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Objective: To investigate the potential causal associations of circulating levels of growth 
differentiation factor 15 (GDF-15) with the risk of systemic lupus erythematosus (SLE), 
rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) using a Mendelian rando
mization (MR) design.
Methods: A genome-wide association study (GWAS) of GDF-15 among 5,440 individuals 
of European ancestry was used to identify genetic instruments. Summary statistics of SLE, 
RA and IBD were obtained from publicly available GWASs. We conducted an MR study 
using the inverse-variance weighted (IVW) method, supplemented with simple-median and 
weighted-median methods. Cochran Q test and MR-Egger regression were used to detect 
potential heterogeneity and directional pleiotropy. Odds ratios (ORs) with 95% confidence 
intervals (95% CIs) were calculated.
Results: We found that genetically predicted high circulating GDF-15 levels were associated 
with a decreased risk of SLE (OR 0.80, 95% CI 0.68–0.92 by IVW), with similar results in 
sensitivity analyses. In replication analysis using summary data from another SLE GWAS, 
the results were consistent (OR 0.82, 95% CI 0.71–0.93 by IVW). Moreover, no evidence of 
heterogeneity or pleiotropy was detected. However, genetically determined circulating levels 
of GDF-15 were not associated with risk of RA or IBD in the primary analysis and 
subsequent sensitivity analyses.
Conclusions: Our study suggested an inverse association between circulating GDF-15 
levels and risk of SLE, and further studies are warranted to elucidate the underlying 
biological mechanisms. There was limited evidence supporting a causal association of 
circulating GDF-15 levels with risk of RA and IBD.
Keywords: growth differentiation factor 15, systemic lupus erythematosus, rheumatoid 
arthritis, inflammatory bowel disease, Mendelian randomization, single nucleotide 
polymorphism

Plain Language Summary
Growth differentiation factor 15 (GDF-15), is a divergent TGF-β family member, which was 
originally identified to play an important role in cell growth and differentiation. Recently, 
GDF-15 has been found to coordinate tolerance to inflammatory damage, and can be induced 
by inflammatory stimuli in both immune cells and parenchymal cells. Observationally, 
circulating levels of GDF-15 were found higher in patients with rheumatic diseases. 
However, this association could be possibly driven by reverse causation, confounding or 
selection bias. In this study, we performed a Mendelian randomization analysis using 
summary statistics from of rheumatoid arthritis, systemic lupus erythematosus and 
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inflammatory bowel disease from publicly available genome- 
wide association studies. We found suggestive evidence for 
a protective effect of circulating GDF-15 on the risk of systemic 
lupus erythematosus, with similar results from sensitivity analy
sis, which would be useful for further elucidation of the under
lying mechanism. However, no casual association between 
circulating GDF-15 levels and the risk of rheumatoid arthritis 
or inflammatory bowel disease was found.

Introduction
Rheumatic diseases, such as systemic lupus erythematosus 
(SLE), rheumatoid arthritis (RA) and inflammatory bowel 
disease (IBD) are major challenges for global health.1 

These diseases have common pathogenesis of an immune- 
mediated attack on the body’s own organs, and both envir
onmental and genetic risk factors contribute to the 
etiology.2

Studies have demonstrated that a variety of cytokines 
are altered in patients with rheumatic diseases, and the 
concentrations of certain cytokines also correlate with 
disease activity and severity, such as transforming growth 
factor β (TGF-β), interleukin-4 (IL-4) and tumor necrosis 
factor α (TNF-α).3 Growth differentiation factor 15 (GDF- 
15), also known as NSAID-activated gene 1 (NAG-1) and 
macrophage inhibitory cytokine 1 (MIC-1), is a divergent 
TGF-β family member, which has been identified to play 
a pivotal role in cell growth and differentiation.4 Recently, 
GDF-15 was reported to be induced by inflammatory 
stimuli in both immune cells and parenchymal cells, and 
coordinate tolerance to inflammatory damage.5

Moreover, GDF-15 has been reported to be involved in 
the etiology and pathogenesis of numerous diseases, 
including cardiovascular events,6 diabetes mellitus7 and 
cancers.8–10 Despite the unclear underlying biological 
mechanisms, the role of GDF-15 in inflammation has 
already become apparent.11 A case-control study has 
shown that serum levels of GDF15 were higher in patients 
with lupus and autoimmune hepatitis, as compared to 
healthy controls.5 In addition, higher serum levels of 
GDF-15 were observed in patients with RA, and the levels 
correlated with disease severity independently of classic 
disease markers.11–13 In addition, the expression level of 
GDF-15 was higher in the lesions of the patients with 
Crohn’s disease than those in the normal intestinal 
tissues.14 However, these observed associations could be 
possibly driven by reverse causation, confounding or 
selection bias inherent in conventional observational 
studies.

