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Abstract

Rationale: The high fat and sucrose diet, known as the obesogenic diet (OD), has been related to
low-grade chronic inflammation and neurodevelopmental disorders. Emerging evidence suggests that OD
influences cognitive and social function via the gut-brain axis. However, the effects of OD during
adolescence on future health have been unclear. Meanwhile, the underlying mechanisms and effective
interventions are not fully understood. Polysaccharides, one of the most abundant substances in the
Eucommiae cortex, exhibit potential immunomodulatory and neuroprotective effects. Here, we aimed to
investigate the impact of OD on adolescents, explore the modulating roles of Eucommiae cortex
polysaccharides (EPs) on OD-induced behavioral dysfunction, and elucidate the underlying molecular
mechanisms.

Methods: In the present study, four-week-old mice were fed with OD for four weeks to simulate
persistent OD in adolescents. The behavioral features were accessed by open field test and Morris water
maze. The gut bacterial structure was identified by 16S rRNA gene amplicon sequencing. The gene and
protein expression in colonic tissues and hippocampus were detected by qRT-PCR, immunoblotting,
enzyme-linked immunosorbent assay, and immunofluorescence staining. Detection of biological
metabolites in serum and hippocampal tissues was performed by widely targeted metabolomics and
targeted metabolomics.

Results: We found that OD-fed mice showed cognitive and social-behavioral deficits accompanied by gut
dysbiosis and systematic tryptophan (Trp) metabolism disorders, which increased kynurenine (Kyn)
concentration in the hippocampus. Bacteria-derived lipopolysaccharide (LPS, endotoxin) induced
microglia-mediated neuroinflammation, directing the metabolism of Kyn in the hippocampus toward
quinolinic acid (QA), which led to glutamate-mediated hyperactivation of mossy cells (MCs) in
hippocampal hilus. Furthermore, OD impaired parvalbumin (PV) interneurons-related local circuits in the
hippocampal granule cell layer. These resulted in hippocampal neurogenesis deficits and related
behavioral dysfunction in mice. EPs supplementation ameliorated OD-induced gut dysbiosis, as evidenced
by inhibiting the expansion of Escherichia coli (E.coli) and reducing the concentration of LPS in colonic
contents and serum, thereby inhibiting the subsequent neuroinflammation. In addition, oral EPs
suppressed the peripheral Kyn pathway to reduce the concentration of QA and glutamic acid in the
hippocampus of OD-fed mice, thereby rescuing the glutamic acid-triggered neuroexcitotoxicity. These
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contributed to remodeling the rhythm of hippocampal neurogenesis and mitigated behavioral dysfunction

in OD-fed mice.

Conclusions: The present study addresses a gap in the understanding of neuronal dysfunction associated
with OD during adolescence and provides the first evidence that EPs improved cognitive and social
behavior via modulation of gut microbiota and tryptophan metabolism in adolescent mice fed with OD,
which may represent novel preemptive therapy for neurodevelopmental disorders via manipulation of

the tryptophan metabolite.
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Background

One of the lifestyle changes in Westernized
societies over the last decades has been the increased
consumption of obesogenic diet (OD), a common diet
characterized by high levels of sucrose, saturated fatty
acids, and low levels of dietary fiber, which is
implicated in various metabolic diseases [1, 2]. The
gut is the largest mucosal immune system and
requires a sustained barrier and modulatory
mechanisms to sustain tissue homeostasis, as well as
overall human physiology [3]. Disturbed gut
microbiota compromises barrier integrity and triggers
systemic inflammatory responses [4]. Within the
range of factors, dietary habits exert the most
remarkable impact on the diversity and composition
of gut microbiota [5]. Based on experimental reports
from human studies and animal models, it has been
established that OD can cause gut dysbiosis [6] and
contribute to chronic inflammation, exacerbating the
severity of inflammatory diseases [7, 8]. Researchers
prove that merely transplanting the fecal microbiota
from OD-fed mice to conventional mice with a
standard diet was sufficient to cause obesity-related
symptoms, including weight gain, metabolic
disorders, and systemic inflammation [9, 10]. These
results highlight the initiating role of gut microbiota
in OD-induced inflammation-associated impairments.

During adolescence, the last developmental
stage before adulthood, the brain responds strongly to
environmental stimuli, which will alter neuronal
structure and affect the maturation of the individual's
social behavior and cognitive abilities, making it a
vulnerable period for the onset of psychosis [11].
Pre-early inflammatory events are known to cause
persistent negative effects on central nervous system
(CNS) development and, therefore, on future
behavior [12]. Hippocampal inflammation during
brain development has been proven to dramatically
impair individuals' behavior in adulthood [13]. Recent
studies reveal that inflammatory events occurring at
developmental stages cause CNS dysfunction via
processes such as microglial activity and adult
neurogenesis [14]. In contrast to the highly diverse
and stable gut microbiota of adults, the gut microbial
composition of adolescents is usually simple and

more susceptible to disruptions [15, 16]. However,
few studies have been published on the effects of OD
during adolescence on future health.

Eucommia ulmoides oliver is a unique tree species
in China. Eucommiae cortex has been used as a dietary
supplement for nearly two thousand years [17].
Polysaccharides are Dbiological macromolecules
widely found in the daily diet and consist of more
than a dozen monosaccharides linked together by
glycosidic bonds. Eucommiae cortex polysaccharides
(EPs) have been shown to act as prebiotics possessing
neuroprotection and anti-inflammatory activities [18].
Recent studies have shown that polysaccharides can
exert a beneficial modulatory effect on the gut
microbiota, in particular leading to the reduced
abundance of pathogens, the increased population of
favorable bacteria and the production of short-chain
fatty acids (SCFAs), which supports the health of the
host [5]. However, different sources of
polysaccharides present distinct structural types and
have diverse influences on the intestinal microbiota
[19]. For instance, oat p-glucan enhances the
abundance of Clostridium and Butyricoccus whereas
inhibiting the growth of Bacteroides, Lactobacillus,
Oscillospira, and Ruminococcus [20]. Arabinoxylan
boosts the growth of Bifidobacterium, Lactobacillus, and
Bacteroides, as well as lowers the relative abundance of
Fusobacterium,  Bilophila, and Desulfovibrio [21].
Different microorganisms in the gut possess specific
enzymes, regulatory and transport mechanisms and
therefore specialize in decomposing various
polysaccharides [19]. The effects of EPs on the
intestinal microbiota have not been well established.

In the present study, four-week-old mice fed
with OD for four weeks, simulating persistent OD in
adolescents, exhibited cognitive and social behavioral
deficits. We demonstrated that EPs supplementation
effectively inhibited gut dysbiosis, thereby reducing
serum endotoxin and subsequent neuroinflammation.
Moreover, EPs  supplementation  attenuated
OD-induced metabolic syndrome and reduced the
concentration of quinolinic acid (QA) and glutamic
acid in the hippocampus. These contributed to
rescuing adult neurogenesis defects and behavioral
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anomalies in OD-fed mice. This study addresses a gap
in understanding neuronal dysfunction associated
with OD during adolescence and indicates EPs may
be used as prebiotic agents to prevent OD-related
neurodevelopmental disorders.

Methods

Preparation of EPs

The Eucommiae cortex was purchased from Tong
Ren Tang company, China, and the extraction and
purification of polysaccharides were processed as
described before [22].

Determination of monosaccharide and
molecular weight of EPs

The determination of EPs properties, including
monosaccharide composition and molecular weight,
was examined by Beijing ZKGX Research Institute of
Chemical Technology (Beijing, China).

Mice, diets, and experimental setup

Male ICR mice were obtained from the SPF
Biotechnology Co., Ltd. (Beijing, China). Mice were
housed in an animal facility under standard
conditions (12-hour light/dark cycle, humidity of 50 +
15%, and temperature of 22 + 2°C). Male mice aged
four weeks were placed into three groups of twenty
animals each at random. Standard pelleted diets as
well as obesogenic diet were purchased from Jiangsu
Xietong Medicine Bioengineering Co., Jiangsu, China,
and kept at -20 °C for the duration of the study. Mice
were housed in cages with three or four animals per
cage and provided the following diet: control diet
(Chow; XT079B-C), obesogenic diet (OD; XT079B)
(high fat, high sucrose, containing 0.15% cholesterol),
and an obesogenic diet with EPs supplementation
(EPs: obesogenic diet plus daily supplementation of
purified EPs (400mg/kg) by intragastric gavage).
Animal janitors and investigators performing the
experiments were blinded to the group assignment of
mice during the experiment. The Guide for the Care
and Use of Laboratory Animals: Eighth Edition was
used to carry out all experiments. We followed all
related animal testing ethics regulations, as well as the
studies and protocols approved by the Ethics
Committee of the College of Veterinary Medicine,
Northwest A&F University.

Fecal sample DNA extraction and PCR
amplification and sequencing

Colon contents were collected under sterile
conditions, and all samples were frozen at -80 °C
before DNA extraction and analysis. QlAamp DNA
Stool Mini Kit (QIAGEN, Germany) was used to
extract fecal bacterial DNA, and all procedures were

based on the manufacturer’s instructions. The V3-V4
hypervariable regions of the bacterial 16S rRNA gene
was amplified with primers 341 F (5-CCTAYGGGR
BGCASCAG -3’) and 806 R (5-GGACTACNNGGGT
ATCTAAT-3’). The sequencing steps were conducted
by Magigene Technology Company(Guangzhou,
China).

Processing of sequencing data

Raw bacterial 16S rRNA gene sequence data
were generated by Illumina Miseq PE250. After
truncating barcodes and primers, the sequence data
were imported into Quantitative Insights Into
Microbial Ecology2 (QIIIME2, version 2019.10) [23]
platform for further analysis. Divisive Amplicon
Denoising Algorithm 2 (DADA2) based on the
phyloseq [24] package was applied for these
sequences denoising, generating representative
sequence and amplicon sequence variants (ASVs)
table. The taxonomy of each representative 16S
bacterial gene sequence was analyzed by the RDP
Bayes-Classifier [25] using a confidence threshold of
80%.

E.coli population of colon contents

The expansion of E.coli was tested by E.coli
chromogenic medium from Hopebio (HB7001) and all
procedures were based on the manufacturer’s
instructions.

