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Abstract

Objective: This study integrated network pharmacology and molecular docking to iden-
tify the active constituents, core targets, and potential mechanisms of Dunhuang Mofeng
ointment in treating rheumatoid arthritis (RA). The therapeutic efficacy was validated
using a collagen-induced arthritis (CIA) rat model. Methods: Bioactive compounds and
target molecules of Dunhuang Mofeng ointment were identified using R language-based
network pharmacological analysis. These were integrated with RA-related differential
genes from the GEO database to construct regulatory and protein-protein interaction
networks. Gene ontology and Kyoto Encyclopedia of Genes and Genomes enrichment
analyses were performed to elucidate intervention mechanisms. Molecular docking
simulations validated the conformational stability of core targets. A seven-week CIA
rat model was established to assess therapeutic effects, including general health, joint
swelling, limb deformities, serum inflammatory markers, and mRNA expression of
key targets in joint tissues, thereby validating the network pharmacology predictions.
Results: The core active ingredients were quercetin, apigenin, luteolin, aloe-emodin,
and emodin. Primary therapeutic targets included STAT1, CDK4, CCNDI1, MCLI, FOS,
CDKNI1A, and MYC, with anti-inflammatory effects mediated through pathways such as
JAK-STAT, PI3K-Akt, and Toll-like receptor pathways. After 7 weeks of treatment, CIA
rats showed significant improvements, including reduced joint swelling and deformity,
decreased pro-inflammatory cytokines, and increased anti-inflammatory cytokine IL-10.
mRNA expression of STAT1, CDK4, CCNDI, MCLI1, FOS, and MYC in joint tissues
was significantly downregulated (P<0.05), while CDKNIA expression was upregulated
(P<0.001). The medium-dose and Western medicine groups exhibited pronounced thera-
peutic effects. Conclusion: Dunhuang Mofeng ointment may exert therapeutic effects in
RA by modulating pro-inflammatory cytokines and regulating key genes. These findings
support its potential as an effective intervention for RA.

Keywords: Dunhuang Mofeng ointment, Rheumatoid arthritis, Network pharmacology,
Molecular docking, Experimental verification

1 INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disorder
marked by chronic synovitis and progressive joint destruction.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
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While primarily characterized by destructive inflammatory
synovitis, RA frequently manifests with systemic complica-
tions, including skeletal involvement, cardiovascular dysfunc-
tion, metabolic disturbances, and cognitive impairments [1, 2].
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Epidemiological data estimate the global annual incidence of
RA at approximately 3 cases per 10,000 individuals, with a
prevalence approaching 1% [3]. Although the precise etiology
of RA remains elusive, existing research highlights the pivotal
roles of genetic predisposition and environmental factors in
disease onset and progression [4]. Current therapeutic strate-
gies aim to mitigate inflammatory responses, alleviate clini-
cal symptoms, and decelerate disease progression. Disease-
modifying anti-rheumatic drugs (DMARDSs) represent the
cornerstone of RA management, effectively suppressing the
inflammatory cascade and preventing further joint structural
damage; however, their efficacy and safety profiles warrant fur-
ther refinement [5].

DMARDs, primarily biologics based on monoclonal antibodies
or receptor constructs, target cytokines, cytokine receptors, or
cell surface antigens to exert their therapeutic effects. These
agents function by inhibiting ligand-receptor interactions,
depleting specific cell populations, or disrupting cell-cell com-
munication. However, as protein-based therapeutics requiring
intravenous or subcutaneous administration, these DMARDs
are inherently limited to extracellular or cell-surface mecha-
nisms, precluding direct modulation of intracellular signaling
pathways. This represents a critical constraint in address-
ing certain intracellular pathological mechanisms [6]. While
DMARDs have demonstrated remarkable efficacy in suppress-
ing autoimmune responses and slowing disease progression,
their immunosuppressive properties heighten the risk of infec-
tions, particularly respiratory and opportunistic infections,
especially in immunocompromised patients. Concurrently, the
use of oral non-steroidal anti-inflammatory drugs is often
restricted by significant dose-dependent adverse effects, in-
cluding cardiovascular, renal, and hematological toxicities. As
a highly heterogeneous condition, RA continues to present
significant unmet therapeutic needs, including suboptimal
responses to existing treatments, failure to achieve immune
homeostasis or complete remission, and the inability to repair
damaged tissues. Addressing these challenges requires a more
comprehensive understanding of the disease’s pathogenesis to
overcome its complexity and heterogeneity. Interestingly, treat-
ment preferences among Chinese RA patients reveal a diversi-
fied approach. A study involving 18 patients found that 7 uti-
lized DMARDs, 6 transitioned to traditional Chinese medicine
(TCM) after discontinuing conventional treatments, and 5
combined DMARDs with TCM therapies [7]. These findings
suggest that TCM may offer unique benefits in RA manage-
ment, not only by alleviating symptoms but also by providing a
potential alternative or complementary therapeutic strategy.

The formulation of Dunhuang Mofeng ointment originates
from the Dunhuang manuscript The Second Kind of the Dead
Ming’s Pulse Classics. The original recipe, known as the
Mofeng Ointment Formula, is preserved in the National Library
of France under the catalog number P-3287. The extant frag-
ments of the Pulse Classics contain 13 ancient prescriptions, of
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which 7 are described in detail, with Mofeng Ointment being
one of the more thoroughly documented. This historical reci-
pe is not only comprehensive in its composition but also
includes meticulous instructions for its preparation and appli-
cation. The Mofeng Ointment formula consists of seven medic-
inal herbs, including Aconitum carmichaelii, Salvia miltior-
rhiza, Zanthoxylum bungeanum, Ligusticum chuanxiong,
Rheum palmatum, Croton tiglium, and Angelica sinensis, pro-
viding a rich clinical background for its use. As a topical for-
mulation, Mofeng Ointment exerts its therapeutic effects local-
ly by permeating the skin to target the affected area, thereby
minimizing systemic absorption and reducing the risk of sys-
temic side effects, particularly those associated with immuno-
suppression, such as infection. In a similar vein, Voltaren oint-
ment (diclofenac diethylamine cream), also applied topically, is
associated with a low incidence of systemic reactions. As a
potent inhibitor of prostaglandin synthesis, Voltaren is known
for its significant anti-inflammatory and analgesic effects.
When applied locally, its active ingredients penetrate the skin
to reach the site of inflammation, alleviating both acute and
chronic inflammatory responses, particularly those induced by
trauma or rheumatism, and providing marked reductions in
swelling and pain [8-10]. Given its extensive clinical use,
Voltaren ointment was chosen as the treatment control group
for the comparative analysis in this study.

In this study, leveraging computer-aided drug design technol-
ogy and considering the multi-component, multi-target, and
multi-pathway characteristics of Dunhuang Mofeng ointment,
we systematically explored its potential active ingredients,
molecular targets, and associated signaling pathways. The aim
was to elucidate the underlying mechanisms through which the
ointment intervenes in the pathogenesis of RA. Concurrently,
the therapeutic efficacy of Dunhuang Mofeng ointment in RA
was validated through animal experiments, with Voltaren oint-
ment serving as the control treatment group for comparative
analysis. This study provides a comprehensive investigation of
the intervention mechanisms of Dunhuang Mofeng ointment
on RA from multiple dimensions, thereby offering a theoretical
foundation for its clinical application. Additionally, it presents
novel insights and perspectives for advancing the research and
development of TCM as an external therapeutic modality. The
technical framework of the study is illustrated in Figure 1.

2 MATERIALS AND METHODS
2.1 Experimental animal

In this study, 60 specific pathogen-free (SPF)-grade Sprague-
Dawley rats (190+10 g, evenly distributed by sex) were pro-
cured from SPF (Beijing) Biotechnology Co., Ltd. (License
No. SCXK (Beijing) 2019-0010). Ethical approval was granted
by Gansu University of Chinese Medicine (SY2023-966). The
animals were housed in the SPF-certified animal facility at
the Research and Experiment Center of Gansu University of
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The mechanism of action and experimental verification of Dunhuang Mofeng ointment in the
treatment of rheumatoid arthritis: an integrated study of network pharmacology and molecular
docking

Network pharmacology and molecular docking to
explore the mechanism of Dunhuang Mofeng ointment
in RA intervention

Animal experiments to verify the effectand mechanism
of Dunhuang Mofeng ocintment on RA
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Figure 1. The technical framework of this study. PPI, protein-protein interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; ELISA, Enzyme-Linked Immunosorbent Assay; RT-qPCR, Real-Time Quantitative Polymerase Chain Reaction.

