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ABSTRACT

This study aimed to elucidate the therapeutic mechanisms of Sancao Yuyang Decoction (SCYYD) in managing
oral mucositis (OM) through a combination of computational and experimental approaches.Bioactive compounds
in SCYYD and their potential molecular targets, along with OM-associated targets, were collected from public
databases. Protein—protein interaction (PPI) networks, Gene Ontology (GO), and KEGG pathway analyses were
employed to identify core targets and signaling pathways involved in SCYYD’s effects. Networks linking
ingredients, targets, and disease pathways were constructed. Molecular docking simulations were performed to
evaluate the interactions between majorcompounds and key protein targets. The predictions were further validated
using in vivo experiments in OM rat models.A total of 119 active compounds and 186 putative targets were
identified. Bioinformatic analyses highlighted five principal compounds and ten core protein targets. GO and
KEGG enrichment analyses suggested that SCYYD modulates multiple biological pathways, including HIF-1 and
Ras signaling, to exert therapeutic effects. Molecular docking confirmed strong binding affinities of the main
compounds to critical targets. In vivo studies demonstrated that SCYYD reduced inflammatory markers,
accelerated mucosal healing, decreased the expression of SRC, HSP90OAA1, STAT3, HIFla, mTOR, TLR4, and
MMP9, and increased ESR1 levels in OM rats.This integrative study reveals that SCYYD acts through multiple
compounds and targets to mitigate OM, combining computational predictions with experimental evidence, and
provides mechanistic insights for its pharmacological application.

Keywords: Oral mucositis, Sancao yuyang decoction, Multi-target therapy, Network pharmacology, Molecular
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Introduction

Oral mucositis (OM) is characterized by inflammatory and/or ulcerative lesions of the oral mucosa, which can
arise from various factors including infections, immune dysfunction, and certain medications [1]. It is a frequent
complication among cancer patients undergoing radiotherapy and chemotherapy, with an incidence ranging from
40% to 70% [2, 3]. According to the ESMO mucositis guidelines, OM refers to mucosal inflammation induced
by ionizing radiation or chemotherapeutic agents such as methotrexate, cyclophosphamide, and 5-fluorouracil (5-
FU) [1]. Clinically, OM presents as erythema, erosion, and ulcerative lesions accompanied by severe pain, which
can significantly impair eating, speaking, and sleeping [4]. The resulting nutritional deficits due to pain can further
compromise overall health and quality of life in affected patients [5].

Current management strategies for OM include standardized oral care, antibiotics, anti-inflammatory agents,
growth factors, analgesics, and various mouthwashes [6]. Although medications such as dexamethasone,
cydiodine, and doxepin are commonly used to alleviate inflammation and pain, their prolonged use may lead to
adverse effects including fungal infections, rashes, drowsiness, burning sensations, and fatigue [1, 7].
Consequently, there is an urgent need to develop effective therapeutic options for OM with minimal side effects.
Traditional Chinese medicine (TCM) has been employed in China for over 2000 years for disease prevention and
treatment. In recent years, TCM has gained attention among OM patients due to its therapeutic efficacy and
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favorable safety profile [8, 9]. Several herbal medicines with anti-inflammatory, antioxidant, and analgesic
properties have shown promise in alleviating OM symptoms [10, 11]. Sancao Yuyang Decoction (SCYYD), a
patented Chinese medicine formulation (Patent No. ZL 201810411853.2), comprises Lithospermum erythrorhizon
(Zi Cao), Prunellae Spica (Xia Ku Cao), Menthae Herba (Bo He), and Licorice (Gan Cao). Clinical studies have
demonstrated that SCYYD can reduce local inflammation and improve manifestations such as erythema, erosion,
and oral ulcers in OM patients [12]. However, the underlying mechanisms of SCYYD in treating OM remain
incompletely understood, warranting further investigation.

TCM formulations contain numerous bioactive components that may act synergistically through multiple
mechanisms. The complexity of TCM necessitates systematic approaches to elucidate the interactions between
individual components and their molecular targets. Network pharmacology, which integrates chemical
informatics, bioinformatics, network biology, and pharmacology, offers a holistic framework to investigate multi-
component, multi-target interactions [13, 14]. In this study, we combined network pharmacology analysis with in
vivo validation to predict and verify the active ingredients of SCYYD, their protein targets, and the molecular
mechanisms through which they act against OM. The detailed workflow of the study is illustrated in Figure 1.
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Figure 1. Detailed workflow of present study
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Materials and Methods

Screening of active ingredients in SCYYD and prediction of their targets

The chemical constituents of Sancao Yuyang Decoction (SCYYD) were retrieved from the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://tcmspw.com/tcmsp.php). Oral
bioavailability (OB) and drug-likeness (DL) were applied as criteria to evaluate ADME properties, with thresholds
set at OB >30% and DL >0.18. Potential molecular targets of the identified active ingredients were predicted using
the SuperPred database (https://prediction.charite.de/).

