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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Y Min Ethnopharmacological relevance: Asarum heterotropoides F. Schmidt (ARR) has a well-documented history of
traditional use in East Asia for musculoskeletal pain disorders, including osteoarthritis (OA), attributed to its

Keywords: significant anti-inflammatory properties. While preliminary studies suggest potential anti-inflammatory effects,

Osteoarthritis

conclusive evidence regarding the ability of ARRs to modulate the multiple inflammatory pathologies involved in
OA pathogenesis is currently lacking.

Aim of the study: This study aimed to experimentally evaluate the effects of ARR extract on pain, cartilage
integrity, and inflammatory responses using in vitro and in vivo models relevant to OA, guided by initial
computational predictions.

Materials and methods: Active ingredients of ARRs were retrieved from four databases and screened using
SwissADME for ADME predictions. Disease targets were combined with OA-related genes from GEO microarray
database. The intersecting genes underwent protein-protein interaction construction, GO, and KEGG enrichment
analysis. A compound-target-pathway network was constructed using Cytoscape and was validated via molecular
docking. Pain-relieving, functional, and chondroprotective effects were assessed in vivo using acetic acid-induced
peripheral pain mice and monosodium iodoacetate (MIA)-induced osteoarthritis rat models. Furthermore, anti-
inflammatory properties were explored by evaluating serum cartilage tissue and lipopolysaccharide-stimulated
RAW 264.7 cells.

Results: Network pharmacology analysis elucidated five principal active constituents of ARR (cryptopine, 5-[2-(2-
hydroxyphenyl)ethyl]-2,3-dimethoxy-phenol, 5-[2-(3-hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol, nar-
ingenin, resorstatin) alongside 22 putative herbal targets. Molecular docking analyses revealed strong binding
affinities (—8 to —9.4 kcal/mol) of these constituents towards principal target proteins. Functional GO and KEGG
enrichment analyses indicated that ARR exerts its effects potentially involving pathways associated with cancer,
fluid shear stress, and atherosclerosis. In vivo assessments demonstrated significant mitigation of pain, functional
deficits, and cartilage degradation by ARR within an MIA-induced osteoarthritis model. Molecular dynamics
simulations validated stable interactions between the primary compounds and their designated target proteins.
The therapeutic efficacy of ARR was characterized by dose-dependent suppression of diverse inflammatory
mediators (IL-1p, IL-6, TNF-a), matrix metalloproteinases (MMP-1, -3, -8, -13), and signaling pathways including
CCND1, CDK2, IKBKB, HIF1A, BDKRB1, SIRT1, MAPKS8, and NLRP3 within both RAW264.7 cells and articular
cartilage tissue.

Conclusions: This investigation demonstrates that ARR exerts pain alleviation, functional enhancement, and
chondroprotective effects in osteoarthritis via multi-target anti-inflammatory actions. Integrating network
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pharmacology, molecular docking, animal models, and cellular experiments, this study comprehensively eluci-
dated the multifaceted anti-inflammatory mechanisms attributed to ARR. These findings collectively provide a
crucial foundation for understanding the potential therapeutic efficacy and operative mechanisms of ARR for

osteoarthritis management.

Abbreviations

absorption, distribution, metabolism, and excretion ADME
Asarum heterotropoides F. Schmidt ARR
Apoptosis associated speck like protein containing a CARD ASC
betweenness centrality BC
biological process BP
bradykinin receptors beta BDKRB
cellular component CcC
closeness centrality CC
Collective Molecular Activities of Useful Plants CMAUP
cyclin D CCND
cyclooxygenase COX
Control CT
degree centrality DC
differentially expressed genes DEGs
disease-modifying osteoarthritis drugs DMOADs
drug-likeness DL
Distilled water DW
East Asian herbal medicine EAHM
Encyclopedia of Traditional Chinese Medicine v2.0 ETCM
v2.0
erb B2 Receptor Tyrosine Kinase ERBB
estrogen receptor ESR
Gene Expression Omnibus datasets GEO
gene ontology GO
glyceraldehyde 3-phosphate dehydrogenase GAPDH
high-performance liquid chromatography HPLC
Hypoxia Inducible Factor 1 Subunit Alpha HIF1A
Inhibitor of Nuclear Factor KappaB Kinase Subunit Beta IKBKB
Institute for Cancer Research ICR
indomethacin 3 mg/kg IDM 3
interleukin L
Kyoto Encyclopedia of Genes and Genomes KEGG
Linking of Traditional Chinese Medicine with Modern Medicine at LTM-TCM
Molecular and Phenotypic Levels
lipopolysaccharide LPS
matrix metalloproteinases MMP
maximal clique centrality MCC
mitogen-activated protein kinase MAPK
molecular function MF
monoiodo-acetate MIA
NOD/LRR and pyrin domain containing protein 3 NLRP3
nitric oxide NO
nitric oxide synthase NOS
non-steroidal anti-inflammatory drugs NSAIDs
oral bioavailability OB
osteoarthritis OA
prostaglandin E receptor 2 Ptger2
sirtuin SIRT
Sprague-Dawley SD
Traditional Chinese Medicine Systems Pharmacology Database and TCMSP
Analysis Platform
tumor necrosis factor TNF
weight-bearing ratio WBR

1. Introduction

Osteoarthritis (OA), the most common arthropathy, is clinically
defined by enduring pain, sustained inflammation, progressive and
irreversible articular cartilage degradation, and subsequent disease
advancement, ultimately resulting in functional disability and a spec-
trum of associated comorbidities(Mahmoudian et al., 2021). The soci-
etal burden of OA, an age-related disease, is rapidly increasing as obesity
and aging become global health concerns. The World Health Organi-
zation predicts that by 2030, OA will significantly contribute to

increased mortality and healthcare costs owing to the marked rise in the
population aged 60 years and older (Scott et al., 2021; Tchkonia et al.,
2021). Epidemiological studies have indicated that the global preva-
lence of OA has surged by 113.25 %, from 247.5 million in 1990 to 527.1
million in 2019. Additionally, productivity losses due to OA were esti-
mated to be $60.7 billion in 2019, underscoring the growing public
health challenge posed by the disease worldwide (Long et al., 2022;
Weng et al., 2024). Until recently, the pathophysiology of OA was un-
derstood to involve solely degenerative changes in the articular cartilage
due to aging and biomechanical stress. Recent human and animal
studies have accumulated evidence that low-grade chronic inflamma-
tion plays a central role in the progressive pathology of OA, leading to
pain, joint failure, and irreversible destruction of the entire joint
(Robinson et al., 2016; Sanchez-Lopez et al., 2022). Therefore, recent
therapeutic approaches to OA have focused on developing interventions
that can potentially delay or modify the ongoing inflammatory pathol-
ogy and consequent disease progression.

Despite significant advances in our understanding of the patho-
physiology of OA, which is now centered on inflammation, there are
currently no drugs that can halt disease progression or completely pre-
vent long-term disability (De Roover et al., 2023). In light of these
considerations, leading clinical practice guidelines advocate for
non-pharmacological interventions, including weight reduction, thera-
peutic exercise, and physical rehabilitation, as the primary management
strategy for OA (Yao et al., 2023). In terms of pharmacotherapy,
non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, and
opioids are used to alleviate disease symptoms, primarily pain. How-
ever, these drugs do not inhibit OA progression, and the most widely
used NSAIDs are associated with a wide range of long-term toxic side
effects (Katz et al., 2021). Consequently, there is a need for additional
alternatives to improve the effectiveness and safety of current OA
therapies. Disease-modifying osteoarthritis drugs (DMOADs), repre-
senting a newly emerging class of therapeutics, have been proposed as a
promising strategy. These pharmacological agents are designed to
impede the advancing pathophysiology of OA through the modulation of
diverse molecular targets, encompassing pro-inflammatory cytokines,
matrix metalloproteinases, and nociceptive pathways associated with
OA-related pain (Latourte et al., 2020). Recently, the recognition that
senescent cells, which accumulate with aging, are significant triggers of
chronic low-grade inflammation and OA progression, has led to the
proposal of a class of drugs called senolytics, which selectively remove
these cells from the joint tissue (Chaib et al., 2022). Unfortunately, to
date, no DMOADs have been approved by regulatory agencies or
reached the market.

