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Catalpol mitigates rheumatoid
arthritis by targeting neutrophil
extracellular trap release

Chaoding Li'", Liping Wang?', Qianyu Li?*", Wenijie Zhao?,
Zhengguang Hui', Zhen Zhang™ and Lu Zhao*
!Department of Orthopedics, Xuzhou Hospital of Traditional Chinese Medicine, Xuzhou, China,

2Jiangsu Key Laboratory of New Drug Research and Clinical Pharmacy, Xuzhou Medical University,
Xuzhou, China

Background: Rheumatoid arthritis (RA) is a chronic autoimmune disorder
characterized by persistent synovial in ammation, progressive joint damage,
and systemic manifestations. Current therapies, including NSAIDs, DMARDs, and
biologics, face limitations such as side effects and high costs. Neutrophil
extracellular traps (NETSs), driven by peptidylarginine deiminase 4 (PAD4), play a
pivotal role in RA pathogenesis by promoting in ammation and cartilage
degradation. Catalpol (CAT), an iridoid glycoside known for its anti-
in ammatory properties, exhibits therapeutic promise through targeting NET-
related mechanisms.

Methods: A collagen-induced arthritis (CIA) model was established in male DBA/1
mice. Mice were treated with CAT (30 mg/kg) or vehicle. Joint damage was
assessed via micro-CT and histological staining (H&E, Safranin O, Toluidine Blue).
NETs and in ammatory markers were analyzed by immunohistochemistry,
Western blot, qRT-PCR, and immuno uorescence. Isolated neutrophils were
stimulated with PMA in vitro to study CAT's direct effects on NETosis.
Transcriptomic analysis was performed on joint tissues to identify
potential targets.

Results: CAT treatment signi cantly ameliorated ankle swelling, bone erosion,
synovial hyperplasia, in ammatory cell in lItration, and cartilage degradation in
CIA mice. It suppressed the expression of NET-associated markers (Cit-H3, MPO,
NE) and pro-in ammatory cytokines (IL-1b, IL-6) in joint tissues. CAT also
inhibited the expression of matrix-degrading enzymes (MMP3, MMP13) and
osteoclast-related factors (MMP9, CTSK, Tracp-5b). In vitro, CAT (10 mM)
effectively inhibited PMA-induced NET formation in primary neutrophils.
Furthermore, CAT reduced NET-induced ROS production, mitochondrial
membrane potential loss, and apoptosis in chondrocytes. Mechanistically,
transcriptomic analysis suggested enrichment in neutrophil-related pathways,
and Western blot con rmed that CAT inhibited PAD4 protein expression, a key
regulator of NETosis.

Conclusion: Catalpol exerts a protective effect in the CIA model by inhibiting
PAD4-mediated NET formation, thereby reducing synovial in ammation,
cartilage degradation, and bone erosion. Our ndings highlight NETs as a
promising therapeutic target and suggest catalpol’s potential as a novel agent
for RA treatment.

KEYWORDS
cartilage degradation, catalpol, neutrophil extracellular traps, PAD4, rheumatoid
arthritis
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1 Introduction

Rheumatoid arthritis (RA) is a chronic, in ammatory,
multisystemic autoimmune disorder of unknown origin, primarily
affecting the peripheral joints in a symmetrical manner (1). It is
characterized by the production of autoantibodies targeting
citrullinated peptides, cytokine imbalances, joint in ammation,
synovial hyperplasia, and the invasion of the synovium into the
adjacent bone and cartilage, resulting in progressive joint
destruction (2). RA is associated with long-term disability,
premature mortality, and substantial socioeconomic burdens. The
global prevalence of RA varies widely, ranging from 0.25% to 1%.
Although RA can affect individuals of any age, its incidence
increases among those over 40 years old (3). While signi cant
progress has been made in understanding the pathophysiology of
RA, its exact etiology remains elusive.

Pharmacological management of RA encompasses non-
steroidal anti-in ammatory drugs (NSAIDs), glucocorticoids
(GCs), conventional synthetic disease-modifying antirheumatic
drugs (csDMARDs), and biologic agents. NSAIDs and GCs
primarily alleviate acute symptoms but do not modify disease
progression, with long-term use limited by gastrointestinal/
cardiovascular risks and metabolic/infectious complications,
respectively (4, 5). csDMARDs such as methotrexate exhibit
delayed onset and variable ef cacy, often accompanied by
hepatotoxicity and hematological adverse effects6. Although
biologic therapies provide targeted immunomodulation and
improve outcomes, their utility is constrained by infection risks,
immunogenicity, and high costs (6). Collectively, existing
treatments ameliorate symptoms without reversing established
pathology, underscoring the need for novel agents that
fundamentally disrupt disease mechanisms. (7, 8). Therefore,
identifying new drug targets and developing therapies that can
effectively suppress the pathological processes, reduce

