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Background: We conducted a Mendelian randomization study in conjunction with a network pharmacology study to provide an
analytical elucidation of the potential causal relationship between blood pressure and antihypertensive drugs and rheumatoid arthritis.
Methods: First, a Mendelian randomization analysis was performed using large-scale GWAS data to assess the causal associations of
systolic/diastolic blood pressure and 12 antihypertensive drug classes with rheumatoid arthritis. The analytical model of inverse
variance weighting was primarily utilized. Second, we constructed a “drug-component-target-disease” regulatory network graph and
analyzed Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment. Third, we validated some of the mined data
through molecular docking technology using BIOVIA Discovery Studio 2019. Finally, animal experiments were performed to verify.
Results: The results indicated that elevated diastolic blood pressure was significantly associated with an increased risk of rheumatoid
arthritis. Among antihypertensive drugs, adrenergic neuron blockers, central antihypertensives, and potassium-sparing diuretics/
aldosterone antagonists reduced the risk of rheumatoid arthritis. Sensitivity analyses demonstrated the absence of pleiotropy or
heterogeneity. In addition, after network pharmacology research, the molecular docking of its active ingredients with their targets was
carried out, and the link potential was relatively ideal. Construction of a rat model of rheumatoid arthritis, Western blotting assay for
Endothelin Receptor Type B (EDNRB), Angiotensin II Receptor Type (AGTR) expression level. Western blot analysis showed
elevated EDNRB and AGTR levels in the model group, with spironolactone group significantly reducing these levels, though still
higher than methotrexate group.

Conclusion: The findings of our study indicate that elevated diastolic blood pressure is associated with an increased risk of
rheumatoid arthritis. However, three classes of antihypertensive medications, namely adrenergic neuron blockers, central antihyper-
tensives, and potassium-sparing diuretics and aldosterone antagonists, have been demonstrated to exert beneficial effects on rheuma-
toid arthritis.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease that results in progressive joint damage and
deformity. It is a systemic inflammatory disease that primarily affects the cartilage and underlying bones of
small and medium-sized joints, as well as blood vessels and various internal organs. It affects approximately 1%
of the global population."? The etiology of RA remains poorly understood. However, emerging evidence
suggests that the onset of RA is intricately linked to a complex interplay between genetic and environmental
factors.” Hypertension is the most common comorbidity in patients with rheumatoid arthritis, with a prevalence
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of approximately 62.5%.* However, the mechanism that leads to the development of hypertension in patients
with RA is not clear and may be related to chronic systemic inflammation in RA patients.” Chronic inflammatory
diseases, including RA, have been shown to affect the cardiovascular system, promoting atherosclerosis and
altered vascular function, which ultimately leads to increased blood pressure.®’ This partly explains the high
prevalence of hypertension in RA patients.

Hypertension represents a significant risk factor for cardiovascular disease in the general population,® that
affects approximately 1 billion people worldwide and causes more than 10.8 million deaths worldwide
each year.”'? Hypertension that is not adequately controlled is strongly associated with an increased risk of
early onset of a number of diseases, including coronary heart disease, cerebrovascular disease, and peripheral
vascular disease.'""'? Using data from the Framingham Heart Study and the Third US National Health and
Nutrition Examination Survey, Singh et al estimated that for every 20 mm Hg increase in systolic blood pressure
(SBP), there would be an increase of 1572 ischemic heart disease events and 602 strokes in RA patients.'® This
demonstrates the importance of controlling blood pressure in patients with RA. Angiotensin-converting enzyme
inhibitors (ACE-I) and Angiotensin II Receptor Blockers (ARB) may have beneficial effects in RA.'* Patients
with RA often exhibit increased sympathetic activity and activation of the renin-angiotensin-aldosterone system,
which not only drive hypertension-associated vascular remodeling but also exacerbate the inflammatory progres-
sion of RA.">'® The inherent chronic systemic inflammation and immune dysregulation of RA further amplify
these mechanisms, creating a vicious cycle that accelerates the co-progression of RA and hypertension. It is
precisely this interplay of complex mechanisms that poses significant challenges for managing hypertension and
treating RA disease in patients. Nevertheless, there is a paucity of randomized controlled trials that inform the
management of hypertension in patients with rheumatoid arthritis.> Furthermore, clinical studies are vulnerable to
confounding factors and reverse causality.'” Mendelian randomization (MR) offers a novel approach to address
these issues.

