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Ulcerative colitis (UC) is a chronic inflammatory disorder with a complex etiology, character-
ized by intestinal inflammation and barrier dysfunction. Platycodon grandiflorus polysacchar-
ides (PGP), the primary component of Platycodon grandifiorus, and hesperidin (Hesp), a
prominent active component in Citrus aurantium L. (CAL), have both demonstrated anti-in-
flammatory properties. This study aims to elucidate the underlying mechanism of the syner-
gistic effect of PGP combined with Hesp on UC, focusing on the coordinated interaction
between the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and Janus kinase 2
(JAK2)/signal transducer and activator of transcription 3 (STAT3) signaling pathways. A
mouse model of UC induced by dextran sulfate sodium (DSS) and a cell model using lipopoly-
saccharide (LPS)-induced RAW264.7 /IEC6 cells were employed to investigate the in vitro and
in vivo anti-inflammatory effects of PGP combined with Hesp on UC and its potential mechan-
ism of action. The results indicated that compared to the effects of either drug alone, the com-
bination of PGP and Hesp significantly modulated inflammatory factor levels, inhibited oxidat-
ive stress, regulated colonic mucosal immunity, suppressed apoptosis, and restored intestin-
al barrier function in vitro and in vivo. Further in vitro studies revealed that PGP significantly
inhibited the PI3K/AKT signaling pathway, while Hesp significantly inhibited the JAK2/STAT3
signaling pathway. The use of inhibitors and activators targeting both pathways validated the
synergistic effects of PGP combined with Hesp on the PI3K/AKT and JAK2/STAT3 signaling
pathways. These findings suggest that PGP combined with Hesp exhibits a synergistic effect
on DSS-induced colitis, potentially mediated through the phosphatase and tensin homolog
(PTEN)/PI3K/AKT and interleukin-6 (IL-6)/JAK2/STAT3 signaling pathways.

1. Introduction

treatments often present significant adverse effects and may lack
efficacy across various stages of the disease °. Consequently,

Ulcerative colitis (UC) is a chronic, non-specific inflammat-
ory bowel disease that affects the colonic mucosa, initiating in the
rectal mucosa and extending proximally in a continuous manner
throughout the colon "*. Recent reports indicate an increasing in-
cidence and prevalence of UC, with an annual occurrence rate of
12.6 per 100 000 individuals in the UK * ", Accumulating evid-
ence suggests that UC is a multifactorial disease arising from
complex interactions between genetic, environmental, immune,
and microbial factors, though the precise etiology remains elu-
sive °. Currently, clinical management of UC primarily involves
the administration of aminosalicylic acid, antibiotics, oral cor-
ticosteroids, and immunosuppressive agents. However, these
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there is a pressing need to identify novel therapeutic approaches
for the effective treatment of UC.

Current management of UC is primarily limited to monother-
apy, and the potential advantages of combination therapy remain
largely unexplored. Recent years have witnessed growing in-
terest in utilizing bioactive natural compounds for UC treatment.
Notably, polysaccharides and flavonoids, as effective dietary re-
sources, have shown promising therapeutic potential in UC man-
agement, operating through various mechanisms ’. Platycodon
grandiflorus (PG), a traditional medicinal and edible plant, has
been employed to treat various ailments due to its anti-inflam-
matory, antioxidant, immune-enhancing, and other biological
properties °. The main component of polysaccharides is Platy-
codon grandiflorus polysaccharide (PGP). Previous research has
demonstrated that PGP can exert significant therapeutic effects
on UC in mice through anti-inflammatory and antioxidant path-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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ways ~'’. Further studies have revealed that PGP can inhibit the

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) sig-
naling pathway. Citrus aurantium L. (CAL), a commonly con-
sumed edible and medicinal resource in China, has extracts and
major constituents reported to possess anti-cancer, antioxidant,
anti-inflammatory, and vasodilatory properties . Hesperidin
(Hesp), one of the main active components in CAL, has been ex-
tensively studied for its ability to treat UC, with its mechanism in-
volving the interleukin-6 (IL-6)/Janus kinase 2 (JAK2)/signal
transducer and activator of transcription 3 (STAT3) pathway "> "*.

Several studies have demonstrated that the JAK/STAT signal-
ing pathway can interact with the PI3K/AKT signaling pathway
via micro ribonucleic acid (miR)-21 and phosphatase and tensin
homolog (PTEN) '“. Additionally, research has shown that inhibit-
ing STAT3 activation with JAK2 inhibitors suppresses the activa-
tion of nuclear factor kB (NF-xB) . Based on the analysis of PGP
and Hesp’s action mechanism, we hypothesized that these com-
pounds exert synergistic effects through PI3K/AKT and
JAK2/STAT3 signaling pathways. To test this hypothesis, we es-
tablished a mouse UC model and a RAW264.7/IEC6 cell inflam-
mation model. These models were treated with PGP and Hesp,
both individually and in combination, to elucidate their potential
synergistic anti-inflammatory effects. By examining the impact of
PGP and Hesp on the PI3K/AKT and JAK2/STAT3 pathways, our
goal was to provide experimental evidence for the development
of natural therapeutic agents like PGP and Hesp, offering poten-
tial new treatments for UC in clinical settings.

