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ABSTRACT This paper aimed to evaluate the effect
of 3 kinds of TCM polysaccharides instead of antibiotics
in preventing salpingitis in laying hens. After feeding
the laying hens with Lotus leaf polysaccharide, Poria
polysaccharide, and Epimedium polysaccharide, mixed
bacteria (E. coli and Staphylococcus aureus) were used
to infect the oviduct to establish an inflammation model.
Changes in antioxidant, serum immunity, anti-inflam-
matory, gut microbiota, and serum metabolites were
evaluated. The results showed that the 3 TCM polysac-
charides could increase the expression of antioxidant
markers SOD, GSH, and CAT, and reduce the accumu-
lation of MDA in the liver; the contents of IgA and IgM
in serum were increased. Decreased the mRNA expres-
sion of TLR4, NFkB, TNF-a, IFN-g, IL1b, IL6, and IL8,
and increased the mRNA expression of anti-
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inflammatory factor IL5 in oviduct tissue. 16sRNA
high-throughput sequencing revealed that the 3 TCM
polysaccharides improved the intestinal flora distur-
bance caused by bacterial infection, increased the abun-
dance of beneficial bacteria such as Bacteroides and
Actinobacillus, and decreased the abundance of harmful
bacteria such as Romboutsia, Turicibacter, and Strepto-
coccus. Metabolomics showed that the 3 TCM polysac-
charides could increase the content of metabolites such
as 3-hydroxybutyric acid and isobutyl-L-carnitine, and
these results could alleviate the further development of
salpingitis. In conclusion, the present study has found
that using TCM polysaccharides instead of antibiotics
was a feasible way to prevent bacterial salpingitis in lay-
ing hens, which might make preventing this disease no
longer an issue for breeding laying hens.
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INTRODUCTION

Salpingitis is one of the major problems faced by laying
hens worldwide, characterized by rapid and easy large-
scale outbreaks (Pors et al., 2014). Salpingitis can cause a
decrease in egg production and quality and a large area of
sudden death due to inflammation spreading to the
abdominal cavity in laying hens (Johnson et al., 2011).
At autopsy, tubal lesions can be observed, including
blockage, necrosis, and ulceration, and in more severe
cases, white-caseated inflammatory secretions can also be
observed (Fang et al., 2021). In China, most laying hen
farm faces the threat of salpingitis. These causes are vari-
ous, including excessive egg production due to uneven
feed supply, eggshell rupture in the oviduct damage (Bis-
gaard, 1995), stress reactions, and various diseases
(including avian influenza, Newcastle disease, infectious
bronchitis, avian leukemia, and egg drop syndrome), and
so on (Shalaby et al., 1994; Bonfante et al., 2018; Zhang
et al., 2020). In addition, the poor hygiene of the poultry
house and the invasion of the cloacal of laying hens by
gram-negative bacteria, including Salmonella and Escher-
ichia coli to infect the oviduct are the leading inducement
causes of the disease (Wang et al., 2020). Before 2018, the
primary plan to control salpingitis was to add antibiotics
to the feed in China (Wang et al., 2020), which alleviated
the outbreak of the disease to a certain extent. However,
there was an obvious problem—the residue of antibiotic
drugs and the emergence of drug-resistant bacteria, which
could be fatal to human life (Bacanl{ and Başaran, 2019).
Therefore, adding antibiotics to feed has been completely
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Table 1. Basal diet composition and nutrition table.

Ingredient
Content
(%) Nutrient levels

Content
(%)

Corn 55.7 Crude protein 15.5
Secondary powder 8.0 Lysine 0.65
Soybean meal 11.5 Methionine 0.32
Peanut cake 8.0 Threonine 0.45
Fish meal 4.0 Crude fiber 7.0
Calcium hydrogen phosphate 1.2 Coarse ash 15.0
Stone powder 7.7 Calcium 3.5
Vegetable oil 3.0 Total phosphorus 0.35
Cypress of cotton 0.10 Water content 14.0
Additive 0.50
salt 0.30
Total 100

The above analytical error was performed under the allowable error as
determined by the feed test results of GB/t18823.
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banned in China since 2018 (Walsh and Wu, 2016). How-
ever, the prevention and treatment of salpingitis in laying
hens is still an urgent problem to be solved.

Traditional Chinese medicine (TCM) polysacchar-
ides are a class of active polysaccharides extracted from
Chinese herbal medicine with a wide range of sources
(Zeng et al., 2019). As active substances, TCM polysac-
charides can improve physiological functions, protect
the immune organs, activate immune cells, release cyto-
kines, and modulate the gut microbiome (Zeng et al.,
2019; Sun et al., 2022). Lotus leaf is a medicinal and edi-
ble plant, and polysaccharide is one of its active ingre-
dients (Wu et al., 2022). Lotus leaf polysaccharide has
many effects, including weight loss, anti-inflammatory,
antioxidation, antibacterial, and immune enhancement
(Zheng et al., 2022). In the poultry breeding industry,
lotus leaf and its active components can increase the
content of serum immunoglobulin and the expression
level of anti-inflammatory factors, thereby improving
poultry’s immunity and disease resistance (Cheng et al.,
2021). Poria cocos has been used as a folk medicine and
functional food in China for over 2000 years (Zhang
et al., 2022). Poria cocos have the effects of reducing
water and dampness, strengthening the spleen, and
calming the heart. It has antispleen enlargement,
enhanced phagocytosis of macrophages, and other
effects (Tian et al., 2019), and polysaccharide is the
main component of the sclerotia of Poria cocos. Epime-
dium polysaccharides (EP) have apparent effects on
antivirus, antioxidation, antitumor, antiaging, and
immune regulation (Wang et al., 2017). In addition, EP
also had an anti-immunosuppressive effect (Guo et al.,
2012). Despite the advantages of TCM polysaccharides,
there are few reports on the prevention and treatment of
salpingitis in laying hens by TCM polysaccharides.

This study aimed to verify the preventive effects of 3
TCM polysaccharides on salpingitis. The salpingitis lay-
ing hens’ specific immune, antioxidant, and inflamma-
tory factors were evaluated, focusing on the study of gut
microbiota and serum metabolome to explore the poten-
tial relationship between TCM polysaccharides and
intestinal microbiome and metabolites.

MATERIALS AND METHODS

Ethics Statement

Animal experiments in this study were performed
according to the Regulations on Administration of Ani-
mal Experiments (Ministry of Science and Technology
of China, Approval No. 2006-398) and approved by the
Animal Ethics Committee of Yangtze University (Jingz-
hou, Hubei, China).

