
RESEARCH ARTICLE

Adipokines and risk of rheumatoid arthritis: A

two-sample multivariable Mendelian

randomisation study

Georgios K. Vasileiadis1,2, Sergi Sayols3,4, Sizheng Steven Zhao5, Tahzeeb Fatima1,2,6,

Cristina MaglioID
1,2,6*

1 Department of Rheumatology and Inflammation Research, Institute of Medicine, The Sahlgrenska

Academy at University of Gothenburg, Gothenburg, Sweden, 2 Wallenberg Centre for Molecular and

Translational Medicine at the University of Gothenburg, Gothenburg, Sweden, 3 Department of Medical

Sciences, Molecular Epidemiology and Science for Life Laboratory, Uppsala University, Uppsala, Sweden,

4 CIBER Cardiovascular Diseases (CIBERCV), Instituto de Salud Carlos III, Madrid, Spain, 5 Division of

Musculoskeletal and Dermatological Sciences, Centre for Genetics and Genomics Versus Arthritis, School of

Biological Sciences, Faculty of Biology Medicine and Health, Manchester Academic Health Science Centre,

The University of Manchester, Manchester, United Kingdom, 6 Department of Rheumatology, Sahlgrenska

University Hospital, Gothenburg, Sweden

* cristina.maglio@gu.se

Abstract

Adiponectin, leptin, and resistin are thought to be involved in the pathogenesis of rheuma-

toid arthritis (RA). However, the causal relationship between these adipokines and the risk

for RA is unclear. We performed a range of two-sample Mendelian randomisation (MR)

analyses to assess the causal effect of circulating adiponectin, leptin, and resistin on RA risk

in European and East Asian individuals. Different sets of adiponectin-, leptin-, and resistin-

related genetic variants were used as instruments for genetically determined adipokine lev-

els. As body mass index (BMI) is a risk factor for RA and affects adipokine levels, multivari-

able MR was used to calculate the causal effect of each adipokine on RA risk taking BMI

into account. Several MR analyses revealed no evidence of a causal relationship between

circulating adiponectin, leptin, or resistin levels and RA risk in either Europeans or East

Asians. Similarly, multivariable MR did not provide evidence of any causal effect of adipo-

nectin, leptin, or resistin on RA risk when taking BMI into account. This MR study shows for

the first time that genetically determined levels of adiponectin, leptin, or resistin do not have

a direct causal effect on the risk of developing RA after adjustment for BMI.

Introduction

Adiponectin, leptin, and resistin are cytokines produced by the adipose tissue, so called adipo-

kines, and they are thought to be involved in the pathogenesis of rheumatoid arthritis (RA), a

chronic inflammatory disease [1, 2]. In fact, adiponectin, leptin, and resistin levels are

increased in both blood and synovial fluid of patients with RA [3–7]. All three adipokines have

been associated with markers of inflammation and disease activity in patients with RA [4, 8–

11]. In addition, we previously showed that circulating adiponectin levels rise years before RA

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0286981 June 9, 2023 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Vasileiadis GK, Sayols S, Zhao SS, Fatima

T, Maglio C (2023) Adipokines and risk of

rheumatoid arthritis: A two-sample multivariable

Mendelian randomisation study. PLoS ONE 18(6):

e0286981. https://doi.org/10.1371/journal.

pone.0286981

Editor: Guglielmo Campus, University of Bern:

Universitat Bern, SWITZERLAND

Received: December 5, 2022

Accepted: May 29, 2023

Published: June 9, 2023

Copyright: © 2023 Vasileiadis et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: C.M. from the Knut and Alice Wallenberg

Foundation [https://kaw.wallenberg.org/en] and the

Wallenberg Centre for Molecular and Translational

Medicine at the University of Gothenburg, Sweden

[https://www.gu.se/en/molecular-translational-

medicine] as well as from the Swedish Society for

Medical Research (S20-0109) [https://www.ssmf.

se]. S.S.Z. is supported by a National Institute for

https://orcid.org/0000-0002-3786-5767
https://doi.org/10.1371/journal.pone.0286981
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286981&domain=pdf&date_stamp=2023-06-09
https://doi.org/10.1371/journal.pone.0286981
https://doi.org/10.1371/journal.pone.0286981
http://creativecommons.org/licenses/by/4.0/
https://kaw.wallenberg.org/en
https://www.gu.se/en/molecular-translational-medicine
https://www.gu.se/en/molecular-translational-medicine
https://www.ssmf.se
https://www.ssmf.se


onset [12, 13]. All these epidemiological findings suggest that adiponectin, leptin and resistin

could be involved in the initiation and progression of RA. However, a causal association

between these adipokines and RA risk cannot be postulated from such epidemiological studies

alone, as they might be biased by confounders and reverse causality.

