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Abstract. Fibroblast‑like synoviocytes (FLSs) are the 
primary drivers of synovial tissue hyperplasia in rheumatoid 
arthritis (RA). Activation of the tumor necrosis factor‑like 
weak inducer of apoptosis (TWEAK)/fibroblast growth 
factor‑inducible immediate‑early response protein 14 (Fn14) 
pathway significantly contributes to the pathogenesis of RA. 
Kirenol (Kir), a compound with anti‑inflammatory and anti‑
rheumatic properties, has an unclear mechanism of action. 
To comprehensively investigate the effects and potential 
mechanisms of Kir on RA, the present study employed 
both an in  vitro model of transforming growth factor‑β1 
(TGF‑β1)‑induced human fibroblast‑like MH7A synovio‑
cytes proliferation and an in vivo collagen‑induced arthritis 
(CIA) rat model. The effects of Kir on synovial fibroblasts 
were detected via flow cytometry, ELISA, hematoxylin and 
eosin staining, safranin‑O/fast green staining, immunohis‑
tochemistry, immunofluorescence and western blotting. Kir 
ameliorated pathological damage in the synovial tissue of 
CIA rats, suppressed rheumatoid factor production, regu‑
lated the T helper 17 cells/regulatory T cell balance and 
mitigated joint inflammation and swelling. Additionally, 
Kir markedly downregulated the protein levels of the 
TWEAK/Fn14 pathway in synovial tissue. Surface plasmon 
resonance demonstrated that Kir could specifically bind to 
Fn14. Kir significantly suppressed the TGF‑β1‑mediated 
aberrant proliferation and migration of MH7A cells. 
However, the overexpression of Fn14 reversed the inhibitory 

effects of Kir on the abnormal proliferation and migration 
of cells, as did the activation of the TWEAK/Fn14 pathway. 
These results suggest that Kir possesses anti‑RA properties 
by inhibiting abnormal immune‑inflammatory responses, 
as well as synovial cell proliferation and migration. These 
effects of Kir may be linked to a decrease in the activity of 
the TWEAK/Fn14 pathway.

Introduction

Rheumatoid arthritis (RA), a chronic autoimmune disorder 
marked by progressive joint inflammation, is characterized 
by high disability rates and it severely impacts the quality of 
life of patients (1‑3). The incidence of RA shows a progres‑
sive increase as age advances (4). Aberrant activation of the 
immune system in RA leads to chronic inflammation of the 
synovium. This inflammation leads to pathological changes, 
including synovial hyperplasia, infiltration of inflammatory 
cells and invasion of synovial cells into the cartilage and 
subchondral bone, ultimately resulting in joint destruction (5). 
Fibroblast‑like synoviocytes (FLSs) are the primary effector 
cells that drive synovial tissue proliferation and inflammation 
in RA. The inflammatory factors and cytokines produced 
by activated FLSs are pivotal in the pathogenesis of RA 
synovial inflammation, contributing to both the initiation 
and progression of the disease (6). Activated FLSs produce 
inflammatory factors and matrix metalloproteinases (MMPs), 
which recruit immune cells (such as macrophages, T lympho‑
cytes and neutrophils) and contribute to cytokine imbalances. 
This further exacerbates FLS activation, driving synovial 
hyperplasia and inflammation, culminating in the continuous 
degradation of the cartilage matrix, leading to the destruction 
of both cartilage and bone (7,8).

Tumor necrosis factor‑like weak inducer of apoptosis 
(TWEAK) is a novel arthritis mediator. Fibroblast growth 
factor‑inducible immediate‑early response protein 14 (Fn14) 
serves as the specific receptor for TWEAK. This interaction 
triggers cytokine secretion, promotes synoviocytes prolifera‑
tion and migration as well as modulates immunity, significantly 
contributing to the progression of RA (9‑12).

The precise pathogenesis of RA remains incompletely 
understood and no effective treatment exists yet; however, early 
treatment with medications can significantly reduce symptoms 
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and slow the progression of RA. Paradoxically, first‑line agents 
encompass non‑steroidal anti‑inflammatory drugs (NSAIDs), 
disease‑modifying antirheumatic drugs (DMARDs), biolog‑
ical response modifiers and glucocorticoids, which exhibit 
significant long‑term risks, including gastrointestinal damage, 
hepatotoxicity, cardiovascular complications and renal 
impairment, which collectively constrain their therapeutic 
sustainability (13‑15). The traditional Chinese herbal medi‑
cine, Sigesbeckia herba, has been employed for the treatment 
of arthritis for centuries and its safety and efficacy are docu‑
mented through a long history of human use (16,17). Kirenol 
(Kir), a labdane‑type diterpenoid, is the primary bioactive 
ingredient of Siegesbeckia herba. It has been reported that 
Kir exerts a potent anti‑arthritic effect in collagen‑induced 
arthritis by modifying the T cell balance (18). Kir upregulates 
nuclear annexin‑1 and inhibits NF‑κB activation in attenuating 
synovial inflammation of collagen‑induced arthritis (CIA) 
rats (19). It has also been reported that Kir can significantly 
inhibit PI3K/Akt activation and exert a protective effect on 
mouse osteoarthritis models (20).

Kir also demonstrates rapid absorption kinetics in the 
rat intestinal tract, with oral bioavailability and a favorable 
safety profile observed during preclinical pharmacokinetic 
and toxicological evaluations (21). Unlike glucocorticoids, Kir 
maintains therapeutic effects without suppressing the adreno‑
corticotropic hormone or downregulating the glucocorticoid 
receptor pathways, and Kir is less likely to evoke therapy 
resistance and the resulting adverse reactions (19).

However, the specific signaling pathways and molecular 
targets mediating the effects of Kir on RA remains to be 
fully elucidated‌. Therefore, the present study used a CIA rat 
model and transforming growth factor‑β1 (TGF‑β1)‑induced 
human FLSs (MH7A cells) to investigate the involvement of 
the TWEAK/Fn14 pathway in mediating the anti‑RA effect 
of Kir. The findings offer new insights and experimental 
evidence for the treatment of RA, as well as the identification 
of potential candidate drugs for RA therapy.

Materials and methods

Materials. Kir (lot no. HR1386W3; purity ≥98%) was purchased 
from Baoji Herbest Bio‑Tech Co., Ltd.; bovine type II collagen, 
complete Freund's adjuvant (CFA) and incomplete Freund's 
adjuvant (cat. nos. 20022, 7001 and 7002, respectively) were 
produced by Chondrex, Inc.; TGF‑β1 (cat. no. 100‑21) was 
purchased from PeproTech, Inc.; hematoxylin and eosin 
(H&E) staining kit (cat. no. G1120) and safranin‑O/fast green 
staining kit (cat. no. G1371) were produced by Beijing Solarbio 
Science & Technology Co., Ltd.; Cell Counting Kit‑8 (CCK‑8; 
cat. no. C0005‑10) was produced by Shanghai Topscience 
Biotech Co., Ltd. (Shandong Zhongshan Biotechnology Co., 
Ltd.); the human Fn14‑overexpressing lentivirus (Fn14‑OE; 
lot  no.  LV81072534) and negative control lentivirus 
(NC; lot  no.  LV81072533) were synthesized by Hanheng 
Biotechnology (Shanghai) Co., Ltd. Details of the ELISA kits 
and antibodies used in the study are listed in Tables I and II.