Sources of Polysaccharides and Amoxicillin

Lotus leaf polysaccharides (LLP), Poria cocos poly-
saccharides (PCP), and EP were extracted according to
previously described methods (Cheng et al., 2013; Zhao
et al., 2023) and stored in the Laboratory of Chinese
Veterinary Medicine, Yangtze University. The phenol
sulfuric acid method determined the polysaccharide con-
centration and adjusted to 20 mg/mL with pure water
(Rasouli et al., 2014). Amoxicillin (Nanhua Qianmu Bio-
technology Co., Ltd., Henan, China).
Animals, Diets, and Management

Hubei Fuqiang Poultry Breeding Company provided
vaccinated, disease-free, 300-day-old Hy-line brown lay-
ing hens. One hundred and twenty healthy laying hens
were randomly placed in 500£350£700 mm cages. The
temperature was 26°C § 2°C, moderate 55 § 5%, light
for 16 h, and drinking water and diet were changed every
8 h. After 7 d of adaptive feeding, they were divided into
6 groups: blank group: basic diet (without polysaccha-
ride and drugs); Model group: basic diet (after 14 d,
Staphylococcus aureus and Escherichia coli were admin-
istered via cloaca); LLP group: basic diet supplemented
with Lotus leaf polysaccharide 20 mg/kg (after 14 d,
Staphylococcus aureus and Escherichia coli were admin-
istered via cloaca); PCP group: basic diet supplemented
with Poria cocos polysaccharides 20 mg/kg (after 14 d,
Staphylococcus aureus and Escherichia coli were admin-
istered via cloaca); EP group: basic diet supplemented
with EP 20 mg/kg (after 14 d, Staphylococcus aureus
and Escherichia coli were administered via cloaca);
AMX group: basal diet supplemented with Amoxicillin
2.5 g/kg (after 14 d, Staphylococcus aureus and Escheri-
chia coli were administered via cloaca). Basic feed com-
position levels were located in Table 1.
On day 21 of the experiment, the hens were eutha-

nized by spinal dissection after deep anesthesia. Blood,
liver, oviduct, and ileum contents were collected to eval-
uate serum immune and liver antioxidant levels, oviduct
pathological changes, inflammatory factor mRNA, ileal
microbial composition, and serum metabolome.
Laying Performance

During the polysaccharide feeding and bacterial
infecting cycles, record the number of eggs laid daily,
including damaged eggs. Compare the effects of polysac-
charides and bacteria on laying performance.



Table 2. Primers for real-time quantitative PCR.

Gene Primer sequence (50−30)

TLR4 F: TCCCAACCCAACCACAG
R: GGATAACAAAGGCATCATAG

NFkB F: ATGTCTCCATTTGGCATCTATTCA
R: TCCTCACTTTCGGGCAGTATCT

TNF-a F: CCGCCCAGTTCAGATGAGTT
R: CAACCAGCTATGCACCCCA

IFN-g F: CTGACAAGTCAAAGCCGCAC
R: TCAAGTCGTTCATCGGGAGC

IL1b F:GCCTGCAGAAGAAGCCTCG
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Pathological Changes of the Oviduct

Fresh tubal tissue from sample collection was fixed in
4% paraformaldehyde, dehydrated in ethanol gradients
(75, 80, 90, 95, and 100%), transparent in xylene, and
embedded in paraffin for serial sectioning. Stain tissue
sections with hematoxylin and eosin (H&E). The path-
ological changes of the oviduct tissue were observed
under the XD30A-RFL microscope (Sunny Optical
Technology Co., Ltd., Zhejiang, China).
R: GCCTGCAGAAGAAGCCTCG
IL6 F: AAATCCCTCCTCGCCAATCT

R: AAATCCCTCCTCGCCAATCT
IL8 F:GCTGCTCTGTCGCAAGGT

R: GAATGGATTTAGGGTGGA
IL5 F:GGACATGCTGGTAAGTTCCAT

R: GGGATGGCCTCAGTTTGTCA
Serum-Specific Immunity

Let the collected blood stand at 37°C for 15 min and 4°
C for 2 h to wait for serum precipitation. The sandwich
ELISA kit (Lunchangshuo Biotechnology Co., Ltd., Xia-
men, China) was used to detect the levels of IgA and
IgM in the serum.
Liver Oxidative Stress Levels

The levels of superoxide dismutase (SOD), malon-
dialdehyde (MDA), glutathione (GSH), and catalase
(CAT) were determined using the kit provided by Nanj-
ing Jiancheng Bioengineering Research Institute. All
tests were carried out in strict accordance with the
instructions provided by the manufacturer. In general,
GSH and MDA can react with specific substances at 37°
C to produce yellow and red-brown colored substances.
The content can be calculated after measuring the
absorbance at a specific wavelength using a multimode
microplate reader (Multiskan SkyHigh, Thermo Fisher
Scientific, Massachusetts). SOD and CAT can reduce
the content of chromogenic substances through specific
reactions, and the content in the liver can be calculated
by specific formulations.
Real-Time Quantitative PCR Analysis

The total RNA of the oviduct tissue was extracted
using the TRIZOL kit (Biosharp, Hefei, China) and
reversely transcribed into cDNA using the cDNA reverse
transcription kit (Abconal, Wuhan, China). Real-time
quantitative PCR (RT-qPCR) was used with the fol-
lowing program: 95°C for 3 min, 30 cycles of 95°C for 5 s,
and 60°C for 30 s, with GADPH as an internal reference.
The 2� DDCT method was used to calculate the relative
changes in mRNA. Primers were designed by Premier 5
software, with product scores greater than 98. The
primer sequences were located in Table 2.
Microbial 16S rRNA Gene Sequencing

The CTAB/SDSmethod was used to extract total geno-
mic DNA from the ileal contents. DNA concentration and
purity were monitored using 1% agarose gels and diluting
DNA to 1 ng/mL with sterile water. 16S rRNA was ampli-
fied using specific primers (F: CCTAYGGGRBGCAS-
CAG; R: GGACTACNNGGGTATCTAAT). All PCR
mixtures contained 15 mL of Phusion High-Fidelity PCR
Master Mix (New England Biolabs), 0.2 mM of each
primer, and 10 ng target DNA. Cycling conditions were
consisted of a first denaturation step at 98°C for 1 min, fol-
lowed by 30 cycles at 98°C (10 s), 50°C (30 s), and 72°C
(30 s) and a final 5 min extension at 72°C.
Mix an equal volume of 1£ loading buffer (containing

