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This study evaluated the protective effect of Prunus mume polysaccharide (PMP)
against Salmonella spp.-induced enteritis in mice. Twenty-four ICR mice were
randomly assigned to a control group (CD), model group (MD), and PMP treatment
group (TD), with 8 mice in each group. Mice in the TD group received PMP
(100mg/kg) by oral gavage for 14 consecutive days, while those in the CD and MD
groups received an equal volume of normal saline. On day 14, mice in the MD and
TD groups were challenged with Salmonella spp. (1x107 CFU/kg), and samples
were collected 24h later. Compared with the MD group, PMP treatment alleviated
body weight loss, reduced splenomegaly and intestinal bacterial burden, and
attenuated jejunal and ileal mucosal injury. PMP significantly increased serum
superoxide dismutase, glutathione peroxidase and total antioxidant capacity and
decreased interleukin-6 (P<0.05). Gut microbiota analysis showed that PMP
treatment was associated with decreased relative abundance of Staphylococcus and
increased relative abundance of Turicibacter. In addition, PMP significantly
restored the mRNA and protein expression of ZO-1, Occludin and Claudin-3 (P<
0.05), indicating improved intestinal barrier integrity. PMP also reduced the mRNA
expression of PI3K, AKT and STATI to different extents (P< 0.05. These results
indicate that PMP alleviated Salmonella spp.-induced enteritis in mice, possibly by
improving antioxidant status, reducing IL-6, modulating gut microbiota
composition, and restoring intestinal barrier-related molecules.
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INTRODUCTION

Bacterial diarrhea is a common and serious disease in
livestock and poultry, mainly caused by pathogens such as
Escherichia coli, Salmonella spp. and Clostridium
perfringens (Ross et al., 2021; Mehdizadeh Gohari et al.,
2021). These pathogens are typically transmitted through
contaminated feed or water and can induce intestinal
injury by disrupting microbial homeostasis and triggering
inflammatory responses (Rogers et al., 2021). In addition
to impairing nutrient absorption and growth performance,
bacterial diarrhea increases culling and mortality rates,
causing substantial economic losses to the livestock

industry. Although antibiotics remain the main approach
for clinical control, their long-term and irrational use has
led to increasing antimicrobial resistance and residue-
related food safety concerns (Larsson and Flach, 2022;
Siddique et al., 2024). Therefore, the development of safe
and effective alternatives, particularly natural products
from traditional Chinese medicine, has attracted growing
attention in veterinary medicine and animal production
(Su et al., 2020; Millar et al., 2021).

Recent studies have shown that gut microbiota
dysbiosis plays a central role in the development of
enteritis. This dysbiosis is commonly characterized by
reduced microbial diversity, depletion of beneficial
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commensals, and expansion of inflammation-associated
bacteria, thereby contributing to mucosal inflammation
and intestinal injury (Aggeletopoulou ef al., 2019; Qiu et
al., 2022). Because gut microbiota is closely linked to
intestinal barrier integrity, restoration of microbial
homeostasis has become an important strategy for
preventing and controlling enteric disease. Tight junction
proteins, including ZO-1, Occludin, and Claudin-3, are
essential for maintaining epithelial integrity and limiting
pathogen translocation, whereas persistent dysbiosis and
inflammation may disrupt tight junction structure,
increase intestinal permeability, and further aggravate
intestinal damage (Xie et al, 2025). In addition,
inflammation-related  signaling pathways such as
PI3K/AKT and JAK/STAT have been implicated in
intestinal inflammatory regulation, epithelial permeability,
and mucosal barrier responses during enteric injury.
However, available evidence suggests that these pathways
act in a context-dependent manner and may reflect host
adaptive or pathological responses depending on the
disease model, cell type, and stage of injury. Therefore, in
the present study, PI3K/AKT- and JAK/STAT-related
genes were included only as exploratory pathway-
associated indicators, whereas the primary focus remained
on gut microbiota disturbance and intestinal barrier-
related injury (Zarneshan et al., 2020; Lei et al., 2021; Qi
et al., 2023; Asaad and Mostafa, 2024; Akagha et al.,
2026).

