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Purpose: Polygala tenuifolia Willd. (PT), a traditional Chinese medicinal plant extensively employed in managing Alzheimer’s
disease, exhibits notable gastrointestinal side effects as highlighted by prior investigations. In contrast, Magnolia officinalis Rehd. et
Wils (MO), a traditional remedy for gastrointestinal ailments, shows promising potential for ameliorating this adverse effect of PT. The
objective of this study is to examine the underlying mechanism of MO in alleviating the side effects of PT.

Methods: Hematoxylin-eosin (H&E) staining was used to observe the structural damage of zebrafish intestine, and enzyme-linked
immunosorbent assay (ELISA) was used to detect the levels of inflammatory factors and oxidative stress. The integrity of the intestinal
tight junctions was examined using transmission electron microscope (TEM). Moreover, the expression of intestinal barrier genes and
PI3K/AKT/NF-kB signaling pathway-related genes was determined through quantitative real-time PCR. The changes in intestinal
microbial composition were analyzed using 16S rRNA and metagenomic techniques.

Results: MO effectively ameliorated intestinal pathological damage and barrier gene expression, and significantly alleviated intestinal
injury by reducing the expression of inflammatory cytokines IL-1B, IL-6, TNF-a, and inhibiting the activation of PI3K/AKT/NF-xB
pathway. Furthermore, MO could significantly increase the relative abundance of beneficial microorganisms (Lactobacillus, Blautia
and Saccharomyces cerevisiae), and reduce the relative abundance of pathogenic bacteria (Plesiomonas and Aeromonas).
Conclusion: MO alleviated PT-induced intestinal injury, and its mechanism may be related to the inhibition of PI3K/AKT/NF-kB
pathway activation and regulation of intestinal flora.
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Introduction

As a traditional Chinese medicine (TCM), Polygala Tenuifolia (PT, Yuan zhi in Chinese) is the dried root of Polygala
Tenuifolia Willd. It has been widely utilized in the treatment of Alzheimer’s disease, depression, anxiety, and insomnia.'*
However, previous research has highlighted the severe gastrointestinal toxicity associated with PT, leading to gastro-
intestinal motility disorders, mucosal damage, and even death in mice.> > Additionally, saponins have been identified as
the primary toxic components of PT, significantly hampering its application and development.®® Magnolia Officinalis
Cortex (Magnolia Officinalis Rehd.et Wils, MO, Hou po in Chinese) has been extensively used in Asia for approximately
2000 years, primarily for the treatment of gastrointestinal diseases.” Previous studies have explored the use of Aurantii
Fructus Immatyrus, Acori Tatarinowii Rhizoma, MO, and Glycyrrhizae Radix et Rhizomawere in addressing the
gastrointestinal side effects of PT.>'*!" Among these, MO has shown the most promising effect, although its mechanism
of action remains unclear.
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Increasing evidence suggests a significant correlation between the disruption of gut microbial homeostasis and
gastrointestinal disorders.'*'* Intestinal microbial regulation may become a potential new protocol for preventing
intestinal injury.'> MO exhibits a wide range of antibacterial activity, enabling it to resist the invasion of pathogenic
microorganisms. Supplementation with magnolol can significantly increase the relative abundance of beneficial bacteria
in weaned piglets.'® Magnolol can alleviate S.pullorum-induced intestinal villus structure damage by regulating intestinal
flora.'” The efficacy of MO in regulating the composition of intestinal flora is acknowledged as a potent therapeutic
approach for addressing intestinal damage.'®"®

