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Background: Chronic pancreatitis (CP) is characterized by significant pancreatic exocrine dysfunction, with limited targeting
therapeutic strategies. It has been reported that DCHD can effectively alleviate pancreatic injury in chronic pancreatitis; however,
its effect and mechanism on pancreatic exocrine dysfunction remain unclear.

Objective: To investigate the therapeutic effects of Da-Chai-Hu Decoction (DCHD) on pancreatic exocrine dysfunction in CP and
explore its underlying mechanisms.

Methods: Thirty male C57BL/6 mice were divided into control, CP model, and three DCHD dose groups (11, 22, 44 g/kg). CP was
induced via repeated caerulein injections (50 pg/kg), followed by 3 weeks of DCHD treatment. Histopathological analysis of
pancreatic tissue (via HE staining, IHC, IF), molecular assays (Western blot, RT-PCR), and RNA-seq were performed. LC-MS/MS
identified chemical components in the serum of DCHD-treated mice, and network pharmacology predicted potential targets. Mouse
pancreatic acinar cells (266-6) exposed to caerulein and PI3K inhibitor LY294002 were treated with DCHD serum to validate
pathways.

Results: DCHD not only alleviated pancreatic fibrosis (¢-SMA) and inflammation (IL-6), but also maintained the level of Amylase.
RNA-seq revealed that DCHD treatment downregulated the expression of genes related to inflammation, fibrosis, apoptosis, and ERS.
The bioactive compounds in DCHD serum were identified by LC-MS/MS, and further were linked to PI3K/AKT and ERS pathway
through network pharmacology. In vivo validation experiment showed that the expression of PI3K/AKT pathway and ERS markers in
pancreatic tissue was significantly reduced in the DCHD group compared with CP mice (P<0.05). In vitro, serum containing DCHD
enhanced the mRNA level of Ptfl-a and Cpal which represent pancreatic exocrine function and inhibited ERS, apoptosis, and PI3K/
AKT signaling activation in 2666 cells stimulated with caerulein. Furthermore, the expression of ERS marker including GRP78 and
DDIT3 in acinar cells was significantly inhibited by PI3K inhibitors (LY294002) (P<0.05). After treatment of LY294002, the effect of
DCHD-containing serum alleviating ERS of acinar cells was abrogated.

Conclusion: DCHD suppress ERS by regulating the PI3K/AKT pathway in pancreatic acinar cells and further alleviates pancreatic
exocrine dysfunction. This study confirms the therapeutic potential of DCHD in pancreatic exocrine dysfunction, and offers a new
therapeutic option for CP with pancreatic exocrine dysfunction.

Keywords: Da-Chai-Hu Decoction, chronic pancreatitis, pancreatic exocrine dysfunction, endoplasmic reticulum stress, PI3K/AKT
signaling pathway
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Introduction

Chronic pancreatitis (CP) is a progressive inflammatory disease of the pancreas caused by multiple factors, including
biliary diseases and long-term alcohol abuse, leading to damage and fibrosis of the pancreatic parenchyma.' In recent
years, with changes in dietary habits and lifestyle, the morbidity of CP has significantly increased.” CP is characterized
by significant pancreatic exocrine dysfunction, but the targeting therapeutic strategies were limited at present.

Da-Chai-Hu Decoction (DCHD), a classical traditional Chinese medicine (TCM) formula, was first documented in
Zhang Zhongjing’s Treatise on Typhoid and Miscellaneous Diseases for the treatment of syndromes characterized by
“interior-excess heat with liver-gallbladder disharmony”.® Historically, DCHD has been prescribed to alleviate symptoms
such as epigastric rigidity, jaundice, and digestive disorders, which are closely associated with hepatobiliary and
pancreatic dysfunction.*> Modern pharmacological studies have validated DCHD’s efficacy in regulating hepatobiliary
secretion and attenuating pancreatic inflammation, further provide supportive evidence for the utilization of DCHD in
digestive disorders and pancreatic impairment.® Meanwhile, the recently published <Expert consensus on integrated
traditional Chinese and Western medicine diagnosis and treatment of chronic pancreatitis (2025)>" explicitly recom-
mends DCHD as a therapeutic option for CP patients. Our previous studies have revealed that DCHD attenuated
pancreatic fibrosis by inhibiting macrophage infiltration and pancreatic stellate cell activation which played essential
roles in the progression of CP.>*° However, its effect and mechanism on pancreatic exocrine dysfunction remain unclear.
Recently studies have demonstrated that the function of the endoplasmic reticulum of pancreatic acinar cells is impaired
and ERS was triggered by inflammatory factor.'® As an important pathological event, ERS can lead to cellular damage
and apoptosis, thereby exacerbating the progression of CP."!

