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Chronic atrophic gastritis (CAG) is one of the common digestive disorders. Xiaojianzhong Tang (XJZ) is a classic
traditional Chinese medicine prescription (TCMP) used for the treatment of chronic atrophic gastritis, but its
compatibility mechanism has not been fully clarified. This study integrated 16S rRNA sequencing, metabolomics,
and molecular docking to explore the role of “Microbial mitochondrial” cross-talk in the treatment of CAG with
XJZ and its subtracted formulas. CAG could cause disorders in gastric mucosal microbiota and gastric tissue
metabolism. 17 gastric tissue differential metabolites were directly or indirectly derived from microbes and were
associated with mitochondrial function. Further research had found that CAG could also cause mitochondrial
metabolic disorders, with 18 mitochondrial metabolites involved in purine metabolism, glutathione metabolism,
biosynthesis of various other secondary metabolites, nicotinate and nicotinamide metabolism, and aminoacyl-
tRNA biosynthesis. XJZ showed the strongest effect, followed by XJZ-C (XJZ without “complement drug”) and
XJZ-A (XJZ without “assistant drug”), and XJZ-P (XJZ without “principal drug”) the least. Protein-protein
interaction (PPI) and molecular docking showed that mitochondrial metabolic enzymes could be potentially
affected by microbial metabolites. In conclusion, there was a cross-talk between gastric mucosal microbes and
mitochondria. In the treatment of CAG by XJZ, “principal drug” was the most important, and “assistant drug”
and “complement drug” could assist the “principal drug”.

1. Introduction

Chronic atrophic gastritis (CAG) is one of the common gastric
diseases, with Helicobacter pylori and bile reflux being its main causes
[1]. The pathological features of CAG mainly include gastric mucosal
thinning, gastric mucosal gland atrophy, elevated gastric juice pH,
and decreased pepsin activity (PA) [2,3]. In clinical practice, anti-
Helicobacter pylori drugs, anti-acid drugs and mucosal protective drugs
are the main treatment methods targeting these complex pathogeneses.
Although they can alleviate the clinical symptoms of patients to a
certain extent, the long-term effect is far from satisfactory. Therefore,
it is urgent to develop innovative drugs that can treat CAG with good
efficacy, few side effects, and low cost.

As a science with long history in China, traditional Chinese medicine
prescriptions (TCMPs) play important roles in the treatment of diseases,
where their compatibility is considered as their key rule in the theory
of TCMPs [4]. In the ancient medical classic “Huangdi Neijing”, there
is a kind of compatibility thought called “principal,” “assistant,”
“mediator,” and “complement”. In this theory, “principal drug”
represents a basic component of the prescription, and its main role is to
target the cause of the disease or the main syndrome. “Assistant drug”
and “Complement drug” refer to the components that can enhance the
efficacy of “principal drug”. However, unclear chemical components,
unverified functional targets and ambiguous molecular mechanisms

have hindered the widespread use of TCMP worldwide [5]. In order to
explore their scientific connotations, in-depth research is needed.

Xiaojianzhong Tang (XJZ) is derived from Zhang Zhongjing's classic
work “Synopsis of the Golden Chamber”. It consists of six Traditional
Chinese medicine (TCM) herbs, of which Saccharum granorum (Yitang,
YT) is its “principal drug,” Cinnamomum cassia Presl (Guizhi, GZ)
and Paeonia lactiflora Pall (Baishao, BS) are its “assistant drugs,” and
Ziziphus jujuba Mill (Dazao, DZ), Zingiber officinale Rosc (Shengjiang,
SJ) and Glycyrrhiza uralensis Fisch (Gancao, GC) are its “complement
drugs.” Studies have shown that XJZ has a good effect on the treatment
of CAG by regulating intestinal microbiota and bile acid metabolism
[6], but its mechanism of action remains to be studied. It is worth
noting that there is no research on their compatibility mechanism in
the treatment of CAG.

Due to the strong acidic environment of the stomach and the
characteristics of the digestive peristalsis of the stomach, it had always
been considered that the stomach was a sterile organ without microbiota.
Until 1982 when the discovery of Helicobacter pylori changed people 's
views [7]. With the development of high-throughput sequencing and
bioinformatics technology, it had been found that Helicobacter pylori
was not the only microbe that survives in the stomach, and that there
were other types of microbes. Compared with intestinal microbiota,
gastric microbiota had the characteristics of low density, low specificity,
poor stability, and high volatility [8]. The sequencing results showed
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that the microbes in the stomach included Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Fusobacteria phyla, which were
significantly different from the microbial sequence sets of human
mouth and esophagus, indicating that the human stomach might be
an independent microbial ecosystem [9]. Gastric microbiota could
maintain endocrine balance, immune regulation, and promote digestion
and absorption, etc. Therefore, maintaining gastric microecological
balance is of great significance to gastric health. When the stomach is
affected by bile reflux and Helicobacter pylori infection, it will destroy
the gastric environment and physiological structure, and cause changes
in the structure of the microbiota, and then lead to the formation and
development of diseases. Therefore, paying attention to gastric mucosal
microbiota can provide new ideas for the mechanism of XJZ and its
subtracted formulas in the treatment of CAG.

Mitochondria are widely distributed organelles in organisms,
which can not only maintain cellular bioenergetics by producing
adenosine triphosphate (ATP), but also synthesize metabolites,
produce reactive oxygen species (ROS), transmit immune signals
and mediate apoptosis [10]. Mitochondrial dysfunction has been
observed in a variety of diseases, including obesity, inflammation,
cancer, and neurodegenerative diseases [11,12]. There is also a strong
link between the occurrence of CAG and mitochondrial dysfunction
[13,14]. Microbes can directly or indirectly regulate mitochondrial
function through metabolites, such as short chain fatty acids (SCFAs),
H,S, and NO, affect mitochondria-related energy metabolism, regulate
the production of ROS, and regulate the immunity of mitochondria
and even the whole body [15,16]. Xu found that XJZ could regulate
microbes and metabolites in gastric juice, and the regulation of some
metabolites was mediated by microbes [17]. YT, GZ, SJ, BS, GC and
GZ all individually modulated microbes and metabolites with different
effects [18-23]. Therefore, paying attention to the cross-talk between
gastric mucosal microbes and mitochondria can provide new ideas for
the mechanism of XJZ and its subtracted formulas in the treatment of
CAG.

Metabolomics could monitor the metabolic changes in response
to external stimulation, which was a branch of system biology [24].
Metabolomics was unique and significant in mining the functional
changes of small molecule metabolites as a whole, which was consistent
with the scientific connotation of TCMP. Meanwhile, metabolomics also
showed potential insights into the metabolic alterations of intestinal
microbiota, which was helpful to detect the unexpected results.
MetOrigin was a bioinformatics tool that identifies which bacteria
and how they participated in certain metabolic reactions, helping us
understand where the metabolites come from: the host, the bacteria,
or both [25]. It could quickly identify microbial-related metabolites
and analyze their metabolic functions. The introduction of MetOrigin
into metabolomics analysis enabled us to more accurately analyze
the source and function of metabolites and explore the compatibility
mechanism of TCMP.

