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Cancer microenvironmental research in gastric and esophago—gastric junction carcinoma
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WRT —~ Associations of Geriatric Nutritional Risk Index with length of hospital stay and
hospital cost in elderly inpatients
LRUgs ] S O AFETE A

1. WM (D

D B (Goal)

Applying GNRI (Geriatric Nutritional Risk Index) to assess the nutritional risk of elderly hospitalized patients in
China, and evaluating its validity and applicability. Clarifying the relationships between GNRI and length of hospital
stay, hospital costs, and in—hospital mortality in elderly inpatients, and providing a scientific basis for timely and
appropriate nutritional interventions in elderly patients, so as to improve the clinical outcomes and quality of life
among elderly patients.

2) HEW& (Approach)

Good nutritional status is an essential condition for improving the health and disease prognosis of elderly patients.
Malnutrition not only causes a decline in immune function in elderly patients, which seriously affects body function,
disease prognosis, and social function, but also makes those with nutritional risk more prone to hospital infection,
which is one of the main factors affecting the clinical outcome of elderly patients.

However, malnutrition can be identified and diagnosed early through nutritional screening and nutritional assessment
tools. With the higher number of elderly hospitalized patients, lower nutritional risk screening rates (18.96%), and
greater prevalence of malnutrition (32.6%)in China, there is an urgent need to improve the rates of nutritional risk
screening and assessment. Currently, the gold standard for nutritional screening and assessment of elderly patients is
unclear, and most studies recommend the use of nutritional screening and assessment tools developed specifically for
elderly patients. Determining which tool is the best for screening and assessing the nutritional status of this
population remains conflicting.

A good nutritional screening tool should be reliable, valid, and easy to use. GNRI is a modified version of the
Nutritional Risk Index (NRI), which is an objective nutritional screening and assessment tool for older patients based
on height (knee height), weight, and serum albumin levels. The validity and reliability of the GNRI have been well
studied in most other countries. Compared with other nutritional risk screening tools, the indicators required to
calculate GNRI are simple and easy to obtain, and well operationalized. It is very easy to use in clinical practice
allowing for early nutritional interventions for patients.

Studies have shown that the GNRI score correlates with severity scores for nutrition-related complications (bedsores
and infections) and can quantitatively determine the risk of morbidity and mortality of nutrition-related complications
in elderly patients at admission. GNRI is also a valid predictor of postoperative complications and long—term prognosis
in diseases such as malignancy, it also identifies potential patients in need of nutritional support and provides a
reliable assessment in most health care settings, especially in elderly patients with dementia, aphasia or disuse. The
advantages of GNRI make it more suitable for nutritional risk screening and assessment of elderly patients, which has a
good reference value for their prognosis and, in turn, is an important reference to assist clinical decision—making and
management.

At present, there are few studies on the application of GNRI to elderly inpatients in China. Further evidence is needed
to support the effectiveness of GNRI, and its applicable value needs to be further evaluated and explored. This study
intends to apply GNRI to assess the nutritional risk of elderly inpatients based on the big data of hospital diagnosis
and treatment, and to explore the impact of nutritional risk assessed by GNRI on short—-term hospitalization outcomes
(length of stay, hospitalization cost) of the elderly inpatients, and to verify the applicability of GNRI in elderly
inpatients in China
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1. ATHME (2

3) ME & (Materials and methods)

3-1 Research population

This study is a retrospective cohort study. The population of the study is elderly inpatients aged 65 and above in a
hospital in Southwest China. Based on the big data of hospital diagnosis and treatment, this study plans to build a
data set of elderly inpatients through big data extraction, and collect retrospective information for patients who meet
the inclusion and exclusion criteria. According to the sample size calculation formula, 40,000 elderly inpatients will
be included in the research

Inclusion criteria: (DHospitalized patients; @Age=65 years old. Exclusion criteria: (DThe length of hospital stay is
less than 2 days; @The patient’s height, weight, and albumin values are missing

3-2 Research methods

@ Data collection

General information: age, gender, ethnicity, marital status, admission diagnosis (ICD-10 code), operation status
admission date, discharge date, hospitalization expenses, etc.

Anthropometric indicators: height (cm), weight (kg), and calculate body mass index BMI (Body Mass Index), BMI=weight
(kg) /[height (m)]2

Laboratory indicators: serum albumin ( Alb, g/L).

® Application of GNRI to assess nutritional risk and grading range

Using the data of serum albumin (g/L), height (cm), and weight (kg) of the patient at admission, the GNRI will be
calculated according to the formula, GNRI=1.489%kserum albumin+4l. 7% (actual weight/ideal weight), when the actual weight
is greater than the ideal weight, the ratio of actual weight/ideal weight will be set to 1. Among them, the ideal
weight is calculated according to the Lorentz formula, ideal weight(male)=height-100-[ (height-150)/4], ideal

weight (female) =height—100-[ (height-150) /2. 5]. The grading range for the degree of nutritional risk assessed by GNRI is:
GNRI>98 means no nutritional risk; 92<GNRI<98 means low nutritional risk; 82<<GNRI<92 means moderate nutritional
risk; GNRI<K82 means high nutritional risk

® End of observation

The death and discharge of the inpatients are used as the observation endpoint, and length of hospital stay(days),
hospital expenses (CNY), and weight change are used as the outcome indicators.

Calculation of length of hospital stay: Length of hospital stay (days)=Discharge Date—-Admission Date

Calculation of hospital expenses: Hospital expenses (CNY)=Total expenses during hospitalization (CNY)

Calculation of weight loss: Weight loss (kg)=Weight at discharge (kg)-Weight at admission (kg)

@ Statistical analysis

In the statistical description, the mean (standard deviation) is used for continuous variables; the number
(percentage%) is used for categorical variables; the t-test or X2 test is used for inter—group comparison according to
the variable attributes. In the correlation analysis, the marginal structural model based on inverse probability
weighting is proposed to estimate the length of hospital stay (days), hospital expenses (CNY), and weight loss (kg) of
elderly inpatients with different GNRIs.

4) FEEEER (Results)

Expected results

(ODistribution of geriatric nutritional risk assessed by GNRI among elderly hospitalized patients in China

@The relationship between GNRI and length of hospital stay, hospital costs, and weight loss of elderly patients.

5) #%¢ (Discussion)

Not available
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1) B # (Goal) According to the World Health Organization, about 300 million people worldwide suffer from depression and more than
800,000 die by suicide each year.In addition, about 30% of patients with depression were patients with treatment-resistant depression
that did not respond to existing antidepressants.Ketamine, a drug used in anesthetics, is one of the most concerned drugs in the field
of psychiatry because of its rapid antidepressant effect and its effect on reducing the suicidal tendency in patients with drug—
resistant depression.(R,S)—ketamine is a racemic mixture of equal amounts of (R)—ketamine (or arketamine) and (S)-ketamine (or
esketamine).In our previous study, arketamine has been found to have more potent antidepressant-like actions than esketamine in
rodents. This is the first time in the world that an action other than NMDA receptors has been reported to be related to the
antidepressant effects of ketamine. Arketamine is currently being tested in phase II clinical trials in patients with depression in the
United States and Europe. However, the mechanism underlying the antidepressant effect of arketamine remains unclear.Further
research on the anti—depression mechanism of ketamine will greatly benefit patients with depression around the world.

2) B B& (Approach) On the one hand, we comprehensively investigated non—coding microRNAs associated with the antidepressant
effects of arketamine using the chronic social defeat stress(CSDS) model of depression. Non—-coding microRNAs with differential
expression are currently being studied. On the other hand, we established a depression—like mouse model of systemic inflammation
caused by peripheral organ lesions such as hepatobiliary system and evaluated the protective effect of arketamine.ln addition, we
also studied the effect of subdiaphragmatic vagotomy(SDV) in a variety of depression—like mice model.

3) # ¥} & 5% (Materials and methods) (1). Animals: Male adult C57BL/6NCr mice were purchased from the Japan SLC. (Hamamatsu,
Shizuoka, Japan). (2). Reagents: Arketamine hydrochloride was prepared as our previously method. The dose (10mg/Kg as
hydrochloride salt) of arketamine was dissolved in the saline, also as our described previously. (3).CSDS: The C57BL/6 mice were
exposed to a different CD1 aggressor mouse for 10 min each day for a total of 10 days. The resident CD1 mouse and the invader
mouse were kept in one half of the cage after the social defeat session concluded, separated by a perforated Plexiglas divider to
allow visual, olfactory, and auditory interaction for the remaining 24h. (4). Small RNA sequencing and data processing: Total RNA is
extracted from blood and brain tissue respectively, and then PCR amplification is carried out, and then library is built. The raw
sequencing data are called raw tags. The raw tags were processed using the following steps: remove low quality tags; remove tags
with 5 primer contaminants; remove tags without 3 primer; remove tags without insertion; remove tags with poly A; remove tags
shorter than 18 nt. After filtering, the clean tags were mapped to the reference genome and other sRNA database including miRbase,
siRNA, piRNA and snoRNA with Bowtie2. Particularly, cmsearch was performed for Rfam mapping.The software miRDeep2 was used
to predict novel miRNA by exploring the secondary structure, and Piano was used to predict piRNAs. RNAhybrid,miRanda and
TargetScan were used to predict target genes of miRNAs. The small RNA expression level is calculated by counting absolute
numbers of molecules using unique molecular identifiers. Differential expression analysis was performed using the DEGseq, Q value<
0.001 and the absolute value of Log2Ratio 2 1 as the default threshold to judge the significance of expression difference. To annotate
gene functions, all target genes were aligned against the Kyoto Encyclopedia of Genes (KEGG) and Gene Ontology (GO) database.
GO enrichment analysis and KEGG enrichment analysis of target genes were performed using phyper, a function of R. The P-value
was corrected using the Bonferroni method, and a corrected P—value < 0.05 was taken as a threshold. GO terms or KEGG terms
fulfilling this condition were defined as significantly enriched terms.
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(5). 70% Hepatic Ischemia—Reperfusion Injury (HIRI): 70% HIRI or sham surgery was performed under continuous inhalation anesthesia
with 4-5% isoflurane by using an inhalation small animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisakusho, Tokyo,
Japan), as previously method with a slight modification. Briefly, each mouse was placed in the supine position, after the mice were
fully anesthetized, the abdominal operation area was prepared with skin. Then the skin is disinfected with iodophor disinfectant. A
median incision of approximately 1.5cm in length was made along the midline of the abdomen, starting 0.5cm below the xiphoid
process. The incision was gently opened with Mini incision spreader to expose the underlying liver tissue. The liver tissue was
carefully pushed upward using a small cotton ball moistened with physiological saline solution and with the aid of an animal surgical
microscope (Leica, Heidelberg, Germany), the fascia between the caudate lobe and the left lobe of the liver was sharply cut and a wet
cotton ball was inserted between the right lobe and middle lobe of the liver to fully expose the hilar area. A mini arterial clip was
placed to block blood supply to the left and middle lobes of the liver, preserving blood flow to the right and caudate lobes. At this time,
we would observe that the left lobe and middle lobe of the liver changed from normal bright red to earthen yellow immediately, while
the posterior lobe and caudate lobe remained bright red, and it was considered that the model of partial liver ischemia was
successfully established. After the ischemia modeling was successful, mice were supplemented with about 0.5ml of normal saline in
the abdominal cavity, and the abdomen was fully closed. After the mice were covered with wet gauze, the mice were placed in a warm
chamber at 32°C for 1 hour for partial liver ischemia. After the ischemia process was completed, the mice were removed from the
warm chamber, the mini arterial clip and the wet cotton ball were carefully removed after re—opening the abdomen. It was observed
that the ischemic liver lobe immediately changed back from earthen yellow to bright red, which was considered as a successful model
of postischemia—reperfusion. After that, no bleeding was detected, and no additional injury of liver and other organs was checked, the
liver tissue was returned to its original normal position gently. Then 5-0 surgical silk sutures were used to suture the abdominal
incision muscle and skin layers layer by layer, ensuring aseptic operation throughout the operation. During the sham operation, the
abdominal wall incision of the same size was made in the same way at the same site. After the hilar region was also fully exposed but
not place a mini arterial clip to block blood supply to the live. The other remaining steps were performed according to the same
protocol as the surgery group. (6)Behavioral tests. (7).RT-PCR. (8). Western blot. (9).ELISA. (10). 16s rRNA sequencing. (11).Bilateral
subdiaphragmatic vagotomy.

4) EE#E R (Results) (1).Differentially expressed non—coding RNA has been found in both blood and brain tissue of CSDS model mice,
and the sample size is now being expanded for RT-PCR validation.(2).The presence of depression—like phenotype was detected by
behavioral tests in mice with peripheral organ lesions, and there were also changes in plasma inflammatory cytokines and synaptic
proteins in brain tissue. Arketamine blocked these series of changes.(3).SDV have also been shown to block these series of changes
such as depression—like phenotypes et al.

5) Z%Z (Discussion) Clinical epidemiological studies have found that depression co—exists with many other systemic diseases.
Therefore, further studies to determine whether depression has a common pathogenesis with other diseases, or whether organic
lesions of other organs have inducing effects on the pathogenesis of depression, will be conducive to in—depth understanding of the
pathogenesis of depression.The research on the epigenetic effects of Arketamine in the anti—depression effect, which has attracted
the most attention at present, will be conducive to further in—depth and comprehensive understanding of the mechanism of action of
Arketamine, and will benefit the majority of patients with depression.

6) 22 3k (References) (1). Hashimoto K. Rapid—acting antidepressant ketamine, its metabolites and other candidates: A historical
overview and future perspective. Psychiatry Clin Neurosci. 2019;73(10):613-627. doi:10.1111/pcn.12902.(2). Hashimoto K. Molecular
mechanisms of the rapid—acting and long—lasting antidepressant actions of (R)~ketamine. Biochem Pharmacol. 2020;177:113935.
doi:10.1016/j.bcp.2020.113935.(3). Wei Y, Chang L, Hashimoto K. A historical review of antidepressant effects of ketamine and its
enantiomers. Pharmacol Biochem Behav. 2020;190:172870. doi:10.1016/j.pbb.2020.172870.(4). Wei Y, Chang L, Hashimoto K. Molecular
mechanisms underlying the antidepressant actions of arketamine: beyond the NMDA receptor. Mol Psychiatry. 2022;27(1):559-573.
doi:10.1038/s41380-021-01121-1.(5). Wang X, Yang J, Hashimoto K. (R)-ketamine as prophylactic and therapeutic drug for
neurological disorders: Beyond depression. Neurosci Biobehav Rev. 2022;139:104762. doi:10.1016/j.neubiorev.2022.104762.(6). Zhang K,
Hashimoto K. An update on ketamine and its two enantiomers as rapid—acting antidepressants. Expert Rev Neurother. 2019;19(1):83—
92. doi:10.1080/14737175.2019.1554434.(7). Zhang JC, Yao W, Hashimoto K. Arketamine, a new rapid—acting antidepressant: A
historical review and future directions. Neuropharmacology. 2022;218:109219. doi:10.1016/j.neuropharm.2022.109219.(8). Yang C, Yang
J, Luo A, Hashimoto K. Molecular and cellular mechanisms underlying the antidepressant effects of ketamine enantiomers and its
metabolites. Transl Psychiatry. 2019;9(1):280. Published 2019 Nov 7. doi:10.1038/s41398-019-0624-1.
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ABSTRACT

Multiple sclerosis (MS) is the most common demyelinating disease that attacks the central nervous system. We
recently reported that the new antidepressant (R)-ketamine could ameliorate the disease progression in exper-
imental autoimmune encephalomyelitis model of MS. Cuprizone (CPZ) has been used to produce demyelination
which resembles demyelination in MS patients. This study was undertaken to investigate whether (R)-ketamine
could affect demyelination in CPZ-treated mice and remyelination after CPZ withdrawal. Repeated treatment
with (R)-ketamine (10 mg/kg/day, twice weekly, for 6 weeks) significantly ameliorated demyelination and
activated microglia in the brain compared with saline-treated mice. Furthermore, pretreatment with ANA-12
(TrkB antagonist) significantly blocked the beneficial effects of (R)-ketamine on the demyelination and acti-
vated microglia in the brain of CPZ-treated mice. The 16S rRNA analysis showed that (R)-ketamine significantly
improved abnormal composition of gut-microbiota and decreased levels of lactic acid of CPZ-treated mice. In
addition, there were significant correlations between demyelination (or microglial activation) in the brain and
the relative abundance of several microbiome, suggesting a link between gut microbiota and brain. Interestingly,
(R)-ketamine could facilitate remyelination in the brain after CPZ withdrawal. In conclusion, the study suggests
that (R)-ketamine could ameliorate demyelination in the brain of CPZ-treated mice through TrkB activation, and
that gut-microbiota—microglia crosstalk may play a role in the demyelination of CPZ-treated mice. Therefore, it

is likely that (R)-ketamine could be a new therapeutic drug for MS.

1. Introduction

Multiple sclerosis (MS) is the most common inflammatory demye-
linating disease on the central nervous system (CNS). Symptoms of MS
patients cause a major economic burden on the patients, their families
and caregivers, employers, and the healthcare system (Dahham et al.,
2021; Nicholas et al., 2021). Therefore, the development of new drugs to
attenuate demyelination and to facilitate remyelination in MS patients is
an unmet medical need.

Increasing preclinical findings demonstrated that the new antide-
pressant (R)-ketamine, (R)-enantiomer of (R,S)-ketamine, has potent
anti-inflammatory effects in several animal models (Fujita and Hashi-
moto, 2020; Fujita et al., 2020; Fujita et al., 2021; Qu et al., 2021; Xiong
et al., 2019; Yang et al., 2015; Yang et al., 2018; Yao et al., 2021; Zhang

et al., 2014; Zhang et al., 2018; Zhang et al., 2020; Zhang et al., 2021a;
Zhang et al., 2021b; Zhang et al., 2021c). Interestingly, side effects of
(R)-ketamine in animals and humans were lower than those of (R,S)-
ketamine and (S)-ketamine (Bonaventura et al., 2021; Chang et al.,
2019; Hashimoto et al., 2017; Leal et al., 2021; Tan and Hashimoto,
2020; Tian et al., 2018; Yang et al., 2015; Yang et al., 2016b). Collec-
tively, (R)-ketamine could be a novel anti-inflammatory drug without
ketamine-like side effects (Hashimoto, 2019; Hashimoto, 2020; Yang
et al., 2019; Wei et al., 2020; Wei et al., 2021a; Zhang and Hashimoto,
2019).

It is well recognized that MS patients have high rates of depression
(Jones et al., 2021; Skokou et al., 2012). Given high incidence of
depression in MS patients, we recently reported that (R)-ketamine could
ameliorate the disease progression in experimental autoimmune

Abbreviations: ANOVA, analysis of variance; ANOSIM, analysis of similarities; BDNF, brain-derived neurotrophic factor; CNS, central nervous system; CPZ,
cuprizone; CSF1R, colony stimulating factor-1 receptor; LDA, linear discriminant analysis; LEfSe, LDA effect size; MBP, myelin basic protein; MS, multiple sclerosis;

PCA, principal compotent analysis; PCoA, principal coordinates analysis.
* Corresponding author.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).
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encephalomyelitis model of MS (Wang et al., 2021a). Cuprizone (CPZ), a
selective and sensitive copper-chelating agent, has been used to produce
the toxic demyelination that resembles demyelination in MS patients
(Procaccini et al., 2015; Torkildsen et al., 2008; Zhan et al., 2020).
Interestingly, spontaneous remyelination can be observed as early as 4
days after CPZ withdrawal, indicating that CPZ model could be excellent
to discover potential therapeutic drugs which can prevent demyelin-
ation and stimulate remyelination (Franklin and Ffrench-Constant,
2017; Torkildsen et al., 2008).

The present study was undertaken to investigate whether (R)-keta-
mine could affect demyelination and remyelination in CPZ-treated mice.
Furthermore, we examined the role of TrkB in the effects of (R)-keta-
mine in CPZ -treated mice since brain-derived neurotrophic factor
(BDNF) and its receptor TrkB plays a role in the beneficial effects of (R)-
ketamine in other animal models such as depression, Parkinson’s dis-
ease, osteoporosis, and ulcer colitis (Fujita et al., 2020; Fujita et al.,
2021; Tan et al., 2020; Tan et al., 2022; Yang et al., 2015). Accumulating
evidence shows the role of gut microbiota in pathogenesis of MS (Can-
tarel et al., 2015; Cekanaviciute et al., 2017; Farshbafnadi et al., 2021;
Ghezzi et al., 2021; Maghzi and Weiner, 2020; Parodi and Kerlero de
Rosbo, 2021; The iMSMS Consortium, 2020). Finally, we examined the
role of gut microbiota in the effects of (R)-ketamine in CPZ model since
gut-microbiota-brain axis may play a role in the antidepressant-like
effects of (R)-ketamine in rodents (Qu et al., 2017; Yang et al., 2017).

2. Materials and methods
2.1. Animals

Adult male C57BL/6J mice (8-10 weeks old, body weight 19-22 g,
Japan SLC, Inc., Hamamatsu, Japan) were acclimated housed under
controlled temperatures and 12 h light/dark cycles (lights on between
07:00 and 19:00 h) with food (CE-2; CLEA Japan, Inc., Tokyo, Japan)
and water ad libitum. The experimental protocol was approved by the
Chiba University Institutional Animal Care and Use Committee
(Permission number: 1-466). This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health, USA. Animals
were deeply anesthetized with isoflurane before being killed by cervical
dislocation. All efforts were made to minimize suffering.

2.2. Cuprizone (CPZ) model

CPZ model was induced by feeding mice with 0.2% w/w cuprizone
(bis-cyclohexanone oxaldihydrazone; catalog number: B0476, Tokyo
Chemical Industry Co., Ltd. Tokyo, Japan,) in powder chow. Mice
received 0.2% CPZ food pellets for demyelination (6 weeks) and
remyelination (6 weeks followed by 2 weeks normal chow) paradigms.
Chow was replaced three times a week. Age-matched untreated controls
were fed powder chow without CPZ.

2.3. Reagents

(R)-ketamine hydrochloride was prepared as described previously
(Zhang et al., 2014). The dose (10 mg/kg as hydrochloride salt, I.P.) of
(R)-ketamine was dissolved in the saline, as described previously (Qu
et al., 2021; Yang et al., 2015; Yang et al., 2018; Zhang et al., 2021c).
ANA-12, N2-(2-{[(2-ox0azepan-3-yl) amino] carbonyl} phenyl) benzo
[b]thiophene-2-carboxamide (0.5 mg/kg, I.P., Sigma-Aldrich Co., Ltd.,
Tokyo, Japan), was dissolved in 17% dimethylsulfoxide (DMSO) in sa-
line (Fujita et al., 2020; Ren et al., 2015; Tan et al., 2020; Tan et al.,
2022; Zhang et al., 2015).

2.4. Collection of fecal samples from mice

Fresh mouse fecal samples were collected at around 9:00 a.m. and
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then placed into sterilized screw-cap microtubes. Then the microtube
containing mouse fecal samples was immediately placed into liquid ni-
trogen and stored under —80 °C until use.

2.5. 16S rRNA analysis of feces

Extraction of DNA from fecal samples and 16S rRNA analysis were
done at MyMetagenome Co, Ltd. (Tokyo, Japan), as previously described
(Kim et al., 2013; Pu et al., 2021; Shinno-Hashimoto et al., 2021; Wang
et al., 2020; Wang et al., 2021b). Briefly, the common primer 27Fmod
(5'-AGRGTTTGATYMTGGCTCAG-3') and 338R (5'-
TGCTGCCTCCCGTAGGAGT-3') were used to amplify the V1-V2 region
of the bacterial 16S rRNA gene by polymerase chain reaction (PCR).

a-diversity was analyzed by Shannon, the observed OTUs. p-diversity
was measured by the principal component analysis (PCA) and principal
coordinates analysis (PCoA) and statistical significance was done by
analysis of similarities (ANOSIM). Linear discriminant analysis (LDA)
effect size (LEfSe) (Segata et al., 2011) was based on the bacterial
abundance to explore significant differential biomarkers between
groups with different taxonomic levels (http://huttenhower.sph.
harvard.edu/galaxy/). Only taxa with LDA scores >4.0 and p value
<0.05 were considered significantly enriched. The results with taxo-
nomic bar charts and cladograms were visualized.

2.6. Determination of short-chain fatty acids (SCFAs)

The levels of short chain fatty acids (SCFAs) (i.e., succinic acid, lactic
acid, acetic acid, malic acid, butyric acid) in stool samples were deter-
mined at TechnoSuruga Laboratory, Co., Ltd. (Shizuoka, Japan), as re-
ported previously (Pu et al., 2021; Shinno-Hashimoto et al., 2021; Wang
et al., 2020; Wei et al., 2021b; Zhang et al., 2019). The results of SCFAs
were recorded as milligrams per gram of excrement.

2.7. Histopathology and immunofluorescence

The mice were anesthetized with 5% isoflurane and sodium pento-
barbital (50 mg/kg), and perfused transcardially with isotonic saline
and ice-cold 4% paraformaldehyde in 0.1 mM phosphate buffer (30 ml
per mouse, pH 7.4). Then the brain was collected, post-fixed overnight at
4 °C, and cut into 30 pm slice by vibratome (VT1000S, Leica Micro-
systems AG, Wetzlar, Germany). The slices were selected from bregma
1.10 to —0.58 in mice brain for immunofluorescence. The immunoflu-
orescence is performed as reported previously (Wang et al., 2021a).
Briefly, the slices were washed with 0.1 mM phosphate buffer three
times for 15 mins and blocked with 3% BSA with 0.3% TritonX-100 for 2
h. Incubation with primary antibody [mouse, anti-MBP (myelin basic
protein), Catalog number: sc-271,524, Santa Cruz Biotechnology, Inc.,
CA, USA, 1:100; rabbit, anti-Ibal, Catalog number: 019-19,741, Fuji-
Film Wako Pure Chemical Corporation, Tokyo, Japan, 1:250] was con-
ducted overnight at 4 °C, then the slices were incubated by secondary
antibody (Alexa Fluor 546 goat anti-mouse 1gG1, 1:1000; Alexa Fluor
488 donkey anti-rabbit IgG, 1:1000) for 2 h at room temperature. Then
the slices were washed by 0.1 mM phosphate buffer with 0.1% tween-20
for three times for 15 mins, and were coverslipped with mounting me-
dium with DAPI (4',6'-diamino-2-phenylindole, Catalog number: H-
1200, Vector laboratories, Inc., USA) and analyzed by Keyence BZ-900
microscope (Tokyo, Japan) and Image J software.

2.8. Statistical analysis

Data represent the mean + standard error of the mean (S.E.M.). The
demyelination area in MBP immunofluorescence, Ibal-positive area and
SCFA levels were analyzed by one-way analysis of variance (ANOVA),
followed by Fisher’s least significant difference (LSD) test. The Kruskal-
Wallis test with Dunn’s post-hoc test was utilized to analyze the o-di-
versity data of the gut microbiota and the relative bacterial abundance
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at different level. For p-diversity of the gut microbiota, principal
component analysis (PCA) of OUT level, Principal Coordinates Analysis
(PCoA) and the unweighted UniFrac phylogenetic distance were per-
formed using analysis of similarities (ANOSIM) by R package vegan
(2.5.4) (Xia and Sun, 2017; Wei et al., 2021b). Correlation between
demyelination and Ibal expression was analyzed using Pearson corre-
lation analysis. Correlations among SCFA levels, demyelination area,
Ibal positive area or the relative abundance of bacteria were analyzed
using Spearman rank test. Integrative network of associations between
the relative abundance of microbiota and SCFAs, Ibal-positive area, or
demyelination area were tested with Spearman’s analysis and visualized
by Cytoscape (Version 3.8.1). The level of significance was set as P <
0.05 for all analyses.

3. Results

3.1. Effects of (R)-ketamine on the demyelination and microglia
activation of CPZ-treated mice

(R)-ketamine or saline was injected to mice twice per week for 6
weeks (Fig. 1A). To examine the role of TrkB signaling, vehicle or TrkB
antagonist ANA-12 was injected to mice 30 mins before (R)-ketamine (or
saline) administration (Fig. 1A). The demyelination area in the brain
was examined using MBP immunofluorescence. The feeding of CPZ for 6
weeks caused complete demyelination in the corpus callosum of mice
(Fig. 1B, C, E). Treatment of (R)-ketamine significantly ameliorated the
demyelination area in the corpus callosum of CPZ-treated mice.
Furthermore, effects of (R)-ketamine were significantly blocked by ANA-
12 (Fig. 1B, C, E). Moreover, ANA-12 alone did not affect the demye-
lination area in the corpus callosum of CPZ-treated mice (Fig. 1B, C, E).
Collectively, (R)-ketamine could ameliorate the demyelination in the
brain of CPZ-treated mice through TrkB activation.

It is reported that microglial activation plays a key role in MS
development (Deng and Sriram, 2005; Kalafatakis and Karagogeos,
2021; Mayrhofer et al., 2021). In this study, we performed immuno-
fluorescence of the microglial marker Ibal in the corpus callosum of
CPZ-treated mice. In the control + saline group, Ibal-positive cells were
broadly and evenly distributed in the corpus callosum of mice, indi-
cating that these cells were small and ramified, a morphology typical of
resting microglia (Fig. 1B, D, F). In the corpus callosum of CPZ + saline
group, there was a robust increase in the area of Ibal-positive staining
compared with control +saline group. Treatment of (R)-ketamine
significantly attenuated the Ibal-positive area in the corpus callosum of
CPZ-treated mice. Furthermore, ANA-12 significantly blocked the ef-
fects of (R)-ketamine on Ibal-positive staining in the corpus callosum of
CPZ-treated mice (Fig. 1B, D, F). Furthermore, ANA-12 alone did not
affect the demyelination area in the CPZ-treated mice (Fig. 1B, D, F).
There was a significant positive correlation [r = 0.6995, P < 0.001]
between demyelination area and Ibal-positive area (Fig. 1G), suggesting
a link between demyelination and microglial activation. Collectively,
(R)-ketamine could ameliorate the microglia activation in the brain of
CPZ-treated mice through TrkB activation.

3.2. Composition of gut microbiota

The composition of the gut microbiota among control + saline group,
CPZ + saline group, CPZ + (R)-ketamine group was analyzed using a-
and B-diversity. For a-diversity, there were no differences in the Shan-
non and observed_ OTUs among the three groups (Fig. 2A and B).
Regarding p-diversity, PCA and PCoA were applied to analyze the bac-
terial community composition of gut microbiota among the three
groups. PCA revealed significant separation in the community compo-
sition evaluated by ANOSIM (R = 0.6231, P = 0.001) (Fig. 2C) based on
the OTU level. The ordination of unweighted UniFrac distance by PCoA
revealed separation of among three groups using the ANOSIM (R =
0.7128, P = 0.001) (Fig. 2D). Importantly, boxplot of Unweighted

Neurobiology of Disease 165 (2022) 105635

Unifrac distance by Wilcox rank tests showed that the p-diversity among
the three groups were significant difference (R = 0.7128, P = 0.001)
(Fig. 2E). Collectively, (R)-ketamine could ameliorate abnormal f-di-
versity of gut microbiota in the CPZ-treated mice.

3.3. Altered composition in the gut microbiota at different levels

At the phylum level, the relative abundance of Proteobacteria in the
CPZ + (R)-ketamine group was significantly lower than that of the CPZ
+ saline group (Fig. 3A and B). At genus level, there were significant
differences in the relative abundance of Eisenbergiella, Barnesiella, Pre-
votella, Butyrivibrio, Faecalibaculum, Dorea, Parabacteroides, Turicibacter,
Mailhella, Parvibacter, and Mordavella among the three groups (Fig. 3C,
D, Table S1). Furthermore, at species level, the relative abundances of
Eisenbergiella massiliensis, Barnesiella viscericola, Lactobacillus murinus,
Lactobacillus intestinalis, [Clostridium] bolteae, Butyrivibrio proteoclasticus,
Faecalibaculum rodentium, Prevotella loescheii, Bacteroides sartorii, and
Eubacterium ramulus were significant different among the three groups
(Fig. 3E, F, Table S2).

3.4. LEfSe analysis

The gut microbiota changes of the abundant taxa among Control +
saline group, CPZ + saline group, CPZ + (R)-ketamine group were
analyzed using the LEfSe algorithm, which permits the identification of
microbial markers that are more important in one group than in another
group. The color differences illustrated differences in the abundant taxa
among the groups (Kwak et al., 2020). LEfSe analysis showed that (R)-
ketamine produced significant different effects on gut microbiota
(Fig. 4A). The species level phylotype including Lactobacillus murinus,
Clostridium bolteae, E. ramulus, and Clostridium aminophilum were iden-
tified as potential gut microbial markers for control + saline group
(Fig. 4B). Two species level phylotypes including the Eisenbergiella -
massiliensis, B. proteoclasticus were identified as potential gut microbial
markers for CPZ + saline group (Fig. 4B). Four species level phylotypes
including Lactobacillus_intestinalis, Barnesiella viscericola, Faecalibacu-
lum rodentium, and Prevotella_loescheii were identified as potential gut
microbial markers for CPZ + (R)-ketamine group in mice (Fig. 4B and
Table S3).

3.5. Levels of SCFAs in the fecal samples and correlations among bacterial
relative abundance, SCFAs, demyelination area, or Ibal-positive area

The concentration of lactic acid was significantly lower in the CPZ +
saline group than that in control + saline group and CPZ + (R)-ketamine
group (Fig. 5A). In contrast, there were no significant differences in the
other SCFAs (succinic acid, acetic acid, malic acid, and butyric acid)
among the three groups (Fig. 5A).

The heat map shown the correlations between lactic acid, demye-
lination, Ibal-positive area and the relative bacterial abundance that
differ significantly at species level (Fig. 5B). Furthermore, the correla-
tions (Spearman analysis r > 0.5, P < 0.05) among lactic acid, demye-
lination area, Ibal-positive area, the bacterial relative abundance that
differ significantly with any other group were also shown in correlation
network (Fig. 5C).

The concentration of lactic acid was significantly and negatively
correlated with the relative abundance of Eisenbergiella massiliensis
(Fig. 5B and Q).

There were significant positive correlations between demyelination
area (or Ibal-positive area) and the relative abundance of Eisenbergiella
massiliensis or B. proteoclasticus. Furthermore, there were significant
negative correlations between demyelination area and the relative
abundance of L. murinus, [Clostridium] bolteae, or E. ramulus (Fig. 5B).

The Ibal-positive area was positively correlated with the relative
abundance of Eisenbergiella massiliensis, B. proteoclasticus. Faecalibaculum
rodentium, or B. sartorii. The Ibal-positive area was negatively correlated
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Fig. 1. Effects of (R)-ketamine on the demyelination of CPZ-treated mice.

A: The protocol of the experiment. B: The MBP (myelin basic protein) staining images were taken of the area outlined by the red line box. The Ibal staining images
were taken of the area outlined by the green line box. C: The representative photos of MBP and DAPI (4’,6'-diamino-2-phenylindole) in the corpus callosum of brain
from Control + saline, CPZ + saline, CPZ + (R)-ketamine, CPZ + ANA-12, and CPZ + ANA-12/(R)-ketamine groups. D: The representative photos of Ibal and DAPI in
the corpus callosum of brain from Control + saline, CPZ + saline, CPZ + (R)-ketamine, CPZ + ANA-12, and CPZ + ANA-12/(R)-ketamine groups. E: Quantitative data
of demyelination area in the corpus callosum (one-way ANOVA: Fy4 35 = 9.402, P < 0.001). The percentage of demyelination area was determined by the calculation
[(corpus callosum area -MBP-positive area)/corpus callosum area x 100%]. *P < 0.05, **P < 0.01. F: Quantitative data of Ibal-positive area in the corpus callosum
(one-way ANOVA: F4 35 = 20.938, P < 0.001). The percentage of Ibal-positive area was determined by the calculation [(Ibal-positive area/corpus callosum area) x
100%]. G: A positive correlation (r = 0.6995, P < 0.001) between the demyelination area and Ibal-positive area from three groups. *P < 0.05, **P < 0.01, ***P <
0.001. N = 8/group. Scale bar for MBP immunostaining was 300 pm. Scale bar for Ibal immunostaining was 100 pm. ND ; no detectable. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Alpha-diversity and beta-diversity of gut microbiota.
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A: Alpha-diversity index of shannon (Kruskal-Wallis test, H = 2.795, P = 0.2472). B: Alpha-diversity index of observed_otus (Kruskal-Wallis test, H = 0.1389, P =
0.9329). C: Principal component analysis (PCA) of beta-diversity based on the OTU level, where each point represents a single sample colored by group circle,
indicated by the second principal component of 23.2% on the Y- axis and the first principal component of 47.08% on the X-axis (ANOSIM, R = 0.6231, P = 0.001). D:
Principal Coordinates Analysis (PCoA) plot based upon unweighted UniFrac distance (ANOSIM, R = 0.7128, P = 0.001). Each dot represents a single sample
indicated by a principal component of 16.02% on the X-axis and another principal component of 10.48% on the Y- axis, contributing to discrepancy among the three
groups. E: Boxplot of beta-diversity based on Unweighted Unifrac distance (ANOSIM, R = 0.7128, P = 0.001). Wilcox rank tests were performed for analysis of
significance of difference between groups. N = 8/group. ***P < 0.001. N.S.: no significant.

with L. murinus, [Clostridium] bolteae, or E. ramulus (Fig. 5B).

There were also significant positive or negative correlations among
the relative abundance of B. sartorii, Eisenbergiella massiliensis,
B. proteoclasticus, L. murinus, Faecalibaculum rodentium, P. loescheii,
B. viscericola, E. ramulus, [Clostridium] bolteae (Fig. 5C).

3.6. Effects of (R)-ketamine on remyelination and microglia activation in
the CPZ-treated mice

During the last 2 weeks, CPZ food pellet was withdrawn. All mice
were fed with normal chow (Fig. 6A). (R)-ketamine or saline was
injected i.p. to mice twice per week for the last 2 weeks (Fig. 6A). After
CPZ withdrawal, spontaneous remyelination was shown in CPZ-treated
mice (Franklin and Ffrench-Constant, 2017; Torkildsen et al., 2008).
Treatment with (R)-ketamine (10 mg/kg/day, twice weekly for 2 weeks)
significantly reduced the demyelination area in the corpus callosum of
CPZ-treated mice, suggesting that (R)-ketamine can facilitate the

remyelination in CPZ-treated mice (Fig. 6B, C, E). Furthermore, (R)-
ketamine ameliorated the microglial activation in the corpus callosum
following CPZ withdrawal (Fig. 6B, D, F). Collectively, (R)-ketamine
could stimulate the remyelination in the brain after CPZ withdrawal
through anti-inflammation.

4. Discussion

The main findings of this study are as follows: First, (R)-ketamine
ameliorated demyelination and microglial activation in the corpus cal-
losum of CPZ-treated mice through TrkB activation compared to saline-
treated mice. There was a positive correlation between demyelination
and microglial activation in the corpus callosum. Second, (R)-ketamine
partially normalized abnormal beta-diversity of gut microbiota of CPZ-
treated mice. The LEfSe algorithm identified the species Lactobacillu-
s intestinalis, Barnesiella viscericola, Faecalibaculum rodentium, and Pre-
votella_loescheii as specific microbial biomarkers for CPZ + (R)-ketamine
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Fig. 3. Altered composition in the gut microbiota at different levels.
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A, B: Phylum. Relative abundance distribution and the significantly changed bacteria among Control + saline, CPZ + saline, CPZ + (R)-ketamine group (Kruskal-
Wallis test, H = 9.215, P = 0.01). C, D: Genus. Relative abundance distribution and the significantly changed bacteria among the three groups. The statistical results
were in the Table S1. E, F: Species. Relative abundance distribution and the significantly changed bacteria among the three groups. N = 8/group. The statistical

results were in the Table S2. *P < 0.05; **P < 0.01 ***P < 0.001.

group. Third, (R)-ketamine improved the decreased levels of lactic acid
in the feces from CPZ-treated mice. Interestingly, there was a positive
correlation between the relative abundance of the species Eisenbergiella
massiliensis and lactic acid in the feces. Fourth, there were positive (or
negative) correlations between the relative abundance of the species

bacteria and demyelination (or microglial activation) in the brain.
Finally, (R)-ketamine significantly facilitated remyelination in the
corpus callosum after CPZ withdrawal. Collectively, (R)-ketamine could
attenuate demyelination of CPZ-treated mice through TrkB activation,
and (R)-ketamine could facilitate remyelination in the brain after CPZ
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Fig. 4. The LEfSe algorithm of gut microbiota.
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A: Cladogram (LDA score > 4.0, P < 0.05) showed the taxonomic distribution difference among Control + saline, CPZ + saline, CPZ + (R)-ketamine group, indicating
with different color region. Each successive circle represents a differentially abundant taxonomic clades at phylum, class, order, family, genus and species level from
the inner to outer rings. B: Histograms of the different abundant taxa based on the cutoff value of LDA score (logio) > 4.0 and P < 0.05 among. N = 8/group. p,

phylum; c, class; o, order; f, family; g, genus; s, species.

withdrawal. Therefore, it is likely that (R)-ketamine would be a poten-
tial therapeutic drug for MS.

Multiple lines of evidence suggest a key role of microglia in the pa-
thology of MS (Chu et al., 2018; Deng and Sriram, 2005; Gao and Tsirka,
2011; Guerrero and Sicotte, 2020; Rawji and Yong, 2013; Voet et al.,
2019). It is reported that microglial activation in the brain plays a role in
the pathological changes of CPZ-treated mice and MS patients (Clarner
et al., 2012). Depletion of microglia in the brain by BLZ945 [colony-
stimulating factor-1 receptor (CSF1R) inhibitor] attenuated demyelin-
ation in the cortex and external capsule of CPZ-treated mice (Wies
Mancini et al., 2019), suggesting a role of microglia in the demyelin-
ation. In contrast, BLZ945 failed to protect myelin or foster remyelina-
tion in myelin-rich areas such as corpus callosum (Wies Mancini et al.,
2019), indicating regional differences. Recently, we reported that
depletion of microglia in the brain by another CSF1R inhibitor PLX5622
caused abnormalities in gut microbiota in rodents (Yang et al., 2021),
suggesting that repeated treatment of CSF1R inhibitor may affect
behavioral and biological functions in animals. Therefore, it is possible
that depletion of microglia in the brain by CSF1R inhibitor and subse-
quent abnormalities in the composition of gut microbiota may affect
brain functions.

In this study, we found a positive correlation between demyelination

and microglial activation in the brain of CPZ-treated mice, supporting a
link between demyelination and microglial activation. Thus, the current
data suggest that attenuation of demyelination in the corpus callosum by
(R)-ketamine might come along with reductions of microglial activation
in the same area. We reported that (R)-ketamine could produce bene-
ficial effects in several animal models of inflammation through TrkB
activation (Fujita and Hashimoto, 2020; Fujita et al., 2021; Tan et al.,
2020; Tan et al., 2022). Furthermore, (R)-ketamine significantly atten-
uated the increases in microglial activation in the brain after a single
administration of lipopolysaccharide or cecum ligation and puncture
(Zhang et al., 2021a; Zhang et al., 2021b). Collectively, it is likely that
(R)-ketamine can produce potent anti-inflammatory actions in a variety
of models of inflammation (Wei et al., 2021a). Given the role of
microglial activation in the brain of MS patients, it is possible that (R)-
ketamine could ameliorate the demyelination of CPZ-treated mice
through its potent anti-inflammatory actions.

