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Background. Vitamin D deficiency is common in patients with systemic lupus erythematosus (SLE). Observational studies have
reported that it is associated with SLE. In this bidirectional Mendelian randomization (MR) study, we explored the genetic
association between serum vitamin D (VD) levels and SLE using two models. Methods. Genetic variants associated with
vitamin D (n=304,181), 25-hydroxyvitamin D levels (n=401,460), and SLE (n=213,683) at genome-wide significance
(P<5%107%) derived from large-scale publicly available GWAS data were used as instrumental variables. Bidirectional two-
sample MR analyses were performed using the inverse variance weighted method (IVW, random, or fixed effect model).
Sensitivity analyses including maximum likelihood, MR-Egger method, penalized weighted median method, MR-PRESSO, MR-
RAPS, and MR-radial method were conducted. Results. The findings showed that genetically predicted SLE using the IVW
method had a negative effect on the vitamin D and 25-hydroxyvitamin D levels in the two models. The results of sensitivity
analyses of different analytical approaches were consistent. Conclusions. These findings indicated that genetically determined
SLE had a negative effect on the vitamin D and 25-hydroxyvitamin D levels. Future studies, including random controlled

clinical trials, should evaluate the association and mechanisms between serum VD levels and SLE.

1. Background

Systemic lupus erythematosus (SLE) is a kind of disease
characterized by aberrant activity of the immune system
leading to chronic damage in relative organs [1]. Relevant
statistical results show that the incidence of SLE is higher
in women of childbearing age, and the female to male
incidence ratio is approximately 13:1 [2]. SLE is a major
health burden globally; therefore, early prognosis and
effective preventive approaches are urgently needed.
Vitamin D is a vital steroid hormone and antifibrotic
effects [3]. Vitamin D is converted to 25-hydroxyvitamin
D which is used as an indicator. Vitamin D has been

reported to be associated with SLE in observational stud-
ies. This implies that vitamin D deficiency may be a risk
factor for SLE. Previous systematic reviews and meta-
analysis indicated that levels of serum VD [4] and 25-
hydroxyvitamin D levels [5] (the index for measuring
vitamin D level) are obviously low in SLE patients. How-
ever, findings from observational studies are not sufficient
to make clear this kind of relationships, which are
explored through reverse causation and confounding effect
[6]. A MR analysis showed that vitamin D deficiency has
no relation with SLE [7]. Therefore, whether vitamin D
deficiency is the cause or the effect of SLE has not been
fully elucidated.
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FIGURE 1: Overview of the experimental design of the present study. Model 1: SNPs associated with any potential confounders were not
extracted. Model 2: SNPs associated with any potential confounders were extracted. SLE: systemic lupus erythematosus.

TaBLE 1: Details on GWAS predictive strength of IVs used in Mendelian randomization analyses.

Study design Details of GWAS (exposures) Strength of IVs
Exposure Outcome Consortium  Sample size Model No. of SNPs  R*>  F-statistic

- , . Model 1 53 0.585 33.863
Vitamin D Systemic lupus erythematosus ~ UK biobank 304,818

Model 2 46 0.537  30.883

o , , Model 1 160 0459 12452
25-Hydroxyvitamin D Systemic lupus erythematosus ~ UK biobank 401,460

Model 2 147 0431 11.827

, o , . Model 1 8 0.088 23.433
Systemic lupus erythematosus Vitamin D FinnGen biobank 213,683

Model 2 7 0.071  21.837

, o , . Model 1 38 0.551  31.152
Systemic lupus erythematosus 25-Hydroxyvitamin D FinnGen biobank 213,683

Model 2 33 0.463  26.169

Model 1: SNPs associated with any potential confounders were not extracted. Model 2: SNPs associated with any potential confounders were extracted. SNP:

single-nucleotide polymorphisms.

MR analysis using genetic variants as instrumental var-
iables (IVs) to identify the causation between risk factors
and diseases [8, 9]. In this paper, a bidirectional MR study
was performed to explore the genetic association of serum
VD levels and SLE using large-scale publicly available
GWAS data.

