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Background: Observational studies have demonstrated the correlation between various inflammatory proteins and osteoarthritis
(OA). However, the causal relationship and directionality between them are still unclear. This study aims to analyze the potential
causal relationship between circulating inflammatory proteins and OA using Mendelian randomization (MR) analysis.

Methods: This study used bidirectional two-sample MR analysis, employing the inverse variance-weighted as the primary MR
method. The GWAS summary data for OA were derived from The Musculoskeletal Knowledge Portal, while the GWAS summary data
for 91 circulating inflammatory proteins were obtained from a recently published study. Furthermore, this study used two transcrip-
tomic cohorts from the GEO database to explore differentially expressed inflammation-related genes (IRGs) in OA and identify key
inflammatory markers.

Results: This study provides suggestive evidence. The forward two-sample MR analysis found that the levels of urokinase-type
plasminogen activator, adenosine deaminase, C-C motif chemokine 19, interleukin-10 receptor subunit alpha and latency-associated
peptide transforming growth factor beta 1 have causal effects on lower risk of OA, and the levels of fractalkine, C-X-C motif
chemokine 1, hepatocyte growth factor and interleukin-8 have causal effects on higher risk of OA. Reverse two-sample MR analysis
showed that hip OA has causal effects on the increased levels of caspase 8, protein S100A12, interleukin-10 receptor subunit alpha,
interleukin-7 and monocyte chemoattractant protein 2 and a causal effect on the decreased level of fms-related tyrosine kinase 3
ligand. Knee OA has a causal effect on the increased level of monocyte chemoattractant protein-3 and decreased level of interleukin-
1-alpha respectively. Furthermore, we identified six key OA-related IRGs through comprehensive transcriptomic analysis, which could
serve as potential diagnostic biomarkers for OA.

Conclusion: This study supports the causal relationship between OA and specific circulating inflammatory proteins and develops
potential OA-related inflammatory biomarkers.

Keywords: osteoarthritis, circulating inflammatory proteins, Mendelian randomization study, causal relationship, inflammation-

related genes, biomarker

Introduction

Osteoarthritis (OA) is characterized by the wear and narrowing of joint cartilage. It is a whole joint disease involving all
joint tissues, including degeneration of menisci, subchondral bone remodeling and changes in the infrapatellar fat pad.>~
Severe OA can lead to disability and have a detrimental impact on patients’ quality of life and lifespan.*’ Specifically,
OA is primarily characterized by chronic joint pain, often described as a dull ache that worsens with activity and
improves with rest, but may progress to persistent pain even at rest due to cartilage degradation and synovial
inflammation.® This pain, along with morning stiffness (typically <30 minutes) and functional impairment, significantly

Journal of Pain Research 2025:18 3383-3402 3383
Received: 11 March 2025 © 2025 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 28 June 2025
Published: 4 July 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0009-9756-565X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Lin et al

reduces mobility and quality of life, particularly in weight-bearing joints like knees and hips.” OA can affect any synovial
joint in the body, but knee OA and hip OA are the most common types in clinical practice.'® Although current research
suggests that obesity, previous joint injuries, age, and joint deformities are potential risk factors for OA,? the specific
mechanisms of disease development are not completely understood. The high prevalence of OA affects hundreds of
millions of people worldwide, and in some developed countries, the cost of treating OA accounts for more than 2% of the
gross domestic product.'""'? Furthermore, with the aging population and increasing prevalence of obesity, the incidence
and total treatment costs of OA are expected to rise continuously.'® Given the significant economic burden that OA
imposes on society, there is an urgent need for in-depth research on its specific etiology and the development of new
treatment approaches and diagnostic markers to address OA."*

Inflammation is the physiological response of the body to external injury or infection,'” but abnormal inflammation
can also cause damage to the body and trigger various diseases.'®'” The inflammatory response is mediated by a complex
network of inflammatory cells and mediators, including cytokines and soluble receptors.'> Exploring the causal relation-
ship between inflammation-related circulating proteins and diseases is of great significance. For example, a previous
research has found a link between CD40 and the pathogenesis of rheumatoid arthritis and multiple sclerosis.'® The
prevailing view is that inflammation plays a crucial role in the development of OA.'? Preliminary animal models and cell
line experiments also provide evidence of a close connection between inflammation and OA.?° Inflammation drives OA
progression by activating synovial macrophages and fibroblasts, which release pro-inflammatory cytokines (eg, IL-1B,
TNF-a). These cytokines promote cartilage degradation via upregulation of MMPs, while also suppressing chondrocyte
anabolic activity.”' Chronic inflammation further induces synovitis and subchondral bone remodeling, exacerbating joint
dysfunction.”> ?* Conclusions based on observational studies may be biased by confounding factors and reverse
causality.”> Therefore, the true causal relationship between circulating inflammatory proteins and OA is still unclear.
Although randomized controlled trials (RCTs) are considered the highest level of evidence to evaluate causal
relationships,”® there are challenges in determining the causal effect between inflammatory proteins and OA through
RCTs in practical implementation.

Mendelian randomization (MR), as an alternative approach to RCTs, has been widely employed to explore causal
relationships between exposures and outcomes.?’ >° MR is based on the summary data of genome-wide association
studies (GWAS), using single nucleotide polymorphisms (SNPs) as instrumental variables (IVs).*' By following the
principle of random allocation of genetic variation at the time of conception, MR largely avoids confounding factors
and reverse causation issues commonly encountered in observational studies.’’*® Previous MR studies have
conducted preliminary explorations into the association between inflammatory proteins and OA. Zhang et al
employed the MR method to investigate the causal association between 41 inflammatory cytokines and KOA.*?
Xu et al identified causal effects of six inflammatory cytokines on KOA but did not perform a reverse MR
analysis.*® Lin et al determined two inflammatory proteins with causal relationships to KOA and three with causal
relationships to HOA, but the GWAS summary data for OA was sourced from a small sample cohort.** In this study,
we conducted the bidirectional two-sample MR analysis based on the latest GWAS cohort of 91 circulating
inflammatory proteins and the largest OA GWAS cohort to date, aiming to comprehensively explore the causal
relationship between circulating inflammatory proteins and different types of OA, including OA at any sites, KOA
and HOA.