Prunus mume (Wumei in China), the dried near-ripe
fruit of Prunus species in the Rosaceae family, is a
traditional medicine-food homologous material with long-
standing applications in gastrointestinal disorders (Gong
et al., 2021; Wang et al., 2024). In traditional Chinese
medicine, it is commonly used to astringe the intestine
and relieve diarrhea. Among its bioactive constituents,
polysaccharides have received increasing attention
because of their potential to regulate gut microbiota,
reduce inflammatory responses, and promote intestinal
barrier repair (Balasubramaniyam et al., 2025; Gao et al.,
2025; Yang et al., 2025). However, the protective effects
of Prunus mume polysaccharides (PMP) against bacterial
enteritis and their relationship with gut microbiota
homeostasis remain unclear. Therefore, this study aimed
to investigate whether PMP could alleviate Salmonella-
induced intestinal injury by modulating gut microbiota
composition, improving barrier-related molecules, and
attenuating inflammatory and oxidative stress responses.
Changes in PI3K/AKT and JAK/STAT-related genes
were included only as exploratory indicators associated
with inflammatory regulation. This study may provide an
experimental basis for the development of PMP as a
natural intervention for the prevention and control of
bacterial enteritis in livestock and poultry.

MATERIALS AND METHODS

Preparation of Prunus mume polysaccharides: Dried
Prunus mume was purchased from Anhui Shenao
Traditional Chinese Medicine Pharmacy (Anhui, China),
pulverized, and passed through a 40-mesh sieve. Crude
polysaccharides from Prunus mume were prepared using a
hot water extraction—ethanol precipitation method.
Briefly, the pretreated powder was extracted with 8
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volumes of distilled water under hot water conditions. The
extract was filtered to remove insoluble impurities, and
the supernatant was collected and concentrated
appropriately. Absolute ethanol was then slowly added to
the concentrated extract to a final concentration of 80%
(v/v), followed by thorough mixing and incubation at low
temperature to  allow complete  polysaccharide
precipitation. The precipitate was collected by
centrifugation at 4000 r/min for 10min. Deproteinization
was subsequently performed using the Sevag method:
Sevag reagent was added to the polysaccharide solution,
vigorously mixed, and centrifuged for phase separation,
after which the protein layer and organic phase were
discarded. This procedure was repeated until proteins
were essentially removed. Finally, the deproteinized
polysaccharide solution was concentrated and freeze-dried
to obtain Prunus mume polysaccharides (PMP). The
extraction yield of PMP was 9.45% and the total
carbohydrate content was 80.06+0.34%. PMP used in the
present study represented a crude polysaccharide fraction.
Physicochemical characterization, such as FTIR, HPLC
profiling, and molecular weight distribution analysis, was
not included in the present study.

Animal experiments: Twenty-four 4-week-old ICR mice
weighed 18+2g. Equal numbers of both sexes were used.
Animals were housed under specific-pathogen-free (SPF)
conditions at the Experimental Animal Center of
Yangzhou University on metal cages with hardwood
bedding under the following conditions: room temperature
23-25°C, relative humidity 45-55%, a 12 h light-dark
cycle and animals were allowed adapt to and recover for 3
days before use. The animals were randomly divided into
three groups, i.e., control (CD), model (MD) and PMP
treatment (TD), with 8 mice in each group.

The TD group received PMP by oral gavage
(100mg/kg BW; 10mg/mL) once daily for 14 days, while
CD and MD groups received an equal volume of saline.
On day 14, bacterial enteritis was induced in the MD and
TD groups via intraperitoneal injection of the standard
strain Salmonella enterica subsp. enterica ATCC 9150
(1x107 CFU/kg), whereas the CD group received sterile
saline. Clinical signs were recorded 24 h post-challenge.
Blood samples were collected via the retro-orbital plexus
under light anesthesia, followed by euthanasia. Major
organs and intestinal segments were harvested for
subsequent analyses, and organ indices were calculated.

Analysis of intestinal bacterial load: Segments of
duodenum, jejunum, and ileum were excised under sterile
conditions, weighed (0.1g), and homogenized in sterile
saline. After dilution plating on Luria—Bertani agar,
cultures were incubated at 37°C for 12h and counts of
CFU/g tissue determined. All experiments were
performed with biological replicates of n>3 and the exact
number of biological replicates for each assay is indicated
in the corresponding figure legends.

Histopathological examination of intestinal tissues:
Jejunal and ileal tissues were fixed in 4%
paraformaldehyde, paraffin-embedded, sectioned (4—
S5uM), and stained with hematoxylin and eosin.
Histopathological changes were examined under a light
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microscope. Intestinal mucosal injury was quantitatively
evaluated by measuring villus height, crypt depth, and the
villus height/crypt depth (V/C) ratio.

Detection of serum antioxidant and inflammatory
markers: Serum samples were centrifuged at 4,200xg for
15min and stored at —20°C. The levels of SOD, T-AOC,
MDA, and GSH-Px were measured using commercial
assay kits (BC5165, BC1315, BC6415, and BCI1195,
respectively; Solarbio, Beijing, China). Serum cytokines,
including IL-6, IL-10 and TNF-a, were determined using
commercial ELISA kits (RM17709, RM17935, and
RM17776, respectively; ABclonal, Wuhan, China),
according to the manufacturers’ instructions.

