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Abstract
In rodent models of depression, (R)-ketamine has greater potency and longer-lasting antidepressant effects than (S)-
ketamine; however, the precise molecular mechanisms underlying the antidepressant actions of (R)-ketamine remain
unknown. Using RNA-sequencing analysis, we identified novel molecular targets that contribute to the different
antidepressant effects of the two enantiomers. Either (R)-ketamine (10 mg/kg) or (S)-ketamine (10 mg/kg) was
administered to susceptible mice after chronic social defeat stress (CSDS). RNA-sequencing analysis of prefrontal cortex
(PFC) and subsequent GSEA (gene set enrichment analysis) revealed that transforming growth factor (TGF)-β signaling
might contribute to the different antidepressant effects of the two enantiomers. (R)-ketamine, but not (S)-ketamine,
ameliorated the reduced expressions of Tgfb1 and its receptors (Tgfbr1 and Tgfbr2) in the PFC and hippocampus of
CSDS susceptible mice. Either pharmacological inhibitors (i.e., RepSox and SB431542) or neutralizing antibody of TGF-
β1 blocked the antidepressant effects of (R)-ketamine in CSDS susceptible mice. Moreover, depletion of microglia by
the colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX3397 blocked the antidepressant effects of (R)-ketamine
in CSDS susceptible mice. Similar to (R)-ketamine, the recombinant TGF-β1 elicited rapid and long-lasting
antidepressant effects in animal models of depression. Our data implicate a novel microglial TGF-β1-dependent
mechanism underlying the antidepressant effects of (R)-ketamine in rodents with depression-like phenotype.
Moreover, TGF-β1 and its receptor agonists would likely constitute a novel rapid-acting and sustained antidepressant
in humans.

Introduction
In 1990, Trullas and Skolnick1 demonstrated that N-

methyl-D-aspartate receptor (NMDAR) antagonists such
as (+)-MK-801 showed antidepressant-like effects in
rodents. In 2000, Berman et al.2 demonstrated the rapid-
acting and sustained antidepressant effects of the
NMDAR antagonist ketamine in patients with major

depressive disorder (MDD). Subsequently, several groups
replicated the robust antidepressant effects of ketamine in
treatment-resistant patients with either MDD or bipolar
disorder3–10. Interestingly, ketamine rapidly reduced sui-
cidal thoughts in depressed patients with suicidal ideation
within 1 day and for up to 1 week11,12. In addition, it is
suggested that suicidal thoughts may be related to
symptoms of anhedonia independent of other depressive
symptoms13. Meta-analyses revealed that ketamine has
rapid-acting and sustained antidepressant effects and anti-
suicidal ideation effects in treatment-resistant patients
with depression14–16. Importantly, meta-analyses showed
that the effect sizes of ketamine are larger than those of
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other NMDAR antagonists14,15, suggesting that NMDAR
blockade is not a sole mechanism of antidepressant action
for ketamine. The collective rapid-acting and sustained
antidepressant actions of ketamine in depressed patients
are serendipitous in the field of psychiatry;17–19 however,
the precise molecular and cellular mechanisms underlying
antidepressant effects of ketamine remain to be eluci-
dated20–25. Off-label use of ketamine is popular in the
United States (US), although the adverse side-effects (i.e.,
psychotomimetic effects, dissociation, and abuse liability)
of ketamine remain to be resolved26,27.
Ketamine (Ki= 0.53 μM for NMDAR), also known as (R,

S)-ketamine, is a racemic mixture that contains equal
amounts of (R)-ketamine (or arketamine) (Ki= 1.4 μM for
NMDAR) and (S)-ketamine (or esketamine) (Ki= 0.30 μM
for NMDAR)24. Preclinical data have shown that (R)-keta-
mine displays greater potency and longer -lasting anti-
depressant effects than (S)-ketamine in rodent models of
depression28–34, suggesting that NMDARs do not play a
major role in the robust antidepressant effects of keta-
mine24. Importantly, in both rodents and monkey, the side-
effects of (R)-ketamine were lower than were those of (R,S)-
ketamine and (S)-ketamine29,35–38. In addition, in humans,
the incidence of psychotomimetic side-effects of (S)-keta-
mine (0.45mg/kg) was higher than that of (R)-ketamine
(1.8mg/kg), although the dose of (S)-ketamine was lower
than was that of (R)-ketamine39. Though (S)-ketamine
produced psychotic reactions, including depersonalization
and hallucinations, the same dosage of (R)-ketamine did not
induce psychotic symptoms in the healthy subjects, and
most of them experienced a state of relaxation40. These
results indicate that (S)-ketamine contributes to the acute
side-effects of ketamine, whereas (R)-ketamine may not be
associated with these side-effects22,24. On 5 March 2019, the
US Food & Drug Administration approved (S)-ketamine
nasal spray for treatment-resistant depressed patients. Due
to the risk of serious adverse effects, (S)-ketamine nasal
spray can be obtained only through a restricted distribution
system under the Risk Evaluation and Mitigation Strategy.
A clinical trial of (R)-ketamine in humans is underway24.
Meanwhile, little is known about the precise molecular
mechanisms underlying the different antidepressant effects
of the two enantiomers24,25,41,42.
The aim of this study was to identify the novel mole-

cular mechanisms underlying the antidepressant effects of
(R)-ketamine in animal models of depression. First, we
conducted RNA-sequencing analysis of the prefrontal
cortex (PFC) of chronic social defeat stress (CSDS) sus-
ceptible mice treated with either (R)-ketamine or (S)-
ketamine, as PFC contributes to the antidepressant
actions of ketamine and its enantiomers29,43,44. Second,
we studied the effects of pharmacological inhibitors and a
neutralizing antibody of the novel target in the anti-
depressant effects of (R)-ketamine. Finally, we investigated

whether the novel molecule (i.e., TGF-β) has rapid-acting
and sustained antidepressant effects in rodent models of
depression.

Materials and methods
Animals
Male adult C57BL/6 mice, aged 8 weeks (body weight

20–25 g, Japan SLC, Inc., Hamamatsu, Japan), male CD1
mice, aged 14 weeks (body weight 40–45 g, Japan SLC,
Inc., Hamamatsu, Japan) were used in the experiments.
Male Sprague-Dawley rats, aged 7 weeks (body weight
200–230 g, Charles-River Japan, Co., Tokyo, Japan) were
used for learned helplessness (LH) model. No blinding for
animal experiments was done. Animals were housed
under controlled temperature and 12 h light/dark cycles
(lights on between 07:00–19:00), with ad libitum food and
water. The study was approved by the Chiba University
Institutional Animal Care and Use Committee.

Compounds and treatment
(R)-ketamine hydrochloride and (S)-ketamine hydro-

chloride were prepared by recrystallization of (R,S)-keta-
mine (Ketalar®, ketamine hydrochloride, Daiichi Sankyo
Pharmaceutical Ltd., Tokyo, Japan) and D-(-)-tartaric acid
(or L− (+)-tartaric acid), respectively28. The purity of
these enantiomers was determined by a high-performance
liquid chromatography (CHIRALPAK® IA, Column size:
250 × 4.6 mm, Mobile phase: n-hexane/dichloromethane/
diethylamine (75/25/0.1), Daicel Corporation, Tokyo,
Japan)28. The dose (10 mg/kg as hydrochloride salt) of
(R)-ketamine and (S)-ketamine was selected as reported
previously28,29,32–35. RepSox (10 mg/kg, i.p., a TGF-β1
receptor inhibitor; Selleck Chemicals, Co., Ltd, Houston,
TX, USA), SB431542 (10 μM, 2 μl, i.c.v., a TGF-β1
receptor inhibitor; Tocris Bioscience, Ltd., Bristol, UK),
neutralized TGF-β antibody (Catalog #: MAB1835–500;
R&D System, Inc. Minneapolis, MN), and mouse IgG1
control antibody (Catalog #: MAB002; R&D System, Inc.
Minneapolis, MN) were used. Recombinant mouse TGF-
β1 (Catalog #: 7666-MB-005; R&D System, Inc. Minnea-
polis, MN) and recombinant mouse TGF-β2 (Catalog #:
302-B2; R&D System, Inc. Minneapolis, MN) were used as
previously reported45,46. PLX3397 [Pexidartinib: a colony-
stimulating factor 1 receptor (CSF1R) inhibitor, Med-
ChemExpress Co., Ltd., Monmouth Junction, NJ] was
used to decrease microglia in the brain. LPS (Catalog #: L-
4130, serotype 0111:B4, Sigma-Aldrich, St Louis, MO,
USA) was used for inflammation model of depression.
Other reagents were purchased commercially.

CSDS model and LPS-induced model
The procedure of CSDS was performed as previously

reported29,32–34,47. Detailed methods were shown in the
supplemental information.
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RNA-sequencing analysis
(R)-Ketamine (10 mg/kg) or (S)-ketamine (10 mg/kg)

was administered intraperitoneally (i.p.) to susceptible
mice after CSDS (Fig. 1a). PFC was collected 3 days after a
single administration. RNA-sequencing analysis of PFC
samples was performed at Tataka Bio Inc. (Kusatsu, Shiga,
Japan). Analysis of the biological functions was performed
using gene set enrichment analysis (GSEA)(http://
software.broadinstitute.org/gsea/index.jsp).

Gene expression analysis by quantitative real-time PCR
Control mice and CSDS susceptible mice were sacri-

ficed 3 days after intraperitoneal (i.p.) administration of
saline (10 ml/kg), (R)-ketamine (10 mg/kg), or (S)-keta-
mine (10mg/kg). The PFC and hippocampus were quickly
dissected on ice from whole brain since these brain
regions play a key role in antidepressant effects of (R)-

ketamine44. Detailed methods were shown in the sup-
plemental information.

Inhibition of TGF-β1 inhibitors and neutralizing antibody
To examine the role of TGF-β1 in the antidepressant

effects of (R)-ketamine, two inhibitors (RepSox and
SB431542) of TGF-β receptor 1 were used.
RepSox (10 mg/kg, i.p.) or vehicle (10 ml/kg, i.p.) was
injected 30min before i.p. administration of (R)-ketamine
(10 mg/kg) in CSDS susceptible mice. SB431542 (10 μM,
2 μl, i.c.v.) or vehicle (2 μl, i.c.v.) was injected 30 min
before i.p. administration of (R)-ketamine (10 mg/kg) in
CSDS susceptible mice. The neutralizing antibody of
TGF-β1 (1 μg/ml, 2 μL, i.c.v.) or control antibody (1 μg/
ml, 2 μL, i.c.v.) was injected 30min before i.p. adminis-
tration of (R)-ketamine (10 mg/kg) in CSDS susceptible
mice. Subsequently, behavioral tests were performed.

Fig. 1 Schedule of CSDS, treatment, RNA-sequencing analysis, and gene expression. a The schedule of chronic social defeat stress (CSDS)
model, treatment, and collection of brain. b GSEA: TGF-β signaling. c Tgfb1 mRNA in the PFC (one-way ANOVA, F3,20= 10.827, P < 0.001). d Tgfb2
mRNA in the PFC (one-way ANOVA, F3,20= 1.795, P= 0.181). e Tgfbr1 mRNA in the PFC (one-way ANOVA, F3,20= 5.175, P= 0.008). f Tgfbr2 mRNA in
the PFC (one-way ANOVA, F3,20= 6.801, P= 0.002). Data are shown as mean ± SEM. (n= 6). *P < 0.05, **P < 0.01. ANOVA, analysis of variance; GSEA
gene set enrichment analysis, N.S. not significant, R-KT (R)-ketamine, S-KT (S)-ketamine.
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Depletion of microglia by PLX3397
PLX3397 was reported to eliminate microglia in the

brain48–50. For preliminary experiment, PLX3397 (10 μM
or 100 μM, 2 μl, i.c.v.) or vehicle [10% dimethyl sulfoxide
(DMSO) and 90% (sulfobutylether-β-cyclodextrin)(SBE-
β-CD)] was administered to mice under isoflurane anes-
thesia. The PFC was collected 6, 12, and 24 h after i.c.v.
infusion, and Western blot analysis of Iba1 in the PFC was
performed.
To examine the effects of microglia depletion, PLX3397

(100 μM, 2 μl, i.c.v.) or vehicle (10% DMSO and 90% SBE-
β-CD) was administered to mice under isoflurane anes-
thesia. PFC was collected 24 h after injection. Right PFC
and left PFC were used for FACS analysis and Western
blot of Iba1, respectively.
To examine the effects of microglia depletion on anti-

depressant effects of (R)-ketamine, PLX3397 (100 μM,
2 μl, i.c.v.) or vehicle (10% DMSO and 90% SBE-β-CD)
was administered to CSDS susceptible mice under iso-
flurane anesthesia. Saline (10ml/kg) or (R)-ketamine
(10 mg/kg) was administered i.p. 24 h after injection of
PLX3397 or vehicle. Subsequently, behavioral tests were
performed.

Antidepressant effects of TGF-β1 in a CSDS model
Effects of recombinant TGF-β1 in a CSDS model, LPS

model, and LH model were examined. Saline (2 μL, i.c.v.)
or (R)-ketamine (1 mg/ml, 2 μL, i.c.v.) was administered to
CSDS susceptible mice. Saline (2 μL, i.c.v.) was adminis-
tered to control mice. Subsequently, behavioral tests were
performed.

Antidepressant effects of TGF-β1 in a LPS-induced
inflammation model
Inflammation model by lipopolysaccharide (LPS) was

performed as previously reported51–53. Saline (10 ml/kg)
or LPS (0.5 mg/kg) was administered i.p. to mice. Under
isoflurane anesthesia, saline (2 μl, i.c.v.) or TGF-β1 (10 ng/
μl, 2 μl, i.c.v.) was administered to mice 23 hrs after LPS
administration. The locomotion and FST were performed
1 and 3 h after injection, respectively.
For intranasal administration, saline (15 μl) or TGF-β1

(1.5 μg, 15 μl) was administered to mice 23 hrs after LPS
administration, as previously reported38. Mice were
restrained by hand, and saline or TGF-β1 was adminis-
tered intranasally into awake mice using Eppendorf
micropipette (Eppendorf Japan, Tokyo, Japan). The
locomotion and FST were performed 1 and 3 h after
injection, respectively.

Behavioral tests
Behavioral tests including locomotion, tail suspension

test (TST), forced swimming test (FST), and one %
sucrose preference test (SPT) were performed as

previously reported28,29,32–34. Detailed methods were
shown in the supplemental information.

Learned helplessness (LH) model
Rat LH paradigm was performed as previously repor-

ted44,54. Detailed methods were shown in the supple-
mental information.

Western blot analysis of Iba1
Western blot analysis was performed as reported pre-

viously29,34,51,52. Detailed methods were shown in the
supplemental information.

Double staining by in situ hybridization and
immunohistochemistry
Mice were deeply anesthetized with isoflurane and

sodium pentobarbital, and transcardially perfused with 4%
paraformaldehyde in 0.1M phosphate buffer (pH 7.4).
The brains were further immersed in the same fixative
overnight, cryoprotected in 20% sucrose/phosphate-buf-
fered saline (PBS), and frozen by liquid nitrogen. The
brains were sectioned coronally on a cryostat (CM3050S;
Leica Biosystems, Germany) at 25 μm thickness. The
cryosections were treated with proteinase K (40 μg/ml;
Merck). After they were washed and acetylated, sections
were incubated with a digoxigenin (DIG)-labeled mouse
Tgfb1 (cat#: G430055L01), Tgfbr1 (cat#: F630025J19), or
Tgfbr2 (cat#: I420016D17) cRNA probes (DNAFORM,
Yokohama, Kanagawa, Japan). After the sections were
washed in buffers with serial differences in stringency,
they were incubated with an alkaline phosphatase-
conjugated anti-DIG antibody (1:5000; Roche, Japan).
The cRNA probes were visualized with freshly prepared
colorimetric substrate (NBT/BCIP; Roche, Japan). After
visualized, sections were incubated with primary anti-
bodies overnight at RT. All antibodies were diluted in PBS
with 0.1% Triton X-100. The following antibodies were
used: anti-Iba1 (cat#: 019–19741, 1:1000, rabbit, poly-
clonal; Wako, Japan), and anti-S100b (cat#: ab52642,
1:200, rabbit, monoclonal; Abcam, Cambridge, UK). the
sections were sequentially incubated with anti-rabbit IgG
biotinylated secondary antibodies (1:250, goat, polyclonal;
Vector Laboratories, USA) for 90min at room tempera-
ture (RT), an avidin-biotin complex (Vector Laboratories,
USA) for 30min at RT, and then the colorimetric reac-
tions were developed with DAB (3,3′-diaminobenzidine)
(ImmPACT DAB; Vector Laboratories, USA). Images of
the sections were captured using a light microscope (BZ-
X710; Keyence, Japan).

FACS analysis
Mouse PFC tissues were mashed and passed through a

70 μm mesh to prepare single cell suspension then sub-
jected for FACS analysis. Cells were stained with
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monoclonal antibodies against cell surface antigens at 4 °C
for 30min, then washed with PBS. In indicated cells, cells
were fixed and permeabilized using FoxP3 staining buffer
set (Invitrogen) according to the manufacturer instruc-
tion. Then intracellular antigens were stained with indi-
cated antibodies at room temperature for 30min. The
following antibodies were used for staining; anti
TMEM119-PE (Abcam, Cambridge, UK), allophycocyanin
conjugated anti CD11b (BD Bioscience, Franklin Lakes,
NJ), anti Iba1-FITC (Abcam), anti TGF-
β-allophycocyanin (BioLegend, San Diego, CA). The
stained cells were analyzed using FACSCantII and FlowJo
software (BD).

Statistical analysis
The data show as the mean ± standard error of the mean

(S.E.M.). Analysis was performed using PASW Statistics
20 (formerly SPSS Statistics; SPSS). The data were ana-
lyzed using Student t-test or the one-way analysis of

variance (ANOVA), followed by post hoc Tukey test. The
P-values < 0.05 were considered statistically significant.

Results
RNA-sequencing analysis of PFC samples
To identify the novel molecular targets for the anti-

depressant effects of (R)-ketamine, we collected PFC
samples 3 days after either (R)-ketamine (10 mg/kg) or
(S)-ketamine (10 mg/kg) were administered to CSDS
susceptible mice. We performed RNA-sequencing analy-
sis of PFC samples from animals treated with either (R)-
ketamine or (S)-ketamine (Fig. 1a). GSEA revealed that
TGF-β signaling might be involved in the differential
antidepressant effects of the two enantiomers (Fig. 1b).
We found reduced expression of Tgfb1 and its receptors
(Tgfbr1 and Tgfbr2) in the PFC and hippocampus from
CSDS susceptible mice (Fig. 1c–f and Fig. S1). Conversely,
the expression of Tgfb2 in the PFC and the hippocampus
did not differ in the four groups (Fig. 1c–f and Fig. S1).

Fig. 2 Effects of TGF-β1 inhibitors (RepSox and SB431542) and neutralizing TGF-β1 antibody on antidepressant effects of (R)-ketamine in
CSDS model. a Locomotion (1 h, one-way ANOVA, F4,35= 0.146, P= 0.964). b TST (3 h, one-way ANOVA, F4,35 = 5.439, P= 0.002). c FST (1 day, one-
way ANOVA, F4,35= 2.919, P= 0.035). d SPT (2 days, one-way ANOVA, F4,35= 7.011, P < 0.001). Data are shown as mean ± SEM. (n= 8). *P < 0.05, **P <
0.01. e Locomotion (1 h, one-way ANOVA, F4,35= 0.299, P= 0.877). f TST (3 h, one-way ANOVA, F4,35= 16.586, P < 0.001). g FST (1 day, one-way
ANOVA, F4,35= 4.686, P= 0.004). h SPT (2 day, one-way ANOVA, F4,35= 6.161, P= 0.001). i Locomotion (1 h, one-way ANOVA, F4,25= 0.020, P= 0.999).
j TST (3 h, one-way ANOVA, F4,35 = 8.165, P < 0.001). k FST (1 day, one-way ANOVA, F4,35= 4.012, P= 0.015). l SPT (2 day, one-way ANOVA, F4,35=
3.872, P= 0.021). Data are shown as mean ± SEM. (n= 8). *P < 0.05, **P < 0.01. ANOVA analysis of variance, CA control antibody, FST forced swimming
test, NA neutralizing antibody, N.S. not significant, R-KT (R)-ketamine, SB SB431542, SPT sucrose preference test, TST tail suspension test.
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Interestingly, (R)-ketamine (10 mg/kg), but not (S)-keta-
mine (10 mg/kg), significantly ameliorated the reduced
expression of these genes (Fig. 1c–f and Fig. S1).

Effects of TGF-β1 inhibitors and neutralizing antibody in
the antidepressant effects of (R)-ketamine
To study the role of TGF-β1 in the antidepressant

effects of (R)-ketamine, we used two TGF-β receptor 1
inhibitors: RepSox and SB431542. Pretreatment with
RepSox (10 mg/kg, i.p., 30 min) significantly blocked the
antidepressant effects of (R)-ketamine in CSDS suscep-
tible mice (Fig. 2a–d). Likewise, pretreatment with
SB431542 (10 μM, 2 μl, i.c.v., 30 min) significantly blocked
the antidepressant effects of (R)-ketamine in CSDS sus-
ceptible mice (Fig. 2e–h). Moreover, pretreatment with
neutralizing antibody of TGF-β1 (1 μg/ml, 2 μL, i.c.v.,
30 min) significantly blocked the antidepressant effects of
(R)-ketamine in CSDS susceptible mice (Fig. 2i–l). These
findings indicate that TGF-β1 might contribute to the
antidepressant effects of (R)-ketamine in CSDS suscep-
tible mice.

Role of microglial TGF-β1
TGF-β1 is constitutively expressed in microglia into

adulthood55. An earlier study demonstrated that TGF-β1
was necessary for the in vitro development of microglia
and that microglia were absent in the brain of TGF-β1-
deficient mice56, suggesting that TGF-β1 plays a key role
in microglia. Microglia rely on cytokine signaling, such as
activation of CSF1R and TGF-β1, for their survival57. In
situ hybridization with cell-type marker immunostaining
revealed high expression of Tgfb1 and its receptors
(Tgfbr1 and Tgfbr2) in microglia, but not in astrocytes, in
mouse brain PFC (Fig. 3).
To examine whether microglia TGF-β1 contributes to

the antidepressant effects of (R)-ketamine, we studied the
impact of microglial depletion on the antidepressant
effects of (R)-ketamine. Preliminary experimentation
revealed that i.c.v. injection of PLX3397, a potent CSF1R
inhibitor, reduced the Iba1 protein in the mouse PFC (Fig.
S2). In this study, we used the time (24 h) of PLX3397
(100 μM, 2 μl, i.c.v.). Using FACS analysis, we analyzed the
expression of both Iba1 and TGF-β1 in
TMEM119+CD11b+ microglia in the PFC. Pretreatment
with PLX3397 significantly reduced the expression of
both TGF-β1 and Iba1 in TMEM119+CD11b+ microglia
(Fig. 4a–c). Furthermore, Western blot analysis revealed
that PLX3397 injection reduced Iba1 protein in the PFC
(Fig. 4d). These findings indicate partial depletion of
microglia by PLX3397 in the PFC.
Next, we studied the impact of PLX3397 on the anti-

depressant effects of (R)-ketamine in CSDS susceptible mice
(Fig. 5a). There were no changes in locomotion among the
five groups (Fig. 5b). Findings from the TST and the forced

swim test (FST), showed that PLX3397 significantly blocked
the antidepressant effects of (R)-ketamine for increased
immobility time of both TST and FST (Fig. 5c, d). In the
SPT, PLX3397 significantly blocked the effects of (R)-
ketamine for reduced sucrose preference in CSDS suscep-
tible mice (Fig. 5e). Collectively, partial depletion of
microglia by PLX3397 significantly blocked the anti-
depressant effects of (R)-ketamine in CSDS susceptible mice
(Fig. 5). These findings indicate that microglia-expressing
molecules, including TGF-β1 and its receptors, contribute
to the antidepressant effects of (R)-ketamine in a CSDS
model.

Antidepressant effects of TGF-β1 in rodent models of
depression
Finally, we studied whether mouse recombinant TGF-

β1 has antidepressant effects in three animal models of
depression. First, we studied the effects of TGF-β1 and
TGF-β2 in the CSDS model (Fig. 6a). There were no
changes in locomotion in the four groups (Fig. 6b, h). A
single i.c.v. injection of (R)-ketamine (1 mg/ml, 2 μl)
produced rapid and sustained antidepressant effects in
CSDS susceptible mice, consistent with the previous
report58. Similar to (R)-ketamine, i.c.v. infusion of
TGF-β1 (10 ng/ml, 2 μl) significantly the increased

Fig. 3 In situ hybridization and immunohistochemistry. a
Representative image of Tgfb1 mRNA (purple) and Iba1 protein
(brown, marker for microglia) or S100b protein (brown, marker for
astrocyte). b Representative image of Tgfbr1 mRNA. c Representative
image of Tgfbr2 mRNA. Tgfb1 and its receptors (Tgfbr1 and Tgfbr2) are
co-localized with microglia, but not astrocytes. Scale bar= 100 μm.
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immobility time of both TST and FST in CSDS sus-
ceptible mice (Fig. 6c, d). In the SPT, i.c.v. infusion of
TGF-β1 significantly the reduced sucrose preference in
CSDS susceptible mice (Fig. 6e-g). Interestingly, we
detected the beneficial effects of TGF-β1 seven days
after a single injection (Fig. 6g), indicating long-lasting
antidepressant effects of TGF-β1. Conversely, TGF-β2
(10 ng/ml, 2 μl) did not produce antidepressant effects
in CSDS susceptible mice, though (R)-ketamine (1 mg/
ml, 2 μl) produced rapid and sustained antidepressant
effects in the same model (Fig. 6h–l).
Moreover, a single i.c.v. infusion of TGF-β1 (10 ng/ml, 2 μl)

significantly attenuated the increased immobility time of FST
in LPS (0.5mg/kg)-treated mice (Fig. 7a–c). In addition, a
single intranasal administration of TGF-β1 (1.5 μg, 15 μl)
significantly attenuated the increased immobility time of FST
in LPS-treated mice (Fig. 7d–f). In a rat LH model, bilateral i.
c.v. infusion of TGF-β1 (250 ng/side) significantly reduced
the failure number and latency of LH rats 4 days after i.c.v.
injection (Fig. 7g–i). These findings indicate that

recombinant TGF-β1 has ketamine-like robust anti-
depressant effects in rodent models of depression.

Discussion
The main findings of this study are as follows: First, RNA-

sequencing and GSEA revealed the role of TGF-β signaling
in the beneficial antidepressant effects of (R)-ketamine
compared with (S)-ketamine. RT-PCR revealed reduced
expression of Tgfb1 and its receptors (Tgfbr1 and Tgfbr2) in
the PFC and the hippocampus from CSDS susceptible mice.
Furthermore, (R)-ketamine, but not (S)-ketamine, atte-
nuated the reduced expression of these genes in the PFC
and the hippocampus of CSDS susceptible mice. Second,
pharmacological inhibitors and neutralizing antibody of
TGF-β1 blocked the antidepressant effects of (R)-ketamine
in CSDS susceptible mice, indicating a role of TGF-
β1 signaling in the antidepressant effects of (R)-ketamine.
Third, partial depletion of microglia by PLX3397 blocked
antidepressant effects of (R)-ketamine in CSDS susceptible
mice, indicating a role of microglia in the antidepressant

Fig. 4 FACS analysis of PFC samples from vehicle or PLX3397 treated mice. a FACS analysis of CD11b-gated cells stained with antibody to
TMEM119 in PFC samples of control mice and PLX3397 treated mice. b Iba1 and TGF-β1 expression in TMEM119+CD11b+ microglia were analyzed.
Red histograms indicate control group and blue histograms indicate PLX3397 treated group. c The fluorescence intensity of both Iba1 and TGF-β1 in
TMEM119+CD11b+ microglia in the PFC of PLX3397 treated mice was significantly (Iba1: P= 0.0186, TGF-β1: P= 0.0002) lower than that of control
mice. d Western blot analysis of Iba1 in the PFC samples of control mice and PLX3397 treated mice. Representative bands of Western blot analysis.
The expression of Iba1 in the PFC of PLX3397 treated mice was significantly (P= 0.0023) lower than that of control mice. Data are shown as mean ±
SEM. (control group: n= 10, PLX group n= 9). *P < 0.05, **P < 0.01, ***P < 0.001.
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effects of (R)-ketamine. Lastly, recombinant TGF-β1 elicited
rapid-acting and long-lasting antidepressant effects in
CSDS, LPS, and LH models of depression. Overall, it
appears likely that (R)-ketamine can exert antidepressant
effects by normalizing microglial TGF-β1 signaling in the
PFC and the hippocampus of CSDS susceptible mice.
Furthermore, TGF-β1 has ketamine-like antidepressant
effects in rodent models.
Microglia are the only cell type that express CSF1R.

CSF1R knockout mice are devoid of microglia59. Moreover,
it has been reported that repeated treatment with CSF1R
inhibitors, such as PLX3397, cause a dramatic reduction in
the number of microglia within the adult brain48–50.

Interestingly, microglia are absent in the brains of central
nervous system TGF-β1 knockout mice56. Thus, microglia
in the adult brain are physiologically dependent upon
CSF1R and TGF-β1 signaling57. In this study, a single i.c.v.
injection of PLX3397 produced significant reduction of Iba1
and TGF-β1 in the PFC, suggesting partial depletion of
microglia in the PFC. Interestingly, pretreatment of
PLX3397 significantly blocked the antidepressant effects of
(R)-ketamine in CSDS susceptible mice. Overall, it appears
likely that microglial TGF-β1 in the PFC might contribute
to the antidepressant effects of (R)-ketamine.
In this study, i.c.v. infusion of TGF-β1 produced rapid-

acting and long-lasting antidepressant effects in a CSDS

Fig. 5 Effects of PLX3397 on antidepressant effects of (R)-ketamine in a CSDS model. a Chronic social defeat stress (CSDS) was performed from
day 1 to day 10 for 10 days. Social interaction test was performed on day 11. On day 12, vehicle or PLX3397 was administered i.c.v. to CSDS
susceptible mice. On day 13, saline or (R)-ketamine (10 mg/kg) was administered i.p. 24 h after injection of PLX3397. Locomotion and FST were
performed 1 and 3 h after injection, respectively. FST and SPT were performed 1 and 2 days after injection, respectively. b Locomotion (1 h, one-way
ANOVA, F4,35= 0.226, P= 0.921). c TST (3 h, one-way ANOVA, F4,35 = 13.706, P < 0.001). d FST (1 day, one-way ANOVA, F4,35= 5.362, P= 0.005). e SPT
(2 day, one-way ANOVA, F4,35= 6.045, P= 0.003). Data are shown as mean ± SEM. (n= 8). *P < 0.05, **P < 0.01. ANOVA analysis of variance, FST forced
swimming test, N.S. not significant, PLX PLX3397, R-KT (R)-ketamine, SPT sucrose preference test, TST tail suspension test.
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model, an LPS-induced model, and an LH model. Notably,
we detected the antidepressant effects of TGF-β1 in a CSDS
model and an LH model 7 days and 4 days after a single
dose, respectively. Collectively, the antidepressant effects of
TGF-β1 in these models are similar to those of (R)-keta-
mine, suggesting that TGF-β1 has (R)-ketamine-like long-
lasting antidepressant effects. Taylor et al60. showed that a
single i.c.v. injection of TGF-β1 4 h after intracerebral
hemorrhage (ICH) produced complete recovery of motor
function at 24 h, and that this recovery persisted for at least
one week. Furthermore, i.c.v. injection of TGF-β1 alleviated
N-methyl-4-phenylpyridinium ion (MPP+)-induced micro-
glial inflammatory response and dopaminergic neuronal
loss in the substantia nigra, indicating that TGF-β1 plays a
role in the pathology of Parkinson’s disease (PD). Collec-
tively, it is possible that TGF-β1 can produce rapid and
long-lasting beneficial effects in several models, such as
depression, ICH, and PD.
Notably, intranasal administration of TGF-β1 has rapid-

acting antidepressant effects in LPS-treated mice. A pre-
vious study showed that intranasal administration of
TGF-β1 ameliorated neurodegeneration in the mouse

brain after β-amyloid1–42 injection44. It has also been
reported that TGF-β1 administered intranasally entered
several brain regions, such as the PFC and the hippo-
campus, of control adult mice, whereas no increase was
observed in the blood and peripheral organs61, indicating
good permeability of the blood brain barrier for TGF-β1.
It is also reported that CSDS alters blood brain barrier
integrity through loss of tight junction protein Cldn562. In
addition, TGF-β1 might be free of the psychotomimetic
side-effects of ketamine and its potential for abuse in
humans, as TGF-β1 does not interact with NMDAR in the
brain. Therefore, it is likely that intranasal administration
of TGF-β1 would be a novel potential therapeutic
approach for depression.
This study has some limitations. In this study, we used

the CSF1R inhibitor to delete microglia in the brain
although the partial depletion of microglia was detected.
It is of great interest to investigate the role of microglia in
the antidepressant effects of (R)-ketamine using CSF1R
knockout mice since CSF1R knockout mice are devoid of
microglia59. Furthermore, it is also of interest to investi-
gate the role of microglial TGF-β1 in the antidepressant

Fig. 6 Effects of recombinant TGF-β1 and TGF-β2 in a CSDS model. a Chronic social defeat stress (CSDS) was performed from day 1 to day 10 for
10 days. Social interaction test was performed on day 11. On day 12, vehicle or TGF-β1 (or TGF-β2) was administered i.c.v. to CSDS susceptible mice.
Locomotion and TST were performed 1 and 3 h after injection, respectively. FST was performed 1 day after injection. SPT was performed 2, 4, and
7 days after injection. b Locomotion (1 h, one-way ANOVA, F3,20= 0.122, P= 0.946). c TST (3 h, one-way ANOVA, F3,20= 2.352, P= 0.041). d FST (1 day,
one-way ANOVA, F3,20= 3.650, P= 0.030). e SPT (2 day, one-way ANOVA, F3,20= 3.410, P= 0.037). f SPT (4 day, one-way ANOVA, F3,20= 8.140, P=
0.001). g SPT (7 day, one-way ANOVA, F3,20= 6.278, P= 0.004). h Locomotion (1 h, one-way ANOVA, F3,20= 0.171, P= 0.975). i TST (3 h, one-way
ANOVA, F3,20= 10.093, P < 0.001). j FST (1 day, one-way ANOVA, F3,20= 16.353, P < 0.001). k SPT (2 day, one-way ANOVA, F3,20= 4.750, P= 0.012). l SPT
(4 day, one-way ANOVA, F3,20= 5.404, P= 0.007). Data are shown as mean ± SEM. (n= 6). *P < 0.05, **P < 0.01. ANOVA analysis of variance, FST forced
swimming test, N.S. not significant, R-KT (R)-ketamine, SPT sucrose preference test, TST tail suspension test.
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effects of (R)-ketamine using TGF-β1 knockout mice
since microglia were absent in the brain of TGF-β1
knockout mice56.
In conclusion, this study shows that TGF-β1 in the

microglia might contribute to the antidepressant effects of
(R)-ketamine in animal models of depression. Further-
more, similar to (R)-ketamine, TGF-β1 seems to rapid-
acting and long-lasting antidepressant effects. Therefore,
it is likely that TGF-β1 would be a new rapid-acting and
sustained antidepressant.
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Fig. 7 Effects of recombinant TGF-β1 in LPS model and LH model. a Saline or LPS (0.5 mg/kg) was administered i.p. to mice. Saline or TGF-β1 was
administered i.c.v. to LPS-treated mice 23 h after LPS injection. Locomotion and FST were performed 1 and 3 h after injection, respectively. b
Locomotion (1 h, one-way ANOVA, F2,39= 0.122, P= 0.122). c FST (3 h, one-way ANOVA, F2,39= 3.124, P= 0.045). Data are shown as mean ± SEM. (n
= 14). *P < 0.05. d Saline or LPS (0.5 mg/kg) was administered i.p. to mice. Saline or TGF-β1 was administered intranasally to LPS-treated mice 23 h
after LPS injection. Locomotion and FST were performed 1 and 3 h after injection, respectively. e Locomotion (1 h, one-way ANOVA, F2,27= 0.255, P
= 0.777). f FST (3 h, one-way ANOVA, F2,27= 5.180, P= 0.013). Data are shown as mean ± SEM. (n= 10). *P < 0.05, **P < 0.01. g Rats received
inescapable electric stress shock (IES) treatments on 2 days (day 1 and day 2), passed a post-shock test (PS) on day 3 to select learned helplessness
(LH) rats with depression-like phenotype. On day 4, vehicle or TGF-β1 was administered i.c.v. into LH rats. On day 8 (4 days after i.c.v. injection),
conditioned avoidance (CA) tests to study the antidepressant effect was performed. h The failure number of TGF-β1 treated LH rats was significantly
(P= 0.0259) lower than that of vehicle treated LH rats. i The escape latency of TGF-β1 treated LH rats was significantly (P= 0.0281) lower than that of
vehicle treated LH rats. Data are shown as mean ± SEM. (vehicle: n= 5, TGF-β1: n= 6). *P < 0.05. FST forced swimming test, N.S. not significant.
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Epidemiological studies suggest that exposure to herbicides
during pregnancy might increase risk for autism spectrum disorder
(ASD) in offspring. However, the precise mechanisms underlying
the risk of ASD by herbicides such as glyphosate remain unclear.
Soluble epoxide hydrolase (sEH) in the metabolism of polyunsat-
urated fatty acids is shown to play a key role in the development
of ASD in offspring after maternal immune activation. Here, we
found ASD-like behavioral abnormalities in juvenile offspring after
maternal exposure to high levels of formulated glyphosate. Fur-
thermore, we found higher levels of sEH in the prefrontal cortex
(PFC), hippocampus, and striatum of juvenile offspring, and oxylipin
analysis showed decreased levels of epoxy-fatty acids such as 8
(9)-EpETrE in the blood, PFC, hippocampus, and striatum of juve-
nile offspring after maternal glyphosate exposure, supporting
increased activity of sEH in the offspring. Moreover, we found
abnormal composition of gut microbiota and short-chain fatty
acids in fecal samples of juvenile offspring after maternal glyph-
osate exposure. Interestingly, oral administration of TPPU (an sEH
inhibitor) to pregnant mothers from E5 to P21 prevented ASD-like
behaviors such as social interaction deficits and increased groom-
ing time in the juvenile offspring after maternal glyphosate ex-
posure. These findings suggest that maternal exposure to high
levels of glyphosate causes ASD-like behavioral abnormalities
and abnormal composition of gut microbiota in juvenile off-
spring, and that increased activity of sEH might play a role in
ASD-like behaviors in offspring after maternal glyphosate expo-
sure. Therefore, sEH may represent a target for ASD in offspring after
maternal stress from occupational exposure to contaminants.

glyphosate | gut microbiota | soluble epoxide hydrolase

Autism spectrum disorder (ASD) is a developmental disorder
characterized by social and communication impairments,

combined with limited or focused interests and repetitive be-
haviors (1, 2). Although the prevalence of ASD has been rising
since the 1980s, the detailed reasons underlying this rise remain
unknown (3, 4). In addition to genetic factors, accumulating
evidence supports a significant contribution of environmental
factors in ASD etiology (1, 2, 5, 6). Environmental factors, in-
cluding exposures to synthetic chemicals during pregnancy and
lactation, are suggested to play a role in the development of
ASD. These chemicals include selective serotonin reuptake in-
hibitors (SSRIs), pesticides, phthalates, polychlorinated biphe-
nyls, solvents, air pollutants, fragrances, and heavy metals (6–8).

Glyphosate [N-(phosphonomethyl)glycine] is the active in-
gredient in Roundup and other herbicides, and, because of its
efficacy, excellent environmental profile, and low toxicity, it is
the most widely used herbicide in the world (9, 10). Interestingly,
a positive correlation was reported between the rise of glyph-
osate usage on corn and soy crops in the United States over the
years 1995 to 2010 and the increase in ASD rates over the same

period as reported in the US public school system (11–13). A
recent population-based case-control study in California showed
that the risk of ASD was associated with the use of glyphosate
(odds ratio = 1.16) (14). For ASD with intellectual disability,
estimated odds ratio were higher (by about 30%) with prenatal
exposure to glyphosate (odds ratio = 1.33) (14). These reports
suggest that possible relationships between glyphosate and ASD
should be explored in animal models.
Epidemiological studies implicate prenatal environmental

factors, including maternal immune activation (MIA), playing a
key role in the etiology of developmental disorders such as ASD
(15–19). There are a number of positive associations between
maternal infections or inflammatory biomarkers and ASD (15,
16, 20). Collectively, MIA during pregnancy can increase the risk
of developmental disorders such as ASD in offspring.
Epoxy fatty acids (EpFAs) are produced from the correspond-

ing polyunsaturated fatty acids by cytochrome P450 enzymes.
Epoxyeicosatrienoic acids (EpETrEs) and epoxydocosapentaenoic
acids (EpDPEs) are produced from arachidonic acid and doco-
sahexaenoic acid (DHA), respectively. EpETrEs, EpDPEs, and some
other EpFAs have potent antiinflammatory properties. However,
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these lipid mediators are metabolized rapidly into their corre-
sponding diols by soluble epoxide hydrolase (sEH), and inhibition
of sEH enhances the beneficial effects of EpFAs (21–24). Accu-
mulating evidence demonstrate a key role of sEH in multiple
animal models, including depression, ASD, schizophrenia, and
Parkinson’s disease (25–32). Recently, we reported that sEH in
the prefrontal cortex (PFC) plays a key role in the development of
ASD-like behavioral abnormalities in juvenile offspring after MIA
(30). However, there is no previous report showing the role of
sEH in the pathogenesis of ASD in offspring after maternal ex-
posure to formulated glyphosate.
The purpose of this study was to examine the role of sEH in

the pathogenesis of ASD in offspring after maternal glyphosate
exposure. First, we examined whether maternal glyphosate ex-
posure causes ASD-like behavioral abnormalities in juvenile off-
spring. Second, we examined whether expression of sEH is altered
in the brain regions of juvenile offspring after maternal glyphosate
exposure. Furthermore, we performed oxylipin analysis of blood
and brain regions from juvenile offspring. Moreover, we measured
levels ofN-methyl-D-aspartate receptor (NMDAR)-related amino
acids in the blood and brain from juvenile offspring since
NMDAR-related amino acids were altered in patients with
ASD (33–36). Third, we performed 16S rRNA analysis and
measurement of short-chain fatty acids of fecal samples in juvenile
off\spring after maternal glyphosate exposure since abnormal
composition of gut microbiota is shown in patients with ASD
(36–40). Finally, we examined whether treatment with TPPU
[1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)urea] (40–42),
a potent sEH inhibitor, in pregnant mice from pregnancy to
weaning could prevent behavioral abnormalities in juvenile off-
spring after maternal glyphosate exposure.

