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Study objectives: Observational and cohort studies have associated Sjogren's syndrome (SS) with various types of
cardiovascular disease (CVD), yet causal relationships have not been established. We employed Mendelian
randomization (MR) to investigate potential causal links between SS and CVD in the general population.
Methods: We conducted a two-sample MR analysis using data from four distinct sources for 11 genome-wide
significant single nucleotide polymorphisms (SNPs) associated with SS and data for 13 types of CVD sourced
from FinnGen, IEU OpenGWAS, and GWAS catalog. The inverse variance weighted method was selected as the
primary analytical approach, complemented by various sensitivity analyses.

Results: MR analyses provide evidence of a significantly increased risk of ischemic stroke associated with
genetically predicted SS (odds ratio [OR], 1.0237; 95 % CI, 1.0096 to 1.0379; p = 0.0009), as well as suggestive
evidence of a potential causal relationship between SS and an increased risk of chronic heart failure (OR, 1.0302;
95 % CI, 1.0020 to 1.0592; p = 0.0355). Sensitivity analyses reinforced these associations, demonstrating
robustness and consistency across multiple statistical methods. The secondary analysis, conducted after outlier
correction using MR-PRESSO and RadialMR methods, reaffirmed these associations and also indicated a sug-
gestive causal link between SS and non-rheumatic valvular heart disease (OR, 1.0251; 95 % CI, 1.0021 to 1.0486;
p = 0.0323).

Conclusions: This study demonstrates that genetically predicted SS is a potential causative risk factor for ischemic
stroke, chronic heart failure, and non-rheumatic valvular heart disease on a large-scale population. However,
further research incorporating ancestral diversity is required to confirm a causal relationship between SS and
CVD.

1. Introduction

Cardiovascular disease (CVD) comprises a spectrum of disorders
affecting the heart and blood vessels and it remains the leading cause of
death globally. Epidemiological data indicate that CVD accounts for
approximately 17.9 million deaths annually, representing about 31 % of
all global deaths [1]. This significant burden is also accompanied by
considerable economic implications, with direct medical costs expected
to approximate $1 trillion by 2030. Notably, coronary heart disease and
stroke are the principal contributors to this mortality [2,3].

Sjogren's syndrome (SS) is an autoimmune disorder that predomi-
nantly affects the exocrine glands, particularly the salivary and lacrimal
glands. This condition manifests with the hallmark symptoms of dry

mouth and dry eyes [4,5]. Recent estimates suggests that SS affects
between 0.1 % to 4 % of the global population, with a significantly
higher prevalence among women, particularly in postmenopausal age
groups [6]. Emerging evidence increasingly supports the notion that SS
serves as a significant independent risk factor for a wide range of CVD
[7-10]. The underlying pathophysiological mechanisms are believed to
involve chronic inflammation, autoimmune responses, and endothelial
dysfunction [11]. Research shows that patients with Sjogren's syndrome
experience a higher incidence of major adverse cardiovascular events
compared to the general population, with rates ranging from 34 % to 46
% [7,12].

Despite accumulating evidence of a robust connection between SS
and increased CVD risk, the precise nature of this association remains
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unclear. This uncertainty largely arises from the dependency on obser-
vational studies, which are frequently confounded by factors such as
age, gender, and coexisting autoimmune conditions, thereby blurring
whether the relationship is causal or merely correlative. The presence of
shared risk factors, including advanced age, female gender, and auto-
immune comorbidities, frequently contribute to confounding bias.
Consequently, establishing a causal connection between SS and specific
CVD has been challenging due to these overlapping conditions and
comorbidities [13-15]. A deeper understanding of the causal pathways
linking SS to specific cardiovascular outcomes is essential for developing
targeted interventions to mitigate these potential adverse effects.
Given the complexities and costs associated with randomized
controlled trials (RCT), alternative approaches such as Mendelian
randomization (MR) provide robust avenues for enhancing causal
inference in epidemiological studies. MR utilizes genetic variants as
instrumental variables, exploiting their random allocation during
transmission from parents to offspring, which minimizes confounding
effects and eliminate issues of reverse causation [16,17]. The strength of
this method resides in its capacity to utilize genetic predispositions as
proxies to deduce causal relationships between exposures and outcomes,
free from biases often introduced by self-selected behaviors or unmea-
sured confounders [18]. We propose conducting a two-sample MR study
to rigorously investigate the causal relationships between genetic pre-
dispositions to SS and various CVD outcomes. This study will encompass
13 conditions, including heart failure, myocardial infarction, peripheral
arterial disease, ischemic stroke and venous thromboembolism.

