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BiRT—~ The impact of the immune checkpoint SIRP oz —CD47 on esophageal cancer and its efficacy as a therapeutic
target.
BEER X iEL O RIEE L vl
1. AEBME)
1) B #3(Goal)

This study aimed to conduct a detailed evaluation of the expression of SIRPa and CD47 in cancer cells and immune cells within
the cancer microenvironment of ESCC (esophageal squamous cell carcinoma) surgical specimens using immunohistochemistry.
Furthermore, it investigated the relationship between the CD47-SIRPa pathway and the long—term prognosis after ESCC surgery.
Additionally, the study aimed to stratify the risk for esophageal cancer and to prove the utility of this stratification as a
therapeutic target.

2) B B& (Approach)

Esophageal cancer is one of the major causes of death worldwide, including in Japan. Particularly in East Asia and Africa, the
incidence of esophageal squamous cell carcinoma (ESCC) is high, and its prognosis is known to be poor. In Japan, according to
data from 2015, the incidence rate was 31.2 cases per 100,000 men and 5.9 cases per 100,000 women. In 2019, there were 11,619
deaths due to esophageal cancer, accounting for 3.1% of all cancer deaths, highlighting the need for the development of new
treatments and improved intervention strategies. Recently, the inhibition of the PD-1/PD-L1 pathway through anti-PD1 antibody
drugs has been widely used in cancer immunotherapy, and several immune checkpoints other than the PD-1/PD-L1 pathway
have been reported and are attracting attention as therapeutic targets.

Signal-regulatory protein alpha (SIRPa) and Cluster of Differentiation 47 (CD47) are known as immune checkpoints that control
innate immunity. It has been reported that the binding of these two proteins suppresses the phagocytic activity of myeloid cells
such as macrophages. In the field of oncology, high expression of CD47 in various tumors has been reported as a poor prognostic
factor, and inhibition of the SIRPa—CD47 pathway is being focused on as a new therapeutic strategy. However, in esophageal
cancer, a detailed examination of the SIRPa—CD47 pathway has not yet been conducted.

3) # ¥l &A% (Materials and methods)

Our institution targeted 100 patients with ESCGC (esophageal squamous cell carcinoma) who underwent esophagectomy. From the
resected specimens, slides including the deepest part of the tumor were selected for immunohistochemical staining of SIRPa and
CD47. The expression of SIRPa in immune cells was classified into high and low expression groups using a cutoff value of 3%
positivity. For CD47, the expression status in both tumor cells and immune cells was evaluated using Combined Positive Score
(CPS) and Tumor Proportion Score (TPS), with a cutoff value of 10% used to categorize into high and low expression groups.
Long—term survival was compared between the groups using 5—year overall survival (5y—OS) and 5—year recurrence—free survival
(5y-RFS) rates.

4) EERFER (Results)

In this study, 79 males and 21 females were included, with an average age of 68.7 years. The median follow—up period was 61
months. The high SIRPa expression group (48 patients) showed a statistically significant poorer 5—year overall survival rate (5y-
0OS) compared to the low expression group (52 patients) (56.4% vs. 82.8%, P=0.0098). For CD47, high expression in both CPS and
TPS was significantly associated with poorer 5y—0S (48.8% vs. 89.5%, P<0.0001, and 48.4% vs. 87.5%, P<0.0001). The 5-year
recurrence—free survival (5y—RFS) was also significantly worse in the high expression groups for both SIRPa and CD47.
Furthermore, multivariate analysis using the Cox proportional hazards model identified high expression of CD47 and high
expression of SIRPa as poor prognostic factors for overall survival (OS), and high expression of CD47 as a poor prognostic factor
for recurrence—free survival (RFS).
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5)Z %2 (Discussion) This study investigated the
importance of SIRPa and CD47 expression in esophageal squamous cell carcinoma (ESCC) and its implications for prognosis. Our
main findings are:

Impact of High SIRPa and CD47 Expression: We found that high levels of SIRPa and CD47 in ESCC are associated with worse
survival rates. This suggests that these proteins play a significant role in the progression of this cancer.

Potential Therapeutic Targets: The link between high expression of SIRPa and CD47 and poor outcomes highlights the potential
of these molecules as targets for new treatments in ESCC.

Use in Clinical Practice: Identifying patients with high SIRPa and CD47 expression could help in choosing more effective
treatments, as these patients might have more aggressive cancer.

Limitations and Future Research: Our study, while informative, has limitations due to its retrospective design and small sample
size. Further research with larger groups of patients is needed to confirm our findings and understand the mechanisms behind
them.We plan to investigate the expression levels of SIRPa and CD47 in esophageal squamous cell carcinoma (ESCC) and
conduct cellular experiments to verify the reduction in macrophage phagocytic ability using anti—-CD47 and anti—SIRPa antibodies.
In conclusion, SIRPa and CD47 are important in understanding ESCC and could be key targets for improving treatment strategies

for this cancer. 6) S & 3 ik (References)
1.Huang, C.-Y., Ye, Z.—H., Huang, M.-Y., & Lu, J.—J. (2020). Regulation of CD47 expression in cancer cells. Translational Oncology,
13, Article 100862. 2.Koga, N., Hu, Q., Sakai, A., Takada, K,

Nakanishi, R., Hisamatsu, Y., Ando, K., Kimura, Y., Oki, E., Oda, Y., & Mori, M. (2021). Clinical significance of signal regulatory protein
alpha (SIRPa) expression in esophageal squamous cell carcinoma. Cancer Science. https://doi.org/10.1111/cas.14971.

3.Son, J., Hsieh, R. C—E., Lin, H. Y., Krause, K. J., Yuan, Y., Biter, A. B., Welsh, J., Curran, M. A., & Hong, D. S. (2022). Inhibition of
the CD47-SIRPa axis for cancer therapy: A systematic review and meta—analysis of emerging clinical data. Frontiers in
Immunology. https://doi.org/10.3389/fimmu.2022.1027235. 4 Zhao, C.—L., Yu, S., Wang, S.—
H., Li, S.—G., Wang, Z.-J., & Han, S.—N. (2018). Characterization of cluster of differentiation 47 expression and its potential as a
therapeutic target in esophageal squamous cell cancer. Oncology Letters, 15, 2017-2023. https://doi.org/10.3892/01.2017.7447.
5.Logtenberg, M. E. W., Scheeren, F. A., & Schumacher, T. N. (2020). The CD47-SIRPa. Immune Checkpoint. Immunity, 52(5), 742-
752. https://doi.org/10.1016/j.immuni.2020.04.011.
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BEFES wmXiEL O FIEEL vl
1. AEBEQ)
1) B#9(Goal)

To explore the association of Social capital with changes in Quality of life in multi—ethnic populations and to clarify the heterogeneity in
the effects of Social capital on Quality of life across subgroups in multi—ethnic populations

2) B B& (Approach)

This longitudinal study was based on the China Multi—~Ethnic Cohort (CMEQC), five provinces of Southwest China were included. The
baseline survey was conducted between May 2018 and September 2019 and a total of 99556 participants were recruited. Data were
collected with an electronic questionnaire and face—to—face interviews, medical examinations, and clinical laboratory tests. The repeated
survey was conducted between August 2020 and July 2021 involving approximately 10% (11161) of the baseline participants. The on-site
survey were mostly the same as the baseline survey, except for an expanded and refined questionnaire.

3) M ¥ &% (Materials and methods)

a. Participants

Inclusion criteria:

(MAdults aged 30-79 years old

@Permanent residents who have lived for more than six months

Exclusion criteria:

(Dinability to provide a unique identity card

(@Severe physical or mental illness (such as schizophrenia)

(@Refusal to comply with study requirements

b. Measurements

Social Capital (SC)

SC was measured using a validated Chinese version of Health-related Social Capital Measurement. According to the purpose and
feasibility of this study, 5 items were chosen to measure family SC and community/society SC. The answers consisted of 5—point Likert
scales ranging from 1 (strongly disagree) to 5 (strongly agree). A higher total score indicates the stronger SC.

Quality of Life (QoL)

QoL was measured using EQ-5D-5L scale. EQ—5D instrument comprises a short descriptive system questionnaire and a visual analogue
scale (EQ VAS). The descriptive system comprises 5 dimensions(Mobility, Self-Care, Usual Activities, Pain/Discomfort,
Anxiety/Depression), each dimension has five response levels(no problems, slight problems, moderate problems, severe problems, unable
to/extreme problems). The EQ VAS is a 0-100 score scale where participants are asked to indicate their overall health, providing a
quantitative measure of the patient’ s perception of their overall health

Changes in Quality of Life

As continuous variables using QoL index value & VAS score: AQolL= Qol(Repeated—survey)-Qol(Baseline—survey); As categorical
variables according to the Pareto Classification of Health Change (PCHC), there are 4 possibilities: Better, Worse, Unchanged, Mixed
(better on one dimension, but worse on another)

c. Statistical analysis

Descriptive statistics: Mean=®SD, Percentiles(interquartile range) and frequency distributions were conducted to show the demographic
characteristics, SC score, QoL index value or QoL VAS score. T-test, ANOVA or Nonparametric tests were used to compare between
groups .

Change analysis: Multiple linear regression models and logistic regression models
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1. IEBME(2)

4) EERHE R (Results)

At baseline, the proportion of participants reporting “no problem”(level 1) in mobility, self-care, pain/discomfort, usual activities, and
anxiety/depression were 85.0%, 95.0%, 66.9%, 90.4%, and 87.7%, respectively. By year two, the proportion of participants achieving “no
problem”(level 1) in mobility, pain/discomfort, and anxiety/depression had a slightly increase except for “usual activities”. Analysis
according to Pareto Classification of Health Change (PCHC) showed that more than a quarter of participants (25.2%) reported
improvement(better) in QoL after 2 years. However, there were 19% reported a level below baseline QoL at follow—up. The remaining more
than half of the participants either had no change or had a mixed change of the dimensions of EQ-5D.

Taking changes in QoL as a continuous variable, after controlling for potential confounding factors, the Linear regression model indicated
a negative association between social capital and changes in QoL.Taking changes in QoL as a categorical variable, after controlling for
potential confounding factors, the Multinomial logistic regression model indicated that comparison with “unchanged group”, the higher the
social capital at baseline the less likely(OR=0.974) it is to get better QoL. However, No statistically significant associations were found
between social capital and “mixed group” or “worse group” when comparison with “unchanged group”.

5) & 22 (Discussion)

This study found better social capital at baseline is associated with less positive improvement in quality of life over 2 years among multi—
ethnics in southwest China after adjust for potential confounders. This suggests that those with already higher levels of social capital at
baseline have less room for improvement in quality of life. There may be a ceiling effect, wherein social capital has diminishing returns on
quality of life, it is difficult for them to significantly improve further. This could relate to theories around social support already being
adequate for those starting with better social capital. The stress—buffering hypothesis argues good social support protects against life
stressors negatively impacting health and well-being. Those starting with poorer social capital have more uncertainty (a stressor), leaving
more room for building networks to improve quality of life.

Heterogeneity exists in the SC—changes in QoL relationships. The marginal returns from SC on QoL may differ between Han majority
versus ethnic minority groups due to variances in socioeconomic position, social integration, lifestyles and access to resources.
Urbanization trends have likely disrupted traditional social connections among certain minorities. Those with higher social capital pre—
transition may perceive greater subsequent worsening in QoL and wellbeing.

Several limitations exist in this study. First, the study variables were restricted to baseline social capital and changes in quality of life
scores. In observational data, where the baseline outcome is a confounder or mediator, change—score analyses evaluate obscure
estimates, which may differ in magnitude and direction from the total and direct causal effects. Second, the two—wave data cannot show
long—term trajectories. More timepoints are needed to analyze how changes in social capital might shape trajectories in quality of life.
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Abstract

PLX5622, a brain-penetrant highly specific inhibitor of the colony-stimulating factor 1 receptor (CSF1R), is used to elimi-
nate microglia in the brain. Considering the role of microglia and gut microbiota in the brain homeostasis, this study was
undertaken to investigate whether repeated intragastric administration of PLX5622 (65 mg/kg/day for consecutive 7 days)
could affect the composition of gut microbiota and the concentration of short-chain fatty acids (SCFAs) in fresh feces of
adult mice. Repeated administration of PLX5622 caused significant reductions of the expression of genes and proteins for
microglial markers in the prefrontal cortex (PFC) and hippocampus compared to control mice although the elimination of
brain’s microglia was partial. There was a significant alteration in the p-diversity of intestine microbiota in the PLX5622-
treated group. Linear discriminant analysis effect size identified eight significant enriched bacteria as microbial markers
for PLX5622-treated group. Repeated administration of PLX5622 affected the relative abundance of several bacteria at
the genus and species levels. Furthermore, repeated administration of PLX5622 caused a significant change in lactic acid
compared to control group. Interestingly, we found significant correlations between microglial markers in the brain and the
relative abundance of several bacteria, suggesting microbiome—microglia crosstalk through the brain—gut axis. These data
demonstrate that repeated administration of PLX5622 leads to an abnormal composition of the gut microbiota and lactic acid
in adult mice. Therefore, abnormalities in the composition of gut microbiota after repeated treatment of PL.X5622 should
be considered for behavioral and biological functions in animals treated with CSF1R inhibitors.

Keywords Brain—gut-microbiota axis - CSF1R - Gut microbiota - Microglia

Introduction

Microglia are the mononuclear phagocytes in the natural
immune system of the central nervous system (CNS) [1, 2].
Despite the fact that microglia were thought to be mainly in
charge of the handling of cellular fragments and answering
to neural injury, accumulating evidence suggests that micro-
glia play a role in the pathogenesis of numerous psychiatric
and neurological disorders [3—5]. Penetration of myeloid
cells into the substantial tissue of brain is very rare in nor-
mal healthy CNS conditions following the establishment of

> Kenji Hashimoto
hashimoto @faculty.chiba-u.jp

Division of Clinical Neuroscience, Chiba University Center
for Forensic Mental Health, Chiba 260-8670, Japan

the blood-brain barrier in adult mice [6, 7], indicating that
microglia are considered essential macrophages that repre-
sent the unique tissue-specificity of the CNS.

Colony stimulating factor 1 receptor (CSF1R) is predomi-
nantly expressed on microglia within CNS, and it is neces-
sary for their survival, differentiation and proliferation [3,
8-10]. Microglia were absent in Csf1r knock-out (KO) mice
[6, 11], suggesting that CSFIR plays a crucial role in the
microglia. Interestingly, the extensive treatment of CSF1R
inhibitor PLX3397 resulted in probable 99% of microglia in
the brain were eliminated, suggesting that microglia in the
adult brain are physiologically dependent on CSF1R signal-
ing [12].

PLX5622 is a new inhibitor of CSFIR, which can per-
meate the brain (IC5,=0.016 pM). PLX5622 is selective
for CSF1R over the kinase insert domain receptor (KDR),
Aurora C, Kit, and FMS-related tyrosine kinase 3 (FLT3)

@ Springer
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(IC5ps=1.1, 1, 0.86 and 0.39 pM, respectively), and it is
greater than 100-fold selective for CSF1R over a panel of
230 kinases [13, 14]. Thus, CSFIR inhibitors (PLX3397
and PLX5622) have been used widely to eliminate micro-
glia in the CNS without significant effects on peripheral
immune cells [3, 15-21]. Although CSF1R is expressed in
the microglial cells and macrophages, the role of CSFIR
in the gut microbiome is currently unknown.

The brain-gut-microbiota axis is a vital multi-organ
two-way signal transduction interaction system between
the brain and the host's intestinal microbiota homeostasis
[22-27]. An increasing number of preclinical studies have
shown a disturbance of intestine microbiota in rodents
with depression-like behaviors [28-34]. Short-chain fatty
acids (SCFAs), the main metabolic products derived from
microbiota in the alimentary canal, play an indispensa-
ble role in the metabolic functions in humans and rodents
[35-37]. Increasing preclinical findings suggest the role of
gut microbiota in the maturation and function of micro-
glia in the CNS [38-40]. Interestingly, clinical trials of
small molecule CSFIR inhibitors in patients with cancer
are underway [41, 42]. However, there are no reports dem-
onstrating the alterations in the distribution of intestine
microbiota and SCFAs in rodents after repeated adminis-
tration of CSFIR inhibitors such as PLX5622.

The present study was attempted to investigate whether
the repeated administration of PLX5622 alters the dis-
tribution of the gut microbiota and the concentration of
SCFAs in fecal samples of adult mice. In this study, we
examined the effects of the repeated intragastric admin-
istration of PLX5622 on the composition of gut micro-
biota and SCFAs in adult mice. Additionally, we examined
correlations between microglia markers in the brain, and
certain intestine bacteria since brain—gut—microbiota axis
plays a key role in the immune system [22, 26].

Methods
Animals

Male adult C57BL/6NCr mice (n=16, 8 weeks old,
21-27 g) were purchased from Japan SLC Inc. (Hama-
matsu, Shizuoka, Japan). All the experimental animals
were acclimatized to standard laboratory conditions (4/
cage), maintain alternating cycles of 12 h of light and 12 h
of darkness (7:00-19:00 light), and under controlled con-
ditions for humidity and temperature. Animals were given
free admittance to chow and water. The animal protocol
was approved by Chiba University of Institutional Animal
Care and Use Committee (Permission number was 2-447).

@ Springer

Treatment and sample collection

PLX5622 was purchased from MedChemExpress (Mon-
mouth Junction, NJ, USA). Dietary administration of
PLX5622 (1200 ppm in chow) is reported to eliminate
approximately 90% of microglia in the brain [14]. It is also
shown that dietary administration of PLX5622 (300 ppm
in chow) could eliminate the part of the microglia in the
brain [13]. The dosage (65 mg/kg/day) by intragastric
administration is equal to the 300 ppm in chow daily dos-
age, eliminating the part of microglia in the brain [13].
The dosage (65 mg/kg/day) of PLX5622 was used in this
study.