Chinese Medicine under strictly controlled environmental
conditions. Temperature was maintained at 23-24 °C, relative
humidity at 45-65%, and a 12-hour light/dark cycle was imple-
mented. Throughout the experiment, the rats had ad libitum
access to food and water. Following a one-week acclimatiza-
tion period, the experimental protocol was formally initiated.

2.2 Experimental drugs and reagents

The Dunhuang Mofeng ointment (DHMF2023) used in this
study was independently developed by Gansu University of
Traditional Chinese Medicine and prepared at concentrations
of 5%, 10%, and 17%. These concentrations were selected
based on preliminary experimental observations and the com-
monly used concentration ranges reported in previous studies
of topical TCM preparations. Three dose gradients (low, medi-
um, and high) were established to evaluate the potential dose—
response relationship of the ointment in the rat model. The con-
trol drug, diclofenac diethylamine emulsion (Voltaren), was
supplied by GSK Consumer Healthcare SARL (Batch No.
EC8P). Key experimental materials included bovine type 11
collagen (Chondrex, USA; Catalog No. 220241) and complete
Freund’s adjuvant (CFA) (Sigma, USA; Lot No. SLBR1681V).
Enzyme-linked immunosorbent assay (ELISA) kits were pro-
vided by Jiangsu Maisha Industrial Co., Ltd., and included the
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following: Rat TNF-a ELISA Kit (Catalog No. MS-0180R1),
Rat IL-10 ELISA Kit (Catalog No. MS-0195R1), Rat IL-1B
ELISA Kit (Catalog No. MS-0047R1), and Rat IL-6 ELISA Kit
(Catalog No. MS-0190R1). The Bone RNA Extraction Kit was
procured from Beijing Biolaibo Technology Co., Ltd. (Catalog
No. WM161005). Reverse transcription was performed using
the Sunview® III Reverse Transcriptase Kit (with dsDNase,
Catalog No. 1334606081), and Quantitative Polymerase Chain
Reaction (qPCR) was carried out using the Sunview® SYBR
gPCR SuperMix (Universal, Catalog No. 1174624162), both
supplied by Shenzhen Shangwei Biotechnology Co., Ltd.
Chloral hydrate for experimental use was obtained from
Qingdao Yulong Seaweed Co., Ltd. (Batch No. 20120801).

2.3 Establishment of a collagen-induced arthritis (CIA) rat
model

A total of 60 Sprague-Dawley rats (30 male and 30 female)
were randomly assigned into six groups (n=10 per group, 5
males and 5 females per group) using a random number table
method: the control group, model group, low-dose Dunhuang
Mofeng ointment group, medium-dose group, high-dose group,
and Voltaren group. The CIA model was established in the rats
using bovine type II collagen combined with CFA or incom-
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plete Freund’s adjuvant. For model construction, bovine type I1
collagen (20 mg) was dissolved in 10 mL of 0.01 mol/L glacial
acetic acid, prepared one day prior to the experiment, and
stored overnight at 4 °C. On the day of initial immunization,
the collagen solution was mixed at a 1:1 ratio with 10 mL of
CFA and emulsified thoroughly using an oscillator until a uni-
form milky state was achieved. For the initial immunization,
following intraperitoneal anesthesia with 6% chloral hydrate (6
mL/kg), rats received subcutaneous injections of 0.1 mL of the
prepared emulsion at four sites: the dorsal region, 2 cm from
the tail base, the lateral side of the right posterior ankle joint,
and the right posterior foot. The total injected volume per rat
was 0.4 mL. Rats in the control group received equivalent vol-
umes of normal saline administered in the same manner. For
the booster immunization, seven days after the initial immuni-
zation, a booster emulsion was prepared by mixing bovine type
II collagen solution at a 1:1 ratio with incomplete Freund’s adju-
vant and emulsifying thoroughly. Under anesthesia, rats were
injected subcutaneously with 0.1 mL of the emulsion at four
sites: the dorsal region, 2 cm from the tail base, the lateral side
of the left posterior ankle joint, and the left posterior foot. The
total injected volume per rat was 0.4 mL. Model evaluation was
performed on the seventh day following the booster immuniza-
tion. Rats from the blank and model groups were randomly
selected for X-ray imaging to assess the success rate of CIA
model establishment.

2.4 Administration method and sample collection

Following successful model establishment, drug treatment was
initiated, with dosages determined based on the principle of
human-to-rat dose conversion as outlined in the Methodology
of TCM Pharmacology Research. The experimental groups
received the following interventions: the blank and model
groups received no treatment; the Voltaren group received
external application of Voltaren ointment; the low-dose, medi-
um-dose, and high-dose groups were administered 5%, 10%,
and 17% Dunhuang Mofeng ointment, respectively. In accor-
dance with experimental protocols, the corresponding oint-
ment was evenly applied to the ankle joints of the rats in each
group. To prevent licking, medical tape was used to secure the
ankle joints. The ointment was applied twice daily, between
08:00-09:00 and 20:00-21:00, for a duration of 7 weeks.
Following the final dosing, rats were fasted for 24 hours, and
samples were collected the subsequent day. Blood was drawn
from the abdominal aorta, centrifuged at 3000 rpm for 15
minutes, and the serum was stored at ultra-low temperatures
(-80 °C) for subsequent ELISA analysis. After euthanasia by
decapitation, the right ankle tissues were rapidly frozen and
stored at -80 °C for future qPCR analysis. All experimental
measurements, including joint swelling, paw volume, and
imaging assessments, were performed by investigators who
were blinded to the group allocation.
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2.5 Body weight measurement

The rat containment box was placed on an electronic balance
and tared to zero. Subsequently, the body weight of each rat in
all groups was measured sequentially prior to treatment and
on days 7, 14, 21, 28, 35, 42, and 49 following the initiation of
drug administration.

2.6 Measurement of right ankle joint diameter

Ankle joint swelling was assessed using a vernier caliper at
predefined intervals: prior to treatment and on days 7, 14, 21,
28, 35, 42, and 49 following the initiation of drug administra-
tion. Measurements were systematically recorded, with the
evaluation points defined as the upper edges of the medial and
lateral malleoli.

2.7 Measurement of paw volume

Plantar volume was assessed using a plantar volume measure-
ment instrument at baseline and on days 7, 14, 21, 28, 35, 42,
and 49 following drug administration. Methodology: The right
ankle joint of each rat was marked with a waterproof marker
for consistency. The plantar volume measurement instrument
was calibrated prior to use, and the right hind paw of each rat
was immersed in a pre-prepared liquid within the measurement
container. For each rat, measurements were performed twice,
and the average value was recorded for analysis.

2.8 Computed radiography imaging

The right femoral shaft was excised, and computed radiogra-
phy was performed using a current of 3.2 mA/s, a voltage of 40
kV, and a source-to-detector distance of 90 cm. Radiographic
imaging was employed to evaluate callus continuity and frac-
ture healing.

2.9 ELISA detection

Following drug intervention, the serum levels of TNF-a, IL-1[,
IL-6, and IL-10 were quantified by ELISA. Serum samples
from the treated rats in each group were centrifuged at 3000
rpm for 10 minutes, and the supernatant was carefully collect-
ed. Assays were conducted according to the ELISA kit instruc-
tions. The optical density at 450 nm was measured, and a stan-
dard curve was generated to calculate the concentrations of the
relevant cytokines.

2.10 RT-qPCR detection
Total RNA was extracted from rat bone tissue using TRIzol
reagent, and samples were stored at -80 °C for subsequent anal-

ysis. RT-qPCR was performed using the One Step TB Green
PrimeScript RT-PCR Kit to detect the amplified products in
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tions were applied: Status: Reviewed; Or-

ganism: Human. A script was run through Perl

Gene GenBank number Primer sequence Product/bp ) .

STATI  NM_0073154  F: TGTCTGAAGTCCACCCTTCTA 104 to transform the drug target identifiers (IDs)
R: GTCAAATTCAGAGCCCACTATCT anc’i’ oﬁtaln a file named ﬁllTargets.symbol.

CCNDI  NM 0530563  F: CAACAACTTCCTCTCCTGCTAC 104 txt?, thereby constructing the target database
R: GAAGGGCTTCAATCTGTTCCT for the active ingredients of the drug.

