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ABSTRACT

Emerging evidence suggests that the gut microbiota may interact with the host brain and play
pivotal roles in the pathogenesis of neuropsychiatric disorders. However, the mechanism under-
lying reciprocal interactions along the microbiota-gut-brain axis in depression remains unclear. In
this study, a murine model of chronic restraint stress (CRS) was established to investigate the
metabolic signaling of tryptophan (Trp) neurotransmission at the intestinal and central levels in
depression. The results showed that CRS mice displayed depression- and anxiety-like behaviors.
Additionally, kynurenine (Kyn) and its metabolites, an important Trp metabolic pathway, were
strongly activated in the brain. Intriguingly, the Kyn toxic signaling was exacerbated in the gut,
especially in the colon. Indoleamine 2,3-dioxygenase (IDO), a rate-limiting enzyme responsible for
Kyn metabolic pathway initiation, was significantly upregulated in the brain and gut in CRS mice
compared with control mice, promoting transfer of Trp metabolic pathway to Kyn signaling.
Additionally, administration of IDO inhibitor, 1-methyl-tryptophan (1-MT), partially rescued CRS-
induced depression- and anxiety-like changes. Moreover, the enhanced intestinal permeability
mediated by CRS allowed toxic metabolites to “leak” into the bloodstream. The microbiome profiles
of CRS mice displayed obviously altered taxonomic composition and negative correlations were
observed between Enterorhabdus, Parabacteroides and Kyn levels in the brain. Reciprocal crosstalk
between the brain and gut was further validated by citalopram treatment, IDO inhibitor and
microbiota intervention, which counteracted depression-like behavior, Kyn metabolic signaling
and microbiota composition in CRS mice. Meanwhile, Parabacteroides treatment affected Trp
metabolism in mouse hippocampus, manifesting as elevated concentration of 5-HT as well as
ratio of 5-HT to Trp. These results suggest that long-term stress disrupts Kyn metabolism and
endocrine function along the gut-brain axis, accompanied by the disrupted homeostasis of certain
microbiota, which collectively contribute to the development of depression-like behavior.
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Introduction

Depression, the third leading contributor to global ~ 1 the Hamilton Depression Scale, which is far

disease burden, is now one of the most prevalent
psychiatric disorders and a severe public health
problem worldwide that has attracted great atten-
tion in recent years.' There are myriad possible
causes of depressive disorders, including genetic
vulnerability, physical health problems, stifling life
events, etc., which makes the clinical diagnosis of
depression difficult. Currently, depression is still
mainly diagnosed by subjective symptoms based

from adequate to accurate classification and
treatment.*> Therefore, it is of great value to
explore objective diagnosis indicators and potential
mechanisms of depression.

Neurochemical imbalances, especially the neuro-
transmitter imbalances in the tryptophan (Trp)
pathway, underlie the pathophysiology of mood
disorders.® One major metabolite of Trp is seroto-
nin  (5-hydroxytryptamine, = 5-HT),  which
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modulates cognition, reward, physiological pro-
cesses, etc.”® 5-HT is mainly located in the gastro-
intestinal tract and brain, with a few circulating in
peripheral blood.” The pathophysiology of depres-
sion has been closely linked to low levels of 5-HT."
10712 Reciprocally, selective serotonin reuptake
inhibitors (SSRIs), the commonly prescribed anti-
depressants in clinical treatment, target the seroto-
ninergic system by inhibiting the uptake of 5-HT
and increasing its synaptic level.">'* Notably, dis-
turbances in Trp metabolism can activate the
kynurenine (Kyn) pathway, contributing to altera-
tions in kynurenic acid (Kna), 3-hydroxykynure-
nine (3-HK) and quinolinic acid (QA),"> which are
remarkably associated with psychiatric diseases
such as depression.'® Figure. SI represents the
detailed Trp pathway and its major metabolites.

The brain-gut axis is a bidirectional commu-
nication network between the brain and gut
where Trp metabolism plays an important role
in both the central nervous system (CNS) and
the enteric nervous system (ENS). It may be
more appropriate to specify this axis as the
“microbiota-gut-brain axis” due to the active
role of microbiota in the function of the ner-
vous system through its interaction with the
gut-brain axis.'” Accumulating reports pointed
to the influence of the Trp pathway far beyond
the traditional focus on its role in only the CNS,
but also in the ENS.'"®' Trp is a biosynthetic
precursor of a large number of microbial and
host metabolites, thus the gut microbiota may
be involved in neuropsychiatric disorders par-
tially through the modulation of circulating Trp
availability directly through cell-to-cell interac-
tions or indirectly through metabolites.*
Therefore, targeting Trp metabolism in the gut
is an actionable therapeutic approach to exploit
microbiota as potential probiotics. To be speci-
fic, the Kyn pathway in immune and epithelial
cells can be activated through IDO1 mediated
by microbiota. Similarly, the 5-HT production
pathway in enterochromaffin cells (ECs) via Trp
hydroxylase 1 (TPHI1) can also be activated.
However, the connections between microbiota
and depression-like behaviors, available Kyn
metabolism and crucial rate-limiting enzymes
in the gut-brain axis, however, remains poorly
understood.

In the present study, to fully investigate Trp
metabolism, especially the Kyn metabolic profile,
and the link between Kyn metabolites and gut bac-
teria in depression, we examined the influence of
chronic restraint stress (CRS) with or without the
administration of the antidepressant citalopram on
behavioral changes, microbiota diversity, the Trp
pathway metabonomic profile and the expression
of rate-limiting enzymes in the microbiota-gut-
brain axis. Our findings might provide potential
bacterial targets and new theoretical basis for the
early intervention of depression.