This study utilizes a multi omics research framework that integrates transcriptomic analysis, network pharmacology
and supplementary in vivo/ in vitro experiments to explore the therapeutic mechanisms of DCHD in alleviating
pancreatic exocrine dysfunction by reducing acinar cell damage. Specifically, the aim of this study was to investigate
the therapeutic effect of DCHD on pancreatic exocrine dysfunction in CP mice and elucidate the underlying molecular

mechanisms, with a specific focus on ERS and its regulating pathway in pancreatic acinar cell.

Materials and Methods

Drugs and Reagents

The DCHD consists of several traditional Chinese medicinal herbs. Chai Hu (Bupleurum chinense DC., SXZY20230036)
15 g, Huang Qin (Scutellaria baicalensis Georgi, SXZY20230515) 9 g, Zhi Shi (Citrus aurantium L., SXZY20231007) 9
g, Shao Yao (Paeonia lactiflora Pall., SXZY20230635) 9 g and Ban Xia (Pinellia pedatisecta Schott, SXZY20230487) 9
g, Da Huang (Rheum palmatum L., SXZY20230182) 6 g, Sheng Jiang (Zingiber officinale Roscoe, SXZY20230398) 15 g
and Da Zao (Ziziphus abyssinica Hochst, SXZY20230457) 20 g. All medicines were purchased from the Traditional
Chinese Medicine Pharmacy of Shaanxi University of Chinese Medicine Hospital and authenticated by Prof. Hong

3-89 the standard clinical dose of

Zhang. The extraction method and doses of DCHD were based on our previous studies,
DCHD for adults is 84 g, which translates to 1.2 g/kg/day for a 70 kg individual. To determine the equivalent dose for
mice, a body surface area conversion factor of 9.1 was applied, accounting for the physiological differences between
humans and mice. The middle dose was established as the equivalent clinical dose (ECD), with the low dose set at half
the ECD and the high dose at double the ECD. Accordingly, the mice in the DCHD-treated groups were administered
doses of 11, 22, and 44 g/kg/day, reflecting the weight of the crude DCHD formulation.

Antibodies: GAPDH (BM3874) was purchased from Wuhan Boster Biological Technology Co., Ltd. The following
antibodies were purchased from Cell Signaling Technology (USA): Amylase (3796), IL-6 (12,912), a-SMA (19245),
PI3K (4292), P-PI3K (4228), AKT (9272), and P-AKT (4060). Collagen I (ab270993), ATF6 (ab37149), and DDIT3

(ab11419) were purchased from Abcam (UK).
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Preparation of Medicated Serum of DCHD and LC-MS/MS Analysis
The active compounds of DCHD were identified in our previous study, in the present study we focus on the medicated
serum of DCHD. Male C57BL/6J mice (n=20) were administered DCHD (22 g/kg) by gavage for 7 days, and blood was
collected two hours after the final gavage. The medicated serum of DCHD was obtained by centrifugation.

The DCHD, medicated serum of DCHD, and Control-serum samples were analyzed using an UPLC-ESI-MS/MS
system (UPLC, ExionLC™ AD https://sciex.com.cn/) and Tandem mass spectrometry system (https://sciex.com.cn/).

The analytical conditions were as follows, UPLC: column, Agilent SB-C18 (1.8 pm, 2.1 mm * 100 mm); The mobile
phase was consisted of solvent A, pure water with 0.1% formic acid, and solvent B, acetonitrile with 0.1% formic acid.
Sample measurements were performed with a gradient program that employed the starting conditions of 95%A, 5% B.
Within 9 min, a linear gradient to 5% A, 95% B was programmed, and a composition of 5% A, 95% Bwaskept for 1 min.
Subsequently, a composition of 95% A, 5.0% B was adjusted within 1.1 min and kept for 2.9 min. The flow velocity was
set as 0.35 mL per minute; The column oven was set to 40°C; The injection volume was 2 puL. The effluent was
alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.