SYBR Green) with PCR products and perform electro-
phoresis on 2% agarose gel for DNA detection. The PCR
products were mixed in equal proportions, and then the
Qiagen Gel Extraction Kit (Qiagen, Germany) was used
to purify the mixed PCR products. Following the manu-
facturer’s recommendations, sequencing libraries were
generated with NEBNext Ultra IIDNA Library Prep Kit
(Cat No. E7645). The library quality was evaluated on
the Qubit@ 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system. Finally, the library
was sequenced on an Illumina NovaSeq platform, gener-
ating 250 bp paired-end reads. Subsequently, after merg-
ing with dual-end read segments and quality control,
effective Tags were obtained, denoise was performed
with DADA2 or blur module in the QIIME2 software
(Version QIIME2-202006) to obtain initial ASVs
(Amplicon Sequence Variants), and then ASVs with
abundance less than 5 were filtered out. Species annota-
tion was performed using QIIME2 software to calculate
the community composition of subordinate samples at
different taxonomy levels: phylum, class, order, family,
genus, and species. In order to study the phylogenetic
relationship of each ASV and the differences of the domi-
nant species among different samples, multiple sequence
alignment was performed using QIIME2 software.
Finally, the absolute abundance of ASVs was normal-
ized using a standard sequence number corresponding to
the sample with the least sequences. Subsequent analysis
of alpha diversity and beta diversity were all performed
based on the output normalized data.
Serum Metabolome

Metabolite Extraction From Serum The serum stored
at �80°C was thawed at 4°C, and 100 mL of the serum
was transferred to a sterile, enzyme-free EP tube with
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400 mL of the extract (methanol:acetonitrile = 1:1 (V/
V) containing the isotope-labeled internal standard was
mixed). The hybrid solution was vortexed for 30 s, soni-
cated for 10 min in 4°C water bath, and incubated for 1
h at �40°C to precipitate proteins. Then, the samples
were centrifuged at 12,000 rpm (RCF =13,800 (g),
R = 8.6 cm) for 15 min at 4°C. The supernatant was
transferred to a fresh glass vial for analysis.
Test on Machine LC-MS/MS analyses were per-
formed using a UHPLC system (Vanquish, Thermo
Fisher Scientific) with a Waters ACQUITY UPLC
BEH Amide (2.1 mm £ 50 mm, 1.7 mm) coupled to
Orbitrap Exploris 120 mass spectrometer (Orbitrap
MS, Thermo). The mobile phase consisted of
25 mmol/L ammonium acetate and 25 mmol/L
ammonia hydroxide in water (pH = 9.75) (A) and
acetonitrile (B). The auto-sampler temperature was
4°C, and the injection volume was 2 mL. The Orbi-
trap Exploris 120 mass spectrometer was used for its
ability to acquire MS/MS spectra on information-
dependent acquisition (IDA) mode in the control of
the acquisition software (Xcalibur, Thermo). The
acquisition software continuously evaluated the full
scan MS spectrum in this mode. The ESI source con-
ditions were set as follows: sheath gas flow rate as 50
Arb, Aux gas flow rate as 15 Arb, capillary tempera-
ture 320°C, full MS resolution as 60,000, MS/MS res-
olution as 15,000, collision energy: SNCE 20/30/40,
spray voltage as 3.8 kV (positive) or �3.4 kV (nega-
tive), respectively.
Data Processing The raw data were converted to the
mzXML format using ProteoWizard and processed with
an in-house program developed using R language and
based on XCMS for peak detection, extraction, align-
ment, and integration. Then, an in-house MS2 database
(BiotreeDB) was applied to metabolite annotation. The
cutoff for annotation was set at 0.3. Subsequently, the
preprocessed data were normalized, and cluster analysis,
principal component analysis, and OPLS-DA analysis
Figure 1. Average daily egg production of laying hens fed TCM polysac
< 0.05) between groups with different superscripts a, b, c, and d).
were performed. The differential metabolites were
screened by unit and multivariate statistical analysis
and further analyzed by bioinformatics.
Correlation Analysis Between Gut Microbiota and
Serum Metabolome To visually reflect the differences
in expression patterns of differential bacterial flora
(based on Lactobacillus Romboutsia, Bacillus, Turici-
bacter, Clostridium_sensu_stricto_1, Enterococcus,
Pseudomonas, Helicobacter, Streptococcus, Staphylo-
coccus, Chloroplast, and Rothia11) and differential
metabolites, correlation hierarchical clustering analysis
was performed on the significantly different bacterial
flora and metabolites, Euclidean distance matrix was
calculated, and the differential metabolites and bacterial
flora were clustered by complete linkage method. Bacte-
rial groups and metabolites clustered within the same
cluster have similar expression patterns and may be in
relatively close reaction steps in the biological process.
Statistical Analysis

GraphPad Prism 9.0 (GraphPad Inc., LaJolla, CA)
and SPSS 25.0 (SPSS Inc., Chicago, IL) were used to
analyze the data. Compare the data between groups
using 1-way variance (ANOVA) and explore the signif-
icance of the differences between groups using least sig-
nificant difference (LSD). The analysis results were
shown as mean § standard deviation (SD), and when
the P value was less than 0.05, the results were consid-
ered to have significant differences.

RESULTS

The Effect of Polysaccharide Feeding and
Bacterial Infection on Egg Production
Performance

As shown in Figure 1, during the normal feeding
stage, there was no significant difference in egg
charides and subjected to bacterial challenge (significant differences (P
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production among all groups (P > 0.05). There was an
upward trend in egg production rate in polysaccharide
and AMX groups compared with the blank group. After
the bacterial challenge, the number of eggs laid in the
model group decreased sharply compared with the blank
group (P < 0.05), while it did not show a decrease in the
polysaccharides group. It was worth noting that com-
pared with the model group, the number of eggs laid in
the polysaccharide groups and the AMX group was still
significantly higher even after bacterial challenge (P <
0.05), especially in the PCP group; it was higher than
other groups (P < 0.05).
Appearance and Histopathology of the
Oviduct

As shown in Figure 2, the oviduct tissue in the blank
group, LLP group, and PCP group was complete, elas-
tic, with abundant blood vessels, smooth yolk, and good
shape, no pollution in the abdominal cavity, and no
smell during on-site autopsy. Although the tubal tissue
of the EP and AMX groups was intact, it was worth not-
ing that there was fluid accumulation in the abdominal
cavity of laying hens in both groups. In the model group,
oviduct tissues showed typical pathological features,
including blockage and necrosis, squeezed blood vessels,
yolk rupture and accumulation, and odor during the
field autopsy.

