisted for
the most cases. However, the associations of GRSs for
beta cell, insulin action, and lipodystrophy with T2D
were not statistically significant whereas ISI-GRS was
significantly associated with T2D risk (Supplementary
Table S7).
5

http://csg.sph.umich.edu/abecasis/gas_power_calculator/index.html
http://csg.sph.umich.edu/abecasis/gas_power_calculator/index.html
www.thelancet.com/digital-health


GRS T2D (all subgroups N = 821) vs
controls (N = 461)

SIDD (N = 369) vs controls
(N = 461)

MOD (N = 268) vs controls
(N = 461)

SIRD (N = 21) vs controls
(N = 461)

MARD (N = 163) vs controls
(N = 461)

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

T2D 1.55 (1.37, 1.75) 4.222 × 10−12 1.66 (1.42, 1.93) 9.937 × 10−11 1.5 (1.27, 1.76) 8.014 × 10−07 1.15 (0.74, 1.78) 0.543 1.54 (1.27, 1.87) 1.27 × 10−05

Body size and composition

Obesity 0.87 (0.77, 0.99) 0.029 0.9 (0.77, 1.05) 0.17 0.87 (0.74, 1.02) 0.093 1.12 (0.7, 1.79) 0.63 0.79 (0.65, 0.97) 0.021

BMI 1.26 (1.12, 1.42) 1.225 × 10−04 1.27 (1.1, 1.47) 0.001 1.31 (1.12, 1.53) 6.180 × 10−04 1.37 (0.89, 2.11) 0.158 1.14 (0.95, 1.37) 0.165

VAT 1.09 (0.97, 1.22) 0.165 1.12 (0.97, 1.29) 0.11 1.16 (1, 1.35) 0.052 1.23 (0.79, 1.91) 0.353 0.92 (0.76, 1.11) 0.364

WHR 1.17 (1.04, 1.32) 0.007 1.22 (1.06, 1.41) 0.005 1.14 (0.98, 1.33) 0.086 1.26 (0.81, 1.95) 0.302 1.11 (0.92, 1.33) 0.282

Adiposity 1.14 (1.01, 1.28) 0.033 1.23 (1.07, 1.43) 0.004 1.09 (0.94, 1.27) 0.265 0.95 (0.61, 1.49) 0.822 1.05 (0.87, 1.27) 0.585

Insulin secretion

Beta cells 0.89 (0.79, 1) 0.047 0.87 (0.75, 1) 0.045 0.94 (0.81, 1.09) 0.431 1.27 (0.82, 1.96) 0.284 0.81 (0.67, 0.97) 0.025

CIR 0.87 (0.77, 0.98) 0.018 0.86 (0.75, 0.99) 0.036 0.85 (0.73, 1) 0.044 0.98 (0.63, 1.51) 0.913512 0.9 (0.75, 1.08) 0.268

Insulin secretion 1 1.33 (1.18, 1.5) 2.990 × 10−06 1.38 (1.19, 1.59) 1.980 × 10−05 1.25 (1.08, 1.46) 0.003 1.48 (0.95, 2.3) 0.08101 1.33 (1.1, 1.61) 0.003

Insulin secretion 2 1.22 (1.08, 1.37) 0.001 1.15 (1, 1.32) 0.057 1.24 (1.07, 1.45) 0.004 0.94 (0.61, 1.43) 0.756627 1.32 (1.1, 1.59) 0.003

ISR 0.9 (0.8, 1.01) 0.07 0.86 (0.74, 0.99) 0.031 0.95 (0.82, 1.1) 0.498 0.95 (0.61, 1.48) 0.829754 0.89 (0.73, 1.07) 0.215

Insulin action

Fasting insulin 0.98 (0.87, 1.1) 0.685 1.03 (0.89, 1.18) 0.714 0.96 (0.83, 1.12) 0.614 0.94 (0.61, 1.46) 0.793 0.94 (0.78, 1.13) 0.508

Insulin action secretion 1.17 (1.04, 1.32) 0.007 1.17 (1.01, 1.34) 0.032 1.09 (0.93, 1.27) 0.302 1.41 (0.89, 2.22) 0.146 1.45 (1.19, 1.78) 2.590 × 10−04