Identification of OM-related targets

Targets associated with oral mucositis (OM) were collected from GeneCards (https://www.genecards.org/),
OMIM (https://omim.org/), and DisGeNET (https://www.disgenet.org/). The keyword “oral mucositis” was used,
and duplicate entries were removed to obtain unique OM-related targets.

Construction of Ingredient—Target—Disease network
The overlapping targets between SCYYD and OM were identified using a Venn diagram, representing potential
therapeutic targets. Cytoscape 3.8.2 software was employed to visualize the ingredient—target—disease network.

Protein—Protein Interaction (PPI) network analysis

The intersecting targets were uploaded to the STRING database (http://string-db.org) to construct the PPI network,
setting the organism as Homo sapiens and a minimum interaction score of 0.7. Cytoscape 3.8.2, along with the
Cytohubba and MCODE plugins, were used to identify core proteins and functional clusters. Biological processes
of each cluster were further analyzed using DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/).

GO and KEGG pathway enrichment analysis

Functional enrichment of the target genes was performed using DAVID for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis. GO analysis included biological process (BP),
cellular component (CC), and molecular function (MF) categories. Significance thresholds were set at P<0.05 and
FDR<0.05. Cytoscape 3.8.2 was used to visualize the target—pathway network.

Molecular docking

Molecular docking was conducted to evaluate the binding affinity between key active ingredients and core protein
targets. Structures of active compounds were downloaded in SDF format from PubChem
(http://pubchem.ncbi.nlm.nih.gov), converted to mol2 format, and energy-minimized using Chem3D. Protein
structures were obtained from the RCSB PDB database (https://www.rcsb.org/). Docking simulations were
performed using CB-Dock2 (https://cadd.labshare.cn/cb-dock2/), where lower Vina scores indicate more stable
ligand—protein interactions.

Preparation of SCYYD aqueous extract

The four component herbs of SCYYD—Lithospermum erythrorhizon, Prunellae Spica, Menthae Herba, and
Licorice—were obtained from the pharmacy of Hangzhou Third People’s Hospital (Hangzhou, China) and mixed
in a ratio of 2.5:5:1:5 (w/w). The mixture was soaked in distilled water (1:5, w/v) for 1 h, decocted twice for 30
min each, and concentrated to 1.825 g/mL, then stored at —20°C.

Animals and experimental design

Forty male Sprague-Dawley rats (180-200 g) were obtained from Shanghai Slac Laboratory Animal Co. Ltd. and
housed in SPF conditions at the Laboratory Animal Research Center of Zhejiang Chinese Medical University
(Hangzhou, China). Rats were maintained under standard laboratory conditions (23 + 2°C, 50 £ 10% humidity,
12 h light/dark cycle) with ad libitum access to food and water. All procedures were approved by the Laboratory
Animal Management and Ethics Committee of Zhejiang Chinese Medical University (Approval No. IACUC-
20210503-08) and performed according to national requlations for animal research.

Establishment of OM model and drug administration
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Rats were randomly assigned into five groups (n=8 per group): normal control (NC), OM model (OM), and OM
rats treated with low, medium, or high doses of SCYYD (OM+L, OM+M, OM+H). OM was induced in
anesthetized rats (sodium pentobarbital, 50 mg/kg, i.p.) by placing a 9 mn?® filter paper soaked in saturated sodium
hydroxide in the labial fornix for 15 s, followed by intraperitoneal injection of methotrexate (25 mg/kg). SCYYD
was administered intragastrically at doses of 7.3, 14.6, and 29.2 g/kg once daily for 8 days. NC and OM groups
received equivalent volumes of saline. Body weights were monitored, and oral mucosal tissues were collected at
the end of the experiment.

Assessment of oral mucosal healing
Oral mucosal recovery was evaluated using a standardized scoring system for OM, as detailed in Table 1.

Table 1. The scoring system of mucosal healing

Grade Description M_u cosal
Healing Score
Grade 0 No ulcer, normal oral mucosa 100
Grade | Ulcer with no obvious pseudomembrane on the surface 80
Grade Il Ulcer with a thin yellow pseudomembrane on the surface 60
The pseudomembrane on the surface of ulcer is thick, and there is inflammatory edema
Grade 111 ) 40
around it
Grade IV The pseudomembrane on the surface of ulcer is very thick, and there is obvious 20

inflammatory edema around it

Histopathological assessment

To examine structural changes in the oral mucosa, tissue samples fromthe labial fornix of the lower incisors were
fixed in 10% formalin, dehydrated through a series of ethanol and xylene solutions, and embedded in paraffin.
Sections of 5 um thickness were prepared and stained with hematoxylin and eosin (H&E). The stained sections
were then digitally scanned and analyzed using a NanoZoomer S60 Digital Slide Scanner (Hamamatsu, Japan) to
evaluate tissue integrity, cellular organization, and pathological alterations.