Intestinal injury encompasses various aspects, including damage to the intestinal mucosal barrier and disruption of
intestinal immune responses. This is primarily characterized by tight junction damage, disorders in the secretion of
inflammatory factors, oxidative stress, and disruptions in intestinal flora.”?' A substantial body of evidence suggests the
involvement of the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and nuclear factor kappa B (NF-xB)
pathways in the pathogenesis of gastrointestinal diseases.”> >* Additionally, network pharmacology predictions under-
score the significance of the PI3K/AKT signaling pathway in gastrointestinal diseases.>>2® The PI3K/AKT pathway plays
a crucial role in repairing intestinal mucosal damage by regulating the synthesis of intestinal tight junction proteins (TJP)
and maintaining intestinal barrier integrity, thereby improving intestinal barrier function.”” 2’ Previous studies have
demonstrated that upregulation of the PI3K/AKT/mTOR pathway accelerates LPS-induced intestinal mucosal cell
damage, while inhibiting the PI3K/AKT pathway is beneficial for inflammation suppression, enhancing the integrity of
intercellular connections in Caco-2 cells and TIPs expression.* > Inhibiting PI3K/AKT signaling transduction can
ameliorate colonic injury.”* > NF-xB is a crucial transcription factor involved in the inflammatory response, regulating
various inflammatory cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and interleukin-1p (IL-
1B).*® Therefore, inhibition of NF-kB signaling pathway is the key to reducing inflammation. Evidence suggests that the
NF-kB pathway may be activated by the PI3K/AKT pathway, and inhibition of the PI3K/AKT signaling pathway may
lead to the blockade of NF-kB activation.>'*” The involvement of the PI3K/AKT/NF-kB pathway in the pathogenesis of
gastrointestinal diseases is evident, and its activation is significantly associated with intestinal barrier damage.*®
Experimental studies have shown that inhibition of the PI3K/AKT/NF-kB pathway can suppress inflammation and
intestinal mucosal barrier damage, exerting a protective effect on the intestine.**** Magnolol and honokiol, the main
active components of MO extract, possess various pharmacological activities such as regulating gastrointestinal motility,
anti-inflammatory, and anti-oxidative stress effects.* Moreover, MO can repair mucosal damage, protect the intestinal
barrier, and regulate intestinal homeostasis.*>*' Magnolol reduces intestinal injury by regulating the expression of TNF-
a, IL-1B, and IL-12 through the NF-kB pathway, while honokiol can reduce colitis in mice by inhibiting the NF-xB
signaling pathway.**** Additionally, magnolol can inhibit the PI3K/AKT signaling pathway, as evidenced by molecular
docking studies showing a strong binding force between magnolol and PI3K.*>*® Therefore, inhibiting the PI3K/AKT/
NF-«xB pathway may be an effective approach for treating intestinal injury.

Although PT is widely used in medicine, its gastrointestinal side effects have restricted the development and
application of new products. Previous studies on the side effects of PT are limited, mainly focusing on gastrointestinal
motility disorders, with inadequate research on its damage to intestinal mucosa. Additionally, most studies on the gut
microbiota and gastrointestinal diseases have been limited to bacterial aspects. In this study, we explored the efficacy and
mechanism of MO in alleviating PT-induced intestinal mucosal damage from multiple perspectives, including inflamma-
tion response, oxidative stress, intestinal barrier, gut microbiota (including bacteria and fungi), and signaling pathways
validation. This study provides experimental evidence for the rational and safe use of PT.

Materials and Methods

Chemicals and Reagents

Dimethyl sulfoxide (DMSO, batch number: 2021082402), methyl alcohol (batch number: 2022032801), and formic acid
(batch number: 2022112001) were purchased from Chengdu Cologne Chemicals Co., Ltd (Sichuan, China). Acetonitrile
(Lot No: RBXA1H) was obtained from SK chemicals (Gyeonggi-do, South Korea). Tricaine methanesulfonate (MS-222,
RH317149) was sourced from Shanghai Yien Chemical Technology Co., Ltd (Shanghai, China). The Soluble Protein
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content (SP) kit (ADS-W-SP002) was provided by Jiangsu Aidisheng Biological Technology Co., Ltd (Jiangsu, China).
Zebrafish TNF-a (Lot No: F69008-A), IL-6 (Lot No: F69060-A), IL-1B (Lot No: F69010-A), superoxide dismutase
(SOD, Lot No: F69145-A), catalase (CAT, Lot No: F69795-A), glutathione peroxidase (GSH-Px, Lot No: F69800-A),
and malondialdehyde (MDA, Lot No: F69791-A) kits were procured from Shanghai Fanke Industrial Co., Ltd (Shanghai,
China). The Animal Total RNA Isolation Kit (Lot. No. R230401), RT Easy™ II (Lot. No. 230501), and Real Time PCR
Easy™-SYBR Green I (Lot. No. P230501) were purchased from Chengdu Foregene Co., Ltd (Sichuan, China).