Mendelian randomization (MR) is a type of instrumen
tal variable (IV) analysis that utilizes genetic variants, 
such as single nucleotide polymorphisms (SNPs), to infer 
the causality of the exposure with respect to disease.15 As 
genetic variants cannot be modified by disease status, 
reverse causation can be avoided in MR analyses. 
Moreover, as genetic variants are presumed to be ran
domly distributed in the general population according to 
Mendel’s laws of inheritance, MR analyses can minimize 
the risk of confounding bias.16 Thus, we used the MR 
approach to investigate whether genetically predicted cir
culating GDF-15 levels were associated with the risk of 
SLE, RA and IBD.

Methods
As the current study was based on published studies and 
public databases, no additional ethics approval or informed 
consent was required. The overall design of this study is 
displayed in Figure 1.

Data Sources
Summary statistics of SLE were obtained from 
a previously published meta-analysis of genome-wide 
association studies (GWASs).17 The genetic association 
data consisted of 4,036 SLE patients and 6,959 healthy 
controls, covering a total of 644,674 markers. As replica
tion analysis, we utilized summary statistics of another 
SLE GWAS which included 1,311 SLE patients and 
3,340 healthy controls.18 There was no overlap of the 
study population involved in the two datasets. For RA, 
a GWAS meta-analysis including 14,361 RA cases and 
43,923 controls of European descent from 18 studies was 
used, with a total of 9,700,598 genotyped SNPs.19 

Summary-level data for IBD was extracted from a meta- 
analysis of GWASs with 25,042 IBD cases and 34,915 
controls of European ancestry, covering a total of 
9,619,016 SNPs.20 Genetic data of inflammatory cytokines 
including TNF-α, IFN-γ, IL-1β, IL- 4, IL-6, IL-10, IL-12 
and IL-17 was obtained from a GWAS enrolling 8,293 
individuals of European ancestry.21 Detailed information 
about the studies and datasets used in the present study is 
shown in Supplementary Table 1.

Selection of GDF-15 Associated SNPs
The genetic predictors of circulating GDF-15 were 
extracted from a GWAS pooling four cohorts of indivi
duals of European descent.22 Briefly, a total of 5,440 
individuals with a mean age of 62 years (range: 14–94 
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years) were included, and 53% (range: 47.0–56.0%) of 
the participants were women. The concentrations of 
GDF-15 in serum or plasma were measured using immu
noassays. Detailed genotyping and imputation 
procedures have been described previously.23 In the 
meta-analysis of all cohorts in the discovery and replica
tion samples combined, eight SNPs achieved genome- 
wide significance level (P value < 5×10−8). In the current 
study, we selected three independent SNPs (rs888663, 
rs749451, and rs1054564) as IVs (Cheung et al, 2019), 
among which two SNPs were in PGPEP1 gene region 
and one was in GDF15 region (Supplementary Table 2). 
The pairwise linkage disequilibrium (in terms of r2) of 
these three SNPs was estimated to be 0.299 (rs888663 – 
rs749451), 0.136 (rs1054564 – rs749451), and 0.051 
(rs888663 – rs1054564) by using the LDlinkR (https:// 
ldlink.nci.nih.gov/) based on CEU populations.

We calculated F-statistics to quantify the strength of the 
selected instruments.24 The variance explained by the three 
SNPs was estimated according to minor allele frequency 
(MAF) and beta value (β), using the equation of 2 × MAF × 
(1-MAF) ×β2.25 The smallest effect detected by the sample 
size to provide >80% statistical power at an alpha level of 5% 
was computed using the online mRnd power tool (https:// 
shiny.cnsgenomics.com/mRnd/). We checked whether the 
three selected SNPs were associated with other traits by 
using the GWAS Catalog (https://www.ebi.ac.uk/gwas/, 
accessed on February 1, 2020). We also checked whether 
these three SNPs were associated with any inflammatory 
cytokines, since multivariable MR analysis was limited by 
the relatively small number of instrumental SNPs in this study.

Statistical Analysis
We applied a two-sample MR analysis to assess the poten
tial causal association of circulating GDF-15 levels with 
risk of SLE, RA and IBD using the 
MendelianRandomization package in R software (ver
sion 3.6.2).