Insulin action 1.16 (1.03, 1.3) 0.014 1.1 (0.95, 1.27) 0.192 1.17 (1, 1.36) 0.049 1.25 (0.8, 1.93) 0.325 1.26 (1.04, 1.53) 0.016

Proinsulin 1.15 (1.03, 1.29) 0.017 1.09 (0.94, 1.25) 0.255 1.2 (1.03, 1.4) 0.017 0.91 (0.59, 1.42) 0.686 1.23 (1.01, 1.48) 0.035

ISI 1.01 (0.9, 1.13) 0.919 1 (0.87, 1.15) 0.976 0.98 (0.84, 1.14) 0.819 0.86 (0.55, 1.33) 0.497 1.09 (0.9, 1.31) 0.388

Lipid metabolism

Lipodystrophy 1.17 (1.04, 1.31) 0.009 1.16 (1, 1.34) 0.042 1.18 (1.01, 1.37) 0.037 1.12 (0.72, 1.73) 0.621 1.17 (0.97, 1.41) 0.098

Impaired lipids 1.22 (1.07, 1.38) 0.002 1.2 (1.03, 1.4) 0.019 1.26 (1.07, 1.49) 0.006 1.44 (0.88, 2.36) 0.142 1.17 (0.96, 1.44) 0.126

Liver lipids 1.28 (1.13, 1.44) 6.770 × 10−05 1.24 (1.07, 1.43) 0.004 1.31 (1.12, 1.53) 8.502 × 10−04 2.04 (1.26, 3.3) 0.003 1.16 (0.96, 1.41) 0.121

p-values calculated by logistic regression adjusted for sex for T2D and its subgroups compared to normal glucose tolerance (NGT). Level of significance, p < 0.05 (indicated in bold). OR: Odds ratio, T2D: Type 2 diabetes, SIDD: Severe insulin-
deficiency diabetes, MOD: Mild obesity-related diabetes, SIRD: Severe insulin-resistant diabetes, MARD: Mild age-related diabetes, WHR: Waist-hip ratio, VAT: Visceral adipose tissue, CIR: Corrected insulin response, ISI: Insulin sensitivity index, ISR:
Insulin secretion rate.

Table 2: Associations of the GRS for diabetes-related traits with the T2D subgroups.
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In a separate analysis of wGRSs of glucose-insulin
traits with the corresponding clustering parameters,
HOMA2B and HOMA2IR, wGRS for ISI associated
with HOMA2IR (Supplementary Table S8).

Weighted risk scores for body composition and
lipid related phenotypes constructed from
European studies associate with T2D risk in India
We next constructed GRSs based on previously reported
genome wide significant associations in European pop-
ulations for traits related to weight and blood lipids.
GRSs for BMI (nSNPs = 122), WHR (nSNPs = 39),
adiposity (nSNPs = 6), lipodystrophy (nSNPs = 18),
impaired lipids (nSNPs = 3), and liver lipids (nSNPs = 3)
were associated with T2D risk in WellGen compared to
NGT (Table 2).

In a separate analysis of wGRSs of body composition
and lipid traits with the clustering parameter BMI,
wGRS for BMI, WHR, VAT, and adiposity associated
with BMI (Supplementary Table S8).

Given the well-known substantial difference in the
beta cell function and obesity parameters between In-
dians and Europeans,6,7,34 we compared distribution of
GRSs for related traits between these populations and
investigated associations of GRSs with the phenotype. As
a rule, there was no significant difference in the distri-
bution of GRSs for fasting insulin, beta cells, BMI, and
obesity between the two populations (p > 0.05). However,
Fig. 1: Box and whisker plots show distributions of genetic risk scores (G
WellGen (India) and ANDIS (Sweden) studies; and scatterplots of related
ANDIS in blue. For obesity GRS, proportion of patients with diabetes who
same value of GRS, WellGen patients have a lower C-peptide, homeostatic
prevalence compared to ANDIS patients.

www.thelancet.com Vol 14 July, 2023
for a given GRS, Indians had lower fasting C-peptide,
HOMA2B, BMI and obesity (BMI>30kg/m2) (Fig. 1).