Increasing evidence suggests that abnormalities in gut microbiota
play a role in the pathogenesis of MS (Cantarel et al., 2015; Cekanavi-
ciute et al., 2017; Farshbafnadi et al., 2021; Ghezzi et al., 2021; Maghzi
and Weiner, 2020; Parodi and Kerlero de Rosbo, 2021; The iMSMS
Consortium, 2020). In this study, we found that (R)-ketamine could
attenuate the increased relative abundance of Eisenbergiella massiliensis
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Fig. 5. Levels of SCFAs in the fecal samples and correlations between bacterial relative abundance and SCFAs, demyelination area, and Ibal-positive area.

A: Levels of SCFAs in fecal samples from Control + saline, CPZ + saline, CPZ + (R)-ketamine groups. (one-way ANOVA, succinic acid: F 59 = 0.035, P = 0.966; lactic
acid: Fy19 = 4.173, P = 0.031; acetic acid: F5 5; = 0.687, P = 0.514; malic acid: F55; = 0.702, P = 0.507; butyric acid: F55; = 0.291, P = 0.751). B: The heat map
displayed the correlation coefficient between bacterial abundance at species level and lactic acid, demyelination area, or Ibal-positive area. *P < 0.05; **P < 0.01
***P < 0.001. C: The integrative network shown the correlations (Spearman analysis r > 0.5, P < 0.05) among lactic acid, demyelination area, Ibal-positive area, the
bacterial relative abundance that differ significantly at species level. N = 8/group. The succinic acid level of one mouse in CPZ + (R)-Ketamine group and the lactic

acid levels of two mice in CPZ + saline group were no detectable.

in the CPZ-treated mice. Furthermore, we also found positive correla-
tions between the relative abundance of Eisenbergiella massiliensis and
demyelination (or microglial marker) in the brain. A recent study
showed that the relative abundance of Eisenbergiella massiliensis was
increased in the stools of mice with ketogenic diet, compared with
normal diet (Ferrere et al., 2021). Although the precise functions of
Eisenbergiella massiliensis remain unclear, it is possible that Eisenbergiella
massiliensis or its produced metabolite(s) may play a role in the demy-
elination through neuroinflammation. Nonetheless, it is noteworthy that
(R)-ketamine could attenuate the increased relative abundance of
Eisenbergiella massiliensis in the CPZ-treated mice. Previously, we re-
ported that (R)-ketamine could ameliorate abnormal composition of gut
microbiota in mice with depression-like phenotypes (Qu et al., 2017;
Yang et al., 2017). Collectively, it is possible that gut microbiota may
play a role in the beneficial actions of (R)-ketamine (Hashimoto, 2019;

Hashimoto, 2020; Wei et al., 2021a) although further study is needed.

Increasing evidence suggests that gut microbiota might regulate
microglial functions in the brain (Abdel-Haq et al., 2019; Cryan et al.,
2019; Lynch et al., 2021; Ma et al., 2019; Wang et al., 2018; Yang et al.,
2021). A recent study shows that antibiotic-induced gut dysbiosis leads
to microglial activation in the hippocampus, resulting in impairment of
cholinergic gamma oscillation (Caliskan et al., 2021). Furthermore, a
recent study showed that microglia play a critical role in driving gut
microbiome-mediated alterations of cerebral amyloid-f deposition
(Dodiya et al., 2022). In this study, we found correlations between
microglial marker in the brain and the relative abundance of several
bacteria. For example, we found a positive correlation between relative
abundance of several microbiome (Eisenbergiella massiliensis,
B. proteoclasticus. Faecalibaculum rodentium, B. sartorii) and microglial
activation, suggesting that these microbes may play a role in the
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Fig. 6. Effects of (R)-ketamine on remyelination and microglia activation in the CPZ-treated mice.

A: The protocol of the experiment. B: The MBP (myelin basic protein) staining images were taken of the area outlined by the red line box. The Ibal staining images
were taken of the area outlined by the green line box. C: The representative photos of MBP and DAPI in the corpus callosum of brain. Scale bar: 300 ym. D: The
representative photos of Ibal and DAPI in the corpus callosum of brain. Scale bar: 100 pm. E: Quantitative data of demyelination area in the corpus callosum (one-
way ANOVA: F; 59 = 21.233, P < 0.001). The percentage of demyelination area was determined by the calculation [(corpus callosum area -MBP-positive area)/
corpus callosum area x 100%]. F: Quantitative data of Ibal-positive area in the corpus callosum (one-way ANOVA: F; 59 = 57.598, P < 0.001). The percentage of
Ibal-positive was determined by the calculation [Ibal-positive area/corpus callosum area) x 100%]. N = 10 or 11/group. **P < 0.01. ***P < 0.001. ND ; no
tietectableA (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

neuroinflammation. Recently, we reported that ingestion of Faecalibac-
ulum rodentium to Ephx2 knock-out mice showed depression-like be-
haviors through systemic inflammation (Wang et al., 2021b), consistent
with the current data. We also found a negative correlation between the
relative abundance of L. murinus and microglial activation. Since L.
murinus have anti-inflammatory action (Pan et al., 2018), this micro-
biome may play a role in the anti-inflammatory effects in CPZ-treated
mice. Taken together, it is likely that microbiome-microglia crosstalk
may play a role in the demyelination in the brain of CPZ-treated mice
through gut-microbiota—brain axis.

The current study suggests that (R)-ketamine could prevent demye-
lination in the CNS of MS patients, resulting in attenuation of clinical
symptoms in MS patients. In addition, (R)-ketamine may facilitate the
recovery of clinical symptoms in MS patients by acceleration of
remyelination. A phase 1 study demonstrated safety profile of (R)-ke-
tamine in healthy subjects, and a phase 2 study in depressed patients is
underway (Wei et al., 2021a). Therefore, it is of great interest to perform
a randomized double-blind placebo-controlled study whether (R)-keta-
mine can improve clinical symptoms in MS patients. Considering a risk
of depression in the progression of clinical symptoms in MS (Skokou
etal., 2012), it is also important to treat depression in MS patients using
the novel antidepressant (R)-ketamine (Hashimoto, 2019; Hashimoto,
2020; Wei et al., 2021a).

This study has some limitations. First, we examined the demyelin-
ation and remyelination in the corpus callosum since 0.2% CPZ diet is
known to induce demyelination in the corpus callosum, with sponta-
neous remyelination following CPZ withdrawal. In contrast, CPZ was
reported to induce demyelination in other brain regions including ce-
rebral cortex and external capsule (Wies Mancini et al., 2019). There-
fore, further study on the effects of (R)-ketamine in other brain regions is
needed. Second, (R)-ketamine is reported to stimulate phosphorylation
of TrkB, resulting in its pharmacological effects (Tan et al., 2020; Yang
et al.,, 2015; Yang et al., 2016a). In this study, we did not examine
phosphorylation of TrkB although further study is needed.

In summary, this study show that (R)-ketamine could ameliorate
demyelination of CPZ-treated mice through TrkB activation, and that it
could facilitate remyelination after CPZ withdrawal. Therefore, it is
likely that (R)-ketamine would be a new therapeutic drug for MS pa-
tients. Finally, it is possible that gut-microbiome-microglia crosstalk
might play a role in the beneficial effects of (R)-ketamine in the CPZ-
treated model of MS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2022.105635.
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Abstract

Increasing epidemiological evidence shows that the use of cannabis during adolescence could increase the risk for psychosis
in adulthood. However, the precise mechanisms underlying long-lasting cannabis-induced risk for psychosis remain unclear.
Accumulating evidence suggests the role of gut microbiota in the pathogenesis of psychiatric disorders. Here, we examined
whether gut microbiota plays a role in the risk for psychosis of adult after exposure of cannabinoid (CB) receptor agonist
WINS5,212-2 during adolescence. Repeated administration of WIN55,212-2 (2 mg/kg/day) during adolescence (P35-P45)
significantly increased the expression of Ibal (ionized calcium-binding adapter molecule 1) in the medial prefrontal cortex
(mPFC) and nucleus accumbens (NAc) of adult mice after administration of lipopolysaccharide (LPS: 0.5 mg/kg). In contrast,
there were no changes in blood levels of pro-inflammatory cytokines between the two groups. Although alpha-diversity and
beta-diversity of gut microbiota were no differences between the two groups, there were several microbes altered between
the two groups. Interestingly, there were significant correlations between the relative abundance of microbiota and Ibal
expression in the mPFC and NAc. Furthermore, there were also significant correlations between the relative abundance of
microbiota and several metabolites in the blood. These findings suggest that gut microbiota may play a role in the microglial
activation in the mPFC and NAc of adult mice after repeated WINS55,212-2 exposure during adolescence. Therefore, it is
likely that gut-microbiota—microglia crosstalk might play a role in increased risk for psychosis in adults with cannabis use
during adolescence.

Keywords Adolescence - Cannabis - Gut microbiota - Inflammation - Microglia

Introduction

Cannabis, the most widely used addictive drug in the world,
has pronounced effects on the developing adolescent brain,
with 42% of United State (U.S.) adolescents reporting mari-
juana use before age 18 [1]. Adolescent cannabis consump-
tion contributes to the risk of multiple harmful outcomes,
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including the effects of short-term use (i.e., reduced short-
term memory and motor coordination disorders, reduced
judgment sensitivity, paranoia, and psychosis) and the
effects of long-term or heavy use (i.e., addiction, altered
neurodevelopment, cognitive impairment, and increased risk
of chronic psychosis) [2]. Epidemiological evidence shows
that the use of cannabis during adolescence is a risk factor
for the onset of psychiatric disorders such as schizophrenia
in adulthood [3-7]. A meta-analysis showed an association
of cannabis use in adolescence and risk of depression, anxi-
ety, and suicidality in young adulthood [8]. A linear mixed-
effects model analysis using magnetic resonance images
from 799 participants showed that cannabis use during ado-
lescence was associated with accelerated age-related corti-
cal thinning from 14 to 19 years of age in predominantly
prefrontal regions [9]. Collectively, it is well recognized that
adolescence is particularly vulnerable to the adverse effects
of abused drugs including cannabis [10-13]. Although the
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use of cannabis during adolescence could disrupt normal
brain development, the precise mechanisms underlying the
long-lasting consequences of adolescent exposure to can-
nabis remain unclear.

The cannabinoid system involves two types of cannabi-
noid receptors (CB1 and CB2 receptors), and it acts as cru-
cial neuromodulator in the central nervous system (CNS)
[14, 15]. Furthermore, synthetic cannabinoids have been
related with psychosis and psychosis-like conditions [16],
and exogenous cannabinoid agonists, administered during
adolescence to rodents or non-human primates, produce
schizophrenia-like behaviors in adulthood [17-19]. The
synthetic cannabinoid WINS55,212-2 is a potent CB recep-
tor agonist with Ki of 62.3 nM (human recombinant CB1)
and 3.3 nM (human recombinant CB2) [20]. Cass et al.
[17] reported that exposure to WIN55,212-2 during early
and mild adolescence (P35-P45) impaired the maturation
of y-aminobutyric acid (GABA) function in the prefron-
tal cortex (PFC) of rat brain, resulting in the long-lasting
cognitive deficits resulting from early cannabis exposure.
Subsequently, we reported that the repeated exposure of
WINS5,212-2 during adolescence (P35-P45) could increase
methamphetamine-induced hyperlocomotion in adulthood
(P70-P74) through activation of brain-derived neurotrophic
factor (BDNF) and its receptor TrkB signaling in the nucleus
accumbens (NAc) [21]. Collectively, it is likely that canna-
bis exposure during adolescence might increase the risk for
psychosis in adulthood.

Accumulating evidence suggests that gut—microbi-
ota—brain axis plays an important role in the pathophysiol-
ogy of a number of psychiatric disorders such as schizo-
phrenia [22-26]. Interestingly, gut—microbiota—brain axis
as a regulator of the reward process has been demonstrated
[27]. However, there are no articles reporting the role of
gut microbiota in the risk for psychosis in adulthood after
exposure to cannabis during adolescence.

The present study was performed to investigate whether
gut—-microbiota—brain axis plays a role in the risk for psy-
chosis in adulthood after repeated exposure of WIN55,212-2
during adolescence. First, we examined whether repeated
exposure of WINS55,212-2 during adolescence (P35-P45)
can affect the composition of gut microbiota in adulthood
(P70). Next, we examined the effects of lipopolysaccha-
ride (LPS)-induced inflammation on blood levels of pro-
inflammatory cytokines [i.e., interleukin-6 (IL-6), tumor
necrosis factor-o (TNF-a)] and microglial activation in
the brain regions [i.e., medial prefrontal cortex (mPFC),
hippocampus, NAc] of adult mice after repeated exposure
of WINS55,212-2 during adolescence. Furthermore, we
performed metabolomics analysis of blood samples since
gut microbiota play a role in the production of a number
of metabolites including short-chain fatty acids (SCFAs).
Finally, we examined the correlations between the relative
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abundance of microbes and metabolites, blood levels of
cytokines, or microglial activation in the brain regions.

Methods
Animals

Male C57BL/6 mice (age: 5 weeks old, body weight
17-20 g; Japan SLC, Inc., Hamamatsu, Japan) were kept at
monitored temperature with a 12-h light/dark cycle (lights
turn on between 7:00 and 19:00) at a fixed room tempera-
ture of 23 °C and relative humidity of 55 +5%, food and
water available as needed. The experimental protocol used
in our research was supported by the Institutional Animal
Care and Use Committee of Chiba University (permission
number 3-356).

Drugs

(R)-(+)-WINS55,212-2 mesylate salt (Selleck Chemi-
cals, Tokyo, Japan) was dissolved in physiological saline
containing 1% dimethylsulfoxide (DMSO). The dose of
WINS55,212-2 (2 mg/kg) was selected as reported previ-
ously [17, 21]. Lipopolysaccharide (LPS) was purchased
from Sigma-Aldrich Corporation (Tokyo, Japan).

Exposure of WIN55,212-2 during adolescence
and collection of samples

Mice were randomized assigned to the two groups.
WINS55,212-2 (2 mg/kg/day) or vehicle (10 ml/kg/day) was
administered intraperitoneally to adolescent mice from post-
natal day 35 to postnatal day 45 (P35-P45) (Fig. 1A), as
reported previously [17, 21].

Fresh fecal samples were collected at approximately 10
a.m. to prevent the influence of circadian rhythm effect on
the microbiota in adulthood (P70). All fecal samples were
quickly frozen in liquid nitrogen and stored at —80 °C until
the assay of gut microbiota.

Subsequently, all mice were given intraperitoneal injec-
tions of LPS (0.5 mg/kg), as reported previously (Fig. 1A)
[28-31]. Twenty-four hours after LPS injection, mice were
deeply anesthetized with inhaled isoflurane (5%). Blood
samples were obtained by cardiac puncture and collected
into tubes containing ethylenediaminetetraacetic acid
(EDTA), and plasma was acquired by centrifugation at
3000 g for 5 min at 4 °C and stored at —80 °C. Subsequently,
the bilateral medial prefrontal cortex (mPFC), nucleus
accumbens (NAc), and hippocampus were rapidly isolated
on ice and stored at —80 °C prior to analysis (Fig. 1A).
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Fig.1 Experimental schedule and the expression of microglial
marker in the brain. A Experimental schedule. Vehicle (10 ml/kg/day)
or WINS55,212-2 (2 mg/kg/day) was administered i.p. into mice from
P35 to P45. On P70, fresh fecal samples were collected before LPS
(0.5 mg/kg) administration. B, C, D Western blot analysis of ionized

Measurement of plasma levels of pro-inflammatory
cytokines

Plasma levels of IL-6 (Cat Number: 88- 7064, Invitrogen,
Camarillo, CA, USA) and TNF-a (Cat Number: 88—-7324,
Invitrogen, Camarillo, CA, USA) were measured using
commercial ELISA kits, according to the manufacturer’s
instructions.

Western blot analysis of Iba1 in the brain regions

Western blot analysis was performed as previously reported
[32-37]. The obtained tissues were milled in frozen Lae-
mmli lysis buffer, centrifuged with 3000 x g (RCF) for
10 min at 4 °C, and the supernatant was gathered. The
protein concentration of each sample was determined with
the DC protein assay kit (Bio-Rad, Hercules, CA) and bal-
anced with sample buffer (125 mM Tris/HCI (pH 6.8), 20%
glycerol, 0.1% bromophenol blue, 10% p-mercaptoethanol,
4% sodium dodecyl sulfate) for 10 min, 95 °C. 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) gels (Mini-PROTEAN® TGX™ precast gels; Bio-
Rad) was utilized to separate target proteins (correspond-
ing to molecular weight), followed by electrotransferred to

calcium-binding adapter molecule 1 (Ibal) and fB-actin in the medial
prefrontal cortex (mPFC), nucleus accumbens (NAc) and hippocam-
pus. The values represent the mean+ S.E.M. Unpaired Student’s 7-test
(n=9). *P<0.05, N.S. not significant

polyvinylidene difluoride (PVDF) membrane with Trans
Blot Mini Cell (Bio-Rad). The membrane was subjected to
5% non-fat milk powder and 0.1% Tween 20 in TBS solu-
tion for 60 min, and the corresponding primary antibod-
ies were proceeded to incubation. Ibal (1:1000, Cat No.
016-20,001, 1 pg/mL, FUJIFILM, Tokyo, Japan) or B-actin
(1:10,000; Cat no.: A5441 Sigma-Aldrich Co., Ltd, St Louis,
MO, USA) was incubated at 4 °C, overnight, followed by
incubated with indicated secondary antibody (1:5000) for
1 h. Bands were excited with an enhanced chemilumines-
cence (ECL) kit and the ChemiDoc™ Touch Imaging Sys-
tem (170-01,401; Bio-Rad Laboratories, Hercules, CA) was
utilized to quantify the bands.

16S rRNA gene amplicon sequencing and data
processing

DNA extraction from fecal samples and 16S rRNA data
analysis were performed at MyMetagenome Co, Ltd.
(Tokyo, Japan) as reported previously [37-42]. Briefly,
the common primer 27Fmod (5'-AGRGTTTGATYMTGG
CTCAG-3") and 338R (5'-TGCTGCCTCCCGTAGGAG
T-3") were used to amplify the V1-V2 region of the bacte-
rial 16S rRNA gene by polymerase chain reaction (PCR).
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Amplicons were sequenced using the MiSeq System (Il1lu-
mina). The 16 s rRNA sequencing data have been deposited
to the NCBI Sequence Read Archive and are available at the
accession number PRINA773659.

Alpha diversity was assessed according to Observed_
OTU, Chaol, ACE, and Shannon index, estimated from
the gene profile of each sample, while beta diversity was
estimated by calculating the weighted Unifrac distance
between samples. Differences in bacterial taxa between the
two groups at the genus level were calculated via linear dis-
criminant analysis (LDA) effect size (LEfSe) using LEfSe
software (LDA score> 3.0, P <0.05) [43].

To determine the genomic potential of these two groups,
we computationally predicted the metagenome using PIC-
RUSt 2 [44]. Welch's t-test identified pathways with sig-
nificant abundance differences between the two groups. To
correct for multiple testing, the Storey FDR (false discov-
ery rate) method was used simultaneously. We also applied
STAMP [45] software (v2.1.3) for statistical analysis and
visualization of significant difference pathways.

Measurement of short-chain fatty acids (SCFAs)

Quantification of short-chain fatty acids (acetic acid, pro-
pionic acid, butyric acid, succinic acid, and lactic acid)
in the fecal samples was determined by gas chromatogra-
phy at TechnoSuruga Laboratories Ltd. (Shizuoka, Japan),
as reported previously [37, 38, 42, 46, 47].

Metabolomics analysis of plasma samples and data
preprocessing

Metabolomics analysis was performed using an ExionLC
AD UPLC system (SCIEX, Tokyo, Japan) interfaced with
an X500R LC-QToFMS system (SCIEX, Tokyo, Japan) with
electrospray ionization (ESI) operating in positive and nega-
tive ionization mode. First, 100 pL of methanol containing
internal standards (100 pM N, N-diethyl-2-phenylacetamide
and d-camphor-10-sulfonic acid) was added into the plasma
samples (100 pL), and then samples were centrifuged at
14,000 X rpm for 5 min. After centrifugation, the superna-
tant was transferred to an Amicon® Ultra-0.5 3 kDa filter
column (Merck Millipore, Tokyo, Japan) and centrifuged
at 14,000 X rpm for 1 h. The filtrate was transferred to glass
vials for subsequent analysis.

The metabolome data were analyzed by Mass Spectrom-
etry—Data Independent Analysis (MS-DIAL) software
version 4.60 [48] and R statistical environment Ver 4.0.5.
Metabolites were detected at least 50% from the analyzed
samples and the coefficient of variation (CV) values of
30% of metabolites in pooled QC samples, and annotation
level 2 proposed by Schymanski et al. [49] were used for
data analysis. Since we used plasma samples to measure
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pro-inflammatory cytokines, the remaining sample size was
insufficient. Therefore, we performed metabolomics analysis
for seven samples from each group.

Statistical analysis

The data were expressed as the mean + the standard error of
the mean (SEM). Statistical analyses were performed using
unpaired Student’s #-test or Wilcoxon rank sum tests. For
beta-diversity analysis, statistically significant differences
between the groups were made with analysis of similari-
ties (ANOSIM). Spearman rank correlation test was used to
evaluate the correlations between bacterial taxa, SCFAs, and
Ibal levels in the different brain regions. P values below 0.05
or less were considered statistically significant.

For multivariate analysis of the metabolome data, orthog-
onal partial least squares discriminant analysis (OPLS-DA)
was performed in Simca-P V.14.0 (Umetrics AB). Metabo-
lites with variable importance in the projection (VIP) of > 1,
P value < 0.05 (Wilcoxon rank-sum test) were regarded as
differentially abundant.

Results

Effects of adolescent WIN55,212-2 exposure
on the expression of microglial marker in the brain
regions of adult mice after LPS administration

Western blot analysis of microglial marker Ibal in the
mPFC, NAc, and hippocampus of adult mice after LPS
administration was performed. Expression of Ibal in the
mPFC and NAc of WINS55,212-2-treated group was sig-
nificantly higher than that of control group whereas the
expression of Ibal in the hippocampus was not different
between the two groups (Fig. 1B-D). In contrast, there were
no changes in plasma levels of pro-inflammatory cytokines
(IL-6 and TNF-a) between the two groups (Fig. S1). These
data suggest that repeated WINS55,212-2 exposure during
adolescence could enhance LPS-induced microglial activa-
tion in the mPFC and NAc of adult mice.

Composition of gut microbiota

There were no significant changes in a-diversity, includ-
ing Observed_OTUs, Chaol, ACE, and Shannon between
the two groups (Fig. S2A-D). For p-diversity, PCoA based
on the weighted UniFrac distance matrix was performed to
assess changes in community composition. Although the
community of WIN55,212-2 group was deviated from the
vehicle group in terms of overall microbiome structure, there
were no statistical differences (Fig. S2E).
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The relative abundance of the phylum Firmicutes was
63.4% in the vehicle group and 56.6% in the WIN55,212-2
group, respectively. Bacteroidetes is the second most abun-
dant phylum, with a relative abundance of 35.1% in the
vehicle group and 42.0% in the WIN55,212-2 group (Fig.
S3A). At the genus level, Lactobacillus was predominant,
with a relative abundance of 24.0% in the vehicle group and
30.5% in the WIN55,212-2 group, followed by Eisenber-
giella, which represented 23.1% in the vehicle group and
11.6% in the WIN55,212-2 group, respectively (Fig. S3B).
At the species level, the two groups had distinctly different
microbiome compositions. The two most abundant bacte-
ria in the vehicle group were Eisenbergiella massiliensis
(23.1%) and Lactobacillus murinus (10.1%); however, the
two highest bacteria in the WINS55,212-2 group were Lac-
tobacillus taiwanensis (14.5%) and Eisenbergiella massil-
iensis (11.6%) (Fig. S3C).

LEfSe was conducted to identify microbial biomarkers
at different classification levels between the two groups. We
identified 5 microbial biomarkers such as the genus Absiella,
Gabonia, Prevotella, Fusicatenibacter, and Rikenella were
more abundant in the WINS55,212-2 group in comparison
with the vehicle group (Fig. 2A and B). In contrast, 2 micro-
bial biomarkers such as the genus Cuneatibacter and Eisen-
bergiella showed higher abundance in the vehicle group
compared to the WINS55,212-2 group (Fig. 2A and B).

Taxonomic signatures of the gut microbiota

The association of bacteria with WIN55,212-2 treatment
was assessed by comparing the relative abundance of differ-
ent microbiota levels between the two groups. At the phylum
level, the relative abundance of the phylum Verrucomicrobia
in the WIN55,212-2 group was 0%, which was significantly
lower than that in the vehicle group, with a relative abun-
dance of 0.02% (Fig. 3A).

The genus Acetoanaerobium, Dehalobacter,
Desnuesiella, Jeotgalibacillus, Lysobacter, Mobilitalea,
Prevotella, Rikenella, and Thermosyntropha had signifi-
cantly higher relative abundance in the WIN55,212-2 group
than the vehicle group (Fig. 3B). In contrast, the relative

Fig.2 LEfSe analysis of gut
microbiota. A Evolutionary
branching diagram obtained
from LEfSe analysis. B The
histogram shows the overrepre-
sented taxa with LDA score of
3.0 or higher. Wilcoxon rank-
sum test (n=9). LDA linear
discriminant analysis, LEfSe
linear discriminant analysis
effect size, V.S not significant.
WIN WIN55,212-2

abundance of 8 genera, including Adlercreutzia, Akkerman-
sia, Dorea, Eisenbergiella, Gellertiella, Hungatella, Photo-
bacterium, and Phyllobacterium in the WIN55,212-2 group
was significantly lower than the vehicle group (Fig. 3B).

At the species level, 14 taxa including Prevotella baro-
niae, Clostridium bolteae, Rikenella microfusus, Prevotella
dentasini, Butyricicoccus faecihominis, Desnuesiella massil-
iensis, Blautia hydrogenotrophica, Mobilitalea sibirica,
Acetoanaerobium sticklandii, Jeotgalibacillus malaysiensis,
Thermosyntropha tengcongensis, Paraprevotella xylaniph-
ila, Lysobacter oligotrophicus, and Dehalobacter restrictus,
were higher abundances in the WIN55,212-2 group than
the vehicle group (Fig. 3C). In contrast, 9 taxa including
Eisenbergiella massiliensis, Dorea formicigenerans, Hun-
gatella hathewayi, Adlercreutzia muris, Blautia hominis,
Gellertiella hungarica, Photobacterium damselae, Phyllo-
bacterium loti, and Akkermansia muciniphila were lower
abundances in the WIN55,212-2 group than the vehicle
group (Fig. 3C).

The concentration of fecal SCFAs and its association
with the relative abundance of taxa

There were no significant differences in the concentrations
of SCFAs (i.e., acetic acid, lactic acid, N-butyric acid, pro-
pionic acid, and succinic acid) between the two groups (Fig.
S4A). Next, we performed a correlation analysis between
the relative abundance of bacterial species and the concen-
tration of fecal SCFAs. We found significant associations
between the relative abundance of several bacteria and the
concentration of fecal SCFAs levels (absolute r value > 0.6,
P<0.05) (Fig. S4B).

Metabolomic analysis of plasma samples

Given the interaction between the gut microbiome and host
metabolism, we conducted a non-targeted metabolomics
analysis of plasma samples from the two groups. After
quality control and removal of low-abundance peaks, a
subset of 153 metabolites was annotated. The OPLS-DA
showed that the metabolic composition of WIN55,212-2
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Fig.3 Effects of adolescent WIN 55,212-2 exposure on the taxo-
nomic abundance of intestinal bacteria in the adult mice. A There was
significant difference in the relative abundance of the phylum Verru-
comicrobia between the two groups. B There were significant differ-
ent in the relative abundance of 17 bacteria at the genus level between
the two groups. C There were significant different in the relative

group was significantly deviated from that of the vehicle
group (Fig. S5). After thresholding the metabolites (VIP
value > 1.0, Wilcoxon rank P value <0.05), we identified
7 metabolites altered between the two groups (Fig. 4A).
The seven metabolites increased in the WIN55,212-2
group were allylamine, glutamate-glutamine (Glu-Gln),
glycerophosphocholine, L-glutamine, L-threoninamide,
propynoic acid, and trifluoroacetic acid (Fig. 4B).
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abundance of 23 bacteria at the species level between the two groups.
The relative abundance data of microbiomes were transformed with
log2. The box plot represents the 25th—75th quartiles, the line inside
the box represents the median, and the vertical lines outside represent
the maximum and minimum values. Wilcoxon rank-sum test (n=9)
*Prpr <0.05

Associations between the gut microbiota
and plasma metabolites

Spearman correlation analysis was adopted to investigate
the correlation between the species and the seven metabo-
lites (Fig. 4C). There were significant correlations between
the relative abundance of several bacteria and the metabo-
lites in the two groups (Fig. 4C). Glu-Gln, a diamino acid
composed of glutamate and glutamine, was elevated in
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the WINS55,212-2 group and negatively correlated with
the WINS55,212-2-depleted species Akkermansia mucin-
iphila (R=-0.55, P=0.042) (Fig. 4C and D), but posi-
tively correlated with the WINS55,212-2-enriched species
Prevotella dentasini (R=0.55, P=0.043) (Fig. 4C and D).
Increased abundance of Clostridium bolteae (observed in
the WINS55,212-2 group) was positively correlated with
glycerophosphocholine (R=0.59, P=0.026) and L-glu-
tamine (R=0.59, P=0.027) (Fig. 4C and D). Akkermansia
muciniphila, the species decreased in WINS55,212-2 group,
was negatively correlated with glycerophosphocholine
(R=-0.61, P=0.021) (Fig. 4C and D).

Associations of microbiome taxa and metabolites
with Iba1 expression in the brain regions

To further understand whether WIN55,212—2-related taxa
and metabolites contribute to Ibal expression in the mPFC
and NAc, we tested their correlations using Spearman cor-
relation. The fecal microbes and metabolites differentially
abundant in the two groups exhibited more associations with
Ibal expression in the mPFC (Fig. 5A). Several bacteria
including Eisenbergiella massiliensis, Dorea formicigener-
ans, Phyllobacterium loti, and Gellertiella hungarica were
negatively correlated with Ibal expression in the mPFC
(Fig. 5A). In contrast, several bacteria including Prevotella
baroniae, Rikenella microfusus, Lysobacter oligotrophi-
cus, and Dehalobacter restrictus were positively correlated
with Ibal expression in the mPFC (Fig. 5A). Interestingly,
Phyllobacterium loti and Gellertiella hungarica, were also
negatively correlated with the Ibal expression in the NAc
(Fig. 5A). Furthermore, trifluoroacetic acid enriched in
WINS55,212-2 group had suggestive correlation with the
Ibal expression in the NAc (Fig. 5A). The data suggest that
several bacteria might regulate microglial activation in the
mPFC and NAc of adult mice through gut—microbiota—brain
axis.

Predicting functional changes in the gut microbiota

To understand the gut microbial functions associated with
adolescent WIN55,212-2 exposure, we used PICRUSt2 to
infer the putative metagenome from 16S rRNA gene pro-
files and annotated using the MetaCyc metabolic pathway
database. We found 16 pathways differed (P <0.05) between
the two groups. Microbial catabolic and biosynthesis path-
ways such as pyruvate fermentation to propanoate I, super-
pathway of UDP-N-acetylglucosamine-derived O-antigen
building blocks biosynthesis, thiazole biosynthesis I (fac-
ultative anaerobic bacteria) were present at higher levels in
the WINS5,212-2 group than the vehicle group. In contrast,
the adenine and adenosine salvage III pathway was more
abundant in the vehicle group than the WIN55,212-2 group.

The remaining 12 pathways were obviously enriched in the
WINS55,212-2 group, but the effect size (difference of mean
between groups) was minimal (Fig. 5B).

Discussion

The major findings of the present study are as follows: First,
LPS significantly increased the expression of Ibal in the
mPFC and NAc of adult mice after repeated WIN55,212-2
exposure during adolescence compared to vehicle exposure
during adolescence. In contrast, LPS-induced increases in
the plasma IL-6 and TNF-a were not different between the
two groups. Second, several bacteria at genus and species
levels were significantly different between the two groups.
Third, levels of SCFAs in the feces samples were similar in
the two groups. However, there were correlations between
the relative abundance of microbiome and levels of SCFAs.
Fourth, metabolomics analysis of plasma samples showed
higher levels of several metabolites in the WIN55,212-2-
treated group than vehicle-treated group. Fifth, there were
positive (or negative) correlations between the relative abun-
dance of microbiome and metabolites. Interestingly, the rela-
tive abundance of microbiome was significantly associated
with Ibal expression in the mPFC and NAc. Finally, several
pathways were different between the two groups. Taken
together, repeated exposure of WIN55,212-2 during ado-
lescence could produce long-lasting alterations in gut micro-
biota and LPS-induced microglial activation in the mPFC
and NAc of adult mice.

Repeated administration of WINS55,212-2 during early
(P35-P40) and mid- (P40-P45) adolescence was reported to
produce an enduring state of frequency-dependent prefrontal
disinhibition in adulthood [17], suggesting that early and
mid-adolescence (P35-P45) is a critical period. Here, we
found that repeated administration of WINS55,212-2 during
adolescence (P35-P45) caused a marked increase of Ibal
expression in the mPFC and NAc of adult mice after LPS
administration. We previously reported that repeated admin-
istration of WINS55,212-2 during adolescence (P35-P45)
caused a marked increase of methamphetamine-induced
hyperlocomotion in adulthood [21]. Collectively, it is likely
that repeated stimulation of CB receptor during adolescence
could produce long-lasting vulnerability to neuroinflamma-
tion in the specific brain regions such as mPFC and NAc of
adult brain.

In this study, we found higher abundance of the domi-
nant enrichment bacterium Clostridium bolteae in the
WINS55,212-2 group than the vehicle group. Clostridium
bolteae has been associated with a number of inflammatory
diseases such as autism spectrum disorder, multiple sclero-
sis, neuromyelitis optica spectrum disorder, insulin resist-
ance, and dyslipidemia [50-52]. Interestingly, Clostridium
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bolteae was also associated with the induction of Th17 abundance of Clostridium bolteae in the WIN55,212-2
cells [52, 53], suggesting a role of inflammatory actions  group might contribute to neuroinflammation through acti-
of Clostridium bolteae. Collectively, it seems that higher  vation of Th17 signaling although further study is needed.
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«Fig.4 Effects of adolescent WIN 55,212-2 exposure on plasma
metabolites in the adult mice. A Volcano plot shows the differen-
tial metabolites between the two groups. The X-axis indicates the
log2-transformed plasma metabolite abundance of fold change, and
the y-axis indicates the —logl0O-transformed P value using the Wil-
coxon rank-sum test. Horizontal lines indicate P <0.05. Metabo-
lites with increased or decreased metabolites are marked in red and
blue, respectively. The size of the dot represents the size of the VIP
value. Metabolites with P <0.05 and VIP> 1.0 are marked in text. B
Changes in metabolic characteristics associated with WIN 55,212-2
group (the relative abundance data of metabolites were transformed
with log2, Wilcoxon Rank sum test). C Spearman correlation
between WINS55,212-2-associated bacteria and WINS55,212-2-asso-
ciated plasma metabolites. D Representative taxon—metabolite cor-
relation diagram. *Ppp, <0.05, #P<0.05, #¥P<0.01. VIP variable
importance in projection

Furthermore, we found lower abundance of Eisenber-
giella massiliensis in the WINS55,212-2 group than the
vehicle group. Although detailed functions of Eisenber-
giella massiliensis is currently unclear, a recent study
showed increased abundance of this bacteria in the stools of
ketogenic diet fed mice [54]. In addition, there was signifi-
cantly difference in the abundance of Eisenbergiella massil-
iensis between depressed patients and healthy controls [55].
In this study, we found a negative correlation between the
relative abundance of Eisenbergiella massiliensis and the
expression of Ibal in the mPFC. Collectively, it is possible
that Eisenbergiella massiliensis may have anti-inflammatory
effects in the host.

Erny et al. [56] reported that germ-free mice showed
global defects in microglia with altered cell proportions and
an immature phenotype, leading to impaired innate immune
response. Furthermore, SCFAs, microbiota-derived prod-
ucts, regulated homeostasis of microglia. The study sug-
gests that gut microbiota in the host are crucial for micro-
glia maturation and activation during health and diseases
such as psychiatric and neurological disorders [56]. In this
study, we also found a negative correlation between the rela-
tive abundance of Dorea formicigenerans and the expres-
sion of Ibal in the mPFC. In addition, Phyllobacterium loti
and Gellertiella hungarica were negatively correlated with
Ibal expression in the mPFC and NAc. Given the role of
gut—-microbiota—microglia crosstalk in the body [56-58],
it seems that these bacteria might contribute to neuroin-
flammation by microglial activation in the brain through
gut—microbiota—brain axis.

In this study, we found 7 metabolites increased in the
WINS55,212-2 group compared to the vehicle group.
Although detailed functions of these metabolites are
unknown, it seems that increased levels of these metabolites
may contribute to risk for psychosis in adult after adolescent
WINSS5,212-2 exposure. Interestingly, several bacteria were
positively (or negatively) correlated with WINS5,212-2-en-
riched plasma metabolites, such as glycerophosphocholine,

L-glutamine, L-threoninamide, trifluoroacetic acid, and
propynoic acid. For example, there was a positive correla-
tion between the relative abundance of Clostridium bolteae
and glycerophosphocholine. A recent study showed that
glycerophosphocholine may be a novel and specific marker
for visceral fat-related peripheral inflammation [59]. Given
the inflammatory role of glycerophosphocholine, it is pos-
sible that increased levels of this metabolite may play a
role in the risk for psychosis after adolescent exposure of
WINS55,212-2.

Through the combined analysis of multi-omics data,
we found a series of host—-microbiome interactions with
potential mechanistic implications. Microorganisms in the
intestine, including Prevotella baroniae, Rikenella microfu-
susus, Lysobacter oligotrophicus, Dehalobacter restrictus,
Acetoanaerobium sticklandii, and Paraprevotella xylaniphila
were uniquely elevated in WIN55,212-2-treated mice and
positively correlated with Ibal expression in the mPFC.
Prevotella baroniae was found to be elevated in the saliva
of patients with Crohn’s disease and periodontitis [60, 61].
In contrast, Eisenbergiella massiliensis and Dorea formici-
generans were reduced in WINS55,212-2-treated mice, and
were negatively associated with Ibal levels in the mPFC. In
addition, Phyllobacterium loti, Gellertiella hungarica, and
Photobacterium damselae decreased in the WIN55,212-2
group were negatively associated with Ibal levels in the
mPFC and NAc. It is reported that Photobacterium damse-
lae was a pathogenic bacterium that may cause fatal infec-
tions such as necrotizing fasciitis [62, 63]. Taking together,
these findings suggest that these microbes may contribute
to microglial activation in the mPFc and NAc of adult brain
through gut-microbiota—brain axis.

The functional prediction of PICRUSt2 indicated that the
pyruvate fermentation to propanoate I pathway was signifi-
cantly enriched in the WINS55,212-2 group. Propionate has
been demonstrated to facilitate Treg differentiation, sup-
press Th17 differentiation [64], alter hepatic (mitochondrial)
metabolism [65], induce apoptosis in neutrophils [66], and
affect hematopoiesis and airway inflammation [67]. Fur-
thermore, elevated propionate levels have been associated
with modulation of CD4" T cell effector functions through
changes in cellular metabolism [68]. Although levels of pro-
pionate in the feces samples were not different between the
two groups, increased propionate production from pyruvate
in the WINS55,212-2 group may lead to long-lasting inflam-
mation of adult mouse brain.

In conclusion, the present study shows that abnormali-
ties in gut microbiota composition and metabolites in
adulthood after repeated exposure to WINS55,212-2 during
adolescence might play a role in the long-lasting micro-
glial activation in the mPFC and NAc of adult brain. It is
likely that gut—microbiota—microglia crosstalk might play
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Fig.5 An integrated association network representing host—microbe
interactions, gut microbiome, metabolic profiles and Ibal levels in the
brain regions. A Network revealing the association between differen-
tially abundant taxa or metabolites in the WIN 55,212-2 group and
vehicle group and Ibal expression in the mPFC and NAc, Spearman
correlation analysis (absolute correlation coefficient > 0.4), nodes rep-
resent enriched (red) or depleted (blue) features in the WIN 55,212-2

arole in increased risk for psychosis in adult with cannabis
use during adolescence. Finally, brain—gut—-microbiota axis
could be a potential prophylactic and therapeutic target for
psychosis in young adult after repeated use of cannabis
during adolescence.

@ Springer

group compared to vehicle group. The red line connecting the nodes
indicates positive correlation and the blue line indicates negative cor-
relation. Solid lines represent significant correlations (Pppg <0.05),
and dashed lines indicate suggestive correlations (P<0.05). B PIC-
RUSt2 predicted differential pathways between the WIN 55,212-2
group and vehicle group
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ABSTRACT

Depression is a high risk for osteoporosis, suggesting an association between depression and low bone mineral
density (BMD). We reported that the novel antidepressant (R)-ketamine could ameliorate the reduced BMD in the
ovariectomized (OVX) mice which is an animal model of postmenopausal osteoporosis. Given the role of gut
microbiota in depression and bone homeostasis, we examined whether gut microbiota plays a role in the
beneficial effects of (R)-ketamine in the reduced BMD of OVX mice. OVX or sham was operated for female mice.
Subsequently, saline (10 ml/kg/day, twice weekly) or (R)-ketamine (10 mg/kg/day, twice weekly) was
administered intraperitoneally into OVX or sham mice for the six weeks. The reduction of cortical BMD and total
BMD in the OVX mice was significantly ameliorated after subsequent repeated intermittent administration of (R)-
ketamine. Furthermore, there were significant changes in the a- and p-diversity between OVX + saline group and
OVX + (R)-ketamine group. There were correlations between several OTUs and cortical (or total) BMD. There
were also positive correlations between the genera Turicibacter and cortical (or total) BMD. Moreover, there were
correlations between several metabolites in blood and cortical (or total) BMD. These data suggest that (R)-ke-
tamine may ameliorate the reduced cortical BMD and total BMD in OVX mice through anti-inflammatory actions
via gut microbiota. Therefore, it is likely that (R)-ketamine would be a therapeutic drug for depressed patients
with low BMD or patients with osteoporosis.
This article is part of the Special Issue on ‘Ketamine and its Metabolites’.

1. Introduction

important to develop the novel drugs which can produce antidepressant
effects for depression in patients with osteoporosis.