Abbreviations: ACPA, Anti-Citrullinated Protein Antibody, ADAMTS, A
Disintegrin and Metalloproteinase with Thrombospondin Motifs; BAX, BCL2-
Associated X Protein; BCL2, B-cell Lymphoma 2; CAT, Catalpol; CFA, Complete
Freund s Adjuvant; CIA, Collagen-Induced Arthritis; Cit-H3, Citrullinated
Histone H3; Cl-Amidine, Cl-Amidine hydrochloride; CTSK, Cathepsin K;
DAPI, 4 ,6-Diamidino-2-Phenylindole; DCF, Dichloro uorescein; DCFH,
Dichloro uorescin; DCFH-DA, Dichloro uorescin Diacetate; DMARDs,
Disease-Modifying Anti-Rheumatic Drugs; ECM, Extracellular Matrix; GCs,
Glucocorticoids; GO, Gene Ontology; HE, Hematoxylin and Eosin; IL-1b,
Interleukin-1 beta; IL-6, Interleukin-6; KEGG, Kyoto Encyclopedia of Genes
and Genomes; Ly-6G, Lymphocyte Antigen 6 Complex, Locus G; Micro-CT,
Micro-Computed Tomography; MMP13, Matrix Metalloproteinase 13; MMP3,
Matrix Metalloproteinase 3; MMP9, Matrix Metalloproteinase 9; MMPs, Matrix
Metalloproteinases; MPO, Myeloperoxidase; NE, Neutrophil Elastase; NETS,
Neutrophil Extracellular Traps; NF-kB, Nuclear Factor Kappa B; NOD,
Nucleotide-Binding Oligomerization Domain; NSAIDs, Non-Steroidal Anti-
In ammatory Drugs; PAD4, Peptidylarginine Deiminase 4; PBS, Phosphate-
Buffered Saline; PMA, Phorbol 12-Myristate 13-Acetate; RA,Rheumatoid
Arthritis; ROS,Reactive Oxygen Species; Th17, T Helper 17 Cells; TNF-a,
Tumor Necrosis Factor-alpha; Tracp-5b, Tartrate-Resistant Acid Phosphatase
5b; Treg, Regulatory T Cells.
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in ammation, and promote tissue repair have become key
directions for ongoing research.

The role of Neutrophil Extracellular Traps (NETSs) in disease
development and as a drug target has garnered increasing attention
in recent years. Speci cally, NETs play a crucial role in the
pathogenesis of RA, particularly in in ammation and cartilage
damage (7 9). NETs are mesh-like structures actively released by
neutrophils through a programmed cell death pathway called
NETosis. Their core structure consists of DNA, core histones, and
various granule proteins. Abnormal formation of NETs in RA is
considered a key factor driving disease progression (10). In RA
patients, NET formation is signi cantly increased, primarily driven
by Peptidylarginate Deiminase 4 (PAD4). PAD4, a calcium-
dependent enzyme, catalyzes the citrullination of histone arginine
residues, leading to chromatin decondensation and ultimately
driving NET release. In RA, PADA4 directly contributes to synovial
in ammation and the ampli cation of autoimmune responses by
mediating NET formation and the release of pro-in ammatory
cytokines (11, 12). The formation of NETs may be triggered by
various factors, including immune complex deposition, pro-
in ammatory cytokines like IL-1, IL-6, and TNF-a, and direct
stimulation by Anti-Citrullinated Protein Antibodies (ACPA) (13,
14). In cartilage damage, NETs release proteases and pro-
in ammatory mediators that directly degrade cartilage matrix
components, leading to cartilage destruction and joint
dysfunction. Studies have shown that Neutrophil Elastase (NE)
and Myeloperoxidase (MPO) in NETs can degrade collagen and
proteoglycans in the cartilage matrix, disrupting its structural
integrity. Additionally, NETs activate the expression of Matrix
Metalloproteinases (MMPs) and the ADAMTS family genes,
further exacerbating the breakdown of the cartilage matrix (15
17). Furthermore, proteases in NETs not only directly degrade
cartilage but also accumulate in joint areas, attracting macrophages
and osteoclasts. Activated macrophages release pro-in ammatory
cytokines such as TNF-a and IL-6, which not only intensify local
in ammation but also promote osteoclast differentiation and
activation. Osteoclasts, in turn, secrete factors like RANKL and
Tracp-5b, directly participating in the degradation of bone matrix
(18 20).

