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Rheumatoid arthritis (RA) is a chronic, progressive autoimmune disorder characterized by
persistent synovial inflammation, pannus formation, bone erosion, and eventual joint de-
struction. Murraya exotica L. (ME), a botanical source of Murrayae Folium et Cacumen (MFC),
has not been previously investigated for its anti-arthritic potential, which motivated this
study. The chemical composition of ME was characterized using ultra-performance liquid
chromatography (UPLC), and its anti-arthritic effects were evaluated in collagen-induced
arthritis (CIA) rats and interleukin (IL)-1B-stimulated SW982 cells. The contents of meranzin
hydrate, hainanmurpanin, murrayone, and 3',4',5,5',6,7-hexamethoxyflavone in the ME ex-
tract were quantified as 2.86% * 0.01%, 1.88% * 0.01%, 0.07% * 0.00%, and 0.01% + 0.00%,
respectively. In CIA rats, ME treatment alleviated clinical symptoms, attenuated histopatholo-
gical joint damage, including synovial hyperplasia, cartilage degeneration, and bone erosion,
ameliorated inflammation, and reduced oxidative stress. In IL-1f3-stimulated SW982 cells, ME
inhibited proliferation and migration, suppressed the inflammatory response, and mitigated
oxidative stress. Network pharmacology and molecular docking analyses predicted strong in-
teractions between ME-derived compounds (e.g., murrayone) and nuclear factor-kappa B (NF-
kB) p65, which were further validated by cellular thermal shift assay (CETSA) and drug affin-
ity responsive target stability (DARTS) assay. Mechanistically, ME blocked NF-kB activation
by inhibiting phosphorylation and degradation of inhibitor of NF-kB-a (IkBa) and preventing
p65 nuclear translocation, while simultaneously suppressing activator protein-1 (AP-1) activ-
ation through downregulation of c-Fos and c-Jun. The involvement of the NF-xB and AP-1
pathways in ME-mediated anti-inflammatory, anti-proliferative, and anti-oxidative effects in
RA was further confirmed using specific pharmacological inhibitors: pyrrolidinedithiocar-
bamate (PDTC) for NF-kB and SR11302 for AP-1.

1. Introduction

often derived from multiple plant species, reflect historical devel-
opment patterns and regional therapeutic practices °. Murrayae

Rheumatoid arthritis (RA), achronic progressive autoim-
mune disease affecting approximately 1% of adults globally, is
characterized by persistent synovial inflammation, pannus form-
ation, bone erosion, and irreversible joint destruction . Current
therapeutic approaches, including corticosteroids, non-steroidal
anti-inflammatory drugs (NSAIDs), disease-modifying anti-
rheumatic drugs (DMARDs), and biologics, primarily aim to alle-
viate symptoms and delay disease progression; however, their
limited efficacy and suboptimal safety profiles underscore the
need for alternative therapeutic strategies *.

Traditional Chinese medicines (TCMs), recognized for their
multi-target effects and favorable safety profiles, represent prom-
ising therapeutic candidates . Chinese herbal medicines (CHMs),

* Corresponding author.
E-mail address: bcalecyu@um.edu.mo (H. Yu)
“ These authors contributed equally to this work.
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Folium et Cacumen (MFC), a representative multi-sourced CHM,
consists of the dried leaves and branches of two aromatic Ruta-
ceae species: Murraya exotica L. (ME) and Murraya paniculata (L.)
Jack (MP). Traditionally, MFC is used to invigorate qi, relieve
pain, promote blood circulation, and disperse blood stasis °, and
it is commonly employed in treating gastric pain, rheumatism,
joint pain, toothache, swelling, and snake bites ’. Haizhen Liang et
al. identified five coumarin derivatives isolated from the leaves
and twigs of ME that exhibited significant anti-inflammatory
activity by inhibiting lipopolysaccharide-stimulated nitric oxide
production in RAW264.7 macrophages °. Isomeranzin, a cou-
marin extracted from ME, demonstrated potential to ameliorate
inflammation by suppressing M1 macrophage polarization
through inhibition of nuclear factor-kappa B (NF-«kB) and ERK ac-
tivation ’. Furthermore, Jishang Huang et al. reported that
5,7,3",4'-tetramethoxyflavone (TMF), a natural flavonoid derived
from ME, effectively inhibited chondrocyte hypertrophy in os-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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teoarthritic cartilage by modulating the FOX03a/BMPER signal-
ing axis, further supporting the therapeutic potential of ME in
arthritis treatment '°. Nevertheless, the precise protective effects
and underlying molecular mechanisms of ME in arthritis manage-
ment remain insufficiently explored, warranting further investig-
ation and highlighting its potential as a complementary therapy
for current RA treatments.

The etiology and pathogenesis of RA involve dysregulated in-
teractions among fibroblasts, macrophages, T and B lymphocytes,
and osteoclasts ' %, Fibroblast-like synoviocytes (FLSs), key res-
ident cells in the synovium responsible for maintaining synovial
fluid homeostasis and regulating the extracellular matrix, under-
go pathological transformation into RA-FLSs, which exhibit res-
istance to apoptosis, aberrant proliferation, and enhanced migr-
atory capacity, ultimately driving invasive pannus formation ' '*,
Activated FLSs perpetuate inflammation through sustained secre-
tion of pro-inflammatory mediators, including cytokines, chem-
okines, matrix metalloproteinases (MMPs), and adhesion mo-
lecules, thereby exacerbating joint destruction and immune dys-
regulation °. Moreover, numerous studies have established that
immune-mediated inflammation and oxidative stress are intric-
ately linked and play pivotal roles in RA pathogenesis . The ex-
cessive accumulation of reactive oxygen species (ROS) induces
oxidative stress, which acts as a critical amplifier of inflammat-
ory responses . Consequently, FLSs have emerged as essential
cellular targets for elucidating RA pathogenesis and developing
novel therapeutic interventions.