Subgroups of diabetes in India based on European
patient-derived coordinates
To test the applicability of the diabetes subgrouping
described in Ahlqvist et al.,1 we applied European-
derived centroids to 2217 Indian people with T2D
from the WellGen study (Table 3). In the absence of
GAD autoantibody data, we obtained the four expected
subgroups. These included the severe insulin-deficient
diabetes (SIDD) which was the most common (47.32%),
followed by the mild obese diabetes (MOD) (30.94%),
whereas the mild age-related diabetes (MARD) (18.58%)
and severe insulin-resistant diabetes (SIRD) (3.16%)
subgroups were less frequent (Table 3, Fig. 2). In the
sex-stratified analysis, in male participants, the SIDD
subgroup was most prevalent (53.92%), whereas in fe-
male participants, MOD was predominant (43.91%)
(Fig. 2). The characteristics of all the subgroups reflected
those seen in the European people with diabetes.

Association of weighted T2D genetic risk scores for
insulin secretion and sensitivity measures with T2D
subgroups
The European study showed that diabetes subgroups
described previously have at least partially different ge-
netic backgrounds. The SIRD subgroup seemed
RSs) for fasting insulin (a), beta-cells (b), BMI (c) and obesity (d) in
phenotypes for the two populations. WellGen is shown in red and
are obese (BMI > 30 kg/m2) are shown in quintiles of GRS. For the
model assessment for beta cell function (HOMA2B), BMI and obesity

7
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Characteristic WellGen (2217)

SIDD MOD SIRD MARD p value

No. of participants (%) 1049 (47.3) 686 (30.9) 70 (3.2) 412 (18.6)

Age at diabetes diagnosis, years 40.03 (8.53) 38.22 (7.24) 52.6 (10.37) 51.33 (9.76) 1.01E-129

BMI, kg/m2 25.2 (3.68) 28.77 (4.05) 29.22 (5.17) 24.34 (2.75) 4.96E-89

Fasting glucose, mg/dL 10.73 (3.35) 7.73 (2.27) 6.26 (1.26) 6.67 (1.35) 1.97E-198

HbA1c, mmol/mol 88.28 (19.31) 58.59 (12.71) 57.72 (14.14) 52.52 (10.49) 0.0001

HbA1c, % 10.23 (1.77) 7.51 (1.16) 7.43 (1.29) 6.96 (0.96) 0.0001

Fasting C-peptide, nmol/l 0.72 (0.42) 0.92 (0.48) 1.93 (0.52) 0.74 (0.37) 2.18E-56

HOMA2-B 39.09 (23.34) 80.52 (42.24) 184.29 (42.92) 82.05 (38.55) 3.06E-208

HOMA2-IR 2.17 (1.41) 2.33 (1.27) 4.57 (1.4) 1.78 (0.93) 4.51E-36

Values are mean (SD). p value corresponds to comparison between 4 subgroups and is calculated by ANOVA (type III SS for unequal samples sizes) adjusted for sex. SIDD:
Severe insulin-deficient diabetes, SIRD: Severe insulin-resistant diabetes, MOD: Mild obesity-related diabetes, MARD: Mild age-related diabetes, T2D: Type 2 diabetes.

Table 3: Clinical characteristic of the WellGen according to T2D subgroups.
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genetically different in that it had less involvement in
beta-cell related pathways in its pathogenesis.

The GRS of known T2D loci (T2D-GRS) was asso-
ciated with SIDD (OR per 1 SD increment [95%
CI] = 1.66 [1.42–1.93]), MOD (1.5 [1.27–1.76]) and
MARD (1.54 [1.27–1.87]), whereas it was not associated
with SIRD (1.15 [0.74–1.78]) (Table 2, Fig. 3).

GRS for beta cells developed from Udler et al.33 and
GRS for first phase insulin response, measured as in-
sulin secretion rate (ISR-GRS) based on serum C-pep-
tide during an intravenous glucose tolerance test
(IVGTT)28 were associated with SIDD but not with
SIRD, MOD or MARD. On the other hand, GRS for
corrected insulin response (CIR-GRS) during an oral
glucose tolerance test (OGTT)27 and insulin secretion
GRS from the study by Mahajan and colleagues,35 were
associated with SIDD, MOD and MARD but not with
SIRD (Table 2, Fig. 3).