CDK4 NM_000075.4 F: CTTTGGCCTAGCCAGAATCTAC 133 2.12 Identification of overlapping senes
R: ACAGCCAACACTCCACATATC : pping g

GAPDH NM 0020467  F:ACAGCAACAGGGTGGTGGAC 252 between RA-related targets and Dunhuang

- R: TTTGAGGGTGCAGCGAACTT Mofeng ointment targets
MYC NM_002467.6 i :. %{gggi%%égii%{g&ggﬁc 185 Gene expression data associated with RA were
: retrieved from the GEO database, including

CDKNIA NM 000389.5 F: CCCGAGAACGGTGGAACTTT 231 datasets GSE56649. GSE15573. GSE93272
AL G A L and GSE97779. Following normalization of

MCL1 NM_021960.5 F: TTCTCGAGTGATGACCCATGT 201 the genetic data, differential genes were fil-
R: TCCCAGCCTCTTTGTTTCACA tered based on |logFC|>1 and an adjusted

FOS NM 0052524  F: GAGGGAGCTGACAGATACGC 192 p-value (adj. PVal)<0.05. R software was

R: TCCAGGGAGGTCACAGACAT

employed to process the differential genes and

real-time. The 20 pL reaction mixture comprised 2 pL. of RNA
sample, 10 puL of 2x One Step TB Green RT-PCR Buffer, and
0.8 uL of each 10 pmol forward and reverse primers. The reac-
tion conditions included reverse transcription at 42 °C for 5
minutes, followed by denaturation at 95 °C for 10 seconds,
and PCR amplification at 95 °C for 5 seconds, 60 °C for 34
seconds, for a total of 40 cycles. PCR products were analyzed
using SDS v1.4 software. Gene-specific primers were synthe-
sized by Lanzhou Kebao Co., Ltd. (China). Relative quantifica-
tion was performed using the 2*"—AACt method with GAPDH
as the internal control. Data are presented as mean + standard
deviation (x£s). One-way analysis of variance was conducted
using GraphPad Prism 7.0 software. The sequences of the
upstream and downstream primers are listed in Table 1.

2.11 Extraction of active ingredients from TCM and re-
lated targets

In the TCMSP database, the keywords “Rhubarb”, “Angelica”,
“Chuanxiong”, “Croton”, “Salvia miltiorrhiza”, “Aconitum”,
and “Zanthoxylum” were used for querying. Screening criteria
for active ingredient attributes were established based on the
transdermal absorption characteristics of topical medications
and the five drug classification principles, as follows: molecular
weight (MW)<500, the adipose-water partition coefficient
(AlogP) between 1 and 3, and drug-likeness (DL)>0.18. Active
ingredients that met these criteria were selected from the
TCMSP database. A file named “ingredients.txt” was created,
and “Related Targets” was used to extract the target informa-
tion for the TCM components. This information was stored in
the “targets.txt” file. Using Perl, a script was executed to
retrieve the active ingredients of the compound and their cor-
responding target data, generating a file named “allTargets.txt”.
The UniProtKB database, with a focus on Reviewed entries,
was used to retrieve gene annotation files. The following condi-
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identify the relevant targets of the active ingre-
dients in Dunhuang Mofeng ointment. The intersection of these
genes was then determined, enabling the preliminary identifi-
cation of potential active ingredients and target proteins for
the intervention of RA with Dunhuang Mofeng ointment.

2.13 Construction of the regulatory network diagram for
Dunhuang Mofeng ointment

The active ingredients, targets, and RA-related differential
genes of Dunhuang Mofeng ointment were systematically
screened. Files, including “text file”, “net.type.text”, “net.
geneLists.text”, and “net.molLists.text”, pertinent to the net-
work regulation of TCM compounds, were generated by exe-
cuting the Perl script. These files were subsequently imported
into Cytoscape 3.8.0 software to construct the regulatory net-
work diagram illustrating the “drug—active ingredient—target”
interactions.

2.14 Construction of the protein-protein interaction (PPI)
network and core target network diagram

The “disease-drug” common targets were imported into the
STRING database, with the following settings: species set to
Homo sapiens and a medium confidence threshold of 0.400. All
other parameters remained at their default values, with free
genes excluded. The preliminary PPI network was generated
and exported as a TSV file for subsequent analysis in Cytoscape
3.8.0. Network topology analysis and visualization were con-
ducted using the CytoNCA plugin, with the identification of the
PPI network core based on metrics such as betweenness cen-
trality, closeness centrality, degree centrality, eigenvector cen-
trality, local average connectivity, and network centrality. The
relevant core target proteins were filtered based on scores
greater than the median by executing an R script on the result-
ing data.
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2.15 Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis

The R script was executed to convert the symbols of the
intersection genes between TCMtargets and RA into gene
IDs. The following script parameters were applied: P-value fil-
tering condition: pvalueFilter <0.05; corrected P-value filtering
condition: gqvalueFilter <0.05. GO functional enrichment and
KEGG pathway enrichment analyses were performed. The
GO analysis focused on the top 10 biological processes, cel-
lular components, and molecular functions. KEGG pathway
enrichment analysis highlighted the top 30 signaling path-
ways. Visualization was generated using histograms and bub-
ble plots.

2.16 Molecular docking to validate the potential targets
and active ingredients of Dunhuang Mofeng ointment in
intervening RA

The two-dimensional structures of the small molecule
ligands—Iuteolin, apigenin, quercetin, aloe-emodin, and emo-
din—representing the top five active ingredients identified in
the previous analysis, were downloaded in SDF format from
the PubChem database. Using Chem3D software, these struc-
tures were optimized and converted into three-dimensional
models, which were subsequently saved in MOL2 format.
Protein IDs corresponding to the core targets CCNDI, MYC,
CDKNI1A, FOS, MCLI1, STATI, and CDK4 were retrieved
from UniProt, and their three-dimensional structures were
obtained from the Protein Data Bank (PDB). The receptor pro-
teins were processed to remove water molecules, and small
molecule ligands were prepared using PyMOL software. The
protein receptor files were saved in PDB format. Hydrogens
were added to the protein receptor files using AutoDockTools,
and both the protein receptor (PDB format) and the small mol-
ecule ligands (MOL2 format) were converted into PDBQT for-
mat. To define the active pocket, a Grid Box was generated in
AutoDockTools, with the center coordinates of the grid pro-
gram being adjusted based on the receptor’s binding site. Since
the exact binding site was unknown, the size of the active pock-
et was optimized to allow maximum movement of the receptor
and ligand during initial docking. The lattice spacing was set
to 1 A, and the dimensions (X, Y, Z) of the grid were deter-
mined. The center of the grid was placed at the presumed cen-
tral region of the binding site, and all relevant parameters were
saved in a grid.gpf file. Molecular docking was performed
using AutoDock Vina software, with binding energy serving as
the key parameter for evaluating ligand-receptor interactions.
A binding energy threshold of <-5.0 kcal/mol was considered
indicative of favorable binding. The docking results were visu-
alized in both 2D and 3D using PyMOL and Discovery Studio
software.
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3 RESULTS

3.1 Effect of Dunhuang Mofeng ointment on ankle joint
swelling in rats from different experimental groups

Compared to the control group, both the model and drug treat-
ment groups exhibited bilateral ankle swelling, reduced mobil-
ity, and hair discoloration during both the primary and booster
immunizations. On day 7 following the booster immunization,
two rats from the control group and two from the model group
were randomly selected for X-ray imaging (Figure 2A-D). The
results revealed pronounced soft tissue edema in the bilateral
ankle joints of the model group, with a marked narrowing of
the ankle joint space, blurred joint boundaries, and evident
bone destruction. Additionally, the appearance of the rats’ feet
was photographed prior to treatment and at subsequent time
points (days 7, 14, 21, 28, 35, 42, and 49 post-treatment) for all
experimental groups (Figure 2E-J). Compared to the control
group, swelling and erythema of the ankle joint extending to
the toe joint were observed in the other groups at various time
points. In the model group, redness and swelling in the foot and
ankle joints progressively worsened from days 7 to 35 post-
administration, accompanied by joint deformity, stiffness, and
restricted movement. In contrast, the Dunhuang Mofeng oint-
ment (low, medium, and high-dose) groups and the Voltaren
group showed a reduction in ankle and foot swelling and a
noticeable decrease in erythema after 21 days of treatment. As
the treatment period continued, swelling in the ankles and toes
of rats in the drug groups gradually diminished. By day 49,
joint redness and swelling were nearly completely resolved,
with a significant improvement in joint mobility. These find-
ings suggest that both Dunhuang Mofeng ointment and Voltaren
have potential efficacy in alleviating symptoms of RA in this
model.