Gene expression profiling based on transcriptome sequencing has recently been widely used in biomedical and
clinical research and has become an important tool for biomarker development. Several studies based on transcriptome
sequencing have successfully identified OA-related biomarkers. For example, Sun et al identified HTRA1, DPT and
MXRAS as potential biomarkers for OA based on transcriptome sequencing in a recent study.*® A study identified three
tryptophan metabolism-related biomarkers (TDO2, AOXI, and SLC3A2) in OA through transcriptome analysis.>®
However, despite the recognized potential importance of inflammation in the pathogenesis of OA, inflammation-
related biomarkers for OA have yet to be developed. In the current study, we used transcriptomic data and comprehensive
bioinformatics approaches to identify important inflammatory markers in OA. This exploratory analysis aims to provide
new insights into the pathogenesis and diagnosis of OA.
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Methods

Study Design and Data Sources
This study conducted two-sample MR analysis based on three key assumptions of MR: (1) IVs are significantly
associated with the exposure; (2) IVs are not related to confounders that affect the association between exposure and
outcome; (3) IVs are not directly associated with the outcome.?” The overview of the study design and the three key
assumptions were shown in Figure 1. Firstly, a two-sample MR analysis was conducted using circulating inflammatory
proteins as the exposure and OA as the outcome. Then, a reverse two-sample MR analysis was performed using OA as
the exposure and circulating inflammatory proteins as the outcome.

In addition to the most common HOA and KOA, we also included the data of OA at any sites to gain a more
comprehensive understanding of the association of inflammatory proteins with OA. The GWAS summary data for OA at

any sites, hip OA, and knee OA were sourced from The Musculoskeletal Knowledge Portal.*®

This is the largest genome-
wide meta-analysis for OA to date, comprising 826,690 individuals. GWAS summary data of 177,517 cases with OA at
any sites, 36,445 cases with hip OA, and 62,497 cases with knee OA were included in this study. The GWAS summary

1,'® which included 91 inflammatory

data of circulating inflammatory proteins was from the latest study by Zhao et a
proteins and involved a total of 14,824 participants. Full per-inflammatory protein GWAS summary data are available for
download at GWAS catalog (https://www.ebi.ac.uk/gwas/publications/37563310). GWAS data have been standardized in

the source publications. Supplementary Table S1 summarized the definitions, cases, controls, descent, and sources for

each trait. As described previous.ly,17 we obtained the IRGs from the GeneCards database (https://www.genecards.org)

and applied specific filters, including the requirement for protein-coding genes and relevance scores exceeding 5. Finally,
we identified a total of 394 IRGs (Supplementary Box 1). The most recent OA microarray dataset (GSE236924) was
sourced from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds), featuring normalized

gene expression data from 89 OA patients and 7 control subjects.’® Furthermore, the GSE114007 cohort was also
retrieved from the GEO database, consisting of normalized RNA-Seq data from 20 OA samples and 18 healthy
controls.*® According to the description of the source publications, patients with a clear diagnosis of OA can be included,
while the control group needs to be from normal people with no history of joint disease or trauma. The samples of
GSE114007 are from joint tissues of KOA patients, while those of GSE236924 are from joint tissues of KOA or HOA
patients. The data used in this study were from previous publications and public databases, so no ethical approval or
informed consent was required.

Selection of Genetic Instrumental Variables

When using circulating inflammatory proteins as exposures, the traditional genome-wide significance threshold of P <
5x107® resulted in a large number of inflammatory proteins not obtaining significant SNPs. In order to include
a sufficient number of SNPs as IVs, this study used a genome-wide significance threshold of P < 1x107°. It is important

Assumption 2

X Confounders

Assumption 1

Exposure Outcome
Instrumental 1.Inflammatory 1.0A
variables proteins 2.Inflammatory
2.0A proteins

bS

Assumption 3

Figure | Mendelian randomization study design. OA, osteoarthritis.
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to note that this may increase the risk of including weak IVs. To remove linkage disequilibrium among IVs, a clumping
distance of 10,000 kb and R? < 0.001 were utilized to assess SNPs during the clumping process. Furthermore, to avoid
weak instrument bias, SNPs with F statistics < 10 were excluded. We ensured the harmonization of SNPs between the
exposure and outcome variables, guaranteeing that they corresponded to the same alleles. SNPs closely associated with
the outcome (P < 5x107°) and palindromic SNPs were also eliminated. To rule out reverse causal associations, we
performed Steiger tests and excluded SNPs failing the test. When using OA at any sites, hip OA and knee OA as
exposures, the traditional genome-wide significance threshold of P < 5x10™® was used for selection IVs and other
thresholds and parameters were maintained. One of the key assumptions in MR analysis is that a SNP influences the
outcome exclusively through its effect on the exposure. If the SNP is linked not only to the exposure but also to potential
confounding factors that could impact the outcome, this can introduce bias into the observed relationship between
exposure and outcome, thereby violating the assumption 2 of MR analysis (Figure 1). In this study, the PhenoScanner
database (http://phenoscanner.medschl.cam.ac.uk/) was used to detect the association between SNPs and any potential

confounders (such as obesity) and SNPs related to confounders were excluded. The selected and excluded SNPs
associated with confounders in this study were summarized in Supplementary Tables S2 and S3.