2. Materials and Methods

2.1. Data Retrieval for MR Analyses. Two models were
utilized to perform bidirectional MR analyses to explore
the potential causal associations of vitamin D and 25-
hydroxyvitamin D with SLE using summary statistics data
from four different genome-wide association studies
(GWAS) (Figure 1). Model 2 was established by extracting
SNPs on the outcome, whereas in model 1, SNPs were kept.
Summary statistical data were retrieved from meta-analysis
GWAS of 35 biomarkers deposited in the UK Biobank
(UKB) [10]. The UK Biobank was a cohort study involving
more than 500,000 males and females (40-69 years of old
at baseline) enrolled between 2006 and 2010 [11]. Publicly
available summary-level data for 25-hydroxyvitamin D were
obtained from GWAS. The participants in this cohort pre-
sented with SNPs with minor allele frequency (MAF) > 0.1

% and were adjusted for age, sex, and VD [12]. SLE data
were obtained from a previous meta-analysis of GWASs
with 10,000 subjects, when SLE was used as exposure factor,
covering approximately 644,000 markers [13]. SLE data were
obtained from GWAS involving 213,683 European-ancestry
subjects deposited in FinnGen biobank, when SLE was used
as an outcome. The details on the data used in the current
study are presented in Table 1.

2.2. Selection of Genetic Instrumental Variables. Genetic var-
iants used in the MR analyses were of genome-wide signifi-
cance (P<5x10-8) and were distributed independently
by pruning SNPs with an r? <0.001 threshold [14]. SNPs
associated with body mass index, C-reactive protein, and
leukocyte count were identified as pleiotropic IVs and were
extracted from the GWAS Catalog and PhenoScanner, to
eliminate potential pleiotropic effects [15]. Subsequently,
exposure-related SNPs were obtained from the outcome
datasets. In order to correct the direction of alleles, SNP
coordination was carried out after appropriate simplification
in the research process. In total, 53 SNPs (model 1) and 46
SNPs (model 2) were selected as instrument on SLE. In addi-
tion, 160 SNPs (model 1) and 147 SNPs (model 2) were
selected for 25-hydroxyvitamin D on SLE, as well as 8 SNPs
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Exposure/Outcome Model Methods nSNP Beta OR (95%CI)  P-value
SLE/Vitamin D Model 1
IVW (re) 8 — -0.008 0.992 (0.986, 0.999) 0.025
IVW (fe) 8 —— -0.008 0.992 (0.989, 0.998) 0.005
MR-Egger 8 i -0.012 0.988 (0.976, 1.000) 0.092
MR RAPS 8 —a— -0.008 0.992 (0.986, 0.998) 0.017
Weighted median 8 — -0.009 0.992 (0.985, 0.998) 0.013
Maximum likelihood 8 — -0.008 0.992 (0.987, 0.998) 0.006
Penalised weighted median 8 —a— -0.009 0.992 (0.985, 0.998) 0.013
SLE/Vitamin D Model 2
IVW (re) 7 — . ~0.009 0.991 (0.985, 0.998) 0.009
VW (fe) 7 —— -0.009 0.991 (0.986, 0.997) 0.002
MR-Egger 7 —l -0.012 0.988 (0.976, 1.000) 0.103
Weighted median 7 —— -0.009 0.991 (0.985, 0.998) 0.008
Maximum likelihood 7 —a— -0.009 0.991 (0.986, 0.997) 0.002
Penalised weighted median 7 — -0.009 0.991 (0.985, 0.998) 0.01
SLE/25-hydroxyvitamin D Model 1
IVW (re) 38 — ~0.003 0.997 (0.993,1.001) 0.088
VW (fe) 38 —— -0.003 0.997 (0.995,0.999) 0.01
MR-Egger 38 — i -0.006 0.994 (0.987,1.001) 0.1
MR RAPS 38 —— -0.005 0.995 (0.991, 0.999) 0.001
Weighted median 38 —— -0.005 0.995 (0.991, 0.999) 0.017
Maximum likelihood 38 —l— -0.003 0.997 (0.995, 0.999) 0.011
Penalised weighted median 38 —— -0.007 0.993 (0.988,0.997) 0.001
SLE/25-hydroxyvitamin D Model 2
IVW (re) 33 —— -0.004 0.996 (0.992, 0.999) 0.022
VW (fe) 33 —— -0.004 0.996 (0.993, 0.998) 0.002
MR-Egger 33 — -0.006 0.994 (0.986, 1.003) 0.187
MR RAPS 33 —— -0.006 0.994 (0.990, 0.998) 0.001
Weighted median 33 —— -0.005 0.995 (0.990, 0.999) 0.026
Maximum likelihood 33 —— —0.004 0.996 (0.993, 0.998) 0.002
Penalised weighted median 33 —— -0.007 0.993 (0.989, 0.998) 0.003

