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Background and objective: An interaction between low-density lipoprotein level,
lipid-lowering drugs, and systemic lupus erythematosus (SLE) was reported by
previous studies. However, whether lipid-lowering drugs provided protective
effect for reducing the risk of SLE was unclear. We aimed to clarify this causal
relationship through a drug-target Mendelian randomization (MR) study.

Methods: Genetic instruments—single nucleotide polymorphism (SNPs)—were
utilized to proxy inhibition of the three genes—3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR), proprotein convertase subtilisin/kexin type 9 (PCSK9), and
Niemann-Pick C1-Like 1(NPC1L1), which was corresponded to three lipid-
lowering drugs—statins, evolocumab, and ezetimibe. Low-density lipoprotein
(LDL) cholesterol was selected as the biomarker for the measurement of the
inhibitors of HMGCR, PCSK9, and NPC1L1, and the genetic data were acquired
from the Global Lipids Genetics Consortium, which consisted of 1.3 million
participants of European ancestry and 146.5 thousand participants of East Asian
ancestry. The genetic dataset of SLE was acquired from two large-scale GWAS
studies; one recruited 23,210 participants (7,219 SLE cases and 15,991 controls) of
European ancestry and the other one recruited 12,653 participants (4,222 SLE
cases and 8,431 controls) of Chinese ancestry. The primary analysis used the
inverse variance weighted (IVW) method. Four additional sensitivity analyses,
colocalization analysis, and stratification analysis were performed.

Results: The primary analysis showed that inhibition of PCSK9 (evolocumab) was
associated with a significantly lower risk of SLE [odds ratio (OR) 0.51, 95%CI 0.34 to
0.76, p = 0.001] in the European population. The secondary analyses had similar
findings. Stratification analysis demonstrated that the preventive effect of
PCSK9 inhibition for SLE was similar in both males and females. However, the
results were not replicated in the East Asian population. The inhibition of HMGCR
(statins) and NPC1L1 (ezetimibe) did not cause a lower risk of SLE.

Conclusion: Evolocumabmight provide a protective effect on the risk of SLE in the
European population, but statins and ezetimibe might not have the protective
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effect. Further research is necessary to elucidate the specific mechanisms and
potential therapeutic applications of PCSK9 inhibitors (evolocumab) in the context
of SLE protection.
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lipid lowering drugs, systemic lupus erythematosus, risk, drug target, Mendelian
randomization

Introduction

Systemic lupus erythematosus (SLE) is a disease
characterized by abnormal immune system activity resulting in
a variety of clinical presentations and manifestations, including
lesions of the skin, kidneys, joints, and nervous system. The
global prevalence of SLE ranges from 30 to 150 per 100,000 and
has been increasing over the past 20 years (Durcan et al., 2019).
SLE usually occurs in women of childbearing age. However,
about 10%–20% of cases have an onset after the age of 50
(Fettig et al., 2013).

Treatment of SLE remains unsatisfactory. The standardized
mortality for SLE is estimated to be 2.4%–5.9%, with a 10-year
survival rate exceeding 90%. Premature mortality is mainly due
to lupus nephritis and cardiovascular disease (CVD). Although
the use of corticosteroids, immunosuppressants and
immunomodulators has significantly improved the life
expectancy of SLE patients, the increased risk of CVD and
CVD-related mortality implies an unmet treatment need in
SLE patients. Hydroxychloroquine is an immunomodulator
used in the treatment of SLE and has been shown to be
effective in reducing serum low-density lipoprotein (LDL)
cholesterol levels in patients with SLE (Babary et al., 2018),
which implied an interaction between aberrant immune
activation and dysfunction of lipid metabolism. There are
studies reporting that higher proprotein convertase subtilisin/
kexin type 9 (PCSK9, the gene associated with high LDL levels)
levels correlate with SLE severity (Liu et al., 2020; Sánchez-Pérez
et al., 2020), suggesting that blocking the PCSK9 function would
be protective of SLE and its CVD risk. However, atorvastatin, a
lipid-lowering drug developed by blocking HMGCR gene
function, was found to have no protective effect on the
progression of subclinical atherosclerosis in SLE patients
(Schanberg et al., 2012). The diverse effects of PCSK9 and
HMGCR inhibitors on SLE raised a relevant question: do
lipid-lowering drugs have a protective effect against SLE?
Conducting a randomized controlled trial (RCT) to answer
this question would be time consuming and costly.

Drug-target Mendelian randomization (MR) is a novel trial
design that uses genetic tools—single nucleotide polymorphisms
(SNPs)—to predict the clinical outcome of blocking a specific
gene function (e.g., the PCSK9 gene). Several drug-target MR
studies have successfully predicted the effect of lipid-lowering
drugs on psoriasis, epilepsy, and non-alcoholic fatty liver disease
(Li et al., 2023; Liang et al., 2023; Zhao et al., 2023). These studies
promoted drug repurposing and saved resources for medical
research. For these reasons, we conducted a drug-target MR
study to evaluate the protective effect of different lipid-
lowering drugs on SLE risk.