Network Pharmacology Analysis
The detected compounds were analyzed using TCMSP (https://old.tcmsp-e.com/tcmsp.php), SWISSADME (http://www.

swissadme.ch/), and SwissTargetPrediction (http://www.swisstargetprediction.ch/).'?> Compounds with OB > 30 and DL

> (.18 were selected as active substances, and their corresponding target information was retrieved. The target names
were converted to standardized Gene Symbols using the UniProt website.

Next, disease-related targets were identified by searching the GeneCards, OMIM, and Disgenet databases using keywords
such as “Chronic pancreatitis”, and “Endoplasmic reticulum stress”. The targets of the compounds in DCHD were compared
with the disease-related targets using Venny 2.1 online software. GO and KEGG pathway enrichment analyses of the overlapping
targets were performed using the Metascape platform. The results were further visualized using the Bioinformatics platform.

This study complies with the requirements specified in 32 of the Measures for Ethical Review of Life Science and
Medical Research Involving Human Subjects dated February 18, 2023, China. The article stipulates that: When human
information, data, or biological samples are used for human-involved life science and medical research under the
following circumstances—where the research causes no harm to the human body and does not involve sensitive personal
information or commercial interests—ethical review may be exempted.

Animal Experiments

Thirty Male C57BL/6J mice (6—8 weeks old) were obtained from the Experimental Animal Center of Shaanxi University of
Chinese Medicine (license number SCXK (Shaanxi) 2021-001) and kept under standard conditions with free access to food
and water. The mice were randomly assigned to five groups (n = 6) using a random number table: Control group, CP group,
and three DCHD treatment groups (DCHD-L, DCHD-M, DCHD-H). CP and DCHD-treated groups received intraperitoneal
injections of caerulein (Toronto Research Chemicals, Toronto, Canada) (50 pg/kg, 6 times/day at 1-hour intervals, 3 times a
week) for 4 weeks. The Control group received saline injections. Starting from the 2nd week, the DCHD groups were treated
with DCHD-L (11 g/kg), DCHD-M (22 g/kg), or DCHD-H (44 g/kg), while the Control and CP groups were administered an
equal volume of saline once daily for 3 weeks. After 3 weeks of treatment, the mice were euthanized, and blood and pancreatic
tissue samples were collected for further analysis. The experiment lasted for a total of 4 weeks. All animal experiments were
conducted in compliance with the “Guidelines for the Care and Use of Laboratory Animals” and approved by the Animal
Ethics Committee of Shaanxi University of Chinese Medicine (approval number: SUCMDL20210301006).

Cell Experiments

Male C57BL/6J mice were administered DCHD (11 g/kg, 22 g/kg, 44 g/kg) by gavage for 7 days, and blood was
collected two hours after the final gavage. Pancreatic acinar cells (266—6) were purchased from Nanjing Cobioer
Biotechnology Co., Ltd., and cultured in 1640 medium with 10% FBS in a 37°C incubator. Cells were plated at a
density of 1x1076 per well in 6-well plates, stimulated with caerulein (MedChemExpress, HY-A0190; 100 nM), the PI3K
inhibitor LY294002 (MedChemExpress, HY-10108; 20 uM) and cultured in 1640 medium with 10% medicated serum of

Journal of Inflammation Research 2025:18 hetps: 18011


https://sciex.com.cn/
https://sciex.com.cn/
https://old.tcmsp-e.com/tcmsp.php
http://www.swissadme.ch/
http://www.swissadme.ch/
http://www.swisstargetprediction.ch/

Yan et al

DCHD was administered at concentrations of DCHD-L (11 g/kg), DCHD-M (22 g/kg), and DCHD-H (44 g/kg),

13
L,

according to a previously established protocol, - and the cells were treated for 24 hours.