Preparation of the CIA rat model and animal experimental 
procedure. SPF‑grade male SD rats (180±20 g, 6 weeks old) 
were acquired from Shanghai SLAC Laboratory Animal 

Co. Ltd. [production license: SCXK (Shanghai) 2022‑0004]. 
All animals were maintained on a 12/12 h light/dark cycle 
(lights on at 6:00 a.m., lights off: at 6:00 p.m.) in an environ‑
mentally controlled breeding room (temperature, 20‑25˚C; 
relative humidity, 45‑55%) with access to sterile pellet food 
and water ad libitum. Rats were monitored daily for weight 
loss and overall health condition and were euthanized upon 
reaching the humane endpoints (inability to obtain feed 
or water and/or a loss of >20% of body weight). No rats 
reached these humane endpoints. All animal experiments 
were carried out in strict accordance with the ARRIVE 
guidelines, and the animal procedures were approved by the 
Animal Ethics Committee of Fujian University of Traditional 
Chinese Medicine (Fuzhou, China; approval no. FJTCM 
IACUC 2023008). In total, 10 rats were randomly allocated 
to the control group, and the remaining 55 rats were utilized 
to establish a CIA model. CIA model preparation followed 
the methodology outlined in our previous study  (22). 
Briefly, type II collagen (2 mg/ml) was emulsified with an 
equal volume of CFA or incomplete Freund's adjuvant on 
ice. Briefly, each rat was subcutaneously injected at the 
tail base with 0.2 ml of bovine type II collagen emulsion 
(with CFA), and secondary immunization was carried out 
via the administration of 0.1 ml of bovine type II collagen 
emulsion (with incomplete Freund's adjuvant) on the 
seventh day. The control rats received the same volume of 
normal saline injection at the tail base. All rats were scored 
according to the arthritis index (AI) (23): i) Mild redness 
and swelling of one or both ankle or knee joints, or close 
to redness and swelling spreading to the tips of the toes; 
ii) moderate redness and swelling of one or both ankle or 
knee joints; iii) severe redness and swelling of the entire 
paw, including the tips of the toes; and iv) the inability to 
bear weight. The scoring was independently conducted by 
two experienced evaluators who had no prior involvement 
in model preparation. Rats whose total limb AI scores were 
in the range of 6‑12 were selected. In total, 5 rats that did 
not meet the criteria were excluded and euthanized. Thus, 
50 rats were included, stratified and randomly divided into 
the CIA group, 1.25, 2.5 and 5 mg/kg Kir groups and the 
positive control group (21 mg/kg Pre), with 10 rats in each 
group. After successful modelling, Kir was administered 
intragastrically at 10 ml/kg. Rats in the control and CIA 
groups were administered saline. Treatment commenced 
once a day for 14 days (Fig. 1). The AI was recorded on 
the day of administration and every 3 days subsequently. 
The toe volume of the right posterior toe was measured 
using a volume measuring instrument before modelling, on 
the day of treatment initiation and every 3 days thereafter. 
Paw edema was calculated as follows: Paw edema=toe 
volume‑baseline. The rats were anesthetized by intra‑
peritoneal injection of 3% sodium pentobarbital (30 mg/kg) 
2 h after the last administration, and blood was collected 
through the abdominal aorta. Then, the rats were euthanized 
by 5% isoflurane inhalation for 5 min using a small animal 
anesthesia machine (RWD Life Science Co., Ltd.). Synovial 
tissues were collected for analysis after death confirmation 
using standard criteria: Absent pulse and breathing, lost 
corneal reflexes, no response to deep toe stimulation and 
mucosal graying.
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Table I. ELISA kits used in the present study.

ELISA kit	 Supplier	 Cat. no.

RF	 Mlbio (Shanghai Enzyme‑linked Biotechnology Co., Ltd.)	 ml952541V
MMP‑13	 Wuhan Boster Biological Technology, Ltd.	 EK0468
MCP‑1	 Wuhan Boster Biological Technology, Ltd.	 EK0441
ICAM‑1	 Wuhan Boster Biological Technology, Ltd.	 EK0370
CXCL‑10	 Wuhan Boster Biological Technology, Ltd.	 EK0735
IL‑10	 Mlbio (Shanghai Enzyme‑linked Biotechnology Co., Ltd.)	 ml002813
IL‑17	 Chundubio (Wuhan Purity Biotechnology Co., Ltd.)	 CD‑JK30201

RF, rheumatoid factor; MMP‑13, matrix metalloproteinase 13; MCP‑1, monocyte chemoattractant protein‑1; ICAM‑1, intercellular adhesion 
molecule‑1; CXCL‑10, C‑X‑C motif C chemokine ligand‑10; IL‑17, interleukin 17; IL‑10, interleukin 10.

Table II. Primary antibodies used in the present study.

			   Application/
Primary antibodies	 Supplier	 Cat. no.	 dilution

CD4 Monoclonal Antibody	 Thermo Fisher Scientific, Inc.	 11‑0040‑82	 FCM
(OX35) FITC
CD25 Monoclonal Antibody	 Thermo Fisher Scientific, Inc.	 17‑0390‑82	 FCM
(OX39) APC
FOXP3 Monoclonal Antibody	 Thermo Fisher Scientific, Inc.	 12‑5773‑82	 FCM
(FJK‑16s) PE
IL‑17A Monoclonal Antibody	 Thermo Fisher Scientific, Inc.	 12‑7177‑81	 FCM
(eBio17B7) PE
MCP‑1	 Wuhan Servicebio Technology Co., Ltd.	 GB11199	 IHC/1:250
ICAM‑1	 Wuhan Servicebio Technology Co., Ltd.	 GB11106	 IHC/1:400
MMP‑13	 Wuhan Servicebio Technology Co., Ltd.	 GB11247	 IHC/1:200
CXCL‑10	 Abcam	 ab9807	 WB/1:500
CXCR3	 ImmunoWay Biotechnology Company.	 YT1161	 WB/1:800
NF‑κB p52	 Thermo Fisher Scientific, Inc.	 PA5‑88086	 IF/1:200
WB/1:1000
RelB	 Santa Cruz Biotechnology, Inc.	 Sc‑48366	 IF/1:200,
WB/1:1000
TWEAK	 ABclonal Biotech Co., Ltd.	 A5659	 WB/1:500
Fn14	 Wuhan Boster Biological Technology, Ltd.	 BM4635	 WB/1:500
TRAF2	 Cohesion Biosciences	 CQA2285	 WB/1:500
ASK1 (D11C9)	 Cell Signaling Technology, Inc.	 8662	 WB/1:800
IKKα	 ImmunoWay Biotechnology Company.	 YT2302	 WB/1:800
IKKα (phospho S176/177)	 ImmunoWay Biotechnology Company.	 YP0141	 WB/1:800
NF‑κB p100	 ImmunoWay Biotechnology Company.	 YT3093	 WB/1:700
NF‑κB p100 (phospho S869)	 ImmunoWay Biotechnology Company.	 YP0182	 WB/1:700
IRE1	 Proteintech Group, Inc.	 27528‑1‑AP	 WB/1:1000
IRE1 (phospho S724)	 Abcam	 ab48187	 WB/1:1000
NIK	 ImmunoWay Biotechnology Company.	 YN1594	 WB/1:800
β‑actin	 Proteintech Group, Inc.	 66009‑1	 WB/1:10000
PCNA	 Cohesion Biosciences	 CPA9205	 WB/1:2000