MR uses genetic variation as a tool to identify causal relationships between exposures and outcomes, relying
on the fact that alleles are randomly assigned at conception. This method avoids confounding factors and mimics
a randomized controlled trial.'® For example, Zhang et al conducted a MR study, which found a causal
relationship between genetic susceptibility to gestational diabetes and the risk of coronary artery disease, with
type 2 diabetes and hypertension identified as the primary mediators."” Drug-targeted MR applies this principle
by using genetic variations linked to drug targets to simulate their effects. Network pharmacology is an emerging
field that integrates multidisciplinary knowledge from systems biology, multi-omics, pharmacology, and compu-
tational network analysis, with the goal of studying the global, systemic, and networked nature of drug actions.?’
Additionally, animal studies were conducted to validate the effects of selected antihypertensive drugs on RA
progression, further strengthening the causal relationships identified in our MR analysis. While MR has
traditionally been used to identify causal relationships between genetic variations and diseases, the integration
of MR with network pharmacology is an emerging area of research. For example, studies by Yanan Xu have
successfully combined MR with network pharmacology to explore the genetic determinants of Systemic lupus
erythematosus and identify potential therapeutic targets.”' These studies highlight the value of combining genetic
analysis with systems biology to understand disease mechanisms and guide drug development. This study aims to
assess the causal relationship between blood pressure and RA using MR analysis in conjunction with network
pharmacology and explore the potential therapeutic effects of various antihypertensive drugs on RA.

Methods and Design

Research Design

We used a two-sample MR method. First, we assessed the causal relationship between SBP and diastolic blood
pressure (DBP), RA. Then, we assessed the effects of 12 antihypertensive drugs on RA using published genetic
variants of antihypertensive drug targets as instrumental variables. These drugs included: pB-adrenoceptor block-
ers, ACE-I, ARB, a-adrenoceptor blockers, calcium channel blockers (CCBs), centrally-acting antihypertensive
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agents, loop diuretics, potassium-preserving diuretics, aldosterone antagonists, renin inhibitors, thiazides and
related diuretics, vasodilators. To verify the reliability of the results, heterogeneity test, sensitivity analysis, and
multiplicity analysis were used to exclude result bias. The following three key assumptions were used to reach
MR satisfaction: (i) there is a strong correlation between the instrumental variables and the exposure factors; (ii)
the instrumental variables are not correlated with any confounders associated with the exposure factor outcome
variables; and (iii) the instrumental variables can only affect the outcome through their association with the
exposure factors.

Selection of Data Sources and Instrumental Variables

Systolic and Diastolic Blood Pressure

We obtained SBP (SBP: ukb-a-360) and DBP (DBP: ukb-a-359) phenotypic data from the IEU Open GWAS
database, which consists of 317,756 samples from European populations (https://gwas.mrcicu.ac.uk/datasets/ukb-

a-360/, https://gwas.mrcieu.ac.uk/datasets/ukb-a-359/). Permissions to access the Genome Wide Association

Study (GWAS) databases were not required, as the data used in this study are publicly available. We selected
single nucleotide polymorphisms (SNPs) strongly associated with SBP and DBP (p < 5 x 10°%) and excluded
polymorphisms that were chained in disequilibrium (r* < 0.001, genetic distance = 10 000kB). This is to avoid
pseudo-associations and genetic confounding. We then excluded instrumental variables located in palindromic
sequences to prevent causal inference bias and to improve the accuracy and reliability of the analysis; finally, we
excluded genetic instrumental variables associated with confounders by using the LDlink database, focusing on
SNPs with correlations with phenotype and outcome. We calculated the F value for each remaining SNP using
the formula F = Beta® /SE*.** We removed SNPs with F values less than 10 to exclude weak instrument bias and
used the remaining SNPs as final instrumental variables.

Antihypertensive Drugs

SNPs for 12 classes of antihypertensive drugs were selected from published data. In this study, the authors first
extracted the protein targets and genes for these 12 classes of antihypertensive drugs from the DrugBank
database, and then screened for the “best SNP” for the corresponding genes in each tissue using data from the
GTeX project. After two-sample MR and quality control, the investigators chose SNPs that significantly affected
SBP as the SNPs for the final analysis.”® Subsequently, we used the LDlink database to exclude genetic
instrumental variables associated with confounders, with a focus on excluding SNPs that correlated with
phenotype and outcome.

RA Data Source

We obtained genetic data on RA from the IEU Open GWAS database from the GWAS study by Saori Sakaue’s team,**
which includes 417,256 samples from European populations with 24,175,266 SNPs (https://gwas.mrcieu.ac.uk/datasets/
ebi-a-GCST90018910/).

Statistical Analysis

MR was conducted using the “TwoSampleMR” package in R 4.2.0. In the present study, random effects inverse
variance weighting (IVW), weighted median, MR-Egger regression, and weighted modeling were employed for
the MR analyses, with IVW serving as the primary analysis to assess the risk between exposures and outcomes.
The fundamental premise is to regard each genetic variant as an autonomous instrumental variable and to
aggregate the estimation of causal effects of instrumental variables through meta-analysis. The IVW method is
the most efficacious evaluation instrument for causal effects when all genetic variants are valid instrumental
variables. The IVW and MR-Egger methods were employed to assess heterogeneity. When P > 0.05, it was
concluded that there was no heterogeneity among the SNPs. The MR _leaveoneout_plot function was employed to
conduct a sensitivity analysis and visualize the results. This involved the exclusion of individual SNPs to
ascertain their potential influence on the final results. The MR_pleiotropy test function and the MR-PRESSO
method were employed for pleiotropy analysis. When P > 0.05, this indicated the absence of pleiotropy.
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Bioinformatics Analysis

