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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory joint 
disease affecting around 0.5 to 1.0% of the adult population 
[1]. Therapeutic drugs against RA include synthetic and bio-
logical disease-modifying anti-rheumatic drugs (DMARDs), 
and glucocorticoids [2]. Despite available treatment options, 
a significant proportion of patients with RA fail to reach low 
disease activity or remission [2]. Because of lower accessi-
bility to biological DMARDs in low-income countries, the 
true failure rate may be higher [3].

There are unmet preventive and therapeutic needs for 
RA. De novo drug discovery can be time- and resource-
consuming. Drug repurposing is an alternative, which aims 
to apply licensed drugs, with well-studied safety and phar-
macokinetic profiles, to new indications [4]. Established 
RA has been associated with impaired glucose metabolism, 
especially insulin resistance [5]. Major drugs to improve 
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Abstract
Despite increasing therapeutic options to treat rheumatoid arthritis (RA), many patients fail to reach treatment targets. 
The use of antidiabetic drugs like thiazolidinediones has been associated with lower RA risk. We aimed to explore the 
repurposing potential of antidiabetic drugs in RA prevention by assessing associations between genetic variation in anti-
diabetic drug target genes and RA using Mendelian randomization (MR). A two-sample MR design was used to estimate 
the association between the antidiabetic drug and RA risk using summary statistics from genome-wide association studies 
(GWAS). We selected independent genetic variants from the gene(s) that encode the target protein(s) of the investigated 
antidiabetic drug as instruments. We extracted the associations of instruments with blood glucose concentration and RA 
from the UK Biobank and a GWAS meta-analysis of clinically diagnosed RA, respectively. The effect of genetic varia-
tion in the drug target(s) on RA risk was estimated by the Wald ratio test or inverse-variance weighted method. Insulin 
and its analogues, thiazolidinediones, and sulfonylureas had valid genetic instruments (n = 1, 1, and 2, respectively). 
Genetic variation in thiazolidinedione target (gene: PPARG) was inversely associated with RA risk (odds ratio [OR] 0.38 
per 0.1mmol/L glucose lowering, 95% confidence interval [CI] 0.20–0.73). Corresponding ORs (95%CIs) were 0.83 
(0.44–1.55) for genetic variation in the targets of insulin and its analogues (gene: INSR), and 1.12 (0.83, 1.49) 1.25 (0.78-
2.00) for genetic variation in the sulfonylurea targets (gene: ABCC8 and KCNJ11). In conclusion, genetic variation in 
the thiazolidinedione target is associated with a lower RA risk. The underlying mechanisms warrant further exploration.
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glucose metabolism include metformin as the first-line 
treatment, and glucagon-like peptide-1 (GLP-1) receptor 
agonists, sodium-glucose cotransporter-2 (SGLT2) inhibi-
tors, dipeptidyl peptidase 4 (DPP-4) inhibitors, insulin 
and its analogues, thiazolidinediones and sulfonylureas as 
second-line options [6]. Metformin use was reported to be 
associated with a decreased risk of developing RA [7]. Like-
wise, the use of thiazolidinediones, a drug class activating 
peroxisome proliferator-activated receptor-γ (PPARγ) to 
reduce glucose concentration and increase insulin sensitiv-
ity, was associated with a reduced RA risk [8]. Glucagon-
like peptide-1 (GLP-1) is an incretin hormone inducing 
insulin secretion and suppressing glucagon production 
[9]. Dipeptidyl peptidase 4 (DPP-4) inhibitors can prevent 
GLP-1 from degradation and GLP-1 receptor agonists can 
mimic the physiological function of GLP-1 [9]. A meta-
analysis of four retrospective cohorts of patients with type 2 
diabetes mellitus (T2DM) found that DPP4 inhibitor users 
had a 28% lower risk of incident RA compared with those 
who did not receive DPP4 inhibitors [10]. Likewise, in vitro 
studies found anti-inflammatory effects of GLP-1 receptor 
agonists in fibroblast-like synoviocytes (FLS) from patients 
with RA [11, 12]. Evidence is scarce concerning the impact 
of using SGLT2 inhibitors, insulin and sulfonylureas on RA 
risk.

