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Background: Persistent inflammation contributes to the progression of rheumatoid arthritis (RA); however, the exact molecular
mechanisms underlying inflammation in RA are yet to be fully elucidated. Interleukin-25 plays a crucial role in host defense and
the pathogenesis of inflammatory diseases. Its specific contribution to RA progression requires further investigation.

Methods: RA-FLSs were treated with tumor necrosis factor-a. (TNF-a) to simulate the inflammatory response in the synovium.
Furthermore, changes in inflammatory response and bone destruction indicators were assessed after Interleukin-25 (IL-25) in-
tervention. The collagen-induced arthritis (CIA) mouse model was successfully constructed to evaluate the impact of IL-25 on
joint inflammation and erosion.

Results: The expression levels of IL-25 were significantly elevated in the synovial tissues of both RA patients and CIA mouse
models compared to controls (p < 0.05). In vitro, IL-25 pretreatment substantially suppressed TNF-co-induced upregulation of
interleukin-15 (IL-10), interleukin-6 (IL-6), high mobility group box-1 protein (HMGB1), matrix metalloproteinase-3 (MMP-3),
toll-like receptors 4 (TLR4), and NOD-like receptor thermal protein domain-associated protein 3 (NLRP3) in RA-FLSs (p < 0.05,
p <0.01, p < 0.001), and suppressed nuclear factor kappa-B (NF-xB) signaling pathway by reducing p-P65 and p-IxBa protein
levels (p < 0.001). In vivo, IL-25 negatively regulated joint inflammation and reduced the degree of bone erosion in mice (p <
0.01, p < 0.0001).

Conclusion: Elevated IL-25 levels exert anti-inflammatory effects both in vitro and in vivo and alleviate RA progression by in-
hibiting the TLR4/NF-xB/ NLRP3 signaling pathway.
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Introduction cade of pro-inflammatory cytokines, including IL-1/, IL-6,
and IL-8, thereby establishing an inflammatory network [8].
In RA, TNF-a not only directly induces FLS proliferation
and MMP secretion, leading to cartilage degradation and
bone erosion, but also stimulates osteoclast differentiation,
which exacerbates bone resorption and aggravates bone de-
struction [9]. Additionally, TNF-« promotes inflammatory
cell infiltration by upregulating vascular endothelial adhe-
sion molecules and induces angiogenesis, further amplify-
ing synovial inflammation, a hallmark event in RA progres-
sion [10]. Mechanistically, TNF-« activates key signaling
pathways, such as NF-xB and MAPK, which further per-
petuate chronic synovitis [11,12].

Rheumatoid Arthritis (RA) is a chronic systemic au-
toimmune disease characterized by symmetric polyarthri-
tis, synovial hyperplasia, and progressive bone and carti-
lage destruction, ultimately resulting in disability and a sub-
stantial decline in quality of life [1]. It is a multifactorial
disease with complex pathogenesis, involving aberrant ac-
tivation of immune cells, cytokine networks, and signaling
pathways. Targeted cytokine therapies have become effec-
tive treatments for RA [2]. A key contributor to disease
progression is the fibroblast-like synoviocytes (FLS) within
the RA synovium, which exhibit hyperproliferative, inva-
sive, and tumor-like properties, secreting pro-inflammatory
mediators and matrix metalloproteinases (MMPs) that drive
pathogenesis [3]. Increasing evidence indicates that the hy-
peractivation of RA-FLS plays a crucial role in perpetuating

Interleukin-25 (IL-25), also known as IL-17A, is a
structurally distinct member of the IL-17 family, sharing
only 16-20% amino acid sequence homology with IL-
17A. Unlike IL-17A, which has a well-recognized pro-

RA pathogenesis [4-7].

Furthermore, tumor necrosis factor-a (TNF-q) is a
key regulator in the progression of RA. It triggers a cas-

inflammatory role in RA, IL-25 has been primarily investi-
gated for its role in regulating type 2 immunity, particularly
in parasitic infections and allergic responses [13,14]. Pre-
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vious studies suggest that IL-25 exerts anti-inflammatory
effects by suppressing Th17 responses [15-17]. In our
earlier study, we reported that IL-25 levels were signifi-
cantly elevated in the serum of patients with RA and par-
tially inhibited IL-17-induced MMP-3 expression in RA-
FLS. These observations suggest that IL-25 may serve as
an anti-inflammatory mediator in RA, warranting further
investigation into its regulatory role in disease progression
[18].

This study evaluated IL-25 levels in human synovium
and fluid, examined its potential role in modulating inflam-
mation, invasion, and migration of RA synovial fibroblasts,
and identified changes in associated signaling pathway pro-
teins. Additionally, upon establishing a collagen-induced
arthritis (CIA) model, we investigated changes in IL-25 ex-
pression and explored its underlying mechanisms of action
in an animal model.

