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Ulcerative colitis (UC) is a persistent, diffuse intestinal inflammation and ranks among the
most challenging chronic diseases worldwide. Atractylodes lancea (Thunb.) DC. and Atractyl-
odis macrocephala Koidz. are traditional Chinese medicines (TCMs) with a long history of clin-
ical application, particularly for gastrointestinal disorders. Both Atractylodis Rhizoma (AR)
and Atractylodis Macrocephala Rhizoma (AM) have shown significant efficacy in managing
UC; however, the underlying mechanism by which the AR-AM herbal pair promotes intestinal
mucosal healing remains poorly understood. The therapeutic effects of the ethanolic extract of
AR-AM (EEAR-AM) were evaluated in a murine UC model induced by dextran sodium sulfate
(DSS). A network pharmacology approach was employed to explore the anti-UC properties of
EEAR-AM, including identification of active compounds, prediction of potential targets, and
construction of a protein-protein interaction (PPI) network. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses were subsequently performed to pre-
liminarily elucidate the mechanisms of EEAR-AM in UC treatment. Finally, the proposed mo-
lecular mechanisms were validated in both DSS-induced UC mice and Caco-2 cells. In vivo res-
ults demonstrated that EEAR-AM significantly attenuated DSS-induced weight loss, reduced
colon shortening, lowered the disease activity index (DAI) score, and modulated the spleen
coefficient. Moreover, EEAR-AM improved colonic tissue architecture, reduced inflammatory
infiltration, restored goblet cell density, enhanced mucin MUC2 expression, and elevated
levels of tight junction (TJ) proteins. Additionally, EEAR-AM suppressed the expression of
matrix metalloproteinase 2 (MMP-2) and MMP-9. Network pharmacology analyses indicated
that EEAR-AM may ameliorate intestinal mucosal dysfunction through modulation of the ex-
change protein directly activated by cAMP 1 (Epac1)/Ras-associated protein 1 (Rap1) path-
way and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathways. These ac-
tions potentially enhance cellular barrier integrity and reduce the release of inflammatory
mediators. Western blotting results confirmed that EEAR-AM activated the Epac1l/Rap1 path-
way while downregulating the PI3K/AKT pathway in both DSS-induced UC mice and Caco-2
cells, consistent with predictions from network pharmacology. This study represents the first
evidence that the EEAR-AM herbal pair improves intestinal mucosal barrier function in UC,
with therapeutic effects likely mediated by activation of the Epacl/Rap1 pathway and inhibi-
tion of the PI3K/AKT pathway.

1. Introduction

Ulcerative colitis (UC) is a chronic, relapsing inflammatory
bowel disease that primarily involves the mucosa of the colon
and rectum. Common clinical manifestations include diarrhea, ab-
dominal pain, and hematochezia. The condition typically pro-
gresses insidiously and poses substantial therapeutic challenges,
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significantly increasing the risk of colorectal cancer develop-
ment " The rising global prevalence of UC highlights an urgent
need for improved treatment strategies. Although conventional
therapies, such as corticosteroids and aminosalicylates, can alle-
viate symptoms, they are often associated with high costs and
notable adverse effects. This underscores the necessity of identi-
fying therapeutic options that are effective, cost-efficient, and
minimally toxic °.
The exact etiology and pathophysiological mechanisms of UC
Chen);  caoguosheng remain incompletely understood. Evidence suggests that mul-
tiple interacting factors contribute to both the onset and progres-
sion of the disease, including genetic susceptibility, environment-
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al triggers, dysregulated immune responses, and impairment of
the intestinal barrier. Notably, the intestinal mucosal barrier
plays a pivotal role in maintaining gastrointestinal homeostasis
and is closely implicated in UC pathogenesis ‘. Upon exposure to
external stressors, the integrity of this barrier is compromised,
leading to increased epithelial permeability. This disruption facil-
itates microbial dysbiosis and enables translocation of pathogens
and their metabolites across the epithelium, potentially trigger-
ing or amplifying local inflammation. Persistent damage may cul-
minate in mucosal ulceration; thus, restoration of the intestinal
mucosal barrier is essential for improving gut function and mitig-
ating UC-related clinical symptoms °.

Traditional Chinese medicine (TCM) has emerged as a prom-
ising approach for UC management, attributed to its multi-target
effects and favorable safety profile, suggesting potential for pro-
moting mucosal repair °. A core principle of TCM is herb compat-
ibility, which underpins synergistic interactions and is critical for
advancing modern TCM research ’. Strategic combination and op-
timal ratios of herbal pairs can enhance efficacy, reduce toxicity,
or generate novel pharmacological actions °. Atractylodes lancea
(Thunb.) DC. and Atractylodis macrocephala Koidz., both docu-
mented in the 'Shennong Materia Medica', have long been em-
ployed in the treatment of gastrointestinal disorders and possess
extensive clinical usage. Modern pharmacological studies indic-
ate that Atractylodis Rhizoma (AR) and Atractylodis Macroceph-
ala (AM) effectively ameliorate UC symptoms ~ ', although the
mechanistic basis of the AR-AM combination in UC remains un-
clear.

Network pharmacology enables systematic analysis of drug-
target interactions by integrating multi-omics data and construct-
ing biological networks '*'*. In this study, network pharmaco-
logy was applied to predict the potential mechanisms of EEAR-
AMin UC treatment. The results suggest that both the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and ex-
change protein directly activated by cAMP 1 (Epacl)/Ras-associ-
ated protein 1 (Rap1) signaling pathways may serve as candidate
targets of EEAR-AM. Previous investigations have demonstrated
that the Epacl/Rap1 pathway regulates cell adhesion and inter-
cellular junctions. For example, the activation of this pathway has
been shown to enhance endothelial barrier function by modulat-
ing Racl activity . Importantly, activation of Epacl/Rap1 has
been shown to attenuate intestinal inflammation and limit tissue
injury *“.