Materials and methods

Study overview

The primary objective of this study was to examine whether
inhibition of three lipid-lowering drug targets-HMGCR, PCSK9,
and NPC1L1-was associated with a lower risk of SLE, and the

FIGURE 1
Hypothesis and study design. Abbreviations: HMGCR, 3-
hydroxy-3-methylglutaryl-CoA reductase; IVW, inverse variance
weighted; SNPs, single nucleotide polymorphisms; LDL-C, low-
density lipoprotein cholesterol; PCSK9, proprotein convertase
subtilisin/kexin type 9 serine protease; MR, Mendelian randomization;
MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and
Outlier; NPC1L1, Niemann-Pick C1-Like 1; SLE, systemic lupus
erythematosus.

Frontiers in Pharmacology frontiersin.org02

Wu et al. 10.3389/fphar.2023.1258018

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1258018


secondary objective was to examine whether inhibition differed
between women and men. The study used a two-sample MR
design in which we selected genetic tools that predicted
inhibition of HMGCR, PCSK9, and NPC1L1 (as measured by a
significant reduction in LDL-C) in one study population and
examined whether these tools caused a reduction in risk in
another population. The study was designed and conducted in
accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology Using Mendelian
Randomization (STROBE-MR) statement (Skrivankova et al.,
2021). Ethical approvals and informed consent were obtained for
the original GWAS studies; we used publicly available genetic data at
the summary level, and no additional ethical approvals were
required. Figure 1 shows the hypothesis and study design.

Data source

Low-density lipoprotein (LDL) cholesterol was selected as the
biomarker to measure inhibitors of HMGCR, PCSK9 and NPC1L1.
The LDL genetic data set was selected from the Global Lipids
Genetics Consortium, the largest GWAS meta-analysis of lipids
to date (Graham et al., 2021). This dataset consisted of 1.3 million
participants of European ancestry and 146.5 thousand participants
of East Asian ancestry. We also acquired data stratified by sex,
aiming to determine whether sex had an impact on the effect of the
inhibitors of HMGCR, PCSK9, and NPC1L1 on the risk of SLE.

The genetic dataset of SLE was acquired from two large-scale
GWAS studies; one recruited 23,210 participants (7,219 SLE cases
and 15,991 controls) of European ancestry (Bentham et al., 2015)
and the other one recruited 12,653 participants (4,222 SLE cases and
8,431 controls) of Chinese ancestry (Wang et al., 2021). The
participants of European ancestry were diagnosed according to
the American College of Rheumatology classification criteria
(Bentham et al., 2015). The medical records of the participants of
Chinese ancestry were reviewed to validate that all subjects met the
revised criteria of the American College of Rheumatology for SLE
diagnoses (Yang et al., 2010).

Selection of genetic instruments

Weadopted a selection strategy similar to previous studies examining
the effect of lipid-lowering drugs on other diseases (Liang et al., 2023;
Zhao et al., 2023), which included three steps. First, we selected SNPs
associated with LDL at genome-wide significance (a p-value cut-off point
of 5 × 10−8). Second, we performed linkage disequilibrium (LD) clumping
(r2 < 0.01 and clump window within 10,000 kilobases) to minimize the
probability of genetically linked SNPs. Third, we screened the remaining
SNPs for an inverse association with LDL levels within ±100 kb of the
HMGCR gene (assembly in GRCh37.p13: chromosome 5:
74,630,496–74,660,434), the PCSK9 gene (assembly in GRCh37.p13:
chromosome 1: 55,037,016–55,067,382), and NPC1L1 gene (assembly
in GRCh37.p13: chromosome 7: 44,549,252–44,583,807) to instrument
statins, ezetimibe, and evolocumab, respectively. All effect estimates were
scaled up from the individual SNP-level effects on lipid levels to reflect the
equivalent of a 1-mmol/L (LDL cholesterol for 38.7 mg/dL) change in
lipid levels.

Statistical analysis

The primary analysis of our study was the application of inverse
variance weighted (IVW) analysis to obtain an overall effect of the
selected SNPs predicting inhibition of the target genes on the risk of
SLE. The effect estimate (β) was calculated by dividing the effect of
each SNP predicting the risk of SLE by the effect of the SNP
predicting the inhibition of HMGCR, PCSK9, and NPC1L1, and
the estimates were pooled using the IVW method. To examine the
presence of weak instrumental bias, we calculated the F-statistic
value by dividing the square of the β by the square of its
corresponding standard error (se), and an F-statistic >10 was a
sign of adequate instrumental strength (Burgess et al., 2011).

