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Abstract
Objective

Periarticular skeletal muscle abnormalities are recognised in rheumatoid arthritis (RA) and osteoarthritis (OA), 
but their divergent molecular pathologies are poorly defined. This study aimed to elucidate and directly compare the 

transcriptomic profiles of periarticular muscle in patients with RA and OA.

Methods
We performed bulk RNA sequencing of periarticular skeletal muscle samples collected during total joint arthroplasty 
from RA (n=6) and OA (n=4) patients. Differential gene expression analysis, weighted gene co-expression network 

analysis (WGCNA), pathway enrichment, and gene set variation analyses were conducted to identify disease-specific 
molecular features and their clinical associations.

Results
The two conditions showed fundamentally distinct profiles. RA muscle exhibited a pronounced inflammatory 

signature, characterised by upregulation of cytokine-responsive genes including FOS, EGR1, and CXCL2, and 
enrichment of tumour necrosis factor-α and interleukin-6 (IL-6)/JAK-STAT3 signalling. In contrast, OA muscle was 
characterised by metabolic dysregulation, with upregulation of genes linked to adipogenesis (PCK1, SFRP4) and 

significant enrichment of epithelial-to-mesenchymal transition (EMT) signalling. These divergent profiles were further 
supported by WGCNA, which identified distinct modules reflecting heightened innate immune and complement 
activation in RA, and disrupted metabolic processes in OA. Notably, in RA, the IL-2–STAT5 signalling pathway 
was unique among those tested in showing a strong positive correlation with DAS28-ESR (r=0.94, p=0.019).

Conclusion
This study reveals distinct molecular pathologies in the periarticular muscle of RA and OA. RA muscle shows 

an intense inflammatory profile potentially linked to cachexia, whereas OA muscle displays features of metabolic 
disease and pro-fibrotic remodelling.

Key words
rheumatoid arthritis, osteoarthritis, muscle, transcriptome, metabolic dysregulation



1761Clinical and Experimental Rheumatology 2026

Muscle-transcriptomes in arthritis / S. Izuka et al.

Shinji Izuka, MD, PhD
Toshihiko Komai, MD, PhD
Megumi Ogawa, MD, PhD
Saeko Yamada, MD, PhD
Mineto Ota, MD, PhD
Haruka Tsuchiya, MD, PhD
Taro Kasai, MD
Jun Hirose, MD, PhD
Sakae Tanaka, MD, PhD
Tomohisa Okamura, MD, PhD
Keishi Fujio, MD, PhD
Please address correspondence to: 
Toshihiko Komai
Department of Allergy and Rheumatology, 
Graduate School of Medicine, 
The University of Tokyo, 
Hongo 3-7-1,
1130033 Bunkyo-Ku, Tokyo, Japan.
E-mail: komait-int@h.u-tokyo.ac.jp 
Received on October 25, 2025; accepted 
in revised form on January 30, 2026.
© Copyright Clinical and 
Experimental Rheumatology 2026.

ORCID iD:
S. Izuka: 0000-0002-9724-4911
T. Komai: 0000-0001-5890-3606
M. Ogawa: 0009-0002-2729-8065
S. Yamada: 0000-0001-8561-4463
M. Ota: 0000-0003-4552-8573
H. Tsuchiya: 0000-0002-2114-7656
T. Kasai: 0000-0002-5523-1602
J. Hirose: 0000-0002-1752-2230
S. Tanaka: 0000-0001-9210-9414
T. Okamura: 0000-0001-7257-5557
K. Fujio: 0000-0001-7276-5254
Funding: this research was supported by 
the Japan Agency for Medical Research 
and Development (AMED) under grant 
no. 19ek0410047 and by JSPS KAKENHI 
Grant-in-Aid for Research Activity Start-up 
(grant no. 25K23897 to S.I.).
Competing interests: see page 1765.