This study systematically evaluates the anti-arthritic poten-
tial of ME in both collagen-induced arthritis (CIA) rats and inter-
leukin (IL)-1B-stimulated SW982 cells, with the aim of elucidat-
ing the mechanisms underlying ME’s anti-proliferative, anti-in-
flammatory, and anti-oxidative effects. Network pharmacology is
employed to map drug-disease interactions, and molecular dock-
ing is used to validate the binding affinity of ME-derived com-
pounds to key molecular targets. These findings are expected to
provide theoretical support for the application of ME in RA treat-
ment and offer promising avenues for future therapeutic
strategies against this debilitating condition.

2. Materials and methods

2.1. Chemicals and reagents

Meranzin hydrate, hainanmurpanin, murrayone, and 3',4',5,
5',6,7-hexamethoxyflavone (all HPLC-confirmed purity = 98%)
were provided by Sichuan Weikeqi Biological Technology Co.,
Ltd. (Sichuan, China). Enzyme-linked immunosorbent assay
(ELISA) kits for human tumor necrosis factor (TNF)-a, immuno-
globulin G (IgG) and pro-inflammatory cytokines [IL-6, IL-8, IL-
1B, and monocyte chemotactic protein (MCP)-1], as well as for rat
IgA, IgG, IL-6, IL-17/17A, MCP-1, TNF-a, IL-10, IL-2, and IL-18
quantification, were obtained from Neobioscience Technology
Co., Ltd. (Shenzhen, China). Primers for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), TNF-a, IL-6, IL-8, and IL-13 were
synthesized by Guangzhou Ige Biotechnology, Ltd. (Guangdong,
China). Biochemical biomarkers, including aspartate transam-
inase (AST), alanine transaminase (ALT), alkaline phosphatase
(AKP), y-glutamyltransferase (y-GT), creatinine (CRE), and blood
urea nitrogen (BUN), were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Primary antibodies
against phosphorylated (p)-inhibitor of NF-kB-a (IkBa), IkBa, p-
p65, p65, inducible nitric oxide synthase (iNOS), cyclooxygenase
(COX)-2, nucleotide-binding domain-like receptor protein 3
(NLRP3), MMP2, MMP9, c-Fos, c-Jun, Lamin B1, GAPDH, heme
oxygenase (HO)-1, and NAD(P)H:quinone oxidoreductase 1
(NQO1) were supplied by Cell Signaling Technology (Danvers,
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MA, USA), Abcam (Cambridge, UK), and Proteintech (Hubei,
China), respectively. Cell Counting Kit (CCK)-8, ROS assay Kit,
total superoxide dismutase (SOD) assay kit, malondialdehyde
(MDA) assay kit, and pharmacological inhibitors (pyrrolidinedi-
thiocarbamate (PDTC) were procured from Beyotime Biotechno-
logy (Shanghai, China). Incomplete Freund’s adjuvant and bovine
type II collagen were sourced from Chondrex, Inc. (Woodinville,
WA, USA). Indomethacin (IND) was provided by Sigma-Aldrich
(St. Louis, MO, USA). Pronase E (activity = 7000 U-g) and
SR11302 were supplied by MedChemExpress (Monmouth Junc-
tion, NJ, USA).

2.2. Plant material and extraction

The ME herb was collected from Yunfu, Guangdong Province,
China, and botanically authenticated by Prof. YU Hua. A voucher
specimen (No. ME-001) has been deposited at the Institute of
Chinese Medical Sciences, University of Macau, Macao SAR, China.

The air-dried ME herb was pulverized and subjected to re-
flux extraction with a 10-fold volume (V/W) of 75% ethanol, per-
formed twice for 1 h per cycle. The combined filtrates were con-
centrated under reduced pressure and lyophilized to yield ME
powder (extraction yield: 22.17%, W/W).

2.3. Ultra-performance liquid chromatography (UPLC) phytochem-
ical profiling

Chromatographic analysis was performed using an ACQUITY
UPLC CLASS system (Waters, USA) equipped with an ACQUITY
UPLC BEH C18 column (150 mm x 2.1 mm, 1.7 um). Separation
was achieved via gradient elution with water (solvent A) and
acetonitrile (solvent B) as follows: 0-3 min, 26% B; 3-5 min,
26%-37% B; 5-8 min, 37% B; 8-12 min, 37%-45% B. The flow
rate was 0.35 mL-min~, and the injection volume was 2 pL. De-
tection was conducted at 324 nm, with the column temperature
maintained at 45 °C. Between each run, the column was washed
with 100% B for 2 min and re-equilibrated for 3 min under initial
mobile phase conditions.

2.4. Animal experimentation

Male Wistar rats (7-8 weeks old) were housed under stand-
ard laboratory conditions with unrestricted access to food and
water, a controlled temperature of 20-22 °C, 50% relative hu-
midity, and a 12-h light/dark cycle. The CIA model was estab-
lished by subcutaneous immunization with bovine type II colla-
gen emulsified in incomplete Freund’s adjuvant. An initial injec-
tion of 0.2 mL was administered at the base of the tail, followed
by a 0.1 mL booster dose into the hind paws. Arthritis severity
was assessed using a macroscopic scoring system, with scores
ranging from 0 to 4 assigned to each paw based on the following
criteria: 0, no arthritis; 1, swelling and/or redness in 1-2 in-
terphalangeal (IP) joints; 2, involvement of 3-4 IP joints or one
larger joint; 3, redness or swelling in more than 4 joints; and 4,
severe arthritis affecting the entire paw. This yielded a total pos-
sible score of 0-16 per rat ', After modeling (total arthritis index
> 4), rats were randomly assigned to six groups (n = 6 per group):
Ctrl, CIA, CIA + ME-L (150 mgkg™), CIA + ME-M (300 mgkg™),
CIA + ME-H (600 mg-kg™), and CIA + IND (2.5 mg-kg™, positive
control). Treatments were administered daily via oral gavage for
five weeks. Body weight and arthritis indices were monitored
weekly, as previously described . Terminal samples, including
blood, joint muscles, spleen, liver, and kidneys, were collected for
subsequent analyses.