MR Analysis

Five popular MR analysis methods were employed to explore the causal association between circulating inflammatory
proteins and OA, including inverse variance-weighted (IVW),*' MR-Egger regression,** weighted median,*’ weighted
mode** and MR-PRESSO.** A previous study has shown that the IVW method is more powerful than other methods
under certain conditions.** Therefore, this study focuses on the results of the IVW method, while the other four methods
are used as supplementary. The MR-Egger intercept and MR-PRESSO were used to assess horizontal pleiotropy, with
a Pintercept < 0.05 or a Global Test P < 0.05 in MR-PRESSO indicating the presence of horizontal pleiotropy. MR-
PRESSO was also used to remove outliers. Cochran’s Q test in IVW was used to assess the heterogeneity among the
included SNPs in each analysis, and a P <0.05 suggests high heterogeneity. Leave-one-out analysis was also performed
to detect SNP outliers. Forward and reverse MR analyses used different SNPs due to different exposures and both tested
key MR assumptions.

Differential Expression Analysis

The identification of differentially expressed IRGs (DEIRGs) was conducted using the linear models for microarray data
(Limma) method, which employs linear models tailored for microarray data. In this study, the R package “limma”
(version 3.64.0) was utilized to perform differential expression analysis and identify DEIRGs between OA and control
samples in GSE236924 and GSE114007.%° The criteria established for screening included a p-value of less than 0.05 and
a |[Fold Change (FC)| greater than 1.5. Then, the intersection of DEIRGs in GSE236924 and GSE114007 was taken as the
final DEIRGs.

Enrichment Analysis of OA-Related IRGs
Enrichment analyses for Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were

conducted using the R package “clusterProfiler” (version 4.16.0).*” Statistical significance was defined with a p-value of
less than 0.05 and a false discovery rate (FDR) of less than 0.05. The GO enrichment analysis encompassed biological
processes (BP), molecular functions (MF), and cellular components (CC).

The Identification of Key OA-Related IRGs
Initially, the final DEIRGs were input into the STRING database (https://string-db.org/) to create the protein—protein
interaction (PPI) network using the default settings.*® The visualization of this PPI network was then performed with

Cytoscape software (version 3.9.0). Additionally, we employed three algorithms—betweenness, closeness, and degree—
within Cytoscape to pinpoint the top 20 hub genes in the PPI network. The intersection of the hub genes identified by
these algorithms was considered the key hub gene. Lastly, the random forest algorithm was applied to determine the most
significant key hub genes, referred to as key OA-related IRGs, based on the mean decrease accuracy metric.
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Statistical Analysis

All statistical analyses were performed using R software (version 4.3.3). The TwoSampleMR (version 0.5.7),
MendelianRandomization (version 0.8.0), and MRPRESSO (version 1.0) packages were used for all MR analyses.
A suggestive causal association was defined as a p <0.05. Due to the exploratory nature of this study, adjusted p-values
were not employed. Differences between the two groups were assessed using the Wilcoxon rank sum test, with a p <0.05
deemed statistically significant. The R package “pROC” (version 1.18.5) was utilized to generate receiver operating
characteristic (ROC) curves and calculate the area under the curve (AUC). Unless otherwise specified, default parameters
were used.

Results

Causal Effects of Circulating Inflammatory Proteins on OA
First, we conducted the forward two-sample MR analysis using 91 circulating inflammatory proteins as exposures and OA at any
sites, hip OA, and knee OA as outcomes. All results were summarized in Supplementary Tables S4-S6. In addition, the causal

effects of all 91 inflammatory proteins on OA based on [IVW analysis were presented as a heatmap in Supplementary Figure S1.

As shown in Figure 2, after excluding SNPs related to confounders, [IVW analysis indicated that urokinase-type plasminogen
activator (PLAU) levels have a potential protective effect on OA at any sites (OR = 0.97, 95% CI = 0.94~1.00, p = 0.040), and
adenosine deaminase (ADA) levels (OR = 0.96, 95% CI = 0.92~0.99, p = 0.017) and C-C motif chemokine 19 (CCL19) levels
(OR = 0.94, 95% CI = 0.89~0.99, p = 0.027) also have potential protective effects on hip OA. For knee OA, IVW analysis

