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Bacterial diarrhea remains a significant global challenge in livestock farming, leading
to serious animal health issues. The effect of Tupistra chinensis Baker therapy on
intestinal alternations in Escherichia coli (E. coli)-infected mice was evaluated in this
study. Thirty ICR mice were randomly divided into three groups: CK, PK, and MK.
The CK and MK groups received normal saline intragastrical for 14 days, while the
PK group was administered TCB polysaccharide solution for the same period. On the
14" day, the CK group was given PBS intragastrical while the MK and PK groups
received an E. coli solution (8x10°CFU). Serum inflammatory factors and oxidative
stress indexes were determined. Total fecal DNA was extracted for amplification,
amplified products were processed for sequencing by MiSeq sequencer. The
histopathology analysis revealed that the intestinal injury in the PK group was
mitigated, with increased villi height and less crypt depth compared to the MK group.
The serum levels of inflammatory cytokines IL-1p, IL-6, and IL-10 were significantly
restored in the PK group compared to the MK group (P<0.0001). Moreover, the
antioxidant capacity was enhanced considerably, as indicated by increased SOD and
GSH-px levels. Additionally, intestinal microbiota sequencing identified 25 distinct
genera, including butyrate-producing bacteria such as Dysosmobacter (P<0.05),
Angelakisella (P<0.05), Lachnoclostridium_B (P<0.01), and Eubacterium_J
(P<0.01). Conversely, pathogenic genera such as Alloprevotella (P<0.05),
Adlercreutzia (P<0.05), and Muribaculum (P<0.05) were reduced in the PK group. In
conclusion, TCB can potentially protect the gut from oxidative stress and
inflammation caused by E. coli infection.
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INTRODUCTION viral

pathogens (Hodnik et al.,, 2020), parasitic
infestations (Geng et al., 2021), and non-infectious causes
such as nutritional deficiencies. Bacterial infections are a

Diarrhea caused by various diseases poses a
significant challenge to animal health (Khan et al., 2022;
Li et al., 2023), while in calves, diarrhea leads to higher
mortality rates and greater economic losses compared to
other livestock (Jacobson, 2022; Wong et al., 2022). Calf
diarrhea is a leading cause of poor growth and
development in young cattle, significantly affecting
overall health and productivity (Anwar et al., 2022;
Zhang et al., 2024). The etiological factors of calf
diarrhea include bacterial infections (Jacobson, 2022),

common cause of calf diarrhea. The primary mechanism
of diarrhea is bacterial overgrowth in the intestine, which
disrupts the balance of intestinal flora and severely
damages the intestinal mucosal barrier (Saffouri et al.,
2019). Escherichia coli (E. coli) is the most prevalent
bacterial pathogen responsible for calf diarrhea,
contributing to intestinal infections (Mohammed et al.,
2019; Rasheed et al., 2023). Under a conducive
environment, E. coli can cause gastrointestinal infections,
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while in severe cases, it spreads to other tissues and
organs leading to systemic complications (Lee et al.,
2022). E. coli infection leads to a substantial increase in
bacterial load in the intestine, disrupting the microbial
balance and resulting in diarrhea (Moran-Garcia et al.,
2022). Currently, antibiotics are the primary therapy for
E. coli-induced diarrhea. However, the increasing
prevalence of antibiotic-resistant bacteria and widespread
antibiotic misuse (Jia et al., 2022), have prompted
research into safe and reliable alternatives for managing
calf diarrhea.