0.97

1
1.009
The estimates

FIGURE 2: MR results for causal role of systemic lupus erythematosus on serum vitamin D and 25-hydroxyvitamin D levels. MR-RAPS
method was not applicable for causal effect from SLE on vitamin D with model 2 for limited SNPs. SLE: systemic lupus erythematosus;
SNP: single-nucleotide polymorphisms; IVW: inverse variance weighted; MR-RAPS: MR-robust adjusted profile score.

(model 1) and 7 SNPs (model 2) for SLE on vitamin D.
Moreover, 38 SNPs (model 1) and 33 SNPs (model 2) were
selected for SLE on 25-hydroxyvitamin D levels. The F sta-
tistics for each instrument-exposure effect were above 10,
indicating a low risk. The formula of F statistic was as fol-
lows: F=[(N - K —1)/K]*[R*/(1 - R?)], where R? indicates
the rate of variance according to: R* =2 * (1 — minimum
allele frequency (MAF)) * MAF # (Beta/stand error)”. Details
on selection of variables are presented in Table 1 and supple-
mentary material 1-8.

2.3. Mendelian Randomization Estimates. A bidirectional
two-sample MR was conducted to explore the casual effect
of VD levels and SLE. The IVW method was used to pool
Wald ratio estimates of SNPs in the primary analysis [16].
In this regard, the IWW method is widely used in the statis-
tical analysis process. The application of IVW presupposes
that all SNPs are valid IVs; thus, this method can help
achieve accurate estimation results. If there is no evidence
of directed pleiotropy in the selected IVS, it can be consid-

ered that the results obtained by this method are very reli-
able and meet the relevant analysis requirements [17].
Further, complementary analyses were conducted using
MR-egger method [18], weighed median method [19], max-
imum likelihood method [16], and penalized weighted
median method. The MR-Egger method requires regression
analysis during processing [18]. Weighted median estimator
can make out the relative causal effect, if more than half of
the SNPs are valid IVs [19]. MR-PRESSO analysis was con-
ducted to verify the results obtained by IVW. MR-PRESSO
detects the effects of outliers and horizontal pleiotropy
[20]. IVW radial variant models were established and used
to regress the product of the Wald ratio estimate. In addi-
tion, this method can also be used to evaluate the weighted
square root of genetic variation, which can obtain better
IVW results, and also provide support for subsequent visual
processing, so it is widely used in this field [21].

2.4. Heterogeneity and Pleiotropy Analysis. Cochran’s Q
method can be used to analysis the heterogeneity. The final
MR results were evaluated using a multiplicative random-
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F1GURE 3: Diagnostic plots generated by MR-RAPS. (a) Causal role of SLE on 25-hydroxyvitamin D levels (model 1). (b) Causal role of SLE
on 25-hydroxyvitamin D levels (model 2). SLE: systemic lupus erythematosus.

effects model of IVW with a P value of Cochran’s Q test
0.05 [22]. Further analysis was conducted to control or cor-
rect directional pleiotropy. The MR-Egger intercept was
performed to test for bias attributed to directional pleiot-
ropy. The results of statistical analysis showed that the
average influence of the tested gene variant was nonzero,
and the influence of the average pleiotropy corresponded
to the intercept [18]. In the process of simulation analysis,
mr-raps was used to simulate the distribution of pleiotropic
effects of genetic variation, and the results were compared
to provide support for subsequent analysis [23]. In addi-
tion, MR-PRESSO method was used to conduct a global
test of heterogeneity and for identification of horizontal
pleiotropy. Further, leave-one-out sensitivity analysis was
performed to assess if the causal association was driven
by a single SNP.