The first assumption of MR required a significant association of
genetic instruments with exposure (normally defined as a p < 5 ×
10−8), and the second assumption required that the genetic
instruments had no common cause with the outcome. In the
process of SNP selection, we applied LD clumping to ensure the
second assumption was not violated. LD clumping was performed
by setting the r2 threshold as 0.01 and the clump window within
10,000 kilobases. We additionally performed a Bayesian
colocalization analysis to estimate the possibility of the selected
SNPs affecting SLE through non-lipid pathways. Default prior
probability settings were adopted, and the calculation was
performed by using the R package coloc 5.2.2.

The third assumption should influence the outcome only
through the exposure. To establish this assumption, we applied
the MR-Egger regression model to detect any directional pleiotropy
and provide a consistent estimate of the causal effect under a weaker
assumption—the InSIDE (Instrument Strength Independent of
Direct Effect) assumption (Burgess and Thompson, 2017). We
also used MR-PRESSO (Mendelian Randomization Pleiotropy
RESidual Sum and Outlier) to detect horizontal pleiotropy, and if
the pleiotropy existed, we applied outlier adjustment to the effect
estimates. The simple mode, weighted mode, and weighted median
analyses were also applied to test whether the results were consistent
with the primary analysis.

Multivariate MR analysis was performed to determine whether
lifestyle factors, dietary factors, and exercise played important roles
in the causal effect of lipid-lowering drugs on SLE risk. According to
previous reviews on SLE risk (Vordenbäumen et al., 2023; Xiao et al.,
2023), we identified smoking status and alcohol intake frequency as
the first group of lifestyle factors, selenium and iron intake as the
second group of dietary factors, and accelerometer-based physical
activity measurement as the third group of physical activity-related
factors. Data for the three groups of factors were obtained from the
UK Biobank.

All analyses were performed in the R environment (version
4.2.2) with the TwoSampleMR package.

Results

Five SNPs were selected to proxy inhibition of the HMGCR
gene, which had F-statistics ranging from 38.7 to 349.1 (mean
F-statistic of 128.6) and providing sizes of reduction of LDL
cholesterol from −0.038 to −0.073 mmol/L. Eleven SNPs were
selected to proxy inhibition of the PCSK9 gene, having
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F-statistics from 34.7 to 650 (mean F-statistics of 172) and
generating reduction sizes of LDL cholesterol
from −0.039 to −0.089 mmol/L. Three SNPs were included to
proxy inhibition of the NPC1L1 gene, having F-statistics from
41 to 90 (mean F-statistic of 71.2) and leading to reductions of
LDL cholesterol from −0.036 to −0.049 mmol/L. The other
information on the selected SNPs was shown in Supplementary
Table S1.

The primary analysis showed that inhibition of PCSK9 was
associated with a significantly lower risk of SLE [odds ratio (OR)
0.51, 95%CI 0.34 to 0.76, p = 0.001] in the European population. The
secondary analyses—simple mode, weighted mode, weighted
median, and MR Egger analysis showed similar findings
(Figure 2; Supplementary Table S2). However, PCSK9 inhibition

in the East Asian population was not associated with a lower risk of
SLE (Figure 3). The inhibition of HMGCR and NPC1L1 did not
cause a lower risk of SLE in both European and East Asian
populations (Figure 3). Stratification analysis showed similar
effect in females and males (Figures 4, 5; Supplementary Table
S3). The MR Egger regression analysis showed no evidence of
pleiotropic effect, with the intercept value being close to zero and
p-values greater than 0.05 (Supplementary Table S4). The MR-
PRESSO analysis did not detect any horizontal pleiotropic effect,
and no significant heterogeneity was found in the analyses.

The colocalization analysis showed that the posterior probability
of colocalization between LDL and SLE in the HMGCR, PCSK9, and
NPC1L1 gene regions was 1.65%, 50.4%, and 2.23% on the presence
of a causal variant for the outcome, respectively, using the European

FIGURE 2
Secondary analyses. Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; IVs, number of instrumental variables; LDL, low-density
lipoprotein cholesterol; PCSK9, proprotein convertase subtilisin/kexin type 9 serine protease; OR, odds ratio; SLE, systemic lupus erythematosus.
Footnotes: The analysis of NPC1L1 (Niemann-Pick C1-Like 1) inhibition was not included in the secondary analyses, since only two SNPs passed the data
harmonization process and the number of SNPs was insufficient for secondary analyses.

FIGURE 3
Primary analysis. Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; IVs, number of instrumental variables; LDL, low-density
lipoprotein cholesterol; NPC1L1, Niemann-Pick C1-Like 1; PCSK9, proprotein convertase subtilisin/kexin type 9 serine protease; OR, odds ratio; SLE,
systemic lupus erythematosus.
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population. The sensitivity analysis of the colocalization analysis
with posterior probability >0.9 revealed no common causal
pathways for LDL levels in the three gene regions and SLE
(Supplementary Figures S1–S3).