Exposure Outcome No.of SNP Method OR(95% Cl) P Plei py (p value) H ity (Q, p value)
Urokinase-type plasminogen activator levels OA at any sites 33 WA 0.97 (0.94 to 1.00) ] 0.040 46.460; 0.0474
MR Egger 0.97 (0.91 to 1.03) : 0.304 0.946
Weighted median 0.95 (0.91 to 1.00) 0.036
Weighted mode  0.95 (0.90 to 0.99) : 0.035
MR-PRESSO  0.97 (0.94 to 1.00) { 0.047 0.053
Adenosine Deaminase levels Hip OA 24 vw 0.96 (0.92 to 0.99) 0.017 19.321; 0.682
MR Egger 0.97 (0.93 to 1.01) 0.191 0.322
Weighted median 0.95 (0.91 to 1.00) ] 0.033
Weighted mode  0.95 (0.91 to 0.99) ' 0.028
MR-PRESSO  0.96 (0.93 to 0.99) ] 0.016 0.686
C-C motif chemokine 19 levels Hip OA 35 VW 0.94 (0.89 to 0.99) 0.027 19.818; 0.975
MR Egger 0.92 (0.82 to 1.04) ; 0.181 0.719
Weighted median 0.92 (0.86 to 1.00) { 0.045
Weighted mode 0.94 (0.79 to 1.11) 0.471
MR-PRESSO  0.94 (0.90 to 0.98) : 0.007 0.969
Fractalkine levels Knee OA 24 vw 1.07 (1.01 t0 1.13) 0.014 16.420; 0.837
MR Egger 1.09 (0.95 to 1.25) 0.226 0.798
Weighted median 1.06 (0.98 to 1.15) ; 0.121
Weighted mode  1.04 (0.91 to 1.19) ' 0.599
MR-PRESSO  1.07 (1.02t0 1.12) 0.008 0.845
C-X-C motif chemokine 1 levels Knee OA 23 WA 1.04 (1.00 to 1.09) + 0.041 19.557; 0.661
MR Egger 1.05 (0.98 to 1.11) : 0.186 0.937
Weighted median 1.04 (0.99 to 1.10) x 0.120
Weighted mode  1.05 (0.99 to 1.11) : 0.129
MR-PRESSO 1.04 (1.00 to 1.08) 0.042 0.684
Hepatocyte growth factor levels Knee OA 28 vw 1.10 (1.03 to 1.17) p 0.005 40.842; 0.0426
MR Egger 1.05 (0.92 to 1.19) : 0.467 0.447
Weighted median 1.11 (1.02 to 1.20) . 0.012
Weighted mode  1.15 (1.00 to 1.33) ; 0.065
MR-PRESSO  1.10 (1.03 to 1.17) ; 0.010 0.051
Interleukin—10 receptor subunit alpha levels Knee OA 18 WA 0.93 (0.88 to 0.99) i 0.013 12.758; 0.752
MR Egger 0.97 (0.85t0 1.11) : 0.663 0.524
Weighted median 0.93 (0.86 to 1.00) ] 0.044
Weighted mode 0.92 (0.79 to 1.07) 0.278
MR-PRESSO  0.93 (0.89 to 0.98) 0.011 0.769
Interleukin-8 levels Knee OA 28 W 1.06 (1.01to0 1.12) b 0.032 31.709; 0.243
MR Egger 1.06 (0.95 to 1.19) : 0.284 0.954
Weighted median 1.06 (0.99 to 1.14) 0.108
Weighted mode 1.08 (0.94 to 1.23) 0 0.278
MR-PRESSO 1.06 (1.01 t0 1.12) 0.041 0.266
Latency-associated peptide transforming growth factor beta 1 levels Knee OA 29 VW 0.94 (0.90 to 0.99) 1 0.015 25.283; 0.612
MR Egger 0.92 (0.83 to 1.02) : 0.134 0667
Weighted median 0.95 (0.88 to 1.02) 0.138
Weighted mode 0.98 (0.86 to 1.11) 0 0.728
MR-PRESSO  0.94 (0.90 to 0.99) : 0.016 0.635

T 1 T 1 T
-04-02 0 0204
10g2(OR(95%Cl))

Figure 2 Positive MR results of causal effects of circulating inflammatory proteins on OA. The X-axis of the forest plot is log2 transformed.
Abbreviations: OA, osteoarthritis; OR, odds ratio; Cl, confidence interval; MR, Mendelian randomization; SNP, single nucleotide polymorphisms; IVW, inverse-variance
weighted; MR-PRESSO, MR pleiotropy residual sum and outlier.
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revealed that fractalkine (known as CX3CL1) levels (OR = 1.07, 95% CI = 1.01~1.13, p = 0.014), C-X-C motif chemokine 1
(CXCLY1) levels (OR = 1.04, 95% CI = 1.00~1.09, p = 0.041), hepatocyte growth factor (HGF) levels (OR = 1.10, 95% CI =
1.03~1.17, p = 0.005) and interleukin-8 (IL8) levels (OR = 1.06, 95% CI = 1.01~1.12, p = 0.032) have suggestive casual
associations with the occurrence of knee OA, while interleukin-10 receptor subunit alpha (IL10RA) levels (OR =0.93, 95% CI =
0.88~0.99, p = 0.013) and latency-associated peptide transforming growth factor beta 1 (TGFBI1) levels (OR = 0.94, 95% CI =
0.90~0.99, p = 0.015) have potential protective effects on knee OA. The results of the other four supplementary MR analyses all
supported the findings of the [VW analysis (Figure 2). Scatter plots of the above causal relationships were shown in Figure 3.
Further, we conducted sensitivity analyses. MR Egger intercept and MR PRESSO indicated that there was no evidence of
horizontal pleiotropy (Figure 2, all Pggger intercept > 0.05 and P-pressso global test > 0.05). IVW heterogeneity analysis showed
that except for Urokinase-type plasminogen activator levels in OA at any sites (P = 0.0474) and hepatocyte growth factor
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Figure 3 The scatter plots of causal effects of circulating inflammatory proteins on OA at any sites (A), Hip OA (B), and knee OA (C).
Abbreviations: MR, Mendelian randomization; OA, osteoarthritis; SNP, single nucleotide polymorphisms.
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levels in knee OA (P = 0.0426), which showed mild heterogeneity, there was no heterogeneity in other causal associations
(P >0.05). In addition, the leave-one-out analysis indicated that that there were no outlier SNPs (Figure 4).

Bidirectional Causal Effects Between Circulating Inflalmmatory Proteins and OA
To evaluate reverse causal effects, we performed a reverse two-sample MR analysis using OA at any sites, hip OA, and
knee OA as exposures and 91 circulating inflammatory proteins as outcomes. The results of the reverse two-sample MR
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Abbreviations: MR, Mendelian randomization; OA, osteoarthritis.
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analysis were summarized in Supplementary Tables S7-S9. The causal effects of OA on all 91 inflammatory proteins

based on IVW analysis were presented as a heatmap in Supplementary Figure S2. The IVW analysis failed to identify any