Analyses were conducted by R software using “T'wo-Sam-
ple-MR,” “MR-PRESSO,” “Radial MR,” and “MR-RAPS”
packages. All statistical tests were two-sided, and P value <
0.05 was defined as statistical significance.

3. Results

3.1. Causal Role of SLE on Serum Vitamin D and 25-
Hydroxyvitamin D Levels. Using the Mendelian randomiza-
tion with fixed-effect IVW method, we found that genetically
predicted SLE was significantly associated with decreased
levels of vitamin D in model 1 (P=0.005) and model 2
(P =0.002, Figure 2). The causal estimates were comparable
among the implemented MR methods except the MR-Egger
method (Figure 2). Some outliers were identified using radial
plots (Supplementary Figure 2-3) but no outliers were
identified through MR-PRESSO method (Table 2). The raw
estimates obtained by MRPRESSO indicated that genetically
predicted SLE has strong relationship with decreased levels
of vitamin D (model 1: P = 0.047; model 2: P =0.041). MR-
RAPS was performed to explore whether vitamin D affected
SLE through several weak instruments. MR-RAPS results
showed that vitamin D levels had a causal effect on SLE in
model 1 (P=0.017, Figure 2). Diagnostic plots generated by
MR-RAPS are presented in Supplementary Figure 3-4.
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Exposure/Outcome Model Methods nSNP Beta OR (95%CI) P-value
Vitamin D/SLE Model 1

IVW (re) 53 —— -0.203 0.816(0.438,1.521) 0.523

IVW (fe) 53 —— ~0.203 0.816 (0.452, 1.475) 0.502

MR-Egger 53 +—— -0.122 0.885(0.326, 1.444) 0.812

MR RAPS 53 +—— -0.348 0.706 (0.386,1.291) 0.258

Weighted median 53 -0.029 0.916 (0.403, 1.429) 0.949

Maximum likelihood 53 35 -0.204 0.815 (0.450, 1.477) 0.5

Penalised weighted median 53 -0.037 0.964 (0.392,1.536) 0.936
Vitamin D/SLE Model 2

IVW (re) 46 —i -0.159 0.853 (0.467,1.558) 0.605

IVW (fe) 46 —— -0.159 0.853 (0.467, 1.558) 0.605

MR-Egger 46 +——— -0.182 0.834(0.321,1.347) 0.711

MR RAPS 46 +—B—T -0.315 0.730 (0.406, 1.311)  0.292

Weighted median 46 -0.013 0.987 (0.391, 1.583) 0.979

Maximum likelihood 46 EE -0.6 0.852(0.466, 1.560) 0.605

Penalised weighted median 46 -0.02 0.980 (0.404, 1.378)  0.964
25-hydroxyvitamin D/SLE ~ Model 1

IVW (re) 160 ——— 0.408 1.504 (0.775,2.233) 0.228

IVW (fe) 160 ——— 0.408 1.504 (0.775,2.233) 0.228

MR-Egger 160 +—————— 0.241 1.272(0.433,2.111) 0.025

MR RAPS 160 i 0.507 1.660 (0.838,2.482) 0.146

Weighted median 160 L 0.813 2.256(0.731,3.781) 0.157

Maximum likelihood 160 —r—— 0.412 1.510(0.774,2.246) 0.228

Penalised weighted median 160 i 0.814 2.257(0.702, 3.8128) 0.172
25-hydroxyvitamin D/SLE ~ Model 2

IVW (re) 147 i 0.459 1.582(0.802,2.362) 0.186

IVW (fe) 147 — 0.459 1.582(0.802,2.362) 0.186

MR-Egger 147 L 1.175 3.239 (1.096, 4.382) 0.035

MR RAPS 147 A 0.547 1.728 (0.858,2.578) 0.125

Weighted median 147 L 0.814 2.257(0.697,3.817) 0.174

Maximum likelihood 147 ——— 0.466 1.593(0.803,2.383) 0.183

Penalised weighted median 147 L 0.814 2.257(0.712,3.802) 0.167

0:3 lll

The estimates

FIGURE 4: MR results for causal role of serum vitamin D and 25-hydroxyvitamin D levels on SLE. MR-RAPS method was not applicable for
causal effect of SLE on vitamin D with model 2 for limited SNPs. SLE: systemic lupus erythematosus; SNP: single-nucleotide
polymorphisms; IVW: inverse variance weighted; MR-RAPS: MR-robust adjusted profile score.