H&E, Sirius Red Staining, and Histopathological Analysis
The pancreatic tissue samples were fixed in formaldehyde, dehydrated, and embedded in paraffin. Next, 3 um sections of the
pancreas were obtained and stained with hematoxylin and eosin (H&E) or Sirius Red staining solution. Histopathological

scoring of the pancreas was performed according to the results of H&E staining based on previous methods.'*!>

Immunohistochemistry and Immunofluorescence Staining

Pancreatic tissues were fixed, dehydrated, paraffin-embedded, and sectioned to 2 pm thickness. The sections were deparaffinized
and underwent antigen retrieval. Following incubation with primary and secondary antibodies, images were captured using a
microscope with a Zeiss imaging system (Carl Zeiss AG, Oberkochen, Germany). For immunofluorescence double staining, the
samples were incubated with matched fluorescent secondary antibodies. After staining the nuclei with DAPI, the slides were
sealed using an anti-fade reagent and images were captured with an Olympus IX51 microscope (Olympus, Tokyo, Japan).

RT-qPCR and Western Blot

Total RNA from pancreatic tissues or cells was extracted using a kit from SparkJade (Shandong Sparkjade Biotechnology
Co., Ltd., China) and reverse-transcribed into cDNA. RT-PCR amplification was performed using SYBR Green kits with
cycling conditions of 95°C for 5 seconds, 60°C for 30 seconds, and 72°C for 30 seconds, for a total of 40 cycles. The RT-
PCR products were detected using the ABI-7500 detection system (Thermo Fisher Scientific). The sequences of each
quantitative PCR primer are shown in Table 1.

For Western blot, pancreatic tissues or cells were homogenized and centrifuged at low temperatures to obtain protein
samples. Proteins were transferred to PVDF membranes (EMD Millipore, USA) and incubated with primary antibodies at
4°C overnight, followed by HRP-conjugated secondary antibodies at room temperature for 1.5 hours. Imaging was
conducted using the BeyoECL Star chemiluminescence system (Beyotime Biotechnology, Shanghai, China).

Transcriptome Sequencing and Data Analysis

Total RNA was extracted from pancreatic tissue using TRIzol reagent (Invitrogen), and the RNA quality was assessed.'®
The purified cDNA fragments were reverse transcribed, followed by ligation of Illumina sequencing adapters and PCR
amplification. Sequencing was performed on the Illumina HiSeq2500 platform provided by Gene Denovo Biotechnology
Co., Ltd. (Guangzhou, China).

Table | Primers for Real-Time Fluorescent Quantitative PCR

Gene Name Primer Sequence (Mouse)
CPAI F: AGA GGC TGC TGG TTC TGA GTG
R: AGG TAG CGG TGG AAG GTC AC
ATF6B F: GGT GGG GGT GGG GGG AAG ATG GCG GAG CTG
R: TGG AGG TGA AGA GGA TGC TTG GAA GTG GG
Calr F: ATG CTC CTT TCG GTG CCG CTC CTG
R: CTC CTT GGC TTC TTG CCT TCT CCT
DDIT3 F: GGC AGC TGA GTC CCT GCC TTT CAC
R: GCA GGC TGG TGT GAC TGT GGC TGA
Erp29 F: ATG GCC GCC GCC GCC GGG GTG TCT G
R: TCC TCT TCT TCC GGA AGC CGT GTC T
ATP2a2 F: ATG GAG AAC GCT CAC ACA AAG ACC
R: GAA CAG ACC AGA ACA ATG CTT GAG
Hspa2 F: ATG GGC CGT CTG AAC ACC TA
R: GCA GTC TCT GTT TGG CTC TG

18012 ‘e Journal of Inflammation Research 2025:18
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Apoptosis Detection

Cells were fixed with 4% paraformaldehyde at room temperature for 30 minutes, then washed with 0.01M PBS. Each
sample received 20 pL of labeling buffer followed by 18 pL of additional labeling buffer. Next, 20 puL of labeling
solution was added to each sample and incubated at 37°C for 2 hours. The slides were sealed with anti-fade tablets, and
images were captured using an Olympus IX51 microscope (Olympus, Tokyo, Japan).

Statistical Analysis Methods

Data analysis was performed using GraphPad Prism 9.5 software. Continuous data were expressed as mean + standard
deviation (mean = SD). Normality tests were conducted to ensure the data followed a normal distribution, followed by
homogeneity of variance tests to verify if the variances among groups were equal. One-way analysis of variance
(ANOVA) was performed to determine significant differences between groups, and post hoc analysis was conducted to
further explore differences between specific groups. A P-value < 0.05 was deemed statistically significant.

