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1   |   Case Summary

A 52- year- old diabetic and hypertensive male presented with 
swelling and redness of the left pinna followed by the right 
pinna along with pain over the nasal bridge for 5 months. There 
was easy fatigability and weight loss of 4 kg in 4 months. The 
swelling used to subside with NSAIDs, but there were multi-
ple recurrences. On examination, both pinnae were warm, red, 
and tender, with thickening of the ear cartilage and sparing of 
the ear lobules (Figure 1A). There was tenderness of the nasal 
cartilage also. Investigations revealed hemoglobin level of 13 g% 
and C- reactive protein of 25 mg/L. X- ray showed calcification 
of the pinna (Figure 1B yellow arrow). PET scan showed FDG 
avidity in auricular and nasal cartilages and no involvement of 
the trachea- bronchial tree (Figure 1C). A diagnosis of Relapsing 
Polychondritis (RP) was made. He was started on prednisolone 
10 mg along with oral Methotrexate 15 mg/week. He had res-
olution of chondritis (Figure  1D) with normalization of CRP 
(1.6 mg/L) without any recurrence until the last follow- up visit 
at 3 months. Prednisolone was gradually tapered and stopped 
after 4 weeks.

RP should be suspected in any adult presenting with recur-
rent inflammation of auricular cartilage sparing the ear 
lobules or nasal cartilage [1]. The involvement of the carti-
laginous part of the trachea and great vessels like the aorta 
and its branches can be life threatening. Hence, screening for 
their involvement should be done in all patients. RP can be 
seen in association with other systemic autoimmune rheu-
matic diseases [2]. VEXAS should be suspected in elderly 
males aged more than 50 years who develop cytopenia with  
MCV > 100 fl [3].
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FIGURE 1    |    (A) Inflamed auricular cartilage before start of treat-
ment. (B) X ray showing calcification of pinna (yellow arrow). (C) 
Positron emission tomography showing hypermetabolic FDG uptake 
over bilateral auricular and nasal cartilages. (D) Resolution of auricular 
chondritis with treatment after 3 months.
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ABSTRACT
Background: Gout is an inflammatory disorder triggered by the deposition of monosodium urate (MSU) crystals in joints and 
periarticular tissues. PANoptosis, a recently identified form of inflammatory cell death, remains uncharacterized in gout patho-
genesis. This study aims to identify PANoptosis- related genes that may drive gout progression.
Methods: Gout- related datasets, including the human cohort (GSE160170) and murine model (GSE190138), were retrieved 
from the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) were screened using thresholds of 
|log2 fold change (FC)| ≥ 1 and adjusted P- value < 0.05. PANoptosis- related biomarkers were identified through the combined 
use of MCODE and cytoHubba algorithms in Cytoscape. Least Absolute Shrinkage and Selection Operator (LASSO) regression 
was applied to select hub genes. Subsequently, we performed single—sample gene set enrichment analysis (ssGSEA) for the 
hub genes, analyzed the infiltration levels of immune cells, constructed a miRNA–mRNA–transcription factor (TF) regulatory 
network, and identified potential therapeutic drugs via the DSigDB database and the Coremine Medical database. Finally, 
the expression of the diagnostic gene was validated by real- time quantitative reverse transcription polymerase chain reaction 
(RT- qPCR).
Results: The PANoptosis- associated gene SOCS3 was identified via integrative bioinformatics screening. Enrichment analysis 
and immune infiltration assessment revealed its involvement in gout pathogenesis through pathways linked to inflammation 
and cell death, with significant correlations observed with specific immune cell subsets. Clinical validation via RT- qPCR con-
firmed a strong consistency between SOCS3 expression levels in gout patients and computational predictions.
Conclusion: We identified the hub gene SOCS3 in gout and elucidated its mechanistic roles by integrated bioinformatics anal-
ysis, machine learning approach, and clinical validation, providing critical insights for advancing diagnostic biomarkers and 
therapeutic strategies in gout management.

1   |   Introduction

Gout is a metabolic- inflammatory disorder caused by the 
deposition of monosodium urate (MSU) crystals in joints or 

periarticular tissues, clinically manifesting as gouty arthritis 
(GA), urate nephrolithiasis, or chronic gouty kidney disease 
[1]. The global prevalence of gout exhibits significant geograph-
ical variation, ranging from 3% to 5% in developed countries, 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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while China reports a lower prevalence of 1.6%, though both 
regions show a persistent upward trend [2]. Currently, the gold 
standard for diagnosing gout is the presence of MSU crystals 
in synovial fluid or tophi using polarized light microscopy, but 
the detection of MSU crystals is subject to limitations in med-
ical conditions, examination conditions, and the technician's 
skill, resulting in suboptimal sensitivity for early- stage diag-
nosis [3].

Cell death plays a pivotal role in both physiological and patho-
logical processes. Emerging evidence indicates that distinct cell 
death modalities are associated with the clinical progression of 
gout, where immune cells release cytokines and chemokines 
through necroptosis, pyroptosis, or other forms of cell death. 
This process amplifies immune cell recruitment to joints and 
exacerbates inflammatory cascades [4]. Key inflammatory me-
diators such as tumor necrosis factor (TNF)- α and interleukin 
(IL)- 1β, which are critical regulators of apoptosis, necropto-
sis, and pyroptosis, are predominantly secreted by monocytes. 
These molecules promote inflammatory cell infiltration in gout 
patients [5, 6].

PANoptosis, a novel form of programmed cell death, integrates 
features of pyroptosis, apoptosis, and necroptosis, regulating 
disease progression through the formation of a multimolec-
ular complex called the PANoptosome. Its core mechanism 
involves synergistic interactions of key molecules (e.g., ZBP1, 
NLRP3, Caspase family proteins) that ultimately drive in-
flammatory factor release and cell death [7]. The pathological 
hallmark of GA lies in the inflammatory response triggered by 
MSU crystal deposition. MSU crystals activate the NLRP3 in-
flammasome, triggering Caspase- 1- dependent pyroptosis and 
subsequent release of pro- inflammatory cytokines like IL- 1β 
[8, 9]. PANoptosis may exacerbate inflammatory signaling cas-
cades and promote joint damage by integrating pyroptosis with 
other cell death modalities (e.g., apoptosis- related Caspase- 8 
or necroptosis- associated MLKL) [10]. Therefore, investigating 
PANoptosis mechanisms in gout could facilitate the discov-
ery of biomarkers for early diagnosis and targeted therapeutic 
interventions.

This study aims to investigate the relationship between 
PANoptosis and gout. By analyzing the gout data retrieved 
from the Gene Expression Omnibus (GEO) database, bioin-
formatics analysis was used to screen differentially expressed 
genes (DEGs) related to PANoptosis in gout. A protein–protein 
interaction (PPI) network was constructed to identify topologi-
cally central hub genes, ultimately screening for critical genes. 
The least absolute shrinkage and selection operator (LASSO) 
regression model was utilized in machine learning to identify 
hub genes. Gene set enrichment analysis (GSEA) was per-
formed to identify potential signaling pathways. Correlation 
analysis was performed between PANoptosis- related biomark-
ers and immune cell infiltration. Subsequently, relevant miR-
NAs and transcription factors (TFs) were predicted through 
online databases, and a miRNA–mRNA–TF network was con-
structed using Cytoscape software. The DSigDB database and 
the Coremine Medical database were adopted to screen for 
drugs targeting biomarkers. This provides potential biomark-
ers and regulatory pathways for the diagnosis and treatment 
of gout.

2   |   Materials and Methods

2.1   |   Study Design

The “GEOquery” package in R was employed to download gene 
expression datasets GSE160170 and GSE190138 from the GEO 
database. The GSE160170 dataset comprised peripheral blood 
mononuclear cell (PBMC) samples from 6 healthy controls and 
6 gout patients, while GSE190138 included samples from 9 con-
trol mice and 9 gout model mice. Probe IDs were converted to 
gene symbols using the “idmap3” package based on platform 
annotation files. Differential expression analysis was per-
formed with the “limma” package, applying thresholds of ad-
justed P- value < 0.05 and |log2 fold change (FC)| ≥ 1 to identify 
significant DEGs. Volcano plots visualizing DEGs were gener-
ated using the “ggplot2” package. A total of 711 PANoptosis- 
related genes were curated from literature sources, including 
681 apoptosis- associated genes, 6 necroptosis- related genes, and 
24 pyroptosis- linked genes [11]. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment anal-
ysis and PPI network analysis were performed on the common 
DEGs using online databases. Hub genes were prioritized using 
the MCODE and cytoHubba algorithms. The relative abundance 
of 28 distinct immune cell subsets was quantified using single- 
sample Gene Set Enrichment Analysis (ssGSEA) to characterize 
immune infiltration patterns within the tissue microenviron-
ment. miRNAs and TFs related to the hub genes were predicted 
through online databases, and a miRNA–mRNA–TF regulatory 
network was constructed using Cytoscape software. Hub gene- 
associated drugs were predicted using the DSigDB database and 
the Coremine Medical database. PBMCs from gout patients and 
healthy individuals were collected, and the expression level of 
hub genes was verified by RT- qPCR. The flowchart is shown in 
Figure S1.

2.2   |   Screening of Differentially Expressed Genes

Firstly, the “affy” package in the R software program was used 
for background correction, normalization, and log2 transfor-
mation of the gout datasets. The Limma package was used to 
identify DEGs in gout, with the criteria set as: |log2 Fold change 
(FC)| ≥ 1, and P- value < 0.05. A total of 711 PANoptosis- related 
genes were curated from literature sources, including 681 
apoptosis- associated genes, 6 necroptosis- related genes, and 24 
pyroptosis- linked genes [11].

2.3   |   Functional Enrichment Analysis

The Database for Annotation, Visualization and Integrated 
Discovery (DAVID, https:// david. ncifc rf. gov/ ) was used for 
GO analysis. To elucidate the functional implications of DEGs, 
GO enrichment analysis was performed using the DAVID tool 
(version 6.8), which interrogates the GO database to anno-
tate biological processes, cellular components, and molecular 
functions. After downloading the GO analysis data, the “gg-
plot2” package was used to generate bubble charts. The KEGG 
Orthology Based Annotation System (KOBAS version 3.0, 
http:// kobas. cbi. pku. edu. cn) was used for pathway analysis. 
The DAVID tool was used to explore the pathways enriched 

https://david.ncifcrf.gov/
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by DEGs and the biological significance behind them. After 
downloading the pathway analysis data, the “ggplot2” pack-
age was used to generate bubble charts. Subsequently, GSEA 
was performed to reveal the specific functions of each gene. 
The significance threshold was set at an adjusted P- value 
< 0.05. In this study, based on the intersection of DEGs from 
gout and genes related to PANoptosis, a common set of genes 
was subjected to GO and KEGG analysis.

2.4   |   Construction of Protein–Protein Interaction 
(PPI) Network

The PPI network was constructed using the String database 
(version 11.5; www. strin g-  db. org) with an interaction score set 
to 0.400. The Cytoscape software was utilized to build this PPI 
network.

2.5   |   Hub Gene Screening

The PPI network was imported into the Cytoscape software 
to identify key functional modules and hub genes that play 
significant roles. The Molecular Complex Detection (MCODE) 
plugin was employed to recognize key functional modules; 
the identification criteria were: node degree ≥ 2, node score 
≥ 0.2, K- core ≥ 2, and maximum depth = 100. The top 10 hub 
genes were identified in the PPI network using the Maximal 
Clique Centrality (MCC) algorithm of the Cytohubba plugin. 
Ultimately, the intersection of genes from the MCODE key 
modules and the cytoHubba key genes was determined as the 
hub genes.

2.6   |   LASSO Regression Model

The R package “glmnet” was utilized to further screen candi-
date genes for gout diagnosis through LASSO- Cox regression 
analysis. For the GSE160170 dataset, the optimal λ (lambda) 
value was 0.07, while for the GSE190138 dataset, λ was set to 
0.06. The intersection of genes selected from both datasets was 
identified as key genes.

2.7   |   Immune Infiltration Analysis

The infiltration of 28 immune cell types was analyzed using 
ssGSEA with the R package “GSVA”. The correlations among 
immune cells were visualized using heatmaps generated by the 
R package “corrplot” *p < 0.05, **p < 0.01, ***p < 0.001.

2.8   |   miRNA–mRNA–TF Regulatory Network 
in Gout

Three online miRNA databases, miRWalk, miRNANet, and 
miRTarBase, were used to predict miRNAs. The TRRUST 
database was used to predict associated TFs for the target 
mRNAs. Using the “merge” function in Cytoscape, a reg-
ulatory network of miRNA–mRNA–TF interactions was 
constructed.

2.9   |   Real- Time Quantitative Reverse 
Transcription Polymerase Chain Reaction 
(RT- qPCR)

A total of 10 gout patients and 10 healthy controls were re-
cruited from the Xi'an Fifth Hospital. The gout patients met 
the 2015 EULAR/ACR classification criteria for gout. The 
PBMCs from gout patients and healthy individuals were col-
lected. Total RNA was isolated from cells using the TRIzol 
reagent (Invitrogen) according to the manufacturer's instruc-
tions. RT- qPCR was performed using SYBR Green PCR Master 
Mix (Bio- Rad Laboratories) on a MyiQ Single- Color Real- time 
PCR Detection System (Bio- Rad Laboratories). Sequence- 
specific primers for the indicated genes were synthesized by 
Sangon Biotech and are listed in Table S1. The study was ap-
proved by the Research Ethics Committee of the Xi'an Fifth 
Hospital (2023–74).

2.10   |   Predicting Drugs for Key Genes

To identify potential therapeutics targeting the key genes, we 
performed drug enrichment analysis using the DSigDB data-
base. The gene signature was uploaded to the Enrichr platform 
(https:// maaya nlab. cloud/  Enric hr/ ) to evaluate associations 
with drug- induced gene expression profiles. Significantly small- 
molecule drug candidates were filtered by an adjusted p- value 
< 0.05. The top 10 drugs ranked by the Combined Score were 
further analyzed based on their known mechanisms of action 
and clinical relevance to the disease context. Additionally, the 
Coremine Medical database (https:// www. pubge ne. com/ corem 
ine-  medic al/ ) was utilized to query traditional Chinese medi-
cines (TCMs) statistically associated with the key genes (p- value 
< 0.05).

2.11   |   Statistical Analysis

All statistical analyses were conducted using R software 
(version 4.3.3) and GraphPad Prism 9 (GraphPad Software 
Inc., San Diego, CA, USA). Normality of continuous vari-
ables was assessed via the Shapiro–Wilk test. For intergroup 
comparisons: Normally distributed data were analyzed using 
independent two- tailed Student's t- tests, and non- normally 
distributed data were evaluated with the Mann–Whitney U 
test. Spearman's rank correlation analysis was employed to 
assess variable associations. Statistical significance was de-
fined as p < 0.05.

3   |   Results

3.1   |   Identification and Functional Enrichment 
Analysis of DEGs in Gout

In the GSE190138 dataset, 1469 DEGs were yielded, with 722 
upregulated and 747 downregulated genes (Figure 1A). In the 
GSE160170 dataset, 790 DEGs were identified, comprising 
303 upregulated and 487 downregulated genes (Figure  1B). 
Intersection analysis with 711 PANoptosis- related genes re-
vealed 17 overlapping genes (Figure 1C).

http://www.string-db.org/
https://maayanlab.cloud/Enrichr/
https://www.pubgene.com/coremine-medical/
https://www.pubgene.com/coremine-medical/
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To further understand and study the biological functions of the 
DEGs related to PANoptosis, GO and KEGG enrichment anal-
yses were performed on the above 17 genes. The results were 
shown in Figure  S2. In the KEGG enrichment analysis, most 
genes were involved in the TNF signaling pathway, the NF- 
kappa B signaling pathway, the IL- 17 signaling pathway, apop-
tosis, and necroptosis (Figure S2A). Biological Process (BP) was 
mainly enriched in pathways related to cell death (Figure S2B); 
Cellular Component (CC) was primarily enriched in the ex-
tracellular region, plasma membrane part, lysosomes, etc. 
(Figure S2C); Molecular Function (MF) were mainly enriched 
in the molecular function regulators, cytokine activity, cytokine 
receptor binding, etc. (Figure S2D).

3.2   |   Hub Gene Screening

Based on the STRING database, interactions were found among 
15 of the 17 DEGs. A visual PPI network diagram was estab-
lished using the Cytoscape software (Figure  2A). To better 
understand the potential relationships between DEGs related 
to PANoptosis, the PPI network was further imported into the 
Cytoscape software to screen for key functional modules and 
hub genes that play important roles. One key module (containing 
11 genes) was identified using the MCODE plugin (Figure 2B), 
which may represent important regulatory pathways for genes 
related to PANoptosis in gout. Second, the top 10 hub genes were 

identified using the MCC algorithm in the cytoHubba plugin 
(Figure 2C). Finally, the intersection of the MCODE key mod-
ule genes and the cytoHubba key genes resulted in 9 hub genes 
(PTGS2, SOCS3, TNFAIP3, IER3, DUSP1, FOS, EGR1, IL6, and 
IL1B) (Figure 2D).

3.3   |   Machine Learning Screening for Gout 
Candidate Genes

The LASSO machine learning algorithm was employed to an-
alyze the previously identified 9 genes in both the GSE160170 
and GSE190138 datasets to screen candidate diagnostic genes 
for gout. In the GSE160170 dataset, the selected genes were 
TNFAIP3, SOCS3, and DUSP1, while the GSE190138 dataset 
yielded IL6, PTGS2, SOCS3, and GZMB (Figure  3A,B). The 
shared gene between both datasets was SOCS3 (Figure 3C).

3.4   |   Expression of Key Genes and Gene Set 
Enrichment Analysis (GSEA)

The expression of SOCS3 was validated in the GSE160170 and 
GSE190138 datasets, respectively. Compared to the normal 
control group, SOCS3 was significantly upregulated in the gout 
group (Figure 4A,C), and the area under the ROC curve (AUC) 
for both datasets reached 100% (Figure  4B,D). GSEA analysis 

FIGURE 1    |    Identification of DEGs in Gout and common genes with PANoptosis. (A) The volcano map of gout dataset GSE190138. (B) The volcano 
map of Gout dataset GSE160170. Upregulated genes were marked in red; downregulated genes were marked in green. (C) The overlap genes of DEGs 
in GSE190138, GSE160170, and genes with PANoptosis via a Venn diagram.
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revealed that SOCS3 was mainly concentrated in the purine me-
tabolism, pyrimidine metabolism, and RNA degradation path-
ways (Figure 4E).

3.5   |   Immune Infiltration Analysis

Using ssGSEA, we characterized the infiltration patterns of 28 
immune cell subpopulations in gout patients versus healthy con-
trols. Significant differences in immune cell proportions were 
observed between the two groups. Specifically, 12 out of 28 im-
mune cell subsets exhibited distinct variations, with activated 
CD4+ T cells, CD56dim natural killer cells, eosinophils, and T 
follicular helper cells, showing marked upregulation in gout 
patients (Figure 5A). Next, we conducted a comprehensive cor-
relation analysis among these 28 immune cell subtypes, reveal-
ing that many subtypes exhibited significant intercorrelations. 

(Figure 5B). Subsequently, we conducted an association analysis 
between the 28 immune cell subtypes and the SOCS3. The results 
indicated that SOCS3 was negatively correlated with type 2 T 
helper cells, natural killer T cells, effector memory CD8+ T cells, 
central memory CD4+ T cells and activated CD8+ T cells, while 
it was positively correlated with T follicular helper cells, plasma-
cytoid dendritic cells, natural killer cells, mast cells, immature 
dendritic cells, gamma delta T cells, eosinophils, CD56dim nat-
ural killer cells, and activated CD4+ T cells (Figure 5C). These 
findings suggest that these specific cell types may play a crucial 
role in the development of gout.

3.6   |   Construction of miRNA–mRNA–TF Network

Three online miRNA databases (miRWalk, miRNANet, and 
miRTarBase) were applied to predict miRNAs, identifying 

FIGURE 2    |    Protein–protein interaction (PPI) network and hub genes screening. (A) PPI network of common genes in Gout and PANoptosis. (B) 
11 genes clustered in one module were exhibited by MCODE. (C) The top 10 hub genes identified using the MCC algorithm in the cytoHubba plugin. 
(D) Intersection of the MCODE key module genes and the MCC algorithm hub genes via a Venn diagram.
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five differentially expressed target miRNAs: hsa- let- 7f- 5p, hsa- 
miR- 221- 3p, hsa- miR- 324- 5p, hsa- miR- 484, and hsa- miR- 423- 5p 
(Figure 6A).

In the TRRUST database, TFs related to the predicted SOCS3 
were identified. A total of 7 important TFs were finally screened 
out (CEBPA, NFKB1, RELA, SP3, STAT1, STAT3, STAT4). A 
miRNA–mRNA–TF network was constructed using the merge 
function in Cytoscape (Figure 6B).

3.7   |   Expression of Hub Genes in Clinical Samples

Compared with health control, the expression of SOCS3 was up-
regulated in the gout group (Figure S3).

3.8   |   Screening for Potential Therapeutic Drugs

Using the DSigDB drug database for SOCS3- targeted small- 
molecule enrichment analysis, the top 10 candidates based 

on Combined Score (adjusted p- value < 0.05) were identified 
(Table  S2). Comprehensive analysis suggested that Isoeugenol 
and Rofecoxib may exert therapeutic effects on gout via SOCS3 
modulation. Additionally, 5 SOCS3- related traditional Chinese 
herbs were screened from the Coremine Medical database 
(Table S3).

4   |   Discussion

Gout, a chronic metabolic- inflammatory disorder, arises from 
dysregulated uric acid homeostasis driven by excessive purine 
catabolism, urate overproduction, and/or impaired renal urate 
excretion, culminating in persistent hyperuricemia (serum 
urate > 6.8 mg/dL) [12]. Monosodium urate (MSU) crystals form 
in synovial tissues when serum urate levels exceed saturation, 
triggering inflammation and pain [12]. The diagnostic gold stan-
dard remains the identification of MSU crystals in synovial fluid 
via joint aspiration; however, this invasive procedure demands 
specialized expertise and is not universally feasible in clinical 
practice [13]. Imaging tools like dual- energy computed tomogra-
phy (DECT) or ultrasound improve accuracy but face accessibil-
ity barriers [14]. Serum urate levels may normalize during acute 
flares due to inflammatory shifts, requiring post- flare retesting 
for confirmation [15]. These limitations highlight the urgent 
need for non- invasive biomarkers and diagnostic innovations to 
optimize gout management.

PANoptosis is a recently identified form of programmed in-
flammatory cell death characterized by its unique integration 
of molecular mechanisms from three classical cell death path-
ways: pyroptosis, apoptosis, and necroptosis. Its regulation 
relies on a multilayered macromolecular complex termed the 
PANoptosome, which triggers signaling cascades upon recog-
nition of pathogen- associated molecular patterns (PAMPs) or 
damage- associated molecular patterns (DAMPs), ultimately 
leading to irreversible cell death. Unlike singular cell death 
pathways, the biological effects of PANoptosis cannot be fully 
explained by any individual mechanism alone. Instead, it oper-
ates through shared molecular components (e.g., caspase fam-
ily proteins) and crosstalk between pathways [7, 16]. Current 
research suggests that PANoptosis may play a critical role in 
the pathogenesis and progression of gout by modulating inflam-
matory signaling pathways, immune cell functionality, and cell 
death mechanisms [8, 17, 18]. Therefore, elucidating the specific 
molecular mechanisms of PANoptosis in gout and identifying 
novel diagnostic biomarkers targeting the PANoptosis pathway 
could provide precision medicine strategies for gout patients.

Our study identified SOCS3 as a central hub gene orchestrat-
ing gout- associated inflammatory networks through integrated 
bioinformatics and machine learning approaches. SOCS3 
(Suppressor of Cytokine Signaling 3) is a critical member of the 
SOCS protein family and primarily functions to negatively reg-
ulate cytokine- mediated signaling pathways, particularly the 
JAK–STAT pathway [19, 20]. Notably, recent mechanistic studies 
have demonstrated that SOCS3 indirectly regulates PANoptosis- 
associated genes (e.g., CASP8, MLKL) through suppression 
of STAT3 phosphorylation, thereby establishing a direct link 
to PANoptosis pathogenesis [21, 22]. Studies demonstrate that 
SOCS3 inhibits PANoptosis through dual mechanisms: directly 

FIGURE 3    |    Machine learning screening for gout candidate genes. 
(A) Identification of biomarkers using the Lasso regression model in the 
GSE160170 dataset. (B) Identification of biomarkers using the Lasso re-
gression model in the GSE190138 dataset. (C) Intersection of the LASSO 
candidate genes between GSE160170 and GSE190138 via Venn diagram.
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attenuating NF- κB pathway activation (via reducing p65 phos-
phorylation and nuclear translocation) and indirectly modulat-
ing signaling mediators such as TLR4 and JAK2/STAT3, thereby 
downregulating inflammatory cytokines (IL- 6, TNF- α) and cell 
death- associated factors (Caspase- 8, RIPK3) [23]. These regula-
tory roles establish SOCS3 as a multifunctional hub coordinat-
ing inflammatory responses and PANoptosis through crosstalk 
with core pathways, including JAK–STAT and NF- κB. Recent 
studies have demonstrated that SOCS3 exhibits significantly ele-
vated expression in monocytes and inflammatory tissues during 
the acute phase of gout, showing marked differences compared 
to individuals with normal serum uric acid (SUA) levels or 
those with asymptomatic hyperuricemia (AH). Mechanistically, 

SOCS3 may regulate the intensity of inflammatory responses 
by suppressing STAT3 phosphorylation, thereby limiting the 
signaling transduction of pro- inflammatory cytokines such 
as IL- 6. This molecular regulatory mechanism modulates the 
amplification of inflammatory cascades and contributes to the 
pathological progression of gout [19, 24]. Collectively, these 
findings underscore SOCS3 as a pivotal biomarker influencing 
PANoptosis- driven inflammatory severity during acute gout 
episodes.

Based on enrichment analysis findings, our study revealed a sig-
nificant association between PANoptosis- related genes and im-
mune regulatory networks during the pathogenesis of gout. By 

FIGURE 4    |    Expression of Key Genes and GSEA Analysis. (A, B) The expression of SOCS3 and ROC curve validated in the GSE160170. (C, D) The 
expression of SOCS3 and ROC curve was validated in the GSE190138. (E) GSEA analysis of SOCS3.
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systematically applying the ssGSEA method to conduct a pan-
oramic characterization of the immune microenvironment in 
gout patients versus healthy controls, results demonstrated that 
12 out of 28 evaluated immune cell subpopulations exhibited 
significant functional dysregulation. Further correlation analy-
sis identified that the expression level of SOCS3 showed signifi-
cant negative correlations with five immune cell subsets, while 
displaying marked positive correlations with nine immune cell 
subsets. Notably, this differential association pattern suggests 

that SOCS3 may act as a pivotal regulatory hub in gout- related 
inflammatory pathology by modulating the functional states of 
specific immune cell populations. Studies have demonstrated 
that SOCS3 enhances allergic responses by promoting the dif-
ferentiation and activation of T helper 2 cells [25]. Its expression 
level is positively correlated with the pro- inflammatory activity 
of mast cells and contributes to the pathogenesis of allergic dis-
eases by regulating mast cell survival/degranulation and eosin-
ophil activation/migration [25]. Current studies demonstrated 

FIGURE 5    |    Immune cell infiltration analysis between gout and control. (A) Comparison of the proportions of 28 immune cell types between the 
gout group and the control group. (B) Association analysis of the 28 immune cell subtypes. Both horizontal and vertical axes demonstrate immune 
cell subtypes. (C) Correlation analysis between 28 immune cell types and SOCS3. *p < 0.05, **p < 0.01, ***p < 0.001.
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that in inflammatory bowel disease (IBD), SOCS3 acts on mul-
tiple cell types—including epithelial cells, macrophages, den-
dritic cells, neutrophils, and T cells—to repair mucosal damage 
and balance immune responses [26]. Studies have revealed that 
PANoptosis is primarily driven by molecular mechanisms in in-
nate immune cells (e.g., macrophages, neutrophils, and dendritic 
cells). PANoptosis contributes to autoimmune diseases through 
chronic inflammation and aberrant immune activation. In con-
ditions like systemic lupus erythematosus (SLE) and rheuma-
toid arthritis (RA), PANoptosis in innate immune cells (e.g., 
dendritic cells) may promote the release of self- antigens, disrupt 
immune tolerance, and exacerbate inflammation via signaling 

pathways such as IL- 6/JAK- STAT3 [16, 27]. These findings col-
lectively highlight the pleiotropic immunomodulatory functions 
of SOCS3 across diverse pathological contexts.

Our study constructed a miRNA–mRNA–TF regulatory net-
work involving seven TFs (CEBPA, NFKB1, RELA, SP3, STAT1, 
STAT3, STAT4), five miRNAs (hsa- let- 7f- 5p, hsa- miR- 221- 3p, 
hsa- miR- 324- 5p, hsa- miR- 484, hsa- miR- 423- 5p), and one mRNA 
(SOCS3). The NF- κB signaling pathway plays a central role in 
gout- associated inflammation. NFKB1 and RELA, key NF- κB 
family members, directly regulate pro- inflammatory cyto-
kines IL- 1β and TNF- α. Monocytes from gout patients exhibit 

FIGURE 6    |    Construction of miRNA- mRNA- TF Network. (A) The overlapping miRNAs of miRWalk, miRNANet, and miRTarbase via Venn di-
agram. (B) The miRNA–mRNA–TF Network interactions by Cytoscape.
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heightened NF- κB activity, closely linked to urate crystal- 
triggered inflammatory cascades [28]. The STAT family (STAT1/
STAT3/STAT4) mediates cytokine signaling in gout pathogen-
esis. IL- 6 activates STAT3 to promote neutrophil infiltration 
and joint inflammation, while SOCS3, a negative regulator of 
STAT3, is upregulated during gout flares, potentially mitigating 
inflammation by suppressing STAT3 signaling [22, 29]. STAT1 
and STAT4 may also contribute to immune cell activation in 
gout pathology [30]. Hsa- let- 7f- 5p is closely associated with in-
flammatory states in diseases. In macrophages, hsa- let- 7f- 5p 
alleviates excessive inflammation by specifically downregu-
lating the expression of interferon- induced proteins Gbp2 and 
Gbp7 [31]. Hsa- miR- 221- 3p exacerbates inflammatory responses 
by targeting and suppressing SOCS3, a negative regulator of the 
STAT3 signaling pathway, thereby relieving its inhibitory effect 
on STAT3 activation. This drives macrophage polarization to-
ward the pro- inflammatory M1 phenotype [32]. Hsa- miR- 423- 5p 
is implicated in the inflammatory activation mechanisms of salt- 
sensitive hypertension (SS). It participates in the KCNQ1OT1 
long non- coding RNA (lncRNA)- mediated competitive endog-
enous RNA (ceRNA) network, where KCNQ1OT1 sequesters 
hsa- miR- 423- 5p to attenuate its repression of downstream target 
genes. This process ultimately leads to vascular endothelial dys-
function and systemic inflammatory responses [33].

Based on the screening analysis of the DSigDB drug database, 
Isoeugenol and Rofecoxib were identified as potential small- 
molecule drugs targeting SOCS3 for gout treatment. Isoeugenol 
derivatives, such as ISO- PC, significantly reduced serum uric 
acid levels by inhibiting xanthine oxidase (XOD) activity to 
suppress urate production and modulating renal urate trans-
porters (e.g., ABCG2) to enhance uric acid excretion. Animal 
studies demonstrated that ISO- PC exhibited protective effects 
against hyperuricemia- induced hepatic and renal injuries [34]. 
Rofecoxib, a selective COX- 2 inhibitor, alleviated acute gout 
inflammation by blocking prostaglandin E2 (PGE2) synthesis. 
Notably, COX- 2 (PTGS2) and SOCS3 were co- upregulated in 
gout patients and murine models, suggesting their potential as 
dual biomarkers for gout [2, 35]. The Coremine Medical database 
identified five SOCS3 and Gout- associated traditional Chinese 
herbs: Su Tou (root of Perilla frutescens, Lamiaceae), Bai Su 
Geng (stem of Perilla species), Sang Ye (dried leaf of Morus alba, 
Moraceae), Sang Zhi (twig of Morus alba), and Bai Su Zi (fruit 
of Perilla species). The extract of Su Tou inhibits XOD activity 
to reduce uric acid production, while components from Perilla 
leaves demonstrate hypouricemic effects in hyperuricemic an-
imal models [36]. Bai Su Geng contains phenolics, coumarins, 
terpenoids, and alkaloids that mitigate gout- associated inflam-
mation and oxidative stress by suppressing IL- 1β/TNF- α and 
scavenging free radicals [37, 38]. Bai Su Zi is rich in α- linolenic 
acid (ALA, > 65% in Perilla seeds), an ω- 3 polyunsaturated fatty 
acid that alleviates gouty arthritis by modulating lipid metabo-
lism, inhibiting IL- 6/TNF- α, and promoting anti- inflammatory 
mediators like lipoxins [39, 40]. Perilla extracts synergize with 
conventional anti- gout drugs (e.g., allopurinol) to enhance ef-
ficacy and reduce adverse effects via multi- target mechanisms 
[41, 42]. Sang Ye aqueous extract lowers uric acid by inhibiting 
hepatic XOD and upregulating renal ABCG2 expression, while 
suppressing prostaglandin E2 synthesis to attenuate joint in-
flammation [43, 44]. Sang Zhi bioactive components alleviate 
gouty arthritis by inhibiting NF- κB signaling to reduce IL- 6/

TNF- α release, thereby ameliorating local inflammation and 
pain [37, 45].

In summary, our integrated bioinformatics analysis, machine 
learning approach, and clinical validation have identified SOCS3 
as a pivotal diagnostic biomarker for gout, with its regulatory 
role intricately linked to PANoptosis -  related mechanisms. This 
work not only provides a novel translational framework for de-
veloping diagnostic biomarkers and targeted therapeutics in 
gout but also advances our understanding of shared pathological 
mechanisms across inflammatory diseases, offering conceptual 
inspiration for research on common inflammatory pathways. 
While this study confirmed the biomarker's relevance through 
clinical samples, limitations include a limited sample size and 
the lack of stratification by disease stages. Subsequent studies 
should employ in vitro and in vivo models to elucidate the mech-
anistic underpinnings of SOCS3 in gout pathogenesis. Future 
research may further explore the roles of these molecular path-
ways in gout progression, offering novel insights and therapeu-
tic targets for the precise diagnosis and treatment of the disease.
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ABSTRACT
Objectives: Tofacitinib is the first oral targeted synthetic disease- modify anti- rheumatic drug for patients with moderate to 
severe rheumatoid arthritis. This study aimed to identify the factors associated with the discontinuation of tofacitinib in patients 
with RA in clinical practice.
Methods: RA patients who received tofacitinib between 2015 and 2020 were included in this observational cohort study. The 
patients were followed for at least 1 year, ending on December 31, 2022. A tofacitinib non- responder was defined as a patient who 
required discontinuation or switch to another bDMARD. Conversely, tofacitinib responders were defined as those who could 
continue to receive tofacitinib without experiencing a loss of efficacy or severe adverse events. Univariate and multivariate Cox 
regression analyses and Kaplan–Meier survival curve analysis were used to investigate the factors associated with the discon-
tinuation of tofacitinib.
Results: A total of 266 patients were enrolled. The average age of the patients was 57.07 ± 12.07 years, and 99 (37.2%) were tofac-
itinib non- responders. Univariate analysis revealed that the non- responders had a lower rate of concomitant hydroxychloroquine 
treatment and higher rates of leflunomide, biological disease- modifying antirheumatic drug (bDMARD), and tumor necrosis 
factor inhibitor (TNFi) treatment compared to the responders. Cox regression adjusted analysis indicated that prior bDMARD 
treatment (hazard ratio (HR) = 1.423, 95% confidence interval (CI) = 1.024, 1.976, p = 0.036), prior TNFi treatment (HR = 1.605, 
95% CI = 1.165, 2.212, p = 0.004), and prior non- TNFi treatment (HR = 1.326, 95% CI = 1.012, 2.075, p = 0.048) were associated 
with a higher non- response rate. Moreover, Kaplan–Meier survival curve analysis revealed that the patients with prior bDMARD 
treatment had a higher non- response rate.
Conclusions: The RA patients who received tofacitinib in this study had a good response rate, and the average non- response 
rate was around 37% after 2 years of treatment. The main factor associated with an inadequate response to tofacitinib was prior 
bDMARD treatment. Prior TNFi treatment was the strongest factor associated with a non- response to tofacitinib. Patients with a 
non- response to tofacitinib may consider bDMARDs with other mechanisms if previous treatment with TNFis was unsuccessful.
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1   |   Introduction

RA is a chronic autoimmune disease characterized by inflam-
mation and joint damage which may negatively affect health, 
reduce the quality of life, and diminish joint function [1, 2]. 
According to the American College of Rheumatology (ACR) 
and European Alliance of Associations for Rheumatology 
(EULAR), the “treat- to- target” strategy represents a funda-
mental paradigm in RA management, aiming to optimize 
outcomes through regular disease activity assessment and 
treatment adjustment [3, 4]. Factors associated with remis-
sion include comorbidities and other patient factors, the type 
of medication, course of treatment, and adherence to treat to 
target strategies [5–7].

Tofacitinib is the first oral Janus kinase (JAK) inhibitor [8], and 
it is prescribed for patients with rheumatoid arthritis (RA), pso-
riatic arthritis, ulcerative colitis, and polyarticular course juve-
nile idiopathic arthritis [9]. JAK inhibitors are small- molecule 
drugs that interfere with the activation of JAKs, a family of 
enzymes related to leukocyte cell signaling. JAK signaling has 
been confirmed to play a key role in immune cell activation, pro-
liferation, and function [10–13]. Compared to JAK1 and JAK3, 
JAK2 is less significantly inhibited by tofacitinib [14].

The cornerstone of RA treatment has long been methotrexate 
(MTX) and other conventional synthetic disease- modifying 
antirheumatic drugs (csDMARDs) [3, 4, 15]. Over the past few 
decades, biological disease- modifying antirheumatic drugs (bD-
MARDs) have greatly improved the clinical outcomes of RA 
patients. However, even though biologics have revolutionized 
RA treatment, individuals may still experience adverse effects, 
or the treatment may lose efficacy over time [16–18]. A 12- year 
observational study found that nearly one- fifth of RA patients 
had unmet treatment demands with csDMARDs or bDMARDs, 
highlighting the need for alternative therapy [19].

A prior systematic review and meta- analysis study found that 
patients with RA treated with etanercept had better drug sur-
vival than those treated with two other tumor necrosis factor 
inhibitors (TNFis). In addition, the study found that the dura-
tion of disease prior to biologic treatment, concurrent DMARD 
use, and female sex were predictors of the time to cessation 
[20]. Another study comparing tofacitinib to bDMARD in the 
treatment of RA found that tofacitinib was associated with a 
longer persistence in switchers and shorter persistence in new 
users [21]. This study aimed to identify factors associated with 
the discontinuation of tofacitinib in RA patients based on real- 
world data.

2   |   Methods

2.1   |   Study Design and Setting

In this retrospective study, we reviewed the medical records of 
patients in our hospital's information system, and enrolled those 
over 18 years of age who used tofacitinib from January 1, 2015 
to December 31, 2020 and were followed up for at least 1 year 
to December 31, 2021. The regimens used at our hospital were 
tofacitinib tablets 5 mg bid or tofacitinib extended- release tablets 
11 mg qd. Patients with indications other than RA, incomplete 
data, loss of follow- up for unknown reasons, side effects, death, 
and those who changed drug treatment due to pregnancy were 
excluded. The decision to discontinue tofacitinib and all other 
related treatments was at the discretion of the treating rheu-
matologists. This study was also approved by the Institutional 
Review Board of Chang Gung Medical Foundation (IRB No. 
202201902B0).

2.2   |   Assessments

The patient's basic information, including age, sex, comorbidities 
(hypertension, diabetes, hyperlipidemia, and osteoporosis), RA 
disease course during initial tofacitinib treatment, and the dura-
tion of tofacitinib use until December 31, 2021, were recorded. 
The Disease Activity Score (DAS) and its popular variant, the 
DAS28, were used to evaluate disease activity. The modified 
DAS28 examines 28 joints and includes the ESR level, making 
it a more focused and frequently used clinical marker of disease 
activity. The primary objective of RA treatment is to attain and 
sustain remission, which is defined as a DAS28 score of < 2.6. If 
the primary objective is not feasible, then the aim is to achieve 
low disease activity, defined as a DAS28 score between 2.6 and 
3.2. We also recorded the use of bDMARDs before tofacitinib, 
and the concomitant use of csDMARDs and corticosteroids. 
Laboratory data, including C- reactive protein, erythrocyte sed-
imentation rate, rheumatoid factor immunoglobulin M or im-
munoglobulin G, and anti- cyclic citrullinated peptide antibody, 
were also recorded. The baseline disease severity and medication 
adherence in patients with rheumatoid arthritis (RA) were well- 
managed. This is because patients were required to undergo at 
least 6 months of treatment with conventional synthetic disease- 
modifying antirheumatic drugs (csDMARDs) before becoming 
eligible for biological DMARDs (bDMARDs). Additionally, prior 
to prescribing bDMARDs to RA patients, approval from the na-
tional health insurance institute was mandatory.

A tofacitinib non- responder was defined as a patient who re-
quired discontinuation or switch to another bDMARD by a 
rheumatologist. Non- response was attributed to loss of efficacy, 
defined as an increase in DAS28 score of more than 1.2 from 
baseline, or due to severe complications, infections, or medica-
tion intolerance during the treatment period. The definition of 
non- response (DAS28 increase ≥ 1.2 from baseline) aligns with 
the National Institute for Health and Care Excellence (NICE) 
guidelines in the United Kingdom, which are adopted as part 
of Taiwan's reimbursement criteria for biologic DMARDs [22]. 
Specifically, NICE recommends this threshold to identify inad-
equate treatment response in RA patients, ensuring consistency 
with our real- world clinical practice [23]. Conversely, tofacitinib 

Summary

• Tofacitinib effectively treats RA, yet about 25% of pa-
tients remain unresponsive after 2 years.

• Prior bDMARD use—especially TNFi exposure—is 
linked to poor tofacitinib response.

• RA patients failing tofacitinib with a TNFi history 
might benefit from switching to a bDMARD with a 
new mechanism.
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responders were defined as those who could continue to receive 
tofacitinib without experiencing a loss of efficacy or severe ad-
verse events.

The pre- defined primary endpoint was discontinuation of tofaci-
tinib due to ineffectiveness. We further classified the prior use of 
bDMARDs into treatment with tumor necrosis factor inhibitors 
(TNFis) and non- TNF inhibitors (non- TNFis).

2.3   |   Statistical Analysis

Statistical analysis was performed with SAS Enterprise Guide 
7.1 (SAS Inc., Cary, NC), Stata 12 (StataCorp, College Station, 
TX), and Microsoft Excel 2013 (Microsoft Corp., Redmond, 
WA). Continuous variables are expressed as mean and stan-
dard deviation. In univariate analysis, the Student's t- test 
was used for continuous variables, and the chi- squared test 
for categorical variables to compare differences between the 
two groups. A two- tailed p value < 0.05 was considered statis-
tically significant.

Prior to performing Cox regression analyses, we rigorously 
evaluated the underlying statistical assumptions to ensure the 
validity of our findings. The proportional hazards assump-
tion, a critical requirement for Cox models, was tested using 
Schoenfeld residuals and log–log plots. Global tests of residuals 
across all covariates yielded non- significant p values (p > 0.05), 
confirming that hazard ratios remained constant over time 
and no time- dependent biases were present. For continuous 
variables, linearity with respect to the log hazard was assessed 
graphically using Martingale residual plots, which revealed no 
systematic deviations from linear trends. To address potential 
multicollinearity among predictor variables, we calculated vari-
ance inflation factors (VIFs) for all covariates included in the 
multivariate model. All VIF values were below 2.0, well under 
the conventional threshold of 5–10, indicating negligible correla-
tion between explanatory variables and supporting the stability 
of regression estimates. For Kaplan–Meier survival analyses, we 
verified the non- informative censoring assumption by reviewing 
clinical records to confirm that discontinuation events (e.g., loss 
to follow- up) were unrelated to study outcomes. Additionally, 
the log- rank test, used to compare survival curves between 
groups, assumes independent observations—a condition met 
by our study design, which excluded patients with overlapping 
treatments or competing risks. Sensitivity analyses, including 
stratified Cox models by prior bDMARD exposure, further re-
inforced the robustness of our results. These comprehensive 
checks ensure the reliability of our hazard ratio estimates and 
survival analyses. Subgroups for Kaplan–Meier analysis (TNFi- 
exposed, non- TNFi- exposed, and bDMARD- naïve patients) 
were pre- specified based on prior evidence linking biologic ex-
posure to differential JAK inhibitor responses. Log- rank tests 
compared survival curves between these subgroups.

3   |   Results

A total of 266 patients participated in the study, with an average 
age of 57.07 ± 12.07 years. We included patients who had recently 
begun using Tofacitinib between 2015/1/1 and 2020/12/31. The 

start time of use was used as the baseline, and patients were moni-
tored until 2021/12/31. The median follow- up period for tofacitinib 
is 4.77 years, and the median survival time is 2.64 years. Among 
these patients, 99 (37.2%) were identified as non- responders to to-
facitinib treatment. The missing data were addressed (1) Patients 
received tofacitinib for indications other than rheumatoid arthri-
tis (n = 95), such as dermatitis (n = 31), severe cutaneous adverse 
response (n = 7), ulcerative colitis (n = 1), alopecia (n = 29), or pso-
riasis (n = 27). (2) The medical records contain test results that are 
either missing or unclear. (3) Patients did not come to our facility 
for treatment for unknown reasons. (4) Doctors stopped admin-
istering tofacitinib because of side effects or patient intolerance. 
(5) The doctor suggested certolizumab pegol rather than tofaci-
tinib for the patients who planned to get pregnant (Figure 1). The 
results of univariate analysis revealed that a higher percentage 
of the non- responders had received prior treatment with lefluno-
mide or bDMARDs (especially TNFis) (Table 1).

To further investigate the factors associated with a non- response 
to tofacitinib, we conducted multivariate analysis using Cox re-
gression, adjusting for potential confounders. The potential con-
founders included sex, age, and RA disease duration. Moreover, 
previously used leflunomide was also considered a confounder 
due to the difference in Table 1. The patients who had previously 
received bDMARDs had a hazard ratio (HR) of 1.423, with a 95% 
confidence interval (CI) ranging from 1.024 to 1.976 (p < 0.05) 
(Table 2).

In addition to the use of bDMARDs, prior TNFis treatment was 
also found to significantly increase the risk of a non- response 
to tofacitinib. The HR for non- response in the patients with a 
history of TNFis treatment was 1.605 (95% CI 1.165–2.212, 
p < 0.05). Furthermore, the analysis indicated that the patients 
with a history of prior non- TNFi biologic treatment were also at 
an increased risk of being a non- responder, with an HR of 1.326 
(95% CI 1.012–2.075, p < 0.05) (Table 2).

Kaplan–Meier survival curve analysis, which is typically used to 
assess the time to an event such as treatment response, supported 
the results of the Cox regression analysis. As pre- specified, 
Kaplan–Meier analysis stratified patients by prior bDMARD ex-
posure (TNFi, non- TNFi, or naïve) to assess non- response risk. 
The log- rank test comparing survival curves between bDMARD- 
naïve and bDMARD- experienced groups revealed that patients 
with prior bDMARD treatment had significantly higher non- 
response rates compared to those without prior biologic therapy 
(p = 0.006; Figure  2A). Further subgroup analysis comparing 
TNFi- exposed patients to bDMARD- naïve patients showed sig-
nificantly higher non- response rates in the TNFi- exposed group 
(p = 0.0001; Figure  2B). In contrast, comparison between non- 
TNFi- exposed and bDMARD- naïve groups revealed no signif-
icant difference in non- response rates (p = 0.867; Figure  2B). 
These results suggest that prior TNFi exposure, but not neces-
sarily non- TNFi bDMARD exposure, may significantly influence 
the likelihood of treatment response to tofacitinib (Figure 2).

4   |   Discussion

This study investigated the factors associated with a non- 
response to tofacitinib, a JAK inhibitor used in the treatment 
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of various autoimmune conditions including RA. Compared 
to other bDMARD therapies, tofacitinib has only recently be-
come available. A number of factors have been reported to in-
fluence bDMARD drug retention rates, some of which seem 
to be specific to a particular drug or class of drug [24, 25]. A 
Canadian study reported that older age (≥ 56 vs. ≤ 45 years), 
bDMARD naivety (compared with prior bDMARD exposure), 
and longer time from the diagnosis (15–19 vs. < 5 years) were 
significantly associated with increased retention to tofacitinib 
[26]. Our findings revealed a significant association between 
prior bDMARD exposure, particularly TNFis, and reduced 
tofacitinib effectiveness. These results have important im-
plications for clinical practice, suggesting that prior biologic 
therapy should be carefully considered when initiating tofac-
itinib treatment.

In this study, 37.2% of the patients were non- responders to tofac-
itinib. Univariate analysis highlighted differences between the 
responders and non- responders, and notably a lower rate of con-
comitant hydroxychloroquine treatment in the non- responders. 
While the role of hydroxychloroquine in conjunction with to-
facitinib warrants further investigation, this observation could 
suggest a potential synergistic effect or reflect differences in 
disease severity or treatment strategies between the groups. 
Patients on tofacitinib or bDMARDs may also be taking another 
csDMARD. Nevertheless, most of these combinations would in-
volve medications such as hydroxychloroquine, which by itself 
does not usually increase the risk of infection [27]. However, the 
most striking finding of the univariate analysis was the higher 
prevalence of prior leflunomide and bDMARD (especially 
TNFis) treatment among the non- responders. This preliminary 
observation strongly suggests that prior exposure to immuno-
suppressive therapies, particularly biologics, could influence the 
efficacy of tofacitinib.

To rigorously assess the impact of prior therapies on the re-
sponse to tofacitinib, we performed multivariate analysis using 
Cox regression, adjusting for potential confounding factors. The 
results confirmed a strong association between prior bDMARD 
use and an increased risk of tofacitinib non- response, and 
showed that the patients with prior bDMARD exposure were 
nearly twice as likely to be non- responders. This finding is im-
portant, as it provides strong evidence that prior biologic therapy 
can significantly diminish the effectiveness of tofacitinib.

In further analysis of the impact of specific bDMARD classes, 
our results revealed that prior TNFi treatment also significantly 
increased the risk of tofacitinib non- response.

Importantly, our analysis also demonstrated that prior exposure 
to non- TNFi biologics was associated with an increased risk of 
tofacitinib non- response. Although the confidence interval was 
wider for this association, likely due to the smaller number of pa-
tients receiving non- TNFi biologics, this finding strengthens the 
overall conclusion that prior biologic exposure, regardless of the 
specific class, can negatively influence the efficacy of tofacitinib. 
This suggests a broader phenomenon of reduced responsiveness 
to subsequent targeted therapies after prior biologic failure.

The Kaplan–Meier survival curve analysis further corroborated 
these findings, and the curves clearly demonstrated a signifi-
cantly higher non- responder rate among the patients with prior 
bDMARD exposure compared to those without. This reinforces 
the conclusions of the Cox regression analysis, and highlights 
the substantial impact of prior biologic therapy on the response 
to tofacitinib.

Several potential mechanisms could explain the observed asso-
ciation between prior biologic exposure and reduced tofacitinib 

FIGURE 1    |    Flowchart for identifying rheumatoid arthritis patients with Tofacitinib in Chang Gung memorial hospital. RA, rheumatoid arthritis.
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effectiveness. One possibility is the development of altered im-
mune responses or resistance mechanisms following exposure to 
previous bDMARDs. Prior treatment with TNFis, for example, 
may lead to changes in downstream signaling pathways or the 
upregulation of alternative inflammatory pathways, rendering 
subsequent JAK inhibition less effective [28–30]. Another po-
tential explanation is a more refractory disease phenotype in pa-
tients who have failed prior bDMARD therapies. Such patients 
may have a more aggressive or complex disease course that is in-
herently less responsive to subsequent treatments, including JAK 
inhibitors. It is also possible that the duration of prior bDMARD 
therapy, the number of prior bDMARDs used, or the reason for 
discontinuation of the prior bDMARD (e.g., primary or second-
ary failure) could influence the response to tofacitinib [31–34].

These findings have important clinical implications. The study 
suggests that a history of biologic therapy, particularly TNFis 

and other bDMARDs, may negatively impact the effectiveness 
of tofacitinib. Patients who have been treated with these ther-
apies prior to starting tofacitinib may be at a higher risk of not 
responding to treatment. While randomized trials with meta- 
analysis established tofacitinib's efficacy in TNFi- inadequate 
responders, our real- world cohort complements this by evaluat-
ing durability and predictors of non- response in clinical prac-
tice [35]. The consistency between our results and clinical trials 
with meta- analysis reinforces tofacitinib's role in this popula-
tion, while our data on prior bDMARD exposure offers prag-
matic guidance for sequencing therapies. Clinicians may need 
to consider these factors when determining whether to initiate 
tofacitinib therapy in patients with a history of biologic treat-
ments. Additionally, these findings highlight the need for closer 
monitoring of patients with prior bDMARD therapy to assess 
their response to tofacitinib and consider alternative treatment 
strategies if necessary.

TABLE 1    |    Baseline characteristics of comparing RA patients with Tofacitinib non- responder and responder.

All Non- responder Responder

pN = 266 N = 99 N = 167

Age (years), mean (SD) 57.07 (12.07) 57.28 (12.57) 56.94 (11.80) 0.8234

Female, n (%) 221 (83.08) 86 (86.87) 135 (80.84) 0.205

Disease duration (years), mean (SD) 7.46 (5.36) 7.94 (5.28) 7.17 (5.41) 0.258

Treatment duration (years), mean (SD) 2.81 (1.66) 1.67 (1.21) 3.48 (1.52)

Comorbidities, n (%)

Hypertension 83 (31.20) 33 (33.33) 50 (29.94) 0.564

Diabetes mellitus 24 (9.02) 10 (10.10) 14 (8.38) 0.636

Hyperlipidemia 51 (19.17) 19 (19.19) 32 (19.16) 0.995

Osteoporosis 31 (11.65) 8 (8.08) 23 (13.77) 0.162

Concomitant cDMARDs, n (%) 266 (100) 99 (100) 167 (100.0)

Methotrexate 247 (92.86) 91 (91.92) 156 (93.41) 0.647

Hydroxychroloquine 201 (75.56) 67 (67.68) 134 (80.24) 0.021*

Sulfasalazine 181 (68.05) 71 (71.72) 110 (65.87) 0.323

Leflunomide 89 (33.46) 43 (43.43) 46 (27.54) 0.008*

Othersa 40 (15.04) 18 (18.18) 22 (13.17) 0.707

Concomitant corticosteroids 209 (78.57) 79 (79.80) 130 (77.84) 0.3503

Prior bDMARDs, n (%) 155 (58.27) 72 (72.73) 83 (49.70) 0.0001*

TNFis 95 (35.71) 46 (46.46) 49 (29.34) 0.005*

Non- TNFis 49 (18.42) 22 (22.22) 27 (16.17) 0.218

DAS28 (ESR), mean (SD) 5.63 (1.08) 5.63 (1.18) 5.63 (1.01) 0.977

ESR (mm/h), mean (SD) 33.72 (26.49) 37.17 (29.60) 31.69 (24.34) 0.104

RF positivity, n (%) 206 (77.44) 72 (72.73) 134 (80.24) 0.156

Anti- CCP positivity, n (%) 120 (45.11) 41 (41.41) 79 (47.31) 0.351

Abbreviations: anti- CCP, anti- cyclic citrullinated peptide antibodies; bDMARDs, biological DMARDs; cDMARDs, conventional DMARDs; DAS28, 28 joint count 
disease activity score; DMARDs, disease modifying drugs; n, number of subjects; RA, rheumatoid arthritis; RF, rheumatoid factor; SD, standard deviation; TNFis, 
tumor necrosis factor inhibitors.
aAzathioprin, cyclosporine and penicillamine.
*p < 0.05.
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This study has several limitations that should be considered. 
Because it is retrospective, there is a risk of selection bias and un-
measured confounding, even though we adjusted for some factors 
in our analysis. The way we defined tofacitinib non- response as a 
combination of different outcomes- such as loss of efficacy, adverse 
events, and other clinical decisions- reflects real- world practice but 
also mixes different reasons for stopping treatment, which can 
make it harder to interpret the underlying mechanisms. Our study 
population, which included only patients who had received tofaci-
tinib in clinical trials or at certain institutions, may not fully repre-
sent all patients treated with this medication, so our findings may 
not apply to every setting. Additionally, we did not collect detailed 
information on why patients stopped previous biologic treatments 

or how long they were on those therapies, which could have pro-
vided more context for our results. We also had to exclude some 
patients due to missing or incomplete data, such as unclear diag-
noses, loss to follow- up, or treatment discontinuation for reasons 
like adverse effects or pregnancy planning. While these exclusions 
were necessary to keep the study population consistent, we did 
not perform sensitivity analyses or data imputation, which could 
introduce bias and limit how widely our results can be applied. 
Despite these limitations, we made every effort to carefully review 
patients' medical histories to ensure accurate inclusion. Future 
prospective studies with larger and more diverse patient groups, as 
well as more detailed data collection, will be important to confirm 
our findings and better understand the mechanisms involved.

TABLE 2    |    Multivariate Cox regression analysis: Adjusted hazard ratio of the factors for Tofacitinib in RA patients.

Variable
Multivariate 1a, 

HR (95% CI)
Multivariate 2b, 

HR (95% CI)
Multivariate 3c, 

HR (95% CI)

Male vs. Female 0.774 (0.492–1.219) 0.774 (0.492–1.219) 0.776 (0.492–1.224)

Age 0.998 (0.986–1.011) 0.999 (0.987–1.012) 0.998 (0.986–1.011)

RA disease duration 1.008 (0.968–1.049) 1.011 (0.981–1.043) 1.019 (0.990–1.050)

Previously use of hydroxychloroquine 0.798 (0.564–1.129) 0.794 (0.561–1.121) 0.763 (0.541–1.076)

Previously use of leflunomide 1.329 (0.956–1.848) 1.330 (0.958–1.846) 1.392 (1.005–1.928)

bDMARDs- experienced vs. 
bDMARDs- näive

1.423* (1.024–1.976) — —

Prior TNFis vs. bDMARDs- näive — 1.605* (1.165–2.212) —

Prior non- TNFis vs. bDMARDs- näive — — 1.326* (1.012–2.075)

Abbreviations: bDMARDs, biological DMARDs; CI, confidence interval; HR, hazard ratio; RA, rheumatoid arthritis; TNFis, tumor necrosis factor inhibitors.
a266 subjects with 155 bDMARDs- experienced, adjusting for gender, age, RA disease duration, previously use of Hydroxychloroquine, previously use of Leflunomide.
b217 subjects with 95 prior TNFis, adjusting for gender, age, RA disease duration, previously use of Hydroxychloroquine, previously use of Leflunomide.
c171 subjects with 49 non- TNFis, adjusting for gender, age, RA disease duration, previously use of Hydroxychloroquine, previously use of Leflunomide.
*p < 0.05.

FIGURE 2    |    (A) Drug survival curve for comparing RA patients with bDMARDs- näive and bDMARDs- experienced (B) Drug survival curve of 
comparing RA with Prior TNFis, Prior non- TNFis and bDMARDs näive. RA, rheumatoid arthritis; bDMARDs, biological disease modifying anti- 
rheumatic drugs; TNFis, tumor necrosis factor inhibitors.
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Despite these limitations, our study provides compelling evi-
dence that prior biologic therapy, particularly TNFis and other 
bDMARDs, is a significant predictor of reduced tofacitinib ef-
fectiveness. These findings have important clinical implica-
tions. Clinicians should carefully consider a patient's history of 
biologic therapy when deciding whether to initiate tofacitinib 
treatment. In patients with prior biologic exposure, particularly 
those who have failed multiple biologics, alternative treatment 
strategies or closer monitoring of treatment response may be 
warranted. Furthermore, our findings highlight the need for 
further research to elucidate the underlying mechanisms and 
develop strategies to overcome resistance to targeted therapies 
in patients with autoimmune diseases. This could lead to more 
personalized treatment approaches and improve outcomes for 
patients with these challenging conditions.

5   |   Conclusion

This study provides important insights into the factors in-
fluencing a non- response to tofacitinib in patients with RA. 
The findings suggest that prior exposure to bDMARD ther-
apies, particularly TNFis, is a significant predictor of a non- 
response. These results underscore the need for careful patient 
selection when considering tofacitinib therapy and highlight 
the importance of treatment history in determining the most 
appropriate therapeutic approach for RA patients. We rec-
ognize that treatment non- response may reflect either drug- 
specific factors or underlying disease refractoriness. This link 
probably reflects both medication history and disease sever-
ity, even though our adjusted analyses indicate that prior bD-
MARD exposure independently predicts the discontinuation 
of tofacitinib. Clinicians could interpret these findings in the 
context of individual patient characteristics and treatment 
trajectories. Further research is needed to explore the mecha-
nisms underlying a non- response to tofacitinib and to identify 
strategies for improving outcomes in this challenging patient 
population.
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Juvenile idiopathic inflammatory myopathies (JIIMs) are a het-
erogeneous group of immune- mediated disorders—including 
Juvenile Dermatomyositis (JDM), Juvenile Polymyositis (JPM), 
immune- mediated necrotizing myositis, myositis associated 
with other connective tissue diseases, and rare disorders clas-
sified under the unified spectrum of idiopathic inflammatory 
myopathies (IIMs).

The estimated incidence of IIM varies from 1.6 to 19/million/
year, and estimated prevalence varyies from 2.4 to 33.8/100000/
year [1]. For JDM, the form of JIIM for which most estimates are 
available, the incidence varies from 1.9 to 3.2/million children/
year [2–4]. The exact etiological basis of JIIMs is not yet known, 
but studies have found associations with several environmental 
triggers such as ultraviolet (UV) light exposure, air pollution, 
and a variety of infectious triggers. Genetic associations with 
HLA haplotypes have also been identified [5, 6]. Historically, 
JIIMs had a grim prognosis with a chronic and severe course, 
and as many as a third of all patients succumbing to the dis-
ease [7]. With advances in treatment, the prognosis for JIIMs 
has significantly improved, but mortality rates in JIIM patients 
remain higher than that in the general population [6], and most 
patients are seen to have some extent of disease damage [8]. 
Even among rheumatological disorders, JIIMs are rare, chronic 
disorders with patients requiring long- term management and 
rehabilitation at specialist centers. A better understanding of the 
epidemiology of the JIIMs can help in estimating the burden of 
disease, which can influence public health policy toward provi-
sion of healthcare facilities for these patients. Moreover, study-
ing epidemiological trends over time can contribute toward 

recognition of risk factors, some of which may be modifiable. 
Epidemiological studies can also help guide future research and 
public health interventions [9].

Nossent et  al. conducted a 30- year population- based retro-
spective study of 40 JIIM patients under 18 years in Western 
Australia, finding an annual incidence of 2.52/million children, 
with JDM at 2.02/million, female predominance, and a 94.9% 
10- year survival rate. Compared with JIA controls, JIIM patients 
had significantly higher rates of serious infections, with nonsig-
nificant increases in thromboembolic disease, ILD, osteoporo-
sis, and pregnancy complications. Nossent et al.'s study makes 
a significant contribution by providing Australian population- 
based JIIM incidence data and enabling outcome comparisons 
with JIA as a control group. The extended median follow- up of 
over 10 years offers valuable insights into the long- term compli-
cations and functional impacts of JIIM.

As the understanding of JIIMs has evolved over time, it has been 
seen that different autoantibodies confer different clinical pheno-
types and also have a significant bearing on outcomes in patients 
with JIIMs [6, 8]. Determining the accurate incidence of JIIMs is 
met with several challenges. Contemporary research reveals sig-
nificant heterogeneity in classification criteria usage, with many 
studies using multiple systems or none at all, highlighting the ur-
gent need for a unified, comprehensive classification framework 
that can accurately capture all IIM subtypes [10]. Limited access 
to specialized diagnostic tools, particularly myositis- specific an-
tibody testing in many regions, further complicates accurate 
case identification. The scarcity of pediatric rheumatologists 
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and specialists experienced in recognizing early disease features 
often results in delayed diagnosis or missed cases, especially in 
resource- limited settings. Limited research funding, given the 
rarity of the condition, constrains the scope and scale of epidemi-
ological studies, particularly in developing regions. Additionally, 
cases managed exclusively in outpatient settings or those who 
never reach tertiary care centers may go unrecorded, leading to 
potential underestimation of true disease incidence.

The above study while valuable, the absence of autoantibody pro-
file data limits our understanding of the immunological charac-
teristics of the cohort. Additionally, the baseline disease severity 
metrics were not reported, making it challenging to evaluate the 
relationship between initial patient status and outcomes. The 
study also does not specify the exact causes of mortality. The com-
position of JIA subtypes in the comparison cohort would have 
provided useful context for interpretation. The study's reliance on 
hospitalization records for JIIM case identification, though meth-
odologically sound, may not capture the full spectrum of cases, 
particularly those managed in outpatient settings or those with-
out access to healthcare facilities. These observations may inform 
the design of future studies in this area. The study nonetheless 
represents a significant contribution to the field, offering valu-
able longitudinal data on JIIM incidence, prevalence and associ-
ated morbidities. Its particular strengths lie in its comprehensive 
temporal scope and the inclusion of multiple healthcare facilities 
across Western Australia, providing a robust regional perspective.

Future epidemiological studies would benefit from prospective 
multicentric data collection, including autoantibody profiles 
and outpatient cases. Collaborative networks such as Myositis 
International Health and Research Collaborative Alliance 
(MIHRA) play a crucial role in addressing current research gaps, 
particularly in developing regions where data remains limited 
[11]. Such international partnerships, guided by principles of in-
clusivity and equitable representation, are essential for establish-
ing a comprehensive global understanding of JIIM epidemiology.
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ABSTRACT
Aim: This multicenter retrospective study evaluated the differential impact of concomitant methotrexate (MTX) and gluco-
corticoids (GCs) administration by dosage on the effectiveness and safety of biological disease- modifying antirheumatic drugs 
(bDMARDs) and Janus kinase inhibitors (JAKi) in a real- world cohort of patients with rheumatoid arthritis, adjusting for clinical 
backgrounds variables.
Methods: The study included 3751 treatment courses (bDMARD-  or JAKi- naïve cases, 48.9%; tumor necrosis factor inhibitors: 
1668; tocilizumab [TCZ]: 865; abatacept [ABT]: 825; JAKi: 393). Hazard ratios for treatment retention were calculated using 
multivariate Cox proportional hazards models, adjusted for potential confounders. Improvement in the clinical disease activity 
index (ΔCDAI) with each formulation was analyzed using mixed- effects models for repeated measures, stratified by concomitant 
MTX and GCs dosages.
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Results: Compared to MTX(−), a lower dose of MTX (< 10 mg/week) was associated with significant improvement in ΔCDAI 
with golimumab (GLM), TCZ, and JAKi and reduced discontinuation due to ineffectiveness of etanercept (ETN). A higher MTX 
dose (≥ 10 mg/week) demonstrated a similar trend. Compared to GCs(−), a lower dose of GCs (≤ 5 mg/day; prednisolone equiv-
alent) was associated with a diminished ΔCDAI with GLM and an increased discontinuation due to ineffectiveness of ADA and 
GLM. A higher dose of GCs (> 5 mg/day) was associated with increased discontinuation due to safety with ETN, CZP, and JAKi.
Conclusions: The effects of concomitant MTX and GCs dosages on the effectiveness and safety of biologics and JAKi vary 
among agents. MTX did not mitigate safety issues, and GCs did not enhance effectiveness of any agents, regardless of dosage.

1   |   Introduction

The 2022 recommendations from the European Alliance of 
Associations for Rheumatology (EULAR) advocate for the combi-
nation of biological disease- modifying anti- rheumatic drugs (bD-
MARDs) or targeted synthetic (ts) DMARDs with methotrexate 
(MTX) in patients with rheumatoid arthritis (RA) [1] due to better 
clinical outcomes and reduced radiographic progression compared 
to monotherapy [2]. Previous studies suggest that even lower- dose 
MTX (as low as 10 mg/week) in combination with tumor necrosis 
factor inhibitors (TNFi) can provide additional benefit over TNFi 
monotherapy [3, 4], though the evidence concerning combined 
MTX dosage for non- TNFi or tsDMARDs is still lacking. Moreover, 
in real- world clinical settings, unlike randomized controlled trials 
(RCTs), the use of higher- dose MTX is often constrained by comor-
bidities such as renal dysfunction or pulmonary diseases, under-
scoring the need to evaluate the optimal MTX dose necessary to 
ensure efficacy and safety by specific formulations.

The 2022 EULAR recommendations also address the use of oral 
glucocorticoids (GCs) in combination with bDMARDs or tsD-
MARDs, recommending their discontinuation as early as possible 
due to the increased risk of infection associated with prolonged use 
[1]. The recommendations further advise against the use of GCs 
during transitions between bDMARDs or tsDMARDs. However, 
the recommendations include a research agenda that questions 
whether the concomitant use of very low doses of GCs (1–3 mg/
day prednisone equivalent) could enhance therapeutic outcomes 
without incurring unacceptable side effects [1].

Recent studies evaluating the efficacy and safety of combining 
GCs with DMARDs have primarily focused on conventional 
synthetic DMARDs (csDMARDs), with fewer investigations ex-
ploring their use with bDMARDs and tsDMARDs [5, 6]. To our 
knowledge, the impact of combining lower- dose or standard- dose 

GCs with bDMARDs or tsDMARDs on efficacy and safety in 
real- world clinical cohorts remains poorly characterized in con-
temporary literature.

RCTs have been criticized for occasionally enrolling participants 
who do not represent typical real- world populations often due to 
younger ages and fewer comorbidities [7]. Consequently, obser-
vational cohort studies are increasingly favored for evaluating 
the effectiveness of bDMARDs [8] and drug retention [9], despite 
potential biases in treatment selection and discontinuation in-
fluenced by physician practices and patient characteristics [10]. 
Nevertheless, multicenter studies and the comprehensive na-
tional health insurance system in our country may help mitigate 
these biases.

Our ongoing publications from the multicenter, observational 
registry of rheumatic disease patients in Japan's Kansai re-
gion (the ANSWER cohort) [11–16] have demonstrated that the 
concomitant administration of MTX and GCs influences the 
continuation rates of bDMARDs and tsDMARDs differently, 
depending on the drug category [11]. This finding suggests that 
the impact of concomitant MTX or GCs administration on the 
efficacy and safety of bDMARDs or tsDMARDs varies not only 
by drug class but also among individual drugs, underscoring the 
complexity of these interactions.

The primary objective of this study was to clarify the differential 
impact of concomitant MTX and GCs by dosage at the initiation of 
bDMARDs or tsDMARDs on drug retention due to effectiveness 
and safety for each agent. The secondary objective was to exam-
ine the impact of these combined doses on the improvement in the 
clinical disease activity index (ΔCDAI) following the introduction 
of each agent with adjustment for clinical backgrounds, with the 
aim of informing more precise treatment selection and strategies.