2. Methods
2.1. Study design
We conducted a MR analysis to investigate the potential causal

relationship between SS with the susceptibility to 13 types of CVD. MR
analysis utilizes genetic variants as instrumental variables, which

X
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estimate the causal impact of an exposure on disease development [19].
These genetic variants must satisfy three key assumptions to reliably
indicate causality: [1] they are robustly associated with the exposure;
[2] they are unrelated to any confounders that could influence the
relationship between the exposure and the outcome; and [3] they impact
the outcome exclusively through the exposure [20]. We performed
univariable MR to assess the causal relationships between SS and 13
types of CVD. The genome-wide association study (GWAS) summary
statistics used in this study were publicly available, and the original
studies received ethical approvals from the relevant authorities. The
detailed research design process is illustrated in Fig. 1.

2.2. Data sources and instrument variables

2.2.1. Sjogren's syndrome

In 2013, the Sjogren's Genetics Network published the first large-
scale genomic study on SS in individuals of European descent [21].
Subsequently, in 2017, Li et al. discovered a novel susceptibility locus in
European populations [22]. The Sjogren's International Collaborative
Clinical Alliance conducted the first multiethnic GWAS on SS, finding no
new loci in the European cohort [23]. More recently, Khatri et al.
identified ten novel genetic loci linked to SS susceptibility in Europeans
[24]. By integrating results from these four studies, we selected 11
single-nucleotide polymorphisms (SNPs) as instrumental variables,
associated with SS traits in 29,804 individuals of European ancestry. The
GWAS summary statistics encompassed 4977 SS cases and 24,827 con-
trols from European populations. Diagnoses of SS were classified ac-
cording to the International Classification of Diseases (ICD-10 M35.0)
and PheCode 709.2, with statistical adjustments made using Firth and
SPA corrections. Detailed information regarding the SNPs selected as
instrumental variables is presented in Table 1.
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Fig. 1. Overview of the design and main results of this Mendelian randomization (MR) study on Sjogren's syndrome risk factors and cardiovascular disease. IVW,
inverse variance weighted; cML, constrained maximum likelihood; dIVW, debiased inverse-variance weighted; CVD, cardiovascular disease; VHD, valvular

heart disease.
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Table 1

Information on instrumental variables of Sjogren's syndrome.
SNP Chr Position Mapped genes Effect allele Other allele EAF Beta SE P
153135394 6 32,440,720 HLA-DRA G A 0.1100 1.2585 0.0557 5.00e-113
153757387 7 128,936,032 KCP/IRF5 C T 0.4500 0.3646 0.0407 3.00e-19
15485497 3 160,001,345 IL12A-AS1 A CG 0.4800 0.2624 0.0406 1.00e-10
157119038 11 118,867,572 Y _RNA/CXCR5 A G 0.7700 0.3011 0.0525 1.00e-08
152293765 2 190,656,119 NAB1 A C 0.5586 0.2151 0.0286 5.53e-14
152431697 5 160,452,971 MIR3142HG C T 0.4314 —0.1863 0.0315 3.33e-09
rs11250098 8 10,961,097 XKR6 A G 0.4851 0.1484 0.0216 6.89e-12
157210219 17 45,941,153 MAPT C T 0.2406 —0.2485 0.0392 2.40e-10
158071514 17 80,990,283 CHMP6 A C 0.5477 —0.1744 0.0309 1.64e-08
rs11085725 19 10,351,837 TYK2 C T 0.7306 —0.2485 0.0346 7.17e-13
152069235 22 39,351,775 SYNGR1 A G 0.2992 0.1906 0.0307 5.06e-10

Chr, chromosome; EAF, effect allele frequency; SE, standard error; SNP, single nucleotide polymorphism; Beta value is equal to log (OR). GRCh38 is the RefSNP for

anchor position of the above SNPs.