Materials and Methods

Clinical Subjects

Synovial fluid samples were collected from 11 RA pa-
tients (classified following the 2010 ACR/EULAR criteria)
and 6 age- and sex-matched osteoarthritis (OA) controls.
Individuals with comorbid conditions were excluded. Dis-
ease activity was stratified using DAS28-CRP: low activity
(LRA, DAS28-CRP <5.1, n = 5) and high activity (HRA,
DAS28-CRP >5.1, n = 6). Furthermore, synovial tissue
samples were obtained from 3 RA and 3 OA patients un-
dergoing knee arthroplasty. The study protocol received
approval from the ethics committee of Lanzhou University
Second Hospital (protocol No: 2025A-717).

Isolation and Culture of Synovial Fibroblasts

Synovial tissue samples collected from RA and OA
patients during surgery were immediately transferred to
a sterile workstation. The tissue was thoroughly rinsed
with phosphate-buffered saline (PBS) and meticulously dis-
sected into 1-2 mm fragments using sterile surgical scis-
sors. These tissue fragments were cultured in high-glucose
DMEM medium (6124370, Gibco, NY, USA) and incu-
bated at 37 °C with 5% CO- for 1 hour. Following incuba-
tion, the medium was replaced with fresh complete DMEM.
The suspension containing synovial fibroblasts was cen-
trifuged at 2000 rpm for 15 minutes. After discarding the
supernatant, the cell pellet was gently resuspended in fresh
complete medium and transferred to culture conditions.

The third-generation fibroblasts under optimal growth
conditions were seeded onto round glass slides. Upon
reaching approximately 60% confluence, the cells were
thoroughly washed with PBS, fixed with paraformaldehyde
for 20 minutes, permeabilized with 3% Triton X-100 for 20
minutes, and then blocked with sheep serum (G1208, Ser-
vicebio, Wuhan, China) for 30 minutes. For immunofluo-
rescence staining, the cells underwent overnight incubation

at 4 °C with a Vimentin primary antibody (ab92547, Ab-
cam, Cambridge, MA, USA). The next day, the cells were
incubated with fluorescent secondary antibody (ab150089,
Abcam, Cambridge, MA, USA) for 2 hours. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI,
C1005, Beyotime, Shanghai, China) for 20 minutes, and
cells were then fixed with gum. Cell morphology and Vi-
mentin protein expression were observed under a fluores-
cence microscope to confirm cell type and purity.

Fibroblasts between passages 3 and 6 were selected for
subsequent experiments. Cell cultures were confirmed as
mycoplasma negative and authenticated using short tandem
repeat (STR) profiling, which confirmed cell source and pu-
rity, minimizing the risk of cross-contamination. Cell iden-
tification was based primarily on morphology, Vimentin
expression, and functional characteristics; however, CD55
marker confirmation was not used, which is a limitation of
the research.

Establishment of Mouse Model and Treatment

The arthritis induction rate of DBA/1 mice is approx-
imately 80—100% [19]. Therefore, for model induction, all
DBA/1 mice, around 2 months old and weighing 18-20
g, were housed under pathogen-free conditions. The mice
were sourced from Beijing Huafukang Biotechnology (Li-
cense No. SCXK, Beijing, 2019-0008). To induce arthri-
tis, type II collagen was emulsified with Complete Freund’s
Adjuvant at equal ratios. The nine mice were randomly di-
vided into three experimental groups (n = 3): control, dis-
ease model, and treatment.

Collagen-induced arthritis was successfully estab-
lished in six mice of the model and treatment groups, as
confirmed by joint swelling. Arthritis indices were moni-
tored and recorded daily. On day 21, both groups received
a booster immunization. Beginning 2 days after the booster
immunization, the model group received daily intraperi-
toneal injections of saline, whereas the treatment group
received recombinant mouse IL-25 (1 pg/kg/day, 50138-
MO7H, Sino Biological, Beijing, China) for 5 consecutive
days [20]. Clinical indicators, including hind paw and joint
skin color, temperature, infection status, hind foot mobil-
ity, and joint swelling, were observed throughout the ex-
periment.

All procedures involving animals were approved by
the Ethics Committee of Lanzhou University Second Hos-
pital (Ethics Approval No. D2025-473). At the end of
the experiment, the mice were humanely euthanized under
anesthesia by intraperitoneal injection of 3% phenobarbi-
tal (180 mg/kg), and tissue samples were then collected for
subsequent analysis.

Hematoxylin and Eosin Staining

Synovial tissue samples were fixed in 4%
paraformaldehyde, embedded in paraffin, and sec-
tioned into 4 um slices. Following standard histological
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procedures, the tissue sections were oven-baked, deparaf-
finized, and rehydrated before hematoxylin and eosin
(H&E) staining. Afterward, the samples were dehydrated
using a graded alcohol series, cleared with xylene, and
mounted with neutral resin for microscopic examination
(DM3000, Leica, Germany).