Results
General and Behavioral Data of Mother and Juvenile Offspring after
Maternal Glyphosate Exposure. First, we examined whether ma-
ternal glyphosate exposure could affect the general and behav-
ioral outcomes in male offspring (SI Appendix, Fig. S1A).
Previous studies used drinking water containing 1% Roundup
[0.38% (wt/vol) glyphosate] during pregnancy and lactation (43, 44).
For this study, water or formulated glyphosate [0.039% (wt/vol)
glyphosate] were given to pregnant mice from E5 to P21 (weaning).
The mortality of pregnant mice at the highest concentration
(0.39%) in our hands was 100%, although the mortality of lower
concentrations (0.039% and 0.098%) was 0% (SI Appendix, Table
S1), even though the 0.39% concentration has been previously used
in other studies (43, 44). This discrepancy may have been due to
different formulations of glyphosate or mouse strain differences
(ddy vs. ICR) between the studies. Body weight of pregnant mice
was increased gradually after maternal glyphosate (0.039 to 0.293%)
exposure, whereas body weight of pregnant mice treated with the
high concentration (0.39%) did not increase (SI Appendix, Fig.
S1B). The mortality of offspring in the 0.039% glyphosate group
was 0%, and juvenile offspring after maternal 0.039% glyphosate
exposure did not show any behavioral abnormality such as loco-
motion, social interaction deficits in a three-chamber test, and
depression-like phenotype in the forced swimming test (SI Appen-
dix, Fig. S1 C–E and Table S1). In contrast, we found social in-
teraction deficits in juvenile offspring after maternal 0.098%
glyphosate exposure. Therefore, we used 0.098% glyphosate in
the subsequent experiments. This concentration corresponded with
1/80th of the glyphosate no-observed-adverse-effect level, as
reported previously (45).
Body weight of glyphosate-exposed mothers was significantly

lower than that of water-exposed mothers at E17 (Fig. 1 A and
B). On P21 (weaning), we could detect blood levels of glyphosate
in the mothers treated with 0.098% glyphosate and their off-
spring, although glyphosate was not detected in the dams and
offspring of the water-treated group (Fig. 1 A and C). Locomotion

and prepulse inhibition (PPI; for psychosis) were not different
between the two groups (Fig. 1 D and F). In the novel object
recognition test (NORT), offspring after maternal glyphosate ex-
posure showed cognitive deficits (Fig. 1E). In the three-chamber
test, juvenile offspring after maternal glyphosate exposure showed
social interaction deficits compared to the water-treated group
(Fig. 1G). The data suggest that maternal exposure to glyphosate
in a commercial formation (SI Appendix, Supplementary Material
for composition) causes ASD-like cognitive deficits and social
interaction deficits in juvenile offspring.

Increased Expression of sEH in the Brain of Juvenile Offspring after
Maternal Glyphosate Exposure. We measured the expression of
sEH in the brain since increased expression of sEH in the PFC
plays a role in the ASD-like behaviors after MIA (30). Protein
levels of sEH in the PFC and striatum, but not hippocampus, from
mothers treated with glyphosate were significantly higher than
those of water-treated mice (Fig. 1H). Protein levels of sEH in the
PFC, hippocampus, and striatum from juvenile offspring (P28)
after maternal glyphosate exposure were significantly higher than
those of water-treated mice (Fig. 1I). Furthermore, gene expres-
sion of sEH (or Ephx2) mRNA in the PFC, hippocampus, and
striatum from juvenile offspring (P28) after maternal glyphosate
exposure was significantly higher than those of water-treated mice
(Fig. 1J).

Next, we performed parvalbumin (PV) immunohistochemistry
in the brain from juvenile mice (Fig. 1K). PV immunoreactivity
in the prelimbic (PrL), but not IL (infralimbic), of medial PFC in
the offspring of maternal glyphosate exposure was significantly
lower than that of the water-treated group (Fig. 1K).

Oxylipin Analysis of Blood and Brain Regions. Using oxylipin anal-
ysis, we measured the levels of eicosanoid metabolites in the
blood, PFC, hippocampus, and striatum from juvenile offspring
(P28) after maternal glyphosate exposure (SI Appendix, Fig. S2
and Tables S2–S5). Blood levels of many epoxides were signifi-
cantly lower in juvenile offspring after maternal glyphosate ex-
posure (SI Appendix, Table S2). We found higher levels of 8
(9)-EpETrE [8,9-epoxy-5Z,11Z,14Z-eicosatrienoic acid] compared
to other EpFAs in the mouse brain. Levels of 8 (9)-EpETrE in the
PFC, hippocampus, and striatum were significantly lower in juvenile
offspring (P28) after maternal glyphosate exposure (Fig. 2 and SI
Appendix, Tables S3–S5). Lower levels of 8 (9)-EpETrE in the brain
regions from juvenile offspring after maternal glyphosate exposure
support the increased expression of sEH in these regions. In con-
trast, tissue levels of other EpFAs in the PFC, hippocampus, and
striatum from juvenile offspring after maternal glyphosate expo-
sure were significantly higher than those of control mice (SI Appendix,
Tables S3–S5).

Measurement of Amino Acids in the Blood and Brain. Next, we
measured levels of NMDAR-related amino acids (i.e., glutamate,
glutamine, glycine, D-serine, L-serine, GABA) in the plasma and
brains of juvenile offspring (P28) after maternal glyphosate ex-
posure. Maternal glyphosate exposure caused significant reduc-
tions of glutamate in the plasma and brain regions. In addition,
maternal glyphosate exposure caused significant reductions of
other amino acids (i.e., glycine, L-serine, GABA) in the PFC (SI
Appendix, Table S6). The data suggest abnormalities in NMDAR-
related neurotransmission in the PFC of juvenile offspring after
maternal glyphosate exposure.

16S rRNA Analysis and Measurement of Short-Chain Fatty Acids of
Fecal Samples of Juvenile Offspring after Maternal Glyphosate
Exposure. We performed 16S rRNA analysis of fecal samples of
offspring (P28). Maternal glyphosate exposure caused abnormal
composition of gut microbiota in juvenile offspring (Fig. 3). At the
species level, the relative abundance of Eubacterium plexicaudatum,
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Fig. 1. Social interaction deficits, increased expression of sEH, and decreased PV immunoreactivity in the brain from juvenile offspring after maternal
glyphosate exposure. (A) Schedule of treatment, behavioral tests, and sample collection. (B) Change of body weight of pregnant mothers (n = 6). (C) Blood
levels of glyphosate in the mothers and offspring at P21. Data are shown as mean ± SEM (mother n = 7, offspring n = 10). (D) Locomotion. Data are shown as
mean ± SEM (n = 7 or 8). (E) Novel object recognition test (NORT). Data are shown as mean ± SEM (n = 8). (F) Prepulse inhibition (PPI) test. Data are shown as
mean ± SEM (n = 8). (G) Three-chamber social interaction test. (Left) Two-way ANOVA (glyphosate, F1,22 = 4.747, P = 0.040; stranger, F1,22 = 141.2, P < 0.001;
interaction, F1,22 = 76.77, P < 0.001). (Right) Two-way ANOVA (glyphosate, F1,22 = 9.760, P = 0.005; stranger, F1,22 = 26.75, P < 0.001; interaction, F1,22 = 33.38,
P < 0.001). Data are shown as mean ± SEM (n = 6 or 7). (H) Protein expression of sEH in the PFC, hippocampus, and striatum of mothers. Data are shown as
mean ± SEM (n = 4 or 5). (I) Protein expression of sEH in the PFC, hippocampus, and striatum from juvenile offspring (P28). Data are shown as mean ± SEM (n =
10). (J) Gene expression of Ephx2 mRNA in the mouse brain regions from juvenile offspring (P28). Data are shown as mean ± SEM (n = 8). (K) PV immu-
noreactivity in the prelimbic area (PrL) and infralimbic (IL) of mPFC. The values represent the mean ± SEM (n = 8; *P < 0.05, **P < 0.01, ***P < 0.001 compared
to control group by Student t test). N.S., not significant.
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Lachnospiraceae bacterium 538, and Clostridium tertium was sig-
nificantly lower in the juvenile offspring after maternal glyphosate
exposure compared to the water-treated group (Fig. 3). In con-
trast, the relative abundance of Clostridium sp. Clone-1, Enter-
orhabdus muris, Clostridium sp. Clone-46, and Butyricimonas virosa
was significantly higher in juvenile offspring after maternal
glyphosate exposure compared to the water-treated group (Fig. 3).
Furthermore, levels of acetic acid in the fecal samples of the
offspring were significantly increased after maternal glyphosate
exposure (Fig. 3). Other short-chain fatty acids including pro-
pionic acid, butyric acid, and valeric acid were not different. The
data suggest that maternal exposure to formulated glyphosate
causes abnormal composition of gut microbiota in juvenile
offspring.

Effects of TPPU on ASD-Like Behaviors in Juvenile Offspring of
Maternal Glyphosate Exposure. Water or glyphosate was given to
pregnant mice from E5 to P21. In addition, the pregnant mice
were orally administered vehicle (5 mL/kg/d) or vehicle and TPPU
(3 mg/kg/d) from E5 to P21. Behavioral tests such as grooming
test and three-chamber social interaction test were performed
from P28 to P35 (Fig. 4A). Body weight was significantly in-
creased in TPPU-treated glyphosate-exposed mothers com-
pared to vehicle-treated glyphosate exposure mothers (Fig. 4B).
Treatment with TPPU significantly ameliorated the increased
grooming time of juvenile offspring after maternal glyphosate
exposure (Fig. 4C). In the three-chamber social interaction test,
treatment with TPPU significantly improved social interaction
deficits in juvenile offspring after maternal glyphosate exposure
(Fig. 4D).

Discussion
The present results demonstrate a role of sEH in the onset of
ASD-like behaviors in murine offspring after maternal glyphosate
exposure. The major findings of the present study are as follows.
First, exposure to high levels (0.098%) of glyphosate during preg-
nancy and lactation caused ASD-like behaviors in juvenile offspring.
Second, expression of sEH protein in the PFC, hippocampus, and

striatum from juvenile offspring after maternal glyphosate ex-
posure was higher than that of the control group. Oxylipin
analysis showed a marked reduction of 8 (9)-EpETrE in the
plasma, PFC, hippocampus, and striatum from juvenile offspring
after maternal glyphosate exposure, supporting higher levels of
sEH in these regions. Third, maternal glyphosate exposure caused
reduced PV immunoreactivity in the prelimbic of medial PFC in
the offspring compared to the water-treated group. Furthermore,
maternal glyphosate exposure caused significant alterations of
NMDAR-related amino acids in the blood and brain of offspring.
Fourth, maternal glyphosate exposure caused significant abnormal
composition of gut microbiota and increased levels of acetic acid
in the fecal samples from juvenile offspring. Finally, repeated
treatment with TPPU in glyphosate-treated pregnant mice from
pregnancy (E5) to weaning (P21) prevented the onset of ASD-like
behaviors (i.e., increased grooming time and social interaction
deficits) in juvenile offspring after maternal glyphosate exposure.
Collectively, these findings suggest that the sEH enzyme plays a
key role in the development of ASD-like behavioral abnormalities
in offspring after maternal glyphosate exposure, and that sEH
inhibitors may prove to be promising prophylactic or therapeutic
drugs for ASD.
In this study, we found increased expression of sEH protein in

the PFC of juvenile offspring after maternal glyphosate exposure,
consistent with our report using MIA (30). Thus, it seems that
increases in the sEH in the PFC and other regions (hippocampus
and striatum) might play a role in the behavioral and biochemical
abnormalities seen in juvenile offspring after maternal glyphosate
exposure. Previously, we reported higher levels of EPHX2 mRNA
in the postmortem brain samples from ASD patients (30). These
findings suggest that increased metabolism of EpFAs to the cor-
responding diols by increased sEH may play a role in the patho-
genesis of ASD, although further detailed studies on how
maternal glyphosate exposure induces abnormalities in the eicos-
anoid metabolism by sEH and behavioral abnormalities in off-
spring are needed.
We found decreased levels of many EpFAs including 8 (9)-

EpETrE in the blood of juvenile offspring after maternal

Fig. 2. Oxylipin analysis of blood and brain regions. (A) Arachidonic acid is metabolized to 8,9-EpETrE by several cytochrome P450 enzymes. Subsequently,
8,9-EpETrE is metabolized to 8,9-DiHETrE by sEH. (B) Levels of 8,9-EpETrE in the plasma, PFC, hippocampus, and striatum from juvenile offspring (P28). The
values represent the mean ± SEM (n = 8 to 10; *P < 0.05, **P < 0.01 compared to control group by Student t test).
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glyphosate exposure compared to the water-treated group. Inter-
estingly, tissue levels of 8 (9)-EpETrE, the abundant EpFA in the
brain, were significantly lower in the PFC, hippocampus, and
striatum from juvenile offspring after maternal glyphosate expo-
sure than those of control mice, supporting an increased activity of
sEH in these brain regions. The data on 8 (9)-EpETrE are con-
sistent with our previous report using MIA model of ASD (30).
Although the precise mechanisms underlying the relationship be-
tween 8 (9)-EpETrE and sEH in the brain from juvenile offspring
after maternal glyphosate exposure are currently unclear, it seems
that low levels of 8 (9)-EpETrE by increased levels of sEH in the
brain may be involved in behavioral abnormalities of offspring
after maternal glyphosate exposure. By contrast, other EpFAs
were significantly higher in the brain regions of juvenile offspring
after maternal glyphosate exposure than those of the water-treated
group, although tissue levels of sEH in the brain regions were
increased after maternal glyphosate exposure. Although the rea-
sons underlying this discrepancy are currently unknown, it seems
that multiple pathways may contribute to formation and degra-
dation of EpFAs in the brain regions.

It is recognized that mechanism of action of glyphosate is to
disrupt the shikimate pathway, which is absent from human cells.
However, human gut microbiomes contain the shikimate pathway,
which plays a key role in the synthesis of aromatic amino acids in
both plants and microbiomes (11, 46–48). Therefore, it is sug-
gested that exposure to glyphosate can affect gut microbiota in
humans (6, 49). In this study, we found abnormal composition of
gut microbiota such as Clostridium in juvenile offspring after
maternal glyphosate exposure. A recent review pointed an in-
teraction between Clostridium bacteria and ASD (50). In addition,
we found higher levels of acetic acid in fecal samples of juvenile
offspring after maternal glyphosate exposure. It is reported that
fecal levels of acetic acid in children with ASD were higher than
those in controls (51). It seems that increased intestinal perme-
ability by acetic acid might play a role in fecal production of acetic
acid since acetic acid plays a role in gut epithelial barrier func-
tion (51). Given the crucial role of gut microbiota in ASD
pathogenesis (39, 52, 53), abnormal composition of gut micro-
biota may be, in part, involved in the ASD-like behaviors in
offspring after maternal glyphosate exposure. At present, specific

Fig. 3. Composition of gut microbiota in fecal samples of juvenile offspring. (A) Histogram of microbiota at species level of offspring (P28). (B) Several
bacteria were significantly altered in the offspring after maternal glyphosate exposure. Data are shown as mean ± SEM (n = 10; *P < 0.05, **P < 0.01
compared to control group by Student t test).
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bacteria that can cause ASD were not yet identified. Therefore,
further study on the role of gut microbiota on glyphosate-induced
ASD is needed.
Maternal exposure to 0.098% glyphosate causes ASD-like

behaviors and abnormal composition of gut microbiota in juve-
nile offspring. Although it is exceptionally unlikely that such
exposure could be reached during human pregnancy, mater-
nal exposure to high levels of technical glyphosate could have
detrimental side effects in offspring. A cohort study on mea-
surement of blood (or urine) levels of glyphosate in pregnant
mothers who have offspring with or without ASD is of interest.

Although the current animal data do not necessarily translate to
humans, further study connecting animal data with the find-
ings from epidemiological studies is needed to identify the de-
tailed mechanisms of action of glyphosate exposure for ASD
pathogenesis.
In conclusion, this study suggests that maternal exposure to

high levels of formulated glyphosate might play a role in the
etiology of ASD-like behaviors in murine offspring through in-
creased activity of sEH in the brain, and sEH inhibitors could
be a useful tool to dissect the mechanism. However, a recent
comprehensive review on human exposure to glyphosate indicates
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Fig. 4. Effects of TPPU on ASD-like behavioral abnormalities in juvenile offspring after maternal glyphosate exposure. (A) Schedule of treatment and be-
havioral tests. Water or glyphosate (0.098%) was given to pregnant mice. Vehicle (5 mL/kg/d) or TPPU (3 mg/kg/d) was administered orally to pregnant mice
from E5 to P21. Subsequently, all mice received normal water. Grooming test and three-chamber social interaction test were performed from P28 to P35. (B)
Change of body weight of mothers (n = 5 or 6). Two-way ANOVA (glyphosate, F1,17 = 7.66, P = 0.013; TPPU, F1,17 = 9.14, P = 0.008; interaction, F1,17 = 1.59, P =
0.225). (C) Grooming test. Treatment with TPPU significantly attenuated the increased grooming time in juvenile offspring after maternal glyphosate ex-
posure. Two-way ANOVA (glyphosate, F1,36 = 14.19, P = 0.001; TPPU, F1,36 = 25.34, P < 0.001; interaction, F1,36 = 11.31, P = 0.002). Data are shown as mean ±
SEM (n = 10; ***P < 0.01 compared to glyphosate + vehicle group). (D) Three-chamber social interaction test. (Left) Three-way ANOVA (glyphosate, F1,56 =
9.948, P = 0.003; TPPU, F1,56 = 0.301, P = 0.585; stranger, F1,56 = 135.27, P < 0.001; interaction [glyphosate × TPPU], F1,56 = 0.845, P = 0.362; interaction
[glyphosate × stranger], F1,56 = 38.61, P < 0.001; interaction [TPPU × stranger], F1,56 = 3.593, P = 0.063; interaction [glyphosate × TPPU × stranger], F1,56 = 11.06,
P = 0.002). (Right) Three-way ANOVA (glyphosate, F1,56 = 4.168, P = 0.046; TPPU, F1,56 = 21.96, P < 0.001; stranger, F1,56 = 104.28, P < 0.001; interaction
[glyphosate × TPPU], F1,56 = 1.902, P = 0.173; interaction [TPPU × stranger], F1,56 = 3.870, P = 0.054; interaction [glyphosate × stranger], F1,56 = 13.10, P = 0.001;
interaction [glyphosate × TPPU × stranger], F1,56 = 19.69, P < 0.001). Data are shown as mean ± SEM (n = 8; ***P < 0.01). N.S., not significant.
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that human exposure approaching these levels is exceptionally
unlikely (54).

Materials and Methods
Details of the experimental protocols, including animals, maternal glyph-
osate exposure, measurement of glyphosate in the blood, oxylipin analysis,
Western blot analysis, RT-PCR, behavioral tests, treatment of TPPU, immuno-
histochemistry, measurement of amino acids, gut microbiota analysis, and sta-
tistical analysis, are given in the SI Appendix.

Data Availability. All data in the paper are included in the dataset of the
SI Appendix.
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A key role of the subdiaphragmatic vagus nerve in
the depression-like phenotype and abnormal
composition of gut microbiota in mice after
lipopolysaccharide administration
Jiancheng Zhang1,2, Li Ma1, Lijia Chang1, Yaoyu Pu1, Youge Qu1 and Kenji Hashimoto 1

Abstract
The vagus nerve plays a role in the cross talk between the brain and gut microbiota, which could be involved in
depression. The subdiaphragmatic vagus nerve serves as a major modulatory pathway between the brain and gut
microbiota. Here, we investigated the effects of subdiaphragmatic vagotomy (SDV) on the depression-like phenotype
and the abnormal composition of gut microbiota in mice after lipopolysaccharide (LPS) administration. LPS caused a
depression-like phenotype, inflammation, increase in spleen weight, and downregulation of synaptic proteins in the
medial prefrontal cortex (mPFC) in the sham-operated mice. In contrast, LPS did not produce a depression-like
phenotype and downregulated synaptic proteins in the mPFC after SDV. The spleen weight and plasma levels of pro-
inflammatory cytokines in the SDV+ LPS group were lower than those of the sham+ LPS group. Interestingly, there
were positive correlations between the plasma levels of pro-inflammatory cytokines and spleen weight, suggesting a
relationship between inflammatory events and spleen weight. Furthermore, LPS led to significant alterations in gut
microbiota diversity in sham-operated mice, but not SDV-operated mice. In an unweighted UniFrac PCoA, the dots
representing the sham+ LPS group were located far away from the dots representing the other three groups. Our
results suggest that LPS produces a depression-like phenotype, increases spleen weight, triggers inflammation,
downregulates synaptic proteins in the mPFC, and leads to abnormal composition of gut microbiota via the
subdiaphragmatic vagus nerve. It is likely that the vagus nerve plays a crucial role in the brain–gut–microbiota axis.

Introduction
Depression, a common mental disorder, affects 264

million people worldwide and places great pressure on the
global burden of disease1. Although inflammation plays a
crucial role in the pathogenesis of depression2–8, the
precise mechanisms underlying inflammation-related
depression are not fully understood. Meta-analyses
showed that patients with depression exhibit higher
expression levels of pro-inflammatory cytokines,

including interleukin-6 (IL-6) and the tumor necrosis
factor-α (TNF-α), compared with healthy control sub-
jects9–16.
Interestingly, we reported previously that alterations of

peripheral IL-6, but not cerebral IL-6, might lead to
resilience rather than susceptibility to inescapable electric
stress in a rat model of learned helplessness17; moreover,
we showed that blockage of the IL-6 receptor in the
periphery produced rapid-acting sustained antidepressant
effects in a murine model of chronic social defeat stress
(CSDS)18. Thus, it is likely that inflammation in the per-
iphery plays an important role in depression-like pheno-
types in rodents.
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The peripheral administration of a bacterial endotoxin
(lipopolysaccharide (LPS)) induces depression-like beha-
viors after triggering inflammation in rodents2,19. There-
fore, the LPS-induced depression model has been widely
used as an inflammatory model of depression in
rodents20–25. The spleen, which is a large immune organ,
plays an essential role in systemic immune function.
Recently, we demonstrated a notable increase in splenic
size and weight in CSDS-susceptible mice compared with
non-CSDS control mice and CSDS-resilient mice26, sug-
gesting a role for the brain–spleen axis in stress-induced
depression.
Accumulating evidence suggests that the brain–gut–

microbiota axis plays an important role in the pathogen-
esis of depression, as the composition of gut microbiota in
patients with depression is altered compared with healthy
control subjects27–29. Preclinical studies showed that
abnormal composition of gut microbiota might contribute
to the depression-like behaviors detected in rodents30–39.
Interestingly, it is suggested that the communication
between the brain and the endogenous and exogenous
microorganisms in the gut is modulated by the vagus
nerve system40–46. The ingestion of beneficial bacteria
alleviated stress-induced anxiety and depression-like
behaviors via the subdiaphragmatic vagus nerve; more-
over, these antidepressant-like effects were abolished after
subdiaphragmatic vagotomy (SDV)46. SDV blocked the
depression-like phenotype after intraperitoneal injection
of recombinant IL-1β or LPS47, suggesting a role for the
subdiaphragmatic vagus nerve in LPS-induced depres-
sion-like phenotypes in rodents. However, no study has
demonstrated the role of the subdiaphragmatic vagus
nerve in the effects of the brain–gut–microbiota axis and
brain–spleen axis on LPS-induced depression-like
phenotype.
Given the key role of inflammation in depression,

the present study was undertaken to investigate whether
the subdiaphragmatic vagus nerve plays a role in the
depression-like phenotype and gut microbiota composi-
tion observed in mice after LPS administration. Further-
more, we measured the plasma levels of pro-inflammatory
cytokines (i.e., IL-6 and TNF-α) and synaptic proteins [i.e.,
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor A1 (GluA1) and the postsynaptic density-95
(PSD-95) protein] in the medial prefrontal cortex (mPFC).
In addition, we investigated whether SDV affects the
depression-like phenotype, spleen weight, synaptic pro-
tein expression in the mPFC, and gut microbiota com-
position in LPS-treated mice.

Materials and method
Animals
Forty adult male C57BL/6 mice (aged 8 weeks, body

weighing 20–25 g) were purchased from Japan SLC Inc.

(Hamamatsu, Japan). Mice were housed under con-
trolled conditions for temperature and humidity with a
12 h light/dark cycle (lights on from 07 to 19 h) and were
allowed free access to food (CE-2; CLEA Japan, Inc.,
Tokyo, Japan) and water. All experiments using mice
were carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health,
USA, and were approved by the Chiba University
Institutional Animal Care and Use Committee (Per-
mission number: 1-427). Animals were deeply anaes-
thetized with inhaled isoflurane and rapidly killed by
cervical dislocation. All efforts were made to minimize
animal suffering.

Subdiaphragmatic vagotomy (SDV)
Bilateral SDV was performed under anesthesia with 5%

isoflurane. Briefly, a 1 cm right transverse abdominal
incision was made 0.5 cm below the xiphisternum, start-
ing from the linea alba. The liver was carefully retracted
with a small cotton pellet dampened with sterile normal
saline and the costal arc was pulled using a vascular
clamp, to expose the esophagus. The dorsal and ventral
branches of the vagus nerve were exposed along the
subdiaphragmatic esophagus under a surgical microscope
(Leica, Heidelberg, Germany). Fourteen days after the
operation, the observation of an increased stomach size
indicated a successful SDV. For sham surgery, the trunk of
the vagus nerve was gently exposed but not cut. In all
mice that were subjected to SDV, particular care was
taken to avoid any injuries to the subdiaphragmatic eso-
phagus. The mice that underwent bilateral SDV were
allowed to recover for 14 days.

Grouping and behavioral tests
The mice were randomly divided into four groups (n=

10/group). Saline (10 ml/kg), or LPS (0.5 mg/kg, Sigma-
Aldrich Japan, Tokyo, Japan) was given intraperitoneally
(i.p.) to mice subjected to SDV or sham surgery (day 15)
(Fig. 1a). The locomotion test (LMT) and forced swim-
ming test (FST) were performed 22 and 24 h after a single
injection of saline or LPS.
The mice were deeply anesthetized with inhaled iso-

flurane (5%) 24 h after the injection of saline or LPS.
Blood was collected via cardiac puncture, placed into
tubes containing ethylenediaminetetraacetic acid, and
immediately centrifuged at 3000 × g for 3 min at 4 °C, to
obtain plasma, and then stored at −80 °C until bioanalysis.
The bilateral mPFC was collected rapidly and stored at
−80 °C until bioanalysis. The weight of spleens was
recorded immediately after spleen removal26.
The LMT and FST were performed as described

previously21,25,48,49. An automated animal movement
analysis system (SCANET MV-40; MELQUEST
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Fig. 1 Effects of SDV on depression-like phenotype, spleen weight and inflammatory cytokines after LPS treatment. a Treatment schedule.
Adult mice were subjected to subdiaphragmatic vagotomy (SDV) and then allowed to recovery for 14 days. On day 15, mice were intraperitoneally
(i.p.) injected with lipopolysaccharides (LPS, 0.5 mg/kg) or saline (10 ml/kg). On day 16, fresh feces were collected. Locomotion test and forced
swimming test (FST) were performed 22 and 24 h after a single injection of saline or LPS. Blood and brain samples (prefrontal cortex) were collected
after behavioral tests (b) Locomotion test (LMT). (tow-way ANOVA: LPS: F1,36= 0.014, P= 0.907; SDV: F1,36= 0.271, P= 0.606; interaction: F1,36= 0.000,
P= 0.996). c FST (two-way ANOVA: LPS: F1,36= 5.666, P= 0.0243; SDV: F1,36= 8.126, P= 0.0081; interaction: F1,36= 0.617, P= 0.439). d Representative
picture of spleen. e Spleen weight (two-way ANOVA: LPS: F1,36= 197.7, P < 0.0001; SDV: F1,36= 21.84, P < 0.0001; interaction: F1,36= 2.756, P= 0.106).
f Plasma levels of IL-6. (two-way ANOVA: LPS: F1,36= 58.34, P < 0.0001; SDV: F1,36= 5.507, P= 0.0253; interaction: F1,36= 9.131, P= 0.0049). g Plasma
levels of TNF-α (two-way ANOVA: LPS: F1,36= 74.43, P < 0.0001; SDV: F1,36= 9.243, P= 0.0047; interaction: F1,36= 9.850, P= 0.0036). The data represent
mean ± S.E.M. (n= 10). *P < 0.05, **P < 0.01, ***P < 0.0001; N.S. not significant. h There was a positive correlation (r= 0.773, P < 0.001) between spleen
weight and plasma IL-6. i There was a positive correlation (r= 0.830, P < 0.001) between spleen weight and plasma TNF-α.
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Co., Ltd, Toyama, Japan) was used to measure the
locomotor activity of mice. The cumulative ambulatory
activity counts were recorded continuously over a per-
iod of 60 min after the mice were placed in the experi-
mental cages (56 cm (length) × 56 cm (width) × 33 cm
(height)). The cages were cleaned between the testing
sessions. The FST was performed using an automated
forced-swim apparatus (SCANET MV-40; MELQUEST
Co., Ltd, Toyama, Japan). The mice were individually
placed into a cylinder (23 cm (diameter) × 31 cm
(height)) with a water depth of 15 cm (water tempera-
ture, 23 ± 1 °C). The immobility time was recorded and
calculated by the analytical software of the apparatus
throughout a 6 min observation time.

Enzyme-linked immunosorbent assay (ELISA)
The plasma expression levels of IL-6 (Cat Number: 88-

7064, Invitrogen, Camarillo, CA, USA) and TNF-α (Cat
Number: 88-7324, Invitrogen, Camarillo, CA, USA) were
measured using commercial ELISA kits, as per the man-
ufacturer’s instructions.

Western blotting
Tissue samples from the mPFC and hippocampus

were homogenized in ice-cold Laemmli lysis buffer and
centrifuged at 3000 × g for 10 min at 4 °C, to collect the
supernatants. Proteins were quantified using a bicinch-
oninic acid protein assay kit (Bio-Rad, Hercules, CA).
The samples were then mixed with an equal volume of
loading buffer (125 mM Tris/HCl, pH 6.8, 20% glycerol,
0.1% bromophenol blue, 10% β-mercaptoethanol, and
4% sodium dodecyl sulfate) and boiled for 5 min at
95 °C. Proteins were separated using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) (Mini-PROTEAN® TGX™ Precast Gel;
Bio-Rad) and then transferred onto polyvinylidene
difluoride membranes using a Trans Blot Mini Cell
apparatus (Bio-Rad). The membranes were blocked with
5% skim milk in TBS containing 0.1% Tween 20 (TBST)
for 1 h at room temperature, followed by incubation
with primary antibodies against PSD-95 (1:1000, Cat
Number: 51-6900, Invitrogen, Camarillo, CA, USA),
GluA1 (1:1,000, Cat Number: ab31232, Abcam, Cam-
bridge, MA, USA), and β-actin (1:10,000, Sigma-Aldrich
Co., Ltd, St Louis, MO, USA) overnight at 4 °C. After
three washes with TBST, the membranes were incu-
bated with a horseradish peroxidase-conjugated anti-
rabbit or anti-mouse antibody (1:5000) for 1 h at room
temperature. After three washes in TBST, the bands
were visualized using enhanced chemiluminescence plus
the Western Blotting Detection system (GE Healthcare
Bioscience) and captured by a ChemiDoc™ Touch
Imaging System (170-01401; Bio-Rad Laboratories,
Hercules, CA). The images were subjected to grey-scale

analysis using the Image LabTM 3.0 software (Bio-Rad
Laboratories).

Collection of fecal samples and 16S rRNA analysis
Fresh fecal samples of mice were collected before the

LMT. The fecal samples were placed into sterilized screw-
cap microtubes immediately after defecation and were
stored at −80 °C until use. The 16S rRNA analyses of fecal
samples were performed at MyMetagenome Co., Ltd
(Tokyo, Japan), as reported previously38,49.

Statistical analysis
Data are expressed as the mean ± standard error of the

mean (S.E.M). Data were analyzed using two-way analysis
of variance (ANOVA) followed by post-hoc Tukey’s
multiple comparison tests. Correlation was analyzed by
Pearson’s correlation. Significance was set at P < 0.05.
Statistical analyses were performed using the SPSS version
20.0 software (SPSS, Tokyo, Japan).

Results
Effects of SDV on the depression-like phenotype, spleen
weight, and inflammatory cytokines after LPS treatment
First, we studied the effects of SDV on the depression-

like phenotype, spleen weight, and increased inflammatory
cytokines observed in mice after LPS treatment (Fig. 1a).
No difference was found in locomotor activity among the
four groups (Fig. 1b). A significant difference in the
immobility time in the FST, as analyzed by two-way
ANOVA, was observed among the four groups (Fig. 1c).
LPS significantly increased the immobility time in the FST
in sham-operated mice, but not in mice subjected to SDV
(Fig. 1c). Interestingly, SDV significantly attenuated the
increased immobility time in the FST observed in LPS-
treated mice.
A two-way ANOVA of the spleen weight data revealed a

significant difference in this parameter among the four
groups (Fig. 1d, e). LPS significantly increased the spleen
weight in both sham-operated and SVD-operated mice.
However, the spleen weight of LPS-treated mice subjected
to SDV was significantly lower than that of LPS-treated
mice subjected to sham operation.
A two-way ANOVA revealed significant differences in

the plasma expression of IL-6 and TNF-α among the four
groups (Fig. 1f, g). LPS significantly increased the plasma
levels of IL-6 and TNF-α in both sham-operated and
SDV-operated mice. However, the plasma levels of IL-6
and TNF-α in the SDV+ LPS group were significantly
lower than those of the sham+ LPS group. Interestingly,
positive correlations between spleen weight and plasma
IL-6 (or plasma TNF-α) levels were observed in the four
groups (Fig. 1h, i). Thus, LPS-induced inflammation in the
periphery is associated with increased splenic volume and
weight.
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Effects of SDV on the expression of PSD-95 and GluA1 in
the brain after LPS treatment
Two-way ANOVA showed a significant difference in

the levels of expression of the PSD-95 and GluA1 proteins
in the mPFC among the four groups (Fig. 2a, b). LPS
significantly decreased the expression of PSD-95 and
GluA1 in the mPFC in sham-operated mice, but not in
mice subjected to SDV.
Positive correlations were detected between PSD-95 and

GluA1 in the mPFC of the four groups (Fig. 2c). Fur-
thermore, there was a negative correlation between the
immobility time in the FST and PSD-95 levels in the
mPFC in the four groups (Fig. 2d). In turn, there were
negative correlations between plasma IL-6 (or TNF-α)
levels and PSD-95 (or GluA1) expression in the mPFC
in the four groups (Fig. 2e–h). Thus, LPS-induced

inflammation is associated with the depression-like phe-
notype and reduced expression of synaptic proteins in
the mPFC.

Composition of gut microbiota
The composition of the gut microbiota was investigated

in the four groups. α-diversity, defined as the gut micro-
biota richness, can be measured using different indices,
including the Chao1 index, Shannon index, and ACE
index. A two-way ANOVA revealed significant differences
in the Chao1 and Shannon indices among the four groups
(Fig. 3a–c). A two-way ANOVA showed an absence of
significant differences in the ACE index among the four
groups (Fig. 3d). Regarding β-diversity, principal coordi-
nate analysis plots of Bray–Curtis dissimilarity between
the four groups showed that the dots representing the

Fig. 2 Effects of SDV on protein expression of PSD-95 and GluA1 in the PFC after LPS treatment. a Western blot analysis of postsynaptic
density-95 (PSD-95) and β-actin in the prefrontal cortex (PFC) of the four groups (two-way ANOVA: LPS: F1,36= 15.53, P= 0.0004; SDV: F1,36= 1.028,
P= 0.3174; interaction: F1,36= 9.131, P= 0.0049). b Western blot analysis of AMPA receptor subunit GluR1 (GluA1) and β-actin in the PFC of the four
groups (LPS: F1,36= 8.377, P= 0.0064; SDV: F1,36= 1.229, P= 0.2749; interaction: F1,36= 7.055, P= 0.0117). The data represent mean ± S.E.M (n= 10).
*P < 0.05, ***P < 0.0001; N.S. not significant. c There was a positive correlation (r= 0.422, P= 0.007) between PSD-95 and GluA1. d There was a
negative correlation (r=−0.334, P= 0.035) between FST immobility time and PSD-95 in the PFC. e There was a negative correlation (r=−0.557, P <
0.001) between PSD-95 in the PFC with plasma IL-6. f There was a negative correlation (r=−0.567, P < 0.001) between PSD-95 in the PFC and plasma
TNF-α. g There was a negative correlation (r=−0.460, P= 0.003) between GluA1 in the PFC and plasma IL-6. h There was a negative correlation
(r=−0.386, P= 0.014) between GluA1 in the PFC and plasma TNF-α.
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Fig. 3 α-diversity and β-diversity in gut microbiota. a Heat map of differential levels of bacteria between the four groups. b Chao1 index.
c Shannon index. d ACE index. e PCoA analysis of gut bacteria data (Bray–Curtis dissimilarity). The data represent mean ± S.E.M. (n= 10). *P < 0.05,
***P < 0.0001; N.S. not significant.
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sham+ LPS group were far from the dots representing
the other three groups (Fig. 3e).
At the phylum level, Firmicutes were most abundant in

the sham+ LPS group (Fig. 4a, b). The abundance of Fir-
micutes was more pronounced in the sham+ LPS group
than it was in the sham+ saline and SDV+ LPS groups
(Fig. 4b). In contrast, Bacteroidetes were also an abundant
phylum in these samples. The abundance of Bacteroidetes
was lower in the sham+ LPS group than it was in the
sham+ saline and SDV+ LPS groups (Fig. 4c). The levels
of Proteobacteria in the sham-operated mice were decreased

after treatment with LPS (Fig. 4d), whereas Actinobacteria
levels in the sham and SDV-operated mice were not altered
after treatment with LPS (Fig. 4e). Moreover, there were no
differences in the abundance of Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria between the SDV+ sal-
ine group and the SDV+ LPS group (Fig. 4b–e). Interest-
ingly, the abundance of Firmicutes in the SDV+ saline
group was lower than that in the sham+ saline group,
whereas the abundance of Bacteroidetes and Actinobacteria
was higher in the SDV+ saline group than it was in the
sham+ saline group (Fig. 4b–d).

Fig. 4 Altered gut bacteria composition at the phylum level. a Relative abundance at the phylum level in the four groups. b Firmicutes (two-way
ANOVA: LPS: F1,36= 24.11, P < 0.0001; SDV: F1,36= 26.94, P < 0.0001; interaction: F1,36= 1.324, P= 0.2575). c Bacteroidetes (two-way ANOVA: LPS:
F1,36= 21.37, P < 0.0001; SDV: F1,36= 23.49, P < 0.0001; interaction: F1,36= 0.853, P= 0.3619). d Proteobacteria (two-way ANOVA: LPS: F1,36= 4.683,
P= 0.0372; SDV: F1,36= 0.003, P= 0.9592; interaction: F1,36= 3.733, P= 0.0612). e Actinobacteria (two-way ANOVA: LPS: F1,36= 0.180, P= 0.6739; SDV:
F1,36= 36.67, P < 0.0001; interaction: F1,36= 0.787, P= 0.3809). The data represent mean ± S.E.M. (n= 10). *P < 0.05, **P < 0.01, ***P < 0.0001; N.S. not
significant.
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At the genus level, both LPS treatment and SDV
altered the fecal microbiota composition (Fig. 5a). LPS
significantly increased Lactobacillus abundance in the
sham-operated mice, but not in the SDV-operated
mice (Fig. 5b). In contrast, LPS significantly decreased
the abundance of Bacteroides, Parabacteroides, Mur-
ibaculum, Butyricimonas, Erysipelatoclostridium, and
Enterococcus in the sham-operated mice (Fig. 5c–h).
However, LPS did not alter the abundance of
Parabacteroides, Muribaculum, Erysipelatoclos-
tridium, and Enterococcus in the SDV-operated mice
(Fig. 5d, e, g, h).

The composition of gut microbiota at the species level in
the four groups is shown in Fig. 6a. The abundance of Lac-
tobacillus murinus, Lactobacillus johnsonii, and Lactobacillus
reuteri in the sham-operated mice was increased after LPS
administration, whereas the abundance of Muribaculum
intestinale, [Clostridium] cocleatum, Parabacteroides gold-
steinii, Parabacteroides distasonis, and Enterococcus faecalis
in the sham-operated mice was decreased after LPS treat-
ment (Fig. 6). Interestingly, there were no differences in the
abundance of L. murinus, L. johnsonii, M. intestinale, [C.]
cocleatum, P. goldsteinii, P. distasonis, and E. faecalis between
the SDV+ saline group and the SDV+ LPS group (Fig. 6).

Fig. 5 Altered gut bacteria composition at the genus level. a Relative abundance at the genus level in the four groups. b Lactobacillus (two-way
ANOVA: LPS: F1,36= 34.85, P < 0.0001; SDV: F1,36= 85.80, P < 0.0001; interaction: F1,36= 5.862, P= 0.0206). c Bacteroides (two-way ANOVA: LPS: F1,36= 57.36,
P < 0.0001; SDV: F1,36= 1.833, P= 0.1842; interaction: F1,36= 0.483, P= 0.4917). d Parabacteroides (two-way ANOVA: LPS: F1,36= 21.64, P < 0.0001; SDV: F1,36
= 0.010, P= 0.9194; interaction: F1,36= 3.659, P= 0.0637). e Muribaculum (two-way ANOVA: LPS: F1,36= 8.636, P= 0.0057; SDV: F1,36= 2.471, P= 0.1247;
interaction: F1,36= 0.789, P= 0.3802). f Butyricimonas (two-way ANOVA: LPS: F1,36= 18.24, P= 0.0001; SDV: F1,36= 0.542, P= 0.4663; interaction:
F1,36= 0.292, P= 0.5925). g Erysipelatoclostridium (two-way ANOVA: LPS: F1,36= 22.22, P < 0.0001; SDV: F1,36= 17.86, P= 0.0002; interaction: F1,36= 17.18,
P= 0.0002). h Enterococcus (two-way ANOVA: LPS: F1,36= 11.36, P= 0.0018; SDV: F1,36= 3.014, P < 0.0911; interaction: F1,36= 2.346, P= 0.1343). The data
represent mean ± S.E.M. (n= 10). *P < 0.05, **P < 0.01, ***P < 0.0001; N.S. not significant.
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Correlations between spleen weight and the abundance of
gut microbiota
There were positive correlations between spleen weight

and the abundance of Firmicutes, Proteobacteria, Lacto-
bacillus, L. murinus, L. johnsonii, and L. reuteri among the
four groups (Fig. 7a, c, d, g, h, i). In contrast, there were
negative correlations between spleen weight and the
abundance of Bacteroidetes, Parabacteroides, Mur-
ibaculum, M. intestinale, and P. distasonis among the
groups (Fig. 7b, e, f, j, k).