2   |   Materials and Methods

2.1   |   Patients

The Kansai Consortium for Well- being of Rheumatic Disease 
Patients (ANSWER) cohort is a multicenter, observational 
registry of patients with rheumatic disease in Japan's Kansai 
region [11–16]. The data was retrospectively obtained from pa-
tients treated at eight prominent university- affiliated hospitals, 
including The University of Osaka, Kyoto University, Osaka 
Metropolitan University, Osaka Medical and Pharmaceutical 
University, Kansai Medical University, Kobe University, Nara 
Medical University, and Osaka Red Cross Hospital. RA di-
agnoses were made following either the American College 

Summary

• Methotrexate and glucocorticoids dosages distinctly 
affect biologics and JAK inhibitors effectiveness and 
safety among agents.

• Lower- dose methotrexate improves ΔCDAI with goli-
mumab, tocilizumab, and JAK inhibitors and reduces 
etanercept discontinuation.

• Lower- dose glucocorticoids reduce golimumab effec-
tiveness; higher- dose GCs increase etanercept, certoli-
zumab pegol, and JAK inhibitor discontinuation.
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of Rheumatology (ACR) 1987 RA classification criteria [17] 
or the 2010 ACR/EULAR RA classification criteria [18]. The 
administration of bDMARDs and Janus kinase inhibitor 
(JAKi) was at the discretion of the attending rheumatologists, 
consistent with the Japan College of Rheumatology (JCR) 
guidelines [19, 20]. According to the JCR guidelines (2014), 
failure to achieve low disease activity during phase I treat-
ment with csDMARDs is an indication for augmenting ther-
apy with additional csDMARDs or bDMARDs during phase 
II. For patients experiencing treatment failure during phase 
II, transitioning to alternative bDMARDs or tofacitinib (TOF) 
is considered. The JCR guidelines of 2020 recommend intro-
ducing bDMARDs or JAKi during phase II for patients who 
fail to achieve low disease activity with csDMARDs in phase 
I. However, from a long- term safety and cost- effectiveness 
standpoint, bDMARDs are generally preferred. Non- TNFi, 
specifically aIL- 6R, is recommended when a bDMARD is used 
without MTX. If an inadequate response to a TNFi occurs, a 
switch to a non- TNFi agent should be prioritized. The dosing 
of each agent was determined according to the manufacturer's 
recommendations.

Patients treated with either bDMARDs, including adalimumab 
(ADA), golimumab (GLM), etanercept (ETN), certolizumab 
pegol (CZP), abatacept (ABT), and tocilizumab (TCZ) (both 
intravenous and subcutaneous forms and biosimilar agents), 
or JAKi (including tofacitinib [TOF] and baricitinib [BAR]) be-
tween January 2011 and March 2024 and for whom complete 
data on initiation and discontinuation dates and the reasons for 
discontinuation were available were eligible for inclusion in this 
study. Patients with missing data regarding age, sex, prior use, 
and the number of switched bDMARDs or JAKi, initiation and 
discontinuation dates, and the reasons for discontinuation of 
bDMARDs or JAKi were excluded [11].

Additional data, including baseline demographic information 
such as disease duration, the disease activity score in 28 joints 
using the erythrocyte sedimentation rate (DAS28- ESR), the 
clinical disease activity index (CDAI) score, concomitant dos-
ages (represented as blank if not combined) and use of MTX 
and GCs [prednisolone (PSL) equivalent], concomitant use 
of other csDMARDs (including salazosulfapyridine, bucil-
lamine, iguratimod, tacrolimus, and leflunomide), positivity 
for rheumatoid factor (RF) and anticyclic citrullinated pep-
tide antibody (ACPA), and health assessment questionnaire 
disability index score were also collected [21]. The CDAI data 
every 1–3 months after bDMARDs or JAKi initiation were also 
collected.

Cut- off values for the combined MTX and GCs dosages were 
set following previous reports of efficacy and safety in combi-
nation with bDMARDs and JAKi [3, 4, 21–23]. Briefly, MTX of 
< 10 mg/week and GCs of ≤ 5 mg/day were set as lower doses, 
and MTX of ≥ 10 mg/week and GCs of > 5 mg/day were set as 
others.

Drug retention was retrospectively assessed based on the time 
until definitive treatment cessation. The reasons for termination 
were categorized into four main categories, and physicians were 
required to cite a single rationale for termination as follows: (1) 
ineffectiveness (comprising both primary and secondary); (2) 

toxic adverse events (infection, skin reaction, systemic reaction, 
and other toxic events, such as haematologic, pulmonary, renal, 
cardiovascular complications, and malignancies); (3) non- toxic 
reasons (patient preference, hospital transfer, desire for preg-
nancy, etc.); and (4) remission [24, 25].

2.2   |   Statistical Analysis

Multivariate Cox proportional hazards modeling was used to 
calculate the hazard ratios (HRs) and Cox p- values for each 
reason for treatment discontinuation in the adjusted model 
[26], using previously reported potential confounders such as 
baseline age, sex, disease duration, RF/ACPA positivity, CDAI, 
concomitant dose of GCs and MTX, use of other csDMARDs, 
prior used number, categories, and starting date of bDMARDs 
or JAKi [27–29]. Regarding disease activity, the outcome anal-
ysis relied on a difference with a 95% confidence interval (CI) 
derived from mixed- effects models for repeated measures 
(MMRM) with an unstructured covariance structure and ro-
bust variance. The MMRM analyses included categorical time, 
treatment- by- time interactions, and confounders as fixed factors 
for adjustment. Improvement in CDAI from baseline (ΔCDAI) 
was measured at four post- intervention time points (1, 3, 6, 
and 12 months). Missing data on post- intervention visits were 
handled by MMRM, assuming missing at random. Multiple 
imputations by chained equations were performed to handle 
missing values at baseline [30]. Consequently, 20 imputed data-
sets were generated, encompassing all covariates and outcomes 
[31]. Subsequently, the imputation estimates and standard errors 
were amalgamated according to Rubin's rule [32].

All statistical analyses were performed using R version 4.4.1 
(R Development Core Team, Vienna, Austria). Two- sided 
p- values of < 0.05 were considered indicative of statistical 
significance.

3   |   Results

3.1   |   Baseline Characteristics

The study population was selected among patients with RA in the 
ANSWER cohort. A total of 11 039 patients were recruited from 
the cohort, and 3751 bDMARD or JAKi treatment courses of 
3490 patients qualified the inclusion criteria (Figure S1). Table 1 
summarizes the baseline demographic and clinical character-
istics of the enrolled patients (the average age was 60.9 years, 
81.8% were female, mean disease duration was 7.0 years, 77.3% 
were positive for RF, the CDAI was 13.3, the combined MTX 
dose was 8.0 mg/week [proportion 55.1%], the GC dose (PSL 
equivalent) was 5.0 mg/day [proportion 36.6%], and 48.9% were 
bio/JAKi- naïve). The details on missing data at each observation 
point are shown in Table S1.

3.2   |   Treatment Retention

Table 2 shows the adjusted HRs for treatment discontinuation 
due to ineffectiveness or toxic adverse events across different 
agents, stratified by combined MTX and GCs dosages.
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The discontinuation rate of ETN due to ineffectiveness was sig-
nificantly lower when administered with MTX, either < 10 mg/
week or ≥ 10 mg/week, compared to ETN without MTX. MTX 
< 10 mg/week showed a trend toward a lower rate of discontin-
uation due to inefficacy for golimumab (GLM) (p = 0.081); how-
ever, further validation is warranted.

GCs ≤ 5 mg/day were associated with higher rates of discontin-
uation due to ineffectiveness for ADA and GLM compared to 
their respective treatments without GCs. For GCs > 5 mg/day 
administered with GLM or ETN, the ineffectiveness- related dis-
continuation rate was significantly higher than their respective 
treatments without GCs.

The discontinuation rate due to adverse events was not signifi-
cantly affected by the MTX dose in any drug combination, al-
though MTX < 10 mg/week showed a trend toward a higher rate 
of discontinuation due to adverse events for JAKi (p = 0.072).

GCs ≤ 5 mg/day showed a trend toward a higher rate of discon-
tinuation due to adverse events for CZP (p = 0.060). GCs > 5 mg/
day showed a trend for ABT (p = 0.071) and were significantly 
associated with higher rates of discontinuation due to adverse 
events for ETN, CZP, or JAK inhibitors compared to with-
out GCs.

The improvement in clinical disease activity (ΔCDAI) was an-
alyzed by drug formulation with adjustment for clinical back-
grounds, stratified by MTX (Figure  1) and GCs (Figure  2) 
dosages. Significant enhancement in ΔCDAI was observed at 
12 months post- initiation for GLM, TCZ, and JAKi when com-
bined with MTX < 10 mg/week, compared to without MTX. 
With MTX ≥ 10 mg/week, significant enhancement in ΔCDAI 
was observed for GLM, TCZ, and JAKi at any point between 3 
and 12 months and for ETN at 3 and 6 months post- initiation, 
compared to without MTX. A similar trend was noted for CZP at 
12 months (p = 0.075), although it did not reach statistical signif-
icance. ADA, CZP, and ABT effectiveness was not significantly 
influenced by MTX combination or dosage, suggesting a distinct 
pharmacologic profile.

For GCs, > 5 mg/day was associated with a tendency toward mit-
igated ΔCDAI compared to without GCs for ADA at 12 months 
(p = 0.081) and significantly lower ΔCDAI for GLM from 6 to 
12 months post- initiation. Conversely, significant enhance-
ment in ΔCDAI was observed at > 5 mg/day for TCZ at only 
1 month post- initiation, which disappeared thereafter. No sig-
nificant differences were observed in other agents based on GC 
combination.

Summary:

ADA: GCs at ≤ 5 mg/day were associated with a significantly 
higher discontinuation rate due to ineffectiveness.

GLM: ΔCDAI was greater with the concomitant administration 
of both MTX < 10 and ≥ 10 mg/week, compared to without MTX 
at 12 months. However, GCs at ≤ 5 mg/day were associated with 
diminished ΔCDAI from 6 to 12 months. Both > 5 and ≤ 5 mg/
day of GCs were associated with higher discontinuation due to 
ineffectiveness compared to without GCs.V
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ETN: The concomitant use of both MTX < 10 and ≥ 10 mg/
week with ETN reduced the discontinuation rate due to inef-
fectiveness compared to ETN without MTX, with ≥ 10 mg/week 
demonstrating significantly greater ΔCDAI. GCs at > 5 mg/day 
were associated with a higher discontinuation rate due to inef-
fectiveness or adverse events.

CZP: Concomitant administration of GCs at > 5 mg/day was 
associated with a higher discontinuation rate due to adverse 
events.

ABT: Concomitant administration of MTX or GCs did not sig-
nificantly impact effectiveness or adverse events compared to 
ABT without MTX or GCs.

TCZ: Concomitant administration of MTX < 10 and ≥ 10 mg/
week significantly enhanced ΔCDAI compared to TCZ without 
MTX. GCs did not significantly impact CDAI or adverse events 
compared to TCZ without GCs after 3 months.

JAKi: Concomitant administration of both MTX < 10 and 
≥ 10 mg/week significantly enhanced ΔCDAI, while GCs at 
> 5 mg/day increased the discontinuation rate due to adverse 
events.

4   |   Discussion

In a previous RCT, concomitant administration of ADA with 
lower- dose MTX (6.2 mg/week) effectively suppressed radio-
graphic progression and improved clinical outcomes compared 
to without MTX [33]. On the other hand, ADA monotherapy also 
showed significant, rapid, and sustained improvement in disease 
activity  [34]. In the present study, patients who initiated ADA 
treatment had relatively low disease activity (CDAI = 12.4) and a 
short disease duration (3.0 years) at baseline. Furthermore, dif-
ferences in the study design—specifically, the addition of ADA 
to ongoing MTX therapy, unlike the protocol in RCTs—may 
have influenced the results. Conversely, background GCs in 
ADA did not provide additional benefits in clinical, functional, 
or radiographic outcomes over a 2- year period [35]. Notably, a 
novel finding of the present study is that even a lower dose of 
GCs (≤ 5 mg/day) was associated with higher discontinuation 
due to ineffectiveness, warranting further investigation into the 
underlying mechanisms.

Regarding GLM, monotherapy (50 and 100 mg) was effective in 
reducing active RA symptoms in Japanese patients [36]. However, 
GLM 100 mg with MTX tended to show better radiographic out-
comes compared to GLM 100 mg without MTX [37]. These find-
ings align with the present study, although a novel observation 
was that GCs combination was associated with higher discontin-
uation due to ineffectiveness in a dose- dependent manner.

The combination of ETN with MTX reduced disease activity and 
radiographic progression more effectively than ETN without 
MTX [38]. Additionally, ETN combined with low- dose MTX was 
associated with a higher remission rate than ETN monotherapy 
in Japanese patients with RA [39]. These results align with the 
present study. However, a novel finding was that a higher dose 
of MTX (≥ 10 mg/week) was more effective than a lower dose T
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(< 10 mg/week) in improving CDAI and drug retention due to 
ineffectiveness, and combination with > 5 mg/day of GCs may 
result in a higher rate of both ineffectiveness and adverse events.

CZP, when administered in combination with or without MTX, 
was generally well tolerated and significantly improved disease 

activity; although CZP with MTX significantly inhibited the 
radiographic progression more than without MTX [40]. Thus, 
CZP monotherapy may be clinically acceptable, although the 
CZP + MTX combination may be more effective in preventing 
joint destruction. Indeed, CZP tended to show better CDAI 
improvement when combined with MTX (≥ 10 mg/week) at 

FIGURE 1    |    Adjusted change in clinical disease activity index (CDAI) achieved by concomitant administration of different doses of MTX with 
various bDMARDs and JAKi formulations. ABT, abatacept; ADA, adalimumab; CZP, certolizumab pegol; ETN, etanercept; GLM, golimumab; 
JAKi, Janus kinase inhibitors; MTX, methotrexate; TCZ, tocilizumab. 【MTX (−) vs. MTX ≥ 10 mg/week】 *p < 0.05, **p < 0.01. 【MTX (−) vs. MTX 
< 10 mg/week】 † p < 0.05, †† p < 0.01.

FIGURE 2    |    Adjusted change in clinical disease activity index (CDAI) achieved by concomitant administration of different doses of GCs with var-
ious bDMARDs and JAKi formulations. ABT, abatacept; ADA, adalimumab; CZP, certolizumab pegol; ETN, etanercept; GCs, glucocorticoids; GLM, 
golimumab; JAKi, Janus kinase inhibitors; TCZ, tocilizumab. 【GCs (−) vs. GCs > 5 mg/day】 *p < 0.05. 【GCs (−) vs. GCs ≤ 5 mg/day】 †p < 0.05.
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12 months (p = 0.075) in the present study. However, our find-
ings highlight that a higher dose of GCs (> 5 mg/day) may in-
crease the risk of adverse events without improving disease 
activity.

ABT was equally effective and safe in ACPA- positive RA pa-
tients, regardless of baseline MTX dose [41]. Additionally, base-
line GCs therapy did not significantly impact the efficacy of ABT 
in patients with active RA [35]. These reports are consistent with 
the present study, which further demonstrated that combined 
MTX or GCs did not significantly impact effectiveness or safety, 
irrespective of their doses.

In a previous study, adding MTX (mean 15.4 mg/week) to TCZ 
(8 mg/kg) tended to achieve a higher rate of low disease activ-
ity and remission and lower joint destruction compared to TCZ 
without MTX [42]. In TCZ treatment without MTX, combined 
GCs did not significantly impact the efficacy or safety outcomes 
[43]. These results are aligned with the present study, while 
also highlighting that both lower (< 10 mg/week) and higher 
(≥ 10 mg/week) doses of MTX were associated with better CDAI 
improvement compared to TCZ without MTX.

In previous studies, TOF without MTX failed to demonstrate 
non- inferiority to TOF with MTX in achieving ACR50 response 
[44], and TOF with MTX showed greater improvement in 
patient- reported outcomes compared to TOF without MTX [45]. 
However, background MTX dose did not affect the efficacy of 
TOF in Japanese RA patients [46]. Collectively, these findings 
suggest that the clinical efficacy of TOF may be enhanced even 
by a small dose of MTX combination, which is consistent with 
the present study. Conversely, concomitant use of GCs with TOF 
did not affect clinical or radiographic efficacy [47]. Moreover, 
the usage of PSL ≥ 5 mg/day with TOF or BAR significantly 
increased the risk of treatment discontinuation due to adverse 
events [21], which also aligns with the present study.

The effectiveness of lower- dose MTX may be particularly rele-
vant in Asian populations. The intra- erythrocyte concentration 
of MTX- polyglutamate, a key biomarker of MTX efficacy, was 
found to be 65 nmol/L with a MTX 13.4 mg/week in patients 
from the United States, whereas it was 94 nmol/L with a 10.3 mg/
week in Japanese patients [48]. This suggests that lower- dose 
MTX may be more effective in Asian patients due to the higher 
levels of MTX- polyglutamate at lower doses compared to west-
ern populations.

Several limitations of this study should be considered while 
interpreting the results. First, treatment discontinuation was 
based on individual physician decisions without standardized 
criteria, and improvement in disease activity may not fully 
match the continuation rate due to effectiveness, and drug 
discontinuation rates due to adverse events may not fully re-
flect the actual incidence of adverse events despite monitoring 
by experienced senior rheumatologists in university- affiliated 
hospitals. Second, the progression of joint destruction was 
difficult to evaluate. Third, the initial dosages of each agent 
were determined based on the manufacturer's recommenda-
tions, though minor dosage adjustments over the study course 
are difficult to monitor. In Japan, GLM is available in 50 and 
100 mg formulations, which may influence both efficacy and 

continuation rates. However, due to the lack of dosage data in 
this study, further investigation is required in future study. 
In addition, patients treated with sarilumab, filgotinib, pe-
ficitinib, and upadacitinib were excluded due to their small 
sample size, which made meaningful comparisons with other 
drugs difficult while avoiding selection bias. Fourth, this 
study could not distinguish between intravenous and subcu-
taneous administration or between original and biosimilar 
bDMARDs. Fifth, as shown in Table  S1, the percentage of 
missing data during this period was approximately 30%–40%, 
which should be taken into consideration when interpreting 
the results although compensated by multiple imputation. 
Finally, the difference in the number of treatment courses be-
tween the agents may have influenced the results.

Nevertheless, the strength of this study lies in it being the first 
to determine the impact of combined dosages of MTX and GCs 
on the efficacy and safety of bDMARDs and JAKi in real- world 
clinical practice, by adjusting background factors.

5   |   Conclusions

This study reveals that the impact of concomitant administra-
tion of varying dosages of MTX and GCs on the effectiveness 
and safety of bDMARDs and JAKi differs among formulations. 
These findings may aid in the selection of appropriate therapeu-
tic agents in daily clinical practice.
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Dear Editor,
Systemic lupus erythematosus (SLE) is a common connec-
tive tissue disease characterized by pleomorphic clinical ex-
pression and production of antinuclear antibodies (ANA) [1]. 
Statistics on SLE epidemiology in Africa remain rare and un-
available. Rees et al. estimated in their systematic review that 
the incidence of SLE in Africa is 0.3/100 000 person- years [2]. 
Lupus nephritis (LN) is one of the most serious manifestations 
of SLE and refers to the development of renal tissue inflam-
mation responsible for glomerular, vascular, and/or tubuloint-
erstitial lesions [1]. Most Tunisian and African studies on LN 
have focused on the clinical aspects, management, or prognos-
tic factors of the disease, but very few have sought to identify 
the risk factors associated with the development of LN in pa-
tients with SLE [3, 4]. Therefore, we conducted a retrospective 
study to investigate the clinical, biological, and histological 
presentations of patients with LN at the time of diagnosis of 
the disease and to determine the risk factors for developing 
this complication in Tunisian patients with SLE.

In this retrospective study, we reviewed the medical records 
of 138 SLE patients recruited from the internal medicine and 
rheumatology departments of Fattouma Bourguiba University 

Hospital in Monastir between January 2000 and December 
2022. The features were collected at the time of the diagnosis. 
The inclusion criteria were any patient who fulfilled at least 
four of the 1997 American College of Rheumatology (ACR) cri-
teria or the 2012 Systemic Lupus Erythematosus International 
Collaborating Clinics (SLICC) criteria for SLE classification. We 
excluded all patients who had been diagnosed with incomplete 
SLE without going on to develop the disease, patients with-
out follow- up, or patients in whom anti- double- stranded DNA 
(dsDNA) were positive only with an enzyme- linked immuno-
sorbent assay (ELISA) without confirmation with an indirect 
immunofluorescence (IIF) assay using Crithidia luciliae slides 
(CLIF). Neuropsychiatric SLE (NPSLE) manifestations were 
classified according to the ACR 1999 nomenclature. Disease 
activity was measured using the SLE Disease Score Index 2000 
(SLEDAI 2k).

The diagnosis of LN was exclusively histological through renal 
puncture biopsy (RPB). RPB indications were as follows: an 
acute increase in serum creatinine level (26.4 μmol/L or more 
within 48 h), proteinuria > 500 mg/24 h, presence of figured 
blood in the urinary sediment (> 5 red blood cells per field), ne-
phrotic (presence of edema, proteinuria ≥ 3 g/day, and a serum 
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albumin level < 3.5 g/dL), or nephritic syndrome (presence of 
hematuria, elevated creatinine serum levels, and edema and/or 
elevated blood pressure).

Absolute contraindications to RPB included a major bleeding 
risk, an uncontrollable severe high blood pressure, an active 
renal or perirenal infection, the presence of a solitary kidney, 
and the patient's refusal to undergo a kidney biopsy.

RPB was performed after ultrasound identification under local 
anesthesia. All samples obtained were subjected to a conventional 
histological study using light microscopy and immunofluores-
cence by the same pathologist. After diagnosis, we periodically 
checked all relevant kidney parameters for all our patients.

We divided LN patients into three groups according to the re-
sults of RPB: Group 1 (G1, n = 6), including patients with class I 
and II LN; Group 2 (G2, n = 23), including patients with class III 
and IV LN; and Group 3 (G3 = 7), including patients with class V 
LN. This classification stems from large clinical studies [5] and 
histopathological reviews [6], highlighting the importance of 
separating patients with proliferative lesions (class III/IV LN) 
from those with non- proliferative lesions (mesangial class I + II, 
membranous class V). All statistical analyses were performed 
using SPSS for Windows (version 21; SPSS, Chicago, IL, USA). A 
p value (asymptotic significance [two- sided]) < 0.05 was defined 
as statistically significant.

The mean age at the time of SLE diagnosis was 38.9 ± 15 years. 
Women constituted 88.4% (n = 122) of all the patients, with a sex 
ratio of man/women = 0.1. In our study, RPB was performed in 
37 patients; 36 patients (26.1%) had LN, of whom 36.2% had class 
IV LN. Only one patient was diagnosed with LN during the fol-
low- up of patients with SLE. The comparison between SLE pa-
tients according to the presence of LN (Table 1) showed that cases 
with LN were younger than cases without LN (33.6 ± 14.3 years 
vs. 40.7 ± 14.9 years, p = 0.014), and they presented principally 
with a higher frequency of high titers of ANA (17/25 [68%] vs. 
31/87 [35.6%], p = 0.004), anti- dsDNA (25/33 [75.8%] vs. 38/95 
[40%], p ≤ 0.001), anti- Sm (14/33 [42.4%] vs. 15/96 [15.6%], 
p ≤ 0.001), anti- SSA (18/33 [54.5%] vs. 33/96 [34.4%], p = 0.041), 
and need for immunosuppressive drugs (22/36 [61.1%] vs. 31/101 
[30.7%], p ≤ 0.001). These patients also presented with higher 
levels of SLEDAI (14 vs. 6, p ≤ 0.001).

The comparison between Group 1 (patients with class I and II 
LN), Group 2 (patients with class III and IV LN), and Group 3 
(patients with class V LN) resumed in Table 1 showed that G1 
had the highest positivity of anti- dsDNA (5/6 [83.3%] vs. 18/23 
[78.3%] vs. 2/7 [28.6%], p = 0.027) and anti- nucleosome antibod-
ies (5/6 [83.3%] vs. 11/23 [47.8%] vs. 0/7, p = 0.013). However, 
G2 showed the highest levels of creatininemia (63.5 vs. 97 vs. 
56 μmol/L, p = 0.036) and G3 showed the highest levels of daily 
proteinuria (1 vs. 1.9 vs. 3 g/day, p = 0.036). After binary logistic 
regression analysis (Table 2), we found that high titers of ANA 
(p = 0.009, OR = 4.708, 95% CI = 1.470–15.075), anti- dsDNA pos-
itivity (p = 0.029, OR = 3.809, 95% CI = 1.144–12.682), and a high 

SLEDAI score (p ≤ 0.001, OR = 1.185, 95% CI = 1.082–1.298) 
were associated with LN development.

Our study is among the few Tunisian case–control studies (SLE 
with or without LN) to explore factors associated with LN in pa-
tients with SLE [7, 8]. We found that the prevalence of LN in our pa-
tients was 26.1%. A recent review showed that LN prevalence at the 
time of SLE diagnosis ranged from 7% to 31%, with the lower range 
derived from studies that relied on biopsy confirmation alone [9].

In our study, LN was associated with immunological abnormal-
ities, particularly anti- dsDNA, anti- Sm, and anti- SSA. Although 
anti- dsDNA has been reported to be associated with LN [10], the 
association between LN and anti- Sm or anti- SSA (Ro) remains 
controversial. While Alba et al. reported that anti- Sm but not anti- 
SSA (Ro) was associated with LN [11], Li et al. found that anti- SSA 
(Ro) but not anti- Sm was associated with LN [12].

Regarding the comparison between LN classes, Mavragani 
et al. reported that patients with classes III and IV LN had more 
positive anti- dsDNA antibodies and increased levels of creati-
nine and that patients with class V LN had the highest levels 
of severe proteinuria (> 3 g/L) [5]. It is known that anti- dsDNA 
and anti- nucleosomes come early during the disease course and 
might disappear later [13], which supports our results regard-
ing the association of these antibodies with early classes of LN. 
Moreover, the literature reports that, although classes I and II 
are characterized by minimal urinary abnormalities, LN pa-
tients with classes III and IV have more renal insufficiency and 
patients with class V have more nephrotic proteinuria [14].

In our study, we reported that anti- dsDNA antibodies, high titers 
of ANA, and a high disease activity score were risk factors for de-
veloping LN in patients with SLE. To the best of our knowledge, 
our results are the first on the African and Arab scales to approach 
the literature data. In fact, the interconnection between the titers 
of ANA and anti- dsDNA antibodies and the disease activity score 
is logical. Usually, the quantification of anti- dsDNA is performed 
by ELISA, and it has been recently reported that high levels of this 
antibody can predict LN, disease activity, and flare [15]. In con-
trast, the only African study (from Tunisia) that investigated risk 
factors for developing LN found that young age (≤ 34 years) was 
the only predictor of LN [8]. These differences may be due to the 
time of diagnosis of LN (follow- up) and the variation of tools used 
to identify LN (urinary abnormalities) or assess immunological 
biomarkers (not defined).

In conclusion, despite some technical limitations such as in-
terpretation of the RPB by a single pathologist, and statistical 
and histopathological limitations such as the small number of 
analyzed LN biopsies and the absence of histological data of 
activity (NIH activity and chronicity index), our study showed 
that anti- dsDNA antibodies, high titers of ANA, and a high 
disease activity score were risk factors for developing LN in 
patients with SLE. Conducting genetic investigation might be 
of great interest to elucidate other risk factors for developing 
LN in our population.
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TABLE 2    |    Risk factors associated with lupus nephritis.

Features

Univariate Multivariate

p p OR (95% CI)

Age 0.454

Old SLE 
(> 50 years)

0.136

Diabetes 0.057

Photosensitivity 0.455

Pleural effusion 0.129

Pericarditis 0.225

Serositis 0.14

Thrombosis 0.802

Erythrocytes 
sedimentation 
rate

0.408

High titers of 
ANA (> 1600)

0.012 0.009 4.708 
(1.470–15.075)

Anti- dsDNA 0.032 0.029 3.809 
(1.144–12.682)

Anti- Sm 0.396

Anti- Sm/RNP 0.054

Anti- SSA/Ro 0.606

C3 0.018 0.082

Anemia 0.825

Leucopenia 0.021 0.109

Lymphopenia 0.081

Thrombopenia 0.089

SLEDAI 0.017 ≤ 0.001 1.185 
(1.082–1.298)

Note: Serositis: pleural effusion and/or pericarditis. p: Risk factors for LN 
development were determined using univariate and multivariate binary logistic 
regression analyses. Variables with p ≤ 0.25 were introduced for the univariate 
analysis. Variables with p < 0.05 in the univariate analysis were included in the 
multivariate analyses. Bold values refer to significant associations  
(p- value < 0.05).
Abbreviations: ANA, anti- nuclear antibodies; ds, double stranded; SLE, systemic 
lupus erythematosus; SLEDAI: SLE disease activity index.
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Dear Editor,
Jaccoud's arthropathy (JA) is marked by reducible joint defor-
mities, such as swan neck, thumb subluxation, ulnar deviation, 
and boutonniere deformities, similar to those seen in rheuma-
toid arthritis (RA), but without bone erosions on radiographs. 
Initially described in rheumatic fever patients, JA is now more 
commonly observed in systemic lupus erythematosus (SLE) pa-
tients. Besides SLE, other diffuse connective tissue diseases may 
present with similar joint deformities. Sjögren's syndrome, sys-
temic sclerosis, dermatomyositis, and mixed connective tissue 
disease have all been associated with JA- like deformities [1].

While JA deformities are typically mild to moderate and often 
under- recognized, some cases can progress to a “severe” or “mu-
tilans” form, despite standard treatment [2].

Here, we report a case of atypical JA, presenting with sublux-
ation of the distal interphalangeal (DIP) joints in the context of 
secondary hyperparathyroidism.

A 41- year- old female was diagnosed with SLE in 2005, present-
ing with alopecia, photosensitivity, oral ulcers, nephritis, anti- 
dsDNA, antinuclear antibodies positivity, and low complement 
levels. Despite treatment with corticosteroids, hydroxychlo-
roquine, cyclophosphamide, and azathioprine, she developed 
end- stage renal failure and began dialysis in 2016. Examination 
revealed reversible swan neck deformities and subluxation of the 
second DIP joints (Figure 1A), with no other notable findings.

Laboratory tests showed renal dysfunction (creatinine 5.8 mg/
dL—reference < 1.2 mg/dL, urea 80 mg/dL—reference < 40 mg/
dL) and normocytic normochromic anemia (hemoglobin 10.2 g/
dL—reference >12 g/dL). White blood cell and platelet count 

were normal. Elevated parathyroid hormone (PTH) levels 
(282 pg/mL—reference 12–88 pg/mL) were noted, although cal-
cium, magnesium, and phosphorus levels were normal at the 
time of the clinical evaluation. Radiographs showed reduced 
joint space and subluxation of the second DIP joints bilaterally, 
without bone erosion (Figure 1B). The power Doppler ultrasound 
of the hands showed no erosions or synovitis. During 3 years of 
follow- up of the patient, the deformities remained stable.

The pathophysiology of JA is not fully understood but may in-
volve ligament and joint capsule laxity, joint tissue fibrosis, and 
hypermobility. Hyperparathyroidism has been proposed as an-
other contributing factor. Babini et al. suggested that increased 
PTH levels, as seen in renal failure patients like ours, might lead 
to collagenase activity, resulting in ligament and tendon laxity 
and subsequent joint deformities [3].

Musculoskeletal manifestations of hyperparathyroidism typ-
ically include bone pain, arthralgias, chondrocalcinosis, 
Milwaukee shoulder, pseudoclubbing, fibrocystic osteitis, and 
brown tumor. JA is a rare manifestation, seen in 1% of patients, 
according to Pappu et al. [4]. This report presents the first de-
scription of atypical JA with DIP joint involvement secondary to 
hyperparathyroidism. The DIP joint involvement may represent 
either an underrecognized manifestation within the JA spec-
trum or a clinical overlap with other deforming arthropathies, 
potentially triggered by metabolic abnormalities like chronic 
PTH elevation.

There have been reports of multiple DIP joint dislocations as-
sociated with Sjogren's syndrome, interstitial lung disease, and 
anti- SSA/Jo1 antibodies, described as a “new syndrome” [5]. 
Additionally, DIP joint subluxations without bone erosions have 
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been noted in inflammatory myopathy patients with anti- Jo1 
antibodies [6]. However, our patient had no muscle weakness, 
xerostomia, or xerophthalmia, and anti- SSA/Ro antibodies were 
negative.

In conclusion, secondary hyperparathyroidism due to chronic 
renal failure should be considered as a contributing factor, 
acting synergistically with autoimmunity, to promote atypical 
patterns of joint deformity in SLE patients. Whether DIP joint 
subluxations are part of a “new syndrome” in diffuse connective 
tissue diseases remains to be determined.
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FIGURE 1    |    (A) Swan- neck deformity and subluxation of the second right distal interphalangeal joints, more prominent on the right hand. (B) 
Plain radiograph showing subluxation of the second distal interphalangeal joints but not bone erosion.
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ABSTRACT
Objective: To evaluate vertebral Hounsfield Unit (HU) values on computed tomography (CT) in patients with ankylosing spon-
dylitis (AS) compared to patients without AS and to examine differences in HU values between ankylosed and nonankylosed 
vertebrae in patients with AS.
Methods: This cross- sectional study included 34 patients with AS and 73 patients without AS who underwent spinal CT between 
2004 and 2022. HU values were measured from C3 to L5 in patients with AS and from L1 to L5 in patients without AS. Propensity 
score (PS) matching based on age and sex was performed to compare HU values between groups. Additionally, HU values were 
compared between ankylosed and nonankylosed vertebrae within the AS group.
Results: After PS matching, vertebral HU values were significantly lower in patients with AS than in patients without AS (136.4 
vs. 197.1, p = 0.009). Among patients with AS, HU values were highest in the cervical spine, followed by the thoracic and lum-
bar regions. Ankylosed vertebrae showed significantly lower HU values than nonankylosed vertebrae across all spinal levels 
(p < 0.001).
Conclusion: Vertebral HU values were lower in patients with AS compared to age-  and sex- matched patients without AS. HU 
values were highest in the cervical spine, and ankylosed vertebrae consistently exhibited lower HU values than nonankylosed 
vertebrae across all spinal regions.

1   |   Introduction

Ankylosing spondylitis (AS) is a chronic inflammatory disease 
that primarily affects the axial skeleton, especially the spine and 
sacroiliac joints, leading to ankylosis or the fusion of vertebrae 
[1, 2]. This condition belongs to the broader category of spondy-
loarthritis, characterized by inflammation of the entheses—re-
gions where tendons and ligaments insert into the bone. In AS, 
persistent inflammation can cause new bone formation, ulti-
mately resulting in fusion of the spine. This fusion, or ankylosis, 

leads to stiffness and reduced mobility in affected individuals, 
significantly impacting their quality of life [3, 4].

As the disease progresses, vertebrae lose their flexibility and the 
lever arm increases, which renders patients with AS more sus-
ceptible to vertebral fractures, even from relatively minor exter-
nal forces [5]. This increased fragility is particularly dangerous 
because vertebral fractures in patients with AS are often unsta-
ble, leading to a higher risk of complications such as spinal cord 
injury [5, 6]. Vertebral fractures reportedly occur predominantly 
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in the cervical spine (78%), followed by the thoracic spine (12%) 
and lumbar spine (9%) [5].

Osteoporosis, another well- known complication of AS that af-
fects 11%–30% of patients [7, 8], further increases the risk of frac-
tures. According to one study, patients with AS are more likely 
to suffer vertebral fractures compared to healthy individuals 
[9]. Osteoporosis is typically diagnosed using dual- energy X- ray 
absorptiometry (DEXA), which measures bone mineral density 
(BMD). However, DEXA can overestimate BMD in patients with 
AS due to the presence of new bone formation around the ver-
tebrae. These ossifications, which occur in response to inflam-
mation, can lead to artificially higher BMD readings on DEXA, 
making it difficult to accurately assess osteoporosis in these pa-
tients [10].

Given the limitations of DEXA in patients with AS, other im-
aging modalities, such as computed tomography (CT), are in-
creasingly being explored for evaluating bone density in this 
population [11]. CT imaging allows for a more detailed as-
sessment of the spine and sacroiliac joints, which are often af-
fected in AS. One of the key metrics used in CT imaging is the 
Hounsfield Unit (HU), which quantifies the density of tissues 
based on their radiographic attenuation properties [12]. Previous 
studies have demonstrated a strong correlation between HU val-
ues and BMD as measured by DEXA [10]. However, to date, no 
study has compared HU values between patients with and with-
out AS, and between ankylosed and nonankylosed vertebrae in 
patients with AS.

The present study aimed to assess CT- derived HU values of ver-
tebrae in patients with AS. Specifically, we aimed to investigate 
whether HU values of patients with AS differed from those of 
patients without AS as well as whether vertebral ankylosis is re-
lated to HU values in patients with AS. The goal was to explore 
whether CT- derived HU values could serve as a reliable surro-
gate for assessing bone density in patients with AS, particularly 
in cases where DEXA may provide inaccurate readings due to 
ossification.

2   |   Methods

2.1   |   Patients

This was a cross- sectional imaging analysis study of patients 
with AS who were treated at the Department of Orthopedic 
Surgery in our hospital between January 2004 and December 
2022. A total of 82 patients were diagnosed with AS based on 
the revised New York criteria [13]. Patients who were unable to 

undergo whole- spine CT scans or whose CT scans did not in-
clude the full vertebral range from C3 to L5 were excluded, re-
sulting in a final study population of 34 patients.

To establish the comparison group, we included patients with-
out AS who visited the Department of Orthopedic Surgery and 
underwent both lumbar CT and DEXA within a 3- month pe-
riod. A total of 73 patients met these criteria. Their primary 
diagnoses included lumbar degenerative disease (n = 47), 
lumbar disc herniation (n = 1), idiopathic scoliosis (n = 8), os-
sification of the posterior longitudinal ligament (n = 3), com-
pression fractures (n = 4), spinal tumors (n = 8), and bone 
metastasis (n = 2).

This study was approved by the Ethics Committee of the 
Nagoya University Graduate School of Medicine (2023- 0263) 
and was conducted in accordance with the principles of the 
Declaration of Helsinki. Patient anonymity was maintained 
throughout the data collection process, and informed consent 
was obtained via an opt- out procedure. All personal informa-
tion was stored securely and managed in strict compliance 
with ethical guidelines.

2.2   |   Evaluation of Images

CT imaging was performed using a Canon Aquilion Prime 
SP scanner. The scanning protocol included a slice thick-
ness of 1.0 mm, a voltage of 120 kVp, and an adjustable cur-
rent of approximately 200 mAs, depending on the patient's 
body size. This protocol ensured that the images captured 
high- resolution, detailed views of the vertebral bodies while 
minimizing radiation exposure. On average, the estimated 
equivalent absorbed radiation dose for each patient was 5 mSv, 
a dose typically considered safe in clinical practice. Images 
from CT scans were acquired for all vertebrae from C3 to L5, 
providing a comprehensive view of the entire spine for anal-
ysis. Ankylosed vertebrae were defined as those with partial 
or complete bony continuity with adjacent vertebrae, while 
nonankylosed vertebrae were those without any such conti-
nuity [14].

The HU scale was calibrated such that water has a value of 0, 
whereas air has a value of −1000. Bone typically exhibits HU 
values ranging from 300 to 1000, depending on its density. 
Vertebral HU values were measured by selecting regions of in-
terest (ROIs) in the cancellous bone of each vertebra [12, 15, 16]. 
First, sagittal CT images were used to identify specific vertebral 
levels. Next, axial images were selected at the central level of 
each vertebral body's height (Figure  S1). The ROI was placed 
within the cancellous bone, avoiding the cortical bone to ensure 
that the measurement reflected the density of the trabecular 
bone, which is more prone to changes in bone quality and den-
sity [10, 15]. HU values were recorded for each vertebra from C3 
to L5 in patients with AS and from L1 to L5 in patients without 
AS. HU values of patients with AS were then compared with 
those of patients without AS to determine whether there were 
significant differences between the two groups. In addition, 
within the AS group, vertebrae were classified as either anky-
losed or nonankylosed, and their HU values were compared to 
examine the impact of vertebral ankylosis on bone density.

Summary

• After age-  and sex- matching, patients with AS had 
lower HU values than patients without AS.

• Cervical spine had the highest HU value among spinal 
regions in patients with AS.

• Ankylosed vertebrae showed significantly lower HU 
values than nonankylosed vertebrae.
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2.3   |   Data Collection

We collected the following information on patients: age and dis-
ease duration at time of CT, sex, body mass index (BMI), human 
leukocyte antigen B- 27 (HLA- B27) positivity, C- reactive pro-
tein (CRP) levels at diagnosis, Ankylosing Spondylitis Disease 
Activity (ASDAS), and previous b/tsDMARDs use.

2.4   |   Statistical Analysis

Continuous variables are presented as mean ± SD, and cate-
gorical variables as number and percentage. To compare verte-
bral HU values between patients with and without AS as well 
as between ankylosed and nonankylosed vertebrae in patients 
with AS, we used the unpaired t- test. For multiple comparisons 
across three vertebral regions (cervical, thoracic, and lumbar), 
we used one- way analysis of variance. Post hoc pairwise com-
parisons between groups were conducted with Bonferroni cor-
rection. Statistical significance was set at p < 0.05.

Age and sex were identified as potential confounders in the 
comparison between patients with and without AS. To adjust for 
these confounders, we applied propensity score (PS) matching 
based on age and sex. This approach facilitated a comparison be-
tween patients with and without AS with similar demographic 
characteristics, allowing for a more accurate assessment of AS 
on vertebral HU values.

Statistical analyses were conducted using EZR, a graphical user 
interface for R statistical software that is widely used in medical 
research [17].

3   |   Results

3.1   |   Demographics and Clinical Characteristics 
of Patients With AS

Table 1 shows demographics and clinical characteristics of the 34 
patients who participated in this study. The mean age and mean 
disease duration were 43.8 ± 16.8 years and 13.2 ± 13.2 years, re-
spectively, at the time of CT imaging. Of these 34 patients, 24 
(70.6%) were male, 16 (47.1%) tested positive for HLA- B27, and 
the mean CRP level at diagnosis was 2.0 ± 3.3. b/tsDMARDs 
were used in 15 patients (44%), including 13 treated with tumor 
necrosis factor (TNF) inhibitors and two treated with IL- 17 
inhibitors.

3.2   |   Comparison of HU Values Between Patients 
With and Without AS

A comparison of HU values from L1 to L5 between 34 patients 
with AS and 73 patients without AS was performed. Patients 
without AS were significantly older than patients with AS, with 
a mean age of 64 years vs. 45 years (p < 0.001). In addition, the 
proportion of male patients was higher in patients with AS (71%) 
than in those without AS (29%). The mean HU value for patients 
with AS was 159.1 ± 60.3, while that for patients without AS was 
136.9 ± 65.5 (p = 0.096).

As age and sex differences may affect vertebral HU values, PS 
matching was performed to control for these variables, resulting 
in a re- analysis of 19 matched pairs of patients with and without 
AS. Following PS matching, the mean age was 51 years in pa-
tients with AS and 47 years in patients without AS (p = 0.464), 
while the proportion of male patients was 63% and 47%, respec-
tively (p = 0.515). The mean HU value for patients with AS was 
136.4 ± 57.2, compared to 197.2 ± 77.6 for patients without AS 
(p = 0.009) (Figure 1).

3.3   |   Whole Spine HU Values in Patients With AS

Mean HU values of each vertebra for all 34 patients with AS are 
shown in Figure 2. Mean HU values in patients with AS were as 
follows: cervical spine 300.6 ± 85.0, thoracic spine 188.9 ± 62.8, 
and lumbar spine 158.2 ± 60.3. HU values in the cervical spine 
were significantly higher than those in the thoracic spine 
(p < 0.001) and lumbar spine (p < 0.001), but there was no sig-
nificant difference in HU values between the thoracic spine and 
lumbar spine (p = 0.190).

3.4   |   Comparison of HU Values Between 
Ankylosed Vertebrae and Nonankylosed Vertebrae 
in Patients With AS

Among the 748 vertebrae analyzed in the 34 patients with AS, 
333 were classified as ankylosed and 415 as nonankylosed. Mean 
HU values for all vertebrae from C3 to L5 were 178.7 ± 88.6 for 
ankylosed vertebrae and 231.7 ± 89.3 for nonankylosed verte-
brae, with a significantly lower HU value in ankylosed vertebrae 
(p < 0.001).

When examining specific spinal regions, mean HU values 
for ankylosed and nonankylosed vertebrae were cervical 
spine 259.1 ± 86.0 vs. 354.1 ± 80.9 (p < 0.001), thoracic spine 
166.7 ± 72.7 vs. 214.1 ± 51.6 (p < 0.001), and lumbar spine 

TABLE 1    |    Patient demographics and clinical characteristics.

Characteristics Total (n = 34)

Age at time of CT, years 43.8 ± 16.8

Male, n (%) 24 (71)

Disease duration at time of CT, years 13.2 ± 13.2

BMI, kg/m2a 21.8 ± 3.3

HLA- B27 positive, n (%)b 16 (47)

CRP at diagnosis, mg/dlc 2.0 ± 3.3

ASDASd 1.9 ± 0.7

Previous use of b/tsDMARDs, n (%) 15 (44)

Note: Data are presented as mean ± SD or number (percentage).
Abbreviations: ASDAS, Ankylosing Spondylitis Disease Activity Score; b/
tsDMARDs, biological/targeted- synthetic disease modifying antirheumatic 
drugs; BMI, body mass index; CRP, C- reactive protein; CT, computed 
tomography; HLA, human leukocyte antigen.
aData were available for 30 patients.
bData were available for 29 patients.
cData were available for 32 patients.
dData were available for 21 patients.
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105.1 ± 64.3 vs. 167.8 ± 44.5 (p < 0.001). In each spinal region, 
HU values of ankylosed vertebrae were significantly lower than 
those of nonankylosed vertebrae (Figure 3).

4   |   Discussion

The present study revealed significant differences in HU val-
ues across different spinal regions and between ankylosed and 
nonankylosed vertebrae in patients with AS. HU values for 
patients with AS were lower than those for patients without 
AS after PS matching based on age and sex. Among patients 
with AS, HU values of ankylosed vertebrae were consistently 
lower than those of nonankylosed vertebrae across all spinal 
regions.

To evaluate vertebral bone density, we utilized CT- derived HU 
values. While DEXA, which is widely used for bone density eval-
uation, can provide accurate assessments in patients with AS 

without ankylosis [18], it may overestimate bone density in cases 
with ankylosis due to new bone formation [10]. In contrast, HU 
values have been reported to correlate with bone density and are 
not affected by new bone formation, enabling a more accurate 
evaluation.

HU values were lower in patients with AS compared to patients 
without AS. In terms of the biological mechanisms underlying 
the reduced HU values in patients with AS, previous research 
by Taams et al. [19] suggests that inflammatory cytokines such 
as TNF and interleukin- 17A (IL- 17A) play a key role. These cy-
tokines promote the differentiation of mesenchymal stem cells 
into osteoblasts, leading to increased bone formation. However, 
they also increase the expression of receptor activator of nuclear 
factor kappa- Β ligand, which stimulates osteoclast differentia-
tion and enhances bone resorption. The balance between these 
processes likely resulted in the net loss of bone density observed 
in patients with AS, as reflected by the lower HU values in both 
ankylosed and nonankylosed vertebrae.

FIGURE 1    |    Comparison of HU values from L1 to L5 between patients with and without AS before and after propensity score matching based on 
age and sex. Bars represent mean values, and error bars indicate SD. Dark gray bars represent patients with AS, and light gray bars represent patients 
without AS. AS, Ankylosing spondylitis; HU, Hounsfield Unit. *p < 0.05.

FIGURE 2    |    HU values of all vertebrae (C3–L5) in patients with AS. Mean HU values of all vertebrae (C3–L5) in patients with AS are shown. C, 
cervical; HU, Hounsfield Unit; L, lumbar; Th, thoracic.
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HU values in patients with AS were highest in the cervi-
cal spine, followed by the thoracic spine and lumbar spine. 
Marques et  al. conducted a study on axial spondyloarthritis 
patients, measuring vertebral HU values and evaluating in-
terobserver reliability [15]. They found that cervical HU 
values were higher than those in the thoracic and lumbar re-
gions, likely due to the smaller volume and greater mobility of 
the cervical vertebrae, subjecting them to greater mechanical 
loads. Our findings are consistent with these results, as we 
also found that cervical HU values were higher than those 
in the thoracic and lumbar regions. This pattern may reflect 
the greater mechanical demands placed on the cervical spine 
compared to the lower regions of the spine.

HU values of ankylosed vertebrae in patients with AS were sig-
nificantly lower compared to non- ankylosed vertebrae. Hamano 
et al. reported that in a mouse model of diffuse idiopathic skel-
etal hyperostosis, the ossified continuity of vertebrae due to an-
kylosis led to stress shielding, resulting in bone fragility [20]. 
Normally, the stress transmitted to vertebral bodies through 
intervertebral discs is thought to decrease in ankylosed regions 
because the stress is instead transmitted through the bridged 
parts. Additionally, reduced mobility caused by ankylosis fur-
ther decreases the load, potentially leading to additional verte-
bral fragility. In patients with AS of the present study, a similar 
mechanism may have weakened the vertebrae, resulting in a 
decrease in HU values. These findings align with previous re-
search showing that patients with AS are at increased risk of 
osteoporosis and fractures. Lower HU values in patients with 
AS may reflect the complex interplay between inflammation, 
bone formation, and bone resorption that occurs in this disease.

This study has several limitations. First, the sample size was rel-
atively small, which may affect the generalizability of the find-
ings. This limitation reflects an inherent challenge in studying 
patients with AS in Japan, where the prevalence of AS is signifi-
cantly lower compared to Western countries [20]. Future studies 
with larger cohorts are warranted to provide more comprehen-
sive insights and enhance the external validity of the results. 

Second, the cross- sectional design of the study precluded an 
evaluation of the longitudinal effects of disease duration on bone 
quality in patients with AS. Although we attempted to mitigate 
this limitation by comparing ankylosed and non- ankylosed 
vertebrae within the same patients, a prospective study design 
would offer more robust evidence of the progression of bone 
density changes over time. Third, we did not assess the impact 
of disease activity or therapeutic interventions on HU values. 
Future research should explore whether treatments aimed at 
reducing inflammation, such as TNF inhibitors and IL- 17 inhib-
itors, could improve vertebral bone density as reflected by HU 
values. Fourth, BMD measurements were not available for pa-
tients with AS, which precluded a direct comparison between 
HU and BMD in this population. We are currently developing a 
predictive model that estimates BMD based on HU values and 
patient characteristics. This model is expected to contribute to 
the assessment of BMD in  situations where direct BMD mea-
surements are not available. Fifth, full- spine CT imaging was 
not consistently available in patients without AS, as it involves 
radiation exposure and is not routinely performed in healthy in-
dividuals or those with uncomplicated osteoporosis. Therefore, 
they had CT scans available only when the scans were taken for 
other clinical purposes. As a result, vertebrae from C3 to Th12 
could not be evaluated in a uniform manner. Finally, there was 
radiation exposure associated with CT imaging. However, these 
concerns were minimized since all CT scans were obtained for 
clinical purposes, with no additional imaging performed solely 
for research.

In conclusion, vertebral HU values were significantly lower in 
patients with AS compared to patients without AS, which may 
reflect reduced bone density in AS. Furthermore, ankylosed 
vertebrae in patients with AS had significantly lower HU val-
ues compared to non- ankylosed vertebrae, suggesting that the 
process of ankylosis may lead to bone weakening. CT- derived 
HU values provide a valuable tool for evaluating bone density 
in patients with AS and may offer a more accurate assessment 
than DEXA in cases where ossification complicates BMD mea-
surements. Future research should investigate the potential 

FIGURE 3    |    Comparison of HU values between ankylosed and nonankylosed vertebrae in the whole spine, and cervical, thoracic, and lumbar 
regions. Bars represent mean values, and error bars indicate SD. Dark gray bars represent ankylosed vertebrae, whereas light gray bars represent 
nonankylosed vertebrae. Numbers below each bar indicate the number of vertebral levels analyzed in each group. AS, ankylosing spondylitis; HU, 
Hounsfield Unit. *p < 0.05.
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effectiveness of osteoporosis treatments in patients with AS and 
identify effective strategies for preventing fractures.
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ABSTRACT
Osteoarthritis (OA) is the most common age- related joint disease, which affects articular cartilage and joint structures, caus-
ing severe pain and disability. Owing to limited understanding of the underlying disease pathogenesis, there are currently no 
disease- modifying drugs for OA. Recent studies have demonstrated that calcitonin gene- related peptide (CGRP) plays an impor-
tant role in OA synovial inflammation. Here, we first provide a fundamental basis for the physiological and pathological effects of 
CGRP in cartilage. Then we summarize current evidence of CGRP's roles in OA- affected tissues. We then focus on the potential 
innovative strategies for targeting CGRP to enhance cartilage regeneration. Further research into CGRP's role in OA may have 
broader implications in the understanding of OA pathogenesis, the standardization of biomarker detection, and the development 
of novel therapeutic routes for the prevention and management of OA.

1   |   Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease 
characterized by degenerative articular cartilage lesions, sub-
chondral bone sclerosis, bone formation abnormalities, and 
cartilage angiogenesis [1]. These pathologic changes are closely 
linked to pain in OA [2]. Epidemiologic data show that the in-
cidence of OA rises progressively with age, with a particularly 
notable rise in prevalence among individuals over 50 years old 
[3]. OA primarily affects weight- bearing joints, such as the knee, 
and hip joints. Symptoms are primarily manifested as joint pain, 

which is the primary cause for seeking medical intervention [4]. 
Pain is often persistent during joint movement and is typically 
accompanied by stiffness and reduced range of motion [5].

Previous research has demonstrated a strong correlation between 
calcitonin gene- related peptide (CGRP) levels and joint pain in in-
dividuals with OA [6]. Additionally, CGRP levels are significantly 
elevated in synovial tissue during OA- related pain [7]. CGRP is a 
neuropeptide that is widely distributed in both the peripheral and 
central nervous systems [8]. It is primarily secreted by sensory 
nerve endings in the peripheral region. A study has also found 

© 2025 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.

https://doi.org/10.1111/1756-185x.70357
mailto:
mailto:
https://orcid.org/0000-0002-0456-8379
mailto:huangqiang4325@126.com
mailto:zey.huang@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1756-185x.70357&domain=pdf&date_stamp=2025-07-01


2 of 10 International Journal of Rheumatic Diseases, 2025

an increase in the presence of CGRP- positive sensory nerves 
within the cartilage and subchondral regions as OA progresses 
[9]. Therefore, investigating the role of CGRP in OA is crucial for 
developing targeted interventions aimed at reducing pain and im-
proving the overall quality of life for OA patients.

CGRP is a neuroendocrine peptide that is highly involved in 
bone metabolism. CGRP is a member of the calcitonin family 
with two isoforms, α- CGRP and β- CGRP. α- CGRP is encoded by 
the Calca gene in humans and mice, and β- CGRP by the Calcb 
gene [10, 11]. Sensory neurons preferentially express α- CGRP 
[12], and the human and rodent α- CGRP genes have been stud-
ied much more extensively than β- CGRP. Therefore, unless oth-
erwise specified, “CGRP” in this article refers to α- CGRP.

Previous studies have extensively acknowledged the crucial 
role of CGRP in promoting bone formation, facilitating blood 
vessel growth, inhibiting osteoclasts, and modulating the im-
mune microenvironment [13, 14]. Specifically, CGRP plays a 
significant pathological role in subchondral angiogenesis, sub-
chondral bone sclerosis, and the metabolism of chondrocytes 
and the extracellular matrix. The delicate balance between 
cartilage tissue and the subchondral bone microenvironment 
critically impacts the extent of cartilage damage. Additionally, 
subchondral angiogenesis plays a key role in cartilage destruc-
tion [15, 16]. Furthermore, CGRP regulates the expression of 
inflammatory factors and vascular endothelial growth factor 
(VEGF), thereby influencing the synthesis and metabolism 
of cartilage [17–19]. Therefore, exploring the role of CGRP in 
osteoarthritis provides important insights for understanding 
and treating OA. This paper aims to review recent studies that 
elucidate the pathological effects of CGRP and the peripheral 
nervous system (PNS) on articular cartilage in OA, examines 
its impact on the peripheral environment of articular cartilage, 
and explores the neuropharmacological potential of CGRP in 
OA treatment.

1.1   |   Fundamental Basis for the Physiological 
and Pathological Effects of CGRP in Cartilage

1.1.1   |   Distribution of sensory and sympathetic nerve 
fibers is highly correlated with cartilage in OA

Healthy cartilage is avascular and lacks innervation by nerve 
fibers. However, a few studies have shown that sensory nerve 
fibers are in contact with subpopulations of chondrocytes in the 
outer layer of growth plate cartilage and the outer layer of artic-
ular cartilage, as well as with chondrocytes in the deeper layers 
of articular cartilage. This may affect the trophic metabolism of 
healthy chondrocytes and chondrocyte differentiation [20–22]. 
Additionally, the sensory and sympathetic nervous system af-
fects the tissue cells surrounding the nerve fibers, and the tissue 
cells surrounding the nerve fibers in turn synthesize growth fac-
tors, cytokines, proteases, and other factors that further affect 
the function of the surrounding chondrocytes [23].

Although nerves are rarely distributed in healthy cartilage [24], 
a marked increase in the distribution of sensory nerve fibers (SP 
and CGRP positive) and sympathetic nerve fibers (NPY positive) 
has been observed in OA articular cartilage [25]. These fibers 
are primarily located in the area where articular cartilage con-
tacts the subchondral bone, with nerve fibers predominantly 
surrounding blood vessels (Figure  1), closely associated with 
cartilage vascularization [9, 26]. The density of CGRP- positive 
nerve fibers is significantly correlated with the rate of ossifi-
cation of the cartilage [27]. Therefore, in diseased joints, the 
increased distribution of both these nerve fibers here may exac-
erbate joint inflammation and lead to cartilage damage [9, 28]. 
Furthermore, inflammatory factors (such as interleukin- 6) 
produced during OA can also contribute to CGRP release from 
sensory neurons [29]. These studies suggest that sensory and 
sympathetic nerves play an important role in OA pathology and 
are involved in CGRP secretion in OA.

FIGURE 1    |    Distribution of CGRP+/SP+ nerve fibers on the cartilage surface and in the cartilage- bone junction area in knee osteoarthritis, and 
the vascular alignment is consistent with the distribution of nerve fibers.
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1.1.2   |   Receptors and Signaling Pathways of CGRP

The CGRP receptor has two subunits, calcitonin receptor- 
like receptor (CLR) and receptor activity modifying protein 1 
(RAMP1) (Figure 2) [30–32]. In the classical pathway, the CGRP 
receptor acts as a G Protein Coupled Receptor (GPCR), regulat-
ing the downstream target via the Gαs—cAMP- protein kinase 
A (PKA) axis. Additionally, CGRP can also regulate through 
Gαq/11- mediated phospholipase C (PLC) action, mitogen- 
activated protein kinase (MAPK) action, and nitric oxide (NO) 
production, generating a series of transcriptional events [33–35]. 
Downstream of CGRP receptor activation, PKA regulates down-
stream signaling components, including K+ channels [36], L- type 
Ca2+ channels [37], and cAMP response element- binding pro-
tein (CREB) (Figure 2) [38]. In OA chondrocytes, CGRP induces 
pro- inflammatory and chondro- destructive effects via MAPK 
signaling pathway activation and NO production. However, it 
can also produce anti- inflammatory and anabolic effects via 
the cAMP signaling pathway [22, 39, 40]. Studies show that in-
creasing cAMP levels can protect cartilage by inhibiting matrix 
mineralization, delaying chondrocyte hypertrophy, attenuating 
inflammation, and slowing cartilage degeneration [20, 41].

Upon binding with GPCR kinase- 2 (GRK2), activated GPCR 
leads to phosphorylation of serine and threonine residues on the 
receptor, which triggers receptor desensitization and internal-
ization (Figure 2) [42]. Upregulation of GRK2 expression leads to 
reduced cAMP production, which inhibits the protective effects 

of GPCR- cAMP signaling in OA chondrocytes; thus, downreg-
ulation of GRK2 prevents the progression of OA and promotes 
cartilage regeneration [43]. In addition to GRK- mediated desen-
sitization, GPCR is phosphorylated by PKA and PKC, resulting 
in inhibition of GPCR- cAMP signaling [10].

Overall, the CGRP receptor consists of two subunits, CLR and 
RAMP1, and functions as a GPCR. It activates downstream sig-
naling through the Gαs- cAMP- PKA axis and also via Gαq/11- 
mediated pathways like PLC, MAPK, and NO production. In 
OA chondrocytes, CGRP can either induce pro- inflammatory 
effects through MAPK and NO or produce anti- inflammatory 
effects via the cAMP pathway. Elevated cAMP levels protect 
cartilage by reducing mineralization and inflammation. GPCR 
activation leads to receptor desensitization and internalization 
via GRK2, which decreases cAMP production and diminishes 
its protective effects, while downregulating GRK2 may slow OA 
progression and promote cartilage regeneration.

2   |   Pathologic Effects of CGRP in OA

2.1   |   Effects of CGRP on Inflammation

While OA has traditionally been viewed as primarily a me-
chanical wearing and tearing process, recent research has 
highlighted the crucial role of inflammation in its develop-
ment. The inflammation in OA is complex, involving the 

FIGURE 2    |    Intracellular signaling and downstream effectors of CGRP receptors.
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interaction of multiple cell types and molecular signaling path-
ways (Figure 3a) [44, 45]. Studies have demonstrated that acti-
vated chondrocytes in OA produce various proteins involved in 
inflammatory responses, including interleukin- 1β (IL- 1β), inter-
leukin- 6 (IL- 6), and tumor necrosis factor- α (TNF- α), as well as 
matrix- degrading enzymes, such as metalloproteinases (MMPs) 
and a disintegrin and metalloproteinase with thrombospondin- 
like motifs (ADAMTS), MMP1, 3, and 13, and ADAMTS 4 and 
5 [46, 47] included. Pro- inflammatory cytokines like IL- 1β and 
TNF- α are significantly upregulated in OA. These cytokines 
stimulate the production of matrix metalloproteinases (MMPs) 
[48]. MMPs break down various components of cartilage tissue, 
including type II collagen, proteoglycans, type IV and IX colla-
gen, osteoconjugates, and perlecan proteins [49–51]. This degra-
dation ultimately leads to the destruction of articular cartilage. 
Furthermore, the catabolized cartilage extracellular matrix can 
also trigger inflammatory and immune responses through the 
complement pathway and the classical pathway [47, 52].

In vitro experiments have demonstrated that CGRP induces 
the expression and release of TNF- α and IL- 1β, both of which 
contribute to the inflammatory response associated with mac-
rophages [53]. IL- 6 has been found to increase the number of 
sensory neurons and CGRP release, further exacerbating in-
flammation [29]. Released by sensory nerve fibers, CGRP can 
recruit both innate and adaptive immune cells to participate in 
the inflammatory process in OA [54]. Additionally, CGRP pro-
motes the polarization of M2 macrophages via PKA and PKC 
[55] and facilitates the recruitment of human T lymphocytes 
[56, 57]. M2 macrophages release growth factors and angiogenic 
factors, including TGF- β, VEGF, and epidermal growth factor 
(EGF), and also regulate T- cell function, contributing to damage 
and remodeling of OA cartilage [57, 58]. Increased numbers of 
Th1, Th9, and Th17 cells in OA synovial fluid, along with Th1, 
Th17, and cytotoxic T- cells in synovial tissues, produce cyto-
kines, such as IL- 2, IFN- γ, and TNF- α, enhancing cartilage ca-
tabolism [59]. However, a study also demonstrated that T- helper 
cells drive macrophages toward a regenerative phenotype [60], 
potentially aiding in the control of inflammation and tissue 

repair. Thus, further investigation to elucidate the role that T- 
cells play in the progression of OA is warranted. Macrophage 
activation in OA joints enhances the innate immune system, 
particularly including several complement components [61]. 
The complement system not only directly induces cell death but 
also promotes chemotaxis of neurotrophoblasts and monocytes 
(role of C5a) [62], which are directly involved in OA cartilage 
damage and repair. Thus, the role of CGRP in OA inflammation 
encompasses both innate and adaptive immunity, activating the 
macrophage and complement systems related to cartilage dam-
age and repair.

2.2   |   Effects of CGRP on Subchondral Bone 
Microenvironment

Maintaining an appropriate balance between cartilage tissue 
and the microenvironment of the subchondral bone is crucial in 
OA. This sclerosis alters the mechanical support for cartilage, 
which in turn impacts chondrocyte metabolism (Figure  3b), 
as well as the synthesis and breakdown of the cartilage matrix 
[63, 64]. Ultimately, this imbalance exacerbates cartilage de-
struction [15, 16]. Subchondral bone sclerosis is closely related 
to the dysregulation of osteoblasts and osteoclasts. A study has 
demonstrated increased expression of CGRP in the subchon-
dral bone of OA, especially during the acute arthritic phase, 
which promotes joint inflammation and contributes to disease 
progression [41]. Notably, CGRP promotes osteogenesis while 
inhibiting osteoclast differentiation [14, 65], thereby altering 
the microenvironment of the subchondral bone. Additionally, 
this study presents evidence showing that the use of CGRP 
receptor antagonists can counteract the effects of CGRP [66]. 
The CGRP receptor antagonists, olcegepant, shift the balance 
toward osteoclast predominance by inhibiting CGRP func-
tion. And in the study [66], olcegepan significantly reduced 
alkaline phosphatase (ALP) activity, decreased the proportion 
of MMP- 13- positive cells, increased the proportion of TRAP- 
positive multinucleated cells, and reduced the volume of sub-
chondral bone tissue.

FIGURE 3    |    Pathological roles played by CGRP in OA cartilage. (a) (Black) CGRP plays a role in OA inflammation. (b) (Red) CGRP promotes sub-
chondral osteosclerosis leading to altered cartilage support. (c) (Green) CGRP stimulates subchondral neoangiogenesis thereby destroying cartilage.
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2.3   |   Effects of CGRP on Vascular Growth

Subchondral angiogenesis plays a pivotal role in cartilage degra-
dation. The proliferating endothelial cells in the region between 
cartilage and subchondral bone erode the cartilage matrix and 
promote ossification, leading to ossification within the carti-
lage [16, 19]. The invasion of the articular cartilage and menis-
cus by neovascularization further intensifies the progression of 
OA [47, 67]. Neovascularization also induces alterations in the 
structure of subchondral bone trabeculae, which affects stress 
distribution at the osteochondral interface, resulting in cartilage 
degeneration. Moreover, vascular growth facilitates the distri-
bution of subchondral nerves. The combined invasion of avas-
cular cartilage and calcified cartilage by neovascularization and 
nerves ultimately leads to an increase in OA pain [68].

VEGF plays a crucial role in the growth of subchondral blood 
vessels, with its expression significantly elevated in various tis-
sues and fluids of patients with OA, including articular cartilage, 
synovium, synovial fluid, subchondral bone, and serum [17, 18]. 
Notably, VEGF influences the formation of H- type blood ves-
sels [69, 70]. Multiple experimental models have demonstrated 
a strong association between H- vessels in subchondral bone and 
the development of OA [71, 72]. H- vessels are predominantly 
found around the growth plate in young animals and contrib-
ute to cartilage resorption and endochondral ossification during 
long bone development. The endothelium of H- vessels also re-
leases proteases, such as matrix metalloproteinase- 9 (MMP- 9), 
which facilitate cartilage matrix resorption [73]. Additionally, 
VEGF plays an important role in the remodeling of cartilage 
extracellular matrix, angiogenesis, and bone formation [17]. It 
can stimulate OA chondrocytes to produce MMP- 1 and MMP- 3, 
both of which degrade the cartilage extracellular matrix.

In vitro experiments have demonstrated that CGRP upregu-
lates the expression of VEGF through the cAMP- PKA pathway, 
thereby promoting endothelial cell proliferation and angiogene-
sis [74, 75]. CGRP promotes vascularization of OA cartilage and 
subchondral bone, particularly driving abnormal angiogenesis 
in the subchondral bone, which leads to vascular invasion of the 
osteochondral junction and further destruction of cartilage tis-
sue (Figure 3c) [76]. Additionally, CGRP elevates the proportion 
of pro- osteoclasts [65], which secrete platelet- derived growth 
factor BB (PDGF- BB) in OA, further promoting the formation of 
H- type blood vessels [77, 78]. PDGF- BB also directly induces en-
dothelial cell proliferation, migration, and vascularization and 
stimulates the secretion of vascular endothelial growth factor, 
which induces de novo formation of blood vessels in the sub-
chondral bone of OA [79].

Significantly, in the subchondral bone microenvironment of OA, 
angiogenesis and osteogenesis are coupled [80, 81]. First, vascular 
endothelial growth factor involves vascularization [69]. H- vessels 
also promote the proliferation and differentiation of osteoblasts 
in the bone marrow, actively contributing to bone formation in 
subchondral osteosclerosis in OA [81–83]. Furthermore, the va-
sodilatory effects and increased angiogenesis impact blood flow, 
further promoting osteogenesis [84, 85]. Increased subchondral 
bone porosity, bone remodeling, and decreased bone density 
in the early stage of OA are associated with vascular invasion 
[86]. High concentrations of VEGF may also increase osteoclast 

recruitment and promote bone resorption, leading to bone loss 
[87, 88]. This suggests that VEGF can exacerbate the imbalance of 
the subchondral bone microenvironment in OA, where incoordi-
nation between the biomechanical and biochemical interactions 
between subchondral bone and cartilage accelerates OA progres-
sion. Therefore, the mechanism of CGRP on the subchondral bone 
microenvironment and subchondral neovascularization in OA 
deserves further investigation.

2.4   |   Effects of CGRP on Chondrocytes 
and Cartilage Matrix

Cartilage homeostasis is regulated by the balance between 
anabolism and catabolism within chondrocytes, CGRP en-
hances chondrocyte metabolism and offers a protective effect 
on healthy chondrocytes [89]. In a study using a- CGRP gene- 
deficient model of rheumatoid arthritis (RA), knockout of 
a- CGRP attenuates clinical arthritis, intra- articular inflamma-
tion, and cartilage degeneration whereas reduces the expres-
sion of pro- inflammatory cytokines (TNF- a, IL- 1b, cluster of 
differentiation 80, MMP- 13) and expression of cartilage markers 
(COL1A1, COL2A1, Sox9) [41]. Additionally, CGRP deficiency 
accelerates the onset of cartilage matrix degradation after OA, 
though this is likely to be the result of an imbalance in neuro-
peptide expression rather than a CGRP- independent effect [90]. 
In conclusion, the metabolic effects of CGRP on the cartilage 
matrix can be influenced by the physiological state of chondro-
cytes, the surrounding environment, and the specific disease 
model. Additionally, the combined effects of CGRP and other 
neuropeptides influences the metabolism and signaling path-
ways of the cartilage matrix. However, there is a dearth of stud-
ies in this area. Although the synthetic and catabolic effects of 
neuropeptides like CGRP on the chondrocytes require further 
explored, the fact that CGRP damages the cartilage matrix by 
promoting subchondral osteosclerosis and subchondral angio-
genesis is well established [15, 16, 76].