In this study, the CAG rat model was used to evaluate the
pharmacological effects of XJZ and XJZ without “principal drug” (XJZ-P),
XJZ without “assistant drug” (XJZ-A), and XJZ without “complement
drug” (XJZ-C). At the same time, combined with metabolomics, 16S
rRNA sequencing and MetOrigin, the compatibility mechanism of XJZ
in the treatment of CAG was explored from the changes in intestinal
microbiota and metabolites.

2. Material and Methods

2.1. Reagents and materials

Sodium deoxycholate was purchased from Beijing Aoboxing
Biotechnology Co., Ltd. (Beijing, China). Ammonia was purchased
from Tianjin Damao Chemical Reagent Factory (Tianjin, China).
Teprenone was purchased from Self-Defense Pharmaceutical Co., Ltd.
(Nanjing, Jiangsu, China). Saline was purchased from North China
Pharmaceutical Co., Ltd. (Shijiazhuang, Hebei). Neutral formalin
fixative (10%) was purchased from Beijing Solebold Technology Co.,
Ltd. The pepsin assay kit was purchased from Nanjing Jiancheng
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Bioengineering Institute (Nanjing, Jiangsu, China). Mass spectrometry
grade -methanol, formic acid, and acetonitrile were purchased from
Thermo Fisher Co., Ltd. (Waltham, MA, USA). All the chemical reagents
applied in this experiment were of analytical rank.

GZ, BS, DZ, and GC were purchased from Tongrentang Pharmacy
(Taiyuan, Shanxi, China). YT was purchased from Lingui Tianxiang
Food Raw Material Co., Ltd. (Guilin, Guangxi, China). SJ was purchased
from Xuxi farmers ' market (Taiyuan, Shanxi, China). All the above
medicinal materials were identified by Professor Xuemei Qin of the
Modern Research Center of TCM of Shanxi University, and all the herbs
were in accordance with the “Pharmacopoeia of the People 's Republic
of China 2020” [5]. The samples were preserved in the cold storage of
the Center for Modern Research of TCM, Shanxi University.

2.2. Preparation of XJZ and its subtracted formulas

Previous studies were screened for the most effective dose of XJZ
[17]: GZ (18 g), GC (12 g), DZ (30 g), BS (36 g), SJ (18 g), and YT
(60 g). First, 1740 mL (10 times the quality of medicinal material) of
water was added to the medicinal material, soaked for 1 hr, and then
heated and refluxed for 1 hr. The filtrate was collected and the above
extration was repeated again. The two filtrates were combined, and
the combination was initially concentrated under reduced pressure, and
then YT was added to dissolve. XJZ-P, XJZ-A, and XJZ-C were prepared
by subtracting the “principal drug (YT)”, “assistant drug (GZ and BS),”
and “complement drug (DZ, SJ and GC)” from XJZ, respectively. The
composition of XJZ and its subtracted formulas have been shown in
Table S1. Additionally, the chemical analysis was performed by Ultra-
High Performance Liquid Chromatography Quadrupole/Time-of-
Flight Mass Spectrometry (UHPLC-Q/TOF-MS), where a total of 785
components were characterized in XJZ including 385 compounds from
GC, 99 compounds from GZ, 89 compounds from DZ, 151 compounds
from BS, and 64 compounds from SJ [26]. The typical chromatograms
of XJZ have been showed in Figure S1.

2.3. Animal experiment
2.3.1. Animal grouping, modeling and administration

All experiments were conducted according to the National
Institutes of Health published “Laboratory Animal Care and Laboratory
Animal Use Principles” (NIH Publication, 8th Edition, 2011). All
rat experimental procedures were approved by the Animal Ethics
Committee of Shanxi University (SXULL2021029). The animals in the
experiment were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. A total of 42 Specific Pathogen Free (SPF) male
Sprague Dawley (SD) rats (180 g-200 g) were purchased for feeding
and subsequent experiments in the SPF animal room. Rats were raised
in separate cages, 3 rats in each cage. Feeding conditions were standard
laboratory environment (temperature: 25 + 2°C; relative humidity: 60%
+ 5%; day/night cycle: 12 hrs).

Before the start of the experiment, a week of adaptive feeding was
carried out and all the rats drank and ate freely. After the adaptive
feeding, all rats were randomly divided into 7 groups according to
body weight, 6 rats in each group, including control group (control),
model group (model), positive drug group (Pos), XJZ group, XJZ-P
group, XJZ-A group, and XJZ-C group. Rats in the control group were
fed with a standard diet and free to drink water. The other rats were
subjected to the replication of the CAG model. The replication details
were performed as follows: two days of foot food and one day of fasting,
ammonia (0.1%) and sodium deoxycholate solution (20 mmol/L) as
drinking water were used alternately every day. The modeling lasted
for 10 weeks, and fatigue swimming was performed once a week in
the last 4 weeks. In the last four weeks, XJZ group, subtracted formula
groups and Pos group (teprenone, 130 mg/kg/d) were given the
corresponding drugs by gavage. Based on the conversion rate between
rats and humans (6.17:1) [27], the daily intake of each prescription
in rats were calculated and has been showed in Table S1. Food intake
was measured during the experiment, and body weight was recorded
every 6 days.
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2.3.2. Sample collection

After the last weighing, these experimental animals were fasted for
24 hrs with free drinking water. After anesthesia with ether, the pylorus
of the stomach was ligated and the abdominal cavity was sutured. After
3 hrs, the rats were anesthetized, the cardia was ligated, and blood
samples were collected from the abdominal aorta. The whole stomach
was removed and gastric juice was collected. After centrifugation at
5000 rpm for 10 mins at 4°C, the supernatant was stored and its pH
and PA were detected. The gastric antrum was placed in formalin for
pathological tissue analysis. The remaining tissues were stored in a
refrigerator at -80°C.

2.3.3. Pharmacodynamics evaluation

The pH of gastric juice was measured by a high-precision desktop
acidity meter. PA was detected according to the kit instructions.
Gastric antrum tissue was embedded, sliced and stained by Servicebio
Biotechnology Co., Ltd. (Hubei, Wuhan, China).

2.4. 16S rRNA sequencing of gastric mucosa

After the sample collection was completed, they were sent to Parsons
Biotechnology Co., Ltd. (Shanghai, China) for 16S rRNA sequencing
analysis. The analysis steps were summarized as follows: (1) the
extraction of total DNA from microbiota, (2) polymerase chain reaction
(PCR) amplification, (3) purification and recovery, (4) fluorescence
quantification, (5) sequencing library preparation, and (6) sequencing
on the machine.

The sequencing data were uploaded to the GeneCloud platform
(www.genescloud.cn) by Parsono Biotechnology, and analyzed and
mapped on the platform. One-way analysis of variance and T-test
were used to analyze the differences in bacterial species, and p < 0.05
indicated a significant difference.

2.5. Metabolomics study of gastric tissue
2.5.1. Preparation of gastric tissue samples

100 mg of gastric tissue was put into an Ep tube and 0.5 mL of
75% methanol was added. After being put into the steel balls, the
homogenate was homogenized using a high-throughput tissue grinding
instrument. The mixture was vortexed for 1 min and 1.25 mL methyl
tert-butyl ether (MTBE) was added. It was incubated in a metal bath
(Speed: 1500, 25°C) for 30 min, ultrapure water (310 mL) was added.
It was vortexed for 1 min, incubated in a metal bath for 10 mins, and
then vortexed for 1 min. Then, the samples were equilibrated at room
temperature for 5 mins, centrifuged at 4°C and 12,000 rpm for 15 mins,
and 0.4 mL of the lower polar sample was taken and freeze-dried using
a high-speed centrifugal freeze dryer. After lyophilization, 0.1 mL of
25% methanol was added to the sample, vortexed for 1 min, kept in an
ultrasound for 15 mins, and 0.1 mL of the supernatant was taken for
metabolomics analysis. A total of 0.01 mL was taken from each sample
and vortexed as quality control (QC).

