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ARTICLE INFO ABSTRACT

Ulcerative colitis (UC) is defined as a chronic inflammatory disease with recurrent episodes,
and current therapeutic strategies for this gastrointestinal disorder often fail to achieve satis-
factory clinical outcomes. This clinical challenge underscores an urgent requirement to devel-
op alternative treatment strategies. Patchouli alcohol (PA), a natural compound exhibiting
anti-inflammatory and antioxidant properties, has shown potential; however, its precise
mechanisms of action in UC remain to be fully elucidated. Our study shows that PA can effect-
ively alleviate the symptoms of dextran sulfate sodium (DSS)-induced UC in mice. This thera-
peutic effect is achieved by reducing intestinal barrier impairment and inhibiting inflammat-
ory reactions. In an LPS-induced inflammatory model using RAW264.7 cells, PA significantly
downregulated the mRNA expression of il-1f and il-6. Mechanistically, protein disulfide iso-
merase (PDI) was identified as a direct target of PA. By inhibiting IRE1 activation via PDI, PA
mitigates endoplasmic reticulum stress, thereby reducing intestinal epithelial injury and ulti-
mately alleviating the severity of UC. In this research, it is determined that the ability of PA to
protect the intestinal epithelial barrier is brought about by its specific targeting of PDI, which
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alleviates consequent endoplasmic reticulum stress and prevents cellular damage.

1. Introduction

Ulcerative colitis (UC) is defined by clinical manifestations
like abdominal discomfort, watery diarrhea, and stools contain-
ing mucus and pus with blood. In some cases, it may also be ac-
companied by extra-intestinal manifestations including arthritis
and oral ulcers. The disease most commonly affects individuals
between 20 and 40 years of age. Its incidence in Asia and the
Middle East is approximately 6.3 per 100 000 people, which re-
mains lower than that in Europe and North America. However,
the rate has been increasing rapidly in recent years, warranting
greater clinical and public health attention '.

The exact etiology of UC has not been fully elucidated;
however, existing research suggests that its pathogenesis is
closely associated with intestinal immune dysregulation, microbi-
al dysbiosis, and antibiotic exposure ~°. Under pathological con-
ditions, impairment of the intestinal mucosal barrier and aber-
rant activation of the mucosal immune system contribute to a
sustained inflammatory response. Current clinical management
strategies include 5-aminosalicylic acid agents, glucocorticoids,
and biologics such as infliximab “‘. Although these treatments
can help alleviate clinical symptoms, none are capable of achiev-
ing a definitive cure. Consequently, given the limitations of exist-
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ing therapeutic options, there is a significant need to explore nov-
el and more effective treatment strategies.

Patchouli alcohol (PA)—a tricyclic sesquiterpene isolated
from the traditional Chinese medicinal plant Pogostemon cablin
—possesses a diverse array of pharmacological properties, ran-
ging from anti-inflammatory and antiviral effects to anti-Helico-
bacter pylori and antitumor activities ”°. UC is an intestinal dis-
order characterized by a complex pathogenesis involving mul-
tiple key factors, such as impairment of the intestinal epithelial
barrier, aberrant immune activation, and dysbiosis of the gut mi-
crobiota. Consequently, effective therapeutic strategies must tar-
get these diverse pathological mechanisms. Previous studies
have demonstrated that PA significantly attenuates the inflam-
matory response, preserves intestinal epithelial barrier integrity,
suppresses cell death signaling pathways, and reduces trypto-
phan catabolism in a dextran sulfate sodium (DSS)-induced
mouse model of acute colitis. In addition, it has been reported
that PA effectively delays inflammatory progression in UC mice
by inhibiting the HO-1 and iNOS-related antioxidant signaling
pathways, without markedly altering the composition of the in-
testinal microbiota . These findings collectively indicate that PA
holds promise as a potential therapeutic agent for ulcerative
colitis. Nevertheless, its precise molecular targets and mechan-
isms of action remain incompletely elucidated, warranting fur-
ther in-depth investigation.

As a pivotal endoplasmic reticulum-resident enzyme, pro-
tein disulfide isomerase (PDI) catalyzes the formation, cleavage,
and rearrangement of disulfide bonds within target proteins,

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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thereby facilitating the correct folding of newly synthesized poly-
peptide chains. Its versatility stems from its diverse enzymatic
activities, including oxidoreductase activity, molecular chaper-
one activity, and S-nitrosylation activity, which enable it to parti-
cipate in and regulate several cellular physiological processes.
The molecular structure of PDI contains four thioredoxin-like
structural domains, a, a’, b, and b’, as well as an acidic C-terminal
extension region and an X linker region connecting the b’ and a’
structural domains '> ">, Among them, the a and a’ domains are
catalytically active and are the core regions of disulfide bond het-
erodimerization reactions. The b’ domain is mainly responsible
for recognizing and binding substrate proteins due to its highly
conserved features '*, as well as the targets of various PDI inhibit-
ors '*'°. The b domain and the X linker indirectly affect the inter-
action with substrates by regulating the degree of opening of the
overall conformation of PDI. The synergistic effect between these
structural domains makes PDI play a key role in maintaining pro-
tein homeostasis, and its aberrant function is closely related to a
variety of diseases, including cancer ', neurodegenerative dis-
eases ', etc. So PDI has also become an important target for
therapeutic research of related diseases.

In the pathogenesis and progression of UC, endoplasmic re-
ticulum stress (ER stress) and its mediated unfolded protein re-
sponse (UPR) have been validated as one of the key pathogenic
drivers, which not only modulate intestinal epithelial cell surviv-
al and gut barrier integrity, but also further amplify local inflam-
matory responses, thereby contributing to disease onset and per-
sistence “ *'. Aberrant protein misfolding and subsequent ag-
gregation within the endoplasmic reticulum can initiate the unfol-
ded protein response (UPR). This response aims to restore endo-
plasmic reticulum homeostasis by enhancing molecular chaper-
one expression, inhibiting protein translation and promoting de-
gradation or refolding of misfolded proteins. PDI is capable of
changing its conformation via post-translational modifications
like phosphorylation. thus switching from a typical “folding en-
zyme” function to a “retention enzyme” activity, which effectively
prevents the disaggregation of proteins and maintains partial
folding of proteins ***’. In addition, PDI can interact directly with
core UPR signaling molecules (e.g. IRE1) and negatively regulate
its phosphorylation level, thus regulating the strength of UPR sig-
naling pathway '”*’. On the other hand, PDI interacts with endo-
plasmic reticulum oxidizing reductase 1 (ERO1) enzyme, which is
an essential component of the ERO1 redox environment in the
endoplasmic reticulum lumen. Yet, when stress is intense or pro-
longed, excessive activation of the PDI-ERO1 axis could result in
an overabundance of reactive oxygen species (ROS), which not
only exacerbates endoplasmic reticulum stress, butalso pro-
motes the onset and development of inflammatory responses **.
In summary, PDI is involved in the regulation of endoplasmic re-
ticulum stress through multiple molecular mechanisms, and the
dynamic change of its functional status has a decisive impact on
cell fate. Based on the central position of PDI in endoplasmic re-
ticulum quality control and stress response, targeted regulation
of PDI may provide a new intervention strategy for the treatment
of ulcerative colitis by remodeling endoplasmic reticulum homeo-
stasis and alleviating the over-activation of UPR.