Mendelian randomisation (MR) is an analytical method that aims to estimate if a certain

exposure (in our case, adipokines) has a causal relationship with a certain outcome (in our

case, RA) by using genetic variants for a given exposure as instrumental variables (IVs) [14]. A

recent MR study conducted in Europeans demonstrated that circulating adiponectin levels are

not causally associated with the risk of developing RA [15]. However, that study used univari-

ate MR and did not consider body-mass index (BMI) as a confounder. This is a limitation

because high BMI is a risk factor for RA and is also associated with lower circulating levels of

adiponectin [16, 17]. Therefore, any analysis of the causal relationship between adiponectin

and RA needs to account for the potential confounding role of BMI.

The purpose of this study was to determine whether circulating adiponectin, leptin, or resis-

tin levels are causally associated with the risk of developing RA by using a two-sample MR

approach. We also performed a multivariable MR to determine if adiponectin, leptin, or resis-

tin have a causal effect on RA development independently of BMI.

Materials and methods

Data sources

IVs for adiponectin, leptin, resistin, and RA were derived from large Genome-wide association

studies (GWASs). Specifically, we used data from the largest meta-analysis of GWASs in Euro-

peans, involving 39,883 individuals [18], and from a meta-analysis of GWASs involving 18,079

individuals of East Asian ancestry [19] to construct genetic IVs for circulating adiponectin lev-

els. Genetic variants related to circulating leptin levels were identified from a GWAS including

a total of 52,140 individuals of European ancestry [20]. Furthermore, a genetic dataset for cir-

culating resistin levels was built from data from a genome-wide meta-analysis involving 30,931

Europeans from the Systematic and Combined AnaLysis of Olink Proteins (SCALOP) consor-

tium [21]. We obtained regression coefficients and corresponding standard errors for the asso-

ciation between adipokine-related single-nucleotide polymorphisms (SNPs) and the risk to

develop RA for both European and East Asian populations from a three-stage trans-ethnic

GWAS meta-analysis in a total of 80,799 subjects [22]. The meta-analysis evaluated ~10 mil-

lion SNPs. All 29,880 RA cases (88.1% seropositive and 9.3% seronegative for anti-citrullinated

peptide antibody [ACPA] or rheumatoid factor [RF], and 2.6% of unknown autoantibody sta-

tus) fulfilled the 1987 criteria of the American College of Rheumatology for RA diagnosis or

were diagnosed with RA by a rheumatologist [23]. All GWAS data were publicly available.

To run the multivariable MR analyses, publicly available summary statistics data of two sep-

arate BMI GWASs, in European and East Asian individuals, were used to obtain the informa-

tion for IV-BMI associations. For Europeans, the information was extracted using the results

from a meta-analysis of GWASs for BMI. The study combined the summary statistics of the

Genetic Investigation of ANthropometric Traits (GIANT) consortium [24] with a BMI GWAS

in the UK Biobank cohort and included around 700,000 individuals of European ancestry

[25]. To obtain the IV-BMI association data in East Asians, the summary statistics data from a

GWAS in Biobank Japan project including 173,430 individuals was used [26].
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including information on participants’ written informed consent for each of the studies

included here can be found in the original publications.