Discussion
The major findings of this study were as follows. First,

LPS (0.5 mg/kg) caused a depression-like phenotype,
inflammation, and downregulation of synaptic proteins
(i.e., PSD-95 and GluA1) in the mPFC in the sham-

operated mice, which was consistent with previous stu-
dies21,24,25. In contrast, LPS did not produce a depression-
like phenotype or downregulation of synaptic proteins in
the mPFC of SDV-operated mice. Furthermore, we found
a notable increase in spleen weight in the sham-operated
mice after LPS administration. Interestingly, SDV sig-
nificantly attenuated the increased spleen weight and
plasma expression of IL-6 and TNF-α detected in mice
after LPS administration. Collectively, these results sug-
gest that the subdiaphragmatic vagus nerve plays a role in
the depression-like phenotype, inflammation, increases in
spleen volume, and reduced synaptic proteins in the PFC
observed after a single administration of LPS. Interest-
ingly, we found positive correlations between the plasma
levels of IL-6 (or TNF-α) and spleen weight, suggesting
that LPS-induced inflammatory events play a role in the

Fig. 6 Altered gut bacteria composition at the species level. a Relative abundance at the species level in the four groups. b Lactobacillus murinus
(two-way ANOVA: LPS: F1,36= 16.64, P= 0.0002; SDV: F1,36= 66.09, P < 0.0001; interaction: F1,36= 5.849, P= 0.02085). c Lactobacillus johnsonii (two-
way ANOVA: LPS: F1,36= 12.13, P= 0.0013; SDV: F1,36= 9.196, P= 0.0045; interaction: F1,36= 0.212, P= 0.6479). d Lactobacillus reuteri. (two-way
ANOVA: LPS: F1,36= 21.04, P < 0.0001; SDV: F1,36= 16.75, P= 0.0012; interaction: F1,36= 0.469, P= 0.4977). e Muribaculum intestinale (two-way ANOVA:
LPS: F1,36= 8.636, P= 0.0057; SDV: F1,36= 2.471, P= 0.1247; interaction: F1,36= 0.789, P= 0.3802). f [Clostridium] cocleatum (two-way ANOVA: LPS:
F1,36= 22.22, P < 0.0001; SDV: F1,36= 17.86, P= 0.0002; interaction: F1,36= 17.18, P= 0.0002). g Parabacteroides goldsteinii (two-way ANOVA: LPS:
F1,36= 11.98, P= 0.0014; SDV: F1,36= 0.479, P= 0.4932; interaction: F1,36= 6.444, P= 0.0156). h Parabacteroides distasonis (two-way ANOVA: LPS:
F1,36= 6.288, P= 0.0168; SDV: F1,36= 0.959, P= 0.3340; interaction: F1,36= 3.929, P= 0.0551). i Enterococcus faecalis (two-way ANOVA: LPS:
F1,36= 8.907, P= 0.0051; SDV: F1,36= 0.990, P= 0.3265; interaction: F1,36= 0.557, P= 0.4604). The data represent mean ± S.E.M. (n= 10). *P < 0.05,
**P < 0.01, ***P < 0.0001; N.S. not significant.
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Fig. 7 Pearson correlation analysis of spleen weight and gut microbiota. There was a positive correlation between spleen weight and Firmicutes
(r= 0.624, P < 0.001) (a), Proteobacteria (r= 0.578, P < 0.001) (c), Lactobacillus (r= 0.600, P < 0.001) (d), Lactobacillus murinus (r= 0.511, P= 0.001) (g),
Lactobacillus johnsonii (r= 0.546, P < 0.001) (h), Lactobacillus reuteri (r= 0.578, P < 0.001) (i). There was a negative correlation between spleen weight
and Bacteroidetes (r=−0.608, P < 0.001) (b), Parabacteroides (r=−0.538, P < 0.001) (e), Muribaculum (r=−0.461, P= 0.003) (f), Muribaculum
intestinale (r=−0.461, P= 0.003) (j), Parabacteroides distasonis (r=−0.416, P= 0.008) (k).
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increase in spleen weight. The results of the 16S rRNA
analysis suggest that LPS caused significant changes in the
diversity of the host gut microbiota in sham-operated
mice, but not in SDV-operated mice. In an unweighted
UniFrac PCoA, the dots representing the sham+ LPS
group were located far away from the dots representing
the other three groups. Moreover, we found correlations
between spleen weight and the abundance of the com-
ponents of the microbiome, suggesting a relationship
within the spleen–inflammation–microbiome axis. Taken
together, our results indicate that LPS might produce a
depression-like phenotype, increase spleen weight, trigger
systemic inflammation, downregulate synaptic proteins in
the mPFC, and cause abnormal composition of gut
microbiota in mice through the brain–gut–microbiota
axis and brain–spleen axis via the subdiaphragmatic
vagus nerve.
Previous studies demonstrated that the ingestion of

beneficial bacteria or selective serotonin reuptake inhibi-
tors alleviated stress-induced anxiety and depression-like
behaviors via the subdiaphragmatic vagus nerve, and that
these antidepressant-like effects were abolished after
SDV46,50. It was also reported that SDV blocked the
depression-like phenotype after intraperitoneal injection
of LPS (0.25 mg/kg) in rats47, which is consistent with the
present results. Here, we found that LPS produced a
depression-like phenotype, an increase in plasma IL-6 and
TNF-α levels, and downregulation of synaptic proteins in
the mPFC in the sham-operated mice, in agreement with
previous reports20,21,23,25. In contrast, LPS did not cause a
depression-like phenotype or reduced synaptic proteins in
the mPFC of the SDV-operated mice. Thus, the sub-
diaphragmatic vagus nerve seems to play a role in the
depression-like phenotype and alteration of synaptic
protein expression detected in LPS-treated mice.
Although the detailed mechanisms underlying the
depression-like phenotype of the sham-operated mice
caused by LPS are currently unknown, this study suggests
that the subdiaphragmatic vagus nerve is necessary for the
LPS-induced depression-like phenotype and the down-
regulation of synaptic proteins in the mPFC. In contrast, it
is well known that LPS-induced inflammation is a
dynamic process, from induction to recovery2. A further
detailed study of the effects of the subdiaphragmatic vagus
nerve on the different stages of LPS-induced systemic
inflammation and neuroinflammation is needed.
Recently, we reported that CSDS significantly increased

the expression of IL-6 in the blood of water-treated mice,
but not in that of antibiotic-treated mice, suggesting that
antibiotic-induced microbiota depletion has anti-
inflammatory effects38. Furthermore, CSDS significantly
reduced the expression of the synaptic proteins in the PFC
of the water-treated mice, but not of the antibiotic-treated
mice. These data suggest that antibiotic-induced

depletion of gut bacteria leads to stress resilience in
CSDS-exposed mice via the brain–gut–microbiota axis38.
In this study, LPS caused a depression-like phenotype and
an abnormality in gut microbiota composition through
systemic inflammation in the sham-operated mice,
whereas LPS did not cause these changes in SDV-
operated mice. These data suggest that the
brain–gut–microbiota axis via the subdiaphragmatic
vagus nerve exerts effects on the development of the
depression-like phenotype in LPS-treated mice, although
the precise underlying mechanisms remain unclear. Fur-
ther detailed studies are required to clarify the relation-
ship between the brain–gut–microbiota axis via the
subdiaphragmatic vagus nerve and inflammation-related
behavioral abnormalities.
Recently, we observed marked increases in spleen

weight in CSDS-susceptible mice compared with non-
CSDS control mice and CSDS-resilient mice26. In addi-
tion, McKim et al.51 reported that the total increase in the
number of splenic erythrocytes, monocytes, and granu-
locytes derived from splenic progenitors that migrated
from the bone marrow is associated with an increase of
about twofold in the size and weight of the spleen after
chronic stress. In this study, we also found that LPS
caused an increase in spleen weight in the sham-operated
mice, and that SDV significantly alleviated the LPS-
induced increase in spleen weight. In addition, it has been
reported that repeated LPS (0.1 mg/kg/day for 10 days)
administration increased spleen weight in rats52. Inter-
estingly, we found positive correlations between IL-6 (or
TNF-α) and spleen weight, indicating a close relationship
between peripheral inflammation and spleen weight. It is
also known that LPS produces excessive lymphocyte
proliferation and induces large-scale pro-inflammatory
cytokine production, resulting in spleen enlargement.
Given the role of the immune system in the pathogenesis
of depression, these data suggest that the brain–spleen
axis via the subdiaphragmatic vagus nerve may exert
effects on the depression-like phenotype, increase in
spleen weight, and inflammation in the periphery
observed in the LPS-treated mice. Further detailed studies
are required to confirm the relationship between the
brain–spleen axis via the subdiaphragmatic vagus nerve
and inflammation-related behavioral abnormalities.
Several routes, including the vagus nerve, the immune

system, and the enteric nervous system, mediate the
bidirectional communication between the brain and the
gut microbiota40–44. In this study, we found that LPS did
not produce a depression-like behavior or reduced
synaptic protein expression in the mPFC in the vagoto-
mized mice. We speculate that the dominant specific
microorganisms present in the intestinal flora after LPS
treatment may lead to the depression-like phenotype
through the subdiaphragmatic vagus nerve system,
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although further study is needed to confirm this hypoth-
esis. The subdiaphragmatic vagus nerve may mediate the
communication between the brain and the gut microbiota
to exert beneficial or detrimental effects depending on the
predominance of probiotic or pathogenic microorganisms
present in the intestinal flora. Interestingly, transcuta-
neous auricular vagus nerve stimulation therapy is
approved for patients with treatment-resistant depres-
sion53–55, suggesting the anti-inflammatory properties of
vagus nerve stimulation56. Taken together, these findings
suggest that the vagus nerve plays a key role in depression,
in the antidepressant actions of certain compounds, and
in vagus nerve stimulation. Furthermore, it seems that the
different branches of the vagus nerve play different roles
under pathological conditions.
Recently, we reported that levels of colony stimulating

factor 1 receptor (CSF1R) in the spleen, but not post-
mortem brain, from patients with depression were sig-
nificantly lower than those of control groups, and that
there was a negative correlation between CSF1R and
interacting protein SPI1 in the spleen57, suggesting a
brain–spleen axis in psychiatric disorders such as
depression26,57,58. A recent study demonstrated that
neurons in the central nucleus of the amygdala and the
paraventricular nucleus that express corticosterone-
releasing hormone are connected to the splenic nerve,
indicating a key role of brain–spleen communication in
antibody production59. Collectively, it is likely that
brain–spleen axis plays a key role in a number of dis-
orders related with immune system.
In conclusion, the present study showed that LPS pro-

duced a depression-like phenotype and caused abnormal
composition of gut microbiota in mice via the sub-
diaphragmatic vagus nerve. It is likely that both the
brain–gut–microbiota axis and the brain–spleen axis via
the subdiaphragmatic vagus nerve play an important role
in the pathogenesis of inflammation-related depression.
Future studies of the role of the subdiaphragmatic vagus
nerve in the brain–gut–microbiota axis and the
brain–spleen axis in other inflammatory-mediator-
induced depression models or noninflammatory depres-
sion models (i.e., CSDS) are needed.
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A B S T R A C T

Background: The brain–gut–microbiota axis plays a role in the pathogenesis of stress-related psychiatric dis-

orders; however, its role in the resilience versus susceptibility after stress remains unclear. Dietary nutrient

betaine is suggested to affect the gut microbiome. Here, we examined whether betaine supplementation can

affect anhedonia-like phenotype in mice subjected to chronic social defeat stress (CSDS).

Methods: CSDS was performed during betaine supplementation. Sucrose preference test and 16S rRNA

analysis of fecal samples were performed.

Results: CSDS did not produce an anhedonia-like phenotype in the betaine-treated mice, but did induce an

anhedonia-like phenotype in water-treated mice. Furthermore, CSDS treatment did not alter the plasma levels of

interleukin-6 (IL-6) of betaine-treated mice whereas CSDS caused higher plasma levels of IL-6 in water-treated

mice. Betaine supplementation ameliorated the abnormal diversity and composition of the microbiota in the host

gut after CSDS. At the genus level, CSDS caused marked increases in the several bacteria of water-treated mice,

but not betaine-treated mice. CSDS increased levels of short-chain fatty acids (i.e., succinic acid and acetic acid)

in feces from water-treated mice, but not betaine-treated mice. Interestingly, there are positive correlations

between short-chain fatty acids (i.e., succinic acid, acetic acid, butyric acid) and several bacteria among the

groups.

Limitations: Specific microbiome were not determined.

Conclusions: These findings suggest that betaine supplementation contributed to resilience to anhedonia in

mice subjected to CSDS through anti-inflammation action. Therefore, it is likely that betaine could be a pro-

phylactic nutrient to prevent stress-related psychiatric disorders.

1. Introduction

Humans display a wide physiological variability in their response to

stressor after exposures to psychological stress (Beery et al., 2015).

Resilience is mediated by adaptive changes in several neural circuits,

including numerous neurotransmitters and molecular pathways

(Franklin et al., 2012; Russo et al., 2012; Russo and Nestler, 2013).

However, the precise underlying mechanisms of resilience in stress-re-

lated psychiatric disorders remain to be elucidated.

Brain–gut–microbiome axis consists of bidirectional communication

between the gut and brain. Accumulating evidence suggests that

brain–gut–microbiome axis plays a role in the pathogenesis of a number

of stress-related psychiatric disorders (Cussotto et al., 2018;

Dinan et al., 2017; Forsythe et al., 2016; Fung et al., 2017; Kelly et al.,

2016; Ma et al., 2019; Mayer et al., 2015; Molina-Torres et al., 2019).

Interestingly, gut microbiota may contribute to resilience versus sus-

ceptibility to anhedonia in rodents after repeated stress (Bailey et al.,

2011; Hao et al., 2019; Szyszkowicz et al., 2017; Yang et al., 2017; Yang

et al., 2019). Previously, we reported higher levels of Bifidobacterium in

resilient mice compared with susceptible mice after chronic social de-

feat stress (CSDS), and supplementation with Bifidobacterium produced

resilience in mice after CSDS, suggesting a possible role for Bifido-

bacterium in stress resilience (Yang et al., 2017). It is reported that

specific clusters of bacterial communities in the cecum may be linked to

vulnerability to CSDS (Szyszkowicz et al., 2017).

Dietary nutrients are essential not only for human health but also

for the health and survival of the trillions of microbiomes that reside

within the human intestines (Gentile et al., 2018). Betaine
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(trimethylglycine) is distributed widely in animals, plants, micro-

organisms, and rich dietary sources (Craig, 2004). The principal phy-

siological role of betaine is as an osmolyte and methyl donor. As an

osmolyte, betaine protects cells, proteins, and enzymes from environ-

mental stress. As a methyl donor, betaine plays a role in the methionine

cycle. For example, higher intakes of betaine have been shown to be

associated with lower plasma levels of homocysteine (the putative risk

factor for cardiovascular disease)(Rajaie et al., 2011). Accumulating

evidence has shown that betaine has anti-inflammatory functions in

numerous diseases (Zhao et al., 2018a), and that betaine is an im-

portant nutrient for the prevention of chronic diseases (Cholewa et al.,

2014; Craig, 2004; Fillipcev et al., 2018; Rajaie et al., 2011).

Furthermore, Koike et al. (2014) reported decreased plasma levels of

betaine in first-episode patients with schizophrenia. Very recently, it is

demonstrated that betaine supplementation could block methampheta-

mine-induced behavioral sensitization, and phencyclidine-induced cog-

nitive deficits in mice (Ohnishi et al., 2019), suggesting the role of be-

taine in schizophrenia. Clinical trial of betaine in schizophrenia is

underway at the University of Tokyo Hospital (UMIN000017295). Col-

lectively, it is likely that betaine supplementation may have prophylactic

effects for psychiatric disorders (Ohnishi et al., 2019). However, there

are no reports showing the effect of betaine supplementation in resilience

versus susceptibility after chronic stress.

Anhedonia (loss of pleasure) is a core symptom of stress-related

disorders, although the neurobiological mechanisms of anhedonia re-

main poorly understood (Pizzagalli, 2014; Treadway et al., 2011).

Therefore, we hypothesized that betaine supplementation may affect

the resilience of mice with anhedonia-like phenotype after CSDS. The

present study was undertaken to examine whether betaine supple-

mentation contributes to resilience and susceptibility in mice after

CSDS. Furthermore, we examined the role of brain–gut axis in the stress

resilience by betaine supplementation since betaine is shown to alter

gut microbiota in rodents (Wang et al., 2018).

2. Materials and methods

2.1. Animals

Male adult C57BL/6 mice, aged 8 weeks (body weight 20–25g,

Japan SLC, Inc., Hamamatsu, Japan) and male adult CD1 (ICR) mice,

aged 13–15 weeks (body weight >40g, Japan SLC, Inc., Hamamatsu,

Japan) were used. Animals were housed under controlled temperatures

and 12 hour light/dark cycles (lights on between 07:00–19:00 h), with

ad libitum food (CE-2; CLEA Japan, Inc., Tokyo, Japan) and water. The

study was approved by the Chiba University Institutional Animal Care

and Use Committee (Permission number: 31-141). This study was car-

ried out in strict accordance with the recommendations in the Guide for

the Care and Use of Laboratory Animals of the National Institutes of

Health. All efforts were made to minimize suffering.

2.2. Betaine supplementation, collection of fecal samples, and CSDS

As previously reported (Ohnishi et al., 2019), betaine (Nacalai

Tesque, Inc., Kyoto, Japan. 2.5% as monohydrate in drinking water) or

water was given to mice for 24 days from day 1 to day 24 (Fig. 1A).

CSDS was performed for 10 days from day 15 to day 24 (Fig. 1A). The

procedure of CSDS was performed as previously reported (Golden et al.,

2011; Ren et al., 2016; Yang et al., 2015; Yang et al., 2018; Wang et al.,

2020; Zhang et al., 2020). Every day the C57BL/6 mice were exposed to

a different CD1 aggressor mouse for 10 min, total for 10 days (day 15 –

day 24). When the social defeat session ended, the resident CD1 mouse

and the intruder mouse were housed in one half of the cage separated

by a perforated Plexiglas divider to allow visual, olfactory, and auditory

contact for the remainder of the 24-h period. At 24 h after the last

session, all mice were housed individually. On day 25, we collected

fecal samples from each mouse at around 10:00 in order to avoid

circadian effects on the microbiome. We also collected fecal samples

when each mouse was placed in a new, clean cage. The fecal samples

were put into a sterilized screw cap microtube immediately after de-

fecation, and these samples were stored at -80°C until use.

On day 26, sucrose preference test (SPT: one % sucrose and water)

was performed from 17:00 to 18:00, to identify anhedonia-like phe-

notypes. Mice were exposed to water and 1% sucrose solution for 48 h,

followed by 4 h of water and food deprivation and a 1-h exposure to

two identical bottles containing either water or a 1% sucrose solution.

The bottles containing water and sucrose were weighed before and at

the end of this period. The sucrose preference was calculated as the

ratio of sucrose solution consumption to total liquid consumption.

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

Plasma levels of interleukin-6 (IL-6) were measured, because we

previously found an increase in blood IL-6 in the CSDS model

(Zhang et al., 2017). The plasma IL-6 levels were measured using the

ELISA kit (Invitrogen, cat#: 88-7064-22) according to the manufac-

turer's instructions.

2.4. 16S rRNA analysis

The 16S rRNA analysis of fecal samples was performed by the

TechnoSuruga Laboratory, Co., Ltd. (Shizuoka, Japan). DNA extraction

and 16S rRNA analysis were performed as previously described method

(Zhang et al., 2019). The fecal samples were suspended in a buffer

containing 4M guanidium thiocyanate, 100 mM Tris-HCl (pH 9.0) and

40 mM EDTA and broken up in the presence of zirconia beads using the

FastPrep-24 5G homogenizer (MP Biomedicals, Irvine, CA). Thereafter,

the DNA was extracted from the bead-treated suspension using GENE

PREP STAR PI-480 (KURABO, Japan). The final concentration of the

DNA sample was adjusted to 10 ng/μL. Briefly, the V3-V4 hypervariable

regions of the 16S rRNA were amplified from microbial genomic DNA

using PCR with the bacterial universal primers (341F/R806) and the

dual-index method. Bioinformatics analysis was performed according to

a previously described method. The overlapping paired-end reads were

merged using the fastq-join program with default settings. The reads

were processed for quality and chimera filtering as follows. Only reads

with quality value scores of 20 for >99% of the sequence were ex-

tracted, and chimeric sequences were removed using the program

usearch6.1. Non-chimeric reads were submitted for 16S rDNA-based

taxonomic analysis using the Ribosomal Database Project (RDP) Mul-

ticlassifier tool. Reads obtained in the Multi-FASTA format were as-

signed to genus or phylum levels with an 80% confidence threshold.

Principal component analysis (PCoA) was performed using Meta-

genome@KIN software (World Fusion Co., Ltd., Tokyo, Japan) based on

data obtained from the bacterial family using the RDP taxonomic

analysis software.

2.5. Measurement of fecal short-chain fatty acids

Measurement of short-chain fatty acids (acetic acid, propionic acid,

butyric acid, lactic acid, and succinic acid) in fecal samples was per-

formed by the TechnoSuruga Laboratory, Co., Ltd. (Shizuoka, Japan),

as previously reported (Zhang et al., 2019). For the determination of

organic acids, feces were suspended in distilled water, heated at 85°C

for 15 minutes to inactivate viruses, and then centrifuged according to

previously reported methods. The concentrations of short-chain fatty

acids in feces were measured using a high-performance liquid chro-

matography organic acid analysis system with a Prominence CDD-10A

conductivity detector (Shimadzu, Kyoto, Japan), two tandemly ar-

ranged Shim-pack SCR-102(H) columns [300 mm × 8 mm inner dia-

meter (ID)], and a Shim-pack SCR-102(H) guard column (50 mm × 6

mm ID). The HPLC calibration curves for the measurement of these

acids were created using prepared standard solutions.
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2.6. Statistical Analysis

The data are shown as the mean± standard error of the mean

(S.E.M.). Analysis was performed by using PASW Statistics 20 (formerly

SPSS statistics; SPSS, Tokyo, Japan). Comparisons between groups were

performed by one-way or two-way analysis of variance (ANOVA), fol-

lowed by post-hoc Fisher's Least Significant Difference (LSD) test. The P

< 0.05 was considered statistically significant.

3. Results

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

IL-6

There were no changes of body weight among the four groups

(Fig. 1B). In SPT, CSDS caused significant reduction in sucrose pre-

ference in the water-treated group, but not in the betaine-treated group

(Fig. 1C). There was no significant difference between the betaine-

treated non-CSDS group and the betaine-treated CSDS group (Fig. 1C).

Furthermore, CSDS significantly increased plasma levels of IL-6 in the

water-treated group, whereas CSDS did not alter plasma IL-6 levels in

the betaine-treated group (Fig. 1D). Overall, the betaine-treated group

appeared to be protected against the CSDS-induced anhedonia-like

phenotype, and inflammation.

3.2. Altered composition in gut bacteria

Analysis of 16S rRNA was used to identify differences in the com-

position of gut microbiota among the four groups. The UniFrac-based

PCoA showed significant differences among the four groups. CSDS

caused the abnormality of diversity of microbiota in mice, and betaine

supplementation attenuated the abnormal diversity of microbiota after

CSDS (Fig. 1E).

The phylum level composition of gut bacterium was identified

(Fig. 2A). Firmicutes and Bacteroidetes were the most abundant phyla in

the water-treated group (Fig. 2A). At the phylum level, CSDS sig-

nificantly increased Deferribacteres in the water-treated group, but not

the betaine-treated group (Fig. 2B).

The class level composition of gut bacterium was identified

(Fig. 3A). Bacteroidetes and Firmicutes were the most abundant phyla in

the water-treated group (Fig. 3A). At the class level, CSDS significantly

increased Clostridia, Erysipelotrichia, Negativicutes, Chloroplast in the

water-treated group, but not the betaine-treated group (Fig. 3B-3E).

The order level composition of gut bacterium was identified

(Fig. 4A). At the order level, CSDS significantly increased Clostridiales,

Erysipelotrichales, Bacillales, Selenomonadales, and Chloroplast in the

water-treated group, but not the betaine-treated group (Fig. 4B-4F).

The family level composition of gut bacterium was identified (Fig. 5A).

At the family level, CSDS significantly increased Lachnospiraceae, Er-

ysipelotrichaceae, and Clostridiales_Incertae Sedis XIII in the water-treated

group, but not the betaine-treated group (Fig. 5B, 5E, 5F). Further-

more, CSDS significantly increased Ruminococcaceae, and Rikenellaceae

in the water-treated group and the betaine-treated group although ef-

fect of CSDS in the betaine-treated group was less potent than water-

treated group (Fig. 5B, 5C).

At the genus level, CSDS significantly increased Clostridium XIVa,

Coprococcus, Clostridium IV, Ruminococcus2, Pseudoflavonifractor, and

Erysipelotrichaceae_incertae_sedis in the water-treated group, but not the

betaine-treated group (Fig. 6A,6B,6D,6E,6F,6G,6H) Furthermore,

CSDS significantly increased Alistipes in the water-treated group and the

betaine-treated group although effect of CSDS in the betaine-treated

group was less potent than water-treated group (Fig. 6C).

3.3. Short-chain fatty acids in fecal samples

CSDS significantly increased levels of succinic acid and acetic acid

in the water-treated group, but not betaine-treated group (Fig. 7A,7B).

Furthermore, CSDS significantly increased butyric acid in the water-

Figure 1. Effects of betaine supplementation. (A): The schedule of drinking water in betaine, feces collection, sucrose preference test, and collection of plasma.

Drinking water including betaine or water was given to adult mice from day 1 to day 24. CSDS was performed from day 15 to day 24 for 10 days. On day 25, feces

were collected. On day 26, one % SPT was performed, and plasma was collected on day 27. (B): Body weight (repeated two-way ANOVA, betaine: F1,36= 0.003,

P=0.995, CSDS: F1,36=0.953, P=0.335, interaction: F1,36= 0.061, P= 0.806). (C): One % SPT (two-way ANOVA, betaine: F1,36=4.949, P=0.032, CSDS:

F1,36= 14.877, P<0.001, interaction: F1,36= 2.205, P= 0.146). (D): Plasma IL-6. Data are shown as mean ± S.E.M (two-way ANOVA, betaine: F1,36=14.371,

P<0.001, CSDS: F1,36= 24.084, P<0.001, interaction: F1,36= 14.050, P<0.001). (n=9-11). *P < 0.05, **P<0.01, ***P<0.001. NS: not significant. (E):

Principal coordinates analysis (PCA). PCOA1: P = 0.026. PCOA2: P = 0.001.

Y. Qu, et al.

-209-



treated group and the betaine-treated group although effect of CSDS in

the betaine-treated group was less potent than water-treated group

(Fig. 7E). Moreover, CSDS significantly decreased levels of propionic

acid in the water-treated group, but not betaine-treated group

(Fig. 7D). There were no changes in lactic acid among the four groups

(Fig. 7C).

There were positive correlations between succinic acid (or acetic

acid) and Alistipes levels among four groups (Fig. 7F, 7G). There were

also positive correlations between butyric acid and Clostridium XIVa (or

Clostridium IV) levels among four groups (Fig. 7H, 7I). There were no

correlations between other short-chain fatty acids and the microbiome

composition among the four experimental groups.

4. Discussion

The major findings of this study are as follows. Betaine supple-

mentation did not cause anhedonia-like phenotype and blood in-

flammation in mice after CSDS although CSDS caused anhedonia-like

phenotype and blood inflammation in water-treated group. Betaine

supplementation ameliorated the marked alterations in the diversity of

microbiota in the host gut after CSDS. At the several levels, CSDS

showed marked alterations in the several bacteria in host gut. At the

genus levels, CSDS showed marked increases in several bacteria

(Clostridium XIVa, Alistipes, Coprococcus, Clostridium IV, Ruminococcus2,

Pseudoflavonifractor, Erysipelotrichaceae) in water-treated group, but not

betaine-treated group. Interestingly, CSDS caused alterations in fecal

levels of short-chain organic acids in water-treated group, but not be-

taine-treated group. In addition, there were positive correlation be-

tween some organic acids and bacteria among the four groups. Overall,

betaine supplementation might be associated with the resilience after

CSDS through anti-inflammation effects.

In this study, we found that CSDS decreased the sucrose preference

of SPT in the water-treated group, although CSDS did not decrease the

sucrose preference of SPT in the betaine-treated group. CSDS also sig-

nificantly increased the plasma levels of IL-6 in the water-treated group,

but not in the betaine-treated group, suggesting anti-inflammatory ef-

fects in betaine-treated group. It has been reported that CSDS resilient

mice had lower blood levels of IL-6 than CSDS susceptible mice in re-

sponse to acute stress (Hodes et al., 2014). Recently, Zhao et al. (2018b)

demonstrated that maternal betaine supplementation attenuated

Figure 2. Altered composition in the gut bacteria at the levels of phylum. (A): The relative abundances of microbiome at phylum level in fecal samples of the

four groups. (B): Deferribacteres (two-way ANOVA, betaine: F1,36= 0.269, P= 0.607, CSDS: F1,36= 13.719, P<0.001, interaction: F1,36= 0.232, P= 0.633). Data

are shown as mean ± S.E.M. (n=9-11). ***P<0.001. NS: not significant.
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glucocorticoid-induced hepatic lipid accumulation through epigenetic

modulation in adult offspring. In addition, mechanistically, betaine is

shown to ameliorate sulfur amino acid metabolism against oxidative

stress. Betaine inhibits nuclear factor–κB activity and NLRP3 in-

flammasome activation (Zhao et al., 2018a). It is also suggested that

betaine has anti-inflammatory effects in several models such as

oxidative stress, endoplasmic reticulum stress and chronic inflamma-

tion (Zhao et al., 2018a). A recent study showed that betaine exerts

protective effects on diabetes-induced blood-testis barrier dysfunction

by regulating oxidative stress-mediated p38 MAPK pathways

(Jiang et al., 2019). Furthermore, it is suggested that betaine/GABA

transporter-1 (GAT2/BGT-1) plays a role in the beneficial effects of

Figure 3. Altered composition in the gut bacteria at the levels of class. (A): The relative abundances of microbiome at class level in fecal samples of the four

groups. (B): Clostridia (two-way ANOVA, betaine: F1,36= 8.505, P=0.006, CSDS: F1,36= 11.4417, P= 0.002 interaction: F1,36= 1.319, P=0.258). (C):

Erysipelotrichia (two-way ANOVA, betaine: F1,36= 4.742, P=0.036, CSDS: F1,36= 22.478, P<0.001, interaction: F1,36= 5.929, P=0.020). (D): Negativicutes (two-

way ANOVA, betaine: F1,36= 13.474, P< 0.001, CSDS: F1,36= 17.240, P < 0.001, interaction: F1,36= 4.057, P=0.052). (E): Chloroplast (two-way ANOVA, be-

taine: F1,36= 3.858, P= 0.057, CSDS: F1,36= 9.338, P= 0.004, interaction: F1,36= 3.858, P= 0.057). Data are shown as mean ± S.E.M. (n=9-11). **P< 0.01,

***P< 0.001. NS: not significant.
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betaine for cognitive deficits in β-amyloid25-35 injected mice (Ibi et al.,

2019). These findings suggest that betaine supplementation may con-

tribute to stress resilience in mice after CSDS via anti-inflammatory

actions. It is also possible that a complex interaction of these manip-

ulations—betaine treatment and CSDS—may contribute to the current

data. Further detailed study is needed to confirm the relationship

between stress resilience and anti-inflammatory actions of betaine.

The UniFrac-based PCoA showed significant differences among the

four groups. Betaine supplementation ameliorated the abnormal di-

versity of microbiota in host after CSDS. In this study, we found, that

CSDS significantly increased levels of several genus bacteria

(Clostridium XIVa, Alistipes, Coprococcus, Clostridium IV, Ruminococcus2,

Figure 4. Altered composition in the gut bacteria at the levels of order. (A): The relative abundances of order in fecal samples of the four groups. (B): Clostridiales

(two-way ANOVA, betaines: F1,36= 8.474, P=0.006, CSDS: F1,36= 11.667, P= 0.002, interaction: F1,36= 1.385, P= 0.247). (C): Erysipelotrichales (two-way

ANOVA, betaines: F1,36=3.616, P= 0.065, CSDS: F1,36= 21.140, P< 0.001, interaction: F1,36= 4.521, P= 0.040). (D): Bacillales (two-way ANOVA, betaines:

F1,36= 3.118, P= 0.086, CSDS: F1,36= 16.778, P<0.001, interaction: F1,36= 3.615, P= 0.065). (E): Selenomonadales (two-way ANOVA, betaines: F1,36= 10.612,

P=0.002, CSDS: F1,36= 8.050, P=0.007, interaction: F1,36= 1.866, P= 0.180). (F): Chloroplast (two-way ANOVA, betaines: F1,36= 3.795, P=0.059, CSDS:

F1,36= 8.653, P= 0.006, interaction: F1,36= 3.914, P= 0.056). Data are shown as mean ± S.E.M. (n= 9-11). *P< 0.05, **P< 0.01, ***P< 0.001. NS: not

significant.
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Pseudoflavonifractor, Erysipelotrichaceae) in water-treated group, but not

betaine-treated group. The mechanisms underlying betaine-mediated

recovery from the altered composition of the microbiota in the host gut

mice caused by CSDS are currently unknown. Previously,

Bailey et al. (2011) reported that the exposure to a social stressor called

social disruption failed to increase blood IL-6 in antibiotic-treated mice

(i.e., microbiome depletion), although the same stress caused increases

in levels of IL-6 in the blood of control mice, suggesting that the mi-

crobiota are necessary for stress-induced increases in circulating cyto-

kines. Given the role of immune system in resilience (Cathomas et al.,

Figure 5. Altered composition in the gut bacteria at the levels of family. (A): The relative abundances of family in fecal samples of the four groups. (B):

Lachnospiraceae (two-way ANOVA, betaines: F1,36= 9.323, P= 0.004, CSDS: F1,36= 7.619, P=0.009, interaction: F1,36= 2.289, P= 0.139). (C): Ruminococcaceae

(two-way ANOVA, betaines: F1,36= 11.587, P= 0.002, CSDS: F1,36= 20.599, P<0.001, interaction: F1,36= 0.572, P=0.454). (D): Rikenellaceae (two-way

ANOVA, betaines: F1,36= 9.485, P=0.004, CSDS: F1,36= 26.763, P<0.001, interaction: F1,36= 4.288, P=0.046). (E): Erysipelotrichaceae (two-way ANOVA,

betaines: F1,36= 3.139, P= 0.085, CSDS: F1,36= 17.165, P<0.001, interaction: F1,36= 4.040, P= 0.052). (F): Clostridiales_Incertae Sedis XIII (two-way ANOVA,

betaines: F1,36= 5.210, P=0.028, CSDS: F1,36= 8.605, P= 0.006, interaction: F1,36= 1.052, P= 0.312). Data are shown as mean ± S.E.M. (n=9-11). *P< 0.05,

**P< 0.01, ***P<0.001. NS: not significant.

Y. Qu, et al.

-213-



(caption on next page)

Y. Qu, et al.

-214-



2019; Dantzer et al., 2018; Zhang et al., 2020), it is likely that mod-

ulation of the bidirectional relationship between resilience and im-

munity by the gut microbiota plays a role in the recovery from CSDS.

Further detailed study on the relationship between resilience and im-

munity via the brain–gut–microbiota axis is needed.

In this study, we found marked increases in organisms from the

genus bacteria (Clostridium XIVa, Alistipes, Coprococcus, Clostridium IV,

Ruminococcus2, Pseudoflavonifractor, Erysipelotrichaceae) in water-

treated group after CSDS. It is reported that Alistipes are associated with

gut inflammation and were elevated in chronic fatigue syndrome, irri-

table bowel syndrome and depression (Fremont et al., 2013;

Naseribafrouei et al., 2014). High levels of Alistipes might be a potential

cause for the hypoxia-induced intestinal disorders (Fremont et al.,

2013). The stressor increased blood levels of IL-6 and Coprococcus

(Bailey et al., 2011). High levels of Erysipelotrichaceae in rats were

shown after fast stress (Yoshikawa et al., 2013), suggesting a role of this

bacteria in stress response. A recent study showed that dietary betaine

supplementation decreased liver lipid accumulation caused by a high-

carbohydrate diet through improvement of the gut microbiota compo-

sition (Wang et al., 2019). Collectively, these bacteria may contribute to

resilience versus susceptibility in mice after CSDS. However, precise

mechanisms underlying betaine-induced prophylactic effects for these

bacteria are unknown.

In this study, we found positive correlations between succinic acid

(or acetic acid) and Alistipes levels among four groups. It is shown that

Alistipes can produce succinic acid and acetic acid (Nagai et al., 2010).

Figure 6. Altered composition in the gut bacteria at the levels of genus. (A): The relative abundances of genus in fecal samples of the four groups. (B): Clostridium

XIVa (two-way ANOVA, betaines: F1,36= 6..960, P= 0.012, CSDS: F1,36= 1.995, P=0.166, interaction: F1,36= 2.793, P= 0.103). (C): Alistipes (two-way ANOVA,

betaines: F1,36= 9.492, P= 0.004, CSDS: F1,36= 26.669, P<0.001, interaction: F1,36= 4.322, P=0.045). (D): Coprococcus (two-way ANOVA, betaines:

F1,36= 4.392, P= 0.043, CSDS: F1,36= 2.189, P=0.148, interaction: F1,36= 2.417, P=0.129). (E): Clostridium IV (two-way ANOVA, betaines: F1,36= 1.831,

P=0.0184, CSDS: F1,36= 8.449 P=0.006, interaction: F1,36= 1.146, P=0.291). (F): Ruminococcus2 (two-way ANOVA, betaines: F1,36= 7.491, P= 0.010, CSDS:

F1,36= 5.176, P= 0.029, interaction: F1,36= 1.346, P=0.254). (G): Pseudoflavonifractor (two-way ANOVA, betaines: F1,36= 2.861, P= 0.099, CSDS:

F1,36= 5.713, P=0.022, interaction: F1,36= 0.788, P= 0.381). (H): Erysipelotrichaceae_incertae_sedis (two-way ANOVA, betaines: F1,36= 3.604, P= 0.066, CSDS:

F1,36= 8.139, P= 0.007, interaction: F1,36= 0.673, P= 0.417).Data are shown as mean ± S.E.M. (n= 9-11). *P< 0.05, **P< 0.01, ***P< 0.001. NS: not sig-

nificant.

Figure 7. Levels of short-chain organic acids and correlation between bacteria. (A): Succinic acid (two-way ANOVA, betaines: F1,36= 5.063, P= 0.031, CSDS:

F1,36= 2.050, P= 0.162, interaction: F1,36= 3.068, P=0.089). (B): Acetic acid(two-way ANOVA, betaines: F1,36= 41.856, P<0.001, CSDS: F1,36= 2.665,

P=0.111, interaction: F1,36= 1.551, P=0.221). (C): Lactic acid (two-way ANOVA, betaines: F1,36=0.036 , P=0.850, CSDS: F1,36= 0.381, P= 0.541, interac-

tion: F1,36= 0.767, P= 0.387). (D): Propionic acid (two-way ANOVA, betaines: F1,36= 5.418, P= 0.026, CSDS: F1,36= 13.436, P<0.001, interaction:

F1,36= 1.043, P= 0.314). (E): Butyric acid (two-way ANOVA, betaines: F1,36= 19.813, P<0.001, CSDS: F1,36= 21.262, P <0.001, interaction: F1,36= 0.615,

P=0.438). (F): Correlation (r = 0.651, P < 0.001) between succinic acid and Alistipes. (G): Correlation (r = 0.576, P < 0.001) between acetic acid and Alistipes.

(H): Correlation (r = 0.509, P = 0.001) between butyric acid and Clostridium XIVa. (I): Correlation (r = 0.498, P = 0.001) between butyric acid and Clostridium IV.

Data are shown as mean ± S.E.M. (n=9-11). *P< 0.05, **P< 0.01, ***P<0.001. NS: not significant.
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Furthermore, we also found positive correlations between butyric acid

and Clostridium XIVa (or Clostridium IV) levels among four groups. It is

reported that highest levels of butyric acid are produced by Clostridium

XIVa and Clostridium IV (Eeckhaut et al., 2011). Collectively, it is pos-

sible that increases in these bacteria and subsequent increases in these

short-chain fatty acids (succinic acid, acetic acid, butyric acid) after

CSDS may confer anhedonia susceptibility to mice after CSDS although

further study is needed.

The crosstalk between brain and gut is predominately influenced by

the gut bacteria (Kelly et al., 2016). Imbalance of gut microbiota is well

established as causing abnormal brain–gut–microbiota axis in several

stress-related psychiatric disorders (Fung et al., 2017; Kelly et al.,

2016). Accumulating evidence suggests that an abnormal composition

of gut microbiota may contribute to resilience versus susceptibility in

rodents after repeated stress (Bailey et al., 2011; Hao et al., 2019;

Szyszkowicz et al., 2017; Yang et al., 2017; Wang et al., 2020;

Zhang et al., 2019). It is likely that an altered composition of gut mi-

crobiota may play a role in the susceptibility in stress-induced dis-

orders.

Choline is the precursor of betaine, which can be further metabo-

lized to N,N-di-methylglycine. N,N-di-methylglycine is oxidatively de-

methylated to N-methylglycine (or sarcosine). Sarcosine has been found

to be effective in patients with depression, schizophrenia, obsessive

compulsive disorder, or Parkinson's disease (Huang et al., 2013;

Lane et al., 2005; 2008; Tsai et al., 2014; Wu et al., 2011). Therefore, it

is likely that metabolism of sarcosine from betaine may be one of be-

taine's beneficial effects although further study is needed.

This study has some limitations. In this study, we did not identify

the specific microbiota, which plays a role in betaine-related resilience

after CSDS. Additionally, we do not obtain conclusive evidence that the

improvement in the abnormal composition of the microbiota is mainly

due to CSDS. Further study is needed.

In conclusion, the present study suggests that betaine supple-

mentation may contribute to resilience versus susceptibility in mice

subjected to CSDS, and that betaine may have prophylactic effects for

abnormal composition of gut microbiota in mice after CSDS.

Collectively, the brain–gut–microbiota axis may play a role in sus-

ceptibility to stress-related disorders. Therefore, it is likely that betaine

supplementation could be prophylactic nutrient to prevent or minimize

the relapse by stress in the remission state of depressed patients.
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Abstract

Background: The brain–gut–microbiota axis plays a role in the pathogenesis of stress-related disorders such as
depression. In this study, we examined the effects of fecal microbiota transplantation (FMT) in mice with antibiotic-
treated microbiota depletion.

Methods: The fecal microbiota was obtained from mice subjected to chronic social defeat stress (CSDS) and
control (no CSDS) mice. FMT from these two groups was performed to antibiotic-treated mice. 16S rRNA analysis
was performed to examine the composition of gut microbiota. Furthermore, the effects of subdiaphragmatic
vagotomy in depression-like phenotypes after ingestion of microbes were examined.

Results: The ingestion of fecal microbiota from CSDS-susceptible mice resulted in an anhedonia-like phenotype,
higher plasma levels of interleukin-6 (IL-6), and decreased expression of synaptic proteins in the prefrontal cortex
(PFC) in antibiotic-treated mice but not in water-treated mice. 16S rRNA analysis suggested that two microbes
(Lactobacillus intestinalis and Lactobacillus reuteri) may be responsible for the anhedonia-like phenotype in
antibiotic-treated mice after FMT. Ingestion of these two microbes for 14 days led to depression- and anhedonia-
like phenotypes, higher plasma IL-6 levels, and decreased expression of synaptic proteins in the PFC of antibiotic-
treated mice. Interestingly, subdiaphragmatic vagotomy significantly blocked the development of behavioral
abnormalities, elevation of plasma IL-6 levels, and downregulation of synaptic proteins in the PFC after ingestion of
these two microbes.

