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Abstract Methamphetamine (Meth) abuse can cause serious mental disorders, including anxiety and

depression. The gut microbiota is a crucial contributor to maintaining host mental health. Here, we aim

to investigate if microbiota participate in Meth-induced mental disorders, and the potential mechanisms

involved. Here, 15 mg/kg Meth resulted in anxiety- and depression-like behaviors of mice successfully

and suppressed the Sigma-1 receptor (SIGMAR1)/BDNF/TRKB pathway in the hippocampus. Mean-

while, Meth impaired gut homeostasis by arousing the Toll-like receptor 4 (TLR4)-related colonic

inflammation, disturbing the gut microbiome and reducing the microbiota-derived short-chain fatty

acids (SCFAs). Moreover, fecal microbiota from Meth-administrated mice mediated the colonic inflam-

mation and reproduced anxiety- and depression-like behaviors in recipients. Further, SCFAs supple-

mentation optimized Meth-induced microbial dysbiosis, ameliorated colonic inflammation, and

repressed anxiety- and depression-like behaviors. Finally, Sigmar1 knockout (Sigmar1�/�) repressed
the BDNF/TRKB pathway and produced similar behavioral phenotypes with Meth exposure, and elim-

inated the anti-anxiety and -depression effects of SCFAs. The activation of SIGMAR1 with fluvoxamine

attenuated Meth-induced anxiety- and depression-like behaviors. Our findings indicated that gut
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microbiota-derived SCFAs could optimize gut homeostasis, and ameliorate Meth-induced mental disor-

ders in a SIGMAR1-dependent manner. This study confirms the crucial role of microbiota in Meth-

related mental disorders and provides a potential preemptive therapy.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Methamphetamine (Meth) is a highly addictive psychostimulant,
and its abuse has been a serious public health problem, globally1.
According to an epidemiological survey, in 2019, there were over
27 million people reported using Meth (0.5% of the global pop-
ulation)2. Meth abuse can cause long-term neuropsychiatric
impairments3e5, while anxiety and depression were reported as
the most pervasive mental disorders in Meth abusers6,7.

Anxiety and depression are ubiquitous mental disorders that
affect about 10% global population every year8. Accumulating
evidence indicates the close association of gut microbiota with
anxiety and depression disorders9e11. Clinically, microbial dys-
biosis is prevalent in patients with depression and is recognized as
a risk factor for disease12. Fecal microbiota transplantation (FMT)
from depression patients confirmed its crucial role in the occur-
rence and development of depression10. In addition, the absence of
microbiota could reduce the anxiety-like phenotypes13 and mi-
crobial metabolite 4-ethylphenyl sulfate has been confirmed to
promote anxiety14. Notably, the interactions between gut micro-
biota and the brain are highly complex and involve multiple
pathways, such as host metabolism, immune regulation, and vagal
nerve pathway15e19. Through decomposing dietary fibers, micro-
biota can produce short-chain fatty acids, which maintain intes-
tinal immune homeostasis20,21 and influence brain behaviors22,23.
Aging-related decrease in SCFAs induced memory impairment
and increased depression-like behavior24. Meanwhile, SCFAs
presented a close association with chronic stress-induced anxi-
ety25 and could attenuate chronic social failure stress-mediated
depression26. These indicate that microbiota-derived SCFAs
could be the potential modulator of multiple mental disorders.

Our previous studies have confirmed that Meth exposure can
disturb gut microbiota, which participated in Meth-related hepa-
totoxicity2. In addition, in Meth-related conditioned place pref-
erence, fecal SCFAs were observed reshaped, accompanied by
microbial dysbiosis27. Further, the absence of gut microbiota
deteriorated the conditioned place preference scores28, implying
the participation of microbiota in Meth-induced neurotoxicity.
However, the microbial mechanisms underlying Meth-induced
anxiety and depression, and the potential therapeutic effects of
SCFAs remain largely unknown.

Sigma-1 receptor (SIGMAR1) is an endoplasmic reticulum
chaperone protein widely expressed throughout the brain, which
has shown protective effects against multiple mental disorders,
including anxiety and depression29e32. Its agonist fluvoxamine
(Flu) has served as a clinical anti-anxiety and -depression drug33.
In fact, the activation of SIGMAR1 can promote the secretion of
mature brain derived neurotrophic factor (BDNF) from pro-BDNF
via chaperone activity in the endoplasmic reticulum34, while
BDNF and its receptor tyrosine kinase B (TRKB) were the crucial
anti-anxiety and -depression factors35. The beneficial effects of
SIGMAR1 on Meth-induced neural deficits were also observed,
including ameliorating Meth-induced dopamine efflux, repressing
drug-seeking brain reward function, and improving locomotor
sensitization36. Nevertheless, the protective effects of SIGMAR1
against Meth-related anxiety and depression disorders, and its
interaction with microbiota-derived SCFAs are still obscure.

In this study, we tested the hypothesis that microbial dysbiosis
contributes to Meth-related anxiety and depression, while
microbiota-derived SCFAs could modulate these mental disorders
in SIGMAR1 dependent manner. Through FMT treatment, we
confirmed the involvement of microbial dysbiosis in Meth-
induced colonic inflammation, and anxiety and depression. By
SCFAs supplementation, we verified its optimization on gut ho-
meostasis and its protection against Meth related-anxiety and
-depression. Finally, using Sigmar1�/� mice and agonist Flu, we
found that the effects of these interventions on Meth-induced
mental disorders relied on the modulation of the SIGMAR1/
BDNF/TRKB pathway.

2. Materials and methods

2.1. Reagents and antibodies

Methamphetamine (Meth, purity over 99%) was provided by the
National Institute for the Control of Pharmaceutical and Biolog-
ical Products (Beijing, China). Antibiotics were purchased from
Sangon Biotech (Shanghai, China): vancomycin (CAS#: 1404-93-
9), neomycin sulfate (CAS#: 1405-10-3), metronidazole (CAS#:
443-48-1), and ampicillin (CAS#: 69-52-3). SCFAs were pur-
chased from SigmaeAldrich (St Louis, MO, USA): sodium ace-
tate (CAS#: 127-09-3) and sodium propionate (CAS#: 137-40-6).
Flu was purchased from Macklin (Shanghai, China, CAS#: 54739-
18-3). The primary and secondary antibodies for Western blot
analysis in this study were listed in Supporting Information
Table S1.

2.2. Animals and treatment

Male wild-type (WT) C57BL/6 mice and Sigmar1�/� mice on a
C57BL/6 background were obtained from Cyagen Biotechnology
Co., Ltd. (Guangzhou, China). Mice were bred and housed in a
specific pathogen-free-level laboratory animal condition. All ani-
mal care and experimental protocols were approved by the Med-
ical Ethics Committee of Southern Medical University (Approval
Code: L2020092).

2.2.1. Meth administration
8e10 weeks old WT or Sigmar1�/� mice were randomly assigned
to the Saline and Meth groups. To induce Meth-related anxiety
and depression disorders, mice were intraperitoneally (i.p.)

http://creativecommons.org/licenses/by-nc-nd/4.0/
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injected with Meth (15 mg/kg) or equal volume saline at 12 h
intervals for 4 consecutive days37,38. This dosing regimen was
chosen based on the median value of blood Meth concentration in
abusers (about 1.3 mmol/L), which was in line with the average
concentration in mice at 1 h after the last injections39,40. Fecal
collections were performed 12 h after the last injections.

2.2.2. Fecal microbiota transplantation treatment (FMT)
FMT was carried out according to the previous study41. (1)
Preparation of fecal bacterial fluid: feces from donor mice
were resuspended in germ-free PBS at 0.1 g/mL and
subsequently, centrifuged to isolate the supernatants (900 � g,
3 min); (2) antibiotic pretreatment: an antibiotic cocktail
(vancomycin, 100 mg/kg; neomycin sulfate, 200 mg/kg; metro-
nidazole, 200 mg/kg; and ampicillin, 200 mg/kg) was orally
administered to recipient WT or Sigmar1�/� mice (6e8 weeks
old) once daily for 7 days. Feces were collected to verify the
elimination of gut microbiota; (3) FMT: antibiotic pretreated re-
cipients were dosed with fecal bacterial fluid (10 mL/kg) via oral
gavage once daily for 7 days.

2.2.3. Short-chain fatty acids (SCFAs) supplementation
To investigate the beneficial effects of SCFAs, WT or Sigmar1�/�

mice (4e6 weeks age) were pretreated with SCFAs drinking water
containing 67.5 mmol/L sodium acetate (AA) and 25 mmol/L
sodium propionate (PA) for 3 weeks, while the control mice were
provided with the normal drinking water42,43. Drinking solutions
were refreshed 3 times per week. Then, since Day 22, mice
received 4 days’ Meth or saline challenges, and the regimen was
administrated as previously described. Fecal collection and
behavioral tests were carried out at the end of the experimental
period (Day 30).

To further identify which SCFA played a major role in pro-
tective effects, WT mice were randomly assigned into the Saline
group, Meth group, AA þ Meth group, PA þ Meth group, and
SCFAs þ Meth group. Mice in the Saline or Meth group were
pretreated with normal drinking water for 3 weeks and subse-
quently, received 15 mg/kg Meth or equal volume Saline chal-
lenges for 4 days as described above. Meanwhile, mice in the
AA þ Meth group, PA þ Meth group, and SCFAs þ Meth group
were respectively pretreated with AA drinking water (containing
67.5 mmol/L sodium acetate), PA drinking water (containing
25 mmol/L sodium propionate), and their mixture SCFAs drinking
water (containing 67.5 mmol/L sodium acetate and 25 mmol/L
sodium propionate) for 3 weeks42,43 and then, Meth was i.p.
administrated to mice for 4 consecutive days as described above.

2.2.4. Fluvoxamine (Flu) treatment
WT mice (8e10 weeks old) were i.p. administrated with 30 mg/kg
Flu or equal volume Saline (once daily) for 7 continuous days44.
Since Day 4, Meth administration procedures were performed on
mice as previously described. Twelve hours after the last in-
jections, fecal samples were collected and then stored at �80 �C
for further analysis.