Table 1 shows the results of the multivariate MR analysis. The
analysis showed that smoking status and alcohol consumption
frequency were associated with SLE risk; the two lifestyle factors
reduced the protective effect of PCSK9 inhibition. Selenium intake
was positively associated with SLE risk, whereas iron intake was
negatively associated with SLE risk; multivariate analysis showed

that iron intake mediated part of the PCSK9 inhibitory effect.
Physical activity was inversely associated with SLE risk, which
also mediated part of the PCSK9 inhibitory effect.

Discussion

Our drug-target MR study showed that inhibition of the
PCSK9 gene was causally associated with a lower risk of SLE in
the European population, but this association was not confirmed in

FIGURE 4
Analyses stratified by female gender. Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; IVs, number of instrumental variables;
LDL, low-density lipoprotein cholesterol; NPC1L1, Niemann-Pick C1-Like 1. PCSK9, proprotein convertase subtilisin/kexin type 9 serine protease; OR,
odds ratio; SLE, systemic lupus erythematosus. Footnotes: The analysis of NPC1L1 (Niemann-Pick C1-Like 1) inhibition was not included in the
stratification analysis, since only two SNPs passed the data harmonization process and the number of SNPswas insufficient for stratification analyses.

FIGURE 5
Analyses stratified bymale gender. Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; IVs, number of instrumental variables; LDL,
low-density lipoprotein cholesterol; NPC1L1, Niemann-Pick C1-Like 1; PCSK9, proprotein convertase subtilisin/kexin type 9 serine protease; OR, odds
ratio; SLE, systemic lupus erythematosus. Footnotes: The analysis of NPC1L1 (Niemann-Pick C1-Like 1) inhibition was not included in the stratification
analysis, since only two SNPs passed the data harmonization process and the number of SNPs was insufficient for stratification analyses.
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the East Asian population, suggesting the diversity in the causal
effect of PCSK9 inhibition on SLE risk in different populations.
Inhibition of the HMGCR gene (mimicking the effect of statins) and
NPC1L1 (mimicking the effect of ezetimibe) were not associated
with SLE risk in either the European or East Asian populations.
Secondary and sensitivity analyses supported the findings of the
primary IVW analysis. Stratification analysis showed that the effect
of PCSK9 inhibition on SLE risk reduction was similar in male and
female populations, suggesting that sex stratification did not affect
the effect. Our study also found that the risk of SLE was independent
of serum LDL cholesterol levels, suggesting that the effect of
PCSK9 inhibition may not be the result of lipid downregulation.
Multivariate analysis showed that intake of iron and physical activity
mediated a part of the PCSK9 inhibition effect on SLE risk.

There is a lack of evidence from RCTs that support the benefit of
lipid-lowering drugs for the reduction of SLE risk. The result of our
study could be treated as evidence from a quasi-RCT, which
provides stronger evidence than those from traditional
observational studies, and this is one strength of the study. In
addition, we applied data from differential study populations
(i.e., European and East Asian populations), which promoted the
discovery that inhibition of PCSK9 had diverse effects on SLE risk in
the differential populations.

Research on the impact of lipid-lowering drugs on the risk of
skin diseases has been conducted over the past 5 years. A recent MR
study published by Zhao et al. (2023) found that serum LDL levels
did not correlate with the risk of psoriasis (Zhao et al., 2023).
However, when simulating the lipid-lowering effect using genetic
instruments, diverse effects on psoriasis risk were observed.
Inhibition of PCSK9 was associated with a lower risk of psoriasis,
whereas inhibition of HMGCR and NPC1L1 did not have an impact.
Our MR study yielded similar results, showing that only the
inhibition of PCSK9 reduced the risk of SLE. These findings are
consistent with observational studies conducted over the past

5 years. For instance, a study by Sánchez-Pérez et al. (2020)
reported that SLE patients with higher disease activity and more
severe lesions had elevated serum levels of PCSK9. It was reported
that SLE patients with higher disease activity andmore severe lesions
had higher serum PCSK9 levels. The association between higher
PCSK9 levels and more severe SLE disease activity was further
confirmed by another study from Karolinska University Hospital
(Liu et al., 2020). In addition, the elevated PCSK9 levels were also
found to correlate with atherogenic inflammation in SLE (Fang et al.,
2018), which caused a higher rate of accelerated atherosclerosis—a
pathological factor contributing to cardiovascular disease. These
studies all suggested the benefit of inhibiting PCSK9 function in SLE
patients. Interestingly, this effect seems to only exist in
PCSK9 inhibition, but not in other lipid-lowering drug targets
(i.e., HMGCR inhibition). For example, although inhibition of
PCSK9 was causally associated with lower LDL cholesterol levels
and lower risk of atherogenesis in SLE patients (Fang et al., 2018),
statins had no benefit for atherogenesis in SLE patients (Schanberg
et al., 2012; van Leuven et al., 2012). Combining the results of
previously published studies and those of our study, we
hypothesized that evolocumab (the PCSK9 inhibitor) would be
effective in reducing the severity of SLE or in preventing SLE.