Introduction
Rheumatoid arthritis (RA) is a multi-
factorial autoimmune disease shaped by 
interacting genetic, environmental, and 
immune mechanisms, with both innate 
and adaptive immune pathways contrib-
uting to joint pathology and systemic 
manifestations (1). Skeletal muscle is 
increasingly recognised not merely as a 
tissue secondarily affected by joint dis-
ease but as an organ directly implicated 
in the pathophysiology of both RA and 
osteoarthritis (OA). In RA, this is exem-
plified by rheumatoid cachexia – loss of 
muscle mass and function – that adds 
substantially to disability, morbidity, 
and premature mortality (2, 3). This de-
bilitating muscle wasting is driven by a 
systemic inflammatory milieu, wherein 
pro-inflammatory cytokines such as tu-
mour necrosis factor-α (TNF-α) and in-
terleukin-6 (IL-6) exert direct catabolic 
effects on muscle tissue by activating 
proteolytic pathways and disrupting 
metabolic homeostasis (3). Furthermore, 
quantitative imaging shows that muscle 
inflammation and fatty infiltration arise 
early in RA and persist despite clinical 
remission, underscoring muscle involve-
ment as a core disease feature (4). More-
over, evidence from animal models, his-
topathology, and positron emission to-
mography (PET) suggests that synovial 
inflammation can extend into adjacent 
periarticular muscle (5). 
In contrast, the muscle pathology in OA, 
while also characterised by periarticular 
atrophy and fatty infiltration that com-
promise joint stability and function (6, 7), 
is thought to be driven by more localised 
mechanisms. This includes low-grade 
inflammation and altered molecular sig-
nalling, with elevated levels of proteins 
such as p65 NF-κB, STAT-3, and JNK 
observed in the muscle of OA patients, 
distinguishing it from simple disuse at-
rophy (8). Despite phenotypic overlap, 
the mo-lecular distinctions between RA- 
and OA-associated muscle pathology 
remain unclear. We therefore performed 
a comparative transcriptomic analysis of 
periarticular muscle from RA and OA to 
define disease-specific programmes.

Methods
Study design and participants
Muscle biopsy samples and clinical data 

were collected from patients with RA 
and OA. All patients provided written 
informed consent, and the study was 
approved by the Ethics Committee of 
the University of Tokyo (approval no. 
G10137). 

Muscle biopsy and 
RNA-sequencing library preparation
Muscle biopsies were obtained during 
arthroplasty procedures, with detailed 
methods having been described previ-
ously (9). Following the careful dissec-
tion and removal of adjacent non-mus-
cle tissues (e.g. ligaments, synovium, 
adipose tissue), the remaining muscle 
was sectioned into ~3-mm cubes and 
immediately preserved in RNAlater 
(Qiagen). For RNA extraction, tissues 
were homogenised and lysed in QIAzol 
Lysis Reagent (Qiagen) using a Tissue-
Lyser LT (Qiagen) at 50 Hz for 2 min-
utes. Total RNA was subsequently iso-
lated using the RNeasy Universal Mini 
Kit (Qiagen). Complementary DNA 
(cDNA) was synthesised from the ex-
tracted RNA with the SMART-Seq HT 
Kit (Takara Bio). Finally, sequencing li-
braries were prepared using the Nextera 
XT DNA Library Preparation Kit (Il-
lumina) and purified with AMPure XP 
beads (Beckman Coulter). The resulting 
libraries were sequenced on an Illumi-
na NovaSeq 6000 platform to generate 
150-bp paired-end reads.

RNA-sequencing data 
mapping and quality control
Raw reads were aligned to the human 
reference genome (GRCh38) with 
STAR (v. 2.5.3) using GENCODE v. 27 
annotations; non-canonical haplotypes 
were excluded. Only reads that were 
uniquely mapped and properly paired 
were retained. Gene-level counts were 
generated with HTSeq-count (v. 0.6.0), 
and transcript-level estimates with 
RSEM (v. 1.3.0). Genes were filtered to 
remove low-expression features. Spe-
cifically, genes were excluded if they 
had fewer than 10 raw counts in more 
than 85% of samples and/or had CPM 
<1 in more than 85% of samples. Fil-
tered count matrices were normalised 
using the trimmed mean of M-values 
(TMM) method implemented in edgeR 
(v. 4.3).
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Differential expression and 
enrichment analysis and weighted 
gene co-expression network analysis
Differential expression analysis be-
tween RA and OA was performed using 
edgeR’s negative binomial generalised 
linear model framework, with adjust-
ment for age and sex. Weighted gene co-
expression network analysis (WGCNA) 
(v. 1.72-5) identified modules linked to 
clinical traits. A soft-thresholding power 
of 20 (selected by scale-free topology 
fit) produced a signed adjacency matrix 
that was transformed into a Topologi-
cal Overlap Matrix (TOM). Hierarchi-
cal clustering of 1 − TOM defined gene 
modules, and their eigengenes were 
correlated with clinical variables to 
highlight biologically relevant modules. 
Gene ontology (GO) biological process 
(BP) enrichment was then performed for 
each module to infer putative functions.

