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ABSTRACT
Radix Astragalus (RA) has been used in the treatment of depression. Astragalus polysaccharide (APS) is one of the effective
components of RA. However, the antidepressant mechanism of APS is still unclear. This research utilized 16S rRNA analysis,
microbial analysis, and metabolomics analysis to elucidate the antidepressant mechanism of APS at both micro and macro levels.
Correlation analysis was performed on the perspective of “behavioral indicators-intestinal bacteria-immune factors-differential
metabolites” to show the relationships among various indicators. The results showed that APS could significantly regulate the
depressive behaviors of depressed rats, alleviate the imbalance of Th17/Treg, increase the expression level of anti-inflammatory
factor IL-10, while reduce the expression level of pro-inflammatory factor IL-22. APS significantly reduced the expression levels
of lysine, alanine, and arginine of depressed rats, as well as the abundance of Aerococcus. Lysine and arginine were the most
closely related to behaviors, immune factors, and gut bacteria. The current findings revealed the antidepressant mechanism of
APS from the perspective of the “gut microbiome–immunity–metabolome” axis. This study provides a new strategy for proving
the antidepressant effects of plant polysaccharides and lays a solid foundation for the discovery of new drugs from botanical drugs
and the improvement of patients’ quality of life.

Abbreviations: APS, Astragalus polysaccharides; CUMS, chronic unpredictable mild stress; FST, forced swimming test; LDBT, light-dark box test; MDD, major depressive disorder; MW, molecular
weight; MWM, Morris water maze; NC, negative control; OFT, open-field test; PX, Paroxetine; RA, Radix Astragalus; RT-qPCR, quantitative real-time PCR; SPT, sucrose preference test.
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1 Introduction

Depression is causing excessive disability and mortality, bringing
huge global economic and social burdens. World Health Orga-
nization (WHO) estimates that more than 350 million people
worldwide are suffering from depression, and worse, the number
of cases is increasing each year (Ortiz et al. 2022). At present,
serotonin reuptake inhibitors (SSRIs) are one of the mostly used
antidepressant drugs. Yet, efficiencies of these drugs are far from
satisfactory due to various side effects, for example, gastrointesti-
nal reactions (nausea, vomiting, and diarrhea) (Coupland et al.
2018; Gerhard, Wohleb, and Duman 2016; Huang et al. 2023).
Therefore, treatments with notable the efficiencies but low or
none side effects are urgently needed. In this regard, natural
products have demonstrated huge potential and benefits.

Natural polysaccharides have potent biological activities, includ-
ing antitumor, antidiabetic, antiviral, and immunomodulatory
effects (Guo et al. 2021; Liu, Li, et al. 2022b). After entering
the intestine, polysaccharides interact with the intestinal flora
and degrade into monosaccharides or oligosaccharides. In the
meantime, gut homeostasis, for example, gut microbiome and
immunity, has been reported to be crucial in depression (Han
et al. 2022; Mazza et al. 2020; Peirce and Alviña 2019). Nowa-
days, gut microbes have become a hot topic in depression,
one of the most prevalent psychiatric disorders with complex
pathogenesis (Ménard, Hodes, and Russo 2016; Weersing et al.
2017). Intestinal microorganisms can affect the occurrence and
development of depression through the gut-brain axis (Liu,
Wang, et al. 2023a, b). The abundance of pro-inflammatory
species, for example, Enterobacteriaceae and Desulfovibrio in
patients with depression is higher, whereas the abundance of
short-chain fatty acid producing-bacteria, for example, Faecal-
ibacterium is lower (Simpson et al. 2021). Roseburia intestinalis
ameliorate CRS-induced mouse depressive behaviors via promot-
ing tryptophan hydroxylase-2 (TPH2) or -1 (TPH1) expression
(Zhou et al. 2023). Bifidobacterium breve CCFM1025 can alleviate
depression by regulating tryptophan metabolism (Tian et al.
2022). Besides, gut is also the largest immune and endocrine
organ. Immune factors and balances, for example, interleukin
10 (IL-10), interleukin 17 (IL-170s., interleukin 22 (IL-22), trans-
forming growth factor-β (TGF-β), and Th17/Treg balance also
participate in the occurrence and development of depression
(Köhler et al. 2017; Huang et al. 2022a, 2022b; Westfall et al.
2021). Of note, we also should notice that intestine is also the
largest organ for digestion and absorption. Therefore, intesti-
nal homeostasis provides a new perspective for exploring the
pathogenesis of depression and the antidepressant mechanism
of APS. On the basis of the fact that intestinal microorganisms
affect the host through metabolites, metabolomics will be an
effective approach to reflect the changes of intestinal home-
ostasis in patients with depression, as have been demonstrated
by a number of studies (Han et al. 2022; Li et al. 2022).
Consequently, we start from the “gut microbiome–immunity–
metabolome” axis to reveal the antidepressant mechanism of
APS.

Radix Astragalus (RA), Huang qi in Chinese, belongs to Legumi-
nosae family. As a homologous medicine and food, RA has been
used for thousands of years in China. According to the theory

of traditional Chinese medicines (TCMs), RA invigorates spleen’s
functions and replenishes Qi. Of note, RA has also been used in
treating depression for long time (Liu et al. 2021a). Astragalus
polysaccharides (APSs) are one of major active ingredients of
Astragalus, which exhibits a variety of pharmacological activities,
such as regulating immunity (Tong and Hou 2006), anti-diabetes,
anti-oxidation, anti-tumor, anti-inflammatory, and neuroprotec-
tion (Dong et al. 2020; Jin et al. 2014; Liu et al. 2018). However,
the underlying mechanisms of the anti-depression effects of APS
have not been fully elucidated, which is the reason why APS has
not been widely used.

In this study, we aimed to investigate the multi-factor mech-
anisms of depression and the anti-depression mechanisms
of APS from the perspective of “gut microbiome–immunity–
metabolome” axis by analyzing gut microbiome, immunity, and
metabolome. We employed a classical depression rat model by
subjecting rat in chronic unpredictable mild stress (CUMS) con-
dition. Subsequently, we assessed the effects of APS on abnormal
behaviors of depressed rats. The immune factors, including IL-
10, IL-17, IL-22, and TGF-β, were measured. At the same time,
gut microbiota of depressed rats was analyzed by 16S rRNA
gene sequencing. 1H NMR-based metabolomics coupling with
multivariate data (MVD) analysis were conducted on feces that
collected from these rats. Fecal metabolic profiles, differential
metabolites, and corresponding metabolic pathways that related
to CUMS-induced depression were screened. On top of this, the
regulatory effects of APS were demonstrated. Finally, both intra-
and inter-layer networks were constructed in terms of integrating
both macroscopic and microscopic parameters. Our current find-
ings are of significance in terms of revealing depression from the
perspective of “gut microbiome–immunity–metabolome” axis,
and the antidepression effects of polysaccharides from plants,
providing ideas for clinical researches and development of new
antidepressants, and ultimately serving depressed patients in
clinic.

2 Materials andMethods

2.1 Reagents

Paroxetines (PX) (molecular formula: C19H20NO3F⋅HCl) were
purchased from the Beijing Wansheng Pharmaceutical Co. Ltd.
(Beijing, China). The sucrose was obtained from the Sangon
Biotech Co. Ltd. (Shanghai, China). Deuterated water (D2O)
and sodium 3-trimethylsilyl [2,2,3,3-2d4]—propionate (TSP)were
bought from the Norell (Landisville, USA) and the Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA), respectively.
Phosphatewas obtained from the Shanxi BaiaoBiotechnologyCo.
Ltd. (Taiyuan, China).

Reverse transcription kits andRT-qPCRkitswere purchased from
TaKaRa Biotechnology Co. Ltd. (Beijing, China) (639505). Rat
IL-10 enzyme-linked immunosorbent assay (ELISA) kit (D731011-
0096), rat IL-17 ELISA kit (D731078-0096), rat IL-22 ELISA
kit (D731248-0096), and rat TGF-β ELISA kit (D731125-0096),
chloroformand ethanolwere bought from the SangonBiotechCo.
Ltd. (Shanghai, China).
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2.2 Preparation of APS

APS was prepared as follows (Cao, Li, and Qin 2019). Astragalus
powder (15 g) was extracted with 300 mL deionized water for 4 h
at 90◦C. The supernatant was then obtained by centrifugation
(4000 r/min, 30min) and followed by freeze-drying. APS solution
was prepared by enzymatic digestion (papain 200 U) and depro-
teinized with trichloroacetic acid. The reaction was carried out in
a water bath at 45◦C for 6 h, and then 10% trichloro acetic acid
was added to the reaction system to a total volume of 200 mL,
stirred in an ice bath for 15 min, and left to stand for 30 min.
The supernatant was mixed with ethanol to 90% ethanol content
and left overnight, and followed by freeze-drying. The molecular
weight (MW) of APS was determined by high-performance gel
permeation chromatography.

2.3 Animals Experiment

Specific pathogen-free (SPF) male Sprague-Dawley rats (8 weeks
old, 220–240 g) were purchased from the Experimental Animal
Center of the Chinese Military Medical Sciences Academy (No.
SCXK2021-0011). All ratswere housed under standard experimen-
tal conditions with room temperature at 23◦C ± 2◦C, relative
humidity 50% ± 10%, and 12 h light–dark cycle. Rats were
allowed to be acclimated to the environment for 7 days prior
to experimentation. Food and water were available to rats at all
times during the acclimatization process, as well as during the
experimental process. All the experimental protocols that used
in the present study were approved by the Committee on the
Ethics ofAnimal Experiments of ShanxiUniversity (ApprovalNo.
SXULL 2022022).

We conducted the CUMS procedure in accordance with the
previous description (Liu, Wang, Wei, et al. 2021b). After 7-day
adaptation, all rats were randomly assigned to four groups (n= 8):
the negative control group (NC), the CUMS model group (MS),
PX group, and APS group (200 mg/kg/day), referring to the
previous researches (Awad et al. 2020; Yang et al. 2014; Zhou
et al. 2021). The dose of PX was 5 mg/kg/day in this study,
referring to the study of Amodeo et al. (2015). One week after
modeling, intragastric administration was performed until the
end of the experiment. Except for rats in NC group, rats in the
other three groups were repeatedly exposed to a series of chronic
unpredictable mild stressors, including 24 h food deprivation,
24 h water deprivation, exposure to an experimental room at
50◦C for 10 min, swimming in cold (4◦C) water for 5 min, tail
clamping for 2min, foot shock every 10 s for 10 times, restraint for
3 h, disruption of circadian rhythm, and exposure to ultrasonic
(40 MHz) electromagnetic radiation for 3 h. One stressor was
applied daily. The entire stress procedure lasted for 4 weeks, with
stressors applied in a completely random order.

2.4 Behavioral Tests

2.4.1 BodyWeight

During the experimental period, the body weight of each rat was
recorded every week.

2.4.2 Sucrose Preference Test (SPT)

Prior to SPT, rats were accustomed to 1% sucrose solution for 72 h.
All rats could drinkwater or sucrose freely after 24 h of CUMSand
deprivation of water and food. The following formula was used to
calculate the sucrose preference of each rat:

Sucrose preference (%)

= (volume of sucrose intake∕total volume of intake) × 100%

2.4.3 Open-Field Test (OFT)

An OFT was conducted to assess the exploratory behaviors of
rats as well as the tension within the rats, which may be used
as an indirect indicator of spontaneous locomotor activities and
anxiety behavior levels. The open-field apparatus consisted of a
bare box (150 × 150 cm2), which was equally divided into 5 × 5
cells. There was a 5-min observation period for each rat after
being placed in the central square of the apparatus. After 1-min
acclimatization, the following parameters were recorded in the
following 4 min including the duration time in the center cell,
the grooming time, the total distance travelled, and the rearing
time. After the completion of one rat, the entire area was cleaned
to eliminate the influences of odors on the next rat.

2.4.4 Light-Dark Box Test

The typical light/dark box has two compartments connected to
each other with an accessing between the compartments. The rat
was usually placed in the light chamber first and the latency of
the first entry into the dark compartment, the percentage of time
spent in the light and dark compartments, and the numbers of
dark-to-light transitionswere recorded. The chamberwas cleaned
with 70% ethanol between testing each rat.

2.4.5 Forced Swimming Test

The forced swimming (FS) experiment is a behavior of des-
peration experiment, in which rats are placed in a cylindrical
transparent glass container (50 cm high) with a water depth of
30 cm and a water temperature of (23 ± 2)◦C. After 2 min of
acclimatization, the immobility time of each rat was recorded
with a stopwatch for the next 4 min. The immobility time of each
rat was determined by floating on the water surface and stopping
struggling.