3   |   Innovative Strategies for CGRP to Enhance 
Cartilage Regeneration

CGRP plays a crucial role in the pathogenesis of OA. However, 
the effects of CGRP on cartilage and plasma concentration in 
the disease are influenced by the physiological state of the body, 
the degree of disease progression, and the interaction of various 
cytokines. Moreover, there is a dearth of research investigating 
the direct effects of CGRP on chondrocytes and its potential for 
ameliorating cartilage degeneration. Based on the results of the 
above studies, CGRP is one of the main factors involved in car-
tilage damage in OA. It is reasonable to assume that the degen-
eration of cartilage in OA can be effectively controlled through 
the reduction of CGRP's effects on articular cartilage, the sub-
chondral bone microenvironment, subchondral neoangiogene-
sis, and inflammatory cytokines.

3.1   |   CGRP Receptor Antagonists

A basic study on the rat monosodium iodoacetate (MIA) model 
showed that behavioral tests and neurophysiological tests in rats 
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suggest [91] the effectiveness of CGRP inhibitors in relieving OA 
pain. A basic study on the rat MIA model showed that the po-
tential use of CGRP inhibitors to alleviate the degeneration of 
articular cartilage in OA [92]. Additionally, another study on the 
histologic results of a mouse model of destabilization of the me-
dial meniscus (DMM) showed that the administration of CGRP 
receptor antagonists (olcegepant) prevents the hardening of the 
subchondral bone during the early stage of OA, consequently 
inhibiting the degeneration of the cartilage [66]. A mouse 
DMM model and senescence- accelerated mice (SAM)- prone 8 
(SAMP8) model study showed that the use of CGRP inhibitors 
(rimegepant) was effective in reducing synovial inflamma-
tion [93].

3.2   |   Bone Marrow Mesenchymal Stem Cells 
(BMSCs) Exosomes

A study on the mouse lumbar facet joint (LFJ) osteoarthritis 
(OA) model showed that BMSC- exosomes reduce CGRP- positive 
fibers and H- vessels, and inhibit abnormal neuroinvasion and 
angiogenesis in subchondral bone [94]. Additionally, BMSC- 
exosomes attenuated the inhibitory effects of IL- 1β on chondro-
cyte proliferation and migration, and maintained the expression 
of cartilage extracellular matrix components through the up- 
regulation of anabolic markers (C 0 L2- A1, ACAN) and the 
down- regulation of catabolic markers (MMP- 13, ADAMTS- 5). 
Moreover, BMSC- exosomes can inhibit IL- 1β- induced chon-
drocyte apoptosis through the p38 MAPK, ERK, and Akt path-
ways [95]. Thus, exosomes not only directly promote cartilage 
growth but also inhibit the growth of nerve fibers into cartilage. 
However, there is a lack of research evidence in knee osteoar-
thritis models to support these effects. A study showed a signif-
icant reduction in serum CGRP after intra- articular injection 
of BMSC- exosomes in a rat MIA model [96]. The addition of 
different actives to exosomes has superior cartilage protection. 
For example, exosome miR- 125a- 5p attenuates the degradation 
of cartilage extracellular matrix in an OA rat model [97, 98]. A 
study validated the protective effect of hypoxia- treated adipose 
mesenchymal stem cell- derived exosomes in the LFJ OA mouse 
model, effectively reducing pain and cartilage degradation [99].

3.3   |   Other Therapeutic Targets

Doxycycline, a potent inhibitor of matrix metalloproteinases, 
improves joint space narrowing but is suboptimal in improving 
pain and function. Further studies should be done to reveal its 
side effects, off- target effects, and the general benefits [47]. The 
bisphosphonates can inhibit the proliferation, adhesion, and 
migration of vascular smooth muscle cells and vascular endo-
thelial cells, with some antiangiogenic effects [71]. Moreover, 
Strontium Ranelate can promote the synthesis of cartilage ex-
tracellular matrix in  vitro, but its effect on the microenviron-
ment of OA articular cartilage and subchondral bone needs 
further study [100]. Metformin protects articular cartilage and 
reverses the abnormal expression of iron- defeat- related proteins 
in chondrocytes of the mouse DMM model [101]. This further at-
tenuates subchondral osteosclerosis and reduces heterogeneous 
angiogenesis in OA mice. Surprisingly, in this study, we found 
that Pazopanib also reduced the distribution of sensory nerve 

fibers in the synovium of the knee. And based on the above- 
mentioned finding, Pazopanib holds promise as a potential treat-
ment to reduce the distribution of sensory nerves beneath the 
cartilage in OA [102]. A gene therapy study demonstrated that 
TissueGene- C, which overexpresses transforming growth fac-
tor- β1 (TGF- β1), significantly inhibited the expression of nerve 
growth factor (NGF) and CGRP in OA inflammation [103].

4   |   Challenges

CGRP's effects on cartilage in OA primarily lead to cartilage 
degradation, and potential treatments may involve CGRP recep-
tor antagonists or the reduction of CGRP secretion. However, 
in menopausal and postmenopausal women with a high risk 
of developing OA, the implementation of these methods may 
lead to further bone loss or interfere with fracture healing 
[104, 105]. Clinical studies are needed to address this issue fur-
ther. Combinations with other approaches may reduce adverse 
effects, such as the addition of oral magnesium supplements or 
the use of bisphosphonates in the treatment of osteoporosis, as 
well as magnesium- containing implants for fractures and bone 
defects [106]. However, their specific clinical efficacy and side 
effects need to be further explored.

5   |   Perspectives

Many advances have been made on the role of CGRP in OA, 
which provides us with new ideas for the treatment of OA. In 
OA, CGRP promotes the production of inflammatory factors 
and the growth of H- vessels, contributing to the imbalance of 
cartilage's microenvironment, which leads to cartilage degener-
ation. However, in the cartilage microenvironment, it is crucial 
not to solely concentrate on the function of individual cytokines. 
Instead, a comprehensive approach should consider the poten-
tial synergistic effects of various cytokines. The delicate balance 
among multiple cytokines is crucial for preserving the synthe-
sis and degradation of the cartilage matrix [107]. CGRP has 
different effects on cytokines, neoangiogenesis, subchondral 
osteosclerosis, and the synthesis and degradation of cartilage 
extracellular matrix. Notably, the significant increase in CGRP- 
positive sensory nerves around the cartilage in OA highlights 
the need to address both cartilage matrix repair and the com-
bined effects of cytokines, angiogenesis, and nerve distribution 
in OA treatment.

6   |   Conclusions

In the progression of OA, the distribution of sensory nerves at 
the osteochondral junction increases, leading to an increase in 
CGRP release. In addition to its well- established role in OA pain, 
CGRP is also involved in the process of cartilage degeneration 
in OA. It regulates pro- inflammatory factors and immune cells 
in OA, promoting the up- regulation of inflammatory factors, 
such as IL- 1 and TNF- α, and the expression of matrix- degrading 
enzymes, like MMPs, thereby aggravating cartilage damage. 
Additionally, CGRP- induced recruitment and activation of im-
mune cells significantly impact the inflammatory environment 
around OA chondrocytes. CGRP can activate macrophages of 
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different phenotypes, with M2 macrophages promoting repair of 
damaged articular cartilage. Moreover, CGRP promotes the cou-
pling of subchondral bone to angiogenesis, thereby altering the 
subchondral bone microenvironment and aggravating cartilage 
degeneration. However, studies on CGRP's involvement in chon-
drocyte proliferation, differentiation, and apoptosis are limited 
and should be further investigated. We list some drugs that can 
block the signaling pathway of CGRP and some drugs that can 
ameliorate the pathological changes induced by CGRP, which 
are expected to guide future research and clinical treatment. 
Future work should focus on understanding the functional role 
of CGRP involved in OA cartilage degradation, as well as the 
specific regulatory pathways associated with CGRP, to discover 
more targets that can be intervened.
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Dear Editor,
We read with great interest the study by Zhao et al. [1], which 
utilized pseudo- continuous arterial spin labeling (pCASL) MRI 
to characterize cerebral perfusion in Takayasu arteritis (TA) pa-
tients with supra- aortic and/or intracranial artery lesions. While 
the study contributes important observational data, several key 
limitations undermine its translational validity and mechanistic 
insight.

First, the methodological design suffers from insufficient statis-
tical power across key subgroup analyses. Despite using linear 
mixed models to adjust for age, post hoc power remained well 
below the 0.80 threshold for non- significant comparisons, par-
ticularly between patients with and without prior cerebral in-
farction. Such underpowered comparisons limit interpretability 
and may have masked clinically relevant perfusion disparities, 
especially in regions supplied by affected vertebrobasilar vessels.

Second, the homogeneity of the study cohort, restricted to fe-
male patients, limits external validity. Although the rationale 
relates to the gender distribution in TA, excluding male patients 
precludes generalization of perfusion metrics to the entire TA 
population [2]. Furthermore, the absence of structured control 
for medication classes, specifically corticosteroids, biologics, 
and cytotoxics, raises the possibility that treatment- related vas-
cular modulation could have confounded cerebral blood flow 
(CBF) and arterial transit time (ATT) measurements [3].

Third, the pathophysiological interpretation presented by the 
authors underemphasizes microvascular contributions to per-
fusion deficits. While macrovascular stenoses were graded and 
correlated with perfusion, the possibility of concomitant small 
vessel vasculopathy, well- documented in TA through histo-
pathological studies, was not addressed [4]. Additionally, the 
discussion did not account for neurovascular autoregulatory re-
sponses that could alter ATT in the setting of chronic hypoper-
fusion, nor did it evaluate the role of cortical versus subcortical 
hypoperfusion patterns, which may offer higher discriminatory 
value for cognitive and functional correlates [5].

From a translational standpoint, the clinical utility of pCASL- 
MRI remains speculative without longitudinal validation or 
correlation with cognitive decline, stroke recurrence, or treat-
ment response. The claim that pCASL offers dynamic evalua-
tion is weakened by its single time- point design and the absence 
of follow- up scans post- immunosuppression. Moreover, the 
observation that vertebral artery lesions of grade 3 or higher 
are associated with global perfusion deficits is noteworthy, al-
though it may be considered somewhat tautological, given the 
well- established hemodynamic significance of the posterior 
circulation.

In conclusion, while this study advances the application of 
pCASL in vasculitis imaging, its limitations in sample power, 
generalizability, and mechanistic interpretation constrain its 
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clinical relevance. Future studies must incorporate multicenter 
cohorts, include both sexes, stratify by medication class, and 
embed longitudinal pCASL data aligned with cerebrovascular 
outcomes and cognitive assessments. Only through such inte-
grative efforts can pCASL transition from a research modality to 
a clinical decision- making tool in Takayasu arteritis.
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Dear Editor,
Histiocytic necrotizing lymphadenitis (HNL), also known as 
Kikuchi- Fujimoto disease, is an inflammatory disease char-
acterized by painful lymph node (LN) swelling and sustained 
high fever for several weeks [1, 2], with some patients experienc-
ing relapses despite treatment or even developing autoimmune 
diseases, including systemic lupus erythematosus (SLE) [2, 3]. 
Typically, HNL is treated with antipyretic agents, such as non- 
steroidal anti- inflammatory drugs and glucocorticoids (GC); 
however, some patients may develop recurrences or disease 
flares as the GC dosage is reduced, requiring adjunctive treat-
ment to counter the side effects of GC.

Hydroxychloroquine (HCQ) is an effective treatment for SLE 
and other rheumatic diseases, which suppresses the excessive 
production of interferon- alfa (IFN- α) by inhibiting toll- like re-
ceptors 7 and 9 [4]. Recent studies have revealed that overpro-
duction of IFN α is related to the pathogenesis of HNL, making 
it a potential therapeutic target [5, 6]. There are a few reports 
on the clinical efficacy of HCQ in patients with HNL; however, 
the optimal dosage and duration are yet to be established [7, 8]. 
Herein, we describe the management of two pediatric HNL 
cases who relapsed after GC reduction or discontinuation; re-
mission was maintained with low- dose HCQ initiation, which 
led to decreased serum IFN α levels.

Patient 1 is a Japanese 15- year- old boy who presented with fever 
and painful cervical LN swelling at 13 years of age. He was di-
agnosed with HNL following an LN biopsy. Although general 
blood tests revealed no significant abnormalities at the time 
of diagnosis, his serum IFN α levels were at 32 pg/mL (normal 
range: < 1 pg/mL; Table S1). Although his symptoms improved 

upon prednisolone (PSL) initiation (0.8 mg/kg/day), fever 
and painful LN swelling recurred 24 months following onset 
(Figure 1). Accordingly, he was diagnosed with an HNL relapse. 
PSL was initiated again and his symptoms improved rapidly; 
however, the painful LN swelling flared up 1 month after taper-
ing and discontinuation of PSL. PSL was restarted; however, a 
reduction in the PSL dosage worsened the fever and lymphade-
nopathy, thereby making the discontinuation difficult. During 
the course of PSL administration, we noted that his serum IFN α 
levels increased with every relapse. Alternating doses of HCQ 
(400 and 200 mg/day) (7.3 and 3.6 mg/kg/day, respectively; av-
eraging 5.5 mg/kg/day) were initiated, which ameliorated the 
fever and lymphadenopathy; PSL was eventually discontinued. 
HCQ was also discontinued 7 months later, and there have been 
no relapses for 13 months since HCQ discontinuation.

Patient 2 is a Japanese 15- year- old boy who was referred to our 
department with complaints of high fever, painful cervical LN 
swelling, and intermittent erythema for more than 2 weeks, with 
mildly elevated C- reactive protein and ferritin levels (Table S1). 
He was also diagnosed with HNL based on LN biopsy results, 
and PSL (1.0 mg/kg/day) was initiated. At the time of diagnosis, 
his serum IFN α levels increased to 52 pg/mL. Subsequently, the 
dose of PSL was reduced and discontinued over 3 months; how-
ever, he relapsed 5 months after PSL discontinuation (Figure 2). 
PSL was reinitiated, and the serum sample collected 3 days after 
recommencing showed increased serum IFN α levels. An alter-
native HCQ dose (400 and 200 mg/day [6.7 and 3.3 mg/kg/day, 
respectively] averaging 5.0 mg/kg/day) was administered, fol-
lowing which the fever and cervical LN swelling ameliorated. 
PSL could be promptly discontinued, and the patient has had no 
relapses for 6 months since HCQ initiation.
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FIGURE 1    |    Clinical course of patients 1.
Serum IFN α levels were measured using enzyme linked immunosorbent assay kits as per manufacturer's instructions (PBL Assay Science, Piscataway, NJ, 
USA). Serum alkaline phosphatase (ALP) has recently been reported as a useful biomarker for HNL [9, 10]. AD, Alternative- day Dosing; ALP, alkaline 
phosphatase; HCQ, hydroxychloroquine; PLT, platelet counts; PSL, prednisolone.

FIGURE 2    |    Clinical course of patients 2.
Serum IFN α levels were measured using enzyme linked immunosorbent assay kits as per manufacturer's instructions (PBL Assay Science, Piscataway, NJ, 
USA). Serum alkaline phosphatase (ALP) has recently been reported as a useful biomarker for HNL [9, 10]. AD, Alternative- day Dosing; ALP, alkaline 
phosphatase; HCQ, hydroxychloroquine; PLT, platelet counts; PSL, prednisolone.
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To date, there is no standardized treatment for HNL. Over the 
years, HCQ is emerging as a potential therapy with some case 
reports exhibiting the efficacy of HCQ for HNL. We previously 
reported the usefulness of serum IFN α for diagnosing and as-
sessing the disease activity of HNL [6]. In the present study, 
serum IFN- α levels decreased and eventually normalized after 
starting HCQ in both patients, highlighting the importance of 
IFN- α in the pathogenesis of HNL and the therapeutic role of 
HCQ in suppressing IFN- α.

So far, only six pediatric cases of HNL treated with HCQ have 
been reported (Table  S2) [7, 8]. All previously reported pa-
tients were approximately 10 years of age and did not exhibit 
relapse after discontinuing an HCQ treatment of 3–9 months, 
although the details of the clinical courses are unknown. 
Notably, the HCQ dosage used in these studies (6.5 to 16.5 kg/
mg/day) was higher than those of our two cases. We tried to 
maintain the dose as low as possible to avoid toxicity, includ-
ing retinopathy and gastroenteropathy. Accordingly, we can 
recommend that HCQ treatment of 5 mg/kg/day for 6 months 
may be adequate in HNL patients. Nevertheless, prospective 
studies with large sample sizes are warranted.

In conclusion, low- dose HCQ can be used to manage recurrent 
HNL in pediatric patients.
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Dear Editor,
Autoimmune/inflammatory syndrome induced by adjuvants 
(ASIA syndrome) encompasses a spectrum of immune- mediated 
disorders triggered by exposure to environmental factors. In 
2011, Shoenfeld and Agmon- Levin introduced the concept of 
ASIA syndrome to describe immune- mediated disorders linked 
to adjuvants [1]. Since then, more than 4000 cases of this disease 
have been documented, with differing histories and varying 
degrees of severity [2]. While the syndrome remains controver-
sial due to its broad diagnostic criteria and overlap with other 
conditions, its recognition is essential for understanding certain 
unexplained autoimmune phenomena.

Over the past few decades, new adjuvants have been added to 
the list of potential causes of the syndrome including vaccine ad-
juvants, aluminum hydroxide, silica, silicone implants, polypro-
pylene meshes [3–6], and other environmental substances such 
as infectious agents [7, 8]. Adjuvants do not directly trigger an 
immune response themselves, but they assist in creating a strong 
reaction against the antigens they are introduced to. They influ-
ence both the adaptive and innate immune responses through 
various mechanisms, leading to the initiation and maintenance 
of an immune response through the activation of pattern recog-
nition receptors such as toll- like receptors, NOD- like receptors, 
and C- type lectin receptors [9]. The activation of these molecules 
gives rise to a cascade of events, culminating in the recruitment 
and subsequent activation of proteins, which in turn contribute 
to the production of cytokines. Moreover, adjuvants facilitate 
specific aspects of dendritic cell chemotaxis and the activation 

of antigen- presenting cells, promoting cytokine release, fur-
ther enhancing the transfer of antigens to a B-  and T- cell- rich 
environment, thereby stimulate the adaptive immune response 
against antigens [10]. Commonly used biomaterials for implants 
are designed to be non- immunogenic and non- cytotoxic, yet 
they can still elicit an immune response with the granulomatous 
inflammation in people with genetic predisposition according to 
HLA- DRB1, HLA- DQ8 [11, 12].

Following the implantation of biomaterials, a protein layer of 
the host forms on its surface, attracting phagocytes, primarily 
pro- inflammatory macrophages. In addition, if a biofilm forms 
after implantation, the microorganisms in the biofilm can act 
as adjuvants, activating. Exposure to these adjuvants mimic 
patterns associated with damage and pathogens by activating 
Toll- like receptors and inflammasomes, resulting in the release 
of inflammatory cytokines, activation of dendritic cells, and 
macrophages, leading to apoptosis of macrophages, release of 
particles containing the adjuvant, further stimulating inflam-
mation. IL- 17 production is also stimulated, as well as the influx 
of neutrophils, leading to formation of reactive oxygen species 
and release of myeloperoxidase that potentiate inflammation. 
This, in turn, leads to increased local and systemic responses 
to antigens present in regional lymph nodes, dysregulation of T 
and B lymphocytes, inability to recognize autoantigens, inflam-
mation, tissue damage, and autoimmunity [13]. The breakdown 
of own tissues is facilitated by an imbalance between effector T 
cells and regulatory T cells, which further increases the produc-
tion of autoantibodies [14].
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The ASIA syndrome can be identified if a patient meets two 
major or one major and two minor following criteria [7]. Main 
criteria for this diagnose of ASIA syndrome include exposure 
to adjuvants previous clinical manifestations; typical arthral-
gia and/or arthritis, cognitive impairment and memory loss, 
fever, dryness of mouth and/or eyes, neurological symptoms 
especially those associated with demyelination; the improve-
ment after removal of the inciting factor; a typical changes on 
the biopsy of affected organs [1, 7, 15]. Minor criteria include 
the presence of autoantibodies or antibodies directed against the 
putative adjuvant; additional clinical symptoms such as irrita-
ble bowel syndrome or Raynaud's phenomenon; explicit HLA 
associations DRB1, DQB1; the development of any autoimmune 
diseases (systemic lupus erythematosus, multiple sclerosis, ar-
thritis, Sjögren's disease) [7].

The alleviation of post- operative symptoms following the re-
moval of implants is a key indicator in the assessment of ASIA 
[7, 16, 17], which were observed in a range of 50%–98% of pa-
tients [18].

Patient I., aged 38, underwent dental surgery on May 5th, 2022, 
during which four teeth were extracted and five dental implants 
were installed. Ten days later, on May 15th, the patient presented 
with pain, stiffness, and restricted movement in their right 
elbow and left ankle. Additionally, the patient experienced pain 

in the sacral area, muscle weakness, fatigue, disturbed sleep, 
and weight loss. Both the right ankle and the left elbow were 
swollen, right achilles tendinitis and left talalgia were present. 
Radiographs did not reveal any pathological changes. Despite 
this, the patient continued to suffer from generalized weakness, 
pain and fever up to 39°C. The patient underwent a comprehen-
sive examination for suspected infections, which yielded neg-
ative results, and consulted with a surgeon, a traumatologist, 
and a rheumatologist. Given the presence of symptoms such 
as asymmetric polyarthritis, left- sided sacroiliitis, right- sided 
achilles tendinitis, and talalgia, a diagnosis of reactive arthritis 
was considered. Nonsteroidal anti- inflammatory medications, 
antibiotics, and sulfasalazine were prescribed at appropriate 
doses. During the initial three months of therapy, joint inflam-
mation and systemic manifestations persisted, accompanied by 
laboratory findings indicating anemia, leukocytosis, thrombo-
cytosis, an erythrocyte sedimentation rate of 55 mm/h, and C- 
reactive protein level of 104.8 units/mL. Negative rheumatoid 
factor (RF), positive antibodies to human leukocyte antigen 
(HLA)- B27 and antibodies against β2- glycoprotein- 1 were ob-
served. No evidence of any pathological alterations was detected 
in the radiographs of the sacroiliac joints, elbows, and ankles.

Considering oligoarthritis, unilateral achilles tendonitis, and 
clinical sacroiliitis on the right side (Figure 1), after excluding 
all suspected infectious and inflammatory bowel disorders, the 

FIGURE 1    |    ASIA syndrome development in Patients I. (A) elbow arthritis with synovitis; (B) unilateral Achilles tendinitis; (C) unilateral 
sacroiliitis.
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following diagnosis was made: seronegative polyarthritis with 
sacroiliitis and achilles tenosynovitis, talalgia. A change in the 
primary treatment was made with sulfasalazine replaced by 
methotrexate at a dose of 10 mg per week with folic acid sup-
plementation. Systemic corticosteroids were added for six days 
(90–60–30 mg). Oral methylprednisolone was then prescribed at 
a daily dose of 16 mg.

During treatment with methotrexate and corticosteroids, the pa-
tient demonstrated sustained clinical and laboratory improve-
ments. However, after a month, methotrexate was discontinued 
due to adverse reactions in the form of skin dermatitis, and le-
flunomide at a dose of 20 mg per day was initiated. After five 
months of therapy with 20 mg leflunomide daily, the patient's 
condition has been fully stabilized. There were no indications 
of joint pain or intoxication, and the blood test results remained 
within the normal range, with no radiological signs of sacroilii-
tis or arthritis. After nine months from the onset of the illness, 
the patient discontinued all medication, due to improvement in 
general condition and the absence of joint pain and intoxicating 
symptoms. Over the subsequent thirteen months without medi-
cation, there was no change in the patient's clinical or laboratory 
findings or any deterioration in well- being.
Patient G., aged 22, was admitted to the Arthroscopy 
Department on March 14, 2024. The patient presented with 
complaints of pain in knee joints at rest and upon movement, 

mild stiffness, fevers 37°C–38°C, hemorrhagic rashes on the 
skin, intermittent redness of the eyes, dryness of the ocular mu-
cosa, hair loss, lethargy, excessive sweating, sleep disturbances, 
constipation, and weight loss of three kilograms over a period of 
four months.

In the course of the medical history, the patient had recur-
rent episodes of chronic tonsillitis occurring two to three 
times annually. Between the years 2017 and 2018, she under-
went multiple tattooing procedures using Dynamic black ink 
(USA). Additionally, in 2021, she received her first hyaluronic 
acid lip augmentation. On November 7, 2023, she underwent a 
subsequent hyaluronic lip implant after the previous implant 
was removed using hyaluronidase. Within a period of 3 weeks 
following the readmission, the patient began to experience 
complaints. It is noteworthy that there had been no history of 
exacerbation of tonsillitis at that time or prior to it. During the 
examination, multiple tattoos were observed on the patient's 
skin, as well as solitary hemorrhagic rashes visible on vari-
ous parts of the body, which did not fade upon pressure. Both 
eyes exhibited injection (Figure  2A), while the lips appeared 
enlarged without local inflammatory changes. Hair loss was 
diffuse, and the hair itself was sparse. The tonsils were hy-
pertrophied in the pharyngeal area with no evidence of hy-
peremia. The thyroid was enlarged, but not tender. The knee 
joints displayed swelling, with the presence of painful Baker's 

FIGURE 2    |    Clinical and instrumental examination of the Patient G. (A) xerophthalmia, eye injection; (B), (C) Baker's cysts on MRI of both knee 
joints.
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cysts palpable in the popliteal fossa. The other joints were un-
remarkable, and there was no evidence of any abnormalities in 
the respiratory or cardiovascular systems.

Laboratory and instrumental investigations showed no signs 
of inflammation, with a negative rheumatoid factor and a C- 
reactive protein level of 0.1 mg/dL. However, high levels of an-
tibodies to thyroid peroxidase were detected (401.89 IU/mL), 
along with elevated levels of thyroid- stimulating hormone 
(9.40 μIU/mL). Additionally, the anticardiolipin, anti- Scl- 100, 
and antinuclear antibody (ANA) tests were mildly positive, 
with titers of 1:80. The tests for antibodies to double- stranded 
DNA and cancer markers (CA125 and CA- 15- 3) came back neg-
ative. Magnetic resonance imaging (MRI) of the knee joints on 
both sides revealed the presence of cysts (Figure 2B,C).

The patient was consulted with an endocrinologist who diag-
nosed acute thyroiditis and prescribed appropriate treatment, 
and traumatologist who identified Baker's cyst. Punctures of 
the popliteal cysts on both sides were performed, and micro-
scopic examination of the cystic contents revealed minor signs 
of inflammation.

Based on the administration of hyaluronidase, repeated im-
plants, articular syndrome after the placement of lips implant, 
dry eye syndrome, alopecia, chronic fatigue, severe sweating, 
subfertility, and weight loss, positivity for anticardiolipin anti-
bodies and high levels of antibodies to thyroid peroxidase, anti- 
PM- Scl- 100, and antinuclear antibodies, the following diagnosis 
was established: undifferentiated systemic mixed connective 
tissue disease, associated with the use of adjuvants, acute thy-
roiditis, xerophthalmia, alopecia.

The patient continued to receive thyroid hormone therapy 
(levothyroxine at a dosage of 75 mg/day), non- steroidal anti- 
inflammatory medications (NSAIDs), platelet aggregation 
inhibitors (dipyridamole 75 mg/day), and basic medications 
(hydroxychloroquine 200 mg/day). During treatment, including 
evacuation of the Baker's cyst, the patient's temperature became 
normal and inflammatory articular syndrome reduced.
ASIA syndrome is identified as a pre- nosological state, which 
is equivalent to permanent hyperstimulation of the immune 
system that may develop into a precarious state of connective 
tissue disease in the future. The relationship between implants 
and the risk of developing rheumatic diseases remains uncer-
tain, necessitating further research and monitoring. Herein we 
described two clinical cases of ASIA syndrome: (1) a 38- year- old 
with seronegative polyarthritis induced by dental implants, and 
(2) a 22- year- old with mixed connective tissue disease triggered 
by lip implants. In both cases, systemic symptoms developed 
shortly after exposure to implants, suggesting immune system 
overstimulation. Although treatments alleviated symptoms, 
immune tolerance breakdown persisted. Further research is 
needed to elucidate the mechanisms and optimize management 
strategies for ASIA syndrome.
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Dear Editor,
Systemic sclerosis (SSc) overlapping with rheumatoid arthritis 
(SSc- RA overlap) is rare [1]. The treatment of SSc- RA overlap 
mainly depends on the extent of organ involvement and the se-
verity of arthritis symptoms.

Calcinosis cutis, the deposition of calcium in the skin and sub-
cutaneous tissues, is a debilitating manifestation of both the dif-
fuse cutaneous SSc (dcSSc) and limited cutaneous SSc (lcSSc) 
subsets [2] and is often refractory to conventional therapies [3]. 
We report a patient with SSc- RA overlap complicated by periar-
ticular calcinosis cutis, calcified synovium in both wrists, and 
chalk- like synovial fluid, who was unresponsive to multiple im-
munosuppressants. However, the calcified synovium and skin 
stabilized after treatment with rituximab, a B- cell depleting 
agent. The objective of this report is to illustrate the clinical, lab-
oratory, and radiographic features of this rare presentation and 
to evaluate the therapeutic response to rituximab in a patient 
with complicated SSc- RA overlap. This description contributes 
to the understanding of atypical manifestations in SSc- RA over-
lap and provides insight into potential treatment options.

A 55- year- old female with a known diagnosis of dcSSc- RA over-
lap since 2015 was referred to us in March 2021 due to uncon-
trolled arthritis. She had type 2 diabetes mellitus and was on 
multiple medications, including metformin, low- dose aspirin, 
nifedipine, prednisolone, sulfasalazine, cyclosporine A, and 

folic acid. Initially, she presented with sclerodactyly, polyar-
thritis, and dyspnea on exertion. Serological findings revealed 
positive anti- topoisomerase I antibody, anti- cyclic citrullinated 
peptide antibody (anti- CCP; 143 U/mL), and rheumatoid fac-
tor (RF; 86.8 U/mL). High- resolution computed tomography 
demonstrated chronic fibrosis with honeycombing, traction 
bronchiectasis, interlobular septal thickening, subpleural re-
ticulation—predominantly in the lower lobes—and esophageal 
dilatation. Spirometry revealed severe restrictive lung disease 
with a forced vital capacity (FVC) of 36% (0.90 L) and a forced 
expiratory volume in 1 s (FEV1) of 41%. Echocardiography in 
March 2021 revealed a severely elevated right ventricular sys-
tolic pressure of 90.3 mmHg with a preserved ejection fraction 
of 81.3%. Pulmonary arterial hypertension was suspected. Right 
heart catheterization confirmed precapillary pulmonary hyper-
tension (mPAP 53 mmHg, PCWP 9 mmHg, PVR 5.2 WU), and 
sildenafil was prescribed to control pulmonary arterial pressure.

Hand radiography revealed erosive changes in the left wrist and 
calcinosis cutis in the fingers. She was started on cyclophospha-
mide and 10 mg/day prednisolone.

She developed worsening arthritis in both wrists 2 years later. 
Radiographic imaging revealed progressive bone erosions, ex-
tensive calcifications in the left wrist, and calcinosis cutis in the 
fingers (Figure 1A). Arthrocentesis was performed and revealed 
chalk- like synovial fluid, as shown in Figure 1B. Synovial fluid 
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analysis showed white blood cell count of 43 580 cells/mm3, 
with 87% neutrophils and 13% lymphocytes, glucose 90 mg/dL, 
calcium 345.4 mg/dL, phosphorus 230.3 mg/dL, magnesium 
4.0 mg/dL, no crystals detected by fresh smear, and no organ-
isms detected by gram stain or culture. Polymerase chain reac-
tion for Mycobacterium spp. was negative. Her blood calcium, 
phosphorus, and magnesium levels were within the normal 
range (9.1, 2.9, and 2.2 mg/dL, respectively). Synovial biopsy 
confirmed calcified synovial tissue and revealed several foci of 
calcification, along with mild synovitis without granulomatous 
inflammation. C- reactive protein (CRP) was 29.04 mg/L with 
normal complete blood count, renal, and liver function.

Cyclophosphamide was discontinued, and rituximab was initi-
ated to control her arthritis symptoms. One year after starting 
rituximab, her arthritis symptoms were controlled, with a re-
duction in pain—from 8 to 3 on the visual analog scale—and a 
decrease in CRP levels to 2.19 mg/L.

Two years after starting rituximab treatment, improvements in 
joint symptoms and skin thickness, as well as stabilization of 
calcinosis cutis, were observed (Figure 2). Inflammatory mark-
ers returned to normal, and the modified Rodnan skin score 
(mRSS) decreased from 14 to 4. Spirometry showed unchanged 
restrictive lung disease, with an FVC of 38% predicted (0.91 L).

This case illustrates a rare but clinically significant overlap 
syndrome involving dcSSc and RA, complicated by calcified 
synovium, calcinosis cutis, and ILD. The presence of anti- CCP 
antibody and RF positivity supported a true overlap syndrome, 
rather than SSc- associated arthritis alone, which is typically 
nonerosive and noninflammatory arthritis [4]. However, 

SSc- specific autoantibodies other than anti- topoisomerase I an-
tibody were not evaluated as part of our routine practice, due 
to their low prevalence among Thais and the lack of confirmed 
clinical correlation [5]. Therefore, we could not provide details of 
other serological profiles for SSc.

The patient's refractory polyarthritis and cutaneous calcifications 
posed considerable therapeutic challenges, particularly after 
an inadequate response to conventional immunosuppressive 

FIGURE 1    |    (A) Radiographic findings of the hands demonstrated concentric joint space narrowing at both wrists, more severe on the right side. 
Bony erosions are seen at the right distal radius and right distal ulna. Severe calcinosis cutis is indicated by the Simple Scoring System, based on 
evidence of multiple sites of high or mix density calcium deposits in both hands, mostly notably at the left wrist (arrowhead) and the left second and 
third distal interphalangeal joints (thick arrows). Acro- osteolysis is observed in the right second finger (thin arrow), with normal bone mineraliza-
tion. (B) Chalk- like synovial fluid from left wrist.

FIGURE 2    |    Hand radiography 2 years after rituximab treatment 
showed stable calcinosis cutis in the left hand (arrowhead) and a notice-
able decrease in the size and density of calcinosis cutis at the left third 
distal interphalangeal joint (thick arrow). Acro- osteolysis at the right 
second finger (thin arrow) also remained stable.
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therapy with cyclophosphamide, sulfasalazine, cyclosporin A, 
and low- dose steroids. The introduction of rituximab, a monoclo-
nal anti- CD20 antibody, resulted in notable clinical improvement 
in joint symptoms and stabilization of calcinosis, underscoring 
its potential utility in complex autoimmune overlap syndromes.

Calcinosis cutis is a manifestation frequently observed in pa-
tients with lcSSc subset who are positive for anti- centromere 
antibody [6]. However, it can also be present in the dcSSc sub-
set [2]. Currently, there are no established reports of calcified 
synovium and chalk- like synovial fluid in SSc. Our patient had 
anti- topoisomerase I positive dcSSc and developed calcinosis 
cutis, along with extensive calcified synovium and calcium- rich 
synovial fluid, which are extremely rare findings. In addition, 
she also had coexisting RA, which made the disease more com-
plicated. Calcinosis cutis is notoriously difficult to treat and 
often refractory to standard immunosuppressants [7].

Rituximab is a biologic treatment used to control arthritis in RA, 
particularly in seropositive and treatment- resistant cases [8]. It 
has also shown a positive effect on skin thickness by improving 
skin fibrosis [9], stabilization of lung function in patients with 
ILD [9, 10], and treating calcinosis cutis in SSc [3]. In this con-
text, rituximab was chosen for treatment in our patient due to 
its potential multiple effects on the disease, including controlling 
arthritis, improvement of skin thickness, stabilization of ILD, 
and reduction of calcinosis cutis. By its mechanism of action, 
rituximab has immunomodulatory effects through B- cell deple-
tion and downregulation of pro- inflammatory cytokines, such as 
interleukin- 6 and tumor necrosis factor- α, which have been re-
ported to be present at sites of calcium deposition [6]. Therefore, 
it may help stabilize or reduce calcinosis cutis and calcified sy-
novium, as observed in our case. In overlap syndromes, rituximab 
may offer a dual benefit by addressing both RA- related synovitis 
and SSc- related fibrotic or inflammatory manifestations.

This case highlights a rare presentation of calcified synovium 
and calcium- rich synovial fluid, in a patient with SSc- RA over-
lap and emphasize the promising role of RTX in effectively 
managing refractory arthritis and stabilizing calcinosis cutis 
in complex SSc- RA overlap. Management requires a multidis-
ciplinary approach. Ultimately, this case contributes valuable 
clinical insight into the potential benefits of RTX in this chal-
lenging patient population.
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ABSTRACT
Introduction: This study investigates the effects of Tocilizumab, an interleukin- 6 (IL- 6) receptor inhibitor, on human primary 
chondrocyte cells, focusing on bone morphogenetic protein 2 (BMP- 2), hypoxia- inducible factor 1- alpha (HIF- 1α), interleukin- 1 
beta (IL- 1β), SRY- box transcription factor 9 (SOX- 9), and IL- 6 genes.
Methods: Combining bioinformatic and experimental approaches, we assessed Tocilizumab's impact on inflammatory sign-
aling pathways, cellular differentiation, and viability. Reactome and Gene Ontology (GO) enrichment analyses revealed the 
involvement of interleukin signaling, BMP, and mitogen- activated protein kinase (MAPK) pathways.
Results: Protein–protein interaction (PPI) network analysis indicated strong interactions among the studied genes, with BMP- 2 
and SOX- 9 identified as central nodes. Western blot analysis demonstrated a 71% reduction in SOX- 9, a 55% reduction in HIF- 1α, 
and an 81% reduction in BMP- 2 expression levels by day 15. Conversely, IL- 1β levels decreased by 67% after prolonged treatment. 
MTT assays showed a 27.7% reduction in cell viability at day 15 compared to controls. Despite these changes, staining analyses 
confirmed preserved cell membrane integrity and nuclear morphology, indicating minimal cytotoxic effects.
Conclusion: These findings highlight Tocilizumab's role in modulating inflammation and differentiation pathways in human 
primary chondrocytes. Further studies should explore the long- term effects of IL- 6 blockade on cartilage remodeling and regen-
erative capacity in chronic inflammatory settings.

1   |   Introduction

Cartilage tissue damage and inflammation are central features 
in the progression of various musculoskeletal disorders, in-
cluding osteoarthritis (OA) and rheumatoid arthritis (RA) [1]. 

Chondrocytes, the primary cellular component (CC) of cartilage, 
play a crucial role in maintaining the structural and functional 
integrity of the cartilage matrix [2]; however, inflammatory cy-
tokines can disrupt this balance, leading to cartilage degradation 
and loss of function [3]. Among these cytokines, interleukin- 6 
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(IL- 6) is recognized as a key mediator of inflammation and joint 
degeneration, promoting catabolic activities that accelerate car-
tilage breakdown [4]. Consequently, targeting the IL- 6 signaling 
pathway has emerged as a promising therapeutic strategy for 
modulating inflammation and preserving cartilage health [5, 6].

Tocilizumab, a humanized monoclonal antibody targeting the IL- 6 
receptor, has shown clinical efficacy in reducing inflammation and 
inhibiting IL- 6- mediated pathways [7, 8]. While its effects on sys-
temic inflammatory diseases such as RA are well- documented, the 
specific molecular mechanisms by which Tocilizumab influences 
chondrocyte functionality remain less explored. Understanding 
these mechanisms is essential for optimizing therapeutic strate-
gies for cartilage preservation in inflammatory diseases. Although 
Tocilizumab has proven systemic anti- inflammatory effects, little 
is known about its direct impact on cartilage- resident chondro-
cytes at the molecular and cellular levels. Understanding these 
mechanisms is essential for optimizing therapeutic strategies for 
cartilage preservation in inflammatory diseases.

This study focuses on four key genes: bone morphogenetic pro-
tein 2 (BMP- 2), hypoxia- inducible factor 1- alpha (HIF- 1α), IL- 1β, 
SRY- box transcription factor 9 (SOX- 9), and IL- 6 due to their crit-
ical roles in chondrocyte function, inflammation, and cellular 
stress response. BMP- 2 is integral to cartilage development and 
repair [9], while HIF- 1α regulates cellular adaptation to hypoxic 
conditions commonly observed in damaged cartilage [10]. SOX- 9 
is a master regulator of chondrocyte differentiation and cartilage 
matrix synthesis [11, 12]. BMP- 2 promotes SOX- 9 expression, and 
HIF- 1α can further regulate SOX- 9 under hypoxic conditions, 
suggesting cross- regulatory interactions among these factors 
critical for cartilage homeostasis [6]. Interleukin- 1 beta (IL- 1β) is 
a potent pro- inflammatory cytokine that plays a key role in carti-
lage degradation by promoting catabolic processes and inhibiting 
extracellular matrix synthesis [13]. In addition, IL- 6 is not only a 
major inflammatory cytokine but also directly impacts chondro-
cyte metabolism and cartilage degradation [14, 15].

To elucidate the regulatory effects of Tocilizumab on these 
key pathways, we employed a combination of bioinformatic 
and experimental approaches. Reactome and Gene Ontology 
(GO) enrichment analyses were utilized to identify pathways 
significantly impacted by Tocilizumab treatment, while pro-
tein–protein interaction (PPI) network analysis provided insight 
into the interconnected roles of these genes. Complementary 
in vitro analyses, including MTT assays and staining analyses 
for cell viability and Western blot for protein expression, further 
explored Tocilizumab's effects on chondrocyte functionality. 
This study aims to provide a comprehensive understanding of 
Tocilizumab's role in modulating inflammation and chondro-
cyte survival, contributing to the development of targeted thera-
pies for cartilage- related inflammatory diseases.

2   |   Materials and Methods

2.1   |   Data Collection and Gene Selection

In this study, we examined the regulatory effects of Tocilizumab 
on human primary chondrocytes by focusing on four key genes: 
BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6. These genes were 

selected due to their critical roles in inflammation, cartilage 
degradation, and stress response, which are integral to chondro-
cyte functionality and the progression of cartilage- related dis-
eases. To facilitate pathway enrichment analysis, gene symbols 
were converted into Entrez IDs using the bitr() function from 
the R package clusterProfiler, with the human genome annota-
tion database org. Hs. eg. db serving as the reference [16].

2.2   |   Functional Enrichment Analysis

To investigate the regulatory pathways influenced by 
Tocilizumab in human primary chondrocytes, Reactome path-
way enrichment analysis and GO enrichment analysis were per-
formed. Reactome pathway analysis was conducted using the 
enrichPathway() function from the ReactomePA package in R, 
with a statistical significance threshold of p < 0.05. The analysis 
utilized the org. Hs. eg. db database for gene annotation, and sig-
nificant pathways were visualized using ggplot2. For functional 
classification, GO enrichment analysis was performed using 
the enrichGO() function from the clusterProfiler package. The 
selected genes were categorized into three principal domains: 
biological process (BP), molecular function (MF), and CC. GO 
terms with p- values < 0.05 were considered statistically signifi-
cant, and the results were visualized in a combined dot plot. All 
analyses were conducted in R (version 4.3.3.), and gene anno-
tation was referenced against the org. Hs. eg. db database. Data 
preprocessing and normalization steps were performed prior 
to enrichment analysis to ensure the accuracy and reliability of 
pathway associations [16, 17].

2.3   |   Protein–Protein Interaction (PPI) Analyses

PPI networks were constructed to explore the broader interac-
tion landscape of the identified genes, including BMP- 2, HIF- 1α, 
IL- 1β, SOX- 9, and IL- 6, in the context of Tocilizumab treatment. 
The Search Tool for the Retrieval of Interacting (STRING) data-
base was utilized for the prediction and visualization of interac-
tion networks, applying a confidence score threshold of > 0.4 to 
ensure the robustness of the analysis. The threshold of 0.4 (me-
dium confidence) was selected to balance sensitivity and spec-
ificity, minimizing false- positive interactions while capturing 
relevant biological associations. Key hub gene identification was 
directly performed using the Maximal Clique Centrality (MCC) 
algorithm in Cytoscape's CytoHubba plugin to determine the 
most critical proteins within the network. This approach pro-
vided insights into the molecular mechanisms potentially regu-
lated by Tocilizumab treatment [18, 19].

2.4   |   Preparation of Human Primary Chondrocyte 
Cultures

Human primary chondrocyte cultures were established using 
cartilage tissue obtained from patients classified as Kellgren–
Lawrence radiographic grade IV undergoing total knee arthro-
plasty (four males, four females; mean age: 44.12 ± 4.87 years). 
Tissues from patients with neutropenia, leukopenia, throm-
bocytopenia, active tuberculosis, or active hepatitis B or C 
were excluded from the preparation of primary cell cultures. 

http://org.hs.eg.db
http://org.hs.eg.db
http://org.hs.eg.db
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Individuals with a history of liver or kidney dysfunction, preg-
nant women, and those with known allergies or hypersensitivity 
to Tocilizumab were not included in the study. Additionally, tis-
sues from patients who received nonsteroidal anti- inflammatory 
drugs, disease- modifying antirheumatic drugs, or biological 
agents within the last month were also excluded from the pres-
ent study. Tissues were transported aseptically in sterile Falcon 
tubes containing Dulbecco's Modified Eagle Medium (DMEM; 
cat no: 11965092, Thermo Fisher Scientific) supplemented 
with 5% penicillin–streptomycin (cat no: 15140122, Thermo 
Fisher Scientific). Following arrival, tissues were washed with 
phosphate- buffered saline (PBS), mechanically dissociated, and 
digested overnight in Hank's balanced salt solution (HBSS; cat 
no: 14170070, Thermo Fisher Scientific) using a combination of 
Clostridium histolyticum collagenase type I (cat no: J13820.03, 
Thermo Fisher Scientific) (475 μg/mL) and type II (cat no: 
17101015, Thermo Fisher Scientific) (125 μg/mL) at 37.4°C and 
5% CO2. The resulting cells were centrifuged at 1300 rpm for 
10 min, resuspended in DMEM with 10% fetal bovine serum 
(FBS; cat no: A5670801, Thermo Fisher Scientific), and incu-
bated at 37°C with 5% CO2. Cells were cultured for 21 days be-
fore being used in experiments [20].

2.5   |   Application of Tocilizumab

The study involved untreated (control) and Tocilizumab- treated 
groups. Tocilizumab was prepared at a concentration of 10 μg/
mL by diluting a 100 mL stock solution of Actemra with iso-
tonic saline and DMEM. The drug was applied to the primary 
chondrocyte cultures, and analyses were performed at 1, 7, and 
15 days post- treatment. Half maximal inhibitory concentrations 
(IC50) were tested by MTT (Vybrant MTT Cell Proliferation 
Assay Kit (V- 13154), Invitrogen) assay to detect cellular sensi-
tivity to Tocilizumab.

2.6   |   MTT Assay for Cell Viability and Proliferation

Cell viability was assessed using the MTT assay. Cells were 
seeded in 96- well plates at a density of 1.6 × 104 cells per well. 
After treatment, 100 μL of MTT solution (12 mM) was added 
to each well and incubated for 2 h at 37°C. The resulting 
formazan crystals were dissolved using dimethyl sulfoxide 
(DMSO), and absorbance was measured at 540 nm to deter-
mine cell viability. The viability of control cells was set to 
100%, and the percentage viability of treated groups was cal-
culated accordingly [21].

2.7   |   AO/PI and Hoechst Staining

To evaluate membrane integrity and nuclear morphology, cells 
were stained with acridine orange (AO)/propidium iodide (PI) 
and Hoechst 33342. For AO/PI staining, cells were incubated 
with 5 μg/mL AO and 5 μg/mL PI in PBS for 5 min at room tem-
perature. Live cells exhibited green fluorescence (AO- positive), 
while apoptotic or necrotic cells displayed red fluorescence (PI- 
positive) under a fluorescence microscope. For Hoechst stain-
ing, cells were fixed with 4% paraformaldehyde for 10 min, 

washed with PBS, and stained with Hoechst 33342 (1 μg/mL) 
for 10 min. Microscopic observations were performed using a 
phase contrast microscope (Leica DM2500) and an inverted mi-
croscope (Olympus CKX41) at 500× magnification. Stained cells 
were visualized to assess nuclear integrity and chromatin con-
densation, providing additional insights into potential apoptotic 
changes [22].

2.8   |   Western Blotting for BMP- 2, HIF- 1α, IL- 1β, 
SOX- 9, and IL- 6 Expression

Proteins were extracted from control and treated cells using 
RIPA buffer and quantified by the Bradford assay. Equal pro-
tein amounts were separated by 10% SDS- PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. 
Membranes were blocked with 5% nonfat milk and incubated 
overnight with primary antibodies against BMP- 2 (Cat no: 
PA5- 85956, Thermo Fisher Scientific), HIF- 1α (Cat no: MA1- 
516, Thermo Fisher Scientific), IL- 1β (Cat no: MA5- 23691, 
Thermo Fisher Scientific), SOX- 9 (Cat no: MA5- 17177, Thermo 
Fisher Scientific), and β- actin (Cat no: MA1- 140, Thermo 
Fisher Scientific). After washing, membranes were incubated 
with HRP- conjugated secondary antibodies, and protein bands 
were visualized using the WesternBreeze Chemiluminescent 
Kit (Cat no: WB7104, Thermo Fisher Scientific). Band intensi-
ties were analyzed with ImageJ software, with β- actin serving 
as the loading control [23].

2.9   |   Statistical Analysis

All experiments were conducted in triplicate, with data ex-
pressed as mean ± standard deviation (SD). Statistical signif-
icance was determined using one- way analysis of variance 
(ANOVA) followed by Tukey's post hoc test. Statistical analyses 
were performed using R software (v4.3.3), and p- values less than 
0.05 were considered statistically significant.

3   |   Results

In this study, we investigated the regulatory effects of 
Tocilizumab on key molecular pathways in human primary 
chondrocytes, focusing on the roles of BMP- 2, HIF- 1α, IL- 1β, 
SOX- 9, and IL- 6. Utilizing a combination of bioinformatic and 
in vitro analyses, we explored the involvement of these genes 
in inflammatory signaling, differentiation processes, and 
cellular viability. Reactome and GO enrichment analyses re-
vealed significant pathways and GO terms associated with in-
flammation and chondrocyte functionality. Additionally, PPI 
network analysis highlighted the interconnected roles of these 
genes within cellular signaling networks. Complementary 
experiments, including Western blot and MTT assays and 
staining analyses, provided further insight into the dynamic 
expression of these proteins over time and the cytostatic ef-
fects of Tocilizumab on chondrocytes. Together, these find-
ings underscore the multifaceted impact of Tocilizumab on 
chondrocyte biology, with implications for cartilage health 
and inflammation modulation.
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The Reactome pathway enrichment analysis revealed several 
significant pathways associated with the BMP- 2, HIF- 1α, IL- 6, 
and SOX- 9 genes in human primary chondrocytes treated with 
Tocilizumab (Figure 1). Among the most significantly enriched 
pathways were interleukin- 4 and interleukin- 13 signaling, 
Transcriptional regulation by Runt- related transcription fac-
tor 2 (RUNX2), and signaling by interleukins. These pathways 
are highly relevant to immune regulation and inflammation 
[24–26], suggesting that Tocilizumab may influence chondro-
cyte function through the modulation of cytokine signaling and 
transcriptional regulation.

Interleukin- 4 and interleukin- 13 signaling were the most signifi-
cantly enriched pathways, highlighting the potential role of these 
cytokines in the inflammatory responses of chondrocytes [25]. 
RUNX2, a key transcription factor involved in bone and cartilage 
development [27], also appeared prominently in the analysis, in-
dicating that Tocilizumab may influence cartilage differentiation 
and repair processes. Additionally, pathways such as MAPK3 
(ERK1) activation and (IL- 6) signaling were also enriched, re-
flecting the involvement of these signaling cascades in cellular 
responses to inflammation and tissue stress [28, 29]. Overall, the 
results suggest that Tocilizumab may exert its therapeutic effects 

FIGURE 1    |    Reactome pathway enrichment analysis of BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6.
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on human chondrocytes by modulating both inflammatory and 
transcriptional regulation pathways, with potential impacts on 
cartilage maintenance and repair [23, 30].

The GO enrichment analysis revealed significant BPs, MFs, and 
CCs associated with the BMP- 2, HIF- 1α, IL- 6, and SOX- 9 genes 
in human primary chondrocytes treated with Tocilizumab 
(Figure 2). In the BP category, key enriched terms included epithe-
lial to mesenchymal transition, mesenchymal cell differentiation, 
and regulation of extracellular matrix organization, all of which 
are crucial in tissue remodeling and repair mechanisms. The high 
enrichment of epithelial to mesenchymal transition [31] and mes-
enchymal cell differentiation suggests that these processes may 

play a significant role in the chondrocyte response to Tocilizumab 
treatment. In the MF category, important enriched terms such as 
growth factor activity, cytokine activity, and BMP receptor bind-
ing were identified. These MFs are closely related to the regulation 
of cellular communication, inflammation, and growth responses, 
which are critical for maintaining chondrocyte function and carti-
lage integrity. For the CC category, the most significantly enriched 
term was the plasma membrane signaling receptor complex. These 
results highlight the potential of Tocilizumab to modulate both 
inflammatory responses and cellular differentiation processes in 
human primary chondrocytes, suggesting that the drug may exert 
its effects through pathways related to tissue repair, inflammation, 
and extracellular matrix organization [8, 32].

FIGURE 2    |    GO enrichment analysis of BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6 genes. The analysis includes three categories: biological process, 
molecular function, and cellular component.
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The PPI network analysis identified a dense interaction network 
involving the BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6 genes, 
along with several key interacting proteins in human primary 
chondrocytes treated with Tocilizumab (Figure  3). Notably, 
the network includes numerous high- confidence interactions, 
with a focus on pathways related to cartilage development, in-
flammation, and matrix organization. Key proteins such as 
RUNX2, MMP13, COL2A1, ACAN, and BMP- 2 were identified 
as central nodes, indicating their crucial roles in maintaining 
cartilage integrity and regulating inflammatory responses [24]. 
Additionally, HIF- 1α, a major regulator of hypoxic responses, 
and IL- 6, a key inflammatory mediator, were identified as signif-
icant hubs in the network, reflecting their central roles in both 
cellular stress responses and inflammation modulation [10]. 
The analysis also highlighted several proteins involved in ma-
trix remodeling, including A Disintegrin and Metalloproteinase 

with Thrombospondin motifs (ADAMTS) and MMP13, which 
are known to be involved in extracellular matrix breakdown 
and cartilage degradation [33–35], suggesting that Tocilizumab 
may influence matrix homeostasis in chondrocytes. Overall, the 
STRING PPI network suggests that Tocilizumab may exert its 
effects on chondrocytes by modulating key proteins involved in 
cartilage development, extracellular matrix organization, and 
inflammatory signaling pathways, which are essential for main-
taining cartilage health and reducing degeneration.

Microscopic staining results are shown in Figure 4, presenting the 
viability and nuclear morphology of chondrocytes treated with 
Tocilizumab (Figure  4). AO/PI staining reveals predominantly 
green fluorescence, indicating a high proportion of viable chon-
drocytes across both control and Tocilizumab- treated groups. The 
lack of red fluorescence (propidium iodide) suggests minimal cell 

FIGURE 3    |    PPI network analysis of BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6. The network displays high- confidence interactions between proteins 
involved in key biological processes such as cartilage development, extracellular matrix organization, and inflammation.
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death or membrane compromise, even with extended exposure to 
Tocilizumab. Similarly, Hoechst staining results highlight intact 
nuclear morphology in both control and treated groups. The nu-
clei appear uniformly stained and well defined, with no evidence 
of chromatin condensation or nuclear fragmentation typically as-
sociated with apoptosis. These results suggest that Tocilizumab 
does not induce significant cytotoxic effects or nuclear alterations 
in primary human chondrocytes under the conditions tested [23].

The effects of Tocilizumab on cell viability in human primary 
chondrocytes were evaluated using MTT analysis at different 
time points. The control group exhibited the highest cell via-
bility, whereas the 15- day treatment group showed the lowest 
viability levels. Statistical evaluation of the MTT assay results 

revealed a significant, time- dependent reduction in chondro-
cyte viability after Tocilizumab treatment (p < 0.005) (Figure 5). 
These findings suggest that changes in cell viability may reflect 
the potential impact of the drug on chondrocyte physiology [23].

Western blot analysis examined the expression of HIF- 1α, 
SOX- 9, BMP- 2, and IL- 1β proteins in chondrocytes exposed 
to Tocilizumab treatment. A notable downward trend was 
observed in SOX- 9 and BMP- 2 protein levels by day 15, while 
HIF- 1α and IL- 1β showed a more moderate decrease over the 
treatment period (Figure 6). Compared to the control (0 day), a 
statistically significant time- dependent decrease in protein ex-
pression was observed at 1, 7, and 15 days following Tocilizumab 
treatment (p < 0.005) [23].

FIGURE 4    |    Microscopic staining of chondrocytes with AO/PI and Hoechst stains, first lane (a–c) control group samples, (d–f) micrographs of 
Tocilizumab- applied cultures for 1 day, (g–i) 7 days, and (j–l) 15 days. First column: acridine orange/propidium iodide- stained cultures (20× magni-
fication), second column: Hoechst- stained cultures (20× magnification). Third column: inverted microscopy images.
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4   |   Discussion

In this study, the effects of Tocilizumab on human primary 
chondrocyte cells were evaluated through BMP- 2, HIF- 1α, IL- 
1β, SOX- 9, and IL- 6 genes. The Reactome and GO enrichment 
analyses indicated significant involvement of pathways such as 
interleukin signaling, BMP signaling, and mitogen- activated 

protein kinase (MAPK) pathways in chondrocyte regulation. 
Specifically, Reactome pathways like “Interleukin- 6 signaling” 
and “MAPK3 (ERK1) activation” are central to inflammation 
and cellular response regulation. Given Tocilizumab's inhibi-
tory effects on IL- 6 signaling, it may influence metabolic pro-
cesses and differentiation pathways critical to chondrocyte 
health and function.

FIGURE 5    |    MTT assay showing the percentage cell viability of human primary chondrocytes treated with Tocilizumab at different time points 
(Control, 1, 7, 15 days). Error bars represent standard deviation across replicates. ***Data represent mean ± SD of at least three independent experi-
ments. Statistical significance was determined using one- way ANOVA followed by post hoc analysis (p < 0.05 considered significant).

FIGURE 6    |    Western blot analysis of HIF- 1α, SOX- 9, BMP- 2, and IL- 1β protein expression levels in human primary chondrocytes treated with 
Tocilizumab across different time points. Representative Western blot images showing the expression levels of HIF- 1α, SOX- 9, BMP- 2, and IL- 1β 
in human primary chondrocytes following Tocilizumab treatment at 0, 1, 7, and 15 days. Protein bands were quantified by densitometric analysis 
and normalized to β- actin. Data are representative of at least three independent experiments. ***Data are expressed as mean ± SD from replicate 
experiments.
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The STRING PPI network further highlighted the interaction 
between BMP- 2, HIF- 1α, IL- 1β, SOX- 9, and IL- 6, alongside ad-
ditional proteins associated with inflammation and develop-
mental processes, such as RUNX2 and tenomodulin (TNMD). 
This dense interaction network underscores the intercon-
nected roles of these genes, with potential downstream effects 
on chondrocyte differentiation and function. In particular, 
BMP- 2 and SOX- 9 play crucial roles in chondrogenesis and 
differentiation, while HIF- 1α is vital for cellular adaptation 
under low oxygen conditions. HIF- 1α has also been shown to 
transcriptionally regulate SOX- 9 expression during hypoxic 
stress, thereby linking hypoxia response to chondrocyte dif-
ferentiation processes [36]. The observed reduction in SOX- 9 
and HIF- 1α expression over time suggests that Tocilizumab 
may impact the differentiation and oxygen sensitivity of chon-
drocytes, especially under prolonged inflammatory condi-
tions [36].

In the Western blot analysis, an early increase in BMP- 2 and 
IL- 1β protein expression was observed, which may be related 
to the initial activation of inflammatory pathways. The sub-
sequent reduction in BMP- 2 expression could be interpreted 
as a compensatory feedback mechanism to limit excessive 
matrix remodeling, as sustained BMP- 2 activation can po-
tentially promote chondrocyte hypertrophy [9]. However, the 
subsequent decrease in HIF- 1α and SOX- 9 protein levels over 
time indicates that Tocilizumab could suppress regulatory 
mechanisms essential to chondrocyte differentiation and cel-
lular adaptation in the long term. This reduction suggests a 
potential decrease in the cells' ability to adapt within an anti- 
inflammatory environment, impacting their functionality and 
differentiation capabilities [36].

The MTT cell viability assay results demonstrated a time- 
dependent decline in cell viability, potentially reflecting the cy-
tostatic effects of Tocilizumab on chondrocytes. IL- 6 has been 
reported to inhibit chondrocyte proliferation [15]; however, in 
our study, the blockade of IL- 6 signaling by Tocilizumab was 
associated with a time- dependent reduction in chondrocyte vi-
ability, indicating that additional regulatory mechanisms may 
be involved in the cytostatic effects observed. This reduction in 
viability may arise from the drug's inhibitory effects on inflam-
matory signaling pathways, which could subsequently decrease 
chondrocyte growth and proliferation capacity. The response of 
chondrocytes to prolonged Tocilizumab exposure highlights es-
sential findings regarding cartilage integrity and viability, par-
ticularly in treating chronic inflammatory conditions.

In the AO/PI and Hoechst staining analyses, chondrocytes 
treated with Tocilizumab exhibited consistent green fluo-
rescence and intact nuclear morphology, with no observable 
increase in red- stained (nonviable) cells or signs of nuclear 
deformation. This outcome suggests that while Tocilizumab 
may have a cytostatic effect, as indicated by reduced prolifer-
ation in MTT assays, it does not compromise membrane integ-
rity or induce apoptosis within the timeframe assessed. These 
findings emphasize Tocilizumab's favorable safety profile 
concerning cellular integrity in chondrocytes, even though 
prolonged treatment could affect cell viability and prolifera-
tion. These findings emphasize that Tocilizumab preserves 
cellular and nuclear integrity under the tested conditions, 

although prolonged treatment may impact overall cell viabil-
ity and proliferation capacity.

Overall, the findings of this study demonstrate that Tocilizumab 
significantly modulates pathways influencing inflammatory and 
differentiation processes in human primary chondrocytes. The 
inhibition of IL- 6 signaling may indirectly impact cartilage syn-
thesis and repair mechanisms and could lead to a gradual reduc-
tion in cellular viability over time. These results provide a valuable 
foundation for future studies to elucidate the long- term effects of 
Tocilizumab on cartilage tissue in chronic inflammatory diseases 
and to assess its therapeutic potential in cartilage preservation and 
regeneration.
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Tyrosine kinase 2 (TYK2) is a non- receptor tyrosine kinase 
and a key member of the Janus kinase (JAK) family, playing an 
essential role in the intracellular signaling of several cytokine 
pathways. Specifically, TYK2 mediates the signal transduction 
of interleukin- 12 (IL- 12), interleukin- 23 (IL- 23), and type I in-
terferons (IFN- α/β), which are crucial regulators of innate and 
adaptive immune responses. These pathways are central to the 
pathogenesis of multiple autoimmune and inflammatory dis-
eases, including psoriasis, psoriatic arthritis (PsA), systemic 
lupus erythematosus (SLE), and inflammatory bowel disease 
(IBD) [1, 2]. Unlike conventional JAK inhibitors, which target 
the active catalytic domain (JH1 domain) and broadly sup-
press multiple cytokine pathways, TYK2 inhibitors function 
through selective allosteric inhibition of the regulatory JH2 
(pseudokinase) domain. This unique mechanism allows for 
precise modulation of TYK2 activity without directly affecting 
the ATP- binding site, thereby reducing off- target inhibition of 
JAK1, JAK2, and JAK3 [2]. By preserving partial physiological 
cytokine signaling, TYK2 inhibitors demonstrate a potentially 
improved safety profile compared to broader JAK inhibitors, 
particularly in terms of infection risk, malignancy concerns, 
and cardiovascular adverse events [1, 3].

From a clinical perspective, TYK2 inhibitors have emerged as 
promising therapeutic agents with an improved safety profile 
compared to conventional JAK inhibitors. Deucravacitinib, the 
first FDA- approved allosteric TYK2 inhibitor, has demonstrated 
efficacy in the treatment of moderate- to- severe plaque psoriasis, 
with ongoing trials exploring its potential in PsA and SLE [4–10]. 
Other TYK2 inhibitors, such as Brepocitinib and Ropsacitinib, 
are in earlier phases of clinical development and are being in-
vestigated for a range of autoimmune conditions [11–20]. This 
editorial aims to review the evidence- based medicine (EBM) 
level of TYK2 inhibitors across different autoimmune and der-
matologic indications, compare their clinical positioning rela-
tive to biologic agents such as IL- 17 and IL- 23 inhibitors, and 
discuss the existing unmet needs and future research directions 
for TYK2- targeted therapies.

TYK2 inhibitors have been extensively studied across various 
immune- mediated diseases, with different levels of evidence 
supporting their use (Table  1). Among the available agents, 
Deucravacitinib has the most robust clinical data, particularly 
in psoriasis, where multiple Phase III trials confirm its efficacy, 
earning it Level 1A evidence [4–8]. Meanwhile, other TYK2 
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TABLE 1    |    Summary of TYK2 inhibitor clinical trials and evidence- based medicine (EBM) levels across autoimmune diseases.

TYK2 inhibitor Indication Trial stage
Main outcome 

measure
Treatment 

protocol
Efficacy results 

(compared to placebo) EBM level Ref.

Deucravacitinib PsO Phase III PASI 75 at week 16 6 mg/day 58.4% versus 12.7%; p < 0.0001 Level 1A [5]

PsO Phase III PASI 75 at week 16 6 mg/day 53.0% versus 9.4%; p < 0.0001 Level 1A [4]

PsO Phase III PASI 75 at week 16 6 mg/day 76.2% (achievement rate) Level 2B [6]

PsO Real- world data PASI 75 at week 16 6 mg/day 78.3% (achievement rate) Level 3 [7]

PsO Real- world data PASI 75 at week 52 6 mg/day 86.36% (achievement rate) Level 3 [8]

PsA Phase II ACR20 at week 16 6 mg/day 52.9% versus 31.8%; p = 0.0134 Level 2A [9]

12 mg/day 62.7% versus 31.8%; p = 0.0004

SLE Phase II SRI- 4 at week 32 3 mg twice/day 58% versus 34%; p < 0.001 Level 2A [10]

6 mg twice/day 49.5% versus 34.4%; p = 0.02

12 mg/day 44.9% versus 34.4%; p = 0.08

Brepocitinib PsO Phase II Mean change in 
PASI at week 12

30 mg/day −17.3% versus 7%; p < 0.0001 Level 2B [11]

PsO Phase IIb PASI- 50, PASI- 75, 
PASI- 90 and PASI- 

100 at week 12

Topical 0.1% 
once daily to 

3% twice daily

Did not reach statistical 
significance

Level 1B [12]

PsA Phase II ACR20 at week 16 10 mg/day 64.5% versus 44.3% (did not 
reach statistical significance)

Level 2A [20]

30 mg/day 66.7% versus 44.3%; p = 0.0197

60 mg/day 74.6% versus 44.3%; p = 0.0006

UC Phase II Total Mayo Score 
at week 8

10 mg/day 6.1 versus 7.9; p = 0.009 Level 2B [13]

30 mg/day 5.6 versus 7.9; p = 0.001

60 mg/day 4.7 versus 7.9; p < 0.001

AD Phase IIb Mean percentage 
change in EASI 

total score at week 6

Topical 1% 
once daily

−70.1% versus −44.4%; p < 0.05 Level 1B [14]

Topical 1% 
twice daily

−75.0% versus −47.6%; p < 0.05

Topical 0.1%, 
0.3%, 3% once 
daily and 0.3% 

twice daily

Did not reach statistical 
significance

AA Phase IIa Mean change 
in SALT score 

at week 24

30 mg/day −38.8 versus −7.6 (p 
value not provided)

Level 1B [15]

AA Phase IIa Mean change 
in SALT score 

at week 24

60 mg/day for 
4 weeks then 
30 mg/day for 

20 weeks

−49.2 versus −1.4; p < 0.001 Level 1B [16]

CA Phase IIa CCL5 expression 
at week 24 (log2- 

fold change)

45 mg/day −1.47 (p = 0.004) versus 
−0.43 (p = 0.01)

Level 1B [18]

HS Phase IIa Participants 
achieving HiSCR 

at week 16

45 mg/day 51.9% versus 33.3%; p = 0.03 Level 1B [17]

Ropsacitinib PsO Phase II PASI 90 at week 16 400 mg/day Risk difference 
46.5%; p < 0.0001

Level 2B [19]

HS Phase IIa Participants 
achieving HiSCR 

at week 16

400 mg/day 37.0% versus 33.3%; p = 0.36 Level 1B [17]

Abbreviations: AA, alopecia areata; AD, atopic dermatitis; CA, cicatricial alopecia; CCL5, C- C motif chemokine ligand 5; EASI, eczema area and severity index; 
HiSCR, hidradenitis suppurativa clinical response; HS, hidradenitis suppurativa; PASI, psoriasis area and severity index; PsA, psoriatic arthritis; PsO, psoriasis; SALT, 
severity of alopecia tool; SLE, systemic lupus erythematosus; SRI- 4, SLE responder index 4; UC, ulcerative colitis.
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inhibitors such as Brepocitinib and Ropsacitinib remain in ear-
lier phases of development, with supporting data primarily from 
Phase II trials, resulting in Level 2A or lower evidence across 
different indications [11–20].

In psoriasis, Deucravacitinib's FDA approval is backed by strong 
Phase III trial results, demonstrating PASI 75 response rates com-
parable to biologic agents. The real- world studies further support 
its durability, with long- term PASI 75 achievement rates exceeding 
85% in observational settings [4–8]. These findings suggest that 
Deucravacitinib may represent a valuable oral systemic option for 
patients with moderate- to- severe psoriasis, especially those who 
prefer non- injectable treatments or encounter logistical or eco-
nomic barriers to accessing biologics. Compared to apremilast, 
Deucravacitinib has demonstrated superior efficacy with a com-
parable safety profile, potentially expanding the role of oral ther-
apies in this setting. Its selective allosteric inhibition of the TYK2 
pseudokinase domain allows for targeted cytokine modulation—
primarily IL- 12, IL- 23, and type I interferons—while avoiding 
broader JAK1–3 suppression. This selectivity may translate into a 
more favorable safety profile, with a lower risk of adverse effects 
such as cytopenias, thromboembolic events, or dyslipidemia. In 
contrast, Brepocitinib and Ropsacitinib remain in earlier clinical 
trials, with Phase II data suggesting promising efficacy, but with-
out Phase III validation, they remain investigational for this indi-
cation [11, 19]. Within the current therapeutic landscape, which 
includes an array of biologics with proven efficacy, TYK2 inhi-
bition offers a potential intermediary step in treatment sequenc-
ing—positioned after failure of conventional systemics but before 
escalation to biologics in appropriately selected patients.