causal effects of OA at any sites on circulating inflammatory proteins (Supplementary Table S7). As shown in Figure 5,
the IVW analysis revealed causal effects of hip OA on increased levels of caspase 8 (CASP8) (OR = 1.07, 95% CI =
1.00~1.15, p = 0.046), protein SI00A12 (OR = 1.08, 95% CI = 1.00~1.15, p = 0.037), IL10RA (OR = 1.09, 95% CI =
1.01~1.19, p = 0.029), interleukin-7 (IL7) (OR = 1.08, 95% CI = 1.01~1.16, p = 0.028), and monocyte chemoattractant
protein 2 (MCP2) (OR = 1.09, 95% CI = 1.02~1.17, p = 0.015). It also identified a causal effect of hip OA on reduced
levels of fms-related tyrosine kinase 3 ligand (FLT3LG) (OR = 0.93, 95% CI = 0.87~1.00, p = 0.045). For knee OA,
IVW analysis showed that there was a causal association between knee OA and decreased levels of interleukin-1-alpha
(IL1A) (OR = 0.88, 95% CI = 0.78~0.99 p = 0.033), as well as a causal association between knee OA and increased
levels of monocyte chemoattractant protein-3 (MCP3) (OR = 1.16, 95% CI = 1.02~1.31, p = 0.021). The results of the
other four MR analyses all supported the results of the IVW analysis (Figure 5). Scatter plots of the above causal

relationships were shown in Figure 6.

For the sensitivity analysis of the causal associations mentioned above, neither MR Egger intercept nor MR PRESSO
identified horizontal pleiotropy (Figure 5, all P_ggeer intercept > 0.05 and P-pressso globat test > 0.05). IVW heterogeneity
analysis also did not detect heterogeneity (all P >0.05). Further, leave-one-out analysis revealed that there were no
outlier SNPs (Figure 7).

Exposure Outcome No.of SNP Method OR(95% ClI) P Pleiotropy (p value) Heterogeneity (Q, p value)
Hip OA Caspase 8 levels 26 A 1.07 (1.00 to 1.15) ' 0.046 17.215; 0.874
MR Egger 1.02 (0.82 to 1.28) 1 0.850 0.656
Weighted median 1.06 (0.97 to 1.16) : 0.200
Weighted mode 1.04 (0.87 to 1.24) 0.691
MR-PRESSO 1.07 (1.01 to 1.14) ¥ 0.024 0.88
Hip OA Protein S100-A12 levels 27 A% 1.08 (1.00 to 1.15) 0.037 23.467; 0.606
MR Egger 1.15 (0.92 to 1.43) ; 0.233 0.555
Weighted median 1.08 (0.98 to 1.19) 0.139
Weighted mode 1.09 (0.88 to 1.35) 0.414
MR-PRESSO 1.08 (1.01 to 1.15) | 0.037 0.589
Hip OA Fms-related tyrosine kinase 3 ligand levels 26 vw 0.93 (0.87 to 1.00) 0.045 15.993; 0.915
MR Egger 0.94 (0.76 to 1.17) : 0.598 0.917
Weighted median 0.95 (0.86 to 1.04) ' 0.268
Weighted mode  0.96 (0.81 to 1.13) . 0.634
MR-PRESSO  0.93 (0.88 to 0.98) { 0.019 0.917
Hip OA Interleukin—10 receptor subunit alpha levels 23 A% 1.09 (1.01 to 1.19) 0.029 7.605; 0.998
MR Egger 1.01 (0.78 to 1.30) 0.966 0.502
Weighted median 1.09 (0.98 to 1.21) ¢ 0.121
Weighted mode 1.08 (0.91 to 1.27) 0.380
MR-PRESSO 1.09 (1.04 to 1.15) H 0.001 0.998
Hip OA Interleukin-7 levels 27 WA 1.08 (1.01 to 1.16) 0.028 25.628 ; 0.484
MR Egger 1.03 (0.83 to 1.29) : 0.776 0.683
Weighted median 1.13 (1.03 to 1.24) : 0.012
Weighted mode  1.20 (1.00 to 1.43) 0.061
MR-PRESSO 1.08 (1.01 to 1.15) i 0.036 0.494
Hip OA Monocyte chemoattractant protein 2 levels 26 VW 1.09 (1.02 to 1.17) 0.015 22.810; 0.589
MR Egger 1.19 (0.95 to 1.48) 0.139 0.428
Weighted median 1.17 (1.06 to 1.29) H 0.003
Weighted mode  1.21 (1.00 to 1.47) ; 0.060
MR-PRESSO 1.09 (1.02 to 1.16) 0.018 0.587
Knee OA Interleukin—1-alpha levels 21 vw 0.88 (0.78 to 0.99) { 0.033 13.093; 0.873
MR Egger 0.68 (0.35to 1.33) 0.275 0.466
Weighted median 0.88 (0.74 to 1.03) T 0.121
Weighted mode 0.87 (0.63 to 1.19) 0.393
MR-PRESSO  0.88 (0.79 to 0.97) 0.016 0.861
Knee OA Monocyte chemoattractant protein—3 levels 19 VW 1.16 (1.02 to 1.31) E 0.021 7.936; 0.980
MR Egger 1.09 (0.55 to 2.15) 0.811 0.854
Weighted median 1.15 (0.96 to 1.37) : 0.119
Weighted mode  1.08 (0.82 to 1.43) : 0.588
MR-PRESSO 1.16 (1.07 to 1.26) ' 0.003 0.983

| U
-15-1-050 05 1
log2 (OR(95%Cl))

Figure 5 Positive MR results of causal effects of OA on circulating inflammatory proteins. The X-axis of the forest plot is log2 transformed.
Abbreviations: OA, osteoarthritis; OR, odds ratio; Cl, confidence interval; MR, Mendelian randomization; SNP, single nucleotide polymorphisms; VW, inverse-variance
weighted; MR-PRESSO, MR pleiotropy residual sum and outlier.
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Figure 6 The scatter plots of causal effects of Hip OA (A), and knee OA (B) on circulating inflammatory proteins.
Abbreviations: MR, Mendelian randomization; OA, osteoarthritis; SNP, single nucleotide polymorphisms.