2.5.2. UHPLC-Q/TOF-MS analysis of gastric tissue

Liquid chromatography conditions were as follows: Waters ACQUITY
UHPLC HSS T3 liquid chromatography column (2.1 mm x 100 mm, 1.8
pum) was used, the column temperature was 35°C, the mobile phase A
was 1% formic acid water, B was 1% formic acid acetonitrile solution,
the flow rate was 0.3 mL/min, and the injection volume was 2 pL.
Elution gradient: O - 0.5 min, 1% B; 0.5 - 3.5min, 1% B - 53% B; 3.5 -
7.5 min, 53%B - 70% B; 7.5 - 10min, 70% B - 90% B; 10 - 13 min, 90%
B; 13-14 min, 90% -1% B; 14 - 16 min, 1% B.

Mass spectrometry conditions were as follows: the ion source was
electrospray ion source, and the acquisition mode was Sensitivity under
MSE model. Scanning range: 50-1500 Da; collision voltage: 15.0-45.0 V;
the Mass Range: 50-1500 Da; ion source temperature: 100°C; capillary
voltage: 3.0 kV; cone voltage: 40 kV; desolvation temperature: 400°C;
desolvation gas flow: 1000 L/h; MS/MS calibration solution: 200 pg/
uL leucine enkephalin.
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2.5.3. Data processing

The collected SDF files of all compounds were downloaded from
the HMDB (http://www.hmdb.ca/) database, and the SDF files of
all compounds were merged using Progenesis SDF Studio (Waters,
USA) software as a database for identification. The raw format files
were imported into Progenesis QI (Waters, USA) software for peak
alignment, peak extraction and peak identification. Finally, the
metabolites were identified according to the retention time, mass-to-
charge ratio and secondary fragment matching with the database. The
parameters were set as follows: m/z error: 10 ppm; retention time error:
0.05 min; relative mass error: 10 ppm. The peak table of the original
data of the sample was derived from Progenesis QI (Waters, USA),
and the online website (https://www.omicsolution.com/) was used to
fill in the missing values and normalize the data. The processed data
were imported into SIMCA (Umetrics, Sweden) software for supervised
partial least squares discriminant analysis (PLS-DA) and orthogonal
partial least squares discriminant analysis (OPLS-DA), and the accuracy
of the model was tested by the corresponding order. The original data
of control group and model group were analyzed by OPLS-DA contour
analysis, VIP value was calculated, T-test test was performed with excel,
and p value was calculated. Variables with VIP > 1 and p value < 0.05
were selected as differential variables and identified, and the results
were used as potential pathological markers.

2.6. Metabolomics study of mitochondrial from gastric tissue
2.6.1. Extraction of mitochondrial samples

The mitochondria of gastric tissue were extracted using the tissue
mitochondrial isolation kit (Shanghai, China) according to the kit
instructions.

2.6.2. Preparation of mitochondrial samples

1 mL of pre-cold methanol was added to the mitochondria, shocked
for 1 min, and placed on ice. The mitochondria were broken for 10
mins (broken for 5 s, suspended for 5 s) using an ultrasonic cell crusher,
and centrifuged at 15000 g at 4°C for 15 mins. The supernatant was
collected and lyophilized. Methanol (0.1 mL) was added to the freeze-
dried sample for metabolomics analysis. 0.01 mL was extracted from
each sample, and then vortexed as a QC sample for the detection of the
stability of the instrument.

2.6.3. UHPLC-Q/TOF-MS analysis of mitochondrial sample

The liquid chromatography conditions were as follows: Waters
ACQUITY UHPLC HSS T3 liquid chromatography column (2.1 mm x
100 mm, 1.8 pm) was used, the column temperature was 35°C, the
mobile phase A was 1% formic acid water, B was 1% formic acid
acetonitrile solution, the flow rate was 0.3 mL/min, and the injection
volume was 2 pL. The elution gradient was as follows: 0 - 0.5 min, 99%
A; 0.5 min - 3 min, 99% - 47% A; 3 min - 5 min, 47% - 10% A; 5 min -
12 min, 10% - 1% A; 12 min-16 min, 1% A; 16 min - 18 min, 1% - 99%
A; 18 min - 20 min, 99% A.

The mass spectrometry conditions were the same as the above
section.

2.6.4. Data processing

Mitochondrial metabolites were downloaded from the HMDB
(https://hmdb.ca/) database as a database for identification.
2.7. Metabolite traceability analysis

Deep MetOrigin Analysis was performed at Metorigin (https://
metorigin.met-bioinformatics.cn) with species set as Rat.
2.8. Construction of protein-protein interaction (PPI) network

Enzymes in co-metabolic pathways were collected in Metorigin. The
enzymeinformation wasimported into String (https://cn.string-db.org/),
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the species was set to Rat, the minimum required interaction score was
set to medium confidence (0.400), and the hide disconnected nodes in
the network. Import PPI network information into Cytoscape 3.10.1 for
plotting.

2.9. Molecular docking

3D chemical structures of microbial metabolites were available for
download in HMDB. The structure of the enzyme was downloaded from
the PDB (http://www.rcsb.org/pdb/home/home.do) with the following
information: purine-nucleoside phosphorylase (Pnp, PDB ID: 7zsl),
glutathione reductase (Gsr, PDB ID: 3dk9), isocitrate dehydrogenase
(Idh1, PDB ID: 4ja8), xanthine dehydrogenase/oxidase (Xdh, PDB ID:
2elq), nicotinamide adenine dinucleotide kinase (Nadk, PDB ID: 7r4m),
glutathione peroxidase (Gpx7, PDB ID: 3kij). Auto Blind Docking was
performed at CB-Dock2 (https://cadd.labshare.cn/cb-dock2/php/
index.php) and the docking score was recorded [28]. Docking scores
less than -5 were considered to be combined pairs [29].

3. Results and Discussion

3.1. Pharmacodynamic evaluation

There was no obvious abnormality in the appearance of rats in the
control group. The rats in the CAG group were apathetic, with yellow
and dull hair, and thin body. The appearance of CAG could be improved
by each experimental drug. The weight of rats in the model group was
decreased significantly, and the other groups showed different degrees
of improvement. The degree of improvement in each group was as
follows in descending order: XJZ>XJZ-C>XJZ-P=Pos>XJZ-A (Figure 1a).

Food intake of the model group was significantly lower than that of
the control group. Food intake could be significantly increased by each
experimental drug (Figure 1b).

The pH of the gastric juice was significantly higher in the model
group compared to the control group. The pH of gastric juice could be
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Figure 1. Pharmacodynamic results. (a) Line graph of body weight change of rats.
(b) Histogram of food intake of rats. (c) Histogram of pH of gastric juice of rats.
(d) Histogram of PA. (e) Histopathological sections of stomach in rats stained with
hematoxylin-eosin at 200X magnification. (Compared with model group, * p < 0.05, **
p < 0.01, ***p < 0.001, n=6).
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significantly reduced by each experimental drug, with XJZ being the
most effective (Figure 1c).