RNA isolation and quantitative PCR (qPCR)

Total RNA was extracted from the oral mucosa using the Total RNA Rapid BExtraction Kit (Beijing Biotek
Biotechnology Co., Ltd., Beijing, China) following the manufacturer’s instructions. RNA concentration and purity
were determined using a Nanodrop One spectrophotometer (Thermo Scientific, USA). First-strand cDNA
synthesis was carried out using the HiFiScript Quick gDNA Removal cDNA Kit (CoWin Biosciences, Jiangsu,
China). Quantitative real-time PCR was performed with SYBR Green PCR Master Mix (CoWin Biosciences,
Jiangsu, China) on a Roche 480 system (Roche, USA). Specific primers (Table 2) were synthesized by Sangon
Biotech (Shanghai) Co., Ltd., with B-actin serving as the internal control. The PCR program included initial
denaturation at 95°C for 10 min, followed by 45 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 32 s. A
melting curve analysis was conducted between 65°C and 97°C. Relative expression levels were calculated using
the 2"~AACt method.

Table 2. Primer sequences for qPCR
Gene Description Sequence(5’-3’)
ATGGGCTCCCTCTCATCAGTTCC

Rat TNF Forward Reverse CCTCCGCTTGGTGGTTTGCTAC
R 115 Forward Reverse TTCAGGAAGGCAGTGTCACTCATTG
TCATCATCCCACGAGTCACAGAGG
I Fororard Reverse ACTTCCAGCCAGTTGCCTTCTTG
TGGTCTGTTGTGGGTGGTATCCTC
TCCCACATCCAAGCCTCAGACC
Rat SRC Forward Reverse CATCCACACCTCTCCGAAGCAAC
et HSPOOAAL Fororard Reverse AGCATAATGATGACGAGCAGTACGC

CATTGGTTCACCTGTGTCTGTCCTC
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Rat STAT3 Forward Reverse AAAGGACATCAGTGGCAAGA CGGCAGGTCAATGGTATT
GGACCTCATGGAGACGGACCTG

Rat MAPK3 Forward Reverse CGGAGGATCTGGTAGAGGAAGTAGC
TCCTCCTCATCCTTTCCCATATCCG
Rat ESR1 Forward Reverse GCATCTCCAGCAGCAGGTCATAG
CCGCCACCACCACTGATGAATC
Rat HIF 1o Forward Reverse GTGAGTACCACTGTATGCTGATGCC
N o rveres GGTGGTCAGTGTGCTTGTGGTAG

CTCGTTTCTCACCCAGTCCTCATTC
Rat mTOR Forward Reverse AGATACGCCGTCATTCCT GCTCAAACACCTCCACCT
CACCGCCAACTATGACCAGGATAAG

Rat MMPS Forward Reverse CTGCTTGCCCAGGAAGACGAAG
Rat PIK3CA Forward Reverse TGGCTATAAACGGGAACG TGCCGAATTGCTAGGTAC
Rat p-Actin Forward Reverse CGTGCGTGACATTAAAGAG CTGGAAGGTGGACAGTGAG

Statistical analysis

Data were expressed as mean + standard error of the mean (SEM). Statistical analyses were performed using SPSS
version 16.0 and GraphPad Prism 5. Differences between groups were assessed using Student’s t-test or one-way
ANOVA, and a p-value <0.05 was considered statistically significant.

Identification of bioactive compounds in SCYYD

A total of 555 chemical constituents of SCYYD were retrieved from the TCMSP database, comprising 51 from
Lithospermum erythrorhizon, 60 from Prunellae Spica, 164 from Menthae Herba, and 280 from Licorice.
Screening based on oral bioavailability (OB > 30%) and drug-likeness (DL > 0.18) identified 12 compounds
(23.5%) from Lithospermum erythrorhizon, 11 compounds (18.3%) from Prunellae Spica, 10 compounds (6.1%)
from Menthae Herba, and 92 compounds (32.9%) from Licorice that met the criteria (Table 3). After removing
duplicates, a total of 119 compounds were considered as potential bioactive ingredients for further analysis.