This study integrated network pharmacology with in vivo and
in vitro experiments to explore the bioactive compounds, molecu-
lar targets, and underlying pathways associated with AR-AM in
UC treatment, based on the formulation described in 'Shi Jinmo
Pair of Medicines'. The findings provide insights into the clinical
application of the AR-AM herbal pair for UC therapy and offer a
framework for investigating synergistic mechanisms in TCM for-
mulations.

2. Materials and methods

2.1. Bioinformatics prediction of the mechanism of EEAR-AM in the
treatment of UC

The active compounds in AR and AM were initially retrieved
from the Traditional Chinese Medicine System Pharmacology
Database (TCMSP; https://old.tcmspe.com/tcmsp.php). Com-
pounds meeting the criteria of oral bioavailability (OB) = 30%
and drug-likeness (DL) = 0.18 were selected as candidates for fur-
ther analysis . To supplement this dataset, additional active in-
gredients were identified using the Bioinformatics Analysis Tool
for Molecular Mechanism of Traditional Chinese Medicine (Bat-

man-TCM; http://bionet.ncpsb.org.cn/batman-tcm/). All  com-
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pounds were deduplicated and integrated with previously re-
trieved data. Furthermore, a systematic literature review was
conducted to identify any potentially overlooked bioactive con-
stituents ‘",

For each selected compound, the InChl identifiers were ob-
tained from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/), and their corresponding target genes were extrac-
ted from the Batman-TCM database. Potential target genes associ-
ated with UC were collected from the GeneCards (https://www.
genecards.org/) and GEO databases (https://www.ncbi.nlm.nih.
gov/geo/). The GEO database provided transcriptomic data to
identify differentially expressed genes associated with UC. The in-
tersection of compound-related targets and UC-related genes was
determined using Venny 2.1.0, and the resulting overlapping
genes were used to generate a Venn diagram. These intersecting
targets were integrated into a compound-target-disease network,
constructed using Cytoscape software.

The overlapping targets between AR-AM and UC were up-
loaded to the STRING database (https://cn.string-db.org/) with
species specified as *Homo sapiens*. A protein-protein interac-
tion (PPI) network was constructed, and results were exported in
TSV format. These data were then imported into Cytoscape to
visualize the PPI network. Network topology analysis was con-
ducted using the CytoNCA plugin. Key targets were selected
based on degree centrality (DC) values greater than twice the me-
dian, along with other topological metrics exceeding their re-
spective median values. Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analyses were
performed for the shared targets using the DAVID database (ht-
tps://davidbioinformatics.nih.gov/tools.jsp), with species set to
*Homo sapiens*. Data visualization was carried out using the mi-
cro-bioinformation platform (https://www.bioinformatics.com.
cn/).

Molecular docking (MD) and molecular dynamics simula-
tions were subsequently conducted. Compound structure files
were obtained from PubChem, while 3D structures of key path-
way proteins were retrieved from the Protein Data Bank (PDB).
MD was performed using AutoDock software, and the resulting
complexes were visualized with PyMOL 2.5. Molecular dynamics
simulations were executed using GROMACS 2022.3 software ' *°.
Post-simulation analyses included root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radius of gyra-
tion (Rg) for each amino acid residue, MMGBSA free energy calcu-
lations, and free energy landscape mapping.

2.2. In vivo experimental validation

2.2.1. Sample preparation

Dextran sodium sulfate (DSS, 160110, MP Biomedicals) solu-
tion was prepared by dissolving 3.5 g of DSS powder in 100 mL of
distilled water to yield a 3.5% (W/V) solution.

Ethanolic extract of AM-AR (EEAM-AR) was prepared as fol-
lows: dried rhizomes of AM (0.3 g, batch 20220101, Hubei Tianji
Pharmaceutical Co., Ltd.) and AR (0.3 g, batch 2022110103,
Hubei Chenmei Traditional Chinese Medicine Co., Ltd.) were
weighed, crushed, and passed through an 80-mesh sieve. The
powders were combined at a 1:1 ratio and transferred to a beak-
er. Ten volumes of 80% ethanol were added, and the mixture was
stirred thoroughly and soaked overnight. Ultrasonic extraction
was performed three times for 30 min each, with filtration after
each cycle; filtrates were pooled. The combined filtrate was con-
centrated via rotary evaporation at 50 °C and 40 r-min" until a
thick paste formed. The paste was transferred to a dish, covered
with plastic wrap, and frozen at -80 °C overnight. Freeze-drying
was conducted the following day, and the resulting extract was
stored at low temperature.


https://old.tcmspe.com/tcmsp.php
http://bionet.ncpsb.org.cn/batman-tcm/
http://bionet.ncpsb.org.cn/batman-tcm/
http://bionet.ncpsb.org.cn/batman-tcm/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.genecards.org/
https://www.genecards.org/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://cn.string-db.org/
https://cn.string-db.org/
https://cn.string-db.org/
https://davidbioinformatics.nih.gov/tools.jsp
https://davidbioinformatics.nih.gov/tools.jsp
https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/

X Yuetal

Solutions of EEAR, EEAM, and EEAR-AM were prepared by
accurately weighing the extracts and dissolving them in methan-
ol to achieve a concentration of 10 mg-mL™.

A suspension of sulfasalazine (SASP, 09220718, Shanghai
Xinyi Tianping Pharmaceutical Co., Ltd.) was prepared by grind-
ing tablets into fine powder using a mortar, followed by suspen-
sion in vehicle to a final concentration of 25 mg-mL™". The suspen-
sion was aliquoted and stored at 4 °C.

2.2.2. Chromatographic and mass spectrometric conditions
Qualitative analysis of EEAR, EEAM, and EEAR-AM was per-
formed using a ultra-high performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) system consisting of
an Agilent 1290 Infinity II liquid chromatograph and an Agilent
6460C triple quadrupole mass spectrometer (Agilent Technolo-
gies, CA, USA). Chromatographic separation was achieved using a
CAPCELL PAK C18 MGIII-H column (3 pm, 2 mm x 100 mm) with
a mobile phase composed of 0.1% formic acid in water (A) and
acetonitrile (B). A gradient elution program was applied at a flow
rate of 0.2 mL-min": 5%-15% B from 0-5 min, 15%-55% B from
5-15 min, 55%-95% B from 15-20 min, and 95%-99% B from
20-22 min. The injection volume was 2 pL. The drying gas tem-
perature was maintained at 350 °C with a flow rate of 9 L-min™".
Capillary voltages were set at 4000 V (positive mode) and -3500
V (negative mode), and nebulizer pressure was kept at 40 psi.
Data acquisition and analysis were performed using Agilent
workstation software (Version B.06.00, Agilent Technologies).