In addition, to investigate the potential microbial mechanisms
for the protection of Flu, Meth-administrated mice were orally
pretreated with gut microbiota from Flu-treated mice. In detail,
fecal samples were mixed thoroughly with germ-free PBS at a
ratio of 0.1 g/mL, and the obtained suspension was centrifuged to
separate the supernatant for FMT treatment. Similarly, mice were
orally administrated with fecal bacterial fluid (10 mL/kg, FMT-
Flu) or equal volume germ-free PBS for continuous 7 days45.
Since Day 4, mice received the Saline or Meth challenges as
previously described.

2.3. Behavioral assessments

2.3.1. Open-field test (OFT)
The open field consisted of a grey floor with grey walls
(45 cm � 45 cm � 45 cm). Mice were individually placed in the
center of the chamber for 6 min of free exploration. A smart video
tracking system (version 3.0; PanLab Technology for Bioresearch,
Barcelona, Spain) measured the total distance, as well as the time
spent in the central zone (10 cm from the walls) during the last
5 min. The fecal number was also recorded.

2.3.2. Elevated plus-maze test (EPMT)
The elevated plus-maze apparatus consisted of a grey crossed
maze (two open arms: 30 cm length � 6 cm wide; two closed
arms: 30 cm length � 6 cm wide � 15 cm height), and elevated
above the ground by approximately 60 cm. Mice were individually
placed in the center of the maze to explore freely for 6 min.
Similarly, the track during the last 5 min was recorded by the
Smart video tracking system.

2.3.3. Tail suspension test (TST)
Mice were individually suspended by their tails using adhesive
tape (1e1.5 cm from the tip of the tail) and the head of the mice
was 20 cm above the floor. The test sessions lasted for 6 min and
only the last 4 min were scored for immobility. A pose without
body movement and hanging passively was accepted as
immobility.

2.3.4. Forced swim test (FST)
Mice were placed individually in a plastic cylinder (30 cm
height � 15 cm diameter) filled with 18 cm water (23e25 �C) for
6 min, and the last 4 min were scored for immobility. The absence
of all motion was defined as immobility (except the required
movements to keep the head above the water).

2.4. Sample collections

Fecal samples were collected using a metabolic cage 12 h after the
last injection or gavage, and they were immediately stored at
�80 �C for further analysis. Blood was collected via cardiac
puncture under pentobarbital anesthesia (50 mg/kg) after the
behavioral tests were completed. The mice were then trans-
cardially perfused with either saline or 4% cold para-
formaldehyde. Colonic and hippocampal tissues from mice
perfused with saline were immediately dissociated and stored at
�80 �C, while colonic tissues and the whole brain from mice
perfused with paraformaldehyde were harvested for post-fixation.
Blood samples were left at room temperature for 30 min and then
centrifuged at 4000 � g for 10 min at 4 �C to separate the serum.
The resulting serum samples were stored at �80 �C for further
analysis.

2.5. FITC dextran 4-KD (FD4) intestinal permeability
experiment

After 6 h fasting and water deprivation, mice were orally
administrated with FD4 (average mol wt: 3000e5000, Sigmae
Aldrich) at a dose of 600 mg/kg. Four hours later, serum samples
were harvested and then, the concentration of FD4 was
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measured using a microplate reader (Synergy H1, BioTek) with
an excitation wavelength of 485 nm and an emission wavelength
of 530 nm.

2.6. Measurement of lipopolysaccharide (LPS) concentration in
serum

To detect the LPS concentration in serum, an enzyme-linked
immunosorbent assay (ELISA) kit (Cat#: MM-0634M2,
MEIMIAN) was utilized according to the manufacturer’s in-
structions (Jiangsu Meimian Industrial Co., Ltd., Yancheng,
China). The OD values were measured using a microplate reader
(Synergy H1, BioTek) and the serum LPS concentration was
calculated according to the standard curve generated by standard
solutions.

2.7. Histopathology

In brief, 4% paraformaldehyde was used to fix colonic samples for
two days. After embedded in paraffin, samples were cut into 5 mm
sections for Hematoxylin and Eosin (H&E) staining, periodic
acid-Schiff (PAS, SigmaeAldrich) and Alcian Blue (AB, Sig-
maeAldrich) staining, respectively. Slides were observed using a
light microscope (Leica DM500, Wetzlal, Germany). The number
of goblet cells in each crypt was counted in a blind manner.

2.8. Immunofluorescence analysis (IF)

Mice were anesthetized and transcardially perfused with 4% cold
paraformaldehyde. After harvesting their brain, they were post-
fixed in paraformaldehyde at 4 �C overnight. Then, the tissues
were embedded into 30% sucrose for cryoprotection for 24 h. For
Immunostaining, the brains were coronally cut into 40e60 mm
sections using a sliding microtome. Then, 3% hydrogen peroxide
was used to inactivate the endogenous peroxide, and the sections
were blocked with 3% bovine serum albumin (SigmaeAldrich).
Subsequently, the sections were incubated with the primary anti-
bodies at 4 �C overnight: rabbit-Sigma-1 receptor antibody (1:100,
ThermoFisher, Cat#: 42e3300), rabbit-BDNF antibody (1:1000,
Abcam, Cat#: ab108319) and rabbit-phospho-TRKB antibody
(p-TRKB, 1:200, Bioss, Cat#: bs-5526R). Finally, the sections
were incubated with the donkey anti-rabbit IgG H&L
secondary antibody (1:500, Life technologies, Cat#: A21207) for
1 h at room temperature. The nucleus was stained with
DAPI (SigmaeAldrich)46. Fluorescence was captured using a
fluorescence microscope (Leica M165FC, Leica Microsystems,
Nussloch, Germany), and the number of positive cells per visual
field was counted in a blind manner.

2.9. Real-time quantitative PCR (RT-qPCR)

Total RNAwas extracted from colonic and hippocampal tissue using
TRIzol RNA purification reagent (Biomiga, USA). The quality and
the quantity of RNA were measured using an ultravioletevisible
spectrophotometer (NanoDrop, 2100 Bioanalyser). Then, the total
RNA was reverse-transcribed into complementary DNA (cDNA)
using aHiScript II 1st Strand cDNASynthesisKit (Vazyme,Nanjing,
China). A 7500 real-time PCR system (Applied Biosystems, NY,
USA) performed the amplification program using HieffTM qPCR
SYBRR Green Master Mix (Low Rox Plus) (YEASEN, Shanghai,
China). The expression of target genes was normalized to b-actin
using the 2eDDCt method47e49. The primers were listed in Supporting
Information Table S2.

2.10. Western blot analysis

Tissues were lysed using RIPA lysis buffer (Beyotime Biotech-
nology, Jiangsu, China) with 1% PMSF and 1% phosphatase in-
hibitor. A BCA protein assay kit was utilized to detect the
concentration of protein (ThermoFisher Scientific, USA). Then,
equal amounts of total protein (20 mg each sample) were separated
by 8%e12% SDS polyacrylamide gel (PAGE) and transferred into
a PVDF membrane (Millipore, Billerica, MA, USA). After
blocked with 5% skim milk (room temperature, 2 h), membranes
were incubated with the primary antibodies (4 �C, overnight)
followed by incubation with the appropriate HRP-labelled sec-
ondary antibodies (room temperature, 2 h)50,51. The target protein
bands were visualized using Tanon Gel Image System (version
4.2) and the quantification of bands was performed using Image J
software (version 1.8.0). The primary and secondary antibodies
are listed in Table S1.

2.11. RNA sequencing

To reveal the characteristics of colonic transcription level after Meth
administration, RNA sequencing was performed by the Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). Briefly, the
total RNA was extracted from colonic samples using the TRIzol
Reagent (Invitrogen, CA, USA) in accordance with the manufac-
turer’s instructions. The quality and quantity of RNA samples were
determined using the NanoDrop2000 (ThermoFisher Scientific,
MA, USA) tomeet the requirement for Library preparation: the total
quantity �1 mg, concentration �50 ng/mL, OD260/280 Z 1.8e2.2,
RIN�6.5. The sequencing library was constructed using the Truseq
RNA sample prep Kit (Illumina, CA, USA). Next, sequencing was
performed by the Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China) using the Illumina NovaSeq6000 (Illumina, CA,
USA). Sequencing reads were mapped to the reference genome
using the TopHat software (version 2.11, https://ccb.jhu.edu/
software/tophat/index.shtml) and then counted using HTSeq
(version 0.7.1, http://www-huber.embl.de/HTSeq/). Differential
expression genes (DEGs) analysis was performed using the DESeq2
(http://bioconductor.org/packages/stats/bioc/DESeq2/) with the
screening parameters: fold-change�1.5 or� 0.67, P-adjust< 0.05.
Finally, Gene ontology (GO) functional annotations (http://www.
geneontology.org/), Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis (http://www.genome.jp/kegg/), and proteine
protein interaction (PPI) analysis (Cytoscape_v3.6.1, http://string-
db.org/cgi/input.pl/) were performed on the DEGs for function
analysis38,52.

2.12. 16S rRNA gene sequencing

As described in our previous studies2,52, microbial DNA was
extracted from fecal samples using the E.Z.N.A. soil DNA Kit
(Omega Bio-tek, Norcross, GA, US). PCR amplification was per-
formed using an ABI GeneAmp 9700 PCR thermocy’-ACTC
CTACGGGAGGCAGCAG-30 and 806R, 50-GGACTACHVGGG
TWTCTAAT-30. Subsequently, purified amplicons were sequenced
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) by
the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
Then, the raw 16S rRNA reads were demultiplexed, quality-
filtered, and merged based on the Trimmomatic and FLASH
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(version 1.2.11). Ultimately, Operational taxonomic units (OTUs)
with a 97% similarity cutoff were clustered using UPARSE
(version 7.1, http://drive5.com/uparse/). The taxonomy of each
OTU representative sequence was analyzed by RDP Classifier
version 2.2 against the 16S rRNA database (Silva v138). The
rarefaction curve, rankeabundance curve, and community barplot
analysis were performed using the R language package (version
3.3.1). The Sankey diagram analysis was carried out on the
OmicStudio Cloud Platform (https://www.omicstudio.cn).