For psoriatic arthritis (PsA), Deucravacitinib has reached Phase 
II trials, demonstrating clinically meaningful efficacy, leading 
to a Level 2A evidence rating [9]. However, no Phase III trials 
have been completed, limiting its immediate clinical application. 
Brepocitinib has also shown positive results in Phase II trials for 
PsA, though larger studies are necessary to confirm its efficacy 
and safety in this population [20]. Compared to IL- 17 and IL- 23 
inhibitors, which are supported by robust Phase III data and wide-
spread real- world use, TYK2 inhibitors remain in earlier stages 
of clinical development for PsA. However, their mechanism—
targeting IL- 23 and type I interferon pathways—offers a distinct 
approach. Given their oral formulation and emerging safety data, 
TYK2 inhibitors such as Deucravacitinib may be considered in pa-
tients with mild- to- moderate or early PsA, particularly those with 
limited joint involvement and concurrent skin disease. In such 
cases, oral TYK2 inhibition may provide a practical alternative 
prior to initiating biologics, especially when patient preference, 
tolerability, or access are important considerations.

In systemic lupus erythematosus (SLE), Deucravacitinib has 
been evaluated in Phase II trials, showing potential benefits, but 
its evidence level remains at Level 2A due to the lack of Phase III 
confirmation [10]. Given the complexity of SLE, where multiple 
immune pathways are involved, additional studies are needed 
to establish TYK2 inhibitors as a viable treatment alternative.

For ulcerative colitis (UC), results have been mixed. While 
TYK2 inhibition is a biologically plausible target given its role 
in IL- 23 signaling, clinical trials have produced inconsistent 
findings, with some failing to meet their primary endpoints [13]. 

Consequently, the evidence level remains at Level 2B or lower, 
and further optimization of dosing strategies or combination 
therapies may be required to improve outcomes.

Despite their therapeutic potential, TYK2 inhibitors face several 
critical challenges, particularly regarding long- term safety, real- 
world effectiveness, and broader clinical applications. A key con-
cern is malignancy risk, as prolonged JAK inhibition has been 
linked to increased cancer incidence. While Deucravacitinib's se-
lective allosteric inhibition suggests a lower oncogenic risk, long- 
term surveillance data are still lacking. Similarly, cardiovascular 
safety remains uncertain, given the association between JAK in-
hibitors and increased MACE risk [1, 3]. Although TYK2 inhibi-
tors theoretically have a more favorable safety profile, definitive 
conclusions require extended follow- up and real- world studies.

Another major gap is the lack of large- scale real- world evidence, 
which is crucial for assessing drug persistence, effectiveness 
across diverse patient populations, and rare adverse events. 
While RCTs indicate that Deucravacitinib is superior to placebo 
and Apremilast in psoriasis, direct comparisons with biologics 
are limited, making it difficult to determine its true positioning 
in treatment guidelines [3–5].

Beyond psoriasis, expanding indications remains a challenge. 
Phase II trials in PsA and SLE have shown promising efficacy, 
but Phase III validation is still pending [9, 10, 20]. Similarly, 
Brepocitinib and Ropsacitinib, though showing potential in 
psoriasis and inflammatory conditions, remain in early- stage 
clinical development, requiring multi- center trials to establish 
efficacy and safety [11–20].

To fully integrate TYK2 inhibitors into clinical practice, long- 
term safety monitoring, real- world studies, and head- to- head 
trials against biologics and JAK inhibitors are essential to clarify 
their benefits and risks. Addressing these gaps will be crucial for 
defining their role in autoimmune disease management.

In conclusion, TYK2 inhibitors have emerged as a promising 
therapeutic option for immune- mediated diseases, offering a 
selective mechanism that distinguishes them from both tradi-
tional JAK inhibitors and biologic therapies. Their efficacy in 
psoriasis is well established, with Deucravacitinib achieving 
Phase III approval, while other indications, including PsA, SLE, 
and UC, remain under investigation. Despite their potential ad-
vantages in safety and convenience, long- term real- world data 
and direct comparative studies with biologics are essential to de-
termine their optimal role in clinical practice. Future research 
should focus on head- to- head trials with IL- 17 and IL- 23 in-
hibitors, as well as expanding Phase III studies in autoimmune 
diseases beyond psoriasis to strengthen their evidence base. 
Additionally, real- world registries and long- term pharmacovig-
ilance programs will be critical in confirming their long- term 
safety, particularly regarding malignancy and cardiovascular 
risks. With further validation, TYK2 inhibitors have the poten-
tial to bridge the gap between conventional systemic therapies 
and biologics, providing a well- tolerated, effective, and conve-
nient oral option for patients with chronic inflammatory dis-
eases. Their continued development could significantly reshape 
treatment paradigms, offering an alternative for patients who 
require long- term disease control with a favorable safety profile.
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ABSTRACT
Introduction: This study aimed to investigate the effect of the 6- week gamified exercise program, delivered via telerehabilita-
tion, on pain, kinesiophobia, quality of life, and mobility in children with oligoarticular juvenile arthritis (JIA).
Methods: Forty children with oligoarticular JIA (mean age: 11.86 ± 3.79 years) were randomly divided into two groups: Group 
I received game- based exercises via a telerehabilitation protocol, while Group II followed a home exercise program. The Wong 
Baker Pain Scale, Tampa Kinesiophobia Scale (TKS) and Pediatric Quality of Life Inventory (PedsQL) 3.0 Arthritis Module were 
completed by the patients. Patients' joint range of motion (ROM) and walking speed were measured by a blinded physiothera-
pist. The gamified exercises in the telerehabilitation program were supervised by another physiotherapist via WhatsApp video 
calls three times a week. Additionally, the exercise program was scheduled in the patients' calendars using Google Fit to provide 
reminders.
Results: There was a significant improvement in the ROM, walking speed, pain, kinesiophobia, and quality of life in the telere-
habilitation group (p < 0.05). After the intervention, the telerehabilitation group showed greater improvements compared to the 
control group in hip and ankle ROM values, walking speed, and quality of life scores for ages 13–18 (p < 0.05).
Conclusion: The 6- week gamified telerehabilitation program reduced pain symptoms and kinesiophobia behaviors while im-
proving the participants' quality of life and mobility.
Trial Registration: Clini calTr ials. gov NCT05837247

1   |   Introduction

Juvenile idiopathic arthritis (JIA) is the most common rheumatic 
disease in childhood [1, 2]. Children with JIA often encounter 

issues such as pain, restricted mobility, morning stiffness, growth 
impairment, frequent hospital visits, decreased participation in ac-
tivities, and school attendance problems [3]. Pain constitutes a sig-
nificant component of the symptoms that contribute to disability 
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and persistent outcomes in JIA [4]. Chronic pain in individuals 
with various etiologies may lead to the development of an avoid-
ance behavior, known as kinesiophobia [5].

Mobility is critically important for people to preserve their func-
tional independence, and research indicates higher morbidity 
and mortality rates in children with decreased mobility [6]. 
Regular physical activity and therapeutic exercises can help pre-
vent and treat kinesiophobia [7].

Children with rheumatic diseases may have doubts about partici-
pating in standard physiotherapy programs that include stretching 
exercises, strength training, and joint range of motion exercises [8]. 
To address this, delivering a game- based exercise program that ac-
tively engages and interests the child can be beneficial [9].

Recently, telerehabilitation has gained popularity due to its abil-
ity to improve adherence, monitor development, apply treatment 
options through electronic communication, reduce post- discharge 
healthcare expenses, decrease home visits by physiotherapists, 
save time and costs related to travel, and reduce hospital stays [10].

The use of game- based telerehabilitation applications for therapeu-
tic purposes has increased in chronically painful children. Game- 
based telerehabilitation applications, which involve repetitive and 
enjoyable performance of goal- oriented functional movements, 
are becoming increasingly popular, especially in the treatment 
of patients with chronic and long- term follow- up conditions [11]. 
Therefore, using game- based applications is a viable option to 
overcome kinesiophobia, alleviate pain, boost motivation, encour-
age movement, and provide an enjoyable rehabilitation program 
for children with chronic painful rheumatic conditions. However, 
while studies using play- based therapy and telerehabilitation 
within traditional physiotherapy in different pediatric diseases are 
common, these studies are relatively limited in children with JIA 
[12]. Therefore, this study aimed to investigate the effect of the 6- 
week gamified exercise program, delivered via telerehabilitation, 
on pain, kinesiophobia, quality of life, and mobility in children 
with oligoarticular JIA.

2   |   Materials and Methods

2.1   |   Patients

A total of 40 patients (11.86 ± 3.79 years) diagnosed with JIA 
from the Pediatric Rheumatology unit of Istanbul University- 
Cerrahpasa, Faculty of Medicine between March 2023 and 
December 2023 were included in this study. The participants 
were divided into two groups randomly using a sealed envelope; 

the telerehabilitation group received game- based exercises via 
the telerehabilitation protocol, whereas the control group was 
followed with a home exercises program.

Inclusion criteria were as follows: having been diagnosed with 
oligoarticular JIA for at least 6 months ago according to ILAR 
criteria [13], suffering from pain in any lower extremity joint 
(hip, knee, ankle), being on stable doses of their routine phar-
macological treatment, being between the ages of 6 and 16, and 
being able to understand games mentally. Since this age group of 
participants is more suitable for the gamified telerehabilitation 
method without disrupting their education programs and the 
commitment of older students preparing for national university 
exams, the upper limit was determined as 16 years. Participants 
with the following conditions were not included in the study: 
being diagnosed with any other orthopedic/neurological pa-
thology; having another chronic disease; experiencing any ex-
acerbation during the study. All patients and their parents were 
informed about the study, and written informed consent forms 
were obtained from patients and families.

The study was approved by the Ethics Committee of Istanbul 
University- Cerrahpasa (Number 2023/16) and was conducted in 
accordance with the Declaration of Helsinki.

2.2   |   Sampling

Due to the unavailability of sufficient data and minimum clinically 
important change values for the outcomes of interest in pediatric 
rheumatologic patients, the sample size was determined consider-
ing the mean, standard deviation, and effect size of the quality- of- 
life parameter by using G Power. The PedsQL score was estimated 
using the data from the study of JIA patients by Varni et al. [14]. 
The minimal clinically important improvement was a reduction in 
score of 0.58. The sample size was determined as n = 17 for a 90% 
confidence interval. To account for possible dropouts, we planned 
to include at least 20 participants per group.

2.3   |   Study Design

This study was designed as a single- center, single- blind random-
ized controlled study. A demographic information survey, Wong 
Baker Pain Scale, Tampa Kinesiophobia Scale, and Pediatric 
Quality of Life Inventory (PedsQL) Arthritis Module 3.0 were com-
pleted by the patients. Patients' joint range of motion was measured 
with an electronic goniometer, and mean walking speed was ob-
tained during walking. All evaluations were conducted by a phys-
iotherapist (IG) who was blinded to the interventions in a clinical 
setting before and after treatment. Another physiotherapist (ENY) 
supervised the exercise program. The patients continued their rou-
tine pharmacological treatments throughout the study.

Telerehabilitation program was followed via synchronous 
WhatsApp video calls. The exercise program was scheduled in 
the telerehabilitation group participants' calendars using Google 
Fit to provide reminders. The control group was followed with a 
home exercises program only.

The flowchart of the study was given in Figure 1.

Summary

• A 6- week gamified telerehabilitation program may 
improve pain, ROM, walking speed, kinesiophobia, 
and quality of life in children with oligoarticular JIA.

• Gamified telerehabilitation has greater benefits com-
pared to home exercises in improving joint ROM, 
walking speed, and quality of life.
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2.4   |   Outcome Measures

2.4.1   |   Range of Motion

Hip flexion/extension, hip internal/external rotation, hip abduc-
tion/adduction, knee flexion and extension, ankle dorsiflexion, 
and plantar flexion passive ranges of motion (pROM) were mea-
sured by goniometer [15].

2.4.2   |   Mobility

Participants were asked to walk on the 25- m walkway at a speed 
that matched their own pace. Before testing, the participants 
walked for a minute on the walkway for familiarization. To re-
cord the walking speed data, Google Fit was used [16].

2.4.3   |   Wong Baker Pain Scale

The Wong- Baker FACES Pain Rating Scale (WBS), used in chil-
dren aged 3–18 years to rate pain severity, has been validated, 
mostly for chronic pain [17, 18]. There are 6 faces on the Wong- 
Baker Pain Scale. All the faces have a meaning. “Face 0 doesn't 
hurt at all.” Face 2 hurts just a little. Face 4 hurts a little more. 
Face 6 hurts even more. Face 8 hurts a whole lot. Face 10 hurts 
as much as you can imagine, although you do not have to be 
crying to have this worst pain.

2.4.4   |   Pediatric Quality- of- Life Inventory (PedsQL 3.0 
Arthritis Module)

The PedsQL Measurement Model is a modular approach to 
measuring health- related quality of life (HRQOL) in healthy 
children and adolescents and those with acute and chronic 
health conditions. The PedsQL has demonstrated reliability, 
validity, sensitivity, and responsiveness for child self- report 

for ages 5–18 years and parent proxy report for ages 2–18 years 
[19]. Each item is rated on a 5- point Likert scale, and the total 
score ranges from 0 to 100. Higher scores on the PedsQL 
Arthritis Module indicate a better quality of life and less dis-
ease impact on the child.

2.4.5   |   Tampa Kinesiophobia Scale (TKS)

TKS is a 17- question scale that aims to hide the fear of move-
ment and re- injury and is valid for various pediatric pop-
ulations [20, 21]. A 4- point Likert scoring system is used in 
the scale, which contains parameters (1 = strongly disagree, 
4 = completely agree) [22].

2.5   |   Intervention

Exercises were gamified to motivate participants to exercise. A 
protocol was prepared based on various games in line with the 
needs of the participants [23]. A detailed description of the gam-
ified exercises and the instructions given to the child are sum-
marized in (Appendix 1). Among 15 different gamified exercises 
created for the general needs of children with lower extremity 
involvement, a structured game- based exercise program was 
created for each child with the minimum level of play that best 
suits the child's needs because of the initial evaluation for the 
telerehabilitation group.

Exercises were selected and taught to the child and his family 
in a clinical setting for telerehabilitation group. Additionally, 
ENY recorded videos of these exercises to create an archive 
(Figures 2 and 3). These videos were shared with the family 
to ensure they correctly remembered and performed the exer-
cises at home.

The participants' sessions were monitored three times a week 
through telerehabilitation. The exercises were followed via 
synchronous Whatsapp video calls by ENY. Sessions were 
applied three times a week for 6 weeks, each session lasting 
25–30 min.

For the control group, a structured home exercise program 
was planned for each participant with the minimum level 
of play that best suits the child's needs because of the initial 
evaluation. The home exercise program consisted of stretch-
ing, strengthening, weight- bearing, and proprioceptive exer-
cises designed to reduce joint limitations and pain, increase 
functionality, and reduce limitation in daily life activities. A 
detailed description of the home exercises is summarized in 
(Appendix 2). The control group was asked to keep an exercise 
diary, and their records were checked by ENY at their evalua-
tion 6 weeks later.

2.6   |   Statistics

“Statistical Package for Social Sciences” (SPSS) Version 20.0 
(SPSS inc., Chicago, IL, USA) statistical program was used 
and significance was determined in data analysis. The level 
was accepted as p < 0.05. The variables were described with 

FIGURE 1    |    The flow diagram of the study.

https://www.sciencedirect.com/topics/medicine-and-dentistry/activities-of-daily-living
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mean (mean), standard deviation (SD), and percentage values. 
To compare the demographic and clinical characteristics of 
the study groups, Dependent Groups t test or Wilcoxon Signed- 
Rank test were employed. In comparisons between two inde-
pendent groups, the Student's t test or Mann–Whitney U test 
was used according to the distribution of data. Cohen's d was 
used for effect size, interpreted as small (0.2), medium (0.5), 
and large (0.8) [24].

3   |   Results

Forty children with oligoarticular JIA were included. The de-
mographics and clinical features of the participants were given 
in Table 1.

After the intervention, there was a significant improvement 
in all the ROM values of the lower extremity compared to the 

FIGURE 2    |    Samples from Game- based exercises. (A) Grasshopper in circles; (B) Carrying watermelon; (C) Sit up and catch, sit down and catch; 
D, Squeezing the balloon.

FIGURE 3    |    Samples from Game- based exercises. (A) Squeezing the balloon under knee; (B) Squeezing the balloon between the legs; (C) Touch 
the balloon!; (D) Catch and swing.
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baseline evaluation in the telerehabilitation group (p < 0.05) 
(Table  2). In the control group, only knee flexion- extension 
and ankle dorsi- plantar flexion ROM values were increased 
(p < 0.05) (Table 2). After the intervention, hip and ankle ROM 
values improved more in the telerehabilitation group compared 
to the control group (p < 0.05) (Table 2).

The walking speed was significantly increased in the telereha-
bilitation group (p < 0.001) (Table 2).

Pain and kinesiophobia exhibited a significant decrease 
(p = 0.001; 0.001, respectively) in both groups (Table 2).

In terms of quality of life, PedsQL scores for ages 5–7 and PedsQL 
scores for ages 13–18 significantly decreased while PedsQL 
scores for ages 8–12 remained the same compared to the baseline 
after the intervention in the telerehabilitation group (p = 0.063) 
(Table 2). In the control group, only PedsQL scores for ages 5–7 
were significantly decreased after the intervention, compared to 
the baseline (p = 0.039) (Table 2). Only in PedsQL scores for ages 
13–18, the telerehabilitation group showed greater improvement 
compared to the control group (p = 0.043) (Table 2).

4   |   Discussion

We aimed to investigate the effect of the gamified exercise pro-
gram delivered via telerehabilitation on pain, kinesiophobia, 
quality of life, and mobility in children with oligoarticular JIA, 
and we found that the 6- week gamified telerehabilitation pro-
gram reduced pain and kinesiophobia while improving the par-
ticipants' quality of life and mobility.

Similar to our study, a telerehabilitation- based study in children 
with JIA investigated the effects of a 30- min tele- session exercise 
program twice a week for 2 weeks under the supervision of a pe-
diatric physiotherapist [12]. They found that the telerehabilitation 
group performed the home exercise program significantly more 
often, for longer durations, and with less difficulty. Additionally, 
it was observed that the quality of life and functionality of the 

participants increased, while pain decreased. This study serves as 
a good example of telerehabilitation implementations, as it demon-
strated increased interest and motivation for exercise, as well as an 
improvement in quality of life, similar to our findings.

Previous telerehabilitation and home- based exercise studies 
conducted on children with JIA have reported a decrease in 
joint limitation and kinesiophobia and an increase in quality 
of life, parallel to our study [12, 23]. However, in these stud-
ies, exercises were generally applied in their traditional form, 
whereas in our study, these traditional exercises were gamified 
to enhance the child's participation in the program and promote 
sustainability. Stavrakidou et al. investigated the effects of a 12- 
week physiotherapy telerehabilitation program and reported 
significant improvements in pain reduction, functional ability, 
and quality of life, along with increased compliance with home- 
based exercises [12], similar to our results. A key distinction of 
our study is the incorporation of gamification, which not only 
maintained engagement but also significantly reduced kinesio-
phobia—an outcome not explicitly addressed in the Stavrakidou 
et al. study. Given that fear of movement can hinder participa-
tion in physical therapy, the use of interactive and game- based 
rehabilitation strategies may offer an effective approach to 
overcoming psychological barriers in children with JIA. These 
findings suggest that gamification can further enhance the 
benefits of telerehabilitation by promoting adherence and fos-
tering a more enjoyable rehabilitation experience. Additionally, 
as previously mentioned [10], smartphone applications used for 
monitoring or motivating individuals to exercise can enhance 
patients' adherence to their exercise programs. In this study, the 
use of the Google Fit app likely facilitated the exercise process. 
Therefore, telerehabilitation programs incorporating gamified 
home exercises, as opposed to traditional exercises, can be effec-
tive and safely preferred for children with JIA.

The strength of this study lies in being the first to demonstrate 
that exercises applied through telerehabilitation, which have 
proven effective in children with JIA, are gamified and pre-
sented in the home environment. This gamified home exercise 
program has shown improvements in participants' mobility, 

TABLE 1    |    Demographics and the clinical characteristics of the participants.

Telerehabilitation Group (n = 20) 
Mean ± SD (min–max)/n (%)

Control Group (n = 20) 
Mean ± SD (min–max)/n (%) p

Age (years) 10.85 ± 3.89 (6–16) 12.87 ± 3.69 (6–16) 0.578

BMI (kg/m2) 21.9 ± 2.18 (14.40–25.21) 21.8 ± 1.92 (16.51–25.17) 0.832

Disease duration (months) 78 ± 42.72 (12–144) 69 ± 40.77 (12–144) 0.656

Sex (n)

Female 11 (55%) 13 (65%)

Male 9 (45%) 7 (35%)

Involved joints (n)

Hip 2 (10%) 3 (15%)

Knee 14 (70%) 14 (70%)

Ankle 9 (45%) 7 (35%)

Abbreviations: BMI, body mass index; kg, kilogram; m, meter; max, maximum; min, minimum; SD, standard deviation.
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kinesiophobia, and quality of life. Furthermore, the success-
ful completion of the telerehabilitation program by all partici-
pants included in the study, without any dropouts, underscores 
the effectiveness of the gamified telerehabilitation program 
in terms of program adherence. Considering the 2016 Ottawa 
Panel guideline emphasizing the crucial role of home exercises 
in enhancing the quality of life and functionality in children 
with JIA, it is important to underscore the significance of the 
telerehabilitation program implemented in this study [25]. The 
gamified telerehabilitation program may increase treatment 
participation by gamifying home exercises.

5   |   Limitations

In this study, a study design was initially proposed to compare pre-  
and post- treatment evaluations with comparing the home exercise 
group, aiming to reveal the pure effect of gamified exercises via 
telerehabilitation on pain, quality of life, kinesiophobia, and mo-
bility. However, future studies should incorporate randomized 
controlled trials comparing telerehabilitation supported gamified 
exercises with telerehabilitation supported traditional exercise ap-
plications. Another limitation of this study is the inclusion of only a 
single subtype of JIA and the fact that it was conducted in a single 
center, which may limit the generalizability of the findings. Since 
the kinesiophobia scale is only valid for children aged 10–18 years, 
a valid and reliable kinesiophobia assessment is needed in the 
younger age group to evaluate the effect of gamified telerehabilita-
tion on kinesiophobia. Additionally, future studies should include 
a larger number of participants and follow- up periods to better as-
sess the efficacy of these interventions.

6   |   Conclusion

The gamified telerehabilitation program effectively improves 
pain, kinesiophobia, functionality, and quality of life in chil-
dren with JIA. By leveraging the interest of these children in 
gamified exercises as a treatment opportunity, it may encour-
age active participation in exercise programs, thereby reduc-
ing exercise- related kinesiophobia and enhancing quality of 
life. Our study has successfully implemented a gamified tel-
erehabilitation program, demonstrating its effectiveness and 
offering an alternative treatment option for physiotherapists 
working in this field, alongside traditional physiotherapy 
methods.
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Appendix 1

A Detailed Description of the Gamified Exercises and the Instructions Given to the Child

Game- based exercise Instructions Targeted muscles Dose

Grasshopper in circles The participant is asked to jump 
with both feet in the circles on the 

ground.

Lower extremity 
muscles, core 

muscles.

10 repetitions, 
3 sets

Grasshopper single leg The participant is asked to jump 
with single leg in the circles on the 

ground.
The exercise is repeated with the 

other leg.

Lower extremity 
muscles, core 

muscles.

10 repetitions, 
1 set

Big and little grasshopper The participant is asked to jump 
with both feet in the circles on the 

ground.
When the participant is stable in a 
circle, it is asked to be a big (stand 

up) and be a little (sit down).

Lower extremity 
muscles, core 

muscles.

10 repetitions, 
3 sets
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Game- based exercise Instructions Targeted muscles Dose

Grasshopper in all directions The circles on the ground are 
placed in four directions as 

right, left, front and back. The 
participant is asked to jump with 

both feet in the circles on the 
ground.

Lower extremity 
muscles, core 

muscles.

10 repetitions 
for every 

direction, 1 set

Carrying watermelon The participant is asked to catch 
the oncoming ball and to squat by 
bending his knees while catching 

it, like carrying a watermelon. 
Afterward, he/she is asked to rise 
again and throw the ball across.

Core muscles, 
quadriceps femoris, 
hamstring muscles.

10 repetitions, 
3 set

Carrying watermelon on heel and toe The participant is asked to catch 
the incoming ball while standing 

on his/her toes. Afterward, he/she 
is asked to rise again and throw 
the ball across. He/she is asked 

to do the same while standing on 
her heels.

Core muscles, 
quadriceps femoris, 
hamstring muscles, 

dorsi and plantar 
flexors.

10 repetitions, 
3 set
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Game- based exercise Instructions Targeted muscles Dose

Catch like a warrior! The participant is asked to catch 
the oncoming ball with one foot in 
front and the other foot behind, in 
a warrior stance with knees bent, 

and to throw it back across.

Core muscles, 
quadriceps femoris, 
hamstring muscles, 

dorsi and plantar 
flexors.

10 repetitions, 
3 set

Catch and swing! The participant is asked to 
catch the oncoming ball and 

throw it back as if swinging by 
transferring weight to the right leg 

and to the left leg.

Core muscles, 
quadriceps femoris, 
hamstring muscles.

10 repetitions, 
3 set

Sit up and catch, sit down and catch The participant is asked to catch 
the oncoming ball and throw it 

back while sitting on the chair and 
getting up.

Core muscles, 
quadriceps femoris, 
hamstring muscles.

10 repetitions, 
1 set

Cars under the bridge The participant is asked to build a 
bridge by lifting his/her pelvis on 
the ground and to keep the bridge 
as vertical as possible while cars 
pass under the bridge and not to 

destroy the bridge.

Core muscles and 
gluteal muscles.

10 repetitions, 
1 set
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Game- based exercise Instructions Targeted muscles Dose

Squeezing the balloon The participant is asked to bend 
his/her knee while lying face 

down and press the balloon on 
her pelvis with her foot, but not 

to pop it.

Hamstring muscles 10 repetitions, 
3 sets

Robe jumping Two rows of ropes are stretched 
side by side with closed strip tires 
attached to the chair legs, and the 
participant is asked to jump left 

and right without touching these 
tires.

Lower extremity 
muscles, core 

muscles.

10 repetitions, 
3 sets

Squeezing the balloon under knee The participant is asked to 
compress the balloon under him/
her knee by pressing it with him/
her knee, but not to burst it. The 
same game is repeated with the 

other knee.

Quadriceps muscles. 10 repetitions, 
1 set

Squeezing the balloon between the legs The participant is asked to 
compress the balloon between 

him/her legs by pressing it with 
him/her knee, but not to burst it.

Hip adductor 
muscles.

10 repetitions, 
3 sets
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Game- based exercise Instructions Targeted muscles Dose

Touch the balloon! The participant is asked to touch 
the balloon held above with the 

tips of his/her toes while his/
her leg is straight and lower his/
her leg again. The same game is 

repeated with the other leg.

Hip flexor muscles. 10 repetitions, 
1 set

Appendix 2

A Detailed Description of the Structured Home Exercises and the Instructions Given to the Child

Home exercises Instructions Targeted muscles Dose

Hamstring stretch Sit with legs extended, reach toward toes 
without straining.

Hamstring 10 repetitions, 1 set

Quadriceps stretch Stand and pull one ankle toward the 
buttocks while holding onto a support.

Quadriceps 10 repetitions, 1 set

Seated leg lifts Sit in a chair and lift legs one at a time to 
strengthen the quadriceps.

Quadriceps 10 repetitions, 3 sets

Bridging Lie on the back, bend knees, and lift hips 
to strengthen the core and lower back.

Core muscles 10 repetitions, 3 sets

Mini squats Stand with feet shoulder- width apart, bend 
knees slightly, and rise back up.

Lower extremity muscles. 10 repetitions, 3 sets

Walking on tiptoes and heels Walk on your tiptoes for a few minutes, 
then walk on your heels.

Ankle dorsi and plantar 
flexors, intrinsic muscles of 

the foot.

3 sets

Standing on one leg Stand on one leg and try to keep your 
balance.

Lower extremity muscles 10 repetitions, 3 sets

Ball toss during lunge Catching and throwing a soft ball during 
mini squat.

Lower extremity muscles 10 repetitions, 3 sets

Step- ups Step up onto a low platform or stair and 
step down.

Lower extremity muscles 10 repetitions, 3 sets

Jumping Jump by lifting both feet off the ground 
and then stand on both feet again, 

maintaining your balance.

Lower extremity muscles 10 repetitions, 1 sets
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ABSTRACT
Objective: Systemic lupus erythematosus (SLE) is a complex autoimmune disorder characterized by immune dysregulation. 
The role of palmitoylation in regulating immune responses and its contribution to SLE pathogenesis remains insufficiently 
understood.
Methods: We conducted a multi- omics analysis using the GSE61635 dataset to identify differentially expressed genes (DEGs) in 
SLE. Palmitoylation- related genes (PRGs) were identified through differential expression analysis, weighted gene co- expression 
network analysis (WGCNA), and machine learning models. Single- cell RNA sequencing (scRNA- seq) was used to assess immune 
cell dynamics, and Mendelian randomization (MR) was employed to explore causal relationships between metabolites and SLE.
Results: We identified 3946 DEGs and 13 key PRGs associated with palmitoylation in SLE. Four hub genes (ACSL1, ZDHHC12, 
GPX1, and DDHD2) were highlighted as potential biomarkers. Functional enrichment analysis revealed that these genes are in-
volved in fatty acid metabolism and immune signaling. scRNA- seq analysis showed increased palmitoylation activity in neutro-
phils and cytotoxic T lymphocytes (CTLs) in SLE. MR analysis identified four phospholipids containing palmitic acid as causally 
linked to SLE.
Conclusion: This study identifies ACSL1 and ZDHHC12 as potential therapeutic targets for modulating palmitoylation and 
immune responses in SLE. Further research is required to validate these findings and explore their clinical implications for SLE 
treatment.

1   |   Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune 
disorder characterized by a profound disruption of immune 
tolerance, culminating in sustained inflammation and progres-
sive multi- organ damage. This complex disease presents with 
a wide spectrum of clinical manifestations ranging from cuta-
neous lesions to life- threatening nephritis, driving a cascade 

of inflammatory responses that can amplify tissue damage 
and organ dysfunction [1]. Although the precise etiology of 
SLE remains elusive, its pathogenesis is thought to involve a 
complex interplay of genetic predisposition, environmental 
triggers, and aberrant immune cell function [2–4]. Despite sig-
nificant advances in understanding the immunopathology of 
SLE, its heterogeneity and multifactorial etiology continue to 
pose challenges for accurate diagnosis and effective treatments. 
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Consequently, SLE remains one of the most challenging condi-
tions faced by healthcare professionals, highlighting the critical 
need for early detection and targeted therapeutic strategies [5, 6].

In recent years, post- translational modifications (PTMs) have 
gained increasing attention for their role in regulating immune 
cell function. Among these, palmitoylation, the reversible attach-
ment of palmitic acid to cysteine residues on proteins, has emerged 
as a pivotal mechanism influencing diverse cellular processes, 
including protein transport, membrane anchoring, and signal 
transduction. This modification is facilitated by DHHC protein 
acyltransferases, which can modify proteins in the Golgi appara-
tus, cytosol, or cell membrane [7, 8]. In the immune system, palmi-
toylation is essential for modulating critical signaling pathways, 
including STAT3, MYD88, and NOD1/2 signaling, which are cru-
cial for immune cell activation and function [9]. Dysregulation of 
palmitoylation, particularly driven by altered activity of palmitoyl 
acyltransferases (PATs) and depalmitoylases (PPTs), has been im-
plicated in aberrant immune responses, potentially contributing 
to the initiation and progression of autoimmune diseases like SLE. 
For instance, palmitoylation has been shown to regulate T cell re-
ceptor (TCR) signaling, B cell receptor (BCR) endocytosis, and the 
secretion of inflammatory cytokines. Notably, previous study sug-
gests that DHHC3- mediated palmitoylation and PPT1- mediated 
depalmitoylation of TLR9 can influence its trafficking and activa-
tion, thereby impacting systemic autoimmunity [10]. Additionally, 
the STING pathway’ dependence on palmitoylation for type I in-
terferon production suggesting its potential role in SLE- related 
inflammation [10]. However, the precise mechanisms by which 
palmitoylation contributes to SLE remain poorly understood. 
Understanding how palmitoylation affects immune cell function 
in the context of SLE could unveil novel disease mechanisms and 
more effective therapeutic strategies. Given the potential implica-
tions of palmitoylation in SLE, a comprehensive investigation into 
palmitoylation- related genes (PRGs) and their regulatory mecha-
nisms is warranted.

Our study employs multi- omics integration through machine- 
learning methods to investigate the role of palmitoylation in SLE 
and explore its potential for identifying novel therapeutic strate-
gies. We identified differentially expressed PRGs between healthy 
individuals and SLE patients, analyzed gene expression patterns, 
and examined their correlations with immune cells. Furthermore, 
we constructed a transcription network to elucidate the relation-
ships between PRGs and specific immune cell populations. Our 
findings offer novel insights into the intricate interplay among 
protein palmitoylation, immune dysregulation, and SLE patho-
genesis, paving the way for more precise and effective treatments.

2   |   Methods

2.1   |   Data Acquisition and Preprocessing

The GSE61635 dataset was selected from the Gene Expression 
Omnibus database (GEO, http:// www. ncbi. nlm. nih. gov/ geo/)  for 
its large sample size (30 healthy controls and 99 SLE samples), 
which provides robust statistical power for identifying disease- 
associated genes. Recent articles validate the accuracy of this data-
set [11, 12]. The original expression matrices were normalized via 
the “limma” R package for subsequent analyses. Between- array 

normalization was performed using the normalizeBetweenAr-
rays() function from the limma R package with default parame-
ters (scaling arrays to have the same median absolute deviation) 
[13]. Box plots of our original and normalized expression matri-
ces are provided in Figures S1A and S1B, respectively. We firstly 
performed a preliminary analysis of the expression matrix by the 
IOBR R package and obtained a series of significantly enriched 
pathways (p < 0.0001) (Figure S2A). From these, we focused on 
pathways related to palmitoylation, specifically fatty acid elon-
gation and coenzyme A biosynthesis. We then obtained the as-
sociated genes for these pathways from the Gene Ontology (GO) 
database. Additionally, we obtained the genes related to palmitoy-
lation through the Molecular Signatures Database (http:// www. 
gsea-  msigdb. org/ gsea/ index. jsp). Given that palmitic acid used for 
post- translational modification of proteins may be derived from 
the catabolism of triglycerides, we also included genes related to 
triglyceride metabolism through the GO database, which together 
form the set of genes we consider PRGs (Table S1).

2.2   |   Differential Gene Expression Analysis

We normalized the data from GSE61635 using the “limma” 
package and obtained differentially expressed genes (DEGs) 
between SLE and control samples with thresholds of |log2 fold 
change (FC)| > 0.5 and adjusted P- value < 0.05. Subsequently, 
DEGs were visualized using volcano plots generated with the 
“ggplot2” package. Furthermore, a clustering heatmap illustrat-
ing the expression patterns of the top 50 DEGs was constructed 
using the “pheatmap” package.

2.3   |   Weighted Gene Co- Expression Network 
Analysis (WGCNA)

WGCNA was performed to explore gene co- expression modules 
associated with SLE using the “WGCNA” package (version 1.73) 
on the GSE61635 [14, 15]. Initially, we conducted hierarchical 
clustering on all samples using the hclust function. Upon visual 
inspection of the sample dendrogram, no samples were deemed 
to be extreme outliers that would significantly affect the WGCNA 
analysis. Therefore, a cut- off height of 120 was not applied to ex-
clude any samples, preserving all data points for a more inclusive 
analysis. Subsequently, a soft- thresholding power was determined 
to achieve a scale- free network topology. The similarity between 
genes was assessed to construct a phylogenetic tree, followed by 
module detection using a dynamic tree- cutting algorithm with a 
minimum module size of 100 genes. Furthermore, a univariate 
Cox proportional hazards regression analysis was performed for 
each module. All modules with an HR greater than 0.6 were con-
sidered to be associated with the SLE clinical trait.

2.4   |   Acquisition of PR- DEGs and Functional 
Enrichment Analysis

The intersection genes of DEGs and PRGs were defined as 
palmitoylation- related differential expression genes (PR- DEGs). 
The overlap was in the Venn diagram generated with an on-
line application (https:// jvenn. toulo use. inra. fr/ app/ examp le. 
html) [16]. The chromosomal locations of these PR- DEGs were 
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mapped using RCircos (version 1.2.2). To elucidate the biological 
functions and pathways affected by the differentially expressed 
PRGs, functional enrichment analysis, including GO and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analy-
ses, was performed via the “clusterProfiler” package (version 
4.12.6) with a significance threshold of adjusted P- value < 0.05. 
The “clusterProfiler” R package was utilized to evaluate the im-
pact of PRGs on biological processes (BP), molecular functions 
(MF) and cellular components (CC). The results of these analy-
ses were visualized using R packages such as “GOplot” and “gg-
plot2”, providing insights into the biological role of PR- DEGs.

2.5   |   Machine- Learning and Statistical Regression

To further filter the selected genes thus enhancing the precision 
of our findings, we employed two machine learning methods: 
Random Forest and Elastic Net Regression. In random forest 
analysis, we trained a model using 500 trees. This parameter was 
optimized through pre- experimental testing, which revealed that 
this value yielded lower error rates compared to the commonly 
used 1000 trees. On top of that, five repetitions of ten- fold cross- 
validation was conducted to ensure accuracy. Genes with im-
portance scores greater than 1.5 were selected as our screening 
results. For Elastic Net Regression, an alpha of 1 would corre-
spond to pure LASSO (L1) and an alpha of 0 to pure Ridge (L2). 
In order to optimize the regularization parameter α in elastic net 
regression, we generated 101 α values by cross- validation in the 
range of 0 to 1 in 0.01 steps and calculated the minimum cross- 
validation error corresponding to each α value. The α value with 
the lowest CV error (α = 0.23) was finally selected as the optimal 
parameter, which balanced the L1 (LASSO) and L2 (Ridge) reg-
ularization penalties. Subsequently, after evaluating the Bias- 
Reduced Generalized Linear Model (BRGLM) and Bayesian 
Logistic Regression through calibration curves, these two statisti-
cal regression models were employed to further rank the machine 
learning screening results. The genes identified by both machine 
learning methods were considered critical genes.

2.6   |   ROC Curve Analysis

Receiver operating characteristic (ROC) curve analysis evalu-
ated the diagnostic capability of the hub gene- based model. The 
area under the ROC curve (AUC), which quantifies the mod-
el's ability to distinguish between SLE and control samples, was 
calculated. The model exhibiting the highest mean AUC was 
identified as the best- performing. The “pROC” R package (ver-
sion 1.18.5) was used to generate ROC curves and compute AUC 
values with a 95% confidence interval (CI), using the DeLong 
method for statistical accuracy. External validation across 
GSE12374 and GSE50772 datasets confirmed generalizability, 
with ROC curves and AUC values calculated to assess predictive 
accuracy through the “pROC” R package.

2.7   |   GSEA And Immune Cells Analysis

Single- gene gene set enrichment analysis (GSEA) was conducted 
to investigate the biological functions of four hub PR- DEGs and 
their interactions with the immune microenvironment via the 

IOBR R package. We used the “c2.cp.v2023.2.Hs.symbols.gmt” 
gene sets from the Molecular Signatures Database to compute the 
enrichment scores and simulated enrichment scores. Adjusted P- 
values less than 0.05 were considered statistically significant. To 
characterize the immune microenvironment, the CIBERSORT al-
gorithm was employed to estimate the proportions of 22 immune 
cells infiltrated in the SLE microenvironment [17]. While flow 
cytometry and scRNA- seq are gold standards for immune cell 
profiling, our study utilized bulk transcriptomic data (GSE61635) 
derived from peripheral blood mononuclear cells (PBMCs). 
CIBERSORT was selected for its ability to infer immune cell pro-
portions from bulk RNA- seq data, enabling retrospective analysis 
of existing datasets and integration with transcriptome- wide dif-
ferential expression and machine learning results. This approach 
allowed us to systematically correlate palmitoylation- related gene 
expression with immune cell dynamics across all samples in the 
cohort. Bulk deconvolution links ACSL1/ZDHHC12 to neutro-
phil infiltration, while scRNA- seq reveals elevated palmitoyla-
tion in SLE neutrophils and ACSL1 upregulation in cytotoxic T 
cells, demonstrating multi- scale immune dysregulation through 
palmitoylation- mediated mechanisms.

Spearman correlation analysis was subsequently conducted to 
assess the relationship between hub gene expression and im-
mune cell abundance. Finally, single- sample GSEA (ssGSEA) 
was performed to analyze the infiltration of 24 immune cell 
types from the GSE61635 datasets [18]. Scatter plots illustrating 
the Spearman correlation between the expression of each of four 
hub PR- DEGs and the abundance of various immune cells were 
generated using the ggplot2 and ggExtra R packages. For each 
gene, significant correlations (p < 0.05) were visualized in indi-
vidual scatter plots with marginal density distributions. A lolli-
pop plot was created to summarize the correlation coefficients 
and their corresponding P- values.

2.8   |   Single- Cell RNA- Sequencing Data Analysis

Single- cell RNA- sequencing data (GSE162577) from the GEO 
database, comprising PBMCs from healthy controls and SLE pa-
tients, were analyzed using the “Seurat” R package (version 5.1.0) 
[19]. The data preprocessing involved quality control, including 
filtering low- quality cells based on metrics such as nCount_RNA, 
nFeature_RNA and mitochondrial contamination. To achieve cell 
clustering, we used uniform manifold approximation and projec-
tion (UMAP) after principal component analysis (PCA) [20, 21]. 
Enrichment scores were calculated using AUCell and statisti-
cal significance was assessed via the Wilcoxon test. Differential 
analyses for immune cell subtypes were also performed using the 
Wilcoxon test, which evaluates the results of differential analy-
ses for the GSEA palmitoylated gene set and key genes, demon-
strating differential results in immune cell subtypes. Cell clusters 
were visualized using scatter plots, gene expression distributions 
were visualized using bubble plots and results of differential anal-
ysis of key gene is shown in violin plot.

2.9   |   Construction of “TF- Gene” Networks

To construct transcription factor (TF)- gene networks, we first 
identified topologically credible TFs that tend to bind to our 
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four hub PR- DEGs genes using the JASPAR database [22]. 
Then, we utilized the online tool TF Target Finder web ap-
plication (https:// jingle. shiny apps. io/ TF_ Target_ Finder/ ) to 
predict TF- target gene interactions. After retrieving the target 
gene lists for each TF, we then constructed the interaction net-
works. Subsequently, visualizations were generated using the 
same application.

2.10   |   Identification of Causal Association 
Between Plasma Metabolites and SLE

Mendelian randomization (MR) is a statistical method that 
leverages genetic variants as instrumental variables (IVs) to 
infer causal relationships between exposures and outcomes, 
offering advantages over traditional observational studies by 
reducing confounding and reverse causation [23]. In this study, 
we executed MR analysis using the TwoSampleMR R package 
(version 0.6.6) [24]. Summary statistics of plasma metabolom-
ics were acquired on the GWAS Catalog (https:// www. ebi. ac. 
uk/ gwas/ ) under the study accession numbers GCST90199621- 
GCST90201020, which included 1091 plasma metabolites and 
309 metabolite ratios from 8299 European individuals [25]. 
SLE statistics (ebi- a- GCST003156) were obtained with the 
relatively largest number of cases from the IEU OpenGWAS 
platform (https:// gwas. mrcieu. ac. uk/ ). Detailed information 
on selecting the criterion of IV was included in Supporting 
Information. Five MR methods, including inverse variance 
weighted (IVW), MR- Egger, weighted median, simple mode, 
and weighted mode, were conducted to assess the exposure- 
outcome relationship [26]. To validate our findings, sensitivity 
analyses were conducted for significant causal associations. 
We conducted MR- Egger intercept tests to evaluate horizon-
tal pleiotropy and calculated Cochran's Q statistic using both 
the IVW method to assess heterogeneity [27]. Additionally, 
the leave- one- out method was employed, where each SNP was 
sequentially excluded to identify any SNPs with a significant 
influence on the overall results [28].

3   |   Results

3.1   |   Identification of Differentially Expressed 
Genes in SLE

The whole research design is provided in Figure 1. The orig-
inal expression matrix was obtained and subsequently nor-
malized using the “limma” R package based on box plots 
(Figure S1A,B), resulting in the expression matrix necessary 
for further analysis. Our analysis of GSE61635 revealed a mul-
titude of significantly enriched pathways, which highlighted 
fatty acid elongation and coenzyme A biosynthesis as pivotal 
pathways linked to palmitoylation- related genetic elements 
(Figure S2A). We identified 3946 DEGs between control sam-
ples and SLE samples, comprising 1797 down- regulated genes 
and 2149 up- regulated genes (Figure  S2B). Subsequently, we 
selected the 25 most significantly up- regulated and 25 most 
significantly down- regulated genes based on logFC. A heat-
map was generated to visualize the results of the differential 
analysis (Figure S2C).

3.2   |   Identification of Key Module Genes 
Associated With SLE

To identify key modules associated with SLE, WGCNA was ap-
plied. Sample clustering results revealed no outliers (Figure S3). 
In the analysis of scale- free fit index and mean connectivity for 
various soft- thresholding powers, we determined the optimal 
soft threshold to be 10, beyond which the scale- free fit index 
increased and signed R2 approached the critical value of 0.7 
(Figure S4A). Hierarchical clustering generated a gene dendro-
gram, from which a total of 6 modules were obtained using the 
Dynamic Tree Cut algorithm and similar merging techniques 
(Figure S4B). A heatmap revealed that the MEblack, MEgreen, 
MEpink, MEred, and MEgrey modules (|cor| > 0.6, p < 0.05) 
were significantly correlated with SLE status (Figure  S4C). 
From these, a total of 2955 key genes associated with SLE 
were extracted for subsequent analysis, with their significance 
in relation to module membership plotted in the scatter plots 
(Figure S4D).

3.3   |   Identification and Functional Enrichment 
Analysis of Key PR- DEGs

Key PR- DEGs were identified by intersecting the DEGs, key 
module genes, and PRGs (Figure  2A, Table  S2). Intersecting 
DEGs, WGCNA modules, and PRGs prioritizes genes both 
differentially expressed and functionally linked to SLE patho-
genesis, reducing false positives by excluding non- DEGs and 
irrelevant genes. This integration captures low- expression syn-
ergistic regulators missed by DEGs alone, validated in multi- 
omics studies [29].

Box plots were generated to illustrate the differences in gene 
expression between control and SLE groups (Figure  2B). 
Subsequently, chromosomal distribution of the identified genes 
revealed that they were spread across chromosomes (Figure 2C). 
To further investigate the functional roles of the PR- DEGs in 
SLE, functional enrichment analysis was performed. GO analy-
sis revealed significant enrichment in pathways on BP, MF and 
CC (Figure  2D–G). Additionally, the KEGG analysis implied 
that these PR- DEGs were mainly enriched in the “Fatty acid 
metabolism” (Figure 2H).

3.4   |   Evaluation of Four Hub Biomarkers via 
Machine Learning and Regression Model- Based 
Approaches

Elastic Net Regression (Figure  3A,B), which was chosen to si-
multaneously perform feature selection and prevent overfitting, 
prioritized 12 feature genes, including ZDHHC12, ABHD10, 
GPX1, DDHD2, LIPA, ACSL1, LPIN1, CPT1A, ELOVL4, 
GLUL, LYPLAL1, ZDHHC12. For the Random Forest classi-
fier (Figure  3C,D), we filtered out 7 feature genes, including 
ZDHHC12, ABHD10, GPX1, DDHD2, LIPA, ACSL1, LPIN1. 
Correspondingly, the cross- referencing results from both al-
gorithms highlighted seven core genes, including ZDHHC12, 
ABHD10, GPX1, DDHD2, LIPA, ACSL1, LPIN1 (Figure  3E, 
Table S3). To assess the reliability of our model, we constructed 

https://jingle.shinyapps.io/TF_Target_Finder/
https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/
https://gwas.mrcieu.ac.uk/
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a BayesGLM model and Bias- Reduced Generalized Linear Model 
(BRGLM) using these hub genes and generated a calibration plot 
(Figure S5A,B). Furthermore, we generated a key gene importance 
plot (Figure 3F) to visualize the contribution of each hub gene to 
the model, resulting in four prominent hub genes: ACSL1, DDHD2, 
GPX1, ZDHHC12. In external validation GSE61635, GSE50772 
and GSE12374, these four genes showed strong diagnostic and pre-
dictive values for SLE with AUC values in aggregate greater than 

or equal to 2.2, which were established as palmitoylation- related 
biomarkers for SLE (Figure 3G, Table S4).

3.5   |   GSEA Analysis of Four Hub Biomarkers

To explore the roles of ZDHHC12, ACSL, GPX1 and DDHD2 in 
SLE pathogenesis, GSEA was performed for each biomarker. 

FIGURE 1    |    The flow diagram of the research design.
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FIGURE 2    |     Legend on next page.
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KEGG pathway enrichment revealed associations with multiple 
biological processes, including Toll- like receptor signaling path-
way and leishmania infection (Figures  S6A–D). Notably, the 
Toll- like receptor signaling pathway is considered to be a key 
pathway in the pathogenesis of SLE.

3.6   |   The Role of Four Hub Biomarkers in SLE 
Immune Microenvironment

Given the close relationship between the pathophysiology of 
SLE and the immune microenvironment, the immune microen-
vironment in SLE was further explored. The expression abun-
dance of 22 types of immune cells was analyzed (Figure  4A). 
Notably, 7 immune cell abundances differed significantly in 
SLE samples, including CD8+ T cells, CD4+ native T cells, rest-
ing NK cells, M2 Macrophages, activated Dendritic cells (DCs), 
resting Mast cells and Neutrophils. Red boxes indicate signifi-
cantly increased immune cells (p < 0.05), while blue boxes indi-
cate significantly decreased immune cells (p < 0.05) (Figure 4B). 
In particular, CD8+ T cells were significantly downregulated, 
contrasting with the marked upregulation of neutrophils. To 
further validate and confirm our findings, we performed a ded-
icated immune infiltration analysis using the IOBR R package 
(Figure 4C). Subsequently, we analyzed the correlation between 
these four biomarkers (ZDHHC12, ACSL, GPX1 and DDHD2) 
and differential immune cells. A positive correlation was ob-
served between neutrophil infiltration and expression levels of 
ACSL and ZDHHC12, further supporting the increased expres-
sion of ACSL1 and ZDHHC12 in SLE (Figure 4D,E). Conversely, 
a negative correlation was found between CD8+ T cell infiltra-
tion and ACSL1, ZDHHC12 expression, while DDHD2 and GPX1 
showed a positive correlation with CD8+ T cells infiltration 
(Figure  4F,G).In addition, other immune cells predominantly 
consisting of CD8+ T cells also exhibit a strong correlation with 
the four key biomarkers (Figures S7A–D).

3.7   |   Transcription Factor and Molecular 
Networks Associated With Four Hub Biomarkers

We used the JASPAR database to analyze the transcription factors 
of four key genes (Figure S8A), in which FOXC1 and GATA2 were 
linked to three of the key genes filtered. FOXC1, as a transcription 
factor related to bone development [30], has been associated with 
the regulation of the autoimmune disorder rheumatoid arthritis 
[31], suggesting a potential regulatory role in SLE. GATA2, as 
an important hematopoietic transcription factor, regulates the 
proliferation and differentiation potential of hematopoietic stem 
cells and pluripotent progenitor cells [32, 33], which can regulate 
the differentiation direction of myeloid- derived suppressor cells 
(MDSCs) [34]. Under pathological conditions, GATA2 may lead 
to an increase in the number of monocyte myeloid- derived sup-
pressor cells (M- MDSCs)and thus exacerbate SLE progression 

[35]. We then mapped the PPI network (Figure S8B,C) for the two 
significantly upregulated genes (ACSL1 and ZDHHC12), which 
further showed a close link between these two genes and the en-
zymes involved in palmitoylation.

3.8   |   Palmitoylation- Mediated Neutrophil and T 
Cells Engagement in SLE

The single- cell transcriptome sequencing analysis was con-
ducted. We performed quality control, batch effect removal, 
and double cells removal on the single cell data (Figure S9A,B), 
followed by exclusion of cell cycle effects, dimensionality reduc-
tion, clustering, and cell annotation (Figures S9C–F). A total of 
20 cell clusters were acquired and annotated into 11 cell types, 
encompassing Neutrophils, Cytotoxic T Lymphocytes (CTLs), 
M2 macrophages, Central Memory T cells (TCM), T helper cell 
2 (Th2 cells), Naive B cells, NK cells, Eosinophils, Platelets, M1 
macrophages, and Plasma cells (Figure 5A,B). Subsequently, we 
categorized cells according to sample source and scored them 
using the palmitoylation gene set obtained directly from the 
GSEA database (Table  S1, Figure  5C–E). Notably, cells from 
SLE samples exhibited higher scores, implying that the prob-
ability of palmitoylation occurring in cells from SLE samples 
was higher than that of control samples, thereby validating the 
potential for palmitoylation in cells in the context of SLE.

To further explore the cells affected by protein palmitoylation 
modification, we performed differential analysis on each of 
the 11 immune cells separately and screened GSEA palmitoy-
lation genes and previously singled out core genes from them 
(Figure  5F). Some palmitoylation- related genes were signifi-
cantly down- regulated in neutrophils and plasma cells, whereas 
ACSL1 showed a significant up- regulation in a variety of im-
mune cells, suggesting the important role of ACSL1 regulation in 
the pathologic process of SLE. For ACSL1, we show the results of 
the specific differential analysis of ACSL1 in five immune cells, 
suggesting a significant role of ACSL1 in T cells (Figure 5G).

3.9   |   Causal Effects of Plasma Metabolites With 
Palmitic Acid on SLE

Based on the IVW method, the results suggested 88 causal re-
lationships between plasma metabolomics and SLE (p < 0.05). 
Among these, four phospholipids containing palmitic acid were 
identified (Figure  6). The analysis showed that higher levels 
of 1- palmitoyl- 2- arachidonoyl- GPE (16:0/20:4) are associated 
with an increased risk of SLE (OR = 1.120, 95% CI: 1.002–1.250, 
p = 0.045). Similarly, 1- palmitoyl- 2- arachidonoyl- GPI (16:0/20:4) 
levels were strongly positively associated with SLE (OR = 1.383, 
95% CI: 1.181–1.620, p = 5.83E–05). On the other hand, 
1- palmitoyl- 2- linoleoyl- GPC (16:0/18:2) levels showed a nega-
tive association (OR = 0.809, 95% CI: 0.710–0.923, p = 0.0016), 

FIGURE 2    |    Identification and functional enrichment analysis of key palmitoylation- related DEGs. (A) Venn diagram showing 13 Key PR- DEGs 
in SLE that overlapped DEGs, key module genes, and PRGs. (B) Boxplot showing the 13 Key PR- DEGs. (C) Chromosome localization circles of Key 
PR- DEGs. (D–G) Barplot, Network plot and chord plots showing the GO enrichment analysis of 13 Key PR- DEGs. TOP10 GO results indicated that 
these Key PR- DEGs were principally involved in the “palmitoyltransferase activity”, “triglyceride metabolic process”. (H) Barplot showing the KEGG 
enrichment analysis of 13 Key PR- DEGs. Fatty acid metabolism was significantly enriched.
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FIGURE 3    |    Evaluation of four hub biomarkers via machine learning and regression model- based approaches. (A) Binomial Deviance Plot show-
ing the binomial deviance as a function of the logarithm of lambda (λ). The red line represents the fitted values, and the gray shaded area indicates 
the confidence interval. (B) Coefficient Plot showing the coefficients of the model as a function of the logarithm of lambda (λ). Each colored line 
represents a different coefficient. (C) Random Forest performance plot shows the error rate of a random forest model as a function of the number of 
trees. The black solid line represents the out- of- bag (OOB) error, and the red dashed line represents the test set error. The green dotted lines represent 
the 95% confidence interval for the OOB error. (D) Mean Decrease Accuracy plot showing the mean decrease in accuracy for each feature when it is 
permuted. Mean Decrease Gini plot showing the mean decrease in Gini impurity for each feature. (E) Venn diagram identified 7 key PR- DEGs via the 
intersection of two machine- learning algorithms. (F) Gene importance plot showing the importance scores of key genes using the BayesGLM mod-
el and BRGLM model. (G) ROC curves of the 7 key genes in the training set and the external validation set. ACSL1, ZDHHC12, GPX1 and DDHD2 
demonstrated strong diagnostic values for SLE in the external validation set.
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FIGURE 4    |     Legend on next page.



10 of 12 International Journal of Rheumatic Diseases, 2025

suggesting a protective effect against SLE. Additionally, 
1- palmitoyl- 2- arachidonoyl- GPC (16:0/20:4n6) levels were also 
positively associated with SLE (OR = 1.118, 95% CI: 1.017–1.229, 
p = 0.021). Sensitivity analyses supported these findings, as no ev-
idence of horizontal pleiotropy or heterogeneity was detected, ex-
cept for weak heterogeneity in 1- palmitoyl- 2- arachidonoyl- GPE 
(16:0/20:4) (Table S5). Consistent trends across four additional 
MR models and stability in the leave- one- out analysis confirmed 
the robustness of these findings (Figure S10,11).

4   |   Discussion

The persistent clinical challenges in SLE underscore criti-
cal gaps in our understanding of its molecular triggers. While 
dysregulated crosstalk between innate and adaptive immu-
nity forms the disease cornerstone [36], evidenced by aberrant 

interferon signatures and autoantibody- mediated tissue injury 
[37], the dynamics of immune dysregulation remain mechanis-
tically unclear. Recent studies have highlighted the critical role 
of PTM in modulating immune cell function [9], with particular 
attention to palmitoylation's emerging regulatory functions in 
lymphocyte signaling and antigen presentation. This lipid mod-
ification not only influences the subcellular localization of key 
signaling molecules, but also potentially drives the metabolic re-
programming observed in hyperactive immune cells.

Our multi- omics analysis identifies ACSL1 as the central regu-
lator of palmitoylation dysregulation in SLE. Single- cell RNA 
sequencing reveals that ACSL1 is significantly upregulated 
in residual CD8+ T cells, driving compensatory fatty acid ox-
idation (FAO) to sustain energy homeostasis, while GPX1 defi-
ciency exacerbates oxidative stress, ultimately leading to CD8+ T 
cell exhaustion and peripheral depletion. Concurrently, ACSL1 

FIGURE 4    |    The role of four hub biomarkers in SLE immune microenvironment. (A) Barplot showing the relative percentages of different im-
mune cell subpopulations across multiple samples. (B) Violin Plot showing the proportions of different immune cell subpopulations in normal indi-
viduals and patients with SLE. (C) Boxplot showing the application of diverse immune infiltration methods for scoring SLE signatures in neutrophils 
and T cells. (D–G) Lolipop plots showing the correlation of 4 hub biomarkers with Various Immune Cell Subpopulations and scatter plots showing 
the correlation of 4 hub biomarkers expression with neutrophil abundance.

FIGURE 5    |    Palmitoylation- mediated neutrophil and CTL engagement in SLE. (A) UMAP plot visualization of all cell clusters. (B) UMAP plot 
of 11 distinct cell types, the different cell clusters were annotated by the Seurat algorithm. (C) UMAP plot showing categories of cells between SLE 
groups and control groups. (D) UMAP plot of AUCell score of palmitoylation- related genes derived directly from GSEA database. (E) Boxplot show-
ing the AUCell scores between SLE and normal. (F) Bubble plots showing expression levels of palmitoylated gene sets and key genes in different 
immune cells. (G) Violin plots show the differential expression of ACSL1 in five key immune cells, *** represents P- value less than 0.001, and the 
numbers below represent Log2 fold change.

FIGURE 6    |    Causal effects of four plasma metabolites with palmitic acid on SLE.
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overexpression in macrophages and Th2 cells promotes M2 po-
larization and pro- inflammatory cytokine secretion, synergizing 
with neutrophil infiltration to amplify tissue damage. Mendelian 
randomization implicates palmitoylated phospholipids as causal 
mediators, fueling ACSL1- dependent palmitoyl- CoA synthesis 
and hyperactivation of STING/TLR pathways. ZDHHC12 acts 
as a palmitoyltransferase to assist in the process of protein pal-
mitoylation, and down- regulation of DDHD2 leads to impaired 
phospholipid catabolism and exacerbates palmitic acid accumula-
tion, while GPX1 defects trigger lipid peroxidation and destabilize 
palmitoylation, which further destabilizes lipid metabolism and 
forms a vicious “oxidation- inflammation” cycle.

The identified palmitoylation- related biomarkers (ACSL1, 
ZDHHC12) hold dual diagnostic and therapeutic potential. 
Elevated ACSL1/ZDHHC12 expression in CD8+ T cells could 
serve as non- invasive biomarkers for SLE activity monitor-
ing via routine PBMC profiling, particularly in early- stage 
or seronegative patients. Therapeutically, targeting ACSL1 
(using inhibitors like Triacsin C) or ZDHHC12 (via RNAi/
small- molecule modulators) may normalize pathogenic pal-
mitoylation in hyperactive neutrophils and restore CD8+ T 
cell function, potentially reducing glucocorticoid dependence. 
Notably, the causal link between palmitoyl- containing phos-
pholipids and SLE risk supports dietary interventions targeting 
lipid metabolism. Future clinical validation should focus on 
correlating biomarker levels with organ- specific involvement 
like lupus nephritis and testing repurposed metabolic agents 
like etomoxir in stratified patient cohorts.
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Dear Editor,
Infective endocarditis (IE) can present with musculoskeletal 
symptoms, including arthritis, which may mimic autoimmune 
rheumatic diseases and often precede the diagnosis of IE, lead-
ing to misdiagnosis as inflammatory arthritis. We present a case 
of Streptococcus mitis IE presenting with arthritis, high rheuma-
toid factor (RF) and anti- cyclic citrullinated peptide (anti- CCP) 
antibodies mimicking rheumatoid arthritis (RA).

A 30- year- old male presented to the rheumatology outpatient de-
partment with a two- month history of bilateral knee and ankle 
pain with swelling. His investigations revealed elevated inflam-
matory markers, normocytic normochromic anemia with a high 
RF level and anti- CCP antibodies (48 U/ML). He was asked to 
review it in the outpatient department but did not follow up. Two 
weeks later, he presented to the emergency department with 
high- grade fever and left lower limb pain. He had no significant 
medical history, was not on any medications, and denied weight 
loss, sick contacts, or substance use. On examination, he was 
found to have high- grade fever, tachycardia, low blood pressure 
(90/50 mmHg), and weak pulsations over the left lower limb. 
The rest of the examination was normal.

Hemoglobin was 9.6 g/dL, total leukocyte count was 23 800/μl 
with neutrophilic predominance, platelet count was 103 000/L, 
erythrocyte sedimentation rate was 88 mm/h, and c- reactive 
protein was 113 mg per deciliter. Peripheral smear showed nor-
mocytic normochromic red blood cells with leucocytosis and 
thrombocytopenia without any abnormal cells. His urea was 
20 mmol/L and creatinine was 341 mmol/L. Urine analysis 
showed 3–4 red blood cells per high- power field and fractional 

excretion of sodium 1.5. Electrocardiogram showed sinus tachy-
cardia; chest x- ray and ultrasonography of the abdomen were 
normal. Arterial Doppler showed reduced flow in the left lower 
limb arteries and a possible thrombus in the left external iliac 
artery. The patient was started on ceftriaxone, intravenous flu-
ids, and noradrenaline after adequate fluid resuscitation.

Echocardiogram showed a large vegetation (19 mm X 23 mm) 
attached to the anterior mitral leaflet with severe mitral regur-
gitation and mild tricuspid regurgitation (Figure 1A,B). He was 
intubated and mechanically ventilated on the second day of ad-
mission due to pulmonary edema and was started on continu-
ous venovenous hemodialysis for his renal failure. Computed 
tomography aortogram showed acute thrombotic occlusion of 
the left common iliac and external iliac arteries (Figure 1C,D). 
The patient underwent mitral valve replacement (Edwards peri-
mount size 31 bioprosthesis) with removal of the vegetation and 
left iliac thrombectomy.

His repeated blood cultures and the tissue cultures (vegetation 
and iliac artery thrombus) were sterile. The 16S rRNA sequenc-
ing of the vegetation showed growth of Streptococcus mitis sensi-
tive to ceftriaxone. The histopathology of the vegetation showed 
acute inflammatory exudates with plenty of bacterial colonies. 
He received ceftriaxone for 6 weeks along with aspirin and 
anticoagulation.

HIV, venereal disease research laboratory test, hepatitis B, 
and hepatitis C serology were negative. Autoantibody profiles, 
including antinuclear antibody, c- antineutrophil cytoplasmic 
antibody, and p- antineutrophil cytoplasmic antibody, were all 
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negative. He improved clinically, and laboratory parameters 
normalized following treatment, and he was discharged after 
6 weeks following the admission and followed up in the outpa-
tient departments.

Rheumatic manifestations have been reported in more than 
30% of patients with IE, often preceding this diagnosis by sev-
eral months [1]. A Spanish study over a 12- year period of 100 
patients with IE found peripheral arthritis in 13.6%, sacroiliitis 
in 0.9%, low back pain in 12.7%, and septic discitis in 1.8% of the 
cases [2].

A study by Gouriet and colleagues observed that RF levels were 
elevated in 36% of the definite IE cases, suggesting that the im-
mune system's response to persistent infection can lead to the 
production of autoantibodies [3]. Another study by Bojalil et al. 
showed that 68% of patients with definite IE had elevated RF 
levels, 47% tested positive for antinuclear antibodies (ANA), and 
58% had anticardiolipin/IgG antibodies [4]. One patient was 
found to have anti- CCP antibodies positive [4]. IE cases mim-
icking the clinical presentation of RA were reported previously 
[5]. RA can indeed present with cardiovascular manifestations 
that mimic IE, including severe aortic regurgitation and aortic 
root abscesses [6]. The clinical presentations of RA and IE can 
overlap, leading to diagnostic challenges.

The presence of anti- CCP antibodies in IE, though rare, may be 
explained by generalized autoimmune mechanisms commonly 
triggered by infections. Molecular mimicry and cross- reactivity, 
where microbial antigens resemble host proteins, are well- 
established processes that can lead to autoantibody production 
in various autoimmune diseases and are likely applicable to anti- 
CCP generation in the context of infection [7]. In both mecha-
nisms, immune responses initially targeting microbial antigens 
may inadvertently recognize structurally similar self- antigens, 
leading to a breakdown in self- tolerance and the generation of 
pathogenic autoantibodies. Additionally, infection- induced ci-
trullination has been demonstrated in studies on Porphyromonas 
gingivalis, where bacterial enzymes generate citrullinated pro-
teins [8]. This mechanism has been studied primarily in RA but 
can provide a plausible link between infection and anti- CCP 
positivity. These processes may be further amplified by the pro- 
inflammatory milieu in IE, which facilitates the breakdown of 
tolerance and activation of autoreactive lymphocytes [9]. While 
the exact pathogenesis remains incompletely understood, these 
mechanisms suggest that infection can occasionally mimic au-
toimmunity not only clinically but also serologically.

Thromboembolism of the arteries in the extremities is uncom-
mon, with an incidence of 4%–5% in patients with native valve 
endocarditis [10]. Common pathogens associated with these 

FIGURE 1    |    Echocardiogram shows a large vegetation (19 mm × 23 mm) attached to the anterior mitral leaflet (yellow arrow, A, B). Computed 
tomography aortogram shows acute thrombotic occlusion of the left common iliac and external iliac arteries (red arrow, C, D).
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embolic events include methicillin- resistant Staphylococcus 
aureus (MRSA), methicillin- susceptible Staphylococcus au-
reus (MSSA), and Candida species [10]. Our patient presented 
to the outpatient department with musculoskeletal complaints 
and positive autoantibodies and was later admitted with lower 
limb ischemia. He had negative blood cultures, and 16S rRNA 
sequencing of the vegetation identified Streptococcus mitis, a 
known cause of IE. He was successfully managed by both the 
medical and surgical teams.

Conclusions

The case described above is important for the following reasons:

1. Physicians should be aware of the rheumatological mim-
ics of IE. Prompt diagnosis and appropriate treatment 
are crucial to prevent complications and improve patient 
outcomes.

2. Only one case of IE having positive anti- CCP antibodies 
was previously reported.

3. This case highlights the diagnostic challenge posed by IE 
presenting with musculoskeletal symptoms and elevated 
autoantibodies, which can mimic autoimmune rheumatic 
diseases like RA.
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ABSTRACT
Objective: The study aimed to evaluate the incidence rate and potential risk factors of malignancies in Japanese patients with 
rheumatoid arthritis (RA).
Methods: This retrospective observational study analyzed data of adult patients with RA from April 2013 to March 2019 using 
the NinJa database. Patients were categorized into the overall RA cohort and sub- cohorts: biologic disease- modifying antirheu-
matic drug (bDMARDs) or Janus kinase inhibitors (JAKi- s)- exposed, bDMARDs exposed, and bDMARDs or JAKi- s naïve con-
ventional synthetic DMARDs exposed. The incidence of overall and each type of malignancy was calculated, and the associated 
risk factors were analyzed using multivariate logistic regression.
Results: Overall, 26 607 patients were included in the overall RA cohort (mean age: 64.16 ± 13.29 years; female: 78.87%) with 
1018 malignancies. The incidence of malignancies was similar to that in the general population, with a standardized incidence 
ratio (SIR) of 0.97 (95% confidence interval [CI]: 0.91–1.03). It was consistent across the sub- cohorts and each year. The most 
frequent malignancies were lung cancer (n = 158), lymphoma (n = 151) and colorectal cancer (n = 145). The incidence of lym-
phoma and skin cancer was higher than the general population, with SIRs of 4.00 (3.39–4.68) and 1.70 (1.25–2.30), respectively. 
Multivariate analysis showed older age, male sex, smoking, Steinbrocker stage score 2 versus 1, 4 versus 1, and higher Disease 
Activity Score 28 using C- reactive protein as potential risk factors for malignancies.
Conclusion: Japanese patients with RA did not have an elevated risk of overall malignancies, whereas the incidence of lym-
phoma and skin cancer was higher in patients with RA than in the general population.

Rheumatoid arthritis (RA) is a chronic autoimmune disease pri-
marily affecting joints, with a global prevalence of 0.46% [1]. In 
Japan, the prevalence of RA is estimated to be 0.6%–1% [2–4]. In 

patients with RA, malignancy has emerged as a challenging and 
unforeseen life- threatening complication [5, 6]. Several epide-
miological studies have shown an association between RA and 
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malignancies [7, 8], including site- specific malignancies [8–10]. 
The results of meta- analyses revealed a higher risk of lymphoma 
and lung cancer in patients with RA versus the general popula-
tion, whereas that of colorectal and breast cancer is lower [9, 10]. 
However, studies from East Asian countries, including China, 
Taiwan, South Korea, and Japan, reported a similar risk of lung 
cancer in patients with RA versus the general population [11–
13], suggesting regional and/or racial differences in malignancy 
risk in patients with RA.