Plant Materials and Ethanolic Extracts Preparation

PT (batch number: 21040101) and MO (batch number: 21060106) were purchased from Sichuan Guoqiang Chinese
Herbal Pieces Co., Ltd (Sichuan, China). These batches of PT (report no. 5-273-02-21040101) and MO (report no. 5—
259-02-21060106) were found to comply with the standards outlined in the 2020 edition of the Pharmacopoeia of the
People’s Republic of China (PhC). The herbs were individually powdered and sieved through a No.3 sieve. Subsequently,
200 g of PT and 400 g of MO were each subjected to extraction using a 20-fold volume of 90% ethanol under reflux for
three cycles, with each cycle lasting 2 h. The resulting concentrated alcoholic extract underwent filtration and compres-
sion using rotary steam under reduced pressure at a temperature of 60°C to obtain a solid substance. The yield was
calculated, and the resulting product was stored at —80°C.

Ultra-High Performance Liquid Chromatography-Tandem Triple Quadrupole Mass

Spectrometry (UPLC-MS/MS)

Dissolved PT, MO and PT-MO in 70% methanol, respectively, then filtered with 0.22 pm membranes. A discovery was
made within the electrospray ionization (ESI) feature of an ultra-high performance liquid chromatography system
(Vanquish, Thermo Scientific, Waltham, MA, USA) coupled with a triple quadrupole mass spectrometry instrument
(TSQ Fortis, Thermo Scientific, Waltham, MA, USA). Samples were separated on an Accucore C;g column (3 x
100 mm, 2.6 pm) at 40°C, with a flow rate of 0.2 mL/min and a sample volume of 5 pL. The mobile phase comprised
two components: (A) 0.1% formic acid in water and (B) acetonitrile. Gradient elution was achieved using the following
procedure: 0-5 min, 2%-10% B; 5-15 min, 10%-30% B; 15-20 min, 30%-50% B; 20-25 min, 50%-70% B; 25-30
min, 70%-95% B; 30-35 min, 95% B. The MS system conditions were as follows: positive ionization at 4000 V, negative
ionization at 3500 V, sheath gas at 35 kpa, auxiliary gas at 10 kpa, and gas temperature at 350°C. The data were analyzed
using Thermo Scientific Xcalibur (v4.2).

Animals and Experiment

The 3-month-old wild AB zebrafish were purchased from Shanghai Fishbio Co., Ltd (Shanghai, China) and reared in
a zebrafish culture system for 7 days. The room temperature was maintained at 28 + 0.5°C, while the pH value was
controlled within the range of 7.4-7.5, and the conductivity was maintained between 500-550 us/cm. Light and dark
cycles were alternated for 14 h of light followed by 10 h of darkness, and the zebrafish were fed with artemia at 9:00 AM
and 5:00 PM daily. All experimental procedures were approved by the Laboratory Animal Ethics Committee of Chengdu
University of TCM (2019-35).

After adaptive feeding, some of the zebrafish were mated, and the fertilized embryos were used to measure gastro-
intestinal motility. The remaining zebrafish were divided into 11 groups in a randomized manner: the control group, the
vehicle control (DMSO) group, the PT (2.5 pg/mL, 5 pg/mL, 10 pg/mL) groups, the MO (5 pg/mL, 10 pg/mL, 20 pg/mL)
groups, and the PT-MO (2.5 + 5 pg/mL, 5 + 10 pg/mL, 10 + 20 pg/mL) groups, each containing 60 zebrafish. Zebrafish
were continuously exposed to the solution for 3 days, with half of the exposure solution replaced daily. All groups except
the group control contained 0.1% DMSO, the control group was exposed to zebrafish aquaculture water, and the DMSO
group was exposed to 0.1% DMSO solution. The final volume of solution for all groups remained consistent.

On the 4th day, zebrafish were anesthetized with MS-222 and euthanized in an ice bath. Subsequently, the zebrafish
intestine and its contents were collected under sterile conditions. Some tissues were fixed in 4% paraformaldehyde
solution for subsequent hematoxylin and eosin (H&E) staining, while others were fixed in 3% glutaraldehyde for
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transmission electron microscopy observation. The remaining intestinal tissues and their respective contents were
adequately stored at —80°C. Intestinal contents were utilized for the detection of 16S rRNA and metagenomics, whereas
intestinal tissues were employed for enzyme-linked immunosorbent assay (ELISA) and quantitative real-time polymerase
chain reaction (qQRT-PCR).