Metabonomics analysis

Serum and hippocampal tissue and colonic
contents were collected at the end of the experiment
and were stored at -80 °C until analysis. The samples
were delivered to Metware Biotechnology CO., Ltd.
(Wuhan, Chian) to perform metabonomics analysis.

Protein Analysis and Immunofluorescence

The primary antibodies, including indoleamine
2, 3 dioxygenasel (IDOL1), ionized calcium binding
adapter molecule 1 (Ibal), glial fibrillary acidic
protein (GFAP), T-brain gene-2 (Tbr2), doublecortin
(DCX), Prox1, act-casp3, PV, c-Fos, Calretinin,
occluding, P-actin, toll-like receptor 4 (TLR4), and
NF-xB, were purchased from Abcam, Invitrogen,
Santa Cruz Biotechnology, and Cell Signaling
Technology companies. The western blot and
immunofluorescence procedures were performed
following our previous protocols with minor
modifications [26]. The modification is mainly the
adjustment of the antibody dilution.

RNA extraction and qRT-PCR

RNA extraction and gqRT-PCR analysis were
performed as our previous protocols [27] and using
primer as following: GAPDH (forward 5'- AGGTTG
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TCTCCTGCGACTGCA, reverse 5'- GTGGTCCAGGG
TTTCTTACTCC), TNF-a (forward 5'- AGTCCGGGC
AGGTCTACTTT, reverse 5'-GTCACTGTCCCAGCAT
CTTGT), MCP-1 (forward 5- TCACTGAAGCCAG
CTCTCTICT, reverse 5'-GTGGGGCGTTAACTGCAT),
IL-1p (forward 5'- TGACGGACCCCAAAAGATGA,
reverse 5-TCTCCACAGCCACAATGAGT), iNOS
(forward 5'- GAGCGAGTTGTGGATTGTC, reverse
5'- CCAGGAAGTAGGTGAGGG), IL-6 (forward 5'-
ACCGCTATGAAGTTCCTCTC, reverse 5'-CTCTGTG
AAGTCTCCTCTCC).

Behavioral Test

The behavioral tests, including the open field test
and Morris water maze, were performed following
our previous protocols with some modifications [28].
To be specific, the detection time was extended to 30
min in the open field test. Data analysis strategies
refer to previous studies[29]. To avoid experimental
error due to latent variables, mice participating in the
Morris water maze were not subjected to subsequent
experimental analysis.

Statistical analysis

A rarefied ASVs table with 25582 reads per
sample was constructed for the 16S rRNA gene
amplicon sequencing data in order to quantify
bacterial diversity based on the minimal number of
sequences per sample processed by QIIME2 [23]. On
the rarefied ASVs table, a performing principal
coordinates analysis (PCoA) based on Bray-Curtis
dissimilarity was done. For bacterial diversity, the
PERMANOVA test was used as a significant test. The
Mann-Whitney U-test was used to identify the
indicator taxa. The repeated-measures ANOVA was
used to assess the behavioral data from the open field
test. Weighted gene co-expression network analysis
(WGCNA) was performed to define trends in
metabolites co-expression [30]. For multiple
comparisons, one-way ANOVA was performed using
R (version 4.03) software and Dunnett’s test is
adopted for post-hoc testing. Details of each test
including post-hoc assessment are specified in figure
legends. P < 0.05 was used to evaluate significance.

Results

Morphology, monosaccharide, and molecular
weight of EPs

To ensure the safety of the extracted
polysaccharides, a green and effective three-phase
partitioning technique was used to purify the EPs [22].
The typical micrograph of EPs was presented in
Figure S1. Purified EPs were granular and/or
fragmented and exhibited a rough surface with pores

and crevices. The size distribution of EPs was not
homogeneous. The monosaccharide composition of
EPs was shown in Figure S2 and Table S1. The
molecular weight of purified EPs ranged from
630-251000 Da (Figure S3).

EPs mitigated OD-induced obesity-related
symptoms and behavioral dysfunction

To simulate consistent OD in adolescents and
examine the beneficial effects of EPs, four-week-old
mice were fed with OD for four weeks and
supplemented with EPs or saline (Figure 1A).
Bodyweight, total serum cholesterol, and epididymal
fat accumulation were significantly increased in mice
fed OD for four weeks compared to mice fed a normal
diet (Figure 1B-F). EPs coadministration effectively
mitigated OD-induced obesity-related symptoms,
including weight gain (Figure 1B-C), elevated serum
cholesterol (Figure 1D), and epididymal fat
accumulation (Figure 1E-F).

We conducted open field test and Morris water
maze to examine the social and cognitive behavior of
mice, respectively. To examine the effect of body
weight changes on the movement performance of
mice, we assessed the locomotor ability and
coordination of mice (randomly selected) by rotarod
system before performing behavioral studies. Our
results showed that weight change showed no
significant effect on motility and coordination in mice
(Figure 54). Mice were placed in a novel, open-field
activity box to investigate their spontaneous motor
activity measured for 30 min (Figure 1G). OD-fed
mice showed greater distance traveled of the open
field (Figure 1H). Meanwhile, a significant difference
between groups was detected in habituation over time
(repeated measures ANOVA: Chow VS OD, P < 0.000;
OD VS EPs, P < 0.005). These results indicated that
sustained OD during adolescence decreased the
adaptation of mice to the novel environment. OD-fed
mice supplemented with EPs exhibited a more similar
pattern of social behavior to chow-fed mice (Figure
1H). In addition, OD-fed mice exhibited lower central
motion distance relative to normal diet mice,
indicating that OD during adolescence remarkably
interfered with exploratory behavior in mice, and this
defect was alleviated by EPs supplementation (Figure
1H). We further investigated the effect of OD on
cognitive behaviors in adolescent mice. With the
Morris water maze test, OD-fed mice showed deficits
in hippocampus-dependent spatial learning and
memory (Figure 1I-]). Supplementation with EPs
significantly improved cognition (Figure 1I-]). These
results indicate that EPs supplementation mitigated
OD-induced behavioral dysfunction.
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Figure 1. EPs mitigated OD-induced obesity-related symptoms and behavioral dysfunction. (A) The schematic diagram for time and administration in the
experimental procedure. Mice were fed with the following diet respectively, Chow: normal diet, OD: a diet containing high sucrose and fat, EPs: a diet containing high sucrose and
fat, but supplemented with EPs (n = 20 individuals/group). (B) Growth curve of body weight during experiment. (C) Quantitative analysis of weight change at the end of the
experiment. Obesity traits, including total serum cholesterol (D) and adipocyte size (epididymal white adipose tissue) (E-F), were quantitatively analyzed. (G) Representative
tracing of mice in open field test at each 5-min time interval of the 30-min. Chow n = 10, OD and EPs n = 11. (H) The average distance traveled (meters) was measured in 5-min
time bins across a 30-min session in an open field box. (Inset) The ratio of central motion distance of mice in the entire box during 30-min. (I, J) Morris water maze test (n = 8
individuals/group). Compared to Chow, the mice fed with OD spent less time in the target zone and platform area, indicating the deficits of spatial learning and memory, which
were rescued by EPs supplementation. In D, n = 5 individuals/group. In F, n = 30 slices from 6 mice. In B, smoothing curves based on the linear model are shown in gray with 95%
confidence intervals. In C-D, F, and H-J, Chow and EPs were compared to OD by one-way ANOVA, adjusted for multiple comparisons by Dunnett’s post-hoc. In H,
repeated-measures ANOVA was used to assess the adaptation of mice to novel environments. Lines in boxes represent median, top and bottom of boxes represent first and

third quartiles, and whiskers represent 1.5 interquartile range.

EPs reshaped the gut microbiota and
alleviated the subsequent experimental colitis
in OD-fed mice

Microbial communities can be sensitive
indicators of environmental change and dysbiosis
[31]. As the initiating role of gut dysbiosis in

OD-induced symptoms, we next performed 16S rRNA
gene amplicon sequencing to assess the impact of OD
on the gut microbiota. Firstly, we performed analysis
using the random forest (RF) machine learning
method to identify the sensitive bacterial indicator for
OD. After randomly separating the 34 samples
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(Chow: 17; OD: 17) into training (70%) and validation
(30%) sets, we trained the RF regressor to identify
indicators using a vector of abundances for 3616 ASVs
(Figure 2A). This approach identified a collection of
gut microbial signatures comprised of 47
discriminatory ASVs (Figure 2B) that accurately
distinguished the type of fecal samples (Figure 2A).
The abundance of features identified by the RF
method was shown in Figure 2C. Meanwhile, the
importance of features was assessed according to the
permutation feature importance technique (Figure
2D). We further assessed the remodeling effects of EPs
on gut microbiota in OD-fed mice by performing
PCoA based on 47 ASVs identified by RF. PCoA based
on Bray-Curtis distances showed distinct clustering of
the gut microbiota among groups (Figure 2E).
Interestingly, the microbiota composition of mice in
EPs group was more similar to that in mice fed with
normal diet (Figure 2E). These results suggest that
oral EPs mitigated OD-induced disturbance in the gut
microbial community to some extent.