Drug Information and Target Screening

Antihypertensive drug classes identified through the UK National Formulary and API information was obtained, and the
DrugBank database (https://www.drugbank.ca/) and the Therapeutic Target Database (TTD) (https://db.idrblab.net/ttd/)
were used to identify the drug target targets and corresponding genes. The drug classes selected for this study included

adrenergic neuron blockers, central antihypertensives, potassium-sparing diuretics (PSDs), and aldosterone antagonists.
Search terms used in the DrugBank and TTD databases included drug names such as spironolactone, lisinopril, losartan,
and metoprolol.

Rheumatoid Arthritis Disease Target Screening
Disease databases such as TTD, DisGeNET database (https://disgenet.com/), and Genecards database (https://

www.genecards.org/) were searched with the keyword “ Rheumatic Arthritis” as the keyword. To ensure high-

confidence targets, only genes with a relevance score > 2.0 were selected as higher-confidence candidates. This
cutoff was chosen because a relevance score > 2.0 in the Genecards database is classified as indicating a strong
association with the disease. Duplicates were removed, and the final list of rheumatoid arthritis disease targets
was obtained.

Mapping the Gene Regulation Network of “Drug-Component-Target-Disease”

Mapping of drug action targets and disease targets, and filling the drug, disease and other related information to create
a network table Import the obtained network table into Cytoscape 3.10.2 and draw a network diagram mapping drug
components to target genes.

Enrichment Analysis of Gene Ontology (GO) Functions and Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathways

The target gene was entered into the DAVID database (https://david.ncifcrf.gov/), the identifier was selected as
“OFFICIAL GENE SYMBOL”, and the species was selected as “homo sapiens” for submission. Select “gene list” to
output the table and perform GO and KEGG enrichment analysis for key gene targets. The top 5 results of biological

process(BP), cellular component (CC) and molecular function (MF) were filtered out and added into GO analysis by the
descending order of Fold Enrichment value, P<0.05. Sorted in descending order of P-value with P<0.05, 15 signaling
pathways that could be key pathways were obtained as data for the correlation analysis of KEGG pathway.”> %’ For
KEGG, pathways with P < 0.05 were considered significant. The above data were imported into SRplot (http:/www.
bioinformatics.com.cn/) to visualize the GO function with KEGG pathway enrichment analysis data and form the

corresponding enrichment bubble diagram.

Molecular Docking

Molecular docking technology is used to verify the reliability of the docking of the effective active ingredients of the
antihypertensive drug with key target molecules. The following identifiers were used to acquire protein structures from
the RCSB PDB: ACE (1086), ADRA1A (8THK), AGTR1 (60S2), ADRB2 (4LDO), ADRA2B (6K41), CA1 (IHCB),
CA2 (5AML), SLC6A2 (8HFI), and EDNRB (5XPR). These protein structures were prepared for docking by removing
water molecules and original ligands, and adding hydrogen atoms. Molecular docking was then performed using BIOVIA
Discovery Studio 2019 software. The effective active ingredients are docked into the spatial cavity of the target for
analysis at the best conformation of the binding.

Experimental Verification

Research Obijective

The objective of the animal study was to evaluate the therapeutic effects of spironolactone on RA progression
and compare its efficacy with methotrexate, a standard treatment for RA. Specifically, the study aimed to assess
the expression levels of Endothelin Receptor Type B (EDNRB) and Angiotensin II Receptor Type (AGTR)
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proteins in synovial tissue, which are implicated in the pathophysiology of RA, to determine whether spirono-
lactone could modulate these protein levels and thus exert therapeutic effects.

Animals and Materials
Thirty male four-week zero SPF grade SD rats with a body mass of 220+20g were used in this experiment,
purchased from Jinan Pengyue Laboratory Animal Breeding Co. Ltd (Production Certificate No. SYXK20180015,
Jinan). The experiment was approved by the Animal Ethics Committee of the Affiliated Hospital of Shandong
University of Traditional Chinese Medicine (Ethics Approval SDSZYYAWE20240827001). All experimental
animals were housed in the Animal Experiment Center of Shandong University of Traditional Chinese
Medicine, and the experimental environmental conditions were room temperature of 22+2°C, humidity of 55
+5%, a light-dark cycle of 12 h, and provision of free drinking water and diet. Complete Freund’s adjuvant
(CFA, Cat. No. F5881) and incomplete Freund’s adjuvant (IFA, Cat. No. F5506) were purchased from Sigma,
USA; Bovine Collagen type II (BCII, Cat. No. 180559) was purchased from Chondrex, USA; methotrexate
tablets (Shanghai ShangPharma Xinyi Pharmaceutical Co); spironolactone tablets (Shanghai ShangPharma Xinyi
Pharmaceutical Co).