The N-methyl-p-aspartate receptor (NMDAR) antagonist ketamine
has rapid-acting and sustained antidepressant actions in severe patients

Osteoporosis, the common bone disease, is characterized by low
bone mass and structural deterioration of bone tissue, leading to fragility
of the bone. It is well known that people with osteoporosis have
depression, suggesting depression as a risk factor for osteoporosis (Cizza
et al., 2009; Wu et al., 2009). Furthermore, bone mineral density (BMD)
in patients with depression is lower than that of subjects without
depression (Schweiger et al., 2016; Yirmiya et al., 2009), suggesting
depression as a risk factor for low BMD. Interestingly, the use of anti-
depressants such as selective serotonin reuptake inhibitors (SSRIs) is
associated with osteoporotic fracture in elderly peoples (Kindilien et al.,
2018; Rizzoli et al., 2012; Wadhwa et al., 2017) Therefore, it is

with depression (Bahji et al., 2021; Zhang and Hashimoto, 2019). We
demonstrated that (R)-ketamine, (R)-enantiomer of ketamine, would be
a novel antidepressant without side effects of ketamine (Hashimoto,
2019, 2020, 2022; Wei et al., 2022; Yang et al., 2015; Zhang et al.,
2014). We recently reported that (R)-ketamine significantly ameliorated
plasma receptor activator of NF-kB ligand (RANKL) levels and osteo-
protegerin (OPG)/RANKL ratio in mice with depression-like phenotypes
(Xiong et al., 2019; Zhang et al., 2018). Furthermore, (R)-ketamine
significantly attenuated the reduction of cortical BMD and total BMD in
mice with depression-like phenotypes (Xiong et al., 2019) and
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Abbreviation

ANOSIM analysis of similarities
BMD bone mineral density

ESI electrospray ionization
IFN-y interferon gamma

IL-6 interleukin-6

1L-8 interleukin-8

NCG N-carbamoylglutamic acid

NF-kB  nuclear factor kappa-light-chain-enhancer of activated
B cells

NMDAR N-methyl-p-aspartate receptor

OPG osteoprotegerin

OPLS-DA orthogonal partial least squares discriminant analysis

OTU operational taxonomic units

OvVX ovariectomized

RANKL receptor activator of nuclear factor kappa-B ligand

R-KT (R)-ketamine

SCFA short-chain fatty acid

SSRI selective serotonin reuptake inhibitor
SUCNRI1 succinate receptor 1

TNF-a tumor necrosis factor o

VIP variable importance in projection

ovariectomized (OVX) mice (Fujita and Hashimoto, 2020). These find-
ings suggest that (R)-ketamine would be a potential drug for reduced
BMD and depression in patients with osteoporosis (Wei et al., 2022).
However, the precise mechanisms underlying (R)-ketamine’s beneficial
actions in OVX mouse model remain unclear.

Accumulating evidence suggests that gut microbiota plays a key role
in health and diseases such as osteoporosis (Fan et al., 2021; Seely et al.,
2021; Zhang et al., 2021). Several studies showed significant differences
in the composition of gut microbiota in patients with osteoporosis
compared to healthy control group (Xu et al., 2020; Wei et al., 2021). It
is suggested that gut microbiota play an important role in bone
remodeling and bone health maintenance through the regulation of the
immune system (Hernandez et al., 2022; Lu et al., 2021; Tu et al., 2021;
Zhong et al., 2021). Previously, we reported that abnormal composition
of gut microbiota in mice with depression-like phenotypes was amelio-
rated after subsequent single administration of (R)-ketamine (Qu et al.,
2017; Yang et al, 2017), suggesting a possible role of
gut-microbiota-brain axis for (R)-ketamine’s actions (Hashimoto, 2019,
2020; Wei et al., 2022). Given the role of gut microbiota in bone health
maintenance, it is of great interest to investigate the role of gut micro-
biota in the beneficial actions of (R)-ketamine in OVX model.

The present study was undertaken to investigate whether gut
microbiota play a role in the beneficial effects of (R)-ketamine in OVX
model. First, we examined the effects of (R)-ketamine on reduced BMD
of OVX mice. Second, we performed 16S rRNA gene amplicon
sequencing of feces samples for gut microbiota analysis. Third, we
performed the metabolomic analysis of plasma samples and measure-
ment of short-chain fatty acids (SCFAs) in fecal samples since gut
microbiota are known to play a role in the production of a number of
metabolites such as SCFAs (Agus et al., 2021; Dalile et al., 2019; Mor-
rison et al., 2016).

2. Material and methods
2.1. Animals
We obtained mice C57BL/6 (female, 8 weeks old, 16-20 g body

weight) from Japan SLC Inc. (Hamamatsu, Shizuoka, Japan). All mice
were carefully and gently kept in translucent polycarbonate cages (21 x
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30 x 22.5 cm) with 4-5 mice in each cage under automatically
controlled 12 h/12 h of illuminating light/dark cycle (lights were on
from 7:00 a.m. to 7:00 p.m.), with a constant and stable room temper-
ature settled at 23 + 1 °C and relative humidity of 55 + 5%. The
experimental procedure used in this study was approved by the Chiba
University Institutional Animal Care and Use Committee (Permission
number 2-144 and 2-389). Deep anesthesia was induced with an
inhaled form of isoflurane, and the animals were rapidly sacrificed by
the cervical dislocation method with skilled maneuvers. We did our best
to minimize the suffering of animals.

2.2. Materials

(R)-ketamine hydrochloride was prepared as previously reported
(Zhang et al., 2014). (R)-ketamine was dissolved in saline and the dose
was (10 mg/kg as hydrochloride, intraperitoneal injection) as previ-
ously reported (Fujita and Hashimoto, 2020).

2.3. Surgery, treatment and collection of samples

A total of 27 female mice were randomly and equally divided into
three groups. All female mice used in the experiments were under
isoflurane-induced anesthesia and underwent ovariectomy or sham
surgery on day 0. After the mice were anesthetized, hair on the back
below the rib was shaved, betadine was used to sterilize the surgical
area, and a 1-2 cm incision was made in the skin and muscle layer under
the rib on one side to locate the ovary, ligate the fallopian tube and
remove the ovary. The muscle layer and skin were then sutured and
disinfected. The same procedure was performed on the opposite side.
Mice in the sham-operated group underwent the same procedure, except
for ovaries removal and tubal ligation. Subsequently, (R)-ketamine (10
mg/kg/day, twice weekly) or saline (10 ml/kg/day, twice weekly) was
administered intraperitoneally (i.p.) to mice for 6 weeks (day 1-day 39).
On the morning of day 43, fresh fecal samples were collected from all
mice for 16S ribosomal RNA sequencing and short-chain fatty acids
(SCFAs) assay. On the afternoon of day 43, femur samples were collected
and maintained in 4% paraformaldehyde, 4 °C overnight, for subsequent
bone mineral density (BMD) measurements. Furthermore, plasma sam-
ples were collected and stored at —80 °C for untargeted metabolomics
analysis. On the morning of day 44, femurs were washed with phosphate
saline buffer, merged with 25%, 50%, 75%, and 100% ethanol, and
stored at 4 °C until measurement of BMD as previously reported (Fujita
and Hashimoto, 2020).

2.4. Measurement of bone mineral density (BMD)

CT imaging system (LaTheta LCT-200; Hitachi Arouca Medical,
Tokyo, Japan) was employed to determine the density of cortical,
cancellous, planar, and total bone of the femoral neck. The LaTheta
software (version 3.40) was used to measure and quantify the bone
mineral density as previously reported (Fujita and Hashimoto, 2020;
Xiong et al., 2019; Zhang et al., 2020).

2.5. 168 rRNA sequencing analysis and measurement of SCFAs

Fecal samples from all mice in this experiment were collected fresh
and stored at —80 °C immediately after collection. The extraction of
DNA from mouse fecal samples and the corresponding 16S rRNA data
analysis was conducted at MyMetagenome Co, Ltd. (Tokyo, Japan), as
previously reported (Guo et al., 2021). Sequences are available via the
National Center for Biotechnology Information Sequence Read Archive
(accession number PRINA768302). We calculated the beta-diversity of
microbial communities using the weighted UniFrac distance matrix.
Alpha-diversity was calculated ACE, and observed_OTU indices.

Quantification of SCFAs (acetic acid, propionic acid, butyric acid,
succinic acid, N-valeric acid, and lactic acid) in the fecal samples was
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measured at TechnoSuruga Laboratories Ltd. (Shizuoka, Japan), as
previously reported (Guo et al., 2021).

The software PICRUSt2 (Douglas et al., 2020) was applied to predict
the metagenomic functional compositions. Welch’s t-test was identified
pathways with significant differences of abundance between the OVX +
saline and OVX + (R)-ketamine groups. To correct for multiple testing,
the Storey FDR (false discovery rate) method was used simultaneously.
We also applied STAMP (Parks et al., 2014) software (v2.1.3) for sta-
tistical analysis and visualization of significant difference pathways.

2.6. Untargeted metabolomics analysis

Analysis was performed on an ExionL.C AD UPLC system (SCIEX,
Tokyo, Japan) interfaced with an X500R LC-QToFMS system (SCIEX,
Tokyo, Japan) with electrospray ionization (ESI) operated in both pos-
itive and negative ion modes. After adding the 100 pL methanol con-
taining internal standards (100 pM N,N-diethyl-2-phenylacetamide, and
d-camphor-10-sulfonic acid), plasma samples (100 pL) were centrifuged
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at 14000 x rpm for 5 min. After centrifuge, the supernatant was trans-
ferred to Amicon® Ultra-0.5 3 kDa filter columns (Merck Millipore,
Tokyo, Japan) and centrifuged at 14000 x rpm for 1 h. Filtrates were
transferred to glass vial for analysis.

The metabolome data was analyzed by Mass Spectrometry - Data
Independent AnaLysis (MS-DIAL) software version 4.60 (Tsugawa et al.,
2015) and R statistical environment Ver 4.0.5. In this study, metab-
olomes were detected at least 50% from the analyzed samples, and the
coefficient of variation (CV) values of 30% of metabolomes, and anno-
tation level 2 proposed by Schymanski et al. (2014) were used for data
analysis. Peak heights were nomadized by peak heights of internal
standards and locally weighted least-square regression (locally esti-
mated smoothing function, LOESS) and cubic spline with QC samples.

Orthogonal partial least squares discriminant analysis (OPLS-DA) is a
multivariate analysis model implemented in SIMCA-P (V.14.0). Signifi-
cant peaks were determined by combination of variable importance in
projection (VIP) value > 0.3 and Wilcox rank test P values < 0.05 (FDR
< 0.51).

Fig. 1. Experimental design and data of
body weight change and BMD. A:
Experimental schedule. Surgery for
sham or ovariectomy (OVX) was per-
formed on day O (Sunday). Subse-
quently, saline (10 ml/kg/day, twice
weekly) or (R)-ketamine (10 mg/kg/
day, twice weekly) was administered i.
p. to mice for 6 weeks (day 1-day 39).
In the morning of day 43, fresh fecal
samples were collected from the mice.
Then plasma samples were collected
from all mice in the afternoon of day 43.
B: Changes in body weight of three
groups of mice. There were significant
changes in body weight among the three
groups (repeated-measures ANOVA,
F(7'14, 85.691) — 13.919, P < 0.0005). C:
The representative image of femur bone
mass observed by microcomputed to-
mography (CT). (R)-ketamine amelio-
rated the femur bone loss by OVX. D:
Cortical BMD (one-way ANOVA, F(3, 24)
= 11.07, P = 0.0004). E: Total BMD
(one-way ANOVA, F(5, 24y = 10.22, P =
0.0006). F: Cancellous BMD (one-way
ANOVA, F(y, 24y = 0.41, P = 0.67). G:
Plane BMD (one-way ANOVA, F(5, 24) =
0.58, P = 0.57). The values represent
the mean + S.E.M. (n = 9). *P < 0.05,
**P < 0.01, ***P < 0.001. BMD: bone
mineral density. N.S.: not significant.
OVX: ovariectomized. R-KT: (R)-
ketamine.
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2.7. Statistical analysis

The data are expressed as the mean =+ the standard error of the mean
(SEM). Significant differences of BMD data among the three groups were
analyzed by one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparisons test. For body weight data, we used
repeated measures ANOVA. For a-diversity, SCFAs, abundances of mi-
crobial taxa, metabolite abundances analysis, the differences among the
three groups were assessed using the Kruskal-Wallis rank test, followed
by pairwise comparisons using the Wilcoxon rank-sum test with FDR
correction. For B-diversity analysis, differences between the groups were
analyzed using analysis of similarities (ANOSIM). The P-values of less
than 0.05 were considered statistically significant.
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3. Results
3.1. Effects of (R)-ketamine on reduced BMD of OVX mice

Surgery of OVX or sham was performed on day 0. Subsequently,
saline (10 ml/kg/day) or (R)-ketamine (10 mg/kg/day) was adminis-
tered to mice from day 1 to day 39 (Fig. 1A). Body weight of all mice was
increased gradually. At the third, fourth, and sixth weeks after surgery,
body weight of OVX + saline group and OVX + (R)-ketamine group was
significantly higher than that in the sham + saline group (Fig. 1B).
Representative CT images of femurs from each group were shown
(Fig. 1C). Compared to the sham + saline group, cortical BMD and total
BMD of OVX mice were significantly lower than those of sham + saline
group (Fig. 1D and E). (R)-ketamine significantly ameliorated these re-
ductions of OVX mice (Fig. 1D and E). In contrast, there were no changes
in cancellous BMD and plane BMD among the three groups (Fig. 1F and
G). The data are consistent with our previous report (Fujita and

Fig. 2. Alpha-diversity, beta-diversity
and composition of gut microbiota. A:
Observed_OTUs index (Kruskal-Wallis
test, P = 0.035). B: ACE index (Kruskal-
Wallis test, P = 0.037). C: Principal co-
ordinate analysis based on weighted
Unifrac distances (ANOSIM, R = 0.23, P
= 0.001). D: Bacterial Composition at the
phylum level. E: Bacterial Composition at
the genus level. In violin plots, the hori-
zontal dotted lines indicate median,
quartiles. The number of mice in each
group was n = 9. *P < 0.05. N.S.: not
significant. OVX: ovariectomized. R-KT:
(R)-ketamine.
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Hashimoto, 2020).

3.2. Composition of gut microbiota

For a-diversity, observed _OTUs and ACE indices in OVX + (R)-ke-
tamine were significantly greater than those in OVX + saline group
although there were no changes in these indices between sham + saline
group and OVX + saline group (Fig. 2A and B). To determine the simi-
larity (p-diversity) between microbial communities in each group, a
principal component analysis (PCoA) was performed using the weighted
UniFrac distance matrix. There were significant differences of p-di-
versity among the three groups (Fig. 2C).

Next, we specified the relative proportions of dominant taxa at the
phylum level. A total of 9 phyla were ultimately clarified in each group

A

QTU00119
QOTU02595
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(Fig. 2D). Firmicutes was the most dominant phylum with a relative
abundance of 62.7% in the sham + saline group, 66.1% in the OVX +
saline group, and 63.1% in the OVX + (R)-ketamine group. Bacteroidetes
was second dominant phylum with a relative abundance of 35.1% in the
sham + saline group, 31.3% in the OVX + saline group, and 34.3% in the
OVX + (R)-ketamine group (Fig. 2D).

We investigated the top 40 most abundant microbiome at the genus
level (Fig. 2E). The most dominant genus, Lactobacillus, was accounted
for 41.1% across all samples. Based on the Bray-Curtis difference index,
we clustered microbial community components to explore the microbial
community profiles in each group. There was significant clustering be-
tween the sham + saline group and OVX + (R)-ketamine group. In
contrast, there was no obvious clustering between the OVX + saline and
sham + saline group or OVX + (R)-ketamine group (Fig. 2D and E).
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Fig. 3. Spearman correlations between (R)-ketamine-associated gut microbiota and BMD. A: Correlations between representative OTUs with cortical BMD, total
BMD, cancellous BMD and plane BMD of the mouse femur. B: Correlations between (R)-ketamine-related genera and cortical BMD, total BMD, cancellous BMD, and
plane BMD of the mouse femur. *Prpg < 0.05, **Pgpr < 0.01, ***Prpr < 0.001. BMD: bone mineral density. OVX: ovariectomized. R-KT: (R)-ketamine.
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3.3. Correlations of gut microbiota with BMD

Considering the role of gut microbiota in bone function, we hy-
pothesized that altered gut microbiota abundances might be associated
with beneficial effects of (R)-ketamine on reduced BMD in OVX mice. In
this study, we pay attention to the gut microbiota that differed markedly
in abundance between the OVX + saline and OVX + (R)-ketamine
groups. The gut microbiota abundance in each group was then investi-
gated at the OTU and genus levels. Our results showed that 82 of 2838
OTUs and 6 of 188 genera reached statistically significant between OVX
+ saline group and OVX + (R)-ketamine group (P < 0.05, Supplemen-
tary Table 1). The distribution of the relative abundance of differential
OTUs between the OVX + saline group and OVX + (R)-ketamine group
was shown in Supplementary Fig. 1. We quantified correlations between
(R)-ketamine-related OTUs (or genera) and BMD using the Spearman
correlation method (Fig. 3A and B). We identified that the relative
abundance of 9 OTUs, including OTU00061 (Kineothrix), OTU00077
(Blautia), OTUO00220 (Faecalicatena), OTU00375 (Magnetovibrio),
OTU00397 (G undefined Ruminococcaceae), OTU00453  (Pseudo-
flavonifractor), OTU00476 (Flavonifractor), OTU00600 (Butyricicoccus),
and OTU00648 (Faecalicatena) were significantly negatively correlated
with cortical BMD and total BMD or plane BMD of the femoral neck. In
contrast, the relative abundances of 16 OTUs such as OTU00012
(Rikenella), OTU00013 (Turicibacter), OTU00015 (Gabonia), OTU00021
(Blautia), OTU00042 (Eisenbergiella), OTU00113 (Kineothrix),
OTU00129 (Eubacterium), OTU00161 (Lachnoclostridium), OTU00180
(Alkaliphilus), OTU00243 (Eisenbergiella), OTU00269 (Anaeromassiliba-
cillus), OTU00286 (Fusicatenibacter), OTU00351 (Monoglobus),
OTU00365 (Erysipelatoclostridium), OTU00547 (Lachnoclostridium), and
OTUO00778 (Oscillibacter) were significantly positively correlated with
cortical BMD and total BMD or plane BMD (Fig. 3A). At the genus level,
Turicibacter, one of the (R)-ketamine-related genera, was positively
correlated with cortical BMD (coefficient = 0.61, P = 0.0007) and total
BMD (coefficient = 0.51, P = 0.007) (Fig. 3B). These data suggest that
the genera Turicibacter may play a role in the beneficial effects of (R)-
ketamine in reduced BMD of OVX mice.

3.4. Correlations of gut microbiota with SCFAs

We measured SCFAs in these fecal samples (Supplementary Fig. 2A).
There were significant changes in succinic acid among the three groups
(Kruskal-Wallis rank test, P = 0.035). Levels of succinic acid in the OVX
+ (R)-ketamine group were significantly lower than those of sham +
saline group. In contrast, there were no changes in other SCFAs (lactic
acid, acetic acid, propionic acid, N-butyric acid, and N-valeric acid)
among the three groups (Supplementary Fig. 2A).

Interestingly, SCFAs were significantly associated with some OTUs.
Spearman correlation network (absolute value of correlation coefficient
>0.6, P < 0.05) was shown in Supplementary Fig. 2B. Specifically, the
concentration of succinic acid in mouse feces was negatively correlated
with the abundance of the following 11 OTUs, such as OTU00041
(Kineothrix), OTU00056 (Eisenbergiella), OTU00072 (Anaeromassiliba-
cillus), OTU00103 (Faecalicatena), OTU00146 (Intestinimonas),
OTU00153 (Neglecta), OTU00189 (Frisingicoccus), OTU00194 (Lachno-
clostridium), OTU00218 (Bregnakia), OTU00309 (Blautia), and
0OTU00430 (Roseburia) (Supplementary Fig. 2B). In contrast, there was a
positive correlation between OTU00003 (Lactobacillus) and succinic acid
(Supplementary Fig. 2B). Lactic acid was positively correlated with the
abundance of OTU00104 (Anaerocolumna), and acetic acid was corre-
lated with the relative abundance of OTU00020 (Bifidobacterium),
OTU00216 (Colidextribacter), OTU00361 (Anaerotignum), OTU00365
(Erysipelatoclostridium), and OTU00457 (Eubacterium). Propionic acid
was correlated with the abundance of OTUO00457 (Eubacterium),
OTUO00979 (Bacteroides), OTU01702 (Barnesiella), OTU02595 (Pre-
votella). N-valeric acid was positively correlated with the abundance of
OTUO00512 (Roseburia), but negatively correlated with the abundance of
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OTU00260 (Streptococcus) (Supplementary Fig. 2B).
3.5. Metabolomic analysis of plasma samples

To examine the interaction between gut microbiota and host meta-
bolism at the plasma metabolic level, we performed untargeted metab-
olomics analysis of plasma samples. After quality control and removal of
low-abundance peaks, a total of 199 positive ion pattern features and 73
negative ion pattern features were identified. The OPLS-DA model was
employed to represent the distribution of plasma metabolic components
in the OVX + saline group and the OVX + (R)-ketamine group. The
scatter plots of the scores of the two models are shown (Supplementary
Figs. 3A and 3B). After thresholding metabolites (VIP values > 0.3,
Wilcoxon rank P values < 0.05, FDR < 0.51), we identified a total of 24
metabolites with significant abundance differences between the OVX +
saline group and OVX + (R)-ketamine group (Fig. 4A). Includes 15
features that can be classified based on the data Human Metabolome
Database and 9 features that cannot be classified (Supplementary Table
2). Specifically, 17 metabolites were downregulated in the OVX + (R)-
ketamine group versus the OVX + saline group. These metabolites were
[(aminocarbonyl)(methyl)amino]acetic acid, 2,4-dichloro-5-ethyl-3-
methylphenol, 2,5-dimethylthiazole, 2-aminoethylphosphonate, 2-
methyl-1-butanethiol, 2-vinylthiophene, 3-methylthiophene, 9,10-dihy-
drojasmonic acid, p-alanine, dihydrouracil, pr-arginine, ethyl 3-mercap-
tobutyrate, ethyl 4-hydroxy-2-methyl-6-quinolinecarboxylate, 1-
citrulline, N-carbamoyl-glutamic acid, N-nitroethylenediamine, xi-2-
mercapto-3-methyl-1-butanol (Fig. 4A). In contrast, a total of 7 plasma
metabolites were upregulated in the OVX + (R)-ketamine group
compared to the OVX + saline group. These metabolites included 1,2,5-
oxadiazole-3,4-dicarboxylic acid, 3-(3-acetyl-2,6-dihydroxy-5-methyl-
benzyl)-4-hydroxy-5-methylfuran-2(5H)-one, 4-deoxyerythronic acid,
5-[(4-nitrobenzoyl)amino]isophthalic acid, 5-keto-p-gluconic acid, cit-
ric acid, dihydroxyacetone (Fig. 4A). Furthermore, we depicted the
abundance distribution of these metabolites across the three groups
(Supplementary Fig. 4).

Next, we investigated the correlations between the above identified
metabolites and BMD. A total of 9 plasma metabolites were significantly
associated with BMD indices in mice (Fig. 4B). Among them, 8
plasma metabolites, such as ethyl 4—hydroxy—2—methyl-6—
quinolinecarboxylate,  dihydrouracil, = 2,4—dichloro—5—ethyl—3—
methylphenol, 2—aminoethylphosphonate, 2,5—dimethylthiazole,
3—methylthiophene, 2-vinylthiophene, and N-—carbamoylglutamic
acid, were negatively correlated with the cortical BMD or total BMD
(Fig. 4B). These metabolites were classified into organic phosphonic
acids, heteroaromatic compounds, pyrimidines and pyrimidine de-
rivatives etc. In contrast, 5—[(4—nitrobenzoyl)amino]isophthalic acid
was positively correlated with total BMD (Fig. 4B).

These data suggest that metabolites including SCFAs may play a role
in the beneficial effects of (R)-ketamine on the reduced BMD of OVX
mice.

3.6. Relationships between gut microbiota and plasma metabolites

Finally, we analyzed the Spearman correlation between (R)-keta-
mine-associated microbiome and plasma metabolites (Supplementary
Fig. 5). There were Spearman correlations between the taxa and plasma
metabolites (Supplementary Fig. 5). A total of 14 (R)-ketamine-related
OTUs (relative abundance >0.1%) were significantly associated with 24
plasma metabolites (Spearman absolute rho > 0.5, P < 0.05), which
were further related to mouse femoral BMD indices (Fig. 5A). More
specifically, succinic acid, and 2 OTUs [OTU00003 (Lactobacillus), and
OTU00094 (Eubacterium)], as well as 2 plasma metabolites (1,2,5-
oxadiazole-3,4-dicarboxylic ~acid and ethyl 4—hydroxy—2—
methyl—6—quinolinecarboxylate) were significantly associated. Plasma
metabolite ethyl 4—hydroxy—2—methyl—6—quinolinecarboxylate was
negatively associated with total BMD. In addition, N-laveric acid was
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Fig. 4. Plasma metabolomic changes between OVX + saline group and OVX + (R)-ketamine group and Spearman correlations between metabolites and femoral
BMD. A: Volcano plots show the metabolite changes between OVX + saline group and OVX + (R)-ketamine group. X-axis indicates the log2-transformed plasma
metabolite abundance of fold change, and the y-axis indicates the -log10-transformed p value using the Wilcoxon rank sum test. Horizontal lines indicate p < 0-05.
Increased or decreased metabolites are marked in red and blue, respectively. The size of the dot represents the size of VIP (variable importance in projection) value.
Metabolites with P < 005 and VIP > 0-3 are marked in text. B: Correlations between (R)-ketamine-associated metabolites with cortical BMD, total BMD, cancellous
BMD and plane BMD of the mouse femur. *P < 0.05, **P < 0.01, ***P < 0.001. BMD: bone mineral density. OVX: ovariectomized. R-KT: (R)-ketamine.

associated with OTU00042 (Eisenbergiella), which was associated with
the (R)-ketamine-depleted metabolite N-carbamoylglutamic acid. N-
carbamoylglutamic acid was negatively associated with cortical BMD
and total BMD. More importantly, (R)-ketamine-enriched genera
OTU00013 (Turicibacter) and OTU00042 (Eisenbergiella) were positively
associated with both cortical BMD and total BMD, while (R)-ketamine-
depleted genus OTU00061 (Kineothrix) was negatively correlated with
cortical BMD and total BMD.

At the plasma metabolite level, five (R)-ketamine-depleted

metabolites, N-carbamoylglutamic acid (unknown), ethyl 4-hydroxy-2-
methyl-6-quinolinecarboxylate (unknown), 2-vinylthiophene (hetero-
aromatic compounds), 2-aminoethylphosphonate (organic phosphonic
acids), and 2,4-dichloro-5-ethyl-3-methylphenol (unknown) were
directly or indirectly negatively associated with BMD (Fig. 5A). The
relative abundances of the identified flora and metabolites that were
associated with BMD in the femoral neck of OVX mice across different
groups are shown (Fig. 5B and C).
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Fig. 5. An integrated association network
reflecting host-microbe interactions, relative
abundance and metabolic characteristics of
key (R)-ketamine-related OTUs in different
groups. A: Network plots were used to

investigate (R)-ketamine-associated flora
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3.7. Predicted functional pathway analysis

Prediction of metagenomic function was achieved using the PIC-
RUSt2 tool based on the MetaCyc database. In this study, a total of 27
pathways with different abundance between the OVX + saline group
and the OVX + (R)-ketamine group (P < 0.05, FDR < 0.3, difference
between means > 0.02) (Supplementary Fig. 6). In the OVX + (R)-ke-
tamine group, a total of five pathways such as glycerol degradation to
butanol, r-methionine biosynthesis III, cob(Il)yrinate a,c-diamide
biosynthesis I (early cobalt insertion), 1-lysine fermentation to acetate
and butanoate, and superpathway of fucose and rhamnose degradation

were enriched (Supplementary Fig. 6). In contrast, a total of 22 path-
ways were reduced in the OVX + (R)-ketamine group. These pathways
included hexitol fermentation to lactate, formate, ethanol and acetate,
superpathway of N-acetylneuraminate degradation, superpathway of
glycolysis and the Entner-Doudoroff pathway, superpathway of pyrim-
idine nucleobases salvage, pyruvate fermentation to acetate and lactate
11, guanosine ribonucleotides de novo biosynthesis, phosphatidylglycerol
biosynthesis II (non-plastidic), phosphatidylglycerol biosynthesis I
(plastidic), UDP-N-acetylmuramoyl-pentapeptid biosynthesis I, pepti-
doglycan biosynthesis III (mycobacteria), peptidoglycan biosynthesis I,
superpathway of phospholipid biosynthesis I (bacteria), S-adenosyl-L-
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methionine cyclel, UMP biosynthesis I, UDP-N-acetylmuramoyl-penta-
peptide biosynthesis II, adenosine ribonucleotides de novo biosynthesis,
p-galactose degradation I (Leloir pathway), coenzyme A biosynthesis I
(prokaryotic), glycolysis III (from glucose), L-lysine biosynthesis VI, -
lysine biosynthesis III, and tRNA charging pathway (Supplementary Fig.
6).

4. Discussion

The major findings of this study are as follows: First, repeated
intermittent administration of (R)-ketamine could attenuate the reduc-
tion of cortical BMD and total BMD of femoral neck from OVX mice,
consistent with our previous report (Fujita and Hashimoto, 2020). Sec-
ond, there were significant changes in a- and B-diversity among the three
groups. Furthermore, there were significant changes in the a- and f-di-
versity between OVX + saline group and OVX + (R)-ketamine group.
Third, there were correlations between several OTUs and cortical (or
total) BMD. At the OTU level, (R)-ketamine significantly attenuated the
reduced abundance of Turicibacter in the OVX mice. At the genus level,
there were positive correlations between the genera Turicibacter and
cortical (or total) BMD. Fourth, there were correlations between several
metabolites and cortical (or total) BMD. Collectively, these data suggest
that gut microbiota and microbiome-derived metabolites may play a
role in the beneficial effects of (R)-ketamine in reduced BMD of OVX
mice.

a-diversity (i.e., observed_OTUs, and ACE) of gut microbiota in OVX
+ (R)-ketamine group was significantly higher than that in OVX + saline
group, indicating that (R)-ketamine had a significant effect on gut
microbiota composition of OVX mice. Furthermore, p-diversity data
among the three groups suggest that (R)-ketamine is a driving factor for
the differential expression of structural similarity in microbial commu-
nities. Collectively, these results suggest that (R)-ketamine could lead to
improvement of intestinal flora in OVX mice, and that normalization of
abnormal composition of gut microbiota by (R)-ketamine may play a
role in the beneficial effects on reduced BMD of OVX mice.

At the phylum level, the phylum Tenericutes was significantly
reduced in OVX + (R)-ketamine group. The phylum Tenericutes was
more abundant in treatment-resistant patients with depression (Fontana
etal., 2020), suggesting that Tenericutes may be involved in the dysbiosis
of the gut microbiota in severe depression. The abundance of Tenericutes
was positively associated with pro-inflammatory cytokines (IL-6 and
TNF-a), but negatively related with insulin treatment in diabetic mice
(Li et al., 2019). Since bone loss is associated with inflammation, the
potential mechanism for the hemophilic arthropathy induced bone loss
may be the activation of TNF-a-dependent osteoclastogenesis (Haxaire
et al, 2018). Taken together, (R)-ketamine may remodel the
pro-inflammatory intestinal microenvironment, resulting in the main-
tenance of intestinal homeostasis. The genus Anaeromassilibacillus was
initially isolated and identified from the stool of a child with kwashi-
orkor (Guilhot et al., 2016). Zinc deficiency has been associated with
depression in humans and animal models of depression. In pregnant
mice on a zinc inhibitor diet, the abundance of Kiloniella was signifi-
cantly decreased, accompanied by activation of inflammatory signaling
(Sauer and Grabrucker, 2019). In this study, we found that high abun-
dance of Kiloniella was observed in (R)-ketamine + OVX group, sug-
gesting that (R)-ketamine may suppress inflammatory processes by
regulating the composition of intestinal flora. Changes in the genus
Turicibacter abundance have been associated with diseases including
inflammation and colon cancer (Zackular et al., 2013). Furthermore,
Turicibacter sanguinis colonization has been reported to modulate intes-
tinal lipid metabolism and systemic triglyceride profiles in mice, which
may be related to the relationship between SSRI use and metabolic
syndrome symptoms (Fung et al., 2019). Collectively, it seems that
(R)-ketamine might regulate the gut microbiome dysbiosis of OVX mice
although further study is needed.

We investigated potential differences in bacterial community
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structure at the OTU and genera levels between the groups, particularly
in the OVX + saline group and OVX + (R)-ketamine group. We found
that the relative abundance of the (R)-ketamine-depleted bacteria
OTUO00061 (Kineothrix) was significantly negatively correlated with
cortical (or total) BMD. In contrast, the relative abundance of the (R)-
ketamine-enriched bacteria OTU00021 (Blautia) was significantly posi-
tively correlated with cortical (or total) BMD. Of note, Liddicoat et al.
(2020) reported that the relative abundance of Kineothrix was signifi-
cantly higher in the group of mice exposed to a high biodiversity
(trace-level dust) environment and was associated with a reduction in
anxiety-like behavior in mice (Liddicoat et al., 2020). Furthermore,
Wang et al. (2017) reported that the relative abundance of Blautia varied
considerably between primary osteoporosis patients and control groups
(Wang et al., 2017). In patients with ankylosing spondylitis, the relative
abundance of Blautia was significantly upregulated (Zhang et al., 2019).
Collectively, the alterations of gut microbiota in OVX + (R)-ketamine
group are likely involved in the beneficial effects of (R)-ketamine on
reduced BMD of OVX mice, although further studies are required to
determine detailed mechanisms of gut microbiota in postmenopausal
osteopenia.

Tannahill et al. (2013) reported that succinic acid is thought to be a
deleterious metabolite in innate immune system that triggers HIF
(hypoxia inducible factor)-1a-induced IL-1p expression during inflam-
mation (Tannahill et al., 2013). In addition, Guo et al. (2017) demon-
strated that stromal cell-derived succinic acid enhances
osteoclastogenesis and bone resorption by upregulating SUCNR1 (suc-
cinate receptor 1) and stimulating NF-«B signaling in diabetic mice (Guo
et al., 2017). In this study, we found that the concentration of succinic
acid was significantly decreased in the OVX + (R)-ketamine group,
compared to sham + saline group. Give the role of succinic acid as a
metabolic signal in inflammation (Mills et al., 2014), it is likely that
reduced levels of succinic acid by (R)-ketamine may be involved in the
inflammatory process of osteoporosis of (R)-ketamine.

Circulating biomarkers are becoming clinically reliable indicators of
the status of bone metabolism. Metabolomics provides a new platform
for screening novel biomarkers for various metabolic diseases, such as
osteoporosis and diabetes (Wang et al.,, 2011; Yang et al., 2020).
(R)-ketamine-depleted metabolite 3-methylthiophene (HMDB0033119)
was negatively associated with femoral neck BMD of mice, which be-
longs to a group of organic compounds known as heteroaromatic com-
pounds, exhibited dose-dependent cytotoxic effects against breast
cancer cell lines (Baig et al., 2016). De Preter et al. (De Preter et al.,
2015) reported higher levels of 3,4-dimethylthiophene in stool samples
from patients with Crohn’s disease than in healthy controls, indicating
that it is an important metabolic biomarker of the changes associated
with inflammatory bowel disease. In our study, we detected lower
plasma levels of 3-methylthiophene in OVX + (R)-ketamine mice than in
OVX mice, and it was significantly negatively correlated with total BMD
of the mice femoral neck, suggesting that (R)-ketamine may play a role
in regulating plasma metabolites to improve the inflammatory state. In
addition, we found (R)-ketamine-depleted plasma metabolite dihy-
drouracil (HMDBO0000076), an intermediate decomposition product of
uracil. Altered levels of dihydrouracil are usually associated with
metabolic disorders. Patients with dihydropyrimidine enzyme defi-
ciency have elevated levels of dihydrouracil and exhibit various
neurological abnormalities, autistic behavior, and gastrointestinal
dysfunction (gastroesophageal reflux, recurrent vomiting) (Liu et al.,
2014). Furthermore, Wikoff et al. (2015) reported that overexpression of
5, 6-dihydrouracil is a unique metabolic characteristics of early lung
adenocarcinoma, suggesting that there is a direct relationship between
elevated 5, 6-dihydrouracil and reduced glucose levels (Wikoff et al.,
2015). In this study, we observed a significant decrease in plasma
expression levels of dihydrouracil in OVX + (R)-ketamine group, and we
also found a negative correlation between reduced dihydrouracil and
cancellous BMD in mice. Collectively, these metabolites might play a
role in the beneficial effects of (R)-ketamine in OVX mice.
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From a multi-omics perspective, Eisenbergiella was found to be 400-
fold enriched in the OVX + (R)-ketamine group compared to the OVX
+ saline group. Amir et al. (2014) initially discovered that Eisenbergiella
can produce metabolites such as butyric acid, acetic acid, lactic acid, and
succinic acid (Amir et al., 2014). Eisenbergiella exhibits correlations with
energy metabolism, amino acid, nucleotide and SCFA utilization, and its
reduction is associated with gastrointestinal disorders (functional
dyspepsia), which characterized by impaired energy metabolism and
dysbiosis of the intestinal microbiota (Luo et al., 2018). In this study, we
found that Eisenbergiella showed a positive correlation with bone mass
index (i.e., cortical BMD and total BMD) in OVX mice. Moreover, our
integrative network analysis indicated that Eisenbergiella had a negative
correlation with N-valeric acid and N-carbamoylglutamic acid. Nishida
et al. (2019) reported significantly increased concentrations of N-valeric
acid in participants who received the antidepressant Lactobacillus aga-
lactiae (CP2305), compared to placebo group (Nishida et al., 2019). As
arginine precursor, N-carbamoylglutamic acid, an essential amino acid
for juvenile animals, also plays an important role in animal growth. Sun
et al. (2019) have described the important effects of N-carbamoylglu-
tamic acid on growth, metabolism, immunity and organ morphology in
the small intestine of juvenile rabbits. Specifically, intake of N-carba-
moylglutamic acid plays an important role in nitrogen metabolism,
weight gain, and expression of the immunoglobulins IgG and IgA (Sun
et al.,, 2019). In our study, we observed a significant reduction of
N-carbamoyl glutamate in OVX mice after administration of (R)-keta-
mine, and this decrease was negatively correlated with total BMD.
Collectively, beneficial effects of (R)-ketamine on reduced BMD in OVX
mice might be modulated by gut microbes, microbiome-derived SCFAs
and metabolites although future longitudinal mechanistic studies are
needed.

Genomics focusing on the whole gene transcriptional and trans-
lational levels has identified serval validated biomarkers for osteopo-
rosis and provided elucidation from the perspective of relevant
biological pathways (Yang et al., 2020). The present study identifies the
metabolic pathways involved in the beneficial effect of (R)-ketamine on
bone loss in OVX mice from a genome-wide perspective. Vijayan et al.
(2014) reported that r-methionine alleviates bone loss in OVX rats
through inactivation of NF-kB signaling pathway in OVX rats (Vijayan
et al., 2014). Of note, .-methionine is one of the proteinogenic amino
acids and involved in many important cellular functions including
phospholipid synthesis and DNA methylation. Our study showed that
the t-methionine biosynthesis III pathway was significantly enriched in
the OVX + (R)-ketamine group. Therefore, it seems that increased
biosynthesis of r-methionine by (R)-ketamine may play a role in its
beneficial effects of reduced BMD in OVX mice.

Several genera have been shown to utilize 1-lysine as the sole source
of carbon and nitrogen for fermentation, with butyric acid and acetic
acid as the end products. 1-lysine administration had been proved to
promote intestinal Ca absorption and in turn improves renal Ca reten-
tion in human, suggesting that L-lysine products are considered to have
great potential for the prevention and treatment of osteoporosis (Civ-
itelli et al., 1992). Mineo et al. (2001) noted that SCFAs, specifically
acetic acid and butyric acid, increased net Ca absorption in the rat
cecum and colon in vitro (Mineo et al., 2001). It is known that calcium
supplementation helps to restore disorders of calcium metabolism in
postmenopausal women and that improvement in calcium homeostasis
may be associated with recovery of bone loss (Avioli, 1984). In this
study, we observed a significant increase in the enrichment of metabolic
pathway named i-lysine fermentation to acetate and butyrate in the
OVX + (R)-ketamine group, compared to the OVX + saline group. The
MetaCyc pathway analysis provides insights into several metabolic
molecular pathways in which (R)-ketamine may play a role in alleviate
OVX-mediated bone loss.

Patients with major depression are associated with low BMD, sug-
gesting a risk for osteoporosis (Cizza et al., 2010). A study using a
population-based sample demonstrated that depression score was a

Neuropharmacology 213 (2022) 109139

significant predictor of BMD at the lumbar spine and total hip in older
participants (Hlis et al., 2018). Although decreased BMD in patients with
depression is well recognized, bone loss in patients with depression is
not treated adequately. It is well known that dietary supplementation
with calcium and vitamin D could reduce bone loss in elderly people
(Dawson-Hughes et al., 1997). In addition of dietary intake of calcium
and vitamin D, it is likely that (R)-ketamine may ameliorate reduced
BMD in elderly people with depression.

This study has one limitation. Although we did not examine
depression-like behaviors in OVX mice in this study, it is reported that
OVX mice show depression-like behaviors such as increased immobility
times of tail suspension test and forced swimming test (Tantipongpiradet
et al.,, 2019). Therefore, it is likely that (R)-ketamine may improve
depression-like behaviors as well as reduced BMD in OVX mice although
further study is needed.

5. Conclusion

Our study shows that repeated intermittent administration of (R)-
ketamine could attenuate OVX-induced reduction of BMD in mice.
Furthermore, this study suggests that gut microbiota, microbes-derived
metabolites and SCFAs may be involved in the beneficial effects of (R)-
ketamine. Therefore, it is of great interest whether (R)-ketamine could
improve reduced BMD and depressive symptoms in patients with oste-
oporosis or depression.
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Abstract

Mounting evidence suggests the impact of maternal diet on the health of offspring. We reported that maternal diet of sulforaphane glucosinolate (SGS)
could prevent behavioral abnormalities in offspring after maternal immune activation. The present study was designed to investigate whether the dietary
intake of SGS during pregnancy and lactation influences the composition of gut microbiota in the offspring. The dietary intake of SGS during pregnancy
and lactation caused significant changes in the «-diversity and S-diversity of gut microbiota in 3-week-old offspring (SGS-3W group) and 10-week-old
offspring (SGS-10W group). The LEfSe algorithm identified several microbes as important phylotypes in the SGS-3W or SGS-10W groups. Predictive func-
tional metagenomes showed that the maternal intake of SGS caused several KEGG pathways alterations with respect to the genetic information processing
and metabolism. Furthermore, the plasma levels of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-«¢) in the SGS-10W group after the injection
of lipopolysaccharide (LPS: 0.5 mg/kg) were significantly lower than those of the CON-10W group. It is noteworthy that there were positive correlations
between the relative abundance of the genus Blautia and IL-6 (or TNF-«) in adult offspring. Moreover, there were sex differences of gut microbiota com-
position in offspring. In conclusion, these data suggest that the dietary intake of SGS during pregnancy and lactation might produce long-lasting beneficial
effects in adult offspring through the persistent modulation of gut microbiota. It is likely that the modulation of gut microbiota by maternal nutrition may
confer resilience versus vulnerability to stress-related psychiatric disorders in the offspring.
© 2022 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Keywords: Brain-gut-microbiota axis; Inflammation; Maternal diet; Offspring; Sex difference; Sulforaphane.

1. Introduction

The research of the Developmental Origins of Health and Dis-
ease has consolidated the hypothesis that certain components of
a woman’s diet during pregnancy exert a long-lasting impact on
the disease vulnerability of offspring [1-5]. Nutritional changes, in-
cluding caloric restriction, macronutrient intake, and micronutrient
intake, cause early life adaptations that can produce long-term ef-
fects in the offspring [5,6]. For example, a recent national birth
cohort study on 19,582 mother-offspring pairs demonstrated that
maternal diet quality during pregnancy was associated with the
diet quality of the offspring at 14 years of age [7]. Collectively, it is

possible that maternal diet during pregnancy and lactation plays a
crucial role in the health and disease of the offspring. However, the
precise mechanisms underlying the long-term impact of maternal
nutrition in the offspring’s health remain poorly understood.