Intestinal beneficial flora consists of bacteria, fungi,
and other microorganisms that inhabit the guts, forming a
biological barrier to protect and maintain the integrity of
the intestinal mucosa (Glassner et al. 2020). The gut
microbiota plays a crucial role in nutrient absorption (Li et
al., 2024a), immune defense (Zhou et al., 2020), regulation
of metabolism, and other essential physiological functions.
One of the primary nutritional functions of gut bacteria is
the production of short-chain fatty acids (SCFASs) through
the fermentation of dietary fibers. SCFAS such as butyrate,
lower the pH in the colon, inhibiting the growth of harmful
bacteria, and supporting intestinal health by preventing
dysfunction (Martin-Gallausiaux et al., 2021). There is a
strong link between the gut flora and the immune system.
Gut flora plays an important role in developing immune
defense by regulating both innate and adaptive immune
responses as well as maintaining a balance between
inflammatory and anti-inflammatory activities (Wiertsema
et al., 2021). Gut microbiota also influences the host’s lipid
metabolism by production of metabolites like SCFAs,
Polyunsaturated fatty acids, secondary bile acids, and
trimethylamine. Moreover, pro-inflammatory bacterial
components such as lipopolysaccharides contribute to
metabolic regulation (Schoeler and Caesar, 2019; Brown et
al., 2023). Gut microbiota has been shown to regulate
glucose metabolism and is also involved in the metabolism
of bile acid (Cai et al., 2022).

Traditional Chinese medicine plays a unique role in the
treatment of various diseases due to its synergistic
regulation of multiple components, targets, and pathways
(Zhao et al., 2023). Tupistra chinensis Baker (TCB) is a
well-known traditional Chinese medicinal herb with a long
history of therapeutic use. It is characterized by bitter taste
and cold properties. TCB has been traditionally indicated
for treating ailments of throat swelling, diphtheria, cancer,
stomach pain, and snake bites (Wang et al., 2021; Lu et al.,
2023). Modern pharmacological studies have demonstrated
significant antibacterial (An et al., 2020), anti-
inflammatory (Xu et al., 2020), anti-tumor, antioxidant
(Wang et al., 2020a; Wang et al., 2021) and immune-
regulating effects of TCB. The main active components of
TCB include steroids (spirosteroids, furosteroids),
saponins, polysaccharides, and flavonoids. The current
studies on TCB have mainly focused on its saponin
content, while studies investigating its polysaccharides
remain limited (Xu et al.,, 2020; He et al., 2023).
Therefore, this study evaluates the therapeutic effect of
TCB polysaccharides on bacterial diarrhea by examining
their influence on inflammation, oxidative stress, and gut
microbiota. This study aims to explore novel approaches
for treating diarrhea from a new perspective.
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MATERIALS AND METHODS

Drugs and reagents: Tupistra chinensis Baker roots were
chopped and finely ground. The ground roots were soaked
in triploid 95% ethanol and subjected to Soxhlet extraction
to remove fat until the ether extract turned colorless at
45°C. The resulting residues were dried and refluxed with
95% ethanol for 2 hours at 90°C. This process was repeated
twice to eliminate monosaccharides, oligosaccharides, and
other alcohol-soluble impurities. After drying, the residue
was extracted by refluxing with distilled water at 90°C in
water baths three times for 2 hours each. The filtrates were
combined and concentrated to an appropriate volume under
reduced pressure. An equal volume of 95% ethanol was
added to the concentrated filtrate and the mixture was left
to stand overnight. The resulting precipitate was collected
by vacuum filtration to obtain solid material. The solid
material was washed three times with anhydrous ethanol,
acetone, and ether, then dried at 50°C to obtain crude
polysaccharide.

Animals and experiment design: The approval was
granted by the Experimental Animal Ethics Center of
Nanjing Agricultural University. Thirty male and female
ICR mice were provided by Yangzhou University. The
mice underwent a 3-day adaptation period and a 12-hour
light-dark cycle in the laboratory. The mice were randomly
divided into three groups (n=10, with an equal distribution
of male and female mice); CK group, MK group, and PK
group. The polysaccharide treatment group received 1g/kg
polysaccharide solution daily, while the control and model
groups were administered 0.5mL of normal saline daily via
oral gavage for 14 consecutive days. One hour after the last
administration, mice in the model and polysaccharide
group were administered with E. coli 8x10°CFU (0.2mL
PBS) (Ren et al., 2022), while the CK group was
administered with 0.2mL PBS through gavage. The
Escherichia coli used was isolated from the feces of
diarrheal yaks. After 24 hours of administration, mice were
euthanized to collect blood samples from the orbital venous
plexus of mice to obtain serum. Afterward, intestinal tissue
samples were collected for subsequent histopathology and
molecular analysis (Fig. 1).

