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Editorial on the Research Topic
Harnessing natural plant extracts and probiotics to enhance host-gut
microbiome interactions

Introduction

The intricate relationship between the gut microbiome and host health has emerged
as a cornerstone of modern biomedical research. In recent years, natural plant extracts
and probiotics have received considerable attention for their potential to modulate
gut microbial communities and thereby promote host wellbeing. This Research Topic,
“Harnessing Natural Plant Extracts and Probiotics to Enhance Host-Gut Microbiome
Interactions” brings together 13 cutting-edge studies that collectively advance our
understanding of how these interventions can shape host-microbiome dynamics. By
exploring mechanisms ranging from immune modulation to metabolic regulation, these
contributions underscore the promise of natural compounds in addressing pressing
challenges in health and agriculture.

The gut microbiome as a therapeutic target

The gut microbiome plays a pivotal role in digestion, immune function, and metabolic
homeostasis. Dysbiosis—an imbalance in microbial composition—has been linked to
diseases such as obesity, inflammatory bowel disease (IBD), and even mental health
disorders. Natural plant extracts and probiotics offer a sustainable approach to restoring
microbial balance as they often act as prebiotics, antioxidants, or immunomodulators.

In this collection, several studies highlighted the role of plant-derived polysaccharides.
For instance, Wen et al. demonstrated that Atractylodes macrocephala polysaccharide
(AMP) improves growth performance and intestinal health in largemouth bass by
enhancing beneficial bacterial taxa such as Firmicutes and Bacteroidota. Similarly, Zheng Y.
et al. showed that grape seed proanthocyanidins (GSP) reduce oxidative stress and promote
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growth in pigs by increasing the abundance of Lactobacillus.
These findings align with the growing recognition that dietary
polyphenols can act as prebiotics, fostering the growth of health-
promoting microbes.

Immunomodulatory and antioxidant
effects

A recurring theme in the contributions is the dual role
of natural compounds in reducing inflammation and oxidative
stress. For example, Tang et al. revealed that Rosa roxburghii
polyphenol (RRTP) alleviates acute lung injury (ALI) in mice by
enhancing short-chain fatty acid (SCFA) production and increasing
Akkermansia muciniphila, a bacterium associated with gut barrier
integrity. Cheng et al. further emphasized the protective effects
of Mulberry leaf polysaccharide (MLP) against cyclophosphamide-
induced immunosuppression in chicks, demonstrating improved
antioxidant enzyme activity and tight junction protein expression.
These results highlight the potential of plant extracts to mitigate
oxidative damage and enhance mucosal immunity.

Metabolic health and disease
management

Several studies have explored the impact of natural compounds
on metabolic disorders. Freitas et al. investigated the nutraceutical
supplement Slim, which reshapes the gut microbiota and reduces
Mucispirillum schaedleri in obese mice, thereby improving lipid
metabolism. Meanwhile, Zheng W. et al. discussed the aryl
hydrocarbon receptor (AhR) pathway as a critical mediator
of lipid metabolism, linking gut microbial metabolites to host
inflammatory responses. These findings underscore the role of
the gut microbiome in the metabolic syndrome and suggest that
targeted interventions may offer novel therapeutic strategies.

Probiotics and microbial diversity

Probiotics, live microorganisms with health benefits, are
another focus of this collection. For example, Wang et al.
demonstrated that supplementation with Bacillus amyloliquefaciens
alleviates LPS-induced intestinal inflammation in pigs by activating
the AhR/STAT3 pathway (Wang et al., 2024). Similarly, studies
by Ferrarezi et al. (2024) and Lin et al. (2024) highlighted the
potential of probiotics to modulate gut microbial diversity in
aquaculture, thereby enhancing disease resistance in fish. These
findings emphasize the importance of probiotics in restoring
microbial resilience and optimizing host health across species.

Challenges and future directions

While the studies in this collection provide compelling
evidence for the efficacy of natural plant extracts and

probiotics, several challenges remain. For instance, the

Frontiersin Microbiology

10.3389/fmicb.2025.1607339

precise  mechanisms underlying microbial interactions
(e.g., AhR, TLR4)
Additionally,

and dosage optimization

with host signaling pathways
further
extraction methods

require
elucidation. standardization  of
are critical
for translating these findings into clinical or agricultural
applications. Future research should also explore the long-
term effects of these interventions and their scalability across

diverse populations.

Conclusion

This
contributions that advance our understanding of how natural

Research ~ Topic  consolidates  groundbreaking
plant extracts and probiotics can enhance host-gut microbiome

interactions. By addressing inflammation, oxidative stress,
and metabolic dysfunction, these studies pave the way for
innovative therapies in human and veterinary medicine. As
we continue to harness the power of nature, interdisciplinary
approaches combining microbiology, immunology, and
metabolomics will be key to unlocking the full potential of

these interventions.
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Introduction: Acute lung injury (ALI) is a serious respiratory disease characterized
by progressive respiratory failure with high morbidity and mortality. It is
becoming increasingly important to develop functional foods from polyphenol-
rich medicinal and dietary plants in order to prevent or alleviate ALI by regulating
intestinal microflora. Rosa roxburghii Tratt polyphenol (RRTP) has significant
preventive and therapeutic effects on lipopolysaccharide-induced ALI mice, but
its regulatory effects on gut homeostasis in ALI mice remains unclear.

Methods: This study aims to systematically evaluate the ameliorative effects
of RRTP from the perspective of “lung-gut axis” on ALl mice by intestine
histopathological assessment, oxidative stress indicators detection and
short-chain fatty acids (SCFAs) production, and then explore the modulatory
mechanisms of RRTP on intestinal homeostasis by metabolomics and gut
microbiomics of cecal contents.

Results: The results showed that RRTP can synergistically exert anti-ALl efficacy
by significantly ameliorating intestinal tissue damage, inhibiting oxidative stress,
increasing SCFAs in cecal contents, regulating the composition and structure of
intestinal flora, increasing Akkermansia muciniphila and modulating disordered
intestinal endogenous metabolites.

Discussion: This study demonstrated that RRTP has significant advantages
in adjuvant therapy of ALl, and systematically clarified its comprehensive
improvement mechanism from a new perspective of “lung-gut axis”, which
provides a breakthrough for the food and healthcare industries to develop
products from botanical functional herbs and foods to prevent or alleviate ALI
by regulating intestinal flora.

KEYWORDS

Rosa roxburghii Tratt polyphenol, acute lung injury, gut homeostasis, short-chain fatty
acids, Akkermansia muciniphila
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1 Introduction

Acute lung injury (ALI) is a serious respiratory disease
characterized by progressive respiratory failure with high morbidity
and mortality. Currently, in addition to respiratory support, ALI lacks
effective medication (Gorman et al., 2022). Oxidative stress, a crucial
factor in the pathological progress of ALL is pivotal for maintenance
of tissue homeostasis and protection against infections (Ornatowski
et al,, 2020). A high level of reactive oxygen species (ROS) could
damage microvascular barriers and aggravate pulmonary edema by
exceeding the body’s scavenging capacity (Meng et al., 2022).

Intestinal microbiota and their metabolites affect antibacterial
action, immunoregulation and nutrient metabolism of human body
(Huang et al., 2019; Iddrisu et al, 2022). Gut microecological
imbalance, related to pulmonary disease, can disrupt the integrity of
the intestinal barrier, activate the systemic immune system, and
aggravate immune damage to the lung. This interaction between the
lung and gut is called the “lung-gut axis” (Wedgwood et al., 2020).
Therefore, maintaining intestinal homeostasis is essential to
ameliorating lung disease. Short-chain fatty acids (SCFAs) are
generated by symbiotic intestinal flora. As a vital energy source for
intestinal epithelial cells, they play a significant role in maintaining
microecological homeostasis of intestine and immune balance of host,
and modulating gut pH value, and are “star” molecules which regarded
as potential novel targets for ALI therapy (de Vos et al., 2022; Hou
etal,, 2022; Huang et al., 2022).

Functional foods, including flavonoids, polyphenols, terpenoids
and other natural active ingredients, have the properties of regulating
oxidative stress, protecting lung and ameliorating the disturbance of
intestinal flora (He et al., 2021). Consequently, the food and healthcare
industries are increasingly focusing on developing products to prevent
or alleviate ALI by regulating intestinal flora from the plant-based
functional herbal medicine and foods.

Rosa roxburghii Tratt (RRT) is an underutilized nutritional crop
from the Rosaceae family with high medicinal properties and
primarily distributed in the mountainous areas in southwest China.
Phytochemical analyses confirmed that RRT contains organic acids,
flavonoids, polyphenols and other natural active ingredients, with
functional activities incomparable to other fruits (Wang et al., 2021).
RRT exhibits a diversity of biological characteristics against immune
disorder, inflammatory disease and tumors, and can also regulate gut
microbiota dysfunction caused by hyperlipidemia and diabetes (Wang
et al., 2020; Ji et al., 2022). RRT polyphenol (RRTP), including
phenolic acids, coumarins, lignans, tannins, and flavonoids, is one of
the most important active components of RRT. In our previous study,
we confirmed that RRTP has a significant preventive and therapeutic
effect on ALI mice induced by lipopolysaccharide (LPS) (Tang et al.,
2022, 2023), and it is a functional food resource with great potential
for adjuvant therapy of ALL In addition, the intestinal flora of ALI
mice has been found to be dysfunctional (Tang et al., 2021), and plant-
based foods containing polyphenol have also been shown to alleviate
inflammatory diseases by regulating intestinal homeostasis (Wu
etal., 2021).

Accordingly, in order to further reveal the amelioration
mechanism of RRTP on ALI, we hypothesized that RRTP had an
intervention effect on intestinal microflora of LPS-treated ALI mice
in this study. This intervention effect may shed light on adjuvant and
complementary therapy development for ALI. To validate this
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hypothesis, we systematically estimated the effects of RRTP on
intestinal tissues of ALI mice through intestine histopathological
assessment, oxidative stress indicators detection and SCFAs
production, and then explored the modulatory mechanisms of RRTP
on intestinal homeostasis by metabolomics and gut microbiome of

cecal contents.

2 Materials and methods
2.1 Reagents and chemicals

According to our previous research (Tang et al., 2022), RRTP is
extracted from RRT fruit and preserved in microbiology and
biochemical pharmaceutical engineering research center of Guizhou
Medical University. Lipopolysaccharide (LPS, Escherichia coli serotype
055:B5) was purchased from Sigma-Aldrich. Acetonitrile and
methanol (UPLC-grade) were collected from Merck.

2.2 Animals and drug administration

All animal experiments were performed in accordance with the
Animal Care and Use Guidelines of Guizhou Medical University,
and the protocols were reviewed and approved by the Animal Ethics
Committee of institution (License No. SYXK (Qian) 2018-0001).
Specific pathogen-free (SPF) male BALB/c mice were obtained from
Changsha Tianqin Biotechnology Co., Ltd. (License No. SCXK
(Xiang) 2019-0013, Hunan, China), and acclimatized in a standard
mice laboratory with free access to water and food for 7days.
Animals were performed daily administration of physiological
saline or RRTP. RRTP extracts dissolved in physiological saline
gavage for 7days at 10mL/kg/d. Thirty minutes after the last
administration, mice were anesthetized by intraperitoneal injection
(10% chloral hydrate), and LPS (2mg/kg) was administered by
oropharyngeal instillation to establish ALI mice. Instead of LPS,
physiological saline was given to the normal group. After the
addition of LPS, the mice were sacrificed 24 h later, and gut tissues
and cecal contents were collected and stored at —80°C for further
analysis. The schematic of animal experiment protocols was
depicted in Figure 1A.

2.3 Histopathological assessment

The gut tissues were washed with PBS, fixed with 4%
paraformaldehyde, dehydrated with ethanol, embedded with paraffin
wax and cut into 4 pm thick sections. After successive staining with
hematoxylin-eosin (H&E), histopathological alteration was evaluated
with an optical microscope.

2.4 Determination of oxidative stress
indicators

A supernatant was obtained for biochemical measurement of

intestinal tissues after homogenization and centrifugation in cold PBS,
and its protein concentration was detected according to the manufacturer’s
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Comprehensive evaluation of RRTP on intestinal homeostasis in ALI mice. (A) Schematic of animal experiment protocols. PS: physiological saline. LPS:
lipopolysaccharide. (B) Representative micrographs of histological sections of the gut tissues in LPS-induced ALl mice. (H&E staining, original
magnification x200). (C) Pathological score of histological sections. *Compared with the model group, ***P < 0.001.

instructions. The activity of glutathione (GSH), myeloperoxidase (MPO),
superoxide dismutase (SOD) and malondialdehyde (MDA) in gut tissues
were measured to evaluate the degree of oxidative stress damage in ALI
mice. Oxidative stress detection kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

2.5 Measurement of short chain fatty acids

SCFAs were extracted from cecal contents with 1 mL aqueous
solution. After centrifugation at 10,000rpm for 10min, the
supernatant was collected, and SCFAs were extracted from the
supernatant with 1 mL diethyl ether. Finally, the diethyl ether solution
was detected by gas chromatography (GC).

The separation of SCFAs was carried out with GC system (7890B,
Agilent) equipped with a DB-WAX capillary column (30 x0.53 mm,
1 pm, Agilent). The temperature of injection port and detector were
270°C and 280°C, respectively. Injection volume was 2 pL. The initial
temperature of the capillary column was set at 100°C for 1 min and
then increased to 150°C at a rate of 5°C per minute for 7min. The
quantification of acetic acid, propionic acid and butyric acid was
conducted by comparison with chemical standards.

2.6 Cecal contents metabolomics analysis

Endogenous metabolites in cecal contents were detected by
UHPLC-Q-Exactive Plus Orbitrap-MS (Thermo Fisher Scientific).
Briefly, 50 mg cecal contents was extracted with the precooled mixture
of acetonitrile, methanol and aqueous solution (2:2:1). After
homogenization, vortex and centrifugation at 4°C for 20 min, the
filtered
metabolomics analysis.

supernatant was through 0.22pm membrane for
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The separation of metabolites was conducted on a 1.8um Cy,
column (2.1 x 100 mm, ZORBAX Eclipse Plus, Agilent, United States)
with flow rate was 0.3mL/min. The optimized gradient elution
procedure (phase A: 0.1% formic acid H,O; phase B: 0.1% formic acid
acetonitrile) was as follows: 0-2.5 min, 2-2% B; 2.5-5min, 2-40% B;
5-12min, 40-100% B; 12-16 min, 100-100% B; 16-16.1 min, 100-2%
B; 16.1-19 min, 2-2% B. Temperature of capillary and aux gas heater
were 320°C and 350°C, respectively. Ion spray voltage was 3.5/2.8kV
(+/-), S-lens RF level was 50, dynamic exclusion was 3 s, and the data
was analyzed in both negative and positive modes from 100 to
1,500 m/z. Compound Discoverer 3.2 was used to pretreat MS data,
including retention time correction, peak matching and peak
recognition. Primary and secondary mass spectrum fragment
information from KEGG and HMDB databases was used to identify
metabolites. In addition, components were validated by MS?
spectroscopy using an internal metabolite spectrum library. An
analysis of intestine-related metabolic pathways implicated in ALI
after RRTP preventive treatment was carried out using MetabolAnalyst
5.0. Metabolic pathways with an impact value greater than 0.1 were
considered significant.

2.7 16S rDNA amplicon sequencing

A CTAB method was used to extract genome DNA from cecal
contents samples and 1% agarose gels were used to verify DNA purity
and concentration. Bacterial 16S rDNA gene was amplified by PCR
using specific primers. All PCR reactions were carried out with DNA
template (10ng), forward and reverse primers (2 M) and Phusion®
High -Fidelity PCR Master Mix (15 puL, New England Biolabs). During
thermal cycling, initial denaturation was carried out at 98°C for 1 min,
followed by 30 cycles of denaturation for 10s, annealing for 30s, and
elongation for 30s. PCR products were purified with Gel Extraction
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Kit (Qiagen, Germany). The sequencing libraries were prepared
following the manufacturer’s instructions using TruSeq® DNA
PCR-Free Sample Preparation Kit (Illumina, United States) and index
codes were also added to the libraries. Finally, Illlumina NovaSeq
platform was used to sequence the library and generate 250bp
paired-end reads.

2.8 Statistical analysis

A statistical analysis was carried out using GraphPad Prism 9.0
and SPSS 23.0. For metabolomics analysis, ANOVA and student’s
t-test were used to evaluate differences, with p<0.05 considered
significant. R packages (2.15.3) and QIIME were used for 16S rDNA
amplicon sequencing analysis. Alpha diversity, including ACE
(Abundance-based Coverage Estimator), observed-species, Chaol,
and PD_whole_tree, were evaluated using OTU table in QIIME. PCA
analysis in beta diversity was performed using the ade4 package and
ggplot2 package in R to reduce the dimension of the original variables.

3 Results and discussion

3.1 RRTP alleviated pathological injury of
intestinal tissues

Intestinal tissues were evaluated using H&E for morphological
and histological changes. After physiological saline inhalation,
the intestinal tissues of normal mice showed no significant
histological changes (Figure 1B). Interestingly, in LPS-treated
ALI mice, the gut tissues showed significant inflammatory

10.3389/fmicb.2024.1351295

zinfiltration, congestion as well as gut villus damage in the model
group. It should be noted that after early intervention with RRTP,
histopathological score of gut tissues in ALI mice was significantly
decreased (Figure 1C), and the severity of pathological changes
RRTP-mediated
intestine-protection may be essential for maintaining intestinal

was significantly attenuated. Therefore,

tissues morphology.

3.2 RRTP attenuated oxidative stress
damage of intestinal tissues

Excess ROS can cause the peroxidation of unsaturated fatty acid
in the lipid layer of cell membranes, which stimulates neighboring
epithelial or endothelial cells and amplifies tissue damage (Wang et al.,
2020). Therefore, uncontrolled and prolonged oxidative stress
response increases the risk of tissue injury in multiple organs, a
characteristic feature of several inflammation-related lung diseases
(Kawanishi et al., 2017). Accordingly, quantitative measurement of
representative oxidation-related indicators of SOD, MPO, MDA and
GSH in intestine samples is helpful to reveal whether RRTP can
maintain intestinal homeostasis by alleviating oxidative stress
response in intestinal tissues to achieve the prevention and treatment
of ALL The levels of oxidative stress indicators in the model group and
the normal group were significantly different, indicating that the
oxidative stress response was disturbed in the intestinal tissues of ALI
mice. Notably, the increase of MPO and MDA and the decrease of
SOD and GSH were remarkably restrained in ALI mice after early
intervention with RRTP (Figures 2A-D), suggesting that RRTP played
a direct role in the ALI therapy by inhibiting over-activated oxidative
damage to maintain intestinal homeostasis.
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3.3 RRTP strengthened the intestinal
barrier by regulating SCFAs

SCFAs, one of the most important metabolites produced by intestinal
flora, are a class of organic fatty acids with no more than 6 carbon atoms,
mainly including acetic acid, propionic acid and butyric acid. Many
studies have confirmed that SCFAs, particularly butyric acid, can maintain
intestinal homeostasis and the dynamic balance of oxidation-antioxidant
response, enhance intestinal barrier (Wang et al., 2022), and they can also
reduce inflammation by activating immune cells and epithelial cell
receptors after entering lung tissue through blood circulation (Dang et al.,
2019; Yoo et al, 2020). Consequently, we detected the SCFAs
concentration in the cecum of ALI mice to investigate whether the
mitigatory effects of RRTP on ALI was connected with the production of
SCFAs. Our results manifested that the SCFAs concentration in cecal
contents of LPS-treated ALI mice was lower than that of the normal mice,
and after early intervention with RRTP, the cecal SCFAs contents of ALI
mice was significantly increased (Figures 2E-G). These results revealed
that RRTP strengthened the intestinal barrier by increasing the contents
of intestinal SCFAs to achieve a palliative effect of RRTP on ALL

3.4 RRTP improved cecal contents
metabolic disorders

Metabolic profiling data were analyzed without grouping using
PCA to determine cecal contents samples distribution and the model’s
reliability. Compared with the model group, RRTP metabolomics data
showed good separation without molecule selection, suggesting that
RRTP have significant intervention effects on cecal contents metabolic
disorders in ALI mice (Figure 3A). Supervisory pattern OPLS-DA was
applied to identify differences in metabolic profiling between the two
groups (Supplementary Figure S1), and its degree of reliability and fit
was determined by 200 permutations. The results showed that Q* and
R?were less than the original value, and the intersection of the vertical
with  Q? than 0
(Supplementary Figure S2). In general, the pattern was reliable, stable,

axis regression line was also less
and not overfit, making it suitable for metabolites prediction.
Differentially expressed metabolites (DEMs) were defined as variables
that significantly contributed to grouping (p<0.05, VIP >1)
(Figure 3B). According to the metabolomics of cecal contents, RRTP
reversed 40 endogenous metabolites, of which 30 were upregulated
and 10 were downregulated (Figure 3C). Among these biomarkers,
more than 50% were indoles and their derivatives, amino acids and
lipids (Figures 4A-]), and the endogenous metabolites were markedly
enriched in five metabolic pathways, including riboflavin metabolism,
histidine metabolism, arachidonic acid metabolism, arginine
biosynthesis and nicotinate and nicotinamide metabolism (Figure 4K).
The results indicated that RRTP modulated the abnormal amino acid

metabolism and lipid metabolism of intestine in ALI mice.

3.5 RRTP alleviated the disturbance of gut
microbiota

In recent years, the imbalance of intestinal flora has highlighted its role

as a pivotal factor of a variety of acute and chronic pulmonary
inflammatory diseases, and the disorder of gut microbiota can induce or
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promote the development of pulmonary inflammation (Frati et al., 2018).
The holistic structural alteration of intestinal flora in response to RRTP
were illustrated by analysis of the 16S rDNA gene sequencing of
microorganic samples isolated from the cecal contents of the normal,
model and RRTP mice.

To estimate the differences in bacterial diversity between the three
groups, sequences were aligned to evaluate alpha diversity and beta
diversity. There are differences in ACE, Chaol, PD_whole_tree and
observed species among the three groups of samples (Figure 5A). Both
weighted and unweighted PCoA analysis of beta diversity
demonstrated a degree of separation of the three groups on the basis
of first two PCoA (Figure 5B). These results indicated that RRTP
consumption improved the species richness and community diversity
of intestinal microflora in ALI mice.

Microbial taxon classification was used to determine the relative
proportions of the phylum-level of dominant taxa. We noticed
considerable variation in intestinal flora of samples in each group.
Firmicutes (46.68% versus 14.98%), Bacteroidota (36.76% versus
56.16%), Proteobacteria (0.49% versus 21.96%), and Verrucomicrobiota
(5.71% versus 2.52%) were enriched in the normal group compared
to the model group (Figure 5C). Intriguingly, after early intervention
with RRTP, the proportions of Bacteroidota and Proteobacteria in ALI
mice were significantly reduced, while Firmicutes and
Verrucomicrobiota were significantly increased, and this reversal trend
was close to the normal group (Figure 5D). Notably, Verrucomicrobiota
was the most predominant phylum in the RRTP group. This finding
attracted the great attention of our team members, and further
analysis of microflora composition at genus level and species level is
helpful to reveal the intervention effects of RRTP on gut microbiota
of ALI mice. The results showed that Akkermansia and Akkermansia
muciniphila (A. muciniphila) were dominant in the RRTP group at the

genus and species level, respectively (Figures 5E-G).

3.6 Correlation analysis

Association analysis of SCFAs with A. muciniphila, pathological
score of the gut tissues, oxidative stress indicators and the representative
DEMs was performed to better understand the comprehensive
amelioration mechanism of RRTP on intestinal homeostasis in ALI
mice (Figure 6). SCFAs, especially propionic acid and butyric acid,
were closely related to the pathological score, oxidative stress indicators
and intestinal endogenous metabolites (including indole and its
derivatives, fatty acids) of ALI mice, suggesting that SCFAs as an
effective messenger may be involved in the role of RRTP in maintaining
intestinal homeostasis by alleviating intestinal tissue pathological
damage, attenuating oxidative stress response and improving metabolic
disorders. Conspicuously, butyric acid production was also associated
with A. muciniphila, the most prominent dominant bacterium of the
RRTP group, and this result accurately elucidated that butyric acid and
A. muciniphila may play a synergistic role in the complex mechanism
of RRTP. In addition, we also noted that A. muciniphila was negatively
correlated with histopathological score, the concentration of MPO and
MDA, and positively correlated with the concentration of SOD, GSH
and endogenous metabolites indole derivatives. It is suggested that
A. muciniphila may inhibit excessive oxidative stress response, reduce
intestinal tissue injury and increase intestinal indole derivatives to
promote intestinal homeostasis.
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3.7 Comprehensive regulation of RRTP on
intestinal homeostasis in ALI mice

3.7.1 Suppression of oxidative stress response
Lung tissue damage can easily cause hypoxia in local and

adjacent tissues, causing the accumulation of reactive oxygen

species, leading to oxidative stress, which in turn leads to the

Frontiers in Microbiology

occurrence and aggravation of ALI (Kellner et al., 2017). MDA,
a lipid peroxidation product, is a common marker of oxidative
damage, while MPO is an accurate evaluative indicator of
neutrophil infiltration and aggregation in inflammatory diseases,
involved in the development of ALI and lipid peroxidation
(Wang et al., 2020). GSH can catalyze the reduced glutathione to
scavenge ROS, thereby alleviating tissue damage caused by lipid
peroxides (such as MDA) (Day, 2009). SOD can relieve tissue
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damage by removing metabolic byproducts produced by
oxidative injury (Miao and St. Clair, 2009). In this study,
we found that the activities of MDA and MPO were significantly
increased, while SOD and GSH were remarkably decreased in the
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model group ALI mice. Intriguingly, after early intervention with
RRTP, MDA and MPO decreased significantly, while SOD and
GSH increased significantly. The RRTP-regulated lipid and

differential metabolites, including docosahexaenoic
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acid (Tatsumi et al., 2022; Younes et al., 2022), docosapentaenoic
acid (Wang et al., 2019) and histidine (Thalacker-Mercer and
Gheller, 2020), identified in our metabolomics study, have effects
on reducing inflammation and alleviating oxidative stress.
Furthermore, Bacteroidota is one of the most aerobically tolerant
anaerobic bacteria, and its relative abundance increases
significantly under ascending levels of oxidative stress in the
organism (Zafar and Saier, 2021). It is also involved in the release
of toxic products in the process of protein decomposition,
aggravating the inflammatory response of the body (Jandhyala
etal., 2015). RRTP significantly decreased the relative abundance
of Bacteroidetes at the phylum level in this study. Accordingly,
our results suggested that oxidative stress response of RRTP on
intestinal tissues of ALI mice may be achieved through effective
modulation of endogenous metabolites and the composition of

intestinal flora.

3.7.2 Promotion of Akkermansia muciniphila
production

A. muciniphila, a “sentinel of the gut,” has emerged as a
promising candidate probiotic colonizing in the mucous layer. It
plays an important role in promoting host metabolic function,
repairing intestinal barrier, maintaining intestinal homeostasis
to reduce tissue inflammation and oxidative stress (Zhang et al.,
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2019; Ouyang et al., 2020). Excitingly, we found that
A. muciniphila was the most significant dominant bacteria in the
RRTP group in this study, with a proportion of nearly 50%,
indicating that RRTP could maintain intestinal homeostasis by
improving the production of A. muciniphila. Given that the
production of A. muciniphila is related to multiple improvements
in intestinal functions, it comes as no surprise that early RRTP
intervention induced A. muciniphila adequacy would provide
protection against intestinal tissue injury.

3.7.3 Enhancement of SCFAs concentration

A variety of bacteria under Firmicutes belong to probiotics,
which are the dominant bacteria producing SCFAs in intestinal
flora and can maintain the homeostasis of gut microbiota
(Markowiak-Kope¢ and Slizewska, 2020). In addition, it has been
confirmed that A. muciniphila also produce SCFAs, and that the
production of SCFAs, especially butyric acid, increases intestinal
barrier integrity, restrains intestinal inflammatory and oxidative
stress responses and minimizes bacterial translocation (Wang
et al., 2022). RRTP significantly increased the relative abundance
of Firmicutes at the phylum level in this study. Consequently, our
results manifested that RRTP may enhance the production of
SCFAs by regulating the composition and structure of gut flora
in order to maintain intestinal homeostasis.
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Schematic diagram representing the amelioration mechanism of RRTP improving intestinal homeostasis in LPS-induced ALl mice.

3.7.4 Reqgulation of indole derivatives

Tryptophan metabolites, including indoleacetic acid (IAA),
5-hydroxyindole-3-acetic acid (5-HIAA), indole-3-aldehyde
(I3A), indole-3-lactic acid (ILA), and kynurenic acid, can
be produced by gut microbiota through tryptophan or
These
microbiota-derived tryptophan metabolites play a vital role in
attenuating

kynurenine transformation pathways. intestinal

maintaining gut homeostasis, well as

inflammatory-related diseases (Su et al., 2022). I3A can restore

as

mucosal integrity and inhibit inflammation by regulating
intestinal microbiome (D’Onofrio et al., 2021; Zhuang et al,,
2022). ILA significantly reduced LPS-induced macrophage
inflammatory response and oxidative stress response, and is
elevated in infant feces, showing protective effect on intestinal
epithelial cells (Ehrlich et al, 2020; Meng et al., 2020). In
addition, butyrate supplements have been shown to reduce the
severity of inflammation in arthritis mice by increasing levels of
5-HIAA (Rosser et al., 2020). In this study, we found the
disordered indoles and their derivatives in ALI mice in the
metabolomic analysis of cecal contents, and RRTP reversed this
disturbance. Characteristically, RRTP significantly increased the
intestinal microbiota-derived tryptophan metabolites described
above, suggesting that RRTP can promote the remission of lung
tissue injury by improving dysregulated metabolism in ALI mice
through regulation of intestinal flora.

Cumulatively, RRTP is the active components of a promising
underutilized functional food source that can synergistically exert
anti-ALI efficacy by significantly ameliorating intestinal tissue
damage, inhibiting oxidative stress, increasing SCFAs in cecal
contents, regulating the composition and structure of intestinal flora,
increasing A. muciniphila and modulating disordered intestinal
endogenous metabolites (Figure 7).
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4 Conclusion

This study showed that RRTP has significant advantages in
adjuvant therapy of ALI, and systematically clarified its comprehensive
improvement mechanism from a new perspective of “lung-gut axis,”
which provides a breakthrough for the food and healthcare industries
to develop products from botanical functional herbs and foods to
prevent or alleviate ALI by regulating intestinal flora.
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Mulberry leaf polysaccharide
Improves cyclophosphamide-
iInduced growth inhibition and
intestinal damage in chicks by
modulating intestinal flora,
enhancing immune regulation and
antioxidant capacity

Ming Cheng!, Yongbin Shi'!, Yumeng Cheng?, Hongjie Hu?,
Song Liu!, Yanping Xu?, Lingzhi He!, Shanshan Hu?, Yujie Lu?,
Fengmin Chen?, Jiang Li*and Hongbin Si*

!College of Animal Science and Technology, Guangxi Key Laboratory of Animal Breeding, Disease

Control and Prevention, Guangxi University, Nanning, China, 2Hunan Provincial Key Laboratory of the
TCM Agricultural Biogenomics, Changsha Medical University, Changsha, China

Polysaccharides are generally considered to have immune enhancing functions,
and mulberry leaf polysaccharide is the main active substance in mulberry
leaves, while there are few studies on whether mulberry leaf polysaccharide
(MLP) has an effect on immunosuppression and intestinal damage caused by
cyclophosphamide (CTX), we investigated whether MLP has an ameliorative
effect on intestinal damage caused by CTX. A total of 210 1-day-old Mahuang
cocks were selected for this experiment. Were equally divided into six groups
and used to evaluate the immune effect of MLP. Our results showed that MLP
significantly enhanced the growth performance of chicks and significantly
elevated the secretion of cytokines (IL-1p, IL-10, IL-6, TNF-a, and IFN-y),
immunoglobulins and antioxidant enzymes in the serum of immunosuppressed
chicks. It attenuated jejunal damage and elevated the expression of jejunal tight
junction proteins Claudinl, Zo-1 and MUC2, which protected intestinal health.
MLP activated TLR4-MyD88-NF-kB pathway and enhanced the expression of
TLR4, MyD88 and NF-kB, which served to protect the intestine. 16S rDNA gene
high-throughput sequencing showed that MLP increased species richness,
restored CTX-induced gut microbiome imbalance, and enhanced the abundance
of probiotic bacteria in the gut. MLP improves cyclophosphamide-induced
growth inhibition and intestinal damage in chicks by modulating intestinal flora
and enhancing immune regulation and antioxidant capacity. In conclusion, this
study provides a scientific basis for MLP as an immune enhancer to regulate
chick intestinal flora and protect chick intestinal mucosal damage.

KEYWORDS

mulberry leaf polysaccharide, oxidative stress, immunosuppression, intestinal damage,
growth performance, intestinal flora
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1 Introduction

Poultry are raised intensively, and chicks are often affected by stressful
conditions, viral infections, nutritional deficiencies, infectious diseases,
and other conditions that can cause immunosuppressive diseases (Shini
etal, 2010). It not only affects the immune function of chicks, but also
causes symptoms such as intestinal damage and intestinal oxidative stress,
which also reduces the conversion rate of chick feed and affect the feed-
to-meat ratio (Fussell, 1998; Jahanian and Rasouli, 2015). In the state of
immunosuppression, the body loses the ability to resist pathogens, leading
to a sharp increase in morbidity and mortality among chicks, which
causes substantial losses in the farming industry (Hoerr, 2010).

Cyclophosphamide (CTX), the broad-spectrum chemotherapeutic
utilized to treat cancer, kills cancer cells primarily through the
genotoxicity and cytotoxicity of drug (Emadi et al., 2009). However,
the excessive use of CTX can also cause body immunosuppression and
oxidative stress, liver damage, and intestinal injury caused by intestinal
mucosal barrier disruption (Duncan and Grant, 2003; Ahlmann and
Hempel, 2016; Zheng et al., 2017). The intestine is the largest digestive
organ of the body and also the greatest immune organ, while the
intestinal barrier and mucosal immune system represent a key system
to maintain body health against external pathogens (Walker et al.,
2014). Therefore, in the case of declined immune function, the
intestinal barrier and intestinal mucosal immune system are
destroyed, the disease resistance of the body will be decreased and the
risk of disease will be increased (Schoultz and Keita, 2019). In
addition, under normal circumstances, the intestinal tract of the body
is rich in flora to maintain the dynamic balance of the intestine, but is
highly susceptible to the influence of the external environment,
causing diarrhea and intestinal inflammation (Jang et al., 2019).
Therefore, it is necessary to develop natural pharmaceutical feed
additives that can increase organism immunity and improve intestinal
flora and function (Wu et al., 2017; Wang et al., 2019).

Polysaccharides, as a type of high molecular weight long-chain
carbohydrates, are widely present in plants, animals, and microorganisms
(Kong et al., 2004). It has functions such as enhancing immunity and
antioxidant and anti-inflammatory properties (Yu et al, 2018).
Meanwhile, a large number of experiments have also proven that
polysaccharides have the effect of improving the growth performance of
livestock and enhancing immunity (Shu et al,, 2021; Zhang et al., 2021).
Mulberry leaf polysaccharide (MLP) is a natural polymer extracted from
mulberry leaves and has been proven to have good antioxidant activity
(Yuan et al,, 2015). Mulberry leaf polysaccharide can also antagonize
diabetes (Zhang et al., 2014). Meanwhile, Zhao demonstrated that MLP
can improve the metabolism and immune function of weaned piglets
(Zhao et al,, 2019). However, the role of MLP in regulating intestinal
injury and immune performance in immunosuppressive chicks is not
clear. Therefore, this experiment established a CTX-induced
immunosuppressive model in chicks to study the effects of MLP on the
growth performance, immune performance, antioxidant performance,
and intestinal injury of CTX-induced immunosuppressive chicks.

2 Materials and methods

2.1 Materials

We obtained mulberry leaf samples in the mulberry leaf garden in
Nanning, Guangxi, China.
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2.2 Preparation of MLP

After collection, fresh mulberry leaf samples were subjected to
shade drying, crushing, and passing through 60 mesh sieve, after
which they were soaked in 85% of ethanol for more than 7 days and
then dried at 50°C. According to the 34 mL/g material-liquid ratio, at
a 92°C extraction temperature, a 3.5-h extraction time, and after 2
extractions, the filtrate was combined by filtration and centrifugation,
concentrated under reduced pressure at 70°C, the concentrate was
centrifuged to remove the residue, anhydrous ethanol at 4-fold volume
was introduced for concentration and left for 13 h, then the precipitate
was collected by centrifugation, the precipitate was washed using
anhydrous ethanol at 3-fold volume and collected by centrifugation
again, and finally freeze-dried to obtain mulberry leaf polysaccharide.
The content of sugar was 51.02% by phenol-sulfuric acid method.

2.3 Determination of physicochemical
properties of the polysaccharide

Using the Shimadzu LC-10A system containing the BRT105-104-
102 column (8 x 300 mm, Borui Saccharide) and the parallax detector,
Mw of MLP was analyzed with high-performance gel permeation
chromatography (HPGPC). Calibration curves were also drawn to
determine molecular weight. Fourier transform infrared spectroscopy
(FT-IR) was then conducted to analyze organic functional groups within
MLP. Later, dried polysaccharides were blended with KBr powder,
followed by pressing the mixture to sheets to record using the Fourier
transform infrared spectrometer FT-IR650 within 4,000-400cm™".

2.4 Preparation of MLE

Weigh a certain amount of dried mulberry leaves, add 20 times
the weight of distilled water, soak for 2 hours, heat to boiling, and then
keep boiling for 2 hours. Then filter the extract to remove the filter
residue, centrifuge to remove impurities, use a rotary evaporator to
concentrate the extract into 1 mL of liquid, equivalent to 1 g of the
original drug, and then freeze dry it into powder using a freeze-drying
machine. After drying, seal and store it.

2.5 Animal experiment

The Experimental Animal Ethics Committee of Guangxi
University (GXU-2023-0013) approved our animal experimental
protocols. In total, 210 1-day-old Mahuang cocks were chosen for the
experiments. They were kept within wired cages with lighting and
good ventilation at 50-55% relative humidity. For 1-14-day-olds, a
24-h light period was provided for the chicken house, followed by a
gradual decline into 20h every day. At 1-7-day-old, chicken house
temperature was maintained under 32-34°C, followed by a gradual
decline to 26°C. In this experimental process, chickens could eat and
drink freely. After the chicks finished acclimatization, the chicks were
evenly classified into 6 groups based on body weight at 7 days of age,
with 7 chicks for every replicate, and 5 replicates for every group,
specifically into blank control group (NC), cyclophosphamide model
group (MC), mulberry leaf polysaccharide immunosuppression group
(MLP + CTX), mulberry leaf aqueous extract immunosuppression
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group (MLE+CTX), normal mulberry leaf polysaccharide group
(MLP), and normal mulberry leaf aqueous extract group (MLE), and
the experimental days were 35 days. During this period, NC and MC
groups were given the basal diet, the MLP + CTX and MLP groups
added 0.25% MLP to the basal diet, and the MLE+ CTX and MLE
groups added 0.25% MLE to the basal diet. On days 29, 31, and 33, the
MC, MLP +CTX, and MLE + CTX groups were given injections of
80mg/kg of CTX into the thoracic muscle, and the NC, MLP, and
MLE groups were given injections of normal saline at an equivalent
volume. On days 14, 21, 28, and 35, feed intake and body weight were
determined to calculate the meat and feed ratio. At 35days,
we obtained blood, thymus, spleen, bursa, jejunum, and cecum
contents from the chicks for subsequent analysis (n=6). Table 1
displays diet information.

2.6 Growth performance and index of
spleen, thymus, and bursa of Fabricius
determination

Through this experiment, we measured body weight and feed
consumption of chicken every day, acquired their spleen, thymus,
and BF, and recorded the weights at the end of this experiment.
The index of the spleen, thymus, and BF was determined
as follows:

Index (g/kg) =immune organ weight/body weight.

TABLE 1 Basic diet information (%).

10.3389/fmicb.2024.1382639

2.7 Measurements of cytokines and
immunoglobulins

Blood samples were obtained into the sterile tube, followed
by 10-min natural coagulation under ambient temperature
(Yin et al., 2020) and an additional 20-min centrifugation
(3,000 rpm under 4°C) to obtain the serum. At last, the ELISA
kits (Nanjing Boyan Biotech Co) were utilized for detecting
IL-1, IL-6, IL-10, IFN-y, TNF-a, and IgG levels.

2.8 Determination of serum antioxidant
enzyme activity

The serum collection method is consistent with 2.7. Serum
samples were obtained from superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), total antioxidant capacity
(T-AOC), and malondialdehyde (MDA) levels using an ELISA kit
(Nanjing Boyan Biotech Co).

2.9 Histopathological staining
Chick jejunal and ileal samples were subjected to overnight

fixation using 10% neutral formaldehyde, followed by dehydration,
pruning, embedding, sectioning, staining, and tablet sealing for

Iltems Days 1-14 Days 15-28 Days 29-42
Ingredients

Corn 56.80 57.36 58.88
Soybean meal 36.48 34.57 33.01
Soybean oil 1.63 3.42 3.89
NaCl 0.53 0.53 0.53
Limestone 1.40 1.22 1.05
CaHPO4 2.10 1.99 1.85
L-Lys-HCI 0.30 0.15 0.06
DL-Met 0.26 0.26 0.23
Choline chloride 0.10 0.10 0.10
Premix’ 0.40 0.40 0.40
Total 100.00 100.00 100.00
Nutrient levels

AME, MJ/kg 12.89 13.50 13.94
Crude protein 21.00 20.00 20.00
Calcium 1.01 1.00 0.95
Available phosphorus 0.62 0.60 0.57
Lysine 1.04 0.91 0.88
Methionine 0.41 0.40 0.38
Threonine 0.74 0.70 0.70
Tryptophan 0.22 0.19 0.18

"The premix is provided per kilogram of ration: VA 100001U; VD 52001U, VE 401U; VK 81U; VB1 51U; VB2 81U; VB6 121U; VB12 21U; biotin 0.2 mg; nicotinic acid 45 mg; folic acid 0.8 mg;
Fe 100 mg, Cu 8 mg, Zn 100 mg, Mn 120 mg, I 0.3 mg, Se 0.7 mg. *Nutrient levels were calculated values. AME, apparent metabolizable energy.
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microscopic examination (Deng et al., 2021). Later, the digital trim
camera microscope (BA210 Digital, Motic) was utilized for section
observation; meanwhile, the image analysis software (Motic Images
Advanced 3.2) was employed for measuring and analyzing villus
length, crypt depth, and intestinal wall of jejunal and ileal samples.
The tissue of 4 chicks in each group was selected as slices, three fields
of view were selected from each tissue section, and 10 villus heights
and 10 crypt depths were measured in each field with Image-Pro Plus
6.0. The villus length-to-crypt depth ratio was determined to be an
index for evaluating the degree of intestinal injury.

2.10 RNA isolation and RT-PCR assay

Frozen jejunal samples (50-100 mg) were ground within liquid
nitrogen; later, the TRIGene total RNA extraction reagent was utilized
for RNA extraction. cDNA was synthesized using StarScript II First-
Strand ¢cDNA Synthesis Mix (GenStar) with gDNA remover. By
adopting RealStar Green Fast Mixture, PCR was carried out using the
LightCycler 96 System (Roche). RT-PCR was then conducted to
detect TLR4, MyD88, NF-kB, Occludin, MUC2, ZO-1, IL-10, and
IFN-y gene levels, with p-actin being the endogenous control. The
2-11CT approach was utilized to determine relative gene expression.
Supplementary Table S1 displays primer sequences utilized in
this study.

2.11 DNA isolation from intestinal flora and
16S rDNA gene high-throughput
sequencing

The DNA Kit (Omega) was utilized for DNA extraction from cecal
contents. Universal primers 341F (5-CCTAYGGGRBGCASCAG-3")
and 806R (5-GGACTACNNGGGTATCTAAT-3’) were utilized to
amplify V3-V4 hypervariable regions of the bacterial 16S rDNA gene.
The AxyPrep DNA Gel Recovery Kit (Axygen) was utilized to purify
PCR products, whereas QuantiFluor™-ST (Promega) was used for
quantification. The TruSeCT60M DNA Sample Prep Kit was employed
for constructing the PE library, while the Illumina MiSeq PE300
platform (Illumina) was applied in sequencing in line with specific
protocols. UPARSE software was later used in high-quality sequence
clustering for obtaining operational taxonomic units (OTUs)

10.3389/fmicb.2024.1382639

according to the 97% similarity level. Alpha- and beta-diversities were
examined in line with OTU abundances with the R package. For
predominant bacterial species at the phylum and genus levels, their
relative abundances were determined. Between-group dominance of
microbial communities was analyzed through linear discriminant
analysis (LDA) and linear discriminant analysis effect size (LEFSE).
Several groups were compared by one-way ANOVA, while two groups
were compared by Wilcoxon rank-sum tests.

Note: In the sequencing results of 16S rDNA in this section, in all
tables and figures, MLP represents MLP + CTX, while MLE represents
MLE +CTX, which means injection of CTX is used to evaluate the
improvement effect of MLP and MLE on CTX-induced intestinal
dysbiosis. NC group still represents the blank control group, and MC
group represents the cyclophosphamide injection group.

2.12 Statistical analysis

Experimental data within tables and figures were represented by
mean + SD, while between-group differences were evaluated through
one-way ANOVA and Tukey’s multiple comparisons with
SPSS. GraphPad Prism 6.0 was applied in graph plotting. Majorbio
cloud platform was employed for analyzing 16S rDNA sequencing
data. p<0.05 and p<0.01 represent significant and extremely
significant differences, separately.

3 Results
3.1 Physicochemical properties of MLP

The MLPs utilized in this study have fundamental features and
physicochemical properties of polysaccharides. The Mw values were
determined to be 758.773kDa, 11.968kDa, 7.643kDa, and 4.149kDa,
respectively (Figure 1). According to the above findings, there were
various polysaccharides within MLP (Figure 2). The absorption band
at 3600-3200 cm-1 was ascribed to -OH stretching vibration; typically,
absorption peaks within the above region represented the typical peaks
of sugars. Later, the peak at 3313 cm-1 stands for an absorption peak
related to O-H stretching vibration, and it was the typical peak of
sugars. One absorption peak could be detected at 2937 cm-1, probably
associated with C-H stretching vibration. The absorption peak detected
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FIGURE 1
Molecular weight detection results of MLP.
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FIGURE 2
FT-IR spectra of MLP.
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TABLE 2 Effect of MLP on the growth performance of chicks.

Items NC MLP MLE p-value
D7-D21

ADG, g/d 3.540.19 4.05+0.13% 3.77+0.11 0.062
ADFL, g/d 11.89+0.11 11.79+0.11 11.97+0.07 0.478
FCR 3.44+0.22 2.92+0.08% 3.19+0.09 0081
D21-D28

ADG, g/d 6.61+0.52 7.66+0.35 6.93+0.29 0.201
ADFIL, g/d 19.99+0.82 19.51+0.62 20.27+0.95 0.804
FCR 3.07+0.17 2.56+0.08%* 2.94+0.16 0.064
D28-D35

ADG, g/d 9.55+0.61 12,92 +0.41 %5 9.62+0.47 0.001
ADFI, g/d 30.09+1.21 29.44+1.58 29.36+1.52 0.927
FCR 3.18+0.16 2.28+0.10%%* 3.08+0.20 0.003

at 889cm-1 was associated with C-H variable angle vibration of
p-terminus differential isomerization of the pyran ring. The absorption
peak detected at 767 cm-1 was associated with the symmetric ring
stretching vibration of the pyran ring. Based on the above findings,
MLP shows typical adsorption of characteristic polysaccharides.

3.2 Effect of MLP on growth performance
and the immune organ index in chicks

According to our average daily gain (ADG), average daily feed
intake (ADFI), and feed conversion ratio (FCR) results, MLE did
not significantly differ in ADG, ADFI, and FCR at all three stages
(p>0.05). However, MLP apparently elevated ADG (p <0.05) but
significantly declined FCR (p <0.05) of chickens during D7-D21,
and MLP highly significantly decreased FCR in chickens during
D21-D28 (p<0.01), while during D28-D35, ADG was highly
significantly increased (p <0.001), but FCR was extremely markedly
reduced (p<0.001) of MLP-treated group relative to NC. In

Frontiers in Microbiology 23

addition, we examined the changes in chick growth performance
before and after CTX injection during D28-D35. According to these
findings, CTX administration markedly decreased ADG and
elevated FCR (p<0.001) in chicks, and the application of MLP
significantly restored ADG in chicks (p<0.05) but evidently
decreased FCR of the MC group (p <0.05; Tables 2, 3).

In addition, indexes of spleen, thymus, and BF were observed to
evaluate the immune function of chicks; as a result, the MC group
showed extremely significant lower immune organ indexes relative to
the NC group (p <0.001), suggesting the successful establishment of
immunosuppression model. On day 35, the spleen index and the
thymus index of MLP + CTX and MLE + CTX groups significantly
increased relative to the MC group (p <0.01), while the bursa index
was not significantly different, but there was an increasing trend.
Meanwhile, the spleen index, the thymus index, and the bursa index
of the MLP group significantly increased relative to the NC group
(p<0.05). The MLE group was not significantly different from the NC
group, with the exception of the thymus index that markedly elevated
(p<0.05; Figure 3).
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TABLE 3 Effect of MLP on the growth performance of immunosuppressed chicks.

D28-D35 NC MC MLP + CTX MLE + CTX p-value
ADG, g/d 9.55+0.61 5.66%0.42%%* 7.68+1.11° 7.66+0.59° 0.015
ADFL g/d 30.09+1.21 26.77+1.29 27.72+1.52 29.98+0.56 0.168
FCR 3.18+0.16 4.7940.32%%% 3.87+0.45 3.99+0.27 0.021

Data are expressed as mean +SD. #p <0.05, *#p <0.01, **#p <0.001 compared with the NC group. “p <0.05, compared with MC.
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FIGURE 3

Effect of MLP on immune organ indices in chicks. (A) Thymus index, (B) Spleen index, (C) Bursa index. Compared with the NC group, *p < 0.05,
**p <0.01, ***p < 0.001; compared with the MC group, *p <0.05, #p <0.01, **#p <0.001; compared with the NC group, p < 0.05, #*p <0.01, ¥*¥p <0.001.

3.3 Function of MLP in serum cytokines
and immunoglobulins in chicks

According to our results regarding the function of MLP in
cytokines and immunoglobulins of chick serum, serum IL-1p, IL-6,
IL-10, IEN-y, TNF-a, and IgG levels in the MC group showed
extremely significant decreased levels relative to the NC group
(p<0.01 or p<0.001), and the above results proved that CTX could
inhibit the immune activity of chickens. Meanwhile, relative to the
MC group, serum cytokines and IgG levels of MLP + CTX group
significantly increased (p <0.05 or p<0.01), but the difference was not
significant compared with the MLE + CTX group except for levels of
IgG (p <0.05). Surprisingly, the MLP group was significantly different
from the NC group, with the MLP group had markedly lower IL-1p,
IL-6, and TNF-a levels in serum (p <0.05), but evidently higher IL-10,
IFN-v, and IgG levels (p <0.05), while the MLE group, except for the
significant elevation of IgG (p<0.05), there was no significant
difference in other indicators compared to the NC group (Figure 4).

3.4 Effect of MLP on serum antioxidant
enzyme activity in chicks

The results of antioxidant enzyme activities in chick serum showed
that the MC group exhibited remarkably decreased SOD, CAT, GPx,
and T-AOC serum levels relative to the NC group (p<0.01 or p<0.001),
while MDA levels were extremely markedly upregulated relative to the
NC group (p<0.001), which proved that CTX could also cause
oxidative stress in chicks. Meanwhile, relative to the MC group,
antioxidant enzymes highly significantly increased (p <0.05 or p<0.01),
while MDA content extremely markedly declined (p<0.01) in the
MLP + CTX group, while the MLE + CTX group was not significantly
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different except for CAT, GPx, and T-AOC contents, which remarkably
elevated (p<0.05). The MLP and MLE groups were not significantly
different from the NC group. It is thus clear that both MLP and MLE
prevent oxidative stress resulting from CTX in the body (Figure 5).

3.5 Effect of MLP on the pathological
damage of chick jejunum

Based on the HE staining results, the NC group showed complete
and orderly intestinal morphology, complete intestinal villi, complete
and fine structure, and shallow crypts. The jejunum morphology in
chicks of the MC group was severely impaired, with destructed, short
and rough intestinal villi, and deeper recess. After MLP treatment,
the intestinal status returned to similar to that of the NC group
(Figure 6). By measuring the villus height, crypt depth and intestinal
wall thickness of the chicks’ jejunum (Figure 7), we can obtain the
following conclusions, villi height, villi crypt ratio and intestinal wall
thickness of MC group extremely markedly decreased in comparison
with NC group (p<0.001) and crypt depth was highly significant
higher than NC group (p <0.001), after MLP and MLE administration,
villi height, villi crypt ratio and intestinal wall thickness extremely
remarkably increased (p<0.001), while crypt depth remarkably
decreased (p <0.001) in both MLP and MLE treatment.

3.6 Function of MLP in jejunum-associated
genes levels within immunosuppressed
chicks

As exhibited by jejunal Occludin, ZO-1, MUC2, TLR4,
MyD88, NF-kB, IL-10, and IFN-y gene levels, the MC group

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1382639
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Cheng et al.

10.3389/fmicb.2024.1382639

A IL-1B B IL-6 c IL-10
5 800+ - = 80+
E E E &
2 600+ 2 2 60 #
g 3 g
= 400~ e = 40 =
S 9 3
2 = =
£ 2004 £ £ 20
g z ~
8 8 2
0- 0-
O ¢ & & $ ¢ O @ & & F ¥ ¢ @ & & F ¢
N ‘*on AR R AU G\ N \“on FOERER\
D TNF-a E IFN-y F 1gG
ry 80 =5 100 - 2500 SL&
£ & E z Hith &
2 60- i > 5 20007 4
E’ % = K%
2 *kk d>> g 1500
> 40 ; g
L 4
E E > 1000
£ 27 E § s00-
2 5 @
3 0- 0 @ 0-
O O I F QR ¥ O @ d & ¥ O @ R K&
SR A AR ¢ eSS ¢ eSS GS
\“\g N é\g N¢ N\
FIGURE 4
Effect of MLP on cytokines and immunoglobulins in the serum of chicks. (A) Serum levels of IL-1f, (B) serum levels of IL-6, (C) serum levels of IL-10,
(D) serum levels of TNF-a, (E) serum levels of IFN-y, and (F) serum levels of IgG. Compared with the NC group, *p <0.05, **p <0.01, ***p <0.001;
Compared with the MC group, #p <0.05, #p < 0.01, ##p <0.001; compared with the NC group, p <0.05, ¥p < 0.01, #**p <0.001.

showed significantly decreased expression of Occludin, ZO-1,
and MUC2 relative to the NC group (p<0.001, p<0.001, p<0.01),
while the expressions in both the MLP + CTX and MLE + CTX
groups significantly increased relative to the MC group
(p<0.001); meanwhile, the expression of Occludin, ZO-1, and
MUC?2 of the MLP group significantly increased relative to the
NC group (p <0.001), while only ZO-1 and MUC2 levels of the
MLE group significantly increased compared with the NC group
(p<0.001; Figure 8).

As for mRNA levels, TLR4 and NF-xB levels of the MC group
were both extremely remarkably downregulated in comparison
with the NC group (p<0.01), MyD88 expression was second
(p>0.05), and the difference was not significant, while TLR4,
MyD88, and NF-kB of MLP + CTX group were all significantly
increased in comparison with the MC group (p <0.001, p<0.01,
p<0.001), TLR4 and NF-kB of the MLE+ CTX group were
significantly  upregulated  (p<0.001), MyD88
expression was not significantly different in the MLE + CTX
group (p>0.05).

IL-10 and IFN-y gene expression results in jejunum showed
that IL-10 and IFN-y levels of the MC group were highly
significantly lower than NC group (p <0.001), and IL-10 and
IFN-y levels of the MLP + CTX group were significantly higher
than MC group (p <0.001) and nearly returned to the level in NC
group, meanwhile, the expressions of IL-10 and IFN-y in
MLE+CTX group were significantly higher than those in MC
group (p<0.01). This conforms to serum measurements.

while
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3.7 Function of MLP in the intestinal flora
within immunosuppressed chicks

Cecal feces in D35 chicks were collected to conduct high-
throughput 16S rDNA gene sequencing analysis. First, rarefaction
curve analysis revealed the reasonability and reliability of sample
number and sequencing depth (Supplementary Figure S1). Alpha-
diversities were analyzed to determine microbial community
abundance and diversity. The results below were summarized by
various indexes for statistical analyses, including the sobs, chao,
Shannon, ace, and simpson. Of them, the sobs, chao and ace indexes
reflected community richness; as a result, CTX decreased microbial
richness within cecal samples in chicks, while MLP and MLE
alleviated the decrease in richness caused by CTX (p >0.05), implying
that MLP and MLE elevated intestinal microbial number; second, the
shannon and simpson indices indicated microbial community
diversity, and our results showed that MLP and MLE also elevated
microbial community diversity after treatment (Table 4).

Additionally, Dbeta-diversities were analyzed to examine
similarities and differences among sample communities. There is a
more obvious separation in the NC group compared with the MC
group, indicating a large difference between them; also observing the
relationship between the MLP and MLE groups and the NC group, it
can be found that the MLP group is closer to the NC group relative to
the MLE group (Figure 9).

The composition of the intestinal flora of the chicks was analyzed
in terms of phylum. As a result, Firmicutes and Bacteroidetes are the
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FIGURE 5
Effect of MLP on antioxidant enzymes in the serum of chicks. (A) Serum levels of SOD, (B) serum levels of CAT, (C) serum levels of GPx, (D) serum levels
of T-AOC, and (E) serum levels of MDA. Compared with the NC group, *p < 0.05, **p < 0.01, ***p <0.001; compared with the MC group, #p <0.05,
##p < 0.01, #¥p <0.001; compared with the NC group, ®p < 0.05, #*p <0.01, #¥¥p < 0.001.

two most dominant phyla in microflora. Relative to the MC group, the
MLP and MLE groups tended more toward the NC group, with some
recovery of several phylum levels. Further analysis revealed that both
the MLP and MLE groups increased the proportion of Firmicutes,
Verrucomicrobiota, and Actinobacteriota (p>0.05) and reduced that
of Bacteroidota and Proteobacteria (p>0.05) in comparison with the
MC group (Figure 10E).

Chick intestinal flora were compared at a genus level; as a result,
after CTX treatment,
unclassified_f_Peptostreptococcaceae, Anaerofustis, uncultured f
Peptococcaceae, Family XIII_UCG-001, norank_f_Erysipelotrichaceae,
Eubacterium_nodatum_group, and Lachnospiraceae_FCS020_group,
eight bacterial genera, markedly decreased (p<0.05), while
Staphylococcus bacterial counts markedly increased (p<0.05).
Compared with the MC group: after MLP treatment, the intestinal
proportions of Anaerotruncus, Ruminococcus_gauvreauii_group and
Paludicola significantly elevated in the MLP group (p <0.05); following
MLE treatment, Subdoligranulum, DTU089, Paludicola,
Lachnospiraceae_FCS020_group, and Lachnospiraceae_UCG-010 were
significantly higher (p<0.05), and Limosilactobacillus, Romboutsia,
Turicibacter, and Hydrogenoanaerobacterium, Marvinbryantia, and

chick intestinal flora of Akkermansia,

unclassified_c_Bacilli were significantly lower (p <0.05). In conclusion,
mulberry leaf polysaccharides and aqueous extracts can improve the
intestinal flora disorder caused by CTX to some extent (Figures 10A-D).

As shown in Figure 11, in the NC group c_Verrucomicrobiae,
g Akkermansia,

f Akkermansiaceae, p_Verrucomicrobiota,

o_Verrucomicrobiales, and Peptostreptococcales-Tissierellales have
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increased LDA scores, indicating their higher OUT of the NC group; for
the MC group, the high LDA scores are for g Marvinbryantia,
g Hydrogenoanaerobacterium, and f norank_o_Oscillospirales These
three species indicate that these three species are more susceptible to CTX
stimulation; in terms of feeding MLP, g_Anaerotruncus has the highest
score; in terms of feeding MLE, c_Clostridia, p_Firmicutes,
f Ruminococcaceae, g_Subdoligranulum, g_Lachnospiraceae_UCG-010,
g DTU089, and g_Paludicola, seven species had higher scores. It indicates
that MLP can mitigate CTX-mediated immunosuppression through
elevating the intestinal abundance of Anaerotruncus.

4 Discussion

Modern industrial poultry farming is very large, so the growth
performance of poultry is the fundamental guarantee of the benefits
generated by the farming industry. It has been shown that a variety of
polysaccharides have the function of enhancing the growth
performance of poultry; for example, adding LBP to the diet can
enhance growth performance, digestive enzyme activity, and
immunity of broilers (Long et al., 2020). In addition, we are examining
the effect of both MLP and MLE as a whole for feed additives on
chicks and therefore take a common dose of 0.25%. Moreover, the
selection of the 0.25% addition amount is determined by the results of
the previous preliminary experiment, and the methods and results of
the preliminary experiment have been supplemented in the
Supplementary material. In this experiment, we first verified whether
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FIGURE 6
Effect of MLP on the histological structure of the jejunum of the chick.

MLP can promote growth performance in chickens. According to the
results, adding 0.25% MLP to the diet could significantly improve the
ADF of chicks in all periods, but it did not significantly affect AFD in
chickens. In terms of feed conversion ratio, MLP could significantly
reduce the feed-to-meat ratio of chicks in all periods. CTX injections
in chicks resulted in lower average daily weight gain (Cui et al., 2022)
and growth performance (Liu et al., 2021). Dietary patterns not only
affect weight, but also bone density (Chen et al., 2015). In the present
study, growth performance in chicks of the MC group decreased
dramatically compared with the NC group, mainly in terms of ADG
and ADFI, while the addition of 0.25% MLP in the feed significantly
increased the ADG and decreased the FCR of chicks, which shows
that MLP promotes growth in chicks in the immunosuppressed state
of chicks.

Immune activity is often considered one of the most
important defenses against bacterial-viral infections, cancer
invasion, or inflammation (Zhu et al., 2016; Li et al., 2019; Qu
et al., 2022). The central immune organs include the bursa and
thymus, which have a decisive and dominant effect on peripheral
lymphoid organ development (Shirani et al., 2015). In some
studies, certain natural plant-derived polysaccharide components
have the ability to enhance the immune organ index in chickens
(Fan et al., 2013; Cui et al., 2022). We found experimentally that
CTX extremely markedly reduced the immune organ index in
chickens, indicating that the model we established was successful.
Meanwhile, the immune organ damage was alleviated by adding
MLP and MLE to the feed, but MLE was not as effective as MLP,
indicating that MLP promotes immune function in chickens
through stimulation of their immune organs.

Frontiers in Microbiology

Cytokines are highly active multi-kinetic protein-peptide
molecules produced via immune cells and other related cells, which
mainly mediate and regulate the immune response and inflammatory
reaction and are involved in tissue repair, among others (Schoenaker
et al., 2018). According to the previous articles, some plant-derived
polysaccharides mitigate CTX-mediated immunosuppression through
immune cell activation, thus promoting cytokine secretion
(Zhou et al,, 2018; Yang et al,, 2021; Zhou et al., 2022). In this study,
MLP modulates immunosuppression of chicks through elevating
these six cytokine levels, conforming to prior results. Additionally,
we examined cytokine secretion in the group without CTX injection,
and interestingly, MLP reduced IL-1p, IL-6, and TNF-« secretion
compared with the NC group, but those in the MC group significantly
increased; it elevated IL-10, IFN-y, and IgG secretion. The possible
reason is that MLP can also regulate the secretion of serum cytokines
in chicks to enhance the immunity and anti-inflammatory ability of
the organism in the absence of immunosuppression (Zhang et al.,
2018). Combining these findings, MLP can enhance cytokine
production to alleviate immunosuppression caused by CTX to
regulate the systemic immune response.

CTX is capable of causing oxidative stress in the body, after
oxidative stress, the antioxidant defense system of the body is disrupted
(Has et al., 2019; Zhu et al,, 2022). Exogenous dietary additives and
ingredients may affect growth performance and antioxidation in
animals (Ma et al., 2021; Chen JY et al., 2022; Chen FM et al., 2022). It
has been demonstrated that Amaranthus polysaccharides can alleviate
CTX-induced oxidative stress in mice (Niu et al., 2020) and enhance
the antioxidant enzyme activities of mice in an immunosuppressed
state. It has been demonstrated that Mulberry leaf polysaccharides have
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FIGURE 7
Effect of MLP on the intestinal morphology of chicks. (A) Villus height, (B) crypt depth, (C) intestinal wall thickness, and (D) villus height/crypt depth.
Compared with the NC group, *p < 0.05, **p < 0.01, ***p <0.001; compared with the MC group, #p <0.05, #p < 0.01, #¥p <0.001.

strong in vitro antioxidant effects (Yuan et al.,, 2015; Zhang et al., 2016),
so this study analyzed how MLP affected CTX-mediated oxidative
stress; as a result, antioxidant enzyme activities in serum were
remarkably decreased, while MDA content evidently increased in the
MC group, while antioxidant enzyme levels within the serum were
higher and MDA level was significantly lower after our MLP treatment,
our findings are consistent with previous studies showing that
polysaccharides boost antioxidant capacity.

The intestinal mucosal barrier generally refers to the normal
intestine having and perfect functional isolation zone that separates
the interior of the intestine from the internal environment of the
organism, preventing the invasion of pathogenic bacteria, toxic or
carcinogenic substances, keeping the internal environment of the
organism stable (Bai et al., 2020; Sha et al., 2021) and enabling the
maintenance of the collective normal life activities. Dietary nutrients
can affect animal small intestine morphology (Chen et al., 2019). An
imbalance of gut microbiota-other factor interaction may break the
intestinal mucosal homeostasis (Luo et al., 2022). The intestinal
epithelial barrier is the first-line defense between the lumen and the
host, and if damaged, it may lead to intestinal disorders like
inflammation (Wu et al., 2020). According to our results, the
intestinal mucosal integrity of chicks was disrupted after CTX

Frontiers in Microbiology

injection and the long villi became disorganized and flaccid. After
MLP intervention, the morphology of the intestine was changed and
the pathological damage was attenuated, indicating that MLP could
improve CTX-induced intestinal damage. The intestinal villi and
crypt account for critical indexes for describing intestinal function
and morphology. This shows that both MLP and MLE significantly
affect CTX-mediated intestinal injury, and both can protect
intestinal mucosal function by regulating jejunal injury and
restoring intestinal absorption and digestive abilities, conforming to
previous findings by Cui et al. (2022) and Zhou et al. (2021).
Intestinal tight junction proteins are crucial for keeping intestinal
integrity and permeability, with the main function of closing the
epithelial cell gap (Schoultz and Keita, 2019). MUC2 represents the
intestinal-type mucin produced via cupped cells that forms intestinal
mucus while resisting bacterial destruction (Cai et al., 2021).
Additionally, defective epithelial MyD88 signaling targeting has been
reported to lead to increased mucus-related bacterial number and
decreased MUC2 levels (Frantz et al., 2012). Polysaccharides are found
to restore CTX into intestinal mucosal injury through regulating
intestinal tight junction proteins, for example, Ganoderma lucidum
polysaccharides (Ying et al., 2020), Cordyceps polysaccharides (Ying
et al., 2020), and Oxaliplatin polysaccharides (Chen et al., 2021)
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FIGURE 8
Effect of MLP on the expression of jejunum-related genes. (A) Expression of ZO-1, (B) expression of Occludin, (C) expression of MUC2, (D) expression
of TLR4, (E) expression of MyD88, (F) expression of NF-kB, (G) expression of IL-10, and (H) expression of IFN-y. Compared with the NC group,
*p<0.05, **p<0.01, ***p <0.001; compared with the MC group, #p <0.05, #p < 0.01, *#p <0.001.