The brain-gut-microbiota axis is a complex multiorgan bidirec-
tional signaling system between the brain and the gastrointestinal
tract that plays a crucial role in the host homeostasis [8-11]. Ac-
cumulating evidence has demonstrated that maternal diet is asso-
ciated with the composition of the gut microbiota of the offspring
[6,12-19]. However, it is unclear how maternal diet can influence
the composition of gut microbiota and disease vulnerability in the
offspring.

Abbreviations: IL-6, Interleukin-6; TNF-alpha, Tumor necrosis factor-alpha; KEGG, Kyoto encyclopedia of genes and genomics; SGS, Sulforaphane glucosi-
nolate; PCA, Principal compotent analysis; PCoA, Principal coordinate analysis; LPS, Lipopolysaccharide.
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The Nuclear factor erythroid 2-related 2 (Nrf2) is the tran-
scription factor that plays a key role in redox homeostasis [20-
22]. The isothiocyanate sulforaphane, an inducer of the Nrf2, is
known to produce potent cytoprotective effects [23,24]. Pretreat-
ment with sulforaphane is reported to prevent schizophrenia-
like behavioral changes in rodents following the administration
of methamphetamine or phencyclidine [25,26]. Furthermore, pre-
treatment with sulforaphane prevented depression-like phenotypes
in adult mice after repeated social defeat stress, lipopolysaccha-
ride (LPS) injection, or spared nerve injury [27-30]. In addition,
the level of Nrf2 protein is lower in the brain of rodents with
depression-like phenotypes or patients with major depression than
in the brain of controls; further, Nrf2 knockout mice showed
depression-like phenotypes [27,31,32]. Thus, it appears that sul-
foraphane has potent neuroprotective effects in several animal
models via Nrf2 activation [21,33,34].

Sulforaphane glucosinolate (SGS: glucoraphanin), a precursor of
sulforaphane, is found in cruciferous vegetables [34-36]. SGS can
convert to sulforaphane via the catalytic actions of plant myrosi-
nase or B-thioglucosidases in the gut microflora [37]. Dietary in-
take of food pellets, including SGS during juvenile and adoles-
cent stages, prevented schizophrenia-like behavioral abnormalities
in adult mice after repeated phencyclidine administration or ma-
ternal immune activation [38,39]. Furthermore, the dietary intake
of SGS food pellets did not cause depression-like behaviors in mice
that were exposed to repeated social defeat stress or LPS injec-
tion, indicating stress resilience [27,29]. It is noteworthy that the
dietary intake of SGS food pellets during pregnancy and lactation
could prevent behavioral abnormalities in the juvenile and adult
offspring following maternal immune activation [40]. Collectively,
it is likely that dietary intake of SGS during pregnancy and lacta-
tion could induce long-lasting prophylactic effects in the offspring.
However, it is unclear how maternal intake of SGS in pregnant ro-
dents influences the resilience and vulnerability in the offspring.

This study was performed to investigate whether the dietary in-
take of SGS food pellets during pregnancy and lactation affects the
composition of the gut microbiota of juvenile and adult offspring.
Furthermore, we examined the effects of maternal diet of SGS food
pellets on systemic inflammation in adult offspring following LPS
administration.

2. Methods and materials
2.1. Animals and diet

Pregnant female ddY mice (n=10, embryo at the 5th day [E5], aged 9-10 weeks,
body weight 30-35 g) were purchased from Japan SLC, Inc (Hamamatsu, Shizuoka,
Japan). Male ddY mice (aged 8-15 weeks) were used in the company for mating.
Mice were housed under controlled conditions for temperature (234+1°C) and hu-
midity (55+5%) with a 12-h light-dark cycle (lights on from 7:00 to 19:00). At the
beginning (E5), 10 pregnant mice were randomly allocated to two groups (n=5).
During the experiment, four pregnant mice of SGS group and three pregnant mice
of CON group delivered. The original number of the SGS offspring and the control
offspring enrolled after birth were 42 and 40, respectively. One female mouse and
one male mouse died before 3-week-old in SGS offspring, respectively. Furthermore,
one female mouse in SGS group died between 3-week-old and 10-week-old. There
was no pup died in the control group. At last, the numbers of offspring were as
follows: SGS-3W group (n=40; male n=18, female n=22), CON-3W group (n=40;
male n=22, female n=18), SGS-10W group (n=39; male n=18, female n=21), and
CON-10W group (n=40; male n=22, female n=18).

We previously reported that dietary intake of 0.1% SGS food pellet showed pro-
phylactic effects in several animal models including depression, schizophrenia, and
autism spectrum disorder [27,29,38-40]. Therefore, we used 0.1% SGS food pellets in
this study. Food pellets (CE-2; Japan CLEA, Ltd.) containing 0.1% SGS were prepared
as reported previously [27,29,38-40]. In brief, broccoli sprout was grown from spe-
cially selected seeds (Brassica Protection Products LLC., Baltimore, MD, USA) for 1
day after the germination. Then, broccoli sprout was plunged into boiling water
and maintained at 95°C for 30 min, and the sprout residues was removed by filtra-
tion. The boiling water extract was mixed with a waxy corn starch dextrin and then
spray dried to yield the broccoli sprout extract powder containing 135 mg (approx.

0.31 mmol) of SGS per gram. For preparing the animal diet containing 0.1% SGS
(approx. 2.3 mmol SGS per 1 kg-diet), the extract powder was mixed with a basal
diet CE-2 (CLEA Japan Inc., Tokyo, Japan), and then pelletized at a processing facil-
ity (Oriental Yeast Co., Itd., Tokyo, Japan). The basic nutrients composition of CE-2
was shown in the supplemental Tables S1 and S2. The SGS content in the diet was
determined by high performance liquid chromatography, and 0.1% SGS was used
as reported previously [27,29,38-40]. Normal food pellets or 0.1% SGS food pellets
were given to female mice during pregnancy and lactation (from E5 to P21 [wean-
ing]). All the pregnant female mice were randomly divided into two groups: mater-
nal SGS group was given 0.1% SGS food pellets; maternal control group was given
normal food pellets.

Throughout the period of gestation and lactation (3 weeks), maternal SGS group
(SGS) consumed 0.1% SGS food pellets, whereas maternal control group (CON) con-
sumed normal food pellets. Subsequently, pups were delivered through the vagina
and the body weight was recorded weekly until 10 weeks. After weaning at 3 weeks
of age, pups were separated from the dams. All pups received control food pel-
lets and drinking water ad libitum until 10 weeks. The study was approved by the
Chiba University Institutional Animal Care and Use Committee (permission number:
2-388).

2.2. Collection of fecal samples, DNA extraction, 16S rRNA analysis

Fresh fecal samples of mothers were collected at weaning (P21). Fresh fecal
samples of offspring (male and female) were also collected on day 21 (postnatal 3
weeks) and day 70 (postnatal 10 weeks). Fresh fecal samples were collected in the
morning (9:00-10:00) to avoid the effects of circadian rhythm on the microbiome.
The fecal samples were placed into sterilized screw-cap microtubes immediately
after defecation and stored at —80°C until analysis. The detailed methods of DNA
extraction and 16S rRNA analysis were shown in the Supplemental methods.

2.3. Concordance and co-occurrence analysis, and functional analysis of bacterial com-
position

The detailed methods of concordance and co-occurrence analysis, and func-
tional analysis of bacterial composition were shown in the Supplemental methods.

2.4. LPS administration, collection of blood samples, and ELISA

Lipopolysaccharide (LPS: 0.5 mg/kg, Sigma-Aldrich, Tokyo, Japan) and saline
(control: 10 ml/kg) were administered intraperitoneally (i.p.) into mice (Fig. 1A).
The dose of LPS (0.5 mg/kg) was selected from the previous reports [29,41,42].
Blood samples were collected 24 hours after LPS or saline administration. All mice
were not fasted prior to blood collection. Plasma samples were prepared by the pre-
vious method [42], and stored at —80°C before further ELISA measurement (Supple-
mental methods).

2.5. Statistical analysis

Data was shown as mean =+ standard error of mean (S.E.M.). Box plots or vio-
lin plot (plot showing the median, and the 25% and 75%, and the whiskers of the
graph show the largest and smallest values) were also used to express the data.
Mann-Whitney U test or Wilcoxon test was performed when comparison between
two groups. Ordinary or repeated measures one-way or two-way analysis of vari-
ance (ANOVA) followed by Fisher’s least significant difference (LSD) test were per-
formed. Correlations were conducted using Spearman correlation analysis between
the relative abundance of gut microbiota and IL-6 (or TNF-«). P<.05 was considered
significant difference.

3. Results

3.1. Effects of dietary intake of SGS on body weight of pregnant mice
and their offspring

We investigated the effects of dietary intake of SGS food pellets
during pregnancy and lactation (from E5 to P21) on the composi-
tion of gut microbiota in the offspring (Fig. 1A). There were no dif-
ferences in body weight of mother mice between SGS group and
CON group during pregnancy and lactation (from E5 to P21; Fig.
S1A). There were also no differences in body weight of the off-
spring from postnatal 3 weeks until postnatal 10 weeks (Fig. S1B).
The data showed that dietary intake of SGS food pellets during
pregnancy and lactation did not affect the body weight changes
between the two groups of offspring.
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Fig. 1. Effects of maternal SGS intake on the «-diversity and S-diversity of gut microbiota in 10-week-old offspring. (A) Schematic diagram of sulforaphane glucosinolate
(SGS) food intervention and experiments. Dietary 0.1% SGS food or CON food pellets were given to pregnant mice from E5 to postnatal 21 days (P21). CONT food pellets
were given to all offspring from P21 to sample collection. Fresh fecal samples were collected at P21 and P70 for 16S rRNA gene analysis. Saline (10 ml/kg) or LPS (0.5mg/kg)
was injected i.p. to adult offspring. Blood samples were collected 24 hours after a single injection. (B) Changes in a-diversity at OTU level of Shannon (U=688.5, Z=-0.897,
P=0.370), Simpson (U=713.5, Z=-0.652, P=0.514), Observed_OTU (U=600, Z=—1.765, P=0.078), ACE (U=548.5, Z=-2.270, P=0.023) and Chaol (U=529.5, Z=—-2.457, P=0.014).
(C) Changes in «-diversity at genus level of Shannon (U=699.5, Z=—0.790, P=0.430), Simpson (U=660, Z=-1.177, P=0.239), Observed_OTU (U=421, Z=-3.525, P=0.000), ACE
(U=436, Z=-3.377, P=0.001) and Chaol (U=435.5, Z=-3.382, P=0.001) between the two groups. (D) PCA analysis of the S-diversity change in the offspring’s gut microbiota
between the two groups based on the OTU level (ANOSIM, R=0.0822, P=.001). (E) PCoA analysis of the S-diversity change in the offspring’s gut microbiota between the
two groups based on the Unweighted Unifrac distance (ANOSIM, R=0.1641, P=.001), PCoA1: U=255, Z=-5.148, P=0.000; PCoA2: U=578, Z=—1.981, P=0.048. *P<.05, **P<.01,
**P<,001 (Mann-Whitney U test). N.S.: not significant. The numbers of 10-week-old offspring were SGS-10W group (n=39) and CON-10W group (n=40).

3.2. Effects of maternal SGS intake on the «-diversity, B-diversity,
and composition of gut microbiota in 3-week-old offspring

a-diversity and B-diversity represent global changes in the gut
microbiota. There were no differences in «-diversity at OTU level
of Shannon, Simpson, Observed_OTU, ACE, and Chaol between the
two groups (SGS-3W and CON-3W;Fig. S2A). In contrast, there
were significant changes in the all a-diversity (i.e., Shannon, Simp-
son, Observed_OTU, ACE, Chao1) at genus level (Fig. S2B). The asso-
ciation between maternal SGS diet and gut microbiota of offspring
was assessed by PCA and PCoA for S-diversity. Based on the OTU
level, PCA evaluated by ANOSIM (R=0.1473, P=.001) displayed a
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significant separation of gut microbiota composition between the
two groups (Fig. S2C). Based on the unweighted Unifrac distance,
PCoA (ANOSIM, R=0.2045, P=.001) gave a conspicuous demonstra-
tion of separation distances in gut microbiota between the two
groups (Fig. S2D). These data suggest an early consequence of ma-
ternal SGS intake in the composition of gut microbiota in 3-week-
old offspring.

Figure S3 listed the top 60 of microbiota taxa (left) and top
24 significant differences microbial taxa (right) between the two
groups at the genus level (Fig. S3). The data showed that mater-
nal intake of SGS food pellets during pregnancy and lactation can
affect the microbiota development in offspring at early stage.



4 Y. Wei, L. Chang, G. Liu et al./Journal of Nutritional Biochemistry 109 (2022) 109098

3.3. Identification of gut microbiota contributing to difference in
3-week-old offspring

The LEfSe on the gut microbiota in offspring was distinct in
abundant taxa between the two groups (Fig. S4). The colors dis-
played that their distribution for several taxa between the two
groups was different by the Cladogram representation (LDA score
>2.0, P<.05; Fig. S4A). Different abundant taxa based on LDA score
(LDA score >2.0, P<.05) were shown in histogram between the two
groups (Fig. S4B). Several microbes such as the genus Clostridium
sensu stricto 1, Prevotellaceae UCG 001, the genus Parabacteroides,
the genus Prevotellaceae NK3B31 group, the genus Mucispirillum,
and the genus Escherichia Shigella were significantly enriched in the
SGS-3W group compared with CON-3W group (Fig. S4B).

3.4. Effects of maternal SGS intake on the «-diversity, B-diversity of
gut microbiota in 10-week-old offspring

Both of the «-diversity and B-diversity representing the global
changes were still significant differences between the two groups
(SGS-10W and CON-10W) at postnatal age of 10 weeks (Fig. 1B).
Although there were no changes in «a-diversity at OTU level of
Shannon, Simpson, Observed_OTU between the two groups, two
indices such as ACE and Chaol were significant differences be-
tween the two groups (Fig. 1B). At genus level, two indices of
Shannon and Simpson were not different between the two groups
(Fig. 1C). However, three indices such as Observed_OTU, ACE,
and Chaol were significant differences between the two groups
(Fig. 1C). Based on the OTU level, PCA evaluated by ANOSIM
(R=0.0822, P=.001) displayed a significant separation of gut mi-
crobiota composition between the two groups (Fig. 1D). Based
on the Unweighted Unifrac distance, S-diversity in PCoA changes
(ANOSIM, R=0.2045, P=.001) revealed a clear separation distance
in gut microbiota between the two groups (Fig. 1E). These results
suggest a long-term consequence of maternal diet of SGS food pel-
lets on the diversity of gut microbiota in the adult offspring (10-
week-old).

3.5. Effects of maternal intake of SGS food pellet on composition of
gut microbiota in adult offspring

At postnatal age of 10 weeks, the most composition alter-
ations of the microbiota in adult offspring were shown at the
genus level (Fig. 2A). Top 25 significant difference was listed with
bar chart between the two groups (Fig. 2B). Those of them were
higher in SGS-10W group than in the CON-10W group (Fig. 2B).
These include Lactobacillus, Bifidobacterium, Ruminococcaceae UCG-
014, Intestinibacter, Anaerostipes, Rikenella, [Eubacterium] coprostano-
ligenes group, [Eubacterium] nodatum group, Candidatus Sacchari-
monas, Christensenellaceae R-7 group. In contrast, several microbes
including Oscillibacter, Enterorhabdus, Blautia, Lachnospiraceae and
Ruminococcaceae were lower in the SGS-10W group than those of
which in CON-10W group (Fig. 2B). The data revealed a long-term
consequence of maternal intake of SGS food pellets on gut micro-
biota in adult offspring.

At postnatal age of 10 weeks, LEfSe results on the gut micro-
biota of adult offspring was distinct changes in abundant taxa be-
tween the two groups (Fig. S5). The colors displayed that their
distribution for several taxa between the two groups was differ-
ent by the Cladogram representation (LDA score >2.0, P<.05; Fig.
S5A). Different abundant taxa based on LDA score (LDA score >2.0,
P<.05) were shown in histogram between the two groups (Fig.
S5B). Several microbes such as the genus Lactobacillus, the genus
Ruminococcaceae UCG 014, the genus Bifidobacterium were signif-

icantly enriched in the SGS-10W group compared with control
CON-10W group (Fig. S5B).

3.6. Predictive functional profiles of gut microbiota contributing to
difference in the adult offspring at postnatal age of 10 weeks

The functional alterations of gut microbiota in early life inter-
vention by the maternal diet, following by the control diet during
development to adult, were predicted by the PICRUSt for the KEGG
pathway (Fig. S6). Compared to the CON-10W group, the predomi-
nant KEGG pathways from SGS-10W group showed distinct func-
tion alteration, including 13 pathways on KEGG level 2, respec-
tively related to 5 pathways on KEGG level 1 (Fig. S6), indicat-
ing a high abundance of predicted functions associated with ge-
netic information processing and metabolism. Alterations in these
pathways were similar to the previous report on the sulforaphane-
related genes of transcriptome analyses showing the changes in
KEGG analysis of functional annotation [41].

Moreover, significant differences between the two groups were
displayed in 77 pathways on KEGG level 3 (Fig. S7), suggesting that
many functions of adult offspring could be affected by maternal
SGS diet.

3.7. Similar microbial shifts from mother to offspring of gut
microbiota associated with dietary intake of SGS

The indices of «-diversity, including Observed_OTU, ACE, and
Chaol, were significant different between the SGS-3W group and
SGS-10W group (Fig. S8A), while there was no change between
CON-3W group and CON-10W group (Fig. S8B). Moreover, (-
diversity of gut microbiota among the mother, 3-week-old and 10-
week-old offspring were also analyzed. Based on the Unweighted
or Weighted Unifrac distance, ANOSIM algorithm showed an ev-
ident separation of gut microbiota composition among the three
groups (Fig. S9A-S9C). Bray-Curtis distance analysis revealed an
obviously different between the SGS-mother group and SGS-3W
group, or between the SGS-mother group and SGS-10W group.
In contrast, there were no differences for maternal CONT food
groups (Fig. S9D-S9F). Taken together, these data suggest that -
diversity of gut microbiota is clearly increasing with the devel-
opmental progress in offspring, while higher distance between
mother and offspring (3 weeks and 10 weeks old) was apprecia-
ble in B-diversity, those of which were associated with maternal
SGS diet.

Using the Bray-Curtis distances, we analyzed the interactive
effects of microbial shifts from mother to offspring’s microbiota
(Fig. 3A). The distances between gut microbiota of any two groups
were significantly higher in SGS group than those in CON group
(P<.001, Wilcoxon test; Fig. 3A). Next, we sought to identify con-
cordance in top 100 most abundant OTU variations among mother,
3-week-old and 10-week-old offspring microbiota. First, we calcu-
lated the number of OTUs enriched or depleted in offspring with
SGS group and then focused on those shared in maternal sam-
ples. OTUs variation with same (enriched or depleted in both ma-
ternal and offspring) or opposite trend (enriched or depleted in
one side of maternal or offspring) were used to assess correlations
with SGS. Unexpectedly, the number of OTUs in the same trend
were almost equal compared with the opposite trend between the
offspring at 10 weeks age and mother (Figs. 3B, S11A and S11B),
which could be explained by the CON food intake after weaning at
the age of 3 weeks. In addition, a large number of high abundant
OTUs were found to vary with the same trend between mother and
offspring at 3 weeks age (Fig. S10), or offspring between 3 and 10
weeks old (Fig. S12). Moreover, the most prevalent taxa showing
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Fig. 2. Effects of maternal SGS intake on microbiota composition in the offspring at postnatal age of 10-week-old. (A) Average gut microbiota composition between the two
groups at postnatal age of 10-week-old. (B) Statistical significance is denoted with box plot at genus level of relative abundance between the two groups. *P<.05, **P<.01,
**P<,001 (Mann-Whitney U test). The numbers of 10-week-old offspring were SGS-10W group (n=39) and CON-10W group (n=40).

the concordance of microbial variation between mother and off-
spring were denoted in any of two compared groups (Fig. 3C-E).

The variable importance in projection (VIP) taxa associated
with SGS that is shared between mother and 3-week-old offspring
were Ruminococcaceae UCG-014, Candidatus Arthromitus, Clostridium
sensu stricto-1, and Turicibacter (Fig. 3C). Furthermore, VIP taxa as-
sociated with SGS that is shared between mother and 10-week-
old offspring were Lactobacillus, Parasutterella, Blautia, Rumini-
clostridium, Bifidobacterium, Ruminococcaceae UCG-014, and Turi-
cibacter (Fig. 3D). Moreover, VIP taxa associated with SGS that
is shared between 3-week-old and 10-week-old offspring were
Staphylococcus, Candidatus Arthromitus, Ruminococcaceae UCG-014,
Blautia, Turicibacter, and Prevotellaceae NK3B31 group (Fig. 3E).
Thus, the two taxa of Ruminococcaceae_UCG-014 and Turicibac-
ter may be important VIP genera for the shifts from mother to
offspring influenced by maternal SGS diet. Additionally, Blautia,
Turicibacter and Ruminococcaceae_UCG-014 were consistent with
the shared VIP genera between offspring at 3-week-old and
10-week-old.

After exploring concordance of gut microbiota shifts from
mother to the offspring, the maternal and offspring (3-week-old
and 10-week-old) gut microbiota taxa were calculated for the co-
occurrence networks of SGS group compared withthose of CON
group. The taxa including several VIP taxonomic notes were also
distinctively differentiated according to the topographical network
maps in mother group and offspring group (Fig. 4A-C). The de-
tail difference among the groups were counted by the edges and
nodes among the mother and offspring co-occurrence networks
with or without SGS. There were also a different number of edges,
and specific distribution of nodes, although there were overlapped
edges and nodes between SGS group and CON group (Fig. 4D and
E). Moreover, the gut microbiota correlations were also difference
between SGS group and CON group (Fig. 4F-H). The number of
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dots representing the significant correlations were higher in SGS
group than those of which in the CON group, either at 3-week-
old or 10-week-old of offspring (Fig. 4F-G). However, discrepancies
of the gut microbiota in mother group and the correlations be-
tween SGS and CON did not reveal noticeable difference (Fig. 4H),
possibly due to limited sample size (n=4 in SGS-mother group,
n=3 in CON-mother group) and low power to identify the marked
changes.

Furthermore, the correlation was showed by the co-occurrence
pattern for assessing the gut microbiota shifts from mother to off-
spring associated with SGS (Fig. 41). About 72.9% of all taxa connec-
tions had the same co-occurrence trend between the generations,
and 54.2% were only detected in SGS group butnot in CON group
(Fig. 41).

There was positive correlation between Ruminiclostridium and
Odoribacter, while there was negative correlation between Odorib-
acter and Erysipelatoclostridium. There were also negative corre-
lations between Escherichia Shigella and several VIP taxa, includ-
ing Ruminiclostridium and Odoribacter, among the mother and off-
spring. Besides, the connections containing Ruminiclostridium, Can-
didatus Soleaferrea, and Erysipelatoclostridium, showed high fre-
quencies of co-occurrence across multiple sample types, suggesting
their universal attributions to microbiota associated with SGS (Fig.
$13). It was suggested that the microbiota correlations were highly
conserved between mothers and offspring gut samples associated
with SGS.

3.8. A long-lasting protective effect of maternal SGS food intake
against LPS induced inflammation in 10-weeks old offspring and its
correlations with gut microbiota genera

Finally, we investigated the effects of maternal intake of SGS on
systemic inflammation in adult offspring after LPS administration.
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Fig. 3. Similar microbial shifts between mother and offspring of gut microbiota associated with SGS. (A) Gut microbiota variations of mother, offspring at 3-week-old and
10-week-old influenced by maternal SGS intake. Bacterial community dissimilarities between any two groups among mother, 3-week-old offspring and 10-week-old offspring.
Wilcoxon test was used for analyzing the Bray-Curtis distance for SGS and CON group, independently. (B) Concordance of OTU variations between mother and 10-week-old
offspring at the top 100 most abundant of gut microbiota average relative abundance. Solid points denoted maternal gut microbiota, while hollow points represented 10-week-
old offspring’s microbiota. Red or blue color showed the same or opposite trend of varied OTUs between mother and 10-week-old offspring. (C-E) The most predominant
microbial variance concordance between mothers and offspring. Bar charts displayed OTU frequency of a specific variable importance for the projection (VIP) genus taxa
associated with SGS. Between maternal and offspring, shared VIP taxa denoted that a certain genus was appearance between two groups. The numbers of offspring were
SGS-3W group (n=40), CON-3W group (n=40), SGS-10W group (n=39) and CON-10W group (n=40). The numbers of mother were SGS group (n=4) and CON group (n=3).

A single injection of LPS (0.5 mg/kg, i.p.) increased plasma levels of
IL-6 (Fig. 5A) and TNF-« (Fig. 5B) in both groups. However, plasma
levels in these cytokines of SGS-10W group treated with LPS were
significantly lower compared to those of CON-10W group treated
with LPS (Fig. 5A and B). The data suggest that maternal SGS intake
during pregnancy and lactation can induce an anti-inflammatory

effect for LPS-induced inflammation in adult
offspring.

To explore the relationship between the relative abundance
of microbes and cytokines levels, we adopted Spearman’s rank-
order correlation. There were significant negative correlations

between the relative abundance of [Eubacterium] nodatum

systemic
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Fig. 4. Gut microbiota taxa co-occurrence network and concordance between maternal and offspring associated with SGS. (A-C) The co-occurrence network plots showed the
gut microbiota relative abundance at the genus level between mothers (A), between 3-week-old offspring (B) and between 10-week-old offspring (C), respectively related to
the SGS group (left panel) or CON group (right panel). The results were calculated by a pairwise correlation of all gut microbiota genera relative abundance in each sample.
In the network, each node represented taxa-specific gut microbiota, node size indicated the average relative abundance of taxa-specific gut microbiota at genus level. Variable
importance of projection (VIP) taxa-specific gut microbiota was displayed with green color in the nodes, linking with each other by the edge of red (positive) or blue (negative)
color, respectively. The cut off value more than 0.4 was set for the gut microbiota connections (edges) in the co-occurrence network plots. (D-E) Statistical analysis for the
number of edges and nodes in the co-occurrence network between mothers, between 3-week-old offspring and between 10-week-old offspring, respectively with maternal
SGS or CON. (F-H) Gut microbiota interactive relationship between SGS and CON in mothers, 3-week-old offspring and 10-week-old offspring, displayed by the number of
the same pair of gut microbiota taxa correlations. The horizontal and vertical coordinates showed that the same pair number of gut microbiota taxa accumulated in four
quadrants, respectively in relation with SGS or CON. The color changes represented weak (gray) or strong (blue and yellow) correlations, respectively. (I) Concordance variation
between maternal and offspring microbiota associated with SGS. The cut off value more than 0.4 was set for counting the same bacterial correlations among mother, offspring
at 3-week-old and 10-week-old. In the outer cycle, dots were connected with each other from different group, representing one connection of two gut microbiota taxa (at least
one is VIP genera). Red or green dot is a representative positive or negative relation, following with the same or opposite co-occurrence trend indicated by the red (occurred
only in SGS) and grey curve (occurred in both SGS and CON), or vice versa by blue curve. The numbers of offspring were SGS-3W group (n=40), CON-3W group (n=40),
SGS-10W group (n=39), and CON-10W group (n=40). The numbers of mother were SGS group (n=4) and CON group (n=3).

group, Erysipelatoclostridium and IL-6, while there was a pos- ing Shannon, Simpson, Observed_OTU, ACE and Chaol were not

itive correlation between Blautia and IL-6 (Fig. 5C). Moreover,
there were significant negative correlations of the relative
abundance of Ruminococcaceae UCG-014, Anaerostipes, [Eubac-
terium| coprostanoligenes group, [Eubacterium] nodatum group,
Erysipelatoclostridium, Christensenellaceae R-7 group, Coriobacte-
riaceae  UCG-002, Christensenellaceae_uncultured and Candidatus
Soleaferrea with TNF-«, while Blautia and TNF-o was a posi-
tive correlation (Fig. 5C). These data suggest that several mi-
crobes might be associated with systemic inflammation after LPS
administration.

3.9. Sex differences on gut microbiota at juvenile and adult offspring
after maternal intake of SGS food pellet

We examined the effects of sex on «-diversity and S-diversity
of the offspring of 3-week-old (Fig. S14). a-diversity indices includ-
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differences between the SGS-3W/male group and CON-3W/male
group (Fig. S14A). However, «-diversity indices including Ob-
served_OTU, ACE, and Chaol were higher in SGS-3W/female
group than that in CON-3W/female group (Fig. S14C). Interest-
ingly, B-diversity of Unweighted Unifrac distance indicated a
significant separation distance between the SGS-3W group and
CON-3W group for male and female offspring (Fig. S14B and
$14D).

Next, we examined the effects of sex on «-diversity and
B-diversity of the offspring of 10-week-old (Fig. 6). a-diversity
indices of Shannon and Simpson were significant differences
between the SGS-10W/male group and CON-10W/male group,
while other indices did not show significant differences (Fig. 6A).
Furthermore, maternal diet of SGS affected the «-diversity in-
dices of Observed_OTU, ACE, and Chaol between SGS-10W/female
group and CON-10W/female group (Fig. 6C). B-diversity of gut
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Fig. 5. Anti-inflammatory effect of maternal SGS intake on LPS-induced inflammation in 10-week-old offspring and correlations between microbiota genera. (A) Plasma levels
of IL-6 in adult offspring 24 hours after saline or LPS administration (two-way ANOVA, F;75=24.394, P<.001). The data were expressed as meanS. EM (n=19 or 20). **P<.01,
***P<.0001. N.S.: no significant. (B) Plasma levels of TNF-& in adult offspring 24 hours after saline or LPS administration (two-way ANOVA, F75=11.223, P=.001). The data
were expressed as mean#+S. EM (n=19 or 20). **P<.01, ***P<.0001. N.S.: no significant. (C) Heatmaps showing correlations between microbes at genus level and plasma levels
of IL-6 (or TNF-«) in the 10-week-old offspring with Spearman’s correlation. The number of mice was saline treated group (SGS, n=19; CON, n=20) and LPS treated group

(SGS, n=20; CON, n=20). *P<.05, *P<.01, **P<.001.

microbiota in the male and female offspring were affected by ma-
ternal diet of SGS compared with the CON-10W/male group and
CON-10W/female group, respectively (Fig. 6B and D). These data
suggest that maternal diet of SGS may affect the gut microbiota of
offspring, in a sex-specific manner.

Next, the relative abundance of gut microbiota in male off-
spring at 3-week-old was examined (Fig. S15). We found the top
60 of microbiota taxa (left) and 20 significant differences micro-
bial taxa (right) between SGS-3W/male group and CON-3W/male
group at the genus level (Fig. S15A and S15B). Furthermore, the rel-
ative abundance of gut microbiota in female offspring at 3-week-
old was also analyzed (Fig. S16). We found the top 60 of micro-
biota taxa (left) and top 25 significant differences microbial taxa
(right) between SGS-3W/female group and CON-3W/female group
at the genus level (Fig. S16A and S16B). The data showed that ma-
ternal intake of SGS can affect the gut microbiota composition at
3-week-old, in a sex-dependent manner.

The relative abundance of gut microbiota of male offspring at
10-week-old was examined (Fig. S17). We found the top 60 of mi-
crobiota taxa (left) and top 25 significant differences microbial taxa
(right) between SGS-10W/male group and CON-10W/male group
at the genus level (Fig. S17A and S17B). Furthermore, the relative
abundance of gut microbiota in female offspring at 10-week-old
was also examined (Fig. S18). We found the top 60 of microbiota
taxa (left) and 16 significant differences microbial taxa (right) be-
tween SGS-10W/female and CON-10W/female at the genus level
(Fig. S18A and S18B). The data showed that maternal intake of SGS
can affect the gut microbiota development at 10-week-old, in a sex
dependent manner.

4. Discussion

The major findings of the current study were as follows. First,
the dietary intake of SGS food pellets during pregnancy and lacta-
tion caused significant changes in the «-diversity and S-diversity
of the gut microbiota at genus level in 3-week-old offspring (SGS-
3W group). In addition, B-diversity analyzed using Bray-Curtis
distance showed significant differences between the SGS-mother
group and SGS-3W group although there was no difference be-
tween the CON-mother group and the CON-3W group. Second,
the dietary intake of SGS food pellets during pregnancy and lacta-
tion caused significant changes in the «-diversity and S-diversity
of the gut microbiota at OTU or genus level in 10-week-old off-
spring (SGS-10W group). Predictive functional metagenomes using
PICRUSt showed that maternal dietary intake of SGS food pellets
caused several KEGG pathways alterations in terms of genetic in-
formation processing and metabolism. Third, the plasma levels of
IL-6 and TNF-« of the SGS-10W group treated with LPS were sig-
nificantly lower than those of the CON-10W group, suggesting that
SGS-10W mice exert anti-inflammatory effects for LPS-induced in-
flammation. It is noteworthy that there were correlations between
the relative abundance of several microbes and IL-6 (or TNF-«¢) in
adult offspring, suggesting that several microbes might contribute
to the inflammatory (or anti-inflammatory) effects for LPS-induced
systemic inflammation. Finally, we found sex differences in gut mi-
crobiota of offspring after maternal SGS intake. In sum, the cur-
rent data suggest that the dietary intake of SGS food pellets dur-
ing pregnancy and lactation causes long-lasting beneficial effects in
adult offspring via persistent modulation of gut microbiota (Fig. 7).
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Fig. 6. Sex effects of maternal SGS intake on the «-diversity and B-diversity of gut microbiota of offspring at 10-week-old. (A) Changes in «-diversity at OTU level of
Shannon (U=124.0, Z=-2.013, P=.044), Simpson (U=120.5, Z=-2.107, P=.035), Observed_OTU (U=192.0, Z=-0.163, P=.870), ACE (U=198.0, Z=-0.000, P=1.000) and Chao1l
(U=194.0, Z=-0.109, P=.913) between SGS-10W/male group and CON-10W/male group. (B) PCoA analysis of the S-diversity change in the offspring’s gut microbiota be-
tween SGS-10W/male group and CON-10W/male group based on the Unweighted Unifrac distance (ANOSIM, R=0.2662, P=.001), PCoA1l: U=27.0, Z=—-4.649, P=.000; PCoA2:
U=180.0, Z=-0.489, P=.625. (C) Changes in a-diversity at OTU level of Shannon (U=155.0, Z=-0.958, P=0.338), Simpson (U=146.5, Z=—1.197, P=.231), Observed_OTU (U=381.0,
Z=-3.043, P=.002), ACE (U=69.5, Z=-3.367, P=.001) and Chaol (U=68.0, Z=-3.410, P=.001) between the SGS-10W/female and CON-10W/female. (D) PCoA analysis of the
B-diversity change in the offspring’s gut microbiota between SGS-10W/female and CON-10W/female based on the Unweighted Unifrac distance (ANOSIM, R=0.2214, P=.001),
PCoA1l: U=41.0, Z=-4.169, P=.000; PCoA2: U=161.0, Z=-0.789, P=.430. *P<.05, **P<.01, **P<.001 (Mann-Whitney U test). N.S.: not significant. The numbers of mice in two
groups were male (SGS-10W, n=18; CON-10W, n=22) and female (SGS-10W, n=21; CON-10W, n=18).

A recent study showed positive correlations between the rel-
ative abundance of the genus Blautia and plasma levels of IL-6
(or TNF-) in rats treated with streptozotocin-nicotinamide [43].
In this study, we found positive correlations between the relative
abundance of Blautia and the plasma levels of IL-6 (or TNF-«),
suggesting that Blautia may be associated with the production of
these pro-inflammatory cytokines. Given the crucial role of Balutia
in inflammatory actions [44], our data suggest that lower abun-
dance of Balutia in the SGS-10W group may contribute to its anti-
inflammatory effects in adult offspring; however, further study on
the different species Blautia is required. Moreover, there were neg-
ative correlations between several microbes and the plasma levels
of IL-6 (or TNF-«), suggesting that these microbes might be related
to the expression of anti-inflammatory effects. In sum, it is likely
that maternal SGS intake during pregnancy and lactation produces
long-lasting beneficial effects against stressful events in adult off-
spring via the modulation of gut microbiota. Nonetheless, further
research is needed to investigate the precise relationship between
these microbes and anti-inflammatory (or inflammatory) actions in
adult offspring.

Several population-based studies have shown that inadequate
nutrition during pregnancy exerts long-term negative effects on
the health of the offspring [6,45], suggesting the crucial role of
nutrition during pregnancy. SGS food pellet included a potent
anti-inflammatory compound sulforaphane with a potent Nrf2
activator. Given the key role of Nrf2 in inflammation and oxida-
tive stress [20-24], it is likely that dietary intake of SGS food
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pellet during pregnancy and lactation may contribute to long-
term prophylactic effects in offspring through anti-inflammatory
actions. Moreover, diet-induced alterations in the mother’s gut
microbiome can influence the gut microbiota of the offspring
and the initial microbial colonization of the offspring originates
from the mother’s microbiota [46]. Given the role of mater-
nal diet on the gut microbiome of the offspring [6,17], the
dietary intake of SGS during pregnancy and lactation may con-
tribute to resilience in the offspring via the modulation of gut
microbiota.

It is reported that treatment of SGS or sulforaphane may have
beneficial effects in patients with schizophrenia and autism spec-
trum disorder [47,48]. A previous study showed that dietary intake
of 0.1% SGS food pellets during pregnancy and lactation could pre-
vent the onset of behavioral abnormalities in offspring after ma-
ternal immune activation [40]. The dosage of 0.1% SGS used in this
study is reasonable dose for human use. Collectively, it is possi-
ble that dietary intake of SGS in pregnant women may produce
long-lasting beneficial effects in offspring although further clini-
cal study is needed. For example, it is of interest to investigate
whether supplementation of SGS in pregnant women with COVID-
19 can affect the onset of neuropsychiatric disorders in offspring
[49,50].

This study has some limitations. First, we did not investigate
the mechanistic insight into how dietary intake of SGS during
pregnancy and lactation modulates gut microbial communities in
offspring. Second, using the PICRUSt, we found several signaling
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Fig. 7. Summary of major findings of the current study. Effects of maternal diet of SGS on the gut microbiota variation from mother to offspring, and the possible relationship
between relative abundance of gut microbiota taxa and plasma levels of IL-6 (or TNF-«) in the adult offspring with LPS challenge. Dietary intake of SGS food pellets during
pregnancy and lactation causes long-lasting beneficial effects in adult offspring via persistent modulation of gut microbiota.

pathways in the beneficial effects of SGS food pellet. Further study
of the role of maternal intake of SGS food in these pathways
is needed. Finally, we did not investigate the mechanisms of re-
lationship between maternal intake of SGS and long-term anti-
inflammatory action in the adult offspring. Further detailed study
including epigenetic modification is needed.

In conclusion, the present data suggest that the dietary in-
take of SGS during pregnancy and lactation could produce long-
lasting beneficial effects in adult offspring via the persistent
modulation of gut microbiota. Therefore, the long-term modu-
lation of gut microbiota by maternal nutrition could exert a

strong impact on the health and disease vulnerability of the
offspring.
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Multiple sclerosis (MS) is the most common demyelinating disease that attacks the central nervous system. Di-
etary intake of cuprizone (CPZ) produces demyelination resembling that of patients with MS. Given the role of
the vagus nerve in gut-microbiota-brain axis in development of MS, we performed this study to investigate
whether subdiaphragmatic vagotomy (SDV) affects demyelination in CPZ-treated mice. SDV significantly
ameliorated demyelination and microglial activation in the brain compared with sham-operated CPZ-treated
mice. Furthermore, 16S ribosomal RNA analysis revealed that SDV significantly improved the abnormal gut
microbiota composition of CPZ-treated mice. An untargeted metabolomic analysis demonstrated that SDV
significantly improved abnormal blood levels of metabolites in CPZ-treated mice compared with sham-operated
CPZ-treated mice. Notably, there were correlations between demyelination or microglial activation in the brain
and the relative abundance of several microbiome populations, suggesting a link between gut microbiota and the
brain. There were also correlations between demyelination or microglial activation in the brain and blood levels
of metabolites. Together, these data suggest that CPZ produces demyelination in the brain through the

gut-microbiota-brain axis via the subdiaphragmatic vagus nerve.

1. Introduction

Multiple sclerosis (MS) can affect any part of the central nervous
system (CNS) and is characterized by chronic neuroinflammation and
the destruction of myelin sheaths. The symptoms of MS cause physical
and psychological problems and have an important economic burden
(Dahham et al., 2021; Nicholas et al., 2021; Wang et al., 2022a). An
increasing body of evidence suggests that the gut-microbiota-brain axis
plays a crucial role in the pathogenesis of MS (Cantarel et al., 2015;
Farshbafnadi et al., 2021; Ghezzi et al., 2021; Maghzi and Weiner, 2020;
Parodi and Kerlero de Rosbo, 2021; Wang et al., 2022b). Moreover, a
recent meta-analysis revealed the abnormal composition of gut micro-
biota in MS patients, although a-diversity was not altered (Plassais et al.,
2021). A role of gut microbiota in the cognitive impairment of MS pa-
tients has also been suggested (Ghadiri et al., 2022). However, the

precise mechanisms underlying the role of the gut-microbiota-brain
axis in MS remain elusive.

The vagus nerve-the principal component of the parasympathetic
nervous system-plays an important role in the interface between the gut
microbiota and the brain (Bonaz et al., 2018; Bravo et al., 2011; Caw-
thon and de La Serre, 2018; Chang et al., 2022; Cryan et al., 2019;
Forsythe et al., 2014; Wei et al., 2022). We have previously reported
that, after lipopolysaccharide (LPS) administration, the onset of
depression-like behaviors and the abnormal composition of gut micro-
biota in mice can be blocked by subdiaphragmatic vagotomy (SDV)
(Zhang et al., 2020). Furthermore, SDV also reportedly blocks the onset
of depression-like behaviors in mice who have received fecal microbiota
transplantation from mice with depression-like behaviors (Pu et al.,
2021; Wang et al., 2020; Wang et al., 2021a). Collectively, it is likely
that the gut-microbiota-brain axis via the subdiaphragmatic vagus

Abbreviations: CNS, central nervous system; CPZ, cuprizone; EAE, experimental encephalomyelitis; LFB, luxol fast blue; LPS, lipopolysaccharide; MBP, myelin

basic protein; MS, multiple sclerosis; SDV, subdiaphragmatic vagotomy.
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nerve plays a crucial role in depression-like behaviors in rodents (Chang
et al., 2022; Wei et al., 2022).

Two animal models of MS have been widely used: experimental
encephalomyelitis (EAE) and cuprizone (CPZ; bis-cyclohexanone-
oxalyldihydrazone) treatment. The EAE model is mostly relevant for
relapse-remitting MS (Kipp et al., 2017; Palumbo and Pellegrini, 2017).
In contrast, CPZ has been applied to study the process of demyelination
in the CNS (Procaccini et al., 2015; Torkildsen et al., 2008; Zhan et al.,
2020); CPZ-treated animal models may thus be useful for identifying
potential therapeutic methods of blocking demyelination (Franklin and
Ffrench-Constant, 2017; Torkildsen et al., 2008; Wang et al., 2022a).
However, no studies have yet reported the role of the subdiaphragmatic
vagus nerve in demyelination using animal models of MS.

