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Background: The causal relationship between physical activity (PA) and systemic lupus
erythematosus (SLE) remains uncertain. We aimed to assess the causal effect of PA on
SLE by two-sample Mendelian randomization (MR) study.

Methods: Summary statistics of SLE were obtained from a genome-wide association
study (GWAS) meta-analysis of European descent, including 4,036 cases and 6,959
controls. Genetic instruments for PA, including MVPA, VPA, SSOE, and average
acceleration, were identified from a large-scale GWAS meta-analysis among 377,234
individuals of European ancestry from United Kingdom biobank and Atherosclerosis Risk
in Communities (ARIC) study, and another GWAS with 91,105 European participants was
employed for sedentary behavior. The two-sample MR study was conducted to estimate
causal relationship between PA and SLE, with the inverse-variance weighted (IVW)
method, simple- and weighted-median method. Moreover, MR-Egger regression, MR-
PRESSO and leave-one-out analysis were performed to evaluate the potential pleiotropy
effect.

Results: In the end, we totally selected 37 SNPs (15 SNPs for MVPA, 5 SNPs for VPA, 9
SNPs for SSOE, 5 SNPs for average acceleration and 3 SNPs for sedentary behavior).
According to the IVW results, as the primary method, we found that genetically predicted
PA was not causally associated with risk of SLE (MVPA: OR 0.44, 95% CI 0.09–2.10,
p = 0.305; VPA: OR 0.20, 95% CI 0.00–18.97, p = 0.490; SSOE: OR 0.96, 95% CI
0.03–29.24, p = 0.983; average acceleration: OR 0.91, 95% CI 0.79–1.05, p = 0.190;
sedentary behavior: OR 1.54, 95% CI 0.35–6.81, p = 0.572). MR-Egger, MR-PRESSO,
and leave-one-out analysis did not indicate horizontal pleiotropy.

Conclusions: Our MR study suggested that genetically predicted PA was not causally
associated with SLE among the European populations.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a prototypical systemic
autoimmune disease, clinically characterized by the involvement
of multiple organs and the production of various autoantibodies
(Guo et al., 2018). The prevalence of SLE has been estimated to be
30–50 per 100,000, which equates to ~500,000 patients in Europe
(Dorner and Furie, 2019). Although the survival rate of SLE was
apparently enhanced with the continuous improvement of
diagnosis and treatment, the all-cause mortality for SLE
patients is still over twice greater than that for the general
population (Lee et al., 2016).

Physical activity (PA) has been recognized as an essential
component of health since antiquity. PA can reduce the risk of
cardiovascular diseases (CVDs) and multiple metabolic diseases
(Reddigan et al., 2011). Particularly, it has been demonstrated to
regulate the immune system, increasing T-regulatory (Treg) cells
and decreasing immunoglobulin secretion (Tharp and Barnes,
1990; Weinhold et al., 2016). Previous studies supported that PA
was associated with a risk reduction in incidence of several
systemic inflammatory diseases, including rheumatoid arthritis
(RA), multiple sclerosis (MS), SLE, as well as others (Sharif et al.,
2018). Nevertheless, sedentary behavior is one of the most serious
health problems worldwide and an important risk factor in
numerous autoimmune rheumatic diseases (Kohl et al., 2012;
Pinto et al., 2017). Depending on modality and dramatic extent,
self-reported levels of PA were grouped into vigorous PA (VPA),
moderate-to-vigorous PA (MVPA) and strenuous sports or other
exercises (SSOE) (Klimentidis et al., 2018). To avoid information
bias, the levels of PA could be objectively reflected by overall
average acceleration which was measured by wearing a wrist-
worn accelerometer (Doherty et al., 2017).

Significantly, there exist several discrepancies between
different epidemic studies. For instance, 60% of patients with
SLE did not meet levels of PA for health, which was advocated by
the World Health Organization (WHO) (Margiotta et al., 2018),
and moderate PA was helpful to recover from their conditions
(Eriksson et al., 2012; Wu et al., 2017). However, several studies
failed to indicate that PA was relevant to reduced disease activity
of SLE (Abrahao et al., 2016; Bostrom et al., 2016; Fangtham et al.,
2019). These different results could be possibly driven by
confounders and inverse causality (Smith and Ebrahim, 2004).
Therefore, it is necessary to explore the causal relationship
between PA and SLE.

Mendelian randomization (MR) is increasingly used as an
approach to assess causal association in epidemiology by using
genetic variants as instrumental variables (IVs) (Smith and
Ebrahim, 2003; Davey Smith and Hemani, 2014). As
genotypes precede the diseases process and are largely
independent of postnatal environmental factors or lifestyle,
MR can avoid several factors interference, such as
confounding factors, reverse causation, selection biases, etc.
(Smith and Ebrahim, 2004). Compared with one-sample MR,
two-sample MR evaluates the causality between exposure and
outcome among completely independent populations (Julian
et al., 2021).