This connection is associated with the continually recognized sys-
temic and multifaceted nature of OA pathology. The understanding of
OA has evolved beyond mechanical 'wear and tear’ to recognize it as a
complex immune-mediated disease involving innate and adaptive sys-
tems(Moulin et al., 2025). Local joint inflammation, driven by synovial
immune cells producing pro-inflammatory  cytokines and
matrix-degrading enzymes, contributes to cartilage destruction and pain
(Wen et al., 2024). This pathology is exacerbated by systemic low-grade
inflammation associated with metabolic inflammation and inflammag-
ing, involving adipokines and senescent cells(Jamal et al., 2025).
Autoimmune mechanisms are implicated, with autoantibodies against
synovial and cartilage components observed in advanced OA(Paiola
et al., 2025). Emerging evidence also highlights a gut-joint axis, where
gut dysbiosis potentially promotes OA progression via increased circu-
lating lipopolysaccharides and altered tryptophan metabolism(Yang
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et al., 2024). Consequently, there is a critical need for investigations into
novel therapeutic candidates capable of reflecting the full scope of OA
pathology considered as a systemic inflammatory condition.

One critical requirement for a successful DMOAD candidate is the
capacity to modulate multiple targets of inflammatory pathology in OA,
including various cytokines such as interleukin (IL)-1, IL-6, IL-8, tumor
necrosis factor (TNF)-a, and proteases such as matrix metalloproteinases
(MMPs) (Lu et al., 2022; Van Spil et al., 2019). Natural products with
demonstrated pharmacological activities can meet this demand by
leveraging their unique multicomponent-based anti-inflammatory
mechanisms and synergistic effects among multiple components
(Panossian et al., 2015, 2021, 2024; Su et al., 2023). Particularly, East
Asian herbal medicine (EAHM) has garnered attention as a source of
drug candidates for inflammatory joint diseases, attributed to its
long-standing safety profile, theory of synergistic drug combinations,
cost-effectiveness, and active scientific research (Fang et al., 2024; H.-G.
H.G. Jo et al., 2023; H. G. H.-G. Jo et al., 2023; Jo et al., 2025, 2024a,
2024b, 2022, 2020; Li et al., 2023). Among the numerous EAHMs,
Asarum heterotropoides F. Schmidt (Latin name: Asiasari Radix et Rhi-
zoma, ARR) stands out as a promising candidate material for the treat-
ment of joint diseases due to its anti-inflammatory properties. It has a
history of use in alleviating joint pain, stiffness, and improving function
(Liu and Wang, 2022). It has been documented that this medicinal plant
possesses analgesic, neuroprotective, anti-ischemic, immunomodula-
tory, anti-allergic, antitumor, and antimicrobial effects, along with a
broad spectrum of anti-inflammatory activities attributed to its multi-
faceted pharmacological components (Jing et al., 2017; Liu and Wang,
2022). ARR contains over 277 compounds, primarily bioactive volatile
oils (e.g., methyleugenol, safrole, asarones) and lignans (e.g., asarinin,
sesamin), along with phenanthrenes, flavonoids, and amides. It dem-
onstrates analgesic, anti-inflammatory, and neuroprotective effects by
inhibiting Na™ channels, activating GABA receptors, and suppressing
pro-inflammatory cytokines and pathways like NF-kB/MAPK. Its lignans
and volatile oils also offer cardiovascular protection through antith-
rombotic activity and modulation of endothelial protein C receptor
shedding. While high doses of volatile oils and trace aristolochic acid
analogs pose toxicological risks, recommended dosages and traditional
decoction methods mitigate these concerns. Despite the potential of ARR
as a DMOAD, comprehensive studies analyzing its viability as a candi-
date for treating osteoarthritis are scarce.

Considering these factors, we hypothesized that ARR might represent
a promising DMOAD candidate, potentially hindering the progression of
OA due to its multi-component, multi-target, and anti-inflammatory
pharmacological profile. To investigate this hypothesis, we employed
network pharmacology and molecular docking analyses to predict the
mechanisms by which ARR’s primary constituents and their targets
could modulate osteoarthritis. Subsequently, we validated the anti-
inflammatory effects of ARR on various targets based on the predicted
results in in vitro models and assessed its impact on analgesia, chon-
droprotection, and functional improvement in OA in in vivo models. This
study represents the first comprehensive investigation into the anti-
osteoarthritis potential of ARR by integrating network pharmacology
predictions with experimental validations. This dual approach not only
bridges computational insights and experimental evidence but also sets
a new idea for exploring multi-target therapeutics in OA research.

2. Materials and Methods
2.1. Network pharmacology prediction for ARR in OA

2.1.1. Screening of potential ARR active components and target
identification for OA

To identify the potential bioactive components of ARR, we employed
a strategy involving four established databases. Initially, the Traditional
Chinese Medicine Systems Pharmacology Database and Analysis Plat-
form (TCMSP), a widely recognized resource in network pharmacology,
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was utilized. Subsequently, to incorporate recent advancements in
pharmacological data, we incorporated Linking of Traditional Chinese
Medicine with Modern Medicine at Molecular and Phenotypic Levels
(LTM-TCM), Collective Molecular Activities of Useful Plants (CMAUP),
and Encyclopedia of Traditional Chinese Medicine v2.0 (ETCM v2.0) as
contemporary platforms(Hou et al., 2023; Li et al., 2022; Lu et al., 2021;
Ru et al., 2014; Zeng et al., 2019; Zhang et al., 2023). Furthermore, the
PubChem database was used to standardize the retrieved compounds
from each database and to remove any redundancies.

For compounds sourced from the TCMSP DB, selection was per-
formed based on established thresholds of oral bioavailability (>30 %)
and drug-likeness index (>0.18). Compounds obtained from alternative
databases underwent screening for absorption, distribution, meta-
bolism, and excretion (ADME) properties utilizing the SwissADME
platform (http://www.swissadme.ch) (Daina et al., 2017). The selection
principle prioritized compounds that received a "yes" evaluation in a
minimum of three out of the five ADME rule sets (Lipinski, Ghose, Veber,
Egan, and Muegge). However, compounds were excluded if any single
evaluation parameter within the Lipinski rule was violated. To predict
potential targets, the SwissTargetPrediction platform (http://www.
swisstargetprediction.ch) was employed, configured for "Homo sapi-
ens," and target genes were considered for further analysis if their pre-
diction probability was >0.1(Daina et al., 2019).