2.4.6 Morris Water Maze (MWM) Test

MWM was used to test the ability of spatial memory of rats. The
maze was a circular pool with 120 cm diameter and 40 cm height,
fillingwith (25± 2)◦Cwater.Wemade thewater opaque by adding
ink into it, which was then separated into four equal quadrants.
A hidden square platform (10 cm in diameter) was located 1 cm
below the water surface in the center of quadrant two. In the
acquisition trails, a rat was put into the tank to allow to find a
hidden platformwithin 120 s (one trial). In addition, at the end of
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every trial, each rat was allowed to stand on the platform for 30 s.
Two trials per day were performed for 4 days in total. The hidden
platform was placed in the same position. On the 5th day, after
removing the platform, ratswere placed in the pool at the opposite
quadrant of platform position, and then were given 60 s to find
the platform out. A video-tracking system was used to record the
body tracks of each rat, as well as the number of platforms that it
found.

2.5 Sample Collection

At the end of experiment, all rats were put intometabolic cages to
collect feces. Fecal samples were immediately stored at−80◦C for
metabolomics analysis prior to sacrificing. After 12 h of fasting,
all rats were anesthetized by intraperitoneal injection of 10%
chloral hydrate (0.3 mL/100 g). The whole small intestine from
the pylorus to the ileocecal junction of each rat was removed,
and its length was measured. Meanwhile, blood samples were
collected from the abdominal aorta of rats. Plasma was isolated
fromblood,whichwas then collected into cryopreservation tubes.
Plasma samples were frozen at −80◦C. The cecal contents of rats
were collected into cryopreservation tubes, which were frozen at
−80◦C for following analysis.

2.6 RT-qPCR Analysis

2.6.1 Extraction of RNA From Colon Samples of Rats

First, 200 mL TriZol reagent and 50–100 mg colon tissue sample
was added to aN RNase-free Eppendorf tube. Then, they were
homogenized thoroughly for 2–3 min with a homogenizer on ice.
The homogenate was centrifuged at 12,000 g for 15 min at 4◦C.

A volumeof 400 µLof upper colorlesswater phasewas transferred
into 1.5 mL Eppendorf tube. Afterward, the same amount of
precooled anhydrous ethanol was added and mixed for 15 s. After
discarding the supernatant, the remains were washedwith 1.5mL
75% ethanol for 1–2 times. Later, the mixture was centrifuged at
7500 g for 15 min at 4◦C.

Finally, 30–50 µL of RNase-free water was added into themixture,
resulting in RNA.

2.6.2 RNA Concentration and Purity Determination

Nucleic acid RNA was selected by a Nano-100 microspectropho-
tometer for detection. The concentration of 1 µL RNA and
the ratios of A260/A280 and A260/A230 were determined. The
A260/A280 ratio of pure RNA was about 2.0, and the A260/A230
ratio was at least 2.0.

2.6.3 Agarose Gel Electrophoresis

Agarose solid powder (1 g) was mixed with 100 mL 1 × TBE
working solution and added into a conical flask. It was heated
to a boil in a microwave oven, and then cooled to about 60◦C
at room temperature. Overall, 1% agarose gel solution was then

poured into gel making plate to set the gel. Finally, 5 µL of RNA
and 1 µL of 6 × loading buffer were added to the spot wells. After
about 15 min of RNA electrophoresis at 80 V and 80 A, the gel was
observed and photographed.

2.6.4 Quantitative Reverse Transcription PCR (RT-
qPCR)

The primers were designed with Primer 5 software and syn-
thesized by the Sangon Biotech Co. Ltd. (Shanghai, China).
The primers and primer sequences were shown in Table 1. We
performed qPCR in three steps with 94◦C pre-denaturation for
30 s, 94◦C denaturation for 5 s, 58◦C fade for 15 s, 72◦C extension
for 10 s, and 50 cycle collection of fluorescence signals. After
the reaction, the solubility curves of amplification product were
plotted. The solubility curve of amplification product was plotted.
The availability of primers or the specificity of amplification
product was judged by observing whether the peak of solubility
curvewas single. The relative quantification of target genemRNA
expression was performed by 2-CT method in combination with
the corresponding CT values (see details in the Table S1).

2.7 Enzyme Linked Immunosorbent Assay

Samples of colon tissues were rinsed in a precooled PBS solution,
weighed, and cut up. With adding nine times volume of PBS,
the clipped tissues were grounded by a homogenizer. After
homogenization, the homogenate was centrifuged for 10 min at
5000 g. Finally, the supernatant was collected for analysis.

2.8 Gut Microbiota Analysis

Gut microbiota sequencing of cecal contents was performed by
Personal Biotechnology Co. Ltd (Shanghai, China). The relative
abundances of microbial community at phylum level, genus
level, and species level were calculated by original sequence,
using DADA2 analysis, and Vsearch analysis in QIIME2. In order
to assess alpha diversity within samples, Shannon, Simpson,
Plelou_e, Observed_species indices, and rarefaction curves were
used. Principal coordinate analysis (PCoA) and non-metricmulti-
dimensional scaling (NMDS)were used to compare differences in
species diversity among samples in beta diversity analysis. Linear
discriminant analysis effect size (LEfSe) analysis was used to
find and screen potential microbial markers that are responsible
for the differences among groups. Moreover, taxonomic tree in
packed circles were used to visualize distribution of the top 10 gut
bacteria in the 4 groups at the genus level.

2.9 Microbial Co-Occurrence Pattern Analysis

The microbial co-occurrence pattern analysis was performed
by iNAP (http://mem.rcees.ac.cn:8081), an integrated network
analysis pipeline for microbiome studies (Feng et al.2022). First,
the majority selection was carried out on the basis of the
operational taxonomic units (OTUs) abundance data to filter the
OTUs that were less detected among all samples. The standard of
filter value is recommended as the 50% of the sample numbers.
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TABLE 1 Primer sequences applied in qPCR experiments.

Genes 5′–3′ forward 5′–3′ reverse

RORγt CAGTACGTGGTGGAGTTCGC TAGGGGCAGAAACCAGTCTTAG
Foxp3 CTGGACAACCCAGCGATGAT GGGTAGGATCCTTGTGGTGC
β-Actin TCAGGTCATCACTATCGGCA GGCATAGAGGTCTTTACGGAT

Spearman correlation coefficient was next calculated among the
filtered OTUs to obtain similarity matrix (Spearman’s r > 0.6).
To determine an appropriate cutoff to construct network, the
adjacent correlation matrix was used according to the random
matrix theory. Correlation matrix and p-value matrix were then
used to generate network on the basis of a cutoff to gain
associated node and edge attributes (p < 0.01). The topological
properties of network and modularization and Zi–Pi result for
module hubswere obtained subsequently. Finally, Gephi software
0.9.5 was used to visualize the network. Microbiome analysis
of intestinal microbes was conducted on the genes cloud plat-
form (https://www.genescloud.cn/), provided by the Shanghai
Personal Biological Technology Co. LTD (Shanghai, China).

2.10 Metabolomics Analysis

2.10.1 Preparation of Fecal Samples

An amount of 100mg of fecal sample was added to 1000 µL of PBS
(0.1 mol/L, pH = 7.4). After being vortexed sufficiently, freeze–
thaw cycles were performed for three times. Finally, the mixture
was placed in an ice bath for sonication for 20 s, and then stood
for 40 s. The procedure was repeated for 20 times. All samples
were centrifuged at 15,493 g for 15 min at 4◦C. Afterward, 100 µL
of D2O containing 0.0025% (W/V) TSP was added into 500 µL
supernatant. A total of 450 µL supernatant was pipetted into a
5 mm NMR tube for NMR analysis.

2.10.2 1H NMR-Based Metabolomics Analysis

1H NMR spectra of fecal samples were acquired on a Bruker
600-MHz AVANCE III NMR spectrometer (Karlsruhe, Germany)
at 25◦C. A one-dimensional Carr–Purcell–Meiboom–Gill pulse
sequencewithwater suppressionwas used. A total spin relaxation
delay (RD) of 320 ms was used. Each sample spectrum consisted
of 64 scans requiring 5 min of acquisition time with the following
parameters: spectral width = 12,019.2 Hz, spectral size = 65,536
points, pulse width = 30◦ (12.6 µs), and RD = 1.0 s.

By using MestReNova 6.0 (Santiago, Spain), all acquired NMR
spectra were manually phased, baseline-adjusted. In addition,
the spectra were segmented into consecutive regions of 0.01 ppm
chemical shift bins across the region δ 0.63–8.98. As containing
the residual water signals, the regions of δ 4.57–5.85 were removed
from spectra. Finally, the remaining regions of spectra were
normalized to the total integrated area of spectra in order to
compensate concentration differences among samples.

At the same time, both Human Metabolome Database (http://
www.hmdb.ca), Massbank (https://www.massbank.jp), KEGG

(https://www.kegg.jp), and PubChem (https://pubchem.ncbi.
nlm.nih.gov/), and related literatures were referred to identify
metabolites (Chen et al. 2019a; Zhou et al. 2023).

2.10.3 MVD Analysis and Visualization of Metabolic
Networks

Normalized data were analyzed by MVD analysis using SIMCA
14.0 (Umetrics, Sweden). Principal component analysis (PCA),
partial least-square-discrimination analysis (PLS-DA), and
orthogonal partial least squares discriminant analysis (OPLS-
DA) were performed to identify depression and APS-related
variations.

Meanwhile, simultaneous permutation tests were used to eval-
uate the quality of each MVD model constructed. Differential
metabolites were identified on the basis of the following criteria:
VIP (variable importance in the projection) values ≥ 1.0 that
obtained from OPLS-DA models and p values < 0.05 that
calculated from Students’ t-test.

Furthermore, to confirm the targeted metabolic pathways and
to visualize the metabolic networks, metabolic pathways were
constructed and analyzed by Metabolomic Pathway Analy-
sis (MetPA) on the MetaboAnalyst 5.0 platform (http://www.
metaboanalyst.ca).

Finally, to visualize the improvement effects of PX and APS on
depressed rats in terms of metabolic pathways, p < 0.05 was used
as a screening condition.

2.11 Correlation Analysis

Spearman correlation analysis was used to calculate the correla-
tion coefficients between behaviors and gut microbes, behaviors
and differential metabolites, andgut microbes and differential
metabolites. The data were screened and imported into Excel.

Heat-maps of correlations were drawn by using the Sangerbox
3.0 platform (http://sangerbox.com/home.html). To understand
the correlations among behavioral index, gut microbes, and
differential metabolites, Cytoscape 3.9.0 (NRNB, USA) was used
to draw the relevant network diagrams.

2.12 Statistical Analysis

All behavioral data were expressed as mean ± standard error
of mean (SEM). Behavioral data analysis was performed by the
IBM SPSS Statistics 26.0 (Chicago, USA). Mean ± SEM were
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analyzed with one-way ANOVA. Data that do not conform to
the normal distribution were analyzed by Kruskal–Wallis H. All
column bars were drawn by GraphPad Prism software 8.0 (San
Diego, CA, USA). Figures 2 and 4 were drawn by Sangerbox 3.0
platform. Figure 3 was drawn by genescloud platform (https://
www.genescloud.cn/home). A value of p < 0.05 was considered
to be statistically significant.

3 Results

3.1 Characteristics of APS

In this study, APS used for the treatment of depression was
isolated from Astragalus by water extraction and alcohol pre-
cipitation, which yielded 8.5%, that is, 8.5 g APS from 100 g
Astragalus. The MW of APS was determined to be 1699,100,
by high-performance gel permeation chromatography. APS was
composed of glucose (Glc), galactose (Gal), arabinose (Ara),
rhamnose (Rha), and galacturonic acid (Gal A) at a molar ratio
of 1.5:1:5.4:0.08:0.1.

3.2 APS Significantly Ameliorated the Abnormal
Behaviors of Depressed Rats

Experimental period and grouping information were shown in
Figure 1A. The initial body weight of rats did not differ among
four groups at week 0. After 4-week CUMS experiment, the body-
weight of depressed rats (MS) was significantly lower than that of
NC group [F(3,20) = 39.071, p < 0.001, Figure 1B]. Noticeably, PX
group [F(3,20) = 39.071, p < 0.05] and APS group [F(3,20) = 39.071,
p < 0.001] significantly increased the body weight of rats as
compared to the MS group.