Conclusions: These findings suggest that microbiota depletion using an antibiotic cocktail is essential for the
development of FMT-induced behavioral changes and that the vagus nerve plays a key role in behavioral
abnormalities in antibiotic-treated mice after the ingestion of L. intestinalis and L. reuteri. Therefore, it is likely that
the brain–gut–microbiota axis participates in the pathogenesis of depression via the vagus nerve.
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Background
The brain–gut–microbiota axis plays a fundamental role
in host physiology, homeostasis, development, and me-
tabolism [1–6]. Accumulating evidence has implicated
an abnormal microbiota composition in the host gastro-
intestinal tract in the pathogenesis of stress-related dis-
orders such as depression [7–15], and this abnormality
could affect the antidepressant-like effects of certain
compounds [16–21].
Instead of germ-free mice, antibiotic cocktail-induced

microbiome depletion has been used to investigate the
role of the gastrointestinal microbiota in pathological
conditions such as Parkinson’s disease and depression
[13, 15, 22–25]. Recently, we reported that microbiome
depletion via antibiotic treatment contributed to resili-
ence to anhedonia in mice subjected to chronic social
defeat stress (CSDS) [15], suggesting that the brain–gut–
microbiota axis plays a role in resilience versus suscepti-
bility to CSDS. Furthermore, we reported that the trans-
plantation of fecal microbiota from rats with an
anhedonia-like phenotype aggravated depression- and
anhedonia-like phenotypes in mice treated with an anti-
biotic cocktail [13]. Interestingly, the transplantation of
fecal microbes from mice with depression into germ-free
mice resulted in depression-like behaviors compared
with the effects of the transplantation of fecal microbes
obtained from control animals [9]. Collectively, it ap-
pears that the brain–gut–microbiota axis plays a key role
in depression- and anhedonia-like phenotypes in ro-
dents. However, the precise mechanisms underlying fecal
microbiota transplantation (FMT)-induced behavioral
abnormalities in rodents treated with an antibiotic cock-
tail remain unknown.
This study thus aimed to investigate the role of the

brain–gut–microbiota axis in depression- and
anhedonia-like phenotypes in mice. First, we examined
whether transplantation of the fecal microbiota from
CSDS-susceptible mice could induce an anhedonia-like
phenotype in mice treated with an antibiotic cocktail.
Using 16S rRNA analysis, we analyzed the composition
of the gastrointestinal microbiota in fecal samples from
these mice. We identified two microbes (Lactobacillus
intestinalis and Lactobacillus reuteri) potentially respon-
sible for the anhedonia-like phenotype in recipient mice.
Second, we examined whether ingestion of these two mi-
crobes for 14 days produced depression- and anhedonia-
like phenotypes in mice treated with an antibiotic cock-
tail. Furthermore, we measured the plasma levels of the
inflammatory cytokine interleukin-6 (IL-6) and synaptic
proteins (i.e., α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor A1 [GluA1] and postsynaptic
density 95 [PSD-95]) in the prefrontal cortex (PFC) since
the expression of these synaptic proteins was decreased
in the PFC from rodents with depression-like

phenotypes [26, 27]. Finally, we investigated whether
subdiaphragmatic vagotomy (SDV) affected depression-
and anhedonia-like phenotypes in mice treated with an
antibiotic cocktail after the ingestion of these two mi-
crobes because the microbiota and brain are known to
communicate through the vagus nerve [28–32].

Materials and methods
Animals
Male adult C57BL/6 mice (n = 120, 8 weeks old, body
weight = 20–25 g, Japan SLC, Inc., Hamamatsu, Japan)
and male adult CD1 (ICR) mice (n = 20, 13–15 weeks
old, body weight > 40 g, Japan SLC, Inc.) were used. Ani-
mals were housed under controlled temperatures and
12-h/12-h light/dark cycles (lights on between 07:00 and
19:00 h) with ad libitum access to food (CE-2; CLEA
Japan, Inc., Tokyo, Japan) and water. The protocol was
approved by the Chiba University Institutional Animal
Care and Use Committee (permission number: 30-399
and 1-456). This study was conducted in strict accord-
ance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the US National
Institutes of Health. Animals were deeply anesthetized
with isoflurane before being sacrificed via cervical dis-
location. All efforts were made to minimize suffering.
Transplantation of fecal samples and bacteria was per-
formed from 16:00 to 17:00, and the 1% sucrose prefer-
ence test (SPT) was performed from 17:00 to 18:00.

CSDS
The CSDS procedure was performed as previously re-
ported [15, 17–19, 33–37]. C57BL/6 mice were ex-
posed to a different CD1 aggressor mouse for 10 min
per day for 10 consecutive days (days 1–10). When
the social defeat session ended, the resident CD1
mouse and intruder mouse were housed on opposite
sides of the cage, separated by a perforated Plexiglass
divider to allow visual, olfactory, and auditory contact
for the remainder of the 24-h period. At 24 h after
the last session, all mice were housed individually. On
day 11, a social interaction test was performed to
identify subgroups of mice that were susceptible and
unsusceptible to CSDS. This was accomplished by
placing mice in an interaction test box (42 × 42 cm2)
with an empty wire-mesh cage (10 × 4.5 cm2) located
at one end. The movement of the mice was tracked
for 2.5 min, followed by 2.5 min in the presence of an
unfamiliar aggressor confined in the wire-mesh cage.
The duration of the subject’s presence in the “inter-
action zone” (defined as the 8-cm-wide area sur-
rounding the wire-mesh cage) was recorded using a
stopwatch. The interaction ratio was calculated as
time spent in the interaction zone with an aggressor
divided by the time spent in the interaction zone
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without an aggressor. An interaction ratio of 1 was
set as the cutoff. Mice with scores < 1 were defined
as “susceptible” to social defeat stress, and those
with scores ≥ 1 were defined as “resilient.” Fresh
fecal samples were collected from CSDS-susceptible
mice and control (no CSDS) mice on days 12–14 in
sterilized screw cap microtubes immediately after
defecation and stored at − 80 °C until FMT. The
fecal samples were collected from each mouse
around 9:00–10:00 on each day to avoid circadian ef-
fects on the microbiome. In total, about 30 collected
tubes containing approximately 0.5 g of feces per
each tube were used for FMT. Before FMT, fecal
samples were removed from the freezer every morn-
ing, and they were allowed to thaw for 10–15 min at
room temperature. Then, drinking water (10 mL/g
feces) was added to the tube including the fecal
samples. The drinking water including fecal samples
(0.2 mL/mouse) was given to the antibiotic-treated
mice using gastric gavage for consecutive 14 days.

Antibiotic cocktail treatment, FMT, and behavioral tests
Based on previous reports [13, 15, 24, 25], broad-spectrum
antibiotics (ampicillin 1 g/L, neomycin sulfate 1 g/L, metro-
nidazole 1 g/L, Sigma-Aldrich Co. Ltd, St. Louis, MO, USA)
dissolved in drinking water were given ad libitum to male
C57BL/6 mice for 14 consecutive days (days 1–14). The
drinking solution was renewed every 2 days.
Experiment 1 (Fig. 1a): Water alone or water containing

the antibiotic cocktail was given to mice on days 1–14.
Subsequently, mice were divided into four groups: water +
FMT from control (no CSDS-susceptible) mice, water +
FMT from CSDS-susceptible mice, antibiotic cocktail +
FMT from control (no CSDS-susceptible) mice, and anti-
biotic cocktail + FMT from CSDS-susceptible mice. The
fecal microbiota from CSDS-susceptible or control (no
CSDS-susceptible) mice was administered orally from day
15 to day 28. On day 29, fecal samples were collected. The
1% SPT was performed on day 30. Blood samples were
collected from the heart under isoflurane anesthesia and
placed into a tube containing ethylenediamine-N,N,N′,N

Fig. 1 The schedule of the experiments. a The schedule of treatment of antibiotic cocktail, fecal microbiota transplantation (FMT), collection of
fecal samples, sucrose preference test (SPT), and collection of the plasma and brain. Antibiotic cocktail or water in drinking water was given to
adult male mice for 14 days (day 1–day 14). Subsequently, FMT from CSDS-susceptible mice or control (no CSDS) mice was performed for 14 days
(day 15–day 28). On day 29, fecal samples were collected. On day 30, 1% SPT was performed. On day 31, the plasma and brain (i.e., PFC) were
collected. b The schedule of treatment of antibiotic cocktail, microbiota transplantation, collection of fecal samples, behavioral tests, and
collection of the plasma and brain. Antibiotic cocktail or water in drinking water was given to adult male mice for 14 days (day 1–day 14).
Subsequently, two bacteria (L. intestinalis and L. reuteri) were administered orally for 14 days (day 15–day 28) using gastric gavage. On day 29,
locomotion test (LMT) and tail suspension test (TST) were performed. Forced swimming test (FST) and 1% SPT were performed on days 30 and
31, respectively. On day 32, the plasma and brain were collected. c The schedule of subdiaphragmatic vagotomy (SDV), treatment of antibiotic
cocktail, microbiota transplantation, behavioral tests, and collection of the plasma and brain. SDV or sham was performed in adult male mice, and
mice were recovered 14 days after surgery (day 1–day 14). Subsequently, an antibiotic cocktail or water in drinking water was given to all mice
for 14 days (day 15–day 28). Subsequently, transplantation of two microbiota was performed for 14 days (day 29–day 42). On day 43, LMT and TST
were performed. FST and 1% SPT were performed on day 44 and day 45, respectively. On day 46, the plasma and brain were collected
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′-tetraacetic acid potassium salt dehydrate as an anti-
coagulant. Subsequently, blood samples were centrifuged
(3000×g, 3 min) to prepare plasma samples. The plasma
samples were stored at − 80 °C until assay. The brain re-
gion such as PFC was dissected from the brain on ice and
stored at − 80 °C until use.
Experiment 2 (Fig. 1b): Mice were given drinking water

alone or drinking water containing the antibiotic cocktail
on days 1–14. Subsequently, mice were divided into three
groups: water + water, antibiotic cocktail + water, and
antibiotic cocktail + microbe (L. intestinalis and L. reuteri)
groups. L. intestinalis (catalog number: JCM7548) and L.
reuteri (catalog number: JCM1112) were purchased from
RIKEN BioResource Research Center (Tsukuba, Ibaraki,
Japan). Mice were orally administered water or water con-
taining the microbes (approximately 1 × 108 CFU/day) for
14 days (days 15–28) using gastric gavage. The locomotion
test and tail suspension test (TST) were performed on day
29. The forced swimming test (FST) and 1% SPT were
performed on days 30 and 31, respectively. On day 32,
plasma samples and PFC samples were collected as de-
scribed above and stored at − 80 °C until use.
Experiment 3 (Fig. 1c): Sham surgery or subdiaphrag-

matic vagotomy (SDV) was performed under anesthesia
with 5% isoflurane. Mice were put under a microscope
(Leica LEICA S9E, Germany), and hair was removed from
the abdomen [38]. The esophagus of each mouse was ex-
posed to the full view. The ventral and dorsal vagus nerves
of the esophagus were severed. After the muscle and skin
were sutured, mice were kept in clean cages until
complete recovery from anesthesia. Then, mice were
housed in cages for 14 days (days 1–14). The antibiotic
cocktail was given to all mice in drinking water for 14 days
(from day 15 to day 28). Subsequently, mice were divided
into four groups: sham + water, SDV + water, SDV + mi-
crobe (L. intestinalis and L. reuteri), and sham + microbe
(L. intestinalis and L. reuteri) groups. Water alone or
water containing the microbes (approximately 1 × 108

CFU/day) was administered orally for 14 days (day 29 to
day 42) using gastric gavage. The locomotion test and
TST were performed on day 43. The FST and 1% SPT
were performed on days 44 and 45, respectively. On day
46, plasma samples and PFC tissues were collected and
stored at − 80 °C until use.

Behavioral tests
Behavioral tests, including the locomotion test, TST,
FST, and 1% SPT, were performed as previously re-
ported [15, 17–19, 33–37].
Locomotion: Locomotor activity was measured using a

SCANETMV-40 animal movement analysis system (MEL-
QUEST Co., Ltd., Toyama, Japan). The animals were
placed in experimental cages (560 × 560 × 330mm3).

Cumulative exercise was recorded for 60min. The cages
were cleaned after each testing session.
TST: A small piece of adhesive tape was placed approxi-

mately 2 cm from the tip of the tail of each mouse. A sin-
gle hole was punched in the tape, and mice were hung
individually on a hook. The immobility time was recorded
for 10min. Mice were considered immobile only when
they hung passively and completely motionless.
FST: The FST was conducted using an automated

forced-swim apparatus (SCANET MV-40; MELQUEST
Co., Ltd.). Mice were placed individually in a cylinder
(23 × 31 cm2) containing 15 cm of water maintained at a
temperature of 23 ± 1 °C. The immobility time was cal-
culated using the activity time as total time − active time
by the apparatus analysis software. The immobility time
of each mouse was recorded for a period of 6 min.
SPT: Mice were exposed to water and 1% sucrose so-

lution for 48 h, followed by 4 h of water and food
deprivation and a 1-h exposure to two identical bottles
(water and 1% sucrose solution). The bottles containing
water and sucrose were weighed before and at the end
of this period. The sucrose preference was calculated as
a percentage of sucrose solution consumption to the
total liquid consumption.

Measurement of the inflammatory cytokine IL-6
Plasma levels of IL-6 were measured because we previ-
ously identified an increase in blood IL-6 levels in the
CSDS model [15, 18]. Plasma IL-6 levels were measured
using an ELISA kit (cat#: 88-7064-22 Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.

Western blot analysis
PFC tissues were homogenized in the Laemmli lysis buf-
fer. Aliquots (60 μg) of protein were measured using a
DC protein assay kit (Bio-Rad, Hercules, CA, USA); in-
cubated for 5 min at 95 °C with a quarter volume of 125
mM Tris-HCl, pH 6.8, 20% glycerol, 0.1% bromophenol
blue, 10% β-mercaptoethanol, and 4% sodium dodecyl
sulfate; and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis using mini-gels (cata-
log #: 4568126, Mini-PROTEAN TGX™ Stain-Free Gel;
Bio-Rad). Proteins were transferred onto polyvinylidene
difluoride membranes using a Trans-Blot Mini Cell
(Bio-Rad). For immunodetection, the blots were blocked
with 2% bovine serum albumin in TBS + 0.1% Tween-20
(TBST) for 1 h at room temperature and incubated with
a primary antibody against GluA1 (catalog number:
ab31232, 1 μg/mL, Abcam, Cambridge, MA, USA) and
β-actin (catalog number: A5441 1:10,000; Sigma-
Aldrich) overnight at 4 °C. The next day, blots were
washed three times in TBST and incubated with horse-
radish peroxidase-conjugated anti-rabbit antibody (cata-
log number: NA934, GE Healthcare) and anti-mouse
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antibody (catalog number: NA931, GE Healthcare) for 1 h
at room temperature. After three final washes with TBST,
bands were detected using enhanced chemiluminescence
plus a Western Blotting Detection system (GE Healthcare
Bioscience). The blots then were incubated in stripping
buffer (2% sodium dodecyl sulfate, 100mM β-
mercaptoethanol, and 62.5mM Tris-HCl, pH 6.8) for 30
min at 60 °C and then washed three times with TBST.
The stripped blots were kept in the blocking solution for
1 h and incubated with primary antibody directed against
PSD-95 (catalog number: 51-6900, 1 μg/mL, Invitrogen).
Images were captured using a ChemiDoc™ Touch Imaging
System (170-01401; Bio-Rad Laboratories, Hercules, CA),
and immunoreactive bands were quantified.

16S rRNA analysis and short-chain fatty acids
16S rRNA analysis of fecal samples was performed by
MyMetagenome Co., Ltd. (Tokyo, Japan) as previously
reported [15]. Measurement of short-chain fatty acids
(i.e., acetic acid, propionic acid, butyric acid, lactic acid,
and succinic acid) in fecal samples was performed at
TechnoSuruga Laboratory, Co., Ltd. (Shizuoka, Japan) as
previously reported [14, 15].

Statistical analysis
The data are presented as the mean ± standard error of
the mean (S.E.M.). Analysis was performed using PASW
Statistics 20 (formerly SPSS statistics; SPSS, Tokyo,
Japan). Comparisons between groups were performed
via two-way analysis of variance (ANOVA) or one-way
ANOVA, followed by post hoc Fisher’s least significant
difference (LSD) test. The data for body weight were an-
alyzed using repeated-measures two-way ANOVA,
followed by post hoc Fisher LSD test. P < 0.05 was con-
sidered statistically significant.

Results
FMT from CSDS-susceptible mice and control (no CSDS)
mice
The first experiment examined the effects of FMT from
CSDS-susceptible mice (Fig. 1a). Treatment with an
antibiotic cocktail significantly decreased the body
weight of the mice (Fig. 2a). Meanwhile, FMT did not
result in body weight changes in CSDS-susceptible mice
(Fig. 2a). In the 1% SPT, FMT from CSDS-susceptible
mice caused significant reductions in sucrose preference
in antibiotic-treated mice but not in water-treated mice

Fig. 2 Effects of FMT in antibiotic-treated and water-treated mice. a Body weight (repeated measure two-way ANOVA, antibiotic: F1,24 = 38.007, P
< 0.001; FMT: F1,24 = 0.667, P = 0.422; interaction: F1,24 = 2.282, P = 0.144). b SPT (two-way ANOVA, antibiotic: F1,24 = 1.021, P = 0.322; FMT: F1,24 =
3.722, P = 0.066; interaction: F1,24 = 9.757, P = 0.005). c Plasma IL-6 (two-way ANOVA, antibiotic: F1,24 = 13.300, P = 0.001; FMT: F1,24 = 10.919, P =
0.003; interaction: F1,24 = 11.393, P = 0.003). d GluA1 (two-way ANOVA, antibiotic: F1,24 = 3.833, P = 0.062; FMT: F1,24 = 6.437, P = 0.018; interaction:
F1,24 = 11.657, P = 0.002). e PSD-95 (two-way ANOVA, antibiotics: F1,24 = 0.014, P = 0.908; FMT: F1,24 = 15.604, P = 0.001; interaction: F1,24 = 3.284, P
= 0.082). f PCoA analysis of gut microbiota data. Data are shown as mean ± S.E.M. (n = 7). *P < 0.05, **P < 0.01, ***P < 0.001. FMT fecal
microbiota transplantation, NS not significant, W + FMT-C water + FMT from control (no CSDS) mice, W + FMT-S water + FMT from CSDS-
susceptible mice, A + FMT-S antibiotic + FMT from CSDS-susceptible mice, A + FMT-C antibiotic + FMT from control (no CSDS) mice
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(Fig. 2b). In contrast, FMT from control (no CSDS) mice
did not cause significant reductions in sucrose prefer-
ence in antibiotic-treated and water-treated mice (Fig.
2b). Among CSDS-susceptible mice, FMT resulted in
significant increases in plasma IL-6 levels in the
antibiotic-treated group but not in the water-treated
group (Fig. 2c). Furthermore, FMT from CSDS-
susceptible mice significantly decreased PSD-95 and
GluA1 expression in the PFC in the antibiotic-treated
group but not in the water-treated group (Fig. 2d, e).
Analysis of 16S rRNA was used to identify differences in

the composition of the gastrointestinal microbiota among
the four groups. Unweighted UniFrac-based principal co-
ordinate analysis (PCoA) revealed significant differences
among the four groups (Fig. 2f). Firmicutes and Bacteroi-
detes were the most abundant phyla in all groups (Figure
S1A). At the phylum level, Verrucomicrobia was present at
significantly high levels in the antibiotic + FMT group than
in the water-treated groups (Figure S1B). Four genera of
bacteria (Akkermansia, Alistipes, Candidatus Arthromitus,
and Parabacteroides) were present at different levels among
the four groups (Figure S2). At the species level, five bac-
teria (Clostridium cocleatum, Akkermansia muciniphila,
Lactobacillus intestinalis, Candidatus Arthromitus sp. SFB-
mouse, and Lactobacillus reuteri) were present at dif-
ferent levels among the four groups (Fig. 3). There
were no differences in short-chain fatty acid levels

(i.e., acetic acid, butyric acid, lactic acid, succinic acid,
propionic acid) among the four groups (Figure S3).
However, there was a positive correlation (r = 0.397,
P = 0.045) between the presence of L. intestinalis and
succinic acid levels in all groups (Figure S3).
Overall, FMT from CSDS-susceptible mice induced an

anhedonia-like phenotype, inflammation, and downregu-
lation of synaptic proteins in the PFC in the antibiotic-
treated group. Among these bacteria, L. intestinalis and
L. reuteri may be involved in the anhedonia-like pheno-
type, upregulation of IL-6, and downregulation of synap-
tic proteins in the PFC after FMT from CSDS-
susceptible mice.

Oral administration of L. intestinalis and L. reuteri in
antibiotic-treated mice
Next, we investigated whether two microbes (L. intesti-
nalis and L. reuteri) could induce depression-like and
anhedonia-like phenotypes in mice treated with an anti-
biotic cocktail (Fig. 1b). Treatment with an antibiotic
cocktail significantly decreased the body weight of mice
(Fig. 4a). Ingestion of the two microbes did not alter
body weight in antibiotic-treated mice (Fig. 4a). There
were no changes in locomotion among the three groups
(Fig. 4b). The immobility times in the antibiotic + mi-
crobe group as determined using the TST and FST were
significantly higher than those in the control and

Fig. 3 Altered composition in the gut microbiota at the species level. a The relative abundances of species in fecal samples of the four groups
24 h after the final FMT. b Akkermansia muciniphila (two-way ANOVA, antibiotic: F1,24 = 6.721, P = 0.016; FMT: F1,24 = 0.107, P = 0.746; interaction:
F1,24 = 0.963, P = 0.336). c [Clostridium] cocleatum (two-way ANOVA, antibiotic: F1,24 = 6.153, P = 0.021; FMT: F1,24 = 2.733, P = 0.111; interaction:
F1,24 = 16.133, P = 0.001). d Lactobacillus intestinalis (two-way ANOVA, antibiotic: F1,24 = 1.753, P = 0.198; FMT: F1,24 = 1.830, P = 0.189; interaction:
F1,24 = 13.700, P = 0.001). e Lactobacillus reuteri (two-way ANOVA, antibiotic: F1,24 = 0.298, P = 0.590; FMT: F1,24 = 1.154, P = 0.293; interaction: F1,24
= 6.966, P = 0.014). Data are shown as mean ± S.E.M. (n = 7). *P < 0.05, **P < 0.01, ***P < 0.001. FMT fecal microbiota transplantation, NS not
significant, W + FMT-C water + FMT from control (no CSDS) mice, W + FMT-S water + FMT from CSDS-susceptible mice, A + FMT-S antibiotic +
FMT from CSDS-susceptible mice, A + FMT-C antibiotic + FMT from control (no CSDS) mice
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antibiotic + water groups (Fig. 4c, d). Furthermore, the
sucrose preference in the antibiotic + microbe group
was significantly lower than that in the control and
antibiotic + water groups (Fig. 4e). Moreover, the ex-
pression of synaptic proteins (i.e., GluA1 and PSD-95)
in the PFC was significantly lower in the antibiotic +
microbe group than in the control and antibiotic +
water groups (Fig. 4g, h). In addition, the blood levels
of IL-6 were significantly higher in the antibiotic +
microbe group than in the control and antibiotic +
water groups (Fig. 4f).
Next, we performed 16S rRNA analysis of fecal sam-

ples after transplantation of the two microbes. There
were significant differences in the examined species indi-
ces among the three groups (Fig. 5a). The Chao1 and
abundance-based coverage estimator (ACE) indices are
used to evaluate the α-diversity of the gastrointestinal
microbiota. These indices were significantly different
among the three groups (Fig. 5b, c). Interestingly, the
transplantation of the two microbes decreased the Chao1
and ACE indices. In unweighted UniFrac-based PCoA,
dots representing the antibiotic + microbe group were far
from those representing the other two groups (Fig. 5d).

These data suggest that oral administration of these
two bacteria for 14 days induced depression- and
anhedonia-like phenotypes, inflammation, and synaptic
protein downregulation in the PFC in mice treated with
an antibiotic cocktail.

Effects of SDV on behavioral abnormalities, inflammation,
and decreased expression of synaptic proteins in the PFC
of antibiotic-treated mice after ingestion of L. intestinalis
and L. reuteri
We investigated the effects of SDV on abnormal behav-
iors and inflammation in antibiotic-treated mice after
the ingestion of L. intestinalis and L. reuteri (Fig. 1c).
Body weight was not significantly different between be-
fore and 14 days after SDV (Fig. 6a). Treatment with an
antibiotic cocktail significantly decreased body weight in
the sham-treated groups (sham + water and sham +
microbes) but not in SDV-treated groups (SDV +
water and SDV + microbes) on day 21 (Fig. 6a).
There were no changes in body weight from day 28
to day 42 (Fig. 6a). There were no changes in loco-
motion among the four groups (Fig. 6b). The immo-
bility times in the SDV + microbe group as

Fig. 4 Effects of L. intestinalis and L. reuteri in the antibiotic-treated mice. a Body weight (repeated measure two-way ANOVA, antibiotic: F1,27 =
9.281, P = 0.005; transplantation: F1,27 = 1.284, P = 0.267). b Locomotion (LMT) (one-way ANOVA, F2,27 = 0.533, P = 0.593). c TST (one-way ANOVA,
F2,27 = 9.695, P = 0.001). d FST (one-way ANOVA, F2,27 = 10.749, P < 0.001). e SPT (one-way ANOVA, F2,27 = 8.214, P = 0.002). f Plasma IL-6 (one-
way ANOVA, F2,27 = 2.775, P = 0.080). g GluA1 (one-way ANOVA, F2,27 = 15.481, P < 0.001). h PSD-95 (one-way ANOVA, F2,27 = 9.185, P = 0.001).
Data are shown as mean ± S.E.M. (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001. NS not significant, W + W water + water-treated mice, A + W
antibiotic + water-treated mice, A + M antibiotic + microbiota transplantation
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determined using the TST and FST were significantly
lower than those in the sham + microbe group (Fig.
6c, d). Furthermore, the sucrose preference was sig-
nificantly higher in the SDV + microbe group than in
the sham + microbe group (Fig. 6e). Moreover, GluA1
and PSD-95 expression in the PFC was significantly
higher in the SDV + microbe group than in the sham
+ microbe group (Fig. 6g, h). Conversely, IL-6 blood
levels were significantly lower in the SDV + microbe
group than in the sham + microbe group (Fig. 6f).
These data suggest that SDV blocked the development

of depression- and anhedonia-like phenotypes, inflam-
mation, and synaptic protein downregulation in the PFC
in antibiotic-treated mice after the ingestion of L. intesti-
nalis and L. reuteri.

Discussion
The major findings of this study were as follows. First,
FMT from CSDS-susceptible mice caused an anhedonia-
like phenotype, inflammation, and synaptic protein
downregulation in the PFC among those treated with
antibiotics but not those treated with water. Thus,
antibiotic-induced microbiota depletion in the host is
essential for the development of FMT-induced behav-
ioral and biochemical changes in recipient mice. 16S
rRNA analysis suggested that among antibiotic-treated
mice, L. intestinalis and L. reuteri counts were higher
in the FMT group from CSDS-susceptible mice than
in the FMT group from control mice, suggesting that
these two bacteria may play a role in the anhedonia-
like phenotype, inflammation, and reduction of

synaptic protein expression in the PFC. Second, inges-
tion of L. intestinalis and L. reuteri for 14 days in-
duced depression- and anhedonia-like phenotypes,
inflammation, and synaptic protein downregulation in
the PFC among antibiotic-treated mice. In unweighted
UniFrac PCoA, dots representing the antibiotic + mi-
crobe group were distantly separated from dots repre-
senting the two water groups. Transplantation of the
two microbes caused significant changes in the diver-
sity and composition of the host gastrointestinal
microbiota. Third, SDV significantly attenuated the
depression- and anhedonia-like phenotypes, inflamma-
tion, and downregulation of synaptic proteins in the
PFC in antibiotic-treated mice after the repeated in-
gestion of L. intestinalis and L. reuteri, suggesting a
key role of the vagus nerve in the behavioral abnor-
malities and inflammation induced by oral administra-
tion of these two bacteria. Collectively, it is likely that
L. intestinalis and L. reuteri produces depression-like
and anhedonia-like phenotypes in antibiotic-treated
mice through the brain–gut–microbiota axis via the
vagus nerve.
In this study, we found that fecal microbes isolated

from CSDS-susceptible mice did not induce
anhedonia-like phenotypes, increased plasma IL-6
production, and reduced synaptic protein expression
in the PFC in water-treated mice, whereas such
changes were induced by these microbes in antibiotic-
treated mice. Thus, antibiotic-induced microbiome de-
pletion is necessary for the anhedonia-like phenotype
and biochemical changes in recipient mice after FMT.

Fig. 5 Effects of transplantation of L. intestinalis and L. reuteri in the antibiotic-treated mice. a Observed species index (one-way ANOVA, F2,27 =
7.381, P = 0.003). b Chao 1 index (one-way ANOVA, F2,27 = 7.811, P = 0.002). c ACE index (one-way ANOVA, F2,27 = 6.642, P = 0.005). d PCoA
analysis of gut bacteria data. Data are shown as mean ± S.E.M. (n = 10). *P < 0.05, ***P < 0.001. NS not significant
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Collectively, FMT in antibiotic-treated mice using
“depression-related microbes” obtained from CSDS-
susceptible mice resulted in anhedonia-like behaviors
and reduced synaptic protein expression in the PFC
through systemic inflammation. It is likely that the
microbiota in the host gastrointestinal tract of water-
treated mice could protect against the effects of FMT
using “depression-related microbes” isolated from
CSDS-susceptible mice. The mechanisms underlying
anhedonia-like phenotypes in antibiotic-treated mice
caused by FMT using depression-related microbes are
currently unknown. Previously, we reported that
CSDS failed to increase plasma IL-6 levels and the
expression of synaptic proteins, such as GluA1 and
PSD-95, in antibiotic-treated mice, although the same
stress increased plasma IL-6 levels and reduced syn-
aptic protein expression in water-treated mice [15].
This study suggests that the host gastrointestinal

microbes are necessary for CSDS-induced increases in
circulating cytokines and decreased expression of syn-
aptic proteins in the PFC.
In this study, we found that L. intestinalis and L. reu-

teri counts were higher in the FMT group from CSDS-
susceptible mice than in the FMT group from control
(no CSDS) mice, suggesting that these two bacteria play
a role in the anhedonia-like phenotype, inflammation,
and reduced synaptic protein expression in the PFC. In-
gestion of these two microbes for 14 days induced de-
pression- and anhedonia-like phenotypes, increased
blood IL-6 levels, and reduced synaptic protein expres-
sion in the PFC in antibiotic-treated mice. These data
suggest that these two microbes induce depression- and
anhedonia-like phenotypes and reduce synaptic protein
expression in the PFC of antibiotic-treated mice through
systemic inflammation even though these mice were not
exposed to stress.

Fig. 6 Effects of SDV on behavioral abnormalities after transplantation of L. intestinalis and L. reuteri in the antibiotic-treated mice. a Body weight
(repeated measure two-way ANOVA, SDV: F1,28 = 8.910, P = 0.006; microbiota transplantation: F1,28 = 0.317, P = 0.578; interaction: F1,28 = 1.713, P =
0.201). b Locomotion (two-way ANOVA, SDV: F1,28 = 1.716, P = 0.201; microbiota transplantation: F1,28 = 0.015, P = 0.905; interaction: F1,28 = 1.649,
P = 0.210). c TST (two-way ANOVA, SDV: F1,28 = 9.916, P = 0.004; microbiota transplantation: F1,28 = 25.222, P < 0.001; interaction: F1,28 = 10.069, P
= 0.004). d FST (two-way ANOVA, SDV: F1,28 = 10.181, P = 0.003; microbiota transplantation: F1,28 = 4.893, P = 0.035; interaction: F1,28 = 6.957, P =
0.013). e SPT (two-way ANOVA, SDV: F1,28 = 4.820, P = 0.037; microbiota transplantation: F1,28 = 19.414, P < 0.001; interaction: F1,28 = 5.943, P =
0.021). f Plasma IL-6 (two-way ANOVA, SDV: F1,28 = 64.671, P < 0.001; microbiota transplantation: F1,28 = 92.048, P < 0.001; interaction: F1,28 =
57.921, P < 0.001). g GluA1 (two-way ANOVA, SDV: F1,28 = 43.231, P < 0.001; microbiota transplantation: F1,28 = 24.521, P < 0.001; interaction: F1,28
= 2.093, P = 0.159). h PSD-95 (two-way ANOVA, SDV: F1,28 = 4.376, P = 0.046; microbiota transplantation: F1,28 = 4.560, P = 0.042; interaction: F1,28
= 1.945, P = 0.174). Data are shown as mean ± S.E.M. (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001. NS not significant, sham + W sham + water-
treated mice, SDV + W SDV + water-treated mice, SDV + M SDV + microbiota transplantation, sham + M sham + microbiota transplantation
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Treatment with a broad-spectrum antibiotic cock-
tail is known to cause a dramatic loss in the diver-
sity and representation of specific taxa, increase the
prevalence of antibiotic-resistant strains, and upreg-
ulate antibiotic resistance genes [39, 40]. Further-
more, Yang et al. [13] reported that FMT from
anhedonia-susceptible rats into antibiotic-treated
mice significantly exaggerated depression-like phe-
notypes including anhedonia and that FMT from
resilient rats into antibiotic-treated mice signifi-
cantly improved depression-like phenotype includ-
ing anhedonia. Although the precise mechanisms
underlying the abnormal composition of the gastro-
intestinal microbiota after treatment with an anti-
biotic cocktail are currently unknown, antibiotic-
induced microbiome depletion is essential for be-
havioral abnormalities in recipients after FMT using
microbes from CSDS-susceptible mice.
Previously, we reported that CSDS significantly in-

creased the blood levels of IL-6 in water-treated
mice but not in antibiotic-treated mice, suggesting
that antibiotic-induced microbiota depletion has
anti-inflammatory effects in mice [15]. Furthermore,
CSDS significantly decreased the expression of syn-
aptic proteins such as PSD-95 and GluA1 in the
PFC in the water-treated group but not in the
antibiotic-treated group. These findings suggest that
antibiotic-induced microbiome depletion may con-
tribute to stress resilience in mice after CSDS via
the brain–gut–microbiome axis [15]. In this study,
transplantation of two microbes caused depression-
and anhedonia-like phenotypes in antibiotic-treated
mice through systemic inflammation. These data
suggest that these two microbes facilitate the devel-
opment of behavioral abnormalities in antibiotic-
treated mice, although the precise mechanisms re-
main unclear. Further detailed study is required to
confirm the relationship between these two microbes
and antibiotic-induced microbiota depletion in the
host gastrointestinal tract.
The crosstalk between the brain and the gastrointes-

tinal microbiota is predominately influenced through
various routes including the vagus nerve, immune sys-
tem, and enteric nervous system [28–32]. It has been
demonstrated that the ingestion of Lactobacillus rham-
nosus reduced stress-induced corticosterone levels and
anxiety- and depression-related behaviors in mice
and that these neurochemical and behavioral effects
were not found in vagotomized mice, suggesting a
role of the vagus nerve in the communication be-
tween the gastrointestinal microbiome and the brain
[41]. The subdiaphragmatic vagus nerve serves as a
major modulatory pathway between the brain and
gut microbiota. Very recently, we demonstrated that

lipopolysaccharide produces a depression-like pheno-
type and abnormal composition of gut microbiota
via the subdiaphragmatic vagus nerve [38]. In this
study, we found that the ingestion of L. intestinalis
and L. reuteri did not induce depression- and
anhedonia-like behaviors, increase plasma IL-6 levels,
or reduce synaptic protein expression in the PFC in
vagotomized mice. Taken all together, it is likely that
the subdiaphragmatic vagus nerve plays a key role in
behavioral abnormalities in rodents after the trans-
plantation of these two microbes.
L. reuteri is a well-studied probiotic bacterium that

can colonize a large number of mammals. It is well rec-
ognized that L. reuteri has several beneficial effects on
anti-microbial activity, the host immune system, and mi-
crobial translocation [42]. It is reported that L. reuteri
can rescue social dysfunction in a mouse model of aut-
ism in a vagus nerve-dependent manner [43]. Con-
versely, we found that ingestion of L. reuteri and L.
intestinalis into antibiotic-treated mice caused
depression-like behaviors via systemic inflammation.
Thus, L. reuteri may have detrimental effects in the host
gastrointestinal tract after antibiotic-induced microbiota
depletion. Nonetheless, further study is needed to inves-
tigate the beneficial and detrimental effects of L. reuteri
in mammals.

Conclusions
The present study suggests that FMT using microbes
from CSDS-susceptible mice induced depression- and
anhedonia-like phenotypes in antibiotic-treated mice
and that ingestion of L. intestinalis and L. reuteri caused
behavioral and biochemical abnormalities in antibiotic-
treated mice via the subdiaphragmatic vagus nerve. It is
likely that the brain–gut–microbiota axis plays a role in
the pathology of depression via the subdiaphragmatic
vagus nerve.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-020-01916-z.

Additional file 1: Figure S1. Altered composition in the gut microbiota
at the phylum level. (A): The relative abundances of phylum in fecal
samples of the four groups 24 hrs after the final FMT. (B): Verrucomicrobi
(two-way ANOVA, antibiotic: F1,24 = 6.769, P = 0.016, FMT: F1,24 = 0.128, P =
0.724, interaction: F1,24 = 1.053, P = 0.315). Data are shown as mean ±
S.E.M. (n = 7). *P < 0.05. FMT: fecal microbiota transplantation. NS: not
significant. W + FMT-C: water + FMT from control (no CSDS) mice. W +
FMT-S: water + FMT from CSDS susceptible mice. A + FMT-S: antibiotic +
FMT from CSDS susceptible mice. A + FMT-C: antibiotic + FMT from con-
trol (no CSDS) mice. Figure S2. Altered composition in the gut micro-
biota at the genus level. (A): The relative abundances of genus in fecal
samples of the four groups 24 hrs after the final FMT. (B): Akkermansia
(two-way ANOVA, antibiotic: F1,24 = 6.721, P = 0.016, FMT: F1,24 =0.107, P =
0.746, interaction: F1,24 = 0.963, P = 0.336). (C): Alistipes (two-way ANOVA,
antibiotic: F1,24 = 11.641, P = 0.002, FMT: F1,24 = 9.142, P = 0.006,
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interaction: F1,24 = 3.879, P = 0.061). (D): Candidatus Arthromitus (two-way
ANOVA, antibiotic: F1,24 = 1.064, P =0.313, FMT: F1,24 = 5.899, P = 0.023,
interaction: F1,24 = 1.356, P = 0.256). (E): Parabacteroides (two-way ANOVA,
antibiotic: F1,24 = 0.665, P =0.423, FMT: F1,24 = 9.407, P = 0.005, interaction:
F1,24 = 3.961, P = 0.058). Data are shown as mean ± S.E.M. (n = 7). *P< 0.05,
**P < 0.01. FMT: fecal microbiota transplantation. NS: not significant. W +
FMT-C: water + FMT from control (no CSDS) mice. W + FMT-S: water +
FMT from CSDS susceptible mice. A + FMT-S: antibiotic + FMT from CSDS
susceptible mice. A + FMT-C: antibiotic + FMT from control (no CSDS)
mice. Figure S3. Levels of short-chain fatty acids in fecal samples and
correlation with microbiota. (A): Acetic acid (two-way ANOVA, antibiotics:
F1,24 = 0.170, P =0.684, FMT: F1,24 =1.028, P =0.321, interaction: F1,24 =0.170,
P =0.683) among the four groups. (B): Butyric acid (two-way ANOVA, anti-
biotics: F1,23 = 0.831, P =0.372, FMT: F1,23 =0.497, P =0.488, interaction:
F1,23=0.122, P =0.730) among the four groups. (C): Lactic acid (two-way
ANOVA, antibiotics: F1,23 = 0.248, P =0.623, FMT: F1,23 =0.038, P =0.847,
interaction: F1,23=0.782, P =0.386) among the four groups. (D): Succinic
acid (two-way ANOVA, antibiotics: F1,23 = 0.511, P =0.482, FMT: F1,23 =
0.970, P =0.355, interaction: F1,23=2.053, P =0.165) among the four groups.
(E): Propionic acid (two-way ANOVA, antibiotics: F1,24 = 0.095, P =0.761,
FMT: F1,24 =0.003, P =0.959, interaction: F1,24 =1.325, P =0.261) among the
four groups. (F): There is a positive correlation (r = 0.397, P = 0.045) be-
tween succinic acid and L. intestinalis in fecal samples. The data are
shown as mean ± S.E.M. (n = 7). FMT: fecal microbiota transplantation. NS:
not significant.
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Abstract
The transcription nuclear factor-erythroid factor 2-related factor 2 (Nrf2) plays a key role in inflammation that is involved

in depression. We previously reported that Nrf2 knock-out (KO) mice exhibit depression-like phenotypes through systemic

inflammation. (R)-ketamine, an enantiomer of ketamine, has rapid-acting and long-lasting antidepressant-like effects in

rodents. We investigated whether (R)-ketamine can produce antidepressant-like effects in Nrf2 KO mice. Effects of (R)-

ketamine on the depression-like phenotypes in Nrf2 KO mice were examined. Furthermore, the role of TrkB in the antide-

pressant-like actions of (R)-ketamine was also examined. In the tail-suspension test (TST) and forced swimming test (FST),

(R)-ketamine (10 mg/kg) significantly attenuated the increased immobility times of TST and FST in the Nrf2 KO mice. In

the sucrose preference test (SPT), (R)-ketamine significantly ameliorated the reduced preference of SPT in Nrf2 KO mice.

Decreased expression of synaptic proteins (i.e., GluA1 and PSD-95) in the medial prefrontal cortex (mPFC) of Nrf2 KO

mice was significantly ameliorated after a single injection of (R)-ketamine. Furthermore, the pre-treatment with the TrkB

antagonist ANA-12 (0.5 mg/kg) significantly blocked the rapid and long-lasting antidepressant-like effects of (R)-ketamine

in Nrf2 KO mice. Furthermore, ANA-12 significantly antagonized the beneficial effects of (R)-ketamine on decreased

expression of synaptic proteins in the mPFC of Nrf2 KO mice. These findings suggest that (R)-ketamine can produce rapid

and long-lasting antidepressant-like actions in Nrf2 KO mice via TrkB signaling.

Keywords Brain-derived neurotrophic factor · Nrf2: (R)-ketamine · TrkB

Introduction

Depression, one of the most common mental disorders, 

has high incidence and prevalence worldwide. Although 

the precise molecular mechanisms underlying the patho-

physiology of depression remain unidentified, accumulat-

ing evidence supports inflammatory processes [1–7]. Meta-

analysis showed increased blood levels of pro-inflammatory 

cytokines in depressed patients compared with healthy con-

trol subjects [8–10]. Collectively, it seems that inflammation 

may play a crucial role in the development of depression 

[6, 11].