The pathological sections of the tubal tissue are shown
in Figure 3. The tubal structure was complete in the
blank group, with no inflammatory cell infiltration and
tight tissue connections. The model group had more
inflammatory cell infiltration, cell death, vacuolation
and dispersion, and adhesion in the lumen. The tubal
wall connection was complete in the LLP group, with
some tissues scattered and unclear stratification. In the
Figure 2. Laying hens fed TCM polysaccharides and subject
PCP group, the tissue structure was whole, the tubal
epithelial cells were closely connected, and there was no
inflammatory cell infiltration. In the EP group, the tubal
wall structure was clear, and the tubal lumen was unob-
structed. Scattered tissue was shown in the tubal lumen
sporadically. In the AMX group, the tubal wall was
intact, and the tissue was scattered, accompanied by a
small amount of cell vacuolation.
Serum-Specific Immunity

The results of serum-specific immunity were shown in
Figure 4A, B. Compared with the blank group, the con-
tents of IgA and IgM in the model group were signifi-
cantly downregulated (P < 0.05) after being subjected
to bacterial attack. In contrast, those in the LLP and
PCP groups were significantly increased compared with
the model group (P < 0.05), especially the highest IgA
and IgM contents in the LLP group. Although there was
no significant difference between the EP and AMX
groups compared with the model groups (P > 0.05),
they also showed a recovery trend.
Effects of Different Polysaccharides on
Antioxidant Levels in the Liver

Subsequently, antioxidant levels in the liver of laying
hens attacked by bacteria after feeding with different
polysaccharides were detected. The results of MDA were
shown in Figure 4C. Compared with the blank group,
MDA content in the model group increased sharply after
bacterial invasion (P < 0.01). In LLP and PCP groups,
it showed the best effect (P < 0.05). It was worth noting
that although MDA content in the AMX group showed
a downward trend, there was no significant difference (P
> 0.05) compared with the model group.
ed to bacterial challenge were examined visually by necropsy.



Figure 3. Pathological sections of laying hens fed TCM polysaccharides and subjected to bacterial challenge were examined.

Figure 4. Serum-specific immunity and liver antioxidant levels. Serum IgA level (A), serum IgM level (B), liver MDA level (C), liver SOD level
(D), liver GSH level (E) and liver CAT level (F) of hens fed polysaccharide and bacteria challenge. All experiments were repeated more than 3 times
and presented as mean § SD (significant differences (P < 0.05) between groups with different superscripts a, b, c, and d).

6 LIU ET AL.



TCM POLYSACCHARIDES PREVENTS SALPINGITIS 7
As shown in Figure 4D, the content of SOD in themodel
group was significantly decreased compared with that in
the blank group (P < 0.05). Compared with the model
group, the content of SOD in LLP and PCP groups
showed a better upward trend. The EP and AMX groups
did not reach a better level but had no significant differ-
ence compared with the blank group (P> 0.05).

GSH and CAT contents were shown in Figure 4E, F.
Compared with the blank group, the content of GSH in
the model group was significantly downregulated (P <
0.05), but compared with the model group, the contents
of GSH in polysaccharide groups were significantly
increased (P < 0.05). The content of CAT in the LLP
and PCP groups was significantly different from that in
the model group (P < 0.05). There was no significant dif-
ference between the EP and AMX groups (P > 0.05).
Effects of Different Polysaccharides on
mRNA Levels Associated With Inflammation

To determine the effect of polysaccharides on salpingi-
tis, the mRNA expression levels of related inflammatory
signaling factors and cytokines were detected, as shown
in Figure 5. After the mixed bacterial attack, compared
with the blank group, the Model group expression levels
of TLR4 (Figure 5A), NFkB (Figure 5B), TNF-a
(Figure 5C), IFN-g (Figure 5D), IL1b (Figure 5E), IL6,
and IL8 (Figure 5G) were significantly increased (P <
0.05). Compared with the model group, the expression
levels of these cytokines were significantly downregu-
lated in EP and AMX groups (P < 0.05). The above
inflammatory factors in LLP and PCP groups were the
most significant downregulated (P < 0.01). In addition,
Compared with the blank group, the expression of IL5 in
the model group was significantly downregulated after
Figure 5. mRNA expression levels of related cytokines in oviduct tissues
IL6 (F), IL8 (G), and IL5 (H). All experiments were repeated more than 3
between groups with different superscripts a, b, c, and d).
bacterial infection (P < 0.05). Compared with the model
group, the expression level of IL5 in the LLP and PCP
groups was upregulated considerably (P < 0.05). The
AMX group did not show an upward trend (P > 0.5),
although the EP group showed the same result (P >
0.5), but there was an upward trend.
Composition of Intestinal Flora in Laying
Hens Fed Polysaccharide

After data splicing and filtering, the statistical results
were shown in Table 3. The results showed that the
average sequence length of bacterial 16S rRNA was
418 bp, the Basic group of Q20 and Q30 was greater
than 98 and 93%, and the average GC content was 51,
sufficient to support the subsequent analysis.
The petal diagram of bacterial flora structure can rep-

resent the common and unique number of ASVs in each
group under different polysaccharide and drug-feeding
conditions and evaluate the differences and similarities
degree between groups. The petal diagram as Figure 6A
showed that there were 70 ASV in the 6 groups, 493
ASV in the blank group, 207 ASV in the model group,
487 ASV in the LLP group, 906 ASV in the PCP group,
367 ASV in the EP group and 384 ASV in AMX group.
The number of ASVs in each polysaccharide group was
higher than in the model group. The composition of phy-
lum and genus of ileal microbial composition of laying
hens is shown in Figure 6B. Firmicutes, Proteobacteria,
Bacteroidota, and Actinobacteriota were the dominant
microbiota in the ileum. As shown in Figure 6C to F,
there was no significant difference in the abundance of
Firmicutes in each polysaccharide group compared with
the blank group (P > 0.05), and the abundance of Pro-
teobacteria, Bacteroidota, and Actinobacteriota was
of laying hens. TLR4 (A), NFkB (B), TNF-a (C), IFN-g (D), IL1b (E),
times and presented as mean § SD (significant differences (P < 0.05)



Table 3. Data processing statistical results.

Group name Qualified Nochime AvgLen Q20 Q30 GC% Effective%

Blank 76096 71639 421 97.91 93.34 51.36 88.96
Model 77179 72435 420 98.17 94.00 51.34 91.50
LLP 75029 69677 425 97.87 93.19 50.63 88.69
PCP 77432 69355 412 98.33 94.43 51.88 87.28
EP 79477 74748 423 97.68 92.72 50.14 91.21
AMX 77150 74212 405 98.26 94.10 52.93 90.69