Instrumental variables

Summary statistics data of ten and four adiponectin-related SNPs were derived, respectively,

for European and East Asian populations from their respective studies (S1 Table) [18, 19]. All

SNPs were associated with circulating adiponectin levels at genome-wide significance (p-

value < 5×10−8) and were not in linkage disequilibrium (LD) with each other (r2 < 0.1). Vari-

ance explained (R2) was calculated using 2*EAF(1-EAF)β2, where EAF is the effect allele fre-

quency and β the association estimate. F-statistic was derived using (R2/K)/[(1-R2)(N-K-1)],

where K is the number of SNPs and N is the sample size. F-statistic > 10 is considered sugges-

tive of adequate instrument strength [27]; all SNPs with F-statistics at or below 10 were

excluded from the analysis. While the SNP rs2980879 fulfilled the selection criteria, it was

excluded from the analyses for being palindromic. We built two sets of genetic instruments to

perform two MR analyses for circulating adiponectin in the European population:

1. A liberal analysis, which consisted of all ten SNPs regardless of locus (S1 Table)

2. A conservative analysis, which only consisted of four SNPs within the ADIPOQ locus (±50

kb) (S1 Table). As ADIPOQ encodes adiponectin, we regarded this approach as unlikely to

be biased by horizontal pleiotropy considering the functional relationship between ADI-
POQ and circulating adiponectin levels.

For East Asians, a single set of instruments was used as IVs to perform liberal MR analysis,

as there was only one SNP within the ADIPOQ locus, precluding a conservative MR analysis.

Four SNPs (S1 Table) were selected as IVs for circulating leptin levels, after exclusion of two

palindromic SNPs, rs8043757 and rs10487505 [20]. All SNPs were associated with circulating lep-

tin levels at p-value< 5×10−5, were not in LD with each other (r2< 0.1), and had F-statistics>10.

Eleven SNPs derived from the European population were selected as IVs for circulating

resistin levels (S1 Table) [21]. All SNPs were associated with circulating resistin levels at

genome-wide significance (p-value < 5×10−8), were not in LD with each other (r2 < 0.1), and

had F-statistics > 10. For Europeans, rs77691416 was replaced with a proxy SNP (rs17616841)

in the outcome data at an r2 = 1 (S2 Table).

Main MR analysis

We performed single SNP analysis for each of the selected SNPs, where MR estimates were cal-

culated using the Wald ratio method [28]. The effect of each adipokine’s levels on RA risk was

calculated using the inverse-variance weighted (IVW) method, with a random-effects model.

The IVW method is considered the most efficient as it carries the greatest statistical power

[29]. However, IVW is subject to bias, since it assumes the absence of any horizontal pleiotropy

i.e., the effects of the genetic instruments on the considered outcome through pathways inde-

pendent of the exposure [29]. To address this, we performed several sensitivity analyses with

more flexible assumptions on horizontal pleiotropy. To account for multiple testing in three

adipokines to RA causality measurements, we used Bonferroni correction (0.05/3). A p-cor-

rected of 0.016 was considered statistically significant to indicate a causal effect.

Sensitivity analysis

We estimated the intercept and slope of MR-Egger regression, where intercept represents the

average horizontal pleiotropy while slope indicates a pleiotropy-adjusted MR estimate. A
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statistically significant intercept value (p< 0.05) indicates the presence of horizontal pleiot-

ropy [30]. In addition, the weighted median-based method was utilized, which measures the

weighted median effect of all MR estimates produced by individual instruments, with weights

equal to the inverse of the standard error. Finally, to identify whether a single genetic variant is

driving the association between exposure and outcome, leave-one-out analysis was executed.

In a leave-one-out analysis, MR is performed by leaving each SNP out of the analysis in turn.

All analyses were conducted using the ‘MendelianRandomization’ package (v 0.5.0) in R (v

4.0.2) [31, 32].

Multivariable MR analysis

We applied multivariable MR to assess if BMI modulates the causal effect of adiponectin, leptin

or resistin on RA risk by adding BMI as an adjusting factor in the model. Multivariable MR is

an extension of MR that deals with genetic variants that are associated with multiple risk fac-

tors [33]. It accounts for the potential pleiotropic effect of all exposures included in the analy-

sis. To run this analysis, summary statistics data for all the IVs for adiponectin, leptin, and

resistin were obtained from two separate GWASs for BMI [24, 25]. As multivariable MR

requires all instruments to be associated with at least one exposure in the regression model,

initially all variants were chosen to be included in the analysis. However, as the variant-BMI

association data were missing for certain SNPs, these were either replaced by proxies at high

LD (r2� 0.99), where available (S2 Table), or excluded from the final analyses. Regarding adi-

ponectin in Europeans, rs1108842 was excluded from the final analysis, as variant-BMI associ-

ation data were missing for this SNP and no proxies could be identified, leaving the

instrument list to a count of 9. Concerning resistin in Europeans, four SNPs were excluded