3.2 Effect of Dunhuang Mofeng ointment on the body
weight of rats in different experimental groups

Observation and analysis of body weight changes in rats across
different experimental groups (Figure 3A; Table 2) revealed a
normal growth trajectory in both the model and drug-treated
groups prior to administration, with no significant differences
compared to the control group. Throughout the entire experi-
mental period (from pre-administration to day 49), the body
weight of rats in all groups exhibited a consistent upward trend
without any abnormal fluctuations. These findings indicate that
the administration of Dunhuang Mofeng ointment did not exert
any discernible effects on the body weight of the rats, demon-
strating its favorable safety profile.

3.3 Effect of Dunhuang Mofeng ointment on the right an-
kle joint of rats in different experimental groups

The changes in the diameter of the right ankle joint across the
experimental groups are presented in Figure 3B and Table 3.
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Figure 2. Radiographic changes and ankle joint swelling in rats across experimental groups. (A-D) Radiographic manifestations of rat ankle
joints: A and C: control group, B and D: model group; (E-J) Swelling of the ankle joints in rats at different time points in each group: E: control

group, F: high-dose drug intervention group, G: model group, H: Western medicine group (Voltaren), I: low-dose drug intervention group, J:
medium-dose drug intervention group.
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Figure 3. Effects of Dunhuang Mofeng ointment on body weight, ankle joint swelling, plantar volume, and serum inflammatory factors in
rats. (A) Influence of Dunhuang Mofeng ointment on body weight of rats in different experimental groups; (B) Changes in the right ankle joint of
rats; (C) Changes in plantar volume of rats; (D) Serum inflammatory factor content of rats in each group. Table: "P<0.05, ""P<0.01 compared with
blank group; “P<0.05, “P<0.01 compared with model group. Bar chart: "P<0.05, *"P<0.01, "“"P<0.001, ***P<0.0001.

Table 2. Body weight changes in rats across experimental groups (mean + SD, n=10 per group)

Time (days) Control

Model

Low-dose

Medium-dose

High-dose

Western medicine

Pre
7
14
21
28
35
42
49

245.10+£50.24
234.40+63.13
270.50+78.39
273.50+96.64
284.20+98.77
299.10+101.85
299.00+98.86
304.00+120.11

287.60+54.25™
302.31+67.44™
320.80+84.52™
335.76+96.08"
345.30+96.54™
357.36+100.13"
373.04+108.13"
378.48+113.98™

283.98+50.69"

294.27+59.10™#
296.01+£56.54™#
308.40+£58.427#
315.89+56.89™#
326.93+65.65"#
339.27466.62"#
353.79+81.15™#

288.39+50.69"
302.71+£64.91"
313.02+69.26"""#
336.26:£84.49"#
341.43481.27"#
351.9+£86.27"#
358.69+82.85™#
379.91+97.45™

284.37+£56.80"
301.954+70.92™
326.83+£90.72""#
347.74+102.88""#
351.54+91.14™#
358.38+92.34""#
371.54+96.93"#
382.79+115.43"#

284.52+56.76"
300.79+72.21""#
314.42+80.68™#
331.86+87.58"#
335.97492.07"#
348.73+86.62"
355.18+82.69™#
355.59+102.52""#

Note: SD, standard deviation; "P<0.01, """P<0.0001 compared with control group; “P<0.01 compared with model group.

Prior to treatment, the diameter of the right ankle joint in the
model and all drug-treated groups was significantly increased
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compared to the control group (P<0.01), indicating the success-
ful establishment of the model. In the model group, foot swell-
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Table 3. Changes in right ankle joint diameter in each experimental group (mm, mean + SD, n=10 per group)

Zhang et al.

Time (days) Control Model Low-dose Medium-dose High-dose Western medicine
Pre 4.70+0.53 6.65+0.47" 6.17+0.58" 6.02+0.56™ 5.71£0.59" 5.48+0.82"

7 4.80+0.43 6.73+1.29" 6.96+1.30" 6.59+0.74" 6.61+0.68" 6.10+0.76™

14 4.72+0.48 7.25+0.64™ 6.64+1.40™ 6.12+0.75™ 6.05£1.10™ 5.81£1.04™#

21 4.92+0.61 9.24+0.82™ 7.74£1.00™ 5.2240.38""# 5.42+0.79"# 5.20+0.60""#

28 4.96+0.40 10.45+1.77" 8.41+£1.04™# 5.16+0.63"# 6.77+0.89""# 4.85+0.44"#

35 4.84+0.52 10.61x1.74™ 8.25+1.12""# 5.344+0.51""# 6.95+0.98"# 5.13+0.45#

42 5.21+0.45 10.32+1.50™ 8.2740.78""# 5.3140.54"# 6.87+0.39"# 5.03+0.45™#

49 5.28+0.45 10.55+1.18™ 7.25+1.08""# 5.454+0.59"# 6.30+0.59""# 4.96+0.48""

Note: SD, standard deviation; "P<0.01 compared with control group; #P<0.01 compared with model group.

Table 4. Changes in right paw volume in each experimental group (mL, mean + SD, n=10 per group)

Time (days) Control Model Low-dose Medium-dose High-dose Western medicine
Pre 1.76+0.25 2.54+0.41™ 2.54+0.34™ 2.62+0.44" 2.65+0.30™ 2.65+0.26™

7 1.66+0.30 3.37+0.67" 3.37£1.10™ 2.9840.47"# 3.03+0.46™# 3.01+0.35"#

14 1.70+0.41 3.50+0.41" 3.76+1.13"# 3.08+0.58""# 3.03+0.56™# 2.98+0.49"#

21 1.70+0.50 3.16+0.44™ 3.35+0.95™# 2.97+0.55™# 3.02+0.60"# 2.89:+0.52""#

28 1.59+0.44 2.99+0.29™ 3.21+0.76™# 2.86+0.47"# 3.01+0.71™ 2.76£0.57"#

35 1.71+0.42 3.05+0.51™ 2.78+0.64"# 2.8340.49""# 2.8540.65™# 2.66+0.44"#

42 1.79+0.33 3.04+0.54" 3.16+0.67"# 2.80+0.42""# 2.97+0.727# 2.50+0.43"#

49 1.77+0.36 2.94+0.52™ 3.06£0.73""# 2.85+0.55™# 2.99+0.65™ 2.80=£0.55"#

Note: SD, standard deviation; "P<0.01 compared with control group; “P<0.05, #P<0.01 compared with model group.

ing progressively worsened, with the right ankle diameter re-
maining markedly higher than that of the control group at day
35 post-administration (P<0.01). Although a gradual reduction
in ankle diameter was observed in the model group by day 42,
the difference from the control group remained statistically sig-
nificant (P<0.01). In contrast, the drug-treated groups exhibit-
ed a significant reduction in ankle joint diameter by day 28
(P<0.01), indicating that both Dunhuang Mofeng ointment and
Voltaren effectively alleviated ankle joint swelling and miti-
gated inflammation-related symptoms.

3.4 Effect of Dunhuang Mofeng ointment on paw volume in
rats from different experimental groups

The changes in right plantar volume across the experimental
groups are illustrated in Figure 3C and Table 4. Prior to treat-
ment, the right plantar volume in the model group and all drug-
treated groups was significantly elevated compared to the con-
trol group (P<0.0I), further supporting the successful estab-
lishment of the model. During the treatment period, the right
plantar volume in the model group exhibited a slight reduction
by day 21, but it remained significantly higher than that of the
control group (P<0.0I). In contrast, all drug-treated groups
demonstrated a downward trend in plantar volume by day 14 of
administration; however, significant differences from the con-
trol group persisted (P<0.07). These findings suggest that both
Dunhuang Mofeng ointment and Voltaren contributed to the
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alleviation of foot swelling, although complete resolution to
normal levels was not achieved.