In this study, we aimed to estimate the causal effect of five
types of PA (MVPA, VPA, SSOE, average acceleration, and
sedentary behavior) with risk of SLE by two-sample MR.

MATERIALS AND METHODS

Supposing the causal estimate of MR studies is persuasive, three
pivotal assumptions must be met: 1) The selected genetic IVs
must be powerfully associated with exposure (Lawlor et al., 2008).
2) The selected genetic IVs do not affect outcome independently
of exposure (i.e., horizontal pleiotropy is nonexistent) (Bowden
et al., 2016). 3) The selected genetic IVs are unrelated to the
potential confounders. Figure 1 shows an overview of the current
study design. Ethical approval and consent to participants were
not necessary as the study was based on openly available
databases and published studies.

Data sources
In terms of the exposure, the genome-wide association study
(GWAS) meta-analysis with 377,234 participants of European
ancestry was applied to select IVs for MVPA, VPA, SSOE, and
average acceleration (Klimentidis et al., 2018). These participants
came from the United Kingdom Biobank study and the
Atherosclerosis Risk in Communities (ARIC) study. The
majority of United Kingdom Biobank participants were
genotyped with the Affymetrix United Kingdom Biobank
Axiom Array, 10% with the Affymetrix United Kingdom
BiLEVE Axiom Array. Besides, in ARIC, participants were
genotyped with the Affymetrix Genome-Wide Human SNP
Array 6.0. Additionally, another GWAS with 91,105 European
participants was employed for sedentary behavior (Doherty et al.,
2018).

To avoid participant overlap, genetic data on SLE were
obtained from a previous GWAS meta-analysis, not
United Kingdom Biobank participants, including 10,995
subjects with European ancestry (4,036 cases and 6,959
controls) in total, covering 644,674 single nucleotide
polymorphisms (SNPs) (Bentham et al., 2015). They
genotyped 4,036 SLE cases and 1,260 controls by the Illumina
HumanOmni1-Quad BeadChip. Besides, they also used data for
5,699 previously genotyped controls taken from the University of
Michigan Health and Retirement Study (HRS). These individuals
were genotyped by the Illumina Human2.5M Beadchip. All cases
met the standard American College of Rheumatology (ACR)
classification criteria for diagnosis of SLE.

As for the confounders, genetic variants associated with smoking
(cigarettes/d) and alcohol drinking (alcoholic drinks/w) were based
on a large-scale available GWAS with 1,232,091 individuals of
European ancestry (Liu et al., 2019). All participants were
genotyped on genome-wide arrays. Supplementary Table S1
showed basic characteristics of relevant GWAS studies and data
sources. The quality control and information of genetic variants and
imputation methods of missing data were described in original
manuscripts (Bentham et al., 2015; Doherty et al., 2017;
Klimentidis et al., 2018; Liu et al., 2019).
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Selection of instrumental variables
In the present study, SNPs were defined as IVs (Lawlor et al.,
2008). All requested SNPs conformed with the following
conditions: 1. strongly correlated with exposure based on
genome-wide significance; 2. having no linkage disequilibrium
(LD) (pairwise r2 < 0.001, window size = 10,000 kb); 3. without
palindromic structures. According to the three mentioned

assumptions and above conditions, a total of 37 SNPs were
identified. To achieve powerful estimates, we used proxy SNPs
with strong LD (r2 > 0.8) to substitute for the selected SNPs on
condition that the corresponding SNPs were unavailable in SLE
GWAS. In the study, F statistic was calculated to quantify the
strength of selected IVs (Burgess et al., 2019). We estimated the
variance (R2) explained by every SNPs according to the equation

FIGURE 1 | An overview of this Mendelian randomization (MR) study design. Abbreviations: SNP, single nucleotide polymorphism; MVPA, Moderate-to-vigorous
physical activity; VPA, vigorous physical activity; SSOE, strenuous sports or other exercises; IVs, instrumental variables; SLE, systemic lupus erythematosus; MR-Egger,
Mendelian randomization-Egger; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier test.

FIGURE 2 | The flow chart of instrumental variables selection. Abbreviations: PA, physical activity; GWAS, genome-wide association study; SNPs, single nucleotide
polymorphisms; MVPA, Moderate-to-vigorous physical activity; VPA, vigorous physical activity; SSOE, strenuous sports or other exercises.
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of 2 × MAF × (1 −MAF) × β2 (Park et al., 2010). The R2 of each
kind of PA was the sum of R2 of every SNP, which was powerfully
related to it. Besides, the smallest effect detected by the sample
size to provide 80% statistical power at an α level of 5% was
computed at an online web tool (https://sb452.shinyapps.io/
power/) (Burgess, 2014). Figure 2 displayed the flow chart of
IVs selection.