Catalpol (CAT) is a signi cant bioactive compound in the class
of iridoid glycosides, widely found in traditional Chinese medicinal
herbs such as Rehmannia. It exhibits a variety of pharmacological
effects, including anti-in ammatory, antioxidant, immune-
modulatory, neuroprotective, and anti-tumor activities (21, 22).
Studies have shown that in osteoarthritis (OA), CAT can prevent
IL-1b-induced chondrocyte apoptosis and effectively inhibit the
secretion and release of matrix metalloproteinases. Additionally,
catalpol alleviates extracellular matrix degradation mediated by IL-
1b. Moreover, CAT reduces the secretion of in ammatory factors
such as IL-6 and TNF-a by blocking the NF-kB signaling pathway,
thereby mitigating the in ammatory response. In animal models,
CAT has been shown to effectively improve the progression of knee
osteoarthritis cartilage degeneration in OA models, demonstrating
its potential therapeutic ef cacy in treating osteoarthritis by
alleviating in ammation and suppressing metabolic processes
(23). Research has suggested that CAT reduces synovial
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in ammation by inhibiting the NF-kB signaling pathway, regulates
the balance between Thl7 and Treg cells to restore immune
homeostasis, and protects joint structure by inhibiting osteoclast
activity (24, 25).

While catalpol s known anti-in ammatory and
immunomodulatory effects likely contribute to its bene ts in RA
models, its potential impact on NETosis, a key ampli er of synovitis
and joint damage, remains unexplored. Given that in ammatory
pathways like NF-kB can regulate PAD4 expression, a key enzyme
in NET formation, we hypothesized that catalpol might protect
against RA in part by suppressing PAD4-dependent NETosis. The
collagen-induced arthritis (CIA) model, a widely adopted
experimental paradigm for RA research, likely incorporates
PAD4-dependent NET formation in its pathogenic mechanism.
Speci cally, autoantibodies directed against PAD4 or citrullinated
proteins, including anti-citrullinated protein antibodies, can
activate PAD4, thereby inducing NET release. Subsequent
exposure of citrullinated autoantigens may then propagate
autoimmune responses, collectively driving arthritis initiation and
progression in the CIA model (26, 27).

Thus, this compound has the potential to exert anti- RA effects
through inhibiting the formation of Neutrophil Extracellular Traps
(NETSs), although its speci ¢ mechanism of action remains unclear.
This study will explore its mechanism in both animal and cell models.

2 Methods and materials
2.1 Reagents

The principal reagents and kits employed in this study are listed
as follows. Immunization Grade Bovine Type Il Collagen and
Complete Freund s Adjuvant were obtained from Chondrex, Inc.
Catalpol (HPLC  98%) was purchased from Nanjing Jingzhu
Bioengineering Co., Ltd (Cat# Z100599). RIPA Lysis Buffer
(Strong; Cat# P0013B), PMSF (100 mM; Cat# ST506), 5xSDS-
PAGE Loading Buffer (Cat# P0015), Penicillin-Streptomycin
Solution (100x%; Cat# C0222), Mitochondrial Membrane Potential
and Apoptosis Assay Kit (Cat# C1071M), and Antifade Mounting
Medium with DAPI (Cat# P0131) were acquired from Beyotime
Biotechnology. The One-Step PAGE Gel Fast Preparation Kit (Cat#
E304-01) was provided by Nanjing Vazyme Biotech Co., Ltd.
Primary antibodies against 1L-6 (Cat# 66146-1-lg), IL-1b (Cat#
26048-1-AP), MMP3 (Cat# 17873-1-AP), MMP13 (Cat# 118165-1-
AP), and NE (Cat# AF0010) were obtained from Proteintech. Anti-
Cit-H3 antibody (Cat# AB281584) was from Abcam, and anti-MPO
antibody (Cat# EM1901-19) was procured from HuaAn
Biotechnology. For detection, HRP-conjugated secondary
antibodies including Anti-Rabbit 1gG (Cat# BS13278; Bioworld
Technology) and Anti-Mouse 1gG (Cat# SA00001-1; Proteintech)
were used. Fluorescent secondary antibodies, namely Dlight 488-
goat anti-Rabbit (Cat# BS10017) and Dlight 594-goat anti-Mouse
(Cat# BS10027), were supplied by Bioworld Technology, while
Dlight 594-goat anti-rat 1gG (Cat# E032440-01) was from
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EarthOx. Other essential reagents included the DAB Detection
Kit (Cat# ZLI-9018) and the Ultrasensitive Polymer Detection
Kit (for Mouse/Rabbit; Cat# PV-8000) from ZSGB-BIO, the ECL
Substrate Kit (Cat# A0409A01) from Absin Bioscience Inc., the
Mouse Bone Marrow Neutrophil Extraction Kit (Cat# P8550) from
Solarbio, and the Reactive Oxygen Species Assay Kit (Cat# BL714A)
from Biosharp Life Sciences. Cell culture reagents, including
DMEM (Cat# C11995500BT) and Protein Marker (Cat# 26616),
were purchased from Thermo Fisher Scienti c, and Fetal Bovine
Serum (Cat# C04001-100) was obtained from VivaCell.