Immunohistochemical Staining (IHC)

Paraffin-embedded human knee joint tissue samples
were deparaffinized, followed by antigen retrieval using cit-
rate buffer. Subsequently, the sections were subjected to
DAB staining and counterstained with hematoxylin. After
dehydration through a graded alcohol series, the samples
were resin-mounted and examined using a fluorescence mi-
croscope (Olympus, Japan).

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of inflammatory cytokines were evaluated
in synovial fluid samples and RA-FLS supernatants using
commercially available ELISA kits: IL-25 (CSB-E11715h,
Huamei, Wuhan, China, range: 62.5.25-4000 pg/mL), IL-
6 (KE00139, San Ying, Wuhan, China, range: 7.8-500
pg/mL), and IL-15 (KE00021, San Ying, Wuhan, China,
range: 3.9-250 pg/mL), following the manufacturer’s in-
structions. All samples were analyzed in triplicate.

Cell Counting Kit-8 Assay

RA-FLSs were seeded in a 96-well plate at a density
of 10,000 cells per well and allowed to adhere overnight.
Based on pre-experimental results and previous studies
[17,20,21], the cells were treated with varying concentra-
tions of IL-25 (10, 50, and 100 ng/mL; C792, Novoprotein,
China) and TNF-a (50 ng/mL, ADI-908-066-010, Xin-
bosheng, China) for 24 hours. After treatment, 10 puL of
Cell Counting Kit-8 (CCK-8) reagent (BS350A, Biosharp,
Guangzhou, China) was added to each well and incubated
at 37 °C. Finally, absorbance was measured at 450 nm to
determine cell viability.

Immunofluorescence Staining

RA-FLSs were seeded in 24-well plates at a density
of 50,000 cells per well and allowed to adhere overnight.
Following a 24-hour treatment with varying concentrations
of IL-25 and TNF-«, the cells were washed three times
with PBS and fixed in 4% paraformaldehyde for 30 min-
utes. After that, the cells were incubated overnight at 4
°C in a humidified environment with primary antibodies
targeting TLR4 (GB11519-100, Servicebio, China, Dilu-
tion ratio 1:200), phosphorylated IxkBa (ab32518, Abcam,
Cambridge, MA, USA, Dilution ratio 1:200). The next day,
the cells underwent a 1-hour incubation at room temper-
ature with secondary antibodies (ab150089, Abcam, USA
Dilution ratio 1:5000). After additional PBS washes, nu-
clei were counterstained with DAPI-containing anti-fade
medium. The cells were then mounted and examined un-
der a fluorescence microscope.
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Quantitative Real-Time Polymerase Chain Reaction

The expression levels of interleukin-1 beta (/L-
1B), interleukin-6 (I/L-6), interleukin-8 (/L-8), matrix
metalloproteinase-3 (MMP-3), C-C motif chemokine lig-
and 2 (CCL-2), interleukin-10 (/L-10), and transforming
growth factor-beta (TGF-f3) were assessed using quantita-
tive reverse transcription polymerase chain reaction (gR7-
PCR). Total RNA was isolated from RA-FLS using Tri-
zol reagent (Invitrogen, Carlsbad, CA). To ensure purity,
genomic DNA was eliminated before reverse transcrip-
tion. RNA was then reverse transcribed into complemen-
tary DNA (cDNA) utilizing a PrimeScript RT kit with inte-
grated gDNA removal (Takara Bio, Japan). gqRT-PCR was
performed with SYBR Green quantitative polymerase chain
reaction (qQPCR) Master Mix (Takara Bio, Japan) on a Bio-
Rad CFX96 thermal cycler (BioRad, Hercules, CA, USA).
Target gene expression levels were normalized to the house-
keeping gene [3-actin. Relative expression was determined
using the 2~24C method. Primers used in qPCR are given
in Table 1.

Table 1. A list of primers used in qPCR.