Because of their observational designs, these studies have 
demonstrated associations but not necessarily causality, for 
instance, reverse causation may have been at play. Mende-
lian randomization (MR) can be a viable approach to gauge 

the repurposing potential of a drug [13]. Briefly, MR uses 
genetic variants, usually single nucleotide polymorphisms 
(SNPs), as instruments of an exposure to provide the ide-
ally unconfounded effect of the exposure on the outcome 
[14]. Genetic variants from the gene locus that encodes the 
drug target protein are likely to influence the expression or 
function of the protein. Leveraging these variants as genetic 
instruments can mimic how the drug modulates its target 
protein, allowing us to estimate the effect of genetic varia-
tion in the drug target on a new indication like a random-
ized controlled trial (Fig. 1) [13, 15]. This study aimed to 
evaluate the repurposing potential of antidiabetic agents to 
prevent RA in an MR framework, using genetic variants in 
the encoding gene loci of the targets of different antidiabetic 
drugs.

Methods

Study overview

We utilized a two-sample MR design to provide evidence 
for the potential usefulness of antidiabetic drug repurposing 
on RA prevention by deriving summary statistics of instru-
ment-exposure and instrument-outcome associations from 
large-scale genome-wide association studies (GWAS) in 
separate populations (Fig. 1). We first identified the gene(s) 
that encode the target protein(s) of each antidiabetic drug 
class from Drugbank and ChEMBL databases, and chose 

Fig. 1 Overview of the Mendelian randomization study design. 
The Mendelian randomization (MR) design uses alleles randomized at 
germ cell formation and conception as instruments to estimate uncon-
founded associations between an exposure and an outcome, and can be 
a viable method to gauge the potential of drug repurposing. This study 
selects genetic variants from the gene(s) encoding the target protein(s) 
of the antidiabetic drug as instruments. The main downstream effect 
of antidiabetic drugs is decreased glucose concentration. Hence, this 

study leverages associations of the selected genetic instruments with 
blood glucose concentration to proxy the pharmacological modulation 
of the drug target protein of interest (relevance assumption). Genetic 
variants are expected to not be associated with confounders (indepen-
dence assumption) and affect RA through other pathways (exclusion 
restriction assumption). The two samples used in the analyses were 
summary data from genome-wide association studies on blood glucose 
(UK Biobank) and clinically diagnosed RA.
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independent variants from the gene locus as instruments to 
proxy the pharmacological modulation of the drug target 
protein. We extracted associations between genetic instru-
ments and blood glucose concentration from the glucose 
GWAS in the UK Biobank (UKB)[16], and associations 
between genetic instruments and RA risk from the so far 
largest GWAS of clinically diagnosed RA [17]. Then we 
combined two datasets to estimate the effects of genetic 
variation in the antidiabetic drug targets on the risk of RA 
using MR analysis. Details about all the GWAS used in our 
study are listed in Table 1.

GWAS of blood glucose (instrument-exposure 
associations)

We performed a GWAS analysis of blood glucose concen-
tration in the UKB. Briefly, the UKB recruited about half 
a million participants aged 40 to 69 years across the UK 
between 2006 and 2010 [18]. UKB collected a random blood 
sample for glucose concentration. We excluded participants 
with self-reported diabetes or diabetes treatment at baseline, 
and those diagnosed with diabetes (International Classifi-
cation of Diseases [ICD] 10th code: E10-E14; ICD9 code: 
250) before the enrollment, as identified through the link-
age to multiple databases (Supplementary Fig. 1). Genotype 
data after imputation were available in the UKB [16]. We 
excluded individuals having a high proportion of heterozy-
gous genotypes (the indication of low sample quality), sex 
chromosome aneuploidy, or > 5% missing rate of variants. 
To correct for relatedness between individuals, one relative 
was randomly retained within pairs with a kinship threshold 
of 0.0884. We removed variants with a missing rate > 0.1 or 
a minor allele frequency < 0.01. We restricted the analysis to 
White British participants without missing information on 
glucose concentration (N = 309,895) and adjusted for age at 
baseline, sex, array and ten principal genetic components.