Analysis of intestinal microbiology in the obese
human shows an elevated Firmicutes-to-Bacteroidetes
ratio, as well as an expansion of endotoxin-producing
Enterobacteriaceae [32, 33]. Consistent with the
microbial profile of obese humans, OD during
adolescence promoted the abundance of Firmicutes
and decreased the abundance of Bacteroidetes in mice
(Figure 2F), reflecting a significant increase in
Firmicutes-to-Bacteroidetes  ratio  (Figure 2G).
Notably, administration of EPs significantly
decreased the Firmicutes-to-Bacteroidetes ratio of gut
microbiota (Figure 2G). By LDA effect size (LEfSe)
analysis, we found that OD significantly reduced the
abundance of SCFAs-producing bacteria; including
Butyricicoccus, Fibrobacter, and Roseburia (Figure 2H).
Butyricicoccus [34] and Roseburia [35] are the primary
butyrate producers in the colon. The gas
chromatography-mass spectrometry based approach
showed that OD significantly reduced the butyrate
concentration and slightly affected the concentration
of propionic acid in colon contents (Figure S5A-B).
EPs supplementation promoted the growth of
SCFAs-producing bacteria, including Butyricicoccus,
Fibrobacter, and Roseburia, and enhanced the
concentration of SCFAs, especially butyric acid, in the
colon (Figure 2H; Figure S5A-B). Healthy
caecum/colon microbiota is characterized by a
predominance of exclusively anaerobic members that
digest complex dietary carbohydrates (such as
polysaccharides and fiber) into SCFAs that contribute
to gut immune development and restraint pathogens
[4, 36], whereas the expansion of the pathogenic
Enterobacteriaceae is a hallmark of dysbiosis in the
intestinal flora [37]. As shown in Figure 2H, OD

significantly =~ increased  the  abundance  of
Enterobacteriaceae in the colon. Consistent with the
results of 16S rRNA gene amplicon sequencing,
chromogenic culture experiments proved that OD
during adolescence resulted in the expansion of E.coli
in the colon (Figure 3A-B). Meanwhile, the
enzyme-linked immunosorbent assay showed that
bacteria-derived LPS was significantly elevated in the
feces and serum of OD-fed mice (Figure 3C-D). EP
supplementation remarkably inhibited the expansion
of E.coli (Figure 2H; Figure 3A-B), and also reduced
the concentration of LPS in feces and serum in OD-fed
mice (Figure 3C-D).

OD-disrupted gut microbiota and subsequent
endotoxin trigger the expression of proinflammatory
cytokines in immune cells and contribute to the
development of organogenic and systemic
inflammation [38]. Consistent with reports from
adult-phase studies [2], OD during adolescence
caused colitis characterized by upregulated mRNA
expression of proinflammatory cytokines, including
tumor necrosis factor a (TNF-a), interleukin-1p
(IL-1B), and monocyte chemoattractant protein-1
(MCP-1), relative to mice on normal diet (Figure
3E-G). Moreover, the expression of IDO1 was
upregulated in colon tissues of OD-fed mice (Figure
3H-I). In line with the beneficial effects of EPs on gut
dysbiosis, supplementation with EPs effectively
suppressed the colonic inflammation of OD-fed mice
(Figure 3E-I). Recent researches have revealed that gut
dysbiosis impairs the gut barrier, allowing bacterial
endotoxins to enter tissues more easily [2, 38]. As
shown in Figure 3J-K, four-week OD significantly
reduced the occludin protein expression in colonic
tissue, indicating increased gut permeability, but this
impairment was alleviated by EPs coadministration in
OD-fed mice. Collectively, these results indicate that
gut dysbiosis-related colitis symptoms were
ameliorated in OD-fed mice by oral EPs.

EPs attenuated OD-induced metabolic
disruption

The gut microbiota plays an important role in the
physiological homeostasis of the host. Numerous of
these effects are mediated through the metabolites
derived from microorganisms or are transformed by
environmental or host molecules [39]. After assessing
OD-induced gut dysbiosis, we next wanted to
investigate the subsequent changes in systemic
metabolites. To this end, we conducted widely
targeted metabolomics analyses of serum samples
from mice. Co-expression analysis of the systematic
metabolic profile effectively associates metabolites
into networks related to clinical information and
functional variations. The WGCNA method was
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adopted to define trends in metabolites co-expression.
After determining the soft threshold, we set the
minimum size of the WGCNA module to 7 and the
height of the merged module to 0.25. These
parameters divided the metabolites into 6 modules
and are ordered by size from M1 (largest, 195
metabolites) to M6 (smallest, 39 metabolites) (Figure
4A-B). Subsequent correlation analysis identified two
significant associations between metabolite modules
and OD: M2 (r =0.76, P < 0.01) and M3 (r = 0.75, P <
0.01) (Figure 4B). The metabolites of M2 and M3 were
mainly classified into three classes: amino acid and its
metabolomics, organic acid and its derivatives, and

glycerophospholipids (Figure 4C). Functional analysis
revealed that the metabolites in OD-associated
modules mainly related to aminoacyl-tRNA
biosynthesis, tryptophan metabolism, and
arachidonic acid metabolism (Figure 4A). After
correlating OD-altered genera with the matrix of
OD-associated metabolites modules by Mantel-test,
we found that butyrate-producing bacteria,
Butyricicoccus and Roseburia, strongly correlated with
these metabolite modules (Figure 4E). These results
suggest that gut dysbiosis may be a potential risk
factor for OD-related metabolic disruption.
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Figure 2. EPs remodeled the gut microbiota in OD-fed mice. (A) Receiver operating characteristic curve is a graphical representation of the classification accuracy of a
machine-learning model (Chow and OD n = 17, EPs n = 18). The 5-fold cross-validation method was adopted to train the classification model to identify the indicator taxa
between the Chow and OD groups. The trained classification model accurately distinguished the type of gut fecal samples from their original groups. (B) 47 features were selected
to construct a classification model. The abundance of ASVs selected to construct classification models was shown in C. (D) The importance of ASVs in C was calculated. (E)
ASV-based PCoA with Bray-Curtis distance (for principal component| and principal component2) showed the variations of gut microbial B-diversity of three groups and assessed
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by PERMANOVA. (F) Bacterial taxonomic profiling at the phylum level from different groups. (G) Firmicutes/Bacteroidetes ratio in the indicated groups. (H) Heatmap showed
the abundance of taxa significantly influenced by OD compared with that in mice fed with normal diet. In G, statistical significance compared to OD by one-way ANOVA, adjusted
for multiple comparisons by Dunnett’s post-hoc. In H, Mann-Whitney U-test was used to identify the bacterial taxa affected by high fat and sucrose diet (Chow VS OD) and to
assess the remodeling effect of polysaccharides on diet-disturbed bacteria (OD VS EPs). Lines in boxes represent median, top and bottom of boxes represent first and third
quartiles, and whiskers represent 1.5 interquartile range. In L, smoothing curves based on the linear model are shown in gray with 95% confidence intervals.
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Figure 3. EPs inhibited the expansion of E. coli in the gut and alleviated the subsequent experimental colitis. (A-B) Chromogenic culture for assessing the
abundance of E. coli in colonic contents. Supplementation with EPs inhibited the OD-induced expansion of E. coli in the colon (n = 11 for each group). OD increased the endotoxin
concentration in colon contents (C) and serum (D), rescued by supplementation with EPs (n = 6 individuals/group). Relative mRNA expression levels of MCP-1 (E), IL-183 (F), and
TNF-a (G) in colonic tissues was assessed using qRT-PCR (n = 6 individuals/group). (H) Fluorescent immunostaining of IDOI (yellow) in mouse colonic sections. Nuclei were
counterstained with Hoechst (white). (I) The expression of IDO1 was significantly enhanced in OD, which was inhibited by supplementation of EPs (n = 9 slices from 3 mice). (J-K)
Immunoblot analysis for occludin in colon tissue. Quantification: band intensity normalized to B-actin (n = 12 for each group). Statistical significance compared to OD by one-way
ANOVA, adjusted for multiple comparisons by Dunnett post-hoc. Lines in boxes represent median, top and bottom of boxes represent first and third quartiles, and whiskers
represent 1.5 interquartile range.

Tryptophan (Trp) metabolism disorders are indole-3-propionic acid (IPA), ligands for aryl
strongly associated with neurodegenerative and  hydrocarbon receptor, compared to that of mice fed
psychiatric diseases [40]. Trp metabolic pathways are ~ with normal diet (Figure 4 D7-D8). IAA and IPA are
directly or indirectly regulated by the gut microbiota = known to affect intestinal permeability and host
[41]. Next, we further checked the variances of serum  immunity [42]. Supplementation of EPs promoted
metabolites mapped into the Trp metabolic pathway.  serum IAA concentrations in OD-fed mice (Figure 4
A fraction of dietary Trp was direct transformed by = D7-D8), indicating that EPs reduced permeability and
intestinal microbiota into indole and its derivatives  inflammation in colon tissue of OD-fed mice may
[40]. The serum of OD-fed mice contained lower  partly be attributed to modulation of the gut
concentration of indole acetic acid (IAA) and  microbiota-mediated indole-pathway of  Trp
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metabolism. Notably, in the serum of OD-fed mice,
Trp level was reduced, and the Kyn/Trp ratio was
elevated (Figure 4 D4, D6), coinciding with increased
expression of IDO1 in colon tissues (Figure 3H-I). The
rate-limiting enzyme IDO1 in the gut plays a decisive
role in the regulation of the systemic Kyn pathway
[43]. Oral administration of EPs significantly inhibited
the Kyn pathway in OD-fed mice, characterized by
reduced serum Kyn and Kyn/Trp ratio (Figure 4 D2,

demonstrated [41]. These results indicate that the
ameliorative effect of EPs on the Kyn pathway in
OD-fed mice might be due to remodeling gut
microbiota, thereby alleviating the upregulation of
IDO1 associated with colitis. The serum of OD-fed
mice exhibited higher concentration of QA, a selective
N-methyl-D-aspartate receptor agonist, but this effect
was eliminated by EPs supplementation (Figure 4 D5).
These results inspired us that the disruption of Trp