3.5 Effect of Dunhuang Mofeng ointment on inflammatory
factors in rats from different experimental groups

ELISA analysis of serum biomarkers in rats across the experi-
mental groups (Figure 3D) revealed that, compared to the con-
trol group, serum levels of TNF-a, IL-1B, and IL-6 were mark-
edly elevated in the model group (P<0.001), while 1L-10 levels
were significantly reduced (P<0.001), confirming the success-
ful induction of a robust inflammatory response. In contrast,
treatment with both Dunhuang Mofeng ointment and Voltaren
resulted in significant reductions in the serum levels of TNF-a,
IL-1B, and IL-6 (P<0.05), alongside a notable increase in IL-10
expression (P<0.00]) when compared to the model group.
These results suggest that both treatments effectively modulate
immune responses and mitigate inflammation.

3.6 Active components of TCM and their corresponding
targets

In the TCMSP database, a total of 76 active ingredients were
selected based on the screening criteria of “MW<500, AlogP:
1-3, DL>0.18”. These included 13, 10, 1, 1, 39, 8, and 4 compo-
nents derived from Rheum officinale, Angelica sinensis,
Ligusticum chuanxiong, Croton tiglium, Salvia miltiorrhiza,
Zanthoxylum bungeanum, and Aconitum carmichaelii, respec-
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Table 5. Active ingredients of Dunhuang Mofeng ointment

Zhang et al.

Herb MOL ID Molecule Name MW AlogP DL
Rheum officinale MOLO001729 Crysophanol 25425 2.76 0.21
MOL002235 Eupatin 36034  1.99 0.41
MOL002249 Gallocatechin 30629  1.65 0.27
MOL002258 Physcion-9-O-beta-D-glucopyranoside qt 300.28 2.48 0.30
MOL002268 Rhein 284.23 1.88 0.28
MOLO002281 Toralactone 27227 225 0.24
MOL002286 Laccaic Acid D 300.23  1.61 0.31
MOL002289 Physcione 284.28 2.15 0.27
MOL002302 RHAPONTIN 40642 1.26 0.55
MOL000471 Aloe-emodin 270.25 1.67 0.24
MOLO000472 Emodin 270.25 2.49 0.24
MOLO000476 Physcion 28428 274 0.27
MOL000096 (-)-Catechin 290.29 1.92 0.24
Angelica sinensis MOLO005786 Byakangelicin 33435 1.70 0.35
MOLO005789 Neobyakangelicol 31633  2.72 0.31
MOL005790 5-[[(2S)-3,3-dimethyloxiran-2-ylJmethoxy]-3,7-dihydropyrano[3,2-f]  288.32  1.47 0.31
benzofuran-2-one
MOLO005791 Oxypeucedanin 286.30  2.00 0.30
MOL005792 {5-[2’(R)-Hydroxy-3’-methyl-3’-butenyl-oxy]furocoumarin} 286.30 2.74 0.26
MOLO005793 9-[[(2R)-3,3-dimethyloxiran-2-ylJmethoxy]furo[3,2-g]chromen-7-one  286.30  2.49 0.29
MOL005800 Byakangelicol 31633 247 0.36
MOLO005806 4-[(2S)-2,3-dihydroxy-3-methylbutoxy]furo[3,2-g]chromen-7-one 30432 1.72 0.29
MOL005807 Sen-Byakangelicol 386.43 2.76 0.61
MOLO013430 Prangenin 286.30 249 0.29
Ligusticum chuanxiong ~ MOLO001729 Crysophanol 25425 2.76 0.21
Croton tiglium MOL001626 Phrymarolin-II 45845 230 0.93
Salvia miltiorrhiza MOLO000569 Digallate 32224 1.53 0.26
MOL000006 Luteolin 286.25 2.07 0.25
MOLO006452 1,5-Dihydroxy-3-methylanthraquinone 25425 2.76 0.21
MOL007040 1-ketoisocryptotanshinone 310.37  2.59 0.44
MOLO007053 7-oxoroyleanone 330.46 3.00 0.34
MOLO007063 Przewalskin A 398.49 225 0.65
MOLO007068 Przewaquinone B 29230 2.99 0.41
MOL007070 (6S,7R)-6,7-dihydroxy-1,6-dimethyl-8,9-dihydro-7H-naphtho[8,7-g]  312.34 2.34 0.45
benzofuran-10,11-dione
MOLO007071 Przewaquinone F 31234 2.07 0.46
MOLO007080 Tanshinol A 29230 299 0.41
MOL007081 Danshenol B 35448 2.59 0.56
MOL007082 Danshenol A 336.41 2.01 0.52
MOL007090 Danshexinkum A 296.34  2.59 0.30
MOLO007093 Danshexinkum D 33641 2.83 0.55
MOL007100 Dihydrotanshinlactone 266.31 2.77 0.32
MOL007101 Dihydrotanshinonel 27832 2.86 0.36
MOLO007105 Epidanshenspiroketallactone 284.38 237 0.31
MOLO007116 Methylrosmarinate 37437 294 0.37
MOLO007120 Miltionone IT 31239 2.14 0.44
MOL007121 Miltipolone 30043 2.74 0.37
MOL007128 Paramiltioic Acid 33243 2.68 0.37
https://doi.org/10.61189/372252akozze 139
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(25,35)-2-(3,4-dihydroxyphenyl)-7-hydroxy-4-[(E)-3-hydroxy-

Zhang et al.

41838 233 0.50
31431  2.77 0.31
358.32  2.07 0.41

3-oxoprop-1-enyl]-2,3-dihydrobenzofuran-3-carboxylic acid

(2R)-3-(3,4-dihydroxyphenyl)-2-[(Z)-3-(3,4-dihydroxyphenyl)acry-

(2)-3-[2-[(E)-2-(3,4-dihydroxyphenyl)vinyl]-3,4-dihydroxy-phenyl]

(6S5)-6-hydroxy-1-methyl-6-methylol-8,9-dihydro-7H-naphtho[8,7-g]

360.34 2.69 0.35

35640 1.41 0.63
37836  2.03 0.37
41838 233 0.50
31431 2.82 0.26

340.30  2.20 0.61
27040 2.88 0.23
312.34 242 0.46

312.34 234 0.45
312.34 234 0.45
296.34 2.44 0.30
270.25 233 0.21
33248 2.10 0.32
303.26  1.67 0.28
328.39 2.48 0.37
29230 294 0.34
343.56  2.25 0.67
27134 257 0.21
44959 1.22 0.25
497.69 1.38 0.37
259.28 233 0.20
259.28 233 0.20
300.28 2.32 0.27

MOL007129 Potassium Salvianolate D
MOL007130 Prolithospermic Acid
MOLO007131
MOL007132

loyl]oxy-propionic acid
MOLO007133 Salviacoccin
MOLO007135 Salvianic Acid C
MOLO007138 Salvianolic Acid D
MOL007140

acrylic acid
MOL007141 Salvianolic Acid G
MOL007143 Salvilenone I
MOLO007150

benzofuran-10,11-quinone
MOLO007151 Tanshindiol B
MOLO007152 Przewaquinone E
MOLO007156 Tanshinone VI
MOLO000008 Apigenin

Aconitum carmichaelii MOL002384 14-Deoxy-11,12-didehydroandrographolide
MOL002388 Delphin_qt
MOL002392 Deltoin
MOL002398 Karanjin
MOL002414 Denudatine
MOL002419 (R)-Norcoclaurine
MOL002421 Ignavine
MOL002436 Delavaconitine
Zanthoxylum bungeanum MOL013271 Kokusaginin

MOLO002663 Skimmianin
MOL002881 Diosmetin
MOL000098 Quercetin

302.25 1.50 0.28

Note: MOL ID, molecule identifier; MW, molecular weight; AlogP, adipose-water partition coefficient; DL, drug-likeness.

tively. After eliminating duplicates, 75 unique active ingredi-
ents remained (see Table 5). Additionally, the drug targets
associated with the Dunhuang Mofeng ointment were extract-
ed from the TCMSP database, yielding a total of 908 potential
targets. These targets were standardized using the UniProt
database, applying the “Human” and “Reviewed” filters, and
subsequently converted to standardized gene names. After
removing duplicates, a final set of 85 distinct target genes was
identified.