Statistical analysis
The inverse-variance weighted (IVW) method was conducted, as
the primary method, to evaluate the causal association between
PA and SLE (Burgess et al., 2019). We chose a fixed-effects model
when the p-value, as the result of Cochran’s Q test, is >0.05,
otherwise the random-effects model was applied (Higgins et al.,
2003). The IVWmethod was perceived as the most dependable if
the selected IVs did not have directional pleiotropy (p-value for
MR-Egger intercept >0.05) (Holmes et al., 2017).

In sensitivity analyses, we chose MR-Egger method to evaluate
the potential pleiotropy effects. The MR-Egger regression
estimated the causal effect as the slope from the weighted
regression of the IVs-outcome associations on the IVs-
exposure associations, and the intercept term reflected the
average pleiotropic effect (Bowden et al., 2015; Burgess and
Thompson, 2017). Additionally, we also applied simple
median, weighted median, and MR pleiotropy residual sum
and outlier test (MR-PRESSO) methods to assess the presence
of pleiotropy (Burgess et al., 2017; Verbanck et al., 2018). If more
than 50% SNPs are effective IVs, the consistent estimates of causal
effect would be provided by the weighted median (Burgess et al.,
2017). Not only does MR-PRESSO detect pleiotropy, but also it
can exclude the outlying SNPs and reassess the effect estimates
(Verbanck et al., 2018). Meanwhile, leave-one-out analysis was
performed to test the influence of outlying values. To remove the
effect of other confounders, we also explored the pleiotropy of
each selected SNPs at the GWAS threshold of statistical
significance (p-value <5 × 10−8) by the PhenoScanner V2
database (http://www.phenoscanner.medschl.cam.ac.uk/)
(Kamat et al., 2019).

All tests were two sided, and differences were considered as
statistical significance (p-value <0.05), unless noted. All of the
analyses were conducted using TwoSampleMR (V 0.5.6) (Hemani
et al., 2018) and MR-PRESSO (V 1.0) (Verbanck et al., 2018)
packages in R software (4.1.0).

RESULTS

Supplementary Table S2 provided detailed information on the
selected SNPs. In the MR study, a total of 5 SNPs (SSOE:
rs7627864; average acceleration: rs6775319; sedentary behavior:
rs26579, rs25981, rs6870096) were excluded for palindrome.
Ultimately, 37 SNPs (15 SNPs for MVPA, 5 SNPs for VPA, 9
SNPs for SSOE, 5 SNPs for average acceleration, 3 SNPs for
sedentary behavior, all p-value <5 × 10−8, r2 < 0.001) were
selected as IVs, which included 3 proxy SNPs. The F statistics
of the chosen SNPs ranged from 29.93 to 51.82, which were
greater than the conventional threshold of 10, indicating that the

selected SNPs could decrease the bias of causal analysis. Besides,
the selected SNPs together explained ~ 0.130%, ~ 0.020%, ~
0.020%, ~ 10.533%, and ~ 0.110% of the variances for MVPA,
VPA, SSOE, average acceleration, and sedentary behavior,
respectively (Supplementary Table S3). Based on the sample
size of the SLE GWAS meta-analysis, there was >80% power to
detect associations of MVPA, VPA, SSOE, average acceleration,
and sedentary behavior with the risk of SLE for an effect size (OR)
of ~ 0.834 (Supplementary Table S3). All IVs for genetically
predicted PA have been certified and applied in recent other MR
studies (Legge et al., 2020; Papadimitriou et al., 2020; Bahls et al.,
2021; Julian et al., 2021). Additionally, all of them were irrelevant
to smoking and alcohol drinking (Supplementary Table S4).

Cochran’s Q test indicated mild to moderate heterogeneity for
MVPA, VPA, and SSOE (I2 = 47.389, p-value = 0.022 for MVPA;
I2 = 56.937, p-value = 0.054 for VPA; I2 = 32.609, p-value = 0.157
for SSOE), average acceleration and sedentary behavior having no
significant heterogeneity (I2 = 0.000, p-value = 0.971 for average
acceleration; I2 = 0.000, p-value = 0.598 for sedentary behavior)
(Supplementary Table S5). Based on the result of IVW method,
there was little evidence supporting the causality between PA and
risk of SLE (MVPA: OR 0.44, 95% CI 0.09–2.10, p-value = 0.305;
VPA: OR 0.20, 95% CI 0.00–18.97, p-value = 0.490; SSOE: OR
0.96, 95% CI 0.03–29.24, p-value = 0.983; average acceleration:
OR 0.91, 95% CI 0.79–1.05, p-value = 0.190; sedentary behavior:
OR 1.54, 95% CI 0.35–6.81, p-value = 0.572) (Figure 3 and
Supplementary Figure S1). The consequences of simple
median and weighted median were similar to that of the IVW
method. Meanwhile, the MR-Egger regression did not reveal
horizontal pleiotropy (Pintercept = 0.783 for MVPA,
Pintercept = 0.220 for VPA, Pintercept = 0.187 for SSOE,
Pintercept = 0.890 for average acceleration, and Pintercept = 0.929
for sedentary behavior) (Supplementary Table S5). Similarly,
the pleiotropy was not detected by MR-PRESSO (Figure 3) and
PhenoScanner V2 database. Forest plots, scatter plots, funnel
plots, and MR leave-one-out plots for PA are presented in
Supplementary Figures S1–S4.