2.13. Targeted metabolomics

2.13.1. Fecal samples
SCFAs were extracted from fecal samples (100 mg, each sample)
using a methanol mixture containing 10% 2-ethylbutyric acid
(1 mg/mL). Next, Gas chromatographyemass spectrometry
(GCeMS) analysis was performed on samples using an Agilent
8890B gas chromatography (Agilent, USA) coupled to an Agilent
5977B mass selective detector (Agilent, USA) with an inert
electron impact ionization source (Agilent, USA), according to the
standard protocols by the Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). Data acquisition was conducted in full
scan mode and compounds were identified and quantified using
the software of Masshunter (v10.0.707.0, Agilent).

2.13.2. Serum samples
50 mL of serum sample was thoroughly mixed with 100 mL of
acetonitrile, and then centrifuged to isolate the supernatant. Sub-
sequently, 20 mL of the supernatant was combined with equal vol-
umes of 3NPH$HCl (200 mmol/L) and EDC$HCl (120 mmol/L,
containing 6% pyridine), and the mixture was allowed to react
for 30 min. The reaction products were then diluted to 750 mL
with a 50% acetonitrile aqueous solution for further analysis. Ultra-
high-performance liquid chromatographyemass spectrometry
(UHPLCeMS/MS) analysis was conducted on the samples using an
ExionLC AD system (Sciex, USA), coupled with a QTRAP
6500þmass spectrometer (Sciex, USA), at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China). The raw data were pro-
cessed using Sciex software OS for ion fragment identification and
integration. Metabolite concentrations within the sample were
calculated based on a linear regression standard curve.

2.14. Statistical analysis

Data analyses were performed using the GraphPad Prism software
(version 6.0). For serum FD4 and LPS concentration analysis,
body weight analysis, behavioral analysis, RT-qPCR analysis,
Western blot analysis, and positive cell counting analysis, Stu-
dent’s t-test was employed for two-group comparisons, while
multiple-group comparisons were conducted using the One-way
ANOVA with Bonferroni correction. For RNA sequencing anal-
ysis, the eigenvalue of the covariance matrix method was utilized
for principal component analysis (PCA). For 16S rRNA
sequencing analysis, the principal composition of samples was
analyzed using the principal coordinate analysis (PCoA). Hierar-
chical clustering was performed using the Unweighted Pair-group
Method with Arithmetic Mean (UPGMA). Differential microbiota
between two groups were screened using the Wilcoxon rank-sum
test, while multiple-group comparisons were performed using the
KruskaleWallis test. LEfSe cladogram was analyzed using the
non-parametric factorial KruskaleWallis sum-rank test. Linear
discriminant analysis (LDA) was performed to evaluate the
contribution degree of differential microbiota for distinguishing
among the groups. Correlation analysis was performed by the
Spearman correlation analysis. All results are presented as the
mean � standard error of mean (SEM), with the corresponding
statistical difference: *P < 0.05, **P < 0.01, no sig: no significant
difference (P > 0.05). All experiments were performed in tripli-
cate at a minimum.
3. Results

3.1. Meth induced anxiety- and depression-like behaviors in
mice and repressed the SIGMAR1/BDNF/TRKB pathway of the
hippocampus

Meth exposure can cause anxiety and depression in abusers. Here,
mice were administrated 15 mg/kg Meth to induce anxiety- and
depression-like behaviors (Fig. 1A). We observed that compared to
the Saline group,Meth significantly lowered the bodyweight of mice
(Fig. 1B). In theOFT,Meth administrationhad a significant inhibitory
effect on the total travel distance and the time spent in the center zone
and displayed an increase in fecal number in comparison with the
Saline mice (Fig. 1C and D; Supporting Information Fig. S1A).
Meanwhile, the EPMTresults showed that the timemice spent in and
the number of entries into the open arms was reduced after Meth
administration (Fig. 1C and D; Fig. S1B). In addition, Meth signifi-
cantly elevated immobility time during the TST and FST relative to
the Saline group (Fig. 1E). These results indicated that this dosing
regimen successfully resulted in anxiety- and depression-like be-
haviors in mice.

Given the protective effects of SIGMAR1 on anxiety and
depression, we determined the expression of the SIGMAR1/
BDNF/TRKB pathway in the dentate gyrus (DG) region of the
hippocampus, which crucially contributed to anxiety and depres-
sion regulation53. IF analysis showed that Meth reduced the
number of positive cells SIGMAR1, BDNF, and p-TRKB
(Fig. 1F). Western blot analysis confirmed these alterations: the
expression of proteins SIGMAR1, BDNF, and p-TRKB was
reduced after Meth administration in comparison with the Saline
mice, and the level of the total TRKB was not altered (Fig. 1G). At
the mRNA level, Meth also lowered the level of Sigmar1 and
Bdnf, while it had no influence on the expression of mRNA Trkb
(Fig. S1C), which was consistent with the protein expression of
the total TRKB. Thus, Meth exposure could inhibit the
SIGMAR1/BDNF/TRKB pathway in the hippocampus. In addi-
tion, we also determined the expression of SIGMAR1 in some
other brain regions, including the prefrontal cortex, striatum, and
midbrain. Both IF and Western blot analyses revealed no signifi-
cant difference in SIGMAR1 protein expression in the prefrontal
cortex and striatum after Meth exposure compared to the saline
group. However, a decrease was observed in the midbrain (Fig.
S1DeS1I), suggesting region-specific effects of Meth on
SIGMAR1 expression in the brain.

3.2. Meth impaired the gut homeostasis by arousing colonic
inflammation, disturbing gut microbiota, and reshaping the
composition of SCFAs

The microbiotaegutebrain axis has emerged a crucial role in the
regulation of multiple mental disorders, including anxiety and

http://drive5.com/uparse/
https://www.omicstudio.cn


Figure 1 Meth induced anxiety- and depression-like behaviors of mice, and inhibited the SIGMAR1/BDNF/TRKB pathway in the hippo-

campus. (A) Schematic diagram of the experimental procedure. (B) Body weight change curves from three days prior to dose initiation till the end

of final dose administration (n Z 9e10 per group). (C) The representative trajectory diagrams in the OFT and EPMT. (D) The time mice spent in

the center zone during the OFT and the time mice spent in the open arms during the EPMT (n Z 10 per group). (E) The total immobility time

during the TST and FST (n Z 11e12 per group). (F) IF staining of SIGMAR1 (in green), BDNF (in green), and p-TRKB (in red). Nuclei were

labeled with DAPI (in blue). The number of positive cells was shown (nZ 6 per group). Scale bar, 50 mm. (G) Expression of proteins SIGMAR1,

BDNF, p-TRKB, the total TRKB, and b-actin was analyzed by Western blot. b-Actin served as a loading control. n Z 3 per group. Data are

expressed as mean � SEM, *P < 0.05, **P < 0.01, no sig: no significant difference (P > 0.05). All experiments were performed in triplicate at a

minimum.
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depression9e11. Thus, we determined the impacts of Meth on gut
homeostasis.

3.2.1. Meth damaged the intestinal barrier function and aroused
TLR4-related colonic inflammation
As shown in Fig. 2A, Meth significantly reduced the length of the
colon relative to the Saline group. HE staining displayed that Meth
caused the larger volume and the “balloon-like” changes of goblet
cells (Fig. 2B). Further, AB and PAS staining presented an
increased number of ABþ and PASþ goblet cells after Meth
administration (Fig. 2B), indicating that Meth promoted the hy-
perplasia of goblet cells and increased mucus secretion. Mean-
while, we observed damaged intestinal barrier function after the
Meth group, as demonstrated by increased intestinal permeability
to FITC-dextran and serum LPS level (Fig. 2C).

To further reveal the molecular mechanisms of Meth-induced
colonic impairment, mRNA sequencing was performed. According
to the principal component analysis, Meth exposure led to the
alteration of colonic components relative to the Saline group
(Fig. 2D). Through the screening of DEGs, Meth resulted in a total
of 1246 DEGs in the colon relative to the Saline group, containing
693 up-regulated and 553 down-regulated DEGs (Fig. 2E).
Furthermore, 87 pathways involved in Meth-induced colonic
toxicity were enriched based on KEGG analysis (Supporting In-
formation Table S3). The immune system was identified both in
KEGG and GO annotation analysis (Fig. 2F and G; Supporting
Information Fig. S2), while the inflammation-related Toll-like re-
ceptor signaling pathway and NOD-like receptor signaling
pathway were also enriched (Fig. 2H), implying the occurrence of
colonic inflammation. Interestingly, Amphetamine addiction was
significantly enriched, implying the involvement of the gutebrain
axis in Meth addiction (Fig. 2G). Additionally, Tlr4 was identified
as the core gene by the PPI analysis (Fig. 2I), which was the
classical target of microbiota-derived LPS54. Correspondingly, the
expression of protein TLR4 and its downstream nuclear phospho-
nuclear factor-kB (p-NF-kB) was upregulated by Meth, while the
total NF-kB remained unchanged (Fig. 2J). Meanwhile, Meth
elevated the expression of inflammatory factors at the mRNA level,
including tumor necrosis factor-a (Tnf-a), interleukin-6 (Il-6), and
interleukin-1b (Il-1b) (Fig. 2K). Corresponding to increased in-
testinal permeability, the tight junction proteins zona occludens 1
(ZO-1) and OCCLUDIN were significantly down-regulated after



Figure 2 Meth aroused colonic inflammationbyactivating theTLR4/NF-kBpathway. (A)The representative images and the length of the colon in the

Saline andMeth groups were shown (nZ 5 per group). (B) The representative images of HE, AB, and PAS staining of colonic sections frommice. The

number of ABþ and PASþ goblet cells per crypt was shown (three random visual fields for each sample, nZ 15 per group). Scale bar, 150 mm. (C) The

concentration of FITC-dextran and LPS in serum (nZ 5e7 per group). (D) PCA plot analysis of Saline (green dots) and Meth samples (red squares)