In this study, we identified PDI as a direct target of PA using a
combination of database screening and proteomic analysis, com-
bined with experimental methods such as drug affinity response
targeted stability (DARTS). PDI, as a key regulator in the endo-
plasmic reticulum stress pathway, plays a central role in the
maintenance of protein homeostasis and cellular stress response.
However, its potential involvement in the pathological progres-
sion of UC via modulation of the ER stress pathway remains to be
elucidated. Based on the potential ability of PA to target PDI and
possibly modulate inflammation and ER stress, the present study
further delves into the mechanism of PA’s action in the context of
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UC, aiming to provide a new theoretical basis and potential
strategy for UC.

2. Materials and methods

2.1. Chemical reagents

PA (purity = 98%, CAS: 5986-55-0) and DSS (CAS: 9011-18-
1) were procured from Bethealth People Biomedical Technology
(Beijing, China). LPS (L2880) was obtained from Sigma-Aldrich
(Shanghai, China). Specific primary antibodies, including PDI
(66422-1-Ig), IRE1/ERN1 (27528-1-AP), XBP1S (24868-1-AP), B-
actin  (20536-1-AP), occludin (66378-1-Ig), CHOP/GADD153
(152044-1-AP), GAPDH (60004-1-Ig), and GRP78/BIP (11587-1-
AP), were purchased from Proteintech (Hubei, China). E-cadher-
in (A20798), claudin-4 (A23841), and Z0-1 (A0659) were from
ABclonal (Hubei, China). AF488-labeled goat anti-rabbit IgG (H +
L) (A0423), AF647-labeled goat anti-mouse IgG (H + L) (A0473),
and Hoechst 33342 (C1028) were purchased from Beyotime Bio-
technology (Shanghai, China).

2.2. Cell culture and treatment

The RAW264.7 (ATCC® TIB-71™) and the Caco2 cell line
(ATCC® HTB-37™) were obtained from the American Type Cul-
ture Collection (ATCC) and authenticated by short tandem repeat
(STR) profiling prior to use.

For Caco2 cell culture and experimental grouping: cells were
seeded in 6-well plates at a density of 5 x 10° cells/well and cul-
tured in Minimum Essential Medium (MEM, PM150410, Procell,
Wuhan, China) supplemented with 20% Fetal Bovine Serum (FBS,
FSP500, Excell, Suzhou, China) and 1% PS (15140122, Gibco,
Massachusetts, USA) in a humidified incubator with 5% CO, at
37 °C. After 24 h of adherent growth (confluency reached about
80%). The trans-epithelial electrical resistance (TEER) was meas-
ured daily using the RE1600 Epithelial Cell Voltage-Resistance
Meter (RE1600, Kingtech, Beijing, China), and a resistance value
greater than 500 Q-cm” was considered indicative of the forma-
tion of a monolayer barrier. The specific grouping is as follows:
(1) Control group: no LPS induction or PA treatment; (2) LPS
group: induced with 2 pg-mL™" LPS for 24 h; (3) PA groups: pre-
induced with 2 pg-mL™ LPS for 24 h, followed by treatment with
different concentrations of PA (25 and 50 umol-L™"; purity > 98%,
WKQ-0000074, Beite Renkang, Beijing, China) for another 24 h.
Following the completion of all experimental interventions, cellu-
lar samples were washed with pre-cooled phosphate-buffered sa-
line (6125285, Gibco, Massachusetts, USA), and total proteins
were extracted using RIPA lysis buffer (P0013B, Beyotime,
Shanghai, China) supplemented with 1% protease inhibitor (PI,
P1006, Beyotime, Shanghai, China) for Western blot (WB) analys-
is; total RNA was isolated using the cell/tissue total RNA kit
(19221ES50, Yisheng, Shanghai, China) for quantitative real-time
polymerase chain reaction (RT-qPCR) to detect the expression of
tight junction-related genes, aiming to evaluate the protective ef-
fect of PA on LPS-induced intestinal epithelial barrier dysfunc-
tion.

For RAW264.7 cell culture and experimental grouping: cells
were seeded in 6-well plates at a density of 1 x 10° cells/well
and cultured in Dulbecco’s Modified Eagle Medium (DMEM,
C11995500BT, Gibco, China) under the same incubator condi-
tions as Caco2 cells. After 12 h of adherent growth, the cells were
subjected to the following treatments: (1) Control group: no LPS
induction or PA treatment; (2) LPS group: induced with 100
ng'-mL™" LPS for 3 h; (3) PA groups: after undergoing the same
treatment as the LPS group, the cells were further treated with
PA at the same concentrations (25 and 50 pumol-L™") as Caco2
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cells for 24 h. After treatment, cells were harvested by centrifuga-
tion (800 r-min™', 5 min) following PBS washing, and total pro-
teins/RNA were extracted as described above for WB and RT-qP-
CR analysis, which was designed to explore whether PA modu-
lates LPS-induced macrophage activation, inflammatory re-
sponse and ER stress.

All experiments were conducted in three independent replic-
ates to ensure experimental reproducibility and cells were pas-
saged no more than 10 times to ensure consistent biological
activity.

2.3. Animals

The male C57BL/6 mice (6 weeks old, weighing between 18
and 22 g, specific pathogen-free) were purchased from Guang-
dong Zhiyuan Biomedical Technology Co., Ltd. [License No. SCXK
(Guangdong) 2023-0066]. All experimental animals were main-
tained in standardized housing environments with a temperat-
ure regulated at 22-24 °C, a 12-h light/dark cycle, and relative
humidity kept at 50%-60%. Standard diet and sterile water were
provided to all mice.

After a one-week acclimatization phase, the mice were ran-
domly allocated into four groups (Ctrl, DSS, PA-L, and PA-H),
with 5 mice per group. Among them, the DSS, PA-L and PA-H
groups were free to drink 3% DSS water for 7 d and then
switched to sterile water, while the Ctrl group was free to drink
sterile water from the beginning to the end. The PA-L and PA-H
groups were gavaged daily with 20 and 40 mg-kg ™" of PA, respect-
ively, from day 1 to day 10 of the experiment.

Since the initiation of the experiment, the body weight of
mice was recorded daily, and fecal samples were collected syn-
chronously for the observation of fecal morphology and determ-
ination of fecal occult blood (BC8271, Solarbio, Beijing, China),
with specific scoring criteria detailed in Section 2.5. Ultimately,
isoflurane was administered via inhalation to anesthetize the an-
imals, with induction performed at 4%-5% and maintenance sus-
tained at 1.5%-2.5%. After the complete disappearance of the
paw pinch reflex, 0.5 mL of blood was collected by enucleation;
subsequent to blood collection, mice were euthanized by cervical
dislocation for colon sampling. The colon was defined as the seg-
ment from the cecum to 1 cm above the rectum. Following
sampling, photographs were taken and the length was measured.
The colon tissue, excluding the cecum, was divided into 3 equal
parts: one part was fixed in paraformaldehyde for subsequent
paraffin section preparation; the other two parts were first sub-
jected to internal feces collection, thoroughly rinsed, and then
cryopreserved for subsequent WB analysis.