2.3. 13 types of CVD

We utilized summary-level data for 13 CVD outcomes primarily
sourced from the FinnGen R10 version database (https://r10.finngen.fi
/), supplemented by data from the IEU online GWAS database (https://
gwas.mrcieu.ac.uk/), GWAS catalog database (https://www.ebi.ac.uk/
gwas/) and the CARDIOGRAMplusC4D consortium [25-28]. The
GWAS study conducted by Sakaue et al. incorporates data from both the
FinnGen and the UK Biobank [29]. The use of these combined data
ensured comprehensive coverage while avoiding redundancy. These
outcomes included aortic aneurysm, atrial fibrillation and flutter,
autonomic disorders, atrioventricular block, venous thromboembolism,
myocarditis, pericarditis, peripheral artery disease, pulmonary artery
hypertension, ischemic stroke, non-rheumatic valvular heart disease,
myocardial infarction, and chronic heart failure. Detailed information
on the data sources for these outcomes is available in Supplementary
Table S1.

2.4. Selection of the genetic instrumental variables

Instrumental variables were selected based on their significant ge-
netic association with the exposure, defined by p-values <5 x 1078,
Each instrumental variable was assessed to ensure an r? value <0.001,
within a 10,000 kb window around each genetic variant. Linkage
disequilibrium among these SNPs was evaluated using the 1000 Ge-
nomes Project European panels as the reference population [30].
Instrumental SNPs for the exposure absent in the outcome datasets were
proxied using SNPs in high linkage disequilibrium (> > 0.8), where
possible. To mitigate the risk of Type I errors, we established a threshold
where p-values for the outcome association must exceed 5 x 107> [31].
This criterion helps ensure that our genetic instruments are valid and
minimizes the risk of pleiotropic effects that could bias the causal
estimates.

2.5. Strength of instrumental variables

The strength of the instrumental variables was assessed using the F-
statistic, calculated with the formula: =R” x (n — 2)/(1 — R"), where R?
represents the proportion of variance in the exposure that is explained
by the instrumental variables, and n denotes the sample size [32]. An F-
value >10 is generally considered indicative of a strong instrument,
suggesting that our selected genetic variants provide reliable estimates
of the causal effects [33]. The R? was calculated using the formula: R? =
2 x (1 — MAF) x MAF x #’, where MAF is the minor allele frequency
and p? is the estimated effect size of the genetic variant on the exposure
[34].

2.6. Statistical analysis

The inverse-variance weighted (IVW) model was chosen as the pri-
mary MR analysis method and was applied independently to each cohort
[35]. The fixed-effects meta-analysis method was used to combine the
odds ratios (OR) estimates from different sources for a single endpoint
[36]. To enhance the rigor of our analysis, we conducted further tests
under more stringent assumptions. First, we utilized the constrained
maximum likelihood (cML) method, which maximizes the likelihood
function while ensuring that most genetic variants serve as valid in-
struments, thus effectively minimizing the impact of pleiotropy [37].
Second, we used the debiased inverse-variance weighted (dIVW)
method to adjust for biases. This method provides a more precise esti-
mation of causal effects and corrects for any imbalances and heteroge-
neity observed among the instruments [38]. Third, the weighted median
method in MR utilizes the median estimate of the causal effects from
multiple genetic instruments. Each instrument's strength weights these
estimates, offering a robust estimate that is less influenced by outliers or
invalid instruments [39]. To account for the multiple hypothesis testing
inherent in assessing 13 cardiovascular outcomes, a Bonferroni correc-
tion was applied to adjust the p-value threshold. The conventional sig-
nificance threshold of 0.05 was divided by the number of outcomes,
resulting in a corrected p-value threshold of 0.0038 [40]. This adjusted
threshold was used to determine statistical significance across all
outcome variables to control for the risk of Type I errors. We considered
p-values between 0.0038 and 0.05 to be suggestive, while p-values
below 0.0038 were considered statistically significant. In our MR anal-
ysis, we first calculated Cochran's Q statistic to quantify heterogeneity
across instrumental variables [41]. To assess potential directional plei-
otropy, we utilized the MR-Egger method. A statistically significant
intercept in this analysis suggests a violation of the instrumental vari-
able assumptions attributable to directional pleiotropy [42]. Addition-
ally, we applied the MR pleiotropy residual sum and outlier (MR-
PRESSO) method, specifically designed to reduce estimate heterogeneity
by excluding SNPs that disproportionately contribute to it, setting the
NbDistribution at 3000 [43]. Furthermore, we implemented the Radi-
alMR method to systematically identify and exclude outliers that could
distort causal inference [44]. To ensure the validity of our instruments,
we conducted Steiger-filtering analysis, which identifies and removes
genetic variants exhibiting a stronger association with the outcome than
with the exposure, thus indicating potential reverse causality [45]. All
analyses were performed using the TwoSampleMR (version 0.5.7),
MendelianRandomization (version 0.9.0), MRPRESSO (1.0), RadialMR
(1.1) and psych (2.3.9) package in R Software 4.3.1 (https://www.R-pr
oject.org).
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3. Results
3.1. Initial causal analysis between SS and CVD