Results

CRS-induced anxiety- and depression-like
behavioral changes in mice

The simplified experimental scheme is shown
in Figure la. After the first 2 weeks of model
establishment, obvious anxiety- and depres-
sion-like behaviors were observed among the
mice subjected to daily CRS compared with
the control group (Fig. S2A-F). Specifically,
the immobility time in the FST was obviously
lengthened (Fig. S2A) and the sucrose con-
sumption ratio in the SPT was lessened in
CRS mice when compared with CTL mice.
Moreover, time spent in the center field and
open arms in the OPT (Fig. S2C and S2E) and
EPM (Fig. S2D and S2F) were markedly
decreased in CRS mice as compared with con-
trol mice.

After the following 3 weeks of PBS or citalopram
administration, the anxiety- and depression-like
behaviors induced by chronic stress were reversed
by citalopram, manifesting as the decreased time of
immobility in the FST (Figure 1b) and the
increased sucrose consumption in the SPT (Figure
Ic) in the CRS+CITA group compared with the
CRS+PBS group. Meanwhile, the time spent in the
open arms in the EPM (Figure 1d and Fig. S2H)
and the time spent in the center of the OFT (Figure
le and Fig. S2G) were increased as well (though
statistically insignificant) in citalopram treatment,
showing a trend of recovery to the control level.
There were no significant differences in total track
length in the OFT (Figure 1f). These behavioral
tests, taken together, indicated the effective
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Figure 1. CRS-induced anxiety- and depression-like behavioral changes in mice. (a) Protocol diagram of the time course related to the
experimental procedure and behavioral tests. The effects of the chronic administration of vehicle or citalopram on behavioral
responses in CTL or CRS mice are shown with (b) immobility time (s) in the FST, (c) sucrose consumption ratio (%) in the SPT, (d)
open arms duration (%) in the EPM test and (e) center time (s) and (f) total track length (mm) in the OFT. Values represent the mean +
S.E.M. of 8 animals per group. *p < .05 and **p < .01 indicate significant differences vs. the CTL+PBS group, and *p < .05 and *p < .01

indicate significant differences vs. the CRS+PBS group.

establishment of the mouse CRS model and SSRI
citalopram administration.

CRS-induced neurotransmitter metabolic disorders
in Trp pathway in the brain and serum

As depicted in Figure 2a, the mice in the CRS+PBS
group displayed lower levels of 5-HT, a lower ratio
of 5-HT/Trp, and higher ratios of Kyn/Trp and
5-HIAA/5-HT in the PFC, which was partially
reversed in the CRS+CITA group. In the hippo-
campus, Kyn and Kyn/Trp ratio were remarkably
increased in the CRS+PBS group compared with
the CTL+PBS group, which could also be alleviated
by antidepressants (though statistically insignifi-
cant). The Trp-5-HT pathway exhibited no

significant changes except for a decrease in down-
stream metabolite 5-HIAA in the CRS+PBS group
(Figure 2b), implying the switch of Trp metabolism
from the 5-HT pathway to the Kyn pathway.”' In
the serum, the Trp levels were significantly reduced
in the CRS+PBS-treated group, while the Kyn,
3-HAA levels and the Kyn/Trp ratio were signifi-
cantly increased. Additionally, 3-HK, a Kyn meta-
bolite, was increased, while the 5-HT level was
decreased although the results were statistically
insignificant (Figure 2c). These results demon-
strated that the metabolism of Trp was disordered
and more inclined to convert to the Kyn pathway in
the PFC, hippocampus and serum of the CRS mice.
Notably, citalopram administration, to some
extent, reversed the changes caused by chronic
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Figure 2. CRS induced disrupted neurotransmitter metabolism in Trp pathway in the brain and serum. Differences in Trp and its
metabolites in the (a) PFC, (b) hippocampus and (c) serum are shown. Values represent the mean + S.E.M. of 10 animals per group.
*p < .05 and **p < .01 indicate significant differences vs. the CTL+PBS group, and *p < .05 and *#p < .01 indicate significant differences
vs. the CRS+PBS group.



stress but did not exert any effect on these neuro-
transmitters in control mice, indicating that it
played a role only under stress-induced neurotrans-
mitter imbalance. Additionally, neurotransmitters
in the Tyrosine pathway and some amino acids that
have been proven to have potential links with
depression were also detected in our metabolomic
platform (Supplementary Table 1-3).°>**

Changes in Trp metabolism contributed to anxiety-
and depression-like behavioral changes in mice

To demonstrate the contribution of altered Trp
metabolism to behavioral changes, another two
groups of CTL and CRS mice treated with IDO
inhibitor, 1-methyl-tryptophan (1-MT) were
used (Fig. S3). The activity of Kyn pathway in
the CRS+1-MT group was attenuated when com-
pared with the CRS+PBS group, which could be
verified by the decreased levels of Kyn and Kyn/
Trp (Fig. S3A). In the FST and SPT, CRS+1-MT
mice exhibited an evident reduction of immobi-
lity (Fig. S3B) and increase of sucrose consump-
tion (Fig. S3C) respectively. Moreover,
administration of 1-MT increased the duration
in open arms in the EPM though the result
statistically insignificant (Fig. S3D). Compared
with the CRS+PBS group, extended time spent
in center area was observed in CRS+1-MT mice
(Fig. S3E), albeit the total track length difference
was not significant (Fig. S3F). Intriguingly, by the
FST assay, an increased immobility in CTL
+1-MT mice was observed when compared with
the CTL+PBS mice (Fig. S3B), meanwhile, the
decrease in center time (Fig. S3E) as well as
total distance in the OFT (Fig. S3F) was shown
in CTL+1-MT mice, implying that some other
unknown effects of 1-MT may be involved in
these processes.