Gene Primer Sequence (5' to 3')
IL-18 F: 5-CCGACCACCACTACAGCAAGG-3'
R: 5-GGGCAGGGAACCAGCATCTTC-3'
1L-6 F: 5-GCCTTCGGTCCAGTTGCCTTC-3’
R: 5-GTTCTGAAGAGGTGAGTGGCTGTC-3’
IL-8 F: 5-~ACTGAGAGTGATTGAGAGTGGAC-3'
R: 5'-AACCCTCTGCACCCAGTTTTC-3’
MMP-3 F: 5~ AGTCTTCCAATCCTACTGTTGCT-3'
R: 5'-TCCCCGTCACCTCCAATCC-3'
CCL-2 F: 5-CAGCCAGATGCAATCAATGCC-3'
R: 5-TGGAATCCTGAACCCACTTCT-3’
IL-10 F: 5“TCAAGGCGCATGTGAACTCC-3’
R: 5'-GATGTCAAACTCACTCATGGCT-3'
TGF-8 F: 5-GCCCTGGACACCAACTATTGC-3'
R: 5-AGGCTCCAAATGTAGGGGCAG-3'
B-Actin F: 5-~ACCCTGAAGTACCCCATCGAG-3'

R: 5-AGCACAGCCTGGATAGCAAC-3’
IL-15,
interleukin-1 beta; IL-6, interleukin-6; IL-8, interleukin-8;
MMP-3, matrix metalloproteinase-3; CCL-2, C-C motif
chemokine ligand 2; /L-10, interleukin-10; TGF-/3, transform-
ing growth factor-beta.

qPCR, quantitative polymerase chain reaction;

Western Blot Analysis

Total protein was extracted from synovial tissues
and synovial fibroblasts using RIPA lysis buffer (So-
larbio, Beijing) containing protease and phosphatase in-
hibitors (P1045, Beyotime, Shanghai, China). Proteins
were separated by SDS-PAGE and then transferred onto
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PVDF membranes. The membranes were blocked with
5% skim milk at room temperature for one hour, then in-
cubated overnight at 4 °C with primary antibodies. Af-
ter washing with TBST, the membranes then underwent a
1-hour incubation with the appropriate secondary antibod-
ies (goat anti-rabbit [gG; G1213-100UL, Servicebio, China,
1:5000). Following another TBST wash, protein bands
were identified using a high-sensitivity enhanced chemilu-
minescence (ECL) chemiluminescence reagent (BL523B,
Biosharp, Guangzhou, China) and visualized with a Mini-
Chemi 610 chemiluminescence imaging system (Sagecre-
ation, Beijing, China). Protein intensities were quantified
with ImagelJ software (version 1.54f; National Institutes of
Health, Bethesda, MD, USA).

Primary antibodies used were as follows: anti-IxBa
(ab32518, Abcam, USA,1:1000), anti-p-IxBa (ab133462,
Abcam, USA, 1:1000), anti-MMP-3 (ab52915, Abcam,
USA, 1:1000), anti-TLR4 (GBI11519-100, Servicebio,
China, 1:1000), anti-P65 (8242T, CST, USA, 1:1000),
anti-p-P65 (3033T, CST, USA, 1:1000), anti-HMGBI1
(ab79823, Abcam, USA, 1:1000), anti-IL-25 (ab180594,
Abcam, USA, 1:1000), anti-NLRP3 (19771-1-AP, Wuhan
Sanying, China, 1:1000), anti--actin (AF7018, Affinity,
USA, 1:1000).

Wound Healing Assay

RA-FLSs were seeded into 6-well plates and cultured
overnight. A sterile 200 uL pipette tip was employed to
create a linear scratch in the center of each well. The cells
were then washed three times with PBS to eliminate de-
tached cells. Serum-free medium containing IL-25 and/or
TNF-a was then added. Images were acquired at 0 and 24
hours using an inverted fluorescence microscope, and the
scratch area was determined using ImagelJ software.

Migration and Invasion Assay

For migration assays, treated RA-FLSs were resus-
pended in serum-free DMEM at a density of 2 x 10* cells
per well and seeded into the upper chamber of a Transwell
insert (3422, Corning, NY, USA). The lower chamber was
filled with DMEM containing 20% FBS. Cells were culti-
vated for 24 hours at 37 °C.

For invasion assays, the upper chamber was precoated
with Matrigel (diluted 1:19 in buffer) and allowed to so-
lidify overnight at 4 °C before cell seeding. After incuba-
tion, the inserts were removed, washed twice with PBS, and
stained with 1% crystal violet in methanol for 30 minutes
at room temperature. After PBS washing and air-drying,
cells that had migrated or invaded to the lower surface were
counted manually using an inverted fluorescence micro-
scope.

Micro-Computed Tomography

Mouse ankle joints preserved in 4% paraformaldehyde
were mounted on the scanner sample holder and stabilized

with foam supports. Micro-CT scanning was conducted us-
ing a Scanco system (Zurich, Switzerland) under the fol-
lowing conditions: 80 kV, 500 pA, 15 um resolution, and
a 0.5 mm aluminum filter. The acquired datasets were then
reconstructed to create 3D images of the joints.

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 10.0 (GraphPad Software Inc., San Diego, CA, USA)
and SPSS 19.0 (SPSS, Chicago, IL, USA). All experiments
were conducted in triplicate, and data were presented as
mean =+ standard error of the mean (SEM). Comparison
between the two groups was performed with independent
samples 7-tests. In contrast, comparisons among three or
more groups were conducted using one-way ANOVA fol-
lowed by Tukey’s HSD post hoc test. Spearman correlation
analysis was used to assess associations. A p-value of less
than 0.05 was considered statistically significant.