The relationships between SS and 13 CVD outcomes, as predicted by
eleven selected SNPs, are demonstrated in Supplementary Table S3.
Genetically predicted SS showed a significant causal association with
ischemic stroke and a suggestive causal association with chronic heart
failure. According to the IVW method results, a one-unit increase in the
log-odds of genetically predicted SS was associated with increased OR
for these conditions: 1.0237 (95 % CI 1.0096 to 1.0379, p = 0.0009) for
ischemic stroke, and 1.0302 (95 % CI 1.0020 to 1.0592, p = 0.0355) for
chronic heart failure (Fig. 2). Conversely, no significant causal associa-
tions were observed between genetically predicted SS and other types of
CVD, including aortic aneurysm, atrial fibrillation and flutter, auto-
nomic disorders, atrioventricular block, venous thromboembolism,
myocarditis, pericarditis, pulmonary artery hypertension, peripheral
artery disease, non-rheumatic valvular heart disease, and myocardial
infarction (Fig. 2). The F-statistics for the instrumental variables used to
estimate SS all exceeded 10, indicating a low likelihood of weak in-
strument bias.

3.2. Sensitivity analysis

The application of ¢cML, dIVW, and weighted median methods has
strengthened the evidence for robust causal relationships between SS
and several CVD outcomes. The IVW method revealed a significant
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causal relationship between SS and ischemic stroke, with the dIVW and
weighted median methods showing consistent results (OR 1.0243, 95 %
CI1.0108 to 1.0379, p = 0.0004; OR 1.0291, 95 % CI 1.0135 to 1.0450,
p = 0.0002, respectively). In contrast, the cML method only revealed a
suggestive causal relationship (OR 1.0214, 95 % CI 1.0049 to 1.0381, p
=0.0107). For heart failure, the dIVW method showed results consistent
with the IVW method, but both the cML and weighted median methods
did not indicate a significant or suggestive causal relationship (OR
1.0266, 95 % CI 0.9992 to 1.0548, p = 0.0572; OR 1.0222, 95 % CI
0.9916 to 1.0537, p = 0.1572, respectively) (Supplementary Table S3).

The Cochran's Q test indicated significant heterogeneity in the SNP
effect estimates for various cardiovascular conditions, with I? values
exceeding 30 % (Supplementary Table S4). These conditions include
atrial fibrillation and flutter, atrioventricular block, myocarditis,
ischemic stroke, non-rheumatic valvular heart disease, myocardial
infarction, and heart failure. While most studies showed no directional
pleiotropy in the MR-Egger analysis, the MR-PRESSO method identified
three outlier SNPs (rs3135394, rs3757387, rs7210219) specifically
associated with atrial fibrillation and flutter, indicating significant
pleiotropy (Global Test p < 0.05). Further analysis with RadialMR across
different studies pinpointed several outlier SNPs in conditions such as
atrial fibrillation and flutter, atrioventricular block, venous thrombo-
embolism, myocarditis, ischemic stroke, non-rheumatic valvular heart
disease, myocardial infarction, and heart failure (Supplementary
Table S5).

CVD Source SNPs OR (95%CI) P value
Aortic aneurysm Sakaue S, et al 10 I ] 1.0279 (0.9803, 1.0777) 0.2551
Atrial fibrillation and flutter Finngen 10 »—-——« 0.9853 (0.9519, 1.0199) 0.4008
Jiang L, et al 10 —a—y 0.9914 (0.9523,1.0320)  0.6726
Combined — 0.9879 (0.9624, 1.0141)  0.3614
Autonomic disorders Finngen 10 0.9991 (0.8915, 1.1197) 0.9875
Atrioventricular block Finngen 10 '—.—'—< 0.9692 (0.9197, 1.0214) 0.2428
Venous thromboembolism Finngen 10 ’_F_' 1.0048 (0.9832, 1.0268) 0.6681
Myocarditis Sakaue S, et al 10 - 0.9721 (0.8341, 1.1329) 0.7172
Pericarditis Sakaue S, et al 10 - 1.0299 (0.9682, 1.0956) 0.3492
Peripheral artery disease Sakaue S, et al 9 H 1.0252 (0.9753, 1.0776) 0.3278
Pulmonary artery hypertension Finngen 10 - 1.0132 (0.8460, 1.2134) 0.8866
Ischemic stroke Finngen 10 1.0303 (1.0067, 1.0545) 0.0116
Mishra A, et al 10 e 1.0200 (1.0025, 1.0377)  0.0246
Combined 1.0237 (1.0096, 1.0379) 0.0009
Valvular heart disease (nonrheumatic) Finngen 10 : 1.0230 (0.9822, 1.0434) 0.4280
l—.z—!
Myocardial infarction CARDIoGRAMphusC4D 9 : 0.9926 (0.9494, 1.0378) 0.7438
-
Sakaue S, et al 10 : 1.0163 (0.9965, 1.0366) 0.1073
.
Combined 1.0124 (0.9943, 1.0308) 0.1815
Heart failure Sakaue S, et al 10 : 1.0302 (1.0020, 1.0592) 0.0355
0.8 0.8 1 11 12