CRS altered the key rate-limiting enzymes of the Trp
pathway in the brain

It revealed a significantly decreased expression of
TPH2 and increased level of IDO1 in mice sub-
jected to chronic stress in the PFC (Figure 3a and
Figure 3b). However, the effect on IDO1 could be
effectively reversed by citalopram, and a trend
toward increased TPH2 was also observed

GUT MICROBES (&) 1869501-5

following citalopram treatment. Mice in the CRS
+PBS group showed a pronounced increase in
MAO A expression (Figure 3a and Figure 3b) and
a decrease in MAO B expression (Fig. S2I and S2J).
Moreover, a significant decrease in brain-derived
neurotrophic factor (BDNF) accompanied by
decreased tropomyosin receptor kinase B (TrkB)
expression was observed in the PFC of the CRS
+PBS mice (Figure 3a and Figure 3b).

In accordance with the results of PFC in CRS
+PBS mice, the expression of hippocampal IDO
was markedly increased, while BDNF was
obviously decreased (Figure 3c and Figure 3d).
Intriguingly, some hippocampal proteins such as
TPH2, MAO A and MAO B (Fig. S2K and S2L)
displayed no significant alterations in varied treated
groups.

CRS-induced intestinal neurotransmitter disorders
and enzymatic alterations in the Trp pathway

In Table 1 and Table 2, the levels of Trp and its
metabolites in mouse duodenum, jejunum, ileum,
colon and cecum are shown. Although it could be
detected throughout the intestinal tract, Trp was
mainly taken up in the small intestine and there
were no great differences among the four groups.
Moreover, the catabolites of Trp, 5-HT, could
only be detected in the duodenum, jejunum and
colon. Intriguingly, 5-HT was decreased in the
duodenum and colon of mice subjected to CRS,
and the effect was more pronounced in the colon.
In addition, Kyn in the ileum of the CRS+PBS
group was substantially increased compared to
that in the ileum of the CTL+PBS mice, and this
effect could be ameliorated by citalopram treat-
ment in the colon of the CRS mice. A similar
metabolic pattern was observed in the duodenum,
though no significant differences were shown.
Moreover, 3-HK was increased under chronic
stress and partially decreased after citalopram
treatment in all intestinal segments. However, no
obvious changes in the neurotransmitters in the
jejunum and cecum were observed in any of the
four groups.

To clarify the intestinal Trp pathway alterations
induced by chronic stress, the expression of critical
rate-limiting enzymes in the ileum (Figure 3e and
Figure 3f) and colon (Figure 3g and Figure 3h) were
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Figure 3. CRS-induced enzymatic alterations in the Trp pathway in the brain and gut. Western blot analysis showed the expression of
rate-limiting enzymes that induced Trp metabolism and the BDNF-TrkB pathway in the (a, b) PFC, (c, d) hippocampus, (e, f) ileum and
(g, h) colon. Values represent the means + S.E.M. *p < .05 and **p < .01 indicate significant differences vs. the CTL+PBS group, and
*n < .05 and ™p < .01 indicate significant differences vs. the CRS+PBS group.

examined. Compared to the CTL+PBS group, the
CRS+PBS group mice exhibited decreased expres-
sion of TPH1 and increased level of IDO1 activity
in both the ileum and colon, which could be
reversed by citalopram treatment. These results
strongly supported the changes in the 5-HT/Trp
and Kyn/Trp ratios detected by instrumental ana-
lysis. Meanwhile, the level of BDNF in the ileum
and colon of the PBS-treated CRS mice was signifi-
cantly decreased, and this effect could be partially
rescued by citalopram.

CRS-induced deleterious changes in intestinal
histomorphology and integrity

As shown in Fig. S4A, stress and PBS-treated animals
displayed a significant loss of crypt architecture, villus
degeneration and infiltration of inflammatory cells
when compared with the CTL group. Intriguingly,
these histopathological changes could be reversed by
citalopram treatment. The detection of zonula occlu-
dens-1 (ZO-1) in the ileum (Fig. S4B) and colon (Fig.
$4C) further supported the enhancement of intestinal
permeability mediated by chronic stress.
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Table 1. Concentrations of Trp and the related metabolites in the small intestine (duodenum, jejunum and ileum, ng/g).