TABLE 4 «-Diversity indices of gut microbiota in each group.

Groups NC MC MLP + CTX MLE + CTX p-value
sobs 456.8+57.89 401.7+149.1 413.7 +£82.42 427.2+54.99 0.8479
chao 513.9£50.31 472311723 471.8+98.03 492.3+55.58 0.7867
shannon 3.613+0.4203 3.326+0.882 3.691£0.278 3.699+0.2938 0.9204
ace 528.2+53.12 464.5£177.3 47241002 498.4+54.88 0.6823
simpson 0.0827£0.037 0.1215£0.1093 0.0652£0.013 0.0644%0.022 0.6106

Data are expressed as mean +SD. #p <0.05, **p <0.01, **#p <0.001 compared with the NC group. “p <0.05, compared with MC.
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FIGURE 9
PCoA of intestinal microorganisms in chicks (A) NCvsMC, (B) MCvsMLP, (C) MCvsMLE, (D) NCvsMLP, and (E) NCvsMLE.

reversed intestinal damage by upregulating intestinal tight junction
proteins. In the present study, we showed that both MLP and MLE
treatment could upregulate MUC2, Occludin, and ZO-1 proteins
within the jejunum in chickens after CTX injection, indicating that
MLP and MLE can be important for CTX-mediated intestinal mucosal
injury. Interestingly, MLP and MLE also remarkably upregulated
MUC2, Occludin, and ZO-1 in the group without CTX injection,
Occludin, and ZO-1 expression, revealing that MLP and MLE can
increase intestinal permeability and digestive absorption through
upregulation of MUC2, Occludin and ZO-1 expression, which is
related to relationship with growth performance that we previously
examined. In addition, we examined IL-10 and IFN-y levels within
chicken jejunum, and our results were consistent with those of our
previously examined serum, suggesting that MLP also promotes
immune cytokine generation via the intestinal immune system
through upregulating IL-10 and IFN-y expression. Therefore, these
cytokines can migrate to the spleen and peripheral lymph nodes,
thereby triggering systemic immunity.

The Toll-like receptor (TLR) family has received wide attention
as the possible regulatory factors and controllers for immunity by
recognizing pathogen-associated molecular patterns (Zuany-Amorim
et al, 2002). TLRs are crucial for immune cell regulation,
proliferation, and survival, which exert a critical effect on intestinal
immunity (Dong et al., 2019). TLRs and glycosyl ligands can bind to
and signal MyD88, thereby activating the NF-B pathway while
inducing cytokine production, finally stimulating immunity (Zhu
et al., 2013; Zhou et al.,, 2020). It has been demonstrated that the
ability of polysaccharides to modulate immunity is linked to TLR4-
mediated signaling pathways and that Spatholobi
polysaccharide promotes the increased TLR4, MyD88, and NF-xB
levels, key immune signals in the intestine, restoring immune

Caulis
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performance (Cui et al., 2022), and it has also been shown that
Millettia Speciosa Champ polysaccharide modulate immune
performance in mice through TLR4-induced MyD88 pathway
activation (Chen et al., 2021). In this study, CTX caused decreased
TLR4, MyD88, and NF-kB levels after CTX injection, and
we observed that MLP could significantly upregulate TLR4, MyD88,
and NF-kB of the MC group. In conclusion: MLP can upregulate
intestinal tight junction protein, upregulate TLR4, MyD88, and
NE-kB gene expression, and regulate intestinal immunity, thereby
protecting the intestinal mucosal barrier while promoting growth.
With the continuous advancement of sequencing technology,
we have the opportunity to conduct in-depth research on how
dietary alterations affect animal intestinal microbiomes (He et al.,
2020; Wang et al., 2022; Chen et al., 2023; Liu et al., 2023). The
intestinal microbial milieu has a critical effect on the organism,
mainly on inhibiting pathogenic microbial colonization, keeping
intestinal epithelial integrity, regulating host organism immunity,
and modulating innate immunity. It has been shown that natural
plant-derived polysaccharide active ingredients promote
immunity through the continuous stimulation of host immunity,
thus stimulating changes in the flora to activate the immune
response (Zhou et al, 2021); for example, Cordyceps
polysaccharides elevate probiotic bacterial abundances in the
intestine and decrease pathogenic bacterial production, thus
alleviating the side effects associated with CTX (Frantz et al,,
2012). First, higher bacterial diversity in the gut usually implies
a more stable microbial community in the ‘gut of the organism,
with a richer microbial community, thus maintaining the health
status of the animal organism by suppressing pathogen
colonization and maintaining immune homeostasis (Elson and

Cong, 2012). In the present study, microbial abundance and
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diversity in the cecum of chicks were reduced after CTX injection,
which is consistent with previous studies (Zheng et al., 2022), and
were alleviated after MLP and MLE feeding interventions,
indicating that dietary MLP and MLE efficiently avoid the
reduced bacterial abundance and diversity resulting from
CTX. The p-diversity analysis showed that CTX injection
significantly altered the microbial community structure, while
the dietary MLP resulted in a more convergent microbial
community structure toward the NC group, suggesting that MLP
can regulate the gut microbial community toward normal levels.
To verify this hypothesis, we also examined the alterations of gut
microbial composition and specific taxa.

Changing dietary formulas may cause changes in animal gut
microbial composition and affect digestion activity (Ji et al., 2019; Wang
etal, 2022). We analyzed the MLP and MLE to comparatively analyze
intestinal flora at diverse taxonomic levels (phylum and genus levels).
At the phylum level, Firmicutes and Bacteroidetes represent phyla with
the highest abundances, which use polysaccharides to produce
carbohydrate-active enzymes. According to this study, Bacteroidota had
an elevated relative abundance of the MC group relative to the NC
group, which indicates that Bacteroidetes may use CTX to produce
immunosuppression in chicks (Nawaz et al., 2018). In contrast, after
feeding MLP and MLE, the Firmicutes, Verrucomicrobiota, and
Actinobacteriota percentages increased, whereas Bacteroidota and
Proteobacteria percentage decreased in comparison with the MC
group, and it has been shown that Firmicutes enhances protein
digestion and absorption of animal organism (Janczyk et al., 2009) and
can break down the polysaccharide components of plant species, while
Verrucomicrobiota can effectively enhance the intestinal immunity in
animal organisms (Kong et al., 2020). MLP and MLE enhance the
immunity of the intestine of an organism mainly by increasing intestinal
Firmicutes and Verrucomicrobiota percentages.

We also analyzed differences in intestinal flora at a genus levela.
First, after CTX treatment, altogether eight bacterial genera
significantly decreased and one bacterial genus significantly increased,
and Staphylococcus apparently elevated of the MC group, suggesting
that after CTX administration to the chicks, the immunity of the chicks
is reduced, allowing a large invasion of Staphylococcus, which can
cause the organism to trigger and promote an inflammatory response.
The major bacterial genus Akkermansia was significantly reduced,
Akkermansia is a beneficial intestinal bacterium that effectively reduces
the level of inflammation in the intestine and gradually decreases with
the progression of enteritis (Pope et al., 2012). After MLP feeding,
Anaerotruncus spp. increased significantly, and it has been shown that
Anaerotruncus promotes the production of butyric acid (Derrien et al.,
2011); butyric acid mainly functions in maintaining intestinal cell
stability and protecting them from external pathogens; therefore, the
increased abundance of Anaerotruncus causes the organism to produce
more butyric acid to protect the intestinal cells. This was followed by a
significant rise in the genus Ruminococcus_gauvreauii_group. It has
been demonstrated that Ruminococcus has highly complex and
specific enzymes that have the ability to digest a variety of enzymes,
such as cellulase and amylase, and MLP increased the abundance of
Ruminococcus, suggesting that MLP enhances digestive enzyme
activities through elevating Ruminococcus abundance, which may
be associated with capacity of MLP of increasing chick growth
performance. First, the MLE group compared with the MC group
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Subdoligranulum Paludicola was significantly enriched and it has been
shown that this species of bacteria produces butyrate, which can help
reduce the risk of colon cancer in the organism through promoting
intestinal barrier and organism immunity (Zhao et al., 2021). Two
genera Lachnospiraceae_FCS020_group, Lachnospiraceae_UCG-010
belong to the genus Trichoderma, represent possible beneficial bacteria
related to the metabolism of various carbohydrates, and fermentation
can promote acetic acid and butyric acid generation, which provides a
major energy source of the host (Suen et al., 2011). Secondly, compared
with the MC group, the abundance of six bacteria in the MLE group
significantly decreased, while the abundance of the pathogenic
bacterium Romboutsia significantly decreased after feeding with MLE,
which is consistent with previous research results (Le Roy et al., 2022).
In conclusion, MLP and MLE can modulate chick intestinal flora by
regulating certain probiotic bacterial enrichment and reducing certain
harmful bacterial levels, thus regulating immunity.

5 Conclusion

In conclusion, MLP can restore the growth performance of chicks,
protect immune organs, promote production of serum cytokines and
immunoglobulins, and modulate humoral immunity of the body. MLP
contributes to enhancing the antioxidant capacity of chicks, repairing
injured intestinal mucosa, enhancing tight junction protein levels,
activating intestinal immune-related pathways, and regulating intestinal
immunity. In addition, MLP can increase the diversity of microbial
communities while regulating microbial community structure.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was approved by Committee on Ethics of
Animal Experiments of Guangxi University. The study was conducted
in accordance with the local legislation and institutional requirements.

Author contributions

MC: Formal analysis, Investigation, Methodology, Software,
Validation, Visualization, Writing — original draft. YS: Investigation,
Validation, Writing — review & editing. YC: Investigation, Writing —
review & editing. HH: Software, Supervision, Writing - review & editing.
SL: Investigation, Writing - review & editing. YX: Investigation, Writing
- review & editing. LH: Investigation, Writing — review & editing. SH:
Investigation, Writing — review & editing. YL: Investigation, Writing —
review & editing. FC: Investigation, Writing — review & editing. JL:
Supervision, Writing — review & editing. HS: Conceptualization, Funding
acquisition, Methodology, Project administration, Resources, Writing —
review & editing, Formal analysis.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1382639
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Cheng et al.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. The
present study was supported by Funds of the National Natural
Science Foundation of China (U22A20523); Central Guided
Local Science and Technological Development Foundation of
China (GuiKeJi 202355); the Guangxi University Innovation and
Entrepreneurship Training Program Project (5202210593208);
the Bama County Talent and Technology Program (20220017);
the Science and Technology Plan Project of Guangxi University
Fuxile Branch (20210008); and the Science and Technology Plan
Project of Guangxi University Fuxile Branch (20210003).

Acknowledgments

We thank the members of the Chinese Veterinarian Laboratory of
Guangxi University for their support of the experimental work.
We also thank Nanjing Boyan Biotech Co. for testing the
experimental data.

References

Ahlmann, M., and Hempel, G. (2016). The effect of cyclophosphamide on the immune
system: implications for clinical cancer therapy. Cancer Chemother. Pharmacol. 78,
661-671. doi: 10.1007/s00280-016-3152-1

Has, A. L., Alotaibi, M. E, Bin-Jumah, M., Elgebaly, H., and Mahmoud, A. M. (2019).
Olea europaea leaf extract up-regulates Nrf2/ARE/HO-1 signaling and attenuates
cyclophosphamide-induced oxidative stress, inflammation and apoptosis in rat kidney.
Biomed. Pharmacother. 111, 676-685. doi: 10.1016/j.biopha.2018.12.112

Bai, Y., Huang, E, Zhang, R., Dong, L., Jia, X., and Liu, L. (2020). Longan pulp
polysaccharides relieve intestinal injury in vivo and in vitro by promoting tight junction
expression. Carbohydr. Polym. 229:et al.:115475. doi: 10.1016/j.carbpol.2019.115475

Cai, G., Wu, Y,, Wusiman, A., Gu, P, Mao, N,, Xu, S,, et al. (2021). Alhagi honey
polysaccharides attenuate intestinal injury and immune suppression in
cyclophosphamide-induced mice. Food Funct. 12, 6863-6877. doi: 10.1039/d1fo01008e

Chen, J. Y,, Chen, E M., Peng, S. M., Ou, Y. ], He, B. S,, Li, Y. H,, et al. (2022). Effects
of Artemisia argyi powder on egg quality, antioxidant capacity, and intestinal
development of Roman laying hens. Front. Physiol. 13:13. doi: 10.3389/fphys.2022.902568

Chen, E M., He, J. Y., Wang, X, Lv, T, Liu, C. ], Liao, L. P, et al. (2022). Effect of
dietary ramie powder at various levels on the growth performance, meat quality, serum
biochemical indices and Antioxidative capacity of Yanling white geese. Animals 12:45.
doi: 10.3390/ani12162045

Chen, X, Sun, W,, Xu, B., Wu, E,, Cui, Y., Hao, K., et al. (2021). Polysaccharides from
the roots of Millettia speciosa champ modulate gut health and ameliorate
cyclophosphamide-induced intestinal injury and immunosuppression. Front. Immunol.
12:766296. doi: 10.3389/fimmu.2021.766296

Chen, C., Wang, Z., Li, ], Li, Y., Huang, P, Ding, X, et al. (2019). Dietary vitamin E
affects small intestinal histomorphology, digestive enzyme activity, and the expression
of nutrient transporters by inhibiting proliferation of intestinal epithelial cells within
jejunum in weaned pigletsl. J. Anim. Sci. 97, 1212-1221. doi: 10.1093/jas/skz023

Chen, E, Wang, Y., Wang, K., Chen, J,, Jin, K., Peng, K., et al. (2023). Effects of Litsea
cubeba essential oil on growth performance, blood antioxidation, immune function,
apparent digestibility of nutrients, and fecal microflora of pigs. Front. Pharmacol.
14:1166022. doi: 10.3389/fphar.2023.1166022

Chen, Y, Xiang, J., Wang, Z., Xiao, Y., Zhang, D., Chen, X, et al. (2015). Associations
of bone mineral density with lean mass, fat mass, and dietary patterns in postmenopausal
Chinese women: a 2-year prospective study. PLoS One 10:¢0137097. doi: 10.1371/
journal.pone.0137097

Cui, Y., Sun, W, Li, Q,, Wang, K., Wang, Y,, Lv, E, et al. (2022). Effects of caulis
Spatholobi polysaccharide on immunity, intestinal mucosal barrier function, and
intestinal microbiota in cyclophosphamide-induced immunosuppressive chickens.
Front. Vet. Sci. 9:833842. doi: 10.3389/fvets.2022.833842

Deng, Q,, Shao, Y., Wang, Q,, Li, ], Li, Y, Ding, X., et al. (2021). Effects and interaction
of dietary electrolyte balance and citric acid on growth performance, intestinal
histomorphology, digestive enzyme activity and nutrient transporters expression of
weaned piglets. ] Anim Physiol Anim Nutr (Berl) 105, 272-285. doi: 10.1111/jpn.13491

Frontiers in Microbiology

10.3389/fmicb.2024.1382639

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1382639/
full#supplementary-material

Derrien, M., Van Baarlen, P, Hooiveld, G., Norin, E., Miiller, M., and de Vos, W. M.
(2011). Modulation of mucosal immune response, tolerance, and proliferation in mice
colonized by the mucin-degrader Akkermansia muciniphila. Front. Microbiol. 2:166. doi:
10.3389/fmicb.2011.00166

Dong, N, Xu, X., Xue, C., Wang, C., Li, X., Shan, A, et al. (2019). Ethyl pyruvate
protects against Salmonella intestinal infection in mice through down-regulation of
pro-inflammatory factors and inhibition of TLR4/MAPK pathway. Int.
Immunopharmacol. 71, 155-163. doi: 10.1016/j.intimp.2019.03.019

Duncan, M., and Grant, G. (2003). Oral and intestinal mucositis - causes and possible
treatments. Aliment. Pharmacol. Ther. 18,853-874. doi: 10.1046/j.1365-2036.2003.01784.x

Elson, C. O., and Cong, Y. (2012). Host-microbiota interactions in inflammatory
bowel disease. Gut Microbes 3, 332-344. doi: 10.4161/gmic.20228

Emadi, A., Jones, R. J., and Brodsky, R. A. (2009). Cyclophosphamide and cancer:
golden anniversary. Nat. Rev. Clin. Oncol. 6, 638-647. doi: 10.1038/nrclinonc.2009.146

Fan, Y, Lu, Y., Wang, D,, Liu, J., Song, X., Zhang, W, et al. (2013). Effect of epimedium
polysaccharide-propolis flavone immunopotentiator on immunosuppression induced
by cyclophosphamide in chickens. Cell. Immunol. 281, 37-43. doi: 10.1016/j.
cellimm.2013.01.008

Frantz, A. L., Rogier, E. W,, Weber, C. R., Shen, L., Cohen, D. A,, Fenton, L. A,, et al.
(2012). Targeted deletion of MyD88 in intestinal epithelial cells results in compromised
antibacterial immunity associated with downregulation of polymeric immunoglobulin
receptor, mucin-2, and antibacterial peptides. Mucosal Immunol. 5, 501-512. doi:
10.1038/mi.2012.23

Fussell, L. W. (1998). Poultry industry strategies for control of immunosuppressive
diseases. Poult. Sci. 77, 1193-1196. doi: 10.1093/ps/77.8.1193

He, B., Zhy, R,, Yang, H., Lu, Q.,, Wang, W,, Song, L., et al. (2020). Assessing the impact
of data preprocessing on analyzing next generation sequencing data. Front. Bioeng.
Biotechnol. 8:817. doi: 10.3389/fbioe.2020.00817

Hoerr, E J. (2010). Clinical aspects of immunosuppression in poultry. Avian Dis. 54,
2-15. doi: 10.1637/8909-043009-Review.1

Jahanian, R., and Rasouli, E. (2015). Dietary chromium methionine supplementation
could alleviate immunosuppressive effects of heat stress in broiler chicks. J. Anim. Sci.
93, 3355-3363. doi: 10.2527/jas.2014-8807

Janczyk, P, Halle, B., and Souffrant, W. B. (2009). Microbial community composition
of the crop and ceca contents of laying hens fed diets supplemented with Chlorella
vulgaris. Poult. Sci. 88, 2324-2332. doi: 10.3382/ps.2009-00250

Jang, Y. J., Kim, W. K., Han, D. H,, Lee, K., and Ko, G. (2019). Lactobacillus fermentum
species ameliorate dextran sulfate sodium-induced colitis by regulating the immune
response and altering gut microbiota. Gut Microbes 10, 696-711. doi:
10.1080/19490976.2019.1589281

Ji, E J., Wang, L. X,, Yang, H. S., Hu, A., and Yin, Y. L. (2019). Review: the roles and
functions of glutamine on intestinal health and performance of weaning pigs. Animal
13, 2727-2735. doi: 10.1017/S1751731119001800

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1382639
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1382639/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1382639/full#supplementary-material
https://doi.org/10.1007/s00280-016-3152-1
https://doi.org/10.1016/j.biopha.2018.12.112
https://doi.org/10.1016/j.carbpol.2019.115475
https://doi.org/10.1039/d1fo01008e
https://doi.org/10.3389/fphys.2022.902568
https://doi.org/10.3390/ani12162045
https://doi.org/10.3389/fimmu.2021.766296
https://doi.org/10.1093/jas/skz023
https://doi.org/10.3389/fphar.2023.1166022
https://doi.org/10.1371/journal.pone.0137097
https://doi.org/10.1371/journal.pone.0137097
https://doi.org/10.3389/fvets.2022.833842
https://doi.org/10.1111/jpn.13491
https://doi.org/10.3389/fmicb.2011.00166
https://doi.org/10.1016/j.intimp.2019.03.019
https://doi.org/10.1046/j.1365-2036.2003.01784.x
https://doi.org/10.4161/gmic.20228
https://doi.org/10.1038/nrclinonc.2009.146
https://doi.org/10.1016/j.cellimm.2013.01.008
https://doi.org/10.1016/j.cellimm.2013.01.008
https://doi.org/10.1038/mi.2012.23
https://doi.org/10.1093/ps/77.8.1193
https://doi.org/10.3389/fbioe.2020.00817
https://doi.org/10.1637/8909-043009-Review.1
https://doi.org/10.2527/jas.2014-8807
https://doi.org/10.3382/ps.2009-00250
https://doi.org/10.1080/19490976.2019.1589281
https://doi.org/10.1017/S1751731119001800

Cheng et al.

Kong, X., Duan, W,, Li, D,, Tang, X., and Duan, Z. (2020). Effects of polysaccharides
from Auricularia auricula on the immuno-stimulatory activity and gut microbiota in
immunosuppressed mice induced by cyclophosphamide. Front. Immunol. 11:595700.
doi: 10.3389/fimmu.2020.595700

Kong, X., Hu, Y., Rui, R., Wang, D., and Li, X. (2004). Effects of Chinese herbal
medicinal ingredients on peripheral lymphocyte proliferation and serum antibody titer
after vaccination in chicken. Int. Immunopharmacol. 4, 975-982. doi: 10.1016/j.
intimp.2004.03.008

Le Roy, T., Moens de Hase, E., Van Hul, M., Paquot, A., Pelicaen, R., Régnier, M., et al.
(2022). Dysosmobacter welbionis is a newly isolated human commensal bacterium
preventing diet-induced obesity and metabolic disorders in mice. Gut 71, 534-543. doi:
10.1136/gutjnl-2020-323778

Li, J., Yin, L., Wang, L., Li, ., Huang, P, Yang, H., et al. (2019). Effects of vitamin B6
on growth, diarrhea rate, intestinal morphology, function, and inflammatory factors
expression in a high-protein diet fed to weaned piglets1. J. Anim. Sci. 97, 4865-4874. doi:
10.1093/jas/skz338

Liu, Y. S., Li, S., Wang, X. E, Xing, T, Li, J. L., Zhu, X. D, et al. (2021). Microbiota
populations and short-chain fatty acids production in cecum of immunosuppressed
broilers consuming diets containing y-irradiated Astragalus polysaccharides. Poult. Sci.
100, 273-282. doi: 10.1016/j.psj.2020.09.089

Liu, S., Wang, K., Lin, S., Zhang, Z., Cheng, M., Hu, S., et al. (2023). Comparison of
the effects between tannins extracted from different natural plants on growth
performance, antioxidant capacity, immunity, and intestinal flora of broiler chickens.
Antioxidants (Basel) 12:441. doi: 10.3390/antiox12020441

Long, L. N, Kang, B. ], Jiang, Q., and Chen, J. S. (2020). Effects of dietary Lycium
barbarum polysaccharides on growth performance, digestive enzyme activities,
antioxidant status, and immunity of broiler chickens. Poult. Sci. 99, 744-751. doi:
10.1016/j.psj.2019.10.043

Luo, W. W, Tian, L., Tan, B., Shen, Z. H., Xiao, M. W,, Wu, S,, et al. (2022). Update:
innate lymphoid cells in inflammatory bowel disease. Dig. Dis. Sci. 67, 56-66. doi:
10.1007/s10620-021-06831-8

Ma, W. J., Wei, S. S., Peng, W. ], Sun, T. L., Huang, J. H,, Yu, R, et al. (2021).
Antioxidant effect of Polygonatum sibiricum polysaccharides in D-galactose-induced
heart aging mice. Biomed. Res. Int. 2021, 1-8. doi: 10.1155/2021/6688855

Nawaz, A., Bakhsh Javaid, A., Irshad, S., Hoseinifar, S. H., and Xiong, H. (2018). The
functionality of prebiotics as immunostimulant: evidences from trials on terrestrial and
aquatic animals. Fish Shellfish Immunol. 76, 272-278. doi: 10.1016/j.fs1.2018.03.004

Niu, Y., Dong, J., Jiang, H., Wang, J., Liu, Z., Ma, C,, et al. (2020). Effects of
polysaccharide from Malus halliana koehne flowers in cyclophosphamide-induced
immunosuppression and oxidative stress on mice. Oxidative Med. Cell. Longev.
2020:1603735. doi: 10.1155/2020/1603735

Pope, P. B., Mackenzie, A. K., Gregor, L., Smith, W,, Sundset, M. A., McHardy, A. C,, et al.
(2012). Metagenomics of the Svalbard reindeer rumen microbiome reveals abundance of
polysaccharide utilization loci. PLoS One 7:¢38571. doi: 10.1371/journal.pone.0038571

Qu, D, Hu, H,, Lian, S., Sun, W,, and Si, H. (2022). The protective effects of three
polysaccharides from Abrus cantoniensis against cyclophosphamide-induced
immunosuppression and oxidative damage. Front. Vet. Sci. 9:870042. doi: 10.3389/
fvets.2022.870042

Schoenaker, M. H. D., Henriet, S. S., Zonderland, ], van Deuren, M.,
Pan-Hammarstrom, Q., Posthumus-van Sluijs, S. J., et al. (2018). Immunodeficiency in
bloom's syndrome. J. Clin. Immunol. 38, 35-44. doi: 10.1007/s10875-017-0454-y

Schoultz, 1., and Keita, A. V. (2019). Cellular and molecular therapeutic targets in
inflammatory bowel disease-focusing on intestinal barrier function. Cells 8:193. doi:
10.3390/cells8020193

Sha, Z., Shang, H., Miao, Y., Huang, J., Niu, X., Chen, R., et al. (2021). Polysaccharides
from Pinus massoniana pollen improve intestinal mucosal immunity in chickens. Poult.
Sci. 100, 507-516. doi: 10.1016/j.psj.2020.09.015

Shini, S., Huff, G. R,, Shini, A, and Kaiser, P. (2010). Understanding stress-induced

immunosuppression: exploration of cytokine and chemokine gene profiles in chicken
peripheral leukocytes. Poult. Sci. 89, 841-851. doi: 10.3382/ps.2009-00483

Shirani, K., Hassani, F. V., Razavi-Azarkhiavi, K., Heidari, S., Zanjani, B. R., and
Karimi, G. (2015). Phytotrapy of cyclophosphamide-induced immunosuppression.
Environ. Toxicol. Pharmacol. 39, 1262-1275. doi: 10.1016/j.etap.2015.04.012

Shu, G., Xu, D., Zhao, J., Yin, L., Lin, J., Fu, H., et al. (2021). Protective effect of
Polygonatum  sibiricum  polysaccharide ~ on  cyclophosphamide-induced
immunosuppression in chickens. Res. Vet. Sci. 135, 96-105. doi: 10.1016/j.rvsc.2020.12.025

Suen, G., Stevenson, D. M., Bruce, D. C., Chertkov, O., Copeland, A., Cheng, J. F, et al.
(2011). Complete genome of the cellulolytic ruminal bacterium Ruminococcus albus 7.
J. Bacteriol. 193, 5574-5575. doi: 10.1128/jb.05621-11

Walker, E. M., Thompson, C. A., and Battle, M. A. (2014). GATA4 and GATA6
regulate intestinal epithelial cytodifferentiation during development. Dev. Biol. 392,
283-294. doi: 10.1016/j.ydbio.2014.05.017

Wang, H., Hu, C,, Cheng, C,, Cui, ], Ji, Y., Hao, X,, et al. (2019). Unraveling the
association of fecal microbiota and oxidative stress with stillbirth rate of sows.
Theriogenology 136, 131-137. doi: 10.1016/j.theriogenology.2019.06.028

Frontiers in Microbiology

10.3389/fmicb.2024.1382639

Wang, K., Ma, ], Li, Y., Han, Q,, Yin, Z., Zhou, M., et al. (2022). Effects of essential oil
extracted from Artemisia argyi leaf on lipid metabolism and gut microbiota in high-fat
diet-fed mice. Front. Nutr. 9:24722. doi: 10.3389/fnut.2022.1024722

Wang, K., Zhou, M., Gong, X., Zhou, Y, Chen, J., Ma, ], et al. (2022). Starch-protein
interaction effects on lipid metabolism and gut microbes in host. Front. Nutr. 9:9. doi:
10.3389/fnut.2022.1018026

Wu, E, Guo, X,, Zhang, J., Zhang, M., Ou, Z.,and Peng, Y. (2017). Phascolarctobacterium
faecium abundant colonization in human gastrointestinal tract. Exp. Ther. Med. 14,
3122-3126. doi: 10.3892/etm.2017.4878

Wu, ], He, C,, By, J,, Luo, Y, Yang, S., Ye, C,, et al. (2020). Betaine attenuates LPS-
induced downregulation of Occludin and Claudin-1 and restores intestinal barrier
function. BMC Vet. Res. 16:75. doi: 10.1186/s12917-020-02298-3

Yang, S., Shan, C., Ma, X, Qin, Y,, Ju, A., Duan, A,, et al. (2021). Inmunomodulatory
effect of Acanthopanax senticosus polysaccharide on immunosuppressed chickens. Poult.
Sci. 100, 623-630. doi: 10.1016/j.psj.2020.11.059

Yin, L., Li, ., Wang, H., Yi, Z., Wang, L., Zhang, S., et al. (2020). Effects of vitamin B6
on the growth performance, intestinal morphology, and gene expression in weaned
piglets that are fed a low-protein diet1. J. Anim. Sci. 98:skaa022. doi: 10.1093/jas/skaa022

Ying, M., Yu, Q., Zheng, B., Wang, H., Wang, J., Chen, S., et al. (2020). Cultured
Cordyceps sinensis polysaccharides modulate intestinal mucosal immunity and gut
microbiota in cyclophosphamide-treated mice. Carbohydr. Polym. 235:115957. doi:
10.1016/j.carbpol.2020.115957

Ying, M., Zheng, B., Yu, Q., Hou, K., Wang, H., Zhao, M., et al. (2020). Ganoderma
atrum polysaccharide ameliorates intestinal mucosal dysfunction associated with
autophagy in immunosuppressed mice. Food Chem. Toxicol. 138:111244. doi: 10.1016/j.
fct.2020.111244

Yu, Y., Shen, M., Song, Q., and Xie, J. (2018). Biological activities and pharmaceutical
applications of polysaccharide from natural resources: a review. Carbohydr. Polym. 183,
91-101. doi: 10.1016/j.carbpol.2017.12.009

Yuan, Q., Xie, Y., Wang, W,, Yan, Y., Ye, H,, Jabbar, S, et al. (2015). Extraction
optimization, characterization and antioxidant activity in vitro of polysaccharides from
mulberry (Morus alba L.) leaves. Carbohydr. Polym. 128, 52-62. doi: 10.1016/j.
carbpol.2015.04.028

Zhang, C,, Li, C. X, Shao, Q., Chen, W. B, Ma, L., Xu, W. H,, et al. (2021). Effects of
Glycyrrhiza polysaccharide in diet on growth performance, serum antioxidant capacity,
and biochemistry of broilers. Poult. Sci. 100:100927. doi: 10.1016/j.psj.2020.12.025

Zhang, Y., Ren, C,, Lu, G., Mu, Z., Cui, W,, Gao, H,, et al. (2014). Anti-diabetic effect
of mulberry leaf polysaccharide by inhibiting pancreatic islet cell apoptosis and
ameliorating insulin secretory capacity in diabetic rats. Int. Immunopharmacol. 22,
248-257. doi: 10.1016/j.intimp.2014.06.039

Zhang, D. Y., Wan, Y., Xu, J. Y., Wu, G. H,, Li, L., and Yao, X. H. (2016). Ultrasound
extraction of polysaccharides from mulberry leaves and their effect on enhancing
antioxidant activity. Carbohydr. Polym. 137, 473-479. doi: 10.1016/j.carbpol.2015.11.016

Zhang, S., Wang, C., Sun, Y., Wang, G., Chen, H., Li, D, et al. (2018). Xylanase and
fermented polysaccharide of Hericium caputmedusae reduce pathogenic infection of
broilers by improving antioxidant and anti-inflammatory properties. Oxidative Med.
Cell. Longev. 2018:4296985. doi: 10.1155/2018/4296985

Zhao, S., Peng, X., Zhou, Q. Y., Huang, Y. Y., Rao, X,, Tu, J. L., et al. (2021). Bacillus
coagulans 13002 and fructo-oligosaccharides improve the immunity of mice with
immunosuppression induced by cyclophosphamide through modulating intestinal-
derived and fecal microbiota. Food Res. Int. 140:109793. doi: 10.1016/j.
foodres.2020.109793

Zhao, X., Yang, R,, Bi, Y., Bilal, M., Kuang, Z., Igbal, H. M. N,, et al. (2019). Effects of
dietary supplementation with mulberry (Morus alba L.) leaf polysaccharides on immune
parameters of weanling pigs. Animals (Basel) 10:35. doi: 10.3390/ani10010035

Zheng, Y., Li, S., Li, C,, Shao, Y., and Chen, A. (2022). Polysaccharides from spores of
cordyceps cicadae protect against cyclophosphamide-induced immunosuppression and
oxidative stress in mice. Food Secur. 11:515. doi: 10.3390/foods11040515

Zheng, Y., Zong, Z. M., Chen, S. L., Chen, A. H., and Wei, X. Y. (2017). Ameliorative
effect of Trametes orientalis polysaccharide against immunosuppression and oxidative
stress in cyclophosphamide-treated mice. Int. J. Biol. Macromol. 95, 1216-1222. doi:
10.1016/j.ijbiomac.2016.11.013

Zhou, Y., Chen, X,, Yi, R,, Li, G., Sun, P, Qian, Y,, et al. (2018). Immunomodulatory
effect of tremella  polysaccharides against  cyclophosphamide-induced
immunosuppression in mice. Molecules 23:239. doi: 10.3390/molecules23020239

Zhou, R., He, D, Xie, J., Zhou, Q., Zeng, H., Li, H,, et al. (2021). The synergistic effects
of polysaccharides and ginsenosides from American ginseng (Panax quinquefolius L.)
ameliorating cyclophosphamide-induced intestinal immune disorders and gut barrier
dysfunctions based on microbiome-metabolomics analysis. Front. Immunol. 12:665901.
doi: 10.3389/fimmu.2021.665901

Zhou, E, Lu, Y, Sun, T, Sun, L., Wang, B, Lu, ], et al. (2022). Antitumor effects of
polysaccharides from Tetrastigma hemsleyanum Diels et Gilg via regulation of intestinal
flora and enhancing immunomodulatory effects in vivo. Front. Immunol. 13:1009530.
doi: 10.3389/fimmu.2022.1009530

Zhou, Y., Ming, J., Deng, M., Li, Y., Li, B, Li, J., et al. (2020). Berberine-mediated up-
regulation of surfactant protein D facilitates cartilage repair by modulating immune

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1382639
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2020.595700
https://doi.org/10.1016/j.intimp.2004.03.008
https://doi.org/10.1016/j.intimp.2004.03.008
https://doi.org/10.1136/gutjnl-2020-323778
https://doi.org/10.1093/jas/skz338
https://doi.org/10.1016/j.psj.2020.09.089
https://doi.org/10.3390/antiox12020441
https://doi.org/10.1016/j.psj.2019.10.043
https://doi.org/10.1007/s10620-021-06831-8
https://doi.org/10.1155/2021/6688855
https://doi.org/10.1016/j.fsi.2018.03.004
https://doi.org/10.1155/2020/1603735
https://doi.org/10.1371/journal.pone.0038571
https://doi.org/10.3389/fvets.2022.870042
https://doi.org/10.3389/fvets.2022.870042
https://doi.org/10.1007/s10875-017-0454-y
https://doi.org/10.3390/cells8020193
https://doi.org/10.1016/j.psj.2020.09.015
https://doi.org/10.3382/ps.2009-00483
https://doi.org/10.1016/j.etap.2015.04.012
https://doi.org/10.1016/j.rvsc.2020.12.025
https://doi.org/10.1128/jb.05621-11
https://doi.org/10.1016/j.ydbio.2014.05.017
https://doi.org/10.1016/j.theriogenology.2019.06.028
https://doi.org/10.3389/fnut.2022.1024722
https://doi.org/10.3389/fnut.2022.1018026
https://doi.org/10.3892/etm.2017.4878
https://doi.org/10.1186/s12917-020-02298-3
https://doi.org/10.1016/j.psj.2020.11.059
https://doi.org/10.1093/jas/skaa022
https://doi.org/10.1016/j.carbpol.2020.115957
https://doi.org/10.1016/j.fct.2020.111244
https://doi.org/10.1016/j.fct.2020.111244
https://doi.org/10.1016/j.carbpol.2017.12.009
https://doi.org/10.1016/j.carbpol.2015.04.028
https://doi.org/10.1016/j.carbpol.2015.04.028
https://doi.org/10.1016/j.psj.2020.12.025
https://doi.org/10.1016/j.intimp.2014.06.039
https://doi.org/10.1016/j.carbpol.2015.11.016
https://doi.org/10.1155/2018/4296985
https://doi.org/10.1016/j.foodres.2020.109793
https://doi.org/10.1016/j.foodres.2020.109793
https://doi.org/10.3390/ani10010035
https://doi.org/10.3390/foods11040515
https://doi.org/10.1016/j.ijbiomac.2016.11.013
https://doi.org/10.3390/molecules23020239
https://doi.org/10.3389/fimmu.2021.665901
https://doi.org/10.3389/fimmu.2022.1009530

Cheng et al.

responses via the inhibition of TLR4/NF-xB signaling. Pharmacol. Res. 155:104690. doi:
10.1016/j.phrs.2020.104690

Zhou, J. M., Zhang, H. ], Wu, S. G,, Qiu, K,, Fu, Y,, Qi, G. H,, et al. (2021).
Supplemental xylooligosaccharide modulates intestinal mucosal barrier and cecal
microbiota in laying hens fed oxidized fish oil. Front. Microbiol. 12:635333. doi: 10.3389/
fmicb.2021.635333

Zhu, L., Luo, C., Ma, C,, Kong, L., Huang, Y., Yang, W,, et al. (2022). Inhibition of the
NF-kB pathway and ERK-mediated mitochondrial apoptotic pathway takes part in the
mitigative effect of betulinic acid on inflammation and oxidative stress in
cyclophosphamide-triggered renal damage of mice. Ecotoxicol. Environ. Saf. 246:114150.
doi: 10.1016/j.ecoenv.2022.114150

Frontiers in Microbiology

35

10.3389/fmicb.2024.1382639

Zhu, N., Lv, X,, Wang, Y, Li, ], Liu, Y., Lu, W,, et al. (2016). Comparison of
immunoregulatory effects of polysaccharides from three natural herbs and cellular
uptake in dendritic cells. Int. J. Biol. Macromol. 93, 940-951. doi: 10.1016/j.
ijbiomac.2016.09.064

Zhu, W., Ma, H., Miao, J., Huang, G., Tong, M., and Zou, S. (2013). p-Glucan
modulates the lipopolysaccharide-induced innate immune response in rat
mammary epithelial cells. Int. Immunopharmacol. 15, 457-465. doi: 10.1016/j.
intimp.2012.12.007

Zuany-Amorim, C., Hastewell, J., and Walker, C. (2002). Toll-like receptors as
potential therapeutic targets for multiple diseases. Nat. Rev. Drug Discov. 1, 797-807.
doi: 10.1038/nrd914

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1382639
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.phrs.2020.104690
https://doi.org/10.3389/fmicb.2021.635333
https://doi.org/10.3389/fmicb.2021.635333
https://doi.org/10.1016/j.ecoenv.2022.114150
https://doi.org/10.1016/j.ijbiomac.2016.09.064
https://doi.org/10.1016/j.ijbiomac.2016.09.064
https://doi.org/10.1016/j.intimp.2012.12.007
https://doi.org/10.1016/j.intimp.2012.12.007
https://doi.org/10.1038/nrd914

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Kang Xu,
Chinese Academy of Sciences (CAS), China

REVIEWED BY
Yu Bai,

Tianjin University of Science and Technology,
China

Hui Han,

Chinese Academy of Sciences (CAS), China
Shuting Cao,

Guangdong Academy of Agricultural Sciences
(GDAAS), China

*CORRESPONDENCE
Bie Tan
bietan@hunau.edu.cn
Jing Wang
jingwang023@hunau.edu.cn

RECEIVED 09 May 2024
ACCEPTED 03 June 2024
PUBLISHED 12 June 2024

CITATION

Zhang LL, Wu ZC, Kang M, Wang J and

Tan BE (2024) Utilization of Ningxiang pig
milk oligosaccharides by Akkermansia
muciniphila in vitro fermentation: enhancing
neonatal piglet survival.

Front. Microbiol. 15:1430276.

doi: 10.3389/fmicb.2024.1430276

COPYRIGHT

© 2024 Zhang, Wu, Kang, Wang and Tan. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 12 June 2024
pol 10.3389/fmicb.2024.1430276

Utilization of Ningxiang pig milk
oligosaccharides by Akkermansia
muciniphila in vitro fermentation:
enhancing neonatal piglet
survival

Longlin Zhang'?, Zichen Wu'?, Meng Kang*?, Jing Wang*?* and
Bie Tan'2*

!Key Laboratory for Quality Regulation of Livestock and Poultry Products of Hunan Province, College
of Animal Science and Technology, Hunan Agricultural University, Changsha, China, ?Yuelushan
Laboratory, Changsha, China

Akkermansia muciniphila (A. muciniphila), an intestinal symbiont residing in the
mucosal layer, shows promise as a probiotic. Our previous study found that
the abundance of A. muciniphila was significantly higher in Ningxiang suckling
piglets compared to other breeds, suggesting that early breast milk may play a
crucial role. This study examines A. muciniphila’s ability to utilize Ningxiang pig
milk oligosaccharides. We discovered that A. muciniphila can thrive on both
Ningxiang pig colostrum and purified pig milk oligosaccharides. Genetic analysis
has shown that A. muciniphila harbors essential glycan-degrading enzymes,
enabling it to effectively break down a broad spectrum of oligosaccharides. Our
findings demonstrate that A. muciniphila can degrade pig milk oligosaccharides
structures such as 3’-FL, 3’-SL, LNT, and LNnT, producing short-chain fatty acids
in the process. The hydrolysis of these host-derived glycan structures enhances
A. muciniphila’s symbiotic interactions with other beneficial gut bacteria,
contributing to a dynamic microbial ecological network. The capability of A.
muciniphila to utilize pig milk oligosaccharides allows it to establish itself in the
intestines of newborn piglets, effectively colonizing the mucosal layer early in
life. This early colonization is key in supporting both mucosal and metabolic
health, which is critical for enhancing piglet survival during lactation.

KEYWORDS

Akkermansia muciniphila, Ningxiang pig, milk oligosaccharides, piglet survival, short-
chain fatty acids

1 Introduction

Ensuring the survival and robust health of newborn piglets is crucial for the economic
sustainability of pig farming (Heuf3 et al., 2019). Notably, approximately 15-20% of piglets
succumb within the first 3 days post-birth, primarily due to inadequate immune development
and environmental stressors (Beck et al., 2019; Farmer and Edwards, 2022). Finding certain
measures to address these challenges is critical for enhancing piglet survival and overall
production efficiency.

Colostrum plays a vital dual role in the early life of piglets. The intake of colostrum within the
first 24h post-birth is essential, not only nourishing the piglets but also fortifying their systemic
immune systems, thereby promoting their growth and increasing their resilience against infections
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(Ogawa et al,, 2016; Kogut and Zhang, 2022). Overall, it serves as an
indispensable source of nutrients and crucially shapes the neonatal gut
microbiota through its rich content of milk oligosaccharides (MOs)
(Zivkovic et al., 2011). MOs are composed of a linear or branched
backbone containing galactose, N-acetylglucosamine, and glucose, which
can be decorated with fucose or sialic acid residues (Li et al., 2022).
Although these complex carbohydrates are indigestible by piglets
themselves, they are vital for the proliferation of specific beneficial
bacteria. This strategic nourishment results in a beneficial microbiota
composition that bolsters health and disease resistance, a reflection of
evolutionary adaptations aimed at optimizing both infant survival and
maternal health.

The Ningxiang breed is known among China’s four famous pig
breeds for its resilience and notably low rates of diarrhea in neonates
(Wang et al., 2014; Ma et al., 2022). In our previous investigations,
we observed that Akkermansia muciniphila (A. muciniphila) was
notably more prevalent in Ningxiang suckling piglets compared to
other breeds (Unpublished data). This Gram-negative anaerobe from
the Verrucomicrobia phylum is renowned for its ability to degrade
mucin and colonize the mucus layer of the gastrointestinal tract and
convert this polymer into mostly acetate and propionate (Dao et al.,
2015; Zhang et al., 2019). The presence of A. muciniphila is beneficial
for host metabolism and immunity, particularly in mitigating risks
associated with chronic conditions such as obesity and diabetes
(Zheng et al., 2023). The early colonization by A. muciniphila, evident
from as early as the first month of life, plays a significant role in the
developmental stages of the gut microbiota, facilitated by its ability
to utilize MOs (Collado et al., 2007; Derrien et al., 2008).

Based on the above, we hypothesize that the significant presence of
A. muciniphila in Ningxiang piglets is linked to its ability to metabolize
pig milk oligosaccharides (PMOs), which, in turn, would have a
beneficial effect on newborn piglets. In this study, an in vitro
fermentation model to explore the fermentative behavior of
A. muciniphila on PMOs derived from Ningxiang colostrum, examining
growth kinetics and acid production as indicators of PMOs utilization.
Through genomic analysis, we have identified the key enzymes
responsible for the breakdown of these oligosaccharides, further
reinforcing the potential role of A. muciniphila in promoting a healthy
gut microbiota from the earliest stages of life. By understanding how
specific microbial strains such as A. muciniphila exploit the unique
glycobiome of breast milk, we pave the way for potential interventions
aimed at fostering optimal microbial colonization patterns in early life,
setting the stage for a healthier adult life.

2 Materials and methods

2.1 Materials

A. muciniphila DSM 22959 was purchased from the German
Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany). 2’-fucosyllactose [2’-FL] (purity>95%), 3-fucosyllactose
[3"-FL] (purity>95%), 3’-siallylactose [3’-SL] (purity>95%),
6’-sialyllactose [6"-SL] (purity>95%), lacto-N-tetraose [LNT]
(purity>95%) and lacto-N-neotetraose [LNnT] (purity>95%) were
kindly provided by Zhuo Wang and Siming Jiao, from State Key
Laboratory of Biochemical Engineering, Institute of Process
Engineering, Chinese Academy of Sciences (Beijing, China). All the
reagents used for this study were of analytical grade.
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2.2 Bacterial growth curves

A. muciniphila DSM 22959 growth were performed with cells
grown in brain heart infusion broth medium (BHI) (ImL per
replicate) broth at 37°C in anaerobic chamber (Whitley A35 anaerobic
workstation). Cells were inoculated in BHI broth supplemented with
Ningxiang-pig colostrum (10% v/v), Ningxiang-pig purified PMOs
(I mg/mL), neutral trioses (2’-FL and 3’-FL), tetraoses (LN'T, LNnT),
and acidic trioses (3’-SL, 6’-SL) (10mM respectively). Medium
without any supplementation was included as a control. Cells were
incubated anaerobically at 37°C until reaching stationary phase (48h).

2.3 PMOs extraction

The PMOs were isolated and purified as previously described,
with minor modification (Barile et al., 2010). Briefly, frozen milk
samples were completely thawed, and a 20 mL aliquot of each sample
was mixed with an equal volume of nanopure water and centrifuged
at 14,000 x g in a microfuge for 30 min at 4°C to remove lipids. The top
fat layer was removed, and 4 volumes of chloroform: methanol (2:1,
vol/vol) were added, vigorously mixed, and the resulting emulsion was
centrifuged at 4,000 x g for 30 min at 4°C. The upper methanol layer
containing PMOs was transferred to a tube, 2 volumes of cold ethanol
were added, and the solution was frozen for 1 h at —30°C, followed by
centrifugation for 30min at 4,000xg and 4°C to precipitate the
denatured protein. The supernatant (PMOs-rich fraction) was
collected and further purified. Oligosaccharides were purified from
the mixture by GCC-SPE. Prior to use, each GCC-SPE cartridge was
activated with 3 column volumes of 80% acetonitrile (ACN) and 0.1%
trifluoroacetic acid (TFA, vol/vol) and equilibrated with 3 column
volumes of nanopure water. The carbohydrate-rich solution was
loaded onto the cartridge, and salts and mono- or disaccharides were
removed by washing with 10 column volumes of nanopure water.
Then, it was eluted with a solution of 40% ACN with 0.1% TFA (vol/
vol) in water and the solution was frozen for 1 h at —80°C, with freeze-
dried using a lyophilizer overnight to collected purified PMO.

2.4 Carbohydrate-active enzyme (CAZyme)
annotation

CAZymes within A. muciniphila DSM 22959 (NCBI Reference
Sequence: GCF_008000975.1) was annotated using the dbCAN2
metaserver." CAZymes identified by at least two out of three tools were
considered for further analysis.

2.5 Quantitative real-time PCR (qPCR)

The abundance of A. muciniphila was determined by qPCR as
described previously10. Cells (1 mL) were harvested at 21,000 x g for
15min. DNA extractions were performed using the MasterPure™
Gram Positive DNA Purification Kit (Epicentre, Lucigen,
United States). DNA concentrations were measured fuorometrically

1 http://bcb.unl.edu/dbCAN2/
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(Qubit dsDNA BR assay, Invitrogen) and adjusted to 1 ng/pL prior
to use as the template in qPCR. Primers targeting the 16S rRNA
gene of A. muciniphila (5-CAGCACGTGAAGGTGGGGAC-3’
and 5-CCTTGCGGTTGGCTTCAGAT-3’; 327 bp) were used for
quantification. A standard curve was prepared with nine standard
concentrations from 100 to 108 gene copies/pL. qPCR was
performed in triplicate with iQ SYBR green supermix (Bio-Rad,
United States) in a total volume of 10 pL prepared with primers at
500nM in 384-wells plates with the wells sealed with optical
sealing tape. Amplification was performed with an iCycler (Bio-
Rad): one cycle of 95°C for 10 min; 40 cycles of 95°C for 155, 60°C
for 20, and 72°C for 30 s each; one cycle of 95°C for 1 min; and a
stepwise increase of temperature from 60 to 95°C (at 0.5°C per 55)
to obtain melt curve data. Data were analyzed using Bio-Rad CFX
Manager 3.0. The copy number was corrected for the DNA
concentration and for the number of 16S rRNA genes encoded in
A. muciniphila’s genome.

2.6 SCFAs analysis

The concentrations of SCFAs in A. muciniphila fermentation were
analyzed using the gas chromatographic (GC) method. Briefly, 1 mL
A. muciniphila fermentation was first centrifuged at 15,000 x g for
10min at 4°C. The samples were acidified with 25% metaphosphoric
acid at a ratio of 1:5 for 30 min on ice. Samples were injected into a GC
8890 series gas chromatograph (Agilent, United States) for detection.

10.3389/fmicb.2024.1430276

2.7 Statistical analysis

The data were analyzed using SPSS 26.0 statistical software (ver.
26.0 for Windows, SPSS Inc., Chicago, IL, United States). All data were
analyzed by Student’s t-test and expressed as means with their
standard errors. And *p <0.05, **p <0.01, and ***p <0.001, Colostrum
group compared with the CON group. “p<0.05, ¥p<0.01, and
*p<0.001 compared with the same treatment at different time.

3 Results

3.1 A. muciniphila DSM 22959 growth in
Ningxiang-pig colostrum

Incubation of A. muciniphila DSM 22959 on Ningxiang-pig
colostrum resulted in growth (Figure 1A). The results showed that
presence of Ningxiang-pig colostrum in the basal medium (10% v/v)
resulted in a modest increase in A. muciniphila growth in vitro
(Figure 1A). And basal medium supplemented with Ningxiang-pig
colostrum (10% v/v) significantly increased the cell number of
A. muciniphila in vitro at 48h (Figure 1B). Next, we determined the
production of SCFAs by A. muciniphila DSM 22959 during
fermentation of Ningxiang-pig colostrum at 24 and 48 h. Our results
showed that fermentation of Ningxiang-pig colostrum significantly
increased production of acetate, propionate and total SCFAs,
regardless of whether it was 24 or 48h (Figures 1C-E). Interestingly,

A L B s c
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FIGURE 1
Akkermansia muciniphila DSM 22959 growth in Ningxiang-pig colostrum. (A) A. muciniphila DSM 22959 growth was assessed over a 48 h period by
measuring optical density at a wavelength of 600 nm (OD600). Bacteria were grown in brain heart infusion broth medium (BHI), or BHI supplemented
with Ningxiang-pig colostrum (10% v/v). (B) A. muciniphila DSM 22959 was grown in vitro in the absence or presence of 10% v/v Ningxiang-pig
colostrum until 48 h of growth; A. muciniphila was quantified by gPCR. (C—E) Changes in SCFA levels in fermentation solutions. Data are expressed as
the mean + standard deviation (n = 3). *p < 0.05, and ***p < 0.001, Colostrum group compared with the CON group. #p <0.05, and #*p <0.001
compared with the same treatment at different time.
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FIGURE 2
Akkermansia muciniphila DSM 22959 growth in Ningxiang-pig purified PMO. (A) Schematic illustration of Ningxiang-pig purified PMO preparation.
(B) A. muciniphila DSM 22959 growth was assessed over a 48 h period by measuring optical density at a wavelength of 600 nm (OD600). Bacteria were
grown in brain heart infusion broth medium (BHI), or BHI supplemented with Ningxiang-pig purified PMO (1 mg/mL). (C) A. muciniphila DSM 22959
was grown in vitro in the absence or presence of 1 mg/mL Ningxiang-pig purified PMO until 48 h of growth; A. muciniphila was quantified by qPCR.
(D—F) Changes in SCFA levels in fermentation solutions. Data are expressed as the mean + standard deviation (n = 3). *p <0.05, **p <0.01, and
***p < 0.001, Colostrum group compared with the CON group. #*#p <0.01, and ##p <0.001 compared with the same treatment at different time.

the ratio of acetate increase (48h/24h) was superior in fermented
Ningxiang pig colostrum compared to the increasing trend in the
CON group (Figure 1C).

3.2 A. muciniphila DSM 22959 growth in
Ningxiang-pig purified PMOs

Human milk oligosaccharides (HMOs) play an important role in
the early nutrition of nursing infants and can act as substrates to
support bacterial growth and thus dominate the gut early in life. In
order to determine whether A. muciniphila DSM 22959 can utilize
breast milk oligosaccharides to promote its own growth, we purified
PMOs from the Ningxiang-pig colostrum (Figure 2A). Our results
showed that supplemented with PMOs (1mg/mL) increased the
proliferation rate and significantly increased the cell number of
A. muciniphila in vitro at 48 h (Figures 2B,C). Additionally, PMOs also
significantly increased production of acetate, propionate and total
SCFAs, regardless of whether it was 24 or 48 h (Figures 2D-F).

3.3 ldentification of CAZymes in A.
muciniphila DSM 22959 genome

To investigate how A. muciniphila DSM 22959 can utilize complex
PMO, we interrogated the available A. muciniphila DSM 22959
genome for the presence of CAZymes using the dbCAN2 metaserver
pipeline for automated CAZyme annotation. This pipeline uses a
combination of three different annotation tools (Diamond, HMMER
and dbCAN_sub) to increase accuracy in predicting and annotating
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CAZymes within bacterial genomes. This analysis revealed a total of
165 putative ORFs with putative CAZy domains (Figure 3A).

For increased accuracy, we discarded hits that were not identified
by at least two out of three tools for further analysis. Among the
remaining 118 ORFs multiple types of CAZy domains could
be detected, such as glycoside hydrolase (GH), carbohydrate esterase
(CE), glycosyl transferase (GT) domains, and carbohydrate-binding
modules (CBM), with some genes encoding a combination of multiple
domains (Figure 3B). Additionally, most of the putative ORFs belong
to the GH and GT classes, and also encode signal peptides, suggests
that A. muciniphila DSM 22959 was able to utilize multiple MOs.

3.4 The genome of A. muciniphila predicts
the presence of a wide range of MOs
targeting CAZymes

We performed further analysis on the A. muciniphila CAZy
domains to identify the active enzymes that could contribute to the
degradation of PMO (Figure 4A). Closer inspection of the Research
Topic of CAZymes identified in the A. muciniphila DSM 22959
genome revealed at least 30 glycoside hydrolases that were predicted
to utilize MOs, of which the majority contains a signal peptide
(Figures 4B,C). Among the 30 glycoside hydrolases are two sialidases
(GH33) and four fucosidases (GH29/95), which target the
monosaccharides often found at terminal positions of MOs, and six
different galactosidases (GH2) and 10 hexosaminidases (GH20/
GH40), which are predicted to hydrolyze the underlying glycosidic
linkages. The gene structure of the 30 putative enzymes, with the
locations of the predicted glycoside hydrolase domains and additional
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FIGURE 3

Identification of carbohydrate active enzymes (CAZymes) in A. muciniphila DSM 22959 genome. (A) Proportional Venn diagram showing the number
of identified CAZyme encoding genes using the Diamond, HMMER and dbCAN_sub tools that are part of the doCAN2 metaserver analysis. (B) The
table shows the CAZymes and the presence of signal peptides, separated by CAZyme class, that were identified by at least two out of three dbCAN2

tools.
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FIGURE 4

Domain architecture of putative MO targeting CAZymes in genome of A. muciniphila DSM 22959. (A) Simplified schematics of pathways involved in
main HMO degradation (acidic trioses, neutral trioses and tetraoses). (B) CAZymes are divided in groups based upon their predicted enzyme activity:
from top to bottom, a-sialidases, a-fucosidases, f-galactosidases and a/f-hexosaminidases. The displayed domains are those identified by HMMER, in
number of amino acids, indicated at the right side of each protein. (C) The number of putative MO targeting CAZymes of A. muciniphila DSM 22959.

domains clearly demonstrates the great diversity in domains, domain
organization and predicted protein sizes — also between genes
predicted to encode the same class of enzymes (Figure 4B).
Transcription and translation of the entire repertoire of MO-targeting
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CAZymes would allow degradation of the wide variety of linkages
commonly found within MOs. These data demonstrate that
A. muciniphila DSM 22959 has the enzymatic capacity to utilize a
broad range of MOs as well as their constituents.

frontiersin.org



https://doi.org/10.3389/fmicb.2024.1430276
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al. 10.3389/fmicb.2024.1430276
A B
A.muciniphila DSM 22959
- -0~ CON Acetate
' o o 2FL 500 24h 48h
0.4+ o o 3FL
400
8 0.3 o HoL = ave #i#
a o~ 6SL % 300 2 e
0.2
o * LNT s - Rl at
< EANANAN anli0n
0.0 T ) 100
0 24 48 00\\ o £V a8V v \“(‘ \_‘x“‘ 00\\ A A \“ﬂ \’“5
Times
c _ D
Propionate Total SCFAs
4sh 24h 48h
‘5§ 2%h . 1000
900
350
= - - &
'] I &z 1%
E o st oy
B g M & i = e
5 20 3 300 h 1)
15 | ﬂ wan | ~ | l . - -
10 =2 200
Hmm|[me|[[] me|lfem =Hmnlinnn anlaniin
OV Y Y v @ N & N v e v o O B e @ 0 & O v v e @
FIGURE 5
A. muciniphila DSM 22959 growth in acidic trioses, neutral trioses and tetraoses. (A) A. muciniphila DSM 22959 growth was assessed over a 48 h period
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supplemented with neutral trioses (2-fucosyllactose [2-FL] and 3-fucosyllactose [3-FL]), tetraoses (lacto-N-tetraose [LNT], lacto-N-neotetraose
[LNnNT]), and acidic trioses (3-siallylactose [3-SL], 6-sialyllactose [6-SL]) (10 mM respectively). (B—D) Changes in SCFA levels in fermentation solutions.
Data are expressed as the mean + standard deviation (n = 3). *p <0.05, **p <0.01, and ***p < 0.001, Colostrum group compared with the CON group.
##p <0.01, and ##p < 0.001 compared with the same treatment at different time.

3.5 A. muciniphila DSM 22959 growth in
acidic trioses, neutral trioses and tetraoses

We next sought to investigate which PMOs structures were
utilized by A. muciniphila during the growth on colostrum. The results
showed that A. muciniphila DSM 22959 was able to utilize acidic
trioses, neutral trioses and tetraoses to grow, especially 3’-FL
(Figure 5A). Interestingly, the two type of tetraoses (LNT, LNnT) can
all support the growth of A. muciniphila DSM 22959, whereas only
one type of acidic trioses (3’-FL) and neutral trioses (3’-SL) showed
better utilization. Additionally, supplementation with 3’-FL
significantly increased production of acetate, propionate and total
SCFAs, regardless of whether it was 24 or 48h (Figures 5B-D).

4 Discussion

The survival rate of newborn piglets significantly impacts the
economic viability of the pig industry, with a major focus in animal
science being how to enhance piglet vigor through nutrition (Ji et al.,
2019; Xu et al, 2019). Based on previous research findings,
A. muciniphila was able to act as an early characterizing gut microbiota
in Ningxiang piglets. A. muciniphila consumes mucin and exhibits
beneficial effects on the host. Considering the structural similarities
between MOs and intestinal mucus, it is plausible that the presence of
PMOs in breast milk significantly contributes to the early colonization
of A. muciniphila in piglets. Studies have identified negative associations
between A. muciniphila and various diseases such as inflammatory
bowel disease, diabetes, and hypertension, and its role in modulating

Frontiers in Microbiology

41

responses to PD-1 blockers in cancer therapy (Derosa et al., 2022).
Innovations in bacterial preparation, such as the use of cryopasteurized
A. muciniphila, have shown metabolic improvements in mice,
attributed to the activity of Amuc-1100 protein. This protein interacts
with Toll-like receptor 2 to enhance intestinal barrier function and
exerts probiotic benefits (Depommier et al., 2019). Furthermore, oral
administration of A. muciniphila has been demonstrated to boost
intestinal stem cell proliferation and promote the differentiation of
Paneth and goblet cells, facilitating the regeneration of intestinal
epithelia (Kim et al.,, 2021). Meanwhile, it has been showed that
A. muciniphila can protect the intestinal health of weaned piglets from
damage caused by ETEC infection (Lan et al., 2024).

Colostrum is indispensable for piglet development, serving not only
as a vital nutrient source but also significantly shaping the neonatal gut
microbiota through its rich content of MOs. Although piglets cannot
digest these complex carbohydrates, they are crucial for the proliferation
of beneficial bacteria. MOs, primarily undergraded by gastric acid and
digestive enzymes, reach the hindgut to undergo microbial fermentation.
As a principal carbohydrate source selectively utilized by the gut
microbiota, MOs profoundly influence the microbial composition of the
hosts gut microbiota and are deemed crucial regulators in the
development of the neonatal gut microbiota. Extensive studies have
shown that MOs provide substrates for the gut microbiota, thereby
facilitating the colonization and survival of specific gut microbiota. The
complete degradation of MOs, featuring diverse molecular structures,
necessitates a variety of glycoside hydrolases or membrane transporters
present in the neonatal gut microbiota, essential for the uptake,
metabolism, and utilization of MOs by gut microbiota. Recent research
has highlighted that certain Bifidobacteria spp. can utilize specific MOs
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in breast milk for their colonization and growth, thus benefiting the
host’s immune development, particularly in early life (Lawson et al.,
2020; Heiss et al., 2021; Henrick et al., 2021). Furthermore, the
mechanisms of MOs degradation and utilization by Bifidobacteria spp.
are categorized into strategies dependent on bacterial intracellular
membrane translocation and those reliant on extracellular glycosidases
(Katayama, 2016). Other bacteria like Bacteroides fragilis and Bacteroides
vulgatus also exhibit high MOs metabolizing abilities (Yu et al., 2013),
with Bacteroides fragilis possessing genes crucial for the metabolism of
mucus-sugar conjugates (Marcobal et al., 2011). Our study’s detailed
genomic analysis has identified specialized CAZymes in A. muciniphila,
which are specifically adapted for breaking down PMOs from Ningxiang
colostrum. These enzymes not only facilitate the ability of gut microbiota
to establish and maintain a healthy microbial balance within the neonatal
piglet gut but also enable the effective fermentation of a broad range of
PMOs. This process highlights A. muciniphila’s critical role in shaping
the gut microbiota of neonatal piglets, underscoring its evolutionary
adaptability and ecological significance, similar to its beneficial functions
in human infants.

The MOs have an enormous molecular weight that cannot
be directly utilized by cell, but can be catabolized by gut microbiota,
then producing SCFAs to respond to various life activities, such as
immune regulation and glucose homeostasis (Zhu et al., 2020;
Zhang et al., 2021; Chen et al., 2023). SCFAs are the main products
of prebiotic fermentation, and the production of these metabolites
depends on both dietary fiber types and gut microbiota composition
(Bridgman et al., 2017). There is increasing evidence that gut
microbial metabolites have wide systemic effects on host through
acting as signaling molecules (Gasaly et al., 2021). SCFAs have been
implicated in immune system development by modulating the
production of immune mediators and regulating the activation and
differentiation of immune cells (Yao et al., 2022; Liu et al., 2023). To
investigate the metabolic performance of colostrum, purified PMOs
and specific MOs fermentation by A. muciniphila dominant inocula,
the yield of SCFAs were quantified. Our results showed that
fermentation of Ningxiang-pig colostrum and purified PMOs
significantly increased production of acetate, propionate and total
SCFAs, regardless of whether it was 24 or 48 h. The production of
SCFAs by A. muciniphila during the fermentation of pig colostrum
oligosaccharides not only supports its own growth but also mediates
significant health benefits for the host. In piglets, these SCFAs can
enhance gut integrity, reduce pathogen colonization, and improve
nutrient absorption—factors that are crucial for early development
and long-term health (Li et al., 2021; Qin et al., 2023). By extending
these findings, we can hypothesize that strategic dietary
interventions in livestock could replicate these benefits, potentially
transforming approaches to neonatal care in pig farming.

In conclusion, this study demonstrated the ability of A. muciniphila
to grow on Ningxiang PMOs thanks to its expression of a set of
PMOs-degrading enzymes using an in vitro fermentation model. The
fermentation of Ningxiang pig colostrum by A. muciniphila degraded
acidic trioses, neutral trioses and tetraoses (the mainly PMOs). Our
study offers the possibility of controlling colostrum composition or
adding prebiotics to piglet diets to promote beneficial bacteria, such
as A. muciniphila. Such strategies could lead to enhanced survival
rates, improved immune functions, and greater resistance to
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gastrointestinal diseases in neonatal livestock, underscoring the
potential of targeted microbial interventions in agricultural settings.
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Introduction: Oxidative stress plays a pivotal role in modulating the balance of
intestinal flora and the gut-liver axis, while also serving as a key determinant of
the growth potential of weaned piglets. However, few studies have subdivided
and compared acute and chronic oxidative stress.

Methods: In this study, an intestinal model of acute oxidative stress in weaned
piglets using paraquat (PQ) and a chronic oxidative stress model using
D-galactosa in weaned piglets were conducted. And we further systematically
compare their effects.

Results: Both acute and chronic oxidative stress models impaired intestinal
barrier function and liver function. Chronic stress caused by D-galactose can
result in severe redox dysregulation, while acute stress caused by paraquat can
lead to inflammation and liver damage. Additionally, the components involved
in the CAR pathway were expressed differently. Chronic or acute oxidative stress
can reduce the diversity and composition of intestinal flora. In the PQ group, the
richness of Mogibacterium and Denitratisoma improved, but in the D-gal group,
the richness of Catenisphaera and Syntrophococcus increased.

Discussion: Not only does this research deepen our understanding of the
effects of acute and chronic oxidative stress on intestinal functions, but it also
characterizes characteristic changes in the gut flora, potentially identifying
novel therapeutic targets and opening new avenues for future research.