RT-qPCR and Western blot analyses: Colon tissues
were rinsed with ice-cold saline, snap-frozen in liquid
nitrogen, and stored at —80°C. Total RNA was extracted
from 30-50mg of colon tissue using TRIzol reagent, and
equal amounts of RNA were reverse-transcribed into
c¢DNA. RT-qPCR was performed using the primers listed
in Table 1 and SYBR Green qPCR Master Mix on a real-
time PCR system to determine the mRNA expression
levels of ZO-1, Occludin, Claudin-3, PI3K, AKT and
STATI1. Primer specificity and amplification efficiency
were verified before formal qPCR analysis to ensure the
accuracy of gene expression results. GAPDH was used as
the internal control, and relative expression was calculated
using the 2724 method.

Tablel: Primer Sequences for Mouse Quantitative Real-Time PCR

Gene Name Primer direction Primer Sequence (5'—>3')

m-B-actin  Forward TTGCAGCTCCTTCGTTGCC
Reverse GACCCATTCCCACCATCACA
m-Akt Forward CCTGGTGGTCATGGAGAACT
Reverse CTTCAGCCCTTTGCTCAGTG
m-PI3K Forward AGTGGCTGAAACGGACCTAT
Reverse TCCAGGCTGTCATGTTTTGC
m-STATI Forward GGAAAAGCAAGACTGGGAGC
Reverse TCCAGAGAAAAGCGGCTGTA
m-ZO-1 Forward GTTGGTACGGTGCCCTGAAAGA
Reverse GCTGACAGGTAGGACAGACGAT
m-Occludin  Forward AGCTTCCATTAACTTCGCCTGTG
Reverse TCGCCGCCAGTTGTGTAGTC
m-Claudin-3 Forward TCATCGTGGTGTCCATCCTGCT
Reverse AGAGCCGCCAACAGGAAAAGCA

For Western blot analysis, whole colon tissues were
homogenized in ice-cold RIPA lysis buffer containing
protease inhibitors, clarified at 12,000xg for 15 min at
4°C, and quantified by BCA assay. Samples containing
equivalent amounts of protein were separated by SDS-
PAGE and transferred to PVDF membranes. Membranes
were blocked in 5% non-fat milk for 1h before overnight
incubation with ZO-1, Occludin, Claudin-3 or B-actin
antibodies at 4°C followed by incubation with HRP-
conjugated secondary antibodies for 1h at room
temperature. Bands were visualized using an ECL
detection system and quantified by Image]. Protein
expression levels were normalized to p-actin.

Analysis of gut microbiota diversity: Total genomic
DNA was extracted from rectal samples (n=6 per group)
using the OMEGA soil for community profiling, the total
genomic DNA isolated from individual rectal swabs of six
mice per group was used. Total genomic DNA was
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extracted using OMEGA Soil DNA Kit (OMEGA Bio-
Technik) and assessed using a NanoDrop NC2000
spectrophotometer for quality and concentration. The V3—
V4 regions of the bacterial 16S rRNA gene were
amplified using the primers 338F (5'-ACTCCTACGGG
AGGCAGCA-3") and 806R (5-GGACTACHVGGG
TWTCTAAT-3"). Amplification reactions were performed
in a 25puL reaction system containing FastPfu DNA
Polymerase under the following conditions: initial
denaturation at 98°C for 5 min, followed by 25 cycles of
98°C for 30s, 53°C for 30s and 72°C for 45s, with a final
extension at 72°C for 5 min. Purified amplicons were
quantified, pooled in equimolar concentrations and
sequenced on an Illumina MiSeq platform.

Raw reads were quality-filtered and processed using
DADA2 in QIIME2 for the generation of amplicon
sequence variants (ASVs). Taxonomic assignment was
conducted by using a pre-trained classifier. Microbial
community composition was analyzed based on relative
abundance at different taxonomic levels. Alpha and beta
diversity were assessed, with beta diversity visualized by
Principal Coordinate Analysis (PCoA). LEfSe analysis
was applied to identify differentially abundant taxa and
potential microbial biomarkers among groups. Functional
prediction based on 16S rRNA sequencing data was
conducted with KEGG and MetaCyc databases.

Statistical analysis: The software programs GraphPad
Prism (v10.4.1) and SPSS (v26.0) were adopted. Analysis
of variance (ANOVA) and t-test were applied. Results
were expressed as mean = SEM. Significant level was set
to P<0.05. There was no significant difference in the body
weight of mice before infection with S. spp. (P>0.05).