In SPT, OFT, and light-dark box test (LDBT), sucrose prefer-
ence rates [F(3,20) = 69.136, p < 0.01], crossing grid number
[F(3,20) = 17.237, p < 0.001], and light box activity time rates
[F(3,20) = 19.482, p < 0.05] of depressed rats were significantly
lower than that of negative control rats. In contrast, PX and
APS significantly increased the sucrose preference rates [PX:
F(3,20) = 69.136, p < 0.001; APS: F(3,20) = 69.136, p < 0.001],
the number of crossings [PX: F(3,20) = 17.237, p < 0.001; APS:
F(3,20) = 17.237, p < 0.001], and light box activity time rates
[PX:F(3,20) = 19.482, p < 0.01; APS:F(3,20) = 19.482, p < 0.001] of
depressed rats. Of note, the effects of APS on sucrose preference
rates [F(3,20) = 69.136, p < 0.001] and light box activity time rates
[F(3,20) = 19.482, p< 0.01] of depressed rats were stronger than that
of rats in PX group (Figure 1C–G).

In FS test (FST), the immobility time of depressed rats was
significantly increased as compared with negative control rats
[F(3,20) = 11.823, p < 0.001]. PX [F(3,20) = 11.823, p < 0.001] and APS
[F(3,20) = 11.823, p < 0.001] significantly decreased the immobility
time of depressed rats (Figure 1H, I).

In MWM test, compared with negative control rats, the time
of depressed rats finding the platform significantly increased
[F(3,20) = 16.208, p < 0.001]. In contrast, PX [F(3,20) = 16.208,
p < 0.001] and APS [F(3,20) = 16.208, p < 0.001] significantly

decreased the time of depressed rats finding the platform
(Figure 1J,K), recovering to normal levels.

3.3 APS Recovered the Th17/Treg Imbalance and
Inflammatory Response of Depressed Rats

Compared with negative control rats, the expression level of
RORC gene in Th17 cells of depressed rats significantly increased
[F(3,16) = 14.310, p< 0.05]. However, the expression level of FOXP3
gene in Treg cells of depressed rats significantly decreased when
compared to negative control rats [F(3,16) = 13.166, p < 0.05].
This observation suggested that CUMS induced an imbalance
of Th17/Treg in rats. In contrast, PX and APS increased the
expression level of RORC gene in Th17 cells. PX [F(3,16) = 13.166, p
< 0.05] andAPS [F(3,16) = 13.166, p< 0.05] decreased the expression
level of FOXP3 gene in Treg cells of depressed rats. Both PX
and APS alleviated the imbalance of Th17/Treg. Of note, APS
exhibited stronger effects than PX (Figure 2A).

The expression levels of IL-10, IL-17, IL-22, and TGF-β of rats
in different groups were shown in Figure 2B–E. The expression
levels of IL-10, IL-22, and TGF-β of depressed rats were lower than
that of negative control rats, whereas the expression level of IL-17
was significant higher [F(3,20) = 10.349, p < 0.05].

Compared with depressed rats, both PX and APS significantly
increased the expression levels of IL-10 [PX: F(3,20) = 4.433,
p< 0.05; APS:F(3,20) = 4.433, p< 0.05] and IL-22 [PX:F(3,20) = 9.738,
p< 0.05; APS: F(3,20) = 9.738, p< 0.05]. PX and APS also increased
the expression level of TGF. In contrast, PX [F(3,20) = 10.349,
p < 0.05] and APS [F(3,20) = 10.349, p < 0.05] reduced the
expression level of IL-17 of depressed rats. The effect of APS was
comparable to that of PX.

3.4 APS Significantly Ameliorated the
Abnormality of Gut Microbiota of Depressed Rats

The rarefaction curves were close to the saturation plateau, indi-
cating that sequencing results adequately reflected the diversity
that contained in the current samples (Figure S1). There were
significant differences in species composition, α-diversity, and β-
diversity of gut microbiota of rats between MS group and other
groups. PCoA analysis (PCo1 = 28.7%, PCo2 = 13.7%) based
on Bray–Curtis distance of four groups (Figure 3A) showed
that the MS group clustered far away from the NC group,
suggesting depression changes the microbiota compositions. PX
and APS were clustered with NC group except for one rat,
pointing that PX and APS could improve the abnormality of
intestinal bacteria that interrupted by depression. The results of
NMDS analysis were similar to that of PCoA (Figure 3B). There
were significant differences in the abundance, diversity, and the
evenness of gut microbiota of rats. Shannon, Simpson, Plelou_e,
and Observed_species indices of rats in MS group were higher
than that of NC group. In contrast, PX and APS treatments signif-
icantly decreased the Shannon, Simpson, and Plelou_e indices of
depressed rats. Of note, the effects of APS treatment on Shannon,
Simpson, Plelou_e, and Observed_species indices of depressed
rats were stronger than that of PX (Figure 3C). Meanwhile,
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FIGURE 1 The behavioral performances of rats in the negative control group (NC), the chronic unpredictable mild stress (CUMS) model group
(MS), the paroxetine group (PX), and the Astragalus polysaccharides group (APS), including the experimental procedure and groups (A), body weight
trends of rats (B), sucrose preference rates (SPT) (C), the number of crossings of rats in the open-field test (OFT) (D, E), light box activity time rates in
the light-dark box test (LDBT) (F, G), immobility time in forced swimming test (FST) (H, I), and the time of find the platform in Morris water maze test
(MWM) (J, K). #p < 0.05, ##p < 0.01, ###p < 0.001, significant differences as compared to the NC group, *p < 0.05, **p < 0.01, ***p < 0.001, significant
differences as compared to the MS group (n = 6). Values were expressed as means ± SEM. Body weight trends of rats: F(3,20) = 39.071, Sucrose preference
rates: F(3,20) = 69.136. The number of crossings of rats in the open-field test: F(3,20) = 17.237. Light box activity time rates in the light-dark box test:
F(3,20) = 19.482. Immobility time in forced swimming test: F(3,20) = 11.823. The time of find the platform in Morris water maze test: F(3,20) = 16.208.
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FIGURE 2 The levels of gene expression in Th17 cell and Treg cell (A), the levels of IL-10 cytokines (B), IL-17 cytokines (C), IL-22 cytokines (D),
and TGF cytokines (E) of rats in the negative control group (NC), the chronic unpredictable mild stress (CUMS)model group (MS), the paroxetine group
(PX), and the Astragalus polysaccharides group (APS). Values were expressed as means ± SEM (The levels of gene expression in Th17 cell and Treg cell,
n = 5; the levels of IL-10 cytokines, IL-17 cytokines, IL-22 cytokines, and TGF cytokines, n = 6). #p < 0.05, significant differences as compared to the
NC group, *p < 0.05, significant differences as compared to the MS group. The levels of gene expression in Th17 cell: F(3,16) = 14.310. The levels of gene
expression in Treg cell: F(3,16) = 13.166. The levels of IL-10 cytokines: F(3,20) = 4.433. The levels of IL-17 cytokines: F(3,20) = 10.349. The levels of IL-22
cytokines: F(3,20) = 9.738. The levels of TGF cytokines: F(3,20) = 2.463.
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FIGURE 3 Difference in the fecal microbiota of rats, including principal coordinates analysis of microbial unweighted UniFrac compositional
differences (A), nonmetric multidimensional scaling (B), alpha diversity analysis based on Shannon, Simpson, Pielou, and Observed (C) (n = 4), the
community richness calculated by observed OTUs (D), taxonomic histogram obtained using LEfSe analysis (E), taxonomic tree in packed circles (F),
relative abundances of Blautia, Jeotgalicoccus, Aerococcus, and Staphylococcaceae_Staphylococcus in rats of the negative control (NC) group, the chronic
unpredictable mild stress (CUMS) (MS) group, the paroxetine (PX) group, and the Astragalus polysaccharides (APS) group. #p < 0.05, significant
differences as compared to the NC group, *p < 0.05, significant differences as compared to the MS group. The community richness calculated by
observed OTUs: F(1,10) = 5.059, the relative abundances of Blautia: F(3,20) = 9.495, the relative abundances of Jeotgalicoccus: F(3,20) = 2.742, the relative
abundances of Aerococcus: F(3,20) = 5.312, the relative abundances of Staphylococcaceae_Staphylococcus: F(3,20) = 3.883. MS, model group; NMDS,
nonmetric multidimensional scaling.

depression led to a reduction in community richness (α diversity),
as shown by OTUs [F(1,10) = 5.059, p < 0.05, Figure 3D]. The tax-
onomic tree in packed circles results showed that Lactobacillus,
Prevotella, Bacteroides, Ruminococcaceae_Ruminococcus, Oscil-

lospira, Enterococcaceae_Enterococcus, Parabacteroides, Blautia,
Coprococcus, and Corynebacterium were the top 10 gut bacteria
in abundance at the genus level (Figure 3E). CUMS significantly
changed the composition of intestinal microbiome in rats.
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To identify specific bacterial taxa of gut microbiota of rats
in different groups, the compositions of gut microbiota of
four groups were compared by LEfSe (Figure 3F). LDA scores
showed that corynebacterium was the key bacterial type that
led to microflora imbalance of depressed rats. The LDA score
of family Leuconostocaceae was the highest in APS group. At
the genus level, four gut microbes were found to be most
significantly differed between depressed rats and negative control
rats, including Blautia [F(1,10) = 5.059, p < 0.05, Figure 3D],
Jeotgalicoccus [F(3,20) = 2.742, p < 0.05], Aerococcus [F(3,20) = 5.312,
p < 0.05], and Staphylococcaceae_Staphylococcus [F(3,20) = 3.883,
p < 0.05]. Compared with the MS group, Aerococcus was
significantly lower in APS group [F(3,20) = 3.883, p < 0.05,
Figure 3G–J].

3.5 APS Ameliorated the Intestinal Disorders of
Depressed Rats

Studying the interactions among members of microecology (i.e.,
the co-occurrence pattern) may help further explore the role of
APS in depression. Therefore, we performed a network analysis
to visualize the co-occurrence pattern in gut microbial commu-
nities. After quality filtering and OTU clustering, we performed
Spearman’s correlation analysis and constructed a co-occurrence
network. We found the network of MS group consisted of 236
nodes and 323 edges, whereas that of APS group consisted of
302 nodes and 447 edges (Figure 4A,B), indicating that more
members engaged in significant interactions by APS. These
results indicated that the network structure significantly differed
between the two groups. Moreover, the intestinal microecology
of APS group had a more connected and complex co-occurrence
pattern than that of MS group.

To identify the key members (i.e., keystone species) in the co-
occurrence pattern, we assessed the topological role of each
node on the basis of two properties, that is, within-module
connectivity (Zi) and among module connectivity (Pi) (Jiang
et al. 2015b). We classified all species into four subcategories,
that is, peripherals, connectors, module hubs, and network
hubs. Module hubs represented close connections within a
module, and connectors represent high connections among
modules. Therefore, module hubs and connectors helped iden-
tify keystones species. According to the Zi–Pi plot, in the MS
group, the node derived from Ruminococcus (OTU 223) was
categorized as a module hub, and two nodes derived from unclas-
sified_Prevotellaceae (OTU 723) and unidentified_S24-7 (OTU
1518) were categorized as connectors (Figure 4C). This result
suggested that they play a leading role in the interaction between
communitymembers. By contrast, in theAPS group, seven nodes,
including Prevotella (OTU 36), Lactobacillus (OTU 58), which
belong to beneficial bacteria, unidentified_Peptostreptococcaceae
(OTU 232), Adlercreutzia (OTU 431), Oscillospira (OTU 623),
unidentified_RF39 (OTU 805) and Adlercreutzia (OTU 893), were
classified as module hubs, and the node, namely, unidenti-
fied_Ruminococcaceae (OTU 704), was classified as a connector
(Figure 4D). This result indicated that APS prompted beneficial
bacteria to guide a positive co-occurrence pattern in the intestinal
microecology, thereby promoting gut homeostasis of depressed
rats.

3.6 Differential Metabolites and Pathways
Involved in CUMS-Induced Depression and the
Antidepression Effects of APS

The representative 1H NMR spectra of fecal samples of rats that
collected from NC, MS, PX, and APS groups were shown with
major metabolites being labeled. In total, 33 fecal metabolites
were identified (Table S2, Figure S2).

PCA score plot showed separation between the NC group and
the MS group, indicating that CUMS significantly disturbed the
fecal metabolic profiles of rats. Second, APS and PX groups were
clustered with the NC group, suggesting that the two groups
were able to reverse the abnormalities of fecal metabolic profiles
of depressed rats. APS showed an equivalent effect with PX
(Figure 5A). Furthermore, PLS-DA was performed to maximize
the differences of metabolic profiles of rats from different groups
and to show the intergroupmetabolic differences.R2X= 0.331 and
Q2Y = 0.708 showed that PLS-DA model was valid and without
over-fitting (Figure 5B,C).