KEYWORDS

acute oxidative stress, chronic oxidative stress, gut-liver axis, intestinal flora, weaned
piglets
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1 Introduction

An oxidative stress condition is defined as the accumulation of
reactive oxygen species (ROS) along with a dysfunctional antioxidant
system (Forman and Zhang, 2021), which also frequently occurs
alongside inflammation and can exacerbate it. Although there is no
precise definition, oxidative stress is generally classified as either acute
or chronic based on its duration of action. Acute oxidative stress is
involved in ischemic stroke, spinal cord injury, acute lung injury, and
acute kidney injury, among others, while chronic oxidative stress plays
a role in vascular dementia, nonalcoholic liver disease, chronic
pancreatitis, and aging (Hajam et al., 2022). Although both result in
damage to many intracellular components, particularly mitochondria
and DNA (Li X. et al., 2022), there are differences in the mechanisms
of acute versus chronic oxidative stress. For instance, in acute lung
injury, the production of excess Nitric oxide (NO) induced by ROS
causes bronchial arterioles to dilate, increases permeability, and
directs blood flow into the lungs through bronchial-pulmonary
vascular anastomotic branches, leading to pulmonary edema (Ward,
2010). On the other hand, during cerebral hypoperfusion, increased
ROS in the vascular endothelium impairs NO signaling and reduces
NO bioavailability (Liu and Zhang, 2012). In addition, excessive ROS
in chronic pancreatitis primarily originates from the activation of
cytochrome P450 enzymes, and antioxidant therapy has been found
to be effective (Petrov, 2010). These studies indicate that acute and
chronic oxidative stress have distinct mechanisms of action.

The intestine is a significant source and target of ROS (Feng et al.,
2020) and can also induce liver lesions through the gut-liver axis.
Through the portal vein system, there is a close anatomical and
functional association between liver and intestine. Excessive
accumulation of ROS can damage the tight junction proteins between
intestinal epithelia, leading to intestinal mucosal epithelial cells
becoming abnormally proliferative and differentiated (Liu et al., 2021).
It can cause intestinal mucosal barrier dysfunction and alter the
intestinal flora (Han et al., 2021). A substantial body of evidence from
animal studies indicates that gut microbiota dysbiosis can lead to
hepatic injury due to increased gut permeability, which in turn results
in increased hepatic exposure to harmful substances (Krawczyk et al.,
2018; Rainer et al.,, 2018). For instance, a significant number of
patients with inflammatory bowel disease (IBD) also suffer from
Nonalcoholic Fatty Liver Disease (NAFLD) (Younossi et al., 2016).
The liver affects the state of intestinal oxidative stress by secreting bile
and antibody components into the intestines, providing feedback to
the intestines. Individuals with cholangitis have a significantly
different intestinal flora than healthy individuals (Tilg et al., 2022).
Oxidative stress has a crucial role to liver-gut axis interactions,
particularly in intestinal injury. However, previous studies have
generally described oxidative stress without distinguishing between
acute and chronic forms. Therefore, few comparisons between these
two types of oxidative stress have been reported.

Here we constructed two animal models of acute and chronic
oxidative stress piglets. Paraquat was used to construct the acute
oxidative stress models which is widely used in mammals (Xiang et al.,
2022; Xiao et al., 2022). D-galactose, which was previously reported
its used in rats and pig models (Sha et al., 2021; Sun et al., 2023), was
used in chronic oxidative stress modeling. This study aimed to develop
a model of acute and chronic oxidative stress in the porcine intestine
and systematically examine its impact on the growth performance, the
gut-liver axis and intestinal flora in weaned piglets.
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2 Method
2.1 Animal and experimental design

A selection with 21  healthy weaned

(DurocxLandracexLarge) was randomly separated into three

piglets

groups: control (CON) group, D-galactose (D-gal) group, and
paraquat (PQ) group, each with 7 replicates and 1 piglet per pen
with comparable body weight (BW =9.49 +0.26 kg). The basal diets
were prepared with the NRC (2012) recommended nutrient
requirements for piggies weighing 11~25kg (Table 1). The
experiment was divided into three phases. During the first phase,
5days of adaptation was followed by feeding all piglets with the
basal diet. In the second phase, the CON and PQ groups were fed
the basal diet, while the D-gal group was fed the basal diet
supplemented with 10g/kg BW of D-galactose (Hubei Yuying
Biotech. Company, Yichang, China) during a chronic stress period.
The third phase was the acute stress period. In this phase, the PQ
group received intraperitoneal injections of 8 mg/kg BW of PQ
(Chengdu HuaXia Chemical Reagent, Chengdu, China) on the days
28, 30, and 32 (Xiang et al., 2022), while the CON group received
equal volume of 0.9% sterile saline until they were slaughtered on

TABLE 1 Ingredients and nutrient levels of basal diets (air-dry basis, %).

Ingredients Content Nutrient level! Content
Ripening corn 31.45 NE, kcal/kg 2,450
Ripening rice 25.60 EE 3.76
Flour 12.50 Cp 17.32
Extruded soybean 6.40 CF 2.18
Fermented soybean meal 5.00 P 0.54
Ripening soybean meal 5.00 Ca 0.63
Fish meal 3.50 Total Lysine 1.39
Sucrose 2.50 Total Valine 1.15
Glucose 2.50 Total Threonine 0.95
Soybean oil 1.25 Total Tryptophan 0.29
50% Choline chloride 0.10 Total Methionine 0.65
CaHPO, 0.80

Lysine - HCI 0.77

Limestone 0.50

NaCl 0.40

L-Valine 0.38

Methionine 0.38

Threonine 0.36

Premix' 0.19

L-Tryptophan 0.12

Total 100.00

NE, net energy; EE, ether extract; CP, crude protein; CF, crude fiber. *Per kilogram of the
diet, the premix offered the following: vitamin D, 3000 IU; vitamin A, 10,000 IU; vitamin
E, 30 mg; vitamin B2, 10 mg; vitamin B6, 6 mg; vitamin B1 4 mg; vitamin K3, 4 mg; vitamin
B12, 0.04 mg; nicotinic acid, 40 mg; pantothenic acid, 20 mg; folic acid, 2 mg; biotin,

0.2 mg; Fe (as ferrous sulfate), 100 mg; Zn (as zinc sulfate), 80 mg; Cu (as copper sulfate
pentahydrate), 25 mg; Mn (as manganese sulfate), 25 mg; Co (as cobalt chloride), 0.5 mg;

I (as Calcium iodate), 0.8 mg and Se (as sodium selenite), 0.35 mg. 'NRC models were used
to compute net energy, and values for other nutrients were measured.
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day 33. The piglets were housed individually, provided with ad
libitum feed and water throughout the experiment.

2.2 Sample collection

During the trial, the body weights of the piglets were recorded on
days 1,7, 14, 21, and 28. Daily feed intake and diarrhea were accurately
documented. For each week, the average daily feed intake (ADFI),
average daily gain (ADG), feed conversion ratio (FCR) and diarrhea
rate (DR) were calculated. At the end of the experiment, blood was
drawn from the anterior vena cava. After standing for 2h, the blood
was centrifuged for 10 min at 3,000 rpm at 4°C to extract the serum.
For histological and pathological examination, 1 cm of liver, jejunum,
and ileum tissues were extracted and instantly preserved in 3%
glutaraldehyde solutions and 4% paraformaldehyde. For additional
analysis, the liver, jejunum, ileum, and colon chyme were obtained,
quick frozen in liquid nitrogen and then kept as low as —80°C.

2.3 Serum biochemical and physiological
properties

A Cobas c 311 automated biochemical analyzer (Roche, Basel,
Switzerland) was used to measure serum total protein (TP),
immunoglobulin G (IgG), immunoglobulin M (IgM), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP). Lactate dehydrogenase (LDH),
malondialdehyde (MDA), superoxide dismutase (SOD), total
antioxidant capacity (T-AOC) and catalase (CAT) levels are measured
with a colorimetric test kit (Beijing BoxBio Science & Tech. Co., Ltd.,
Beijing, China). and the process was completed in compliance with
the instructions of the kit. The levels of glutathione (GSH), glutathione
peroxidase (GSH-Px), oxidized glutathione (GSSG), immunoglobulin
A (IgA), interleukin 1-f (IL-1p), interleukin-10 (IL-10), interleukin-12
(IL-12), tumor necrosis factor-a (TNF-a), interferon-y (IFN-y),
intestinal fatty acid binding protein (iFABP), diamine oxidase (DAO),
and adenosine triphosphate (ATP) were measured by ELISA (Jiangsu
Meimian Industrial, Jiangsu, China), the detailed procedure is based
on the kit protocol.

2.4 Tissue histomorphology

Hematoxylin and eosin (H&E) staining was performed on the
jejunal and ileal sections after fixing with 4% paraformaldehyde. Villus
height and crypt depth were assessed blindly by two separate
investigators, same like in the previous study (He et al., 2022). The
ileum and liver sections were pre-fixed with 3% glutaraldehyde for
lead citrate and uranyl acetate staining. Certain lesions were observed
using the JEM-1400 FLASH transmission electron microscope (JEOL,
Tokyo, Japan), as reported (Hu et al., 2022).

2.5 Cell apoptosis

A terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) apoptosis assay kit (Beyotime Biotech, Shanghai,
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China) was used to detect apoptosis. Additionally, sections were
examined with DM3000 fluorescence microscopy (Leica,

Shanghai, China).

2.6 Immunohistochemical analysis

Immunohistochemical analysis was performed to examine the
expression of Occludin, ZO-1 and Claudin 1 in the ileum and
jejunum, as previously described (Xiang et al., 2022). Antibodies
against the three proteins were used at the following dilution ratios:
Claudin 1 (1: 500), Occludin (1: 1000), and ZO-1 (1: 800) (all made by
Proteintech, Rosemont, IL, USA).

2.7 Real-time PCR analysis

The quantitative real-time PCR was performed as previously
described (He et al., 2017). The primers were designed by Primer
Express 5.0 software (Table 2) according to the conserved sequences
of pig genes in the NCBI database and the principles of primer
design. Total RNA was extracted with TRIzol (Beyotime, Shanghai,
China) from the liver and jejunum tissue. The transcript levels of
target genes were normalized to either GAPDH or f-actin
expression. The relative level of mRNA was normalized to the
CON group.

2.8 Gut microbiota profiles

Total microbial DNA was extracted from colon contents
samples utilizing the TGuide S96 Magnetic Bead Method Soil/Fecal
Genomic DNA Extraction Kit (Tiangen, Beijing, China). Using the
primers for the V3-V4 region of the bacterial DNA gene (338F:
5-ACTCCTACGGGGAGGCGCAGCA-3" and 806R: 5-GGACTAC
HVGGGTWTCTAAT-3'), 5-50ng of DNA was extracted and
amplified by PCR. The amplified products were homogenized and
purified, the libraries were quality-checked by the Qsep-400
method, and the libraries were sequenced using the Illumina
Novaseq 6000 platform. High-quality sequences were obtained by
first quality filtering the raw sequencing data using Trimmomatic
(version 0.33), then identifying and removing primer sequences
using Cutadapt (version 1.9.1), splicing bipartite reads using
USEARCH (version 10), and lastly removing chimeras using
UCHIME (version 8.1). OTUs were classified by clustering/
de-noising high-quality sequences, and their species categorization
was achieved by analyzing the sequence composition of the OTUs.
The BMKCloud' platform was used for subsequent bioinformatics
research on microbial diversity and differentiation. Raw sequence
data reported in this paper have been deposited (CRA015743) in
the Genome Sequence Archive in the BIG Data Center, Chinese
Academy of Sciences® (Members, 2018).

1 http://www.biocloud.net/
2 http://bigd.big.ac.cn/gsa
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2.9 Statistical analysis

The data were analyzed using SPSS 20.0 (IBM-SPSS, Chicago,
USA) and graphics were processed with GraphPad Prism 8.0
(GraphPad Software, San Diego, USA). Data were analyzed statistically
using a t-test or one-way ANOVA and Duncan’s multiple comparisons
test. The data are shown as mean+standard error, with p<0.05
suggesting a significant difference between groups.

3 Results

3.1 Effect of acute and chronic oxidative
stress on intestinal morphology and
growth performance in weaned piglets

In comparison to the CON group, the results demonstrated that
D-galactose treatment dramatically decreased BW, ADG, and ADFI
during the course of the four weeks (Figures 1 A-C). Diarrhea rates
had no discernible difference in the two groups and both decreased to
0 at 4weeks as piglets adapted to the environment (Figure 1E).
However, at the third week, the D-gal group observed an 8.3% greater
rate of diarrhea against the CON group. Furthermore, compared to
the CON group, the F/G ratio in the D-gal group exhibited a
significant increase in both the second and third weeks (Figure 1D).
The ADG was significantly decreased after the paraquat challenge
(Figure 1G). However, there were no appreciable variations in rate of
diarrhea, BW or ADFI (Figures 1EH,I).

Oxidative stress induces damage to the intestinal morphology,
which is linked to disruptions in the gut epithelial barrier. As shown
in our work, PQ and D-galactose treatment resulted in jejunal and
ileal morphological damage in weaned piglets (Figure 1]). While the
two treatments did not significantly alter the crypt depth
(Figure 1L), both PQ and D-galactose challenges, compared to the
CON group, caused a drop in the villus height and the villus height
to crypt depth ratio (V/C). Additionally, a shorter villi and V/C
ratio were observed in the D-gal group (Figures 1K,M). The results
suggest that both D-galactose and paraquat have a negative impact
on the jejunal and ileal morphology, as well as on the growth
performance. However, D-galactose induced chronic oxidative
stress caused a more severe impairment of growth potential
and morphology.

3.2 Effect of acute and chronic oxidative
stress on intestinal permeability in weaned
piglets

We evaluated the structure and protein abundances of the tight
junction, which are crucial for preserving the integrity and
impermeability of the intestinal mucosal barrier. When stimulated by
PQ or D-galactose, the intestinal microvilli of piglets were found to
be short, thick, loosely organized, and physiologically uneven, as
shown in the transmission electron microscope image (Figure 2A).
Meanwhile, the group treated with PQ and D-galactose exhibited
heterogeneous and fewer mitochondria compared to the control
group (CON) (Figure 2C), with reduced and broken cristae.
Additionally, the PQ and D-galactose group significantly reduced the
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TABLE 2 Primers for quantitative reverse transcription-PCR.

Accession .
No Gene Sequence primers (5" — 3)
NM_214407.1 GPX4 F: GATTCTGGCCTTCCCTTGC

R: TCCCCTTGGGCTGGACTTT
NM_214201.1 GPX1 F: TGGGGAGATCCTGAATTG

R: GATAAACTTGGGGTCGGT

NM_001190422.1 CuZnSOD | F: TGAAGGGAGAGAAGACAGTGTTAG

R: TCTCCAACGTGCCTCTCTTG

NM_214127.2 MnSOD F: GGACAAATCTGAGCCCTAACG

R: CCTTGTTGAAACCGAGCC

GCLM F: CACAGCGAGGAGCTTCGAGA
R: TGCGTGAGACACAGTACATTCC

XM_001926378.4

XM_021098556.1 GCLC F: GATCCTCCAGTTCCTGCACA

R: GAGAGAGAACCAACCTCGTCG

NM_213948.1 IFN-y F: CAGGCCATTCAAAGGAGCAT

R: GAGTTCACTGATGGCTTTGCG
NM_214041.1 IL-10 F: CGGCGCTGTCATCAATTTCTG

R: CCCCTCTCTTGGAGCTTGCTA
NM_213993.1 IL-12 F: CAGGCCCAGGAATGTTCAAA

R: CGTGGCTAGTTCAAGTGGTAAG
NM_214055.1 IL-1p F: CCAATTCAGGGACCCTACCC

R: GTTTTGGGTGCAGCACTTCAT

CAR F: GTGCCTGAACTGTCTCTGCT
R: CCACATGCGCTCCATCTTCT

NM_001037996.1

XM_003131409.5 CCRP F: TGCCCTAGAATTTGCCCCTG

R: GCAAAGACCTCGGACGTACA

XM_001927453.2 RXRa F: CAAGTGCCTGGAACACCTCT

R: ATGGAAGGTAACAGGGTGGC

NM_214366.1 PP2Ac F: GGTGCCATGACCGGAATGTA

R: GTGCTGGGTCAAACTGCAAG
NM_213973.1 HSP90 F: AAGACCGGACCCTCACGATA

R: AGGCATACTGCTCGTCATCG
NM_213850.2 GSTA2 F: CTACTACGTGGAAGAGCTGGAC

R: GCCCTGCCCACTTTATGAAGAC
NM_214389.2 GSTA1 F: AGGACACCCAGGACCAATCTT

R: CTCAGGTACATTCCGGGAGAAG

NM_001159614.1 CYP1A2 F: TTTGTGGAGACCGCCTCATC

R: GCTTGAATAGGGCGCTTGTG

NM_214423.1 CYP3A29 F: CCTGAAATTAACCACGCAAGGGCT
R: TCTGGGATGCAGCTTTCTTGACCA
NM_214413.1 CYP2B22 F: GGGAACGTTGGAAGACCCTT

R: CGGGATCTCTGTAGGCGAAG

NM_001206359.1 GAPDH F: AAGGAGTAAGAGCCCCTGGA
R: TCTGGGATGGAAACTGGAA
XM_003124280.3 B-actin F: CTGCGGCATCCACGAAACT

R: AGGGCCGTGATCTCCTTCTG

number of mitochondria in the ileum and ATP levels (Figure 2D).
Weaned piglets treated with PQ or D-galactose showed increased
intestinal epithelial cell apoptosis as detected by immunofluorescence
(Figures 2B,E).
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average daily feed intake; F/G, feed/gain; DR, diarrhea rate.

Effect of acute and chronic oxidative stress on growth performance and intestinal morphology in weaned piglets. (A—E) The BW, ADG, ADF|, F/G, and
DR per week for CON group and D-gal group. (G—I) The ADG, ADFI, and DR for CON group and PQ group. (J) Representative H&E staining of jejunal
and ileal tissue for weaned piglets (x100; Scale bars = 100 pm). (K=M) The villus height, crypt depth and Villus height to crypt depth ratio of ileum and
jejunum in weaned piglets. A significant difference (p < 0.05) is indicated by different tiny letter superscripts, whereas no significant difference (p>0.05)
is indicated by the same or no letter superscripts. The values are given as Mean + SE, n =7. CON group, control group; D-gal group, D-galactose
induced chronic oxidative stress group; PQ group, paraquat induced acute oxidative stress group; BW, body weight; ADG, average daily gain; ADFI,

The effect of PQ and D-galactose on intestinal barrier function
was further investigated by examining the localization and expression
of intestinal tight junctions, such as Claudin-1, ZO-1, and Occludin
protein. The findings (Figures 3A,B,E,F) demonstrated that the
expression of Claudin-1, ZO-1, and Occludin protein in the jejunum
and ileum of weaned piglets was significantly inhibited by challenging
with PQ or D-galactose. Additionally, intestinal permeability was
altered (Figures 3C,D), and the DAO content was markedly higher
than that of the CON group. As hypothesized, the challenge of PQ and
the intestinal

D-galactose could increase permeability of

weaned piglets.

3.3 Effect of acute and chronic oxidative
stress on the gut-liver axis in weaned
piglets

TEM confirmed the morphology and quantity of hepatocyte

mitochondria (Figure 4A). The PQ group had fewer and more
heterogeneous mitochondria than the CON group, with reduced and
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broken cristae (Figure 4B). Additionally, the hepatic ATP level was
significantly decreased (Figure 4C). The PQ group had considerably
greater levels of ALT (Figure 4D), AST (Figure 4E), LDH (Figure 4G),
and serum TP (Figure 4H) compared with the CON group. However,
PQ had little impact on the levels of ALP (Figure 4F), serum IgA
(Figure 4I), serum IgG (Figure 4]), and serum IgM (Figure 4K). The
D-galactose challenge resulted in similar changes, although not all
differences were statistically significant (Figures 4A-K). It is
noteworthy that the PQ group had higher levels of AST than the D-gal
group. Taken together, our findings indicate that both PQ and
D-galactose challenge can damage hepatocytes and their redox system
and the PQ group suffered more severe hepatic impairment.

3.4 Effect of acute and chronic oxidative
stress on antioxidant capacity and
inflammatory cytokines in weaned piglets

To better understand the impact of acute and chronic oxidative stress
on the redox system, we examined serological and intestinal

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1414486
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al.

10.3389/fmicb.2024.1414486

TUNEL

DAPI

Merge

FIGURE 2

Cc
-]
=
<
=
S
=
S
£
£
5 b
=
3
=
£
El
=
=
=2
= CON D-gal PQ

D
=
o
=
2
=
S
E
£
&
<
=
&
=

E

Apoptosis rate (%)

D-gal

PQ

Effect of acute and chronic oxidative stress on intestinal epithelial cell in weaned piglets. (A) Epithelial cells ultrastructure in the ileum for different group
(x15,000; Scale bars=1um). (B) Representative TUNEL staining of ileal tissue (Scale bars=50pm; x400). (C) Number of mitochondria in ileal epithelial
cells. (D) ATP content in ileal epithelial cells. (E) The apoptosis rate quantitation in the ileum. A significant difference (p<0.05) is indicated by different tiny
letter superscripts, whereas no significant difference (p>0.05) is indicated by the same or no letter superscripts. The values are given as Mean+SE, n=7.
CON group, control group; D-gal group, D-galactose induced chronic oxidative stress group; PQ group, paraquat induced acute oxidative stress group.

antioxidant-related enzymes. The PQ and D-galactose challenge both
significantly raised the serum MDA content (Figure 5A) and GSH-PX
activity (Figure 5C) compared to the CON group, but a decline in serum
T-AOC activity (Figure 5B) and serum SOD (Figure 5D). The ratio of
GSH/GSSG in serum, liver, jejunum, and ileum were significantly
decreased by PQ and D-galactose challenge (Figures 5E-L). This is due
to the fact that the GSH/GSSG ratio is calculated from the previous GSH
and GSSH values. Consistent with the results above, our results suggest
a decreasing trend in the CuZnSOD and MnSOD mRNA expression
while the expressions of GCLC and GCLM tend to increase after PQ or
D-galactose challenge. (Figures 5M,N). And this trend was evident in the
D-gal group. Our findings demonstrate that PQ and D-galactose
challenge disrupt redox balance and impairs antioxidant capacity in
weaned piglets.

Since oxidative stress typically triggers an inflammatory response,
we further assessed the inflammatory level of weaned piglets. PQ or
D-galactose exposure elevated the level of type 1 cytokines in serum,
such as IL-1p (Figure 6E) and TNF-a (Figure 6D), which promote
type I inflammation. There is no significant difference in IFN-y and
IL-12 (Figures 6B,C). However, PQ and D-galactose decreased the
level of IL-10 in serum (Figure 6A), which regulates immunity.
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Similar results were found in the liver (Figure 6F) and jejunum
(Figure 6G) tissues, where PQ or D-galactose increased IL-12 and
IFN-y levels and decreased IL-10 levels. Notably, the PQ group had
larger levels of IL-1p, IFN-y, and IL-12 than the D-gal group did.
Overall, the results suggest that PQ and D-galactose induce type 1
proinflammatory cytokines and cause an imbalance in immunity.

3.5 Effect of acute and chronic oxidative
stress on CAR pathway in weaned piglets

To fend off oxidative stress brought on by both internal and
external stressors, the Constitutive Androstane Receptor (CAR) has
the ability to control the production of antioxidant genes like SOD,
CAT, and CYP450. In this study, we aimed to determine the potential
mechanism underlying the effects of PQ and D-galactose on weaned
piglets by examining key targets of the CAR pathway. Compared to
the CON group, the PQ group showed an increase in mRNA
expression of CAR, HSP90, and CYP2B22 (Figures 7E,F), while also
showing a decrease in mRNA expression of PP2Ac and CYP1A2
(Figures 7EF) in the liver. However, the jejunum of the PQ group
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Effect of acute and chronic oxidative stress on intestinal barrier function in weaned piglets. Immunohistochemical staining of Claudin-1, Occludin and
Z0O-1 of jejunum (A) and ileum (B) (Scale bars = 50 pm; x400). (C,D) Level of serum DAO and iFABP. (E,F) The relative expression of Claudin-1, Occludin
and ZO-1in the jejunum and ileum. A significant difference (p < 0.05) is indicated by different tiny letter superscripts, whereas no significant difference
(p>0.05) is indicated by the same or no letter superscripts. The values are given as Mean + SE, n=7. CON group, control group; D-gal group,
D-galactose induced chronic oxidative stress group; PQ group, paraquat induced acute oxidative stress group; AOD, average optical density.
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showed an increase in expression of RXRa, PP2Ac, and CYP1A2
(Figures 7G,H). D-galactose caused the hepatic CCRP and PP2Ac
expression to be downregulated, while the expression of PP2Ac and
CYP3A29 in the jejunum was upregulated (Figures 7A,C,D). The
expression of PP2Ac and CYP3A29 showed no significant difference
in liver though (Figure 7B). These findings imply that the CAR
signaling pathway may play a different role in liver and gut antioxidant
function impairment following stimulation with PQ or D-galactose.

3.6 Effect of acute and chronic oxidative
stress on intestinal flora in weaned piglets

The delicate balance of the intestinal flora is essential for
preserving intestinal immunity and overall body homeostasis. Many
studies have shown a direct relationship between oxidative stress with
intestinal flora. The total amount of intestinal flora was estimated to
be 2.5 million tons, with 1.5 million bacteria contributing to the
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antioxidant effect. To identify the bacteria responsible for the
antioxidant function, the V3 +V4 regions of 16S rRNA genes were
sequenced in order to conduct a microbiota analysis. An average of
76,022 clean reads were clustered after low-quality sequences were
eliminated. Based on 97% similarity level, the high-quality sequences
were assigned to operational taxonomic units (OTUs). Community
richness was assessed using the Chao 1 index, while the Shannon
index was chosen as a composite measure of community diversity.
Compared to the CON group, both PQ and D-galactose considerably
reduced the Chao 1 and Shannon indexes (Figures 8A,B). We assessed
B-diversity using Principal Component Analysis (PCA) in order to
better understand the variations in microbial composition between
the groups. The results indicate that there were variations in the
microbial community structure among the three groups (Figure 8C).

The microbial composition of the group differed at the phylum and
genus levels. Both PQ and D-galactose decreased the ratio of
Bacteroidota while improving the relative richness of Firmicutes and
Actinobacteriota at the phylum level (Figure 8D). At the genus level, the
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flora composition differed significantly among the three groups
(Figure 8E), which is in line with the previous discoveries. We examined
the relative richness and found that all 19 genera exhibited significant
differences in richness between each pair of the three groups (Figure 8F).
Mogibacterium and Denitratisoma increased in the PQ group, while
Catenisphaera and Syntrophococcus increased in the D-galactose group.
Alloprevotella, Ruminococcaceae_Incertae_Sedis,
Lachnospira, Lachnospiraceae_ND3007_group, Oscillospira, Prevotella,
Prevotella Prevotellaceae_ NK3B31_group, Prevotellaceae_ UCG_003,
Ruminococcus,

Colidextribacter,

Schwartzia,  [Eubacterium]_xylanophilum_group,
unclassified_ Erysipelotrichaceae, unclassified_Lachnospiraceae, and
unclassified_Prevotellaceae were decreased in PQ and D-galactose
group. We analyzed the association of these groups with the PQ and
D-galactose group. In this study, we analyzed the association between
these bacteria and oxidative reaction components and inflammatory
cytokines (Figure 8G). These findings point to a possible connection
between these bacteria and oxidative stress and inflammation. Our
findings indicate that a high richness of Catenisphaera and
Syntrophococcus, which increased in the D-galactose group, was
associated with lower levels of T-AOC, GSH, ileum GSH/GSSG, SOD
and IL-10, and higher level of IL-1f. Additionally, we observed that an
increase in the richness of Mogibacterium in the PQ group corresponded
to lower levels of IgA and serum GSH/GSSG, and higher levels of
MDA. On the other hand, Denitratisoma tended to increase IL-10 and
liver GSH/GSSG. The remaining 15 genera showed opposite effects.
These findings suggest that PQ and D-galactose treatment can reduce
the diversity and alter the richness of gut flora, leading to imbalances in
oxidative and antioxidant processes and inflammatory reactions.
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4 Discussion

The gut-liver axis maintains a dynamic balance through the
interplay of the intestinal barrier, intestinal flora, and the biological
functions of the liver (Ran et al., 2022). The multiple-hit hypothesis
proposes that a combination of mechanical, chemical, immunologic,
and biologic factors affect the intestinal mucosa. Once the intestinal
mucosal barrier is disrupted, intestinal bacteria and their products
migrate to the liver, causing a series of immune injuries and
inflammatory responses that ultimately lead to liver injury. The
intestine is susceptible to damage from ROS due to its exposure to
dietary and environmental changes (Hu et al.,, 2022), as well as its
abundance of intrinsically colonized immune cells and intestinal flora,
which can produce ROS (Upadhaya and Kim, 2021). Uncontrolled
ROS production can directly damage biomolecules and act as a second
messenger to activate downstream inflammatory or cell death
signaling pathways. Chronic oxidative stress can cause severe redox
dysregulation, while acute oxidative stress can easily lead to
inflammation and tissue damage. In our study, we used paraquat to
generate a model of acute oxidative stress in weaned piglets and
utilized D-galactose to create a model of chronic oxidative stress in
piglets (Umbayev et al., 2020; Xiao et al., 2022). D-galactose is known
to be metabolized to galactitol, which builds up in cells and produces
an excess of ROS, causing chronic oxidative stress. The intraperitoneal
injection of paraquat is absorbed by the intestinal mesentery and
utilizes molecular oxygen within the bloodstream to generate excess
ROS, leading to acute oxidative stress. Our data show that piglets
given D-galactose displayed lower BW, ADG, and ADFI over a
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four-week period. Following the paraquat challenge, the ADG was
reduced, but no notable variations were observed in BW, ADFI, or
diarrhea rate. This suggested that D-galactose induced chronic
oxidative stress may cause a more severe impairment of growth
potential. These results are consistent with previous reports (Han
etal, 2021; Xiang et al., 2022).

The intestine has two primary functions: selective absorption of
nutrients and resistance to pathogens and toxins. These functions rely
heavily on the intestinal barrier integrity. This study found that acute
and chronic oxidative stress decreased the intestinal villus height and
V/C ratio in piglets. Higher villi and shallower crypts suggest greater
intestinal digestion and absorption, as well as faster cell maturation
rates (Ou et al., 2020). This indicates that acute and chronic oxidative
stress may impair intestinal absorption function. Oxidative stress
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damages the tight junctions, microvillus structure, and mitochondrial
morphology of ileal epithelial cells. It also increases apoptosis of
intestinal epithelial cells and decreases the expression of jejunal tight
junction proteins, including Claudin-1, ZO-1, and Occludin. These
proteins are critical components of the tight junction structure, which
is essential for preserving intestinal permeability (Jiang et al., 2021).
In summary, both acute and chronic oxidative stress can cause
structural and functional damage to the intestinal tract of weaned
piglets. This damage can lead to impaired intestinal barrier function,
ultimately affecting piglet growth potential.

Antioxidants help the body defend against the detrimental effects
of free radicals, which are continuously produced. Enzymatic and
non-enzymatic systems that are comprised of antioxidants are referred
to as the antioxidant defense system (Mendonca et al., 2022). GSH-Px,
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SOD, CAT, and GSH reductase are the main enzymatic antioxidants.
Copper, zinc, and selenium are examples of nonenzymatic antioxidant
systems that are essential for preventing oxidative stress. Our study
found that both acute and chronic oxidative stress can lead to a rise in
GSH-Px levels and a reduction in SOD levels in weaned piglets. This,
in turn, causes a decrease in the GSH to GSSG ratio and T-AOC of
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antioxidant indexes and an increase in MDA of oxidized metabolites.
The hepatic and jejunal CuZnSOD and MnSOD mRNA expression
were reduced after acute and chronic oxidative stress, which coincided
with a decrease in serum SOD levels. Glutamate cysteine ligase (GCL)
is a rate-limiting enzyme of the cellular antioxidant GSH synthesis.
Chronic oxidative stress induced by D-gal upregulated the expression
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of hepatic and jejunal GCLC and GCLM mRNAs, which are the
catalytic and regulatory component of GCL (Lu, 2009). Overall, the
antioxidant system is generally decompensated in the D-galactose
induced chronic oxidative stress model.

Redox dysregulation in the intestine impairs liver function via
the gut-liver axis. Particular markers of liver injury include serum
AST, ALP, and ALT. Research has demonstrated that oxidative stress
raises AST and ALT levels in the liver and serum in piglets (Zeng
et al., 2021). When the liver is injured, the circulatory system
receives a rise in AST and ALT concentrations in the serum. The
study found that acute and chronic oxidative stress significantly
impaired the number and function of mitochondria in hepatocytes.
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Additionally, serum ALT and AST levels were elevated, while ALP
levels showed no statistically significant difference. Liver injury was
observed in weaned piglets in both acute and chronic oxidative
stress situations. However, statistically significant elevations in LDH
and TP levels were observed only in the PQ-induced acute stress
model. The heavier diarrhea in the acute model may have caused a
short-term decrease in blood volume, which is consistent with the
weight loss observed in the acutely stressed piglet group.
Additionally, oxidative stress is connected to inflammatory
reactions (Tian et al., 2023). Inflammatory processes could
be induced by oxidative stress injury, and pro-inflammatory factors
increase the production of ROS and RNS (Zong et al., 2023). The
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results showed that both acute and chronic oxidative stress can
induce inflammation. During acute oxidative stress, the
pro-inflammatory factors IL-1p and IFN-y were upregulated, while
the expression of the anti-inflammatory factor IL-10 was inhibited.
Chronic oxidative stress additionally led to increased expression of
TNF-a. Besides, the PQ group exhibited greater amounts of IL-1p,
IL-12, and IFN-y in contrast to the D-gal group. Both the liver and
the jejunum showed a similar trend in inflammatory cytokine
levels. The results indicate that acute and chronic oxidative stress
cause local destruction of biomolecules and cellular structures, as
well as changes in some physiological indicators in the intestine.
Furthermore, they cause liver injury and systemic inflammation
through the gut-liver axis. Combined with the previous results, it is
evident that acute oxidative stress increases the risk of inflammation
and liver damage, while chronic oxidative stress causes more severe
antioxidant malfunction. This suggests that the molecular
mechanisms involved in acute and chronic oxidative stress
may differ.

We examined the expression of the CAR signaling pathway to
better understand this mechanism. In a physical state, cytoplasmic
CAR retention protein (CCRP) binds to HSP70/90 to hold CAR in
the cytoplasm, creating the CAR-CCRP-HSP70/90 complex. CAR is
translocated to the nucleus after being dephosphorylated by protein
phosphatase 2A (PP2A). After that, it forms a heterodimer by
binding to RXRa. This heterodimer modifies the activity of
downstream target genes to regulate immunological and metabolic
functions (Kobayashi et al., 2003). The results show that PQ or
D-galactose treatment activated the CAR signaling pathway in both
the jejunum and the liver tissues. The mRNA expression of CAR,
RXRa, and HSP90 tended to increase, while the expression of PP2Ac
increased in the jejunum tissues and decreased in the liver tissues,
resulting in differences in the expression of downstream target genes
of CAR. This is in line with the results of previous report (Tang et al.,
2024), which found that oxidative stress induced by phosphorylates
CAR, prevents the CAR-CCRP-HSP90 complex from forming,
promotes CAR translocate to nucleus, and binds with RXRa, all of
which control downstream target gene expression and hasten CAR
activation. In summary, both PQ and D-galactose treatments can
activate the CAR signaling pathway, leading to oxidative stress.
However, there are differences, and even opposite trends, in the
expression of CAR signaling pathway components between acute
and chronic oxidative stress, as well as between the intestine and
liver. These findings demonstrate differences in the expression of
molecules involved in the CAR pathway under acute and chronic
oxidative stress. Further studies may be necessary to explore
additional mechanistic differences.

The intestinal tract possesses natural properties such as
anaerobic, rich nutrition, appropriate temperature and PH, making
it an excellent environment for microbial survival and hosting a
large number of microorganisms (Zhou et al, 2020). These
microorganisms form a complex biological system, also known as
intestinal flora, whose diversity exerts a significant influence on the
development of the disease (Xing et al., 2024).It is susceptible to
attack by oxygen radicals under oxidative stress due to its active
energy metabolism (Sebastian Domingo and Sanchez Sénchez,
2018). The relationship between gut flora and the host has drawn
more and more attention from researchers in recent years. According
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to our study, the intestinal flora in weaned piglets significantly
declined in the diversity and composition after PQ or D-galactose
challenge. This suggests that the balance of intestinal flora can
be disrupted by both acute and chronic oxidative stress. We also saw
notable alterations in the microbial community structure. The study
found that the PQ group experienced an enrichment of
while the
intervention group experienced an enrichment of Catenisphaera and

Mogibacterium and Denitratisoma, D-galactose
Syntrophococcus. Both intervention groups showed a downgrade of
Alloprevotella, Colidextribacter, Ruminococcaceae_Incertae_Sedis,
Lachnospira, ~ Lachnospiraceae_ND3007_group,  Oscillospira,
Prevotella, Prevotellaceae_NK3B31_group, Prevotellaceae_UCG_003,
Ruminococcus, Schwartzia, [Eubacterium]_xylanophilum_group,
unclassified_Erysipelotrichaceae, unclassified_Lachnospiraceae, and
unclassified_Prevotellaceae. Mogibacterium and Denitratisoma have
been identified as potential causative agents of gingival disease (Liu
et al., 2023; Wu et al., 2023). Mogibacterium is also associated with
intermaxillary gap infections (Sun et al., 2022). Denitratisoma is
involved in denitrification and are used in sewage treatment (Wang
et al., 2023), but their role in the gut requires further investigation.
Catenisphaera and Syntrophococcus are typically associated with the
synthesis of short-chain fatty acids and gut protection (Horvath
et al., 2020; Yang et al., 2022). However, they were enriched in the
D-galactose group. It is hypothesized that this may be due to a
specific competitive advantage in this animal model or the
disruption of intestinal homeostasis under certain conditions.
Alloprevotella, Colidextribacter, Lachnospira, and Lachnospiraceae_
ND3007_group are associated with anti-inflammation and lipid
metabolism (Leibovitzh et al., 2022; Xie et al., 2022; Hou et al.,
2023). They are involved in combating oxidative stress and are often
considered probiotic. Oscillospira is seen as a possible next-
generation probiotic, a sign of intestinal health, and a producer of
short-chain fatty acids (Yang et al, 2021). The unclassified
Erysipelotrichaceae family is involved in lipid metabolism and
promotes piglet weight gain (Tang et al., 2024). The role of Prevotella,
Ruminococcus, and Schwartziais debated and may be related to
different strain. The Eubacterium xylanophilum group is typically
regarded as a harmful bacterium and has been linked to metabolic
diseases and colon cancer (Li et al., 2020; Li H. et al.,, 2022). The
divergent microorganisms upregulated by PQ or D-galactose
treatment were strongly correlated with inflammation and oxidative
stress, according to subsequent correlational analyses. Conversely,
negative correlations were observed for these downregulated
microbes. These findings imply that, in weaned pigs under oxidative
stress, alterations in the microbe composition can be connected to
antioxidant decompensation and inflammatory responses.

Despite the extensive use of the acute and chronic oxidative stress
piglet model, there are still some limitations to be considered. The
construction of an acute oxidative stress model necessitates the use of
paraquat, which is banned in numerous countries and difficult to
obtain. Consequently, paraquat administration inevitably causes lung
damage and renders the model distinct from the actual pathological
state. Furthermore, the construction of a chronic oxidative stress
model is more resource-intensive in terms of personnel, material
resources, and time. Finally, the intestinal molecular mechanisms
involved in acute and chronic oxidative stress modeling remain
incompletely understood.
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In summary, the two types of oxidative stress can systematically
damage the growth performance, antioxidant capacity, inflammation
response of weaned piglets, while D-galactose as chronic stress can
cause severe redox dysregulation, paraquat as acute stress can easily
lead to inflammation and liver damage. Furthermore, chronic or
acute oxidative stress can disrupt the dynamic balance of intestinal
flora, reducing their diversity and composition. However, the
structure of microbes in acute and chronic oxidative stress models
differs, indicating that the pathological states or molecular pathways
involved in these two models may vary, so further studies are needed
to understand the mechanism by gut-liver axis and gut microbiota.
These results provide valuable insights and direction for future work
oxidative stress and their

exploring the relationship

associated pathologies.
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Glossary
ROS Reactive oxygen species
BW Body weight
ADFI Average daily feed intake
ADG Average daily gain
FCR Feed conversion ratio
DR Diarrhea rate
TP Total protein
1gG Immunoglobulin G
IgM Immunoglobulin M
ALT Alanine aminotransferase
AST Aspartate aminotransferase
ALP Alkaline phosphatase
LDH Lactate dehydrogenase
MDA Malondialdehyde
SOD Superoxide dismutase
T-AOC Total antioxidant capacity
CAT Catalase
GSH Glutathione
GSH-Px Glutathione peroxidase
GSSG Oxidized glutathione
IgA Immunoglobulin A
L-1p Interleukin 1-p
1L-10 Interleukin-10
IL-12 Interleukin-12
TNF-a Tumor necrosis factor-a
IFN-y Interferon-y
iFABP Intestinal fatty acid binding protein
DAO Diamine oxidase
ATP Adenosine triphosphate
vi/iC Villus height to crypt depth ratio
CAR Constitutive androstane receptor
OTUs Operational taxonomic units
GCL Glutamate cysteine ligase
CCRP Cytoplasmic CAR retention protein
PP2A Protein phosphatase 2A
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Fermented Aronia melanocarpa
pomace improves the nutritive
value of eggs, enhances ovarian
function, and reshapes
microbiota abundance in aged
laying hens
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Qian Zhu?, Md. Abul Kalam Azad?, Yadong Cui®, Wei Lan® and
Qinghua He'*

!Department of Food Science and Engineering, College of Chemistry and Environmental Engineering,
Shenzhen University, Shenzhen, China, ?Hunan Provincial Key Laboratory of Animal Nutritional
Physiology and Metabolic Process, National Engineering Laboratory for Pollution Control and Waste
Utilization in Livestock and Poultry Production, Institute of Subtropical Agriculture, Chinese Academy
of Sciences, Changsha, China, *School of Biology and Food Engineering, Fuyang Normal University,
Fuyang, China

Introduction: There is a decline in the quality and nutritive value of eggs in
aged laying hens. Fruit pomaces with high nutritional and functional values have
gained interest in poultry production to improve the performance.

Methods: The performance, egg nutritive value, lipid metabolism, ovarian health,
and cecal microbiota abundance were evaluated in aged laying hens (320 laying
hens, 345-day-old) fed on a basal diet (control), and a basal diet inclusion of
0.25%, 0.5%, or 1.0% fermented Aronia melanocarpa pomace (FAMP) for eight
weeks.

Results: The results show that 0.5% FAMP reduced the saturated fatty
acids (such as C16:0) and improved the healthy lipid indices in egg
yolks by decreasing the atherogenicity index, thrombogenic index, and
hypocholesterolemia/hypercholesterolemia ratio and increasing health
promotion index and desirable fatty acids (P < 0.05). Additionally, FAMP
supplementation (0.25%—1.0%) increased (P < 0.05) the ovarian follicle-
stimulating hormone, luteinizing hormone, and estrogen 2 levels, while 1.0%
FAMP upregulated the HSD3B1 expression. The expression of VTG Il and
ApoVLDL Il in the 0.25% and 0.5% FAMP groups, APOB in the 0.5% FAMP
group, and ESR2 in the 1% FAMP group were upregulated (P < 0.05) in
the liver. The ovarian total antioxidant capacity was increased (P < 0.05)
by supplementation with 0.25%—1.0% FAMP. Dietary 0.5% and 1.0% FAMP
downregulated (P < 0.05) the Keapl expression, while 1.0% FAMP upregulated
(P < 0.05) the Nrf2 expression in the ovary. Furthermore, 1.0% FAMP increased
cecal acetate, butyrate, and valerate concentrations and Firmicutes while
decreasing Proteobacteria (P < 0.05).

Conclusion: Overall, FAMP improved the nutritive value of eggs in aged laying
hens by improving the liver—blood—ovary function and cecal microbial and
metabolite composition, which might help to enhance economic benefits.

KEYWORDS

aged laying hens, nutritive value, fermented Aronia melanocarpa pomace, ovarian
function, microbiota
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Lietal.

1 Introduction

Eggs are excellent sources of nutrients, such as proteins, lipids,
and micronutrients, which are highly beneficial to the physical
health of humans (Kovacs-Nolan et al., 2005). However, laying
hens are afflicted by a series of physiological health complications,
resulting in a decline in their egg-laying performance and egg
quality with age. Lipid precursor substances in egg yolk are
mainly derived from the liver. The yolk formation and deposition
of laying hens are largely determined by the multifunction of
the liver-blood-ovary (LBO) axis, including lipid metabolism
and hormone regulations of various forms (Wu et al, 2023).
The recession activities of the liver and ovary in aged laying
hens arise from endocrine disorders and decrease in antioxidant
capacity and follicle formation (Gu et al,, 2021; Wu et al., 2023).
Ovarian dysfunction in laying hens results in the decline of egg-
laying performance and quality of eggs, for which decrease in
antioxidant capacity is one of the main reasons (Bao et al., 2022).
Moreover, modulation of gut microbiota is a prospective approach
to alleviating the common problems of aged laying hens, such as the
decline in the quality and nutritive value of eggs (Feng et al., 2021;
Dai et al,, 2022). Hence, strengthening the LBO and gut functions
in aged laying hens can contribute to improving their egg-laying
performance and quality.

Recently, numerous natural plants or their extracts have been
employed as feed additives to promote the production of eggs in
aged laying hens. Aronia melanocarpa, known as black chokeberry,
originated from North America and spread to European and other
regions, especially in Poland, with a yearly yield of 14,000-15,000
tons of fresh fruits (Jurikova et al., 2017) and 600-700 tons in China
(Ren et al., 2022). It is mainly industrially processed as different
food products, such as juice, jams, and dietary supplements for
humans (Sidor and Gramza-Michalowska, 2019). After production
and processing, it produces large amounts of pomace. Aronia
melanocarpa pomace (AMP) contains phenolic phytochemicals,
dietary fiber, free glucose, fructose, and other bioactive substances
(Schmid et al.,, 2020). It has been reported that AMP can serve
as a feed additive to increase production in animals (Lipinska
et al, 2017; Ren et al,, 2022). AMP contains a relatively high
content of fiber. Meanwhile, avians lack enzymes that degrade non-
starch polysaccharides, which may affect the adequate absorption
of AMP (Erinle and Adewole, 2022). Microbial fermentation helps
to enhance the nutritional quality of agricultural by-products
as alternative feed ingredients (Cui et al., 2023) and increases
the content and bioavailability of dietary polyphenols (Du and
Myracle, 2018; Esatbeyoglu et al., 2023). Fermentation of AMP may
improve its nutritive value by decreasing fruit wastes generated
in the food industry and feed costs in animal husbandry, which
is environmentally friendly and economical. However, studies
regarding the influence of the fermented AMP (FAMP) on the
production performance, quality and nutritive value of eggs in
aged laying hens, and the potential mechanisms of FAMP’s action
remain unclear. Hence, this study explored the effects of the
addition of FAMP to aged laying hens’ diet on the production
performance, quality and nutritive value of eggs, ovarian function,
and cecal microbiota and metabolite composition, which might lay
the theoretical foundation for improving the nutritive value of eggs
due to the FAMP additive.
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2 Materials and methods

2.1 Fermentation of Aronia
melanocarpa pomace

Dried and cleaned AMP was obtained from Fuyang Fruit
Wine Engineering Technology Center (Fuyang, China). FAMP
was prepared according to the following procedure. A compound
starter culture was prepared to ferment the raw material (AMP).
The compound starter culture was composed of a microbial
agent mixture, enzyme, medium 1, medium 2, and sucrose
at a mass ratio of I1:1:1:1:1. Among them, the microbial
agent mixture (Guangdong Microbial Culture Collection Center,
Guangzhou, China) contained Bacillus subtilis GDMCC 1.372,
Bacillus licheniensis GDMCC 1.182, Lactobacillus plantarum
GDMCC 1.648, and Rhodotorula benthica GDMCC 2.215 at
a mass ratio of 1:1:1:1. The active enzyme was a mixture
of cellulase and papain at a mass ratio of 1:1. Medium 1
consisted of cultivated ginseng leaves, which were dried and
crushed to a 40-mesh powder. Medium 2 was soybean flour.
The above compound starter culture and AMP were blended
at a mass ratio of 1:100. The fermentation conditions were as
follows: fermentation temperature, 75°C; dissolved oxygen, 3-
10%; moisture content, 30-80%; and fermentation method, solid
fermentation. The measured nutrient levels (%; dry matter basis)
of FAMP were as follows: ash, 5.20; crude protein, 10.63; ether
extract, 4.80; crude fiber, 15.90; calcium, 0.55; total phosphorus,
0.28; and gross energy, 18.65 MJ/kg. Amino acid and fatty acid
profiles of FAMP are presented in Supplementary Tables S1 and
S2, respectively.

2.2 Animals, diets, and treatments

A total of 320 Yukou Jingfen No. 8 laying hens that were 345
days old with similar health conditions were selected and randomly
allocated into one of the four treatment groups with eight replicates
per treatment (ten birds/replicate). The four treatment groups were
fed on a basal diet with the addition of 0 (control, CON), 0.25%,
0.5%, and 1.0% FAMP, respectively. The basal diet for laying hens
was formulated based on the standard nutriment requirements
(Supplementary Table S3). The trial continued for eight weeks and
there was a 1-week pre-feeding trial. All laying hens were raised in
a controlled environment at 18-24 °C, humidity of 45-60%, and
16 h/day of illumination. The other feeding management followed
routine commercial feeding management protocols during
the trial.

2.3 Determination of laying performance

The weight and number of eggs and feed intake in each
replicate were recorded during the whole trial. Then, average
laying rate (ALR), average egg weight (AEW), average daily
feed intake (ADFI), and feed-to-egg ratio (FER) were analyzed
from weeks 1 to 2, 3 to 4, 5to 6, 7 to 8§ and 1 to 8 of
the trial.
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2.4 Egg quality analysis

Three eggs per replicate were randomly collected for egg quality
measurement every two weeks during the trial. The egg shape index
was determined by a Vernier caliper and calculated using previous
formulas described by Feng et al. (2021). The eggshell strength,
egg weight, albumen height, Haugh unit, and yolk color (Roche
colorimetric unit) were measured with an Egg Force Reader and
an EggAnalyzer (ORKA Food Technology Ltd., Ramat HaSharon,
Israel), respectively. Then, the eggshell, yolk, and albumen were
separated, weighed, and their percentages calculated. The eggshell
thickness was measured by a hand-held micrometer (Deli Group,
Ningbo, China).

2.5 Sample collection and plasma
preparation

Three eggs from each replicate were collected to obtain the egg
yolk and egg albumen for further nutritive value analyses after the
8-week animal trial. The plasma samples were obtained through
wing vein-blood collection and centrifugation and kept at —80°C
for plasma hormone, biochemical parameter, and antioxidant
indicator analyses. Then, hens from each replicate were euthanized
by jugular vein bleeding. The liver and ovary were dissected and
kept at —80°C for mRNA extraction, and the ovary samples were
also collected for hormone and antioxidant indicator analyses.
The cecal contents were collected to determine the microbiota
abundance and short-chain fatty acids (SCFA).

2.6 Count of ovarian follicles

In hens’ ovaries, numbers of large white (2-5 mm), small yellow
(6-8 mm), and hierarchical (=9 mm) follicles were recorded based
on previously described methods (Li et al., 2020; Huang et al,
2021).

2.7 Determination of ether extract
concentration and fatty acid profiles in
yolks

The ether extract level of egg yolks was determined by a
Soxhlet extraction with petroleum. The fatty acid composition
was determined by employing the area normalization method
(Hu et al,, 2017). Briefly, total lipids were taken from egg yolks
following the chloroform-methanol process. The fatty acid methyl
ester was obtained with KOH/methanol and determined by a gas
chromatograph (GC2030, Shimadzu Corporation, Kyoto, Japan).

According to the percentage of particular fatty acids of egg
yolks, saturated fatty acids (SFA), polyunsaturated fatty acids
(PUFA), monounsaturated fatty acids (MUFA), n-3 PUFA, and n-6
PUFA percentages were counted as follows: SFA = C14:0 + C16:0
+ C17:0 4 C18:0, MUFA = C16:1n-7 + C18:1n-9 + C20:1n-9, n-3
PUFA = C18:3n-3 4 C22:6n-3, n-6 PUFA = C18:2n-6 + C18:3n-
6 +C20:2n-6 + C20:3n-6 + C20:4n-6, and PUFA= n-3 PUFA
+ n-6 PUFA. Meanwhile, the health lipid indices related to fatty
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acids, such as atherogenicity index (AI), thrombogenic index (TT),
hypocholesterolemic/hypercholesterolaemic ratio (H/H), health
promotion index (HPI), and desirable fatty acids (DFA), were
calculated as reported in our previous study (Li et al., 2024): AI
= (C12:0 + 4 x Cl4:0 + C16:0)/UFA, TI = (C14:0 + C16:0 +
C18:0)/(0.5 x MUFA + 0.5 x n-6 PUFA + 3 x n-3 PUFA + n-
3/ n-6 PUFA), H/H ratio = (C18:1n-9 + C18:2n-6 + C20:4n-6
+ C18:3n-3 + C20:5n-3 + C22:5n-3+C22:6n-3)/(C14:0 + C16:0),
HPI = (MUFA + PUFA)/(C12:0 + 4 x C14:0 +C16:0), and DFA
= C18:0 + MUFA + PUFA.

2.8 Measurement of crude protein and
amino acid content in egg albumen

The crude protein content in egg albumen was evaluated by
the Kjeldahl method. The content of amino acids in egg albumen
was determined using a previously described method (Hu et al,
2017). Briefly, freeze-dried egg albumen samples were prepared
using 6 mol/L hydrochloric acid at 110°C for 24h. Then, the
suspensions were filtered and detected by an ion-exchange AA
analyzer (LA8080, Hitachi, Tokyo, Japan).

2.9 Analysis of plasma and ovary
homogenate hormones

Ovary samples were placed in normal saline, vortexed,
and then centrifuged at 4°C for supernatant collection. The
protein content in ovary homogenate was measured with a
bicinchoninic acid assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

The (E2),
hormone (FSH), and luteinizing hormone (LH) in plasma

content of estrogen 2 follicle-stimulating
and ovary homogenate was determined using the enzyme-
linked immunosorbent assay (ELISA) kits (Hunan Richamp
Biotechnology Co., Ltd., Changsha, China). The optical density
(OD) values were obtained on a spectrophotometer (Tecan,

Infinite M200 Pro, Basel, Switzerland).

2.10 Determination of plasma and ovary
redox status and plasma biochemical
parameters

The content of superoxide dismutase (SOD), glutathione
peroxidase (GPX), total antioxidant capacity (T-AOC), glutathione
(GSH), and malondialdehyde (MDA) in plasma and ovary
homogenate was determined by colorimetry (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) on a spectrophotometer
(Tecan, Infinite M200 Pro, Basel, Switzerland). The protein
content of each ovary homogenate sample was used to normalize
the indexes mentioned above. The content of total cholesterol
(TC) and triglyceride (TG), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) in plasma was also determined by
colorimetry (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) on a spectrophotometer (Tecan, Infinite M200 Pro,
Basel, Switzerland).
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TABLE 1 Effects of FAMP on productive performance of aged laying hens.

CON Dietary FAMP level SEM P-value
0.25% 0.5% 1.0%

1 to 2 weeks

ALR (%) 71.79 65.63 69.46 70.98 1.555 0.529
AEW (g) 51.10 51.60 51.75 51.19 0.231 0.726
ADFI (g) 95.31 96.09 95.34 95.47 0.454 0.742
FER 2.60 2.89 2.73 2.66 0.064 0.452
3 to 4 weeks

ALR (%) 69.91 70.45 71.43 69.20 1.195 0.934
AEW (g) 52.67 51.31 50.84 51.43 0.287 0.131
ADFI (g) 91.74 90.48 89.33 89.51 0.305 0.023
FER 2.51 2.52 2.50 2.53 0.042 0.997
5 to 6 weeks

ALR (%) 73.21 72.86 70.27 72.50 1.213 0.840
AEW (g) 51.54 51.45 51.47 51.45 0.224 0.999
ADFI(g) | 100.75 101.76 101.74 101.68 | 0.121 0.056
FER 2.69 2.74 2.84 2.75 0.044 0.716
7 to 8 weeks

ALR (%) 71.43 76.03 70.18 75.80 1.306 0.275
AEW (g) 51.01 52.06 52.00 51.76 0.244 0.413
ADFI(g) | 97.37 99.46" 98.90%® | 97.93 | 0230 0.003
FER 2.71 2.53 2.72 2.52 0.046 0.243
1 to 8 weeks

ALR (%) 71.58 71.20 70.33 72.12 1.035 0.947
AEW (g) 51.57 51.61 51.50 51.47 0.198 0.995
ADFI (g) 96.29 96.94 96.33 96.15 0.138 0.082
FER 2.62 2.65 2.69 2.60 0.036 0.858

Data are represented as means with SEM; n = 8. Values with different lowercase letters within
the same row differ significantly (P < 0.05). FAMP, fermented Aronia melanocarpa pomace;
ALR, average laying rate; ADFI, average daily feed intake; AEW, average egg weight; FER,
feed-to-egg ratio.

2.11 RNA extraction and mRNA
quantification

The total RNA in both liver and ovary samples was measured
using the TransZol agent (TransGen Biotech, Beijing, China). The
concentration and purity of extracted RNA samples were evaluated
by a Nanophotometer N60 (Implen, GmbH, Germany). The total
RNA was reverse transcribed into cDNA following instructions
provided in the RT Kit (Accurate Biology, Changsha, China).
Quantitative PCR amplification was carried out on the LightCycler
R 4801I Real-Time PCR System (Roche, Basel, Switzerland) using
the qPCR Kit (Accurate Biology, Changsha, China) following
the manufacturer’s instructions. Characteristic primer sequences
devised through the Primer 3 web (https://primer3.ut.ee/) are
available in Supplementary Table S4. The relative gene expression
was computed with the 272ACt
2001).

method (Livak and Schmittgen,
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2.12 Cecal microbial analysis

The cecal microbiota composition analysis was performed
by the Shanghai Personal Biotechnology Co., Ltd., Shanghai,
China (Zhu et al, 2022). Briefly, the total microbial DNA
of cecal contents was extracted and amplified with specific
primers (forward primer: 5 -ACTCCTACGGGAGGCAGCA-3'
5 -GGACTACHVGGGTWTCTAAT-3)
to obtain bacterial V3-V4 sequences. After purification and

and reverse primer:
amplification, the PCR products were paired-end sequenced
on an Illumina NovaSeq platform (Illumina, San Diego, CA,
USA). After quality control and chimera removal, amplified
sequence variants (ASVs) were taxonomically aligned with
species annotation using the Greengenes database. The o and B
diversity indices were analyzed to detect the diversity, richness,
and dissimilarity of the microbiota. Kruskal-Wallis test was
performed to determine the differential phyla and genera. The
linear discriminant analysis (LDA) effect size (LEfSe; LDA > 2,
P < 0.05) and random forest analysis were applied to identify
and distinguish the microbiota in the four groups. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
the microbiota was conducted with the Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States
(PICRUSt2) method. The correlation between cecal microbiota
abundance (top 50 genera) and phenotypes was performed
using Spearman correlation by the R package (|[R| > 0.50, P
< 0.05).

2.13 Measurement of cecal short-chain
fatty acid profile

The concentrations of cecal SCFA were measured according
to our previous study (Li et al., 2021) using Agilent 7890A gas
chromatograph (Agilent Inc., Palo Alto, CA, USA).

2.14 Statistical analysis

All data analyses were performed using the SPSS 22.0
software (SPSS Inc., Chicago, IL, USA) package. The normality
and homogeneity of variances of the data were assessed
using the Shapiro-Wilk test and Levene’s test, respectively.
When applicable, the one-way analysis of variance (ANOVA)
following Tukey’s post-hoc test was performed to assess
Welch's ANOVA  and
performed for the

significant  differences. Otherwise,

Games-Howell tests were significant
difference analyses. The results are expressed as means with
standard error of the mean (SEM). P < 0.05 was considered
statistically significant, whereas 0.05 < P < 0.1 suggested

a trend.

3 Results
3.1 Laying performance and egg quality

Table 1 showed no notable differences (P > 0.05) in the ALR,
AEW, and FER among the four groups during 1 to 2, 3 to 4,
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TABLE 2 Effects of FAMP on egg quality of aged laying hens.

Dietary FAMP level
0.5%

Week 2

Eggshell strength (N) 38.72 42.25 40.35 40.59 0.794 0.499
Shape index 1.33 1.29° 1.35° 1.33% 0.007 0.007
Albumen height (mm) 3.38 3.70 4.44 3.77 0.157 0.104
Yolk color 13.67 14.04 13.88 13.79 0.122 0.763
Haugh unit 55.04 57.72 64.04 56.82 1.600 0.215
Eggshell thickness (mm) 0.34 0.33 0.34 0.34 0.003 0.548
Eggshell percent (%) 13.34 12.88 12.66 12.91 0.105 0.133
Yolk percent (%) 32.72 32.60 3191 31.59 0.331 0.588
Albumen percent (%) 53.88 54.56 55.43 55.59 0.377 0.357
Week 4

Eggshell strength (N) 40.74 40.32 40.24 39.84 0.746 0.982
Shape index 1.32 1.34 1.33 1.33 0.005 0.627
Albumen height (mm) 5.17 4.05 4.37 4.31 0.173 0.113
Yolk color 13.96 13.50 13.21 13.31 0.132 0.191
Haugh unit 68.70 61.70 64.59 63.25 1.632 0.488
Eggshell thickness (mm) 0.34 0.33 0.33 0.32 0.002 0.120
Eggshell percent (%) 13.24 13.07 13.06 12.98 0.113 0.890
Yolk percent (%) 30.48 30.97 30.78 30.82 0.304 0.955
Albumen percent (%) 56.29 55.96 56.16 56.21 0.318 0.987
Week 6

Eggshell strength (N) 39.81 43.09 40.65 40.20 0.738 0.408
Shape index 1.36 1.34 1.34 1.33 0.006 0.568
Albumen height (mm) 4.21 5.51 4.94 5.51 0.251 0.217
Yolk color 13.75 14.38 14.17 14.38 0.104 0.104
Haugh unit 63.86 71.31 69.12 71.31 1.731 0.393
Eggshell thickness (mm) 0.344% 0.354° 0.345% 0.334° 0.002 0.012
Eggshell percent (%) 13.12 13.41 12.96 13.38 0.104 0.368
Yolk percent (%) 31.34 30.94 30.48 30.33 0.237 0.436
Albumen percent (%) 55.54 55.64 56.56 56.30 0.292 0.561
Week 8

Eggshell strength (N) 40.14 39.18 39.80 41.24 0.912 0.891
Shape index 1.32 1.34 1.34 1.34 0.005 0.665
Albumen height (mm) 5.18 5.01 4.89 4.81 0.100 0.618
Yolk color 14.04 14.17 14.10 14.08 0.091 0.973
Haugh unit 71.25 70.11 68.97 68.60 0.959 0.776
Eggshell thickness (mm) 0.33 0.33 0.34 0.34 0.003 0.683
Eggshell percent (%) 13.05 13.24 12.69 13.05 0.101 0.294
Yolk percent (%) 31.25 30.62 31.26 30.37 0.250 0.506
Albumen percent (%) 55.70 56.15 56.04 56.58 0.268 0.732

Data are represented as means with SEM; n = 8. Values with different lowercase letters within the same row differ significantly (P < 0.05). FAMP, fermented Aronia melanocarpa pomace.
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TABLE 3 Effects of FAMP on ether extract concentration, fatty acid profile, and health lipid indices of egg yolk.

Dietary FAMP level
0.5%

Ether extract (g/100g tissue) 33.89 34.55 34.36 34.94 0.309 0.712
C14:0 0.40 0.41 0.38 0.39 0.006 0.419
C16:0 25.78* 25.23% 24.55" 24.93% 0.146 0.013
Cl16:1n-7¢ 3.12 2.88 2.69 2.74 0.076 0.192
C17:0 0.14 0.15 0.17 0.15 0.005 0.282
C18:0 8.26 8.17 8.05 8.11 0.112 0.940
C18:1n-9¢ 42.90 42.95 44.47 42.60 0.435 0.446
C18:2n-6¢ 16.26 17.22 16.60 17.90 0.448 0.610
C18:3n-6 0.12 0.13 0.11 0.12 0.004 0.636
C18:3n-3 0.65 0.68 0.70 0.74 0.022 0.594
C20:1n-9¢ 0.22 0.21 0.21 0.21 0.003 0.538
C20:2n-6 0.13 0.14 0.13 0.14 0.004 0.797
C20:3n-6 0.14 0.12 0.12 0.12 0.003 0.059
C20:4n-6 1.29° 1.18° 1.22% 1.26% 0.016 0.037
C22:6n-3 0.60 0.54 0.60 0.58 0.010 0.157
Health lipid indices

SFA(%) 34.58° 33.96% 33.15" 33.59% 0.168 0.010
MUFA (%) 46.23 46.04 47.37 45.55 0.441 0.542
PUFA(%) 19.19 20.00 19.48 20.86 0.482 0.662
PUFA/SFA 0.56 0.59 0.59 0.62 0.016 0.552
n-3 PUFA(%) 1.25 1.22 1.30 1.32 0.028 0.575
n-6 PUFA(%) 17.94 18.78 18.18 19.54 0.461 0.646
n-6/n-3 PUFA 14.32 15.50 13.89 14.80 0.255 0.135
Al 0.42% 0.41% 0.39° 0.40% 0.003 0.006
TI 0.96 0.94% 0.90° 0.91% 0.008 0.022
H/H 2.36" 2.44% 2.55° 2.50% 0.022 0.007
HPI 2.39° 2.46% 2.57% 2.51% 0.021 0.008
DFA(%) 73.68" 74213 74912 74.5230 0.147 0.015

Data are represented as means with SEM; n = 6. Values with different lowercase letters within the same row differ significantly (P < 0.05). FAMP, fermented Aronia melanocarpa pomace;
SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; Al, atherogenicity index; TI, thrombogenic index; H/H, hypocholesterolaemic-to-

hypercholesterolaemic ratio; HPI, health promotion index; DFA, desirable fatty acids.

51t0 6,7 to 8 and 1 to 8 weeks of the trial. The ADFI was
elevated (P < 0.05) in the 0.25% and 0.5% FAMP groups relative
to that in the CON group during 7-8 weeks. The ADFI in the
0.25% FAMP group was higher (P < 0.05) than that of the 1%
FAMP group during 7 to 8 weeks, and showed an increasing
trend (P = 0.082) during 1 to 8 weeks. As presented in Table 2,
the addition of 0.25% FAMP decreased (P < 0.05) the egg shape
index relative to that in the CON and 0.5% AMP groups at
week 2. The eggshell thickness was higher (P < 0.05) in the
0.25% FAMP group than in the 1% FAMP group at week 6.
No notable differences (P > 0.05) were found in the eggshell
strength, Haugh unit, albumen height, yolk color, and percentages
of eggshell, yolk, and albumen among the four groups throughout
the trial.
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3.2 The ether extract and fatty acid profiles
in the egg yolk

As seen in Table 3, the C16:0 percentage was lower (P < 0.05) in
the 0.5% FAMP group than that of the CON group. The C20:4n-6
percentage showed a decrease (P < 0.05) in the 0.25% FAMP group
compared to the CON group. Moreover, FAMP supplementation
exhibited a declining trend (P = 0.059) in the C20:3n-6 percentage
compared to the CON group. Additionally, the SFA percentage and
Al and TT indexes were reduced (P < 0.05), whereas H/H, HPI, and
DFA indexes were elevated (P < 0.05) in the 0.5% FAMP group by
comparison with the CON group. PUFA, PUFA/SFA, n-3 PUFA,
and n-6 PUFA in the four groups showed no obvious distinctions
(P > 0.05).
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3.3 Crude protein and amino acid content
in egg albumen

The valine content in egg albumen was reduced (P < 0.05) in
the 0.25% FAMP group than in the CON group. The 0.25% and
0.5% FAMP groups exhibited a decreasing trend with regard to the
content of histidine (P = 0.093), proline (P = 0.060), and branched-
chain amino acid (BCAA, P = 0.089) of egg albumen relative to the
CON group (Table 4).