(rs10103048, rs3745367, rs73008259 and rs7589428) while three SNPs were replaced with

proxies: rs3087852 replaced with rs8075668, at r2 = 0.99; rs4134826 replaced with rs4134831,

at r2 = 1; rs6775731 replaced with rs2010527, at r2 = 1. In all populations, separate multivari-

able MR analyses were done using a ‘weighted regression-based method’ approach that applies

the IVW to a multivariable regression model [33]. Considering the selected set of instrument

variants were uncorrelated, a random effect model was implied. Similar to the univariate MR,

we also performed MR-Egger analysis for multivariable MR as a sensitivity analysis using mul-

tivariable weighted linear regression method [34]. All analyses were conducted using the

‘MendelianRandomization’ package (v 0.5.0) in R (v 4.0.2) [31, 32].

Results

No causal effect of adiponectin on the risk for RA

To determine if circulating levels of adiponectin were causally associated with the risk for RA,

we first performed a univariate MR analysis in both Europeans and East-Asians. In Europeans,

neither a liberal (odds ratio, OR = 1.05; 95% confidence interval, CI = 0.85–1.31; p = 0.65) nor

a conservative approach (OR = 0.95; 95% CI = 0.75–1.22; p = 0.70, Table 1 and Fig 1A)

revealed evidence of a causal effect of circulating adiponectin levels on RA risk. Similarly, adi-

ponectin did not affect the risk of developing RA in East Asians (OR = 1.04; 95% CI = 0.82–

1.33; p = 0.74; Table 1 and Fig 1A). Sensitivity analyses confirmed this lack of effect (Table 1,

Fig 1A, S1 Fig).

In Europeans, directional pleiotropy was found to be unlikely to bias the results, as shown

by the Egger intercept in both liberal (p = 0.09) and conservative analyses (p = 0.83), suggesting

reliability of the MR estimates. Conversely, directional pleiotropy was detected in East Asians,

as shown by the Egger intercept (p = 0.004, Table 1). In addition, the leave-one-out analysis
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suggested that the main MR outcome in East Asians was driven by a single SNP, rs4783244

(S1 Fig).

We then performed a multivariable analysis by taking BMI into account in the model. The

results of the univariate analysis were confirmed by multivariable MR, which showed no causal

effect of adiponectin on RA in both Europeans (OR = 0.97; 95% CI = 0.77–1.21; p = 0.78) and

Table 1. MR estimates from each method for assessing the causal effect of adiponectin, leptin, and resistin on the risk of RA in Europeans and East Asians.

Adiponectin

Liberal analysis in Europeans

MR method SNPs β SE OR (95% CI) p
Random-effects IVW 10 0.050 0.11 1.05 (0.85–1.31) 0.65

Weighted median 10 -0.011 0.14 0.99 (0.75–1.30) 0.94

Egger intercept 10 0.021 0.01 1.02 (1.00–1.04) 0.09

MR-Egger 10 -0.235 0.20 0.79 (0.53–1.17) 0.24

MVMR adjusting for BMI 9 -0.032 0.12 0.97 (0.77–1.21) 0.78

MVMR Egger 9 -0.008 0.24 0.99 (0.61–1.60) 0.97

Conservative analysis in Europeans

MR method SNPs β SE OR (95% CI) p
Random-effects IVW 4 -0.048 0.12 0.95 (0.75–1.22) 0.70

Weighted median 4 -0.031 0.14 0.97 (0.73–1.28) 0.83

Egger intercept 4 -0.006 0.03 0.99 (0.94–1.05) 0.83

MR-Egger 4 0.014 0.30 1.01 (0.56–1.84) 0.96

East Asians

MR method SNPs β SE OR (95% CI) p
Random-effects IVW 4 0.041 0.12 1.04 (0.82–1.33) 0.74

Weighted median 4 0.006 0.08 1.01 (0.87–1.16) 0.94

Egger intercept 4 0.065 0.02 1.07 (1.02–1.12) 0.004

MR-Egger 4 -0.249 0.12 0.78 (0.61–0.99) 0.042

MVMR adjusting for BMI 4 -0.017 0.20 0.98 (0.66–1.46) 0.93

MVMR Egger 4 -0.250 0.12 0.78 (0.62–0.99) 0.044

Leptin

MR method SNPs β SE OR (95% CI) p
Random-effects IVW 4 0.481 0.34 1.62 (0.84–3.13) 0.15