DISCUSSION

In this study, we found that there was no evidence to support the
causal relationship between genetically predicted PA (MVPA,
VPA, SSOE, average acceleration, and sedentary behavior) and
risk of SLE among European populations by two-sample MR
analysis. Sensitivity analyses also indicated that results were
robust in general.

Previous observational study has demonstrated that SLE
patients with longer sedentary behavior presented increased
disease activity and reduced scores of physical component of
QoL (Margiotta et al., 2018). Another randomized controlled trial
also indicated that SLE patients had lower exercise capacity and
less frequent exercise than healthy controls (Eriksson et al., 2012).
Therefore, they advocated that it was necessary for SLE patients to
enhance the awareness of increasing PA and reducing sedentary
behavior to control the disease activity. Even though the etiology
of SLE is unclear, the depletion of Treg cells and activation of
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macrophages played an important role in the pathogenesis (Yang
et al., 2009; Al Gadban et al., 2015). Previous studies found
exercise was able to decrease the antigen-presenting function by
downregulating TLR expression in macrophages and induce the
increase of Treg cells (Sharif et al., 2018).

However, several clinical studies reported that there was an
insignificant difference between exercise and control groups in
SLE-related damage and disease activity (Abrahao et al., 2016;
Bostrom et al., 2016). Similar results were reported in a meta-
analysis consisting of 11 randomized controlled trials (O’Dwyer
et al., 2017). In addition, our MR study also indicated that there
was little evidence for causality between PA and the risk of SLE.
These discrepant findings might result from reverse causality bias.
For example, SLE patients presented less frequent exercise and
longer sedentariness due to higher disease activity, joint pain or
fatigue.

Although PA could not reduce disease activity, organ damage,
and risk of SLE, it may have other positive effects. Previous
research indicated that PA could improve fatigue, psychological
function, quality of life, etc. (Fangtham et al., 2019). Increased risk
of cardiovascular diseases (CVDs) was also associated with

immunological dysregulation and inflammation due to SLE
(Avina-Zubieta et al., 2017). However, MVPA could decrease
the cardiovascular risk of patients with SLE (Legge et al., 2020).
What is more, the European League Against Rheumatism
(EULAR) administered PA as adjuvant therapy in SLE patients
with increased risk of CVDs, particularly (Bertsias et al., 2008).

Among the selected SNPs, some were suggested to be
associated with immunity. For example, PAX4 (rs2988004)
was B-cell transcription factor genes, playing an essential role
in controlling the identity and function of B cells throughout B
lymphopoiesis (Cobaleda et al., 2007). ACYP2 (rs1974771)
promoted phosphorylation and activity of STAT3, which
played critical functions in the differentiation of follicular
helper T cell (Tripathi and Lahesmaa, 2014). FOXO1
(rs2764261) enhanced differentiation, proliferation,
immunoglobulin gene rearrangement, and class switching in
B cells (Cabrera-Ortega et al., 2017). In CD4+ T cells of MRL/
lpr mice, CTBP2 (rs3781411) suppressed various genes, including
IL-2 (Katsuyama et al., 2018). Besides, SKI (rs61776614) inhibited
pathogenic Th17 cell response and ameliorated experimental
autoimmune encephalomyelitis (Li et al., 2021).

FIGURE 3 | Forest plot of MR analysis for the causal association between PA and SLE. Abbreviations: MVPA, moderate-to-vigorous physical activity; VPA,
vigorous physical activity; SSOE, strenuous sports or other exercises; OR, odds ratio; CI, confidence interval, IVW, inverse-variance weighted method; MR-Egger,
Mendelian randomization-Egger; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier test.
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As far as we know, this study is the first MR study to analyze
whether PA is causally concerned with risk of SLE based on open
GWAS databases. Furthermore, to decrease the population bias, we
selected European individuals for this two-sample MR study.
Finally, to avoid information bias, we collected five types of PA,
which were evaluated by subjective and objective assessments.
MVPA, VPA, and SSOE were measured by a touchscreen
questionnaire, and average acceleration and sedentary behavior
were objectively assessed by a wrist-worn accelerometer.

The present MR study also had several limitations. First, our
study was based on openly available genetic data, and we could not
perform stratified analyses or analyses adjusted for other covariates.
Second, the selected instrumental SNPs as IVs explained relatively
limited proportion of variance in PA, ranging from 0.020% to
10.533%. This may lead to low statistical power to detect weak
associations. In the end, our data source was obtained from
individuals of European ancestry, which did not necessarily
generalize our findings to other populations outside Europe.