The transcription factor nuclear factor-erythroid 

2-derived-like 2 (Nrf2) plays a key role in cellular defense

against inflammatory events. In addition, it is known that

the Keap1-Nrf2 system plays a role in attenuating inflam-

mation-associated events [12–17]. We previously reported

that pre-treatment with a potent Nrf2 activator sulforaphane

has prophylactic effects in rodent models of depression [18,

19], and that Nrf2 knock-out (KO) mice have depression-

like phenotypes through systemic inflammation [18]. Fur-

thermore, the expressions of the proteins Keap1 and Nrf2

in the parietal cortex from patients with depression were

lower than controls [20]. Collectively, abnormalities in the

Keap1–Nrf2 system may be involved in the development of

depression.

(R,S)-ketamine has rapid-acting and sustained antide-

pressant actions in treatment-resistant patients with depres-

sion [21–24]. In preclinical studies, (R)-ketamine produced

 * Kenji Hashimoto

hashimoto@faculty.chiba-u.jp

1 Division of Clinical Neuroscience, Chiba University Center 

for Forensic Mental Health, Chiba 260-8670, Japan

2 Departments of Medical Biochemistry and Respiratory 

Medicine, Tohoku University Graduate School of Medicine, 

SendaiMiyagi, Miyagi 980-8575, Japan

-230-



European Archives of Psychiatry and Clinical Neuroscience

1 3

greater potency and longer-lasting antidepressant-like effects 

than (S)-ketamine [25–29]. Importantly, side effects of (R)-

ketamine in rodents and monkeys are lower than those of (R, 
S)-ketamine and (S)-ketamine [26, 29–33]. In addition, (R)-

ketamine did not produce psychotomimetic effects in healthy 

subjects, whereas the same dose of (S)-ketamine caused psy-

chotomimetic side effects in healthy control subjects [34]. A 

recent previous study reported that (R)-ketamine produced

rapid-acting and sustained antidepressant effects in treat-

ment-resistant patients with depression, and that side effects 

(i.e., dissociation) after a single infusion of (R)-ketamine

were very low [35]. Taken together, (R)-ketamine would be

a safer antidepressant than (R,S)-ketamine and (S)-ketamine

[36–39]. However, there is no report that shows whether 

(R)-ketamine can produce antidepressant-like actions in

depression-like phenotypes in Nrf2 KO mice.

The purpose of this study was to examine whether (R)-

ketamine can produce antidepressant-like actions in Nrf2 KO

mice. Furthermore, we examined the role of tropomyosin-

receptor-kinase B (TrkB) in the antidepressant-like effects 

of (R)-ketamine given that brain-derived neurotrophic fac-

tor (BDNF) and its receptor TrkB system play a role in the 

antidepressant-like actions of ketamine and its enantiomers 

[26, 36–45].

Methods and materials

Animals

Male adult C57BL/6 mice and male adult Nrf2 KO mice

(Nrf2−/−) mice [46] were used as reported previously [18].

Mice were housed under controlled temperature condi-

tions in 12 h light/dark cycles (lights on between 07:00 and 

19:00), with food and water provided ad libitum. The proto-

col was approved by the Chiba University Institutional Ani-

mal Care and Use Committee (Permission number: 29–316, 

30–310, 1–147, and 2–138).

Drugs and treatment

(R)-ketamine hydrochloride was prepared as reported previ-

ously [25]. ANA-12, N2-(2-{[(2-oxoazepan-3-yl) amino]car-

bonyl}phenyl)benzo[b] thiophene-2-carboxamide (0.5 mg/

kg, Sigma-Aldrich Co., Ltd., Tokyo, Japan), was dissolved 

in 17% dimethylsulfoxide (DMSO) in physiological saline 

[47]. The dose of (R)-ketamine (10 mg/kg) and ANA-12

(0.5 mg/kg) was selected as previously reported [26, 48–50].

Behavioral tests

Behavioral tests including locomotion test (LMT), tail-

suspension test (TST), forced swimming test (FST), and 

1% sucrose preference test (SPT) were performed as pre-

viously reported [26, 51]. For LMT, the animals were 

placed individually in the cages (length × width × height: 

560 × 560 × 330 mm). Locomotor activities of animals were 

recorded for 60 min by the SCANETMV-40 (MELQUEST 

Co., Ltd., Toyama, Japan). Cages were cleaned between test 

sessions.

A small piece of adhesive tape of TST was placed at 

approximately 2 cm from the tip of the mouse tail. A single 

hole was punched in the tape and mice were hung individu-

ally on a hook. The immobility time of each mouse was 

recorded over a period of 10 min. Immobility time will be 

counted only when the mice hung passively and completely 

motionless.

For FST, the animals were placed individually in a cylin-

der (diameter: 23 cm; height: 31 cm) which contained 15 cm 

of water, and the temperature was kept at 23 ± 1 °C. Animals 

were tested in an automated forced-swim apparatus with 

SCANETMV-40 (MELQUEST Co., Ltd., Toyama, Japan). 

Cumulative immobility time was measured for 6 min from 

the activity time as the (total − active) time with the appara-

tus analysis software.

For SPT, before confirming the change in the sucrose 

solution intake, the mice were allowed to ingest the sucrose 

solution 48 h before the test to adapt the mice to the 1% 

sucrose solution. Subsequently, food, water and sucrose were 

removed for 4 h, followed by a preference test that lasted 1 h 

with 1% sucrose and water delivered from identical bottles. 

The bottles contained water and sucrose and were weighed 

prior to and immediately following the test, and determined 

the preference for sucrose.

Western blot analysis

The brain samples of medial prefrontal cortex (mPFC) 

from mice were dissected on ice, as previously reported 

[26, 51]. The tissue was homogenized in Laemmli lysis 

buffer. Equal amounts of protein (30 μg) were calculated 

with a DC protein assay kit (Bio-Rad, Hercules, CA, USA), 

heated for 5 min at 95 °C with a quarter volume of 10% 

β-mercaptoethanol, 125 mM Tris/HCl, pH of 6.8, 20% glyc-

erol, 4% sodium dodecyl sulfate, and 0.1% bromophenol 

blue, and were subjected to sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis using mini-gels (catalog #: 

4568126, Mini-PROTEAN TGX™ Stain-Free Gel, Bio-

Rad), as previously reported [52]. Proteins were transferred 

onto polyvinylidene difluoride membranes using a Trans-

Blot Mini Cell (Bio-Rad). For immunodetection, the blot 

was blocked with 2% TBS + 0.1% Tween-20 (TBST) bovine 

serum albumin for 1 h at room temperature, and then in 

β-actin (catalog number: A5441 1:10,000, Sigma-Aldrich) 

overnight, and then it was combined with the anti-GluA1 

primary antibody (catalog number: ab31232, 1 μg/ml, at 

-231-



European Archives of Psychiatry and Clinical Neuroscience 

1 3

4 °C overnight. The next day, the blots were washed three 

times in TBST and incubated with a horseradish oxidase-

conjugated anti-mouse antibody (catalog number: NA931, 

GE Healthcare) and anti-rabbit antibody (catalog number: 

NA934, GE Healthcare) for 1 h at room temperature. After 

three final washes with TBST, the bands were detected by 

the chemiluminescence and Western Blotting detection 

system (GE Healthcare Biosciences). Then, the blots were 

incubated in stripping buffer (62.5 mM Tris–HCl, pH 6.8, 

100 mM β-mercaptoethanol, and 2% sodium dodecyl sulfate) 

for 30 min at 60 °C, and then washed three times with TBST. 

The stripped blots were stored in blocking solution for 1 h 

and combined with the primary antibody against PSD-95 

(catalog number: 51-6900, 1 μg/ml, Invitrogen). A Chemi-

Doc TM touch imaging system (170-01401, Bio-Rad Labo-

ratories, Hercules, CA, USA) was used to collect images and 

quantify immunoreactive bands.

Statistical analysis

The data were shown as the mean ± standard error of the 

mean (SEM). One-way analysis of variance to analyze 

followed the post hoc Fisher’s least significant difference 

(LSD) test was used to analyze the data. P-values less than

0.05 were considered statistically significant.

Results

(R)-ketamine showed antidepressant-like effects 
in Nrf2 KO mice

We previously reported that Nrf2 KO mice show depres-

sion-like phenotypes attributed to systemic inflammation 

[18]. First, we investigated whether (R)-ketamine (10 mg/

kg) could cause rapid and long-lasting antidepressant-like 

effects in Nrf2 KO mice (Fig. 1a). There were no changes

in locomotion among the three groups (Fig. 1b). In the TST 

and FST, (R)-ketamine significantly attenuated the increased

immobility times of TST and FST in Nrf2 KO mice (Fig. 1c,

d). In the SPT, (R)-ketamine significantly ameliorated the

decreased sucrose preference of Nrf2 KO mice 2, 4, and

6 days after a single injection (Fig. 1e–g). These findings 

Fig. 1  Effects of (R)-ketamine on depression-like phenotypes of Nrf2
KO mice. a Schedule of treatment, behavioral tests, and brain collec-

tion. Saline (10 ml/kg) or (R)-ketamine (10 mg/kg) was administered

i.p. to mice on day 1. Locomotion and TST were performed 1 and

3 h after injection. FST was performed 1 day after injection. 1% SPT

was performed 2, 4, and 6 days after injection. b Locomotion (LMT):

(one-way ANOVA: F2,25 = 0.025, P = 0.975). c Tail-suspension test

(TST): (one-way ANOVA: F2,25 = 23.666, P < 0.001). d Forced swim-

ming test (FST): (one-way ANOVA: F2,25 = 16.391, P < 0.001). e 1%

sucrose preference test (SPT): (one-way ANOVA: F2,25 = 12.461, 

P < 0.001). f 1% SPT: (one-way ANOVA: F2,25 = 13.752, P < 0.001). 

g 1% SPT: (one-way ANOVA: F2,25 = 5.503, P = 0.010). Data 

represent the mean ± S.E.M (n = 8–12). *P < 0.05, **P < 0.01, 

***P < 0.001 compared with the saline-treated KO group
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show that (R)-ketamine produced rapid and long-lasting

antidepressant-like effects in Nrf2 KO mice.

(R)-ketamine ameliorated the reduced expression 
of synaptic proteins in the mPFC from Nrf2 KO mice

We measured the synaptic proteins (GluA1 and PSD-95) 

in the mouse brain using Western blot analysis. We previ-

ously reported that protein levels of GluA1 and PSD-95 in 

the mPFC of Nrf2 KO mice were significantly lower than

those of WT mice [18]. A single injection of (R)-ketamine

significantly ameliorated the reduced expressions of GluA1 

and PSD-95 in the mPFC from Nrf2 KO mice (Fig. 2a, b).

ANA-12 blocked antidepressant-like effects 
of (R)-ketamine in Nrf2 KO mice

We previously reported that Nrf2 KO mice had decreased the

BDNF-TrkB signaling in the PFC, and that the TrkB agonist 

7,8-dihydroxyfravone yielded antidepressant-like effects in 

Nrf2 KO mice [18]. In addition, BDNF-TrkB signaling plays

a role in the antidepressant-like effects of ketamine and its 

enantiomers [26, 40]. Herein, we investigated whether the 

TrkB antagonist ANA-12 could antagonize the antidepres-

sant-like effects of (R)-ketamine in Nrf2 KO mice (Fig. 3a).

There were no changes in locomotion among the five groups 

(Fig. 3b). In the TST and FST, pre-treatment with ANA-

12 significantly antagonized the antidepressant-like effects 

of (R)-ketamine (10 mg/kg) in the Nrf2 KO mice (Fig. 3c,

d). In the SPT, ANA-12 significantly antagonized the anti-

anhedonia-like effects of (R)-ketamine (10 mg/kg) in Nrf2
KO mice (Fig. 3e–g). In contrast, a single administration of 

ANA-12 alone did not affect the depression-like phenotypes 

in Nrf2 KO mice (Fig. 3c–g). These findings are consistent

with those of a previous report [18]. These findings suggest 

that the TrkB system plays a role in the rapid-acting and 

long-lasting antidepressant-like effects of (R)-ketamine in

Nrf2 KO mice.

ANA-12 blocked beneficial effects of (R)-ketamine 
on the reduced expression of synaptic proteins 
in the mPFC from Nrf2 KO mice

Pre-treatment with ANA-12 significantly blocked the benefi-

cial effects of (R)-ketamine on reduced expression of GluA1

and PSD-95 in the mPFC of Nrf2 KO mice (Fig. 4a, b). In

contrast, a single injection of ANA-12 alone did not affect 

the reduced expression of GluA1 and PSD-95 in the mPFC 

from Nrf2 KO mice (Fig. 4a, b).

Discussion

Here, we found that (R)-ketamine could produce rapid-

acting and long-lasting antidepressant-like effects in Nrf2
KO mice, and that the TrkB antagonist ANA-12 blocked 

the antidepressant-like effects of (R)-ketamine in KO mice.

Furthermore, ANA-12 alone did not affect the increased 

immobility times of TST and FST, and the reduced sucrose 

preference of SPT in Nrf2 KO mice, consistent with a pre-

vious report [18]. Moreover, we found that (R)-ketamine

significantly ameliorated the reduced expressions of GluA1 

and PSD-95 in the mPFC of Nrf2 KO mice, and that ANA-

12 blocked the beneficial effects of (R)-ketamine on the

decreased expressions of synaptic proteins in the mPFC of 

Nrf2 KO mice. Collectively, the current data suggest that

(R)-ketamine could produce the rapid action and long-lasting

antidepressant effects in Nrf2 KO mice via TrkB activation.

We previously reported decreased BDNF-TrkB signaling 

and decreased expressions of synaptic proteins in the mPFC 

of Nrf2 KO mice, resulting in the depression-like pheno-

type of Nrf2 KO mice [18]. In addition, 7,8-dihydroxyfla-

vone (a TrkB agonist) yielded an antidepressant-like effect 

in Nrf2 KO mice [18]. Here, we showed that (R)-ketamine

significantly ameliorated the reduced expressions of synaptic 

proteins in the mPFC of Nrf2 KO mice. Given the role of

synaptogenesis in the antidepressant-like actions of keta-

mine [26, 53–56], it is likely that improvement of synaptic 

Fig. 2  Western blot of GluA1

and PSD-95 in the mPFC 

from WT and Nrf2 KO mice.

a GluA1: (one-way ANOVA, 

F2,23 = 5.329, P = 0.013). 

b PSD-95: (one-way ANOVA, 

F2,23 = 4.823, P = 0.018). Data 

represent the mean ± S.E.M 

(n = 8–10). *P < 0.05, 

**P < 0.01 compared with the

saline-treated KO group
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proteins by (R)-ketamine may be associated with its rapid

and long-lasting antidepressant actions.

The expressions of BDNF in the PFC of rodents with 

depression-like behaviors were lower than control rodents 

[26, 48, 50, 55]. Interestingly, a single bilateral infusion 

of 7,8-dihydroxyflavone into the infralimbic region of 

mPFC could produce antidepressant-like effects in the 

learned helplessness model of depression [57], suggest-

ing that decreased expression of BDNF in the mPFC may 

contribute to the depression-like phenotypes. Thus, it is 

likely that decreased BDNF-TrkB signaling in the mPFC, 

precipitated by a deletion of the Nrf2 gene may mediate

depression behaviors in Nrf2 KO mice [18]. However, the

exact molecular mechanisms underlying reduced BDNF-

TrkB signaling in mPFC of Nrf2 KO mice are unclear.

Future study on the role of Nrf2 in BDNF-TrkB signaling 

in the brain is needed. Here, we also found that (R)-keta-

mine significantly ameliorated the decreased expressions 

of synaptic proteins in the mPFC of Nrf2 KO mice through

the activation of TrkB. However, the precise mechanisms 

underlying the activation of BDNF-TrkB signaling in 

the mPFC of Nrf2 KO mice by (R)-ketamine are unclear.

Fig. 3  Effects of ANA-12 on

antidepressant-like effect of 

(R)-ketamine in Nrf2 KO mice.

a Schedule of treatment, behav-

ioral tests, and brain collection. 

Vehicle or ANA-12 (0.5 mg/

kg) was administered i.p. to 

mice (day 1). Saline (10 ml/

kg) or (R)-ketamine (10 mg/

kg) was administered i.p. to 

mice 30 min after injection of 

vehicle or ANA-12 (day 1). 

Locomotion and TST were 

performed 1 and 3 h after 

injection. FST was performed 

1 day after injection. 1% SPT 

was performed 2, 4, and 6 days 

after injection. b Locomotion 

(LMT): (one-way ANOVA: 

F4,53 = 0.148, P = 0.963). c Tail-

suspension test (TST): (one-

way ANOVA: F4,53 = 7.640, 

P < 0.001). d Forced swimming

test (FST): (one-way ANOVA: 

F4,53 = 9.284, P < 0.001). e
1% SPT: (one-way ANOVA: 

F4,53 = 6.838, P = 0.001). f
1% SPT: (one-way ANOVA: 

F4,53 = 17.716, P < 0.001). g
1% SPT: (one-way ANOVA: 

F4,53 = 11.894, P < 0.001). Data 

represent the mean ± S.E.M 

(n = 11–13). **P < 0.01, 

***P < 0.001. N.S. not signifi-

cance
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Additional precise studies underlying the crosstalk of Nrf2
and BDNF-TrkB signaling are also needed.

It is known that the stress or inflammation causes 

decreased Nrf2 expressions in brain regions, including 

mPFC [18–20]. Interestingly, the Nrf2 expressions in the 

postmortem brain from depressed patients were decreased 

compared with control subjects [20, 58]. Furthermore, a 

previous report showed alterations in the levels of Nrf2 

and Keap1 of peripheral blood mononuclear cells of 

patients with major depression compared to healthy con-

trols [59]. Therefore, it is possible that (R)-ketamine could

produce rapid-acting and sustained antidepressant actions 

in depressed patients with decreased Nrf2 expressions.

Lin et al. [60] demonstrated alterations in the mRNA 

expression of NMDAR-related genes in patients with 

major depression, supporting the NMDAR hypothesis 

in depression. Furthermore, dysregulation of BDNF-

TrkB signaling mediated by NMDAR might contribute to 

postoperative cognitive impairments in aged mice [61]. 

Collectively, it seems that the regulation of BDNF-TrkB 

signaling by NMDAR signaling might play a role in the 

antidepressant-like effects of (R)-ketamine in Nrf2 KO

mice.

In conclusion, the study demonstrated that (R)-ketamine

could produce rapid-acting and long-lasting antidepressant-

like effects in Nrf2 KO mice via the BDNF-TrkB signaling

pathway. Therefore, it is possible that (R)-ketamine could

potentially serve as a potential antidepressant for MDD 

patients with decreased Nrf2 expressions.
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ABSTRACT 

The N-methyl-D-aspartate receptor (NMDAR) antagonist (R,S)-ketamine produces rapid and 

sustained antidepressant effects in treatment-resistant patients with depression although 

intranasal use of (R,S)-ketamine in ketamine abusers is popular. In March 5, 2019, nasal 

spray of (S)-ketamine for treatment-resistant depression was approved as a new 

antidepressant by the US Food Drug Administration. Clinical study of (R)-ketamine is 

underway. In a chronic social defeat stress (CSDS) model, we compared the antidepressant 

effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine after a single intranasal 

administration. Furthermore, we also compared the side effects (i.e., locomotion, prepulse 

inhibition (PPI), abuse liability) of these three compounds in mice. The order of potency of 

antidepressant effects after a single intranasal administration was (R)-ketamine > (R,S)-

ketamine > (S)-ketamine. In contrast, the order of locomotor activity and prepulse inhibition 

(PPI) deficits after a single intranasal administration was (S)-ketamine > (R,S)-ketamine > 

(R)-ketamine. In the conditioned place preference (CPP) test, both (S)-ketamine and (R,S)-

ketamine increased CPP scores in mice after repeated intranasal administration, in a dose 

dependent manner. In contrast, (R)-ketamine did not increase CPP scores in mice. These 

findings suggest that intranasal administration of (R)-ketamine would be a safer 

antidepressant than (R,S)-ketamine and (S)-ketamine.  

Keywords: Antidepressant; (R)-Ketamine; (R,S)-Ketamine; (S)-Ketamine; Side effects. 
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Introduction 

In 2010, Berman et al. (2000) reported a first double-blind, placebo-controlled study of the 

N-methyl-D-aspartate receptor (NMDAR) antagonist (R,S)-ketamine, demonstrating that

(R,S)-ketamine exhibits rapid antidepressant effects in treatment-resistant patients with major 

depressive disorder (MDD). Subsequently, a number of groups replicated robust 

antidepressant effects of (R,S)-ketamine in treatment-resistant patients with MDD (Murrough 

et al., 2013; Su et al., 2017; Zarate et al., 2006;). Interestingly, (R,S)-ketamine could produce 

anti-suicidal effects in treatment-resistant patients with MDD (Grunebaum et al., 2018; 

Larkin et al., 2011; Murrough et al., 2015; Price et al., 2009). Several meta-analyses showed 

that (R,S)-ketamine exhibits rapid antidepressant and anti-suicidal ideation effects in 

treatment-resistant patients with MDD or bipolar disorder (Kishimoto et al., 2016; Newport 

et al., 2015; Wilkinson et al., 2018; Xu et al., 2016). Off-label use of (R,S)-ketamine (i.e., 

intravenous and intranasal administration) for antidepressant effects is increasing in the 

United State of America (USA) although the common adverse effects (e.g., psychotomimetic 

effects and dissociative effects) of (R,S)-ketamine are not resolved (Singh et al., 2017; 

Wilkinson et al., 2017; Zhu et al., 2017). Thus, although (R,S)-ketamine is the most attractive 

antidepressant in the treatment of severe depression, the precise mechanisms underlying its 

antidepressant actions remain elusive (Abdallah et al., 2018; Chaki, 2017a; 2017b; Duman, 

2018; Gould et al., 2019; Hashimoto, 2016a; 2016b; Krystal et al., 2019; Monteggia and 

Zarate, 2015; Murrough et al., 2017; Zanos et al., 2018; Zhang and Hashimoto, 2019a). 

(R,S)-ketamine (Ki = 0.53 μM for NMDAR) is a racemic mixture containing equal 

parts of (R)-ketamine (or arketamine) (Ki = 1.4 μM for NMDAR) and (S)-ketamine (or 

esketamine) (Ki = 0.30 μM for NMDAR) (Ebert et al., 1997). (R)-ketamine is reported to 

show greater potency and longer-lasting antidepressant effects than (S)-ketamine in several 

animal models of depression (Fukumoto et al., 2017; Yang et al., 2015; 2017a; 2017b; 2018a; 
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Zanos et al., 2016; Zhang et al., 2014). Unlike (S)-ketamine, (R)-ketamine might not induce 

psychotomimetic side effects or exhibit abuse potential in rodents (Yang et al., 2015; 2016). 

In addition, unlike (R,S)-ketamine and (S)-ketamine, (R)-ketamine did not cause the 

expression of heat shock protein HSP-70 (a marker for neuronal injury) in the rat 

retrosplenial cortex after a single intraperitoneal (i.p.) administration (Tian et al., 2018). A 

positron emission tomography (PET) study showed a marked reduction of dopamine D2/3 

receptor binding in conscious monkey striatum after a single intravenous (i.v.) infusion of 

(S)-ketamine but not that of (R)-ketamine, suggesting that (S)-ketamine-induced dopamine 

release might be associated with acute psychotomimetic and dissociative side effects in 

humans (Hashimoto et al., 2017). Therefore, it seems that (R)-ketamine could be a safer 

antidepressant in humans than (R,S)-ketamine and (S)-ketamine (Hashimoto, 2014; 2016a; 

2016b; 2016c). 

          Fukumoto et al. (2017) reported that (R,S)-ketamine (10 mg/kg) and (R)-ketamine (10 

mg/kg), but not (S)-ketamine (3 and 10 mg/kg), significantly reversed the depressive-like 

behavior induced by repeated treatments with corticosterone in rats at 24 hours after a single 

i.p. administration, indicating that (S)-ketamine’s antidepressant effects are less potent than

(R,S)-ketamine and (R)-ketamine. On March 5, 2019, the US Food Drug Administration 

(FDA) approved Janssen Pharmaceutical Inc.’s (S)-ketamine nasal spray for treatment-

resistant depression (FDA 2019). It is well known that bioavailability (17 – 29%) of 

intranasal administration of (R,S)-ketamine in humans is markedly lower than i.v. (100%) and 

intramuscular (i.m.) administration (93%) (Li et al., 2016; Pelltoniemi et al., 2016; Zhang and 

Hashimoto, 2019a), suggesting lower efficacy and higher individual difference of intranasal 

administration compared to i.v. and i.m. administration. However, there are no reports 

showing the direct comparison of intranasal administration of (R,S)-ketamine and its two 

enantiomers for antidepressant and side effects in rodents. 
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The purpose of this study is to compare the antidepressant and side effects of intranasal 

administration of (R,S)-ketamine and its two enantiomers (R)-ketamine and (S)-ketamine. 

First, we compared the antidepressant effects of a single intranasal administration of (R,S)-

ketamine, (R)-ketamine and (S)-ketamine in susceptible mice after chronic social defeat stress 

(CSDS). Second, we compared the side effects [i.e., locomotion, prepulse inhibition (PPI), 

conditioned place preference (CPP)] of intranasal administration of (R,S)-ketamine, (R)-

ketamine and (S)-ketamine in mice. 
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Material and methods 

Animals 

Male adult C57BL/6 mice (n = 400), aged 8 weeks (body weight 20-25g, Japan SLC, Inc., 

Hamamatsu, Japan) and male adult CD1 (ICR) mice (n = 40), aged 13-15 weeks (body 

weight >40g, Japan SLC, Inc., Hamamatsu, Japan) were used. Animals were housed under 

controlled temperatures and 12-hour light/dark cycles (lights on between 07:00-19:00 h), 

with ad libitum food (CE-2; CLEA Japan, Inc., Tokyo, Japan) and water. The protocol was 

approved by the Chiba University Institutional Animal Care and Use Committee (Permission 

number: 29-420). This study was carried out in strict accordance with the recommendations 

in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, 

USA. Animals were deeply anaesthetized with isoflurane before being killed by cervical 

dislocation. All efforts were made to minimize suffering. 

Materials 

(R)-ketamine hydrochloride and (S)-ketamine hydrochloride were prepared by 

recrystallization of (R,S)-ketamine (Ketalar®, ketamine hydrochloride, Daiichi Sankyo 

Pharmaceutical Ltd., Tokyo, Japan) and D-(-)-tartaric acid and L-(+)-tartaric acid, 

respectively (Zhang et al., 2014). The dose (10, 20 or 40 mg/kg as hydrochloride) of (R,S)-

ketamine and its enantiomers dissolved in the physiological saline was used as previously 

reported (Chang et al., 2019; Yang et al., 2015; 2017a; 2017b; 2018a; Zhang et al., 2018). 

Other reagents were purchased commercially.  

Chronic social defeat stress (CSDS) model 

The procedure of CSDS was performed as previously reported (Chang et al., 2019; Dong et 

al., 2017; Golden et al., 2011; Yang et al., 2015; 2017a; 2017b; 2018a; Xiong et al., 2018a; 

2018b; Zhang et al., 2018). The C57BL/6 mice were exposed to a different CD1 aggressor 

mouse for 10 min per day for consecutive 10 days. When the social defeat session ended, the 
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resident CD1 mouse and the intruder mouse were housed in one half of the cage separated by 

a perforated Plexiglas divider to allow visual, olfactory, and auditory contact for the 

remainder of the 24-h period. At 24 h after the last session, all mice were housed individually. 

On day 11, a social interaction test (SIT) was performed to identify subgroups of mice that 

were susceptible and unsusceptible to social defeat stress. This was accomplished by placing 

mice in an interaction test box (42×42 cm) with an empty wire-mesh cage (10×4.5 cm) 

located at one end. The movement of the mice was tracked for 2.5 min, followed by 2.5 min 

in the presence of an unfamiliar aggressor confined in the wire-mesh cage. The duration of 

the subject’s presence in the “interaction zone” (defined as the 8-cm-wide area surrounding 

the wiremesh cage) was recorded by a stopwatch. The interaction ratio was calculated as time 

spent in an interaction zone with an aggressor/time spent in an interaction zone without an 

aggressor. An interaction ratio of 1 was set as the cutoff: mice with scores < 1 were defined 

as “susceptible” to social defeat stress and those with scores ≥ 1 were defined as “resilient”. 

Approximately 70-80 % of mice were susceptible after CSDS. Susceptible mice were 

randomly divided in the subsequent experiments. Control C57BL/6 mice without CSDS were 

housed in the cage before the behavioral tests. 

Treatment and behavioral tests 

The CSDS susceptible mice were divided to four groups. Subsequently, saline (0.5 ml/kg), 

(R,S)-ketamine (10 mg/kg), (R)-ketamine (10 mg/kg), or (S)-ketamine (10 mg/kg) was 

administered intranasally into CSDS susceptible mice (Figure 1A). Mice were restrained by 

hand, and saline or ketamine was administered intranasally into awake mice using Eppendorf 

micropipette (Eppendorf Japan, Tokyo, Japan). Behavioral tests, including locomotion test 

(LMT), tail suspension test (TST), forced swimming test (FST) and 1% sucrose preference 

test (SPT), were performed as reported previously (Dong et al., 2017; Yang et al., 2015; 

2017a; 2017b; 2018a; Xiong et al., 2018a; 2018b; Zhang et al., 2018). LMT and TST were 
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performed 2 and 4 hours after a single injection, respectively. FST was performed 1 day after 

injection. SPT was performed 2, and 7 days after a single injection (Figure 1A).  

Locomotion  

The locomotor activity was measured by an animal movement analysis system SCANETMV-

40 (MELQUEST Co., Ltd., Toyama, Japan). The mice were placed in experimental cages 

(length× width × height: 560 × 560 × 330 mm). The cumulative locomotor activity counts 

were recorded for 60 minutes. Cages were cleaned between testing session.  

Tail suspension test (TST)  

A small piece of adhesive tape placed approximately 2 cm from the tip of the tail for mouse. 

A single hole was punched in the tape and mice were hung individually, on a hook. The 

immobility time was recorded for 10 minutes. Mice were considered immobile only when 

they hung passively and completely motionless.  

Forced swimming test (FST)  

The FST was conducted using an automated forced-swim apparatus (SCANET MV-40; 

MELQUEST Co., Ltd., Toyama, Japan). Mice were placed individually in a cylinder 

(diameter: 23 cm; height: 31 cm) containing 15 cm of water maintained at a temperature of 

23ºC ± 1ºC. The immobility time was calculated using the activity time as (total) – (active) 

time by the apparatus analysis software. The immobility time of each mouse was recorded for 

a period of 6 min.  

Sucrose preference test (SPT)  

Mice were exposed to water and 1% sucrose solution for 48 h, followed by 4 hours of water 

and food deprivation and a 1- hour exposure to two identical bottles (water and 1% sucrose 

solution). The bottles containing water and sucrose were weighed before and at the end of 

this period. The sucrose preference was calculated as a percentage of sucrose solution 

consumption to the total liquid consumption. 
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Side effects 

Locomotion 

After habituation (60 min) in the cage, saline (0.5 ml/kg), (R,S)-ketamine (10, 20 or 40 

mg/kg), (R)-ketamine (10, 20 or 40 mg/kg), or (S)-ketamine (10, 20 or 40 mg/kg) was 

injected intranasally into male C57BL/6 mice. Locomotor activity was measured using an 

animal movement analysis system (SCANET MV-40, Melquest, Toyama, Japan). The system 

consisted of a rectangular enclosure (560 x 560 mm). The side walls (height, 60 mm) of the 

enclosure were equipped with 144 pairs of photosensors located at 6-mm intervals at a height 

of 30 mm from the bottom edge. An animal was placed in the observation cage 60 minutes 

from a single dose of saline or compounds. A pair of photosensors was scanned every 0.1 

second to detect the animal’s movements. The intersection of paired photosensors (10 mm 

apart) in the enclosure was counted as one unit of locomotor activity. Data collected for 60 

minutes after a single injection were used in this study. 

Pupulse inhibition (PPI) test 

Male C57BL/6 mice were tested for their acoustic startle reactivity (ASR) in a startle 

chamber (SR-LAB; San Diego Instruments, San Diego, CA, USA) using the standard 

methods described previously (Matsuura et al., 2015; Yang et al., 2015; Yang et al., 2018b). 

The test sessions were begun after an initial 10-min acclimation period in the chamber. The 

mice were subjected to one of six trials: (1) pulse alone, as a 40 ms broadband burst; a pulse 

(40 ms broadband burst) preceded by 100 ms with a 20 ms prepulse that was (2) 4 dB, (3) 8 

dB, (4) 12 dB, or (5) 16 dB over background (65 dB); and (6) background only (no stimulus). 

The amount of PPI was expressed as the percentage decrease in the amplitude of the startle 

reactivity caused by presentation of the prepulse (% PPI). Saline (0.5 ml/kg), or (R,S)-

ketamine (10, 20 or 40 mg/kg) [or (R)-ketamine (10, 20 or 40 mg/kg), (S)-ketamine (10, 20 or 
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40 mg/kg)] was administered intranasally 20 min (including the 10-min acclimation period) 

before the machine records. The PPI test lasted 20 min in total. 

Conditioned place preference (CPP) test 

The place conditioning paradigm (Brain Science Idea Inc., Osaka, Japan) was used for 

studying ketamine-induced rewarding effects, as reported previously (Yang et al., 2015; 

Yang et al., 2018b). Male C57BL/6 mouse was allowed to move freely between transparent 

and black boxes for a 15 min session once a day, for 3 days (days 1-3) as preconditioning. On 

day 3, the time spent in each box was measured. There was no significant difference between 

time spent in the black compartment with a smooth floor and the white compartment with a 

textured floor, indicating that there was no place preference before conditioning. On days 4, 6, 

and 8, saline (0.5 ml/kg), or (R,S)-ketamine (10, 20 or 40 mg/kg) [or (R)-ketamine (10, 20 or 

40 mg/kg), (S)-ketamine (10, 20 or 40 mg/kg)] was intranasally administered, and then mice 

were confined to either the transparent or black box for 30 min. On days 5, 7, and 9, mice 

were given saline and placed in the opposite ketamine-conditioning box for 30 min. On day 

10, the post-conditioning test was performed without drug treatment, and the time spent in 

each box was measured for 15 min. A counterbalanced protocol was used in order to nullify 

any initial preference by the mouse. The CPP score was designated as the time spent in the 

drug-conditioning sites, minus the time spent in the saline-conditioning sites. 

Statistical analysis 

The data show as the mean ± standard error of the mean (S.E.M.). Analysis was performed 

using PASW Statistics 20 (formerly SPSS Statistics; SPSS, Tokyo, Japan). The data were 

analyzed using the one-way analysis of variance (ANOVA), followed by post-hoc Fisher’s 

Least Significant Difference (LSD) test. The PPI data were also analyzed using multivariate 

analysis of variance, followed by post-hoc Fisher’s LSD test. The P-values of less than 0.05 

were considered statistically significant. 
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Results 

Antidepressant effects of (R,S)-ketamine, (R)-ketamine and (S)-ketamine in CSDS 

susceptible mice 

Locomotion showed no difference (F4,72 = 0.735, P = 0.571) among the five groups (Figure 

1B). One-way ANOVA of TST data showed a statistical significance (F4,72 = 15.23, P < 

0.001) among the five groups (Figure 1C). Post-hoc tests showed that (R,S)-ketamine (10 

mg/kg) and (R)-ketamine (10 mg/kg) significantly attenuated the increased immobility times 

of TST in CSDS susceptible mice (Figure 1C). However, (S)-ketamine (10 mg/kg) did not 

attenuate the increased immobility time of TST in CSDS susceptible mice although (S)-

ketamine slightly decreased the increased immobility time (Figure 1C). One-way ANOVA of 

FST data showed a statistical significance (F4,72 = 13.77, P < 0.001) among the five groups 

(Figure 1D). Post-hoc tests showed that three compounds (10 mg/kg) significantly attenuated 

the increased immobility times of FST in CSDS susceptible mice (Figure 1D). One-way 

ANOVA of SPT data showed statistical significance (2 days after a single injection: F4,72 = 

20.78, P < 0.001) among the five groups (Figure 1E). Post-hoc tests showed that three 

compounds (10 mg/kg) significantly attenuated the decreased sucrose preference of SPT in 

CSDS susceptible mice (Figure 1E). One-way ANOVA of SPT data showed statistical 

significance (7 days after a single injection: F4,72 = 9.311, P < 0.001,) among the five groups 

(Figure 1F). Post-hoc tests showed that sucrose preference of (R)-ketamine-treated group was 

significantly higher from saline-treated group. However, sucrose preference of (R,S)-

ketamine-treated group and (S)-ketamine -treated group was not different from saline-treated 

group (Figure 1E and 1F). Collectively, the order of potency of antidepressant effects in a 

CSDS model was (R)-ketamine > (R,S)-ketamine > (S)-ketamine.  
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Figure 1. Schedule of a CSDS model, treatment, and behavioral tests 
(A): CSDS was performed from day 1 to day 10, and the social interaction test (SIT) was 
performed on day 11. Saline (0.5 ml/kg), (R,S)-ketamine (10 mg/kg), (R)-ketamine (10 
mg/kg), or (S)-ketamine (10 mg/kg) was administered intranasally into the susceptible mice 
on day 12. LMT and TST were performed 2 and 4 hours after a single injection, respectively. 
SPT was performed 2, and 7 days after a single injection. (B): LMT. (day 12). (C): TST (day 
12). (D): FST (day 13). (E): SPT (day 14). (F): SPT (day 19). The values represent the mean 
± S.E.M. (n = 15 or 16). *P < 0.05, **P <0.01, ***P < 0.001 compared with saline-treated 
susceptible mice. N.S.: not significant. LMT: locomotion test. TST: tail suspension test. FST: 
forced swimming test. SPT: 1% sucrose preference test. R-KT: (R)-ketamine. RS-KT: (R,S)-
ketamine. S-KT: (S)-ketamine. 
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Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on locomotion in mice after a 

single intranasal administration. 

Effects of three compounds on locomotion of male mice were examined after a single 

intranasal administration. One-way ANOVA of the data showed statistical significances (F9,70 

= 8.931, P < 0.001) among the ten groups (Figure 2). Post-hoc tests showed that a single 

intranasal administration of (R,S)-ketamine (20 and 40 mg/kg) or (S)-ketamine (10, 20 and 40 

mg/kg) significantly increased locomotion compared to saline-treated group (Figure 2). 

Furthermore, locomotion of (S)-ketamine (40 mg/kg) treated mice was significantly higher 

than that of (R,S)-ketamine (40 mg/kg) or (R)-ketamine (40 mg/kg) treated mice. In contrast, 

all doses (10, 20 or 40 mg/kg) of (R)-ketamine did not alter locomotion in mice (Figure 2). 

Figure 2. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on locomotion after 
a single intranasal administration 
Saline (0.5 ml/kg), (R,S)-ketamine (10, 20, or 40 mg/kg), (R)-ketamine (10, 20, or 40 mg/kg), 
or (S)-ketamine (10, 20, or 40 mg/kg) was administered intranasally into male mice. 
Locomotor activity was measured 60 min after a single injection of the compounds. The 
values represent the mean ± S.E.M. (n = 8). *P < 0.05, **P <0.01, ***P < 0.001 compared 
with saline-treated mice. &P < 0.05 compared to RS-KT (40 mg/kg). &&&P < 0.001 
compared to R-KT (40 mg/kg). N.S.: not significant. R-KT: (R)-ketamine. RS-KT: (R,S)-
ketamine. S-KT: (S)-ketamine. 
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Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on PPI in mice after a single 
intranasal administration 

PPI test was performed to examine the effects of three compounds in mice. There were no 

changes in the acoustic startle response among the four groups for (R,S)-ketamine [Wilks 

lambda = 0.717, P = 0.589], (R)-ketamine [Wilks lambda = 0.629, P = 0.226], and (S)-

ketamine [Wilks lambda = 0.588, P = 0.405] (Figure 3A-3C). 

The MANOVA analysis of all PPI data of (R,S)-ketamine revealed that there was a 

significant effect [Wilks lambda = 0.497, P = 0.042]. Treatment with (R,S)-ketamine (10, 20 

or 40 mg/kg) decreased PPI at all dB groups, in a dose dependent manner. Subsequent post-

hoc tests indicated significant differences in PPI between the saline group and (R,S)-ketamine 

(40 mg/kg) group at all dB groups (Figure 3A). In contrast, the MANOVA analysis of all PPI 

data of (R)-ketamine revealed that there was not a significant effect [Wilks lambda = 0.625, P 

= 0.216] (Figure 3B). The MANOVA analysis of all PPI data of (S)-ketamine revealed that 

there was a significant effect [Wilks lambda = 0.299, P < 0.001]. Treatment with (S)-

ketamine (10, 20 or 40 mg/kg) decreased PPI at all dB groups, in a dose dependent manner. 

Subsequent post-hoc tests indicated significant differences in PPI deficits between the saline 

group and (S)-ketamine (20 and 40 mg/kg) group at all dB groups. Furthermore, (S)-ketamine 

(10 mg/kg) significantly decreased PPI at 73 dB (Figure 3C).   
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Figure 3. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on PPI after a 
single intranasal administration 
(A): Saline (0.5 ml/kg), or (R,S)-ketamine (10, 20, or 40 mg/kg) was administered 
intranasally into male mice. (B): Saline (0.5 ml/kg), or (R)-ketamine (10, 20, or 40 mg/kg) 
was administered intranasally into male mice. (C): Saline (0.5 ml/kg), or (S)-ketamine (10, 20, 
or 40 mg/kg) was administered intranasally into male mice. Startle response amplitude and 
PPI were measured as described in the method section. The values represent the mean ± 
S.E.M. (n = 9 or 10). *P < 0.05, **P <0.01, ***P < 0.001 compared with saline-treated mice. 
N.S.: not significant. R-KT: (R)-ketamine. RS-KT: (R,S)-ketamine. S-KT: (S)-ketamine.

-269-



Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on CPP scores in mice after 
repeated intranasal administration 

In the conditioned place preference (CPP) test (Figure 4A), both (R,S)-ketamine and (S)-

ketamine, but not (R)-ketamine, increased CPP scores, in a dose dependent manner (Figure 4). 

Repeated intranasal administration of (R,S)-ketamine (40 mg/kg), but not the low doses (10 

and 20 mg/kg), significantly increased CPP scores (F3,34 = 3.054, P = 0.042) (Figure 4B). In 

contrast, repeated intranasal administration of (R)-ketamine (10, 20 or 40 mg/kg) did not 

increase CPP scores (F3,36 = 0.072, P = 0.974) (Figure 4C). Repeated intranasal 

administration of (S)-ketamine (20 and 40 mg/kg), but not the low dose (10 mg/kg), 

significantly increased CPP scores (F3,36 = 14.0, P < 0.001) (Figure 4D).  