D4). The critical role of the gut microbiota in  metabolism caused by OD may be a potential trigger
stimulating IDO1 activity has been clearly for the behavioral dysfunction of adolescent mice.
A - Gene Dendrograrn and Module Colors D (D1) | KynurenicAcid  (D2) Kynurenie (D3) S-hydroxytryptophan (D4) KYN/TRP
- { \ iy 0620 0005 2.0 0442 0.015 o 0028
- ! k ' 4 0011 0.035
._5.‘ B H 4. 0gr2 " o 15
g 2 : 3, 0.010
3 2] 1.0.
2]
0.005
Dynamic Tres Cut 04 1! % 5-HTP %
o - 0.0 0.000 Y ; -
\ﬁ Chow OD  EPs Chow OD  EPs “Chow OD  EPs Chow OD  EPs
T e e e KYNURENIC ACID SEROTONIN INDOLE/AHR
Arinne bosyriesi o~ -TRYPTOPHAN —IPA
itrogen metabolism
B Caffeine metabolism KYNURENINE/IDO EYNURENINE < A
QUINOLINIC ACID D7) (08) i
] D6 ( Indole Acetic Acid Indole-3-Propionic
£ Mé M3 M2 ME M1 (05) [\ Qiinolinic Acid ! (°°) [ITiypGphant = T
g (95) (122)  (170) (39)  (195) (84) 1 003 000033 327606 15 0.001
= — 0.001
] | ' i 4] 1.5, 0014
= s =4 2 EEEE oo .
& §: &3 g b gg gi 10 i
T 3 & - - I |
= g% S8 83 83
i} = @ o N 104 05! s
=3
B
s i i S B 1 @
5 3 05l ? 00! 0.0
C by =— s : Chow 0D  EPs Chow OD  EPs
Chow  OD EPs Chow  OD EPs 2
a &
$ P 5 o 000\\) 'i\‘)@ 'ba@( & o
E 3@ Py e o F gt £° & o S
‘vfo. c',\"pﬁad@ \*@"i\ 00.. @“ 0‘}6\\@ @ 05‘« ‘\6" é\.a 00%(@@ “ﬁoi\"\)(:g\ .\,_,\d e
) O o & & N G N X
POQ 0\‘.;?(\;_'66 NS @ (<'b Q \50 N 00 Q‘g‘qp QO ‘5Q0 6\)\‘\ 4@ \ ‘.;5\
Acetobac!eroldes.u o E‘DDDDDD |:||[| [m] |:||:||:| DD
Anaerobacter [7] [7] D‘ m|o o o
Butyricicoccus | [7] D\ ojoje|D|o|e|o |l D olo|o)| ]
Catabacter D\. 1] . O . . ] .
cucumivacter [l B/ EE/H o B o BnE - BB
Module2 Defluviitoga [ | [ .
Falsiporphyromonas [_]
Fibrobacter
Gemmiger []|[] [:!
LutispoFI 00
Natranaerobaculum E]
Module 3
/ -0.5
N-AcSlylD-Galke: - p \
S Mantel's p 8
< 0.01 8
T = 0.01-0.05 .. Sporanaerobacter . (] % .
T —
MOdU|e3 . > 0.05 Module 2 Sporobacter o § g
Alcohol and amines M Bild acids ", [
Il Amina acaid and its metabolomics [l Carboxylic acids and derivatives Mantel's r ) Sulfuricurvum [ O .2 g’
W Benz d substituted derivatives [l Fatty acyls — <02 ==Q2-04 04 o o
Ni;::ﬂ::n:i&membol::scs © Oargar:?aad and its derivatives \ - - Tep:o‘lmfcrobu;- g 3
W Heterocyclic compounds [l Glycerophospholipids o 8 .E
Hormones and hormone related compunds TJSSIG!‘G”B o 2

Figure 4. EPs attenuated OD-induced metabolic disruption. (A) WGCNA

cluster dendrogram groups metabolite into distinct metabolite modules (with different

colors) defined by dendrogram branch cutting. The functional enrichment analysis of different modules was performed by MetaboAnalyst. (B) Association of metabolite WGCNA
modules with group information. (C) Network diagrams of differential metabolites in two metabolic modules (M2, M3) that are significantly correlated to OD. Circle colors
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indicate the different class | metabolites category in each module; circle size indicates the abundance of the metabolites. Metabolites were mainly classified into three classes:
amino acid and its metabolomics, organic acid and its derivatives, and glycerophospholipids. (D) These serum metabolites were mapped into the tryptophan metabolic pathway.
The majority of metabolites in the kynurenine pathway were upregulated in OD group relative to Chow group (D1-2, D5). Meanwhile, serotonin (D3) and indole pathways
(D7-8) were depleted in the OD group. (E) Pairwise comparisons of OD-altered genera are shown, with a color gradient denoting Pearson’s correlation coefficients.
OD-associated metabolite modules (M2, M3) were related to each genus by Mantel tests. Edge width corresponds to the Mantel’s r statistic for the corresponding distance
correlations, and edge color denotes the statistical significance based on 999 permutations. n = 6 individuals/group. Statistical significance compared to OD by one-way ANOVA,
adjusted for multiple comparisons by Dunnett post-hoc. Lines in boxes represent median, top and bottom of boxes represent first and third quartiles, and whiskers represent 1.5

interquartile range.

EPs suppressed the OD-induced hippocampal
neuroinflammation

Recent studies have shown that the gut
microbiota regulates postnatal neurogenesis and
neurological function in the hippocampus by
governing the maturation and activation of microglia,
the primary immune cells of the CNS [44]. Hence, we
further investigated the effect of OD on immune
homeostasis in the CNS of adolescent mice. A range of
neuroinflammatory responses was observed in the
hippocampus of OD-fed mice, including significant
upregulation of inducible nitric oxide synthase
(iNOS), IL-1PB, TNF-q, and interleukin-6 (IL-6) (Figure
5A-D; Figure S6A-C). Compared to standard diet-fed
mice, the density of microglia (Ibal*) throughout the
hippocampus was significantly increased in OD-fed
mice as revealed by immunofluorescence staining
(Figure 5E-F). Consistent with the impacts on gut
microbiota, EPs supplementation caused a significant
reduction in proinflammatory cytokines, including
iNOS, IL-1B, TNF-a, and IL-6, and the density of
microglia through the whole hippocampus in OD-fed
mice (Figure 5A-F; Figure S6A-C). OD-induced gut
dysbiosis resulted in the permeabilization of the gut
barrier (Figure 2; Figure 3J-K), which led to the
increased passage of bacterial LPS into the circulation
(Figure 3D), low-grade endotoxemia, and activation
of innate immune cells such as microglia (Figure
5E-F). This mechanism illustrates the direct and early
impact of the diet as a source of proinflammatory
mediators of CNS [38]. Endotoxin and TLR4 signaling
regulate the expression of proinflammatory cytokines
in specific organs and contribute to persistent
inflammation in OD-fed mice [33]. Consistent with the
inhibitory effect on E. coli expansion and LPS
production, EPs coadministration down-regulated
TLR4 expression in the hippocampus of OD-fed mice
(Figure 5G-H). Since the TLR4 signaling pathway
induces the production of proinflammatory cytokines
through activation of NF-xB, we examined whether
this pathway is affected by EPs supplementation. In
line with the inhibitory effect on TLR4, EPs
suppressed NF-kB protein expression in the
hippocampus of OD-fed mice (Figure 5G, I). These
results revealed that OD during adolescence resulted
in hippocampal neuroinflammation, and the
beneficial effect of EPs on hippocampal
neuroinflammation may due to reduce the LPS

production by inhibiting the expansion of E.coli. Due
to the context-dependent function of microglia,
morphological variation in microglia is commonly
used as an indicator to investigate inflammation and
dysfunction in the CNS [45]. Our results showed that
microglia in hippocampus of OD-fed mice exhibited a
more complicated fractal dimension and also
significantly increased endpoints per cells compared
to those in chow-fed mice (Figure 5]-K; Figure S7A,
C). Meanwhile, OD significantly reduced the span
ratio, a measure of cell shape/elongation, of microglia
(Figure 5]-K; Figure S7B). These alterations were
consistent with Figure 5A-D, suggesting significant
polarization of microglia toward proinflammatory
phenotype. Consistent with the results of TLR4
expression, supplementation with EPs effectively
inhibited microglia hyper-activation (Figure 5]J-K;
Figure S7A-C). Collectively, these results suggest that
EPs significantly ameliorated OD-induced
hippocampal neuroinflammation in adolescent mice,
potentially through inhibition of the LPS-activated
TLR4/ NF-xB pathway.

EPs improved adult neurogenesis deficits
induced by OD during adolescence

Accumulating evidence demonstrates that
increased inflammatory responses in the peripheral
and CNS negatively affect adult neurogenesis in the
hippocampus [46]. In addition, research has shown
that newly generated neurons are involved in
cognitive and social brain functions and that defects
in adult neurogenesis result in various brain disorders
[47]. Thus, we further examined the adult
neurogenesis in the hippocampus of mice with or
without OD. We found that OD induced a marked
increase in type-1 cells, double-labeled with GFAP
and 5-Bromodeoxyuridinc (BrdU) and with radial
glialike morphology in the dentate gyrus (DG) (Figure
6A-B), suggesting that OD disturbed the quiescence
maintenance of radial neural stem cells (rNSCs).
Quiescence is a universal protective mechanism that
counteracts the depletion of stem cells in basal
conditions, preserving the ability to meet local
physiological and pathological tissue needs
throughout life [48]. EPs supplementation inhibited
the over-activation of the rNSCs in OD-fed mice
(Figure 6B). Neurogenesis is explained by multiple
modes of cell division. Asymmetric cell division
results in one cell differentiating into neurons while
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the other retains rNSC properties. Symmetric cell
division generates two cells both maintaining
stemness, which extends the progenitor cell pool [49].
To investigate the effect of OD on the cell alignment
modes, we focused on the two-nucleus cells with
BrdU*/GFAP* (Figure 6A). Our results showed that