TWEAK, tumor necrosis factor‑like weak inducer of apoptosis; Fn14, fibroblast growth factor‑inducible immediate‑early response protein 14; 
TRAF2, TNF receptor‑associated factor 2; IKKα, inhibitor of κB kinase α; MCP‑1, monocyte chemoattractant protein‑1; ICAM‑1, intercellular 
cell adhesion molecule‑1; MMP‑13, matrix metalloproteinases 13; CXCL10, C‑X‑C motif chemokine ligand 10; C‑X‑C motif chemokine 
receptor 3; NIK, nuclear factor‑κB‑inducing kinase; PCNA, proliferating cell nuclear antigen.
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Cell experimental procedures. The human MH7A RA syno‑
vial fibroblast cell line was sourced from iCell Bioscience, Inc. 
(Cellverse Co., Ltd.; lot no. iCell‑Huh‑008a). MH7A cells were 
maintained in DMEM (Wuhan Pricella Biotechnology Co., 
Ltd.; cat. no. PM150210) supplemented with 10% fetal bovine 
serum (FBS; Shanghai ExCell Biology, Inc.; cat. no. FSP500) 
and cultured in a 37˚C, 5% CO2 incubator (Thermo Fisher 
Scientific, Inc.).

Effect of Kir on MH7A cell viability. MH7A cells were 
divided into the following groups: The control group (with 
complete DMEM) and the Kir intervention groups, with 
concentrations of 5, 10, 20, 40 and 80 µM.

TGF‑β1‑st imulated MH7A synovial  f ibroblast 
proliferation and drug intervention. MH7A cells were induced 
by 10 ng/ml TGF‑β1 for 24 h at 37˚C to establish a model 
of MH7A cell proliferation. The cell groups were assigned as 
follows: The control group (untreated), TGF‑β1 group, three 
Kir groups (TGF‑β1 + 2.5, 5 or 10 µM Kir) and prednisone 
(Pre) group (TGF‑β1 + 100 nM Pre). After 24 h of interven‑
tion at 37˚C, the optimal Kir concentration was determined 
through CCK‑8 and scratch assays. This concentration was 
used for subsequent reverse validation experiments.

Reverse validation experiment. MH7A cells were trans‑
duced with Fn14‑overexpressing lentivirus. The Fn14‑OE 
or NC lentiviruses were generated in 293T cells [Hanheng 
Biotechnology (Shanghai) Co., Ltd.] co‑transfected with 
two helper plasmids (10  µg psPAX2 and 10  µg pMD2.G) 
a nd  pH BLV‑ C M V‑T N F RSF12A‑3F L AG ‑E F1‑Z s ‑
Green‑T2A‑PURO or pBLV‑ZsGreen‑PURO lentiviral vectors 
(10  µg) at room temperature (RT). The lentiviruses were 
collected twice at 24 and 48 h, respectively. The MH7A cells 
were cultured until their confluency reached 30‑50%, then 
infected with lentivirus at MOI=3 in DMEM for 4 h. After 72 h, 
the efficiency of green fluorescent protein (GFP) expression was 
observed via fluorescence microscopy. After screening with 
2 µg/ml puromycin [Hanheng Biotechnology (Shanghai) Co., 
Ltd.; cat. no. HB‑PU‑500], the stable cell lines were confirmed 
by western blot analysis. Then, after 24 h of TGF‑β1 stimulation, 
the cells were randomly divided into the TGF‑β1 group, Kir 
group (TGF‑β1 + 5 µM Kir), Kir + Fn14‑ OE group (Fn14‑OE 
MH7A cells + TGF‑β1 + 5 µM Kir) and Kir + NC group (NC 
MH7A cells + TGF‑β1 + 5 µM Kir). The control group included 
MH7A cells supplemented with complete DMEM.

Cell viability assay. After the MH7A cells were cultured, 
the viability was measured via the CCK‑8 method. After the 
addition of CCK‑8 solution in the dark for 2 h, optical density 
values at 450 nm were measured via a multifunctional micro‑
plate reader. The cell viability rate was measured relative to 
that of the control group and expressed as a percentage.

Scratch test. MH7A cells were cultured until their confluency 
reached nearly 80% in complete medium (10% FBS). After the 
TGF‑β1 induction for 24 h, cells were washed with PBS and 
incubated in fresh medium containing 3% FBS. Equal‑sized 
scratches were made vertically with a 10 µl lance tip at the 
position of the midline of each well, and drug intervention was 
conducted. The migration distance of the cells was observed 
and recorded at 0 and 8 h. The migration rate of the MH7A 
cells (%) was calculated as: (width of the scratch at time 0 h‑ 
width of the scratch at time 8 h)/width of the scratch at time 
0 h x100%.

ELISA. Rheumatoid factor (RF), interleukin‑17 (IL‑17) and IL‑10 
in the serum, along with monocyte chemoattractant protein‑1 
(MCP‑1), intercellular cell adhesion molecule‑1 (ICAM‑1), 
C‑X‑C motif chemokine ligand‑10 (CXCL‑10) and matrix 
metalloproteinase 13 (MMP‑13) in the cell supernatant, were 
measured strictly following the ELISA kit instructions (Table I).

Flow cytometry. The lymphocytes in the whole blood 
samples were stained with FITC‑ conjugated anti‑CD4 
and APC‑conjugated anti‑CD25 antibodies for 15  min at 
RT. Subsequently, samples were permeabilized with Foxp3 
fixation/membrane‑breaking working solution (Thermo 
Fisher Scientific, Inc.; cat. no. 00‑5523‑00) for 30 min at 4˚C, 
centrifuged at 500 x g for 5 min at RT and resuspended in 
PBS. The samples were then incubated with IL‑17 PE and 
Foxp3 PE antibodies (Table II) for 30 min at 4˚C. Cells were 
detected and analyzed using the Agilent NovoCyte Advanteon 
flow cytometer (Agilent Technologies, Inc.) controlled by 
NovoExpress software (v1.5.8; Agilent Technologies, Inc.). 
The data were analyzed with NovoExpress software.