3.4 The number of ovarian follicles,
hormone levels of plasma and ovary, and
hormone synthesis and receptor genes in
the ovary

The results of ovarian follicles are shown in Figure 1A. The
number of large white follicles in the FAMP groups exhibited an
increasing trend (P = 0.092) relative to the CON group. There
were no significant changes (P > 0.05) in plasma FSH, LH,
and E; contents among the four groups (Figure 1B). However,
ovary FSH, LH, and E, levels were higher (P < 0.05) in the
0.25%, 0.5%, and 1.0% FAMP groups relative to the CON group
(Figure 1C). The ovary HSDI17BI expression was upregulated (P
< 0.05) in the 1.0% FAMP group relative to the CON group.
The mRNA expression involved in hormonogenesis (including
CYPI11A1, HSD3B1, CYPI7AIl, and CYPI9AI) and hormone
receptors (including ESRI, ESR2, FSHR, and LHCGR) in ovarian
tissues did not differ among the four groups (Figures 1D, E).

3.5 Plasma biochemical indicators and
expression of genes involved in egg yolk
precursor synthesis and transport

As shown in Figure 2A, plasma TC, TG, ALT, and AST levels
of the four groups showed no significant differences (P > 0.05).
The gene expression involved in the synthesis of yolk precursor
(including ACC, FAS, and SCDI) and ESR2 in the liver was
upregulated (P < 0.05) in the 1.0% FAMP group compared with
the CON group (Figures 2B, E). The gene expressions of the liver-
respecting egg yolk precursor transportation (including VTG II,
ApoVLDL II, and APOB) were upregulated (P < 0.05) in the 0.5%
FAMP group relative to the CON group (Figure 2C). As for the
VLDR gene expression of the ovary, no difference (P > 0.05) was
observed among the four groups (Figure 2D).

3.6 Plasma and ovary redox status and the
Keap1/Nrf2 pathway of the ovary

The levels of plasma redox status-related parameters, including
T-AOC, GSH, GSH-PX, SOD, and MDA, were not changed
(P > 0.05) by dietary FAMP supplementation (Figure 3A). In
the ovary, T-AOC (P < 0.05) and SOD (P = 0.064) levels
were increased in the 0.5% FAMP group in comparison to the
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TABLE 4 Effects of FAMP on crude protein and amino acid content of egg
albumen.

Items, % CON Dietary FAMP level SEM P-value
0.25% 0.5% 1.0%
Crude protein 9.93 9.27 9.60 9.50 0.154 0.535
EAA 5.11 4.60 4.75 4.92 0.091 0.227
Arginine 0.57 0.51 0.52 0.55 0.010 0.249
Histidine 0.23 0.21 0.21 0.22 0.004 0.093
Isoleucine 0.53 0.47 0.48 0.50 0.010 0.118
Leucine 0.86 0.77 0.80 0.83 0.015 0.160
Lysine 0.65 0.60 0.60 0.66 0.012 0.173
Methionine 0.49 0.46 0.52 0.46 0.015 0.496
Phenylalanine 0.62 0.56 0.58 0.61 0.011 0.162
Threonine 0.46 0.42 0.43 0.45 0.008 0.187
Valine 0.69° 0.60° 0.61% 0.65° | 0.012 0.025
NEAA 4.83 434 443 4.64 0.082 0.153
Alanine 0.61 0.55 0.56 0.59 0.011 0.131
Aspartic acid 1.06 0.95 0.96 1.01 0.018 0.104
Glutamic acid 1.37 1.23 1.25 1.31 0.023 0.129
Glycine 0.36 0.32 0.33 0.35 0.006 0.139
Proline 0.34 0.30 0.30 0.33 0.006 0.060
Serine 0.70 0.64 0.65 0.68 0.012 0.272
Tyrosine 0.39 0.35 0.38 0.38 0.007 0.387
TAA 9.94 8.94 9.18 9.56 0.173 0.189
FAA 3.97 3.56 3.62 3.79 0.068 0.135
BCAA 2.08 1.84 1.89 1.98 0.037 0.089

Data are represented as means with SEM; n = 6. Values with different lowercase letters
within the same row differ significantly (P < 0.05). FAMP, fermented Aronia melanocarpa
pomace; EAA, essential amino acid, containing arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine; NEAA, non-essential amino
acid, containing alanine, aspartic acid, cystine, glutamic acid, glycine, proline, serine, and
tyrosine; TAA, total amino acid; FAA, flavor amino acid, containing aspartic acid, glutamic
acid, glycine, alanine, and arginine; BCAA, branched-chain amino acid, containing isoleucine,
leucine, and valine.

CON group (Figure 3B). Furthermore, the Keapl expression of
the 0.5% and 1.0% FAMP groups was decreased (P < 0.05)
relative to the CON group. Moreover, the Nrf2 expression of
the 0.5% FAMP group was higher (P < 0.05) than in the 1.0%
FAMP group.

3.7 Microbiota structure and community in
cecal contents

The results of the a-diversity are presented in Figure 4A.
The Observed_species, Chaol, and Faith-pd indexes were higher,
whereas the Goods coverage index was lower in the 0.25% FAMP
group relative to the CON group (P < 0.05). The Pielou_e
index of the 1.0% FAMP group was higher (P < 0.05) relative
to the 0.5% FAMP group. The B-diversity analysis (non-metric
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FIGURE 1

FAMP affected the number of follicles, hormone levels, and gene expression related to hormone synthesis/receptors. The number of follicles (A),
hormone levels in plasma (B) and ovary (C), and gene expression related to hormone synthesis (D) and receptor (E) of the ovary. The hens in the
CON, 0.25%, 0.5%, and 1.0% groups were fed the basal diet supplemented with 0, 0.25%, 0.5%, and 1.0% fermented Aronia melanocarpa pomace
(FAMP), respectively. Data are represented as means with SEM; n = 8. Values with different lowercase letters in the histogram differ significantly (P <
0.05). CYP11A1, cytochrome P450 family 11 subfamily A member 1; HSD3B1, 3 beta- and steroid delta-isomerase 1; CYP17A1, cytochrome P450
family 17 subfamily A member 1; HSD17B1, hydroxysteroid 17-beta dehydrogenase 1; CYP19A1, cytochrome P450 family 19 subfamily A member 1;
ESR1, estrogen receptor 1; ESR2, estrogen receptor 2; FSHR, follicle stimulating hormone receptor; LHCGR, luteinizing
hormone/choriogonadotropin receptor.

Frontiersin Microbiology 66 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1422172
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal 10.3389/fmicb.2024.1422172

A
15.0: 200.0-

g« g 3 1500 a

g £ 100 = s

£ £ 3 b

3 3 3z 100.0; H

g e = 500 ]

0.0
CON 0.25% 0.5% 1.0% CON 0.25% 0.5% 1.0%

B

= 5= o CON mmm 0.25% mmm 0.5% wmm 1.0%
= a

A

- a

o4

& ab
= 34 b b

2

= ab % be

< 2=

= ab

&

<

Z

&~

|

o A Q\ CC S \Y
o R X & o
A R S
C
49 mem CON mmm 025% mmm 0.5% mmm 1.0%

mRNA Relative Expression

D
1.5 2.0 a == CON
= 0.25%
1.5 = 05%
1.0 - 1.0%

=
o>
1

0.5

(=
n
1

mRNA Relative Expression
2

mRNA Relative Expression of VLDLR

CON  025%  0.5% 1.0%

&“\

é@

FIGURE 2

FAMP affected plasma biochemical indicators and egg yolk precursors synthesis and transport of the liver. The plasma biochemical indicators (A) and
expression of genes related to egg yolk precursor synthesis (B) and transport (C) of the liver. The mRNA expression of VLDLR of the ovary (D) and
ESR1 and ESR2 of the liver (E). The hens in the CON, 0.25%, 0.5%, and 1.0% groups were fed the basal diet supplemented with 0, 0.25%, 0.5%, and 1.0%
fermented Aronia melanocarpa pomace (FAMP), respectively. Data are represented as means with SEM; n = 8. Values with different lowercase letters
in the histogram differ significantly (P < 0.05). ACC, acetyl-CoA carboxylase; APOB, apolipoprotein B; ApoVLDL I, apo very low-density lipoprotein II;
ESR1, estrogen receptor 1; ESR2, estrogen receptor 2; FAS, fatty acid synthase; MTTP, microsomal triglyceride transfer protein; PPAR«a, peroxisome
proliferator-activated receptor alpha; PPAR-y, peroxisome proliferator-activated receptor gamma; SCD1, stearoyl-CoA desaturase 1; SREBP1, sterol
regulatory element binding protein 1; TC, total cholesterol; TG, triglyceride; VLDLR, very low-density lipoprotein receptor; VTG Il, vitellogenin 2.
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FIGURE 3

FAMP-affected the antioxidant capacity of the plasma and ovary. The plasma (A) and ovary (B) redox level and gene expression in the Keap1/Nrf2
signaling pathway of the ovary (C). The hens in CON, 0.25%, 0.5%, and 1.0% groups were fed the basal diet supplemented with 0, 0.25%, 0.5%, and
1.0% fermented Aronia melanocarpa pomace (FAMP), respectively. Data are represented as means with SEM; n = 8. Values with different lowercase
letters in the histogram differ significantly (P < 0.05). T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH, glutathione; GPX,
glutathione peroxidase; MDA, malondialdehyde; Keapl, Kelch-like ECH-associated protein 1; Nrf2, NF-E2-related factor 2; HO-1, heme oxygenase
1; GPX1: glutathione peroxidase 1; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2.

multidimensional scaling ordination plot) indicated that cecal
microbial communities were differentiated between the CON and
the three FAMP groups (Figure 4B). Bacteroidetes, Firmicutes, and
Proteobacteria predominated in the cecal phyla (Figure 4C). An
increase (P < 0.05) in the relative abundance of Bacteroidetes
was found in the 0.25% and 0.5% FAMP groups relative to
the 1.0% FAMP group. The relative abundance of Firmicutes
was increased (P < 0.05) in the 1.0% FAMP group relative to
the other three groups. Especially, we found a decrease (P <
0.05) in the relative abundance of Proteobacteria in the FAMP
groups in comparison to the CON group (Figure 4E). Furthermore,
the top ten genera were Bacteroides, Lactobacillus, Megamonas,
Faecalibacterium, Phascolarctobacterium, Prevotella, Oscillospira,
[Ruminococcus], Desulfovibrio, and Subdoligranulum (Figure 4D).
Notably, the relative abundance of Lactobacillus of the 1.0% FAMP
group was the highest (P < 0.05) among all groups. The 0.5% and
1% FAMP groups exhibited a decrease in the relative abundances of
Oscillospira and [Ruminococcus] (P < 0.05) relative to the 0.25%
FAMP group. The relative abundance of [Ruminococcus] of the
0.5% FAMP group was decreased (P < 0.05) relative to the CON
group (Figure 4F).
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3.8 Cecal microbiota biomarkers and
function prediction

As presented in Figure 5A, the LEfSe analysis of taxa with
LDA score > 2 showed that Proteobacteria in the CON group;
Armatimonadetes, Chloroflexi, GNO4, OD1, Planctomycetes, and
WS3 in the 0.25% FAMP group, Bacteroidetes in the 0.5% FAMP,
and Firmicutes in the 1.0% FAMP group were enriched. At the
genus level, Streptomyces, Symbiobacterium, Methylobacterium,
Massilia, Shigella, Acinetobacter, and Pseudomonas in the
CON group, Alistipes, Candidatus_Brocadia, Nitrosomonas,
and Psychrobacter in the 0.25% FAMP group, Weissella and
Streptococcus in the 0.5% FAMP group, and Lactobacillus,
Acetobacter, and Ralstonia in the 1.0% FAMP group were
enriched. The random forest model was performed to further
identify the biomarkers. As shown in Figure 5B, the top five
marker genera among the four groups were Methylobacterium,
Ralstonia, Alistipes, Olsenella, and Weissella at the genus level.
Meanwhile, the 0.25% FAMP group had increased Alistipes,
Olsenella, Oscillospira, and others. Furthermore, the pathways at
level 3 were further identified (Figure 5C). The results showed
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FAMP affected the cecal microbiota composition. The a- (A) and B-diversity (B) indices and community composition of cecal microbiota of aged
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with 0, 0.25%, 0.5%, and 1.0% fermented Aronia melanocarpa pomace (FAMP), respectively. Data are represented as means with SEM; n = 8. *P < 0.05.
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FIGURE 5
FAMP affected the predicted microbiota functions in cecal contents. Linear discriminant analysis effect size (LEfSe analysis, LDA score > 2) for
taxonomic abundance analysis (A), random forest for identifying microbial markers (B), different enrichment pathways for predicted function (C), and
correlation analysis (|R| > 0.50, P < 0.05) between microbiota (top 50 genera) and differential fatty acid indices (D) of cecal microbiota of aged laying
hens. The hens in the CON, 0.25%, 0.5%, and 1.0% groups were fed the basal diet supplemented with 0, 0.25%, 0.5%, and 1.0% fermented Aronia
melanocarpa pomace (FAMP), respectively.
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FAMP affected the concentrations of short-chain fatty acids in cecal content. The hens in CON, 0.25%, 0.5%, and 1.0% groups were fed the basal diet
supplemented with 0, 0.25%, 0.5%, and 1.0% fermented Aronia melanocarpa pomace (FAMP), respectively. Data are represented as means with SEM;
n = 8. Values with different lowercase letters in the histogram differ significantly (P < 0.05).
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FIGURE 7
Effects and potential mechanisms of fermented Aronia melanocarpa pomace on performance, quality, and nutritive value of eggs, ovarian function,
and cecal microbiota composition of aged laying hens.

that the CON, 0.25%, 0.5%, and 1.0% FAMP groups significantly ~ bacterial chemotaxis, metabolism of xenobiotics by cytochrome
enriched 5, 1, 3, and 31 pathways, respectively. There were five =~ P450, geraniol degradation, biosynthesis of unsaturated fatty
significantly enriched pathways in the CON group, namely, acids, and hypertrophic cardiomyopathy. The pathway enriched
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in the 0.25% FAMP group was valine, leucine, and isoleucine
degradation. There were three significantly enriched pathways in
the 0.5% FAMP group, namely polyketide sugar unit biosynthesis,
biotin metabolism, and lipopolysaccharide biosynthesis. The 1.0%
FAMP group enriched 31 pathways, and the top 10 pathways
included D-alanine metabolism, D-glutamine and D-glutamate
metabolism, aminoacyl-tRNA biosynthesis, mismatch repair,
peptidoglycan  biosynthesis, ribosome, pentose phosphate
pathway, lysine biosynthesis, homologous recombination, and

dioxin degradation.

3.9 Correlations between microbiota and
differential fatty acid indices of egg yolk

As shown in Figure 5D, the positive correlations were
obtained between Ruminococcaceae_Ruminococcus with SFA
and TI, Methylobacterium with C16:0, SFA, Al and TI, and
Shigella with C20:4n-6 (|[R| > 0.50, P < 0.05). The negative
correlations (|[R| > 0.50, P < 0.05) were obtained between
Ruminococcaceae_Ruminococcus with HPI, and Methylobacterium
with H/H, HPI, and DFA.

3.10 Cecal short-chain fatty acid
composition

The levels of cecal SCFA of aged laying hens are presented in
Figure 6. The levels of acetate, propionate, butyrate, and valerate
were increased (P < 0.05) in the 1.0% FAMP group relative to the
0.25% FAMP group. Dietary 0.25%—1.0% FAMP did not (P > 0.05)
affect the level of isobutyrate.

4 Discussion

Increasing evidence suggests that a reduction in performance
and egg quality influences the nutritive and economic value of
eggs in aged hens after high-intensity metabolism at the peak
laying period (He et al., 2023), which refers to the stage after 48
weeks of age, accounting for about half of the entire laying period.
Therefore, modulating the aging of the ovary is essential to enhance
the egg quality of aged laying hens. In this trial, we observed the
addition of FAMP improved the health lipid indices of yolk and
nutritive value of eggs, enhanced lipid metabolism in the LBO
axis, regulated the reproductive hormone metabolism, increased
ovarian antioxidant function and cecal SCFA, and reshaped cecal
microbiota composition in Yukou Jingfen No. 8 laying hens at
50 and 58 weeks of age. Thus, the findings support the reuse of
fermented AMP, a byproduct of the food industry, in the feed of
laying hens to enhance the nutritive value of eggs.

Laying performance and egg quality are important indicators
in the poultry industry, and these parameters are dependent
on the diverse organs participating in reproduction. Aging can
alter the body’s genome, proteome, and metabolome, leading
to diverse damages and metabolic dysfunctions, hindering the
normal function of multiple organs, such as the ovary, liver, and

Frontiers in Microbiology

10.3389/fmicb.2024.1422172

intestine (Li G. et al, 2023). Our results showed that FAMP
(0.25%—1.0%) supplementation did not significantly improve
the laying performance (including ALR, AEW, and FER) and
egg quality (e.g., yolk color, Haugh unit, albumen height, and
other indicators). Similarly, supplementation of 3% dried AMP
(Sosnéwka-Czajka and Skomorucha, 2021), 2.5% AMP (Loetscher
et al, 2014), and 4% grape pomace (Kara et al., 2016) in laying
hens’ diets also had no obvious effects on laying performance and
egg quality. However, the inclusion of 3% dried AMP (Sosndwka-
Czajka and Skomorucha, 2021) in the diet tended to increase AEW,
which may be related to its beneficial effects on body metabolism
due to the higher proportion of AMP in the diet (corresponding to
higher anthocyanins).

The nutritive value of eggs depends upon the composition of
lipids, proteins, and other active substances. Lipid is the main
component (30%) of egg yolk, which has a large content of fatty
acids (Nielsen, 1998). C18:1n9-c and C16:0 are the most abundant
fatty acids in egg yolks. In this trial, the addition of 0.5% FAMP
reduced the percentage of C16:0 in egg yolks. The excess content
of C16:0 may be harmful to the human body by increasing the
production of harmful lipids, impairing cellular function, and
inducing inflammation (Palomer et al., 2018). Meanwhile, FAMP
supplementation decreased the SFA, especially 0.5% FAMP, which
is partially in line with Selim et al. (2023), who found that
supplementing grape pomace in laying hens’ diets reduced the SFA.
The CON group had a higher content of arachidonic acid in egg
yolk, which may partly result from its increased biosynthesis of
the unsaturated fatty acids pathway of cecal microbiota. Moreover,
we found that the addition of FAMP (0.25%—0.1%) had beneficial
impacts on the health lipid indices of egg yolk, which decreased
the AT and TI while increasing the H/H, HPI, and DFA values.
A relatively lower AI or TI value is beneficial to coronary artery
health due to lower platelet aggregation (Woloszyn et al., 2020).
The H/H index is defined as the Xhypercholesterolemic fatty
acids/ Zhypercholesterolemic fatty acids ratio and is also strongly
associated with cholesterol metabolism. With respect to nutriology,
the relatively higher H/H value is considered to have a greater
potential to maintain physical health (Fernandes et al., 2014). The
higher H/H and HPI (the reciprocal of AI) ratios provide protection
against cardiovascular diseases (Hanus et al., 2018). The DFA index
involves fatty acids, which are considered to have either neutral or
cholesterol-lowering effects (Banskalieva et al., 2000). Thus, dietary
FAMP supplementation positively affected the nutritive value of egg
yolk. The optimal dosage was 0.5% FAMP, suggesting that FAMP
had quadratic effects on fatty acid indices in egg yolk.

Egg albumen is rich in proteins, peptides, and amino acids (Sun
et al., 2019), which possess antimicrobial, antioxidant, and anti-
inflammatory functions (Lee and Paik, 2019). In the present study,
the addition of 0.25% FAMP decreased the valine concentration,
which may be related to its increased valine, leucine, and isoleucine
degradation pathway of cecal microbiota. The addition of FAMP
had no significant impact on most of the amino acid composition
of egg albumen (Table4). In contrast, a diet supplemented
with 120-360 mg/kg anthocyanin-rich purple corn extract could
improve most EAA and NEAA concentrations in eggs (Li J. et al.,
2023). This disagreement is possibly influenced by the differences
in feed composition, breeds, and ages of laying hens. For example,
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L-glutamine supplementation increased the levels of asparagine,
phenylalanine, tryptophan, and tyrosine of albumen (Tomaszewska
etal., 2021).

The growth and the role of ovarian follicles affect the laying
performance of layers (Song et al., 2023), which is closely related
to hormone regulation (Brady et al., 2020). The aged laying hens
exhibit abnormal secretion of steroid hormones (Wu et al., 2023).
In our study, the inclusion of 0.25%—1.0% FAMP increased the
white follicles and the ovarian FSH, LH, and E, levels. The small
white follicles are involved in the estradiol secretion (Huang
et al., 2021). FSH stimulates 3b-hydroxysteroid dehydrogenase
(HSD3B1) production in granulosa cells by combining it with its
receptor (FSHR) (Huang et al., 2021). Our findings suggested that
the addition of 1% FAMP increased ovarian HSD17B1 expression.
HSD17B1 catalyzes the transformation process of estrone into
estradiol (the most active type of estrogen), which is responsible
for testosterone generation (Ruan et al, 2023). These findings
indicate that FAMP supplementation could enhance ovary function
by regulating follicle development and hormone synthesis.

Yolk precursors formed in the liver are transported into
the ovary of laying hens through blood circulation (Li et al,
2015). Estrogen stimulates the synthesis of apo very low-density
lipoprotein II (ApoVLDL II) and apolipoprotein B (APOB) and the
induction of hepatic very low-density lipoprotein (VLDL) assembly
procedures for VLDL Y (VLDLy) formation (Walzem et al., 1999).
ApoVLDL-II prevents the lipolytic action of lipoprotein lipase on
VLDLy for lipid deposition in the oocyte (Schneider et al., 1990).
Aged laying hens tend to have abnormalities in their LBO axis
function (Amevor et al, 2021). Our findings showed that genes
related to yolk precursors synthesis (e.g., ACC, FAS, and SCD)
and transport (e.g., VTG II, ApoVLDL II, and APOB) of the liver
were upregulated in aged laying hens after FAMP supplementation,
which could coordinately generate yolk lipids (Amevor et al,
2021). Li et al. observed that the ESR2 expression in the liver was
significantly upregulated in hens with higher laying performance
(Li et al., 2015). We found that 1.0% FAMP increased ESR2
expression in the liver. Similarly, the addition of 1.0% and 4.0%
Aronia melanocarpa increased the levels of estrogen and proteins
as manifested by yolk precursors in the liver of laying hens (Jing
et al,, 2022). Collectively, the addition of FAMP may contribute to
the yolk lipid deposition in the ovary by regulating the function of
the LBO axis.

Oxidative stress is a critical cause of ovarian recession,
accompanied by decreased laying performance and egg quality
of aged hens (Bao et al, 2022). In this study, 0.5% FAMP
supplementation increased the ovarian T-AOC and SOD levels,
which belong to the enzymatic defense system of the body
(Wu et al.,, 2023). AMP contains total polyphenols, which have
antioxidant potential (Sidor and Gramza-Michalowska, 2019).
Dietary 2.5% AMP increased tocopherol content and exhibited
better antioxidant properties in egg yolk (Loetscher et al., 2014).
Polyphenol-rich additives like AMP, Aronia melanocarpa (Jing
et al,, 2022), grape pomace (Reis et al., 2019), and purple corn
extract fed to laying hens (Li J. et al, 2023) improved ovary
or plasma antioxidant capacity via regulating the Keapl/Nrf2
signaling pathway, which is responsible for xenobiotic and oxidant
elimination (Bhattacharyya et al., 2014). Nrf2 regulates defensive
gene expression concerning antioxidant proteins, such as HO-1,
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GPX1, SOD1, and SOD2, which exert antioxidant effects (Tonelli
et al., 2018). Keapl, a negative regulator of Nrf2, contributes
to its retention in the cytosol. The present study showed that
supplementation of 0.5% FAMP in layer diets upregulated the
Nrf2 and downregulated the Keapl expressions in the ovary. Our
results suggest the addition of FAMP could enhance the antioxidant
function of aged laying hens.

Intestinal microbiota communities and their metabolites are
essential for the host physiology metabolism. The cecum has
been regarded as the main site for containing relatively higher
dominant microbial communities in laying hens (Ricke et al,
2022). The present study revealed that the addition of 0.25% FAMP
increased the a-diversity of cecal microbiota, including richness
indexes (Observed_species and Chaol) and the evolutionary
diversity index (Faith-pd), but decreased the coverage index (Goods
coverage), indicating that laying hens fed with 0.25% FAMP has the
higher species abundance in the cecum. FAMP supplementation
resulted in a difference in the p-diversity index, suggesting the
addition of FAMP could alter the cecal microbiota composition.
In line with previous studies, Bacteroidetes and Firmicutes were
the predominant phyla of aged laying hens (Dai et al., 2022).
The decline in the value of Firmicutes/Bacteroidetes may be
associated with intestinal inflammation (Stojanov et al.,, 2020).
The addition of 1% FAMP had higher Firmicutes and lower
Bacteroidetes abundance, suggesting the addition of 1% FAMP
was beneficial for the gut health of the laying hens. Dietary 1%
FAMP supplementation also increased probiotic species such as
Pediococcus, Lactobacillus, and Acetobacter, which can produce
lactic acid and SCFA and modulate the elements of the gut-liver
axis (Yuetal, 2021; Wen et al., 2023). Meanwhile, Lactobacillus was
more abundant in laying hens with high laying performance (Wang
et al., 2020). In addition, Proteobacteria is considered a potential
diagnostic criterion for dysbiosis and other diseases (Shin et al.,
2015). In the present study, the addition of FAMP (0.25%—1.0%)
significantly decreased the Proteobacteria abundance, including
Methylobacterium (Kovaleva et al., 2014), Ralstonia (Ryan and
Adley, 2013), Shigella (Feng et al., 2021), and Acinetobacter
(Maslova et al.,, 2022), which can be opportunistic pathogens.
Additionally, there is an interplay between the cecal microbiota
and phenotypic indicators (e.g., metabolites) of egg yolk (Tian
et al., 2024). In this study, Methylobacterium and Shigella showed
positive correlations with SFA, Al and TI, and those also presented
negative correlations with H/H, HPI, and DFA. Thus, FAMP could
improve egg yolk health indexes, which may be related to reducing
harmful bacteria.

The SCFA are the main metabolites of dietary fiber fermented
by gut microbiota, which participate in energy and lipid
metabolism and maintain gut homeostasis (He et al, 2020).
Our findings show that the addition of 1% FAMP increased
cecal acetate, propionate, butyrate, and valerate concentrations,
which may be closely associated with the changes in microbial
community structure. For instance, butyrate and Firmicutes (a
butyrate-producing bacteria) were uniformly enhanced in the 1%
FAMP group. Meanwhile, the pathway of butanoate metabolism
and propanoate was also enriched in the 1% FAMP group by the
PICRUSt2 analysis of microbiota. It is consistent with the fact
that the 4% AMP supplementation increased the cecal acetate
and butyrate concentrations in growing pigs (Ren et al., 2022).
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Therefore, the above findings suggest that the addition of FAMP
contributes to increasing the cecal SCFA content, which may also
have positive effects on gut health.

5 Conclusion

The inclusion of FAMP in aged laying hen diet improved the
health lipid indices in the egg yolk by decreasing the total SFA, Al,
and TTindices, as well as increasing the H/H, HPI, and DFA indices.
The addition of FAMP improved ovarian function by regulating
the yolk precursor formation in the LBO axis and enhancing
the antioxidant function of aged laying hens. Meanwhile, FAMP
addition could regulate the cecal microbiota composition and
increase SCFA concentrations of aged laying hens to promote gut
health (Figure 7). Our findings provide fundamental evidence for
the utilization of FAMP in aged laying hens due to its positive effects
on the nutritive value of egg yolks by improving the LBO function
and microbiota composition.
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Inhibitory effect of Lonicera
Japonica flos on Streptococcus
mutans biofilm and mechanism
exploration through metabolomic
and transcriptomic analyses

Lin Wang, Ping Liu, Yulun Wu, Hairun Pei and Xueli Cao*

Beijing Technology and Business University, Beijing Advanced Innovation Centre for Food Nutrition
and Human Health, Beijing, China

Introduction: Streptococcus mutans was the primary pathogenic organism
responsible for dental caries. Lonicera japonica flos (LJF) is a traditional herb in
Asia and Europe and consumed as a tea beverage for thousands of years.

Methods: The inhibitory effect and mechanism of LJF on biofilm formation
by S. mutans was investigated. The active extracts of LJF were validated for
their inhibitory activity by examining changes in surface properties such as
adherence, hydrophobicity, auto-aggregation abilities, and exopolysaccharides
(EPS) production, including water-soluble glucan and water-insoluble glucan.

Results and discussion: LJF primarily inhibited biofilm formation through the
reduction of EPS production, resulting in alterations in cell surface characteristics
and growth retardation in biofilm formation cycles. Integrated transcriptomic
and untargeted metabolomics analyses revealed that EPS production was
modulated through two-component systems (TCS), quorum sensing (QS), and
phosphotransferase system (PTS) pathways under LJF stress conditions. The
sensing histidine kinase VicK was identified as an important target protein, as
LJF caused its dysregulated expression and blocked the sensing of autoinducer
Il (Al-2). This led to the inhibition of response regulator transcriptional factors,
down-regulated glycosyltransferase (Gtf) activity, and decreased production
of water-insoluble glucans (WIG) and water-soluble glucans (WSG). This is the
first exploration of the inhibitory effect and mechanism of LJF on S. mutans,
providing a theoretical basis for the application of LJF in functional food, oral
health care, and related areas.

KEYWORDS

Lonicera japonica flos, S. mutans, quorum sensing, metabolomic and transcriptomic,
biofilm

1 Introduction

With the acceleration of contemporary lifestyles and the proliferation of highly processed
foods, individuals increasingly sought sugar to enhance their gustatory experience. Dental
caries, a biofilm-mediated oral disease, were closely associated with suboptimal dietary habits
and the consumption of high-sugar foods (Chen et al., 2021; Park et al., 2023). As a result,
dental caries remained a common oral health issue over time. Streptococcus mutans (S. mutans)
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was the primary pathogenic organism responsible for dental caries, as
biofilm formation was the main virulence factor (Barran-Berdon et al.,
2020; Bhatt et al., 2020). Therefore, identifying and understanding the
main virulence factors of S. mutans that form biofilm becomes crucial
for preventing dental caries.

Biofilm represents a structured bacterial community enveloped by
an extracellular polymeric matrix (Matsumoto-Nakano, 2018). The
accepted theory of plaque formation was roughly divided into three
stages. Firstly, glycoproteins in saliva adhered to the tooth surface to
form an acquired membrane. Next, S. mutans cells adhered to this
membrane. Once firmly attached, further adhesion between bacteria
led to aggregation and the formation of a biofilm, commonly known
as dental plaque (Chen et al,, 2019; Li J. et al., 2020). Once formed, the
biofilm could resist environmental stress. Exopolysaccharides (EPS)
were the main components of the biofilm, and along with extracellular
proteins and water, they formed extracellular polymers. The
extracellular matrix within the biofilm provided protection from
harmful factors. S. mutans was the leading producer of EPS and could
encode multiple exoenzymes, such as glycosyltransferases (Gtf) and
glucan-binding proteins. Gtfs were produced inside the cells and
secreted outside, meaning they were present in the extracellular
medium. Sucrose was the substrate of Gtfs and was used to synthesize
glucans (Sutherland, 2001; Hoshino and Fujiwara, 2022). Glucans
were the main EPS in biofilm and provided additional microbial
binding sites (Schilling and Bowen, 1992; Steinberg et al., 1993;
Venkitaraman et al., 1995). Despite the emergence of new strategies
such as secondary messenger signaling pathway, quorum sensing
pathway, and eDNA, controlling EPS production is still the main way
to inhibit biofilm formation.

For treatment of cariogenic biofilms, CH was considered the
gold standard in dentistry and was recommended to prevent dental
caries (Persson et al., 2007). However, conventional medications,
including CH, cipyridine, triclosan, etc., exhibited limited efficacy
over a short duration. Long-term use of these therapies could
decrease oral microbial diversity (Scully and Greenman, 2012;
Pragman et al.,, 2021). Thus, they are not suitable for daily prevention.
There is an urgent need for treatments of oral diseases with low side
effects. The utilization of phytochemicals presented a promising
approach, as evidence indicated the impact of plant extracts on the
virulence of S. mutans. For instance, Kaffir Lime leaf exhibited an
anti-biofilm effect by regulating genes associated with biofilm
formation (Rather et al., 2021), Emblica officinalis extract reduced
surface properties and glucan synthesis, and Achyranthes aspera
extract inhibited Gtf activity (Murugan et al,, 2013). Overall,
phytomedicine are considered a valuable source of inhibitory
substances involved in biofilm formation.

Lonicerae japonica flos (LJE, known as Jinyinhua in Chinese), the
dried flowers or flower buds of Lonicera japonica Thunberg, is a
medicinal-edible herb antibacterial, antiviral, and anti-inflammatory
properties that have been well-studied and widely used for thousands
of years (Li et al., 2014; Cai et al., 2020; Zheng et al., 2022). It is also
consumed as a tea beverage in Asia and Europe because of its unique
aroma and flavor (Li et al., 2014; Yang et al, 2017). Moreover,
chlorogenic acid, the main component of LJE, has been shown in
previous studies to inhibit the biofilm formation of Pseudomonas,
Staphylococcus aureus, and Salmonella enteritidis (Sun et al., 2021,
2022; Wang L. et al., 2023). This suggests that LJF may have inhibitory
effects on the biofilm formation of S. mutans. However, the current
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assessment of anti-biofilm effect is insufficient and the inhibition
mechanism lacks comprehensiveness.

In the last years, integrated transcriptomic and metabolomic
analyses provide a molecular-scale perspective on the response of
crops to pesticides (Liu and Zhu, 2020), the effects on the interaction
of tea plant and Colletotrichum camelliae (Lu et al., 2020). Integrated
multi omics analyses aroused a high interest because of their potential
for the identification of molecular features and target discovery. In the
present study, the inhibitory effect of LJF samples from different
origins on S. mutans was examined. The active extracts were evaluated
for the inhibitory activity in terms of changes in surface properties,
EPS production, and quorum-sensing (QS) signaling molecule AI-2.
Integrated metabolomics and transcriptomic analyses were applied to
investigate the differentiation of metabolites and gene expression in
biofilms, of LJF on
biofilm formation.

elucidating inhibitory mechanisms

2 Materials and methods
2.1 Materials and reagents

Dried LJF samples were collected from four different origins in
2021. Sample information is provided in Supplementary Table S1, and
plant morphology is shown in Figure 1A. S. mutans strain UA159
(ATCC700610) was China
Microbiological Culture Collection Center and sub-cultured under

purchased from the General
anaerobic conditions for experiments. The anaerobic environment was
maintained in a 2.5 L anaerobic incubator (D-110, Mitsubishi, Japan)
using a disposable AnaeroPack (MGC AnaeroPack Series D-04,
Mitsubishi, Japan). For biofilm formation, 1% sucrose was added to
Brain Heart Infusion medium (BHIS).

2.2 Preparation of LJF extract

LJF extracts were prepared as previously elucidated (Wang S. et al.,
2023). Each sample (10.0 g) was extracted with 100 mL of 60% aqueous
methanol under ultrasonication, yielding approximately 1 g of extract
from 10g of dry sample.

2.3 Minimum inhibitory concentration
assay of LJF and biofilm formation of
Streptococcus mutans

The minimum inhibitory concentration (MIC) of the LJF extract
against S. mutans was tested as described with some modification (Li
etal., 2018). Firstly, 1.5g of LJF extract was dissolved in 45 mL sterile
BHIS, and the bacteria-free solution was obtained by filtering through
a 0.22-pm membrane. Then, 190 pL BHIS containing diluted LJF
extract (30.00, 27.00, 24.00, 21.00, 18.00, 15.00, 12.00, 9.00, 6.00, 3.00,
and 0.00mg/mL) was added to a 96-well plate. Each well was
supplemented with 10pL S. mutans culture (ODgyonm 0.17). Five
replicates were performed at each concentration. Positive control
groups contained BHIS culture, while background control groups
were supplemented with 10 pL saline instead of S. mutans culture.
After 16h of incubation, data was read at 600 nm using a microplate
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Inhibitory effect of different cultivars of LJF on planktonic S. mutans and biofilm production. (A) Four cultivars of LJF. (B) Inhibitory effect of different
LJF cultivars on S. mutans. (C) Inhibitory effect of different LIF cultivars on S. mutans biofilm production. For the letters a—f, mean values (n = 5) with
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reader (Infinite M200PRO, TESCAN, Mannedorf, Switzerland). MIC
was determined as the lowest concentration with no inhibitory effect.
Biofilm formation was assessed as described (De Jesus and Dedeles,
2020), with data read at 590 nm using the microplate reader, and the
percentage of biofilm formation calculated.

2.4 Morphology of Streptococcus mutans
biofilm

First, 1.9mL of 21.00mg/mL LJF was added to each well
containing a slice (¢p15 mm, NEST, Wuxi, China) in a 24-well plate.
Then, 100 pL of a bacterial suspension of S. mutans (ODggopm 0.17)
was added to each well. The plate was incubated at 37°C for 16h.
After incubation, the biofilm was fixed as described (Jiang et al.,
2022). Images were obtained using SEM (SU8020, Hitachi, Japan).
For Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet IS10,
Thermo Fisher, USA), 1 mg of biofilm from each slice was mixed
with 100mg of KBr and ground (Chang et al., 2021; Howard
etal., 2023).

2.5 Analysis of the main components of
Streptococcus mutans biofilm

2.5.1 Viability of biofilm-entrapped cells

After incubation in the 96-well plate, the supernatants were
removed, and the biofilm formed on the plates was rinsed twice with
PBS. Then, 200pL of 0.5mg/mL 3,-3"-bis (4-methoxy-6-nitro)
benzene sulfonic acid (XTT) was added to each well and incubated in
an opaque black plastic bag at 37°C for 4 h. The absorbance at 490 nm
was recorded as viability, as described (Kim et al., 2022).
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2.5.2 Contents of EPS

The water-soluble glucan (WSG) and water-insoluble glucan (WIG)
of the S. mutans biofilms were extracted as previously described with
some modifications (Zhang H. et al., 2022; Rudin et al,, 2023). The
detailed steps are shown in Supplementary Figure S1. The absorbance of
WSG and WIG was measured using the anthrone method.

2.6 Surface properties of Streptococcus
mutans in biofilm

The adherence of cells in each group was measured using the
method of [slam et al. (2008). The hydrophobicity of biofilm cells in
each group was determined according to the method of Ullah et al.
(2023). The aggregation capacity (AC) was evaluated as described by
Kolenbrander (Bosch et al., 2012). Detailed steps for these
determinations are shown in Supplementary Figure S1. Data was read
at 600 nm using a microplate reader.

2.7 Autoinducer-2 bioassay

Autoinducer-2 (AI-2) was determined using methods previously
described, with some modifications. To begin the assay, 9.0mL of a
V. harveyi BB170 cell culture diluted 1:100 was placed into a set of
sterile plastic rocker tubes. Then, 1.0mL of tested samples, negative
control, positive control, and chemically synthesized pure AI-2
(10 uM) were added separately to each tube (Supplementary Figure S2).
The luminescence value (RL) (SpectraMax®i3, Molecular Devices,
Shanghai, China) was measured in photons/s mode every 60-120 min
for a total of 8h. AI-2 content was determined as described (Vilchez
et al., 2007; Cuadra et al., 2016; Muras et al., 2018; Zhang Y. et al,,
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2022). The relative luminescence intensity (RLI) and the content of
AI-2 was determined as follows:

RL — RLyedi
RLI = sample medium control

RLB170 — RLAB medium

A2 RLI sampie x 1010 yar 412

RLIo M a1-2

2.8 Metabolomics analysis of
Streptococcus mutans biofilm

First, 10mL of 21.00mg/mL LJF was added into a tissue culture-
treated dish (NEST, Cat.No:704001, Jiangsu, China). Then, 1,000pL
bacterial suspension was added into each dish. After 16h incubation,
dishes were rinsed with sterile water twice. Biofilms cultured in the same
volume of non-LJF BHIS were set as control group. An amount of 50 mg
of each biofilm sample was weighed accurately and added into 2mL
centrifuge tubes. Metabolites extraction and MS data collection were
according to the previous method (Li et al., 2024). Metabolomics data
have been deposited to the EMBL-EBI MetaboLights database: with the
identifier MTBLS9711. The complete dataset could be accessed at “https://
www.ebi.ac.uk/metabolights/ MTBLS9711”

2.9 Transcriptomic analysis of
Streptococcus mutans biofilm

A total of 100 mg biofilm cells were collected using 1 mL of PBS from
dishes. Total RNA was isolated as described (Li et al., 2019). Whole
mRNAseq libraries were generated by Guangdong Magigene
Biotechnology Co., Ltd. Result of the quality control can be seen from
Supplementary Table S3. Differentially expressed genes (DEG) were
selected according to the criterion: genes with FDR<0.05 and [log2(fold
change)| > 1. Enrichment analysis of differentially expressed genes were
performed by Heml, referred to the website of KEGG. Pathways with
FDR <0.05 were considered significantly enriched. The RNA-seq datasets
are available at the NCBI Sequence Read Archive (SRA) database under
accession number PRJNA1119033. The complete dataset could be
accessed at “https://www.ncbi.nlm.nih.gov/sra/PRJNA1119033”.

2.10 Quantitative reverse transcriptional
polymerase chain reaction (QRT-PCR)

Primers for target genes were designed for biofilm formation-
related DEGs in S. mutans. Primers were synthesized by Ruiboxingke
Biotechnology Co. Ltd. (Beijing, China) and were shown in
Supplementary Table S2. The PCR reactions were conducted according
to the previous described method (Park et al., 2023).

2.11 Statistical analysis

A one-way analysis of variance (ANOVA) was conducted using
SPSS to determine significant differences in biofilm formation
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properties, with a significance level set at p < 0.05. Data were visualized
using Origin 9. Chemometrics for metabolomics and transcriptomics
were performed in R (4.3.1) and Biodeep.' Finally, a mechanism
diagram was created using Adobe Illustrator.

3 Results

3.1 Effects of different cultivars on
Streptococcus mutans biofilm formation

The inhibitory effect of LJF extracts from different cultivars was
initially evaluated through a series of concentration tests to determine
their impact on the planktonic growth of S. mutans. As shown in
Figure 1B, LJF samples from Hunan and Guizhou exhibited no
inhibitory effect at concentrations below 15.00 mg/mL and 12.00 mg/
mL, respectively, indicating MIC values higher than these
concentrations. Similarly, LJF samples from Henan and Shandong
showed no inhibitory effect at concentrations lower than 33.00 mg/
mL, suggesting an MIC higher than 33.00 mg/mL. The antibacterial
efficacy of Guizhou and Hunan extracts were significantly superior to
that of the other two extracts.

However, as depicted in Figure 1C, the crystal violet staining assay
revealed that Henan cultivar exhibited a robust dose-dependent
inhibition of biofilm formation at concentrations below MIC,
demonstrating an impressive inhibition rate of 72% (compared to
control group) at 33.00mg/mL. This rate was slightly below the
positive control effect achieved by CH at 12.5pM (79%). The
Shandong cultivar displayed an inhibition rate of approximately 50%
within the range of 30.00-33.00mg/mL. In contrast, the Guizhou
cultivar showed a modest inhibitory effect, while the Hunan cultivar
exhibited no discernible inhibitory effect on biofilm formation at
concentrations below the MIC, despite its demonstrated inhibitory
effect on planktonic S. mutans growth. Consequently, the Henan
cultivar was selected for subsequent investigations due to its superior
performance in biofilm inhibition compared to other tested varieties.

3.2 Effect on the biofilm characteristics of
Streptococcus mutans

3.2.1 Morphology analysis

In control group, clusters of S. mutans exhibited a uniformly
distributed multilayer and reticular biofilm (Figure 2A). But when
cultured in the concentration of LJF and CH (24.00 mg/mL and
12.5puM, respectively), the density of biofilm decreased, and the
network structure was damaged to varying degrees. Biofilms in treated
group displayed wider channels compared to biofilm in control group,
such as fewer bacteria and channels, primarily attributed to the
underdeveloped biofilm structure. Additionally, bacteria were
arranged in a three-dimensional stacking pattern in both control
group and treated group. It means that cell membrane permeability
remained unaltered in LJF group at this concentration.

FTIR spectra of biofilm in control group and LJF group was
measured to determine changes biofilm structure, chemical groups

1 https://www.biodeep.cn/
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and compounds of unknown substances of biofilms, as presented in
Figure 2B. Compared to the black line, the other three lines were
narrow at 3,600-3,000cm™', 3,000-2,800cm™}, 1,600-1,500 cm™, and
1,200-1,000 cm™". There is a broad peak at 3,600-3,000 cm™'. Maybe
it caused by the hydration of EPS in biofilm and surface polysaccharide
of biofilm cells. Additionally, a peak at 3,000-2,800 cm™ corresponded
to the C-H of EPS. A peak at 1,600-1,500cm™ was assigned to the
C=0 of polysaccharides. Peaks at 1,200-1,000cm™" were maybe
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caused by two kinds of C-O stretching vibration. The morphological
analysis using SEM and FTIR indicated structural alterations in the
biofilm structure of LJF-treated groups compared to the control group.

3.2.2 Surface properties of biofilm cells

The main surface properties of biofilm include adherence,
hydrophobicity, and auto-aggregation ability. LJF effectively inhibited
the adherence of S. mutans biofilm in a dose-dependent manner
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(Figure 2C). Adherence of cells is likely attributed to the hydrophobic
interaction between cells and the contact surface. Both L]F-treated
and CH-treated groups exhibited lower hydrophobicity compared to
the control group (Figure 2D) (p<0.05). Auto-aggregation refers to
the phenomenon of cellular aggregation in a bacterial culture,
indicating the interaction of the mass and the rapid propagation of
bacteria during the culture process. There was less auto-aggregation
in the LJF-treated and CH-treated groups than in the control group
(Figure 2E) (p<0.05). Inhibition at 24.00-33.00 mg/mL occurred in a
dose-dependent manner. Cell clumping properties were mainly
regulated by surface EPS.

3.3 Effect on the main components of
Streptococcus mutans biofilm

3.3.1 Viability of biofilm-entrapped cells

The migratory capacity of the biofilm is contingent upon the
bacterial activity within it. The XTT method represents a widely
employed approach for assessing bacterial metabolic function. The
viability of biofilm-entrapped cells significantly decreased in the
presence of LJE, comparable to that of CH treatment (Figure 2F). This
suggested that the metabolic capability of S. mutans biofilm decreased
under LJF treatment.

3.3.2 Extracellular polysaccharides of biofilms

As the survival of living bacteria in biofilm primarily relies on the
polysaccharide matrix and dead bacteria for protective measures,
glucan polymers play a crucial role in maintaining the three-
dimensional structure of biofilms. EPS was the main component of
polysaccharide matrix and primarily consist of two types of glucans,
WSG and WIG. Figure 2G illustrated the standard curve used for
quantitative detection of polysaccharides. As depicted in Figures 2H,],
both WSG and WIG production exhibited significant inhibition
compared to the control group (p<0.05). The application of LJF
resulted in a significant reduction of 50-90% in WIG production,
which is particularly noteworthy.

3.4 Effect on the Al-2 production

The LuxS/AI-2 quorum sensing (QS) system has been widely
reported to play a role in biofilm formation in S. mutans. It can been
seen from Figure 2], there was low expression of AI-2 within the first
4 h, followed by a gradual increase. Compared to the control group
(BHIS without S. mutans), the secretion of AI-2 by S. mutans was
significantly higher in the group of inoculated BHIS. The observed
trend exhibited a similar pattern to that of the positive control,
indicating successful production of the AI-2 signal molecule by
S. mutans. To investigate the impact of LJF on the LuxS/AI-2 QS
system, we assessed changes in AI-2 secretion by S. mutans at different
concentrations of LJE Notably, presence of LJF resulted in decreased
production of AI-2 by S. mutans (Figure 2K), confirming its inhibitory
effect on biofilm through LuxS/AI-2.

In all, LJF-induced changes in surface features and EPS formation
of S. mutans biofilm were confirmed. LuxS/AI-2 was identified as one
of the inhibitory pathways associated with this phenomenon. In fact,
the unique composition and characteristics of biofilms make
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combating biofilm infections extremely difficult due to their multi-
microbial nature, which results in synergistic tolerance of multiple
resistance mechanisms. Single-target treatments are usually ineffective
against biofilm formation (Seneviratne et al., 2020). Therefore,
we hypothesized that the inhibition of biofilm formation by LJF
exhibited a multi-target mechanism.

3.5 Metabolomics analysis

Untargeted metabolomics analysis was performed to achieve
profiling changes of all metabolites with the exclusion of antibacterial
function. The variation of critical metabolites revealed the regulated
metabolic pathway. The UPLC-Qtof MS system was employed to
harvest a total of 6,803 and 11,695 metabolites in the positive and
negative modes, respectively. Principal component analysis (PCA) of
the positive mode metabolome data (Figure 3A) revealed that PC-1
accounted for 41.2% of the variance, while PC-2 explained 12.1%,
primarily contributing to the observed differences along PC-1 axis. In
the negative mode (Figure 3B), PC-1 accounted for 53.7% of the
variance, with PC-2 explaining 13.3%. The volcano plot depicted
variations among all metabolites, where differential expressed
metabolites (DEMs) were selected based on p<0.05 and VIP>1.0
criteria: up-regulated metabolites were represented by red dots, down-
regulated ones by blue dots, and grey dots indicated those not meeting
screening criteria. In positive mode, a total of 1981 compounds were
upregulated while 979 compounds were down-regulated; in negative
mode, there were 4,783 up-regulated compounds and 1,643 down-
regulated compounds identified separately as DEMs.

Therefore, we further identified key metabolites by integrating
data from open-source databases and local databases, and explored
the metabolic pathways associated with biofilm formation capacity. In
total, 394 differentially expressed metabolites (DEMs) were identified
using secondary mass spectrometry, and their clustering analysis is
shown in the heatmap (Figure 3C1). The information of these
identified metabolites can be found in Supplementary Table S4.
Figure 3C2 illustrates the up-regulated and down-regulated DEMs,
which include fatty acyls, carboxylic acids and derivatives, steroids
and steroid derivatives, benzene and substituted derivatives, prenol
lipids, organooxygen compounds, as well as pyrimidine nucleotides.
The subclasses of these compounds are presented in Figures 3D1-D5.
Most of DEMs were the metabolites regulated in alanine, aspartate
and glutamate metabolism, biosynthesis of various secondary
metabolites, lysine degradation, glyoxylate and dicarboxylate
metabolism, two-component system (TCS), pyrimidine metabolism,
purine metabolism, and ABC transporters. At the metabolic level, all
but ABC transporters were the pathways that inhibited biofilm
formation and significantly regulated by DEMs.

3.6 Transcriptomic analysis

The LJF-treated and control groups exhibited a conspicuous
disparity, characterized by a substantial variance in PC-1 and a
considerable dissimilarity over long distances (Figures 4A,B). DEGs
with |Fold change| (JFC|) >2, p-value <0.05, FDR<0.05 were
selected. The LJF group exhibited a total of 389 up-regulated genes,
while the remaining 368 genes were down-regulated (Figure 4C). The
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prominently up-regulated genes were associated with ABC
transporters, TCS, and phosphotransferase system (PTS). Conversely,
the down-regulated genes primarily participated in ribosome
function, QS, and TCS (Figure 4D). We further validated the altered
expression of these genes induced by LJF using quantitative real-time
PCR assay. This finding is consistent with the mRNA-seq analysis
results for gene expression levels (Supplementary Table S5). These
screened genes for RT-PCR validation involved in biofilm formation.
The expression levels of the aforementioned genes were consistent
with  the obtained from mRNA-seq
(Supplementary Figure S3), thereby establishing confidence in the
enrichment analysis. Most of DEGs were enriched in the pathways of

results analysis
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TCS, purine metabolism, PTS, histidine metabolism, glycine, serine
and threonine metabolism, galactose metabolism, fructose and
mannose metabolism. At the level of transcription, PTS, histidine
metabolism, galactose metabolism, glycine, serine and threonine
metabolism were the most regulated pathways by LJE.

Mechanism analysis based on transcriptomics and metabolomics
obtained several pathways that regulated biofilm formation, but the
information obtained by the two kinds of omics analysis could not
be completely consistent, and the target information could not
be judged. Therefore, it is necessary to integrate transcriptomics and
metabolomics analyses to focus on the target of LJF inhibiting
biofilm formation.
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3.7 Conjoint analysis of transcriptomic and
metabolomics data

A four-image map of DEGs and DEMs, visually represented the
correlation between gene expression and metabolite changes
(Figure 5A). Purple points in parts two, four, five, six, and eight
indicated non-correlated DEMs and DEGs, while green points
represented significant co-differentials with a screening criterion of
|FC| > 2. There were more points in the parts that indicated correlated
DEMs and DEGs. These findings established a foundation for further
exploration of the anti-biofilm mechanism of LJE. KEGG pathway
enrichment analysis identified 55 pathways in both transcriptomic
and metabolomic analyses (Figure 5B). The transcriptomic results
supported the metabolomic analysis. Pathway enrichments of DEMs
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and DEGs are presented in Figure 5C based on p-value, impact
(metabolomic), and rich factor (transcriptomic). In the enrichment
scatter plot, TCS and PTS exhibited the most significant changes
across both two omics datasets. Additionally, top pathways such as
ABC transporter, purine metabolism, QS, starch and sucrose
metabolism, alanine/aspartate/glutamate metabolism, and glyoxylate/
dicarboxylate metabolism remained highly enriched. In these
pathways, TCS, QS, and PTS were known to be involved in biofilm
formation. Therefore, the DEMs and DEGs regulated in the three
pathways were further screened.

In the regulatory network diagram of the screened DEGs and
DEMs, blue lines represent QS, orange lines indicate TCS, and purple
lines depict the PTS pathway (Figure 5D). These pathways play a
crucial role in regulating metabolism. Norepinephrine was
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down-regulated by the Rgg/GadR/MutR family transcriptional
regulators rgg3 and rgg2. The response regulator transcription factors
arlR, vicR, ciaR, vicK, and gtfS down-regulated L-glutamic acid,
L-glutamine, and L-aspartic acid expression levels while up-regulating
succinic acid, L-malic acid, and citric acid expression levels.
Additionally, four subunits of sugar transporters were down-regulated
along with N-acetyl-D-glucosamine. Conversely, PTS mediated the
up-regulation of phosphoenolpyruvic acid and cellobiose.

Pearson correlation analysis was used to explore the relationship
between metabolites and biofilm characteristics (Figure 5E). The green
line represents the most significant characteristic, blue lines depict
other noteworthy features, and yellow lines indicate insignificance. All
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investigated characteristics demonstrated a substantial association
with metabolites. For instance, phosphoenolpyruvic acid and
cellobiose were highly related to viability. L-aspartic acid significantly
related to WSG and hydrophobicity. L-glutamine was related
to adhesion.

While phosphoenolpyruvic acid and cellobiose were down-
regulated by the sugar transporter protein in the PTS pathway,
viability was down-regulated by phosphoenolpyruvic acid and
cellobiose (Figures 5D,E). After L-aspartic acid was regulated by the
response regulator transcription factor, cell wall metabolism sensor
histidine, and glycosyltransferase in TCS, WSG and hydrophobicity
were then down-regulated. Moreover, adhesion was down-regulated
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by L-glutamine through its regulation via TCS. WIG was down-  the content of phenolic acid in LJF may also related to the inhibitory
regulated by PTS-mediated regulation of phosphoenolpyruvic acid.  effect of biofilm formation. In recent years, there are few studies
Rgg/GadR/MutR family transcriptional regulators were associated ~ focus on plant extracts’ inhibitory effect of biofilm formation.
with norepinephrine through the QS signaling pathway, whichhada  Cymbopogon citratus displayed the highest efficacy in reducing
relationship with viability, WSG, and hydrophobicity. Rgg/GadR/  S. mutans biofilm formation and adhesion activity, achieving 90%
MutR family transcriptional regulators was an important part of  inhibition at an MIC value of 12pug/mL (Preeti Pallavi, 2024).
TCS. In all, TCS was the central pathway regulated by LJE However, the LJF has inhibitory effect at more than 6.00 mg/mL in
Interestingly, genes of gtfS and vicK were crucial within TCS,  our study. Maybe it caused by the different methods of extracts
validating their role in this mechanism. Both genes exhibited down-  preparation. Different methods of extracts preparation leaded to
regulation upon exposure to LJF (Figure 5F). The observed changesin  difference phytochemicals and functionality in extracts.
gtfS expression suggested that LJF influenced Gtf activity while The mechanisms of antibacterial activity and anti-biofilm
decreasing WIG and WSG production. Alterations in vicK expression ~ formation are distinct. Antibacterial activity involves cell wall
provided evidence for TCS-mediated biofilm inhibition under  synthesis suppression, membrane permeability alteration, protein
LJF-induced stress conditions (see Figure 6). synthesis inhibition, nucleic acid metabolism perturbation, and folate
metabolism modulation (Silva et al., 2016). The anti-biofilm
] ) mechanisms are less understood, focusing on quorum sensing
4 Discussion inhibition, adhesion protein disruption, and second messenger
pathways (Koo et al., 2017). Biofilms are complex, including bacteria,
Until the 2005 Edition of Chinese patent medicines, LJF (Henan = metabolites, polysaccharide matrix, fibrin, and lipids, and are
and Shandong in Figure 1) and Lonicerae flos (LF, Hunan and  susceptible to environmental influences (Yadav et al., 2020; Rather
Guizhou in Figure 1) were long considered the same herb. Relevant et al., 2021). Polysaccharide matrix was the main component of
pharmacological distinctions between them have been scarcely  biofilm. EPS was the polysaccharide matrix outside bacteria cells. The
investigated. From previous study, LJF and LF have similar = components of EPS varied among different bacteria. For S. mutans,
antibacterial spectrums (Li Y. et al., 2020). But in this study, LJF  the main constituent of EPS is predominantly glucan. WIG and WSG
exhibited stronger antibacterial activity than LE. The origin of LJF  are crucial for biofilm formation and resistance to environmental
and LF used in our study differs from previous studies, leading to  factors, with their reduction consistent with observed inhibitory effect
different results. Studies showed that the antibacterial activity was  of biofilm formation. In biofilm formation, S. mutans adheres to in situ
highly correlated with the phenolic acid content and phenolic acid  glucans formed by Gtfs and glucan-binding proteins (Gbps). Gtfs
content can be reflected by lower chromatic value (Shan et al., 2007;  hydrolyze sucrose, with S. mutans possessing multiple Gbps (GbpA,
Gao et al, 2021). As indicated in Supplementary Table S1, the  GbpB, GbpC, and GbpD) facilitating adhesion (Bhatt et al., 2020).
chromatic value of LJF was lower than that of LE. It means the =~ WIG, rich in a-1,3-glucosidic linkages, is synthesized by GtfB and
content of phenolic acid in LJF was higher than that in LE. From  GtfC and plays a crucial role in biofilm accumulation and adhesion,
Figure 1B, LJF has the more anti-biofilm activity than LF. Therefore, =~ while GtfD synthesizes WSG rich in «-1,6-glucosidic linkages

VIC_ lmngWf@fﬁw Surcos:
@'@@ i ’%Q
‘g@ / & °
!&‘ S-ribos"<tei; . . ® o0 w %‘ / .
Methionine Salvage A \A.I.Z = Rgg/GadR/]\k " GHtD
L-H(‘«.steine v / “

gfs

WIG+WSG

O

FIGURE 6

Schematic illustration of the anti-biofilm mechanism of LJF against S. mutans. Briefly, the sensing histidine VicK was expressed disorderly and Al-2
sensing was blocked by LJF. The corresponding response regulator transcriptional factor was inhibited, leading to the down-regulated
glycosyltransferase by gtf family and decreased in WIG and WSG.
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(Matsumoto-Nakano, 2018; Zhang H. et al., 2022). Reduced Cellular
aggregation reflects inter-bacterial interaction, with stronger
aggregation indicating higher invasiveness, driven by extracellular
glucan (Vickerman and Jones, 1995; Yi Wang, 2014). Cell surface
hydrophobicity, influenced by dextran-bound hydrophobic moieties,
affects biofilm formation, with reduced hydrophobicity indicating
modified dextran properties (Schormann et al., 2023; Zheng et al,,
2023). In LJE not only the WSG and WIG were down-regulated
(Figures 2H,I), but also the expression level of g¢fS was inhibited. It
proposed that the down-regulated in WIG and WSG production
indicated the decreased Gtf activity. LJF disrupted the EPS-mediated
adherence pathway, impacting biofilm surface properties.

Al-2, a ubiquitous signaling molecule, plays a crucial role in
various metabolic pathways and the LuxS/AI-2 QS system in
S. mutans, which governs drug resistance, biofilm formation, motility,
adherence, and virulence (Zhang et al., 2019). AI-2, produced through
the LuxS-catalyzed S-ribosyl homocysteine (SRH) pathway, decreased
in the presence of LJE confirming its inhibitory effect on biofilm
formation. The AI-2 inhibition mechanism involves obstructing the
histidine kinase VicK or using LJF components as AI-2 analogs (Li
et al., 2021; Yuan et al,, 2021; Zhang Y. et al., 2022). Despite many
studies identifying anti-biofilm inhibitors, understanding the biofilm
inhibition mechanism is limited. The crystal violet assay, transcriptome
analysis, PCR, and microstructure analyses reveal phytochemicals’
potential in combating biofilm formation, but their mechanisms
remain elusive.

Untargeted metabolomics analyses using LC-MS can identify new
biomarkers and diagnostics, with bacterial metabolites identified as
lipids, amino sugars, nucleotides, amines, organic acids, peptides,
amino acids, and terpenes (Depke et al., 2020; Zhao et al., 2023;
Bernardo-Bermejo et al., 2024). Although there are many bacterial
metabolites identified, reports on biofilm bacteria metabolites are
scarce. Maytham Hussein pioneered the application of a non-targeted
metabolomics approach to elucidate the mechanism of action of
Texobatine against methicillin-resistant S. aureus (Hussein et al.,
2020). A total of 6,209 differential metabolites can be screened to
explore the mechanism of lipoic acid against Y. enterocolitica (Yang
etal., 2022). It is valuable to for understanding these mechanisms. In
fact, to the best of our knowledge, few studies have been conducted
on S. mutan’s metabolomics based on LC-MS. The current research
on the anti-biofilm mechanism is still limited. As many regulators and
effectors of virulence are small-molecule secondary metabolites that
can be generally amenable to LC-MS (Letieri et al., 2022), the
development of an untargeted metabolomics approach based on LC-
MS for comprehensive analysis of the known metabolome at a large
scale would be highly valuable in elucidating the molecular
mechanisms underlying anti-biofilm activity. In this study, under LJF
stress, fatty acyls, carboxylic acids, amino acids, steroids, prenol lipids,
and benzene derivatives were the main DEMs (Figure 3). Amino
acids, serving as energy precursors, indicated high metabolic activity
and biofilm maturity under LJF stress (Sadiq et al., 2020). Biofilm
development is energy-intensive, with histidine and alanine
metabolism crucial for E. coli and S. mutans biofilm formation,
respectively. Methionine metabolism also plays a role in biofilm
structure phenotype by regulating the LuxS QS system in S. mutans
(Hu et al., 2018).

In response to LJE all the DEGs attributed in peptidoglycan
biosynthesis and terpenoid backbone

biosynthesis  were
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down-regulated. Peptidoglycan is a crucial component of the cell wall,
consisting of peptide and glycan molecules (Sara Marti, 2017).
Peptidoglycan enhances bacterial resistance to stressful environments,
while down-regulating its synthesis pathway can reduce bacteria’s
adaptability to their surroundings (Christopher Ealand and Germar
Beukes, 2024). It means that the inhibitory effect of LJF on decreasing
bacterial resistance prevented drug resistance. Terpenoid backbone
biosynthesis in bacteria is a complex biochemical process that involves
the synthesis of terpene precursors and their subsequent modification
to form various terpenoid compounds. But the biosynthesis of
terpenoids remains unclear (Duan et al., 2023). LJF down-regulated
DEGs involved in peptidoglycan and terpenoid backbone biosynthesis,
reducing bacterial resistance and adaptability. Dextransucrase, down-
regulated by LJE inhibited dextran synthesis, the main WIG in EPS
(Fujiwara et al., 1998). From the decreased WIG production, it can
be inferred that the activity of dextransucrase may also inhibited by
LJE Levanbiose, the main WSG, was produced through the enzymatic
conversion of sucrose by levansucrase, followed by levanase-catalyzed
formation (Pereira et al, 2001). LJF impeded the activity of
glycosyltransferase, reducing glucan production. S. mutans has two
sucrose metabolic pathways: extracellular Gtf metabolism and
intracellular PTS transporter, with extracellular Gtf activity being the
primary biofilm formation mechanism. LJF inhibited Gtf expression
(Figure 5F), suppressing Gtf activity through the Rgg/GadR/MutR
family  transcriptional regulator and the QS system
(Supplementary Figure S3). Conjoint analysis revealed that WSG is
influenced by the QS system (Figures 5D,E). Decreased expression of
rgg3 and rgg2, were validated by RT-PCR (Supplementary Figure 53). It
indicated that the impact of LJF on Gtf activity was through TCS. The
expression of the histidine kinase VicK (Supplementary Table S5) was
disrupted and AI-2 sensing was blocked (Figure 2K), hindering
response regulator transcription factors (Supplementary Figure S3),
resulting in decreased Gtf activity and reduced WIG and WSG
production (Figures 2H,I). L-aspartic acid and norepinephrine,
regulated by TCS and QS, influenced WSG. Phosphoenolpyruvic acid,
inhibited via PTS and regulated WIG (Figures 5D,E). In summary, LJF
primarily inhibited biofilm formation by suppressing glucan production
through the QS system, TCS, and PTS. This inhibition was triggered by
LJF disrupting the expression of histidine kinase VicK and blocking
AI-2 sensing, leading to the down-regulation of Gtf activity and a
decrease in both WIG and WSG. For LJE the primary targets of
inhibitory effects on biofilm formation were VicK and Gtf.

5 Conclusion

Lonicera japonica flos (LJF) significantly reduced EPS production
within the biofilm, accounting for its inhibitory activity.
Mechanistically, WIG and WSG were down-regulated by Gtf,
associated with TCS, QS, and PTS pathways, leading to the reduced
EPS production. WSG synthesis was regulated by L-aspartic acid and
norepinephrine via TCS and QS pathways, respectively, while WIG
synthesis was regulated by phosphoenolpyruvic acid via the PTS
pathway. The regulation trigger was that LJF disrupted VicK and
blocked AI-2 sensing, inhibiting response regulator transcriptional
factors. This pioneering study on LJF’s inhibitory mechanism against
S. mutans provides a solid foundation for developing LJF-based
functional food and oral health care products.
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S. mutans Streptococcus mutans
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EPS Exopolysaccharides
CH Chlorhexidine
BHI Brain-heart infusion
BHIS Brain-heart infusion containing 1% sucrose
MIC minimum inhibitory concentration
Ccv crystal violet
SEM scanning electron microscopy
FTIR Fourier transform infrared spectroscopy
WIG Water insoluble glucan
WSG Water soluble glucan
AC Aggregation capacity
RLI Relative luminescence intensity
UPLC Ultrahigh-performance liquid chromatography
MS Mass spectrometry
VIP Variable Important in projection
FDR False discovery rate
TCS two-component system
Qs quorum sensing system
PTS phosphotransferase system
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Obesity, which is always accompanied by disorders of lipid metabolism and
dysbiosis of the gut microbiota, has become a global epidemic recognised by
the World Health Organisation, necessitating innovative strategies and a globally
accepted agreement on treating obesity and its related complications. Probiotics,
as major active ingredients in many foods, offer potential as biological treatments
for obesity prevention and management. Lactobacillus plantarum (L. plantarum)
possesses a wide range of biological activities and is widely used to alleviate
and ameliorate various diseases. This research demonstrated that Lactobacillus
plantarum reduces the weight increase and fat build-up caused by a high-fat
diet (HFD) in mice, while also improving glucose tolerance and insulin sensitivity
in obese mice. Results indicated that L. plantarum effectively controlled the
intestinal microbial community’s structure, counteracted disruptions in gut
flora caused by HFD, normalized the Firmicutes to Bacteroidota ratio (F/B), and
decreased the prevalence of detrimental bacteria Desulfovibrio and Clostridia.
Serum metabolomics findings indicate notable alterations in serum metabolites
across various groups, notably the increased levels of Isoprothiolane and Inosine,
key regulators of lipid metabolism disorders and enhancers of fat burning. These
differential metabolites were mainly enriched in unsaturated fatty acid biosynthesis,
sulfur metabolism, fatty acid biosynthesis, and purine metabolism. Consequently,
we propose that L. plantarum has the potential to alter the gut microbial
community’s composition, positioning it as a promising option for obesity therapy.