2.1.2. Building the database of potential therapeutic disease targets

To obtain mRNA expression profiles for osteoarthritis (OA) and
normal control samples, we queried the Gene Expression Omnibus
(GEO) database. The search strategy employed utilized the terms
"osteoarthritis" [MeSH terms] OR osteoarthritis [all fields]) AND "Homo
sapiens" [porgn]. Subsequently, the GSE46750 expression dataset,
derived from the GPL10558 microarray platform (Illumina HumanHT-
12 V4.0 expression beadchip), was downloaded from GEO. Differential
gene expression analysis between OA patients and healthy individuals
was conducted using the ’limma’ package in R software (version 4.1.2),
with significance defined as p < 0.05 and an absolute log2 fold change (|
log2 FC|) > 1. Visualization of differentially expressed genes (DEGs) was
achieved through heatmaps and volcano plots, generated using the
’Pheatmap’ and ’ggplot2’ R packages. Furthermore, to identify OA-
related target genes, we performed a search across four databases:
DrugBank, GeneCards, OMIM, and TTD, employing the search terms
"osteoarthritis" and "oa"(Amberger et al., 2019; Pinero et al., 2015, 2017,
2020; Wishart et al., 2018; Zhou et al., 2023). Within GeneCards, only
targets with a relevance score of >10 were considered(Stelzer et al.,
2016). To standardize potential target gene information, the "Homo
sapiens” filter within the UniProt database was applied (The UniProt
Consortium, 2021). Ultimately, a dataset of potential OA target genes
was compiled following the removal of redundant entries. Venn dia-
grams illustrating the overlap of targets between potential ligands and
target disease were generated using the Bioinformatics & Evolutionary
Genomics web-based tool.

2.1.3. Construction of protein-protein interaction (PPI) networks

We generated a protein-protein interaction (PPI) network for the
identified shared targets utilizing the STRING database (version 11.5)
and applying a confidence score threshold of 0.4 or higher. Prior to to-
pological analysis, non-relevant protein nodes were eliminated, and the
resulting data were imported into Cytoscape (version 3.9.1) along with
the Cytohubba plug in (Chin et al., 2014; Shannon et al., 2003). Hub
genes were then determined by considering the union of targets that
ranked within the top 25 % for each of the following four centrality
measures: degree centrality (DC), betweenness centrality (BC), closeness
centrality (CC), and maximal clique centrality (MCC).

2.1.4. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) analysis
Enrichment analysis of genes was performed utilizing Metascape, a
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web-based resource for gene function annotation (Zhou et al., 2019).
Specifically, analyses were restricted to "Homo sapiens," with a p-value
cutoff of 0.01 and a minimum overlap of three for enrichment. Within
Metascape, we analyzed the gene symbols of the shared targets to
determine their functional enrichment across biological processes (BP),
cellular components (CC), molecular functions (MF), and KEGG path-
ways. To further investigate the molecular underpinnings of core path-
ways identified through enrichment, the KEGG mapper tool was
employed (Kanehisa et al., 2022).

2.1.5. Establishment of compound-target-pathway (C-T-P) network

Employing Cytoscape, we constructed a compound-target-pathway
(C-T-P) network model to elucidate the therapeutic mechanisms of
ARR in OA, visually representing the interconnections among its con-
stituents, genomic targets, and relevant biological pathways. Further-
more, we selected the key compounds and targets expected to play the
most important roles in the efficacy of ARR’s against OA based on the
degree centrality metric calculated at the time of network construction,
which was more than three times the median.

2.1.6. Molecular docking verification

The 3D structures of the target protein molecules were obtained in
PDB format using the RCSB PDB database. Proteins were prepared for
docking using the UCSF chimera software (version 1.17.3). Medicinal
drug compounds as ligands were downloaded from the PubChem.
Ligand smile strings and prepared proteins were uploaded to the online
drug discovery platform, mcule (https://mcule.com/). The binding en-
ergy predicted using mcule was recorded, and the docked structures
were downloaded. Discovery Studio 2021software was used to assess the
docking outcomes of the target proteins and medicinal drug compounds,
and for 2D visualization. For each compound, results with a binding free
energy (AG) of —5 kcal/mol or lower were considered significant.

2.2. Preparation of ARR extracts

The ARR root used in these experiments was bought from Yaksu-
dang Corp. (Seoul, Korea). The voucher specimen was stored in the
Herbal Medicine Department, Korean Medicine College and Gachon
University. A prof. Donghun Lee were authenticated (No. D200915012).
The root sample (10 g) was finely ground and extracted using a reflux
method (85 °C, 3 h and 30 % ethanol). After filtration, the extract was
concentrated and freeze dried in the deep freezer. The extraction yield
was 13.02 %.

2.3. HPLC

To analyze the components of ARR, HPLC was conducted using an
Agilent 1100 series HPLC system (USA). The specific analytical condi-
tions are detailed in Supplementary Material S1.

2.4. Animals

The male SD rats (200 + 10 g) was utilized as an OA induced model,
while male ICR mice (35 + 5 g) were utilized the hot plate and writhing
responses test. The animals were provided by DBL, Co., Ltd. with 45 rats
assigned to OA model and the 40 mice allotted with hot plate and
writhing tests for each experiment. Prior to the experiment, the animals
were kept in a controlled environment for 7 days to ensure proper
acclimatization (temp:20-24 °C, humidity: 50-60 %, dark/light cycle:
12-h). Water and food were supplied ad libitum. All experimental process
strictly adhered to the Institutional Animal Care & Use Committees
(IACUC) of Gachon University (GU1-2022-IA0071-01) and complied
with the ARRIVE 2.0 guidelines (Supplementary Material S2) [47].
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2.5. Diet preparation and monosodium iodoacetate (MIA) injection

The five groups of SD rats (n = 9) were vehicle, CT, IDM 3, ARR 100,
and ARR 300. The rats were given intraarticular injections of MIA
(Sigma, USA) for establish OA. The experimental groups were fed the
following diets: basic food (AIN93G) for the vehicle and CT groups. The
IDM group received AIN93G diet with indomethacin (0.003 %). The
ARR 100 and ARR 300 groups received AIN93G diet with ARR (0.11 and
0.33 %). For 24 consecutive days following MIA induced OA, the ani-
mals were provided with a diet of 18-22 g per 180-220 g of body weight
on a basis daily (Supplementary Material S3).

2.6. Measuring weight bearing ratio (WBR) of hind legs

To determine the WBR of the hind legs in the OA induced models, the
WBR was measured every 3 days during 24 days recording with inca-
pacitance tester (IITC Life Science Inc., USA). After each group were
received drug administration daily, each hind limb was weighted and
placed on the incapacitance tester during 10 s to calculate the WBR. The
percentage improvement in the right legs WBR was analyzed the
following formula:

right hind limb's weight
WBR (%) = , *1
(%) = oth hind limb's weight

2.7. Cartilage degradation assessment

After 24 days, the OA induced models were sacrificed, and their knee
cartilage of right side were photographed and evaluated through
macroscopic scoring. Photos were captured by the digital camera
(SonyCorp., Japan), and the extent of cartilage and bone degradation
was scored following the macroscopic score (Supplementary Material
S4).

2.8. Serum concentration analysis

Blood was collected from the abdominal vein and allowed to clot for
30 min. The sample was centrifuged at 4000 rpm for 10 min, and the
serum was subsequently isolated and preserved in a deep freezer. For
cytokine analysis, multiplex assays were conducted using an IL-13 Multi-
Analyte Premixed Kit (RnD Systems Inc., USA). Cytokine levels were
assessed with a magpix analyzer (Luminex Corp., USA), following pro-
tocol of manufacturer.

2.9. Writhing test

The animals used in the writhing test were assigned to 4 groups of
eight animals each group randomly. The groups were as follows: control
(CT), ibuprofen (IBU 200), ARR 200, and ARR 600. Each group was
orally administered DW, ibuprofen (Sigma, USA) 200 mg/kg, ARR 200
and 600 mg/kg for the CT, IBU 200, ARR 200 and 600 groups respec-
tively. The positive control was used with ibuprofen. 30 min following
oral administration, an acetic acid (0.7 %) was injected intraperitone-
ally, and the number of writhing responses was recorded over a 10-min
period. The number of witnesses was quantified by recording the
twisting response by extending the hind paw backward or contracting
the abdominal wall. All samples were made with DW. Animals were
euthanized with CO; at the end of the experiment.