Although previous studies and our study suggest a protective
effect of PCSK9 inhibition on SLE risk, prospective studies are still
needed to verify the effect. Three aspects need to be focused on. First,
the protective effect of PCSK9 inhibition on atherosclerosis in
patients with SLE should be evaluated because atherosclerosis is
highly prevalent in SLE patients and PCSK9 inhibition has been
suggested to be beneficial for this condition. Second, the adjuvant
effect of PCSK9 inhibition in the treatment of SLE should be
evaluated, especially in those with elevated LDL-C levels.
PCSK9 inhibition may reduce the severity of SLE (Liu et al.,
2020) and lower LDL-C levels to prevent cardiovascular events in
SLE patients. Third, the long-term effect of PCSK9 on SLE risk has

TABLE 1 Multivariate Mendelian analysis.

Variables HMGCR PCSK9

Beta (se) p-value Beta (se) p-value

Group 1

Smoking status 4.47 (5.04) 0.469 0.51 (10.97) 0.965

Alcohol intake frequency 1.16 (1.94) 0.608 0.7 (2.26) 0.767

Lipid lowering −0.45 (0.24) 0.208 −0.6 (0.38) 0.166

Group 2

Selenium 25.1 (45.22) 0.635 8.22 (43.48) 0.856

Iron −72.97 (57.12) 0.33 −2.3 (18.18) 0.904

Lipid lowering −0.28 (0.12) 0.142 −0.56 (0.36) 0.174

Group 3

Physical activity −0.4 (0.16) 0.086 −0.1 (0.37) 0.798

Lipid lowering −0.15 (0.09) 0.182 −0.65 (0.39) 0.138

Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl-CoA, reductase; LDL, low-density lipoprotein cholesterol; PCSK9, proprotein convertase subtilisin/kexin type 9 serine protease. Footnote:

In the multivariate Mendelian randomization analysis, we divided the factors into three groups: lifestyle factors (smoking status and alcohol intake frequency), dietary intake (selenium and

iron), and accelerometer-based physical activity measurement, and these factors were included in the analysis one group at a time.
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not been studied, which may be addressed by an observational
cohort study evaluating the efficacy of evolocumab (the
PCSK9 inhibitor) on SLE severity and complications in one to
5 years after evolocumab initiation.

The mechanism underlying the association between
PCSK9 inhibition and reduced SLE risk remains unclear.
However, based on current study findings, several hypotheses can
be proposed. First, this effect is a result of inflammation suppression.
Previous research has indicated that PCSK9 can induce the secretion
of pro-inflammatory cytokines in different types of tissues and
modulate the expression of toll-like receptor 4 and activation of
NF-κB (Ding et al., 2020). As a result, the inhibition of PCSK9 can
alleviate inflammation pathways, leading to a decreased risk of
SLE—an autoimmune disease characterized by inflammation
affecting various organs. For instance, renal damage is a
prominent manifestation of SLE, and lupus nephritis occurs
when immune complexes deposit in the kidney glomeruli. The
treatment of lupus nephritis typically involves
immunosuppressive therapy (Anders et al., 2020). Second, the
effect of PCSK9 inhibition on reducing SLE risk could be
attributed to the interplay between PCSK9 and oxidized LDL
function. Previous studies have shown that oxidized LDL can
stimulate the activation of dendritic cells, and this process is
dependent on the function of the PCSK9 gene. Additionally, a
study identified a correlation between PCSK9 function and the
severity of SLE, suggesting an interaction between oxidized LDL
and PCSK9 (Liu et al., 2020). Another study further demonstrated
an interaction of PCSK9 and receptor 1 of oxidized LDL (Ding et al.,
2020). Oxidized LDL has been shown to have a proinflammatory
effect and can induce the immune activation of monocytes and
T cells (Huang et al., 1995). The inhibition of PCSK9 can improve
OxLDL-induced immune activation and inhibit the activation and
maturation of dendritic cells. Moreover, PCSK9 inhibition has been
found to promote an increase in T regulatory cells, which are
thought to have a protective effect in SLE. Third,
PCSK9 inhibition might work by inhibiting macrophage
activation and pro-inflammatory response. It was found that
PCSK9 induced macrophage activation and pro-inflammatory
response (Ricci et al., 2018; Katsuki et al., 2022). The imbalance
in the polarization and the abnormal activation of the macrophages
are closely related to the onset and the development of SLE. Fourth,
it might work by platelet-activating factor (PAF) and its precursors.
PAF has been shown to induce enhanced interferon-gamma (IFN-
gamma) secretion from peripheral blood mononuclear cells
(PBMCs) (Frostegård et al., 1997). The PAF and PAF-like lipids
in OxLDL also significantly activate immunoreactive cells to
produce IFN-gamma. In patients with SLE, increased expression
of IFNmarker genes is associated with severe organ damage (such as
nephritis and central nervous system damage) and disease activity.
Therefore, inhibition of PCSK9 may also be beneficial in SLE
through this mechanism and not directly related to its lipid-
lowering ability.