Table 3. Number of ingredients in SCYYD with OB >30 and DL >0.18

Herbs Total Ingredients 0B>30 DI>0.18 OB>30 and DL>0.18
Lithospermum Erythrorhizon 51 22(43.1) 35(68.6) 12(23.5)
Prunellae Spica 60 21(35.0) 39(65.0) 11(18.3)
Menthae Herba 164 94(57.3) 33(20.1) 10(6.1)
Licorice 280 143(51.1) 204(72.9) 92(32.9)

Acquisition of SCYYD ingredient targets relevant to OM

The chemical structures and SMILES notations of SCYYD compounds were retrieved from the PubChem
database (https://pubchem.ncbi.nim.nih.gov/). Potential molecular targets for these compounds were predicted
using the SuperPred database. Following the removal of duplicates, 443 unique targets were retained for
subsequent analyses. Additionally, 2,152 genes associated with oral mucositis were collected from GeneCards,
OMIM, and DisGeNET databases. By identifying the overlap between SCYYD-related targets and OM-associated
genes, 186 common targets were obtained, which are detailed in Figure 2.

67



Prakash and Desai, Network Pharmacology -Guided and Experimental Insights into the Therapeutic Effects of Sancao
Yuyang Decoction on Oral Mucositis

SCYYD OM

Figure 2. Venn diagram for the intersection of potential targets of SCYYD and OM-related genes.

Construction and analysis of the ingredient-target-disease network

To explore the relationships among the four herbs in SCYYD, their bioactive compounds, and potential targets
associated with OM, an ingredient-target-disease network was established using Cytoscape 3.8.2. The resulting
network included 299 nodes and 5,656 edges (Figure 3), indicating that SCYYD likely acts through multiple
compounds and targets. Based on degree values, the top ten key active compounds were identified as sitosterol,
naringenin, kaempferol, quercetin, luteolin, glabridin, spinasterol, mairin, phaseolinisoflavan, and stigmasterol
(Table 4). Notably, the top five compounds were present in more than one herb: sitosterol appeared in
Lithospermum Erythrorhizon, Menthae Herba, and Licorice; naringenin in Menthae Herba and Licorice;
kaempferol and quercetin in Prunellae Spica and Licorice; and luteolin in Prunellae Spica and Menthae Herba.

Table 4. The top 10 key active ingredients of SCYYD in the treatment of OM

Mol ID Molecule Name Degree OB(%) DL Source
M OL000359 Sitosterol 144 36.91 0.75 ",\';':;iE;";”e'?bfr;’;gri::;zrz ';
MOL004328 Naringenin 104 59.29 0.21 Menthae Herba and Licorice
M OL000422 Kaempferol 92 41.88 0.24 Prunellae Spica and Licorice
M OL000098 Quercetin 86 46.43 0.28 Prunellae Spica and Licorice
M OL000006 Luteolin 84 36.16 0.25 Prunellae Spica and Menthae Herba
M OL004908 Glabridin 66 53.25 0.47 Licorice
MOL004355 Spinasterol 66 42.98 0.76 Prunellae Spica
MOL000211 M airin 64 55.38 0.78 Licorice
MOL004833 Phaseolinisoflavan 63 32.01 0.45 Licorice
M OL000449 Stigmasterol 63 43.83 0.76 Prunellae Spica

e

68



Prakash and Desai, Network Pharmacology -Guided and Experimental Insights into the Therapeutic Effects of Sancao
Yuyang Decoction on Oral Mucositis

Ge40 C%5 Gesy
GC74 Get?

GCT3
77
GC15 6C 6C29 GC78 XKC3

XKC4

GC78 o3z GC269C20GC39  goap OCT1 &
GC48 GC72 B2

P b o Gon Ger cesr SeEER

GC28 GC83 GC38 << S GC25 GC51GC24

cet Gea
Gets 631 GC9 . 6062 Ge1ogesg

6c7r GC11 GC49 GCso
GC27GC23

XKC1
XKC2

MMP12 MMPY MAPAKS EPI00 PLAZG2AEPHXT MAPKE IKEKB ADRB2 PPARA COKa TGFBR2SLCEA4 PTPNI BCLS ALPL

deas &7 ALOX12 MERTK TBXAZRPDGFRA GSKIB NOS1 SRC ADAMITAKRIB! KOR ENPP1 CTSD PRKDC CCRIl ALK MAPKI
Gero  GC19 GC67  GCos
6c4 GCso 63
GC65 GC30 GC58 GC12
& Gose G&i2Ge5 558 Ge13 CFTR DHOOHPTGERZ MIF HOACO GUSB CHUK SLC2AI NTSE STATI MAPZK2 ACHE KLKI SCNGA PLAU TACR1
GC84 GC82 GC21
GC33 GC44 oy GC18 GC63 ALOXS PRKACA NRIRZ  TEK1 TIR OPRMI MCAR WME CACNAICMACB ESR1 MAPKI BCHE Fil  CES1 POGFRB