Gastrointestinal Motility Analysis

Based on the method outlined by Zhou and Wang et al,*’** fertilized embryos should be transferred to 6-well plates on
the 5th day of development, with 30 embryos per well. After the fertilized embryos develop to the 5th day, they should be
transferred to 6-well plate, 30 tails in each well. Following 16 h of exposure to Nile red solution, the solution is removed,
and 3 mL of different drug concentrations are added to each well. Subsequently, photographs are captured using a Leica
microscope after 6 h, and the fluorescence intensity of the intestinal tract is analyzed using Image J (NIH, Bethesda,
USA). Quantitative assessment is then conducted to evaluate the medication’s impact on zebrafish intestinal motility,
utilizing the total fluorescence signal derived from the intestine.

Histological Analysis
Following fixation in a 4% paraformaldehyde solution for 48 h, the tissues were dehydrated, embedded, sectioned, and
stained using the H&E technique. The photomicrographs were obtained using HS6 microscope (sunny, HK, China).
After immersion in a solution containing 3% glutaraldehyde, the tissues were fixed with 1% osmium tetroxide.
Subsequently, they were dehydrated through a series of acetone washes and infiltrated with Epoxy embedding medium
(Epox) 812 for an extended period. Once fully embedded, semithin sections were stained with methylene blue, while
ultrathin sections were carefully sliced using a diamond knife and then stained with uranyl acetate and lead citrate.
Finally, the sections were examined using a JEM-1400-FLASH TEM (JEOL, Japan).

16S rRNA Sequencing of the Gut Microbiota

DNA extraction from the intestinal contents was performed using the MagPure Stool DNA KF Kit B (Magen Biotechnology,
MD5115-02B). The concentration of DNA was determined using the Qubit™ dsDNA BR Assay Kit (Invitrogen, Q32850).
The V3-V4 region of bacterial 16S rRNA was targeted for amplification using the 338F forward primer (5°-
ACTCCTACGGGGAGGCAGCAG-3") and the 806R reverse primer (5-GGACTACHVGGGTWTCTAAT-3).
Purification of PCR amplification products was achieved with Agen court AM Pure XP magnetic beads, followed by
dissolution in Elution Buffer. The library construction utilized the Miseq Reagent Kit v3, with subsequent double-ended
sequencing on the BGISEQ platform (BGI, Shenzhen, China) generating paired-end reads of 2x300 bp. Raw offline data in
fq format were processed using fastqc software (v0.1.2) for each fq file. Data filtering was then conducted, and Fast Length
Adjustment of Short reads (FLASH, v1.2.11) was employed to establish the overlapping relationship and assemble the read
pairs into Tags. Subsequently, USEARCH (v7.0.1090) was utilized to cluster Tags with 97% similarity into operational
taxonomic units (OTUs). Finally, species annotation was performed based on the RDP Release (v11.5, 20160930) database.

Metagenomics Sequencing of the Gut Microbiota

The extraction of total DNA from zebrafish intestinal contents was performed using the Mag Pure Stool DNA KF Kit
B (Magen Biotechnology, MD5115-02B). Subsequently, the DNA samples meeting quality standards underwent ultra-
sonic fragmentation. The fragmented samples then underwent magnetic bead fragment selection, repair of DNA ends,
and addition of A bases at the 3’ end. The resulting product was then amplified to create a library for sequencing. The
initial data was provided in fq format and underwent filtering and quality control using SOAP nuke (v1.5.0) software.
Host sequence comparison and removal were conducted using Bowtie2 (v2.2.5), resulting in the generation of Clean
Data. The Clean Data, which had undergone quality control and host sequence removal, was subjected to de novo
assembly using the MEGAHIT assembly software. Following assembly, the Meta Gene Mark software was employed to
predict gene sequences within the contigs. To eliminate redundancy in the gene prediction results, CD-HIT software was
utilized. Finally, the Salmon software was employed to calculate the relative abundance of each gene.
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Detection of Inflammatory Cytokines and Antioxidant Enzymes by ELISA

Zebrafish intestinal tissues were weighed and homogenized normal saline solution at a 1:10 ratio. After centrifugating,
the supernatant was collected to determine the protein concentration. Subsequently, the levels of inflammatory cytokines
and antioxidant enzymes in the intestinal tissues were measured according to the manufacturer’s instructions provided
with the ELISA Kkits.

gRT-PCR

The Animal Total RNA Isolation Kit was utilized to extract total RNA from intestinal tissues. Subsequently, it was
reverse transcribed into cDNA using RT Easy™ II. For qRT-PCR analysis, the provided instructions with Real Time PCR
Easy™-SYBR Green I were strictly followed. The reaction procedure included pre-denaturation (95°C, 3 min),
denaturation (95°C, 10s), annealing (60°C, 10s), extend (72°C, 20s), and an amplification program consisting of 40
cycles. Additionally, the default melting point curve was utilized. The relative levels of mRNA expression were

2*AACT

determined using the method. Specific primer sequences employed in this experiment can be found in Table 1.

