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ARTICLE INFO ABSTRACT

Keywords: Depression can be associated with chronic systemic inflammation, and production of peripheral proinflammatory
Colitis cytokines and upregulation of the kynurenine pathway have been implicated in pathogenesis of depression.
Cyto_kine o . However, the mechanistic bases for these comorbidities are not yet well understood. As tryptophan 2,3-dioxyge-
Anxiodepressive-like behavior . . . . . s

Dopamine nase (TDO) and 1ndolearn.1ne 2,3-dioxygenase (IDO), which convert‘try.pt.ophan to kynurenine, are rate—hr.mtmg
Inflammation enzymes of the kynurenine pathway, we screened TDO or IDO inhibitors for effects on the production of
Kynurenine proinflammatory cytokines in a mouse macrophage cell line. The TDO inhibitor 680C91 attenuated LPS-induced
Macrophage pro-inflammatory cytokines including IL-1f and IL-6. Surprisingly, this effect was TDO-independent, as it
STAT occurred even in peritoneal macrophages from TDO knockout mice. Instead, the anti-inflammatory effects of
TDO 680C91 were mediated through the suppression of signal transducer and activator of transcription (STAT)

signaling. Furthermore, 680C91 suppressed production of proinflammatory cytokines and STAT signaling in an
animal model of inflammatory bowel disease. Specifically, 680C91 effectively attenuated acute phase colon
cytokine responses in male mice subjected to dextran sulfate sodium (DSS)-induced colitis. Interestingly, this
treatment also prevented the development of anxiodepressive-like neurobehaviors in DSS-treated mice during
the recovery phase. The ability of 680C91 to prevent anxiodepressive-like behavior in response to chemically-
induced colitis appeared to be due to rescue of attenuated dopamine responses in the nucleus accumbens.
Thus, inhibition of STAT-mediated, but TDO-independent proinflammatory cytokines in macrophages can pre-
vent inflammation-associated anxiety and depression. Identification of molecular mechanisms involved may
facilitate the development of new treatments for gastrointestinal-neuropsychiatric comorbidity.

1. Introduction

Inflammation accompanying peripheral immune activation is asso-
ciated with psychiatric disorders including depression and anxiety
(Beurel et al., 2020). Increases in peripheral proinflammatory cytokines
such as IL-1, IL-6 and TNFoa have been implicated in pathogenesis of
depression (Howren et al., 2009; Kohler et al., 2017; Beurel et al., 2020).
Patients with inflammatory bowel disease (IBD) including ulcerative
colitis and Crohn’s disease present with high prevalence of depression
and anxiety (Neuendorf et al., 2016; Abautret-Daly et al., 2018; Barberio

* Corresponding author.
E-mail address: nishia@kurume-u.ac.jp (A. Nishi).

et al., 2021). As evidence of this strongly-linked comorbidity continues
to emerge, it is important to better understanding how inflammatory
disorders can be treated so that depression susceptibility may be limited.

To study IBD pathogenesis and pharmacological therapies, animal
models of IBD such as DSS-induced colitis have been used (Perse and
Cerar, 2012). DSS, administered in drinking water, penetrates colon
epithelial cells and induces the production of macrophage-derived cy-
tokines such as IL-1, IL-6, and TNFa without requiring T cell activation
in the acute phase (Dieleman et al., 1994). The cytokine profiles
correlate with clinical and histological parameters of DSS-induced colitis
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(Perse and Cerar, 2012). Pathways that trigger the production of
proinflammatory cytokines in macrophages are, thus, rational thera-
peutic targets for the control the intestinal inflammation in DSS-induced
colitis.

Tryptophan is metabolized by two divergent pathways where it can
either be converted to serotonin (5-hydroxytrypamine, 5-HT) or
kynurenine. Unabsorbed tryptophan is metabolized by intestinal mi-
croorganisms into several molecules such as indole derivatives, trypt-
amine and skatole, which are aryl hydrocarbon receptor ligands
(Modoux et al., 2021). The activation state of the kynurenine pathway is
intertwined with inflammatory responses (Baumgartner et al., 2019).
Furthermore, upregulation of the kynurenine pathway can occur in
psychiatric disorders including depression and schizophrenia (Chen and
Guillemin, 2009; Schwarcz et al., 2012; Cervenka et al., 2017). Kynur-
enine is produced from tryptophan by tryptophan 2,3-dioxygenase
(TDO) or indoleamine 2,3-dioxygenase (IDO1/IDO2), and is the pre-
cursor to a series of tryptophan metabolites. Inflammation stimulates
IDO induction in macrophages and dendritic cells, leading to an increase
in kynurenine metabolites and corresponding decreases in tryptophan
and 5-HT (Maes et al., 2011; Schwarcz et al., 2012).

Glucocorticoid production in response to stress increases TDO ac-
tivity in the liver, causing tryptophan and 5-HT depletion in the plasma
and brain (Maes et al., 2011; Ohta et al., 2017). Tryptophan and 5-HT
levels are elevated in the plasma and brain (midbrain and hippocam-
pus) of TDO knockout mice, which exhibit reduced anxiety-related be-
haviors (Kanai et al., 2009; Hattori et al., 2018). When the kynurenine
pathway is upregulated, the increased kynurenine in plasma crosses the
blood-brain barrier, triggering the synthesis of excitotoxic metabolites
such as quinolinic acid by microglia with corresponding reduction in
brain 5-HT synthesis (Maes et al., 2011; Schwarcz et al., 2012). Qui-
nolinic acid causes neuronal excitotoxicity and induces the production
of reactive oxygen species (ROS) and nitric oxide (NO), leading to the
oxidation of tetrahydrobiopterin (BH4) and the reduction of brain
dopamine synthesis (Felger and Treadway, 2017). Thus, the upregula-
tion of the kynurenine pathway results in the increased susceptibility to
depression.

Kynurenine can act as an oncometabolite in the colon, facilitating an
immunologically susceptible microenvironment for neoplastic cells to
survive and invade surrounding tissue (Ala, 2021). Thus, TDO and/or
IDO inhibitors are being actively developed as potential cancer immu-
notherapies (Cheong and Sun, 2018; Kim and Tomek, 2021). However,
given the interaction between inflammation, kynurenine metabolism,
and neuropsychiatric disorders, we hypothesized that drugs targeting
the kynurenine pathway might also serve as potential treatments for
mood disorders, and depression associated with inflammation in
particular. To test this, we conducted ex vivo and in vivo studies that link
inflammation to anxiodepressive-like behaviors and suggest that anti-
inflammation therapy may disrupt gastrointestinal inflammation-
depression comorbidity.

2. Materials and methods
2.1. Animals

Male C57BL/6J mice were purchased from CLEA Japan (Tokyo,
Japan). Male wild-type and TDO knockout mice were obtained from
breeding pairs of heterozygous knockout mice (Kanai et al., 2009). Mice
at 8-12 weeks of age were used. Mice were housed 2-4 per cage and
were maintained on a 12-h light/dark cycle (lights on from 7:00 am to
7:00 pm) with access to food and water ad libitum. All mice used in this
study were handled in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the U.S. National Institutes of Health,
and the specific protocols were approved by the Institutional Animal
Care and Use Committee of Kurume University School of Medicine.
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2.2. Preparation of mouse peritoneal macrophages

Peritoneal macrophages were prepared from thioglycollate-elicited
peritoneal cells in wild-type and TDO knockout mice, as previously re-
ported (Koga et al., 2013). Mice were intraperitoneally injected with 2
mL of 4% thioglycollate (Sigma-Aldrich, St. Louis, MO). Peritoneal
exudate cells were collected from the peritoneal cavity 3 or 4 days after
injection and the cell suspension in complete medium (RPMI1640 me-
dium supplemented with 10% fetal bovine serum) were incubated in 35
mm culture dish. After 2 h, the cells were washed three times with PBS
and cultured in the complete medium. The adherent cells were used as
peritoneal macrophages for the experiments.