Results

Increased IL-25 and IL-6 Levels in Joint Fluid of RA
Patients and Their Association With Disease Activity

IL-25 and IL-6 protein levels were significantly ele-
vated in RA joint fluid compared to controls (Fig. la,b, p
< 0.01). When stratified by disease activity, no substantial
difference was observed in IL-25 and IL-6 levels between
the low-activity (LRA) and high-activity (HRA) RA groups
(Fig. 1c,d). Correlation analysis revealed that IL-6 levels
were positively associated with Erythrocyte Sedimentation
Rate (ESR) (p < 0.05), whereas IL-25 levels showed no sig-
nificant correlation with inflammation markers (Fig. le—j).

Overexpression of IL-25 in Synovial Tissue and
Synovial Fibroblasts

To determine IL-25 expression in RA and controls,
synovial tissues were collected from 3 RA and 3 OA pa-
tients, and FLSs were then isolated. IL-25 expression in tis-
sues and cells was assessed by WB, IHC, and H&E staining.
H&E staining showed significant synovial lining hyperpla-
sia, disorganized synovial cell arrangement, and inflamma-
tory cell infiltration in RA compared to OA (Fig. 2a). [HC
staining (Fig. 2b,g) revealed that IL-25 was primarily lo-
calized in the cytoplasm, with significant upregulation in
RA synovial tissue compared to OA (p < 0.001). Consis-
tently, WB analysis confirmed significantly elevated IL-25
expression in both RA synovial tissue (p < 0.05) and pri-
mary FLSs (p < 0.001) compared to OA (Fig. 2c—f).

1L-25 Inhibits TNF-a-Induced Inflammatory
Mediator Production in RA-FLSs

After treatment, FLSs were observed migrating from
the edges of the tissue under an inverted microscope, pre-
dominantly showing a spindle-shaped morphology with
centrally located nuclei and a vortic-like growth pattern.
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Fig. 1. The concentrations and interrelationship of interleukin-25 (IL-25) and IL-6 in rheumatoid arthritis (RA) patients. (a,b)
When compared to patients with osteoarthritis (OA) (n = 6), RA patients (n = 11) showed a substantial increase in IL-25 and IL-6 levels.
(c,d) No significant difference was observed in IL-25 and IL-6 levels between low-activity RA patients (LRA) (n = 5) and high-activity

RA patients (HRA) (n = 6). (e—j) IL-6 in joint effusion exhibited a positive correlation with Erythrocyte Sedimentation Rate (ESR);

however, no substantial association was observed between IL-25 levels and disease activity. Statistical significance is expressed as **p

< 0.01, and “ns” indicates no significant difference.

Occasionally, pseudopodia-like macrophages were also
identified. The cells maintained a stable growth state when
cultured and passaged to the third generation. Under a flu-
orescence microscope, synovial fibroblasts showed green-
stained cytoplasm with Vimentin and blue-stained nuclei
with DAPI, confirming a purity of over 99% after image
merging (Fig. 3a—d).

Activated RA-FLSs secrete inflammatory mediators
and MMPs, with TNF-« stimulation further increasing in-
flammation, synovitis, and bone destruction. To investi-

gate the role of IL-25 in regulating MMPs and inflamma-
tory mediators in RA-FLSs, cells were treated with vary-
ing concentrations of IL-25. It was found that 10 ng/mL
of IL-25 increased inflammatory responses, whereas 100
ng/mL substantially suppressed inflammation (p < 0.05,
p < 0.0001, Fig. 3e—g). Based on these findings, further
experiments were conducted using 100 ng/mL of IL-25.
RA-FLSs were stimulated with TNF-« and/or IL-25 for 24
hours, and WB analysis assessed levels of the inflammatory
protein HMGBI1 and the bone erosion-related MMP-3.
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tissue samples were deparaffinized, followed by antigen retrieval using citrate buffer. Subsequently, the sections were subjected to DAB

staining and counterstained with hematoxylin. After dehydration through a graded alcohol series, the samples were resin-mounted and

examined using a fluorescence microscope (Olympus, Japan). staining shows IL-25 in the synovial tissues of RA and OA (n = 3). (c,e)

Western blot analysis was employed to measure IL-25 protein levels in synovial tissues of RA (n = 3) and OA (n = 3) patients. (d,f)
The protein levels of IL-25 and NLRP3 in primary fibroblast-like synoviocytes from RA (n = 3) and OA (n = 3) patients (Western blot

analysis). S-actin served as a reference gene. Data obtained from three independent experiments were expressed as mean + SEM. *p <

0.05, ***p < 0.001.