Compounds CTL+PBS CTL+CITA CRS+PBS CRS+CITA
Duodenum TRP 27800.00 + 2988.07 32914.29 + 2723.22 34420.00 + 8085.32 34540.00 + 5256.96
KYN 393.08 + 142.67 43.74 £ 14.56 512.19 + 240.35 382.73 +108.48
3-HK 31.62 £ 1445 62.85 + 12.81 82.82 +£29.76 56.47 + 10.37
3-HAA 2.03 +0.27 3.20 + 0.58 3.52+1.04 1.40 +£0.33
5-HT 1617.23 = 376.24 901.74 + 208.79 870.01 £ 220.47 885.49 + 198.13
5-HIAA 1620.96 + 281.65 888.26 + 112.69 1778.46 + 349.49 1393.74 + 265.21
NAS 9.70 £ 0.79 9.55 + 0.66 8.80 £ 0.76 10.03 + 1.10
MLT 3417 +3.18 33.62 + 1.80 32.77 + 3.47 35.09 + 3.47
5-HT/TRP 0.064 + 0.015 0.032 £ 0.009 0.021 + 0.008* 0.032 £ 0.009
KYN/TRP 0.014 + 0.005 0.001 + 0.0004 0.018 + 0.009 0.015 + 0.005
Jejunum TRP 37610.20 + 6452.10 49798.10 + 17118.97 42209.67 + 10969.77 39519.81 + 10578.33
KYN 267.90 + 77.96 33591 + 63.52 261.01 +63.40 298.33 +78.12
3-HK ND ND ND ND
3-HAA ND ND ND ND
5-HT 47.74 £15.03 3545+ 774 40.63 £ 12.96 45.29 + 28.58
5-HIAA 483.24 + 68.17 437.75 + 97.81 567.26 + 80.94 490.27 + 92.62
NAS 234 +0.28 2.24 £ 0.58 198 £0.18 191 +0.28
MLT 1.62 +0.23 1.87 £ 0.41 1.91 £ 031 1.46 +0.27
5-HT/TRP 0.0022 + 0.0008 0.0016 + 0.0004 0.0017 £ 0.0005 0.0024 + 0.0012
KYN/TRP 0.0083 + 0.0026 0.0135 + 0.0037 0.0101 + 0.0037 0.0147 + 0.0043
lleum TRP 30649.80 + 5780.49 47924.94 + 12970.18 34823.15 + 6096.86 34188.81 + 6619.53
KYN 156.97 + 30.96 115.75 £ 21.91 303.08 + 116.43* 221.31 + 39.23
3-HK 5.96 + 1.09 12.30 + 4.63 19.88 + 6.26 1733 £5.39
3-HAA 37.62 + 3.66 44.80 + 6.69 3451 +778 3273 £9.38
5-HT ND ND ND ND
5-HIAA 677.19 + 98.69 628.70 + 148.44 575.35 + 59.31 969.00 + 231.76
NAS 210+ 0.18 2.28 £0.33 1.81+0.32 1.81 £ 0.50
MLT 1.80 £ 0.20 1.85+0.28 159 +0.36 1.57 £ 0.40
5-HT/TRP / / / /
KYN/TRP 0.0061 + 0.0017 0.0046 + 0.0013 0.0151 + 0.0050* 0.0101 + 0.0025

Values represent the mean + S.E.M (ng/qg).

ND indicates not detected.

*p < 0.05 and **p < 0.01 indicate significant differences vs. the CTL+PBS group, and *p < 0.05 and */p < 0.01 indicate significant differences vs. the

CRS+PBS group.

CRS-induced gut dysbiosis

Principal coordinates analysis revealed major differ-
ences between control and restraint mice (Figure
S5A). Moreover, a decrease in bacterial alpha diversity
(though statistically insignificant), as indicated by the
ACE and Simpson index (Figure 4a) was observed in
the CRS+PBS group compared with the CTL+PBS
group, while citalopram treatment failed to restore
the relative abundance and diversity. Taxonomic shifts
were also investigated; at the shallowest phylum level
(Figure 4b and Figure 4c), different groups displayed
changes although the murine gut microbiota were all
dominated by Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria. Increased ratios of
Firmicutes to Bacteroidetes and Actinobacteria to
Proteobacteria (Figure 4b), though not significant,
gave an indication of the overall microbiota dysbiosis
in the stress-received mice. Further analysis did iden-
tify some clear differences among the four groups. At
the family level (Figure 4d), the relative abundances of
Sutterellaceae, Ruminococcaceae and
Desulfovibrionaceae were all reduced, and the

abundance of Lactobacillaceae was markedly increased
in restraint animals. Interestingly, citalopram treat-
ment, whether in restraint or control groups, also
affected  the  microbiota  composition  of
Ruminococcaceae, Desulfovibrionaceae and
Lactobacillaceae to levels similar to those observed
for CRS animals. In contrast, the effects of chronic
stress on the Verrucomicrobiaceae, Rikenellaceae,
Lachnospiraceae and Bacteroidaceae families were
reversed by citalopram. At the genus level (Figure
4e-Figure 4m), higher relative abundances of the gen-
era Akkermansia (Figure 4e) and Anaerofustis (Figure
4f), and significantly reduced Parabacteroides
Lachnospiraceae (Figure 4k), Ruminococcus (Figure
4]) and one species of Unclassified_Ruminococcaceae
(Figure 4m) were observed in PBS-treated restraint
mice, and these changes could be partially reversed by
citalopram. Notably, citalopram administration
affected microbiota composition as compared with
PBS-treated controls, especially in Parabacteroides
and Ruminococcus(Figure 4j and 4l). In addition,
Bacteroides (Figure 4h),(Figure 4j) seemed to be
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Table 2. Concentrations of Trp and the related metabolites in the colon and cecum (ng/g).

Compounds CTL+PBS CTL+CITA CRS+PBS CRS+CITA
Colon TRP 9078.27 + 862.38 10532.81 + 2615.49 9918.90 + 1907.19 9130.50 + 1790.92
KYN 267.72 + 20.83 255.97 + 31.56 265.94 + 46.51 157.55 + 7.66#
3-HK 9.24 + 1.49 10.40 = 5.79 1412 £ 8.15 5.87 £ 1.45
3-HAA 33.68 + 2.84 31.71 £ 594 26.20 + 3.68 16.08 + 0.92
5-HT 73494 +120.13 628.03 £ 92.54 403.60 + 59.65* 607.80 + 127.28
5-HIAA 5969.89 + 805.63 7269.28 + 1665.47 4923.71 £ 1563.07 4941.89 + 708.27
NAS 519+133 2.85 £ 0.64 7.00 £ 3.41 393 £0.76
MLT 2.35+0.53 2.18 £ 0.76 145 +0.34 1.18 £ 0.24
5-HT/TRP 0.10 £ 0.02 0.07 £0.02 0.04 £ 0.01* 0.08 £ 0.02
KYN/TRP 0.025 + 0.002 0.033 + 0.006 0.039 + 0.005* 0.023 + 0.004#
Cecum TRP 5256.90 + 599.84 6195.00 + 424.35 4015.40 + 454.69 4719.66 + 432.26
KYN 196.28 + 11.34 157.44 + 11.46 169.95 + 9.60 166.44 + 14.13
3-HK 8.41 £ 0.94 7.77 £1.58 10.53 £ 4.92 747 £1.34
3-HAA 10.97 + 4.62 432+ 091 15.71 £ 1.20 16.32 + 2.98
5-HT ND ND ND ND
5-HIAA 1651.11 + 896.67 1612.30 + 266.94 75441 + 215.56 861.13 + 145.86
NAS 3.51 £0.60 6.68 £ 1.15 7.16 £ 2.39 6.71 £1.34
MLT 130 £ 0.21 1.45 +0.28 155 +0.22 1.61 +0.30
5-HT/TRP / / / /
KYN/TRP 0.044 + 0.008 0.026 + 0.002 0.045 + 0.003 0.039 + 0.005