Qualified is the sequence after Raw Tags filter low quality and short length; Nochime is the Tags sequence that is finally used for subsequent analysis
after filtering chimeras, namely Effective Tags. The base is the number of bases in the final Effective Tags. AvgLen is the average length of Effective Tags;
Q20 and Q30 are the percentages of bases in Effective Tags with base quality values greater than 20 (sequencing error rate less than 1%) and 30 (sequenc-
ing error rate less than 0.1%). GC (%) represents the content of GC bases in Effective Tags. Effective (%) represents the percentage of the number of
Effective Tags to the number of Raw PE.
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significantly downregulated in the model group (P <
0.05). Compared with the model group, the polysaccha-
ride group had an upward trend in the abundance of the
above bacteria, and the PCP group had the highest
abundance (P < 0.01). It was worth noting that the
AMX group did not show a good recovery trend (P >
0.05). The dominant bacteria at the genus level of ileum
microorganisms were shown in Figure 6G, mainly
including Lactobacillus, Rombotusia, Bacillus, Turici-
bacter, and Acinetobacter. Furthermore, the gut micro-
biota with significant differences were analyzed. Results
were shown in Figure 6H to K. Compared with the blank
group, there was no significant difference in Lactobacil-
lus abundance in the model group (P > 0.05), but signifi-
cantly increased in LLP and EP groups (P < 0.05),
significantly decreased in AMX group (P < 0.05); the
abundance of Rombotusia was significantly increased in
the model and AMX groups (P < 0.05, P < 0.01), and
was significantly decreased in the polysaccharide group
(P < 0.05); the abundance of Turicibacte and Strepto-
coccus was increased in the model and AMX groups (P
< 0.05, P < 0.01), and significantly decreased in the
polysaccharide group (P < 0.05).To further investigate
the phylogenetic relationships of gene-level species, rep-
resentative sequences of the top 100 genus were obtained
by multiple sequence comparisons shown in Figure 6L.
The gene-level genera of each group were mainly distrib-
uted in Firmicutes and Lactobacillus but less in the
AMX group. In addition, the genus Bamboo was primar-
ily distributed in the blank, LLP, and EP groups, while
the genus Longbrinus was more distributed in the model
and AMX groups. The representative sequence of the
top 100 genera was obtained by multisequence compari-
son shown in Figure 6E to study the phylogenetic rela-
tionship of gene-level species further. The gene-level
genus in each group except the AMX group was mainly
distributed in phylum Firmicutes and genus Lactobacil-
lus. In addition, the blank group, LLP, and EP groups
were mainly distributed in the genus Bacillus. In con-
trast, in the model group and AMX group, there were
more distributed in genus Romboutsia.

Analysis of a-Diversity and b-Diversity of
Ileum Microorganisms

The obtained ASV feature sequences were analyzed
by alpha diversity analysis, and Tukey and Kruskal-
Wallis rank sum tests examined the species diversity dif-
ferences between groups. The results of Chao1
(Figure 7A), Observed_otus (Figure 7B), Shannon
(Figure 7C), pielou_e (Figure 7D), dominance
(Figure 7E), and Simpson (Figure 7F) did not show sig-
nificant differences in each group. Compared with the
model group, there were significant differences in Chao1
and Observed_otus in the PCP group (P < 0.05) and
significant differences in pielou_e in the AMX group (P
< 0.05). There were significant differences in Shannon,
pielou_e, and Simpson between the PCP and AMX
groups (P < 0.05). In the cumulative box plot of species,
as shown in Figure 7F, the sample increase rate gradu-
ally tended to be flat, indicating that the sample size
was sufficient and the results were highly reliable.
Similarly, the obtained ASV feature sequences were

analyzed in terms of Beta diversity. Unweighted unifrac
distance was used to measure the difference coefficient
among the samples, as shown in Figure 8A. The larger
the value, the darker the color, indicating the more sig-
nificant the difference in species diversity among the
samples. According to the results of principal coordinate
analysis (PCoA) (Figure 8B), the first 2 main axes
explained 41.26 and 23.65% of the sample variance data.
The bray_curtis algorithm was used to compare the spe-
cies composition of each group, and the results were
shown in Figure 8C. Compared with the model group, it
had highly significant differences in the blank group,
LLP, PCP, and AMX groups (P < 0.0001), indicating
that using different polysaccharides and drugs had dif-
ferent directions of influence on the differences between
groups.
Multivariate Analysis of Untargeted LC/MS
Metabolomics

Untargeted serum metabolomic profiles were deter-
mined using LC-MS to assess changes in serum metabo-
lites between different groups systematically. After
normalization, 8,582 metabolites were obtained. PCA
analysis showed that the 6 groups of metabolic differen-
ces were statistically significant (PC1 = 36.1,
PC2 = 13.3, PC3 = 7.9%) (Figure 9A, B). The result in
Figure 9C showed the distribution of all differential
metabolites in the 6 groups. Similarly, the ring diagram
shown in Figure 9D was used to classify metabolites,



Figure 6. Ileal microbial composition of laying hens. Petal plot of the distribution of ASVs in the 6 groups. Each circle in the figure represents a
group, the numbers in the overlapping part of the circle and process represent the number of ASVs shared between groups, and the numbers without
overlap represent the number of group-specific ASVs (A), cumulative bar plot of the top 10 species in abundance at Phylum level; The abscissa is
grouping; The ordinate represents the relative abundance (B), distribution of Firmicutes in the 6 groups (C), distribution of Proteobacteria in the 6
groups (D), distribution of Bacteroidota in the 6 groups (E), and distribution of ASVs in the 6 groups (C). Distribution of Actinobacteriota in the 6
groups (F), a cumulative bar chart of the top 30 species in abundance at the genus level. The abscissa is grouping; the ordinate represents the relative
abundance (G), distribution of Lactobacillus in the 6 groups (H), distribution of Romboutsia in the 6 groups (I), and distribution of Actinobacteriota
in the 6 groups (F). Distribution of Turicibacter in the 6 groups (J), distribution of Streptococcus in the 6 groups (K), and the phylogenetic tree of
species at the top 100 genus level (L).
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Figure 7. Alpha diversity analysis results. Chao1 index (A), observed_otus index (B), Shannon index (C), pielou_e index (D), dominance
index (E) and Simpson index (F), species accumulation box plot (G).
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and the results showed that lipids and lipid-like mole-
cules accounted for 40.055%, and organic acids and their
derivatives accounted for 22.376%.

To further clarify the differential metabolite changes
between different groups, multivariate analysis was con-
ducted based on P value <0.05 of Student t test and var-
iable importance in the projection (VIP) >1 of the first
principal component of the OPLS-DA model. Five com-
parison modes, including Blank VS Model, Model VS
LLP, Model VS PCP, Model VS EP, and Model VS
AMX, were used. The results were shown in Figure 10A
to E. There were significant differences in the number of
metabolites between different groups. Similarly, to pres-
ent the change level of common metabolites in other
groups more intuitively, the P value of significance was
calculated for the quantitative value for each metabolite,
and the results were shown in the form of a box plot in
Figure 11. A total of 20 metabolites showed different
changes between different groups, including 3-hydroxy-
butyric acid, 4-pyridoxic acid, allantoin, and D-arabitol.
Subsequently, the corresponding ratios of the quantita-
tive values of the differential metabolites were calculated
by comparing the 6 data groups. Logarithmic transfor-
mation was carried out based on 2 for the above results
to draw the radar chart, as shown in Figure 12A, to
show the corresponding content trends. The results
showed that 3-hydroxybutyric acid and isobutyryl-L-
carnitine were prominent in the overall metabolite per-
formance. The enrichment results of 6 groups of differen-
tial metabolites in KEGG metabolic pathways are
shown in Figure 12B. Metabolic pathways, Biosynthesis
of amino acids, and ABC transporters were the main sig-
naling pathways in KEGG enrichment analysis.
Finally, the differential metabolites were mapped to

KEGG, PubChem, and other authoritative metabolite
databases. After the matching information of the



Figure 8. Results of beta diversity analysis. Heat map of the distance matrix, size, and color of circles in squares represents the difference coeffi-
cient between 2 samples. The larger the circle, the darker the color, indicating the greater the difference between the 2 samples. Conversely, the
smaller the circle, the lighter the corresponding color, meaning that there is less difference between the 2 samples (A), the violin plot of the group dif-
ference analysis. The distance algorithm was weighted unifrac distance, the test method was Adonis (B), the PCoA analysis figure. Each point in the
figure represents a sample, and points of different colors and shapes distinguish different groups. The percentages in brackets represent the propor-
tion of sample difference data that can be explained by the corresponding axes (C).