2.2.3. Animals

Forty-five male BALB/c mice (SPF grade), aged 7-9 weeks
and weighing 20 * 2 g, were purchased from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Animal Production License SCXK
(Liao) 2022-0003). After a 3-day acclimatization period, animals
were maintained under a 12-h light/dark cycle at 22 + 2 °C with
ad libitum access to food and water. The study protocol was ap-
proved by the Animal Ethics Committee of Hubei University of
Chinese Medicine (Approval No. SYXK2023-0067), ensuring com-
pliance with ethical standards for animal research and care.

2.2.4. Experimental design

Following a 3-day acclimation period, 45 male BALB/c mice
were randomly assigned to five groups (n = 9 per group): control
group, model group (3.5% DSS), EEAR-AM treatment groups
(555 and 1110 mg-kg™), and positive control group (SASP, 250
mg-kg™). From day 1, all groups except the control group re-
ceived free access to 3.5% DSS solution for modeling, with both
pure water and DSS solution refreshed every two days *’.

Pronounced weight loss and visible hematochezia in the
model group confirmed successful induction of colitis. Starting on
day 2, treatment groups received daily gavage with their respect-
ive doses, while the control and model groups received equival-
ent volumes of normal saline for 7 consecutive days. Final
dosages were determined according to the latest edition of the
Chinese Pharmacopoeia and prior experimental findings from our

16
research team '°.

2.2.5. Sample collection and evaluation of disease activity index
(DAI)

Body weights were recorded daily at the same time each
morning *'. Fecal occult blood tests were performed nightly to as-
sess intestinal bleeding. During the modeling period (Table 1),
average scores for weight loss, stool consistency, and hem-
atochezia were calculated individually to determine the DAI,
providing an initial assessment of model validity and therapeutic
efficacy. On day 8, mice were euthanized, and colon and spleen
tissues were harvested. Body weight, colon length, and spleen
coefficient were measured.
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Table 1 DAI scoring table.

Weight (%) Fecal traits Bloody stools Score
<1 Normal Negative 0
>1-5 semi-formed Positive occult blood (+) 1
>5-10 Pasty Positive occult blood (++) 2
>10-15 Loose stools Gross bloody stool (+) 3
>15 Watery stools Gross bloody stool (++) 4

2.2.6. Histological analysis

Colon tissue from standardized anatomical regions was fixed
in 4% paraformaldehyde and embedded in paraffin. Sections
were subjected to hematoxylin-eosin (HE) and Alcian Blue-Peri-
odic acid-Schiff (AB-PAS) staining. Histopathological changes
were evaluated microscopically. Pathological damage scores de-
rived from HE staining are presented in Table 2.

Table 2 Pathological impairment score.

Tissue damage Inflammatory cell infiltration Score
None Infrequent 0
Isolated focal epithelial damage Increased, some neutrophils 1
Mucosal erosions and ulcerations Submucosal presence of inflammatory 2
cell clusters
iR A D e Transmural cell infiltrations 3

bowel wall

2.2.7. Immunohistochemical (IHC) analysis

Colon tissues were fixed in 4% paraformaldehyde, processed
for paraffin embedding, deparaffinized, and subjected to antigen
retrieval. Sections were incubated overnight at 4 °C with primary
antibodies, followed by secondary antibody application. Inmune
complexes were visualized using DAB chromogen, and nuclei
were counterstained with hematoxylin. Tissues were dehydrated,
mounted, and examined under a microscope (Olympus, Tokyo,
Japan). Primary antibodies used included MUC2 (Proteintech,
1:1000, 27675-1-AP), matrix metalloproteinase 2 (MMP-2, Santa
Cruz, 1:200, sc-13594), and MMP-9 (Proteintech, 1:500, 10375-
2-AP).

2.2.8. Quantitative real-time polymerase chain reaction (qRT-PCR)

Colon samples were homogenized in Trizol® reagent, and
total ribonucleic acid (RNA) was isolated following centrifuga-
tion steps. RNA was reverse-transcribed into cDNA according to
the kit instructions. Messenger RNA (mRNA) expression levels
were quantified using a StepOnePlus™ RT PCR System and
PowerUp™ SYBR™ Green Master Mix, following manufacturer
protocols (Vazyme Biotech, Nanjing, China). Primer sequences
are listed in Supplementary Table 1. Data were analyzed using
the 27**“ method.

2.2.9. Western blotting

Colon tissues were weighed, and protein lysates were pre-
pared following standard protocols. Protein loading buffer was
added, and samples were denatured at 100 °C for 5 min. Proteins
were separated by SDS-PAGE and transferred to PVDF mem-
branes. Membranes were incubated overnight at 4 °C with
primary antibodies: MUC2 (Proteintech, 1:1000, 27675-1-AP),
zonula occludens-1 (Z0-1, Proteintech, 1:1000, 21773-1-AP), oc-
cludin (Proteintech, 1:1000, 27260-1-AP), claudin-1 (Pro-
teintech, 1:1000, 28674-1-AP), MMP-2 (Proteintech, 1:1000,
10373-2-AP), MMP-9 (Proteintech, 1:1000, 10375-1-AP), Epacl
(Abclonal, 1:1000, A4149), Rapl (Santa Cruz, 1:300, sc-
398755), PI3K (Proteintech, 1:1000, 20584-1-AP), phos-
phorylated (p)-PI3K (Affinity, 1:1000, AF4369), AKT (Pro-



X Yuetal

teintech, 1:1000, 10176-2-AP), and p-AKT (Proteintech, 1:1000,
66444-1-1g). The next day, membranes were incubated with -
actin (Abclonal, 1:10,000, AC026) as a secondary antibody. Pro-
tein bands were detected using an ECL kit and imaged with a gel
documentation system (Bio-Rad Laboratories, USA). Band intens-
ities were quantified using Image]J software.