All experimental procedures involving animals were ap-
proved by the Animal Experiment Center of Shenzhen People’s
Hospital (Ethical Approval No. AUP-240802-W]G-651-01).

2.4. Disease activity index

The DAI score was based on the following three items: per-
centage weight loss, fecal character, and blood in stool. The grad-
ing and scoring of weight loss were defined as 0% (0 point),
1%-5% (1 point), 5%-10% (2 points), 10%-15% (3 points),
> 15% (4 points); formed stools (0 point), loose stools (1 point),
mucous stool (2 points), watery stools (3 points); stools with neg-
ative occult blood (0 point), stools with positive occult blood (1
point), slightly bloody stools in the naked eye (2 points), and
severe bloody stools in the naked eye (3 points), respectively.
The DAI score was the sum score of three parts (mucous stool =
stools were unformed and soft without adherence to the perianal
region; watery stool = watery stool that sticks to the anus; slight
bloody stool to the naked eye = blood in the stool; and severe
blood in the stool = blood in the anus).
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2.5. HE staining, AB/PAS staining and PAS staining

Colonic tissues were fixed overnight by paraformaldehyde
and then embedded in paraffin and sectioned as described previ-
ously *°. Tissue morphology was observed and scored after hem-
atoxylin-eosin staining. Similarly, colon sections were stained
with AB/PAS staining or PAS staining used to assess changes in
colonic mucus thickness and number of goblet cells per crypt.

2.6. HE staining scoring criteria

Inflammatory cell infiltration (no infiltration: 0 point; infiltra-
tion of glandular base: 1 point; infiltration of muscularis muco-
sae: 2 points; extensive infiltration of muscularis mucosae: 3
points; infiltration of submucosa: 4 points); edema degree (no ed-
ema: 0 point; mild edema: 1 point; moderate edema: 2 points;
severe edema: 3 points); crypt damage (no damage: 0 point;
slight loss of goblet cells: 1 point; massive loss of goblet cells: 2
points; slight loss of crypts: 3 points; massive loss of crypts: 4
points); ulceration (no ulcer: 0 point; involvement of lamina pro-
pria: 1 point; involvement of submucosa: 2 points; transmural ul-
cer: 3 points).

2.7. Immunofluorescence

After colon paraffin sections were deparaffinized and anti-
genically repaired as previously described “°. The tissue sections
were left to incubate with primary antibodies—such as anti-Z0-1
(A0659, ABclonal, Wuhan, China), anti-occludin (66378-1-Ig,
Proteintech, Wuhan, China), and anti-E-cadherin (A20798, AB-
clonal, Wuhan, China) at 4 °C overnight. Subsequently, the sec-
tions were incubated with secondary antibodies of Alexa-
Fluor488 (A0423, Beyotime, Shanghai, China) and AlexaFluor647
(A0473, Beyotime, Shanghai, China) respectively, for 2 h at room
temperature protected from light. All samples were stained for
nucleus with Hoechst 33342 (C1028, Beyotime, Shanghai, China).
Finally, the resulting fluorescence signals were examined using a
fluorescence microscope (Leica TCS-SP8-SR, Wetzlar, Germany).

2.8. Real-time PCR analysis

Total RNA was extracted using the cell/tissue total RNA kit
(19221ES50, Yisheng, China). 1% strand cDNA synthesis kit
(11121ES60, Yisheng, China) removes residual genome from cel-
lular RNA samples and reverse transcribes the samples into cDNA
for subsequent use. Lastly, the assay was carried out using qPCR
SYBR green master mix (11201ES08, Yisheng, China) on a CFX96
real-time fluorescent quantitative PCR detection system (Applied
Biosystems). To measure the relative expression level of the tar-
get gene, gapdh and S-actin were chosen as internal controls. We
used 27" calculation to present the experimental results. The
primer sequences used in this study are detailed in Table S1.

2.9. Proteome analysis

The colon tissue proteins were initially denatured using 8
mol-L™" urea, and 100 pg of protein was then aliquoted for sub-
sequent enzymatic digestion. The denatured proteins were re-
duced using 20 mmol-L™" dithiothreitol (DTT, D9779, Sigma-Ald-
rich, Shanghai, China), followed by alkylation with 40 mmol-L™
iodoacetamide (IAA, 11149, Sigma-Aldrich, Shanghai, China) to
block free thiol groups. Subsequently, a trichloroacetic acid (TCA,
T104261, Aladdin, China) solution was introduced to achieve fur-
ther denaturation and protein precipitation. Following collection
and re-solubilisation of the precipitate, lysyl endopeptidase (Ly-
sC) (1:50, LYSC9001, Sigma-Aldrich, China) and trypsin (1:50,
V5111, Promega, USA) were added. The mixture was then incub-
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ated in order to cleave proteins into peptide fragments. Ulti-
mately, the samples of digested peptides were subjected to a pro-
cess of desalting and purification. The processed samples were
then subjected to mass spectrometry (MS, Thermo Scientific,
USA) for detection and proteomic analysis.

2.10. Western blot

Total protein isolates from cultured cells or tissue samples
were obtained via RIPA lysis buffer containing 1% protease inhib-
itors, and their concentrations were subsequently equalized us-
ing a BCA protein assay kit (23227, Thermo Scientific, Massachu-
setts, USA). Different concentrations of SDS-PAGE were selected
according to the molecular weight of the target proteins for pro-
tein separation, following electrophoretic transfer to PVDF mem-
branes, which were sectioned after 1 h of BSA block. Subsequent
incubation with the relevant primary antibodies was performed
at 4 °C for more than 16 h. The primary antibodies were as fol-
lows: PDI (66422-1-Ig, proteintech, Wuhan, China), IRE1 (27528-
1-AP, Proteintech, Wuhan, China), BIP (11587-1-AP, Proteintech,
Wuhan, China), XBP1s (24868-1-AP, Proteintech, Wuhan, China),
GAPDH (60004-1-Ig, Proteintech, Wuhan, China), $-actin (20536-
1-AP, Proteintech, Wuhan, China), E-cadherin (A20798, ABclonal,
Wuhan, China), occludin (66378-1-Ig, Proteintech, Wuhan,
China), and claudin-4 (A23841 ABclonal, Wuhan, China). HRP-
conjugated secondary antibodies utilized in this study included
goat anti-rabbit IgG (H + L) (SA00001-2, Proteintech, Wuhan,
China) and goat anti-mouse IgG (H + L) (RGAMO011, Proteintech,
Wuhan, China). On the next day, the bands were incubated with
HRP-coupled secondary antibody and exposed with ECL kit
(35055, Thermo Fisher, Massachusetts, USA), and the gray val-
ues of the bands were counted by Image] (Version 1.53a, Nation-
al Institutes of Health, Bethesda, Maryland, USA).