Our study results provided several implications for clinical
practice and future studies on SLE prevention and treatment.
Although SLE often affects women of child-bearing age,
approximately 10%–20% of the cases had elderly-onset lupus,
and menopause and cellular immunity changes were the major
contributors for elderly-onset SLE (Lazaro, 2007). Regarding the

lack of treatment modalities and studies for the elderly-onset SLE
(Rovenský and Tuchynová, 2008; Fettig et al., 2013), our study could
serve as prima facie evidence to guide adding PCSK9 inhibitors
(i.e., evolocumab) for the elder population with a high risk of SLE,
especially those accompanied with abnormally high levels of LDL
cholesterol. Before putting it into practice, studies are warranted to
clarify whether PCSK9 inhibitors were efficacious in lowering SLE
risk and disease severity, and the mechanism of their effect. RCT
might be needed for clarifying the specific effect of PCSK9 inhibitors
for SLE. Mechanism studies might focus on the suppression of
autoimmune-related inflammation.

Our study had limitations similar to previously published MR
studies. First, we adopted a two-sample MR design and utilized
summary-level data, which made adjustment for important
covariates impossible. For example, the severity of SLE may be an
important covariate that affects our study results, since one study
reported that the severity of SLE was associated with serum levels of
PCSK9 (Liu et al., 2020). We performed stratification analysis to
imitigate the impact of this limitation, which showed that sex had
no impact on the effect of PCSK9 inhibitors on SLE risk. However, to
further investigate the causal relationship between PCSK9 inhibitors
and SLE risk prevention, future studies should collect data at the
individual participant level. Second, although the MR design was
less prone to confounding issues, it could be affected by pleiotropic
effects. We used MR-Egger and MR-PRESSO methods to detect the
pleiotropic effects, and we used multivariate MR to discover important
effect mediators. For example, we found that physical activity mediated
part of the effect of PCSK9 inhibition on SLE risk, which could be
explained by the fact that patients taking lipid-lowering drugs were
more likely to engage in physical activity to help lower lipid levels.
However, the statistical methods could not exclude the possibility that
the preventive effect on SLE risk was caused by PCSK9 inhibition.
Conducting a randomized controlled trial to test the efficacy of
PCSK9 inhibitors in preventing SLE and reducing SLE severity
would be a better option for future studies. Third, the MR design
assesses the lifetime effect of an exposure on an outcome, which
suggested the probability of overestimation of the PCSK9 inhibition
effect. Therefore, prospective RCTs are warranted to test the actual
effect in clinical settings. Fourth, the study predominantly focuses on
European and East Asian populations, leaving out other ethnic
populations. The generalizability of the study results should be
further evaluated. Future studies should consider including diverse
ethnic groups and races to validate the findings across a broader
population spectrum and promote global reliability.

Conclusion

Our MR study demonstrated a beneficial effect of
PCSK9 inhibition on lowering SLE risk in the European
population. This protective effect was not replicated in the East
Asian population and was not affected by sex. No significant
protective effects were observed for HMGCR and NPC1L1. These
fingdings suggested that evolocumab—the PCSK9 inhibitor—might
exert protective effects on SLE, but statins and ezetimibe might not
have the protective effect. Further research is necessary to elucidate
the specific mechanisms and potential therapeutic applications of
evolocumab in the context of SLE protection.

Frontiers in Pharmacology frontiersin.org07

Wu et al. 10.3389/fphar.2023.1258018

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1258018


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.

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation and
the institutional requirements.

Author contributions

TW: Conceptualization, Formal Analysis, Data curation,
Writing–original draft, Validation. LY: Data curation,
Writing–review and editing, Investigation. SW: Writing–review
and editing, Software, Visualization. JH: Writing–review and
editing, Conceptualization, Project administration, Supervision.
JZ: Conceptualization, Project administration, Writing–review
and editing, Methodology, Resources, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The work is

supported by the research project of Sichuan Provincial People’s
Hospital (Grant No. 2022LNJJ14).

Acknowledgments

We would like to thank all investigators who made these GWAS
summary statistics publicly available.

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 or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1258018/
full#supplementary-material

References

Anders, H.-J., Saxena, R., Zhao, M.-H., Parodis, I., Salmon, J. E., and Mohan, C.
(2020). Lupus nephritis. Nat. Rev. Dis. Prim. 6, 7. doi:10.1038/s41572-019-
0141-9

Babary, H., Liu, X., Ayatollahi, Y., Chen, X. P., Doo, L., Uppaluru, L. K., et al. (2018).
Favorable effects of hydroxychloroquine on serum low density lipid in patients with
systemic lupus erythematosus: a systematic review andmeta-analysis. Int. J. Rheum. Dis.
21, 84–92. doi:10.1111/1756-185X.13159

Bentham, J., Morris, D. L., Graham, D. S. C., 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, 1457–1464. doi:10.1038/ng.3434