Briefly, PLX5622 stock solution was dissolved in dime-
thyl sulfoxide (DMSO) at a concentration of 130 mg/ml;
2% hydroxypropyl methylcellulose (Sigma-Aldrich Co.,
Ltd, St. Louis, MO, USA), and 25% polysorbate 80 (FUJI-
FILM Co., Tokyo, Japan) were prepared to make a diluent.
The daily intragastric administration, by adding 1 volume
of compound stock solution (130 mg/ml) into 19 volumes
of diluent, dilutes the PLX5622 stock solution 20 times
to make a working solution of 6.5 mg/ml. The vehicle
solution was prepared with a mixture of DMSO and dilu-
ent. Mice were weighed body weight before intragastric
administration every day. According to daily changes in
the mice's body weight, animals were treated daily by
intragastric administration with 0.1 ml solution (6.5 mg/
ml) per 0.01 kg body weight (final dosage at 65 mg/kg
body weight) [13].

Mice were treated with either vehicle solution (10 ml/
kg/day) or PLX5622 (65 mg/kg/day) for 7 consecutive
days (day 1-day 7). Fresh fecal samples were collected in
the morning of day 8 (9:00-10:00) to prevent the influence
of circadian rhythm effect on the microbiota. Mouse brain
was collected by decapitation, subsequently prefrontal cor-
tex (PFC) and hippocampus were dissected on ice. Then,
all kinds of samples quickly frozen in liquid nitrogen and
stored at — 80 °C until assays (Fig. 1A).

Quantification of mRNA expression

We measured the gene expression of microglial mark-
ers such as Ibal (or AIF-1), TGF-p1 and CSFIR in the
mouse brain. We used a quantitative RT-PCR system (Step
One Plus, Thermo Fisher Scientific, Yokohama, Japan).
All specific mRNA transcripts were quantitatively ana-
lyzed by TagManGene Expression assays (Thermo Fisher
Scientific, Yokohama, Japan). Expression levels of Aif]
(MmO00479862_g1), Tgfbl (Mm01178820_m1), Csflr
(MmO01266652_m1) were measured. Total RNA was
extracted using an RNase-Free DNase Set and an RNeasy
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Fig. 1 Experiment design, collection of cerebrum and fecal samples,
body weight changes, expression of microglial markers in the brain.
A Intragastric administration of either vehicle or PLX5622 for con-
secutive 7 days (day 1—day 7). Collection of feces, prefrontal cortex
(PFC) and hippocampus were performed on day 8. B Body weighing
of two groups from the first day to the eighth day. Repeated meas-
ure ANOVA, F;,4=0.166, P=0.690. C The level of Ibal mRNA
in the PFC (unpaired ¢ test, 1=5.449, df=14, P<0.0001). D The
level of TGF-B1 mRNA in the PFC (unpaired ¢ test, t=5.279, df=14,
P=0.0001). E The level of CSFIR mRNA in the PFC (unpaired ¢

Mini Kit (Qiagen, Hilden, Germany). The purity of total
RNA was assessed by Bio photometer plus (Eppendorf,
Hamburg, Germany). The cDNA libraries were obtained
by reverse transcription-PCR using a High-Capacity
cDNA Reverse Transcription Kit (#4368813 Thermo
Fisher Scientific, Yokohama, Japan). All specimens were
detected twice, and arithmetic means were used for quan-
tification. The data of arithmetic mean were normalized
to Vic-labeled Actb mRNA (#4352341E: pre-developed
TaqMan Assay Reagents, Thermo Fisher Scientific, Yoko-
hama, Japan).

Western blot analysis of TGF-B1 and Iba1

Western blot analysis was performed as previously reported
[30, 43]. The tissues were homogenized in freezing Lae-
mmli lysis buffer, each specimen was performed separately,
centrifuged at 3000xg (RCF) at 4 °C for 5 min to collect
the supernatants. Use a DC protein assay kit (Bio-Rad,

test, t1=7.183, df=14, P<0.0001). F Western blot analysis of TGF-
B1 in the PFC (unpaired ¢ test, r=3.430, df=14, P=0.0041). G West-
ern blot analysis of Ibal in the PFC (unpaired ¢ test, t=2.589, df=14,
P=0.0214). H Western blot analysis of TGF-p1 in the hippocampus
(unpaired ¢ test, 1=3.390, df=14, P=0.0044). I Western blot analy-
sis of Ibal in the hippocampus (unpaired t test, 1=2.445, df=14,
P=0.0283). The data are shown as means+SEM (n=8). ANOVA:
analysis of variance. N.S. not significant; *P<0.05; **P<0.01;
#k%P <(0.001

Hercules, CA, USA) to measure aliquots (60 pg) of pro-
teins; and boiled at 95 °C for 10 min with a quarter volume
of 125 mM Tris-HClI, pH 6.8; 0.1% bromophenol blue; 4%
sodium dodecyl sulfate; 10% p-mercaptoethanol and 20%
glycerol. Proteins were separated using 10% sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
(catalog #: 4568125, Mini-PROTEAN TGX™ Stain-Free
Gels; Bio-Rad) and then were transferred onto polyvi-
nylidene difluoride membranes using a Trans-Blot Mini Cell
apparatus (Bio-Rad).

For immunodetection, the polyvinylidene difluoride
membranes were sealed with blocking solution [5% skim
milk in TBS 4+0.1% Tween-20 (TBST)] at room temperature
for 1 h, the membranes for detecting TGF-f1 were incu-
bated with the appropriate dilution of the primary antibody
against TGF-f1 (1:2000, Catalog No.: ab179695, 1 pg/mL,
Abcam, Cambridge, MA, USA), while the membranes for
detecting Ibal were incubated with the appropriate dilu-
tion of the primary antibody against Ibal (1:1000, Cat No.:
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016-20001, 1 pg/mL, FUJIFILM, Tokyo, Japan) and p-actin
(1:10,000; Cat number: A5441 Sigma-Aldrich Co., Ltd, St
Louis, MO, USA) at 4 °C overnight. The next day, wash
the polyvinylidene difluoride membranes in three washes
of TBST, 10 min each. Then the polyvinylidene difluoride
membranes were selectively incubated with a recommended
dilution of labeled secondary antibody in 5% blocking buffer
in TBST [anti-mouse antibody (1:5000, catalog No.: NA931,
GE Healthcare) or a horseradish peroxidase-conjugated anti-
rabbit antibody (1:5000, cata-log No.: NA934, GE Health-
care)] at room temperature for 1 h. After three final washes
in TBST, 10 min each. The bands in the polyvinylidene dif-
luoride membranes were detected using enhanced chemilu-
minescence plus a Western Blotting Detection system (GE
Healthcare Bioscience).

The membranes for detecting TGF-B1 were incubated
in elution buffer (62.5 mM Tris—HC]I, pH 6.8, 2% sodium
dodecyl sulfate, and 100 mM p-mercaptoethanol) at 60 °C
for 30 min and then washed three times (10 min at a time) in
TBST. The stripped membranes were sealed with blocking
solution [5% skim milk in TBS +0.1% Tween-20 (TBST)]
for 1 h and then were incubated with the appropriate dilution
of primary antibody directed against -actin (1:10,000; Cat
No.: A5441 Sigma-Aldrich Co., Ltd, St Louis, MO, USA) at
4 °C overnight. The following day, washing the membranes
for three times (10 min at a time) in TBST and were incu-
bated with a horseradish peroxidase-conjugated anti-mouse
antibody (1:5000, catalog No.: NA931, GE Healthcare) for
1 h at room temperature. After three final washes in TBST,
10 min each. The bands in the polyvinylidene difluoride
membranes were detected using enhanced chemilumines-
cence plus a Western Blotting Detection system (GE Health-
care Bioscience).

Images were produced using a ChemiDoc™ Touch Imag-
ing System (170-01401; Bio-Rad Laboratories, Hercules,
CA, USA), and immunoreactive bands were quantified using
Image LabTM3.0 software (Bio-Rad Laboratories).

16S ribosome RNA sequencing

DNA extraction from fecal samples and 16S ribosome
RNA analysis were performed by MyMetagenome Co., Ltd.
(Tokyo, Japan), as previously reported [30, 33, 43-48]. DNA
extraction from mouse fecal samples and the 16S ribosome
RNA analysis were carried out in reference to the procedure
of the previous reports [49, 50]. Briefly, PCR was carried
out using 27Fmod 5'-AGRGTTTGATYMTGGCTCAG-3'
and 338R 5'-TGCTGCCTCCCGTAGGAGT-3' to amplify
the V1-V2 region of the bacterial 16S ribosome RNA gene.
The 16S amplicons were then sequenced using MiSeq refer-
ence to the Illumina protocol. Use the GLSEARCH program
to search for similarities between the Ribosome Database
Project and the genome database of the National Center for
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Biotechnology Information (NCBI) and classify and identify
OTUs. The 16S rRNA sequencing data have been deposited
to the NCBI Sequence Read Archive and are available at the
accession number PRINA746230.

The abundance and diversity of the microbial com-
munity are reflected by a-diversity analyses, including
Observed_otus, Chaol, Ace, Shannon, and Shannon_e.
B-diversity analysis including principal components analy-
sis (PCA) was used to access similarity or dissimilarity of
two communities.

Linear discriminant analysis (LDA) effect size (LEfSe)
was used to identify microbiota as a biomarker discovery.
Microbiota-based biomarker discoveries were performed
with LEfSe using the online galaxy platform [51]. The LDA
scores (LDA > 3.5) derived from LEfSe analysis were con-
sidered significantly to be increased or decreased bacterial
taxa in the gut microbiota between the two groups.

Measurement of the concentration of SCFAs in fresh
fecal samples

SCFAs are the primary metabolites produced by bacterial
fermentation of dietary fiber in the gastrointestinal tract. As
previously reported, SCFAs (i.e., acetic acid, propionic acid,
n-butyric acid, lactic acid, and succinic acid) in fresh fecal
samples were measured at Techno Suruga Laboratory, Co.,
Ltd. (Shizuoka, Japan) [30, 34, 46, 47]. The concentration
of the SCFAs was measured by gas chromatography with a
flame ionization detector. The concentration of SCFAs were
displayed as milligrams per gram of feces.

Statistical analysis

The data are shown as the mean + standard error of the mean
(S.E.M.). Statistical analysis was performed using SPSS
version 20.0 software (SPSS, Tokyo, Japan). The data of
body weight were analyzed using repeated measure analy-
sis of variance (ANOVA), followed by Fisher's least sig-
nificant difference (LSD) test. The gut microbiota data for
a-diversity and the relative abundance at different levels in
this study were analyzed using the Mann—Whitney U test.
The results of Western blot analyses, RT-PCR and the con-
centration of the SCFAs were statistically analyzed using
the unpaired Student’s ¢ test. Correlations between bacterial
relative abundance and SCFAs, correlations between bac-
terial relative abundance and the expression of microglial
markers, and correlations between bacterial relative abun-
dance and mRNA levels of Ibal, TGF-f1, and CSFIR in
the brain were all statistically analyzed using Spearman's
correlation analysis. P values under 0.05 were considered
statistically significant.
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Results

Effects of PLX5622 on the body weight
and the expression of gene and protein
for microglial markers in the brain

It is well known that Ibal and CSF1R are specific mark-
ers for microglia in the CNS. In the CNS, TGF-f1 is also
indispensable for the maturation of microglia, the mainte-
nance of homeostasis of adult microglia and the control of
microglia activation [52—-54]. Repeated measure ANOVA
identified significant changes of body weight which
declined slowly over time and then increased gradually
in two groups; however, there were no changes between
the two groups at each time point (Fig. 1B). The levels
of Aifl mRNA (P <0.001), Tgfbl mRNA (P=0.001),
and Csflr mRNA (P <0.001) in the PFC of mice treated
with PLX5622 were significantly lower than those of the
control group (Fig. 1C-E). The reduction of mRNA for
Aifl, Tgfbl, and Csflr in the PFC of mice treated with
PLX5622 were ~70%, ~69% and ~51% of control group,
respectively.

Fig.2 Effects of PLX5622 on the composition diversity of gut micro-
biota. A a-diversity index of observed_otu (Mann—Whitney U test,
U=24, P=0.4418). B a-diversity index of Chaol (Mann—Whit-
ney U test, U=26, P=0.5737). C a-diversity index of Ace (Mann—
Whitney U test, U=22, P=0.3282). D a-diversity index of Shannon
(Mann—Whitney U test, U=29, P=0.7984). E a-diversity index of

Western blot statistical analysis showed that the expres-
sions of TGF-B1 and Ibal in the PFC and hippocampus of
the mice treated with PLX5622 were significantly lower
than that of the control group. (Fig. 1F-I). These findings
indicated that elimination of microglia in the PFC and
hippocampus after repeated intragastric administration of
PLX5622 (65 mg/kg/day for 7 consecutive days) was partial.

Effects of PLX5622 on the composition diversity
of gut microbiota

The intestinal microbiota composition between PLX5622-
treated mice and control mice was analyzed using both
a-diversity and pB-diversity. Mann—Whitney U test revealed
no differences in the Observed_OTUs, Chaol, Ace, Shan-
non, and Shannon_e indices between PLX5622-treated mice
and control mice (Fig. 2A-E). Regarding B-diversity, the
bacterial population composition of intestine microbiota
between the two groups was analyzed by PCA. Based on
the OTU level, PCA analysis showed a significant separa-
tion in the bacterial population composition (R =0.2009,
P=0.022) (Fig. 2F).

Shannon_e (Mann—Whitney U test, U=29, P=0.7984). F PCA based
on OTU level (R=0.2009, P=0.022). For all box plots, the middle
line in the box addresses the median, the box addresses the interquar-
tile range, and the whisker addresses the most extreme and least val-
ues. The number of each group was 8. N.S. not significant
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Effects of PLX5622 on the LEfSe algorithm of gut
microbiota

Cladogram presented the relationship between biomarker
taxa (layers of the cladogram represent different levels,
with phyla, class, order, family, and genera from inside to
outside) generated by LEfSe analysis (Fig. 3A). Further-
more, we identified eight taxonomic biomarkers, the species
Clostridium disporicum, the genus Clostridum, the species
Barnesiella viscericola, the genus Barnesiella, the family
Barnesiellaceae, the species Gabonibacter massiliensis, the
genus Gabonibacter, and the species Lactobacillus intesti-
nalis were statistically significantly enriched in PLX5622-
treated group compared to control group (Fig. 3B).

Effects of PLX5622 on the composition of the gut
microbiota at the levels of genus and species

At the genus level, the composition of the gut microbiota
was altered after repeated intragastric administration of
PLX5622 (Fig. 4A). Both Clostridium and Enterorhabdus
in the PLX5622-treated group were significantly higher
in abundance than in the control group (Fig. 4B, D). By
contrast, the relative abundance of Anaerotignum in the
PLX5622-treated group was significantly lower than in the
control group (Fig. 4C).

At the species level, repeated intragastric administration
of PLX5622 also altered the composition of the gut micro-
biota. The relative abundance of Lactobacillus intestinalis,
Clostridium disporicum, and Enterorhabdus caecimuris
were higher in the PLX5622-treated group than that of con-
trol group. Whereas, compared with the control group, the

Fig.3 LEfSe determined bacteria biomarkers of gut microbiota in
two groups. A Functional branching diagram generated from LEfSe
(LDA score>3.5, P<0.05) showed differences between the two
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relative abundance of Bacteroides acidifaciens and Bacte-
roides caecimuris were lower in the PLX5622-treated group
(Fig. 5A-F).

Measurement of SCFAs content in fecal
samples

The concentration of lactic acid in the PLX5622-treated
group was significantly higher than those in the control
group (Table 1). In contrast, there were no changes in suc-
cinic acid, acetic acid, propionic acid, and n-butyric acid
(Table 1).

Correlations between the bacterial relative
abundance and lactic acid or microglia markers

There was a significant negative correlation between the
concentration of lactic acid and the relative abundance of the
genus Anaerotignum between the PLX5622-treated group
and the control group (Fig. 6A). A negative correlation was
determined between the concentration of lactic acid and the
relative abundance of the species Bacteroides acidifaciens
between the PLX5622-treated group and control group
(Fig. 6B).

Next, we used the heat maps to show correlations between
microglial markers in PFC and hippocampal tissues and the
relative abundance of bacteria that differed significantly at
the genus and species levels. A heat map showed the cor-
relations between the data of RT-PCR and Western Blot of
Aifl or Tgfbl expression in the PFC and hippocampus and
the relative bacterial abundance that differ significantly at

groups at taxonomic level. B Histogram represents enriched taxa with
LDA score more than 3.5 and P <0.05 obtained from LEfSe between
two groups
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Fig.4 PLX5622 altered the composition of mice gut microbiota at
the genus levels. A Gut bacteria composition at the genus level in
the two groups. B Relative abundance of genus Clostridium in two
groups. (Mann—Whitney U test, U=6, P=0.0037). C Relative abun-
dance of genus Anaerotignum in two groups (Mann—Whitney U test,
U=9, P=0.0131). D Relative abundance of genus Enterorhabdus in

the genus and species levels (Fig. 6C). There were signifi-
cant positive correlations between Tgfbl mRNA levels in the
PFC and the relative abundance of the species Bacteroides
caecimuris. There were significant negative correlations
between Tgfbl mRNA levels in the PFC and the relative
abundance of the genus Clostridium (or the species Clostrid-
ium disporicum) (Fig. 6C).

There were significant positive correlations between Aif1
mRNA levels in the PFC and the relative abundance of the
species Bacteroides acidifaciens (or the species Bacteroides
caecimuris). There were significant negative correlations
between Aifl mRNA levels in the PFC and the relative abun-
dance of the genus Clostridium, the genus Enterorhabdus,
the species Clostridium disporicum, and the species Enter-
orhabdus caecimuris (Fig. 6C).

A positive correlation was identified between Csflr
mRNA levels in the PFC and the relative abundance of
the species Bacteroides caecimuris. Furthermore, CsfIr
mRNA levels in the PFC were significant negatively corre-
lated with the relative abundance of the genus Clostridium,

two groups (Mann—Whitney U test, U=11.50, P=0.0284). For all
box plots, the middle line in the box addresses the median, the box
addresses the interquartile range, and the whisker addresses the most
extreme and least values. The number of each group was 8. *P <0.05;
**P<0.01

the genus Enterorhabdus, and the species Clostridium dis-
poricum (Fig. 6C).