The CPZ model mostly mimics the acute and chronic disease courses
of MS; it is likely to be a useful model for developing novel therapeutic
candidates that protect against demyelination and stimulate remyeli-
nation in the CNS (Lubrich et al., 2022; Palumbo and Pellegrini, 2017;
Salinas Tejedor et al., 2015; Skripuletz et al., 2011). In the present study,
we investigated whether SDV affects demyelination in the brains of CPZ-
treated mice. We also performed a 16S ribosomal RNA analysis of fecal
samples and conducted an untargeted metabolomic analysis of blood
samples because the gut-microbiota-brain axis may contribute to the
pathogenesis of CPZ-treated mice (Moles et al., 2021; Wang et al.,
2022a).

2. Materials and methods
2.1. Animals

Adult male C57BL/6 J mice (8-9 weeks old, body weight 20-25 g,
Japan SLC, Inc., Hamamatsu, Japan) were used. Mice were housed
under controlled temperatures and 12 h light/dark cycles (lights on
between 07:00 and 19:00) with access to food (CE-2; CLEA Japan, Inc.,
Tokyo, Japan) and water ad libitum (Wang et al., 2022a). The experi-
mental protocol was approved by the Chiba University Institutional
Animal Care and Use Committee (permission number: 3-042). This
study was carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health, USA. Animals were deeply anesthetized with iso-
flurane before being killed by cervical dislocation. All efforts were made
to minimize suffering.

2.2. SDV procedure

Bilateral SDV or sham surgery was performed under continuous
inhalation anesthesia with 2%-3.5% isoflurane using an inhalation
small animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume
Seisakusho, Tokyo, Japan), as previously reported (Pu et al., 2021;
Wang et al., 2020; Wang et al., 2021a; Zhang et al., 2020). Briefly, each
mouse was placed in the right-side decubitus position and the skin was
disinfected with iodophor disinfectant. Starting from the midline alba of
the abdomen, an incision of approximately 1 cm was made parallel to
the costal arch at 0.5 cm below the left costal arch. A mini incision
spreader was then used to expose the underlying liver tissue. The liver
tissue was carefully pushed upward using a small sterilized cotton ball
moistened with physiological saline solution. With the aid of an animal
surgical microscope (Leica, Heidelberg, Germany), the fascia between
the caudate lobe and the left lobe of the liver was cut to fully expose the
esophagus and the surrounding surgical field of view. The dorsal and
ventral branches of the vagus nerve, which run along the esophagus
under the diaphragm, were then able to be identified, carefully sepa-
rated, and severed. If no bleeding was detected and no additional injury
of the esophagus, liver, or other organs had occurred, the liver tissue was
then returned to its original position and 0.5 mL physiological saline
solution was injected into the abdominal cavity. Next, 5-0 surgical silk
sutures were used to suture the muscle and skin layers of the abdominal
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incision layer by layer, ensuring an aseptic operation. The successful
implementation of SDV was confirmed by a significant increase in
stomach volume on postoperative day 14, caused by the loss of vagus
nerve innervation.

For the sham operation, an abdominal wall incision of the same size
as that in the SDV procedure was made in the same way at the same site.
After the dorsal and ventral branches of the subdiaphragmatic vagus
nerve were gently exposed but not severed, the animals were checked to
ensure no bleeding and no additional damage to any other organs. Once
the abdominal organs were restored to their original positions, 0.5 mL
normal saline was injected into the abdominal cavity and the incision
was sutured layer by layer using the same method as for the SDV
surgery.

2.3. CPZ model

After 1 week of recovery from the SDV or sham operation, mice
received 0.2% weight/weight CPZ (Cat# B0476; Tokyo Chemical In-
dustry Co., Ltd., Tokyo, Japan) or control (CON) food pellets for 6
weeks, as previously reported (Wang et al., 2022a). Chow was replaced
three times per week. Based on the operation (SDV or sham) that the
mice underwent and the presence or absence of CPZ in their food pellets,
the mice were divided into four groups: sham + CON group (n = 9),
sham + CPZ group (n = 9), SDV + CON group (n = 10), and SDV + CPZ
group (n = 10). The body weight of each mouse was measured every
week.

2.4. Fecal sample collection

Fresh fecal samples of mice were collected at around 9:00 a.m. and
placed into sterilized screw-cap microtubes, as previously reported
(Wang et al., 2022a). They were then immediately frozen in liquid ni-
trogen and stored at —80 °C until use.

2.5. Plasma and brain sample collection

Mice were anesthetized under continuous inhalation anesthesia with
5% isoflurane. Blood was collected using a 1 mL syringe and centrifuged
at 4 °C before the supernatant was collected and stored at —80 °C. The
mice were then transcardially perfused with isotonic saline and ice-cold
4% paraformaldehyde in 0.1 mM phosphate buffer (30 mL per mouse,
pH 7.4). Next, the brain was collected and post-fixed overnight at 4 °C.
The brain from one mouse in the SDV + CON group was not used
because it was abnormal (it had a hole in it).

2.6. Histopathology and immunofluorescence

Post-fixed brains were serially sectioned at 30 pm using a vibratome
(VT1000S, Leica Microsystems AG, Wetzlar, Germany). Sections from
bregma 1.10 to —0.58 were selected. For LFB (luxol fast blue) staining,
four sections were collected per mouse (except for one mouse in the
sham + CON group, for which just three sections were used); every third
section was selected. The LFB staining was performed using an LFB
staining kit (Cat# LBC-1; ScyTek Laboratories, Inc., USA). Immunoflu-
orescence was performed as reported previously (Wang et al., 2021b;
Wang et al., 2022a). Briefly, sections were washed three times for 15
min with 0.1 mM phosphate buffer before being blocked in 3% bovine
serum albumin with 0.3% Triton X-100 for 2 h. Incubation with primary
antibody (mouse, anti-myelin basic protein [MBP], Cat# sc-271,524,
Santa Cruz Biotechnology, Inc., CA, USA, 1:100; rabbit, anti-ionized
calcium-binding adapter molecule 1 [IBA1], Cat# 019-19,741, Fuji-
Film Wako Pure Chemical Corporation, Tokyo, Japan, 1:250) was con-
ducted overnight at 4 °C; the sections were then incubated with
secondary antibody (Alexa Fluor 546 goat anti-mouse IgG;, 1:1000;
Alexa Fluor 488 donkey anti-rabbit IgG, 1:1000) for 2 h at room tem-
perature. Next, the sections were washed three times for 15 mins with
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0.1 mM phosphate buffer with 0.1% Tween-20, and analyzed using a
Keyence BZ-900 microscope (Tokyo, Japan) and ImageJ software, in a
blind manner. Furthermore, we did not apply the threshold for data
analysis. The percentage area of demyelination was determined using
both LFB and MBP staining as follows: (corpus callosum area — MBP/
LFB-positive area)/corpus callosum area x 100% (Wang et al., 2022a).
The percentage of IBA1-positive area was determined as follows: (IBA1-
positive area/corpus callosum area) x 100% (Wang et al., 2022a).

2.7. 168 ribosomal RNA analysis of feces

Both the extraction of DNA from fecal samples and the 16S ribosomal
RNA analysis were performed at MyMetagenome Co., Ltd. (Tokyo,
Japan), as previously described (Pu et al., 2021; Wang et al., 2020; Wang
etal., 2021a; Wang et al., 2022a). Briefly, the common primers 27Fmod
(5'-AGRGTTTGATYMTGGCTCAG-3') and 338R (5-
TGCTGCCTCCCGTAGGAGT-3') were used to amplify the V1-V2 region
of the bacterial 16S ribosomal RNA gene by polymerase chain reaction.

The a-diversity was measured using Chaol, observed operational
taxonomic units (OTUs), and Shannon. In contrast, p-diversity was
analyzed using principal component analysis (PCA) and principal co-
ordinates analysis (PCoA). Significance was evaluated using analysis of
similarities (ANOSIM). Linear discriminant analysis effect size (LEfSe)
(Segata et al., 2011) was performed based on bacterial abundance to
explore significant differential biomarkers between groups with
different taxonomic levels (http://huttenhower.sph.harvard.ed
u/galaxy/). Only taxa with linear discriminant analysis scores >4.0
and P-values <0.05 were considered significantly enriched. The results
were visualized using taxonomic bar charts and cladograms.

2.8. Untargeted metabolomic analysis of plasma samples

The untargeted metabolomic analysis of plasma samples was per-
formed wusing ultra-performance liquid chromatography-tandem
quadruple time-of-flight mass spectrometry, as previously reported
(Wan et al., 2022a, 2022b; Yang et al., 2023). Acquisition was per-
formed using an ExionLC™ AD system (SCIEX, Tokyo, Japan) coupled to
a X500R QTOF system (SCIEX). Metabolomic data were analyzed using
R statistical software version 4.0.5 and MS-DIAL version 4.60 (Tsugawa
et al., 2015). Metabolites were detected from at least 50% of the
analyzed samples and the coefficient of variation values of 30% of me-
tabolites in the pooled quality control samples; annotation level 2,
proposed by Schymanski et al. (2014), was used for the data analysis.

Orthogonal partial least squares discriminant analysis (OPLS-DA),
which is a multivariate analysis model, was implemented in SIMCA-P
version 14.0. Significant peaks were determined by the combination
of variable importance in projection values >1 and Wilcox signed-rank
test P-values <0.05.

2.9. Statistical analysis

Data are presented as the mean =+ standard error of the mean. Body
weight data were analyzed using repeated-measures two-way analysis of
variance (ANOVA) followed by the Bonferroni post-hoc test. We used the
log-transformation for data of LFB and IBA1, since these data were not
normally distributed (Feng et al., 2014). The demyelination area in LFB
staining/MBP immunofluorescence and the IBAl-positive area data
were analyzed using two-way ANOVA followed by the Bonferroni post-
hoc test.

The Kruskal-Wallis test was used to analyze the a-diversity of gut
microbiota and the relative bacterial abundance at different levels. For
the p-diversity of gut microbiota, the PCA of OTU levels, PCoA, and
unweighted or weighted UniFrac phylogenetic distance were analyzed
using ANOSIM with the vegan package in R (2.5.4) (Xia and Sun, 2017).

For the plasma metabolite analysis, we used orthogonal partial least
squares discriminant analysis as the multivariate analysis model,
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implemented in SIMCA-P (version 14.0). Significant peaks were deter-
mined by the combination of variable importance in projection values
>1, Wilcox signed-rank test P-values <0.05, and false discovery rate <
0.076 between the sham + CPZ and SDV + CPZ groups. Two-way
ANOVA followed by the Bonferroni post-hoc test was used to analyze
differences among the four groups.

Correlations among the demyelination area, IBAl-positive area,
plasma metabolites, and the relative abundances of bacteria were
analyzed using Spearman's rank test. The integrative network of asso-
ciations between differentially abundant taxa, plasma metabolites,
IBAl-positive areas, and demyelination areas were assessed using
Spearman's analysis and visualized with Cytoscape (version 3.8.1). For
all analyses, the level of significance was set as P < 0.05.

3. Results

3.1. Effects of SDV on demyelination and body weight in CPZ-treated
mice

One week after the SDV or sham operation, the mice received chow
with or without CPZ for 6 weeks (Fig. 1A). Body weight gain compared
with baseline (week —1) was significantly higher in the SDV + CPZ
group than in the sham + CPZ group (Fig. 1B). The demyelination area
in the brain was assessed by LFB staining and MBP immunostaining. Six
weeks of CPZ treatment produced demyelination in the corpus callosum
of mice; SDV significantly alleviated this CPZ-induced demyelination
(Fig. 1C, D, F, G). Collectively, these findings indicate that SDV can
ameliorate CPZ-induced body weight gain and demyelination in mice.

3.2. Effects of SDV on microglial activation in CPZ-treated mice

Multiple evidence suggests that microglial activation contributes to
MS development (Deng and Sriram, 2005; Kalafatakis and Karagogeos,
2021; Mayrhofer et al., 2021). We therefore investigated microglial
activation in the corpus callosum of CPZ-treated mice by immuno-
staining for the microglial marker IBA1l. In the sham + CON group,
microglia were distributed broadly and evenly throughout the corpus
callosum of mice; they were small and ramified, which is the typical
morphology of resting microglia (Wang et al., 2022a). In the sham +
CPZ group, there was a robust increase in the IBAl-positive area of the
corpus callosum compared with the sham + CON group. SDV signifi-
cantly alleviated this CPZ-induced increase in IBAl-positive area
(Fig. 2A-C). Together, these results suggest that SDV can ameliorate
CPZ-induced microglial activation in the mouse corpus callosum.

3.3. Gut microbiota composition

The o- and B-diversity were used to analyze gut microbiota compo-
sition in the four groups. Regarding a-diversity, there were no differ-
ences in Chaol, observed OTUs, or Shannon among the four groups
(Fig. 3A-C). To determine the similarity (i.e., p-diversity) between
microbiota communities in the four groups, PCA and PCoA were per-
formed. The compositions of microbiota communities were significantly
separated using PCA as evaluated by ANOSIM (R = 0.5259, P = 0.001)
(Fig. 3D) based on OTU levels. Furthermore, the PCoA with unweighted
and weighted UniFrac distance showed significant differences in the
four groups using ANOSIM (R = 0.4157, P = 0.001) (Fig. 3E, F). These
findings indicate that SDV can restore CPZ-induced f-diversity abnor-
malities in the gut microbiota.

3.4. Altered gut microbiota composition at different levels

At the phylum level, the relative abundances of Firmicutes and Can-
didatus Saccharibacteria were significantly higher in the SDV + CPZ
group than in the sham + CPZ group (Supplemental Fig. S1). At the
genus level, the relative abundances of the following 14 microbiota were
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Fig. 1. Effects of SDV on the body weight change and demyelination of CPZ-treated mice.

A: The protocol of the experiment. B: The body weight gain compared with baseline (week —1) (repeated measures two-way ANOVA, time: F;, 34 = 71,327. P <
0.001. group: Fq, 34 = 10.084, P < 0.001. interaction: F;, 34 = 3.825, P < 0.001). C: The LFB (luxol fast blue) and MBP (myelin basic protein) staining images were
taken of the area outlined by the blue line box. D: The representative photos of LFB in the corpus callosum of brain from sham + CON, sham + CPZ, SDV + CON, and
SDV + CPZ groups. E: The representative photos of MBP and DAPI (4',6'-diamino-2-phenylindole) in the corpus callosum of brain from sham + CON, sham + CPZ,
SDV + CON, and SDV + CPZ groups. F: Quantitative data of demyelination area in the corpus callosum using LFB staining (two-way ANOVA: CPZ: F, 33 = 85.477, P
< 0.001. SDV: F; 33 = 13.687, P < 0.001. interaction: F; 33 = 0.880, P = 0.355). G: Quantitative data of demyelination area in the corpus callosum using MBP staining
(two-way ANOVA: CPZ: F; 33 = 7.256, P = 0.011. SDV: F; 33 = 4.228, P = 0.048. interaction: F; 33 = 5.843, P = 0.021). The data are the mean + SEM (n = 9 or 10).
**P < 0.01, ***P < 0.001. Scale bar: 200 pm. CPZ, cuprizone; SDV, subdiaphragmatic vagotomy. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

significantly different in the four groups: Prevotella, Bacteroides, Gabonia,
Eubacterium, G_undefined_Bacteroidia, G_undefined Bacteroidaceae, Dorea,
Anaerocolumna, G_undefined Acholeplasmatales, Parvibacter, G undefi-
ned_Burkholderiales, Beduini, Acetoanaerobium, and Erysipelatoclostridium
(Supplemental Fig. S2).

At the species level, the relative abundances of the following 23
microbiota were significantly different in the four groups: Lactobacillus
johnsonii, Lactobacillus hominis, Lachnospiraceae bacterium A4, Gabonia
massiliensis, Prevotella sp. CA17, Bacteroidia bacterium canine oral taxon
387, Eubacterium sp. oral clone BUO014, Bacteroidaceae bacterium
DJF B220, Clostridiales bacterium CIEAF 030, Prevotella sp. oral taxon
317, Clostridium sp. ASF502, Clostridium sp. Clone-45, [Eubacterium]
siraeum, Candidatus Dorea massiliensis, Bacteroides caecimuris, Anaeroco-
lumna jejuensis, Bacteroides sp. Smarlab 3,302,398, Ruminococcus sp. M-1,
Lachnospiraceae bacterium 6-1, Clostridiales bacterium oral taxon F32,
Prevotella conceptionensis, Enterorhabdus muris, and Parvibacter caecicola
(Fig. 4).

3.5. LEfSe analysis

Changes in the abundance of taxa in the four groups were analyzed
using the LEfSe algorithm (Kwak et al., 2020). Compared with sham
surgery, SDV had significantly different effects on gut microbiota

Fig. 2. Effects of SDV on the microglia activation of
CPZ-treated mice.

A: The representative photos of IBA1 and DAPI in the
corpus callosum of brain from sham + CON, sham +
CPZ, SDV + CON, and SDV + CPZ groups. B: The
IBA1 staining images were taken of the area outlined
by the green line box. C: Quantitative data of IBA1-
positive area in the corpus callosum (two-way
ANOVA: CPZ: Fy 33 = 78.963, P < 0.001. SDV: F; 33 =
4.347, P = 0.045. interaction: F;33 = 4.968, P =
0.033). The data are the mean + SEM (n = 9 or 10).
***P < 0.001. Scale bar: 50 pm. CPZ, cuprizone; SDV,
subdiaphragmatic vagotomy. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(Fig. 5A). Four species-level phylotypes were identified as potential gut
microbial markers for the sham + CON group: Clostridiumsp clone27,
Lachnospiraceae bacteriumRM29, Lachnospiraceae bacteriumA4, and
Clostridiales bacterium CIEAF020 (Fig. 5B). In addition, three species-
level phylotypes were identified as potential gut microbial markers for
the sham + CPZ group: Porphyromonadaceae bacterium C941, Gabonia
massiliensis, and Lactobacillus johnsonii, (Fig. 5B). Similarly, three
species-level phylotypes were identified as potential gut microbial
markers for the SDV + CON group: Lachnospiraceae bacterium 607,
Lactobacillus murinus, and Lactobacillus hominis, (Fig. 5B). Finally, the
species Lactobacillus sp. NBRC14512, and Turicibacter sp. LA62 were
identified as potential gut microbial markers for the SDV + CPZ group
(Fig. 5B).

3.6. Plasma metabolites

To explore the underlying mechanisms of the beneficial effects of
SDV on demyelination in CPZ-treated mice, we performed an untargeted
metabolomic analysis of plasma samples because gut microbiota can
synthesize many metabolites. After quality control and the removal of
low-abundance peaks, 161 ion pattern features were identified. The
OPLS-DA model was used to analyze the distribution of plasma meta-
bolic components between the sham + CPZ and SDV + CPZ groups
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Fig. 3. o-diversity and p-diversity of gut microbiota.
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A: a-diversity index of Chaol (Kruskal-Wallis test, H = 2.376, P = 0.498). B: a-diversity index of observed_OTUs (Kruskal-Wallis test, H = 3.840, P = 0.279). C:
a-diversity index of shannon (Kruskal-Wallis test, H = 4.929, P = 0.177) D: Principal component analysis (PCA) of p-diversity based on the OTU level, where each
point represents a single sample colored by group circle, indicated by the second principal component of 14.25% on the Y- axis and the first principal component of
52.15% on the X-axis (ANOSIM, R = 0.5259, P = 0.001). E: Principal Coordinates Analysis (PCoA) plot based upon unweighted UniFrac distance (ANOSIM, R =
0.4157, P = 0.001). Each dot represents a single sample indicated by a principal component of 12.89% on the X-axis and another principal component of 10.67% on
the Y- axis, contributing to discrepancy among the three groups. E: Principal Coordinates Analysis (PCoA) plot based upon weighted UniFrac distance (ANOSIM, R =
0.4298, P = 0.001). Each dot represents a single sample indicated by a principal component of 43.53% on the X-axis and another principal component of 22.09% on
the Y- axis, contributing to discrepancy among the three groups. The data are the mean + SEM (n = 9 or 10). CPZ, cuprizone; SDV, subdiaphragmatic vagotomy.

(Fig. 6A). Scatter plots of the scores between the sham + CPZ and SDV +
CPZ groups are shown in Fig. 6A. After thresholding the metabolites
(variable importance in projection values >1, Wilcoxon signed-rank test
P-values <0.05 and FDR < 0.076), 27 metabolites were identified as
having significant differences in abundance between the sham + CPZ
and SDV + CPZ groups (Fig. 6B). Of these, the following 26 metabolites
were upregulated in the SDV + CPZ group: 1,2-dichloroethane, 1,5-
anhydro-D-sorbitol, 1-phenylethylamine, 1-pyrroline, 2-(methylthio)
ethanol, 2-aminoacetophenone, 3-aminohexanoic acid, atrazine-
desethyl, CO9H11NO2, DL-arginine, DL-malic acid, glucosereductone,
histidine, isocitric acid, leucine, L-phenylalanine, L-valine, maleic acid,
monoethyl carbonate, pentaethylene glycol, piperidine, proline, pyrro-
lidine, triflumuron, tryptophan, and tyrosine (Fig. 6B). In contrast, p-
glucose was downregulated in the SDV + CPZ group compared with the
sham + CPZ group (Fig. 6B). Notably, SDV significantly improved the

plasma levels of six of these 27 metabolites (DL-arginine, DL-malic acid,
maleic acid, isocitric acid, glucosereductone, and monoethyl carbonate)
in CPZ-treated mice (Fig. 6C).

The correlations among demyelination and IBA1-positive areas and
these six plasma metabolites were then examined. Both the demyelin-
ation area (with LFB staining) and the IBAl-positive area were nega-
tively correlated with all six compounds (Fig. 6D). The demyelination
area (with MBP staining) was negatively correlated with glucoser-
eductone and monoethyl carbonate only (Fig. 6D).

3.7. Correlations among bacterial relative abundance, plasma
metabolites, and demyelination and IBA1-positive areas

Heat maps were used to demonstrate the correlations among
demyelination and IBA1-positive areas, plasma metabolites, and relative

~187-



X. Wang et al. Neurobiology of Disease 176 (2023) 105951

Fig. 4. Altered composition in the gut microbiota at species.
There are significantly changed bacteria among the four groups. Statistical analysis data were shown in the Supplemental Table 1. The data are the median and
interquartile range (n = 9 or 10). CPZ, cuprizone; SDV, subdiaphragmatic vagotomy.
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Fig. 5. The LEfSe algorithm of gut microbiota.
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A: Cladogram (LDA score > 4.0, P < 0.05) showed the taxonomic distribution difference among sham + CON, sham + CPZ, SDV + CON, and SDV + CPZ groups,
indicating with different colour region. Each successive circle represents a differentially abundant taxonomic clades at phylum, class, order, family, genus and species
level from the inner to outer rings. B: Histograms of the different abundant taxa based on the cutoff value of LDA score (log1o) > 4.0 and P < 0.05 among the four
groups. p, phylum; c, class; o, order; f, family; g, genus; s, species. CPZ, cuprizone; SDV, subdiaphragmatic vagotomy.

bacterial abundances that differed significantly at the species level
(Fig. 7A). Spearman's correlations between the microbiome and plasma
metabolites were also analyzed. Twenty-three bacteria were signifi-
cantly associated with 27 plasma metabolites, which were further
related to demyelination and IBA1-positive areas (Fig. 7A).

The demyelination area (LFB staining) was positively correlated with
the relative abundances of Prevotella sp. oral taxon 317, Bacteroides sp.
Smarlab 3,302,398, Gabonia massiliensis, Prevotella sp. CA17, Lactoba-
cillus johnsonii, Anaerocolumna jejuensis, Candidatus Dorea massiliensis,
Parvibacter caecicola, and Bacteroidaceae bacterium DJF B220. Further-
more, the demyelination area (MBP staining) was positively correlated
with the relative abundances of Prevotella conceptionensis, Prevotella sp.
oral taxon 317, Bacteroides sp. Smarlab 3,302,398, Gabonia massiliensis,
Prevotella sp. CA17, Lactobacillus johnsonii, Anaerocolumna jejuensis,
Candidatus Dorea massiliensis, Bacteroidaceae bacterium DJF B220, and
Bacteroides caecimuris (Fig. 7A). In contrast, the demyelination area (LFB
staining) was negatively correlated with the relative abundances of
Enterorhabdus muris, Lachnospiraceae bacterium 6-1, and Ruminococcus
sp. M-1. The demyelination area (MBP staining) was negatively corre-
lated with the relative abundances of Clostridiales bacterium CIEAF 030,
[Eubacterium] siraeum, Clostridium sp. Clone-45, Clostridium sp. ASF502,
Lachnospiraceae bacterium 6-1, and Ruminococcus sp. M-1. (Fig. 7A).

There were positive correlations between the IBA1-positive area and

the relative abundances of Prevotella sp. oral taxon 317, Bacteroides sp.
Smarlab 3,302,398, Gabonia, massiliensis, Prevotella sp. CA17, Lactoba-
cillus johnsonii, Anaerocolumna jejuensis, Candidatus Dorea massiliensis,
and Bacteroidaceae bacterium DJF B220. There were negative correla-
tions between the IBA1l-positive area and the relative abundances of
Enterorhabdus muris, Lachnospiraceae bacterium 6-1, Ruminococcus sp. M-
1, Clostridiales bacterium CIEAF 030, and Clostridium sp. Clone-45
(Fig. 7A).

More specifically, the relative abundance of Lactobacillus johnsonii
(the relative abundance is >25% in sham + CPZ group) was negatively
correlated with maleic acid, DL-malic acid, monoethyl carbonate, DL-
arginine, tyrosine, proline, 1-pyrroline, tryptophan, 1,2-dichloroethane,
triflumuron, isocitric acid, and glucosereductone levels, and positively
correlated with p-glucose levels (Fig. 7A).

A correlation network revealed that the correlations (Spearman's
analysis, R > 0.5, P < 0.05) among plasma metabolites, demyelination
area, IBAl-positive area, and bacterial relative abundances differed
significantly between any two groups (Fig. 7B). There were also corre-
lations among the relative abundances of significant microbiomes at the
species level and significantly different plasma metabolites between the
sham + CPZ and SDV + CPZ groups (Fig. 7 B).

~189-



X. Wang et al. Neurobiology of Disease 176 (2023) 105951

(caption on next page)

-190-



X. Wang et al. Neurobiology of Disease 176 (2023) 105951
Fig. 6. Plasma metabolites and Spearman correlations between metabolites and demyelination area (LFB staining or MBP staining) or IBA1-positive area.

A: OPLS-DA (orthogonal partial least square discriminant analysis, RZ =0.849, Rg =0.977, Q? = 0.767, RMSEE = 0.091) between sham + CPZ group and SDV + CPZ
group. B: Volcano plots show the metabolite changes between sham + CPZ group and SDV + CPZ group. X-axis indicates the log2-transformed plasma metabolite
abundance of fold change, and the y-axis indicates the -log10-transformed p value using the Wilcoxon rank sum test. Horizontal lines indicate P < 0.05. Increased or
decreased metabolites are marked in red and blue, respectively. The size of the dot represents the size of VIP (variable importance in projection) value. Metabolites
with P < 0.05 and VIP > 1 are marked in text. C: The changed metabolites, significantly correlated with demyelination and Ibal positive area, were shown. (two-way
ANOVA: DL-arginine: CPZ, F; 34 = 14.726, P = 0.001. SDV, F; 34 = 30.486, P < 0.001. interaction: F; 34 = 0.051, P = 0.823. DL-malic acid: CPZ, F; 34 = 9.598, P =
0.004. SDV, F; 34 = 21.169, P < 0.001. interaction: F; 34 = 4.410, P = 0.043. glucosereductone: CPZ, F; 34 = 9.135, P = 0.005. SDV, F; 34 = 0.682, P = 0.415.
interaction: Fq 34 = 8.427, P = 0.006. isocitric acid: CPZ, F; 34 = 10.779, P = 0.002. SDV, F; 34 < 0.001, P = 0.999. interaction: F; 34 = 14.854, P < 0.001. maleic acid:
CPZ, F1,34 = 10.027, P = 0.003. SDV, F; 34 = 19.057, P < 0.001. interaction: F; 34 = 4.056, P = 0.052. monoethyl carbonate: F; 34 = 10.096, P = 0.003. SDV, F; 34 =
10.606, P = 0.003. interaction: F; 34 = 2.890, P = 0.098). D: Spearman correlations between metabolites and demyelination area (LFB staining or MBP staining), and

IBA1-positive area in the four groups. *P < 0.05, **P < 0.01, ***P < 0.001. CPZ, cuprizone; SDV, subdiaphragmatic vagotomy. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

The major findings of the present study are as follows. First,
compared with sham surgery, SDV ameliorated both demyelination and
microglial activation in the corpus callosum of CPZ-treated mice. Sec-
ond, SDV partially restored the abnormal $-diversity of gut microbiota in
CPZ-treated mice. Two phylum—Firmicutes and Candidatus Saccha-
ribacteria—were different between the sham + CPZ and SDV + CPZ
groups. Furthermore, several genera and species were altered among the
four groups. The LEfSe algorithm identified two species, Lactoba-
cillus sp NBRC14512 and Turicibacter sp_.LA62, as specific microbial
biomarkers for the SDV + CPZ group. Third, 27 metabolites were
identified as having significant differences in abundance between the
sham + CPZ and SDV + CPZ groups. Of these 27 metabolites, SDV
significantly improved the reduced levels of six metabolites (DL-argi-
nine, DL-malic acid, maleic acid, isocitric acid, glucosereductone, and
monoethyl carbonate) in CPZ-treated mice. Notably, there were nega-
tive correlations between demyelination or microglial activation and
plasma metabolites. Fourth, the relative abundances of some species of
bacteria were correlated with demyelination or microglial activation in
the brain as well as with plasma metabolites. Taken together, our find-
ings indicate that the gut-microbiota-brain axis might play a role in the
demyelination of CPZ-treated mice via the subdiaphragmatic vagus
nerve.

Several lines of evidence suggest that microglial activation plays a
crucial role in MS development (Chu et al., 2018; Deng and Sriram,
2005; Gao and Tsirka, 2011; Guerrero and Sicotte, 2020; Rawji and
Yong, 2013; Voet et al., 2019). Microglial activation can lead to neu-
roinflammation and myelin and axonal damage in both CPZ-treated
mice and MS patients (Clarner et al., 2012). Recently, we reported
that microglial activation is positively correlated with demyelination in
the corpus callosum of CPZ-treated mice, suggesting a link between
demyelination and microglial activation (Wang et al., 2022a). In the
present study, we found that SDV alleviated demyelination and micro-
glial activation in the corpus callosum of CPZ-treated mice. Collectively,
it is therefore possible that the subdiaphragmatic vagus nerve contrib-
utes to microglial activation and demyelination in the corpus callosum
of CPZ-treated mice.

Accumulating evidence has highlighted the essential role of
abnormal gut microbiota in the pathogenesis of MS (Cantarel et al.,
2015; Chen et al., 2019; Farshbafnadi et al., 2021; Ghezzi et al., 2021;
Maghzi and Weiner, 2020; Parodi and Kerlero de Rosbo, 2021). In the
current study, many species of bacteria were altered between the sham
+ CPZ and SDV + CPZ groups. Among these species, there was a strong
positive correlation between the relative abundance of Bacteroides sp.
Smarlab 3,302,398 and demyelination in the brain. Although the precise
functions of this bacterial species remain unclear, it is possible that
Bacteroides sp. Smarlab 3,302,398 is involved in demyelination via
neuroinflammation. Furthermore, there was a positive correlation be-
tween the relative abundances of both Bacteroides caecimuris and
Gabonia massiliensis and microglial markers in the brain. These two
bacteria might play a role in inflammation (Behary et al., 2021;

Kishikawa et al., 2020; Osaka et al., 2017; Sanchis-Artero et al., 2021),
and may therefore contribute to neuroinflammation in CPZ-treated
mice. Nonetheless, it is noteworthy that SDV was able to alleviate the
CPZ-induced increased relative abundances of both Gabonia massiliensis
and Bacteroides caecimuris, as well as those of Lactobacillus johnsonii and
Provotella sp. CA17. We have recently reported that SDV can block
depression-like behaviors in mice after LPS administration (Zhang et al.,
2020) or after fecal microbiota transplantation from mice with
depression-like behaviors (Pu et al., 2021; Wang et al., 2020; Wang
et al., 2021a; Wang et al., 2021b). In addition, it was reported that SDV
can abolish the increased hippocampal expression of IBAl and the
cognitive deficits that occur after LPS (5 mg/kg) treatment in mice, thus
indicating a role of the subdiaphragmatic vagus nerve in LPS-induced
neuroinflammation (Wu et al., 2021). Together with the present re-
sults, these findings suggest that the subdiaphragmatic vagus nerve
contributes to demyelination in CPZ-treated mice.

A number of previous studies have indicated that gut microbiota is
linked to microglial activation in the brain (Abdel-Haq et al., 2019;
Cryan et al., 2019; Erny and Prinz, 2020; Lynch et al., 2021; Ma et al.,
2019; Mossad and Erny, 2020; Wang et al., 2018; Yang et al., 2022).
Similarly, we identified correlations between IBA1 expression in the
corpus callosum and the relative abundances of several bacteria; this
finding indicates that microglial activation may be regulated by gut
microbiota. Furthermore, there was a positive correlation between the
relative abundance of Lactobacillus johnsonii and microglial activation,
suggesting that this bacterial species may contribute to inflammation in
CPZ-treated mice. Taken together, microbiome-microglia crosstalk
might play a crucial role in demyelination in the brains of CPZ-treated
mice through the gut-microbiota-brain axis.

Six plasma metabolites (malic acid, maleic acid, arginine, glucoser-
eductone, isocitric acid, and monoethyl carbonate) were increased in the
SDV + CPZ group compared with the sham + CPZ group. Notably, all six
of these plasma metabolites were decreased in the sham + CPZ group
compared with the sham + CON group. Malic acid is a saturated
dicarboxylic acid, whereas maleic acid is an unsaturated dicarboxylic
acid. Interestingly, we identified negative correlations between plasma
levels of malic acid or maleic acid and demyelination or microglial
activation in the corpus callosum of CPZ-treated mice. Furthermore, the
plasma levels of the other four metabolites (arginine, glucosereductone,
isocitric acid, and monoethyl carbonate) were negatively correlated
with demyelination or microglial activation in the brain. Although the
detailed functions of these six metabolites are unknown, they may
contribute to the beneficial effects of SDV on demyelination in the brains
of CPZ-treated mice. However, further study of these six metabolites is
needed to confirm their roles in the protective effects of SDV on CPZ-
treated mice. Furthermore, there were positive correlations between
the relative abundance of Lactobacillus hominis and many plasma me-
tabolites in the current study, suggesting that this bacterial species may
have a role in the production of these metabolites.

Vagus nerve stimulation is a form of neuromodulation that stimu-
lates the vagus nerve. It is currently an alternative therapy for both re-
fractory epilepsy and treatment-resistant depression (Badran and
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Fig. 7. Correlations among plasm metabolites, bacterial relative abundance, demyelination area, or IBA1-positive area.

A: Spearman correlations among gut microbiome and metabolites, demyelination area (LFB staining or MBP staining), and IBA1-positive area. B: A: Network plots
were used to investigate plasm metabolites correlation (P < 0.05, VIP >1, sham + CPZ group vs. SDV + CPZ group), and the interrelationship of significant different
bacterial relative abundance with demyelination area, or IBA1-positive area. Red connections indicate positive correlations, blue connections indicate negative
correlations, and thicker connection lines indicate larger correlation coefficients (Spearman correlation analysis, absolute value of correlation coefficient > 0.5, P <
0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Austelle, 2022; Rosson et al., 2022; Wang et al., 2021c). Our data sug-
gest that the vagus nerve may play a role in demyelination and micro-
glial activation in the brains of MS patients. It has also been reported
that vagus nerve stimulation can improve cerebellar tremor and
dysphagia in MS patients (Marrosu et al., 2005, 2007). Given the co-
morbidity of depression in MS patients (Jones et al., 2021; Skokou et al.,
2012), it will be of great interest to investigate whether vagus nerve
stimulation can improve clinical symptoms, including depression, in MS
patients.

The present study has some limitations. First, we did not identify the
specific species of bacteria and metabolites that contribute to the
beneficial effects of SDV in CPZ-treated mice. Further research is
therefore needed to confirm the specific microbiome and microbe-
derived metabolites that underlie the beneficial effects of SDV. Sec-
ond, because the EAE model reproduces different patterns of MS from
the CDZ-treated model (Palumbo and Pellegrini, 2017), we need to
investigate the effects of SDV on demyelination in other animal mod-
els—such as the EAE model—of MS (Wang et al., 2021b).

In conclusion, the findings of the current study suggest that SDV can
ameliorate demyelination and microglial activation in the brains of CPZ-
treated mice through the gut-microbiota-brain axis. Given the crucial
role of the vagus nerve in the gut-microbiota-brain axis, vagus nerve
stimulation may be a promising therapeutic option for MS patients.
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ABSTRACT

The a7 subtype of the nicotinic acetylcholine receptor (a7 nAChR: coded by Chrna?) is known to regulate the
cholinergic ascending anti-inflammatory pathway. We previously reported that Chrna7 knock-out (KO) mice
show depression-like behaviors through abnormal composition of gut microbiota and systemic inflammation.
Given the role of subdiaphragmatic vagus nerve in gut-microbiota-brain axis, we investigated whether sub-
diaphragmatic vagotomy (SDV) could affect depression-like behaviors, abnormal composition of gut microbiota,
and microbes-derived metabolites in Chrna7 KO mice. SDV blocked depression-like behaviors and reduced
expression of synaptic proteins in the medial prefrontal cortex (mPFC) of Chrna7 KO mice. LEfSe (linear
discriminant analysis effect size) analysis revealed that the species Lactobacillus sp. BL302, the species Lacto-
bacillus hominis, and the species Lactobacillus reuteri, were identified as potential microbial markers in the KO +
SDV group. There were several genus and species altered among the three groups [wild-type (WT) + sham group,
KO + sham group, KO + SDV group]. Furthermore, there were several plasma metabolites altered among the
three groups. Moreover, there were correlations between relative abundance of several microbiome and
behavioral data (or synaptic proteins). Network analysis showed correlations between relative abundance of
several microbiome and plasma metabolites (or behavioral data). These data suggest that Chrna7 KO mice
produce depression-like behaviors and reduced expression of synaptic proteins in the mPFC through
gut-microbiota-brain axis via subdiaphragmatic vagus nerve.

1. Introduction

ligand-gated ion channels widely distributed in various cells of the
central nervous system (CNS), peripheral nervous system (PNS), enteric

Depression is the most prevalent mental disorder with an estimated
5.0% of adults and 5.7% of elderly adults (>60 years old) worldwide.
Furthermore, depression is a leading cause of disability worldwide, and
it is a major contributor to the overall global burden of disease (WHO,
2021). Although the precise neurobiology underlying depression re-
mains unclear, inflammation is known to play an important role in
depression (Brydges et al., 2022; Haroon et al., 2012; Hashimoto, 2009;
Hashimoto, 2015; Liu et al., 2020; Lucido et al., 2021; Mac Giollabhui
et al.,, 2021; Miller and Raison, 2016; Shan and Hashimoto, 2022;
Toenders et al., 2022; Zhang et al., 2016a).

Nicotinic acetylcholine receptor (nAChR) is a kind of ionotropic

nervous system, neuromuscular junction and immune system, which is
consist of pentameric combinations of a and/or f§ subunits (Dani, 2015;
Dani and Bertrand, 2007). Among its many subtypes, a7 nAchRs,
encoded by the Chrna7 gene, mediates systemic inflammatory homeo-
stasis between the CNS and the immune system through a vagus nerve
mediated way known as the “cholinergic anti-inflammatory pathway”
(Andersson and Tracey, 2012; Lei and Duan, 2021; Martelli et al., 2014;
Olofsson et al., 2012; Piovesana et al., 2021; Ulloa, 2005; Wang et al.,
2003; Wu et al., 2021). We previously reported that Chrna7 KO mice
show depression-like phenotypes through systemic inflammation (Pu
et al., 2021b; Zhang et al., 2016b).

Abbreviations: Chrna7, a7 subtype of the nicotinic acetylcholine receptor; CNS, central nervous system; FMT, fecal microbiota transplantation; FST, forced
swimming test; LPS, lipopolysaccharide; mPFC, medial prefrontal cortex; SDV, subdiaphragmatic vagotomy; SPT, sucrose preference test.

* Corresponding author.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

https://doi.org/10.1016/j.pnpbp.2022.110652

Received 13 June 2022; Received in revised form 26 September 2022; Accepted 27 September 2022

Available online 30 September 2022
0278-5846,/0© 2022 Elsevier Inc. All rights reserved.

-198-



Y. Yang et al.

Increasing evidence suggests altered composition of intestinal
microbiota in rodents with depressive-like phenotypes (Chang et al.,
2022; Hashimoto, 2020; Huang et al., 2019; Park et al., 2013; Qu et al.,
2017; Wang et al., 2020a, 2020b; Wong et al., 2016; Yang et al., 2017,
2019; Zhang et al., 2017; Zhang et al., 2019), and patients with
depression (Caso et al., 2021; Jiang et al., 2015; Li et al., 2022; Nikolova
et al., 2021; Sanada et al., 2020; Wei et al., 2022a, 2022b; Wong et al.,
2016; Zheng et al., 2016). Fecal microbiota transplantation (FMT) of
certain intestinal microbiota from depressed patients or rodents with
depressive-like phenotypes causes depression-like phenotypes in mice
(Kelly et al., 2016; Pu et al., 2021b; Pu et al., 2022; Wang et al., 2020a;
Yang et al., 2019; Zheng et al., 2016). Furthermore, microbial-derived
metabolites, including short-chain fatty acids (SCFAs), tryptophan-
derived metabolites, bile acids and D-amino acids, could regulate a
number of physiological functions such as behaviors (Bartoli et al.,
2021; Chang et al., 2022; Hashimoto, 2022; Li et al., 2022; Pu et al.,
2021a; Tran and Mohajeri, 2021; Wan et al., 2022a, 2022b). Vagus
nerve is known to play a key role in the bi-directional communication
between the gut microbiota and the brain (Bonaz et al., 2018; Cawthon
and de La Serre, 2018; Chang et al., 2022; Cryan et al., 2019; Forsythe
et al.,, 2014). We reported that subdiaphragmatic vagotomy (SDV)
blocked the onset of depression-like behavior and altered composition of
intestinal microbiota in mice after lipopolysaccharide (LPS) adminis-
tration (Zhang et al., 2020). Subsequently, we reported that SDV
blocked the onset of depression-like behaviors in mice after FMT from
mice with depression-like behaviors (Pu et al., 2021a; Wang et al.,
2020a; Wang et al., 2021). Collectively, it is likely that sub-
diaphragmatic vagus nerve plays a key role in depression-like behaviors
(Chang et al., 2022; Wei et al., 2022b). However, there are no reports
showing the role of subdiaphragmatic vagus nerve in depression-like
phenotypes in Chrna7 KO mice.

The aim of present study was to evaluate whether SDV could affect
depression-like phenotypes and reduced expression of synaptic proteins
in the medial prefrontal cortex (mPFC) of Chrna7 KO mice. Furthermore,
we performed 16S rRNA analysis for gut microbiota composition and
untargeted metabolomics analysis of plasma samples.