2.5. Radiological and histopathological detection

On experimental day 57, bone structural integrity in the hind
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paws was evaluated by micro-computed tomography (micro-CT)
imaging. Following imaging, hind paw specimens were dissected
to isolate muscle and bone compartments. Muscle tissue lysates
were subjected to Western blotting analysis to quantify protein
levels of MMP2, MMP9, NLRP3, c-Fos, c-Jun, p-p65, and p65.
Bone samples were fixed in 10% neutral phosphate-buffered
formalin and decalcified over 2-3 weeks using an acid solution.
The decalcified samples were then processed for histopathologic-
al examination of joint damage using immunohistochemistry and
hematoxylin and eosin (H&E) staining. Cartilage degradation was
further assessed by Safranin O-fast green staining to quantify
proteoglycan content, following standard methodologies .

2.6. Serum biomarker analysis

Serum concentrations of IgA, IgG, IL-6, IL-17/17A, MCP-1,
TNF-a, and IL-10 were determined using ELISA Kkits according to
the manufacturers’ protocols.

Serum levels of AST, ALT, AKP, y-GT, CRE, and BUN were
quantified using commerecial assay kits in accordance with stand-
ardized procedures.

2.7. Network pharmacology-based bioinformatic workflow

Chemical constituents of ME were retrieved from the CMAUP
database (https://www.bidd.group/CMAUP/) and filtered based
on Lipinski’s rule of five: MW < 500, HBD < 5, HBA < 10, 0 < logP
< 3,1 <logD < 3, and rotatable bonds < 10 ? SMILES notations of
the filtered compounds were subjected to oral bioavailability
evaluation via SwissADME (http://www.swissadme.ch/), focus-
ing on compounds exhibiting high gastrointestinal (GI) absorp-
tion and meeting at least two drug-likeness criteria *'. Putative
targets of selected compounds were predicted using the Swis-
sTargetPrediction (http://www.swisstargetprediction.ch/) and
PubChem (https://pubchem.ncbi.nlm.nih.gov/) databases **. RA-
associated genes were compiled from DisGeNET (https://
www.disgenet.com/), GeneCards (https://www.genecards.org/),
and OMIM (https://www.omim.org/), then intersected with ME-
associated targets using the Venny tool (https://bioinfogp.
cnb.csic.es/tools/venny/) to identify shared therapeutic targets.

The common targets were imported into the STRING data-
base (https://cn.string-db.org/) to construct a protein-protein
interaction (PPI) network (Homo sapiens; interaction score > 0.4).
Network topology analysis was performed using Cytoscape 3.10.2
(https://cytoscape.org/) with core nodes identified by the
CentiScape plugin. A multi-scale Herb-Compound-Target-Dis-
ease-Pathway network was visualized to prioritize compounds
with the highest bioactivity scores.

Functional enrichment analysis was conducted via Metas-
cape (https://metascape.org) with the following parameters:
Homo sapiens, P < 0.01, and enrichment factor > 1.5. Kyoto Encyc-
lopedia of Genes and Genomes (KEGG) pathways and Gene Onto-
logy (GO) terms, including biological processes (BP), molecular
functions (MF), and cellular components (CC), were visualized
using the Bioinformatics platform (https://www.bioinformatics.
com.cn).

2.8. Molecular docking validation of compound-target interactions

Molecular docking was performed to validate interactions
between bioactive compounds and NF-«kB p65 (gene name: RELA;
UniProt ID: Q04206). The three-dimensional structure of p65 was
retrieved from the PDB database (https://www.rcsb.org/; PDB
ID: 2061) and preprocessed using PyMOL 2.7.0. Compound struc-
tures, obtained from PubChem in SDF format, were converted to
mol2 format using OpenBabel 3.1.1 with energy minimization.
Following structural preparation, both protein and ligands were
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parameterized in AutoDockTools 1.5.7 for rigid docking simula-
tions using AutoDock Vina 1.1.2. Binding conformations were
visualized and analyzed in PyMOL 2.7.0 to characterize interac-
tion modes and hydrogen bonding networks.

2.9. Cell culture

The human synovial sarcoma SW982 cell line, obtained from
Procell Life Science & Technology Co., Ltd. (Hubei, China), was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 U-mL™" penicillin/streptomycin (P/S) and 10%
heat-inactivated fetal bovine serum (FBS). Cells were maintained
at 37 °C in a humidified incubator with 5% C0,/95% air and sub-
cultured at 80%-90% confluence using 0.25% Trypsin-EDTA.

2.10. CCK-8 cytotoxicity assay and cytokine release analysis

SW982 cells were seeded into 96-well plates at a density of
1 x 10* cells per well and allowed to adhere for 24 h. Cells were
then exposed to ME extract at varying concentrations with or
without IL-1f (25 ng'-mL™) for 24 or 48 h. Post-treatment, cul-
ture supernatants were collected for quantification of TNF-a, IL-
6, IL-8, and IL-1f using specific ELISA Kkits. Cell viability was as-
sessed by adding CCK-8 reagent-containing medium and measur-
ing absorbance at 450 nm.

2.11. Scratch wound healing assay

SW982 cells were seeded into 96-well plates at a density of
2 x 10* cells per well to form a confluent monolayer. Uniform
wounds were generated using a WoundMaker™ (Sartorius, Ger-
many). After removing non-adherent cells with phosphate-buf-
fered saline (PBS), initial wounds were recorded using an In-
cuCyte® S3 Live-Cell Analysis System (Sartorius, Germany). Cells
were subsequently treated with ME extract (30, 60, and 120
pg-mL™") with or without IL-1B (25 ng-mL™). Following a 24-h in-
cubation, wounds were re-imaged, and wound closure was quan-
tified using Photoshop software by calculating the percentage re-
duction in wound area.

2.12. Transwell migration assay

Cell migration capacity was evaluated using 8-pm pore
Transwell chambers (SPL Life Sciences, Korea). SW982 cells pre-
treated with ME extract (30, 60, or 120 pg-mL™) in the presence
or absence of IL-1Bp (25 ng-mL™) in serum-free DMEM were
loaded into upper chambers (5 x 10* cells/200 pL), while lower
chambers contained DMEM with 10% FBS (600 pL). After 24 h of
incubation, non-migrated cells were mechanically removed.
Membranes were fixed with 4% paraformaldehyde, stained with
crystal violet, and the migrated cells were counted across three
independent experiments.