Furthermore, Pretreatment with 100 ng/mL IL-25 sig-
nificantly downregulated HMGB1 and MMP-3 protein ex-
pression compared to stimulation by 50 ng/mL TNF-«
alone (p < 0.05, p < 0.01, Fig. 3h—j). Additionally,
gqRT-PCR was used to assess mRNA expression of inflam-
matory factors. mRNA levels of IL-13, IL-6, IL-8, and

the chemokine CCL-2 were significantly downregulated
in RA-FLSs pretreated with 100 ng/mL IL-25 (p < 0.05,
p < 0.0001, Fig. 3k—n). However, no significant differ-
ences were found in IL-10 or TFG-3 expression between
the groups (p > 0.05, Fig. 30,p), nor in IL-17RA and IL-
17RB (p > 0.05, Fig. 3q,r). Moreover, IL-6 levels in cell su-
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pernatants increased after TNF-« stimulation but were sig-
nificantly decreased when cells were pretreated with IL-25
before TNF-a induction (p < 0.0001, Fig. 3s).

IL-25 Inhibits TNF-a-Induced Invasion, Migration,
and Proliferation of RA-FLSs In Vitro

Furthermore, we investigated the impact of IL-25 on
the migration, invasion, and proliferation of RA-FLSs.
Wound healing assay (Fig. 4a,b) showed that 50 ng/mL
TNF-« significantly enhanced RA-FLSs migration (p <
0.01). However, pretreatment with 100 ng/mL IL-25 for 4
hours before TNF-« induction significantly attenuated this
enhanced migration (p < 0.05). These results were fur-
ther supported by Transwell assays (p < 0.0001), which
revealed consistent results (Fig. 4c—e).

Similarly, the CCK-8 assays showed that TNF-a (50
ng/mL) significantly enhanced RA-FLSs proliferation, but
pretreatment with 100 ng/mL IL-25 before TNF-« stimula-
tion substantially suppressed this effect (p < 0.05, Fig. 4f).

Collectively, these results indicate that IL-25 attenu-
ates TNF-a-mediated migration, invasion, and proliferation
of RA-FLSs, likely by inhibiting inflammatory pathways.

1L-25 Reduces TNF-a-Induced Expression of
NLRP3, TLR4, and NF-kB

To investigate the mechanism by which IL-25 mod-
ulates inflammation in RA, we focused on the TLR4/NF-
xB/NLRP3 signaling pathway, which plays a crucial role in
inflammation. The NF-xB pathway is known to contribute
significantly to RA pathogenesis through modulation of
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(d—f) The protein levels of P65, p-P65, IkBa, and p-IkBa in RA-FL
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Data were presented as mean + standard deviation, as determined

by scanning electron microscopy from three independent experiments. Statistical significance is denoted as **p < 0.01, ***p < 0.001,

wxxkp < 0,0001.

pro-inflammatory cytokine production [22,23]. WB anal-
ysis showed that IL-25 pretreatment significantly reduced
TLR4 and NLRP3 protein expression in TNF-a-stimulated
RA-FLSs compared to TNF-« treatment alone (p < 0.0001,
p < 0.001, Fig. 5a—c). Concurrently, IL-25 pretreatment ef-

fectively suppressed the phosphorylation levels of p65 and
IkBa proteins activated by TNF-a (p < 0.001, Fig. 5d—f).
Immunofluorescent staining further confirmed that TNF-«
stimulation significantly increased the fluorescence inten-
sity of TLR4 and p-IxBa, whereas IL-25 pretreatment at-
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tenuated these responses (p < 0.0001, p < 0.001, Fig. 5g—
j)- The findings demonstrate that IL-25 inhibits activation
of the TLR4/NF-xB/NLRP3 pathway.

IL-25 Negatively Regulates Joint Inflammation and
Bone Erosion in the CIA Model

In vitro analyses revealed that high concentrations of
IL-25 inhibit TNF-a-mediated inflammation through the
TLR4/NF-xB/NLRP3 signaling pathway, attenuate RA-
FLSs proliferation and erosive capacity, and reduce the re-
lease of inflammatory cytokines and bone destruction. The
primary aim of the in vivo study was to assess the thera-
peutic potential of IL-25 in the RA mouse model, thereby
providing a theoretical basis for future clinical applications.

Recombinant murine IL-25 was administered in the
CIA mouse model. After successful establishment (day 21),
mice received intraperitoneal injections of either PBS or re-
combinant murine IL-25 (0.05 pg/kg/day) (Fig. 6a). Hind
paw swelling in the CIA group was more pronounced com-
pared to the IL-25-treated group (Fig. 6b). Furthermore,
body weight loss was substantially higher in the CIA group
compared to the IL-25 group from day 1 post-booster im-
munization until the end of the study (p < 0.05, Fig. 6¢c).
Similarly, arthritis index scores were significantly greater
in the CIA model than in the IL-25 treatment groups (p <
0.05, Fig. 6d).