GWAS of rheumatoid arthritis (instrument-outcome 
associations)

We obtained information on genetic association data of clin-
ically diagnosed RA from a GWAS meta-analysis of 22,350 
cases and 74,823 controls from 25 European RA cohorts 
(downloaded on 2021/12/07; Table 1) [17]. Genetic asso-
ciations specifically for seropositive RA were also available 
in this GWAS that encompassed 17,221 seropositive cases. 
Seropositive RA case was defined as RA positive for either 
rheumatoid factor or anti-citrullinated peptide antibodies. 
Covariates included age, sex and principal components, as 
appropriate.

Genetic instruments for anti-diabetic drugs

Major antidiabetic drugs included metformin, GLP-1 recep-
tor agonists, SGLT2 inhibitors, DPP-4 inhibitors, insulin 
and its analogues, thiazolidinediones and sulfonylureas [6]. 
Genes encoding the target proteins of these antidiabetic 
drugs were identified from Drugbank (v5.0) and ChEMBL 
(v29.0) databases (Table 2) [19, 20]. Metformin was 
removed because two databases listed different target pro-
teins and its drug mechanisms have not been fully clarified.

We extracted genetic variants from the target gene 
region and its neighboring 2.5 kb window of each drug 
class, retained those having associations with the glucose 
concentration with a false discovery rate less than 0.05, 
and then applied a linkage disequilibrium (LD) clumping 
(r2 < 0.001) to select nearly independent variants as genetic 
instruments (Supplementary Table 1). Palindromic variants 
were allowed with a minor allele frequency below 0.3. For 
variants absent in the RA GWAS, we used the European 
panel from the 1000 Genome Project Phase 3 as the refer-
ence panel and chose the variant in high LD (r2 > 0.8) with 
the drug-target-associated variant as a proxy [21]. To exam-
ine whether the genetic instruments would affect RA risk 
through other pathways other than the drug target of inter-
est, we also searched for traits associated with these instru-
ments in the GWAS Catalog [22].

In addition, we selected genetic variants of biological 
relevance as instruments for thiazolidinediones and sulfo-
nylureas. A common variant (rs1801282) within the PPARG 
gene is a missense variant and results in the substitution 
of Ala for Pro at position 12 in the PPARγ2-specific exon 
B. The rs1801282 variant can regulate binding affinity to 
PPARγ response element and ability to activate transcrip-
tion [23]. Its minor allele (G) was associated with a lower 
T2DM risk [24]. The rs757110 variant within the ABCC8 
gene encodes the subunit of sulfonylurea target protein, 
ATP-sensitive potassium (KATP) channel. The KATP chan-
nel locates on pancreatic β-cell membranes and its inhibi-
tion promotes insulin release [25]. The minor allele (A) of 
rs757110 could facilitate closing the KATP channel and was 
associated with decreased 2-hour glucose concentration and 
T2DM risk [25, 26]. Genetic instruments of biological rel-
evance were independently leveraged in MR analysis.

Positive control analysis

A positive control MR analysis serves to justify the genetic 
instruments of the drug by demonstrating the expected effect 
on the outcome which has an established causal relationship 
with the drug of interest [27]. The intended indication for 
antidiabetic drugs is T2DM. Besides their glucose-lowering 
properties, GLP-1 receptor agonists and SGLT2 inhibitors 
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Table 1 Details of the genome-wide association studies used in the present study
Trait Inclusion 

criteria
Sample 
size

Exclusion criteria Measurement/ diagnostic criteria Covariates Refer-
ence

Exposure
 Blood 
glucose

All partici-
pants from 
UK Biobank

309,895 Individuals with diagnosed or self-
reported type-1 or type-2 diabetes, on 
diabetes treatment

Measured by hexokinase method Age, sex, array 
and 10 PCs

(NA)

 Fasting 
insulin*

Participants 
from 77 
studies

105,056 Individuals with diagnosed type 
1 or type 2 diabetes, with fasting 
glucose ≥ 7mmol/L, on diabetes 
treatment, with pregnancy, with outli-
ers ± 3 s.d.; non-fasting individuals

Measured by various enzymatic 
methods

Age, study site, 
PCs

[35]

Outcome
 RA Participants 

from 25 RA 
studies

22,350 
cases/ 
74,823 
controls

(NA) The 1987 American College of 
Rheumatology criteria or the 
2010 European League Against 
Rheumatism criteria, or diagnosed 
RA by a rheumatologist

Age, sex and 
PCs

[17]

 Seropositive 
RA

Participants 
from 25 RA 
studies

17,221 
cases/ 
74,823 
controls

(NA) Diagnosis criteria are the same as 
above. Seropositivity is defined 
as the presence of rheumatoid 
factor or anti-citrullinated peptide 
antibodies.