2.10. Hot-plate test

The animals used in the hot plate test experiment were randomly
allotted to ICR mice to form four groups of eight animals per group. The
following groups were used: control (CT), positive control (morphine),
ARR 200 and ARR 600. The CT, ARR200, and ARR 600 groups were
administered DW orally. The positive control was used with morphine
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Fig. 1. Screening of ARR-targeted disease intersection targets. (A) Volcano plot of differential gene analysis in the GSE 56750 disease sample chip. Genes that are
upregulated are shown in red, downregulated genes are shown in blue, and no significant changes are shown in black. (B) Heatmaps were used to display the
expression patterns of these 225 DEGs. (C) Venn diagram illustrating the overlap between potential ARR targets and known OA disease targets. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Myungmoon Pharm Co., Ltd., Seoul, Korea) at 10 mg/kg intraperito-
neally. Thirty minutes after sample administration, licking, jumping,
and shaking responses were measured on a hot plate at 55 °C for 30 s,
with four measurements taken at 30 min intervals. The duration of the
first response was also recorded. All samples were made in the DW.
Animals were euthanized with CO at the end of the experiment.

2.11. Cell culture

RAW264.7 cells were provided by Korean Cell Line Bank (KCLB;
Seoul, Korea). The RAW264.7 cells were incubated on the CO incubator
(Thermo Fisher Scientific Inc., USA) in DMEM in 10 % FBS with 5 % pen-
strep (Gibco BRL, USA).

2.12. Cell toxicity and NO production test

RAW264.7 cells were maintained at CO5 incubator for 24 h. The cells
were then exposed to 10-300 pg/mL of ARR along with LPS 500 ng/mL
and further incubated for another 24 h. Cell toxicity was assessed with
EzCytox (DoGenBio, Korea) in accordance with the protocol. To measure
NO levels, the cell supernatant was combined with Griess reagent in
equal proportions (1:1 ratio), and the absorbance was recorded at 540
nm. Each experiment was performed three times for accuracy.

2.13. DCFH-DA assay

1 x 10* cells/well were cultured in the CO, incubator for 24 h. The
cells were then treated with 10-300 pg/mL of ARR and incubated for 2
h. After the 2 h incubation, 10 pM DCFH-DA was added to the medium
and incubated for 30 min. The plate was washed using PBS. Subse-
quently, the cells were treated to 500 pM H305 for 30 min. Finally, the
plate was placed in a fluorescence reader, and was measured (excitation:
485 nm/emission: 535 nm).

2.14. Quantitative real-time PCR analysis

OA induced cartilage of rats and the LPS-induced RAW264.7 cells
were extracted total RNA by the RNA-Extraction solution (Bioneer,
Korea). The RNA was changed to the cDNA by Cycle-Script™ (Bioneer,
Korea), using the protocol of manufacturer. Quantification of mRNA
expression level was conducted by qPCR Master-Mix (Bioneer, Korea).
The primer information was listed in Supplementary Materials S5 and
S6.

2.15. Western blotting analysis for protein expression

Cartilage tissues of OA induced knee and LPS-treated RAW264.7
cells were isolated protein with RIPA buffer (CST Inc., USA) supple-
mented with Protease Inhibitor (Sigma, USA). Homogenization was
performed using a D1000-E homogenizer (Benchmark, USA). Protein
qualification was recorded with BCA kit (Thermo Fisher Scientific Ltd,
USA), and protein were separated via SDS-PAGE. The proteins were
transported onto the membrane by the Wet Transfer (BioRad Inc., USA)
at 100 V and 1 h. Following transfer, the membrane was blocked with
blocking solution (BioRad, USA) and incubated at 25 °C for 15 min.
Primary antibodies were incubated at 4 °C for overnight. Primary anti-
bodies were listed the MMPs, IL-18, IL-6, TNF-a, COX-2, CCND1, CDK2,
IKBKB, HIF1A, BDKRBI1, SIRT1, MAPKS8, NLRP3, ASC, caspase-1, and
GAPDH. The antibodies were bought by Abcam and CST Inc. (Cam-
bridge, UK and Danvers, USA). The membrane was attached with sec-
ondary antibodies at for 1 h at 25 °C, and then applied with a ECL
solution (BioRad, USA). The protein signals were detected using an
Azure 280 imaging system (AzureBiosystems, USA).
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2.16. Molecular dynamics

To elucidate the dynamic behavior of protein-ligand complexes,
molecular dynamics (MD) simulations were conducted. Initially docked
complexes were parameterized using the CHARMM36 all-atoms force
field, providing a detailed representations of atomic interactions. The
complexes were then solvated in a cubic water box, employing the TIP3p
water model, with a 12 A buffer distance to minimize the boundary
effects (Huang and MacKerell, 2013). Ligand topologies were generated
using the CGenFF server (https://cgenff.com/) and subsequently
adapted for compatibility with the Gromacs 2024.1 simulation package.
To ensure system neutrality, appropriate numbers of sodium (Na-+) and
chloride (Cl-) ions were added. Energy minimization was performed
using the steepest descent algorithm, converging to the gradient toler-
ance of 0.001 kJ/mol, thereby relaxing unfavorable initial contacts.
Equilibration was achieved through temperature and pressure control,
employing the Nose-Hoover thermostat and Parrinello-Rahman baro-
stat, respectively(Bussi et al., 2007). Short-range electrostatic and van
der Waals interactions were computed within a 1.2 nm cut off radius,
while long-range electrostatic interactions were handled using the par-
ticle mesh Ewald (PME) method(Essmann et al., 1995). Production MD
simulations, spanning 200ns, were executed for each complex using
Gromacs 2024.1 (https://www.gromacs.org/). Trajectory analysis was
performed using built-in Gromacs tools and structural visualizations
were generated to interpret the dynamic behavior of the protein-ligand
complexes (Abraham et al., 2015).

2.17. Statistics

Data were analyzed using GraphPad Prism® 9.0 (GraphPad Soft-
ware, USA), employing one-way ANOVA followed by Dunnett’s post hoc
test. Statistical significance was defined at p < 0.05, with results
expressed as mean + standard error of the mean.

3. Results
3.1. Network pharmacology-based prediction of ARR mechanisms in OA

3.1.1. In silico identification of putative bioactive compounds and
therapeutic targets

Ingredients collected from the four databases, TCMSP, CMAUP, LTM-
TCM, and ETCM 2.0 were selected based on the ADME screening
criteria, resulting in a total of 204 potentially active compounds. Com-
pound names, PubChem CIDs, InChlKeys, CASs, and ADME evaluations
are listed in Supplementary Material S7. After predicting target genes
using the Swiss Target Prediction database and removing duplicates, we
performed standardization using the UniProt database and constructed a
target database of 3392 ARRs. Supplementary Material S8 summarizes
the UniProt names, symbols, ID, and prediction probabilities of pre-
dicted targets for each compound. Compounds with no predicted targets
(probability greater than 0.1) were excluded from the network analysis.