In conclusion, our MR study indicates that genetically
predicted PA is not causally associated with risk of SLE
among European individuals. More researches are required to
explore the causal relationship between PA and SLE.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, Further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

JB and YF conceived and designed the study. SH conducted data
analysis. SH and FT wrote the manuscript. XY and SF revised the
manuscript. All authors read and gave consent for the final
content.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81803980) and the Research Project
of Zhejiang Chinese Medical University (Nos. 2019ZG22 and
2021JKZKTS012B).

ACKNOWLEDGMENTS

We gratefully thank these authors (Bentham et al., 2015; Doherty
et al., 2018; Klimentidis et al., 2018; Liu et al., 2019) for providing
genetic data about the MR study.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.784922/
full#supplementary-material

REFERENCES

Abrahão, M., Gomiero, A., Peccin, M., Grande, A., and Trevisani, V. (2016). Cardiovascular
Training vs. Resistance Training for Improving Quality of Life and Physical Function in
Patients with Systemic Lupus Erythematosus: a Randomized Controlled Trial. Scand.
J. Rheumatol. 45 (3), 197–201. doi:10.3109/03009742.2015.1094126

Al Gadban, M. M., Alwan, M. M., Smith, K. J., and Hammad, S. M. (2015).
Accelerated Vascular Disease in Systemic Lupus Erythematosus: Role of
Macrophage. Clin. Immunol. 157 (2), 133–144. doi:10.1016/j.clim.2015.01.008

Aviña-Zubieta, J. A., To, F., Vostretsova, K., De Vera, M., Sayre, E. C., and Esdaile,
J. M. (2017). Risk of Myocardial Infarction and Stroke in Newly Diagnosed
Systemic Lupus Erythematosus: A General Population-Based Study. Arthritis
Care Res. 69 (6), 849–856. doi:10.1002/acr.23018

Bahls,M., Leitzmann,M.F.,Karch,A., Teumer,A.,Dörr,M., Felix, S. B., et al. (2021). Physical
Activity, Sedentary Behavior andRisk of CoronaryArteryDisease,Myocardial Infarction
and Ischemic Stroke: a Two-SampleMendelian Randomization Study.Clin. Res. Cardiol.
110, 1564–1573. doi:10.1007/s00392-021-01846-7

Bentham, J., Morris, D. L., Cunninghame Graham, D. S., Pinder, C. L., Tombleson, P.,
Behrens, T. W., et al. (2015). Genetic Association Analyses Implicate Aberrant
Regulation of Innate and Adaptive Immunity Genes in the Pathogenesis of Systemic
Lupus Erythematosus. Nat. Genet. 47 (12), 1457–1464. doi:10.1038/ng.3434

Bertsias, G., Ioannidis, J. P. A., Boletis, J., Bombardieri, S., Cervera, R., Dostal, C.,
et al. (2008). EULAR Recommendations for the Management of Systemic
Lupus Erythematosus. Report of a Task Force of the EULAR Standing
Committee for International Clinical Studies Including Therapeutics. Ann.
Rheum. Dis. 67 (2), 195–205. doi:10.1136/ard.2007.070367

Boström, C., Elfving, B., Dupré, B., Opava, C. H., Lundberg, I. E., and Jansson, E. (2016).
Effects of a One-Year Physical Activity Programme for Women with Systemic Lupus
Erythematosus - a Randomized Controlled Study. Lupus 25 (6), 602–616. doi:10.1177/
0961203315622817

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian Randomization with
Invalid Instruments: Effect Estimation andBiasDetection through Egger Regression.
Int. J. Epidemiol. 44 (2), 512–525. doi:10.1093/ije/dyv080

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016).
Consistent Estimation in Mendelian Randomization with Some Invalid
Instruments Using a Weighted Median Estimator. Genet. Epidemiol. 40
(4), 304–314. doi:10.1002/gepi.21965

Burgess, S., Bowden, J., Fall, T., Ingelsson, E., and Thompson, S. G. (2017).
Sensitivity Analyses for Robust Causal Inference from Mendelian
Randomization Analyses with Multiple Genetic Variants. Epidemiology 28
(1), 30–42. doi:10.1097/EDE.0000000000000559

Burgess, S., Davey Smith, G., Davies, N. M., Dudbridge, F., Gill, D., Glymour, M. M.,
et al. (2019). Guidelines for PerformingMendelian Randomization Investigations.
Wellcome Open Res. 4, 186. doi:10.12688/wellcomeopenres.15555.2

Burgess, S. (2014). Sample Size and Power Calculations in Mendelian
Randomization with a Single Instrumental Variable and a Binary Outcome.
Int. J. Epidemiol. 43 (3), 922–929. doi:10.1093/ije/dyu005

Burgess, S., and Thompson, S. G. (2017). Interpreting Findings from Mendelian
Randomization Using the MR-Egger Method. Eur. J. Epidemiol. 32 (5),
377–389. doi:10.1007/s10654-017-0255-x