The PA was significantly reduced in the model group as compared
with the control group. The PA improved with each experimental drug,
with XJZ group being the best. The rest of the groups in descending order
of action were as follows: XJZ-A, XJZ-P, XJZ-C and Pos (Figure 1d).

There was no abnormality in the gastric mucosa of rats in the control
group. In the model group, the chromatin staining was light, the cell
morphology and arrangement were irregular, the mucosal muscularis
layer was atrophied, the submucosal layer was loose, and the mucosa
was thinned. The pathological changes of the CAG could be improved
with each experimental drug, among which the effect of XJZ was the
most effective. The rest of the groups in descending order of action
were as follows: XJZ-A, XJZ-C, Pos, and XJZ-P (Figure 1e).

3.2. XJZ and its subtracted formulas altered the microbiota of gastric
mucosal

16S rRNA sequencing was performed to evaluate the effects of
XJZ and its subtracted formulas on the gastric mucosal microbiota. In
the Figure S2, the number of taxa has been shown in Figure S2(a).
Venn diagram of ASV/OUT has been shown in Figure S2(b). The
richness and diversity of the model rats were significantly decreased
compared with control group (Figure 2a). While the alpha diversity
could be modulated by XJZ, XJZ-A, and XJZ-C, but there was no
significant modulation by XJZ-P. In the Beta diversity results, the
control group was clearly separated from the model group; the colony
structure was significantly regressed by XJZ, XJZ-A, and XJZ-C, and
there was no significant regression by XJZ-P (Figure 2b). Heat maps
of the phylum and genus level have been shown in Figure S2(c-d).
The differential microbes in the model group compared to the control
group included Actinobacteria, Fusobacteria, Tenericutes, Firmicutes,
and Verrucomicrobia (Figure S2e). Actinobacteria, Verrucomicrobia,
Fusobacteria, and Firmicutes could be significantly regulated by
XJZ. The differential microbes in the model group compared to the
control group included Cetobacterium, Corynebacterium, Jeotgalicoccus,
Lactobacillus, Methylobacterium, Olsenella, Petrimonas, Rothia, and
Streptococcus. Olsenella, Petrimonas, Rothia, and Streptococcus (Figure
S2f). Corynebacterium, Cetobacterium, Jeotgalicoccus, Lactobacillus,
Methylobacterium, Petrimonas, and Streptococcus could be significantly
regulated by XJZ. The number of phylums regulated by XJZ-P, XJZ-A,
and XJZ-C were 0, 1, and 3, respectively. The number of genera
regulated by XJZ-P, XJZ-A, and XJZ-C were 3, 4, and 6, respectively.

The 16S rRNA gene sequences were used to predict metabolic
pathways in the KEGG database, and a total of 15 differential metabolic
pathways were predicted (Figure 2c). Each subtracted formula
regulated the differential pathways weaker than XJZ. XJZ regulated all
15 differential metabolic pathways. No differential metabolic pathways
were regulated by XJZ-P. After subtracting the “principal drug” from
XJZ, microbial metabolic pathways were no longer regulated by XJZ-P.
Nine of the 15 differential metabolic pathways were regulated by
XJZ-A. After subtracting the “assistant drug” from XJZ, K, L, M, N, O,
and P were no longer regulated by XJZ-A. Twelve of the 15 differential
metabolic pathways could be regulated by XJZ-C. After subtracting the
“complement drug” from XJZ, M, N, and O were no longer regulated
by XJZ-C.

For CAG-induced gastric mucosal microbial disorders, the regulatory
effects from high to low were XJZ, XJZ-C, XJZ-A, and XJZ-P.

3.3. Metabolomics analysis of rat gastric tissue

Metabolomic analysis of gastric tissues based on Waters Primer
Synapt XS IMS-TOF technology was performed to investigate the effects
of XJZ and its subtracted formulas on the metabolism of gastric tissues
in CAG rats. LC-MS chromatograms of each group of gastric tissues in
positive mode have been shown in Figure S3(a). The QC samples were
all within 2-fold standard deviation (+ 2SD) (Figure S3b). In the PLS-DA
score plot, the control group was completely separated from the model
group suggesting that CAG caused metabolic disturbances in gastric
tissues (Figure 3a). In the permutation test results of PLS-DA, Q2 was


http://www.rcsb.org/pdb/home/home.do
https://cadd.labshare.cn/cb-dock2/php/index.php
https://cadd.labshare.cn/cb-dock2/php/index.php
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024
https://dx.doi.org/10.25259/AJC_65_2024

Lu et al.
(a) Chaol Faith_pd Observed_species Shannos,
30000 & i 200 ** . il - -—|
[ *k ns * 2500- — * 10 ns
s T 10 T I E 1 r hd hd
2000 % a P 2000 * ¥ 1 ;‘
1 100 = g 1500 1 H 6
1000 : 1000 = 4
50
500 2
T — T — ————
S DR L C X PR O C G T R I
SRR Rttt P P
Simpson Goods,mv:rage Piclou_¢
* ™ il
™ w [ 0.8 il
11 * 3 Lo L| | L]
FET ] =1,
10 ns
— = 07 (=1
09 0.995-
08 q 0.6
0.7
0.990¢ L 0.5
0.6° =
05 (I/ ‘g "l' T ol z T T T 0. T T T T T |
RAFTIT RN < P 4
ST S @*'s.p“’s"’ W
S
(b) PCOA PCA
0.5 @ Control
® Model
0.4 ® X1z
034 ® Xizp
® XIZA
0.2 ® XizC

0.14

PCo2 [14.3%]
PC2 [13.9%)

0.04

-0.14

-0.2

-0.34

-0.4

(©

04 03 02 01 00 01 02 03 04 -05-04-03-02:0.100 0.1 02 03 0.4 0.5 0.6

PCol [19%] PC1 [77.7%)

A B C D E F G H J K L M N O P

Figure 2. Effect of XJZ and its subtracted formulas on gastric mucosal microbiota.
(a) Alpha Diversity. (b) Beta diversity. (c) Analysis of microbial metabolic pathways
in the gastric mucosa, metabolic pathways with log, . P values greater than 1 were
considered statistically significant (A: Sulfur metabolism; B: Glycine, serine and
threonine metabolism; C: Valine, leucine, and isoleucine biosynthesis; D: Secondary
bile acid biosynthesis; E: Primary bile acid biosynthesis; F: Vitamin B6 metabolism;
G: Nucleotide excision repair; H: Glycerophospholipid metabolism; J: Insulin signaling
pathway; K: Pantothenate and CoA biosynthesis; L: Galactose metabolism; M:
Pyrimidine metabolism; N: Glyoxylate and dicarboxylate metabolism; O: Peptidoglycan
biosynthesis; P: D-Alanine metabolism) (Compared with model group, * p < 0.05, ** p
< 0.01, ***p < 0.001, n=6).