Values represent the mean + S.E.M (ng/qg).

ND indicates not detected.

*p < 0.05 and **p < 0.01 indicate significant differences vs. the CTL+PBS group, and *p < 0.05 and */p < 0.01 indicate significant differences vs. the
CRS+PBS group.
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Figure 4. CRS-induced gut dysbiosis. (a) ACE and Simpson index describing microbial a diversity. (b) Firmicutes:Bacteroidetes and
Actinobacteria:Proteobacteria ratios. (c) Relative microbial abundances at the phylum level. (d) Stacked bar-chart showing microbiota
composition at the family level. (e-m) Relative abundances of obviously changed genera. Values represent the mean + S.E.M. *p < .05
and **p < .01 indicate significant differences vs. the CTL+PBS group, and *p < .05 and **p < .01 indicate significant differences vs. the
CRS+PBS group.
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Figure 5. Pearson correlation heatmap focusing on the correlations between microbiota and behavioral, and neurotransmitter
measurements in the PFC significantly influenced by CRS. Scale (right legend) indicates the level of positive (red) or negative (blue)

correlation, and asterisks indicate significance. *p < .05, **p < .01.

affected by the combined effects of chronic stress
and citalopram administration with higher relative
abundance in CRS+CITA group than in the other
groups.

To further elucidate the potential roles of the
microbiota-gut-brain axis, correlations were
assessed between the representative values of
behavioral changes, neurotransmitter levels in
the PFC and alterations in microbiota (Figure 5).
At the genus level, the microbiota that signifi-
cantly differed between groups were highly
correlated with the expression of Trp and its meta-
bolites. Notably, Ruminococcus was positively cor-
related with Trp expression in the PFC, implying
the role it may exert in Trp circulation along the
microbiota-gut-brain axis.** Positive correlations
of Coprobacillus and Enterorhabdus with Trp were
also observed. Additionally, Enterorhabdus exhib-
ited a negative correlation with Kyn, indicating its
potential role in Kyn metabolism. The 5-HT and
5-HIAA levels in the PFC were both negatively
correlated with the relative abundance of
Akkermansia, indicating the negative relationship
between Akkermansia and the serotoninergic sig-
naling pathway. Notably, Parabacteroides exhib-
ited a specific role in Trp signaling since it
showed a positive correlation with 5-HT but dis-
played a negative association with Kyn. These
results, taken together, provide potential evidence
for the association between gut dysbiosis, Kyn
signaling and depression-like behavioral changes.
Further studies could focus on Enterorhabdus and
Parabacteroides for their strong correlations with
both Kyn signaling and depression-like behavioral
changes.

Parabacteroides intervention impacted behavioral
changes and Trp metabolism in mice

Having determined the potential links of
Parabacteroides to Trp signaling, then the potential
roles of Parabacteroides in Trp metabolism and
behavioral changes were examined. The
Parabacteroides distasonis (PD, a species of genus
Parabacteroides) was administrated to mice by oral
gavage. As shown in Fig. S6A, restraint mice admi-
nistrated with PD displayed elevated concentration
of 5-HT as well as ratio of 5-HT to Trp in hippo-
campus (though statistically insignificant). On the
contrary, the activated Kyn pathway was suppressed
to a certain extent by PD, proved by the decreased
tendency of Kyn/Trp and 3-HK. These findings
revealed a potential role of PD in Trp metabolism,
albeit the differences were not statistically signifi-
cant. Nonetheless, the beneficial effects of this bac-
terium on metabolic reversal were observed.

Furthermore, the behavioral phenotypes after
administration of PD were evaluated. As depicted
in Fig. S6B-S6F, the depression- and anxiety-like
behaviors in CRS+PD mice were partially amelio-
rated, since the immobility time of the FST in CRS
+PD mice was markedly reduced (Fig. S6B), accom-
panied by the enhanced total track length in OFT
when compared with those in CRS+PBS mice (Fig.
S6F), implying the beneficial effects of PD on
mouse depression-like behavioral changes.