A GRS comprised of insulin action/secretion SNPs35

was associated with SIDD and MARD, insulin action
GRS35 and proinsulin GRS constructed from the study
by Udler and colleagues33 were associated with MOD
and MARD (Table 2, Fig. 3).

Association of wGRS for body composition and
lipid related phenotypes with the T2D subgroups
GRS for obesity reported in the study by Udler and
colleagues33 associated with MARD, while a GRS for
BMI associated with SIDD and MOD. A GRS for
WHR and adiposity35 associated with SIDD but not
the other subgroups. GRS for lipodystrophy from the
study by Udler and colleagues33 was associated with
SIDD and MOD, while liver lipid GRS with SIDD,
MOD and notably also with SIRD. Impaired lipid
GRS reported in the study by Mahajan and col-
leagues35 was associated with SIDD and MOD
(Table 2, Fig. 3).
Sensitivity analysis
Sensitivity analysis taking LD into account
We replicated the GRSs reported in the study by Man-
sour Aly and colleagues using the same SNPS to
construct the GRSs. Given that LD structures could vary
between populations, we performed a sensitivity anal-
ysis, by assessing LD between the SNPs within the GRS
subsets in WellGen study. Very few SNPs in the BMI,
VAT, insulin action secretion and T2D were in LD
(r2 > 0.8). We pruned the SNPs, selecting one repre-
sentative SNP per pair and recalculated the GRS. The
associations with T2D and subgroups remained the
same as the results before pruning (Supplementary
Table S9).

Sensitivity analysis including outliers
Thirty-three individuals had HOMA values outside
mean ± 5 SD and were excluded. We performed a
sensitivity analysis including the outlier which resulted in
an additional 7 SIDD and 26 SIRD cases (Supplementary
Figure S3, Supplementary Tables S10–S12). Of these, 18
hadGWAS data available (12 were of SIRD subgroup, and
6 were of SIDD subgroup) (Supplementary Table S13).
With the inclusion of these 18 individuals, the association
of SIRD with liver lipids persisted, new associations with
WHR (p = 0.043) and insulin secretion 1 (p = 0.007) GRSs
were observed. However, the association of SIDD with
beta cell GRS was not statistically significant (p = 0.055)
(Supplementary Table S13).

Association of SNPs used to construct GRS with
T2D risk
Several SNPs previously associated with T2D, insulin
secretion and action associated with T2D risk as well as
their respective traits in the Indian WellGen study
(p < 0.05) most of them with directional consistency
(Supplementary Tables S14 and S15).
www.thelancet.com Vol 14 July, 2023
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Fig. 2: Distribution of participants from the WellGen study in the predefined subgroups. (a–c) Distribution of WellGen participants, showing all
participants (n = 2217) (a), men with diabetes (n = 1224) (b) and women with diabetes (n = 993) (c). Box plot of subgroup characteristics in the
WellGen study. Distribution of age at diagnosis (d), BMI (e), HbA1c (f), homeostatic model assessment for beta cell function (HOMA2-B) (g) and
homeostatic model assessment for insulin resistance (HOMA2-IR) (h). SIDD–Severe insulin-deficient diabetes, SIRD–Severe insulin-resistant
diabetes, MOD–Mild obesity-related diabetes, MARD–Mild age-related diabetes.
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Genetic analysis of previously reported loci with
subgroups
The TCF7L2 locus does not associate with SIRD
The strongest susceptibility signal for T2D from earlier
GWAS was the rs7903146 variant in the TCF7L2 locus.36

This SNP associated with the SIDD, MOD and MARD
subgroups but not SIRD in the WellGen cohort (Table 4).

LRMDA locus did not replicate the association with MOD
Association of rs10824307 with the MOD subgroup has
been reported earlier.5 This SNP was not associated with
MOD or any of the diabetes subgroups in the WellGen
study (Table 4).

India-specific T2D loci
Previous studies reported the association of rs9552911
SNP at the SGCG locus and rs998451 at the TMEM163
www.thelancet.com Vol 14 July, 2023
locus with T2D in India but not in other populations.9,10

We did not find any association of these variants with
any of the subgroups in WellGen (Table 4).