smaller than R2 and the value of the intersection of Q2 with the Y-axis
was negative, proving that the model was applicable (Figure 3b).
Inthe OPLS-DA score plot, the control group was completely separated
from the model group (Figure 3c). The permutation test of OPLS-DA
proved that the model was applicable (Figure 3d). Seventeen differential
metabolites were identified, including cellobiose, chenodeoxycholic
acid 3-sulfate, D-alanine, D-alanyl-d-alanine, glycoursodeoxycholic acid
3-sulfate, diaminopimelic acid, D-glutamic acid, deoxyglycocholate,
phenylpyruvic acid, urobilinogen, L-homoserine, N2-succinyl-
ornithine, hydroxypropionic acid, indoleacetic acid, taurodeoxycholic
acid, N-methylnicotinamide, and glycocholic acid (Table S2). Nine
compounds were significantly decreased and 8 compounds were
significantly increased in the model group compared to the control
group (Figure S3c). Seventeen differential metabolites were modulated
by XJZ; glycoursodeoxycholic acid 3-sulfate and N-methylnicotinamide
were modulated by all treatment groups with the same trend of
modulation. The number of differential metabolites regulated by XJZ-P,
XJZ-A, and XJZ-C were 3, 7, and 6, respectively. The results showed
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Figure 3. Metabolomics analysis of gastric tissue. (a) PLS-DA of gastric tissue
metabolomics. (b) Permutation test result of PLS-DA. (c) OPLS-DA of gastric tissue
metabolomics (d) Permutation test result of OPLS-DA.

that the effects on the metabolic disorders of gastric tissue were XJZ,
XJZ-A, XJZ-C, and XJZ-P in descending order of regulation.

3.4. Differential metabolite traceability and the STA-Sankey network

Six metabolites were host-associated and all six were “host-
microbe” co-metabolites; 17 metabolites were microbe-associated, 11
of which were microbe-specific (Figure 4a and 4b, Table S3). 8 and
10 metabolite pathways belonged to microbiota and host-microbiota,
respectively, of which 4 and 2 metabolic pathways were significantly (p
< 0.05) associated with CAG, respectively (Figure 4c).

Significant metabolic pathways, including D-amino acid metabolism
(involved metabolites: phenylpyruvicacid and D-glutamicacid) and
Beta-alanine metabolism (involved metabolites: hydroxypropionicacid)
were co-metabolised; D-amino acid metabolism (involved metabolites:
D-alanyl-D-alanine, diaminopimelic acid, D-alanine), peptidoglycan
biosynthesis (involved metabolites: D-alanyl-D-alanine; D-alanine),
lysine biosynthesis (involved metabolites: diaminopimelic acid,
L-homoserine), and sulfur metabolism (involved metabolite:
L-homoserine) were microbial metabolism. Of interest, D-amino acid
metabolism was the most prominent metabolic pathway in both co-
metabolism and microbial metabolism, with a total of five involved
metabolites, and was the most relevant pathway for CAG pathogenesis.

Cetobacterium was negatively correlated with indoleacetic
acid and positively correlated with D-glutamic acid; Streptococcus
was negatively correlated with D-alanine, N-methylnicotinamide,
glycoursodeoxycholicacid 3-sulfate, and positively correlated with
chenodeoxycholic acid 3-sulfate, taurodeoxycholic acid; Olsenella was
negatively correlated with glycoursodeoxycholicacid 3-sulfate, N2-
succinyl-ornithine and positively correlated with chenodeoxycholic
acid 3-sulfate, taurodeoxycholic acid; Lactobacillus was positively
correlated with hydroxypropionic acid and N-methylnicotinamide and
negatively correlated with cellobiose and D-glutamic acid (Figure 4d).
STA-Sankey network diagrams of D-Amino acid metabolism, beta-
Alanine metabolism, Peptidoglycan biosynthesis, Lysine biosynthesis
and Sulfur metabolism have been shown in Figure S4.

Based on the regulation of metabolites by each experimental drug,
it was clear that all five metabolic pathways could be regulated by XJZ.
2 metabolites could be regulated by XJZ-P. D-amino acid metabolism,
Beta—alanine metabolism, and peptidoglycan biosynthesis were
not regulated by XJZ-P after subtracting “principal drug” from XJZ,
suggesting that the “principal drug” plays a major role in the regulation
of the above 3 metabolic pathways by XJZ. Three metabolic pathways
could be regulated by XJZ-A. Lysine biosynthesis and sulfur metabolism
were not regulated by XJZ-A after XJZ subtracted the “assistant
drug”, suggesting that the “assistant drug” plays a major role in the
regulation of the above 2 metabolic pathways by XJZ. Two metabolic
pathways could be regulated by XJZ-C. Peptidoglycan biosynthesis,
lysine biosynthesis, and sulfur metabolism were not regulated by XJZ-C
after subtracting the “complement drug” from XJZ, suggesting that the
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Figure 4. MetOrigin analysis of differential metabolites in gastric tissues. (a) Venn
diagram for traceability analysis. (b) Histogram of traceability analysis. (c¢) Functional
analysis of differential metabolite traceability, metabolic pathways with log, . P values
greater than 1 were considered statistically significant (1: D-Amino acid metabolism.
2: Peptidoglycan biosynthesis. 3: Lysine biosynthesis. 4: Beta— Alanine metabolism. 5:
Sulfur metabolism. 6: Phenylalanine, tyrosine and tryptophan biosynthesis. 7: Propanoate
metabolism. 8: Phenylalanine metabolism. 9: Carbon fixation pathways in prokaryotes.
10: Glycine, serine and threonine metabolism. 11: Primary bile acid biosynthesis. 12:
Tryptophan metabolism. 13: Cysteine and methionine metabolism. 14: Teichoic acid
biosynthesis. 15: Arginine and proline metabolism. 16: Pyrimidine metabolism. 17:
Porphyrin metabolism). (d) Heatmap of microbial-metabolite correlation.

“complement drug” played a major role in the regulation of the above
3 metabolic pathways by XJZ.

3.5. Metabolomics analysis of mitochondria

LC-MS chromatograms of each group of mitochondrial in positive
mode have been shown in Figure S5(a). The QC samples were all within
2-fold standard deviation (+ 2SD) (Figure S5b). The PLS-DA results for
all the experimental groups have been shown in Figure 5(a), where the
control and model groups were significantly separated. Permutation test
has been shown in Figure 5(b), Q2 was less than R2 and Q2 intersects
the Y-axis negatively, proving that the model was applicable.

Arabian Journal of Chemistry 2025 18 (4) 652024

a [ Control b ®R2
( ) ‘ ‘ Model ( ) PGz
1004 Wxiz 05
{ .+ ° mxizc
50 0 WxizP
| T mxiz-a 0
g ot .‘ \ I. oo
R b [ )
501 ° 22
i °
1007 1
77200 4150 <100 50 0 S0 100 150 200 a1
1) 02
=y M Control oR2
(C) 80000 T B Model (d) - Q2
60000 - }
. 40000 / [ ] ® \\\
T 20000 | ) \
g = 05
S -20000 \ ‘ © 8 /
~ -10000 \ ® + -1
-60000 \\ v
-80000 = —— /// 15
~150000-100000-50000 0 50000 100000 2b— -
100422 # (1] 02
(e) Enriched metabolic pathways
3

10g0.05 Pvalue
N

ABCDEFGHTI JKLMNOP

Figure 5. Analysis of mitochondrial metabolomics. (a) PLS-DA of mitochondrial
metabolomics. (b) Permutation test result of PLS-DA. (¢) OPLS-DA of mitochondrial
metabolomics. (d) Permutation test result of OPLS-DA. (e) Results of metabolic pathway
enrichment analysis, metabolic pathways with log, . P values greater than 1 were
considered statistically significant, (A: Purine metabolism; B: Glutathione metabolism;
C: Biosynthesis of various other secondary metabolites; D: Nicotinate and nicotinamide
metabolism; E: Aminoacyl-tRNA biosynthesis; F: Ether lipid metabolism; G: Biotin
metabolism; H: Beta-Alanine metabolism; I: Pantothenate and CoA biosynthesis;
J: Phenylalanine, tyrosine and tryptophan biosynthesis; K: Lysine biosynthesis; L:
Phenylalanine metabolism; M: Glycerophospholipid metabolism; N: Lysine degradation;
O: D-Amino acid metabolism; P: Pyrimidine metabolism).