TYK2 STING! SLCBA3 ITK CXCR4 PLAT VDR ITGB3 PRKCO CNRI PROC RET PTPN1) HTRSA FYN PTGS1

GC50 GC8

GC53 ; 6C52 GSTP1 TLRS CHRM3 CTSB CNR2 SCN4A IDO1 CCRS FLTI CPT2 TMPRSSSEZM2 OHFR NRICI ABLI CASPE

BCR PIKICB PZRY12 MMP2 MMP! NOS3 F2  CD38 NIRKI PIKICD F2R TERT FLT3 ABCBI RORC SLCSA! oM
COK2 CHRNA! TLR4' CYP2A8 [1Gay stAts COR2 NRIC2 UGTZB7 TOP2A GHSR BLM MIFIA CSART MMPS PTGS2
LTAGH FGRR1 MMPT ILZ3R pRICS joM1 PIKICA PIKICG F7  EBRAF HIRZA RIPK2 MPSE TYMP SIRTI CTSG
LGALSRPSEKAI GRINT APEX1 PIKIRY FRARG DRD! NPKBI MOME ZAPTO KCNAS FCGRT TYROI MAOA NOS2  XOM
AR ToP1| ERAPI MIOR GWPRIA |ACE SERPINE1GBA < AXL NFE2L2 OPRD! NTRK3 ABCCIOGUNIO!IRAKI KOWAG
FISA1 TFPI CSNKZB ACVRLINSPIOM! ESR2  GOK CyPaas COKI CREBSP

2C7 2C9

BH1 BH3
2C8 2C6

BHS ‘ BH7 ‘
zci

BH6 BH2
B4 B3 zca zc3
BH4 265

zC2

Al

Figure 3. The ingredient-target-disease network of SCYYD on OM. There were 4 kinds of herbs, 108 active
ingredients, 186 target genes. The diamond represents herbs in SCYYD, the circle represents the active
ingredients of SCYYD, the rectangle represents the target genes, and the V shape represents for OM.

Figure construction of the PPI network and screening of key targets

To investigate potential protein interactions, a PPl network was established using the STRING database,
consisting of 183 nodes connected by 1,892 edges, and visualized with Cytoscape 3.8.2 (Figure 4a). Using the
Cytohubba plugin, the ten proteins with the highest connectivity were identified as central nodes, including SRC,
HSP90A A1, STAT3, MAPK3, ESR1, HIFla, TLR4, mTOR, MMP9, and PIK3CA (Figures 4b-4c).

MCODE analysis further divided the network into eight clusters of highly interconnected targets (Figure 5).
Cluster 1, with the highest clustering score, comprised 31 nodes and 245 interactions. Biological process (BP)
enrichment revealed 64 significant terms for cluster 1, 32 for cluster 2, 33 for cluster 3, and fewer in other clusters
(P < 0.05, FDR < 0.05).

Functional analysis indicated that cluster 1 was primarily associated with transcriptional regulation and
inflammatory processes, including negative regulation of gene expression, positive regulation of RNA polymerase
II-mediated transcription, angiogenesis, inflammatory response, and inhibition of endothelial apoptosis. Cluster
2 was enriched in stress responses and apoptosis-related processes, such as responses to reactive oxygen species,
cadmium ions, UV exposure, and serine phosphorylation. Cluster 3 focused on signaling and migration pathways,
including tyrosine phosphorylation, transmembrane receptor tyrosine kinase signaling, protein phosphorylation,
cell migration, and positive regulation of kinase activity.

These results suggestthat SCYYD may exert therapeutic effects on oral mucositis through multiple interconnected
targets and biological pathways, involving transcriptional regulation, inflammation, oxidative stress response,and
cell signaling.
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GO and KEGG enrichment and target-pathway analysis
To understand the potential mechanisms of SCYYD in treating OM, we conducted Gene Ontology (GO)
enrichment analysis on 186 predicted target genes. A total of 404 significant GO terms were identified (P < 0.05,
FDR < 0.05), including 283 related to biological processes (BP), 53 to cellular components (CC), and 68 to
molecular functions (MF). Figure 7 displays the top 10 terms from each category, ranked by g-value.
In the BP category, the most prominent terms were cytokine-mediated signaling pathway (GO:0019221),
infllmmatory  response  (GO:0006954), protein  phosphorylation  (GO:0006468), peptidyl-tyrosine
phosphorylation (GO:0018108), and platelet activation (GO:0030168). For CC, the targets were mainly associated
with structures at the cell surface and plasma membrane, including plasma membrane (GO:0005886), receptor
complex (GO:0043235), cell surface (GO:0009986), integral component of plasma membrane (GO:0005887),
and membrane raft (GO:0045121). MF analysis highlighted activities related to kinase functions and ATP binding,
such as protein serine/threonine/tyrosine kinase activity (GO:0004712), transmembrane receptor protein tyrosine
kinase activity (GO:0004714), protein tyrosine kinase activity (GO:0004713), ATP binding (GO:0005524), and
protein serine/threonine kinase activity (GO:0004674).
Overall, these results indicate that SCYYD may influence OM through pathways involving inflammatory
signaling, phosphorylation cascades, and interactions with membrane-associated receptor complexes.
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Figure 7. The top 10 of GO enrichment analysis for target genes of SCYYD against OM.