After 24 h of culture, peritoneal macrophages were incubated with
vehicle or a TDO inhibitor, 680C91 (1, 10, 50 pM) (Tocris Bioscience,
Bristol, UK). After 30 min of incubation, lipopolysaccharide (LPS)
(FUJIFILM Wako, Osaka, Japan) at 100 ng/ml was added and the
macrophages were incubated for 5 h. The peritoneal macrophages were
harvested for mRNA assays.

2.3. Cell culture of Raw 264.7 cells and THP-1 cells

Raw 264.7 cells, which are macrophage-like cell line derived from
Balb/c mice, were seeded in RPMI1640 medium supplemented with
10% fetal bovine serum in 35 mm culture dish. Raw 264.7 cells were
maintained at 37 °C in humidified 95% air/5% CO,. After 24 h of cul-
ture, Raw 264.7 cells were incubated with vehicle, a TDO inhibitor [6-
Fluoro-3-((1E)-2-(3-pyridinyl)ethenyl)-1H-indole (680C91; 1, 10, 50
pM) or trans-6-Fluoro-3-(2-(1H-tetrazol-5-yl)vinyl)-1H-indole (LM10;
10, 50 pM) (Selleck, Houston, TX)], an inhibitor of IDO/TDO pathway
and IDO2 [1-methyl-D-tryptophan (D-1-MT; 1, 10 pM) (Sigma-Aldrich)]
(Fox et al., 2018), or an IDO1 inhibitor [epacadostat (1, 10 uM) (Adip-
oGen Life Sciences, San Diego, CA)] for 30 min. After 30 min of incu-
bation, LPS at 100 ng/ml was added and the cells were incubated for 5 h.
The cells were harvested for mRNA and/or protein assays.

THP-1 cells, a human monocytic leukemia-derived cell line, were
cultured in RPMI1640 supplemented with 10% fetal bovine serum in 35
mm culture dishes. To induce monocytes differentiated into macro-
phages, cells were incubated with phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich) at a concentration of 10 ng/ml for 48 h. The
THP-1-derived macrophages were then treated with vehicle, 680C91
(10 uM) or epacadostat (10 uM) for 30 min. After 30 min of incubation,
LPS at 100 ng/ml was added and the cells were incubated for 5 or 24 h
and harvested for measurements of tryptophan and kynurenine.

2.4. Dextran sulfate sodium (DSS)-induced colitis in mice

Acute colitis was induced by DSS in C57BL/6J mice or wild-type and
TDO knockout mice. 3% DSS (MW 36-50 kD, MP Biomedicals, Irvine,
CA) was administered in drinking water for 8 days, as previously
described (Theiss et al., 2011; Chassaing et al., 2014). Vehicle control
(saline containing 1% DMSO, 5% PEG 400, 5% Tween 20) or 680C91 (8
mg/kg, 0.05 mL/10 g body weight) was administrated intraperitoneally
(i.p.) once a day for 8 consecutive days (day 1-8). The dose of 680C91 in
vivo was chosen based on previous reports (Salter et al., 1995; Bessede
et al., 2014; Abuin-Martinez et al., 2021). On day 8, the mice were
sacrificed, and the colon from ileocecum to 1 cm above the anus was
dissected. The colon length was measured, and tissues from the mid
colon were collected for mRNA and protein assays. As traces of DSS in
RNA preparations from colon tissues have been known to interfere with
PCR amplification, DSS traces were removed by double precipitation of
RNA with LiCl using the modified RNA cleaning protocol (Oldak et al.,
2018).

2.5. Quantitative real-time PCR

Total RNA was isolated from peritoneal macrophages, Raw 264.7
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cells and colon tissues using Sepasol RNA I Super G (Nacalai Tesque,
Kyoto, Japan). After genomic DNA cleaning, cDNA was obtained by total
RNA reverse transcription using a QuantiTect Reverse Transcription Kit
(Qiagen, Valencia, CA). Real-time PCR was performed using LightCycler
480 System II (Roche, Basel, Switzerland) with GeneAce SYBR qPCR Mix
a No ROX (NIPPON GENE CO., LTD., Tokyo, Japan) for IL-1p, IL-6 and
TNFa or QuantiFast SYBR Green PCR Master Mix (Qiagen, Valencia, CA)
for TDO. The primer sequences are listed in Table A.1. The relative
mRNA levels of individual samples were calculated with the compara-
tive Ct method (2 24CY,

2.6. Western blot analysis

Raw 264.7 cells were lysed with RIPA buffer. Colon tissues were
sonicated in boiling 1% sodium dodecyl sulfate (SDS) containing 50 mM
sodium fluoride and boiled for an additional 10 min. Small aliquots of
the homogenate were retained for protein determination using the BCA
protein assay method (Pierce, Rockford, IL). The protein was separated
by SDS-PAGE, and transferred to nitrocellulose membranes. The mem-
branes were immunoblotted using phosphorylation state-specific anti-
bodies for phospho-Tyr701 STAT1 (sc-136229, 1:1,000, Santa Cruz
Biotechnology, Dallas, TX) and phsopho-Tyr705 STAT3 (#9145,
1:2,000, Cell Signaling) and antibodies generated against Pro-IL1f (AF-
401-NA, 1:1,000, R&D Systems, Minneapolis, MN), STAT1 (sc-464,
1,1000, Santa Cruz Biotechnology), STAT3 (#9139, 1:1,000, Cell
Signaling Technology, Danvers, MA) and p-actin (#4970, 1:2,000 dilu-
tion, Cell Signaling Technology; 66009-1-Ig, 1:1,000 dilution, Pro-
teintech, Rosemont, IL). The membrane was incubated with a goat anti-
mouse or rabbit Alexa 680-linked IgG (1:5,000 dilution, Thermo Fisher
Scientific, Waltham, MA), a donkey anti-Goat Alexa 680-linked IgG
(1:5,000 dilution, Thermo Fisher Scientific) or a goat anti-mouse or
rabbit IRDye800-linked IgG (1:5,000 dilution, Thermo Fisher Scientific).
Fluorescence at infrared wavelengths was detected by the Odyssey
infrared imaging system (LI-COR, Lincoln, NE) and quantified using the
Odyssey software.

2.7. Behavioral analyses

2.7.1. Elevated plus maze test (EPM)

The apparatus of elevated plus maze consists of two open arms (25 x
8 cm) and two closed arms (25 x 8 x 15 cm) elevated 65 cm above the
floor. Each mouse was placed in the center facing the open arms and
allowed to explore for 5 min. The time spent in the open arms and the
number of open arm entries were measured using SMART Video
Tracking System (Panlab, Barcelona, Spain).

2.7.2. Open field test (OFT)

A white plexiglas box (42 x 42 x 42 cm) was used for the open field
test. Each mouse was introduced into the center of the chamber at the
beginning of the test and the time spent in central zone and total traveled
distance in 10 min were measured using SMART Video Tracking System.

2.7.3. Tail suspension test (TST)

The mice were suspended by their tails from a metal rod, 60 cm
above the surface of table with an adhesive tape. After 1 min acclima-
tization, the immobility time was recorded for 5 min.