RESULTS

Effects of PMEE on mouse body weight: No significant
difference in baseline body weight was observed among
the groups before Salmonella spp. infection (P>0.05).
After infection, the body weight of mice in the MD group
decreased significantly compared with that in the CD
group (P<0.05), whereas body weight loss in the TD
group was less pronounced than that in the MD group
(Fig. 1A). These results indicate that PMP alleviated
infection-associated weight loss in mice.

Effects of PMP on intestinal bacterial load and organ
indices in S. spp-infected mice: Analysis of intestinal
bacterial load showed that PMP treatment reduced bacterial
burden in the intestinal tissues of infected mice.
Specifically, bacterial counts in the duodenum (P<0.01),
jejunum (P<0.0001) and ileum (P<0.01) were significantly
lower in the TD group than in the MD group (Fig. 1B). To
further evaluate the systemic effects of infection, organ
indices were analyzed. The spleen index was significantly
increased in the MD group compared with the CD group
(P<0.01). Although the lung and liver indices did not show
statistically significant differences, an increasing trend was
observed in the MD group. Following PMP treatment, the
spleen and lung indices in the TD group were reduced
relative to the MD group and were closer to those in the CD
group, suggesting partial alleviation of infection-associated
organ enlargement (Fig. 1C).
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Fig. 1: PMEE rescued intestinal damages in mice induced by LPS. (A) body weights, (B) Bacterial loads (C) Organ index Statistica. significance is

indicated as *P<0.05; **P<0.01; ***P< 0.001; ****P<0.0001. Data are pre:

Effects of PMP on S. spp-induced intestinal injury in
mice: Histopathological examination revealed obvious
intestinal injury in the MD group, characterized by
epithelial shedding, villus damage, and crypt disorder. In
contrast, these pathological changes were alleviated in the
TD group (Fig. 2). Quantitative analysis further showed
that, in the jejunum, villus height was significantly
reduced (P<0.01), crypt depth was significantly increased
(P<0.0001) and the villus height/crypt depth (V/C) ratio
was significantly decreased (P<0.0001) in the MD group
compared with the CD group. Compared with the MD
group, PMP treatment significantly increased villus height
(P<0.01), decreased crypt depth (P<0.01) and increased
the V/C ratio (P<0.001). In the ileum, villus height was
significantly reduced (P<0.05), crypt depth was
significantly increased (P<0.01) and the V/C ratio was
significantly decreased (P<0.01) in the MD group
compared with the CD group. Compared with the MD
group, villus height was significantly increased in the TD
group (P<0.05), whereas crypt depth and the V/C ratio did
not differ significantly. These results indicate that PMP
alleviated Salmonella spp.-induced intestinal
histomorphological injury, with a more pronounced
improvement in the jejunum.

Effects of PMP on oxidative stress and inflammatory
responses in mice: Compared with the MD group, PMP
treatment  significantly increased serum T-AOC
(P<0.01), SOD (P<0.05), and GSH-Px (P<0.001) and
significantly decreased IL-6 levels (P<0.0001). MDA
and TNF-a levels in the TD group also showed a
downward trend, although the differences were not
statistically significant. These findings indicate that PMP
improved selected antioxidant and inflammatory indices
in Salmonella-infected mice.

sented as meant SEM (n=8).

Effects of PMP on S. spp-induced gut microbiota
composition in mice: Sequencing analysis showed that the
CD, MD, and TD groups generated more than 89,000,
62,000, and 84,000 raw reads, respectively, and that at least
69,000, 52,000, and 70,000 high-quality reads were retained
after denoising and filtering, indicating sufficient sequencing
quality for downstream analysis (Table 2). Good’s coverage
values ranged from 0.9922 to 0.9999, indicating adequate
coverage of the overall bacterial community structure (Table
2). Alpha diversity analysis showed that the CD group
exhibited the highest microbial richness and diversity,
followed by the TD group, whereas the MD group showed
the lowest values based on the Chaol and Shannon indices,
suggesting a trend toward reduced microbial richness and
diversity after Salmonella spp. infection, which was partially
improved after PMP treatment (Table 3; Fig. 4A). In
addition, the MD group showed a wider distribution range in
Pielou’s evenness and observed species indices than the CD
and TD groups, indicating greater inter-sample
heterogeneity (Pielou, 1966). Rarefaction curves approached
saturation in all samples, suggesting that the sequencing
depth was sufficient for the subsequent analyses, while rank-
abundance curves showed the expected distribution pattern
of dominant and low-abundance taxa (Fig. 4B, C). Beta
diversity analysis based on PCoA further revealed distinct
clustering tendencies among the CD, MD, and TD groups,
indicating differences in microbial community composition
among groups (Fig. 4D).