Burgess, S., Thompson, S. G., and CRP CHDGenetics Collaboration (2011). Avoiding
bias from weak instruments in Mendelian randomization studies. Int. J. Epidemiol. 40,
755–764. doi:10.1093/ije/dyr036

Burgess, S., and Thompson, S. G. (2017). Interpreting findings from Mendelian
randomization using the MR-Egger method. Eur. J. Epidemiol. 32, 377–389. doi:10.
1007/s10654-017-0255-x

Ding, Z., Pothineni, N. V. K., Goel, A., Lüscher, T. F., and Mehta, J. L. (2020).
PCSK9 and inflammation: role of shear stress, pro-inflammatory cytokines, and LOX-1.
Cardiovasc Res. 116, 908–915. doi:10.1093/cvr/cvz313

Durcan, L., O’Dwyer, T., and Petri, M. (2019). Management strategies and future
directions for systemic lupus erythematosus in adults. Lancet 393, 2332–2343. doi:10.
1016/S0140-6736(19)30237-5

Fang, C., Luo, T., and Lin, L. (2018). Elevation of serum proprotein convertase
subtilisin/kexin type 9 (PCSK9) concentrations and its possible atherogenic role in
patients with systemic lupus erythematosus. Ann. Transl. Med. 6, 452. doi:10.21037/
atm.2018.11.04

Fettig, J., Desiderio, M., and Nagarajan, V. (2013). Elderly-onset systemic lupus
erythematosus. J. Am. Geriatr. Soc. 61, 1634–1635. doi:10.1111/jgs.12425

Frostegård, J., Huang, Y. H., Rönnelid, J., and Schäfer-Elinder, L. (1997). Platelet-
activating factor and oxidized LDL induce immune activation by a common
mechanism. Arterioscler. Thromb. Vasc. Biol. 17, 963–968. doi:10.1161/01.atv.17.5.963

Graham, S. E., Clarke, S. L., Wu, K.-H. H., Kanoni, S., Zajac, G. J. M., Ramdas, S., et al.
(2021). The power of genetic diversity in genome-wide association studies of lipids.
Nature 600, 675–679. doi:10.1038/s41586-021-04064-3

Huang, Y. H., Rönnelid, J., and Frostegård, J. (1995). Oxidized LDL induces enhanced
antibody formation and MHC class II-dependent IFN-gamma production in
lymphocytes from healthy individuals. Arterioscler. Thromb. Vasc. Biol. 15,
1577–1583. doi:10.1161/01.atv.15.10.1577

Katsuki, S., K Jha, P., Lupieri, A., Nakano, T., Passos, L. S. A., Rogers, M. A., et al.
(2022). Proprotein convertase subtilisin/kexin 9 (PCSK9) promotes macrophage
activation via LDL receptor-independent mechanisms. Circ. Res. 131, 873–889.
doi:10.1161/CIRCRESAHA.121.320056

Lazaro, D. (2007). Elderly-onset systemic lupus erythematosus: prevalence, clinical course
and treatment. Drugs Aging 24, 701–715. doi:10.2165/00002512-200724090-00001

Li, Z., Zhang, B., Liu, Q., Tao, Z., Ding, L., Guo, B., et al. (2023). Genetic association of
lipids and lipid-lowering drug target genes with non-alcoholic fatty liver disease.
EBioMedicine 90, 104543. doi:10.1016/j.ebiom.2023.104543

Liang, Z., Zhao, L., Lou, Y., and Liu, S. (2023). Causal effects of circulating lipids and
lipid-lowering drugs on the risk of epilepsy: a two-sample Mendelian randomization
study. QJM 116, 421–428. doi:10.1093/qjmed/hcad048

Liu, A., Rahman, M., Hafström, I., Ajeganova, S., and Frostegård, J. (2020). Proprotein
convertase subtilisin kexin 9 is associated with disease activity and is implicated in
immune activation in systemic lupus erythematosus. Lupus 29, 825–835. doi:10.1177/
0961203320926253

Ricci, C., Ruscica, M., Camera, M., Rossetti, L., Macchi, C., Colciago, A., et al. (2018).
PCSK9 induces a pro-inflammatory response in macrophages. Sci. Rep. 8, 2267. doi:10.
1038/s41598-018-20425-x

Frontiers in Pharmacology frontiersin.org08

Wu et al. 10.3389/fphar.2023.1258018

https://www.frontiersin.org/articles/10.3389/fphar.2023.1258018/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1258018/full#supplementary-material
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.1111/1756-185X.13159
https://doi.org/10.1038/ng.3434
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1093/cvr/cvz313
https://doi.org/10.1016/S0140-6736(19)30237-5
https://doi.org/10.1016/S0140-6736(19)30237-5
https://doi.org/10.21037/atm.2018.11.04
https://doi.org/10.21037/atm.2018.11.04
https://doi.org/10.1111/jgs.12425
https://doi.org/10.1161/01.atv.17.5.963
https://doi.org/10.1038/s41586-021-04064-3
https://doi.org/10.1161/01.atv.15.10.1577
https://doi.org/10.1161/CIRCRESAHA.121.320056
https://doi.org/10.2165/00002512-200724090-00001
https://doi.org/10.1016/j.ebiom.2023.104543
https://doi.org/10.1093/qjmed/hcad048
https://doi.org/10.1177/0961203320926253
https://doi.org/10.1177/0961203320926253
https://doi.org/10.1038/s41598-018-20425-x
https://doi.org/10.1038/s41598-018-20425-x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1258018