KEYWORDS

obesity, probiotics, Lactobacillus plantarum, intestinal microbes, fat metabolism,
differential metabolites

1 Introduction

Obesity is defined as excess adiposity and adipose tissue expansion, which occurs through
adipocyte hypertrophy and hyperplasia (Cai et al., 2022; Hotamisligil, 2017). Numerous
research works suggest that obesity may lead to the emergence of several illnesses (Hoyt et al.,
2014), such as metabolic syndrome, Type 2 diabetes mellitus (DMTII) (Youn et al., 2021),
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heart-related diseases, and fatty liver disease (Hotamisligil, 2017).
Statistical data indicates that obesity is responsible for 44% of Type 2
diabetes, 23% of ischaemic heart disease, and as much as 41% of
specific cancer types (Boccellino and D'Angelo, 2020). The intestinal
microbiota is involved in lipid synthesis and metabolism and is an
important component of host energy intake and metabolism (Backhed
et al., 2004). It has been demonstrated that the ratio (F/B) of the
colonic contents of HFD-induced obese mice (Torres-Fuentes et al.,
2017), represented by the Firmicutes and Bacteroidota (Shen et al.,
2018), showed a significant increase, which led to metabolic
dysregulation and fat accumulation.

With the deeper understanding of a large number of studies, it
has been found that probiotics can be used as an effective strategy for
obesity prevention (Abenavoli et al, 2019). Probiotics play an
irreplaceable role in improving the structure of gut microbial
community (Backhed et al., 2004). Studies have proposed that the
antagonistic effect that probiotics can have on the growth of
pathogenic microorganisms, as well as their ability to modulate the
gastrointestinal immune system, results in the modulation of the
composition of the gut microbiota and host lipid metabolism (Lee
et al,, 2018). As a probiotic, Lactobacillus plantarum serves as a key
component in numerous food items, exhibiting diverse functional
characteristics including reducing cholesterol, acting as an
antioxidant, and modulating immune responses (Han et al., 2020). It
is also able to interact directly with host immune cells and improve
intestinal barrier function, which has led to its use in the alleviation
and treatment of many diseases, including obesity. A multitude of
research indicate s that L. plantarum can preserve mitochondrial
health and integrity by activating PPAR-a (Cai et al., 2020),
simultaneously inhibiting genes related to fatty acid production and
the repair of the intestinal barrier. Moreover, in vitro and in vivo
studies have found that Lactobacillus plantarum is highly resistant to
artificial gastric and intestinal fluids, ensuring that it can survive in
large quantities after digestion in the stomach and intestines (Zhang
etal., 2022; Rahayu et al., 2021).

This research aimed to explore the capabilities of L. plantarum,
known for its various bioactivities affecting gut microbiota, in
mitigating and treating obesity (Zhou et al., 2021). L. plantarum was
administered by gavage to HFD-induced obese mice, and the
therapeutic effect of L. plantarum was determined by recording
changes in body weight and detecting subcutaneous and perirenal fat
content (Long et al., 2020). Furthermore, alterations in gut flora and
metabolic patterns in living organisms were examined through
extensive sequencing of colon contents and serum metabolomic
studies. This serves as a theoretical foundation for considering
L. plantarum as a potential treatment option for obesity.

2 Materials and methods

2.1 Animals

The animal study adhered to Hunan Agricultural University’s
established protocols for laboratory animal care and usage in animal
research. All animal experiments were approved by the Animal
Ethics Committee of Hunan Agricultural University (approval
number: 2023-251). We acquired 30 female ICR mice, each
approximately 8 weeks old, from Hunan Sileike Jingda Co (Changsha,

Frontiers in Microbiology

93

10.3389/fmicb.2024.1425764

China). All animals passed safety quarantine. The mice were kept at
a temperature of 25+ 1°C and on a light or dark cycle for 12h. The
acclimatisation period was 1 week, during which all mice drank
water and consumed feed normally. At the end of the acclimatisation
period, 30 mice were randomly divided into three groups according
to body weight: normal control group (CON): fed normal chow (10%
keal from fat, XTCON50], Xietong Pharmaceutical Bio-engineering
Co., Jiangsu, China), high fat control group (HFD): fed high fat chow
(60%  kcal XTHEF60,
Bio-engineering Co., Jiangsu, China), and high fat-L. plantarum

from fat, Xietong Pharmaceutical
treatment group (HFD-ZW), with 10 mice in a group and every two
in a cage (n =5) (Table 1). The experimental period was 15 weeks, of
which the obesity modelling lasted for 10weeks with weekly
weighing, but in week 11, mice in the HFD-ZW group received
150 pL of Lactobacillus plantarum HMRS-6 for 14 straight days,
whereas those in the CON and HFD groups were administered an
identical saline dose, and the mice were resumed the original food
and water intake after 14 days until the last day of the experiments
when the mice were put to death and the samples were collected for
the subsequent analyses (Figure 1).

2.2 Strain activation and oral gavage

Lactobacillus plantarum HMRS-6 was isolated from pickles in
Hunan, China, and stored in 30% glycerol test tubes at —80°C in the
Microbiology Laboratory, Hunan Agricultural University (Changsha,
China). The bacteria were inoculated into the MRS activation medium
(Solarbio Science & Technology Co., Ltd., Beijing, China) and placed
in a shaker for 24h at an incubation temperature of 25°C and a
rotational speed of 180 rpm. 1 mL of activated bacterial solution was
aspirated and diluted to obtain a gradient dilution of 107" to 10~
bacterial solution, 100 mL of MRS solid medium was configured and
distributed into multiple dry sterilised Petri dishes, and after
solidification, 100 pL was aspirated after solidification, 100 pL of the
gradient-diluted bacterial solution was added to the solid petri dishes
and coated evenly, and the plates were counted after being inverted
and incubated at 25°C for 24h. The amount of bacterial solution for
each mouse was 1x10° CFU, divided by the number of colonies per
milliliter counted on the plate, namely, the amount of bacterial
solution for each mouse in the HFD-ZW group was 150 pL/d. The
amount of bacterial solution required for each mouse per day was
aspirated, and then placed into a centrifuge and centrifuged at
10,000rpm for 15min. After centrifugation, the supernatant was
skimmed, and the bacterial solution was resuspended by adding an

TABLE 1 Formula table of mice diet.

Corn Starch 0.0 2024.8
Casein 800.0 800.0
Sucrose 291.2 291.2
Soybean oil 225.0 225.0
Lard 2205.0 180.0
L-cystine 12.0 12.0

Maltodextrin 500.0 500.0
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FIGURE 1
Experimental group assignment and workflow. The 30 mice were divided into three different groups (CON group, HFD group and HFD-ZW group) for
15 weeks.

appropriate amount of sterile water to get the amount of bacterial
solution for the daily gastric gavage.

2.3 Glucose and insulin tolerance tests

Mice underwent the Intraperitoneal Glucose Tolerance Test
(IPGTT) following 10-14h of fasting. Every mice received a gavage of
2.5 g/kg of glucose, followed by measuring their tail vein blood glucose
levels using a glucometer for the subsequent 0, 15, 30, 60, and 120 min.
Every mice received an intraperitoneal injection of 0.75 U/Kg insulin,
followed by measuring their tail vein blood glucose levels using a
glucometer at intervals of 0, 15, 30, 60, and 120 min. Mice underwent
the Insulin Tolerance Test (ITT) following a fasting period of 10-14h.
Every mice received an intraperitoneal insulin injection, and their
blood sugar levels in the tail vein were monitored using a glucometer
at intervals of 0, 15, 30, 60, and 120 min.

2.4 Sampling and sample preservation

After completing the insulin resistance test and glucose
tolerance test, blood was collected from mice into centrifuge tubes
using the eyeball blood collection method. Following the gathering
of blood, the mice underwent cervical dislocation, with rapid
dissection, followed by the collection and weighing of subcutaneous
and visceral fat. Subsequently, the mice colon samples were placed
in centrifuge tubes and promptly immersed in liquid nitrogen for
a brief period of rapid freezing. Post-sampling, the gathered blood
underwent swift centrifugation at 3,500 rpm for a duration of
10min in a freezing centrifuge. Subsequently, the clear liquid
above the sediment was moved to a fresh centrifuge tube and
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chilled at 4°C, whereas the accumulated colon samples were kept
in a refrigerator at —80°C.

2.5 Serum metabolome prep

The procedure involved naturally defrosting pre-stored mice serum,
extracting 100 puL of this serum into a 1 mL centrifuge tube, then mixing
it fourfold (400pL) with a 1:1 methanol/acetonitrile solvent mixture.
This mixture was agitated in a vortex shaker for 30s, thoroughly mixed,
ultrasonicated in an ice bath at 4°C for 10 min, refrigerated at —80°C for
8h post-ultrasonication, and finally centrifuged for 15min at 4°C and
12,000 rpm. Following a 15-min centrifugation, the clear liquid above the
sediment was drawn into a fresh centrifuge tube and dehydrated to a dry
state using a vacuum dryer. Introduce 100 pL of a solvent (methanol/
acetonitrile), proceed to sonicate the mixture at 4°C for a duration of
10min, followed by centrifugation at 4°C and 12,000 rpm for 15min.
Subsequently, transfer the supernatant into a fresh tube, and ultimately
store the sample in an ultra-low temperature fridge at —80°C to freeze.

2.6 Ultrahigh-performance liquid
chromatography-quadrupole
time-of-flight mass spectrometry
(UHPLC/Q-TOF-MS) analysis

Fifteen mice serum specimens were gathered in total, from which
10 pL was extracted, blended, and segmented into five parts, designated
as a Quality control (QC) group to stabilize the device and adjust the
data for pre-treatment. UHPLC: An Agilent 1290HPLC system; Column:
Eclipse Plus C18, RRHD 1.8um, 2.1 x 100 mm, temperature set to 30°C;
utilizing mobile phases: a mixture of 0.1% formic acid in water (Mobile
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TABLE 2 Elution procedure.

Time Mobile Mobile Flow Critical

(min) phase A phase B velocity pressure
(%) (%) (mL/min) (bar)

0 95 5 03 1,300 ‘

2 95 5 03 ‘

20 0 100 03 ‘

25 0 100 0.3 ‘

phase A) and 0.1% formic acid acetonitrile (Mobile phase B). The flow
rate was regulated to 0.3 mL/min, with a controlled injection volume of
2L, and the elution method is detailed in Table 2. The rate of ionization
flow was established at 1.2 L/min, the interval for mass scanning ranged
from 20 to 100 meters per second, and the temperature of the drying gas
was fixed at 200°C. The data output from the mass spectrometer (Agilent
6,545 Q-TOF LC/MS) were processed and interpreted using the
appropriate mass spectrometry software to determine the mass peak
areas or peak heights of the target compounds and analyzed
quantitatively by HPLC-MS/MS in combination with known standards.

2.7 Microbiota profiling by 16S rRNA
amplicon sequencing

Total mice intestinal microbial DNA was extracted from mouse
colonic content species by referring to the QIAamp Power Fecal DNA
kit instructions, and the V3V4 variable region of the mouse intestinal
bacterial 16S rRNA gene was specifically amplified using the polymerase
chain reaction (PCR), with the primers 27F 5-AGRG
TTTGATYNTGGCTCAG-3" and 1492R 5-TASGGHTACCTTGTT
ASGACTT-3, in which each sample was repeated three times, the PCR
products were purified by the kit, and then gel recovery was carried out
by agarose gel electrophoresis at a concentration of 1.8%, and the results
of the electrophoresis and PCR were imaged using a nucleic acid gel
imager and characterised using ImageJ software. The recovered PCR
products were subjected to bipartite sequencing and library construction
using [llumina NovaSeq second-generation sequencing platform. Initial
identification and quality control of the raw data was performed using
QIIME2 (2023.6) software to remove low-quality, repetitive and short
sequences (<100bp) from the library. Sequencing splices during
sequencing and library construction were removed using the Cutadapt
program, sequence chimeras in the library were removed and
sequencing fragments were spliced using the Usearch program, a filter
condition of 97% similarity with a threshold of 0.005% was set, and OTU
clustering and downscaling was performed on the filtered data, resulting
in a total of 698 OTUs being identified for the complete study using the
available faecal samples. QIIME2 was used to analyse the a-diversity and
p-diversity of microorganisms in the samples, as well as the distribution
of microorganisms in each treatment group at each taxonomic level and
the dominant flora in each group.

2.8 Differential metabolite screening and
pathway analysis

The raw data obtained were uploaded to Human Metabolome
Database (HMDB) and MetaboAnalyst databases after noise reduction
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and data normalization using Metaboscape software, and the basic
information of metabolites was obtained by preliminary retrieval. The
screening conditions were VIP>1, p-value<0.05, FC>2. Finally,
differential metabolite pathways were analyzed using the pathway
analysis panel in the MetaboAnalyst website.'

2.9 Data and statistical analyses

The experiment’s data is presented as the mean plus or minus the
standard error of the mean (SEM). The variance among group
averages was examined through one-way ANOVA and evaluated via
Duncan’s multiple comparison method. IBM SPSS Statistics 22 for
Windows was utilized to conduct these studies. The correlation
between colonic microorganisms and serum metabolites was assessed
using Spearman’s correlation coefficient. Statistical significance was
attributed to P <0.05.

3 Results

3.1 Lactobacillus plantarum inhibits
HFD-induced obesity in mice

From week 3, the body weights of mice in the high-fat-fed HFD
and HFD-ZW groups were significantly higher than those in the
regular-fed CON group (p <0.05), and the most pronounced difference
was observed at week 8 (Figure 2A), with the body weights of mice in
the HFD group and the HFD-ZW group being approximately 1.21 and
1.07 times that of those in the CON group, respectively (p <0.01). Prior
to week 11, the average body weight of mice in the CON group was
30.55g, whereas that of mice in the HFD and HFD-ZW groups was
38.97 g. The overweight rate of the HFD group was 27.56% compared
with that of the standard CON group (p <0.001). Starting from the
11th week, mice in the HFD-ZW group were intragastrically gavaged
with 150 pL of L. plantarum, and both mice in the CON group and the
HFD-ZW group showed different degrees of body weight loss in the
first week of gavage, with a significant 5.72% decrease in body weight
of the mice in the HFD-ZW group in the 11th week (Figure 2B).
Meanwhile, significant differences in body weight were also observed
between the HFD-ZW-treated group and the HFD modeling group
(p <0.05), and the gavage test showed that the body weights of each
group decreased by 6.23 and 2.87%, respectively (Figures 2B-E), which
indicated the therapeutic efficacy of L. plantarum administered by
gavage on obesity and significantly reduced the body weights of the
mice in the modeling group (p <0.05).

3.2 Lactobacillus plantarum enhances
glucose tolerance and insulin resistance in
obese mice

During the intraperitoneal glucose tolerance examination, it was
observed that every mice exhibited a notable rise in blood sugar

1 https://genap.metaboanalyst.ca/MetaboAnalyst/home.xhtml
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levels 15 min subsequent to receiving an intraperitoneal glucose
injection (Figure 3A), yet in a span of 15-30 min, there was a notable
reduction in the blood sugar levels of mice in the HFD-ZW group
relative to those in the CON and HFD groups. Variations in blood
sugar levels among mice during the glucose tolerance test
consistently exhibited a pattern of rising and then falling, with the
glucose area under the curve (AUC) in the HFD group mice notably
exceeding that in the CON and HFD-ZW groups. The insulin
resistance test revealed (Figure 3B). It was observed that the HFD
group consistently exhibited the highest blood glucose levels, in
contrast to the CON group, which had the lowest during the
0-120 min. The HFD group did not demonstrate a notable reduction
in blood glucose levels in the 0-15min period, in contrast to the
other two groups, indicating a remarkable imbalance in
insulin sensitivity.
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3.3 Lactobacillus plantarum reduces
HFD-induced adiposity gain and decreases
adipocyte size

The HFD group exhibited notably greater subcutaneous and
visceral fat weights with regard to the CON group (p <0.05).
Additionally, the proportions of subcutaneous and visceral fat to body
weight (%) were notably greater in the HFD group than in the CON
and HFD-ZW groups (Figures 4A,B). Additionally, we conducted
HE staining on both subcutaneous and visceral fat in mice, discovering
a notable reduction in adipocyte size in the CON and HFD-ZW
compared to the HFD group (p <0.05). Consistently, accumulated
lipid droplets and balloon-like structures, which are markers of
hepatic steatosis, were observed in the hepatocytes of the HFD group
(Figure 4C). After plant lactic rod treatment, lipid droplet size was
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significantly reduced and hepatic steatosis was significantly improved
in the HFD-ZW in comparison to HFD-fed mice.

3.4 Analysis of microbial diversity in the
mice colon

The distribution of OTUs in each group was as follows: 380 in the
CON group, 365 in the HFD group, and 360 in the HFD-ZW group,
of which the number of featured articles was 155, 135, and 145,
respectively (Figure 5A). From this, it can be preliminarily
hypothesised that obesity had reduced the species richness of the
microorganisms of the mice colon to a greater extent, and that
L. plantarum gastric gavage had restored the species richness of the
microorganisms of the mice intestine to a certain degree.

According to the analysis of a-diversity indices of each treatment
group, ACE and Chaol indices could be used to measure the number
of species (Figures 5B,C), and Shannon and Simpson indices were
used to assess the diversity of species (Figures 5D,E). The ACE,
Shannon and Chaol indices of the HFD group had the lowest values
among all treatment groups, and the three indices were significantly
higher in the HFD-ZW and CON groups (p <0.05), and the ACE,
Shannon and Chaol indices tended to increase in the HFD-ZW with
regard to the CON group, which indicated that L. plantarum gavage
increased the species richness of mice colon microorganisms to a
greater extent, which was consistent with the results of the OTU
distribution; the a-diversity indices of the HFD group were lower than
those of the other treatment groups, which may indicate that the
obesity environment reduced the microbial diversity of the mice colon
to a greater extent. In addition to measure the degree of similarity
between microbial communities, f-diversity was further assessed

10.3389/fmicb.2024.1425764

using Binary-jaccard PCoA. In this study, PCoA was used to analyse
the microbial community structure of colon contents from different
groups of mice. The results showed that the probiotic group had the
greatest variability after the intervention L. plantarum after the
intervention (Figure 5F). However, the UPGMA results showed that
the HFD-ZW group was closer to the CON group than the HFD
group at the phylum level (Figure 5G).

3.5 Analysis of colonic microflora
composition in mice

3.5.1 Lactobacillus plantarum affects the
abundance of microorganisms at phylum level
under high fat diet induced obesity

Within the phylum, the leading five microbial phyla were
Bacteroidota, Firmicutes, Proteobacteria, Actinobacteriota, and
Desulfobacterota, representing over 90% of the overall count
(Figure 6A). In each group, the relative abundance of Bacteroidetes
was 49.32, 38.31, and 52.90% (Figure 6B), and the high-fat
environment significantly decreased the abundance of Bacteroidetes,
on the contrary, the gavage of L. plantarum significantly increased the
relative abundance of Bacteroidetes in the colons of the mice (p <0.05),
and even marginally exceeded the CON group’s by 3.58%. Meanwhile,
as the relative abundance of the Firmicutes in the HFD group
increased, its relative abundance in the CON and HFD-ZW groups
was 35.40 and 29.19%, respectively (Figure 6C), 8.29 and 14.6%,
respectively, lower than in the HFD group. Consequently, there was a
notable rise in the proportion of F/B within the HFD group
(Figure 6D). Furthermore, the comparative prevalence of the
Proteobacteria in each experimental group stood at 5.47, 3.95, and
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FIGURE 4

HFD

HFD-ZW

Effects of L. plantarum on adipocyte and liver histological changes in obese mice. (A) Changes in subcutaneous fat weight; (B) changes in visceral fat
weight; (C) histological changes in liver sections measured by H&E staining with 20x, 40X and 63x magnification, respectively. Data are
mean + standard deviation and were analysed by one-way ANOVA. *p <0.05 (n = 5).
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7.06% correspondingly (Figure 6E), indicating a downward trend in
the HFD group, yet the difference was not statistically meaningful.
Both Actinobacteria phylum and Desulfobacterota significantly
reversed the increasing trend in high-fat environment after gavage by
L. plantarum (Figures 6E,G) (p <0.05).

3.5.2 Lactobacillus plantarum affects the
abundance of microorganisms at class level
under high fat diet induced obesity

The microbial composition in the mice colon was examined,
revealing the top 15 microorganisms at the Class level, as illustrated
in Figure 7A. Notably, the predominant microorganisms, including
Bacteroidia, Clostridia, Bacilli, Actinobacteria, and Deferribacteres,
collectively accounted for more than 80% of the total microbial
population. Specifically, under high-fat conditions, a reduction of
11.01% in the relative abundance of Bacteroidia was observed
(Figure 7B), mirroring the trends seen in the Bacteroidota phylum.
However, administration of L. plantarum through gavage resulted in
a significant increase in the relative abundance of Bacteroidia
(p <0.05). In the CON, HFD, and HFD-ZW groups, the relative
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abundance of Clostridia was found to be 27.35, 30.90, and 20.90%,
respectively (Figure 7C). Similarly, the relative abundance of Bacilli
was observed to be 7.98, 12.82, and 8.20%, respectively (Figure 7D).
Notably, both the CON group and the HFD-ZW group exhibited a
significant increasing trend in Bacilli abundance. Additionally, the
relative abundance of Actinobacteria was found to be 1.81, 5.94, and
3.03% (Figure 7E), while the relative abundance of Deferribacteres in
each treatment group was 5.29, 3.69, and 4.68%, with no statistically
significant difference observed (p >0.05) (Figure 7F). Comparative
analysis revealed a significant increase in the abundance of Clostridia
and Bacilli (p <0.05) in the HFD group compared to CON. Importantly,
administration of L. plantarum effectively restored the altered
microbial abundance induced by the high-fat conditions.

3.5.3 Lactobacillus plantarum affects microbial
abundance at the genus level under high-fat
diet-induced obesity

By analysing the composition of microorganisms in the mice
colon, the five dominant genera at the level of the 15 most abundant
genera were Dubosiella, Parasutterella, Desulfobibrio, Bacteroides and
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Odoribacter (Figure 8A). Parasutterella, Bacteroides, and Odoribacter
decreased by 1.66, 0.37, and 0.97%, respectively, under high-fat
conditions compared to the CON group (Figures 8C,E,F). In addition,
the relative abundance of Dubosiella was 1.54, 9.37, and 4.01%
(Figure 8B), and that of Desulfobibrio was 0.83, 4.99, and 2.27%
(Figure 8D), respectively, which were significantly increased (p <0.05)
in the HFD group. Whereas, using L. plantarum gavage treatment,
Parasutterella, Bacteroides and Odoribacter all had a tendency to
recover the same abundance as that of the CON group (Figures 8C,E,F),
but there was no statistical difference. Meanwhile, Dubosiella and
Desulfobibrio in the HFD-ZW group reversed the abundance changes
induced by the high-fat environment (Figures 8B,D) and showed a
significant recovery in abundance (p <0.05).

3.6 LEfSe analysis of microbiota in colon
contents

The results of LEfSe analysis of colonic microorganisms in the
CON, HFD, and HFD-ZW groups are shown in Figure 9A (p <0.05).
We found that the order of significant enrichment in the CON group
was Bacteroidales, Oscillospirales, and Lacteobacillales; the families
Prevotellaceae and Lactobacillaceae; and the genus Alloprevotella. The
HFD group was remarkably enriched in the genera Lachnospirales,
Erysipelotrichales, Desulfovibrionales, order Coriobacteriales;
families Lachnospiraceae, Erysipelotrichaceae, Desulfovibrionaceae;
Dubosiella, Desulfovibrio  and

Lachnospiraceae_NK4A136_groups were significantly enriched. The

unclassified_Lachnospireaceae,
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HFD-ZW group was in the orders Burkholderiales, Richettsiales;
Families Muribaculaceae, Sutterellaceae, Rickettsiaceae, Atopobiaceae;
unclassified_  Muribaculaceae, Ligilactobacillus, ~ Parasutterella,
unclassified_ Rickettsiaceae genera were significantly enriched. By
identifying Linear Discriminant Analysis (LDA) scores above 2
(Figure 9B), it was possible to determine that species abundance
differed in each group. In the HFD-ZW group, the order
the Richettsiales,

Cyannobacteriales, Sphingomonadales; the families Rickettsiaceae,

Cyanobacteriia; orders Cyanobacteriia,
Sphingomonadaceae; The species abundance of the genera
Spingomonas, unclassified_Sphingomonas, and Plesiomonas had the
most notably effect on the abundance of differential bacteria. Further
revealed significant differences in biological branching composition
between the control, HFD and HFD-ZW groups, which is consistent

with the above results.

3.7 Influence of Lactobacillus plantarum
treatment on serum levels of total
metabolites in mice

The serum differential metabolites of mice from the CON,
HFD, and HFD-ZW groups were comprehensively analyzed
through pairwise comparisons, as depicted in Figure 10. Notably,
metabolites with p-values <0.05 and FC-values >1 were considered
significant. The differential metabolite volcano plot revealed a total
of 554 distinctive metabolites between the CON and HFD groups

(Figure 10A). Among these, Rosmic acid, Edulisin III,
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1-Hexadecen-3-one, Armillaricin, PS (18:0/13:0), PE (20:0/0:0),
and 10,20-Dihydroxyeicosanoic acid were found to be significantly
up-regulated in the CON group. On the other hand, there were 84
differential metabolites identified between the HFD and HFD-ZW
groups (Figure 10C). Following the administration of Lactobacillus
plantarum gavage treatment, metabolites including PE (22:6(4Z,7Z
,10Z2,137,167,197)/0:0), 1-Methyl-3-(2-thiazolyl)-1H-indole,
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Lupinate, Pemetrexed, Isoprothiolane, Inosine, and Cerberin

showed significant up-regulation, whereas Sophoranol,
4-Heptyloxyphenol, and Capsianoside VI displayed decreased
expression. Notably, similar trends were observed in the CON
group for metabolites such as PE-Cer(d16:1(4E)/19:0),
Cycloartanyl ferulate, Cer(d18:1/24:1), and Tetrahydroaldosterone-

3-glucuronide following L. plantarum treatment.
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The results of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database enrichment analysis of the major differentiated
indicated distinct associated with

metabolites pathways

unsaturated fatty acid biosynthesis, sulfur metabolism,

phenylalanine metabolism, steroid hormone biosynthesis,
tryptophan metabolism, fatty acid biosynthesis, and purine
metabolism between the CON and the HFD group (Figure 10B).
In contrast, differential metabolites in the HFD and HFD-ZW
groups were largely enriched in domains of nicotinic acid and
nicotinamide metabolism, arachidonic acid metabolism, and
purine metabolism (Figure 10D). These findings provide valuable

insights into the metabolic alterations associated with high-fat
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diet-induced conditions, as well as the potential modulatory
effects of L. plantarum intervention.

3.8 Correlation between intestinal
microbes and serum metabolites
The genus-level network Spearman correlation analysis
of the intestinal flora of each group of mice (Figure 11A)
revealed that unclassified_ UCG_010, unclassified_Ruminococcaceae,
Colidextribacter, and Lachnospiraceae_UCG_006 showed high

correlation with other microorganisms showed high positive correlation,
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while unclassified_Oscillospiraceae, Parasutterella, unclassified_
Ruminococcaceae and Incertae_Sedis presented high negative
correlation. And the relative abundance of Oscillibacter, unclassified_
Ruminococcaceae, Incertae_Sedis and Lachnospiraceae NK4A136_
group was found to be at a high level according to node size. By analysing
the heatmap of mice colon microbial correlation with serum differential
metabolites it was found (Figure 11B) that LysoPC (18:1 (11Z)) showed
a significant positive correlation with Paraclostridium, unclassified_
Lactobacillaceae, uncultured_Barnesiella_sp. and Serratia were
significantly ~ positively ~correlated with each other. While

10.3389/fmicb.2024.1425764

unclassified_Cyanobacteriales and Sulfurimonas were significantly
negatively correlated with LysoPC (18:2 (9Z, 127Z)), LysoPC (0:0/18:0).

4 Conclusion

This research delved into the healing capabilities of L. plantarum,
a probiotic known for its diverse bioactivities (Li et al., 2020), by
inducing obesity in mice on a high-fat diet and tube-feeding them
with a probiotic with a wide range of bioactivities. The study showed
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that L. plantarum significantly alleviated and reduced body weight in
obese mice. Besides, it can inhibit the accumulation of lipids in the
liver. L. plantarum treatment promoted the restoration of glucose
tolerance and insulin sensitivity in obese mice according to IPGTT
and ITT results. Analysis of mice colon samples revealed that
treatment with L. plantarum enhanced the alpha variety in intestinal
microbes. There was a rise in the number of advantageous bacteria, a
fall in the quantity of detrimental bacteria, and a reduction in the
balance between Firmicutes and Bacteroidota. Serum metabolomics
analysis revealed notable alterations in serum metabolites across all
three mice groups. During obesity modelling and L. plantarum
treatment, L. plantarum significantly increased Isoprothiolane, Inosine
and Cerberin levels, inhibited lipid accumulation in adipocytes as well
as facilitated fat burning, leading to obesity alleviation. Meanwhile the
differential metabolites were significantly enriched in purine
metabolism. These findings suggest that L. plantarum is expected to
be able to be a new strategy for the effective treatment of obesity,
providing a more optimised alternative to achieve therapeutic goals.
In addition, more future studies are needed to explore in depth and
comprehensively the specific mechanisms involved in alleviating
obesity and to clarify the dosage of L. plantarum treatment. This will
help to maximise therapeutic benefits when managing obesity.

5 Discussion

Obesity and its associated chronic diseases have become an
important risk factor threatening global health (O'Neill and O'Driscoll,
2015). Several studies have proposed the potential efficacy of probiotics
in the effective alleviation and treatment of obesity due to their
modulation of gut microbial composition and maintenance of the
functional integrity of the intestinal barrier (In Kim et al., 2019;
Quigley, 2019). Thus, L. plantarum, which has a variety of bioactive
functions, was selected for our study to investigate its efficacy in
ameliorating obesity (Zhu et al., 2019; Park and Oh, 2007). It was found
that treatment of high-fat diet-induced obesity by L. plantarum reduced
body weight, subcutaneous and visceral fat weight as well as reduced
lipid droplet size in the liver and improved liver function in obese mice
(Leung etal., 2016; Wei et al.,, 2023). The data suggest that L. plantarum
improves glucose tolerance, insulin resistance and regulates serum
metabolites (Han et al., 2020). It is consistent with the findings of Ho
et al. on the anti-obesity potential of Lactobacillus rhamnosus SG069
(LR069) and Lactobacillus brevis SG031 (LB031) as well as their ability
in preventing diet-induced insulin resistance (Ho et al., 2024).

There exists a tight association between blood glucose and lipid
metabolism (Kojta et al., 2020). Studies have shown that when the blood
glucose level in the host body exceeds a certain threshold, the acetyl
CoA, citric acid and ultimately ATP generated during the oxidative
decomposition of glucose, the three can be allosterically activated acetyl
CoA carboxylase, which ultimately leads to the conversion of glucose
into fat stored in the adipose tissue (Saltiel and Kahn, 2001). However,
we found that obese mice treated with L. plantarum by gavage had the
ability to regulate blood glucose levels compared with the model group,
as shown by the significant reduction of blood glucose levels in the
treated group of obese mice 30min after receiving intraperitoneal
glucose injection. This indicates that L. plantarum is able to ameliorate
the abnormal elevation of blood glucose values and reduce the
conversion of glycogen into energy storage in the form of fat (Youn et al.,,
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2021). Meanwhile, insulin plays a major role in reducing plasma glucose
levels by controlling hepatic glucose metabolism. It was found by insulin
resistance experiments that mice fed under high-fat conditions
consistently had the highest blood glucose levels and within 15min for
showed the ability to lower blood glucose. However, both the HFD-ZW
group and the CON group showed a tendency to lower blood glucose at
15min, it is consistent with the findings of Zhao et al. (2022) and further
indicates that Lactobacillus plantarum tube-feeding-treated mice were
able to inhibit the level of insulin resistance in high-fat mice to a certain
extent (Paranjape et al., 2010; Chao et al., 2019).

Notable alterations (p <0.05) in the gut microbe makeup of mice
were noted during the development of the obesity model and the
ensuing application of L. plantarum (Moorthy et al., 2021). A notable
reduction in Bacteroidota was noted in obese mice nurtured in a
high-fat setting, contrasted by a marked rise in the HFD-ZW group
(Furet et al., 2010). At the same time, the abundance of Firmicutes
increased in the HFD group (Rastmanesh, 2011), which led to an
increasing trend in the ratio of Firmicutes to Bacteroidota in high-fat
conditions. It is well known that the elevated F/B ratio is widely
recognized as a key factor in the emergence and advancement of obesity
(Chang et al.,, 2015). It was found that Firmicutes can produce more
harvestable energy than Bacteroidota, so that in the presence of an
increase in the relative abundance of Firmicutes and a decrease in the
relative abundance of Bacteroidota, calorie uptake is increased, which
then promotes obesity (Ma et al., 2022; Li et al., 2020). Subsequently,
HEFD-fed obese mice significantly restored the F/B ratio to normal levels
after treatment with L. plantarum gavage (Stojanov et al., 2020). This
conclusion was also confirmed by a study on Lactobacillus gasseri (de
Moura et al., 2023). In addition, we found that L. plantarum dietary
intervention also reduced Desulfovibrio expression in the HFD group
(Wang et al., 2020). It has been proposed that increased Desulfovibrio
abundance is a key feature of obesity (Katamoto et al., 1991). At the
same time with the increase of Desulfovibrio there is an antagonistic
effect on Clostridia. High abundance of Desulfovibrio and low
abundance of Clostridia ultimately lead to a decrease in the expression
of CD36 (Buttet et al., 2014), a key regulator of lipid absorption in the
intestinal tract, and its deficiency leads to lipid metabolism disorders
and excessive accumulation of adipocytes in the body (Buttet et al.,
2016), which in turn increases the chances of obesity and metabolic
syndrome caused by HFD feeding (Ma et al., 2022). More notably,
we found that tube-feeding treatment with L. plantarum also reduced
the expression of Clostridium difficile in the HFD group. A previous
study by Ma Yong et al. also found that high abundance of Clostridium
can metabolise and produce excess faecal deoxycholic acid (DCA). This
ecological disturbance further reduced bile acid uncoupling, and DCA
stimulated SIPR2 expression ultimately inducing activation of NLRP3
inflammatory vesicles (Ma et al., 2022). Furthermore, Dubosiella
abundance was significantly reduced following L. plantarum gavage
treatment, showing a positive association with weight increase and a
reduction in the proliferation of short-chain fatty acid (SCFA) producing
bacteria (Qiu et al., 2021; Martin-Gallausiaux et al., 2021). Mariana et al.
study similarly found that disturbances in the intestinal flora were
negatively correlated with total SCFA production and were able to
reverse this adverse effect after probiotic intervention (de Moura et al.,
2023). These bacteria are synthesized by intestinal Bacteroides through
the fermentation of polysaccharides and carbohydrates, which pose
challenges for the host to assimilate and digest (Blaak et al., 2020). Also,
L. plantarum was able to enhance the expression of Bacteroides, and
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these results suggest that it has a role in alleviating obesity (Backhed
et al., 2004; Parnell and Reimer, 2012).

By analysing serum metabolomics, it was shown that metabolites
PS-18:0/13:0 and PE (20:0/0:0) were significantly up-regulated in
HFD-fed obese mice, PS-18:0/13:0 and PE (20:0/0:0) are important
phospholipids in cell membranes and one of the important
components of lipid metabolism (Xie et al, 2023), so it can
be hypothesized that obese environments significantly reduce the
metabolism of mice role in lipid metabolism in mice (Martinic et al.,
2018). Serum metabolomics research was employed to evaluate the
effectiveness of treating obese mice with L. plantarum and to
understand its fundamental mechanisms. In obese mice treated with
L. plantarum, the varied metabolites observed were PE (22:6(4Z,7Z,1
07,137,167,197)/0:0), 1-Methyl-3-(2-thiazolyl)-1H-indole,
Pemetrexed, Isoprothiolane, Inosine, Cerberin, Cer(d18:1/24:1),
4-Heptyloxyphenol and Capsianoside V1. There was a notable rise in
Isoprothiolane concentrations in the HFD-ZW relative to the HFD
group. The study demonstrated that Isoprothiolane increased the
levels of non-esterified fatty acids (NEFA) and was able to block lipid
deposition into adipocytes (Katamoto et al., 1991), while having a
common effect by accelerating the desaturation of fatty acids in tissue
lipids. It is well known that obesity occurs as a result of excessive
energy intake accumulating in the body in the form of fat, and
increased Inosine expression promotes fat burning (Crunkhorn,
2022). Cer(d18:1/24:1) resumed the same decreasing trend as the
CON group after L. plantarum gavage treatment (Yu et al., 2023). This
is consistent with the findings of Yu Baowen et al. It was proposed that
Cer(d18:1/24:1) levels are increased in the metabolic profile of obese
subjects, which leads to reduced insulin sensitivity and is associated
with metabolic disturbances in obesity and may also contribute to
obesity comorbidities (Yu et al., 2023). The study suggests that
increased levels of Cer(d18:1/24:1) may be a potential biomarker for
obesity (Yu et al, 2023). Analysis of differential metabolites for
potential signalling pathways involved in obesity showed that the
CON vs. HED group and the HFD vs. HFD-ZW group of varied
microorganisms showed a notable increase in purine metabolism.
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Introduction: As the aquaculture industry intensifies to enhance production
efficiency and capacity, the risk of disease outbreaks in high-density systems,
such as those for largemouth bass, has escalated. This necessitates the
exploration of novel strategies for disease prevention and control. Studies have
shown that Atractylodes macrocephala polysaccharide (AMP) possesses the
functions of promoting growth and enhancing immune capacity, making it a
potential feed additive in animal production.

Methods: This study aimed to assess the impact of AMP on the growth
performance, serum biochemical indices, and intestinal flora structure of
largemouth bass. A total of 360 healthy largemouth bass (mean weight: 15.25
+ 1.29 g) were randomly assigned to four groups, each with three replicates. The
groups were fed diets supplemented with 0% (Group D, control group), 0.4%
(Group A), 0.8% (Group B), or 1.2% (Group C) AMP for 42 days.

Results: The results showed that the addition of an appropriate amount of AMP in
the feed significantly improved the weight gain rate (WGR) and specific growth
rate (SGR) of largemouth bass, reduced the feed conversion ratio (FCR), and
enhanced growth performance. AMP reduced the levels of AST and ALT,
indicating a hepatoprotective effect on largemouth bass, with significant
differences from the control group (P < 0.05). AMP also improved the intestinal
microbiota composition of largemouth bass, positively affecting intestinal health.
The analysis of intestinal microbiota revealed 1,288 amplicon sequence variants
(ASVs) in the intestine of largemouth bass in Group B, dominated by Firmicutes
and Bacteroidota. In contrast, Group C (1.2%) had 920 ASVs, with Fusobacteriota
and Firmicutes as the major components, while the relative abundance of
Firmicutes was lower, showing significant differences from the control Group
D. The functional analysis of intestinal microbiota based on KEGG showed
significant differences (P < 0.05) among the four groups in Carbon metabolism,
Biosynthesis of amino acids, and Metabolic pathways.
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Discussion: The study concludes that the inclusion of AMP at 0.8% — 1.2% in the
feed can enhance the growth performance and intestinal health of largemouth
bass, offering a promising strategy for disease prevention and control in intensive
aquaculture settings.

KEYWORDS

Atractylodes macrocephala polysaccharide, Micropterus salmoides, growth
performance, serum biochemical indexes, intestinal microflora

1 Introduction

The largemouth bass, a carnivorous fish native to North
America, was introduced to China in 1983 (He et al.,, 2020). It is
popular among aquaculturists due to its strong adaptability, rapid
growth, ease of catching, and short breeding cycle. In addition, its
delicious and nutritious meat, absence of intramuscular bones, and
elegant appearance render it suitable for consumption, which leads
to promising market prospects, making it one of the main
freshwater fish breeding species in China (Zhang and He, 1994;
Bai et al, 2008). According to the statistical data from “China
Fishery Statistical Yearbook 2023,” the annual output of largemouth
bass in China in 2022 was 802,500 tons, with a production value
exceeding 20 billion yuan. In pursuit of higher production efficiency
and increased capacity, the aquaculture industry is gravitating
towards intensification, making largemouth bass vulnerable to
diseases under artificial high-density breeding conditions. This
necessitates enhanced disease prevention strategies. Research has
shown that polysaccharides can reduce the incidence of diseases by
enhancing the immunity of animals, serving as potential immune
enhancers (Huang et al,, 2015; Kong et al., 2020; Li et al., 2019;
Wang et al,, 2023). Atractylodes macrocephala Polysaccharide
(AMP), an extract of the traditional Chinese medicine
Atractylodes macrocephala, is the core active ingredient of the
herb. It possesses pharmacological effects such as immune
regulation, gastrointestinal mucosa protection, liver protection,
antibacterial, and antioxidant properties, making it an efficient,
low-toxicity, and well-defined polysaccharide from traditional
Chinese medicine (National Pharmacopoeia Commission, 2020;
Bailly, 2021). As a feed additive, AMP is widely used in animal
production. AMP has significant effects on promoting growth,
enhancing macrophage phagocytosis, and enhancing cellular and
humoral immunity in livestock and poultry within a certain dose
range (Yang et al, 2018; Wang et al,, 2023). In the aquaculture
industry, studies have also found that extracts of Atractylodes
macrocephala can improve the growth performance and disease
resistance of Macrobrachium nipponense, Oncorhynchus mykiss,
and Pseudobagrus fulvidraco (Bai et al., 2023; Lu et al., 2024; Zhuo
et al., 2022). Currently, there are few reports on the application of
AMP as a feed additive in largemouth bass, and its mechanism of
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action remains unclear. Therefore, this study takes largemouth bass
as the research subject, analyzing the effects of different addition
levels of AMP on the growth performance, serum biochemical
indicators, and intestinal flora of largemouth bass. This marks the
first comprehensive exploration of the optimal additive
concentration range of AMP in largemouth bass, aiming to
provide a theoretical basis for the application of AMP in the basic
feed for largemouth bass aquaculture.

2 Materials and methods
2.1 Experimental feed design

Three experimental diets with a control were prepared. The
nutritional composition and levels of the experimental feeds are
shown in Table 1. The protein sources for the test feeds were
imported fishmeal, soybean meal, and other raw materials, while the
fat sources were fish oil, peanut oil, and other raw materials. The
experimental diet contained three concentrations of 0.4%, 0.8%, or
1.2% AMP. The control did not add AMP. AMP was purchased
from Shanxi Senyuan Biotechnology Co., Ltd., Xi’an, China. The
initial materials were crushed using an 80-mesh screen to remove
large particles and then precisely weighed according to the specific
feed formula’s proportions. The mixed feed was put into a batch
mixer, where a measured amount of distilled water was added to
ensure thorough blending. Subsequently, a ring die granulator was
employed to shape the mixed feed into pellets with a standardized
diameter of 1.5 mm. These pellets were then dried in an oven at
60 °C. Finally, the feed was air-dried and collected in sealed bags,
which were subsequently placed in a freezer at a temperature of
-25°C for preservation.

2.2 Husbandry methods

The largemouth bass were obtained from Hunan Aoyu
Aquaculture Co., Ltd. (Yueyang, China) and were temporarily
reared in a laboratory recirculating aquaculture system for 2
weeks to adapt to the environment, during which they were fed a
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TABLE 1 Nutrient composition and nutrient level of experimental feed.

Nutritional
composition

Control group
(D, 0%)

(A, 0.4%)

Experimental group

10.3389/fmars.2024.1441921

Content(%)

Experimental group
(C, 1.2%)

Experimental group
(B, 0.8%)

Imported Fishmeal 40.00 40.00 40.00 40.00
Soybean Meal 6.00 6.00 6.00 6.00
Corn Gluten Meal 16.50 16.50 16.50 16.50
Corn Starch 15.00 15.00 15.00 15.00
Wheat Bran 10.00 9.60 9.20 8.80
Fish Oil 5.00 5.00 5.00 5.00
Peanut Oil 2.00 2.00 2.00 2.00
AMP 0.00 0.40 0.80 1.20
Vitamin Premix @ 1.00 1.00 1.00 1.00
Mineral Premix @ 2.00 2.00 2.00 2.00
Dicalcium Phosphate 1.50 1.50 1.50 1.50
Microcrystalline Cellulose 1.00 1.00 1.00 1.00
Total 100.00 100.00 100.00 100.00
Nutrient levels ® Content(%)
Crude Protein (CP) 50.12 50.06 50.13 50.08
Crude Fat (EE) 8.15 8.17 8.18 8.13
Crude Ash 14.35 14.34 14.38 14.42
Total Calcium 0.68 0.67 0.66 0.67
Total Phosphorus 1.14 1.14 1.13 1.13

® Add premix according to the requirements of feed per kilogram. Vitamin content in premix: Vit A 6000 IU, Vit B1 6 mg, Vit B2 15 mg, Vit B6 8 mg, Vit C 8 mg, Vit D 2000 IU, Vit E 100 IU,

folic acid 7 mg;

® Add premix according to the requirements of feed per kilogram. Mineral content: Se 0.5 mg, I 1 mg, Cu 5 mg, Mn 20 mg, Zn 65 mg, Fe 70 mg.

GNutrient levels were measured by instruments in our laboratory.

basic diet ad libitum every day. All animals studies were performed
according to protocols approved by the Animal Care Advisory
Committee of Animal Science and Technology, Hunan Biological
And Electromechanical Polytechnic. A total of 360 healthy
largemouth bass (mean weight: 1525 + 1.29 g) were randomly
divided into four groups with three parallel sets in each group. Each
group was fed a diet supplemented with 0% (Group D, control
group), 0.4% (Group A), 0.8% (Group B), and 1.2% (Group C)
AMP for 42 days. The largemouth bass were raised in an indoor
culture barrels (200 L) with water exchanged once every two weeks
to ensure optimal growth conditions. During the experiment, the
water temperature in the tanks was maintained at 23-25 °C. The
feeding amount for the largemouth bass was determined based on
their body weight, and feeding was conducted at 7:00 am, 12:00 pm,
and 6:00 pm every day and adjusted promptly according to feeding
intensity or other factors. The remaining feed was collected one
hour after each feeding to avoid its influence on water quality.
Regular inspections were conducted, and the water quality in the
barrels was monitored daily, including dissolved oxygen, ammonia
nitrogen, pH, and water temperature, to ensure favorable breeding
conditions. At 42 d, The growth performance of each group was
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tested and 8 largemouth bass were randomly selected from each
group, and serum immune indexes and intestinal microbial
population data were collected. The control group (Group D)
consisted of largemouth bass labeled D1-D8, while the
experimental groups (Groups A, B and C) consisted of
largemouth bass labeled A1-A8, B1-B8 and C1-C8 respectively.

2.3 Measurement and calculation of
growth performance

Each group of largemouth bass individuals was weighed on day
42 of the experiment, and the body weight gain, body length and
number of deaths of largemouth bass were recorded. The daily food
intake of largemouth bass was calculated, and the liver mass of
largemouth bass was weighed. The following formulae were used to
calculate growth performance of largemouth bass:

Weight gain rates (WGR, % ) = (W, - W;)/W; x 100 (1)

Specific growth rates (SGR, % ) = (InW, —InW,)/t X 100  (2)
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Feed conversion ratio (FCR) = Wy /Wog 3)
Hepatopancreas somatic indices (HSL, % ) = Wy, /W, x 100 (4)

Survival rate (SR, % ) = N, /N; x 100 (5)

The variables used in the calculations were as follows: W,
represents the body mass of largemouth bass at 42 d; W,
represents for the initial mass of largemouth bass; t represents the
number of days of testing largemouth bass; W represents for the
total feed intake during the trial phase of largemouth bass per
replicate; Wy represents total weight gain per replicate; Wy,
represents for the liver mass of largemouth bass; N, represents
for the final quantity; N; represents the initial number of
largemouth bass.

2.4 Determination of serum indexes

After the feeding, 8 largemouth bass were randomly selected
from each group for blood collection. Blood was collected from the
tail vein of the fish using a 2 mL sterile syringe. The blood samples
were refrigerated at 4 °C for 4 h, and then centrifuged at 4 °C and
5000 RPM for 10 minutes. Subsequently, the serum was separated
and analyzed for various indicators. The kits from Nanjing
Jiancheng Bioengineering Institute were utilized to detect
biochemical parameters like cholesterol (CHOL), triglyceride
(TG), alkaline phosphatase (ALP), total protein (TP), serum
albumin (ALB), aspartate aminotransferase (AST), and alanine
aminotransferase (ALT). Additionally, serum immune indices
including superoxide dismutase (SOD), malondialdehyde (MDA),
complement C3, and C4 were also measured.

2.5 Intestinal microflora changes and
bioinformatics analysis

2.5.1 Intestinal sample collection

In order to study the microbial population in the intestinal tract
of largemouth bass, the intestinal tracts of largemouth bass in the
experimental group and the control group were sampled
respectively. Before sampling, we anesthetized the largemouth
bass by placing them in water to which 100 pug MS-222 had been
added per liter of water for 2 min. After removal, wipe 75% ethanol
on the body surface of the largemouth bass quickly disassembled
and removed the intestine, and squeezed the intestinal contents into
a 5 ml centrifuge tube. The samples were then frozen with liquid
nitrogen and stored at -80 °C for analysis of intestinal flora changes
of largemouth bass.

2.5.2 Analysis of microflora changes in
intestinal samples

The intestinal genome DNA of largemouth bass was extracted
and sequenced using the combined multiomics technology of
Shanghai OE Biotech Co., Ltd. Genomic DNA extraction was
performed using a dedicated DNA extraction kit, and its
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concentration was accurately determined through agarose gel
electrophoresis and NanoDrop spectrophotometric analysis. This
purified genomic DNA served as the template for defining the
sequencing region, with specific primers added to ensure thorough
mixing. The resulting mixture was then processed in a Takara PCR
instrument, ensuring the validity and precision of the
detection values.

The FASTQ-formatted raw data underwent primer sequence
trimming using cutadapt software. Subsequently, DADA2
processed the raw sequences in accordance with Qiime2’s
established protocols, yielding high-quality sequences and ASV
abundance tables. The diversity of the obtained data was
analyzed, and the intestinal microflora information of largemouth
bass was obtained through various algorithms. This information
was used to analyze the changes of intestinal microflora of
largemouth bass by AMP.

2.6 Statistical analysis

Statistical analysis was performed according to Excel to sort
out the recorded data. The recorded data results were expressed
as (Mean * SD). The normality of the data was tested by
SPSSAU, and then Duncan was used to conduct one-way
ANOVA on the obtained data to find significant differences
between the data (P < 0.05).

3 Results
3.1 Changes in growth performance

According to Table 2, it can be seen that the WGR and SGR of
largemouth bass with AMP added to the feed exhibited an upward
trend within a certain concentration range. The WGR and SGR of
each experimental group were significantly improved compared to
the control group (P < 0.05), with Group B (0.8% AMP)
demonstrating the best effect. The feed coefficient of each
experimental group decreased significantly compared to the
control group (P < 0.05). However, there was no significant
difference between Group B (0.8% AMP) and Group C (1.2%
AMP) (P > 0.05). The hepatosomatic index (HSI) of each
experimental group was significantly lower than that of the
control group (P < 0.05), and the HSI increased with the
increase in concentration among the experimental groups.
However, there was no significant difference between the
experimental groups. (P > 0.05).

3.2 Changes in serum
biochemical indicators

3.2.1 Effect of AMP on serum liver
function indicators

The serum liver function index data are shown in Table 3. There
were no significant differences in the levels of TP and ALB in the
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TABLE 2 Growth performance of largemouth bass.

Control group

Experimental group

Experimental group

10.3389/fmars.2024.1441921

Experimental group

(D, 0%) (A, 0.4%) (B, 0.8%) (C, 1.2%)
IBW (g) 15.24 + 1.46 15.26 + 1.07 15.23 + 1.58 1529 + 1.25
FBW (g) 3025 + 7.13¢ 37.12 + 4.58° 63.28 + 6.69° 5251 +7.77°
WGR (%) 98.37 + 38.50° 145.88 + 46.44° 321.80 + 81.43° 246.78 + 64.96"
SGR (%/d) 1.59 + 0.444 2.11 + 0.44° 3.39 + 0.42° 2.92 + 046"
SR (%) 91.11 + 1.92° 95.56 + 1.92° 96.67 + 3.33° 96.67 + 3.33"
FCR 1.30 + 0.01° 1.18 + 0.02° 1.06 + 0.03° 111 + 0.03°
HSI (%) 1.57 +0.19° 1.41 +0.07° 1.46 +0.21° 1.53 +0.20°

In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P
> 0.05). IBW, Initial body weight; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; SR, survival rate; FCR, feed conversion ratio; HIS, hepatosomatic index.

serum of largemouth bass among the experimental groups, except
for Group C (1.2% AMP) where the TP level decreased slightly and
was significantly different from the control group and other
experimental groups. The levels of AST and ALT showed a
downward trend with increasing amounts of AMP added within a
certain range and were significantly different from the control group
(P < 0.05). The ALP level showed an upward trend with increasing
amounts of AMP added within a certain range. Compared to the
control group, Groups A and B did not have significant differences,
while Group C (1.2% AMP) had a significant increase compared to
the control group.

3.2.2 Effect of AMP on lipid
metabolism indicators

As shown in Table 4, with the increasing dosage of AMP, the
levels of TG and CHOL in the serum of the experimental groups
exhibited a trend of initially increasing and then decreasing.
Specifically, the TG level in the high-dosage group (Group C,
1.2% AMP) was significantly lower than that of the other groups
(P < 0.05), while the TG levels in the low-dosage group (Group A,
0.4% AMP) and the medium-dosage group (Group B, 0.8% AMP)
were significantly higher than that of the control group (P < 0.05).
In terms of CHOL levels, Group A and Group C were significantly
lower than the control group, while there was no significant
difference between Group B and the control group.

TABLE 3 Serum liver function indicators of largemouth bass.

3.2.3 Effect of AMP on serum antioxidant and
non-specific immune indicators

As shown in Table 5, with the increase in the dosage of AMP, the
SOD content in each experimental group exhibited a trend of first
increasing and then decreasing. Group B (0.8% AMP) was
significantly higher than the other groups (P < 0.05). Additionally,
the MDA content in each experimental group was significantly lower
than that in the control group, with Group B (0.8% AMP) being
significantly lower than the other groups (P < 0.05). Furthermore, the
C3 content of each experimental group was higher than that of the
control group, and Group B (0.8% AMP) showed a significantly
higher content than the other groups (P < 0.05). However, there was
no significant difference in C4 content among the remaining groups.

3.3 Structural characteristics of
intestinal flora

3.3.1 Analysis of differences in intestinal
flora groups

The changes in intestinal flora may be the primary reason for
the enhancement of largemouth bass growth and metabolic levels
by AMP. The structure of intestinal flora was studied using 16S
rDNA amplicon sequencing technology. First, principal co-
ordinates analysis (PCoA) was performed based on Weighted
Unifrac distance to reflect the beta diversity of different groups.

Control group

Experimental group

Experimental group

Experimental group

(D, 0%) (A, 0.4%) (B, 0.8%) (C, 1.2%)
TP(g/L) 34.75 + 3.74" 34.99 + 4.62° 35.16 + 3.18" 29.81 + 2.07°
ALB(g/L) 7.95 + 1.07 8.16 + 1.26 8.74 + 0.74 7.65+ 1.11
ALT(U/L) 5430 + 14.25" 20.08 + 8.58" 2.85 + 1.52° 3.29 + 1.62°
AST(U/L) 229.88 + 29.55" 170.50 + 12.04" 68.88 + 7.00° 77.13+ 9.55¢
ALP(U/L) 64.00 + 15.70° 59.25 + 8.97° 72.88 + 9.46™ 81.63 + 18.78"

In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).
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TABLE 4 Serum lipid metabolism indicators of largemouth bass.

Control group

Experimental group

10.3389/fmars.2024.1441921

Experimental group Experimental group

(D, 0%) (A, 0.4%) (B, 0.8%) (C, 1.2%)
TG(mmol/L) 8.65 + 1.87° 10.94 + 2.02° 11.53 + 2.00° 544 + 1.89°
CHOL(mmol/L) 9.81 + 1.19° 9.02 + 1.52° 11.06 + 1.43% 8.54 + 0.76°

In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).

The PCoA plot (Figure 1) showed that the intestinal flora of Group
C was significantly different from that of groups A, B, and D
[permutation multivariate analysis of variance (PerMANOVA),
P=0.001], indicating that Group C formed a unique flora.

3.3.2 Characteristics and changes of
intestinal flora

Analysis of the composition and structure of the intestinal flora
revealed that Group B (0.8% AMP) possessed the highest number of
ASVs (amplicon sequence variants) in largemouth bass intestinal
flora, reaching 1288 species, followed by groups D (0% AMP) and C
(1.2% AMP) with 943 and 920 species respectively, and group A
(0.4% AMP) had the least (714 species). There were few shared
ASVs among the four groups, indicating significant individual
differences among the samples within each group. Specifically,
each sample shared only 2 ASVs (Figures 2A, B).

Differences were observed in the intestinal flora structure of
largemouth bass among the groups (Figure 2C). In Group A (0.4%
AMP), the relative abundance of Firmicutes, Actinobacteriota,
Bacteroidota, and Proteobacteria accounted for over 99%, with
Firmicutes comprising 80.9%. In Group B (0.8% AMP), the relative
abundance of Firmicutes, Bacteroidota, and Actinobacteriota totaled
more than 84%, with Firmicutes accounting for 62.7%. Group D (0%
AMP) exhibited a relative abundance of Firmicutes, Bacteroidota,
Actinobacteriota, Fusobacteriota, and Proteobacteria that exceeded
98%, with Firmicutes comprising 66.5%. Notably, Group C (1.2%
AMP) differed significantly from groups A, B, and D, with
Fusobacteriota, Firmicutes, and Proteobacteria accounting for
85.5%, of which Fusobacteriota comprised 56.6%.

Cluster analysis was performed on the top 15 bacterial genera
with relative abundance, and a heat map was drawn (Figure 2D). It
was evident that the relative abundance of the four groups differed
significantly at the genus level. When comparing the variations in
bacterial abundance among individual samples, we found that in
Group A (0.4% AMP), the relative abundance of Mycoplasma and
others was high. In Group B (0.8% AMP), the relative abundance of

Bifidobacterium, Bacteroides, and others was relatively high. In
Group C (1.2% AMP), the relative abundance of Cetobacterium
and Aeromonas was relatively high. In Group D (0% AMP), the
relative abundance of Prevotella, Bacteroides, Muribaculaceae, and
others was relatively high, and there were significant abundance
differences among the different groups. Additionally, the abundance
of Cetobacterium and Aeromonas in Group C (1.2% AMP) was
lower compared to other groups.

The alpha diversity index of the intestinal flora can intuitively
reflect the species diversity within each group. As shown in
Figure 2E, there are differences in the Chaol index, ACE index,
Shannon index, Simpson index, and PD_whole_tree index among
the four groups. Specifically, the median values of Chaol index,
ACE index, and PD_whole_tree index were Group C > Group D >
Group A > Group B. The median values of Shannon index and
Simpson index were Group C > Group B > Group D > Group A.

3.3.3 Analysis of differential bacterial groups

In order to further analyze the differences in the composition of
intestinal flora in each group, LEfSe analysis was performed to find
biomarkers in each group. From the bar chart showing the
distribution of linear discriminant analysis (LDA) scores in
Figure 3A, we can see that 9 biomarkers were discovered in the
intestinal microbiota of Group A (0.4% AMP), with 8 having LDA
scores greater than 4, including Firmicutes, Bacilli, Mycoplasma,
Mycoplasmatales, Mycoplasmataceae, Clostridiales, Clostridiaceae,
and Clostridia. In Group B (0.8% AMP), 4 biomarkers were
identified, with only 1 having an LDA score greater than 4,
belonging to the class Acidimicrobiia. Group C (1.2% AMP)
exhibited 18 biomarkers, with 10 having LDA scores greater than
4, including Fusobacteriia, Fusobacteriota, Fusobacteriales,
Fusobacteriaceae, Cetobacterium, Aeromonadales, Aeromonadaceae,
Aeromonas, Ruminobacter, and Alloscardovia. 7 biomarkers were
found in the intestinal microbiota of Group D (0% AMP), with
only 1 having an LDA score greater than 4, belonging to the
genus Gardnerella.

TABLE 5 Serum antioxidant and non-specific immune indicators of largemouth bass.

Control group

Experimental group

Experimental group Experimental group

(D, 0%) (A, 0.4%) (B, 0.8%) (C, 1.2%)

SOD/(U/L) 96.81 + 1.73" 97.34 + 2.64" 131.46 + 6.19° 103.43 + 1.04°
MDA (nmol/L) 8.48 + 0.16° 644 +0.11° 551 +0.28° 6.46 + 0.11°
C3/(mg/L) 0.24 + 0.09 032 +0.08" 0.43 + 0.08" 031 +0.11°
C4/(mg/L) 0.05 + 0.02 0.09 + 0.03 0.11 + 0.04 0.06 + 0.03

In the data, letters are used to indicate significant differences in the data of the group (P < 0.05), and the same or no letters are used to indicate no significant differences in the data of the group (P > 0.05).
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FIGURE 1

PCOA based on Weighted Unifrac distance. Each point in the figure
represents a sample, samples in the same group are represented by
the same color, and the color area represents the confidence
interval. A1-8 are the 8 samples from Group A; B1~8 are the 8
samples from Group B; C1~8 are the 8 samples from Group C;
D1~8 are the 8 samples from Group D. FIGURE 2, FIGURE 4 and
FIGURE 5 are the same.

As shown in the cladogram (Figure 3B), the biomarkers in
Group C (1.2% AMP) are not only numerous but also distributed
across multiple distant genetic evolutionary branches.

The relative abundance box plot of the top 10 differential
bacterial genera (biomarkers) between groups (Figure 4A) and the
relative abundance heat map of the top 15 differential bacterial
genera (biomarkers) between samples (Figure 4B) shows that
Bacteroidales_RF16_group, Mycoplasma, and Others have higher
abundance in Group A (0.4% AMP), Mycoplasma has higher
abundance in Group B (0.8% AMP), Alloscardovia, Cetobacterium,
Ruminobacter, and Citrobacter are commonly found in relatively
higher abundance in each sample in Group C (1.2% AMP). In Group
D (0% AMP), The abundance of Acinetobacter and Streptococcus
was higher.

3.3.4 Functional differences of intestinal flora

Use PICRUSt2 (2.3.0b0) to predict the functional composition
of known microbial genes based on 16S sequences, thereby counting
the functional differences between different samples and groups.
Functional prediction at level 3 based on KEGG shows that Group
A, Group B, Group C, and Group D have important roles in ABC
transporters, Carbon metabolism, Biosynthesis of amino acids,
Microbial metabolism in diverse environments, Biosynthesis of
secondary metabolites, Metabolic There are significant differences
in pathways (P < 0.05, Figure 5A), and there are individual
differences in the samples in each group (Figure 5B). After
comparison, it was found that compared with Groups A, B, and
D, Group C had better metabolism in Starch and sucrose
metabolism, Purine metabolism, Pyruvate metabolism, Carbon
metabolism, Metabolic pathways, Amino sugar and nucleotide
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sugar metabolism, Pyrimidine metabolism, and Microbial
metabolism in diverse environments. Biosynthesis of amino acids,
Biosynthesis of secondary metabolites, Arinoacyl-tRNA
biosynthesis, ABC transporters, Quorum sensing, Ribosome,
Glycolysis/Gluconeogenesis were significantly enhanced, and the
order of strength was Group C > Group D > Group B > Group A.

4 Discussion

AMP is widely used as a feed additive in livestock and poultry
production. Research indicates that AMP can promote the growth
of weaned piglets and increase WGR by enhancing immunity,
improving intestinal health, and reducing diarrhea rates (Li et al.,
2009, 2011; Zhao and Wang, 2015; Chai et al., 2020). AMP also
enhances production performance and disease resistance of
ruminants by improving the immune function and anti-stress
ability of poultry (Cao et al, 2022; Jing et al, 2019; Xu et al,
2015)In recent years, its application in aquatic animals has also been
reported. A study by Zhuo et al. found that replacing 25% of fish
meal with protein sources like soybean meal adversely affects the
growth and physiological metabolism of Pseudobagrus fulvidraco
(Zhuo et al., 2022). Adding AMP to the feed significantly improved
these effects, indicating that AMP has a protective effect on the
health of Pseudobagrus fulvidraco. Bai Ruxue et al. discovered that
Atractylodes macrocephala extract can improve the growth
performance, antioxidant capacity, and disease resistance of
Macrobrachium japonicum (Bai et al., 2023). Lu’s research
demonstrates that AMP, as a feed additive, can enhance the
growth performance, immunity, antioxidant capacity, and
resistance of rainbow trout against Aeromonas salmonicida (Lu
et al., 2024). In our study, adding 0.4%, 0.8%, and 1.2% AMP to the
feed all exhibited significant growth-promoting effects, and the FCR
showed a downward trend. The WGR and SGR were highest when
the concentration was 0.8%, indicating the best growth-
promoting effect.

Serum biochemistry is a fundamental blood test that can
quickly reflect organ inflammation, damage, and metabolic
abnormalities in the body. Among these parameters, AST and
ALT are commonly used clinical indicators to assess liver
damage. Research indicates that the application of AMP can
reduce AST and ALT levels in rats and goslings, thus playing a
protective role in preventing and treating non-alcoholic
steatohepatitis and improving liver immune function (Che et al.,
2017; Li et al, 2022). Furthermore, studies show that with an
increase in the amount of AMP added, the contents of AST and
ALT exhibit a downward trend within a certain range, suggesting
that AMP plays a hepatoprotective role in largemouth bass.
Additionally, blood lipid levels are closely linked to the body’s
lipid metabolism capabilities (Zhang et al., 2018). Serum TG and
CHOL are closely related to lipid metabolism. When there is excess
fat in the liver or fat metabolism disorders, their levels tend to
increase (Zhang et al., 2018; Wei et al., 2019). In this study, the TG
and CHOL levels in the serum of the experimental groups exhibited
a trend of first increasing and then decreasing. Notably, the TG of
the high-dose group (Group C) was significantly lower than that of
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FIGURE 2

Effects of AMP on Intestinal Microflora of Largemouth Bass. (A, B) Venn diagram based ASVs; (C) relative abundance analysis of dominant bacterial
phyla in intestinal microflora; (D) heatmap of species abundance at genus level of intestinal microflora for each sample and each group; (E) diversity
analysis. In the figure, * mean P < 0.05, ** mean P <0.01, and *** mean P < 0.001.

the other groups, and the CHOL content was also significantly
lower than the control group. This suggests that AMP can regulate
lipid metabolism in largemouth bass, promoting lipid metabolism.
These results are similar to Zhuo et al.’s study on the effects of AMP
on the growth and health maintenance of Pseudobagrus fulvidraco
(Zhuo et al., 2022). Moreover, peroxide ions, hydroxyl free radicals,
and other reactive species generated during metabolic processes can
cause cellular damage. The stronger the antioxidant capacity of an
animal’s body, the more effectively it can avoid the adverse effects of
oxidative reactions on the body (Chen et al., 2023).
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AMP, as an immune polysaccharide, has been demonstrated by
numerous studies to enhance the body’s antioxidant and non-
specific immune functions (Chen et al., 2023; Miao et al., 2021).
In this experiment, the SOD content and C3 levels in each test
group were significantly higher than those in the control group.
Conversely, the MDA content of each test group was significantly
lower than that of the control group. This finding aligns with Yang's
study on the impact of AMP on growth performance, serum
biochemical indicators, and intestinal morphology in broiler
chickens (Yang, 2023), indicating that AMP also enhances the
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LEfSe analysis identified the biomarkers in different groups. (A) The LDA score distribution histogram mainly displays the species with LDA scores
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Effects of AMP on relative abundances of differential bacteria genus (biomarkers) in intestinal microflora of largemouth bass. (A) box diagram of
relative abundance of the top 10 differential bacterial genus (biomarkers) among groups; (B) heatmap of relative abundance of the top 15 differential
bacterial genus (biomarkers) among samples.
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KEGG function prediction based on 16S of largemouth bass intestinal flora. (A) KEGG prediction results with significant differences among groups
using Kruskal-Wallis method; (B) the heatmap of topl5 mean proportion of predicted KEGG results with significant differences among

difference samples.

resistance, antioxidant capacity, and immune response of
aquatic animals.