2.11. CO-IP-Western blot

Total proteins were extracted from RAW264.7 cells with IP
lysis buffer composed of 25 mmol-L™" Tris-HCI (pH 7.4, T1270,
Solarbio, China), 150 mmol-L™ NaCl (S805277, Macklin, China),
1% NP-40 (AN8032, ACMEC, China), 5% glycerol (BS154,
Biosharp, China) and 1% PI. For each group, 3 mg of protein was
reserved for subsequent co-immunoprecipitation (Co-IP) assays,
and an additional 20 pg of protein was set aside as the input
sample. To eliminate non-specific binding interference, each
sample was supplemented with 10 uL of protein A/G beads
(88803, Thermofisher, Massachusetts, USA), and incubation was
performed at room temperature for 30 min. After centrifugation,
the supernatants were collected. Subsequently, 2 pg of IgG anti-
body (30000-0-AP, Proteintech, Wuhan, China) was added to the
IgG control group, while an equal amount of PDI antibody (11245-
1-AP, Proteintech, Wuhan, China) was added to the remaining ex-
perimental groups. All samples were incubated overnight at 4 °C.
Upon completion of incubation, 15 pL of pre-washed A/G beads
were added to each group, and continuous incubation was per-
formed at 4 °C for 1 h to capture the antigen-antibody complexes.
The complexes were then washed 3 times with IP lysis buffer
containing 1% PI. Next, 15 pL of 2 x loading buffer (P0015L,
Beyotime, Shanghai, China) was added, and the samples were
boiled at 95 °C for 10 min to denature the proteins. After centrifu-
gation, the supernatants were collected for Western blot analysis,
and the remaining operational steps were performed in accord-
ance with the method described in Section 2.10.

2.12. Insulin reduction assay

PDI is used as a reductant to cleave the disulfide bonds of in-
sulin, causing it to denature, aggregate, and form a precipitate;
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the reduction activity is then reflected by measuring the increase
in solution absorbance. This experiment was performed follow-
ing a previously established protocol *. 25 and 50 pmol-L™ PA
was incubated with either RAW264.7 cell lysate or 0.5 mmol-L™
purified PDI protein at room temperature for 30 min. Sub-
sequently, a premixed solution containing 130 mmol-L™" insulin
(PB180432, Procell, China), 2.5 mmol-L™ EDTA (AM9260G, Invit-
rogen, USA), 0.5 mmol-L™ DTT and 0.1 mol-L™* PBS (pH 7.5) was
supplemented, and the mixture was incubated at room temperat-
ure for 20 min. Upon completion of the reaction, the absorbance
(OD value) of the reaction solution was measured at 650 nm us-
ing a microplate reader.

2.13. Drug affinity responsive target stability (DARTS)

DARTS is a label-free target identification technique, it rel-
ies on “small molecule-target protein binding enhancing the pro-
tein’s resistance to protease hydrolysis” to identify potential tar-
gets via protease treatment and electrophoresis. First, following
the collection of cellular samples, whole protein isolates were
prepared utilizing NP-40 lysis buffer. The extracted protein solu-
tion was split into two equal aliquots: one was treated with DMSO
(as the control) and the other with PA (as the treatment group),
and both were incubated for 1 h under appropriate conditions.
Upon completion of the reaction, each group of proteins was fur-
ther divided into 6 equal aliquots, which were then incubated
with gradient concentrations of pronase (10165921001, Roche)
(1/4000-1/250, W/W) for 15 min. The reaction was terminated
by adding loading buffer and boiling the samples. Subsequent ex-
perimental procedures were performed in accordance with the
standard Western blot protocol.

2.14. 165 rRNA sequencing

Mouse fecal samples were collected and sent to NovaSeq for
library construction and sequencing analysis. Similar to the previ-
ous procedure, specific primers (341F: CCTAYGGGRBGCASCAG;
806R: GGACTACNNGGGTATCTAAT) were employed to amplify
the V3-V4 segment of bacterial 16S rDNA. Afterward, the PCR
amplicons were sequenced using the NovaSeq platform to assess
the abundance of bacteria.

2.15. Public database data retrieval and analysis

The clinical data were retrieved from the public Gene Expres-
sion Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) under the accession number GSE179285, which encom-
passes intestinal biopsy specimens from patients with IBD, in-
cluding Crohn’s disease (CD) and UC, as well as healthy control
individuals. The dataset includes a total of 177 CD patients, 94 UC
patients, and 58 healthy controls, with biopsy tissues collected
from the terminal ileum and colon, covering active lesions, inact-
ive adjacent mucosa, and normal intestinal tissues from healthy
individuals; total RNA isolated from these biopsy samples was hy-
bridized to Agilent human 4 x 44K v1 microarrays using a dual-
channel approach with a universal reference sample, enabling
genome-wide gene expression profiling. This dataset was em-
ployed to identify gene expression differences between active
and inactive intestinal tissues in IBD patients, aiming to charac-
terize the molecular heterogeneity of active disease and provide
molecular evidence for subsequent analyses.

Given that our investigation centered on the genes exhibiting
differential expression profiles between healthy individuals and
UC patients, we further compared their gene expression data,
aiming to characterize the molecular heterogeneity of active dis-
ease by analyzing gene expression differences between active and
inactive intestinal tissues in IBD patients and to provide molecu-
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lar evidence for subsequent analyses. Statistical comparisons
between groups were performed using the Mann-Whitney U test,
and the results are presented as mean * SEM.

2.16. Statistical analysis

The results of this study are presented as mean #* standard
error (SEM) for in vivo experiments (n 2 4) and in vitro experi-
ments (n 2 3). Statistical comparisons across multiple groups
were performed using one-way ANOVA with Tukey-Kramer post
hoc testing. Statistical comparisons between two groups, the
Mann-Whitney U test was applied for non-normally distributed
data. Two-way ANOVA with Tukey’s multiple comparisons test
was performed to analyze repeated measures data. Statistical
analyses were performed by GraphPad Prism 10.1.2. Heat maps
illustrating the correlation between intestinal flora and colonic
parameters were generated using R project (4.5.1 version). Stat-
istical significance: P < 0.05, “P < 0.01, P < 0.001, P < 0.0001
vs DSS or LPS group; ns, not significant.

3. Results

3.1. Treatment with PA attenuates colon damage in mice exposed
to DSS

In accordance with the experimental protocol and dosing
schedule outlined in Fig. 1A, we performed animal experiments
while monitoring the body weight, fecal morphology, and pres-
ence of blood in stools of mice on a daily basis. Body weight loss
serves as a key indicator of UC progression. Consistent with our
expectations, mice in the DSS group exhibited significant weight
loss during the late phase of treatment. Notably, both low and
high dose PA treatment effectively reversed DSS induced body
weight loss, and the body weight change curves of the two treat-
ment groups nearly overlapped (Fig. 1B). Additionally, DSS ex-
posure induced diarrhea and hematochezia in mice, leading to a
marked elevation in the disease activity index (DAI) score. In con-
trast, mice treated with PA showed alleviation of these symp-
toms (Fig. 1C). Importantly, colon shortening is a hallmark mani-
festation of colitis. This pathological change was prominent in the
DSS group, whereas PA treatment exerted a notable inhibitory ef-
fect on colon shortening (Figs. 1D and 1E).