L4

0.001 0.001

| E—

0.022 0.009
—

o
-

s

L

o
©

Fold Change in iINOS Expression 2>
o
Fold Change in IL-6 Expression 00

Chow 0D EPs

OD predominantly stimulates the asymmetric
division of rNSCs in the subgranular zone (SGZ),
indicating that OD during adolescence may induce
the depletion of stem cells pool in SGZ, which was
mitigated by EPs supplementation (Figure 6B-C).
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Figure 5. EPs inhibited OD-induced hippocampal neuroinflammation. Relative expression of iNOS (A), IL-6 (B), TNF-a (C), and IL-18 (D) in hippocampus tissues was
assessed using qRT-PCR (n = 6 individuals/group). Compared to those in Chow, the above inflammatory and oxidative factors were significantly upregulated in OD, which was
suppressed by supplementation of EPs. (E) Confocal photomicrographs of microglia (green) labeled with antibody against Ibal in hippocampus. Nuclei were counterstained with
Hoechst (blue). (F) Quantitative analysis of microglial density in the molecular layer of dentate gyrus (n = 9 slices from 3 mice). OD increased the density of microglia compared
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to that in Chow. However, supplementation of EPs decreased microglia density induced by OD. (G-I) The expression of TLR4 and NF-KB in hippocampus was examined by using
western blot and quantitatively analyzed (n = 12 for each group). EPs supplementation decreased the expression of TLR4 and NF-kB in OD-fed mice. (J) Skeleton analysis of
microglia morphologies in hippocampus. Original photomicrographs (green) were subjected to a series of uniform Image] plugin protocols prior to conversion to binary images;
binary images (dark) were then skeletonized. All skeleton analysis was completed on full-sized photomicrographs. (K) Diverse microglia morphologies across three groups (n =
50 cells from 3 mice). In OD-fed mice, the microglia showed more and shorter branches than in Chow. The morphology of microglia in EPs was closer to that in Chow. Statistical
significance compared to OD group by one-way ANOVA, adjusted for multiple comparisons by Dunnett post-hoc test. Lines in boxes represent median, top and bottom of boxes
represent first and third quartiles, and whiskers represent 1.5 interquartile range.
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Figure 6. EPs alleviated the OD-associated deficits of adult neurogenesis in the hippocampus. (A) Representative pictures of vertically and horizontally aligned
BrdU (red) and GFAP (green) double-labeled RGL progenitor cells in SGZ of dentate gyrus. (B) Quantitative analysis of the number of BrdU-labeled RGL progenitor cells in SGZ

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 8

3649

(n =11 slices from 3 mice). (C) Quantitative analysis of the cell alignment modes in three groups (n = 11 slices from 3 mice). (D-E) Confocal photomicrographs and Quantification
of Tbr2* progenitor cells in SGZ (n = 9 slices from 3 mice). (F) Confocal photomicrographs of double labeling of act-casp3 (red) and DCX (green), a marker for immature

neurons. Nuclei were counterstained with Hoechst (blue). (G) Quantification of total DCX* cells (n = 9 slices from 3 mice). (H) The percentage of DCX and act-casp3
double-labeled cells in DG significantly increased in OD-mice compared to that in Chow, indicating more newly generated immature neurons went to apoptosis. n = 11 slices
from 3 mice. (I) Based on morphology, DCX-positive immature neurons can be divided into two subtypes. Type I of DCX* cells with processes short than the height of GCL,
the younger neurons. Type II of DCX* cells with longer processes into the molecular layer, the differentiated neurons. (J) Distribution of two types of DCX * cells across three
groups. The percentage of type | DCX-positive neurons in OD was significantly higher than that in Chow, indicating more newly generated neurons remained in differentiating
stage in OD. (K) Images depicting the migration of newly generated neurons double-labeled with BrdU (red) and Prox| (green), a specific marker for dentate granule cells. The
migration index was shown in L. n = 33 cells from 3 mice. (M) EPs promoted the ratio of survived BrdU* cells in OD-fed mice. (N) Phagocytosis by microglia (green) involves a
ball-and-chain structure formed by microglial terminal branches clearly distinguishable from the microglial cell body (N2). The microglial phagocytic pouch is shown in detail: a
pyknotic nucleus (N1) located in the body of DCX* cells (N3) is undergoing phagocytosis. Nuclei were counterstained with Hoechst (blue). (O) The percentage of DCX* cells
phagocytic by microglia (n = 9 slices from 3 mice). In C and }, the same lower letter indicates no significant difference. Statistical significance compared to OD group by one-way
ANOVA, adjusted for multiple comparisons by Dunnett post-hoc test. Lines in boxes represent median, top and bottom of boxes represent first and third quartiles, and whiskers

represent 1.5 interquartile range.

Recent studies demonstrate that mossy cells
(MCs) and interneurons in DG act as key niche
components to control the activation versus
quiescence of the rNSCs mediated by the
y-aminobutyric acid (GABA) and glutamate receptors
expressed in rNSCs, respectively [50]. To determine
the activation state of MCs in the hippocampus, we
performed double-immunostaining with antibodies
against c-Fos and Calretinin, a marker for MCs. We
observed that OD significantly increased the density
of c-Fos+ MCs in the hippocampus (Figure 7E-F).
Meanwhile, targeted metabolomics analysis showed
that the level of glutamic acid was significantly
increased in the hippocampus of OD-fed mice (Figure
7H), suggesting that OD significantly enhanced the
activation of MCs, breaking the balance of rNSCs
maintenance and neurogenesis which is essential to
ensure continuous neuronal generation in the
hippocampus throughout life without depleting the
rNSCs pool. Moreover, the density of PV-positive
interneurons and axons also decreased in OD-fed
mice (Figure 7A-D). These results were consistent
with GABA reduction in hippocampal tissues (Figure
7G). Song et al. revealed that rNSCs respond to
GABA, and only the PV-positive GABAergic
interneurons exerted an effect on rNSCs quiescence
[51]. These results indicated that OD impaired PV*
interneurons-related loops, which exacerbated
hyperactivation of rNSCs.

The gut microorganisms affect the structure and
function of brain and are engaged in neuropsychiatric
disorders, in part by regulating Trp metabolism [41].
Kynurenic acid (Kna) and QA are generated by
astrocytes and microglia in the brain, respectively,
and exert different effects on neurons by decreasing or
increasing extracellular levels of glutamate, a major
excitatory neurotransmitter in CNS [52]. As a result of
the enhanced Kyn pathway in serum of OD-fed mice
(Figure 4D), we further examined the Kyn metabolic
pathway in CNS. Consistent with the hyperactivation
of hippocampal microglia, OD significantly enhanced
the concentration of Kyn, QA, and the QA /Kna ratio
in the hippocampus (Figure 71, K-L). Supplementation
with EPs notably inhibited Kyn pathway in the

hippocampus of OD-fed mice, including reduced
Kyn, QA, and QA/Kyn ratio and increased Kna
(Figure 7I-L). These results well explain the increased
glutamic acid level in the hippocampus (Figure 7H)
and the excessive activation of MCs (Figure 7E-F) in
OD-fed mice, suggesting that EPs supplementation
effectively mitigated the hyperactivation of rNSCs in
OD-fed mice, possibly due to the inhibition of
QA-related increases in extracellular glutamate.

One of the important issues in adult
hippocampal neurogenesis is the survival of newly
generated neurons [53]. Inconsistent with the
hyperactivation of rNSCs, the number of activated
intermediate progenitor cell type (Type 2a/2b),
expressing Tbr2, and neuroblast (Type 3), expressing
DCX, was decreased in OD-fed mice (Figure 6D-G).
Fate choice and survival of newborn neurons are
significantly regulated by multiple modulatory
neurotransmitters. The effect of EPs in preventing the
decline of intermediate progenitor cells and
neuroblasts in SGZ (Figure 6D-G) may result from
inhibiting the over-activation of mossy cells (Figure
7E-F) and promoting the functional integrity of PV*
cells (Figure 7A-D), thereby rebalancing the
GABAergic and glutamatergic transmission in
hippocampus. Consistent with the above results, EPs
remarkably reduced the apoptotic DCX* immature
neurons (Figure 6F, H) and promoted the mature of
neuroblast (Figure 6I-]) in DG of OD-fed mice. These
apoptotic ~ immature  neurons are  mainly
phagocytosed by microglia, which form a phagocytic
pouch that engulfs the apoptotic cell (Figure 6 N2).
Unsurprisingly, OD significantly increased the ratio
of phagocytosed DCX* immature neurons by
microglia, which was inhibited by EPs
supplementation (Figure 6N-O).

Newborn neurons in the hippocampus are
required to migrate and functionally integrate into the
granule cell layer (GCL) of the DG to perform
physiological functions, and this process lasts for at
least four weeks [54]. To assess the impact of OD on
the migration of newborn neurons in the DG of
adolescent mice, BrdU was administered to the mice
for three consecutive days before the start of the
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experiment. The advantage of this experimental and neurotransmitters dysfunction [55] and
strategy is that we were able to assess the survivaland  neuroinflammation [56] significantly disturb this
migration of newly generated neurons in the DG  migration pattern. In line with the above results, OD
during the entire experiment. We observed that EPs ~ during adolescence significantly disturbed the
enhanced the ratio of survived newborn cells in  migration of newborn neurons in the DG, which was
OD-fed mice (Figure 6M). Adult newborn neurons in  rescued by supplementation with EPs (Figure 6K-L).
SGZ migrate only a short distance into the DG [54],
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Figure 7. EPs inhibited the Kyn pathway and rebalanced GABA and glutamate acid in the hippocampus of OD-fed mice. (A) Confocal images of dentate gyrus
with immunohistochemistry for Parvalbumin (PV), a specific marker for one subset of GABAergic interneurons. Nuclei were counterstained with Hoechst (blue). The somata of
a majority of PV-positive interneurons (green) were located in the SGZ of DG. (B) Quantification showed that compared to that in DG of Chow, the number of PV-positive
interneurons in DG of OD significantly decreased, which was prevented by supplementation of EPs. n = 9 slices from 3 mice. (C) Representative high magnification image of
PV-positive axonal projection in granule cell layer of DG. (D) Quantitative analysis showed that EPs prevented the DG from reducing PV-positive axonal projections in granule
cell layer induced by OD. n = 9 slices from 3 mice. (E) Representative confocal image of double immunohistochemistry with antibodies against c-Fos (red) and Calretinin (green),
a marker of mossy cells in DG. The nuclei (blue) of many Calretinin-positive mossy cells were co-labeled with c-Fos, indicating the activation of mossy cells. (F) Quantification of
mossy cells double-labeled with c-Fos and Calretinin in the DG showed that OD induced the overactivation of mossy cells compared to Chow, which was rescued by
supplementation of EPs (n = 6 slices from 3 mice). Gas chromatography-mass spectrometry was used to assess the concentration of GABA (G), glutamic acid (H), kynurenine (1),
kynurenic acid (J), quinolinic acid (K), and the ratio of quinolinic acid/kynurenic acid (L) in the hippocampus (n = 6 individuals/group). Compared to Chow, OD significantly
reduced the inhibitory neurotransmitter GABA, whereas the excitatory neurotransmitter glutamate increased, resulting in an imbalance of inhibition and excitation of
hippocampal circuits. Supplementation of EPs mitigated this imbalance. Statistical significance compared to OD group by one-way ANOVA, adjusted for multiple comparisons by
Dunnett post-hoc test. Lines in boxes represent median, top and bottom of boxes represent first and third quartiles, and whiskers represent 1.5 interquartile range.
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Figure 8. Proposed mechanism for EPs mitigated OD-induced behavioral dysfunction. Persistent OD during adolescence reduced the abundance of
SCFAs-producing bacteria but thrived facultative anaerobic bacteria, thereby increasing the endotoxin concentrations in colon lumen and circulation. In OD-fed mice, the IDO1
enzyme was activated in colonic cells, upregulating the peripheral Kyn pathway which promoted the production of Kyn and its downstream metabolites, including QA and Kna
in the blood and brain parenchyma. Furthermore, infiltrating endotoxin stimulated the microglia toward proinflammatory phenotype which directs the metabolism of Kyn toward
QA and increased extracellular glutamate levels in the hippocampus. QA-induced imbalance of GABAergic and glutamatergic transmission and microbiota-derived LPS induced
neuroinflammation led to adult neurogenesis defects in the hippocampus and impaired hippocampus-dependent social and cognitive function in adolescent mice. EPs
supplementation promoted the growth of butyrate-producing microbes and the production of butyrate and inhibited the abundance of E.coli, thereby alleviating OD-induced gut