Weighted median 4 0.340 0.39 1.41 (0.66–2.99) 0.38

Egger intercept 4 0.067 0.16 1.07 (0.79–1.45) 0.66

MR-Egger 4 -1.710 5.06 0.18 (0.00–3.68) 0.74

MVMR adjusting for BMI 4 1.132 1.00 3.10 (0.44–21.93) 0.26

MVMR Egger 4 0.993 7.12 2.70 (0.00–3,078,644) 0.89

Resistin

MR method SNPs β SE OR (95% CI) p
Random-effects IVW 11 -0.109 0.15 0.90 (0.67–1.19) 0.46

Weighted median 11 -0.025 0.13 0.98 (0.75–1.27) 0.85

Egger intercept 11 -0.033 0.04 0.97 (0.89–1.05) 0.42

MR-Egger 11 0.304 0.54 1.36 (0.47–3.89) 0.57

MVMR adjusting for BMI 7 -0.134 0.15 0.88 (0.65–1.18) 0.38

MVMR Egger 7 -0.070 0.75 0.93 (0.21–4.06) 0.93

Abbreviations: MR, Mendelian randomisation; RA, rheumatoid arthritis; SNP, single nucleotide polymorphism; SE, standard error; OR, odds ratio; 95% CI, 95%

confidence interval; IVW, inverse-variance weighted; MVMR, multivariable MR; BMI, body mass index.

https://doi.org/10.1371/journal.pone.0286981.t001
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East Asians (OR = 0.98; 95% CI = 0.66–1.46; p = 0.93. Table 1 and Fig 1A). The estimates pro-

vided by multivariable MR were comparable with the previous univariate MR analyses.

No causal effect of leptin on the risk for RA

Next, we tested if leptin was causally linked to RA. The analysis was limited to individuals of

European ancestry as no sufficiently large genetic studies on leptin levels in East Asians were

found. No causal effect of circulating leptin on RA risk in Europeans was found by the

Fig 1. Forest plot of the causal effects of (A) adiponectin-, (B) leptin-, or (C) resistin-associated single nucleotide

polymorphisms (SNPs) on rheumatoid arthritis (RA) risk. Shown are Mendelian randomisation (MR) results for

Europeans (EUR) and East Asians (EAS). EUR C signifies a conservative approach for adiponectin to RA risk MR. An

odds ratio (OR) is a measure of association between an exposure and an outcome, in which the OR represents the

likelihood that an outcome will occur given a particular exposure, compared to the likelihood of the outcome

occurring in the absence of that exposure. Statistical analyses were performed with the use of inverse-variance

weighted (IVW) estimate, MR-Egger regression analysis and weighted median estimator. Multivariable MR (MVMR)

was used to calculate the effect of adiponectin, leptin, and resistin to RA risk after adjustment for body mass index

(BMI).

https://doi.org/10.1371/journal.pone.0286981.g001
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univariate MR analysis (OR = 1.62; 95% CI = 0.84–3.13; p = 0.15) nor by subsequent sensitivity

analyses (Table 1, Fig 1B and S1 Fig). Directional pleiotropy was unlikely to bias the results, as

Egger intercept was not significant (p = 0.66), adding reliability to the MR estimates. Addition-

ally, the multivariable MR analysis accounting for BMI did not provide evidence of a causal

effect of leptin on the risk for RA in Europeans (OR = 3.10; 95% CI = 0.44–21.93; p = 0.26;

Table 1 and Fig 1B).

No causal effect of resistin on the risk for RA

Finally, we determined if resistin was causally linked to the risk for RA. This analysis was also

limited to Europeans due to lack of sufficiently large genetic studies on resistin levels in East

Asian individuals. Univariate MR analysis did not indicate a causal effect of circulating resistin

on RA risk (OR = 0.90; 95% CI = 0.67–1.19; p = 0.46; Table 1 and Fig 1C). Sensitivity analysis

confirmed no causality between resistin levels and RA risk (Table 1, Fig 1C and S1 Fig). In

addition, Egger intercept (p = 0.42) suggested the absence of directional pleiotropy in our data-

sets. Furthermore, multivariable MR estimates did not support a causal effect of circulating

resistin levels on RA risk when taking BMI into account (OR = 0.88; 95% CI = 0.65–1.18;

p = 0.38).