B12 locus FUT2/6 and MOD
Vitamin B12 deficiency has been shown to be
endemic to the Indian population and has been linked
to foetal growth, insulin resistance, and obesity.37,38 A
previous GWAS based on the Indian population
identified variants in fucosyltransferase (FUT) genes
(FUT2/FUT6) to be associated with vitamin B12
deficiency in Indians.39 We therefore examined if the
same variants are associated with T2D or with specific
subgroups. We found that variants in FUT2
(rs492602, rs601338, rs602662, and rs681343) were
associated with T2D but not the variants in FUT6
(rs3760776 and rs78060698). The same variants in
9
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Individual SNPs

Diabetes related SNPs

TCF7L2 rs7903146

ZNF503 rs10824307

SGCG–rs9552911

TMEM163–rs998451

Secretor status related S

FUT2 rs281377

FUT2 rs492602

FUT2 rs601338

FUT2 rs602662

FUT2 rs681343

FUT2 rs1800027

FUT6 rs3760775

FUT6 rs3760776

FUT6 rs78060698

FUT6 rs708686

p-values calculated by logisti
Odds ratio, T2D: Type 2 diab

Table 4: Associations of i

Fig. 3: Heatmap of associations of genetic risk scores (GRSs) for Type 2 diabetes-related traits with subgroups compared to NGT in two
populations (WellGen and ANDIS). The odds ratios (OR) for statistically significant associations (p < 0.05) are presented. OR>1 represented in
shades of red, OR<1 represented in shades of blue. SIDD–Severe insulin-deficient diabetes, SIRD–Severe insulin-resistant diabetes, MOD–Mild
obesity-related diabetes, MARD–Mild age-related diabetes, T2D–Type 2 diabetes.
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FUT2 and FUT6 were also associated with the MOD
but not with the other subgroups (Table 4). We next
assessed for the same associations in the Swedish
ANDIS study but did not see any association of FUT2/
FUT6 variants with either T2D or subgroups
(Supplementary Table S16).
T2D (N = 821) vs controls
(N = 461)

SIDD (N = 369) vs controls
(N = 461)

MOD (N = 268)
(N = 461)

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI)

1.66 (1.31, 2.1) <0.001 1.69 (1.27, 2.25) <0.001 1.44 (1.06, 1.95)

1.01 (0.8, 1.28) 0.911 1.09 (0.83, 1.45) 0.529 0.92 (0.68, 1.25)

1.2 (0.61, 2.39) 0.596 1.35 (0.58, 3.19) 0.488 1.36 (0.55, 3.35)

1.87 (0.4, 8.68) 0.423 3.19 (0.59, 17.16) 0.177 0.88 (0.08, 9.78

NPs

1.18 (0.85, 1.63) 0.327 1.12 (0.75, 1.67) 0.584 1.28 (0.84, 1.96

1.71 (1, 2.91) 0.05 1.17 (0.6, 2.28) 0.6504 2.46 (1.32, 4.61)

1.71 (1, 2.91) 0.05 1.17 (0.6, 2.28) 0.65 2.46 (1.32, 4.61)

1.73 (1.02, 2.95) 0.044 1.22 (0.63, 2.36) 0.557 2.45 (1.31, 4.59)

1.71 (1, 2.91) 0.05 1.17 (0.6, 2.28) 0.65 2.46 (1.32, 4.61)

0.91 (0.21, 3.92) 0.904 0.32 (0.03, 3.14) 0.325 1.17 (0.19, 7.03)

1.05 (0.62, 1.75) 0.8639 0.93 (0.49, 1.76) 0.826 0.8 (0.39, 1.65)

0.88 (0.51, 1.5) 0.632 0.84 (0.44, 1.64) 0.616 0.35 (0.13, 0.93)

0.68 (0.37, 1.27) 0.226 0.65 (0.3, 1.42) 0.28 0.17 (0.04, 0.73)