The colonic epithelium of healthy individuals is defined by
structural integrity, a well-organized mucus layer, anda bal-
anced intestinal microbiota—all of which collectively maintain in-
testinal homeostasis. In contrast, UC is characterized by disrup-
tion of colonic architecture, loss of goblet cells, and infiltration of
inflammatory cells. Histological analysis of HE-stained colonic
sections showed that mice in the DSS group displayed severe
damage to the epithelial barrier, atrophy of intestinal villi, sub-
mucosal edema, and extensive inflammatory cell infiltration. By
comparison, both the PA-L and PA-H groups exhibited relatively
preserved epithelial structure and reduced inflammatory infiltra-
tion. Goblet cells are critical for secreting the protective mucus
layer that defends the colonic epithelium. A decrease in goblet
cell numbers impairs mucus production, thereby enhancing in-
testinal susceptibility to pathogenic bacteria. AB/PAS and PAS
staining further verified a marked depletion of goblet cells in
mice administered DSS, and this depletion was notably reversed
by PA treatment (Figs. 1G-11I).

In summary, these results demonstrate that PA administra-
tion significantly mitigates symptoms of DSS-induced acute colit-
is. Furthermore, PA promotes the restoration of intestinal barri-
er integrity and the recovery of goblet cell populations.
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3.2. PA alleviates DSS-induced intestinal barrier damage

Given that HE-stained sections revealed significant structur-
al impairment of the intestinal barrier in DSS-treated mice, we
further assessed intestinal epithelial barrier integrity via immun-
ofluorescence staining of key tight junction-associated proteins.
Through immunofluorescent visualization, the fluorescent sig-
nals of tight junction proteins Z0-1, occludin, and E-cadherin in
the colonic mucosa were found to be significantly weakened in
DSS-treated mice relative to the control group. Notably, follow-
ing PA treatment, the fluorescence signals of these proteins were
significantly enhanced, suggesting that PA facilitates the restora-
tion of epithelial integrity (Figs. 2A and 2B).

Consistently, the abundance of E-cadherin and claudin-4 pro-
teins was markedly reduced in colonic samples from mice with
DSS-induced colitis. Following PA treatment, the expression of
these tight junction-related proteins was upregulated to varying
degrees—demonstrating that PA can partially reverse DSS-in-
duced loss of tight junction proteins (Figs. 2C-2E). Notably, the
high-dose PA group showed more pronounced recovery, which
implies a dose-dependent therapeutic effect of PA.

3.3. PA exhibits barrier-protective and anti-inflammatory effects in
vitro

Given that Caco-2 cells spontaneously differentiate into in-
testinal epithelial-like cells under in vitro culture conditions, this
study employed a Caco-2 monolayer model to simulate the intest-
inal epithelial barrier. Barrier integrity was evaluated by measur-
ing TEER, with a TEER value exceeding 500 Q-cm’ indicating
complete monolayer differentiation (Fig. S1A). We first per-
formed CCK-8 assays to evaluate the cytotoxicity of PA (0-200
pumol-L™) in Caco-2 cells. The results demonstrated that PA was
non-cytotoxic and safe for Caco-2 cells within this concentration
range (Fig. 3A). Western blot analysis showed that LPS treatment
significantly reduced E-cadherin protein expression, while sub-
sequent treatment with PA partially restored its expression (Figs.
3B-3E). RT-qPCR results demonstrated that PA partially attenu-
ated the LPS-induced downregulation of e-cadherin and claudin-4
mRNA expression (Figs. 3E and 3F).

Additionally, CCK-8 assays were performed on RAW264.7
cells treated with PA (0-400 pmol-L™), revealing an ICs, value of
206.4 ymol-L™" (Fig. S1B). 50 umol-L™" PA was chosen to further
examine its modulation of inflammatory cytokine gene expres-
sion via RT-qPCR. In the RAW264.7 macrophage cell line, LPS
stimulation significantly upregulated the mRNA expression of the
pro-inflammatory cytokines il-6 and il-1f. In contrast, PA treat-
ment markedly suppressed the expression of these two cy-
tokines (Figs. 3H and 3I). Taken together, these results demon-
strate that PA not only exerts a protective effect on the intestinal
epithelial barrier in vitro but also exhibits significant anti-inflam-
matory activity. These findings suggest that PA may alleviate UC
through multiple pharmacological mechanisms, including enhan-
cing intestinal epithelial barrier integrity and suppressing inflam-
matory responses.

3.4. PA modulates the endoplasmic reticulum stress pathway to ex-
ert a protective effect against UC

To clarify the precise molecular mechanisms through which
PA exerts its protective effects, quantitative proteomic analysis
was conducted on colon tissues obtained from the experimental
mice (Fig. 4A). In comparison with the control group, animals ad-
ministered DSS displayed 444 upregulated and 468 downregu-
lated proteins. In contrast, PA administration significantly attenu-
ated these proteomic alterations: compared to the DSS group,
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Fig. 1 PA alleviates the symptoms of DSS-induced experimental colitis in mice. (A) Flow chart of animal experimental drug administration. (B) Body weight changes of mice
in each group. (C) DAI scores of mice in each group. (D) Representative colon diagram from each group (scale bar = 1 cm). (E) Quantitative analysis of colon length in each
group. (F) Histochemical scores of colon HE-stained sections. (G) Representative histopathological staining of colon tissues: HE staining (assessing tissue structure), Alcian
blue/periodic acid-Schiff (AB/PAS) staining, and PAS staining (both evaluating goblet cell mucus secretion; scale bars = 200 pm for low-magnification fields, 100 um for high-
magnification fields). (H) Quantitative analysis of goblet cell number per crypt. (I) Quantitative of the AB/PAS positive areas. All experiments were performed with at least 4
mice per group (n = 4-20). Data were statistically analyzed using Two-way ANOVA (B and C). Statistical analysis was performed using one-way ANOVA to compare differ-
ences among multiple groups, followed by Tukey’s honestly significant difference post-hoc test to determine pairwise differences between groups (E, F, H and I). Data are
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presented as mean * SEM. Statistical significance: P < 0.05, “P<0.01, P <0.001,

371 proteins were upregulated and 439 were downregulated, in-
dicating a substantial reversal of DSS-induced proteomic changes
(Fig. 4B). The heatmap revealed widespread protein dysregula-
tion in the colitis model group, which was reversed by PA treat-
ment; key changes involved proteins linked to oxidative stress,
inflammation, ER stress, and intestinal barrier function (Fig.
S2A).

