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Background: Gastric ulcer (GU) is the most common multifactor gastrointestinal disorder affecting millions of people worldwide.
There is evidence that gut microbiota is closely related to the development of GU. Atractylone (ATR) has been reported to possess
potential biological activities, but research on ATR alleviating GU injury is unprecedented.

Methods: Helicobacter pylori (H. pylori)-induced GU model in zebrafish and ethanol-induced acute GU model in rat were established
to evaluate the anti-inflammatory and ulcer inhibitory effects of ATR. Then, 16S rRNA sequencing and metabolomics analysis were
performed to investigate the effect of ATR on the microbiota and metabolites in rat feces and their correlation.

Results: Therapeutically, ATR inhibited H. pylori-induced gastric mucosal injury in zebrafish. In the ulceration model of rat, ATR
mitigated the gastric lesions damage caused by ethanol, decreased the ulcer area, and reduced the production of inflammatory factors.
Additionally, ATR alleviated the gastric oxidative stress injury by increasing the activity of superoxide dismutase (SOD) and
decreasing the level of malondialdehyde (MDA). Furthermore, ATR played a positive role in relieving ulcer through reshaping gut
microbiota composition including Parabacteroides and Bacteroides and regulating the levels of metabolites including amino acids,
short-chain fatty acids (SCFAs), and bile acids.

Conclusion: Our work sheded light on the mechanism of ATR treating GU from the perspective of the gut microbiota and explored
the correlation between gut microbiota, metabolites, and host phenotype.
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Introduction
Gastric ulcer (GU) is a common disease in the upper digestive tract, with a global incidence of 10%.' Long-term
unhealed GU can easily lead to acute and severe diseases and complications such as gastrointestinal perforation,
gastrointestinal bleeding, pyloric obstruction, and even cancer.®> Helicobacter pylori (H. pylori) infection, alcohol
consumption, stress, and nonsteroidal anti-inflammatory drug intake have been shown to be the main causes of GU.?
H. pylori infection can destroy the gastric mucosal barrier through the production of pathogenic factors and promote the
release of inflammatory mediators.* High concentration of alcohol can directly cause acute inflammation and oxidative
stress of the gastric mucosa, as manifested by significantly decreased antioxidant enzyme superoxide dismutase (SOD),
increased peroxide product malondialdehyde (MDA), as well as excessive inflammatory cytokines.””’ Although several
medications (eg, proton pump inhibitors, antibiotics, antihistamines, and antacids) have been used in clinic to alleviate
the symptoms of GU, their therapeutic efficiencies are unsatisfactory owing to various adverse effects.'* Therefore, it is
particularly important to use natural medicines with low side effects and good biological activity to prevent and treat
gastric injury.

Atractylone (ATR) is a sesquiterpene oxide-derivative in essential oils from Atractylodes macrocephala Koidz.,

and it has many attractive pharmacological effects, including anti-inflammatory, antibacterial, and antioxidant.’-'°
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Notably, semi-carbonized nanodots prepared with charred Atractylodes macrocephala Koidz. were found to have
a strong inhibitory effect on acute stress ulcer.'' Moreover, other sesquiterpenes in Atractylodes macrocephala
Koidz., such as Atractylenolide III, can also play a protective role in acute GU caused by ethanol.'> Thus, ATR is
considered to effectively repair gastric mucosal injury. However, the evidence behind these benefits remains limited.
Exploring the therapeutic effect and mechanism of ATR on GU will be greatly meaningful and promising in the
future medical applications of ATR.

In recent years, comprehensive studies of gut microbiota and metabolomics have been widely used to systematically
elucidate the pharmacological mechanisms of Chinese medicine.'>'® Gut microbiota can interfere with gastrointestinal
homeostasis to varying degrees, and many metabolites they produce can play a key role in energy supply, inflammation
regulation, and immune response, such as short-chain fatty acids (SCFAs), bile acids, and amino acids.'” > In this work,
we firstly adopted H. pylori-induced zebrafish and ethanol-induced rat as two animal models to evaluate the effect of
ATR on gastric mucosal injury. The zebrafish can exhibit a high degree of resemblance in their gastrointestinal tract
development and physiology to humans and have been shown to be a beneficial complementary model to rodents in
many research fields.**** Next, we characterized the phenotype of microbiota and metabolome in GU rats by using 16S
rRNA gene sequencing and ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS
/MS) techniques to probe the mechanisms underlying therapeutic effect of ATR on GU.