To investigate how SCYYD may act against OM at the pathway level, we performed KEGG enrichment analysis.
This revealed 160 pathways with significant enrichment (P < 0.05, FDR < 0.05). The 20 pathways most closely
linked to OM are illustrated in Figure 8, highlighting, among others, the HIF-1 and Ras signaling pathways.

We then constructed a network connecting these pathways with their associated genes to clarify SCYYD’s
molecular mechanisms in OM (Figure 9). Pathways with the highest number of mapped genes included
“Pathways in cancer” (53 genes), Kaposi’s sarcoma-associated herpesvirus infection (27), human
cytomegalovirus infection (27), hepatitis B (26), chemical carcinogenesis—receptor activation (26), and the Ras
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signaling pathway (26). Within these pathways, several key genes were consistently enriched, including PIK3CD,
PIK3CB, PIK3CA, PIK3R1, MAPK1, MAPK3, MAP2K2, NFKB1, STAT3, IKBKB, and mTOR.
These results indicate that SCYYD likely exerts its therapeutic effects on OM through the modulation of multiple
signaling cascades and critical regulatory genes, suggesting a multi-target mechanism underlying its
pharmacological action.
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Figure 8. The top 20 signaling pathways from KEGG enrichment analysis of target genes of SCYYD against

OM.
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Binding ability between the active ingredients and key targets by molecular docking

Molecular docking was performed using CB-Dock2 to evaluate the binding interactions between the five most
prominent active compounds identified from the ingredient-target-disease network (sitosterol, naringenin,
kaempferol, quercetin, and luteolin) and the core proteins (SRC, HSP9OAA 1, STAT3, ESRI, and HIFla). The
docking results were quantified using vina scores, where higher absolute values indicate stronger binding affinity
and stability between a compound and its target. Specifically, an absolute vina score above 4.25 suggests
measurable binding, above 5.0 indicates good binding affinity, and above 7.0 reflects strong binding interaction
[15].

As summarized in Table 5, most compound-target pairs exhibited absolute vina scores exceeding 7.0,
demonstrating strong binding of these five active ingredients to SRC, HSP90AA1, STAT3, and HIFla. The
interaction with ESR1 showed scores between 5.0 and 7.0, reflecting moderate to good binding. Representative
3D docking conformations for each compound-target pair are displayed in Figure 10.

Table 5. Binding energy between key ingredients and target proteins

) Vina Score
Key Ingredients
SRC(1A07) HSP90AAL(3Q6M) STAT3(6QHD) ESR1(6KN5) HIF1a(4H6J)
Sitosterol -7.6 -8.2 -8.1 -7.2 -7.6
Naringenin -7.8 -8.6 -8.5 -6.1 -7.6
Kaempferol -8.0 -9.0 -8.8 —6.2 -8.0
Quercetin -85 -9.0 -9.2 -6.3 -8.0
Luteolin -8.1 -8.3 -9.2 -6.3 =75
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Figure 10. The 3D map of each docking diagram.

SCYYD improved oral mucositis symptoms

The therapeutic effect of SCYYD on oral mucositis (OM) was assessed in vivo using a rat model. OM was induced
in rats, which were then treated with SCYYD via oral administration. Body weight and mucosal healing scores
were recorded, followed by histological analysis of oral mucosa using H&E staining. As illustrated in Figure 11a,
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rats in the OM group exhibited significantly reduced body weight compared with the normal control (NC) group
(P < 0.01). Treatment with medium- and high-dose SCYYD (OM+M and OM+H) significantly improved body

weight relative to the untreated OM group (P < 0.01), whereas the low-dose SCYYD group (OM+L) showed no
significant difference compared with the OM group (P > 0.05).
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Figure 11. SCYYD exerts wound healing effect in OM rats. (a)The body weight in each group. (b) The
mucosal healing score in each group. (c-e) The mRNA expressions of TNF, IL-1p and IL-6 were examined
by qPCR. B-actin was used as an internal control. (f) The histopathology of oral mucosa in each group.
Bar=100pm. Data are expressed as mean+SEM. ##P < 0.01 versus NC group, *P < 0.05 versus OM group,
**P < 0.01 versus OM group.

SCYYD Promoted healing in OM rats

The therapeutic effect of SCYYD on oral mucositis (OM) was evaluated in vivo. Throughout the experiment, the
oral mucosa of rats in the OM group exhibited thick pseudomembranes over ulcerated areas, accompanied by
marked inflammatory edema. Administration of SCYYD at various doses significantly accelerated mucosal
recovery. As shown in Figure 11b, the mucosal healing scores of OM rats were markedly lower than those of the
normal control (NC) group (P < 0.01). Treatment with low, medium, and high doses of SCYYD significantly
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improved healing scores compared with the OM group (P < 0.01), demonstrating the efficacy of SCYYD in
promoting mucosal repair.