2.2 Ethics statement

The present study obtained approval from the Animal Ethics
Committee of Xuzhou Medical University (Xuzhou, China, No.
202307T008). Efforts were made to minimize pain and discomfort
in the animals. All animal experiments were conducted at Xuzhou
Medical University.

2.3 Animals

Male DBA/1 mice (7 weeks old, weighing 20 £+ 2 g) were
obtained from the Laboratory Animal Center of Xuzhou Medical
University (Xuzhou, China), were selected for this study due to their
well-established and reproducible susceptibility to collagen-induced
arthritis (CIA), thus providing a stable model system for initial
mechanistic investigation while minimizing potential confounders
related to sex-speci ¢ immune variability during the proof-of-
concept evaluation of catalpol s effects.

2.4 Establishment of the CIA mouse model

After a one-week acclimatization period, mice were randomly
divided into three groups: Normal group (N, n=6), Rheumatoid
Arthritis group (CIA, n=6), and CIA + Treatment group (CIA
+CAT, n=6). An emulsion containing 0.1 mL (100 mg collagen) was
injected into the base of the tail of each mouse. The Normal group
received the same volume of saline at the same site. The rst
injection was considered Day 0. On Day 21, an emulsion was
prepared by thoroughly emulsifying an equal volume of bovine type
Il collagen with incomplete Freund s adjuvant. This emulsion was
then injected subcutaneously into the base of the mouse tail
(0.1 mL) for booster immunization. From Day 28 onwards, the
following treatment regimen was applied to each group of mice:
Normal Group (N): Oral administration of saline every 3 days for 4
weeks. CIA Group (Rheumatoid Arthritis Model): Oral
administration of saline every 3 days for 4 weeks. CIA +
Treatment Group (CIA+CAT): Oral administration of CAT
solution (30 mg/kg) every 3 days for 4 weeks. Catalpol
(30 mg/kg) or vehicle was administered intraperitoneally daily
from day 21 post-immunization, representing a preventive
intervention regimen. After 4 weeks of treatment, mice were
euthanized, and their ankle joints were harvested. Some
specimens were frozen, while others were xed for further
analysis. Micro-CT scanning, H&E staining, Toluidine Blue
staining, and Safranin O-fast green staining were performed to
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assess the pathological changes and extent of cartilage damage in
the ankle joints.

2.5 Micro-CT scanning

The right hind limb of DBA/1 male mice was selected for the
study. Scanning was performed using the VENUS Micro-CT in vivo
imaging system with the following parameters: energy set to 90 kV
and current at 0.07 mA. Three-dimensional reconstruction was
performed using the built-in Cruiser software.

2.6 Histological staining and
immunohistochemical staining

H&E staining was used to evaluate histochemical changes. Safranin
O-fast green staining and toluidine blue staining were performed to
determine changes in proteoglycans distribution. After euthanizing the
experimental mice using cervical dislocation, the ankle joints were
immediately dissected and carefully cleaned of attached muscles and
connective tissues. The joints were then xed in 4% PFA for 24 hours
and decalci ed in 10% EDTA for 7 days. The tissues were dehydrated,
embedded in paraf n, and sectioned into 5-um thick slices.
Subsequently, the sections were stained with H&E, Safranin O-fast
green, or Toluidine blue staining dyes. Finally, images from each group
were captured using a microscope.

For immunohistochemical Staining, tissue sections from each
group were rst incubated with 3% hydrogen peroxide for 10
minutes to block endogenous peroxidase activity, followed by
blocking with 5% BSA for 30 minutes. The sections were then
incubated overnight at 4°C with monoclonal antibodies against
MPO (1:100), NE (1:100). Afterward, HRP-conjugated secondary
antibodies were applied for 1 hour. Visualization was performed
using 3,3 diaminobenzidine (DAB) or 3-amino-9-ethylcarbazole
(AEC) chromogen (Solarbio, China). Images were captured using
a microscope for each group.