Materials and Methods

Materials

Atractylone was purchased from Shanghai Xijian Biotechnology Co., Ltd. Clarithromycin was purchased from Aladdin
(Shanghai). Ranitidine was purchased from H&S pharmaceutical. Trinitrobenzene sulfonic acid (TNBS, SLCK4178) was
purchased from Sigma. Helicobacter pylori culture medium (20200507), Helicobacter pylori additive (20211104), and
defibrinated sheep blood (20211026) were from Qingdao Hi-Tech Industrial Park Haibo Biotechnology. CM-Dil
(2335589) was from Thermo Fisher. SOD and MDA assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute. Tumor necrosis factor (TNF)-a, nitric oxide (NO), and interleukin (IL)-10 ELISA kits were
purchased from Proteintech.

Animal Model

Establishment of Gastrointestinal Mucosal Injury Model in Zebrafish

Zebrafish larvae from AB and Tg (mpx: GFP) strains were obtained by natural spawn, collected in 1X E3 medium (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO,, pH 7.2) and kept in Petri dishes at 28 °C incubator with 14/10
dark-light cycle with daily medium changes until 3 dpf.>*° The zebrafish (3 dpf) were placed in a 6-well plate (30 fish
per well) and randomly divided into control group, model group, ATR group (7.8 uM) and clarithromycin group (167
uM). Except for the control group, the other groups were first treated with TNBS (125 pg/mL) at 28 °C for 48 h. The
total quantity of TNBS to be used was prepared in 1X E3 medium. After that, TNBS was removed, and H. pylori (5 x 10’
CFU/mL) was added to all groups to establish a gastrointestinal mucosal injury model in zebrafish, and treated at 28 °C
for 24 h.2%%’

H. pylori Culture

H. pylori non-resistant strain GDMCC1.1820 was purchased from Guangdong Microbial Culture Collection Center. The
strain was stored at —80 °C in brain heart infusion containing 30% glycerol. For solid culture, H. pylori was cultured in
Columbia blood agar base supplemented with 5% sheep blood under microaerophilic conditions (5-6% O,, 8—10% CO,,
85% N,) at 37 °C. For liquid proliferation, H. pylori was inoculated in brain heart infusion supplemented with 10% fetal
bovine serum and shaken at 150 rpm under the same air environment.?®

Establishment of Gastric Ulcer Model in Rat
Sprague Dawley (SD, 6-8 weeks) rats were purchased from B&K Universal Group Limited. All rats were kept in specific
pathogen-free (SPF) barrier conditions under 22—-24 °C, and were housed in standard rat cages with ad libitum access to water
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and food for one week before the experimentation. All animal care and experimental protocols were performed under the
Institutional Animal Care and Use Committee (IACUC) of Shanghai University of Traditional Chinese Medicine (approval
number: PZSHUTCM?220307021). The rats were randomly assigned to the following groups (n = 8 each): the control group
(0.25% Na-CMC and 0.5% Tween-80), the EtOH group (0.25% Na-CMC and 0.5% Tween-80), ATR (25 mg/kg) group,
Ranitidine (40 mg/kg) group. The ATR and Ranitidine groups were orally administered pretreatments from days 1-7. The
feces of all group rats were collected every day. On day 7, all rats except those in the control group were orally administered
with ethanol (5§ mL/kg bw) after 30 minutes of treatment. Two hours after ethanol treatment, all rats were euthanized with
carbon dioxide, the organs and serum samples were collected for further studies. For histological examination, the gastric
tissue was fixed with 4% paraformaldehyde solution.

Assessment of Gastric Mucosal Injury in Zebrafish

The AB strain zebrafish was used to determine the maximum tolerated concentration (MTC), pathological changes,
repair of gastrointestinal mucosal damage, and inhibition of H. pylori. The Tg (mpx: GFP) strain zebrafish was used to
count neutrophils. A total of 10 zebrafish were randomly selected from each group to be photographed under
a fluorescence microscope and the pictures were saved. The area of zebrafish gastrointestinal tract, the number of
neutrophils, and the fluorescence intensity of the gastrointestinal tract were analyzed using NIS-Elements D 3.20
software. The area of gastrointestinal tract was used to evaluate the effect of ATR on the repair of gastrointestinal
mucosal damage in zebrafish. The number of neutrophils was used to evaluate the efficacy of ATR on the resolution of
gastrointestinal inflammation in zebrafish. The fluorescence intensity was used to evaluate the inhibitory effect of ATR
on H. pylori in zebrafish.