Cabrera-Ortega, A. A., Feinberg, D., Liang, Y., Rossa, C., Jr., and Graves, D. T.
(2017). The Role of Forkhead Box 1 (FOXO1) in the Immune System: Dendritic
Cells, T Cells, B Cells, and Hematopoietic Stem Cells. Crit. Rev. Immunol. 37
(1), 1–13. doi:10.1615/CritRevImmunol.2017019636

Cobaleda, C., Schebesta, A., Delogu, A., and Busslinger, M. (2007). Pax5: the Guardian
of B Cell Identity and Function. Nat. Immunol. 8 (5), 463–470. doi:10.1038/ni1454

Davey Smith, G., and Hemani, G. (2014). Mendelian Randomization: Genetic
Anchors for Causal Inference in Epidemiological Studies. Hum. Mol. Genet. 23
(R1), R89–R98. doi:10.1093/hmg/ddu328

Doherty, A., Jackson, D., Hammerla, N., Plötz, T., Olivier, P., Granat, M. H., et al. (2017).
Large Scale Population Assessment of Physical Activity Using Wrist Worn

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 7849226

Huang et al. Physical Activity and Systemic Lupus Erythematosus

https://www.frontiersin.org/articles/10.3389/fgene.2021.784922/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.784922/full#supplementary-material
https://doi.org/10.3109/03009742.2015.1094126
https://doi.org/10.1016/j.clim.2015.01.008
https://doi.org/10.1002/acr.23018
https://doi.org/10.1007/s00392-021-01846-7
https://doi.org/10.1038/ng.3434
https://doi.org/10.1136/ard.2007.070367
https://doi.org/10.1177/0961203315622817
https://doi.org/10.1177/0961203315622817
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.12688/wellcomeopenres.15555.2
https://doi.org/10.1093/ije/dyu005
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1615/CritRevImmunol.2017019636
https://doi.org/10.1038/ni1454
https://doi.org/10.1093/hmg/ddu328
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Accelerometers: The UK Biobank Study. PLoS One 12 (2), e0169649. doi:10.1371/
journal.pone.0169649

Doherty, A., Smith-Byrne, K., Ferreira, T., Holmes, M. V., Holmes, C., Pulit, S. L.,
et al. (2018). GWAS Identifies 14 Loci for Device-Measured Physical Activity and
Sleep Duration. Nat. Commun. 9 (1), 5257. doi:10.1038/s41467-018-07743-4

Dörner, T., and Furie, R. (2019). Novel Paradigms in Systemic Lupus Erythematosus.
The Lancet 393 (10188), 2344–2358. doi:10.1016/S0140-6736(19)30546-X

Eriksson, K., Svenungsson, E., Karreskog, H., Gunnarsson, I., Gustafsson, J.,
Möller, S., et al. (2012). Physical Activity in Patients with Systemic Lupus
Erythematosus and Matched Controls. Scand. J. Rheumatol. 41 (4), 290–297.
doi:10.3109/03009742.2011.624117

Fangtham, M., Kasturi, S., Bannuru, R. R., Nash, J. L., and Wang, C. (2019). Non-
pharmacologic Therapies for Systemic Lupus Erythematosus. Lupus 28 (6),
703–712. doi:10.1177/0961203319841435

Guo, J., Gao, Y., Wang, Y., Zou, Y., Du, Y., Luo, C., et al. (2018). Investigation of
C1-Complex Regions Reveals New C1Q Variants Associated with protection
from Systemic Lupus Erythematosus, and Affect its Transcript Abundance. Sci.
Rep. 8 (1), 8048. doi:10.1038/s41598-018-26380-x

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al.
(2018). TheMR-Base Platform Supports Systematic Causal Inference across the
Human Phenome. Elife 7, e34408. doi:10.7554/eLife.34408

Higgins, J. P. T., Thompson, S. G., Deeks, J. J., and Altman, D. G. (2003). Measuring
Inconsistency in Meta-Analyses. BMJ 327 (7414), 557–560. doi:10.1136/bmj.
327.7414.557

Holmes, M. V., Ala-Korpela, M., and Smith, G. D. (2017). Mendelian
Randomization in Cardiometabolic Disease: Challenges in Evaluating
Causality. Nat. Rev. Cardiol. 14 (10), 577–590. doi:10.1038/nrcardio.2017.78

Julian, T. H., Glascow,N., Barry, A. D. F., Moll, T., Harvey, C., Klimentidis, Y. C., et al.
(2021). Physical Exercise Is a Risk Factor for Amyotrophic Lateral Sclerosis:
Convergent Evidence fromMendelian Randomisation, Transcriptomics and Risk
Genotypes. EBioMedicine 68, 103397. doi:10.1016/j.ebiom.2021.103397

Kamat, M. A., Blackshaw, J. A., Young, R., Surendran, P., Burgess, S., Danesh, J.,
et al. (2019). PhenoScanner V2: an Expanded Tool for Searching Human
Genotype-Phenotype Associations. Bioinformatics 35 (22), 4851–4853. doi:10.
1093/bioinformatics/btz469