Histological analysis. The synovial tissues were fixed with 
4% paraformaldehyde (PFA) at RT for 48 h, then dehydrated 
in increasing concentrations of ethanol, made transparent 

Figure 1. Schedule of the animal experiment.
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with xylene and embedded in paraffin wax. Sections of 4 µm 
thickness were prepared, dewaxed and hydrated prior to 
being stained. Sections were individually stained with a H&E 
staining kit and a safranin‑O/fast green staining kit. The histo‑
logical changes were observed under a DM4000B LED light 
microscope (Leica Microsystems GmbH).

Immunohistochemistry. The synovial tissues were fixed 
at room temperature for 48 h in 4% PFA, and then dehy‑
drated, permeabilized, embedded in paraffin and sliced 
into 4-µm-thick sections. After dewaxing and hydration in 
descending alcohol series, the paraffin sections were incu‑
bated with pepsin (2 mg/ml in Tris‑HCl; Fuzhou Maixin 
Biotechnology Development Co., Ltd.; cat. no. DIG‑3009) 
37˚C for 30 min antigen retrieval. Paraffin sections were 
incubated with 3% hydrogen peroxide to block endogenous 
peroxidase activity at RT. After 10 min, the sections were 
washed with PBS for 3 min three times and blocked with 
5% BSA (Wuhan Boster Biological Technology, Ltd.; cat. 
no. AR0004) for 2 h at RT. The primary antibodies against 
MCP‑1, ICAM‑1 and MMP‑13 (Table II) were added, and 
the samples were incubated for 1  h at RT. The sections 
were subsequently incubated with the HRP conjugated 
secondary antibody for 30  min using EliVision™ plus 
kits (cat.  no.  KIT‑9901; Fuzhou Maixin Biotechnology 
Development Co., Ltd.) at RT. Subsequently the samples 
were stained with DAB for 5‑10 min and hematoxylin for 
40 sec at RT. The slices were observed, imaged under a 
light microscope and analyzed with ImageJ 24.0 software 
(National Institutes of Health).

Immunofluorescence. Paraffin sections were blocked after 
dewaxing and hydration as aforementioned. Then, the samples 
were incubated with primary antibodies against NF‑κB p52 and 
RelB (Table II) overnight at 4˚C. Subsequent incubation with 
AcalephFluor555 conjugated secondary antibodies (1:500; 
Cohesion Biosciences; cat. nos. CSA3411 and CSA3408) was 
performed. Nuclear staining was achieved using DAPI at RT 
for 10 min. The slices were observed under a fluorescence 
microscope. The number of positive cells was analyzed via 
ImageJ 24.0 software.

Western blot analysis. The nuclear extracts were obtained 
using a commercially available kit (Nanjing KeyGen Biotech 
Co., Ltd.; cat. no. KGB5302‑100), and total proteins were 
extracted from MH7A cells and tissue using RIPA buffer 
(Beyotime Institute of Biotechnology; cat.  no.  P0013B). 
The protein concentration was measured using a bicincho‑
ninic acid kit (Wuhan Boster Biological Technology, Ltd.; 
cat.  no.  AR0146). Protein (30  µg/lane) was subsequently 
separated via 10% SDS‑PAGE and then transferred to nitro‑
cellulose membranes. After blocking with 5% skim milk at RT 
for 70 min, the membranes were incubated with the primary 
antibody (Table II) at 4˚C overnight, then the HRP‑conjugated 
secondary antibody (1:5,000; Cell Signaling Technology, 
Inc. cat. nos. 7074S and 7076S) at RT for 70 min. Enhanced 
chemiluminescence (Dalian Meilun Biology Technology Co., 
Ltd.; cat. no. MA0186‑1) was used to visualize the immu‑
noblot signals. The grey value of each band was analyzed by 
ImageJ 24.0 software.

Surface plasmon resonance (SPR). SPR assays were conducted 
via a BiacoreT200 system (GE Healthcare), following previ‑
ously established methods (24). Briefly, the Fn14 protein (Sino 
Biological, Inc.; cat. no. 10431‑H01H) was immobilized on a 
Biacore Sensor Chip CM5 (GE Healthcare). A range of Kir 
concentrations from 0.0625 µM to 0.032 mM were system‑
atically injected over the immobilized Fn14. The interaction 
mode and kinetic constant of Kir with Fn14 were established 
via a 1:1 kinetic model with Biacore Insight (GE Healthcare).

Statistical analysis. The results are expressed as the mean ± SD 
and were statistically analyzed via SPSS 26.0 (IBM Corp.). 
Normality was assessed using the Shapiro‑Wilk test. For 
normally distributed data, one‑way ANOVA was employed 
to evaluate differences among multiple groups. Post‑hoc 
analysis was then performed using the Tukey test for data 
with equal variances and the Games‑Howell method for data 
with unequal variances. For datasets with skewed distribu‑
tions, the non‑parametric statistical method, Kruskal‑Wallis 
test followed by Dunn's post hoc test was applied for multiple 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Therapeutic effect of Kir on CIA rats. The CIA rat model was 
successfully established, as demonstrated by the significant 
increase in both AI [H‑value (H)=25.285; degrees of freedom 
(df)=5; P<0.01] and paw edema [F‑value (F) (5,54)=6.278; 
P<0.01] in the CIA group compared with the control group 
(day 1 of treatment). Pre is a commonly prescribed cortico‑
steroid used to manage symptoms of RA. Both treatment with 
Kir and Pre led to notable reductions in arthritic injury and 
swelling. Specifically, the AI was significantly decreased on 
days 10 and 14 (P<0.01) in Kir groups. Furthermore, paw 
edema was significantly diminished from day 7 (P<0.05 or 
P<0.01) in the Kir groups (Fig. 2A‑C). The serum RF levels 
were significantly elevated [F(5,54)=33.039; P<0.01] in the 
CIA group compared with the control, and treatment with both 
Kir and Pre resulted in a notable decrease in serum RF levels 
in CIA rats (P<0.01) (Fig. 2D).

H&E staining showed that the synovial cells in the control 
group formed a single, organized layer with intact structural 
integrity. Synovial cells of the CIA rats exhibited a disordered 
arrangement and increased proliferation, resulting in multiple 
cell layers. Interspersed among these cells, an increase in 
inflammatory cells (aggregated nuclei were deep blue) was 
observed. Furthermore, blood vessels in the synovial tissue 
showed signs of dilation and congestion. Both treatments with 
Kir and Pre demonstrated varying levels of effectiveness in 
reducing synovial tissue hyperplasia and inflammatory cell 
infiltration (Fig. 2E).

The results of safranin‑O/fast green staining showed that 
the surface of cartilage in the ankle joint was smooth and 
stained red in the control group. While in the CIA group, 
notable ankle joint pathology was observed, characterized 
by structural disorganization, compromised joint integrity, 
marked erosion and lesions of the red cartilage matrix as well 
as synovial invasion into the cartilage. Nevertheless, both the 
Kir and Pre treatments abrogated the loss of chondrocytes 
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and relieved the damage of the morphological structure 
(Fig. 2F).