Histopathological Evaluation in Zebrafish
The zebrafish in each group were fixed, dehydrated, embedded, sliced, and stained with hematoxylin—eosin (H&E) for
histopathological analysis and observation.

Assessment of Gastric Mucosal Injury in Rat
Gastric tissue of rat was photographed, and Image-Pro Plus 6.0 software was used to calculate the area of GU and the
total area of the gastric tissue of each rat, and calculate the ratio of ulcer area.

Ulcer area
Ul %) = 100
cerarea (%) Total area of stomach %

Histopathological Evaluation in Rat
Gastric tissue was fixed with 4% paraformaldehyde, embedded in paraffin, and cut at a thickness of 5 um and stained
with H&E. Each section was observed by using an Olympus IX83 microscope (Tokyo, Japan). The pathological lesion of

each gastric tissue was scored by the method described in Table 1.%°

Antioxidant Activity Assessment
The levels of SOD and MDA in the serum were assessed by commercial assay kits according to the manufacturer’s
protocols. Results of SOD were expressed as U/mL, and results of MDA were expressed as nM.

Determination of TNF-qa, IL-10, and NO Levels

The rat cytokines TNF-a, IL-10, and NO were determined in serum using ELISA kits. All procedures were carried out
according the manufacture. Results of TNF-a and IL-10 were expressed as pg/mL, and results of NO were expressed as ptM.

Gut Microbiota Sequencing and Data Analysis
In the ethanol-induced GU rat model, fecal samples were sequenced for the 16S rRNA gene. Total microbial DNA was
isolated by the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA). The quantity and quality of
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Table | Histological Scoring Criteria

Pathological State Score

Intact
Mild
Moderate

Gastric mucosal edema

Severe
Gastric mucosa injury Intact

Desquamation of epithelial lamina

Desquamation of superficial lamina propria or 1/3 reduction of gastric glands

Desquamation of middle lamina propria or 2/3 reduction of gastric glands

Desquamation of lower lamina propria or > 2/3 reduction of gastric glands, even exposure of submucosa
Absent

2—10/HPF

1 1-20/HPF

21-30/HPF

= 3|/HPF

Absent

< 10% of total area/LPF

11-20% of total area/LPF

21-30% of total area/LPF

2 31%

Leucocytes infiltration

Gastric hemorrhage

W N — O A WN — O B WN — O WN — O

S

Abbreviations: HPF, high power field; LPF, low power field.

DNAs were measured through NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The V3-V4 region of 16S rRNA gene was selected for amplification by an ABI GeneAmp®9700 PCR thermocycler
(ABI, CA, United States). The raw 16S rRNA gene sequencing reads were quality-filtered by DADA?2 plugin. Sequences
were clustered into operational taxonomic units (OTUs) with 97% similarity and analyzed by QIIME2 and R packages
(v3.2.0). From phylum to genus, linear discriminant analysis (LDA) and effect size were used to emphasize statistical
significance and find biomarkers with significant differences between groups. The set value of the LDA score was >2
though the non-parametric Kruskal-Wallis (KW) test. The student #-test p < 0.05 was considered statistically significant

for different bacterial composition.

Metabolomics Analysis

In the ethanol-induced GU rat model, a total of 158 fecal microbial-host cometabolites were quantified by the UPLC-MS
/MS system (ACQUITY UPLC-Xevo TQ-S, United States). The solutions of all 158 metabolites standards were prepared
in methanol, ultrapure water. The internal standards were used to monitor data quality and compensate for matrix effects.
The original data were processed with MassLynx software (v4.1, Waters, MA, USA) to automatically remove baseline
values, smooth and pick peak values, and align peak signals. The targeted metabolites were analyzed by the iMAP
software (v1.0, Metabo-profile, Shanghai, China). Principal component analysis (PCA), orthogonal partial least squares
discriminant analysis (OPLS-DA), and student #-test or Mann—Whitney U-test were used for classification and identifica-
tion of differently altered metabolites. Potential biomarkers of differential metabolites need to meet the following criteria
VIP > 1 and p < 0.05.