All experimental animals were anesthetized with 3% pentobarbital sodium at the end of the study, followed by
immediate euthanasia. The method of euthanasia involved intravenous injection of 3% pentobarbital sodium until the
animals lost consciousness and ceased breathing and heartbeat. Specimens were collected after re-anesthetization.

BCII-CFA and BCII-IFA Emulsion Preparation

Bovine type II collagen was dissolved in 0.1 mol/L acetic acid solution to make a 4 mg/mL solution and placed in a 4 °C
refrigerator overnight. On the day of the experiment, equal volumes of CFA or IFA and bovine II collagen were fully
ground on ice using a mortar and pestle to fully emulsify the 2 solutions, ie, BCII-CFA emulsion and BCII-IFA emulsion,
which were prepared before clinical use.

Modeling, Grouping and Administration

After 7 days of acclimatization, 30 rats were injected with CII-CFA emulsion at 3 points on the back, the root of
the tail, and the paw of the right hind foot using a microsyringe at multiple points subcutancously with an
injection volume of 0.1 mL. 7 d after the 1st stimulation, the immunization was strengthened by injecting CII-
IFA emulsion at the same site at multiple points subcutaneously with an injection volume of 0.2 mL,*® and the
model of collagen-induced arthritis was established. Two weeks after the first immunization, rats with an arthritis
score > 4 were considered successful models. Arthritis scoring criteria: Normal: 0 points; Redness and swelling
in one toe joint: 1 point; Redness and swelling in multiple toe joints: 2 points; Swelling in the foot/paw below
the ankle joint: 3 points; Partial swelling of the foot/paw: 4 points. Rats with successful modeling were randomly
divided into the spironolactone group, model group and methotrexate group, 10 rats in each group. All rat groups
were assigned using a random number table to ensure no bias between groups. The dosage of spironolactone
tablets and methotrexate tablets was calculated according to the “Methods of Pharmacological Experiments”
based on the method of body surface area of human and rat (the dose of 200 g of rat was 0.018 times of the
dose of 70 kg of human), and the routine dosage of spironolactone tablets and methotrexate tablets for rats was
7 mg/(kg-d) and 1 mg/(kg-d), respectively, while the control group was given an equal volume of sodium
chloride injection by gavage every day and continued to be given for 4 weeks. The model group was gavaged
daily with an equal volume of sodium chloride injection for 4 weeks.

Western Blotting for Protein Expression

At the end of drug administration, the synovial tissue of rats in each group was extracted and stirred with a mill
under low temperature, then protein lysate was added and centrifuged at 4°C for 15 min (12,000 r/min,
centrifugation radius of 8 cm), and the protein supernatant was aspirated, and the protein concentration was
determined by using the BCA kit. Electrophoresis was performed with a 12% SDS-PAGE gel, which was then
transferred to a PVDF membrane. The bands were transferred to the corresponding EDNRB (1:1000), AGTR
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(1:1000), and B-actin (1:10,000) primary antibody solutions, and the membrane was washed with Tris Buffered

Saline with Tween-20 at 4 °C overnight. The washed primary antibody reaction membrane was incubated in

secondary antibody (1:10,000) working solution for 40 min and then developed.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 9.5). Quantitative data are presented as mean +

standard deviation. Differences among groups were
of unequal variance, the Brown—Forsythe test and

considered statistically significant.

assessed by one-way analysis of variance (ANOVA); in cases
Welch ANOVA were applied. A p-value less than 0.05 was
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Results

Instrumental Variable

After using the clumped function to remove linkage disequilibrium and after LDlink to remove genetic instrumental
variables associated with confounders, 176 SNPs remained in DBP, 168 SNPs remained in SBP and 289 SNPs remained
in antihypertensive medications. In addition, 6 palindromic SNPs in SBP were removed as well as 1 incompatible allele
SNP, and 7 palindromic SNPs in DBP were removed. Finally, 169 SNPs for diastolic BP and 161 SNPs for systolic BP, as
well as the remaining 289 SNPs for antihypertensive drugs, were utilized for MR analysis. The F values corresponding to
single SNPs in this study were all >10, and there was no weak instrumental variable bias, so the present results were
reliable.