Intestinal tissue and intestinal contents, together, constitute the
intestinal environment, which serves as a habitat for a large number
of microorganisms. These microorganisms participate in the
digestion and absorption of nutrients and the regulation of the
body’s immunity during the growth and development of animals,
thereby having a significant impact on animal health. They play an
extremely important role in growth, development, and overall well-
being (Zhang, 2020; Xu and Knight, 2015). Studies have shown that
the diversity and structure of fish intestinal flora are influenced by
various factors, including their own genetics, the environment,
individual size, and food composition. Among these factors, food
composition and environmental status are the most influential
(Bolnick et al., 2014; Sullam et al., 2012).

Shang et al (Shang et al., 2016). found that some bacteria in the
intestine may be related to the polysaccharide content in food.
Ingesting fucoidan can increase the number of lactobacilli in the
intestine and reduce the number of harmful bacteria such as
Escherichia coli. Huang et al (Huang et al, 2022). found in a
study on mice that the addition of fucoidan changed the
composition of the main intestinal flora of mice, significantly
increased the abundance of beneficial bacteria at the genus
Lactobacillus, and also made some beneficial bacteria The
abundance of functional genes is increased. In this study, adding
1.2% AMP to the feed increased the abundance of intestinal flora of
largemouth bass, but the diversity of each group decreased.
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At the phylum level, the relatively abundant bacterial groups in
the intestinal tract of largemouth bass in each group were
Firmicutes, Actinobacteriota, Bacteroidota, Fusobacteriota, and
Proteobacteria. Studies have found that among bacteria, many
pathogenic bacteria are members of the Proteobacteria phylum,
which increase the risk of disease in the body (Shin et al,, 2015).
Fusobacteria can trigger inflammation in certain parts of the host
under certain conditions (Han et al., 2005). Some bacteria in the
Firmicutes phylum can play important roles in cellulose
decomposition and polysaccharide fermentation (Ji et al., 2016).
Actinobacteria are opportunistic pathogens that may infect animals
when their immunity is low, causing them to develop some chronic
or subacute diseases (Mai et al., 2020). Bacteroidetes can participate
in the conversion of proteins, lipids, etc., and can also participate in
the metabolism of sugars and bile acids (Michaud et al., 2009). In
this study, as the concentration of AMP added to the feed gradually
increased, the abundance of Firmicutes in the intestinal tract of
largemouth bass significantly decreased, and the abundance of
Fusobacteriota and Proteobacteria increased significantly,
indicating that the addition of Atractylodes macrocephala to the
feed Excessive concentration of AMP is not conducive to the
conversion and absorption of nutrients in the intestinal tract of
largemouth bass, and protects intestinal health, thereby reducing
the immunity of largemouth bass and increasing the probability of
disease occurrence.

At the bacterial genus level, in this study, the dominant species
of the intestinal flora of the 4 groups of largemouth bass were

frontiersin.org


https://doi.org/10.3389/fmars.2024.1441921
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wen et al.

different. Group A (0.4% AMP)was mainly Mycoplasma, Group B
(0.8% AMP) was mainly Bifidobacterium and Bacteroides, Group C
(1.2% AMP) was mainly Cetobacterium and Aeromonas, and Group
D was mainly intestinal flora. There are abundant probiotics such as
Prevotella (Galvez et al., 2020) and Muribaculaceae (Lagkouvardos
et al., 2019) in the intestinal flora, but the relative abundance of
these bacteria in the AMP-added group was low, and compared
with the control group, most samples in Group C had
Cetobacterium, the relative abundance of Aeromonas is high,
which shows that compared with the individual diversity of the
intestinal flora of the fish group in the control group, Group C
adjusted the intestinal flora structure of the fish group to make the
intestinal flora structure of the entire fish group tend to be
consistent. In this study, the addition of AMP had a significant
regulatory effect on the intestinal flora structure of largemouth bass.
The relationship between the intestinal flora structure and its
relationship needs further study.

At the same time, KEGG function prediction based on 16S
rRNA sequencing revealed that the intestinal flora regulated by
Group C strengthened amino acid metabolism, fat metabolism,
sugar metabolism, and various biosynthesis pathways compared to
Group D. The effects observed in groups A and B were opposite.
These findings (Li et al., 2023) are consistent with previous research
results. It is speculated that the diverse functions of the intestinal
flora in largemouth bass in this experiment also play a crucial role in
metabolism and contribute to maintaining the stability of the
microbiota structure. The experiment found that as the
concentration increased, the metabolic function, body system, and
genetic information processing expression in the intestinal tract of
largemouth bass in groups A, B, and C gradually improved. At low
concentrations, AMP had an inhibitory effect on these pathways.
However, when the concentration reached 1.2%, it effectively
promoted the expression of bodily functions, which benefits the
utilization of fish body nutrients and the development of cell
functions. This increase in nutrient utilization further promotes
the survival and growth of the fish (Zhang et al,, 2023).

5 Conclusion

Adding an appropriate amount of AMP to the feed can increase
the WGR and SGR of largemouth bass, reduce the FCR, and improve
the growth performance of largemouth bass. It can also lower the
AST and ALT levels, protecting the liver function of largemouth bass.
Additionally, it enhances the activity of serum SOD, C3, and C4 in
largemouth bass, reduces MDA content, and improves the
antioxidant and disease resistance of largemouth bass. It improves
the composition of intestinal flora in largemouth bass, which has a
positive effect on intestinal health. Based on comprehensive analysis,
the recommended range of AMP in the feed is 0.8% - 1.2%.
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The growth rate of young ruminants has been associated with production
performance in later life, with recent studies highlighting the importance of
rumen microbes in supporting the health and growth of ruminants. However,
the specific role of rumen epithelium bacteria and microbiota-host interactions
in influencing the early life growth rate of ruminants remains poorly understood.
In this study, we investigated the rumen fermentation pattern, microbiota
characteristics, and global gene expression profiles of the rumen epithelium
in 6-month-old goats with varying growth rates. Our results showed that
goats with high average daily gain (HADG) exhibited higher rumen propionate
concentrations. Goats with low average daily gain (LADG) had the higher relative
abundances of rumen epithelium bacteria genera U29-B03 and Quinella,
while exhibiting a lower relative abundance of Lachnospiraceae UCG-009.
In the rumen fluid, the relative abundances of bacteria genus Alloprevotella
were lower and Desulfovibrio were higher in LADG goats compared to HADG
goats. Additionally, the relative abundance of fungal genus Symmetrospora
was lower in LADG goats compared to HADG goats. Transcriptome analysis
showed that 415 genes were differentially expressed between LADG and
HADG goats, which were enriched in functions related to cell junction and cell
adhesion, etc. Correlation analysis revealed that rumen epithelium bacteria
genera UCG-005 and Candidatus Saccharimonas were negatively associated,
while Lachnospiraceae NK3A20 group and Oscillospiraceae NK4A214 group
were positively associated with average daily gain (ADG) and genes related to
barrier function. The rumen fluid bacteria genus Alloprevotella was positively
correlated, while Desulfovibrio was negatively correlated with rumen propionate
and ammoniacal nitrogen (NHs-N) concentrations, as well as genes related to
barrier function and short chain fatty acids (SCFAs) transport. In summary, our
study reveals that the higher ruminal fermentation efficiency, improved rumen
epithelial barrier functions, and enhanced SCFAs transport in HADG goats
could be attributed to the rumen microbiota, particularly the rumen epithelium
bacteria, such as Lachnospiraceae and Oscillospiraceae NK4A214 group.
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Introduction

The rumen constitutes a complex natural ecosystem that harbors
diverse microbes responsible for biomass degradation, which provide
nutrients for the hosts physiological needs. In return, the rumen
provides a unique environment characterized by anaerobic conditions,
stable temperature, and high osmotic pressure for the rumen microbes
(Kamra, 2005). Emerging evidence suggests that the stable mutualistic
relationship between rumen and its microbial inhabitants is pivotal
for the growth, development (Malmuthuge et al., 2019; Jize et al,,
2022), feed efficiency (Fonseca et al., 2023), and mitigation of acidosis
(Lietal., 2019) in ruminants. However, these studies predominantly
focused on rumen fluid-associated bacteria, which are more sensitive
to the changes in environmental conditions (Liu et al., 2016) and differ
from rumen epithelium bacteria (Pei et al., 2010). Rumen epithelium
bacteria, directly adhering to the epithelium, likely engage in more
interactions with the host. Moreover, fungi are immensely important
for degrading ligno-carbohydrate complex in rumen (Bhagat et al.,
2023). Yin et al. (2023) identified several fungal biomarkers in both
rumen and rectum that were associated with growth rate in lambs.
However, our understanding of the functional roles of rumen fungi
remains limited and further investigations are required.

Early-life growth rate significantly influences later-life production
performance. The pre-weaning and pre-pubertal average daily gain
(ADG) has been reported to be correlated with milk production
(Soberon and Van Amburgh, 2013; Gelsinger et al., 2016) and fertility
(Schubach et al.,, 2019; Costa et al., 2021) in ruminants. There is a
growing interest in exploring key microbes that affect the health and
growth performance of ruminant animals. Yin et al. (2023) identified
several microbes in both the rumen and the rectum associated with
post-weaning ADG in lambs. The ADG-related rumen fluid
microbiota, including the Prevotellaceae family, Streptococcus, and
Candidatus Saccharimonans, is believed to contribute to nutrient
metabolism functions and short chain fatty acids (SCFAs) production
in dairy goats (Wang et al., 2023). Nevertheless, the role of rumen
epithelium bacteria and microbiota-host interactions in influencing
the early-life growth performance of goats remains unclear.

The objective of the present study was to investigate the
relationships between ruminal microbiota and early-life growth
performance in ruminants, and to further explore the underlying
mechanisms involved in the microbiota-host interactions at
transcriptome level. Here, 6-month-old goats with different ADG,
raised under identical conditions, were selected as model animals to
assess their rumen fermentation patterns, rumen microbiota
characteristics, and global gene expression profiles of the rumen
epithelium. The findings of this study may contribute to the
development of novel strategies aimed at improving the growth rate
of young ruminants, thereby potentially enhancing production
performance in later life.

Materials and methods
Ethics statement
All animal experimental and protocols were approved by the

Institutional Animal Care and Use Committee of Southwest
University, Beibei, China (approval IACUC-20220630-04).
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Animal experiment design

A total of 49 female Dazu black kids from Tengda Animal
Husbandry Co., Ltd. (Chongqing, China) were used for the
experiment. Birth weights of all goat kids were recorded immediately
after birth and they were weaned at 2 months of age. The goats were
fed with a total mixed ration (TMR) ad libitum twice daily at 0700 and
1,600, consisting of corn grain (475 g/kg), soybean meal (40 g/kg),
alfalfa hay (450 g/kg), NaCl (5 g/kg), dicalcium phosphate (10 g/kg),
sodium bicarbonate (10g/kg), and a trace minerals and vitamins
supplement (10g/kg). The diet was antibiotic-free, meeting the
recommendations of the Feeding Standard of Meat-producing Sheep
and Goats of China, NY/T 816-2004 (Ministry of Agriculture, MOA,
PRC, 2004).

At approximately 6 months of age (183.4 + 6.2 days), the goats were
weighed before morning feeding and then slaughtered after anesthesia.
The ADG was calculated as the weight gain from birth to 6 months of
age divided by the number of days. The average ADG for all 49 goats
was 86.8+10.9 g/day (Supplementary Table S1), after which goats were
ranked based on individual ADG. The top 10% of goats were
designated as the high ADG group (HADG, 99.8 +12.8 g/day), while
the bottom 10% were designated as the low ADG group (LADG,
63.6+3.94¢/day).

Dry matter intake was continuously measured for 2 days before
slaughtering (844 +28 g/day for LADG goats and 857 +37 g/day for
HADG goats, p=0.55). The rumen fluid was filtered using a four-layer
cheesecloth, and pH values were measured with a portable pH meter
(PHB-4, Rex Instrument, Shanghai, China). Rumen epithelium
samples were collected from the ventral sac of each goat immediately
after slaughter and rinsed with 0.01 M phosphate-buffered saline
(PBS) buffer. All samples were promptly immersed in liquid nitrogen
and then stored at —80°C for subsequent analysis.

The SCFAs and NHs-N analysis

The rumen fluid was centrifuged for 10 min at 10,000 x g, and the
supernatants were filtered with a membrane (0.22pm). Acetate,
propionate, and butyrate concentrations were determined using high-
performance liquid chromatography (KC-811 column, Shodex;
mobile phase, 3mM perchloric acid; flow rate, 1.0mL/min;
temperature: 50°C). Ammonia-N (NH;-N) concentration was
determined using the phenol-hypochlorite colorimetric method.

Rumen microbiota analysis

Total microbial DNA was extracted from rumen fluid and epithelial
samples using the E.ZN.A.® stool DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s protocol. The
quality of the DNA was determined by 1% agarose gel electrophoresis.
Bacterial 16S rRNA gene fragments (V3-V4) were amplified with
primers 338F (5-ACTCCTACGGGAGGCAGCAG-3") and 806R
(5-GGACTACHVGGGTWTCTAAT-3'), and fungi ITS rRNA gene was
amplifiedwithprimersITS1F(5-CTTGGTCATTTAGAGGAAGTAA-3")
and ITS2R (5-GCTGCGTTCTTCATCGATGC-3’) using an ABI
GeneAmp® 9,700 PCR thermocycler (ABL, CA, United States). The
amplicons were paired-end sequenced using the Illumina PE250
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platform (Illumina, San Diego, USA). The raw sequencing reads were
deposited in the NCBI Sequence Read Archive (SRA) database
(Accession Number: PRJNA1099693). The resulting sequences were
filtered using FASTP (version 0.19.6) and merged using FLASH (version
1.2.11). The amplicon sequence variant (ASV), obtained using DADA?2 in
QIIME2 (version 2020.2), were assigned to taxonomies using SILVA
database (version 138) and UNITE database (version 8.0) for bacteria
and fungi, respectively. The alpha diversity indices, including Chaol,
ACE, Sobs, Shannon, and Simpson, were analyzed using Mothur
(version 1.30.2). Principal coordinate analysis (PCoA) was performed
based on weighted UniFrac distances and significance was determined
using ANOSIM with 999 permutations.

Transcriptome analysis

Total RNA was extracted from rumen epithelium using Trizol
reagent (Tiangen Biotech, Beijing, China) according to the manufacturer’s
protocol. RNA quality was determined by a 5,300 (Bioanalyser Agilent,
Palo Alto, CA, United States) and high-quality RNA samples were sent
to Majorbio Biotech (Shanghai, China) for commercial library
preparation and sequencing on the Illumina Novaseq 6,000. The DEGs
(differential expression genes) between groups were analyzed using
DESeq2. Genes with |log,FC|>1 and FDR<0.05 were considered as
differentially expressed. The gene ontology (GO) functional-enrichment
analyses were performed by Goatools to identify significantly enriched
GO terms at a Bonferroni-corrected p-value <0.05. RNA sequencing
data were deposited in the NCBI's Gene Expression Omnibus under the
accession number PRINA1101717.

Tissue RNA extraction and real-time
quantitative PCR

Total RNA was extracted from rumen epithelium using Trizol
reagent (Tiangen Biotech, Beijing, China) according to the manufacturer’s
protocol. RNA degradation and contamination were monitored through
1% agarose gels electrophoresis. RNA concentration and purity were
examined using a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, United States). The gene expression was
detected by quantitative real-time PCR (RT-qPCR) using the 2724¢T
method. The primer sequences are listed in Supplementary Table S2.
f-actin and GAPDH were used as the endogenous reference genes. All
reactions were run in triplicate for each sample.

Statistical analysis

Statistical significance was assessed using an unpaired Student’s
two-tailed t-test for average daily gain, ruminal pH, NH;-N, and SCFAs,
or the one-way ANOVA with Tukey’s post hoc tests for alpha diversity of
the bacterial community, using GraphPad Prism (version 9.2.0,
GraphPad Software, San Diego, CA, United States). Results are expressed
as means with the standard error of the means (SEM). A p-value of less
than 0.05 was considered statistically significant. Correlations between
rumen microbiota and growth performance, ruminal SCFAs and
NH;-N, or gene expression were estimated by Spearman correlation
analysis using the ‘Hmisc and ‘Corrplot’ packages in R (version 4.3.2).
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Results

Ruminal pH, NHs-N, and short-chain fatty
acids concentrations

HADG goats had higher rumen propionate concentrations
(p<0.05) and tended to have higher rumen NH;-N concentration
(p=0.07, Figure 1). However, no significant differences were found in
rumen fluid pH, and ruminal acetate and butyrate concentrations
between HADG and LADG goats.

Microbiota composition of rumen fluid and
epithelium

In the current study, 16s and ITS gene sequencing techniques
were used to determine the differences in rumen microbiota,
especially for rumen epithelium bacteria, between HADG and LADG
goats, aiming to explore the potential microbial targets for the
development of novel intervention strategies to improve the growth
performance of young ruminants.

The alpha diversity of the bacterial community in rumen fluid and
epithelium is shown in Table 1. Bacterial community richness indices
(Chaol, Ace, and Sobs) were greater in rumen epithelium of both
HADG and LADG goats compared with rumen fluid of the same
groups (p <0.01). Nonetheless, no significant difference was observed
in bacterial community composition between HADG and LADG
goats in either rumen fluid or epithelium. In rumen fluid, the bacterial
diversity of HADG was higher than that of LADG (p<0.01), as
indicated by Shannon indices.

As shown in Figure 2A, bacterial communities of rumen
epithelium were well separated from those in the rumen fluid, with
52.25 and 15.57% of the variations explained by principal
component 1 (PC1) and PC2, respectively. The rumen fluid bacterial
composition of LADG goats was separated from the HADG goats
(Figure 2C). However, the rumen epithelium bacterial composition
was similar between LADG and HADG goats (Figure 2B).

We found that the Butyrivibrio (12.6% in HADG goats and
12.9% in LADG goats), Prevotellaceae UCG-001 (8.5% in HADG
goats and 6.5% in LADG goats), Blvii28 wastewater-sludge group
(6.3% in HADG goats and 7.3% in LADG goats), Rikenellaceae RC9
gut group (5.9% in HADG goats and 7.6% in LADG goats),
Treponema (5.9% in HADG goats and 7.1% in LADG goats), and
norank_f F082 (5.0% in HADG goats and 5.4% in LADG goats)
were predominant genera in the rumen epithelium (Figure 2D). In
contrast, the Prevotella (12.6% in HADG goats and 12.9% in LADG
goats), norank_f F082 (12.3% in HADG goats and 16.2% in LADG
goats), Rikenellaceae RC9 gut group (8.6% in HADG goats and 11.8%
in LADG goats), Quinella (2.1% in HADG goats and 17.9% in LADG
goats), norank_f Muribaculaceae (7.8% in HADG goats and 4.8% in
LADG goats), Succiniclasticum (5.1% in HADG goats and 2.2% in
LADG goats) were predominant genus in the rumen fluid.

In rumen epithelium, the relative abundances of genera U29-B03
and Quinella were higher, while Lachnospiraceae_UCG-009, norank_f
norank_o_WCHBI1-41, and Lachnospiraceae_FCS020_group were
lower in LADG goats compared with HADG goats (p <0.05, Figure 3A).
Additionally, the relative abundance of unclassified_c_Clostridia tended
to be lower (p= 0.06), and Desulfovibrio tended to be higher (p= 0.09)
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TABLE 1 The alpha diversity of rumen fluid or rumen epithelium microbiota in goats.

ltems RE-LADG RE-HADG RF-LADG RF-HADG p values
ACE index 953.6+347.0* 931.8+265.3° 225.4+31.3" 224.7 424" <0.01
Chaol index 898.7£353.5° 866.4+196.1° 2254%313° 225.0£42.7° <0.01
Sobs index 624.6+184.6° 635.6+104.4° 224.0+30.5" 2232+42.1° <0.01
Shannon index 4.88+0.33° 5.05+0.28° 4.07£0.58° 4.60+0.34° <0.01
Simpson index 0.022+0.003 0.018+0.006° 0.085+0.085 0.0270.024 ™ 0.04

Significant differences were tested by one-way ANOVA with Tukey’s post hoc tests (n=5 per group). The variant letter indicates a significant difference when P<0.05. RE-LADG, rumen
epithelium of low average daily gain goat; RE-HADG, rumen epithelium of high average daily gain goat; RE-LADG, rumen fluid of low average daily gain goat; RF-HADG, rumen fluid of high

average daily gain goat.

in rumen epithelium of LADG goats compared with HADG goats. In
rumen fluid, the relative abundances of genera Alloprevotella and
unclassified_o_Bacteroidales were lower, and Desulfovibrio and U23-B03
were higher in LADG goats compared with HADG goats (p<0.05,
Figure 3B). Moreover, the relative abundance of norank_f_Bacteroidales_
BS11_gut_group tended to be lower (p= 0.06), and Quinella (p= 0.09)
tended to be higher in LADG goats compared with HADG goats.

To explore whether rumen fungi were related to the growth
performance, we analyzed the fungal compositions of rumen fluid in
LADG and HADG goats (Figure 4). The Saccharomyces (42.6% in
HADG goats and 34.8% in LADG goats), Cladosporium (25.7% in
HADG goats and 8.1% in LADG goats), Wallemia (3.0% in HADG
goats and 10.3% in LADG goats), and Monascus (4.4% in HADG goats
and 6.0% in LADG goats) were predominant genera in the rumen
fluid. Alpha diversity analysis showed that the rumen fluid fungal
composition of LADG goats was not clearly separated from the HADG
goats. However, the relative abundance of genus Symmetrospora was
lower in LADG goats compared with HADG goats (p<0.05).
Additionally, the relative abundance of genus unclassified_f_Cladosp
oriaceae tended to be lower (p= 0.06), and Aspergillus (p= 0.06)
tended to be higher in LADG goats compared with HADG goats.

RNA-Seq analysis of the rumen epithelium
Principal components analysis (PCA) did not reveal strong

clustering, with 34.41 and 14.76% variations explained by PC1 and
PC2, respectively (Figure 5A). Further analysis of differentially
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expressed genes (DEGs) showed that 168 DEGs were upregulated,
while 147 DEGs were downregulated in HADG goats compared with
LADG goats (Figure 5B). 65 GO terms, including cell adhesion, cell
junction, positive regulation of vascular endothelial growth factor
production, regulation of developmental process, positive regulation
of immune system process, etc., were identified (Figure 5C).
Specifically, three DEGS, SPON2, SCARF2, VNN, were upregulated
and POSTN was downregulated, which were involved in regulation of
cell adhesion, in HADG goats compared with LADG goats. Three
upregulated genes (CDH24, ITGB2, APOE) and one downregulated
gene (ACTN2) were enriched in the GO terms of cell junction in
HADG goats. The ARNT and CCBEI involved in regulation of vascular
endothelial growth factor production were upregulated in HADG
goats. Five upregulated genes (GPR4, CTSK, MDK, SNAI1, TMEM119,
CYP126BI) and 1 downregulated gene (FRZB) were enriched in the
GO terms of regulation of developmental process in HADG goats.
Additionally, three genes (ITGAM, STXBPI, and PLVAP) involved in
regulation of immune system process were upregulated in HADG goats.

Relative gene expression of the rumen
epithelium

The relative mRNA expression levels associated with tight
junction, SCFAs transport, and inflammation are shown in Figure 6.
The results demostrated that the relative expressions of ZO-1 (p=0.01),
Occludin (p=0.02), NHE-2 (p=0.03), and NHE-3 (p=0.03) were
higher in the rumen epithelium of HADG goats compared with LADG

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1445223
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chenetal. 10.3389/fmicb.2024.1445223
A
0.6 -
: @ REHADG
0.5 L] @ RELADG
@ RF-HADG
: @ RF-LADG
g :
v
_-Q: .
0.1 :
Q :
0.2 :
: D
-0.31 : I norank_f_F082
2044 : [ Prevotella
: M Rikenellaceae_RC9_gut_group
0.5 y // W Butyrivibrio
064 s = ¥ Quinella
s N W Prevotellaceae_UCG-001
0.7 : 11 norank_f _Muribaculaceae
S — M Bvii28_wastewater-sludge_group
0.6 0.5 04 -03 -02 -0.1 0 01 02 03 04 05 M Treponema
PC1(52.25%) Christensenellaceae_R-7_group
[ Eubacterium_nodatum_group
W Succiniclasticum
B M unclassified_f_Prevotellaceae
0.25 M Lachnospiraceae_UCG-008
@ REHADG I NK4A214_group
024 @ RELADG [ Campylobacter
W unclassified_f _Lachnospiraceac
0.154 M norank_f _Bacteroidales_BS11_gut_group
W unclassified_c__Clostridia
0.1 I Lachnospiraceae_NK3A20_group
I norank_f__ Eubacterium_coprostanoligenes_group
. 0057 1 Desulfobulbus
§ I unclassified_f_Rikenellaceae
g 01 M Family_XII_AD3011_group
% 0,05 : I Prevotellaceac_UCG-003
I : o W UCG-002
014 H 190 norank_f_UCG-010
: : M Ruminococcus
-0.15 : M norank_f__norank_o__Clostridia_UCG-01-
: 17 UCG-005
0.2 : 1 Veillonellaceae_UCG-001
M Acetitomaculum
20254 : M unclassified_f _Anacrovoracaceae
: W Alloprevotella
0.3 : M Desulfovibrio
0302502 015 0.1 005 0 005 01 0.5 02 035 03 03 0- B
-0.3-0.25-0.2-0.15 -0.1 -0.05 .05 0.1 0.15 0.2 0.25 0.3 0.35 s M Mogibacterium
PCI(28.42%) QSQC} Y96 S Y?C} -
&Y 3323’ pY
C g
0.5 @ REHADG
@ RF-LADG
0.4
0.3
0.2
<
2 0.1
o)
g
g
A~
-0.14
0.2+
-0.34
0.4
— T 7T 77—
-0.7 -0.6 -0.5 -04 -03 -02 -0.1 0 0.1 02 03 04 05 0.6
PC1(47.86%)
FIGURE 2
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FIGURE 3
Differential enrichment of bacterial genera in rumen epithelium samples (A) and rumen fluid samples (B) between LADG and HADG goats, based on
Wilcoxon rank-sum test. Data are shown as means. RE-LADG, rumen epithelium of low average daily gain goat; RE-HADG, rumen epithelium of high
average daily gain goat; RF-LADG, rumen fluid of low average daily gain goat; RF-HADG, rumen fluid of high average daily gain goat.

goats. Furthermore, the relative expressions of Claudin-1 (p=0.10),
Claudin-4 (p=0.09), and MCT-4 (p=0.08) tended to increase in the
rumen epithelium of HADG goats compared with LADG goats.
However, the relative mRNA expressions related to inflammation did
not show significant differences between the two groups.

Correlation analyses of the rumen
microbiota, growth performance, rumen
SCFAs and NH3-N concentrations, or gene
expression levels

The Spearman correlation analysis revealed that the relative
abundances of genera UCG-005 and Candidatus Saccharimonas in
rumen epithelium were negatively associated with ADG, and relative
expressions of ZO-1 and Occludin (p <0.05, Figure 7). The relative
abundances of genera Lachnospiraceae NK3A20 group and
Oscillospiraceae NK4A214 group in the rumen epithelium were
positively correlated with ADG and the relative expressions of ZO-1
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and Occludin (p<0.05). Additionally, the relative abundances of
genera norank_f norank_o_Clostridia_UCG-014 and Desulfovibrio
in rumen epithelium were negatively associated with the relative
expressions of ZO-1 and Occludin (p<0.05), while the relative
abundance of genus Oscillospiraceae NK4A214 group in the rumen
epithelium was positively associated with the relative expressions of
MCT-4, NHE-2, NHE-3, and AE2 (p<0.05).

In rumen fluid, the relative abundance of Quinella had a negative
correlation with the relative expressions of claudin-4 and NHE-3
(p<0.05). Notably, the relative abundances of Alloprevotella in rumen
fluid had a positive correlation with rumen propionate (p<0.01) and
NH;-N (p<0.05) concentrations, and the relative expressions of
Claudin-1
Desulfovibrio in rumen fluid had a negative correlation with weaning
weight (p<0.01), rumen propionate (p<0.01) and NH;-N (p <0.05)
concentrations, and the relative expressions of ZO-1 (p<0.01) and
NHE-3 (p<0.05).

Furthermore, the relative abundances of fungal genera
Cladosporium (p<0.01), unclassified_f Cladosporiaceae (p<0.01),

(p<0.01). Conversely, the relative abundance of
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Principal coordinate analysis (PCoA) of fungal compositional profiles of rumen fluid samples between LADG and HADG goats, based on weighted
UniFrac distances (A). Abundant genera in the rumen fungi of LADG or HADG goats (B). Differential enrichment of fungus genera of rumen epithelium
samples (C) between LADG and HADG goats, based on Wilcoxon rank-sum test. Data are shown as means. n =5 per group. LADG, low average daily
gain goats; HADG, high average daily gain goats.

and Cystobasidium (p <0.05) showed positive correlations with the
relative expressions of Claudin-1. The relative of fungal genus
Issatchenkia were positively (p<0.01), and Pseudopithomyces were
negatively (p <0.01) associated with rumen acetate concentration.

Discussion

We observed distinct rumen fermentation patterns between
LADG and HADG goats, as reflected by lower rumen propionate
and NH;-N concentrations in LADG goats. Propionate, a crucial
precursor for gluconeogenesis in ruminants, is known to consume
hydrogen and contribute to higher energy utilization efficiency and
reduced methane formation in the rumen (Moss et al., 2000;
Goopy et al., 2011). Shabat et al. (2016) further demonstrated that
efficient exhibit
concentrations. Moreover, the tendency of higher rumen NH;-N

ruminants higher ruminal propionate
concentration observed in HADG goats may favor microbial

protein production. These findings suggest that the rumen
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microbiota of HADG goats likely had higher fermentation
efficiency, supporting the higher ADG of these goats compared
with LADG goats.

While most studies have focused on the rumen fluid associated
bacteria, it is crucial to acknowledge the distinct microbiota residing
in the rumen epithelium (Pei et al., 2010). Malmuthuge et al. (2019)
emphasized the inadequacy of studies only based only on rumen
contents in capturing the complete rumen microbiome. In our current
study, alpha diversity analysis revealed higher bacterial diversity and
richness in rumen epithelium compared to rumen fluid. Notably,
Butyrivibrio and Prevotellaceae UCG-001 were predominant in rumen
epithelium, contrasting with Prevotella and norank_f_F082, which
dominated the rumen fluid. However, it is worth noting that diversity
indices were reported to be higher in rumen digesta than in mucosal
tissue in pre-weaning calves (Malmuthuge et al., 2014), likely due to
the differences in growth stage and diet between weaned and
pre-weaned ruminants.

The higher bacterial diversity and richness imply a more intricate
microbial population and complex host-bacteria interactions within
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FIGURE 5
RNA-seq analysis of the rumen epithelium of HADG and LADG goats. Principal component analysis (PCA) of gene expressions in rumen epithelium
between LADG and HADG goats (A). The number of differentially expressed genes (DEGs) between HADG and LADG goats (B). The GO pathways
significantly enriched in the DEGs in rumen epithelium between LADG and HADG goats (C). n =5 per group. LADG, low average daily gain goats;
HADG, high average daily gain goats.

the rumen epithelium. Previous studies have highlighted the
involvement of ruminal epithelium bacteria in various crucial

processes such as oxygen scavenging, tissue recycling, urea digestion,

and anatomic and functional development of rumen (Cheng et al.,
1979; Jiao et al,, 2015). In our study, we observed that LADG goats had
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higher abundances of the genera U29-B03 and Quinella in the rumen
epithelium compared to HADG goats. While U29-B03, a member of
the Rikenellaceae family, has been reported to positively influence
SCFAs production (Du et al., 2021), it is worth noting that Wang et al.
(2023) found an unclassified Rikenellaceae to be positively correlated
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RT-PCR analyses of the relative mRNA expression of genes
associated with tight junction (A), short-chain fatty acids (SCFAs)
transport (B), and inflammation (C). The values represent the
mean + SD (n =5 per group). *p < 0.05.

with the acetate levels but negatively correlated with growth
performance traits in dairy goats. Additionally, Yi et al. (2022)
reported a negative correlation between Quinella abundance and
propionate concentration. When enriched, Quinella cells, were found
to predominantly ferment glucose into lactate, with minimal
production of acetate, propionate, and CO, (Brough et al., 1970).
Furthermore, genera U29-B03 and Quinella abundances were higher
in the rumen fluid of LADG goats compared with HADG goats in the
current study. Thus, these findings suggest that the genera U29-B03
and Quinella may be the key bacteria influencing the fermentation
pattern, which could partly explain the lower propionate concentration
observed in LADG goats.

The genus Desulfovibrio comprises the predominant sulfate-
reducing bacteria in the rumen (Drewnoski et al., 2014; Zhao et al,,
2020). Hydrogen sulfide gas (H,S) is the principal terminal metabolite
produced by Desulfovibrio via the dissimilatory sulfate reduction
pathway (Rey et al,, 2013). In our study, the abundance of Desulfovibrio
was found to be higher in both the rumen epithelium and fluid in
LADG goats compared with HADG goats. Although the relationship
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between ruminal Desulfovibrio and the production performance of
ruminants remains unclear, overgrowth of Desulfovibrio is known to
correlate with several human intestinal and extra-intestinal diseases
(Singh et al., 2023). Wu et al. (2021) found that a high sulfur diet
increases the ruminal abundance of Desulfovibrio and compromises
the integrity and barrier function of the rumen epithelium. According
to the Spearman correlation analysis, the abundance of Desulfovibrio
was negatively correlated with ruminal propionate and NH;-N
concentrations, as well as with the expressions of epithelial tight
junction-related genes. Based on these findings, we speculated that
Desulfovibrio may play a critical role in influencing the growth
performance of LADG goats, but further investigations are warranted
to clarify the ecological functions of Desulfovibrio in the rumen.

In our study, we observed lower abundances of the genus
Alloprevotella in the rumen fluid and several members of family
Lachnospiraceae  (e.g,  Lachnospiraceae_ND3007_group  and
Lachnospiraceae_UCG-009) in the rumen epithelium of LADG goats
compared with HADG goats. Alloprevotella, belonging to the family
Prevotellaceae, has the capacity to produce moderate amounts of acetate
and significant amounts of succinic acid (Downes et al., 2013). Our
findings revealed a positive correlation between propionate
concentration in the rumen and Alloprevotella, consistent with previous
research by Fan et al. (2020). Furthermore, Xie et al. (2022) proposed
that species within the Lachnospiraceae family may play a key role in
carbohydrate metabolism and influence feed efficiency in dairy cows.
In our study, genera within Lachnospiraceae showed positive correlation
with ADG, ruminal butyrate concentration, and the expression of genes
related to epithelial tight junction. These results suggest that
Alloprevotella and Lachnospiraceae could potentially serve as probiotics,
enhancing fermentation efficiency and promoting host health.

We further explored the differences in fungal composition to gain
a comprehensive understanding of the rumen microbiota between
LADG and HADG goats. We observed a lower abundance of genus
Symmetrospora and a tendency towards higher abundances of the
genera unclassified_f_Cladosporiaceae and Aspergillus in LADG goats.
Symmetrospora foliicola has previously been associated with body
weight in lambs at 90 days of age (Yin et al., 2023). Moreover, several
mycotoxins, such as aflatoxins and ochratoxin A, can be produced by
Aspergillus fungi and may disrupt ruminal functions (Loh et al., 2020).
We also observed a negative correlation between the abundance of
Aspergillusand and the mRNA expression of Claudin-4, suggesting
that Aspergillus may impair the integrity of the ruminal barrier.

The rumen epithelium serves as a critical site for host-bacteria
interactions, acting as the first line of defense against pathogens and
facilitating nutrient uptake to support the development and growth of
host (Petri et al., 2018). Transcriptome analysis in our study revealed
differential expression of 415 genes between LADG and HADG goats,
with enrichment in cell junction (CDH24, ITGB2, APOE, and
ACTN2), cell adhesion (SPON2, SCARF2, VNNI1, and POSTN), and
others. The tight junction barrier of rumen epithelium plays a pivotal
role in preventing microbial invasion and the entry of harmful
substances, which is crucial for the growth and health of ruminants
(Aschenbach et al., 2019). Our findings indicated lower expression
levels of CDH24, ZO-1, and Occludin in the rumen epithelium of
LADG goats. Additionally, PLVAP was demonstrated to play a critical
role in endothelial barrier function and intestinal homeostasis (Stan
et al., 2012). Consistent with our results, studies on monogastric
animals have shown lower expression of tight junction proteins in
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FIGURE 7

Spearman correlation analysis between rumen microbiota richness (fungi and bacteria of rumen fluid, and bacteria of rumen epithelium)
and growth performance, ruminal short-chain fatty acids (SCFAs) and NH3-N concentrations, or gene expression levels. *p<0.05,
* %

p<0.01.
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Proposed model of the interactions between ruminal microbiota and the host to support the growth of young ruminants. Arrows indicates

low-birth-weight piglets (Huang et al., 2021; Wang et al., 2023).
Furthermore, several bacteria inhabiting the rumen epithelium were
significantly associated with the mRNA expression of ZO-1 and
Occludin in our study, suggesting that these bacteria may influence the
growth performance by regulating the rumen epithelial barrier.

In the current study, the transcriptome analysis showed that cell
adhesion related genes, such as SPON2, VNNI, and CTSK, were
upregulated in HADG goats. The SPONZ encodes mind in, which binds
to bacteria and their components, acting as an opsonin (He et al., 2004).
VNNI, which encodes pantetheinase, is involved in coenzyme A
metabolism, lipid metabolism, and energy production (Bartucci et al.,
2019). Salzano et al. (2023) suggested that the increased VNNI expression
in rumen epithelium of buffaloes fed a green feed diet was associated
with the anti-inflammatory activities. Moreover, the gene CTSK, involved
in the regulation of developmental processes, has been shown to
maintain the normal composition of intestinal microbiota (Sina et al.,
2013). However, the functions of these DEGs in ruminants are not well
understood, and further research is needed to confirm these findings.

In our study, the mRNA expressions of NHE-2 and NHE-3 were
found to be higher in HADG goats. The Na*/H" exchanger (NHE)
proteins regulate the intracellular pH of rumen epithelium by transporting
H to the lumen or extracellular space and taking up Na* into epithelial
cells (Schlau et al., 2012). Increased NHE activities are known to lower the
local pH near epithelial cells, thereby enhancing the uptake of the
undissociated form of SCFAs via simple diffusion (Graham et al., 2007).
In addition, the presence of the genus Oscillospiraceae NK4A214 group in
the rumen epithelium was positively associated with the relative
expressions of MCT-4, NHE-2, NHE-3, and AE2. Previously classified in
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the family Ruminococcaceae, Oscillospiraceae NK4A214 group has been
linked to improving growth and lactation performance in ruminants
(Tong et al,, 2018; Huang et al., 2021; Wang et al., 2023). Consequently,
Oscillospiraceae NK4A214 group could serve as a potential probiotic to
enhance growth or production by mediating SCFAs transport-related
genes in the rumen epithelium. However, Oscillospiraceae NK4A214
group remains uncultured, and its exact mechanism of action in rumen
remains unclear, warranting further investigation.

Conclusion

In summary, our study reveals that HADG goats exhibit higher
ruminal fermentation efficiency, improved rumen epithelial barrier
functions, and enhanced SCFAs transport, all of which support the
development and growth of goats. These differences can be attributed
to the rumen microbiota, particularly to the rumen epithelium
bacteria (Figure 8). Thus, our findings offer a deeper understanding
of the association between rumen microbiota and growth
performance, and identify several potential microbial targets for the
development of novel intervention strategies to improve the growth
performance of young ruminants.
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Academy of Animal Science, Rongchang, Chongging, China, *National Center of Technology
Innovation for Pigs, Chongqging, China

Corn (C), wheat (W), and paddy rice (PR) are important energy sources and are
commonly used in feed production for swine. This study mainly focuses on the
variation and regularities of microbiota and metabolites in the gastrointestinal
tract (GIT) of pigs in response to C, W, and PR. A total of 18 pigs were allotted
into three dietary groups with six replicated pigs and received diets containing
C, W, or PR as the sole energy source, respectively. The results showed that
digestive parts significantly affected the diversity of microbial communities.
Cereal grain sources significantly influenced the p-diversity of microbial
communities in the colon and rectum. Campylobacterota and Proteobacteria
are mainly distributed in the duodenum, Lactobacillus in the jejunum, and
Bacteroidota in the colon and rectum. The W diet increased the Bacteroidota,
Spirochaetota, and Prevotellaceae_NK3B31_group abundances and showed
the highest concentrations of all short-chain fatty acids (SCFAs) in the hindgut.
Fibrobacterota, Bacteroidota, Spirochaetota, Prevotellaceae_NK3B31_group,
Prevotella, and Treponema in the colon or rectum were positively correlated
with acetate, propionate, butyrate, and total SCFAs. These findings suggested
that aerobic bacteria and facultative anaerobes in the foregut will gradually
be replaced by anaerobes in the hindgut. The W diet had the best fermentability
and was beneficial to the colonization of microbial communities that mainly
used carbohydrates. The hindgut flora of the PR diet group may be more
balanced with fewer potential pathogenic bacteria. Many microbial communities
have been identified to contribute positively to the SCFA production of the
hindgut. Collectively, our study revealed the spatial variation regularities of GIT
microbial communities in an adult pig model and provided new insights into GIT
microbiota and responses of metabolites to cereal grain diets.
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corn, wheat, paddy rice, GIT, microbial community, SCFAs

132 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1442077&domain=pdf&date_stamp=2024-09-17
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1442077/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1442077/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1442077/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1442077/full
mailto:lirui181000@163.com
https://doi.org/10.3389/fmicb.2024.1442077
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1442077

Feng et al.

1 Introduction

Cereal grains are the most important energy component in the
diet of monogastric animals and are widely used in the feed industry.
Cereal grains contain easily digestible starch and high-quality plant-
based protein (Singh et al., 2010; Gidley, 2023). Although resistant
starch (RS) and dietary fibers (DFs) in cereal grains cannot
be digested and absorbed by the stomach and small intestine, they
will be fermented by microorganisms in the large intestine to
produce SCFAs (Jaworski and Stein, 2015; Rodehutscord et al., 20165
2017; Walsh et al, 2022; Gidley, 2023). The
physicochemical properties and chemical composition of different

Holscher,

cereal grains vary considerably, especially the composition of DF
(Cervantes-Pahm et al., 2014; Tan et al., 2021). Fermentable DF from
different cereal grains may regulate the microbial community
composition in the host GIT and affect the metabolism of SCFAs in
the hindgut (O'Connell et al., 2005; Wong et al., 2006; Van der
Meulen and Jansman, 2010; Liu et al., 2012; Ma et al., 2018; Zhao
et al,, 2019). A previous study found that a barley-based diet
increased the ratio of Lactobacillus spp. to Enterobacteriaceae in ileal
digesta and fecal samples of pigs, while a W-based diet promoted the
proliferation of Roseburia spp. in the ileum and Bifidobacterium spp.
in the fecal samples (Weiss et al., 2016). Zhao et al. (2019) reported
that different DF influenced the abundances of Filifactor and
Intestinibacter in ileal digesta, as well as Ruminococcus_I and
Lachnoclostridium in the feces of pigs. In addition, the production
of SCFAs in ileal digesta and feces was associated with
microbial compositions.

The GIT microbiota is a huge, dynamic, and complex ecosystem
and plays an important role in nutrient digestion, absorption, and
metabolism, as well as in the maintenance of intestinal health (Lalles,
2016; Holman et al., 2017; Tan et al., 2018). Fully understanding the
dynamic distribution of the gut microbiota in pigs is essential (Luo
et al, 2022). At present, although there are many studies on the
composition and distribution of intestinal microbiota in pigs, most of
them selected colonic or fecal samples with more abundant
microorganisms (O'Hara and Shanahan, 2006; Gao et al., 2019a; Gao
et al., 2019b; Li et al., 2019a; Li et al., 2019b; Li et al., 2023). Few
studies have focused on the whole-gut microbiota of pigs, which limits
a comprehensive understanding of the spatial variation and
regularities of the GIT microbiota in swine.

Zhao et al. (2015) highlighted that although the composition and
structure of the microbial community become stable when the host is
mature, and there are significant similarities between feces and the
large intestine microbiome, using fecal samples alone cannot fully
represent the microbial profile of the GIT. Therefore, observing the
dynamic variation of microorganisms along the GIT is a necessary
consideration when studying the interaction between hosts and
microorganisms. In recent years, some researchers have explored and
summarized the characteristics and dynamic distribution of gut
microbiota across different ages and GIT segments of pigs (Zhao et al.,
2015; Liu et al.,, 2019; Luo et al., 2022; Faba et al., 2024). However, it is
worth noting that these studies have selected young pigs (newborn
piglets and nursery pigs) as models. There have been no relevant
reports on the dynamic distribution of the GIT microbiota in adult
pigs (especially for finishing pigs with heavier weight) models, which
is not conducive to enriching the scientific community’s understanding
of the gut microbiome dynamics for swine.
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C, W, and PR were the three important food crops in terms of total
production around the world (FAOSTAT, 2023). They are also widely
used in pig’s diets. However, few studies have investigated the effect of
these cereal grains on the GIT microbiota and metabolites. Therefore,
this study aimed to characterize the microbial composition of adult
pigs from the stomach to the rectum and to investigate the effects of
C, W, and PR on the composition and SCFA production of the
GIT microbiota.

2 Materials and methods
2.1 Animals, diets, and experimental design

In total, 18 pigs (Duroc x Yorkshire x Landrace, initial body weight
of 73.58 + 6.44 kg) fitted with a simple T-cannula in their distal ileum
were allotted to three dietary treatments with six replicated pigs
(Figure 1). During the 14-day experimental period, pigs were fed diets
with C, W, and PR as the sole energy source, respectively (Table 1).
Vitamins and minerals were supplemented to meet or exceed the
nutrient requirements recommended by the NRC (2012). Pigs were
placed in individual metabolism crates (1.4 mx 0.7 m x 0.5m) and kept
in an environmentally controlled room (23 + 1°C). From days 1 to 14,
the daily feeding schedule was divided into two equal meals provided
at 0830 and 1730h, respectively. The daily feeding amount of each pig
was fixed at 4% of the average initial weight of pigs (Adeola, 2000).
Each pig had free access to water via a nipple drinker.

2.2 Sample collection

From 0800h on 15th d, all pigs were slaughtered, the GIT was
removed immediately, and the stomach (S), duodenum (D), jejunum
(J), ileum (I), colon (C), and rectum (R) were carefully identified,
separated, and ligated with a thin thread. While ensuring that digesta
did not move as much as possible, a scissor was used to cut open each
digestive part, and digesta from six digestive parts was collected as
much as possible using numbered 50 ml centrifuge tubes or beakers
with larger volumes. After stirring evenly with a glass rod, four
representative samples of the stomach, duodenal, jejunal, ileal, colonic,
and rectal digesta from each pig were collected using a 1.5ml
centrifuge tube. These samples were divided into 18 groups (n=6)
according to the corresponding digestive part and dietary treatment.
Each group was named according to the form “cereal grain
abbreviation_digestive part abbreviation” (e.g., C_S group). These
samples were first snap-frozen in liquid nitrogen and stored in a
—80°C refrigerator at the end of sampling. One digesta sample per pig
from 18 groups was selected for 16S rRNA gene sequence analysis
(n=108). One additional digesta sample from each of the ileum,
colon, and rectum was selected for SCFA analysis (1n=>54).

2.3 Chemical composition analysis of
experiment diets

The C diet, W diet, and PR diet were finely ground to pass through

a 1-mm screen. The dry matter (DM, 930.15), ether extract (EE, 920.39),
and ash (942.05) contents of diets were analyzed using the Association
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FIGURE 1
Flow diagram of the experimental design. C, corn; W, wheat; PR, paddy rice; S, stomach; D, duodenum:; J, jejunum; |, ileum; C, colon; R, rectum.

Official Analytical Chemists (AOAC, 2012). The crude protein (CP)
content of diets was determined by the various MAX cube Carbon/
Nitrogen/Sulfur Elemental Analyzer (Elementar Analysensysteme
GmbH, Frankfurt, Hessian, Germany). The content of gross energy
(GE) in diets was determined by an HXR-6000 Oxygen Bomb
Automatic Calorimeter (Hunan Huaxing Energy Sources Instrument
Co. Ltd., Changsha, China). The contents of crude fiber (CF), neutral
detergent fiber (NDF), and acid detergent fiber (ADF) were determined
using fiber bags and the FT12 automatic fiber analyzer (Gerhardt
Analytical Instrument Co., Ltd., Konigswinter, North Rhine-Westphalia,
Germany) by the basic procedures of Van Soest et al. (1991). The
contents of soluble dietary fiber (SDF) and insoluble dietary fiber (IDF)
were analyzed according to the procedure described in a commercial
reagent kit (K-TDFR-200A, Megazyme Inc., Wicklow, Ireland). Total
starch (TS) was measured according to the AOAC Method 996.11 with
the K-TSTA TS assay kit (Megazyme Inc., Wicklow, Ireland).

2.4 SCFA analysis

The SCFA concentrations in the ileal, colonic, and rectal digesta
samples were analyzed according to the method described by Wang
etal. (2017). Briefly, approximately 150 mg samples were weighed into
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a 1.5ml centrifuge tube, then diluted with 450 pl of deionized water,
including 1.68 mM heptanoic acid/L as an internal standard (Sigma
Chemical Co., St. Louis, MO, USA). The samples were centrifuged at
10,000rpm for 10min at 4°C after thoroughly mixing with the
OSE-Y50 high-speed grinder (Tiangen Biochemical Technology Co.,
Ltd., Beijing, China), and the supernatant was all absorbed and filtered
with a 0.22pm membrane. The acetate, propionate, isobutyrate,
butyrate, isovalerate, valerate, and total SCFAs were measured and
quantified using the 7820A gas chromatography (GC) system (Agilent
Technologies, Palo Alto, CA, USA).

2.5 DNA extraction, GIT microbes, and 16S
rRNA sequencing

Total microbial genomic DNA in digesta (the stomach,
duodenum, jejunum, ileum, colon, and rectum) was extracted using
the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek Inc., Norcross, GA,
USA). The quality and concentration of DNA were detected by 1.0%
agarose gel electrophoresis and the NanoDrop® ND-2000
spectrophotometer, respectively (Thermo Scientific Inc., Boston, MA,
USA). The hypervariable V3-V4 region of the bacterial 16S rRNA
gene was amplified with primer pairs 338F (5-ACTCCTACG
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TABLE 1 Ingredient and analyzed chemical compositions of diets (as-fed
basis, %).

ltems Corn  Wheat Paddy rice
diet diet diet
Corn 97.00
Wheat 97.00
Paddy rice 97.00
Dicalcium phosphate 1.00 1.00 1.00
Limestone 0.90 0.90 0.90
Sodium chloride 0.30 0.30 0.30
Titanium dioxide 0.30 0.30 0.30
Vitamin and mineral premix' 0.50 0.50 0.50
Total 100.00 100.00 100.00
Analyzed composition
DM 88.53 90.23 88.98
CP 8.44 11.12 7.57
GE, MJ/kg 14.51 13.21 14.51
EE 0.86 1.80 1.89
Ash 3.08 4.42 6.29
NDF 2521 17.75 22.89
ADF 2.41 3.02 13.93
CF 1.26 1.59 8.24
IDF 8.92 10.21 17.44
SDF 1.16 1.37 0.83
TDF 10.08 11.58 18.27
TS 56.22 46.21 56.88

DM, dry matter; CP, crude protein; GE, gross energy; EE, ether extract; NDF, neutral
detergent fiber; ADF, acid detergent fiber; CE, crude fiber; IDF; insoluble dietary fiber; SDF;
soluble dietary fiber; TDF, total dietary fiber; TS, total starch.'The premix provided the
following per kg of diets: Vitamin A 4,2001U, VD; 4001U, VE 361U, VK; 1.2mg, VB, 23 ug,
VB, 5.63 mg, VB, 20.5mg, VB; 28 mg, Choline chloride 1.00g, Folic acid 0.8 mg, VB, 3.4mg,
VB 2.7mg, VB, 0.18 mg, Mn (as manganese sulfate) 40.0 mg, Fe (as ferrous sulfate) 70.0 mg,
Zn (as zinc sulfate) 70.0 mg, Cu (as copper sulfate) 70 mg, I (as potassium iodide) 0.3 mg, and
Se (as sodium selenite) 0.3 mg.

GGAGGCAGCAG-3") and 806R (5-GGACTACHVGGTWTCTAAT-
3’) using the ABI GeneAmp® 9700 PCR thermocycler (Applied
Biosystems Inc., Los Angeles, CA, USA; Liu et al,, 2016). PCR was
carried out in triplicate using 20l reactions containing 10ng of
template DNA, 4 pl of 5 x Fast Pfu buffer, 2 pl of dNTPs, 0.8 pl of each
primer, 0.4 ul of Fast Pfu polymerase, 0.2 pl of BSA, and 12.6 pul of
ddH,O0. The PCR product was extracted from 2% agarose gel, purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA), and quantified using the Quantus™
fluorometer (Promega Inc., Madison, WI, USA). Purified amplicons
were pooled in equimolar amounts and paired-end sequenced on an
Mumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina
Inc., San Diego, CA, USA).

2.6 Bioinformatics analysis

Raw sequence data were quality-filtered and merged using Fastp
(version 0.19.6) and Flash (version 1.2.11) software, respectively
(Mago¢ and Salzberg, 2011; Chen et al.,, 2018). The optimized
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sequences were clustered into operational taxonomic units (OTUs)
using Uparse software with a 97% sequence similarity level
(Stackebrandt and Goebel, 1994; Edgar, 2013). The number of 16S
rRNA gene sequences from each sample was rarefied to 66,859, and
the average coverage index of samples was 99.66% after rarefying.
OTUs representing <0.005% of the population were removed, and
taxonomy was assigned using the RDP classifier (Wang et al., 2007;
Lietal, 2023). R Programming Language (version 3.3.1) was used
to generate Venn diagrams to visualize the occurrence of shared and
unique OTUs among groups and to make pie and bar plots to
represent the relative abundance of taxonomic groups on the
phylum and genus levels.

The Mothur software (version 1.30.2) was used for calculating the
Shannon, Ace, Simpson, and Chaol indices on the OTU level (Schloss
et al,, 2009; Edgar, 2013). The principal coordinate analysis (PCoA)
based on the Bray—Curtis dissimilarity was performed to determine
the similarity among the microbial communities in different groups
(Lietal, 2021). Analysis of similarities (ANOSIM) was performed to
compare the difference in microbial communities at six digestive parts
and three dietary treatments. The significantly abundant bacterial taxa
from the phylum to genus level among the different groups (LDA
score>2, p<0.05) were identified using the linear discriminant
analysis (LDA) effect size (LEfSe) software (Wang et al., 2007; Segata
et al,, 2011). The pheatmap package of R programming language
(version 3.3.1) was used to calculate Spearman’s coeflicient and draw
the correlation heatmap.

2.7 Statistical analysis

GraphPad Prism (version 10.1.2, La Jolla, CA, USA) and IBM
SPSS Statistics (version 22.0, IBM, Chicago, IL, USA) software were
used for plotting graphs and statistical analysis. For Shannon,
Simpson, Ace, and Chaol index data, significant differences
between treatments were assessed by two-way ANOVA using
Turkey’s multiple comparisons test with each pig as an experimental
unit, and digestive parts and treatment diet were two fixed effects,
considering their interaction. For SCFA concentration data from
the ileum to the rectum, significant differences between treatments
were assessed by one-way ANOVA using Duncan’s multiple
comparisons test with each pig as an experimental unit, and
treatment diet was the only fixed effect. For data on the relative
abundances of microbial communities, the Kruskal-Wallis and
Tukey-Kramer tests were used to evaluate the statistical
significance among the multiple groups. Statistical significance was
declared at a p-value of <0.05.

3 Results
3.1 Tag- and OTU-based analysis

A total of 25,880,835 sequences passed the quality control, with
an average of 239,637 high-quality sequences per sample and an
length of 416bp. As
Supplementary Figure 1, the Venn analysis identified 1,497, 1,302,
1,091, 1,120, 3,076, and 2,972 unique OTUs in the stomach,
duodenum, jejunum, ileum, colon, and rectum groups, respectively.

average  sequence shown in
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3.2 The diversity of bacterial communities
in samples

As shown in Table 2, non-dietary grain sources but digestive parts
significantly affect the a-diversity indices of microbial communities
(p<0.01). The interaction effect of diets and digestive parts had a
significant effect on Simpson and Ace indices (p<0.05). The microbial
community in the colon and rectum groups mostly showed higher
Shannon, Ace, Chaol, and lower Simpson indices than other groups
(p<0.01 or p<0.05, Table 2 and Supplementary Figures 2, 3). The results
of PCoA based on Bray-Curtis distance and evaluated by the ANOSIM
test indicated significant differences in microbial communities in the
colon and rectum compared to other digestive parts (Figure 2A, p<0.01)
There are no significant differences in the stomach, duodenal, jejunal and
ileal microbiota among three dietary treatments (Figures 2B-E). There

10.3389/fmicb.2024.1442077

are significant differences in the colonic and rectal microbiota among
three dietary treatments (Figures 2EG, p<0.01).

3.3 Composition and differential analysis of
microbial communities among six digestive
parts

As shown in Figure 3, Firmicutes was the most dominant phylum
among six digestive parts, its relative abundance was 84.76% (the
stomach), 74.09% (the duodenum), 91.91% (the jejunum), 98.58% (the
ileum), 78.15% (the colon), and 74.31% (the rectum), respectively.
Bacteroidota is another dominant phylum in the colon and rectum, with
relative abundance of 14.51% (colon) and 16.38% (rectum), respectively.
Turicibacter, Lactobacillus, and Clostridium_sensu_stricto_1 were the

TABLE 2 Effects of grain diets on intestinal microbial a-diversity indexes of adult pigs.

Treatment Digestive parts Shannon index Simpson index Ace index Chaol index
Stomach 1.22+0.57° 0.44%0.15° 292.04+86.88" 279.52+103.21°
Duodenum 1.71£1.01° 0.28+0.14® 367.14+215.32° 368.68 £222.13"
Jejunum 1.56+0.96° 0.3940.23 370.31+130.37° 373.00+132.86"
Corn diet
Tleum 1.83+0.32° 0.25%0.07%¢ 212.79+132.26 170.47 +64.65°
Colon 4.30+0.67° 0.08+0.09" 2361.40+332.38° 1994.75+219.05°
Rectum 4.79+0.17 0.02£0.00° 2156.24+325.48° 1967.71+£172.00°
Stomach 2.26+0.86 0.25+0.15% 567.11+459.52° 557.87 +442.03
Duodenum 239+1.23° 0.28 £0.22 676.40 +466.45" 660.97 +470.59°
Jejunum 1.95+1.11° 0.38+0.25° 359.67+112.32° 342.02+114.82"
Wheat diet
Tleum 1.72+0.32° 0.28+0.12 222.82+110.35 163.41 +63.38°
Colon 4.24+0.57° 0.09+0.08 2051.29 + 354.80° 1992.74 +339.20°
Rectum 4.57+0.19° 0.04+0.01° 2165.32+257.56* 2091.11+197.56°
Stomach 2.07+1.22° 0.21+0.11 564.66+337.37° 576.81+345.22°
Duodenum 1.93+£1.09 0.22+0.14 535.92+150.98" 481.70£131.46°
Jejunum 225+ 1.14% 0.21£0.10 587.70+228.86 560.71+227.45
Paddy rice diet
Ileum 1.76 £0.75¢ 0.32+0.10 471.79 £449.22° 420.24+449.22°
Colon 3.60+1.28% 0.21+0.24 1864.45 +363.87* 1197.63 £359.39*
Rectum 3.90+0.67° 0.12+0.13 1961.49 +163.62* 1911.61 +145.90°
Corn diet
Wheat diet
Paddy rice diet
Stomach 1.85+£0.99 0.30£0.16° 474.60 +339.78" 471.40+339.42°
Duodenum 2.01+1.08 0.26+0.16® 526.48+318.21° 503.78+316.33
Jejunum 1.92+1.04° 0.33£0.21° 439.22+189.22 42524+184.85
Ileum 1.77 £0.48 0.28£0.10° 302.46+288.58" 251.37+277.25
Colon 4.04£0.90° 0.13+0.16" 2092.38 £391.07* 1928.37 +308.20°
Rectum 4.42+0.55 0.06+0.08° 2094.34 +260.58" 1990.14+179.98°
Diets 0.287 0.636 0.765 0.167
p-value Digestive parts <0.01 <0.01 <0.01 <0.01
Diets x Digestive parts 0.290 0.047 0.019 0.187

All data were analyzed by the Kruskal-Wallis and Tukey-Kramer test. The results were presented as mean values + standard deviation (1 =6 per treatment). Means in each column with different

letters differs significantly (p <0.05).
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FIGURE 2
Principal coordinates analysis (PcoA) of microbial composition in six digestive parts (A). PcoA of microbial composition in the stomach (B), duodenal
(C), jejunal (D), ileal (E), colonic (F), and rectal (G) digesta of adult pigs fed with different cereal diets. C, corn; W, wheat; PR, paddy rice; S, stomach; D,
duodenum; J, jejunum; |, ileum; C, colon; R, rectum.

dominant genera in the stomach, duodenum, jejunum and ileum.
Streptococcus (23.13%) was the most dominant genus in the colon,
whereas Turicibacter (10.33%) was dominant in the rectum (Figure 4).
The jejunum and ileum groups had a high abundance of Firmicutes
(p<0.05, Figure 5A). The colon and rectum groups showed greater
Bacteroidota abundance than other groups (p<0.05, Figure 5B). The
populations of Campylobacterota, Proteobacteria, and Sarcina were
largest in the duodenum group (p <0.05, Figures 5C,D,I). Lactobacillus in
the jejunum and Streptococcus in the colon had the highest relative
abundance, respectively (p <0.05, Figures 55H). The ileum group showed
higher relative abundances of Turicibacter and Clostridium_sensu_
stricto_1 than the jejunum and colon groups (p<0.05, Figures 5E,G).

3.4 Composition and differential analysis of
microbial communities among dietary
treatments

As shown in Figure 6, Firmicutes was the most dominant
phylum among dietary treatments. Campylobacterota was the

Frontiers in Microbiology

second dominant phylum in the C_S and C_D groups (4.11 and
23.73%, respectively), while Proteobacteria was the second
dominant phylum in the W_D group (10.06%). The W_S, PR_S,
and PR_S groups have abundant Campylobacterota (6.90, 8.94,
and 15.45%, respectively) and Proteobacteria (7.02, 6.87, and
12.81%, respectively). Actinobacteriota was the second dominant
phylum in the W_J group (8.75%). Bacteroidota was the second
dominant phylum in the C_C, W_C, PR_C, and PR_R groups
(16.22, 21.56, 5.74, and 6.19%, respectively). Bacteroidota and
Spirochaetota were the second (22.44 and 20.14%, respectively)
and third (6.19 and 5.26%, respectively) dominant phyla in C_R
and W_R, respectively. The top five genera in the relative
abundances of all groups were Turicibacter, Lactobacillus,
Clostridium_sensu_stricto_1,  Streptococcus, and  Sarcina
(Figure 7). W_C and W_R groups had greater Bacteroidota,
Spirochaetota, and Prevotellaceae_NK3B31_group abundances,
but showed lower Firmicutes abundance than the PR_C and
PR_R groups, respectively (p<0.05, Figures 8A-H). The
population of Sarcina in the W_S and W_D groups was the
largest (p <0.05, Figures 81,]).
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Composition of microbiota in the stomach (A), duodenum (B), jejunum (C), ileum (D), colon (E), and rectum (F) based on the phylum level.

3.5 Cladogram of LEfSe from the phylum to
the genus level

From the phylum to the genus level, 8 taxa including Sarcina and
22 taxa, including Fibrobacterota, were significantly enriched in the
W_S and PR_S groups, respectively (Figure 9A). Seven taxa, including
Propionibacteriales, and nine taxa, including paenibacillales, were

Frontiers in Microbiology

significantly enriched in the W_D and PR_D groups, respectively
(Figure 9B). In the C_J, W_], and PR_]J groups, four specific enriched
taxa, including Acidobacteria, two specific enriched taxa, including
NK4A214, and 25 specific enriched taxa, including Kiritimatiellae,
were detected, respectively (Figure 9C). Two (e.g., Clostridium_sensu_
strico_6), four (e.g., Clostridia), and eight (e.g., Bacilli) taxa in the C_1I,
W_L and PR_I groups were significantly enriched, respectively
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(Figure 9D). In total, 32 taxa, including Actinobacteriota, were
significantly enriched in the C_C group, while 47 taxa, including
Spirochaetota, Proteobacteria, Fibrobacterota, and Bacteroidota were
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significantly enriched in the W_C group, and 28 taxa, including
Firmicutes, were significantly enriched in the PR_C group, respectively
(Figure 9E). A total of 47 taxa represented by Spirochaetota and
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FIGURE 5
Comparative analysis of microbiota among six digestive parts based on the phylum (A-D) and the genus (E-I) levels. All data were analyzed by the
Kruskal-Wallis and Tukey—Kramer test and presented as the mean percentage of different bacteria (group = 6, n = 18 per treatment). The different
letters mean p<0.05.

Bacteroidota were significantly enriched in the C_R group, while 39
taxa, including Prevotellaceae_NK3B31_group, were enriched in the
W_R group, and 46 taxa, including Firmicutes and Actinobacteriota,
were enriched in the PR_R group, respectively (Figure 9F).

3.6 SCFAs production

Acetate was the main SCFAs in the ileal digesta, while acetate,
propionate, and butyrate were the dominant acids in the colonic
and rectal digesta (Table 3). In ileal digesta, the contents of acetate
and isovalerate in the W diet group were higher than in the C diet
group (p<0.01). The concentrations of propionate and total
SCFAs in the W groups were higher than in other dietary groups
(p<0.01 and p<0.05, respectively). The concentration of
isobutyrate in the PR diet group was the lowest (p <0.01). In the
colonic digesta, the W diet group had greater acetate, propionate,
butyrate, isobutyrate, isovalerate, and total SCFA contents
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compared with other dietary groups (p <0.01 or p<0.05). In the
rectal digesta, the C and W diet groups showed higher acetate,
propionate, and total SCFA contents than the PR group (p <0.01).
The W diet group had the highest concentration of butyrate
(p <0.05) and showed greater isobutyrate and isovalerate contents
than other dietary groups (p <0.01).