Statistical Analyses

Data are expressed as mean values + SD. Statistical significance was evaluated with ANOVA test followed by Tukey’s
multiple comparison test (GraphPad Prism 7.0). Statistical significance was expressed by *p < 0.05, **p < 0.01, ***p <
0.001.
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Results

ATR Reduced H. pylori-Induced Gastrointestinal Mucosal Damage in Zebrafish

First, MTC of ATR was investigated in zebrafish with H. pylori-induced gastrointestinal mucosal damage. We found that
MTC of ATR is 7.8 uM (Table S1). From the pathological changes of gastrointestinal tract, the number of gastrointestinal
folds of zebrafish in the model group decreased compared with control group, the intestinal lumen was obviously

enlarged and the mucosal tissue was destroyed (Figure 1A). ATR can obviously restore the intestinal dilatation of
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Figure | ATR reduced H. pylori-induced gastric mucosal damage. (A) H&E-stained histological sections of gastrointestinal tract tissue. The double-headed arrow shows the
diameter of intestinal lumen, single-headed arrows indicate gastrointestinal folds. Fluorescence microscopy images showing the area of mucosal injury (single-headed arrows
indicate the site of analysis of the zebrafish gastrointestinal tract) (B), number of neutrophils (C), and number of H. pylori (D) in gastrointestinal tract. Quantitative results of

mucosal injury area (E), number of neutrophils (F), and H. pylori fluorescence intensity (G). Data are expressed as mean * SD (n = 10). **p < 0.001.
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zebrafish, and the morphology of intestinal tissue cells was similar to that of the control group (Figure 1A). Consistently,
ATR has an obvious repair effect on the gastrointestinal mucosal damage caused by H. pylori infection, which is
manifested in the significant reduction of the mucosal damage area (p < 0.001, Figure 1B and E). In addition, H. pylori
significantly increased neutrophils in the gastrointestinal tract of zebrafish, while ATR showed remarkably reduced the
number of neutrophils (p < 0.001), showing a considerable effect of promoting inflammation regression (Figure 1C and
F). Also, the enhanced mucosal protection was demonstrated by fluorescence imaging and intensity quantification of
H. pylori in gastrointestinal tract (p < 0.001, Figure 1D and G). Taken together, ATR can effectively ameliorate
gastrointestinal mucosal damage caused by H. pylori infection in zebrafish.

ATR Mitigated EtOH-Induced Gastric Mucosal Damage in Rat

Next, we analyzed the effects of ATR on ethanol-induced GU model by observing the morphological changes in the
stomach, calculating the ulcer area ratio, and evaluate pathological changes. Figure 2A shows the photographs of gastric
tissue in each group, of which the ulcer area ratio (Figure 2C) was assessed automatically by software. As shown in
Figure 2A, the gastric mucosa in the control group was intact without injury and bleeding. In the model group, the gastric
body showed obvious erosion and massive bleeding areas around the whole mucosa. Compared with the model group,
the gastric mucosal bleeding in each treatment group was significantly reduced. A small amount of obvious punctate and
linear bleeding was still observed in the positive drug ranitidine group, while most gastric mucosa tissues in the ATR
group had no visible damage and bleeding. As shown in Figure 2C, compared with the control group, the high ulcer area
ratio in the model group indicated the significant mucosal damage in rats, while ATR administration alleviated the ulcer
injury significantly (p < 0.01). The mucosal protective effects of ATR, with reduced ulcer area ratio, were even stronger
compared with that of the ranitidine group. Examination on H&E-stained tissue showed that EtOH-induced ulcer
exhibited remarkable damages in gastric mucosal structure with extensive infiltration of inflammatory cells, along with
erosion, hemorrhage, edema, and mucosa cells depletion (Figure 2B). While ATR cured the ulcer, it was shown as
a nearly normal histological microstructure in ATR group (Figure 2B). Further analysis of histopathological score also
indicated that ATR exerts considerable effect on improving mucosal structure (p < 0.001, Figure 2D).