2.7.4. Sucrose preference test (SPT)

The mice were singly housed during 4 days of task, and were pre-
sented with two bottles, containing tap water or a 1.0% sucrose solution.
After habituation to consume liquid from small bottles for 2 days, the
sucrose preference was measured during the next 2 days. To prevent a
possible place preference, the positions of two bottles were switched
each day. The sucrose preference over the 2 days of period was calcu-
lated as [average sucrose solution intake (g) / average total liquid intake
(g)] x 100.
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2.8. Dopamine measurement with in vivo microdialysis

Microdialysis probes [I-shaped cannulas: customized home-made
probes using dialysis membrane (Hospal Industrie, Meyzieu, France)]
were implanted in the unilateral nucleus accumbens (NAc) (exposed
length 1.5 mm) of mice under xylazine (8 mg/kg, i.p.) and sevoflurane
(2-5%) anesthesia and local application of 0.1% lidocaine. The co-
ordinates of the implantation were A/P 4+ 1.4 mm, L/M 0.6 mm from the
bregma and V/D —4.5 mm from the dura to target the NAc (Paxinos and
Franklin, 2004). After surgery, the mice were housed individually in
plastic cages (30 x 30 x 40 cm) for recovery.

Microdialysis experiments were performed 3 or 4 days after im-
plantation of the probe as previously described (Hanada et al., 2018). An
online approach for real-time quantification of dopamine was used. The
flow rate of Ringer’s solution was 2.0 pl/min. The 20-min sample frac-
tions collected through the dialysis probes were directly injected to high-
performance liquid chromatography using a reverse-phase column (150
% 4.6 mm, Supelcosil LC18; Merck, Darmstadt, Germany) with electro-
chemical detection. An LC-20AD pump (Shimadzu Corporation, Kyoto,
Japan) was used in conjunction with an electrochemical detector (po-
tential of the first cell, +180 mV; potential of the second cell, —180 mV)
(ESA, Chelmsford, MA). The mobile phase was a mixture of 4.1 g/L so-
dium acetate adjusted to pH 4.1, 100 mg/L NayEDTA, 120 mg/L octa-
nesulfonic acid and 10% methanol. The flow rate was 0.4 mL/min. The
detection limit of the assay was approximately 0.9 fmol per sample (on-
column). The composition of Ringer’s solution was (in mM) NaCl 140.0,
KCl 4.0, CaCl, 1.2, and MgCl, 1.0. At the end of the experiments, the
mice were given an overdose of sevoflurane, and the brains were fixed
with 4% paraformaldehyde via intracardiac infusion. Coronal sections
(50 um) were cut, and dialysis probe placement was localized using the
atlas of Paxinos and Franklin (Paxinos and Franklin, 2004). Misplace-
ment of the microdialysis probes was not observed in any experimental
animals used for the study.

2.9. Rewarding stimuli

Dopamine in the NAc were measured in response to cocaine infusion
into the NAc (Hanada et al.,, 2018) and rewarding stimuli such as
palatable food and exposure to a female mouse.

2.9.1. Palatable food

After microdialysis probe implantation, approximately 1 g of Home
Pie (Fujiya, Tokyo, Japan), to which mice exhibit palatability, was
introduced to the mice to promote habituation. During the experimental
period, after obtaining three stable consecutive samples of dopamine,
the mice were exposed to approximately 1 g of palatable food for 20 min.
After 20 min, leftover palatable food was removed, while the mouse had
free access to regular food and water all the time (Kawahara et al., 2013;
Hanada et al., 2018).

2.9.2. Exposure to a female mouse

During the experimental period, male mice were exposed to female
C57BL/6N mice at the same age, purchased from Japan SLC (Shizuoka,
Japan), after obtaining three stable consecutive samples of dopamine.
Female mice enclosed in a clear acrylic cage (10 x 10 x 20 cm) with 1
cm slits were placed in the plastic cage (30 x 30 x 40 cm) of male mouse
for 20 min, and thereafter, the female mouse and the clear acrylic cage
were removed (Hanada et al., 2018).

2.10. Measurements of tryptophan and kynurenine in THP-1-derived
macrophages

Tryptophan and kynurenine were measured in THP-1-derived mac-
rophages, as previously described (Murakami et al., 2021). THP-1-
derived macrophages were sonicated with 500 pl of homogenization
buffer (20 mM potassium phosphate buffer, pH 7.0, containing 0.14 M
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KCl). The cell lysates were centrifuged (14,000 rpm x 20 min, 4 °C), and
the supernatant was collected. Small aliquots of the supernatant were
retained for protein determination using the BCA protein assay method
(Pierce, Rockford, IL). The supernatant was diluted (1:2, v/v) in 10%
perchloric acid (FUJIFILM Wako, Osaka, Japan) for measurements of
tryptophan and kynurenine. After through mixing, the precipitated
proteins were removed by centrifugation (14,000 rpm x 20 min, 4 °C),
and 40 pl of liquid above the precipitation was subjected to high-
performance liquid chromatography (HPLC) analysis for measure-
ments of tryptophan and kynurenine. Tryptophan and kynurenine were
gradient-eluted from a reverse-phase chromatography column (CAP-
CELL PAK ADME S3, 100 mm [L] x 2.1 mm [internal diameter; ID], 3-
pm particle size, Osaka Soda Co., LTD, Osaka, Japan) with a mobile
phase containing 10 mM ammonium formate buffer (pH 4.0), and
0-25% (v/v) gradient of acetonitrile at a flow rate of 0.2 mL/min.
Tryptophan and kynurenine were detected using an ultraviolet and
visible spectrophotometric detector (UV detector, SPD-20A, Shimadzu
Co., Kyoto, Japan) (UV wavelength for TRP: 280 nm, for KYN: 254 nm).

2.11. Statistical analysis

The data are displayed as Mean + S.E.M. The significance of differ-
ences within each group was determined with one-way ANOVA fol-
lowed by Bonferroni post hoc test. When two groups were compared,
Student’s t-test or two-way ANOVA followed by Bonferroni post hoc test
was used. The analyses were performed using Prism 7.0 software
(GraphPad Software, San Diego, CA). For analyses of microdialysis data,
all values were expressed as a percentage of the basal values (100%),
obtained as the average of three stable baseline samples. The values
obtained after cocaine infusion or exposure to palatable food or female
mouse were compared with the basal values using mixed linear models
with the measurement time as a covariate, and Bonferroni’s correction
was applied for multiple comparisons using the SAS MIMED procedure
(Version 9.4, SAS Institute, Cary, NC). Repeated measures two-way
ANOVA were used to compare the experimental groups (JMP Pro, SAS
Institute). p < 0.05 was considered to be significant. Details of the sta-
tistical analysis are listed in Table A.2.