(n Z 3 per group). (E) The Scatter-plot graphs of the differential expression genes between Saline and Meth groups: the red rhombuses represented

upregulated genes, thegreen squares representeddownregulatedgenes and thegrey dots representedno significant difference. (F)GOanalysis ofDEGs in

the colon. DEGs were annotated to 10 biological processes (red), 7 cellular components (blue), and 3 molecular functions (green) according to the

functional classification. (G) KEGG enrichment analysis of DEGs. Red font represents the pathways belonging to the second category of the Immune

system; orange font belongs to the Infectious disease: bacterial; wathet blue font belongs to the Infectious disease: viral; green font belongs to the In-

fectious disease: parasitic; dark blue font belongs to the Cell growth and death; purple font belongs to the Nervous system; black font belongs to the

Substance dependence. (H) Heatmaps of gene expression profiles enriched into the Toll-like receptor signaling pathway and the NOD-like receptor

signaling pathway. (I) PPI analysis of DEGs enriched into these two pathways. (J) Expression of proteins TLR4, p-NF-kB, the total NF-kB, ZO-1,

OCCLUDIN, and b-actin was analyzed by Western blot. b-Actin served as a loading control (n Z 3 per group). (K) Relative expression of mRNA

Tnf-a, Il-6, and Il-1b was normalized by b-actin mRNA (n Z 3 per group). Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, no sig: no

significant difference (P > 0.05). All experiments were performed in triplicate at a minimum.
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Meth administration (P-value < 0.05) (Fig. 2J). These results
indicated that Meth could arouse colonic inflammation by acti-
vating the TLR4/NF-kB pathway and damage the intestinal barrier
function.

3.2.2. Meth disturbed gut microbiota and reshaped the
composition of SCFAs
16S rRNA sequencing was performed to profile the gut micro-
biome. Rank-Abundance curves presented similar OTU abun-
dance or evenness among all samples (Fig. 3A). In Alpha
diversity, Meth exposure resulted in a higher richness than the
Saline group (up-regulated ACE, Chao, and Sobs indexes), while
no changes were observed in microbial diversity and coverage
(demonstrated by Shannon, Simpson, and Coverage indexes)
(Fig. 3A; Supporting Information Fig. S3AeS3E). In Beta di-
versity, the principal composition of Meth samples was signifi-
cantly different from that of the Saline group (Fig. 3B), which was
in accord with the Hierarchical clustering analysis (Fig. S3F). At
the Phylum level, Meth induced a higher abundance of Firmicutes
and Deferribacterota, as well as the lower Bacteroidate and Pro-
teobacteria (Fig. 3C; Fig. S3G). Moreover, the ratio of Firmicutes/
Bacteroidate was significantly upregulated by Meth administration
(Fig. 3D), indicating a worse intestinal environment55. At the
Family level, Meth altered the abundance of 17 microbes,
including 10 upregulated (major Lactobacillaceae, Rikenellaceae,
and Deferribacteraceae) and 7 down-regulated microbes (major
Muribaculaceae, Sutterellaceae, and Erysipelotrichaceae) (Fig.
S3HeS3I). At the Genus level, the SCFAs producers Lactoba-
cillus, Lachnospiraceae_NK4A136_group, and pathogenic Alis-
tipes and Mucispirillum were increased by Meth administration,
whereas probiotics norank_f_Muribaculaceae and Faecalibaculum
were decreased (Fig. 3E; Fig. S3J). The differential microbiota
from Phylum to Genus level were summarized using the LEfSe
cladogram and linear discriminant analysis (Fig. 3F and G). The
Sankey diagram further revealed the relative abundance of dif-
ferential microbiota at Phylum and their taxon relationship with
the differential microbiota at the Genus level (Fig. S3K). These
results suggested that Meth could disturb the gut microbiome and
alter SCFAs-related microbes.

Thus, we determined the composition of SCFAs in feces.
Among 8 SCFAs, Meth effectively decreased the level of acetic
acid, propanoic acid, valeric acid, isobutyric acid, and isovaleric
acid, while there were no significant changes in butanoic acid,
hexanoic acid, and isohexanoic acid (Fig. 3H). Spearman corre-
lation analysis was performed to reveal the potential association
between gut microbiota (Genus level) and SCFAs concentration,
behavioral indexes, colonic indexes, and IF indexes (Fig. 3I). The
results showed that the abundance of norank_f_Muribaculaceae,
Faecalibaculum, norank_f_Desulfovibrionaceae, Helicobacter,
Alloprevotella, Dubosiella, Bifidobacterium, Parasutterella, and
Desulfovibrio was positively correlated with body weight, colonic
length, fecal SCFAs concentration and the expression of
SIGMAR1, BDNF, and p-TRKB, while negatively correlated with
the number of ABþ and PASþ goblet cells, FD4 level and the
depression- and anxiety-like behaviors. Meanwhile, the abundance
of Lactobacillus, Alistipes, Lachnospiraceae_NK4A136_group,
Mucispirillum, Rikenellaceae_RC9_gut_group, and Roseburia
presented a positive correlation with the FD4 level, the number of
ABþ and PASþ goblet cells, and the depression- and anxiety-like
behaviors, while presented a negative correlation with the body
weight, colonic length, SCFAs concentration and the expression of
SIGMAR1, BDNF, and p-TRKB (Fig. 3I). These results indicated
the potential modulation of gut microbiota on colonic damage and
behavioral deficits. Furthermore, the composition of serum SCFAs
was also assessed following Meth exposure. As observed in fecal
samples, Meth primarily reduced the concentration of serum
Acetic acid and propanoic acid (Supporting Information Fig. S4A
and S4B), and did not exert a significant effect on butanoic acid
(Fig. S4C). Additionally, the level of hexanoic acid in serum
decreased with Meth administration, whereas there were no sta-
tistically significant differences in the levels of valeric acid, iso-
butyric acid, isovaleric acid, or isohexanoic acid (Fig. S4DeS4H).

3.3. Microbiota from Meth-administrated mice aroused colonic
inflammation and further induced anxiety- and depression-like
behavior in the recipient mice

Here, we transplanted the microbiota from Meth- and Saline-
administrated mice into recipient mice to explore the underlying
microbial mechanisms (Fig. 4A). Previously, we did not detect the
concentration of Meth and its main metabolite-amphetamine in
fecal samples, while we did detect them in serum samples (Meth:
3.728 � 0.3496 ng/mL; amphetamine: 0.2737 � 0.04802 ng/mL,
mean � SEM, n Z 8)2. The results excluded the influences of
drug residue in feces.

3.3.1. Microbiota from Meth-administrated mice aroused
colonic inflammation and damaged intestinal barrier function
As the sequencing depth increased, the rarefaction curves of
Shannon and Sobs indexes in antibiotic-pretreated mice were not
elevated in comparison to the PBS-pretreated mice, suggesting
the elimination of gut microbiota (Fig. 4B). Next, FMT was
performed on the recipients. Compared with FMT-C, we
observed that FMT-M lowered the body-weight of recipients
from day 4 of FMT and this tendency continued until the end of
the procedure (Fig. 4C). Corresponding to Meth-administrated
mice, there was no significant difference in OTU abundance or
evenness among samples (Fig. 4D). FMT-M also increased the
richness of the microbiome by elevating the ACE, Chao, and
Sobs indexes in comparison with the FMT-C group (Fig. 4D;
Supporting Information Fig. S5A and S5B). And diversity was
observed to increase by FMT-M: up-regulated Shannon index and
down-regulated Simpson index (Fig. S5C and S5D). In addition,
Beta diversity presented that the principal composition of FMT-
M samples differed from FMT-C according to the PCoA anal-
ysis (Fig. 4E). The microbial composition of FMT-M from
Phylum to Genus level was significantly different from FMT-C
(Fig. 4F; Fig. S5EeS5G). The Sankey diagram further revealed
the relative abundance of differential microbiota at the Phylum
level and their taxon relationships with differential microbiota at
the Genus level (Fig. 4F). These results indicated that we suc-
cessfully transplanted the microbial community into the
recipients.

Furthermore, FMT-M enlarged the size of goblet cells
compared to FMT-C. The number of ABþ and PASþ goblet cells
was elevated by FMT-M (Fig. 4G), suggesting the promotion of
proliferation in goblet cells. Moreover, FMT-M significantly
reduced the length of the colon and increased the intestinal
permeability, as demonstrated by the higher FITC-dextran and
LPS level in serum (Fig. 4H). As observed in Meth-administrated
mice, FMT-M also aroused colonic inflammation by up-regulating
the expression of proteins TLR4 and nuclear p-NF-kB (the total
NF-kB was not changed), as well as increasing the mRNA level
of Tnf-a, Il-6, and Il-1b (Fig. 4I and J). Consisting of the



Figure 3 Meth disturbed the gut microbiome and reshaped the composition of fecal SCFAs. (A) The Rank-Abundance Curves of all samples:

the abscissa denoted the ranking level of OTU number and the corresponding ordinate denoted the relative percentage; and the alteration of alpha

diversity: ACE index at OTU level (n Z 8e9 per group). (B) PCoA plot analysis. (C) Relative abundance of microbiota at the Phylum level. (D)

The ratio of phylum Firmicutes/Bacteroidate. (E) The top 15 differential microbiota between the Saline and Meth groups at the genus level. (F)

LEfSe cladogram indicated that multiple taxa are differentially enriched in the corresponding groups. The circles from the inner to the outer

circles indicate the phylum, class, order, family, and genus levels. (G) Histogram of linear discriminant analysis (LDA) in the abundance of gut

microbiota. Wilcoxon rank-sum test with a 95% confidence interval was performed to screen the differential microbiota. (H) The concentration of

SCFAs in the Saline and Meth group, including acetic acid, propanoic acid, butanoic acid, valeric acid, hexanoic acid, isobutyric acid, isohexanoic

acid, and isovaleric acid (n Z 6e8 per group). (I) Spearman correlation analysis of differential microbiota with colonic, behavioral indicators,