The ldentification of OA-Related IRGs

The previous results confirmed the bidirectional causal relationship between inflammatory proteins and OA, and we
further hope to explore inflammatory biomarkers associated with OA. By comparing the expression of IRGs between the
OA group and the normal group in the GSE236924 cohort, we identified 92 DEIRGs, of which 75 IRGs were upregulated
in OA and 17 IRGs were downregulated in OA (Supplementary Table S10). Figure 8A showed the top 10 upregulated
and downregulated IRGs in a heatmap, and Figure 8B showed all DEIRGs in a volcano plot. Similarly, in the
GSE114007 cohort, we identified 122 DEIRGs, of which 82 IRGs were upregulated and 40 IRGs were downregulated
in OA (Supplementary Table S11). Figure 8C showed the top 10 upregulated or downregulated IRGs in the GSE114007
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Figure 7 Leave-one-out plots for two sample MR results of causal effects of Hip OA (A), and knee OA (B) on circulating inflammatory proteins. Forest plot of causal
estimates omitting each variant in turn.
Abbreviations: MR, Mendelian randomization; OA, osteoarthritis.

cohort, and Figure 8D showed all DEIRGs in a volcano plot. Subsequently, by taking the intersection of DEIRGs from
GSE236924 and GSE114007, we ultimately identified 48 OA-related IRGs (Figure 8E and Supplementary Table S12).

Functional Enrichment Analysis of OA-Related IRGs

We performed functional enrichment analysis on 48 OA-related IRGs to explore their potential functions. These OA-
related IRGs were mainly enriched in immune-related biological processes such as “immune system process” and
“inflammatory response” in the GO BP terms (Figure 9A). In terms of GO CC, they were enriched in vesicle-related
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Figure 8 The identification of DEIRGs in OA. (A) The heatmap shows the expression of the top 10 up- and down-regulated IRGs in GSE236924. The red block indicates
upregulation, reflecting increased gene expression in OA, whereas the blue block indicates downregulation, indicating decreased gene expression. (B) Volcano plot of all
DEIRGs between OA group and normal group in GSE236924, with significantly upregulated labelled in red and downregulated in green. (C) The heatmap shows the
expression of the top 10 up- and down-regulated IRGs in GSEI14007. The red block indicates upregulation, reflecting increased gene expression in OA, whereas the blue
block indicates downregulation, indicating decreased gene expression. (D) Volcano plot of all DEIRGs between OA group and normal group in GSEI 14007, with significantly
upregulated labelled in red and downregulated in green. (E) The intersection of IRDEGs between GSE236924 and GSE| 14007.

Journal of Pain Research 2025:18

https:

3393



Lin et al

A GO BP B GO CC

vesicle -

immune system process +

cellular response to chemical _| Count plasma membrane part - .
stimulus -
20
response to organic substance - * cytoplasmic vesicle | [ )
o 25
cell surface receptor signaling L intracellular vesicle 4
pathway | [ ® 30 [ )
response to external stimulus - ol cytoplasmic vesicle part 4 o
defense response - -log10(pvalue) integral component of plasma membrane -
18
. intrinsic component of plasma 8
cell adhesion o t 19 P mer‘r)lbrane - [ ]
9
" 20
inflammatory response | . cell surface 10
21

regulation of response to :t)i(rtri:?:sl i . .: 22 side of membrane | "

external side of plasma membrane -

leukocyte cell-cell adhesion |

T T T
0.4 0?5 0‘6 0?7 0?8 02 0.3 04 0.5 06

GeneRatio GeneRatio
Cc GO MF D KEGG
signaling receptor binding — Cytokine-cytokine receptor interaction 4
Count
molecular function regulator | [ ] 6 Cell adhesion molecules (CAMs) - ()
*r8
receptor ligand activity — e 10 NF-kappa B signaling pathway - .
° 12
receptor regulator activity —{ 14 Leukocyte transendothelial migration .
O
cytokine activity - . . 18 Leishmaniasis [ )
cytokine receptor binding — -log10(pvalue) Rheumatoid arthritis - -log10(pvalue)
5.0
cytokine binding - 6 Osteoclast differentiation | [ ) .
coreceptor activity — 7 Phagosome [ ] 60
6.5
virus receptor activity . 8 Staphylococcus aureus infection 4 [ ) 7.0
9 . .
hijacked molecular function 4 - Intestinal immune nemg:géﬁg%ﬁ 1 @
T T T T T T T T T T T T T T
0.10 0.15 020 025 0.30 0.35 0.40 012 0.14 0.16 0.8 020 022 0.24
GeneRatio GeneRatio

Figure 9 Enrichment analysis of OA-related IRGs. (A—C) Bubble plots of GO enrichment in biological process terms (A), cellular component terms (B), and molecular
function terms (C). (D) Bubble plot of KEGG pathway analysis.

cellular components such as “vesicle”, “cytoplasmic vesicle” and “intracellular vesicle” (Figure 9B). In terms of GO MF,

B
CLINNT3

they were enriched in cytokine-related molecular functions such as “cytokine activity”, “cytokine receptor binding” and
“cytokine binding” (Figure 9C). It is worth noting that OA-related IRGs were also enriched in immune-related KEGG
pathways such as “cytokine-cytokine receptor interaction”, “NF-kappa B signaling pathway” and “leukocyte transen-

dothelial migration” (Figure 9D).