Effect of Kir on the immune inflammatory response in CIA rats. 
The expression of MCP‑1 (H=20.286; df=4; P<0.01), ICAM‑1 
[F(4,20)=12.269; P<0.01], MMP‑13 [F(4,20)=32.440; P<0.01], 
C‑X‑C motif chemokine receptor 3 [CXCR3; F(4,20)=7.670; 
P<0.01] and CXCL‑10 [F(4,20)=3.012; P<0.05] in the synovial 
tissue of the CIA rats was significantly elevated compared 
with the control. After Kir treatment, the expression of MCP‑1, 
ICAM‑1, MMP‑13, CXCR3 and CXCL‑10 in the synovial tissue 
of CIA rats was significantly reduced (P<0.05 or P<0.01) (Fig. 3).

The T helper 17 cells (Th17)/regulatory T cell (Treg) ratio 
[F(4,20)=20.109; P<0.01; Fig. 4E] was significantly elevated 
in the CIA group, with a notable increase in Th17  cells 
[F(4,20)=15.854; P<0.01] and a corresponding decrease in 
Tregs [F(4,20)=5.621; P<0.01]. The CIA group exhibited 
a marked increase in serum IL‑17  levels [F(4,20)=18.324; 
P<0.01; Fig. 4G], accompanied by a corresponding decrease 
in IL‑10 levels [F(4,20)=9.217; P<0.01; Fig. 4F]. Following Kir 
treatment, the Th17 level and Th17/Treg ratio decreased signif‑
icantly (P<0.01), while the Treg level elevated significantly 
(P<0.05). Additionally, a significant reduction in IL‑17 levels 
and an increase in IL‑10 levels were observed (P<0.05 or 
P<0.01), suggesting a potential therapeutic effect of Kir on 
immune dysregulation associated with CIA (Fig. 4).

Effects of Kir on the proliferation and migration of MH7A 
cells. The CCK‑8 results indicated that Kir treatment did not 
significantly affect MH7A cell viability at concentrations 
ranging from 5 to 80 µM [F(5,24)=0.655; P>0.05; Fig. 5A]. 
Stimulation with TGF‑β1 resulted in aberrant proliferative 
activity in MH7A cells. Compared with cells in the control 
group, MH7A cells induced with TGF‑β1 presented a signifi‑
cantly greater proliferation rate [F(5,24)=5.849; P<0.01], as 
determined by the CCK‑8 assay. However, compared with 
the TGF‑β1 group, treatment with 5 µM Kir and Pre signifi‑
cantly suppressed the proliferation of MH7A cells (P<0.05) 
(Fig. 5B).

TGF‑β1 stimulation also significantly increased the 
migratory capacity of MH7A cells [F(5,24)=11.909; P<0.01] 
compared with the control. However, treatment with Kir and 
Pre significantly reduced this increase in migration compared 
with the TGF‑β1 group (P<0.01). Considering these find‑
ings, along with the previously observed inhibition of Kir on 
TGF‑β1‑induced cell proliferation, 5 µM Kir was chosen for 
subsequent experiments (Fig. 5C and D).

Direct binding interaction between Kir and Fn14. SPR 
analysis revealed a concentration‑dependent binding interac‑
tion between Kir and Fn14, with a maximum response of 16 
response units (Fig. 6A). The dissociation constant was deter‑
mined to be 1.2 μM (Fig. 6B).

Figure 2. Ameliorative effects of Kir on rheumatoid arthritis in CIA rats. (A) Foot swelling of the rats in each group after Kir intervention. (B) Paw edema of 
the rats in each group. (C) AI of the rats in each group. (D) RF levels in the serum of the rats in each group. (E) Histopathological changes in the synovial tissue 
in the rat joints (H&E staining; magnification, x200); the white arrows indicate vascular dilation and congestion and the yellow arrows indicate inflammatory 
cell infiltration. (F) Histopathological changes of the cartilage tissue in the rat joints (safranin‑O/fast staining; magnification, x50); cartilage tissue is stained in 
red and bone tissue in green; black arrows indicate the invasion of synovial tissue and articular cartilage destruction. All data are expressed as the mean ± SD 
(n=10). Kruskal‑Wallis followed by Dunn's post‑test was performed in C, one‑way ANOVA followed by Tukey test was performed in D and one‑way ANOVA 
followed by Games‑Howell method in B. **P<0.01 vs. the control group; #P<0.05, ##P<0.01 vs. the CIA group. Kir, Kirenol; CIA, collagen‑induced arthritis; AI, 
arthritis index; RF, rheumatoid factor; H&E, hematoxylin and eosin; Pre, prednisone.
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Effect of Kir on MH7A cells with Fn14‑OE. Fn14 overexpres‑
sion was achieved by lentiviral overexpression vectors, and 
transduction efficiency was monitored by GFP fluorescence 
(Fig. 7A). Fn14 overexpression at the protein level was also 

confirmed by western blotting (Fig. 7B). The aforementioned 
experiments demonstrated that treatment with 5  µM Kir 
significantly inhibited both the proliferation and migration of 
TGF‑β1‑stimulated MH7A cells. Further analysis demonstrated 

Figure 3. Kir inhibits inflammatory factors and MMP‑13 in the synovial tissues of CIA rats. Representative immunohistochemical images of (A) MCP‑1, 
(B) ICAM‑1 and (C) MMP‑13 in the synovial tissues of various rats (magnification, x200). Quantitative analysis of the immunohistochemistry of (D) MCP‑1, 
(E) ICAM‑1 and (F) MMP‑13 in the synovial tissues of various groups of rats. Representative images and quantification of the western blot results of (G) CXCL‑10 
and (H) CXCR3 protein expression. All data are expressed as the mean ± SD (n=5). Kruskal‑Wallis with Dunn's post‑test was performed in D, one‑way ANOVA 
with Games‑Howell method in E and F and one‑way ANOVA followed by Tukey test was performed in G and H. *P<0.05, **P<0.01 vs. the control group; #P<0.05, 
##P<0.01 vs. the CIA group. Kir, Kirenol; CIA, collagen‑induced arthritis; MCP‑1, monocyte chemoattractant protein‑1; ICAM‑1, intercellular cell adhesion 
molecule‑1; MMP‑13, matrix metalloproteinases 13; CXCL‑10, C‑X‑C motif chemokine ligand‑10; CXCR3, C‑X‑C motif chemokine receptor 3.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5586
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that overexpression of Fn14 significantly increased both cell 
proliferation and migration compared with the Kir group 
(P<0.05; Fig. 7C‑E).