3. Results

3.1. Suppression of the expression of pro-inflammatory cytokine mRNAs
in LPS-treated Raw 264.7 cells by 680C91, but not other TDO or IDO
inhibitors

To better understand the link between inflammation and kynurenine
metabolism, we assessed the effects of TDO inhibitor treatment of
macrophage-like Raw 264.7 cells on LPS-induced cytokine gene
expression (Fig. 1A). As one TDO inhibitor that was readily commer-
cially available, we chose 680C91. LPS stimulation of Raw 264.7 cells
for 5 h induced the expression of IL-1p, IL-6 and TNFa mRNAs (Fig. 1B-
D). Treatment of Raw 264.7 cells with 680C91 suppressed the LPS-
induced expression of IL-1p and IL-6 mRNAs (Fig. 1B, C), but not of
TNFa mRNA (Fig. 1D), without affecting the basal expression of IL-1p,
IL-6 or TNFa mRNA (Fig. 1E-G). Toward validation that 680C91 was
acting to attenuate cytokine responses in these cells, TDO mRNA was
quantitated. Somewhat surprisingly, the expression of TDO mRNA in
Raw 264.7 cells was below the limit of PCR detection (Fig. 1H), sug-
gesting that 680C91 has the ability to suppress LPS-induced expression
of proinflammatory cytokines via TDO-independent mechanisms. In
contrast, another TDO inhibitor, LM10, or an inhibitor of IDO/TDO
pathway and IDO2, D-1-MT, did not suppress the LPS-induced expres-
sion of IL-1p, IL-6 or TNFou mRNA in Raw 264.7 cells (Fig. 1B-D, 11-K),
although an IDO1 inhibitor, epacadostat, slightly suppressed the LPS-
induced expression of IL-1p and IL-6 mRNAs at the high concentration
(10 uM) (Fig. 1I-K). The TDO-independent suppression of LPS-induced
expression of proinflammatory cytokines seems to be specific features
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of 680C91 among the classes of TDO or IDO1 inhibitors, although not all
TDO or IDO1 inhibitors tested.

To be sure that 680C91 and epacadstat have abilities to inhibit TDO
and IDOL1 in cells, respectively, THP-1cells, which are known to express
TDO and IDO1 (Fujigaki et al., 2006; Hoffmann et al., 2019), were
stimulated with LPS for 5 and 24 h, and the production of kynurenine
from tryptophan was evaluated in the presence of 680C91 or epacadstat
(Fig. A.1A). LPS stimulation for 5 h did not affect the production of
kynurenine from tryptophan, but 680C91 and epacadstat reduced the
kynurenine contents below the basal levels (Fig. A.1B-D). After 24 h of
LPS stimulation, kynurenine contents were increased by ~5-fold, and
the increases of kynurenine contents and kynurenine/tryptophan ratio
were abolished by 680C91 or epacadstat (Fig. A.1E-G). These results
suggest that 680C91 regulates cellular function via TDO-dependent and
independent mechanisms.

3.2. 680C91 down-regulates the expression of pro-IL-1p protein and the
LPS signaling pathway in LPS-treated Raw 264.7 cells

Next, we examined the effects of 680C91 on the LPS-induced
expression of pro-IL-1f protein, a precursor of IL-1p, and the LPS-
induced phosphorylation of STAT1 and STAT3, which were known to
play a role in IL-1p induction (Lee et al., 2006; Samavati et al., 2009).
Treatment of Raw 264.7 cells with LPS markedly increased the protein
levels of pro-IL-1p (Fig. 2A) and the phosphorylation of STAT1 at Tyr701
(Fig. 2B) and STAT3 at Tyr705 (Fig. 2C). The LPS-induced increases in
pro-IL-18 and p-STAT1 were suppressed by 680C91 (Fig. 2A, B). In
addition, 680C91 showed the tendency to suppress the LPS-induced
increases in p-STAT3 (Fig. 2C). We also examined the expression of
IFN regulatory factor 3 (IRF3), p38 mitogen-activated protein (MAP)
kinase, extracellular signal-regulated kinase (ERK), nuclear factor-xB
(NF-kB), Akt, p70 S6 kinase (p70S6K) and interferon p (IFNp), which are
known as intracellular activation factors induced by LPS (Akira et al.,
2006; Qin et al., 2016). 680C91 had no detectible effect on the LPS-
induced expression of these inflammation-related genes (data not
shown). These results confirm that 680C91 suppresses the expression of
IL-1pB and the activation of LPS signaling molecules.

3.3. 680C91 suppresses the expression of LPS-induced pro-inflammatory
cytokine mRNAs in peritoneal macrophages prepared from wild-type and
TDO KO mice

To investigate whether TDO is involved in anti-inflammatory action
of 680C91 or not, peritoneal macrophages prepared from wild-type and
TDO KO mice were stimulated with LPS in the absence or presence of
680C91 (Fig. 3A). LPS stimulation of peritoneal macrophages induced
the expression of IL-1p, IL-6 and TNFa mRNAs in both wild-type and
TDO KO mice (Fig. 3B-D). Treatment of peritoneal macrophages with
680C91 dose-dependently suppressed the LPS-induced expression of IL-
1p and IL-6 mRNAs similarly in wild-type and TDO KO mice (Fig. 3B, C).
The expression of TNFa mRNA was increased by 680C91 at the highest
concentration (50 uM) in both wild-type and TDO KO mice (Fig. 3D).
Interestingly, the TDO inhibitor, 680C91, suppressed the LPS-induced
expression of IL-1f and IL-6 mRNAs in peritoneal macrophages from
TDO KO mice as well as from wild-type mice. Therefore, we measured
the expression of TDO mRNA in peritoneal macrophages and found that
the expression levels of TDO mRNA was extremely low or below the
limit of PCR detection in peritoneal macrophages from wild-type mice
(Fig. 3E).

3.4. 680C91 attenuates the inflammatory responses in the acute phase of
DSS-induced colitis

The ex vivo studies investigating the anti-inflammatory effects of
TDO inhibitors yielded a surprising result, in that one compound,
680C91 attenuated inflammatory responses by macrophage-like cells
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Fig. 1. Effects of TDO inhibitors, 680C91 and LM10, and IDO inhibitors, 1-MT and epacadostat, on the expression of pro-inflammatory cytokine mRNAs in LPS-
treated Raw 264.7 cells. (A) Experimental design for treatment of Raw 264.7 cells with LPS and TDO/IDO inhibitors. (B-D) Effects of the TDO inhibitor, 680C91
(1, 10, 50 uM) or LM10 (10, 50 uM), on the mRNA levels of IL-1f (B), IL-6 (C) and TNF« (D) in LPS-treated Raw 264.7 cells. After 30 min of incubation with 680C91
or LM10, Raw 264.7 cells were stimulated with LPS at 100 ng/ml for 5 h in the continuous presence of 680C91 or LM10. The mRNA levels were normalized to LPS
alone treatment. (E-G) Effects of 680C91 alone (1, 10, 50 uM) on the mRNA levels of IL-1f (E), IL-6 (F) and TNFa (G) in LPS-untreated Raw 264.7 cells. The mRNA
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LPS alone. Data represent mean + SEM, and the number of experiments in each group is provided under columns. ~“p < 0.001 vs. the control group; Student’s t-test.
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number of experiments in each group is provided under columns. =

“p < 0.001 vs. the control group; 'p < 0.001 vs. the group with LPS alone; *p < 0.05, #p < 0.001

vs. the group with 680C91 alone; two-way ANOVA and Bonferroni multiple comparison test.

through undefined TDO independent actions. Given the link between
bowel inflammation and mood disorders in humans, we wondered if the
anti-inflammatory effects of 680C91 might be used to uncouple gut-
brain comorbidity. To test this hypothesis, the anti-inflammatory ef-
fects of 680C91 in vivo were first examined in the acute phase of DSS-
induced colitis (Fig. 4A). Systemic administration of 680C91 (i.p.)
from Day 1 to 8 prevented the loss of body weight (Fig. 4B) and the
shortening of colon length (Fig. 4C) in mice treated with DSS for 8 days
(Day 1-8). DSS markedly increased the mRNA expression of IL-1§
(Fig. 4D), IL-6 (Fig. 4E) and TNFa (Fig. 4F) in colon tissues obtained on
Day 9. Similar to the effects observed in cultured cells, administration of
680C91 suppressed the DSS-induced increases in pro-inflammatory
cytokine mRNAs (Fig. 4D-F). DSS also increased the protein levels of
pro-IL-1f (Fig. 4G, H) and the phosphorylation of STAT1 at Tyr701 and
STAT3 at Tyr705 without affecting the protein levels of STAT1 and
STAT3 (Fig. 4I-K). Administration of 68,091 suppressed the DSS-
induced increases in pro-IL-1p and the phosphorylation of STAT1 and
STAT3 (Fig. 4G-4 K). These findings demonstrate that 680C91 attenu-
ates the inflammation of colon and inflammatory responses of cytokines
and the STA1/STAT3 signaling pathway in mice in the acute phase of
DSS-induced colitis.