3.7 Correlation analysis between the
relative abundance of microbial
community and SCFAs production

In the ileal digesta, Planctomycetota and Sarcina were positively
correlated with propionate (p <0.05, Figures 10A, 11A). In the
colonic digesta, Fibrobacterota, Spirochaetota, Prevotellaceae_
NK3B31_group, Treponema, and Prevotella showed positive
correlations with acetate, propionate, butyrate, and total SCFAs
(p<0.050r p<0.01 or p<0.001, Figures. 10B, 11B). Bacteroidota
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was positively correlated with propionate, butyrate, and total
SCFAs, while Firmicutes was on the contrary (p <0.05 or p<0.01,
Figure 10B). In the rectal digesta, Bacteroidota and Prevotellaceae_
NK3B31_group showed strong positive correlations with acetate,
propionate, butyrate, and total SCFAs, while Firmicutes was on the
contrary (p<0.01 or p<0.001, Figures 10C, 11C). Spirochaetota
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and Treponema were positively correlated with acetate, propionate,
and total SCFAs (p<0.05 or p<0.01, Figures 10C, 11C).
Actinobacteriota in the colonic and rectal digesta were negatively
correlated with acetate, propionate, butyrate, isobutyrate,
isovalerate, and total SCFAs (p<0.05 or p<0.01 or p<0.001,
Figures 10B,C).
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Comparative analysis of microbiota in the stomach (I), duodenal (J), colonic (A-D), and rectal (E-H) digesta of adult pigs fed with corn, wheat, and
paddy rice diets based on the phylum and the genus levels. All data were analyzed by the Kruskal-Wallis and Tukey-Kramer test and presented as the
mean percentage of different bacteria (group = 3, n = 6 per treatment). The different letters mean p <0.05. C, corn; W, wheat; PR, paddy rice; S,
stomach; D, duodenum; C, colon; R, rectum.

4 Discussion
4.1 a- and p-diversity of the samples

In this OTUs
(Supplementary Figure 1) and higher Shannon, Ace, and Chaol

study, a greater number of unique
indices were often observed in the colon and rectum compared with
other digestive parts (Table 2, Supplementary Figures 2, 3). These
indicate that the microbial communities in the colonic and rectal
digesta samples had greater species richness and compositional
diversity (Shannon, 1948; Simpson, 1949; Chao, 1984). Interestingly,
we found that it was the digestive parts rather than dietary treatment
that had a highly significant effect on the a-diversity indices of the
samples (Table 2), which is similar to the previous study (Li et al.,
2023). The PcoA results showed that the composition of microbial
communities from the stomach to the ileum was approximate, but
differed significantly from that of the colon and rectum (Figure 2A).
These results were expected and consistent with the previous studies
(Liu et al,, 2019; Zhao et al., 2015). Anatomically, the duodenum,
jejunum, and ileum belong to the small intestine, while the colon and
rectum belong to the large intestine. The small intestine primarily
relies on enzymes to digest most of the starch, protein, and fat in feed.
However, the large intestine is the main site for the fermentation of
DE a small amount of protein and peptides produced by
microorganisms. Therefore, different digestive patterns determine that
the distribution of microorganisms will inevitably be segmented at the
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boundary between the small and large intestines (DiBaise et al., 2008;
Liuetal, 2019; Zhao et al., 2015). In addition, compared with the large
intestine, the pH value in the stomach is lower, the oxygen content in
the stomach and small intestine (e.g., duodenum and jejunum) is
higher, with more antimicrobials, faster peristalsis speed, and shorter
transit time of digesta (Kelly et al, 2017). These factors are not
conducive to the colonization of a large number of microorganisms.
Therefore, there are only 10°~10* bacteria/ml in the stomach and small
intestine contents, mainly acid-tolerant lactobacilli and streptococci
(Hao and Lee, 2004). As the oxygen concentration from the small
intestine to the large intestine gradually decreases, the intestine
peristalsis speed slows down, the pH value gradually increases,
making it easier for microorganisms to colonize, and the number of
microbial communities becomes more abundant and diverse (Hao
and Lee, 2004). The colon also becomes the main site for microbial
colonization, and a large number of specialized anaerobic bacteria
adapted to this environmental condition, such as Prevotellaceae, which
is intolerant to oxygen, gradually occupy a dominant position (Kelly
etal,, 2017). In summary, based on the different digestion patterns and
physiological characteristics between the small intestine and the large
intestine, it is reasonable to observe significant differences in the
quantity and diversity of microbial communities between the anterior
and posterior intestinal segments.

The composition of microbial communities in the colonic and
rectal digesta also differed among three dietary treatment groups
(Figures 2EG), which is similar to the previous findings (Nielsen et al.,
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Cladogram of LEfSe demonstrates taxonomic profiling for the distinct bacteria in the stomach (A), duodenal (B), jejunal (C), ileal (D), colonic (E), and
rectal (F) digesta among three dietary treatments. C, corn; W, wheat; PR, paddy rice; S, stomach; D, duodenum:; J, jejunum:; |, ileum; C, colon; R,

rectum.

2014; Burbach et al., 2017; Li et al., 2023). This may be attributed to
the difference in fermentation substrates in the large intestine. The
responses of the microbiota to dietary intervention can be rapid and
are also sensitive to structural changes in fermentation substrates
(Turnbaugh et al., 2009; David et al., 2014; Hamaker and Tuncil, 2014;
Fouhse et al., 2017). For each whole grain used in this experiment, due
to its unique composition matrix, it affects the fluidity and availability
of fermentation substrates entering the large intestine, thereby
manipulating the microbial composition (Hamaker and Tuncil, 2014;
Fouhse et al., 2017). Several previous studies have confirmed these
viewpoints. It has been reported that a barley-based diet has a higher
concentration of non-starch polysaccharides (NSP) and better water
solubility than a W-based diet. Therefore, it increased the number of
Firmicutes and decreased the number of Proteobacteria in the feces
of pigs. Burbach et al. (2017) and Ellner et al. (2022) suggested that due
to the higher cellulose and lower CP contents in rye than in triticale,
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cellulolytic species of Clostridium_sensu_stricto dominated in the
ileum and feces of pigs fed with a rye-based diet, while the Clostridium
XIlevel in the rye-based diet group was lower than that in the triticale-
based diet group. Fouhse et al. (2017) reported that a large number of
Phascolarctobacterium and Oscillospira were observed in the feces of
pigs fed with a low-fermentability barley diet and hard red spring W
diet, and speculated that this may be related to the high ADF content
in these two diets. Snart et al. (2006) found that pigs consuming an
oat-based diet showed significantly greater increases in Bifidobacteria
compared with pigs consuming a barley-based diet, which may
be related to the different structures and molecular weights of
B-glucans and other polysaccharides, as well as differences in non-DF
components. Similarly, the composition and structure of fermentation
substrates entering the hindgut (e.g., cellulose, hemicellulose, lignin,
and RS), vary greatly among C, W, and PR. This will inevitably change
the composition of microbial communities and fermentation patterns
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TABLE 3 Effects of different cereal grains on the concentrations of short-chain fatty acids in the intestine of pigs (umol/g).

Items Corn diet Wheat diet Paddy rice diet SEM p-value
Ileal digesta

Acetate 4.96+1.03 20.54+12.20° 12.06+1.71% 2210 p<0.01
Propionate 0.59£0.21° 1.16+0.30° 0.52£0.40° 0.098 p<0.01
Butyrate 0.83+0.65 0.85+0.48 0.85+0.64 0.132 0.999
Isobutyrate 0.50+0.01* 0.30+0.00° 0.19+0.04° 0.031 p<0.01
Valerate 0.65+0.09* 0.49+0.00° 0.68+0.10° 0.026 p<0.01
Isovalerate 0.26+0.08" 0.43+0.06° 0.30+0.18% 0.032 p<0.01
Total SCFAs 8.18+1.88 24.06£12.37 13.62£3.94° 2316 0.011
Colonic digesta

Acetate 4327+15.78" 70.27 +11.34° 28.99+4.95¢ 4.879 p<0.01
Propionate 15.59+5.31° 27.75+5.25 10.25+2.82° 2.049 p<0.01
Butyrate 11.43+4.01° 28.32+247° 6.79+2.83¢ 2.351 p<0.01
Isobutyrate 0.47+0.01°¢ 0.73+0.13 0.60+0.04° 0.031 p<0.01
Valerate 2.63%2.05 2.03£0.40 1.16£0.36 0.308 0.147
Isovalerate 1.18+0.20° 1.82+0.45 1.41£0.08° 0.090 0.028
Total SCFAs 71.79 £22.60° 134.62£23.79 49.20+£10.07° 9.802 p<0.01
Rectal digesta

Acetate 35.38+2.30° 38.62+4.72° 22.43+331° 1.873 p<0.01
Propionate 13.36+3.11° 14.31+4.48° 6.09+0.98" 1138 p<0.01
Butyrate 7.88+£4.19% 13.68+8.24° 3.49£1.36" 1.565 0.023
Isobutyrate 0.49+0.10 0.91+0.08° 0.48+0.07° 0.052 P <0.01
Valerate 1.16£0.20 1.53+0.40 1.16+0.34 0.084 0.103
Isovalerate 1.42+0.32° 2.36+0.14° 1.26+0.22° 0.129 P <0.01
Total SCFAs 57.47+5.10 70.59 + 16.85° 35.08+5.31° 4262 p<0.01

The results were presented as mean values + standard deviation (n=6 per treatment). Means in each line with different letters differs significantly (p <0.05).

in the hindgut (Bach-Knudsen, 2014; NRC, 2012; Cervantes-Pahm
et al., 2014; Menkovska et al., 2017; Li et al., 2020; Kaur et al., 2021).

4.2 Differences in the microbial community
among six digestive parts

The relative abundance of Firmicutes was dominant in six
digestive parts (Figure 3), which is in agreement with previous
findings (Gao et al., 2019a; Gao et al., 2019b; Zhao et al., 2019; Li et al.,
2023). Firmicutes are believed to be involved in fat metabolism and
energy absorption processes in the host (Zhao et al., 2015; Gao et al.,
2019a). Some previous studies found that the Firmicutes level in the
large intestine was greater than that in the small intestine and inferred
that the large intestine might undertake more tasks of fat deposition
compared to the small intestine (Mao et al., 2015; Zhao et al., 2015; Liu
et al., 2018). However, our results do not concord with this inference
(Figure 5A). In fact, Gao et al. (2019b) also suggested that the above
inference might not be correct because they observed that there was
no difference in the relative abundance of Firmicutes between the
cecum and the small intestine of pigs. In this study, we observed that
the Bacteroidota was mainly distributed in the colonic and rectal
digesta (Figure 5B). Bacteroidota is rich in carbohydrate-active
enzyme (CAZyme) genes, which can degrade plant cell walls and
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produce acetate and propionate in the large intestine (Morrison and
Preston, 2016; Liu et al., 2021). Therefore, our result was as expected
and close to the previous studies (Looft et al., 2014; Crespo-Piazuelo
et al., 2018; Gao et al., 2019b). Campylobacterota is considered to
be one of the important pathogens causing diarrhea in piglets after
weaning (Adhikari et al., 2019). The increase of Proteobacteria
abundance can be considered as one of the potential features of gut
dysbiosis (Shin et al., 2015). Fortunately, compared to other groups,
only the stomach and duodenum groups showed greater
Campylobacterota and Proteobacteria abundances (Figures 5C,D).
On the genus level, we found that Lactobacillus was mainly distributed
in the jejunum (Figure 5F), which is similar to the previous findings
(Crespo-Piazuelo et al., 2018; Gao et al., 2019b). Lactobacillus is the most
common probiotic, which contributes greatly to preventing potential
infections and maintaining host intestinal health (Che et al., 2014; Ahn
etal,, 2018). Previous studies have shown that Lactobacillus was the major
amylolytic genus (Pandey et al., 2023). Therefore, it was not surprising
that abundant Lactobacillus appeared in the jejunum. Interestingly,
we found that Turicibacter and Clostridium_sensu_stricto_1 showed
similar spatial regularities in the GIT, especially their high abundances in
the ileum (Figures 5E,G), which is similar to some previous studies
(Crespo-Piazuelo et al., 2018; Liu et al., 2019; Zhao et al., 2019). Some
previous studies indicated that Turicibacter had good adaptability to an
ileal environment with 5% oxygen content (Hillman et al., 1993; Cuiv
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Correlation heatmaps between the short-chain fatty acid (SCFA) concentrations and the relative abundances of the top 20 phyla in the ileal (A), colonic
(B), and rectal (C) digesta. Correlation is indicated by a color gradient from blue to red based on Spearman’s correlation coefficients. The asterisk
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etal, 2011; Looft etal,, 2014). Meanwhile, a previous study has confirmed
that the ileal effluent from ileostomy patients showed a high relative
abundance of Clostridium cluster I (Zoetendal et al., 2012). Therefore, our
results may be explained by the special environment of the ileum and the
installation of the T-cannula. Currently, a higher relative abundance of
Streptococcus in the colon was found Some members of Streptococcus are
known for their high virulence (Spellerberg and Brandt, 2015)
(Figure 5H), which may be due to its involvement in the fermentation of
cereal grains through the Wood-Ljungdahl pathway (Koh et al., 2016).
Sarcina has been demonstrated as a causative organism in the abomasa
bloat and death of livestock (DeBey et al., 1996; Sopha et al., 2015).
Crespo-Piazuelo et al. (2018) found that Sarcina was the relatively
abundant genus in the duodenum, jejunum, and ileum of pigs, which is
consistent with our results (Figure 5I).

In summary, the relative abundance of microbial communities from
the stomach to the rectum was dynamically changing. Among them,
some results can be explained by the decrease in oxygen concentration
from the small intestine to the large intestine (Bergey et al., 2001;
Albenberg etal., 2014; Donaldson et al., 2016). For example, we observed
that aerobic bacteria or facultative anaerobes, such as Campylobacterota,
Proteobacteria, and Lactobacillus in the foregut, were gradually replaced
by anaerobic Bacteroidota and partially anaerobic Streptococcus in the
hindgut (Figures 58-D,EH), which is strong evidence.

4.3 Differences in the microbial community
among dietary treatment

Various grains contain different contents of macronutrients,
organic, and inorganic micronutrients. This directly determines
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different fermentation substrates for intestinal microbiota and
profoundly influences the relative abundances of specific dominant
bacterial groups (Scott et al., 2008; Walker et al., 2011; Power et al.,
2014; Gidley, 2023). In the current study, PR_C and PR_R groups had
greater Firmicutes abundance than W_C and W_R groups,
respectively (Figures 8A,E), suggesting that fat metabolism may
be more vigorous in the hindgut of adult pigs fed with the PR diet (Li
et al., 2023). However, the lower Bacteroidota abundance in the PR_C
and PR_R groups may be associated with the high levels of ADEF, CF,
and IDF in the PR diet. These components are difficult to ferment due
to their poor water solubility, which may inhibit the colonization of
Bacteroidota (Urriola et al., 2010; Navarro et al., 2019a). The PR_C
and PR_R groups showed lower Spirochaetota abundance than W_C
and W_R, respectively (Figures 8C,G), indicating that the hindgut
flora of pigs fed with PR may be more balanced (Litvak et al., 2017).
This result may be explained by the different structure of arabinoxylan
(AX) between W and PR. AX is one of the main components of NSP
in cereal grains (Bach-Knudsen et al., 2017). AX in PR is located in the
pericarp or testa with abundant branched chains, and the ratio of
arabinose to xylose (A:X) is higher than that of W (0.8 versus 0.5-0.7;
Zhang et al., 2015). Therefore, it is difficult to depolymerize. On the
one hand, this ensures that the carbohydrates in PR are still slowly
fermented in the distal part of the colon (Zhang et al., 2015; Bach-
Knudsen et al., 2017). On the other hand, this will help reduce protein
fermentation and the release of toxic substances and inhibit the
proliferation of pathogenic microbes (Williams et al., 2005; Jha and
Berrocoso, 2016). On the contrary, for W, AX is located in its aleurone
layer with few branches and good water solubility (Zhang et al., 2015;
Bach-Knudsen et al., 2017; Tiwari et al., 2019). These characteristics
allow it to be rapidly fermented in the cecum and proximal colon
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(Bach-Knudsen et al., 2017). In addition, the protein level in the W
diet is higher than that in the PR diet (11.12 versus 7.57%), thus there
may be more undigested protein entering the hindgut. When the
carbon source is gradually depleted in the hindgut, protein
fermentation will occur in the distal of the colon, producing toxic
metabolites such as ammonia, biogenic amines, hydrogen sulfide,
indenol, and phenolic compounds (Rist et al., 2013; Molist et al., 2014;
Giuberti et al., 2015; Pieper et al., 2016; Jha et al., 2019). This may
provide a favorable growth environment for the colonization of
potential pathogenic bacteria such as Spirochaetota (Shin et al., 2015).

Prevotella mainly uses carbohydrates as substrates and has the
ability to hydrolyze protein, hemicellulose, and pectin (Varel and Yen,
1997; Burbach et al., 2017; Zhu et al,, 2017; Han et al., 2023; Pandey
et al,, 2023). In this study, the cell wall of W contains abundant and
highly soluble AX (Nortey et al., 2008; Bach-Knudsen, 2015; Jaworski
et al., 2015), which may provide substrates for the colonization of
Prevotellaceae_NK3B31_group in W_C
(Figures 8D,H).

and W_R groups

4 .4 Effect of diet and digestive parts on
SCFAs production

The DE protein, and peptide in the cereal grain diet will
be fermented by the microbiota in the cecum and colon (Macfarlane
and Macfarlane, 2012). The main products are acetate, propionate,
butyrate, H,, CH,, and CO, (Cummings et al., 1987; Macfarlane and
Macfarlane, 1993; Williams et al., 2001). The proportion of acetate can
reach approximately two-thirds of the produced SCFAs (Williams
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et al,, 2001; Lunn and Buttriss, 2007), which is consistent with our
results (Table 3). Due to the large number of microbial communities
that are highly active in the cecum and proximal colon, the
concentrations of almost all kinds of SCFAs were increased in the
colonic and rectal digesta (Louis et al., 2007). However, with the
gradual consumption of fermentation substrates in the colon, a
portion of SCFAs is utilized by colonocytes or absorbed into portal
vein blood (Nielsen et al., 2014; Koh et al., 2016). These resulted in a
decrease in the majority of SCFA contents in the rectum.

Our results showed that the W diet group had the highest
concentrations of acetate, propionate, butyrate, and total SCFAs in
the colonic and rectal digesta (Table 3). This means that
microorganisms have a stronger fermentation effect on the W diet.
Similarly, a previous study reported that whole-W diets exhibited
higher SCFA concentrations in the cecum and colon of rats
compared to the rice diet (Han et al., 2018). AX is the main type of
NSP in W, with a high content (5.85-6.74%), less branched chains,
and good water solubility, which makes it easy to be rapidly
fermented (Zhang et al., 2015; Weiss et al., 2016; Bach-Knudsen
et al., 2017; Navarro et al., 2019b). On the contrary, PR is difficult
to ferment because of high IDF content, heavily branched AX, and
the poor water solubility of f-glucan and lignin (Bach-Knudsen,
2014; Zhang et al., 2015; Tiwari et al., 2019). Isobutyrate and
isovalerate are mainly formed by the metabolism of branched-chain
amino acids such as valine, leucine, and isoleucine (Macfarlane
et al., 1992). For the W diet group, we found that isobutyrate and
isovalerate contents were the highest in the colonic and rectal
digesta (Table 3). These results reveal that stronger protein
fermentation appears in the hindgut of adult pigs fed a W diet.
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4.5 Effect of microbial communities on
SCFAs production

SCFAs are mainly the result of carbohydrate fermentation by
specific microbial communities through different metabolic
pathways (Gong et al., 2018). Bacteroides spp. and Prevotella spp.
may convert pyruvate to acetate through the acetyl-CoA or the
Wood-Ljungdahl pathway (Ragsdale and Pierce, 2008; Koh et al.,
2016). Thus, in this study, we observed the significant positive
relationships between Bacteroidota, Prevotellaceae_ NK3B31_group,
and acetate in the colon and rectum (Figures 10B,C, 11B,C).
Propionate can be formed by some members of Bacteroidota via the
succinate pathway (Scott et al., 2006; Reichardt et al., 2014).
Therefore, we found that propionate was significantly positively
correlated with Bacteroidota in the colon and rectum
(Figures 10B,C), which is in line with our expectations. Butyrate is
the preferred metabolic substrate and the main energy source of
colon cells (Gardiner et al.,, 2020; Han et al., 2023). Butyrate is
formed mainly through the phosphotransbutyrylase and butyrate
kinase pathways, the butyryl-CoA: acetyl-CoA transferase pathway,
and the lysine pathway (Duncan et al., 2002; Louis et al., 2004; Vital
et al., 2014). Previous studies have shown that butyrate-producing
bacteria are mainly Clostridium clusters IV and XIVa (Louis and
Flint, 2009). However, no similar results were obtained in this study.
Interestingly, some flora in the colon and rectum that were
positively correlated with butyrate tend to be positively associated
with acetate (Figures 10B,C, 11B,C). It has been shown that the
presence of acetate results in the production of butyrate (Diez-
Gonzalez et al, 1999). Based on this, we speculate that
Fibrobacterota, Bacteroidota, Spirochaetota, Prevotella_ NK3B31_
group, and Treponema may have the ability to convert acetate to
butyrate. Fibrobacterota in the colon was positively correlated with
acetate, propionate, butyrate, and total SCFAs (Figure 10B), which
is expected because Fibrobacterota can degrade cellulose and
convert it to various SCFAs (Miron and Ben-Ghedalia, 1993).

A previous review summarized that Firmicutes and Actinobacteriota
are important SCFA-producing bacteria (Gong et al., 2018). However,
we found that Firmicutes and Actinobacteriota in the colon and rectum
were negatively correlated with multiple SCFAs, while Spirochaetota,
Proteobacteria, and Treponema were in contrast (Figures 10B,C, 11B,C).
In general, higher concentrations of SCFAs will lead to a more acidic
environment in the hindgut, which may inhibit the survival of potential
pathogens such as Spirochaetota and Proteobacteria. Indeed, our results
contradict it, which requires further experiments to explore the
mechanism of this phenomenon in an adult pig model.

5 Conclusion

The diversity of microbial communities in the colon and rectum
was similar but markedly different from that in the stomach,
duodenum, jejunum, and ileum. From the stomach to the rectum, the
evolution from aerobic bacteria and facultative anaerobes to anaerobes
was observed. The W diet was more conducive to the colonization of
Bacteroidota and Prevotellaceae_NK3B31_group that mainly used
carbohydrates in the hindgut, however, a greater abundance of
potential pathogenic bacteria was found. Meanwhile, the W diet
showed higher concentrations of all SCFAs in the hindgut compared
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to the PR diet. These findings reveal the spatial variation regularities of
GIT microbiota in the adult pig model, suggesting that W has better
fermentability than C and PR, and provide new insights for GIT
microbiota and metabolites responses to cereal grains diets.
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Grape seed proanthocyanidins
Improves growth performance,
antioxidative capacity, and

intestinal microbiota in growing
P1gs

Yuyang Zheng®?!, Yan Li'?, Bing Yu'?, Zhiging Huang®?,
Yuheng Luo'?, Ping Zheng'?, Xiangbing Mao'?, Jie Yu'?,

Huize Tan?, Jungiu Luo®?, Hui Yan'? and Jun He'?*

Institute of Animal Nutrition, Sichuan Agricultural University, Chengdu, Sichuan, China, ?Key
Laboratory of Animal Disease-Resistant Nutrition, Chengdu, Sichuan, China, *Wens Foodstuff Group
Co., Ltd., Yunfu, China

Grape seed proanthocyanidin (GSP) is a kind of plant polyphenols with a wide
variety of biological activities. In this study, we explored the effect of dietary GSP
supplementation on growth performance, nutrient digestibility, and intestinal
microbiota in growing pigs. A total of 180 growing pigs (30.37 + 0.31kg) were
randomly assigned to five treatment groups, each consisting of six replicate pens
with six pigs per pen. The pigs received either a basal diet (control) or a basal diet
supplemented with GSP at 15, 30, 60, or 120 mg/kg. The trial lasted for 33 days,
and blood and fecal samples were collected for biochemical measurements. GSP
supplementation at a dose from 30 to 120 mg/kg decreased the ratio of feed
intake to gain (F:G) (p <0.05). GSP also increased the digestibility of dry matter,
crude protein, ether extract, and gross energy (p <0.05). GSP supplementation at
30 mg/kg increased the serum concentrations of immunoglobulin (Ig) A (p <0.05).
Interestingly, GSP supplementation at 60 mg/kg decreased the serum concentrations
of urea and malondialdehyde (p <0.05). However, the serum concentrations of
glutathione peroxidase and total superoxide dismutase were significantly increased
upon GSP supplementation (p < 0.05). Importantly, GSP supplementation at 120 mg/
kg significantly increased the abundance of the phylum Firmicutes, but decreased
the abundance of phylum Bacteroidetes and Epsilonbacteraeota in the feces
(p <0.05). Moreover, GSP supplementation significantly elevated the abundance of
genus Lactobacillus, but decreased the abundance of genus Prevotellaceae NK3B31
(p <0.05). Dietary GSP supplementation improves the growth performance and
nutrient digestibility in growing pigs, which may be associated with enhancement
of the antioxidative capacity, as well as improvement in gut microbiota. This study
may promote the use of GSP in animal nutrition and the feed industry.

KEYWORDS

GSP, growth performance, nutrient digestibility, antioxidant capacity, intestinal
microbiota, growing pigs

1 Introduction

Oxidative stress is characterized by excessive production of reactive oxygen species
(ROS) within the cell, which leads to disruption of the redox balance in the body (Bhor
etal., 2004). Various factors contribute to oxidative stress in pigs, including weaning stress,
mycotoxin contamination, social interactions, and the feeding environment (Novais et al.,
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2021; Zhao et al., 2013; Yang et al., 2020). Accumulating evidence
showed that the modulation of the diet of pigs can also significantly
reduce oxidative stress. For instance, dietary supplementation of
probiotics during the weaning period was found to attenuate
oxidative stress and improve the growth performance of piglets by
and intestinal
2020).

supplementation of an antioxidant compound can enhance feed

improving the gut microbiota inhibiting

inflammation (Xiang et al, Moreover, dietary
conversion and increase oxidative defense in finishing pigs (Zhu
etal., 2022).

Proanthocyanidin is a natural pigment that is abundant in
numerous plant species and belongs to a kind of flavonoid
compound. Grape seed proanthocyanidin (GSP), is extracted from
grape seeds, which is a polymeric compound formed by the
condensation of phenolic compounds with trihydroxyflavones.
Their chemical structure comprises the core anthocyanin
structure, wherein a benzene ring is attached to a tricyclic
flavonoid scaffold, featuring hydroxyl and methoxy functional
groups (Rodriguez et al., 2019). Prior research has demonstrated
that GSP possesses a range of bioactive properties. For instance,
GSP exhibits strong antioxidant properties, capable of scavenging
free radicals and mitigating oxidative stress, thereby aiding in
cellular protection against oxidative damage (Chedea et al., 2010).
It also has anti-bacterial (Guo et al., 2020), anti-inflammatory
2013), 2013),
immunomodulatory (Tong et al., 2011), etc. Recently, GSP has

(Tyagi et al, anti-viral (Ignea et al,
been utilized by a wide variety of animal species. For instance,
GSP can improve the health status of tilapia and enhance its
growth rate (Zhai et al., 2016). GSP has also been reported to
enhance rumen fermentation function in cattle, thereby increasing
nutrient digestibility (Ma et al., 2023). Moreover, GSP can protect
the integrity of the goose intestinal barrier, increase the abundance
and diversity of cecal microflora, and promote the growth of
beneficial bacteria (Deng et al., 2023).

Although a number of studies revealed a prominent health-
promoting effect of GSP, clear evidence establishing direct links
among GSP dosage, product origin, developmental stage, and animal
species is lacking. Furthermore, the biological events influenced by
GSP are still not fully understood in terms of their underlying
mechanisms. This study investigated the impact of dietary GSP
supplementation on growth performance and intestinal microbiota in
growing pigs. We found that GSP significantly improved growth
performance in growing pigs, which may be associated with
improvement in nutrient digestibility, antioxidative capacity, and
intestinal microbiota. This study not only sheds light on the
mechanisms underlying GSP’s effects on growth in pigs, but may also
facilitate its application in animal nutrition and the feed industry.

2 Materials and methods

2.1 Ethics statement

The research underwent submission and approval by the
Committee on Animal Care Advisory of Sichuan Agricultural
University, with the authorization number SICAU-2021-007. The
experiment procedures were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals.
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2.2 Experimental design and diet

A total of 180 pigs (Duroc x Landrace x Yorkshire) with an
initial BW of 30.37 £0.66kg (90 barrows and 90 gilts) were
allocated to five treatments based on Randomized Complete
Block Design. Each treatment group comprised six replicate pens
(6 pigs per pen). For each treatment, three replicate pens were
utilized to house the barrows and another three pens were
utilized to house the gilts (pigs of the same gender were housed
in a pen). The treatments were a control diet formulated to meet
the requirements from NRC (2012) nutrient requirements
(Table 1) with no addition of GSP, and the control diet with four
increasing levels of GSP (15, 30, 60, and 120 mg/kg). The GSP was
supplied by Fengpeng Biotechnology Co., Ltd. (Guilin, China)
and contains 86.81% proanthocyanidin oligomers, 1.52%
catechin, 2.41% epicatechin, and 0.98% proanthocyanidin B,,
with a total proanthocyanidin purity of 96.58%. The feeders were
refilled three times a day, and drinking water ad [libitum
throughout the experimental period (33 days). The feed intake
was recorded every day. The final body weight, average daily feed
intake (ADFI), average daily gain (ADG), and the ratio of feed
intake to gain (F:G) were measured at the end of the
experiment.

TABLE 1 Composition and nutrient levels of the experimental diets (air-
dry basis, %).

8 Nutrien
Ingredient % comL;)toseitiE)N Contents
Corn 72.58 | Analyzed nutrient levels
Soybean meal 17.93 | Gross energy, MJ/kg 18.95
Bran 2.50 Crude protein, % 18.48
Fish meal 2.50 Ether extract, % 3.12
Soybean oil 2.00 Calcium, % 0.71
Limestone 0.69 Total phosphorus, % 0.47
Dicalcium phosphate 0.58 Calculated nutrient levels
Salt 0.30 Digestible energy, MJ/kg 14.23
L-Lysine HCI 0.31 Crude protein, % 15.88
DpL-Methionine 0.03 Ether extract, % 5.08
L-Threonine 0.07 Calcium, % 0.66
L-Tryptophan 0.01 Total phosphorus, % 0.51
Choline chloride 0.15 Available phosphorus, % 0.31
Vitaminic premix’ 0.05 SID* Lysine, % 0.98
Mineral premix* 0.30 SID Methionine + Cystine, % 0.50
SID Threonine, % 0.59
SID Tryptophan, % 0.17

'Provided the following (per kilogram of complete diet): 15,000 1U of vitamin A; 5,0001U of
vitamin D5; 401U of vitamin E; 5mg of vitamin K; 5 mg of vitamin B,; 12.5 mg of vitamin B,;
6 mg of vitamin Bg; 0.06 mg of vitamin B,,; 50 mg of nicotinic acid; 25 mg of pantothenic acid;
2.5mg of folic acid; 0.25 mg of biotin.

*Provided the following (per kilogram of complete diet): 60.0 mg of Fe (as ferrous sulfate);
4mg of Cu (as copper sulfate); 60.0 mg of Zn (as zinc sulfate); 2.0 mg of Mn (as manganese
sulfate); 0.14mg of I (as KI); 0.2 mg of Se (as Na,SeO;).

*The calculated nutrient levels of the diet were obtained from the China Feed Database
(2020).

*SID =standardized ileal digestibility.
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2.3 Sample collection

At the outset of the experiment, feed samples were gathered and
preserved for subsequent analysis. During days 25-28 of the
experiment, fecal samples were collected daily for four consecutive
days from each replicate to assess nutrient digestibility. Hydrochloric
acid at a concentration of 10% was added to the fecal samples for
nitrogen fixation, and then the samples were dried in an oven at
60°C. The dried samples were then pulverized in a high-speed
pulverizer and passed through 0.45pm filters for chemical assay.
Additionally, a portion of fecal samples was collected and stored at
—80°C for 16S rDNA sequencing. Approximately 15mL of blood was
drawn from the anterior vena cava of one randomly selected pig from
each of the six pens per group on day 33 of the experiment. The blood
samples were then centrifuged at 3,000 x g for 20 min at 4°C to isolate
the serum.

2.4 Apparent total tract nutrient
digestibility analysis

Dried and ground feed and fecal samples were utilized for
nutrient digestibility analysis, employing acid-insoluble ash
(AIA) as an endogenous indicator. The AIA in diet and fecal
samples was measured as described by National National
Standard (2009). The diet and fecal samples were evaluated for
dry matter (DM), crude protein (CP) (Method 976.05; AOAC,
2007), and ether extract (EE) (Method 922.06; AOAC, 2007). An
automated oxygen bomb calorimeter (Model 6,400, Parr,
United States) was used to evaluate the gross energy (GE). The
apparent total tract nutrient digestibility for all parameters was
calculated using the following formula:

[(1-AIF2/A2F1)x100],

in which A1:is the AIA content of the diet, A2: is the AIA content
of fecal, F1: is the nutrient content of the diet, F2: is the nutrient
content of fecal. The diet was analyzed for calcium and total
phosphorus content by inductively coupled plasma spectroscopy
(method 985.01 A, B, and C; AOAC, 2007). The calculated nutrient
levels of the diet were obtained from the China Feed Database (2020).

2.5 Serum biochemical, immunoglobulin,
and antioxidant parameters

Serum biochemical parameters were measured using an Olympus
automatic analyzer (Shanghai, China). Utilizing ELISA kits (MEIMIAN,
Yancheng, Jiangsu, China), the concentrations of immunoglobulins (Ig)
A (MM-090502), G (MM-040302), and M (MM-040202) were
measured. Commercial kits from Nanjing Jiancheng Bioengineering
Institute (Nanjing, Jiangsu, China) were utilized to measure the
concentrations of total antioxidative capacity (T-AOC) (Cat. No. A015-
1-2), glutathione peroxidase (GSH-Px) (Cat. No. A005-1-2), catalase
(CAT) (Cat. No. A007-1-1), total superoxide dismutase (T-SOD) (Cat.
No. A001-1-1), and malondialdehyde (MDA) (Cat. No. A003-1-2).
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2.6 Diversity and composition of the
bacterial community

From 0.5 g of fecal samples, nucleic acids were extracted with the
Stool DNA kit (TIANGEN, China) in accordance with the
manufacturer’s guidelines. The analysis of bacterial community
diversity and composition was conducted using the Quantitative
Insights Into Microbial Ecology (QIIME) software package. The PCR
amplification focused on the V4 region of the 16S rRNA gene,
employing primers 515F (5-GTGYCAGCMGCCGCGGTAA-3’) and
806R (5-GGACTACHVGGGTWTCTAAT-3"). The PCR conditions
were as follows: initial denaturation at 94°C for 1 min, followed by
1 cycle; denaturation at 94°C for 205, annealing at 54°C for 30s, and
extension at 72°C for 30 for 25-30 cycles; final extension at 72°C for
5min; held at 4°C. Amplification was carried out using a Verity
Thermocycler (Applied Biosystems). PCR products were purified
through electrophoresis on a 2% agarose gel. Desired bands were
excised from qualified samples and purified using the Zymoclean Gel
Recovery Kit (D4008), quantified with a Qubit 2.0 Fluorometer
(Thermo Scientific), and mixed in equimolar amounts. Sequencing
was conducted using the PE250 method with the Illumina
NovaSeq 6,000 SP Reagent Kit V1.5.

Paired-end reads were merged using FLASH. Sequences were
demultiplexed based on barcodes with SABRE, followed by barcode
trimming, and quality control was performed using QIIME2. Within
QIIME2, sequences were denoised and chimeras were removed
using the Deblur algorithm, generating an ASV feature table and
feature sequences. A 97% similarity threshold was used to define
operational taxonomic units (OTUs). The analysis of community
composition was performed in R, employing various data
transformations and utilizing the ggplot2 package for visualization.
The alpha diversity was analyzed in R, with PD index calculations
performed using the Picante package, while other indices were
calculated using the Vegan package. Bray-Curtis distance was
computed using the vegdits function in Vegan, and PCoA analysis
was conducted with the ape package.

2.7 Sample size calculation and statistical
analysis

Data were analyzed by IBM SPSS 27.0 software (Statistical
Product and Service Solutions, Inc., United States). In the context of
growth performance and nutrient digestibility, each pen is regarded
as the experimental unit; however, for other experimental data,
individual pigs are treated as the experimental unit. The growth
performance data were analyzed utilizing Linear Mixed Model
(LMM), considering dietary treatment and sex as fixed effects with
an interaction term for dietary treatment x sex, while considering
pen as a random effect. Other data were analyzed using a general
linear model (GLM), with dietary treatment and sex as fixed effects
with an interaction term for dietary treatment x sex. The effects of
dietary treatment were evaluated using one-way ANOVA, followed
by Duncan’s multiple comparison test to assess mean differences.
Results are expressed as mean + standard error of the mean (SEM),
with statistical significance set at p<0.05 and trends defined as
0.05<p<0.10.
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3 Results

3.1 Growth performance and nutrient
digestibility

As shown in Table 2, dietary GSP supplementation at a dose from
30 to 120 mg/kg significantly increased the ADG and decreased the
F:G ratio of the pigs (p<0.05). Moreover, with dietary GSP
supplementation, the digestibility of dry matter, crude protein, ether
extract, and gross energy increased quadratically (quadratic, p<0.05).

3.2 Serum biochemical parameters

As shown in Table 3, dietary GSP supplementation did not affect
serum biochemical parameters such as the ALT, AST, CK, and TP

10.3389/fmicb.2024.1501211

(p>0.05). Nevertheless, the serum concentration of urea decreased
quadratically by GSP supplementation (quadratic, p <0.05).

3.3 Serum immunoglobulins and
antioxidative capacity

As shown in Table 4, GSP supplementation at 30mg/kg
significantly elevated serum IgA levels (p <0.05). Additionally, serum
MDA levels decreased quadratically with GSP supplementation
(quadratic, p<0.05), while serum levels of GSH-Px and T-SOD
exhibited a quadratic increase (quadratic, p <0.05).

3.4 Intestinal microbiota

Following OTU assignment and chimera checking, a total of
1,002,573 effective tags representing the 16S rRNA gene V4 region

TABLE 2 Effect of GSP on growth performance and nutrient digestibility in growing pigs.

GSP (mg/kg) p-value
Linear = Quadratic
Initial weight, kg 30.39 30.29 30.42 30.33 30.42 0.66 0.75 0.98 1.00
Final weight, kg 57.99 58.88 59.99 59.00 59.53 0.41 0.11 0.28 0.41
ADFI, kg/d 1.95 1.95 1.93 1.89 1.96 0.02 0.30 0.73 0.58
ADG, kg/d 0.84° 0.87° 0.90° 0.87% 0.88* 0.01 <0.01 0.23 0.30
EG 2.35° 2.26 2.16° 2.19° 2.24° 0.03 <0.01 0.23 0.18
DM, % 85.66° 86.64% 87.52° 87.84° 86.93° 0.26 0.01 0.04 0.01
CP, % 82.63° 83.07" 84.59% 85.11° 84.45® 0.33 0.02 0.01 0.02
EE, % 66.77° 66.84° 69.39 70.03* 69.73° 0.40 <0.01 <0.01 <0.01
GE, % 88.34° 89.03" 89.48" 90.68° 89.35" 0.24 <0.01 0.03 0.02

Data are shown as mean = SEM (n =6 replicates per treatment).
**<Means lacking a common uppercase superscript differ (p <0.05) using Duncan test.

GSP, Grape Seed Proanthocyanidin; SEM, standard error of the mean; LMM, Linear Mixed Model; ADFI, average daily feed intake; ADG, average daily gain; F:G, feed to gain ratio; DM, dry

matter; CP, crude protein; EE, ether extract; GE, gross energy.

TABLE 3 Effects of dietary GSP on serum biochemical parameters in growing pigs.

GSP (mg/kg) P-value
30 GLM Linear Quadratic
ALT, U/L 5229 48.02 45.42 44.54 45.29 1.99 0.77 0.22 0.37
AST, U/L 64.83 39.63 34.00 33.43 37.95 4.59 0.24 0.06 0.04
ALP, U/L 103.83 105.00 104.17 112.00 104.83 5.60 0.99 0.83 0.96
ALB, g/L 27.08 24.69 2378 25.10 28.87 0.79 0.34 0.48 0.06
TP, g/L 52.70 48.96 50.66 5425 59.02 1.50 036 0.09 0.07
GLU, mmol/L 4.59 4.18 4.28 422 491 0.11 0.23 0.38 0.05
TG, mmol/L 0.59 0.58 0.57 0.54 0.70 0.05 0.88 0.59 0.63
TC, mmol/L 2.13 1.92 1.96 2.06 2.15 0.05 0.53 0.62 0.29
CK, U/L 64.83 39.63 34.00 33.43 37.95 4.56 0.24 0.06 0.04
CREA, pmol/L 85.51 72.49 83.64 80.12 84.39 275 0.64 0.79 0.68
UREA, mmol/L 3.15 246" 2.14° 2.95% 3.20° 0.11 <0.01 0.48 <0.01
LDH, U/L 832.30 492.27 413.02 360.13 457.98 5836 0.12 0.03 0.01

Data are shown as mean + SEM (1 =6 replicates per treatment).
***Means lacking a common uppercase superscript differ (P<0.05) using Duncan test.

GSP, Grape Seed Proanthocyanidin; SEM, standard error of the mean; GLM, General Linear Model; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline
phosphatase; ALB, albumin; TP, total Protein; GLU, glucose; TG, triglyceride; TC, total cholesterol; CK, creatine kinase; CREA, creatinine; UREA, urea; LDH, lactate Dehydrogenase.
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TABLE 4 Effects of GSP on serum immunoglobulin and antioxidant parameters in growing pigs.

GSP (mg/kg) P-value
30 Linear = Quadratic
IgA, pg/mL 36.39° 35.31° 217 39.07° 37.28% 0.76 0.05 0.31 0.12
IgG, pg/mL 525.91 507.05 608.03 574.92 569.47 22.42 0.67 0.34 0.54
IgM, pg/mL 7.69 7.97 8.69 10.04 8.19 0.47 0.47 0.36 0.44
MDA, nmol/mL 413 3.60% 3.42% 3.07° 3.15 0.13 0.10 <0.01 0.01
T-AOC, U/mL 3.81 3.81 3.94 4.55 4.64 0.18 0.49 0.07 0.17
CAT, U/mL 2.04 2.05 2.53 2.69 2.42 0.11 0.16 0.06 0.11
GSH-Px, U/mL 526.57¢ 560.36" 605.64 642.64° 598.11% 11.48 <0.01 <0.01 <0.01
T-SOD, U/mL 141.12° 147.14% 149.34% 157.24° 161.58° 2.34 0.04 <0.01 <0.01

Data are shown as mean + SEM (n =6 replicates per treatment).
***Means lacking a common uppercase superscript differ (P<0.05) using Duncan test.

GSP, Grape Seed Proanthocyanidin; SEM, standard error of the mean; GLM, General Linear Model; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; MDA,
malondialdehyde; T-AOC, total antioxidant capacity; CAT, catalase; GSH-Px, glutathione peroxidase; T-SOD, total supemxide dismutase.
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were selected from 1,027,009 tags, yielding an average of 33,419
sequences per fecal sample. The percentage of combined sequences for
each sample ranged from 97.17 to 98.04% (Supplementary Table S1).
The rarefaction curves indicated that the depth of sampling was
adequate to assess the bacterial communities (Figure 1).

The alpha diversity index is shown in Figure 2 and
Supplementary Table S2. Dietary GSP supplementation has no
significant differences in the alpha diversity index. Principal
coordinate analysis (PCoA) based on Bray—Curtis distance metrics
(Figure 3) indicated a distinct separation in microbiota composition
between the 120mg/kg GSP group and other treatment groups
(p<0.05).
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At the phylum level, all of the qualified sequences were assigned
to 21 known phyla (Figure 4A and Supplementary Table S3). Among
these predominant phyla, GSP supplementation at 120 mg/kg
enhanced the abundance of Firmicutes compared to the CON group
(p<0.05), but decreased the abundance of the phylum Bacteroidetes
in fecal samples (p<0.05). At the genus level, the sequences derived
from fecal samples were to 21 known genera (Figure 4B and
Supplementary Table S4). GSP supplementation at 120mg/kg
increased the abundance of the Lactobacillus (p < 0.05). Moreover, GSP
supplementation at 120 mg/kg decreased the Prevotellaceae NK3B31
group and Alloprevotella abundance at the genus level (p <0.05). The
heatmap displays the abundance of selected phyla and genera across

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1501211
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zheng et al. 10.3389/fmicb.2024.1501211
a b
! . 11 ns
c ! ns c ‘ ns
of — o -
c 1 [72) —
c . ns Q_1 O ns
£ 2 — = —
& = »
: — —
0.9
4
o Al 0 & ) o AD 0 o
S G\%?% G\%Q“o G\%?% %?5’\ O 6%?6 G\%?% 6%?9 ?5’\
c d .
1600 . ns 1600 n
ns ns
ns ' ns ‘
é 1200 ns EJ) 1200 ns .
c T 1 < T
@)
800 | 800 | Q
400 | 400 |
N AD oD N 20 N \a} Q Q N
O L S S N o 2 2 ) A
& & & R S o
FIGURE 2
The boxplot of differences on bacterial community diversity and richness. (a) Shannon index. (b) Simpson index. (c) Chaol index. (d) ACE index. Con,
control group; GSPs15, 15 mg/kg GSP group; GSPs30, 30 mg/kg GSP group; GSPs60, 60 mg/kg GSP group; GSPs120, 120 mg/kg GSP group (n =6).
*Means significant difference (p < 0.05) between groups.

samples, clearly highlighting significant differences in distribution
between the treatment groups (Figure 5).

Analysis using Spearman correlation (Figure 6) demonstrated
significant links between the top 30 genera of intestinal microbiota
and essential metrics such as growth performance, nutrient
digestibility, and antioxidant capacity in growing pigs. A notable
negative correlation was observed between average ADG and the
relative abundance of Alloprevotella (p<0.05). Additionally, dry
matter digestibility showed an inverse relationship with the relative
abundances of Clostridium sensu stricto 1, the Prevotellaceae NK3B31
group, and Ruminococcus 1 (p <0.05). Moreover, the digestibility of
GE was negatively associated with the relative abundance of
Clostridium sensu stricto 1 (p<0.05). A negative correlation was
found between the digestibility of CP and the relative abundances of
Clostridium sensu stricto 1, Prevotella 1, and Ruminococcus 1
(p<0.05). Negative associations were observed between the
digestibility of EE and the relative abundances of Clostridium sensu
stricto 1 and Campylobacter (p<0.05). Furthermore, serum MDA
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levels were negatively correlated with the Ruminococcaceae NK4A214
group (p<0.05). A positive correlation was identified between serum
GSH-Px levels and the relative abundances of Streptococcus,
UCG-014, Oscillospira,
coprostanoligenes group, and Prevotellaceae UCG-003 (p<0.05).
Moreover, the serum T-SOD concentration was negatively correlated

Ruminococcaceae Eubacterium

with the relative abundance of Alloprevotella, but was positively
correlated with the relative abundances of Selenomonas and
Ruminococcaceae NK4A214 group (p <0.05).

4 Discussion

In the present study, we explored the effect of dietary GSP
supplementation on growth performance and nutrient digestibility
in growing pigs. We found that GSP supplementation significantly
increased the feed efficiency, as indicated by the decrease in the ratio
of F:G and the increase in the digestibility of DM, CP, EE, and
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GSP group; GSPs120, 120 mg/kg GSP group (n =6).

GE. This finding aligns with earlier research conducted on piglets
and growing pigs (Fiesel et al., 2014; Park et al., 2014). Improved
feed efficiency may be linked to enhanced immunity and
antioxidative capacity resulting from GSP supplementation (Chedea
etal, 2010; Hao et al., 2021; Tong et al., 2011). In this study, serum
concentrations of IgA were significantly elevated by dietary
supplementation of GSP at 30 mg/kg, which predominantly exists on
mucosal surfaces, such as those of the respiratory and digestive
tracts, where it serves as a crucial first line of defense by preventing
pathogen adhesion and penetration of the mucosa (Pabst, 2012).
Previous study also indicated that polyphenolic compounds, such as
magnolol, can enhance amino acid absorption and protein synthesis
in growing pigs, thereby maintaining immune homeostasis (Liu
etal., 2023).

Oxidative stress can induce acute inflammatory response in the
intestine, leading to structural and functional disruptions in the
intestinal epithelium and increasing intestinal permeability
(Assimakopoulos et al., 2004; John et al., 2011). Moreover, oxidative
stress can also lead to oxidative modifications of digestive enzymes,
resulting in decreased enzyme activity, which impairs the digestion
and absorption of nutrients (Bhor et al., 2004). In recent years,
various antioxidants have been utilized to enhance the antioxidant
capacity of pigs. For instance, certain plant extracts such as
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resveratrol, f-glucans, daidzein, etc., have been reported to scavenge
excessive free radicals in the body, effectively alleviate intestinal
oxidative damage, promote villus growth and increase intestinal
wall thickness, thereby enhancing feed efficiency (Goh et al., 2023;
Lietal, 2021; Meng et al., 2018). The GSP has potent antioxidant
properties, as the multiple hydroxyl groups in its polyphenolic
structure can effectively neutralize free radicals and reduce their
activity through resonance stabilization (Spranger et al., 2008). By
activating the Nrf2 signaling pathway and enhancing the expression
of downstream antioxidant enzymes, GSP can also mitigate
oxidative stress (Xu et al., 2019). In this study, the antioxidative
capacity of the pigs was significantly enhanced by GSP
supplementation, as indicated by the decrease in serum
concentration of MDA. The MDA is one of the end products of lipid
peroxidation and can indirectly reflect the extent of oxidative
body (Marnett, 1999). GSP
supplementation also enhanced the concentrations of T-SOD and

damage in the Moreover,
GSH-Px. GSH-Px is a selenium-containing enzyme that catalyzes
the reduction of hydrogen peroxide and organic peroxides to water
and the corresponding alcohol using reduced glutathione as a
substrate, and the T-SOD is a type of metal-containing enzyme that
is the first line of defense in the detoxification of oxidative stress
products (Ceballos-Picot et al., 1996; Fattman et al., 2003). These
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findings align with earlier reports indicating that dietary GSP
supplementation can enhance serum antioxidant indices in
finishing pigs through the activation of the Nrf2 signaling pathway
(Feng et al., 2023).

The intestinal microbiota, which comprises all microorganisms
residing in the digestive tract, is crucial for the normal functioning
of digestive, immune, metabolic, and nervous systems through its
2021). The microbial
communities in different sections of the digestive tract exhibit

balance and diversity (Alvarez et al.,

significant differences in composition, whereas fecal microbiota
provides a comprehensive reflection of the entire gut microbiome
2005). Earlier research indicated that GSP
significantly impacts the modulation of intestinal microbiota
dysbiosis (Jin et al., 2018; Seo et al., 2017; Tao et al., 2019). In this
study, PCoA analysis revealed distinct microbial community

(Eckburg et al,

structures and compositions in the group receiving 120 mg/kg GSP
compared to the other groups. This result aligns with earlier studies
conducted on both mice and finishing pigs (Choy et al., 2014; Sheng
et al., 2020). This change may reflect competitive displacement
among microbial populations under GSP treatment, resulting in a
new microbial equilibrium, which could affect nutrient absorption,
immune response, and overall gut function (Biagi et al., 2016; Hertz
et al., 2020).

Changes in the fecal microbiota have been shown in a previous
study to be closely associated with intestinal health (Hopkins,
2001). In the present study, the phyla Firmicutes and Bacteroidetes
were found to be the most predominant phyla in the fecal samples,
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which is consistent with a previous study in pigs (Verschuren et al.,
2019). The bacteria of phylum Firmicutes can efficiently degrade
plant fibers and other complex carbohydrates, producing short-
chain fatty acid (Sun et al., 2022). In this study, we found that
supplementation with GSP at 120 mg/kg significantly enhanced the
abundance of the phylum Firmicutes, deepening our understanding
of how dietary GSP can improve the bioavailability of nutrients. In
animals, a major phylum present in the intestine is Bacteroidetes,
which is involved in food digestion, nutrient absorption, and
immune system regulation, but its overgrowth can lead to immune
,2019). In
this study, we observed that GSP supplementation at 120 mg/kg

system imbalance (Ferolla et al., 2014; Pittayanon et al.

reduced the ratio of the phylum Bacteroidetes in feces. This finding
is consistent with earlier research indicating that plant polyphenols
can inhibit Bacteroidetes growth, thereby affecting the host’s
energy metabolism in the intestine (Xue et al., 2016). Moreover,
Firmicutes and Bacteroidetes are crucial members of the gut
microbiota, and they may engage in resource competition (Ley
et al., 2006). The substantial increase in members of Firmicutes
such as Lactobacillus may occupy more ecological niches and
nutrient resources, thereby restricting the growth and proliferation
of Bacteroidetes (Chen M. L. et al.,, 2016; Chen S. et al., 2016; Wang
et al., 2024).

The Lactobacillus genus is a group of Gram-positive bacteria
that can regulate the intestinal environment by producing beneficial
metabolic products such as lactic acid, maintaining the acid-base
balance, and inhibiting the growth of harmful bacterial populations

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1501211
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zheng et al.

10.3389/fmicb.2024.1501211

a b

Firmicutes - [N N I I I
Bacteroidetes - SN NN A NN S

Proteobacteria -
Spirochaetes -
Euryarchaeota -
Tenericutes -
Epsilonbacteraeota - -
Actinobacteria - -- I\—\—‘
Kiritimatiellaeota -
Cyanobacteria -
WPS-
Acidobacteria -

FIGURE 5

Bacteroidetes | Prevotellaceae NK3B31 group -

Firmicutes | Ruminococcaceae UCG-005 -

Firmicutes | Ruminococcaceae UCG-002 -

Bacteroidetes | Rikenellaceae RC9 gut group -

Firmicutes | Ruminococcaceae UCG-014 -

Lentisphaerae - % Read Firmicutes | Oscillospira - Abund
Planctomycetes - Abundance Firmicutes | [Eubacterium] coprostanoligenes group - undance
y B Bacteroidetes | Prevotellaceae UCG-003 -
Fibrobacteres Firmicutes | Selenomonas - - 10.00
Verrucomicrobi 10.00 Firmicutes | Christensenellaceae R-7 group-

e . Firmicutes | Blautia - 1.00
Elusimicrobia 1.00 Firmicutes | Anaerovibrio -  —
Synergistetes - Firmicutes | Ruminococcaceae NK4A214 group - 0.10

Patescibacteria 0.10 Epsilonbacteraeota | Campylobacter - || :
scibacte Bacteroidetes | Prévotella 7 -
Chlorofle: 0.01 Firmicutes | Lachnospiraceae NK4A138 roup - 0.01
. Firmicutes | Ruminococcaceae UCG-010-
Gemmatimonadetes - Bacteroidetes | Bacteroides - |
Fusobacteri Bacteroidetes | Parabacteroides -
: Bacteroidetes | CAG-873 -
Rokubacteria - Firmicutes | Ruminococcaceae UCG-008 -
Chlamydiae - Firmicutes | Subdoligranulum -
Firmicutes | Lachnospira -
Deferribacteres - Firmicutes | Turicibacter -
Entotheonellaeota - Firmicutes | Schwartzia - |
Th haeota - Firmicutes | Coprococcus 1-
RUmBChaeota Firmicutes | Faecalibacterium - [ |
Latescibacteri Firmicutes | Pediococcus - |
Firmicutes | Dialister - FE
Nanoarchaeaeota - Bacteroidetes | dgA-11 gut group -
Thermotogae - Firmicutes | Romboutsia -
Armati detes - Firmicutes | Ruminococcus 2 - I
rmatimenadetes Firmicutes | Phascolarctobacterium -
Crenarchaeota - Firmicutes | Coprococcus 3- |

Bacteroidetes | Prevotellaceae UCG-001 - [ I e

Heatmap distribution of OTUs at phylum (a) and genus (b) level. OTUs were arranged in rows and are clustered on the vertical axis. Samples are
arranged vertically and are on the horizontal axis. Different colors indicate the relative abundance of taxons. Con, control group; GSPs15, 15mg/kg GSP
group; GSPs30, 30 mg/kg GSP group; GSPs60, 60 mg/kg GSP group; GSPs120, 120 mg/kg GSP group (n = 6).

Firmicutes | Lactobacillus -
Firmicutes | Clostridium sensu stricto 1-§
Proteobacteria | Succinivibrio -

Bacteroidetes | Prevotella 9-

Bacteroidetes | Prevotella 1-
Spirochaetes | Treponema 2-

Firmicutes | Streptococcus -

Firmicutes | Terrisporobacter -
Bacteroidetes | Alloprevotella-
Firmicutes | Roseburia -
Bacteroidetes | Prevotella 2-

Firmicutes | Agathobacter -
Euryarchaeota | Methanobrevibacter -
Firmicutes | Megasphaera -

Firmicutes | Ruminococcus 1 - % Read

. .
& L S S 8

<
C,)‘b

Od‘,(,
G&A
Q@o

(Dempsey and Corr, 2022). In this study, fecal samples from pigs
receiving a diet supplemented with 120 mg/kg GSP showed a higher
abundance of Lactobacillus compared to the CON group. This
finding aligns with results from a previous study on another
polyphenolic compound, resveratrol, which was shown to increase
the levels of Lactobacillus in the gut, ultimately contributing to the
regulation of bile acid metabolism (Chen M. L. et al., 2016; Chen
S. et al., 2016). The Prevotellaceae is one of the major bacterial
families in the large intestine of pigs, due to its ability to promote
the production of short-chain fatty acids, is suggested to play an
important role in intestinal metabolism (Amat et al., 2020; Zhang
et al., 2021). Nevertheless, certain members of the Prevotellaceae
family have been found to potentially exert negative effects on
health by promoting inflammatory responses and contributing to
disease progression. For instance, the mucin-degrading activity of
the Prevotellaceae NK3B31 group may compromise intestinal
epithelial integrity, fostering endotoxemia, inflammation, and
insulin resistance (Hasain et al,, 2021). Furthermore, previous
research indicated that Prevotella copri (a member of Alloprevotella)
exacerbates DSS-induced colitis in mice by downregulating ATF4
expression and altering the composition of intestinal microbiota
(Wang and Cao, 2024). In the present study, GSP supplementation
at 120 mg/kg decrease the genera abundances of the Prevotellaceae
NK3B31 group and Alloprevotella. A previous study found that pigs
with a low feed conversion ratio had higher abundances of taxa
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from the Prevotellaceae family in the ileum compared to those with
a high feed conversion ratio (Quan et al., 2018). Consistently, the
Spearman correlation analysis showed that the digestibility of DM
was negatively correlated with the genus abundance of the
Prevotellaceae NK3B31 group. Additionally, the abundance of
Alloprevotella was found to be negatively correlated with both ADG
and T-SOD concentration. Consequently, the observed dynamic
changes in the intestinal microbiota community may partially
account for the improvements in growth performance and nutrient
digestibility noted in this study. Further studies, including fecal
microbiota transplantation, are necessary to clarify the precise role
and potential mechanisms underlying the biological events
modulated by the intestinal microbiota.

5 Conclusion

In summary, dietary GSP supplementation not only increases the
growth performance, but also improves the nutrient digestibility of
growing pigs. The improved nutrient digestibility by GSP is likely
linked to the enhancements in antioxidative capacity and improvement
in the intestinal microbiota. Based on our findings, dietary
supplementation of 30 and 60 mg/kg GSP may be optimal for growing
pigs. This study may enhance the application of GSP in animal
nutrition and the feed industry.
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protein; EE, ether extract. *p <0.05, **p <0.01.
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The Aryl Hydrocarbon Receptor (AhR) is widely present in mammalian bodies,
showing high affinity for various exogenous substances such as polycyclic aromatic
hydrocarbons (PAHs) and coumarin. Under physiological conditions, AhR mainly
participates in regulating the body’s immune response, cell proliferation, and apoptosis
among a series of processes. Recent studies have revealed a close connection
between AhR and lipid metabolism. The gut microbiota plays a significant role in
regulating host lipid metabolism. Growing evidence suggests an inseparable link
between gut microbiota and AhR signaling. This review summarizes the relationship
between AhR and lipid metabolism disorders, as well as the interaction between
gut microbiota and AhR, exploring how this interaction modulates host lipid
metabolism.

KEYWORDS

aryl hydrocarbon receptor, gut microbiota, lipid metabolism, inflammation, metabolic
disease

Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that plays
a crucial role in the regulatory network of the interaction between gut microbiota and the host
(Hornedo-Ortega et al., 2018). Evidence suggested that AhR plays an important role in
regulating metabolites involved in many biochemical pathways affecting biosynthesis and
metabolism of fatty acids, bile acids, gut microbiome products, antioxidants, choline
derivatives, and uremic toxins, with a central role in metabolism and signaling between
multiple organs and across multiple scales (Granados et al., 2022). It was initially identified as
a receptor that binds to environmental pollutant dioxins, primarily involved in detoxification
and metabolic processes of dioxins and their analogs. Recent research has shown that the
functions of AhR were much broader than previously understood. Further studies have shown
that activating AhR influenced the differentiation, proliferation, and apoptosis of fat cells,
regulating fat production (Kwack and Lee, 2000). Importantly, AhR sensed the ligands from
diet, gut microbiota and host metabolites to regulate the host’s physiological functions by
triggering a series of signal transduction processes. For example, Cruciferous vegetables such
as broccoli, cauliflower, and cabbage can be converted into AhR ligand precursors, indole-3-
carbinol (I3C) and indole-3-acetonitrile (I3ACN), through enzymatic breakdown (Ito et al.,
2007). Under the action of gastric acid, these precursors further transform into high-affinity
AhR ligands such as 3,3’-diindolylmethane (DIM) and indole [3,2-b] carbazole (ICZ)
(Bjeldanes et al., 1991). I3C and its condensation products have potential effects in treating
inflammatory bowel diseases by modulating the differentiation and function of T cells (Treg
cells) through AhR activation, while reducing the number of helper T cells (Th cells) to
alleviate intestinal inflammation (Rouse et al, 2013). Additionally, the plant-derived
compound resveratrol can inhibit AhR activity by blocking the binding of AhR with its ligands,
potentially reversing the imbalance of Th17/Treg cells in patients with autoimmune diseases
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and showing therapeutic potential for AhR-mediated diseases (Guo
et al, 2019). In vitro experiments have shown that the flavonoid
compound genistein can activate AhR through negative regulation of
estrogen receptor alpha (ERa), promoting the expression of
downstream target genes CYP1A1 and CYP1B1 (Gong F et al., 20165
Gong P. et al., 2016). Plant extracts of the flavonoid compound
cardamonin (CDN) can act as an exogenous ligand for AhR and play
a crucial regulatory role in alleviating intestinal inflammation (Wang
etal,, 2018). Certain metabolites produced by gut microbiota such as
tryptamine, indole, and their derivatives can also function as AhR
ligands, inducing the production of IL-22 by intestinal immune cells
and participating in gut homeostasis (Zindl et al., 2022). However, the
AhR signaling mechanism by which gut microbiota regulate host lipid
metabolism is unclear. Lipid metabolism disruption leads to a range
of health issues such as obesity, hyperlipidemia (Li J. et al., 2016; Li
M. et al, 2016), and cardiovascular diseases (Lee et al., 2005).
Therefore, a thorough investigation into the mechanism by which gut
microbiota modulates host lipid metabolism via AhR is beneficial for
providing new insights and strategies for the prevention and treatment
of related diseases.

AhR structure

The structure of AHR determines its biological function.
(Figure 1).AhR is a transcription factor whose activation relies on
ligands, which is member of the basic Helix-Loop-Helix (bHLH)-
Per-ARNT-Sim (PAS) family (Fukunaga et al., 1995) and its
protein encoded by the AhR gene consists of 848 amino acids
(Itoh et al., 1998). The structure of AhR is divided into three
segments: the N-terminal, DNA-binding domain, and C-terminal
(Hankinson, 1995). The AhR protein consists of three domains:
bHLH, PAS, and TAD (Trans activation domain). The bHLH
domain located at the N-terminus facilitates AhR binding to the
promoter region of target genes and protein dimerization (Murre
etal, 1989). The PAS domain is divided into PAS-A and PAS-B2,
with PAS-A binding to the AhR nuclear translocator (arnt) and
PAS-B binding to AhR ligands (Fukunaga et al., 1995), mediates
protein dimerization. What’s more, the TAD at the C terminus is
involved in protecting relevant coactivator factors. It comprises
three subdomains, with the first two subdomains are enriched in
acidic residues and glutamine, while the third subdomain is
enriched in serine, threonine, and proline (S/T/P) (Lin
et al., 2022).

The BHLH domain is located at the N terminus, initiates AhR
binding and mediating protein dimerization, the PAS domain is the
binding site for ARNT and AhR ligands, and the TAD at the C
terminus, involved in transcription activation, containing three

10.3389/fmicb.2025.1442282

subdomains, the first rich in acidic residues, the second rich in
glutamine, and the third rich in serine, threonine, and proline.

AhR expression

AhR exists in the form of a cytoplasmic protein complex
composed of HSP90, p32, and XAP-2 within the cytoplasm of cells
(Zhu et al,, 2021), translocates to the nucleus upon activation by
agonists and binds to aryl hydrocarbon receptor nuclear translocator
(ARNT) or hypoxia-inducible factor 1p (HIF-1p), which interacts
with xenobiotic response elements (XREs) to control the expression
of key genes (Bahman et al., 2024). AhR is present in various tissues
and cells of vertebrates, such as the intestines, liver, spleen, lymph
nodes, and is expressed in various types of cells in the body, including
immune cells, epithelial cells, endothelial cells, and stromal cells
(Stockinger et al., 2014). Among these, immune cells are one of the
main sites of AhR gene expression, especially macrophages, dendritic
cells, and T lymphocytes (Trikha and Lee, 2020), which play an
important role in immune responses and inflammatory reactions. Li
etal. discovered that the AhR signal plays a significant regulatory role
in the expression of CD117 on the surface of ILC3 (type 3 innate
lymphoid cells), and in patients with Crohn’s disease (CD), attenuation
of the AhR signal can lead to the transformation of ILC3 into ILC1,
thereby increasing inflammation in the terminal ileum (Li J. et al,,
2016; Li M. et al., 2016). Climaco-Arvizu et al. reported that AhR
could regulate the differentiation of IBD intestinal macrophages. Loss
of the AhR gene enhances inflammatory M1 polarization of
macrophages, weakens anti-inflammatory M2 polarization, and
affects the production and secretion of inflammatory factors, thereby
regulating inflammation development (Climaco-Arvizu et al.,, 2016).
In addition to immune cells, epithelial cells and endothelial cells are
also important sites of AhR gene expression (Major et al., 2023; Juan
etal, 2006). Then researchers found that endothelial cells have higher
levels of AhR expression compared to immune cells and epithelial cells
through immunofluorescence detection techniques (Major et al.,
2023). Further studies showed that AhR was expressed in many types
of lung cells, and the cells with high expression mainly included lung
endothelial cells and alveolar cells, affecting lung barrier function
(Pang et al., 2017).

Gut microbiota re%ulates lipid
metabolism by AhR signal

Increasing evidence suggested that AhR played a crucial role in
regulating lipid metabolism, with the gut microbiota influencing AhR
activity through its metabolites such as lipopolysaccharide (LPS),

PAS B

»

i

N-terminal ARNT binding

FIGURE 1
The functional domain of the AhR.
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amino acid derivative, short-chain fatty acids (SCFAS) and bile acids
(BAS) or direct interactions, thereby modulating the host’s
physiological processes (Figure 2). This article will explore the
potential mechanisms by which the gut microbiota affects host lipid
metabolism via the AhR signaling pathway, focusing on the gut
microbiota itself and its metabolites influencing AhR activity.