At the taxonomic level, PMP treatment was
associated with altered microbial composition in infected
mice (Figs. 5-7). Compared with the MD group, the TD
group showed a decreased relative abundance of
Staphylococcus and an increased relative abundance of
Turicibacter. Overall, these results suggest that PMP
partially modulated the intestinal microbial community
disturbed by Salmonella spp. infection.
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Table 2: Quality filtering statistics of microbial sequencing data for
samples in different treatment groups.

SamplelD Input  Filtered Denoised Merged Non- Non-
chimeric singleton
CDI 89392 81712 80308 73470 69258 69233
CD2 109347 100104 98789 92350 88625 88594
CD3 102114 94516 93480 88285 85110 85096
CD4 104348 95608 94656 90667 87966 87947
CD5 103775 93577 92534 87433 84I15 84089
CDé6 102568 93227 91929 85430 80340 80311
MDI 97823 89813 89104 85943 84751 84741
MD2 102322 94243 93303 87501 8043 80401
MD3 100963 92826 91877 86662 83903 83885
MD4 61965 56070 55542 52969 52193 52179
MD5 76123 69288 68884 68385 67723 67723
MDé 91209 83112 82407 79595 78384 78373
TDI 107525 98331 97346 92464 89990 89976
TD2 83653 75589 74815 71756 69492 69465
TD3 111412 100412 98938 91561 86836 86810
TD4 94105 85811 85005 82252 80922 80912
TD5 90082 81592 80632 76601 73414 73402
TDé 93605 86055 85017 79198 76867 76846

Functional prediction based on 16S rRNA sequencing
suggested differences in microbial functional profiles
among groups (Fig. 8). In the MD group, pathways related
to lipopolysaccharide biosynthesis, peroxisome, and
apoptosis were enriched, whereas the TD group showed
enrichment of pathways such as starch and sucrose
metabolism and ABC transporters. MetaCyc analysis also
showed distinct pathway distributions among groups.
Taken together, these findings indicate that PMP partially
reshaped the gut microbial community in Salmonella spp.-
infected mice and was associated with predicted
functional shifts in the microbiota.

PMP ameliorated intestinal mucosal barrier injury
and modulated the expression of PI3K/AKT/STATI1-
related genes: As shown in Fig. 9, compared with the CD
group, the mRNA expression levels of ZO-1, Occludin,
and Claudin-3 in colon tissues were decreased in the MD
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Table 3: Statistical Table of Alpha Diversity Indices for Microbial Sequencing Samples
Sample  Chaol Faith_pd Goods_coverage Observed_species Pielou Shannon Simpson
CDI 566.12 31.06586957 0.999414969 558 0.760598969 6.939797261 0.979091033
CD2 627.5192308 34.09894065 0.999233407 614 0.752919889 6.973615425 0.973818446
CD3 602.3225806 43.40901443 0.999455316 591 0.741580544 6.827742686 0.97379818
CD4 617.2727273 31.94841958 0.999354448 606 0.751664047 6.947761567 0.978432568
CD5 600.8076923 33.277079 0.999253581 588 0.751894937 6.917187057 0976411115
CDé 612.2641509 28.41306031 0.999233407 599 0.761214931 7.023282725 0.981024746
MDI 578.8846154 26.1144042 0.999374622 561 0.787158605 7.18821979 0.984157883
MD2 542.6326531 25.9905626 0.999475489 536 0.720418914 6.531382132 0.970931009
MD3 557 33.57582869 0.999455316 548 0.804590367 7.320188976 0.9866056 18
MD4 458.7894737 23.57070012 0.999878959 458 0.786967632 6.956167278 0.978317427
MD5 137.2352941 65.67506955 0.999858786 136 0.16649226 1.180007706 0.340359233
MDé 560.8571429 36.45723123 0.99965705 | 556 0.796148923 7.2600351 11 0.985964665
TDI 632 36.12459293 0.999414969 618 0.820254476 7.60495905 | 0.989439767
TD2 502.037037 25.58156829 0.999475489 490 0.60851254 5.438056252 0.90018572
TD3 581.1956522 37.83024785 0.999314101 569 0.744989186 6.818353234 0.975084278
TD4 590.75 33.90417605 0.999515836 585 0.663872074 6.102506499 0.930445512
TD5 505.4772727 26.49709244 0.999636877 502 0.703776085 6.313957798 0.94752095
a Bacteroidota Proteobacteria Desulfobacterota_/
80— . ¥ 3 * 5 .
° a 4 =
% 20 2|5 2 °
T Y
T T T T L ? T
cb MD TD [SSA S HP EB; ME 60
Turicimonas Blautia_A_141780 Turicibacter Phocea