2.3. In vitro experimental validation

2.3.1. Cell culture

Caco-2 cells were maintained in a humidified CO, incubator
at 37 °C with 5% CO,. Culture medium consisted of high-glucose
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum, 1% penicillin-streptomycin. Medium
was refreshed daily, and subculturing was performed when con-
fluence reached approximately 80%.

2.3.2. DSS concentration screening, cytotoxicity assessment, and
activity evaluation

Caco-2 cells (NOBLEBIO Biotechnology, Zhejiang, China)
were seeded in 96-well plates at a density of 5 x 10° cells per
well. After adherence, the cells were treated with varying concen-
trations of EEAR-AM (0, 25, 50, 100, 200, 400 ug'mL'l] for 24 h
to assess cytotoxicity. Following treatment, 10 pL of cell counting
kit-8 (CCK-8) reagent was added to each well and incubated for
1 h at 37 °C in a humidified atmosphere containing 5% CO,. Ab-
sorbance was measured at 460 nm using a microplate reader. For
DSS concentration screening, cells were exposed to a gradient of
DSS concentrations (0.125%, 0.25%, 0.5%, 1%, 2%, 4%) to de-
termine optimal conditions for inducing cellular stress. In the
activity evaluation experiment, cells were treated with 2% DSS
alone or in combination with EEAR-AM (25, 50, 100 pg-mL™).
SASP (800 ug-mL™") was included as a positive control. All assays
followed the same protocol as described above.

2.3.3. Experimental grouping

Caco-2 cells were divided into six groups: control, model
(2% DSS), EEAR-AM treatment (25, 50, 100 pg-mL™), and posit-
ive control (SASP, 800 pg-mL™). Upon reaching the desired con-
fluence, cells were treated as described, and mRNA and protein
were harvested 24 h post-treatment for downstream analyses.

2.3.4. Intestinal barrier function assay

The effect of EEAR-AM on Caco-2 cell membrane integrity
was assessed via transepithelial electrical resistance (TEER). A 24-
well Transwell plate (Corning, NY, USA) was pre-equilibrated
with DMEM in each well of a 24-well plate. Caco-2 cells were
seeded at a density of 2 x 10° cells-cm™ onto the apical side of
Transwell inserts and cultured for 21 days. Fresh medium was re-
placed every other day, and cell morphology was monitored daily
under a light microscope. TEER values were measured every
three days using a Millicell-ERS instrument (Millipore, MA, USA)
to evaluate monolayer formation and integrity **.

ATEER value = 400 Q-cm? indicated successful establish-
ment of a confluent and functional Caco-2 monolayer, suitable for
further experimentation. Once stable, monolayers were ran-
domly assigned to control, model (2% DSS), EEAR-AM (25, 50,
100 pg'mL™), or SASP (800 pg-mL™) groups. TEER measure-
ments were recorded 24 h after treatment. TEER (Q-cm?) was
calculated as: [Measured resistance ({)) - background resistance
(Q)] x membrane surface area (4, cm?), where background resist-
ance was measured in blank inserts without cells.

2.3.5. Phalloidin staining
Caco-2 cells were seeded in 24-well plates at an appropriate
density and incubated for 24 h. Cells were then randomly alloc-
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ated into six groups: control, 2% DSS, EEAR-AM (25, 50, 100
pg-mL™), and SASP (800 pg-mL™). After 24 h of treatment, the
culture medium was removed, and the cells were washed twice
with PBS. Cells were fixed with 4% formaldehyde at room tem-
perature, washed, and permeabilized. TRITC-conjugated phal-
loidin was added and incubated in the dark for 30 min at room
temperature. After additional washes, a drop of anti-fade mount-
ing medium was placed on a glass slide, and coverslips contain-
ing stained cells were mounted. Fluorescence images were cap-
tured using a fluorescence microscope.

2.3.6. QRT-PCR

mRNA expression levels of Z0-1, occludin, claudin-1, tumor
necrosis factor a (TNF-a), interleukin-1f (IL-1f), and IL-6 were
analyzed by qRT-PCR using the same methodology as described
in Section 2.2.8. Primer sequences are provided in Supplement-
ary Table 2.

2.3.7. Western blotting assay
Protein expression was analyzed as detailed in Section 2.2.9.

2.3.8. Statistical analysis

Data were analyzed using GraphPad Prism 10.0 software
(San Diego, CA, USA). Results are expressed as mean * standard
deviation (SD). Statistical significance was assessed using un-
paired Student’s t-test or one-way analysis of variance (ANOVA).
For graphical representation and statistical testing, GraphPad
Prism 10.0 was employed. Differences were considered statistic-
ally significant at P < 0.05.

3. Results

3.1. Flowcharts and TICs of EEAR-AM

The sample was processed via lyophilization, yielding a yel-
low-brown powder characterized by a fluffy texture and distinct-
ive aroma (Fig. 1A). A qualitative analysis of EEAR, EEAM, and
EEAR-AM was performed using a UPLC-MS/MS system consist-
ing of an Agilent 1290 Infinity series liquid chromatograph
coupled with an Agilent 6460C triple quadrupole mass spectro-
meter (Fig. 1B). Following a three-day acclimatization period
with regular feeding, mice were assigned to distinct treatment
groups. The control group received standard drinking water,
whereas both the model and drug treatment groups were admin-
istered 3.5% DSS in their drinking water for seven days. An equi-
valent volume of normal saline was delivered to both the control
and model groups (Fig. 1C).