Results

DCHD Alleviates Pancreatic Damage and Exocrine Dysfunction in CP

CP model in mice was established by caerulein injection. After 4 weeks, the pancreatic tissue volume was significantly
reduced (Figure 1A), and the pancreas-to-body weight ratio was markedly decreased (P<0.001) (Figure 1B). The
pancreatic structure was severely disrupted, showing acinar cell atrophy, extensive inflammatory cell infiltration, and

A) (B) =
cp DCHD-L DCHD-M DCHD-H

BT

0.5

Ratio of pancreas weight/body weight

Control CP DCHD-L DCHD-M DCHD-H

Figure | Continued.
Abbreviation: ns, no significant difference.
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Figure | DCHD Alleviates Pancreatic Damage and Exocrine Dysfunction in CP. (A) Representative figures of pancreatic tissues in different groups; (B) Pancreas-to-body
weight ratio; (C) H&E staining and Sirius Red staining of pancreatic tissues; (D) Pathological scores based on H&E staining; (E) Representative immunohistochemical staining
of amylase in pancreatic tissues (400%); (F) RT-gPCR analysis of Cpa-I gene expression; (G) Western blot analysis of amylase protein expression levels. The region delineated
by the blue dashed box in the upper image of each group is magnified in the corresponding lower image, thus enabling detailed observation of pancreatic tissue alterations.
Data are mean % SD. n=6. *P<0.05, **P<0.01, ***P<0.001.

Abbreviation: ns, no significant difference.

fibrous tissue deposition (Figure 1C). Following treatment with different concentrations of DCHD, the pancreatic
volume, weight, and pathological damage were improved to varying degrees, with a significant reduction in fibrosis.
Pathological scores of edemas, inflammation, fibrosis, and acinar atrophy were significantly lower (P<0.05) (Figure 1D).
Among the treatments, the medium dose of DCHD (DCHD-M) showed the most effective results. Therefore, the medium
dose of DCHD will be the focus in subsequent experiments to explore its therapeutic mechanism in CP.

Amylase and Carboxypeptidase A are the primary digestive enzymes secreted by pancreatic acinar cells, and their
expression decreases when acinar cells are damaged. Currently, their expression levels are used to measure pancreatic
exocrine function.'” In our study, we observed that the amylase positive staining cells were significantly increased
(Figure 1E), indicating notable exocrine dysfunction in the pancreatic tissue of the CP group. Additionally, in the CP
group, acinar cell damage was accompanied by a significant reduction of Cpa-/ mRNA (Figure 1F) and Amylase protein
(Figure 1G) in pancreatic tissue (P<0.05). After treatment with DCHD, the expression of Amylase and Cpa-1 sig-
nificantly increased (P<0.05), suggesting that DCHD effectively reduces pancreatic inflammation, inhibits fibrosis

progression, and protects pancreatic tissue and its exocrine function.

DCHD Reduces Pancreatic Inflammation and Fibrosis in CP Mice

Immunohistochemical staining revealed significantly elevated expression of fi-brosis markers (Collagenl and a-SMA)
and the inflammatory marker F4/80 in pancreatic tissues of CP mice compared to the control group, while DCHD
treatment markedly reduced their expression (Figure 2A). Subsequently, Western blot analysis demon-strated increased
levels of a-SMA and IL-6 in the CP group, which were attenuated by DCHD administration (P<0.05) (Figure 2B).
Furthermore, RT-PCR validation con-firmed upregulation of inflammation- and fibrosis-related genes in CP mice, with
DCHD significantly suppressing these alterations (P<0.05) (Figure 2C and D). Collectively, these results demonstrate
that DCHD alleviates pancreatic inflammation and fibrosis in CP mice.
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Figure 2 DCHD reduces pancreatic inflammation and fibrosis in CP mice. (A) Representative immunohistochemical staining of 0-SMA, Collagen | and F4/80 in pancreatic
tissues (400x); (B) Western blot analysis of a-SMA and IL-6 protein expression levels; (C and D) RT-gPCR analysis of fibrosis-related genes (C) and inflammation-related
genes (D) in CP mice. Data are mean * SD. n=6. *P<0.05, **P<0.01, ***P<0.001.
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DCHD Attenuates the Expression of mRNAs Correlated with Pancreatic