        Collectively, the order of potencies of side effects (i.e., psychosis, abuse liability) in 

mice after intranasal administration was (S)-ketamine > (R,S)-ketamine > (R)-ketamine. 
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Figure 4. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on CPP score after 
repeated intranasal administration 
(A): Schedule of habituation, treatment, and behavioral test. (B): Saline (0.5 ml/kg), or (R,S)-
ketamine (10, 20, or 40 mg/kg) was administered intranasally into male mice. (C): Saline (0.5 
ml/kg), or (R)-ketamine (10, 20, or 40 mg/kg) was administered intranasally into male mice. 
(D): Saline (0.5 ml/kg), or (S)-ketamine (10, 20, or 40 mg/kg) was administered intranasally 
into male mice. CPP score was measured as described in the method section. The values 
represent the mean ± S.E.M. (n = 8 - 10). *P < 0.05, **P <0.01, ***P < 0.001 compared with 
saline-treated mice. N.S.: not significant. R-KT: (R)-ketamine. RS-KT: (R,S)-ketamine. S-KT: 
(S)-ketamine. 
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Discussion 

In the present study, we compared (R,S)-ketamine, and its two enantiomers, in CSDS 

susceptible mice (for antidepressant effects) and control mice (for side effects). The order of 

potency of antidepressant effects after a single intranasal administration to CSDS susceptible 

mice is (R)-ketamine > (R,S)-ketamine > (S)-ketamine. Furthermore, the order of potency of 

side effects (i.e., psychosis and abuse liability) after intranasal administration is (S)-ketamine > 

(R,S)-ketamine > (R)-ketamine. Collectively, it is likely that (R)-ketamine would be a rapid-

acting and sustained antidepressant without side effects compared to (R,S)-ketamine and (S)-

ketamine. 

In this study, we found that antidepressant effects of (R,S)-ketamine and its two 

enantiomers in CSDS susceptible mice after a single intranasal administration may be less 

potent that those of a single i.p. administration (Dong et al., 2017; Yang et al., 2015; 2017a; 

2017b; 2018a; Zhang et al., 2015; Zhang and Hashimoto, 2019b). Lower bioavailability of 

intranasal administration of (R,S)-ketamine and its two enantiomers may contribute to lower 

efficacy of intranasal administration compared to i.p. administration. Interestingly, the 

potency of antidepressant effects of (R,S)-ketamine and its two enantiomers was not 

correlated with the potencies of these compounds at the NMDAR (Ebert et al., 1997), 

suggesting that NMDAR inhibition may not play a key role in the antidepressant effects of 

(R,S)-ketamine and its enantiomers. Previously, Fukumoto et al. (2017) reported that (R,S)-

ketamine and (R)-ketamine, but not (S)-ketamine, show antidepressant effects in rats with 

repeated corticosterone treatments after a single i.p. administration, consistent with our 

current data.  

Due to its serious side effects, clinical use of ketamine has remained limited (Domino, 

2010; Sanacora et al., 2017; Singh et al., 2017; Zhu et al., 2016), although it has been used as 

an off-label antidepressant in the USA (Reardon, 2018; Wilkinson et al., 2017). In this study, 
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we found that locomotion after a single intranasal administration of (R)-ketamine is lower 

than those of (R,S)-ketamine and (S)-ketamine, consistent with the previous reports (Ryder et 

al., 1978; Yang et al., 2015) of subcutaneous or i.p. administration. Furthermore, we found 

that a single intranasal administration of (R)-ketamine did not cause PPI deficits in mice 

compared to (R,S)-ketamine and (S)-ketamine, consistent with the previous reports of i.p. 

administration (Yang et al., 2015). Interestingly, it was reported that the ED50 of (R)-

ketamine (6.33 mg/kg) for PPI deficits in rats was higher than that of (S)-ketamine (2.86 

mg/kg), indicating that (S)-ketamine disrupts PPI with 2.5-fold higher potency than (R)-

ketamine (Halberstadt et al., 2016). Finally, we found that repeated intranasal administration 

of (R)-ketamine did not increase CPP scores in mice although (R,S)-ketamine and (S)-

ketamine increased CPP scores, in a dose dependent manner, consistent with the previous 

reports of i.p. administration (Yang et al., 2015; 2018b). A PET study showed that a single i.v. 

infusion of (S)-ketamine (0.5 mg/kg for 40-min), but not (R)-ketamine (0.5 mg/kg for 40-

min), produced a marked reduction of dopamine D2/3 receptor binding in conscious monkey 

striatum, suggesting that (S)-ketamine-induced dopamine release might be associated with 

acute psychotomimetic and dissociative side effects in humans (Hashimoto et al., 2017). 

Unlike (R,S)-ketamine and (S)-ketamine, it seems that intranasal infusion of (R)-ketamine 

does not appear to cause psychotomimetic effects or have abuse potential in humans, based 

on the lack of behavioral abnormalities (e.g., PPI deficits, CPP) observed in mice after single 

or repeated intranasal administration (Hashimoto, 2016a; 2016b; 2016c). 

Mathisen et al. (1995) reported that the incidence of side effects (i.e., blurred vision, 

altered hearing, dizziness, proprioceptive disturbances, illusions) of (S)-ketamine (0.45 mg/kg, 

i.m.) treated group in patients with oral pain was higher than (R)-ketamine (1.8 mg/kg, i.m.)

treated group, although the dose of (S)-ketamine (0.45 mg/kg) is lower than (R)-ketamine 

(1.8 mg/kg). Furthermore, it is also reported that experiencing illusion and alterations in 
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hearing, vision, and proprioception is attributable to (S)-ketamine’s actions (Oye et al., 1992; 

Vollenweider et al., 1997), whereas the feelings of relaxation are associated with (R)-

ketamine’s actions (Vollenweider et al., 1997; Zanos et al., 2018). Taken all together, it 

seems likely that (S)-ketamine contributes to the acute psychotomimetic and dissociative 

effects of (R,S)-ketamine, whereas (R)-ketamine may not be associated with these side effects 

(Zanos et al., 2018). 

On March 5, 2019, the US FDA approved nasal spray of (S)-ketamine for treatment-

resistant depression (FDA 2019). Due to the risk of serious adverse outcomes from sedation 

and dissociation caused by administration of (S)-ketamine, as well as the potential for abuse 

and misuse of the drug, FDA said that the drug will only be available through a restricted 

distribution system, under a Risk Evaluation and Mitigation Strategy (REMS). Patients will 

self-administer (S)-ketamine under the supervision of a health care provider in a certified 

doctor's office or clinic; the nasal spray cannot be taken home (FDA 2019). Given the lack of 

adverse side effects of (R)-ketamine, it is possible that patients may take (R)-ketamine to their 

home. 

In conclusion, this study suggests that the order of potency for antidepressant effects in 

a CSDS model after a single intranasal administration is (R)-ketamine > (R,S)-ketamine > 

(S)-ketamine. In contrast, the order of potency for side effects in mice after intranasal 

administration is (S)-ketamine > (R,S)-ketamine > (R)-ketamine. Therefore, it is likely that 

(R)-ketamine could be a safer antidepressant without side effects than (R,S)-ketamine and (S)-

ketamine. 
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竺
2019 年度は順天堂大学アトピー疾患研究センタ ーと眼科学に在籍し、免疫学に関す

る実験手技を習得した。 2020 年は順天堂大学医学部眼科学猪俣武範准教授の指導の

元、「体外培養骨髄由来免疫抑制細胞のマウス角膜移植に及ぼす影響」と「抗CD80/86

抗体を用いた誘導性制御性T細胞による 角膜移植における免疫抑制能の解明」に取り

組んだ。マウス角膜移植モデルにおいて体外培養骨髄由来免疫抑制細胞を局所に投与

することで免疫抑制が誘導され、角膜移植グラフトヘの血管新生とリンパ管新生が抑

制されることを確認した。
【良かった点】

免疫学に関する基礎実験手技を習得し、研究を主導した。 角膜カンファランス 2021
ならびに第40回眼薬理学会での口演で研究の成果を発表した。また、研究成果は
Investigative Ophthalmology & Visual Science誌に投稿を行った。研究室では、
他の研究のサポートに尽力した。

【改善すべき点】
英語でのコミュニケー ションがよくとれ、日本語でも十分な会話はできたが、我々の
ほうでより積極的に 日本語能カアップの機会を多くもっとよかった。

【今後の展望】
本研究を発展させ、中国に帰国後も自施設における研究の立ち上げと発展に貢献する
ことが期待できる1

現在学位 取得に向け た 論 文 を眼 科基礎 研 究領域のトッ プジャ ー ナルである
Investigative Ophthalmology & Visual Scienceに筆頭著者として投稿し、リバイ
スをうけ実験を追加実施している。2021年度 中に論文の掲載が得られ 2022年には学
位取得は可能と考える。

評価者（指導教官名） 村上 晶 ⑲｝ 
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1.研究概要 (1)

1) 目的 (Goal)

江蘇省蘇北人民医院眼科（主治医師）

順天堂大学大学院医学研究科眼科学（村上晶教授）

骨髄由来免疫抑制細胞のマウス角膜移植に及ぼす影響

Effect of ex viv o-induced myeloid-deriv ed suppressor cells from bone marrow in a mouse corneal transplantation model 

論文博士 〇| 課程博士

To investigate the effects of ex vivo-induced bone marrow myeloid-derived suppressor cells (BM-MDSCs) on allogeneic immune responses
in corneal transplantation. 
2)戦略(Approach)

Myeloid-derived suppressor cells (MDSCs) are progenitors of granulocytic cells and are induced under pathological conditions, such as 
cancer, and in conditions associated with chronic inflammation. In mice, MDSCs express the myeloid lineage marker CDllb and the 
granulocytic marker Grl on their surface [1]. Importantly, MDSCs can induce Tregs and inhibit the proliferation of effectorT cells [2); 
although its underlying process remains poorly known. Notably, recent studies have shown that MDSCs can be induced in vitro by 
culturing bone marrow cells in the presence of signaling factors from the microenvironment of cancer and inflammatory diseases (3).
Therefore, the application of ex vivo-induced bone marrow MDSCs (BM-MDSC) is promising for high-risk corneal transplantation in a local 
inflammatory environment as a potential approach for preventing graft rejection. 
3)材料と方法 (Materials and methods) 

Bone marrow cells from C57BL/6J (B6) mice were cultured with interleukin (IL}-6 and granulocyte macrophage-colony stimulating factor 
(GM-CSF) for 4 days. The ex vivo-induced BM-MDSCs were assessed using flow cytometry, and inducible nitric oxide synthase (iNOS) mRNA 
expression was determined using reverse transcription quantitative polymerase chain reaction. T cell proliferation and regulatoryT cell 
(Treg) induction were investigated upon allogeneic stimulation in the presence of ex vivo-induced BM-MDSCs. IFN-y, IL-2, IL-10, and TGF-
�1 were measured using enzyme-linked immunosorbent assay. The allogeneic corneal graft survival、 neovascularization, and 
lymphangiogenesis were assessed using slit-lamp microscopy and immunohistochemistry upon subconjunctival injection of ex vivo­
induced BM-MDSCs. 
4)実験結果 (Results)

BM-MDSCs were significantly induced by GM-CSF and IL-6 stimulus and presented increased iNOS expression. The ex vivo-induced BM­
MDSCs inhibited T cell proliferation, promoted Treg expansion, and decreased IFN-y production but promoted the secretion of IL-2, IL-10,
and TGF-�1. Further, ex vivo-induced BM-MDSC injection prolonged corneal graft survival and prevented angiogenesis and
lymphangiogenesis. 
5)考察（Discussion)
Immune reaction control in the local environment is a key mechanism for prolonging corneal grafts survival. In this study, the suppressive 

function of ex vivo-induced BM-MDSCs was investigated. Our results demonstrated that ex vivo-induced BM-MDSCs had immune
suppressive function via the iNOS pathway and expanded Tregs in vitro, indicating that ex vivo-induced BM-MDSCs could prolong corneal
grafts survival in an inflamed microenvironment; therefore representing a potentially effective immunosuppressive therapy for corneal 
transplantation. 
We found that IL-6 and GM-CSF cocultures induced functional BM-MDSCs with iNOS upregulation. A previous study reported that MDSCs 
were induced at a higher frequency with high GM-CSF levels in the tumor microenvironment (4), and IL-6 has been reported to stimulate 
MDSCs in multiple cancers (5). However, these observations were made under tumor immunopathological conditions, mostly in the 
systemic environment, whereas the generation of MDSCs and their influences on the local corneal environment remain poorly know. This 
study showed that BM-MDSCs expanded in the presence of GM-CSF

,'
which agrees with Park et al. report that described a similar expansion

and differentiation of MDSCs from umbilical cord blood with GM-CSF [6]. Interestingly, the relative mRNA expression of iNOS increased 
significantly in the presence of GM-CSF and IL-6 together. In many tumor microenvironments, iNOS is overexpressed and is known as a
tumor-mediated immunosuppression factor. It breaks down L-arginine and generates significant amounts of NO, which in turn prevents 
effectorT-cell activation through the Jak3/STAT5 signaling pathway that is critical for inflammatory and immune responses during the 
process of transplant rejection. Herein it was demonstrated that the higher BM-MDSCs number and their iNOS expression were the result 
of GM-CSF and IL-6 combined signals.
The inhibition ofT cell proliferation by ex vivo-induced BM-MDSCs was shown to be reversed by an iNOS inhibitor, demonstrating that the 
suppression effect of BM-MDSCs is strongly related to the iNOS pathway. Previous studies showed that ARGl expressed by MDSCs could 
also regu�e T lymphocyte responses by impairing their proliferation and cytokine production (7). 
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However, in this study, no such effects were observed using an ARGl inhibitor during the MLR assay. This agrees with the findings of Bian et al., 
who demonstrated that ARGl is not required for MDSC-mediated inhibition ofT-cell proliferation [8]. Thus, the iNOS pathway should be 
considered as a major mechanism for the suppressive effect observed in the allogeneic immune microenvironment.Further, this study showed 
that ex vivo-induced BM-MDSCs suppressed T cell proliferation between donor and recipient allogeneic lymphocyte reactions. 
Our results show a notable expansion ofTregs in the presence of ex vivo-induced BM-MDSCs. Tregs are immunosuppressors of the adaptive system, 
playing a critical role in modulating and maintaining immune tolerance. However, the amplification and induction ofTregs in an inflammatory 
environment were difficult due to their plasticity [11]. It has been suggested that Tregs might become unstable under certain inflammatory 
conditions and their phenotype cou Id change. In tumor-bearing hosts, it has been reported that MDSCs mediate the development ofTregs and T 
cell anergy [12). In this study, we showed an increased Tregs frequency with allogeneic stimulation via ex vivo-induced BM-MDSCs intervention. 
This suggests that Tregs expansion is applicable in an ex vivo inflammatory microenvironment. In consideration of immunosuppression function 
ofTregs, expanding their number via ex vivo-induced BM-MDSCs should be a feasible approach for regulating effectorT cell responses. However, 
the implementation ofTreg suppressive function in corneal grafts requires further investigation. 
With the presence of ex vivo-induced BM-MDSCs in the inflammatory microenvironment, the production of immunosuppressive cytokines, such 
as IL-2, IL-10 and TGF-�1, increased. IL-10 and TGF-� were shown to be important in tolerance induction and immune regulation, and IL-2 for the 
development ofTregs [13]. IL-2 mediates its effects by binding to an IL-2 receptor that is highly expressed on Tregs and activated T cells, 
subsequently promotingTreg expansion [14,15). These increased immunosuppressive cytokines may promote Tregs expansion and maintenance 
in the inflammatory microenvironment, which may help corneal graft survival in vivo. 
Furthermore, this study showed that ex vivo-induced BM-MDSCs injection prevent local neovascularization and prolonged grafted cornea survival 
in vivo in high-risk corneal transplantation conditions. Typically, MDSCs are applied in in vivo models via local and intravenous injections; 
however, in our high-risk corneal graft models, we applied ex vivo-induced BM-MDSCs through sub-conjunctival injection, which may improve 
the odds of direct interaction. During the process of rejection, lymphatic vessels and neovascular tissues are important factors to support the 
immune and inflammation response, as donor antigens, inflammatory cells, and pro-inflammatory cytokines could be delivered through these 
vessels to the graft. For corneal graft survival, reducing neovascularization and lymphangiogenesis is vital [16], and such reduction was confirmed 
in our high-risk mouse corneal grafts 
6)参考文献(References)
l.Yang L, DeBusk LM, Fukuda K, Fingleton B, Green-」arvis B, Shyr Y, et al. Expansion of myeloid immune suppressor Gr+CDllb+ cells in tumor­
bearing host directly promotes tumor angiogenesis. Cancer Cell. 2004;6:409-21.
2.Fujimura T, Mahnke K, Enk AH. Myeloid derived suppressor cells and their role in tolerance induction in cancer. J Dermatol Sci. 2010;59:l-6. 
3.Liechtenstein T, Perez-Jan ices N, Gato M, Caliendo F, Kochan G, Blanco-Luquin I, et al. A highly efficient tumor-infiltrating MDSC differentiation 
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4. Mari go I, Dolcetti L, Serafini P, Zanovello P, Bronte V. Tumor-induced tolerance and immune suppression by myeloid derived suppressor cells. 
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Report of Four Cases of Endogenous Klebsiella Pneumoniae Endophthalmitis 
Originated from Liver Abscess with Eye Complaints as the Initial Presentations  
Jun Zhu, MDa, Fang Chen, MD, Ph. Da, and Zhenggao Xie, MD, Ph. Db 

aDepartment of Ophthalmology, Subei People’s Hospital Affiliated to Yangzhou University, Yangzhou, Jiangsu Province, China; bDepartment of 
Ophthalmology, Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School, Nanjing, Jiangsu Province, China  

ABSTRACT 
Purpose: To report four cases of endogenous endophthalmitis (EE) secondary to Klebsiella pneumoniae 
liver abscess, and discuss their clinic features and outcomes. 
Methods: Clinical data were collected by reviewing the medical records of four patients diagnosed with 
endogenous Klebsiella Pneumoniae endophthalmitis (EKPE) secondary to liver abscess. 
Results: Four patients were diagnosed with EE. Two males and two females, with ages ranging from 33 
to 63 years old. All patients presented with ocular symptoms initially. Liver abscesses were diagnosed 
during hospitalization. All cases were caused by Klebsiella Pneumoniae confirmed by blood or tissue 
cultures. All patients were treated with intravitreal antibiotic injection, and two of the patients had 
vitrectomy. At the end, all affected eyes underwent evisceration. One patient died of septic shock with 
multiple organ failures. 
Conclusion: EE secondary to liver abscess with metastatic spread is a severe sight-threatening condition. 
The delayed discovery of liver abscess may hinder the diagnosis and treatment of the disease, which 
may be related to poor prognosis.   

ARTICLE HISTORY 
Received 10 December 2019 
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KEYWORDS 
Endogenous 
endophthalmitis; Klebsiella 
Pneumoniae; liver abscess   

Endogenous endophthalmitis (EE) is a metastatic infection of 
intraocular tissues. It is estimated that EE accounts for 2% to 
15% of all cases of endophthalmitis.1 In Asian population, espe
cially in East Asia, Gram-negative organisms, particularly 
Klebsiella Pneumoniae, are the major cause of endogenous bac
terial endophthalmitis.2–4 According to a systematic review of 
342 cases of endogenous bacterial endophthalmitis, the most 
common site of infection was the liver (19%).5 Endogenous 
Klebsiella Pneumoniae endophthalmitis (EKPE) is associated 
with very poor visual outcomes, including a high rate of enuclea
tion or evisceration.4 There were numerous case reports about 
EKPE coming from preexisting liver abscess, but most of them 
had obvious systemic symptoms before having ocular 
manifestations.6–8 We hereby report four cases of EKPE that 
presented with ocular symptoms as the initial presentations. As 
the diagnosis of liver abscess was delayed, they resulted in 
permanent blindness, or even death. 

Case 1 

A 51-year-old male with 15-year history of diabetes presented 
with blurry vision and pain in the left eye for 3 days. Before 
his eye symptoms, he had fever and chills. He was diagnosed 
with Uveitis by the local hospital. On examination, his visual 
acuity (VA) was hand motion (HM) in the left eye. Left eye 
examination revealed corneal edema, severe hypopyon in the 
anterior chamber, and vitreous opacity. The fundus of the left 
eye was cloudy. The diagnosis was suspected to be EE in the 

left eye. His surgical risk was high as his platelet counts were 
low (10 × 109/L), and therefore, intravitreal antibiotic injec
tion (IVAI) of ceftazidime 2.25 mg/0.1 ml and vancomycin 
1 mg/0.1 ml was performed immediately after admission. The 
patient was referred to the hematology department for the 
treatment of thrombocytopenia and systemic anti-infection 
therapy. His abdominal B-scan ultrasonography showed non- 
uniform fatty liver (Figure 1a). A further enhanced magnetic 
resonance imaging (MRI) demonstrated a round lesion in the 
liver and a liver abscess was highly suspected (Figure 1b). 
Computerized tomography (CT) for chest showed pneumo
nia. A liver abscess aspiration was performed urgently and the 
patient’s overall condition improved significantly. One week 
later, his platelet counts rose to 54 × 109/L; then, a pars plana 
vitrectomy (PPV) was performed. Although the patient’s 
blood culture turned negative with antibiotic treatment, 
recurred hypopyon and vitreous abscess could not be con
trolled even after receiving multiple IVAIs. With no choice, 
evisceration was performed 2 weeks after the PPV. The 
patient’s blood culture, vitreous culture, and the culture of 
aspirated fluid for the liver abscess were all positive for 
Klebsiella Pneumoniae. 

Case 2 

A 63-year-old female with a 4-year history of diabetes was 
admitted to our hospital with blurred vision in the right eye 
with high fever for 10 days. She denied any other systemic 
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diseases or trauma. She was diagnosed with uveitis by her 
local clinic and received intravenous antibiotics and corticos
teroid therapy. Her fever got better, but her VA decreased 
from 20/40 to counting finger (CF). On the first day of 
admission, her vision (VA) was HM. Ophthalmic examina
tions revealed moderate corneal edema, hypopyon, and vitr
eous opacity, which made the fundus hard to view. She was 
diagnosed with EE in the right eye, and empirical treatment 
with IVAI and systemic anti-infection were initiated. A PPV 
was performed on the third day, and the bacterial culture of 
the vitreous was positive for Klebsiella Pneumoniae. However, 
hypopyon recurred on the fifth postoperative day; then, 
a repeated IVAI was performed. The patient finally under
went evisceration on the tenth day after the surgery because of 
corneal perforation. While in the hospital, the patient’s 
abdominal ultrasonographic examination revealed a liver 
cyst. Staphylococcus epidermidis was found in the blood but 
other primary lesions were not observed. On the fifth day 
after evisceration, the patient’s condition worsened abruptly 
with mental confusion. She was immediately transferred to 
intensive care unit (ICU). The abdominal ultrasonography 
revealed hepatic abscesses. The cultures of blood and cere
brospinal fluid were found Klebsiella Pneumoniae positive. 
Unfortunately, she died of central nervous system infection, 
with septic shock and multiple organ dysfunction syndromes 
(MODS). 

Case 3 

A 61-year-old female was hospitalized for left eye pain and 
decreased vision for 5 days. She was diagnosed with panuveitis 
and secondary glaucoma by the local hospital. She had some 
cold-like symptoms briefly prior to her admission. On examina
tion, her initial VA in the left eye was light perception (LP). The 
left eye had conjunctival injection, diffuse corneal edema, and 
hypopyon in the anterior chamber, but the fundus was not 
viewable. B-scan ultrasonography showed a hyperechoic mass 
in the posterior vitreous and sub-retinal space (Figure 2a). 
Orbit MRI showed intraocular exudates (Figure 2b). She was 
diagnosed with EE, and IVAI was performed. The patient had 
altered mental status on the second day. She was diagnosed with 

sepsis with septic shock, and immediately transferred to the ICU. 
The patient’s abdominal ultrasonographic examination revealed 
a heterogeneous echo with a clear boundary in liver (Figure 2c). 
Abdominal computed tomography (CT) scan revealed a large 
liver abscess (Figure 2d). A blood culture showed Gram-negative 
klebsiella pneumoniae. An ultrasound-guided liver aspiration was 
performed. After 2 weeks of antibiotic therapy, a PPV was 
performed under general anesthesia. However, the patient’s 
scleral had melted (Figure 2e) and eventually she underwent an 
evisceration. Bacterial cultures of the discharged pus and vitreous 
were positive for klebsiella pneumoniae (Figure 2f). 

Case 4 

A 33-year-old male was transferred to our hospital with right 
eye pain and decreased eyesight for 3 days. One week earlier, 
he had symptoms of common cold with fatigue, but no fever. 
The local hospital diagnosed him with iritis. The patient had 
been diabetic for 3 years, with no history of surgery or 
trauma. On arrival, the vision in his right eye was LP. 
Ophthalmic examinations revealed a 1.5 mm hypopyon in 
the anterior chamber, and vitreous opacity, which blocked 
the view to the fundus. Ultrasonography revealed 
a hyperechoic mass in the vitreous and retinal detachment. 
A diagnosis of right eye EE was made and we performed IVAI 
and systemic antibiotics. On the third day of hospitalization, 
the patient developed high fever with chills, the laboratory test 
showed increased blood glucose of 31 mmol/L. Abdominal 
CT revealed low-density lesions in the right lobe of the liver 
with a clear margin, chest CT showed multiple round lesions 
in the right lung with bilateral pleural effusion. Infection was 
highly suspected. Considering that patient had liver abscess, 
sepsis, and hyperglycemic, we transferred him to the endo
crine department for glucose control and systemic anti- 
infection treatment. Two weeks later, his general conditions 
improved but hypopyon and vitreous abscess worsened. His 
VA was LP. As the prognosis is poor even with PPV, the 
patient decided to have evisceration instead. The patient rea
lized a poor prognosis was inevitable, and insisted on under
going evisceration rather than PPV. Cultures of blood and 
vitreous humor were positive for klebsiella pneumoniae. 

Figure 1. A: Abdominal B-scan ultrasonography showed non-uniform fatty liver (arrows head); b: An enhanced MRI demonstrated a round lesion in the liver and 
a liver abscess was highly suspected (arrow). 
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In summary, all patients had eye problems as the initial 
complaints and were diagnosed with EE with liver abscess as 
the primary lesion. The common underlining condition of 
these patients was diabetes. They all had symptoms of com
mon cold in varying degrees like fever, chills, or fatigue at the 
onset. Confirming the initial diagnosis of EE was not hard but 
it was not straightforward to locate the primary lesion. None 
of the abdominal ultrasonography suggested liver abscesses. 
Abdominal enhanced CT and MRI were essential to establish 
the diagnosis. Hypoproteinemia presented in all patients. All 
patients had sepsis and two of them even suffered from 
complicated septic shock. Except for case 3, the other patients 
were referred to relevant department (ICU or endocrine 
department) for further treatment, so PPV was not performed 
promptly. Eventually, three patients underwent PPV includ
ing one patient, whose sclera had melted and she underwent 
evisceration instead of PPV. Unfortunately, the inflammation 

still could not be controlled in the rest of the two patients 
after PPV so they eventually underwent evisceration (Table 1). 

Discussion 

In East Asia, EE caused by Klebsiella Pneumoniae strains 
mostly develop from a primary liver abscess.9 Comparing to 
other organisms, Klebsiella Pneumoniae is 100 times more 
likely to have metastatic spread.10 Metastatic extrahepatic 
complications secondary to Klebsiella Pneumoniae liver 
abscess were termed as invasive liver abscess syndrome by 
Siu et al.11 It could compromise lungs, central nerve system, 
resulting in pneumonia, meningitis, and endogenous 
endophthalmitis. Its high visual morbidity requires ophthal
mologists to diagnose and treat EE urgently. 

Most endogenous bacterial endophthalmitis occurs after 
the onset of systemic illness, but occasionally, it may develop 

Figure 2. A: B-scan ultrasonogram showed extensive infiltrations in the vitreous cavity, retinal detachment (white arrow) and inferior unclear structure as presumed 
intraocular abscess (red arrow); b: Orbital MRI showed abnormal orbit tissue enhancement. Intraocular T1 weighted signal demonstrated intraocular exudates (red 
arrow); c: Abdominal B-scan ultrasonography showed heterogeneous echo graph (75 × 63 × 61 mm) with clear margin in the liver (red arrows), with no color doppler 
flow imaging signal; d: Arterial phase of the abdominal enhanced CT showed a large round lesion of the liver abscess (red arrow); e: Photo of panophthalmitis 
showed injected conjunctiva and chemosis. Anterior chamber filled with hemorrhagic hypopyon. The temporal swollen tissue was scleral abscess with perforation 
(red arrow); f: Post-operative intraocular tissues pathology, hematoxylin-eosin staining section noted the collection of acute inflammatory cells including neutrophils 
and lymphocytes, as well as necrosis combined with exudates. H&E × 200. 
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in a month or more after the onset of sepsis.12 In our cases, 
chief complaints were mostly eye problems rather than sys
temic issues. These patients were treated for several days at 
local clinics before referred to a comprehensive hospital. After 
thorough examinations, the original infection sites were con
firmed as liver abscess. Even with our maximal efforts, all of 
them lost their eyesight. In one case, patient died of MODS. 
There are several issues we wish to discuss regarding the 
diagnosis and the management of these patients: 

First, there was not enough evidence for systemic concerns 
and the patients were misdiagnosed at the initial presentation. 
As a rare condition, the underlining systemic conditions may 
be undiagnosed at presentation. Jackson et al. reported that 
33% of 75 cases appeared to have (a) delayed diagnosis or (an) 
initial misdiagnosis.13 Symptoms of EKPE in the early stage 
may be diverse and nonspecific. The presence of atypical 
systemic symptoms accompanying uveitis, such as fever and 
cold-like symptoms may raise a clinical suspicion for systemic 
involvement. A research of 124-eye cases on EKPE reported 
that fever was significantly associated with EKPE originating 
from liver abscess (OR, 3.5; 95% CI, 1.2–10.2; P = .015) com
pared with EKPE not originating from liver abscess.14 

However, in three of our four cases, treatment with antibiotics 
and steroids in the local clinics provided only transient relief, 
obscuring the underlying condition, thus misleading the treat
ing ophthalmologists to focus their attention on the ocular 
symptoms mostly. The insidious onset of liver abscess in 
patients with EKPE may lead to diagnostic difficulties and 
treatment delays, which lead to a poor prognosis.14 Thus, it is 
necessary for physicians, especially at the initial onset, to keep 
alert for all possible intraocular inflammatory conditions with 
minor systemic symptoms. 

Secondly, the imaging results were not intuitive, which 
make it hard to find the source of infection at the early 
stage. EKPE originated from liver abscess needs diagnostic 
imaging of liver, such as B-ultrasonic, CT, or MRI, to exclude 
other original infection sites. Bacterial culture is the golden 
standard for the diagnosis, so the consistency between intrao
cular fluid culture and blood culture confirms this metastatic 
infection. However, this could be difficult as the appearance of 
liver abscesses on ultrasound and CT was not consistent.15 

For example, in case 1, at first, the abdominal CT showed 
a low-density lesion in the liver, whereas abdominal 
B-ultrasonic scan reported non-uniform fatty liver. It took
us another 3 days to confirm the original infection site after
the admission of patients. With the progression of the liver
lesion, MRI and repeated B-scan eventually showed that it was
a liver abscess. In case 2, with the alarmingly increased white
blood cell count, the sepsis was soon confirmed, and blood
culture found staphylococcus epidermidis. With the adminis
tration of broad-spectrum antibiotics, the repeated blood cul
ture turned to negative. Although the PPV and silicone oil
tamponade were performed, the patient finally underwent
evisceration because of recurred hypopyon and corneal per
foration. Due to the source of infection was not found, the
treatments did not stop the deterioration of patient’s condi
tion. The symptoms, such as altered mental status, agitation,
and confusion, indicated intracranial infection. Repeated
abdominal ultrasonography confirmed liver abscess which

previously categorized as liver cyst. Therefore, in the seeking 
of the original infection site, we should be cautious about the 
imaging findings with ambiguous results. It is necessary to 
utilize adjunctive CT or MRI. Also, we should be aware that 
EE could not be excluded by a negative result of blood culture. 
According to report, the ratio of positive blood culture is 72% 
in EE cases, and there are 20% to 30% of EE presenting 
a negative intraocular fluid culture.16 

Thirdly, the management for multiple systemic illnesses 
and the antibacterial therapy was delayed. The delayed diag
nosis and insufficient use of antibiotics could relate to the 
uncontrolled infection. In these patients, three had diabetes 
mellitus (DM), with HbA1 c level indicating poor control. All 
four patients had hypoalbuminemia, and all developed sepsis 
and two had septic shock. Diabetes is a significant risk factor 
for EE, as the ratio of EKPE caused by liver abscess in DM 
patients was 3.6 to 11.0 folds of those without DM.17 

Therefore, interdisciplinary cooperation is necessary for sol
ving the problems with abscess aspiration, antibiotic selection, 
glucose control, and nutrition support. As a severe infection, 
EE may need multiple therapeutic agents to cover a wide 
spectrum of pathogens, especially when waiting for the drug 
sensitivity testing reports. In our cases, three patients were 
treated with intravenous antibiotics for several days; one 
patient received topical antibiotic eyedrops at local clinics. 
With abscess aspiration and organism-sensitive antibiotics, 
three of them finally overcame this life-threatening condition. 

Fourthly, intravitreal injection and vitrectomy interven
tion were delayed. A study shows that Klebsiella pneumo
niae and its lipopolysaccharide exert a strong pro- 
inflammatory effect on retinal epithelial cells.18 In the ani
mal model of experimental Klebsiella-induced endophthal
mitis, retinal photoreceptors could be permanently 
damaged in 48 hours after infection.19 Early intravitreal 
antibiotics could cross the blood-eye barrier, giving an 
intraocular concentration higher than those through intra
venous route. Therefore, it is the most direct and rapid way 
to give antibiotic treatments. PPV can do both diagnosis 
and treatment, but the timing of PPV is not clearly defined. 
Even though there are still controversies about the visual 
outcome after PPV for EKPE, the chance of enucleation 
decreases indeed. According to a Korean research by Yoon 
et al.,20 10 eyes of seven consecutive EKPE patients had 
their retina attached in all eyes (100%) after 6 months of 
PPV, and vision was CF or better in five eyes (50%). They 
suggested that early vitrectomy for EKPE could improve the 
noteworthy outcomes. In principle, when an EKPE was 
diagnosed, PPV should be performed as soon as possible. 
However, it is necessary to consider whether patients could 
endure such a surgery with poor systemic conditions. For 
those who are intolerable or inaccessible to PPV, the intra
vitreal injection would be the first choice. In case 1, the 
patient had an extremely low level of platelet count which 
increased the bleeding risk of surgery; in case 2 and 3, 
septic shock, lung infection threatened patients’ lives and 
both of them had to be moved to ICU for a life-supporting 
treatment; in case 4, the patient had a hyperglycemic crisis. 
All of these were obstacles to a PPV, which inevitably led to 
destructive enucleation or evisceration. 
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Conclusion 

When the patients with EE come to an eye clinic, detecting the 
primary lesion is particularly important. Though un-liquefied 
lesions may not be detected by ultrasonography in the early stage 
of liver abscess, we should not give up but utilize alternative 
examinations such as abdominal CT or MRI. An identical patho
genic microorganism cultured from blood, vitreous, or aqueous 
humor may confirm the diagnosis, but it cannot be excluded by 
a negative result. After the early diagnosis of EKPE, PPV should be 
performed as soon as possible. Both the ophthalmologists and the 
hepatobiliary surgeons should co-manage this disease. Prompt 
diagnosis and treatment can help to preserve the patients’ globe 
and residual vision, as delayed treatment may lead to panophthal
mitis, even death. 
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１．研究概要（1）

1）目的（Goal）
Head and neck squamous cell carcinoma (HNSCC) is the most lethal malignant head and neck cancer. Prognosis plays a vital role
in patient management and decision-making. Bullous pemphigoid antigen II (BP180; also called collagen XVII, BPA-2 or BPAg2) is
not only an epithelial transmembrane protein, but also a hemidesmosome transmembrane adhesion molecule, and likely participates
in keratinocyte-matrix interactions in both physiological and pathological conditions. Although many cancers are reportedly
associated with BP180, clinical prognostic relationships have not yet been described. The identification of prognostic factor BP180
was required in HNSCC.

2）戦略（Approach）
TMA construction.  TMAs were prepared from formalin-fixed, paraffin-embedded pathological blocks as previously described. The
blocks were sectioned at a thickness of 4 µM and subjected to immunohistochemical analyses.
Immunohistochemistry (IHC) . Serial 4-µM-thick sections were incubated with the mouse monoclonal anti-human BP180 antibody
established by our laboratory (collagen XVII) (1:1000, NCC-Lu-226 (immunoglobulin (Ig) G1, K), National Cancer Center Research
Institute, Tokyo, Japan) using the Ventana DABMap detection kit and automated slide stainer (Discovery XT) (Ventana Medical
Systems, Tucson, AZ, USA). Head and neck normal tissues stained positively for BP180 antibody were recognized as controls.
Expression levels of BP180 protein were used to classify two groups. The first was a BP180-negative group in which no tumor
cells were stained with BP180 antibody, tumor cells were stained at weaker intensity compared with normal tissue staining, or
some tumor cells were more intense compared with normal tissue staining, but comprised less than 10% of the tumor cell area.
The other was a BP180-positive group, comprised all other findings. Staining patterns were evaluated by two independent
investigators blinded to clinical information.

3）材料と方法（Materials and methods）
Protein expression of bullous pemphigoid antigen II (BP180) was verified by immunohistochemistry (IHC) in a tissue microarray
study of 202 cases. Prognostic significance was analyzed with Kaplan-Meier methods and Cox regression analyses IHC analysis
were used. This study investigated 202 tumor specimens from 202 patients who underwent surgical resection with curative
intention for head and neck carcinoma at the National Cancer Center Hospital (Tokyo, Japan) between 2006 and 2016.
Clinicopathological records were retrospectively reviewed. In this cohort, median follow-up of the 202 patients was 34 months
(range=2–74 months). Formalin-fixed paraffin-embedded tissue specimens of the 202 HNSCCs were collected according to the
World Health Organization classification (4th edition) of HNSCC. All study protocols were approved by the ethics committee of the
National Cancer Center (approval #2013-247).

4）実験結果（Results）
Kaplan-Meier methods and Cox regression analyses IHC analysis revealed that protein expression of BP180 among HNSCC
patients differed significantly in the presence and absence of neural invasion, and according to T status in laryngeal and
pharyngeal cancer subgroups (P<0.05). In overall survival analysis and multivariate analysis, we found that positive BP180 IHC and
advanced clinical stage were significant independent positive predictors of mortality in HNSCC patients (P<0.05). In addition, in the
oral squamous cell carcinoma subgroup, independent positive predictors were positive BP180 IHC, advanced N status and neural
invasion. In patients with laryngeal or pharyngeal cancer, predictors were positive BP180 IHC and advanced clinical stage (P<0.05).
In the present cohort, the mean 5-year survival rate for BP180-positive patients (42.8±7.7%) was lower than that for negative
patients (69.0±7.3%). Compared with different subgroups, oral cancer patients showed a slightly higher survival rate (57.5±6.8%)
than laryngeal and pharyngeal cancer patients (52.1±6.7%).

5）考察（Discussion）
In this retrospective study, BP180 (collagen XVII) was identified as a novel biomarker for predicting the prognosis of HNSCC,
OSCC and laryngeal and pharyngeal cancer. To the best of our knowledge, this is the first study to investigate BP180 as an
effective prognostic factor for HNSCC.
    BP180 was identified as a prognostic factor in HNSCC, and BP180 expression was also closely associated with OS in HNSCC
patients (p=0.0005), OSCC patients (p=0.006) and laryngeal and pharyngeal cancer patients (p=0.024). In particular, positive
associations with OS were observed for the clinical late stage (III+IV) of these pathologies.
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１．研究概要（2）
Our findings show that BP180 is strongly predictive of tumor malignancy in HNSCC. DFS was also analyzed in our study, showing
significant differences in the status of BP180 IHC in HNSCC and OSCC, but not in laryngeal and pharyngeal cancer. A key finding
was that analysis of OS in laryngeal and pharyngeal cancer revealed a significant difference in the status of BP180 IHC. The
possible reason is that there are many relapsed hypopharyngeal cancer patients due to alcohol.
    The immunohistochemical staining of BP180 in cancers is typical. Immunohistochemically, using a mouse monoclonal anti-
human BP180 antibody linear staining along the basement membrane and faint cytoplasmic staining in the basal layer of
squamous epithelium in limited normal tissues was revealed. BP180 was distributed irregularly or scattered only in layers of the
epithelium. Parikka et al. found similar results in a study of the transformation of oral epithelium to dysplasia and carcinoma,
identifying intense staining in carcinoma cells at the invasive front in Grade II OSCC, with signals mainly missing from basal cells
and strong signals restricted to the epithelium in cases of dysplasia. In our study, the same immune reaction was evident in
normal tissues and squamous cell carcinomas. Some studies have proposed that BP180 serves as a cell-matrix adhesion
molecule by stabilizing the hemidesmosome complex and mediating anchorage to the underlying basement membranes. Beyond
any structural roles, BP180 is presumed to play a role in cell migration and differentiation to pathological states in malignant
tumors.
    Head and neck cancer is a wide disease classification that includes oral, salivary gland, thyroid, nasopharyngeal, laryngeal,
oropharyngeal and hypopharyngeal cancers. In addition, oral cancers can arise from squamous epithelium of the tongue, gingiva,
palate, buccal mucosa, and mouth floor. The present report offers a first demonstration of the expression profile of BP180 in
different primary sites. BP180 positivity rates were 57.1–83.3%, with no marked differences apparent between primary sites of
HNSCC (p=0.643, Fisher's exact test), but a tendency toward higher expression was noted in the current OSCC cohort (p=0.084,
Fisher's exact test). We were surprised to observe that comparing OSCC with laryngeal and pharyngeal cancer, BP180 positivity
was 74.5% for OSCC and 50.5% for laryngeal and pharyngeal cancer (p=0.001, Pearson's chi-square test). We hypothesize that
BP180 expression in HNSCC correlates with anatomical localization. In a TMA of 124 HNSCCs, BP180 expression was found to
be higher in the oral cavity (85.7%) than in other anatomical localizations. We found differences in BP180 positivity in some
anatomical areas as novel data, and attributed this to differences in mucosal structure and function. The mucous membrane in
the oral cavity is mostly used for maintaining an environment suitable for chewing and ingesting food, whereas the mucous
membranes of the pharynx and larynx play important roles in immune function and vocalization. These results provide a clinical
basis for future research into the pathological mechanisms of and drug-targeted therapies for HNSCC.
    Based on the current research, a possible tumorigenesis mechanism is that the structural extracellular domain (ECD) of BP180
connects cytoplasmic structural components with the extracellular matrix (ECM). The ECD is essential for proper basement
membrane formation. In the absence of normal regulation, changes in the ECM may contribute to the first steps toward cancer.
Recent data have demonstrated that alterations in BP180 exert profound effects on cancer tumorigenesis, progression, invasion
and migration in different kinds of cancers, as mentioned above. Our findings provide clinical data in support of this notion that
BP180 is a factor associated with poor prognosis. However, several potential limitations must be considered. First, the sample
size was quite limited and data from more cases is needed. In addition, the molecular mechanisms underlying the effects of
BP180 on HNSCC need to be clarified. At last, we didn’t have an in-depth analysis of surgical related factors.
    In conclusion, the present study suggests that BP180 is a prognostic factor for HNSCC. Moreover, multivariate analysis
suggested BP180 as a significant independent prognostic factor along with clinical stage in patients with HNSCC. Overall, the
prognostic value of BP180 expression in this study provides an important experimental foundation for closer examination of this
potentially significant biomarker in targeted treatments for patients with HNSCC.
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LncRNA DANCR promotes the proliferation, 
migration, and invasion of tongue squamous 
cell carcinoma cells through miR-135a-5p/KLF8 
axis
Ying Zheng1, Bowen Zheng1, Xue Meng2, Yuwen Yan1, Jia He1 and Yi Liu1*

Abstract 

Background: Tongue squamous cell carcinoma (TSCC) is a most invasive cancer with high mortality and poor prog-

nosis. It is reported that lncRNA DANCR has implications in multiple types of cancers. However, its biological role and 

underlying mechanism in TSCC progress are not well elucidated.