MR Analysis of Blood Pressure and RA

The results of the analysis of DBP with RA, conducted using the IVW method, yielded a statistically significant
outcome (OR: 1.197, 95% CI 1.039-1.380, P=0.0127). This finding suggests that elevated DBP may increase the
risk of developing RA. The results of the MR analysis are presented in Figure 1. Meanwhile, the heterogeneity
test revealed an association between DBP and RA with P=5.02x10"> for the IVW method and P=5.13x10"" for
the MR-Egger method. This suggests the presence of heterogeneity among SNPs, which may indicate the
potential for bias or an unrecognized complexity. To address this, we employed the random-effects IVW
model as the primary method to provide a more conservative estimate that accounts for this between-SNP
variance. However, it is also possible that this heterogeneity reflects normal variation within the study popula-
tion. Consequently, we conducted a sensitivity analysis and a multiplicity analysis. The funnel plot exhibited
a roughly symmetrical shape, providing visual support for the absence of major pleiotropic bias (Figure 2).
Following the sensitivity analysis, which proposed each SNP individually using the MR leaveoneout plot
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function, the results of the IVW analysis of DBP and RA were found to be similar to those of the analysis that
included all SNPs. Additionally, no SNPs with a significant impact on the estimation value of the causal
association were identified (Figure 3). The data visualization analyses indicated that the overall SNP effect of
the exposure factor DBP was elevated by all four methods (except MR Egger), as was the SNP effect of the
outcome variable RA. Furthermore, when the SNP effect of the exposure factor was zero, it was also zero for the
outcome variable, indicating that this result was not affected by horizontal pleiotropy (Figure 4). The results of
the MR pleiotropy test function for DBP and RA in the pleiotropy analysis indicated a P-value of 0.34 for the
MR-PRESSO method, and 0.602 for the MR-Egger method. These results suggest that the present study was not
affected by horizontal pleiotropy. The overall consistency across these pleiotropy-robust methods, despite the
statistical heterogeneity, strengthens the credibility of the observed causal relationship between DBP and RA.
Nevertheless, no substantial evidence was found to suggest that SBP exerts a significant influence on rheumatoid

arthritis.

Antihypertensive Drugs and RA

In the analysis of antihypertensive drugs and RA, adrenergic neuron blockers (OR: 0.156, 95% CI 0.047-0.514,
P=0.0023), central antihypertensives (OR: 0.416, 95% CI 0.185-0.934, P=0.0335) and PSDs and aldosterone
antagonists (OR: 0.183, 95% CI 0.065-0.512, P=0.0012) were statistically significant in the IVW method of
three antihypertensive medications, while the IVW method of the remaining nine antihypertensive medications
was not statistically significant (Figure 5). Among the heterogeneity tests, the IVW method of adrenergic neuron
blockers with RA P=0.69 and MR-Egger method P=0.49; the IVW method of central antihypertensives with RA
P=0.60 and MR-Egger method P=0.64; the IVW method of PSDs and aldosterone antagonists with RA P=0.94
and MR-Egger method P= 0.93, none of which detected significant heterogeneity. In the pleiotropy analysis, the
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Figure 5 (A-C) Results of MR analysis of the association of adrenergic neuron blockers, central blood pressure lowering drugs, PSD and aldosterone antagonists with RA.
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results of the MR pleiotropy test function of adrenergic neuron blockers with RA suggested P = 0.13, MR
PRESSO method P = 0.62; and the results of the MR _pleiotropy_test function of central antihypertensives with
RA suggested P = 0.56, MR PRESSO method P = 0.68; The results of MR_pleiotropy test function of PSDs and
aldosterone antagonists with RA suggested P = 0.31, MR PRESSO method P = 0.95, and the results all
suggested that the present study was not affected by horizontal pleiotropy. In addition, scatter plots, leave-one-
out analysis, and funnel plots obtained after MR analysis of the three antihypertensive drugs with RA further
proved the reliability of our results (Figures 6-8).

Bioinformatics Analysis

Construction of “Drug-Component-Target-Disease” Regulatory Network Diagrams

After integrating adrenergic neuron blockers, central antihypertensives, as well as PSDs and aldosterone antago-
nists with a total of 12 drug types and a total of 107 API ingredient information, 70 drug targets were obtained
by searching through the DrugBank database and the TTD, and the drug therapeutic targets and the integrated
2722 After mapping the drug therapeutic targets with the integrated 2722 targets, 15 common targets for diseases
and drug components were obtained. Cytoscape software was utilized to construct the “drug-component-target-
disease” regulatory network diagram (Figure 9). Core targets were sclected based on objective network topology
analysis, focusing on nodes with high degree centrality (number of connections) and betweenness centrality (role

as a bridge in the network). These metrics indicate the pivotal regulatory roles of the selected targets.
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Figure 6 Scatter plot of single nucleotide polymorphism. (A) Adrenergic neuron blockers with SNP-RA. (B) Central antihyper-tensives with SNP-RA. (C) PSDs and
aldosterone antagonists with SNP-RA.
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Figure 7 Leave-one-out plot of the effect of antihypertensive drugs on RA. (A) Adrenergic neuron blockers on RA (B) Central antihypertensive drugs on RA. (C) PSDs and
aldosterone antagonists on RA.