Katsuyama, E., Yan, M., Watanabe, K. S., Narazaki, M., Matsushima, S.,
Yamamura, Y., et al. (2018). Correction: Downregulation of miR-200a-3p,
Targeting CtBP2 Complex, Is Involved in the Hypoproduction of IL-2 in
Systemic Lupus Erythematosus-Derived T Cells. J.I. 201 (3), 1104. doi:10.4049/
jimmunol.1800810

Klimentidis, Y. C., Raichlen, D. A., Bea, J., Garcia, D. O., Wineinger, N. E.,
Mandarino, L. J., et al. (2018). Genome-wide Association Study of Habitual
Physical Activity in over 377,000 UK Biobank Participants Identifies Multiple
Variants Including CADM2 and APOE. Int. J. Obes. 42 (6), 1161–1176. doi:10.
1038/s41366-018-0120-3

Kohl, H. W., 3rd, Craig, C. L., Lambert, E. V., Inoue, S., Alkandari, J. R., Leetongin,
G., et al. (2012). The Pandemic of Physical Inactivity: Global Action for Public
Health. The Lancet 380 (9838), 294–305. doi:10.1016/S0140-6736(12)60898-8

Lawlor, D. A., Harbord, R. M., Sterne, J. A. C., Timpson, N., and Davey Smith, G.
(2008). Mendelian Randomization: Using Genes as Instruments for Making
Causal Inferences in Epidemiology. Statist. Med. 27 (8), 1133–1163. doi:10.
1002/sim.3034

Lee, Y. H., Choi, S. J., Ji, J. D., and Song, G. G. (2016). Overall and Cause-specific
Mortality in Systemic Lupus Erythematosus: an Updated Meta-Analysis. Lupus
25 (7), 727–734. doi:10.1177/0961203315627202

Legge, A., Blanchard, C., and Hanly, J. G. (2020). Physical Activity, Sedentary
Behaviour and Their Associations with Cardiovascular Risk in Systemic Lupus
Erythematosus. Rheumatology (Oxford) 59 (5), 1128–1136. doi:10.1093/
rheumatology/kez429

Li, P., Guo, Z., andWan, Y. Y. (2021). SKI Expression Suppresses Pathogenic Th17
Cell Response and Mitigates Experimental Autoimmune Encephalomyelitis.
Front. Immunol. 12, 707899. doi:10.3389/fimmu.2021.707899

Liu, M., Jiang, Y., Wedow, R., Li, Y., Brazel, D. M., Chen, F., et al. (2019).
Association Studies of up to 1.2 Million Individuals Yield New Insights into
the Genetic Etiology of Tobacco and Alcohol Use. Nat. Genet. 51 (2), 237–244.
doi:10.1038/s41588-018-0307-5

Margiotta, D. P. E., Basta, F., Dolcini, G., Batani, V., Lo Vullo, M., Vernuccio, A.,
et al. (2018). Physical Activity and Sedentary Behavior in Patients with Systemic

Lupus Erythematosus. PLoS One 13 (3), e0193728. doi:10.1371/journal.pone.
0193728

O’Dwyer, T., Durcan, L., and Wilson, F. (2017). Exercise and Physical Activity in
Systemic Lupus Erythematosus: A Systematic Review with Meta-Analyses.
Semin. Arthritis Rheum. 47 (2), 204–215. doi:10.1016/j.semarthrit.2017.04.003

Papadimitriou, N., Dimou, N., Tsilidis, K. K., Banbury, B., Martin, R. M., Lewis, S.
J., et al. (2020). Physical Activity and Risks of Breast and Colorectal Cancer: a
Mendelian Randomisation Analysis. Nat. Commun. 11 (1), 597. doi:10.1038/
s41467-020-14389-8

Park, J.-H., Wacholder, S., Gail, M. H., Peters, U., Jacobs, K. B., Chanock, S. J., et al.
(2010). Estimation of Effect Size Distribution from Genome-wide Association
Studies and Implications for Future Discoveries. Nat. Genet. 42 (7), 570–575.
doi:10.1038/ng.610

Pinto, A. J., Roschel, H., Sá Pinto, A. L., Lima, F. R., Pereira, R. M. R., Silva, C. A.,
et al. (2017). Physical Inactivity and Sedentary Behavior: Overlooked Risk
Factors in Autoimmune Rheumatic Diseases? Autoimmun. Rev. 16 (7),
667–674. doi:10.1016/j.autrev.2017.05.001

Reddigan, J. I., Ardern, C. I., Riddell, M. C., and Kuk, J. L. (2011). Relation of
Physical Activity to Cardiovascular Disease Mortality and the Influence of
Cardiometabolic Risk Factors. Am. J. Cardiol. 108 (10), 1426–1431. doi:10.
1016/j.amjcard.2011.07.005

Sharif, K., Watad, A., Bragazzi, N. L., Lichtbroun, M., Amital, H., and Shoenfeld, Y.
(2018). Physical Activity and Autoimmune Diseases: Get Moving and Manage
the Disease. Autoimmun. Rev. 17 (1), 53–72. doi:10.1016/j.autrev.2017.11.010