3.2. EEAR-AM improved the abnormal symptoms in DSS-induced UC
mice

In this study, the potential therapeutic effects of EEAR-AM
were evaluated in a DSS-induced colitis model. Upon completion
of the experiment, colon tissues from the DSS-treated group ex-
hibited marked congestion and a significant reduction in length,
indicating compromised colon health due to colitis. In contrast,
EEAR-AM administration effectively mitigated these adverse ef-
fects associated with DSS exposure (Figs. 2A-2B). Furthermore,
spleen index analysis revealed a significant increase in the model
group, indicative of systemic inflammation. This elevation was
notably reduced following EEAR-AM treatment, underscoring its
therapeutic potential (Fig. 2C). Both EEAR-AM and SASP signific-
antly alleviated disease-related symptoms. Additionally, both
treatments suppressed the DSS-induced rise in DAI score, further
supporting their beneficial roles in managing UC (Figs. 2D-2E).

Histological examination showed that colon tissue architec-
ture in the control group remained intact, with well-formed
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Fig. 1 (A) Flow chart for sample preparation. (B) TIC chromatograms of EEAR, EEAM, EEAR-AM using UPLC-MS/MS. (C) Development of the UC model and drug treatment
as represented in experimental diagrams.

crypts and no evident epithelial erosion or ulceration. In contrast, duced goblet cell numbers in the colon tissues of the model
DSS induction caused severe structural damage, inflammatory group. However, EEAR-AM treatment led to a notable recovery in
cell infiltration, and epithelial erosion or ulceration, all of which goblet cell density and reduced inflammatory cell infiltration in
were markedly attenuated by treatment with either EEAR-AM or both the mucosa and submucosa. [HC staining further indicated
SASP (Figs. 2F-2G). Moreover, RT-qPCR analyses demonstrated that MUC2 expression in the model group was considerably lower
that mRNA levels of pro-inflammatory cytokines, including TNF- than in the control group. Importantly, EEAR-AM treatment signi-
a, IL-1f3, and IL-6, were significantly upregulated in the model ficantly restored MUC2 expression in colon tissues (Figs. 3A-3C).
group. These increases were substantially reversed following Given that E-cadherin plays a critical role in maintaining colonic
EEAR-AM treatment (Figs. 2H-2]). Collectively, these findings in- epithelial barrier integrity during UC, its regulation by EEAR-AM

dicate that EEAR-AM ameliorates pathological symptoms in DSS- was investigated; results are provided in Supplementary Data 1.
induced UC mice. Additionally, the mRNA and protein levels of tight junction
(TJ) proteins in colon tissues across all groups were assessed us-
3.3. EEAR-AM restored DSS-induced intestinal mucosal barrier ing RT-qPCR and Western blotting. The mRNA levels of Z0-1, oc-
function in mice cludin, and claudin-1 were downregulated in the model group but
showed significant upregulation after EEAR-AM treatment (Figs.
AB-PAS staining revealed impaired crypt structure and re- 3D-3F). Western blotting results confirmed that EEAR-AM en-
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Fig. 2 Effects of EEAR-AM on symptoms in UC mice. (A) Photographs capturing the macroscopic view of the colon. (B) Statistical analysis of colon length (n = 6). (C) Spleen
Index (n = 6). (D) Changes in the body weight of mice (n = 6). (E) DAI Score (n = 6). (F) HE staining images of colonic tissue (Magnification, 100 x; Scale bar = 100 pm; n = 3).
@) Colon hlstopathology score. (H) Relative mRNA expression of TNF-a, IL-1B and IL-6 (n = 3). The data were presented as the means * SD. **P < 0.01 vs Control group; ‘P <
0.05 and “P < 0.01 vs 3.5% DSS group.

hanced the expression of these T] proteins in UC mice (Figs. 3.4. Network pharmacological analysis of EEAR-AM in the treat-
3G-3K). Thus, the combined data demonstrate that EEAR-AM re- ment of UC
stores DSS-induced impairment of the intestinal mucosal barrier
function. Differentially expressed genes from the GSE38713,
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Fig. 3 Effects of EEAR-AM on the expressions of MUC2 and T] proteins in UC mice. (A) AB-PAS staining and expression levels of MUC2 in colon tissues were examined by

IHC staining (Magnification, 100 x; scale bar = 100 pm). (B) Chart of goblet cell count. (C) Statistical chart of IHC results of expression levels of MUC2. (D-F) The mRNA levels

of Z0-1, Occludin, and Claudin-1 in colon were detected by RT-PCR. (G) Expression levels of MUC2, ZO-1, Occludin, and Claudin-1 in colon tissues were detected by Western

blottmg (H-K) The gray intensity analysis of MUC2, ZO-1, Occludin, and Claudin-1. The data were presented as the means + SD (n = 3); *P < 0.01 vs Control group; ‘P < 0.05 and
“P<0.01 vs 3.5% DSS group.
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GSE59071, and GSE87466 datasets in the GEO database were
visualized as volcano plots (Fig. 4A). Using the TCMSP and Bat-
man-TCM databases, 36 active ingredients were identified, in-
cluding 23 linked to AR, 9 to AM, and 4 shared components. From
Batman-TCM, 886 targets associated with AR-AM active ingredi-
ents were extracted. Concurrently, the GeneCards and GEO data-
bases identified 5,158 UC-related targets. Analysis revealed 435
overlapping targets between active ingredient targets and UC-re-
lated targets (Fig. 4B). A “drug-component-disease-target” net-
work diagram comprising 466 nodes and 1,316 edges was con-
structed, illustrating 435 common targets connected to 35 active
ingredients, with color and shape encoding categorical distinc-
tions (Fig. 4C). Key components in EEAR-AM were verified using
liquid chromatography-mass spectrometry (LC-MS), with identi-
fication results for six major active ingredients detailed in Supple-
mentary Data 2. Core targets were screened using the MCC al-
gorithm in cytohubba (a Cytoscape plugin), identifying HIF1A,
AKT1, TP53, and others as top-ranking proteins (Fig. 4D). Enrich-
ment analysis suggested that EEAR-AM may exert its effects
through processes such as protein phosphorylation, plasma
membrane localization, and protein tyrosine kinase activity (Fig.
4E). KEGG pathway enrichment analysis, following the exclusion
of pathways unrelated to UC, identified the top 10 signaling path-
ways ranked by p-value. These were visualized as bubble plots
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(Fig. 4F), with the PI3K/AKT and Rap1 signaling pathways emer-
ging as key contributors to the therapeutic mechanism of EEAR-
AM.