Inflammation, ERS and Fibrosis via PI3K/AKT Signaling Pathway

The RNA-seq results revealed three distinct clusters among the Control, CP, and DCHD groups (Figure 3A), with
significant gene expression differences between the groups (Figure 3B). In the CP group, genes related to inflammation
(Figure 3C), Fibrosis (Figure 3D), and ERS (Figure 3E) were significantly upregulated, whereas DCHD treatment led to
a marked downregulation of these related genes (P<0.05). This suggests that CP progression in mice involves not only
inflammation and fibrosis but also ERS and apoptosis. DCHD appears to regulate these key events during CP progres-
sion, such as ERS. Further GO and KEGG analyses showed significant enrichment of the PI3K/AKT signaling pathway
(ko04151) (Figure 3F-I), indicating that DCHD may exert its therapeutic effects in CP by modulating the PI3K/AKT
signaling pathway.

The Regulation of ERS by DCHD is Related to PI3K/AKT Pathway Through Analysis of

Blood-Entering Components and Network Pharmacology

LC-MS/MS was employed to detect the compounds present in DCHD, control serum and DCHD-medicated serum
(Figure 4A). To investigate the variation trend of the relative content of metabolites in different groups, K-means
clustering (Figure 4B and C, Table 2) divides the differentially expressed metabolites (DEM) into 9 subcategories, with
the abscissa representing the sample groups and the ordinate representing the standardized relative content of metabo-
lites. Subclass 3 metabolites were expressed more in DCHD and medicated serum of DCHD, but less in control serum
group, including: 2,5-dihydroxybenzoic acid; Gentisic Acid*Crotonoside; 2-hydroxyadenosine, Cycloleucine,
Dihydrosphingosine-1-Phosphate, Guanosine et al which suggested that the above substances that can enter the blood
circulation and play a role in DCHD. Therefore, the total ion chromatogram (TIC) profiles of these metabolites obtained
through ionic extraction are presented in Figure 4C, the horizontal coordinate represents the retention time (in minutes)
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Figure 3 Transcriptomic Analysis of Pancreatic Tissue. (A) PCA analysis; (B) Volcanic plot shows differences in gene expression; (C—E) Heatmaps display the expression of
Inflammation (C), Fibrosis (D) and ERS (E) related differentially expressed genes in each group; (F-l) GO and KEGG enrichment analysis.

of the detected metabolites, and the vertical coordinate represents the ionic current intensity of the detected metabolites.
Using the TCMSP, SwissDrugDesign, and SymMap databases, active compounds from DCHD were screened, and target
prediction identified 1872 potential targets. Through searches of the Genecards, OMIM, and Disgent disease databases,
1998 CP-related, and 1229 ERS-related targets were identified. An intersection analysis revealed 222 common targets
between DCHD, CP, and ERS (Figure 4D). KEGG enrichment analysis of these targets using the Metascape platform
indicated that the PI3K/AKT signaling pathway was significantly enriched in both DCHD-CP-ERS (Figure 4E and F),
suggesting that the PI3K/AKT signaling pathway may be a key target for DCHD in regulating ERS in CP.

DCHD Inhibited Pancreatic ERS and PI3K/AKT Signaling Pathway in vivo Experiments
To further validate the regulatory effect of DCHD on ERS in CP pancreatic tissues, we examined the expression of ERS
markers ATF6, DDIT3, and GRP78.'® The results showed increased expression of ATF6, DDIT3, and GRP78 in the
pancreatic tissues of CP mice (P<0.001). After DCHD treatment, the levels of ERS markers were significantly reduced
(P<0.001) (Figure 5A), and the expression of ERS-related genes, including A#6b, Calr, Ddit3, Erp29, Hspa2, and
Atp2a2, was also markedly decreased (P<0.05) (Figure 5B), indicating that DCHD can inhibit ERS in the pancreatic
tissues of CP mice. To further clarify the expression changes of ERS in pancreatic acinar cells during CP, we conducted
immunofluorescence double staining (Amylase/DDIT3). The results showed increased expression of DDIT3 in the acinar
cells of the CP group, whereas both markers were reduced following DCHD treatment (Figure 5C). These findings
suggest that DCHD can alleviate ERS in acinar cells during the progression of CP.