Both VIP > 1.0 and p < 0.05 were used to screen differential
metabolites involving in CUMS-induced depression, as well as
to assess the antidepression effects of APS (Figure 5D). Com-
pared with negative control rats, the concentrations of lysine
[F(3,20) = 11.832, p < 0.01], alanine [F(3,20) = 7.714, p < 0.01],
and arginine [F(3,20) = 11.942, p < 0.01] in depressed rats were
significantly increased, whereas the content of Glc decreased.
APS significantly reduced the levels of lysine [F(3,20) = 11.832,
p < 0.001], alanine [F(3,20) = 7.714, p < 0.001], and arginine
[F(3,20) = 11.942, p< 0.001] of depressed rats. PX could significantly
regulate the abnormal levels of four fecal metabolites, in terms of
reducing the levels of lysine [F(3,20) = 11.832, p < 0.001], alanine
[F(3,20) = 7.714, p< 0.001], and arginine [F(3,20) = 11.942, p< 0.001],
while increasing the level of Glc (Figure 5F).

As shown in Figure 5E, five metabolic pathways were found
to be involved in pathophysiologic mechanisms of CUMS-
induced depression, including arginine biosynthesis, arginine
and proline metabolism, aminoacyl-tRNA biosynthesis, glycol-
ysis/gluconeogenesis, and biotin metabolism. APS significantly
regulated three metabolic pathways, that is, aminoacyl-tRNA
biosynthesis, biotin metabolism, and arginine biosynthesis.

3.7 The Correlations Among Behavioral
Indicators of Rats, Immune Factors, Gut Bacteria,
and Differential Metabolites

In behavioral indicators, body weight had the greatest influence,
which was positively correlated with the expressed levels of IL-10
and Treg in immune factors, whereas it negatively correlatedwith
the expressed level of Th17 in immune factors (Figure 6B,D,F).
Among differential metabolites that involved in CUMS-induced
depression, lysine had the greatest influence, which positively
correlatedwith the contents of alanine and arginine in differential
metabolites, the abundance of Staphylococcaceae_Staphylococcus
in gut bacteria, the behavioral indicators of FST, and the
expressed level of IL-17 in immune factors, respectively. On
the contrary, it negatively correlated with the expressed level
of IL-22 in immune factors (Figure 6C–E). Among immune
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FIGURE 4 APS improved co-occurrence patterns in the intestinal microecology to promote gut homeostasis. Co-occurrence network of the MS
group (A) and the APS group (B) based on Spearman’s correlation analysis. Each node represented an OUT and the size of each node was proportional to
the number of edge (that is, degree). Different colors represented different modules. A connection (that is, edge) stood for a strong (Spearman’s r > 0.6)
and significant (p < 0.01) correlation. Zi–Pi plot for the MS group (C) and the APS group (D). Zi–Pi plot showed the distribution of nodes on the basis
of their topological roles in aggregate-related networks. The module hubs and connectors were labeled with OTU numbers and corresponding bacteria.
APS, Astragalus polysaccharides; MS, model group.

factors, IL-17 was observed to have the greatest influence, which
was positively correlated with the expressed level of Th17 in
immune factors, the contents of lysine, alanine, and arginine in
differential metabolites, and the abundance of Aerococcus in gut
bacteria, respectively.On the contrary, itwas negatively correlated
with the expressed levels of IL-22 and Treg in immune factors
(Figure 6A,E,F). Among gut bacteria, we observed the greatest
influence of Staphylococcaceae_Staphylococcus, which positively
correlated with the abundance of Aerococcus in gut bacteria,
the contents of lysine, alanine, and arginine in differential
metabolites, respectively. Conversely, it negatively correlatedwith
the expressed levels of IL-22 and Treg in immune factors, the
abundance of Blautia in gut bacteria, respectively (Figure 6A–C).

In addition, we found that the levels of lysine and arginine were
themost closely related to behavioral indicators, immune factors,
and gut bacteria (Figure 6G).

4 Discussion

In this study, the antidepression effects and the underlying
mechanisms ofAPS on depressionwere, for the first time, demon-
strated from the perspective of “gut microbiome–immunity–
metabolome” axis by integrally applying 16S rRNA gene sequenc-
ing and 1H NMR-based metabolomics. We concluded that APS
significantly improved depressive behaviors of depressed rats, as
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FIGURE 5 Score plot of principal component analysis (PCA) (A) of the negative control (NC) group, the chronic unpredictablemild stress (CUMS)
(MS) group, the paroxetine (PX) group, and the Astragalus polysaccharides (APS) group, and score plot of partial least square-discrimination analysis
(PLS-DA) (B), the model permutation (C), the corresponding S-Plot (D) of orthogonal partial least squares discriminant analysis (OPLA-DA) of the NC
group and the MS group (n = 6), as well as the metabolic pathways (E) involving in CUMS-induced depression (NC vs. MS). Relative peak areas of the
differential metabolites (F) of the NC, the MS, the PX, the APS group. In (C), the PLS-DA model was validated by 200 random permutations. In (E),
the sizes and the colors were built on pathway count and p values, respectively. All data were expressed as mean ± SEM (n = 6). #p < 0.05, ##p < 0.01
compared with the NC group; *p< 0.05, **p< 0.01, ***p< 0.001 compared with theMS group. Relative peak areas of the differential metabolites: lysine:
F(3,20) = 11.832; lactate: F(3,20) = 5.990; alanine: F(3,20) = 7.714; arginine: F(3,20) = 11.942; glucose: F(3,20) = 1.315. MS, model group.
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FIGURE 6 Correlation analysis between immune factors and gut bacteria (A), between behavioral indicators and gut bacteria (B), between
differential metabolites and gut bacteria (C), between differential metabolites and behavioral indicators (D), between differential metabolites and
immune factors (E), between behavioral indicators and immune factors (F), as well as among behavioral indicators, gut bacteria, immune factors,
and differential metabolites (G). In (A–F), red and blue indicated positive correlations and negative correlations, respectively. *p < 0.05, **p < 0.01,
***p < 0.001. In (G), the green, the orange, the blue, and the purple indicated differential metabolites, immune factors, gut bacteria, and behavioral
indicators, respectively. FST, forced swimming test; IL-10, interleukin 10; IL-17, interleukin 17; IL-22, interleukin 22; MWM, Morris water maze; TGF-β,
transforming growth factor-β.
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well as the disorders of gut microbiome, immune factors, and
fecal metabolome. As such, the current findings broaden and lay
solid foundations for the clinical applications of APS, which for
instance could be potentially served as a candidate of treating
depression.

As a complicated mental disorder, depression has been reported
to be attributed to a combination of genetic, environmental, and
even lifestyle risk factors (Gao et al. 2018a). Such an illness is usu-
ally characterizedwith unhappiness and lowmood, accompanied
with the lack of heed, fatigue, insomnia, and so forth (Zhou et al.
2012). Other than that, depressed patients are more often frail
and have substantially higher frailty scores than nondepressed
counterparts (Oude Voshaar et al., 2021). The present results on
depressed rats showed consistent results with depressed patients.
The reduced activity of depressed rats in the open field test
indicates that CUMS exposure has significant influences on
anxiety, exercise, and exploration levels (Wang et al. 2018a). The
observed reduction in sucrose consumption in SPT reflects the
suppression of brain reward systemassociatedwithCUMS,which
serves as a proxy for depression in rodents (Strekalova et al.
2004). CUMS has also been associated with significant changes
in body weight, which aligns with previous studies, and likely
reflects combined effects of stress, food deprivation, and sucrose
consumption paradigms used during CUMS protocol (Dong et al.
2019; Gáll et al. 2020; He et al. 2020). Following our discriminate
analysis, we observed diminished the number of crossings of rats
in OFT, reduced light box activity time rates in LDBT, decreased
sucrose preference rates in SPT, increased immobility time in FST,
increased the time of finding the platform in MWM, and lower
body weights in rats that exposed to CUMS for four continuous
weeks as compared with negative control rats.

By contrast, these changes could be significantly ameliorated by
both APS and PX. This finding agrees with the results of Wang
et al. (Wang et al. 2018b). The above results not only indicate the
reliability and the stability of CUMS model that we used in this
study but also suggest that APS and PX significantly returned the
abnormal behaviors of depressed rats to normal status.Astragalus
is a TCM that has been used for thousands of years to improve
the function of body, especially through tonifying Qi. Astragalus
alleviates physical fatigue in mouse under simulated plateau
environment. Concerning active components in herbs, a variety
of plant polysaccharides has been shown to own anti-fatigue
effects (Gao et al. 2018b; Zhang et al. 2020; Zhang et al. 2022).
On the basis of the present results, we speculate that APS, the
main active ingredient of Astragalus, also plays an anti-fatigue
role, consequently improving the depressive symptoms of rats
that induced by CUMS.

Gut microbiome represents a complex ecosystem in which
members rarely live independently from each other; instead, the
interaction between the members is responsible for the stability
of gut homeostasis to influence host health and diseases (Bear
et al. 2020; Simpson et al. 2021; Wu et al. 2021). For instance,
we previously found that CUMS significantly disturbed gut
microbiome of depressed rats (Liu, Wang, et al. 2023a). By using
16S rDNA sequencing technology, the structures of gutmicrobiota
of depressed rats were significantly altered by CUMS. At genus
level, four gut microbiota of depressed rats induced by CUMS
were screened to be significantly differed, namely, Blautia, Jeot-

galicoccus, Aerococcus, and Staphylococcaceae_Staphylococcus.
We found that the abundance of Blautia of depressed rats was
lower. APS significantly decreased the levels of Jeotgalicoccus,
Aerococcus, and Staphylococcaceae_Staphylococcus. It has been
showed that Blautia, Lactobacillus, Bradyrhizobium, and Fae-
calibaculum are all well-known probiotics (Deng et al. 2020).
Blautia is one of the bacteria that produce acetate in the intestine.
Supplementation of Blautia can alleviate depression (Ye et al.
2023). Tao et al. (2024) found that after fecal microbiota trans-
plantation in TRG5 knockout mice, the mice showed anxiety
and depression, the content of 5-HT in serum and hippocampus
decreased, while the abundance of Jeotgalicoccus increased.
Aerococcus is an α-hemolytic andmicroaerophilic or facultatively
anaerobic Gram-positive coccus that has been shown to be
associated with anxiety or depression in women (Wu et al.
2017). Staphylococcaceae _ Staphylococcus can activate the NF-κB
pathway and cause inflammatory response (Bao et al. 2023). We
speculate that Staphylococcaceae _ Staphylococcus may mediate
the occurrence of depression through inflammatory response.
Therefore, APS improved the depressive symptoms of depressed
rats in terms of increasing abundances of beneficial bacteria. The
current results highlight the important roles of gutmicrobiome in
CUMS-induced depression, as well as the antidepression effects
of APS.

The immune system also plays an important role in the
occurrence and development of depression (Lin et al. 2018).
Gastrointestinal tract is the largest immune organ for systemic
immunity in animals, composing various types of cells (Zheng
et al. 2020). Among others, Th17 and Treg cells represent two
CD4+ T cell subsets but with opposing principal functions, play-
ing important functions in cancer immunity and infectious, as
well as autoimmune diseases (Guéry and Hugues 2015; Lochner,
Wang, and Sparwasser 2015). Th17 cells regulate immune and
pro-inflammatory functions mainly through secreting IL-17, IL-
22, and other cytokines, thus participating in the occurrence and
development of immune diseases, inflammatory diseases, and
tumors (Korn et al. 2009). At the same time, Treg cells exert
immune-regulatory effects by releasing inhibitory cytokines, for
example, IL-10 and TGF-β to suppress inflammatory immune
responses (Hatzioannou et al. 2021). As such, the balance of
Th17 and Treg cells is critical for developing autoimmunity
(Lee 2018). Of particular interests, gut microbiota alters Th17
to Treg ratios of depressed rats. The imbalance of Th17 to
Treg cells has been implicated in the development of chronic
stress-induced depression in mice (Hong et al. 2013). In this
study, we found that not only the levels of pro-inflammatory
factors increased,whereas anti-inflammatory factors in depressed
rats decreased, but also the Th17/Treg ratio was significantly
increased in depressed rats. However, it was a very interesting
phenomenon observed in this study that unlike the trend of
expression at the cellular level, IL-22 of depressed rats secreted
by Th17 cells was significantly decreased. Generally, IL-22 is
considered as a pro-inflammatory factor and plays a critical
role in various inflammatory diseases, that is, allergic airway
inflammation (Leyva-Castillo, Yoon, and Geha 2019). In recent
years, increasing evidence suggests that the role of IL-22 can
be both pathogenic and protective, depending on inflammatory
environment (Zenewicz 2021). After reviewing literatures, we
found that IL-22 could play a protective role in chronic colitis by
enhancing the integrity of intestinal mucosa (Huang et al. 2022b).
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Studies have shown that probiotic supplements alleviate depres-
sive behaviors in rats by reducing pro-inflammatory cytokines
(Aygun et al. 2022). Similarity, anti-inflammatory factors are also
involved in neuroprotective efficiency of depressed rats (Albrakati
et al. 2021). APS significantly regulated the abnormal levels of pro-
and anti-inflammatory factors of depressed rats. Meanwhile, the
abnormality of Th17/Treg balance was significantly restored by
APS. All in all, APS could exert antidepression effects in terms of
significantly regulating intestinal immune balance.