Subsequent functional enrichment assessments verified that
the variably expressed proteins were prominently concentrated
across numerous biological signaling pathways. Specifically, PA
treatment markedly upregulated proteins involved in acetyl-CoA
metabolism, intestinal epithelial absorption, and glycolysis. In
contrast, pathways related to inflammatory response, protein
folding, and endoplasmic reticulum stress were significantly
downregulated (Fig. 4C). Consistent with this trend, the endo-
plasmic reticulum stress-related protein BIP also showed a cor-
responding change in enrichment degree (Fig. 4D). These results
suggest that PA may mitigate colonic tissue damage by enhan-
cing epithelial energy metabolism and nutrient absorption, while
concurrently attenuating intestinal inflammation and endoplas-
mic reticulum stress.

Moreover, we detected significant changes in how key tight
junction-related proteins are expressed, such as occludin and
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multiple members of the claudin family (claudin-3 and claudin-
15), and these proteins were significantly modulated following
PA treatment (Figs. 4E-4H). These results are consistent with our
previous in vivo and in vitro findings, which demonstrated that
PA effectively mitigates DSS-induced intestinal barrier impair-
ment and restores tight junction protein expression. This further
confirms PA’s protective role in preserving epithelial barrier in-
tegrity.

Notably, this study also identified PA’s potential regulation of
PDI expression levels (Fig. 41). In the LPS/DSS-induced inflam-
matory model, a trend of increased PDI expression upon inflam-
matory stimulation and a slight decrease following PA interven-
tion was only observed in RAW264.7 macrophages, and this de-
creasing trend did not reach statistical significance (P > 0.05).
Collectively, PA did not exert a significant regulatory effect on the
protein expression level of PDI (Figs. S2B-S2G). As a multifunc-
tional enzyme, PDI serves a pivotal function in the processes of
protein folding and quality surveillance within the endoplasmic
reticulum. Unexpectedly, in the present experimental model, PA
failed to exert the anticipated regulatory effect on the protein ex-
pression level of PDI. This finding prompted us to further invest-
igate the pharmacological mechanism by which PA modulates ER
stress pathways via PDI mediation.
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Fig. 3 Invitro improvement of LPS-induced Caco2 cell barrier damage by PA. (A) Relative cell number of Caco2 cells after 24 h treatment with PA at concentrations ranging
from 0 to 200 pmol-L™". (B) WB bands of E-cadherin, occludin, claudin-4 and internal reference B-actin in Caco2 cells (PA-L, 25 pmol-L™"; PA-H, 50 umol-L™). (C-E) Quantitat-
ive analysis of WB results for claudin-4 (C), occludin (D), and claudin-4 (E) protein expression. (F and G) RT-qPCR analysis of e-cadherin (F) and claudin-4 (G) mRNA expres-
sion in Caco2 cells (PA : 50 pmol-L™). (H and I) RT-qPCR analysis of pro-inflammatory cytokine mRNA expression: il-18 (H) and il-6 (I) in RAW264.7 cells (PA: 50 pmol-L ™).
All experiments were performed with at least 3 independent replicates (n = 3-5). Data were statistically analyzed via one-way ANOVA with subsequent Tukey’s multiple
comparisons test. Data are presented as mean + SEM. Statistical significance: P < 0.05, "P<0.01, "P < 0.001, P < 0.0001 vs LPS group; ns, not significant.

3.5. PDI is a targeted agent for PA in alleviating UC markedly elevated relative to healthy individuals (P = 0.0071)

(Fig. 5B). These findings suggest that PDI expression is regulated

We first verified the effect of PA on PDI in vitro. As a label- during the pathogenesis of UC.

free target screening technique, DARTS has a core advantage that As a core protein with multiple enzymatic activities in the en-
the specific drug-target protein binding endows the protein with doplasmic reticulum, PDI is deeply involved in key physiological
protease resistance, enabling efficient target screening and iden- and pathological processes such as endoplasmic reticulum stress
tification as a simple yet practical research tool. Our findings and oxidative stress, and its reductive activity plays an irreplace-
demonstrated that the rate of PDI degradation in PA-treated able role in maintaining the functional homeostasis of the cellu-
samples was notably diminished when compared with DMSO-ex- lar endoplasmic reticulum. Given the vital significance of PDI’s re-
posed controls suggesting that PA can enhance the protease res- ductive activity, we further investigated the impact of PA on this
istance of PDI through direct binding, thereby confirming that activity, thereby providing experimental evidence for clarifying
PDI is a target protein of PA (Figs. 5A and S3A). To explore the the mechanism of action of PA. The reductive activity of PDI can
functional relevance of PDI in ulcerative colitis, we compared the specifically cleave the disulfide bonds between the A and B chains
expression levels between UC patients and healthy controls. The of insulin, leading to the dissociation and subsequent aggrega-
data revealed that PDI expression abundance in UC patients was tion of the insulin B chain. Based on this property, the insulin re-
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Fig. 4 Proteomic analysis of the colon in DSS-induced experimental colitis mice treated with PA. (A) Schematic diagram of the proteomics workflow. (B) Volcano plots of dif-
ferentially expressed proteins (DEPs). (C) Venn diagrams and functional enrichment analysis of DEPs and GO biological process enrichment (top) and GO cellular compon-
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for key proteins: BIP (D), occludin (E), cadherin (F), claudin-3 (G), claudin-15 (H), and PDI (I). All experiments were conducted with 3 independent replicates per group. All
data are presented as the mean * SD. Statistical comparisons among multiple groups were performed using one-way ANOVA followed by Tukey’s post-hoc test. Statistical

significance: P < 0.05, P <0.001, P < 0.0001 vs DSS group; ns, not significant.

duction assay is commonly used for the quantitative determina-
tion of PDI reductive activity. We next evaluated the reductase
activity of PDI in vitro using both purified protein and cellular lys-
ates. Results showed that PA treatment significantly suppressed
PDI’s reductase activity, implying that PA may modulate biologic-
al processes by regulating PDI's enzymatic function (Figs. 5C and
5D). To further characterize the protein interaction network in-
volving PDI, we performed Co-IP WB analysis, which identified a
specific interaction between PDI and IRE1. Interestingly, Co-IP
assays revealed that PA treatment enhanced the interaction
between PDI and IRE1 (Fig. 5E). This finding suggests that PA
may act as a “molecular glue” to stabilize the PDI-IRE1 complex,
locking IRE1 in a monomeric state and preventing its activation.

To explore whether modulation of this interaction underlies
the protective actions of PA, we performed Western blot and RT-
gPCR analyses. Previous studies have established that IRE1 activ-
ation involves dimerization, which stimulates its kinase and en-
donuclease activities *’. In the present study, LPS treatment
markedly promoted IRE1 dimerization, while PA administration
effectively suppressed this process (Figs. 5F and 5G).