2.13. Intracellular ROS measurement

SW982 cells were plated into 12-well plates (2 x 10°
cells/well). Following 24 h of drug treatment, cells from each
group were collected and incubated with 10 pumol-L™ 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA) for 30 min in the
dark. After washing with PBS, intracellular ROS levels were quan-
tified by flow cytometry.

2.14. Oxidative stress biomarker analysis
Concentrations of oxidative stress biomarkers (SOD and

MDA) in cell lysates or rat joint muscle tissues were measured ac-
cording to the manufacturers’ protocols.
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2.15. Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

Total ribonucleic acid (RNA) was extracted from SW982 cells
and reverse-transcribed into complementary deoxyribonucleic
acid (cDNA). The synthesized cDNA was used to assess messen-
ger ribonucleic acid (mRNA) levels of inflammatory cytokines
(TNF-a, IL-6, IL-8, and IL-1B) in each sample. GAPDH mRNA
served as the internal control, and relative mRNA expression was
calculated using the 27*“ method. Gene-specific primers, de-
signed and synthesized by Guangzhou Ige Biotechnology, Ltd.
(Guangdong, China), are detailed in Table 1.

Table 1 Primer sequences employed in our research.

Primer name Sequence (5°-3")

Forward: CCTCTCTCTAATCAGCCCTCTG

Human TNF-a
Reverse: GAGGACCTGGGAGTAGATGAG
Forward: ACTCACCTCTTCAGAACGAATTG
Human IL-6
Reverse: CCATCTTTGGAAGGTTCAGGTTG
Forward: TTTTGCCAAGGAGTGCTAAAGA
Human IL-8
Reverse: AACCCTCTGCACCCAGTTTTC
Forward: ATGATGGCTTATTACAGTGGCAA
Human IL-18

Reverse: GTCGGAGATTCGTAGCTGGA

Forward: AGATCCCTCCAAAATCAAGTGG
Human GAPDH
Reverse: GGCAGAGATGATGACCCTTTT

2.16. Total protein extraction and Western blotting analysis

SW982 cells were collected and lysed in an appropriate lysis
buffer. Protein extracts (about 30 pg per sample) were separated
by electrophoresis on a 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gel and transferred onto
polyvinylidene fluoride (PVDF) membranes. After blocking non-
specific binding sites, membranes were incubated overnight at
4 °C with specific primary antibodies, followed by corresponding
secondary antibodies for 1 h at room temperature (RT). Protein
bands were visualized and quantified using a Gel Imaging System
(Bio-Rad, USA).

2.17. Immunofluorescence staining

To assess protein expression and nuclear translocation of NF-
kB p65 in SW982 cells induced by IL-1B, immunofluorescence
staining was performed according to a previously established
protocol *. Stained samples were examined using confocal laser
microscopy (Leica, USA) for visualization and quantification.

2.18. Cellular thermal shift assay (CETSA) analysis

Lysates from SW982 cells ( about 3 mg-mL™") were prepared
and incubated overnight at 4 °C with ME extract (120 ug-mL™") or
vehicle control (dimethyl sulfoxide, DMSO) under constant shak-
ing. Subsequently, 450 pL of the protein-extract mixture was ali-
quoted into 50 pL portions and heat-treated using a thermal
cycler (Eppendorf, USA). Samples were exposed to incrementally
increasing temperatures from 45 °C to 85 °C in 5 °C steps, with
each temperature maintained for 5 min. After centrifugation, 40
uL of the protein supernatant from each aliquot was mixed with
10 pL of 5 x SDS-PAGE sample loading buffer. Protein thermal
stability was assessed by Western blotting to generate thermal
denaturation profiles.
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2.19. Drug affinity responsive target stability (DARTS) assay

The DARTS assay was performed with modifications to a
published protocol *. SW982 cell lysates (2.5-4 mg-mL™") were
incubated with ME extract (120 pg'mL™) or vehicle control
(DMSO) for 2 h at RT. Limited proteolysis was initiated by adding
Pronase E solution (20 pg-mL™ final concentration) and allowed
to proceed for 30 min at RT. The pronase-induced digestion reac-
tion was terminated by adding 5 x SDS-PAGE loading buffer, fol-
lowed by heat denaturation at 100 °C for 5 min. Protease suscept-
ibility of target proteins was evaluated by Western blotting ana-
lysis.

2.20. Statistical analysis

Data from at least three independent experiments are
presented as mean * SEM. Intergroup comparisons were per-
formed using GraphPad Prism 8.0 software, employing one-way
ANOVA to evaluate differences among experimental groups. A P
value of less than 0.05 was considered statistically significant.

3. Results

3.1. Phytochemical profiling of ME extract

The representative UPLC chromatograms of the mixed stand-
ards and ME extract are shown in Fig. S1. The contents of meran-
zin hydrate, hainanmurpanin, murrayone, and 3',4',5,5',6,7-hexa-
methoxyflavone were quantified as 2.86% + 0.01%, 1.88% =
0.01%, 0.07% * 0.00%, and 0.01% * 0.00%, respectively.

3.2. Therapeutic efficacy of ME extract in CIA rats

The experimental timeline is schematically represented in
Fig. 1A. Following two consecutive injections of bovine type II col-
lagen over a three-week period, arthritis indices in model rats ex-
ceeded 4, whereas those in control rats remained at 0, confirm-
ing successful establishment of the CIA rat model. Subsequently,
CIA rats were administered ME extract or IND for five weeks to
evaluate their therapeutic effects against RA. Throughout the
treatment period, no adverse effects on animal growth were ob-
served (Fig. 1B). Serum levels of AST, ALT, ALP, y-GT, CRE, and
BUN remained comparable across groups, although IND adminis-
tration significantly reduced AST levels in CIA rats (Figs. 1C-1D).
Furthermore, histopathological examination of spleen, liver, and
kidney sections via H&E staining revealed preserved tissue archi-
tecture without significant pathological abnormalities in all
groups (Fig. 1E). These findings indicate that neither ME nor IND
at the administered dosages induced significant damage to major
rat organs, highlighting their acceptable toxicological safety pro-
files. Additionally, data in Figs. 1F-1G demonstrate a progressive
decline in both arthritis indices and hind paw swelling following
oral administration of ME extract or IND.