The effects of 680C91 were examined in the acute phase of DSS-
induced colitis in wild-type and TDO KO mice (Fig. A.3A). 680C91
administration attenuated the DSS-induced shortening of colon length
(Fig. A.3B) and the DSS-induced increases in the expression of IL-1f and
IL-6 mRNAs (Fig. A.3C-E) in TDO KO mice as well as wild-type mice. The
results suggest that 680C91 inhibits inflammatory responses in DSS-
induced colitis via TDO-independent mechanisms in vivo.

3.5. Inflammatory responses of DSS-induced colitis in the recovery phase

After 21 days of recovery time from last DSS administration, the
weight loss and the shortening of colon length in the DSS group observed
on Day 9 were returned to the similar levels with those in the control
group on Day 30 (Fig. 5B, C). In colon tissues, the levels of IL-1$ and IL-6
mRNAs were still increased in the DSS group on Day 30, but the increase
was much smaller than those in the acute phase (0.4% of IL-1p mRNA
and 3.6% of IL-6 mRNA compared with those in the DSS group on Day 9)
(Fig. 5D, E). 680C91 suppressed the small DSS-induced increases in IL-
1p and IL-6 mRNAs. The effects of DSS on TNFa mRNA were not detected
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on Day 30 (Fig. 5F). Except the slight increases in p-STAT3 in the DSS
group, DSS and/or 680C91 induced no obvious effects on the protein
levels of pro-IL-1f (Fig. 5F) or the phosphorylation of STAT1 (Fig. 5G) or
STAT3 (Fig. 5H) on Day 30. These findings suggest that the inflamma-
tory responses to DSS largely subside in the recovery phase of DSS-
induced colitis, and the prolonged slight induction of pro-
inflammatory cytokines were suppressed by 680C91.

3.6. Effects of 680C91 on anxiodepressive-like behaviors in the recovery
phase of DSS-induced colitis

We next investigated the effects of 680C91 on anxiodepressive-like
behaviors in the acute phase (Day 8 and 9) of DSS-induced colitis
(Fig. 4A). DSS-treated mice showed behavioral impairments including
decreased time spent in the open arms in the EPM (Fig. A.2A-C),
decreased locomotor activity in the OFT (Fig. A.2D, E) and increased
immobility time in the TST (Fig. A.2F) compared with control mice.
680C91 administration suppressed the attenuated struggle behavior in
the TST, but did not affect the anxiogenic behaviors induced by DSS in
the EPM. In addition, DSS-treated mice showed decreased overall lo-
comotor activity, as a possible sickness behavior produced in the acute
phase of DSS-induced colitis.

To avoid the influences of acute inflammation of DSS-induced colitis
on behaviors, behavioral tests were conducted after 21 days of recovery
time from last DSS administration (Day 29 and 30). Despite this delay,
DSS treatment-induced decreases in the number of open arm entries and
the time spent in the open arm in the EPM (Fig. 6A, B) and decreases in
the time spent in central zone in the OFT (Fig. 6D) compared with
control mice persisted as behavioral maladaptations. 680C91 sup-
pressed the anxiety-like behaviors in DSS-treated mice. We also noted
that mice treated with 680C91 alone showed mild anxiety-like behaviors
in the EPM (Fig. 6A, B), possibly due to altered tryptophan metabolism.
The locomotor activity in the OFT and EPM were moderately decreased
in DSS-treated mice (Fig. 6C, F). This effect was also suppressed by
680C91. In the TST, immobility time was increased in DSS-treated mice,
and the increase was suppressed by 680C91 (Fig. 6F).

The decreases in locomotor activity in the EPM and OFT observed in
the DSS-treated mice may affect anxiodepressive-behaviors. As the
behavioral test not reflecting motor deficit, the sucrose preference test
was performed (Schintu et al., 2012; Caudal et al., 2015). This test has
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Experimental design for preparation of peritoneal macrophages from wild-type (WT) and TDO KO mice and treatment of peritoneal macrophages with LPS and/or
680C91. (B-D) Effects of 680C91 (1, 10, 50 uM) on LPS-induced expression of IL-1p (B), IL-6 (C) and TNFa (D) mRNAs in peritoneal macrophages prepared from wild-
type and TDO KO mice. After 30 min of incubation with 680C91, peritoneal macrophages were stimulated with LPS at 100 ng/ml for 5 h in the continuous presence
of 680C91. The mRNA levels were normalized to LPS alone. (E) TDO mRNA expression in the hippocampal dentate gyrus (DG) from C57B1/6J mice and peritoneal
macrophages (pM®). The TDO mRNA levels are normalized to those in the DG and are expressed as -AACt values. x, not detected. Data represent mean + SEM, and
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multiple comparison test.

been used as a measure of anhedonia (loss of interest or pleasure in all or treatment.
almost all activities), which is one of core symptoms of depression and is
associated with dysfunction of the mesolimbic dopamine system (Cryan 3.7. Dopamine responses to rewarding stimuli in the NAc in the recovery

and Mombereau, 2004). The sucrose preference was reduced without phase of DSS-induced colitis
affecting the total liquid consumption in the DSS-treated mice, and the

reduction was abolished by 680C91 (Fig. 6G, H). Immune activation and the release of pro-inflammatory cytokines