2.7 Quantitative PCR

Total RNA was extracted from frozen tissue samples using TRIzol
reagent (Invitrogen) according to the standard protocol. Brie 'y, tissues
were rapidly ground in liquid nitrogen and homogenized in 1 mL of
TRIzol reagent. After incubation for 5 minutes at room temperature,
chloroform was added (200 mL per 1 mL TRIzol), and the mixture was
vigorously shaken for 15 seconds, followed by another 5-minute
incubation. The samples were centrifuged at 13,000 x g for 15
minutes at 4 °C. The aqueous phase was carefully transferred to a
new tube, mixed with an equal volume of cold isopropanol, and
incubated for 10 minutes at 4 °C. RNA was pelleted by
centrifugation at 13,000 x g for 10 minutes at 4 °C. The pellet was
washed once with 75% ethanol, air-dried for 3 5 minutes, and nally
dissolved in DEPC-treated water. RNA concentration and purity were
determined using a microspectrophotometer.

Total RNA was extracted from tissues and cells with Trizol reagent
(cat#: 9109; Invitrogen, Carlshad, CA, USA) and reverse-transcribed
into cDNA using the PrimeScriptTM RT Reagent Kit (cat#: RRO37A,;
TAKARA BIO INC, Shiga, Japan) according to the manufacturer s
instructions. The primer sequences used in this study are listed in
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Table 1. The ampli cation protocol consisted of an initial step at 95°C
for 10 min, followed by 40 cycles of denaturation at 95°Cfor 15 s and
annealing/extension at 60°C for 1 min. Gene expression levels were
calculated using the 2-DDCt method, with GAPDH as the internal
reference gene. All reactions were carried out with three
technical replicates.

2.8 Western blotting

Protein extraction was performed from ankle joint tissues using
ice-cold RIPA lysis buffer supplemented with PMSF (100:1). The
tissues were homogenized mechanically at 10,000 rpm under ice-
cold conditions at a tissue-to-buffer ratio of 1.5 (w/v), followed by
incubation on ice for 30 minutes. The homogenate was centrifuged
at 12,000 x g for 15 min at 4°C to collect the supernatant. Protein
concentration was determined spectrophotometrically.
Denaturation was carried out by adding 5% SDS loading buffer at
a 41 ratio and heating at 100°C for 10 min. Samples were stored at
-20°C until further use. Proteins were separated by SDS-PAGE
using gels prepared with a commercial fast preparation kit and
electrically transferred to NC membranes under wet conditions.
After blocking with rapid blocking buffer for 15 min at room
temperature, membranes were incubated with speci ¢ primary
antibodies at 4°C overnight. Following washes with PBST, HRP-
conjugated secondary antibodies were applied for 1 h at room
temperature. Protein bands were visualized via ECL detection.
Quanti cation was performed using ImageJ software, with b-
Actin serving as the internal control for normalization.

2.9 In vitro assay

2.9.1 Ex vivo NETosis assay using primary mouse
neutrophils

Primary neutrophils were isolated from the bone marrow of
healthy male DBA/1 mice (8 10 weeks old) using a commercial

TABLE 1 Primer sequences for gRT-PCR.

Primer name Sequenc (5’ to 3)

MPO F: CCACACCCTCATCCAACCCTTC
R: CCACCTTCCAACACGACTCTCC
NE F: GAGGAGGCTGTGGATCTGGATTG
R: CTCTCGGTCTTTGGGATGGGTAAG
MMP3 F: ACGATGATGAACGATGGACAGAGG
R: GCCTTGGCTGAGTGGTAGAGTC
MMP13 F: ATACTACCATCCTGCGACTCTTGC
R: CGGAGCCTGTCAACTGTGGAG
b-Actin F: TATGCTCTCCCTCACGCCATCC
R: GTCACGCACGATTTCCCTCTCAG
IL-1b F: CACCTCACAAGCAGAGCACAAG
R: GCATTAGAAACAGTCCAGCCCATAC
IL-6 F: GAAACCGCTATGAAGTTCCTCTCTG
R: GTATCCTCTGTGAAGTCTCCTCTCC
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mouse bone marrow neutrophil isolation kit (Solarbio, Cat. No.
P8550). Brie y, bone marrow cells were ushed from the femurs and
tibiae with ice-cold PBS. After red blood cell lysis, the cell suspension
was subjected to density gradient centrifugation at 700 x g for 30
minutes at 4 °C. The neutrophil-rich layer was collected, washed, and
resuspended in RPMI-1640 medium supplemented with 1% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Cell viability
was >95% (as determined by trypan blue exclusion), and purity was
>90% (as assessed by Wright-Giemsa staining and ow cytometry for
Ly6G). To induce NETosis, cells were seeded at a density of 2x10° per
well on poly-L-lysine-coated coverslips. After cell attachment, the
medium was replaced with serum-free RPMI-1640. Subsequently,
cells were pretreated with catalpol (10, 20, or 40 mM) or vehicle
(DMSO, <0.1%) for 1 hour, followed by stimulation with 100 nM
phorbol 12-myristate 13-acetate (PMA) for 4 hours (28) Control
groups included untreated cells and cells treated with catalpol or
vehicle alone; in some experiments, the PAD4 inhibitor Cl-Amidine
(200 mM) was used. After stimulation, cells were xed with 4%
paraformaldehyde. Extracellular traps (ETs) were visualized by
immuno uorescence staining using primary antibodies against
citrullinated histone H3 (Cit-H3; 1:500) and myeloperoxidase (MPO;
1:200), followed by uorescent secondary antibodies and DAPI
counterstaining. Images were acquired using a confocal microscope.
ETs were identi ed as extracellular brous structures where DAPI-
stained DNA colocalized with Cit-H3 and MPO.