3.3. Histopathological evaluation of ME extract on joint damage in
CIA rats

Micro-CT imaging of hind paw joints indicated that treat-
ment with ME extract or IND significantly mitigated bone erosion
and joint destruction in CIA rats (Fig. 2A). Detailed histological
examination (H&E and Safranin O-fast green staining) of toe and
ankle joints revealed that control rats maintained normal joint ar-
chitecture with distinct articular spaces. In contrast, CIA rats ex-
hibited severe synovial hyperplasia, narrowed articular spaces,
cartilage degradation, and extensive bone erosion. Notably, ME
extract or IND treatment markedly attenuated synovial cell hy-
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group.
perproliferation, reduced inflammatory infiltration, and allevi-
ated cartilage and bone damage, suggesting the therapeutic po-
tential of ME in ameliorating RA-related joint pathology (Figs.
2B-2D).

3.4. Modulation of ME extract on inflammatory response in CIA rats

As shown in Figs. 3A-3G, administration of ME extract or IND
significantly reduced serum levels of autoantibodies (IgA and
IgG) and pro-inflammatory cytokines (IL-6, IL-17/17A, MCP-1,
and TNF-a) in CIA rats, while increasing the anti-inflamma-
tory cytokine IL-10. Additionally, IL-2, IL-18, MCP-1, and TNF-a
levels in joint-associated muscles were measured using specific
ELISA kits. Both ME extract and IND treatment significantly nor-
malized the aberrant expression of these pro-inflammatory cy-
tokines in the joint muscles of CIA rats to varying degrees (Figs.
3H-3K).
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3.5. Suppression of ME extract on IL-1[-triggered proliferation/mi-
gration in SW982 cells

To investigate the mechanisms underlying ME’s protective
effects observed in CIA rats, in vitro experiments were per-
formed. CCK-8 assay results revealed that IL-13 was more potent
than TNF-a in stimulating synovial cell proliferation at equival-
ent concentrations and exposure durations (Fig. 4A). After a 24-h
treatment, ME extract at concentrations of 125 pg-mL™" and
above began to affect SW982 cell viability (Fig. 4B). Based on ex-
isting literature and preliminary studies, IL-1B (25 ng-mL™", 24 h)
was selected to induce the inflammatory model, with low (30
pg-mL™), medium (60 pg-mL™), and high (120 pg-mL™") doses of
ME extract applied as protective interventions (ensuring cell vi-
ability > 85%). As demonstrated in Fig. 4C, ME extract effectively
suppressed IL-1(3-triggered abnormal synovial cell proliferation
in a dose-dependent manner. Furthermore, scratch wound heal-
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ing and transwell assays confirmed that ME extract markedly in-
hibited IL-1B-induced SW982 cell migration in a concentration-
dependent fashion (Figs. 4D-4G).

3.6. Downregulation of ME extract on MMP2/MMP9 expression in
IL-1[-triggered SW982 cells/CIA rats

Elevated MMP2 and MMP9 levels are closely associated with
the migration and invasion of RA-FLSs, establishing these pro-
teases as critical therapeutic targets in RA treatment *°. As shown
in Figs. 5A-5C, ME extract markedly inhibited IL-1(3-induced
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overexpression of MMP2 and MMP9 in SW982 cells. Additionally,
Western blotting and immunohistochemical analyses confirmed
that both ME extract and IND attenuated the upregulation of
MMP2 and MMP9 expression to varying degrees in joint muscles
and ankle tissues of arthritic rats (Figs. 5D-5H).

3.7. Inhibition of ME extract on IL-1B-triggered inflammatory re-
sponse in SW982 cells

ELISA results revealed that ME extract (30-120 pg-mL™)
dose-dependently reduced the extracellular release of inflammat-
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Fig. 3 Modulation of ME extract on inflammatory response in CIA rats. (A-G) Measurement of IgA, IgG, IL-6, IL-17/17A, MCP-1, TNF-a, and IL-10 in the serum of CIA rats
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SEM. “P < 0.05 and P < 0.01 vs Ctrl; 'P < 0.05 and “P < 0.01 vs CIA group.

ory cytokines (TNF-a, IL-6, IL-8, and IL-1B) (Fig. 6A). Consist-
ently, qRT-PCR analysis showed a comparable dose-dependent
reduction in intracellular mRNA levels of these cytokines, sug-
gesting that ME exerts coordinated anti-inflammatory effects at
both extracellular and intracellular levels (Fig. 6B). Given the
established roles of NLRP3, iNOS, and COX-2 in RA pathogene-
sis "> '°, we evaluated their expression under IL-1f stimulation.
As illustrated in Figs. 6C-6F, IL-1p induced a marked increase in
these inflammation-associated proteins, which was dose-depend-
ently suppressed by ME extract.

3.8. Amelioration of ME extract on oxidative stress in IL-1f5-
triggered SW982 cells/CIA rats

Oxidative stress, driven by interactions between the immune
system and endogenous or exogenous antigens in autoimmune
disorders, is a key pathogenic factor in RA progression *°. IL-1p
stimulation significantly increased ROS and MDA (a biomarker of
lipid peroxidation) levels in SW982 cells, whereas ME treatment
dose-dependently reduced these oxidative markers (Figs.
7A-7B). Furthermore, ME markedly upregulated the expression
of antioxidant proteins HO-1 and NQO1 compared to the IL-1f
group (Figs. 7C-7E). Consistently, ME enhanced SOD (a key anti-
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oxidant enzyme) activity while decreasing MDA concentration in
joint tissues of CIA rats (Figs. 7F-7G). Collectively, these findings
indicate that ME exerts beneficial effects in alleviating RA-associ-
ated oxidative stress.