2. Materials and methods

2.1. Chemical reagent

The PG utilized in this study was obtained from Anhui Youx-
in Pharmaceutical Co., Ltd. (Anhui, China) and verified by Prof.
Shoujin Liu of Anhui University of Chinese Medicine. PGP was
prepared according to previously described methods '°. Perform-
ance anion-exchange chromatography with pulsed amperomet-
ric detection was employed to analyze the polysaccharide com-
position of PGP. The analysis revealed that PGP comprised six
polysaccharides: Fuc, Rha, Ara, Gal, Glc, and GalA, in a molar ra-
tio of 11.00:1.00:15.79:17.48:12.45:5.19, as illustrated in Sup-
plement Fig. S1. FT-inhibition rate (IR) analysis results demon-
strated that PGP exhibited characteristic absorption peaks of
polysaccharides, as shown in Supplement Fig. S2. Hesp was
sourced from Shanghai Yuanye Bio-Technology Co., Ltd. (Shang-
hai, China), while sulfasalazine enteric-coated tablets (SASP) was
procured from Shanghai Xinyi Tianping Pharmaceutical Co., Ltd.
(Shanghai, China). Dextran sulfate sodium (DSS) (MW: 36 000-50
000) was obtained from Dalian Meilun Biotech Co., Ltd. (Dalian,
China). Malondialdehyde (MDA), T-SOD, and myeloperoxidase
(MPO) kits were acquired from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China). Sparkzol reagent, cell counting kit-
8 (CCK-8), colivelin, AG 490, and 740 Y-P were sourced from
Shangdong Sparkjade Biotechnology Co., Ltd. (Jinan, China).
LY294002 was obtained from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Primary antibodies specific to Z0-1
were procured from Abcam (Cambridge, UK). Primary antibodies
targeting fS-actin, claudin-1, occludin, IL-6, PI3K, AKT, JAK2,
STATS3, phosphorylated (p)-PI3K, p-AKT, p-JAK2, p-STAT3, and
PTEN were purchased from Zen Bioscience Co., Ltd. (Chengdu,
China). Primary antibodies specific to T helper type 2 (Th2) (IL-
10) and regulatory T lymphocyte (Treg) [transforming growth
factor 8 (TGF-B)], interferon y (IFN-y), IL-17, IL-10, IL-4, and IL-
1B were acquired from Beijing Biosynthesis Biotechnology Co.,
Ltd. (Beijing, China). The primary antibody specific to tumor nec-
rosis factor a (TNF-a) was supplied by Wanlei Biotechnology Co.,
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Ltd. (Shenyang, China). Lipopolysaccharide (LPS) was purchased
from Sigma Chemical Co., Ltd. (St. Louis, Missouri, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for detecting
Mouse/Rat TNF-q, IL-1p, and IL-6 were obtained from Ruixin Bi-
otechnology Co., Ltd. (Quanzhou, China). All other chemicals and
solvents of analytical grade were sourced from Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China).

2.2. Experimental animals and design

Male Balb/c mice (6-8 weeks old, weighing 20 + 2 g) were
obtained from Biotechnology Co., Ltd. (certificate number SCXK
2020-0009, Jiangsu, China) and housed in a controlled environ-
ment with a 12-h light/dark cycle. The mice were provided with a
standard laboratory diet and water ad libitum. All animal experi-
ments and procedures were reviewed and approved by the Insti-
tutional Ethics Committee of the Anhui University of Chinese
Medicine (Ethical number: AHUCM-mouse-2021028). The experi-
ments were conducted in accordance with the approved
guidelines.

The study comprised six groups of mice (n = 6 per group):
control group (CTL), model group (DSS), SASP group (200
mg-kg™"), PGP group (400 mg-kg™), Hesp group (80 mg-kg™"), and
PGP + Hesp group (400 mg-kg™" + 80 mg-kg™). The CTL group re-
ceived normal drinking water, while the other five groups were
given freshly prepared 3% DSS solution ad libitum for seven con-
secutive days '’. After the 7-day induction period of the UC model,
all groups were provided normal drinking water and treated for
an additional 7 days (from day 7 to day 14) to evaluate drug effic-
acy. The control and model groups received an equivalent volume
of normal saline, while the remaining four groups were orally ad-
ministered SASP, PGP, Hesp, and the mixture, respectively, for 7
consecutive days (Fig. 1A).

2.3. Pharmacodynamics observation

The severity of UC was evaluated using the disease activity
index (DAI) score, a clinical indicator calculated by averaging the
scores of weight loss, stool consistency, and stool bleeding.
Weight loss was scored as follows: 0 for no weight loss, 1 for
1%-5% weight loss, 2 for 5%-10% weight loss, 3 for 10%-15%
weight loss, and 4 for over 15% weight loss. Stool consistency
was scored as 0 for normal, 2 for loose stools, and 4 for diarrhea.
Stool bleeding was scored as 0 for normal, 2 for hemoccult, and 4
for gross bleeding '°. Throughout the experiment, body weight,
stool consistency, and stool bleeding were recorded daily.

On day 15, all mice were euthanized via cervical dislocation.
The colons were then carefully dissected, and their lengths were
measured and recorded. The spleen and kidneys were photo-
graphed and weighed for further analysis. Distal colon tissues
were isolated, fixed in 4% paraformaldehyde for 24 h, and sub-
sequently embedded in paraffin. The paraffin-embedded colon
samples were sectioned into 4 pm thick slices, stained with
haematoxylin and eosin (H&E), and examined under a micro-
scope for histological analysis. Histological scores were evalu-
ated based on previously described criteria . The histological
grading scheme was as follows: (i) severity of inflammation: 0,
none; 1, slight; 2, moderate; and 3, severe; (ii) inflammatory cell
infiltration: 0, none; 1, mucosa; and 2, mucosa and submucosa;
and (iii) crypt damage: 0, none; 1, basal one-third damaged; 2,
basal two-thirds damaged; 3, only surface epithelium intact; 4,
entire crypt and epithelium lost.