3.1.2. Identification of OA related targets

By comparing the expression levels of genes in OA and normal
samples, we searched for DEGs in OA samples. A total of 225 genes were
identified by analyzing the GSE46750 series, of which 177 were upre-
gulated and 38 were down-regulated in OA(Supplementary Material
S9). Fig. 1A depicts a volcano plot, visually representing the dispersion
of DEGs. Fig. 1B shows heat maps of the top 50 expression patterns of
these DEGs. After excluding genes that could not be standardized using
the UniProt database, 167 potential targets were identified from GEO
data. By integrating data from DrugBank, Genecards, OMIM, TTD, Dis-
GeNET, and GEO DEGs, we built a database containing 871 OA targets
(Supplementary Material S10). Finally, intersection mapping utilizing a
Venn diagram of 816 herb gene targets and 702 OA-related targets with
duplicates removed identified 76 consensus genes as potential
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Fig. 2. PPI analysis sequence of ARR-target disease genes by DC, CC, BC and MCC. Based on the four-centrality metrics, the figure shows the top 25 % cut-

point values.
therapeutic targets for OA in ARR (Fig. 1C).

3.1.3. PPI analysis for common targets

To construct the PPI network model, common targets were imported
into the STRING 11.5 platform, with the organism parameter restricted
to Homo sapiens and a minimum required interaction score set at 0.4.
Excluding the targets PNMT, SLC22A6, FTO, SLC18A2, and SLC22A12,
which could not form connections, an initial network of 71 nodes and
404 edges was constructed (Fig. 2). The top 25 % centrality values were
DC > 12, CC > 34.83, BC 21.92, and MCC>8. After selecting gene tar-
gets that met these criteria and excluding duplicates, 24 hub genes were
identified. The centralities of the hub genes are shown in Supplementary

Material S11.

3.1.4. GO and KEGG enrichment analysis

GO analysis revealed key pharmacodynamic mechanisms of ARR’s
active constituents. Common targets for GO analysis were imported
using the Metascape platform. As a BP, a total of 411 items including
response to hormones (GO:0009725), response to mechanical stimulus
(GO:0009612), regulation of growth (GO:0040008), negative regulation
of apoptotic signaling pathway (GO:2001234), and tube morphogenesis
(G0O:0035239), were identified (Fig. 3A and B). As a MF, 36 items,
including transcription coactivator binding (GO:0001223), protein ki-
nase activity (GO:0004672), estrogen response element binding
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(G0:0034056), nuclear receptor binding (GO:0016922), and phospha-
tase binding (GO:0019902) were identified (Fig. 3A and B). As a CC, 20
items, including protein kinase complex (G0:1902911), euchromatin
(G0:0000791), cell leading edge (GO:0031252), and membrane raft

(G0:0045121) were identified (Fig. 3A and B). KEGG pathway enrich-
ment analysis revealed a total of 106 distinct pathways. These results
suggest that multiple pharmacological mechanisms of action may
converge upon pathways implicated in cancer (hsa05200). Additionally,
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H.-G. Jo et al.

Journal of Ethnopharmacology 349 (2025) 119915

compound target pathway

o
i
N

-

Fig. 5. Alluvial plot showing the compound-target-pathway network for the therapeutic mechanism of target disease from ARR.

Prostate cancer, endocrine resistance, the HIF-1 signaling pathway,
chemical carcinogenesis, receptor activation, the FoxO signaling
pathway, alcoholic liver disease, fluid shear stress, vatherosclerosis,
inflammatory mediator regulation of TRP channels, and oocyte meiosis
were important signaling centers of the mechanism (Fig. 4A and B).

10

3.1.5. Development of a C-T-P network to elucidate the multi-mechanistic
action of ARR in OA

To visually represent the interactions between ARR’s compounds,
their targets, and relevant pathways in OA, we employed an alluvial
diagram, a network visualization method. As illustrated in Fig. 5, this
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Fig. 6. Docking patterns of hub gene targets and core compounds. (A1) Cryptopine — CCND1 (—8.9 kmol/cal); (B1) 5-[2-(2-Hydroxyphenyl)ethyl]-2,3-dimethoxy-
phenol - ERBB2 (—8.9 kmol/cal); (C1) 5-[2-(3-Hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol (—9.4 kmol/cal); (D1) Cryptopine — CDK4 (—9.3 kmol/cal); (E1) 5-
[2-(2-Hydroxyphenyl)ethyl]-2,3-dimethoxy-phenol — SIRT1 (—9 kmol/cal); (F1) 5-[2-(3-Hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol — SIRT1 (—9.1 kmol/cal);
(G1) Naringenin — SIRT1 (—9.4 kmol/cal); (H1) Naringenin - MMP14 (—8.8 kmol/cal); (A2), (B2), (C2), (D2), (E2), (F2), (G2), and (H2): 2D representation of bond,
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green) and n—donor hydrogen bonds (green-pastel); (I) Net heatmap of molecular docking results. The x-axis of this heatmap represents the key compounds in ARR
and the y-axis represents the primary targets for OA treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 6. (continued).

network comprised 117 nodes and 335 edges. The nodes consisted of 85 degree centrality were, cryptopine, 5-[2-(2-Hydroxyphenyl)ethyl]-2,3-
compounds, 22 targets, and 10 pathways. In the network analysis, the dimethoxy-phenol,5-[2-(3-Hydroxyphenyl)ethyl]-2-methoxybenzene-
core compounds that showed more than three times the median value of 1,3-diol, Naringenin, and Resorstatin, with centralities of 10, 9, 9, 9, and
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9, respectively. Within the network of therapeutic targets, AR, ESR2,
CDK2, PIK3CA, and ESR1 emerged as key nodes, exhibiting notably high
centrality scores of 48, 34, 34, 26, and 25, respectively. Pathway in
cancer (hsa05200), prostate cancer (hsa05215), and fluid shear stress

and atherosclerosis (hsa05418) showed high centrality values of 16, 16,
and 15, respectively.

3.1.6. Molecular docking

In order to evaluate the binding energies of five components of ARR
(Cryptopine, 5-[2-(2-hydroxyphenyl)ethyl]-2,3-dimethoxy-phenol, 5-

[2-(3-hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol, = Naringenin

13

and Resorstatin), 22 target genes (AR, CCND1, CDK2, PIK3CA, ERBB2,
MAPKS, CDK4, IGF1R, IKBKB, HIF1A, BDKRB1, HMGCR, RELA, SER-
PINE1, SIRT1, CTNNB1, BCL2, TRPV1, PPARA, MMP14, ESR1 and
ESR2) were selected for molecular docking studies (Fig. 6A-I). The
protein target and ligand have a stronger affinity and a more stable
conformation when the binding energy is lower. Acceptable binding
activity between the ligand and the receptor should be less than —5
kecal/mol. In our study, molecular docking revealed that most of these
binding energies were less than —8 kcal/mol indicating the strong af-
finities of the compounds for the target protein. The component 5-[2-(3-
hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol showed maximum
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Fig. 8. To evaluate the impact of ARR on enhancing hindlimb weight-bearing capacity in rats with induced OA, (A) measurement of weight-bearing in the ARR 100
and 300 treatment groups and IDM 3 treatment group during 0-24 days and (B) AUC was analyzed with incapacitance tester. ###p < 0.001 vs. vehicle, ***p <
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binding energy affinities of —9.4 kcal/mol with ERBB2. The highest
binding energies were exhibited by the combination of Naringenin with
SIRT1 and MMP14 with binding energy values of —9.4 and —8.9 kcal/
mol respectively. Interestingly, cryptopine exhibited stronger binding
energy values of —8.9, —8.6, —9.3, —8.5 kcal/mol with CCND1, CDK2,
CDK4 and BDKRBI1 respectively. These higher binding affinities of the
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ARR components to multiple targets indicate their potential use in the
treatment and management of inflammatory pathologies of arthritis
(Fig. 6 1).

3.2. HPLC analysis

Methyl eugenol and naringenin were identified in ARR using HPLC-
UV. The methyl eugenol and naringenin content in the ARR was 0.2193
and 4.977 mg/g. The chemical structures of the identified components,
along with the corresponding HPLC chromatogram, are shown in Fig. 7A
and B.