In the OPLS-DA score plot, the control group was completely
separated from the model group (Figure 5c). The permutation test
of OPLS-DA proved that the model was applicable (Figure 5d).
A total of 18 differential metabolites were identified, including
glycerophosphocholine, deoxyguanosine, thymidine, L-carnitine,
carnosine, guanine, pantothenicacid, glycylleucine, oxidized glutathione
(GSSG), 1-methylnicotinamide, hypoxanthine, nicotinamide adenine
dinucleotide phosphate (NADP), coenzyme Q10, lysine, phenylalanine,
guanosine, adenosine, and Gamma-linolenyl carnitine (Table S4). Six
compounds were decreased and 12 compounds were increased in the
model group. The number of metabolites regulated by XJZ, XJZ-P,
XJZ-A, and XJZ-C were 15, 7, 10, and 13, respectively (Figure S5c).
For CAG-induced metabolic disorders, the modulatory effects were XJZ,
XJZ-C, XJZ-A, and XJZ-P in descending order.

A total of 16 metabolic pathways were enriched, of which 5 metabolic
pathways were significantly correlated with CAG (Figure 5e). Metabolic
pathways included purine metabolism (involved metabolites: guanine,
hypoxanthine, guanosine, adenosine and deoxyguanosine), glutathione
metabolism (involved metabolites: GSSG and NADP), biosynthesis of
various other secondary metabolites (involved metabolites: lysine and
phenylalanine), nicotinate and nicotinamide metabolism (involved
metabolites: 1-methylnicotinamide and NADP), and aminoacyl-tRNA
biosynthesis (involved metabolites: lysine and phenylalanine). The
most significant pathway was purine metabolism, suggesting that CAG
was most affected by this pathway. All 5 pathways were regulated
by XJZ, XJZ-A, and XJZ-C. Three metabolic pathways were regulated
by XJZ-P, including nicotinate and nicotinamide metabolism, purine
metabolism, and glutathione metabolism. Therefore, the mitochondrial
metabolic pathway was most strongly regulated by “principal drug”.
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3.6. “Microbiota-mitochondria” cross-talk

By combining 16S rRNA and metabolomics, changes in gastric
mucosal microbial and gastric tissue metabolites were found, with all
gastric tissue metabolites derived from microbes, as well as changes
in mitochondrial metabolites. Many studies had found that microbes
might influence mitochondrial function through metabolites [30,31].
Gastric tissue metabolites-mitochondrial metabolites correlation
analysis revealed significant correlations between multiple microbial
metabolites and multiple mitochondrial metabolites, suggesting that
microbial metabolites could potentially influence mitochondrial
metabolites (Figure 6a). We assumed that microbial metabolites could
enter mitochondria to affect mitochondrial enzymes and mitochondrial
function, and therefore collected enzyme proteins in the mitochondrial
pathway for PPI and molecular docking analysis.

The gene information of enzymes involved into mitochondrial
metabolic pathway has been shown in Table S5. There were 26 nodes
and 76 edges in the PPI network (Figure 6b). The top 6 of degree in the
PPI network were selected as the key genes (degree = 8) of “microbial-
mitochondrial” cross-talk, including Gsr, Pnp, Idh1, Gpx7, Nadk, Xdh.

The molecular docking of microbial metabolites with key targets
in mitochondria was shown in Figure 6(c), there were a total of
102 dockings, with 83 docking scores <-5 and 30 docking scores
< -7.5. Mitochondrial targets were potential targets for microbial
metabolites such as chenodeoxycholicacid3-sulfate, urobilinogen, and
glycoursodeoxycholic acid 3-sulfate.

3.7. Regulation of CAG by components of the XJZ

The regulation of CAG by the subtracted formula was reduced
after subtracting a certain part of the drug in XJZ. When a part of the
drug was subtracted, the loss of a regulating effect could be regarded
as this part of the drug having this regulating effect. The “principal
drug,” “assistant drug,” and “complement drug” had different roles
in the treatment of CAG by XJZ, but also co-regulate in many ways.
For gastric microbiota, the number of genera individually regulated
by “principal drug,” “assistant drug,” and “complement drug” were 2,
1, and O, respectively. For gastric tissue metabolites, the number of
gastric tissue metabolites individually regulated by “principal drug,”
“assistant drug,” and “complement drug” were 4, 0, and 1, respectively.
Eight gastric tissue metabolites were regulated by the “principal
drug,” the “complement drug,” and the “assistant drug” together. For
mitochondrial metabolites, the number of mitochondrial metabolites
individually regulated by “principal drug,” “assistant drug,” and
“complement drug” were 4, 1, and 0, respectively. Three mitochondrial
metabolites were regulated by the “principal drug,” the “complement
drug,” and the “assistant drug” together.

“Principal drug” could regulate Corynebacterium, Jeotgalicoccus,
Lactobacillus, Streptococcus, and affect 14 microbial metabolites,
such as deoxyglycocholate, phenylpyruvic acid, cellobiose, and
taurodeoxycholic acid. These microbial metabolites could potentially
affect Pnp, Xdh, Nadk, and influence purine metabolism and nicotinate
and nicotinamide metabolism. It was worth noting that nicotinate and
nicotinamide metabolism was only regulated by the “principal drug”.

“Assistant drug” could regulate Petrimonas, Streptococcus,
Methylobacterium, Lactobacillus, and affect 10 microbial metabolites,
such as deoxyglycocholate, cellobiose, and indoleacetic acid. These
microbial metabolites could potentially affect Pnp, Xdh, Gsr, Idhl,
Gpx7, and influence purine metabolism and glutathione metabolism.

“Complement drug” could regulate Streptococcus, Methylobacterium,
and affect 11 microbial metabolites, such as cellobiose, chenodeoxycholic
acid 3-sulfate, and N-methylnicotinamide. These microbial metabolites
could potentially affect Gsr, Idhl, Gpx7, and influence glutathione
metabolism.

Therefore the “principal drug” had the greatest role in the treatment
of CAG with XJZ, the “assistant drug” and the “complement drug”
alone had a lesser role, and both mainly played a role together with the
“principal drug” (Figure 7).

A multi-factorial approach was used in the study to establish a rat
model of CAG, which were induced by combination administrations
of sodium deoxycholate and ammonia coupled with starvation and
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fatigue. Deoxycholic acid is one of the most toxic components of reflux
bile. 0.1% ammonia could mimic the damage to the gastric mucosa
caused by high ammonia in the presence of Helicobacter pylori infection
[32]. Several pharmacodynamic indicators showed that the rats in the
model group had the disease characteristics of CAG, indicating that the
model construction was successful.