1.07 (0.74, 1.53) 0.721 0.94 (0.6, 1.47) 0.8 1.09 (0.68, 1.74

c regression adjusted for sex for age and sex for T2D and its subgroups compared to norm
etes, SIDD: Severe insulin-deficiency diabetes, MOD: Mild obesity-related diabetes, SIRD: S

ndividual loci with T2D and its subgroups.
Discussion
To our knowledge, this is the first study showing the
association of European-derived genetic risk scores for
T2D, insulin and glucose, body composition and lipid
related traits with T2D as well as its subgroups in India.
Similar to our previous findings,2 the SIDD subgroup
vs controls SIRD (N = 21) vs controls
(N = 461)

MARD (N = 163) vs
controls (N = 461)

p-value OR (95% CI) p-value OR (95% CI) p-value

0.02 2.11 (0.87, 5.14) 0.1 1.88 (1.29, 2.74) 0.001

0.598 0.97 (0.4, 2.34) 0.946 1.05 (0.72, 1.52) 0.799

0.499 0 (0, Inf) 0.99 1.45 (0.47, 4.48) 0.523

) 0.919 0 (0, Inf) 0.991 0 (0, Inf) 0.984

) 0.248 3.38 (0.85, 13.49) 0.083 0.97 (0.58, 1.63) 0.912

0.005 0.99 (0.12, 8.05) 0.991 1.47 (0.67, 3.22) 0.336

0.005 0.99 (0.12, 8.05) 0.991 1.47 (0.67, 3.22) 0.336

0.005 0.99 (0.12, 8.03) 0.99 1.48 (0.68, 3.24) 0.328

0.005 0.99 (0.12, 8.05) 0.991 1.47 (0.67, 3.22) 0.336

0.868 6.45 (0.61, 68) 0.121 0.86 (0.08, 9.14) 0.904

0.551 0 (0, Inf) 0.99 2.04 (1, 4.17) 0.051

0.036 1.76 (0.37, 8.44) 0.48 1.75 (0.84, 3.65) 0.136

0.017 0 (0, Inf) 0.987 1.81 (0.81, 4.01) 0.146

) 0.732 1.18 (0.35, 4.02) 0.787 1.32 (0.76, 2.31) 0.322

al glucose tolerance (NGT). Level of significance, p < 0.05 (indicated in bold). OR:
evere insulin-resistant diabetes, MARD: Mild age-related diabetes.
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was predominant in this unselected (for age) cohort and
the SIRD subgroup was the least prevalent. We lever-
aged genome-wide genotyping data and showed that
T2D subgroups in India were similarly associated with
European generated genetic risk scores for diabetes
related traits as shown previously.5 Our findings support
that the above genetic risk scores are indeed associated
with T2D risk in India, even in extended analyses
allowing for differences in LD structures between pop-
ulations as well as including outliers. More interest-
ingly, the subgroups of T2D in India have partially
distinct genetic pathophysiology reflected in many
shared common genetic associations as well as some
distinct signatures compared to that seen in Europe.

Genetic risk score for T2D associated with all T2D as
well as SIDD, MOD and MARD subgroups, but not with
SIRD in India, as seen in the Swedish study (Fig. 3).
Unlike in the Europeans, the association of fasting in-
sulin GRS with SIRD was not replicated in our study
which may be attributed to the low proportion of SIRD
individuals in our data. Interestingly, for each fasting
insulin GRS, Indians had lower C-peptide concentra-
tions and HOMA2B compared to Europeans (Fig. 1),
highlighting the predominance of insulin deficiency in
Indians.

We replicated the strong association of insulin se-
cretion GRSs (insulin secretion 1, CIR, and insulin
secretion rate) with the insulin deficient SIDD com-
pared to the other subgroups similar to the Swedish
ANDIS study. Interestingly, the direction of effect of the
beta-cell GRS was opposite to that found in ANDIS,
which could possibly reflect the diverse pathophysiology
in the two populations (Fig. 3). While the beta-cell GRS
distribution between the two population is comparable,
the per GRS insulin secretion as reflected by beta-cell
was lower in Indians compared to Europeans (Fig. 1).