Age, sex and 
PCs

[17]

Positive control 
outcomes
 T2DM Participants 

from 18 
studies

26,676 
cases/ 
132,532 
controls

(NA) Self-reported diabetes diagnosed 
by a physician, self-reported 
antidiabetic drug use, fasting-
glucose ≥ 7.0mmol/L, non-
fasting glucose ≥ 11.1 mmol/L, 
HbA1c ≥ 6.5%, a diagnosis of 
diabetes in the hospital discharge 
register

Age, sex and 
PCs

[33]

 HOMA-IR Participants 
from 20 
studies

36,466 Individuals with diagnosed type-1 
or type-2 diabetes, with fasting 
glucose ≥ 7.0mmol/L, on diabetes 
treatment, with pregnancy, with outli-
ers ± 3 s.d.; non-fasting individuals

HOMA-IR=(fasting insu-
lin [mU/L] × fasting glucose 
[nmol/L]) × 22.5

Age, sex, 
study site, 
geographic 
covariates and 
age squared

[34]

 Fasting 
proinsulin

Participants 
from 16 
studies

45,861 Individuals with self-reported or 
diagnosed diabetes, antidiabetic drug 
use, fasting-glucose ≥ 7.0mmol/L, 
2-hour glucose ≥ 11.1 mmol/L, 
HbA1c ≥ 6.5%

(NA) Age, sex, 
PCs and other 
study-specific 
covariates

[36]

 BMI* Participants 
from 125 
studies

322,154 Individuals with missing information 
(including weight, height, BMI, age 
or sex), with age < 18 years

Self-reported or measured height 
and weight. BMI = weight (kg) / 
height (m)2

Age, age 
squared and 
study-specific 
covariates such 
as PCs

[29]

 Hip 
circumference*

Participants 
from 57 
studies

213,038 Individuals with missing information 
(including hip circumference, weight, 
height, BMI, age or sex), with 
age < 18 years

Self-reported or measured metrics Age, age 
squared, 
study-specific 
covariates

[30]

 Waist 
circumference*

Participants 
from 57 
studies

232,101 Individuals with missing information 
(including hip circumference, weight, 
height, BMI, age or sex), with 
age < 18 years

Self-reported or measured metrics Age, age 
squared, 
study-specific 
covariates

[30]

PC, principal components; RA, rheumatoid arthritis; T2DM, type 2 diabetes mellitus; HOMA-IR, insulin resistance measured by homeostatic 
model assessment; BMI, body mass index; NA, not applicable.
All samples are from the European ancestry.
* Genetic associations were estimated in each sex and then combined using meta-analyses.
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in obese or type 2 diabetes patients receiving thiazolidin-
ediones in clinical studies [37, 38]. Hence we additionally 
used the fasting insulin concentration as a downstream bio-
marker of thiazolidinediones. We obtained effect sizes of 
associations between the selected genetic instruments for 
thiazolidinedione and fasting insulin concentration from 
the largest GWAS meta-analysis of fasting insulin, which 
involved 105,056 white European individuals from 38 
studies [35]. The GWAS analysis was performed in each 
sex and then pooled together using meta-analysis. Covari-
ates included age, study site and principal components, as 
appropriate. Then we repeated MR analysis to estimate the 
effect of genetic variation in the thiazolidinedione target, 
which was predicted by insulin decrement, on RA risk. The 
minor allele frequency of the functional variant (rs1801282) 
was high (MAFG=0.874) in the fasting insulin GWAS so it 
was excluded from this sensitivity analysis. Additionally, a 
relaxed clumping threshold (r2 < 0.1) was applied to include 
more genetic instruments for the primary MR analyses.