3.7 Intersection genes between RA differential genes and
Dunhuang Mofeng ointment-related targets

Gene expression datasets associated with RA were obtained
from the GEO database, including GSE15573, GSE56649,
GSE93272, and GSE97779. The data were preprocessed and
normalized using R software, followed by differential gene
expression analysis conducted using the limma package. The
filtering criteria included [logFC[>1 and adjusted P-value <0.05.
Based on these criteria, both upregulated and downregulated
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differential genes were identified (Figure 4A). Specifically, in
the GSE15573 dataset, 22 differential genes were identified, of
which 21 were upregulated and 1 was downregulated. In the
GSES6649 dataset, a total of 724 differential genes were iden-
tified, with 409 upregulated and 315 downregulated. The
GSE93272 dataset yielded 26 differential genes, 25 of which
were upregulated and 1 downregulated. In the GSE97779
dataset, 2792 differential genes were identified, comprising
1240 upregulated genes and 1552 downregulated genes. A
heatmap illustrating the expression profiles of these differential
genes is shown in Figure 4B. After removing duplicates, a
total of 3564 unique differential genes were identified, of
which 3397 were selected for further analysis (Figure 4C).
Additionally, intersection analysis between drug targets and
RA-related differential genes was performed using R software,
revealing 21 intersecting genes: ADRB2, CDKNIA, BAX,
TNF, MYC, ACTA2, CCNDI, RBI1, CDK4, MCLI1, COLQ,
FOS, RUNXITI1, CCND2, PSMD3, FCER2, TRPM2, STATI,
CXCLI11, CXCL10, and SPP1. These intersection genes are
depicted in a Venn diagram (Figure 4D).
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Figure 4. Identification of key targets and pathways of Dunhuang Mofeng ointment in RA based on differential gene and network phar-
macology analysis. (A) Volcano plot of differential genes in RA-related gene datasets GSE15573, GSES56649, GSE93272 and GSE97779; (B)
Heat maps of differential genes in GSE15573, GSE56649, GSE93272, and GSE97779; (C) Intersection of differential genes across GSE15573,
GSE56649, GSE93272, and GSE97779; (D) Intersection genes between Dunhuang Mofeng ointment targets and R A-related genes; (E) Regula-
tory network of Dunhuang Mofeng ointment active ingredients and their targets; (F) PPI network and core targets of Dunhuang Mofeng ointment
in RA treatment; (G) KEGG pathway enrichment analysis; (H) GO functional enrichment analysis. Note: RA, rheumatoid arthritis; PPI, protein-
protein interaction, KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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Table 6. Core PPI network topology parameters

Zhang et al.

active ingredient exhibits both independent

Name Betweenness Closeness Degree Eigenvector LAC  Network regulatory effects and shared targets.

CCND1 44.07 0.773 24 0.345 12.67 18.80

MYC 12.07 0.739 2” 0341 13.82 18.93 3.9 PPI network and core target analysis of

CDKNIA 7.41 0.708 20 0.323 1400 1757 Dunhuang Mofeng ointment in treating RA

FOS 9.04 0.708 20 0.322 13.60  16.64 . . .

MCLI 186 0.680 8 0302 1333 1532 The 21 “drug-disecase” common targets were
. . . . . input into the STRING database to retrieve

Sl 102 il LS 2t L0l . protein interaction data, and the resulting

CDK4 5.05 0.680 18 0.304 13.78 15.66

“string_interactions.tsv” file was download-

Note: PPI, protein-protein interaction; LAC, local average connectivity.

Table 7. Binding energy of core active ingredients and core pro-
tein targets

Protein PDB ID Ligand Grid_size Affinity (kcal/mol)
CCND1  2w96 Luteolin 66%52*78 -9.0
CCND1  2w96 Apigenin 64*52*76 -8.7
CCNDI  2w96 Quercetin 64*52%86 -9.4
MYC Si4z Aloe-emodin 98*48%40 -6.7
MYC 5idz Emodin 98*48%40 -6.5
MYC 5idz Quercetin 98*48%40 -6.3
CDKNI1A o6cej Aloe-emodin 40%*40*40 -4.9
CDKNI1A 6cej Emodin 40*40*40 -5.0
CDKNI1A o6cej Luteolin 40*40*40 -5.8
CDKNIA 6cej Apigenin 40*40*40 -5.4
CDKNI1A o6cej Quercetin 40*40*40 -5.7
MCL1 3mk8 Luteolin 40*40*40 -6.8
MCLI 3mk8  Apigenin 40*40*40 -6.5
STAT1 3wwt Quercetin 54*40*70 -7.5
FOS 1a02 Apigenin 70*64*84 -8.1
FOS 1a02 Quercetin 76*64*86 -8.1
CDK4 3g33 Luteolin 112*98%94 -8.7
CDK4 3g33 Apigenin 112*96*80 -8.4

Note: PDB ID, Protein Data Bank identifier.

3.8 Construction of the regulatory network diagram for
the Dunhuang Mofeng ointment formula

The data files pertaining to the network regulation of TCM
compounds, obtained through Perl script execution, were
imported into Cytoscape 3.8.0 for further analysis. A “drug -
active ingredient - target” regulatory network was constructed
(Figure 4E). In this network, light blue rectangular nodes rep-
resent the targets, while circular nodes denote the active ingre-
dients of TCM. The edges connecting the nodes indicate that an
active ingredient can modulate the corresponding RA-related
target, with the line density reflecting the strength of the inter-
action. The top five active ingredients, ranked by the number of
interactions, are as follows: MOL000098 (quercetin), interact-
ing with 15 targets; MOLO00008 (apigenin), interacting with
13 targets; MOL000006 (luteolin), interacting with 6 targets;
MOLO000471 (aloe-emodin), interacting with 4 targets; and
MOLO000472 (emodin), also interacting with 4 targets. Each
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ed. This file was subsequently imported into

Cytoscape software, where the CytoNCA plu-
gin was employed to calculate the network parameters of each
protein, generating the scoring file “scorel.csv”. The R script
was used to filter the “scorel” file based on the following
parameters: betweenness =2.63, closeness =0.60, degree =13,
eigenvector =0.23, local average connectivity =9.71, and net-
work =11.75. By applying these criteria, the core target proteins
were identified as CCNDI1, MYC, CDKNIA, FOS, MCLI,
STATI1, and CDK4. The topological parameters of these core
proteins are ranked according to the degree score and pre-
sented in Table 6 and Figure 4F.

3.10 GO enrichment and KEGG pathway analysis

GO enrichment analysis was performed using R software,
yielding 1036 GO terms. The top 10 terms in each GO category
(biological process, cellular component, and molecular func-
tion) were selected and visualized as bar and bubble charts
(Figure 4H). Biological process enrichment showed thattar-
gets were primarily involved in response to extracellular stimu-
lus, G1/S transition of mitotic cell cycle, response to radiation,
and regulation of the mitotic cell cycle. Cellular component
enrichment indicated that target proteins were mainly local-
ized in the cyclin-dependent protein kinase holoenzyme com-
plex, serine/threonine protein kinase complex, transcription
regulator complex, nuclear envelope, and bicellular tight junc-
tion. Molecular function enrichment revealed that targets was
primarily associated with cyclin-dependent protein serine/
threonine kinase regulator activity, protein kinase regulator
activity, cytokine activity, and chemokine receptor binding.
KEGG pathway enrichment analysis was performed using R
software, identifying 90 signaling pathways. The top 30 sig-
nificantly enriched pathways were selected and visualized as a
bubble plot (Figure 4G). The results showed that the target
was mainly enriched in the AGE-RAGE, JAK-STAT, PI3K-
Akt, Toll-like receptor, and p53 signaling pathways, as well as
pathways related to cellular senescence, cell cycle, cancer, viral
infection, and diabetic complications.

3.11 Molecular docking
Molecular docking of small molecule ligands with protein

receptors was performed using AutoDock Vina, and the dock-
ing results were evaluated based on affinity values (Table 7).
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Figure 5. Molecular docking analysis of key targets and active compounds of Dunhuang Mofeng ointment.