Statistical Analysis

The SPSS 26.0 software (IBM Corp., Armonk, NY, USA) was utilized for significant difference analysis. One-way analysis
of variance (ANOVA) was employed to analyze differences between multiple groups. P < 0.05 or P < 0.01 was considered
statistically significant. Data visualization was conducted using GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA).

Result
UPLC-MS/MS Analysis

Qualitative analysis of the extracts revealed representative components in PT and MO, identified by comparing their
mass-to-charge ratios with those of reference standards. In PT, the representative components included tenuifolin,
polygalaxanthone III, 3.6’-disinapoyl sucrose, and polygalacic acid (Figure 1A and B), while in MO, representative
components included magnolol and honokiol (Figure 1C and D). Interestingly, these components were also detected in
the PT-MO combination (Figure 1E and F).

MO Ameliorated PT-Induced Intestinal Motility Disorder in Zebrafish

The fluorescence intensity reflects the level of intestinal motility in zebrafish. The minimal difference observed between
the control group and the DMSO group suggests that the impact of the solvent on the experiment is negligible.
Conversely, the PT group exhibited a dose-dependent increase in fluorescence intensity compared to the DMSO group

Table | Oligonucleotide Sequences

Gene Name | Forward Primer Reverse Primer

illb TGGACTTCGCAGCACAAAATG CACTTCACGCTCTTGGATGA
il6 TCAACTTCTCCAGCGTGATG TCTTTCCCTCTTTTCCTCCTG
tnfo CAATCCGCTCAATCTGCACG TACAGATGTGTTGGCGGCAC
pik3cb ACATGGCTCTGCAAGATGCT GGAGGCATCTCGGACCAAAA
nfkb | AGGAGCGCAGGATACACAG CAGGAAACAGCTTCTCCCAC
akt| GCAAGATGTGGATCAGCTGGAG | CCACAGTCTGGATGGCTTGGT
jak3 TGTTTGCACAGGGACAGTATG CCCAGGCACTCATTTTCAAT
ikbkb TGGCTACAGCGACAGCTCTG GCATTCCAGCGTTCTCTGA
cldnl CTGCTGTATCTGTGGGAGTGAA | TAATCAGGAGAACAGGCGAAG
oclna TGGACCCTCAAGAGGCGAT ACATCTTGCGGGGAGTTCTG
tipl ACAAGAACAGGGCGGAACAGT | ACCTCCAGAAATCAGCACGA
muc2.1 ACCTTCGATGGGGACGTCTA GGCAGCGTCACTTTTGCTTC
gapdh CGTCTTGAGAAACCTGCCAAG AACCTGGTGCTCCGTGTATC
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Figure | UPLC-MS/MS analysis of PT, MO and PT-MO couple. (A) Representative components in standard sample of PT, (B) Representative components in PT sample, (C)
Representative components in standard sample of MO, (D) Representative components in MO sample, (E) Representative components in standard sample of PT-MO couple,
(F) Representative components in PT-MO couple sample.

(P < 0.05, Figure 2). However, the PT-MO group demonstrated significantly lower fluorescence intensity than the PT
group (P < 0.05). These results indicate that MO has the potential to alleviate PT-induced intestinal peristalsis disorders.

MO Ameliorated the Intestinal Structure Damage in Zebrafish

The results of H&E staining revealed that the intestinal structure of zebrafish in the control and DMSO groups remained
intact, with no obvious damage to the intestinal villi observed (Figure 3A). In the low-dose PT group, a few vacuoles
were observed along with an increase in goblet cell proliferation. And the medium-dose PT group exhibited detachment
of intestinal villi, accompanied by vacuoles and an increase in goblet cell proliferation. In the high-dose PT group, the

medium-dose PT group exhibited detachment of intestinal villi, accompanied by vacuoles and an increase in goblet cell
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Figure 2 MO ameliorated PT-induced intestinal motility disorder. (A) Representative images of zebrafish intestinal Nile red staining. The white dotted lines indicate the
areas used for fluorescence intensity measurement. (B) Quantification of fluorescence intensity. Data are expressed as mean + SEM (n = 10). *P < 0.05, **P < 0.01.

proliferation. The structure of the intestinal villi was disrupted and detached. Notably, PT-MO group did not display
significant structural damage.