2.4. Assessment of oxidative stress

The concentrations of MPO, superoxide dismutase (SOD),
and MDA in colon tissue were quantified using commercially
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available detection kits ** *'. Briefly, colon tissue samples were
collected, minced, and homogenized in lysis buffer at a 1:4 ratio
(W/V) at 4 °C for 30 min. The homogenates were subsequently
centrifuged at 10 000 g for 30 min, and the supernatant was col-
lected. After adding the reaction mixture, absorbance at specific
wavelengths was measured using an enzyme-labeled instrument,
and corresponding concentrations were calculated. The concen-
tration of MDA and the activities of SOD and MPO in the colon
were expressed as nmol-mg " protein, U-g™ protein, and U-g™", re-
spectively.

2.5. Immunohistochemistry (IHC) and immunofluorescence assay
Colon tissue samples embedded in paraffin were sectioned

into 4 um slices for IHC analysis. The tissue sections underwent
dewaxing and rehydration, followed by antigen retrieval through
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boiling in 10 mmol-L™" citrate buffer for 15 min and blocking en-
dogenous peroxidase with 0.03% H,0, for 10 min. To prevent
non-specific binding, the sections were incubated with goat ser-
um at room temperature for 1 h. After blocking, the sections were
incubated overnight at 4 °C with primary antibodies against TNF-
« (1/200), IL-1B (1/200), IL-10 (1/200), IFN-y (1/200), IL-4
(1/200), IL-17 (1/200), or TGF-f (1/200), followed by incuba-
tion with HRP-conjugated secondary antibodies for 1 h. The anti-
gen-antibody complexes were visualized by staining with
diaminobenzidine (DAB), and the sections were counterstained
with hematoxylin.

The colon tissue sections for immunofluorescence under-
went pretreatment identical to that used for IHC. These sections
were then incubated overnight at 4 °C with primary antibodies
targeting Z0-1 (1/200), occludin (1/200), and claudin-1 (1/200).
Subsequently, the sections were exposed to fluorescent second-
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Fig. 1 PGP combined with Hesp ameliorated symptoms in mice with DSS-induced colitis. (A) The experimental design involved drug treatment and induction of colitis us-
ing DSS. (B) From day 0 to day 14, alterations in weight were monitored. (C) Recordings of DAI scores were taken between day 0 and day 14. (D) Representative images of
the colon were obtained for each group. (E) The colon length was measured for each group. (F, G) Histological (F) and pathological analyses (G) of the colon were performed
in DSS-induced colitis mice. CL, crypts of Lieberkiihn; the black arrow indicates goblet cells; the red arrow indicates inflammatory cell infiltration. DSS, 3%; SASP, 200
mg-kg™’; PGP, 400 mg-kg™"; Hesp, 80 mg-kg™'; PGP + Hesp, (400 + 80) mg-kg™* (H&E, x 200). Data are presented as mean + SD (n = 6); P < 0.05, "P < 0.01 and “'P < 0.001 vs
DSS group; *P < 0.01 and **P < 0.001 vs CTL group; “P < 0.05, “**P < 0.001 vs PGP + Hesp group.
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ary antibodies for 1 h. The process concluded with a 5-min coun-
terstaining using 4',6-diamidino-2-phenylindole (DAPI).

2.6. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from colon tissue using SparkZol re-
agent, followed by chloroform extraction and isopropanol precip-
itation. The RNA concentration was quantified, and complement-
ary deoxyribonucleic acid (cDNA) was synthesized using the M-
MLV First-Strand cDNA Synthesis Kit, according to the manufac-
turer’s protocol. After cDNA synthesis, PCR amplification was
performed with the Fast HiFidelity PCR Kit and primers designed
to target the genes of interest. The primer sequences used in
these reactions are provided in Supporting Table **.

The relative expression of messenger ribonucleic acid
(mRNA) was normalized using glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) as a reference gene. The mRNA expres-
sion levels were quantified by calculating the relative expression
ratio in relation to GAPDH expression.

2.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL)

Apoptosis in colonic tissue was evaluated using the One Step
TUNEL Apoptosis Assay Kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s protocol. In brief, 4 pm
sections of paraffin-embedded colon samples were dewaxed and
labeled with TdT-mediated DNA strand breaks using a detection
kit. Subsequently, 50 pL of TUNEL detection solution was applied
to the samples, which were then incubated at 37 °C in the dark
for 1 h. The nucleus was then stained with DAPI %, Apoptotic cells
were identified by the presence of the green fluorescein marker
using a fluorescence microscope. Quantification of TUNEL-posit-
ive cells was conducted using Image] software for image analysis.

2.8. Cell culture

The RAW264.7 macrophage cell line was obtained from iCell
Bioscience (Shanghai, China), while the rat intestinal epithelial
cell (IEC) line IEC6 was acquired from Shanghai Zhonggiaoxin-
zhou Biotech (Shanghai, China). Both cell lines were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and maintained in a humidified in-
cubator at 37 °C with 5% CO,.

2.9. Cytotoxicity assays

RAW264.7 and IEC6 cells were seeded in 96-well plates at a
density of 5 x 10° cells/well and exposed to various concentra-
tions of PGP and Hesp for 24 h, respectively. Each drug concen-
tration was tested in six replicate wells. Following incubation,
10% CCK-8 reagent was added to each well, and the cells were
further incubated at 37 °C for 1 h. The optical density (OD) was
measured at 450 nm using a microplate reader. The IR was calcu-
lated using the formula: percentage of inhibition = [1 - (mean OD
of experimental sample/mean OD of the control group)] x 100%.
The ICs, values, representing the concentration of drug that in-
hibits cell growth by 50%, were determined **.