SCFAs concentration, and IF. The color of the dots denoted the correlation coefficient and the size of the dots represented the P-value. Red dots

represent a positive correlation, while the blue ones represent a negative correlation. Data are expressed as mean � SEM, *P < 0.05, **P < 0.01,

no sig: no significant difference (P > 0.05).
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Figure 4 Microbiota from Meth-administrated mice induced colonic inflammation by activating the TLR4/NF-kB pathway. (A) Schematic

diagram of the experimental procedure. (B) Rarefaction curves of samples in PBS and Antibiotic group (n Z 8 per group). (C) Body weight

change curves (n Z 7e9 per group). (D)The Rank-Abundance Curves of all samples and the alteration of alpha diversity: ACE index at the OTU

level (n Z 6e7 per group). (E) PCoA plot analysis. (F) Relative abundance of microbiota at the Phylum level and Sankey diagram: relative

abundance of differential microbiota at the Phylum level and the corresponding flows of Genus differential microbiota. The color of the ribbon

represented the differential microbiota and its width represented the relative abundance of differential microbiota. (G) The representative images

of HE, AB, and PAS staining of colonic sections from mice (n Z 6 per group). Scale bar, 150 mm. The number of ABþ and PASþ goblet cells per

crypt was shown (three random visual fields for each sample) (n Z 20 per group). (H) The length of the colon (n Z 5 per group), the con-

centration of FITC-dextran (n Z 8 per group), and LPS in the serum (n Z 6 per group). (I) Expression of proteins TLR4, p-NF-kB, total NF-kB,

ZO-1, OCCLUDIN, and b-actin analyzed by Western blot (n Z 3 per group). (J) Relative expression of mRNA Tnf-a, Il-6 and Il-1b (n Z 3 per

group). Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, #P > 0.05, no sig: no significant difference (P > 0.05). All experiments were

performed in triplicate at a minimum.
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increased intestinal permeability, the expression of ZO-1 and
OCCLUDIN was decreased by FMT-M (Fig. 4I). Thus, we
certified that gut microbiota participated in Meth-induced colonic
inflammation via activating TLR4/NF-kB pathway and damaged
intestinal barrier.

3.3.2. Microbiota from Meth-administrated mice repressed the
SIGMAR1/BDNF/TRKB pathway and induced anxiety- and
depression-like behaviors
Given the regulatory effects of microbiota on mental disorders56, we
evaluated the extent of depression and anxiety after FMT-M
administration. Behavioral results showed that FMT-M resulted in
shorter total travel distance, lesser time spent in the center zone and
more feces in OFT (Fig. 5A and B; Supporting Information Fig. S6A
and S6B), lesser time spent in and fewer entries into the open arms in
the EPMT (Fig. 5A and B; Fig. S6C) and longer immobility time of
mice during the TSTand FST compared with FMT-Cmice (Fig. 5C).
Western blot and IF analysis showed that FMT-M induced a lower
expression of SIGMAR1, BDNF, and p-TRKB than those in the
FMT-C group (Fig. 5D and E), while the total TRKB was not altered
(Fig. 5D). Accordingly, Meth-induced microbial dysbiosis was
involved in Meth-related depression and anxiety, while the repres-
sion of the SIGMAR1/BDNF/TRKB pathway could be a potential
mechanism.



Figure 5 Microbiota from Meth-administrated mice inhibited the SIGMAR1/BDNF/TRKB pathway in the hippocampus and induced anxiety-

and depression-like behaviors of recipients. (A) The representative trajectory diagrams in OFT and EPMT. (B) The time the mice spent in the

center zone (OFT) and the time the mice spent in open arms (EPMT) (n Z 10 per group). (C) The total immobility time during the TST and FST

(n Z 12 per group). (D) Protein expressions of SIGMAR1, BDNF, p-TRKB, the total TRKB, and b-actin in FMT-C and FMT-M samples were

analyzed by Western blot. b-Actin served as a loading control (nZ 3 per group). (E) IF staining of SIGMAR1 (in green), BDNF (in green), and p-

TRKB (in red) in FMT-C and FMT-M samples. Nuclei were labeled with DAPI (in blue). The number of positive cells is shown (nZ 6 per group).

Scale bar, 50 mm. Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, no sig: no significant difference (P > 0.05). All experiments were

performed in triplicate at a minimum.
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3.4. Microbiota-derived SCFAs attenuated Meth-induced
colonic inflammation, and ameliorated the anxiety- and
depression-like behaviors

Microbiota-derived SCFAs have emerged the beneficial effects on
maintaining intestinal homeostasis and mental disorders20e23.
Here, acetic and propanoic acids were observed to decrease by
Meth. Thus, we added the mixture of acetic and propanoic acids
into the drinking-water of mice to investigate its potential pro-
tection (Fig. 6A).

3.4.1. Microbiota-derived SCFAs optimized the composition of
the gut microbiome and protected against Meth-induced colonic
inflammation
Meth initially caused significant weight loss in mice with or
without SCFAs supplementation, while SCFAs accelerated its
recovery (Fig. 6B). 16S rRNA sequencing revealed the similar
OTU abundance or evenness among samples (Supporting Infor-
mation Fig. S7A). In Alpha diversity, compared to the Saline
group, Meth increased the Ace, Chao, and Sobs indexes, while
SCFAs supplementation attenuated these alterations (Fig. 6C; Fig.
S7B and S7C); meanwhile, there was no significant difference of
Simpson and Shannon indexes across groups (Fig. 6C; Fig. S7D),
indicating that SCFA could ameliorate Meth-induced increase of
microbial richness, and presented no influences on diversity. In
Beta diversity, SCFAs dominated the alteration of the principal
component in fecal samples, which were further reshaped by Meth
administration (Fig. 6D). Furthermore, the abundance of gut
microbiota was changed by SCFAs supplementation from Phylum
to Genus level (Fig. S7EeS7H). The Sankey diagram further
revealed the relative abundance of differential microbiota at the
Phylum level and their taxon relationships with differential
microbiota at the Genus level in each group (Fig. 6E). At the
Genus level, Meth significantly reduced the abundance of nor-
ank_f_Muribaculaceae, while SCFAs did not rescue this alteration
(Fig. 6F). Meanwhile, SCFAs supplementation ameliorated the
Meth-induced increase of Lactobacillus and normalized the
abundance of Lachnospiraceae_NK4A136_group, pathogenic



Figure 6 Microbiota-derived SCFAs optimized gut microbiota and protected against Meth-induced colonic inflammation. (A) Schematic di-

agram of the experimental procedure. (B) Body weight change curves. *P < 0.05, **P < 0.01 (Meth vs. Saline group); #P < 0.05, ##P < 0.01

(SCFA þ Meth vs. Saline group); &P < 0.05, &&P < 0.01 (SCFA þ Meth vs. SCFA þ Saline group);^P < 0.05, (SCFA þ Meth vs. Meth group),

(nZ 6 per group). (C) The alteration of alpha diversity at the OTU level: ACE and Simpson indexes (nZ 6e9 per group). (D) PCoA plot analysis

at the OTU level. (E) Sankey diagram: relative abundance of differential microbiota at the Phylum level and the corresponding flows of Genus

differential microbiota. The color of the ribbon represented the differential microbiota and its width represented the relative abundance of dif-

ferential microbiota. (F) The proportion of microbiota sequences at the Genus level across each group. KruskaleWallis test with a 95% confidence

interval was performed to screen the differential microbiota. (G) The representative images and the colon length across each group (n Z 6 per

group). (H) The representative images of HE, AB, and PAS staining of colonic sections from mice (n Z 6 per group). The number of ABþ and

PASþ goblet cells per crypt across each group was shown (three random visual fields for each sample) (n Z 20 per group). Scale bar, 150 mm.

(I) The concentration of FITC-dextran (n Z 8 per group) and LPS (n Z 6 per group) in serum. (J) Protein expressions of TLR4, p-NF-kB, total

NF-kB, ZO-1, OCCLUDIN, and b-actin across each group analyzed by Western blot. b-Actin served as a loading control (n Z 3 per group). (K)

Relative expression of mRNA Tnf-a, Il-6, and Il-1b across each group was normalized by b-actin mRNA (nZ 3 per group). Data are expressed as

mean � SEM, *P < 0.05, **P < 0.01, no sig: no significant difference (P > 0.05). All experiments were performed in triplicate at a minimum.
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Alistipes and Mucispirillum and probiotics Faecalibaculum
(Fig. 6F). These results suggested that SCFAs could reshape the
gut microbiome and partly normalize Meth-induced microbial
disturbance.

Additionally, we observed that SCFAs supplementation pre-
vented Meth-induced shortening of colonic length (Fig. 6G).
Correspondingly, SCFAs effectively alleviated Meth-induced
enlargement and “balloon-like” changes of goblet cells
(Fig. 6H). Further, Meth-induced increase in the number of ABþ
and PASþ goblet cells was also normalized by SCFAs supple-
mentation (Fig. 6H), suggesting that SCFAs could repress Meth-
induced excessive proliferation of goblet cells. Additionally,
SCFAs presented protective effects on intestinal permeability:
Meth induced the elevation of serum FITC-dextran and LPS
levels, which were attenuated by SCFAs supplementation
(Fig. 6I). In addition, SCFAs effectively attenuated Meth-
induced colonic inflammation by inhibiting the activation of
the TLR4/NF-kB pathway, evidenced by the lower level of
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proteins TLR4 and nuclear p-NF-kB, along with the lower Tnf-a,
Il-6, and Il-1b at mRNA level than Meth samples (Fig. 6J and K).
Meanwhile, the upregulation of proteins ZO-1 and OCCLUDIN
were also observed by SCFAs supplementation relative to the
Meth group (Fig. 6J). Thus, our results demonstrated that SCFAs
could protect against Meth-induced colonic inflammation and
improve intestinal barrier function.