Figure 9. Serum metabolomics results. 3D map of PCA analysis (A), the 2D planar graph of PCA analysis (B), the overall hierarchical cluster-
ing analysis heat map of all samples, the abscissa represents different sample groups, the ordinate represents all metabolites, the color blocks at dif-
ferent positions represent the relative expression of metabolites at corresponding positions, and the red represents the high expression of the
material content. Blue indicates low expression of the substance (C), ring diagram of metabolite classification and proportion, color blocks indicate
different classification categories, and percentage indicates the percentage of metabolites belonging to this type in all identified metabolites (C).
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differential metabolites was obtained, the metabolic
pathway and regulatory interaction network of the cor-
responding species Gallus gallus (chicken) pathway
database were analyzed. The results of metabolic path-
ways were shown in Figure 13A. There were significant
differences in metabolic pathways between the differen-
tial metabolites, including Glycine, serine, threonine
metabolism, Aminoacyl�tRNA biosynthesis, and beta-
alanine metabolism. The regulatory interaction network
analysis results were shown in Figure 13B. Twenty-six
differential metabolites affected 20 signaling pathways
through 32 related regulatory enzymes.
Analysis of Correlation

The analysis results of the correlation analysis between
gut microbiota and serum metabolome were shown in a



Figure 10. Volcano plot of differential metabolites. Comparison between the blank group and the model group (A), comparison between the
model group and the LLP group (B), comparison between the model group and the PCP group (C), comparison between the model group and the
EP group (D), comparison between the model group and the AMX group (F). Each point in the volcano plot represents a peak containing all the
substances this experiment measured. The horizontal axis represents the fold change of each substance in this group (logarithm base 2), and the ver-
tical axis represents the P value of Student t test (logarithm base 10 is negative). The size of the scatter points represents the VIP value of the
OPLS-DA model, and the larger the scatter points, the larger the VIP value. Significantly upregulated metabolites are shown in red, downregulated
considerably in blue, and nonsignificantly different metabolites in gray.
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hierarchical clustering heatmap labeled as Figure 14A to
E. There were 237 differential metabolites in the blank
group compared with the model group and 219, 214, 260,
and 249 differential metabolites in the model group com-
pared with LLP, PCP, EP, and AMX groups, respec-
tively. Notably, in comparing the blank and model
groups, most metabolites were negatively correlated with
Staphylococcus and Helicobacter. In contrast, Lactobacil-
lus, Rothia, Turicibacter, and Bacillus were positively
correlated between the different polysaccharide groups.
This correlation suggested that alterations in the relevant
chemicals in serum may be caused by alterations in the
gut microbiota of laying hens caused by bacterial infec-
tion and polysaccharide feeding.
DISCUSSION

The primary role of the hen ovary is to produce yolk,
which falls into the oviduct after maturity. The oviduct
is a semiopen pipe for transporting eggs outward and a
place for the final formation of eggs (Salas et al., 2017).
In this process, inflammation caused by various reasons
is the primary resistance to the formation of eggs, and
among many conditions, bacterial contamination is the
main reason. Salpingitis caused by bacterial infection is
a severe poultry disease affecting egg production, includ-
ing shape, broken, and soft-shell eggs (Yang et al.,
2020). This study found that after bacterial challenge,
the symptoms of salpingitis were obvious in laying hens,
and the number of eggs produced was significantly
decreased compared with the blank group, which indi-
cated the feasibility of establishing salpingitis through
bacterial infection. However, the number of eggs
produced increased in laying hens fed polysaccharides in
the early stage, indicating that the effects of TCM and
its active ingredients on egg production performance
were positively correlated. This result was also con-
firmed by Liu et al. (Liu et al., 2023a), who reported
that egg production and egg quality of laying hens could
be further improved after feeding different doses of
TCM. The pathological features of salpingitis are a bro-
ken oviduct and the appearance of inflammatory secre-
tions. A survey in Jordan pointed out that among 243
hens who died in a specific place, 111 (46%) hens were
found to have inflammatory secretions in the body or
oviduct tissue, and bacteria such as Escherichia coli and
Staphylococcus aureus were isolated from the autopsy
tissue (Jordan et al., 2005). This result also confirmed
the pathogenic factor of bacterial infection in salpingitis.
Other studies reported inflammatory cell infiltration
and thickening and folding of the perifollicular mem-
brane in the pathological tissues of egg-laying hens
infected with E. coli (Chaudhari and Kariyawasam,
2014). In the present study, oviduct obstruction and
white inflammatory secretions were also found in the
necropsy of laying hens. Further pathological examina-
tion revealed vacuolization of oviduct tissues accompa-
nied by inflammatory cell infiltration in the model
group, but these characteristics were improved in the
polysaccharide groups.
The colonization and growth of bacteria will destroy

the mucosal immune system and cause mucosal inflam-
mation (Buffie and Pamer, 2013). At the same time,
eggs without the protection of a shell can provide suffi-
cient nutrients for bacteria, which will cause the body to
fall into a vicious cycle, on the one hand, reducing egg
production, on the other hand, leading to host infection



Figure 11. Boxplot of distribution of differential metabolites in 6 groups of samples, the abscissa represents grouping, the ordinate represents
content, P = 0.
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(Liu et al., 2023b). Therefore, mucosal immunity can
reflect the immune level of the body to a certain extent.
TCM polysaccharides can alleviate the body’s inflamma-
tory response caused by bacterial or viral infection and
increase the secretion of immunoglobulin in the immune
system (Zhu et al., 2018; Shan et al., 2019). IgA and IgM
are the first line of defense to protect the mucosal epithe-
lium from toxins and pathogenic microorganisms. IgA
can eliminate pathogenic microorganisms by blocking
their entry into epithelial receptors, trapping them in
mucus, and promoting their clearance through
peristalsis and mucociliary activity (Mantis et al., 2011).
IgM is the earliest antibody in the primary immune
response. In the early stage of bacterial infection, IgM
can be rapidly secreted and cleared of pathogens and has
bacteriolytic, antibacterial, and neutralizing effects
(Boes et al., 1998). In this study, compared with the
blank group, the model group showed significant down-
regulation of IgA and IgM expression after bacterial
infection, indicating that mucosal immunity was
destroyed. However, this situation was restored after
supplementation with different TCM polysaccharides.