Statistical methods

The effect size of the genetic association between each 
genetic instrument and the blood glucose concentration 
was estimated by the linear regression using PLINK v1.9 
[39]. The mean F statistic was calculated to test the genetic 
instrument strength for each drug class [40]. An F statistic 
above ten typically indicates a strong instrument [40]. If the 
effects of the genetic instrument on the exposure and the 
outcome did not correspond to the same allele on the same 
DNA strand, we aligned the allele in the outcome dataset to 
that in the exposure dataset and flipped its genetic effect size 
accordingly. If a single genetic instrument was obtained, the 
causal effect was estimated by the ratio of genetic associa-
tions with RA and blood glucose concentration (Wald ratio 
test). If multiple genetic instruments were selected, inverse-
variance weighted (IVW) method was used by combining 
ratio estimates for all instruments in a fixed effect meta-
analysis [41]. Furthermore, MR Egger regression, weighted 
median and weighted mode methods were used to relax the 
IVW assumption that the average pleiotropic effect was 
zero [27]. We set the significance level at 0.008 (0.05/6 drug 
classes) after Bonferroni correction. The MR estimate was 
scaled to the odds ratio (OR) of RA per 0.1mmol/L lower 
blood glucose concentration. MR analyses were completed 
using the R package ‘TwoSampleMR’ [42].

For drugs that emerged as causally related to RA risk in 
the MR analysis, we checked whether blood glucose con-
centration and RA colocalized within the gene region of the 
drug target protein in question using a Bayesian framework 
[43]. We set the prior probability of the association between 
each variant with either trait to be 1 × 10− 4 and the prior 

have weight loss effects and DDP4 inhibitors are neutral to 
weight change, whereas insulin and its analogues, thiazoli-
dinediones and sulfonylureas could confer weight gain [28]. 
We leveraged body mass index (BMI), hip circumference 
and waist circumference and waist-to-hip ratio as additional 
positive control outcomes [29, 30]. Thiazolidinediones can 
ameliorate insulin sensitivity, so we used insulin resistance 
(IR) as a positive control outcome for thiazolidinediones 
[31]. This positive control analysis excluded the functional 
variant (rs1801282) as the instrument for thiazolidinedio-
nes because its minor allele had a high allele frequency 
(G = 0.903) in the IR GWAS. Meanwhile, GLP-1 recep-
tor agonists and sulfonylureas can stimulate insulin secre-
tion, so we used fasting proinsulin concentration to reflect 
the insulin secretion ability of pancreatic β-cells [32]. The 
primary MR analysis was only performed for antidiabetic 
drugs that demonstrated expected associations with these 
positive control outcomes. Details about genetic association 
data for these positive control outcomes, e.g., sample size, 
inclusion/exclusion criteria, covariates, are listed in Table 1 
[29, 30, 33–36].

Sensitivity analyses

We conducted a sensitivity analysis for thiazolidinedio-
nes. Fasting insulin concentration significantly decreases 

Table 2 Target genes of antidiabetic drugs from DrugBank and 
ChEMBL databases
Drug class Encoding genes of 

target proteins
Gene location

DrugBank ChEMBL
Metformin PRKAB1 Fifty-

eight 
encoding 
genes

(NA)