We found that the abundance of genus Anaerotignum
and species Bacteroides caecimuris were positively cor-
related with TGF-B1 expression in the PFC at the protein
level. Negative correlations were determined between the
abundance of the genus Clostridium, the genus Enterorh-
bdus, the species Lactobacillus intestinalis, the species
Clostridium disporicum, or the species Enterorhabdus
caecimuris and TGF-f1 protein expression in the PFC.
The plenitude of the species Bacteroides acidifaciens
was positively correlated with Ibal expression in the PFC
(Fig. 6C).

Negative correlations were determined between the pleni-
tude of the genus Clostridium, the genus Enterorhbdus, or
the species Lactobacillus intestinalis, the species Enter-
orhabdus caecimuris, and TGF-p1 protein expression in the
hippocampal tissues. The abundance of the genus Anaerotig-
num was positively correlated with Ibal protein expression
in the hippocampal tissues (Fig. 6C).
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Fig.5 Effects of PLX5622 on the composition of mice gut micro-
biota at the species levels. A Gut bacteria composition at the spe-
cies level in the two groups. B Relative abundance of species Lac-
tobacillus intestinalis in two groups (Mann—Whitney U test, U=13,
P=0.0499). C Relative abundance of species Bacteroides acidi-
faciens (Mann—Whitney U test, U=12.50, P=0.0409). D Rela-
tive abundance of species Clostridium disporicum in two groups
(Mann—Whitney U test, U=6, P=0.0042). E Relative abundance

of species Bacteroides caecimuris in two groups (Mann—Whitney U
test, U=8.50, P=0.0115). F Relative abundance of species Enter-
orhabdus caecimuris in two groups (Mann—Whitney U test, U=9,
P=0.0109). For all box plots, the middle line in the box addresses
the median, the box addresses the interquartile range, and the whisker
addresses the most extreme and least values. The number of each
group was 8. *P <0.05; **P<0.01

Table 1 The concentration of

X X SCFAs (mg/g) Control PLX5622 Student’s ¢ test
short-chain fatty acids (SCFAs)
in the feces Lactic acid 0.228 + 0.026 0.424 +0.073 t=2.537,df=14, P=0.024
Succinic acid 0.235+0.031 0.387+0.101* t=1.533, df=13, P=0.149
Propionic acid 0.370+0.026 0.428 £0.043 t=1.142, df=14, P=0.273
Acetic acid 1.629+0.178 1.424+0.161 t=0.853, df=14, P=0.408
n-butyric acid 0.453 +£0.057 0.494+0.134 t=0.284, df=14, P=0.781

The values represent as the mean +SEM (n=38)

Bold was statistically significant

*One sample from PLX5622-treated group was under the limitation of detection for succinic acid

Discussion

In this study, we demonstrated the partial elimination of
microglia in the brain after repeated oral administration of
PLX5622 (65 mg/kg/day for consecutive 7 days), consist-
ent with a previous report [13]. We found that repeated
administration to PLX5622 in adult mice caused a sig-
nificant change in the p-diversity of the gut microbiota.
Furthermore, the LEfSe algorithm identified the species
Clostridium disporicum, the genus Clostridum, the spe-
cies Barnesiella viscericola, the genus Barnesiella, the
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family Barnesiellaceae, the species Gabonibacter massil-
iensis, the genus Gabonibacter, and the species Lacto-
bacillus intestinalis as specific microbial biomarkers in
the PLX5622-treated group. Repeated administration of
PLX5622 caused the alteration of the relative abundance
of several microbes at distinct taxa such as genus and spe-
cies. Moreover, we found higher levels of lactic acid in the
feces’ samples from the PLX5622-treated group, although
levels of other SCFAs were not altered. We found sig-
nificant negative correlations between lactic acid levels
and the relative abundance of Anaerotignum (or Bacte-
roides acidifaciens) in feces from the two groups. Very
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Fig.6 Correlations between the relative abundance of bacteria
and the results of SCFA or the expression of microglial markers. A
A negative correlation was determined between the genus Anaer-
otignum abundance and lactic acid level of feces in two groups. B
A negative correlation was found between the species Bacteroides

interestingly, we found significant correlations between
microglial markers in the brain and the relative abundance
of the microbiome in the two groups, suggesting a possible
connection between gut bacteria and microglia functions
in the brain. Taken together, the present data suggest that
repeated administration of PLX5622 could alter the gut
microbiota constitution and SCFAs such as lactic acid in
the host, despite the elimination of microglia in the brain
by PLX5622 injection was partial.

In the current study, we determined alterations in the rela-
tive abundance of specific bacteria at the species level. We
found a more abundant Lactobacillus intestinalis, Clostrid-
ium disporicum, and Enterorhabdus caecimuris in the
PLX5622-treated group compared with the control group.
Previously, we demonstrated that the species Lactobacillus
intestinalis might be accountable for the depression-like
phenotype in mice subjected to fecal microbiota transplan-
tation (FMT) from mice with depression-like phenotypes
[30]. It seems that a high abundance of Lactobacillus intes-
tinalis in PLX5622-treated mice may lead to depression-like
behaviors in adult mice, although further study is needed.

acidifaciens abundance and lactic acid level of feces in two groups. C
The heat map displayed the correlation coefficient between bacterial
abundance and the western blot and RT-PCR results in the PFC and
hippocampus. The data are shown as means + SEM (n=8). *P <0.05;
**P<0.01; ¥**¥*P <0.001. HIP hippocampus

Clostridium disporicum is a Gram-positive, rod-shaped, and
anaerobic bacterium [55]. A case report shows an orthope-
dic hardware infection with Clostridium disporicum [56].
Enterorhabdus caecimuris were isolated from a spontaneous
colitis mouse model, suggesting a possible role of this bacte-
ria in inflammatory bowel colitis [57]. Although the precise
functions of Clostridium disporicum and Enterorhabdus
caecimuris are currently unknown, it seems that PLX5622
could increase the relative abundance of the above microbes
in the host. Further study is required to explore how altera-
tions in the abundance of these three bacteria after repeated
administration of PLX5622 can influence biochemical and
behavioral functions in rodents.

Here, we found lower abundances of the species Bacte-
roides acidifaciens and Bacteroides caecimuris in PLX5622-
treated mice than control mice. Bacteroides acidifaciens is
known to be one of the dominating commensal microbes
that facilitate IgA antibody creation in the digestive organ
[58]. Interestingly, Bacteroides acidifaciens significantly
increased in the excrement of Atg7ACD]11c mice that had
alleviated insulin resistance and reduced body weight and
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fat mass, suggesting that Bacteroides acidifaciens may
be a microbiome for regulating metabolic functions such
as diabetes and obesity [59]. A recent study revealed that
Bacteroides acidifaciens may assume a part in the gut-liver
axis in rodents [60]. Furthermore, a recent study in healthy
control subjects showed a significant decline in Bacteroides
acidifaciens in non-responder to Vitamin D supplementa-
tion [61]. It is also reported that Bacteroides caecimuris
were enriched in the gut of mice with retinal disease [62]
and that higher exposure to 24-h O3 was related to higher
Bacteroides caecimuris in youthful grown-ups dwelling in
Southern California [63]. Although the exact mechanism
by which repeated administration of PLX5622 results in a
reduction of relative abundance of these two Bacteroides
microbes remains unclear, the abnormal composition of
these microbes may likely affect biochemical and behavioral
outcomes in PLX5622-treated mice.

In this study, we found higher levels of lactic acid in mice
treated with PLX5622, although other SCFA did not alter.
Interestingly, we found that lactic acid level was negatively
correlated with the Bacteroides acidifaciens abundance.
The detailed mechanisms underlying the negative correla-
tion between lactic acid and Bacteroides acidifaciens remain
unclear. Given the role of SCFAs in energy sources for the
host, it seems that higher levels of lactic acid and lower lev-
els of Bacteroides acidifaciens may contribute to abnormal
metabolic system in the host. Further study is required to
verify the role of Bacteroides acidifaciens in the metabolic
system.

Importantly, we found significant correlations between
several bacterial abundances in feces and microglial markers
in the brain. Recent preclinical findings showed the crucial
role of gut microbe in the regulations of microglial matu-
ration and function [38-40]. A recent study showed that
gut commensal-derived butyrate reversed obesity-induced
social deficits and anxiety-like behaviors through regulation
of microglial homeostasis [64]. Although the precise mecha-
nisms underlying connections between the bacterial abun-
dance and microglial markers in the brain are unknown, it is
possible that the gut microbiota might play a vital role in the
physiological functions of microglia in the CNS through the
brain—gut—microbiota axis. We recently reported the critical
role of the subdiaphragmatic vagus nerve on the brain-gut-
microbiota axis in depression-like behaviors [30, 33, 44, 47].
Further study on the role of vagus nerve on the association
between the gut microbiota and microglial functions in the
CNS would be of interest.

In this study, we used the dosage (65 mg/kg/day for con-
secutive 7 days) of PLX5622, although the elimination of
microglia by this dosage was partial, consistent with the pre-
vious report using PLX5622 (300 ppm in chow) [13]. It is
noteworthy that elimination of microglia by PLX5622 could
cause abnormal composition of gut microbe and SCFAs
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alterations in the host's feces. Notably, dietary administra-
tion of PLX5622 (1200 ppm in chow) is reported to reduce
approximately 90% of the brain’s microglia [14, 65]. Given
the important role of microglia in the brain-gut-microbiota
axis in CNS functions, it is possible that repeated adminis-
tration of CSFI1R inhibitors such as PLX5622 could cause
the marked elimination of microglia in the brain, as well as
abnormal composition of gut microbe and SCFAs of the
host, resulting in alterations in behavioral and physiologi-
cal functions in the host. A recent study demonstrated that
repeated treatment with PLX5622 (1200 ppm for 3 weeks)
produced long-lasting alterations in the myeloid and lym-
phoid compartments of the bone marrow [66], indicating
that CSFIR inhibition by PL.X5622 is not microglia specific.
Given the substantial and long-term effects on circulating
and tissue macrophages by PLX5622, it is likely that these
changes could affect the experimental data using PLX5622.
Future detailed studies are necessary to ascertain the effects
of PLX5622 on non-microglia cells.

As aforementioned in the introduction, clinical trials of
small molecule CSFIR inhibitors in patients with cancer
are underway [41, 42]. In this study, we found that CSF1R
inhibitor could affect the composition of gut microbiota and
SCFAs in the host. Therefore, abnormalities in the com-
position of gut microbiota and SCFAs after administration
of CSFIR inhibitors should be taken into consideration for
clinical outcomes in patients treated with CSF1R inhibitors.

In conclusion, the present study shows that repeated
administration of PLX5622 caused abnormal composition
of the gut microbiota in adult mice, and that the certain gut
microbiota were correlated with expression of microglial
markers in the brain. Given the role of the brain—gut-micro-
biota axis in host homeostasis, we propose that abnormali-
ties in the composition of gut microbiota and SCFAs by
CSFIR inhibitors such as PLX5622 should be considered
to investigate biochemical and behavioral tests in animals
treated with CSF1R inhibitors.
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ABSTRACT

The a7 subtype of the nicotinic acetylcholine receptor («7 nAChR: coded by Chrna?) is known to regulate the
cholinergic ascending anti-inflammatory pathway. We previously reported that Chrna7 knock-out (KO) mice
show depression-like behaviors through abnormal composition of gut microbiota and systemic inflammation.
Given the role of subdiaphragmatic vagus nerve in gut-microbiota-brain axis, we investigated whether sub-
diaphragmatic vagotomy (SDV) could affect depression-like behaviors, abnormal composition of gut microbiota,
and microbes-derived metabolites in Chrna7 KO mice. SDV blocked depression-like behaviors and reduced
expression of synaptic proteins in the medial prefrontal cortex (mPFC) of Chrna7 KO mice. LEfSe (linear
discriminant analysis effect size) analysis revealed that the species Lactobacillus sp. BL302, the species Lacto-
bacillus hominis, and the species Lactobacillus reuteri, were identified as potential microbial markers in the KO +
SDV group. There were several genus and species altered among the three groups [wild-type (WT) + sham group,
KO + sham group, KO + SDV group]. Furthermore, there were several plasma metabolites altered among the
three groups. Moreover, there were correlations between relative abundance of several microbiome and
behavioral data (or synaptic proteins). Network analysis showed correlations between relative abundance of
several microbiome and plasma metabolites (or behavioral data). These data suggest that Chrna7 KO mice
produce depression-like behaviors and reduced expression of synaptic proteins in the mPFC through
gut-microbiota-brain axis via subdiaphragmatic vagus nerve.

1. Introduction

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

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

Nicotinic acetylcholine receptor (nAChR) is a kind of ionotropic

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

Abbreviations: Chrna7, o7 subtype of the nicotinic acetylcholine receptor; CNS, central nervous system; FMT, fecal microbiota transplantation; FST, forced
swimming test; LPS, lipopolysaccharide; mPFC, medial prefrontal cortex; SDV, subdiaphragmatic vagotomy; SPT, sucrose preference test.
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Increasing evidence suggests altered composition of intestinal
microbiota in rodents with depressive-like phenotypes (Chang et al.,
2022; Hashimoto, 2020; Huang et al., 2019; Park et al., 2013; Qu et al.,
2017; Wang et al., 2020a, 2020b; Wong et al., 2016; Yang et al., 2017,
2019; Zhang et al., 2017; Zhang et al., 2019), and patients with
depression (Caso et al., 2021; Jiang et al., 2015; Li et al., 2022; Nikolova
et al., 2021; Sanada et al., 2020; Wei et al., 2022a, 2022b; Wong et al.,
2016; Zheng et al., 2016). Fecal microbiota transplantation (FMT) of
certain intestinal microbiota from depressed patients or rodents with
depressive-like phenotypes causes depression-like phenotypes in mice
(Kelly et al., 2016; Pu et al., 2021b; Pu et al., 2022; Wang et al., 2020a;
Yang et al., 2019; Zheng et al., 2016). Furthermore, microbial-derived
metabolites, including short-chain fatty acids (SCFAs), tryptophan-
derived metabolites, bile acids and D-amino acids, could regulate a
number of physiological functions such as behaviors (Bartoli et al.,
2021; Chang et al., 2022; Hashimoto, 2022; Li et al., 2022; Pu et al.,
2021a; Tran and Mohajeri, 2021; Wan et al., 2022a, 2022b). Vagus
nerve is known to play a key role in the bi-directional communication
between the gut microbiota and the brain (Bonaz et al., 2018; Cawthon
and de La Serre, 2018; Chang et al., 2022; Cryan et al., 2019; Forsythe
et al,, 2014). We reported that subdiaphragmatic vagotomy (SDV)
blocked the onset of depression-like behavior and altered composition of
intestinal microbiota in mice after lipopolysaccharide (LPS) adminis-
tration (Zhang et al.,, 2020). Subsequently, we reported that SDV
blocked the onset of depression-like behaviors in mice after FMT from
mice with depression-like behaviors (Pu et al., 2021a; Wang et al.,
2020a; Wang et al, 2021). Collectively, it is likely that sub-
diaphragmatic vagus nerve plays a key role in depression-like behaviors
(Chang et al., 2022; Wei et al., 2022b). However, there are no reports
showing the role of subdiaphragmatic vagus nerve in depression-like
phenotypes in Chrna7 KO mice.

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

2. Materials and methods
2.1. Animals

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

2.2. Bilateral subdiaphragmatic vagotomy (SDV)

Bilateral SDV or sham surgery was performed under continuous
inhalation anesthesia with 4-5% isoflurane by using an inhalation small
animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisa-
kusho, Tokyo, Japan), as previously method (Pu et al., 2021a; Wang
et al.,, 2020a, 2021; Zhang et al., 2020) with a slight modification.
Briefly, each mouse was placed in the right-side decubitus position, the
skin is disinfected with iodophor disinfectant and sterile tissue is laid.
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Starting from the midline alba of the abdomen, about 1 c¢cm incision
parallel to the costal arch was made at 0.5 cm below the left costal arch.
The incision was gently opened with Mini incision spreader to expose
the underlying liver tissue. The liver tissue was carefully pushed upward
using a small sterilized cotton ball moistened with physiological saline
solution and with the aid of an animal surgical microscope (Leica,
Heidelberg, Germany), the fascia between the caudate lobe and the left
lobe of the liver was sharply cut to fully expose the esophagus and the
surrounding surgical field of view. In this case, the dorsal and ventral
branches running along the esophagus under the diaphragm of the vagus
nerve can be clearly identified and can be severed after careful separa-
tion. After that, no bleeding was detected, and no additional injury of
esophagus, liver and other organs was checked, the liver tissue was
returned to its original normal position, and 0.5 ml physiological saline
solution was injected into the abdominal cavity. Then 5-0 surgical silk
sutures were used to suture the abdominal incision muscle and skin
layers layer by layer, ensuring aseptic operation throughout the opera-
tion. The successful implementation of SDV was confirmed by a signif-
icant increase in stomach volume on the 14th postoperative day due to
loss of vagus nerve innervation.