RA treatment option, which has transformed significantly with 
the advent of new antirheumatic drugs over the past two de-
cades, is also a factor that affects malignancy risk [14]. Current 
treatment options for RA include conventional synthetic 
disease- modifying antirheumatic drugs (csDMARDs), biologic 
DMARDs (bDMARDs), and targeted synthetic DMARDs such 
as Janus kinase inhibitors (JAKi- s) [15]. These treatments mod-
ify different immunological pathways involved in the pathogen-
esis of RA to alleviate symptoms; however, this may increase 
malignancy risk [9]. A meta- analysis (22 studies; 371 311 pa-
tients with RA) assessing the association of DMARDs use with 
malignancies found that patients on csDMARDs had a 1.15- fold 
risk of overall cancer, while patients on bDMARDs had a 0.91- 
fold risk versus the general population. Additionally, patients 
treated with csDMARDs exhibited a 1.77- fold risk of lung cancer 
and a 2.15- fold risk of lymphoma versus the general population 
[16]. Furthermore, evidence showed that treatment with tumor 
necrosis factor inhibitor (TNFi) increases the risk of skin cancer, 
including melanoma [17, 18].

Overall, malignancy risk in patients with RA could vary by 
regional and/or racial features and treatment options. A post- 
marketing surveillance study of tofacitinib in Japan (July 2013–
December 2018) reported malignancy incidences in patients with 
RA treated with JAKi- s [19], which highlighted an increased 
need for an update on malignancy risk in Japanese patients with 
RA in the JAKi- s era. Additionally, there has been limited com-
prehensive research addressing potential risk factors for malig-
nancies and the incidence of individual cancer types in Japanese 
patients with RA, which could provide valuable insights for 

Japanese physicians treating RA. Therefore, we conducted a 
study to evaluate the incidences and potential risk factors of 
malignancies in patients with RA using the NinJa registry from 
April 2013 to March 2019.

1   |   Patients and Methods

1.1   |   Study Design

In this retrospective observational study, we analyzed the data 
of patients with RA (from April 2013 to March 2019) from the 
NinJa database to assess the incidence and risk factors of ma-
lignancies. The NinJa data from April 2012 to March 2018 were 
utilized to determine the baseline characteristics; data of pa-
tients with a cancer diagnosis in 2012 were excluded from the 
analysis.

1.2   |   Data Source

Data were collected from the NinJa registry, a nationwide, mul-
ticenter, observational database of patients with RA, which was 
established in 2002 [20]. The registry is supported by grants 
from the Ministry of Health, Labour and Welfare of the Japanese 
Government and the National Hospital Organization. Currently, 
the NinJa registry includes clinical data from > 50 facilities 
across Japan, including hospitals belonging to the National 
Hospital Organization, university hospitals, public hospitals, 
city hospitals, and private clinics.

The NinJa registry collects data on > 15 000 patients/year, rep-
resenting approximately 2% of patients with RA in Japan. Of 
these, about 85%–90% have been followed up continuously for 
1 year after registration. All registered patients were diagnosed 
with RA per standard diagnostic criteria (including American 
College of Rheumatology [ACR]) by their individual physicians 
[21, 22]. Data from all patients, accumulated from both exist-
ing and newly registered patients, are collected every fiscal year 
(from April of the current year to March of the following year) as 
part of an open prospective cohort registry.

The registry includes individual patient- level information on 
patient background (e.g., date of birth, sex, date of RA onset, 
attending physician, and last consultation date), RA treatment 
information (e.g., Disease Activity Score 28 [DAS28], Simplified 
Disease Activity Index [SDAI], Clinical Disease Activity Index 
[CDAI], Hospital Anxiety and Depression Scale [HADS], anti-
rheumatic drug use, and surgery details), quality- of- life mea-
sures (e.g., Health Assessment Questionnaire Disability Index 
[HAQ- DI]), and comorbidities or adverse events since 2002, with 
annual updates. Each patient is tracked using a unique identifier 
for as long as they continue treatment (inpatient or outpatient) at 
the same hospital.

1.3   |   Study Cohorts

The study included patients with RA aged ≥ 18 years at the index 
year, with a recorded diagnosis of RA and no definitive diagno-
sis record of psoriasis in the hospital- based NinJa database. The 

Summary

• The incidence of malignancies from 2013 to 2018 
was similar between patients with rheumatoid ar-
thritis (RA) and the general population in Japan and 
that was consistent across the overall RA cohort and 
sub- cohorts.

• The incidence rates of lymphoma (standardized 
incidence ratio [SIR]: 4.00) and skin cancer (1.73) 
were higher in patients with RA versus the general 
population.

• Older age, male sex, smoking, and higher disease ac-
tivity were potential risk factors for malignancies in 
patients with RA.

• Overall, this comprehensive research addresses the 
potential risk factors for malignancies and the inci-
dence of malignancy types, which may be considered 
by Japanese physicians in the treatment of RA.
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RA cohort included patients who received any treatment for RA. 
Furthermore, patients with RA were categorized into different 
sub- cohorts based on the types of treatments received: the bD-
MARDs or JAKi- s- exposed sub- cohort (bio or JAKi- s- exposed) 
included patients who received ≥ 1 bDMARDs (adalimumab, 
certolizumab pegol, etanercept, golimumab, infliximab, aba-
tacept, or tocilizumab) or JAKi- s (tofacitinib and baricitinib); 
the bDMARDs- exposed sub- cohort (bio- exposed) included 
patients who received ≥ 1 bDMARDs; and the bDMARDs or 
JAKi- s naïve csDMARDs- exposed sub- cohort (bio or JAKi- s 
naïve csDMARDs- exposed) included patients who received ≥ 1 
csDMARDs (auranofin, bucillamine, iguratimod, leflunomide, 
MTX, mizoribine, D- penicillamine, salazosulfapyridine, so-
dium aurothiomalate, or tacrolimus monohydrate) but none of 
the bDMARDs or JAKi- s. Patients who had malignancies before 
the index year were excluded from the study.

1.4   |   Study Follow- Up

For each RA cohort, the index year was the year in which the rel-
evant treatment data were first recorded in the NinJa database. 
The earliest and last index years were 2013 and 2018, respec-
tively. A 1- year baseline period before the index date was used 
to obtain baseline information for covariates. The follow- up for 
each RA cohort began in the index year. The end of follow- up 
was the earliest year of the first occurrence of the outcomes of 
interest, the end of the study period (March 2019), withdrawal 
from the NinJa database, or loss to follow- up, whichever oc-
curred first.

As the NinJa database provides data at annual intervals, the 
exact start date for initiation of each treatment of interest cannot 
be captured. Therefore, follow- up periods were calculated using 
four patterns: one primary pattern and three other patterns to 
assess the sensitivity of the follow- up period definitions. The fol-
low- up patterns were based on three criteria: the estimated ex-
posure period in the index year (start of follow- up), occurrence 
of malignancy within a year (earliest year of event occurrence), 
and end of the year (final year of the patient's record; Figure S1). 
Based on discussions with the NinJa registry investigators and 
advisory board members, the primary pattern was deemed the 
most appropriate for estimating the follow- up period, consider-
ing an annual data entry into the NinJa database, which was 
conducted retrospectively from medical records. In this pattern, 
follow- up began at the start of the year (April 1) and ended either 
at mid- year (September 30) if malignancy was present or at the 
end of the year (March 31) if malignancy was absent. The other 
patterns were used for sensitivity analyses.

1.5   |   Study Outcomes and Assessments

For each RA cohort, demographics (age and sex) and clini-
cal characteristics were obtained during the baseline period 
(1 year pre- index). Clinical characteristics included RA severity 
(mild: DAS28 < 3.2; moderate: DAS28 ≥ 3.2 to ≤ 5.1; and severe: 
DAS28 > 5.1) during the baseline period; any orthopedic sur-
geries (excluding cancer- related surgeries); and concomitant 
drug use (MTX mean dosage, mg/week: ≤ 8 and > 8, NSAIDs 
use) before inclusion in the NinJa database till the index date. 

Data on the study endpoint, the occurrence of malignancy, were 
collected based on physician declarations, by reference to med-
ical records or referral letters. The study also assessed the risk 
factors associated with malignancy incidence. As malignant 
lymphoma affects RA treatment, we further analyzed the risk 
factors for the occurrence of lymphoma.

1.6   |   Statistical Analysis

The longitudinal and cross- sectional incidences of malignancies 
between 2013 and 2018 were calculated as crude incidence rates 
(IRs) and age-  and sex- adjusted standardized rates (ASRs) for each 
RA cohort. Person- time was calculated by summing the number 
of enrolled years between the index date and end of the follow- up 
period. Longitudinal cumulative IRs of malignancies were cal-
culated by dividing the number of patients with events by total 
patient- years of observation in each RA cohort. Cross- sectional 
IRs of malignancies, at each calendar year, were calculated by di-
viding the number of patients with events by the total number of 
patients in that year for each RA cohort. These IRs were reported 
as estimated rates per 100 patient- years of follow- up, with 95% CIs.

The longitudinal cumulative IRs and cross- sectional IRs of 
malignancies in each RA cohort were compared with those in 
the Japanese general population; SIRs with 95% CIs were calcu-
lated for malignancy incidence. Data for the Japanese general 
population were obtained from a Japanese population database 
of malignancy incidence provided by the Center for Cancer 
Control and Information Services and the National Cancer 
Center (NCC), Japan [23]. SIRs were calculated for the duration 
of 2013–2018, adjusted by age and sex as well as ASR, comparing 
each RA cohort from the NinJa data and using the NCC data as 
reference. As the NCC data for 2018 were unavailable, data from 
2017 were extrapolated.

To adjust the longitudinal cumulative IRs and cross- sectional 
IRs of malignancies in each RA cohort for the key prognostic 
factors of age and sex, ASRs per 100 patient- years with 95% CIs 
were calculated. The reference population was the Japanese 
general population, as provided by NCC. The incidence of each 
type of malignancy was calculated as IR, SIR, and ASR for ma-
lignancies with > 10 confirmed events reported within the over-
all RA cohort and sub- cohorts.

Additionally, exploratory analyses were conducted to evaluate 
risk factors for the development of malignancies using univar-
iate and multivariate logistic regression analyses. The model 
predictors included age, RA duration, Steinbrocker stage score, 
global functional status, DAS28 using erythrocyte sedimen-
tation rate (DAS28- ESR) or C- reactive protein (DAS28- CRP), 
CDAI, SDAI, sex, body mass index, glucocorticoid use, MTX 
use, JAKi- s use, calcineurin inhibitor use (including tacrolimus 
and cyclosporine), other immunosuppressant use (including 
azathioprine, mizoribine, and cyclophosphamide), NSAID use, 
TNFi use, non- TNFi use (including tocilizumab and abatacept), 
and smoking status.

The analysis was performed using each patient's data in the year 
before the onset of malignancies [5]. Drug use and smoking sta-
tus were analyzed as predictors in patients with cancer (if drug 
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use/smoking occurred in the year before cancer diagnosis) and 
without cancer (if drug use/smoking occurred at least once be-
tween the index year and end of follow- up). For other factors, 
data from the year before cancer diagnosis, in patients with can-
cer, and data from the last year of follow- up, in patients without 
cancer, were used for analysis.

The multivariate analysis included all predictor variables that 
were significant at the 5% level in the univariate analysis, using 
a model with a stepwise selection method (selection criterion: 
p < 0.05). For the multivariate analysis, among the variables indi-
cating disease activity, such as DAS28- ESR, DAS28- CRP, CDAI, 
and SDAI, we used the DAS28- CRP data due to missing data for 
DAS28- ESR and to avoid multicollinearity with CDAI and SDAI. 
Furthermore, bDMARDs were classified into TNFi and non- 
TNFi categories, and we excluded bDMARDs and abatacept from 
the predictor variables to further address multicollinearity issues.

2   |   Results

2.1   |   Demographics and Clinical Characteristics

Overall, data of 26 607 patients with RA were identified and 
analyzed. Of these, 8400 patients were bio-  or JAKi- s- exposed; 
8092 were bio- exposed only; and 16 445 were csDMARD- 
exposed and were bio- /JAKi- s- naïve. Table  1 shows the de-
mographics and clinical characteristics of the overall RA 
cohort and sub- cohorts. In the overall RA cohort, mean age 
(± standard deviation [SD]) was 64.16 ± 13.29 years at index, 
with 78.87% of patients being female and 43.41% having mild 
RA. MTX use (mean ± SD dose: 8.27 ± 3.02 mg/week) was 
observed in 62.36% of patients, with most (39.90%) receiving 
an MTX dose of ≤ 8 mg/week. NSAIDs use was observed in 
42.32% of the overall RA cohort, and the levels of NSAIDs use 
in the sub- cohorts were similar.

TABLE 1    |    Demographics and clinical characteristics of the overall RA cohort and sub- cohorts.

Characteristics
Overall RA cohort 

(n = 26 607)
Bio-  or JAKi- s- exposed 
sub- cohort (n = 8400)

Bio- exposed sub- 
cohort (n = 8092)

Bio-  or JAKi- s 
naïve csDMARDs- 
exposed sub- cohort 

(n = 16 445)

Age (years), mean ± SD 64.16 ± 13.29 61.99 ± 13.87 61.95 ± 13.90 65.11 ± 12.70

Female patients, n (%) 20 984 (78.87) 6944 (82.67) 6696 (82.75) 12 704 (77.25)

RA severity, n (%)

Mild (DAS28 < 3.2), 
n (%)

11 549 (43.41) 4117 (49.01) 3962 (48.96) 7383 (44.90)

Moderate (DAS28 ≥ 3.2 
to ≤ 5.1), n (%)

7647 (28.74) 2466 (29.36) 2368 (29.26) 4524 (27.51)

Severe (DAS28 > 5.1), 
n (%)

1706 (6.41) 533 (6.35) 513 (6.34) 774 (4.71)

Not available, n (%) 5705 (21.44) 1284 (15.29) 1249 (15.43) 3764 (22.89)

Any orthopedic surgery, 
n (%)

3917 (14.72) 1780 (21.19) 1714 (21.18) 2052 (12.48)

History of MTX use

Patients receiving 
treatment, n (%)

16 593 (62.36) 5440 (64.76) 5208 (64.36) 11 612 (70.61)

Dose (mg/week), 
mean ± SD

8.27 ± 3.02 8.49 ± 2.99 8.45 ± 3.00 8.17 ± 2.99

Dose ≤ 8 mg/week, n 
(%)

10 615 (39.90) 3223 (38.37) 3132 (38.70) 7576 (46.07)

Dose > 8 mg/week, n 
(%)

5976 (22.46) 2217 (26.39) 2076 (25.65) 4034 (24.53)

History of NSAIDs use

Patients receiving 
treatment, n (%)

11 162 (42.32) 3923 (46.74) 3742 (46.28) 7004 (42.60)

Note: The overall RA cohort included patients who received any treatment for RA; bio-  or JAKi- s- exposed sub- cohort included patients who received bDMARDs or 
JAKi- s; bio- exposed sub- cohort included patients who received bDMARDs; bio-  or JAKi- s- naïve csDMARDs- exposed sub- cohort included patients who received 
csDMARDs (excluding actarit) but did not receive bDMARDs/JAKi- s.
Abbreviations: bDMARDs, biologic disease- modifying antirheumatic drugs; csDMARDs, conventional synthetic disease- modifying antirheumatic drug; DAS, disease 
activity score; JAKi- s, janus kinase inhibitors; MTX, methotrexate; RA, rheumatoid arthritis; SD, standard deviation.
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2.2   |   Incidence of Malignancies

Cumulative longitudinal incidences and cross- sectional inci-
dences (at each calendar year) of malignancies between 2013 
and 2018 in the overall RA cohort and sub- cohorts, per the pri-
mary pattern, are shown in Figures 1 and 2, respectively. The 
SIR of malignancies among all patients with RA was 0.97 (95% 
CI: 0.91–1.03) between 2013 and 2018. In the cross- sectional 
analysis, SIR between 2013 and 2018 for all patients with RA re-
mained consistent around 1.0 each year, with all CIs including 
1.0; SIR was slightly lower at 0.86 (95% CI: 0.73–1.00) in 2017 

and slightly higher at 1.10 (95% CI: 0.95–1.25) in 2018. Crude IR 
was 1.16 (95% CI: 1.09–1.24) in the overall RA cohort, whereas it 
was numerically higher in the bio or JAKi- s- naïve csDMARDs- 
exposed sub- cohort than the others; however, ASRs and SIRs 
were similar in the overall RA cohort and sub- cohorts.

Cumulative longitudinal crude IRs, ASRs, and SIRs of malig-
nancies in the overall RA cohort and sub- cohorts, based on the 
follow- up period per other patterns, are shown in Tables  S1–
S3. Cumulative longitudinal incidences of malignancies in 
the overall RA cohort and sub- cohorts based on the follow- up 

FIGURE 1    |    Cumulative analysis of the incidence of malignancies in the overall RA cohort and sub- cohorts (follow- up per primary pattern). 
The overall RA cohort included patients who received any treatment for RA; bio or JAKi- s- exposed sub- cohort included patients who received bD-
MARDs or JAKi- s; bio- exposed sub- cohort included patients who received bDMARDs; bio or JAKi- s- naïve csDMARDs- exposed sub- cohort included 
patients who received csDMARDs but did not receive bDMARDs/JAKi- s. aStandardized using data from a Japanese general population database of 
malignancy incidence (2013–2017), provided by the Center for Cancer Control and Information Services and the National Cancer Center, Japan. SIRs 
greater than or lower than 1.0 (dashed line) indicate that the malignancy incidence is higher or lower than the general population, respectively. The 
primary pattern follow- up began at the start of the year (April 1) and ended either at mid- year (September 30) if malignancy was present or at the 
end of the year (March 31) if malignancy was absent. For the RA sub- cohorts, follow- up began in the year of exposure to their respective drug class. 
ASR, age-  and sex- adjusted standardized rate; bDMARDs, biologic disease- modifying antirheumatic drugs; CI, confidence interval; csDMARDs, 
conventional synthetic disease- modifying antirheumatic drugs; IR, incidence rate; JAKi- s, janus kinase inhibitors; RA, rheumatoid arthritis; SIR, 
standardized incidence ratio.



6 of 13 International Journal of Rheumatic Diseases, 2025

period per pattern 3 were similar to those obtained per the pri-
mary pattern.

2.3   |   Incidence of Malignancies Per Type

Total 1018 malignancy events were observed in the overall RA 
cohort. The number of events and SIRs for malignancy types 
(≥ 10 events) are shown in Figure 3. The most frequent malig-
nancy in the overall RA cohort was lung cancer (n = 158), fol-
lowed by lymphoma (n = 151), colorectal cancer (n = 145), gastric 
cancer (n = 129), breast cancer (female patients only, n = 115), 
prostate cancer (male patients only, n = 44), and skin cancer 
(n = 43), with respective SIRs (95% CIs) of 1.18 (0.999–1.37), 4.00 
(3.39–4.68), 0.84 (0.71–0.99), 0.92 (0.77–1.09), 0.79 (0.65–0.94), 
0.70 (0.51–0.93), and 1.73 (1.25–2.30). The SIR trend in the RA 
sub- cohorts was generally similar to that in the overall RA 
cohort.

2.4   |   Potential Risk Factors for the Development 
of Malignancies

The results of univariate and multivariate analyses are shown 
in Table  2. Univariate analysis showed that older age (odds 
ratio [OR]: 1.03; p < 0.0001), Steinbrocker stage score of 2 
and 4 versus 1 (OR: 1.55; p < 0.0001 and 1.49; p = 0.0002, re-
spectively), higher DAS28- CRP (OR: 1.21; p < 0.0001), higher 
DAS28- ESR (OR: 1.22; p < 0.0001), higher SDAI (OR: 1.02; 
p = 0.0001), higher CDAI (OR: 1.02; p = 0.0008), male sex (OR: 
1.86; p < 0.0001), and a history of smoking (OR: 1.76; p < 0.0001) 
were associated with malignancies. In multivariate analysis, 
older age (OR: 1.02; p < 0.0001), male sex (OR: 1.53; p = 0.001), 
history of smoking (OR: 1.55; p = 0.0003), Steinbrocker stage 
score of 2 and 4 versus 1 (OR: 1.43; p = 0.0077 and 1.47; 
p = 0.0104, respectively), and higher DAS28- CRP (OR: 1.15; 
p = 0.0023) were significantly associated with malignancies in 
patients with RA (Table 2). Furthermore, univariate analysis 

FIGURE 2    |    Cross- sectional analysis of the incidence of malignancies in the overall RA cohort (follow- up per primary pattern). The overall RA 
cohort included patients who received any treatment for RA. aStandardized using data from a Japanese general population database of malignancy 
incidence (2013–2017), provided by the Center for Cancer Control and Information Services and the National Cancer Center, Japan. SIRs greater than 
or lower than 1.0 (dashed line) indicate that the malignancy incidence is higher or lower than the general population, respectively. The primary pat-
tern follow- up began at the start of the year (April 1) and ended either at mid- year (September 30) if malignancy was present or at the end of the year 
(March 31) if malignancy was absent. For the RA sub- cohorts, follow- up began in the year of exposure to their respective drug class. ASR, age-  and 
sex- adjusted standardized rate; CI, confidence interval; IR, incidence rate; RA, rheumatoid arthritis; SIR, standardized incidence ratio.
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FIGURE 3    |    SIRsa for each type of malignancy in the overall RA cohort (follow- up per primary pattern). The overall RA cohort included patients 
who received any treatment for RA; the bio-  or JAKi- s- exposed sub- cohort included patients who received bDMARDs or JAKi- s; the bio- exposed 
sub- cohort included patients who received bDMARDs; the bio-  or JAKi- s- naïve csDMARDs- exposed sub- cohort included patients who received 
csDMARDs but did not receive bDMARDs/JAKi- s. aStandardized using data from a Japanese general population database of malignancy incidence 
(2013–2017), provided by the Center for Cancer Control and Information Services and the National Cancer Center, Japan. SIRs greater than or low-
er than 1.0 (dashed line) indicate that the malignancy incidence is higher or lower versus the general population, respectively. bDMARDs, biolog-
ic disease- modifying antirheumatic drugs; CI, confidence interval; csDMARDs, conventional synthetic disease- modifying antirheumatic drugs; 
JAKi- s, janus kinase inhibitors; RA, rheumatoid arthritis; SIR, standardized incidence ratio.
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showed that the use of MTX, JAKi- s, NSAIDs, bDMARDs, 
TNFi- s, non- TNFi- s, and abatacept in the preceding year was 
associated with a significant decrease in malignancy risk. 
However, multivariate analysis showed no significant asso-
ciation between incidence of malignancies and use of these 
drugs other than NSAIDs (OR: 0.48; p < 0.0001; Table  2). In 
the multivariate analysis including abatacept, abatacept (but 
not bDMARDs) was likely associated with a reduced risk of 
developing malignancies (data not shown).

Additionally, both univariate and multivariate analyses in 
patients between the index year and year before the onset of 

malignancy (drug use; ever exposed) indicated that older age, 
Steinbrocker stage score 2 versus 1, higher DAS28- CRP, male 
sex, smoking, glucocorticoids, and calcineurin inhibitors were 
likely associated with a higher risk of developing malignancies 
(Table S4).

Finally, the risk factors for the development of lymphoma 
were assessed (Table  S5). In univariate analysis, older age, 
Steinbrocker stage score of 4 versus 1, higher DAS28- CRP, 
and male sex were associated with the onset of lymphoma. 
Furthermore, multivariate analysis showed that Steinbrocker 
stage score of 4 versus 1, higher DAS28- CRP, and male sex were 

TABLE 2    |    Potential risk factors associated with malignancies in the overall RA cohort in the year before the onset of malignancies.

Risk factors

Univariate analysis Multivariate analysis

OR (95% CI) p OR (95% CI) p

Agea 1.03 (1.02–1.03) < 0.0001 1.02 (1.01–1.03) < 0.0001

RA disease durationa 1.00 (1.00–1.01) 0.3316 — —

Steinbrocker stage score of 2 vs. 1 1.55 (1.26–1.90) < 0.0001 1.43 (1.10–1.87) 0.0077

Steinbrocker stage score of 3 vs. 1 1.16 (0.91–1.47) 0.2255 1.06 (0.77–1.45) 0.7424

Steinbrocker stage score of 4 vs. 1 1.49 (1.21–1.84) 0.0002 1.47 (1.09–1.97) 0.0104

Steinbrocker stage score of 2–4 vs. 1 1.42 (1.19–1.70) 0.0001 — —

Global functional status of 2 vs. 1 1.05 (0.89–1.24) 0.5672 — —

Global functional status of 3 vs. 1 1.16 (0.94–1.44) 0.1659 — —

Global functional status of 4 vs. 1 0.94 (0.61–1.46) 0.7899 — —

DAS28- ESR 1.22 (1.15–1.30) < 0.0001 — —

DAS28- CRP 1.21 (1.13–1.29) < 0.0001 1.15 (1.05–1.27) 0.0023

SDAI 1.02 (1.01–1.03) 0.0001 — —

CDAI 1.02 (1.01–1.03) 0.0008 — —

Male sex 1.86 (1.59–2.18) < 0.0001 1.53 (1.19–1.97) 0.001

BMI 1.00 (0.98–1.03) 0.6823 — —

Smoking 1.76 (1.45–2.14) < 0.0001 1.55 (1.22–1.97) 0.0003

Glucocorticoids 0.98 (0.85–1.14) 0.8268 — —

MTX 0.64 (0.55–0.74) < 0.0001 0.83 (0.67–1.03) 0.0849

JAKi- s 0.43 (0.22–0.83) 0.0124 0.67 (0.31–1.43) 0.2992

Calcineurin inhibitors 1.19 (0.98–1.45) 0.0858 — —

Other immunosuppressants 1.02 (0.62–1.66) 0.9441 — —

NSAIDs 0.57 (0.49–0.66) < 0.0001 0.48 (0.40–0.60) < 0.0001

Biologics 0.76 (0.65–0.90) 0.0015 — —

TNFi- s 0.71 (0.58–0.87) 0.0009 0.88 (0.67–1.16) 0.3750

Non- TNFi- s 0.75 (0.60–0.94) 0.0141 0.79 (0.59–1.07) 0.1293

Abatacept 0.60 (0.42–0.85) 0.0043 — —

Tocilizumab 0.84 (0.64–1.10) 0.2095 — —

Abbreviations: BMI, body mass index; CDAI, clinical disease activity index; CI, confidence interval; CRP, C- reactive protein; DAS, disease activity score; ESR, 
erythrocyte sedimentation rate; JAKi- s, janus kinase inhibitors; MTX, methotrexate; NSAIDs, nonsteroidal anti- inflammatory drugs; OR, odds ratio; RA, rheumatoid 
arthritis; SDAI, simplified disease activity index; TNFi- s, tumor necrosis factor inhibitors.
aPer an additional year.
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significantly associated with the onset of lymphoma. Although 
both univariate and multivariate analyses showed that the use 
of non- TNFi- s was associated with a reduced risk of developing 
lymphoma.

3   |   Discussion

Data from 26 607 patients in the overall RA cohort from the 
NinJa registry showed no difference in overall malignancy in-
cidence (SIR: 0.97 from 2013 to 2018) between patients with 
RA and the Japanese general population. SIRs of malignancies 
were similar among the RA sub- cohorts. The most frequently 
observed malignancies in patients with RA were lung cancer, 
lymphoma, colorectal cancer, gastric cancer, breast cancer, 
prostate cancer, and skin cancer. Lymphoma and skin cancer 
incidences were higher in Japanese patients with RA versus the 
general population, whereas colorectal and breast cancer inci-
dences were lower.

Studies in Western populations showed an association between 
malignancy and RA, with SIRs of 0.99–1.23 [17, 24–26]. Studies 
conducted in East Asian populations reported SIRs (95% CI) for 
malignancies in patients with RA versus the general population 
(high SIRs: 1.23 [1.22–1.23] [7], 1.35 [1.02–1.74] [27]; low SIR: 
0.93 [0.88–0.97] [11]; similar SIRs: 1.28 [0.88–1.87] for males 
and 1.21 [0.99–1.46] [28] for females). The inconsistent results 
among studies may have stemmed from differences in region, 
race, treatments, study designs, cohort definitions, or follow- up 
periods. In Japan, a single- institute- based large prospective ob-
servational study (the Institute of Rheumatology, Rheumatoid 
Arthritis [IORRA]; 2001–2005) reported a slightly higher malig-
nancy incidence (SIR: 1.18; 95% CI: 1.02–1.37) among patients 
with RA versus the general population [8]. However, recent re-
ports (2013–2018 and 14- year follow- up) from the same cohort 
showed a similar malignancy incidence to the general popula-
tion, with SIRs 0.90 and 0.92 [13, 29]. Our study, based on the 
NinJa registry data (2013–2018), reported an SIR 0.97 (95% CI: 
0.91–1.03) (Figure  1); this was consistent with previous data 
from the same registry (2003–2012) showing a similar malig-
nancy incidence (SIR: 0.89; 95% CI: 0.82–0.97) in patients with 
RA versus the Japanese general population [5]. The SIRs of both 
registries were similar in individual cancer types. Additionally, 
ASRs and SIRs of malignancies were consistent among the over-
all RA cohort and sub- cohorts in our study, suggesting that the 
population belonging to each cohort/sub- cohort has similar ma-
lignancy risk. However, the crude IR in the bio or JAKi- s naïve 
csDMARDs- exposed sub- cohort was numerically higher than 
in the other sub- cohorts, which could be attributed to older age 
and fewer female patients in the sub- cohort.

Lymphoma is the most frequent cancer in patients with RA, 
with approximately 2- fold increased risk versus the general pop-
ulation, as reported in a meta- analysis [9, 10]. In studies from 
Japan, the reported SIR of lymphoma in patients with RA varied 
from 3.43 to 6.07 [5, 8, 13]. Lymphoma risks were also higher in 
patients with RA in other East Asian countries [7, 11, 28, 30, 31]. 
In Taiwan, the SIRs for non- Hodgkin's lymphoma were 3.40 and 
Hodgkin's lymphoma were 5.12 [30]. In China, the SIR for non- 
Hodgkin's lymphoma was 26.19 [32]. In our study, the relative 
incidence of lymphoma was high in the overall RA cohort (SIR: 

4.0) and sub- cohorts (SIR: 3.57–4.11) (Figure 3), which aligned 
with previous studies conducted in East Asian countries, in-
cluding Japan. This suggests the relative risk of lymphoma in 
patients with RA might be higher in the East Asian population 
than in other populations, which is possibly due to differences in 
both genetic and environmental factors [33]. Further studies are 
needed to conclude Japanese or East Asian features associated 
with lymphoma risk in patients with RA.

Skin cancer rates are rising globally, especially that of non- 
melanoma skin cancer (NMSC) in many regions, including 
East Asia [34]. In Japan, a single- center (Niigata Cancer Center 
Hospital, Japan) retrospective study showed that skin cancer in-
cidences increased these three decades [35], and similar results 
were confirmed for squamous cell carcinoma (SCC), NMSC sub-
type, in studies from other region [36]. However, there is very 
limited evidence regarding skin cancer risks in Japanese pa-
tients with RA. Although previous results from the NinJa regis-
try showed that the incidence of skin cancer in RA patients was 
similar to that in the general population [5], our study showed 
that the SIR was 1.73 (95% CI: 1.25–2.30) for skin cancer in the 
overall RA cohort, suggesting a higher risk of skin cancer versus 
the general population in Japan (Figure 3). One possible reason 
for this inconsistency may be the change in the treatment op-
tions, that is, advents of the various types of immunosuppressive 
drugs. Immunosuppression, the key strategy of RA treatment, 
is a significant risk factor for SCC [37]. There have been several 
evidences showing the increased risks of NMSC by cs/b/tsD-
MARDs including MTX [38], hydroxychloroquine [39], TNFi- s 
[17, 18, 40, 41], and JAKi- s [42]. Although further studies are 
needed to characterize the skin cancer risk in Japanese patients 
with RA, our results suggest a need for attention to the risk of 
skin cancer in RA patients.

Lung cancer is also a malignancy with an increased risk in 
patients with RA, with reported SIRs ranged 1.36–2.29 [9, 10]. 
However, studies from East Asian countries reported either 
similar [11–13] or higher [7, 8] risk of lung cancer in patients 
with RA versus the general population. The results of our study 
showed that the incidence of lung cancer is similar to the general 
population (Figure 3), consistent with those findings, although 
the 95% CI for SIR almost exceeded 1. These variations in SIRs 
of lung cancer in patients with RA among studies may be at-
tributed to differences in study design, cohort characteristics 
such as regional/racial characteristics, and lifestyle differences. 
Smoking, in particular, is a major risk factor for both RA and 
lung cancer; therefore, differences in smoking habits in patients 
with RA might also affect the results.

In our study, the incidence of liver cancer tended to be lower 
than that in the general population (Figure 3). A low incidence 
of liver cancer in RA patients was reported in several studies 
across countries and races including Japan [5], Taiwan [43], 
China [44], and French [17], being consistent with our results. 
One possible reason for this is the cancer- suppressing effects 
of NSAIDs and aspirin. The use of aspirin and NSAIDs has 
been reported to contribute to the reduction of liver cancer risk 
[45–47]. In addition, a previous study using the NinJa registry 
reported a tendency for NSAIDs use to suppress the occurrence 
of cancers other than lymphoma [48], which may support the 
finding of our study. From a different viewpoint, the guidelines 
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for RA treatment in Japan recommend screening for HBV and 
HCV, and thorough implementation of these screenings might 
contribute to the suppression of liver cancer occurrence.

Furthermore, studies have shown reduced or no increased risk 
of colorectal cancer [13, 49], gastric cancer [12, 13], and breast 
cancer [13, 50, 51], aligning with our findings (Figure 3).

In the multivariate analysis of our study, the predictors for in-
creased malignancy risk were older age, male sex, high disease 
severity, and smoking status, whereas NSAID use in the preced-
ing year reduced malignancy risk in patients with RA (Table 2). 
Previous studies also showed similar predictors such as older 
age, male sex, and disease activity [5, 8, 24, 29]. The compari-
son using Steinbrocker stage score showed a tendency for higher 
malignancy risk with a higher score versus score 1, with a sig-
nificant difference observed when comparing a score of 2 or 4 
in the multivariate analysis; the risk was significantly higher 
with scores of 2–4 when comparing patients with a score of 2–4 
versus 1 (Table 2). The difference observed when comparing pa-
tients with a score of 3 versus 1 was not statistically significant, 
and the exact reason for this is unclear. One possible explanation 
is that the number of patients with a score of 3 was smaller com-
pared to the other scores, whereas the number of patients with 
scores of 1, 2, and 4 was similar (score 1: 6384, score 2: 6278, 
score 3: 4391, score 4: 5845). These findings suggest that patients 
with Steinbrocker stage score > 1 need to be cautious about de-
veloping malignancies, while the significant difference between 
Steinbrocker stage scores 2 versus 1 may indicate the impor-
tance of early intervention in patients with RA. Furthermore, in 
the univariate analysis, MTX, JAKi- s, TNFi- s, and non- TNFi- s 
use were associated with lower malignancy incidence; however, 
the association was not significant (p = 0.0849; 0.2992; 0.3750; 
and 0.1293, respectively) after adjusting for other relevant fac-
tors in the multivariate analysis (Table 2). MTX use was identi-
fied as a risk factor for lymphoma in patients with RA from the 
NinJa registry (2002–2011) [5]. This study also showed similar 
results. Although no significant difference was observed, maybe 
because of the limited number of patients, the use of MTX 
tended to increase the risk of lymphoma (Table S5). Therefore, 
the incidence of malignancies other than lymphoma could have 
affected the results.

NSAID have a protective effect against colorectal cancer [52–54], 
although this has not been well- verified in patients with RA. A 
recent study using the NinJa registry database (2012–2018) iden-
tified NSAID use as a strong factor for developing lymphoma 
in patients with RA, when risk was compared between the de-
velopment of lymphoma and that of other malignancies (OR for 
malignant lymphoma versus other malignancies: 2.51; 95% CI: 
1.58–3.98; p < 0.001) [48]. The multivariate analysis for predic-
tors of malignancy development (not focusing on lymphoma) in 
our study showed that NSAID use is associated with a signifi-
cantly decreased malignancy risk (Table  2). It is possible that 
NSAID prevents malignancies other than lymphoma, such as 
colorectal cancer, in patients with RA. Given the observational 
nature of this study, causal inferences cannot be established, 
and the findings should be interpreted with caution.

Limitations of our study were mostly related to the study de-
sign, including the inability to completely control for residual 

confounding regarding drug therapy choice by the physician 
(i.e., confounding by indication) and to obtain clinical infor-
mation for patients with certain events that may increase the 
risk of selection and under- reporting bias. As the follow- up 
rate is not 100%, there is a possibility of data loss, which could 
introduce bias in the results. Unreported malignancies by 
patients also increase the chances of misclassification bias, 
although the likelihood of this bias is low. Regarding the se-
lection bias, although the participating facilities are limited 
to those registered in the NinJa registry, this potential bias is 
considered to have been mitigated by the inclusion of a diverse 
range of medical institutions, including university hospitals, 
large and small hospitals, and clinics. Furthermore, as with 
other hospital- based observational studies, the possibility of 
information bias cannot be excluded.

Additionally, as the NinJa registry provides annual data, the ac-
tual start date of observation for treatment initiation and the oc-
currence of cancer cannot be captured. However, the follow- up 
period was carefully defined, and sensitivity analyses were con-
ducted using multiple follow- up period patterns to assess the 
potential impact of this limitation. In our study, reference data 
for the Japanese general population for 2018 were not available 
at the time of conducting this study and were extrapolated using 
the 2017 data. Comparing the 2017 and the 2018 data from the 
NCC, no significant differences were observed (crude IR [per 
100 000 population] 2017: 771.4, 2018: 775.7; ASR based on world 
population 2017: 283.6, 2018: 280.6), and the impact on the re-
sults of this study is likely limited.

The multivariate analysis was not conducted for potential risk 
factors of each malignancy type.

Considering the limitations discussed above, the results of this 
study should be interpreted with caution.

4   |   Conclusion

The malignancy incidence in Japanese patients with RA in-
cluded in the NinJa registry (2013–2018) was similar to that in 
the Japanese general population. The incidences of lymphoma 
and skin cancer were higher, whereas those of colorectal and 
breast cancers were lower among patients with RA versus the 
Japanese general population. The results also suggested that 
malignancy incidence was consistent across all patients with 
RA and the subcohorts. Furthermore, the study revealed that 
older age, higher disease activity, male sex, and smoking in-
creased the risk, whereas NSAID use in the preceding year de-
creased the risk of developing malignancies in Japanese patients 
with RA. These findings provide valuable insights into the ma-
lignancy risks in Japanese patients with RA under recent thera-
peutic practices, which may be considered by physicians in RA 
treatment.
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Dear Editor,
Paradoxical reactions (PRs) are defined as exacerbations or 
new onset of noninfectious inflammatory skin or other organ 
changes upon the use of a substance that is theoretically ther-
apeutic [1]. These reactions can occur with any drug group, 
but their association with biological agents is receiving more 
attention globally. Reports indicate that PRs are more common 
with antitumor necrosis factor (TNF) drugs compared to other 
biologics, with etanercept being the most frequently described 
anti- TNF in the literature. However, there are also reports on 
infliximab, adalimumab, golimumab and certolizumab [1–3]. 
PRs typically manifest 6–12 months after starting the offending 
drug but can also occur after discontinuation of the medication. 
These reactions can occur in various conditions such as Crohn's 
Disease, psoriasis, spondyloarthritis (SpA), rheumatoid arthri-
tis, and juvenile idiopathic arthritis. The incidence of PRs as-
sociated with anti- TNF agents in axial spondylarthritis (axSpA) 
was estimated to be 2–23 cases per 1000 person- years [4–6]. 
Enterocolitis, psoriasis, and arthritis are the most described PRs 
associated with anti- TNF therapy, but less common reactions 
such as sarcoidosis- like lesions are increasingly being reported 
[7]. A drug- induced sarcoid reaction (DISR) is characterized by 
a systemic granulomatous tissue reaction that resembles sar-
coidosis and occurs in temporal relation to the initiation of an 
offending drug [8].

1   |   Case Report

We present a case of a 52- year- old man with an 8- year history 
of axSpA, who initially presented with inflammatory back pain 
(IBP), peripheral arthritis, and two episodes of acute anterior 
uveitis (AAU). He had a medical history of hypertension man-
aged with amlodipine and valsartan. The axSpA was initially 
treated with nonsteroidal anti- inflammatory drugs (NSAIDs) 
for 1 year, followed by adalimumab for 2 years, which led to the 
development of paradoxical psoriasis. After consulting with a 
rheumatologist and dermatologist, the decision was made to dis-
continue adalimumab due to limited information on paradoxical 
psoriasis at the time. The patient then participated in a clinical 
trial evaluating golimumab for axSpA with ocular involvement.

One year after starting golimumab, the patient reported right 
flank pain radiating to the groin associated with dysuria. 
Laboratory tests revealed elevated creatinine (2.62 mg/dL, refer-
ence range [RR] 0.7–1.20 mg/dL), urea (93 mg/dL, RR 13–43 mg/
dL) and total calcium (12.2 mg/dL, RR 8.6–10.0 mg/dL), along 
with increased C- reactive protein (1.02 mg/dL, RR < 0.50 mg/
dL). He was diagnosed with nephrolithiasis and underwent ure-
teral stent placement. Despite this, he continued to experience 
recurrent flank pain, and subsequent tests showed persistent 
kidney dysfunction, elevated total calcium (14.3 mg/dL, RR 
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8.6–10.0 mg/dL) and phosphorus (5.2 mg/dL, RR 2.5–4.5 mg/
dL), and decreased parathyroid hormone (PTH) (8 pg/mL, RR 
15–65 pg/mL) and 25- hydroxyvitamin D (58 nmol/L, RR 75–
250 nmol/L). Urinalysis evidenced hemoglobinuria. Imaging 
revealed multiple supraclavicular, mediastinal, pelvic, and ret-
roperitoneal enlarged lymph nodes (the largest infracarinal 
node measuring 27 × 26 mm)—Figure 1. A 24- h urine analysis 
revealed a urinary calcium of 416 mg (RR of 100–300 mg/24 h). 
Further investigations, including colonoscopy, endoscopy, and 
thyroid ultrasound were unremarkable.

The patient was admitted for observation and started therapy 
with intravenous (IV) fluids, furosemide, and pamidronate. 
Golimumab was suspended. During hospital admission, serum 
total calcium and kidney function progressively improved. 
A comprehensive laboratory workup revealed a PTH- related 
protein level (PTHrp) of 0.02 pmol/L (RR < 4.2 pmol/L), eryth-
rocyte sedimentation rate (ESR) of 74 mm/h (RR < 20 mm/h), 
angiotensin- converting enzyme (ACE) of 109 U/L (RR 
20–70 U/L), and 1,25- dihydroxyvitamin D of 68.20 pg/mL (RR 
18–64 pg/mL). Interferon- Gamma Release Assay (IGRA) was 
not performed due to prior treatment for latent tuberculosis. Two 
weeks after golimumab suspension, a CT scan was repeated, 
showing lymph node size reduction, with the largest lymph 
node measuring 17 × 15 mm. The patient underwent an endo-
bronchial ultrasound- guided transbronchial needle aspiration 
(EBUS- TBNA) for cytological and histological examinations (to 
rule out malignancy, particularly lymphoma). Microbiological 
studies were also conducted, including direct and cultural tests 
for Mycobacterium tuberculosis. Cytology smears revealed an 
heterogenous population of lymphocytes, and no malignant 
cells were found. Flow cytometric immunophenotyping of the 
lymphadenopathy aspirate was negative for lymphoprolifera-
tive disease and revealed a CD4+/CD8+ ratio of 4.3 (RR < 3.5). 
Histological examination was not possible due to insufficient 
sample material. The patient was discharged after 13 days with 
improved total serum calcium and creatinine levels. Golimumab 
remained suspended. One month later, the patient experienced a 
new episode of AAU and started prednisolone 40 mg/day, with 
a tapering regimen. Blood tests were repeated after 4 months, 
showing improvement in serum calcium and creatinine levels. 
A follow- up CT scan confirmed size regression of the lymphade-
nopathies, with the largest node slightly above 10 mm.

A diagnosis of sarcoid reaction associated with anti- TNF ther-
apy was made. The patient continued treatment with prednis-
olone 5 mg/day as prescribed by the Ophthalmologist, with 
normal blood tests after 15 months of follow- up. Prednisolone 
was eventually stopped, but a rise in total serum calcium and 
ACE prompted a restart of low- dose prednisolone. A PET scan 
revealed mild metabolic activity in mediastinal and hilar lymph-
adenopathy. The patient maintained prednisolone 5 mg/day 
long- term, with stable calcium and ACE levels. Due to worsening 
IBP (Axial Spondyloarthritis Disease Activity Score—ASDAS 
4.2) and contraindication for NSAIDs (due to deteriorated renal 
function), certolizumab was started while maintaining pred-
nisolone to control the sarcoid reaction. Three months later, 
serum calcium, ACE, and renal function remained stable, with 
improvement in back pain and functionality (ASDAS 1.2). No 
new episodes of AAU were reported. Calcium or vitamin D sup-
plementation was not given to prevent exacerbation of hypercal-
cemia associated with the sarcoid reaction.

2   |   Discussion

Paradoxical reactions are abnormal immunological reactions 
that can affect various organs. While psoriasiform skin reac-
tions are the most reported manifestations, there are increasing 
reports of less common reactions such as sarcoidosis and simi-
lar granulomatous skin and lung lesions [9–11]. Drug- induced 
sarcoid reactions (DISR) are a type of PR characterized by sys-
temic granulomatous tissue reactions that resemble sarcoid-
osis and occur after starting a specific drug. Several biologics, 
including etanercept, infliximab, and adalimumab have been 
associated with DISR, with etanercept being the most reported 
(more than 100 cases described) [1]. Certolizumab, golimumab, 
rituximab, and tocilizumab are less associated with DISR. The 
exact relationship between these drugs and sarcoidosis is not 
fully understood, but DISR presents similarly to sarcoidosis as 
a multi- organ granulomatous disease that can affect any organ 
or system [12]. However, it is not clear if these drugs are truly 
causing sarcoidosis, rendering the immune system more suscep-
tible to the development of sarcoidosis, exacerbating subclinical 
cases of sarcoidosis, or causing conditions that are distinct from 
sarcoidosis [8]. Clinical manifestations of DISR often involve the 
respiratory tract (90% of cases), with symptoms ranging from 

FIGURE 1    |    Contrast- enhanced coronal (a) and axial (b) computed tomography at mediastinal windows show bilateral hilar and mediastinal 
lymphadenopathy (arrows).
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hilar lymphadenopathy to fibrosis. Vitamin D dysregulation is 
common, caused by an increased conversion of vitamin D to 
its active form by activated macrophages in granulomas, lead-
ing to elevated levels of 1,25- dihydroxyvitamin D and potential 
complications such as hypercalciuria (50% of cases) and hyper-
calcemia (10% of cases). Renal involvement may result in renal 
calculi, while eye involvement, particularly uveitis, is reported 
in most cases (anterior uveitis accounting for 41%–81% of sar-
coid uveitis) [13]. Uveitis in sarcoidosis tends to be bilateral and 
granulomatous, unlike the unilateral uveitis seen in SpA [14]. In 
this case, the uveitis was linked to SpA due to its clinical presen-
tation and absence of specific granulomatous findings.

Diagnosing DISR and sarcoidosis involves excluding other 
potential causes through a comprehensive investigation, in-
cluding primary hypoparathyroidism, cancer, and infection. 
Histological confirmation is crucial for a definitive diagnosis 
of sarcoidosis, particularly through the identification of nonca-
seating granulomatous inflammation. However, a presumptive 
diagnosis can be made based on clinical findings and laboratory 
tests. In this case, the sample size obtained was insufficient for 
histological analysis. It was not possible to repeat the procedure 
since the lymphadenopathies regressed following corticosteroid 
treatment, limiting further histological evaluation. Serum ACE 
is a commonly used biomarker and, although it has low sensitiv-
ity and specificity, genetic polymorphisms may affect its expres-
sion. When combined with other parameters such as blood and 
urine calcium levels, vitamin D, and immunoglobulin assays, 
it remains a valuable tool [12]. The presence of CD4+ lympho-
cytosis demonstrated by an elevated CD4+/CD8+ ratio, though 
typically determined in bronchoalveolar lavage fluid, can also 
be performed in lymphadenopathy aspirate. The normal ratio 
in lymphadenopathy samples is not universally established, but 
a ratio of > 3.5 is often indicative of sarcoidosis, especially when 
accompanied by elevated ACE levels and hypercalciuria [13, 14].

Treatment typically involves discontinuing the offending drug, 
with corticosteroids and anti- sarcoidosis therapies considered if 
necessary. Switching to a different drug within the same class 
may be an option in some cases, but severe reactions may war-
rant avoiding the same drug or class altogether [8, 15].

3   |   Conclusion

We present a complex clinical case in which a patient experi-
enced multiple PRs with various anti- TNF drugs. This required 
a multidisciplinary discussion among rheumatologists, pulmon-
ologists, ophthalmologists, radiologists, and pharmacists to de-
cide on the best therapeutic strategy. After thorough evaluation, 
certolizumab was chosen, as it is less commonly associated with 
PRs, especially DISR [1, 8]. Close monitoring will be crucial in 
the following months to ensure effective management of this 
challenging case.
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Dear Editor,
We read with great interest the study by Wang et al., which in-
vestigates the differential impact of TNF- α versus IL- 6 inhibi-
tors on osteoporosis, fracture risk, and mortality in rheumatoid 
arthritis (RA) patients using a large- scale, propensity- matched 
cohort derived from the TriNetX database [1]. While the authors 
conclude comparable effects on skeletal outcomes and a lower 
all- cause mortality associated with TNF- α inhibitors, several 
methodological and interpretive concerns warrant attention.

First, the study's central inference regarding all- cause mortality 
favoring TNF- α inhibitors raises concerns due to potential in-
dication bias. IL- 6 inhibitors are typically reserved for patients 
with more refractory disease or prior TNF- α treatment failure 
[2], yet the study excluded patients with prior treatment switches 
only post- index. Without adjusting for disease severity markers 
such as DAS28, CRP trends, or duration of untreated RA, which 
were not captured in the database, the observed mortality re-
duction may reflect channeling bias rather than a true pharma-
cologic advantage. Furthermore, while corticosteroid exposure 
was accounted for in subgroup analyses, the absence of cumu-
lative dose quantification and treatment duration undercuts the 
validity of these stratifications, particularly given glucocorti-
coids' known effects on infection risk and mortality.

Second, although the authors state the fracture and osteoporosis 
outcomes were similar between groups, the endpoint definitions 
based solely on ICD- 10 codes without confirmation through im-
aging (e.g., DXA scans) or biochemical parameters (e.g., serum 
osteocalcin, CTX) may have led to misclassification. This limita-
tion is particularly relevant for subclinical osteoporosis, which 
may not be captured in claim- based data [3]. Moreover, the low 
absolute number of fracture events (n = 10 in each group) under-
mines the statistical power to detect meaningful differences and 
calls into question the reliability of the Cox model estimates for 
this outcome.

Third, while the adjusted hazard ratio for mortality (aHR 0.247, 
95% CI 0.114–0.536) appears robust, the authors did not assess 
cause- specific mortality. This is critical given the differential 
immunomodulatory profiles of TNF- α and IL- 6 inhibitors. IL- 6 
blockade has been associated with elevated lipid levels and po-
tential cardiovascular risk [4], while TNF- α inhibitors are more 
closely linked to tuberculosis reactivation [5]. Without cause- 
specific data, attributing the mortality benefit to cardiovascular 
or infection- related protection remains speculative.

Finally, the study lacks granularity in medication adherence. 
While the inclusion criterion of “at least two prescriptions” 
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attempts to mitigate nonadherence, absence of data on dose in-
tervals, drug discontinuation, or time to treatment failure lim-
its clinical interpretability. The median follow- up of 365 days 
may also be insufficient to observe fracture development in RA 
patients, whose skeletal remodeling is slow and influenced by 
long- term inflammatory suppression [6].

In conclusion, while the study offers valuable real- world in-
sights, the mortality benefit attributed to TNF- α inhibitors must 
be interpreted cautiously. Future prospective studies incorporat-
ing disease activity scores, adherence data, imaging- confirmed 
bone loss, and cause- specific mortality are needed to validate 
these findings.
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The classification of idiopathic inflammatory myopathies (IIMs) 
remains a significant challenge in the field of rheumatology and 
neuromuscular medicine. Despite advances in our understand-
ing of these rare and heterogeneous diseases, the establishment 
of universally accepted classification criteria remains elusive. 
We recently highlighted substantial heterogeneity in the appli-
cation of classification criteria, underscoring the need for uni-
fied frameworks [1].

This editorial examines the current landscape of IIM classifi-
cation, highlighting the proliferation of competing frameworks, 
the evolving role of biomarkers, and the broader implications 
for clinical practice and research. We explore the key barriers 
to achieving consensus and highlight opportunities to balance 
scientific rigor with clinical utility, ultimately enhancing patient 
care and accelerating therapeutic innovation.

1   |   Issue 1: Disease Heterogeneity, Rarity and the 
“Lump or Split” Dilemma

Idiopathic inflammatory myopathies (IIMs) represent a hetero-
geneous group of systemic autoimmune disorders and include 
polymyositis (PM), dermatomyositis (DM), clinically amyopa-
thic dermatomyositis (CADM), immune- mediated necrotising 
myopathy (IMNM), anti- synthetase syndrome (ASyS), overlap 
myositis (OM), and inclusion body myositis (IBM). These con-
ditions are characterized by a predilection for skeletal muscle 

inflammation, although amyopathic forms exist. Additionally, 
these conditions often present with a spectrum of extra- 
muscular manifestations such as distinctive cutaneous lesions, 
interstitial lung disease, myocarditis, and arthritis. Variations in 
the clinical spectrum, prognosis, and therapeutic responses sug-
gest distinct underlying pathophysiological mechanisms.

The rarity of IIM adds another layer of complexity to the clas-
sification dilemma. With limited patient populations available 
for study, generating robust data to support detailed subtyping is 
challenging, and the statistical power of many studies remains 
constrained. The scarcity of cases often necessitates lumping 
diverse clinical entities into broader categories to ensure suffi-
cient cohort sizes for research, even if this oversimplifies the nu-
anced differences between subtypes. Historically, DM and PM 
have been studied together; however, contemporary literature 
indicates DM itself to be a highly heterogeneous condition char-
acterized by distinct antibody- defined subtypes. Additionally, 
many conditions traditionally classified as PM have now been 
redefined into more precise subtypes such as IMNM and ASyS, 
rendering true PM extremely rare.

These issues of rarity and heterogeneity are reflected in the 
classification criteria landscape. A fundamental dilemma is 
whether classification criteria should adopt a broad framework 
which incorporates subtyping, as in the EULAR- ACR 2017 
classification model [2] or whether IIM subtypes merit sepa-
rate, detailed classification efforts, as exist for IMNM, IBM, 
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CADM, and ASyS (Table 1). Over- arching IIM criteria promote 
standardization for research and reduce complexity. Distinct 
subtype classifications arguably enhance precision but risk 
fragmenting already limited research efforts.

2   |   Issue 2: Disparate IIM Classification Efforts

The evolution of classification frameworks for IIM and the 
plethora of definitions employed in the contemporary literature 
highlights the complexities of classification. The pioneering 
framework established in 1975 by Bohan and Peter [3] focused on 
clinical features such as symmetrical proximal muscle weakness, 
elevated muscle enzyme levels, electromyographic abnormali-
ties, and characteristic muscle biopsy findings. Despite its foun-
dational importance, this early schema had notable limitations, 
including reliance on nonspecific electromyographic findings, 
imprecise definitions of DM skin lesions, and vague exclusion cri-
teria. Over subsequent decades, the identification of new clinical 
subsets and an expanding spectrum of myositis- specific autoanti-
bodies have rendered these early criteria increasingly inaccurate. 
As diagnostic techniques evolved, newer classification criteria 
were developed (Table 1). The EULAR/ACR classification crite-
ria, introduced in 2017, represented a significant advancement 
by integrating clinical features, laboratory findings, muscle bi-
opsy characteristics, and a defined autoantibody (anti- Jo1) [2]. 
Importantly, this represented the first data- driven classification 
system for IIMs which were validated with a robust methodol-
ogy, a marked advance over previous criteria sets. However, the 
2017 criteria have notable limitations: they do not include ASyS 
or OM as distinct subtypes and omit key clinical features such 
as mechanic's hands, shawl sign, and ILD, potentially leading to 
subtype misclassification and inflating the prevalence of poly-
myositis [4]. Additionally, IMNM was recognized as a distinct 
entity partway through the assembly of the derivation cohort, 
limiting its distinction from PM in the subclassification tree [2]. 
More broadly, another challenge across all IIM classification ef-
forts is the substantial clinical heterogeneity within recognized 
subgroups, with important disease- specific features—such as 
anti- MDA- 5 associated rapidly progressive ILD and the higher 
prevalence of malignancy linked to anti- TIF1- gamma and anti- 
NXP2 auto- antibodies [5]—often unaccounted for.

Efforts are currently underway to reassess and update the EULAR/
ACR criteria [6]. Recent literature has highlighted the limitations 
of the ACR/EULAR classification criteria, noting that the inclu-
sion of myositis- specific antibodies (MSAs), myositis- associated 
antibodies (MAAs), and neuromuscular imaging could enhance 
classification sensitivity [7, 8]. In parallel with the broader revision 
of EULAR/ACR criteria, several initiatives are focusing on refin-
ing the classification of specific IIM subtypes. For example, the ab-
sence of ASyS from the EULAR/ACR criteria is being addressed 
through a collaborative project aimed at developing dedicated 
criteria for ASyS as a distinct entity within the IIM framework: 
the CLASS project [9]. Beyond EULAR/ACR working group ini-
tiatives, other centres and collaborations have launched indepen-
dent initiatives to refine IIM classification. These include efforts 
to classify amyopathic DM [10] and initiatives by the European 
Neuromuscular Centre (ENMC) targeting IBM [11], IMNM [12] 
and ASyS [13]. This growing landscape highlights the complexity 
of reaching a global consensus on the classification of IIM, with 

multiple consortia, not to mention numerous single- centre and 
discipline- specific initiatives, undertaking parallel efforts. It re-
mains uncertain how these various efforts will be integrated with 
the proposed revision of EULAR/ACR IIM. We note that there 
have been at least 17 different classifications criteria proposed and 
used since the publication of the Bohan and Peter criteria (Table 1), 
suggesting that in real- world practice there is a lack of consensus 
on an accepted gold- standard criteria. This diversity underscores 
concerns highlighted in Section 1, that capturing the full hetero-
geneity of IIM within a single set of classification criteria may be 
inherently challenging.

Autoantibody testing presents its own constellation of challenges 
in IIM classification. Despite their central role in contemporary 
practice, significant issues persist with test standardization, 
interpretation, and accessibility. Commercial assays vary sub-
stantially in sensitivity and specificity, while immunoprecipi-
tation—considered the gold standard—remains prohibitively 

TABLE 1    |    A list of existing classification criteria of idiopathic 
inflammatory myopathies with their total citations and recent citation 
numbers as listed on Pubmed 17/02/25.

Classification criteria Year
Total 
cites

Cites 
2018–2024

IIM

Bohan and Peter3 1975 715 371

Love24 1991 230 64

Dalakas25 1991 205 60

Tanimoto26 1995 71 25

Targoff27 1997 65 27

ENMC28 2004 304 186

Troyanov29 2005 139 63

Pestronk30 2011 39 20

EULAR/ACR2 2017 444 443

IBM

Griggs31 1995 172 64

ENMC32 2013 134 102

ENMC – revision11 2014 14 14

Antisynthetase syndrome

Connors33 2010 175 134

Solomon34 2011 118 97

Lega35 2015 103 80

Stenzel13 2024 2 2

IMNM

ENMC35 2018 188 188

CADM

Sontheimer36 2002 160 103

Concha10 2019 15 15
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labor- intensive, expensive, and available only at specialized cen-
ters, creating substantial delays in diagnosis. Additionally, there 
is no unified model for interpreting these tests across laborato-
ries and regions, with inconsistent reference ranges and report-
ing practices leading to potential misclassification. The validity 
of many newer antibody tests remains incompletely character-
ized, especially for antibodies like anti- HMGCR, anti- NXP2, 
and anti- MDA5, where clinical correlations continue to evolve. 
Further complicating matters, novel autoantibodies continue to 
emerge, suggesting our current panel captures only a fraction of 
the immunological diversity within IIMs. The ultimate solution 
may lie in precision phenotyping that integrates genetic pro-
filing, comprehensive autoantibody screening, and molecular 
characterization to enable accurate classification and personal-
ized therapeutic approaches that target specific pathophysiolog-
ical pathways rather than broad clinical syndromes.

The evolution of classification criteria poses challenges in in-
terpreting historical data. Researchers must navigate the diver-
gence between past and current standards, integrating registry 
data and advancements in biomarkers and imaging technolo-
gies to refine classification systems [1]. For example, much of 
the existing evidence based on current myositis treatment strat-
egies was derived from studies that collectively analyzed het-
erogeneous IIM populations without detailed consideration of 
distinct clinical subtypes. Similarly, our understanding of IIM 
malignancy risk predominantly stems from historical cohort per 
registry- based studies that may not have delineated subtypes as 
understood today.

3   |   Issue 3: Rapid Advances in the Field Versus 
Prolonged, Labour- Intensive Data- Driven 
Classification Criteria Development

The field of IIM has experienced major advances that have 
transformed our understanding of these complex diseases. The 
discovery of novel autoantibodies has significantly refined our 
ability to delineate disease subtypes, while advances in imag-
ing techniques, such as MRI and PET scans, have enhanced 
diagnostic precision by identifying subclinical muscle inflam-
mation [14], patterns of muscle involvement, extra- muscular in-
volvement [15] and targeting muscle biopsy [16]. Additionally, 
molecular studies have provided deeper insights into IIM patho-
physiology, uncovering pathways and novel biomarkers [17]. 
Collectively, these advances have expanded the scope and com-
plexity of classification, emphasizing the need for frameworks 
that accommodate rapidly evolving scientific knowledge.

However, the pace of discovery presents challenges for the field 
of classification. Developing robust, internationally accepted 
criteria requires extensive multidisciplinary collaboration, 
large- scale data collection, and careful validation, all of which 
take considerable time. Creation of the 2017 EULAR/ACR crite-
ria, for example, began in 2004 [2], taking over a decade to pub-
lish, with clinical data collection taking place between 2008 and 
2011. By the time of publication, commercially available autoan-
tibody assays had evolved significantly and become more widely 
available, leaving a gap between the cohort data used to gener-
ate the criteria and the clinical phenotyping tools available to 
clinicians in practice. The prolonged timelines for classification 

development can lead to frameworks that, while rigorous, may 
already be outdated by the time of their implementation. This 
creates a paradox where classification criteria, designed to stan-
dardize and advance the field, may lag behind current clinical 
and scientific knowledge. While data- driven classification crite-
ria are regarded as the gold standard [18] because they provide 
evidence- based frameworks that promote reproducibility and 
standardization, they are inherently constrained by the quality 
and scope of the underlying dataset.

4   |   Issue 4: Clinical Manifestations Versus Disease 
Pathophysiology

Traditionally, IIM classification systems have been led by clini-
cians with IIM- specific expertise and hence emphasize clinical 
features and organ- specific manifestations. This clinical ap-
proach has been instrumental in guiding diagnosis and treat-
ment, but it risks oversimplifying the underlying biology and 
may fail to capture the shared molecular mechanisms that tran-
scend organ- specific boundaries.

The advent of multi- omic profiling offers a transformative oppor-
tunity to rethink IIM classification from a molecularly driven, 
organ- agnostic perspective. Precision modeling may offer the 
most promising path forward for IIM classification. Liquid biop-
sies, which can capture circulating biomarkers including cell- free 
DNA, exosomes, and cytokines, represent a less invasive alterna-
tive to traditional muscle biopsies while potentially offering greater 
insights into disease activity and progression. Multi- omic studies 
integrating genomic, transcriptomic, proteomic, and metabolomic 
data are revealing molecular signatures that transcend traditional 
clinical boundaries, potentially redefining how we conceptualize 
these disorders [19]. Critically, emerging research on gene–envi-
ronment interactions suggests that IIM development reflects com-
plex interplays between genetic susceptibility and environmental 
triggers, including infections, medications, and ultraviolet expo-
sure. Until we develop accurate classification systems incorporat-
ing these molecular insights, our field will likely remain decades 
behind other rheumatological conditions [20, 21] where newer 
pathophysiological drivers are established. The current literature 
continues to expand rapidly, often derived from cohorts using am-
biguous or outdated classification criteria, creating a fragmented 
evidence base that impedes meaningful progress in understanding 
disease mechanisms and developing targeted therapies.

For example, DM is characterized by a prominent type 1 interferon 
signature [22]. As such, at a molecular level, DM shares greater 
similarity with other type 1 interferon- driven diseases, such as 
SLE, than with molecularly distinct myopathies like IMNM and 
IBM [23]. This observation raises critical questions about the ap-
propriateness of classifying DM alongside other forms of myositis 
with fundamentally different underlying mechanisms.

5   |   Issue 5: The Urgent Need for Unified and 
Updated Criteria

This is an exciting time in IIM research, with the field experi-
encing unprecedented expansion in clinical trials and thera-
peutic innovations. This rapidly evolving therapeutic landscape 
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highlights the pressing need for harmonized classification crite-
ria to guide clinical research effectively. Beyond clinical trials, 
accurate disease definitions are also essential for developing 
clinical guidelines. Accurate and consistent classification also 
serves to attract research funding, direct research interest, and 
attract commercial investment by clearly delineating disease 
burden.

In spite of these challenges and limitations, there are clear paths 
forward. Future progress is contingent upon the synthesis of 
clinical data with contemporary molecular and imaging tech-
niques, the establishment of dynamic, adaptable classification 
frameworks, and the strengthening of international collabo-
rative networks. Open communication, transparency in data 
sharing, and sustained multidisciplinary engagement will be 
important to foster consensus and drive iterative refinement of 
classification systems. The ultimate solution may lie in preci-
sion phenotyping that integrates genetic profiling, comprehen-
sive autoantibody screening, and molecular characterization to 
enable accurate classification and personalized therapeutic ap-
proaches that target specific pathophysiological pathways rather 
than broad clinical syndromes.
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The Taiwan National Health Insurance Research Database 
(NHIRD) stands as one of the world's most comprehensive 
healthcare information systems. Emerging from Taiwan's uni-
versal National Health Insurance program in 1995, the NHIRD 
systematically captures claims data from beneficiaries who rep-
resent over 99.5% of the population. Since 2000, this repository 
has documented an extensive range of healthcare interactions, 
encompassing patient demographics, outpatient and inpatient 
claims, prescription records, and detailed medical facility in-
formation. Following its transition in 2016 to management by 
Taiwan's Ministry of Health and Welfare Data Science Centre, 
the NHIRD now supports advanced cross- database linkages, 
incorporating key clinical variables such as laboratory results, 
cancer staging, disability assessments, and socioeconomic indi-
cators [1], representing a key strength when compared to other 
national health insurance databases (Table 1).

The NHIRD's strength lies in its well- validated data across 
a spectrum of health conditions, from common ailments to 
severe diseases including ischemic stroke, atrial fibrillation 
(AF), hypertension, diabetes, hyperlipidemia, and cancer. With 

demonstrated modest to high sensitivity and positive predictive 
values, this database serves as an invaluable resource for under-
standing disease burden, optimizing treatment strategies, and 
evaluating outcomes [1, 2].

1   |   From Evidence to Recommendations: Atrial 
Fibrillation as an Example

To demonstrate the NHIRD's influence on clinical practice, 
we looked into its contributions to the 2024 European Society 
of Cardiology (ESC) Guidelines for Atrial Fibrillation (AF) 
Management. Of the 1248 references screened from the guide-
line, approximately 1% (12 studies) originated from NHIRD 
analyses (Table 2), each providing significant insights into AF 
management strategies [15]. Several studies identified high- risk 
populations at elevated risk for thromboembolic events and 
stroke among Taiwanese patients [3, 4, 7, 8, 11]. A particularly 
influential study by Hsu et al. found that patients with concur-
rent hypertrophic cardiomyopathy (HCM) and AF experienced 
a high incidence of stroke, regardless of their CHA2DS2- VASc 
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score. This finding directly influenced current practice, leading 
to a Class IB recommendation for non- vitamin K antagonist oral 
anticoagulants (NOACs) in HCM patients with AF [4, 15].

Further research enhanced our understanding of risk assessment 
strategies. Two studies demonstrated that dynamic monitoring 
of CHA2DS2- VASc and HAS- BLED scores provided superior 
risk prediction compared to static baseline measurements [5, 6]. 
This evidence supported the current Class IB recommendation 
for periodic reassessment of both thromboembolic and bleeding 
risks in AF management.

The database also yielded important insights into therapeu-
tic approaches. Three studies investigating antidiabetic agents 
revealed potential protective effects against AF onset and re-
lated hospitalizations [12–14]. These findings influenced the 
guidelines' Class IIa recommendation to consider metformin or 
SGLT2 inhibitors for AF prevention in patients with type 2 dia-
betes mellitus [12, 13, 15]. Additional investigations expanded 
our knowledge of NOAC therapy, examining mortality out-
comes in specific populations such as cancer patients [9], and 
evaluating their safety and efficacy in very elderly patients aged 
90 years or older [10].

2   |   Exploring Medication Risks and Benefits: An 
International Dialogue

The NHIRD has proven valuable for pharmacoepidemiologic 
research and pharmacovigilance efforts. A landmark investi-
gation by Lee et al. in 2015 examined the association between 
fluoroquinolone therapy and the risk of aortic complications 
through a nested case–control analysis of 1477 cases and 147,700 
matched controls [16]. The study revealed increased risks of 

aortic aneurysm or dissection with both current use (rate ratio 
[RR], 2.43; 95% confidence interval [CI], 1.83–3.22) and past use 
(RR, 1.48; 95% CI, 1.18–1.86) of fluoroquinolones. These find-
ings gained international validation when Pasternak et al. pub-
lished corroborating evidence from Swedish national registers 
in 2018, demonstrating elevated risks of aortic complications 
with fluoroquinolone use compared to amoxicillin [17]. The cu-
mulative evidence led the U.S. Food and Drug Administration to 
issue a safety warning that same year, advising against fluoro-
quinolone use in patients with or at risk for aortic aneurysm and 
recommending immediate discontinuation if suspicious symp-
toms develop [18].

Beyond drug safety, The NHIRD has also contributed signifi-
cantly to our understanding of therapeutic benefits across 
various pharmacological interventions. Researchers have ex-
tensively studied medications including statins, metformin, and 
newer antidiabetic agents—such as thiazolidinediones, dipepti-
dyl peptidase- 4 inhibitors, SGLT2 inhibitors, and GLP- 1 receptor 
agonists—to evaluate their impact on diverse health outcomes 
[19]. A frequently cited investigation by Lee et  al. examined 
metformin's potential protective effects against gastrointestinal 
cancers in a large Taiwanese cohort [20]. Their analysis revealed 
that diabetic patients not using anti- hyperglycemic medications 
showed at least double the cancer incidence compared to non- 
diabetic individuals, while metformin users demonstrated can-
cer rates similar to those without diabetes.

In addition, target trial emulation (TTE) has been increas-
ingly embraced as a methodological framework for enhancing 
causal inference from observational data. A recent study by 
Yen et  al. [21] applied sequential TTE in alignment with the 
two- step framework proposed by Hernán and colleagues [22]. 
Using NHIRD data, they compared the risks of major adverse 

TABLE 1    |    Strengths and limitations of Taiwan's and Korea's national health insurance databases.