Building on the transcriptomic findings, further experiments were conducted to confirm DCHD’s regulatory effect on
the PI3K-AKT pathway during CP progression. Western blot analysis indicated elevated P-PI3K and P-AKT levels in CP
mouse pancreatic tissues, which were significantly reduced following DCHD treatment (P<0.05) (Figure 5D), it suggests
that DCHD can suppress the activation of the PI3K/AKT signaling pathway during CP progression. Additionally,
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immunofluorescence double staining (Amylase/P-PI3K, Amylase/P-AKT) demonstrated that P-PI3K and P-AKT expres-
sion increased in acinar cells of the CP group, but decreased after DCHD treatment, indicating that DCHD inhibits the
activation of the PI3K/AKT signaling pathway specifically in pancreatic acinar cells (Figure 5E).
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Table 2 Compounds Identified from Sub Class3 by UPLC-MS/MS

Number Compounds Class | Class Il CAS Formula

| 2,5-Dihydroxybenzoic acid; Gentisic Acid Phenolic acids Phenolic acids 490-79-9 C7H604

2 Crotonoside; 2-Hydroxyadenosine Nucleotides and derivatives Nucleotides and derivatives 1818-71-9 CIOHI3N505
3 Cycloleucine Amino acids and derivatives Amino acids and derivatives 52-52-8 C6HIINO2
4 Dihydrosphingosine-|-Phosphate Lipids Sphingolipids 19794-97-9 CI8H40NOS5P
5 Guanosine Nucleotides and derivatives Nucleotides and derivatives 118-00-3 CIOHI3N505
6 L-Lysine Amino acids and derivatives Amino acids and derivatives 56-87-1 C6H14N202
7 Neochlorogenic acid (5-O-Caffeoylquinic acid) Phenolic acids Phenolic acids 906-33-2 Cl6HI809
8 Oxiglutatione Amino acids and derivatives Amino acids and derivatives 27025-41-8 C20H32N60 1252
9 Taurocholic acid Organic acids Organic acids 81-24-3 C26H45NO7S
10 Xanthosine Nucleotides and derivatives Nucleotides and derivatives 146-80-5 CI0HI2N406

DCHD Attenuated ERS in Pancreatic Acinar Cells by Inhibiting the PI3K/AKT Signaling

Pathway and Protected the Pancreatic Exocrine Function

To further explore the intervention effect of DCHD on acinar cells, we treated caerulein-induced 266—6 cells with
different concentrations of DCHD-containing serum. After DCHD-containing serum intervention, the expression levels
of ATF6, GRP78, and DDIT3 (Figure 6A) and P-PI3K and P-AKT (Figure 6B) in acinar cells were significantly lower
compared to the caerulein-stimulated group (P<0.05). Furthermore, intervention with PI3K inhibitors (LY294002) in
pancreatic acinar cells, the expression of PI3K was inhibited. At the same time, the expression of ERS related markers
GRP78 and DDIT3 in acinar cells was significantly reduced (P<0.05). After treatment of LY294002, the effect of
DCHD-containing serum alleviating ERS of acinar cells was abrogated (P<0.05) (Figure 6C).

PCR analysis revealed that DCHD treatment significantly downregulated the expression of apoptosis-related genes
(Bid and Apaf1) in pancreatic tissue (P<0.001) (Figure 6D). Consistently, TUNEL staining demonstrated a marked
reduction in acinar cell apoptosis after intervention with DCHD-containing serum (Figure 6E). Meanwhile, the expres-
sion of Cpal and Ptfl-a (markers represent the phenotype of acinar cell'”) (P<0.01) (Figure 6F) and Amylase
(Figure 6G) maintained high level. These results suggest that DCHD may inhibit ERS through the PI3K/AKT signaling
pathway, thereby reducing acinar cell apoptosis and protecting pancreatic exocrine function.