Fig. 2. Initial causal analysis of genetically predicted Sjogren's syndrome with risk of cardiovascular disease. OR, odds ratio; SNPs, single-nucleotide polymorphisms;

CI, confidence interval;, CVD, cardiovascular disease.
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3.3. Secondary analysis between SS and CVD post-outlier correction

After removing outlier SNPs identified by MR-PRESSO and RadialMR
methods in various studies, a secondary analysis was conducted to
reaffirm the causal relationships between SS and CVD outcomes.
Genetically predicted SS continued to demonstrate a significant causal
association with ischemic stroke (Supplementary Table S6). Using the
IVW method, it was found that a one-unit increase in the log-odds of
genetically predicted SS was associated with increased ORs for ischemic
stroke (OR 1.0254, 95 % CI 1.0126 to 1.0385, p = 0.0001). Similarly,
genetically predicted SS also demonstrate a suggestive causal associa-
tion with chronic heart failure (OR 1.0262, 95 % CI 1.0020 to 1.0509, p
= 0.0335). These results are consistent with those from the initial
analysis. The main distinction in this analysis is the suggestive associa-
tion found between genetically predicted SS and non-rheumatic valvular
heart disease (OR 1.0251, 95 % CI 1.0021 to 1.0486, p = 0.0323). No
significant associations were observed between SS and other types of
CVD (Figs. 2 and 3).

For ischemic stroke, results from cML, dIVW, and weighted median
methods aligned with those from the IVW method, underscoring the
robustness of the positive genetic associations. Unlike the IVW method,
the cML and weighted median methods did not reveal a suggestive as-
sociation with chronic heart failure (OR 1.0238, 95 % CI 0.9979 to
1.0504, p = 0.0717; OR 1.0209, 95 % CI 0.9920 to 1.0508, p = 0.1585,
respectively). Similarly, the cML method did not identify a suggestive
association with non-rheumatic valvular heart disease (OR 1.0213, 95 %
CI0.9915 to 1.0520, p = 0.1624). Across all studies, the Cochran's Q test
showed no significant heterogeneity in SNP effects, and the MR-Egger
analysis detected no evidence of directional pleiotropy, thus confirm-
ing the reliability of the genetic instruments used. Furthermore, for the
three outcomes with positive genetic predictions, the Steiger-filtering
analysis excluded the possibility of reverse causality between SS and
these conditions, affirming the directionality of the associations from SS
to these cardiovascular outcomes (Supplementary Table S7).

4. Discussion

Leveraging a comprehensive genetic consortium, this MR study
explored the potential causal effects of SS on a range of CVD. The evi-
dence from our preliminary analysis indicates that SS has a significant
detrimental causal relationship with ischemic stroke and a suggestive
detrimental causal relationship with chronic heart failure. After
addressing heterogeneity and pleiotropy, the results for these two car-
diovascular outcomes remain robust, with a strong causal link observed
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for ischemic stroke and a suggestive association for chronic heart failure.
Additionally, SS was found to potentially exert a detrimental causal ef-
fect on non-rheumatic valvular heart disease. The outcomes are signif-
icantly robust, supported by strong instrumental variables and diverse
MR analysis techniques that accommodate various scenarios of hori-
zontal pleiotropy. Furthermore, we conducted the Steiger test to assess
the positive causal effects of SS on the three cardiovascular outcomes,
finding no evidence of reverse causality.