Histological assessment using H&E and safranin O-
fast green staining of knee joints at the study endpoint
showed that IL-25 intervention alleviated cartilage damage
and synovial inflammation in CIA mice (Fig. 6¢). Consis-
tently, qualitative observation of Micro-CT scans demon-
strated that exogenous IL-25 administration mitigated bone
erosion and destruction in the CIA model (Fig. 6f). Further-
more, enzyme-linked immunosorbent assay revealed sub-
stantially reduced expression of TNF-q, IL-6, and IL-17 in
the peripheral blood of the IL-25-treated group compared
to the CIA model group (p < 0.0001, Fig. 6g). These find-
ings further support the anti-inflammatory role of IL-25 in
RA. These results demonstrate that IL-25 effectively alle-
viates synovial inflammation and reduces joint damage in
collagen-induced arthritic mice.

Discussion

Rheumatoid arthritis is a chronic inflammatory con-
dition that leads to joint deformities and systemic mani-
festations [24]. Due to its complex pathogenesis, the un-
derlying mechanisms of RA pathogenesis remain incom-
pletely understood, leading to poor treatment outcomes
[25]. However, persistent inflammation is recognized as
a key pathogenic driver [26]. The previous study has iden-
tified that pro-inflammatory cytokines TNF-q, IL-13, and
IL-6 promote the expression of various catabolic mediators,
thereby disrupting joint integrity. These cytokines stimu-
late MMP production, increase neutrophil and macrophage

infiltration, and ultimately amplify the inflammatory re-
sponse [27]. Particularly, TNF-a upregulates MMP-1,
MMP-3, IL-13, IL-6, and IL-8, thereby enhancing in-
flammation and extracellular matrix (ECM) degradation
[28,29]. Through these mechanisms, chronic inflammation
and ECM degradation intensify, driving the progression of
persistent RA.

The previous study has reported that the expression
of IL-25 in the serum of RA patients was significantly in-
creased, which leads to bone erosion and interstitial lung
lesions [18], suggesting a potential pro-inflammatory ef-
fect. However, further experiments revealed that at higher
concentrations, IL-25 decreases the levels of other pro-
inflammatory factors in synovial fibroblasts, indicating a
context-dependent regulatory function.

In this study, we established a TNF-«-induced high-
inflammatory state in RA-FLSs to mimic the RA inflam-
matory process. Representative inflammatory factors were
examined to explore the role of IL-25. We observed that
TNF-« treatment significantly increased the expression of
IL-15, IL-6, MMP-3, and HMGBI1. However, exposure
to high-concentration IL-25 (100 ng/mL) substantially re-
duced TNF-a-induced inflammation and downregulated
these mediators, indicating that IL-25 can attenuate TNF-
a-induced inflammatory responses in RA-FLSs in vitro.
To further validate these outcomes, we established a CIA
mouse model to observe the effects of IL-25 on joint in-
flammation and damage in vivo. IL-25 treatment allevi-
ated collagen-induced joint damage and exerted a protec-
tive effect by reducing the release of pro-inflammatory me-
diators such as IL-15, IL-6, and IL-17, thereby preventing
enhanced inflammatory cascades. These findings are con-
sistent with previous results [20].

IL-25 has been reported to exert suppressive effects
across a range of inflammatory immune disorders. In vitro
studies demonstrated that IL-25 inhibits the production of
TNF, IFN~, and IL-17A in CD4* T cells from IBD pa-
tients, thereby suppressing Thl and Th17 differentiation
[30]. In systemic lupus erythematosus (SLE), IL-25 ex-
pression is dysregulated; elevated IL-25 levels have been
shown to suppress inflammatory responses in SLE mouse
models by reducing pro-inflammatory cytokines, thereby
participating in lupus pathogenesis [31]. In RA, previous
research evidence has indicated that IL-25 pretreatment of
RA-FLSs downregulates STAT3, p38, and IxB-« phospho-
rylation induced by IL-22 stimulation [21]. Consistent with
these observations, our study found significantly increased
IL-25 expression in RA patient tissues and synovial fluid
compared to controls, as well as elevated IL-25 levels in
CIA mouse tissues compared to controls.

Given the anti-inflammatory effects of IL-25, we hy-
pothesized that IL-25 may play a crucial role in suppress-
ing inflammation associated with RA. High mobility group
box-1 protein (HMGB1) serves as an alarmin; once re-
leased from the cell, HMGB1 binds to Toll-like receptors
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immunosorbent assay. Data were presented as mean + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.
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(TLRs), including TLR2 and TLR4, converting them into a
potent pro-inflammatory mediator. This interaction is sig-
nificantly involved in the initiation and progression of au-
toimmune diseases [32]. Notably, inhibiting HMGB1 and
TLRs signaling suppresses inflammation responses in ani-
mal models [33].