Discussion

The present study demonstrated that mice sub-
jected to CRS showed several behavioral changes
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akin to those seen in depression disorders, and the
underlying mechanisms that may be involved in
Trp metabolism through the gut-brain axis with
accompanying alterations in gut microbiota com-
position (Fig. S5). Our findings specifically expand
the understanding of the potential role of the gut
microbiota in the circulating Kyn metabolic path-
way in the potential “cross talk” between the gut
and brain induced by chronic stress. It is of parti-
cular note that this is the first, to our knowledge, to
comprehensively show detailed metabolic changes
in Trp pathway in specific intestinal sections.
5-HT, one major metabolite of Trp, has been
widely studied in its control of mood and behavior,
and in the etiology of psychopathology.”> The lack
of serotonin in the CNS (shown with TPH2 knock-
out mice) affected the proper wiring of the brain in
a manner that may trigger the emergence of neu-
ropsychiatric disorders.”® Clinical studies also
demonstrated that the serotoninergic concentra-
tion in the serum from MDD patients was only
half, or even lower, than that of healthy subjects."’
As a result, 5-HT is considered as one of the neu-
rotransmitters that are most closely related to
depression. Nonetheless, there is a paucity of
reports pertaining to the relationship between
depression and metabolic disorders of the whole
Trp pathway, especially the Kyn pathway, another
dominant  physiological ~pathway of Trp
metabolism.® Kyn can be produced from Trp in
a reaction catalyzed by the ubiquitous IDO, and
then Kyn is metabolized into neuroprotective Kna
or neurotoxic 3-HK and QA. Recently, great atten-
tion has been attached to the adverse effects of Kyn
metabolism on the pathogenesis of many diseases,
including depressive disorders.'"® A population-
based study revealed an increase in the Kyn/Trp
ratio in the serum of depressive patients.”” Animal
experiments have further proved that IDO1 inhibi-
tion ameliorated depression-like behaviors in
chronic stress or LPS-induced sickness behavior
models.”®*?** To verify the potential roles of Kyn in
mouse behavior, 1-MT, an IDO inhibitor was
employed in the current study. Noteworthily, the
depression- and anxiety-like behaviors in restraint
mice were substantially reversed by 1-MT treat-
ment. However, unknown effects of 1-MT were
found, which seem to play a role in depressive
and anxious behaviors for normal individuals.

This phenomenon is unknown. We suspected that
it may partially target on the Aryl hydrocarbon
receptor (AhR), activated by 1-MT,* thereby
implicated in depression-like changes owing to
immune/inflammatory action, which might, in
turn, disturb the specific effect of 1-MT on Kyn
signaling pathway.

Accordingly, based on the targeted metabolo-
mics, the current work expanded previous work
and comprehensively detected the whole Trp meta-
bolism in the CRS mouse model. The results
showed a shift in Trp metabolism toward Kyn
metabolism in the serum, PFC and hippocampus
of mice in the PBS-treated CRS group, while the
5-HT pathway was, to some extent, inhibited. This
finding was further validated by the observation of
significantly decreased expression of TPH2 and
upregulation of IDO1. Taken together, these find-
ings indicated the disruption in the homeostasis of
Trp-Kyn metabolism might serve as an important
factor in mediating depression-like behavior.

The brain-gut axis is a complex bidirectional
system between the CNS and the gastrointestinal
tract. As an important neurotransmitter along the
gut-brain axis, there are three main pathways of
Trp metabolism mediated by microbiota in the
gut: (1) microorganisms directly transform Trp
into several molecules to exert their own roles; (2)
the Kyn pathway in epithelial cells can be activated
through IDO1 mediated by microbiota; and (3)
TPHI1 can metabolize Trp into the 5-HT produc-
tion pathway in ECs. Intriguingly, as an important
neurotransmitter in both the brain and the gut,
5-HT is mainly located in the gut where it is synthe-
sized from Trp in the ECs. Then, the signal can be
sent from the gut to extrinsic neurons and specific
receptors to modulate brain activities through the
microbiota-gut-brain axis. Although the blood-
brain barrier (BBB) is highly selective, Trp and
Kyn can directly cross it to exert notable effects
on the homeostasis of neurotransmitters.>** In
fact, the intestinal Kyn can directly cross the BBB
to participate in the CNS synthesis of neuroactive
metabolites. However, to date, which intestinal part
involved in Kyn metabolism remains unknown.
Our study, for the first time, comprehensively ana-
lyzed the chronic stress-induced metabolic effects
on specific intestinal sections and validated the
distribution and impact of gut neurotransmitters



in both the 5-HT and Kyn pathways. Our research
demonstrated the impaired 5-HT production in the
colon but not in the small intestine. More strik-
ingly, the Kyn pathway in the ileum and colon were
partially activated under CRS, with increased levels
of Kyn in the ileum of CRS+PBS group and
decreased concentration in colon of CRS+CITA
group. However, for most segments of the intestine,
the general trends of Trp metabolites were not
significantly changed in a predictable way among
different groups, which may be ascribed to the
potential roles of the inhabiting microbiota in Trp
metabolism intervention. For instance, 5-HT bio-
synthesis from colonic enterochromaffin cells (ECs)
can be promoted by indigenous spore-forming
bacteria,”* similarly, as one of the downstream cat-
abolites of Kyn, Kyna can be produced by
Escherichia coli and liberated to the extracellular
milieu.”® To further unravel the metabolic transi-
tion between the Kyn and 5-HT pathway, the
alterations of IDO and TPH1 levels verified the
hijack of Trp metabolism into the Kyn pathway
through IDO overexpression, especially in the
colon. The impact of increased Trp metabolism
along the Kyn pathway can be viewed through the
dual lens of reduced availability of 5-HT synthesis
and increased production of neuroactive Kyn meta-
bolites related to the impact in the ENS and CNS.>*
Therefore, these data gave us a hint of targeting
colonic IDO activation in influencing the well-
balanced Trp metabolism along the gut-brain axis.
Further studies would benefit from a more com-
plete and deep mining of these crucial Kyn pathway
metabolites, both in the gut and in the CNS.