The insulin action secretion GRS were found to be
associated with SIDD and MARD but not MOD; while
insulin action was found to be associated only with
MOD and MARD but not SIDD, highlighting the subtle
similarities and differences. Proinsulin GRS did not
associate with any subgroup from Europe; however, it
was associated with MOD and MARD in India, perhaps
reflecting population differences in genetic aetiologies
and early life experiences. It is interesting to note that
animal models of intrauterine undernutrition demon-
strated alterations in proinsulin secretion and meta-
bolism40 and South Asians have increased plasma levels
of fasting proinsulin compared to white Caucasians.41

We also investigated European generated GRSs for
body size and composition associations in T2D and
subgroups expecting population-based differences given
the distinct ‘thin-fat’ phenotype in Indians. Obesity GRS
was not found to be associated with SIDD, SIRD and
MOD but was inversely associated with MARD in In-
dians, while it had a consistent positive association with
all the subgroups in Europeans (Fig. 3). A possible
www.thelancet.com Vol 14 July, 2023
explanation is provided by Fig. 1 which shows that for
each BMI and obesity GRS, Indians have a substantially
lower BMI or obesity prevalence compared to the Eu-
ropeans. The GRS for adiposity and WHR were associ-
ated with SIDD in India but not in Europe, perhaps
reflecting the thin-fat-centrally obese phenotype of In-
dian participants with T2D.42 Recent imaging studies of
abdominal ectopic adiposity have highlighted excessive
liver fat in South-Asians compared to European people
with diabetes.43 The presence of excessive liver fat in
South-Asians is perhaps the reason for the exclusive
association of liver lipid GRS with SIDD, SIRD and
MOD, as well as the association of impaired lipid GRS
with MOD in Indians but not in Europeans. The basic
adiposity phenotype of Indians seems to extend even to
the unique subgroup SIRD (including outliers) wherein
the GRSs for VAT and WHR were also found to be
associated, unlike in Europe, despite the low number of
individuals in this group. We partially replicated the
aetiological difference between the SIRD and MOD
subgroups, with MOD having the highest GRS effects
for BMI, WHR and VAT.

Like ANDIS, most of these insulin secretion GRS,
fasting insulin as well as the TCF7L2 variant did not
show an association with the insulin resistant SIRD.
However, with the inclusion of outliers, the insulin
secretion 1 GRS was found to be associated with SIRD,
in contrast to ANDIS. This finding needs further
confirmation in larger cohorts, and its possible impli-
cations for the pathophysiology of this unique subgroup
(combining the demographic features of MOD and
MARD but with a vigorous beta cell response to pre-
vailing insulin resistance). Both GRSs for liver lipids
and impaired lipids were found to be associated with
SIRD (in analyses including and excluding outliers) and
reflect the potential role of liver in its pathophysiology.
Overall, this unique subgroup SIRD poses an intriguing
picture of people with diabetes whose beta cells persist
to perform despite severe insulin resistance.

T2D is a heterogeneous mixture of people with dia-
betes who have varied phenotypic combinations arising
out of genetic and environmental exposures (early and
late life) akin to the Heinz 57 model described by Gra-
ham Hitman or the Palette model described by Mark
MacCarthy.44 Our results highlight the genetic and
phenotypic heterogeneity in the Indian and European
populations. Several SNPs previously associated with
T2D in studies of European and multi-ethnic ancestry
also associated with T2D in the Indian WellGen study.
However, these results should be interpreted cautiously,
given the study power and modest effect sizes. We
therefore tested the association of the combined effect of
the T2D GRS which were replicated for association with
T2D in India. However, the known T2D risk loci ac-
count for ∼20% of T2D heritability, leaving a substantial
proportion of unexplained or missing heritability, some
of which can be attributed to population specific effects.
11
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Environmental influences across the life course perhaps
make a substantial contribution, part of which is
explained by epigenetics as a consequence of gene–
environment interactions.45–47 Reputedly, the most im-
portant window for this is the periconceptional period
which is influenced by maternal nutrition, metabolism,
stress, and life course experiences of the mother.45,48–50

We have reported a substantially lower birthweight in
neonates from Indian subcontinent compared to neo-
nates from UK at comparable birthweight GRS.51 Lower
birthweight is a risk factor for future diabetes and other
cardiometabolic outcomes. Thus, the population-based
differences could extend beyond genetics in that In-
dians and Europeans have very different life-course
experiences.