GO Function and Enrichment Analysis of Kyoto Genes and Genomic Encyclopedia Pathways

Based on the 15 common targets, GO enrichment analysis yielded a total of 68 GO-enriched entries, including
53 entries for BP, 4 entries obtained for CC, and 11 entries obtained for MF, which were plotted in graphs by
Fold Enrichment size. Related to BP were renin-angiotensin regulation of aldosterone production, angiotensin
maturation, angiotensin activation signaling pathway, endothelin receptor signaling pathway, and adrenergic
receptor signaling pathway; related to CC were caveolae-like invaginations of the plasma membrane, apical
portion of the cell, receptor complex, and cytoplasmic membrane; and related to MF were cyanamide hydratase
activity, bradykinin receptor binding, endothelin receptor activity, norepinephrine binding, and aromatic ester
activity (Figure 10). KEGG pathway enrichment showed that the drug closely interacted with several signaling
pathways such as renin secretion, cGMP-PKG signaling pathway, calcium signaling pathway, neuroactive ligand-
receptor interaction, and vascular smooth muscle contraction (Figure 11).

Molecular Docking

To further study the relationship between antihypertensive drugs and rheumatoid arthritis, we used molecular
docking to reliably study their active ingredients and potential targets. The binding between small molecule
compounds and ligands can reduce the conformations that lead to more stable conformations, thereby increasing
the possibility of their interactions. In this study, we employed the -CDOCKER score to estimate binding affinity
between ligands and targets. Lower CDOCKER binding energies typically indicate stronger ligand-receptor
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Figure 8 Funnel plot of the effect of antihypertensive drugs on RA. (A) Adrenergic neuron blocker on RA (B) Central antihy-pertensive drug on RA. (C) PSDs and
aldosterone antagonists on RA.

interactions (more negative docking scores often correspond to more stable binding conformations). Due to
variations across target systems and computational conditions, no universal absolute energy threshold exists for
all systems. Therefore, this study primarily relies on relative changes in docking results within the same system
to identify high-affinity ligands. A total of 9 core targets were selected in this study: ACE, ADRAIA, AGTRI,
ADRB2, ADA2B, CAl, CA2, SLC6A2 and EDNRB. The docking results are as follows (Figures 12 and 13).

Protein Expression of Rat EDNRB, AGTR, and -Actin

Western blot results (Figure 14) revealed significantly elevated expression levels of EDNRB and AGTR proteins in
synovial tissue from the RA model group compared to rats receiving standard treatment (methotrexate) (P < 0.001). This
indicates that the RA disease state is accompanied by abnormal upregulation of these two proteins.

A key finding was that EDNRB and AGTR protein expression levels were significantly downregulated in the
spironolactone monotherapy group compared to the model group (P < 0.01), directly demonstrating spironolactone’s
therapeutic activity. However, protein levels in the spironolactone group remained higher than those in the methotrexate
group (P < 0.05), suggesting that the intensity or mechanism of action may differ from that of standard drugs.

Discussion

We used large-scale GWAS data to examine the effects of blood pressure and antihypertensive medications on
rheumatoid arthritis. Our results show that there is no evidence that SBP has any effect on RA, whereas elevated
DBP can increase the risk of RA. In addition, we identified a causal relationship between adrenergic neuron
blockers, central antihypertensives, and PSDs and aldosterone antagonists three antihypertensive medications and
RA, and that the use of all three of them reduces the risk of RA, which has a protective effect.
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The relationship between hypertension and RA has been widely studied, with several large cohort studies
demonstrating that RA patients have a higher prevalence of hypertension compared to the general population. For
instance, Han et al reported that 34% of RA patients were hypertensive, compared to 23.4% in a control group.?’
The potential causal relationship between the two has also been the subject of investigation by researchers, with
some studies suggesting a possible association between systemic inflammation and hypertension. In a study by
Claudia et al, elevated SBP, pulse pressure, and mean arterial pressure were found to be significantly correlated
with intercellular adhesion molecule-1. Additionally, DBP and interleukin-6 (IL-6) demonstrated a significant
correlation.®® Soluble intercellular adhesion molecule-1 and IL-6 are two biomarkers that are indicative of an
inflammatory response.®’ The findings of this study indicate that elevated blood pressure may act as a stimulus
for the onset of inflammation. Further evidence by Sung KC et al demonstrated that elevated C-reactive protein
levels in hypertensive individuals may indicate an increased inflammatory burden, a feature commonly observed
in RA.*>? Furthermore, Dai et al proposed that hypertension induces high shear stress in the vasculature,
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Figure 10 GO enrichment analysis.

activating inflammatory pathways through endothelial cells, which may contribute to both arterial inflammation
and the onset of RA.**