Serum inflammatory factors and oxidative stress
indexes: Blood collected from the mice were transferred
into 1.5mL centrifuge tubes and centrifuged at 3500rpm for
15 minutes at 4°C to obtain serum. The serum levels of
MDA, SOD, GSH-px, and total antioxidant capacity (T-
AOC) were determined using commercial Kits provided by
Jianglai Biotechnology Co., Ltd, China. Inflammatory
cytokines including IL-10, IL-6, IL-1B, and TNF-a were
measured using ELISA kits (Nanjing Jiancheng
Bioengineering Institute, China).

Histopathological analysis of the intestine: Intestinal
samples were fixed in 4% paraformaldehyde for at least
48 hours for subsequent H&E staining (Pinuofei
Biological Technology, Wudwa-China). The intestinal
morphology was examined using an Olympus CX23
microscope (Olympus Co., Japan).
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Fig. |: Flow chart of animal experiment.

Table I: The sequenced data of mice microbiome
Sample  Input Filtered Denoised Merged Non- Non-

ID chimeric_singleton
CKl1 74002 68543 66620 56451 43534 43359
CK2 74107 68146 66794 60221 45095 44989
CK3 83376 77342 74728 61434 41897 41517
CK4 84438 78332 75815 59440 41501 41238
CK5 86378 80434 77930 64261 50405 50183
CKé 76367 70778 67822 52915 40155 39878
MK 75964 70488 68808 59718 42839 42600
MK2 63547 58810 57653 50881 39422 39152
MK3 71019 65962 64179 55495 38031 37741
MK4 74767 68999 66624 52510 40200 39924
MK5 70134 64626 63082 55143 45509 45351
MKé 73465 68176 66309 53726 42345 42127
PK1 61747 57421 56567 52382 42275 42117
PK2 66919 62219 60700 50908 31917 31449
PK3 71283 65819 64305 55374 39183 38924
PK4 68328 63253 61976 54329 40294 40109
PK5 76218 70516 69051 60116 41245 41023
PKé 74204 68791 67295 58153 40548 40239

Total fecal DNA extraction and 16S rRNA high-
throughput sequencing: Total fecal DNA was extracted
from commercial kits. DNA concentration was quantified by
Nanodrop spectrophotometer, and quality was detected by
1.5% agarose gel electrophoresis (Yo et al., 2024). The V3-
V4 variable region of the bacterial 16S rRNA gene was
amplified using the universal primers 338F: 5 -
ACTCCTACGGGAGGCAGCA-3' and 806R:5 -
GGACTACHVGGGTWTCTAAT-3' (Guivala et al., 2024).

PCR amplification was performed using Pfu high-
fidelity DNA polymerase (Quanshi Gold Company).
Amplification products were purified for sequencing.
Paired-end sequencing was performed by MiSeq sequencer.

Bioinformatics analysis of sequencing results: Raw
sequencing data were processed using the QIIME2
DADAZ2 method, which included primer removal, quality
filtering, and generating high-quality feature sequences
(Balzerani et al., 2024). The abundance table was flattened
to ensure even sampling depth, and rarefaction and species
accumulation curves were generated to evaluate
sequencing depth and data volume. Then, o diversity

analysis was performed to describe microbial diversity
within each group. Moreover, B-diversity analysis was
performed to assess differences in microbial community
composition between groups. Differential flora metabolic
pathways were identified using LEfSe.