Gene set enrichment 
and variation analysis
A ranked gene list from the differential 
gene expression (DEG) analysis (using 
log2 fold change in descending order) 
was used to conduct gene set enrich-
ment analysis (GSEA) with the clus-
terProfiler package, applying a p-value 
cut-off of 0.05 to identify significantly 
enriched gene sets. Additionally, gene 
set variation analysis (GSVA) was per-
formed using GSVA software (v. 3.18) 
to calculate enrichment scores and p-
values were adjusted using the Benjami-
ni-Hochberg method, applying a cut-off 
of 0.05 to identify significantly enriched 

gene sets. Gene sets were selected 
from the Molecular Signature Database 
(MSigDB) hallmarks collection, includ-
ing pathways such as the complement 
system, interleukin-2 (IL-2)/STAT5 
signalling, IL-6/JAK-STAT3 signalling, 
interferon-α response, oxidative phos-
phorylation, TNF-α signalling via NF-
κB, and hypoxia. 

Exploratory within-RA trans-
criptional profiling by biologic therapy
To explore treatment-associated tran-
scriptional patterns in RA periarticular 
muscle, we performed an exploratory 
comparison between RA samples from 
patients receiving biologic therapies 
(etanercept or tocilizumab; n=2 total) 
and RA samples from patients not re-
ceiving biologics. Given the very small 
number of biologic-treated samples, 
we did not perform conventional gene-
level differential expression testing and 
instead focused on covariate-adjusted 
effect sizes and pathway-level ranking.
Raw read counts were TMM-normal-
ised, lowly expressed genes were fil-
tered using filterByExpr, and expres-
sion values were transformed to voom 
log2 counts per million (logCPM). We 
fit a linear model to voom-transformed 
expression with biologic exposure as 
the primary variable of interest and age, 
sex, and DAS28-ESR as covariates to 
account for demographic differences 
and disease activity. The covariate-
adjusted coefficient for biologic expo-
sure was used as an effect-size metric 
to rank genes. Preranked GSEA was 

performed using fgsea (multilevel im-
plementation; v. 1.36.2). All genes were 
ranked by the covariate-adjusted bio-
logic exposure coefficient, and enrich-
ment was assessed against MSigDB 
Hallmark gene sets and GO BP gene 
sets. Gene sets were filtered by size 
(min 15, max 500). Results are reported 
as normalised enrichment scores (NES) 
and fgsea-adjusted p-values (padj) and 
were interpreted as pathway-level sum-
maries of the ranked list (hypothesis-
generating), rather than as gene-level 
statistical significance.

Statistical analysis
Differential expression was assessed us-
ing edgeR with a negative binomial gen-
eralised linear model including disease 
status and adjustment for age and sex, 
and differential expression was tested 
using a likelihood ratio test. p-values 
were adjusted for multiple testing us-
ing the Benjamini-Hochberg method, 
and genes with FDR <0.05 were con-
sidered significant. GSVA enrichment 
scores were compared between groups 
using the Mann-Whitney U-test with 
Benjamini-Hochberg correction across 
the tested gene sets (adjusted p<0.05). 
Associations between pathway scores 
and clinical parameters were evaluated 
using Spearman’s rank correlation. All 
analyses were performed in R (v. 4.3.2).