ATR Alleviated EtOH-Induced Oxidative Stress and Inflammation in the Gastric Ulcer
Next, using a rat model, we further evaluated the effects of ATR on the oxidative stress markers and inflammatory factors
in serum, including SOD, MDA, TNF-a, NO, and IL-10, which are the primary factors for the function of gastric
mucosa. As shown in Figure 3A, the SOD content in the model group (61.10 + 2.32 U/mL) was significantly lower (p <
0.001) than that of the control group (111.71 £ 1.34 U/mL). Also, the SOD contents of the ranitidine group (79.13 £ 1.52
U/mL) and ATR group (92.98 + 1.25 U/mL) were significantly higher (» < 0.001) than those of the model group. As
shown in Figure 3B, the MDA content in the model group (17.69 = 1.17 nM) was significantly increased (p < 0.001)
compared with the control group (8.74 + 1.09 nM). Also, the MDA contents of the ranitidine group (13.14 = 0.90 nM,
p <0.05) and ATR group (12.50 + 1.03 nM, p < 0.01) were significantly decreased when compared with that of the model
group. The inflammatory response of rats was evaluated by determining the levels of inflammatory factors including
TNF-a, NO, and IL-10 in serum. In the model group, the levels of proinflammatory factors TNF-o and NO increased
significantly compared with that of the control group (p < 0.001, Figure 3C and D). Administration of ATR can
significantly reverse the overproduction of TNF-a and NO in the serum (p < 0.001, Figure 3C and D). IL-10 is an anti-
inflammatory cytokine which is essential to the function of mucosal barrier. EtOH significantly decreased IL-10 in the
serum (p < 0.001, Figure 3E), and ATR effectively restored IL-10 content (p < 0.001, Figure 3E). All these results
indicated that ATR can alleviate the gastric mucosal injury in the ethanol-induced ulcer model.

ATR Altered the Structure and Composition of Gut Microbiota

The Chao 1 and Simpson index of the gut microbiota indicated significant difference (p < 0.05, Figure 4A) in a diversity
among control group, EtOH group, and ATR group. Compared to the control, community diversity was decreased in the
EtOH group and increased in ATR group (Figure 4A), indicating that the intervention of ATR changed the abundance of
microbial communities. In the unweighted UniFrac PCoA score plot, the microbial community structure of EtOH group
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Figure 2 ATR mitigated EtOH-induced gastric mucosal damage. (A) Gastric tissues morphology of rat. (B) H&E-stained histological sections of gastric tissues. (C) Gastric
ulcer area ratio. Data are expressed as mean = SD (n = 8), **p < 0.01. (D) Histopathological score of gastric tissues. Data are expressed as mean * SD (n = 4), *p < 0.05,
solok

p < 0.001.

was significantly different from that of the control and ATR group, indicating that the microbial community structure
changed after ATR treatment (Figure 4B). Phylum-level analysis revealed a marked shift in the distribution of the gut
microbiota from control to ATR with altered abundance of the two dominant phyla Firmicutes and Bacteroidetes
(Figure 4C). The ratio of Firmicutes and Bacteroidetes is critical for the stability of gut microbiota, and the ratio in
ATR group reduced comparing with EtOH group. Heatmap showed the top 50 differentiated taxa with the highest genus
level (Figure 4D). The results showed obvious clustering of the microbial community composition for EtOH group and
control group, and the ATR group was closer to the control group. As shown in Figure 4E, the significantly different
microbiota information was found at the level of phylum, class, order, family, and genus. Among them, the relative
abundance of seven types of bacteria in the ATR group was remarkably higher than that in the other groups, such as
Bacteroidaceae family and Bacteroides genus. Genus-level profiling demonstrated that 25 types of bacteria had
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Figure 3 ATR alleviated EtOH-induced oxidative stress and inflammation. (A) SOD, (B) MDA, (C) TNF-q, (D) NO, and (E) IL-10 levels in the serum samples of the
indicated groups. Data are expressed as mean * SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001.

remarkably changed in ATR group, such as Bacteroides, Ruminococcus, Prevotella, and Mucispirillum. And four types of
bacteria had undergone significantly dynamic changes in three groups (Figure 4F—I, p < 0.05). Among them, Bacteroides
and Parabacteroides belong to Bacteroidetes and others were Bifidobacterium (Actinobacteria phylum) and
Mucispirillum (Deferribacteres phylum). The results showed that ATR notably reversed the microbial dysbiosis in GU
rats to control levels. Hence, these findings indicated the changes of ATR-regulated gut microbiota may be involved in

the improvement in gastric function.