To our knowledge, this is the first MR investigating the causal rela-
tionship between genetically predicted SS and various types of CVD.
Currently, associations between SS and CVD primarily rely on evidence
from cohort and cross-sectional studies, which may be influenced by
confounding factors. For instance, a retrospective cohort study by Cai X
et al. indicated that patients with SS have a higher propensity for CVD.
Their analysis of 367 SS patients and an equal number of age and
gender-matched controls, revealing significantly higher rates of car-
diovascular involvement in SS patients (61.6 % vs. 29.7 %; p < 0.01)
[46]. Additionally, Santos CS et al. conducted a 20-year observational
study on 102 SS patients, finding that at least 36 % developed one type
of CVD, such as cerebrovascular disease, coronary artery disease, pe-
ripheral artery disease, and arrhythmias [47]. These studies offer pre-
liminary evidence of a link between SS and specific types of CVD.
Nevertheless, due to the low prevalence of SS and the associated costs,
no RCTs have been conducted to further explore this relationship. In a
multicenter cohort study, Bartoloni E et al. analyzed 788 SS patients and
4774 controls, discovering that SS patients were significantly more
likely to suffer myocardial infarctions (1.0 % vs 0.4 %, p = 0.002) and
cerebrovascular diseases (2.5 % vs 1.4 %, p = 0.005) compared to
controls [7]. This study, which included a large cohort of SS patients,
exhibited less bias, and its findings align with our MR study results.
Furthermore, a meta-analysis by Beltai A et al., encompassing 14 studies
and 67,124 SS patients, indicated that SS patients have a 2.54-fold
increased risk of heart failure compared to controls. Although this risk
rate is higher than that what was observed in our MR study, it supports
the suggestive causal link between SS and heart failure [12]. However,
current research linking SS with heart valve disease is limited; a case
report suggests that SS may impact the mitral and aortic valves, yet
robust clinical evidence remains scarce [48]. Our MR study, after
adjusting for outlier SNPs, suggests a potential causal relationship be-
tween SS and non-rheumatic heart valve disease. However, due to
limited clinical evidence, this conclusion must be approached with
caution.

This MR study did not identify causal links between genetically
predicted SS and additional ten types of CVD, contrasting with findings

CVD Source SNPs OR (95%CI) P value
. ——

Atrial fibrillation and flutter Finngen 6 H 0.9649 (0.9282, 1.0031) 0.0713
Jiang L, et al 9 : 1.0000 (0.9715, 1.0294)  0.9986

Combined : 0.9873 (0.9647, 1.0105)  0.2805

Atrioventricular block Finngen 9 - 0.9794 (0.9424, 1.0179) 0.2898
Venous thromboembolism Finngen 9 :. 1.0018 (0.9814, 1.0225) 0.8672
Myocarditis Sakaue S, et al 9 0.9501 (0.8240, 1.0955)  0.4813
Ischemic stroke Finngen 9 —a— 1.0261 (1.0071, 1.0455) 0.0068
Mishra A, et al 9 —a— 1.0249 (1.0075, 1.0427) 0.005

Combined H 1.0254 (1.0126, 1.0385)  0.0001

Valvular heart disease (nonrheumatic) Finngen 7 .—-—. 1.0251 (1.0021, 1.0486) 0.0323
Myocardial infarction CARDIoGRAMplusC4D 7 ,_._. 0.9971 (0.9626, 1.0329)  0.8736
Sakaue S, et al 10 ,._._4 1.0163 (0.9965, 1.0366)  0.1073

Combined - 1.0117 (0.9944; 1.0293)  0.1858

Heart failure Sakaue S, et al 9 - 1.0262 (1.0020, 1.0509)  0.0335

0.8000

0.8500

0.9000 0.9500 1.0000 1.0500 1.1000 1.1500

Fig. 3. Secondary causal analysis of genetically predicted Sjogren's syndrome with risk of cardiovascular disease post-outlier correction. OR, odds ratio; SNPs, single-