The primary analyses were conducted using the 
inverse-variance weighted (IVW) method. The IVW 
method obtains an effect estimate of each SNP on circulat
ing GDF-15 levels and rheumatic diseases (SLE, RA and 
IBD) to calculate Wald estimate.26 The standard error of 
the Wald estimate was calculated by the delta method.27 

IVW uses an approach analogous to meta-analysis to 
combine these Wald estimates and provides a consistent 
estimate of the causal effect of circulating GDF-15 on risk 
of SLE, RA and IBD, when each genetic variant satisfies 
the assumptions of an IV.28 Cochran ’s Q test was used to 
test whether the estimate of the causal effect was consis
tent across each individual SNP.29 A fixed-effects model 
was applied when there was no heterogeneity, otherwise, 
the random-effects model was used to provide more con
servative estimates.30

To assess the robustness of the results, we also per
formed sensitivity analyses. MR-Egger regression was 
used to identify potential directional pleiotropy, and sim
ple-median and weighted-median methods were used to 
adjust for potential pleiotropic effects.31 The MR-Egger 
regression is disposed to regression dilution bias, and the 
average horizontal pleiotropic effect across all genetic 
variants can be interpreted by the intercept term.32 The 

Figure 1 Schematic diagram of the Mendelian randomization (MR) assumptions underpinning an MR analysis of the association between circulating GDF-15 levels and risk of 
rheumatic diseases.
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simple- and weighted-median methods are more robust to 
violations of the standard IV assumptions when pleiotropic 
or invalid instruments are included. The weighted-median 
method provides consistent estimates of the causal effects 
if more than half of the weight is derived from valid IVs. 
In addition, we performed sensitivity analyses excluding 
rs749451, which had an r2 of 0.136 and 0.299 with the 
other two SNPs. The fluctuation of the results before and 
after removing the SNP reflects the stability of the 
association.

Results
Validity of the Selected SNPs
The detailed information about the three SNPs used as IVs 
and their effect estimates on circulating GDF-15 levels is 
presented in Supplementary Table 2.

The F statistics that quantify the strength of IVs ranged 
from 129.76 to 158.97, well above the threshold of F>10 
typically recommended for MR analyses (Supplementary 
Table 3). It was estimated that 7.94% of the variance of 
circulating GDF-15 level was explained by the three 
SNPs. Based on the sample size of RA and IBD 
GWASs, there was >80% power to detect an association 
of circulating GDF-15 with the outcomes at an effect size 
of 1.10 for deleterious effect or 0.91 for protective effect. 
The statistical power was lower for SLE, but we used two 
independent datasets in discovery and validation stage, 
respectively. We checked whether the SNPs used as IVs 
were associated with other traits, and no potentially pleio
tropic SNPs were found by using the GWAS Catalog. In 
addition, none of the individual SNPs were associated with 
any inflammatory cytokines (Supplementary Table 4). The 
included SNPs basically fulfill the assumptions of being 
valid IVs.

Association Between Circulating GDF-15 
and Risk of SLE
Fixed-effects IVW method showed strong evidence of 
a potential causal association between genetically pre
dicted circulating GDF-15 levels and risk of SLE (OR: 
0.80, 95% CI 0.68–0.92). There was no evidence of direc
tional pleiotropy assessed by the MR-Egger intercept. 
Similarly, we found suggestive evidence of a protective 
effect of circulating GDF-15 on the risk of SLE using the 
simple-median (OR: 0.80, 95% CI 0.65–0.97) and 
weighted-median methods (OR: 0.79, 95% CI 0.66–0.96). 
Sensitivity analysis suggested an inverse association 

between genetically predicted circulating GDF-15 and 
risk of SLE after removal of rs749451 (OR 0.80, 95% CI 
0.66–0.95). Sing-SNP analysis showed that rs1054564 was 
associated with a decreased risk of SLE (OR 0.70, 95% CI 
0.54–0.90; Supplementary Figure 1). Consistently, the 
results of replication analysis using an independent SLE 
GWAS suggested a potential protective effect of circulat
ing GDF-15 on risk of SLE (Figure 2). Therefore, the 
consistent inverse association between GDF-15 status 
and risk of SLE in consequent sensitivity analyses, 
strengthening the conclusions.