Rovenský, J., and Tuchynová, A. (2008). Systemic lupus erythematosus in the elderly.
Autoimmun. Rev. 7, 235–239. doi:10.1016/j.autrev.2007.11.014

Sánchez-Pérez, H., Quevedo-Abeledo, J. C., Tejera-Segura, B., de Armas-Rillo, L.,
Rúa-Figueroa, I., González-Gay, M. A., et al. (2020). Proprotein convertase subtilisin/
kexin type 9 is related to disease activity and damage in patients with systemic
erythematosus lupus. Ther. Adv. Musculoskelet. Dis. 12, 1759720X20975904. doi:10.
1177/1759720X20975904

Schanberg, L. E., Sandborg, C., Barnhart, H. X., Ardoin, S. P., Yow, E., Evans, G. W.,
et al. (2012). Use of atorvastatin in systemic lupus erythematosus in children and
adolescents. Arthritis Rheum. 64, 285–296. doi:10.1002/art.30645

Skrivankova, V. W., Richmond, R. C., Woolf, B. A. R., Yarmolinsky, J., Davies, N. M.,
Swanson, S. A., et al. (2021). Strengthening the reporting of observational studies in
Epidemiology using mendelian randomization: the STROBE-MR statement. JAMA 326,
1614–1621. doi:10.1001/jama.2021.18236

van Leuven, S. I., Mendez-Fernandez, Y. V., Wilhelm, A. J., Wade, N. S., Gabriel, C. L.,
Kastelein, J. J., et al. (2012). Mycophenolate mofetil but not atorvastatin attenuates
atherosclerosis in lupus-prone LDLr(-/-) mice. Ann. Rheum. Dis. 71, 408–414. doi:10.
1136/annrheumdis-2011-200071

Vordenbäumen, S., Kleefisch, M., Sokolowski, A., Düsing, C., Richter, J. G., Brinks, R.,
et al. (2023). Beneficial effects associated to a healthy lifestyle in systemic lupus
erythematosus: a cross-sectional study. Lupus 32, 855–863. doi:10.1177/
09612033231175289

Wang, Y.-F., Zhang, Y., Lin, Z., Zhang, H., Wang, T.-Y., Cao, Y., et al. (2021).
Identification of 38 novel loci for systemic lupus erythematosus and genetic
heterogeneity between ancestral groups. Nat. Commun. 12, 772. doi:10.1038/s41467-
021-21049-y

Xiao, X.-Y., Chen, Q., Shi, Y.-Z., Li, L.-W., Hua, C., and Zheng, H. (2023). Risk factors
of systemic lupus erythematosus: an overview of systematic reviews and Mendelian
randomization studies. Adv. Rheumatol. 63, 42. doi:10.1186/s42358-023-00323-1

Yang, W., Shen, N., Ye, D.-Q., Liu, Q., Zhang, Y., Qian, X.-X., et al. (2010). Genome-
wide association study in asian populations identifies variants in ETS1 and
WDFY4 associated with systemic lupus erythematosus. PLoS Genet. 6, e1000841.
doi:10.1371/journal.pgen.1000841

Zhao, S. S., Yiu, Z. Z. N., Barton, A., and Bowes, J. (2023). Association of lipid-
lowering drugs with risk of psoriasis: a mendelian randomization study. JAMA
Dermatol 159, 275–280. doi:10.1001/jamadermatol.2022.6051

Frontiers in Pharmacology frontiersin.org09

Wu et al. 10.3389/fphar.2023.1258018

https://doi.org/10.1016/j.autrev.2007.11.014
https://doi.org/10.1177/1759720X20975904
https://doi.org/10.1177/1759720X20975904
https://doi.org/10.1002/art.30645
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1136/annrheumdis-2011-200071
https://doi.org/10.1136/annrheumdis-2011-200071
https://doi.org/10.1177/09612033231175289
https://doi.org/10.1177/09612033231175289
https://doi.org/10.1038/s41467-021-21049-y
https://doi.org/10.1038/s41467-021-21049-y
https://doi.org/10.1186/s42358-023-00323-1
https://doi.org/10.1371/journal.pgen.1000841
https://doi.org/10.1001/jamadermatol.2022.6051
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1258018

	Association of lipid lowering drugs and the risk of systemic lupus erythematosus: a drug target Mendelian randomization
	Introduction
	Materials and methods
	Study overview
	Data source
	Selection of genetic instruments
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