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

2.3. Behavioral tests

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

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

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

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

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

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

(A): Experimental schedule. On day 1, bilateral SDV or sham was performed, and they were recovered 14 days. On day 15, fresh feces samples were collected, and
subsequently LMT was performed. FST and SPT were performed on day 16 and day 17, respectively. On day 18, medial prefrontal cortex (mPFC) and plasma samples
were collected. (B): Body weight (repeated measure ANOVA, F(3, 21y = 2.424, P = 0.1129). (C): LMT (one-way ANOVA, F(3 1) = 0.4278, P = 0.6575). (D): FST (one-
way ANOVA, F(y 21y = 6.050, P = 0.0084). (E): SPT (one-way ANOVA, F(, 1) = 5.312, P = 0.0136). (F): Western blot analysis of GluA1 in the mPFC (one-way
ANOVA, F(3, 21) = 6.805, P = 0.0053) and the representative bands. (G): Western blot analysis of PSD-95 in the mPFC (one-way ANOVA, F(, 1) = 8.191, P = 0.0023)
and the representative bands. The data are shown as means + S.E.M (WT + sham group: n = 10, KO + sham group: n = 7, KO + SDV group: n = 7). ANOVA: analysis

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

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

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

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

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

The membranes for detecting anti-glutamate receptor 1 (AMPA
subtype: GluAl) were incubated in elution buffer (62.5 mM Tris-HCl,
pH 6.8, 2% sodium dodecyl sulfate, and 100 mM f-mercaptoethanol)
(preheat in incubator at 60 °C for 10 min, shake 50 times /min) at 60 °C
for 30 min and then washed three times (10 min at a time) in TBST. The

-
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stripped membranes were blocked with blocker [5% skim milk in TBS +
0.1% Tween-20 (TBST)] at room temperature for 1 h and then were
incubated with the recommended dilution of primary antibody directed
against GluAl (1:1,000; Cat No.: ab31232, Abcam, Cambridge, MA,
USA) at 4 °C overnight. The following day, washing the membranes for
three times (10 min at a time) in TBST and were incubated with a rec-
ommended dilution of horseradish peroxidase-conjugated anti-rabbit
antibody (1:5000, catalog No.: NA934, GE Healthcare) for 1 h at room
temperature. After three final washes in TBST, 10 min each. The bands
in the polyvinylidene difluoride membranes were detected using
enhanced chemiluminescence plus a Western Blotting Detection system
(GE Healthcare Bioscience). Images were produced using a ChemiDoc™
Touch Imaging System (170-01401; Bio-Rad Laboratories, Hercules,
CA, USA), and immunoreactive bands were quantified using Image
Lab™S3.0 software (Bio-Rad Laboratories).

2.5. Collection of fresh fecal samples and 16S ribosome RNA sequencing

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

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

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

2.6. Untargeted metabolomics analysis of plasma samples and data
preprocessing

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

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

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

3. Results

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

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

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

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

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

For a-diversity, Kruskal-Wallis test revealed no statistically signifi-
cant differences in the Observed_otus, Chaol, Ace, Shannon, and
Shannon_e indices among the three group (Fig. 2A-E). Regarding p-di-
versity, the bacterial population composition of intestine microbiota in
the three groups was analyzed by PCoA. Based on the OUT level, PCoA
analysis showed a significant separation in the bacterial population
composition through Analysis of similarities (ANOSIM) assessment (R =
0.3500, P = 0.001) (Fig. 2F).
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Fig. 2. Effects of bilateral SDV on the diversity of gut microbiota composition.
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(A): Observed_otus (Kruskal-Wallis test, P = 0.2028). (B): Chao1l (Kruskal-Wallis test, P = 0.1920). (C): Ace (Kruskal-Wallis test, P = 0.2305). (D): Shannon (Kruskal-
Wallis test, P = 0.1941). (E): Shannon_e (Kruskal-Wallis test, P = 0.1941). (F): PCoA based on OTU level (ANOSIM, Bray-Curtis dissimilarity matrix) (R = 0.3500, P
= 0.001). For all box plots, the middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme

and least values. ns: not significant.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

-

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

Fig. 3. LEfSe analysis for potential bacteria biomarkers of gut microbiota.
obtained from LEfSe of the three groups.



Y. Yang et al.

Fig. 4. Effects of bilateral SDV on gut microbiota at the phylum levels.
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(A): Gut bacteria composition at the phylum level in the three groups. (B): Relative abundance of the phylum Firmicutes (Kruskal-Wallis test, P = 0.0126). (C):
Relative abundance of the phylum Tenericutes (Kruskal-Wallis test, P = 0.0258). For all box plots, the middle line in the box addresses the median, the box addresses
the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05. ns: not significant.

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

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

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

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

4. Discussion

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

B-diversity data among the three groups suggest that SDV is a driving

.



Fig. 5. Effects of bilateral SDV on gut microbiota at the genus levels.

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

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

(A): Violin plot showing the changes of 6 kinds of metabolites [1,5-anhydro-D-sorbitol (Kruskal-Wallis test, P = 0.0016), L-citrulline (Kruskal-Wallis test, P = 0.0018),
3-ethylphenol (Kruskal-Wallis test, P = 0.0019), trifluoroacetic acid (Kruskal-Wallis test, P = 0.0046), propynoic acid (Kruskal-Wallis test, P = 0.0046), phenol
(Kruskal-Wallis test, P = 0.0055)] among the three groups. (B): Violin plot showing the changes of 6 kinds of metabolites [2-ethyl-2-hydroxybutyric acid (Kruskal-
Wallis test, P = 0.0059), D-ornithine (Kruskal-Wallis test, P = 0.0065), 4-hydroxybenzoic acid (Kruskal-Wallis test, P = 0.0077), succinic anhydride (Kruskal-Wallis
test, P = 0.0078), 2,6-dihydroxybenzoic acid (Kruskal-Wallis test, P = 0.0080), 2-oxindole (Kruskal-Wallis test, P = 0.0080)] among the three groups. (C): Violin plot
showing the changes of 6 kinds of metabolites [phenol sulfate (Kruskal-Wallis test, P = 0.0080), resorcinol (Kruskal-Wallis test, P = 0.0111), 4-vinylphenol sulfate
(Kruskal-Wallis test, P = 0.0113), D-pinitol (Kruskal-Wallis test, P = 0.0122), taurocholic acid (Kruskal-Wallis test, P = 0.0129), 2-hydroxy-3-methylbutyric acid
(Kruskal-Wallis test, P = 0.0145)] among the three groups. (D): Violin plot showing the changes of 6 kinds of metabolites [1,3-dichloropropene (Kruskal-Wallis test,
P = 0.0203), acrolein (Kruskal-Wallis test, P = 0.0209), L-proline (Kruskal-Wallis test, P = 0.0245), tanacetol B (Kruskal-Wallis test, P = 0.0321), thiosulfate
(Kruskal-Wallis test, P = 0.0436), ethyl hydrogen sulfate (Kruskal-Wallis test, P = 0.0460)] among the three groups. The X-axis using the letter symbol representing
the names of different plasma metabolites, and the Y-axis represents the concentration of various plasma metabolites after log10 transformation. *P < 0.05; **P <

0.01; Different colors of violin plots represent the corresponding groups.

factor for the differential expression of structural similarity in microbial
communities. We reported that LPS significantly decreased a-diversity
and relative abundance of gut microbiota in mice, and that SDV did not
cause LPS-induced alterations in a-diversity and relative abundance of
gut microbiota in mice (Zhang et al., 2020), suggesting that LPS could
cause depression-like behaviors in mice through gut-microbiota-brain
axis via subdiaphragmatic vagus nerve. Furthermore, SDV blocked
depression-like behaviors in mice after FMT from mice with depression-
like behaviors (Pu et al., 2021b; Wang et al., 2020a; Wang et al., 2021).
McVey Neufeld et al. (2019) reported that oral treatment with selective
serotonin reuptake inhibitor (SSRI: fluoxetine or sertraline) leads to a
significant increase in vagal fiber activity, and that blocking vagal
signaling from the gut to the brain via SDV abolished antidepressant-like
effect of SSRI, suggesting the role of vagus nerve dependent gut-brain
axis in the antidepressant effects of SSRIs. From the current data, it is
unclear whether subdiaphragmatic vagus nerve is responsible for
depression-like phenotypes of Chrna7 KO mice. A recent study demon-
strated that SDV or genetic knock-out of a7 nAchRs abolished the anti-
inflammatory actions of famotidine (a histamine 2 receptor antago-
nist) in mice with LPS-treated cytokine stream (Yang et al., 2022a),
suggesting a role of vagus nerve anti-inflammation via a7 nAchRs. Given
the crucial role of a7 nAchRs on vagus nerve inflammatory actions

(O'Mahony et al., 2009; Yang et al., 2022a), it is possible that sub-
diaphragmatic vagus nerve may be responsible for depression-like
phenotypes of Chrna7 KO mice. Taken together, it is likely that
gut-microbiota-brain axis via subdiaphragmatic vagus nerve plays an
important role in depression-like phenotypes of Chrna7 KO mice.

At the phylum level, the most abundant phylum Firmicutes was
significantly increased in KO + SDV group compared to other two
groups, suggesting that subdiaphragmatic vagus nerve may affect rela-
tive abundance of Firmicutes in gastrointestinal trait. At the species level,
the relative abundance of Lactobacillus intestinalis and Lactobacillus sp.
BL302 in KO + SDV group was higher than that of KO + sham group.
Furthermore, network analysis showed that these two bacteria were
correlated with depression-like phenotypes and reduced synaptic pro-
teins, suggesting a role of these two bacteria in depression. In contrast,
the relative abundance of Turicibacter sp. LA62 in KO + SDV group was
lower than that of KO + sham group. A network analysis showed that
Turicibacter sp. LA62 was also correlated with depression-like pheno-
types and reduced synaptic proteins. Collectively, it seems that Lacto-
bacillus intestinalis, Lactobacillus sp. BL302, and Turicibacter sp. LA62
might be associated with depression-like phenotypes although further
study is needed.

Using untargeted metabolomics analysis, we found that plasma

18-
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Fig. 8. Differences of plasma metabolites between different experimental groups.

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

levels of 1,5-anhydro-D-sorbitol (also known as 1,5-anhydro-D-glucitol),
L-citrulline, and taurocholic acid in the KO + SDV group were higher
than those of KO + sham group. A network analysis showed that 1,5-
anhydro-D-sorbitol was negatively correlated with Faecalibaculum
rodentium, suggesting that Faecalibaculum rodentium may be involved in
the synthesis of 1,5-anhydro-D-sorbitol. A report showed that low
plasma levels of 1,5-anhydro-D-sorbitol are closely associated with
impaired peripheral nerve function and diabetic peripheral neuropathy
in patients with type 2 diabetes (Xu et al., 2022), suggesting that lower
plasma levels of 1,5-anhydro-D-sorbitol may be a risk factor for diabetic

peripheral neuropathy. L-citrulline is a nitrogen end product produced
from glutamine through urea cycle. Blood levels of L-citrulline and L-
arginine in unmedicated patients with major depressive disorder (MDD)
were significantly lower than healthy controls (Hess et al., 2017). MDD
patients had a lower NOS (nitric oxide synthase) activity (L-citrulline/L-
arginine ratio) than healthy controls at baseline (Loeb et al., 2020). NOS
activity in MDD patients increased significantly after antidepressant
treatment (Loeb et al., 2020), suggesting a state biomarker for depres-
sion. Furthermore, taurocholic acid (conjugation of cholic acid with
taurine) was positively correlated with several bacteria including

A=
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Fig. 9. Correlation network between behavioral data (or synaptic proteins) and microbiota (or metabolites).

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

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

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

In conclusion, the current data show that SDV blocked depression-
like behaviors and reduced synaptic proteins in the mPFC of Chrna7
KO mice. Therefore, gut-microbiota-brain axis via subdiaphragmatic
vagus nerve plays a role in depression-like phenotypes in Chrna7 KO
mice.
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ABSTRACT

Depression is a frequent symptom in patients with chronic liver disease; however, the mechanisms underlying
this association remain unclear. Dysbiosis of gut microbiota plays a critical role in depression through the
gut-brain axis via the vagus nerve. In this study, we investigated whether the gut-microbiota-liver-brain axis
plays a role in depression-like phenotypes in mice with hepatic ischemia/reperfusion (HI/R) injury via the vagus
nerve. Behavioral tests for depression-like behaviors were performed 7 days after sham or HI/R injury surgery.
Mice with HI/R injury exhibited splenomegaly, systemic inflammation, depression-like behaviors, reduced
expression of synaptic proteins in the prefrontal cortex (PFC), abnormal composition of gut microbiota, and
altered blood metabolites and lipids. Furthermore, there were positive or negative correlations between the
relative abundance of microbiome and behavioral data or blood metabolites (or lipids). Moreover, sub-
diaphragmatic vagotomy significantly blocked these changes in mice with HI/R injury. Notably, depression-like
phenotypes in mice with HI/R injury were ameliorated after subsequent single injection of the new antide-
pressant arketamine. The current findings suggest that HI/R injury induces depression-like phenotypes in mice
through the gut-microbiota-liver-brain axis via the subdiaphragmatic vagus nerve. Furthermore, arketamine

may have therapeutic potential in the treatment of depression in patients with chronic liver disease.

1. Introduction

Chronic liver disease (CLD) is a progressive disorder characterized by
the degeneration and regeneration of the liver parenchyma, leading to
fibrosis and cirrhosis. The prevalence of depression is higher in patients
with CLD than in the general population, suggesting a link between the
two disorders (Gutteling et al., 2006; Kronsten et al., 2022; Mullish
et al., 2014; Patten et al., 2008). A recent review revealed a high prev-
alence of depression in patients with CLD, including chronic hepatitis B,
chronic hepatitis, alcoholic liver disease, and non-alcoholic fatty liver
disease (Huang et al., 2017). Interestingly, signs of psychological
distress and depression in patients with cirrhosis are associated with the
severity of liver disease (Bianchi et al., 2005). Although depression is a
common psychiatric symptom in patients with CLD, the pathogenetic
mechanisms underlying this association are not well understood.

Multiple lines of evidence from clinical and pre-clinical studies
suggest a role of the gut-microbiota-brain axis in depression (Chang
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E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

https://doi.org/10.1016/j.jad.2023.10.142

et al., 2022; Cryan et al., 2019; Jiang et al., 2015; Liu et al., 2023;
Sanada et al., 2020; Wei et al., 2022a; Zheng et al., 2016). Notably, the
vagus nerve plays an important role in the bidirectional communication
between the gut microbiota and the brain (Bonaz et al., 2018; Chang
et al., 2022; Forsythe et al., 2014; Hashimoto, 2023a; Wei et al., 2022a).
Interestingly, subdiaphragmatic vagotomy (SDV) prevents the onset of
depression-like behaviors and changes in the composition of the gut
microbiota in mice caused by injection of lipopolysaccharide (LPS)
(Zhang et al., 2020) and fecal microbiota transplantation from mice with
depression-like phenotypes (Pu et al., 2021; Wang et al., 2020, 2021).
Furthermore, SDV blocks depression-like behaviors in Chrna7 knock-out
mice (Yang et al., 2023) and working memory impairment in mice with
chronic inflammatory pain (Yue et al., 2023). Taken together, these
observations suggest that the gut microbiota-brain axis plays a critical
role in depression via the subdiaphragmatic vagus nerve (Chang et al.,
2022; Hashimoto, 2023a; Wei et al., 2022a). Kronsten et al. (2022)
proposed that gut-mediated systemic inflammation might contribute to
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the close relationship between depression and CLD, suggesting abnor-
malities in the gut-liver-brain axis.

Hepatic ischemia/reperfusion (HI/R) injury causes damage to the
liver parenchyma. HI/R injury is a major complication of liver surgery,
including liver resection, and liver transplantation (Hirao et al., 2022;
Konishi and Lentsch, 2017). Despite technological advances over the last
decade, the mechanisms of HI/R injury remain unclear because of the
complexity of the underlying pathogenetic processes (Rampes and Ma,
2019). Rodent models of HI/R injury have been widely used; however,
there are no reports showing depression-like phenotypes in rodents with
HI/R injury. There are also no reports on the role of the gut-liver-brain
axis, via the vagus nerve, in rodents with HI/R injury.

Here, we investigated the link between depression and CLD. We
evaluated depression-like behaviors in mice with HI/R injury, and we
measured blood inflammation, and synaptic proteins in the brain. We
also performed 16 s rRNA analysis of feces samples, as well as untar-
geted metabolomics and lipidomic analyses of plasma samples to
examine the role of the gut microbiota-brain axis in the depression-like
behaviors. Additionally, we examined the role of the subdiaphragmatic
vagus nerve on these depression-like phenotypes by performing SDV.
Furthermore, we investigated the effects of the new antidepressant
arketamine in mice with HI/R injury since a single dose showed rapid-
acting antidepressant-like effects in rodents with depression-like phe-
notypes (Hashimoto, 2020, 2023a, 2023b; Wei et al., 2022b; Yang et al.,
2015, 2019; Zhang et al., 2014, 2022a; Zhang et al., 2023).

2. Materials and methods
2.1. Animals

Male adult C57BL/6NCr mice were purchased from the Japan SLC
Co., Ltd. (Hamamatsu, Shizuoka, Japan). All the experimental mice were
aged 9 weeks, body weight 18-28 g. All the experimental mice were
acclimatized to standard laboratory conditions (4 or 5/cage), maintain
alternating cycles of 12 h of light and 12 h of darkness (lights on from
7:00- 19:00), and under constant room temperature of 23 + 1 °C and
controlled humidity of 55 + 5 %. Animals were given free admittance to
chow and water. The experimental protocol of this study was approved
by the Chiba University Institutional Animal Care and Use Committee
(Permission number: 4-314, 4-375 and 4-438). The experimental mice
were deeply anesthetized with inhaled isoflurane and then rapidly
sacrificed by cervical dislocation. All efforts were made to minimize
animals suffering.

2.2. Reagents

Arketamine [or (R)-ketamine] hydrochloride was prepared as re-
ported previously (Zhang et al., 2014). The dose (10 mg/kg as hydro-
chloride salt) of arketamine was dissolved in the saline as reported
previously (Yang et al., 2015; Zhang et al., 2014). Other reagents were
purchased commercially.

2.3. Hepatic ischemia-reperfusion (HI/R) injury

Sham surgery or 70 % HI/R was performed under continuous inha-
lation anesthesia with 4-5 % isoflurane by using an inhalation small
animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisa-
kusho, Tokyo, Japan), according to the previous method (Ji et al., 2010,
2013) with a slight modification. Briefly, the arterial/portal vessels to
the left and middle lobes of the liver were clamped for 1 h, while pre-
serving blood flow to the right and caudate lobes. There was no vascular
occlusion in sham group mice.