dysbiosis and peripheral Kyn pathway. This contributed to mitigating the QA-related neurotransmitter dysfunction and endotoxin-triggered neuroinflammation, thereby
remodeling the rhythm of hippocampal neurogenesis and improving behavioral dysfunction in OD-fed mice

Discussion

Adolescence is a critical developmental period
and vulnerability to the onset of psychiatric diseases
[57]. Using a mouse model, we demonstrated that OD
during adolescence is a potential risk factor for the
development of behavioral phenotypes associated
with cognitive and social dysfunction. Although
previous pharmacological experiments have shown
that EPs possess neuroprotective and anti-
inflammatory activities, the effects of polysaccharides
on OD-induced gut dysbiosis and the following
inflammation had not been investigated. We observed
that EPs supplementation improved the obesity-
related symptoms and protected the OD-fed mice
against behavioral dysfunctions, possibly by
remodeling the gut microbiome and attenuating
OD-induced disorders of Trp metabolism (Figure 8).

A causality between OD and gut dysbiosis has
been well established. The specialized anaerobic
microorganisms that reside in our colon are able to
translate complex dietary fiber into SCFAs that
support host nutrition, immune development, and
pathogen restraint [37]. In comparison, facultative
anaerobic bacteria, such as Enterobacteriaceae, do not
confer such benefits, but endotoxin [58, 59]. A recent
human cohort study revealed that the human gut

microbiota within 24 hr after reducing fiber intake to
30 g/day was dramatic and rapid rearrangement,
accompanied by a reduction in the production of
SCFAs in the colon [60]. In the present study, four
weeks of OD significantly altered the gut bacterial
community, especially reducing the abundance of
butyrate-producing bacteria. Butyrate directs the
metabolism  of surface colonocytes toward
mitochondrial pB-oxidation of SCFAs, which helps to
maintain an anaerobic environment in the lumen of
colon, thus inhibiting the growth of facultative
anaerobic bacteria and maintaining intestinal
homeostasis [37]. In this study, we observed that OD
remarkably reduced the butyrate level in the colon
and increased the abundance of E.coli, a microbial
signature of intestinal dysbiosis. Meanwhile, SCFAs
also contribute to the suppression of intestinal
inflammation. For example, butyrate can inhibit the
transcription of pro-inflammatory genes, including
TNF-a and IL-1P [9]. Therefore, the beneficial effects
of EPs supplementation on gut dysbiosis may be
attributed to the promotion of butyrate-producing
bacteria and the restoration of intestinal immune
homeostasis. Notably, elucidating the response
mechanisms of the gut microbiota is challenging due
to the complexity and high variability of the gut
microbial structure. Although we observed the
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beneficial effects of EPs on gut microbes, more
evidence is needed to elucidate the underlying
mechanisms. Previous studies have highlighted the
initiating role of gut microbiota in OD-induced
obesity-related symptoms, including weight gain and
systemic inflammation. Therefore, prebiotic-based gut
bacteria interventions are considered to possess great
potential for the prevention and therapy of
diet-related impairments. Consistent with the
remodeling effects on gut microbiota, EPs
coadministration effectively mitigated OD-induced
obesity-related symptoms, including weight gain,
elevated serum cholesterol, and epididymal fat
accumulation.

Extensive evidence from rodent and human
studies suggests that OD consumption is associated
with impaired hippocampus-dependent learning and
memory function [61]. However, the effects of OD on
behavioral phenotypes in adolescence had rarely been
reported, especially the underlying mechanisms.
Growing evidence demonstrates that OD affects brain
function through the gut-brain axis [62]. Bruce-Keller
et al. showed that transplanting feces from OD-fed
adult mice to mice pretreated with antibiotics fed a
controlled diet increased anxiety and decreased
memory [10], suggesting that gut microbiota is
essential in mediating OD-related cognitive and social
dysfunction. The DG in the hippocampus is one of
two regions in which adult neurogenesis [63]. Adult
neurogenesis is a developmental process that
generates functionally integrated neurons from rNSCs
and occurs throughout life in the hippocampus of the
mammalian brain [63]. This process relies on a range
of environmental and cellular factors and is also
governed by the activity of local neural loops [46] and
is recognized to dramatically shape social and
cognitive function [54]. In the present study, we found
that OD during the adolescent period induced the
hyperactivation of INSCs and led to a strong tendency
for asymmetric division of rNSCs. Moreover, OD
significantly impaired the survival and migration of
newborn neurons. Disentangling adaptive and
maladaptive responses will contribute to the
understanding of disease development. However, the
results of this study do not support the well
understanding of these changes. Glutamatergic and
GABAergic signaling has been demonstrated to be
essential for the activated rNSCs to select an
appropriate fate during the first week and for
newborn neurons to compete for synaptic integration
and promote survival [64, 65]. Mossy cells, one of the
major glutamatergic neurons in DG, provide the first
glutamatergic input to newly generated neurons
starting from 5 to 10 days after birth [66]. EPs
supplementation ameliorated OD-induced adult

neurogenesis deficits may attribute to rebalancing the
GABAergic and glutamatergic transmission in
hippocampus.

Investigations of the gut-brain axis have shown
that the gut microbiota plays a crucial role in
coordinating brain development and behavior and
that microbiota-mediated metabolites serve as a
crucial regulator of these interactions. Metabolomic
analysis revealed that intestinal microbes affect host
metabolism and immunity through a variety of
chemically distinct metabolites, including amino acid
metabolites  [67]. Any disruption in the
host-microbiota cascade may be a factor in the
initiation or intensification of disease pathogenesis.
Disruption of microbiota composition and function
caused by lifestyle preferences has been implicated as
a crucial contributor to metabolic diseases [2, 41]. In
the present study, our results revealed that OD
disrupted Trp metabolism in adolescent mice. Trp, an
essential aromatic amino acid, has gained increasing
attention in a range of metabolites at the interface
between the gut microbiota and the host [41]. As Trp
is not generated from animal cells, humans are
dependent on exogenous, mainly dietary, intake [41].
Three major Trp metabolic pathways resulting in
5-hydroxytryptamine, Kyn, and indole derivatives are
regulated by the gut microbiota [41]. A tiny fraction of
ingested Trp is consumed for anabolic processes,
while most of it is metabolized through the Kyn
pathway of Trp degradation. Metabolites in the Kyn
pathway are thought to play an important role in
neurodegenerative disorders [52]. The tissue-specific
expression of enzymes in the Kyn pathway is best
studied for IDO1 [68]. The IDO1 enzyme is highly
expressed in inflamed tissues, with its expression
induced by the proinflammatory cytokine IL-6 and
TLR ligands [68]. OD-induced dysbiosis led to
immune dysfunction in the colonic tissues and
increased the concentration of LPS in the colon lumen,
resulting in enhanced expression and activity of IDO1
in colonocytes. This process contributed to the
upregulation of the peripheric Kyn pathway in
OD-fed mice. The CNS receives approximately 60% of
Kyn from the periphery, and thus Kyn concentrations
in the CNS are significantly influenced by peripheral
factors [69]. Kyn and its metabolites, QA and
kynurenic acid (Kna), are well known due to their
impact on the CNS and are associated with several
psychiatric and psychological disorders [70]. As Trp
and Kyn easily cross the blood-brain barrier, it is clear
that fluctuations in the blood levels of these
metabolites directly affect metabolism in the Kyn
pathway - including the synthesis of Kna and QA - in
the brain [40]. Kna and QA exert different effects on
neurons by decreasing or increasing extracellular
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levels of glutamate. The commissural fibers derived
from MCs provide direct glutamatergic and indirect
GABAergic inputs to rNSCs. The indirect GABA
pathway dominates and promotes rNSC quiescence
when MCs are activated at moderate level, whereas
the direct glutamate pathway dominates and
promotes rINSC activation when MCs are activated at
high level [50]. We observed significantly enhanced
concentration of Kyn and QA in the CNS of OD-fed
mice, which increased the level of glutamic acid in the
hippocampus and overactivated MCs, resulting in
adult neurogenesis defects. Due to the intricacy of the
adult neurogenesis, the transmitter and loop
pathways may not fully reveal the mechanisms
driving the impairment of adult neurogenesis in OD
mice. Notably, EPs supplementation attenuated
dysbiosis-related metabolic syndrome and restored
the rhythm of adult neurogenesis in adolescent mice
fed by OD, alleviating OD-induced social and
cognitive behavior abnormalities.