2.10. Drug administration

RAW264.7 and IEC6 cells were categorized into five distinct
groups: control, LPS (cells incubated with 2 pg-mL™ LPS for 24
h), LPS + PGP (cells incubated with 2 pg-mL™ LPS and 100
pg-mL™" PGP for 24 h), LPS + Hesp (cells incubated with 2 pg-mL™
LPS and 25 pg-mL™" Hesp for 24 h), and LPS + PGP + Hesp (cells
incubated with 2 pg-mL™" LPS, 100 pg-mL™" PGP, and 25 pg-mL™"
Hesp for 24 h). Subsequently, the cell culture supernatant was
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collected, and the nitric oxide (NO) concentration was determ-
ined using a Griess reagent kit (Beyotime Biotechnology, Shang-
hai, China) following the manufacturer’s protocol. The levels of
TNF-a, IL-1f3, and IL-6 in the cell culture supernatant were quan-
tified using ELISA kits.

2.11. Reactive oxygen species (ROS) immunofluorescence

The generation of ROS in IEC6 and RAW264.7 cells was eval-
uated using the carboxy-2',7'-dichloro-dihydro-fluorescein di-
acetate (DCFHDA) method ** *°. RAW264.7 and IEC6 cells were
cultured in 96-well plates (5 x 10* cells/well) or 24-well plates
(5 x 10* cells/mL) and subjected to drug treatments as previ-
ously described. Following the treatment period, the medium was
removed, and the cells were incubated with DCFHDA probes
(MedChemExpress, Monmouth Junction, US) for 30 min. The
fluorescence intensities were measured at 488 (excitation) and
535 nm (emission) using a microplate reader, and the accumula-
tion of ROS in the cells was visualized through fluorescence mi-
croscopy.

2.12. Flow cytometry

The anti-apoptotic effect of the drug was evaluated in
RAW?264.7 and IEC6 cells using flow cytometry. Cells were inocu-
lated in 6-well plates and treated with drugs as previously de-
scribed. After removing the supernatant, RAW264.7 and IEC-6
cells were collected and washed three times. Annexin V-fluores-
cein isothiocyanate (FITC) and PI were used for staining accord-
ing to the protocol of the apoptosis kit (Solarbio Science & Tech-
nology Co, Ltd., Beijing, China). Quantitative assessment of apop-
totic cells was performed using flow cytometry.

2.13. Western blot analysis

For Western blot analysis, total proteins were extracted from
colon tissues and cell samples using cold RIPA lysis buffer supple-
mented with PMSF through homogenization on ice. The total pro-
tein concentration was quantified using a BCA protein assay Kkit.
Subsequently, proteins were separated by conventional SDS-
PAGE and transferred onto a PVDF membrane on ice. Following a
2-h blocking period with 5% skim milk, the membranes were in-
cubated overnight at 4 °C with specific primary antibodies
against f-actin, claudin-1, occludin, zonula occludens-1 (ZO-1), IL-
6, PI3K, AKT, JAK2, STAT3, p-PI3K, p-AKT, p-JAK2, p-STAT3, and
PTEN. After washing with tris-buffered saline-Tween 20 (TBST),
the protein bands were incubated with a secondary peroxidase-
conjugated antibody for 2 h at room temperature. Finally, the
membranes were washed with TBST and visualized using an en-
hanced chemiluminescence reagent. Semi-quantitative analysis
was conducted using Image] software.

2.14. Statistical analysis

All values are expressed as mean * SD. Statistical significance
was determined using one-way ANOVA followed by LSD post-hoc
tests. P < 0.05 was considered statistically significant. P < 0.01
and P < 0.001 were deemed highly significant.
3. Results
3.1. PGP combined with Hesp ameliorated DSS-induced colitis

symptom

To induce colitis, a common model of UC in mice, the animals
were treated with 3% DSS for 7 d in our study. The effects of PGP,
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Hesp, and their combination on DSS-induced colitis were evalu-
ated using weight loss, DAI score, spleen index, colon length, and
kidney index. As illustrated in Fig. 1B, the weight of the control
(CTL) group steadily increased, whereas that of the DSS group
decreased consistently. From the 7" day onward, PGP, Hesp, and
their combination were found to mitigate weight loss in mice,
comparable to sulfasalazine (SASP). The DAI score, a direct indic-
ator of disease state, increased in mice following DSS induction.
Notably, compared to the DSS group, the CTL group, SASP group,
treatment groups, and particularly the PGP combined with Hesp
group, exhibited a significant decrease in DAI score (Fig. 1C). Fur-
thermore, DSS-induced colonic shortening and renal swelling
were observed, while PGP combined with Hesp treatment effect-
ively ameliorated these conditions (Figs. 1D, 1E and S3A). The
spleen index, an indirect measure of immune activity, was signi-
ficantly higher in the DSS group compared to the CTL group,
which was effectively reversed by PGP + Hesp treatment (Fig.
S3B). Additionally, histological examination of the distal colon tis-
sue using H&E staining revealed that DSS-induced damage, in-
cluding epithelial layer rupture, loss of goblet cells, and infiltra-
tion of inflammatory cells, was significantly repaired in the treat-
ment group (Figs. 1F and 1G). Notably, the PGP + Hesp group
showed no significant difference compared to the normal group.
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3.2. Effect of PGP combined with Hesp on the expression of tissue in-
flammatory factors and oxidative stress