2.4. Bilateral subdiaphragmatic vagotomy (SDV)

Bilateral SDV or sham surgery was performed under continuous
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inhalation anesthesia with 4-5 % isoflurane using an inhalation small
animal anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisa-
kusho, Tokyo, Japan) according to previous methods (Pu et al., 2021;
Wang et al., 2020, 2021; Yang et al., 2023; Zhang et al., 2020). During
the sham operation, the abdominal wall incision of the same size was
made in the same way at the same site. After the dorsal and ventral
branches of the subdiaphragmatic vagus nerve were also softly exposed
but not cut off. When the HI/R + SDV procedure was performed, the
SDV was performed first through the same abdominal approach, fol-
lowed by the HI/R procedure.

2.5. Behavioral tests

Behavioral tests, including locomotion test (LMT), forced swimming
test (FST), and 1 % sucrose preference test (SPT) were performed as
reported previously (Pu et al., 2021; Yang et al., 2023).

2.6. Enzyme-linked immunosorbent assay (ELISA)

ELISA Kkits for the measurement of interleukin-6 (IL-6) (cat number:
88-7064, Invitrogen, Camarillo, CA, USA), and tumor necrosis factor-o
(TNF-a) (cat number: 88-7324, Invitrogen, Camarillo, CA, USA) were
used.

2.7. Western blotting analysis

Western blotting analysis was performed as previously reported
(Yang et al., 2022, 2023). The PFC tissues were homogenized in ice-cold
Laemmli lysis buffer. To avoid cross-contamination, each specimen was
prepared separately. Then liquid supernatants were collected after
centrifugation at 3000 xg (RCF) at 4 °C for 20 min. The total protein
concentration extracted from each sample was detected on a spectro-
photometer (Molecular Devices Emax Precision Microplate Reader;
Molecular Devices., San Jose, CA, USA) using a DC protein assay kit (Bio-
Rad, Hercules, CA, USA). By adding a quarter volume of sample buffer
(125 mM Tris-HCl, pH 6.8; 0.1 % bromophenol blue; 4 % sodium
dodecyl sulfate; and 10 % p-mercaptoethanol and 20 % glycerol) and
Laemmili Lysis buffer in appropriate proportions to balance the total
protein concentration of each sample, then incubate them at 95 °C for
10 min.

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

Synaptic proteins such as glutamate receptor 1 (AMPA subtype:
GluA1l: [the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor Al]) and postsynaptic density protein 95 (PSD-95) were
decreased in the PFC of mice with depression-like phenotypes (Pu et al.,
2021; Wang et al., 2020, 2021; Yang et al., 2023). Ionized calcium-
binding adapter molecule 1 (Ibal) is a specific marker for microglia in
the brain. For immunodetection, the polyvinylidene difluoride mem-
branes were blocked with blocker [5 % skim milk in TBS + 0.1 % Tween-
20 (TBST)] at room temperature for 1 h, the membranes for detecting
PSD-95 were incubated with the recommended dilution of the primary
antibody against PSD-95 (1:1000, catalog number: 51-6900695, 1 pg/
mL, Invitrogen, Camarillo, CA, USA), while the membranes for detecting
Ibal and p-actin were incubated with the appropriate dilution of the
primary antibody against Ibal (1:1000, catalog number: 016-20001, 1
pg/mL, FUJIFILM, Tokyo, Japan) and p-actin (1:10,000; catalog num-
ber: A5441 Sigma-Aldrich Co., Ltd., St Louis, MO, USA) at 4 °C over-
night. The next day, wash the polyvinylidene difluoride membranes in
three washes of TBST, 10 min each. Then the polyvinylidene difluoride
membranes were selectively incubated with a recommended dilution of
labeled secondary antibody [anti-mouse antibody (1:5000, catalog
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Fig. 1. Depression-like phenotypes in mice with HI/R injury.

(A): Experimental schedule. On day 1, sham or HI/R surgery was performed, and they were recovered 7 days. On day 8, fresh feces samples were collected, and
subsequently LMT was performed. FST and 1 % SPT were performed on day 9 and day 10, respectively. On day 11, prefrontal cortex (PFC) and plasma samples were
collected. (B): Body weight (repeated measure ANOVA, F(;, 17y = 0.5576, P = 0.4654). (C): Spleen weight (unpaired t-test, t = 4.131, df = 17, P = 0.0007) and
representative photograph of spleen in the two groups. (D): Plasma levels of IL-6 (unpaired t-test, t = 4.207, df = 17, P = 0.0006). (E): Plasma levels of TNF-u
(unpaired t-test, t = 6.232, df = 17, P < 0.0001). (F): There was a positive correlation (R = 0.8344, P < 0.0001) between the spleen weight and plasma levels of IL-6
in two groups. (G): There was a positive correlation (R = 0.7638, P = 0.0001) between the spleen weight and plasma levels of TNF-a in two groups. (H): locomotion
(LMT) (unpaired t-test, t = 0.4923, df = 17, P = 0.6288). (I): FST (unpaired t-test, t = 3.543, df = 17, P = 0.0025). (J): SPT (unpaired t-test, t = 2.158, df =17, P =
0.0455). (K) Western blot analysis of GluA1 in the PFC (unpaired t-test, t = 2.403, df = 17, P = 0.0279) and the representative bands. (L): Western blot analysis of
PSD-95 in the PFC (unpaired t-test, t = 2.473, df = 17, P = 0.0243) and the representative bands. (M): Western blot analysis of Ibal in the PFC (unpaired t-test, t =
2.612, df = 17, P = 0.0182) and the representative bands. The data are shown as means + S.E.M (sham group: n = 9, HI/R group: n = 10). ANOVA: analysis of

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

number: NA931, GE Healthcare) or a horseradish peroxidase-conjugated
anti-rabbit antibody (1:5000, catalog number: NA934, GE Healthcare)]
in 5 % blocking buffer in TBST at room temperature for 1 h. After three
final washes in TBST, 10 min each. The bands in the polyvinylidene
difluoride membranes were detected wusing enhanced chem-
iluminescence plus a Western Blotting Detection system (GE Healthcare
Bioscience).

The membranes for detecting GluA1 were incubated in elution buffer
(62.5 mM Tris-HCl, pH 6.8, 2 % sodium dodecyl sulfate, and 100 mM
f-mercaptoethanol) (preheat in incubator at 60 °C for 10 min, shake 50
times/min) at 60 °C for 30 min and then washed three times (10 min ata
time) in TBST. The stripped membranes were incubated with the rec-
ommended dilution of primary antibody directed against GluAl
(1:10,000; catalog number: ab31232, Abcam, Cambridge, MA, USA) at
4 °C overnight. The following day, washing the membranes for three
times (10 min at a time) in TBST and were incubated with a

recommended dilution of horseradish peroxidase-conjugated anti-rabbit
antibody (1:5000, catalog number: NA934, GE Healthcare) for 1 h at
room temperature. After three final washes in TBST, 10 min each. The
bands in the polyvinylidene difluoride membranes were detected using
enhanced chemiluminescence plus a Western Blotting Detection system
(GE Healthcare Bioscience). Images were produced using a ChemiDoc™
Touch Imaging System (170-01401; Bio-Rad Laboratories, Hercules, CA,
USA), and immunoreactive bands were quantified using Image
LabTM3.0 software (Bio-Rad Laboratories).

2.8. Collection of fresh fecal samples and 16S ribosome RNA sequencing

We collected fresh fecal samples from mice before the behavioral test
LMT. Subsequently, the experimental workflow including the microbial
community DNA extraction, DNA quality control, PCR, product purifi-
cation, library quality control, sequencing and bioinformatics analysis

K-
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Fig. 2. Abnormal composition of gut microbiota and the LEfSe algorithm in the mice with HI/R injury.

(A): Shannon's diversity (Mann-Whitney test, P = 0.008). (B): Simpson's diversity (Mann-Whitney test, P = 0.022). (C): PCoA based on OTU level (ANOSIM, Bray-
Curtis dissimilarity matrix) (R = 0.8195, P = 0.001). (D): OTU ANOSIM analysis (R = 0.33, P = 0.003) (“Between” indicates the difference between groups, and
others indicate the difference within each group. R value represents the degree of difference between groups and within groups, ranged from —1 to 1; R value
>0 indicates that the difference between groups is greater than the difference within the group; R value <0 indicates that the difference within the group is greater
than the difference between groups; the larger the absolute value of R value, the greater the relative difference. The lower the P value, the more significant the effect
of this difference test. P value <0.05 indicates a significant difference). (E): Functional branching diagram generated from LEfSe showing the differences of the two
groups at different taxonomic levels. (F): Histogram representing the enriched taxa with LDA score > 3.3 and P < 0.05 obtained from LEfSe of the two groups (p:
phylum. c: class. o: order. f: family. g: genus). For all boxplots, the middle line in the box addresses the median, the box addresses the interquartile range, and the

whisker addresses the most extreme and least values. *P < 0.05; **P < 0.01.

was performed as our previously method (Yang et al., 2023). The 16S
ribosome RNA sequencing data has been uploaded and saved in the
NCBI Sequence Read Archive and is available at the accession number
PRJINA929656.

2.9. Untargeted metabolomic and lipidomic analyses of plasma samples

Untargeted metabolomics profiles from plasma samples were
analyzed using ultra-performance liquid chromatography-tandem
quadruple time-of-flight mass spectrometry (UPLC-QTOF/MS) tech-
nique. The acquisition was operated on an ExionLC™ AD system (SCIEX,
Tokyo, Japan) coupled to a X500R QTOF system (SCIEX, Tokyo, Japan),
then the metabolomics profiles data was annotated and analyzed as our
previously reported (Yang et al., 2023). Untargeted lipidomic analysis of
plasma samples were performed using an a X500R QTOF system (SCIEX,
Tokyo, Japan) operated in positive and negative electrospray mode (AB
Sciex, Foster City, CA) coupled with a ExionLC™ AD system (SCIEX,
Tokyo, Japan). The lipidomic data processing and analysis were per-
formed as previously reported (Tsugawa et al., 2020).

2.10. Statistical analysis

Statistical analysis of the data was performed using SPSS version
20.0 software (SPSS, Tokyo, Japan). The data were shown as the mean
+ standard error of the mean (S.E.M.). The data of body weight were
analyzed using repeated measure analysis of variance (ANOVA), fol-
lowed by Fisher's least significant difference (LSD) test. The data of
spleen weight were analyzed using unpaired t-test (for two groups) or
two-way ANOVA (for four groups). Data of behavioral tests, pro-
inflammatory cytokines, synaptic proteins and microglial marker were
analyzed using unpaired t-test (for two groups), one-way ANOVA (for

three groups), or two-way ANOVA (for four groups), followed by Fisher's
LSD test. The a-diversity of gut microbiota, the abundance of gut
microbiota at the species level, metabolites and lipids between the two
groups were analyzed using Mann-Whitney test. Bioinformatic analysis
of PCoA, LEfSe algorithm of intestinal microbiota, boxplot analysis of
metabolomics and correlation networks were all performed by using the
OmicStudio tools (https://www.omicstudio.cn/tool).

Correlations between spleen weight and the concentrations of pro-
inflammatory cytokines were analyzed by using Pearson's correlation
analysis. Correlations between the plasma metabolites (or lipids), the
intestinal microbiota at species level, depression-like phenotypes, the
concentrations of pro-inflammatory cytokines and synaptic proteins (or
microglial marker) in the PFC were analyzed using Spearman's corre-
lation analysis. P-value for comparison <0.05 was regarded as
significant.

3. Results
3.1. Depression-like phenotypes in mice with HI/R injury

Behavioral tests were performed 7 days after surgery (Fig. 1A). There
were no changes in body weight between the two groups (Fig. 1B). The
HI/R group showed splenomegaly compared with the sham group
(Fig. 1C). Plasma levels of pro-inflammatory cytokines such as
interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-o) were higher in
the HI/R group than in the sham group (Fig. 1D, E). There were positive
correlations between spleen weight and plasma levels of IL-6 and TNF-«
(Fig. 1F, G). In the behavioral tests, there were no changes in locomotor
activity between the two groups (Fig. 1H). However, the HI/R group
showed increased immobility time in the forced swimming test (FST)
(Fig. 1I) and reduced sucrose preference in the sucrose preference test
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Fig. 3. Effects of HI/R on the gut microbiota at the level of species.

(A): Gut bacteria composition at the species level in the two groups. (B): Relative abundance of the species TM7 phylum (Mann-Whitney test, P < 0.0001). (C):
Relative abundance of the species Parasutterella_excrementihominis (Mann-Whitney test, P = 0.0004). (D): Relative abundance of the species Anaerotruncus_colihominis
(Mann-Whitney test, P = 0.0015). (E): Relative abundance of the species Intestinimonas_butyriciproducens (Mann-Whitney test, P = 0.0030). (F): Relative abundance of
the species Mucispirillum schaedleri (Mann-Whitney test, P = 0.0057). (G): Relative abundance of the species Akkermansia_muciniphila (Mann-Whitney test, P =
0.0071). (H): Relative abundance of the species Clostridium_scindens (Mann-Whitney test, P = 0.0108). (I): Relative abundance of the species Eubacterium_eligens
(Mann-Whitney test, P = 0.0101). (J): Relative abundance of the species Desulfovibrio_simplex (Mann-Whitney test, P = 0.0126). (K): Relative abundance of the
species Ethanoligenens_harbinense (Mann-Whitney test, P = 0.0162). (L): Relative abundance of the species Clostridium_disporicum (Mann-Whitney test, P = 0.0325).
(M): Relative abundance of the species Escherichia (Mann-Whitney test, P = 0.0257). (N): Relative abundance of the species Parabacteroides_ merdae (Mann-Whitney
test, P = 0.0279). (0): Relative abundance of the species Anaeroplasma_abactoclasticum (Mann-Whitney test, P = 0.0267). (P): Relative abundance of the species
Clostridium viride (Mann-Whitney test, P = 0.0350). (Q): Relative abundance of the species Clostridium colinum (Mann-Whitney test, P = 0.0347). For all boxplots, the
middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05; **P <
0.01; ***P < 0.001.

(SPT) compared with the sham group (Fig. 1J). Furthermore, expression (Fig. 2E). We identified eight taxonomic biomarkers for the following

of synaptic proteins (GluA1l and PSD-95) in the prefrontal cortex (PFC)
was lower in the HI/R group than in the sham group (Fig. 1K, L). In
contrast, levels of Ibal in the PFC were significantly higher in the HI/R
group compared with the sham group (Fig. 1M). These data suggest that
mice with HI/R injury have systemic inflammation, reduced expression
of synaptic proteins, and microglial activation in the PFC, resulting in
depression-like phenotypes.

3.2. Composition of gut microbiota and LEfSe analysis

Examination of a-diversity revealed significant differences in Shan-
non's diversity and Simpson's diversity indices between the two groups
(Fig. 2A, B). The p-diversity of the gut microbiota in the two groups was
analyzed by Principal Coordinate Analysis (PCoA). At the operational
taxonomic unit (OTU) level, PCoA analysis revealed a significant dif-
ference in composition through analysis of similarities (ANOSIM)
assessment (R = 0.8195, P = 0.001) (Fig. 2C). ANOSIM analysis at the
OTU level indicated that the difference between the two groups was
greater than the differences within the groups (R = 0.33, P = 0.003)
(Fig. 2D).

A cladogram was used to depict the relationship between the
biomarker taxa (layers of the cladogram representing different levels,
with phylum, class, order, family and genus from inside to outside)
generated by LEfSe (linear discrimination analysis effect size) analysis

microbes in the HI/R group: the genus Akkermansia, the genus Escher-
ichia, the genus Ethanoligenens, the genus Prevotella, the family Verru-
comicrobiaceae, the order Verrucomicrobiales, the class Verrucomicrobiae,
and the phylum Verrucomicrobia (Fig. 2F). Furthermore, we identified
two taxonomic biomarkers, for the class and the phylum Deferribacteres
in the sham group (Fig. 2F).

3.3. Gut microbiota at the species level

At the species level, the screen identified 16 bacteria that signifi-
cantly differed in relative abundance (Fig. 3A). The relative abundances
of TM7 phylum, Akkermansia muciniphila, Eubacterium_eligens, Desulfovi-
brio simplex,  Ethanoligenens harbinense,  Escherichia and Para-
bacteroides merdae were significantly higher in the HI/R group
compared with the sham group, whereas the relative abundances of
Parasutterella_excrementihominis, Anaerotruncus_colihominis, Intestinimo-
nas_butyriciproducens,  Mucispirillum schaedleri,  Clostridium_scindens,
Clostridium_disporicum, Anaeroplasma_abactoclasticum, Clostridium viride
and Clostridium colinum were significantly lower in the HI/R group
compared with the sham group (Fig. 3B-Q).

3.4. Untargeted metabolomic and lipidomic analyses of plasma samples

To examine the interaction between the gut microbiome and host
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Fig. 4. Untargeted metabolomic and lipidomic analyses of plasma samples in mice with HI/R injury.

(A): Boxplots showing the changes of 25 kinds of metabolites between the two groups. They are listed as follows: 4-imidazoleacetic acid (Mann-Whitney test, P <
0.0001), 3-aminohexanoic acid (Mann-Whitney test, P = 0.0002), trimethylamine N-oxide (Mann-Whitney test, P = 0.0004), tauromuricholic acid (Mann-Whitney
test, P = 0.0010), glycolic acid (Mann-Whitney test, P = 0.0030), 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (Mann-Whitney test, P = 0.0057), piperidine
(Mann-Whitney test, P = 0.0057), threonic acid (Mann-Whitney test, P = 0.0057), 3-(carboxymethylamino) propanoic acid (Mann-Whitney test, P = 0.0076), N,N,N-
trimethyl-lysine (Mann-Whitney test, P = 0.0076), angustifoline (Mann-Whitney test, P = 0.0101), 1-iditol (Mann-Whitney test, P = 0.0133), methoxetamine (Mann-
Whitney test, P = 0.0133), glutaconic acid (Mann-Whitney test, P = 0.0172), N-acetyl-L-alanine (Mann-Whitney test, P = 0.0172), pi-lanthionine (Mann-Whitney
test, P = 0.0220), pyrophosphate (Mann-Whitney test, P = 0.0220), ethylenediaminetetraacetic acid (Mann-Whitney test, P = 0.0279), N-acetylhistamine (Mann-
Whitney test, P = 0.0279), 2-hydroxyphenanzine-1-carboxylic acid (Mann-Whitney test, P = 0.0350), 4-guanidinobutyric acid (Mann-Whitney test, P = 0.0350), N-
methyl-p-aspartic acid (Mann-Whitney test, P = 0.0350), (S)-3-amino-4-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-4-oxobutanoic acid (Mann-Whitney test,
P = 0.0435), 5,6-dihydroxyindole-2-carboxylic acid (Mann-Whitney test, P = 0.0435), N-acetyl-L-aspartic acid (Mann-Whitney test, P = 0.0435). The X-axis using the
lowercase letter symbol representing the names of different plasma metabolites, and the Y-axis represents the concentration of various plasma metabolites. Different
colors of boxplots represent the corresponding groups.