3.4.2. Microbiota-derived SCFAs upregulated the SIGMAR1/
BDNF/TRKB pathway and ameliorated Meth-induced anxiety-
and depression-like behaviors of mice
Given the beneficial effects of SCFAs on multiple mental disor-
ders, we also explored the regulation of SCFAs on Meth-induced
anxiety- and depression disorders. Our results showed that SCFAs
effectively mitigated the Meth-induced decrease in depression-
and anxiety-like behaviors, demonstrated by the longer total travel
distance, more time the mice spent in the center zone, and the
decrease of feces amount in OFT (Fig. 7A and B; Supporting
Figure 7 Microbiota-derived SCFAs upregulated the SIGMAR1/BDNF

anxiety- and depression-like behaviors. (A) The representative trajectory

center zone (OFT) and the time the mice spent in the open arms (EPM

time across each group during the TST and FST (nZ 12 per group). (D) Pr

b-actin across the samples in each group were analyzed by Western blot. b-

SIGMAR1 (in green), BDNF (in green), and p-TRKB (in red) across the S

labeled with DAPI (in blue). Scale bar, 50 mm. (F) The number of positive

correlation analysis of differential microbiota with colonic, behavioral indi

and the size of the dots denoted the P-value. Red dots represent a positive

are expressed as mean � SEM, *P < 0.05, **P < 0.01, no sig: no significa

at a minimum.
Information Fig. S8A and S8B); the more time mice spent in and
the entries into open arms in EPMT (Fig. 7A and B; Fig. S8C); the
lesser immobility time in TST and FST than Meth group (Fig. 7C).
Moreover, the expression level of SIGMAR1, BDNF, and p-
TRKB in Meth-administrated mice was significantly lower than in
Saline mice, while SCFA supplementation could alleviate this
downregulation (the total TRKB was not altered) (Fig. 7DeF),
indicating that SCFAs could rescue Meth-induced inhibition of the
SIGMAR1/BDNF/TRKB pathway. Altogether, these results indi-
cated that SCFAs could effectively prevent Meth-induced
depression- and anxiety-like behaviors by regulating the
SIGMAR1/BDNF/TRKB pathway. Spearman correlation analysis
revealed the potential regulation of the microbiota on the colonic
damage, IF indexes, and depression- and anxiety-related in-
dicators (Fig. 7G). Specially, the abundance of Faecalibaculum,
norank_f_Desulfovibrionaceae, Dubosiella, and Desulfovibrio
was strongly positively correlated with the body weight, colonic
length, and the expression of SIGMAR1, BDNF, and p-TRKB,
/TRKB pathway in the hippocampus and ameliorated Meth-induced

diagrams in OFT and EPMT. (B) The time the mice spent in the

T) across each group (n Z 10 per group). (C) The total immobility

otein expressions of SIGMAR1, BDNF, p-TRKB, the total TRKB, and

Actin served as a loading control (n Z 3 per group). (E) IF staining of

aline, Meth, SCFA þ Saline, and SCFA þ Meth samples. Nuclei were

cells across each group was shown (n Z 6 per group). (G) Spearman

cators, and IF. The color of the dots denoted the correlation coefficient

correlation, while the blue ones represent a negative correlation. Data

nt difference (P > 0.05). All experiments were performed in triplicate



Figure 8 Sigmar1 knockout disturbed the gut microbiome and resulted in similar behavioral phenotypes with Meth exposure. (A) Schematic

diagram of the experimental procedure. (B) Agarose gel electrophoresis of genotype Sigmar1. (C) The Rank-Abundance Curves of all samples.

(D) The alteration of alpha diversity across the Saline-WT, Meth-WT, Saline-Sigmar1�/� and Meth-Sigmar1�/� groups, as measured by ACE and

Simpson index at the OTU level (n Z 7 per group). (E) PCoA plot analysis of the Saline-WT (green dots), Meth-WT (red squares), Saline-

Sigmar1�/� (blue positive triangles), and Meth-Sigmar1�/� samples (orange inverted triangles) at the OTU level. (F) Relative abundance of

microbiota at the Phylum level. (G) Sankey diagram: relative abundance of differential microbiota at the Phylum level and the corresponding

flows of Genus differential microbiota. The color of the ribbon represented the differential microbiota and its width represented the relative

abundance of differential microbiota. (H) The ratio of phylum Firmicutes/Bacteroidate across each group (n Z 6 per group). The proportion of

microbiota sequences for genus norank_f_Muribaculaceae, Lactobacillus, and Faecalibaculum across each group (n Z 6e7 per group).

KruskaleWallis test with a 95% confidence interval was performed to screen the differential microbiota. (I) The representative trajectory diagrams

4814 Kaikai Zhang et al.
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while negatively correlated with the number of ABþ and PASþ

goblet cells, FD4 level, and the depression- and anxiety-like be-
haviors. Meanwhile, the abundance of Lactobacillus, Alistipes,
Rikenellaceae_RC9_gut_group, Bacteroides, and Roseburia pre-
sented a positive correlation with the FD4 level, the number of
ABþ and PASþ goblet cells, and the depression- and anxiety-like
behaviors, while negatively correlated with the body weight,
colonic length, and the expression of SIGMAR1, BDNF, and p-
TRKB (Fig. 7G). These suggested that SCFAs-mediated optimi-
zation of gut microbiota could participate in its ameliorative ef-
fects on Meth-induced colonic damage and behavioral deficits.

Next, we added AA, AP, and their mixture SCFAs into the
drinking water of mice respectively to identify which SCFA
played a major role in the protective effects (Supporting Infor-
mation Fig. S9A). In OFT, AA failed to mitigate the Meth-induced
decrease in the total travel distance and the time spent in the
center zone, and the increase of fecal number (Fig. S9B and S9C).
However, Meth-induced deficits of these behavioral indexes
(OFT) were effectively attenuated by PA pretreatment and pre-
sented no significant difference with the SCFAs þ Meth group
(Fig. S9B and S9C). In EPMT, the Meth-induced decrease of the
time mice spent in open arms was ameliorated by AA, but not PA
pretreatment, and both AA and PA significantly alleviated the
reduction of the entries mice into open arms (Fig. S9B and S9D).
Meanwhile, AA exhibited similar alleviative effects with SCFAs
on Meth-induced elevation of immobility time in TST and FST,
while the protective effects of PA were not observed (Fig. S9E).
Furthermore, the influences of AA, PA, and SCFAs on Meth-
induced inhibition of the SIGMAR1/BDNF/TRKB pathway
were evaluated. Compared to the Meth group, AA, PA, and SCFAs
pretreatment upregulated the expression of proteins SIGMAR1,
BDNF, and p-TRKB, while the total TRKB was not altered across
the groups. Meanwhile, there was no significant difference in the
protein level of SIGMAR1, BDNF, and p-TRKB across the
AA þ Meth, AP þ Meth, and SCFAs þ Meth groups (Fig. S9F
and S9G). These indicated that the supplementation of AA and
PA alone presented the selective improvements of anxiety- and
depression-related behavioral indexes, along with the upregulation
of SIGMAR1/BDNF/TRKB pathway, while their mixture SCFAs
exhibited more comprehensive protection against Meth-related
behavioral and neural deficits.

3.5. Sigmar1 knockout disturbed gut microbiome and resulted in
similar behavioral phenotypes with Meth exposure by repressing
the BDNF/TRKB pathway

Given the regulation of SIGMAR1 on anxiety and depression, the
Sigmar1 gene was omitted to investigate its role in Meth-induced
mental disorders (Fig. 8A and B).

Interestingly, Sigmar1�/� also presented the regulatory effects on
the gut microbiome. Samples among groups showed no significant
difference in OTU abundance or evenness (Fig. 8C). In Alpha di-
versity, Sigmar1�/� mice presented the lower ACE, Chao, and Sobs
indexes and Meth failed to increase these indexes, which were
in OFT and EPMT. (J) The time the mice spent in the center zone (OFT, n

each group (EPMT, n Z 10 per group). And the total immobility time ac

staining of BDNF (in green) and p-TRKB (in red) across the samples in ea

Scale bar, 50 mm. (L) Protein expressions of SIGMAR1, BDNF, p-TRKB

analyzed by Western blot. b-Actin served as a loading control (n Z 3 per g

sig: no significant difference (P > 0.05). All experiments were performed
different from the observations in WT mice (Fig. 8D; Supporting
InformationFig. S10A andS10B).These indicated the lower richness
in Sigmar1�/� mice. Meanwhile, in Simpson and Shannon indexes,
therewas no significant difference observed betweenMeth and saline
administration in both genotypes (Fig. 8D; Fig. S10C). These indi-
cated that Sigmar1�/� reduced the richness but not the diversity of
microbiota. In Beta diversity, PCoA analysis displayed that samples
from Sigmar1�/� mice were clearly separated from WT mice, and
further clustered according to the saline and Meth administration
(Fig. 8E). Additionally, the microbial composition of Sigmar1�/�

mice was different from the WT mice irrespective of the Meth
administration (Fig. 8F; Fig. S10DeS10F).The relative abundanceof
differential microbiota at the Phylum level and their taxon relation-
ships with differential microbiota at the Genus level in each group
were analyzed using the Sankey diagram (Fig. 8G). Specially, we
observed that compared with the Sailne-WT group, Sigmar1�/�

induced a higher ratio of phylum Firmicutes/Bacteroidate in mice
with or without Meth administration and showed no difference with
Meth-WT group (Fig. 8H), suggesting the dysbiosis of the intestinal
microenvironment in Sigmar1�/� mice. At the Genus level, Saline-
Sigmar1�/� mice presented a lower abundance of norank_f_Mur-
ibaculaceae, Faecalibaculum, and higher Lactobacillus compared
with Saline-WT mice, which were similar to Meth-induced alter-
ations inWTmice (Fig. 8H).Meanwhile,Meth showed no significant
influence in norank_f_Muribaculaceae and Faecalibaculum in
Sigmar1�/� mice, while Lactobacillus was further increased
(Fig. 8H). Thus, we confirmed that SIGMAR1 participated in the
regulation of the gut microbiome.