ETFDH GPD2
GLP-1 
receptor 
agonists

GLP1R GLP1R Chr6: 
39,016,557 − 39,059,079

SGLT2 
inhibitors

SLC5A2 SLC5A2 Chr16: 
31,494,323 − 31,502,181

DDP-4 
inhibitors

DPP4 DPP4 Chr2: 
162,848,755 − 162,930,904

Insulin and 
its analogues

INSR INSR Chr19: 
7,112,266-7,294,425

Thiazolidin-
ediones

PPARG PPARG Chr3: 
12,328,867 − 12,475,855

Sulfonylureas KCNJ11 KCNJ11 Chr11: 
17,386,719 − 17,410,878

ABCC8 ABCC8 Chr11: 
17,414,045 − 17,498,441

GLP-1, glucagon-like peptide-1; SGLT2, sodium-glucose cotrans-
porter-2; DPP4, dipeptidyl peptidase-4; NA, not applicable.
The gene location in the human assembly GRCh37 is obtained from 
https://grch37.ensembl.org.
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glucose lowering being 0.40 (0.25–0.65), 0.30 (0.18–0.50) 
and 0.48 (0.37–0.63), respectively (Supplementary Fig. 3, 
panel A). Corresponding associations for thiazolidinediones 
and sulfonylureas were similar when using their functional 
variants as instruments. In contrast, genetic variation in the 
GLP-1 receptor agonist target did not predict a deceased 
T2DM risk (OR 1.25, 95%CI 0.81–1.92). Overall, genetic 
variation in target(s) of thiazolidinediones, of sulfonylureas, 
and of insulin and its analogues demonstrated associations 
with higher risk of obesity-related phenotypes (Supplemen-
tary Fig. 3, panel B-D). However, the positive associations 
between genetic variation in the target of GLP-1 receptor 
agonists and all obesity-related phenotypes were inconsis-
tent with existing evidence that GLP-1 receptor agonists 
have a weight loss effect. We particularly treated IR as the 
positive control outcome for the genetic instrument selected 
for thiazolidinediones and observed an inverse association 
between the two (Supplementary Fig. 3, panel E). Genetic 
variation in the sulfonylureas target was associated with 
increased insulin secretion (Supplementary Fig. 3, panel F). 
In summary, positive control analyses justified the selected 
genetic instruments of insulin and its analogues, thiazolidin-
ediones and sulfonylureas, but not the instrument of GLP-1 
receptor agonists.

Mendelian randomization and sensitivity analysis

Genetic variation in the thiazolidinedione target (gene: 
PPARG) was significantly associated with a RA risk after 
multiple testing correction (OR 0.38 per 0.1mmol/L glu-
cose lowering, 95%CI 0.20–0.73, P = 0.004; Fig. 2). The 
association was consistent when using the functional vari-
ant rs1801282 as the genetic instrument (OR 0.30, 95%CI 
0.14–0.61, P = 0.001). By contrast, genetic variation in the 
targets of insulin and its analogues, and of sulfonylurea, 
were not associated with RA risk (OR [95%CI]: 0.83 [0.44–
1.55] and 1.25 [0.78-2.00], respectively).

When the MR analyses were restricted to seropositive 
RA, genetic variation in thiazolidinedione target was asso-
ciated with an OR of 0.27 per 0.1mmol/L glucose decre-
ment for seropositive RA risk (95%CI 0.13–0.57, P = 0.001; 
Fig. 3). Consistent association was observed using the 
functional genetic instrument (OR 0.23, 95% 0.10–0.51, 
P = 3.08 × 10− 4). Corresponding ORs (95%CIs) were 0.77 
(0.37–1.58) for insulin and its analogues and 1.33 (0.81–
2.18) for sulfonylureas.

We also utilized the fasting insulin concentration as the 
downstream biomarker of thiazolidinediones and repeated 
MR analysis using genetic associations of the thiazoli-
dinedione instrument with fasting insulin and RA. Here, 
genetic variation in the thiazolidinedione target, which was 
predicted by the decrement of fasting insulin concentration, 

probability of a shared causal variant between two traits to 
be 1 × 10− 5 (R package ‘coloc’) [43].

Standard protocol approvals, registrations, and 
patient consents

This research has been conducted using the UK Biobank 
Resource under Application Number ‘22224’. The UK 
Biobank has approval from the North West Multi-center 
Research Ethics Committee (MREC) in the UK and the 
aim of this study has the approval from the Regional Ethics 
Review Board in Stockholm. All cohort data included in the 
GWAS used in the present study have individual approvals 
from relevant ethical review boards.

Results

Genetic instruments for antidiabetic drugs

The blood glucose GWAS was performed in 309,895 UKB 
participants (Manhattan plot and Q-Q plot in Supplementary 
Fig. 2). We identified one variant for each of GLP-1 receptor 
agonists, insulin and thiazolidinediones, and two variants 
for sulfonylureas, respectively, as instruments for the phar-
macological modulation of their corresponding drug target 
proteins (Supplementary Table 1). No valid genetic instru-
ments were found for SGLT2 and DDP4 inhibitors. Mean F 
statistics of instruments were 19.3 for GLP-1 receptor ago-
nists, 17.4 for insulin, 14.2 for thiazolidinediones and 31.4 
for sulfonylureas, respectively. Corresponding F statistics 
for the two instruments of biological relevance were 11.0 
for thiazolidinediones and 48.5 for sulfonylureas, respec-
tively. These indicated that strong genetic instruments were 
chosen for each drug type.