Feces, the final metabolites of organism, are produced by
interactions between host and gut microbiota. Therefore, fecal
metabolome and related information can remarkably reflect the
status and functions of gastrointestinal function. For instance,
variations in fecal amino acids (Rauf et al. 2022) and metabolites
(Feng et al. 2018) can characterize the changes in gut micro-
biota associated with CUMS-induced depression. In this regard,
changes and functions of fecal metabolites could reveal dynamic
changes of depression, as well as mechanisms underlying the
antidepression effects of APS.

We found that CUMS significantly altered the metabolic profiles
of rats and further abnormalized the levels of fecal metabolites,
for example, the significant increases of lysine, lactate, alanine,
and arginine, whereas the significant decrease of Glc. Lysine
is related to lysyl-tRNA synthetases. In vivo metabolism of
depressed rats has also been reported to involve in aminoacyl-
tRNAbiosynthesis (Enea et al. 2019;Geng et al. 2020).Meanwhile,
lysine is the most significant excitatory neurotransmitter in
central nervous system (CNS) (Battur et al. 2009). Wang et al.
(2023) found that the content of lactic acid in Hspa12 a mouse
with anti-anxiety behavior increased. Lactate usually forms under
anaerobic condition that shifts pyruvate in the direction of lactate
via lactate dehydrogenase (LDH). It has been reported that a
decrease of LDH level in serum is an independent risk factor
for suicide attempt in major depressive disorder (MDD) patients
(Ghrewati et al. 2018; Yao, Liu, and Li 2022). In addition, the
modulation of lactate may be useful in treating sleep onset
problems that associated with depression (Murack and Messier,
2019). Mitani et al. (2006) found that the level of alanine in
patients with depressionwas positively correlatedwith the degree
of depression. Alanine, also produced from pyruvate via alanine
transaminase, is considered to be a potential biomarker than
lactate of hypoxia (Sanni et al. 2001). Alanine transaminase
is related to depressive-like behaviors that caused by chronic
restraint stress-induced depressed mice (Lin et al. 2021). Beyond
this, alanine can be synthesized from pyruvate by Glc-alanine
cycle (Chen et al. 2019b). An increase of alanine may be related
to Glc-alanine cycle, which converts pyruvate to alanine by
glutamate-pyruvate transaminase (Douzi et al. 2020). The signif-
icant increase of arginine suggests that oxidative stress may be
involved in CUMS-induced depression (Bakir et al. 2019). Detka
et al. (2014) found that prenatal stress increased the content of
Glc in the midbrain of depressed rats, which was inconsistent
with our results. It may be due to the differentmodelingmethods.
APS significantly improved amino acids metabolism and Glc
metabolism, thus improving and alleviating depressed symptoms
of rats.

Meanwhile, five metabolic pathways were found to be signifi-
cantly involved in CUMS-induced depression, including arginine

biosynthesis, arginine and proline metabolism, aminoacyl-tRNA
biosynthesis, glycolysis/gluconeogenesis, and biotin metabolism.
It has been reported that depression tightly connected with host
energy metabolism concerning arginine and proline metabolism
(Ma et al. 2019). Arginine and proline metabolism, a primary
pathway for the biosynthesis of arginine and proline, was also
reported significantly disturbed in the prefrontal cortex of learned
helplessness rat model in a metabolomics study (Zhou et al.
2017). It has shown that polyamines could enhance phosphory-
lation processes, and that phosphorylation of functional proteins
in neurons might involve in the therapeutic mechanisms of
antidepressants (Benelli et al. 1999). The results of poststroke
depression analysis showed that aminoacyl-tRNA biosynthesis
was the pathway containing the most associated metabolites
(Liu, Li, et al. 2022b). Simultaneously, Jia et al. found that the
disorder of “aminoacyl-tRNA biosynthesis” could be related to
poststroke depression by affecting biological processes, such as
energy failure, oxidative stress, apoptosis, and glutamate toxicity
(Jia et al. 2021). In addition, “aminoacyl-tRNA biosynthesis” is
an important metabolic pathway in human psychiatric disorders,
such as MDD and attention-deficit/hyperactivity disorder (Yang
et al. 2020). A combined analysis of feces, serum, liver, and hip-
pocampalmetabolites frommice that underwent fecalmicrobiota
transplantation from MDD patients showed significant changes
in “aminoacyl-tRNA biosynthesis” (Li et al. 2018). Recently, a
metabolomics study on urine samples of rats also found that
“aminoacyl-tRNA biosynthesis” was associated with depression
in rats with metabolic disorder induced by CUMS (Zhang et al.
2021). APS regulated the aminoacyl-tRNA biosynthesis, biotin
metabolism, and arginine biosynthesis, thus improving and
alleviating the abnormal symptoms of depressed rats.

Last but not least, we constructed both inter-layer and inner-layer
networks to display correlations among behavioral indicators, gut
microbiota, immune factors, and differential metabolites involv-
ing in CUMS-induced depression, as well as the mechanisms
underlying the antidepression effects of APS. As for behavioral
indicators, immobility time in FST was most positively correlated
with the levels of lysine and arginine. FST model provide a
rapid and reliable behavior screening test for antidepression study
(Gupta et al. 2011). It has been reported that l-arginine can
be a markers of depression severity in both males and females
with first depressive episode (Ogłodek et al. 2017). IL-17, a pro-
inflammatory factor, was positively correlated withAerococcus. It
has been reported that kidneys infected with Aerococcus urinae
showed signs of histological inflammation and elevated levels
of pro-inflammatory cytokines (Gilbert et al. 2021). Staphylococ-
caceae_Staphylococcus was negatively correlated with IL-22 and
Treg cells that secrete anti-inflammatory factors. Staphylococcus
aureus has been found to be involved in the anti-inflammatory
response of mastitis (Chen et al. 2022). In addition, lysine and
arginine were the most closely related to behavioral indicators,
immune factors, and gut bacteria between APS and depressed
group. Yet, the mechanisms that we have demonstrated herein
still need to be further revealed and analyzed by integrally apply-
ing various approaches, including but not limiting, proteomics,
genomics, and molecular biology.

In this study, for the first time, from the perspective of “gut
microbiome–immunity–metabolome” axis, we integrally applied
microbiome, immunology, and metabolomics to investigate the
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antidepression effects of APS, as well as the underlying mech-
anisms. The results showed that APS significantly improved
depressive symptoms of rats in terms of regulating and improving
multiple pathways with multi-targets. From the perspective of
gut microbiota, APS significantly increased the abundances of
beneficial bacteria, for example, Blautia. From the perspective
of gut immunity, APS significantly restored the abnormal levels
of immune factors and regulated gut immune balance. From the
perspective of fecal metabolism, APS significantly recovered the
abnormal levels of fecalmetabolites and correspondingmetabolic
pathways. Finally, of note, inter- and inner-layer relationship
networks were constructed on the basis of correlations among
behaviors, gut microbiome, immunity, and fecal metabolome
of depressed rats, as well as the regulatory effects of APS.
This study will not only help us understand the pathogenesis
of depression from a novel perspective of “gut microbiome–
immunity–metabolome” axis, but will also provide substantial
experimental evidence for applying APS on treating depression,
as well as novel research strategies and perspectives for dis-
covering new antidepressants from natural products, especially
polysaccharides. It lays a foundation for our later clinical trials
to explore the antidepressant mechanism of APS from a clinical
perspective. At the same time, it also provides a new idea for
our future researches, suggesting that we can start from natural
products and combine antidepressant drugs to treat depression,
improving patients’ mood and their quality of life.

Author Contributions

Xiaojie Liu: conceptualization, methodology, supervision, project
administration, writing–original & -review and editing. Wenlu
Xu and Ziyu Zhao: experimental operation, data analysis, data
visualization, writing–original draft. Xiaoling Wu and Senyan Wang:
experimental operation, data analysis. Chen Jian and Mengyu Li:
experimental operation, data visualization. Yulan Wang and Xuemei
Qin: conceptualization, project administration, writing–review and
editing. All authors have read, improved, and approved the manuscript.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China (No. 82274360), the Research Project Supported by Shanxi
Scholarship Council of China (No. 2022-026), the Innovation Project of
Postgraduate Education of Shanxi Province (No. 2022Y160), the Key Lab-
oratory of Effective Substances Research andUtilization in TCMof Shanxi
Province (No. 202105D121009), and the Research Project Supported by the
Administration of Traditional Chinese Medicine of Shanxi Province (No.
2024ZYY2A032).

Conflicts of Interest

The authors declare no conflicts of interest.

ETHICS STATEMENT

Our article did not carry out human experiments, only animal experi-
ments. Outside of the experimental procedure, we did our best to reduce
the stimulation and pain of animals outside of the experiment from the
aspects of diet, living environment and hygiene.

①Diet: In order to ensure that animals are not plagued by hunger and
thirst, we provide sufficient food and water to ensure their health and
vitality while avoiding malnutrition or other health problems that caused
by the lack of food.

②Living: We did our best to provide a suitable living environment for
animals. All rats were raised at room temperature 23 ± 2◦C, relative
humidity 50 ± 10 %, light and dark cycle 12 h, so that they could can get
comfortable space and rest time.

③Hygiene: In order to prevent unnecessary suffering and injury to
animals, we reduce the suffering of animals due to injuries through
effective disease prevention measures and treatment.

④Activity: In order to ensure that animals can move freely, we give
animals sufficient space to move outside the experiments.

References

Albrakati, A., K. F. Alsharif, N. E. Al Omairi, et al. 2021. “Neuroprotective
Efficiency of Prodigiosins Conjugated With Selenium Nanoparticles in
Rats Exposed to Chronic Unpredictable Mild Stress Is Mediated Through
Antioxidative, Anti-inflammatory, Anti-apoptotic, and Neuromodulatory
Activities.” International Journal of Nanomedicine 16: 8447–8464. https://
doi.org/10.2147/IJN.S323436.

Amodeo, L. R., V. Y. Greenfield, D. E. Humphrey, et al. 2015. “Effects
of Acute or Repeated Paroxetine and Fluoxetine Treatment on Affective
Behavior inMale and Female Adolescent Rats.” Psychopharmacology 232:
3515–3528. https://doi.org/10.1007/s00213-015-4003-1.

Awad, A., S. R. Khalil, B. M. Hendam, R. M. Abd El-Aziz, M. M.
M. Metwally, and T. S. Imam. 2020. “Protective Potency of Astragalus
Polysaccharides Against Tilmicosin-Induced Cardiac Injury via Target-
ing Oxidative Stress and Cell Apoptosis-Encoding Pathways in Rat.”
Environmental Science and Pollution Research International 27, no. 17:
20861–20875. https://doi.org/10.1007/s11356-020-08565-y.

Aygun, H., A. T. Akin, N. Kızılaslan, O. Sumbul, and D. Karabulut.
2022. “Probiotic Supplementation Alleviates Absence Seizures and
Anxiety- and Depression-Like Behavior in WAG/Rij Rat by Increas-
ing Neurotrophic Factors and Decreasing Proinflammatory Cytokines.”
Epilepsy & Behavior 128: 108588. https://doi.org/10.1016/j.yebeh.2022.108
588.

Bakir, B. O., S. Oztezcan,M. Saka, I. Karalti, F. Ozkan, andM. A. Ok. 2019.
“The Effects of Enteral Supplementation of Glutamine and Arginine in
Lipopolysaccharide (LPS) Induced Sepsis.” Progress in Nutrition 21: 244–
250. https://doi.org/10.1093/jn/130.12.2897.