Compared with the control group, the levels of MCP‑1 
[F(4,20)=31.565; P<0.01], ICAM‑1 [F(4,20)=31.514; 
P<0.01], MMP‑13 [F(4,20)=14.119; P<0.01] and CXCL‑10 

Figure 4. Kir mediates the differentiation of CD4+ T cells in CIA rats. (A) Representative flow cytometry charts of CD4+IL‑17+ cells in peripheral blood. 
(B) Representative flow cytometry charts of CD4+CD25+Foxp3+ Treg cells in peripheral blood. (C) Flow cytometric analysis of the proportion of Th17+ cells. 
(D) Flow cytometric analysis of the proportion of Treg cells. (E) The ratios of Th17/Treg cells in peripheral blood were analyzed. (F) IL‑10 and (G) IL‑17 levels 
in serum were determined via ELISA. All the data are expressed as the mean ± SD (n=5). One‑way ANOVA followed by Tukey test was performed in all 
analyses. **P<0.01 vs. the control group; #P<0.05, ##P<0.01 vs. the CIA group. Kir, Kirenol; CIA, collagen‑induced arthritis; Th17, T helper cell 17; IL‑17, 
interleukin 17; IL‑10, interleukin 10.

Figure 5. Kir attenuates the proliferation and migration of TGF‑β1‑induced MH7A cells. (A) Viability of MH7A cells treated with different concentrations 
of Kir. (B) Effects of Kir on the TGF‑β1‑induced proliferation of MH7A cells. (C and D) Effects of Kir on the TGF‑β1‑mediated migration of MH7A cells 
(magnification, x50). All data are expressed as the mean ± SD (n=5). One‑way ANOVA followed by Tukey test was performed in all analyses. **P<0.01 vs. the 
control group; #P<0.05, ##P<0.01 vs. the TGF‑β1 group. Kir, Kirenol; TGF‑β1, transforming growth factor‑β1.
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[F(4,20)=71.270; P<0.01] increased significantly in the 
TGF‑β1 stimulated MH7A cell supernatant. Treatment with 
5 µM Kir significantly reduced these elevated levels (P<0.05 

or P<0.01). However, Fn14 overexpression resulted in the 
abrogation of the effects produced by 5 µM Kir (P<0.05 or 
P<0.01) (Fig. 8).

Figure 6. Surface plasmon resonance measurement of the binding between Kir and Fn14. (A) Sensorgram of Kir binding to the Fn14‑immobilized chip. (B) The 
fitted curve for different concentrations of Kir bound to immobilized Fn14. Kir, Kirenol; Fn14, fibroblast growth factor‑inducible immediate‑early response 
protein 14; RU, response unit.

Figure 7. Fn14 overexpression abolishes the effect of Kir on the proliferation and migration of TGF‑β1‑induced MH7A cells. (A) The GFP expression in 
MH7A cells transfected with the lentivirus (magnification, x200). (B) The Fn14 protein levels in MH7A cells transfected with Fn14‑OE compared with 
NC lentivirus; β‑actin was used as normalization control; (n=3) *P<0.05 vs. NC group. (D) Effect of Kir on the proliferation of Fn14‑overexpressing MH7A 
cells. (C and E) Effect of Kir on the migratory ability of Fn14‑overexpressing MH7A cells (magnification, x50); (n=5). One‑way ANOVA followed by LSD 
was performed in B, one‑way ANOVA followed by Tukey test was performed in D and one‑way ANOVA followed by Games‑Howell was performed in F. 
**P<0.01 vs. the control group, #P<0.05 or ##P<0.01 vs. the TGF‑β1 group, △P<0.05 vs. the 5 µM Kir group. All the data are expressed as the mean ± SD. Kir, 
Kirenol; TGF‑β1, transforming growth factor‑β1. Kir, Kirenol; Fn14, fibroblast growth factor‑inducible immediate‑early response protein 14; Fn14‑OE, 
Fn14‑overexpressing lentivirus; NC, negative control; Con, control.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5586
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Figure 8. Fn14 overexpression blocks the effects of Kir on chemokines and MMP‑13 in TGF‑β1‑induced MH7A cells. Levels of (A) MCP‑1, (B) ICAM‑1, 
(C) MMP‑13 and (D) CXCL‑10 in the cell supernatant of MH7A cells. All the data are expressed as the mean ± SD (n=5). One‑way ANOVA followed by Tukey 
test was performed in C and one‑way ANOVA followed by Games‑Howell in A, B and D. **P<0.01 vs. the control group, #P<0.05 or ##P<0.01 vs. the TGF‑β1 
group, △P<0.05 or △△P<0.01 vs. the 5 µM Kir group. Fn14, fibroblast growth factor‑inducible immediate‑early response protein 14; Kir, kirenol; MCP‑1, monocyte 
chemoattractant protein‑1; ICAM‑1, intercellular cell adhesion molecule‑1; MMP‑13, matrix metalloproteinases 13; CXCL10, C‑X‑C motif chemokine ligand 10.

Figure 9. Kir attenuates the levels of TWEAK/Fn14 pathway‑associated proteins in the synovial tissues of CIA rats. Representative western blots and quantifi‑
cation of the (A) TWEAK, (B) Fn14, (C) TRAF2, (D) ASK1 and (E) NIK protein levels and the phosphorylation of (F) IRE1, (G) IKKα and (H) p100. β‑actin 
was used as the loading control. All the data are expressed as the mean ± SD (n=5). Kruskal‑Wallis followed by Dunn's post‑test was performed in D, one‑way 
ANOVA followed by Games‑Howell in C and one‑way ANOVA followed by Tukey test was performed in A, B and E‑H. **P<0.01 vs. the control group, #P<0.05 
or ##P<0.01 vs. the CIA group. Fn14, fibroblast growth factor‑inducible immediate‑early response protein 14; Kir, kirenol; CIA, collagen‑induced arthritis; 
TWEAK, tumor necrosis factor‑like weak inducer of apoptosis; NIK, nuclear factor‑κB‑inducing kinase; IRE1, inositol‑requiring enzyme 1; IKKα, inhibitor 
of κB kinase α.
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Kir attenuates the TWEAK/Fn14 pathway in vitro and in vivo. 
Studies revealed significant upregulation of the TWEAK/Fn14 
signaling pathway in the synovial tissues of CIA rats. Western 
blot analysis demonstrated increased expression of TWEAK 
[F(4,20)=5.083; P<0.01], Fn14 [F(4,20)=5.926; P<0.01] and 
its downstream signaling proteins, TNF receptor‑associated 
factor  2 [TRAF2; F(4,20)=30.392; P<0.01], apoptosis 
signal‑regulating kinase 1 [ASK1; H=15.278; df=4; P<0.01] 
and NF‑κB‑inducing kinase [NIK; F(4,20)=8.120; P<0.01] in 
the synovial tissues of CIA rats compared with control rats. The 
levels of inositol‑requiring enzyme 1 [IRE1; F(4,20)=4.381, 
P<0.01], inhibitor of κB kinase α [IKKα; F(4,20)=8.626; P<0.01] 
and p100 phosphorylation [F(4,20)=9.829; P<0.01] were signif‑
icantly elevated (P<0.01) (Fig. 9) in the CIA group compared 
with the Control group. Additionally, immunofluorescence 
staining revealed that the number of cells positive for p52 
[F(4,20)=39.743; P<0.01] and RelB [F(4,20)=55.329; P<0.01] 
nucleation was significantly greater in CIA rats compared with 
the control group (Fig. 10). Kir treatment resulted in signifi‑
cant downregulation of TWEAK, Fn14, TRAF2, ASK1 and 
NIK expression and suppressed the phosphorylation of IRE1, 
IKKα and p100 (P<0.05 or P<0.01) compared with the CIA 
group. Furthermore, a significant decrease in both p52 and 
RelB nuclear translation was observed (P<0.05 or P<0.01).