2. Materials and methods
2.1. Animals

Mice deficient in a7 nAChR (coded by Chrna7 gene, C57BL/6 back-
ground) were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA) (Zhang et al., 2016b). Adult male wild-type (WT) and Chrna7 KO
mice used in this study were littermates. All the experimental mice were
aged 9 weeks, body weight 21-27 g. All the experimental mice were
acclimatized to standard laboratory conditions (3 or 4/ cage), maintain
alternating cycles of 12 h of light and 12 h of darkness (lights on from
7:00-19:00), and under constant room temperature of 23 + 1 °C and
controlled humidity of 55 + 5%. Animals were given free admittance to
chow and water. The experimental protocol of present study was
approved by the Chiba University Institutional Animal Care and Use
Committee (Permission number 3-399). The experimental mice were all
firstly deeply anesthetized with inhaled isoflurane and then rapidly
sacrificed by cervical dislocation. All efforts were made to minimize
animals suffering.

2.2. Bilateral subdiaphragmatic vagotomy (SDV)

Bilateral SDV or sham surgery was performed under continuous
inhalation anesthesia with 4-5% isoflurane by using an inhalation small
animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisa-
kusho, Tokyo, Japan), as previously method (Pu et al., 2021a; Wang
et al., 2020a, 2021; Zhang et al., 2020) with a slight modification.
Briefly, each mouse was placed in the right-side decubitus position, the
skin is disinfected with iodophor disinfectant and sterile tissue is laid.

Progress in Neuropsychopharmacology & Biological Psychiatry 120 (2023) 110652

Starting from the midline alba of the abdomen, about 1 cm incision
parallel to the costal arch was made at 0.5 cm below the left costal arch.
The incision was gently opened with Mini incision spreader to expose
the underlying liver tissue. The liver tissue was carefully pushed upward
using a small sterilized cotton ball moistened with physiological saline
solution and with the aid of an animal surgical microscope (Leica,
Heidelberg, Germany), the fascia between the caudate lobe and the left
lobe of the liver was sharply cut to fully expose the esophagus and the
surrounding surgical field of view. In this case, the dorsal and ventral
branches running along the esophagus under the diaphragm of the vagus
nerve can be clearly identified and can be severed after careful separa-
tion. After that, no bleeding was detected, and no additional injury of
esophagus, liver and other organs was checked, the liver tissue was
returned to its original normal position, and 0.5 ml physiological saline
solution was injected into the abdominal cavity. Then 5-0 surgical silk
sutures were used to suture the abdominal incision muscle and skin
layers layer by layer, ensuring aseptic operation throughout the opera-
tion. The successful implementation of SDV was confirmed by a signif-
icant increase in stomach volume on the 14th postoperative day due to
loss of vagus nerve innervation.

During the sham operation, the abdominal wall incision of the same
size was made in the same way at the same site. After the dorsal and
ventral branches of the subdiaphragmatic vagus nerve were also softly
exposed but not cut off, no bleeding and no additional damage of other
organs was checked. After the abdominal organs were restored to their
normal positions, 0.5 ml normal saline was also injected into the
abdominal cavity, then the incision was sutured layer by layer using the
same method.

2.3. Behavioral tests

Male WT and Chrna7 KO mice born in the same litter were subjected
to behavioral tests, as previously method (Pu et al., 2021a; Wang et al.,
2020a, 2021). Behavioral tests including locomotion test (LMT), forced
swimming test (FST), and 1% sucrose preference test (1% SPT) (Fig. 1A).

In order to monitor the locomotor activity of the mice, we adopted an
automatic animal movement analysis system (SCANET MV-40; MEL-
QUEST Co., Ltd., Toyama, Japan). The cumulative ambulatory activity
counts were automatic document continuously over a total stage of 60
min (10 min x 6 times) after the mice were placed into the experimental
cube boxes [33 cm (height) x 56 cm (width) x 56 cm (length)]. To avoid
experimental interference, the cube boxes were cleaned up during the
test interval.

A mouse automated forced-swim apparatus (SCANET MV-40; MEL-
QUEST Co., Ltd., Toyama, Japan) was used to perform FST. Mice were
placed into an inescapable transparent tank [31 cm (height) x 23 cm
(diameter)] that is filled with tap water at a temperature of 23 + 1 °C
and a depth of 15 cm. Then their escape related mobility behavior was
measured immediately. The immobility times were automatic document
and calculated using the analytical software of the apparatus over a total
stage of 6 min (1 min x 6 times).

For 1% SPT, which was carried out in the separate animal's home
cage. Each mouse was presented with two dual bearing sipper bottles,
one bottle contained tap water, and the second contained a 1% sucrose
solution. After 24 h of every mouse exposed to the respective two bottles
containing different solution, replaced the positions of two bottles for
each other to lower any confound produced by a side bias. After another
24 h, all food and bottles were deprived lasting 4 h, then performed 1 h
exposure to two identical bottles (containing tap water and 1% sucrose
solution), which were weighed before and after the exposure period. The
1% sucrose preference was calculated as a percentage of 1% sucrose
solution intake weight over the total liquid intake weight.

2.4. Western blotting analysis of synaptic proteins (PSD-95 and GluA1)

Western blotting analysis was performed as previously method (Pu
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Fig. 1. Effects of bilateral SDV on depression-like phenotypes and reduced expression of synaptic proteins in Chrna7 KO mice.

(A): Experimental schedule. On day 1, bilateral SDV or sham was performed, and they were recovered 14 days. On day 15, fresh feces samples were collected, and
subsequently LMT was performed. FST and SPT were performed on day 16 and day 17, respectively. On day 18, medial prefrontal cortex (mPFC) and plasma samples
were collected. (B): Body weight (repeated measure ANOVA, F(5, 21y = 2.424, P = 0.1129). (C): LMT (one-way ANOVA, F(3 21) = 0.4278, P = 0.6575). (D): FST (one-
way ANOVA, F(;, 21y = 6.050, P = 0.0084). (E): SPT (one-way ANOVA, F(5, 21y = 5.312, P = 0.0136). (F): Western blot analysis of GluAl in the mPFC (one-way
ANOVA, F(3, 21y = 6.805, P = 0.0053) and the representative bands. (G): Western blot analysis of PSD-95 in the mPFC (one-way ANOVA, F(, 51y = 8.191, P = 0.0023)
and the representative bands. The data are shown as means + S.E.M (WT + sham group: n = 10, KO + sham group: n = 7, KO + SDV group: n = 7). ANOVA: analysis

of variance. ns: not significant; *“P<0.05; **P<0.01; ***P<0.001.

et al., 2021a; Wang et al., 2020a, 2021; Yang et al., 2022b). The mPFC
tissues were mechanical homogenized just right in ice-cold Laemmli
lysis buffer. To avoid cross-contamination, each specimen was prepared
separately, liquid supernatants were collected after centrifugation at
3000 xg (RCF) at 4 °C for 5 min. The total protein concentration
extracted from each sample was detected on a spectrophotometer
(Molecular Devices Emax Precision Microplate Reader; Molecular De-
vices., San Jose, CA, USA) using a DC protein assay kit (Bio-Rad, Her-
cules, CA, USA). By adding a quarter volume of sample buffer (125 mM
Tris-HC, pH 6.8; 0.1% bromophenol blue; 4% sodium dodecyl sulfate;
and 10% p-mercaptoethanol and 20% glycerol) and Laemmili Lysis
buffer in appropriate proportions to balance the total protein concen-
tration of each sample, then incubate them at 95 °C for 10 min.

Considering the size of target protein, we chose 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (catalog #:
4568125, Mini-PROTEAN TGX™ Stain-Free Gels; Bio-Rad, USA) sepa-
rated the proteins by gel electrophoresis. Then a Trans-Blot Mini Cell
apparatus (Bio-Rad) was used to electrotransfer the target protein onto
polyvinylidene difluoride membranes.

For immunodetection, the polyvinylidene difluoride membranes
were blocked with blocker [5% skim milk in TBS + 0.1% Tween-20

(TBST)] at room temperature for 1 h, the membranes for detecting
postsynaptic density protein 95 (PSD-95) were incubated with the rec-
ommended dilution of the primary antibody against PSD-95 (1:1000,
Catalog No.: 51-6,900, 1 pg/mL, Invitrogen, Camarillo, CA, USA) and
fB-actin (1:10,000; Cat number: A5441 Sigma-Aldrich Co., Ltd., St Louis,
MO, USA) at 4 °C overnight. The next day, wash the polyvinylidene
difluoride membranes in three washes of TBST, 10 min each. Then the
polyvinylidene difluoride membranes were selectively incubated with a
recommended dilution of labeled secondary antibody [anti-mouse
antibody (1:5000, catalog No.: NA931, GE Healthcare) or a horse-
radish peroxidase-conjugated anti-rabbit antibody (1:5000, catalog No.:
NA934, GE Healthcare)] in 5% blocking buffer in TBST at room tem-
perature for 1 h. After three final washes in TBST, 10 min each. The
bands in the polyvinylidene difluoride membranes were detected using
enhanced chemiluminescence plus a Western Blotting Detection system
(GE Healthcare Bioscience).

The membranes for detecting anti-glutamate receptor 1 (AMPA
subtype: GluAl) were incubated in elution buffer (62.5 mM Tris-HCI,
pH 6.8, 2% sodium dodecyl sulfate, and 100 mM f-mercaptoethanol)
(preheat in incubator at 60 °C for 10 min, shake 50 times /min) at 60 °C
for 30 min and then washed three times (10 min at a time) in TBST. The
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stripped membranes were blocked with blocker [5% skim milk in TBS +
0.1% Tween-20 (TBST)] at room temperature for 1 h and then were
incubated with the recommended dilution of primary antibody directed
against GluAl (1:1,000; Cat No.: ab31232, Abcam, Cambridge, MA,
USA) at 4 °C overnight. The following day, washing the membranes for
three times (10 min at a time) in TBST and were incubated with a rec-
ommended dilution of horseradish peroxidase-conjugated anti-rabbit
antibody (1:5000, catalog No.: NA934, GE Healthcare) for 1 h at room
temperature. After three final washes in TBST, 10 min each. The bands
in the polyvinylidene difluoride membranes were detected using
enhanced chemiluminescence plus a Western Blotting Detection system
(GE Healthcare Bioscience). Images were produced using a ChemiDoc™
Touch Imaging System (170-01401; Bio-Rad Laboratories, Hercules,
CA, USA), and immunoreactive bands were quantified using Image
Lab™3.0 software (Bio-Rad Laboratories).

2.5. Collection of fresh fecal samples and 168 ribosome RNA sequencing

We collected fresh fecal samples from mice before behavioral test
LMT (Fig. 1A). To avoid cross-contamination, fecal samples from each
mouse were collected separately. After the mice defecated, fresh fecal
samples were collected immediately and were quickly intromitted into
individual sterilized screw cap microtubes and then were stored at
—80 °C until use.

Extraction of total DNA from mouse feces samples and subsequent
16S rRNA analysis were performed at MyMetagenome Co., Ltd. (Tokyo,
Japan). The specific operation scheme can be carried out according to
the procedure previously reported (Pu et al., 2021b; Wang et al., 2020a,
2021; Yang et al., 2022b). In brief, in order to amplify the V1-V2 hy-
pervariable region of the bacterial 16S ribosome RNA gene, the uni-
versal primers 27F-mod (5-AGRGTTTGATYMTGGCTCAG-3') and 338R
(5'-TGCTGCCTCCCGTAGGAGT-3') have been used in the process of
PCR. Then used an Illumina MiSeq Platform to sequence the 16S
amplicons. The similarities between the genome database of the Na-
tional Center for Biotechnology Information (NCBI) and the Ribosome
Database Project were searched by using the GLSEARCH program.
Finally, OTUs were classified and identified.

a-diversity analysis such as Observed_otus, Chaol, Ace, Shannon,
and Shannon_e was used to reflect the abundance and diversity of in-
testinal microbial communities. p-diversity analysis including Principal
Co-ordinates Analysis (PCoA) was used to access similarity or dissimi-
larity of the three intestinal microbial communities. Linear discriminant
analysis (LDA) effect size (LEfSe) was used for identifying certain bac-
teria as potential microbial biomarkers discovery. Microbiota-based
potential biomarker discoveries were performed with LEfSe using the
online galaxy platform (Segata et al., 2011). The LDA scores (LDA > 4.0
and P < 0.05) derived from LEfSe analysis were considered significantly
to be enriched or deficient bacterial taxa in the intestinal microbiota
among the three groups.

2.6. Untargeted metabolomics analysis of plasma samples and data
preprocessing

Untargeted metabolomics profiles from plasm samples were analysis
by using ultra-performance liquid chromatography-tandem quadruple
time-of-flight mass spectrometry (UPLC-QTOF/MS) technique. The
acquisition was operated on an ExionLC™ AD system (SCIEX, Tokyo,
Japan) coupled to a X500R QTOF system (SCIEX, Tokyo, Japan), as
previously reported (Wan et al., 2022a, 2022b). With the help of R
statistical environment Ver 4.0.5. and Mass Spectrometry-Data Inde-
pendent AnaLysis (MS-DIAL) software version 4.60 (Tsugawa et al.,
2015), metabolomics profiles data was analyzed. Metabolites were
detected at least 50% from the analyzed samples and the coefficient of
variation (CV) values of 30% of metabolites in pooled quality control
(QC) samples, and annotation level 2 proposed by Schymanski et al.
(2014) were used for data analysis.
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2.7. Statistical analysis

Statistical analysis of the data was performed using SPSS version
20.0 software (SPSS, Tokyo, Japan). The data were shown as the mean
+ standard error of the mean (S.E.M.). Data for behavioral tests and the
expression levels of synaptic proteins were analyzed using one-way
analysis of variance (ANOVA), followed by Fisher's least significant
difference (LSD) test. The data of body weight were analyzed using
repeated measure ANOVA, followed by Fisher's LSD test. Metabolites,
the a-diversity of intestinal microbiota, and the abundance of gut
microbiota at the phylum level, genus level, and species level among the
three groups were analyzed using the Kruskal-Wallis test, followed by
the Dunn's test for post-hoc analysis. Pairwise comparison of metab-
olomics data among the three groups were analyzed by Wilcoxon rank
sum test. Bioinformatic analysis of PCoA, LEfSe algorithm of intestinal
microbiota, Volcanic plot analysis of metabolomics and Correlation
networks were all performed by using the OmicStudio tools
(https://www.omicstudio.cn/tool).

Correlations between the plasma metabolites and the intestinal
microbiota at species level, depression-like phenotypes and the expres-
sion of synaptic proteins in the brain, and correlations between the
relative abundance of species bacteria and the expression levels of
synaptic proteins in the mPFC and depression-like phenotypes were
analyzed using Spearman's correlation analysis. P-value for comparison
<0.05 was regarded as significant.

3. Results

3.1. Effects of bilateral SDV on depression-like phenotypes, and the
expression of synaptic proteins in the brain

Effects of bilateral SDV in depression-like phenotypes in Chrna7 KO
mice were investigated (Fig. 1A). Body weight after surgery was not
different among the three groups (Fig. 1B). There were no changes in
locomotion among the three groups (Fig. 1C). The immobility time of
FST in the KO + sham group was significantly higher than that of WT +
sham group and KO + SDV group (Fig. 1D). In the SPT, sucrose pref-
erence of KO + sham group was significantly lower than that of WT +
sham and KO + SDV groups (Fig. 1E). There were no differences in FST
immobility time and sucrose preference of SPT between WT + sham
group and KO + SDV group (Fig. 1D and E).

It is well known that synaptic proteins such as PSD-95 and GluA1 are
decreased in the mPFC of rodents with depression-like phenotypes (Pu
et al., 2021b; Wang et al., 2020a, 2020b, 2021; Yang et al., 2015; Zhang
et al., 2014). Western blotting analysis showed that the expressions of
PSD-95 and GluAl in the mPFC of the KO + sham group were signifi-
cantly lower than those of WT + sham group and KO + SDV group
(Fig. 1F and G). There were no differences in expressions of GluA1l and
PSD-95 in the mPFC between WT + sham group and KO + SDV group
(Fig. 1F and G).

These data suggest that bilateral SDV significantly blocked
depression-like phenotypes and reduced expression of synaptic proteins
in the mPFC of Chrna7 KO mice.

3.2. Effects of bilateral SDV on the composition diversity of intestinal
microbiota

For a-diversity, Kruskal-Wallis test revealed no statistically signifi-
cant differences in the Observed_otus, Chaol, Ace, Shannon, and
Shannon_e indices among the three group (Fig. 2A-E). Regarding f-di-
versity, the bacterial population composition of intestine microbiota in
the three groups was analyzed by PCoA. Based on the OUT level, PCoA
analysis showed a significant separation in the bacterial population
composition through Analysis of similarities (ANOSIM) assessment (R =
0.3500, P = 0.001) (Fig. 2F).
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Fig. 2. Effects of bilateral SDV on the diversity of gut microbiota composition.

Progress in Neuropsychopharmacology & Biological Psychiatry 120 (2023) 110652

(A): Observed_otus (Kruskal-Wallis test, P = 0.2028). (B): Chaol (Kruskal-Wallis test, P = 0.1920). (C): Ace (Kruskal-Wallis test, P = 0.2305). (D): Shannon (Kruskal-
Wallis test, P = 0.1941). (E): Shannon_e (Kruskal-Wallis test, P = 0.1941). (F): PCoA based on OTU level (ANOSIM, Bray-Curtis dissimilarity matrix) (R = 0.3500, P
= 0.001). For all box plots, the middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme

and least values. ns: not significant.

3.3. Effects of bilateral SDV on the LEfSe algorithm of intestinal
microbiota

Cladogram presented the relationship between biomarker taxa
(layers of the cladogram represent different levels, with phylum, class,
order, family, genus, and species from inside to outside) generated by
LEfSe analysis (Fig. 3A). Furthermore, we identified 5 taxonomic bio-
markers, the species Porphyromonadaceae bacteriumC941, the genus
G_undefined Porphyromonadaceae, the species Gabonibacter massiliensis,
the genus Gabonibacter, and the species Prevotella sp. oral taxon 317 for
the WT + sham group. Furthermore, we identified 6 taxonomic bio-
markers, the species Gabonia massiliensis, the genus Gabonia, the family
Porphyromonadaceae, the order Bacteroidales, the class Bacteroidia, and
the phylum Bacteroidetes for the KO + sham group. Moreover, we
identified 8 taxonomic biomarkers, the species Lactobacillus hominis, the
species Lactobacillus reuteri, the species Lactobacillus sp. BL302, the
genus Lactobacillus, the family Lactobacillaceae, the order Lactobacillales,
the class Bacilli, and the phylum Firmicutes for the KO + SDV group
(Fig. 3B).

3.4. Effects of bilateral SDV on the intestinal microbiota at the levels of
phylum, genus, and species

At the phylum level, the composition of the intestinal microbiota in
Chrna7 KO mice was altered after SDV (Fig. 4A). Compared with WT +
sham group and KO + sham group, the relative abundance of Firmicutes
in the KO + SDV group were significantly higher, although there were no
significant differences between WT + sham group and KO + sham group
(Fig. 4B). Although there were no significant differences in the relative

abundance of Tenericutes between KO + SDV group and KO + sham
group, the relative abundance of Tenericutes in the KO + SDV group were
significantly lower than that in the WT + sham group (Fig. 4C).

At the genus level, the composition of the gut microbiota in Chrna7
KO mice was altered after SDV (Fig. 5A). The relative abundance of
Faecalibaculum in the KO + SDV group were statistically significantly
lower than in the WT + sham group and KO + sham group (Fig. 5B). The
relative abundance of Candidatus Arthromitus, Bifidobacterium, G_unde-
fined Burkholderiales, and Muribaculum in the KO + SDV group was lower
than that in the WT + sham group, whereas the relative abundance of
Thubacter in the KO + SDV group was higher than that in the WT + sham
group (Fig. 5C, F, and I-5J). The relative abundance of Turicibacter in the
KO + SDV group were lower than in the KO + sham group (Fig. 5D). The
relative abundance of Lactobacillus in the KO + SDV group were higher
than in the KO + sham group (Fig. 5G). The relative abundance of
Lactococcus in the KO + sham group and the KO + SDV group were lower
than that in the WT + sham group (Fig. S5E).

At the species level, we screened out 15 bacteria with statistical
differences based on their relative abundance (Fig. 6A). There were
significant differences in the relative abundance of Lactobacillus intesti-
nalis, Lactobacillus hominis, Faecalibaculum rodentium, Lactobacillus sp.
BL302, Bacteroides sp. TP-5, Candidatus Arthromitus sp. SFB-mouse,
Turicibacter sp. LA62, Lactobacillus reuteri, Lactococcus lactis, Lactobacillus
sp. NBRC 14512, Clostridium sp. Culture Jar-56, Lachnospiraceae bacte-
rium 607, Clostridiales bacterium CIEAF 030, Bifidobacterium pseudo-
longum and Muribaculum intestinale (Fig. 6B-6P). Among these microbes,
the relative abundance of three microbiome (Lactobacillus intestinalis,
Lactobacillus sp. BL302, Turicibacter sp. LA62) was significantly different
between KO + sham group and KO + SDV group (Fig. 6B, E, and H).
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Fig. 3. LEfSe analysis for potential bacteria biomarkers of gut microbiota.

(A): Functional branching diagram generated from LEfSe showing the differences of the three groups at different taxonomic levels. (B): Histogram representing the enriched taxa with LDA score > 4.0 and P < 0.05

obtained from LEfSe of the three groups.
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3.5. Untargeted metabolomic profiles analysis of plasma samples

Considering the close interaction between intestinal microbiome and
host metabolism, we conducted untargeted metabolomics profiles
analysis from plasma samples. After the quality control and removal of
low-abundance peaks, a subset of 175 metabolites was annotated. After
logl0 transformation of the concentration of metabolomics data,
Kruskal-Wallis test was performed among the three groups. We identi-
fied 24 metabolites with statistical differences (Fig. 7A-D).

Then we conducted pairwise comparison of metabolomics data
among the three groups, and screened out the metabolites with signifi-
cant up-regulation and down-regulation obtained in each two groups
through the form of Volcano plot [the threshold was set as: P < 0.05 and
fold change (FC) > 2]. When comparing the WT + sham group with the
KO + sham group, we confirmed that 3 annotation metabolites were
significantly up-regulated and 7 annotation metabolites were signifi-
cantly down-regulated (Fig. 8A). When comparing the WT 4 sham group
with the KO + SDV group, we confirmed that 9 annotation metabolites
were significantly up-regulated and 8 annotation metabolites were
significantly down-regulated (Fig. 8B). When the KO + sham group
compared with the KO + SDV group, we confirmed 9 significantly up-
regulated annotated metabolites and 4 significantly down-regulated
metabolites (Fig. 8C).

Finally, we further used UpSet plot listed out that there were 11
kinds of annotated metabolites with statistical differences between WT
+ sham group and KO + sham group, 17 kinds of annotated metabolites
with statistical differences between the KO + sham group and KO + SDV
group, and 27 kinds of annotated metabolites with statistical differences
between WT + sham group and KO + SDV group. In addition, 6 kinds of
annotated metabolites showed significant differences between the WT
+ sham group and the KO + sham group, and between the WT + sham
group and the KO + SDV group. Furthermore, 9 kinds of annotated
metabolites showed significant differences between the KO + sham
group and the KO + SDV group, and between the WT + sham group and
the KO + SDV group (Fig. 8D).

3.6. Correlations between the gut microbiota and plasma metabolites (or
FST, synapse proteins)

There was a widely correlation between the plasma metabolites and
the gut microbiota of the three groups, indicating the existence of a close
relationship between the plasma metabolites and the gut microbiota.
Furthermore, we evaluated the association between plasma metabolites
and the gut microbiota at the species level. After screening the data by
setting the threshold of P < 0.05 and the absolute value of R > 0.5, a
Correlation Network was developed to indicate the correlation between
the plasma metabolites and the intestinal microbiota at species level,
depression-like phenotypes and the expression of synaptic proteins in
the brain, all of which significantly differences among the three groups
in the present study (Fig. 9A).

Two differentially relative abundant of gut bacteria (Lactobacillus
intestinalis and Bacteroides sp. TP-5) were positively correlated with 1,5-
anhydro-D-sorbitol (Fig. 9A). Three differentially relative abundant of
gut bacteria (Faecalibaculum rodentium, Turicibacter sp. LA62 and Mur-
ibaculum intestinale) were negatively correlated with 1,5-anhydro-D-sor-
bitol (Fig. 9A). There were positive correlations between the relative
abundance of species Lactobacillus intestinalis, Lactobacillus hominis,
Lactobacillus sp. BL302, Lactobacillus sp. NBRC 14512, and Clostridiales
bacterium CIEAF 030 and L-citrulline. In contrast, there were negative
correlations between the relative abundance of species Faecalibaculum
rodentium and L-citrulline (Fig. 9A).

The relative abundance of species Lachnospiraceae bacterium 607 was
positively correlated with succinic anhydride while the relative abun-
dances of species Lactobacillus hominis, Lactobacillus sp. BL302, Bacter-
oides sp. TP-5, Lactobacillus reuteri, and Clostridiales bacterium CIEAF 030
were negatively correlated with succinic anhydride (Fig. 9A). The
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Fig. 4. Effects of bilateral SDV on gut microbiota at the phylum levels.

Progress in Neuropsychopharmacology & Biological Psychiatry 120 (2023) 110652

(A): Gut bacteria composition at the phylum level in the three groups. (B): Relative abundance of the phylum Firmicutes (Kruskal-Wallis test, P = 0.0126). (C):
Relative abundance of the phylum Tenericutes (Kruskal-Wallis test, P = 0.0258). For all box plots, the middle line in the box addresses the median, the box addresses
the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05. ns: not significant.

species Lactobacillus intestinalis, Lactobacillus hominis, Lactobacillus sp.
BL302, Lactobacillus reuteri and Lactobacillus sp. NBRC 14512 were
positively correlated with taurocholic acid. In contrast, the species
Faecalibaculum rodentium and Turicibacter sp. LA62 were negatively
correlated with taurocholic acid (Fig. 9A).

There was only a significant positive correlation between the FST
data and the concentration of ethyl hydrogen sulfate (Fig. 9A). There
was no correlation between changes in SPT and changes in metabolite
concentration (data not shown). There was a positive correlation be-
tween GluA1 expression levels in mPFC and the concentration of 2-oxin-
dole (Fig. 9A). Furthermore, there were positive correlations between
PSD-95 expression levels in mPFC and the concentration of L-citrulline,
D-ornithine, 2,6-dihydroxybenzoic acid or resorcinol. In contrast, there
were no negative correlations between expressions of GluA1 and PSD-95
in the mPFC and plasma metabolites (Fig. 9A).

Similarly, we used a Correlation Network to investigate correlations
between the relative abundance of the gut bacteria that differed signif-
icantly at the species levels among the three groups and depression-like
phenotypes or the expression of synaptic proteins (Fig. 9B). After
screening the data by setting the threshold of P < 0.05 and the absolute
value of R > 0.5. There were significant negative correlations between
the FST data and the relative abundance of the species Lactobacillus
intestinalis, Lactobacillus sp. BL302, Bacteroides sp. TP-5, and Lactobacillus
sp. NBRC 14512 in the three groups (Fig. 9B), suggesting a role of these
species in behavioral despair. There were statistically significant posi-
tive correlations between the SPT data and the relative abundance of

species Bacteroides sp. TP-5 in the three experimental groups (Fig. 9B),
suggesting a role of Bacteroides sp. TP-5 in anhedonia-like behavior.
Furthermore, there were positive or negative correlation between
expression levels of synaptic proteins in the mPFC and the relative
abundance of species bacteria (Fig. 9B).

4. Discussion

The major findings of this study are as follows: First, SDV blocked
depression-like behaviors and reduced expression of synaptic proteins (i.
e., GluA1l and PSD-95) in the mPFC of Chrna7 KO mice. Second, there
were no changes in a-diversity among the three groups. However, there
was a significant difference in p-diversity among the three groups. LEfSe
analysis revealed that the species Lactobacillus sp. BL302, the species
Lactobacillus hominis, and the species Lactobacillus reuteri, were identi-
fied as potential microbial markers in the KO + SDV group. Further-
more, there were several genus and species altered among the three
groups. Third, there were several metabolites altered among the three
groups. Fourth, there were correlations between relative abundance of
several microbiome and behavioral data (or synaptic proteins). Network
analysis showed correlations between several microbiome and blood
metabolites or behavioral data. Collectively, these data suggest that
subdiaphragmatic vagus nerve plays a crucial role in depression-like
phenotypes in Chrna7 KO mice through gut-microbiota-brain axis
including microbiome-derived metabolites.

B-diversity data among the three groups suggest that SDV is a driving
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Fig. 5. Effects of bilateral SDV on gut microbiota at the genus levels.

(A): Gut bacteria composition at the genus level in the three groups. (B): Relative abundance of the genus Faecalibaculum (Kruskal-Wallis test, P = 0.0009). (C): Relative abundance of the genus Candidatus Arthromitus
(Kruskal-Wallis test, P = 0.0021). (D): Relative abundance of the genus Turicibacter (Kruskal-Wallis test, P = 0.0030). (E): Relative abundance of the genus Lactococcus (Kruskal-Wallis test, P = 0.0053). (F): Relative
abundance of the genus Bifidobacterium (Kruskal-Wallis test, P = 0.0086). (G): Relative abundance of the genus Lactobacillus (Kruskal-Wallis test, P = 0.0102). (H): Relative abundance of the genus IThubacter (Kruskal-
Wallis test, P = 0.0131). (I): Relative abundance of the genus G undefined Burkholderiales (Kruskal-Wallis test, P = 0.0132). (J): Relative abundance of the genus Muribaculum (Kruskal-Wallis test, P = 0.0395). For all box
plots, the middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05; **P < 0.01. ns: not significant.
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Fig. 6. Effects of bilateral SDV on gut microbiota at the species levels.

(A): Gut bacteria composition at the species level in the three groups. (B): Relative abundance of the species Lactobacillus intestinalis (Kruskal-Wallis test, P = 0.0001). (C): Relative abundance of the species Lactobacillus
hominis (Kruskal-Wallis test, P = 0.0002). (D): Relative abundance of the species Faecalibaculum rodentium (Kruskal-Wallis test, P = 0.0009). (E): Relative abundance of the species Lactobacillus sp. BL302 (Kruskal-Wallis
test, P = 0.0012). (F): Relative abundance of the species Bacteroides sp. TP-5 (Kruskal-Wallis test, P = 0.0018). (G): Relative abundance of the species Candidatus Arthromitus sp. SFB-mouse (Kruskal-Wallis test, P =
0.0023). (H): Relative abundance of the species Turicibacter sp. LA62 (Kruskal-Wallis test, P = 0.0030). (I): Relative abundance of the species Lactobacillus reuteri (Kruskal-Wallis test, P = 0.0047). (J): Relative abundance
of the species Lactococcus lactis (Kruskal-Wallis test, P = 0.0053). (K): Relative abundance of the species Lactobacillus sp. NBRC 14512 (Kruskal-Wallis test, P = 0.0088). (L): Relative abundance of the species Clostridium
sp. Culture Jar-56 (Kruskal-Wallis test, P = 0.0155). (M): Relative abundance of the species Lachnospiraceae bacterium 607 (Kruskal-Wallis test, P = 0.0155). (N): Relative abundance of the species Clostridiales bacterium
CIEAF 030 (Kruskal-Wallis test, P = 0.0214). (O): Relative abundance of the species Bifidobacterium pseudolongum (Kruskal-Wallis test, P = 0.0245). (P): Relative abundance of the species Muribaculum intestinale (Kruskal-
Wallis test, P = 0.0395). For all box plots, the middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05; **P < 0.01;
*#*P < 0.001. ns: not significant.
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Fig. 7. Effect of bilateral SDV on plasma metabolites.

(A): Violin plot showing the changes of 6 kinds of metabolites [1,5-anhydro-D-sorbitol (Kruskal-Wallis test, P = 0.0016), L-citrulline (Kruskal-Wallis test, P = 0.0018),
3-ethylphenol (Kruskal-Wallis test, P = 0.0019), trifluoroacetic acid (Kruskal-Wallis test, P = 0.0046), propynoic acid (Kruskal-Wallis test, P = 0.0046), phenol
(Kruskal-Wallis test, P = 0.0055)] among the three groups. (B): Violin plot showing the changes of 6 kinds of metabolites [2-ethyl-2-hydroxybutyric acid (Kruskal-
Wallis test, P = 0.0059), D-ornithine (Kruskal-Wallis test, P = 0.0065), 4-hydroxybenzoic acid (Kruskal-Wallis test, P = 0.0077), succinic anhydride (Kruskal-Wallis
test, P = 0.0078), 2,6-dihydroxybenzoic acid (Kruskal-Wallis test, P = 0.0080), 2-oxindole (Kruskal-Wallis test, P = 0.0080)] among the three groups. (C): Violin plot
showing the changes of 6 kinds of metabolites [phenol sulfate (Kruskal-Wallis test, P = 0.0080), resorcinol (Kruskal-Wallis test, P = 0.0111), 4-vinylphenol sulfate
(Kruskal-Wallis test, P = 0.0113), D-pinitol (Kruskal-Wallis test, P = 0.0122), taurocholic acid (Kruskal-Wallis test, P = 0.0129), 2-hydroxy-3-methylbutyric acid
(Kruskal-Wallis test, P = 0.0145)] among the three groups. (D): Violin plot showing the changes of 6 kinds of metabolites [1,3-dichloropropene (Kruskal-Wallis test,
P = 0.0203), acrolein (Kruskal-Wallis test, P = 0.0209), L-proline (Kruskal-Wallis test, P = 0.0245), tanacetol B (Kruskal-Wallis test, P = 0.0321), thiosulfate
(Kruskal-Wallis test, P = 0.0436), ethyl hydrogen sulfate (Kruskal-Wallis test, P = 0.0460)] among the three groups. The X-axis using the letter symbol representing
the names of different plasma metabolites, and the Y-axis represents the concentration of various plasma metabolites after 1og10 transformation. *P < 0.05; **P <
0.01; Different colors of violin plots represent the corresponding groups.

factor for the differential expression of structural similarity in microbial (O'Mahony et al., 2009; Yang et al., 2022a), it is possible that sub-
communities. We reported that LPS significantly decreased a-diversity diaphragmatic vagus nerve may be responsible for depression-like
and relative abundance of gut microbiota in mice, and that SDV did not phenotypes of Chrna7 KO mice. Taken together, it is likely that
cause LPS-induced alterations in a-diversity and relative abundance of gut-microbiota-brain axis via subdiaphragmatic vagus nerve plays an
gut microbiota in mice (Zhang et al., 2020), suggesting that LPS could important role in depression-like phenotypes of Chrna7 KO mice.
cause depression-like behaviors in mice through gut-microbiota-brain At the phylum level, the most abundant phylum Firmicutes was
axis via subdiaphragmatic vagus nerve. Furthermore, SDV blocked significantly increased in KO + SDV group compared to other two
depression-like behaviors in mice after FMT from mice with depression- groups, suggesting that subdiaphragmatic vagus nerve may affect rela-
like behaviors (Pu et al., 2021b; Wang et al., 2020a; Wang et al., 2021). tive abundance of Firmicutes in gastrointestinal trait. At the species level,
McVey Neufeld et al. (2019) reported that oral treatment with selective the relative abundance of Lactobacillus intestinalis and Lactobacillus sp.
serotonin reuptake inhibitor (SSRI: fluoxetine or sertraline) leads to a BL302 in KO + SDV group was higher than that of KO + sham group.
significant increase in vagal fiber activity, and that blocking vagal Furthermore, network analysis showed that these two bacteria were
signaling from the gut to the brain via SDV abolished antidepressant-like correlated with depression-like phenotypes and reduced synaptic pro-
effect of SSRI, suggesting the role of vagus nerve dependent gut-brain teins, suggesting a role of these two bacteria in depression. In contrast,
axis in the antidepressant effects of SSRIs. From the current data, it is the relative abundance of Turicibacter sp. LA62 in KO + SDV group was
unclear whether subdiaphragmatic vagus nerve is responsible for lower than that of KO + sham group. A network analysis showed that
depression-like phenotypes of Chrna7 KO mice. A recent study demon- Turicibacter sp. LA62 was also correlated with depression-like pheno-
strated that SDV or genetic knock-out of o7 nAchRs abolished the anti- types and reduced synaptic proteins. Collectively, it seems that Lacto-
inflammatory actions of famotidine (a histamine 2 receptor antago- bacillus intestinalis, Lactobacillus sp. BL302, and Turicibacter sp. LA62
nist) in mice with LPS-treated cytokine stream (Yang et al., 2022a), might be associated with depression-like phenotypes although further
suggesting a role of vagus nerve anti-inflammation via a7 nAchRs. Given study is needed.

the crucial role of a7 nAchRs on vagus nerve inflammatory actions Using untargeted metabolomics analysis, we found that plasma

10
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Fig. 8. Differences of plasma metabolites between different experimental groups.

(A): Volcano plot indicating that 3 annotation metabolites were significantly up-regulated, 7 annotation metabolites were significantly down-regulated and 165
annotation metabolites were no differences when comparing the WT + sham group with the KO + sham group. (B): Volcano plot indicating that 9 annotation
metabolites were significantly up-regulated, 8 annotation metabolites were significantly down-regulated and 158 annotation metabolites were no differences when
comparing the WT + sham group with the KO + SDV group. (C): Volcano plot indicating that 9 annotation metabolites were significantly up-regulated, 4 annotation
metabolites were significantly down-regulated and 162 annotation metabolites were no differences when comparing the KO + sham group with the KO + SDV group.
The X-axis represents the log2-transformed values of the FC of plasma metabolite concentration, and the Y-axis represents the -log10-transformed values of P value
using the Wilcoxon rank sum test. The horizontal dotted line indicates P = 0.05 and the vertical dotted line indicates FC = + 2. Metabolites with up-regulated, down-
regulated, and no difference were marked in red, purple, and black respectively. (D): UpSet plot listed out that there were 11 kinds of annotated metabolites with
statistical differences between the WT + sham group and the KO + sham group, 17 kinds of annotated metabolites with statistical differences between the KO + sham
group and the KO + SDV group, and 27 kinds of annotated metabolites with statistical differences between the WT + sham group and the KO + SDV group by using
the Wilcoxon rank sum test (P<0.05). In addition, 6 kinds of annotated metabolites showed significant differences between the WT + Sham group and the KO + sham
group and between the WT + sham group and the KO + SDV group, and 9 kinds of annotated metabolites showed significant differences between the KO + sham
group and the KO + SDV group and between the WT + sham group and the KO + SDV group. Besides, 5 kinds of annotated metabolites showed significant differences
only between the WT + sham group and the KO + sham group, 8 kinds of annotated metabolites showed significant differences only between the KO + sham group
and the KO + SDV group, 12 kinds of annotated metabolites showed significant differences only between the WT + sham group and the KO + SDV group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

levels of 1,5-anhydro-D-sorbitol (also known as 1,5-anhydro-D-glucitol), peripheral neuropathy. L-citrulline is a nitrogen end product produced
L-citrulline, and taurocholic acid in the KO + SDV group were higher from glutamine through urea cycle. Blood levels of L-citrulline and L-
than those of KO + sham group. A network analysis showed that 1,5- arginine in unmedicated patients with major depressive disorder (MDD)
anhydro-D-sorbitol was negatively correlated with Faecalibaculum were significantly lower than healthy controls (Hess et al., 2017). MDD
rodentium, suggesting that Faecalibaculum rodentium may be involved in patients had a lower NOS (nitric oxide synthase) activity (L-citrulline/L-
the synthesis of 1,5-anhydro-D-sorbitol. A report showed that low arginine ratio) than healthy controls at baseline (Loeb et al., 2020). NOS
plasma levels of 1,5-anhydro-D-sorbitol are closely associated with activity in MDD patients increased significantly after antidepressant
impaired peripheral nerve function and diabetic peripheral neuropathy treatment (Loeb et al., 2020), suggesting a state biomarker for depres-
in patients with type 2 diabetes (Xu et al., 2022), suggesting that lower sion. Furthermore, taurocholic acid (conjugation of cholic acid with
plasma levels of 1,5-anhydro-D-sorbitol may be a risk factor for diabetic taurine) was positively correlated with several bacteria including
11
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Fig. 9. Correlation network between behavioral data (or synaptic proteins) and microbiota (or metabolites).

(A): A Correlation Network indicating the correlations between the concentrations of plasma metabolites and the gut microbiota at the species level, the results of the behavioral test and the expression of synaptic
proteins of mPFC (The threshold was set as P < 0.05 and the absolute value of R > 0.5. The different colors of nodes represent different groups. The sizes of node gradients represent varying degrees of correlation. The
thickness of the line represents the absolute value of the correlation coefficient. Solid lines represent positive correlations, dotted lines represent negative correlations). (B): A Correlation Network showed correlations
between the relative abundance of gut bacteria at the species level and the results of the behavioral test and the expression of synaptic proteins of mPFC (The threshold was set as P < 0.05. The different colors of nodes
represent different groups. The sizes of node gradients represent varying degrees of correlation. The thickness of the line represents the absolute value of the correlation coefficient. Solid lines represent positive
correlations, dotted lines represent negative correlations).
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Lactobacillus intestinalis, suggesting that these bacteria may play a role in
the production of taurocholic acid, major bile acid. Interestingly, there
was a significant difference in blood levels of taurocholic acid between
MDD patients and healthy controls (Bai et al., 2021). Given anti-
inflammatory role of taurocholic acid, it is possible that higher levels
of taurocholic acid may play a role in antidepressant-like effects of SDV
in Chrna7 KO mice. Succinic anhydride was negatively correlated with
Bacteroides sp. TP-5 which were associated with depression-like phe-
notypes. Collectively, it is likely that microbes-derived metabolites may
play a role in the antidepressant-like effects of SDV in Chrna7 KO mice.

A network analysis showed that Lactobacillus intestinalis, Lactobacillus
reuteri, Turicibacter sp. LA62, and Bacteroides sp. TP-5 were correlated
with depression-like behaviors. There are no reports showing the role of
Turicibacter sp. LA62, and Bacteroides sp. TP-5 in depression. We reported
that oral ingestion of Lactobacillus intestinalis and Lactobacillus reuteri
caused depression-like phenotypes in antibiotic-treated mice through
gut-microbiota-brain axis via subdiaphragmatic vagus nerve (Wang
et al., 2020a). Furthermore, we reported that oral ingestion of Faecali-
baculum rodentium caused depression-like phenotypes in resilient Ephx2
KO mice through gut-microbiota-brain axis via subdiaphragmatic vagus
nerve (Wang et al., 2021). Furthermore, Faecalibaculum rodentium was
positively correlated with FST data, and negatively correlated with SPT
data. These data suggest that Faecalibaculum rodentium might play a role
in depression-like phenotypes. Collectively, it is likely that these bac-
teria might play a role in the antidepressant-like effects of SDV in Chrna7
KO mice although further study is needed.

This study has the one limitation. The current data of this study do
not show a direct role of gut microbiota in depression-like phenotypes of
Chrna7 KO mice although a previous study suggests a role of gut
microbiota in depression-like phenotypes of Chrna7 KO mice (Pu et al.,
2021b). Further study to identify specific microbiomes which contribute
to depression-like phenotypes of Chrna7 KO mice is needed.