RESULTS

Impact of Tupistra chinensis Baker on intestinal damage
caused by E. coli: In this study, H&E staining of the
jejunum was utilized to assess the intestinal injury and the
therapeutic effects of TCB in mice. In the CK group, the
intestinal epithelial cells exhibited uniform morphology, and
the villi were well-organized and intact (Fig. 2a). In the E.
coli challenge group, a significant thinning of the intestinal
wall was observed, accompanied by infiltration of
inflammatory cells. There was marked atrophy, deformation,
and rupture of intestinal villi, resulting in shortened villi, and
increased crypt depth (Fig. 2b). In the PK group, partial
restoration of villi length, with shallower crypt depth, and
more organized villus arrangement was seen, resembling the
control group (Fig. 2b).

Tupistra chinensis Baker alleviates inflammation and
oxidative stress in mice: Compared to the control group,
serum levels of inflammatory cytokines IL-1p, IL-6, IL-
10, and TNF-a in the PK group were significantly
increased (P<0.0001) (Fig. 3). However, after TCB
treatment, the cytokines levels in the PK group were
notably reduced, approaching those of the control group.
In addition, oxidative stress indicators were also affected
by E. coli infection. MDA level increased, while TAOC,
SOD (P<0.05) and GSH-px (P<0.05) significantly
decreased. Interestingly, TCB treatment significantly
reversed the changes in serum markers caused by E. coli
infection. The levels of inflammatory cytokines and
oxidative stress markers in the PK group were nearly
restored to the control group level, indicating the
improvement in both inflammatory response and
antioxidant capacity.
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Fig. 2: Intestinal pathological changes in CK, MK, and PK groups. *P<0.05; ***P<0.00|; ****P<0.0001.

Sequencing data results of TCB treatment for E. coli
diarrhea: A total of 18 rectal contents (n=6 in each group)
were selected for amplicon sequencing. The CK, MK, and
PK groups yielded 74,000, 63,000, and 61,000 raw data
reads, respectively. After that, each sample retained
between 57653 and 77930 reads, resulting in a total of
1196258 clean reads from all 18 samples (Table 1). In
addition, the Venn map showed 16,192 ASVs across the
three groups, with 482 ASVs shared among all groups. The
CK and MK groups shared 888 ASVs, the PK group had
745 unique ASVs (Fig. 4a).

Effect of Tupistra chinensis Baker treatment on gut
microbiome structure: We performed Chaol, Faith_pd,
Goods_coverage, observed species, Pielou’s evenness,
and other o diversity analyses on the intestinal
microorganisms of the three groups of mice. No significant
differences were observed among the groups, indicating
minimal variation between the samples in each
experimental group (Fig. 4b). The rarefaction curve and

rank-abundance curve gradually leveled off, suggesting
sequencing depth sufficient to reflect the microbial
diversity in the samples (Fig. 4c-d).

At the phylum level, Firmicutes_D, Firmicutes_A and
Bacteroidota were the most abundant bacteria in CK (31.47,
32.67, and 28.80%), MK (43.71, 16.45, and 34.49%) and PK
(41.87, 6.65 and 46.85%) groups, respectively (Fig. 5a). At
the class level, we observed microflora differences among
the experimental groups. Clostridia_258483 was the
dominant class in the CK group (32.68%) but was less
abundant in the MK (16.46%) and PK group (6.65%). Bacilli
(43.71%) dominated the MK group, while Bacteroidia
(46.85%) was the most abundant in the PK group. Bacilli
(31.47%) and Bacteroidia (28.81%) also showed high
abundances in the control group. In the MK group,
Bacteroidia (34.49%) and Clostridia_258483 (16.46%) were
among the top three classes. Similarly, Bacilli (41.87%) and
Clostridia_258483 (6.65%) constituted a large proportion of
the PK group (Fig. 5b). At the order level, the primary orders
shared by CK, MK, and PK
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groups were Lactobacilli (30.53, 43.15, and 41.23%),
Bacteroidetes (27.61, 34.14, and 46.45%), and Spirochaeta
(23.13,11.50, and 3.73%) (Fig. 5¢). At the family level, the
predominant families in the CK and MK groups were
Lactobacillaceae (30.37 and 41.18%), Lachnospiraceae
(23.09 and 11.48%) and Muribaculaceae (18.85 and