(B) PI 33_3; O|PI 18_2_15_1; O (Mann-Whitney test, P = 0.0172). (C) PI 33:2; O|PI 18:1_15:1; O (Mann-Whitney test, P = 0.0291). (D) LPC 16:0/0:0 (Mann-Whitney
test, P = 0.035). (E) FA 16:1 (Mann-Whitney test, P = 0.0435). *P < 0.05; **P < 0.01; ***P < 0.001.

metabolism, we conducted untargeted metabolomic and lipidomic an- acid (Fig. 5A). In addition, there were correlations between the plasma
alyses of plasma samples. After quality control and removal of low- metabolites/lipids and the FST data, plasma levels of pro-inflammatory
abundance peaks, a subset of 214 metabolites was annotated. We cytokines, synaptic proteins and the microglial marker Ibal in the PFC
identified 25 metabolites that differed significantly between the two (Fig. 5A).

groups (Fig. 4A). Furthermore, a subset of 55 lipids was annotated after Using the Correlation Network, we investigated correlations between
data processing. We identified 4 significantly different lipids between the relative abundance of the gut bacteria and depression-like pheno-
the two groups (Fig. 4B-E). types, plasma cytokines, synaptic proteins and Ibal in the PFC (Fig. 5B).

There were also positive or negative correlations between plasma IL-6 or
TNF-a and the relative abundance of several species (Fig. 5B). Further-
more, there were positive (or negative) correlations between the FST
data and the relative abundance of several species (Fig. 5B). Moreover,
there were positive (or negative) correlations between the relative
abundance of the species and the levels of synaptic proteins or Ibal in
the PFC (Fig. 5B). These data suggest that several microbiota and me-
tabolites may contribute to systemic inflammation, resulting in micro-
glial activation in the brain and depression-like phenotypes.

3.5. Correlations among the gut microbiota, plasma metabolites/lipids,
depression-like phenotypes, plasma pro-inflammatory cytokines, synaptic
proteins and Ibal

There were correlations between the plasma metabolites/lipids and
the relative abundance of gut microbiota in the two groups, suggesting a
close relationship between the two. After screening the data, with a
threshold of P < 0.05 and an absolute R-value of >0.5, a Correlation
Network was constructed to indicate the relationship between the

plasma metabolites/lipids and gut microbiome at the species level, 3.6. Effects of bilateral SDV in depression-like phenotypes in the HI/R
depression-like behaviors, plasma pro-inflammatory cytokines, synaptic mouse model

proteins and the microglial marker Ibal in the PFC, all of which

significantly differed between the two groups (Fig. 5A). The relative Prior research suggests that the subdiaphragmatic vagus nerve could
abundance of several microbes was positively or negatively correlated be implicated in depression-like phenotypes in mice (Pu et al., 2021;
with plasma metabolites such as 4-imidazoleacetic acid, 3-aminohexa- Wang et al., 2020, 2021; Yang et al., 2023; Zhang et al., 2020). To
noic acid, trimethylamine N-oxide, tauromuricholic acid, and glycolic examine the role of the subdiaphragmatic vagus nerve in the depression-

_5p



Y. Yang et al.

Journal of Affective Disorders 345 (2024) 157-167

Fig. 5. Correlation network between behavioral data (or synaptic proteins, microglial marker, and pro-inflammatory cytokine) and microbiota (or metabolites and

lipids).

(A): A Correlation Network indicating the correlations between the concentrations of plasma metabolites (or lipids) and the gut microbiota at the species level, the
results of the behavioral test, the concentrations of pro-inflammatory cytokines, synaptic proteins and microglial marker Ibal in the PFC. (B): A Correlation Network
showed correlations between the relative abundance of gut bacteria at the species level and the results of the behavioral test, the concentrations of pro-inflammatory
cytokines, synaptic proteins and microglial marker Ibal in the PFC. Both the threshold of correlation networks above were set as P < 0.05 and the absolute value of R
> 0.5. The different colors of nodes represent different groups. The sizes of node gradients represent varying degrees of correlation. The thickness of the line
represents the absolute value of the correlation coefficient. Solid lines represent positive correlations, dotted lines represent negative correlations.

like phenotypes in mice with HI/R injury, we investigated the effects of
bilateral SDV (Fig. 6A). Body weights after surgery were significantly
changed among the four groups (Fig. 6B). The spleen weights in the HI/
R + SDV group were significantly lower than those in the HI/R + sham
group (Fig. 6C). Furthermore, plasma levels of IL-6 and TNF-«a in the HI/
R + SDV group were significantly lower than those in the HI/R + sham
group (Fig. 6D, E). There were positive correlations between spleen
weight and the plasma concentration of IL-6 or TNF-o among the four
groups (Fig. 6F, G).

There were no differences in locomotor activity among the four
groups (Fig. 6H). The immobility time in the FST in the HI/R + SDV
group was significantly lower than that in the HI/R + sham group
(Fig. 6D). In the SPT, sucrose preference in the HI/R + SDV group was
significantly higher than that in the HI/R + sham group (Fig. 6J).
Furthermore, the expression levels of synaptic proteins (e.g., GluAl and
PSD-95) in the PFC were significantly higher in the HI/R + SDV group
compared with the HI/R + sham group (Fig. 6K, L). The expression of
Ibal in the PFC was significantly lower in the HI/R + SDV group than in
the HI/R + sham group (Fig. 6M). These data suggest that bilateral SDV
blocks depression-like behaviors, increased plasma levels of pro-
inflammatory cytokines, altered expressions of synaptic proteins and
Ibal in the PFC of mice with HI/R injury.

3.7. Effects of arketamine on depression-like phenotypes in mice with HI/
R injury

We have demonstrated that arketamine could be a rapid-acting an-
tidepressant, devoid of the side effects associated with ketamine (Wei
et al., 2022b; Zhang et al., 2022a; Zhang et al., 2023). Here, we exam-
ined the effects of a single dose of the new antidepressant arketamine
(10 mg/kg, i.p.) in the HI/R model (Fig. 7A). There were no changes in
body weight (Fig. 7B) or locomotor activity (Fig. 7C) among the three
groups. The immobility time in the FST was significantly greater in the
HI/R + saline group compared with the other two groups (Fig. 7D). In
the SPT, sucrose preference was significantly lower in the HI/R + saline
group compared with the other two groups (Fig. 7E). Arketamine also
attenuated the reduced levels of GluAl and PSD-95 in the PFC of mice
with HI/R injury (Fig. 7F, G). A single injection of arketamine signifi-
cantly attenuated the increase in expression of Ibal in the PFC of mice
with HI/R injury (Fig. 7H). These results suggest that depression-like

phenotypes in mice with HI/R injury are ameliorated by a single dose
of arketamine.

4. Discussion

There are a number of major findings of this study. First, mice with
HI/R injury had higher blood levels of pro-inflammatory cytokines,
reduced expression of synaptic proteins (i.e., GluA1 and PSD-95) and
increased expression of Ibal (indicative of microglial activation) in the
PFC, resulting in depression-like phenotypes. Second, there were sig-
nificant changes in a-diversity and p-diversity in gut microbiota between
the two groups. LEfSe analysis identified the genuses Akkermansia,
Escherichia, Ethanoligenens and Prevotella as potential microbial markers
in the HI/R group. Furthermore, several species and metabolites/lipids
were altered between the two groups. There were also correlations be-
tween the relative abundance of several microbes and blood cytokines,
depression-like behaviors, or synaptic proteins and the microglia marker
in the PFC. Network analysis showed correlations between several mi-
crobes and blood metabolites or behavioral indices. Third, SDV pre-
vented splenomegaly, systemic inflammation (the increases in IL-6 and
TNF-a), and altered expression of synaptic proteins and Ibal in the PFC
of mice with HI/R injury. Finally, depression-like phenotypes, and
altered expressions of GluAl, PSD-95 and Ibal in the PFC of mice with
HI/R injury were improved after a single injection of arketamine. Taken
together, these findings suggest that the gut microbiota-liver-brain axis
plays a key role in depression-like phenotypes in mice with HI/R injury
via the subdiaphragmatic vagus nerve, and that arketamine exhibits a
rapid-acting antidepressant-like action in mice with HI/R injury.

It has been reported that LPS-induced splenomegaly is associated
with blood levels of pro-inflammatory cytokines (Ma et al., 2022, 2023;
Zhang et al., 2020, 2021a, 2021b). In this study, we found a positive
correlation between spleen weight and blood levels of pro-inflammatory
cytokines in mice. Collectively, these results suggest that HI/R-induced
liver injury contributes to systemic inflammation, resulting in spleno-
megaly and depression-like phenotypes.

Analysis of gut microbiota shows that HI/R injury is a driving factor
for the differential expression of microbial communities. At the species
level, there were differences in the relative abundance of several
microbiota between the two groups. Using untargeted metabolomic and
lipidomic analyses, we found that several metabolites/lipids were
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Fig. 6. Effects of bilateral SDV in depression-like phenotypes of mice with HI/R injury.

(A): Experimental schedule. On day 1, surgery (HI/R and/or SDV) or sham surgery was performed, and they were recovered 7 days. On day 8, LMT was performed.
FST and SPT were performed on day 9 and day 10, respectively. On day 11, PFC and plasma samples were collected. (B): Body weight (repeated measure two-way
ANOVA, time: F (3481, 107.9) = 23.84, P < 0.0001; group: F (331) = 2.987, P = 0.0461; interaction: F (39310) = 9.574, P < 0.0001). (C): Spleen weight (two-way
ANOVA, HI/R: F(1 31y = 20.06, P < 0.0001; SDV: F(1, 31) = 42.52, P < 0.0001; Interaction: F(;, 31y = 22.97 P < 0.0001) and representative photograph of spleen in the
four group. (D): Plasma levels of IL-6 (two-way ANOVA, HI/R: F(1, 31) = 6.074, P = 0.0195; SDV: F(y, 31) = 6.689, P = 0.0146; Interaction: F(;, 31) = 8.886 P =
0.0056). (E): Plasma levels of TNF-a (two-way ANOVA, HI/R: F(1, 31) = 11.58, P = 0.0019; SDV: F(;, 31y = 14.94, P = 0.0005; Interaction: F(;, 31y = 11.06, P =
0.0023). (F): There was a positive correlation (R = 0.3799, P = 0.0244) between the spleen weight and plasma levels of IL-6 in the four groups. (G): There was a
positive correlation (R = 0.7315, P < 0.0001) between the spleen weight and plasma levels of TNF-a in the four groups. (H): Locomotion (LMT) (two-way ANOVA,
HI/R: F, 31y = 0.7289, P = 0.3998; SDV: Fa, 3= 0.03425, P = 0.8544; Interaction: Fa,sn= 0.5760, P = 0.4536). (I): FST (two-way ANOVA, HI/R: Fa,sn= 8.150,
P = 0.0076; SDV: F(y, 31) = 14.68, P = 0.0006; Interaction: F(;, 31y = 1.430 P = 0.2408). (J): SPT (two-way ANOVA, HI/R: F(1, 31) = 2.776, P = 0.1058; SDV: F(; 31y =
7.544, P = 0.0099; Interaction: Fy, 31) = 7.634 P = 0.0095). (K): Western blot analysis of GluA1 in the PFC (two-way ANOVA, HI/R: F(;, 31y = 8.269, P = 0.0072;
SDV: F(3, 31y = 10.23, P = 0.0032; Interaction: F(;, 31y = 0.8455 P = 0.3649) and the representative bands. (L): Western blot analysis of PSD-95 in the PFC (two-way
ANOVA, HI/R: F(, 31) = 1.958, P = 0.1716; SDV: F(y, 31y = 6.524, P = 0.0158; Interaction: F(;, 31y = 6.101 P = 0.0192) and the representative bands. (M): Western
blot analysis of Ibal in the PFC (two-way ANOVA, HI/R: Fy, 31) = 4.846, P = 0.0353; SDV: F(3, 31) = 3.468, P = 0.0721; Interaction: F(1, 31y = 9.057 P = 0.0052) and
the representative bands. The data are shown as means + S.E.M (sham + sham group: n = 8, HI/R + sham group: n = 9, sham + SDV group: n = 8, HI/R + SDV
group: n = 10). ANOVA: analysis of variance. ns: not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

altered between the two groups. Network analysis showed that blood
levels of metabolites/lipids were correlated with the relative abundance
of microbiota, suggesting a role of the microbiome in the synthesis of
these metabolites/lipids. Notably, we found correlations between
depression-like behaviors and the relative abundances of microbiota,
suggesting a role of the gut microbiome in depression. A recent study
demonstrated that gut microbiota-derived metabolites play a role in HI/
R injury through the modulation of macrophage metabolic reprogram-
ming (Lu et al., 2023). Given the role of gut microbiota in depression
(Changetal., 2022; Liu et al., 2023), it is likely that alterations in the gut
microbiota-brain axis, including metabolites and lipids, may play a role

in the depression-like behaviors in mice with HI/R injury.

Previous studies demonstrated that SDV blocks the onset of
depression-like behaviors in mice caused by LPS administration (Zhang
et al., 2020) or fecal microbiota transplantation from mice with
depression-like behaviors (Pu et al., 2021; Wang et al., 2020, 2021).
Furthermore, SDV blocks the onset of depression-like behaviors in
Chrna7 knockout mice (Yang et al., 2023) and demyelination in the
brain of cuprizone-treated mice (Wang et al., 2023). A study showed a
role of the gut-spleen axis, via the subdiaphragmatic vagus nerve, in
sleep deprivation-induced aggravation of systemic inflammation in mice
after LPS injection (Zhang et al., 2021b). In this study, we found that
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Fig. 7. Effect of new antidepressant arketamine in depression-like phenotypes of mice with HI/R injury.

(A): Experimental schedule. On day 1, sham or HI/R was performed, and they were recovered 7 days. On day 8, normal saline (NS) (10 ml/kg) or arketamine (R-ket)
(10 mg/kg) was administered intraperitoneally and subsequently LMT was performed. FST and SPT were performed on day 9 and day 10, respectively. On day 11,
prefrontal cortex (PFC) and plasma samples were collected. (B): Body weight (repeated measure ANOVA, F(o, 24) = 0.2773, P = 0.7603). (C): LMT (one-way ANOVA,
F(o, 24) = 2.728, P = 0.0856). (D): FST (one-way ANOVA, F( 24) = 6.770, P = 0.0047). (E): SPT (one-way ANOVA, F(y 24) = 6.034, P = 0.0075). (F): Western blot
analysis of GluAl in the PFC (one-way ANOVA, F(;, 24) = 7.317, P = 0.0033) and the representative bands. (G): Western blot analysis of PSD-95 in the PFC (one-way
ANOVA, F(3, 24) = 4.538, P = 0.0213) and the representative bands. (H): Western blot analysis of Ibal in the PFC (one-way ANOVA, F(5, 24) = 5.422, P = 0.0114) and
the representative bands. The data are shown as means + S.E.M (Sham + NS group: n = 9, HI/R + NS group: n = 9, HI/R + arketamine group: n = 9). ANOVA:
analysis of variance. NS: normal saline. R-ket: Arketamine. ns: not significant; *P < 0.05; **P < 0.01.

SDV notably reduced depression-like phenotypes and splenomegaly in
mice with HI/R injury by exerting anti-inflammatory effects. Given the
role of the gut-liver axis in liver diseases (Albillos et al., 2020; Schwabe
and Greten, 2020; Wiest et al., 2017; Zhang et al., 2022b), it is likely that
the gut-liver-brain axis, via the subdiaphragmatic vagus nerve, plays a
critical role in depression-like phenotypes in mice with HI/R injury. A
study underscored the role of the vagus nerve in regulating the systemic
inflammatory response to the endotoxin LPS (Borovikova et al., 2000).
Given this, SDV might effectively reduce systemic inflammation in this
model. Because vagus nerve stimulation (VNS) has potent anti-
inflammatory actions (Hashimoto, 2023a, 2023c; Wang et al., 2022),
it is likely that VNS might be a potential therapeutic option for patients
with CLD.

The robust antidepressant action of the anesthetic ketamine was a
serendipitous discovery in the field of psychiatric disorders, producing
rapid-acting and sustained antidepressant actions in treatment-resistant
patients with depression (Hashimoto, 2022). Accumulating preclinical

data suggest that arketamine, the (R)-enantiomer of ketamine, is a safer
antidepressant than ketamine or esketamine, the (S)-enantiomer of ke-
tamine (Hashimoto, 2020; Wei et al., 2022b; Zhang et al., 2022a; Zhang
et al., 2023). Previous studies have reported that arketamine improves
depression-like behaviors and altered composition of the gut microbiota
in mice with depression-like behaviors (Qu et al., 2017; Wan et al., 2023;
Yang et al., 2017), suggesting a role of the gut microbiota-brain axis in
the beneficial effects of arketamine (Hashimoto, 2020, 2023b; Hua et al.,
2022; Wei et al., 2022b). In this study, we found that arketamine
improved depression-like phenotypes in mice with HI/R injury. It is
noteworthy that these changes in mice with HI/R injury were amelio-
rated by a single post-injection of arketamine. Although the mechanisms
underlying the effects of arketamine in the HI/R model are currently
unclear, it is likely that anti-inflammatory actions via the gut-liver—
brain axis may play a role in its beneficial effects. A phase II trial of
arketamine (PCN-101) by Perception Neuroscience is currently under-
way (Zhang et al., 2022a). Therefore, it is of interest to investigate
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whether arketamine can improve depression in patients with CLD.