nucleotide polymorphisms; CI, confidence interval; CVD, cardiovascular disease.
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from earlier cohort and observational studies. For example, a nation-
wide cohort study reported that SS patients are at a significantly
increased risk of aortic dissection or aneurysm, with those having sec-
ondary SS facing a higher risk (adjusted HR = 1.753, p = 0.042; sec-
ondary SS adjusted HR = 3.693, p < 0.001) compared to the general
population [49]. Furthermore, studies suggests that SS patients are up to
seven times more likely to develop venous thromboembolism, particu-
larly in the first-year post-diagnosis when disease management may be
suboptimal [50-52]. However, the risk of developing venous thrombo-
embolism is not uniform among all SS patients. A meta-analysis revealed
that SS patients exhibited the widest confidence interval for the inci-
dence of venous thromboembolism compared to patients with other
autoimmune diseases [52]. Lung involvement is not uncommon in pa-
tients with SS, with small airway and interstitial lung disease being the
most frequently reported pulmonary manifestations [53]. Recent
research further indicates that patients with SS experience a higher
hospitalization rate for pulmonary hypertension compared to the gen-
eral population, underscoring it as a rare but severe complication
[14,52]. Additionally, dysfunction of the autonomic nervous system,
which plays a crucial role in regulating the cardiovascular system, is
prevalent among SS patients and significantly impacts their quality of
life [54]. In a cohort study involving patients with SS, 35.7 % exhibited
autonomic dysfunction as assessed by reduced heart rate variability
[55]. Autoimmune diseases including SS have also been reported to
develop other cardiovascular conditions such as atrial fibrillation, atrial
flutter, atrioventricular block, pericarditis, and myocarditis [56-58].
However, it is important to emphasize that our MR study results do not
confirm a causal relationship between SS and these types of CVD. This
suggests that traditional cohort or observational studies may be influ-
enced by numerous confounding factors, such as lifestyle, environ-
mental influences, or unmeasured genetic predispositions, which could
lead to an apparent increased incidence of certain cardiovascular con-
ditions among SS patients.

From a pathophysiological perspective, SS can increase the risk of
CVD through various pathways. As a chronic autoimmune disease, SS
involves systemic immune dysregulation that contributes significantly
to the pathogenesis of early arteriosclerosis [59,60]. Notably, anti-SSA/
Ro and anti-SSB/La antibodies, well-known biomarkers of the disease,
may contribute to endothelial dysfunction and increased intimal-medial
thickness. These changes impair vascular contractile function and pro-
mote a pro-inflammatory state, thereby elevating the risk of myocardial
infarction, stroke, and peripheral artery disease [61,62]. Moreover, in
SS, activated T cells can infiltrate vascular and cardiac tissues, releasing
pro-inflammatory cytokines. These cytokines not only directly damage
myocardial and vascular cells but also exacerbate cardiovascular
inflammation and injury by activating other immune cells, such as
macrophages [63]. Furthermore, studies have indicated that patients
with SS have elevated levels of ICAM-1 and VCAM-1 adhesion mole-
cules, which facilitate leukocyte recruitment to the vascular wall. This
recruitment leads to infiltration and atherosclerotic damage [61]. He-
matological abnormalities, such as leukopenia and lymphopenia, are
common in patients with SS and are considered biomarkers of disease
activity. Specifically, leukopenia is associated with vascular injury in SS,
characterized by large vessel endothelial-independent dysfunction and
increased intimal-medial thickness [61]. Studies have shown that pa-
tients with leukopenia face a sixfold increased risk of angina, often in the
absence of traditional cardiovascular risk factors [7]. Additionally, SS
involves abnormal activation of B cells and T cells, which leads to
increased production of various cytokines such as interleukin-1 (IL-1p)
and IL-6, further perpetuating inflammation. Elevated levels of IL-1f, IL-
6, and C-reactive protein are known to promote atherosclerosis [63].
Notably, IL-1f is crucial for understanding the cardiovascular risk in SS
patients, as its levels are higher in those with metabolic syndrome [64].
In SS, chronic immune-mediated inflammatory responses in the arteries
cause increased arterial stiffness, which contributes to cardiac diastolic
dysfunction, a primary mechanism that leads to heart failure [65]. The
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causal relationships between SS and conditions such as ischemic stroke,
chronic heart failure, and non-rheumatic valvular heart disease
observed in this MR study can be attributed to the immune and in-
flammatory mechanisms of SS. It is crucial to recognize that the path-
ophysiological mechanisms of SS not only impact the vascular system
but also directly affect the cardiac organ itself. Cardiac fibrosis, although
less studied in SS, carries significant clinical implications. Autoanti-
bodies in SS patients, particularly anti-myocardial antibodies, may
directly damage myocardial cells, leading to cell death or dysfunction
and promoting fibrosis. These autoantibodies might also interact with
specific components within cardiac tissue, activating fibrosis-related
signaling pathways. While direct clinical studies on SS and cardiac
fibrosis are limited, findings such as enhanced late gadolinium
enhancement on cardiac MRI exams in SS patients suggest the presence
of cardiac fibrosis [66]. Furthermore, electrocardiographic abnormal-
ities like bradycardia and conduction blocks, which are prevalent in SS
patients, could be related to subtle changes in cardiac structure and
function [67]. However, more common arrhythmias such as atrial
fibrillation, atrial flutter, and atrioventricular block appear to result
from multifactorial influences, and this MR study does not establish a
causal association between SS and these arrhythmias. This summary of
the pathophysiological mechanisms of SS and the results of this MR
study emphasize the necessity of addressing early signs of arterioscle-
rosis in SS patients to prevent major cardiovascular events such as
chronic heart failure, ischemic stroke.