3.9. Bioinformatic insights from network pharmacology and mo-
lecular docking investigations

Integrated network pharmacology and molecular docking
analyses identified key bioactive components and therapeutic
targets of ME in RA treatment. Twenty-five ME-derived com-
pounds meeting GI absorption criteria were curated from the
CMAUP database (Table 2). Target prediction using the SwissTar-
getPrediction and PubChem databases yielded 614 ME-associ-
ated targets, while 1643 RA-related targets were retrieved from
DisGeNET, GeneCards, and OMIM databases. Venn diagram ana-
lysis revealed 221 overlapping genes between ME and RA (Fig.
8A). GO enrichment highlighted the top 10 terms for BP, MF, and
CC (Fig. 8B). KEGG pathway analysis (top 20 pathways, P < 0.01)
identified the NF-kxB signaling pathway as the central mechanism
(Fig. 8C). Protein-protein interaction (PPI) network analysis via
the STRING 12.0 database prioritized RELA as a pivotal target. A
multi-layer network (255 nodes: 40 core target nodes, 181 inter-
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secting target nodes, 25 active compound nodes, 7 pathway
nodes, 1 herb node, and 1 disease node; 1413 edges) mapped in-
teractions among compounds, targets, and pathways, with de-
gree centrality analysis identifying genistein, [(1R,2S)-1-hydroxy-
1-(7-methoxy-2-oxochromen-8-yl)-3-methylbut-3-en-2-yl] 3-met-
hylbutanoate, murrayone, and others as core bioactive com-
pounds in ME (Table 3).

Molecular docking studies (binding energy < -5.0 kcal-mol™
as cutoff) demonstrated strong binding affinities between all 11
top-ranked compounds and NF-kB p65 (Figs. 8D-8N). CETSA
analysis revealed that ME binding stabilized p65 against thermal
denaturation (Tm (ME-H) = 78.53 °C vs Tm (DMSO) = 72.50 °C;
Figs. 9A-9B). DARTS analysis showed that ME protected p65
from pronase-mediated proteolysis (Figs. 9C-9D). Collectively,
these findings confirm that ME directly targets NF-kB p65,
thereby inhibiting NF-kB pathway activation in RA.

3.10. Regulation of ME extract on NF-kB/activator protein-1 (AP-1)
signaling pathways in IL-1f-triggered SW982 cells/CIA rats

Based on the results shown in Figs. 8-9, the NF-kB signaling
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pathway appears to play a pivotal role in the ME-mediated anti-
RA effects. As presented in Figs. 10A-10C, IL-1f3 stimulation in-
duced IxBa phosphorylation and degradation and elevated p-p65
levels, which were significantly suppressed by ME treatment.
Figs. 10D-10E provides evidence that ME notably reduced nucle-
ar p65 accumulation and blocked its nuclear translocation in IL-
1B-stimulated SW982 cells, as demonstrated by Western blotting
and immunofluorescence analyses. Furthermore, ME effectively
downregulated IL-1f-induced overexpression of c-Fos and c-Jun
in SW982 cells (Figs. 10F-10H). Consistent with in vitro observa-
tions, ME administration suppressed NLRP3 expression and in-
hibited NF-xB/AP-1 pathway activation in CIA rats (Figs. 101-
10]).

3.11. NF-kB/AP-1 pathway modulation underpinned ME’s anti-pro-
liferative, anti-inflammatory, and anti-oxidative effects

The specific NF-xB inhibitor (PDTC, 10 pmol-L™") and AP-1
inhibitor (SR11302, 2.5 pmol-L™") were employed to further val-
idate the mechanistic roles of NF-kB and AP-1. As depicted in
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Figs. 11A-11E, ME extract effectively mitigated IL-1(3-stimulated
synovial cell proliferation and migration, paralleling the effects of
PDTC or SR11302. Similarly, ME extract markedly attenuated IL-
1B-driven inflammatory cytokine release and ROS overproduc-
tion, matching the efficacy of these inhibitors (Figs. 11F-11G).
These findings indicate that the protective effects of ME extract
were analogous to the anti-proliferative, anti-inflammatory, and
anti-oxidative actions exerted by PDTC or SR11302 in IL-1f3-stim-
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Notably, the combination of ME with PDTC exhibited no ad-
ditive effect on nuclear p65 suppression (Figs. 11H-11I). Simil-
arly, ME combined with SR11302 inhibited c-Fos/c-Jun expres-
sion without significant intergroup differences (Fig. 11]). Collect-
ively, these findings demonstrate that ME’s therapeutic benefits
in RA are mediated through dual inhibition of the NF-xB/AP-1
signaling pathways.
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Fig. 6 Inhibition of ME extract on IL-1f-triggered inflammatory response in SW982 cells. (A) Detection of TNF-a, IL-6, IL-8, and IL-1f in the culture supernatants of IL-1f-
triggered SW982 cells by ELISA (n = 3). (B) Assessment of mRNA levels of TNF-a, IL-6, IL-8, and IL-1p in IL-1B-triggered SW982 cells by qRT-PCR (n = 3). (C-F) Determina-
tion of protein expressions of inflammation-related markers (NLRP3, iNOS, and COX-2) in IL-1B-triggered SW982 cells by Western blotting (n = 3). The results are presen-
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Fig. 7 Amelioration of ME extract on oxidative stress in IL-1f3-triggered SW982 cells/CIA rats. (A-B) Measurement of ROS and MDA levels in IL-1B-triggered SW982 cells
(n = 4). (C-E) Evaluation of HO-1 and NQO1 expressions in IL-1pB-triggered SW982 cells by Western blotting (n = 6). (F-G) Detection of SOD and MDA concentrations in the
joint muscles of CIA rats (n = 6). The results are presented as the mean * SEM. “P < 0.05 and “’P < 0.01 vs Ctrl; P < 0.05 and "P < 0.01 vs IL-1p or CIA group. (a: Ctrl; b: IL-16;

¢: IL-1B + ME-L; d: IL-1B + ME-M; e: IL-1B + ME-H).