In our study, three antihypertensive drugs, adrenergic neuron blockers, central antihypertensives, and PSDs
and aldosterone antagonists, were verified to be causally associated with RA. Nevertheless, other antihyperten-
sive medications have also been demonstrated to be potentially linked to RA, as their therapeutic efficacy may
originate, at least in part, from the reduction of inflammation associated with hypertension. Angiotensin II has
been demonstrated to elevate the levels of adhesion molecules, cytokines, and chemokines, thereby eliciting
proinflammatory effects on leukocytes, endothelial cells, and vascular smooth muscle cells. ARB, conversely,
have been demonstrated to impede the activity of inflammatory mediators, including reactive oxygen species and
C-reactive protein.'* Additionally, ARB attenuate the chronic low-grade inflammatory state associated with
hypertension by modulating immune cell activity. This includes inhibition of T cell activation and reduction of
inflammatory secretions from monocytes.>**> The mechanism of action of ARB on inflammatory processes is
comparable to that of ACEIs. ARB exert anti-inflammatory effects by inhibiting the proinflammatory actions of
angiotensin II through the selective blockade of angiotensin II receptors, particularly AT1 receptors.>® In an open
study, 15 patients with RA were treated with captopril for 48 weeks, and 10 of them reported improvement in
rheumatic symptoms, which may be related to the presence of sulfhydryl groups in captopril, similar to d -
penicillamine.*”*® CCBs reduce the activity of T and B cells by blocking the entry of calcium ions into cells.*
The inhibition of pro-inflammatory cytokine release is a key mechanism of action for both CCB and NSAIDs.
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CCB reduces inflammation levels by inhibiting calcium ion inward flow and decreasing the production of pro-
inflammatory cytokines, including tumor necrosis factor alpha and IL-6.3°

RA is a chronic systemic inflammatory disease, and adrenergic neuron blockers, especially beta-blockers, can
reduce sympathetic nervous system (SNS) overactivation by blocking beta-adrenergic receptors.*’ The sympa-
thetic nervous system regulates the immune response primarily by innervating lymphoid organs and releasing
norepinephrine and epinephrine.*' In a model of rheumatoid arthritis, the SNS mediates proinflammatory effects
through a p2-adrenergic mechanism.** Activation of SNS enhances ADRB expression in CD8+ T cells and other
immune cells by inhibiting ADRB, B-blockers can modulate these stress responses and immune cell mobilization,
reducing the inflammatory response.’® This suggests a direct anti-inflammatory action of beta-blockers by
modulating immune responses, independent of blood pressure reduction. In addition, central antihypertensive
drugs lower blood pressure mainly by stimulating central o, -adrenergic receptors causing peripheral sympathetic
inhibition.*> The central antihypertensive drugs are also known to reduce blood pressure. Thus, central anti-
hypertensives reduce the inflammatory response indirectly through blood pressure control, rather than through
a direct immune modulation mechanism. In previous studies it was indicated that aldosterone plays an active role
in proinflammation.** The anti-inflammatory potential of spironolactone, a drug used in the treatment of
aldosteronism, is indicated by its significant inhibitory effect on the transcription and release of numerous pro-
inflammatory cytokines, including tumor necrosis factor, interferon-gamma neutralizing antibody, and granulo-

cyte-macrophage colony-stimulating factor. These effects have been observed in blood cells from RA patients,
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Figure 12 Molecular docking results of drug ingredients and the corresponding protein of the gene targets.

indicating that spironolactone’s anti-inflammatory action is likely direct. Regular spironolactone treatment may
therefore inhibit these cytokines, reducing the inflammatory response in RA patients.*’

The KEGG pathway enrichment analysis revealed that the drugs exhibited a high degree of interaction with
multiple signaling pathways, including renin secretion, cGMP-PKG signaling, calcium signaling, neuroactive
ligand-receptor interaction, and vascular smooth muscle contraction. The renin inhibitor aliskiren has been
demonstrated to effectively inhibit macrophage infiltration and the expression of chemokines (eg, OPN and
MCP-1) by decreasing renin activity and lowering Ang II levels in podocytes, thereby reducing inflammatory
responses.*® ¢cGMP-PKG signaling pathway regulates multiple physiological processes such as inflammation,
vascular smooth muscle contraction, and apoptosis through the c¢GMP-PKG phosphorylation function.*’
Furthermore, evidence indicates that the cGMP signaling pathway plays a role in modulating the inflammatory
response by inhibiting T cell activation.*® The calcium signaling pathway plays a pivotal role in maintaining
calcium concentration homeostasis and cell signaling in vivo. It also regulates selective lipopolysaccharide
induced macrophage function by activating protein kinase C, which participates in host defense and inflamma-
tion. Additionally, protein kinase C promotes IkBa re-synthesis, temporarily inhibiting NF-«kB activity and thus
participating in the inflammatory response.*”° Several network pharmacology studies have indicated that
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Figure 13 The results of molecular docking between the core targets and core ingredients (Four of the most strongly affinitive results). (A) ADRAIA-labetalol(-CDOCKER
Interaction Energy: 61kcal/mol), (B) AGTRI-eprosartan(-CDOCKER Interaction Energy: 73kcal/mol), (C) AGTR I-telmisartan(-CDOCKER Interaction Energy: 7l kcal/mol),
(D) SLC6A2-guanethidine(-CDOCKER Interaction Energy: 61kcal/mol).