Methods: Our present study first investigated the function of DANCR on the proliferation, migration and invasion 

of TSCC cells by silencing or overexpressing DANCR. Further, the miR-135a-5p-Kruppel-like Factor 8 (KLF8) axis was 

focused on to explore the regulatory mechanism of DANCR on TSCC cell malignant phenotypes. Xenografted tumor 

growth using nude mice was performed to examine the role of DANCR in vivo.

Results: DANCR knockdown reduced the viability and inhibited the migration and invasion of TSCC cells in vitro, 

while ectopic expression of DANCR induced opposite effects. In vivo, the tumor growth and the expression of matrix 

metalloproteinase (MMP)-2/9 and KLF8 were also blocked by DANCR inhibition. In addition, we found that miR-

135-5p directly targeted DANCR, which was negatively correlated with DANCR on TSCC progression. Its inhibition

reversed the beneficial effects of DANCR silence on TSCC malignancies. Furthermore, the expression of KLF8 evidently

altered by both DANCR and miR-135a-5p. Silencing KLF8 using its specific siRNA showed that KLF8 was responsible

for the induction of miR-135a-5p inhibitor on TSCC cell malignancies and MMP-2/9 expression.

Conclusions: These findings, for the first time, suggest that DANCR plays an oncogenic role in TSCC progression 

via targeting miR-135a-5p/KLF8 axis, which provides a promising biomarker and treatment approach for preventing 

TSCC.

Keywords: DANCR, Tongue squamous cell carcinoma, miR-135a-5p, KLF8, MMP
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Background
Tongue squamous cell carcinoma (TSCC) is a major type 

of head and neck squamous cell carcinoma (HNSCC) 

with high recurrence rates, increased proliferation and 

metastasis, and poor prognosis [1, 2]. Despite of signifi-

cant advances in the prevention and treatment, the sur-

vival rates of TSCC patients are still low [3]. It is identified 

that the invasion and migration mainly contribute to the 

progression of tumors. Therefore, it is urgent that devel-

oping novel therapeutic strategies for TSCC through the 

exploration of the underlying molecular mechanisms.

LncRNAs are a group of long non-coding RNAs with 

more than 200 nucleotides in length. Numerous reports 

has shown that lncRNAs play important roles in wide 

ranges of biological processes, including cell prolifera-

tion, differentiation, apoptosis, migration and invasion 

[4–6]. Especially, multiple lncRNAs has been found to 

be closely implicated in the tumorigenesis and progres-

sion of TSCC. For example, high-expression of lncRNA 
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AFAP1-AS1 in TSCC tumor tissues enhances tumor 

progression via the activation of Wnt/β-catenin signal-

ing pathway [7]. NKILA serves as a crucial determinant 

of TSCC metastasis to reduce the migratory and invasive 

cells through inhibiting the process of epithelial–mes-

enchymal transition (EMT) [8]. Interestingly, lncRNA 

DANCR (differentiation antagonizing non-protein cod-

ing RNA) has been noticed to suppress epidermal cell 

differentiation [9] and improve hepatocellular carcinoma 

self-renewal [10]. DANCR is also taken as an oncogenic 

lncRNA for several cancers, such as prostate cancer [11], 

gastric cancer [12] and colorectal cancer [13]. However, 

the distinct function of DANCR in TSCC was not well 

understood.

MicroRNAs (miRNAs), a class of small non-coding 

RNAs, are shown to modulate the expression of target 

genes. Recent studies have revealed that miR-135a-5p is 

the main regulator of tumor invasion and metastasis [14, 

15]. In non-small cell lung cancer (NSCLC), miR-135a-5p 

is demonstrated to inhibit cell migration and invasion 

through targeting Kruppel-like Factor 8 (KLF8) [16]. As 

we know, KLF8 has been widely confirmed to partici-

pate in the regulation of cell cycle progression, transfor-

mation, EMT and invasion [17–21]. Given that DANCR 

was predicted to have putative binding sites with miR-

135a-5p through the analysis of online bioinformatics, 

we thus speculated that DANCR might affect the devel-

opment and progression of TSCC by regulating miR-

135a-5p/KLF8 axis.

To improve the understanding of DANCR effects 

on TSCC malignancies, CAL-27 and TCa-8113 cells 

with DANCR silence, and SCC9 and TSCCA cells with 

DANCR overexpression were constructed. Then the 

effects of DANCR on the proliferation, migration and 

invasion of TSCC cells were determined. Further, miR-

135a-5p/KLF8 axis was focused to explore the molecu-

lar mechanism by which DANCR promoted TSCC 

progression.

Methods
Cell culture and reagents

In our experiments, four human TSCC cell lines (SCC9, 

TSCCA, TCa-8113 and CAL-27 cells) were used. SCC9 

cells (Cellcook, Guangzhou, China) were cultured in 

DMEM/F12 medium supplemented with 10% fetal 

bovine serum (FBS; SH30084.03, Hyclone, South Logan, 

UT, USA); TSCCA cells (Procell, Wuhan, China) were 

maintained in DMEM medium (12100-46, Gibco) con-

taining with 10% FBS; TCa-8113 and CAL-27 cell lines 

(Procell, Wuhan, China) were cultured in RPMI-1640 

medium (31800-014, Gibco, Gaithersburg, MD, USA) 

supplemented with 10% FBS. All these cell lines were cul-

tured in a standard environment at 37  °C with 5%  CO2. 

MiR-135a-5p mimics/inhibitor and corresponding nega-

tive control (NC) mimics/inhibitor were purchased from 

JTS Scientific (Beijing, China).

Construction of siRNAs and shRNAs

The sequences of siRNAs (5′–3′) targeting human 

DANCR were designed as follows: si-DANCR-1 sense 

GUU GAC AAC UAC AGG CAC ATT and antisense UGU 

GCC UGU AGU UGU CAA CTT; si-DANCR-2 sense CUA 

GAG CAG UGA CAA UGC UTT and antisense AGC AUU 

GUC ACU GCU CUA GTT. The NC siRNA sequences 

(5′–3′) were: sense UUC UCC GAA CGU GUC ACG UTT 

and antisense ACG UGA CAC GUU CGG AGA ATT. Then 

shRNAs targeting DANCR and corresponding NC were 

constructed by pRNAH1.1 plasmid vectors (Genscript, 

Nanjing, China).

Furthermore, we also designed the interfering 

sequences (5′–3′) for human KLF8 as follows: si-KLF8 

sense CGA UAU GGA UAA ACU CAU ATT and antisense 

UAU GAG UUU AUC CAU AUC GAC. The corresponding 

NC siRNA sequences (5′–3′) were  designed  as follows: 

si-NC sense UUC UCC GAA CGU GUC ACG UTT and 

antisense ACG UGA CAC GUU CGG AGA ATT.

Construction of overexpression plasmids

A pair of specific primers (forward 5′-CAA GGA TCC 

GCC CTT GCC CAG AGT CTTCC-3′ and reverse 5′-CCG 

CTC GAG GTC AGG CCA AGT AAG TTTAT-3′) was used 

to amplify human DANCR (NR_024031.2). Then the 

amplified products were inserted into pcDNA3.1 plas-

mids (V790-20, Invitrogen, Carlsbad, CA, USA) between 

BamHI and XhoI restriction enzyme sites to induce the 

overexpression of DANCR. The empty pcDNA3.1 vector 

was used as control.

Cell transfection

When cells reached at 70% of confluence, siRNAs or shR-

NAs targeting DANCR were transfected into CAL-27 

and TCa-8113 cells, and ectopic expression of DANCR 

were transfected into SCC9 and TSCCA cells by the 

mediation of Lipofectamine 2000 reagent (11668-019, 

Invitrogen) following the manufacturer’s instructions. All 

experiments were performed at 48 h post transfection.

In addition, miR-135a-5p mimics or NC mimics was 

transfected into CAL-27 or TCa-8113 cells, and its inhib-

itor or NC inhibitor was transfected into SCC9 cells as 

mentioned above to overexpress or silence miR-135a-5p. 

Furthermore, the co-transfection of miR-135a-5p inhibi-

tor and si-DANCR or si-KLF8 was also mediated by 

Lipofectamine 2000.
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Quantitative real-time polymerase chain reaction 

(qRT-PCR)

Total RNAs in TSCC cell lines were extracted with 

RNAsimple Total RNA Kit (DP419, TIANGEN, Beijing, 

China) and reverse-transcribed into cDNA templates 

using M-MLV reverse transcriptase (NG212, TIAN-

GEN). The designed specific primer sequences were syn-

thesized by Sangon Biotech (Shanghai, China) and shown 

as follows (5′–3′): miR-135a-5p, RT GTT GGC TCT GGT 

GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACT 

CAC AT, forward GCC GTA TGG CTT TTT ATT CCTA 

and reverse GGT GCA GGG TCC GAG GTA TT; U6, RT 

GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA 

CCA GAG CCA ACA AAA TATGG, forward GCT TCG 

GCA GCA CAT ATA CT and reverse GGT GCA GGG TCC 

GAG GTA TT; DANCR forward ACC CTC CTG CTT 

CCCTC and reverse CCC GAA ACC CGC TACAT; KLF8 

forward TCA TTG GAG GAG ATG GTA A and reverse 

GCT GCT GGT TCT TGC TGT; GAPDH forward GAC 

CTG ACC TGC CGT CTA G and reverse AGG AGT GGG 

TGT CGC TGT . Subsequently, the mixture of cDNA tem-

plates, specific primers, SYBR Green reagent (SY1020, 

Solarbio, Beijing, China) and Taq PCR MasterMix 

(KT201, TIANGEN) were used to amplify target genes by 

qRT-PCR analysis on Exicycler 96 PCR system (Bioneer, 

Daejeon, Korea). GAPDH was normalized for DANCR 

and KLF8 expression, and U6 was normalized for miR-

135a-5p expression. Relative expression was calculated 

using the  2− ΔΔCT method.

MTT assay

TSCC cells were seeded in 96-well plates at the density of 

4 × 103 cells/well for 0, 24, 48 or 72 h, respectively. Then 

cells were incubated in a complete medium containing 

0.5  mg/ml MTT (KGA311, KeyGEN, Nanjing, China) 

for 4  h. After dissolving in DMSO (ST038, Beyotime), 

the viable cells were determined using microplate reader 

(ELX-800, BIOTEK, Winooski, VT, USA) at the optical 

density of 570 nm.

Wound healing assay

The wound healing assay was used to assess cell migra-

tory ability. Cells were treated with mitomycin C (M0503, 

Sigma) for 1  h in a serum-free medium. Then a wound 

scratch was made by a 200  μl pipette tip in the culture 

plate and recorded it by phase-contrast microscopy 

(IX53, Olympus, Tokyo, Japan) under 100× magnifica-

tion. Twenty-four hours later, the migratory distances 

were measured with Image Pro Plus Software (Media 

Cybernetics, Silver Springs, MD, USA) to calculate the 

capacity of cell migration.

Transwell assay

Transwell assay was utilized to evaluate the invasive abil-

ity of cells. Briefly, cell suspensions (2 × 104 cells/well) 

were seeded in the upper chamber of 24-well Transwell 

inserts (3422, Corning Incorporated, Corning, NY, USA) 

pre-coated with Matrigel (356234, BD Biosciences, San 

Jose, CA, USA) with serum-free medium. The lower 

chamber was filled with the medium containing with 30% 

FBS. After 48  h of incubation, cells in the upper cham-

ber were removed and washed in PBS twice. Then cells 

were fixed in 4% paraformaldehyde and stained with 0.4% 

crystal violet (0528, Amresco, Solon, OH, USA). The 

number of cells in the lower chamber was observed by 

phase-contrast microscope under 200× magnification. 

Five fields in each image were randomly selected to count 

and the invasive cell ratio was normalized to control.

Luciferase reporter assay

Bioinformatics analysis predicted that lncRNA DANCR 

had putative binding sites with miR-135a-5p. The pmir-

GLO vector (E133A, Promega, Madison, WI, USA) 

containing NheI and SalI restriction enzyme sites was 

applied to construct wild type (wt) or mutant type (mut) 

luciferase reporter vectors for DANCR. The site-directed 

mutation of DANCR was used to verify the target effects 

between DANCR and miR-135a-5p. Then 293T cells 

(ZhongQiaoXinZhou Bio, Shanghai, China) were seeded 

in 12-well plates and co-transfected with wt-DANCR, or 

mut-DANCR together with miR-135a-5p or NC mimics 

using Lipofectamine 2000. Finally, the binding activity 

was tested with a dual luciferase reporter assay kit (E1910, 

Promega) by the calculation of Firefly luciferase activity/

Renilla luciferase activity at 48 h post-transfection.

Western blot

Total proteins from TSCC cell lines or tumor tissues were 

isolated using RIPA lysate (R0010, Solarbio) containing 

PMSF (P0100, Solarbio) and quantified using BCA assay 

kit (PC0020, Solarbio). Then equal proteins were loaded 

on the Sodium dodecylsulphate polyacrylamide gel elec-

trophoresis (SDS-PAGE) gel, and transferred onto PVDF 

membrane (IPVH00010, Millipore, Billerica, MA, USA). 

After washing in TBST, the membrane was incubated 

with one of the following specific primary antibodies 

overnight at 4  °C: MMP-2 antibody (1:500; 10373-2-AP, 

Proteintech, Wuhan, China), MMP-9 antibody (1:500; 

ab38898, Abcam, Cambridge, UK), KLF8 antibody 

(1:1000; A16321, Abclonal, Wuhan, China) and GAPDH 

(1:10,000; 60004-1-Ig, Proteintech). Subsequently, horse-

radish peroxidase (HRP)-conjugated goat anti-rabbit 

antibody (1:3000; SE134, Solarbio) or HRP-conjugated 

goat anti-mouse antibody (1:3000; SE131, Solarbio) was 
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used to incubate with the membrane for 1 h at 37 °C. Pro-

tein signals were developed with ECL kit (PE0010, Solar-

bio) and quantified using Gel-Pro-Analyzer Software 

(Media Cybernetics, Silver Springs, MD, USA). GAPDH 

was used as internal control.

Xenograft tumor model analysis

The ethical approval was obtained from School of Stom-

atology, China Medical University Committee (No. 

G2018007) in this study. All animal experimental pro-

cedures were performed according to the Guide for the 

Care and Use of Laboratory Animals. The Balb/c-nude 

mice (4–5 weeks, 18–20 g) were purchased from HuaFu-

Kang Bioscience Co. lnc  (Beijing, China) and housed in 

a standard environment. Stably transfected cells with 

sh-DANCR or sh-NC were selected using G418 antibi-

otics (A1720, Sigma, St. Louis, MO, USA). Then, CAL-

27 cells or TCa-8113 cells with sh-DANCR or sh-NC 

stable transfections were subcutaneously injected into 

the right side of axilla at the density of 1 × 106 cells per 

animal. Tumor volume was measured using the cali-

per every 4  days following the formula: tumor volume 

 (mm3) = (length × width2)/2. Tumor weight was meas-

ured when mice were killed after 25 days.

Immunofluorescence

For immunofluorescence staining, the collected tumor 

tissues were fixed in paraformaldehyde, embedded with 

paraffin and sectioned into 5  μm-thickness slides. Then 

paraffin slides were incubated with specific primary anti-

body against KLF8 (NBP2-57740, NOVUS, Centennial, 

CO, USA) overnight at 4 °C, and conjugated with FITC-

labeled goat anti-rabbit secondary antibody (A0562, 

Beyotime) at room temperature for 60 min. After coun-

terstaining with DAPI, the immunopositive materials 

were visualized using optical microscope (BX53, Olym-

pus) at the magnification of 400× and captured using 

digital camera (DP73, Olympus).

Statistical analysis

Data were expressed as mean ± SD and analyzed using 

GraphPad Prism software (San Diego, CA, USA). The 

comparisons were performed using t-test or one-way 

ANOVA following Bonferroni’s test. p < 0.05 was identi-

fied to indicate a significant difference statistically.

Results
DANCR knockdown suppressed the proliferation, 

migration and invasion of TSCC cell lines

In four different TSCC cell lines, the expression profile 

of DANCR was first detected as shown in Fig. 1a. From 

this chart, it was apparent that DANCR expression was 

higher in CAL-27 and TCa-8113 cells than in SCC9 and 

TSCCA cells. Thus in further experiments, CAL-27 

and TCa-8113 cells were used to inhibit DANCR, while 

SCC9 and TSCCA cells were forced to express DANCR. 

As expectation, specific siRNAs targeting DANCR sig-

nificantly decreased its levels in CAL-27 and TCa-8113 

cells (Fig. 1b).

Then the effects of si-DANCRs on the prolifera-

tion, migration and invasion of TSCC cells were first 

assessed. MTT assay was considered to indicate cell 

proliferation, and the results showed that DANCR 

knockdown reduced the viable number of CAL-27 and 

TCa-8113 cells (Fig.  1c). Furthermore, it seemed that 

inhibition of DANCR significantly decreased the migra-

tory and invasive ability of TSCC cells using wound 

healing assay and transwell invasion assay (Fig.  1d, e). 

These results indicate that DANCR knockdown may 

attenuate TSCC malignancies in vitro.

DANCR overexpression promoted the proliferation, 

migration and invasion of TSCC cell lines

Further, the forced expression of DANCR was used to 

investigate its biological function in SCC9 and TSCCA 

cells. We observed a marked increase of DANCR 

expression by its overexpression plasmids in SCC9 and 

TSCCA cells (Fig.  2a). Functional analysis from SCC9 

and TSCCA cells indicated that the ectopic expression 

of DANCR induced increments of cell viability, migra-

tory distance and invasive cell number (Fig. 2b–d). Our 

data show that DANCR can enhance the proliferation, 

migration and invasion of TSCC cells in vitro.

DANCR targeted miR-135a-5p to regulate KLF8 expression 

in TSCC cell lines

As shown in Fig.  3a, the bioinformatics predicted 

that DANCR was complementary with miR-135a-5p 

(Fig.  3a), which was confirmed by dual luciferase 

reporter assay. The results demonstrated that miR-

135a-5p mimics significantly inhibited the luciferase 

activity of wt-DANCR, but not mut-DANCR (Fig. 3b). 

Then we observed a marked increase of miR-135a-5p 

level in CAL-27 and TCa-8113 cells transfected with 

si-DANCR (Fig.  3c, d), but a significant reduction of 

miR-135a-5p in SCC9 and TSCCA cells transfected 

with pcDNA3.1-DANCR (Fig. 3e, f ). In addition, KLF8 

mRNA was down-expressed by knockdown of DANCR 

in CAL-27 (Fig.  3g) and TCa-8113 cells (Fig.  3h), but 

increased by DANCR overexpression in SCC9 (Fig. 3i) 

and TSCCA cells (Fig. 3j). These data suggest that miR-

135a-5p is a direct target of DANCR, and KLF8 may 

participate in DANCR-mediated regulation of TSCC 

malignant phenotypes.
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Fig. 1 DANCR knockdown suppressed the proliferation, migration and invasion in vitro. a Relative expression of DANCR was detected by qRT-PCR 

in different TSCC cell lines. b CAL-27 and TCa-8113 cells were transfected with siRNAs against DANCR. The relative expression of DANCR was 

detected by qRT-PCR. c The viability of CAL-27 and TCa-8113 cells was assessed by MTT assay. d, e The migration and invasion of CAL-27 and 

TCa-8113 cells was determined using wound healing assay and transwell assay, respectively. *p < 0.05, **p < 0.01, ***p < 0.001; &p < 0.05, &&p < 0.01, 
&&&p  < 0.001, versus to si-NC
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Fig. 2 DANCR overexpression promoted the proliferation, migration and invasion in vitro. a SCC9 and TSCCA cells were transfected with pcDNA3.1 

vector expressing DANCR. The relative expression of DANCR was detected by qRT-PCR. b The viability of SCC9 and TSCCA cells was assessed by 

MTT assay. c, d The migration and invasion of SCC9 and TSCCA cells was determined using wound healing assay and transwell assay, respectively. 

*p < 0.05, **p < 0.01, ***p < 0.001, versus to vector
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MiR-135a-5p overexpression suppressed tumor cell 

progression and KLF8 expression in TSCC cell lines

Then we found that miR-135a-5p expression in SCC9 and 

TSCCA cells was higher than that in TCa-8113 and CAL-

27 cells (Fig. 4a). To further investigate the role of miR-

135a-5p, its specific mimics were further carried out. It 

obviously confirmed that miR-135a-5p expression was 

increased by its mimics in CAL-27 and TCa-8113 cells 

(Fig.  4b). The results in Fig.  4c–e showed that overex-

pression of miR-135a-5p reduced viable cells, shortened 

migratory distance and decreased invasive cells in CAL-

27 cells and TCa-8113 cells. In addition, KLF8 mRNA 

and protein expression were also suppressed by miR-

135a-5p (Fig. 4f, g). All results indicate that miR-135a-5p 

may protect against TSCC malignant phenotypes with 

the involvement of KLF8 suppression.

Fig. 3 DANCR targeted miR-135a-5p to regulate KLF8 expression in vitro. a Sequence alignments of DANCR with potential targeting sites of 

miR-135a-5p. b Luciferase reporter assay was performed to verify the binding effect between DANCR and miR-135a-5p. c–f Relative expression 

of miR-135a-5p was examined by qRT-PCR in CAL-27 cells (c), TCa-8113 cells (d), SCC9 cells (e) and TSCCA cells (f). g–j Relative expression of KLF8 

was detected using qRT-PCR in CAL-27 cells (g), TCa-8113 cells (h), SCC9 cells (i) and TSCCA cells (j). $$$p < 0.001, versus to wt-DANCR + NC mimics. 

**p < 0.01, ***p < 0.001; &&&p < 0.001, versus to si-NC. ^^^p < 0.001, versus to Vector
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DANCR knockdown repressed tumor cell progression 

and KLF8 expression by targeting miR-135a-5p in TSCC cell 

lines

Although miR-135a-5p had been identified to tar-

get DANCR and be beneficial for TSCC progress, 

whether miR-135a-5p was responsible for the effects of 

DANCR on tumor malignancies was unclear. As illus-

trated in Fig. 5a, the reduction of viable cells by DANCR 

knockdown was enhanced by miR-135a-5p inhibitor. 

Furthermore, inhibition of miR-135a-5p reversed si-

DANCR-mediated suppression of cell migration and 

invasion (Fig. 5b, c). It is well-known that matrix metal-

loproteinase (MMP) family proteins are main biomark-

ers for tumor invasion and metastasis. Results in Fig. 5d 

showed that the decrease of MMP-2 and MMP-9 protein 

levels induced by DANCR silence was partially increased 

by miR-135a-5p inhibitor. In addition, we found that the 

reduction of KLF8 in si-DANCR cells was increased by 

miR-135a-5p inhibitor (Fig. 5e). Together the results fur-

ther suggest that DANCR/miR-135a-5p may modulate 

TSCC progression by the regulation of KLF8.

MiR-135a-5p inhibition exacerbated tumor cell progression 

through activating KLF8 in TSCC cell lines

Next, we further elucidated whether KLF8 was responsi-

ble for the regulatory function of DANCR/miR-135a-5p 

in SCC9 cells using its specific siRNA. Expectedly, miR-

135a-5p inhibitor-induced increase of KLF8 was sup-

pressed by the siRNA of KLF8 itself (Fig. 6a). Knockdown 

of KLF8 attenuated the effects of miR-135a-5p inhibitor 

on the proliferation, migration and invasion of SCC9 cells 

(Fig.  6b–d). Similarly, the indicators for tumor develop-

ment and progression, MMP-2 and MMP-9 were also 

inhibited by KLF8 silencing (Fig.  6e), which just proved 

the alterations of tumor malignancies at molecular level. 

Collectively, these findings demonstrate that KLF8 is 

responsible for the regulation of DANCR/miR-135a-5p 

on TSCC progression.

DANCR knockdown blocked the tumor formation in vivo 

involving KLF8 activation

To test the role of DANCR in tumor growth in  vivo, 

CAL-27 or TCa-8113 cells were stably transfected with 

shRNAs and injected subcutaneously into the right flank 

of axilla of nude mice. As shown in Fig. 7a, b, it showed 

that the tumor size and weight could be suppressed by 

knockdown of DANCR. At molecular level, the expres-

sion of MMP-2 and MMP-9 in tumor tissues was also 

reduced by DANCR inhibition (Fig.  7c). In addition, as 

shown in Fig. 7d, e, both western blot and immunofluo-

rescence staining demonstrated that a remarkable down-

regulation of KLF8 was induced in tumor tissues stably 

transfected with DANCR shRNA. Overall, these in vivo 

results show that DANCR may activate the expression of 

KLF8 and MMPs to affect TSCC tumor growth.

Discussion
Increasing lncRNAs have been revealed to be implicated 

in the development and progression of various cancers, 

including TSCC [7, 8, 22]. In this work, DANCR was 

showed to act as an oncogenic gene to facilitate the pro-

liferation, migration and invasion of TSCC cells through 

the loss or gain of DANCR. Furthermore, miR-135a-5p 

was demonstrated to be complementary with DANCR 

and negatively regulated by DANCR. Overexpression 

of miR-135a-5p prevented the malignant phenotypes of 

TSCC cells and reduced the expression of KLF8. Inhibi-

tion of miR-135a-5p mediated the protective effects of 

DANCR silence on TSCC cells. KLF8 was responsible for 

the regulatory role of miR-135a-5p through modulating 

MMP-2/9 expression.

Previous reports showed that lncRNA DANCR was 

high-expressed in esophageal cancer [23], liver cancer 

[10], colorectal cancer [24], prostate cancer [11], retino-

blastoma [25] and so on, which indicated its potential 

correlation with the poor prognosis of patients. Evidence 

demonstrated that DANCR enhanced the migration and 

invasion of prostate cancer cells or gastric cancer cells 

through impeding TIMP2/3 expression [11] or lncRNA-

LET [26]. Jiang et  al. suggested that the initiation and 

progression of osteosarcoma was affected by DANCR 

via competitively binding to miR-33a-5p [27]. In NSCLC 

cells, DANCR was found to target miR-758-3p to regulate 

cell proliferation, migration and invasion [28]. However, 

up to now, the functional significance of DANCR in the 

progression of TSCC still requires to be clarified. In this 

study, the gain- and loss-of-function experiments showed 

that DANCR could enhance the proliferation, migra-

tion and invasion of TSCC cells. The in vivo results fur-

ther demonstrated that inhibition of DANCR prevented 

(See figure on next page.)

Fig. 4 MiR-135a-5p overexpression suppressed tumor cell progression and KLF8 expression in vitro. a Relative expression of miR-135a-5p in 

different TSCC cell lines was examined using qRT-PCR. b Relative expression of miR-135a-5p was measured in CAL-27 and TCa-8113 cells transfected 

with miR-135a-5p mimics by qRT-PCR. c The viability of CAL-27 and TCa-8113 cells was measured using MTT assay. d, e The migration and invasion 

of CAL-27 and TCa-8113 cells was examined using wound healing assay and transwell assay, respectively. f Relative expression of KLF8 mRNA 

was detected in CAL-27 and TCa-8113 cells using qRT-PCR. g Relative expression of KLF8 protein was measured using western blot in CAL-27 and 

TCa-8113 cells. *p < 0.05, **p  < 0.01, ***p < 0.001, versus to NC mimics
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Fig. 5 DANCR knockdown repressed tumor cell progression and KLF8 expression by targeting miR-135a-5p in vitro. a The viability of CAL-27 and 

TCa-8113 cells was measured using MTT assay. b, c The migration and invasion of CAL-27 and TCa-8113 cells were detected by wound healing assay 

and transwell assay, respectively. d Relative expression of MMP-2 and MMP-9 protein was determined by western blot in CAL-27 and TCa-8113 cells. 

e Relative expression of KLF8 protein was detected using western blot in CAL-27 and TCa-8113 cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus to 

si-NC; &p < 0.05, &&p < 0.01, &&&p < 0.001, versus to si-DANCR-1 + NC inhibitor
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Fig. 6 MiR-135a-5p inhibition exacerbated tumor cell progression through activating KLF8 in vitro. a Relative expression of KLF8 protein in SCC9 

cells was tested by western blot. b The viability of SCC9 cells was assessed by MTT assay. c, d The migration and invasion of SCC9 cells was measured 

using wound healing assay and transwell assay, respectively. e Relative expression of MMP-2 and MMP-9 protein in SCC9 cells was examined using 

western blot. **p < 0.01, ***p < 0.001, versus to NC inhibitor; &p < 0.05, &&p < 0.01, &&&p < 0.001, versus to miR-135a-5p inhibitor + si-NC
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Fig. 7 DANCR knockdown blocked the tumor formation in vivo involving KLF8 activation. CAL-27 or TCa-8113 cells transfected with shRNA 

against DANCR were inoculated subcutaneously into the nude mice. Xenografts were measured every 4 days with a caliper. a Tumor volumes were 

measured every 4 days. b Mice were sacrificed after 25 days, and xenograft tumors were excised and weighed. c Relative expression of MMP-2 and 

MMP-9 protein in tumor tissues was measured by western blot after 25 days. d Relative expression of KLF8 protein in tumor tissues was examined 

by western blot after 25 days. e Immunofluorescence staining was performed to investigate KLF8 immunoreactive materials in tumor tissues after 

25 days. ***p < 0.001, versus to sh-NC
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the tumor growth, which indicates the oncogenic role of 

DANCR in TSCC tumorigenesis.

To the best of our knowledge, this was the first report 

about the role of DANCR in the progression of TSCC. 

Emerging references suggested that lncRNAs might func-

tion as “sponge” of miRNAs to participate in multiple bio-

logical processes. For instance, lncRNA ZFAS1 activated 

the expression of ZEB1, MMP-14 and MMP-16 to pro-

mote tumor growth and metastasis by sponging miR-150 

in hepatocellular carcinoma [29]. Wang et  al. reported 

that DANCR facilitated ROCK1-mediated malignant 

biological behaviors through decoying both miR-335-5p 

and miR-1972 in osteosarcoma [30]. In this current study, 

functional experiments indicated that miR-135a-5p over-

expression protected against the proliferation, migration 

and invasion of TSCC cells in  vitro, which was showed 

to directly target DANCR. The inhibitory effects of 

DANCR silence on TSCC progress could be rescued by 

silencing miR-135a-5p. Altogether, this study shows that 

miR-135a-5p serves as a “sponge” miRNA of DANCR to 

prevent the progression of TSCC.

MiRNAs modulate gene transcription and expres-

sion by directly targeting the 3′ UTR of mRNAs, and 

lncRNAs may exhibit sponging effects on miRNAs dur-

ing tumor progression. DANCR had been described to 

competitively bind miR-149 to positively regulate MSI2 

expression and promote tumor malignant phenotypes in 

the pathogenesis of bladder cancer [31]. Although KLF8 

expression was altered by DANCR and miR-135a-5p, 

whether KLF8 was the downstream effector of DANCR/

miR-135a-5p to mediate the regulation of TSCC progres-

sion was not well understood. Knockdown of KLF8 atten-

uated the effect of miR-135a-5p inhibitor on TSCC cell 

proliferation, migration and invasion. More importantly, 

KLF8 was reported to be a direct target of miR-135a-5p 

to inhibit NSCLC cell migration, invasion and EMT pro-

cess by Shi et al. [16]. Together, these results suggest that 

DANCR/miR-135a-5p axis affects the malignancies of 

TSCC by the regulation of KLF8.

In addition, MMP is a classical zinc-dependent endo-

peptidase to affect cell proliferation, angiogenesis, and 

tumor invasion and metastasis through the degradation 

of extracellular matrix [32, 33]. MMP-2 and MMP-9 had 

been demonstrated to be important prognostic biomark-

ers in diverse cancers, such as breast cancer, colorectal 

cancer, and NSCLC [34–36]. Considering that KLF8 was 

highlighted to bind the promoter of MMP-9 to induce 

its expression and stimulate cancer invasion [37, 38], 

thus we further examined the alterations of MMPs in the 

downstream of KLF8. Our data showed that the expres-

sion of MMP-9 and MMP-2 was altered by DANCR/

miR-135a-5p/KLF8 axis, which just further proved the 

regulatory network on tumor malignancies from the 

point of molecular level. Therefore, we conclude that 

DANCR serves as a “sponge” of miR-135a-5p to activate 

KLF8/MMP-2/9 signaling pathway, thus stimulating the 

development and progression of TSCC.

Conclusion
In conclusion, this present study develops a novel insight 

that the TSCC tumor progression may be regulated by 

DANCR/miR-135a-5p/KLF8 axis. To the best of our 

knowledge, DANCR is suggested to function as a diag-

nostic biomarker of TSCC for the first time, which may 

provide new therapeutic targets for the prevention and 

treatment of TSCC.
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Introduction

Tongue squamous cell carcinoma (TSCC) is one of the 
most common malignant tumors in the head and neck, 
accounting for 3% of all malignant tumors (1). It has high 
malignancy, easily develops early metastasis; its overall 
5-year survival rate ranges between 45–55% (2), which
has hardly changed during the past 30 years (3,4). Surgical
treatment predominates, and the available adjuvant
therapies include radiotherapy and chemotherapy. Although
the surgical techniques have remained unchanged for
many years, every doctor strives to improve the quality of

surgery. A new study found that an ultrasonic coagulation 
device was effective in providing safe and adequate margins 
in operations for carcinoma tongue (5). Due to the lack of 
highly effective treatment options, most TSCC patients 
experience recurrence and metastasis after operation and 
those in the advanced stage have lower survival. 

Hepatitis  B X-interacting protein (HBXIP), an 
oncoprotein encoded by 91 amino acids, can decrease the 
activity of HBX by binding to the terminal C of HBX, 
thereby altering the replication cycle of hepatitis B virus 
(HBV) (6). Moreover, it can inhibit the transactivation 
of HBX by binding to the promoters or enhancers of 

Original Article

The effects of HBXIP on the biological functions of tongue 

squamous cell carcinoma cells and correlation with PI3K/Akt

Xue Meng, Weixian Liu

Department of Oral and Maxillofacial Surgery, Shengjing Hospital of China Medical University, Shenyang 110004, China 

Contributions: (I) Conception and design: All authors; (II) Administrative support: W Liu; (III) Provision of study materials or patients: W Liu; (IV) 

Collection and assembly of data: X Meng; (V) Data analysis and interpretation: X Meng; (VI) Manuscript writing: All authors; (VII) Final approval of 

manuscript: All authors.

Correspondence to: Prof. Weixian Liu. Department of Oral and Maxillofacial Surgery, Shengjing Hospital of China Medical University, 36# Sanhao 

Street, Heping District, Shenyang 110004, China. Email: liuwx@sj-hospital.org.

Background: Tongue squamous cell carcinoma (TSCC) is the most malignant oral cancer, having a high 
mortality rate.
Methods: The effects of hepatitis B X-interacting protein (HBXIP) overexpression on the proliferation, 
migration, and invasion of TSCC cells were measured by micro-culture tetrazolium assay (MTT) assay, 
transwell assay and scratch test, respectively, and the effects of HBXIP mRNA overexpression on the protein 
expression levels of AKT, p-AKT, PI3K, p-PI3K and S100A4 were detected by western blotting.
Results:
group. In the scratch test and transwell assay, the migration rate and the number of invading cells were 
remarkably greater in the experimental group. The expression levels of p-AKT, p-PI3K and S100A4 were 
increased in the experimental group after HBXIP overexpression. 
Conclusions:
TSCC cells and promote their proliferation and migration by increasing the protein expression levels of 
p-AKT, p-PI3K and S100A4.

Keywords: Hepatitis B X-interacting protein (HBXIP); tongue squamous cell carcinoma (TSCC); biological 

function; PI3K/Akt; S100A4

Submitted Oct 07, 2019. Accepted for publication Mar 03, 2020.

doi: 10.21037/tcr-19-2102

View this article at: http://dx.doi.org/10.21037/tcr-19-2102

-323-



3376 Meng and Liu. HBXIP in the TSCC cells

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2020;9(5):3375-3384 | http://dx.doi.org/10.21037/tcr-19-2102

activator protein 1 and endogenous HBV, thereby affecting 
the replication cycle of HBV (7,8). It has been recently 
discovered that HBXIP mRNA expression is present in the 
myocardium, skeletal muscles and uteruses of human fetuses 
and mice, and HBXIP can promote the proliferation and 
migration of liver and breast cancer cells (9-15). There have 
been no reports on the correlation between HBXIP and 
TSCC or the mechanism thereof.

S100 calcium-binding protein A4 (S100A4), a gene 
closely related to tumor metastasis, is a member of the S100 
calcium-binding protein family that interacts with other 
proteins in a calcium-dependent manner (16), and has a low 
molecular weight of 10–12 kDa (17,18). S100A4 is largely 
involved in diverse cellular functions, such as cell growth and 
differentiation, cell metabolism, cell cycle regulation, signal 
transduction and so on (19,20). Recent studies have suggested 
that S100A4 is associated with infiltration and metastasis in 
breast cancer, pancreatic cancer, colorectal cancer, bladder 
cancer, ovarian cancer, thyroid cancer and brain cancer (21-29),  
there only a few reports describing its relationship with 
TSCC (30,31). The phosphoinositide 3-kinase (PI3K)/
Akt signaling pathway plays an important role in the 
occurrence, development, and treatment of malignant 
tumors and participates in cellular growth, proliferation, 
and differentiation signaling pathways (32). Furthermore, 
PI3K/Akt phosphorylation can activate the aforementioned 
differentiation signaling pathway (33). This study aimed 
to explore the effects of HBXIP mRNA on the biological 
functions of TSCC cells and the possible mechanisms 
thereof. HBXIP may be a new target for treating TSCC.

Methods

Eukaryotic expression vector and cell strain

The eukaryotic expression vector pEGFP-N1, liposome 
2000 and the TSCC cell line were purchased from the Cell 
Collection Center of Wuhan University (Wuhan, China).

Primer design

The primers designed for HBXIP nucleotide sequence 
(NM_006402) were: HBXIP-F, 5'-GGAGCAGCACT 
TGGAAGACA-3'; HBXIP-R, 5'-TCAGTGGGGTC 
AGAGGTTAG-3'. The primers designed for -actin 
were :  - ac t in-F,  5 ' -CTTAGTTGCGTTACACC 
CTTTCTTG-3'; -actin-R, 5'-CTGTCACCTTCAC 
CGTTCCAGTTT-3'. All primers were synthesized by 

Shenyang Wanlei Biological Co., Ltd (Shenyang, China). 

Reagents

RPMI-1640 culture medium was obtained from Gibco 

serum (FBS) was obtained from HyClone Laboratories (Logan, 
UT, USA); the eukaryotic expression vector pEGFP-N1 and 
liposome 2000 were obtained from Invitrogen (Carlsbad, 
CA, USA); Super Moloney murine leukemia virus (M-MLV) 
reverse transcriptase was obtained from BioTeke (Beijing, 
China); RNA Simple Total RNA Kit and Total RNA 
Extraction Kit were obtained from Tiangen Biotech (Beijing, 
China); MTT reagent was obtained from Sigma-Aldrich (St. 
Louis, MO, USA); NP-40 lysis buffer, bicinchoninic acid (BCA) 

were obtained from Beyotime Biotechnology (Jiangsu, China); 
and electrochemiluminescence (ECL) luminescence reagent 
from 7sea Biotech (Shanghai, China). 

Cell culture

TSCC cells were cultured with RPMI-1640 culture 
medium containing 10% FBS, 100 U/mL penicillin and  
100 μg/mL streptomycin sulfate in a 37 , 5% CO2 incubator. 

Construction of the eukaryotic expression vector

The eukaryotic expression vector pEGFP-N1-HBXIP was 
constructed using HBXIP mRNA as the template and by 
embedding pEGFP-N1 using recombination. pEGFP-
N1-HBXIP was transfected into competent cells and then 
positive clones were screened, followed by vector analysis 
using restriction endonucleases and sequencing. 

Transient transfection

The pEGFP-N1-HBXIP plasmid was constructed by 
Shenyang Wanlei Biological Co., Ltd. TSCC cells were 
transiently transfected with pEGFP-N1-HBXIP plasmid 
to serve as the experimental group and with pEGFP-N1 
to serve as the vector group, and untransfected cells served 
as the control group. The transfection procedure was 
performed using Lipofectamine2000 according to the 

before transfection, the culture medium in the 6-well plate 
was replaced with the serum-free minimal culture medium 
to treat the cells for 1 h, and then the transfection was 
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conducted. Successful transfection was detected using an 
electronic microscope
Forty-eight hours after transfection, the cells in various 
groups were collected from the 6-well plates for mRNA and 
protein analysis.

HBXIP mRNA and protein expression levels in TSCC cells 
(RT-PCR)

Total RNA was extracted from the transfection, non-
transfection and vector groups with TRIzol reagent, and its 
concentration was measured by UV spectrophotometry. First-
strand cDNA was synthesized with Super M-MLV reverse 
transcriptase, then PCR was performed using the cDNA 
as template, and the non-transfection and vector groups 
served as references. The PCR products were subjected to 
agarose gel electrophoresis and evenly stained with Gold 
View stain, and then the stained gel was photographed using 
a gel imaging system. The experiment was repeated three 
times, densitometry analysis was performed using Quantity 
One software, and the HBXIP mRNA expression levels were 
compared between the groups. 

Effects of HBXIP overexpression on the growth of TSCC 
cells (MTT assay)

Twenty-four hours after transfection, the cells from each 
group were counted and seeded into a 96-well plate at a 
density of 2×103 cells/well. Five replicate wells were seeded 
per group, and zeroing wells (culture medium, MTT, and 
DMSO) were added. Then, the cells were cultured in a 37 ,  
5% CO2 incubator for 24, 48, 72 or 96 h, and an MTT 
assay was performed. MTT (0.2 mg/mL) was added to 
the appropriate wells at the corresponding time points and 
then the plates were incubated in a 37  incubator for 4 h. 
After the supernatant was carefully removed 200 μL DMSO 
were added to dissolve the purple crystals formed by cells, 
and the optimal density (OD) was measured at 490 nm  
by a microplate reader. The measurement was repeated five 
times and the measurement results were averaged for analysis. 