Bao, L. J., H. Sun, Y. H. Zhao, et al. 2023. “Hexadecanamide Alleviates
Staphylococcus aureus-induced Mastitis in Mice by Inhibiting Inflam-
matory Responses and Restoring Blood–Milk Barrier Integrity.” PLoS
Pathogens 19, no. 11:e1011764. https://doi.org/10.1371/journal.ppat.1011764.

Battur, B., D. Boldbaatar, R. Umemiya-Shirafuji, et al. 2009. “LKR/SDH
Plays Important Roles Throughout the Tick Life Cycle Including a Long
Starvation Period.” PLoS ONE 4: e7136. https://doi.org/10.1371/journal.
pone.0007136.

Bear, T. L. K., J. E. Dalziel, J. Coad, N. C. Roy, C. A. Butts, and P. K.
Gopal. 2020. “The Role of the Gut Microbiota in Dietary Interventions for
Depression and Anxiety.” Advances in Nutrition 11: 890–907. https://doi.
org/10.1093/advances/nmaa016.

Benelli, A., M. Filaferro, A. Bertolini, and S. Genedani. 1999. “Influence
of S-Adenosyl-l-Methionine on Chronic Mild Stress-Induced Anhedonia
in Castrated Rats.” British Journal of Pharmacology. 127: 645–654. https://
doi.org/10.1038/sj.bjp.0702589.

Cao, Y. X., K. Li, and X. M. Qin. 2019. “Quality Evaluation of Different
Areas of Astragali Radix Based on Carbohydrate Specific Chromatograms
and Immune Cell Activities.” Acta Pharmacologica Sinica 54: 1277–1287.
https://doi.org/10.16438/j.0513-4870.2019-0140.

Chen, M. Y., D. Xiao, W. Liu, et al. 2019a. “Intake of Ganoderma
Lucidum Polysaccharides Reverses the Disturbed Gut Microbiota and
Metabolism in Type 2 Diabetic Rats.” International Journal of Biological
Macromolecules 155: 890–902. https://doi.org/10.1016/j.ijbiomac.2019.11.
047.

Chen, S., S. Akter, K. Kuwahara, et al. 2019b. “SerumAmino Acid Profiles
and Risk of Type 2 Diabetes Among Japanese Adults in the Hitachi

16 of 19 Food Frontiers, 2024

https://doi.org/10.2147/IJN.S323436
https://doi.org/10.1007/s00213-015-4003-1
https://doi.org/10.1007/s11356-020-08565-y
https://doi.org/10.1016/j.yebeh.2022.108588
https://doi.org/10.1093/jn/130.12.2897
https://doi.org/10.1371/journal.ppat.1011764
https://doi.org/10.1371/journal.pone.0007136
https://doi.org/10.1093/advances/nmaa016
https://doi.org/10.1038/sj.bjp.0702589
https://doi.org/10.16438/j.0513-4870.2019-0140
https://doi.org/10.1016/j.ijbiomac.2019.11.047


Health Study.” Scientific Reports 9: 7010. https://doi.org/10.1038/s41598-
019-43431-z

Chen, Z., K.Wang, J.H.Guo, et al. 2022. “MelatoninMaintainsHomeosta-
sis and Potentiates the Anti-Inflammatory Response in staphylococcus
Aureus-InducedMastitis ThroughmicroRNA-16b/YAP1.” Journal of Agri-
cultural and Food Chemistry 70: 15255–15270. https://doi.org/10.1021/acs.
jafc.2c05904.

Coupland, C., T. Hill, R. Morriss, M. Moore, A. Arthur, and J. Hippisley-
Cox. 2018. “Antidepressant Use and Risk of Adverse Outcomes in People
Aged 20–64 Years: Cohort Study Using a Primary Care Database.” BMC
Medicine [Electronic Resource] 16: 36. https://doi.org/10.1186/s12916-018-
1022-x.

Deng, Y. Q., Y. Q. Zhang, H. X. Chen, L. W. Xu, Q. Wang, and J. Feng.
2020. “Gut-Liver Immune Response and Gut Microbiota Profiling Reveal
the Pathogenic Mechanisms of Vibrio Harveyi in Pearl Gentian Grouper
(Epinephelus lanceolatus♂ × E. fuscoguttatus♀).” Frontiers in Immunology
11: 607754. https://doi.org/10.3389/fimmu.2020.607754.

Detka, J., A. Kurek, A. Basta-Kaim, M. Kubera, W. Lasoń, and B.
Budziszewska. 2014. “Elevated Brain Glucose and Glycogen Concentra-
tions in an Animal Model of Depression.” Neuroendocrinology 100, no.
2–3: 178–190. https://doi.org/10.1159/000368607.

Dong, H. Y., W. L. Cong, X. W. Guo, et al. 2019. “β‑Asarone Relieves
Chronic UnpredictableMild Stress Induced Depression by Regulating the
Extracellular Signal‑Regulated Kinase Signaling Pathway.” Experimental
and TherapeuticMedicine 18: 3767–3774. https://doi.org/10.3892/etm.2019.
8018.

Dong, N., X. Li, C. Xue, et al. 2020. “Astragalus Polysaccharides Alleviates
LPS-Induced Inflammation via the NF-κB/MAPK Signaling Pathway.”
Journal of Cellular Physiology 235: 5525–5540. https://doi.org/10.1002/jcp.
29452.

Douzi, W., X. Guillot, D. Bon, et al. 2020. “1H-NMR-Based Analysis
for Exploring Knee Synovial Fluid Metabolite Changes After Local
Cryotherapy in Knee Arthritis Patients.” Metabolites 10: 460. https://doi.
org/10.3390/metabo10110460.

Enea, M., A. M. Araújo, M. P. Almeida, et al. 2019. “A Metabolomic
Approach for the In Vivo Study of Gold Nanospheres and Nanostars After
a Single-Dose IntravenousAdministration toWistar Rats.”Nanomaterials
(Basel) 9: 1606. https://doi.org/10.3390/nano9111606.

Feng, X. C., Y. Li, C. X. Guang, et al. 2018. “Characterization of the In
Vivo and In Vitro Metabolites of Linarin in Rat Biosamples and Intestinal
Flora Using Ultra-High Performance Liquid Chromatography Coupled
With Quadrupole Time-of-Flight TandemMass Spectrometry.”Molecules
(Basel, Switzerland) 23: 2140. https://doi.org/10.3390/molecules23092
140.

Feng, K., X. Peng, Z. Zhang, S. S. Gu, Q. He, W. N. Shen, . . . Y. Deng. 2022.
“iNAP: An integrated network analysis pipeline for microbiome studies.”
Imeta 1, no. 2: e13. https://doi.org/10.1002/imt2.13

Gáll, Z., S. Farkas, Á. Albert, et al. 2020. “Effects of Chronic Cannabidiol
Treatment in the Rat Chronic UnpredictableMild StressModel of Depres-
sion.” Biomolecules. 10: 801. https://doi.org/10.3390/biom10050801.

Gao, H., W. C. Zhang, B. S. Wang, et al. 2018. “Purification, Characteri-
zation and Anti-Fatigue Activity of Polysaccharide Fractions From Okra
(Abelmoschus esculentus (L.) Moench).” Food & Function 9: 1088–1101.
https://doi.org/10.1039/c7fo01821e.

Gao, H. L., A. H. Zhang, J. B. Yu, et al. 2018. “High-Throughput
Lipidomics Characterize Key Lipid Molecules as Potential Therapeutic
Targets of Kaixinsan Protects Against Alzheimer’s Disease in APP/PS1
Transgenic Mice.” Journal of Chromatography. B, Analytical Technologies
in the Biomedical and Life Sciences 1092: 286–295. https://doi.org/10.1016/
j.jchromb.2018.06.032.

Geng, C.M., Y. J. Guo, C. S.Wang, et al. 2020. “Comprehensive Evaluation
of Lipopolysaccharide-InducedChanges inRats Based onMetabolomics.”
Journal of InflammationResearch 13: 477–486. https://doi.org/10.2147/JIR.
S266012.

Gerhard, D. M., E. S. Wohleb, and R. S. Duman. 2016. “Emerging
TreatmentMechanisms forDepression: Focus onGlutamate and Synaptic
Plasticity.” Drug Discovery Today 21: 454–464. https://doi.org/10.1016/j.
drudis.2016.01.016.

Ghrewati, M., F. Manji, V. Modi, C. Chandran, and M. Maroules. 2018.
“Severe Metabolic Acidemia in a Patient With Aleukemic Leukemia.”
Case Reports in Nephrology 2018: 1019034. https://doi.org/10.1155/2018/
1019034.

Gilbert, N. M., B. Choi, J. Du, et al. 2021. “A Mouse Model Displays
Host and Bacterial Strain Differences in Aerococcus Urinae Urinary Tract
Infection.” Biology Open 10: bio058931. https://doi.org/10.1242/bio.058931.

Guéry, L., and S. Hugues. 2015. “Th17 Cell Plasticity and Functions in
Cancer Immunity.” BioMed Research International. 2015: 314620. https://
doi.org/10.1155/2015/314620.

Guo, W. W., Q. X. Zhang, Y. Du, et al. 2021. “Immunomodulatory
Activity of Polysaccharides From Brassica rapa by Activating Akt/NF-κB
Signaling.” Chinese Herbal Medicines 14, no. 1: 90–96. https://doi.org/10.
1016/j.chmed.2021.10.003.

Gupta, K., B. K. Ashok, B. Ravishankar, and A. B. Thakar. 2011.
“Anti-Anxiety and Anti-Depressant Activities of Sarasvata choorna in
Experimental Animals.” AYU 32: 590–593. https://doi.org/10.4103/0974-
8520.96139.

Han, L. J., L. Zhao, Y. Zhou, et al. 2022. “Altered Metabolome and
Microbiome Features Provide Clues in Understanding Irritable Bowel
Syndrome and Depression Comorbidity.” ISME Journal 16: 983–996.
https://doi.org/10.1038/s41396-021-01123-5.

Hatzioannou, A., A. Boumpas, M. Papadopoulou, et al. 2021. “Regulatory
T Cells in Autoimmunity and Cancer: A Duplicitous Lifestyle.” Frontiers
in Immunology 12: 731947. https://doi.org/10.3389/fimmu.2021.731947.

He, L.W., L. Zeng, N. Tian, et al. 2020. “Optimization of Food Deprivation
and Sucrose Preference Test in SD Rat Model Undergoing Chronic
Unpredictable Mild Stress.” Animal Models and Experimental Medicine
3: 69–78. https://doi.org/10.1002/ame2.12107.

Hong, M., J. Zheng, Z. Y. Ding, et al. 2013. “Imbalance Between Th17
and Treg Cells May Play an Important Role in the Development of
Chronic Unpredictable Mild Stress-Induced Depression in Mice.”
Neuroimmunomodulation 20: 39–50. https://doi.org/10.1159/000343
100.

Huang, B. S., Y. Y.Wu, C. Li, Q. F. Tang, andY.W. Zhang. 2023. “Molecular
Basis and Mechanism of Action of Albizia julibrissin in Depression
Treatment and Clinical Application of Its Formulae.” Chinese Herbal
Medicines 15, no. 2: 201–213. https://doi.org/10.1016/j.chmed.2022.10.004.

Huang, C. Y., F. C. Zhang, P. Li, and C. Song. 2022a. “Low-Dose
IL-2 Attenuated Depression-Like Behaviors and Pathological Changes
Through Restoring the Balances Between IL-6 and TGF-β and Between
Th17 and Treg in a Chronic Stress-Induced Mouse Model of Depression.”
International Journal of Molecular Sciences 23: 13856. https://doi.org/10.
3390/ijms232213856.

Huang, S. W., X. J. Wang, X. Q. Xie, et al. 2022b. “Dahuang Mudan
Decoction Repairs Intestinal Barrier in Chronic Colitic Mice by Regu-
lating the Function of ILC3.” Journal of Ethnopharmacology 299: 115652.
https://doi.org/10.1016/j.jep.2022.115652.

Jia, J. J., H. Y. Zhang, X. Y. Liang, et al. 2021. “Application ofMetabolomics
to the Discovery of Biomarkers for Ischemic Stroke in the Murine Model:
A Comparison With the Clinical Results.” Molecular Neurobiology 58:
6415–6426. https://doi.org/10.1007/s12035-021-02535-2.

Jiang, H. Y., Z. X. Ling, Y. H. Zhang, et al. 2015a. “Altered Fecal
Microbiota Composition in Patients With Major Depressive Disorder.”
Brain, Behavior, and Immunity. 48: 186–194. https://doi.org/10.1016/j.bbi.
2015.03.016

Jiang, Y. J., B. Sun, H. X. Li, M. Q. Liu, L. J. Chen, and S. Zhou.
2015. “Aggregate-Related Changes in Network Patterns of Nematodes and
Ammonia Oxidizers in an Acidic Soil.” Soil Biology and Biochemistry 88:
101–109. https://doi.org/10.1016/j.soilbio.2015.05.013.