Figure 12. Metabolite trends and KEGG enrichment analysis. Radar map analysis of differential metabolites: the corresponding ratio was cal-
culated for the quantitative values of differential metabolites, and the logarithmic transformation was taken as base 2. The figure is represented by
red font, each grid line represents A difference fold, and the purple shade is composed of the line of difference fold for each substance (A). The
abscissa represents the percentage of the number of differential metabolites annotated under a specific pathway to the number of all annotated differ-
ential metabolites, and the ordinate represents the enriched KEGG metabolic pathway name (B).
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Various pharmacological studies have also shown that
TCM has antibacterial and immune-enhancing effects
(Zhao et al., 2018).

Proinflammatory factors, prominent expression dur-
ing gram-negative bacterial infection, can induce cells to
produce many free radicals, and further lead to the
destruction of oxygen-free radical homeostasis in vivo,
thereby aggravating oxidative stress (Zhang et al.,
2003). MAD and SOD are the core parameters for
assessing antioxidant capacity, and GSH is an essential
Figure 13. Metabolic pathways and regulatory network analysis. Each
bubble and size represent the influencing factor of the pathway in the topolo
bubble’s vertical axis and the bubble’s color represent the P value of enrich
The darker the color, the smaller the P value, and the more significant the
metabolites, the red dots represent a metabolic pathway, the yellow dots rep
dots represent the background material of a metabolic pathway. The purple
the blue dots represent the chemical interaction of a substance, and the green
(B).
antioxidant for cell survival (Zhong et al., 2023). CAT is
a vital antioxidant enzyme that protects against
immune infections and oxidative stress (Zhang et al.,
2011). TCM polysaccharides have excellent antioxidant
activity (Mu et al., 2021). In the present study, the
expression level of MDA in the model group was signifi-
cantly increased after bacterial challenge, accompanied
by the decrease of SOD and CAT levels, indicating the
activation of oxidative stress response. However, the lev-
els of MDA, SOD, and CAT of laying hens fed with
bubble in the bubble graph represents a metabolic pathway, and the
gical analysis. The larger the size, the larger the influencing factor. The
ment analysis (taking the negative natural logarithm, namely �ln(p)).
degree of enrichment (A). In the regulatory network of the differential
resent substance-related regulatory enzyme information, and the green
dots represent the molecular module information of a kind of substance,
squares represent the different substances obtained by this comparison



Figure 14. The horizontal and vertical coordinates represent this group’s differential metabolites and flora. The color blocks at different posi-
tions represent the correlation coefficient between the metabolites and the flora at the corresponding positions. The red represents the positive corre-
lation; the blue represents the negative correlation, and the darker the color represents, the stronger the correlation. A significant correlation is
marked with "*" (P < 0.05). The clustering results are presented as a dendrogram on the side of the heat map, expressing the quantity phase of a
cluster of metabolic substances or bacteria.
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polysaccharides in advance were significantly different
from those of the model group after bacterial challenge,
and this good regulation indicated that the antioxida-
tive stress of the polysaccharide group was improved.

Gram-negative bacteria release large amounts of
endotoxins (such as LPS) during the reproduction and
growth of infected hosts (Park and Lee, 2013). LPS-
binding protein LBP can recognize it and bind to
mCD14 on the surface of myeloid cells to form the LPS-
LBP-CD14 triple complex, which binds to TLR4 with
the help of MD-2. TLR4 is activated and dimerized.
Upon activation, TLR4 transmits signals into the cell to
recruit MyD88 and subsequently activates the NFkB/
MAPK signaling pathway, which promotes the release
of TNF-a, IL1, and IL6 (Kayagaki et al., 2013). Then,
the signal transduction pathway will continue activating
monocytes, macrophages, endothelial cells, and epithe-
lial cells to synthesize and release various cytokines and
inflammatory mediators, causing inflammatory
responses (Zhao et al., 2021). IFN-g released by
activated T cells and NK cells can further aggravate the
inflammatory response. Notably, IFN-g plays an essen-
tial role in innate and adaptive immunity against viral,
certain bacterial, and protozoan infections, and it can
also activate macrophages and induce their release of
IL8 (Zhang et al., 2017). IL5, secreted by Th2 cells and
mast cells, can stimulate IgA and IgM production
(Takatsu et al., 1988). Studies have shown that IL5 can
regulate various inflammatory responses and promote
the rapid clearance of pathogens (Dougan et al., 2019).
In the present study, the TLR4/NFkB signaling path-
way was activated in the oviduct tissue of the model
group compared with the blank group after bacterial
challenge. At the same time, the mRNA expression lev-
els of TNF-a, IFN-g, IL1b, IL6, and IL8 were signifi-
cantly increased, while the mRNA expression level of
IL5 was decreased considerably. The results showed
that an inflammatory response was produced in laying
hens, which was consistent with the IgA and IgM find-
ings. After prefeeding the polysaccharide, the mRNA
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expression of the TLR4/NFkB signaling pathway and
proinflammatory factors was downregulated, and the
mRNA expression of IL5 was increased in the polysac-
charide group. The anti-inflammatory effect of polysac-
charides was further confirmed.