Next, we determined the alterations of the behavioral pheno-
types after Sigmar1 knockout. The results showed that, in WT
mice, Meth resulted in a shorter total travel distance, lesser time
spent in the center zone, and greater amount of feces in OFT; the
lesser time mice spent in and the entries into the open arms in
EPMT; the longer immobility time in TST and FST (Fig. 8I and J;
Supporting Information Fig. S11AeS11C). Interestingly, these
behavioral alterations were also observed in Sigmar1�/� mice
without Meth administration (Fig. 8I and J; Fig. S11AeS11C). In
addition, after Sigmar1 knockout, the mice exhibited lower BDNF
and p-TRKB expression than Saline-WT mice, regardless of Meth
administration (Fig. 8K and L; Fig. S11D). These were similar to
the effects of Meth on WT mice. Meanwhile, we did not detect the
expression of protein SIGMAR1 in Sigmar1�/� mice, confirming
its successful knockout (Fig. 8L). These findings suggested the
involvement of SIGMAR1 in Meth-induced depression- and
anxiety-like behaviors and that its knockout could cause Meth-like
behavioral deficits.

3.6. Sigmar1 knockout eliminated the phenotypic differences in
anxiety- and depression-like behaviors between FMT-M and FMT-
C mice

To explore if FMT-M-induced depression- and anxiety-like be-
haviors relied on the modulation of SIGMAR1, we transplanted
the microbiota from the salineeor Meth-administrated WT mice
Z 9e12 per group) and the time the mice spent in open arms across

ross each group during the TST and FST (n Z 12 per group). (K) IF

ch group. Nuclei were labeled with DAPI (in blue) (n Z 6 per group).

, the total TRKB, and b-actin across the samples in each group was

roup). Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, no

in triplicate at a minimum.
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into the Sigmar1�/� mice (Fig. 9A). In behavioral tests, compared
with the FMT-C-WT group, FMT-C-Sigmar1�/� induced depres-
sion- and anxiety-like behaviors, which was demonstrated by the
shorter total travel distance, the lesser time spent in the center
zone and the greater amount of feces in OFT, the lesser time the
mice spent and the fewer entries into the open arms in EPMT, and
Figure 9 I) Sigmar1 knockout eliminated the phenotypic differences in b

the experimental procedure. (B) The representative trajectory diagrams in O

nZ 10e11 per group) and the time the mice spent in open arms across each

each group during TST and FST. n Z 12 per group. (D) IF staining of BD

Nuclei were labeled with DAPI (in blue) (n Z 6 per group). Scale bar, 50 m

actin across the samples in each group were analyzed by Western blot. b-Ac

eliminated the protective effects of SCFAs on Meth-induced depression- a

procedure. (G) The representative trajectory diagrams in OFT and EPMT. (

group) and the time mice spent in the open arms (EPMT, n Z 10e12 per

during TST and FST (n Z 12 per group). (I) IF staining of BDNF (in gree

labeled with DAPI (in blue) (nZ 6 per group). Scale bar, 50 mm. (J) Protein

samples in each group was analyzed by Western blot. b-Actin served as a lo

*P < 0.05, **P < 0.01, no sig: no significant difference (P > 0.05). All e
the longer immobility time in TST and FST (Fig. 9B and C;
Supporting Information Fig. S12AeS12C). These suggested
that the FMT-M-induced behavioral differences from FMT-C in
WT mice were leveled out by Sigmar1 knockout. Additionally,
FMT-C-Sigmar1�/� displayed a lower level of BDNF and
p-TRKB than the FMT-C-WT mice and showed no significant
ehaviors between FMT-M and FMT-C mice. (A) Schematic diagram of

FT and EPMT. (C) The time the mice spent in the center zone (OFT,

group (EPMT, nZ 10e12 per group). The total immobility time across

NF (in green) and p-TRKB (in red) across the samples in each group.

m. (E) Protein expressions of BDNF, p-TRKB, the total TRKB, and b-

tin served as a loading control (n Z 3 per group). II) Sigmar1 knockout

nd anxiety-like behaviors. (F) Schematic diagram of the experimental

H) The time the mice spent in the center zone (OFT, n Z 10e11 per

group) across each group. The total immobility time across each group

n) and p-TRKB (in red) across the samples in each group. Nuclei were

expressions of BDNF, p-TRKB, the total TRKB, and b-actin across the

ading control (n Z 3 per group). Data are expressed as mean � SEM,

xperiments were performed in triplicate at a minimum.
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difference with the FMT-M-Sigmar1�/� mice (Fig. 9D and E; Fig.
S12D and S12E). These results suggested that the regulation of the
gut microbiota on depression and anxiety relied on the modulation
of the SIGMAR1/BDNF/TRKB pathway.

3.7. Sigmar1 knockout abolished the protective effects of SCFAs
on Meth-induced anxiety- and depression-like behaviors by
suppressing the BDNF/TRKB pathway

Next, we investigated the role of SIGMAR1 in the protection of
SCFAs onMeth-induced mental disorders (Fig. 9F). Behavioral tests
showed that there was no significant difference in depression- and
anxiety-related indicators between the SCFA-Meth-Sigmar1�/� and
Meth-WT groups, except for the time spent in the center zone (OFT)
(Fig. 9G and H; Supporting Information Fig. S13AeS13C),
Figure 10 Fluvoxamine ameliorated Meth-induced anxiety- and dep

pathway. (A) Schematic diagram of the experimental procedure. (B) The

the mice spent in the center zone (OFT, n Z 10e12 per group) and the tim

each group. The total immobility time across each group during TST and FS

(in green), and p-TRKB (in red) across the Saline, Meth, Flu þ Saline, and

per group). Scale bar, 50 mm. (E) Protein expressions of SIGMAR1, BDN

group was analyzed by Western blot. b-Actin served as a loading control (n

< 0.01, no sig: no significant difference (P > 0.05). All experiments wer
suggesting that SCFAs failed to mitigate Meth-induced depression-
and anxiety-like behaviors after Sigmar1 knockout. Moreover,
SCFAs failed to attenuate theMeth-induceddecrease ofBDNFand p-
TRKB in Sigmar1�/� mice (Fig. 9I and J; Fig. S13D and S13E),
which were different from the observations in WT mice. Thus, our
results indicated that the protective effects of SCFAs on Meth-
induced depression- and anxiety-like behaviors were dependent on
the modulation of the SIGMAR1/BDNF/TRKB pathway.

3.8. Fluvoxamine, an agonist of SIGMAR1, alleviated Meth-
induced anxiety- and depression-like behaviors by activating the
SIGMAR1/BDNF/TRKB pathway

To verify the protection of SIGMAR1 on Meth-induced mental dis-
orders, Flu was utilized to activate the SIGMAR1 (Fig. 10A). In
ression-like behaviors by stimulating the SIGMAR1/BDNF/TRKB

representative trajectory diagrams in OFT and EPMT. (C) The time

e the mice spent in open arms (EPMT, n Z 10e11 per group) across

T (nZ 11 per group). (D) IF staining of SIGMAR1 (in green), BDNF

Flu þ Meth samples. Nuclei were labeled with DAPI (in blue) (n Z 6

F, p-TRKB, the total TRKB, and b-actin across the samples in each

Z 3 per group). Data are expressed as mean � SEM, *P < 0.05, **P

e performed in triplicate at a minimum.
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behavioral tests, we observed that the Meth-induced depression- and
anxiety-like behaviors were also attenuated by Flu treatment, as
demonstrated by the longer total travel distance, the more time spent
in the center zone, and the lower amount of feces in OFT, the longer
time themice spent and themore entries into the open arms in EPMT,
and the shorter immobility time in TST and FST after Flu treatment
compared with the Meth group (Fig. 10B and C; Supporting Infor-
mation Fig. S14AeS14C). Furthermore, compared to the Saline
group, we observed that we observed that Flu overexpressed the level
of SIGMAR1 in both saline- and Meth-administrated mice and
attenuated the Meth-induced downregulation of BDNF and p-TRKB
(Fig. 10D and E; Fig. S14D). These observations further confirmed
the protective effects of SIGMAR1 onMeth-induced depression- and
anxiety-like behaviors.

Next, we profiled the alteration of gut microbiome after Flu
treatment. Rank-Abundance curves presented similar OTU abun-
dance or evenness among all samples (Supporting Information
Fig. S15A). In Alpha diversity, Meth induced a higher ACE index
than the Saline group, while this alteration was mitigated by Flu
treatment (Fig. S15B). Meanwhile, there was no significant dif-
ference between the Saline and Meth groups, while Flu þ Meth
resulted in the elevation of the Simpson index relative to the Sa-
line group (Fig. S15B). These suggested that Flu could ameliorate
the Meth-induced richness of microbiota and induce a higher
microbial diversity. In Beta diversity, we observed that the prin-
cipal composition of fecal samples in the Saline group was
separated from the Meth group, and Flu altered the sample
composition of both groups (Fig. S15C). Moreover, the abundance
of gut microbiota from Phylum to Genus level was altered by Flu
treatment (Fig. S15DeS15F). The differential microbiota from
Phylum to Genus level were further summarized using the LEfSe
cladogram (Fig. S15G). In addition, the concentration of SCFAs in
Flu-treated fecal samples was also determined (Fig. S15H).
Interestingly, mice treated with Flu showed a much higher level of
acetic acid, hexanoic acid, and isohexanoic acid than those
without Flu treatment, regardless of Meth administration
(Fig. S15H). Meanwhile, Flu attenuated the Meth-induced
decrease of propanoic acid, while the lowered isobutyric acid
and isovaleric acid level was not effectively alleviated by Flu
treatment. And there was no significant difference in the con-
centration of Butanoic acid and Valeric acid across the groups
(Fig. S15H). These results indicated that Flu treatment could
reshape Meth-induced disturbance of gut microbiota and partly
ameliorate the decrease of fecal SCFAs. Moreover, we explored
the influences of Flu on the level of serum SCFAs. The results
showed that Meth led to a decrease in serum acetic acid, propanoic
acid, and hexanoic acid compared to the Saline group, while Flu
treatment did not mitigate these changes (Fig. S15I). Additionally,
there were no significant differences in the levels of serum buta-
noic acid, valeric acid, isobutyric acid, and isovaleric acid across
the groups (Fig. S15I). As for the level of isohexanoic acid, the
Flu þ Meth group exhibited a lower concentration than the Saline
group (Fig. S15I). These observations suggested that Flu exerted
only a weak regulatory influence on Meth-induced alterations in
serum SCFAs composition.