We searched for traits associated with these instruments 
in the GWAS Catalog to examine if the exclusion restric-
tion assumption was violated. The rs35240997 variant (the 
instrument for thiazolidinediones) was linked to red blood 
cell count and high-density lipoprotein (HDL) cholesterol 
and the functional variant rs1801282 additionally showed 
associations with triglycerides, systolic blood pressure, sex 
hormone-binding globulin and serum albumin. The rs5219 
variant (the instrument for sulfonylureas) was additionally 
associated with cortical surface area and blood pressure 
(Supplementary Table 2).

Positive control analysis

Genetic variations in the targets of insulin and its analogues, 
thiazolidinedione and sulfonylurea were associated with a 
risk reduction in T2DM, with ORs (95%CI) per 0.1mmol/L 
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Discussion

This is the first MR study to investigate whether genetic 
variations in antidiabetic drug targets were associated with 
RA risk. Leveraging existing large-scale genetic association 
data on RA risk, our genetic investigation suggests that thia-
zolidinediones might exert protective effects on RA risk, at 
least seropositive RA. By contrast, no such association was 
observed with other antidiabetic drugs.

Our MR findings suggested a causal relationship between 
genetic variation in the target of thiazolidinediones and 
RA, but colocalization results did not find a shared causal 
variant between the glucose concentration and RA within 
the PPARG gene. These seemingly discrepant results may 
stem from the different methodological theories of two 
methods: MR selects variants associated with the exposure 
whereas colocalization is more conservative by requiring 

was associated with lower risks for RA (OR 0.76 per log-
transformed unit of lower fasting insulin, 95%CI 0.63–0.91) 
and seropositive RA 0.69 (95%CI 0.56–0.85). To avoid 
chance finding due to few instruments, we used a relaxed 
clumping threshold (r2 < 0.1) to select more genetic instru-
ments and MR analyses showed robust results (Supplemen-
tary Table 3).

Colocalization analysis

The probability of a causal variant associated with glucose 
concentration, or RA risk, within the PPARG gene was 
0.7%, and 60.6%, respectively (Supplementary Table 4). 
The probability of the existence of distinct causal variants 
between two traits was 1.1% and the probability of a shared 
causal variant was only 1.9%. The regional association plots 
of both traits showed similar pattern around the genetic 
instrument of thiazolidinediones (Supplementary Fig. 4).

Fig. 3 Estimated effects of genetic variation(s) in antidiabetic drug 
targets on seropositive rheumatoid arthritis. OR, odds ratio; CI, 
confidence interval; RA, rheumatoid arthritis. * The rs1801282 variant 
is a functional variant within the PPARG gene region and can regulate 
binding affinity to PPARγ (encoded by the PPARG gene) response ele-
ment and ability to activate transcription. † The rs757110 variant is 
a functional variant within the ABCC8 gene. It can promote insulin 

release by inhibiting ATP-sensitive potassium channel, of which the 
subunit is encoded by the ABCC8 gene. Genetic instruments from the 
gene region encoding the drug target protein can proxy the antidiabetic 
drug of interest. Combining variant-glucose and variant-seropositive 
RA associations, the effect of the antidiabetic drug on RA risk is esti-
mated by the Wald ratio test or the inverse-variance weighted method. 
MR estimates are scaled to RA risk per 0.1 mmol/L glucose lowering
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on RA risk. Irrespective, our study did not support a causal 
effect of insulin and sulfonylureas on RA risk, but on the 
other hand suggest that whatever mechanism that drives the 
association between the genetic variation in the thiazolidin-
edione target and RA risk is not shared with any glucose-
lowering drugs, or mediated via other mechanisms shared 
by the genetic variation in targets of these drugs.

This study has several strengths. Firstly, we applied an 
MR design to make a causal inference without confound-
ing bias and reverse causation. Secondly, we restricted 
analyses within the European ancestry to avoid spurious 
associations due to population stratification. Thirdly, we 
specifically chose genetic variants from within a narrow 
window (2.5 kb) of the encoding gene as instruments, which 
may be related to the gene function or expression. Fourthly, 
we performed positive control analyses that predicted the 
effects of antidiabetic drugs on the intended indication and 
other established outcomes to justify the validity of selected 
genetic instruments. Finally, the large F statistic indicated 
the small chance of a weak instrument bias.