3.3. Evaluation analgesic effects by OA induced models

To assess improvements in OA-induced pain, discomfort and anal-
gesic effects were measured based on weight distribution between the
hind legs. The WBR of the right and left limbs were monitored during
0-24 days. As illustrated in Fig. 8, the CT group exhibited a notable
decline in WBR after 10 days, followed by a response pattern compa-
rable to IDM 3, with ARR 300 demonstrating the most pronounced
effect.

3.4. Assessment of cartilage degradation

Joint cartilage from the OA model was collected and examined after
24 days. The administration of ARR effectively mitigated cartilage
damage by MIA solution. As depicted in Fig. 9A, vehicle group appeared
smooth and glossy, whereas the CT group exhibited a rough, dull surface
with visible damage in certain areas. Evaluated from macroscopic score,
rats administrated with ARR and IDM 3 identified notable improve-
ments in cartilage integrity (Fig. 9B). Specifically, damaged cartilage
regions showed a comparable level of repair in both the ARR and IDM 3
groups.

3.5. Pro-inflammatory cytokine level on serum of the MIA rats

The IL-1p level in the serum of OA model were analyzed each group.
ARR group indicated a significant reduced the level of IL-1f in serum
compared with CT in the dose dependent. ARR 300 reduced the IL-1§
levels similar to those of IDM 3 rats (Fig. 10).

3.6. Analgesic effects on the pain induced animal models

To assess pain relief, the analgesic effects of ARR were assessed
through the writhe’s response and the hot plate test. In the writhing test,
mice injected acetic acid exhibited an average writhing count of 100 in
the CT group after 10 min. Comparatively, the IBU 200 recorded the
average of 38.73, while the ARR 600 recorded 37.53, suggesting that
ARR 600 identified similar with IBU 200 (Fig. 11A). The hot plate test
measured the pain response at 30, 60 and 90 min after sample treatment.
Morphine, ARR 200, and ARR 600 analyzed a significant difference at 30
and 60 min, compared with the CT group, with ARR 600 indicated the
significant difference at 90 min. In this study, morphine had the greatest
analgesic effect 60 min after administration, and ARR 600 had the
greatest analgesic effect 90 min after administration. The paw with-
drawal latency after 90 min at an ARR of 600 was 10.33 s, whereas that
of morphine was 9 s, indicating a more effective analgesic effect
(Fig. 11B).

3.7. Cell toxicity, nitric oxide and SOD expression level on the
RAW264.7 cells

To evaluate the toxicity of ARR, RAW264.7 cells were incubated with
ARR and cytotoxicity was assessed using the MTT assay. ARR exhibited
no cytotoxic effects in the RAW264.7 cells (Fig. 12A). To investigate the
anti-inflammatory properties, RAW264.7 cells were activated by LPS
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Fig. 12. Effects of ARR on RAW264.7 (A) cell toxicity, (B) LPS-stimulated NO production, and (C) H202-activated SOD generation. ###p < 0.001 vs. NT, **p <
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and subsequently incubated for NO analysis. ARR significantly reduced
LPS-induced NO production, with the ARR 300 group showing a
decrease in NO levels compared to the CT group (Fig. 12B). Additionally,
the antioxidant effects of ARR were evaluated by measuring SOD levels
in RAW264.7 cells. ARR reduced Hy0s-induced SOD production dose
dependently, further indicating its potential antioxidant properties
(Fig. 12C).

3.8. Effects on the anti-inflammatory activity in RAW264.7 cells

The anti-inflammatory activity in the ARR were indicated the LPS-
activated RAW264.7 cells. Fig. 13A-T shown that ARR and DEX 1
decreased the levels of TNF-a, COX-2, Ptger2, IL-1f, IL-6, NOS2, MMPs
(-1, -3, -8, and —13), CCND1, CDK2, ERRB2, CDK4, IKBKB, HIF1A,
BDKRB1, SIRT1, MMP14, ESR1, NLRP3, ASC and caspase-1 mRNA
expression (Fig. 13A-W). As shown in Fig. 13X, ARR of LPS-treated
RAW264.7 cells reduced the cytokines level by Western blot result.
ARR decreased the expression of MMP-1, IL-13, TNF-a, COX-2, CCND1,
CDK2, IKBKB, HIF1A, BDKRB1, SIRT1, MAPK8, NLRP3, ASC and
caspase-1 compare with CT groups as seen by the Western blot pictures
and charts. The anti-inflammatory in the ARR were found to be on par
with those of DEX 1 across all cytokines.

3.9. Effects on the anti-inflammatory activity in OA induced rats

The ARR significantly reduced the cytokines level of TNF-a, COX-2,
Ptger2, IL-1, IL-6, NOS2, MMPs (—1, —3, —8 and —13), CCND1, CDK2,
ERRB2, CDK4, IKBKB, HIF1A, BDKRB1, SIRT1, MMP14 ESR1, MAPKS,
NLRP3, ASC and caspase-1 in joint cartilage, as compared with CT
group, according to the record of the mRNA expression levels
(Fig. 14A-X). The down-regulating effects of ARR on IL-1p, IL-6, MMP-1,
MMP-3, MMP-13, CCND1, CDK2, IKBKB, HIF1A, BDKRB1, SIRTI,

16

MAPKS8, NLRP3, ASC and caspase-1 were indicated with Western blot
pictures of OA induced rat’s cartilage (Fig. 14Y).

3.10. MD simulation analysis of Errb2 with compound 85699751

The RMSD plot provides insights into the overall stability of the
Errb2 protein throughout the MD simulation (Fig. 15). The RMSD re-
mains relatively stable within the range of ~0.2-0.35 nm after an initial
equilibration phase, indicating that the system reaches structural sta-
bility. Minor fluctuations suggest local conformational adjustments, but
no significant structural deviations are observed. The radius of gyration
(Rg) plot reveals the compactness of the system over time. The Rg
fluctuates around 2.0 nm with slight variations, suggesting that the
protein maintains its structural integrity without drastic expansion or
collapse. These results indicate that the system has reached equilibrium,
with no major unfolding events occurring during the simulation. The
RMSF analysis highlights regions of high and low flexibility within the
protein. Residues at N-terminal and C-terminal regions exhibit the
highest fluctuations, with values exceeding 0.6 nm, indicating greater
flexibility. Several loop regions also show moderate fluctuations, sug-
gesting their potential involvement in dynamic interactions. However,
the structured core of the protein remains stable, with lower RMSF
values, reinforcing the idea that the overall protein structure remains
intact. The hydrogen bonding plot reveals fluctuations in the number of
hydrogen bonds formed between the ligand and receptor over time.
Initially, the system exhibits 1-2 hydrogen bonds, which increase to 2-3
in later stages, suggesting stabilization of ligand binding. This trend
indicates that the ligand achieves a more stable binding pose as the
simulation progresses. Additionally, hydrophobic interactions and salt
bridges likely to contribute to ligand stabilization, further reinforcing
the ligand’s binding affinity for Errb2.
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3.11. MD simulation analysis of SIRT1 with compound naringenin Subsequently, RMSD continues fluctuating between 0.6 nm and 0.8 nm,
suggesting that while the system remains relatively stable, there are

The RMSD plot provides insight into the global stability of the SIRT1 ongoing conformational adjustments. This level of fluctuation suggests
protein throughout the MD simulation (Fig. 16). RMSD increases from moderate flexibility within the system, likely due to the dynamic nature
~0.3 to ~0.6 nm within the first 50ns, indicating structural adaptation. of the ligand binding process. The Rg plot tracks the compactness of the
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Fig. 13. (continued).