This study has some limitations. First, we did not evaluate the blood
levels of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), nor did we conduct H&E staining of the liver 7 days post-surgery.
This is because ALT and AST levels typically return to baseline 24 h after
surgery (Wu et al., 2011). Second, we focused on the PFC for assessing
synaptic protein expression, even though other brain regions, such as
hippocampus, are implicated in depression. Third, we did not investi-
gate the effects of fecal microbiota transplantation (FMT) from mice
with HI/R injury, which would have provided insights into the role of
gut microbiota in depression-like phenotypes. This necessitates future
exploration using FMT from mice with HI/R injury. Fourth, the study did
not examine the impact of an antibiotic cocktail designed to delete host
microbiota, leaving room to further determine the influence of host
microbiota in this model. A future study using an antibiotic cocktail is
recommended. Finally, we have yet to explore the relationship between
the microbiome or metabolites and depression-like phenotypes in mice
with HI/R injury. Future research should delve into how these factors
potentially influence depression-like phenotypes in this model.

In summary, our findings suggest that the gut microbiota-liver-brain
axis, via the subdiaphragmatic vagus nerve, plays a key role in
depression-like phenotypes in the HI/R mouse model. Arketamine may
have therapeutic potential for depression in patients with CLD.
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ABSTRACT

Depression frequently occurs in patients with liver cirrhosis, yet the reasons for this correlation are not fully
understood. Dysbiosis of gut microbiota has been implicated in depression through the gut-brain axis via the
vagus nerve. This study explored the potential role of the gut-liver-brain axis via the vagus nerve in depression-
like phenotypes in mice with liver cirrhosis. These mice underwent common bile duct ligation (CBDL), a method
used to stimulate liver cirrhosis. To assess depression-like behaviors, behavioral tests were conducted 10 days
following either sham or CBDL surgeries. The mice with CBDL displayed symptoms such as splenomegaly,
elevated plasma levels of interleukin-6 and tumor necrosis factor-a, depression-like behaviors, decreased levels of
synaptic proteins in the prefrontal cortex (PFC), disrupted gut microbiota balance, and changes in blood me-
tabolites (or lipids). Additionally, there were positive or negative correlations between the relative abundance of
microbiome and behavioral data or blood metabolites (or lipids). Significantly, these changes were reversed in
CBDL mice by performing a subdiaphragmatic vagotomy. Intriguingly, depression-like phenotypes in mice with
CBDL were improved after a single injection of arketamine, a new antidepressant. These results suggest that
CBDL-induced depression-like phenotypes in mice are mediated through the gut-liver-brain axis via the sub-
diaphragmatic vagus nerve, and that arketamine might offer a new treatment approach for depression in liver

cirrhosis patients.

1. Introduction

Liver cirrhosis, characterized by the overaccumulation of extracel-
lular matrix proteins like collagen, is common in most chronic liver
diseases (CLDs) (Gines et al., 2021; Tapper and Parikh, 2023). Depres-
sion is frequently observed in liver cirrhosis patients, with its prevalence
notably higher than in the general populations, indicating a possible
connection between these conditions (Bianchi et al., 2005; Nardelli
et al.,, 2013; Singh et al., 1997). A substantial U.S. population-based
study (56,197,690 adults) found a significant association between
liver cirrhosis and an increased risk of depression (Abureesh et al.,
2022). The exact biological mechanisms linking depression and liver
cirrhosis remain elusive. However, liver cirrhosis can induce various
physiological changes that might contribute to depression, including
hormonal imbalances, immune system dysfunction, and the build-up of
neurotoxins that the damaged liver fails to filter effectively (Bonnel
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etal., 2011; Kur et al., 2020; Zhou et al., 2014). Notably, the severity of
liver disease in patients with cirrhosis correlates with signs of psycho-
logical distress and depression (Bianchi et al., 2005). Depression in liver
cirrhosis patients is more than a comorbidity; it can influence the liver
disease's progression, affecting treatment adherence, lifestyle choices,
and overall prognosis. Therefore, treating depression in these patients is
essential. Although the interaction between liver cirrhosis and depres-
sion is complex and bidirectional, the precise underlying mechanisms
are still not fully understood (Huang et al., 2017).

Numerous clinical and pre-clinical studies indicate a significant role
of the gut-brain axis, including gut microbiota, in depression (Chang
et al., 2022; Cryan et al., 2019; Hashimoto, 2023a, 2023b; Hua et al.,
2022; Liu et al., 2023; Sanada et al., 2020; Wei et al., 2022a, 2022b;
Zheng et al., 2016). The vagus nerve is key in the two-way communi-
cation between the gut microbiota and the brain (Bonaz et al., 2018;
Chang et al., 2022; Forsythe et al., 2014; Hashimoto, 2023b, 2023c; Wei
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et al., 2022b). Interestingly, subdiaphragmatic vagotomy (SDV) has
been shown to prevent depression-like behaviors and alterations in gut
microbiota composition in mice following lipopolysaccharide (LPS)
administration (Zhang et al., 2020) and fecal microbiota transplantation
(FMT) from mice with depression-like phenotypes (Pu et al., 2021; Wang
et al., 2020, 2021). Additionally, SDV blocks depression-like behaviors
in Chrna7 knock-out mice (Yang et al., 2023) and in mice with hepatic
ischemia/reperfusion (HI/R) injury (Yang et al., 2024), as well as
working memory impairment in mice with chronic inflammatory pain
(Yue et al., 2023). SDV also blocks the resilience-enhancing effects of the
entactogen 3,4-methylenedioxymetahmphetamine in mice subjected to
chronic restrain stress (Qu et al., 2023a, 2023b), and prevents demye-
lination in the mouse brain treated with cuprizone (Wang et al., 2023).
These studies support the crucial role of the gut-brain axis via the
subdiaphragmatic vagus nerve in depression (Chang et al., 2022;
Hashimoto, 2023b; Wei et al., 2022a). Kronsten et al. (2022) hypothe-
sized that gut-mediated systemic inflammation might link depression
and CLD, indicating potential abnormalities in the gut-liver-brain axis.
Furthermore, clinical data highlight significant patterns of gut micro-
biota dysbiosis in liver cirrhosis patients, which may lead to cognitive
impairments and mood disorders (Smith et al., 2023).

Common bile duct ligation (CBDL), a well-established model for
studying secondary biliary fibrosis, triggers the proliferation of biliary
epithelial cells and oval cells. This proliferation leads to an increase in
bile ductules, portal inflammation, and fibrosis, and ultimately results in
liver cirrhosis and liver failure (Geerts et al., 2008; Tag et al., 2015; Van
Campenhout et al., 2019). While rodent models of CBDL are extensively
utilized in research, there have been no studies reported to date that
demonstrate depression-like phenotypes in rodents subjected to CBDL.
Similarly, the potential role of the gut-liver-brain axis, specifically
through the vagus nerve, in rodents with CBDL has not been reported in
the literature.

This study aimed to explore the connection between depression and
liver cirrhosis. Initially, we assessed depression-like behaviors in mice
with CBDL, alongside measuring blood inflammation markers and syn-
aptic proteins in the brain. Secondly, to delve into the gut-liver-brain
axis's role in these depression-like behaviors, we conducted 16 s rRNA
analysis of feces samples and untargeted metabolomic and lipidomic
analyses of plasma samples. Thirdly, we explored the role of the sub-
diaphragmatic vagus nerve on these depression-like phenotypes by
performing SDV. Lastly, we investigated the impact of the novel anti-
depressant arketamine in mice with CBDL since a single dose showed
rapid-acting antidepressant-like effects in rodents with depression-like
phenotypes (Hashimoto, 2020, 2022, 2023d; Wei et al., 2022a; Yang
et al., 2015, 2019; Zhang et al., 2014, 2022a; Zhang et al., 2023).

2. Materials and methods
2.1. Animals

Male adult C57BL/6NCr mice, sourced from the Japan SLC Co., Ltd.
(Hamamatsu, Shizuoka, Japan), were used in this study. All the exper-
imental mice were aged 9 weeks, body weight 21.5-26.5 g. All the
experimental mice were acclimatized to standard laboratory conditions
(4 or 5/ cage), maintained alternating cycles of 12 h of light and 12 h of
darkness (lights on from 7:00-19:00), and under constant room tem-
perature of 23 + 1 °C and controlled humidity of 55 + 5%. Animals were
given free admittance to chow and water. The experimental protocol of
present study was approved by the Chiba University Institutional Animal
Care and Use Committee (Permission numbers 4-312, 4-405 and
4-441). The mice were all firstly deeply anesthetized with inhaled iso-
flurane and then rapidly sacrificed by cervical dislocation. All efforts
were made to minimize animal's suffering.
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2.2. Reagents

Arketamine [or (R)-ketamine] hydrochloride was prepared as re-
ported previously (Zhang et al., 2014). The dose (10 mg/kg as hydro-
chloride salt) of arketamine was dissolved in the saline as reported
previously (Yang et al., 2015; Yang et al., 2024; Yao et al., 2022). Other
reagents were purchased commercially.

2.3. Common bile duct ligation (CBDL)

Sham or CBDL surgeries were performed under continuous inhala-
tion anesthesia with 4-5% isoflurane using an inhalation small animal
anesthesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisakusho,
Tokyo, Japan), with minor modifications from previous reports (Tag
et al., 2015). Briefly, mice were placed in a supine position and, once
fully anesthetized, the abdominal operation area was prepared. The skin
was disinfected with iodophor. A 1.5 cm median incision was made
along the abdominal midline, starting 0.5 cm below the xiphoid process.
This incision was gently opened using a Mini incision spreader to expose
the liver. The liver tissue was carefully maneuvered upwards with a
small cotton ball moistened in saline, aided by a surgical microscope
(Leica, Heidelberg, Germany), positioning the ventral side against the
diaphragm and making the hilum visible. The small intestine was gently
separated to expose the common bile duct. The bile duct was carefully
isolated from the adjacent portal vein and hepatic artery using micro-
serrations forceps. A 5-0 suture was placed around the bile duct and
secured with two surgical knots, applying increasing traction to ensure
effective obstruction without severing the duct. A second ligation was
added in the same manner but did not dissect the bile duct in-between.
Post-operation, no bleeding or no additional injury was noted. The
peritoneal cavity was rinsed with 0.9% NaCl solution, and abdominal
organs were gently repositioned. The abdominal incision was sutured in
layers using 5-0 surgical silk, maintaining aseptic conditions
throughout.

During sham surgeries, an identical abdominal incision was made,
and the common bile duct was exposed, but not ligated. All other steps
mirrored those of the surgery group.

2.4. Bilateral subdiaphragmatic vagotomy (SDV)

Bilateral SDV or sham surgeries were conducted under continuous
inhalation anesthesia with 4-5% isoflurane, using a small animal anes-
thesia apparatus (KN-1071 NARCOBIT-E; Natsume Seisakusho, Tokyo,
Japan), following methods described in previous studies (Pu et al., 2021;
Yang et al., 2023, 2024; Zhang et al., 2020). Briefly, mice were placed in
a right-side decubitus position. The skin was disinfected with iodophor
disinfectant, and sterile tissue was laid down. An incision about 1 cm in
length, parallel to the costal arch, was made at 0.5 cm below the left
costal arch, starting from the midline alba of abdomen. The incision was
gently opened with a Mini incision spreader to expose the underlying
liver tissue. The liver was cautiously elevated using a sterilized cotton
ball moistened with saline, and under guidance of a surgical microscope
(Leica, Heidelberg, Germany), the fascia between the caudate and left
lobes of the liver was sharply incised to fully expose the esophagus and
surrounding area. The dorsal and ventral branches of the vagus nerve
running along the esophagus under the diaphragm were identified and
carefully severed. Post-procedure, no bleeding or additional injury to
the esophagus, liver, or other organs was observed. The liver tissue was
repositioned, and 0.5 ml saline solution was injected into the abdominal
cavity. The incision was then sutured in layers using 5-0 surgical silk,
ensuring aseptic technique throughout. SDV success was verified by a
significant increase in stomach volume on the 14th postoperative day,
indicative of vagus nerve innervation loss.

During sham surgeries, an identical abdominal incision was made.
The dorsal and ventral branches of the subdiaphragmatic vagus nerve
were gently exposed but not severed. No bleeding or additional organ
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damage was noted. After repositioning the abdominal organs, 0.5 ml
normal saline was injected into the abdominal cavity, and the incision
was closed using the same layered suture technique. When combining
CBDL + SDV procedures, SDV was performed first via the same
abdominal approach, followed by the CBDL procedure.

2.5. Behavioral tests

Behavioral tests, including locomotion test (LMT), forced swimming
test (FST), and 1% sucrose preference test (SPT) were performed as re-
ported previously (Yang et al., 2023, 2024) (Fig. 1A).

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

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

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

2.6. Engyme-linked immunosorbent assay (ELISA)

ELISA Kkits for the detection of interleukin-6 (IL-6) (cat Number:
88-7064, Invitrogen, Camarillo, CA, USA), and tumor necrosis factor-o
(TNF-a) (cat Number: 88-7324, Invitrogen, Camarillo, CA, USA) were
used as reported previously (Yang et al., 2024).

2.7. Western blot analysis

Western blot analysis was conducted following the methods
described in previous studies (Yang et al., 2022, 2023, 2024). Prefrontal
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(A): Experimental schedule. On day 1, mice underwent either sham or CBDL surgery. A 10-day recovery period followed. Fresh fecal samples were collected on day
11, and subsequently LMT was performed. FST and 1% SPT were performed on day 12 and day 13, respectively. Prefrontal cortex (PFC) and plasma samples were
collected on day 14. (B): Body weight (repeated measure ANOVA, F( 16) = 33.08, P < 0.001. (C): Spleen weight (unpaired t-test, t = 7.050, df = 16, P < 0.001) and
representative photograph of spleen in the two groups. (D): Plasma levels of IL-6 (unpaired t-test, t = 2.320, df = 16, P = 0.0339). (E): Plasma levels of TNF-«
(unpaired t-test, t = 6.895, df = 16, P < 0.001). (F): There was a positive correlation (R = 0.4808, P = 0.0434) between the spleen weight and plasma levels of IL-6 in
two groups. (G): There was a positive correlation (R = 0.7787, P = 0.0001) between the spleen weight and plasma levels of TNF-« in two groups. (H): locomotion
(LMT) (unpaired t-test, t = 1.446, df = 16, P = 0.1675). (I): FST (unpaired t-test, t = 3.522, df = 16, P = 0.0028). (J): SPT (unpaired t-test, t = 4.495, df = 16, P =
0.0004). (K) Western blot analysis of GluA1 in the PFC (unpaired t-test, t = 2.996, df = 16, P = 0.0086) and the representative bands. (L): Western blot analysis of
PSD-95 in the PFC (unpaired t-test, t = 4.396, df = 16, P = 0.0005) and the representative bands. The data are shown as means + S.E.M (sham group: n = 10, CBDL
group: n = 8). ANOVA: analysis of variance. ns: not significant; *P<0.05; **P<0.01; ***P<0.001.
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cortex (PFC) tissues were homogenized in ice-cold Laemmli lysis buffer,
with each specimen processed separately to prevent cross-
contamination. After centrifugation at 3000 xg (RCF) at 4 °C for 20
min, liquid supernatants were collected. The total protein concentration
in each sample was measured using a DC protein assay kit (Bio-Rad,
Hercules, CA, USA) on a spectrophotometer (Molecular Devices Emax
Precision Microplate Reader; Molecular Devices., San Jose, CA, USA). To
prepare the samples for electrophoresis, a quarter volume of sample
buffer (125 mM Tris-HCl, pH 6.8; 0.1% bromophenol blue; 4% sodium
dodecyl sulfate; and 10% p-mercaptoethanol and 20% glycerol) was
added to the Laemmili Lysis buffer. The proportions were adjusted to
equalize the total protein concentration across samples. These mixtures
were then incubated at 95 °C for 10 min. For electrophoresis, we
employed 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (catalog #: 4568125, Mini-PROTEAN TGX™ Stain-
Free Gels; Bio-Rad, USA), selected based on the size of the target pro-
tein. The separated proteins were then transferred onto polyvinylidene
difluoride membranes using a trans-Blot Mini Cell apparatus (Bio-Rad).

Synaptic proteins such as glutamate receptor 1 (AMPA subtype:
GluA1l: [the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor Al]) and postsynaptic density protein 95 (PSD-95) were
decreased in the PFC of mice with depression-like phenotypes (Yang
et al.,, 2022, 2023, 2024). For immunodetection, the polyvinylidene
difluoride membranes were blocked with blocker [5% skim milk in TBS
+ 0.1% Tween-20 (TBST)] at room temperature for 1 h, the membranes
for detecting PSD-95 were incubated with the recommended dilution of
the primary antibody against PSD-95 (1:1000, catalog number:
51-6,900,695, 1 pg/mL, Invitrogen, Camarillo, CA, USA), while the
membranes for detecting f-actin were incubated with the appropriate
dilution of the primary antibody against p-actin (1:10,000; catalog
number: A5441 Sigma-Aldrich Co., Ltd., St Louis, MO, USA) at 4 °C
overnight. The next day, wash the polyvinylidene difluoride membranes
in three washes of TBST, 10 min each. Then the polyvinylidene
difluoride membranes were selectively incubated with a recommended
dilution of labeled secondary antibody [anti-mouse antibody (1:5000,
catalog number: NA931, GE Healthcare) or a horseradish peroxidase-
conjugated anti-rabbit antibody (1:5000, catalog number: NA934, GE
Healthcare)] in 5% blocking buffer in TBST at room temperature for 1 h.
After three final washes in TBST, 10 min each. The bands in the poly-
vinylidene difluoride membranes were detected using enhanced chem-
iluminescence plus a Western Blotting Detection system (GE Healthcare
Bioscience).