Cellular experiments demonstrated that Kir signifi‑
cantly downregulated the protein expression of TWEAK 
[F(4,10)=5.497; P<0.05], total Fn14 [F(4,10)=4.469; P<0.05], 
nuclear p52 [F(4,10)=4.729; P<0.05] and RelB [F(4,10)=9.353; 
P<0.05] in TGF‑β1‑stimulated cells, while also inhibiting 
IKKα [F(4,10)=7.530; P<0.05] and p100 phosphorylation 
[F(4,10)=4.552; P<0.05]. However, overexpression of Fn14 
reversed these effects of Kir (P<0.05) (Fig. 11).

Discussion

CIA is the most prevalent inducible model for RA due to 
its high success rate in inducing disease and its ability to 
recapitulate numerous features of human RA, including its 
pathogenesis and immunological characteristics (25). In the 
present study, joint inflammation and swelling was assessed by 
monitoring AI and paw edema in each group of rats. Swelling 
became evident ~15 days (day 1 of treatment) after the model 
was established, peaked at 21 days (day 7 of treatment), which 
aligned with findings reported in the literature  (26). CIA 
rats presented with significantly greater AI scores and paw 
edema than the control rats. Histological examination of both 
synovial and ankle joint tissue revealed hallmark pathological 
changes, including inflammatory cell infiltration, abnormal 

Figure 10. Kir reduces nuclear localization of p52 and RelB in the synovial tissues of CIA rats. (A) Representative images of immunofluorescence staining for 
p52 protein in the nucleus (magnification, x200). (B) Quantitative analysis of nuclear p52 protein. (C) Representative images of immunofluorescence staining 
for RelB proteins in the nucleus (magnification, x200); (D) Quantitative analysis of nuclear RelB protein. All the data are expressed as the mean ± SD (n=5). 
One‑way ANOVA with Games‑Howell method was performed for all analyses. **P<0.01 vs. the control group, #P<0.05 or ##P<0.01 vs. the CIA group. Kir, 
kirenol; CIA, collagen‑induced arthritis; PCNA, proliferating cell nuclear antigen.
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cell proliferation and invasion as well as degeneration of artic‑
ular cartilage, confirming the successful induction of CIA in 
the experimental model. Kir treatment significantly alleviated 
joint damage, reduced swelling and ameliorated the pathology 
in both the synovial and ankle joint tissue of CIA rats. These 
findings suggest that Kir may exert a significant reparative 
and protective effect on joint tissue injury and inflammatory 
infiltration. RF is an autoantibody that binds to the Fc region 
of denatured IgG, specifically recognizing an antigenic deter‑
minant cluster within this fragment (27). Serum RF levels are 
a significant indicator for the clinical diagnosis of RA (28). 
In the CIA group, RF levels were significantly elevated. Kir 
treatment effectively inhibited the production of RF, thereby 
helping to reduce the joint damage caused by the autoimmune 
response.

FLSs play a crucial role in RA, driving its pathogenesis 
through abnormal proliferation, activation and migration. 
These processes lead to synovial thickening, extracellular 
matrix (ECM) degradation and ultimately, erosion of articular 

cartilage and bone, causing irreversible joint damage (29). 
Inflammation is the central factor driving the relentless progres‑
sion and deterioration of RA, serving as the primary causative 
agent for the characteristic symptoms of joint swelling and pain. 
When RA develops, FLSs undergo excessive proliferation, 
resulting in a surge of inflammatory chemokines, including 
MCP‑1 and ICAM‑1. These chemokines contribute to joint 
inflammation by recruiting neutrophils and stimulating further 
synovial cell growth (30,31). MMPs are a highly conserved 
class of proteases. Under pathological conditions, activated 
FLSs release large amounts of MMPs, leading to irrevers‑
ible degradation of the ECM in articular cartilage, increased 
FLS invasiveness and accelerated destruction of cartilage 
and bone (32). MMP‑13, which has the highest efficiency in 
degrading collagen type II and is the dominant component of 
articular cartilage, is considered the rate‑limiting enzyme for 
cartilage destruction (33,34). The findings of the present study 
revealed significantly elevated levels of MCP‑1, ICAM‑1 and 
MMP‑13 in both synovial tissue and TGF‑β1‑induced MH7A 

Figure 11. Fn14 overexpression blocks the effect of Kir on TWEAK/Fn14 pathway‑related proteins in TGF‑β1‑induced MH7A cells. Representative images and 
quantification of western blot results showing the protein expression of (A) TWEAK (B) and Fn14, and the phosphorylation of (C) IKKα and (D) p100. β‑actin 
was used as the loading control. Representative images and quantification of western blot results for the nuclear proteins (E) p52 and (F) RelB. PCNA was used 
as the loading control for nucleoprotein. All the data are expressed as the mean ± SD (n=3). One‑way ANOVA followed by Tukey test was performed in all 
analyses. *P<0.05 or **P<0.01 vs. the control group, #P<0.05 vs. the TGF‑β1 group, △P<0.05 vs. the 5 µM Kir group. Kir, kirenol; TGF‑β1, transforming growth 
factor‑β1; PCNA, proliferating cell nuclear antigen; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis; Fn14, fibroblast growth factor‑inducible 
immediate‑early response protein 14; PCNA, proliferating cell nuclear antigen.
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cells. Kir treatment effectively reduced the secretion of these 
inflammatory markers, mitigating the inflammatory response 
and decreasing the number of invasive FLSs both in vivo and 
in vitro.