Simultaneously, the length of intestinal villi was measured (Figure 3B). Compared with the DMSO group, the length
of intestinal villi in the PT medium and high dose groups was significantly reduced (P < 0.05). Conversely, Compared
with PT group, the intestinal villus length in the PT-MO group increased significantly (P < 0.01). These results suggest
that MO can ameliorate PT-induced intestinal motility disorders and mucosal damage.

MO Alleviated PT-Induced Intestinal Flora Disorder

16S rRNA Analysis

The a-diversity sparse curve based on the number of operational taxonomic units (OTUs) of different samples tends to be
stabilize on the right, indicating that the sequencing data has reached saturation (Figure 4A and B). The a diversity
analysis based on ACE and Simpson indices showed that MO significantly ameliorated the reduction in species richness
caused by PT (P < 0.01, Figure 4C and D). Principal Co-ordinates Analysis (PCoA) revealed distinct visual separation
between the PT and control groups, with the intestinal flora structure of the PT-MO group deviating from that of the PT
group and resembling that of the control group (Figure 4E). The petaline diagram displayed the number of common and
unique OTUs in each group, with 409 OTUs shared among the five groups and the PT-MO group exhibiting a richer
number of OTUs than the PT group (Figure 4F). These findings suggest that MO has the potential to alleviate the decline
in microbial diversity induced by PT.

Further analysis of species composition at different levels revealed alterations in the intestinal microbiota. At
the phylum level, Proteobacteria, Fusobacteria, Bacteroidetes, and Firmicutes were the dominant flora in the
zebrafish intestine (Figure 4G). At the genus level, the relative abundance of Plesiomonas in PT group was
significantly higher than that in the control group, and MO restored it to normal level (P < 0.05). Furthermore, the
MO couple markedly enhanced the proportion of beneficial microorganisms such as Lactobacillus, Blautia,
Barnesiella, Chitinibacter and Prevotella (P < 0.01, Figure 4H and I). The results demonstrate that MO restored
the relative abundance of pathogenic bacteria to normal levels and increased the microbial composition of

beneficial bacteria.
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HGC indicates goblet cell hyperplasia, VE indicates vacuole, and VI indicates enterochromaffin vacuole. Data are expressed as mean + SEM (n = 6). *P < 0.05, **P < 0.01.

Metagenomics Analysis

Analysis of similarities (Anosim) analysis based on bray-curtis algorithm was conducted to assess whether the variation
between groups at each taxonomic level exceeded that within groups. The results indicated that at the phylum (R =
0.2703), genus (R = 0.2844), and species (R = 0.2870) levels, the dissimilarity of bacterial communities between groups
was significantly greater than that within groups (P < 0.05, Figure 5A). At the phylum level, alongside dominant bacteria
like Proteobacteria, Firmicutes, Bacteroidetes, and Fusobacteria, the fungal microbiota of zebrafish intestines was
predominantly composed of Ascomycota and Basidiomycota (Figure 5B).

The abundance of microorganisms at the genus and species levels was analyzed using abundance information derived
from species annotations. At the genus level, compared to the control group, there was a significant increase in the
relative abundance of pathogenic bacteria such as Aeromonas and Shewanella in the PT group (P < 0.05). However,
treatment with MO restored their relative abundance. Additionally, MO markedly increased the relative abundance of
Saccharomyces, Aspergillus and Kluyveromyces (P < 0.01, Figure 5C). At the species level, the relative abundance of
Aeromonas veronii was significantly higher in the PT group than in the DMSO group (P < 0.05), which was mitigated by
MO treatment (P < 0.01). Furthermore, MO significantly enhanced the relative abundance of Saccharomyces cerevisiae
and Kluyveromyces marxianus (P < 0.05, Figure 5D and E).