ATR Modulated the Fecal Metabolites

To obtain comprehensive metabolic profiles of ATR, a total of 158 metabolites (including amino acids, bile acids, SCFAs,
fatty acids, indoles, organic acids and others) were identified and quantified (Figure 5A). PCA analysis showed the
metabolic profiles of the fecal samples in three groups (control group; EtOH group; ATR group) were remarkably
separated. The fecal samples of EtOH group were clearly separated from the control group, while the cluster of samples
in ATR towards to the control group, suggesting that ethanol caused significant metabolic disturbance and administration
of ATR ameliorated this disturbance obviously (Figure 5B). The OPLS analysis between the control and EtOH groups,
ATR and EtOH groups, was conducted to investigate the changed metabolites induced by oral administration of ethanol
and ATR. Obvious separations between control and EtOH group, as well as ATR and EtOH group, were obtained in the
OPLS score plots (control vs EtOH: R*X = 0.431, R*Y = 0.987, Q* = 0.616; EtOH vs ATR: R®X = 0.465, R*Y = 0.943,
Q* = 0.612, Figure 5C and D). Heatmap of potential biomarkers showed a distinct clustering of metabolites for the EtOH
and control groups, and the ATR group was closer to the control group (Figure S1). Volcano plot (Figure S5E and F)
showed the differential metabolites screened out by univariate statistical analysis meeting the set criteria (p > 0.05).
Compared with the control group, there were 22 up-regulated metabolites and 53 down-regulated metabolites in the
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Figure 4 ATR altered the gut microbiota in gastric ulcer rats. (A) Chao | index and Simpson index. (B) Microbiota community analysis based on PCoA score plots. *p <
0.05 was considered statistically significant compared with EtOH group. (C) Microbiota distribution at the phylum level. *p < 0.05 and **p < 0.0] were considered
statistically significant compared with control group. ™p < 0.01 was considered statistically significant compared with EtOH group. (D) Heatmap of the top 50 differentiated
taxa at the genus level. (E) Difference of fecal microbial abundance based on LEfSe analysis. Differential changes of Mucispirillum (F), Parabacteroides (G), Bacteroides (H), and
Bifidobacterium (I) at the genus level. *p < 0.05 was considered statistically significant compared with EtOH group. Data are expressed as mean * SD (n = 6).

EtOH group (Figure SE, Table S2). And compared with the EtOH group, there were 63 up-regulated metabolites and 15
down-regulated metabolites in ATR group (Figure 5F, Table S3). The significantly differential metabolites were selected
as biomarkers (VIP > 1 and p < 0.05) and investigated the most relevant pathways affected by EtOH-induced GU and
ATR treatment. As shown in Figure 5G, four main metabolic pathways were affected by EtOH-induced GU, including
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Figure 5 ATR altered the composition of metabolites in the fecal of GU rats. (A) Relative abundance of metabolites. (B) The PCA score plot. (C) The OPLS-DA score plot
between control and EtOH group. (D) The OPLS-DA score plot between EtOH and ATR group. (E) Volcano plot of univariate statistical analysis metabolites between
control group and EtOH group. (F) Volcano plot of univariate statistical analysis metabolites between EtOH group and ATR group. (G) Pathway analysis between control
group and EtOH group. (H) Pathway analysis between EtOH group and ATR group. (a, aminoacyl-tRNA biosynthesis; b, phenylalanine metabolism; ¢, phenylalanine, tyrosine
and tryptophan biosynthesis; d, pantothenate and CoA biosynthesis; e, cyanoamino acid metabolism; f, Glycine, serine and threonine metabolism). Changes of amino acids
(phenylalanine and tryptophan) (I), SCFAs (butyric acid and acetic acid) (J), and bile acids (DCA and TDCA) (K) with univariate analysis. *p < 0.05, **p < 0.01. Data are

expressed as mean = SD (n = 6).

phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, aminoacyl-tRNA biosynthesis, pantothe-

nate and CoA biosynthesis. However, ATR treatment could affect important metabolic pathways including phenylalanine,

tyrosine and tryptophan biosynthesis, glycine, serine and threonine metabolism, phenylalanine metabolism, cyanoamino
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Figure 6 Correlation analysis of microbiota and metabolites. *p < 0.05, **p < 0.01, ***p < 0.001.

acid metabolism, aminoacyl-tRNA biosynthesis in the current study (Figure SH). Ultimately, the levels of three types of
metabolites (Figure 51-K) were found to be shown significant differences in the groups of control, EtOH, and ATR,
namely, amino acids (including phenylalanine and tryptophan), SCFAs (including butyric acid and acetic acid), and bile
acids (including deoxycholic acid [DCA] and taurodeoxycholic acid [TDCA]).