Results of the MR-Egger analysis showed no indication of
directional pleiotropy (P =0.396). Moreover, there was no
obvious heterogeneity among SNPs (P =0.148 and 0.223,
respectively, Supplementary Table 9). No individual SNP
contributed significantly to the relation between SLE and
level of vitamin D.

Genetically predicted SLE was associated with 25-
hydroxyvitamin D as shown by the random-effect IVW anal-
ysis after removing confounder-related SNPs (model 2: OR:
0.996, 95% CI: 0.992-0.999, P = 0.022, Figure 2). The causal
estimates were consistent for all implemented MR methods
except MR-Egger method (Figure 2). Outliers were identified
in model 1 and model 2 using radial plots (Supplementary
Figure 5-6) and MR-PRESSO method (Table 2). Outlier
corrected estimates obtained by MRPRESSO were consistent
with the results from IVW method. Potential heterogeneities
were observed, but the results did not show directional
pleiotropies (Supplementary Table 9). Diagnostic plots
generated by MR-RAPS are presented in Figures 3(a) and 3(b).

3.2. Causal Role of Serum Vitamin D and 25-
Hydroxyvitamin D Levels on SLE. Results from fixed-effect
IVW analysis indicated that low vitamin D levels were not
associated with a high risk of SLE in model 1 (P =0.502)
and model 2 (P = 0.605, Figure 4). The causal estimates were
consistent for all implemented MR methods (Figure 4). MR-
PRESSO was conducted to evaluate the raw estimates, and
the results showed similar results that VD levels had no
causal effect on the risk of SLE in model 1 (P =0.299) and
model 2 (P =0.337). The findings indicated no potential het-
erogeneity and then bring in relevant data to statistically
analyze the directional pleiotropy of the results (Table 9).
Radial plots obtained through MR-radial method and
diagnostic plots obtained by MR-RAPS are presented in
Supplementary Figure 7-10. Leave-one-out result showed
that there is no single SNP associated with the correlation
between the two.

The findings revealed no causal effect of serum 25-
hydroxyvitamin D levels on SLE (Figure 4). Notably, the
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causal estimates were consistent in all implemented MR
methods except MR-egger method (Figure 4). The results
showed no potential heterogeneities among the results.
Radial plots obtained by MR-Radial and diagnostic plots
generated by MR-RAPS are presented in Supplementary
Figure 11-14.

4. Discussion

The current study presents the first bidirectional MR to
research the genetic association of serum VD levels and SLE
using two models. We found that genetically determined
SLE was causally associated with low vitamin D levels.

Vitamin D affects physiological systems in addition to its
function in bone homeostasis [24]. Studies have reported
that vitamin D signaling can significantly affect biological
processes related to immune response, and the correspond-
ing mechanism is very complex [25]. For instance, the active
form of vitamin D and 1,25-dihydroxyvitamin D has potent
immunomodulatory effects. SLE is a multisystem autoim-
mune disease. A potential association between VD and SLE
has been demonstrated previously. However, the type of cor-
relation between them has not been fully elucidated [26, 27,
28]. Furthermore, majority of evidence supporting the cur-
rent understanding on this association is from observational
studies, and not study has explored the reverse causality. A
previous meta-analysis demonstrated that SLE patients had
significantly low serum levels of vitamin D [4]. Moreover, pre-
vious findings indicated that deficiency of 25-hydroxyvitamin
D significantly elevates, slightly decreases, and obviously
reduced SLE risk in nineteen different case control studies.
However, these epidemiological studies did not explore
whether vitamin D deficiency is the cause or the effect [29]
In this bidirectional MR study, the results showed that deter-
mined SLE was causally associated with decreased VD levels,
indicating that vitamin D deficiency is climate related to SLE.