PA treatment also partially attenuated LPS-induced endo-
plasmic reticulum stress, with the high-dose PA group (PA-H) ex-
hibiting a more pronounced protective response. RT-qPCR res-
ults indicated that LPS challenge markedly increased the mRNA
abundance of irel and xbp1s, and these levels were significantly
reduced following PA treatment (Figs. 5H and 5I). Consistent with
these findings, further mechanistic studies revealed that LPS in-
duces endoplasmic reticulum stress, which drives the marked up-
regulation of key ER stress-associated molecules, including IRE1,
BIP, CHOP, and XBP1s; importantly, this effect was reversed by
PA treatment (Figs. 5], 5K, and S3B-S3H). In summary, this study
provides preliminary evidence that PA mitigates colitis by target-
ing PDI's reductase activity and alleviating IRE1-mediated endo-

936

plasmic reticulum stress, thereby exerting a protective effect.
3.6. PA ameliorates DSS-induced gut microbiota dysbiosis

The gut microbiota is essential for preserving intestinal mi-
crobial barrier integrity and sustaining host metabolic homeo-
stasis. In this study, we systematically evaluated alterations in
microbial composition and structure under different treatment
conditions by collecting and analyzing fecal samples from mouse.
An index of alpha diversity represented by the Shannon index re-
vealed significant intergroup differences in community diversity
(Figs. 6A-6D). Specifically, the DSS-group exhibited considerable
fluctuations in microbial diversity, whereas treatment with vary-
ing doses of PA (PA-L and PA-H groups) differentially modulated
diversity restoration. Notably, PA-L group demonstrated a more
pronounced effect in restoring microbial diversity toward
homeostasis.

Principal coordinate analysis (PCoA) further revealed struc-
tural divergence in microbial communities across groups, indicat-
ing that PA intervention may restore the microbial composition
of the model group toward a normative profile through modula-
tion of community architecture (Fig. 6E). Venn diagram analysis
identified 383 bacterial species common to the CON, model, PA-L,
and PA-H groups, suggesting the presence of a core microbiota
that remains relatively stable under varying treatment condi-
tions (Fig. 6F). Linear discriminant analysis (LDA) was employed
to assess intergroup differences in microbial abundance, with
taxonomic distributions visualized using evolutionary branching
diagrams. In the model group, the phylum Proteobacteria (p_Pro-
teobacteria) was significantly enriched, indicating that the gut mi-
crobiota was dominated by pathogenic taxa after DSS treatment.
In the PA-H group, the Verrucomicrobiota branch corresponded
to the genus Akkermansia (g_Akkermansia), which had a relat-
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Fig. 5 PA exerts protective effects against UC by targeting PDI. (A) PDI protease resistance assay: assessed PDI conformational change after PA treatment, with GAPDH as
loading control. (B) PDI expression in clinical samples: box plot of PDI levels in healthy controls (n = 31) and UC patients (n = 55), analyzed via the Mann-Whitney U test
("P < 0.01 vs healthy control group). (C and D) PDI reductase activity assay. Activity measured in cell lysates (C) and recombinant PDI (D). (E) Co-IP assay: validated the in-
teraction between PDI and IRE1. (F and G) IRE1 dimer WB and statistical analysis. (H and I) mRNA levels of ire1 (H) and xbp1s (I). (J and K) WB of endoplasmic reticulum
stress-related proteins IRE1, BIP, and XBP1s. Data are mean + SEM from three independent experiments (n = 3-4). One-way ANOVA was performed, and significance was
setat 'P<0.05, P<0.01, "P<0.001, " P <0.0001 vs LPS group or PDI group; ns, not significant.

ively high LDA score. This result confirms that PA at high doses
can specifically enrich beneficial bacteria such as Akkermansia
(Figs. S4A and 6G).

Specifically, in the Ctrl group, the dominant microbial com-
munities were primarily concentrated in the phylum Bacteroid-
etes, including the class Bacteroidia (c_Bacteroidia), order Bacter-
oidales (o_Bacteroidales), and family Muribaculaceae. Addition-
ally, dominant taxa included the family Eggerthellaceae (phylum
Actinobacteriota), class Chlamydobactria, and class Bacilli
(phylum Firmicutes). These groups represent the typical symbiot-
ic core microbiota in healthy intestines, which participate in key
physiological functions such as nutrient metabolism and intestin-
al barrier maintenance, suggesting that the microbial structure of
the Ctrl group more closely resembles a healthy state. In the DSS
group, dominant taxa were primarily from the phylum Proteobac-
teria, encompassing the class y-Proteobacteria (c_Gammaproteo-
bacteria), order Enterobacteriales (o_Enterobacteriales), and fam-
ily Enterobacteriaceae (f_Enterobacteriaceae). Meanwhile, groups
such as the genus Romboutsia (phylum Firmicutes) and family
Peptostreptococcaceae were significantly enriched. These taxa
predominantly consist of potential pathogens or opportunistic
pathogens, indicating that DSS treatment may induce an imbal-
ance in gut microbiota toward a pathogenic structure. In the PAL
group, dominant microbiota was concentrated in the order Oscil-
lospirales (phylum Firmicutes), with groups such as the family En-
terococcaceae and order Lactobacillales also being dominant.
Lactobacillales, a typical probiotic group, showed enrichment,
suggesting that PA-L treatment may regulate gut microbiota by
promoting the growth of probiotics. In the PA-H group, dominant
taxa primarily included the genus Akkermansia and family Akker-
mansiaceae (phylum Verrucomicrobiota), as well as the order
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Clostridia_UCG_014 and family Rikenellaceae (phylum Firmicutes).
Akkermansia, recognized as a beneficial bacterium, participates
in maintaining the intestinal mucus layer and regulating metabol-
ism. The enrichment of this group indicates that PA-H administra-
tion may facilitate the expansion of beneficial bacterial taxa,
thereby reshaping the gut microbiota into a probiotic structure
(Figs. 6H and 61).

Consistent with previous findings, compared to the DSS mod-
el group, the Ctrl group exhibited significantly higher abund-
ances of the genera Lactobacillus, Muribaculum, Rikenella, and
Parvibacter. Similarly, the PA-H group showed significantly high-
er abundances of Akkermansia, Bacteroides, Alistipes, and Rikenel-
laceae_RC9_gut_group compared to the DSS group. Numerous
studies “>*’ have demonstrated that Akkermansia enhances in-
testinal barrier function and promotes mucosal repair. The in-
creased abundance of such beneficial bacteria suggests that PA
treatment improves DSS-induced gut microbiota dysbiosis by
promoting the proliferation of beneficial taxa (Figs. 6] and 6K).

In summary, PA treatment effectively mitigates model-in-
duced structural disruptions in the gut microbiota. The underly-
ing mechanism may involve the suppression of pathogenic bac-
teria and the promotion of beneficial taxa, including Akkermansia,
thereby contributing to the restoration of microbial homeostasis.