The BDNF-TrkB pathway is a key pathway in
regulating synaptic plasticity and neurogenesis.
Reduced BDNF expression in the brain has been
shown to exert a strong influence on the devel-
opment of depression.’> Our results are consis-
tent with other literatures highlighting the role
of BDNF in animal models where germ-free
mice receiving gut microbial colonization
showed altered exploratory behavior coupled
with  hippocampal expression changes of
BDNF,*® suggesting that the alterations in
BDNE-TrkB signaling may be responsible for
the development of depressive symptoms.
Although few studies have focused on the
intestinal BDNF signaling, our study extended
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to the contention that the BDNF-TrkB pathway
in the gut may exert a role that is as important
as that in the brain. The detailed mechanism
remains unclear, and further researches are
urgently needed.

Increased intestinal permeability may be induced
by bacterial elements crossing the epithelial barrier,
which is a noted marker for intestinal health. In the
current study, a significant decrease in ZO-1 pro-
tein was observed in both the ileum and colon of
CRS animals, suggesting the destruction of the
intestinal barrier. Additionally, the translocation
of pro-inflammatory mediators (for example, lipo-
polysaccharide from gram-negative gut bacteria)
and the Kyn metabolites pointed out in our study
into the peripheral circulation (also called “leaky
gut”) and further in the brain through the gut-brain
network may play a role in the pathophysiology of
depression.””®

Recently, it has become clear that the gut micro-
biota exert a critical role in the gut-brain axis,
which can be further described as the microbiota-
gut-brain axis.>>*' Intestinal dysbiosis has been
linked to stress; however, great differences exist
because of numerous impacting factors, including
the genetic background of the animal, experimental
design, environmental factors, detection methods
and so on.**”** In our study, compared with the
CTL condition, long-time stress generated
remarkable dysbiosis with a distinct clustering of
microbiota composition. The bacterial genera
Clostridium and Ruminococcus, the identified Trp-
catabolizing species, were markedly decreased in
CRS-treated animals and could be partially restored
by citalopram. Furthermore, Ruminococcus, a very
common species found in approximately 90% of
adults, showed a strong positive correlation with
Trp in the PFC, suggesting the potential effects on
Trp metabolism along the gut-brain axis in the
pathogenesis of depression.*>*® More strikingly,
Lactobacillus, many strains of which have been
used as probiotics to improve despair and anxiety-
like behaviors,*”** was decreased in mice subjected
to CRS. These data were in accordance with evi-
dence showing that the restoration of intestinal
Lactobacillus substantially improved the behavioral
abnormalities and metabolic disturbances of the
mice.”” Meanwhile, chronic stress promoted
a decrease of Lachnospiraceae compared with the
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CTL group, which further supported previous find-
ings reporting lowered Lachnospiraceae levels in
MDD patients.”® Intriguingly, a spectrum of genera
in this family can degrade food fiber and produce
short-chain fatty acids (SCFAs) that not only exert
an anti-inflammatory effect but also play a role in
enhancing the intestinal barrier. Although we did
not measure the specific levels in our work, SCFA
concentrations may have an impact on intestinal
and central Trp metabolism. Additionally, our cor-
relation heatmap unraveled the potential role of
Enterorhabdus and Parabacteroides in the circulat-
ing Kyn metabolites along the microbiota-gut-
brain axis, and few studies to date were available
related to depression in these novel species. For
Parabacteroides, one recent study demonstrated
its potential probiotic role in alleviating obesity
and metabolic dysfunctions via the production of
succinate and secondary bile acids.”" In the present
study, the beneficial effects of Parabacteroides on
CRS-induced depression- and anxiety-like beha-
vioral changes were observed. Meanwhile, it also
partially ameliorated the levels of adverse metabo-
lites in Kyn signaling pathway, such as Kyn and
3-HK, revealing the underlying relationships of
Parabacteroides with the pathogenesis of depres-
sion by influencing the Kyn pathway in gut-brain
interaction.

The intricate bidirectional interaction between
the gut microbiota and stress-related behavior
makes it difficult to unravel the cause or conse-
quences of changes, which is imperative for the
development of novel and accurate therapies or
even preventative methods. Since the microbiota
can be a source or contributor to the biosynthesis
of 5-HT and Kyn metabolites, accurate temporal
analysis of the changes in behavior, neurotransmit-
ters, enzymes and microbiota during the develop-
ment of depressive syndrome might reveal the
mechanism and cascade of the events, which is
our further research direction.

In conclusion, the current study established
a stress-induced depressive model that the distur-
bances of neurotransmitters and gut microbiota
along the gut-brain axis may be involved in.
Disparities in Trp metabolites were demonstrated
to be correlated with specific gut microbiota
changes, implying the possibility that specific

microbiome can influence the metabolic changes
in the CNS and behavior through the circulating
Kyn pathway along the gut-brain axis, which may
lead to the pathophysiology of depression. Further
studies are needed to investigate the effects of
microbial intervention on depression-like changes
and neurotransmitter metabolism. Our study pro-
vided new theoretical insights and potential bacter-
ial targets for the early intervention of depression-
like behavior, which would be beneficial to under-
standing the mechanisms of depression and other
neuropsychiatric disorders.

Materials and methods
Animals and treatments

Male C57BL/6 ] mice (6 weeks), obtained from the
Animal Core Facility of Nanjing Medical
University, were housed in groups of 5 per cage
with ad libitum access to food and water in the
same temperature (22 + 1°C) and humidity-
controlled (55 + 5%) animal room with a 12 h
light/dark cycle. All mice were left undisturbed for
2 weeks prior to commencing any procedures. All
procedures described here were performed accord-
ing to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and
Use Committee of Nanjing Medical University
(Approval No. IACUC-1803017).