Abundance

Abundance

Abundance

Abundance

Alloprevotella Mailhella

Staphylococcus
15
-
°
1.0 8
=
5}
=}
c
5
05 £
0.0

cb MD TD

Abundance
&

~N
o

Abundance

Abundance

1.0 -

Abundance

Abundance
o o o [=}
S R L o=

o
°

Anaerotruncus uBAg946

*

Abundance

©lo
05
i %l
00115

ci T

o
< T
D MD D

T
cbD MD

¥
TD

Fig. 6: Revealing microbiota differences in mice in different groups using ANOVA analysis. (A) phyla, (B) genus. Significance is presented as *P<0.05,
*#P<0.01 and ***P<0.001; data are presented as the mean * SEM (n=6).

Akkermansia

umINococcus.
aramunbacul
UMGS1994

omb:
Schaedlerella

Turicibacter
Sporofaciens
_,oprocola

ailhel
‘Sactermdes H

\lanose/
Eubacferium_J

Anaero(runcus
Tunclrnonas
Kineothri;

HeTicobacter_D

Muribacul
Rikenella
_actobacnlus
CAG_48!

\Aalacoplasma
Lawsonibact
_,holadous a
Alloprevoteila

—ubacter ium_R

Limosilactobacillus
R outsia_B

1 Group
M co
©_58660 o5 -¥§

o

_|g|Iacto!baclllus -0.5
uxi
Ddorlbacter 865974

upfor | &
Bl’ldobacterlum 388775

Parabacteroides_B_862066
ncoccus

Corynebacterium
Adiercreutzia” 404257
Ehpobacteroides

Phocaeicola_A_858004
-Iellcobacter C~ 479931
Pre

A_271108

Dwagnesavagella

UBA3263
AG_873

Duncanlella
Mucispirillum

b Cladogram

[+

,_Helicobacter_D
s__Helicobacter_D_ganmani_ASV_4348
S_Kineothrix_sp000403275_ASV_2277
g__Kineothrix

_CAG_873

g__Corynebacterium
_Mycobacteriaceae
©__Mycobacteriales
s_Corynebacterium_stationis_ASV_3746
s__Duncaniella_dubosi_ ASV_2160
g__Slaphylococcus

__ASV_3541

Clostridium_T

s_UMGS1994_ sp900553945 ASV_3251

s__Clostridium_T_disporicum_. 203972 Asv 2843

g__CAG_632
S__CAG_632_sp900539185_ASV_2256

CcD
MD
™

Fig. 7: Heatmap and LEfSe analysis of mice microbiota in different groups (n=6). (A) Heatmap. (B,C) LEfSe.

1 2 3
LDA SCORE(log 10)

4



1300 Pak Vet J, 2026, 46(5): 1293-1303.

a b PWYO0-781
PU-s347
ETSAMEIY
Chioroalkane and chioroalkene degradation HOMOSER METSYNPUrY
Inositol phosphate metabolism PWY-6628
Lipopolysaccharide biosynthesis HSERMETANA S
Folate biosynthesis PN
Citrate cycle (TCA cycle) NAGLIPASIREVY:
Ubiquinone and other terpenoid-quinone biosynthesis pyy.1269
Py
Tropane, piperidine and pyridine alkaloid biosynthesis cD veay zDD
PANTO.PYY
s e Pl ™
trogen metabolism ™ PANTOSYN-PWY
Apoptosis PUY.5650
Starch and sucrose metabolism ol
ABC transporters Piasos
Glycerolipid metabolism PWY-6317
Insulin signaling pathway GLYCORENSYNTH LY
ANAGLYCOLYSIS-PWY
0 1 2 3 DTOPRHAMSYN-PWY
GANTIGEN-PYY

LDA SCORE(log 10)

o 1 2
LDA SCORE(log 10)

Fig. 8: Functional analysis of mice microbiota (a) KEGG pathway analysis and (b) MetaCyc pathway analysis (n=6).