2.10 Chondrocyte culture, NETs-
conditioned medium preparation, and
treatment

ATDC5 chondrocytes were maintained in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin at
37 °C under 5% CO,. NETs-conditioned medium (NETs-CM) was
generated by stimulating primary mouse neutrophils (2 x 10°
cells/mL) with 100 nM PMA in serum-free RPMI-1640 for 4 h.
The supernatant was collected, sequentially centrifuged (300 x g for
5 min, then 2000 x g for 10 min) to remove cells and debris, and

Itered through a 3 kDa cut-off Iter to eliminate residual PMA.
Control conditioned medium (Ctrl-CM) was prepared from
unstimulated neutrophils following the same procedure. For
treatment, ATDC5 cells were serum-starved for 12 h upon
reaching 70 80% con uence and then incubated with NETs-CM
or Ctrl-CM (diluted 1:1 with serum-free DMEM/F-12) in the
presence or absence of 10 mM catalpol for 24 h, The
concentration of catalpol was selected based on our previous
study demonstrating its ef cacy in protecting chondrocytes
against LPS-induced injury (29). Following treatment,
intracellular ROS levels were measured using the DCFH-DA
probe (10 mM, 30 min) with uorescence quanti ed at EX/Em =
488/525 nm. Mitochondrial membrane potential (DYm) and
apoptosis were assessed simultaneously using a commercial kit
(Beyotime, Cat# C1071M) according to the manufacturer s
instructions, involving staining with MitoTracker Red CMXRos,
Annexin V-FITC, and Hoechst 33342. In addition, protein
expression of BAX, BCL2, Cleaved-Caspase-3, and MMP3 was
analyzed by Western blot as described in the general methods.
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2.11 Statistical analysis

Data management and analysis were performed using SPSS
software. The data are expressed as the mean + standard deviation
(SD). Graphs were drawn using GraphPad Prism. Every experiment
was repeated at least three times. All data were rst tested for
normality using the Shapiro-Wilk test. Data conforming to a
normal distribution with homogeneity of variances were analyzed
using the Student s t-test (for comparisons between two groups) or
one-way analysis of variance (ANOVA) followed by Tukey s post
hoc test (for comparisons among multiple groups). Data not
conforming to a normal distribution were analyzed using the
Mann-Whitney U test or the Kruskal-Wallis test. The speci c test
used is indicated in the legend of each gure.

A p-value of 0.05 or less was considered statistically signi cant.

3 Results

3.1 Effects of catalpol on ankle swelling
and bone damage in collagen-induced
arthritic mice

After booster immunization on day 21, the mice in the model
group exhibited severe arthritis symptoms. Initially (one week after
immunization), the symptoms were characterized by redness and
swelling of the hind paw, which progressively worsened. By two
weeks post-immunization, the in ammation peaked, spreading to
the entire hind limb and front paw. In severe cases, the mice
experienced mobility impairment, and some were unable to stand
(Figure 1A). Micro-CT three-dimensional reconstruction further
revealed that the ankle joints of mice in the model group showed
typical bone destruction features, including rough bone surfaces,
cortical bone fractures, and local bone erosion. In contrast, the
control group mice had intact bone structures and normal joint
spaces (Figure 1B). Notably, after treatment with CAT (30 mg/kg),
the mice not only showed a signi cant reduction in joint swelling,
but Micro-CT analysis also demonstrated marked improvement in
bone damage, characterized by smoother bone surfaces and reduced
bone erosion.