AhR activation reduces IL-6 secretion by inhibiting the NF-xB
pathway induced by LPS, IL-6 activates stat3 and inhibits the
transcription and expression of zinc transporter SLC39A5, AhR
enhances IL-10 levels by upregulating Src-STAT3 signaling triggered by
LPS, alleviating lipid metabolism disorders. SCFAs exacerbates lipid
peroxidation by inhibiting HDACS and increasing the expression of
CYP1Al. SCFAs increase the AhR expression in CD4 T cells by
activating STAT3 and mTOR signaling pathways after binding to the
GPR41 and then promoted the production of IL-22; amino acids also
promote IL-22 production after being metabolized by microorganisms
into AhR ligands, and the increase of IL-22 improves hyperglycemia. BAs
bind to TGR5 to increase AHR expression and promote transcription of
ACOX 1 and CPT 1 A by triggering CAMP-ERK pathway and inhibit
NLRP3 activity by triggering CAMP-PKA pathway, while AHR also
inhibit activation of NLRP3, thus inhibiting hepatic steatosis.

LPS and AhR

LPS is a complex sugar-lipid-protein compound and a major
component of bacterial endotoxins found widely in the outer walls of

10.3389/fmicb.2025.1442282

Gram-negative bacteria. Inside the host, LPS is recognized by the
immune system as a pathogen-associated molecular pattern (PAMP),
triggering an inflammatory response, and classical signaling involves
the Toll-like receptor 4 (TLR4)(Facchini et al., 2020), which is a
protein associated with the immune system and inflammatory
responses, mainly expressed in lymphocytes, macrophages,
endothelial cells, and cardiomyocytes (Biemmi et al., 2020), playing a
crucial role in the host's immune system. Activation of TLR4 triggers
MyD88-and TRIF-dependent signaling pathways (Sun et al., 2019). It
recruits myeloid differentiation factor 88 (MyD88) and activates
MyD88-dependent NF-kB signaling pathway, inducing the production
,2023).
AhR was expressed in peritoneal macrophages stimulated by LPS,

of inflammatory factors (Wang B. et al., 2023; Wang Y. et al.

being induced by TLR signaling. In the LPS signaling pathway, AhR
can negatively regulate it by interacting with Statl. In macrophages,
the aryl hydrocarbon receptor (AhR) is activated, forming a complex
with the transcription factors STAT1 and NF-kB, inhibiting
NE-kB-mediated downstream factor IL-6 transcription, resulting in
IL-6 thus
inflammatory response (Kimura et al,

suppressed alleviating LPS-induced
2009). IL-6,

pro-inflammatory factor, whose down-regulation inhibited hepatocyte

expression,
as a

adipogenesis and reduced macrophage inflammatory response.
Blocking IL-6 signaling reduced the occurrence of NAFLD (Park et al.,
2023) and inhibited obesity-related ventricular arrhythmias
(Aromolaran et al., 2024). Moreover, IL-6 activated stat3, increased
stat3 phosphorylation, and inhibited the transcription and expression
of zinc transporter SLC39A5, thereby increasing glucagon secretion
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and the risk of T2D (Chen et al., 2023). Furthermore, LPS also
triggered the AhR-mediated activation of the Src-STAT3 signaling
pathway (Zhu et al,, 2018). AhR in the cytoplasm upregulates the
tyrosine phosphorylation of Src kinase (Src). Src, as a non-receptor
tyrosine kinase, participated in various cellular signaling transduction
processes, significantly affecting cell growth, proliferation, and
1996),
phosphorylation of STAT3 (signal transducer and activator of
transcription3) and leading to the activation of STAT3. Then STAT3
translocated to the nucleus and regulated the transcriptional

differentiation (Brown and Cooper, catalyzing the

expression of relevant genes. Src-STAT3 signaling pathway further
promotes the secretion of IL-10 through AhR mediation, collectively
inhibiting the inflammatory phenotype of macrophages. IL-10, an
anti-inflammatory cytokine, suppresses the production and release of
various inflammatory mediators, thereby attenuating the metabolic
inflammation (Zhu et al., 2018). Adipose tissue-derived stem cells
(ADSCs) promoted the expression of IL-10 to ameliorate
hyperglycemia and insulin resistance and prevented T2D (Zhang
etal., 2017). Overexpression of IL-10 had also been shown to restore
intestinal repair after HFD feeding, normalizing barrier repair in
HFD-treated mice (Hill et al., 2023). These studies indicated that the
expression level of IL-10 is closely related to lipid metabolism.
Interestingly, AhR was also shown to have an interaction with TLR4
and together regulate the downstream factor MyD88 (Zhang et al.,
2023). These results indicate an inhibitory effect on the LPS-induced
inflammatory response by enhancing the activation of AhR,
suggesting that AhR agonists such as related ligands or probiotics can
be used in clinical application to mitigate the inflammatory effects of
LPS. For example, the AhR endogenous ligand indole-3-lactic acid
(ILA) significantly attenuated NF-kB activation in macrophages
(Calzetta et al., 2022) and Bacillus amyloliquefaciens alleviated
LPS-induced intestinal inflammation through the AhR/STAT3
pathway (Wang et al., 2024).

SCFAs and AhR

Short-chain fatty acids (SCFAS) are metabolites generated by
intestinal flora through biotransformation, mainly including acetic
acid, propionic acid and butyric acid (He et al., 2020), in which
Bacteroides mainly produce acetic acid and propionic acid, while
Firmicutes mainly produce butyric acid (Macfarlane and Macfarlane,
2003). After SCFAS are uptaken by the intestine, it undergoes a series
of transformation processes in the liver, mainly producing acetyl-CoA
and propionyl-CoA, which participate in several biological metabolic
pathways, such as glycogen synthesis, gluconeogenesis process and
cholesterol synthesis, and then affect the host lipid metabolism (den
Besten et al., 2013). SCFAs are reported to enhance gene expression
mediated by the aromatic hydrocarbon receptor (AhR) and
significantly increase the expression of AhR response genes such as
Cytochrome P450 1A1 (CYP1A1) by inhibiting the activity of histone
deacetylases (HDACsS) (Jin et al.,, 2017). Interestingly, overexpression
of CYP1A1 exacerbated lipid peroxidation in the NAFLD model
(Huang et al., 2018). Moreover, butyrate also increased the AhR
expression in CD4 T cells by activating the STAT3 and the mammalian
target of rapamycin (mTOR) signaling pathways after binding to the
G-protein-coupled receptor 41 (GPR41) and then promoted the
production of IL-22 (Yang et al., 2020). IL-22 plays an important role
in lipid metabolism, as it improves insulin sensitivity, protects the
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intestinal mucosal barrier, reduces endotoxemia and chronic
inflammation, IL-22 receptor-deficient and high-fat-fed mice are
prone to metabolic disorders, while administration of exogenous
IL-22 to obese mice reversed the induced symptoms like
hyperglycemia and insulin resistance (Wang et al., 2014).

BAs and AhR

Bile acids are vital signaling molecules synthesized from
cholesterol in the liver, with the classic pathway of their synthesis
triggered by cholesterol 7a-hydroxylase (CYP7Al) catalyzing
cholesterol 7a-site hydroxylation (Ahmad and Haeusler, 2019). The
host often promotes the utilization of bile acids through enterohepatic
circulation, approximately 95% of primary bile acids are reabsorbed
at the terminal ileum and return to the liver via the portal vein; a small
portion of primary bile acids are catalyzed by BAs salt hydrolase
(BSH) enzymes from gut microbiota into free BAs, which undergo
conversion into secondary bile acids through pathways like
dehydrogenation and dehydroxylation under the influence of
intestinal flora (Hsu and Schnabl, 2023). Microorganisms expressing
BSH are primarily members of the Firmicutes phylum (Jones et al.,
2008), disturb the gut ecology, while in IBD, BSH-producing
Firmicutes were reduced (Ramos and Papadakis, 2019), impeding the
conversion of PBAs to SBAs and thereby affecting bile acid
metabolism. Intraepithelial lymphocytes (IELs) play a protective role
in IBD models (Panda et al., 2023), Furthermore, AhR regulated the
development, proliferation, and function of intraepithelial
lymphocytes (IELs) (Li et al., 2011), which may be beneficial for gut
microbial balance and Maintenance of firmicutes diversity in IBD,
thus enhancing secondary bile acid generation. SBAs inhibited the
expression of pro-inflammatory genes by activating the membrane
receptor TGR5 (Duboc et al., 2013), suggesting a potential synergistic
effect between bile acids and AhR in suppressing inflammatory
responses. TGR5 activation on ciliated and non-ciliated bile ducts
triggered downstream signaling pathways such as expression of cAMP,
AKT, and extracellular signal-regulated kinase (ERK) (Guo et al,
2016). Meanwhile TGR5 as a membrane-bound receptor played a
significant role in glucose metabolism (Hui et al., 2020), lipid
metabolism (Arab et al., 2017), and anti-inflammatory immune
regulation (Chiang, 2013). For example, TGR5 suppressed the
activation of the NLRP3 inflammasome by activating intracellular
signaling pathways, particularly the cAMP-PKA axis (Tian et al,
1999). NLRP3 inflammasome, a crucial innate immune molecule,
promotes the release of pro-inflammatory factors and exacerbates
inflammatory responses when activated. Studies on TGR5—/— mouse
models show that genetic deficiency leads to overactive NLRP3
inflammasomes, resulting in elevated pro-inflammatory factors and
enhanced M1 polarization of macrophages in adipose tissue (Shi et al.,
2021), exacerbating inflammation. While the inhibition of NLRP3
inflammasome activity reduced liver inflammation and fibrosis and
improved NAFLD (Shen Q. et al., 2023; Shen X. et al., 2023). As a
negative regulator of NLRP3 inflammasomes, AhR inhibited the
activation of NLRP3 inflammasomes, the reason is that AhR bound
to its endogenous ligand and inhibited NF-kB transcription, leading
to reduced NLRP3 transcription (Huai et al., 2014; Qiao et al., 2022).
Furthermore, TGR5 activated the ERK to induce phosphorylation of
dynamin-related protein 1 (Drpl) in mitochondria dynamics.
Activation of the ERK pathway can induce phosphorylation of Drpl
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(Prieto et al,, 2016), leading to mitochondrial fission, increasing the
rate of fatty acid beta-oxidation while reducing fat accumulation.
Additionally, cAMP is also involved in ERK signal transduction
(Enserink et al., 2002). In cilia-related liver disorders such as
autosomal dominant and autosomal recessive polycystic kidney
diseases, CAMP levels are elevated and TGR5 is overexpressed in
cholangiocytes but not localized on cilia. In ciliary cholangiocytes,
TGR 5 agonists reduced cAMP levels and cell proliferation, but ERK
signaling was activated, and the cAMP levels also affected the
phosphorylation of ERK (Masyuk et al., 2013). The activation of ERK
promoted AHR expression, then AHR directly binded to the promoter
regions of the key fatty acid oxidation enzymes ACOX 1 and CPT1A
to transcribe and activate their expression and then achieved normal
fatty acid oxidation function, thus inhibiting hepatic steatosis (Han
et al, 2021). Interestingly the upregulation of ERK signaling can
inhibit AhR expression (Jiang et al., 2021), suggesting that activation
of ERK pathway can inhibit AhR signaling and thus affect
lipid metabolism.

Amino acids (AAs) and AhR

Most amino acids are absorbed in the small intestine, while those
not absorbed enter the colon to participate in microbial metabolism
processes, leading to the production of various metabolites such as
ammonia, amines, short-chain fatty acids, branched-chain fatty acids,
hydrogen sulfide, organic acids, and phenols (Abdallah et al., 2020; Ma
and Ma, 2019). Studies indicate that branched-chain amino acids and
aromatic amino acids play crucial roles in lipid metabolism disorders
associated with obesity, insulin resistance, diabetes, and fatty liver
(Ejtahed et al., 2020). And aromatic amino acids mainly include
phenylalanine, tyrosine, and tryptophan, which activate the AhR to
induce downstream pathway alterations (Yang et al., 2019). The ability
of gut microbes to metabolize tryptophan is reduced, which lowering
the activation of AhR to promote metabolic disease (Natividad et al.,
2018), suggesting that AhR may regulate lipid metabolism through the
gut microbiota. Tryptophan is a crucial source of endogenous AhR
ligand precursors (Liu et al, 2021) and its metabolites such as
kynurenine and the photoproduct 6-formylindolo [3,2-b] carbazole
(FICZ), can bind to the aryl hydrocarbon receptor (AhR) in the
intestine, thereby regulating the function and differentiation of
intestinal immune cells (Gutiérrez-Vazquez and Quintana, 2018).
Kynurenine promoted the differentiation of CD4+ naive T cells into
anti-inflammatory Treg cells (Mezrich et al., 2010), while FICZ, as a
high-affinity ligand for AhR, activated the AhR signaling pathway at
extremely low concentrations (Rannug and Fritsche, 2006),
upregulating the expression of the cytochrome P450 family 1.

(CYP1) family of genes. Further CYP1A1 rapidly degraded FICZ,
forming a negative feedback regulatory mechanism to ensure a low
level of FICZ in the gastrointestinal tract (Wei et al., 2000). However,
FICZ also induced the differentiation of Th17 cells and the expression
of the inflammatory factor IL-17, which inhibited the differentiation
of Treg cells (Quintana et al., 2008). Studies have shown that gut
microbiota metabolized tryptophan into indole and its derivatives,
thereby participating in the regulation of AhR signaling. For instance,
tryptophan was metabolized by Lactobacillus reuteri to indole-3-
aldehyde (Zelante et al., 2013). In mouse models, this substance can
activate AhR and induce the production of IL-22, which plays a crucial
role in maintaining intestinal mucosal immune homeostasis.
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Additionally, tryptophan metabolites from other commensal
microbiota, such as indole-3-acetic acid, indole-3-aldehyde,
tryptamine, and 3-methylindole (Shen et al., 2022; Dang et al., 2023),
also exhibit AhR agonist activity, suggesting a potentially significant
role in intestinal immune regulation. The microbial community in the
gut generates AhR agonists during tryptophan metabolism,
supporting the growth and development of ILC3 in the intestine. AhR
is an essential transcription factor for ILC3 (Li J. et al., 2016; Li
M. et al., 2016), ILC3 is a critical member of the intestinal mucosal
immune system, and the dysfunction of ILC3s may lead to
inflammatory diseases in intestinal mucosal tissues (Cording et al.,
2018). What's more, ILC3 protected the body from damage by the
symbiotic microbiome through producing key anti-inflammatory
factors, such as IL-22 and IL-17A (Shen Q. et al., 2023; Shen X. et al.,
2023), to prevent inflammation in adipose tissue.

AhR and lipid metabolism disorder

AhR plays a crucial role in numerous biological processes,
including immune responses, cell proliferation and differentiation, as
well as maintaining homeostasis (Wang et al., 2022). However, an
increasing number of studies indicates that AhR plays an important
role in lipid metabolism, causing lipid metabolic diseases such as
obesity (Kerley-Hamilton et al., 2012), non-alcoholic fatty liver disease
(NAFLD) (Moyer et al., 2017), and type 2 diabetes (T2D) (Wang et al.,
2011). The expression of lipid metabolism-related phenotypes in these
disease models can be promoted or inhibited by adjusting AhR levels.
(Table 1) Therefore, it is necessary to study the effect of AhR on lipid
metabolism in detail in order to use it as a potential therapeutic target
for lipid metabolism diseases.

AhR and obesity

With the improvement of living standards, obesity is becoming
more common and prevalent worldwide. Obesity refers to the
excessive accumulation of fat in the body, mainly caused by the
excessive accumulation of triglycerides in the body (Twig et al., 2020).
Typically characterized by exceeding the normal weight range and an
increase in body fat percentage, obesity is associated with various
chronic diseases and health issues, severely affecting the quality of life
(Piché et al., 2020). Therefore, finding effective methods to address
obesity is crucial. Obesity affected the diversity of the gut microbiota,
with a decrease in the abundance of Bacteroidetes and increased
proportion of Firmicutes in obese individuals, suggesting a possible
role in regulating obesity by remodeling gut microbial community
structure (Ley et al., 2005). Studies have shown that the activation of
AhR induced obesity (Kerley-Hamilton et al., 2012), It may be because
the aryl hydrocarbon receptor repressor (AhRR) was significantly
down-regulated in obese populations, while AhR and CYP1B1 are
significantly upregulated, indicating that AhRR may regulate obesity
by inhibiting AhR expression through the AhR-CYP1B1 axis (Shahin
et al., 2020). AhR deficiency significantly reduced weight gain and
adiposity, increasing the protein and mRNA expression of fibroblast
growth factor 21 (FGF21), which activates thermogenesis in brown
adipose tissue (BAT) and gWAT, thus increasing metabolic rate and
energy expenditure, preventing obesity induced by a high-fat diet
(Girer et al., 2019), making it a potential target for obesity treatment.
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TABLE 1 Effect of AhR expression level on phenotype related to lipid metabolic diseases.

Disease Model AhR level phenotypes Reference

Obesity Mouse Inhibit WAT | Moyer et al. (2017), Xu et al. (2015),
Cyplal | Huang et al. (2022)

PPARY'|
Foxol |
Scdl |
Sppl |
CYP4A |
FGF21 |
FADSI |
ELOVLS5 |
IL-6 |
STAT3 |

Human Elevate Cyplbl 1 Shahin et al. (2020)
Leptin 1
TCt

TG 1
LDL-C t
Ghrelin |
Scdl |
PPARy2 |
ACC2 |
CPTla |

NAFLD Mouse Inhibit ALT | Xia et al. (2019)
AST |
TG
TC|
Cyplal |
TNF-a |

HepG2 Inhibit MDA | Xia et al. (2019)
ROS |
SOD t

T2D Mouse Inhibit PPAR« | Wang et al. (2011), Xia et al. (2019),
Aco | Jaeger et al. (2017)

Cptlb |

Pepck |

Goépase |
Hepaticglycont
pAKT(Ser473)1
Cyplal |
Cyplbl |

Mouse Elevate pAKT | Liu et al. (2020), Lin et al. (2019),
pNFkB 1 Natividad et al. (2018)

ICAM |
INOS |
FMO3 |
IL-10 1
1221
TG |
ALT 1
GLP-11

Studies have shown that Kynurenine caused obesity by activating AHR  prevented and reversed obesity in high-fat diet mice by inhibiting AhR
(Moyer et al., 2016), while obesity and hepatic steatosis were prevented ~ and related genes in its network, such as CYP1B1 and stearoyl-CoA
by inhibiting AhR, the AhR antagonist naphthoflavone (aNF)  desaturase-1 (SCD1) (Moyer et al., 2017; Xu et al., 2015). CYP1B1 is
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a member of the cytochrome P450 superfamily that is involved in
metabolizing endogenous compounds including steroid hormones
and lipids, which regulate metabolism, accumulation, and distribution
in adipose tissue. The expression of CYP1BI1 influenced the
development of obesity, in CYP1B1-null mice, the expression level of
SCD1 was reduced, which inhibited obesity and thus affected lipid
metabolism (Li et al., 2014). Further research found that SCD1 is a
delta-9 fatty acid desaturase that catalyzes the synthesis of
monounsaturated fatty acids. Similarly, SCD1-deficient mice reduced
lipid synthesis and enhanced insulin sensitivity, promoting the
suppression of obesity (Flowers and Ntambi, 2008). In obese patients,
tryptophan was preferentially catabolized through the kynurenine
pathway (KP), leading to an excessive increase in the concentration of
kynurenine (Kyn) in the blood, which activated AhR and then
transcribed STAT?3 expression to enhance the secretion of IL-6 (Huang
etal., 2022), which maintained the proliferation rates of obese adipose
tissue (Ackermann et al., 2024). In contrast, knockdown of AhR from
adipocytes abolished the effects of Kyn and prevented obesity.

AhR and NAFLD

NAFLD refers to the pathological condition where the liver
accumulates fat without excessive alcohol consumption. NAFLD is the
most common chronic liver disease (Zhou et al,, 2020) and a
significant component of metabolic syndrome (Haas et al., 2016),
which  included
hypertriglyceridemia, and low  high-density lipoprotein
cholesterolemia (Chen et al., 2012). The spectrum of NAFLD ranges
from simple steatosis (fatty liver) to non-alcoholic steatohepatitis
(NASH), fibrosis, and cirrhosis (Schuster et al., 2018). Activation of
the AhR has been shown to affect lipid metabolism in the liver,

obesity, insulin resistance, hypertension,

including synthesis and oxidation of fatty acids. Abnormal fat
accumulation in the liver is a primary feature, and AhR activation can
induce lipid deposition, potentially directly impacting the
pathogenesis of NAFLD (Podechard et al., 2009). It has been observed
that the activation of AhR signaling pathway indirectly induced the
accumulation of lipid droplets in rat hepatocytes (Neuschifer-Rube
et al,, 2015). The AhR-CYPIAL signaling pathway was activated to
cause intracellular lipid droplet accumulation in Hepatitis C virus
(HCV) (Ohashi et al., 2018). As an exogenous ligand for the AhR, the
Sulforaphane (SFN) can regulated the intestinal microflora of high-fat
diet mice to prevent NAFLD by activating the AhR/SREBP-1C
pathway, reduced the protein levels of indole-3-acetic acid (IAA),
sterol regulatory element-binding protein-1c (SREBP-1C), acetyl-CoA
carboxylase 1 (ACCl), and fatty acid synthase (FAS), And then
regulates hepatic lipid metabolism, And to prevent NAFLD (Xu et al.,
2021). Further studies showed that AhR promoted the absorption of
fatty acids by activating its transcriptional target CD36.(Lee et al.,
2010). Overexpression of the AhR in the liver significantly upregulates
the expression of the fatty acid translocase (FAT) CD36 in mouse liver
cells, promoting the uptake of fatty acids by liver cells (Yao et al.,
2016), which exacerbated lipid deposition in the liver, leading to liver
damage and promoting the development of NAFLD. AhR ligand
3-methylcholanthrene (3MC) also significantly increased the
expression level of fatty acid translocase in liver by activating AhR,
inducing hepatic steatosis (Kawano et al., 2010). Estrogen deficiency
is one of the main causes of obesity and NAFLD (Zhu et al., 2020).
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However, the administration of endogenous agonists of AhR such as
cinnabarinic acid (CA) down-regulated CD36 and reduced the uptake
of free fatty acids in hepatocytes, thus achieving the inhibition of
hepatic steatosis and liver injury (Patil et al., 2022). Importantly,
CYP1AL1 is an estrogen-metabolizing enzyme, and increased activity
of CYP1A1 leads to estrogen deficiency (Niwa et al, 2015), for
example, Benzo[a]pyrene (Bap) promoted the transcription and
overexpression of CYP1AL1 by activating the AhR pathway, inhibiting
estrogen’s protective effect on the liver, significantly increasing the risk
of NAFLD (Mumtaz et al., 2022). In addition, alpha-naphthoflavone,
as an AhR inhibitor, alleviated NAFLD by inhibiting the AhR-CYP1A1
pathway (Xia et al.,, 2019). The AhR-CYP1A1 axis regulates lipid
peroxidation by influencing the level of reactive oxygen species (ROS)
and superoxide dismutase (SOD) (Huang et al., 2018). When the
expression of AhR increases, the CYP1A1 also increases to enhance
ROS (Cui et al., 2024) while excess ROS will lead to the production of
lipid peroxides such as malondialdehyde (MDA), which may
exacerbate oxidative stress and mitochondrial damage (Wang B. et al.,
2023; Wang Y. et al.,, 2023) and promote the production of NAFLD
(Zhao et al., 2023).

AhR and T2D

T2D is the most common type of diabetes globally, accounting
for over 90% of all diabetes cases. Unlike type 1 diabetes, T2D is
characterized by insulin resistance and/or dysfunction of pancreatic
p-cells, leading to sustained high blood sugar levels and the former
is due to autoimmune destruction of insulin-producing cells (ElSayed
et al,, 2023). Abnormal expression of AhR will result in imbalanced
glucose and lipid metabolism, indicating a crucial role of AhR in
regulating these processes in the body (Biljes et al., 2015). Thus, AhR
may be a key factor in the development of diabetes. The development
of T2D is associated with a state of chronic low-grade inflammation
(Gong F. et al.,, 2016; Gong P. et al., 2016). In high sugar-induced
insulin resistance and diabetes complications, AhR is crucial for
maintaining ILC3, promoting the development and maturation of
ILC3, and stimulating the secretion of IL-22 by ILC3 to inhibit
inflammation levels, thereby preserving intestinal homeostasis (Artis
and Spits, 2015; Kobayashi et al., 2014). IL-22 released by ILC3 cells
protected pancreatic islet beta cells from inflammation and
glucotoxicity, potentially reversing the damage caused by
hyperglycemia to pancreatic islet beta cells, thus improving insulin
sensitivity (Abadpour et al., 2018). Furthermore, AhR ligands
enhanced intestinal defense mechanisms, reduced bacterial
translocation and systemic inflammation, effectively reversing
glucose intolerance and insulin resistance induced by diabetes (Liu
etal., 2020). The indirubin, an AhR agonist, induced the secretion of
IL-10 and IL-22 by activating AhR to prevent high-fat diet-induced
insulin resistance in mice model (Lin et al., 2019). Other AhR
agonists, such as indoles, have been shown to effectively stimulate the
secretion of glucagon-like peptide-1 (GLP-1), thus improving insulin
resistance and alleviate symptoms of T2D (Natividad et al., 2018).
Further studies have found that tryptophan, as a ligand of AHR, was
metabolized by gut microbiota into 5-hydroxyindole-3-acetic acid
(5-HIAA) promoting the ubiquitin—proteasome degradation of
Suv39h1 by activating AhR, thereby stimulating TSC2 expression
and inhibiting the activation of mTORCI signaling, which would
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promote insulin signaling, improve glucose intolerance and reduce
the risk of T2D (Du et al., 2024). However, it has also been shown
that lack of AhR improved insulin sensitivity and glucose tolerance
(Wang et al, 2011) by increasing energy expenditure and
ameliorating high-fat diet-induced insulin resistance in mice (Jacger
et al., 2017). Although these results are inconsistent, the important
role of AhR cannot be ignored. Thus, further investigation and
confirmation are needed on how AhR specifically affects glucose
metabolism and T2D.

Limitations and future direction

Increasing evidences demonstrate that AhR signaling is associated
with lipid metabolism, and although some significant progress has
been gained about AhR regulating lipid metabolism, translating these
findings into clinical treatment and preventive strategies still faces
many challenges. The gut microbiome is highly diverse, containing
thousands of different microbial species. There are complex
interrelationships among these microorganisms, including symbiosis,
competition and antagonism. Even though certain microorganisms
have been found to be associated with AHR activation and lipid
metabolism changes, the role of these microorganisms may be altered
by the influence of other microorganisms in the context of the entire
microbial community. AHR is a pleiotropic transcription factor, in
addition to regulating the genes involved in lipid metabolism. It is also
involved in many other biological processes, such as immune
response, cell proliferation, and differentiation. AHR can regulate the
expression of numerous genes that may have different functions in
different cell types and physiological conditions. Therefore, it is
difficult to distinguish between the direct and indirect effects of AHR
on lipid metabolism and how these effects are synergized in complex
physiological and pathological processes.

At present, relevant studies mainly focus on animal models and
cell experiments, such as mice, rats and liver cell lines (Zhao et al.,
2022). While these studies provide us with valuable experimental
evidence, there are certain physiological and metabolic differences
between animal models and humans, so these results may not fully
reflect the real situation in the human body. In addition, different
research teams use different experimental conditions and methods,
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reshaped colon histomorphology
and reduces Mucispirillum
schaedleri in obese mice
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Introduction: Bioactive compounds and whole foods have emerged as promising
interventions to address gut microbiota dysbiosis linked to obesity. Compounds
such as berberine and coenzyme Q10 are well-recognized for their roles in
managing metabolic syndrome and exerting antioxidant effects, while beet pulp,
rich in fiber and antioxidants, enhances gut health through additional prebiotic
benefits.

Methods: This study evaluated the effects of a nutraceutical supplement, Slim,
on the modulation of gut microbiota in obese mice induced by a high-fat diet.

Results: Our results demonstrated that Slim supplementation significantly
improved lipid metabolism, reshaped colon histomorphology, and decreased levels
of Mucispirillum schaedleri, which were correlated with VLDL-c and triglycerides.

Discussion: We suggest these effects are driven by a duplibiotic effect, resulting
from the synergistic action of the bioactive compounds.

KEYWORDS

nutraceutical, prebiotic, beet pulp, coenzyme q10, berberine, obesity, gut microbiota

1 Introduction

Supplements derived from natural compounds with therapeutic potential have garnered
attention for their beneficial effects on various health conditions (Rahman et al., 2021; Guan et al.,
2024). Obesity and overweight represent global public health challenges, being major risk factors
for the development of metabolic syndrome, which includes disorders such as insulin resistance,
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high blood pressure, dyslipidemia, chronic low-grade inflammation, and
the gastrointestinal tract histomorphology (Grundy, 2004; Kern et al.,
2018; Leocadio et al., 2020; Freitas et al., 2024). Gut health, mediated by
the integrity of the intestinal function and the balance of the microbiota,
plays a crucial role in the regulation of immune system and energy
metabolism, being essential for the maintenance of homeostasis in
overweight or obese individuals (Abenavoli et al., 2019; Miron, 2019).
The colon contains crucial structures that play an essential role in
fostering a harmonious relationship between microbiota and its host.
Lieberkiihn crypts supporting cell regeneration and the secretion of
enzymes, guarantee the functionality of the intestinal mucosa, crucial for
the defense against pathogens (Ma et al, 2018). In parallel, Peyer’s
patches monitor antigens and regulate the local immune response,
preventing chronic inflammation that is commonly associated with
obesity, thus promoting a balanced and healthy intestinal environment
(Jung et al., 2010; Leocadio et al., 2020).

Gut microbiota has been widely studied due to its influence on
host metabolism, particularly in obesity and overweight conditions
(Esposito et al., 2003; Nehmi-Filho et al., 2023a). In obese individuals,
the microbial composition is often altered, with a decrease in bacterial
diversity and a predominance of microbial groups associated fat
accumulation (John and Mullin, 2016; Saad et al., 2016). This can lead
to increased intestinal permeability, favoring the translocation of
bacterial endotoxins, such as lipopolysaccharide, which contribute to
metabolic syndrome rises (Festi et al., 2014; Wang et al., 2024).

Bioactive compounds like FOS (Fructooligosaccharides), GOS
(Galactooligosaccharides), yeast f-glucans, and silymarin in their
formulation stand out, widely studied and recognized for their
innumerous benefits from the gut microbiota and good consumers
acceptance (Nehmi et al., 2021; Santamarina et al., 2022). Diversifying
new nutrients and bioactive compounds is essential to maintaining and
promoting biodiversity in the intestinal microbiota and thus preventing
or improving diseases and symptoms related to obesity. Berberine
(Phellodendron amurense Rupr., Rutaceae) stands out for its anti-
inflammatory, hypoglycemic, and intestinal microbiota modulation
properties, being especially useful in controlling type 2 diabetes and
obesity (Habtemariam, 2020; Zhang et al., 2021). Coenzyme Q10 is an
endogenous antioxidant compound with the role and its ability to
improve mitochondrial function, contributing to the reduction of
oxidative stress (Neergheen et al., 2017; Sifuentes-Franco et al., 2022).
Beet or beetroot (Beta vulgaris L., Amaranthaceae) pulp is rich in
insoluble fiber and bioactive compounds, such as nitrates, which can
to improve intestinal health (Usmani et al., 2022; Adekolurejo et al.,
2023). Combining these elements may result in a synergistic effect that
helps prevent the emergence of metabolic diseases and alterations in
the morphology and microbiota of the colon. This study aimed to
evaluate the effects after 4 weeks of Slim supplementation on intestinal
health and metabolic parameters, focusing on colon histomorphology
and microbiota composition in obese mice induced by a high-fat diet.

2 Materials and methods
2.1 Supplement composition
The following elements constitute the supplement formulation

(Patent: BR1020200161563) developed and tested in the present study:
selenium (Se) 1.5%; FOS (Fructooligosaccharides) 30.10%; GOS
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(Galactooligosaccharides) 12.00% and 1,3/1,6- (B-glycosidic linkages)
B-glucans from yeast (Saccharomyces. cerevisiae) 18% (Biorigin,
Lengois Paulista, Sdo Paulo, Brazil); chromium (Cr) 0.7%; beet pulp
(Beta vulgaris L.) powder 30.10%; coenzyme Q10 1.5% and berberine
(Phellodendron amurense Rupr.) extract 6.00%. Dietary reference
values for the minerals described in this study were determined
following guidance previously provided by the European Food Safety
Authority (European Food Safety Authority, 2017). FOS (Sabater-
Molina et al., 2009), GOS (Torres et al., 2010), yeast B-glucans (José
Pereira, 2015; Andrade et al., 2016), beet pulp (ANVISA, 2018),
coenzyme Q10 (Overvad et al., 1999; ANVISA, 2018) and berberine
(Zamani et al., 2022) were determined based on previous studies
considering the animal’s body area, determined by the equation:
human equivalent dose (mg/kg) = animal does (mg/kg) x 12.33 (Jacob
et al,, 2022). Filtered mineral water in 2% carboxymethyl cellulose
solution was used as an emulsifier for the formula components.

2.2 Ethics committee approval

This study was approved by the Research Ethics Committee of the
University of Sdo Paulo, Sdo Paulo, Brazil, under approval numbers
1185/2018 and 1519/2020. All experiments were conducted in
accordance with the guidelines of the National Institutes of Health.

2.3 Animal model and oral
supplementation

Eight-week-old male C57BL/6 N mice were kept in an
air-conditioned room at (24 +2) °C and subjected to a 12-h
light/12-h dark cycle. These mice were subsequently separated into
two groups: control and obese. The control group was fed an
AIN-93 non-fat diet (NFD) of 4.1 kcal/g and was composed of 9%
fat, 67% carbohydrate, and 15% protein. The High-Fat Group
(HFD) consumed an AIN-93-based high-fat and high-sugar diet
that contained 6.1 kcal/g and was composed of 25% fat, 49%
carbohydrate, and 20% protein (Reeves et al., 1993; Prag Solugdes
Biosciences, Jau, Sio Paulo, Brazil). Mice were fed these diets for
14 weeks and received chow and water ad libitum. In the 10th week,
mice were divided into the following groups: NFD vehicle (n = 8),
HFD vehicle (n = 7), and HFD_Slim supplemented (n = 8). NFD
vehicle and HFD vehicle groups received 2% carboxymethyl
cellulose (Vehicle) in mineral water. While HFD_Slim group
received full supplementation. The groups were supplemented with
300 pL of the vehicle (NFD and HFD) and supplemented (HFD_
Slim) diarily by gavage for 4 weeks (28 consecutive days). After
4 weeks of supplementation, mice were euthanized with an
intraperitoneal injection of ketamine (100 mg/kg body weight) and
xylazine (5 mg/kg body weight) (Figure 1).

2.4 Food intake, body mass, intraperitoneal
glucose tolerance test (ipGTT),
biochemistry parameters and cytokines

The food
supplementation. The groups body mass was measured weekly

intake was measured during the 4 weeks
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HFD, High Fat Diet; HFD_Slim, High Fat Diet Slim.

Schematic sketch of the experimental procedure and supplementation time. (A) Experimental schedule. (B) Experimental groups: NFD, Non-Fat Diet;

throughout the 14-week experimental period. We realizing the
ipGTT, in the third week of supplementation after 6-h fasting
period. Subsequently, each mouse received an intraperitoneal
injection of a 10% glucose solution at a dose of 1.0 g/kg of body
weight. Blood samples were then collected from the tail at time
points 0, 30, 60, and 90 min, and blood glucose levels were
measured using an Accu-Chek Active glucometer (Roche,
Mannheim, Germany). Blood sample was collected during the
euthanasia to serum analysis of cholesterol, triglycerides, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), gamma-
glutamyl transferase (gamma-GT) and urea in the plasma were
measured with a commercially available kit (Bioclin, Belo
Horizonte, MG, Brazil). The low-density lipoprotein cholesterol
(LDL-c) and very-low-density lipoprotein cholesterol (VLDL-c)
levels were calculated according to Friedewald et al. (1972). The
cytokines Interleucin-6 (IL-6) and Interleucin-10 (IL-10) levels in
the colon of the mice were determined by enzyme-linked
immunosorbent assays (ELISAs) according to the manufacturer’s
instructions (R&D Systems, Inc., Shanghai, China).

2.5 Staining and histological analysis

The colon was removed, fixed in 4% formaldehyde for 24 h at
room temperature, and processed as described by Pessoa et al. (2016).
The 3-pum-thick sections of the colon were placed on glass slides and
stained with Hematoxylin and Eosin (H&E) for histomorphology
analysis. The slides were scanned using the Panoramic Scan scanner
(3DHistech, Budapest, Hungary) analyzed using Slide Viewer
software (3DHistech, Budapest, Hungary), and photographed at
200X and 400X magnifications.

Frontiers in Microbiology

2.6 Gut microbiota analysis

2.6.1 Stool specimen collection and extraction

Stool samples were collected from the intestinal mucosa and
stored in sterile tubes at —80°C until DNA extraction. Genetic
material was acquired by DNA extraction. Approximately 250 mg of
stool was sampled using the DNeasy PowerSoil kit (Qiagen, Hilden,
Germany) following the manufacturer’s recommendations. The
extracted DNA was —20°C until
library preparation.

stored at sequencing

2.6.2 Sequencing library preparation

The fecal microbial component of mice was assessed based on
partial 16S rDNA and 16S rRNA (V4 region) sequences amplified
using a bacterial primer set 515F/806R for each DNA sample (Caporaso
etal, 2011). DNA was quantified on the Qubit® 4.0 equipment using
the dsDNA HS Assay kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Microbiota characterization was performed by
amplification of the bacterial 16S ribosomal V4 region. Using the Q5
High-Fidelity 2x Master Mix kit (New W England Biolabs, Ipswich,
Massachusetts, USA), the primer sequences F515
(5-CACGGTCGKCGGCGCCATT-3"), R806 (5-GGACTACHVGGG
TWTCTAAT-3") and 50 ng of DNA, the bacterial DNA from the mice
microbiota were amplified (Caporaso et al., 2011). Samples were
purified with AMPure XP (Beckman Coulter, Brea, California, USA)
and washed repeatedly with 70% ethanol. The success of the reaction
was determined by the appearance of a positive band of 350 bp
amplified on a 1.25% agarose gel. Library was quantified and created
after measuring the concentration, using the Qubit® 4.0 equipment and
the dsDNA HS Assay kit. The model was performed by the Ion Chef
System (Thermo Fisher Scientific, Waltham, Massachusetts, USA),
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using the Ion 510™ & Jon 520™ & Ton 530™ Chef kit and library pool
at 48pM. Sequencing was performed by an Ion S5 system, using the Ion
S5 Sequencing kit and the Ion 520 Chip, according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.6.3 16S rRNA gene data analysis

16S rRNA gene data, as well as diversity estimates, were
processed and analyzed with Quantitative Insights Into Microbial
Ecology (QIIME 2) software, version 2020.11 (Bolyen et al., 2019).
Demultiplexed sequence data were filtered with DADA2 (using the
q2-dada2 plugin) applying the default parameters: 200 bp length
and an average Phred quality score > 30, to generate amplicon
sequence variants (ASVs) (Callahan et al., 2016). The phylogenetic
tree was constructed by inserting the sequences into the Greengenes
13_8 reference tree, using the q2-fragment-insertion plugin, which
employs the phylogenetic positioning insertion method enabled by
SATé (SEPP) (Mirarab et al., 2011; Janssen et al., 2018). Alpha
diversity metrics (Pielou evenness, Shannon, Simpson, and Chaol
indices, and Faith’s phylogenetic diversity) and beta diversity
metrics (Jaccard distance, Bray—Curtis dissimilarity, Weighted_
unifrac, and Unweighted_unifrac) were calculated using
Q2-diversity after samples were rarefied to 27.745 sequences per
sample (Faith, 1992). Principal Coordinate Analysis (PCoA) plot
for each beta diversity metric was created using EM-peror
(Vazquez-Baeza et al., 2013). ASVs were taxonomically assigned
using the Q2 feature classifier (Bokulich et al., 2018) naive Bayesian
classifier was applied against Greengenes 13_8 reference sequences
with 99% OTUs (Operational Taxonomic Units) (Mandal
etal., 2015).

2.7 Statistical analysis

Data were classified as parametric or nonparametric based on the
Shapiro-Wilks test. When parametric, data were expressed as
mean * standard deviation (SD), when nonparametric, data were
classified as median and interquartile range. For parametric data,
comparisons were performed using the t-test with or without Welch’s
correction. The Mann-Whitney test was applied when data were
nonparametric. The NFD and HFD_Slim groups were compared with
the HFD group. Comparisons between groups were performed using
two-way analysis of variance (two-way ANOVA). Pearson correlation
coefficients were calculated for the correlation between microbiota
parameters and intestinal mucosa morphological structures. R* values
greater than 0.7 and less than —0.7 were considered strong correlations.
The composition of the microbiological organization of the intestinal
mucosa was briefly inferred through different levels of taxonomy, of
which we can mention: phylum, genus, and species. For a-diversity, the
correction of all p-values was performed by the Benjamini-Hochberg
procedure. We compared groups (f-diversity) by permutation-based
multivariate analysis of variance (PERMANOVA) using Bray—Curtis
dissimilarity, Weighted_unifrac, Unweighted, and Jaccard and tested
the homogeneity of variations between the composition of microbiota
communities by PERMDISP (Permutational Analysis of Multivariate
Dispersions). For all analyses, significance was determined as p < 0.05.
Analyses were performed using STATA® 14.0 (Stata Corp. LCC,
College Station, TX, USA) and GraphPad Prism 9.0 (GraphPad
Software, La Jolla, CA, USA) software.
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3 Results

3.1 Slim nutraceutical effects on body
mass, biochemistry parameters, and colon
cytokine analysis after 4 weeks of
supplementation

We observed a significant difference in body weight gain between
the Normal Fat Diet (NFD) and High Fat Diet (HFD) groups during the
14 weeks of the experimental protocol (Supplementary Figures S1A,B).
However, when we compared the groups at baseline (T0—week 10) and
at the end of the supplementation period (T4—week 14), we did not
find any differences (Table 1). While we present statistical differences in
the data, we do not attribute the weight loss to the supplementation.
This is because by the eighth week of the high-fat diet—before the
supplementation began—statistical differences in weight between the
groups were already observed (see Supplementary Figures S1A,B). The
ipGTT and fasting glucose analyses showed statistically significant
differences between the NFD group and the HED groups. There was no
statistically significant difference when comparing the HFD group with
the Slim HFD group (Supplementary Figure S2A).

The NFD group showed lower of cholesterol, HDL-cholesterol and
LDL-cholesterol level when compared with the HFD and HFD_Slim.
VLDL-cholesterol, triglycerides, AST, gamma-GT and urea levels did
not differ between the NFD and HFD groups. We observed lower ALT
level in NFD group when compared with HFD and HFD_Slim (Table 1).

We did not find significant differences between the HFD and
HFD_Slim groups in the parameters of cholesterol, HDL-cholesterol,
LDL-cholesterol, AST, ALT, gamma-GT and urea. We observed
VLDL-cholesterol (p = 0.050) and triglycerides (p > 0.001) lower level
in HFD_Slim group when compared with NFD and HED (p < 0.05;
p >0.001, respectively) groups (Table 1).

We evaluated the levels of the colon cytokines IL-6 and IL-10 and
calculated the IL-6/IL-10 ratio in the colon of the different groups after
4 weeks of supplementation. The levels of the IL-6 cytokine did not
differ significantly between the groups. However, the IL-10 cytokine
levels were significantly higher in the NFD group compared to the
HFD and HFD_Slim groups. Additionally, the IL-6/IL-10 ratio was
elevated in the HFD and HFD_Slim groups compared to the NFD
group (see Supplementary Figures S2D-F).

3.2 Slim nutraceutical reshaped colon
histomorphology in obese mice after
4 weeks of supplementation

The colon histomorphology was evaluated by the external muscular
layer (Supplementary Figure S3A) and the mucosal layer
(Supplementary Figure S3B) which did not differ between the groups.
Morphohistology of the large intestine (colon) was characterized using
hematoxylin and eosin (H&E) staining to evaluate morphology, the
number of goblet cells, Lieberkiihn crypts, and the Auerbach plexus, as
shown in Figure 2A. Remarkably, Goblet cells (Figure 2B) and
Lieberkiihn crypts (Figure 2C) number per linear millimeter was higher
in HFD_Slim mice when compared to HFD animals, p < 0.05 and
P <0.01, respectively. The ratio between the number of Goblet cells and
Lieberkithn crypts (Figure 2D) did not present significant differences

between the groups. We also evaluated the Auerbach plexuses, both in
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TABLE 1 Presentation of body mass data and biochemical parameters of Control and High Fat Diet groups after 4 weeks of supplementation.

Body mass in gram (g)

Time of supplementation

Before (T0)? After (T4)°
NED 2933 4 0.98 30.56 + 1.72 -
HED 40.66 + 3.70 42544339 -
HFD_Slim 35.67 +2.87 35.71+3.30 -

Biochemical data

: NFD vs. NFD vs. HFD vs.

Parameters NFD HFD HFD_Slim HFD HED_Slim  HFD_Slim

Mean + SD Mean + SD Mean + SD p value p value p value
Cholesterol (mg/dL) 137.90 + 33.52 210.90 + 16.52 196.30 % 26.10 <0.001 <0.001 -
HDL-c (mg/dL) 61.00 + 12.66 88.88 + 6.01 77.38 + 10.89 <0.001 <0.05 -
LDL-c (mg/dL) 54.13 +21.75 99.00 + 13.44 98.13 +20.37 <0.001 <0.001 -
VLDL-c (mg/dL) 22.63+1.76 22.88+1.12 20.88 +1.24 - 0.050 <0.05
Triglycerides (mg/dL) 114.50 = 8.31 113.00 % 3.10 104.00 + 5.75 - <0.01 <0.05
Aspartate Transaminase — AST (U/L) 12.38 +5.73 12.38 + 4.56 12.63 +3.54 - - -
Alanine Transaminase — ALT (U/L) 1.71+1.38 11.88 +5.91 11.00 + 30.38 <0.001 <0.001 -
Gamma-GT (U/L) 1.50 + 1.06 2.37 +1.50 1.25+0.88 - - -
Urea (mg/dL) 42.13 £7.69 38.50 + 6.90 33.25+7.70 - - -

“T0 = weight in gram (g) at week 10 before supplementation.
T4 = weight in gram (g) at week 14 after supplementation.

quantity, height, and width per linear mm. We did not observe
significant differences in Auerbach plexuses quantity and height
between the groups (Figure 2F). However, we observed that the
Auerbach plexus width was significantly greater in the HFD_Slim group
than in the HFD group (p < 0.05; Figure 2G). Scatter plot to show the
Auerbach plexus can be seen in Figure 2H. Morphohistological analysis
of Peyer’s patches in the large intestine (colon) was also performed using
H&E staining, as presented in Figure 3A. We evaluated the Peyer’s
patches in terms of quantity, height, and width per linear mm, as shown
in Figures 3B-D. Interestingly, Peyer’s patches were significantly larger
in the HFD_Slim group in quantity, height, and width, when compared
to the HFD group, with p < 0.5 in all parameters. Scatter plot to show
the Peyer’s patches can be seen in Figure 3E.

3.3 Slim nutraceutical recover correlations
in gut microbiota after 4 weeks of
supplementation

We evaluated the obese mice gut microbiota profile (phylum,
genus, species, and a-diversity) Pearson correlation with plasma
lipid profile and colon histomorphology (goblet cells and
Lieberkiihn crypts). We observed a significant positively correlation
between the VLDL-c and triglycerides and the Mucispirillum
(Deferribacteres)
(Mucispirillum), and AF12 genus was correlation with plasmatic
VLDL-c with the HFD group. However, after 4 weeks of the Slim
supplementation this correlation was not observed in Slim_HFD

schaedleri, since phylum and Genus

group, like in NFD group.

Lieberkiithn crypts and Goblet cells in the NFD group shown
statistical correlated positively concomitantly with the phylum
Proteobacteria (phylum), the genera Adlercreutzia, Parabacteroides,
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Leuconostoc, Anaerofustis, Robinsoniella, P. [Clostridium], and
Sutterella (genera), and Leuconostoc mesenteroides, Streptococcus
luteciae, Clostridium symbiosum and Robinsoniella peoriensis (species),
and negatively correlated with a-diversity chaol, observed_features,
and faith_pd. In the HFD group, we observed a positive correlation
between Lieberkiihn crypts and Goblet cells and the Parabacteroides
and Bilophila genera. Goblet cells were also positively correlated with
Leuconostoc. Interestingly, we did not observe significance correlations
in the HFD_Slim group (Figure 4A). Sankey diagram showed flow and
connections between phylum, genus, and species relative abundance
in the gut microbiota groups in the groups (Figure 4B). We can
observed the efficiency of Slim supplementation increasing the
abundance of species in HFD_Slim group when compared with the
other groups (Figure 4B). Main observations in the HFD_Slim group
was able to decrease the gut microbiota abundance of Cyanobacteria
and Deferribacteres phyla, Oscillospira, P. [Prevotella], Alistipes,
Bilophila, AF12, Coprococcus, Adlercreutzia, Dehalobacterium and
Mucispirillum genera; and Alistipes finegoldii and Mucispirillum
schaedleri species. However, Slim HFD increased Proteobacteria
phylum, Parabacteroides, Sutterella, Anaerofustis, Robinsoniella,
P. [Clostridium]genera, and Clostridium symbiosum and Robinsoniella
peoriensis species when compared to the HFD group (Figure 4B).

3.4 Slim nutraceutical modulates alpha and
beta diversity in obese mice after 4 weeks
of supplementation

We observed significant differences in alpha diversity indexes ()
between the HFD and HFD_Slim groups. Specifically, Chaol
(p <0.0001), Observed_Features (p < 0.0001), Faith’s phylogenetic
diversity (p < 0.0001), and Shannon entropy (p < 0.01) were all notably
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Assessment of histomorphological changes in the colon of control and high-fat diet groups after 4 weeks of supplementation. The H&E in stain shows
(A) representative histological images of the colon. The graphics show (B) number of Goblet cells; (C) crypts of Lieberkihn; (D) ratio between the
number of Goblet cells and crypts of Lieberkuhn; (E) Auerbach plexus; (F) Auerbach plexus height (G) Auerbach plexus width (H) Scatter plot
representing the Auerbach plexus. Scale bar = 0.050 mm, 200X magnifications. Statistical analyses were performed using the student’s t-test or
Kruskal-Wallis test. Data are represented as mean + SD. n = 7-8 animals per group. Differences were calculated about the HFD group. *p < 0.05;

**p < 0.01. NFD, Non-Fat Diet; HFD, High Fat Diet; HFD_Slim, High Fat Diet Slim; mm, millimeters. Goblet cells, yellow arrows; Auerbach plexus, blue

lower in the HFD_Slim group when compared with HFD. The analysis
showed no differences between the groups regarding the Pielou
Evenness and Simpson parameters (Figure 5A).

B diversity comparisons were evaluated using various methods:
Bray-Curtis dissimilarity analysis, which considers abundances but
not phylogenetic relationships; Unweighted UniFrac and Weighted
UniFrac, which incorporate phylogenetic information; and the
Jaccard index, which ignores exact abundances and focuses solely on
presence/absence values. These analyses were visualized through
Principal Coordinate Analysis (PCoA) plots, which indicated
whether the samples clustered according to their bacterial
composition (Figure 5B). Comparisons of p-diversity indicated
significant differences in the composition of the mouse microbiota
between the groups evaluated, as shown in Figure 5B. The differences
that were found are established at the phylogenetic level.
PERMANOVA indicated significant differences in f-diversity [Bray-
curtis: HFD versus NFD p < 0.046 and HFD versus HFD_Slim
(p <0.002); Jaccard: HFD versus NFD p < 0.001 and HFD versus
HFD_Slim (p <0.001); Weighted_unifrac: HFD versus NFD
p <0.272 and HFD versus HFD_Slim (p < 0.075); Unweighted_
unifrac: HFD versus NFD p < 0.001 and HFD versus HFD_Slim
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(p<0.001) (Figure 5B)]. PERMDISP did not show significant
differences in beta diversity [Bray-Curtis: HFD versus NFD p < 0.915
and HFD versus HFD_Slim (p < 0.796); Jaccard: HFD versus NFD
p <0.811 and HED versus HFD_Slim (p < 0.072); Weighted_unifrac:
HED versus NFD p < 0.519 and HFD versus HFD_Slim (p < 0.462);
Unweighted_unifrac: HFD versus NFD p < 1.000 and HFD versus
HFD_Slim (p <0.732) (Figure 5B)]. ANOSIM did not show
significant differences in beta diversity [Bray-Curtis: HFD versus
NED p < 0.046 and HFD versus HFD_Slim (p < 0.002); Jaccard: HFD
versus NFD p <0.001 and HFD versus HFD_Slim (p < 0.001);
Weighted_unifrac: HFD versus NFD p < 0.208 and HFD versus
HFD_Slim (p < 0.033); Unweighted_unifrac: HFD versus NFD
P <0.002 and HFD versus HFD_Slim (p < 0.001) (Figure 5B)].

3.5 Slim nutraceutical influences gut
microbiota in obese mice after 4 weeks of
supplementation

Relative abundance of the gut microbiota phyla (Figure 6A). After
4 weeks of supplementation, we observed the abundance decrease
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FIGURE 3

Height mm

Peyer’s patches histomorphometry in the colon of Control and High-Fat Diet groups after 4 weeks of supplementation. The H&E in stain shows
(A) representative histological images of the colon. The graphics show (B) Peyer's patches; (C) Peyer's patches height; (D) Peyer's patches width;
(E) Scatter plot representing Peyer's patches. Scale bar = 0.050 mm, 200X and 400X magnifications. Statistical analyses were performed using the
student'’s t-test or Kruskal-Wallis test. Data are represented as mean + SD. n = 7-8 animals per group. Differences were calculated about the HFD
group. *p < 0.05; NFD, Non-Fat Diet; HFD, High Fat Diet; HFD_Slim, High Fat Diet Slim; Dashed white, Peyer's patches area.
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Cyanobacteria (p <0.001) and Deferribacteres (p <0.05), and
increased in the Proteobacteria (p < 0.05) in in the gut microbiota
composition of the HFD_Slim when compared to the HFD group
(Figure 6B). Tenericutes (p < 0.05) abundance was increase in NFD
group when compared to the HED group (Figure 6B).

Relative abundance of the gut microbiota genera (Figure 7A).
We observed abundance decrease in Oscillospira (p < 0.05),
Lactobacillus (p < 0.05), Bilophila (p < 0.05), Desulfovibrio (p < 0.05),
R. Ruminococcus (p < 0.05), Leuconostoc (p < 0.05), and abundance
increase in Anaerovorax (p < 0.05) in NFD group when compared
with the HFD group (Figure 7B). After 4 weeks of the Slim
supplementation was able to decrease Oscillospira (p < 0.001),
P. [Prevotella] (p < 0.01), Alistipes (p < 0.05), Bilophila (p < 0.01), AF12
(p <0.001), Coprococcus (p <0.001), Adlercreutzia (p <0.01),
Dehalobacterium (p < 0.01), Mucispirillum (p < 0.001) and increase
Parabacteroides (p < 0.05), Sutterella (p <0.001), Anaerofustis
(p < 0.05), Robinsoniella (p <0.01), P. [Clostridium] (p < 0.05) gut
microbiota abundance when compared with the HFD group
(Figure 7B).

LEfSe is an algorithm for high-dimensional biomarker discovery
that identifies genomic features, such as genes, pathways, or taxa,
characterizing differences between multiple biological conditions or
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classes (Figure 8). LEfSe analysis was used to identify the primary
phylotypes responsible for the differences between the groups. This
analysis helped to discern significantly and biologically distinct
features, considering the importance of these effects and allowing for
the identification of differentially abundant features (Segata et al.,
2011). Linear discriminant analysis (LDA), combined with effect size
measures (LEfSe) and derived cladogram, shows the significantly
abundant bacterial taxa belonging to the NFD, HFD, and HFD_Slim
groups (Figures 8A,B). The HFD_Slim supplementation was able to
rise the Eubacterium; Akkermansia; Clostridium; Enterococcus;
Robinsoniella; Sutterella; Anaerofustis; and Clostridium genera, and
Erysipelotrichaceae family. The Prevotella; Turicibacter; Coprococcus;
Jeotgalicoccus; Clostridium; Anaerovorax genera were observed in the
composition of the relative abundance of the microbiota of the NFD
group while the Oscillospira; Ruminococcus; Allosprirae; Bilophila;
AF12; Mucispirillum; Dehalobacterium; Leuconostoc genera were
observed in the composition of the relative abundance of the
microbiota of the HFD group (Figure 8B). The HFD_Slim group
showed Mucispirillum schaedleri (p <0.05), Alistipes finegoldii
(p <0.05) abundance decreased, and Clostridium symbiosum
(p<0.05), and Robinsoniella peoriensis (p <0.05) abundance
decreased when compared to the HFD group (Figure 8C). Leuconostoc
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Alpha diversity (@) and beta diversity (B) in the gut microbiota in the Control and High-Fat Diet groups after 4 weeks of supplementation. (A) Alpha
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High Fat Diet; HFD_Slim, High Fat Diet Slim.
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mesenteroides (p < 0.05), Streptococcus luteciae (p <0.05) and
Desulfovibrio C21_c20 (p < 0.05) genera showed abundance decreased
in NFD group compared to HFD group (Figure 8C).

4 Discussion

Bioactive compounds have shown potential as -effective
interventions to restore intestinal microbiota balance in obesity-
related dysbiosis. The growing trend of using plant- and food-derived
nutraceuticals as a complementary approach to treating health
conditions reflects a shift toward more natural solutions (Rajapakse
and Gantenbein, 2024). Our recent studies, both preclinical and
clinical, have shown promising results in improving parameters
related to obesity and overweight, especially through modulations in
the intestinal microbiota with the use of nutraceutical compositions
containing prebiotics, minerals, f-glucans and silymarin (Nehmi et al.,
2021; Santamarina et al., 2022, 2024; Nehmi-Filho et al., 2023a,
2023b). In order to propose a nutraceutical formulation with a new
diversity of active ingredients, we evaluated an innovative formulation
named Slim, containing beet pulp, coenzyme QI0, berberine,
prebiotics (fructooligosaccharides and galactooligosaccharides),
minerals (selenium and chromium), and yeast pB-glucans (from
Saccharomyces cerevisiae), on the lipid profile, colon histomorphology
shape, and in the gut microbiota in a high-fat diet obese mice.

The Slim supplement was formulated based on its components’
functions and their synergistic effects. Berberine, a plant alkaloid from
Berberis vulgaris Rupr., is recognized for a bioactive improvement
metabolic syndrome like insulin sensitive, and anti-inflammatory
effect on gut microbiota (Cheng et al., 2009; Habtemariam, 2020;
Zhang et al., 2021). Beet pulp powder, rich in fiber and antioxidant
compounds, like betaine, not only promotes intestinal health but also
exerts prebiotic effects, encouraging the growth of beneficial bacteria
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(Prandi et al,, 2018; Adekolurejo et al., 2023). Coenzyme QI0, a
powerful antioxidant, protects against oxidative stress and improves
mitochondrial function, crucial factors for metabolic.

One of our key objectives was to propose a formulation to achieve
weight loss or reduce weight gain in obese mice model. While
we observed this outcome in our previous studies (Nehmi et al., 2021),
we did not see the same effect with the Slim supplement (see
Supplementary Figure 1). However, we did note a reduction in plasma
levels of VLDL cholesterol, triglycerides, and HDL cholesterol
(Table 1), which supports our preclinical findings in the same high-fat
diet-induced obesity model (see our first and second papers).

In our investigation of the Slim nutraceutical effects on lipid
metabolism, we decided to assess the histomorphology of the colon.
This choice is based on the understanding that prebiotic nutraceuticals
influence not only the intestinal microbiota but also the host
microenvironment (Santamarina et al., 2022). It is known that large
intestine (colon) histomorphology and microbiota of the mice fed a
high-fat diet significantly differ when compared with mice fed with
normal-calorie diet (Paresque et al., 2013; John and Mullin, 2016;
Nehmi-Filho et al., 2023a).

Goblet cells play a vital role in the production and secretion of
mucus in the intestine. This mucus is crucial for maintaining the
integrity of the intestinal barrier (Yang and Yu, 2021). It forms a
hydrophobic barrier in the intestinal mucosa that reduces fat
absorption (Lichtenberger, 1995) while enhancing nutrient uptake and
supporting metabolic homeostasis. Our results showed that obese mice
receiving Slim supplementation exhibited a significant increase in both
Goblet cells and Lieberkiihn crypts compared to those on a high-fat
diet (HFD) (Figures 2B,C). This increase may explain the observed
reduction in plasma VLDL-c and triglycerides in Slim HFD (Table 1).

We observed a positive Pearson correlation between the
Parabacteroides and Bilophila genera with Goblet cells and
Lieberkiithn crypts in the high-fat diet (HFD) group (Figure 4A).
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Parabacteroides is associated with the fermentation of complex
polysaccharides and producing short-chain fatty acids (SCFAs), such
as propionate (Medawar et al., 2021). Bilophila spp., a sulfate-reducing
bacteria (SRB) seems to reduce butyrate-producing bacteria level (Ye
et al., 2018). We observed a decreased and increased abundance in
these genera, respectively, in the HFD group and an inverse result in
the NFD and Slim HED group after 4 weeks (Figure 4A). Mucispirillum
schaedleri, a marker of a high-fat diet, showed a positive Pearson
correlation with VLDL cholesterol and triglyceride levels, even as in
the Mucispirillum genus in the HFD group, but we did not observe this
phenotype in the NFD and HFD_Slim groups (Figure 4A). These
results suggest a recovery of histomorphology and modulation of gut
microbiota, supporting the known interrelation between the gut
microbiota and the host microenvironment.

Obesity and high-fat diets can negatively impact gut-associated
lymphoid tissue (GALT), including Peyer’s patches (Jung et al., 2010;
Leocadio et al., 2020). These factors contribute to chronic inflammation,
reduced motility, and dysfunction of the enteric nervous system (ENS)
(McMenamin et al,, 2018; Miron, 2019), which may result in
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constipation and bacterial overgrowth. Peyer’s patches are crucial for
mucosal immune responses, while Auerbach’s plexus is a network
within the ENS that is essential for intestinal motility (Sharkey and
Mawe, 2023). After 4 weeks of Slim supplementation, both Peyer’s
patches (Figure 3B) and Auerbach’s plexus (Figure 2E) showed
significant expansion. One noteworthy observation was that the anti-
inflammatory effects of the components in the Slim formulation did
not appear to impact the intestinal microenvironment, including
histomorphology and microbiota. Although the Slim formulation
contains anti-inflammatory characteristics, the analysis of the cytokines
IL-6 and IL-10 in the colon of the treated groups showed no significant
changes due to the supplement (Supplementary Figures S2D-F).
Lower alpha diversity is often associated with intestinal dysbiosis
(Sharma et al., 2023), which may contribute to the development and
persistence of obesity. However, in certain contexts, a reduction in
alpha diversity can indicate a healthier state and a lower risk of
complications and infections (The Human Microbiome Project
Consortium, 2012; Baud et al., 2023). On the other hand, some studies
suggest that increased alpha diversity might be linked to adverse
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group. #p < 0.01 - significant difference between NFD and HFD;

*p < 0.05, **p < 0.01, and ***p < 0.001 - significant difference
between HFD_Slim and HFD. NFD, Non-Fat Diet; HFD, High Fat Diet;
HFD_Slim, High Fat Diet Slim.

outcomes (Kupritz et al., 2021). In contrast, beta diversity plays a
critical role in understanding regional diversity, as it measures the
similarity or dissimilarity between pairs of microbiomes (Su, 2021).
We obtained some intriguing results with the Slim supplement
(Figure 5B), which contradicted our earlier studies that utilized a
different type of polyphenol (Nehmi-Filho et al., 2023a; Nehmi-Filho
etal, 2024). In the HFD_Slim group, we observed a decrease in alpha
diversity (diversity within each group) and an increase in beta
diversity (diversity between groups) (Figures 5A,B). This indicates that
the nutraceutical was able to modulate diversity when compared to
the different groups evaluated.

Proteobacteria phylum is thought to play a key role in preparing the
gut for intestinal mucosalization by strictly anaerobic bacteria necessary
for healthy gut function by consuming oxygen and reducing the redox
potential in the gut environment (Moon et al., 2018). The Proteobacteria
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abundance augmented (Figure 4A) indicates that the positive effects
observed on gut diversity, histomorphology, and lipid metabolism,
along with the reduction of the phyla Cyanobacteria and Deferribacteres
after Slim supplementation, may be linked to the potential duplibiotic
effect from the supplement (Figure 4A). This effect is believed to arise
from the polyphenols in Beet pulp and Berberine (Habtemariam, 2020),
which may exert an antimicrobial action to control and inhibit the
growth of pathogenic bacteria while also having a prebiotic effect that
stimulates the growth of beneficial, commensal bacteria (Wang et al.,
2023; Rodriguez-Daza et al., 2021). Furthermore, polyphenols can
alleviate metabolic diseases, increase mucus production, and promote
the secretion of antimicrobial peptides (Rodriguez-Daza et al., 2021).
Although the duplibiotic effect should not be mitigated, we believe the
results obtained were due to the combination of active ingredients
rather than any single isolated compound. This conclusion is supported
by the fact that the suggested quantities of components, such as FOS
and GOS, were below those recommended in the literature (Sabater-
Molina et al., 2009; Tonon et al., 2021).

The Slim supplement shows its prebiotic effect in increasing
the abundance of important genera that bring benefits in
improving conditions associated with the obesity-induced model
(Figure 7A). Desulfovibrio is a potent generator of acetic acid,
which showed significant anti-NAFLD (Non-alcoholic fatty liver
disease) effects in HFD-fed mice (Hong et al., 2021). Sutterela
shows the ability to adhere to intestinal epithelial cells, indicating
that they may have an immunomodulatory role (Hiippala et al.,
2016). Parabacteroides is associated with the fermentation of
complex polysaccharides and producing short-chain fatty acids
(SCFAs), such as propionate (Medawar et al., 2021; Figure 7B).
Akkermancy, a genus that plays a role in the renewal and
production of mucin, can also influence the differentiation of
Paneth and Goblet cells in the small intestine (Schneeberger et al.,
2015; Kim et al., 2021). In our experiment, we observed an increase
in these cell types in the colon, suggesting that Akkermancy may
modulate their development (Figure 8B). The antibiotic effect of
the Slim formulation was evident in the reduction of the genera
Bilophila (Ye et al., 2018) and Mucispirillum (Herp et al., 2021).
These genera are responsible for lowering the levels of butyrate-
producing bacteria (BPB) and for degrading mucin, respectively
(Figure 7B). The Slim supplement was able to influence some
bacterium species that bring benefits in obese mice model
increasing Desulfovibrio C21-C20, Clostridium symbiosum (Luo
et al., 2023), and reducing Mucispirillum schaedleri (Loy et al.,
2017), Alistipes finegoldii (Parker et al., 2020; Figure 8C) that seems
involved in homeostasis breakdown in obese-gut microbiota.

5 Conclusion

In conclusion, the findings of our study support the potential of
Slim as a nutraceutical intervention for obesity-related dysbiosis,
enhancing gut health and mitigating some of the metabolic disruptions
caused by high-fat diets. Although our findings are promising,
we acknowledge several limitations in this study. First, it was not
possible to assess the individual effects of beet pulp, coenzyme Q10,
and berberine. Second, we were unable to measure short-chain fatty
acids in the fecal samples of the experimental groups. While our
sample size was adequate, a larger sample size would enhance the
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robustness of the study and increase confidence in the reproducibility
of our results. Additionally, a more in-depth evaluation of the
intestinal barrier is needed to better understand its function. Future
studies in both animal and human models will be essential to address
these important questions.
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