The casual effect of SLE on vitamin D levels has several
potential explanations. According to a large number of clin-
ical experience, vitamin D deficiency is very common in SLE
patients. Analysis shows that this is related to race, geogra-
phy, and season-related factors, but the influence level of
various factors is not very clear [30]. Furthermore, vitamin
D is reported to be a negative acute phase reactant for SLE,
implying that its levels decrease in acute inflammatory con-
ditions [29]. A previous study reported a modulatory role of
VD on immune system [31]. Some clinical trials showed that
vitamin D in patients with SLE [32] suppressed the disease
activity, fatigue, and risk of thrombosis. Elsewhere, it was
found that vitamin D supplementation reduced proteinuria,
increased complement levels, and improved the global dis-
ease activity in SLE [2].

This study has several strengths. To begin with, the MR
approach used allowed causal inference free from confound-
ing and reverse causation and minimized potential biases
based on relative core assumptions [33]. Furthermore, the
casual effect was explored using two models (extracted SNPs
with confounders or not) based on various large-scale
consortium data which increases the statistical power [8].
Moreover, in this study process, sensitivity analysis was con-

ducted, and the results showed the consistent effects between
vitamin D and SLE. In conclusion, the genetic variants were
located; therefore, the gene-gene interaction had weak rela-
tion with estimate result [34].

There are few shortcomings in the current study. First,
potential nonlinear association of VD and SLE risk was not
evaluated due to lack of individual data. Second, the contri-
bution of VD related SNPs to the variation ratio is not high,
so the correlation between VD concentration and SLE can-
not be well explained in the analysis process. Therefore,
statistical analysis of other variables is needed. However,
F-statistic above 10 minimizes any bias caused by weak
instruments. Finally, the study population only included
European ancestry. Studies report that the casual effect
between vitamin D and SLE is inconsistent across races.
This implies that the results cannot be extended to non-
European populations. More studies should be conducted
in other ethnicities.

5. Conclusion

These findings indicated that genetically determined SLE had
a negative effect on the vitamin D and 25-hydroxyvitamin D
levels. Future studies, including random controlled clinical tri-
als, should further evaluate the association and potential role
between serum VD levels and SLE.
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for the effect of 25-hydroxyvitamin D on SLE with model 1.
Supplementary table 8: harmonized dataset of univariate



Mendelian randomization for the effect of 25-hydroxyvitamin
D on SLE with model 2. Supplementary table 9: MR-PRESSO
estimates between vitamin D and systemic lupus erythemato-
sus. Supplementary figure 1: IVW radial for the effect of SLE
on vitamin D with model 1. Supplementary figure 2: IVW
radial for the effect of SLE on vitamin D with model 2. Supple-
mentary figure 3: diagnostic plots generated by MR-RAPS of
SLE on vitamin D with model 1. Supplementary figure 4: diag-
nostic plots generated by MR-RAPS of SLE on vitamin D with
model 2. Supplementary figure 5: IVW radial for the effect of
SLE on 25-hydroxyvitamin D levels with model 1. Supplemen-
tary figure 6: IVW radial for the effect of SLE on 25-
hydroxyvitamin D levels with model 2. Supplementary figure
7: IVW radial for the effect of vitamin D on SLE with model
1. Supplementary figure 8: IVW radial for the effect of vitamin
D on SLE with model 2. Supplementary figure 9: diagnostic
plots generated by MR-RAPS of vitamin D on SLE with model
1. Supplementary figure 10: diagnostic plots generated by MR-
RAPS of vitamin D on SLE with model 2. Supplementary fig-
ure 11: IVW radial for the effect of 25-hydroxyvitamin D levels
on SLE with model 1. Supplementary figure 12: IVW radial for
the effect of 25-hydroxyvitamin D levels on SLE with model 2.
Supplementary figure 13: diagnostic plots generated by MR-
RAPS of 25-hydroxyvitamin D levels on SLE with model 1.
Supplementary figure 14: diagnostic plots generated by MR-
RAPS of 25-hydroxyvitamin D levels on SLE with model 2.
(Supplementary Materials)
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