Association Between Circulating GDF-15 
and Risk of RA
As shown in Table 1, there was no evidence of causal 
association between circulating GDF-15 level and risk of 
RA by fixed-effects IVW method (OR: 1.11, 95% CI 
0.99–1.23). Likewise, the simple-median (OR: 1.13, 95% 
CI 0.98–1.30) and weighted-median methods (OR: 1.14, 
95% CI 0.96–1.34) produced similar effect estimates. 
There was no evidence of heterogeneity as assessed by 
Cochran’s Q test and no indication for directional pleio
tropy effects by the MR-Egger intercept. Thus, the overall 
conclusion of no association between GDF-15 and RA was 
unlikely to be severely influenced by bias.

Association Between Circulating GDF-15 
and Risk of IBD
No convincing association was found between circulating 
GDF-15 and the risk of IBD (OR: 0.98, 95% CI 0.92–
1.05) by fixed-effects IVW method. The intercept from the 
MR-Egger regression analysis did not suggest the presence 
of directional pleiotropy. In addition, genetically deter
mined higher circulating GDF-15 levels were not asso
ciated with risk of IBD using the simple-median (OR: 
1.03, 95% CI 0.94–1.12) and weighted-median (OR: 
1.02, 95% CI 0.94–1.10) methods (Table 1). The small 
differences in estimates and CI widths for the effects of the 
different MR methods might be explained by chance and, 
possibly, differential measurement errors, rather than indi
cating distinct estimates.

Discussion
In the present study, we found potential causal evidence of 
a protective effect of circulating GDF-15 on the risk of 
SLE; however, we did not find evidence of a causal asso
ciation between circulating GDF-15 and the risk of RA or 
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IBD. These results provide rationale for using GDF-15 
status as a promising target for SLE prevention.

Previous observational studies found that circulating 
GDF-15 level was positively correlated with rheumatic 
diseases, however, the increased GDF-15 level could also 
be a symptom of disease.33 The principal response of the 
immune system is migration of macrophages and produc
tion of inflammatory cytokines to contain physiological 

balance and stabilization. The expression of GDF-15 is 
generally low in resting macrophages, but may be drama
tically increased following an adaptive stress response to 
inflammation.34 An in vitro study has demonstrated that 
exogenous administration of GDF-15 well after the initial 
inflammatory phase of each disease model was sufficient 
to improve survival rates.5 Thus, the observational results 
may be explained by the frustrated attempt of GDF-15 to 
bring the underlying inflammatory process under control.35 

Mechanistically, GDF-15 was found to promote tissue 
protection from inflammatory damage, primarily cardiac, 
via regulation of triglyceride metabolism.4 Consistently, 
GDF15 has been reported to exert a cardioprotective effect 
in inflammation-driven states.36 Despite the fact that the 
major function of GDF-15 in the pathogenesis of SLE is 
not certain, the findings of this MR analysis would be 
useful for further elucidation of the underlying 
mechanism.

In MR analysis, there are three assumptions that need 
to be satisfied. The first assumption is that the genetic 
variants used as IVs are truly predictive of the 
exposure.16 We used three independent SNPs associated 
with circulating levels of GDF-15 at genome-wide signifi
cance level. The SNP rs888663 is related to the expression 
level of GDF-15 in multiple types of tissues in the GTEx 

Table 1 MR Estimates of the Causal Effect of Circulating GDF-15 
on the Risk of RA and IBD

Methods Number of SNPs OR 95% CI

RA
IVW 3 1.11 0.99–1.23

MR-Egger 3 1.40 0.73–2.68
Simple-median 3 1.10 0.96–1.26

Weighted-median 3 1.10 0.97–1.25

IBD
IVW 3 0.98 0.92–1.05

MR-Egger 3 0.84 0.44–1.58
Simple-median 3 1.03 0.94–1.12

Weighted-median 3 1.02 0.94–1.10

Abbreviations: CI, confidence interval; GDF-15, growth differentiation factor 15; 
IBD, inflammatory bowel disease; IVW, inverse-variance weighted; MR, Mendelian 
randomization; OR, odds ratio; RA, rheumatoid arthritis; SNP, single nucleotide 
polymorphism.