After acclimatization, mice were randomly
divided into two groups, the control (CTL) group
and the CRS group where mice were subjected to
chronic restraint stress by being placed into 50 mL
conical tubes with holes for air flow for 3-4 h
per day for 14 consecutive days. Afterward, the
two groups were further divided into two sub-
groups individually:

(1) Receiving phosphate buffer solution (PBS,
without Ca** and Mg,>* pH 7.4) or citalopram
hydrobromide (CITA, 10 mg/kg/d) daily. In other
words, the following four groups were included in
the second period: 1) CTL+PBS; 2) CTL+CITA; 3)
CRS+PBS; 4) CRS+CITA. Dissolved in PBS, citalo-
pram hydrobromide was prepared every day before
injection and administered intraperitoneally (i.p.)
for 21 d.



(2) The IDO inhibitor, 1-methyl-tryptophan
(1-MT, Sigma-Aldrich, USA) was administered intra-
peritoneally at a dose of 15 mg/kg/d for 21 d. In this
section, the CTL group and the CRS group were
further sorted into two sub-groups, respectively,
using PBS or 1-MT. Considering the solubility of
this inhibitor, drug powder was dissolved in 0.1 M
sodium hydroxide and then the pH was adjusted to
9.0 by hydrochloric acid with a dilution volume ratio
of 1:1 before administration.

(3) Parabacteroides distasonis (PD, ATCC 8503)
strain was cultured in blood agar medium at 37°C
under anaerobic conditions (80% N2, 10% CO2,
10% H2). Then, the cell suspension for oral admin-
istration was prepared by suspending cultured bac-
terium in sterile PBS with a final density of 4 x 10"
CFU/mL. Mice were divided into four groups,
including CTL+PBS, CTL+PD, CRS+PBS and
CRS+PD. The PD groups were given 200 pL/
mouse suspension solution continuously for 28 d,
while the other groups received an equivalent
volume of sterile PBS by gavage.

Behavioral testing

Behavioral tests (N = 8) were performed at the end of
both periods. The schedule of these tests was arranged
to avoid carry-over effects from the prior testing
experience (in order: open field test (OFT), elevated
plus maze (EPM), sucrose preference test (SPT) and
forced swim test (FST); see Supplementary Materials
for details). At the end of the second set of behavioral
tests, all the mice were sacrificed for further evalua-
tions. The analysis was performed blinded to the
detailed experimental conditions.

Western blotting analysis

After anesthesia, each animal was sacrificed, and
the brain and intestine regions of interest were
collected and then immediately frozen at —80°C
for subsequent analysis (N = 10). The following
primary antibodies were applied: (a) rabbit anti-
ZO-1 (1:2000, Proteinetch Group, Chicago, IL,
United States); (b) mouse anti-Trk B (1:2000,
Santa Cruz Biotechnology, CA); (c) rabbit anti-
TPH (1:500, Abcam, Cambridge, MA); (d) rabbit
anti-TPH2 (1:1000, Abcam); (e) mouse anti-IDO1
(1:5000, Proteinetch); (f) rabbit anti-MAOA
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(1:5000, Abcam); (g) rabbit anti-MAOB (1:3000,
Abcam); (h) rabbit anti-TH (1:500, Abcam); (i)
rabbit anti-BDNF (1:4000, Abcam). The detailed
extraction and detection methods are described in
the Supplementary Materials.

Microbiota analysis by 16S sequencing

Please see Supplementary Materials for detailed
information related to the microbiota analysis.
Briefly, samples (5 g) of fresh stool were collected
into a sterile EP tube from respective stages, snap-
frozen on dry ice and stored at —80°C until proces-
sing. Following DNA extraction, fecal microbiota
profiling was performed by paired-end 16S rRNA
gene amplicon sequencing (2 x 300), based on an
[lumina MiSeq platform.

Histology

Formalin-fixed intestinal samples were embedded in
paraffin, sliced into 5-um thickness and stained with
hematoxylin and eosin (H&E). Photomicrographs
were scanned and viewed using Pannoramic scanner
(3DHISTECH, Germany).

Measurement of neurotransmitter levels

Mice from each group (N = 10) were sacrificed, and
brain (prefrontal cortex (PFC) and hippocampus),
gut (duodenum, jejunum, ileum, colon and cecum)
and blood samples were harvested. Blood samples
were centrifuged for 10 min at 1500 g and the upper
serum was collected for analysis. The gut samples
were washed with PBS to remove contents. All
these samples were immediately stored at —80°C
until analysis. The sample pretreatment procedures
were performed according to our previous work.”>
See Supplementary Materials for information on
instrumental sample treatment.

A UHPLC Ultimate 3000 system coupled with
a Q Exactive hybrid quadrupole-orbitrap mass
spectrometer was wused for determination.
Separation was carried out in an Acquity BHE-
C18 column (100 mmx2.1 mm, 1.7 um) at 35°C.
The mobile phases were water consisted of 0.1%
formic acid (component A) and acetonitrile (com-
ponent B). The chromatogram was run under mul-
tistep gradient conditions at a flow rate of 0.25 mL/
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min. The parallel reaction monitoring (PRM) was
used for quantitative analysis. Instrument control,
data acquisition and analysis were performed with
Thermo XCalibur 2.2 software.

Statistical analysis

Analyses were performed blinded to treatment
assignments in all experiments. Statistical analyses
were performed with SPSS statistics 20.0 software.
The results are represented as the mean + SEM.
When normality and equal variance between sam-
ple groups were achieved, two-way ANOVA fol-
lowed by Fisher’s Least Significant Difference
(LSD) test was used. If failed, two-way ANOVA
followed by Dunn’s correction was performed.
Correlation analyses were performed using
a Pearson correlation coefficient. The threshold
for statistical significance was set as P < .05.
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