In conclusion, the current data show that SDV blocked depression-
like behaviors and reduced synaptic proteins in the mPFC of Chrna7
KO mice. Therefore, gut-microbiota-brain axis via subdiaphragmatic
vagus nerve plays a role in depression-like phenotypes in Chrna7 KO
mice.
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3,4-Methylenedioxymethamphetamine (MDMA), the most widely used illicit compound worldwide, is the most
attractive therapeutic drug for post-traumatic stress disorder (PTSD). Recent observational studies of US adults
demonstrated that lifetime MDMA use was associated with lower risk of depression. Here, we examined whether
repeated administration of MDMA can affect resilience versus susceptibility in mice exposed to chronic social
defeat stress (CSDS). CSDS produced splenomegaly, anhedonia-like phenotype, and higher plasma levels of
interleukin-6 (IL-6) in the saline-treated mice. In contrast, CSDS did not cause these changes in the MDMA-
treated mice. Analysis of gut microbiome found several microbes altered between saline + CSDS group and
MDMA —+ CSDS group. Untargeted metabolomics analysis showed that plasma levels of N-epsilon-methyl-L-lysine
in the saline + CSDS group were significantly higher than those in the control and MDMA + CSDS groups.
Interestingly, there were positive correlations between plasma IL-6 levels and the abundance of several microbes
(or plasma N-epsilon-methyl-L-lysine) in the three groups. Furthermore, there were also positive correlations
between the abundance of several microbes and N-epsilon-methyl-L-lysine in the three groups. In conclusion,
these data suggest that repeated administration of MDMA might contribute to stress resilience in mice subjected

to CSDS through gut-microbiota-brain axis.

1. Introduction

3,4-Methylenedioxymetahmphetamine (MDMA; ecstasy), a syn-
thetic ring-substituted methamphetamine, is one of the most widely
used recreational drugs in the world since it can produce the subjective
prosocial feeling, the enhancement of empathy and sociability (Boote,
2018; Dunlap et al., 2018; Nutt, 2019; Parrott et al., 2017). A recent
observational study using a large nationally representative sample of US
adults (n = 213,437) demonstrated that lifetime MDMA use was asso-
ciated with lower risk of depression (Jones and Nock, 2022b).
Furthermore, a new study using US adults (n = 484,732) demonstrated
that lifetime MDMA use was associated with lowered odds of psycho-
logical distress and suicidal thoughts (Jones and Nock, 2022a).

Moreover, another study using US representative sample of noninstitu-
tionalized adults (n = 241,675) from 2015 - 2020 National Survey on
Drug Use and Health showed that MDMA use was associated with a
decreased likelihood of serious psychological distress, major depressive
episode, and suicidal thinking whereas the use of the hallucinogen LSD
(lysergic acid diethylamide) was associated with an increased likelihood
of major depressive episode and suicidal thinking (Yang et al., 2022).
Taken together, it is likely that lifetime use of MDMA in adults is asso-
ciated with lower risk of depression, although the reasons underlying the
relationship between lifetime MDMA use and resilience remain unclear.

Therapeutic potential of MDMA for post-traumatic stress disorder
(PTSD) has attracted a lot of interest from the scientific community
(Feduccia et al., 2018; Hoskins et al., 2021; Reiff et al., 2020; Smith

Abbreviations: CSDS, chronic social defeat stress; FDR, false discovery rate; IL-6, interleukin-6; MDMA, 3,4-methylenedioxymethamphetamine; PTSD, post-

traumatic stress disorder.
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et al., 2022; Tedesco et al., 2021). Mithoefer et al. (2011; 2018)
demonstrated a significant efficacy of MDMA-assisted psychotherapy for
chronic PTSD patients. A recent randomized, double-blind, placebo--
controlled phase 3 trial showed that MDMA could produce significant
and robust reduction in PTSD symptoms in severe PTSD patients
compared with placebo (Mitchell et al., 2021). However, the precise
mechanisms underlying MDMA'’s beneficial effects for PTSD symptoms
remain to be elucidated.

Gut-microbiota-brain axis consists of bidirectional communication
between the gastrointestinal (GI) tract and the brain (Chang et al., 2022;
Cryan et al., 2019; Géralczyk-Binkowska et al., 2022; Wei et al., 2022b).
Multiple lines of evidence suggest that gut-microbiota-brain axis may
contribute to resilience versus susceptibility in rodents after repeated
stress (Bailey et al., 2011; Cathomas et al., 2019; Szyszkowicz et al.,
2017; Wang et al., 2020a, 2021; ; Wei et al., 2022a, 2022b; Yang et al.,
2017, 2019; Zhang et al., 2017, 2019). We previously reported higher
levels of Bifidobacterium in the resilient mice compared with susceptible
mice after chronic social defeat stress (CSDS), and oral supplementation
with Bifidobacterium produced resilience in mice exposed to CSDS (Yang
et al., 2017). Furthermore, antibiotic-induced microbiome depletion
confers stress resilience in mice after CSDS, suggesting a role of micro-
biome in stress resilience (Wang et al., 2020a). Moreover, repeated oral
administration of betaine produced stress resilience in mice after CSDS
through gut-microbiota-brain axis (Qu et al., 2020). In addition, Zhang
et al. (2019) reported that abnormal composition of gut microbiota is
associated with resilience versus susceptibility to inescapable electric
stress in a learned helplessness model. Taken all together, it is likely that
gut-microbiota-brain axis might play a crucial role in resilience versus
susceptibility in rodents exposed to stress. At present, there are no ar-
ticles reporting a role of gut-microbiota-brain axis in beneficial effects
of MDMA.

The serotonin (5-hydroxytryptamine: 5-HT) system in the body plays
an important role in the mechanisms of action of MDMA (Green et al.,
2003; Schenk and Highgate, 2021). In addition of inhibition for 5-HT
transporter, MDMA causes excessive release of 5-HT, and it has less
potent effects of other neurotransmitters such as dopamine and
norepinephrine. Importantly, approximately 95% of 5-HT in the body is
synthesized and secreted by enterochromaffin cells in the GI tract (Liu
et al., 2021; Mawe and Hoffman, 2013; Shine et al., 2022). From the
current findings, we have a hypothesis that 5-HT in the GI tract may play
a role in beneficial actions of MDMA.

The present study was undertaken to examine whether repeated
administration of MDMA contributes to resilience in mice after subse-
quent CSDS. First, we examined anhedonia-like phenotype using sucrose
preference test since anhedonia is a core symptom of stress-related
disorders such as depression (Pizzagalli, 2014). As the auxiliary anal-
ysis, we examined the role of gut-microbiota-brain axis including
microbes-derived metabolites in the stress resilience after MDMA
administration since gut microbiota might play a role in stress resilience.

2. Materials and methods
2.1. Animals

Both male adult CD1 (ICR) mice, aged 13 weeks (body weight >40
g), and male adult C57BL/6 mice, aged 7 weeks (body weight 20-25 g),
were purchased from Japan SLC, Inc. (Hamamatsu, Japan). The animals
were kept in controlled environments with water and food available at
all times, as well as 12-hour light/dark cycles (lights on between 07:00
and 19:00 h). The Institutional Animal Care and Use Committee at Chiba
University approved the experimental protocol of the study (Permission
number: 4-349). The guidelines of the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals were strictly followed
when conducting this investigation. Every attempt was made to reduce
pain.

Psychiatry Research 320 (2023) 115020

2.2. MDMA, CSDS, collection of fecal samples, behavioral test, and
collection of samples

MDMA hydrochloride was synthesized from 3,4-methylenedioxy-
phenyl-2-propanone and methylamine by the one (K.H.) of the au-
thors. Three groups such as saline + control (no CSDS) group (n = 10),
saline + CSDS group (n = 9), and MDMA + CSDS group (n = 7) were
used in the experiment. Saline (10 ml/kg/day) or MDMA (10 mg/kg/day
as hydrochloride salt) was administered intraperitoneally (i.p.) to mice
for 14 days (day 1-day 14) (Fig. 1A). The dose (10 mg/kg) of MDMA was
used as previous reported (Zhang et al., 2006). Subsequently, CSDS was
carried out for 10 days (day 15-day 24) (Fig. 1A), as previously
described (Qu et al., 2017, 2020; Wang et al., 2020a). The C57BL/6 mice
were exposed to a different CD1 aggressor mouse for 10 min each day for
a total of 10 days (day 15-day 24). The resident CD1 mouse and the
invader mouse were kept in one half of the cage after the social defeat
session concluded, separated by a perforated Plexiglas divider to allow
visual, olfactory, and auditory interaction for the remaining 24 h.

At 24 h after the last session, all mice were housed individually. To
minimize circadian impacts on the microbiota, we collected fecal sam-
ples from each mouse at around 10:00 on day 25 (Fig. 1A). When each
mouse was put in a fresh and clean cage, we collected fecal samples.
Immediately following defecation, the fecal samples were placed in a
sterile screw-cap microtube, where they were kept until use at -80 °C.

On day 27, sucrose preference test (SPT: one % sucrose and water)
was performed from 17:00 to 18:00, to examine anhedonia-like
phenotype. Mice were given access to the sucrose solution 48 h before
to the test in order to acclimate them to the 1% sucrose solution before
verifying the change in sucrose solution consumption. Then, after going
without food and water for 4 h, the subjects were exposed for an hour to
either water or a 1% sucrose solution in one of two identical bottles. The
bottles were weighed both before and just after the test. The ratio of
sucrose solution ingestion to total liquid consumption was used to
calculate the sucrose preference.

On day 28, blood was collected from heart under inhaled isoflurane
(2-5%) anesthesia and placed into a tube containing ethylenediamine-
N,N,N’,N’-tetraacetic acid potassium salt dehydrate as an anticoagulant.
Then plasma samples were collected after centrifugation, and stored at
-80 °C before the use. In addition, mouse spleen was removed and
weighted.

2.3. ELISA measurement of pro-inflammatory cytokine IL-6

Plasma levels of interleukin-6 (IL-6) were measured, since CSDS
susceptible mice have higher blood levels of IL-6 (Qu et al., 2020; Wang
et al., 2020a; Zhang et al., 2017). The mouse IL-6 ELISA kit (Invitrogen,
Tokyo, Japan. catalog number: 88-7064-22) was used to measure the
plasma levels of IL-6.

2.4. 16S rRNA analysis

NucleoSpinAA DNA Stool (Macherey-Nagel. catalog number:
U0472C) was used to extract DNA from fecal samples.16S rRNA analysis
of fecal samples was performed at BGI Japan (Kobe, Japan). The
FastPrep-24 5G homogenizer was used to dissolve the fecal samples
while they were suspended in a solution containing 4M guanidium
thiocyanate, 100 mM Tris-HCI (pH 9.0), and 40 mM EDTA (MP Bio-
medicals, Irvine, CA). Following that, GENE PREP STAR PI-480 was used
to extract the DNA from the solution after bead treatment (KURABO,
Tokyo, Japan). The DNA sample’s final concentration was changed to
10 ng/L. One sample of control (saline + no CSDS) group was not used
for subsequent 16S rRNA analysis since the DNA purity was not good. In
a nutshell, PCR was used to amplify the V3-V4 hypervariable regions of
the 16S rRNA from microbial genomic DNA using the dual-index
approach and bacterial universal primers (341F/R806). Following an
approach that has already been disclosed, bioinformatics analysis was
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Fig. 1. Effects of MDMA on splenomegaly, anhedonia-like phenotype and blood levels of IL-6 in mice after CSDS. (A): The schedule of repeated administration
of MDMA, CSDS model, feces collection, sucrose preference test, and collection of plasma and spleen. Saline (10 ml/kg/day) or MDMA (10 mg/kg/day) was given to
adult mice from day 1 to day 14. Subsequently, CSDS was performed for 10 days (day 15-day 24). On day 25, fresh feces were collected. On day 26, one % SPT was
performed, and plasma and spleen were collected on day 28. (B): Body weight (repeated measure two-way ANOVA, treatment: Fy 115 = 2.454, P = 0.0904, time:
F4115 = 10.28, P < 0.0001, interaction: Fg 115 = 1.346, P = 0.2282). (C): Spleen weight (one-way ANOVA, F; 53 = 7.617, P = 0.003). Representative photograph of
spleen in the three groups. (D): One % SPT (one-way ANOVA, F; 23 = 4.298, P = 0.026). (E): Plasma IL-6 levels (one-way ANOVA, F5 53 = 6.790, P = 0.005). Data are
shown as mean + S.E.M (n = 7-10). *P < 0.05, **PP < 0.01, ***PP < 0.001. (E): There was a positive correlation (r = 0.9337, P < 0.0001) between spleen weight

and plasma IL-6.

carried out. The fastg-join application was used to integrate the over-
lapping paired-end readings using its default parameters. The readings
underwent the following quality and chimera screening processes.
Usearch6.1 was used to eliminate chimeric sequences and only extract
reads with quality value scores of 20 for >99% of the sequence. For 16S
rDNA-based taxonomy analysis, non-chimeric data were submitted
using the Ribosomal Database Project (RDP) Multiclassifier program.
With an 80% confidence criterion, reads acquired in the multi-FASTA
format were categorized at the genus or phylum level. a-diversity ana-
lyses, including Observed_OTU, Chao, Ace and Shannon, were used to
reflect the abundance and diversity of the microbial community. The
similarity or dissimilarity of three groups was assessed by f-diversity
analysis including principal components analysis (PCA).

Linear discriminant analysis (LDA) effect size (LEfSe) was used for
identifying certain bacteria as potential microbial biomarkers discovery.
Microbiota-based potential biomarker discoveries were performed with
LEfSe using the online galaxy platform (Segata et al., 2011). The LDA
scores (LDA > 3.0 and P < 0.05) derived from LEfSe analysis were
considered significantly to be enriched or deficient bacterial taxa in the
intestinal microbiota among the three groups.

2.5. Untargeted metabolomics analysis

Untargeted metabolomics profiles from plasm samples were
analyzed by using ultra-performance liquid chromatography-tandem
quadruple time-of-flight mass spectrometry (UPLC-QTOF/MS) tech-
nique, as previously reported (Wan et al., 2022a; 2022b; Yang et al.,
2023). With the help of R statistical environment Ver 4.0.5. and Mass
Spectrometry-Data Independent AnaLysis (MS-DIAL) software version
4.60 (Tsugawa et al., 2015), metabolomics data were analyzed. Me-
tabolites were detected at least 50% from the analyzed samples and the
coefficient of variation (CV) values of 30% of metabolites in pooled
quality control (QC) samples, and annotation level 2 proposed by
Schymanski et al. (2014) was used for data analysis.

2.6. Statistical analysis

The data are shown as the mean =+ standard error of the mean (S.E.

M.). Analysis was performed by using PASW Statistics 20 (formerly SPSS
statistics; SPSS, Tokyo, Japan). Body weight data were analyzed using
repeated measure two-way analysis of variance (ANOVA). Comparisons
among the three groups were performed by one-way ANOVA, followed
by post-hoc Fisher’s Least Significant Difference (LSD) test. For the gut
microbiota data, differences among the three groups were determined
with a Kruskal-Wallis test. For plasma metabolite analysis, we used
orthogonal partial least squares discriminant analysis (OPLS-DA) as a
multivariate analysis model implemented in SIMCA-P (V.14.0). Signifi-
cant peaks of metabolites were determined by combination of variable
importance in projection (VIP) value > 1, Wilcoxon rank test P values <
0.05, false discovery rate (FDR) < 0.15. The P < 0.05 was considered
statistically significant.

3. Results

3.1. Effects of CSDS on body weight, anhedonia-like phenotype, and
plasma IL-6

There were no changes of body weight among the three groups
(Fig. 1B). CSDS significantly increased the spleen weight in the saline-
treated mice. In contrast, MDMA (10 mg/kg/day for 14 days) did not
produce splenomegaly in mice after CSDS (Fig. 1C). In SPT, CSDS caused
significant reduction in sucrose preference of the saline-treated group,
but not the MDMA-treated group, indicating anhedonia-like phenotype
in saline-treated mice (Fig. 1D). Furthermore, CSDS significantly
increased plasma levels of IL-6 in the saline-treated group, whereas
CSDS did not alter plasma IL-6 levels in the MDMA-treated group
(Fig. 1E). There was a positive correlation (r = 0.9337, P < 0.001) be-
tween the spleen weight and plasma IL-6 levels in the three groups
(Fig. 1F), suggesting that systemic inflammation is associated with
splenomegaly in mice. The data suggest that MDMA-treated mice show
stress resilience in the mice exposed to CSDS.

3.2. Composition of gut microbiota

As the auxiliary analysis, we examined the composition of gut
microbiota among the three groups. For a-diversity, four indices such as
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Observed_OUT, Chao, ACE, and Shannon were not different among the
three groups (Fig. 2A-2D). The bacterial population composition of fecal
microbiota was analyzed by PCA f-diversity. At the OUT level, PCA
analysis showed a significant separation (R = 0.4301, P = 0.001) in the
bacterial population composition among the three groups (Fig. 2E).

Cladograms presented the relationship between biomarker taxa were
generated by LEfSe analysis (Fig. 3A and 3B). We identified the different
distributions of fifteen bacteria (e.g., Butyricimonas, Prevotella, Alistipes,
Rikenellaceae, Gpl, Atopostipes, Carnobacteriaceae, Lactobacillacease,
Lactobacillales, Bacilli, Clostridium XIVb, Flavonifractor, Oscillibacter,
Akkermansia among the three groups (Fig. 3A). Five mix-level phylo-
types, including Rikenellaceae, Oscillibacter, Alistipes, Flavonifractor, and
Clostridium_XIVb were identified as potential microbial makers for the
saline + CSDS group (Fig. 3B). The genus Gpl was identified as a po-
tential microbial maker for the MDMA + CSDS group (Fig. 3B).

At the genus level (Fig. 4A), CSDS significantly increased the relative
abundance of Oscillibacter in the saline-treated group, but not the
MDMA-treated group (Fig. 4B). Furthermore, CSDS significantly
increased the relative abundance of Flavonifractor in the saline-treated
group (not MDMA-treated group), although CSDS significantly
decreased the relative abundance of Lactobacillus in the saline-treated
group (not MDMA-treated group) (Fig. 4C and 4D).

At the species level (Fig. 4E), CSDS significantly increased the rela-
tive abundance of Oscillibacter valericigenes in the saline-treated group,
but not the MDMA-treated group (Fig. 4F). Furthermore, CSDS signifi-
cantly increased the relative abundance of Flavonifractor plautii, and
Alistipes_onderdonkii in the saline-treated group (not MDMA-treated
group), although CSDS significantly decreased the relative abundance
of Barnesiella_intestinihominis in the saline-treated group (not MDMA-
treated group) (Fig. 5G-5I).

3.3. Untargeted metabolomics analysis of plasma samples

To examine the interaction between gut microbiota and host meta-
bolism at the plasma metabolic level, we performed untargeted metab-
olomics analysis of plasma samples. The OPLS-DA model scatter plots of
the scores were employed to represent the distribution of plasma
metabolic components in the control group and saline + CSDS group
(Fig. 5A), and saline + CSDS group and MDMA + CSDS group (Fig. 5B).
When saline + CSDS group compared with MDMA -+ CSDS group, five
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compounds including 3-ureidopropionic acid, N-epsilon-methyl-L-
lysine, L-cysteine-glutathione disulfide, benzophenone, DL-3-
phenyllactic acid were significantly up-regulated annotated metabo-
lites. Seven compounds including 1-stearoyl-2-hydroxy-sn-glycero-3-
phosphoethanolamine, PC (16:0/0:0) [1-hexadecanoyl-sn-glycero-3-
phosphocholine], beta-D-allose, galactinol, lactose, 5-keto-D-gluconic
acid were significantly down-regulated annotated metabolites
(Fig. 5C). We identified 4 metabolites (4-imidazoleacetic acid, N-
epsilon-methyl-L-lysine, 3-hydroxymethylglutaric acid, 3-methylhist-
amine) with statistical differences (Fig. 5D). Among these metabolites,
plasma levels of N-epsilon-methyl-L-lysine in the saline + MDMA group
were significantly altered compared to control group or MDMA + CSDS
group. The data suggest that N-epsilon-methyl-L-lysine is the most
attractive metabolite.

3.4. Correlations among plasma IL-6 levels and the relative abundance of
bacteria (or plasma metabolites)

There was a positive correlation between plasma N-epsilon-methyl-
L-lysine and plasma IL-6 (Fig. 6A). There were also positive correlations
between the genus Oscillibacter (or the species Flavonifractor. plautii) and
plasma IL-6 (Fig. 6B and 6C). Furthermore, there were positive corre-
lations between N-epsilon-methyl-L-lysine and the relative abundance of
the genus Oscillibacter, the genus Flavonifractor, the species Flavoni-
fractor plautii, or the species level Alistipes_onderdonkii (Fig. 6D-6G).

4. Discussion

The major findings of this study are as follows. First, repeated
treatment with MDMA did not cause splenomegaly, anhedonia-like
phenotype and increases of plasma IL-6 levels in mice after subse-
quent CSDS although CSDS caused splenomegaly, anhedonia-like
phenotype and increase of plasma IL-6 levels in the saline-treated
group. There was a positive correlation between spleen weight and
plasma IL-6 levels. Second, repeated treatment with MDMA restored the
marked alterations in the beta-diversity of microbiota in the host gut
after CSDS. At the genus level, CSDS showed marked alterations in the
several bacteria in host gut. Interestingly, MDMA significantly amelio-
rated higher abundance of Oscillibacter in the CSDS-exposed mice. At the
species levels, MDMA significantly ameliorated higher abundance of

Fig. 2. Alpha-diversity and beta-diversity of gut microbiota, (A): Observed_OTU (Kruskal-Wallis test, H = 3.008, P = 0.222). (B): Chao (Kruskal-Wallis test, H =
2.234, P = 0.327). (C): Ace (Kruskal-Wallis test, H = 2.390, P = 0.303). (D): Shannon (Kruskal-Wallis test, H = 1.773, P = 0.412). (E): PCA based on OTU level (R =
0.4301, P = 0.001). For all box plots, the middle line in the box represents the median, the box represents the interquartile range, and the whisker represents the most

extreme and least value (n = 7 or 9). N.S.: not significant.
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Fig. 3. LEfSe analysis, (A): Cladogram (LDA score >3.0, P < 0.05) indicated the taxonomic distribution difference among the three groups. (B): Histograms of the
different abundant taxa based on the cutoff value of LDA score (1og10) > 3.0 and P < 0.05 among the three groups. c: class. f: family. g: genus, o: order.

Oscillibacter valericigenes in the CSDS-exposed mice. Third, we found 4
plasma metabolites altered among the three groups. Among the four
metabolites, N-epsilon-methyl-L-lysine was the most attractive metab-
olite. Fourth, there was a positive correlation between plasma IL-6 levels
and N-epsilon-methyl-L-lysine. Furthermore, there were positive corre-
lations between plasma I1-6 levels and the relative abundance of the
genus Oscillibacter (or the species Flavonifractor. plautii). Moreover, there
were also positive correlations between plasma levels of N-epsilon-
methyl-L-lysine and the relative abundance of the genus Oscillibacter, the
genus Flavonifractor, the species Flavonifractor plautii, or the species level
Alistipes_onderdonkii. Collectively, these findings suggest that repeated
treatment with MDMA might be associated with the resilience in mice
after subsequent CSDS through anti-inflammatory action via
gut-microbiota-brain axis.

We previously reported that CSDS causes splenomegaly in the sus-
ceptible mice with depression-like behaviors compared to CSDS resilient
mice without depression-like behaviors and control (no CSDS) mice
(Zhang et al., 2021b). Furthermore, a single dose of lipopolysaccharide
(LPS) causes splenomegaly in mice, and spleen weight was positively
correlated with blood levels of IL-6 (Ma et al., 2022a, 2022b; 2022c;
Zhang et al., 2020, 2021a). In this study, we found a positive correlation
between spleen weight and plasma II-6 levels, suggesting that systemic
inflammation was associated with splenomegaly in mice, consistent
with previous reports (Ma et al., 2022a, 2022b, 2022c; Zhang et al.,
2020, 2021a, 2021b). It has been reported that CSDS resilient mice had
lower blood levels of IL-6 than CSDS susceptible mice in response to
acute stress (Hodes et al., 2014). Furthermore, blockade of IL-6 receptor
in the periphery promotes rapid and sustained antidepressant-like ef-
fects by normalizing the altered composition of gut microbiota in CSDS
susceptible mice (Zhang et al., 2017). Moreover, antibiotic-induced
microbiome depletion is associated with resilience and lower IL-6
levels in mice after subsequent CSDS (Wang et al., 2020a). Collec-
tively, it seems that systemic inflammation such as higher IL-6 levels in
the blood is associated with increases in spleen weight of mice with
anhedonia-like phenotype after CSDS. It is noteworthy that repeated

treatment with MDMA could attenuate systemic inflammation in mice
exposed to CSDS despite MDMA was not administered to mice during
CSDS (10 days).

In this study, we found that MDMA significantly ameliorated the
higher abundance of Oscillibacter. valericigenes in the CSDS-exposed mice.
Although the precise functions of Oscillibacter valericigenes are unclear, a
recent study showed that Oscillibacter valericigenes might cause inflam-
mation through TLR2 (Toll-like receptor 2) ligands (Li et al., 2022).
Thus, it is possible that reduction of the abundance of Oscil-
libacter valericigenes by MDMA may play a role in long-lasting prophy-
lactic effects of MDMA in mice exposed to CSDS although further study
is needed.

N-epsilon-methyl-L-lysine is generated by metabolic trans-
methylation of the endogenous amino acid L-lysine, and methylation of
L-lysine is implicated in transcriptional regulation (Levy, 2019). In this
study, we found a positive correlation between plasma IL-6 levels and
plasma levels of N-epsilon-methyl-L-lysine. Although the precise func-
tions of N-epsilon-methyl-L-lysine are unknown, the current data sug-
gest that it may play a role in inflammation. In addition, we found
positive correlations between plasma levels of N-epsilon-methyl-L-lysine
and the relative abundance of the genus Oscillibacter, the genus Fla-
vonifractor, the species Flavonifractor plautii, or the species Alistipe-
s_onderdonkii. The data suggest that these microbes may contribute to
production of N-epsilon-methyl-L-lysine. In addition, Wang et al. (2020)
reported that the abundance of the genus Oscillibacter was associated
with plasma N-epsilon-methyl-L-lysine in the Mongolian sheep. Thus, it
seems that the genus Oscillibacter may play a role in the production of
N-epsilon-methyl-L-lysine. Interestingly, we also found positive corre-
lations between plasma IL-6 levels and the relative abundance of two
microbes (the genus Oscillibacter and the species Flavonifractor. plautii),
suggesting that these two microbes may play a role in systemic inflam-
mation. Interestingly, N-epsilon-methyl-L-lysine was detected in human
and rat urine (Kalasz et al., 2005; Lower et al., 1975), indicating pro-
duction of this metabolite in the body. Collectively, it is likely that these
microbes may contribute to production of N-epsilon-methyl-L-lysine in
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Fig. 4. Altered composition in the gut microbiota at different levels, (A): Relative abundance of microbiota at the genus level. (B): Oscillibacter (Kruskal-Wallis
test, H = 6.733, P = 0.035). (C): Flavonifractor (Kruskal-Wallis test, H = 7.263, P = 0.026). (D): Lactobacillus (Kruskal-Wallis test, H = 7.028, P = 0.030). (E): Relative
abundance of microbiota at the species level. (F): Oscillibacter valericigenes (Kruskal-Wallis test, H = 6.400, P = 0.041). (G): Flavonifractor plautii (Kruskal-Wallis test,
H = 7.263, P = 0.026). (H): Alistipes_onderdonkii (Kruskal-Wallis test, H = 8.497, P = 0.014). (I): Barnesiella_intestinihominis (Kruskal-Wallis test, H = 7.767, P =
0.021). The number of mice (n = 7 or 9). *P < 0.05, **P < 0.01.
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Fig. 5. Effect of MDMA and CSDS on plasma metabolites, (A): Scatter plot of mouse plasma metabolites based on orthogonal partial least square discriminant
analysis (OPLS-DA) between control (no CSDS) group and saline + CSDS group. (B): Scatter plot of mouse plasma metabolites based on OPLS-DA between saline +
CSDS group and MDMA + CSDS group. (C): Volcano plot indicating that 6 annotation metabolites were significantly up-regulated, 5 annotation metabolites were
significantly down-regulated when comparing the saline + CSDS group with the MDMA + CSDS group. (D): Violin plot showing the changes of 4 kinds of metabolites
[4-imidazoleacetic acid (Kruskal-Wallis test, FDR-corrected P = 0.11), N-epsilon-methyl-L-lysine (Kruskal-Wallis test, FDR-corrected P = 0.11), 3-hydroxymethylglu-
taric acid (Kruskal-Wallis test, FDR-corrected P = 0.12), 3-methylhistamine (Kruskal-Wallis test, FDR-corrected P = 0.13)] among the three groups. The number of

mice (n = 7 - 10). *P < 0.05, **P < 0.01, ***P < 0.001.

the GI tract, resulting in systemic inflammation. Nonetheless, further
detailed study is needed to investigate the role of gut microbiome in the
production of N-epsilon-methyl-L-lysine.

As mentioned in the introduction, the 5-HT system plays an impor-
tant role in the mechanisms of action of MDMA in the body (Green et al.,
2003; Schenk and Highgate, 2021). Since approximately 95% of 5-HT in
the body is synthesized in the GI tract (Liu et al., 2021; Mawe and
Hoffman, 2013; Shine et al., 2022), the data of this study suggest that
gut-microbiota may play a role in long-lasting prophylactic effects of
MDMA in CSDS model. Considering a major role of MDMA in the 5-HT
system, it is likely that 5-HT system in the GI tract could contribute to
resilience-enhancing effects of MDMA through gut-microbiota-brain
axis. Further study is needed to ascertain the role of 5-HT system in the
GI tract as well as gut microbiota and microbes-derived metabolites for
resilience-enhancing effects of MDMA.

Accumulating evidence suggests that vagus nerve plays a key role in
the gut-microbiota-brain axis (Chang et al., 2022; Wei et al., 2022b). It
is reported that vagotomy blocked the beneficial effects of Lactobacillus
rhamnosus on anxiety- and depression-like behaviors in mice exposed to
stress (Bravo et al., 2011), suggesting the vagus nerve in the commu-
nication of brain and body. Furthermore, we reported a role of sub-
diaphragmatic vagus nerve in depression-like behaviors in rodents after
fecal microbiota transplantation of mice with depression-like behaviors

(Puetal., 2021; Wang et al., 2020b, Wang et al., 2021). Given the role of
vagus nerve in communication of brain and body (Chang et al., 2022;
Pavlov and Tracey, 2022; Shine et al., 2022; Wei et al., 2022b), it is of
great interest to investigate whether vagotomy could block
MDMA-induced resilience in rodents exposed to stress.

As aforementioned in the introduction, combination of MDMA with
psychotherapy for PTSD has attracted a lot of interest from the scientific
community (Smith et al., 2022; Tedesco et al., 2021). A new US
population-based survey study demonstrated that lifetime use of MDMA
was associated with significantly lower risk of self-reported over-
weightness and obesity, and lower odds of self-reported physical dis-
eases such as heart condition and/or cancer, hypertension, and diabetes
(Jones et al., 2022). Importantly, Price et al. (2022) reported that
chronic SSRI (selective serotonin reuptake inhibitor) use dampens the
response to MDMA-assisted therapy in the treatment of PTSD, suggest-
ing a role of 5-HT system in the beneficial effects of MDMA for PTSD.
Collectively, it is possible that lifetime MDMA use could have
long-lasting beneficial effects in later life, although the precise mecha-
nisms underlying MDMA’s beneficial effects in PTSD remain to be
elucidated. Further study on brain-body crosstalk is needed to ascertain
the role of gut-microbiota-brain axis in the mechanisms of actions of
MDMA on stress resilience. Collectively, it is of great interest to examine
the role of gut-microbiota-brain axis on resilience and vulnerability in
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Fig. 6. Correlations among plasma IL-6, plasma N-epsilon-methyl-L-lysine, and the relative abundance of microbiome, (A): A positive correlation (r =
0.5880, P = 0.0020) between N-epsilon-methyl-L-lysine and plasma IL-6. (B): A positive correlation (r = 0.4907, P = 0.0128) between the relative abundance of
Oscillibacter and plasma IL-6. (C): A positive correlation (r = 0.7472, P < 0.0001) between the relative abundance of Flavonifractor plautii and plasma IL-6. (D): A
positive correlation (r = 0.4044, P = 0.0450) between N-epsilon-methyl-L-lysine and the relative abundance of Oscillibacter. (E): A positive correlation (r = 0.4238, P
= 0.0348) between N-epsilon-methyl-L-lysine and the relative abundance of Flavonifractor. (F): A positive correlation (r = 0.4238, P = 0.0348) between N-epsilon-
methyl-L-lysine and the relative abundance of Flavonifractor plautii. (G): A positive abundance of correlation (r = 0.4290, P = 0.0323) between N-epsilon-methyl-L-

lysine and the relative abundance of Alistipes_onderdonkii.

MDMA users.

This study has some limitations. In this study, we did not identify the
specific microbiome and metabolites which contribute to MDMA-
induced resilience. Although higher levels of N-epsilon-methyl-L-lysine
may play a role in the susceptibility in mice exposed to CSDS, we did not
investigate the effects of N-epsilon-methyl-L-lysine in a CSDS model.
Furthermore, we did not identify specific microbiome which can pro-
duce N-epsilon-methyl-L-lysine in the GI tract. Finally, we do not have
strong evidence supporting the role of gut-microbiota-brain axis in
stress resilience of MDMA from the current exploratory analysis.
Therefore, further study is needed to confirm the role of
gut-microbiota-brain axis in MDMA-induced stress resilience.

In conclusion, the present study suggests that repeated use of MDMA
might be associated with resilience in mice subjected to CSDS through
gut-microbiota-brain axis. It is likely that abnormalities in
gut-microbiota-brain axis including microbes-derived metabolites may
contribute to susceptibility to stress-related disorders. Finally, MDMA
would be a prophylactic and therapeutic drug to prevent the onset of
stress-related disorders.
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ABSTRACT
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The spleen is a key immune-related organ that plays a role in communication between the brain and the immune
system through the brain-spleen axis and brain-gut-microbiota axis. However, how the gut microbiota affects
spleen and brain function remains unclear. Here, we investigated whether microbiome depletion induced by
administration of an antibiotic cocktail (ABX) affects spleen and brain function. Treatment with ABX for 14 days
resulted in a significant decrease in spleen weight and significant alterations in splenic functions, including the
percentage of neutrophils, NK cells, macrophages, and CD8" T cells. Furthermore, ABX treatment resulted in the
depletion of a large portion of the gut microbiota. Untargeted metabolomics analysis showed that ABX treatment
caused alterations in the levels of certain compounds in the plasma, spleen, and brain. Moreover, ABX treatment
decreased the expression of microglia marker Ibal in the cerebral cortex. Interestingly, correlations were found
between the abundance of different microbiome components and metabolites in various tissues, as well as splenic
cell populations and spleen weight. These findings suggest that ABX-induced microbiome depletion and altered

metabolite levels may affect spleen and brain function through the gut-microbiota—spleen-brain axis.

1. Introduction

Accumulating evidence demonstrates that the gut microbiota con-
tributes to human health and disease. Dysbiosis (imbalance of the gut
microbiota) is observed in patients with gastrointestinal (GI) disorders
as well as patients with a variety of diseases, including metabolic, psy-
chiatric, and neurological disorders (Aron-Wisnewsky and Clément,
2016; Cryan et al., 2020; Fan and Pedersen, 2021; Miyauchi et al., 2022;
Sharon et al., 2016). Bidirectional communication takes place between
the gut microbiota and the central nervous system (CNS) via neural,
endocrine, immune, and humoral pathways, known as the
brain-gut-microbiota axis (Chang et al., 2022; Cryan et al., 2019; Wei
et al., 2022a, 2022b).

The spleen is a key immune-related organ that may mediate
communication between the brain and the immune system through the
brain-spleen axis (Bronte and Pittet, 2013; Lewis et al., 2019; Mebius

and Kraal, 2005; Noble et al., 2018; Wei et al., 2022b). We previously
demonstrated that the brain-spleen axis might play a role in
stress-related psychiatric disorders such as depression (Hashimoto,
2020; Ma et al., 2022b; Wei et al., 2022a, 2022b; Yang et al., 2017;
Zhang et al., 2020a, 2020b, 2021b).

The spleen contributes to brain-gut crosstalk and behavioral out-
comes through the production of metabolites and immune factors
(Buchmann Godinho et al., 2021; Rhee et al., 2009; Wei et al., 2021).
Pathways involved in the gut-brain-spleen axis may include the
cholinergic anti-inflammatory reflex and efficient activation of the
vagus afferent fiber system by inflammatory intermediates (Borovikova
et al., 2000; Huston et al., 2006; Rosas-Ballina et al., 2008). Previous
studies suggest that a number of neuropsychiatric disorders, such as
Alzheimer’s disease, Parkinson’s disease, schizophrenia, and depression,
might be associated with the gut-brain-spleen axis (Breit et al., 2018;
Buchmann Godinho et al., 2021; Mok et al., 2020). A dynamic,

Abbreviations: ABX, antibiotic cocktail; CNS, central nervous system; FDR, false discovery rate; GF, germ free; GFAP, glial fibrillary acidic protein; OPLS-DA,
orthogonal partial least squares discriminant analysis; VIP, variable importance in projection.
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pathological crosstalk among the brain, gut, and spleen manifests as
internal metabolite disturbances and CNS inflammation (Buchmann
Godinho et al., 2021). However, whether microbiome depletion induces
alterations in the metabolic profile and in the function of organs, such as
the brain, spleen, and blood, remains unclear.

Germ-free (GF) mouse models are generally considered to be the gold
standard for microbiota studies. Importantly, GF mice exhibit a broad
range of developmental impairments, including development of the
early immune system (Kennedy et al., 2018), and as such are not suitable
for studying development-related conditions such as psychiatric and
neurological disorders. In contrast, treating adult mice with a
broad-spectrum antibiotic cocktail (ABX) allows study of the role that
the microbiota plays in maintaining cell functionality and signaling
pathways after development (Kennedy et al., 2018). Therefore, the aim
of the present study was to investigate whether ABX-induced micro-
biome depletion affects spleen and brain function and the metabolites
present in the blood, spleen, and brain. We performed 16S rRNA
sequencing analysis to analyze gut microbiota and untargeted metab-
olomics analysis to analyze the metabolites in the blood, spleen, and
brain.

2. Material and methods
2.1. Animals

Male C57BL/6 mice (8 weeks old, body weight 20-25 g) were pur-
chased from Japan SLC Corporation (Hamamatsu, Shizuoka, Japan). All
mice were carefully housed in clear polycarbonate cages (21 x 30 x
22.5 cm), 4-5 per cage, on an automatically managed light/dark cycle of
12 h/12 h (7:00 a.m. to 7:00 p.m.), with a constant and stable ambient
temperature of 23 + 1 °C and a relative humidity of 55 + 5%. The
experimental procedures used in this study were approved by the Ani-
mal Care and Use Committee of Chiba University Institution (License
No. 4-237 and 4-407). Animals were promptly sacrificed by inducing
deep anesthesia with inhaled isoflurane followed by skilled cervical
dislocation. Animal suffering was minimized to the greatest extent
possible.

2.2. Antibiotic cocktail therapy and sample collection

On days 1-14, mice were allowed ad libitum access to plain drinking
water or drinking water containing the broad-spectrum antibiotic
cocktail (ABX: ampicillin 1 g/L, FUJIFILM Wako Pure Chemical Cor-
poration, Tokyo, Japan; neomycin sulfate 1 g/L, Sigma-Aldrich Co. Ltd,
MO, USA; metronidazole 1 g/L, FUJIFILM Wako Pure Chemical Cor-
poration, Tokyo, Japan) (Fig. 1A), as previously described (Hashimoto
et al., 2022; Pu et al., 2019, 2021; Wang et al., 2020a, 2020b, 2021).
Fresh mouse feces were collected on the morning of day 15 for 168 ri-
bosomal RNA sequencing analysis as previously described (Hashimoto
et al., 2022; Wan et al., 2022a, 2022b; Wang et al., 2022a, 2022b)
(Fig. 1A). All mouse fecal samples were quickly frozen in liquid nitrogen
after collection and then transferred to a —80 °C freezer for storage.
Plasma, spleen, and cerebral cortex samples were also collected from
each mouse on day 15 (Fig. 1A).

After anesthetization with 5% isoflurane, cardiac blood was
collected from each mouse using a 1-mL syringe and placed into a tube
containing ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA) potas-
sium salt dehydrate as an anticoagulant. Then, blood samples were
centrifuged at 4 °C, and the supernatant (containing the plasma) was
collected and stored at —80 °C. Half of the spleen samples were imme-
diately subject to fluorescence activated cell sorting (FACS) analysis,
while the remaining spleen, plasma, and left cerebral cortex samples
were subjected to untargeted metabolomics analysis. The right cerebral
cortex was used for western blot analysis.

Brain, Behavior, & Immunity - Health 27 (2023) 100573
2.3. FACS analysis of spleen samples

Single-cell suspensions were prepared from the spleen samples and
stained for FACS (fluorescence activated cell sorting) analysis as previ-
ously described (Shinno-Hashimoto et al., 2022; Zhang et al., 2021b).
The following antibodies were used for immunofluorescence staining:
anti-CD3-FITC (x40, cat# 100305: BioLegnd, San Diego, CA),
anti-CD4-allophycocyanin (x100, cat# 17-0042-82: eBioscience, San
Diego, CA), anti-CD8a-allophycocyanin (x100, cat# 553035: BD
Bioscience), anti-NK1.1-PE (x100, cat# 553165: BD Bioscience),
anti-Ly6c-FITC (x100, cat# 553104: BD Bioscience), anti-CD11b-PE
(x400 diluted using FACS buffer, cat# 553312: BD Bioscience,
Franklin Lakes, NJ), anti-CD11c-PE (x100, cat# 557401: BD Biosci-
ence), anti-Ter119-PE (x40, cat# 12-5921-83: eBioscience, San Diego,
CA), anti-F4/80-PE (x40, cat# 12-4801-80: Invitrogen), and
anti-B220-PE (x200, cat# 553309: BD Bioscience). The stained cells
were analyzed using a FACSCanto II and FlowJo software (BD
Bioscience).

2.4. Western blot analysis

Western blotting was carried out to assess the expression levels of
ionized calcium binding adaptor molecule 1 for microglia (Ibal) and
glial fibrillary acidic protein for astrocyte (GFAP) in the cerebral cortex,
as previously described (Ma et al., 2022b; Wan et al., 2022b). The ce-
rebral cortex tissue was ground in frozen Laemmli lysis buffer, the
ground sample was centrifuged at 3000xg (RCF) for 10 min at 4 °C, and
the supernatant was collected. The protein concentration in each sample
was determined using a DC protein assay kit (Bio-Rad, Hercules, CA).
Then, the protein samples were boiled for 10 min at 95 °C in loading
buffer (125 mM Tris/HCI (pH 6.8), 20% glycerol, 0.1% bromophenol
blue, 10% p-mercaptoethanol, 4% sodium dodecyl sulfate). The proteins
were separated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Mini-PROTEAN ATGX™ precast gels;
Bio-Rad) and then electro-transferred to polyvinylidene difluoride
(PVDF) membranes using a Trans Blot Mini Cell (Bio-Rad). The mem-
branes were blocked with 5% skim milk powder dissolved in 0.1%
Tween 20 in TBS solution for 60 min, followed by incubation with the
corresponding primary antibodies (anti-Ibal (1:1000, cat# 016-20001,
1 pg/mL, FUJIFILM, Tokyo, Japan), anti-GFAP (1:1000, cat#
MAS5-15086, Thermo Fisher Scientific, USA), and anti-B-actin (1:10,000;
cat# A5441, Sigma-Aldrich Co., Ltd, St Louis, MO, USA)) overnight at
4 °C, followed by incubation with the corresponding secondary antibody
(1:5000) for 1 h. Bands were visualized with an enhanced chem-
iluminescence (ECL) kit and quantified using a ChemiDoc™ Touch Im-
aging System (170-01,401; Bio-Rad Laboratories, Hercules, CA).