Destruction of the gastric mucosa led to the death of acid-secreting
wall cells and a decrease in gastric acid secretion, which could lead to
overgrowth of certain bacteria [33], which was in accord with our work.
The different microbes induced by CAG mainly involved Actinobacteria,
Fusobacteria, Tenericutes, Firmicutes, and Verrucomicrobia at the
phylum level, which were usually harmless to humans. Actinobacteria
were widely distributed, produced abundant secondary metabolites,
and played an important role in the energy cycle of ecosystems [34,35].
As an important microbial resource, Actinobacteria had important
applications in the fields of medicine and biotechnology. Actinobacteria
produced metabolites, such as alkaloids, terpenoids, esters, peptides,
etc. [36,37], which were known to be anti-carcinogenic, anti-tumor,
and anti-bacterial [38,39]. In the present study, reduced abundance of
Actinobacteria in CAG rats reduced their effective metabolites, leading
to exacerbation of CAG. Verrucomicrobia could utilize mucosal mucus
as a source of nutrients [40], and its abundance was reduced in CAG rats
due to the destruction of gastric mucosa by ammonia and deoxycholic
acid. Systematic studies on Tenericutes were lacking, but their effects
on CAG could not be ruled out.

The different microbes at the genera level in the control group
compared to the model group included Cetobacterium, Corynebacterium,
Jeotgalicoccus, Lactobacillus, Methylobacterium, Olsenella, Petrimonas,
Rothia, and Streptococcus. Cetobacterium was a probiotic that produces
vitamins, acetic acid, and butyric acid. CAG led to a decrease in
Cetobacterium, which produced less acetic acid, leading to a block
in participation in the tricarboxylic acid cycle [41]. The majority of
Corynebacterium were pathogenic [42] and susceptible to infection in
immunocompromised organisms, and their presence was increased in
CAG. Lactobacillus was increased in CAG rats and it was a bacterium
that produces bile acid hydrolase (BSH). Bound bile acids were
increased in CAG rats [43] and BSH-producing bacteria were tolerant
to bound bile acids [44]. Methylobacterium was pathogenic bacteria
which was positively associated with liver disease [45] and could also
cause kidney infections [46]. Olsenella was a probiotic reduced in CAG
rats, and its elevation alleviated high-fat diet-induced obesity[47],
hypercholesterolemia [48]. Streptococcus was a pathogenic bacterium
whose cell wall complexes, secondary metabolites (hemolysin,
autolysins, etc.) are harmful [49]. Rothia, Jeotgalicoccus and Petrimonas
remain to be studied further.

To further explore the changes in gastric tissue metabolites, gastric
tissue metabolomics analysis was performed. The results showed that
CAG induced the metabolite disorders in gastric tissues, as well as
the gastric mucosal flora. A total of 17 differential metabolites were
identified, which were associated with the host and gastric mucosal
flora.

Differential metabolite pathway analysis identified 5 metabolic
pathways that were significantly associated with CAG and all of
these pathways might be associated with microbes. D-amino acids
regulated glucose metabolism by regulating insulin secretion [50,51].
In the present study, it was D-glutamate that was involved in the
metabolism of D-amino acids, which for some time was thought to
be metabolized by D-aspartate oxidase. However, a recent study
showed that D-glutamate was also converted to 5-OXO-D-proline in
mitochondria via a new D-glutamate cyclase [52]. 5-OXO-D-proline
was associated with glutathione (GSH) in mitochondria [20], which
was involved in mitochondrial redox reactions as a reducing substance
in mitochondria. Peptidoglycan was an essential component of the
cell wall of bacteria and was necessary for the maintenance of cell
morphology, size, osmotic pressure stability, and cell survival [53,54].
In the host, peptidoglycan inhibited hexokinase (HK), which dissociated
HK from mitochondria and therefore activated NLR family pyrin
domain containing 3 (NLRP3) inflammasomes. NLRP3 inflammasomes
regulated a number of mitochondrial functions including
mitochondrial motility [55], mitochondrial division and growth [56],
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and mitochondrial autophagy [57]. Lysine biosynthesis could regulate
the synthesis of lysine, which was important for regulating metabolic
homeostasis in the body, enhancing the absorption of other proteins,
promoting growth and development, and improving human dietary
nutrition and animal nutrition [58]. Beta-alanine metabolism was a
way of regulating Beta-alanine content. Beta-alanine was not involved
in protein synthesis and was the only Beta-amino acid present in
nature, involved in the composition of pantothenic acid, coenzyme
A. In mice, Beta-alanine increased superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) activity in muscle, decreases
oxidation products such as malondialdehyde (MDA), and improved
muscular endurance [59]. Sulfur metabolism in microbes was
associated with microbial resistance [60]. Sulfur existed in bacteria
mainly in inorganic or organic form, inorganic substances included
sulfate, thiosulfate and hydrogen sulfide (H,S), etc.; organic sulfur
substances included various amino acids. H,S produced by bacteria
was the substance that most directly affects the host, and H,S could
stimulate the expression of complex IV (cytochrome c oxidase, CcO) in
the mitochondria of trophoblast progenitor cells [61], and increased
ATP production [62]. The above results suggested that gastric tissue
metabolites were altered. Metabolites and metabolic pathways were
associated with the gastric mucosal microbiota and potentially linked
to mitochondrial metabolic alterations.

To investigate the changes in mitochondrial metabolites,
mitochondrial metabolomics analysis was further performed, where
total of 18 mitochondrial differential metabolites were identified.

The differential metabolites were subjected to pathway analysis and
five metabolic pathways were significantly correlated with CAG. In
purine metabolism, purines were involved in the synthesis of a variety
of biomolecules in the organism, such as nucleic acid synthesis, cell
signals, cofactors, and co-transporters [63]. Purine metabolism was
involved in the NLRP3 inflammatory pathway and the Cyclic adenosine
monophosphate-protein kinase A (cAMP-PKA) pathway [64], which
might account for its influence on CAG. Glutathione metabolism
mainly involved the production of dihydronicotinamide-adenine
dinucleotide phosphate (NADPH), glutathione, and GSSG, and was
closely related to mitochondrial inflammation, oxidative stress, and
apoptosis [65]. In biosynthesis of various other secondary metabolites,
phenylalanine generates Cyclo (L-Trp-L-Phe). Cyclo (L-Trp-L-Phe)
showed antimicrobial, antitumor, antiviral, and antioxidant effects,
but its role in CAG is unknown. In this experiment, nicotinate and
nicotinamide metabolism involved the synthesis of NADP and
nicotinamide. NADP produced nicotinamide under the catalysis of ADP-
ribosyl cyclase or cyclic ADP-ribose hydrol, and nicotinamide produced
1-methylnicotinamide under the catalysis of nicotinamide N-methyltra
ferase catalyzed to produce 1-methylnicotinamide. The various types
of niacinamide were collectively known as niacin, which is a vitamin.
In CAG rats, the levels of 1-methylnicotinamide and NADP were
significantly reduced, reflecting the fact that the overall level of niacin
in their organisms was significantly decreased compared to normal rats.
Lack of nicotinate could lead to a variety of diseases, such as enteritis,
dermatitis, neuroinflammation [66]. Lack of nicotinate could be an
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important cause of CAG. In this study aminoacyl-tRNA biosynthesis
involved the synthesis of L-phenylalanyl-tRNA and L-LySyI-tRNA,
and the key to the pathway was aminoacyl-tRNA synthetase, which
catalyzed the synthesis of aminoacyl-tRNA from amino acids and
their corresponding tRNAs [67]. In CAG, mitochondrial phenylalanine
and lysine were elevated, which suggested that their corresponding

aminoacyl-tRNAs were blocked, which might lead to cessation of
biological responses and mitochondrial dysfunction.