These results demonstrated that DSS-induced colitis caused neuro- can preferentially affect the dopamine reward circuitry, resulting in
behavioral impairments in the recovery phase, when the inflammatory reduced motivation and motor slowing (Felger and Treadway, 2017).
responses had largely subsided which were reversed by 680C91 We therefore investigated the mesolimbic dopamine neurotransmission
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Fig. 4. Effects of 680C91 on the severity of DSS-induced colitis and the inflammatory responses of colon tissues to DSS on Day 9. (A) Experimental design for the
acute phase of DSS-induced colitis with 680C91 administration. C57BL/6J mice were assigned randomly to experimental groups, and received 3% DSS in drinking
water for 8 days (Day 1-8) and vehicle or 680C91 (8 mg/kg) i.p. injection once a day for 8 days (Day 1-8), as indicated with arrow heads. Behavioral tests were
performed on Day 8 (OFT and EPM) and Day 9 (TST), and sacrificed on Day 9 after TST for colon tissue sampling. (B, C) Body weight on Day 9 (percentage of initial
body weight on Day 1) (B) and appearance of colon and colon length of mice on Day 9 (C). (D-F) Effects of 680C91 on mRNA levels of IL-1p (D), IL-6 (E) and TNFa (F)
in colon tissues in the acute phase of DSS-induced colitis. mRNA levels were normalized to the group with DSS alone. (G-K) Effects of 680C91 on the protein levels of
pro-IL-1f (G, H) and the phosphorylation of STAT1 at Tyr701 (I, J) and STAT3 at Tyr705 (I, K) in colon tissues in the acute phase of DSS-induced colitis. Typical blots
are shown in (G, I) with quantitation (H, J, K). The protein levels of pro-IL-1§ were normalized to p-actin and the group with DSS alone, and p-STAT1 and p-STAT3
were normalized to the corresponding total proteins and the group with DSS alone. Data represent mean + SEM, and the number of experiments in each group is
provided under columns. **p < 0.01, ***p < 0.001 vs. the control group; 'p < 0.05, 'p < 0.01, ''p < 0.001 vs. the group with DSS alone; *p < 0.05, *p < 0.01 vs. the
group with 680C91 alone; one-way ANOVA (C, H, J, K) or two-way ANOVA (A, D-F) and Bonferroni multiple comparison test.
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Fig. 5. Effects of 680C91 on DSS-induced colitis and inflammation in the recovery phase (Day 29 and 30). (A) Experimental design for the recovery phase of DSS-
induced colitis with 680C91 administration. Mice were assigned randomly to experimental groups, and received 3% DSS in drinking water for 8 days (Day 1-8) and
vehicle or 680C91 (8 mg/kg) i.p. injection once a day for 8 days (Day 1-8; arrow heads), as shown in Fig. 4A. After 21 days of recovery time, behavioral tests were
performed on Day 29 (OFT and EPM) and Day 30 (TST), and sacrificed on Day 30 after TST for colon tissue sampling. (B, C) Body weight (percentage of initial body
weight on Day 1) (B) and appearance of colon and colon length (C) on Day 30. (D-F) Effects of 680C91 on mRNA levels of IL-1p (D), IL-6 (E) and TNFa (F) in colon
tissues in the recovery phase of DSS-induced colitis. mRNA levels were normalized to the group with DSS alone. (G-I) Effects of 680C91 on the protein levels of pro-IL-
1P (G) and the phosphorylation of STAT1 (H) and STAT3 (I) in colon tissues in the recovery phase of DSS-induced colitis. Typical mages of Western blotting are
shown with quantitation. The protein levels of pro-IL-1p were normalized to f-actin and the group with DSS alone, and pSTAT1 and pSTAT3 were normalized to the
corresponding total proteins and the group with DSS alone. The right axis of (D-I) indicates the relative values of the corresponding groups with DSS alone on Day 9
(Fig. 4D-F, H, J, K). Data represent mean + SEM, and the number of experiments in each group is provided under columns. *p < 0.05, ***p < 0.001 vs. the control
group; p < 0.01 vs. the group with DSS alone; two-way ANOVA and Bonferroni multiple comparison test.

181



R. Sin et al.

Brain Behavior and Immunity 114 (2023) 173-186

A EPM B EPM C EPM
**** ,i > *kk Tt *k 1
157 —— ® 40 * ' E 2000
E .‘. L] L] i,)/ U
© e . 2
c . £ 30 Q15001 o .
qé_ g 10 { eoee © E o o . o
- = & 20 & 1000 .
o C ° Q e °®
& © 5 . 2 3 i .
Q0 1) = .
DSS - - + o+ DSS - - + o+ DSS - - + o+
680C91 - + - + 680C91 - + - + 680C91 - + - +
(13) (11) (13) (10) (13) (11) (13) (10) (13) (11) (13) (10)
D E F
OFT OFT TST
6\ = *kk
oo, e T T 4000 * 300 —= AT
Q ° \('.)/ d ° /O\
S . 2 3000 . o
S A S P N
£ ’ .. & 2000 A =)
@ . b % 3
© 20 o : 2 100
£ . € 1000 : E
2 . 2 |8 % =
e o o3 S 0
DSS - - + 4 DSS - - + o+ DSS - - + o+
680C91 - + - + 680C91 - + - + 680C91 - + - +
(13) (11) (13) (10) (13) (11) (13) (10) (13) (11) (13) (10)
G SPT H SPT
- ok 1t
2 100 i @ 8
8 40 Dl I qf_’ _5 . R
cC S 61 eee 1) °
[0} R o3
o 60 E . | [|%
o ° ° 0w 4 O
Q 40 S
g o
S 20 . 22
S g
? 0 -0
DSS - - + + DSS - - + +
680C91 - + - + 680C91 - + - +
(12) (12) (7) (9) (12) (12) (7) (9)

Fig. 6. Impaired neurobehaviors during the recovery phase of DSS-induced colitis are reversed by 680C91. Neurobehavioral effects were evaluated with the EPM (A-
C), OFT (D, E), TST (F) and SPT (G, H). DSS and 680C91 were administered as shown in Fig. 5A, and behavioral tests were performed on Day 29 (EPM, OFT) and Day
30 (TST) after 21 days of recovery time. In the SPT, sucrose preference was measured on Day 29 and 30 using different sets of mice. Data represent mean + SEM, and

the number of experiments in each group is provided under columns. *p < 0.05, **p < 0.01, ***

p < 0.001 vs. the control group; 'p < 0.05, 'p < 0.01, f1'p < 0.001 vs.

the group with DSS alone; two-way ANOVA and Bonferroni multiple comparison test.

in DSS and/or 680C91-treated mice in the recovery phase after behav-
ioral tests (Day 34-35). For this purpose, the extracellular levels of
dopamine in the NAc in response to a drug of abuse, cocaine, and natural
rewarding stimuli, a palatable food or female mouse, were determined
with in vivo microdialysis. The basal extracellular levels of dopamine
were not affected by DSS and/or 680C91 administration (Fig. 7A). In the
DSS-treated group (DSS+/680C91-), the increase in the dopamine
levels in response to cocaine infusion (1 uM) into the NAc was attenu-
ated compared with the control group (DSS-/680C91-) (Fig. 7B). When
680C91 were administered during DSS administration period (DSS+/
680C91 + ), the dopamine levels in response to NAc cocaine infusion
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were enhanced beyond the levels in the control group. Dopamine
response to palatable food in the DSS-treated group was attenuated
compared with that in the control group, and 680C91 administration
reversed the attenuated dopamine response in the DSS-treated group
(Fig. 7C). Similar to palatable food, dopamine response to the exposure
to a female mouse was attenuated by DSS administration, and the
attenuated response was reversed by 680C91 administration (Fig. 7D).
These results suggest that DSS-induced colitis attenuates the dopamine
responses to cocaine and natural rewarding stimuli in the NAc, and
680C91 reverses the attenuated dopamine responses. The restoration of
dopamine response may be associated with the improvement of
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Fig. 7. Negative effects of DSS-induced colitis on
dopamine responses to rewarding stimuli in the NAc
are reversed by 680C91. (A) The basal extracellular
levels of dopamine determined by in vivo micro-
dialysis and representative location of a microdialysis
probe placed in the NAc on Day 34-35 (see Fig. 5A).
Each dot indicates DA values (fmol/sample) expressed
as the average of three stable baseline samples in each
animal. (B-D) The dopamine (DA) responses to
rewarding stimuli in the NAc. The effects of cocaine
infusion (1 pM) into the NAc (B), exposure to palat-
able food (C), and exposure to female mice (D) on the
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anxiodepressive-like behaviors by 680C91.
4. Discussion

We demonstrated that 680C91, which is known as a TDO inhibitor,
inhibited LPS-induced production of pro-inflammatory cytokines (IL-1p
and IL-6) in a macrophage-like cell line, Raw 264.7 cells and primary
peritoneal macrophages. 680C91 suppressed the inflammatory re-
sponses via TDO-independent mechanisms, because Raw 264.7 cells
expressed very low levels of TDO mRNA and peritoneal macrophages
were prepared from TDO KO mice. The anti-inflammatory effects of
680C91 were mediated through the suppression of STAT signaling.
Under in vivo conditions, 680C91 suppressed the inflammatory re-
sponses and STAT signaling in the acute phase of DSS-induced colitis.
Studies using TDO KO mice revealed that the anti-inflammatory effects
of 680C91 in vivo were TDO-independent. Anxiodepressive-like behav-
iors were observed in the recovery phase of DSS-induced colitis, and the
development of anxiodepressive-like behaviors were prevented by
680C91 administered during the acute phase. The role of 680C91 for the
prevention of anxiodepressive-like behaviors may be in part explained
by the rescue of the attenuated dopamine responses to rewarding stimuli
in the NAc. These observations suggest that 680C91 is a novel class of
therapeutic agent, which inhibits acute inflammatory responses via
STAT-mediated, but TDO-independent mechanisms, and has ability to
prevent the development of anxiodepressive-like behaviors in DSS-
induced colitis.