Correlation Analysis of Gut Microbiota and Fecal Metabolites

As shown in Figure 6, Spearman correlation analysis showed that the functional relationship of the altered gut microbiota
and the disrupted metabolites after ATR treatment. On the genus level, the changes in the abundance of Bacteroides were
negatively correlated with changes of TDCA (r = 0.783, p = 0.004), whereas the changes in the abundance of Bacteroides
were positively correlated with tryptophan (r = 0.727, p = 0.01). The changes in the abundance of Bifidobacterium were
negatively correlated with changes of hydroxypropionic acid (r = 0.711, p = 0.009) and glutaric acid (r = 0.824, p =
0.001), whereas the changes in the abundance of Mucispirillum were positively correlated with indole-3-propionic acid (r
=0.702, p = 0.011), isobutyric acid (r = 0.739, p = 0.006). Additionally, the changes in the abundances of Akkermansia
were negatively correlated with changes of acetic acid (r = 0.755) and butyric acid (r = 0.713) (all p < 0.05). The changes
in the abundances of Ruminococcus were positively correlated with changes of acetic acid (r = 0.818), tryptophan (r =
0.755) (all p < 0.05).

Discussion

GU is a common peptic ulcer disease caused by the destruction of gastric mucosa, which is characterized by easy
infection, difficult cure, and easy recurrence.’® The gastric mucosa is a barrier against H. pylori infection, alcohol,
stomach acid, and various harmful substances. H. pylori infection can secrete substances such as urease and adhesin,
which further mediate the inflammatory response of neutrophils, plasma cells, and macrophages to produce a series of
inflammatory cytokines, and eventually lead to gastric epithelial cell lesions.”' ATR derived from the volatile oil of
Atractylodes macrocephala Koidz. has been proved to have good anti-inflammatory and antioxidant activities,”'° but
there is a lack of relevant reports on the role of ATR in gastrointestinal tract in vivo. Our work showed that ATR can
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obviously restore the intestinal dilatation, repair gastrointestinal mucosal damage, and decrease the number of neutrophils
in zebrafish (Figure 1), demonstrating that ATR can inhibit H. pylori-induced gastric mucosal injury in zebrafish. Alcohol
intake is one of the important causes of GU, gastric mucus and bicarbonate are digested after ethanol enters the digestive
tract, and erode the gastric mucosal barrier and intercellular connections, resulting in damage to gastric mucosal
epithelial cells.?*? Therefore, we further evaluated the gastroprotective activity of ATR against EtOH-induced acute
gastric lesions in rat model. The results are shown in Figure 2, the gastric mucosa in the control group was intact without
injury and bleeding, while in the model group, the gastric body showed obvious linear and massive bleeding areas
throughout the whole mucosa. Oral administration of ATR remarkably suppressed ulcers and protected gastric mucosal
structure, indicating that ATR is effective in treating acute GU.

Additionally, the gastric mucosa is stimulated and induces the overexpression of reactive oxygen species (ROS) after
excessive drinking, which resulting in oxidative damage and peroxidation of biological macromolecules, and leads to the
disorder of antioxidant defense system in gastric tissue.*>* As a substance related to the level of oxidative stress in the
body, SOD is an important line of defense against oxidative damage, MDA is the product of lipid peroxidation in the body
and can reflect the degree of peroxidation.”> ATR treatment had a potent oxidative stress-inhibition impact in the GU rat,
characterized by significant increases in SOD level and decreases in MDA level (Figure 3A and B). Moreover, inflamma-
tory cytokines such as TNF-a and IL-10 associated with the ROS level were regulated by ATR. TNF-q, a proinflammatory
cytokine produced from CD4" cells and M1 macrophages, is known to induce oxidative stress.*® IL-10 acts as an anti-
inflammatory cytokine to inhibit oxidative stress and proinflammatory mediator NO production.®’ In the presence of ATR,
the TNF-a and NO level decreased significantly, and the IL-10 level was highly elevated (Figure 3C-E). Consequently,
these findings indicated that ATR can alleviate EtOH-induced GU by increasing anti-inflammatory effects and inhibiting
oxidative stress.