2.5. 16S rRNA sequencing analysis

DNA was extracted from mouse fecal samples using the NucleoSpin
DNA Fecal Kit (REF: 740472.50, MACHEREY-NAGEL, Germany)
following the manufacturer’s protocol. The V3-V4 region of the 16S
rRNA gene was amplified by polymerase chain reaction (PCR), and all
PCR products were sequenced on a HiSeq2500 platform by BGI JAPAN
K.K. (Kobe, Japan). The sequences were deposited with the National
Center for Biotechnology Information (accession number: PR
JNA887905).

We used the Observed species index, Chao index, Ace index, and
Shannon index to measure o-diversity (species diversity within each
sample). The Observed species index, Chao index, and ACE index reflect
the species richness of the microbial community. The Shannon index
reflects the species diversity of the community, which is influenced by
species richness and species evenness. Principal component analysis
(PCA) was performed to assess differences in B-diversity, or species
complexity, among samples (Caporaso et al., 2010). Linear discriminant
analysis (LDA) effect size (LEfSe) was employed using LEfSe Software to
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Fig. 1. Effects of ABX on spleen weight and spleen cell types

A: Schedule of the experiment. ABX or water was injected as drinking water for 14 days. Fresh feces samples were collected in the morning of day 15. Subsequently,
plasma, spleen, and cerebral cortex were collected in the same day. B: ABX induced a significant reduction in spleen weight in mice (Two-tailed unpaired Student’s T
test, P < 0.0001). Representative photograph of spleen from the two groups. C: FACS analysis of spleen cell populations in all mice (Mann-Whitney test: 11b*Ly6c™
neutrophils, P = 0.0207; NK1.17 NK cells, P = 0.0207; F4/80" macrophages, P = 0.0070; CD37CD8" T cells, P = 0.002). D: Representative FACS dot plots of

neutrophils, NK cells, macrophages, and CD8" T cells. E: Spearman correlation analysis of spleen cell population and spleen weight in all mice. Values represent mean
+ S.E.M. (CON: n = 8. ABX: n = 9). *P < 0.05, **P < 0.01, ***P < 0.001. N.S.: not significant.
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discover high-dimensional biomarkers and reveal taxonomic features
(Segata et al., 2011).

PICRUSt2 (Douglas et al., 2020) software was applied to predict the
functional composition of the metagenome. After predicting the func-
tions of all of the samples, the Wilcox test was used to identify different
functions among the separate groups.

2.6. Untargeted metabolomics analysis

Untargeted metabolomics analysis of the plasma samples was per-
formed following the methods described in our previous reports
(Hashimoto et al., 2022; Shinno-Hashimoto et al., 2022; Wang et al.,
2022b; Wan et al., 2022a; Wan et al., 2022b; Yang et al., 2022a). The
spleen and cerebral cortex samples were analyzed in a manner similar to
that used for the plasma samples, with slight modifications to the
metabolite extraction process. Briefly, 400 pL of methanol containing
internal standards (25 pM N,N-diethyl-2-phenylacetamide, and d-cam-
phor-10-sulfonic acid) and 400 pL of ultrapure water were added to the
sample, and the sample was homogenized using BioMasher A II with
PowerMasher A II to extract the metabolome. The samples were then
centrifuged at 14,000 g for 5 min, and 500 pL of the supernatant was
passed through an ultrafiltration filter to purify it. Then, the purified
supernatant was transferred to Amicon A Ultra-0.5 3 kDa filter columns
(Merck Millipore, Tokyo, Japan) and centrifuged at 14,000 x rpm for 1
h. The filtrates were transferred to glass vials for analysis. The details of
the analysis are described in the supplementary material.

2.7. Statistical analysis

The data are expressed as the mean =+ the standard error of the mean
(S.E.M.). Student’s t-test and Wilcox test (Mann-Whitney test) were
employed to analyze differences between two groups based on the data
distribution. Regarding the p diversity analysis, differences between
groups were statistically analyzed using analysis of similarity (ANO-
SIM). Analyses comparing multiple time points were assessed using
repeated measures analysis of variance (ANOVA). For analysis of me-
tabolites, we used orthogonal partial least squares discriminant analysis
(OPLS-DA) as a multivariate analysis model implemented in SIMCA-P
(V.14.0). Then, significant peaks were determined by combination of
variable importance in projection (VIP) value > 1, Wilcox rank test P
value < 0.05, and false discovery rate (FDR) < 0.3 between the two
groups. P-values of less than 0.05 were considered statistically
significant.

3. Results
3.1. Effects of ABX treatment on spleen weight and splenocyte population

The body weight of ABX-treated mice was lower than that of control
mice, and then recovered gradually, consistent with previous reports
(Fig. S1IA) (Pu et al., 2019; Wang et al., 2020a, 2020b). Compared with
the CON group, ABX treatment resulted in a significant reduction in
spleen weight and in the ratio of spleen weight to body weight (Fig. 1B
and Fig. S1B). To identify the cell populations associated with the
ABX-induced decrease in spleen weight, we then evaluated the fre-
quency of neutrophils (11b"Ly6c™), proerythroblasts (Ter119"), den-
dritic cells (CD11c™), natural killer (NK) cells (NK1.17), macrophages
(F4/807), B cells (B220™), T cells (CD3™), CD4" T cells (CD37CD4™),
and CD8" T cells (CD3"CD8") in the spleen using flow cytometry. Of
note, the percentages of 11b*Ly6c™ neutrophils, NK1.1" NK cells, and
F4/80" macrophages were significantly lower in the ABX group
compared with the CON group (Fig. 1C and D). In contrast, the per-
centage of CD8" T cells in the ABX group was higher than that in the
CON group. There were no changes in the percentage of pro-
erythrocytes, dendritic cells, B cells, CD4" T cells or CD3" T cells be-
tween the two groups (Fig. 1C and D).

Brain, Behavior, & Immunity - Health 27 (2023) 100573

Positive correlations were found between the percentage of splenic
macrophages, neutrophils, NK cells, and spleen weight. In contrast, a
negative correlation was found between the percentage of CD8" T cells
and spleen weight (Fig. 1E).

3.2. ABX-treated mice exhibit altered gut microbiota composition

To examine the effect of ABX on the mouse gut microbiota, we car-
ried out high-throughput amplicon sequencing of 16S rRNA microbial
genes from mice in the CON and ABX groups. To estimate the richness,
evenness, and diversity of the gut microbiota of mice in the CON and
ABX groups, a-diversity was estimated using the Shannon index, Chao
index, Observed species index, and Ace index. We detected a significant
reduction in a-diversity in the ABX group compared to the CON group
(Fig. S2A). These results suggest that the within-individual bacterial
diversity of ABX-treated mice differed from that of CON mice. PCA-
based p-diversity analysis revealed distinct cluster separation between
the CON and ABX groups (ANOSIM analysis, P = 0.001) (Fig. S2B),
indicating differences in the individual microbial communities between
the two groups.

The microbial taxonomy and bacterial taxonomy of the gut micro-
biota were compared between the two groups at the phylum and species
level (Fig. 2A). Comparing the percentages of bacteria at the phylum
level, ABX eliminated or markedly reduced Tenericutes, Verrucomicrobia,
Deferribacteres, Bacteroidetes, and Firmicutes levels compared with the
CON group (Fig. 2A), while at the species level, the percentages of
Alloprevotella rava and Barnesiella intestinihominis were considerably
lower in the ABX group than in the CON group (Fig. 2A). Interestingly,
ABX increased the percentages of the phyla Proteobacteria (88.7% in ABX
and 1.1% in CON) and Actinobacteria (0.72% in ABX and 0.22% in CON)
(Fig. 2A). At the species level, we observed an ABX-induced increase in
the percentage of Escherichia (88.6% in ABX, 0.02% in CON), Entero-
coccus saccharolyticus (3.92% in ABX, 0% in CON), and Paenibacillus
relictisesami (1.5% in ABX, 0% in CON) compared with the CON group
(Fig. 2A).

Next, we investigated specific differences in the gut microbiota at
different taxonomic levels in the ABX group compared with the CON
group. At the phylum level, the ABX group had higher abundances of
Proteobacteria and Cyanobacteria relative to the CON group; in fact, no
Cyanobacteria were detected in the CON group (Fig. 2B, Table S1). In
contrast, Bacteroidetes and Firmicutes were depleted in the ABX group in
comparison with the CON group (Fig. 2B, Table S1). Three phyla were
found to be completely absent in the ABX group, including Deferri-
bacteres, Tenericutes, and Verrucomicrobia (Fig. 2B, Table S1). The
abundance of 39 species was found to differ between the two groups
(Fig. 2C, Table S2), of which 36 were significantly reduced or eliminated
after ABX treatment (Fig. 2C, Table S2). Interestingly, the abundance of
three species—Cellulomonas denverensis, Enterococcus saccharolyticus,
and Escherichia—was dramatically higher in the ABX group than in the
CON group (Fig. 2C, Table S2).

3.3. Microbial biomarkers and functional profiles

We employed LEfSe to determine taxonomic biomarkers that
contributed to variations in the ABX-treated microbiome, with high
strictness (LDA >4.8). As illustrated in the LEfSe-generated cladogram
plot (Fig. 3A), the CON and ABX groups exhibited significantly different
microbial community characteristics. Compared with the CON group,
ABX group possessed significantly higher abundances of the class
Gammaproteobacteria, the genus Escherichia, the order Enterobacteriales,
the family Enterobacteriacea, the species Escherichia, and the phylum
Proteobacteria. In contrast, the CON group contained higher abundances
of the class Clostridia, the phylum Firmicutes, the phylum Bacteroidetes,
the class Bacteroidia, the order Bacteroidales, the order Clostridialesf
Lachnospiraceae, the family Porphyromonadaceaeg Barnesiella, and the
order Clostridialesf Lachnospiraceaeg Clostridium XIVa (Fig. 3B).
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Next, PICRUSt2 was used to predict the metagenomes of the gut
microbes. The resulting functional profiles highlighted 34 pathways that
were significantly changed in ABX mice compared with CON mice
(Fig. 3C). The categories of microbial functions that changed in response
to treatment with ABX included biosynthesis and degradation of fatty
acids and lipids, glycan biosynthesis and degradation, aminoacyl-tRNA
charging, carbohydrate biosynthesis, TCA cycle, biosynthesis and
degradation of amines and polyamines, and degradation of aldehydes
(Fig. 3C, Table S3). Of these, 17 metabolic pathways (e.g., TCA cycle,
inorganic nutrient metabolism, amino acid degradation, amine and
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Fig. 2. Effects of ABX on the composition of gut
microbiota

A: Bar chart of phylum-level bacterial community
composition, with species level presenting the top
five bacteria in abundance in all samples and the
rest shown as "other". B: Differences of bacterial
abundance at the phylum level in two groups
(statistical results are presented in Table S1). C:
Differences of bacterial abundance at the species
level in two group of mice (statistical results are
presented in Table S2).

polyamine biosynthesis, alcohol degradation, fatty acid and lipid
degradation, aromatic compound degradation, and metabolic regulator
biosynthesis, and aldehyde degradation, etc.) were significantly
increased in the ABX group compared with the CON group (Fig. 3C,
Table S3).

3.4. Splenic metabolomic profiles correlated with ABX-induced changes in
percentage of splenic cell types, spleen weight, and the gut microbiota

To further explore ABX-induced spleen weight loss, changes in the
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Fig. 3. Potential biomarkers defined by LEfSe, prediction of microbial function by PICRUSt2
A: Taxonomic cladogram generated by LEfSe analysis. B: LEfSe linear discriminant analysis (LDA) for taxa with P < 0.05 and scores >4.8. C: Significantly altered
MetaCyc metabolic pathway between two groups predicted based on sequencing data of 16S rRNA gene (statistical results are presented in Table S3).

percentage of splenic cell populations, and metabolic changes, we per-
formed untargeted metabolomic analysis of mouse spleen samples. After
the initial screen, 99 metabolites from each group were selected for
more detailed evaluation. We further carried out supervised data anal-
ysis using OPLS-DA to clarify metabolic variations. The OPLS-DA score
plots for the CON and ABX groups were clearly separated, suggesting

that the model was able to distinguish between metabolites from the
CON group and from the ABX group (Fig. S3). A volcano plot was con-
structed by analyzing the P-values from the Mann-Whitney test and the
variable importance (VIP) scores from the OPLS-DA. Metabolites
matching the requirements of P < 0.05 (FDR-corrected P < 0.05) and
VIP >1 were defined as differentially represented metabolites (Fig. 4A).
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Fig. 4. Alterations in splenic metabolites between the two groups, and Spearman correlations in splenic metabolites, spleen cell populations, and gut microbes
A: Volcano plot showing splenic metabolite profiles between the CON and ABX groups. X-axis indicates the log2 transformed fold change in splenic metabolite
abundance, and y-axis indicates the -log10 transformed P-value using the Wilcox test. Horizontal lines indicate P < 0.05. Red or blue dots indicate differential
metabolites between the two groups. B: Differences in abundance of splenic differential metabolites between the two groups (statistical results are presented in
Table S4). C: Spearman correlation analysis of splenic differential metabolites with percentage of splenic cell population or spleen weight. D: Spearman correlation
analysis of differential species (average of abundance >0.1% in all samples) with splenic differential metabolites, percentage of splenic cell populations, or spleen
weight. Values represent mean + S.E.M. (CON: n = 8. ABX: n = 9). #P (FDR-corrected) < 0.05, ##p (FDR-corrected) < 0.01, ###p (FDR-corrected) < 0.001, #EHHED
(FDR-corrected) < 0.0001. *P < 0.05, **P < 0.01, ***P < 0.001. N.S.: not significant.
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Eighteen metabolites, including 2-pyrrolidinone, 3-aminohexanoic acid,
acetyl-DL-carnitine, cytarabine, DL-pyroglutamic acid, guanidinoethyl
sulfonate, L-histidine, L-arginine, L-cysteine-glutathione disulfide, L-
lysine, L-methionine, L-phenylalanine, N-alpha-(tert-butoxycarbonyl)-
L-histidine, nicotinamide, phosphate, taurine, urea, and valine betaine,
exhibited significantly lower abundance in the spleens of mice in the
ABX group than in the CON group (Fig. 4B, Table S4). In contrast
metronidazole exhibited higher abundance in the spleens of ABX mice
compared with the CON mice (Fig. 4B, Table S4). Taken together, these
results suggest that, instead of being due solely to the decrease in spleen
weight observed in ABX-treated mice, the reduction in specific metab-
olites in the spleen might result from long-term exposure to ABX.

The correlations among differentially represented spleen metabo-
lites, percentage of spleen cell types, and spleen weight were analyzed
for all mice (Fig. 4C). Spleen weight was positively correlated with the
abundance of the 18 metabolites that were reduced in the ABX group
and negatively correlated with the abundance of metronidazole in the
ABX group (Fig. 4C). The abundance of 12 metabolites, including 3-ami-
nohexanoic acid, L-methionine, L-histidine, N-alpha-(tert-butox-
ycarbonyl)-L-histidine, phosphate, acetyl-DL-carnitine, DL-
pyroglutamic acid, L-cysteine-glutathione disulfide, L-phenylalanine,
nicotinamide, 2-pyrrolidinone, and taurine, was positively associated
with the percentage of several cell types in the splenic cell population,
such as NK cells, macrophages, and neutrophils, but it was negatively
associated with the percentage of CD8" T cells (Fig. 4C). To determine
the most unique and functionally critical taxa that differed in abundance
between the ABX group and the CON group, correlation analyses were
performed between the differentially represented species (>0.1% in
mean abundance across all samples, henceforth referred to as differen-
tial species) and spleen weight, percentage of spleen cell populations,
and spleen differential metabolites (Fig. 4D). Significant correlation was
found between differential species and differential metabolites in the
spleen and both the percentage of spleen cell populations and the spleen
weight (Fig. 4D). Overall, the abundances of 10 species (Barnesiella
intestinihominis, Bacteroides sartorii, Clostridium lactatifermentans, Lacto-
bacillus animalis, Lactobacillus intestinalis, Parabacteroides merdae, Oscil-
libacter valericigenes, Eubacterium eligens, Anaerotruncus colihominis,
Mucispirillum schaedleri) was negatively associated with the percentage
of splenic CD8" T cells and the abundance of the splenic metabolite
metronidazole, but it was positively associated with the percentage of
splenic macrophages and spleen weight (Fig. 4D). Metronidazole was
one of the antibiotics used in this study. We found that the abundance of
the ABX-depleted species Mucispirillum schaedleri, Anaerotruncus col-
ihominis, and Lactobacillus intestinalis was negatively correlated with the
percentage of CD8" T cells in the ABX group, which in turn was nega-
tively correlated with the concentration of L-cysteine-glutathione di-
sulfide. Furthermore, L-cysteine-glutathione disulfide was positively
correlated with spleen weight (Fig. S4).

3.5. Plasma metabolomic profiles correlated with ABX-induced changes in
percentage of splenic cell types, spleen weight, and gut the microbiota

We further investigated whether plasma metabolomic biomarkers
were associated with ABX-induced changes in the percentage of sple-
nocyte types, spleen weight, and the gut microbiota. A total of 156
metabolite signatures were detected after preprocessing the detected
signals. After 14 days of ABX treatment, the plasma metabolic profiles
were significantly different between the CON and ABX groups. The
OPLS-DA model shows that the metabolic profiles of the two groups
were completely separated (Fig. S5). Using VIP >1 and P < 0.05 (FDR-
corrected P < 0.05) as cut-offs, we identified 15 differentially repre-
sented metabolites (Fig. 5A). We identified 12 metabolites (1,2-dichlo-
roethane, 2,4,4’-trihydroxybenzophenone, 2-alpha-mannobiose, 3’,5’-
cyclic inosine monophosphate, 4-O-beta-galactopyranosyl-D-mannopyr-
anose, 6-phospho-D-gluconate, benzamide, N-1H-indol-5-yl-, D-
(+)-mannose, D-gluconic acid, D-psicose, galactinol, and glutamate-
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glutamine) whose abundance was significantly lower in plasma from
the ABX group compared with the CON group (Fig. 5B, Table S5). In
contrast, we found a significantly higher abundance of three metabolites
(5-aminolevulinic acid, ethylenediaminetetraacetic acid, hydrox-
ybutyrylglycine) in plasma from the ABX group compared with the CON
group (Fig. 5B, Table S5).

Spearman correlation analysis showed a positive correlation be-
tween all 12 plasma ABX-depleted metabolites and spleen weight, but a
negative correlation between all 12 plasma ABX-depleted metabolites
and splenic CD8" T cell percentage (Fig. 5C). However, the two ABX-
enriched plasma metabolites—5-aminolevulinic acid and hydrox-
ybutyrylglycine—were positively correlated with splenic CD8" T cell
percentage and negatively correlated with the percentage of splenic
neutrophils, splenic macrophages, and spleen weight (Fig. 5C). We also
detected extensive correlations between differential species, plasma
metabolites, splenic cell populations, and spleen weight (Fig. 5D,
Fig. S6). A total of 10 ABX-depleted species (Barnesiella intestinihominis,
Lactobacillus intestinalis, Bacteroides sartorii, Parabacteroides merdae,
Oscillibacter valericigenes, Eubacterium eligens, Anaerotruncus colihominis,
Mucispirillum schaedleri, Clostridium lactatifermentans, and Lactobacillus
animalis) were significantly positively correlated with 12 ABX-depleted
plasma metabolites, percentage of splenic cell populations (NK cells,
neutrophils, macrophages), and spleen weight, whereas they were
negatively correlated with two ABX-enriched plasma metabolites (5-
aminolevulinic acid and hydroxybutyrylglycine) and percentage of
splenic CD8" T cells (Fig. 5D). These associations are shown in the
correlation network diagram (Fig. S6).

3.6. Relationships between ABX-induced changes in the gut microbiota,
splenic metabolites, plasma metabolites, cortical metabolites, and splenic
function

We measured the expression of the microglial marker Ibal and the
astrocytic marker GFAP in the cerebral cortex samples from the ABX and
CON groups by western blotting. Mice treated with ABX showed reduced
levels of Ibal expression compared with CON mice; however, GFAP
expression did not differ between the two groups (Fig. 6A).

After data preprocessing, a total of 139 metabolic features were
identified by untargeted metabolomics analysis of cerebral cortex sam-
ples from the ABX and CON groups. Subsequently, the OPLS-DA model
was constructed to identify metabolites that contributed towards group
differentiation. The metabolic profiles of the two groups as determined
by the OPLS-DA model were somewhat separate (Fig. S7). Using the
same procedures as that used for the spleen and plasma metabolomics
analyses, six differential metabolites from the cerebral cortex were
selected (P < 0.05, VIP >1, FDR-corrected P < 0.3) (Fig. 6B). Compared
with the CON group, we identified four metabolites (carnosine, D-
pyroglutamic acid, glutamine, and N-acetyl-L-glutamine) with elevated
abundance in the ABX group and two metabolites (adenine and DL-2-
aminocaprylic acid) with decreased abundance in the ABX group
(Fig. 6C, Table S6).

We noticed that the level of Ibal in the cerebral cortex was signifi-
cantly and negatively correlated with the abundance of metabolites such
as carnosine and D-pyroglutamic acid (Fig. 6D). Furthermore, spleen
weight was negatively correlated with the four ABX-enriched metabo-
lites in the cerebral cortex (Fig. 6D). Spearman rank correlation analysis
showed extensive positive correlations between ABX-depleted species
and ABX-depleted metabolites in the cerebral cortex, splenic cell pop-
ulations (NK cells, neutrophils, and macrophages), and spleen weight. In
contrast, significant negative correlations were found between ABX-
depleted species and ABX-enriched metabolites, and splenic CD8" T
cells (Fig. 6E). The Ibal level in the cerebral cortex was positively
correlated with the abundance of Lactobacillus intestinalis (Fig. 6E).
Similar correlations were found in the correlation network plots
(Fig. S8).

To investigate the relationship between spleen weight, percentage of
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Fig. 5. Alterations in plasma metabolites between the two groups, and Spearman correlations in plasma metabolites, spleen cell populations, and gut microbes
A: Volcano plot showing plasma metabolite profiles between the CON and ABX groups. X-axis indicates the log2 transformed fold change in plasma metabolite
abundance, and y-axis indicates the -log10 transformed P-value using the Wilcox test. Horizontal lines indicate P < 0.05. Red or blue dots indicate differential
metabolites between the two groups. B: Differences in abundance of plasma differential metabolites between the two groups (statistical results are presented in
Table S5). C: Spearman correlation analysis of plasma differential metabolites with percentage of splenic cell population or spleen weight. D: Spearman correlation
analysis of differential species (average of abundance >0.1% in all samples) with plasma differential metabolites, percentage of splenic cell populations, or spleen
weight. Values represent mean + S.E.M. (CON: n = 8. ABX: n = 9). #P (FDR-corrected) < 0.05, ##p (FDR-corrected) < 0.01, ###p (FDR-corrected) < 0.001, #HHHFD
(FDR-corrected) < 0.0001. *P < 0.05, **P < 0.01, ***P < 0.001. N.S.: not significant.
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Fig. 6. Expression of Ibal and GFAP in the cerebral cortex, altered metabolites in the cerebral cortex, and joint correlation analysis of microbial, multi-location
metabolites, and splenic cell populations

A: Expression of Ibal and GFAP in the cerebral cortex from two groups. B: Volcano plot showing cerebral cortical metabolite profiles between the CON and ABX
groups. X-axis indicates the log2 transformed fold change in cerebral cortical metabolite abundance, and y-axis indicates the -log10 transformed P-value using the
Wilcox test. Horizontal lines indicate P < 0.05. Red or blue dots indicate differential metabolites between the two groups. C: Differences in abundance of differential
metabolites in the cerebral cortex between the two groups (statistical results are presented in Table S6). D: Spearman correlation analysis of differential metabolites
in the cerebral cortex with percentage of splenic cell population, Ibal expression in the cerebral cortex, or spleen weight. E: Spearman correlation analysis of
differential species (average of abundance >0.1% in all samples) with differential metabolites in the cerebral cortex, Ibal level in the cerebral cortex, percentage of
splenic cell populations, or spleen weight. F: Joint correlation analysis of spleen weight, percentage of spleen cell population, representative metabolites of different
tissues (spleen, plasma, cerebral cortex) and gut microbiota for all mice. Red lines denote positive correlations, blue lines denote negative correlations, and thicker
lines represent larger correlation coefficients (Spearman correlation analysis, absolute value of correlation coefficient >0.7, FDR-corrected P < 0.05). Circles indicate
metabolites, and different colors indicate originating from different types of tissues. Bacteria are indicated by squares, triangles indicate spleen weights, and di-
amonds indicate splenic cell populations. Values represent mean + S.E.M. (CON: n = 8. ABX: n = 9). #p (FDR-corrected) < 0.05, *#P (FDR-corrected) < 0.01, ###p
(FDR-corrected) < 0.001. *P < 0.05, **P < 0.01, ***P < 0.001. N.S.: not significant.
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spleen cell populations, differential metabolites in the spleen, and the
gut microbiota, we performed a joint analysis of the above data for all of
the mice. Correlation network analysis revealed highly sophisticated
patterns of interactions (463 correlations, Spearman rho >0.7, P < 0.05,
FDR-corrected P < 0.05) between taxa (mean abundance >0.1% across
all samples), splenic cell populations, spleen weight, and metabolites in
the spleen, plasma, and cerebral cortex (Fig. 6F). Interestingly, the
correlations were stronger between different tissues than within each
tissue, suggesting strong functional associations between the brain, gut
microbiota, plasma, and spleen. Of interest, the concentrations of five
plasma metabolites (1,2-dichloroethane, D-gluconic acid, D-psicose, 6-
phospho-D-gluconate, and 2,4,4’-trihydroxybenzophenone) were posi-
tively correlated with the abundance of Clostridium lactatifermentans and
Lactobacillus animalis, which were negatively correlated with glutamine
in the cerebral cortex. Plasma D-psicose was further positively corre-
lated with the splenic metabolite L-phenylalanine, splenic neutrophil
percentage, and spleen weight. Seven plasma metabolites, including D-
gluconic acid, 1,2-dichloroethane, glutamate-glutamine, benzamide,
N-1H-indol-5-yl-, 2,4,4’-trihydroxybenzophenone, 6-phospho-D-gluco-
nate, and 4 -O-beta-galactopyranosyl-D-mannopyranose were posi-
tively correlated with the species Anaerotruncus colihominis and
Mucispirillum schaedleri, which were further positively correlated with
adenine in the cerebral cortex. Of note, the plasma D-gluconic acid level
directly correlated with adenine in the cerebral cortex. The tight rela-
tionship between gut microbes, plasma metabolites, and cerebral
cortical metabolites indicates that specific microbes may be involved in
the metabolism of specific plasma and brain metabolites and regulate
brain function. We observed correlations between plasma metabolites,
splenic metabolites, and cerebral cortical metabolites. Some highly
correlated features included the plasma metabolites glutamate-
glutamine, 2,4,4’-trihydroxybenzophenone, and 1,2-dichloroethane,
which correlated positively with the splenic metabolite valine-betaine;
the latter further correlated with two metabolites (glutamine and N-
acetyl-L-glutamine) in the cerebral cortex, spleen CD8" T cell popula-
tion, and spleen weight. We found that adenine in the cerebral cortex
was positively correlated with the plasma metabolite D-gluconic acid,
which was positively correlated with two splenic metabolites (phos-
phate and L-cysteine-glutathione disulfide); phosphate and L-cysteine-
glutathione disulfide were further negatively correlated with splenic
CD8™ T cell population and positively correlated with spleen weight.

4. Discussion

The main findings of this study are as follows. First, ABX treatment
resulted in decreased spleen weight compared with the CON group. The
percentage of cell types of spleen was significantly altered in the ABX
group, including a decrease in the percentage of three cell types (NK
cells, macrophages, and neutrophils) and, conversely, a significant in-
crease in the percentage of CD8" T cells. The percentage of these cell
populations significantly correlated with spleen weight. Second, ABX
treatment leads to depletion of a large proportion of the gut microbiota.
The a- and p-diversity of the gut microbiota, as well as the composition
of the gut microbiota, showed significant differences between the two
groups. Third, LEfSe analysis determined that the class Gammaproteo-
bacteria, the genus Escherichia, the phylum Proteobacteria, the order
Enterobacteriales, and the family Enterobacteriacea are potential micro-
bial markers of the ABX group. Predictive functional analysis of the gut
microbiota revealed that ABX caused alterations in multiple metabolic
pathways, such as those involved in biosynthesis and degradation of
fatty acids and lipids, degradation of amines and polyamines, carbohy-
drate biosynthesis, and the TCA (tricarboxylic acid) cycle. Fourth, ABX
treatment caused a reduction in the expression of the microglia marker
Ibal in the cerebral cortex. Fifth, untargeted metabolomics analysis of
spleen, plasma, and cerebral cortex samples demonstrated that ABX
treatment caused alterations in the levels of a number of compounds.
There were strong correlations among these differential compounds, the
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level of Ibal expression in the cerebral cortex, spleen cell populations,
spleen weight, and the relative abundance of microbes. Finally, joint
network analysis showed strong interconnections among gut microbes
and metabolites (plasma, spleen, cerebral cortex), spleen cell pop-
ulations, and spleen weight. Collectively, these findings suggest that
ABX-induced microbiome depletion could affect spleen and brain
function through the gut-microbiota—spleen-brain axis.

In this study, we found that the percentages of neutrophils, NK cells,
and macrophages were significantly reduced in the spleens of ABX-
treated mice, and that these cell types were positively correlated with
spleen weight. We previously reported that spleen weight positively
correlates with percentages of cell types (i.e., neutrophils, pro-
erythroblasts, B cells, macrophages, and dendritic cells) in imiquimod-
treated mice (Shinno-Hashimoto et al., 2022). Therefore, spleen
weight is likely to be affected by changes in the abundance of specific
splenic cellular components. In contrast, ABX treatment caused increase
in CD8™ T cells in the spleen, and there was a negative correlation be-
tween CD8" T cell percentage and spleen weight. Antibiotic treatment
can cause abnormalities in the immune cell populations in the GI tract
and spleen (Kennedy et al., 2018), indicating that the immune system
responds to pathogenic and commensal microbial populations. There-
fore, ABX-induced microbiome depletion may alter the cellular
composition of the host spleen, resulting in a reduction in spleen weight.

Escherichia was the most predominant bacterium in ABX-treated
mice, with a relative abundance of 88.6%. Previous reports have
demonstrated that Escherichia coli (E. coli) strains are diverse, ranging
from innocuous GI residents to multiple pathotypes capable of causing
intestinal or extraintestinal disease, such as infantile diarrhea, hemor-
rhagic colitis, and more, related to antibiotic resistance (Croxen et al.,
2013; Moyenuddin et al., 1989; Subramanian et al., 2009). Given the
existence of various antibiotic-resistant E. coli strains, the high abun-
dance of Escherichia in the gut of ABX-treated mice may indicate the
presence of antibiotic-resistant strains. Collectively, it seems that anti-
biotic use drives changes in the composition of the intestinal microbiota,
leading to an imbalance in physiological homeostasis and permitting the
long-term growth and colonization of antibiotic-resistant microorgan-
isms in the gut.

The 18 ABX-reduced splenic compounds were positively correlated
with the proportion of spleen cell types such as NK cells, macrophages,
and neutrophils, and negatively correlated with the proportion of
splenic CD8" T cells. Bacterial or parasitic infections are known to
possibly affect splenic responses (Lewis et al., 2019). Although the
current study does not provide strong evidence for this, these com-
pounds may be involved in splenic-mediated immune responses. The
differentially represented taxa between the two groups were signifi-
cantly correlated with splenic metabolites and splenic cell populations.
Collectively, these findings suggest that ABX-induced microbiome
depletion modulates splenic function by altering metabolite expression,
although further study is needed to confirm this.

In this study, we detected Enterococcus saccharolyticus (Hammad
et al., 2014), a bacterium that is associated with antibiotic resistance, in
the intestine of ABX-treated mice. Furthermore, there was a positive
correlation between plasma levels of 5-aminolevulinic acid (5-ALA) and
relative abundance of Enterococcus saccharolyticus, suggesting that
Enterococcus saccharolyticus in the intestine may contribute to the pro-
duction of 5-ALA. Microbial production of 5-ALA by photosynthetic
bacteria has been demonstrated previously (Liu et al., 2014; Sasaki et al.,
2002). Increasing evidence suggests that 5-ALA-induced apoptosis can
be used to treat tumors (Huang et al., 2016; Liu et al., 2019; Mamalis
etal., 2016; Stummer et al., 2006). We found that plasma levels of 5-ALA
were significantly elevated in the ABX-treated mice, and negatively
correlated with splenic neutrophils, macrophages, and spleen weight.
Given the beneficial role of 5-ALA (Jiang et al., 2022), the increase in
5-ALA levels induced by ABX treatment may have a compensatory effect
on impaired splenic functions. Taken together, our findings suggest that
ABX-induced microbiome depletion could affect the synthesis and
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metabolism of a number of host metabolites that regulate splenic cell
populations and spleen function via humoral circulation. Nonetheless,
more detailed study is needed to elucidate the role of Enterococcus sac-
charolyticus in the production of 5-ALA, as well as the role of 5-ALA in
the spleen.

Increasing evidence suggests that the gut microbiome plays a crucial
role in microglial maturation and activation both in healthy individuals
and in patients with CNS disease (Cook and Prinz, 2022; Erny and Prinz,
2020). Erny et al. (2015) demonstrated that GF mice have global defects
in microglia and altered cell proportions, leading to an impaired innate
immune response. Furthermore, microbiome-derived compounds are
known to regulate microglial homeostasis in the brain (Erny et al.,
2015). We previously reported that repeated administration of PLX5622
(a specific inhibitor of the colony-stimulating factor 1 receptor) affects
the relative abundance of gut microbiota components, and that there are
significant correlations between microglial markers in the brain and the
relative abundance of gut microbiota components, suggesting
microbiome-microglia crosstalk through the brain-gut axis (Yang et al.,
2022b). Compared with CON mice, the ABX mice exhibited low
expression of the microglia marker Ibal in the cerebral cortex. Collec-
tively, these findings suggest crosstalk between the gut microbiota and
the microglia in the brain through the gut-microbiota-brain axis.

Carnosine, a dipeptide that is present in high concentrations in the
brain, is a putative neurotransmitter (Caruso et al., 2019; Tiedje et al.,
2010). A growing body of evidence shows the potentially beneficial
effects of carnosine in psychiatric and neurological disorders (Schon
et al., 2019). In this study, we found that carnosine was elevated in the
cerebral cortex of ABX-treated mice, which is in keeping with its known
neuroprotective effects in the brain. Furthermore, carnosine was nega-
tively correlated with Ibal expression in the cerebral cortex, consistent
with the previous report that carnosine in the brain is mainly metabo-
lized by microglia, oligodendrocytes, astrocytes, and macrophages
(Caruso et al., 2019). Substantial evidence suggests that carnosine has
anti-aggregatory, anti-oxidant, anti-inflammatory, and neuroprotective
effects in the CNS (Caruso et al., 2019). Interestingly, we found that the
level of carnosine in the cerebral cortex was negatively correlated with
the proportion of splenic macrophages and neutrophils, suggesting a
brain-spleen axis.

The joint analysis showed that the abundance of the probiotic bac-
terial strain Lactobacillus animalis (Sahoo et al., 2015) was correlated
with plasma levels of D-psicose and negatively correlated with gluta-
mine levels in the cerebral cortex. Glutamine is a by-product of ammonia
metabolism that is capable of causing reactive oxidative stress in as-
trocytes and inducing the mitochondrial permeability transition, which
causes neurotoxicity through the action of mitochondrial phosphate
activated glutaminase (Albrecht and Norenberg, 2006). The
anti-hyperlipidemic effect of D-psicose is related to its hypoglycemic,
hypolipidemic, and antioxidant activities, which make it optimal for the
prevention of diabetes and related health problems (Chung et al., 2012),
further suggesting that plasma metabolism is regulated by intestinal
microorganisms and affects the functional state of neuronal cells.
Furthermore, plasma D-psicose levels were positively correlated with
L-phenylalanine (an essential amino acid in the spleen) levels, which are
positively correlated with the proportion of splenic neutrophils, and
ultimately spleen weight. Collectively, our findings suggest that the
gut-spleen-brain axis regulates the metabolic and functional state of
neuronal cells via microbial-derived metabolites, and that the brain may
modulate splenic cell types and splenic function.

We previously reported that ABX-induced depletion of the gut
microbiome is associated with stress resilience in mice exposed to
chronic social defeat stress (Wang et al., 2020b) and protects against
MPTP-induced dopaminergic neurotoxicity in the brain (Pu et al., 2019)
and LPS (lipopolysaccharide)-induced acute lung injury (Hashimoto
et al., 2022). Furthermore, LPS-induced splenomegaly in mice was
associated with higher levels of pro-inflammatory cytokines (Ma et al.,
2022a, 2022b; Zhang et al., 2020b, 2021a), suggesting that an increase
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in spleen weight is associated with systemic inflammation. Considering
the decreased spleen weight induced by treatment with ABX, ABX
treatment possibly has anti-inflammatory effects in mice. Given the
anti-inflammatory role of the gut-microbiota—spleen-brain axis, it is
likely that ABX-induced microbiome depletion has anti-inflammatory
effects in several animal models.

This study had one limitation, in that we divided the spleen to
investigate the relationship between splenic cell types and metabolites
in the spleen. However, the spleen is divided by function and structure
into the red pulp, white pulp, and marginal zone, suggesting that the
immune cells are differentially organized in these three structures
(Lewis et al., 2019). The differences in these structures may affect the
functions of splenic cells and metabolites, and further detailed study is
needed to address this possibility.

5. Conclusion

The findings from the present study suggest that ABX-induced
microbiome depletion causes a decrease in spleen weight and
abnormal expression of metabolites in the blood, spleen, and brain. In
addition to microbiome depletion, ABX treatment likely affects spleen
and brain function through the gut-microbiota—spleen-brain axis.
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HIER mXiEL O SRRt v

1. AERBE)
1) B #9(Goal)

Bacterial contamination is a serious problem that can affect numerous applications. As a semiconductor with photocatalysis
function, Nano—titanium dioxide (TiO2) not only has the advantages of high activity, fast antibacterial speed, good thermal
stability, long—term effectiveness, low price and no harm to human body, but also can decompose endotoxin, with the functions of
purification, self—cleaning, deodorization, etc. However, there are still some problems in the use of Nano-TiO2 as inorganic
antibacterial agent. In this study, the antibacterial effect of metal doped TiO2 nanosheets (TiO2 NS) made by photodeposition in
serum and saliva under dark condition will be evaluated comprehensively, so as to obtain the best bactericide for specific bacteria
in specific environment and provide reference for exploring the bactericidal effect of Ag+, Cu2+, Ce3+ and TiO2 nanosheets.

2) EkB& (Approach)

The photodeposition method is based on the photocatalytic property of semiconductor materials afforded by their band gap.
Several conditions are needed to enable the photodeposition method. First, the photon energy of the exposure light should be
larger than the energy band gap of the semiconductor. When light that has the proper energy level for the band gap of the semi—
conductor is absorbed, electrons from the valence band can be excited. Second, the reduction potential of the metal ion should
be more positive than the conduction band energy level of the semi— conductor. Third, the efficient separation and migration of
photo— generated electron—hole pairs is necessary. Finally, the semiconductor should act as a template for active sites of metal
deposition and have a large surface area. If these four conditions are met, the synthesis of metal/semiconductor nhanocomposite
by photodeposition method is possible, since nanoscale semiconductor materials have many active sites that have large surface
energy due to their morphology. Also, this is a simple and green method since it does not require the addition of chemical
reagents or any conditions other than light exposure[1].

3) ¥ &% (Materials and methods)

1. Synthesis of TiO2 nanosheets

Dissolve 1 g Ammonium hexafluorotitanate into 5 ml of hydrochloric acid (5 M). Add a controlled amount titanium (IV) butoxide to
the above solution to make that the total F/Ti molar ratio is 1.0 under strong stirring and white gels formed. The gels are placed
into a 50 ml Teflon tube for a 6—hour hydrothermal reaction at 180° C. The products of the hydrothermal reaction are washed
with ultrapure water three times and by methanol once, all with subsequent centrifugal separation. The obtained TiO2 nanosheets
are then freeze dried[2,3].

2. Characterization of the TiO2 nanosheets

Use X-ray diffractometer, scanning electron microscope, transmittance electron microscope and energy—dispersive X-ray
spectrometer to show the crystal structure, morphology and chemical composition of the precipitates. The length and thickness
are measured from TEM images.

3. Preparation of metal doped TiO2 nanosheets by photodeposition

For preparation of metal-modified TiO2 nanosheets, silver nitrate, copper sulfate pentahydrate and cerium nitrate hexahydrate
are used as metal precursors. The codes of metal-modified TiO2 nanosheets samples are defined as Ag/TiO2 nanosheets,
Cu/TiO2 nanosheets and Ce/TiO2 nanosheets,respectively. The amount of each metal doped on 1500mg TiO2 nanosheets is
1.2%10-4mol , which means that the quantity of silver nitrate,

Schematic diagram of photodeposition method. When light is
absorbed in the band gap, electrons from valence band are
excited and migrate to reduce metal ions to metal. hv, light
energy; e, photoexcited electron; M+, metal ion; MO, metal.
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1. TAERE(2)

Copper sulfate and cerium nitrate is 20.40mg, 30.00mg and 52.08mg respectively(which means that the weight ratio is 0.8562wt%,
0.5058wt% and 1.1082% respectively). The weighted TiO2 nanosheets powder is put into a Pyrex glass tube equipped with a
magnetic stirrer, to which 75ml of methanol(99.5%) aqueous solution(50vol%, distilled water) is added. Then, the aqueous solution of
metal salt is slowly dropped while being stirred(75ml distilled water). The suspension is gas—sparged (N2) for 15 min. The tube is
photoirradiated for 3 hours for silver doped TiO2, copper doped TiO2 and cerium doped TiO2 with magnetic stirring (500rpm) by a
121-W high—pressure mercury lamp under thermostatic control at 298K. The thus—obtained photocatalysts is centrifuged
(15,000rpm for 30 min), washed three times with methanol and three times with distilled water, and freeze—dried, and then the
product is collected for further study[4].

4. Characterization of three composite materials

The deposition of various metals on TiO2 nanosheets is determined by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES)[5]. X-ray diffractometer, scanning electron microscope, transmittance electron microscope, energy—dispersive X-ray
spectrometer and TEM image analysis are also used for characterization.

4) EERHE R (Results)

Table 1 EDS data of TiO2NS, Ag
doped TiO2 NS, Cu doped TiOz NS
and Ce doped TiO2 NS

Ag Cu Ce
TiD2NS | doped | doped | doped
TiD2 NS | TiOz2 NS | TiOz2 NS

0
64.98 86.86, 84.05 72.23
Mass%, ! ’ ! !
Sigma 0.47 0.83 0.64 0.52

Ti
35.02, | 12.53, | 14.82, | 27.17,
MasS%, | Sooe | o3g | 031 | 09
Sigma
Ag
Mass%, /
Sigma
Cu
Mass¥, / /
Sigma
Ce
Mass%, / ! /
Sigma

0.61,
0.18

112,
023

0.60,
0.11

5) Z %2 (Discussion)

Metals including silver, copper and cerium could be doped on titanium dioxide by photodeposition.
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