Discussion

This two-sample MR study does not support a direct causal effect of circulating adiponectin,

leptin, or resistin levels on the development of RA. The lack of effect was further confirmed by

multivariable MR analyses, which took BMI into account.

Although both epidemiological and in vitro studies have linked adiponectin to the patho-

genesis of RA, it was unknown if adiponectin has a direct causal effect on RA development [8,

9, 12, 35]. Recently, a univariate MR study in Europeans found that circulating levels of adipo-

nectin do not have a causal effect on RA risk [15]. However, this study did not take BMI into

account. High BMI is a risk factor for RA and is associated with lower circulating adiponectin

levels. Thus, BMI is a confounder when studying the association between adiponectin and RA

risk. Therefore, after the univariate MR analysis showed no causal link between adiponectin

and RA risk, we decided to perform a multivariable MR to account for possible shared genetic

background between circulating adiponectin and BMI. Multivariable MR is a method that

allows estimation of the direct causal effects of each risk factor independently in a single analy-

sis model [29, 33]. In our study, the multivariable MR analysis showed that circulating adipo-

nectin is not causally linked to RA risk regardless of BMI.

Both leptin and resistin are increased in blood and synovial fluid of patients with RA com-

pared to controls and they can induce the production of pro-inflammatory cytokines in fibro-

blast-like synoviocytes collected from patients with RA [3–6, 36–38]. However, our univariate

MR analysis found that circulating leptin and resistin do not have a causal effect on the risk to

develop RA. Since both circulating leptin and resistin levels are affected by BMI, we also per-

formed a multivariable MR accounting for BMI. Multivariable MR confirmed the lack of effect

of those adipokines on RA risk independently of BMI.

Our study focused on the effect of adipokines on the risk to develop RA, without any exami-

nation of disease progression, response to treatment, or comorbidities. Even if this MR study

did not identify a causal link between adiponectin, leptin, or resistin and the risk of RA, it does

not rule out that these adipokines might be involved in the pathogenesis of the disease, poten-

tially by contributing to inflammation [4, 8–10]. Furthermore, they could also have a role as

markers of RA activity or response to anti-rheumatic treatment, as suggested by previous

results [39–41]. Consequently, despite our negative result on the causal effect of adiponectin,
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leptin, and resistin on RA risk, the role of these adipokines in inflammation and immunomo-

dulation is well documented and, thereby, not challenged by this study.

MR studies are powerful tools to assess causality between a certain exposure and a defined

outcome. While observational studies are inherently likely to suffer from bias due to residual

confounding or reverse causality, MR minimizes these possibilities. Nevertheless, MR is still

susceptible to bias from the association of genetic variants with more than one outcome, an

occurrence called pleiotropy. To avoid pleiotropy, we have not only performed a multivariable

MR accounting for the confounding effect of BMI, but also a variety of sensitivity analyses.

Another strength of this study is that we have included large cohorts of subjects with different

genetic backgrounds, giving our study significant power to detect any causality.

This study is not without limitations. Only a small number of SNPs were selected as IVs in

our analyses. Moreover, most genetic variants have a relatively limited effect on a particular

exposure, e.g., circulating adipokine levels, as they might only explain a small proportion of

variance in that exposure (R2 (%) range: 0.03–5.02). It is important to note that there are other

factors besides BMI that can affect adipokine levels, such as diet, exercise, and lipid profile

[42–45]. However, BMI is the main determinant as it is linked to the aforementioned factors.

Moreover, BMI is easy to measure in large cohorts, and there is abundant availability of

GWAS data on it. The selection of BMI was also based on its primary relevance as a known

risk factor for RA [16]. In addition, adiponectin circulates in three main forms, high, middle,

and low molecular weight adiponectin. The GWAS studies on adiponectin only measured

total adiponectin levels in blood, without any information given on the levels of particular

forms. It is unknown from these studies if any particular form of adiponectin is associated

with specific SNPs. Of note, Egger intercept for circulating adiponectin in the East Asian popu-

lation was significantly larger than zero, indicating the presence of pleiotropic genetic variants

in this dataset. As evident from the leave-one-out analysis, a single SNP, rs4783244, was driv-

ing the main MR outcome in East Asians. However, rs4783244 is a valid instrument and its

nearest gene is CDH13 that encodes T-cadherin, a receptor for adiponectin, strengthening the

biological link between the SNP and the exposure [46]. Ultimately, the MR results are unlikely

to be caused by invalid instruments as IVW, the method carrying the greatest statistical power,

as well as weighted median and MR-Egger did not support a causal association between adipo-

nectin and RA in East Asians.