Results
Patient characteristics 
We analysed periarticular muscle from 
ten patients who underwent total knee 

Table I. Baseline patient characteristics.

 	 Disease	 Sex	 Age	 Operation	 PSL	 MTX	 bDMARDs	 RF	 CCP	 CRP	 PhGA	 PtGA	 DAS28-CRP	 DAS28-ESR	 SDAI	 CDAI

1	 RA	 M	 81	 THA	 +	 +	 -	 -	 -	 0.18	 10	 78	 2.7	 3.65	 9.98	 9.8

2	 RA	 M	 70	 TKA	 +	 -	 -	 +	 +	 1.57	 20	 50	 2.67	 3.32	 8.57	 7

3	 RA	 F	 71	 THA	 +	 +	 TCZ	 -	 +	 0	 20	 30	 1.24	 1.25	 4	 4

4	 RA	 F	 74	 THA	 +	 +	 ETN	 +	 -	 2.03	 50	 50	 3.72	 4.88	 15.03	 13

5	 RA	 F	 71	 TKA	 +	 +	 -	 -	 +	 0.14	 45	 52	 2.49	 4.24	 12.84	 12.7

6	 RA	 F	 60	 TKA	 -	 +	 -	 +	 -	 0.05	 0	 0	 1.95	 2.38	 2.05	 2

7	 OA	 F	 45	 THA	 -	 -	 -	 -	 -	 0.5	 0	 0	 	 	 	    

8	 OA	 F	 63	 THA	 -	 -	 -	 -	 -	 0.34	 50	 50	 	 	 	    

9	 OA	 F	 65	 THA	 -	 -	 -	 -	 -	 0.04	 80	 80	 	 	 	    

10	 OA	 F	 68	 THA	 -	 -	 -	 -	 -	 0.14	 80	 84	 	 	 	    

RA: rheumatoid arthritis; OA: osteoarthritis; M: male; F: female; THA: total hip arthroplasty; TKA: total knee arthroplasty; PSL: prednisolone; MTX: methotrexate; bDMARDs: 
biologic disease-modifying anti-rheumatic drugs; TCZ: tocilizumab; ETN: etanercept; RF: rheumatoid factor; CCP: anti-cyclic citrullinated peptide antibody; CRP: C-reactive 
protein; PhGA: physician’s global assessment of disease activity; PtGA: patient’s global assessment of disease activity; DAS28-CRP: Disease Activity Score 28 using C-reactive 
protein; DAS28-ESR: Disease Activity Score 28 using erythrocyte sedimentation rate; SDAI: Simplified Disease Activity Index; CDAI: Clinical Disease Activity Index.
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or hip arthroplasty at our institution 
(Table I, Fig. 1A). Six fulfilled the 2010 
ACR/EULAR criteria for RA (10); the 
remaining four had radiographically 
confirmed OA. The RA group (median 
age, 71 years) comprised four women 

and two men; three underwent THA and 
three TKA. Five of the six RA patients 
were receiving low-dose prednisolone, 
four were on methotrexate, and two 
were treated with biologics (one etaner-
cept, one tocilizumab). Their median 

DAS28-ESR was 3.49 (interquartile 
range, 2.38–4.88), reflecting low-to-
moderate disease activity. In contrast, 
the OA patients (all women; median 
age, 64 years) underwent THA exclu-
sively, received no immunosuppression.