Linear Discriminant Analysis Effect Size (LEFSE) identified biomarkers with LDA scores > 3 (Figure 5F and G).
While Proteobacteria exhibited higher relative abundance in the control group, Aeromonas veronii emerged as
a biomarker in the PT group, whereas Saccharomycetaceae and Kluyveromyce were biomarkers in the PT-MO group.
The impact of MO on the intestinal flora was evident, as it modulated their composition, resulting in an increase in the
relative abundance of beneficial bacteria and a decrease in the relative abundance of pathogenic bacteria.
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MO Alleviated PT-Induced Inflammation and Oxidative Stress

Research on zebrafish intestine pathology has demonstrated that PT can induce harm to the intestinal mucosa, leading to
generalized mucosal damage due to inflammation and oxidative stress. Therefore, we investigated the effects of PT, MO
and PT-MO on inflammatory factors and oxidative stress indicators in zebrafish intestinal tissues. In comparison to the
DMSO group, the concentrations of IL-1f, IL-6, TNF-a and MDA were significantly increased in the PT group (P <
0.05), whereas MO demonstrated the ability to reduce their expression (P < 0.01, Figure 6A-D). Additionally, the levels
of GSH-Px, CAT and SOD were significantly reduced in the PT group (P < 0.05), and MO restored them to levels
comparable of DMSO group (P < 0.01, Figure 6E-G). These findings indicate that MO effectively alleviates PT-induced

inflammation and oxidative stress.

MO Ameliorated PT-Induced Intestinal Barrier Damage

Results from TEM revealed abundant microvilli in both the control and DMSO groups, with intact tight intercellular
junctions indicating normal functioning and structural integrity. However, in the PT group, mitochondria were swollen,
microvilli were sparse or absent, and tight junctions between cells were disrupted. Following MO treatment, intestinal
structure damage improved, tight junctions returned to normal, and structural integrity was restored (Figure 7A).

To evaluate intestinal barrier function in zebrafish, TJPs (Tight Junction Proteins) and mucin were utilized as
important markers. The relative mRNA expression of cldnli, oclna, tjpl and muc2.1 was significantly decreased in the
PT group Compared to the DMSO group (P < 0.01, Figure 7B-E). Conversely, expression of these genes in the PT-MO
group was significantly increased compared to the PT group (P < 0.01). These results demonstrate that MO significantly

ameliorates intestinal barrier function.

MO Inhibited the Activation of PI3K/AKT/NF-kB Signaling Pathway
We assessed the gene expression levels of il/b, il6, and tnfa. Compared to the DMSO group, PT induced a significant
increase in their expression levels, whereas MO treatment markedly reduced their expression (P < 0.01, Figure 8 A-C). To
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Figure 6 MO alleviated intestinal inflammation and oxidative stress in zebrafish. The expression of inflammatory cytokines (A) IL-1p, (B) IL-6, (C) TNF-a and markers of
oxidative stress (D) MDA, (E) GSH-Px, (F) CAT, (G) SOD in zebrafish intestinal tissue. Data are expressed as mean + SEM (n = 6). *P < 0.05, **P < 0.01.
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delve deeper into the mechanism of MO in mitigating PT-induced intestinal injury, we examined the relative mRNA
expression levels of target genes associated with the PI3K/AKT/NF-kB pathway. In contrast to the DMSO group, the PT
group exhibited significantly up-regulated expression levels of pik3ch, aktl, jak3, nfkbl and ikbkb, all of which were
effectively down-regulated by MO treatment (P < 0.01, Figure 8D-H), indicating that MO may inhibit the activation of
the PI3K/AKT/NF-kB signaling pathway.

Discussion

PT is utilized to enhance memory and cognitive function. It possesses numerous pharmacological effects, including tranquilizing
the mind, improving intelligence, alleviating cognitive impairment, enhancing memory capacity, and exhibiting antidepressant
properties.** ! However, the gastrointestinal side effects associated with PT cannot be overlooked. Research indicates that PT
exerts evident toxicity on the gastrointestinal tract, leading to significant inhibition of gastrointestinal motility and resulting in
noticeable gastrointestinal distension, edema, and thinning of the intestinal wall.*> Moreover, PT has been observed to potentially
disrupt the composition of gastric parietal cells in mice, inducing infiltration of inflammatory cells into submucosal and muscular
layers of the digestive system. This process may also induce vascular congestion and swelling of endothelial cells in the stomach
and intestines." In this study, we investigated the effects of PT on zebrafish, specifically focusing on its impact on mucosal health.
We observed that compared to the PT group, the MO group showed significantly decreased levels of IL-1p, IL-1, and IL-6, while
levels of SOD, CAT, GSH-Px, cldnl, oclna, muc2.1, and ¢jpl were increased, demonstrating remarkable anti-inflammatory,
antioxidant, and barrier protective effects.