3.5. Strong binding activity between active compounds and targets

MD and molecular dynamics simulations were conducted
to evaluate the binding interactions between active compou-
nds and target proteins. Heatmap analysis of docking scores
revealed notably strong affinities, particularly between PI3K
and atractylolide 1 and between Rapl and atractylolide II, with
the latter interaction shown in detail (Figs. 5A-5C). Subsequ-
ent MD simulations confirmed the stability of these comple-
xes. Key dynamic parameters, RMSD, RMSF, solvent-accessi-
ble surface area (SASA), Rg, and binding energy, remained with-
in acceptable ranges throughout the simulation period (Figs.
5D-5H).

3.6. EEAR-AM inhibited the expression of MMP-2 and MMP-9 in DSS-
induced UC mice

The results obtained from IHC staining indicated that EEAR-
AM notably reduced the levels of MMP-2 and MMP-9 in mice with
UC (Figs. 6A-6C). Moreover, RT-qPCR analysis revealed that the
mRNA levels of MMP-2 and MMP-9 were significantly elevated in
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the model group compared to the control group, whereas treat- roborated these findings. Collectively, these data indicate that
ment with EEAR-AM led to a marked reduction in these mRNA EEAR-AM has the potential to inhibit the expression of MMP-2
levels (Figs. 6D-6E). Furthermore, Western blotting results cor- and MMP-9 in DSS-induced UC mice.
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Fig. 6 Effects of EEAR-AM on the expressions of MMP-2/9 in UC mice. (A) Expressions levels of MMP-2 and MMP-9 in colon tissues were detected by IHC (Magnification,
100 x; scale bar = 100 um). (B-C) Relative positive expressions area analysis of MMP-2 and MMP-9. (D-E) The mRNA levels of MMP-2 and MMP-9 in colon tissues. (F) Ex-
pressions levels of MMP-2 an d MMP-9 in colon tissues were detected by Western blotting. (G-H) The gray intensity analysis of MMP-2 and MMP-9. The data were presen-
ted as the means * SD (n = 3); P < 0.01 vs Control group; ‘P < 0.05 and “P < 0.01 vs 3.5% DSS group.
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3.7. EEAR-AM regulated the Epacl/Rapl and PI3K/AKT pathways
in DSS-induced UC mice

Building on our prior network pharmacology predictions, we
used Western blotting to examine how EEAR-AM modulates the
Epacl/Rapl and PI3K/AKT pathways in DSS-induced UC mice.
Compared to the control group, the model group exhibited signi-
ficantly decreased protein levels of Epacl and Rap1, while phos-
phorylation levels of PI3K and AKT were markedly increased. In
contrast, both the EEAR-AM and SASP groups showed reversal of
these alterations (Fig. 7). These results suggest that EEAR-AM
may alleviate UC symptoms by activating the Epacl/Rap1 path-
way and suppressing the PI3K/AKT pathway.

3.8. EEAR-AM improved cell monolayer injury in DSS-induced Caco-
2 cells

The optimal concentrations of DSS and EEAR-AM were de-
termined using the CCK-8 assay. Following the manufacturer’s
protocol, 2% DSS was identified as the appropriate concentration
to induce cellular injury without excessive cytotoxicity (Fig. 8A).
Additionally, EEAR-AM at concentrations up to 100 pg-mL™
showed no significant toxicity to Caco-2 cells, leading to the selec-
tion of 2 % DSS in combination with EEAR-AM at 25, 50, and 100
ug-mL™ for subsequent experiments (Fig. 8B). The protective ef-
fects of EEAR-AM against DSS-induced injury in Caco-2 cells were
also assessed using the CCK-8 method. The results demonstrated
that EEAR-AM (25, 50, and 100 pg-mL™) significantly attenuated
cell injury (Fig. 8C).

Transendothelial electrical resistance (TEER) values
creased progressively over time, and a stable cell monolayer
barrier model was established when TEER reached or exceeded
400 Q-cm? The model group exhibited significantly lower TEER
values than the control group, whereas both EEAR-AM and
SASP effectively prevented this decline. These findings suggest
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that EEAR-AM can ameliorate DSS-induced intestinal epithelial
barrier dysfunction in Caco-2 monolayers by enhancing TEER
and reducing paracellular permeability (Figs. 8D-8E). Finally, RT-
qPCR analyses revealed that EEAR-AM (25, 50, and 100 pg-mL™)
suppressed the DSS-induced inflammatory response in Caco-2
cells, as evidenced by significant reductions in the mRNA levels of
TNF-a, IL-1B, and IL-6 compared to the model group (Figs.
8F-8H).

3.9. EEAR-AM ameliorated intestinal epithelial barrier dysfunction
in DSS-induced Caco-2 cells

Immunofluorescence assays showed a notable increase in F-
actin expression following EEAR-AM treatment, suggesting that
EEAR-AM contributes to colonic protection by stabilizing the
actin cytoskeleton (Fig. 9A). RT-qPCR and Western blotting ana-
lyses further demonstrated that EEAR-AM increased the mRNA
and protein levels of T] proteins Z0-1, occludin, and claudin-1 in
DSS-induced Caco-2 cells (Figs. 9B-9H). Additionally, Western
blotting results showed that DSS treatment significantly upregu-
lated MMP-2 and MMP-9 protein expression, whereas both EEAR-
AM and SASP markedly reduced their expression levels (Figs.
91-9K).