Rodent studies consistently indicate that
long-term consumption of OD raises levels of
neuroinflammatory markers [61]. The current model
of OD-induced chronic inflammation is mainly
explained by gut dysbiosis and increased
concentration of serum LPS, a condition called
metabolic endotoxemia [2]. Low concentrations of
LPS in the blood may cause systemic and targeted
inflammation, such as neuroinflammation, in OD-fed
mice and obese humans through activation of TLR4
signaling in various cells [38]. Thus, we believe that
remodeling gut dysbiosis is crucial to alleviating
OD-related systematic inflammation. In the present
study, we observed that OD during adolescence was
sufficient to result in hippocampal microglial M1
polarization, a sign of neuroinflammation. Recent
studies suggest that early-life inflammation causes
hyperactivation of microglia, promoting the
development of depression-like symptoms during
adolescence [71]. Moreover, clinical reports implicate
a positive association between circulating inflam-
matory factors and cognitive decline in humans [72].
Consistent with the remodeling effect of EPs on gut
microbiota, EPs supplementation improves gut
barrier integrity, reduces serum level of endotoxemia,
and suppresses the subsequent hippocampal
neuroinflammation in OD-fed mice. In addition,
microglia also plays a crucial role in regulating Trp
metabolism in the CNS. The reason is that
neuroexcitatory QA is produced by microglia, and the
activated microglia in the inflammatory disease will
intensify QA production and induce neuroexcito-
toxicity [40]. Our results indicate that EPs mitigated
cognitive and social dysfunction by partly inhibiting
gut dysbiosis-mediated neuroinflammation. While we

found that EPs significantly inhibited the expansion of
E. coli in the intestinal lumen, the regulatory
mechanism still needs to be further explored.

Taken together, our results revealed that OD
during adolescence resulted in individual cognitive
and social dysfunctions by inducing gut dysbiosis and
upregulating the Kyn pathway in the periphery and
CNS. These results offer a more in-depth
understanding of the negative effect of OD, especially
on adolescence. Notably, oral EPs reshaped the gut

microbial composition, inhibiting colitis and
alleviating the following metabolic syndrome.
Meanwhile, EPs effectively suppressed the

OD-induced neuroinflammation and the deficits of
adult neurogenesis, thereby restoring abnormal
neurocognitive and social behaviors in OD-fed
adolescent mice. Collectively, these findings open
new research avenues into preemptive therapies for
neurodevelopmental disorders that target the
OD-induced gut dysbiosis and indicate that EPs may
be used as prebiotics to restore microbial community
and subsequently associated deficiencies.

Abbreviations

EPs: Eucommiae cortex polysaccharides; OD:
obesogenic diet; CNS: central nervous system; SCFAs:
short-chain fatty acids; RF: Random forest; PCoA:
performing principal coordinates analysis; LPS:
lipopolysaccharide; TNF-a: tumor necrosis factor o
IL-1B: interleukin-1p; MCP-1: monocyte
chemoattractant protein-1, WGCNA: weighted gene
co-expression network analysis; Trp: tryptophan;
Kyn: kynurenine; Kna: kynurenic acid; IAA: indole
acetic acid; IPA: indole-3-propionic acid; IDOLI:
indoleamine 2, 3 dioxygenasel; QA: quinolinic acid;

iNOS:  inducible nitric oxide synthase; IL-6:
interleukin- 6; rNSCs: radial neural stem cells; GFAP:
glial fibrillary acidic protein; BrdU:

5-Bromodeoxyuridinc; MCs: mossy cells; GABA:
y-aminobutyric acid; Tbr2: T-brain gene-2; DCX:
doublecortin; GCL: granule cell layer; DG: dentate
gyrus; SGZ: subgranular zone; TLR4: toll-like receptor
4; E.coli: Escherichia coli; ASVs: amplicon sequence
variants; Ibal: ionized calcium binding adapter
molecule 1; PV: parvalbumin.

Supplementary Material

Supplementary figures and table.
https:/ /www.thno.org/v12p3637s1.pdf

Acknowledgements

The study was financially supported by the
National Key Research and Development Program of
China (No. 2018YFE(0127000 to Shanting Zhao) and
the 16th Eucommia Research Grant from Eucommia

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 8

3654

ulmoides Research Association of Japan (K4030220524
to Shanting Zhao).

Author Contributions

STZ, PHS, and MLW designed the experiments.
PHS, MLW, ZNL, JJW, and FL performed the
experiments. PHS and WZ performed microbiome
analysis. STZ, X]JC, XYZ, PHS, and MLW integrated
the data, interpreted the results, and wrote the
manuscript. All authors discussed the results and
commented on the manuscript.

Awvailability of data and materials

All data are in this manuscript are available on
reasonable request to the corresponding authors. The
165 sequencing data have been deposited at the
National Center for Biotechnology Information
(NCBI) database under the accession PRJNA797357
(https:/ /www.ncbi.nlm.nih.gov/bioproject/ PRINA7
97357).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Sonnenburg E, Sonnenburg ]. Starving our microbial self: the deleterious
consequences of a diet deficient in microbiota-accessible carbohydrates. Cell
Metab. 2014; 20: 779-86.

2. Christ A, Lauterbach M, Latz E. Western Diet and the Immune System: An
Inflammatory Connection. Immunity. 2019; 51: 794-811.

3. Caesar R, Tremaroli V, Kovatcheva-Datchary P, Cani P, Bickhed F. Crosstalk
between Gut Microbiota and Dietary Lipids Aggravates WAT Inflammation
through TLR Signaling. Cell Metab. 2015; 22: 658-68.

4. Litvak Y, Byndloss MX, Tsolis RM, Baumler AJ. Dysbiotic Proteobacteria
expansion: a microbial signature of epithelial dysfunction. Curr Opin
Microbiol. 2017; 39: 1-6.

5. Kassem M, Deehan EC, Jens W, Fredrik B. The Impact of Dietary Fiber on Gut
Microbiota in Host Health and Disease. Cell Host Microbe. 2018; 23: 705-15.

6. Hryckowian A]J, Treuren WV, Smits SA, Davis NM, Gardner JO, Bouley DM,
et al. Microbiota-accessible carbohydrates suppress Clostridium difficile
infection in a murine model. Nat Microbiol. 2018; 3: 662-9.

7.  Christ A, Giinther P, Lauterbach M, Duewell P, Biswas D, Pelka K, et al.
Western Diet Triggers NLRP3-Dependent Innate Immune Reprogramming.
Cell. 2018; 172: 162-75.e14.

8. Kim H, Bartley GE, Young SA, Davis PA, Yokoyama W. HPMC
supplementation reduces abdominal fat content, intestinal permeability,
inflammation, and insulin resistance in diet-induced obese mice. Mol Nutr
Food Res. 2012; 56: 1464-76.

9. Heiss CN, Manners-Holm L, Ying SL, Serrano-Lobo J, Gladh AH, Seeley R], et
al. The gut microbiota regulates hypothalamic inflammation and leptin
sensitivity in Western diet-fed mice via a GLP-1R-dependent mechanism. Cell
Rep. 2021; 35: 109163.

10. Bruce-Keller AJ, Salbaum JM, Luo M, Blanchard E, Taylor CM, Welsh DA, et
al. Obese-type Gut Microbiota Induce Neurobehavioral Changes in the
Absence of Obesity. Biol Psychiatry. 2015; 77: 607-15.

11. Paus T, Keshavan M, Gi Ed D JN. Why do many psychiatric disorders emerge
during adolescence? Nat Rev Neurosci. 2008; 9: 947-57.

12. Beurel E, Toups M, Nemeroff CB. The Bidirectional Relationship of
Depression and Inflammation: Double Trouble. Neuron. 2020; 107: 234-56.

13. Cruz-Pereira JS, Rea K, Nolan YM, O'Leary OF, Cryan JF. Depression's Unholy
Trinity: Dysregulated Stress, Immunity, and the Microbiome. Annu Rev
Psychol. 2020; 71: 49-78.

14. Mottahedin A, Ardalan M, Chumak T, Riebe I, Ek J, Mallard C. Effect of
Neuroinflammation on Synaptic Organization and Function in the Developing
Brain: Implications for Neurodevelopmental and Neurodegenerative
Disorders. Front Cell Neurosci. 2017; 11: 190.

15. Borre YE, O'Keeffe G, Clarke G, Stanton C, Dinan TG, Cryan JF. Microbiota
and neurodevelopmental windows: implications for brain disorders. Trends
Mol Med. 2014; 20: 509-18.

16.

17.

18.

19.

20.

21.

22.

23.

24,

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Fouhy F, Ross RP, Fitzgerald GF, Stanton C, Cotter PD. Composition of the
early intestinal microbiota. Gut Microbes. 2012; 3: 203-20.

Feng H, Fan J, Song Z, Du X, Chen Y, Wang ], et al. Characterization and
immunoenhancement activities of Eucommia ulmoides polysaccharides.
Carbohydr Polym. 2016; 136: 803-11.

Wang Ca, Tang L, He JW, Li J, Wang Y. Ethnobotany, Phytochemistry and
Pharmacological Properties of Eucommia ulmoides : A Review. Am ] Chin
Med. 2019; 47: 259-300.

Li S, Hu J, Yao H, Geng F, Nie S. Interaction between four galactans with
different structural characteristics and gut microbiota. Crit Rev Food Sci Nutr.
2021; 20: 1-11.

Zhu Y, Dong L, Huang L, Shi Z, Shen R. Effects of oat -glucan, oat resistant
starch, and the whole oat flour on insulin resistance, inflammation, and gut
microbiota in high-fat-diet-induced type 2 diabetic rats. ] Funct Foods. 2020;
69: 103939.

Huang ], Wang Q, Xu Q, Zhang Y, Zheng Y. In vitro fermentation of
Oacetylarabinoxylan from bamboo shavings by human colonic microbiota. Int
J Biol Macromol. 2018; 125: 27-34.

Zhi-Jian, Tan, Chao-Yun, Wang, Yong-Jian, Yi, et al. Three phase partitioning
for simultaneous purification of aloe polysaccharide and protein using a
single-step extraction. Process Biochem. 2015; 50: 482-6.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et
al. Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol. 2019; 37: 852-7.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. 2013; 8: e61217.
Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007; 73: 5261-7.

Zhu X, Wu Y, LiC, Yan W, Pan ], Wang S, et al. Prenatal Exposure to Gossypol
Impairs Corticogenesis of Mouse. Front Neurosci. 2020; 14: 318.

Zhu X, Wu Y, Pan J, Li C, Huang J, Cui E, et al. Neuroinflammation Induction
and Alteration of Hippocampal Neurogenesis in Mice Following
Developmental Exposure to Gossypol. Int ] Neuropsychopharmacol. 2021; 24:
419-33.