Inflammatory injury, characterized by aberrant expression of
inflammatory cytokines and excessive oxidative stress, repres-
ents a critical pathological process in colitis. As illustrated in Figs.
2A-2D, the expression levels of pro-inflammatory factors TNF-a
and IL-1 in the colon tissue of mice in the DSS group were signi-
ficantly elevated, while the expression of anti-inflammatory
factor IL-10 was markedly reduced compared to the CTL group.
However, all treatment groups effectively reversed the abnormal
expression of inflammatory cytokines, with the PGP + Hesp group
demonstrating the most pronounced effect. Furthermore, MPO
activity in the colonic tissues of the DSS group was significantly
increased and subsequently decreased after treatment (Fig. 2E).
SOD and MDA were utilized as indicators of oxidative stress re-
sponse. The MDA level in colonic tissue of the DSS group was sig-
nificantly elevated, while SOD activity was notably decreased
compared to the CTL group. Nevertheless, other treatment
groups successfully reversed the imbalance of SOD and MDA,
with the PGP + Hesp group exhibiting the most significant effect
(Figs. 2F and 2G).
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Fig. 2 PGP combined with Hesp alleviated inflammation and oxidative stress induced by DSS in mice. (A) Representative images of TNF-a, IL-1f3, and IL-10 staining of the
colon tissues. (B-D) The expression of TNF-a (B), IL-1p (C), and IL-10 (D) was analyzed using image analysis. (E-G) The colon tissues were analyzed for MPO (E), MDA (F),
and SOD (G) levels. DSS, 3%; SASP, 200 mg-kg™'; PGP, 400 mg-kg™’; Hesp, 80 mg-kg'; PGP + Hesp, (400 + 80) mg-kg ™" (IHC, x 200). Data are presented as mean * SD (n = 6);
“"P<0.01and "'P < 0.001 vs DSS group; ***P < 0.001 vs CTL group; *P < 0.05, ““P < 0.01 and **“P < 0.001 vs PGP + Hesp group.
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3.3. Effects of PGP combined with Hesp on Thl, Th2, Th17, and
Treg-related cytokines and transcription factors in DSS-induced
colitis mice

To investigate the effect of the combination of PGP and Hesp
on the Th1/Th2 and Th17/Treg balance in DSS-induced UC
mouse colon tissue, we conducted IHC staining to analyze cy-
tokines related to Th1 (IFN-y), Th2 (IL-4), Th17 (IL-17), and Treg
(TGF-B). Additionally, we extracted total mRNA from colon tissue
using RT-PCR to analyze transcription factors related to Th1 (T-
bet), Th2 (GATA-3), Th17 [retinoic acid-related orphan receptor
vyt (ROR-yt)], and Treg [Forkhead box P3 (Foxp3)]. The results
depicted in Figs. 3A and 3B demonstrate that the administration
of PGP and Hesp significantly reduced the abnormal increase of
IFN-y and IL-17 in UC mice, while simultaneously increasing the
secretion levels of IL-4 and TGF-. Furthermore, the mRNA levels
of T-bet and ROR-yt were significantly elevated in the model
group, whereas the expression levels of GATA-3 and Foxp3 were
significantly reduced, which were notably reversed in the admin-
istration group. Importantly, the combined administration of PGP
and Hesp exhibited a more pronounced efficacy compared to the
individual administration of PGP or Hesp. These findings suggest
that the combined administration of PGP and Hesp can effect-
ively modulate the expressions of cytokines and related tran-
scription factors associated with Th1, Th2, Th17, and Treg in the
colonic tissue of colitis (Figs. 3C and 3D).

3.4. Effects of PGP combined with Hesp on tight junction proteins
and apoptosis in colon tissue

Impaired intestinal barrier function leading to increased in-
testinal permeability is a crucial pathogenic factor in intestinal in-
flammation. To elucidate the specific protective mechanism of
PGP combined with Hesp against DSS colitis, we further evalu-
ated intestinal barrier function. Immunofluorescence analysis re-
vealed that the expression levels of ZO-1, claudin-1, and occludin
were significantly downregulated after DSS intervention but were
markedly upregulated in the treatment group upon drug adminis-
tration (Figs. 4A and 4B). Notably, the effects were more pro-
nounced in the PGP + Hesp group than in the groups admin-
istered with either drug alone (Figs. 4A and 4B). It is well-estab-
lished that as colonic mucosal inflammation progresses, there is a
substantial increase in apoptotic cell accumulation, which can
contribute to severe intestinal diseases if apoptosis becomes dys-
functional or excessive. To assess apoptotic levels in the mouse
colon, TUNEL staining was performed. The DSS group exhibited
significantly higher levels of apoptosis compared to the CTL
group (Fig. 4C). However, drug treatment effectively restored ap-
optosis to normal levels, with the PGP + Hesp group demonstrat-
ing the most significant improvement compared to the model
group (Fig. 4C).

3.5. Effects of PGP combined with Hesp on PTEN/PI3K/AKT and IL-
6/JAK2/STAT3 signal pathways in colon tissue

To elucidate the mechanism by which PGP combined with
Hesp alleviates DSS-induced colitis, we analyzed the relevant IL-
6/JAK2/STAT3 and PTEN/PI3K/AKT signaling pathways, which
are major inflammatory pathways and signals. In this study, we
assessed the protein levels of IL-6, PI3K, AKT, JAK2, STAT3, p-
PI3K, p-AKT, p-JAK2, p-STAT3, and PTEN using Western blot
analysis (Fig. 5). The results revealed that the combination of PGP
and Hesp effectively reduced the levels of p-PI3K, p-AKT, IL-6, p-
STATS3, and p-JAK2, while no significant changes were observed
in the levels of PI3K, STAT3, AKT, and JAK2. Additionally, the ex-
pression level of PTEN protein was significantly increased by the
combination treatment (Figs. 5A-5G). Notably, the combined ad-
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ministration of PGP and Hesp demonstrated a more pronounced
effect on the relevant signaling pathways, which was comparable
to that observed in the normal group, despite the separate ad-
ministration of PGP and Hesp also showing similar effects.