Taiwan national health insurance research database Korean national health insurance database

Strengths • Covers over 99% of Taiwanese citizens (~23 million) 
under the National Health Insurance

• Primarily claims data, including inpatient, outpatient, 
prescriptions, diagnoses, and interventions

• Strong centralized linkage infrastructure since 2016 via 
Health and Welfare Data Science Center (birth, death, 
cancer registry, health surveys, socioeconomic data)

• Unique encrypted identifiers; strong long- term follow- up
• ICD- 9- CM initially; transitioned to ICD- 10 around 2016

• Covers approximately 97% of Koreans (~50 
million) under the National Health Insurance 
Service

• Primarily claims data plus national health 
screening data, including anthropometrics and 
lifestyle surveys (e.g., smoking, alcohol, exercise)

• Linkage to external registries (e.g., death, 
cancer) possible but project- specific and 
approval- dependent

• De- identified personal identifiers; strong long- 
term follow- up.

• ICD- 10 coding adopted from early 2000s
• Availability of cohort sub- databases (e.g., 

National Sample Cohort) for targeted studies

Limitations • Limited clinical detail; missing labs, imaging, disease 
severity or subtype, and lifestyle data unless linked

• Potential coding errors and disease misclassification; 
ICD- 9 to ICD- 10 transition handling needed

• Uninsured healthcare services not captured
• Confounding by indication and unmeasured variables 

limits causal inference

• Limited clinical detail; risk of healthy screener 
bias due to health exam participation

• Potential coding errors and disease 
misclassification

• Uninsured healthcare services not captured
• Confounding by indication and unmeasured 

variables limits causal inference
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kidney and cardiovascular events between patients with stage 
5 chronic kidney disease, SGLT2 inhibitor users and nonusers. 
Importantly, the study followed two critical principles: synchro-
nization of eligibility determination and treatment assignment 
at time zero, which avoided immortal time bias and maintained 
the comparability of treatment groups; and adequate con-
founding adjustment, which ensured that baseline differences 
between users and nonusers were addressed [21, 22]. By using 
these practices, the study shows how the target trial framework 
offers a methodical and disciplined procedure for operational-
izing good practices in study design and data analysis, thereby 
enabling more credible and actionable causal inferences to be 
drawn from observational data [23].

3   |   Early Diagnosis of Important Diseases

Population- based studies provide high- quality evidence with 
important clinical implications, particularly for rare autoim-
mune diseases. Wei et  al. found that patients with immune 
thrombocytopenic purpura (ITP) had a 26.8- fold increased risk 
of developing systemic lupus erythematosus (SLE) over 16 years 
[24]. Their findings suggest that ITP may represent an early 
manifestation of SLE, underscoring the need for timely rheuma-
tology referral to facilitate early diagnosis before organ involve-
ment occurs. Early recognition of evolving SLE can also inform 
treatment decisions, such as delaying splenectomy or initiating 
disease- modifying therapy.

Population- based research plays a critical role in elucidating dis-
ease progression, guiding earlier interventions, and ultimately 
improving long- term patient outcomes. As analytical techniques 
evolve and cross- database linkages expand, the NHIRD is poised 
to make further impactful contributions to global healthcare.
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Dear Editor,
Physiotherapists play a vital role in managing rheumatoid ar-
thritis (RA) by improving physical function, reducing pain, 
and promoting joint mobility through tailored exercise, man-
ual therapy, and patient education [1, 2]. Recent research [3, 4] 
highlights the importance of integrating psychological support 
into physiotherapy for RA patients. Given their frequent and 
extended interactions with patients, physiotherapists are well 
positioned to observe mental health issues such as anxiety and 
depression, which are often underdiagnosed in this population 
[5, 6]. Early identification of these conditions can improve treat-
ment adherence and enhance overall outcomes [7]. However, 
physiotherapists often lack formal training in mental health 
screening, necessitating research on effective screening meth-
ods [6]. To address this gap in the literature, we assessed the 
ability of physiotherapists registered on the Axxon website, 
Belgium's physiotherapy professional organization, to identify 
anxiety and depression in RA patients using two brief observer- 
report mental health screening tools, that is, the Patient Health 
Questionnaire- 2 (PHQ- 2) [8] for depression and the Generalized 
Anxiety Disorder- 2 (GAD- 2) [9] for anxiety, compared to a nu-
meric rating scale (NRS).

After providing informed consent, physiotherapists collected 
data over 6 months from newly referred RA patients who had 
been receiving treatment for 2 weeks. Patients had to meet the 
following criteria: (a) age 18 or older, (b) self- reported RA di-
agnosis, and (c) undergoing treatment with the participating 

physiotherapist. Included patients completed the full versions of 
the PHQ- 2 and GAD- 2, that is, the PHQ- 9 [10] and GAD- 7 [11]. 
These are widely used self- report measures for assessing the se-
verity of depressive and anxiety symptoms, respectively. These 
patient- completed assessments served as the reference standard 
for evaluating the accuracy of the physiotherapists' observer- 
report evaluations. Both scales evaluate symptom frequency 
over the past 2 weeks using a Likert scale: 0 (not at all), 1 (several 
days), 2 (more than half the days), and 3 (nearly every day). The 
PHQ- 9 consists of nine items, with total scores ranging from 0 
to 27. Depression severity was classified as mild (5–9), moder-
ate (10–19), and severe (≥ 20). The GAD- 7 includes seven items, 
with total scores ranging from 0 to 21, and anxiety severity clas-
sified as mild (5–9), moderate (10–14), and severe (≥ 15). Both 
instruments are reliable and valid for assessing mental health 
symptoms in patients with RA, with Cronbach's alpha values of 
0.86 (PHQ- 9) and 0.89 (GAD- 7) in this study. Physiotherapists 
assessed their patients' depression and anxiety using a 0- to- 10 
NRS and then evaluated them using observed- report versions 
PHQ- 2 and GAD- 2. The PHQ- 2 consists of the first two items of 
the PHQ- 9, assessing “little interest or pleasure in doing things” 
and “feeling down, depressed, or hopeless.” The GAD- 2 consists 
of the first two items of the GAD- 7, assessing “feeling nervous, 
anxious, or on edge” and “not being able to stop or control wor-
rying.” For both tools, the standard self- report stem question 
was modified to: “Over the last two weeks, how often has your 
patient been bothered by any of the following problems?” This 
adaptation enabled physiotherapists to assess depression and 
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anxiety levels based on clinical observations rather than patient 
self- report. No specific training was provided to physiothera-
pists to assess their ability to recognize these conditions inde-
pendently. To minimize bias, physiotherapists were unaware of 
patients' questionnaire responses. Our study was approved by 
the Ethische Commissie Onderzoek UZ/KU Leuven (S67100) 
and registered on Clini calTr ials. gov (NCT 06785883). As no 
prior data were available for a sample size calculation, we ana-
lyzed the first 50 patients using MedCalc for Windows (Version 
20.115, MedCalc Software, Ostend, Belgium). Key parameters 
from pilot data determined the required sample size of 97 pa-
tients (24 positive cases, 73 negative cases) to achieve a statistical 
power of 0.80 and significance level of 0.05. For the main anal-
yses, missing data were handled using SPSS version 29.0 (IBM, 
Chicago) through multiple imputation, following established 
recommendations for ROC analyses. Based on PHQ- 9 and 
GAD- 7 scores, patients were categorized as having normal, mild 
(including moderate and severe cases above the cutoff), moder-
ate (including severe cases above the cutoff), or severe anxiety 
or depressive symptoms. ROC curves were generated to assess 
the ability of physiotherapists' numeric rating scales (0–10) and 
the 2- item screening tests (PHQ- 2, GAD- 2) to detect these symp-
toms. The ROC curve plots sensitivity (hit rate) against 1 minus 
specificity (false alarm rate) for each possible cutoff, yielding 
11 sensitivity- specificity pairs for the physiotherapists' ratings. 
This process was repeated for (a) mild, (b) moderate, and (c) 
severe symptom detection in both anxiety and depression. The 
proportion of the total area under the ROC curve (AUC) quan-
tified classification accuracy, with AUC values interpreted as: 
0.5 < AUC ≤ 0.7 (less accurate), 0.7 < AUC ≤ 0.9 (moderately ac-
curate), and 0.9 < AUC < 1.0 (highly accurate). An AUC of 1.0 
indicates perfect discrimination, whereas 0.5 suggests classi-
fication no better than chance [12]. To compare the diagnostic 
accuracy of the physiotherapists' numeric rating scale and the 2- 
item screening tests, AUC values were analyzed using DeLong's 
method for correlated samples [13]. This analysis was conducted 
using MedCalc for Windows, Version 20.115 (MedCalc Software, 
Ostend, Belgium).

A total of 45 physiotherapists (36.9 ± 11.8 years; 20 male; ex-
perience = 13.7 ± 12.3 years) participated, treating an aver-
age of 17 patients with chronic pain per week. Fourteen had 
prior mental health- related training in managing chronic 
pain (N = 10), relaxation techniques (N = 3), and mindfulness- 
based stress reduction (N = 1). The study included 97 newly 
referred RA patients (age = 57.5 ± 14.8 years; 22 male; illness 
duration = 157.7 ± 156.5 months). The average anxiety and de-
pression NRS scores were 3.2 ± 2.2 and 3.0 ± 2.2, respectively, 
whereas GAD- 2 and PHQ- 2 scores were 2.4 ± 1.5 and 2.2 ± 1.8. 
The prevalence of at least mild, moderate, and severe anxiety 
was 63.9%, 20.6%, and 2.1%, respectively; for depression, it was 
64.9%, 28.9%, and 4.1%. The AUC values showed that GAD- 2 
performed significantly better than NRS for identifying mild 
and moderate anxiety (Table 1; Figures S1–S3). Similarly, PHQ- 2 
was significantly more accurate than NRS in detecting mild and 
moderate depression (Table  2; Figures  S4–S6). No significant 
difference was found for severe anxiety and depression.

Our findings suggest that, compared to NRS, PHQ- 2 and 
GAD- 2 are more effelctive for screening mild to moderate anx-
iety and depression in RA patients. While NRS is commonly 

used for pain assessment, it lacks sensitivity in detecting psy-
chological distress. Integrating observer–report versions of 
the PHQ- 2 and GAD- 2 into physiotherapy practice offers a 
more comprehensive approach, enabling early interventions 
such as referrals to mental health professionals, stress man-
agement techniques, and psychologically informed physio-
therapy. However, it is essential to exercise caution to avoid 
over- screening, which can lead to potential harms such as false 
positives, unnecessary labeling, and increased patient anxi-
ety. Overdiagnosis may result in unwarranted interventions 
and strain healthcare resources, potentially detracting from 
care for those with more severe conditions. Therefore, mental 
health screening should be implemented judiciously, ensuring 
that it is targeted and accompanied by appropriate follow- up 
care. This balanced approach aligns with best- practice guide-
lines advocating for the concurrent treatment of physical and 
mental health in RA management, ensuring that interventions 
are both effective and appropriate. It is also important to note 
that while the PHQ- 2 and GAD- 2 are effective initial screen-
ing tools for identifying potential cases of depression and anx-
iety, their utility in monitoring symptom severity or detecting 
residual symptoms in patients already receiving treatment is 
limited. In such cases, more comprehensive assessments, such 
as the PHQ- 9 and GAD- 7, are recommended to evaluate treat-
ment response and symptom progression. Therefore, while the 
PHQ- 2 and GAD- 2 are valuable for initial screening, their role 
in ongoing assessment of treated individuals should be comple-
mented with more detailed instruments.

Despite promising results, our study has limitations. First, 
while well powered, the sample may not fully represent the di-
verse RA population due to the lack of data on disease severity 

TABLE 1    |    Comparison of the accuracy of physiotherapists numeric 
anxiety ratings and the 2- Item Generalized Anxiety Disorder- 2 (GAD- 
2) in screening for anxiety symptoms in patients with rheumatoid 
arthritis: Receiver operating characteristic curve analysis.

GAD- 7 Numeric rating scale GAD- 2 p

≥ mild 0.62 0.74 0.02*

≥ moderate 0.55 0.87 < 0.001*

≥ severe 0.63 0.99 0.16

Note: Values shown are the areas under the curve with analysis repeated for 
three cutoffs on the Generalized Anxiety Disorder- 7 (GAD- 7).
*Significant when p < 0.05.

TABLE 2    |    Comparison of the accuracy of physiotherapists numeric 
depression ratings and the 2- Item Patient Health Questionnaire (PHQ- 
2) in screening for depressive symptoms in patients with rheumatoid 
arthritis: Receiver operating characteristic curve analysis.

PHQ- 9 Numeric rating scale PHQ- 2 p

≥ mild 0.72 0.83 0.02*

≥ moderate 0.62 0.91 < 0.001*

≥ severe 0.92 0.96 0.53

Note: Values shown are the areas under the curve with analysis repeated for 
three cutoffs on the Patient Health Questionnaire- 9 (PHQ- 9).
*Significant when p < 0.05.

http://clinicaltrials.gov
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and comorbidities. Second, PHQ- 2 and GAD- 2 are screening 
tools, not diagnostic instruments, and further clinical evalu-
ation is needed to confirm anxiety and depression diagnoses. 
Third, the psychometric properties of the observer- report ver-
sions of the PHQ- 2 and GAD- 2 have not been validated, as 
these instruments were originally developed and standard-
ized for self- report use. While physiotherapists in our study 
administered the PHQ- 2 and GAD- 2 as observer- report mea-
sures and did not report any difficulties, we did not formally 
assess their experiences or the feasibility of this approach. 
Given the lack of validation for observer- rated use, employing 
the tools in this manner may affect the reliability and validity 
of the assessments. Fifth, the study was conducted in private 
physiotherapy settings, limiting its generalizability to other 
healthcare contexts, such as hospitals and community clinics, 
where implementation barriers may differ. Our findings have 
significant practical implications for physiotherapists treating 
RA patients, particularly in private practice. Incorporating 
PHQ- 2 and GAD- 2 into routine assessments can facilitate 
early identification of psychological distress, leading to timely 
interventions that improve treatment adherence and patient 
outcomes. Physiotherapists can collaborate with mental health 
professionals and those trained in psychologically informed 
approaches to enhance patient care. By integrating mental 
health screening into routine practice, physiotherapists can 
adopt a more biopsychosocial approach, improving patient en-
gagement and satisfaction.

Future research should explore how clinical experience and 
training influence screening accuracy. Studies comparing out-
comes between physiotherapists with and without formal men-
tal health training could provide valuable insights. Additionally, 
research should assess the feasibility of implementing mental 
health screening tools across different physiotherapy settings 
and identify barriers to integration. Longitudinal studies ex-
amining the impact of early psychological interventions on 
RA symptoms, functional capacity, and quality of life are also 
needed. Finally, investigating how mental health screening in-
fluences adherence, pain management, and clinical outcomes 
would further support integrating mental health care into RA 
rehabilitation.

In conclusion, this study underscores the importance of screen-
ing for anxiety and depression in RA patients attending physio-
therapy. The PHQ- 2 and GAD- 2 outperform NRS in identifying 
mild to moderate psychological distress, making them valuable 
additions to physiotherapy practice. Integrating these tools can 
enhance the biopsychosocial management of RA, addressing 
both physical and mental health needs. Further research should 
explore the long- term impact of early psychological interven-
tions and strategies to optimize mental health screening in rou-
tine physiotherapy care.

Author Contributions

Davy Vancampfort: conceptualization, methodology, resources, for-
mal analysis, writing – original draft; Isabel Zwahlen: validation, re-
view and editing; Veerle Gillis: validation, review and editing; Emanuel 
Brunner: validation, review and editing; Tine Van Damme: conceptu-
alization, methodology, project administration, supervision, data cura-
tion, review and editing.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request 
from the corresponding author. The data are not publicly available due 
to privacy or ethical restrictions.

Davy Vancampfort 
Isabel Zwahlen 

Veerle Gillis 
Emanuel Brunner 
Tine Van Damme 

References

1. B. Conley, S. Bunzli, J. Bullen, et al., “What Are the Core Recommen-
dations for Rheumatoid Arthritis Care? Systematic Review of Clinical 
Practice Guidelines,” Clinical Rheumatology 42, no. 9 (2023): 2267–
2278, https:// doi. org/ 10. 1007/ s1006 7-  023-  06654 -  0.

2. N. A. Allameen, Y. W. Lai, G. Lian, et  al., “Physiotherapy and Oc-
cupational Therapy in Rheumatoid Arthritis: Bridging Functional and 
Comorbidity Gaps,” Best Practice & Research. Clinical Rheumatology 39, 
no. 1 (2025): 102032, https:// doi. org/ 10. 1016/j. berh. 2024. 102032.

3. H. Chaplin, M. Sekhon, and E. Godfrey, “The Challenge of Exercise 
(Non- )adherence: A Scoping Review of Methods and Techniques Ap-
plied to Improve Adherence to Physical Activity and Exercise in People 
With Inflammatory Arthritis,” Rheumatology Advances in Practice 7, 
no. 1 (2023): rkac096, https:// doi. org/ 10. 1093/ rap/ rkac096.

4. S. M. Abild, J. Midtgaard, A. Nordkamp, et al., “Maintaining Good 
Mental Health in People With Inflammatory Arthritis: A Qualitative 
Study of Patients' Perspectives,” International Journal of Qualitative 
Studies on Health and Well- Being 19, no. 1 (2024): 2424015, https:// doi. 
org/ 10. 1080/ 17482 631. 2024. 2424015.

5. C. M. Bastemeijer, J. P. van Ewijk, J. A. Hazelzet, and L. P. Voogt, 
“Patient Values in Physiotherapy Practice, a Qualitative Study,” Phys-
iotherapy Research International 26, no. 1 (2021): e1877, https:// doi. org/ 
10. 1002/ pri. 1877.

6. R. L. McGrath, S. Shephard, T. Parnell, S. Verdon, and R. Pope, “Rec-
ommended Approaches to Assessing and Managing Physiotherapy 
Clients Experiencing Psychological Distress: A Systematic Mapping Re-
view,” Physiotherapy Theory and Practice 40, no. 11 (2024): 2670–2700, 
https:// doi. org/ 10. 1080/ 09593 985. 2023. 2284823.

7. G. Gong, A. Dong, Z. Zhang, and J. Mao, “Medication Adherence 
and Predictive Factors Among Patients With Rheumatoid Arthritis: A 
COM- B Model Guided Structural Equation Modeling Analysis,” Patient 
Education and Counseling 119 (2024): 108080, https:// doi. org/ 10. 1016/j. 
pec. 2023. 108080.

8. K. Kroenke, R. L. Spitzer, and J. B. Williams, “The Patient Health 
Questionnaire- 2: Validity of a Two- Item Depression Screener,” Medi-
cal Care 41 (2003): 1284–1292, https:// doi. org/ 10. 1097/ 01. MLR. 00000 
93487. 78664. 3C.

9. K. Kroenke, R. L. Spitzer, J. B. Williams, P. O. Monahan, and B. Löwe, 
“Anxiety Disorders in Primary Care: Prevalence, Impairment, Comor-
bidity, and Detection,” Annals of Internal Medicine 146 (2007): 317–325, 
https:// doi. org/ 10. 7326/ 0003-  4819-  146-  5-  20070 3060-  00004 .

10. R. L. Spitzer, K. Kroenke, and J. B. Williams, “Validation and Utility 
of a Self- Report Version of PRIME- MD: The PHQ Primary Care Study,” 
Journal of the American Medical Association 282, no. 18 (1999): 1737–
1744, https:// doi. org/ 10. 1001/ jama. 282. 18. 1737.

11. R. L. Spitzer, K. Kroenke, J. B. Williams, and B. Löwe, “A Brief Mea-
sure for Assessing Generalized Anxiety Disorder: The GAD- 7,” Archives 

https://doi.org/10.1007/s10067-023-06654-0
https://doi.org/10.1016/j.berh.2024.102032
https://doi.org/10.1093/rap/rkac096
https://doi.org/10.1080/17482631.2024.2424015
https://doi.org/10.1080/17482631.2024.2424015
https://doi.org/10.1002/pri.1877
https://doi.org/10.1002/pri.1877
https://doi.org/10.1080/09593985.2023.2284823
https://doi.org/10.1016/j.pec.2023.108080
https://doi.org/10.1016/j.pec.2023.108080
https://doi.org/10.1097/01.MLR.0000093487.78664.3C
https://doi.org/10.1097/01.MLR.0000093487.78664.3C
https://doi.org/10.7326/0003-4819-146-5-200703060-00004
https://doi.org/10.1001/jama.282.18.1737


4 of 4 International Journal of Rheumatic Diseases, 2025

of Internal Medicine 166, no. 10 (2006): 1092–1097, https:// doi. org/ 10. 
1001/ archi nte. 166. 10. 1092.

12. M. Greiner, D. Pfeiffer, and R. Smith, “Principles and Practical Ap-
plication of the Receiver- Operating Characteristic Analysis for Diag-
nostic Tests,” Preventive Veterinary Medicine 45, no. 1–2 (2000): 23–41, 
https:// doi. org/ 10. 1016/ s0167 -  5877(00) 00115 -  x.

13. E. R. DeLong, D. M. DeLong, and D. L. Clarke- Pearson, “Compar-
ing the Areas Under Two or More Correlated Receiver Operating Char-
acteristic Curves: A Nonparametric Approach,” Biometrics 44 (1988): 
837–845.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

https://doi.org/10.1001/archinte.166.10.1092
https://doi.org/10.1001/archinte.166.10.1092
https://doi.org/10.1016/s0167-5877(00)00115-x


1 of 9International Journal of Rheumatic Diseases, 2025; 28:e70349
https://doi.org/10.1111/1756-185X.70349

International Journal of Rheumatic Diseases

ORIGINAL ARTICLE

Patients With IgA Vasculitis and Kawasaki Disease Show 
Dysregulated Interferon Signature
Sevki Erdem Varol1 |  Cisem Cinar2 |  Nihan Burtecene3 |  Sezgin Sahin4 |  Mehmet Yildiz4 |  Kenan Barut4 |  Haluk Cokugras3 |  
Sinem Firtina2 |  Ozgur Kasapcopur4  |  Ayca Kiykim3

1Department of Pediatrics, Cerrahpasa School of Medicine, Istanbul University- Cerrahpasa, Istanbul, Türkiye | 2Department of Medical Genetics, 
Cerrahpasa School of Medicine, Istanbul University- Cerrahpasa, Istanbul, Türkiye | 3Department of Pediatric Immunology and Allergy, Cerrahpasa 
School of Medicine, Istanbul University- Cerrahpasa, Istanbul, Türkiye | 4Department of Pediatric Rheumatology, Cerrahpasa School of Medicine, Istanbul 
University- Cerrahpasa, Istanbul, Türkiye

Correspondence: Ayca Kiykim (ayca.kiykim@iuc.edu.tr)

Received: 8 July 2024 | Revised: 24 March 2025 | Accepted: 22 June 2025

Funding: This study was funded by the Scientific Research Projects Coordination Unit of Istanbul University- Cerrahpasa. Project number (Project 
Number: TTU- 2023- 37266) and the Turkish Pediatric Society (Decision no. 8 September 2023/11).

Keywords: children | immunoglobulin A vasculitis | interferon signature | Kawasaki disease

ABSTRACT
Objective: IgA vasculitis (IgAV) and Kawasaki disease (KD) are the most common forms of childhood vasculitis. Although 
various factors such as viral infections, genetic factors, and environmental factors are involved in the development of both dis-
eases, their pathogenesis remains unclear. The interferon (IFN) signature, which reflects the activation of type I IFN signaling 
pathways, is a diagnostic and prognostic tool that contributes significantly to the pathogenesis and management of autoimmune 
diseases. In our study, we aimed to investigate the role of the IFN signature in patients with IgAV and KD.
Material and Methods: Thirty- two children with IgAV and four patients diagnosed with KD were included in the study. Serum 
levels of IL- 1, IL- 6, IL- 8, IL- 10, IL- 17, IL- 18, TNF- α, TNF- R1, TNF- R2, and IFN- gamma were analyzed in the serum samples of 
all participants, and the expression of IFN- related genes (STAT1, IFI27, IFI44, IFI44L, IFIT1, and RSAD2) was assessed in the 
patients and healthy controls (n = 26) to calculate the IFN score by RT- PCR method.
Results: A significant increase in the expression of three genes (IFIT1, IFI44, and IFI27) and decreased expression of the other 
three genes (RSAD2, STAT1, and IFI44L) was found in patients with IgAV and KD compared to the control group. Significantly 
higher IFN scores (IFN > 3) were found in patients with gastrointestinal involvement, in patients who required corticosteroid 
therapy, and in patients who had to be hospitalized. No significant difference in IFN levels was found between patients with and 
without renal involvement. Significantly higher serum IL- 1 levels were found in patients with gastrointestinal symptoms with 
IgAV. High IFN scores were found in three out of four patients diagnosed with KD.
Conclusion: A dysregulated type 1 IFN signature was found in patients with IgAV and KD compared to the control group. A 
significantly increased risk of gastrointestinal involvement required corticosteroid therapy, and hospitalization was observed 
in patients diagnosed with IgAV who had high IFN levels. This underlines the idea that the IFN score could serve as a crucial 
prognostic indicator.
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1   |   Introduction

Immunoglobulin A vasculitis (IgAV) is the most common vas-
culitis in childhood and is a disease with multisystem involve-
ment characterized by skin, kidney, gastrointestinal, and joint 
findings [1, 2]. It is also referred to as IgAV, as IgA deposits 
can be observed in small vessels [3]. Clinically, IgAV classi-
cally presents with palpable purpura without thrombocytope-
nia and coagulopathy, hematuria due to glomerulonephritis, 
arthritis, and arthralgia due to joint involvement, abdominal 
pain, gastrointestinal bleeding, and bowel obstruction due to 
gastrointestinal involvement [4]. Although most IgAV patients 
recover with conservative treatment, some patients require 
the use of corticosteroids [1, 5, 6]. Corticosteroids should be 
used in the presence of nephritis, orchitis, cerebral vasculi-
tis, pulmonary hemorrhage, and significant gastrointestinal 
involvement [7–10].

Kawasaki disease (KD) is an acute febrile clinical illness with 
vasculitis in medium- diameter vessels that occurs more fre-
quently in early childhood [1]. The main clinical findings include 
fever lasting at least 5 days, polymorphous rash, changes in the 
labial and oral mucosa, bilateral non- exudative conjunctivitis, 
unilateral cervical lymphadenopathy, and changes in the limbs 
[11]. In patients diagnosed with KD, the most important factor 
for prognosis is the presence of coronary artery involvement and 
early initiation of treatment during the acute phase of the dis-
ease [12, 13]. The main goal of treatment of KD is to suppress 
acute inflammation, reduce vascular damage, and prevent cor-
onary artery involvement and thrombosis [11]. Initial treatment 
may include intravenous immunoglobulin, acetylsalicylic acid, 
corticosteroids in resistant cases, and drugs to suppress tumor 
necrosis factor (TNF) and interleukin 1 (IL- 1) [11].

The interferon (IFN) signature refers to the dysregulated expres-
sion of a series of genes regulated by type I IFNs, a class of cy-
tokines involved in the immune response to viral infections and 
other pathologic conditions, including autoimmune diseases 
[14, 15]. Type I IFNs, including IFN- α and IFN- β, bind to their 
receptors on the cell surface and trigger a signaling cascade that 
leads to the transcription of IFN- stimulated genes (interferon- 
stimulating genes; ISGs). The expression of these ISGs creates 
the IFN signature, which can be detected in various cell types 
and tissues [14].

The IFN signature has been observed in the blood and tissue 
cells of patients with systemic lupus erythematosus (SLE) and 
other autoimmune diseases, where it serves as a biomarker of 
active disease and influences treatment selection [14]. In der-
matomyositis (DM), the IFN signature correlates with disease 
activity and has been shown to be more pronounced in patients 
with anti- melanoma differentiation gene 5 (MDA5) antibodies 
[16]. The IFN signature is also associated with the clinical se-
verity of idiopathic inflammatory myopathies and has been pro-
posed as a diagnostic tool [17].

The pathogenesis of IgAV and KD, the most common vasculitis 
in childhood, is not yet clearly understood. Although the im-
portance of the type I IFN signaling pathway has been demon-
strated in many autoinflammatory and autoimmune diseases, 
there is no study on this topic in IgAV and KD. In this context, 

we aimed to evaluate the role of the IFN signature measured in 
children with IgAV and KD in pathogenesis by comparison with 
healthy individuals.

2   |   Materials and Methods

2.1   |   Patients

Patients who met the diagnostic criteria for IgAV and KD be-
tween December 12, 2022 and March 1, 2024 in the Pediatric 
Rheumatology Department of Istanbul University- Cerrahpasa 
Pediatric Rheumatology, General Outpatient Clinic and 
Pediatric Emergency Outpatient Clinic were included in the 
study. Patients who did not meet the diagnostic criteria and who 
were receiving immunosuppressive treatment were excluded 
from the study.

The control group (n = 26) consisted of healthy individuals 
under the age of 18 who were admitted to the general pediatric 
outpatient clinic and had no chronic disease, acute infection, or 
drug use. The patients and healthy controls had a similar gen-
der and age distribution. All patients and healthy controls were 
informed about the study, and informed consent was obtained 
from them and their families. The Ethics Committee of Istanbul 
University- Cerrahpasa (06.04.2023- 660407) approved the 
human research, and written informed consent was obtained 
from all patients and/or their parents.

2.2   |   Laboratory Examinations

2.2.1   |   Acute Inflammatory Response

Acute inflammatory response including C- reactive protein 
(CRP), erythrocyte sedimentation rate [18], white blood cell 
(WBC) count, absolute neutrophil count [19], platelet count 
(PLT), hemoglobin concentration (g/dL) were recorded at the 
time of diagnosis. CRP ≥ 5 mg/L was considered as elevated 
CRP, WBC count ≥ 12 000/mm3 as leukocytosis, ESR ≥ 20 mm/h 
as elevated ESR, and PLT ≥ 450 000/mm3 as thrombocytosis.

2.2.2   |   Serum Cytokine Analyses

Patient sera were collected at the time of diagnosis prior to 
treatment, frozen, and stored at 80°C until the measurement. 
IL- 1, IL- 6, TNF- α, IL- 17, IL- 8, IL- 18, IFN- γ, IL- 10, sTNFR1, and 
sTNFR2 were measured with Bioassay Technology Laboratory 
(BT- Lab, Shanghai, China) enzyme- linked immunoassay [20] 
kit. Dilution was performed according to the manufacturer's 
instructions.

2.2.3   |   Interferon Signature

The peripheral blood samples were collected in ethylene-
diaminetetraacetic acid (EDTA)- coated tubes from the pa-
tients followed by total RNA isolation with an RNA isolation 
kit (Invitrogen, USA) prior to treatment. Complementary 
DNA (cDNA) was synthesized from 1000 ng of total RNA 
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using random primers and a cDNA synthesis kit (Applied 
Biosystems, USA). Real- time PCR analysis was performed 
using the BioRad CF96X system (Applied Biosystems, USA). 
Primers to all target genes (STAT1, IFI27, IFI44, IFI44L, IFIT1, 
and RSAD2) and the housekeeping gene (Beta- actin) were de-
signed with the Primer3 program, and the primer sequences 
are available upon request. To calculate the IFN score, the rel-
ative expression of targeted genes was calculated by the 2−∆∆Ct 
method, followed by Z- score- based standardized IFN score 
calculation [19] and IFN scores of 3 and more were considered 
significant.

2.3   |   Statistics

The data were analyzed using the SPSS 29.0.2 program (New 
York, USA). The compatibility of the variables with the normal 
distribution was tested using the Kolmogorov–Smirnov test. For 
variables that did not conform to the normal distribution, the 
Mann–Whitney U- test was used for the comparison of means 
between two groups, and the Kruskal–Wallis test for the com-
parison of means between more than two groups. Spearman's 
rho correlation coefficient was used to analyze continuous 
variables, while the chi- squared test was used for categorical 
variables. Results are expressed as mean ± standard deviation. 
Correlations between parameters were reported using Pearson's 
or Spearman's correlation coefficient depending on the normal-
ity of the data. The results were considered statistically signifi-
cant at p < 0.05.

3   |   Results

3.1   |   Clinical Presentation

A total of 32 patients with IgAV and 4 patients with KD were 
included in our study. Eight IgAV patients were excluded due to 
insufficient RNA amount, and the IFN signature was evaluated 
in 24 patients with IgAV and all patients with KD. Of these 28 
patients, 16 (57.1%) were female and 12 (42.9%) were male. The 
mean age of the patients was 7.54 ± 3.79 years. Of the 24 patients 
diagnosed with IgAV, 14 (58.3%) were female and 10 (41.7%) 
were male. The mean age of these patients was 8.44 ± 3.23 years. 
Of the four patients diagnosed with KD, two were male and two 
were female. The mean age of the patients diagnosed with KD 
was 2.15 years.

Skin findings were present in all patients with IgAV at presen-
tation. Joint involvement was found in 70.8% (n = 17), gastro-
intestinal involvement in 54.1% (n = 13), orchitis in 8% (n = 2), 
and kidney involvement in 16.6% (n = 4). When examining 
the distribution of rashes in the patients, all 24 patients had 
rashes on the lower extremities. Isolated rash on the lower ex-
tremities occurred in 15 patients (62.5%), rash on the upper 
extremities in addition to the rash on the lower extremities in 
4 patients (16.6%), and rash on all extremities and the trunk 
in 5 patients (20.9%) (Table 1). Evaluation of the patients' clas-
sic laboratory findings revealed leukocytosis (WBC ≥ 12 000/
mm3) in 12 (50%), elevated CRP ((≥ 5 mg/L) L) in 17 (70.8%), 
and elevated ESR (≥ 20 mm/h) in 12 (50%). Drug treatment 
(steroids and/or NSAIDs) was initiated in 19 (79.2%) patients 

with IgAV, 14 (58.3%) of the patients received corticosteroids, 
16 (66.6%) received non- steroidal anti- inflammatory drugs. 
Five (20.8%) of the patients were only recommended support-
ive therapies.

All patients with KD fulfilled the diagnostic criteria for classic 
Kawasaki disease. All patients had elevated CRP and ESR, three 
patients had thrombocytosis with leukocytosis and one patient 
lacked both parameters. Echocardiographic examination of the 
patients revealed dilated coronary arteries in one patient (Z- 
score between 2 and 2.5) and a giant aneurysm in one patient 
(Z- score ≥ 10) (Table 2). All patients were treated with IVIG and 
aspirin as first- line treatment. Two of the patients were found 
to be resistant to IVIG treatment. Patients with IVIG resistance 
also received a second dose of IVIG and high- dose steroids. As 
treatment with high- dose steroids did not respond, anakinra 
and infliximab were added.

3.2   |   Interferon Signature

In our study, the gene expression of a total of 28 patients (24 
with IgAV and 4 with KD) and 26 healthy children was eval-
uated for IFN signature analysis. Statistical analysis of gene 
expression data was performed using the Mann–Whitney U 
method. IFIT1, IFI44, and IFI27 gene mRNA expressions were 
found to be higher in patients (p = 0.0002, p < 0.0001, and 
p < 0.0001, respectively), whereas RSAD2, STAT1, and IFI44L 

TABLE 1    |    Symptoms seen in patients with IgAV.

Number (=) Percentage (%)

Skin

Purpura 24 100

Subcutaneous 
edema

5 25

Joint

Arthralgia only 17 70.8

Arthritis 7 29.2

Gastrointestinal

Abdominal pain 13 54.1

Nausea and 
vomiting

11 45.8

Hematochezia 1 4.2

Hematemesis 1 4.2

Melena 3 12.5

Scrotal

Scrotal edema 2 8

Scrotal pain 2 8.3

Renal

Hematuria 4 16.7

Proteinuria 1 4.2
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gene mRNA expressions were lower in patients (p < 0.0001, 
p < 0.0001, and p = 0.01, respectively) compared to healthy 
controls (Figure 1).

When we evaluated the IFN scores, 18 IgAV patients (75%) had 
an IFN score of 3 or more. In IgAV patients, three (12.5%) pa-
tients had an IFN score of 6, one (4%) patient had an IFN score of 
5, four (16.6%) patients had an IFN score of 4, 10 (41.6%) patients 
had an IFN score of 3, and six (25%) patients had an IFN score of 
2. There were no IgAV patients with an IFN score of 1. The IFN 
scores of the Kawasaki patients were calculated as 3, 2, 3, and 4, 
respectively, for the patients listed in (Table 2).

Symptoms, clinical findings, need for hospitalization, need for 
corticosteroids, and IFN scores were statistically evaluated. 
There was no significant difference between the IFN scores 
of patients with and without joint involvement (p = 0.89). IFN 
scores were significantly higher in patients with gastrointes-
tinal disease overall (p = 0.009), including abdominal pain 
(p = 0.09), nausea (p = 0.008), and invagination (p = 0.021). No 
significant difference was found with respect to hematemesis, 
melena, and hematochezia (p = 0.789, p = 0.313, and p = 0.172, 
respectively). IFN scores showed no significant difference in 
scrotal involvement, subcutaneous edema, and renal involve-
ment (p = 0.82, p = 0.46, and p = 0.59, respectively). IFN scores 
were significantly higher in patients requiring corticosteroids 
(p = 0.01).

Patients with a high IFN score had a significantly higher risk 
of gastrointestinal tract involvement (OR: 4.5) (95% CI: 1.117–
18.226) (p = 0.034).

TABLE 2    |    Demographics, clinical, and laboratory data of patients 
with KD.

P1 P2 P3 P4

Gender M M F F

Age (months) 60 4.5 9.7 28.9

Duration of 
fever (days)

5 12 13 7

Response to 
IVIG

− + + −

Coronary 
artery 
involvement

Dilatation Giant 
aneurysm

− −

Hospital stay 
length (days)

3 26 14 4

Hemoglobin 
(g/dL)

5 12 5 6

WBC (/mm3) 5000 12 860 34 000 15 600

ANC (/mm3) 2600 9990 24 700 9800

PLT (/mm3) 248 000 1 115 200 1 482 000 680 000

CRP (mg/L) 20.8 57.2 206.3 32.3

ESR (mm/h) 81 52 35 37

IFN scores 3 4 2 3

Abbreviations: ANC, absolute neutrophil counts; CRP, C- reactive protein; ESR, 
Erythrocyte sedimentation rate; F, female; IFN, interferon; IVIG, intravenous 
immunoglobulin; M, male; P, patient; PLT, platelets; WBC, white blood cells.

FIGURE 1    |    Comparison of the IFN signature between patients and healthy controls. Red dots represent patients with Kawasaki Disease. Black 
dots represent patients with Immunoglobulin A vasculitis. HC, healthy controls.
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Patients with a high IFN score had a significantly higher risk of 
corticosteroid use (OR: 4.6) (95% CI: 1.091–19.509) (p = 0.038).

3.3   |   Comparison of IFN Score With 
Laboratory Data

Of the patients with IgAV who were included in the study for 
cytokine analysis, 14 (43%) were male and 18 (57%) were fe-
male. The mean age of the patients was 8.28 ± 3.06 years. Of the 
45 children in the control group, 24 (53.3%) were male and 21 
(47.7%) female. The mean age of the children in the control group 
was 8.14 ± 3.95 years. No statistically significant difference was 
found between the children in the patient group and the healthy 
control group in terms of gender distribution and age.

The laboratory data of patients with IgAV and the IFN score 
were analyzed using the Spearman correlation analysis method. 
When the hemoglobin level, WBC count, neutrophil count, 
lymphocyte count, and PLT were evaluated, no statistically sig-
nificant correlation was found with the IFN score (p = 0.503, 
p = 0.140, p = 0.366, p = 0.87, and p = 0.339, respectively). No 
statistically significant correlation was found between erythro-
cyte sedimentation rate, CRP levels, leukocytosis, and IFN score 
(p = 0.872, p = 0.530, p = 0.108, respectively).

3.4   |   Comparison of the Need for Hospitalization 
and the Duration of Hospitalization With 
the IFN Score

Need for hospitalization and length of hospital stay showed 
higher IFN scores (p = 0.005 and p = 0.022, respectively). The 
frequency of hospitalization was significantly higher in pa-
tients with a high IFN score (OR: 4.8) (95% CI: 1.190–19.36) 
(p = 0.028).

3.5   |   Evaluation of the IFN Score in Patients With 
Kawasaki Disease

The IFN score was high in three patients with KD and low in 
one patient. The duration of fever, IVIG resistance, coronary ar-
tery involvement, duration of hospitalization, and IFN scores of 
the patients are shown in (Table 2).

Among the patients, patient number 2 developed IVIG resis-
tance and had giant aneurysms in his coronary arteries. This 
patient had an IFN score of 4 (high). Patient number 3 developed 
IVIG resistance but had an IFN score of 2 (low). In patient num-
ber 1, dilation of the coronary arteries was observed and the IFN 
score was 3 (high). In patient number 4, the coronary artery was 
not affected and no IVIG resistance was detected. Patient num-
ber 4 also had an IFN score of 3 (high).

3.6   |   Evaluation of Cytokine Levels in Patients 
With IgAV

The levels of IL- 1, IL- 6, IL- 8, IL- 10, IL- 17, IL- 18, TNF- α, TNF- 
R1, TNF- R2, and IFN- gamma were determined in serum 

samples from 31 patients with IgAV. Forty- five healthy children 
were included in the control group. In the patient group, 17 pa-
tients (54.8%) were female and 14 patients (45.2%) were male. 
The mean age of the patients was 8.28 ± 3.06 years.

In the control group, 24 (53.3%) children were male and 21 
(46.7%) female. The average age of the control group was 
8.14 ± 3.95 years. When comparing the patient and control 
groups in terms of gender and age, no significant difference was 
found between the two groups.

When comparing the groups, a significant difference was only 
found in the IL- 6 values (p = 0.045). For the other cytokine lev-
els, there was no statistically significant difference between the 
patient and control groups (Table 3).

3.7   |   Comparison of Serum Cytokine Levels 
According to Clinical Findings in Patients 
With IgAV

The cytokine levels did not differ regarding arthritis in IgAV 
compared to healthy controls. However, in patients with ar-
thralgia the serum levels of TNF- R2 and IL- 8 were significantly 
higher (p = 0.012 and p = 0.056, respectively). Patients with ab-
dominal pain had higher serum IL- 1 and TNF- α levels (p = 0.004 
and p = 0.017, respectively).

The presence of GI findings when evaluated together revealed 
higher serum IL- 1 levels (p = 0.004), this was also true for vom-
iting (p = 0.028). In patients with melena, the serum IL- 18 level 
was higher (p = 0.025), and in patients with intussusception 
serum levels of TNF- R1 and IFN- ɣ were significantly higher 
compared to patients without intussusception (p = 0.033 and 
p = 0.033, respectively).

Cytokine levels did not differ with regard to renal and/or scrotal 
involvement and diarrhea.

Serum levels of TNF- R1 and IFN were significantly lower in pa-
tients with isolated lower extremity rash (p = 0.038 and p = 0.038, 
respectively). A significant increase in the levels of IL- 1, TNF- α, 
TNF- R1, and IFN- ɣ was found in patients receiving corticoste-
roids (p = 0.013, p = 0.009, p = 0.045, and p = 0.045, respectively).

There was no correlation between the IFN score and the serum 
cytokine levels (Spearman's rank correlation coefficient).

4   |   Discussion

The etiopathogenesis of IgAV and KD, the most common child-
hood vasculitides, is not yet fully understood. This study aimed 
to investigate the type 1 IFN signature in IgAV and KD, as well 
as the relationship between cytokine levels, clinical findings, 
and IFN scores in patients with IgAV. To achieve this, we ex-
amined the expression of six genes (IFI27, IFI44, IFI44L, IFIT1, 
RSAD2, and STAT1) associated with the type 1 IFN signaling 
pathway. Our analysis revealed a significant increase in the ex-
pression of IFIT1, IFI44, and IFI27 in patients with IgAV and 
KD compared to the control group. In contrast, the expression 
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of RSAD2, STAT1, and IFI44L was decreased relative to controls 
(Figure 1).

Type 1 interferonopathies, which were first defined as an inde-
pendent group of autoimmune diseases in 2011, now include 
dermatomyositis, systemic lupus erythematosus, and primary 
Sjogren's syndrome [15, 21, 22]. In addition, increased expres-
sion of type 1 IFN- related genes has been shown to be associ-
ated with disease activity in patients with rheumatoid arthritis 
[23]. A study by Batten et al. examined the type 1 IFN signature 
in ANCA- associated vasculitis and found that there was no in-
crease in gene or protein expression of the type 1 IFN signaling 
pathway between ANCA- associated vasculitis and the healthy 
control group [24]. In our study, a significant increase in the ex-
pression of IFIT1, IFI44, and IFI27 was found when the patient 
group with IgAV and KD was compared with healthy controls. 
This finding suggests that the type 1 IFN signaling pathway 
may play a role in disease pathogenesis. The fact that the expres-
sion of the RSAD2, STAT1, and IFI44L genes was reduced in the 
patient group compared to the control group indicates that there 
is a disturbance in the regulation of the IFN signaling pathway 
in the patient group.

Patients' IFN signature scores were calculated using the stan-
dardized IFN score calculation method based on the Z- score 
[25]. When comparing the IFN scores of patients diagnosed 
with IgAV with and without gastrointestinal tract involvement, 
the IFN score was significantly higher in patients with gastro-
intestinal tract involvement (p = 0.009). The risk of gastrointes-
tinal tract involvement was significantly higher (OR: 4.5) (95% 
CI: 1.117–18.226) in patients with high IFN scores (p = 0.034). A 
high IFN score in patients with IgAV could be a biomarker for 
gastrointestinal involvement.

The IFN scores did not differ in IgAV patients with regard to 
renal involvement (p = 0.59). This result suggests that the IFN 
score may not be an effective indicator of renal involvement in 
patients with IgAV. However, the limited sample size may have 

affected the power of our results. Therefore, future studies with 
larger samples should be conducted to determine whether the 
IFN score can be a reliable biomarker for predicting renal in-
volvement in IgAV patients. A longitudinal study to assess renal 
involvement should be warranted.

In IgAV patients, those requiring corticosteroid treatment had 
significantly higher IFN scores than those who did not (p = 0.01). 
Additionally, patients with high IFN scores had a significantly 
increased risk of needing corticosteroid treatment (OR: 4.6, 95% 
CI: 1.091–19.509, p = 0.038). High IFN scores may serve as an im-
portant prognostic factor for corticosteroid treatment necessity.

IgAV patients with gastrointestinal and renal involvement may 
require hospitalization. Those needing hospitalization had sig-
nificantly higher IFN scores (p = 0.005). A high IFN score was 
associated with a greater risk of hospitalization (OR: 4.8, 95% CI: 
1.190–19.36, p = 0.028) and longer hospital stays. These findings 
highlight the IFN score as a crucial prognostic marker.

This study aimed to investigate the IFN signature in KD pa-
tients. However, due to insufficient mRNA isolation, this was 
not possible in 6 of the 10 patients. The small sample size limits 
our assessment, but 3 of the 4 analyzed patients had high IFN 
scores. Future studies should reevaluate the IFN score in KD 
with a larger patient group.

There are few studies showing an increase in cytokines in pa-
tients with IgAV. In a study by Tae- Sun Ha, patients diagnosed 
with IgAV nephritis were compared with patients without ne-
phritis, and it was found that serum and urinary TNF- α levels 
were significantly higher in patients with IgAV nephritis [26]. In 
a study of 20 IgAV patients conducted in Turkey, elevated lev-
els of TNF- α, IL- 1, and IL- 6 were found in skin biopsies [27]. 
In addition, a gene polymorphism of IL- 18, a proinflammatory 
cytokine, has been reported to play a role in the development of 
IgAV [28, 29]. In a study conducted by Novak et al. to evaluate 
anti- Helicobacter pylori antibodies in patients with IgAV, it was 

TABLE 3    |    Comparison of the cytokine levels of patients with IgAV to healthy controls.

Patients (n = 32) Healthy controls (n = 45) p

Age (years) 8.29 ± 3.06 8.14 ± 3.95 0.86

Gender (female) (n, %) 18 (%56.3) 21 (%46.7) 0.55

IL- 1 (ng/mL) median (min–max) 43.2 (3.81–226.2) 55.4 (3.8–222.9) 0.14

IL- 6 (ng/mL) median (min–max) 68.8 (7.05–589.2) 83.1 (14.6–398.3) 0.045

IL- 8 (ng/mL) median (min–max) 167.8 (54.5–994.2) 172.2 (50.8–1013.5) 0.98

IL- 10 (pg/mL) median (min–max) 209.4 (10.3–1146.6) 238.1 (10.1–1019.7) 0.71

IL- 17 (ng/mL) median (min–max) 82.9 (6.2–425.5) 87.1 (6.0–361.5) 0.37

IL- 18 (ng/mL) median (min–max) 12.1 (1.5–95.7) 17.7 (1.4–68.5) 0.17

TNF- α (ng/mL) median (min–max) 164.5 (12.2–1183) 218.4 (11.4–886) 0.34

TNF- R1 (pg/mL) median (min–max) 7.09 (4,2- 75,5) 9.4 (4.4–52.9) 0.07

TNF- R2 (ng/mL) median (min–max) 687.3 (338.7–2814.3) 659 (250.4–3401.8) 0.85

IFN- ɣ (ng/mL) median (min–max) 41.1 (24.3- 41.1) 54.1 (25.2–270.4) 0.07

Note: Significant values are given in bold.
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shown that patients' TNF- α levels were elevated compared to 
the healthy control group [30]. We found IL- 6 levels significantly 
lower in IgAV patients than in the control group (p = 0.045), 
suggesting a role for vascular inflammation in disease develop-
ment. However, this contradicts the expected pro- inflammatory 
role of IL- 6. No significant differences were observed in other 
cytokine levels between the patient and control groups.

There are studies that show an increased risk of IgAV in patients 
with familial Mediterranean fever (FMF) [31, 32]. In a study 
conducted on 80 IgAV patients in Turkey, a heterozygous muta-
tion in the MEFV gene was found in 34% of patients [32]. In addi-
tion, patients carrying mutations in the MEFV gene were found 
to be younger and more likely to have arthritis and edema com-
pared to those without mutations [32]. This study also showed 
that CRP and ESR values were higher in patients with MEFV 
mutations [32]. FMF is closely associated with dysregulation of 
interleukin- 1 (IL- 1), particularly IL- 1β. Mutations in the MEFV 
gene, which encodes the pyrin protein, lead to uncontrolled IL- 
1β release, which is one of the main factors of inflammation 
in FMF [33]. IL- 1 levels were significantly higher in IgAV pa-
tients with gastrointestinal involvement than in those without 
(p = 0.0004). This finding highlights a potential link between 
IgAV and FMF. While studies suggest that IgAV patients with 
MEFV mutations experience more arthritis and edema [32], no 
research has examined IL- 1 levels in this group. Future studies 
should investigate both MEFV gene mutations and IL- 1 levels in 
IgAV patients.

When comparing the cytokine levels of patients with and with-
out joint symptoms (arthritis and/or arthralgia) in patients diag-
nosed with IgAV, it was found that TNF- R2 and IL- 8 levels were 
statistically significantly higher in patients with joint symptoms 
(p = 0.012 and p = 0.056, respectively). There are studies in the 
literature showing that serum TNF receptors are elevated in 
patients with rheumatoid arthritis and juvenile rheumatoid ar-
thritis [34, 35]. There is no autoimmune or autoinflammatory 
disease directly associated with IL- 8. Elevated serum TNF- R2 
and IL- 8 levels as a result of immune dysregulation induced in 
patients with IgAV may be responsible for the joint symptoms 
experienced by patients.

When comparing patients with IgAV with and without me-
lena, serum IL- 18 levels were statistically significantly higher 
in patients with melena (p = 0.025). As mentioned above, stud-
ies have shown that a gene polymorphism of the proinflam-
matory cytokine IL- 18 is associated with the development of 
IgAV. In our study, patients with melena had high serum IL- 18 
levels.

In the majority (68.8%) of IgAV patients in our study, the rash 
was limited to the lower extremities, while in some patients it 
spread to the upper extremities and trunk. No statistically sig-
nificant results were found when comparing patients with and 
without isolated lower extremity rash in terms of hospitaliza-
tion, corticosteroid requirements, renal involvement, and gas-
trointestinal involvement. In a large IgAV cohort conducted 
by Ekinci et al., subcutaneous edema on extremities was found 
to be significantly less frequent in patients with severe GI in-
volvement than without [36]. When analyzing patients' cytokine 
levels with respect to rash distribution, TNF- R1 and IFN levels 

were significantly lower in patients with isolated lower extrem-
ity rash (p = 0.038 and p = 0.038, respectively). The significant 
increase in serum TNF- R1 and IFN- ɣ levels in patients whose 
rash spread to the trunk and upper extremities may be a sign of 
increased inflammation in the patients.

Our analysis found no significant difference in cytokine levels 
between IgAV patients with and without renal involvement. 
In contrast, Tae- Sun Ha's study reported significantly higher 
serum and urine TNF- α levels in IgAV nephritis patients [26]. 
We did not observe a similar increase in serum TNF- α levels in 
our nephritis group (n = 5), though our small sample size limits 
the generalizability of these findings.

In patients who required corticosteroids, IL- 1, TNF- α, TNF- R1, 
and IFN- ɣ levels were significantly higher (p = 0.013, p = 0.009, 
p = 0.045, and p = 0.045, respectively), which may indicate in-
creased inflammation in patients requiring corticosteroid 
treatment.

This work is important as it is the first study to examine the type 
1 IFN signature in IgAV and KD, two childhood vasculitis. The 
results of this study will be important for future studies in ex-
panded patient populations.

In our study, the IFN signature in patients with IgAV was evalu-
ated, revealing dysregulation of the IFN signaling pathway. This 
finding suggests that the IFN pathway may play a crucial role 
in the pathogenesis of IgAV and raises the possibility that JAK 
inhibitors targeting this pathway could represent a novel thera-
peutic strategy. Notably, previous case reports have documented 
clinical improvement in patients with IgAV following JAK in-
hibitor treatment, further supporting this hypothesis  [37, 38]. 
However, the precise mechanisms underlying IFN pathway 
dysregulation in IgAV remain unclear. Future studies, includ-
ing larger- scale clinical trials, are warranted to confirm these 
findings and assess the therapeutic efficacy and safety of JAK 
inhibitors in this patient population.

The cross- sectional nature of our study, the lack of longitudinal 
data, and the limited number of KD patients are the limitations 
of this study. However, this is the first study to present the IFN 
signature in children with IgAV.

In conclusion, the IFN signature may provide an indication of 
gastrointestinal involvement and disease severity in the acute 
phase in patients with IgAV. Gastrointestinal involvement, 
corticosteroid requirement, hospitalization rate, and length of 
hospital stay are higher in IgAV patients with high IFN lev-
els. As renal involvement may occur during the course of the 
disease, prospective studies are needed to demonstrate the ef-
ficacy of the IFN signature as a prognostic biomarker for renal 
involvement during follow- up.
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ABSTRACT
Aim: We retrospectively compared the outcomes of protocolized tacrolimus- based and non- protocolized ciclosporin- based 
triple- combination therapies in consecutive patients with newly diagnosed interstitial lung disease (ILD) and antimelanoma 
differentiation- associated gene 5 (MDA5)- positive dermatomyositis (DM).
Methods: Clinical data from consecutive adult patients with newly diagnosed anti- MDA5- positive DM- associated ILD in our 
hospital from 2013 to 2022 were analyzed. Recent cases received protocolized therapy with high- dose glucocorticoids (GCs), 
tacrolimus, and intravenous cyclophosphamide (IVCY). Earlier cases received non- protocolized ciclosporin- based triple- 
combination therapy. The observation period was 12 months. The outcomes included a composite of death or requirement for 
long- term domiciliary oxygen therapy (LTOT), mortality, GC and IVCY doses, and cytomegalovirus reactivation rates within 
12 months.
Results: Protocolized therapy with tacrolimus (n = 14) and non- protocolized therapy with ciclosporin (n = 10) groups had similar 
baseline characteristics. No deaths or LTOT were observed in the protocolized therapy with the tacrolimus group, whereas four 
patients in the non- protocolized therapy with ciclosporin group experienced these outcomes (difference, 40 percentage points; 
95% CI, 10 to 70; p = 0.020). The 12- month mortality rates were not significantly different between the two groups (p = 0.16). 
The protocolized therapy with the tacrolimus group had lower GC dosages at 6 months, more total cycles and cumulative doses 
of IVCY, and lower cytomegalovirus reactivation rates than the non- protocolized therapy with the ciclosporin group (p < 0.05).
Conclusions: Protocolized tacrolimus- based triple- combination therapy demonstrated better outcomes than non- protocolized 
ciclosporin- based triple- combination therapy in patients with anti- MDA5- positive DM- associated ILD. Reduced GC doses and 
more intensive IVCY use also presumably contributed to better outcomes in the protocolized therapy with the tacrolimus group.
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1   |   Introduction

Idiopathic inflammatory myopathies (IIMs) are a heterogeneous 
group of disorders in which a common feature is chronic in-
flammation of skeletal muscle, leading to muscle weakness [1]. 
Dermatomyositis (DM) is a subtype of IIM with characteristic cu-
taneous findings, such as heliotrope rash and Gottron's sign/pap-
ules [2, 3]. In addition, a subgroup of patients with DM classified 
as clinically amyopathic dermatomyositis (CADM) present with 
cutaneous lesions without muscle weakness. Interstitial lung dis-
ease (ILD) is a common pulmonary symptom and a major cause of 
morbidity and mortality in patients with IIMs, with a prevalence 
ranging from 19.9% to 86% [4]. ILD's initial presentation and clini-
cal course in IIMs are heterogeneous, and its management is com-
plex and requires close patient follow- up. Some patients are even 
asymptomatic; thus, ILD may be an incidental finding on radio-
logical examination [4]. In contrast, rapidly progressive (RP)- ILD, 
mainly associated with anti- melanoma differentiation- associated 
gene 5 (MDA5) antibodies, is a life- threatening complication; up 
to 50% of ILD patients with anti- MDA5- positive DM die within 
6 months after diagnosis despite treatment, including high- dose 
glucocorticoids (GCs) [5, 6]. Early diagnosis and therapeutic inter-
vention are critical for preventing the progression from initial in-
flammatory activity to end- stage disease with irreversible fibrosis 
and diffuse alveolar damage [7].

A prospective, multicenter, single- arm study demonstrated that 
ILD patients with anti- MDA5- positive DM treated with triple- 
combination therapy (high- dose GCs, tacrolimus, and intrave-
nous cyclophosphamide [IVCY]) had higher 6- month survival 
rates than historical controls who received only GCs or GC and 
sequential combination therapy [8]. The American College of 
Rheumatology (ACR)/American College of Chest Physicians 
(CHEST) Guideline conditionally recommends upfront com-
bination therapy (triple therapy) for people with RP- LD and 
MDA- 5 over monotherapy as first- line treatment [9]. However, 
a cluster analysis using a large- scale multicenter retrospective 
cohort of patients with myositis- associated ILD failed to show 
the survival benefits of triple- combination therapy (GCs, tacro-
limus/ciclosporin, and IVCY) over dual- combination therapy 
or GC monotherapy in any of the clusters. Cumulative survival 
rates were even lower in the triple- combination therapy group 
than in the controls in clusters positive for anti- MDA5 antibod-
ies but without supplemental oxygen requirement [10].

We aimed to retrospectively investigate the outcomes of protoco-
lized tacrolimus- based triple- combination therapy in consecutive 
adult patients with newly diagnosed and previously untreated 
anti- MDA5- positive DM- associated ILD in our hospital and com-
pare these outcomes with those of non- protocolized ciclosporin- 
based triple- combination therapy in historical controls.

2   |   Materials and Methods

2.1   |   Study Population and Data Collection

Clinical data from all consecutive adult (≥ 18 years old) patients 
with newly diagnosed and previously untreated anti- MDA5- 
positive DM- associated ILD in our hospital from 2013 to 2022 
were enrolled. At our hospital, patients newly diagnosed with or 

suspected of having classic DM/CADM were admitted for systemic 
evaluation regardless of disease severity. Classic DM and CADM 
were diagnosed according to Bohan and Peter's criteria [11, 12], 
Sontheimer's criteria [2], or the 2017 European League Against 
Rheumatism (EULAR)/ACR classification criteria for adult and 
juvenile IIMs and their major subgroups [3]. In addition, when 
the word “DM” is used solely in this paper, it means both “clas-
sic DM” and “CADM”. Anti- MDA5 antibodies were measured by 
enzyme- linked immunosorbent assay (ELISA) using commercial 
ELISA kits or those developed by Sato et al. as described previ-
ously [13, 14]. Clinical, radiological, and laboratory data and in-
formation on adverse events were collected retrospectively from 
the electronic medical records. Disease duration was defined as 
the duration from ILD onset until GC initiation. Serious adverse 
event (SAE) was defined as an adverse event that resulted in death, 
was life- threatening, required hospitalization or prolongation of 
existing hospitalization, resulted in persistent or significant dis-
ability or incapacity, or was a birth defect. Renal impairment was 
defined as an increase in the serum creatinine level to > 1.5- fold 
greater than the baseline level [8]. Chronic kidney disease (CKD) 
was defined as an estimated glomerular filtration rate (eGFR) 
[15] = 194 × (serum creatinine)- 1.094 × (Age)- 0.287 × [0.739 if female] 
< 60 mL/min/1.73 m2. This study was approved by the ethics com-
mittee of Tokyo Women's Medical University (registration number 
3534) and adhered to the principles of the Helsinki Declaration.

2.2   |   Assessment of ILD

ILD was defined as the presence of diffuse parenchymal lung 
disease, such as reticular opacity, ground- glass opacity, and 
honeycombing on high- resolution computed tomography 
(HRCT) according to the American Thoracic Society/European 
Respiratory Society International Multidisciplinary Consensus 
Classification [16]. Patients with DM were routinely scanned 
using HRCT during the initial assessment and during the course 
of ILD at our hospital. Pulmonary function tests (PFTs) were 
performed on most patients as an initial assessment; however, 
the tests were not performed after treatment in some patients. 
Serum ferritin and Krebs von den Lungen- 6 (KL- 6) levels were 
measured in our hospital's central laboratory per our daily clin-
ical practice. For KL- 6, a clinical cut- off value of 500 U/mL has 
been established to distinguish patients with ILDs from healthy 
subjects and patients with lung diseases other than ILDs [17].

2.3   |   Treatment

In our institution, our strategy for treating patients with anti- 
MDA5- positive DM- associated ILD was switched from non- 
protocolized ciclosporin- based triple- combination therapy 
to protocolized tacrolimus- based triple- combination therapy 
following the favorable results reported by Tsuji [8]. Recent 
cases (2017–2022; protocolized therapy with tacrolimus group 
[protocolized- TAC group]) were treated with protocolized triple- 
combination therapy with high- dose GCs, tacrolimus, and IVCY, 
according to the previous report by Tsuji [8]. Prednisolone or 
equivalent GC dose was initially administered at 1 mg/kg/day for 
4 weeks; thereafter, the existing dose was reduced by 10% every 
2 weeks when the dosage was > 30 mg/day and every 2–4 weeks 
when it was ≤ 30 mg/day. Tacrolimus was adjusted to retain 12- h 
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blood trough levels within the 10–12 ng/mL range. IVCY was 
initiated at 500 mg/m2 of body surface area (BSA) biweekly, then 
gradually increased to a maximum of 1000 mg/m2 of BSA; this 
was implemented with the goal of a nadir leukocyte count of 
2000–3000/μl or a 50% reduction from baseline. After the sixth 
IVCY administration, the interval was extended to 4–8 weeks. 
The planned number of IVCY administrations was 10–15. 
Earlier patients (2013–2016; non- protocolized therapy with cic-
losporin group [non- protocolized- CS group]) were treated with 
high- dose GCs, ciclosporin (target 2- h postdose blood level of 
800–1000 ng/mL) [18], and IVCY, where the GC and IVCY reg-
imens were individually tailored by the treating physicians. GC 
pulses were administered to patients in both groups at the dis-
cretion of the treating physicians. Plasmapheresis was not per-
formed in any patient. Supplemental oxygen was administered 
according to the treating physicians' discretion. Long- term dom-
iciliary oxygen therapy (LTOT) was administered when resting 
PaO2 was ≤ 55 mmHg or SpO2 was ≤ 88% at rest. Trimethoprim/
sulfamethoxazole or atovaquone was routinely used for the pro-
phylaxis of Pneumocystis pneumonia (PCP). Patients were regu-
larly monitored for serum cytomegalovirus (CMV) antigenemia 
and, if they were positive for CMV antigenemia, were treated 
with ganciclovir or valganciclovir at an early stage. All patients 
received COVID- 19 vaccination during the pandemic.

2.4   |   Outcomes

The primary outcome was the composite of death from any 
cause or requirement for LTOT (used for at least 15 h per day) 
at home within 12 months after GC initiation. This composite 
outcome was newly adapted from a randomized controlled trial 
on nocturnal oxygen therapy for chronic obstructive pulmonary 
disease [19]. For composite outcomes, any patient who died was 
not counted as the one who required LTOT. The secondary out-
comes included 12- month mortality, GC and IVCY doses, and 
CMV reactivation rates.

2.5   |   Statistical Analyses

Continuous variables are presented as mean (standard devia-
tion, SD). Categorical variables were described as counts and 
proportions (%). The observation period for the survival analy-
ses began from the first visit when ILD was diagnosed in each 
patient and continued for 12 months or was censored when 
each event (death or requirement for LTOT) occurred for the 
first time within 12 months. Missing data were handled using 
available case analysis; each analysis was based on subjects 
with available data on the included variables. Two- group com-
parisons were performed using Fisher's exact test and Welch's 
t- test for categorical and continuous variables, respectively. The 
Jonckheere–Terpstra trend test was used to analyze the ordered 
differences among the groups. Relative risk was calculated as 
the ratio of the probability of an event occurring between the 
protocolized- TAC and non- protocolized- CS groups using the 
Haldane–Anscombe correction [20]. Time- to- event analyses 
were performed using Kaplan–Meier analysis with the log- rank 
test. Two- sided p < 0.05 were considered statistically signifi-
cant. No correction for multiple comparisons was made, and p 
were interpreted as exploratory results, except for the primary 

composite outcome of death or requirement for LTOT. Statistical 
analyses were performed using Microsoft Excel software (ver-
sion 2021; Microsoft, Redmond, WA) and JMP Pro statistical 
software (version 17.0.0; SAS Institute, Cary, NC).

3   |   Results

3.1   |   Clinical Characteristics of Patients with 
Anti- MDA5- Positive DM- Associated ILD

Of the 31 hospitalized patients with anti- MDA5- positive DM- 
associated ILD during the study period, seven patients were ex-
cluded because they were initially treated at another hospital. 
Among the 24 remaining patients with anti- MDA5- positive DM- 
associated ILD, 14 and 10 received tacrolimus-  and ciclosporin- 
based triple- combination therapies, respectively. The disease 
duration was not significantly different between the two groups. 
As detailed in Table  1, other characteristics such as age, sex, 
baseline PFT and arterial blood gas results, and baseline serum 
ferritin and KL- 6 levels were not significantly different between 
the two groups.

3.2   |   Primary Composite Outcome of Death 
or Requirement for LTOT and Secondary Outcome 
of Death

None of the protocolized- TAC group patients died or required 
LTOT. Treatment of five patients deviated from the protocol in the 
protocolized- TAC group: four patients received fewer IVCY cycles 
(6–9 cycles) according to the treating physicians' discretion, and 
GC tapering was suspended between 6 and 12 months in one pa-
tient while she was treated by a non- specialist doctor. In the non- 
protocolized- CS group, 4/10 (40%) patients died (n = 2) or required 
LTOT (n = 2) due to RP- ILDs. As shown in Table 2, a significant 
difference between the two groups in the composite outcome was 
observed (difference, 40 percentage points; 95% confidence inter-
val [CI], 10 to 70; p = 0.02). Among patients with baseline serum 
ferritin levels > 500 ng/mL (n = 15), the difference between the 
two groups in the composite outcome was 38 percentage points 
(95% CI, 4 to 71; p = 0.20), and the relative risk was 0.16 (95% CI, 
0.01 to 2.66). Among patients with baseline serum ferritin levels 
> 1000 ng/mL (n = 5), the difference between the two groups in 
the composite outcome was 33 percentage points (95% CI, −20 to 
87; p = 1.00), and the relative risk was 0.44 (95% CI, 0.033 to 7.52). 
Among patients with baseline ABG PaO2 levels < 80 mmHg (n = 8), 
the difference between the two groups in the composite outcome 
was 60 percentage points (95% CI, 17 to 103; p = 0.20), and the rel-
ative risk was 0.21 (95% CI, 0.02 to 3.12). As shown in Figure 1A, 
time- to- event analyses indicated that the protocolized- TAC group 
had better composite outcomes than the non- protocolized- CS 
group (p < 0.01). As shown in Table 2, the 12- month mortality rates 
were not significantly different between the protocolized- TAC 
and non- protocolized- CS groups (0/14 [0%] vs. 2/10 [20%]; differ-
ence, 20 percentage points; 95% CI, −5 to 45; p = 0.16). As shown 
in Figure 1B, the time- to- event analysis indicated no significant 
difference between the two groups in mortality (p = 0.09). The 
proportions of patients who required supplemental oxygen at hos-
pitals (either temporarily or permanently) were not significantly 
different between the protocolized- TAC and non- protocolized- CS 
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groups (3/14 [20%] vs. 5/10 [50%]; difference, 29 percentage points; 
95% CI, −9 to 70; p = 0.20).

3.3   |   GC And IVCY Doses

Among the live patients, the mean prednisolone dosages at 
6 months were 18 and 23 mg/day in the protocolized- TAC and non- 
protocolized- CS groups, respectively (mean difference, 5.4 mg/
day; 95% CI, 0.1 to 10.7 mg/day; p = 0.046) (Figure  2A), and 9 

and 12 mg/day at 12 months in the protocolized- TAC and non- 
protocolized- CS groups, respectively (mean difference, 2.5 mg/
day; 95% CI, −0.4 to 5.5 mg/day; p = 0.086) (Figure 2B). According 
to the treating physicians' discretion, GC pulses were administered 
to 10/14 [71%] and 6/10 [60%] patients in the protocolized- TAC 
and non- protocolized- CS groups, respectively (difference, 11 per-
centage points; 95% CI, −27 to 50; p = 0.67). More total cycles and 
cumulative doses of IVCY were administered to the protocolized- 
TAC group than to the non- protocolized- CS group (p < 0.001 in 
both comparisons) (Figure 2C,D).

TABLE 1    |    Baseline characteristics of patients with anti- MDA5- positive DM- associated ILD.