Zhang Q, Liu F, Yan W, Wu Y, Wang M, Wei J, et al. Prolonged maternal
separation alters neurogenesis and synaptogenesis in postnatal dentate gyrus
of mice. Bipolar Disord. 2021; 23: 376-90.

Diaz Heijtz R, Wang S, Anuar F, Qian Y, Bjérkholm B, Samuelsson A, et al.
Normal gut microbiota modulates brain development and behavior. Proc Natl
Acad Sci U S A. 2011; 108: 3047-52.

Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008; 9: 559.

Newman TM, Shively CA, Register TC, Appt SE, Cook KL. Diet, obesity, and
the gut microbiome as determinants modulating metabolic outcomes in a
non-human primate model. Microbiome. 2021; 9: 100.

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut
microbes associated with obesity. Nature. 2006; 444: 1022-3.

Chang CJ, Lin CS, Lu CC, Martel J, Ko YF, Ojcius DM, et al. Ganoderma
lucidum reduces obesity in mice by modulating the composition of the gut
microbiota. Nat Commun. 2017; 6: 7489.

D'Amato A, Di Cesare Mannelli L, Lucarini E, Man AL, Le Gall G, Branca JJV,
et al. Faecal microbiota transplant from aged donor mice affects spatial
learning and memory via modulating hippocampal synaptic plasticity- and
neurotransmission-related proteins in young recipients. Microbiome. 2020; 8:
140.

Han K, Nam J, Xu J, Sun X, Moon J]J. Generation of systemic antitumour
immunity via the in situ modulation of the gut microbiome by an orally
administered inulin gel. Nat Biomed Eng. 2021; 5: 1377-88.

Rivera-Chavez F, Zhang LF, Faber F, Lopez CA, Byndloss MX, Olsan EE, et al.
Depletion of Butyrate-Producing Clostridia from the Gut Microbiota Drives an
Aerobic Luminal Expansion of Salmonella. Cell Host Microbe. 2016; 19: 443-54.
Byndloss MX, Olsan EE, Rivera-Chévez F, et al. Microbiota-activated PPAR-y
signaling inhibits dysbiotic Enterobacteriaceae expansion. Science. 2017; 357:
570-5.

Guillemot-Legris O, Muccioli GG. Obesity-Induced Neuroinflammation:
Beyond the Hypothalamus. Trends Neurosci. 2017; 40: 237-53.

Yang J, Setzo CH, Nakatsu G, Li C, Yu J. High-Fat Diet Promotes Colorectal
Tumorigenesis through Modulating Gut Microbiota and Metabolites.
Gastroenterology. 2020; 162: 135-49.

Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: Tryptophan's metabolites in
exercise, inflammation, and mental health. Science. 2017; 357: eaaf9794.

Agus A, Planchais ], Sokol H. Gut Microbiota Regulation of Tryptophan
Metabolism in Health and Disease - ScienceDirect. Cell Host Microbe. 2018; 23:
716-24.

Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, et al. Gut
Microbiota-Derived ~ Tryptophan Metabolites Modulate Inflammatory
Response in Hepatocytes and Macrophages. Cell Rep. 2018; 23: 1099-111.
Gerard C, Mckernan DP, G Ab Or G, Quigley EM, Cryan JF, Dinan TG. A
Distinct Profile of Tryptophan Metabolism along the Kynurenine Pathway
Downstream of Toll-Like Receptor Activation in Irritable Bowel Syndrome.
Front Pharmacol. 2012; 3: 90.

Sharon G, Sampson T, Geschwind D, Mazmanian S. The Central Nervous
System and the Gut Microbiome. Cell. 2016; 167: 915-32.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 8

3655

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bido S, Muggeo S, Massimino L, Marzi MJ, Giannelli SG, Melacini E, et al.
Microglia-specific overexpression of a-synuclein leads to severe dopaminergic
neurodegeneration by phagocytic exhaustion and oxidative toxicity. Nat
Commun. 2021; 12: 6237.

Bao H, Song J. Treating Brain Disorders by Targeting Adult Neural Stem Cells.
Trends Mol Med. 2018; 24: 991-1006.

Hainmueller T, Bartos M. Dentate gyrus circuits for encoding, retrieval and
discrimination of episodic memories. Nat Rev Neurosci. 2020; 21: 153-68.
Bonaguidi MA, Song ], Ming GL, Song H. A unifying hypothesis on
mammalian neural stem cell properties in the adult hippocampus. Curr Opin
Neurobiol. 2012; 22: 754-61.

Namba T, Maekawa M, Yuasa S, Kohsaka S, Uchino S. The Alzheimer's
disease drug memantine increases the number of radial glia-like progenitor
cells in adult hippocampus. Glia. 2009; 57: 1082-90.

Yeh CY, Asrican B, Moss ], Quintanilla L], He T, Mao X, et al. Mossy Cells
Control Adult Neural Stem Cell Quiescence and Maintenance through a
Dynamic Balance between Direct and Indirect Pathways. Neuron. 2018; 99:
493-510.e4.

Bonaguidi MA, Wheeler MA, Shapiro JS, Stadel RP, Sun GJ, Ming GL, et al. In
vivo clonal analysis reveals self-renewing and multipotent adult neural stem
cell characteristics. Cell. 2011; 145: 1142-55.

Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the
mammalian brain: when physiology meets pathology. Nat Rev Neurosci. 2012;
13: 465-77.

Gampierakis IA, Koutmani Y, Semitekolou M, Morianos I, Polissidis A,
Katsouda A, et al. Hippocampal neural stem cells and microglia response to
experimental inflammatory bowel disease (IBD). Mol Psychiatry. 2021; 26:
1248-63.

Abbott LC, Nigussie F. Adult neurogenesis in the mammalian dentate gyrus.
Anat Histol Embryol. 2020; 49: 3-16.

Song J, Olsen RH, Sun ], Ming GL, Song H. Neuronal Circuitry Mechanisms
Regulating Adult Mammalian Neurogenesis. Cold Spring Harb Perspect Biol.
2016; 8: a018937.

Belarbi K, Arellano C, Ferguson R, Jopson T, Rosi S. Chronic
neuroinflammation impacts the recruitment of adult-born neurons into
behaviorally relevant hippocampal networks. Brain Behav Immun. 2012; 26:
18-23.

Lach G, Fiilling C, Bastiaanssen TFS, Fouhy F, Donovan ANO, Ventura-Silva
AP, et al. Enduring neurobehavioral effects induced by microbiota depletion
during the adolescent period. Transl Psychiatry. 2020; 10: 382.

Bronner DN, Faber F, Olsan EE, Byndloss MX, Sayed NA, Xu G, et al. Genetic
Ablation of Butyrate Utilization Attenuates Gastrointestinal Salmonella
Disease. Cell Host Microbe. 2018; 23: 266-73.e4.

Faber F, Thiennimitr P, Spiga L, Byndloss MX, Litvak Y, Lawhon S, et al.
Respiration of Microbiota-Derived 1,2-propanediol Drives Salmonella
Expansion during Colitis. PLoS Pathog. 2017; 13: €1006129.

Mardinoglu A, Wu H, Bjornson E, Zhang C, Hakkarainen A, Résinen SM, et
al. An Integrated Understanding of the Rapid Metabolic Benefits of a
Carbohydrate-Restricted Diet on Hepatic Steatosis in Humans. Cell Metab.
2018; 27: 559-71.€5.

Tsan L, Décarie-Spain L, Noble EE, Kanoski SE. Western Diet Consumption
During Development: Setting the Stage for Neurocognitive Dysfunction. Front
Neurosci. 2021; 15: 632312.

Quigley EMM. Microbiota-Brain-Gut Axis and Neurodegenerative Diseases.
Curr Neurol Neurosci Rep. 2017; 17: 94.

Ming GL, Song H. Adult neurogenesis in the mammalian brain: significant
answers and significant questions. Neuron. 2011; 70: 687-702.

Young SZ, Taylor MM, Wu S, Ikeda-Matsuo Y, Kubera C, Bordey A. NKCC1
knockdown decreases neuron production through GABA(A)-regulated neural
progenitor proliferation and delays dendrite development. ] Neurosci. 2012;
32:13630-8.

Tashiro A, Sandler VM, Toni N, Zhao C, Gage FH. NMDA-receptor-mediated,
cell-specific integration of new neurons in adult dentate gyrus. Nature. 2006;
442: 929-33.

Kumamoto N, Gu Y, Wang J, Janoschka S, Takemaru K, Levine J, et al. A role
for primary cilia in glutamatergic synaptic integration of adult-born neurons.
Nat Neurosci. 2012; 15: 399-405, s1.

Arnoriaga-Rodriguez M, Mayneris-Perxachs ], Burokas A,
Contreras-Rodriguez O, Blasco G, Coll C, et al. Obesity Impairs Short-Term
and Working Memory through Gut Microbial Metabolism of Aromatic Amino
Acids. Cell Metab. 2020; 32: 548-60.e7.

Platten M, Nollen EAA, Rohrig UF, Fallarino F, Opitz CA. Tryptophan
metabolism as a common therapeutic target in cancer, neurodegeneration and
beyond. Nat Rev Drug Discov. 2019; 18: 379-401.

Guillemin GJ, Smythe G, Takikawa O, Brew BJ. Expression of indoleamine
2,3-dioxygenase and production of quinolinic acid by human microglia,
astrocytes, and neurons. Glia. 2005; 49: 15-23.

Chen Y, Guillemin GJ. Kynurenine Pathway Metabolites in Humans: Disease
and Healthy States. Int ] Tryptophan Res. 2009; 2: 1-19.

Cao P, Chen C, Liu A, Shan Q, Zhu X, Jia C, et al. Early-life inflammation
promotes depressive symptoms in adolescence via microglial engulfment of
dendritic spines. Neuron. 2021; 109: 2573-89.€9.

McGrattan AM, McGuinness B, McKinley MC, Kee F, Passmore P, Woodside
JV, et al. Diet and Inflammation in Cognitive Ageing and Alzheimer's Disease.
Curr Nutr Rep. 2019; 8: 53-65.

https://lwww.thno.org