The composition of gut microbiota is under the sur-
veillance of the normal mucosal immune system, and
inflammation is caused by the abnormal immune
response, which can affect the balance of gut microbiota
(Shi et al., 2017). There is a link between gut microbiota
and disease progression. As mentioned above, the intake
of polysaccharides can improve the composition of gut
microbiota, which has also been confirmed in several
studies (Cui et al., 2021; Cao et al., 2023). Firmicutes
and Proteobacteria were shown to be the most abundant
bacterial taxa in chicken ileum contents (Alvarenga
et al., 2023). Many members of the phylum Firmicutes
are beneficial and core-dominant bacteria in humans
and animals. Proteobacteriade dysregulation (increased
or decreased) can lead to bacterial enteritis (Martin-
Nu~nez et al., 2021). However, some studies have found
that the presence of Proteobacteria may benefit the
body. For example, the specific regulation of IgA pro-
motes gut microbial maturation (Mirpuri et al., 2014).
In this study, bacterial infection and polysaccharide
feeding did not affect Firmicutes abundance. However,
the abundance of Proteobacteriade was decreased in the
model and the AMX groups, indicating that the intesti-
nal microbiota in these 2 groups may be disordered.
Although Proteobacteriade increased in the PCP group,
it did not affect the previous anti-inflammatory perfor-
mance, which may be related to the beneficial effect of
PCP. Bacteroidetes and Actinobacteria are also resident
bacteria in laying hens’ gut (Dai et al., 2022). Bacteroi-
detes participate in many important metabolic activities
in the intestinal tract, including carbohydrate fermenta-
tion, bile acid, and other steroid fermentation (Brink-
mann et al., 2022). It has been shown that
polysaccharides from plants are the main energy source
of Bacteroides, so feeding polysaccharides can promote
the proliferation of Bacteroides (Zafar and Saier, 2021).
Actinobacteria play an important role in the turnover of
organic matter and carbon cycle, such as decomposing
cellulose (Wang et al., 2023). At the same time, the ben-
eficial bacteria of Actinobacteria often help the body to
improve digestive problems and enhance immunity
(Xiao et al., 2020). In the present study, the significant
downregulation of Bacteroidetes and Actinobacteria in
the model group further explained the disturbance of
the gut microbiota of laying hens. Both bacteria were
relatively restored after polysaccharide supplementa-
tion, indicating that feeding polysaccharides can pro-
mote the colonization and growth of beneficial bacteria
in the intestine. Notably, both of the above bacteria
were significantly decreased in the AMX group. This
result was believed to be inseparable from the disruption
of intestinal microbial balance by antibiotics (Zeng
et al., 2023). Lactobacillus is a group of gram-positive
bacteria belonging to the Lactobacillus Firmicutes fam-
ily. It has a variety of functions, including maintaining
the balance of flora, improving digestion, and enhancing
immunity. It had been reported that Lactobacilli iso-
lated from chickens had the same antibacterial ability
(Dec et al., 2016) and improved the ability to prevent
infectious diseases and the performance of chickens
(Benbara et al., 2020). Growing evidence showed that
an increased abundance of Romboutsia was associated
with inflammatory diseases. Clostridium_sensu_s-
tricto_1 and Romboutsia were significantly upregulated
in alcohol-induced liver injury in mice (Zhang et al.,
2023), as well as in mice with dextran sulfate-induced
colitis. The abundance of Romboutsia was also increased
after cephalosporin treatment (Wang et al., 2022). Turi-
cibacter is an enteric pathogen. It has been reported
that the abundance of Turicibacter was significantly
increased in necrotic enteritis (NE)-induced chicken
intestines and decreased after astragalus polysaccharide
(APS) supplementation (Song et al., 2022). A high
expression of Turicibacter was similarly found in the gut
of DSS-induced colitis in mice reported by Zhang et al.,
and a downward trend in the abundance of this bacte-
rium was also observed after icariin feeding (Zhang
et al., 2021). The genus Streptococcus is the cause of mil-
lions of cases of meningitis, bacterial pneumonia, endo-
carditis, erysipelas, and necrotizing fasciitis (Ge and
Sun, 2014). It is one of the main harmful bacteria that
can inhibit the growth of chickens (Houghton and
Fuller, 1980). In this study, the abundance of Lactoba-
cillus increased after LLP and EP supplementation and
significantly decreased in the AMX group. Romboutsia,
Turicibacter, and Streptococcus increased abundance in
the model and AMX groups but decreased in the poly-
saccharide groups. These results suggested that feeding
polysaccharides could significantly increase the abun-
dance of beneficial bacteria and reduce the abundance of
harmful bacteria in laying hens. Although antibiotics
could reduce the abundance of streptococcal bacteria to
a certain extent, they also cause intestinal flora distur-
bance.
The metabolic and immune systems are the most

basic conditions for the body’s survival. Many metabolic
and immune responses or pathogen infections are inex-
tricably linked (Hotamisligil, 2006). In the present
study, 3,117 differential metabolites were found between
the blank and bacteria-infected layers, which further
indicated that bacterial infection was also closely related
to metabolism. Studies also have shown that plant poly-
saccharides could regulate metabolic disorders in the
body (Li et al., 2021). Liu et al. found that in a model of
florfenicol (FFC)-induced hepatic metabolic disorder in
chicks, feeding Salvia miltiorrhiza polysaccharide allevi-
ated the situation through drug metabolism and P450
signaling pathways (Liu et al., 2022). 3-Hydroxybutyric
acid, an organic acid ketone body and endogenous prod-
uct of fatty acid oxidation is the core metabolite of anti-
aging, which can inhibit oxidative stress by changing
the genes encoding FOXO3A and MT2 (Møller, 2020).
In addition, it can reduce the pathological progression of
Alzheimer’s disease by inhibiting the activation of
NLRP3 inflammasome (Shippy et al., 2020). Also, 3-
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hydroxybutyric acid alleviated inflammatory progres-
sion in DSS-induced colitis mice by promoting the
STAT2 signaling pathway and M6 macrophage polari-
zation (Huang et al., 2022). Other studies have shown
that 3-hydroxybutyric acid could be produced by some
beneficial bacteria and used to treat enteritis (Yan et al.,
2021). Hexadecanedioic acid is a product of nonmetabol-
izing long-chain fatty acids and induces the proliferation
of liver peroxidase to improve the body’s antioxidant
capacity (Hertz et al., 1988). At the same time, it has a
significant cholesterol-lowering effect (Mayorek and
Bar-Tana, 1993). Some studies have shown that adding
hexadecanedioic acid into the diet could reduce the con-
tent of unsaturated fatty acids in egg yolk and alter fatty
acid metabolism in the liver of laying hens (Elkin et al.,
1992). Methylsuccinic acid is a metabolic marker in
patients with isovaleric acidemia (De Biase et al., 2019).
Studies have shown that methylsuccinic acid could cause
the highest upregulation of endothelial nitric oxide syn-
thase expression at the protein level, possibly leading to
endothelial cell injury (Lincha et al., 2016). Similarly,
methylsuccinic acid was also found in the serum of
hyperlipidemic rats (Huang et al., 2021). In this study,
20 metabolites, including 3-hydroxybutyric acid, hexa-
decanedioic acid, and methylsuccinic acid, showed dif-
ferent trends in 6 groups of samples. 3-Hydroxybutyric
acid and Hexadecanedioic acid were downregulated in
the model group and increased in the polysaccharide
groups. However, the content of methylsuccinic acid was
increased in the model group and decreased in the poly-
saccharide groups. Notably, 3-hydroxybutyric acid was
the most prominent compound in the subsequent pheno-
typic radar map analysis. Then, the combined analysis
results with the microbiome showed that 3-hydroxybu-
tyric acid and beneficial bacteria such as Rhosia showed
a significant positive relationship. However, there was a
significant negative relationship with pathogens such as
Romboutsia. These data suggested that supplementa-
tion with TCM polysaccharides could modulate the
metabolome of bacteria-induced salpingitis laying hens,
which may be closely linked to changes in gut microbes.
CONCLUSIONS

In this study, it was found that supplementation of
TCM polysaccharides could further alleviate the bacte-
ria-induced salpingitis of laying hens, improve the anti-
oxidant and immune levels, reduce the mRNA
expression levels of inflammation-related cytokines, and
increase the egg production of laying hens by regulating
the intestinal microbiome and metabolism. The results
will provide a theoretical basis for the use of TCM poly-
saccharides in breeding laying hens.
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