4. Discussion

UC is distinguished by pathological modifications that charac-
teristically initiate in the rectum and propagate proximally in a
continuous fashion along the colonic tract. A key hallmark of UC
lies in the dysregulated triggering of mucosal immune responses,
which perpetuates sustained intestinal inflammatory activity and
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Fig. 6 PA ameliorates intestinal flora disorders in mice. (A-D) Alpha diversity analysis of gut microbiota: Shannon index (A), Chao1l index (B), Simpson index (C), and ob-
served features (D). (E) Principal coordinate analysis (PCoA) based on Bray-Curtis distances, showing distinct separation of microbial community structures between
groups. (F) Venn diagram displaying the overlap of differential bacterial taxa across Ctrl, DSS, PA-L, and PA-H groups. (G) LEfSe cladogram, identifying microbial taxa with
significant differential abundance (LDA score > 2) among groups. Different colors represent taxa enriched in Ctrl (red), DSS (green), PA-H (yellow), and PA-L (purple)
groups. (H) Heatmap of relative abundance of key bacterial genera, showing distinct clustering patterns of microbiota composition among groups. (I) Stacked bar plot show-
ing the relative abundance of dominant bacterial genera in each group. (J and K) T-test analysis of differential bacterial genera: comparison of Bacteroides, Lactobacillus, and
Parabacteroides between DSS and PA-H groups (J), and Akkermansia, Alloprevotella, and Rikenellaceae_RC9_gut_group between DSS and PA-H groups (K), with 95% confid-
ence intervals for abundance differences. All experiments were performed with 5 mice per group (n = 5). Statistical evaluations for alpha diversity indices were conducted
via ANOVA with subsequent Tukey’s multiple comparisons test, while group dissimilarities in PCoA ordmatlons were assessed using the non-parametric Kruskal-Wallis pro-
cedure. Data are presented as mean + SEM. Thresholds for statistical significance were defined as follows: P < 0.05, P < 0.01 vs DSS group; ns, not significant.

progressive tissue destruction. The pathogenesis of UC involves a
complex interplay of three interconnected processes: comprom-
ised intestinal epithelial barrier integrity, gut microbiota dysbios-
is, and aberrant immune signaling cascades *"**. Current clinical
management strategies primarily focus on controlling inflammat-
ory symptoms and sustaining disease remission. However, their
efficacy is often limited, with treatment response rates of only
20%-30% **. Thus, there is an urgent clinical need to develop ef-
fective, well-tolerated therapeutic agents with clearly elucidated
mechanisms of action.

PA is a bioactive compound isolated from Pogostemon cablin
(patchouli), and is a major component of the classic Chinese herb-
al formula Huoxiang Zhengqi San, which has been used for cen-
turies to treat gastrointestinal disorders. While accumulating
evidence »'"*" suggests that PA exerts a protective effect against
UC, its precise molecular mechanisms of action remain incom-
pletely elucidated.

Herein, we assessed the disease-alleviating efficacy of PA in a
murine model of acute ulcerative colitis triggered by DSS. PA
treatment significantly ameliorated weight loss, hematochezia,
and colon shortening, and preserved intestinal epithelial integ-
rity and goblet cell function. These findings confirm that PA ex-
erts robust protective effects against colitis.

Subsequently, we employed a combination of proteomic pro-
filing, 16S rRNA sequencing, WB, and RT-qPCR to elucidate the
potential mechanisms underlying PA-mediated protection against
UC, the result is shown in Fig. 7. Our findings reveal that PA may
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act as a potential molecular glue that stabilizes the PDI-IRE1 com-
plex. Unlike conventional inhibitors that typically block protein-
protein interactions, PA appears to enhance the binding between
PDI and IRE1. This unique mode of action may lock IRE1 in a
stable, inactive state by preventing its dissociation from PDI,
thereby inhibiting IRE1 dimerization and downstream UPR sig-
naling. This “locking” mechanism highlights a novel strategy for
targeting the UPR pathway in UC therapy.

Within the human intestinal tract, the gut microbiome consti-
tutes an intricately structured and taxonomically varied com-
munity, playing a pivotal role in maintaining intestinal homeo-
stasis by regulating epithelial barrier function, immune re-
sponses, and microbial colonization resistance. For example, be-
neficial commensal bacteria can facilitate the generation of regu-
latory T cells to restrain aberrant inflammatory responses *>*%; in
contrast, microbial dysbiosis may trigger immune dysregulatlon,
which contributes to the onset and progression of disorders in-
cluding inflammatory bowel disease *’. In the present study, mi-
crobiome analysis showed that PA treatment reversed DSS-in-
duced decreases in microbial diversity and significantly
creased the relative abundance of Akkermansia muciniphila, a
mucin-degrading bacterium associated with improved barrier
function and reduced inflammation. These findings suggest that
PA may exert its protective effects through dual mechanisms in-
volving modulation of the gut microbiota and inhibition of ER
stress via PDI targeting.

A key innovation of this study is the identification of a novel

in-
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Fig. 7 Schematic diagram of the protective mechanism of PA against UC. PA tar-
gets the PDI-IRE1/XBP1s pathway to alleviate endoplasmic reticulum stress,
thereby mitigating intestinal inflammation, reconstructing epithelial tight junc-
tions and enriching beneficial gut microbiota.

interaction between PA, PDI, and IRE1. Specifically, we demon-
strate that PA promotes the PDI-IRE1 interaction, thereby inhib-
iting IRE1 dimerization and downstream ER stress signaling. This
mechanism is distinct from existing UC therapies and provides a
new direction for developing PDI-targeted agents. While these
results are encouraging, certain limitations merit consideration.
To begin with, although the acute colitis model induced by DSS
mirrors major pathological characteristics of UC, it does not fully
recapitulate human chronic UC, particularly in terms of patho-
genesis and disease progression. In addition, PDI was identified
as a direct target of PA in the DARTS assay; however, this assay
was associated with notable technical limitations. During the ex-
perimental procedure, the (-actin exhibited a more pronounced
degradation pattern compared with PDI. We subsequently re-
placed the internal reference with GAPDH to re-evaluate protein
stability, which partially mitigated the degradation issue but
failed to completely eliminate this technical artifact. Thus, addi-
tional complementary experiments are warranted in future stud-
ies to further validate PDI as a bona fide target of PA. Next, al-
though our preliminary data indicate that PA acts as a molecular
glue to stabilize the PDI-IRE1 complex, the precise structural
basis of this interaction and whether PA binds directly to PDI,
IRE1, or their interface remains unclear. A further consideration
is the mechanistic validation was predominantly conducted in the
RAW264.7 macrophage cell line and Caco2 cells; additional stud-
ies using other disease-relevant cell types or organoid are re-
quired to comprehensively verify the universality of this path-
way. To address these gaps, future studies should utilize multi-
cellular co-culture models and conditional knockout animal mod-
els to fully clarify the involved mechanisms. Finally, while PA
modulated the gut microbiota, including increasing Akkermansia
abundance, the specific role of these microbial changes in PA’s
therapeutic effects and their link to ER stress regulation war-
rants further investigation.

5. Conclusions

In summary, the protective effect of PA against colitis is me-
diated by targeting PDI. PA acts as a potential molecular glue that
stabilizes the PDI-IRE1 complex, thereby inhibiting IRE1 dimeriz-
ation and attenuating ER stress. Additionally, PA modulates the
gut microbiota to support intestinal barrier function. Collectively,
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these findings highlight PA as a promising therapeutic agent for
UC with a distinct mechanism of action.
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