Figure 2 MR estimates for the association between circulating GDF-15 levels and risk of SLE in main analysis (A) and replication analysis (B). The single SNP effects on the 
circulating GDF-15 levels were plotted against the single SNP effects on the risk of SLE and the estimated regression lines of the multi-SNP analyses were added. The effect 
size was expressed as β value in the scatter plot.
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database,37 including whole blood (P=1.9×10−6), and the 
meta-analysis P value reached 5.9×10−16. Functionally, 
HaploReg from the ENCODE Project38 showed that 
rs888663 is located at the DNase hypersensitivity peak 
that highly enriched with H3K27ac. Notably, rs1054564 
is located in the 3ʹ UTR of GDF-15, which may be 
a functional SNP. rs1054564 and rs888663 are the SNPs 
primarily driving the observed associations between the 
genes on chromosome 19 and circulating GDF-15 
concentration.22 For rs749451, it was reported to be asso
ciated with PGPEP1 expression, a gene coding for pyr
oglutamyl peptidase I, residing on chromosome 9p13.11 
abutting GDF-15.39

The second assumption is that the genetic variants are 
not associated with measured or unmeasured confounders 
that influence both exposure and outcome. As genotypes 
are presumed to be randomly allocated at conception, 
covariates are deemed as randomly distributed with 
respect to genotypes. Considering inflammatory cytokines 
might be confounders in the present MR study,21 we 
checked the association of the three SNPs used as IVs 
with TNF-α, IFN-γ, IL-1β, IL- 4, IL-6, IL-10, IL-12 and 
IL-17, and found none of the individual SNPs was asso
ciated with any of the inflammatory cytokines.

The third assumption is that the genetic variants affect 
outcome through their effects on exposure only and not 
through any alternative causal pathways. We examined the 
association between the SNPs used as IVs and their poten
tial secondary traits by using the GWAS Catalog, and no 
other traits have been found for these SNPs. In general, the 
three SNPs are strong and independent genetic predictors 
of GDF-15. Since MR studies are susceptible to bias from 
pleiotropy, we further performed a series of sensitivity 
analysis to eliminate the influence of potential pleiotropy. 
Consistently, there was no evidence of potential pleiotropy 
found in MR-egger regression. Results from simple- 
median and weighted-median methods were also consis
tent with the primary analysis, and the replication analysis 
provided additional confidence of these findings.

This study has several limitations. First, the instrumen
tal variables are located in or near GDF-15 and PGPEP1. 
Thus, our study needs confirmation when more genetic 
instruments for GDF-15 from different gene regions are 
identified. Though no associations between instrumental 
variables and other traits were found from the GWAS 
catalog, we cannot expel the possibility that pleiotropic 
effects may affect our results. Second, the summary-level 
data for our MR analysis was from participants of 

European ancestry. Therefore, our findings may be limited 
when extrapolated to other study populations with differ
ent ethnicities. Nevertheless, the MR estimates could be 
confounded by population stratification. Using genetic 
studies for both exposure and outcome among European 
ancestry could minimize such bias. Third, limited to the 
summary-level data in our MR analyses, we cannot rule 
out the possibility of a nonlinear causal relationship of 
circulating GDF-15 with the risk of SLE, RA and IBD. 
Further MR analysis with individual-level data and 
a longitudinal design would be ideal to fully evaluate the 
potential dose–response relationship. Fourth, we hypothe
sized that GDF-15 might be influenced by health status, ie, 
reverse causation. Limited to the access to genetic sum
mary statistics for GDF-15, we were unable to examine the 
possibility using a bi-directional MR design. Finally, the 
MR analysis of SLE was based on summary statistics with 
relatively small sample sizes. The potential protective 
effect of GDF-15 on the risk of SLE should be explored 
further in larger samples.

In conclusion, this is the first MR study to evaluate the 
potential causal effect of circulating GDF-15 on SLE, RA 
and IBD. Our study suggested that genetically predicted 
circulating GDF-15 was associated with a reduced risk of 
SLE. Further studies are warranted to elucidate the under
lying biological mechanism. However, we did not find asso
ciations of circulating GDF-15 with the risk of RA or IBD.

Abbreviations
CI, confidence interval; eQTL, expression quantitative trait 
loci; GDF-15, growth differentiation factor 15; GWAS, gen
ome-wide association study; IL-4, interleukin-4; IVW, 
inverse-variance weighted; IBD, inflammatory bowel disease; 
LD, linkage disequilibrium; MAF, minor allele frequency; 
MIC-1, macrophage inhibitory cytokine 1; MR, Mendelian 
randomization; NAG-1, NSAID-activated gene 1; OR, odds 
ratio; RA, rheumatoid arthritis; SLE, systemic lupus erythe
matosus; SNP, single nucleotide polymorphism; TNF-α, 
tumor necrosis factor α; TGF-β, transforming growth factor β.
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