3.2 Therapeutic effects of CAT on ankle
joint tissues in CIA mice

To assess the therapeutic effect of CAT on the ankle joint tissue
of CIA mice, HE staining, Fast Green Safranin O staining, and
Toluidine Blue staining were used to observe the ankle joint tissue
of CIA mice. As shown in Figures 1C, D, both gross photographs
and CT imaging of the mouse hind limbs revealed signi cant RA
symptoms in the model group. In contrast, the treatment groups
exhibited markedly reduced signs of disease, demonstrating the
potent protective effects of the compound. The HE staining results
showed that, compared with the normal group (N), the CIA group
exhibited signi cant pathological changes in the synovial
membrane, including extensive in Itration of in ammatory cells
(blue arrow), hyperplasia of synovial cells, and tissue thickening
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FIGURE 1
Effects of catalpol on ankle swelling and bone damage in collagen-induced arthritic mice. (A) the chemical structure of catalpol (B) the process of
the experimental scheme (C) Representative photographs of hind paws from CIA mice. (D) Three-dimensional micro-CT reconstruction images
comparing structural changes in the ankle joints among different groups, including bone surface morphology, cortical bone continuity, and bone
erosion. (E) HE staining revealed synovial pathological changes. The normal group (N) exhibited intact synovial architecture. The CIA group
demonstrated synovial hyperplasia (black arrows), in ammatory cell in Itration (blue arrows), and pannus formation. These pathological alterations
were markedly ameliorated in the CAT group. (F) Safranin O-fast green staining demonstrated GAGs distribution. Reduced staining intensity (yellow
arrows) in the CIA group indicated GAGs depletion, whereas the CAT group showed enhanced and homogeneous staining, suggesting improved
matrix synthesis. (G) Toluidine blue staining evaluated proteoglycan content. The CIA group displayed super cial cartilage erosion with faint staining
(green arrows) and disorganized chondrocyte arrangement. In contrast, the CAT group exhibited intensi ed staining along with improved cartilage
thickness and structural integrity. (Scale bar: 200 mm).
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(black arrow). The proliferated synovium formed an invasive
pannus structure. However, in the CAT-treated group, the above-
mentioned in ammatory indicators were signi cantly improved
(Figure 1E). Combined analysis with Fast Green Safranin O and
Toluidine Blue staining revealed the protective effect of CAT on the
cartilage in the ankle joint of CIA mice. Fast Green Safranin O
staining showed that the distribution of sulfated
glycosaminoglycans in the cartilage matrix was signi cantly
reduced in the CIA group (yellow arrow indicating weakened
staining intensity). In contrast, the CAT group showed increased
staining intensity with a more uniform distribution, suggesting that
CAT might promote the synthesis of sulfated glycosaminoglycans
or inhibit their degradation, while also improving cartilage surface
irregularities (Figures 1F, G). Toluidine Blue staining further
con rmed that the CIA group exhibited pathological features
such as proteoglycan loss (green arrow indicating faint staining),
rough cartilage surface, reduced thickness, and disorganized cell
arrangement, while the CAT treatment group showed deep and
uniform staining, improved surface structure, regular cell
arrangement, and increased cartilage thickness. The results of
both staining methods consistently demonstrated that CAT
effectively maintains the homeostasis of cartilage matrix
components (sulfated glycosaminoglycans and proteoglycans),
protects the integrity of cartilage tissue structure, and alleviates
joint damage caused by CIA (Figure 1G).

3.3 Effect of CAT on the formation of NETs
in the ankle joints of CIA mice

Immunohistochemical analysis revealed a marked increase in
the expression of myeloperoxidase (MPO) and neutrophil elastase
(NE) within both the synovial layer and joint cavity of the ankle in
the CIA model group compared to the normal controls (Figures 2A,
B). Consistent with these ndings, Western blot and gRT-PCR
results indicated that the protein and transcript levels of
citrullinated histone H3 (Cit-H3), MPO, and NE were
signi cantly upregulated in CIA mice (Figures 2C G). Catalpol
(CAT) treatment effectively attenuated the increase in these
markers. Furthermore, immuno uorescence double staining
con rmed prominent co-localization of Cit-H3 and MPO in the
in ammatory areas of CIA mice (2H), an effect that was
substantially reduced following CAT administration, as evidenced
by diminished uorescence intensity and co-localization signals.