Discussion
Chronic pancreatitis (CP) is a chronic inflammatory disease of the pancreas resulting from a complex interplay of
genetic, environmental, and other factors.> CP is typically characterized by persistent epigastric pain radiating to the
back, pancreatic exocrine insufficiency, and endocrine dysfunction that often progresses to diabetes mellitus.*” Its
etiology and pathogenesis are complex, and there is currently no specific treatment available. Extensive clinical
applications have demonstrated DCHD’s efficacy in the management of various gastrointestinal disorders,”!
Furthermore, clinical evidence has established its therapeutic potential in significantly ameliorating pancreatitis-asso-
ciated symptoms, including abdominal pain, nausea, and vomiting. In this study, we found that DCHD alleviated
inflammation and fibrosis in pancreatic tissues of caerulein-induced CP mice. Notably, the DCHD-treated group not
only exhibited greater preservation of pancreatic acinar cells but also showed significantly increased expression of
amylase and Cpal, suggesting its protective effects against pancreatic exocrine dysfunction in CP. RNA-seq analysis
revealed that pancreatic tissues from CP mice exhibited upregulation of genes related to inflammation, fibrosis, and ERS.
In contrast, DCHD treatment concurrently suppressed the expression of these inflammation, fibrosis, and ERS-related
genes. Recent studies have shown that ERS plays a significant pathogenic role in CP.* The endoplasmic reticulum, as the
primary site for protein synthesis, folding, and modification within cells, can have its function disrupted when responding
to intracellular and extracellular stressors such as inflammation, hypoxia, or chemical stimuli. This disruption leads to the
accumulation of unfolded or misfolded proteins in the ER, triggering an ERS response.?

Furthermore, double immunofluorescence staining demonstrated that DCHD suppressed ERS in acinar cells during
CP progression. It is recognized that upon stimulation by inflammatory factors, pancreatic acinar cells experience
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impaired endoplasmic reticulum function, leading to disrupted protein synthesis and folding, which subsequently triggers
ERS.' When ERS exceeds the cellular adaptive capacity, it can promote cellular injury and even apoptosis, thereby
exacerbating the pathological progression of CP."! In the present study, we also found that ERS in pancreatic acinar cells
is exacerbated during the progression of CP by double immunofluorescence staining, and DCHD could reverse this
process. However, the underlying mechanism through which DCHD regulates ERS remains unclear.

Our transcriptomic and network pharmacology analyses revealed a significant enrichment of the PI3K/AKT signaling
pathway. The PI3K/AKT signaling pathway, known to regulate cell growth, proliferation, and survival.***> Recent
studies have revealed that the PI3K/AKT signaling pathway plays a critical role in the progression of acute lung injury by
regulating ERS.%° In our present study, in vivo experimental validation demonstrated that DCHD inhibits the activation
of the PI3K/AKT signaling pathway in pancreas during CP. These findings suggest that the anti-ERS effect of DCHD in
CP may be related to the modulation of the PI3K/AKT signaling pathway. Therefore, we conducted in vitro experiments
showing that DCHD-medicated serum alleviated caerulein-induced ERS and PI3K pathway activation in acinar cells.
Notably, the protective effect of DCHD was not augmented by a PI3K inhibitor, indicating that DCHD may suppress
acinar cell ERS primarily through the PI3K pathway. Furthermore, DCHD downregulated apoptosis-related genes in both
pancreatic tissue and acinar cells, thereby mitigating the loss of exocrine function—a primary cause of clinical
manifestations such as dyspepsia, steatorrhea, and malnutrition in CP patients.

Although this study confirmed that DCHD exerts a therapeutic effect on CP by improving pancreatic exocrine
function through in vivo and in vitro studies, the current research results are only based on experimental models. The
protective effect of DCHD on the exocrine function of CP patients remains unclear at present. In the future, it is
necessary to conduct multi-center, large-sample clinical controlled studies to verify the protective effect of DCHD on the
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exocrine function of CP patients, so as to provide more sufficient and reliable evidence support for the clinical
transformation and application of DCHD.

Conclusion

In summary, our study demonstrated that DCHD not only alleviates inflammatory damage and fibrosis in CP but also
regulates the PI3K/AKT signaling pathway to suppress ERS in pancreatic acinar cells, further improve the pancreatic
exocrine function as shown in Figure 7. This study confirms the therapeutic potential of DCHD in pancreatic exocrine
dysfunction, and offers a new therapeutic option for CP with pancreatic exocrine dysfunction.
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