4.1. Inhibition of inflammatory responses to LPS by 680C91

LPS is known to activate macrophages via TLR4-mediated signaling
and induces the production of pro-inflammatory cytokines, leading to
the development of systemic inflammation (Akira et al., 2006; Qureshi
et al., 2012; Bessede et al., 2014). In this study, LPS induced the pro-
duction of pro-inflammatory cytokines in Raw 264.7 cells and peritoneal
macrophages, and the production of cytokines was suppressed by
680C91. 680C91 at 10 uM used in this study selectively inhibits TDO
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without inhibitory activity against IDO1 in cells (Salter et al., 1995;
Pilotte et al., 2012). In fact, 680C91 at 10 uM inhibited the conversion of
tryptophan to kynurenine by TDO in THP-1 cells. Interestingly, the ef-
fects of 680C91 to suppress the cytokine production were not mediated
through TDO inhibition because the expression of TDO in Raw 264.7
cells and peritoneal macrophages from wild-type mice was very low.
Furthermore, 680C91 showed the suppression of cytokine production in
peritoneal macrophages from TDO KO mice. It is unlikely that the sup-
pression of the cytokine production by 680C91 is mediated through IDO
inhibition as the IDO1 inhibitor failed to induce similar effects or
through inhibition of compensatory TDO-like activity in peritoneal
macrophages from TDO KO mice as another TDO inhibitor failed.

The molecular mechanisms by which 680C91 suppresses LPS-
induced production of proinflammatory cytokines are not elucidated
in this study. Surprisingly, another TDO inhibitor, LM10, did not show
the ability to suppress the cytokine production. LM10 is structurally
related to 680C91: 6-fluolo-indole with replacement of 3-pyridyl side
chain in the 3-position by tetrazole side chain (Dolusic et al., 2011;
Pilotte et al., 2012). Although 3-pyridyl side chain is reported to stabi-
lize 680C91 within the TDO binding cleft (Dolusic et al., 2011), 3-pyr-
idyl side chain may play a critical role in the anti-inflammatory action
of 680C91.

Binding of LPS to TLR4 has been shown to induce activation of the
MyD88-dependent and Toll/IL-1R homology domain-containing
adaptor protein inducing IFNp (TRIF) -dependent signaling pathways,
leading to activation of the MAP kinase, NF-kB and IRF3 cascades (Akira
et al., 2006; Qin et al., 2016). Activation of theses signaling pathways
results in the induction of proinflammatory cytokines and type I IFNs.
Subsequent induction of IFNp activates JAK-STAT signaling via the IFN
o/p receptor (Fujihara et al., 2003; Bode et al., 2012). In fact, LPS has
been shown to activate STAT1 and STAT3 in macrophage (Samavati
et al.,, 2009). In this study, the effects of 680C91 on downstream
signaling molecules of LPS/TLR4 were screened in Raw 264.7 cells, and
we found that the LPS-stimulated phosphorylation of STAT1 and STAT3
was downregulated by 680C91, suggesting that 680C91 may interact
with signaling molecules of the JAK-STAT pathway.
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It has been shown that the JAK2-STAT1/3 signaling pathway plays
critical roles in the induction of IL-1p and IL-6 via activation of a STAT
binding element in the promoter regions, which is conserved in IL-1p
and IL-6 genes, but not in TNFa gene (Lee et al., 2006). Furthermore, the
inhibition of STAT3 is shown to attenuate the LPS-induced expression of
IL-1p and IL-6, but not of TNFa, in Raw 264.7 cells (Samavati et al.,
2009). The role of STAT3 in IL-6 induction is reported in cancer cells.
STATS3 is activated by cytokine receptor/JAK signaling and the phos-
phorylated STAT3 translocates to the nucleus and cooperates with NF-
kB to produce IL-6, resulting in the induction of cancer-associated
inflammation (Yoon et al., 2012; Tzeng et al., 2021). Interestingly,
mollugin, a JAK2 inhibitor isolated from Rubia cordifolia L., attenuates
the LPS-induced expression of IL-1f and IL-6, but enhances the expres-
sion of TNFa in Raw 264.7 cells (Zhu et al., 2013), which pattern re-
sembles to that of 680C91, although the mechanisms for the enhanced
expression of TNFa are unknown. These findings support the hypothesis
that 680C91 may act as an inhibitor of the JAK-STAT pathway, leading
to the suppression of IL-1f and IL-6 expression.

4.2. Inhibition of inflammatory responses in DSS-induced colitis by
680C91

DSS-induced colitis is an animal model of IBD (Perse and Cerar,
2012). DSS induces the production of macrophage-derived cytokines
such as IL-1p, IL-6, and TNFa (Dieleman et al., 1994), and the cytokine
profiles correlate with clinical and histological parameters of DSS-
induced colitis (Perse and Cerar, 2012). In this study, 3% DSS in
drinking water for 8 days induced the inflammation of colon and the
production of IL-1p, IL-6, and TNFa in the acute phase (Day 9), and the
inflammatory responses subsided close to control levels in the recovery
phase (Day 30). The inflammatory responses in the acute phase were
largely attenuated by 680C91 via TDO-independent mechanisms, and
the effects of 680C91 were retained until the recovery phase. The in-
hibition of the inflammatory responses by 680C91 is presumably
mediated through action on intestinal macrophages. Intestinal macro-
phages are known to play critical roles in intestinal inflammation and
resolution of IBD (de Souza and Fiocchi, 2016; Na et al., 2019). In the
inflammatory phase of IBD, the shift of macrophage from mature to
immature macrophage is induced by infiltrating neutrophils and
recruited inflammatory monocytes, leading to the production of in-
flammatory cytokines that promote type 1 helper T (Ty1) cell and Ty17
cell immune responses towards invading organisms and epithelial cells
(Na et al., 2019), although immature macrophage switches to resolving
macrophage to repair damaged epithelium in the resolution phase. The
ability of 680C91 to inhibit cytokine production in macrophage may be
effective to suppress the inflammatory propagation in IBD.

In the IBD, the JAK-STAT signaling pathway mediates biological
effects of proinflammatory cytokines including activation of B cells and
differentiation of naive helper T (ThO) cells (Coskun et al., 2013; Salas
et al., 2020). The JAK-STAT signaling pathway serves as a therapeutic
target of IBD, and JAK inhibitors such as tofacitinib have the potential to
inhibit cytokine-dependent pathways involved in IBD pathogenesis
(Salas et al., 2020). In DSS-induced colitis, STAT1/3 signaling in colon
tissues was activated in the acute phase, as previously reported (Kim
et al.,, 2019). 680C91 was able to suppress activation of STAT1/3
signaling in DSS-induced colitis as well as cultured macrophages. The
ability of 680C91 to inhibit JAK-STAT1/3 signaling may exert anti-
inflammatory effects in the treatment of IBD.