neuroactive ligand-receptor interactions are also important in RA, modulating both inflammation and
analgesia.’' >* Furthermore, several studies have shown that the MAPK and PI3K/Akt pathways interact with
vascular smooth muscle contraction signaling, with drugs like CCBs reducing inflammation and vascular

reactivity, thus influencing both hypertension and RA.>*>°

Our molecular docking analysis identified three key targets—ADRA1A, AGTRI1, and SLC6A2—that may
play significant roles in the interaction between antihypertensive drugs and RA. ADRAIA, a subtype of the
alpha-1 adrenergic receptor, regulates vascular smooth muscle contraction and is involved in sympathetic nervous
system activation, which exacerbates inflammation in RA.’®’ Blocking ADRAIA with adrenergic neuron
blockers may reduce this activation and modulate immune responses, potentially decreasing RA-related inflam-
mation. AGTR1, a component of the renin-angiotensin system, is involved in both blood pressure regulation and
inflammatory processes.’® Targeting AGTR1 with ARB can lower blood pressure and inhibit proinflammatory
pathways, offering a dual therapeutic effect for RA. SLC6A2, responsible for norepinephrine reuptake, regulates
sympathetic tone.”® By targeting SLC6A2, antihypertensive drugs may reduce excessive norepinephrine levels,
attenuating inflammation in RA.

Our study has the following strengths: (1) The use of MR to study the effects of blood pressure and antihypertensive
medications on RA largely reduces bias and confounders. (2) We used publicly available data in conjunction with our

study design to screen instrumental variables, ensuring maximum reliability of instrumental variable estimates. (3) We
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Figure 14 (A—C) Relative protein expression of EDNRB, AGTR, and B-actin in rat synovial tissue. Compared with the model group, ***P < 0.001, **P < 0.01; compared
with the methotrexate group, #P < 0.05.

further validated the reliability of the Mendelian findings through web-based pharmacological screening and molecular
docking techniques.

It should be noted that this study is not without limitations. Firstly, the GWAS data used were limited to
individuals of European ancestry, which precludes any exploration of the effects of blood pressure and anti-
hypertensive medications on an ethnically diverse population. This limits the generalizability of the findings and
may introduce bias due to population-specific genetic structures. Secondly, the assumption underlying MR is that
genetic effects are independent of environmental factors. However, there is evidence to suggest that gene-
environment interactions may influence disease onset and progression. Failure to consider these interactions
may result in biased outcomes. Third, MR studies typically concentrate on the cumulative effects of lifetime
exposures rather than the immediate effects of short-term exposures. However, the effects of drugs are typically
observed within a relatively short period of time. As a result, the effect sizes observed in our study may not be
directly comparable to those reported in clinical trials or observational studies. For instance, the genetic
predisposition might lead to more permanent changes in blood pressure regulation, while the effects of medica-
tion could be reversible or less pronounced once the treatment is discontinued. Fourth, different classes of
antihypertensive drugs have distinct mechanisms and may influence RA risk through various pathways. As
a result, a single IVW analysis may not fully capture their effects on RA. Furthermore, despite employing
rigorous sensitivity analyses (MR-Egger test, MR-PRESSO test) and finding no evidence of horizontal pleiotropy,
the possibility of residual pleiotropy cannot be entirely ruled out. Undetected pleiotropic pathways may influence
causal estimation results. Fifth, antihypertensive drugs primarily reduce cardiovascular risk by controlling blood
pressure, whereas RA is a chronic inflammatory disease. Although some antihypertensive drugs may indirectly
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impact RA progression through blood pressure control, they do not directly target RA’s inflammatory mechan-
isms, which may account for the lack of significant statistical findings.

Conclusion

The objective of this study was to investigate the impact of blood pressure and antihypertensive medications on
the development of rheumatoid arthritis. To achieve this, we employed the technique of MR. The results of our
study indicate that elevated DBP is a significant risk factor for rheumatoid arthritis. Among the antihypertensive
drugs, adrenergic neuron blockers, central antihypertensives, and PSDs and aldosterone antagonists have been
identified as having beneficial effects on rheumatoid arthritis. Finally, the Mendelian results for the drugs and
diseases were mined using network pharmacology, analyzed using GO and KEGG enrichment, and validated
through molecular docking technology. These techniques were employed to further verify the reliability of the
Mendelian results. These analyses suggest that these three classes of antihypertensive drugs may have potential
therapeutic implications for RA, particularly in RA patients with concomitant hypertension. However, it is
important to note that drug-target MR indicates association rather than clinical efficacy, and clinical trials
would be necessary to confirm the therapeutic effectiveness of these drugs in RA treatment. We suggest
exploring their combination with traditional RA treatments (such as anti-inflammatory drugs or immunosuppres-
sants) to improve treatment outcomes, and conducting randomized controlled clinical trials to verify the actual
efficacy of these drugs in RA patients, especially in terms of reducing disease activity and improving prognosis.
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