Protocolized therapy with 
tacrolimus group (n = 14)

Non- protocolized therapy with 
ciclosporin group (n = 10) pa 

Female, n (%) 10 (71%) 7 (70%) 1.00

Age, years, mean (SD) 51 (9.7) 54 (7.8) 0.42

Disease durationb , days, mean (SD) 34 (48) 38 (74) 0.88

Current or ex-  smoker, n (%) 10 (71%) 3 (30%) 0.095

Heliotrope rash, n (%) 3 (20%) 3 (30%) 0.67

Gottron's sign or papules, n (%) 14 (100%) 8 (80%) 0.16

Muscle weakness, n (%) 2 (10%) 1 (10%) 1.00

Skin ulcer, n (%) 3 (20%) 0 (0%) 0.24

Dysphagia, n (%) 1 (10%) 0 (0%) 1.00

Arthritis, n (%) 10 (71%) 6 (60%) 0.67

Fever, n (%) 3 (20%) 3 (30%) 0.67

ILD, n (%) 14 (100%) 10 (100%) 1.00

Anti- MDA5 antibodies, n (%) 14 (100%) 10 (100%) 1.00

Anti- Ro/SS- A antibodies, n (%) 2 (20%) (n = 11) 0 (0%) (n = 8) 0.49

WBC count, /μL, mean (SD) 5140 (1610) 5530 (1300) 0.52

Lymphocyte count, /μL, mean (SD) 920 (380) 830 (470) 0.61

Serum CK, U/L, mean (SD) 173 (130) 252 (229) 0.34

Serum LDH, U/L, mean (SD) 321 (146) 381 (103) 0.25

Serum albumin, mg/dL, mean (SD) 3.2 (0.6) 3.3 (0.3) 0.87

Serum creatinine, mg/dL, mean (SD) 0.56 (0.10) 0.64 (0.19) 0.21

Serum CRP, mg/dL, mean (SD) 1.00 (1.17) 1.20 (1.08) 0.67

Serum ferritin, ng/mL, mean (SD) 655 (465) 891 (834) 0.43

Serum KL- 6, U/mL, mean (SD) 615 (187) 748 (411) 0.36

ABG PaO2, mmHg, mean (SD) 88.3 (12.5) (n = 13) 79.7 (12.9) 0.12

ABG SaO2, %, mean (SD) 96.8 (0.9) (n = 13) 96.3 (2.0) 0.56

PFT %VC, %, mean (SD) 79.7 (14.7) (n = 13) 86.0 (17.9) 0.38

PFT %FVC, %, mean (SD) 83.2 (16.8) (n = 13) 89.3 (19.3) 0.44

PFT %DLCO, %, mean (SD) 54.8 (10.4) (n = 11) 61.2 (14.2) 0.26

Abbreviations: ABG, arterial blood gas; CK, creatine kinase; DLCO, diffusing capacity of the lung for carbon monoxide; DM, dermatomyositis; FVC, forced vital 
capacity; ILD, interstitial lung disease; KL- 6, Krebs von den Lungen- 6; LDH, lactate dehydrogenase; MDA5, melanoma differentiation- associated gene 5; PFT, 
pulmonary function test; SD, standard deviation; VC, vital capacity; WBC, white blood cell.
ap were determined using Fisher's exact test for categorical variables and Welch's t- test for continuous variables.
bDisease duration was defined as the duration from ILD onset until glucocorticoid initiation.
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3.4   |   Adverse Events

The adverse events are summarized in Table 3. CMV reactivation 
was more frequently observed in the non- protocolized- CS group 
than in the protocolized- TAC group (8/10 [80%] vs. 5/14 [40%]; 
difference, 40 percentage points; 95% CI, 9 to 80; p = 0.047). 

PCP was observed in two patients in the non- protocolized- CS 
group. Patients complicated with these active infections were 
withdrawn from IVCY, tacrolimus, and ciclosporin and treated 
with drugs such as ganciclovir, valganciclovir, and trimetho-
prim/sulfamethoxazole. None of the patients had COVID- 19. 
Renal impairment was observed in 9 and 3 patients in the 

TABLE 2    |    Primary composite outcome of death or requirement for LTOT and secondary outcome of death.

Outcome

Protocolized 
therapy with the 
tacrolimus group

Non- protocolized 
therapy with the 
ciclosporin group Difference (95% CI)a

Relative risk 
(95% CI)a,b pa,c

percentage points

Composite outcome: death or requirement for LTOTd

Event at 
12 months of 
follow- up—
number/total 
number (%)

0/14 (0%) 4/10 (40%) 40 (10 to 70) 0.08 (0.005 
to 1.36)

0.020

Rate per 100 
person- yr

0.0 58.1

Death

Event at 
12 months of 
follow- up—
number/total 
number (%)

0/14 (0%) 2/10 (20%) 20 (−5 to 45) 0.15 (0.008 
to 2.77)

0.16

Rate per 100 
person- yr

0.0 23.3

Abbreviations: CI, confidence interval; LTOT, long- term oxygen therapy.
ap *No correction for multiple comparisons was made.
bRelative risk was calculated as the ratio of the probability of an event occurring between the protocolized therapy with tacrolimus and non- protocolized therapy with 
ciclosporin groups using the Haldane–Anscombe correction.
cP- values were determined using Fisher's exact test.
dFor the composite outcome, any patient who died was not counted as the one who required LTOT.

FIGURE 1    |    Kaplan–Meier analyses of the primary and secondary outcomes. Kaplan–Meier plots of time to (A) death from any cause or require-
ment for LTOT (composite outcome) and (B) death within 12 months after initiation of GCs. p- values were determined using the log- rank test. GC, 
glucocorticoid; LTOT, long- term domiciliary oxygen therapy.
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protocolized- TAC and non- protocolized- CS groups (p = 0.21), 
respectively, and seven and two of these patients progressed 
to CKD (p = 0.21). Thrombotic microangiopathy (TMA) did 
not occur. SAEs of infection were observed in one and three 
patients in the protocolized- TAC and non- protocolized- CS 
groups, respectively, and SAEs excluding infection were ob-
served in two and one patients in the protocolized- TAC and non- 
protocolized- CS groups, respectively. No adverse events leading 
to death or discontinuation of IVCY or tacrolimus/ciclosporin 
were observed.

3.5   |   Changes in Clinical Variables

Over 12 months, statistically significant decreasing trends in 
serum ferritin levels were observed in the protocolized- TAC 
and non- protocolized- CS groups (Figure  3A,B). Although not 
statistically significant, a decreasing trend in serum KL- 6 lev-
els over 12 months was observed in the protocolized- TAC and 
non- protocolized- CS groups (Figures 3C,D). In a deceased pa-
tient in the non- protocolized- CS group, the serum KL- 6 levels 
were 1047 U/mL initially, elevated to 1663 U/mL, and decreased 
to 363 U/mL at the time of death because of sepsis. In another 
deceased patient in the non- protocolized- CS group, the serum 
KL- 6 levels were 1005 U/mL initially, decreased to 977 U/mL 

in 2 weeks, and then gradually increased up to 2798 U/mL at 
the time of death because of PCP and exacerbated ILD. Over 
12 months, statistically significant decreasing trends in serum 
anti- MDA5 titers were observed in the protocolized- TAC group 
(Figures 3E). Although not statistically significant, an increas-
ing trend in the percent predicted forced vital capacity (%FVC) 
over 6 months were observed in the protocolized- TAC group 
(Figure 3F). The analyses of anti- MDA5 titers and %FVC were 
not conducted due to the limited availability of these data in the 
non- protocolized- CS group.

4   |   Discussion

This study demonstrated that the protocolized triple- combination 
therapy with high- dose GCs, tacrolimus, and IVCY demon-
strated better outcomes than non- protocolized ciclosporin- based 
triple- combination therapy, individually tailored by the treating 
physicians in patients with anti- MDA5- positive DM- associated 
ILD. Although the ACR/CHEST guideline conditionally recom-
mends triple therapy, including GCs with two additional agents 
(rituximab, cyclophosphamide, intravenous immune globulin, 
calcineurin inhibitor [tacrolimus/ciclosporin], mycophenolate, 
and JAK inhibitor) for people with anti- MDA5- positive DM- 
associated RP- ILD as first- line treatment, there is insufficient 

FIGURE 2    |    Comparison of treatments other than tacrolimus and ciclosporin between the protocolized therapy with tacrolimus and non- 
protocolized therapy with ciclosporin groups. GC dosage at 6 (A) and 12 (B) months. Total cycles (C) and cumulative doses (D) of IVCY. p were deter-
mined using Welch's t- test. Horizontal lines represent the means of the groups. GC, glucocorticoid; IVCY, intravenous cyclophosphamide.
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evidence to recommend one specific treatment regimen [9]. The 
guideline panel mentioned that they preferred tacrolimus to 
ciclosporin because of its perceived improved effectiveness [9]. 
The direct comparison of tacrolimus and ciclosporin was hardly 
reported for anti- MDA5- positive DM- associated ILD. Although 
a randomized, open- label trial was conducted on polymyositis/
DM- associated ILD, only 30% of the study subjects had anti- 
MDA5 antibodies; thus, subgroup analyses based on autoanti-
body status were not performed [21]. The results of our study 
might support the view of the ACR/CHEST guideline. However, 
it was unclear whether the superiority of the protocolized- TAC 
group stemmed from the tacrolimus itself or the difference in 
the GC and IVCY regimens between the two triple- combination 
therapies. In connection with this issue, a meta- analysis re-
ported that tacrolimus was superior to ciclosporin in improv-
ing graft survival and preventing acute rejection after kidney 

transplantation [22]. In addition, because there was more sig-
nificant evidence of tacrolimus as a treatment option for lupus 
nephritis, tacrolimus, but not ciclosporin, was recommended in 
the EULAR recommendations for the management of systemic 
lupus erythematosus 2023 update [23].

More intensive use of IVCY and reduced doses of GCs 
also presumably contributed to the better outcomes in the 
protocolized- TAC group. Sasai et al. also suggested that the early 
administration of sufficient doses of IVCY might help maintain 
long- term remission [24]. In our study, CMV reactivation was 
more frequently observed in the non- protocolized- CS group than 
in the protocolized- TAC group, and PCP was observed only in 
the non- protocolized- CS group. These opportunistic infections, 
which require temporary withdrawal from tacrolimus/ciclospo-
rin and IVCY, might be associated with higher GC doses. In this 

TABLE 3    |    Adverse events.

Adverse event
Protocolized therapy with the 

tacrolimus group (n = 14)a
Non- protocolized therapy with 
the ciclosporin group (n = 10)a

Any adverse event 14 (100%) 10 (100%)

Any SAE 3 (20%) 3 (30%)

SAE of infection 1 (7%) 3 (30%)

SAE, excluding infection 2 (10%) 1 (10%)

Infection

Any infection, excluding CMV 3 (20%) 3 (30%)

Bacterial infection 3 (20%) 2 (20%)

PCP 0 2 (20%)

Invasive pulmonary aspergillosis 1 (7%) 1 (10%)

Herpes zoster 1 (7%) 0

CMV antigenemia/infection 5 (40%)b 8 (80%)

Impaired glucose tolerance 6 (40%) 5 (50%)

Hypertension 2 (10%) 5 (50%)

Dyslipidemia 6 (40%) 6 (60%)

Cardio vascular disease 1 (7%) 0

Fragility fracture 2 (10%) 0

Corticosteroid- induced psychiatric 
disorder

0 1 (10%)

Leukopenia 8 (60%) 4 (40%)

Thrombocytopenia 0 1 (10%)

Elevation of liver enzymes 0 2 (20%)

Renal impairment 9 (60%) 3 (30%)

Progression to CKD 7 (50%) 2 (20%)

Tremor 5 (40%) 0

Hemorrhagic cystitis 0 0

Abbreviations: CI, confidence interval; CKD, chronic kidney disease; CMV, cytomegalovirus; PCP, Pneumocystis pneumonia; SAE, serious adverse event.
ap Values are the number (%).
bp = 0.047 versus the non- protocolized therapy with ciclosporin group using Fisher's exact test. The difference (95% CI) was 40 percentage points (9 to 80), and the 
relative risk (95% CI) was 0.45 (0.21 to 0.96).



8 of 11 International Journal of Rheumatic Diseases, 2025

FIGURE 3    |     Legend on next page.
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context, reduced GC doses may have been associated with the 
better overall survival rates even though CMV infection did not 
directly cause death in the patients included in this study.

The primary composite outcome of death or the requirement for 
LTOT in this study was not used in previous studies on anti- 
MDA5- positive DM- associated ILD; they mostly used 6- month 
or 1- year survival rates as primary outcomes [25]. However, con-
sidering that upfront combination therapy (triple therapy) has 
improved prognosis, short- term survival rates are no longer the 
best primary outcomes of studies on anti- MDA5- positive DM- 
associated ILD. The 5- year survival rate was 100% among par-
ticipants in the previous trial [24]. Thus, adopting this primary 
composite outcome from a clinical trial on chronic obstructive 
pulmonary disease is reasonable [19]. The validity of this out-
come should be verified in future studies. Furthermore, consis-
tent with other studies [26], all deaths and the requirement for 
LTOT occurred within 6 months after GC initiation. Thus, this 
study's 6- month and 12- month rates for the primary composite 
outcome of death or the requirement for LTOT and secondary 
outcome of death were the same.

The inclusion criteria might have resulted in a better overall sur-
vival rate in our cohort than in previous reports. In the conven-
tional definition of RP- ILD (“rapidly progressive within 3 months 
of the onset of symptoms” [5]), it takes up to 3 months without 
treatment to judge that the ILD is not RP- ILD. However, in our 
hospital, if the patient with DM- associated ILD had predictive 
features of RP- ILD, such as anti- MDA5 antibodies and hyper-
ferritinemia, GC treatment was initiated even if rapidly progres-
sive symptoms were not apparent. The mean disease duration in 
this study was approximately 1 month. Consequently, the ILD 
in some patients might have been chronic even without inten-
sive immunosuppressive therapy, and the precise rate of RP- ILD 
according to the conventional definition was not determined. 
However, anti- MDA5- positive DM- associated ILDs in Japanese 
patients are mostly RP- ILD [5]. In addition, treatment delay, even 
for a few weeks, can greatly affect the outcomes of anti- MDA5- 
positive DM- associated RP- ILD [8]. Thus, it was clinically rea-
sonable to include all patients with ILD without waiting up to 
3 months to determine whether their ILD was RP- ILD.

Inconsistent with the results of the previous [8] and present stud-
ies, cluster analysis using a large- scale multicenter retrospective 
cohort did not support a better prognosis in patients with anti- 
MDA5- positive DM- associated ILD treated initially with triple- 
combination therapy compared with those treated initially with 
dual- combination therapy or GC monotherapy [10]. The authors 
of the cluster analysis study speculated that patients with more 
severe ILD were likely to be included in the triple- combination 

therapy group in their cohort: they stated that clinical character-
istics were somewhat different between the triple- combination 
therapy group and the dual- combination therapy or GC mono-
therapy group in individual clusters. In contrast, as discussed 
above, in this study, the ILD in some patients might have been 
mild even without triple- combination therapy.

Although not statistically significant, renal impairment and CKD 
tended to occur more frequently in the protocolized- TAC group 
than in the non- protocolized- CS group; end- stage kidney disease 
did not develop in any of the patients. Tsuji et al. also reported 
that the mean eGFR declined from 98.1 to 75.3 in patients who 
received basically the same tacrolimus- based triple- combination 
therapy and suggested that a high blood tacrolimus concentration 
might exert some influence on renal function and that when renal 
function seems to deteriorate seriously, it may be necessary to re-
duce or withdraw the potentially contributing medication, such 
as tacrolimus [8]. In a randomized, open- label trial on polymyo-
sitis/DM- associated ILD, the target blood trough level for tacroli-
mus was 5–10 ng/mL, and renal impairment was observed in 10% 
and 25% of the tacrolimus and ciclosporin groups, respectively 
[21]. The ACR/CHEST guideline alerted potential renal toxicity 
of calcineurin inhibitors (tacrolimus/ciclosporin) [9].

This study has several limitations. First, the study's reliance on 
an uncontrolled study design and retrospective data with a lim-
ited number of study subjects raises concerns about potential 
confounding factors and selection biases that may influence the 
reported outcomes, warranting cautious interpretation of the re-
sults and conclusions drawn. Nevertheless, all consecutive pre-
viously untreated patients hospitalized in our hospital during 
the study period were included in the analyses of this study, and 
all data were obtained on time as per routine clinical practice. 
Furthermore, randomized controlled trials are not feasible con-
sidering the severe and rapidly progressive nature of this rare dis-
ease [27]. Second, the treatment of five patients deviated from the 
protocol in the protocolized- TAC group: Four patients received 
fewer cycles of IVCY (6–9 cycles) according to the treating physi-
cians' discretion, and GC tapering was suspended between 6 and 
12 months in one patient while she was treated by a non- specialist 
doctor. Third, in the non- protocolized- CS group, treatment was 
decided and arranged by attending physicians, although a gen-
eral treatment strategy had been developed and shared in our di-
vision. Fourth, assessment of ILD was not sufficient; scores were 
not calculated for lung HRCT images, and post- treatment PFTs 
were not performed in some patients. Fifth, because the two com-
parison groups spanned different periods (2013–2016 vs. 2017–
2022), improvement in general supportive care and infection 
control practices may have affected the outcomes. Sixth, the pri-
mary outcome measure adapted from a randomized controlled 

FIGURE 3    |    Changes in clinical variables among the protocolized therapy with tacrolimus group (n = 14a) and the non- protocolized therapy 
with ciclosporin group (n = 10b). Temporal changes in serum ferritin levels among the protocolized therapy with tacrolimus group (A) and the 
non- protocolized therapy with ciclosporin group (B), serum KL- 6 levels among the protocolized therapy with tacrolimus group (C) and the non- 
protocolized therapy with ciclosporin group (D), anti- MDA5 antibody titers among the protocolized therapy with tacrolimus group (E), and %FVC 
among the protocolized therapy with tacrolimus group (F). aData on %FVC at baseline and at 6 months were available for 11 patients. bData from the 
non- protocolized therapy with ciclosporin group were demonstrated only for serum ferritin and KL- 6 levels due to data availability, and two patients 
in the non- protocolized therapy with ciclosporin group died within 6 months. p were determined using the Jonckheere–Terpstra trend test. KL- 6, 
Krebs von den Lungen- 6; MDA5, melanoma differentiation- associated gene 5; %FVC, percent predicted forced vital capacity.
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trial on nocturnal oxygen therapy for chronic obstructive pul-
monary disease has not been validated in ILDs associated with 
myositis and has to be validated in future studies to confirm its 
clinical relevance. Finally, because the subjects of this study were 
of Japanese ethnicity only, generalizability must be confirmed in 
patients with different ethnic backgrounds.

5   |   Conclusions

In conclusion, the protocolized triple- combination therapy 
with high- dose GCs, tacrolimus, and IVCY demonstrated bet-
ter primary and secondary outcomes than non- protocolized 
ciclosporin- based triple- combination therapy and was well tol-
erated in patients with anti- MDA5- positive DM- associated ILD. 
The combination of tacrolimus, reduced GC doses, and more 
intensive use of IVCY also presumably contributed to better out-
comes in the protocolized- TAC group. However, the potential 
renal toxicity of calcineurin inhibitors (tacrolimus/ciclosporin) 
is warranted, and further studies are needed to explore the best 
strategies for anti- MDA5- positive DM- associated ILD.
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ABSTRACT
Background: This study investigates antimigratory, anti- invasive, and anti- inflammatory mechanisms of Bergenin in patients 
with rheumatoid arthritis (RA) by focusing on the pathways involved.
Methods: In vitro, TNF- α- induced MH7A cells were used to assess Bergenin's effects on cell proliferation (CCK- 8), migration 
(wound healing, Transwell assays), and apoptosis (flow cytometry). mRNA levels of IL- 6 and MMPs were quantified by qRT- 
PCR, and protein expression was analyzed using ELISA and western blot. The Wnt/β- catenin pathway was examined through 
immunofluorescence and western blotting with or without LiCl. An adjuvant- induced arthritis (AIA) rat model was used to 
monitor clinical symptoms and analyze synovial tissue.
Results: Bergenin inhibited the proliferation, migration, and invasion of TNF- α- induced MH7A cells, while promoting apopto-
sis. It reduced IL- 6 and MMPs expression, with these effects reversed by LiCl. In vivo, Bergenin alleviated paw swelling, arthritis 
score, and synovial pathology in AIA rats, reducing pro- inflammatory factors.
Conclusions: Bergenin exerts antimigratory, anti- invasive, and anti- inflammatory effects in rheumatoid arthritis by modulat-
ing the Wnt/β- catenin pathway, suggesting its potential as a therapeutic option for rheumatoid arthritis.

1   |   Introduction

Rheumatoid arthritis (RA) is an inflammatory disorder char-
acterized by synovial inflammation, vasculogenesis, abnor-
mal synovial hyperplasia, and cartilage and bone destruction 
[1–3]. Although the exact cause of RA remains unclear, it is 
widely recognized that inflammatory mediators play a crucial 
role in the development of RA by disrupting the interaction 

between catabolic and anabolic factors in chondrocytes, ul-
timately resulting in cartilage damage [4]. Fibroblast- like sy-
noviocytes (FLSs) [5], which constitute approximately 70% of 
the total synovial membrane cells [6], are the main effector 
cells in RA [7]. During disease progression, these cells exhibit 
tumor- like proliferation and secrete various matrix metallo-
proteinases (MMPs), which accelerate RA progression [6]. 
Several factors, particularly tumor necrosis factor- α (TNF- α) 
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and interleukin (IL)- 1β, are pivotal in the initiation and main-
tenance of inflammatory and destructive processes within the 
affected joint [8–11]. Therefore, it is hypothesized that inhib-
iting the proliferation and motility of synovial cells and sup-
pressing the production of inflammatory factors might offer 
crucial therapeutic strategies for RA.

The Wnt/β- catenin pathway contributes to RA pathogenesis 
[12–14]. Inhibition of Wnt signaling has been associated with 
bone remodeling in catabolic models and may facilitate bone 
erosion, which is observed in patients with RA [15]. When Wnt/
β- catenin signaling is aberrantly activated in chondrocytes, 
degradation of the cartilage matrix is promoted—a process im-
plicated in both osteoarthritis and RA [16]. In patients with RA, 
Wnt1 overexpression has been associated with stimulation of 
fibronectin and pro- MMP3 production. Wnt1 also induces the 
production of Wnt signaling proteins that promote intercellular 
adhesion, cell proliferation, and survival [17]. Although a close 
association between the Wnt pathway and RA has been estab-
lished, the specific interactions and mechanisms of prevention 
remain to be elucidated to enable effective treatment targeting 
this pathway.

There is an urgent need to develop novel therapeutic ap-
proaches that reduce toxicity and side effects for the treat-
ment of RA [18–20]. Bergenin, a coumarin- class compound, 
is a white, loosely needled crystalline or powdery substance 
primarily found in plants belonging to families, including 
Saxifragaceae, Fabaceae, and Primulaceae [21, 22]. Bergenin 
is an active constituent extracted from herbs, including 
Bergenia, and exhibits a broad spectrum of pharmacological 
functions in traditional Chinese medicine [23], including an-
titumor, anti- inflammatory, analgesic, and immune- boosting 
effects [24–27]. It is known for its low toxicity and is consid-
ered promising for the development of new drugs. For in-
stance, Jung et al. synthesized acylated derivatives of Bergenin 
and evaluated their anti- inflammatory effects in cell culture, 
as well as their anti- anesthetic effects in morphine- dependent 
mice, highlighting their potent anti- inflammatory activity and 
ability to reverse anesthesia in vitro [28]. Moreover, research 
by de Oliveira and colleagues found that Bergenin, through 
inhibition of TNF- α production, exhibits analgesic and anti- 
inflammatory properties with potential for controlling in-
flammatory pain [29]. Consequently, Bergenin demonstrates 
various medicinal properties, making it a noteworthy candi-
date for investigation in pharmaceutical research.

Currently, there is limited empirical research on the effects and 
mechanisms of action of Bergenin in RA. This study aimed to 
explore its therapeutic potential using cytological and animal 
models. Our results show that Bergenin promotes apoptosis, in-
hibits cytoskeletal reorganization and cell migration in MH7A 
cells (immortalized TNF- α- induced RA FLSs used as a cellular 
model of RA), and reduces the levels of proinflammatory cyto-
kines and matrix MMPs. It also suppresses the Wnt/β- catenin 
signaling pathway, resulting in reduced inflammation and 
cellular invasion. In the adjuvant- induced arthritis (AIA) rat 
model, Bergenin demonstrated significant therapeutic efficacy. 
These findings suggest that Bergenin is a promising natural 
compound for the treatment of RA.

2   |   Materials and Methods

2.1   |   Reagents and Materials

Bergenin (Figure 1A, Catalogue Number: HY- N0017) with ≥ 98% 
purity was supplied by MedChemExpress (MCE). Recombinant 
human TNF- α (Catalogue Number: 300- 01A- 50ug) was obtained 
from Pepro- Tech (Rocky Hill, NJ, USA). Freund's Complete 
Adjuvant (CFA, Catalogue Number: F8170- 10) was sourced 
from Jiangsu MagBioTech Co. Ltd. Primers for IL- 6, MMPs, 
and GAPDH were manufactured by Shanghai Sangon Biotech 
Co. Ltd. Antibodies for GAPDH, Wnt1, β- catenin (Abcam, MA, 
USA) and MMPs, Caspases, GSK- 3β, p- GSK- 3β (ProteinTech, 
Wuhan, China; Cell Signaling Technology Inc., MA, USA) were 
used. Secondary antibodies and FITC- labeled antibodies were 
provided by ProteinTech Group. ELISA kits and Matrigel (Yubo 
Biotech, Shanghai, China) were used. Transwell chambers 
(Corning, Shanghai Aiyun Biotech Co. Ltd.) and the Annexin V- 
FITC Apoptosis Detection Kit (Senbeijia Biotechnology Co. Ltd., 
Nanjing, China) were used for apoptosis assays. The Caspase 
3 Activity Assay Kit (Beyotime Biotech Inc., Shanghai, China) 
was also applied.

2.2   |   Cell Culture and Animal

The human MH7A FLS cell line (Bena Culture Collection, cata-
logue number: BNCC371792, RRID: CVCL_0427) was cultured 
in DMEM (Gibco, USA) supplemented with 1% penicillin/strep-
tomycin and 10% fetal bovine serum at 37°C and 5% CO2. Male 
SD rats (200 ± 20 g) were provided by the Changzhou Cawens 
Experimental Animal Co. Ltd. (SCXK(Su)2022–0273). The ani-
mal procedures were approved by the Ethics Committee of Wuxi 
Ninth People's Hospital (Ethics Protocol No: KS2023077) and 
followed the National Animal Care Guidelines.

2.3   |   CCK- 8 Assay

The MH7A cells were seeded in 96- well plates (2 × 104/
well) and treated with varying concentrations of Bergenin 
for 24 and 48 h in the presence of TNF- α (10 ng/mL), or not. 
Subsequently, CCK- 8 reagent (10 μL) was added for 1 h incu-
bation. Thereafter, the absorbance values (OD, 450 nm) were 
recorded for analysis.

2.4   |   Fluorescent Phalloidin Staining 
and Immunofluorescence Assay

Cells (2 × 105/well) were seeded in 24- well plates and cultured 
with or without TNF- α (10 ng/mL) or various concentrations of 
Bergenin. After treatment, the cells were fixed with 4% para-
formaldehyde (15 min), permeabilized with 0.25% Triton X- 100 
in PBS (15 min) and incubated with 3% bovine serum albumin 
for 1 h. For β- catenin immunofluorescence, cells were incu-
bated with rabbit anti- β- catenin antibody overnight at 4°C, 
followed by FITC- conjugated secondary antibody (1 h; 37°C). 
Fluorescence was observed under a microscope. F- actin and 
nuclei were stained with FITC- conjugated phalloidin (2 h) and 



3 of 12

DAPI (15 min). The fibrous morphology was observed using 
confocal laser scanning microscopy.

2.5   |   Wound Healing Assay

On the first day, MH7A cells were seeded and cultured in serum- 
free medium in six- well plates (5 × 105/well). On the second day, 
a scratch was made on the cell monolayer using a sterile pipette 
tip. The monolayers were rinsed with PBS to remove detached 
cellular fragments. Subsequently, 10 ng/mL TNF- α alongside a 
range of Bergenin concentrations was added to stimulate exper-
imental cells. After a 24 h incubation period with Bergenin, a 
Nikon microscope (Tokyo, Japan) was used to capture images 
of the wounded areas. The dimensions of the initial wound and 
area that had healed were subsequently quantified using Adobe 
Photoshop software (USA), which calculates the percentage of 
wound closure.

2.6   |   Transwell Assay

Initially, the Transwell inserts, featuring an 8 μm pore size, were 
precoated with or without Matrigel (300 μg/m, BD Biosciences, 

Oxford, UK). Subsequently, cells were introduced into the upper 
compartment (2 × 105/mL) in a serum- free medium and sub-
sequently exposed to Bergenin. Concurrently, the lower com-
partment was added with 0.6 mL DMEM with both 10 ng/mL 
TNF- α and 10% FBS to serve as a chemotactic agent. After 24 h 
incubation, a cotton- tipped swab was used to meticulously wipe 
away the cells remaining in the upper chamber. A 4% parafor-
maldehyde solution was added into the lower chamber to fix the 
invading cells (30 min, 4°C); then, the cells were stained with 
a crystal violet solution (10 min, room temperature). Images of 
stained cells within three randomly selected fields of view were 
obtained with an optical microscope (Nikon, Tokyo, Japan). The 
ImageJ software was utilized to conduct the enumeration of in-
vasive cells.

2.7   |   Functional Enrichment Analysis of Common 
Differentially Expressed Genes (DEGs)

DEGs were identified using the R package “limma” with crite-
ria |log2 FC| ≥ 0.5 and p < 0.05. DEGs were visualized using heat 
maps and volcano plots generated by “pheatmap” and “ggplot2” 
packages. To delve deeper into the potential roles of the DEGs 
mentioned above, the R package “clusterProfiler” was utilized to 

FIGURE 1    |    Bergenin inhibited cell mobility and cytoskeletal reorganization. (A, B) The wound healing assay was utilized to evaluate the mi-
gratory capacity of the cells. MH7A cells were cultured with medium supplemented with TNF- α (10 ng/mL), in the presence of Bergenin (2.5, 5, 
and 10 μM) for 0 and 24 h, or not, it showed that Bergenin inhibited the migratory capacity of the cells. Scale bar = 200 μm. (C, D) Cell invasion was 
observed and determined through a transwell invasion assay. The MH7A cells were subjected to distinct treatment with TNF- α (10 ng/mL) for 24 h. 
The invading cells were visualized following staining and recorded under a microscope, it showed Bergenin inhibited the invasive capacity of the 
cells. Scale bar = 50 μm. (E, F) Displays representative images of cells stained with fluorescent phalloidin. F- Actin positive staining was indicated as a 
Green fluorescence signal and cell nuclei stained with DAPI showed a blue manifestation, it showed Bergenin inhibited cytoskeleton reorganization 
of the cells. Scale bar = 50 μm. ***p < 0.001 versus control group; ##p < 0.01 and ###p < 0.001 versus TNF- α group.
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conduct analyses pertaining to the Gene Ontology (GO) and the 
Kyoto Encyclopedia of Genes and Genomes (KEGG), with a sig-
nificance threshold set at p < 0.05. This analysis was conducted 
to clarify the pathways related to the common DEGs [30].

2.8   |   ELISA Assay

After treatment, cell culture supernatants were centrifuged, col-
lected, and stored at −20°C for ELISA. For the in vivo studies, 
rats were euthanized with sodium pentobarbital (40 mg/kg) 24 h 
after the final oral dose. Blood was collected from the abdominal 
aorta and allowed to coagulate for 1 h at room temperature, then 
centrifuged at 5000 rpm for 15 min at 4°C to separate serum. 
Serum samples were stored at −80°C before cytokine quantifi-
cation using commercial ELISA kits. Cytokine levels were de-
termined from standard curves, and the mean of duplicate tests 
was used for statistical analysis.

2.9   |   Western Blot Assay

Cellular lysis was performed using RIPA buffer supplemented 
with 1% PMSF (Beyotime, Shanghai, China). Equal amounts 
of denatured protein samples were resolved by 10% SDS- PAGE 
and transferred to nitrocellulose membranes (Millipore, MA). 
Membranes were blocked with 5% skimmed milk (1 h, room 
temperature) and incubated overnight at 4°C with primary 
antibodies against GAPDH, MMPs, Caspases, Wnt1, GSK- 3β, 
p- GSK- 3β, and β- catenin. After incubation with horseradish 
peroxidase- conjugated secondary antibodies (1:5000, 1 h, room 
temperature), the protein bands were visualized using an ECL 
substrate kit (Biosharp, Hefei, China). The experiment was re-
peated three times to ensure reliability.

2.10   |   Quantitative Reverse Transcription 
(qRT)- PCR Assays

Cells were incubated overnight and treated with Bergenin (2.5, 
5, and 10 μM) and TNF- α (10 ng/mL) for 24 h at 37°C. Total 
RNA was isolated using TRIzol reagent (Beyotime, Shanghai, 
China) and reverse transcribed into cDNA using the BeyoRT 
III First Strand cDNA Synthesis Kit (Beyotime). qRT- PCR was 
performed with SYBR Green qPCR Mix (Beyotime) on a Q1000 
qRT- PCR machine (Longgene, Hangzhou, China) following the 
manufacturer's instructions. The cycling conditions included an 
initial denaturation (2 min, 95°C), followed by 40 cycles of dena-
turation (15 s, 95°C), annealing (20 s, 60°C), and extension (30 s, 
72°C). Gene expression was quantified relative to GAPDH using 
the 2- Δ(ΔCt) method.

2.11   |   Establishment of AIA Model

The AIA rat model is commonly used to study autoimmune joint 
diseases, including RA. The model was prepared as follows: there 
were four groups in total and five male SD rats in each group 
were randomly selected to conduct the following procedures 
after an adaptation period. The groups were the AIA model, 
Bergenin low- dose (5 mg/kg), Bergenin high- dose (10 mg/kg), 

and a control. Each single rat was immobilized on the operating 
table and 0.1 mL of CFA was subcutaneously injected into the left 
hind paw metatarsal footpad, except for those in the control group 
who received a similar volume of normal saline. Two weeks later, 
Bergenin was intravenously administrated every other day in the 
low- dose group and high- dose group accordingly for a period of 
3 weeks. Throughout the treating phase with varying drug con-
centrations, the record of the body weight of each rat was per-
formed at a 4- day interval. The severity and changes in arthritis 
before and after treatment with different agents were reflected by 
measuring the arthritis index [31].

2.12   |   Histopathological Examination

Right hind paw tissue samples were excised for histopatholog-
ical analysis, fixed in 4% paraformaldehyde, and decalcified in 
10% EDTA- PBS (pH 7.4). The specimens were then dehydrated 
through a series of ethanol solutions, embedded in paraffin, and 
sectioned into 5 μm slices. After hematoxylin and eosin (H&E) 
staining, the sections were examined under an optical micro-
scope. Inflammatory cell infiltration, pannus formation, and sy-
novial hyperplasia were scored blindly using the following scale: 
0 = none; 1 = minimal; 2 = slight; 3 = moderate; 4 = severe.

2.13   |   Statistical Analysis

Data were analyzed statistically using GraphPad Prism 9.0 soft-
ware (GraphPad Software Inc., located in San Diego, California). 
Experimental data are presented as mean ± standard deviation 
(SD). Data analysis was performed using one- way analysis of 
variance (ANOVA) and the Student's t- test.

3   |   Results

3.1   |   Effects of Bergenin on the Proliferation 
of MH7A Cells

As shown in Figure S1A, Bergenin at lower concentrations had 
no significant impact on the MH7A cells proliferation within 
the first 24 h and 48 h. However, as the concentration increased, 
Bergenin at 20, 40, and 80 μM demonstrated cytotoxicity to 
MH7A cells (Figure S1B,C). Consequently, we opted for the safer 
range of higher concentrations, specifically 2.5, 5, and 10 μM of 
Bergenin, for further investigations into its anti- proliferative ef-
fects. The results showed that the inhibition by Bergenin (2.5, 
5, and 10 μM) of TNF- α- mediated MH7A cell proliferation was 
enhanced with the increase of dose (Figure S1D). Hence, we se-
lected the concentrations of 2.5, 5, and 10 μM of Bergenin as the 
experimental doses.

3.2   |   Bergenin Inhibited the Mobility 
and Cytoskeletal Reorganization

Figure 1A shows increased migration of MH7A cells after TNF- α 
treatment. Bergenin dose- dependently reduced the migration of 
TNF- α- stimulated MH7A cells (Figure 1B). The Transwell assay 
(Figure 1C) revealed an increase in invasive cells in the TNF- α 
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group, whereas Bergenin treatment significantly reduced inva-
siveness in a dose- dependent manner (Figure 1D).

To assess the effect of Bergenin on cytoskeletal reorganization, 
phalloidin staining was performed. TNF- α stimulation in-
creased F- actin fluorescence intensity and induced cell protru-
sions and pseudopodia formation (Figure 1E). Bergenin reduced 
F- actin intensity and the number of protrusions (Figure  1F), 
indicating that Bergenin inhibited F- actin expression in TNF- 
α- induced MH7A cells.

3.3   |   Bergenin Increased the Apoptotic Rate 
of TNF- α- Stimulated MH7A Cells

Bergenin at concentrations of 2.5, 5, and 10 μM exhibited sig-
nificant anti- proliferative activity (Figure  S1B–D). Further 
investigations were conducted to assess the apoptotic rate in 
MH7A cells between groups. Flow cytometry analysis revealed 
that the apoptotic rate in MH7A cells was effectively and dose- 
dependently elevated with the administration of Bergenin 
(Figure S2A). Additionally, caspase- 3, caspase- 8, and caspase- 9 
were detected to further determine whether Bergenin induced 
caspase- dependent apoptosis (Figure S2B,C).

3.4   |   Bergenin Suppress the Production 
of Pro- Inflammatory Factors in TNF- α- Stimulated 
MH7A Cells

Extensive research has demonstrated that specific proinflam-
matory factors and MMPs profoundly influence the pathologi-
cal behavior of RA- FLSs, including articular cartilage erosion in 
RA progression, as documented in the literature. The outcomes 
indicated that treatment with Bergenin at various concentra-
tions (2.5, 5, and 10 μM) resulted in a dose- dependent suppres-
sion of IL- 6, MMPs (Figure 2A–C). Bergenin has the potential to 
reduce the synthesis and emission of several pro- inflammatory 
factors and a variety of pivotal MMPs.

3.5   |   Screening of DEGs and GO and KEGG 
Enrichment Analysis

Differential analysis identified 16 282 DEGs in the RA group, 
of which 51 were upregulated and 142 were downregulated. 
Figure 3A shows a volcano plot of these DEGs, with red and 
blue nodes representing upregulated and downregulated 
genes, respectively. Gene expression heat maps highlight the 
most significantly altered genes in the TNF- α and TNF- α + BG 
groups.

Enrichment analysis revealed that the common DEGs were 
linked to cellular growth, development, and inflammatory re-
sponses. GO analysis (Figure  3B) focused on terms, including 
multicellular organism development and anatomical structure 
development. KEGG analysis identified enriched pathways, in-
cluding the Wnt signaling pathway, AMPK pathway, osteoclast 
differentiation, and longevity regulation. Although the AMPK 
pathway has known roles in inflammation and metabolism, its 
involvement in RA remains insufficiently studied. Conversely, 

the Wnt/β- catenin pathway is well established in RA pathogen-
esis and represents a clearer therapeutic target.

3.6   |   Bergenin Blocked TNF- α- Triggered Activation 
of Wnt/ß- Catenin Pathway

According to published literature, the aberrant Wnt/β- catenin 
pathway is closely associated with RA pathogenesis, includ-
ing abnormal proliferation, inflammatory responses, and the 
migratory and invasive behavior of RA- FLSs [32]. As shown 
in Figure  4A, Bergenin treatment appears to suppress Wnt/β- 
catenin signaling activated by TNF- α. TNF- α has been iden-
tified as an agonist of the Wnt/β- catenin pathway, which was 
further validated by immunofluorescence experiments in this 
study (Figure  4B). Enhanced nuclear β- catenin intensity and 
translocation were observed following TNF- α (10 ng/mL) ad-
ministration. However, Bergenin treatment inhibited β- catenin 
nuclear translocation in a concentration- dependent manner. 
These results confirm that Bergenin blocked TNF- α- mediated 
Wnt/β- catenin signaling in MH7A cells.

3.7   |   LiCl Counteracted the Negative Effects 
of Bergenin on Mobility and Inflammation

To comprehensively validate Bergenin's inhibitory effect on the 
Wnt/β- catenin pathway, LiCl, a Wnt/β- catenin agonist, was in-
troduced into the experiment to closely observe its potential 
reversal of Bergenin- induced changes in relevant protein expres-
sions, as well as its impact on the inflammation and mobility of 
MH7A cells. The results from experiments after the adminis-
tration of LiCl showed that the negative regulation of Bergenin 
could be reversed by LiCl, as shown in Figure 5A; the expressions 
of Wnt1(one of WNT ligand), p- GSK- 3β, and β- catenin were el-
evated. Moreover, LiCl counteracted the effects of Bergenin 
on MH7A cells, resulting in an increased migration index 
(Figure 5B) and a higher number of invasive cells (Figure 5C). In 
addition, after LiCl treatment, the expression levels of several in-
flammatory factors, including MMPs and IL- 6 (Figure 5D), were 
quantified. These results indicated that Bergenin suppresses the 
Wnt/β- catenin pathway and thereby reduces both mobility and 
inflammation in TNF- α- stimulated cells.

3.8   |   Bergenin Exerted Therapeutic Effects in 
AIA Rats

To assess Bergenin's in vivo efficacy in RA, we used a CFA- induced 
AIA rat model (Figure 6A). The results (Figure 6B) showed sig-
nificant weight loss in AIA rats starting on day 8, which was 
partially reversed by Bergenin in a dose- dependent manner. Paw 
swelling peaked on day 8 in AIA rats; however, Bergenin signifi-
cantly reduced swelling in a dose- dependent fashion. Arthritis 
scores increased in AIA rats from day 12, whereas the Bergenin- 
treated groups showed significant reductions.

Histopathological analysis (Figure  6C,D) demonstrated re-
duced inflammation and joint pathology in Bergenin- treated 
rats. H&E staining of major organs showed no apparent toxicity 
(Figure S3). ELISA analysis (Figure 6E) indicated that Bergenin 
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reduced serum levels of TNF- α, IL- 1β, IL- 6, and IL- 17 in AIA 
rats. These findings suggest that Bergenin effectively alleviated 
RA symptoms and improved histopathological outcomes with-
out observable toxicity.

4   |   Discussion and Conclusions

The main clinical symptom of RA is inflammatory synovitis, 
and its clinical manifestations include chronic, symmetrical, 
and peripheral polyarthritis, resulting in joint pain, swelling, 

and functional impairment [33]. This study validated Bergenin's 
therapeutic effects on cell mobility, inflammation, and apop-
tosis in TNF- α- treated MH7A cells, revealing its potential to 
disrupt Wnt/β- catenin signaling. Using an AIA rat model that 
mimics human RA symptoms—including joint swelling, syno-
vial infiltration, and cartilage degradation—we assessed the 
anti- arthritic effects of Bergenin in  vivo. The results showed 
that Bergenin reduced limb swelling and arthritis index scores, 
indicating its therapeutic potential. Pathological examination 
of AIA rat knee joints (H&E staining) revealed that Bergenin 
alleviated cartilage damage, inflammatory cell infiltration, 

FIGURE 2    |    Bergenin suppressed the production of proinflammatory factors in TNF- α- stimulated MH7A cells. MH7A cells were cultured with 
10 ng/mL TNF- αfor a duration of 24 h, administrating Bergenin (2.5, 5, and 10 μM), or not. Subsequently, (A) The mRNA level of MMP1, MMP2, 
MMP3, MMP9, and IL- 6 were quantified using qRT- PCR. (B) Protein expression was quantified using ELISA and (C) western blot. *p < 0.05, 
***p < 0.001 versus control group; and #p < 0.05, ##p < 0.01, ###p < 0.001 versus TNF- α group, respectively.
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synovial hyperplasia, and pannus formation. These findings 
demonstrate that Bergenin attenuates the progression and se-
verity of articular damage in the AIA rat model, which were 
summarized in Figure S4.

Chronic inflammation of the synovium in affected joints is a 
hallmark of RA, and inhibiting this inflammation may effec-
tively alleviate the disease. FLSs within inflamed RA joints, 
which act as key effector cells, are characterized by rapid pro-
liferation and diminished apoptosis. These cells persistently 
synthesize IL- 1β, IL- 6, IL- 17, and TNF- α, which are several 
vital proinflammatory factors. This ultimately results in joint 
damage and synovial or systemic inflammation [34]. The syn-
thesis and accumulation of MMPs within the joints of patients 
with RA are driven by proinflammatory factors [35], particu-
larly TNF- α. FLSs primarily produce MMPs (also known as 
collagenases), which degrade fibrillar collagen and the extra-
cellular matrix [36]. Bergenin exerts anti- arthritic activity via 
its anti- inflammatory and antioxidant potential [37], which 
encouraged us to explore the in- depth effects and mechanisms 
of Bergenin in RA. In the present study, Bergenin exhibited 
several anti- inflammatory properties according to the results 
of qPCR, western blotting, and ELISA. In animal studies, 
Bergenin showed a dose- dependent inhibitory effect (5 mg/
kg and 10 mg/kg) on the production of serum IL- 1β, IL- 6, 
IL- 17, and TNF- α. Treatment with Bergenin at 2.5, 5, and 
10 μM effectively curtailed the synthesis of IL- 6 and MMPs in 
TNF- α- induced MH7A cells. Flow cytometry data indicated 

that Bergenin increased the apoptotic rate of MH7A cells in a 
dose-  and time- dependent manner. According to our findings, 
Bergenin possesses significant anti- inflammatory efficacy 
against TNF- α- induced FLSs and AIA in rats, suggesting that 
Bergenin may have antirheumatic effects.

RA FLSs augment the secretion of inflammatory factors and 
display malignant, tumor- like behavior, characterized by en-
hanced cell mobility. These properties significantly contribute 
to cartilage degradation and bone damage [38]. RA FLSs can 
migrate toward the cartilage and bone, subsequently invading 
the extracellular matrix—an essential step in joint damage in 
patients with RA [39]. Inhibition of the hyperactive migratory 
and invasive behavior of FLSs is considered a potential thera-
peutic strategy. We documented the impact of Bergenin on in-
hibiting the cellular motility of TNF- α- induced MH7A cells at 
2.5, 5, and 10 μM. This effect was quantified using wound heal-
ing and Transwell invasion assays. The important process of cell 
motility involves reorganization of the actin cytoskeleton and 
the formation of lamellipodia and filopodia [35]. In studies of 
TNF- α- induced MH7A cells, phalloidin staining results demon-
strated that Bergenin curtailed F- actin expression and hindered 
cytoskeletal reorganization. The inhibitory effect of Bergenin on 
MMP expression significantly contributed to its suppressive ef-
fects on FLS mobility.

Research on the Wnt pathway suggests that this signaling 
cascade is activated during RA progression, contributing to 

FIGURE 3    |    Summary of the DEGs screening and the subsequent enrichment analysis. (A) Depict the volcano plot of identified DEGs. (B) GO and 
KEGG enrichment analysis. The circle size corresponds to the gene count. The rich factor on the X- axis indicated pathway enrichment level, and the 
analysis was facilitated by the Metascape online platform. Each circle dot represented a GO or KEGG term, with the network layout of selected terms 
and the thickness of the edge between them reflecting the degree of terms similarity.
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increased synovial cell proliferation, synovitis, and pannus for-
mation [36]. Under normal conditions, in the absence of a Wnt 
ligand, GSK- 3β phosphorylates cytoplasmic β- catenin, target-
ing it for degradation. However, the Wnt ligand can bind to a 
receptor complex that leads to phosphorylation at the Ser9 res-
idue, thereby inactivating GSK- 3β. This inactivation prevents 
β- catenin phosphorylation and degradation. As β- catenin sta-
bilizes and accumulates in the cytoplasm, it translocates to the 
nucleus to initiate Wnt- responsive gene expression [37]. In our 
present study, we observed that Bergenin reduced the expression 

of Wnt1, p- GSK- 3β, and both the expression and translocation 
of β- catenin under TNF- α- treated conditions, suggesting that 
Bergenin inhibits activation of the Wnt/β- catenin pathway. LiCl, 
an agonist of the Wnt/β- catenin pathway, is known to deactivate 
GSK- 3β by phosphorylating it at Ser9 [40]. To delineate the role 
of Wnt/β- catenin signaling in the effects of Bergenin on TNF- 
α- induced FLSs, a combination treatment of LiCl and Bergenin 
was conducted in vitro. The findings indicated that LiCl counter-
acted the inhibitory effect of Bergenin on Wnt/β- catenin signal-
ing in MH7A cells, effectively reversing Bergenin's suppression 

FIGURE 4    |    Bergenin blocked TNF- α- triggered Wnt/ß- catenin. (A) MH7A cells were incubated with 10 ng/mL TNF- α, either with or without the 
addition of Bergenin for a period of 24 h. Following this incubation, Wnt1 (one of WNT Ligands), GSK- 3β, p- GSK- 3β, and β- catenin within the MH7A 
cells were evaluated. (B) The cellular localization of β- catenin was detected using immunofluorescent staining and photographically examined. 
The results showed that Bergenin inhibited the Wnt/ß- catenin signaling- related genes. Scale bar = 50 μm. **p < 0.01 and ***p < 0.001 versus control 
group; and ##p < 0.01, ###p < 0.001 versus TNF- α group.
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FIGURE 5    |    LiCl reversed the negative influence of Bergenin on MH7A cells. (A) In the presence or absence of Bergenin (10 μM) and LiCl (10 mM), 
the MH7A cells were cultured with TNF- α for 1 day. Subsequently, the translational expression of Wnt1, GS3K- 3β，p- GS3K- 3β, β- catenin was as-
sessed using western blotting. (B) Migration ability was calculated as (a- b)/a*100%, “a” equals scratch width at 0 h, and “b” equals scratch width at 
24 h. Scale bar = 200 μm. (C) Cell invasion was observed and determined through a transwell invasion assay. The invading cells were visualized 
following staining and recorded under a microscope. Scale bar = 50 μm. (D) IL- 6, MMP1, MMP2, MMP3, and MMP9 were quantified using ELISA. 
***p < 0.001 versus control group; ###p < 0.001 versus the TNF- α group; &&p < 0.01, &&&p < 0.001 vs. TNF- α + 10 μM BG group.
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FIGURE 6    |    Bergenin exerted therapeutic effects in vivo. (A) The procedure for evaluating the anti- arthritic effects of Bergenin in AIA rats was 
conducted. (B) The influence of Bergenin on body weight, paw edema, and the arthritis index was assessed in AIA rats. (C) Paws from different 
groups. (D) Tissue sections obtained as representative samples. Post- immunization with CFA, the right hind paws were harvested and sectioned on 
day 35 for histological assessment and quantification of tissue damage. Scale bar = 100 μm. (E) TNF- α, IL- 1β, IL- 6, and IL- 17 were assessed with 
ELISA. Each group contain five rats ***p < 0.001 versus control group; and #p < 0.05, ##p < 0.01, ###p < 0.001 versus AIA group.
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of cellular inflammation and mobility. Collectively, our findings 
demonstrate that modulation of Wnt/β- catenin signaling is likely 
integral to the therapeutic efficacy of Bergenin in correcting ab-
errant cellular activities associated with RA FLSs.

While this study provides valuable insights into the potential 
therapeutic effects of Bergenin for RA, it is essential to acknowl-
edge several inherent limitations: (1) Preclinical model and trans-
lational gap: The efficacy and mechanistic investigations were 
conducted exclusively in a rat model of AIA. Although AIA is a 
widely used and valuable preclinical model for studying inflam-
matory arthritis and screening potential therapeutics, it does not 
fully recapitulate the complexity and heterogeneity of RA in hu-
mans. Key differences include the acute, induced nature of AIA 
versus the chronic, autoimmune- driven pathology of human 
RA; variations in disease progression; and potential species- 
specific differences in drug metabolism, pharmacokinetics, and 
immune responses. Consequently, the robust efficacy observed 
in AIA rats may not directly translate to equivalent clinical ef-
ficacy in human patients. (2) Mechanistic depth: Although we 
explored the impact on Wnt/β- catenin signaling and cytokine 
modulation, the precise molecular mechanisms underlying the 
observed therapeutic effects warrant further in- depth investiga-
tion. Additional studies using cell- specific knockouts, more ex-
tensive signaling pathway analysis, or exploration of interactions 
with other relevant pathways would provide a more nuanced 
understanding. (3) Dosing regimen and long- term effects: The 
study employed a specific dosing regimen. The optimal thera-
peutic window, potential dose dependency of effects beyond the 
tested range, and long- term consequences of sustained treatment 
remain to be fully elucidated. Furthermore, the relatively short 
treatment period in the model may not reflect chronic treatment 
requirements in human disease.

In conclusion, our study demonstrated that Bergenin exhibits 
significant anti- arthritic properties in both cellular and animal 
models. These effects are attributed to its ability to inhibit RA- 
FLS cell growth and mobility, induce apoptosis, and suppress 
MMP and cytokine production by modulating the Wnt/β- catenin 
pathway. Based on bioinformatics analysis and experimental 
validation, these findings suggest that Bergenin is a promising 
candidate for the treatment of RA.
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ABSTRACT
Objective: Endophilin A2 (EPA2) is a member of the Endophilin family. The relationship between EPA2 and SLE pathogenesis 
is unclear.
Methods: Plasma levels of EPA2 in SLE patients and healthy controls were detected by ELISA, and EPA2 mRNA levels of SLE 
patients were explored by qRT- PCR. EPA2 siRNA adenovirus was further injected into pristane- induced lupus mice, and the 
histological and serological changes were observed. In vitro, EPA2 siRNA adenovirus was transfected to human umbilical vein 
endothelial cells (HUVECs) in the presence of growth differentiation factor 15 (GDF15), and the proliferation, migration, and 
tube- forming ability of HUVECs were discussed.
Results: Plasma EPA2 levels were significantly higher in SLE patients than in healthy controls (p < 0.001), and EPA2 mRNA 
levels were significantly higher in SLE patients than in healthy controls as well (p = 0.030). Lupus mice exhibited splenomegaly, 
severe histologic damage, and high levels of autoantibodies (antinuclear antibody (ANA), anti- double- stranded DNA antibody 
(anti- dsDNA), and immunoglobulin G (IgG)) (vs. the control group, all p < 0.05). After injection of EPA2 siRNA adenoviruses, the 
lupus mice showed a lower proportion of CD11b+LY- 6C+, F4/80+, CD11c+, CD19+, CD8+, Th1+, Th2+, Th17+ cells and reduced 
expression of pro- inflammatory cytokines, and autoantibodies (vs. the adenoviral empty vector group, all p < 0.05). Addition of 
EPA2 siRNA adenovirus to HUVECs resulted in decreased GDF15 mRNA levels and reduced cell proliferation, migration and 
tube formation. However, in the presence of GDF15, EPA2- mediated effects were reversed, and the proliferation, migration, and 
tube formation ability of HUVECs were enhanced.
Conclusion: EPA2 may regulate angiogenesis through GDF15, and then involve in SLE pathogenesis.

1   |   Introduction

Systemic lupus erythematosus (SLE) is a common rheumatic 
disease associated with a variety of autoantibodies as well as 
immune complex deposition, which ultimately leads to multi-
organ damage and a lot of clinical manifestations [1, 2]. Many 
patients with SLE have cardiovascular comorbidities, and part 

of the mortality in SLE patients is induced by cardiovascular- 
related death [3, 4]. To date, the clear etiology of SLE has not 
been elucidated, and available studies suggest that genetic and 
environmental factors may correlate with SLE pathogenesis [5]. 
It is known that the risk of SLE may be attributed to genetics, 
and there is a higher prevalence of SLE in women than in men 
[6]. Homozygous twins with SLE have a higher concordance 
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rate than heterozygous twins [7]. This suggests that the risk of 
developing SLE may be highly heritable.

Endophilin A2 (EPA2) is a membrane- bound protein encoded by 
the SH3GL1 gene. EPA2 is closely related to cellular endocyto-
sis [8] and is involved in the regulation of a variety of biological 
functions, such as autophagy [9–11]. Current studies have found 
that EPA2 is involved in tumor metastasis, neuromodulation, 
viral body production, and vascular function. EPA2 is highly ex-
pressed in neoplastic diseases such as colorectal cancer, breast 
cancer, and osteosarcoma, as well as rheumatoid arthritis (RA) 
[12–15]. EPA2 was found to be a disease- associated protein in ad-
olescent idiopathic scoliosis [16, 17]. Therefore, EPA2 may be a 
biomarker for some diseases. The study by Norin et al. revealed 
that EPA2 may regulate T cells in RA patients, and there were 
higher serum EPA2 levels in RA patients than in healthy controls.

Angiogenesis, or the development of new capillaries from ex-
isting vessels, is associated with inflammation. Effector cells in 
the inflammatory phase release pro- angiogenic molecules that 
promote the formation and invasion of new blood vessels, allow-
ing inflammatory cells to invade. Studies have shown that EPA2 
is a regulator of endothelial cell migration during angiogenesis. 
EPA2 is expressed in endothelial cells, which are required for 
developmental and pathological angiogenesis. EPA2 promotes 
endothelial cell migration by regulating VEGFR2 internalization 
and downstream signaling [18]. Thus, EPA2 may be involved in 
regulating angiogenesis, and excessive angiogenesis may pro-
mote the development of SLE. A previous study by our group 
showed that SLE patients had elevated levels of growth differ-
entiation factor 15 (GDF15) [19]. GDF15 was accepted to be in-
volved in angiogenesis, and GDF15 stimulates the proliferation of 
human umbilical vein endothelial cells (HUVECs) and promotes 
vascular development. Since the proliferation of endothelial cells 
plays an important role in angiogenesis, GDF15 may be a poten-
tial angiogenic factor for tissue regeneration [20–23]. Indeed, SLE 
is a disease significantly associated with impairment of vascular 
function. Based on this, we speculate that EPA2 may affect en-
dothelial cells migration and angiogenesis by regulating GDF15 
signaling, which in turn promotes the development of SLE.

To date, there are no studies of EPA2 associated with SLE. 
Therefore, the aim of this study was to investigate the associ-
ation of EPA2 with the pathogenesis of SLE. In this study, we 
first discussed plasma EPA2 levels in SLE patients and EPA2 
mRNA levels in SLE patients. Second, we conducted a lupus 
mice model to confirm the role of EPA2 in lupus development. 
Finally, in vitro experiments, we discussed the role of EPA2 on 
HUVECs proliferation, migration, and tube formation through 
regulating GDF15. This study revealed the potential of EPA2 as 
a biomarker for SLE and demonstrated the role of EPA2 in pro-
moting lupus development by regulating GDF15.

2   |   Materials and Methods

2.1   |   Study Population

For population study, we included 3 independent case–con-
trol studies. The first was to analyze plasma levels of EPA2 in 
SLE patients, and this part included 81 SLE patients and 81 

healthy controls. The second part was to discuss EPA2 mRNA 
levels in 34 SLE patients and 34 healthy controls, which was 
used to demonstrate expression profile of EPA2 in SLE plasma. 
Moreover, we validated EPA2 plasma levels from an indepen-
dent SLE cohort (81 SLE patients and 81 healthy controls). 
Diagnosis of SLE was made according to the classification cri-
teria of the American College of Rheumatology (ACR) in 1997. 
Data about clinical and laboratory characteristics of SLE patients 
were collected. Systemic lupus erythematosus disease activity 
index (SLEDAI) was calculated according to the SLE Disease 
Activity Index 2000 version (SLEDAI- 2K). All SLE patients 
were from the Department of Rheumatology and Immunology 
of the Affiliated Hospital of Southwest Medical University, and 
healthy controls were from the Center for Disease Control and 
Prevention of Jiangyang District and the Health Examining 
Center of Affiliated Traditional Chinese Medicine Hospital of 
Southwest Medical University.

2.2   |   Animal Models

Thirty- two female C57BL/6J mice (6–8 weeks) were purchased 
from GemPharmatech (Chengdu, China). After 1 week of ac-
climatization feeding, the mice were randomly divided into 
4 groups of 8 mice each using completely randomized group-
ing. Three groups of mice were injected intraperitoneally with 
0.5 mL pristane (Sigma Aldrich, St Louis, USA) to induce lupus. 
The other group was injected with phosphate- buffered saline 
solution (PBS). After 3 months' observation, EPA2 siRNA ad-
enovirus and empty vector adenovirus were diluted in steril-
ized saline and injected into part of the pristane- induced lupus 
mice. Different kinds of adenoviruses were injected into the 
tail vein for 5 and 7 days, and then EPA2 mRNA levels in the 
spleen were evaluated. Five days' injection of EPA2 siRNA ad-
enovirus showed the best knockdown efficiency (Figure S1). In 
the following study, all mice were euthanized after injection 
of EPA2 siRNA adenovirus for 5 days. Cardiac blood was col-
lected and centrifuged to obtain serum. The liver, spleen, and 
kidneys were weighed and photographed.

2.3   |   Enzyme- Linked Immunosorbent Assay 
(ELISA)

Plasma from each patient and control subject was separated, and 
then the plasma was stored in a −80°C freezer until use. Plasma 
EPA2 was detected using an ELISA kit (Abebio, Wuhan, China). 
In addition, mouse serum was collected after centrifugation for 
detection of antinuclear antibody (ANA), anti- double- stranded 
DNA antibody (anti- dsDNA), and immunoglobulin G (IgG) 
(CUSABIO, Wuhan, China). The data were measured at 450 nm 
using an enzyme marker.

2.4   |   Quantitative Real- Time PCR Analysis 
(qRT- PCR)

Total RNA from the whole blood of the patient and control sub-
jects was extracted using the Whole Blood Total RNA Kit (Sangon 
Biotech, Shanghai, China), and total RNA from cells was ex-
tracted using the Ultra Pure Total RNA Extraction Kit (Sangon 
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Biotech, Shanghai, China). cDNA was synthesized using reverse 
transcriptase reagent (Vazyme, Nanjing, China). cDNA was am-
plified using SYBR dye (Vazyme, Nanjing, China). All qRT- PCR 
analysis was performed in triplicate and normalized to glyceral-
dehyde- 3 phosphate dehydrogenase (GAPDH). Relative mRNA 
levels of EPA2 and GDF15 were calculated for each sample using 
the 2−ΔΔCt method. Primer sequences were shown in Table S1.

2.5   |   Flow Cytometry

Mouse spleens were ground using a 70 μm cell filter to prepare 
single- cell suspensions. Leukocytes were obtained by removing 
erythrocytes on ice using erythrocyte lysis buffer (Beyotime, 
Shanghai, China). Monocytes, dendritic cells, B cells, macro-
phages, and T cells were detected using CD11b- FITC, LY- 6C- 
PE- CY7, CD11c- APC, CD19- PE, F4/80- BV421, CD3- BV510, 
and CD8- percp- cy5.5. For Th1, Th2, Th17, and Treg cells, the 
proportion of the cells were detected by markers of CD4- BV421, 
interferon- γ (IFN- γ)- FITC, interleukin- 4 (IL- 4)- PE- CY7, IL- 
17A- PE, and Foxp3- AF647. All antibodies were purchased from 
BD Biosciences (California, USA). All data were analyzed by 
FlowJo software (v10.8.0, Treestar, USA).

2.6   |   Cytometric Bead Array (CBA)

The BD Cytometric Bead Array Mouse Cytokine Kit was used 
to detect expression of inflammatory cytokines IL- 2, IL- 4, IL- 6, 
IL- 10, IFN- γ, and TNF- α in mouse serum. Experiments were per-
formed according to the CBA kit instructions. Briefly, 50 μL of 
serum samples, 20 μL of mixed microspheres, and 20 μL of PE de-
tection antibody were gently mixed and incubated for 2 h at room 
temperature, protected from light. Data were collected using a BD 
FACSCantoII flow cytometer. A standard curve was obtained, and 
the sample content was calculated using FCAP Array software.

2.7   |   Histopathology and Immunofluorescence 
Analysis

Mice kidneys were prepared by dehydration, trimming, embed-
ding, sectioning, staining, sealing, and microscopic examination; 
hematoxylin–eosin (HE) staining and Masson staining were per-
formed to observe the renal histopathology and renal fibrosis. 
HE and Masson scores were calculated according to the degree 
of renal tissue damage and the percentage of area of renal fibrous 
tissue expression, respectively [24, 25]. The site and intensity of im-
mune complex expression in the mice's kidneys were observed by 
immunofluorescence staining under a laser confocal microscope.

2.8   |   Cell Culture and Processing

Twenty- five milliliters of fetal bovine serum, 5 mL of endothe-
lial cell growth supplement, and 5 mL of penicillin–streptomycin 
were added to 500 mL of ECM (Sciencell, USA) basal medium, 
which was configured as fresh medium. HUVECs were cultured 
in a 37°C incubator at 5% CO2. HUVECs were transfected with 
the EPA2 siRNA adenoviral vector. For discussing the role of 
EPA2 in HUVECs proliferation, migration, and tube formation 

by regulating GDF15, we first transfected HUVECs with EPA2 
siRNA adenoviruses, and then we treated the cells with recombi-
nant human GDF15. The concentration is 100 ng/mL with a 24 h 
intervention.

2.9   |   Proliferation

Cell proliferation capacity was evaluated using a cell counting 
kit (CCK- 8; Sigma). HUVECs were spread in 96- well plates at a 
density of 2 × 103 cells for 24 h. Ten microliters of CCK- 8 solution 
was added to each well, and the absorbance at 450 nm was mea-
sured by an enzyme marker.

2.10   |   Migration

Migration was determined using transwell cell culture inserts 
(8um, Corning). HUVECs (3 × 104 cells) were placed in the upper 
layer of the transwell, and serum- containing ECM was placed 
below the cell- permeable membrane. After 24 h of incubation, 
the cells were fixed with 4% paraformaldehyde for 15 m, washed, 
and then stained with 0.1% crystal violet for 20 m. Three fields 
of view were photographed in each well, counted using ImageJ, 
and the average value was taken for statistical analysis.

2.11   |   Tube Formation

Each well in a 24- well plate was coated with 80 μL matrigel 
(Lablead, Beijing, China), and then HUVECs were added to the 
matrigel- coated wells at a density of 5 × 104 cells per well. After 
8 h, photographs were taken with a light microscope, and the 
number of nodes and total tube length were calculated using the 
Angiogenesis Analyzer plug- in for ImageJ.

2.12   |   Determination of Sample Size

The sample size was determined based on the research expe-
rience of the subject group and the ability of the group to actu-
ally collect samples. After completing the inclusion of samples, 
power was applied to conduct post hoc analysis as a means of 
calculating the actual test efficacy of the included sample size. 
The test efficacy for EPA2 plasma levels in the two case–control 
studies was both 1.000, and the test efficacy for EPA2 mRNA 
levels for qRT- PCR analysis was 0.970.

2.13   |   Statistical Analysis

All data were analyzed using SPSS 26.0 statistical software. 
Quantitative data were expressed as mean ± standard deviation 
(SD) according to the Shapiro–Wilk test if the data were nor-
mally distributed. Median (interquartile spacing) was used for 
non- normal distribution data. Qualitative data were expressed as 
frequencies and (or) percentages. The rank correlation coefficient 
was used to evaluate the relationship between two variables. The 
specificity and sensitivity of plasma EPA2 as a diagnostic marker 
for SLE were measured by receiver operating characteristics 
(ROC) curves. p < 0.05 was statistically significant.
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3   |   Results

3.1   |   Correlation Between Plasma Levels of EPA2 
and SLE Patients

Clinical and laboratory characteristics of SLE patients and healthy 
controls for ELISA analysis are shown in Table S2. Plasma EPA2 
levels were higher in SLE patients compared with healthy con-
trols (p < 0.001, Figure 1A). Plasma EPA2 levels were significantly 
higher in SLE patients complicated with some clinical and labora-
tory features (including cylindruria, hematuria, proteinuria, and 
pyuria) compared to patients without these features (All p < 0.05, 
Figure  1B–E). Correlation analysis showed that plasma EPA2 
levels were associated with a number of clinical and laboratory 
features, including SLEDAI (rs = 0.649, p < 0.001, Figure 1F), C3 
(rs = −0.291, p = 0.015, Figure 1G), and C4 (rs = −0.258, p = 0.031, 
Figure 1H). ROC curve analysis showed that plasma EPA2 dis-
tinguished SLE patients from healthy controls with an area under 
the curve of 0.898 (95% CI: 0.848–0.949, p < 0.001, Figure 1I). In 
addition, other clinical and laboratory characteristics were not sig-
nificantly associated with plasma EPA2 levels (p > 0.05, Tables S3 
and S4). We assessed the ability of plasma EPA2 to distinguish 
SLE from healthy controls. The diagnostic efficiency of plasma 
EPA2 was evaluated (Table S5). At the cut- off value of 1.533 ng/
mL, the sensitivity, specificity, +LR, −LR, Youden's index, accu-
racy, PPV, and NPV were 0.827, 0.877, 6.724, 0.197, 0.704, 0.852, 
0.870, and 0.835, respectively. To validate plasma levels of EPA2 
in SLE patients, we used another independent SLE cohort, which 
included 81 SLE patients and 81 healthy controls (Table S6). We 
found that SLE patients also had significantly higher plasma 
EPA2 levels than healthy controls (p < 0.001, Figure S2A). Plasma 

EPA2 levels were correlated with some clinical and laboratory 
characteristics of SLE patients (Figure S2B–I, Tables S7 and S8). 
ROC curve also found that plasma EPA2 may differentiate SLE 
from controls (Figure S2J).

3.2   |   Peripheral Blood EPA2 mRNA Levels Were 
Higher in SLE Patients

Another cohort of SLE patients and healthy controls was con-
ducted to discuss the expression profile of EPA2 mRNA. The 
characteristics of the patients and controls were shown in 
Table S9. There was no statistically significant difference in the 
age and gender of the study subjects in both groups. By exploring 
the differences between peripheral blood EPA2 mRNA levels in 
SLE patients and healthy populations, it was found that mRNA 
levels of EPA2 were higher in SLE patients than in healthy con-
trols (p = 0.030, Figure  1J). ROC curve analysis showed that 
EPA2 mRNA levels distinguished SLE patients from healthy con-
trols with an area under the curve of 0.653 (95% CI: 0.523–0.784, 
p = 0.030, Figure 1K). Correlation between EPA2 mRNA levels 
and SLE patients' clinical and laboratory features was listed in 
Tables S10 and S11.

3.3   |   EPA2 siRNA Adenovirus Inhibited Kidneys 
Swelling in Lupus Mice

The weights of the liver, spleen, and kidneys were significantly 
increased in pristane- induced lupus mice compared to controls. 
Treatment with EPA2 siRNA adenovirus decreased the weights 

FIGURE 1    |    Plasma and mRNA levels of EPA2 in SLE patients and healthy controls. (A) Plasma EPA2 levels in 81 SLE patients and 81 healthy 
controls were detected by ELISA. Comparison of EPA2 plasma levels between the two groups. (B–E) EPA2 plasma levels are associated with some 
clinical characteristics of SLE patients. (F–H) Correlation of plasma EPA2 levels with SLEDAI, C3, and C4. (I) Exploration of the potential of EPA2 
plasma as a biomarker for SLE by receiver operating characteristics (ROC) curve analysis. (J) The mRNA levels of 34 SLE patients and 34 healthy 
controls were detected by qRT- PCR. (K) Exploration of the potential of EPA2 mRNA as a biomarker for SLE by receiver operating characteristics 
(ROC) curve analysis. *p < 0.05, ***p < 0.005, ****p < 0.001.
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of kidneys but did not significantly decrease the weights of liver 
and spleen in lupus mice (Figure 2A–C).