3.6. Synergistic effects of PGP and Hesp on inhibits LPS-induced in-
flammation in RAW264.7/1EC6 cells

To assess the anti-inflammatory effect of PGP combined with
Hesp in vitro, we examined the impact of PGP and Hesp on LPS-
induced NO content, inflammatory factor secretion, and oxidat-
ive stress in RAW264.7/IEC6 cells. As shown in Fig. S4, we de-
termined the optimal doses of PGP and Hesp to be 100 and 25
pg-mL™", respectively. LPS-induced RAW264.7 cells demon-
strated a significant increase in NO content and pro-inflammat-
ory factors TNF-a, IL-1p, and IL-6, a decrease in SOD activity, and
an increase in MDA level compared to the CTL group (Fig. 6A).
Following drug treatment, the levels of these inflammatory cy-
tokines were significantly reduced, and the balance of SOD and
MDA was restored, indicating alleviation of LPS-induced inflam-
mation (Fig. 6A). Moreover, the PGP + Hesp group exhibited a
more pronounced anti-inflammatory effect than the individual
administration groups (Fig. 6A). Similar results were observed in
IEC6 cells (Fig. 6B), further supporting the synergistic effect of
PGP combined with Hesp in reducing inflammation in UC.

3.7. Synerygistic effects of PGP and Hesp in inhibiting ROS accumula-
tion in LPS-induced RAW264.7/IEC6 cells

Upon stimulation, inflammatory cells release various ROS,
which can induce cellular and tissue damage, exacerbating in-
flammatory diseases. Excessive ROS production may also activ-
ate signaling pathways involved in the inflammatory process.
Consequently, ROS elimination could potentially alleviate inflam-
mation-related conditions. In this context, we investigated the ef-
fects of PGP combined with Hesp on LPS-induced ROS. As shown
in Fig. 7, LPS-induced RAW264.7 cells exhibited significantly
higher ROS fluorescence intensity compared to the control (CTL)
group. However, pretreatment with PGP and Hesp, either indi-
vidually or in combination, significantly reduced this intensity.
Notably, the PGP and Hesp combination demonstrated more po-
tent inhibition of LPS-induced ROS than either compound admin-
istered individually.

3.8. Synergistic effects of PGP and Hesp in inhibiting apoptosis in
LPS-induced RAW264.7/IEC6 cells

To assess apoptosis, Annexin V/PI staining was utilized. As il-
lustrated in Fig. 8A, the apoptosis rate induced by LPS was signi-
ficantly elevated compared to the CTL group. However, pretreat-
ment with PGP and Hesp individually or in combination resulted
in a significant reduction of the apoptosis rate relative to the
model group. Notably, the combined administration of PGP and
Hesp demonstrated a more potent inhibitory effect on LPS-in-
duced apoptosis than the individual application of PGP or Hesp
(Fig. 8A).

3.9. Impact of PGP combined with Hesp on LPS-induced damage to
IEC6 tight junction proteins

Further investigation examined the effects of PGP combined
with Hesp on cell tight junction proteins at the cellular level.
Western blot analysis demonstrated that LPS treatment led to a
significant downregulation of tight junction proteins, including
Z0-1, claudin, and occludin. In contrast, treatment with PGP and
Hesp, both individually and in combination, effectively mitigated
this decrease in protein expression (Fig. 8B). Notably, the com-
bined administration of PGP and Hesp exhibited a more pro-
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Fig. 3 PGP combined with Hesp regulated the expression of cytokines and transcription factors related to Th1, Th2, Th17, and Treg in colon tissue. (A) Representative im-
ages of IFN-y, IL-4, IL-17, and TGF-f staining of the colon tissues. (B) The expression of related cytokines was analyzed using image analysis. (C) Relative mRNA expression
of related transcription factors. (D) Statistics of the related transcription factors. DSS, 3%; SASP, 200 mg-kg™ PGP, 400 mg-kg™; Hesp, 80 mg-kg™; PGP + Hesp,
(400 + 80) mg-kg™". IHC, x 200; Data are presented as mean + SD (n = 6); P < 0.05, "P < 0.01 and P < 0.001 vs DSS group; "**P < 0.001 vs CTL group; “P < 0.05, ““P < 0.01

and *“**P < 0.001 vs PGP + Hesp group.

nounced protective effect than either treatment alone (Fig. 8B).
Additionally, immunofluorescence analysis of ZO-1 expression
corroborated the Western blot results (Fig. 8C).

3.10. Effects of PGP combined with Hesp on LPS-induced
PTEN/PI3K/AKT and IL-6/JAK2/STAT3 signaling pathways in
RAW264.7/IEC6 cells

To elucidate the mechanism underlying the anti-inflammat-
ory effects of PGP combined with Hesp, this study investigated
the impact of this drug combination on the PTEN/PI3K/AKT and
IL-6/JAK2/STAT3 signaling pathways at the cellular level. The
results are presented in Fig. 9. In LPS-induced RAW264.7 /IEC6
cells, the expression levels of p-PI3K, p-STAT3, p-AKT, p-JAK2,
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and IL-6 were significantly elevated, while the expression level of
PTEN was significantly reduced, indicating the activation of the IL-
6/JAK2/STAT3 and PTEN/PI3K/AKT signaling pathways. Com-
pared to the administration of each drug alone, the combination
significantly decreased the expression levels of p-PI3K, p-STAT3,
p-AKT, p-JAK2, and IL-6, and increased the expression level of
PTEN. These findings align with the results of animal experi-
ments.