India is ethnically, linguistically, and genetically
diverse with at least four ancestries, European (north
India), Dravidian (south India), Tibeto-Burman (north-
east India), and Austro-Asiatic (fragmented in east and
central India; spoken exclusively by the tribals).52 Pop-
ulation studies have revealed a historic admixture
pattern mirroring a North-South gradient [Ancestral
North Indians (ANI) vs. Ancestral South Indians
(ASI)].53–55 A gene-flow from Europe to North India has
been indicated in the manifestation of external pheno-
types such as skin colour,56 which could potentially be
extended to metabolism. It could be speculated that
there would be a higher degree of similarity between
findings in Europe and North India whereas this would
tend to reduce as one moves further South, given the
increasing genetic diversity between the different ge-
ographies. Our results are based on a small cohort in
western India (Pune, Maharashtra). However, the re-
sults which are replicated from European studies could
be broadly applicable to the western-Indian population,
and potentially extend also to other subsections. How-
ever, further studies in other subsections of the Indian
population taking geographies and population struc-
tures into account will be crucial to further understand
the aetiology of T2D in this diverse population.

We further explored the association of variants in
TCF7L2 and LRMDA with the subgroups as a replica-
tion of our previous study, given that TCF7L2 is the
most well-established and well known T2D locus, while
LRMDA variant had a robust association with MOD.5,57

We also included the TMEM163 locus variant, since
this was an association specific to T2D in India.9,10 Our
choice of FUT2/6 variants is based on our research in
the PMNS wherein we showed an interesting associa-
tion between maternal vitamin B12 deficiency and in-
sulin resistance in the offspring.37,38 B12 deficiency is
also associated with obesity.58,59 Obesity and insulin
resistance are two major risk factors for T2D. Indians as
a group have a substantial prevalence of vitamin B12
deficiency. FUT2 and FUT6 variants showed a strong
association with vitamin B12 deficiency in our previous
study.39 We found a significant association between FUT
SNPs and T2D and its subgroups driven by MOD in
Indian WellGen cohort, but not in the Swedish ANDIS
cohort. Furthermore, there are no reports of B12 defi-
ciency related to Swedish population.60 This is in line
with the proposed role for macronutrient excess in
the Western populations and a suggested role for
micronutrient imbalance in the low-income and middle-
income countries related to aetiology of T2D.

Our findings show a resonance with the major Sus-
tainable Development Goals—SDGs described by the
UN (3. Good health and wellbeing, 10. Reduced in-
equalities, 1. No poverty, 2. Zero hunger, 17. Partner-
ship for the goals and others) by highlighting
considerable differences in the phenotype despite sub-
stantial similarities in the genetic associations of T2D
subgroups. It is tempting to ascribe these to historical
legacy and currently ongoing socioeconomic and nutri-
tional factors across the two diverse populations.

One of the weaknesses is the low statistical power of
the study to find genome-wide associations and the
longer duration of diabetes compared to the European
study which could influence clinical measurements.
Previous studies have shown that substantially greater
predictive power can usually be achieved by using GRS
rather than a small number of genome-wide significant
SNPs.61–63 Despite low power, most of the GRSs were
replicated in the Indian people with diabetes and pro-
vided us a genetic tool to support the hitherto described
differences in the body composition and beta cell
function between Indians and Europeans. We also note
that the use of sensitivity analyses including the outlier
values with the same statistical methods is not optimal,
however, the fact that only one result became non-
significant supports the idea that the outliers had no
great effect on the outcomes thus increasing the confi-
dence that outlier exclusion was not a strong driver of
the results. Future studies may benefit from the use of
non-parametrical statistical methods such as resampling
to allow for inclusion of outliers in the primary analyses.

In conclusion, our data shows genetic similarities
between European and Indian T2D at a broader level,
emphasising the applicability of the European derived
GRSs to the Indian population. Moreover, we provide
robust evidence for genetically distinct aetiologies for
the T2D subgroups in India which mirror at least in part
those seen in Europeans, and this information is valu-
able for pre-clinical research as well as clinically
important. Large-scale studies of the population-based
differences would be interesting to unravel the unique
characteristics of T2D in India.
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