The ldentification of Key OA-Related IRGs

Initially, we established a preliminary PPI network based on 48 OA-related IRGs to identify hub genes (Supplementary
Figure S3). Three IRGs were subsequently excluded due to their lack of correlation with other IRGs, resulting in 45
genes for the PPI network construction (Figure 10A). To pinpoint hub genes within this network, we employed three
algorithms through the Cytoscape plug-in to identify the top 20 hub genes. Figure 10B—D illustrated the top 20 hub genes
identified by each algorithm. A Venn diagram was used to show the overlap among the top 20 hub genes across the three
methods (Figure 10E), leading to the identification of 17 overlapping genes as the final hub genes (Supplementary Table
S13). Finally, we applied the random forest algorithm to assess the significance of these 17 hub genes, ultimately
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identifying six key OA-related IRGs (CD4, SELP, SYK, IGF1, CCL4, CYBB) that may serve as potential inflammatory
biomarkers for diagnosing OA patients (Figure 10F).

The Diagnostic Value of Key OA-Related IRGs
As illustrated in Figure 11A, the GSE236924 cohort revealed a notable upregulation of CD4, SELP, SYK, IGF1, CCL4
and CYBB in joint tissue samples of KOA/HOA compared to normal tissues. ROC curve analyses indicated that all six
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Figure || Evaluation of the diagnostic value of six key OA-related IRGs. (A) The expression differences of CD4, SELP, SYK, IGFI, CCL4 and CYBB between OA and normal
tissues in GSE236924 cohort. (B—D) The ROC curves were used to evaluate the diagnostic efficacy of CD4 (B), SELP (C), SYK (D), IGFI (E), CCL4 (F) and CYBB (G) in
identifying OA in GSE236924 cohort, showing the AUC and 95% Cl in each panel. (H) The expression differences of CD4, SELP, SYK, IGFI, CCL4 and CYBB between OA
and normal tissues in GSE| 14007 cohort. (I-N) The ROC curves were used to evaluate the diagnostic efficacy of CD4 (1), SELP (J), SYK (K), IGFI (L), CCL4 (M) and CYBB
(N) in identifying OA in GSEI14007 cohort, showing the AUC and 95% Cl in each panel. ¥, p <0.05; **, p <0.01; *¥*¥, p <0.001; ¥ p <0.0001.

IRGs demonstrated promising diagnostic efficacy. Figure 10B—G presented the AUCs and 95% Cls for each gene: CD4
(AUC:0.91, 95% CI: 0.75-1.00), SELP (AUC:0.97, 95% CI: 0.93-1.00), SYK (AUC:0.89, 95% CI: 0.69-1.00), IGF1
(AUC: 0.89, 95% CI: 0.69-1.00), CCL4 (AUC:0.93, 95% CI: 0.85-1.00), CYBB (AUC:0.96, 95% CI: 0.90-1.00). In the
GSE114007 cohort, the expression levels of the six IRGs were similarly significantly elevated in OA samples
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(Figure 11H). ROC curve analyses indicated that these IRGs also exhibited strong diagnostic performance within the
GSE114007 cohort (Figure 11I-N).

Discussion

OA is a common disease that severely impairs the quality of life for patients and imposes a significant economic burden
on society.'*'* It is necessary to further explore the pathogenesis and biomarkers of OA in order to improve its
prognosis. Existing studies have indicated a close association between OA and inflammation,'**® however, the causal
relationship and direction between OA and inflammatory proteins still needs to be revealed. In this study, we included the
currently largest GWAS summary data of OA (177,517 cases and 649,173 controls) and the recently published GWAS
summary data of 91 circulating inflammatory proteins including up to 14,824 participants for bidirectional two-sample
MR analysis. In addition, we integrated transcriptome sequencing data of OA and IRGs list to explore the inflammation-
related biomarkers of OA. This study suggests for the causal effects between OA and circulating inflammatory proteins
and identifies important inflammatory markers in OA.