25.88%). Meanwhile, the PK group was primarily
composed of Lactobacillaceae (39.17%), Muribaculaceae
(34.40%) and Bacteroidaceae (7.70%) (Fig. 5d). At the
genus level, Lactobacillus (20.43, 25.62 and 27.97%) was
the dominant genus common to all three groups (CK, MK
and PK). Furthermore, the CK group contained substantial
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proportions of Ligilactobacillus (10.27%), Duncaniella
(7.99%), Paramuribaculum (6.67%), Limosilactobacillus
(5.54%), Mailhella (3.61%) and Rikenella (2.46%). The
MK group was dominated by Ligilactobacillus (18.34%),
Duncaniella (8.06%), Paramuribaculum (7.69%), and
Alloprevotella  (3.20%). Interestingly, Duncaniella
(11.47%) was the second most abundant genus in the CK
group, while Ligilactobacillus (10.89%),
Paramuribaculum (9.84%), Alloprevotella (4.25%),
Limosilactobacillus (3.57%) and Bacteroides_H (3.47%)
were also prevalent in the CK group (Fig. 5e).

Tupistra chinensis Baker treatment affected the marker
species in mice challenged with E. coli: PCoA and NMDS
analysis showed no significant difference between the three
groups (Fig. 6a and 6b). Interestingly, LDA scores and
phylogenetic cladistics at the genus level indicated partial
differences in microbial flora (Fig. 6¢). We identified a total
of 23 distinct genera. Compared to the CK group, the E. coli
challenge significantly increased the abundance of
Alloprevotella (P<0.05), UBA7173 (P<0.05), UBA3263
(P<0.05), Muribaculum (P<0.05), Eubacterium_R (P<0.05)
and Soleaferrea (P<0.05). Interestingly, the genera were
significantly reduced in the PK group, approaching the level
seen in the normal control group. Meanwhile, in the MK
group, there was a significant decrease in the abundance of
UBA3282 (P<0.01), Adlercreutzia_404257 (P<0.05),
Desulfovibrio_R_446353 (P<0.05), Lawsonibacter
(P<0.01), UBA9715 (P<0.05), Eubacterium_J (P<0.01), 14-
2 (P<0.05), Dysosmobacter (P<0.05), Borkfalkia (P<0.05),
Angelakisella  (P<0.05), Acutalibacter  (P<0.05),
Merdibacter (P<0.05), Coprocola (P<0.05),
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Massilioclostridium  (P<0.01),  Lachnoclostridium_B
(P<0.01), Emergencia (P<0.05), Cupidesulfovibrio
(P<0.05), Staphylococcus (P<0.05) and Enterococcus B
(P<0.0001) compared with the CK group. In the TCB
treatment group except for Adlercreutzia 404257 and
Merdibacter, the abundance of other bacteria was higher
than in the MK group and even exceeded in the CK group
(Fig. 7).

Tupistra chinensis Baker affected microbial metabolic
pathways: We utilized MetaCyc and KEGG databases to
analyze LDA scores related to metabolic pathways. As
depicted in Fig. 8, the MetaCyc database revealed that
PWY-5505, PWY-5509, PWY-6269, ARGSYN-PWY,
PWY-7400, PWY-6588, PWY-5676, PWY-6353, PWY-
6608, and SALVADEHYPOX-PWY pathways exhibited
significantly higher LDA scores compared to the other two
groups. The biotin biosynthesis | pathway in group PK
demonstrates a significant decrease (Fig. 8a).