protein throughout the trajectory. The values fluctuate between ~2.0
and ~2.15 nm, indicating that the system undergoes slight structural
expansion during ligand binding. The minor increase in Rg values after
~100ns suggests a shift in protein conformation, possibly due to ligand-
induced rearrangements. However, towards the end of the simulation,
Rg values stabilize, suggesting the system reaches equilibrium. The
RMSF plot highlights residue-specific flexibility. Most residues exhibit
moderate fluctuations (~0.2-0.5 nm), while specific regions, particu-
larly near residue ~500, show significantly higher fluctuations (>2.0
nm). This high flexibility at the C-terminal region suggests that it is
highly dynamic and possibly involved in the interactions or conforma-
tional changes. Loop regions also exhibit noticeable fluctuations, which
may contribute to ligand accommodation. The hydrogen bond analysis
provides insights into ligand stabilization within the binding pocket. The
number of hydrogen bonds fluctuates between 1 and 3 throughout the
simulation, indicating dynamic ligand-receptor interactions. Peaks in
hydrogen bonding around 100ns and 150ns suggest transient stabiliza-
tion events, which may be critical for ligand affinity. In addition to
hydrogen bonds, hydrophobic interactions and possible salt bridges
contribute to ligand binding, further stabilizing the complex.

4. Discussion

Leveraging an integrative network analysis framework incorporating
functional genomic data, this study aimed to predict the primary
bioactive compounds and cognate gene targets through which ARR
mediates its therapeutic action in mitigating OA inflammatory pathol-
ogy(Wang et al., 2024). Molecular docking was performed to validate
these predictions. The five major compounds investigated in this study
were cryptopine, 5-[2-(2-Hydroxyphenyl)ethyl]-2,3-dimethoxy-phenol,
5-[2-(3-Hydroxyphenyl)ethyl]-2-methoxybenzene-1,3-diol, Naringeni
n, and Resorstatin. Molecular docking analyses suggested that these key
compounds exhibited favorable overall binding affinities for multiple
gene targets. These findings suggest that ARR may inhibit multiple in-
flammatory pathways in OA. Therefore, we conducted further in vivo
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and in vitro studies. ARR demonstrated significant mRNA expression
inhibition-based anti-inflammatory effects on a wide range of markers in
RAW264.7, and exhibited similar trends in its ability to inhibit cytokines
in joint cartilage. Beyond its network-predicted mechanisms, ARR also
delivers tangible therapeutic benefits in OA, including analgesia, func-
tional restoration, and chondral preservation, consistently demonstrated
across diverse in vivo models. To our knowledge, this is the first study to
combine network pharmacology with experimental validation in the
context of osteoarthritis treatment. By integrating in silico predictions
with in vitro and in vivo experiments, we successfully demonstrated
ARR’s multi-targeted anti-inflammatory mechanisms and therapeutic
effects, highlighting the value of this novel methodology for drug
discovery.

These findings suggest ARR alleviates OA pathology by inhibiting
multiple inflammatory targets. Naringenin, a key predicted compound
and extensively studied flavonoid, demonstrates broad anti-
inflammatory activity by modulating pro-inflammatory mediators (Cai
et al., 2023). Specifically, naringenin inhibited joint inflammation in a
rat CIA model by suppressing CD4" T lymphocyte polarization and
mitochondrial redistribution (Jiang et al., 2022) and mitigated RA
inflammation by modulating T helper/regulatory T cell polarization
(Wang et al., 2018). Molecular docking predicted strong naringenin
binding affinities for MMP14 and SIRT1. MMP14 inhibition may impede
cartilage destruction in RA and OA (Kaneko et al., 2016; Yamamoto
et al., 2017), while SIRT1 promotes ECM synthesis and cell survival,
representing a therapeutic target for reversing OA-related deterioration
(Ansari et al., 2024; Dvir-Ginzberg and Steinmeyer, 2013). Multiple
reports support naringenin’s effectiveness against multifaceted OA pa-
thology (Pan et al., 2022; Y. Wang et al., 2023). Naringenin’s pharma-
cological properties likely contribute significantly to the observed
anti-OA effects of ARR. However, molecular docking predicted strong
binding affinities for other key compounds to multiple targets, indi-
cating ARR’s broad in vitro modulatory effects likely stem from more
than a single compound. Future studies should investigate the individual
activities and interactions of other key compounds to fully elucidate
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Fig. 14. Cytokine levels decreased at the joint cartilage following ARR treatment. (A-X) Using qRT-PCR, the mRNA expression of TNF-o, COX-2, Ptger2, IL-1, IL-6,
NOS2, MMP-1, MMP-3, MMP-8, MMP-13, CCND1, CDK2, ERRB2, CDK4, IKBKB, HIF1A, BDKRB1, SIRT1, MMP14 ESR1, MAPKS, NLRP3, ASC and caspase-1 was
verified. (Y) Western blotting was evaluated to protein expression level of IL-1f, IL-6, MMP-1, MMP-3, MMP-13, CCND1, CDK2, IKBKB, HIF1A, BDKRBI, SIRT1,
MAPKS8, NLRP3, ASC and caspase-1. ###p < 0.001 vs. vehicle, *p < 0.05 vs. CT, **p < 0.01 vs. CT, ***p < 0.001 vs. CT by one-way ANOVA, Dunnett’s test. ARR:
Asarum heterotropoides F.Schmidt, CT: control, IDM 3: 3 mg/kg of indomethacin.

ARR’s multi-component anti-OA effects.

KEGG pathway analysis implicated several signaling pathways in
ARR’s OA alleviation mechanism, notably "pathways in cancer" and
"fluid shear stress." Cancer-related pathways govern processes including
invasion, angiogenesis, apoptosis, proliferation, and cytokine in-
teractions. KEGG mapping highlighted numerous targets linked to cell
proliferation, considered relevant for inhibiting fibroblast-like
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synoviocyte (FLS) proliferation in OA. Supporting this, Gadd45p
expression promotes FLS inflammation and proliferation in OA rat
synovium (Wu et al., 2024). This suggests ARR may delay OA progres-
sion by inhibiting FLS proliferation and associated inflammation,
partially observed in vivo and in vitro here. This aligns with findings
that chondrocytes from end-stage OA synovial fluid exhibit abnormal
proliferation and hypertrophy (Housmans et al., 2022). Furthermore,
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Fig. 14. (continued).

fluid shear stress on chondrocytes directly triggers OA pathology,
including pro-inflammatory cytokine/MMP release and apoptosis
(Wang et al, 2013). High fluid shear stress dysregulates
cyclooxygenase-2, increasing prostaglandin E2 in early OA. This helps
explain how ARR’s anti-inflammatory effects suppress progressive joint
destruction in OA, beyond pain relief. Based on prior findings and this
study’s predictive analyses, ARR was postulated as an efficacious
candidate for inhibiting OA progression. These in silico predictions,
covering ARR activity against multiple targets and key pathways, were
validated in vivo and in vitro.