We further examined the mechanisms underlying the therapeutic effects of ATR in vivo. Increasing evidence has
demonstrated that excessive intake of alcohol can alter the abundance of gut microbiota and affect the metabolic
pathways of the microbial community, thereby inducing alcohol-related gastric damage.'® Therapy with ATR shifted
the microbial community profile from a dysbiotic state toward a normal state with increased abundance of Mucispirillum,
Parabacteroides, and Bacteroides, and decreased abundance of Bifidobacterium. Current studies have shown that the
abundance of Parabacteroides and Bacteroides in the gut of gastrointestinal ulcer model is significantly increased.***
Bacteroides can mediate inflammatory response in the host by stimulating the excitatory process of neutrophils and
promoting the secretion of cytokines.*' Moreover, Parabacteroides and Bacteroides are anti-inflammatory bacterium that
produces SCFAs.!”*° Therefore, the colonization of Parabacteroides and Bacteroides in the gut has a certain correlation
with the occurrence and aggravation of ulcer, which may be potential pathogenic factors in GU. While we speculated that
the therapeutic efficacy of ATR was mediated in part by changes in the gut microbiome, further investigation is warranted
to understand the role of altered microbiome on GU. In addition, our current studies are limited to the rat model of
ethanol-induced acute GU, and validation in other advanced preclinical models of GU is needed.

Gut microbiota can also play a regulatory role in the body through producing a variety of metabolites, so we conducted
further metabolomics analysis. We found that ATR can up-regulate the level of phenylalanine and tryptophan. Phenylalanine is
an essential aromatic amino acid for human body. It is catalyzed by phenylalanine-4-hydroxylase to generate tyrosine, which is
involved in neurotransmitter synthesis, sugar metabolism, and fat metabolism.*** Tryptophan metabolites can exert regula-
tory effect on mucosal barrier immunity. After they bind to aryl hydrocarbon receptor, they can activate the expression of
inflammatory factors such as IL-22, IL-17, and IL-10, and can also regulate the expression of tight junction proteins.***>
Moreover, ATR can up-regulate the level of SCFAs including butyric acid and acetic acid, which is in accordance with the
increased abundance of Parabacteroides and Bacteroides after ATR treatment. Commensal bacteria-derived SCFAs are
important energy source for intestinal epithelial cells to produce mucins and antimicrobial peptides, they can down-regulate
the high levels of proinflammatory factors secreted by macrophages by inhibiting NF-kB, and can also induce the differentia-
tion of regulatory T cells.***® The abnormal increase of bile acids will lead to the generation of oxygen radicals and
endoplasmic reticulum stress, and finally induce cell apoptosis.*’ The results showed that ATR can restore the increased
TDCA and DCA to normal level. Overall, our data suggested that gut microbiome remodeling, amino acid metabolism
regulation, improved SCFAs, and decreased bile acids collectively contributed to the therapeutic role of ATR in GU rats. Note
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that, the present results cannot fully reveal the mechanism of ATR against GU. The present work is only to prove that ATR has
good biological activity with strong effects against GU in H. pylori-infected zebrafish and ethanol-induced rats. Especially in
ethanol-induced GU, the role of ATR is closely related to changes in the structure of gut microbiota and metabolites. From the
perspective of multi-target, the present work is only the beginning, and there is still a lot of work to be done to reveal the
scientific mechanism of ATR. Also, some efforts are still needed to improve ATR stability in vitro and in vivo.

Conclusion

In summary, our work showed the protective effect of ATR on H. pylori-induced gastrointestinal mucosal damage in
zebrafish, and represented a demonstration of ATR capable of alleviating ethanol-induced GU that can be attributed with
the regulation of inflammatory factors (eg, TNF-a, NO, and IL-10) and oxidative stress (eg, SOD and MDA), and the
protection of the gastric mucosa. In addition, ATR regulated gut microbiota dysbiosis associated with inflammation such
as Mucispirillum, Parabacteroides, Bacteroides, and Bifidobacterium. These features may be associated with a series of
metabolite changes influenced by gut microbiota, including phenylalanine, tryptophan metabolism, SCFA metabolism,
and bile acid metabolism, although further investigation is needed. The correlation between microbiota and metabolites
may provide a novel perspective to explore GU-related pathogenic changes. Overall, these results suggested that ATR
can inhibit GU induced by H. pylori and ethanol, and protect gastric mucosa against inflammation and oxidative stress
while restoring disordered gut microbiome and metabolites.
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