KEGG database analysis revealed that the two-
component system and D-Ariginine and D-Omithine
metabolism pathway in group CK showed significantly
higher scores than the other two groups. Starch and
sucrose metabolism was elevated in group MK, while
Glycosaminoglycan degradation, amino sugar, and
nucleotide sugar metabolism increased in the PK group.
Additionally, pathways related to streptomycin
biosynthesis,  Zeatin  biosynthesis,  Sphingolipid
metabolism, RNA degradation, Nicotinate as well as
nicotinamide metabolism, and Oxidative phosphorylation
showed significant increases after TCB treatment (Fig.
8b).
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DISCUSSION

Our study investigated the alleviating effect of
Tupistra chinensis Baker on gastrointestinal dysfunction
caused by E. coli infection in mice. Currently, over 200
types of cytokines have been identified to date (Rahman et
al., 2023). IL-6 is a multifunctional cytokine, and infection
often leads to elevated serum IL-6 levels, which often
precede increases in other cytokines (Kang et al., 2020).
Inflammation onset is frequently accompanied by substantial
secretion of IL-1B, which plays a pivotal role in initiating
inflammation in certain diseases e.g. acute gout attacks and
the onset of rheumatoid arthritis (Wang et al., 2020b).
Interleukin-10 acts as an anti-inflammatory cytokine and
recent studies have demonstrated its dual role in
immunostimulation and immunosuppression (Saraivan et al.
2020). Following TCB treatment, the levels of these three
inflammation-related cytokines decreased significantly,
indicating that TCB may have the potential to alleviate E.
coli-induced inflammation. GSH-px and SOD are key
indicators for assessing the in vivo antioxidant capacity (Yu
et al., 2024a). The decrease in the MK group and the increase
in the PK group suggest that TCB significantly enhances the
antioxidant capacity in animals. These alterations in
inflammation and oxidative stress markers are consistent with
findings from previous experiments on Anethum gravelons
fruit extract (AGFAE) in a rat model of castor oil-induced
diarrhea (Brinsi et al., 2024).

The gut microbiota is intricately linked to human
health, and previous research has demonstrated that
diarrhea can disrupt the balance of gut microbiota (Li et al.,

2024b). Treatment with TCB restored the perturbed gut
microbiome environment. Through correlation analysis,
we identified 23 differentially abundant genera.
Alloprevotella is considered a biomarker for bile reflux
disease and related gastrointestinal disorders (Yang et al.,
2022; Zhou et al., 2022). While Adlercreutzia is generally
considered a probiotic, it has also been reported to be
associated with insulin resistance (Livantsova et al., 2024).
Muribaculum has been reported to increase in abundance
in diabetic rats with depressive symptoms (Shen et al.,
2024). Desulfovibrio_R_446353 is thought to be involved
in Lactobacillus-mediated reduction of alcoholic fatty liver
in mice (Gu et al., 2024). Lawsonibacter is a butyrate-
producing bacterium (Le Sayec et al., 2022), closely related
to overall health, and plays a key role in regulating
intestinal health, preventing inflammation, and mitigating
cancer risk (Huang et al., 2024). Eubacterium_J is a
prevalent probiotic that generates butyrate and has been
used to treat colitis in mice (Ryu et al., 2024; Visuthranukul
et al., 2024). Notably, Dysosmobacter, Angelakisella, and
Lachnoclostridium_B are also butyrate producers
(Gonzalez et al., 2024; Yi et al., 2024). Butyric acid serves
as the preferred energy source for intestinal epithelial cells.
Its sodium salt can stimulate the absorption of sodium ions
and water in the colon, promote intestinal villus
proliferation, facilitate intestinal development, and
enhance absorption and utilization (Yu et al., 2024b). The
increase in the abundance of butyrate-producing bacteria in
the PK treatment group indicates that TCB may restore
intestinal damage by regulating the population of butyrate-
producing bacteria. In conclusion, TCB treatment enhances
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the abundance of beneficial bacteria, restoring the gut
microbiota disturbed by E. coli infection.

Conclusions: These findings indicated that TCB
effectively mitigated intestinal damage in mice, decreased
inflammatory markers, and enhanced the antioxidant
capacity of the mice. Furthermore, TCB increased the
abundance of beneficial intestinal flora and promoted the
production of associated metabolites. In conclusion, TCB
is a novel therapeutic approach to control bacterial
diarrhea.
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