3.11. PGP combined with Hesp synergistically activates PI3K/AKT
and JAK2/STAT3 signaling pathways to protect LPS-induced
RAW264.7 cells

This study examined the impact of PGP on the PI3K/AKT
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pathway and Hesp on the JAK2/STAT3 pathway in vitro. plied. As shown in Fig. 10A, PGP at different concentrations inhib-
RAW264.7 cells and IEC6 cells were utilized, with or without LPS ited the LPS-induced activation of the PI3K/AKT signaling path-
challenge, and various concentrations of PGP and Hesp were ap- way. Likewise, Hesp at varying concentrations inhibited the LPS-
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induced activation of the JAK2/STAT3 signaling pathway. Fur-
ther investigation focused on the effects of activators and inhibit-
ors of the PI3K/AKT and JAK2/STAT3 signaling pathways, re-
spectively. The results, presented in Fig. S5, demonstrate that
treatment with PGP or LY294002 suppressed the LPS-induced ac-
tivation of the PI3K/AKT signaling pathway in RAW264.7 cells,
while treatment with Hesp or AG490 suppressed the LPS-in-
duced activation of the JAK2 /STAT3 signaling pathway. These ob-
servations indicate that PGP inhibits the activation of the
PI3K/AKT signaling pathway, while Hesp inhibits the activation
of the JAK2/STATS3 signaling pathway.

To further elucidate the mechanism underlying the anti-in-
flammatory effects of PGP combined with Hesp, we utilized two
pathway activators either individually or in combination. As de-
picted in Fig. 10B, the combination of LPS and 740 Y-P or
Colivelin significantly activated the PI3K/AKT and JAK2/STAT3
signaling pathways compared to the normal group. However, the
combination of PGP and Hesp inhibited the activation of both sig-
naling pathways induced by 740 Y-P and Colivelin. Notably, PGP
combined with Hesp inhibited the activation of the PI3K/AKT sig-
naling pathway induced by 740 Y-P and the activation of the
JAK2/STAT3 signaling pathway induced by Colivelin, respect-
ively. Based on these findings, it can be inferred that a synergistic
effect exists between the PI3K/AKT and JAK2/STAT3 signaling
pathways. Furthermore, the combined administration of PGP and
Hesp exerts a protective effect against LPS-induced inflammation
in RAW264.7 cells by synergistically modulating these pathways.

4. Discussion

The combination of PG and CAL has been traditionally util-
ized in Chinese medicine. CAL aids in expelling external patho-
genic factors by supporting the dispersing function of the spleen,
while PG facilitates the circulation of lung Qi and enhances the
defensive Qi’s dispersing function *”*’. The compatibility of PG
and CAL is evident in Pai-Nong-San (PNS), which is commonly
employed in treating various abscesses, dysentery, diarrhea, and
intestinal carbuncle, as described in Synopsis of Prescriptions of
the Golden Chamber . Previous experimental studies have
demonstrated that PNS exhibits effective anti-colitis and colon
cancer properties ****. Consequently, the combination of PG and
CAL, in the context of regulating Qi circulation, is utilized to dis-
perse pathogenic factors and expel pus, not only in the treatment
of UC but also in the clinical management of external pathogenic
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factors. Our experimental findings also indicate that the combina-
tion of PGP, an effective component of PG, and Hesp, an effective
component of CAL, demonstrates enhanced therapeutic efficacy.

UC has garnered significant attention due to its increasing
prevalence, treatment challenges, and elevated cancer risk *°.
While the exact etiology of UC remains elusive, key factors in its
progression include an imbalance of pro-inflammatory cytokines,
mucosal immune dysfunction, increased permeability, and com-
promised intestinal barrier function resulting from the inflam-
matory state ***’. The inflammatory process in UC triggers the re-
lease of numerous inflammatory mediators (such as TNF-a, IL-
1B, and IL-6), exacerbating the accumulation and infiltration of
inflammatory cells in colonic tissue, ultimately leading to elev-
ated MPO levels ** *’. Upon neutrophil activation, a substantial
production of ROS and reactive nitrogen species (RNS) occurs in
the intestinal mucosa, inducing oxidative stress, inactivating SOD,
and accumulating MDA. These processes aggravate the disease
severity by triggering a mucosal immune response “"**. Our find-
ings demonstrate that both PGP and Hesp reduced IL-1, IL-6,
and TNF-a levels, with a more pronounced effect observed in the
combined administration group. Moreover, the combined treat-
ment exhibits superior inhibitory effects on the elevation of oxid-
ative stress.

The inflammatory state leads to mucosal immune dysfunc-
tion, increased permeability, and compromised intestinal barrier
function, which are direct and crucial factors in its develop-
ment *°. The immune system disturbance of the intestinal mu-
cosa is characterized by an imbalance of Th1/Th2 and Th17/Treg-
related transcription factors and cytokines in colonic tissues **
Our study demonstrated that DSS-treated mice exhibited elev-
ated levels of Thl (IL-1f) and Th17 (IL-17) cytokines, coupled
with reduced levels of TGF-B cytokines, indicating an imbalance
in Th1/Th2 and Th17/Treg-related cytokines during UC develop-
ment. Notably, the combination treatment effectively restored the
cytokine balance. Interestingly, changes in Th1/Th2 and
Th17/Treg-associated transcription factors in colonic tissue
aligned with the observed cytokine alterations. The epithelial
monolayer’s integrity is crucial for maintaining proper intestinal
barrier function by effectively preventing antigen invasion and
abnormal immune responses. Experimental colitis and individu-
als with colitis often display elevated levels of epithelial apoptos-
is, which can compromise mucosal barrier integrity, increase mu-
cosal permeability, and indicate epithelial dysfunction **. Con-
sequently, inhibiting apoptosis in IECs may facilitate mucosal
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healing *. The tight junction is a critical factor in regulating the
intestinal epithelial barrier and maintaining normal physiologic-
al functions. Key components of this structure include tight junc-
tion proteins such as ZO-1, claudin-1, and occludin .