Studies suggest that both bacteria and fungi play roles in regulating host intestinal homeostasis.>>* Intestinal
microorganisms create a biological barrier in the intestine to prevent excessive proliferation of foreign pathogenic
microorganisms and direct contact between toxins and the mucosa.”>~° Dysregulation of the intestinal microbiota can
lead to oxidative stress and inflammatory responses, resulting in intestinal dysfunction.’” In this study, we detected
changes in intestinal microorganisms and observed a decrease in microbial diversity and an increase in the relative
abundance of pathogenic bacteria, such as Plesiomonas, Aeromonas, Aeromonas veronii, and Shewanella, following PT
treatment. Plesiomonas is an opportunistic pathogen causing intestinal infections in zebrafish, and Plesiomonas shigel-
loides is also implicated in “winter diseases”.®>’ Aerolysin secreted by Aeromonas veronii can cause serious damage to
the zebrafish intestine. LEFSE analysis identified Aeromonas veronii as a biomarker for the PT group. After MO
treatment, the biomarkers shifted to Saccharomyces and Kluyveromyces, accompanied by a reduction in the relative
abundance of pathogenic bacteria, suggesting their role in intestinal damage prevention. Furthermore, MO increased the
relative abundance of beneficial bacteria such as Prevotella, Lactobacillus, Blautia, Barnesiella, Chitinibacter,
Kluyveromyces, Aspergillus, Saccharomyces, Saccharomyces cerevisiae, Kluyveromyces marxianus. The cell wall of
Saccharomyces cerevisiae is crucial for regulating animal intestinal microbial structure, maintaining intestinal epithelial
morphology, and regulating immune function, which can enhance the production of anti-inflammatory cytokine IL-10
and decrease levels of inflammatory cytokines IL-6 and TNF-o, thereby improving overall host immunity.®® %
Aspergillus metabolites can ameliorate intestinal inflammation and mucosal repair. Pichia can antagonize other patho-
genic fungi such as Candida, Cryptococcus and Fusarium.®®> These findings collectively demonstrate that MO protects
the intestine from damage by modulating the gut microbiota.

The PI3K/AKT pathway is a classic intracellular signaling pathway that responds to extracellular signals and promotes
metabolism, proliferation, and cell survival.** In the pathogenesis of gastrointestinal diseases, activation of the PI3K/AKT
pathway induces immune system imbalance and affects the expression of cytokines and oxidative stress. Evidence suggests that
inhibiting the PI3K/AKT pathway can significantly alleviate intestinal damage in mice with oxidative stress-induced colitis.®”
Similarly, it can also regulate inflammation response and oxidative stress in mice with ulcerative colitis.”® NF-B is a typical
inflammatory pathway that can induce inflammatory responses by activating pro-inflammatory cytokines TNF-a, IL-1f, and IL-6
in cells.®” MO can inhibit the activation of NF-kB pathway and reduce the production of pro-inflammatory cytokines. Therefore,
we detected the related target genes of the NF-kB pathway and its upstream pathway PI3K/AKT, and found that MO can inhibit
their expression and thus exert anti-inflammatory effects, which is consistent with the findings of previous research.®® "
Additionally, the inflammatory response can induce pathological changes in the intestinal tight junction barrier, leading to
intestinal barrier dysfunction, and intestinal barrier damage will promote the up-regulation of pro-inflammatory cytokines,
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forming a vicious cycle.”"”* In this study, MO downregulated the expression of inflammatory factors, which is conducive to the
restoration of intestinal barrier function. The increase in mRNA expression of tight junctions also confirms this. Therefore,
inhibiting the PI3K/AKT/NF-«kB pathway may be key to alleviating inflammation, reducing intestinal permeability, and exerting
therapeutic effects on the intestine.

Conclusion

In this study, we have demonstrated that high doses of PT indeed have certain adverse effects on the intestines. MO
effectively ameliorated PT-induced intestinal damage, resulting in histopathological alterations and reduced expression of
pro-inflammatory cytokines and oxidative stress markers. Our experiments indicate that MO improves PT-induced
intestinal injury by inhibiting the PI3K/AKT/NF-kB pathway and restoring intestinal barrier integrity, thereby protecting
intestinal epithelial cells from PT-induced intestinal damage.
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