It had been shown that there existed a cross-talk between microbiota
and mitochondria [68]. Mitochondria are essential organelles for
ATP production and the main producers of reactive oxygen species.
Bajpai et al. found that there was an overlap between abnormalities in
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intestinal flora and mitochondrial dysfunction, and that the intestinal
flora might influence health and disease by regulating mitochondrial
function [69]. Thiele et al. screened 2626 metabolites from 7439
reactions and found that 437 were from mitochondria, of which 325
overlapped with gut flora metabolites [31]. Microbiota can directly
or indirectly affect mitochondria. Direct effects were manifested by
microbial metabolites, such as SCFAs, H,S, NO, and secondary bile acids
that could modulate mitochondrial function and affect host metabolism
and health. Escherichia coli, Streptomyces and Pseudomonas aeruginosa
in the intestine secreted xanthine oxidase, which converts purines in
the intestine to uric acid [70]. Uric acid was reducibility and had the
function of scavenging many reactive oxygen species such as oxygen
radicals and peroxynitrite produced by mitochondria [71]. CAG caused
thinning of gastric mucosa, reduction of barrier function, and entry of
a large amount of lipopolysaccharide (LPS) produced by bacteria into
gastric tissue cells. LPS could induce NF-xB-mediated inflammation
[72] and increase intracellular ROS and activate the ROS/p38/MAPK
signaling pathway, which affected apoptosis [73]. SCFAs produced
by microbiota affect mitochondrial function, for example, the lack
of butyrate led to a significant reduction in nicotinamide adenine
dinucleotide (NAD), resulting in autophagy in germ-free mouse colon
cells [30]. It had also been shown that microbes regulated mitochondrial
function by indirectly inducing genes of SIRT1, FIAF, and FXR [74].

To further explore the effects of microbial metabolites on
mitochondrial enzymes, molecular docking was used. Gsr was an
oxidoreductase enzyme that was an important component of the
human redox system. With NADPH as a cofactor, Gsr catalyzed the
formation of reduced GSH from GSSG, which is beneficial to the
body's antioxidant activity [75]. Pnp was a key enzyme in the purine
remediation pathway, catalyzing the phosphorylation of nucleosides,
such as inosine and guanosine and participating in the degradation
of ATP [76]. Idhl was located in the mitochondrial matrix and
converted isocitrate to a-ketoglutarate (a-KG) and NADP to NADPH.
a-KG was a cofactor for many dehydrogenases and was involved in
the regulation of various key biological processes, including nucleic
acid repair, hypoxia response and chromatin modification and fatty
acid metabolism. a-KG could regulate various key biological processes,
including nucleic acid repair, hypoxia response, chromatin modification
and fatty acid metabolism. During the conversion of isocitrate to a-KG,
Idh1 catalyzed the generation of NADPH, and NADPH and reduced
nicotinamide adenine dinucleotide (NADH) were reductants for lipid
biosynthesis and antioxidants that protect cells from oxidative stress
and radiation damage [77]. Gpx was an important oxidoreductase
containing eight family members that played important roles in
scavenging peroxides and maintaining the functional integration
of cell membranes [78]. High expression of Gpx7 could alleviate
cellular damage caused by ROS, and Gpx7 also reduced IL-1p3-induced
cellular inflammation, apoptosis, and extracellular matrix degradation
through the regulation of iron death [79]. Nadk was the rate-limiting
enzyme that phosphorylated NAD to NADP and is highly conserved
throughout biological evolution. NADP was important in cellular redox
homeostasis [80]. The main role of Xdh was to act as a catalyst for the
conversion of hypoxanthine to xanthine, and ultimately to uric acid
[81]. Multiple microbial metabolites could dock with the six enzyme
proteins mentioned above, suggesting that there was a potential cross-
talk between microbiota and mitochondria.

XJZ enhanced the antioxidant and anti-inflammatory capacity of
piglet liver through Nrf2/NF-xB pathway [82]. XJZ reduced mucosal
damage, increased ZO-1 and occludin expression, decreased epithelial
cell apoptosis, decreased the expression of autophagy-related proteins
LC3 and beclinl, increased the expression of p62, activated the PI3K/
AKT/mTOR/ULK1 (ser757) signaling pathway, inhibited AMPK/
ULK1 (ser317) signaling pathway, antagonized the imbalance of redox
homeostasis, and protected the gastric mucosa [83]. In this study, it
was found that the effect of XJZ against CAG was the result of the
participation of all parts. The “principal drug” had the strongest effect,
and the “assistant drug” and the “complement drug” were weaker and
more auxiliary to the “principal drug” compared to compared to the
“principal drug”. Although the effect of the “principal drug” was the
strongest, the effect of XJZ was reduced without the assistance of the
“assistant drug” and the “complement drug”. The treatment of TCM
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compound was a holistic action of all the parts, with possible synergies
between the parts [84].

Additionally, in other studies of CAG, metabolomics analysis had
been conducted using samples, such as serum and urine, and many CAG
biomarkers had been identified. Interestingly and similarly, differences
in energy metabolism, such as glycerophospholipid metabolism, citrate
cycle, and alanine, aspartate, and glutamate metabolism, were also
observed in serum and urine between normal and CAG rats in these
studies [85,86]. Serum samples provided a more practical and simpler
choice for disease monitoring, which was very important in clinical
practice. Compared with serum or urine samples, the gastric tissue
can offer a unique perspective on localized metabolic information.
The metabolic profiles of gastric tissue could offer a direct description
of its pathological process during the onset and progression of CAG,
and facilitate the understanding of the underlying mechanism of
CAG. Our current research focused on gastric tissue to gain a deeper
understanding of the metabolic links between the gastric tissues and
microbes, as well as the cross-talk between gastric mucosal microbes
and mitochondria. These findings might provide new ideas for the
mechanism of XJZ and its subtracted formulas in the treatment of CAG.
The connection between gastric tissue and serum would be performed
to provide a more comprehensive and deeper lights into the efficacy of
XJZ against CAG, as well as its compatibility.

In future experiments, molecular biology experiments will be
performed to validate the results of molecular docking and Metorigin.
The mechanism of cross-talk between mitochondria and microbes needs
to be further investigated. In addition, we need to go deeper into the
function and efficacy of the compounds in XJZ.

4. Conclusions

In this study, 16S rRNA sequencing, metabolomics, metabolite
traceability, and molecular docking techniques were integrated to
demonstrate that there was a cross-talk between gastric mucosal
microbes and mitochondria. XJZ and its subtracted formulas improved
CAG-induced mitochondrial dysfunction, which may be mediated by
microbial metabolites (Graphical abstract). In the treatment of CAG
with XJZ, the role of the “principal drug” was the greatest, and the
“assistant drug” and “complement drug” could assist the “principal
drug” to work.
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