Th cells constitute a major subset of adaptive immune 
cells responsible for coordinating immune responses. The 
development of RA is significantly influenced by a dysregula‑
tion in the balance between Th17 and Tregs (35). Th17 cells 
contribute to inflammation by releasing IL‑17, driving the 
infiltration of immune cells into the synovium and promoting 
the proliferation of FLSs. Conversely, Tregs suppress inflam‑
mation and maintain immune homeostasis by producing the 
anti‑inflammatory cytokine IL‑10 (36). Chemokines are key 
immunomodulatory molecules that mediate the activation and 
movement of inflammatory cells to synovial tissues (37,38). 
CXCR3, a G‑protein‑coupled chemokine receptor expressed 
by Th cells, interacts with its ligand, CXCL‑10, leading to both 
the chemotaxis of effector T cells to inflammatory sites and 
Th17 differentiation (39,40). This shift in the Th17/Treg cell 
balance further promotes excessive immune‑inflammatory 
responses (41). In the present study, flow cytometry analysis 
revealed significant increases in Th17 cell populations, the 

Th17/Treg ratio, serum IL‑17 levels and CXCL‑10 and CXCR3 
protein expression in CIA rats. Conversely, Treg populations 
and serum IL‑10 levels were significantly decreased. These find‑
ings indicate that CXCL‑10 and CXCR3 upregulation disrupts 
the Th17/Treg balance in the context of RA. Kir treatment 
effectively regulated the Th17/Treg balance in RA by down‑
regulating CXCL‑10/CXCR3 expression, suppressing IL‑17 
production and promoting IL‑10 production. These effects 
may ultimately inhibit the aberrant immune-inflammatory 
response associated with RA.

Research has revealed a crucial role for the TWEAK/Fn14 
signaling pathway in RA. Specifically, upon RA onset, TWEAK 
is activated and its expression is upregulated. TWEAK, via 
its extracellular C‑terminus, undergoes trimerization and then 
binds to its receptor, Fn14, inducing Fn14 trimerization. This 
process leads to the recruitment of the downstream target mole‑
cule, TRAF2, to the cytoplasm. TRAF2, with its E3 ubiquitin 
ligase activity, interacts with IRE1 (42,43), promoting IRE1 
phosphorylation. This activated IRE1 recruits ASK1, leading 
to NIK activation, which subsequently phosphorylates IKKα, 
ultimately activating the p52/RelB NF‑κB non‑canonical 
pathway (44,45). p52 is degraded from its precursor protein 

Figure 12. ‌Kir relieves rheumatoid arthritis‑induced synovial cell injury via modulation of the TWEAK/Fn14 signaling pathway in vivo and in vitro. TWEAK, 
tumor necrosis factor‑like weak inducer of apoptosis; Fn14, fibroblast growth factor‑inducible immediate‑early response protein 14; RA, rheumatoid arthritis; 
NIK, nuclear factor‑κB‑inducing kinase; IKKα, inhibitor of κB kinase α; MCP‑1, monocyte chemoattractant protein‑1; ICAM‑1, intercellular cell adhesion 
molecule‑1; MMP‑13, matrix metalloproteinases 13; CXCL10, C‑X‑C motif chemokine ligand 10; C‑X‑C motif chemokine receptor 3; IL‑17, interleukin 17; 
IL‑10, interleukin 10.
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p100, which forms a complex with RelB. This complex is inac‑
tive due to the presence of an inhibitory structural domain at 
the C‑terminus of p100, which prevents the nuclear localization 
and activation of RelB (46). When IKKα is phosphorylated, 
p100 undergoes phosphorylation at serine 672, leading to 
its processing into p52. This processing removes the inhibi‑
tory domain at the C‑terminus of p100, exposing the nuclear 
localization sequence of p52. The p52 protein then forms a 
heterodimer with RelB, which translocates to the nucleus. 
RelB, which contains transcriptionally active domains, binds 
to the promoters of relevant inflammatory factors, chemokines 
and other genes, initiating their transcription and expres‑
sion (47). In the present study, the results of the SPR analysis 
revealed a specific interaction between Kir and Fn14. In vivo 
studies revealed that Kir significantly reduced the expression 
of TWEAK, Fn14, TRAF2, ASK1 and NIK in the synovial 
tissues of CIA rats and decreased the phosphorylation levels 
of IRE1 and IKKα. These findings support the notion that Kir 
inhibits the activation of the non‑canonical NF‑κB pathway.

The activation of the TWEAK/Fn14 signaling pathway is 
regulated by the expression levels of Fn14, and TGF‑β1 has 
been demonstrated to upregulate the expression of Fn14 (48). 
In the present study, the inflammatory proliferation of MH7A 
cells was established through induction by TGF‑β1, which was 
followed by Fn14 overexpression experiments to investigate 
the molecular mechanisms of Kir. Kir treatment effectively 
suppressed the TGF‑β1‑induced abnormal proliferation and 
migration of MH7A cells. This was accompanied by a signifi‑
cant downregulation of TWEAK and Fn14 protein levels, as 
well as reduced phosphorylation of IKKα and p100, leading 
to diminished processing of p100 into p52. Consequently, the 
expression of downstream factors such as MCP‑1, ICAM‑1, 
CXCL‑10 and MMP‑13 was inhibited. These findings 
aligned with results from animal experiments. Furthermore, 
overexpression of Fn14 reversed the inhibitory effects of Kir, 
highlighting the critical role of Fn14 in mediating the effects 
of this compound.

The present study investigated the role and mechanism 
of Kir in suppressing synovial hyperplasia during RA 
progression. In CIA models, Kir was also effectively attenu‑
ated cartilage degeneration and synovial pannus formation, 
suggesting multi‑target mechanisms involving angiogenesis 
suppression and tissue hyperplasia modulation. However, addi‑
tional molecular targets and associated signaling pathways 
require further investigation.

Kir demonstrates a high safety profile. In an acute toxicity 
study in rats, a single oral gavage dose of 5 g/kg Kir (equivalent 
to 100 times the proposed human clinical dose) resulted in no 
mortality or abnormal physiological reactions. Furthermore, 
no toxicological effects were observed during daily adminis‑
tration for 14 consecutive days (21). Pharmacokinetic studies 
revealed that Kir is absorbed throughout the gastrointestinal 
tract in rats, with notably improved absorption in intestinal 
segments. Notably, in the present study, it was also found that 
Kir administration in rats did not produce gastrointestinal 
adverse effects (such as diarrhea) observed with prednisone 
(Pre) therapy during the treatment period. These properties 
underscore the strong clinical translation potential of Kir. 
Based on current evidence, Kir demonstrates a good safety 
profile and is suitable for oral administration in chronic disease 

management. Current studies on Kir, including the present 
study, remain predominantly confined to preclinical models, 
such as animal studies and in vitro cell systems. While these 
approaches provide valuable mechanistic insights, differences 
in drug processing and immune systems between species 
also limit direct application to patients. Thus, further studies 
are required to investigate the effectiveness, safe dosage and 
long‑term safety of Kir in humans.

In summary, the present study demonstrated that Kir 
exhibits anti‑RA activity by targeting the TWEAK/Fn14 
signaling pathway. Kir inhibits the activation of this pathway, 
leading to the downregulation of downstream target genes 
and the modulation of the Th17/Treg balance, all of which 
contribute to a reduction in abnormal immune inflammatory 
responses (Fig. 12). These actions lead to decreased prolifera‑
tion and invasiveness of synovial cells, ultimately mitigating 
pathological damage. Kir is a potential candidate drug for RA 
treatment. These results not only validate historical herb appli‑
cations but also suggest potential for modern drug derived 
from natural products.
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