17 of 19

https://doi.org/10.1038/s41598-019-43431-z
https://doi.org/10.1021/acs.jafc.2c05904
https://doi.org/10.1186/s12916-018-1022-x
https://doi.org/10.3389/fimmu.2020.607754
https://doi.org/10.1159/000368607
https://doi.org/10.3892/etm.2019.8018
https://doi.org/10.1002/jcp.29452
https://doi.org/10.3390/metabo10110460
https://doi.org/10.3390/nano9111606
https://doi.org/10.3390/molecules23092140
https://doi.org/10.1002/imt2.13
https://doi.org/10.3390/biom10050801
https://doi.org/10.1039/c7fo01821e
https://doi.org/10.1016/j.jchromb.2018.06.032
https://doi.org/10.2147/JIR.S266012
https://doi.org/10.1016/j.drudis.2016.01.016
https://doi.org/10.1155/2018/1019034
https://doi.org/10.1242/bio.058931
https://doi.org/10.1155/2015/314620
https://doi.org/10.1016/j.chmed.2021.10.003
https://doi.org/10.4103/0974-8520.96139
https://doi.org/10.1038/s41396-021-01123-5
https://doi.org/10.3389/fimmu.2021.731947
https://doi.org/10.1002/ame2.12107
https://doi.org/10.1159/000343100
https://doi.org/10.1016/j.chmed.2022.10.004
https://doi.org/10.3390/ijms232213856
https://doi.org/10.1016/j.jep.2022.115652
https://doi.org/10.1007/s12035-021-02535-2
https://doi.org/10.1016/j.bbi.2015.03.016
https://doi.org/10.1016/j.soilbio.2015.05.013


Jin, M. L., K. Zhao, Q. S. Huang, and P. Shang. 2014. “Structural
Features and Biological Activities of the Polysaccharides FromAstragalus
membranaceus.” International Journal of Biological Macromolecules 64:
257–266. https://doi.org/10.1016/j.ijbiomac.2013.12.002.

Köhler, C. A., T. H. Freitas, M. Maes, et al. 2017. “Peripheral Cytokine and
Chemokine Alterations in Depression: A Meta-Analysis of 82 Studies.”
Acta Psychiatrica Scandinavica 135: 373–387. https://doi.org/10.1111/acps.
12698.

Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. “IL-17 and Th17
Cells.” Annual Review of Immunology 27: 485–517. https://doi.org/10.1146/
annurev.immunol.021908.132710.

Lee, G. R. 2018. “The Balance of Th17 versus Treg Cells in Autoimmunity.”
International Journal of Molecular Sciences 19: 730. https://doi.org/10.
3390/ijms19030730.

Leyva-Castillo, J. M., J. Yoon, and R. S. Geha. 2019. “IL-22 Promotes Aller-
gic Airway Inflammation in Epicutaneously Sensitized Mice.” Journal of
Allergy and Clinical Immunology 143: 619–630.e7. https://doi.org/10.1016/
j.jaci.2018.05.032.

Li, B., K. N. Guo, L. Zeng, et al. 2018. “Metabolite Identification in Fecal
Microbiota Transplantation Mouse Livers and Combined Proteomics
With Chronic Unpredictive Mild Stress Mouse Livers.” Translational
Psychiatry 8: 34. https://doi.org/10.1038/s41398-017-0078-2.

Li, Z.M., J. B. Lai, P. F. Zhang, et al. 2022. “Multi-OmicsAnalyses of Serum
Metabolome, Gut Microbiome and Brain Function Reveal Dysregulated
Microbiota-Gut–Brain Axis in Bipolar Depression.”Molecular Psychiatry
27: 4123–4135. https://doi.org/10.1038/s41380-022-01569-9.

Lin, P., B. Y. Ding, Y. Q. Wu, K. Dong, and Q. T. Li. 2018. “Mitogen-
Stimulated Cell Proliferation and Cytokine Production in Major Depres-
sive Disorder Patients.” BMC Psychiatry [Electronic Resource]. 18: 330.
https://doi.org/10.1186/s12888-018-1906-5.

Lin, S., Q. Li, S. Jiang, et al. 2021. “Crocetin Ameliorates Chronic
Restraint Stress-Induced Depression-Like Behaviors in Mice by Regulat-
ing MEK/ERK Pathways and Gut Microbiota.” Journal of Ethnopharma-
cology 268: 113608. https://doi.org/10.1016/j.jep.2020.113608.

Liu, H., S. Chen, C. J. Guo, W. Q. Tang, W. Liu, and Y. M. Liu. 2018.
“Astragalus Polysaccharide Protects Neurons and Stabilizes Mitochon-
drial in a Mouse Model of parkinson disease.” Medical Science Monitor
24: 5192–5199. https://doi.org/10.12659/MSM.908021.

Liu,H. Y., J. C. Pu,Q. X. Zhou, L.N. Yang, andD.Q. Bai. 2022a. “Peripheral
Blood and Urine Metabolites and Biological Functions in Post-Stroke
Depression.” Metabolic Brain Disease 37: 1557–1568. https://doi.org/10.
1007/s11011-022-00984-9

Liu, L. X., H. Y. Wang, X. Y. Chen, Y. D. Zhang, H. P. Zhang, and P.
Xie. 2023a. “Gut Microbiota and Its Metabolites in Depression: From
Pathogenesis to Treatment.” EBioMedicine 90: 104527. https://doi.org/10.
1016/j.ebiom.

Liu, T. T., Q. Li, X. Xu, G. Li, C. W. Tian, and T. J. Zhang. 2022bab.
“MolecularMechanisms of Anti-Cancer Bioactivities of Seaweed Polysac-
charides.” Chinese Herbal Medicines 14, no. 4: 528–534. https://doi.org/10.
1016/j.chmed.2022.02.003.

Liu, X. J., Y. Z. Wang, M. Lv, et al. 2021a. “Serum Metabolomics Reveals
Compatibility Rules of the Antidepressant Effects of Xiaoyaosan and Its
Efficacy Groups.” Psychiatry Research 299: 113827. https://doi.org/10.1016/
j.psychres.2021.113827.

Liu, X. J., Y. Z. Wang, F. X. Wei, et al. 2021b. “The Synergistic
Anti-Depression Effects of Different Efficacy Groups of Xiaoyaosan as
Demonstrated by the Integration of Network Pharmacology and Serum
Metabolomics.” Journal of Pharmaceutical and Biomedical Analysis 197:
113949. https://doi.org/10.1016/j.jpba.2021.113949.

Liu, X. J., X. L.Wu, S. Y.Wang, et al. 2023b. “Microbiome andMetabolome
Integrally Reveal the Anti-Depression Effects of Cistanche Deserticola
Polysaccharides From the Perspective of Gut Homeostasis.” International
Journal of Biological Macromolecules 245: 125542. https://doi.org/10.1016/
j.ijbiomac.2023.125542

Lochner, M., Z. Wang, and T. Sparwasser. 2015. “The Special Relationship
in the Development and Function of T Helper 17 and Regulatory T
Cells.”Progress inMolecular Biology andTranslational Science 136. 99–129.
https://doi.org/10.1016/bs.pmbts.2015.07.013.

Ma, W. N., J. Song, H. R. Wang, et al. 2019. “Chronic Paradoxical Sleep
Deprivation-Induced Depression-Like Behavior, Energy Metabolism and
Microbial Changes in Rats.” Life Sciences 225: 88–97. https://doi.org/10.
1016/j.lfs.2019.04.006.

Mazza, M. G., R. De Lorenzo, C. Conte, et al. 2020. “Anxiety and
Depression in COVID-19 Survivors: Role of Inflammatory and Clinical
Predictors.” Brain, Behavior, and Immunity. 89: 594–600. https://doi.org/
10.1016/j.bbi.2020.07.037.

Ménard, C., G. E. Hodes, and S. J. Russo. 2016. “Pathogenesis of
Depression: Insights FromHumanandRodent Studies.”Neuroscience 321:
138–162. https://doi.org/10.1016/j.neuroscience.2015.05.053.

Mitani, H., Y. Shirayama, T. Yamada, K. Maeda, C. R. Ashby Jr., and
R. Kawahara. 2006. “Correlation Between Plasma Levels of Glutamate,
Alanine and Serine With Severity of Depression.” Progress in Neuro-
Psychopharmacology & Biological Psychiatry 30, no. 6: 1155–1158. https://
doi.org/10.1016/j.pnpbp.2006.03.036.

Murack, M., and C. Messier. 2019. “The Impact of Lactic Acid and
MediumChain Triglyceride onBloodGlucose, Lactate andDiurnalMotor
Activity: A Re-examination of a Treatment of Major Depression Using
Lactic Acid.” Physiology & Behavior 208: 112569. https://doi.org/10.1016/
j.physbeh.2019.112569.

Ogłodek, E. A., M. J. Just, A. R. Szromek, and A. Araszkiewicz. 2017.
“Assessing the SerumConcentration Levels of NT-4/5, GPX-1, TNF-α, and
l-Arginine as Biomediators of Depression Severity in First Depressive
Episode Patients With and Without Posttraumatic Stress Disorder.”
Pharmacological Reports 69: 1049–1058. https://doi.org/10.1016/j.pharep.
2017.04.013.

Ortiz, V., R. Costa Campos, H. Fofo, S. P. Fernandez, and J. Barik. 2022.
“Nicotinic Receptors Promote Susceptibility to Social Stress in Female
Mice Linked With Neuroadaptations Within VTA Dopamine Neurons.”
Neuropsychopharmacology 47: 1587–1596. https://doi.org/10.1038/s41386-
022-01314-4.

Oude Voshaar, R. C., M. Dimitriadis, R. H. S. vandenBrink, et al.
2021. “A 6-Year Prospective Clinical Cohort Study on the Bidirectional
Association Between Frailty and Depressive Disorder.” International
Journal of Geriatric Psychiatry 36: 1699–1707. https://doi.org/10.1002/gps.
5588/.

Peirce, J. M., and K. Alviña. 2019. “The Role of Inflammation and the Gut
Microbiome inDepression andAnxiety.” Journal ofNeuroscience Research
97: 1223–1241. https://doi.org/10.1002/jnr.24476.

Rauf, A., A. A. Khalil, U. U. Rahman, et al. 2022. “Recent Advances in the
TherapeuticApplication of Short-ChainFattyAcids (SCFAs): AnUpdated
Review.” Critical Reviews in Food Science and Nutrition 62: 6034–6054.
https://doi.org/10.1080/10408398.2021.1895064.

Sanni, L. A., C. Rae, A. Maitland, R. Stocker, and N. H. Hunt. 2001.
“Is Ischemia Involved in the Pathogenesis of Murine Cerebral Malaria?”
American Journal of Pathology 159: 1105–1112. https://doi.org/10.1016/
S0002-9440(10)61786-5.

Simpson, C. A., C. Diaz-Arteche, D. Eliby, O. S. Schwartz, J. G. Simmons,
and C. S. M. Cowan. 2021. “The Gut Microbiota in Anxiety and
Depression—ASystematic Review.”Clinical PsychologyReview 83: 101943.
https://doi.org/10.1016/j.cpr.2020.101943.

Strekalova, T., R. Spanagel, D. Bartsch, F. A. Henn, and P. Gass. 2004.
“Stress-Induced Anhedonia inMice Is AssociatedWith Deficits in Forced
Swimming and Exploration.” Neuropsychopharmacology 29: 2007–2017.
https://doi.org/10.1038/sj.npp.1300532.