a b (]
*
3 % K
1.5m= ok 1.5= 1.5
- % %k %k * %
* Kk ok ok
Ty ©
T 2 2
2 g 5
T 1.0 G 1.0 S 1.0
5 z 3
= g 2
8 b4 <
= z
s & &
4 E £
£ 0.5 £ 05+ 2 0.5
54 2 S
o 5
0.0— 0.0= 0.0-
cD MD TD CD MD TD CcD MD TD
d e * * mm CD
2.0 — MD
* %k % * * ¥k * %k
£ — = TD
o
L]
T 1.5=-
201 [ . 4 & T
c
S
i 7 Ki B 1.0=
Occludln|. e - -_-_,5 da 1o
g
p (]
Claudin-3 | @) W8 e W% s Q9 | 2o k02 ©
__ < 0.5 =
_ B
B-actin m e e - | 42KDa 3
0.0 T T
ZO1 Occludin Claudin
f g ¥ % % h
- *
3= % % ok ek %k 25 — rx ** 2.0 * Kk *
n . . 20 T _ =
2 & 5 15+
@ nerg c
& = g 5 L
< S 15+ sl k=
3 2 £ 104
= 4 g
4 — Z 10+ &
E 1= £ E
b =
& & = 0.5
o < 5= w
o : ; ol omm | | 0.0- I T
CD MD TD CD MD TD CcD MD TD

Fig. 9: PMP ameliorated intestinal mucosal barrier injury and modulated the expression of PI3K/AKT/STAT |-related genes in mice with S. spp-
induced enteritis (n=3). (a-c) Relative mRNA expression levels of ZO-1, Occludin and Claudin-3 in colon tissues were determined by RT-qPCR. (d)
Representative Western blot bands of ZO-I, Occludin, Claudin-3 and B-actin in colon tissues. (e) Densitometric analysis of ZO-1, Occludin and
Claudin-3 protein expression normalized to B-actin. (f-h) Relative mRNA expression levels of PI3K, AKT and STATI in colon tissues were
determined by RT-qPCR. Data are presented as mean + SD. P<0.05, P<0.01, P<0.001.



group, indicating impairment of intestinal barrier-related
molecules in the model mice. Among them, Occludin and
Claudin-3 mRNA expression levels were significantly
restored after PMP treatment compared with the MD
group (P<0.01 and P<0.001, respectively), whereas ZO-1
mRNA showed an increasing trend after PMP treatment
but did not differ significantly from that in the MD group.
Western blot analysis showed that the protein expression
levels of ZO-1, Occludin, and Claudin-3 were reduced in
the MD group, while PMP treatment partially restored
their expression, particularly for ZO-1 and Claudin-3.

The mRNA expression levels of PI3K, AKT, and
STAT!1 were significantly increased in the MD group
compared with the CD group. After PMP treatment, the
expression levels of these genes were reduced to different
extents, with PI3K showing the most pronounced decrease,
followed by AKT and STATI. In particular, PI3K, AKT,
and STAT1 mRNA expression levels were significantly
lower in the TD group than in the MD group (P<0.001,
P<0.01 and P<0.05, respectively). However, because these
signaling molecules were assessed only at the mRNA level,
the present results indicate only that PMP treatment was
associated with altered PI3K/AKT/STATI-related gene
expression rather than direct pathway modulation.

DISCUSSION

Salmonella spp. infection caused obvious body
weight loss, increased spleen index and intestinal injury in
mice, indicating successful establishment of the enteritis
model. As reported previously, enteric infection—
associated anorexia, malabsorption, and dehydration are
important contributors to weight loss during acute
intestinal disease (Ledwaba et al., 2020). In the present
study, PMP treatment alleviated body weight loss and
reduced intestinal bacterial burden and splenomegaly.
Since increased spleen index is commonly associated with
systemic inflammatory stress during Salmonella infection
(Zhang et al., 2020), the reduction observed after PMP
treatment may reflect partial attenuation of infection-
related systemic injury. However, the decreased bacterial
load observed in intestinal tissues should still be
interpreted cautiously, as it reflects an in vivo protective
effect rather than direct evidence of antibacterial activity.

Histopathological analysis further supported the
protective effect of PMP on intestinal injury. The MD
group showed epithelial damage, villus shortening, and
crypt disorder, whereas these lesions were alleviated after
PMP treatment. Intestinal morphology is closely related to
mucosal function, and the villus height/crypt depth (V/C)
ratio is widely used as an indicator of absorptive and
epithelial renewal status (Jha and Mishra, 2021). In the
present study, PMP significantly improved jejunal villus
height, crypt depth, and the V/C ratio, while its effect in
the ileum was less pronounced. This pattern suggests that
PMP contributed to maintaining intestinal morphology,
especially in the jejunum. Similar observations have been
reported in other enteric injury studies, in which
improvement of villus architecture was associated with
better mucosal recovery and homeostasis (Yue et al.,
2020; Troha and Ayres, 2022).