According to our findings, genetically determined levels of PLAU, ADA, CCL19, ILI0RA, and TGFBI are
associated with a reduced risk of one of the three types of OA (OA at any sites, HOA and KOA), while levels of
CX3CL1, CXCL1, HGF, and IL8 are associated with an increased risk of knee OA. Previous studies have shown that
PLAU is involved in the NF-kB signaling pathway and affects inflammation response.*’ OA and rheumatoid arthritis
(RA) differ significantly in terms of etiology and pathophysiology. A recent study has indicated that the expression of
PLAU in macrophages of OA patients is significantly lower than that in macrophages of RA patients,”® suggesting that
PLAU may impact the disease through macrophages. ADA has the ability to convert adenosine into inosine.”' Previous
reports have shown that inosine exerts anti-inflammatory effects in the human body after binding to specific G protein-
coupled adenosine receptors.’>>> This may be a potential mechanism through which ADA reduces the risk of OA.
Interestingly, although CCL19 is significantly upregulated in synovial tissues of RA, its expression remains unchanged in
synovial tissues of OA.>* Additionally, CCL19 could not be detected in the conditioned medium generated from
pathological tissues of OA patients.” Although there is currently no research exploring the relationship between
IL10RA and OA, it is known that ILI0RA can mediate the immunosuppressive signal of IL10, thereby inhibiting the
synthesis of pro-inflammatory cytokines.’® Combined with our study, it is valuable to further reveal the mechanism by
which IL10RA reduces the risk of OA. It is known that the TGF-f pathway plays a significant role in the development of
OA and the regulation of cartilage homeostasis.’”>® An increasing number of in vivo and in vitro studies have shown that
inhibition of the TGF-f pathway can lead to imbalance of chondrocyte homeostasis and matrix degradation, thereby
causing cartilage damage and OA.>**° TGF-p is also involved in OA fibrosis.®' The study by Shen et al showed that TGF
B RII knockout mice exhibited progressive OA.%* These studies strongly support our results that TGFB1 has a close
causal relationship in the pathogenesis of OA. To date, several studies have demonstrated the involvement of CX3CLI in
the occurrence and OA.®*** The study conducted by Hou et al found that CXCL1 promotes OA by facilitating the
expression of IL6, which is consistent with our study.®® The roles of HGF and IL8 in the pathogenesis of OA have also
been extensively studied.®®®” It is well known that IL-8 is increased in the synovium, infrapatellar fat pad, cartilage, etc.
of OA patients.®® These studies are predominantly observational, based on population or in vitro/vivo models. Although
they have demonstrated the correlation between these circulating inflammatory proteins and OA, they do not establish
causal relationships. Our study, on the one hand, serves as a supplementary and supportive research to the existing
studies. Simultaneously, it provides evidence in genetic level for the impact of these inflammatory proteins on the
occurrence of OA. However, it is worth noting that Huang et al also used MR methods to explore the genetic effects of
29 circulating inflammatory cytokines on OA.°® Interestingly, there are some differences between the results of Huang
et al and the results of this study. For example, IL8 was associated with an increased risk of knee OA in this study, but
this association was not significant in the study of Huang et al. In contrast, IL7 may be associated with an increased risk
of hip OA in the study of Huang et al, but this association was not found in this study. We speculate that the reasons for
these differences are as follows: 1. The sources of the GWAS summary data of inflammatory proteins in the two studies
are different. 2. The two studies used different I'Vs selection thresholds. These differences also suggest that more GWAS
studies are needed in the future to verify and expand the results.
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In reverse MR analysis, we found that OA affected the levels of several circulating inflammatory proteins, including
CASPS, S100A12, IL10RA, IL7, MCP2, FLT3LG, IL1A, and MCP3. It is worth noting that the expression of IL10RA is
associated with a lower risk of knee OA, while hip OA is correlated with increased levels of ILIORA. This indicates
a bidirectional causal effect between IL10RA and OA. It also suggests that the causal direction of inflammatory proteins
may vary in different types of OA, which warrants further exploration. CASPS is a well-known apoptosis-related protein,
and OA is often associated with the destruction and apoptosis of chondrocytes, therefore, it is logical for OA to increase
the levels of CASPS. In fact, Mistry et al have also confirmed the elevated levels of CASP8 in a mouse model of OA.%’
Previous studies have also confirmed that the expression of SI00A12 is increased in OA and could reflect the severity of
OA.”*"" An animal model study showed that IL7 secretion is increased in OA patients,”> and IL7 is also commonly
recognized as a marker of OA,”® which supports our findings. Although several other circulating inflammatory proteins
affected by OA have been poorly studied or have unclear results in OA, our study provides causal evidence for OA and
the levels of these inflammatory proteins, which needs to be confirmed by more studies.

In this study, we identified six potential inflammatory biomarkers (CD4, SELP, SYK, IGF1, CCL4 and CYBB) for
OA. Previous studies have also supported the feasibility of these IRGs as OA biomarkers. For example, CD4 is a well-
known T cell marker, and a recent study has shown that CD4+ T cells promote joint degeneration and increase the
expression of the aging marker CDKN1A by promoting IL-17 expression, thus regulating the response of OA to injury.”*
The study by Teng et al also supports the potential causal effect of CD4+ T cells on OA.” The function of SELP is to
stimulate leukocyte adhesion at the injury site. A previous study confirmed that the genetic variation of SELP may play
a role in the pathogenesis of OA.”® A large number of studies have confirmed the important role of SYK in OA. For
example, Novikov et al found that inhibiting SYK could protect bone and cartilage in OA.”” Wang et al found that SYK
axis mediated mast cell activation promoted inflammation and cartilage destruction in OA.”® IGF1 is a member of the
growth factor family, which can promote chondrocyte proliferation, enhance matrix production and inhibit chondrocyte
apoptosis. Wen et al reviewed in detail the role of IGF1 in cartilage anabolism and catabolism and the application
potential in OA treatment.”” The study of Yang et al confirmed that upregulation of CCL4 could inhibit chondrocyte
apoptosis and promote its proliferation in OA by activating NF-kB signaling pathway.*® Regarding CYBB, a recent study
also identified CYBB as a diagnostic gene for OA and found that nimesulide inhibited chondrocyte necroptosis in OA by
reducing CYBB expression.®! These studies strongly support the inflammation-related OA biomarkers identified in this
study.

This study utilized MR analysis to explore the causal association between OA and circulating inflammatory proteins
and identified potential inflammatory biomarkers using transcriptome data. Compared to observational studies, MR
analysis avoids potential confounding factors and unclear causal directions. Furthermore, this study incorporated the
largest GWAS data for OA and the latest GWAS data for 91 circulating inflammatory proteins, enhancing the reliability
of our results. Lastly, multiple sensitivity analyses increased the robustness of the findings. Despite these advantages, our
study still has some limitations. Firstly, due to limitations in the original GWAS summary data, we were unable to
conduct stratified analyses by gender and age. Secondly, since the data included in this study were predominantly from
individuals of European descent, extrapolating the results to populations of other ancestry is limited. Thirdly, as an
exploratory study, we did not use adjusted p-values. Fourthly, although we made efforts to eliminate the influence of
confounding factors, we cannot exclude the potential influence of third-party factors. It is necessary to further validate the
results in future studies. Fifthly, the sample size of the control group in the GSE236924 cohort was relatively small,
which may lead to bias of the differential expression analysis. Sixthly, previous MR studies may affect the novelty of this
study, but they also strengthen the conclusions of this work. Lastly, the inflammation-related OA biomarkers we
identified need further confirmation in prospective studies.

Conclusion

In conclusion, our results support the causal relationship between OA and specific circulating inflammatory proteins and
identify six key inflammation-related OA biomarkers. Developing strategies for the prevention, diagnosis, and treatment
of OA based on inflammatory proteins may hold promise.
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