Fig. 1. Distinct periarticular muscle transcriptomic signatures in RA and OA.
A: Study workflow. Periarticular skeletal muscle was collected from patients with rheumatoid arthritis (RA; n=6) or osteoarthritis (OA; n=4) undergoing 
TKA or THA. Samples were homogenised and subjected to bulk RNA sequencing followed by WGCNA, DEG, GSEA, and GSVA. 
B: DEGs comparing OA vs. RA. 
C: Heatmap of WGCNA module-trait correlations, showing associations of gene co-expression modules with disease, PhGA and PtGA. 
D-E: Top enriched gene ontology terms in modules 1 and 3, respectively.
F: GSEA results for hallmark gene sets in RA vs. OA muscle. Pathways such as IL-2–STAT5, TNF-α-NF-κB, IL-6-JAK-STAT3 signalling, and hypoxia are 
enriched in RA, whereas oxidative phosphorylation and epithelial-mesenchymal transition are enriched in OA. 
G: Scatter plots showing GSVA scores of inflammatory pathways in RA muscle correlated with DAS28-ESR. 
TKA: total knee arthroplasty; THA: total hip arthroplasty; RA: rheumatoid arthritis; OA: osteoarthritis; FDR: false discovery rate; GSEA: gene set enrich-
ment analysis; GSVA: gene set variation analysis; WGCNA: weighted gene co-expression network analysis; DEGs: differentially expressed genes; PhGA: 
physician’s global assessment of disease activity, PtGA: patient’s global assessment of disease activity; DAS28-ESR: Disease Activity Score 28 using 
erythrocyte sedimentation rate.
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Transcriptomic overview and 
weighted gene co-expression 
network analysis 
Bulk RNA-seq revealed strikingly dif-
ferent transcriptomic profiles in RA 
and OA muscle. DEG analysis revealed 
upregulation of cytokine-responsive 
genes in RA muscle (e.g. CXCL2, FOS, 
EGR1), whereas OA muscle showed in-
creased expression of adipogenesis and 
metabolism-related genes (e.g. PCK1, 
SFRP4, MEST) (Fig. 1B). 
WGCNA identified several gene co-
expression modules associated with 
disease type and clinical parameters. 
Module 1 was correlated with physi-
cian’s and patient’s global assessment 
(Fig. 1C-D). This module was associ-
ated with mitochondrial and fatty acid 
metabolism pathways. RA-associated 
module 2 is enriched for innate immune 
(e.g. NLRP3), complement (e.g. SER-
PING1, CFI, CFB), and extracellular-
matrix genes (e.g. PLOD1, ECM1, CO-
L28A1), indicating heightened innate 
immunity and fibrotic remodelling in 
RA muscle (5). OA-associated module 
3 demonstrated enrichment for glyco-
lytic/pyruvate metabolic processes and 
muscle cellular homeostasis (Fig. 1C 
and E), suggesting dysregulated mus-
cle metabolic processes may substan-
tially affect OA pathology. 

Gene set enrichment analysis 
and gene set variation analysis
GSEA confirmed the significant diver-
gence in molecular pathology between 
RA and OA muscle. RA muscle was 
significantly enriched for hallmark in-
flammatory pathways, including, IL-
2-STAT5, TNF-α/NF-κB, IL-6/JAK-
STAT3 signalling, hypoxia (Fig. 1F). OA 
muscle showed enrichment for oxidative 
phosphorylation and, notably, epithelial-
to-mesenchymal transition (EMT) sig-
nalling (Fig. 1F). Lastly, to connect these 
muscle-specific molecular changes to 
articular inflammation, we performed 
GSVA in the RA cohort. Among the 
tested inflammatory pathways, only the 
activity of the IL-2–STAT5 signalling 
pathway in muscle showed a significant 
positive correlation with the DAS28-
ESR (r=0.94, p=0.019), suggesting in-
flammatory mechanisms distinct from 
those in the synovium (Fig. 1G).

Biologic therapy is associated 
with attenuation of inflammatory 
transcriptional programmes in 
RA periarticular muscle
Because only two patients with RA were 
receiving biologic therapies (etanercept 
or tocilizumab), we performed an ex-
ploratory within-RA analysis to char-
acterise treatment-associated transcrip-
tional patterns without relying on gene-
level statistical significance. Effect-size 
ranking from covariate-adjusted models 
suggested that biologic exposure was 
associated with lower expression of 
cytokine-responsive immediate-early 
and inflammatory genes in periarticu-
lar muscle, including IL6, CXCL2, 
CCL2, FOS, JUNB, and ICAM1. In 
contrast, immunoglobulin-associated 
transcripts tended to remain detect-
able and appeared relatively preserved 
compared with the broader attenuation 
of immediate-early cytokine response 
programmes (Supplementary Fig. S1A).
Consistent with the gene-level ranking, 
preranked pathway analyses indicated 
reduced enrichment of pro-inflammato-
ry and tissue remodelling programmes 
in biologic-treated samples, including 
TNF-α signalling via NF-κB, inflam-
matory response (Suppl. Fig. S1B). In 
contrast, several adaptive immune re-
sponse-related pathways showed com-
paratively smaller shifts, suggesting 
that biologic therapy in these samples 
may preferentially dampen cytokine-
associated signalling modules rather 
than uniformly suppressing adaptive 
immune signatures in muscle. These 
findings should be interpreted as hy-
pothesis-generating due to the limited 
sample size and heterogeneity of bio-
logic mechanisms.