Smith, G. D., and Ebrahim, S. (2003). ’Mendelian Randomization’: Can Genetic
Epidemiology Contribute to Understanding Environmental Determinants of
Disease?*. Int. J. Epidemiol. 32 (1), 1–22. doi:10.1093/ije/dyg070

Smith, G. D., and Ebrahim, S. (2004). Mendelian Randomization: Prospects,
Potentials, and Limitations. Int. J. Epidemiol. 33 (1), 30–42. doi:10.1093/ije/
dyh132

Tharp, G. D., and Barnes, M. W. (1990). Reduction of Saliva Immunoglobulin Levels
by Swim Training. Europ. J. Appl. Physiol. 60 (1), 61–64. doi:10.1007/BF00572187

Tripathi, S. K., and Lahesmaa, R. (2014). Transcriptional and Epigenetic
Regulation of T-helper Lineage Specification. Immunol. Rev. 261 (1), 62–83.
doi:10.1111/imr.12204

Verbanck, M., Chen, C.-Y., Neale, B., and Do, R. (2018). Detection of Widespread
Horizontal Pleiotropy in Causal Relationships Inferred from Mendelian
Randomization between Complex Traits and Diseases. Nat. Genet. 50 (5),
693–698. doi:10.1038/s41588-018-0099-7

Weinhold, M., Shimabukuro-Vornhagen, A., Franke, A., Theurich, S., Wahl, P.,
Hallek, M., et al. (2016). Physical Exercise Modulates the Homeostasis of
Human Regulatory T Cells. J. Allergy Clin. Immunol. 137 (5), 1607–1610.
doi:10.1016/j.jaci.2015.10.035

Wu, M.-L., Yu, K.-H., and Tsai, J.-C. (2017). The Effectiveness of Exercise in Adults
with Systemic Lupus Erythematosus: A Systematic Review and Meta-Analysis
to Guide Evidence-Based Practice. Worldviews Evidence-Based Nurs. 14 (4),
306–315. doi:10.1111/wvn.12221

Yang, J., Chu, Y., Yang, X., Gao, D., Zhu, L., Yang, X., et al. (2009). Th17 and
Natural Treg Cell Population Dynamics in Systemic Lupus Erythematosus.
Arthritis Rheum. 60 (5), 1472–1483. doi:10.1002/art.24499

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed nor
endorsed by the publisher.

Copyright © 2022 Huang, Tian, Yang, Fang, Fan and Bao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 7849227

Huang et al. Physical Activity and Systemic Lupus Erythematosus

https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1038/s41467-018-07743-4
https://doi.org/10.1016/S0140-6736(19)30546-X
https://doi.org/10.3109/03009742.2011.624117
https://doi.org/10.1177/0961203319841435
https://doi.org/10.1038/s41598-018-26380-x
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1038/nrcardio.2017.78
https://doi.org/10.1016/j.ebiom.2021.103397
https://doi.org/10.1093/bioinformatics/btz469
https://doi.org/10.1093/bioinformatics/btz469
https://doi.org/10.4049/jimmunol.1800810
https://doi.org/10.4049/jimmunol.1800810
https://doi.org/10.1038/s41366-018-0120-3
https://doi.org/10.1038/s41366-018-0120-3
https://doi.org/10.1016/S0140-6736(12)60898-8
https://doi.org/10.1002/sim.3034
https://doi.org/10.1002/sim.3034
https://doi.org/10.1177/0961203315627202
https://doi.org/10.1093/rheumatology/kez429
https://doi.org/10.1093/rheumatology/kez429
https://doi.org/10.3389/fimmu.2021.707899
https://doi.org/10.1038/s41588-018-0307-5
https://doi.org/10.1371/journal.pone.0193728
https://doi.org/10.1371/journal.pone.0193728
https://doi.org/10.1016/j.semarthrit.2017.04.003
https://doi.org/10.1038/s41467-020-14389-8
https://doi.org/10.1038/s41467-020-14389-8
https://doi.org/10.1038/ng.610
https://doi.org/10.1016/j.autrev.2017.05.001
https://doi.org/10.1016/j.amjcard.2011.07.005
https://doi.org/10.1016/j.amjcard.2011.07.005
https://doi.org/10.1016/j.autrev.2017.11.010
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1093/ije/dyh132
https://doi.org/10.1093/ije/dyh132
https://doi.org/10.1007/BF00572187
https://doi.org/10.1111/imr.12204
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1016/j.jaci.2015.10.035
https://doi.org/10.1111/wvn.12221
https://doi.org/10.1002/art.24499
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Physical Activity and Systemic Lupus Erythematosus Among European Populations: A Two-Sample Mendelian Randomization Study
	Introduction
	Materials and methods
	Data sources
	Selection of instrumental variables
	Statistical analysis

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