RA is characterized by persistent inflammation ac-
companied by bone destruction and erosion. The TLR/NF-
xB/NLRP3 signaling pathway, consisting of TLR activa-
tion, NF-xB signaling, and NLRP3 inflammasome prim-
ing, plays a crucial role in orchestrating inflammatory re-
sponses across various organs. Both inflammation and
NF-xB pathway activation are central components of RA
progression. The transcriptional activity of NF-xB p65
is regulated through multiple mechanisms, including post-
translational modifications (such as phosphorylation and
acetylation) and interactions with other transcription fac-
tors, cofactors, or co-inhibitors. During inflammation, NF-
kB p65 modulates the expression of key cytokines such as
TNF-« and IL-13 [34]. Prior research has indicated that
activation of NF-xB signaling promotes inflammatory cy-
tokine expression and ECM degradation, thereby exacer-
bating RA progression. Whereas inhibiting NF-«B signal-

ing can alleviate RA progression [35]. TLRs are trans-
membrane pattern recognition receptors that regulate in-
flammatory cytokine expression by activating NF-xB and
MAPK pathways [36]. The NLRP3 inflammasome com-
plex, composed of NLRP3, apoptosis-related speck-like
protein (ASC) and caspase-1, functions as a key regulator
of innate immune responses and inflammation [37].

In our study, TNF-a (50 ng/mL) significantly acti-
vated the NF-xB pathway, as evidenced by elevated p-P65
and p-IxBa levels. IL-25 (100 ng/mL) treatment signif-
icantly reduced the expression of p-IkBa, p-P65, TLR4,
and NLRP3 protein, accompanied by a reduction in the se-
cretion of IL-13, IL-6, and MMP-3. Since aberrant ac-
tivation of RA-FLSs is a key driver of joint destruction,
these results confirm that IL-25 suppresses the inflamma-
tory phenotype and activation of RA-FLSs by regulating the
TLR4/NF-xB/NLRP3 signaling pathway. High concentra-
tions of IL-25 were found to reduce TNF-a-mediated pro-
inflammatory cytokine release, thereby diminishing RA-
FLSs migration and invasion (Fig. 7). The TLR4/NF-
xB/NLRP3 signaling pathway, as a classic regulator of in-
flammation, significantly contributes to this process. By
inhibiting the “TLR4 to NF-xB to NLRP3” signaling axis,
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IL-25 exerts a sequential inhibitory effect, disrupting the
positive feedback loop that drives chronic inflammation in
RA.

In summary, this study confirmed elevated IL-25 ex-
pression in synovial fluid and tissues of RA patients. In
vitro, IL-25 was found to attenuate the proliferation and mi-
gration of RA-FLSs by restraining inflammation and mod-
ulating the TLR4/NF-xB/NLRP3 pathway. Finally, in vivo
experiments demonstrated that IL-25 exerted a protective
effect against cartilage erosion in the CIA mouse model.
These results provide novel insights into the role of IL-25
in RA and underscore its potential as a molecular target for
future therapeutic approaches.

Despite its promising outcomes, this study still has
some limitations. First, due to the challenges in collect-
ing sufficient joint fluid, the sample size for detection was
relatively small, and there was no obvious correlation be-
tween IL-25 and inflammatory indicators. Hence, future
studies should expand the sample size to validate these re-
sults. Second, as this was a preliminary exploratory in-
vestigation, the small number of animals limited statistical
power, which should be addressed in future research. Fi-
nally, while this study provided initial evidence of IL-25
intervention on the basic phenotype of RA disease mod-
els and preliminarily explored NF-xB pathway molecules;
however, more comprehensive mechanistic studies, such
as inhibitor-based validation experiments, were not con-
ducted. Additionally, whether IL-25 indirectly affects the
function of FLSs by regulating other cell types, such as
macrophages, remains unknown. Future research incorpo-
rating single-cell sequencing could help identify the cell-
specific effects of IL-25 and further evaluate its therapeutic
potential.

Conclusion

This study confirmed that elevated IL-25 alleviates
RA-FLSs proliferation and joint destruction by regulating
inflammatory responses and inhibiting disease progression.
Our findings also suggest that IL-25 may modulate the
phosphorylation of p65 through the TLR4/NF-xB/NLRP3
pathway. These findings indicate a potential bidirectional
role of IL-25 in RA. Further comprehensive studies are war-
ranted to elucidate additional mechanisms of IL-25 and to
better investigate its interactions with other inflammatory
factors in RA.
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