3.4   |   EPA2 siRNA Adenovirus Attenuates Renal 
Injury in Lupus Mice

Compared with controls, pristane- induced lupus mice exhibited 
glomerulosclerosis and necrosis, thickening of the basement 
membrane of the renal capsule, narrowing of the capillary lumen, 
localized crescent formation, nuclear deletion of renal tubular ep-
ithelial cells, dilatation of part of the renal tubule, thinning of the 
tubular wall, lymphocyte infiltration, and fibrous tissue hyper-
plasia. In addition, glomerular IgG deposition was significantly 
increased in lupus mice compared with control mice. However, 
HE, Masson, and immunofluorescence intensity scores indicated 
that the EPA2 siRNA adenovirus had a significant therapeutic ef-
fect in lupus mice (all p < 0.05, Figure 3A–C).

3.5   |   Inhibition of EPA2 Reduces Inflammatory 
Cytokines and Autoantibodies Production

Pristane- induced lupus mice had significantly higher levels of 
ANA, anti- dsDNA, and IgG compared to control mice. Silencing 
of EPA2 in lupus mice significantly reduced ANA, anti- dsDNA, 
and IgG levels compared to adenoviral empty vector- treated 
lupus mice (Figure  4A–C). In pristane- induced lupus mice, 
serum IL- 2, IL- 4, IL- 6, IL- 10, IFN- γ, and TNF- α levels were 
higher than those in the control group (Figure 4D–I). The ex-
pression of all inflammatory cytokines was down- regulated 
after silencing EPA2 in the lupus mice.

3.6   |   Silencing EPA2 Reversed Dysregulation 
of Immune Cells in Lupus Mice

The percentages of CD11b+LY- 6C+, F4/80+, CD11c+, CD19+, 
CD8+, Th1+, Th2+, and Th17+ cells in the spleen of lupus mice 
were significantly higher than in control mice, and the proportion 
of Treg cells was lower in the lupus mice. After inhibition of EPA2, 
the lupus mice showed lower percentages of CD11b+LY- 6C+, 
F4/80+, CD11c+, CD19+, CD8+, Th1+, Th2+, Th17+ cells, and a 
higher percentage of Treg cells (All p < 0.05, Figure 5A–I).

3.7   |   EPA2 siRNA Adenovirus Down- Regulates 
the mRNA Levels of GDF15

It is known that EPA2 may regulate angiogenesis. Therefore, 
we conducted in vitro experiments to discuss whether silencing 
EPA2 may regulate the function of HUVECs. Moreover, in our 
previous study, we found that GDF15 may be involved in SLE 
pathogenesis by regulating angiogenesis. In this study, we also 
discuss the effects of EPA2 on HUVECs by regulating GDF15.

First, we discussed which titer (MOI = 50, MOI = 100, MOI = 200, 
MOI = 500) of adenoviral transfection of HUVECs may have the 
best effect, and immunofluorescence observation of the cells 
showed MOI = 100 to be the best (Figure 6A). Then, EPA2 siRNA 
adenoviral transfection of HUVECs was further conducted to dis-
cuss which time silencing EPA2 may inhibit EPA2 expression the 
best. Results showed that expression of EPA2 was mostly inhib-
ited after 48 h (Figure 6B). In addition, qRT- PCR analysis showed 
that the GDF15 mRNA expression was significantly reduced in 

FIGURE 2    |    Reduction of liver, spleen, and kidney enlargement in lupus mice after injection of EPA2 siRNA adenovirus. (A–C) Lupus mice (mod-
el group) were constructed by intraperitoneal injection of pristane into wild- type (WT) C57BL/6 J mice, and control mice were constructed by injec-
tion of PBS into WT mice. The lupus mice were injected with an adenoviral empty vector or EPA2 siRNA adenovirus. Representative pictures of liver, 
spleen, and kidney of four groups of mice (left) and statistical analysis of organ weights (right). Error bars are shown as mean ± standard deviation. 8 
mice/group. **p < 0.01, ***p < 0.005, ****p < 0.001.



6 of 12 International Journal of Rheumatic Diseases, 2025

the EPA2 siRNA adenovirus group compared with the control 
and empty vector adenovirus groups (p < 0.05, Figure 6C).

3.8   |   Inhibition of HUVECs Proliferation by EPA2 
Inhibition

HUVECs were transfected with empty vector adenovirus 
(MOI = 100) and EPA2 siRNA adenovirus (MOI = 100), and the 
proliferation of HUVECs was detected by CCK8. The results 
showed that the proliferation ability of HUVECs was significantly 
reduced in the EPA2 silencing group compared with the control 
and empty vector groups (p < 0.05, Figure  6D). Interestingly, 

addition of GDF15 to the EPA2- silenced group significantly en-
hanced the proliferation ability of HUVECs (p < 0.05).

3.9   |   Inhibition of HUVECs Migration by 
Suppression of EPA2

We discussed the effects of EPA2 on HUVECs migration. 
Transwell assay of HUVECs migration showed that the number 
of crystal violet staining was significantly reduced in the EPA2- 
silenced group compared with the control group and the empty 
vector group (p < 0.05, Figure 6E), suggesting that EPA2 silenc-
ing significantly reduced the migratory ability of HUVECs. After 

FIGURE 3    |    EPA2 silencing attenuates kidney injury in lupus mice. (A–C) HE staining, Masson staining and immunofluorescence staining of 
the kidneys of mice in the control group, pristane- induced lupus group, adenovirus empty vector, and EPA2 siRNA adenovirus- injected groups. 
Acquisition of ×400 micrographs. Representative graphs of HE staining, Masson staining, and immunofluorescence of each group are shown on the 
left, and statistical scores of HE score, Masson score, and immunofluorescence score are shown on the right. Error bars are shown as mean ± stan-
dard deviation. 8 mice/group. **p < 0.01, ***p < 0.005.
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the addition of GDF15 to the EPA2- silenced group, the migratory 
ability of HUVECs was significantly enhanced (p < 0.05).

3.10   |   Inhibiting EPA2 in HUVECs Reduces 
the Generation of Lumen- Like Structures

Based on the above- mentioned regulatory effects of EPA2 silencing 
on HUVECs’ proliferation and migration, we discussed the effects 
of EPA2 on the angiogenesis of HUVECs. The results showed that 
compared with the empty vector adenovirus group, the number of 

nodes in the EPA2- silenced group was significantly reduced, and 
the tube length was significantly shortened (p < 0.05, Figure 6F). 
On the contrary, the addition of GDF15 reversed EPA2 silencing- 
mediated effects. It is suggested that EPA2 silencing significantly 
inhibited the generation of lumen- like structures in HUVECs.

4   |   Discussion

In the present study, 3 population- based case–control studies 
were conducted to discuss not only the correlation between 

FIGURE 4    |    Inhibition of EPA2 reduces autoantibodies and inflammatory cytokines production in lupus mice. (A–C) Concentrations of ANA, 
anti- dsDNA, and IgG in four groups of mice were measured by ELISA analysis. (D–I) Concentrations of inflammatory cytokines, including IL- 2, IL- 
4, IL- 6, IL- 10, TNF- α, and IFN- γ, in four groups of mice were measured by CBA. Error bars are shown as mean ± standard deviation. 8 mice/group. 
*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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FIGURE 5    |     Legend on next page.



9 of 12

plasma EPA2 levels and SLE pathogenesis but also the associ-
ation between peripheral blood EPA2 mRNA levels and SLE 
risk. The role of EPA2 in the development of lupus was further 
demonstrated by the establishment of a lupus mouse model, in 
which we explored the role of EPA2 in the development of lupus 
by treating lupus mice with EPA2 siRNA adenovirus. The re-
sults showed that both plasma and mRNA levels of EPA2 were 
higher in SLE patients, and silencing EPA2 significantly re-
duced kidney weight, slowed down kidney injury, and restored 
immune cell abnormalities. In in vitro experiments we demon-
strated that EPA2 is associated with angiogenesis and may be 
involved in angiogenesis through regulating GDF15.

Dysregulation of T and B cell activation is a major feature of 
SLE. EPA2 is the only Endophilin family member expressed 
in hematopoietic cells, which is important for B cell- mediated 
humoral immunity and pathology [26, 27]. EPA2 can ab-
normally activate self- reactive T cells by regulating T cell 
receptor internalization, triggering, and driving RA. EPA2 
deficiency was protective against autoimmune encephalomy-
elitis [15, 28]. Since SLE is also an autoimmune disease, we 
speculated that EPA2 might be involved in the pathogenesis 
of SLE. Our study confirmed that plasma EPA2 levels were 
much higher in SLE patients, and clinical subgroup analysis 
revealed that EPA2 expression was associated with a number 

FIGURE 5    |    Distribution of immune cells in lupus mice after inhibiting EPA2 expression. Expression of different immune cells was analyzed 
using flow cytometry in four groups of mice, including wild- type mice injected with PBS, pristane- induced lupus mice, and pristane- induced lu-
pus mice injected with adenoviral empty vectors or EPA2 siRNA adenovirus. (A) CD11b- FITC, LY- 6C- PE- CY7; (B) F4/80- BV421; (C) CD11c- APC; 
(D) CD19- PE; (E–I) T cell subsets, and all cell proportions were first labeled with CD3+. Representative flow plots are shown on the left, and sta-
tistical analysis of the corresponding immune cells is shown on the right. Error bars show mean ± standard deviation. 8 mice/group. ***p < 0.005, 
****p < 0.001.

FIGURE 6    |    Suppressing EPA2 inhibits proliferation, tube formation, and migration of HUVEC cells. (A) HUVECs were transfected with EPA2 
siRNA adenovirus at different titers (MOI = 50, MOI = 100, MOI = 200, MOI = 500), and the transfection efficiency was observed under a fluorescence 
microscope at 48 h of transfection. (B) The optimal transfection time was detected by the qRT- PCR method (N = 3/group). (C) The relative mRNA lev-
els of GDF15 in the control, adenovirus empty vector group, and EPA2 siRNA adenovirus group were detected by the qRT- PCR method (N = 5/group). 
(D) EPA2 siRNA transfection of HUVECs was carried out for 48 h for the proliferation assay. Cells were seeded in 96- well plates, and GDF15 recombi-
nant protein was added; CCK- 8 reagent was added after 24 h of incubation, and the absorbance at 450 nm was measured by an enzyme marker (N = 5/
group). (E) HUVECs were transfected with EPA2 siRNA adenovirus, and a transwell assay was carried out and photographed after 48 h. Scale bar: 
200 μm. For each experiment, 3 fields of view were randomly selected for cell counting, and the mean value was taken for statistical analysis. Each 
experiment was repeated 3 times. (F) HUVECs were transfected with EPA2 siRNA adenovirus to knock down EPA2 expression, and tube- forming 
experiments were performed at 48 h of transfection and photographed after 8 h. Scale bar: 200 μm. The total length of tube formation and the number 
of nodes were statistically analyzed. Each experiment was repeated 3 times. *p < 0.05, **p < 0.01, ***p < 0.005.
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of indicators associated with acute kidney injury, such as tu-
bular urine, hematuria, proteinuria, and pyuria. Our study 
also found a negative correlation between C3, C4, and EPA2 
expression in SLE patients. Interestingly, EPA2 expression 
was significantly correlated with SLEDAI score. Plasma EPA2 
levels could differentiate between SLE patients and healthy 
controls. In addition, we found that peripheral blood EPA2 
mRNA levels were significantly higher in SLE patients than in 
healthy controls, and peripheral blood EPA2 mRNA showed 
the ability to differentiate SLE from healthy controls. All these 
suggest that EPA2 may be associated with SLE pathogenesis 
and may be a biomarker to distinguish SLE patients from 
healthy individuals. The diagnosis and treatment of SLE are 
highly dependent on biomarkers, but existing markers have 
significant shortcomings in terms of specificity and sensitiv-
ity. For example, the specificity of ANA is not high, the sen-
sitivity and specificity of anti- dsDNA are not enough, and the 
levels of complement C3 and C4 are correlated with disease 
activity and may be affected by other factors such as infection. 
Therefore, there is a need to find new biomarkers to improve 
the efficiency and accuracy of early diagnosis of SLE. EPA2 
has a good diagnostic ability with sensitivity and specificity of 
0.827 and 0.877, respectively.

To further demonstrate the role of EPA2 in SLE pathogene-
sis, lupus mice were injected with EPA2 siRNA adenovirus. 
The results showed that EPA2 silencing could attenuate 
kidney injury and reverse the abnormality of immune cells, 
autoantibodies, and inflammatory cytokines in lupus mice. 
Interestingly, pristane- induced lupus mice exhibited en-
larged livers, spleens, and kidneys, as well as renal injuries. 
The hepatomegaly, splenomegaly, and nephrometastasis were 
reduced in the lupus mice after silencing EPA2, and glomer-
ulonephric necrosis was reduced. Renal lymphocyte infiltra-
tion was inhibited, and IgG deposition was reduced in lupus 
mice injected with EPA2 siRNA adenovirus. EPA2 silencing 
also significantly reduced ANA, IgG, and anti- dsDNA auto-
antibodies production in lupus mice. This confirms the role of 
EPA2 in promoting renal immune complex deposition. Some 
studies showed that EPA2 was positively correlated with the 
expression of IL- 6 and TNF- α [29, 30]. It is well recognized 
that an imbalance of these pro- inflammatory factors is asso-
ciated with SLE disease activity. In this study, lupus mice ex-
hibited high levels of inflammatory cytokines, including IL- 6 
and TNF- α. After injecting with EPA2 siRNA adenovirus, 
the lupus mice showed down- regulated levels of IL- 2, IL- 4, 
IL- 6, IL- 10, TNF- α, and IFNγ. The findings suggest that si-
lencing EPA2 inhibits the production of autoantibodies and 
inflammatory cytokines. In pristane- induced lupus mice, the 
frequencies of CD11b+LY- 6C+, F4/80+, CD11c+, CD19+, CD8+, 
Th1+, Th2+, and Th17+ cells were higher, and the frequency 
of Treg cells was lower. It is known that the imbalance of 
these cells promotes the pathogenesis of SLE. When inject-
ing with EPA2 siRNA adenovirus in lupus mice, the imbal-
ance of the immune cells was reversed. Interestingly, there 
are some potential off- target effects of EPA2 inhibition. First, 
EPA2 has homology with EPA1 and EPA3, and its function 
may be interfered with if the sequence is silenced. Second, 
EPA2 is involved in synaptic vesicle recycling and membrane 
remodeling, and its silencing may affect neuronal synaptic 
transmission, leading to behavioral abnormalities or cognitive 

impairment. Third, EPA2 is associated with apoptosis regula-
tion, and silencing EPA2 may lead to unintended cell death or 
abnormal proliferation by affecting mitochondrial membrane 
stability or caspase activation pathways. Fourth, EPA2 may 
indirectly regulate other pathways, leading to aberrant acti-
vation of signaling such as MAPKs and PI3K/AKT after EPA2 
silencing.

To date, some studies have shown that the pathogenesis of 
cardiovascular diseases such as atherosclerosis, myocardial 
infarction, and heart failure may relate to insufficient angio-
genesis. EPA2 may block subcutaneous deposition of oxLDL 
proteins when treating mice with atherosclerosis. EPA2 has a 
protective effect on cardiac function in ischemia- induced in-
jury by attenuating cardiomyocyte apoptosis and decreasing 
the endoplasmic reticulum stress in response to myocardial 
infarction injury [31]. EPA2 may promote angiogenesis and 
may be protective against cardiovascular disease, suggesting 
a potential role in vascular function [32]. However, excessive 
angiogenesis may promote the development of autoimmune 
diseases and tumors. In glioblastoma, EPA2 may lead to ac-
tivation of the MAPK cascade response and result in altered 
expression of genes associated with cell proliferation [33]. 
Reduced EPA2 expression was effective in inhibiting the 
phosphorylation activation of the AKT/GSK- 3b/FAK signaling 
pathway and regulating cell proliferation [14]. A study found 
that silencing EPA2 reduced cancer cell migration [13]. In ad-
dition, a study showed that EPA2 promotes endothelial cell 
migration and angiogenesis. SLE pathogenesis was related to 
angiogenesis. Thus, we discussed whether EPA2 may regulate 
HUVECs function. Moreover, our previous study found that 
GDF15 correlated with SLE pathogenesis, and GDF15 may 
induce angiogenesis [29]. Therefore, in this study, we also ex-
plored whether EPA2 plays a role in angiogenesis through reg-
ulating GDF15. The results showed that HUVECs transfected 
with EPA2 siRNA had reduced proliferation, migration, and 
tube- forming ability, which was enhanced by the addition of 
GDF15 recombinant protein. It suggests that EPA2 may be in-
volved in angiogenesis through regulating GDF15.

There are some innovations in the study. First, this study explored 
the plasma levels of EPA2 in SLE patients for the first time, re-
vealing the ability of EPA2 as a diagnostic biomarker for SLE. 
Moreover, the potential of EPA2 as a biomarker for SLE was fur-
ther verified by analyzing the expression of EPA2 in PBMCs of SLE 
patients and another independent cohort discussing EPA2 plasma 
levels, which will help the early detection and diagnosis of SLE 
in the future. Second, the functional study of the association be-
tween EPA2 and SLE pathogenesis was explored by carrying out 
animal experiments, which will provide a basis for targeting EPA2 
for the treatment of SLE in the future. Third, this study revealed 
the role of EPA2 in angiogenesis by regulating GDF15, which pro-
vides a preliminary basis for future elucidation of whether EPA2 is 
involved in lupus progression by affecting GDF15.

There are several limitations in this study. First, plasma EPA2 
levels correlated with some clinical and laboratory characteris-
tics of SLE patients, and functional studies are needed to investi-
gate how EPA2 modulates these characteristics. Second, in vitro 
studies have shown that EPA2 may be involved in angiogenesis 
through regulating GDF15, but whether EPA2 is involved in the 
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development of lupus through regulating GDF15 in vivo needs 
to be confirmed. Third, multicenter studies are needed to con-
firm the potential of EPA2 as a biomarker for SLE.

In summary, our study suggests that EPA2 was associated with 
the pathogenesis of SLE, EPA2 may be a biomarker for SLE, and 
EPA2 may be involved in SLE development by regulating GDF15.
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ABSTRACT
Background: Sarcopenia is a progressive disorder characterized by loss of skeletal muscle mass, strength, and function. 
Although STAT3 is known to regulate myogenic differentiation, its role in sarcopenia remains unclear.
Methods: STAT3 expression was assessed in skeletal muscle samples from sarcopenia patients and nonsarcopenic controls, as 
well as aged SAMP8 mice. C2C12 myoblasts were used to investigate the effects of STAT3 on proliferation and myogenic dif-
ferentiation using gain-  and loss- of- function approaches. The role of the Wnt/β- catenin pathway was examined using pathway- 
specific assays. In vivo, siRNA- mediated STAT3 knockdown was performed in aged SAMP8 mice to evaluate effects on muscle 
phenotype and endurance.
Results: STAT3 expression was significantly upregulated in muscle tissues from sarcopenia patients and aged mice, correlat-
ing with increased expression of the atrophy marker MuRF- 1. STAT3 levels also rose during C2C12 cell differentiation. STAT3 
overexpression suppressed C2C12 proliferation and myogenic differentiation, whereas knockdown enhanced both processes. 
Mechanistically, STAT3 inhibited Wnt/β- catenin signaling, reducing the expression of myogenic markers. In  vivo, STAT3 
silencing in aged mice increased muscle mass, improved treadmill performance, and decreased muscle atrophy markers.
Conclusion: STAT3 impairs myogenic proliferation and differentiation by negatively regulating the Wnt/β- catenin pathway, 
contributing to sarcopenia progression. Targeting STAT3 may serve as a promising therapeutic strategy for restoring muscle 
regeneration and function in sarcopenia.

1   |   Introduction

Sarcopenia is a disorder caused by a persistent loss of weight, mass, 
and function of skeletal muscle. Clinical manifestations include 
decreased muscle strength, susceptibility to fatigue and falls, in-
creased bone risk, and in severe cases, organ function can be in-
volved, leading to cardiac and respiratory failure and even death 

[1, 2]. Aging, chronic diseases, and neurological damage are all 
contributing factors to sarcopenia [3, 4]. Approximately 50 million 
individuals globally are believed to suffer from sarcopenia, and 
this figure is expected to rise significantly as society ages, with 
projections suggesting that the number of people with sarcopenia 
could reach up to 500 million by 2050 [5]. Therefore, the patho-
genesis and management of sarcopenia have attracted worldwide 
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attention and research. Currently, there are various pathogenic 
mechanisms of sarcopenia, including reduced function of myo-
satellite cells, chronic inflammation, decreased function of nerves 
innervating skeletal muscle, oxidative stress, loss of mitochondrial 
function, and abnormal axis [6, 7]. Studies have provided evidence 
of progressive skeletal muscle loss because of aging. Aging causes 
a decline in the number of fast- twitch muscle fibers and satellite 
cells, which in turn leads to an imbalance in muscle homeostasis 
and impaired tissue regeneration [8]. Studies on the mechanisms 
of skeletal muscle cell proliferation and differentiation have re-
vealed that once the skeletal muscle is stimulated by injury, myo-
satellite cells, which are in control of skeletal muscle maintenance, 
are activated to produce a large number of myogenic cells, which 
are called myoblasts [9]. These myogenic cells, which fuse to form 
new myotubes or merge with broken myotubes to reconstruct the 
myotube structure, participate in injury repair. The C2C12 mouse 
myoblast cell line was chosen as an in vitro model to examine the 
molecular pathways at play due to its established ability to develop 
into muscle cells. Consequently, examining the regulatory mech-
anisms that affect C2C12 cell growth and differentiation provides 
valuable understanding for enhancing muscle regeneration and 
addressing issues such as sarcopenia.

Signal Transducer and Activator of Transcription (STAT) is a fun-
damental pathway for growth factor and cytokine signaling, and 
STAT3 is an important component of the STAT family. STAT3 has 
been demonstrated to impede the myogenic differentiation of adult 
myoblasts [10]. Steyn et al. revealed that IL- 6 induces myogenic 
differentiation of myoblasts through activation of JAK2- STAT3 
signaling [11]. In contrast, Liu et al. indicated that glucosamine- 
induced endoplasmic reticulum stress negatively impacts myo-
blast differentiation by reducing STAT3 protein synthesis [12]. A 
recent study also identified STAT3 as notably elevated in sarcope-
nia and suggested it as a key regulatory gene [13]. STAT3's role in 
muscle biology is complex; while it can stimulate muscle regener-
ation through satellite cell activation and improved mitochondrial 
activity, its excessive activation has been associated with muscle 
atrophy and fibrosis [13]. This duality underscores the necessity 
for precise mechanistic clarification of STAT3's role specifically in 
sarcopenia, where regulation of muscle regeneration processes is 
crucial yet poorly understood. Thus, exploring STAT3's regulatory 
mechanisms in this context could reveal significant therapeutic 
opportunities. Additionally, the Wnt/β- catenin signaling pathway 
is considered pivotal in regulating muscle cell differentiation and 
regeneration [14, 15]. However, how STAT3 interacts with this 
pathway in the context of sarcopenia remains unclear. Therefore, 
this study aims to elucidate how STAT3 influences growth and 
differentiation of myoblasts specifically through its involvement 
with the Wnt/β- catenin signaling pathway. Utilizing both C2C12 
cells and aged SAMP8 mice, we assess whether inhibiting STAT3 
may enhance muscle regeneration, indicating its possible role as a 
therapeutic target for addressing sarcopenia.

2   |   Methods

2.1   |   Clinical Tissue

Muscle samples (quadriceps and skeletal muscle) were obtained 
via needle biopsy under local anesthesia from patients at Suzhou 
Municipal Hospital including six sarcopenia (aged ≥ 60 years) 

(aged ≥ 60, mean age 68.6 ± 5.2 years, three males and three fe-
males) diagnosed according to the European Working Group on 
Sarcopenia in Older People 2019 (EWGSOP2) criteria [2] and six 
age- matched nonsarcopenia controls (mean age 67.8 ± 4.9 years, 
three males and three females). The exclusion criteria com-
prised neuromuscular illnesses, metabolic conditions, recent 
significant surgery or trauma, the use of corticosteroids, and 
inflammatory myopathies. The muscle tissue samples were 
biopsy- confirmed, and the study was granted approval by 
Joint Ethics Committee of the Ministry of Health and Suzhou 
Municipal Hospital (SMH- 2024- 021). The study was conducted 
following the Helsinki guidelines.

2.2   |   Animal Study

Three-  and 24- month- old male SAMP8 mice were obtained 
from GemPharmatech and allowed to acclimate for 1 week in 
standard conditions (22°C ± 2°C, 12- h light/dark cycle). Five 
mice from each age category were euthanized, and the gas-
trocnemius (GA) muscle was removed for quantitative anal-
ysis. Twenty- four- month- old mice were divided into control 
(AAV9- NC) and experimental (AAV9- sh- STAT3) groups (n = 5 
per group), receiving intraperitoneal injections of viral vectors 
(3 × 106 particles per mouse). The control vector (AAV9- NC) 
contained a scrambled shRNA sequence as a negative control. 
AAV9- shRNA and AAV9- sh- STAT3 were prepared as pre-
viously described [16]. Locomotor activity was tracked for 2 
months postinjection. At endpoint, GA muscles were collected 
for qRT- PCR, Western blot, and histopathological analyses in-
cluding H&E and Masson staining. Animal procedures were 
approved by Suzhou Municipal Hospital (SMH- 2024- [A]154) 
and adhered to ARRIVE guidelines. Detailed reagents and kit 
information are available in Supplementary Table S1.

2.3   |   Myoblast Culture and Differentiation

C2C12, a murine myoblast cell line acquired from ATCC, was 
cultured in a DMEM + FBS (10%) medium. Cells were evenly 
distributed 24 h before induction in a six- well plate. After they 
attained approximately 80% confluency, the cells were washed 
and transferred to another medium (DMEM + horse serum), 
which was changed every 48 h. In addition, cells in the STAT3 
group or sh- STAT3 group were cultured in medium (DMEM 
+ horse serum) containing the Wnt/β- catenin pathway activa-
tor LiCl (20 mmol/L) or the Wnt/β- catenin pathway inhibitor 
IWP2 (10 μM) for 48 h, respectively. Cells were harvested at 
days 0–5 to analyze STAT3 expression. Additionally, prolifer-
ation assays (CCK- 8 and EdU) and myogenic differentiation 
markers (MyoG, MyoD1, MyHC) were assessed via Western 
blot. Detailed reagents and kit information are provided in 
Table S1.

2.4   |   Lentiviral Preparation and Cellular Lipid 
Transfection

For STAT3 overexpression, the full- length STAT3 coding 
sequence was amplified and subsequently cloned into the 
pcDNA3.1 expression vector. For STAT3 knockdown, short 
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hairpin RNA (shRNA) sequences specifically targeting 
STAT3 were synthesized and cloned into the lentiviral vector 
pLentiGuide- Puro. Lentiviruses were packaged by cotransfect-
ing HEK293T cells with the pLentiGuide- Puro vectors (con-
taining either STAT3- specific or control shRNA sequences), 
along with the packaging plasmids PsPAX2 (2.2 μg) and the 
envelope plasmid pMD2.G (3 μg), using Lipofectamine 3000 
transfection reagent (Invitrogen). The lentivirus was collected 
after 48 h for transducing C2C12 cells, filtered, and used to 
transduce C2C12 cells in the presence of 8 μg/mL polybrene. 
Cells were incubated with the lentiviral solution for 24 h be-
fore replacement with fresh growth medium. Successful over-
expression or knockdown was confirmed using qRT- PCR and 
Western blot. Detailed primer and shRNA sequences are pro-
vided in Table S1.

2.5   |   CCK- 8 Assay

Cells transfected with different vectors were inoculated into 
24- well plate medium (1 × 103 cells/well). After incubation 
for 4 days, 10% (v/v) CCK- 8 reagent (Dojindo Laboratories, 
Kumamoto, Japan) was added to the culture medium, followed 
by incubation at 37°C for 4 h to infer cell viability. The OD value 
was determined at 450 nm using a microplate reader.

2.6   |   EDU Assay

C2C12 cells transfected with different vectors were seeded onto 
sterile glass coverslips placed in 24- well plates and cultured to 
approximately 70%–80% confluency. Cells underwent treat-
ment with EdU (10 μM) at 37°C for a duration of 2 h followed 
by fixation and permeabilization using paraformaldehyde and 
Triton- X (0.3%), respectively. Staining was done as mentioned in 
the kit. EdU- positive cells were quantified using a fluorescence 
microscope.

2.7   |   Quantitative Real- Time PCR

Total RNA was isolated from quadriceps and skeletal mus-
cles of patients and controls, GA muscles of SAMP8 mice, 
and C2C12 cells using TRIzol reagent. After cDNA synthe-
sis, the target gene (STAT3) was amplified using a real- time 
quantitative PCR instrument. Gene expression was detected 
by 2ΔΔCt and normalized to GAPDH. Table  S1 mentions the 
used primer sequences.

2.8   |   Western Blotting

Total protein was extracted from ground muscle tissues or 
C2C12 cell precipitates using PMSF prespiked with RIPA 
lysate. Proteins were denatured and separated using poly-
acrylamide microgels, shifted to nitrocellulose membranes, 
and then blocked with BSA (5%). Antibodies were added for 
incubation, color development reagents were added, and the 
membrane was then placed on an imaging system to properly 
display the bands. Table S2 mentions all the primary and sec-
ondary antibodies.

2.9   |   Nucleocytoplasmic Separation

The nucleus and cytoplasm of C2C12 cells were separated using 
the Nucleoplasmic Separation and Extraction Kit. The distribu-
tion of β- catenin mRNA in the nuclear and cytoplasmic frac-
tions was determined using qRT- PCR.

2.10   |   Dual Luciferase Assay

C2C12 cells were cotransfected with either STAT3 overexpres-
sion or knockdown constructs (vector/STAT3 or sh- NC/sh- 
STAT3) along with TOPFlash or FOPFlash luciferase reporter 
plasmids using Lipofectamine 3000 (Invitrogen). After cell lysis, 
the GloMax 20/20 luminometer (Promega) was used to record 
the luciferase activity. The comparative luciferase activity was 
used to evaluate Wnt/β- catenin signaling activity. All transfec-
tions were performed in triplicate.

2.11   |   Tests of Endurance Athletic Ability

The mice's locomoter capabilities were evaluated on a treadmill 
as previously described [17]. On the first day, mice began at 0 cm/s 
for 5 min, followed by running at 10 cm/s for another 5 min. On 
the second day, the treadmill's incline was adjusted to 5%, and the 
speed was increased by 13% every 2 min until the mice reached 
exhaustion. Exhaustion was characterized by a lack of movement 
in the hind limbs on the treadmill for more than 10 s. Data on 
running speed, distance, and time to exhaustion was recorded. 
Muscle strength was assessed with a grip strength meter. Mice 
were permitted to clutch the grid, and the maximum tension 
was documented during forelimb pulling. Every mouse was sub-
jected to three trials, and the average value was determined. Body 
weight was recorded prior to testing for comparison.

2.12   |   Histopathological Analysis

Immediately after anesthesia, mouse GA tissues were re-
moved, fixed with paraformaldehyde, paraffin embedded, 
and prepared into sections (4 μm). Then, H&E staining and 
Masson staining were performed as per standard protocol. 
The GA tissue structure and fibrosis were observed. Three 
fields of view were randomly selected under the microscope 
for each sample, and at least three samples in each group were 
selected for quantitative analysis of cross- sectional area (CSA, 
μm2) of muscle fibers and fiber area with Image J software, 
respectively.

2.13   |   Immunofluorescence Staining

Formalin- fixed, paraffin- embedded tissue sections underwent 
antigen unmasking using alkaline urea buffer. After blocking, 
sections were incubated with a primary anti- STAT3 antibody 
followed by washing, incubation with a fluorophore- tagged sec-
ondary antibody, and nuclear staining for visualization using 
fluorescence microscope. Signal intensity was analyzed on 
ImageJ. Table S2 enlists the antibodies details.
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2.14   |   Statistical Analysis

SPSS version 21.0 and GraphPad Prism version 8 were used for sta-
tistical interpretation. Group comparisons were evaluated using 
either the Student t- test or one- way ANOVA. Results are shown as 
the mean ± standard deviation. Pearson correlation analysis was 
applied to assess the association between gene expression levels, 
considering p- value < 0.05 as statistically significant.

3   |   Results

3.1   |   STAT3 Was Upregulated in Muscle During 
Sarcopenia

STAT3 is a key gene in sarcopenia and a promising therapeutic 
target [13]. To investigate STAT3 expression in sarcopenia, we 
examined the levels of STAT3 and its phosphorylated form (p- 
STAT3) in the quadriceps and skeletal muscle of sarcopenic 
and nonsarcopenic patients. We found that both STAT3 and p- 
STAT3 were upregulated in sarcopenic patients (Figure 1A,B). 
Similarly, their expression was also increased in the muscles 
of SAMP8 mice, with higher levels in 24- month- old mice com-
pared to 3- month- old mice (Figure 1C,D). These findings were 

consistent with the expression pattern of MuRF- 1, a known 
muscle atrophy marker, suggesting that STAT3 could serve as 
a promising diagnostic marker in sarcopenia. Furthermore, 
both STAT3 and p- STAT3 levels were increased in C2C12 cells 
after the second day of differentiation, with a progressive rise 
during the differentiation process (Figure 1E,F). Overall, the 
expression levels of both STAT3 and phosphorylated STAT3 
were heightened in the muscle tissue of sarcopenic individ-
uals, SAMP8 mice, and C2C12 cells as they undergo differ-
entiation, suggesting its potential role in the progression of 
sarcopenia.

3.2   |   STAT3 Overexpression Impaired 
the Proliferation and Differentiation Potential 
of C2C12 Myoblasts

Next, STAT3 was overexpressed to observe the functional 
changes in C2C12 myoblasts. The STAT3 overexpression model 
was successfully constructed, and the biological changes of 
C2C12 cells were manifested in the reduction of cell viability 
and proliferation capacity (Figure 2A–D). The levels of Ki67 
and PCNA proteins were notably reduced in the STAT3 model 
further demonstrating that STAT3 impeded the proliferation 

FIGURE 1    |    STAT3 is upregulated in muscles during sarcopenia. (A) qPCR for mRNA levels of STAT3 in quadriceps muscle of sarcopenia and 
nonsarcopenia patients, n = 6. (B) Western blot for STAT3, p- STAT3 and MuRF- 1 protein levels in sarcopenic and nonsarcopenic skeletal muscles, 
n = 6. (C) qPCR for mRNA levels of STAT3 in the muscle of 3 and 24 months old mice, n = 5. (D) Western blot for STAT3, p- STAT3 and MuRF- 1 pro-
tein levels in the muscle of 3 and 24 months old mice, n = 5. (E, F) qPCR and Western blot examination of STAT3 and p- STAT3 levels during the cell 
differentiation of C2C12 cells from mouse adult myoblasts. *p < 0.05, **p < 0.01, ***p < 0.001.
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of C2C12 myoblasts (Figure 2E). In addition, myogenic differ-
entiation has a vital part in muscle regeneration, and STAT3 
inhibited the levels of myogenic differentiation proteins MyoG, 
MyoD1, and MyHC, suggesting that STAT3 hinders myogenic 
differentiation (Figure  2F). The levels of muscle atrophy  
factors Atrogin- 1, MuRF- 1, and Myostatin were notably  
upregulated by STAT3 further demonstrating that STAT3 
worsens the progression of sarcopenia (Figure 2G). In short, 
elevated STAT3 levels exacerbated the progression of sarco-
penia by inhibiting C2C12 myoblast proliferation, reducing 
their capacity to grow into muscle cells, and increasing muscle 
degeneration.

3.3   |   STAT3 Deficiency Promoted Proliferation 
and Myogenic Differentiation of C2C12 Myoblasts

We next knocked out STAT3 to investigate the effect on prolif-
eration and myogenic differentiation of C2C12 myoblasts. Three 
pairs of hairpin primers were designed for STAT3, and quanti-
tative results revealed that all of them had a knockdown effect 
(Figure 3A). Among the three constructs, shRNA- 1 showed the 
strongest knockdown and was used for most of the experiments. 
The cell viability and proliferation ability of C2C12 cells were 
notably enhanced after STAT3 knockdown (Figure 3B–D). The 
levels of Ki67 and PCNA proteins were also notably increased, 
further demonstrating that STAT3 deficiency promoted the pro-
liferation of C2C12 cells (Figure 3E). The expression of muscle 
differentiation proteins MyoG, MyoD1, and MyHC was also 
notably elevated, indicating that STAT3 knockdown promoted 

adult muscle differentiation (Figure 3F). In addition, the levels 
of muscle atrophy factors Atrogin- 1, MuRF- 1, and Myostatin 
were notably downregulated further demonstrating the po-
tential therapeutic effect of STAT3 knockdown on sarcopenia 
(Figure  3G). In conclusion, reducing STAT3 levels promoted 
C2C12 myoblast proliferation, enhanced myogenic differentia-
tion, and reduced muscle atrophy, implying that it has therapeu-
tic capacity for sarcopenia.

3.4   |   STAT3 Promoted the Progression of Sarcopenia 
by Modulating the Wnt/β- Catenin Pathway

Sufficient evidence suggested that the Wnt pathway activation 
leads to the production of satellite cells. However, the specific 
regulatory functions of Wnts in musculoskeletal diseases like 
sarcopenia are still being studied [14, 18]. Therefore, we initially 
hypothesized that STAT3 plays a regulatory role in sarcopenia 
through signaling of the Wnt/β- catenin pathway. The Wnt/β- 
Catenin pathway activity was measured using the TCF/LEF dual 
luciferase reporter gene, and knockdown of STAT3 enhanced lu-
minescence signaling, whereas overexpression had the opposite 
effect (Figure  4A,B). Moreover, STAT3 knockdown upregulated 
the β- catenin phosphorylation. It upregulated the total β- catenin 
protein level, indicating that STAT3 knockdown suppressed the 
degradation of β- catenin, thereby increasing its protein levels and 
enhancing pathway activation (Figure 4C,D). Further detection of 
β- catenin protein in the cytoplasm and nucleus showed that the 
expression of this protein was notably elevated after STAT3 knock-
down, confirming that STAT3 knockdown inhibited the β- catenin 

FIGURE 2    |    STAT3 overexpression impaired the proliferation and differentiation potential of C2C12 myoblasts. (A, B) qPCR and Western blot to 
detect STAT3 overexpression effects. (C) CCK- 8 determination of the effect of STAT3 overexpression on the cell proliferation of mouse adult myoblast 
C2C12 cells. (D) EdU determination of the influence of STAT3 overexpression on the proliferation of mouse adult myoblast C2C12 cells. (E) Western 
blot showing protein levels of proliferation- related proteins Ki67 and PCNA. (F) Western blot showing the protein expression levels of MyoG, MyoD1, 
and MyHC myogenic differentiation proteins. (G) The protein expression levels of muscle atrophy factors Atrogin- 1, MuRF- 1, and Myostatin were 
determined by Western blot. **p < 0.01.
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protein degradation, thereby enhancing the activity of the Wnt/β- 
catenin pathway (Figure  4E,F). In addition, we measured the 
protein levels of downstream target genes of the Wnt/β- catenin 
pathway, including Axin2, Cyclin D1, and LEF1, after STAT3 
knockdown. The results showed that STAT3 knockdown signifi-
cantly increased the protein levels of these targets (Figure 4G). To 
conclude, STAT3 inhibited the Wnt/β- catenin pathway, and reduc-
ing its expression increases β- catenin signaling activity.

3.5   |   Activation of Wnt/β- Catenin 
Signaling- Mediated STAT3- Stimulated Myoblast 
Differentiation

To further confirm the role of Wnt/β- catenin signaling in 
STAT3- regulated myogenesis, we treated STAT3- overexpressing 
C2C12 cells with the Wnt activator LiCl and STAT3 knockdown 
cells with the Wnt inhibitor IWP2. LiCl restored the reduced 

FIGURE 3    |    STAT3 deficiency promoted growth and differentiation of C2C12 myoblasts. (A, B) qPCR and Western blot to detect the knockdown 
effect of STAT3. (C) CCK- 8 assay showing the effect of STAT3 knockdown on the proliferation of C2C12 cells in mouse myoblasts. (D) EdU deter-
mination of the effect of STAT3 knockdown on the growth of mouse adult myoblast C2C12 cells. (E) Western blot showing the protein levels of 
proliferation- related proteins Ki67 and PCNA. (F) Western blot was used to determine the protein expression levels of MyoG, MyoD1 and MyHC. (G) 
The protein expression levels of muscle atrophy markers Atrogin- 1, MuRF- 1, and Myostatin were determined by Western blot. **p < 0.01.
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cell viability caused by STAT3 overexpression, while IWP2 
suppressed the enhanced viability seen with STAT3 knock-
down (Figure  5A,B). In addition, the levels of proliferation 
markers (Ki67 and PCNA) and β- catenin were decreased after 
STAT3 overexpression, but LiCl treatment reversed this decline 
(Figure  5C). Conversely, IWP2 blocked the increase in these 
markers caused by STAT3 knockdown (Figure 5D). Regarding 
myogenic differentiation, LiCl reversed the STAT3- induced 
downregulation of MyoG, MyoD1, and MyHC, while IWP2 
blocked the upregulation of these markers following STAT3 
knockdown (Figure  5E,F). These results showed that STAT3 
suppressed Wnt/β- catenin activity, thereby impairing both pro-
liferation and differentiation of myoblasts. Modulating Wnt sig-
naling effectively reversed these effects, confirming that STAT3 
exerted its function in sarcopenia at least in part through the 
Wnt pathway.

3.6   |   STAT3 Silencing Enhanced Endurance 
Exercise Capacity and Muscle Mass in SAMP8 
Aged Mice

To validate our findings in  vivo, we used 24- month- old 
SAMP8 mice to assess whether STAT3 silencing could im-
prove muscle performance and morphology. Following 
STAT3 knockdown, mice exhibited significant improve-
ments in maximal running speed, total distance, time to 
fatigue, and grip strength, while body weight remained un-
changed (Figure  6A–E). These results suggest that STAT3 
silencing enhanced endurance capacity independent of body 
mass changes. Immunofluorescence analysis confirmed that 

STAT3 expression was significantly reduced in GA muscles 
of the treated mice (Figure 6F). Consistent with in vitro find-
ings, β- catenin protein levels were regulated, while muscle 
atrophy markers (Atrogin- 1, MuRF- 1, and Myostatin) were 
downregulated, supporting activation of the Wnt/β- catenin 
pathway in STAT3- silenced muscle (Figure  6G). Gross mor-
phological observation revealed visibly larger GA muscles in 
STAT3 knockdown mice (Figure  6H). Histological analysis 
further showed an increase in muscle fiber CSA, indicating 
enhanced myofiber size and potential restoration of muscle 
function (Figure 6I,J). Additionally, the fibrotic area was re-
duced, suggesting improved muscle elasticity and reduced 
pathological remodeling (Figure 6K). Together, STAT3 silenc-
ing enhanced muscle quality and performance in aged mice, 
at least in part through Wnt/β- catenin signaling.

4   |   Discussion

Sarcopenia is an increasingly recognized public health issue, 
with its prevention and management posing urgent clinical 
challenges. Past studies have demonstrated that promoting 
C2C12 myoblast differentiation supports muscle regeneration 
and offers therapeutic potential against sarcopenia [11]. In this 
study, we identified STAT3 as a critical modulator of myogenic 
proliferation and differentiation and explored its mechanistic 
role in the context of sarcopenia. While STAT3 is known to be 
activated in muscle- wasting conditions, its specific downstream 
effects remained unclear. Our findings provided evidence that 
STAT3 suppressed the Wnt/β- catenin pathway, thereby impair-
ing muscle cell differentiation, and that STAT3 knockdown led 

FIGURE 4    |    STAT3 promoted the progression of sarcopenia by regulating the Wnt/β- catenin pathway. (A, B) TCF/LEF dual luciferase reporter 
gene assay system to assess Wnt pathway activity. (C, D) Western blot measurements of p- β- catenin and total β- catenin protein expression. (E, F) 
Western blot measurements of protein levels of β- catenin in the cytoplasm and nucleus. (G) Western blot measurements of protein levels of Axin2, 
Cyclin D1, and LEF1 after STAT3 silencing. **p < 0.01.
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to functional improvements in muscle mass and endurance in 
aged SAMP8 mice.

Inflammatory cytokines, such as TNF- α, IL- 6, and interfer-
ons, are increased in degenerative musculoskeletal disorders 
and are recognized for activating the JAK/STAT signaling 
pathway, which contributes to muscle wasting [19]. Notably, 
IL- 6- mediated STAT3 phosphorylation has been proven to 
upregulate muscle wasting pathways [20]. STAT3 activation 
promotes MuRF1 and Atrogin- 1 expression, thus causing pro-
tein breakdown and inhibiting myogenic signaling [21–23]. 
In our study, STAT3 knockdown resulted in downregulation 
of these atrophy markers and upregulation of MyoD, MyoG, 
and MyHC, indicating enhanced differentiation and reduced 
catabolism.

C2C12 cells are a standard in vitro model for skeletal muscle 
development. MyoD and MyoG are early differentiation mark-
ers, while MyHC expression peaks at later stages [24]. The 
observed increase in these factors upon STAT3 knockdown 
supports a role for STAT3 in negatively regulating myogenic 
progression. Maintaining the balance between differentiation 
and degradation is critical for preventing muscle loss, and 
targeting STAT3 offers a promising strategy to restore this 
balance.

The Wnt/β- catenin signaling pathway is a central regulator of 
muscle development and regeneration. β- catenin enhances MyoD 
transcriptional activity by promoting its interaction with E- box 
elements [25, 26]. The activation of this pathway drives myoblast 
fusion and myotube formation [27]. Our results confirmed that 
STAT3 suppressed Wnt/β- catenin signaling by limiting β- catenin 
accumulation and nuclear localization. Conversely, STAT3 knock-
down led to β- catenin stabilization and nuclear translocation, 
thereby activating transcription of downstream myogenic targets. 
These findings were consistent with previous reports linking 
STAT3 to Wnt regulation in other disease contexts [28, 29].

Mechanistically, Wnt signaling is activated when β- catenin es-
capes proteasomal degradation by the Axin- APC- GSK3β destruc-
tion complex and accumulates in the nucleus to activate LEF/
TCF- mediated transcription [30, 31]. Our in vitro and in vivo data 
supported this model, showing that STAT3 knockdown activated 
the Wnt pathway, improving muscle structure and function. 
These findings suggested that STAT3 was a critical upstream in-
hibitor of Wnt/β- catenin–mediated muscle regeneration.

Our study has some limitations. First, the sample size for human 
biopsies (n = 6 per group) is small, which may affect the strength of 
the results. Second, we did not explain in detail the specific regu-
latory mechanism by which STAT3 inhibits β- catenin. We suggest 

FIGURE 5    |    Activation of Wnt/β- catenin signaling mediated STAT3- stimulated myoblast differentiation. (A, B) CCK- 8 was used to determine the 
effects of STAT3, LiCl, and IWP2 on the proliferation of mouse adult myoblast C2C12 cells. (C, D) Western blot showing the effects of STAT3 and 
IWP2 on the protein levels of proliferation- related proteins Ki67, PCNA, and β- catenin. (E, F) Western blot to determine the effect of STAT3 knock-
down and IWP2 on the protein expression levels of muscle differentiation proteins MyoG, MyoD1, and MyHC. **p < 0.01.
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this inhibition might involve interfering with β- catenin's binding 
to TCF/LEF transcription factors or affecting the transcription of 
downstream target genes [32]. Therefore, future research should 
include larger sample sizes and explore in more depth how STAT3 
regulates the Wnt/β- catenin signaling pathway in sarcopenia.

In summary, our study identifies STAT3 as a key inhibitor of 
myogenic differentiation via Wnt/β- catenin signaling suppres-
sion. STAT3 knockdown elevates myogenic markers' expression, 
reduces atrophy- related proteins, and enhances muscle perfor-
mance and mass in aged mice. These results show that STAT3 
is a likely therapeutic target for sarcopenia. Future studies are 
needed to explore whether STAT3 may also influence myogenesis 
through additional signaling pathways beyond Wnt/β- catenin.
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Dear Editor,
Anti- dsDNA antibodies are of diagnostic value for systemic 
lupus erythematosus (SLE) with up to 90% specificity. With a 
high relevance to the disease activity, monitoring changes in the 
titer of anti- dsDNA antibodies every 1–3 months is a standard 
practice that has been recommended by international guidelines 
for active SLE [1].

However, the variety of different quantitative assays for anti- 
dsDNA antibodies has posed a big challenge to align, com-
pare, and interpret the laboratory results. In 1985, the World 
Health Organization (WHO) established the first International 
Standard (IS) material, IS- Wo/80, with International Units (IU/
ml) for anti- dsDNA antibodies calibration [2]. With the exhaus-
tion of the Wo/80 material, in 2019, the European Directorate 
for the Quality of Medicines & HealthCare (EDQM), part of the 
Biological Standards and Control Institute, prepared 15/174, an 
ampoule with a nominal value of 100 units [3]. Although 15/174 
is not fully equivalent to Wo/80, it can serve as a reference re-
agent for anti- dsDNA antibodies testing. These standard materi-
als are more efficient in terms of intra- assay quality control. The 
aim of the current study is to establish an inter- assay calibration 
using the likelihood ratios (LRs) approach.

The LR has been previously applied with regard to interpreting 
test results and assisting diagnosis [4]. The idea of LR refers to 
the ratio of the proportion of patients with a specific test result to 
the proportion of controls with the same test result. For example, 

a test result with an LR of 1 indicates that the likelihood of this 
result occurring in a patient is the same as in the control. A test 
result with an LR of 10 means that the likelihood of this result 
occurring in the patient is 10 times higher than in the control 
population.

Thus, we enrolled 502 SLE patients, 498 disease controls, and 
100 healthy donors (Table  S1) to detect anti- dsDNA antibod-
ies via seven different assays available in mainland China. 
SLE patients fulfilled the American College of Rheumatology/
European League Against Rheumatism (ACR/EULAR) 2019 
classification criteria [5]. Those with severe infections, malig-
nancies, infectious diseases, and other such conditions were 
excluded. Additionally, SLE patients with concurrent condi-
tions such as Rhupus were also excluded. The control group was 
matched with the SLE patient group in terms of age, gender, eth-
nicity, and other aspects before being included in the study. The 
study was approved by the Ethics Committee of Ren Ji Hospital 
Jiading Branch, Shanghai Jiao Tong University School of 
Medicine (Ethics number:2024–007). The distribution of test re-
sults was presented with test- specific LRs calculated (Figure 1A 
and Figure S1). The proportion of SLE patients who tested pos-
itive for anti- dsDNA, along with the sensitivity and specificity 
values for each test type, has been presented in Table S2. The 
corresponding test results for LR of test specificity at 0.1, 1, 10, 
and 30, along with the readout of the 15/174 reference materials 
and the cut- off values provided by assay manufacturers, were 
listed in Figure  1B. All seven assays had their cut- off values 
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distributed between LR 1 to 10, and six out of seven assays had 
a 15/174 reference readout higher than the corresponding cut- 
off values. One assay (ELISA, Euroimmun, Germany) yielded 
a lower than cut- off 15/174 readout which suggested its subop-
timal performance (low detection sensitivity [6]). The second, 
third, and fourth assays displayed a similar 15/174 reference 
LR at around 10, while the remaining three assays had a higher 
15/174 reference LR beyond 30. Overall, the specificity like-
lihood ratios of the seven anti- dsDNA assays beyond 10 were 
31%~50% after LR calibration among SLE patients (Figure 1C). 
Particularly, around 30% of the patient population demonstrated 
highly specific test results with an LR greater than 30 across the 
board. It is noteworthy that the proportion of anti- dsDNA an-
tibodies detected by the MIA (LIVZON, China) within the LR 
intervals of 10–30 and > 30 is the highest among all methodolo-
gies. This is because MIA is a method that combines magnetic 
separation technology with immunofluorescence luminescence 
analysis. With a 15/174 reference readout beyond its upper de-
tection limits, it should be cautious to deploy this very sensitive 
assay and be aware of the risk of generating false positive results. 
LR of 10 will serve as a critical threshold value; at this threshold, 
the sensitivity of detecting anti- dsDNA antibodies in patients 
with SLE will be highly beneficial.

There is no gold standard methodology for anti- dsDNA antibody 
detection. Even with the calibration of WHO international units 
(IU), inter- assay inconsistency is still problematic. Due to the 
different antigen sources and numerous detection platforms, the 
cut- off values, sensitivity, specificity, and linear range for assays 
are diverse. To address this issue, we introduced LRs to provide 
a quantitative reference interval among products from different 
brands or methodologies to improve consistency. In summary, 
a multi- assay cross- referenced approach is still the status quo 
regarding anti- dsDNA testing to establish a diagnosis. LR anal-
ysis may provide a useful tool to align different quantitative as-
says. Additionally, sticking with a validated assay with proper 
intra- assay quality control will be more viable for established 
SLE patients in terms of longitudinal assessment of anti- dsDNA 
antibodies.
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Dear Editor,
Systemic lupus erythematosus (SLE) is a prototypic autoimmune 
disease characterized by the presence of an array of anti- nuclear 
autoantibodies [1]. Anti- dsDNA antibody serves as one of the 
immunological benchmarks of SLE and contributes to diagnosis 
[2]. Quantitative measurements of anti- dsDNA over time are also 
pivotal, as they may reflect SLE disease activity and the response 
to treatment. Abiding by international recommendations, SLE 
patients should be tested for anti- dsDNA quantitative values 
every 3–6 months during the follow- up [3]. The importance of 
anti- dsDNA IgG antibody detection in SLE, in terms of diagno-
sis and disease activity monitoring, is indisputable. However, 
the diversity of quantitative methodologies and the variety of a 
given assay produced by different manufacturers in the market 
pose critical unmet needs to standardize anti- dsDNA antibody 
test results. For example, the radio- immunoassay Farr (RIA) 
has gradually faded away from the market due to its bio- hazard 
issue; on the other hand, ELISAs are getting more popular [4] 
yet six different brands are available in the China market; in the 
meantime, more sensitive hi- tech armed chemiluminescence 
immunoassays (CLIA), magnetic barcode immunofluorescence 
assays (MIA) and magnetic bead flow Fluoroimmunoassay 
(MBFFI) are becoming part of the racing.

In 1985, the World Health Organization (WHO) established the 
first international standard substance (IS) of anti- dsDNA IgG 
antibody, Wo/80, and calibrated its concentration using inter-
national units (IU/ml) [5]. With the gradual depletion of Wo/80, 

in 2019, the European Biological Standards and Control pre-
pared the 15/174 with a standard value of 100 units per ampoule. 
Although 15/174 is not exactly equivalent to Wo/80, it can be used 
as a reference reagent for anti- dsDNA IgG antibody to unify and 
quantify different detection methods of anti- dsDNA IgG anti-
body [6]. However, its accessibility is problematic. In light of the 
status quo of anti- dsDNA assays in China, that is, differences in 
methodology and manufacturers, hence the inconsistency of the 
test results, we need a Reference Reagent equivalent to Wo/80 as 
the constant in the equation more than ever.

With the depletion and availability issues of international stan-
dard materials, such as Wo/86 or 15/174, we have produced an 
anti- dsDNA local Reference Reagent in China. The reference 
reagent displayed a good stability and consistency in multiple 
quality control assays and was further tested for robustness by 
38 independent laboratories. The launch of this local Reference 
Reagent for anti- dsDNA antibodies may facilitate data shar-
ing and normalization, enhance test accuracy, and better 
interpretation.

The patient is an 18- year- old female SLE who was admitted to 
our hospital in 2023 due to a major flare of lupus characterized 
by thrombotic microangiopathy (TMA: microangiopathic he-
molytic anemia, thrombocytopenia, and acute kidney injury). 
Her autoantibody laboratory tests revealed strong positive 
anti- dsDNA antibodies (both for ELISA method and Crithidia 
luciliae method, Figure  1A) with an ANA positive at 1:640 
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(homogenous pattern, Figure 1B). She underwent plasma ex-
change, and a total of 8 plasma exchange solutions (amounting 
to 13.5 L) were collected. Informed consent was obtained from 
the patient, and the study protocol was approved by IRB prior 
to carrying out the subsequent experiments (ethical approval 
number: 2024- 005).

The lyophilized thrombin powder (5000 IU, Zhejiang Hengkang 
Pharmaceutical Co. Ltd., China) is mixed with the patient's 
plasma replacement solution in a ratio of 50 IU:1 mL, stirred gen-
tly until evenly mixed, left to stand at 37°C for 1 h, and then fur-
ther placed at 4°C for 72 h. After centrifugation at 5000 rpm for 
15 min, the supernatant is collected, filtered through a sterilized 
filter, and transferred into glass reagent bottles at 500ul per vial 
(Figure 1C). Freeze- dry strictly in accordance with the Standard 
Operating Procedures for Vacuum Freeze Dryer (Ningbo Xinzhi 
Freeze- Drying Equipment Co. Ltd., Ningbo, China).

The commercial Anti- dsDNA Antibody ELISA Kit (Kexin 
Biotechnology Co. Ltd., Shanghai, China) was picked to evaluate 
the performance of the Anti- dsDNA Antibody local Reference 
Reagents (LRR). The LRR, which were stored at 4°C, showed 
that the coefficient of variation (CV) of the detection values 
was less than 5% for both inter- group and intra- group data in 
three consecutive days of testing, indicating good homogeneity 
of the reagent (Table S1). Next, we extended the detection time 
to 3 months to conduct a stability study of the LRR. The results 
showed again that the continuous detection values at 4°C for 
3 months have a CV of less than 5% (Table S2). The results of ac-
celerated destruction stability experiments showed that the CV% 
of the detected values of the LRR was still within 5% after being 
placed at 37°C for 24 h or 72 h (Table S3). Next, we conducted 
an inter- batch stability analysis of 10 batches of LRR, and the 
results yielded a similar CV% of less than 5% (Table S4). The titre 
of the anti- dsDNA antibody reference reagent remained above 

FIGURE 1    |    Perform indirect immunofluorescence staining on Crithidia luciliae (A) and HEp- 2 cells (B) using Anti- dsDNA Antibody Reference 
Reagents in China (C). The potency estimates for the anti- double- stranded DNA antibody reference reagent from 38 laboratories (D). CLIA, 
Chemiluminescence immunoassay; ELISA, Enzyme- linked immunosorbent assays; MBFFI, Magnetic Bead Flow Fluoroimmunoassay; MIA, 
Magnetic Barcode Immunofluorescence Luminescence Assay.
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90% after being stored at different temperatures for 12 months 
(Table S5).

Thirty- eight laboratories participated in the performance evalu-
ation of the Anti- dsDNA Antibody LRR, with specific method-
ological details and a breakdown of reagents used provided in 
Table S6. The potency ratio was calculated based on the parallel 
test results of the LRR and a specific serum sample. Most of the 
ratio fell within the range of 1.0–1.4 (Figure 1D). The results in-
dicate that the data follow a normal distribution, suggesting that 
the LRR can aid in accurately estimating the reference value for 
different methodologies. Our preliminary data in 38 indepen-
dent labs suggested that the overall performance of the current 
ELISA and CLIA assays for anti- dsDNA in the market is gener-
ally good with the reference reagents. However, there are fewer 
data from MIA or MBFFI, making it impossible to fully evaluate 
those new methodologies [7].

As an academic rheumatology referral center in southeast China 
and the Shanghai reference lab for autoantibodies testing, we 
attempted to fulfill the commitment of providing a local stan-
dardization of anti- dsDNA measurements. By producing the 
anti- dsDNA local reference reagents, it helps to calibrate and 
unify different brands and methodologies. By no means is our 
LRR meant to substitute Wo/80 or 15/174; it is not intended to 
gauge an absolute value for a certain serum sample, but rather, 
it may reduce inter- batch variation to a given commercial kit, 
correct intra- assay (such as ELISAs) variations, and align inter- 
assay (such as ELISA and CLIA) results. Due to the exhaustion 
of the first international standard for anti- dsDNA- Wo/80, while 
some conventional methods can establish historical links to 
Wo/80 through early calibration exercises, many new assays 
cannot be traced back. The claim of anti- dsDNA antibodies with 
international standards and assigned definite International 
Units (IU) at the moment is largely unsubstantiated.
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Dear Editor,
Enthesitis- related arthritis (ERA) is a subtype of juvenile idio-
pathic arthritis, in which altered microbiota associated with ab-
normal immune responses have been found [1]. However, the 
molecules and mechanisms underlying these associations are 
far from being identified. There are still many questions to be 
answered: (1) among the tens of thousands of gut microbiota, 
which bacteria are truly active or playing a pathogenic role in 
the development of ERA? (2) what is the relationship between 
the genotype and enterotype? (3) how does gut microbiota af-
fect the immune system or mediate the onset of chronic ar-
thritis? (4) how does gut microbiota metabolites affect disease 
progression? To answer some of these questions, we conducted 
a metagenomic study to identify gut microbiota composition in 
ERA patients at the species level and to thoroughly investigate 
the microbial components. We also measured short- chain- fatty 
acids (SCFAs) in the sera of ERA and healthy controls, and cor-
relation analysis between clinical and laboratory indicators was 
performed to elucidate the possible pathways taken by intestinal 
microorganisms to influence human immunity.

Fourteen children with ERA (treatment naïve) and 20 healthy 
children were enrolled in the study (Figure S1). The median ages 
in the ERA group and control group were 11.79 (8.25–14.5) and 
10.17 (7.75–14.5) years, respectively. There were no statistical 
differences in age (p = 0.086), BMI (p = 0.077), or sex (p = 0.089) 
between the two groups (Table  1). A total of 14 ERA fecal 

samples and 20 control fecal samples were collected. Microbial 
genomic DNA was isolated, and the quality of DNA was mea-
sured using the NanoDrop instrument (Thermo Scientific). A 
DNA library was constructed using the TruSeq DNA HT Sample 
Prep Kit. Qubit 2.0 was used for preliminary quantification; 
then inserted fragments of the library were detected by Agilent 
2100. Metagenomic sequencing was completed, and paired- end 
Illumina NovaSeq data underwent quality control (FastQC) 
and host removal via KneadData (Trimmomatic, Bowtie2). 
Taxonomic profiling employed Kraken2 (confidence 0.2) with 
a custom microbial database (bacterial, fungal, archaeal, viral, 
and novel genomes) and Bracken for Bayesian abundance esti-
mation. Functional annotation used HUMAnN2 (DIAMOND- 
aligned to UniRef90). Antibiotic resistance genes were identified 
via FMAP (CARD database) [2]. The R package ALDEx2 was 
used for the compositional analysis, and there were 8 genera that 
differed considerably in relative abundances between the ERA 
group and controls (effect size > 0.5 or ≤ 0.5). Of these 8 genera, 
the abundances of Akkermansia, Campylobacter, and Gordonia 
were lower in the ERA group, whereas the abundances of 
Fusobacterium, Gemella, Lachnoclostridium, Propionispora, 
and Rhodococcus were higher in the ERA group. The high-
est relative abundances among these 8 genera were those of 
Lachnoclostridium 0.7687% (0.3753%, 1.3265%) in the ERA 
group and 0.3196% (0.2216%, 0.4285%) in the control group. 
However, the abundances of the other 7 genera were much 
lower than those of Lachnoclostridium (Figure  1A,B). At the 
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species level, we identified 25 species that differed considerably 
between the ERA group and controls (effect size > 0.5 or ≤ 0.5). 
The species Anaerostipes_hadrus had the highest relative abun-
dance, followed by Ruminococcus_gnavus and Clostridium_bol-
teae (Figure 1A–F).

SCFAs were isolated from the blood samples of ERA and con-
trols. Gas chromatography–mass spectrometry (GC–MS, 
Thermo TRACE 1310- ISQ) was used for quantitative analysis 
of SCFAs, including acetic acid, propionic acid, butyric acid, 
isobutyric acid, valeric acid, isovaleric acid, and hexanoic acid. 
The linear regression equation, precision, reproducibility, and 
limit of quantification of SCFAs standards were tested before 
being used to quantify SCFAs in samples. We identified 25 as-
sociations among the gut microbiome species, SCFAs, and the 
clinical phenotypes after p values were adjusted for multiple 
testing corrections using the “Holm” method (the Spearman's 
correlation, adjusted p < 0.05). In this study, most of the bacterial 

species whose abundance was higher in ERA were anaerobic 
and gram- positive, including Ruminococcus_gnavus, which has 
been observed as one of the major contributions to altered in-
testinal microecology. This finding was consistent with that of 
Breban et al., who showed that SpA patients had the most nota-
ble change being a 2-  to 3- fold increase in Ruminococcus gnavus, 
that correlated with disease activity [3]. Ruminococcus_gnavus 
belongs to the Lachnospiraceae family, which is considered to be 
an important member of human gut microbiota [4]. Significantly 
higher abundance of Ruminococcus_gnavus also was observed 
in the gut of IBD patients [5]. It was reported that glucorhamnan 
synthesized by Ruminococcus_gnavus can induce TNF- α secre-
tion by dendritic cells, which is one of the core inflammatory 
cytokines in the pathogenesis of arthritis [6]. We did not find 
a direct correlation between Ruminococcus gnavus and clinical 
indicators; however, we noticed that IL- 6 was positively related 
to Actinomyces_graevenitzii, which was also enriched in ERA 
patients compared to controls. We can infer that a group of gut 

TABLE 1    |    Clinical characteristics of ERA patients.

Characteristics ERA (n = 14) Control (n = 20) p

Age, median (IQR) 11.79 (8.25–14.50) 10.50 (7.75–14.00) p = 0.086

Male 12 12 p = 0.089

BMI median (IQR) 16.00 (14.70–19.95) 16.86 (14.43–20.68) p = 0.077

Disease activity parameters

JADAS, median (IQR) 15.40 (6.00–26.9) —

ESR, median (IQR) 55.50 (8.00–115.00) —

HLA- B27, positive, n (%) 13 (92.86) —

Cytokines

IL- 2, median (IQR), pg/mL 2.20 (1.00–3.50) —

IL- 4, median (IQR), pg/mL 1.90 (1.00–6.10) —

IL- 6, median (IQR), pg/mL 14.00 (1.30–439.40) —

IL- 10, median (IQR), pg/mL 1.90 (1.00–4.40) —

TNF- α, median (IQR), pg/mL 1.30 (1.00–34.50) —

IFN- γ, median (IQR), pg/mL 2.80 (1.00–5.60) —

Cluster of differentiation

CD3, median (IQR), % 66.90 (46.50–85.20) —

CD4, mean, (SD), % 33.87 (8.26) —

CD8, mean, (SD), % 29.49 (5.96) —

CD19, median (IQR), % 12.50 (4.80–30.70) —

CD3- CD16 + CD56+, median (IQR), % 11.40 (2.90–22.50) —

CD4/CD8, median (IQR) 1.13 (0.60–1.89) —

Immunoglobulin

IgG, mean (IQR), IU/mL 13.20 (9.10–20.10) —

IgA, mean (IQR), IU/mL 2.64 (1.20–4.74) —

IgM, mean (IQR), IU/mL 1.36 (0.58–1.97) —

IgE, mean (IQR), IU/mL 18.50 (17.80–230.00) —
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bacteria rather than one specific gut bacterium can produce an 
imbalance of the gut microbiome's ecology and can affect the 
disease progression in ERA patients.

Butyric acid was significantly decreased in ERA patients 
than normal (Figure  S2). Interestingly, we noticed that 

butyrate- producing strains such as Clostridium bolteae and 
Fusobacterium nucleatum were significantly higher in ERA 
patients than in normal controls. Conversely, the concentra-
tion of serum butyrate was decreased in the ERA group. It was 
noted that an enhanced butyrate- consuming microbiome was 
observed in the gut of rheumatoid arthritis patients [7]. The gut 

FIGURE 1    |    Genera and species changed substantially between the ERA group and controls. (A, B) Box plots of the genera changed substantially 
between the two groups. The three vertical lines of each box represent the first, second (median), and third quartile, respectively, with the whisker 
extending to 1.5 inter- quartile range. (C) A volcano plot of the species. Green and red points represent the samples with the “effect size” lower than 
−0.5 or greater than 0.5. The effect size is the ratio of “the difference between groups” and “the maximum difference within groups.” In general, the 
effect size cut- off is more robust than a p value. The difference is considered to be statistically significant if an effect size is lower than −0.5 or greater 
than 0.5. (D–F) Box plots of the species changed substantially between the two groups.
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microbiota generate SCFA through carbohydrate fermentation 
of dietary fibers and improve glucose homeostasis with upreg-
ulation of butyrate production [8]. Butyrate is the major energy 
source for colonocytes and accounts for about 15% of SCFA in 
humans [9]. Butyrate can inhibit the growth of Salmonella, 
playing a role in innate immunity to maintain the homeostasis 
of the gut bacteria ecology [10]. Deficiency in SCFA production 
has been associated with autoimmune diseases, such as type 2 
diabetes mellitus [11, 12]. Although butyrate plays an import-
ant role in the maintenance of intestinal homeostasis, detri-
mental effects were observed in the study of a mouse model in 
which butyrate- producing bacteria aggravated colitis symptoms 
and increased the mortality [13, 14]. Morris et al. showed that 
spent media from Fusobacterium nucleatum with a high level 
of SCFAs (such as butyrate) can induce the switch between 

latency and lytic replication of Kaposi's sarcoma- associated her-
pesvirus via the activation of a stress- activated MAPK pathway 
[15]. In this study, butyric acid was positively correlated with 
Actinomyces graevenitzii, while the abundances of Actinomyces 
graevenitzii were correlated with IL- 6. As a consequence, we 
hypothesize that the alteration of the gut microbiome was as-
sociated with cytokines (such as IL- 6) that may be involved in 
the inflammatory microenvironment of the intestine of ERA 
patients (Figure 2).

Another finding of our study was that oropharyngeal flora, such 
as Streptococcus sp. I- P16, Streptococcus sp. I- G2, Actinomyces 
graevenitzil, and Olsenella uli were enriched in the intes-
tine of patients with ERA (Figure  1F). Most of these bacteria 
were pathogenic or opportunistically pathogenic, leading to 

FIGURE 2    |    (A) Correlations between the species, short- chain fatty acids (SCFAs), and phenotypes. Correlations between the species and pheno-
types. The shade of a square represents the size of a correlation coefficient. A square with an asterisk indicates that the correlation coefficient reached 
statistical significance after the p values were adjusted for multiple testing corrections using the “holm” method. (B) Correlations between the SCFAs, 
species, and phenotypes. (C–F) Scatter plots of the relationships between the SCFAs and “species or phenotype.” The angled line in a panel is the line 
of simple linear regression, and the shaded area shows the 95% confidence intervals for the fit.
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bloodstream infection, septic arthritis, or osteomyelitis [16–19]; 
therefore, we can infer that enrichment and migration of oral- 
intestinal bacteria to the gut may be involved in the development 
of ERA. Correlation analysis found that the level of butyric acid 
was negatively correlated with Streptococcus sp. I- G2 abun-
dance. Coincidentally, SCFA was found to have antimicrobial 
activity against Streptococcus mutans, S. gordonii, S. sanguis, 
Candida albicans, and other species by influencing the growth 
of competitor microorganisms [20]. Although the detailed mech-
anism of gut bacterial metabolic end products in the pathogen-
esis of ERA remains to be elucidated, the accumulating data 
indicate that immunomodulatory properties of SCFAs represent 
a new frontier for manipulation and prevention of arthritis.
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