SCYYD suppressed inflammatory responses in OM

To assess the anti-inflammatory effects of SCYYD, mRNA levels of key pro-inflammatory cytokines in oral
mucosa were analyzed by qPCR. The OM group displayed elevated expression of TNF, IL-1B, and IL-6 compared
with NC rats (P < 0.01); (Figures 11c-11e). Following SCYYD treatment, TNF expression was significantly
reduced in all treatment groups (OM+L, OM+M, OM+H; P < 0.05 or P < 0.01), whereas IL-1B and IL-6 expression
decreased significantly in the medium- and high-dose groups (OM+M and OM+H; P < 0.01). These findings
indicate that SCYYD effectively mitigates inflammatory signaling in OM.

Histopathological improvement of OM by SCYYD

Histological analysis further confirmed the therapeutic effect of SCYYD. The NC group exhibited intact epithelial
layers with no inflammatory cell infiltration, whereas the OM group showed severe ulceration, disrupted
epithelium, and abundant inflammatory infiltration. Reepithelization was initiated in the low-dose SCYYD group
(OM+L), but recovery remained incomplete with persistent inflammatory cells. The medium-dose group (OM+M)
displayed more advanced epithelial regeneration with reduced inflammation. The high-dose group (OM+H)
showed almost complete epithelial recovery and minimal inflammatory infiltration, indicating dose-dependent
efficacy (Figure 11f).

Validation of key targets of SCYYD in OM

To corroborate the key targets identified through network pharmacology, the mRNA expressions of SRC,
HSP90AA1, STAT3, MAPK3, ESRI1, HIFla, TLR4, mTOR, MMP9, and PIK3CA were examined by qPCR
(Figure 12). In OM rats, SRC, HSP90AA 1, STAT3, HIFla, TLR4, mTOR, and MMP9 levels were significantly
elevated compared with NC (P <0.01 or P < 0.05). Treatment with SCYYD at all doses reduced SRC, HSP90AA1,
STATS3, HIF1la, TLR4, and mTOR expression (P < 0.05 or P < 0.01), while MMP9 expression was significantly
decreased in the medium- and high-dose groups. Conversely, ESR1 and PIK3CA expression was lower in OM
rats relative to NC (P < 0.01); medium- and high-dose SCYYD increased ESR1 expression significantly (P < 0.05
or P <0.01), whereas PIK3CA levels remained unchanged following treatment (P > 0.05).
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Figure 12. The mMRNA expression levels of the main key targets were analyzed by gPCR. Panels (A-J) show
the expression of SRC, HSP9OAA1, STAT3, MAPK3, ESRI1, HIFlo, TLR4, mTOR, MMP9, and PIK3CA,
with B-actin as the internal control. Data are presented as mean + SEM. #P <0.05 vs. NC group, ##P < 0.01

vs. NC group, *P <0.05 vs. OM group, **P <0.01 vs. OM group.

Results and Discussion

Oral mucositis (OM) is a recurrent condition with a complex etiology involving multiple signaling pathways. It
is primarily characterized by painful and inflamed lesions that can occur anywhere in the oral cavity.
Consequently, herbs with heat-clearing and detoxifying properties are increasingly used in OM treatment due to
their anti-inflammatory and antioxidant effects [9, 16]. SCYYD exhibits these properties and has been shown to
be effective against chemotherapy-induced OM by reducing inflammatory mediators [12].