3.10. EEAR-AM regulated the Epacl/Rapl and PI3K/AKT path-
ways in DSS-induced Caco-2 cells

The Western blotting analysis revealed a significant decrease
in Epacl and Rap1 protein levels in the model group. Conversely,
the expression levels of p-PI3K and p-AKT proteins were
markedly elevated. However, EEAR-AM effectively counterac-
ted these aberrant changes in protein expression. These findings
indicate that EEAR-AM protects against DSS-induced injury in
Caco-2 cells by activating the Epacl/Rap1 signaling pathway and
simultaneously suppressing the PI3K/AKT pathway (Figs.
10A-10F).

Q

level of Rap1/B-actin

Relative protein expression

level of p-AKT/AKT

Relative protein expression

Fig. 7 Effects of EEAR-AM on the regulation of Epacl/Rap1 and PI3K/AKT pathways in UC mice. (A) Expression levels of Epacl/Rap pathway-related proteins were detec-
ted by Western blotting. (B-C) The gray intensity analysis of Epacl and Rap1 proteins. (D) Expression levels of PI3K/AKT pathway-related proteins were detected by West-
ern blotting. (E-F) The gray intensity analysis of p-PI3K/PI3K and p-AKT/AKT. The data were presented as the means * SD (n = 3). “’P < 0.01 vs Control group; P < 0.05 and

“P<0.01vs 3.5 % DSS group.
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Fig. 8 Effects of EEAR-AM on cell injury and inflammation in DSS-induced Caco-2 cells. (A) Cell viability of Caco-2 after 24 h treatment with different concentrations of DSS.
(B) Cell viability of Caco-2 after 24 h of EEAR-AM treatment (n = 6). (C) Caco-2 cell viability after 24 h treatment with 2 % DSS and different concentrations of EEAR-AM (n =
6). (D) Caco-2 cells monolayer construction. (E) TEER value after EEAR-AM administration (n = 6). (F-H) The mRNA levels of TNF-a, IL-1f, and IL-6 in DSS-induced Caco-2
cells (n = 3). The data were presented as the means # SD. P < 0.01 vs Control group; ‘P < 0.05 and P < 0.01 vs 2% DSS group.

4. Discussion

In recent years, although the fundamental mechanisms un-
derlying UC remain unclear, extensive and ongoing research into
its pathogenesis has emphasized the intestinal mucosal barrier as
a critical focal point. This barrier consists of four essential com-
ponents: mechanical, chemical, immune, and biological barriers.
Among these, the mechanical barrier constitutes the primary
structure of the intestinal mucosal barrier and serves as the first
line of defense against the invasion of external pathogenic mi-
croorganisms *’.

The intestinal mechanical barrier is primarily composed of
intestinal epithelial cells, TJs between these cells, and the extra-
cellular mucus layer coating the gut lining **. Specific types of in-
testinal epithelial cells, including goblet and Paneth cells, play
critical roles in maintaining the physical integrity of the gut barri-
er. These specialized cells undergo continuous renewal, a pro-

Control 2% DSS

Relative mRNA expression
(Occludinip-actin)

EEAR-AM/(25 ng'mL™") EEAR-AM/(50 pg'mL') EEAR-AM/(100 pg-mL™")
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cess mediated by intestinal epithelial stem cells located at the
base of the crypts. These stem cells contribute not only to epi-
thelial regeneration but also to mucus production, which pro-
tects the intestinal mucosa *°. In addition, intestinal epithelial
cells have evolved specialized mechanisms to sense and respond
to external stimuli, which are critical for initiating and regulating
appropriate immune responses within the gastrointestinal tract.
Another study has shown that alterations in actin dynamics in-
hibit cell cycle progression, increase apoptosis, and reduce colon-
ic epithelial cell proliferation, thereby exacerbating the develop-
ment and progression of colitis *°.

Research demonstrates that downregulation of T] proteins,
including claudin-1 and occludin, impairs the mechanical barrier
and increases intestinal permeability. This disruption triggers im-
mune activation and promotes inflammatory cell infiltration .
Furthermore, the release of pro-inflammatory cytokines is not
only crucial in UC pathogenesis but also serves as a key indicator

SASP/(800 pg-mL™")

20 pm
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Fig. 9 Effects of EEAR on the expressions of T] proteins and MMP-2/9 in DSS-induced Caco-2 cells. (A) Phalloidin staining. (B-D) The mRNA levels of Z0-1, Occludin and
Claudin-1 were detected by RT-PCR. (E) Expression levels of ZO-1, Occludin, and Claudin-1 proteins were detected by Western blotting; (F-H) The gray intensity analysis of
Z0-1, Occludin, and Claudin-1 proteins. (I) Expression levels of MMP-2 and MMP-9 proteins were detected by Western blotting. (J-K) The gray intensity analysis of MMP-2

and MMP-9 proteins. The data were presented as the means + SD (n = 3) ;"”P < 0.01 vs Control group; P < 0.05 and P < 0.01 vs 2% DSS group.

of inflammatory intensity *°. To evaluate the effects of EEAR-AM
on mucosal recovery and inflammation reduction in UC, we as-
sessed pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1B. Additionally, this study focused on TJ proteins and goblet
cell populations to investigate the reparative effects of EEAR-AM
on UC-affected intestinal mucosa. The findings revealed that
EEAR-AM significantly attenuated weight loss, spleen enlarge-
ment, colon shortening, and DAI scores, while suppressing
mRNA expression of TNF-a, IL-6, and IL-1f in UC mice. Moreover,

EEAR-AM increased both mRNA and protein levels of ZO-1,
occludin, and claudin-1. Histopathological evaluation indica-
ted that colon tissue architecture in the EEAR-AM group was bet-
ter preserved, with markedly reduced inflammatory cell infiltra-
tion and increased goblet cell numbers compared to the model
group.