Tao, Y. L., H. Y. Zhou, Z. K. Li, H. Wu, F. G. Wu, Z. G. Miao, . . . X. J. Wu.
2024. “TGR5 deficiency-induced anxiety and depression-like behaviors:
The role of gut microbiota dysbiosis.” J Affect Disord 344: 219–232. https://
doi.org/10.1016/j.jad.2023.10.072

18 of 19 Food Frontiers, 2024

https://doi.org/10.1016/j.ijbiomac.2013.12.002
https://doi.org/10.1111/acps.12698
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.3390/ijms19030730
https://doi.org/10.1016/j.jaci.2018.05.032
https://doi.org/10.1038/s41398-017-0078-2
https://doi.org/10.1038/s41380-022-01569-9
https://doi.org/10.1186/s12888-018-1906-5
https://doi.org/10.1016/j.jep.2020.113608
https://doi.org/10.12659/MSM.908021
https://doi.org/10.1007/s11011-022-00984-9
https://doi.org/10.1016/j.ebiom
https://doi.org/10.1016/j.chmed.2022.02.003
https://doi.org/10.1016/j.psychres.2021.113827
https://doi.org/10.1016/j.jpba.2021.113949
https://doi.org/10.1016/j.ijbiomac.2023.125542
https://doi.org/10.1016/bs.pmbts.2015.07.013
https://doi.org/10.1016/j.lfs.2019.04.006
https://doi.org/10.1016/j.bbi.2020.07.037
https://doi.org/10.1016/j.neuroscience.2015.05.053
https://doi.org/10.1016/j.pnpbp.2006.03.036
https://doi.org/10.1016/j.physbeh.2019.112569
https://doi.org/10.1016/j.pharep.2017.04.013
https://doi.org/10.1038/s41386-022-01314-4
https://doi.org/10.1002/gps.5588/
https://doi.org/10.1002/jnr.24476
https://doi.org/10.1080/10408398.2021.1895064
https://doi.org/10.1016/S0002-9440(10)61786-5
https://doi.org/10.1016/j.cpr.2020.101943
https://doi.org/10.1038/sj.npp.1300532
https://doi.org/10.1016/j.jad.2023.10.072


Tian, P. J., Y. Chen, H. Y. Zhu, et al. 2022. “Bifidobacterium Breve
CCFM1025 Attenuates Major Depression Disorder via Regulating Gut
Microbiome and TryptophanMetabolism: A Randomized Clinical Trial.”
Brain, Behavior, and Immunity. 100: 233–241. https://doi.org/10.1016/j.bbi.
2021.11.023.

Tong, Y. Q., and H. M. Hou. 2006. “Effects of Huangqi Guizhi Wuwu
Tang on Diabetic Peripheral Neuropathy.” Journal of Alternative and
Complementary Medicine. 12: 506–509. https://doi.org/10.1089/acm.2006.
12.506.

Wang, J. J., X. F. Li, S. G. He, et al. 2018a. “Regulation of the Kynurenine
Metabolism Pathway by Xiaoyaosan and the Underlying Effect in the
Hippocampus of the Depressed Rat.” Journal of Ethnopharmacology. 214:
13–21. https://doi.org/10.1016/j.jep.2017.11.037.

Wang, J. L., T. Lu, Y. L. Gui, et al. 2023. “HSPA12A controls Cerebral
Lactate Homeostasis to Maintain Hippocampal Neurogenesis and Mood
Stabilization.” Translational Psychiatry 13, no. 1: 280. https://doi.org/10.
1038/s41398-023-02573-5.

Wang, L., X. X. Li, X. Chen, X. Y. Qin, E. Kardami, and Y. Cheng. 2018b.
“Antidepressant-Like Effects of Low-and High-Molecular Weight FGF-
2 on Chronic Unpredictable Mild Stress Mice.” Frontiers in Molecular
Neuroscience 11: 377. https://doi.org/10.3389/fnmol.2018.00377.

Wang, X. Z., L. Cheng, Y. N. Liu, et al. 2022. “Polysaccharide Regulation
of Intestinal Flora: a Viable Approach to Maintaining Normal Cognitive
Performance and Treating Depression.” Frontiers in Microbiology. 13:
807076. https://doi.org/10.3389/fmicb.2022.807076

Weersing, V. R., M. Jeffreys, M. T. Do, K. T. Schwartz, and C. Bolano.
2017. “Evidence Base Update of Psychosocial Treatments for Child
and Adolescent Depression.” Journal of Clinical Child and Adolescent
Psychology 46: 11–43. https://doi.org/10.1080/15374416.2016.1220310.

Westfall, S., F. Caracci, D. Zhao, et al. 2021. “Microbiota Metabolites
Modulate the T Helper 17 to Regulatory T Cell (Th17/Treg) Imbalance
Promoting Resilience to Stress-Induced Anxiety- and Depressive-Like
Behaviors.” Brain, Behavior, and Immunity. 91: 350–368. https://doi.org/
10.1016/j.bbi.2020.10.013.

Wu, G., N. Zhao, C. Zhang, Y. Y. Lam, and L. Zhao. 2021. “Guild-
based Analysis for Understanding GutMicrobiome inHumanHealth and
Diseases.” Genome Medicine 13, no. 1: 22. https://doi.org/10.1186/s13073-
021-00840-y.

Wu, P., Y. Chen, J. Zhao, et al. 2017. “UrinaryMicrobiome and Psychologi-
cal Factors inWomenWith Overactive Bladder.” Frontiers in Cellular and
Infection Microbiology 7: 488. https://doi.org/10.3389/fcimb.2017.00488.

Yang, J., B. Yan, B. B. Zhao, et al. 2020. “Assessing the Causal Effects of
HumanSerumMetabolites on 5Major PsychiatricDisorders.”Schizophre-
nia Bulletin. 46: 804–813. https://doi.org/10.1093/schbul/sbz138.

Yang, M., H. B. Lin, S. T. Gong, et al. 2014. “Effect of Astragalus
Polysaccharides on Expression of TNF-α, IL-1β and NFATc4 in a Rat
Model of Experimental Colitis.” Cytokine 70, no. 2: 81–86. https://doi.org/
10.1016/j.cyto.2014.07.250.

Yao, Q., H. Liu, andY. Li. 2022. “LowLevels of SerumLDHAreAssociated
With Depression and Suicide Attempts.” General Hospital Psychiatry. 79:
42–49. https://doi.org/10.1016/j.genhosppsych.2022.10.004.

Ye, L., Y. L. Hou, W. Y. Hu, et al. 2023. “Repressed Blautia-Acetate
Immunological Axis Underlies Breast Cancer Progression Promoted by
Chronic Stress.” Nature Communications 14, no. 1: 6160. https://doi.org/
10.1038/s41467-023-41817-2.

Zenewicz, L. A. 2021. “IL-22 Binding Protein (IL-22BP) in the Regulation
of IL-22 Biology.” Frontiers in Immunology 12: 766586. https://doi.org/10.
3389/fimmu.2021.766586.

Zhang, C., Y. Y. Mo, S. S. Feng, et al. 2021. “Urinary Metabonomics
Study ofAnti-DepressiveMechanisms ofMillettia speciosaChamponRats
With Chronic UnpredictableMild Stress-Induced Depression.” Journal of
Pharmaceutical and Biomedical Analysis 205: 114338. https://doi.org/10.
1016/j.jpba.2021.114338.

Zhang, C. J., J. Y. Guo, H. Cheng, et al. 2020. “Spatial Structure and
Anti-Fatigue of Polysaccharide From Inonotus obliquus.” International
Journal of BiologicalMacromolecules 151: 855–860. https://doi.org/10.1016/
j.ijbiomac.2020.02.147.

Zhang, S. S., B. Liu, G. Y. Yan, H. Wu, Y. C. Han, and H. X. Cui. 2022.
“Chemical Properties and Anti-Fatigue Effect of Polysaccharide From
Pholiota nameko.” Journal of Food Biochemistry 46: e14015. https://doi.
org/10.1111/jfbc.14015.

Zheng, Y. W., J. Y. Zhang, H. B. Zhou, et al. 2020. “Effects of Dietary
Pyrroloquinoline Quinone Disodium Supplementation on Inflammatory
Responses, Oxidative Stress, and Intestinal Morphology in Broiler Chick-
ens Challenged With Lipopolysaccharide.” Poultry Science 99: 5389–5398.
https://doi.org/10.1016/j.psj.2020.08.007.

Zhou, J. X., N. H. Zhang, L. Zhao, et al. 2021. “Astragalus Polysaccharides
and Saponins Alleviate Liver Injury and Regulate Gut Microbiota in
Alcohol Liver Disease Mice.” Foods 10, no. 11: 2688. https://doi.org/10.
3390/foods10112688.

Zhou, M. F., Y. C. Fan, L. T. Xu, et al. 2023. “Microbiome and Tryptophan
Metabolomics Analysis in Adolescent Depression: Roles of the Gut
Microbiota in the Regulation of Tryptophan-Derived Neurotransmitters
and Behaviors in human and Mice.” Microbiome. 11, no. 1: 145. https://
doi.org/10.1186/s40168-023-01589-9.

Zhou, X. J., M. Liu, J. J. Yan, Y. Cao, and P. Liu. 2012. “Antidepressant-
Like Effect of the Extracted of Kai Xin San, a Traditional Chinese Herbal
Prescription, Is Explained by Modulation of the Central Monoaminergic
Neurotransmitter System in Mouse.” Journal of Ethnopharmacology 139:
422–428. https://doi.org/10.1016/j.jep.2011.11.027.

Zhou, X. Y., L. X. Liu, Y. Q. Zhang, et al. 2017. “Metabolomics Identifies
Perturbations in Amino Acid Metabolism in the Prefrontal Cortex of the
Learned Helplessness Rat Model of Depression.” Neuroscience 343: 1–9.
https://doi.org/10.1016/j.neuroscience.2016.11.038.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

19 of 19

https://doi.org/10.1016/j.bbi.2021.11.023
https://doi.org/10.1089/acm.2006.12.506
https://doi.org/10.1016/j.jep.2017.11.037
https://doi.org/10.1038/s41398-023-02573-5
https://doi.org/10.3389/fnmol.2018.00377
https://doi.org/10.3389/fmicb.2022.807076
https://doi.org/10.1080/15374416.2016.1220310
https://doi.org/10.1016/j.bbi.2020.10.013
https://doi.org/10.1186/s13073-021-00840-y
https://doi.org/10.3389/fcimb.2017.00488
https://doi.org/10.1093/schbul/sbz138
https://doi.org/10.1016/j.cyto.2014.07.250
https://doi.org/10.1016/j.genhosppsych.2022.10.004
https://doi.org/10.1038/s41467-023-41817-2
https://doi.org/10.3389/fimmu.2021.766586
https://doi.org/10.1016/j.jpba.2021.114338
https://doi.org/10.1016/j.ijbiomac.2020.02.147
https://doi.org/10.1111/jfbc.14015
https://doi.org/10.1016/j.psj.2020.08.007
https://doi.org/10.3390/foods10112688
https://doi.org/10.1186/s40168-023-01589-9
https://doi.org/10.1016/j.jep.2011.11.027
https://doi.org/10.1016/j.neuroscience.2016.11.038

	Prophylactic Effects of Astragalus Polysaccharides on Depression-Like Behaviors in Rats With Chronic Unpredictable Mild Stress: A Role of Gut-Microbiota-Brain Axis
	1 | Introduction
	2 | Materials and Methods
	2.1 | Reagents
	2.2 | Preparation of APS
	2.3 | Animals Experiment
	2.4 | Behavioral Tests
	2.4.1 | Body Weight
	2.4.2 | Sucrose Preference Test (SPT)
	2.4.3 | Open-Field Test (OFT)
	2.4.4 | Light-Dark Box Test
	2.4.5 | Forced Swimming Test
	2.4.6 | Morris Water Maze (MWM) Test

	2.5 | Sample Collection
	2.6 | RT-qPCR Analysis
	2.6.1 | Extraction of RNA From Colon Samples of Rats
	2.6.2 | RNA Concentration and Purity Determination
	2.6.3 | Agarose Gel Electrophoresis
	2.6.4 | Quantitative Reverse Transcription PCR (RT-qPCR)

	2.7 | Enzyme Linked Immunosorbent Assay
	2.8 | Gut Microbiota Analysis
	2.9 | Microbial Co-Occurrence Pattern Analysis
	2.10 | Metabolomics Analysis
	2.10.1 | Preparation of Fecal Samples
	2.10.2 | 1H NMR-Based Metabolomics Analysis
	2.10.3 | MVD Analysis and Visualization of Metabolic Networks

	2.11 | Correlation Analysis
	2.12 | Statistical Analysis

	3 | Results
	3.1 | Characteristics of APS
	3.2 | APS Significantly Ameliorated the Abnormal Behaviors of Depressed Rats
	3.3 | APS Recovered the Th17/Treg Imbalance and Inflammatory Response of Depressed Rats
	3.4 | APS Significantly Ameliorated the Abnormality of Gut Microbiota of Depressed Rats
	3.5 | APS Ameliorated the Intestinal Disorders of Depressed Rats
	3.6 | Differential Metabolites and Pathways Involved in CUMS-Induced Depression and the Antidepression Effects of APS
	3.7 | The Correlations Among Behavioral Indicators of Rats, Immune Factors, Gut Bacteria, and Differential Metabolites

	4 | Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	ETHICS STATEMENT
	References
	Supporting Information