Scratch test

Twenty-four hours after transfection, the cells from each 
group were enumerated and seeded into 3 replicate wells of 
a 6-well plate at a density of 2×103 cells/well. After vertically 
scratching the monolayers with a 200 μL pipette tip, serum-
free culture medium was added and the cells were cultured 

in a 37 , 5% CO2 incubator for 16 h. The cells were then 
photographed; the photography and distance measurements 
were repeated three times at 0 h and at 16 h, and the results 
were averaged for analysis. 

Transwell assay

Twenty-four hours after transfection, the cells in each 
group were enumerated and diluted with serum-free culture 
medium at a ratio of 1:10, then suspensions of 100 μL 
Matrigel and 100 μL cells were added into the upper chamber 
of a Transwell insert in a 24-well plate. After 24 h culture 
in the 37 , 5% CO2 incubator, the cells were removed 
from the upper chamber, the membrane was excised, and 
cells adhering to the bottom surface of the membrane were 
detected. The experiment was repeated five times and the 
results were averaged for analysis. 

Western blotting

The protein expression levels of HBXIP, AKT, p-AKT, PI3K, 
p-PI3K and S100A4 were determined in each group. NP-40 
lysis buffer was thawed at room temperature in advance and 

cells were added to the corresponding volume of NP-40 lysis 
buffer and vortexed to suspend the cells. The cell suspension 
was then incubated on ice for 5 min and centrifuged at 12,000 
rpm and 4  for 10 min, and the supernatant was collected 
for quantitative analysis. Total protein (40 μg) was subjected 
to 10% SDS-PAGE electrophoresis and then transferred 
onto a PVDF membrane. The PVDF membrane was blocked 
with 5% (M/V) skim milk powder and incubated at room 
temperature for 2 h; thereafter, it was incubated with primary 
antibody overnight at 4  and washed with TTBS. Next, it 
was incubated with donkey anti-goat IgG-HRP (HBXIP) or 
goat anti-rabbit IgG-HRP (AKT, p-AKT, PI3K, p-PI3K, and 
S100A4) at 37  for 45 min, washed with TTBS, then exposed 
to enhanced ECL reagent and developed in a dark room. The 

and the optical densities (ODs) of target bands were analyzed 
using a gel image processing system (Gel-Pro-Analyzer 
software, Beijing Liuyi Biotechnology CO., WD-9413B).

Statistical analysis

SPSS 18.0 statistical software was used for analysis, and the 
data are presented as x±s. Inter-group comparisons were 
performed using the Student’s t-test. P<0.05 indicated that a 
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Results

HBXIP expression in TSCC cells

The PCR results showed that HBXIP expression was 
detected in the experimental group and the control groups 

(vector group and non-transfection group), the relative 
expressions were 3.01, 0.96 and 1.00, respectively, the 
difference was statistically significant (P<0.01, Figure 1). 
HBXIP expression was also detected by western blotting, 
and its relative expression level was 3.51 in the experimental 

from the control groups (0.88, 1.00) (P<0.01, Figure 2). 

Figure 1 Expression of HBXIP mRNA in the experiment and control groups. (A) The expression of -actin mRNA in three groups; (B) The 
mRNA level of HBXIP was examined by RT-PCR analysis after overexpression in three groups. **, P<0.01 vs. control groups. Student’s t-test. 
HBXIP: transfection group, TSCC cells were transfected with pEGFP-N1-HBXIP; vector, vector group, TSCC cells with pEGFP-N1 
only; TSCC: non-transfection group, only with non-transfected TSCC cells. TSCC, tongue squamous cell carcinoma cells; HBXIP, 
hepatitis B X-interacting protein.
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Figure 2 Protein expression of HBXIP, AKT, p-AKT, PI3K, p-PI3K and S100A4 by western blotting. (A) Protein expression of HBXIP in 
the experiment and control groups after HBXIP overexpression. (B) Protein expression of AKT and p-AKT. (C) Protein expression of PI3K 
and p-PI3K. (D) Protein expression of S100A4. *, P<0.05 vs. control groups. Student’s t-test. HBXIP. HBXIP, hepatitis B X-interacting 
protein.
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The effects of HBXIP mRNA overexpression on the 
proliferation of TSCC cells

The cell proliferation rate in the experimental group and 
the control groups were detected via MTT assay. After each 
experiment was repeated five times, the average value was 
determined. The results showed that, at 24, 48, 72, and 96 h  
after transfection, the OD average value was 0.472±0.059, 
0.911±0.094, 1.400±0.142, and 1.522±0.156, respectively, 

in the experimental group (Figure 3). The vector group 
(0.415±0.054, 0.691±0.082, 1.122±0.135, 1.202±0.125) and 
untransfected group (0.429±0.068, 0.710±0.087, 1.143±0.138, 
1.238±0.142), respectively, in the control groups; at 48, 
72 and 96 h, the difference between the experimental and 
control groups

Effects of HBXIP mRNA overexpression on the migration 
of TSCC cells

The results of the scratch test indicated that, after 
16 h of observation, the cell migration average rates 
in the experimental group (transfection group), the 
vector control group and the non-transfection control 
group were 41.22±4.80, 24.97±3.10 and, 21.14±2.95, 
respectively; the differences among the three groups were 
statistically significant (P<0.01) (Figures 4,5). After each 
experiment was repeated three times, the average value 
was determined.

Effects of HBXIP mRNA overexpression on the invasion of 
TSCC cells

As shown by the results of the Transwell assay, the average 
numbers of invading cells in the experimental group 
(transfection group), the vector control group and the 
non-transfection control group after 24 h of observation 
were 137.60±14.01,  91.00±10.84 and 92.00±9.70, 
respectively; the differences between the experimental and 
the control groups were statistically significant (P<0.001) 
(Figures 6,7
the average value was determined.

Effects of HBXIP mRNA overexpression on the PI3K/Akt 
signaling pathway (Western blotting)

The protein expression levels of HBXIP, AKT, p-AKT, 
PI3K, p-PI3K, and S100A4 in the experimental and 
control groups were detected by western blotting. The 
results of the relative protein expression demonstrated that 
HBXIP protein expression was significantly higher after 
HBXIP mRNA overexpression than before transfection; 
after HBXIP mRNA overexpression, the relative protein 
expression levels of p-AKT, p-PI3K and S100A4 in the 
experimental group were 1.60, 2.46 and 1.72, which were all 
increased, and the differences were statistically significant 

Figure 3 Cell proliferation in the experiment and control groups at 
24, 48, 72, and 96 h by MTT assay. The y-axis represents the OD 
value and the x-axis represents time. Cell growth was determined 
via MTT assay at 24, 48, 72, and 96 h. *, P<0.05 and **, P<0.01 
vs. control groups. Student’s t-test. Each experiment was repeated 

MTT, micro-culture tetrazolium.
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Figure 4 The cell migration rates in the experiment and control 
groups at 16 h by scratch test. The y-axis represents the cell 
migration rate and the x-axis represents the experiment and control 
groups. Cell migration was determined via scratch test at 16 h. **, 
P<0.01 vs. control groups. Student’s t-test. Each experiment was 
repeated three times, the average value was determined. 
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Figure 5 Comparison of cell migration between the experiment group and the control groups using an electronic microscope. (A) Control 
group (non-transfection group), 0 h; (B) control group (non-transfection group), 16 h; (C) control group (vector group), 0 h; (D) control 
group (vector group), 16 h; (E) experiment group (transfection group), 0 h; (F)** experiment group (transfection group), 16 h. Student’s t-test. 
**, P<0.01 vs. control groups. Each experiment was repeated three times, the average value was determined. 

(P<0.05) (Figure 2).

Discussion

et al. 
in 1998 (6). Previous studies have shown that HBXIP can 
promote the proliferation and migration of tumor cells via 
various pathways and mechanisms, and that it plays a role in 
regulating the cell cycle and forming protein complexes. It 

may be a candidate molecular prognostic marker for ESCC 
(34-36).

In our preliminary study, we detected HBXIP protein in 
several cell lines derived from oral and maxillofacial tumors 
and found that it was expressed at a low level in the TSCC 
cell line. Based on this preliminary study, the present study 
aimed to further clarify the effects of HBXIP on TSCC cells 

overexpression on the proliferation, invasion, and metastasis 
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A
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B

Figure 6 Comparison of cell invasion between the experimental group and control groups in the transwell test. (A) Control group (non-
transfection group); (B) control group (vector group); (C)** experiment group (transfection group). **, P<0.001 vs. control groups. Each 
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Figure 7 Comparison of the numbers of invading cells between 
the experiment group and the control groups at 24 h. The y-axis 
represents the number of invading cells and the x-axis represents 
the experiment and control groups. The number of invading cells 
was determined by transwell test after 24 h. **, P<0.001 vs. control 
groups. Student’s t
the average value was determined.

of TSCC cells and on the PI3K/Akt signaling pathway. In 
the present study, plasmid construction and cell transfection 

the experimental group (transfected with pEGFP-N1-
HBXIP), the control group (non-transfected) and the vector 
control group (transfected with pEGFP-N1). HBXIP 
expression was determined by RT-PCR in the experimental 
and control groups, and the ability of HBXIP to promote 
TSCC cell proliferation was measured via MTT assay, 
which showed that HBXIP overexpression could promote 
cell proliferation. Furthermore, the ability of HBXIP to 
promote the migration and invasion of TSCC cells was 
detected by scratch test and transwell assay, respectively, 
and the results suggested that HBXIP overexpression could 
promote cell migration and invasion. The above findings 
indicate that HBXIP overexpression can facilitate the 
biological behaviors (proliferation, migration, and invasion) 
of TSCC cells. Some studies have demonstrated that 
HBXIP promotes the proliferation and migration of breast 
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cancer cells, pancreatic cancer, and also oral squamous cell 
carcinoma by regulating S100A4 expression (17,21,37). In 
this study, HBXIP enhanced cell migration by increasing 
S100A4 protein expression. 

Since the gene regulatory process in cells is a complex, 
dynamic network, we tried to identify the mechanisms by 
which HBXIP regulates PI3K/Akt. HBXIP was able to 
active AKT signaling in HepG2 cells (32). Wang found that 
activation of the PI3K/Akt signaling pathway is involved in 
S100A4 and induces viability and migration in colorectal 
cancer cells (37). The PI3K/Akt signaling pathway is 
activated by AKT phosphorylation; total AKT protein is 
constant in cells, and only its phosphorylation level varies. 
AKT is the core effector of the PI3K/Akt signaling pathway, 
while PI3K is an important upstream protein that plays a role 
in several biological processes, including cell metabolism, cell 
cycle regulation, cell growth, and apoptosis. In this study, we 
detected the protein expression levels of AKT, p-AKT, PI3K 
and p-PI3K by western blotting and found an remarkable 
increase in phosphorylation; the differences were statistically 

can promote the phosphorylation of AKT and PI3K, the 
activation of PI3K/Akt signaling pathway, and the biological 
activities of TSCC cells. 

the biological functions of TSCC cells by activating the 
PI3K/Akt signaling pathway via phosphorylation of pI3K 
and AKT and by inducing S100A4 protein expression. This 
study provides an important experimental foundation for the 
targeted treatment of TSCC.

Conclusions

HBXIP mRNA overexpress ion can inf luence the 
proliferation, invasion, and migration of TSCC cells and 
promote their proliferation and migration by increasing the 
protein expression levels of p-AKT, p-PI3K and S100A4.
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Abstract. Background/Aim: Prognosis plays a vital role in
head and neck squamous cell carcinoma (HNSCC) patient
management and decision-making. This study aimed to identify
the role of BP180 as a prognostic factor in HNSCC. Patients
and Methods: Protein expression of bullous pemphigoid
antigen II (BP180) was verified by immunohistochemistry
(IHC) in a tissue microarray study of 202 cases. Results: IHC
analysis revealed that protein expression of BP180 among
HNSCC patients differed significantly in the presence and
absence of neural invasion, and according to T status in
laryngeal and pharyngeal cancer subgroups. Οverall survival
and multivariate analysis showed that positive BP180-IHC and
advanced clinical stage were significant independent positive
predictors of mortality in HNSCC patients. In addition, in the
oral cancer subgroup, independent positive predictors were
positive BP180-IHC, advanced N status and neural invasion.
In laryngeal and pharyngeal cancer subgroups, predictors
were positive BP180-IHC and advanced clinical stage.
Conclusion: BP180 is a prognostic factor in head and neck
squamous cell carcinoma.

Head and neck cancer was reported as the 7th most common
cancer worldwide in 2018, and the vast majority of malignant
head and neck cancers are head and neck squamous cell
carcinomas (HNSCCs) (1). Squamous cell carcinoma (SCC)
affects the oral cavity, nasopharynx, oropharynx, hypopharynx
and larynx. Early-stage patients with stage I or II disease can
be cured with surgery alone and/or adjuvant therapies,
improving long-term survival rates in approximately 70-90%
of patients (2). About 60% of HNSCC patients present with
stage III or IV disease (3). Such locally advanced disease
shows high malignancy, easily develops early metastasis, and
carries a poor prognosis with an overall 5-year survival rate
below 50%. This pathology also displays a local recurrence
rate of 15-40% and frequent distant metastasis (4).

Bullous pemphigoid antigen II (BP180; also called
collagen XVII, BPA-2 or BPAg2) is not only an epithelial
transmembrane protein, but also a hemidesmosome
transmembrane adhesion molecule, and likely participates in
keratinocyte-matrix interactions in both physiological and
pathological conditions (5, 6). The intracellular domain
contains binding sites for plectin, integrin b4, and BP230 (7).
Hemidesmosomes are adhesion complexes connecting
keratin intermediate filaments of stratified and complex
epithelia to extracellular matrix components (EMCs) (8, 9).
EMCs are responsible for cell communications, adhesion and
proliferation, and has also been recognized as playing key
roles in both progression and tumor initiation (10). Aberrant
expression of BP180 has been reported in many malignant
tumors, such as skin (11, 12), esophageal (13), oral (14),
pancreatic (11, 15), colorectal (16, 17), lung (18-20), cervical
(12, 21, 22), breast (21, 23), nasopharyngeal (24) and
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salivary gland cancer (25, 26). A murine monoclonal
antibody designated NCC-Lu-226 [immunoglobulin (Ig) G1,
K] was obtained from NCC (National Cancer Center, Tokyo,
Japan) has been used in previous studies that found aberrant
expression of BP180 in solar keratosis, Bowen’s disease,
invasive skin squamous cell carcinoma, lung squamous cell
carcinoma, esophageal squamous cell carcinoma and cervix
squamous cell carcinoma (13). According to recent research
using BP180 overexpression and knock-out models, this
protein is presumed to play roles in cell migration and
differentiation under pathological conditions (5, 7). Although
many cancers are reportedly associated with BP180, clinical
prognostic relationships have not yet been described.

This study evaluated protein expression levels of BP180
immunohistochemically using tissue microarrays (TMAs) for
202 surgical specimens of HNSCC and normal squamous
epithelium. In addition, data on prognosis were analyzed
using data for overall survival (OS), disease-free survival
(DFS) and multivariate analysis. This study may contribute
to understanding the prognostic influence of BP180 in
malignant phenotypes of HNSCC.

Patients and Methods

Patients and tissue samples. This study investigated 202 tumor
specimens from 202 patients who underwent surgical resection with
curative intention for head and neck carcinoma at the National
Cancer Center Hospital (Tokyo, Japan) between 2006 and 2016.
Clinicopathological records were retrospectively reviewed. In this
cohort, median follow-up of the 202 patients was 34 months
(range=2-74 months). Formalin-fixed paraffin-embedded tissue
specimens of the 202 HNSCCs were collected according to the
World Health Organization classification (4th edition) (27) of
HNSCC (Table I). All study protocols were approved by the ethics
committee of the National Cancer Center (approval #2013-247).

TMA construction. TMAs were prepared from formalin-fixed,
paraffin-embedded pathological blocks as previously described (28).
The blocks were sectioned at a thickness of 4 μM and subjected to
immunohistochemical analyses.

Immunohistochemistry (IHC). Serial 4-μM-thick sections were
incubated with the mouse monoclonal anti-human BP180 antibody
established by our laboratory (collagen XVII) [1:1000, NCC-Lu-226
(immunoglobulin (Ig) G1, K), National Cancer Center Research
Institute, Tokyo, Japan] (13) using the Ventana DABMap detection
kit and automated slide stainer (Discovery XT) (Ventana Medical
Systems, Tucson, AZ, USA) (29, 30). Head and neck normal tissues
stained positively for BP180 antibody were recognized as controls.
Expression levels of BP180 protein were used to classify two
groups. The first was a BP180-negative group in which no tumor
cells were stained with BP180 antibody, tumor cells were stained at
weaker intensity compared with normal tissue staining, or some
tumor cells were more intense compared with normal tissue
staining, but comprised less than 10% of the tumor cell area. The
other was a BP180-positive group, comprised all other findings.
Staining patterns were evaluated by two independent investigators

blinded to clinical information. Representative staining patterns are
shown in Figure 1.

Statistical analysis. SPSS version 23.0 statistical software (IBM,
Armonk, NY, USA) was used for analysis. Values of p<0.05 were
taken as indicating statistically significant results. Significant
differences were detected using Student’s t-test, Pearson’s chi-
square test or Fisher’s exact test. OS and DFS were measured as the
period from surgery to date of death or recurrence as estimated by
the Kaplan–Meier log-rank test. Uni- and multivariate analyses were
performed by Cox proportional regression hazard modeling.

Results

Protein expression of BP180 and baseline characteristics in
HNSCC patients. Examples of positive expression of BP180
in HNSCC are shown in Figure 1. BP180-positive staining
was evident in tumor cell membranes and faintly in the
cytoplasm (Figure 1C, D, F, G), and also as linear staining
along the basement membrane in normal tissues (Figure 1H,
I). BP180-positive cases usually showed aberrant non-basal
expression, such as immunoreaction mainly restricted to the
peripheral cells of tumor nests and the invasive front (Figure
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Table I. Baseline characteristics of HNSCC patients with
positive/negative IHC staining for BP180.

Number of          BP180 IHC p-Value
cases (%)

Negative      Positive

Total 202         79 (39.1)    123 (60.9)          
Age, years
Median (range) 68.0 (29-95) 0.387
  <68 94 (46.5)          40 54
  ≥68 108 (53.5)         39 69
Gender 0.058
  Male 156 (77.2)         67 89
  Female 46 (22.8)          12 34
Smoking status 0.248
  No 90 (44.6)          31 59
  Yes 112 (55.4)          48 64
Drinking status 0.146
  No 114 (56.4)          50 64
  Yes 88 (43.6)          29 59
Disease 0.643#

  Oral cancer 98 (48.5)     25 (25.5)     73 (74.5)      0.084#

Tongue cancer 58 (59.2)     11 (19.0)     47 (81.0)           
Mouth floor cancer        12 (12.2)      2 (16.7)      10 (83.3)           
Gingival cancer 17 (17.3)      8 (47.1)       9 (52.9)
Others 11 (11.3)      4 (36.4)       7 (63.6)

  Laryngeal cancer 14 (6.9)       8 (57.1)       6 (42.9)
  Oropharyngeal cancer      42 (20.8)     20 (47.6)     22 (52.4)           
  Hypopharyngeal cancer    41 (20.3)     20 (48.8)     21 (51.2)           
  Other 7 (3.5)        6 (85.7)       1 (14.3)

IHC: Immunohistochemistry; HNSCC: head and neck squamous cell
cancer; BP180: also known as collagen XVII, BPA-2 or BPAg2;
#Fisher’s exact test. 
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Figure 1. Immunohistochemistry of BP180 protein expression. A) Representative BP180 protein expression in one HNSCC TMA slide (bar, 5 mm).
M, TMA slide marker. B, E) Representative negative expressions of BP180 (bars: 500 μm in B, 100 μm in E). C, D, F, G) Representative positive
expressions of BP180 (F: immunoreaction restricted to peripheral cells of cancer nest; G: immunoreaction at invasion front; bars: 500 μm in C
and D, 100 μm in F and G). H, I) Representative BP180 protein expression in normal tissue as a positive control (linear staining along basement
membrane; bars: 500 μm in H, 100 μm in I). 
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1F, G). In BP180-negative cases, either no tumor cells or less
than 10% of tumor cells were stained (Figure 1B, E).

Clinical characteristics of the 202 enrolled HNSCC
patients (46 females, 156 males) are shown in Table I.
Median age was 68 years (range=29-95 years). In the overall
cohort, 79 patients (39.1%) were BP180-negative and 123
(60.9%) were BP180-positive. One hundred and twelve
patients (55.4%) were smokers, defined as those currently
smoking >20 packs/year of cigarettes. 88 patients were
drinkers (43.6%), defined as those currently drinking >10
bottles/week. Rates of BP180 positivity in head and neck
cancer types, comprising oral, laryngeal, oropharyngeal and
hypopharyngeal cancer, were 74.5% (73/98), 42.9% (6/14),
52.4% (22/42) and 51.2% (21/41), respectively (Table I). In
the oral squamous cell carcinoma (OSCC) subgroup, rates of
BP180 positivity for tongue cancer and mouth floor cancer
were 81.0% (47/58) and 83.3% (10/12), higher than for other
anatomical localizations of HNSCC. No significant
associations were observed between baseline characteristics
of HNSCC patients and BP180 positivity.

Association between BP180 IHC and clinicopathological
characteristics in HNSCC patients. IHC was conducted to
detect BP180 expression in 202 HNSCC patients. Correlations

between clinicopathological characteristics and BP180
expression are summarized in Table II. A significant difference
was observed in neural invasion in HNSCC (p=0.025) (Table
II), but not in clinical stage, N status, T status, lymphatic
invasion or vascular invasion. The HNSCCs studied could be
classified into two broad subgroups: OSCC (comprising tongue,
mouth floor and gingival cancer), and laryngeal/
pharyngeal cancer (comprising laryngeal, oropharyngeal and
hypopharyngeal cancer). The rate of BP180 positivity in the
OSCC group was 74.5% (73/98), higher than that in laryngeal
and pharyngeal cancers 50.5% (49/97) (Tables III and IV). In
the laryngeal and pharyngeal cancer subgroup, a significant
difference in the status of BP180 IHC was observed according
to T status (p=0.026) (Table IV). However, the OSCC subgroup
showed no significant associations in the status of BP180 IHC.
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Table III. Association between BP180 IHC status and
clinicopathological characteristics in OSCC patients.

Number of          BP180 IHC p-Value
cases (%)

Negative      Positive

Total 98          25 (25.5)     73 (74.5)           
Age, years
Median (range) 70 (29-95) 0.490
  <70 48 (49.0)           14 34
  ≥70 50 (51.0)           11 39
Gender 0.812
  Male 64 (65.3)           17 47
  Female 34 (34.7)             8 26
Smoking status 0.639
  No 57 (58.2)           16 41
  Yes 41 (41.8)             9 32
Drinking status 0.141
  No 65 (66.3)           20 45
  Yes 33 (33.7)             5 28
Clinical stage 1.000
  I, II 43 (43.9)           11 32
  III, IV 55 (56.1)           14 41
N status 0.129
  N0 70 (71.4)           21 49
  N1-N3 28 (28.6)             4 24
T status 0.163
  T1, T2 59 (60.2)           12 47
  T3, T4 39 (39.8)           13 26
Lymphatic invasion 0.129
  Absent 70 (71.4)           21 49
  Present 28 (28.6)             4 24
Neural invasion 0.195
  Absent 71 (72.4)           21 50
  Present 27 (27.6)             4 23
Vascular invasion 0.154
  Absent 62 (63.3)           19 43
  Present 36 (36.7)             6 30

IHC: Immunohistochemistry; OSCC: oral squamous cell carcinoma;
BP180: also known as collagen XVII, BPA-2 or BPAg2. 

Table II. Association between BP180 IHC status and clinicopathological
characteristics in HNSCC patients.

Number of          BP180 IHC p-Value
cases (%)

Negative      Positive

Total 202         79 (39.1)    123 (60.9)          
Clinical stagea 0.440
  I, II 63 (31.2)          22 41
  III, IV 139 (68.8)         57 82
N status 1.000
  N0 105 (52.0)         41 64
  N1, N2, N3 97 (48.0)          38 59
T status 0.885
  T1, T2 108 (53.5)         43 65
  T3, T4 94 (46.5)          36 58
Lymphatic invasion 0.301
  Absent 123 (60.9)         52 71
  Present 79 (39.1)          27 52
Neural invasion 0.025*
  Absent 156 (77.2)         68 88
  Present 46 (22.8)           11 35
Vascular invasion 0.925
  Absent 98 (48.5)          38 60
  Present 104 (51.5)         41 63

IHC: Immunohistochemistry; HNSCC: head and neck squamous cell
cancer; BP180: also known as collagen XVII, BPA-2 or BPAg2;
aAccording to the International Union Against Cancer (UICC) TNM
Classification of Malignant Tumors, 7th edition; *p<0.05.

-336-



Hazard ratios (HRs) for death in HNSCC patients. We
calculated HRs for the same factors, including age (median,
68 years), sex, smoking status, drinking status, clinical stage,
BP180 positivity, N status, T status, lymphatic invasion,
neural invasion and vascular invasion using uni- and
multivariate Cox regression analysis.

Univariate Cox regression analyses revealed clinical
stage [HR=2.644; 95% confidence interval (CI)=1.444-
4.843], BP180 positivity (HR=2.508; 95%CI=1.463-4.300),
N status (HR=1.987; 95%CI=1.236-3.194), T status
(HR=1.656; 95%CI=1.036-2.645), lymphatic invasion
(HR=1.701; 95%CI=1.060-2.729), neural invasion
(HR=2.288; 95%CI=1.385-3.778) and vascular invasion
(HR=1.730; 95%CI=1.071-2.794) as factors significantly
associated with risk of mortality. All significant factors

from univariate analyses were entered into multivariate
analysis. Multivariate Cox regression analysis indicated
clinical stage (HR=2.854; 95%CI=1.558-5.228) and BP180
positivity (HR=2.690; 95%CI=1.569-4.609) remained as
significant risk factors for death (Table V).

In the OSCC subgroup, univariate Cox regression analysis
showed significant differences in clinical stage, BP180
positivity, N status, smoking status, neural invasion and
vascular invasion. Multivariate analysis revealed BP180
positivity (HR=3.936; 95%CI=1.283-12.076), N status
(HR=2.492; 95%CI=1.172-5.297) and neural invasion
(HR=2.173; 95%CI=1.010-4.675) as prognostic factors for
death in OSCC patients (Table VI). In the laryngeal and
pharyngeal cancer subgroup, univariate Cox regression
analysis, significant differences were found for BP180
positivity (HR=2.146; 95%CI=1.085-4.234) and clinical stage
(HR=3.370; 95%CI=1.032-11.005). Multivariate analysis
revealed BP180 positivity (HR=2.184; 95%CI=1.103-4.322)
and clinical stage (HR=3.442; 95%CI=1.053-11.247) as
significant risk factors for death (Table VII).

Prognostic significance of BP180 positivity in HNSCC
patients. Kaplan–Meier analysis showed significant
difference in OS and DFS in the 202 HNSCC patients, who
were classified according to BP180 IHC positivity and
negativity (p=0.0005, HR=2.317, 95%CI=1.443-3.720;
p=0.020, HR=1.536, 95%CI=1.011-2.333; log-rank test)
(Figure 2A, D). In the 98 OSCC subgroup of patients, the
same positive results for OS and DFS were found (p=0.006,
HR=3.700, 95%CI= 1.798-7.611; p=0.010, HR=2.349,
95%CI=1.270-4.343; log-rank test), respectively (Figure 2B,
E). However, significant results for the 97 patients in the
laryngeal and pharyngeal cancer subgroups were only
observed in OS (p=0.024, HR=2.138, 95%CI=1.109-4.122;
log-rank test), not in DFS (Figure 2C, F).

Prognostic significance of BP180 positivity in the late
clinical stage. Clinical stages were divided into early (I+II)
or late (III+IV). Further OS analysis was carried out in
HNSCC patients, OSCC patients and laryngeal and
pharyngeal cancer patients (Figure 3). All patient groups
showed significant differences in OS between early and late
clinical stages (p=0.0002, HR=2.967, 95%CI=1.773-4.966;
p=0.015, HR=4.979, 95%CI=2.076-11.940; p=0.009,
HR=2.511, 95%CI=1.263-4.989, respectively, log-rank test).
In the OSCC subgroup, BP180-positive patients showed a
high risk of death (HR=4.979) compared to others.

Five-year survival rates in HNSCC patients. In the present
study HNSCC cohort, the mean 5-year overall survival (OS)
rate for BP180-positive patients was 42.8±7.7%, lower than
that for BP180-negative patients (69.0±7.3%). Compared
with different subgroups, OSCC patients showed a slightly
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Table IV. Association between BP180 IHC status and clinicopathological
characteristics in laryngeal and pharyngeal cancer patients.

Number of          BP180 IHC p-Value
cases (%)

Negative      Positive

Total 97          48 (49.5)     49 (50.5)           
Age, years
Median (range) 68 (42-87) 1.000
  <68 48 (49.5)           24 24
  ≥68 49 (50.5)           24 25
Gender 0.199
  Male 86 (88.7)           45 41
  Female 11 (11.3)             3 8
Smoking status 0.511
  No 30 (30.9)           13 17
  Yes 67 (69.1)           35 32
Drinking status 0.156
  No 45 (46.4)           26 19
  Yes 52 (53.6)           22 30
Clinical stage 0.803
  I, II 19 (19.6)           10 9
  III, IV 78 (80.4)           38 40
N status 0.664
  N0 30 (30.9)           16 14
  N1-N3 67 (69.1)           32 35
T status 0.026*
  T1, T2 47 (48.5)           29 18
  T3, T4 50 (51.5)           19 31
Lymphatic invasion 0.545
  Absent 47 (48.5)           25 22
  Present 50 (51.5)           23 27
Neural invasion 0.286
  Absent 80 (82.5)           42 38
  Present 17 (17.5)             6 11
Vascular invasion 0.830
  Absent 32 (33.0)           15 17
  Present 65 (67.0)           33 32

IHC: Immunohistochemistry; BP180: also known as collagen XVII,
BPA-2 or BPAg2. *p<0.05.
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Table VI. Clinicopathological factors and their effects on OSCC patient mortality and overall survival (OS) by Cox proportional hazards regression
modeling.

Univariate analysis Multivariate analysis

HR 95%CI p-Value HR 95%CI p-Value

Age (years)
   ≥70 vs. <70 1.000 0.505-1.982 0.999
Gender
   Male vs. Female 1.116 0.541-2.304 0.766
Smoking status
   Yes vs. No 2.370 1.184-4.742 0.015*
Drinking status
   Yes vs. No 1.606 0.803-3.210 0.180
Clinical stage
   III, IV vs. I, II 2.338 1.108-4.935 0.026*
BP180 protein expression
   Positive vs. Negative 4.267 1.413-12.882 0.010* 3.936     1.283-12.076 0.017*
N status
   N1-N3 vs. N0 3.437 1.709-6.910 0.001** 2.492                 1.172-5.297 0.018*
T status
   T3, T4 vs. T1, T2 1.722 0.868-3.416 0.120
Lymphatic invasion
   Present vs. Absent 1.790 0.858-3.736 0.121
Neural invasion
   Present vs. Absent 3.226 1.580-6.587 0.001** 2.173                 1.010-4.675 0.047*
Vascular invasion
   Present vs. Absent 2.035 1.012-4.093 0.046*

HR: Hazard ratio; CI: confidence interval; OSCC: oral squamous cell cancer; BP180: also known as collagen XVII, BPA-2 or BPAg2. Age 70 years
was used as a cutoff because this was the median age. Values showing p<0.05 were entered into multivariate analysis. *p<0.05; **p<0.01. 

Table V. Clinicopathological factors and their effect on HNSCC patient mortality and overall survival (OS) by Cox proportional hazards regression modeling.

Univariate analysis Multivariate analysis

HR 95%CI p-Value HR 95%CI p-Value

Age (years)
   ≥68 vs. <68 1.011 0.634-1.612 0.964
Gender
   Male vs. Female 0.947 0.549-1.633 0.844
Smoking status
   Yes vs. No 1.475 0.913-2.383 0.112
Drinking status
   Yes vs. No 1.215 0.762-1.939 0.413
Clinical stage
   III, IV vs. I, II 2.644 1.444-4.843 0.002** 2.854    1.558-5.228 0.001**
BP180 protein expression
   Positive vs. Negative 2.508 1.463-4.300 0.001** 2.690      1.569-4.609 <0.001**
N status
   N1-N3 vs. N0 1.987 1.236-3.194 0.005**
T status
   T3, T4 vs. T1, T2 1.656 1.036-2.645 0.035*
Lymphatic invasion
   Present vs. Absent 1.701 1.060-2.729 0.028*
Neural invasion
   Present vs. Absent 2.288 1.385-3.778 0.001**
Vascular invasion
   Present vs. Absent 1.730 1.071-2.794 0.025*

HR: Hazard ratio; CI: confidence interval; HNSCC: head and neck squamous cell cancer; BP180: also known as collagen XVII, BPA-2 or BPAg2. Age
68 years was used as a cutoff because this was the median age. Values showing p<0.05 were entered into multivariate analysis. *p<0.05; **p<0.01. 
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higher survival rate (57.5±6.8%) than laryngeal and
pharyngeal cancer patients (52.1±6.7%). With clinical stage
disease from I to IV, 5-year survival rates were 65.6±19.9%,
63.1±9.8%, 52.6±10.4% and 51.5±5.9%, respectively.

Discussion

In this retrospective study, BP180 (collagen XVII) was
identified as a novel biomarker for predicting the prognosis
of HNSCC, OSCC and laryngeal and pharyngeal cancer. To
the best of our knowledge, this is the first study to
investigate BP180 as an effective prognostic factor for
HNSCC.

BP180 was identified as a prognostic factor in HNSCC, and
BP180 expression was also closely associated with OS in
HNSCC patients (p=0.0005), OSCC patients (p=0.006) and
laryngeal and pharyngeal cancer patients (p=0.024). In
particular, positive associations with OS were observed for the
clinical late stage (III+IV) of these pathologies. Our findings
show that BP180 is strongly predictive of tumor malignancy
in HNSCC. BP180 was first found in bullous pemphigoid
(BP), which is by far the most common autoimmune blistering
dermatosis and mainly occurs in the elderly. BP180 is a
transmembrane glycoprotein that acts as a significant

autoantigen and is highly immunodominant in BP (31). Our
group first reported the relationship between BP180
expression and cancers in 1996 (13). Many studies have
focused on the mechanisms of the relationship between BP180
and tumorigenesis, invasion and metastasis in different kinds
of cancers, but no studies have investigated BP180 as a
biomarker for cancer prognosis. However, many reports have
examined the relationship between BP180 and prognosis of
BP. In BP, patients with serum concentrations of BP180
autoantibodies ≥61 U/ml showed a 2.4-fold increase in the risk
of early death compared with the general population
(95%CI=1.81-3.81; p<0.0001) (32). Serum levels of IgG1 and
IgG4 targeting BP180NC16A were both independent
prognostic factors for early death from BP (33). In a
retrospective study of BP in 74 young patients, higher
expression of anti-BP180 autoantibodies represented a marker
of poor prognosis (34). Another multicenter prospective cohort
study showed high-titer anti-BP180 ELISA (enzyme-linked
immunosorbent assay) score as a predictor of BP recurrence
(35). These three studies (33-35) identified high expression of
BP180 as a marker of poor prognosis. Such evidence provides
some support for our conclusion about prognosis in HNSCC.
DFS was also analyzed in our study, showing significant
differences in the status of BP180 IHC in HNSCC and OSCC,
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Table VII. Clinicopathological factors and their effects on laryngeal/pharyngeal cancer patient mortality and overall survival (OS) by Cox
proportional hazards regression modeling.

Univariate analysis Multivariate analysis

HR 95%CI p-Value HR 95%CI p-Value

Age (years)
   ≥68 vs. <68 0.926 0.480-1.785 0.818
Gender
   Male vs. Female 0.478 0.198-1.154 0.101
Smoking status
   Yes vs. No 0.829 0.413-1.662 0.596
Drinking status
   Yes vs. No 1.258 0.654-2.423 0.491
Clinical stage
   III, IV vs. I, II 3.370 1.032-11.005 0.044* 3.442                1.053-11.247 0.041*
BP180 protein expression
   Positive vs. Negative 2.146 1.085-4.243 0.028* 2.184                 1.103-4.322 0.025*
N status
   N1-N3 vs. N0 1.157 0.569-2.354 0.687
T status
   T3, T4 vs. T1, T2 1.783 0.911-3.491 0.091
Lymphatic invasion
   Present vs. Absent 1.462 0.754-2.836 0.261
Neural invasion
   Present vs. Absent 1.250 0.547-2.855 0.597
Vascular invasion
   Present vs. Absent 1.227 0.591-2.546 0.583

HR: Hazard ratio; CI: confidence interval; BP180: also known as collagen XVII, BPA-2 or BPAg2. Age 68 years was used as a cutoff because this
was the median age. Values showing p<0.05 were entered into multivariate analysis. *p<0.05. 
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but not in laryngeal and pharyngeal cancer. A key finding was
that analysis of OS in laryngeal and pharyngeal cancer
revealed a significant difference in the status of BP180 IHC.
The possible reason is that there are many relapsed
hypopharyngeal cancer patients due to alcohol. 

Immunohistochemically, using a mouse monoclonal anti-
human BP180 antibody linear staining along the basement
membrane and faint cytoplasmic staining in the basal layer
of squamous epithelium in limited normal tissues was
revealed. BP180 was distributed irregularly or scattered only
in layers of the epithelium (13). Parikka et al. found similar
results in a study of the transformation of oral epithelium to
dysplasia and carcinoma, identifying intense staining in
carcinoma cells at the invasive front in Grade II OSCC, with
signals mainly missing from basal cells and strong signals
restricted to the epithelium in cases of dysplasia (5, 14). In
our study, the same immune reaction was evident in normal
tissues and squamous cell carcinomas. Some studies have
proposed that BP180 serves as a cell-matrix adhesion
molecule by stabilizing the hemidesmosome complex and
mediating anchorage to the underlying basement membranes.
Beyond any structural roles, BP180 is presumed to play a

role in cell migration and differentiation to pathological
states in malignant tumors (5, 7, 36-38). 

Head and neck cancer is a wide disease classification that
includes oral, salivary gland, thyroid, nasopharyngeal,
laryngeal, oropharyngeal and hypopharyngeal cancers. In
addition, oral cancers can arise from squamous epithelium of
the tongue, gingiva, palate, buccal mucosa, and mouth floor.
The present report offers a first demonstration of the
expression profile of BP180 in different primary sites. BP180
positivity rates were 57.1-83.3%, with no marked differences
apparent between primary sites of HNSCC (p=0.643, Fisher’s
exact test), but a tendency toward higher expression was noted
in the current OSCC cohort (p=0.084, Fisher’s exact test). We
were surprised to observe that comparing OSCC with
laryngeal and pharyngeal cancer, BP180 positivity was 74.5%
for OSCC and 50.5% for laryngeal and pharyngeal cancer
(p=0.001, Pearson’s chi-square test) (Tables III and IV). We
hypothesize that BP180 expression in HNSCC correlates with
anatomical localization. In a TMA of 124 HNSCCs, BP180
expression was found to be higher in the oral cavity (85.7%)
than in other anatomical localizations (39). We found
differences in BP180 positivity in some anatomical areas as
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Figure 2. Kaplan–Meier analyses for overall survival (OS) and disease-free survival (DFS) in 202 HNSCC patients. A) OS curves of 202 HNSCC
patients for BP180-positive cases (red line, n=123) and BP180-negative cases (blue line, n=79). B) OS curves of OSCC patients for BP180-positive
cases (red line, n=73) and BP180-negative cases (blue line, n=25). C) OS curves of laryngeal and pharyngeal cancer patients for BP180-positive
cases (red line, n=49) and BP180-negative cases (blue line, n=48). D) DFS curves of 202 HNSCC patients for BP180-positive cases (red line,
n=123) and BP180-negative cases (blue line, n=79). E) DFS curves of OSCC patients for BP180-positive cases (red line, n=73) and BP180-negative
cases (blue line, n=25). F) DFS curves of laryngeal and pharyngeal cancer patients for BP180-positive cases (red line, n=49) and BP180-negative
cases (blue line, n=48). Values of p<0.05 are considered statistically significant.
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novel data, and attributed this to differences in mucosal
structure and function. The mucous membrane in the oral
cavity is mostly used for maintaining an environment suitable
for chewing and ingesting food, whereas the mucous
membranes of the pharynx and larynx play important roles in
immune function and vocalization. These results provide a
clinical basis for future research into the pathological
mechanisms of and drug-targeted therapies for HNSCC.

Based on the current research, a possible tumorigenesis
mechanism is that the structural extracellular domain (ECD)
of BP180 connects cytoplasmic structural components with
the extracellular matrix (ECM). The ECD is essential for
proper basement membrane formation. In the absence of
normal regulation, changes in the ECM may contribute to the
first steps toward cancer. Recent data have demonstrated that
alterations in BP180 exert profound effects on cancer
tumorigenesis, progression, invasion and migration in
different kinds of cancers, as mentioned above (40-42). Our
findings provide clinical data in support of this notion that
BP180 is a factor associated with poor prognosis. However,
several potential limitations must be considered. First, the

sample size was quite limited and data from more cases is
needed. In addition, the molecular mechanisms underlying the
effects of BP180 on HNSCC need to be clarified. At last, we
did not have an in-depth analysis of surgical related factors.

In conclusion, the present study suggests that BP180 is a
prognostic factor for HNSCC. Moreover, multivariate
analysis suggested BP180 as a significant independent
prognostic factor along with clinical stage in patients with
HNSCC. Overall, the prognostic value of BP180 expression
in this study provides an important experimental foundation
for closer examination of this potentially significant
biomarker in targeted treatments for patients with HNSCC.  
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孟さんは学術会議に参加するた

め、広島へ行きました。今回の

緊急救助活動は、会議終了後、

10月2日夕方ぐらいホテルから

広島駅へ移動中にあったことで

す。孟さんは広島電鉄 2 号線に

乗車して、終点の広島駅に到着

する手前に、同車両の後部座席

に座っていた 40-50代の男性は

意識が無くなったことを巡回し

ていた乗務員に発見され、何回

も声かけても、まったく返事がなかったです。孟さんは心臓停止の可能性があると判断

し、即時に男性の脈を確認したところ、既に脈はなくなりました。心臓停止の最初の 4

分間に救助を施すことはとても重要だと思われ、孟さんは躊躇なく、その後に同じく救

助のために近づいてきた黒い服の女性と交代で CPR（心肺蘇生法）を実施し、男性の顔

色はようやく紫色よりだんだん正常の肌色に回復してきました。 

5分ぐらい経ってから救助隊も来て、男性を車両より搬出しました。 
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