Discussion
This study provides the first direct tran-
scriptomic comparison of periarticular 
muscle in RA and OA, revealing funda-
mentally divergent molecular patholo-
gies that mirror and extend the known 
clinical phenotypes of muscle involve-
ment in these diseases.
Upregulation of EGR1 in RA periar-
ticular muscle – together with increased 
FOS and prior evidence of JUN – points 
to monocyte/macrophage involvement 
and systemic AP-1 activation, consist-

ent with single-cell data in high-activity 
RA (11). The crucial role of these my-
eloid cells in causing muscle damage is 
further underscored by our own prior 
work in idiopathic inflammatory myo-
pathies, which provided direct evidence 
linking monocyte infiltration with the 
severity of muscle damage (9). This in-
tense, monocyte-driven local inflamma-
tion, fueled by TNF-α and IL-6 signal-
ling pathways, not only aligns with the 
known drivers of rheumatoid cachexia 
(12) but also directly reflects the sys-
temic inflammatory burden of RA. This 
systemic burden manifests in various 
tissues, as demonstrated by Dijkshoorn 
et al., who linked systemic inflamma-
tory markers to endothelial dysfunction 
and vascular inflammation (13). 
OA muscle exhibits metabolic dysregu-
lation and fatty infiltration, often ac-
companied by impaired mitochondrial 
function (7, 14). Our key finding of 
upregulated EMT signalling indicates a 
pro-fibrotic shift in OA muscle, a pro-
cess also seen in synovial fibroblasts 
(15). One compelling explanation for 
this pro-fibrotic shift is paracrine signal-
ling from the adjacent synovium. Re-
cent work by van Kooten et al. revealed 
that the OA synovium is dominated by 
M2-like macrophages that secrete pro-
fibrotic mediators, most notably TGF-β, 
a canonical inducer of EMT (16). 
Clinically, these distinct muscle signa-
tures provide a potential explanation for 
differences in functional impairment 
across arthritis phenotypes. In RA, the 
cytokine-responsive transcriptional 
programme observed in periarticular 
muscle is consistent with systemic in-
flammatory burden and may contrib-
ute to muscle wasting, weakness, and 
reduced physical function, hallmarks 
of rheumatoid cachexia. The explora-
tory within-RA analysis suggests that 
these cytokine-associated muscle pro-
grammes are modulated by biologic 
therapy, indicating that inflammatory 
control may influence muscle pathol-
ogy beyond the joint. In contrast, OA 
muscle was characterised by metabolic 
dysregulation and EMT-associated re-
modelling, consistent with a muscle 
phenotype shaped by metabolic dys-
function and pro-fibrotic processes. 
Together, these findings highlight the 
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potential relevance of targeting muscle 
metabolism, adipose infiltration, and 
tissue remodelling, in addition to struc-
tured exercise therapy, to improve func-
tional outcomes in OA.
This pilot study is limited by small sam-
ple size and sampling of periarticular 
rather than large muscle groups; thus, 
generalisation requires caution. None-
theless, it provides the first comparative 
view of periarticular muscle transcrip-
tomes in RA versus OA. In summary, 
our study demonstrates distinct mo-
lecular alterations in skeletal muscle 
between RA and OA. The pronounced 
inflammatory environment in RA may 
contribute to rheumatoid cachexia, 
whereas the metabolic alterations ob-
served in OA are indicative of fatty in-
filtration and muscle dysfunction. 
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