Oxidative stress and inflammatory responses are
major features of enteric infection. Excessive reactive
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oxygen species can disrupt epithelial integrity and
aggravate mucosal damage, as reported by lkeda et al.
(2018). In the present study, PMP increased serum SOD,
GSH-Px and T-AOC, suggesting improvement in selected
antioxidant indices. Because SOD and GSH-Px are key
antioxidant enzymes, their increase may indicate
enhanced endogenous antioxidant defense, which is often
linked to maintenance of intestinal barrier function (Wen
et al., 2019). Inflammatory signaling is also closely
connected with oxidative stress, and ROS accumulation
can promote inflammatory cascades such as NF-kB
activation (Ray et al., 2012; Liu et al., 2017). Here, PMP
reduced IL-6, suggesting partial attenuation of
inflammation. However, MDA and TNF-a were not
significantly changed, indicating that the protective effect
of PMP was not consistent across all measured indices.
Gut microbiota analysis showed that Salmonella spp.
infection was associated with reduced microbial richness
and altered community structure, whereas PMP partially
improved these changes. At the taxonomic level, PMP
treatment was mainly associated with decreased
Staphylococcus and increased Turicibacter. Because
Staphylococcus includes opportunistic pathogens and has
been linked to intestinal dysbiosis and pathogenicity
(Idrees et al., 2021), its reduction may reflect partial
correction of infection-related microbial disturbance. By
contrast, enrichment of Turicibacter has been associated
with a healthier intestinal microbial environment in recent
microbiota-related studies (Dong et al., 2024). Overall,
the present results suggest that PMP may help re-establish
a more balanced microbial community, which is in line
with the broader view that gut microbial recovery is
important for intestinal health maintenance (Sasidharan
Pillai et al., 2024). Functional prediction also indicated
differences among groups. In the MD group, pathways
related to lipopolysaccharide biosynthesis, peroxisome,
and apoptosis were enriched, whereas the TD group

showed relative enrichment of starch and sucrose
metabolism and ABC transporters. Since
lipopolysaccharide is  closely  associated  with

inflammatory stimulation (Rietschel and Westphal, 2020),
and ABC transporters are relevant to bacterial transport
functions (Fath and Kolter, 1993), these predicted changes
may reflect altered microbial functional tendencies during
infection and recovery. Nevertheless, because these
results were inferred from 16S rRNA sequencing rather
than direct metabolomic analysis, they should be
interpreted cautiously (Virzi et al., 2022).

The intestinal barrier is essential for limiting
pathogen translocation and maintaining mucosal
homeostasis. Tight junction-related molecules such as
Z0-1, Occludin, and Claudin-3 are key structural
components of this barrier (Di Sabatino et al., 2023). In
this study, the expression of ZO-1, Occludin, and Claudin-
3 was reduced in the MD group and partially restored
after PMP treatment, supporting an association between
PMP intervention and improvement of barrier-related
molecules. This finding is also consistent with previous
reports showing that intestinal inflammation is often
accompanied by disruption of tight junction structure and
increased epithelial permeability (Wang et al., 2022; Zhao
et al., 2022). In addition, PI3K, AKT, and STATI mRNA
expression levels were elevated in the MD group and
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decreased after PMP treatment. Since PI3K/AKT
signaling has been implicated in intestinal inflammation
and barrier injury in other studies (Li et al., 2022; Zhang
et al., 2025), and STAT1 is also involved in cytokine-
related inflammatory regulation (Wang et al., 2024), these
results suggest that PMP treatment was associated with
altered inflammation-related gene expression. However,
because these signaling molecules were assessed only at
the transcript level, the present findings indicate altered
gene expression associated with PMP treatment rather
than direct pathway modulation.

This study has several limitations. PMP was used as a
crude polysaccharide fraction without further structural
characterization. Microbiota-related functional changes
were predicted from 16S rRNA data rather than validated
by metabolomics or metagenomics. In addition,
PI3K/AKT/STAT1 was evaluated only at the mRNA
level. Despite these limitations, the present findings
support a protective effect of PMP against Salmonella
spp.-induced enteritis and provide a basis for further
investigation of its active components and underlying
mechanisms.

Conclusions: In conclusion, PMP alleviated Salmonella
spp.-induced enteritis in mice, as shown by reduced body
weight loss, splenomegaly, intestinal bacterial burden, and
mucosal injury. PMP was also associated with improved
antioxidant indices, reduced IL-6, partial restoration of
barrier-related molecules, and modulation of gut
microbiota. However, PMP was not structurally
characterized, microbiota-related functions were predicted
from 16S rRNA data, and PI3K/AKT/STAT1 was
assessed only at the mRNA level. Therefore, PMP should
be regarded as a bioactive intervention with potential
protective value rather than a confirmed therapeutic
candidate, and further validation is needed in livestock
and poultry models.
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