The PI3K/AKT signaling pathway plays a crucial role in regu-
lating inflammation. Its activation leads to AKT phosphorylation,
which subsequently activates NF-kB by enhancing IxB phos-
phorylation (primarily IxBa) and decreasing IxB synthesis. NF-xB
activation promotes TNF-a and IL-1f secretion and expression,
resulting in cytokine imbalance, inflammatory cascades, mucosal
damage, and ultimately, the onset of UC *’. Research has shown
that the PI3K/AKT pathway regulates oxidative stress levels, and
its inhibition can protect DSS-induced colitis mice from oxidative
stress-induced damage *. Furthermore, this pathway influences
T cell survival and activation, playing a vital role in the Th1/Th2
balance in vivo. AKT inhibition reduces Th1 cell differentiation. In
the presence of a PI3K inhibitor, CD4" T effector cells stimulated
in vitro exhibit dose-dependent inhibition of cytokine production
by Th1, Th2, and Th17 cells, as well as inhibition of Th17 differ-
entiation *>*’. Studies have demonstrated that inhibiting the
PI3K/AKT pathway can suppress apoptosis, increase tight junc-
tion protein expression, and improve intestinal barrier function
in rats with UC *'. Consequently, inhibition of the PI3K/AKT sig-
nal transduction pathway can impede NF-kB activation, leading
to reduced cytokine release and alleviation of the inflammatory
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response. This inhibition can also regulate T cell immunity and
restore intestinal barrier function, ultimately providing thera-
peutic benefits for UC treatment.

The JAK/STAT signaling pathway has been implicated in the
pathogenesis of UC ****, STAT3, in particular, plays a crucial role
in maintaining IEC function, while its over-activation has been as-
sociated with LPS-induced IEC inflammation °’. Notably, the
STAT3 gene has been identified as a susceptibility locus for UC.
Under normal conditions, JAK2-mediated phosphorylation of
STATS3 at tyrosine 705 (Y705) leads to its activation. The activ-
ated STATS3 is then implicated in UC and regulates intestinal im-
mune cell activation **. Furthermore, studies have shown that
JAK2/STAT3 up-regulation is critical in excessive macrophage ac-
tivation, resulting in increased pro-inflammatory cytokine secre-
tion, including IL-1B, IL-6, and TNF-a °, Concurrently, the
JAK/STAT pathway is a key regulator of both cell proliferation
and apoptosis . Consequently, inhibition of the JAK2/STAT3
pathway may modulate innate and acquired immune responses
and attenuate chronic intestinal inflammation. Clinical trials have
explored this approach, employing tofacitinib, a pan-JAK inhibit-
or, in UC treatment ** .

The activation of the PI3K/AKT and NF-«B signaling path-
ways can induce the production of TNF-a and IL-6. AKT plays a
crucial role in the transcriptional regulation of NF-kB-dependent
genes by binding to and activating inhibitors of kB kinase-a
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(IKKa), leading to IkB degradation and subsequent NF-xB trans-
location to the nucleus. This activation of gene transcription ulti-
mately induces IL-6 production *°. IL-6 activates the JAK2/STAT3
pathway by binding to membrane receptors and activating JAK2,
resulting in tyrosine phosphorylation and dimerization of STAT3
monomers. The dimer then translocates to the nucleus and binds
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to the STAT3-specific DNA response element of target genes, in-
ducing transcription of genes such as miR-21 '* . Studies have
shown that increased miR-21 inhibits PTEN expression *. PTEN
negatively regulates PI3K/AKT signaling by inhibiting PI3K activ-
ity through its protein and lipid phosphatase activities. PTEN in-
hibition may increase PIP3 levels, resulting in PI3K/AKT signal-
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ing activation °'. Consequently, PI3K/AKT and JAK2/STAT3 form
a positive feedback loop mediated by IL-6 and PTEN (Fig. 11).
Our results demonstrate that the combination treatment exhibits
superior inhibitory effects on inflammatory factor imbalance, ox-
idative stress, intestinal mucosal immunity, and intestinal barri-
er function restoration compared to single treatment groups. Ad-
ditionally, it more effectively inhibits the activation of
PTEN/PI3K/AKT and IL-6/JAK2/STAT3 signaling pathways. Fur-
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ther investigations using specific activators and inhibitors of
these signaling pathways revealed that PGP inhibits the
PI3K/AKT signaling pathway, while Hesp effectively inhibits the
JAK2/STAT3 signaling pathway. To elucidate the underlying anti-
inflammatory mechanism of PGP combined with Hesp, we simul-
taneously activated PI3K/AKT and JAK2/STAT3 signaling path-
ways using 740 Y-P and Coliverin. The results showed enhanced
stimulation of both signals when using 740 Y-P and Coliverin sim-
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Fig. 11 Synergistic effects of combined PGP with Hesp on PI3K/AKT and JAK2/STAT3 signaling pathway.

ultaneously. However, the combination of drugs inhibited the
pathway activator’s effect. These findings suggest that the com-
bined anti-inflammatory effect of PGP and Hesp may be attrib-
uted to the modulation of the PTEN/PI3K/AKT and IL-6/JAK2/
STAT3 signaling pathways.

5. Conclusion

In conclusion, this study demonstrates the synergistic inter-
action between PGP compounds and Hesp in both DSS-induced
colitis in mice and LPS-induced RAW264.7/IEC6 cells. These ef-
fects are mediated through multiple mechanisms, including the
regulation of inflammatory cytokines, attenuation of oxidative
stress, modulation of intestinal mucosal immunity, and the res-
toration of intestinal barrier integrity. The underlying therapeut-
ic action appears to involve the coordinated modulation of the
PTEN/PI3K/AKT and IL-6/JAK2/STAT3 signaling pathways.
These findings highlight the potential of combination therapies as
a promising strategy for the development of synergistic treat-
ments for complex diseases, such as ulcerative colitis (UC), pav-
ing the way for novel therapeutic approaches in clinical settings.
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