3.4 Effects of catalpol on in ammatory
factors in ankle joint tissues of CIA mice

RA is a systemic autoimmune disease, with chronic synovitis,
production of autoantibodies, and the release of pro-in ammatory
cytokines being key pathological features. These factors collectively
contribute to the destruction of articular cartilage and surrounding
bone (30). Synovial broblasts, through direct or indirect
mechanisms, produce large amounts of pro-in ammatory
cytokines such as TNF-a, IL-1b, IL-17, and IL-6, which are
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involved in the local and systemic in ammatory responses of RA
(31). In turn, these pro-in ammatory cytokines stimulate abnormal
synovial proliferation, upregulate matrix metalloproteinases and
adhesion molecule expression, exacerbate in ammation, and
promote synovial hyperplasia, cartilage degradation, and bone
erosion (32, 33). qRT-PCR analysis revealed that the levels of IL-
1b and IL-6 in the ankle joint tissue of CIA mice were signi cantly
elevated compared to the normal group. In contrast, the CIA+CAT
group showed a signi cant reduction in IL-1b and IL-6 levels
compared to the CIA group (Figures 3A, B). Western blot results
further indicated that the expression of IL-1b and IL-6 proteins in
the CIA group was signi cantly upregulated compared to the
normal group, whereas CAT intervention led to a marked
downregulation of these pro-in ammatory proteins
(Figures 3C E).

3.5 Catalpol alleviates joint injury in CIA
mice by synergistically inhibiting cartilage
degradation and bone resorption

In the pathological progression of RA, cartilage degradation and
bone erosion are interrelated key events, with matrix
metalloproteinases (MMPs) and osteoclast activity-related
molecules (such as CTSK and Tracp-5b) driving this destructive
process. MMP3 and MMP13 play central roles in cartilage
destruction. MMP3 degrades extracellular matrix (ECM)
components such as proteoglycans and bronectin, and activates
other MMPs, promoting the invasiveness of synovial broblasts and
exacerbating cartilage matrix degradation (34), MMP13 speci cally
cleaves type |1 collagen, directly destroying cartilage structure while
also promoting the degradation of proteoglycans, further
accelerating cartilage degeneration (35). Furthermore, activation
of the NF-kB signaling pathway triggered by in ammatory
cytokines (such as IL-1b and TNF-a) enhances the expression of
MMP3 and MMP13, creating a positive feedback loop that
exacerbates cartilage damage (36). At the same time, osteoclast-
mediated bone erosion is closely linked to cartilage degradation.
MMP9, an important member of the MMP family, not only
participates in the degradation of cartilage matrix but also
promotes osteoclast migration and bone resorption (37). CTSK, a
protease secreted speci cally by osteoclasts, directly degrades
collagen in the bone matrix, while Tracp-5b serves as a marker of
osteoclast activity, re ecting the intensity of bone resorption (38,
39). In RA, persistent synovial in ammation promotes osteoclast
differentiation and activation, leading to bone erosion, while
in ammatory mediators released from degraded cartilage further
activate osteoclasts, forming a vicious cycle of cartilage destruction
- bone erosion. The results indicate that CAT intervention
signi cantly reduced the expression of MMP3, MMP13, MMP9,
CTSK, and Tracp-5b in the CIA mouse model, while inhibiting the
NF-kB signaling pathway (Figures 4A L). This suggests that CAT
may alleviate joint destruction in RA through dual mechanisms: (1)
inhibiting MMP3/MMP13-mediated ECM degradation to reduce
cartilage damage, and (2) decreasing MMP9, CTSK, and Tracp-5b
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FIGURE 2

Effects of catalpol on NETs formation in the ankle joints of CIA mice. (A, B) Immunohistochemical staining of MPO and NE. (C, D) Statistical analysis
of MPO and NE mRNA levels. (E) Representative Western blot images. (F, G) Statistical analysis of MPO and Cit-H3 protein levels by Western blot.
Data are presented as mean + SD from three independent experiments (n=3 per group). Statistical analysis was performed using Kruskal-Wallis test
followed by Dunn’s post hoc test (applied due to the limited sample size).*P < 0.05, **P < 0.01 vs. N group; #P < 0.05, “#P < 0.01 vs. CIA group (n=6
per group). (H) Representative immuno uorescence images of NETs in the ankle joints of CIA mice. DAPI (blue), Cit-H3 (green), and MPO (red).
Scale bars: 200 mm and 20 mm.

expression to suppress osteoclast-mediated bone resorption. Given 3.6 Catalpol inhibits PMA-induced NETs
the reciprocal promotion of cartilage and bone destruction in RA,  formation in neutrophns

CAT s multitarget action may effectively delay the progressive
damage to joint structures by disrupting the in ammation- To investigate whether CAT inhibits NET formation in neutrophils
cartilage degradation-bone erosion feedback loop. stimulated by PMA, we assessed the expression levels of key NET
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