Table 2 25 bioactive compounds in Murraya exotica L. (ME)

No. CMAUP ID Compound Name Molecular Formula PubChem CID
1 NPC85233 Nobiletin C,1H,0g 72344

2 NPC68889 Linalool, (-)- CyoH1g0 443158
3 NPC61225 3-Octen-1-OL CgHy60 5364475
4 NPC484109 n.a. C,gH300¢ na.

5 NPC484108 n.a. C,gH3006 n.a.

6 NPC39426 Genistein C15H005 5280961
7 NPC307253 8-Hydroxycoumarin CoHgO3 122783
8 NPC294902 Caffeic Acid CoHgO4 689043
9 NPC284478 5-Isopropylbicyclo[3.1.0]hex-2-ene-2-carbaldehyde C1oH140 530411
10 NPC271600 7-Methoxy-8-[(1E)-3-oxobut-1-EN-1-YL]chromen-2-one C14H1504 71434712
11 NPC257124 Eugenol C1oH120, 3314
12 NPC2476 5-Demethylnobiletin C;0H200g 358832
13 NPC246358 2-Methoxy-4-vinylphenol CyH10, 332

14 NPC242701 (3Z)-Oct-3-EN-1-OL CgHy60 28937
15 NPC234560 Daidzein Cy5H1004 5281708
16 NPC201547 3,5,6,7,8,3',4'-Heptamethphoxyflavone C2H3409 150893
17 NPC183864 Murrayone Cy5H1404 5319964
18 NPC182943 Phellandral C1oH160 89488
19 NPC180871 Linalool, ( + /-)- C1oH150 6549
20 NPC16721 p-Menth-1(7)-en-2-one C1oH160 557612
21 NPC165320 cis-3-Octen-1-ol CgHy60 5364519
22 NPC139546 Linalool, ( +)- CyoH1g0 67179
23 NPC129572 [(1Rzs)ie};}{;ﬁ;‘z’;g;‘;ﬁhé’xzezth‘;,’;gﬁ}t‘;s:ﬁz8yl]3 C20Hp405 14779479
24 NPC116775 Kaempferol Cy5H1006 5280863
25 NPC1075 cis-Caffeic acid CoHgOy4 1549111
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Fig. 8 Bioinformatic insights from network pharmacology and molecular docking investigations. (A) Venn diagram illustrating drug-disease targets. (B-C) GO and KEGG
analyses of the identified drug-disease targets. (D-E) PPI network of the overlapping drug-disease targets. (F) An integrated Herb-Compound-Target-Disease-Pathway net-
work. (G-Q) Molecular docking of 11 active compounds in ME with the target protein p65.

4. Discussion

The current study elucidates the multifaceted therapeutic po-
tential of ME extract in RA, integrating chemical characterization,
in vivo/in vitro efficacy validation, and mechanistic insights into
its NF-kB/AP-1 pathway-mediated anti-proliferative, anti-inflam-
matory, and anti-oxidative properties. Below, we contextualize
these findings within the broader landscape of RA therapeutics
and propose actionable strategies for the clinical development of
ME.

The safety profile of ME extract is particularly noteworthy.
No significant hepatotoxicity or nephrotoxicity was observed in
CIA rats, even after prolonged administration. AST, ALT, AKP, y-
GT, CRE, and BUN are key biochemical markers that reflect liver
and kidney function, playing critical roles in the assessment of or-
gan health *’. Specifically, ME extract did not induce adverse ef-
fects on animal growth or organ function, as evidenced by un-
changed serum biochemical parameters (AST, ALT, AKP, y-GT,
CRE, and BUN) and histopathological analyses (H&E staining of
spleen, liver, and kidney tissues). This contrasts with convention-
al DMARDs such as methotrexate (MTX), which often require rig-
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orous monitoring due to hepatic and hematologic side effects **.
This favorable safety profile positions ME as a promising candid-
ate for long-term RA management, particularly in patients with
comorbidities requiring hepatorenal protection.
Immunoglobulins (IgA and IgG) are antibody-active proteins
that serve as critical biomarkers for RA disease activity *°. The
anti-inflammatory effects of ME extract were corroborated by its
ability to downregulate pro-inflammatory cytokines (IL-6, IL-
17A, MCP-1, and TNF-a) and autoantibodies (IgA and IgG), while
upregulating the anti-inflammatory cytokine IL-10 in the serum
of CIA rats. Moreover, ME extract significantly ameliorated the el-
evated expression of pro-inflammatory cytokines (IL-2, IL-1f,
MCP-1, and TNF-a) in the muscle tissues adjacent to joints in
arthritic rats. These findings indicate that ME exerts protective
effects against both systemic inflammation and the local inflam-
matory joint microenvironment, mirroring the immunomodulat-
ory actions of biologic therapies such as tocilizumab (anti-IL-6R)
and secukinumab (anti-IL-17A) ***', Notably, ME’s dual suppres-
sion of autoantibodies and cytokines positions it as a potential
adjunct to conventional synthetic DMARDs or targeted synthetic
DMARDs to enhance therapeutic efficacy. For instance, combin-
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Table 3 Top 11 bioactive compounds identified in ME.
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No. CMAUP ID Compound Name Molecular Formula PubChem CID Bonding Energy (kcal-mol’l)
1 NPC484109 na. CagH3004 na. -7.8
2 NPC484108 na. C,gH300¢ na. -7.7
3 NPC39426 Genistein Cy5H005 5280961 -7.3
o g (AN Ty LGty beedonert) oo, s
5 NPC183864 Murrayone CysH1404 5319964 -6.4
6 NPC2476 5-Demethylnobiletin C,0H300g 358832 -6.1
7 NPC85233 Nobiletin Cy1H2,0g 72344 -6.1
8 NPC271600 7-Methoxy-8-[(1E)-3-oxobut-1-EN-1-YL]chromen-2-one C14H150, 71434712 -6.1
9 NPC201547 3,5,6,7,8,3",4'-Heptamethoxyflavone Cy;H409 150893 -6.0