In this study, a rat model of OM was established through combined mucosal injury using sodiumhydroxide and
methotrexate chemotherapy, which produced persistent ulceration suitable for evaluating therapeutic effects [17].
Administration of SCYYD at different doses improved erythema, erosions, and ulcerations while reducing
inflammatory factors, demonstrating its anti-inflammatory and mucosal healing effects. However, due to its multi-
component and multi-target characteristics, the molecular mechanisms of SCYYD in OM are not fully understood.
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Network pharmacology, integrating systems biology and bioinformatics, provides a comprehensive method to
investigate such complex mechanisms and has been widely applied to elucidate multi-target and multi-pathway
effects of traditional Chinese medicines [18-20]. In the present study, we combined network pharmacology with
experimental validation to explore the effects and mechanisms of SCYYD against OM.
Pharmacokinetic properties are crucial for ensuring that bioactive compounds reach target tissues and exert
therapeutic effects [21]. A total of 119 bioactive compounds were identified using OB >30% and DL >0.18 as
criteria. The major active ingredients included sitosterol, naringenin, kaempferol, quercetin, and luteolin.
Sitosterol, a phytosterol, can reduce chronic infllmmation by downregulating IL-6 and TNF-a [22]. Naringenin,
a citrus flavonoid, has anti-inflammatory, antioxidant, anticancer, and antiatherogenic activities and acts as an
immunomodulator [23, 24]. Kaempferol exhibits diverse pharmacological effects including anti-inflammatory,
antioxidant, anticancer, antimicrobial, cardioprotective, and neuroprotective actions, partly through inhibition of
STAT3-mediated inflammatory signaling [25-28]. Quercetin also possesses anti-inflammatory, antioxidant, and
anticancer activities, alleviating inflammation via NF-kB inhibition in chemotherapy- or radiation-induced OM
models [29, 30]. Luteolin similarly exerts anti-inflammatory effects by regulating transcription factors such as
STAT3, NF-xB, and AP-1 [31, 32]. Collectively, these compounds support the predicted anti-inflammatory
actions of SCYYD in OM.
Network pharmacology identified 186 potential target genes. GO enrichment analysis revealed that most targets
were associated with inflammatory responses, a key pathogenic factor of OM. KEGG pathway enrichment
indicated that these targets were predominantly involved in immune and inflammatory signaling, tumorigenesis,
and viral infection pathways. For example, the HIF-1 signaling pathway can be activated by oxidative stress,
leading to expression of genes related to inflammation, cytokines, growth factors, and chemokines [33]. Module
analysis further highlighted mechanisms related to inflammatory responses and cellular responses to reactive
oxygen species, suggesting that SCYYD exerts anti-inflammatory and antioxidant effects.
PPI network analysis identified core targets including SRC, HSP90AA 1, STAT3, MAPK3, ESRI, HIFla, TLR4,
mTOR, MMP9, and PIK3CA. SRC, a cytoplasmic tyrosine kinase, regulates neutrophil functions such as ROS
production, NET formation, integrin activation, and migration to inflamed sites [34]. HSP90OAAL1 encodes
Hsp90a, a conserved chaperone protein involved in inflammation, and Hsp90 inhibitors have anti-inflammatory
effects [35, 36]. STAT3 plays a crucial role in oral mucosal homeostasis by controlling infllmmatory cytokine
production, and its polymorphisms may predispose to OM [37]. MAPKS3 regulates autoimmune responses [38],
while ESR1 encodes ERa, modulating immune pathways and suppressing NF-xB signaling [39]. HIFla is
upregulated by metal ions, nitric oxide, and cytokines such as IL-1p and TNF-a, and is significantly increased in
irradiated oral mucosa [40]. TLR4 recognizes LPS or DAMPs, activating innate and adaptive immunity and
promoting pro-inflammatory cytokine production [41, 42]. mTOR is an atypical serine/threonine kinase involved
in PIKK signaling, and its downregulation can counteract inflammation [43, 44]. MMPs, especially MMP9,
contribute to OM by damaging submucosal tissue and disrupting epithelial integrity [45]. PIK3CA encodes the
p110a catalytic subunit of PI3K, increasing tumor susceptibility in oral carcinogenesis models [46].
Consistent with these reports, our animal experiments showed that SCYYD treatment reduced expression of SRC,
HSP90AA1, STAT3, HIFla, TLR4, mTOR, and MMP9, while ESR1 expression was increased. These findings
confirm the multi-target action of SCYYD and demonstrate the critical role of these genes in OM, providing
mechanistic insight into its therapeutic effects.
Subsequently, molecular docking was employed to confirm the specific interactions between the key active
compounds and core protein targets. The docking results indicated that the main ingredients in SCYYD exhibited
strong binding affinities with the identified targets, suggesting that these compounds may med iate the therapeutic
effects of SCYYD on OM through modulation of these proteins and their associated signaling pathways. This
provides a foundation for further investigation into natural compounds for OM treatment.
Nevertheless, several limitations exist in the present study. First, the public databases used forscreening SCYYD’s
bioactive compounds and OM-related targets are not exhaustive, which may have resulted in the omission of other
relevant compounds or genes. In addition, further experimental validation is required to confirmadditional targets
and signaling pathways through which SCYYD exerts its effects. Despite these limitations, this study provides
preliminary insight into the mechanisms of SCYYD against OM and offers a basis for the development of novel
anti-inflammatory therapies for OM.

Conclusion
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In conclusion, by integrating network pharmacology, molecular docking, and in vivo experimentation, this study
elucidated the potential mechanisms by which SCYYD treats OM. The findings suggest that SCYYD acts on
multiple targets and engages various signaling pathways to produce therapeutic effects. While further research is
needed to clarify the precise mechanisms, this study systematically identifies the probable targets and pathways
of SCYYD, providing an experimental foundation for its clinical application in OM management.
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