Following the MR guidelines, this study conducted on a broad pop-
ulation provides strong or suggestive evidence of a direct causal link
between SS and various cardiovascular conditions including ischemic
stroke, heart failure, and non-rheumatic valvular heart disease [68].
After the removal of outlier SNPs and addressing heterogeneity and
pleiotropy effects using MR-PRESSO and RadialMR methods, the asso-
ciations remain significant. To ensure rigorous control of Type I errors, a
Bonferroni correction was applied due to the assessment of multiple
outcomes. Following correction, only the association between SS and
ischemic stroke remained statistically significant. This highlights the
robustness of this particular finding, while suggesting that the other
associations, such as those with chronic heart failure and non-rheumatic
valvular heart disease, may be weaker or more variable. Unlike con-
ventional observational studies, which often focus on short-term im-
pacts, MR designs estimate lifetime exposure to SS, yielding outcomes
that are free from confounding factors and reverse causation. Adhering
to MR guidelines, this study clarifies the causal connections between
genetic predisposition to SS and several types of CVD, providing sub-
stantial research benefits. A principal advantage of the MR approach is
its capacity to eliminate potential residual confounding and reverse
causation from observational studies, thus enhancing the reliability of
causal inferences. Additionally, by limiting our sample to Europeans, we
minimized potential bias due to ethnic diversity. Another strength of this
study lies in its use of data from diverse sources to estimate the causal
links between genetically predicted SS and CVD. This approach ensures
the authenticity and robustness of our findings and significantly reduces
the effects of population stratification. Furthermore, we applied the
Steiger test to strengthen the robustness of the instrumental variables,
effectively ruling out potential reverse causality between the exposure
and the outcomes.

It is undeniable that this MR study has numerous limitations, and its
findings should be interpreted with caution within the context of these
limitations and the broader framework of MR methodology. Firstly,
although we selected instrumental variables closely related to SS, ge-
netic variants only represent a portion of the disease complexity and are
not fully representative of exposure. Secondly, the available GWAS data
on SS is limited, the sample size for genetic prediction is small, and there
is no differentiation between primary and secondary SS. Future MR
studies should incorporate more SS GWAS summary statistics to improve
the robustness of findings. Thirdly, given that SS is treated as a binary
exposure, traditional MR analysis may yield indistinguishable relative
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risk values. This is because, although the risk boundaries can be estab-
lished, precise causal effects might remain elusive [69]. Fourthly, the
biological roles of the genetic instruments used are not fully understood,
raising concerns about potential violations of the MR assumptions of
independence and exclusion, particularly concerning pleiotropy. How-
ever, we have implemented various methods to validate the robustness
of the causal estimations. Fifthly, while the Radial MR method employed
removes outlier SNPs and enhances the robustness of positive findings, it
may over-adjust the data, potentially eliminating genetic variations
critical for establishing causality. This over-adjustment could dilute
genuine signals, introducing biases [44]. Sixthly, MR analysis reflects
the effects of lifelong exposure to SS, which might have a more pro-
nounced impact than that observed in time-limited observational
studies. Therefore, further verification of the causal link between SS and
CVD through RCTs is necessary. Finally, since our findings predomi-
nantly involve individuals of European ancestry, they may not be
applicable to other populations.

5. Conclusion

This two-sample MR study supports the hypothesis that SS may be
associated with the development of certain types of CVD. We found
significant evidence of an adverse causal relationship between SS and
ischemic stroke, along with suggestive evidence of a possible adverse
causal relationship between SS and chronic heart failure, as well as non-
rheumatic valvular heart disease. However, further research is required
to confirm these associations and explore the relationship between SS
and other types of CVD.
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