10 NPC294902 Caffeic Acid CoHgO4 689043 =59

11 NPC1075 cis-Caffeic acid CoHgO4 1549111 -5.4

ing ME with MTX may broaden cytokine coverage and reduce ad-
verse reactions, as demonstrated in combination regimens in-
volving Tripterygium wilfordii glycosides tablets **. Additionally,
ME’s inhibitory effect on NLRP3 aligns with emerging inflamma-
some-targeted strategies, suggesting potential compatibility with
anakinra (an IL-1 receptor antagonist) or low-dose colchicine re-
gimens ** ™,

The dose-dependent suppression of FLS proliferation and mi-
gration, along with inhibition of MMP2/9 by ME extract, high-
lights its potential to mitigate joint destruction, a hallmark of RA
progression. This mechanism parallels that of MMP inhibitors
(e.g., doxycycline) and fibroblast-targeting therapies (e.g., ritux-
imab in seropositive RA) **. A secondary analysis of a random-
ized controlled trial demonstrated that MTX-doxycycline com-
bination therapy more effectively reduced the Disease Activity
Score 28 (DAS28) and serum inflammatory markers than MTX
monotherapy, supporting the potential of ME in similar combin-
atorial approaches *’.

Oxidative stress, resulting from an imbalance between ROS
production and antioxidant defenses, is a pivotal driver of RA
progression **, ME’s ability to restore redox balance, by reducing
ROS and MDA levels while upregulating HO-1, NQO1, and SOD,
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addresses a critical gap in RA management. This antioxidant pro-
file underscores ME’s potential utility in refractory RA cases,
where oxidative damage compromises conventional therapies,
and highlights the promise of combining antioxidants with exist-
ing treatments to address unmet clinical needs, emphasizing the
imperative for further mechanistic and translational research *’.
Additionally, ME’s dual anti-inflammatory and anti-oxidative
properties may offer therapeutic advantages for RA patients with
cardiovascular comorbidities, given the established mechanistic
links among chronic inflammation, oxidative stress, apoptosis,
and myocardial dysfunction in RA *.

Bioinformatic analysis provided further mechanistic insights,
identifying the NF-«B signaling pathway as a central mediator of
ME'’s effects. NF-kB comprises a family of widely expressed and
inducible transcription factors, with the p65/p50 heterodimer
being the most prevalent complex, primarily regulating inflam-
matory processes '*!. Overactivation of p65 and subsequent
transactivation of effector molecules critically contribute to the
progression of various chronic diseases, including RA *>*. The AP-
1 family consists of homo- and heterodimeric complexes, with the
c-Fos/c-Jun heterodimer being the most prevalent and stable
form, contributing to inflammation-associated diseases such as
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Fig. 9 ME demonstrated the capacity to target NF-«kB p65. (A-B) Examination of the interaction between ME extract and the target protein p65 by CETSA (n = 3). (C-D) De-
termination of the interaction between ME extract and the target protein p65 by DARTS (n = 3). The results are presented as the mean + SEM. “P < 0.05 and **P < 0.01 vs Ctrl;

“P<0.05 and ““P < 0.01 vs Pronase E group.
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IL-1B-triggered SW982 cells by ME extract (n = 4). (D) Analysis of p65 expression in nuclear proteins using Western blotting (n = 3). (E) Assessment of p65 nuclear translo-
cation through immunofluorescence staining. (F-H) Measurement of c-Jun and c-Fos expressions in IL-1f3-triggered SW982 cells by Western blotting (n = 6). (I-]) Inhibition
of NF-kB and AP-1 activation in CIA rats by ME extract (n = 6). The results are presented as the mean + SEM. P < 0.05 and *P < 0.01 vs Ctrl; 'P<0.05 and “P < 0.01 vs IL-1p or
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RA %, Pharmacological inhibition of NF-kB (using PDTC) and
AP-1 (using SR11302) experimentally confirmed the dual regulat-
ory roles of these pathways in mediating ME’s anti-proliferative,
anti-inflammatory, and anti-oxidative effects. Notably, ME’s sup-
pression of IkBa phosphorylation/degradation and p65 nuclear
translocation aligns with the mechanisms of IkB kinase inhibit-
ors (e.g., BMS-345541) and nuclear translocation inhibitors (e.g.,
JSH-23), while its modulation of AP-1 mirrors the action of T-
5224 (a selective c-Fos/AP-1 inhibitor), thereby establishing a
molecular foundation for ME’s clinical translation in RA ",
Collectively, ME extract emerges as a multitargeted thera-
peutic candidate for RA, combining anti-proliferative, anti-in-
flammatory, and anti-oxidative properties with a favorable safety
profile. Its potential as a standalone or adjunct therapy may ad-
dress unmet clinical needs in RA management, particularly in pa-
tients intolerant to conventional DMARDs or those exhibiting ox-
idative stress-driven pathogenesis. Future studies should priorit-
ize pharmacokinetics, combination regimens, and biomarker val-
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idation to accelerate its integration into RA treatment paradigms.

5. Conclusions

In CIA rats, ME alleviated clinical symptoms, attenuated his-
topathological joint damage, including synovial hyperplasia, car-
tilage degeneration, and bone erosion, ameliorated inflammation,
and reduced oxidative stress. In IL-13-stimulated SW982 syno-
viocytes, ME inhibited proliferation and migration, suppressed
the inflammatory response, and mitigated oxidative stress. The
use of PDTC and SR11302 further corroborated the involvement
of the NF-kB and AP-1 pathways in mediating ME’s anti-prolifer-
ative, anti-inflammatory, and anti-oxidative effects in RA. These
multidimensional findings not only elucidate the anti-arthritic
mechanisms of ME, which involve crosstalk among proliferation,
inflammation, and oxidative stress, but also underscore its trans-
lational potential as a multi-target phytomedicine, offering novel
insights for the development of plant-derived therapies against
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Fig. 11 NF-kB/AP-1 pathway modulation underpinned ME’s anti-proliferative, anti-inflammatory, and anti-oxidative effects. (A) Suppression of IL-1B-triggered prolifera-
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