Finally, to investigate the role of microbiota in Flu-mediated
protective effects, mice were orally pretreated with fecal micro-
biota from Flu-treated mice before Meth challenges (Supporting
Information Fig. S16A). Behavioral results showed that in OFT,
there was no significant difference in the total travel distance, time
mice spent in the center zone, and the fecal number between the
FMT-Flu þ Meth and PBS þ Meth groups (Fig. S16B and S16C).
In EPMT, gut microbiota from Flu-treated mice failed to
ameliorate Meth-induced decrease in the time mice spent in and
the entries into open arms (Fig. S16B and S16D). Meanwhile, in
TST and FST, FMT-Flu þ Meth also presented no significant
difference in immobility time with the PBS þ Meth group
(Fig. S16E). In addition, gut microbiota from Flu-treated mice
also failed to attenuate Meth-induced repression of the SIGMAR1/
BDNF/TRKB pathway. FMT-Flu þ Meth resulted in a lower level
of proteins SIGMAR1, BDNF, and p-TRKB in comparison with
the PBS þ Saline group and presented no significant difference
with the PBS þMeth group (Fig. S16F and S16G). These findings
suggested that Flu-induced alteration of gut microbiota did not
contribute to the protective effects of Flu on Meth-induced
depression- and anxiety-like behaviors, and the upregulation of
the SIGMAR1/BDNF/TRKB pathway.

4. Discussion

Gut microbiota is a crucial contributor to maintaining the host
health57. Its-derived SCFAs are recognized as the important me-
diums of gut microbiota to regulate the gut immune and to in-
fluence the mental health of the host20e23. In this study, the
inflammation-related TLR4/NF-kB pathway was significantly
enriched after Meth administration based on RNA-seq. Mean-
while, the anti-inflammatory bacterium Faecalibaculum58 was
also lowered by Meth, implying that microbial dysbiosis could
participate in Meth-induced colonic inflammation. Correspond-
ingly, we observed that gut microbiota from Meth-administrated
mice also aroused the TLR4-related colonic inflammation and
caused the dysfunction of the intestinal barrier in recipients.
TLR4 is a member of the TLR family inducing pro-inflammation
response and can be activated by LPS (the component of Gram-
negative bacteria)59, while the pro-inflammatory effect of mi-
crobial dysbiosis is the important avenue to impair the intestinal
barrier function60. The higher serum LPS level was also observed
after FMT-M administration. Moreover, the decrease in SCFAs
could be a trigger factor for these consequences. In fact, SCFAs
can serve as ligands for G-protein coupled receptors, which
further activate anti-inflammatory signaling cascades61,62. Addi-
tionally, SCFAs have emerged with the capacity of improving the
intestinal mucosal barrier62. Indeed, SCFAs supplementation
effectively ameliorated Meth-induced colonic inflammation by
suppressing the TLR4/NF-kB pathway and strengthening the in-
testinal barrier. These findings confirmed that gut microbiota
participated in Meth-induced impairment of intestinal homeosta-
sis, which could be mitigated by SCFAs. Furthermore, accumu-
lating evidence suggests that there exhibited complex interactions
between colonic inflammation and mental disorders, including
depression and anxiety63. Patients with inflammatory bowel dis-
ease experienced a higher risk of depression and anxiety. And in
experimental models of colitis, rodents also presented strong
depression- and anxiety-like behaviors64e66. Accompanied by the
colonic inflammation, Meth also caused depression- and anxiety-
like behaviors in mice, implying that colonic inflammation could
contribute to Meth-related mental disorders. Additionally,
behavioral phenotypes of depression and anxiety in inflammatory
bowel disease patients could be transferred to the recipient mice
by fecal microbiota transplantation67. Here, the FMT experiment
reproduced Meth-induced depression- and anxiety-like behaviors
in recipients, suggesting that gut microbiota could serve as the
linker between Meth-related colonic inflammation and mental
disorders.
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Notably, Meth induced opposed alterations of mainly SCFAs
producers: the downregulated Muribaculaceae and upregulated
Lactobacillaceae68. We speculated that it could involve in the
microbial mechanism of rescue. Muribaculaceae was the domi-
nant bacteria and its downregulation reduced the SCFAs level,
while the increased Lactobacillaceae failed to reverse it. Corre-
spondingly, SCFAs supplementation normalized the abundance of
Lactobacillaceae and repressed the recovery of Muribaculaceae,
which prevented the overproduction of SCFAs. In addition, pro-
biotic Lactobacillaceae can promote the proliferation of goblet
cells to improve the function of the intestinal barrier69,70. Here,
accompanied by the upregulated Lactobacillaceae, we also
observed the excessive proliferation of goblet cells after Meth
administration, although the barrier function was not ameliorated.

In addition,Meth-induced anxiety- and depression-like behaviors
were transferred to the recipients through fecal microbiota transplant,
indicating the involvement of microbiota in Meth-induced anxiety
and depression. An increasing body of evidence presented the regu-
latory effects of gut microbiota on mental disorders9e11. Gut micro-
biota was observed disordered in depression patients, and its
transplant induced depression-like behavior of germ-free mice10,12.
Even gene-mediated anti-anxiety and -depression phenotypes could
be transferred through fecal microbiota transplant71. Furthermore,
accompanied by these behavioral phenotypes, we observed the
repression of the SIGMAR1/BDNF/TRKB pathway both after Meth
and FMT-M administration, implying its potential regulation of
behavioral deficits. In fact, the pharmacological activation of
SIGMAR1 has been recognized as an effective therapeutic strategy
for anxiety and depression in clinic33. Meanwhile, its downstream
BDNF and TRKB are also the key molecules for anti-anxiety and
-depression35, which could be modulated by gut microbiota72,73.
Further, through Sigmar1 knockout and activation, we verified that
Meth-induced anxiety and depression relied on the inhibition of
SIGMAR1/BDNF/TRKB pathway. In parallel, Sigmar1 knockout
eliminatedmicrobiota-induced differences in behavioral phenotypes,
confirming that SIGMAR1 mediated microbiota-induced anxiety-
and depression-like behaviors. Additionally, we observed that Sig-
mar1 knockout also disturbed the gut microbiome. In our previous
study, gut microbiota from Sigmar1 knockout mice also partly
reproduced genotype-related depression- and anxiety-like behav-
iors74. These suggested that there existed a dynamic balance between
gutmicrobiota andSIGMAR1, andgutmicrobiota could contribute to
the modulation of SIGMAR1 on behaviors.

In this study, we observed a decrease in microbiota-derived
SCFAs, both in feces and serum, due to Meth administration. Sup-
plementation with SCFAs alleviated Meth-induced depression- and
anxiety-like behaviors, potentially through regulation of the
SIGMAR1/BDNF/TRKB pathway. Through oral supplementation,
SCFAs could regulate the homeostasis of colonic Treg cells75,
suggesting that oral SCFAs supplementation could transit through
the small intestine and act on the colonic tissue. Meanwhile, both
oral SCFAs supplementation and microbial colonization could
improve microbial knockout-induced deficiency of microglia in the
brain76, indicating that gut microbiota and its derivation SCFAs
played a crucial role in modulating neural function. In fact, the
protective effects of SCFAs were observed in diet-related depres-
sion77 and even in chronic cerebral hypoperfusion-induced
depression78. SCFAs also presented the alleviative effects on
innate anxiety79 and the anti-anxiety effects of prebiotics strongly
correlated with gut SCFAs level25. In addition, SCFAs failed to
ameliorate Meth-induced anxiety and depression in Sigmar1�/�

mice, indicating that the protective effects of SCFAs against Meth-
induced mental disorders were dependent on the modulation of
SIGMAR1.

By activating the SIGMAR1, Flu upregulated the BDNF/TRKB
pathway and amelioratedMeth-induced depression- and anxiety-like
behaviors. This further confirmed that Meth-induced mental disor-
ders relied on its repression of SIGMAR1. Interestingly, we also
observed that Flu treatment reshaped Meth-induced microbial
disturbance and partly attenuated Meth-induced decrease of SCFAs,
implying that gutmicrobiota couldparticipate in the protective effects
of Flu. However, gut microbiota from Flu-treated mice failed to
alleviate Meth-induced inhibition of the SIGMAR1/BDNF/TRKB
pathway and showed no effective protection against depression- and
anxiety-like behaviors. Flu exhibited a limited regulatory effect on
Meth-induced alterations in serum SCFAs. These findings suggest
that the gutmicrobiota-mediated short-term elevation of fecal SCFAs
was insufficient to counteract the Meth-induced decrease in serum
SCFAs or to alleviate associated mental disorders (as the SCFAs
supplementation experiment lasted three weeks). Furthermore, Flu
exerted its antidepressant and anxiolytic effects primarily by directly
targeting SIGMAR1.

However, there are still a few shortcomings of this study to be
noted. Here, the detailed mechanisms of how SCFAs modulate
Meth-induced anxiety and depression disorders are still unclear,
especially the potential regulation of free fatty acid receptor on
SIGMAR1. Another shortcoming is that our study only focused on
the protective effects of acetic acid and propanoic acid, while the
role of other SCFAs needs to be further clarified.

5. Conclusions

Our findings indicate that gut microbiota participated in Meth-
induced colonic inflammation and contributed to Meth-related
anxiety and depression disorders; microbiota-derived SCFAs
could optimize gut homeostasis and protect against Meth-
induced anxiety and depression in SIGMAR1 dependent
manner. Overall, this study revealed the microbial mechanisms of
Meth-induced anxiety and depression disorders and provided a
potential candidate in therapeutic strategy.
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