IHC analysis demonstrated a significant increase in mucin
MUC2 expression and a marked decrease in MMP-2 and MMP-9
levels relative to the model group. Western blotting results from
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Fig. 10 Effects of EEAR-AM on the regulation of Epacl/Rap1 and PI3K/AKT pathway in DSS-induced Caco-2 cells. (A) Expression levels of Epacl/Rap pathway-related pro-
teins were detected by Western blotting. (B-C) The gray intensity analysis of Epacl and Rap1 proteins. (D) Expression levels of PI3K/AKT pathway-related proteins were
detected by Western blotting, (E-F) The gray intensity analysis of p-PI3K/PI3K and p-AKT/AKT. The data were presented as the means * SD (n = 3); */P < 0.01 vs Control
group; P <0.05 and “P < 0.01 vs 2% DSS group.
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both in vitro and in vivo experiments showed that T] protein
levels in the model group were significantly lower than those in
the control group, with a notable restoration following EEAR-AM
treatment. The expression patterns of MMP-2 and MMP-9 pro-
teins were consistent with IHC findings. However, the precise
mechanisms by which EEAR-AM ameliorates UC-related impair-
ment of the intestinal mucosal barrier require further investiga-
tion.

Using network pharmacology, this study explored the mech-
anisms through which EEAR-AM improves UC, substantiating
these mechanisms via both in vitro and in vivo investigations. A
comprehensive database search and literature review identified
35 potential active compounds in EEAR-AM for UC treatment, in-
cluding atractylolactone 1, II, and IlI, atractylodin, and f-eudes-
mol, many of which exhibit anti-inflammatory properties. Recent
studies indicate that atractylenolide I possesses significant anti-
inflammatory activity; it alleviates UC symptoms by downregulat-
ing genes involved in fructose and galactose metabolism (includ-
ing SPHK1 and B4GALT2), thereby reducing PI3K/AKT signaling
pathway activation °. Atractylolactone II attenuates the effects of
the IncRNA XIST/miR-30a-5p/ROR1 pathway in colorectal can-
cer cells, leading to decreased proliferation and viability *°. Simil-
arly, atractylenolide III exerts notable anti-inflammatory effects,
improving intestinal epithelial barrier function and mitigating mi-
tochondrial dysfunction through activation of the AMPK/SIRT1/
PGC-1a pathway, which helps prevent UC exacerbation *. Atrac-
tylodin demonstrates potent anti-inflammatory effects in UC
treatment *', acting via PPARa-dependent pathways *.

Furthermore, studies have indicated that polysaccharide con-
stituents from AR and AM exert significant protective effects
against UC. Specifically, AM-derived polysaccharides modulate
the Th17/Treg cell balance by inhibiting the IL-6/STAT3 path-
way, contributing to UC management **. Additionally, AM poly-
saccharides improve UC outcomes by significantly reducing levels

Hormone

EEAR-AM

it

AR-AM

Intestinal epithelial cells

Cytokine
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of harmful bacteria such as *Clostridium* sensu stricto 1 and *Es-
cherichia-Shigella*, while promoting beneficial strains including
Faecalibaculum and Bifidobacterium 34. Likewise, AR-derived
polysaccharides help restore gut microbiota equilibrium in mice
by increasing the relative abundance of Lactobacillus and
Faecalibaculum, a mechanism critical for protecting the intestinal
mucosal barrier and enhancing mucosal immunity '°. These find-
ings collectively underscore the anti-inflammatory properties of
EEAR-AM'’s active components, supporting its potential efficacy
in UC treatment.

KEGG pathway enrichment analysis revealed significant in-
volvement of the MAPK, Rap1, and PI3K/AKT pathways. Among
these, Rap1, a member of the Ras family of small GTPases, can ac-
tivate downstream targets and regulate multiple signaling cas-
cades, including the PI3K/AKT pathway. These pathways are
widely expressed across tissue types and are vital for diverse bio-
logical processes such as cell proliferation, polarity formation,
differentiation, adhesion, and vascular remodeling .3 Evidence
suggests that the Epacl/Rapl pathway primarily regulates cell
adhesion and intercellular junctions *’. This pathway is closely as-
sociated with UC, and its activation enhances Epacl and Rap1 ex-
pression in inflamed colon tissues, contributing to improved
colonic pathology and repair of intestinal mucosal damage .
Similarly, the PI3K/Akt signaling pathway plays a pivotal role in
UC progression and intestinal injury exacerbation . Similarly,
the PI3K/AKkt signaling pathway plays a vital role in both the pro-
gression of UC and the exacerbation of intestinal injury **. During
chronic inflammation, hyperactivation of this pathway may lead
to abnormal tissue growth and initiate carcinogenic mechanisms
linked to UC *. Our study indicates that EEAR-AM may promote
intestinal mucosal healing in UC by activating the Epacl/Rapl
pathway while simultaneously suppressing the PI3K/AKT path-
way, as demonstrated in both in vitro and in vivo experiments
(Fig. 11).
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EEAR-AM

Inflammation
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Fig. 11 Proposed mechanism of EEAR-AM in protecting intestinal barrier integrity in UC. DSS treatment activates the Epacl/Rap1 signaling pathway, which subsequently
stimulates the PI3K/AKT pathway. This activation leads to upregulated expression of MMP-2/9 proteins, which degrade tight junction (T]) proteins, thereby compromising
intercellular junctions and disrupting the integrity of the intestinal epithelial barrier. As a result, intestinal mucosal barrier function is impaired. In contrast, EEAR-AM
ameliorates intestinal mucosal injury by activating the Epac1/Rap1 pathway while concurrently inhibiting the PI3K/AKT signaling cascade.

This study provides new insights into EEAR-AM-mediated
restoration of the intestinal barrier in UC. However, several limit-
ations warrant further investigation. First, identifying the most
influential bioactive components within EEAR-AM remains chal-
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lenging due to its complex composition. Second, direct experi-
mental evidence confirming the regulatory effects of EEAR-AM
on the Epacl/Rap1l and PI3K/AKT pathways is currently limited.
Finally, additional signaling pathways identified in the enrich-
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ment analysis require further experimental validation in future
studies.

5. Conclusion

In summary, findings from both in vivo and in vitro experi-
ments indicate that EEAR-AM promotes the repair of intestinal
mucosal injury and facilitates the restoration of intestinal barrier
integrity. These protective effects may be mediated, at least in
part, by the activation of the Epacl/Rapl pathway and concur-
rent inhibition of the PI3K/AKT pathway.
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