The molecular docking results showed that the active com-
pounds formed stable interaction networks with multiple target
proteins within the binding pockets. Specifically, the ligands
were able to form stable interactions with key amino acid resi-
dues (such as ASP, ASN, LYS, GLU, and HIS) through con-
ventional hydrogen bonds, while also engaging in various non-
covalent interactions including n—sigma, n—alkyl, and van der
Waals interactions, which further enhanced the stability of
ligand—protein binding. In addition, unfavorable donor—donor
interactions and other weak interactions were observed in some
complexes, suggesting a certain degree of conformational
adaptability of the ligands within the binding sites. Overall,
these multiple intermolecular interactions collectively contrib-
ute to maintaining the stable binding of the ligands within the
active pockets of the target proteins, providing a structural
basis for their potential biological activities (Figure 5).
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3.12 mRNA expression levels of STAT1, CDK4, CCND1,
MYC, CDKN1A, MCL1, and FOS in ankle joints of rats
from different experimental groups

Compared to the control group, the mRNA expression levels
of STAT1, CDK4, CCNDI, MCLI1, FOS, and MYC in the
ankle joints of rats in the model group were significantly ele-
vated (P<0.001), whereas the mRNA expression of CDKNIA
was significantly reduced (P<0.00I). In contrast, rats in all
drug-treated groups exhibited significantly lower mRNA ex-
pressions of STAT1, CDK4, CCNDI, MCLI1, FOS, and MYC
(P<0.05) compared to the model group, while CDKNIA
mRNA expression was markedly increased (P<0.00I). No-
tably, the medium-dose and Western medicine groups showed
the most pronounced effects (Figure 6).

143


https://doi.org/10.61189/167468gjipte

Perioperative Precision Medicine 2026; 4 (1): 130-148. Zhang et al.
MCL1 mRNA CDKN1A mRNA MYC mRNA FOS mRNA
* Kk KKK * kK | rvrr—
% Xk Xk I I '—' v % XKk
6 o 1 1.5 |i| |ﬂ| 2.5 [*** ﬂ' 2.0 |_|***
< a **,Jﬁ' g il 2.0 * = - L5 sl
Z s 4 ¥ = 1.0 é = — ; =
xS E2 " %2 s g <
Eé =é e E £ 101
- S = O 2 1.0 7 e
@) 5 2 § g’j 0.5+ E 5 g s
" Inlllinlln °
O =TT T 0.0- 0.0 =TT T 7 00— —7T—T—T T 7
D D > D
S Sy SIS SISy ST S S St
N & . N & . N & . N & Q>
< S é&& Qg‘% & (@) S é\\,& ‘2’&0 & (@) S 55&& ‘2”&¢ & (@) K é&& ‘8%0 &
e © ¢ ¢ S
é@ 4@ 4@ é@
CCDN1 mRNA CDK4 mRNA STAT1
o
P - P Y— '_{L**—| 15—
|
< < 6 <
4 — c
Z § 10 £S5 Z5
Ew E 2 . =
-0 N 4 — p o
Z 5 o o
0O X 5 [a] X L X
8 ) Oo 2- i ] _ 5 )
i b I i
B2 S $ @ ¢ &
¥ %e‘ > é‘ S
Q°° & 50% @ 0& 0066&& & 6 %59 & >
N ﬁ@’ ¥ P& @

Figure 6. mRNA expression levels of target genes in the right ankle joint of rats in each group. Note: "P<0.05, ""P<0.01, ""P<0.001.

4 DISCUSSION

This study elucidates the potential mechanisms underlying the
therapeutic effects of Dunhuang Mofeng ointment in the inter-
vention of RA through network pharmacological analysis. The
findings identify quercetin, apigenin, luteolin, aloe-emodin,
and emodin as the key active ingredients of the formulation.
RA, a chronic autoimmune disease, is characterized by joint
inflammation, progressive damage, and, in severe cases, dis-
ability or mortality. Among these compounds, quercetin, a
natural flavonoid with diverse biological activities, plays a
pivotal role in RA management. Quercetin demonstrates pro-
nounced anti-inflammatory and protective effects through mul-
tiple mechanisms. Studies indicate that quercetin can reverse
neurodegenerative processes in the enteric nervous system and
exhibit cytoprotective, genoprotective, and hepatoprotective
properties [11]. In the context of RA, quercetin ameliorates
inflammatory responses by modulating neutrophil activity,
including inhibiting neutrophil infiltration, reducing plasma
inflammatory cytokine levels, and promoting the apoptosis of
activated neutrophils. Furthermore, it decreases the formation
of neutrophil extracellular traps by suppressing autophagy,
positioning quercetin as a promising candidate for RA treat-
ment [12]. Clinical trials support these findings, revealing that
an 8-week supplementation with quercetin significantly allevi-
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ated morning stiffness, morning pain, and post-activity pain
in RA patients (p<0.05). Disease Activity Score and Health
Assessment Questionnaire scores were markedly lower in the
quercetin group compared to the placebo group, with a notable
reduction in the proportion of patients exhibiting active dis-
ease. Additionally, plasma levels of high-sensitivity TNF-a
were significantly reduced (p<0.05). Although no significant
effect on erythrocyte sedimentation rate was observed (p>0.05),
the number of tender joints was significantly decreased [13].
Mechanistic studies further highlight quercetin’s multi-target
regulatory potential. Quercetin mitigates IL-17-mediated acti-
vation of mTOR, extracellular signal-regulated kinase (ERK),
and IkB-a pathways, thereby inhibiting osteoclastogenesis in
RA. It also reduces RANKL expression in IL-17-induced RA
synovial fibroblasts (RA-FLS), attenuating osteoclast differen-
tiation. Moreover, quercetin regulates inflammatory responses
in RA by inhibiting Th17 cell differentiation and IL-17 produc-
tion, while sparing regulatory T cells [14]. In conclusion, quer-
cetin, as a principal active ingredient of Dunhuang Mofeng
ointment, exhibits a multi-target, multi-mechanism mode of
action, offering a robust theoretical foundation and novel direc-
tions for the development of therapeutic agents for RA.

Apigenin, a natural flavonoid with chemopreventive properties,
demonstrates significant pro-apoptotic activity across various
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cell types. Studies have revealed that apigenin markedly inhib-
its TRAIL-induced proliferation of RA-FLS while restoring
the expression of cell cycle inhibitors p21 and p27 [15]. This
inhibitory effect is mediated through disruption of TRAIL-
induced activation of the PI3K/Akt signaling pathway. Addi-
tionally, apigenin treatment triggers activation of MAPK
ERK1/2, with pre-treatment using the ERK inhibitor PD98059
significantly attenuating apigenin-induced apoptosis. Apigenin-
induced ERK1/2 activation and apoptosis are closely associated
with the generation of intracellular ROS, a process that can be
abrogated by the antioxidant Tiron, which blocks ROS produc-
tion, ERK1/2 phosphorylation, and apoptotic cell death [16].
High-performance liquid chromatography analysis confirmed
that the PEG-MSN carrier prolongs the half-life and enhances
the stability of luteolin in vivo. Both luteolin and its nanocom-
plexes significantly suppress the expression of inflammatory
markers, including TNF-a, IL-6, IL-1B, and IL-17. Histopatho-
logical evaluations corroborate these findings, showing reduced
inflammatory cell infiltration, synovial hyperplasia, and joint
destruction. Furthermore, luteolin inhibits the expression of
key inflammatory targets, including P2X4, NLRP1, ASC, and
Caspase-1 pl0, highlighting its potent anti-inflammatory and
joint-protective properties [17]. In conclusion, apigenin and
luteolin exhibit substantial anti-RA potential via multi-target
and multi-pathway modulation of inflammation and apoptosis.
Their pharmacokinetic profiles can be further optimized th-
rough nanocarrier technologies, offering robust theoretical sup-
port and promising candidates for the prevention and treatment
of RA.

Aloe-emodin effectively suppresses the production of nitric
oxide, IL-6, and IL-1p in RAW264.7 cells stimulated by LPS,
without inducing significant cytotoxic effects. Concurrently,
the mRNA expression levels of iNOS, IL-6, and IL-1B were
markedly downregulated. Western blot analysis further dem-
onstrated that aloe-emodin attenuated LPS-induced iNOS pro-
tein expression, IkBa degradation, and the phosphorylation of
ERK, p38, INK, and Akt [18]. Emodin, another active com-
pound, exhibits bidirectional immunomodulatory effects in RA
by modulating the secretion of both pro-inflammatory cyto-
kines (e.g., TNF-a, IL-6, IL-1f, and IL-17) and anti-inflam-
matory cytokines (e.g., IL-4, IL-10, and TGF-p), thereby
inhibiting inflammation while promoting tissue repair [19].
Furthermore, emodin alleviates inflammatory arthritis, such as
adjuvant-induced arthritis, by reducing neutrophil infiltration,
promoting neutrophil apoptosis, and inhibiting autophagy and
the formation of neutrophil extracellular traps [20]. These find-
ings underscore the significant anti-inflammatory and anti-RA
potential of emodin.