In conclusion, the results of the MR analysis show for the first time, to the best of our knowl-

edge, that circulating adiponectin, leptin, or resistin levels do not have a direct causal effect on

the risk of developing RA after adjustment for BMI. Therefore, the association of these adipo-

kines’ levels with RA, as suggested by epidemiological studies, does not appear to be causal.

Supporting information

S1 Fig. Leave-one-out sensitivity analysis. Each point on the y axis represents the inverse var-

iance weighted (IVW) method applied to estimate the causal effect of (A) adiponectin in Euro-
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11. Senolt L, Housa D, Vernerová Z, Jirásek T, Svobodová R, Veigl D, et al. Resistin in rheumatoid arthritis

synovial tissue, synovial fluid and serum. Annals of the rheumatic diseases. 2007; 66(4):458–63. Epub

2006/10/13. https://doi.org/10.1136/ard.2006.054734 PMID: 17040961.

12. Zhang Y, Peltonen M, Andersson-Assarsson JC, Svensson PA, Herder C, Rudin A, et al. Elevated adi-

ponectin predicts the development of rheumatoid arthritis in subjects with obesity. Scandinavian journal

of rheumatology. 2020:1–9. Epub 2020/07/16. https://doi.org/10.1080/03009742.2020.1753808 PMID:

32667228.

13. Zhang Y, Johansson L, Andersson-Assarsson J, Taube M, Peltonen M, Svensson PA, et al. Adiponec-

tin Associates with Rheumatoid Arthritis Risk in Overweight and Obesity Independently of Other Adipo-

kines. Journal of clinical medicine. 2021; 10(13). Epub 2021/07/03. https://doi.org/10.3390/

jcm10132791 PMID: 34201946; PubMed Central PMCID: PMC8267689.

14. Davey Smith G, Ebrahim S. ‘Mendelian randomization’: can genetic epidemiology contribute to under-

standing environmental determinants of disease?*. Int J Epidemiol. 2003; 32(1):1–22. https://doi.org/

10.1093/ije/dyg070 PMID: 12689998

15. Chen H, Mi S, Zhu J, Jin W, Li Y, Wang T, et al. No Causal Association Between Adiponectin and the

Risk of Rheumatoid Arthritis: A Mendelian Randomization Study. Frontiers in Genetics. 2021;12.

https://doi.org/10.3389/fgene.2021.670282 PMID: 34630505

16. Bae SC, Lee YH. Causal association between body mass index and risk of rheumatoid arthritis: A Men-

delian randomization study. European journal of clinical investigation. 2019; 49(4):e13076. Epub 2019/

02/03. https://doi.org/10.1111/eci.13076 PMID: 30710354.

17. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nature

Reviews Immunology. 2011; 11(2):85–97. https://doi.org/10.1038/nri2921 PMID: 21252989

18. Dastani Z, Hivert MF, Timpson N, Perry JR, Yuan X, Scott RA, et al. Novel loci for adiponectin levels

and their influence on type 2 diabetes and metabolic traits: a multi-ethnic meta-analysis of 45,891 indi-

viduals. PLoS genetics. 2012; 8(3):e1002607. Epub 2012/04/06. https://doi.org/10.1371/journal.pgen.

1002607 PMID: 22479202; PubMed Central PMCID: PMC3315470 Vollenweider received grant money

from GlaxoSmithKline to fund the CoLaus study. The other authors declare no competing financial

interests.

19. Wu Y, Gao H, Li H, Tabara Y, Nakatochi M, Chiu YF, et al. A meta-analysis of genome-wide association

studies for adiponectin levels in East Asians identifies a novel locus near WDR11-FGFR2. Human

molecular genetics. 2014; 23(4):1108–19. Epub 2013/10/10. https://doi.org/10.1093/hmg/ddt488

PMID: 24105470; PubMed Central PMCID: PMC3900106.
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