Our in vitro investigations demonstrated ARR mitigates osteoar-
thritic joint inflammation via multifaceted actions, showing dose-
dependent modulation of MMP-1, MMP-3, MMP-8, MMP-13, IL-1, IL-
6, MAPKS8, and CDK2. These findings align with reports of ARR’s anti-
inflammatory effects in RA models through NF-kB/MAPK inhibition
and suppression of TNF-q, IL-1f, and IL-6(Zhang et al., 2014). This broad
inflammation inhibition likely underlies the superior analgesic and
functional improvements observed in vivo. Persistent OA inflammation
sensitizes peripheral/central nerves, causing mechanical allodynia and
hyperalgesia (Bjurstrom et al., 2022; van Helvoort et al., 2021). ARR’s
potent anti-inflammatory effects target this chronic inflammatory pain
mechanism, distinct from acute pain, linking it directly to pain man-
agement and functional gains in OA. Furthermore, ARR notably
inhibited MMPs (—1, —3, —8, —13) strongly associated with progressive
OA cartilage destruction (Grillet et al., 2023). These MMPs significantly
contribute to destructive joint pathology; MMP-3 activates other MMPs,
while cytokines like IL-1 stimulate MMP-1 and -13 to degrade cartilage
collagen. Therefore, MMPs are key therapeutic targets for inhibiting
cartilage destruction. Considering the substantial chondroprotective
effects observed in vivo (MIA model), ARR emerged as a potential
DMOAD candidate due to its broad activity inhibiting pain, functional
decline, and progressive joint destruction, warranting further mecha-
nistic investigation.

Overall, The experimental markers identified in this study-
—including IL-1p, TNF-a, MMPs, CCND1, CDK2, IKBKB, HIF1A,
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BDKRB1, SIRT1, MAPKS8, and NLRP3—primarily function as down-
stream effectors of the NF-kB/MAPK signaling axis, which orchestrates
inflammatory and catabolic processes OA(Jang et al., 2014; P. Wang
et al., 2023; Yao et al., 2023). NF-kB activation, driven by cytokines or
mechanical stress, transcriptionally upregulates MMPs and cytokines,
perpetuating cartilage degradation and synovitis(Gordon et al., 2009;
Haseeb et al., 2013; Yao et al., 2023). The suppression of IKBKB and
MAPK8 by ARR aligns with their roles in NF-«kB/MAPK-mediated
MMP-13 induction and chondrocyte apoptosis, while SIRT1 and HIF1A
modulation reflects cross-talk between metabolic and inflammatory
pathways(Kauppinen et al., 2013; Sabio and Davis, 2014; Zhu et al.,
2025). These findings correlate with network pharmacology predictions
of ARR targeting "cancer" and "fluid shear stress" pathways, which share
molecular nodes such as PI3K-Akt and ERBB2, regulating synovial hy-
perplasia and mechanotransduction-driven inflammation(Yao et al.,
2023). For instance, the predicted "cancer" pathway’s emphasis on
proliferation aligns with ARR’s inhibition of CCND1/CDK2-mediated
chondrocyte cycle dysregulation, while "fluid shear stress" mirrors
ARR’s suppression of MMPs and cytokines induced by mechanical
strain. Thus, the network predictions provided a systems-level frame-
work that experimental validation contextualized into OA-specific
NF-kB/MAPK-centric mechanisms, demonstrating functional synergy
between computational and empirical findings.The anti-inflammatory
activity of ARR against numerous targets and its modulation of OA
pathological pathways, as elucidated in the preceding discussion, are
summarized in Fig. 17.

The MD simulation analysis demonstrates that Errb2 maintains
structural stability upon ligand binding, with local conformational
changes facilitating ligand accommodation. The flexible regions iden-
tified in the RMSF analysis may play a role in ligand-induced adjust-
ments, while the increasing number of hydrogen bonds suggests
progressive stabilization of the ligand-receptor interaction. These in-
sights provide valuable information for further optimizing ligand design
and improving binding affinity. The MD simulation reveals that SIRT1

undergoes moderate conformational adaptations upon binding
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indicating stable global conformation. Hydrogen bond analysis highlighting key protein-ligand interactions throughout the simulation.

Naringenin, with loop regions and the C-terminal domain exhibiting
significant flexibility. The system maintains overall stability, and ligand
binding is reinforced by hydrogen bonds and hydrophobic interactions.
These findings provide valuable insights for further optimizing ligand
interactions and enhancing binding affinity for therapeutic targeting of
SIRT1.

The results of this study represent the first attempt to determine
whether further investigation of ARR as a candidate for DMOAD is
warranted. Therefore, this study was exploratory in nature, and the re-
sults should not be extrapolated without considering several limitations.
First, the data-driven predictions in this study, including network
pharmacology and molecular docking, should be viewed as precise hy-
potheses rather than definitive conclusions. Different predictions can be
obtained under different analytical conditions. To address this inherent
limitation, we undertook a comprehensive experimental approach
encompassing both in vivo and in vitro methodologies. However, we
acknowledge that a comprehensive elucidation of the anti-OA mecha-
nisms of ARR and the specific roles of its numerous important compo-
nents requires several follow-up studies, which are currently being
planned. Second, although this study confirmed the inhibition of OA
cartilage destruction by ARR, it did not assess its effect on overall joint
destruction. A crucial criterion for a DMOAD candidate the ability to
inhibit the broad inflammatory pathology of OA and specifically halt or
delay progressive joint destruction. Given the broad anti-inflammatory
activity of ARR identified in this study, along with its potent inhibi-
tory effects on MMPs, we intend to conduct follow-up studies to ascer-
tain whether ARR can inhibit progressive cartilage destruction and
osteoporotic changes over an extended period. Third, because this study
was designed as a preliminary screen, the experiments did not
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specifically validate the predicted anti-inflammatory mechanisms of
ARR, including signaling pathways or dose-response relationships.
Future studies should include a more specific validation plan to deter-
mine the optimal dose and the key pathways of action. Fourth, although
the main active components of the ARRs predicted in this study are
believed to have contributed significantly to the anti-OA effect, their
respective contents could not be confirmed by HPLC because of the
challenges in obtaining standards. Future studies may enhance our un-
derstanding of the mechanism by verifying the contents of these main
active components in specific ARRs and determining the ratio of their
contribution to the effect compared with the crude extract. Further an-
alyses designed to systematically address the above limitations will be
conducted to further clarify the potential of ARRs with promising anti-
OA activities as DMOAD candidates. Finally, although molecular dy-
namics simulations were conducted to evaluate the predicted
ligand-target interactions, direct biophysical binding assays such as SPR
or MST were not performed. In future studies, we plan to prioritize these
experiments to quantitatively assess the binding affinity and specificity
of ARR-derived compounds toward their predicted targets.

5. Conclusion

In summary, this study provides experimental evidence that ARR
extract alleviates key pathological features in preclinical models of
osteoarthritis. In vivo, ARR administration demonstrated significant
analgesic effects, improved functional weight-bearing in OA rats,
reduced macroscopic cartilage degradation, and decreased serum IL-1p
levels. These beneficial effects were supported by in vitro findings and
molecular analyses in OA cartilage, where ARR suppressed the
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expression of multiple pro-inflammatory cytokines (including IL-1p, IL-
6, TNF-a) and matrix metalloproteinases (MMP-1, -3, -13), crucial me-
diators of inflammation and cartilage destruction in OA. These observed
effects are underpinned by the multi-component, multi-target nature of
ARR, as initially suggested by our network pharmacology analysis which
identified key potential compounds (cryptopine, Naringenin, etc.) and
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hub targets (AR, ESRs, PIK3CA, SIRT1, MMP14 etc.) implicated in
inflammation and OA progression. The experimentally observed sup-
pression of MMPs and inflammatory cytokines aligns well with these
predictions. Furthermore, molecular docking and subsequent molecular
dynamics simulations provided structural validation, revealing favor-
able binding energies and stable interactions for representative
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compound-target pairs, such as Naringenin with SIRT1 and MMP14, and
Compound 85699751 with Erbb2, suggesting plausible molecular
mechanisms for the observed activities. Therefore, the integration of
computational predictions with robust in vivo and in vitro experimental
validation confirms ARR’s significant anti-inflammatory and analgesic
properties relevant to OA, providing a strong basis for further mecha-
nistic studies.
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