4.3. Anxiodepressive-like behaviors in DSS-induced colitis

In animal models of IBD, comorbid depression-like behaviors have
been reported (Bercik et al., 2011; Chen et al., 2015; Abautret-Daly
et al.,, 2018). In this study, mice with DSS-induced colitis exhibited
anxiodepressive-like behaviors in the acute and recovery phases. Several
previous reports demonstrated anxiodepressive-like behaviors in the
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acute phase of DSS-induced colitis (Chen et al., 2015; Abautret-Daly
et al., 2018; Nakagawasai et al., 2020). However, in the acute phase,
mice were suffered from abdominal pain and diarrhea due to active
bowel inflammation, and therefore some of the behavioral changes can
be classified as sickness behavior, an adaptive response to sickness
(Abautret-Daly et al., 2018). We could detect anxiodepressive-like be-
haviors in the recovery phase of DSS-induced colitis, after 21 days of
recovery. Along the same lines, anxiodepressive-like behaviors
including anhedonia were observed in the early recovery phase (after
~8 days of recovery) of DSS-induced colitis (Dempsey et al., 2019), but
the normalization of the impaired recognition memory and anxiety in
the early recovery phase (after 9 days of recovery) was also reported
(Emge et al.,, 2016). The reason for the different persistency of
anxiodepressive-like behaviors is currently unknown, but the strength of
DSS-induced colitis and environmental factors such as stress may be
factors affecting the persistency. In addition, a limitation of this study is
the use of only male mice, and sex differences of anxiodepressive-like
behaviors in response to DSS-induced colitis need to be examined in
future studies.

Anxiodepressive-like behaviors in the recovery phase are not likely
mediated through active bowel inflammation, because the inflammatory
responses to DSS subsided close to the control levels by Day 30. 680C91
treatment during DSS administration suppressed the development of
anxiodepressive-like behaviors, presumably because 680C91 attenuated
the production of inflammatory cytokines in the acute phase, resulting
in the reduced priming of brain for cytokine-induced depression. Besides
the TDO-independent inhibition of JAK-STAT signaling and subsequent
cytokine production by 680C91, 680C91 is supposed to act as a TDO
inhibitor in vivo as observed in THP-1-derived macrophages. The
tryptophan-kynurenine pathway is known to mediate gut-brain inter-
action underlying comorbid depression with IBD (Chen et al., 2021).
680C91 administration has been shown to increase brain levels of
tryptophan and 5-HT in rats (Salter et al., 1995), and it is possible that
upregulation of 5-HT signaling by 680C91-mediated TDO inhibition in
the acute phase of DSS-induced colitis contributes to the suppression of
anxiodepressive-like behaviors. In IBD, overactivation of IDO, but not
TDO, by intestinal inflammation results in the conversion of tryptophan
to kynurenine, and the increased production of kynurenine and its me-
tabolites especially quinolinic acid cause depression by damaging neu-
rons (Chen et al., 2021). Therefore, the contribution of 680C91 as a TDO
inhibitor to the suppression of anxiodepressive-like behaviors may be
limited in DSS-induced colitis. Future studies to evaluate the effects of
680C91 on kynurenine and 5-HT metabolites in mouse brain with DSS-
induced colitis are required.

Neural mechanisms of depression associated with IBD have been
studied in animal models of IBD including DSS-induced colitis (Abau-
tret-Daly et al., 2018). Intestinal inflammation induces the increased
permeability of blood brain barrier, central inflammation and activation
of the hypothalamus-pituitary-adrenal axis (Abautret-Daly et al.,
2018). In mice with DSS-induced colitis, the increase in proin-
flammatory cytokines in several brain regions (Takahashi et al., 2019;
Zhao et al., 2020; Dong et al., 2021), the suppression of BDNF and
neurogenesis in the hippocampus (Takahashi et al., 2019; Nakagawasai
et al., 2020; Zhao et al., 2020), and activation of astrocytes and micro-
glia (Nakagawasai et al., 2020; Dong et al., 2021) have been reported.
Proinflammatory cytokines such as IL-1p can penetrate the blood-brain
barrier into brain regions, resulting in the induction of depression-like
behaviors (Yang et al., 2023). Alternatively, proinflammatory cyto-
kines are produced by neurons and non-neuronal cells including astro-
cytes and microglia (Yang et al., 2023), suggesting that 680C91 acting in
the brain may inhibit inflammatory responses of neurons. However, the
role of 680C91 to inhibit the production of proinflammatory cytokines
in the brain seems to be limited, because the expression of cytokine
mRNAs in the NAc screened with RNA-seq analyses were not altered
during acute and recovery phases of DSS-induced colitis (Kuroiwa M and
Nishi A, unpublished observations).



R. Sin et al.

The JAK-STAT pathway is involved in the regulation of neural
functions including neurogenesis, synaptic plasticity, gliogenesis and
microglial activation, which are implicated in pathogenesis of depres-
sion (Shariq et al., 2018; Borbély et al., 2022). The inhibition of JAKS is
shown to restore the stress-induced attenuation of neurogenesis and
depression-like behaviors in mice (Gulbins et al., 2016). JAK inhibitors
are now used for the treatment of inflammatory disorders including
rheumatoid arthritis and IBD, and indirect clinical data suggest that JAK
inhibitors significantly improve mood (Panés et al., 2015; Schiff et al.,
2017). Therefore, JAK-STAT inhibitors are proposed as therapeutic op-
tions of depression (Shariq et al., 2018; Borbély et al., 2022), and
680C91 is expected to exert antidepressant action by modulating the
JAK-STAT pathways in inflammatory disorders.

Peripheral inflammation and the released cytokines affect the syn-
thesis and release of dopamine and dopamine receptor signaling, leading
to the suppression of dopamine neurotransmission, which are associated
with the impaired motivation and motor activity (Felger and Treadway,
2017). We demonstrated that dopamine responses to rewarding stimuli
were attenuated in the NAc in mice with DSS-induced colitis in the re-
covery phase. In line with our results, DSS-induced colitis is shown to
exacerbate the degeneration of dopamine neurons in an animal model of
Parkinson’s disease (Villaran et al., 2010). The dysfunction of dopamine
neurotransmission may be one of neural mechanisms for
anxiodepressive-like behaviors in DSS-induced colitis. In fact, anhe-
donia, which is associated with the dysfunction of mesolimbic dopamine
system (Cryan and Mombereau, 2004), was present in mice with DSS-
induced colitis. 680C91 administration during acute phase of DSS-
induced colitis was able to prevent the dysfunction of dopamine
neurotransmission and the development of anhedonia. Thus, the use of
680C91 in the acute phase of inflammation may be effective in sup-
pressing inflammatory propagation, and may prevent the development
of anxiety and depression in inflammatory disorders.

5. Conclusion

We demonstrated that 680C91 known as the TDO inhibitor shows
anti-inflammatory properties in cultured macrophages and mice with
DSS-induced colitis, while reversing comorbid neurobehavioral malad-
aptations. 680C91 exhibited TDO-independent effects which may
contribute to its ability to attenuate gastrointestinal inflammation and
neurobehavioral impairments. Future identification of molecular
mechanisms for anti-inflammatory action of 680C91 may contribute to
the develop a novel class of anti-inflammatory drugs.
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