Yet a few limitations should be acknowledged. Firstly, 
this study could only predict the drug effect on RA risk 
via perturbing documented proteins (on-target effects). We 
could not rule out the possibility of drugs modifying RA 
risk through other proteins (off-target effects). Secondly, 
few genetic instruments could lead to a chance finding. 
However, our study selected genetic instruments of biologi-
cal relevance for thiazolidinediones and sulfonylureas and 
validated them using various positive control outcomes. 
We relaxed the clumping threshold to obtain more genetic 
instruments and observed robust MR estimates. For insulin 
and its analogues, GLP-1 receptor agonists, DDP4 inhibi-
tors and SGLT2 inhibitors, MR study could use genetic 
instruments that are associated with the drug target protein 
or other downstream biomarkers to estimate the drug effect 
on RA risk when more relevant data emerge. Thirdly, hori-
zontal pleiotropy could bias MR estimates, but we selected 
variants from the vicinity of gene locus that are unlikely to 
have pleiotropic effects through other genes. Regional asso-
ciation plots also showed that variants in high LD with the 
instrument fell within the PPARG gene locus. We found that 
instruments for thiazolidinediones were related to traits like 
red blood cell count, HDL cholesterol, triglycerides, blood 
pressure, sex hormone-binding globulin and serum albu-
min. But these traits could be vertical pleiotropic effects 
because thiazolidinediones have been reported to decrease 
red blood cell count [51], increase HDL concentration and 
triglycerides [31], lower blood pressure [52], increase sex 
hormone-binding globulin [53], and reduce albuminuria 
[54]. Fourthly, the MR estimate reflects the life-long expo-
sure to a drug, while the drug usually exerts their impact in 
a short window. This means effect sizes in our study may not 

significant associations of the causal variant with both traits 
[44]. The regional association plots of both traits exhibited 
weak genetic associations of the instrument for thiazolin-
dinediones, which could lead to a weak observed colocal-
ization. Other study designs have reported that exposure to 
thiazolidinediones was related to a lower RA risk. A popu-
lation-based case-control study compared the use of thia-
zolidinediones between T2DM patients with and without an 
RA diagnosis, and observed an RA risk reduction, although 
without reaching statistical significance, associated with 
thiazolidinedione use compared with non-use (OR 0.91, 
95%CI 0.81–1.02) [8]. After further excluding participants 
who took thiazolidinediones 90 days before the diagnosis of 
RA from the case group, there was a dose-response relation-
ship, with a 25% (95%CI 11-39%) lower RA risk among 
patients exposing to the highest cumulative defined daily 
doses of thiazolidinediones [8]. Their finding about lower 
RA risk in thiazolidinedione users is concordant with our 
results that genetic variation in the thiazolidinedione target 
is preventive against RA.

The mechanism behind any preventive effect of thia-
zolidinediones on RA risk is unclear, but experimental 
data regarding the therapeutic effects of thiazolidiendio-
nes could provide some insights. PPARγ was remarkably 
downregulated in FLS from patients with RA compared 
with FLS from healthy controls [45]. FLS are a dominant 
cell population in synovium. They can secrete pro-inflam-
matory cytokines like interleukin-6, interact with macro-
phage-like synoviocytes and other immune-related cells, 
and subsequently cause inflamed joints [46]. Murine mod-
els have observed that upregulating PPARγ could inhibit 
the proliferation and migration of FLS [45]. Patients with 
RA also upregulated PPARγ in peripheral macrophages in 
comparison with healthy controls, and the extent of PPARγ 
expression was negatively related to RA disease activity.
[47] In the joint pathology of RA, activated macrophages 
can produce various pro-inflammatory factors and interact 
with other immune cells [48]. Thiazolidinediones can acti-
vate PPARγ and may repress gene transcription by nega-
tively interfering with other transcription-factor pathways 
to achieve anti-inflammatory effects [31]. Crossover trials 
also reported that thiazolidinediones could decrease the dis-
ease activity in non-diabetic patients who received stable 
DMARDs treatment for RA [49, 50]. Yet in these studies it 
was uncertain whether PPARγ dysregulation was driven by 
the natural pathological course of the RA disease itself, by 
DMARD treatment, or by other factors [46, 47]. Our results 
thus highlight the potential for further mechanistically ori-
ented research on the role of PPARγ in RA and other states 
of chronic inflammation.

To the best of our knowledge, there is no prior research 
on the impact of insulin, its analogues and sulfonylureas 
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