Molecular docking studies revealed that the active components
of Dunhuang Mofeng extract, including aloe-emodin, exhibit
strong binding affinities (binding energy <-5 kcal/mol) to key
RA-related targets, such as CCNDI1, MYC, CDKNIA, FOS,
MCLI, STATI1, and CDK4. Notably, the binding energy for
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CDKNIA was calculated at -4.9 kcal/mol. Overexpression of
CCNDI1 and CDK4, coupled with the downregulation of p27,
constitutes a pivotal molecular event in RA pathogenesis [21].
Additionally, CIP2A has been identified as a promoter of RA
progression by enhancing synovial cell resistance to apoptosis,
independent of c-Myc expression [22]. Under acidic conditions,
activation of ASICla drives RA synovial cell proliferation via
the Wnt/B-catenin/c-Myc signaling pathway, an effect signifi-
cantly attenuated by the ASICla inhibitor Psalmotoxin-1 (PcTx-
1). In vivo studies corroborate that PcTx-1 mitigates synovial
hyperplasia and cartilage degradation in adjuvant arthritis
models [23]. In RA synovial tissue and fibroblast-like synovial
cells (HFLS-RA), CDKNI1A expression is significantly down-
regulated. Overexpression of CDKNIA induces G0/G1 cell
cycle arrest, thereby inhibiting HFLS-RA proliferation and
invasion, reducing pro-inflammatory cytokine levels (TNF-a
and IL-6), and increasing anti-inflammatory cytokine expres-
sion (IL-10) [24]. Elevated miR-146a levels in RA tissues
negatively regulate CDKNI1A, while anti-miR-146a interven-
tion effectively reduces HFLS-RA proliferation and invasion,
decreases pro-inflammatory cytokine expression, and enhanc-
es anti-inflammatory cytokine levels [24]. Curcumin, another
RA therapeutic candidate, has been shown to inhibit osteoclas-
togenesis in peripheral blood mononuclear cells by suppressing
MAPK signaling pathways, including ERK1/2, p38, and JNK.
This suppression inhibits the expression of RANK, c-Fos, and
NFATcl, further highlighting its therapeutic potential [25].
Collectively, these findings suggest that the core components
of Dunhuang Mofeng ointment exert multi-target therapeutic
effects in RA by modulating key inflammatory and cellular sig-
naling pathways. This multi-faceted approach underscores the
formulation’s potential as an effective intervention for RA.

MCLI, a pivotal anti-apoptotic molecule within the Bcl-2 fam-
ily, plays an indispensable role in the survival of T and B lym-
phocytes as well as macrophages. In the synovial fluid of RA
patients, CD14+ macrophages exhibit markedly elevated MCL1
expression. Inhibition of the PI3K/Akt-1 or STAT3 signaling
pathways significantly reduces the proportion of CD14+ macro-
phages in synovial fluid, concomitantly downregulating MCLI
expression and inducing apoptosis in synovial macrophages.
Furthermore, transfection of RA synovial macrophages with
MCLI-specific siRNA induces apoptotic cell death, underscor-
ing the critical role of MCLI in macrophage survival [26].
Within the synovial tissue of RA patients, MCL1 expression
is significantly upregulated in both the synovial membrane
and subsynovial fibroblasts compared to control groups. This
heightened expression correlates positively with inflammation
severity and TNF-a levels. In vitro studies demonstrate that
IL-1B stimulation induces a substantial increase in MCLI
mRNA and protein expression in synovial fibroblasts, a pro-
cess essential for fibroblast survival. Adenovirus-mediated
antisense MCLI expression triggers fibroblast apoptosis via
activation of pro-apoptotic molecules Bax, Bak, and Bim [27].
Elevated total STATI protein levels, alongside its activated
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forms (tyrosine and serine phosphorylated), are consistently
observed in RA synovium. STAT1 is predominantly localized
in T and B lymphocytes undergoing focal inflammatory infil-
tration and in endosynovial fibroblast-like cells [28]. In vitro,
fibroblast-like synoviocytes derived from RA patients exhibit
constitutively higher STAT1 levels compared to those from
osteoarthritis patients, with phosphorylation rapidly induced
following IFN-B stimulation. Moreover, clinical studies have
demonstrated that the efficacy of Baricitinib in RA patients
correlates strongly with STAT1 phosphorylation in monocytes,
suggesting that STAT1 phosphorylation may serve as an early
biomarker for therapeutic response and a valuable reference
point for treatment optimization [29]. CDK4/6, critical regula-
tors of the cell cycle, also emerge as significant contributors to
RA pathology. A double-blind, placebo-controlled Phase 1b
clinical trial of the CDK4/6 inhibitor CTK-276 (<175 mg)
reported favorable tolerability in patients with active RA, with
no significant safety concerns. At doses of >25 mg/day, TCK-
276 demonstrated preliminary clinical efficacy, offering a
promising avenue for further investigation into its therapeutic
potential in active RA [30].

Although the classical TCMSP screening parameters (MW<
500, AlogP 1-3, and DL>0.18) were originally developed for
evaluating the DL of orally administered compounds, MW and
lipophilicity are also key determinants influencing skin perme-
ability. In general, compounds with MWs below 500 Da and
moderate lipophilicity are considered more favorable for trans-
dermal penetration. However, additional physicochemical fac-
tors, including the skin permeability coefficient, hydrogen
bonding capacity, and polar surface area, may also influence
the efficiency of transdermal delivery. Meanwhile, regardless
of whether drugs are administered orally or topically, their
absorption and distribution processes in vivo are affected by
multiple physicochemical and biological factors. Therefore, DL
parameters based on physicochemical properties may still pro-
vide certain reference value. In addition, the network pharma-
cology results in this study were further supported by mRNA
expression analysis and animal experimental evidence, sug-
gesting that the potential active components identified based on
the above screening criteria are reliable within the context of
this study. Therefore, the screening strategy adopted in this
study primarily aims to identify potential bioactive compounds
with reasonable physicochemical properties rather than to
directly predict their transdermal pharmacokinetic characteris-
tics. Regarding the limitations of this study, the validation of
the key signaling pathways predicted by network pharmacolo-
gy was mainly performed at the mRNA level, while the corre-
sponding protein expression levels and phosphorylation status
were not further examined. Due to factors such as post-tran-
scriptional regulation, changes in mRNA expression do not
necessarily fully reflect protein expression levels. Therefore,
future studies are still required to further verify the related sig-
naling pathways at the protein level using methods such as
Western blot or other protein-based assays. On the other hand,
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the present study has already provided experimental validation
of the predicted results at the animal level. Compared with
studies that only perform validation at the cellular level, the in
vivo validation conducted in this study enhances the reliability
and biological relevance of the findings to a certain extent.

5 CONCLUSION

Through network pharmacological analysis and molecular
docking studies, this investigation identified the core active
constituents of Dunhuang Mofeng extract, namely quercetin,
apigenin, luteolin, aloe-emodin, and emodin, with key molecu-
lar targets including CCNDI, MYC, CDKNI1A, FOS, MCLI,
STATI1, and CDK4. In vitro pharmacodynamic assays further
substantiated the significant therapeutic effects of Dunhuang
Mofeng ointment in CIA rats. The underlying mechanism of
action appears to involve the inhibition of pro-inflammatory
cytokines such as TNF-a, IL-1f3, and IL-6, while simultane-
ously promoting the release of the anti-inflammatory cytokine
IL-10. These actions collectively contribute to the alleviation of
foot and ankle joint swelling and pain, as well as the reduction
of tissue edema in the rats. Additionally, the validation of
molecular docking predictions was achieved by comparing the
expression levels of STAT1, CDK4, CCNDI, MCLI1, FOS,
CDKNIA, and MYC across experimental groups, confirming
that the therapeutic effects of Dunhuang Mofeng ointment are
likely mediated through the downregulation of these critical
mRNA markers. This study provides a robust theoretical foun-
dation for the continued investigation of Dunhuang Mofeng
ointment as a potential treatment for RA. However, despite the
successful achievement of the study objectives, there are inher-
ent limitations in the experimental design, particularly con-
cerning the selection of experimental endpoints and the need
for further validation. Future research should focus on expand-
ing the range of experimental indicators to facilitate a more
comprehensive and in-depth elucidation of the precise molecu-
lar mechanisms underlying the observed therapeutic effects.
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