The membranes for detecting GluA1 were incubated in elution buffer
(62.5 mM Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate, and 100 mM
f-mercaptoethanol) (preheat in incubator at 60 °C for 10 min, shake 50
times /min) at 60 °C for 30 min and then washed three times (10 min ata
time) in TBST. The stripped membranes were incubated with the rec-
ommended dilution of primary antibody directed against GluAl
(1:10,000; catalog number: ab31232, Abcam, Cambridge, MA, USA) at
4 °C overnight. The following day, washing the membranes for three
times (10 min at a time) in TBST and were incubated with a recom-
mended dilution of horseradish peroxidase-conjugated anti-rabbit anti-
body (1:5000, catalog number: NA934, GE Healthcare) for 1 h at room
temperature. After three final washes in TBST, 10 min each. The bands
in the polyvinylidene difluoride membranes were detected using
enhanced chemiluminescence plus a Western Blotting Detection system
(GE Healthcare Bioscience). Images were produced using a ChemiDoc™
Touch Imaging System (170-01401; Bio-Rad Laboratories, Hercules,
CA, USA), and immunoreactive bands were quantified using Image
LabTM3.0 software (Bio-Rad Laboratories).

2.8. Collection of fresh fecal samples and 16S ribosome RNA sequencing
We collected fresh fecal samples from mice before the behavioral test

of LMT. The subsequent experimental workflow, which included mi-
crobial community DNA extraction, DNA quality control, PCR
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amplification, product purification, library quality control, sequencing,
and bioinformatics analysis, was carried out in accordance with our
previously reported methods (Yang et al., 2023, 2024). The 16S ribo-
some RNA sequencing data has been uploaded to and stored in the NCBI
Sequence Read Archive, and can be accessed using the accession number
PRJINA929668.

2.9. Untargeted metabolomic and lipidomic analyses of plasma samples

Untargeted metabolomics profiling of plasma samples was con-
ducted using ultra-performance liquid chromatography-tandem
quadruple time-of-flight mass spectrometry (UPLC-QTOF/MS) tech-
nique. This process involved an ExionLC™ AD system (SCIEX, Tokyo,
Japan) coupled with a X500R QTOF system (SCIEX, Tokyo, Japan). The
metabolomics profile data were subsequently annotated and analyzed
according to the methods we previously reported (Yang et al., 2024). In
parallel, untargeted lipidomic analysis of plasma samples were carried
out using an a X500R QTOF system (SCIEX, Tokyo, Japan), operated in
both positive and negative electrospray ionization modes (AB Sciex,
Foster City, CA). This system was also coupled with an ExionLC™ AD
system (SCIEX, Tokyo, Japan). The data processing and analysis for this
lipidomic study were performed in line with previously established
protocols (Tsugawa et al., 2020; Yang et al., 2024).

2.10. Statistical analysis

Statistical analysis of the data was performed using the SPSS version
20.0 software (SPSS, Tokyo, Japan). The data were shown as the mean
+ standard error of the mean (S.E.M.). The data of body weight were
analyzed using repeated measure analysis of variance (ANOVA), fol-
lowed by Fisher's least significant difference (LSD) test. The data of
spleen weight were analyzed using an unpaired t-test (for two groups) or
two-way ANOVA (for four groups). Data of behavioral tests, pro-
inflammatory cytokines and synaptic proteins were analyzed using un-
paired t-test (for two groups), one-way ANOVA (for three groups), or
two-way ANOVA (for four groups), followed by Fisher's LSD test. The
a-diversity of gut microbiota, the abundance of gut microbiota at the
species level, metabolites and lipids between the two groups were
analyzed using Mann-Whitney test. Bioinformatic analysis of PCoA,
LEfSe algorithm of intestinal microbiota, boxplot analysis of metab-
olomics/lipids and correlation networks were all performed by using the
OmicStudio tools (https://www.omicstudio.cn/tool).

Correlations between spleen weight and the concentrations of pro-
inflammatory cytokines were analyzed by using Pearson's correlation
analysis. Correlations between the plasma metabolites (or lipids), the
intestinal microbiota at species level, depression-like phenotypes, the
concentrations of pro-inflammatory cytokines and synaptic proteins in
the PFC were analyzed using Spearman's correlation analysis. P-value
for comparison <0.05 was regarded as significant.

3. Results
3.1. Depression-like phenotypes in mice with CBDL

Behavioral tests were conducted 11 days post-surgery (Fig. 1A). The
CBDL group exhibited a reduction in body weight relative to the sham-
operated group (Fig. 1B). The CBDL group presented splenomegaly
compared to the sham group (Fig. 1C). In the CBDL group, plasma levels
of pro-inflammatory cytokines, including IL-6 and TNF-a, were elevated
compared to those in the sham group (Fig. 1D, E). Positive correlations
were observed between the weight of the spleen and the plasma levels of
IL-6 and TNF-«a (Fig. 1F, G). In behavioral tests, no significant differences
in locomotor activity were noted between the two groups (Fig. 1H).
However, the CBDL group demonstrated increased immobility time in
the FST (Fig. 1I) and a decreased sucrose preference in the SPT (Fig. 1J)
compared to the sham group. Additionally, levels of synaptic proteins
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(GluAl and PSD-95) in the PFC were lower in the CBDL group than in the
sham group (Fig. 1K, L). These findings indicate that mice with CBDL
exhibit reduced body weight, splenomegaly, heightened systemic
inflammation, and diminished synaptic protein expression in the PFC,
which collectively contribute to depression-like phenotypes.

3.2. Effects of CBDL on the composition diversity of gut microbiota

The composition of the intestinal microbiota in both the CBDL group
and sham group was examined using both a-diversity and p-diversity
metrics. The Mann-Whitney U test showed no significant differences in
Observed_otus, Chao, Ace, Shannon's diversity, Simpson's diversity, and
Good's coverage between the CBDL and sham groups (Fig. 2A-F). B-di-
versity in the intestinal microbiota of the two groups was assessed using
Principal Coordinate Analysis (PCoA). At the operational taxonomic unit
(OTU) level, the PCoA analysis indicated a marked difference in
microbiota composition, as shown by analysis of similarities (ANOSIM)
(R = 0.6971, P = 0.001) (Fig. 2G). The ANOSIM at the OTU level sug-
gested that the inter-group differences in microbiota composition were
more pronounced than the intra-group variations (R = 0.691, P = 0.001)
(Fig. 2H).

3.3. Effects of CBDL on the LEfSe algorithm of intestinal microbiota

A cladogram was utilized to illustrate the relationship among
biomarker taxa identified by LEfSe. This cladogram is structured in
layers representing different taxonomic levels: phylum, class, order,
family and genus, arranged from the innermost to the outermost layer
(Fig. 3A). In the CBDL group, LEfSe analysis identified five taxonomic
biomarkers: the phylum Firmicutes, the class Clostridia, the order Clos-
tridiales, the family Lachnospiraceae and the genus Clostridium XIVa
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Fig. 2. Effects of CBDL on the diversity of gut microbiota composition.
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(Fig. 3B). Conversely, six taxonomic biomarkers were identified in the
sham group, including the phylum Bacteroidetes, the class Bacteroidia,
the order Bacteroidales, the family Porphyromonadaceae and Pre-
votellaceae, and the genus Barnesiella (Fig. 3B).

3.4. Gut microbiota at the species level

At the species level, the analysis revealed 21 bacterial species with
significant differences in relative abundance between the groups
(Fig. 4A). In the CBDL group, the species Alistipes._finegoldii, Akkerman-
sia_muciniphila, Lactobacillus_intestinalis, Clostridium_aldenense, Allobacu-
lum_stercoricanis, Clostridium methylpentosum, Parabacteroides_goldsteinii,
Gemmiger formicilis, Bacteroides_acidifaciens, Parabacteroides_distasonis,
and Clostridium cocleatum exhibited significantly higher relative the
sham group. Conversely, the species Alloprevotella rava, Bacter-
oides_sartorii, Parvibacter caecicola, Barnesiella intestinihominis, Butyr-
icicoccus_pullicaecorum, Enterorhabdus_caecimuris, Leptotrichia_shahii,
Escherichia, Eubacterium coprostanoligenes and Prevotella_baroniae
showed significantly lower relative to the sham group (Fig. 4B-V).

3.5. Untargeted metabolomic and lipidomic analyses of plasma samples

To examine the interaction between the gut microbiome and host
metabolic processes, untargeted metabolomic and lipidomic analyses
were performed on plasma samples. Following quality control measures
and the exclusion of low-abundance peaks, 131 metabolites were suc-
cessfully annotated. Among these, 29 metabolites were found to have
significant differences in abundance between the two groups (Fig. 5A).
Additionally, after thorough data processing, 92 lipids were annotated.
Of these, 50 lipids showed significant variations in abundance between
the two groups (Fig. 5B).
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A

Fig. 3. LEfSe analysis for potential bacteria biomarkers of gut microbiota.
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(A): Functional branching diagram generated from LEfSe showing the differences of the two groups at different taxonomic levels. (B): Histogram representing the
enriched taxa with LDA score > 4.0 and P < 0.05 obtained from LEfSe of the two groups (p: phylum. c: class. o: order. f: family. g: genus).

3.6. Correlations among the gut microbiota, plasma metabolites/lipids,
depression-like phenotypes, plasma pro-inflammatory cytokines, and
synaptic proteins

Correlations were observed between the plasma metabolites/lipids
and the relative abundance of gut microbiota in the two groups, indi-
cating a significant association between them. Through data screening
with a threshold of P < 0.05 and an absolute R-value of >0.5, a Corre-
lation Network was established. This network highlights the connections
between the plasma metabolites, gut microbiome at the species level,
depression-like behaviors, plasma pro-inflammatory cytokines, and
synaptic proteins in the PFC, all of which showed significant differences
between the groups (Fig. 6A). The relative abundance of various mi-
crobial species was found to be either positively or negatively correlated
with 29 plasma metabolites that exhibited significant differences be-
tween the groups (Fig. 6A). Moreover, there were notable correlations
between plasma metabolites and the behavioral outcomes (SPT and
FST), plasma levels of pro-inflammatory cytokines, and synaptic protein
concentrations in the PFC (Fig. 6A).

A Correlation Network was developed to illustrate the connections
between plasma lipids, gut microbiome at the species level, depression-
like behaviors, plasma pro-inflammatory cytokines, and synaptic pro-
teins in the PFC, all of which exhibited significant variations between
the two groups (Fig. 6B). Several microbial species demonstrated either
positive or negative correlations with various types of plasma lipids
(Fig. 6B). Additionally, associations were observed between plasma
lipids and the behavioral outcomes (SPT and FST), plasma levels of pro-
inflammatory cytokines, and synaptic protein concentrations in the PFC
(Fig. 6B).

Using the Correlation Network, the study also explored the re-
lationships between the relative abundance of the gut bacteria and
depression-like phenotypes, plasma cytokines, and synaptic proteins in
the PFC (Fig. 6C). Notable positive or negative correlations were iden-
tified between plasma IL-6 or TNF-a levels and the relative abundance of
several bacterial species (Fig. 6C). Furthermore, both positive and
negative correlations between the SPT/FST data and the relative abun-
dance of various microbial species (Fig. 6C). Likewise, correlations,
either positive or negative, were observed between the abundance of
certain species and the levels of synaptic proteins in the PFC (Fig. 6C).
These findings suggest a potential role of various microbiota and me-
tabolites in contributing to systemic inflammation, which may lead to

the development of depression-like phenotypes.

3.7. Effects of bilateral SDV in depression-like phenotypes in mice with
CBDL

Previous studies indicate a potential role of the subdiaphragmatic
vagus nerve in the development of depression-like phenotypes in mice
(Puet al., 2021; Wang et al., 2020, 2021; Yang et al., 2023, 2024; Zhang
etal., 2020). To explore the role of the subdiaphragmatic vagus nerve in
the depression-like phenotypes in mice with CBDL, we assessed the ef-
fects of bilateral SDV (Fig. 7A). Significant variations in body weight
were observed among the four groups (Fig. 7B). In the CBDL + SDV
group, plasma concentrations of IL-6 and TNF-a were significantly lower
than those in the CBDL + sham group (Fig. 7C, D). Locomotor activity
did not show any significant differences across the four groups (Fig. 7E).
The immobility time in the FST in the CBDL + SDV group was signifi-
cantly lower than that in the CBDL + sham group (Fig. 7F). In the SPT,
sucrose preference was significantly higher in the CBDL + SDV group
than that in the CBDL + sham group (Fig. 7G). Additionally, the
expression levels of synaptic proteins (e.g., GluAl and PSD-95) in the
PFC were significantly increased in the CBDL + SDV group compared to
the CBDL + sham group (Fig. 7H, I). These findings suggest that bilateral
SDV may mitigate depression-like behaviors, decrease elevated plasma
levels of pro-inflammatory cytokines, normalize altered expressions of
synaptic proteins in the PFC of mice subjected to CBDL.

3.8. Effects of arketamine on depression-like phenotypes in mice with
CBDL

Arketamine has been proposed as a rapid-acting antidepressant,
potentially without the adverse effects commonly associated with ke-
tamine (Wei et al., 2022a; Zhang et al., 2022a, 2022b; Zhang et al.,
2023). In this study, we examined the effects of a single dose of arket-
amine (10 mg/kg, i.p.) in the CBDL model (Fig. 8A). Significant differ-
ences in body weight were observed among the three groups (Fig. 8B).
The spleen weights in the CBDL + normal saline (NS) group were
significantly higher compared to the other two groups (Fig. 8C). No
changes in locomotor activity were detected across the three groups
(Fig. 8D). The immobility time in the FST was significantly longer in the
CBDL + NS group than in the other two groups (Fig. 8E). In the SPT, the
sucrose preference was significantly reduced in the CBDL + NS group
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Fig. 4. Effects of CBDL on gut microbiota at the species levels.

(A): Gut bacteria composition at the species level in the two groups. (B): Relative abundance of the species Alistipes_finegoldii (Mann-Whitney test, P < 0.0001). (C):
Relative abundance of the species Alloprevotella rava (Mann-Whitney test, P = 0.0002). (D): Relative abundance of the species Bacteroides_sartorii (Mann-Whitney test,
P = 0.0002). (E): Relative abundance of the species Parvibacter caecicola (Mann-Whitney test, P = 0.0002). (F): Relative abundance of the species Akkermansia_-
muciniphila (Mann-Whitney test, P = 0.0005). (G): Relative abundance of the species Barnesiella intestinihominis (Mann-Whitney test, P = 0.0014). (H): Relative
abundance of the species Lactobacillus_intestinalis (Mann-Whitney test, P = 0.0021). (I): Relative abundance of the species Butyricicoccus_pullicaecorum (Mann-Whitney
test, P = 0.0031). (J): Relative abundance of the species Clostridium_aldenense (Mann-Whitney test, P = 0.0044). (K): Relative abundance of the species Enter-
orhabdus_caecimuris (Mann-Whitney test, P = 0.0044). (L): Relative abundance of the species Allobaculum stercoricanis (Mann-Whitney test, P = 0.0085). (M): Relative
abundance of the species Clostridium methylpentosum (Mann-Whitney test, P = 0.0085). (N): Relative abundance of the species Parabacteroides goldsteinii (Mann-
Whitney test, P = 0.0085). (O): Relative abundance of the species Leptotrichia shahii (Mann-Whitney test, P = 0.0079). (P): Relative abundance of the species
Gemmiger. formicilis (Mann-Whitney test, P = 0.0117). (Q): Relative abundance of the species Bacteroides_acidifaciens (Mann-Whitney test, P = 0.0155). (R): Relative
abundance of the species Parabacteroides_distasonis (Mann-Whitney test, P = 0.0205). (S): Relative abundance of the species Escherichia (Mann-Whitney test, P =
0.0266). (T): Relative abundance of the species Eubacterium_coprostanoligenes (Mann-Whitney test, P = 0.0266). (U): Relative abundance of the species Pre-
votella_baroniae (Mann-Whitney test, P = 0.0241). (V): Relative abundance of the species Clostridium_cocleatum (Mann-Whitney test, P = 0.0261). For all box plots, the
middle line in the box addresses the median, the box addresses the interquartile range, and the whisker addresses the most extreme and least values. *P < 0.05; **P <

0.01; ***P < 0.001.

compared to the other groups (Fig. 8F). Arketamine also counteracted
the decreased levels of GluA1 and PSD-95 in the PFC of mice with CBDL
(Fig. 8G, H). These findings indicate that a single administration of
arketamine can effectively alleviate depression-like phenotypes in mice
subjected to CBDL.

4. Discussion

The major findings of this study are summarized as follows: Firstly,
mice subjected to CBDL demonstrated a loss of body weight, spleno-
megaly, elevated blood levels of pro-inflammatory cytokines, and a
reduction in synaptic protein expression (i.e., GluAl and PSD-95) in the
PFC, which contributed to depression-like phenotypes (increased
immobility time of FST and decreased sucrose preference of SPT). Sec-
ondly, significant alterations in the f-diversity of gut microbiota were
observed between the two groups. LEfSe analysis pinpointed the genus
Clostridium XIa as a potential microbial marker in the CBDL group.
Additionally, notable changes in various species and metabolites were
detected between the two groups, with correlations found between the
relative abundance of certain microbes and blood cytokines, depression-
like behaviors, and synaptic proteins in the PFC. Network analysis

revealed associations between specific microbes, blood metabolites (or
lipids), and behavioral indices. Thirdly, SDV effectively prevented
splenomegaly, systemic inflammation (characterized by increased IL-6
and TNF-a levels), and alterations in synaptic protein expression in
the PFC of CBDL mice. Finally, the administration of a single dose of
arketamine ameliorated depression-like phenotypes and reversed the
decreased expressions of GluAl and PSD-95 in the PFC of mice with
CBDL. Collectively, these findings suggest a crucial role for the
gut-liver-brain axis mediated by the subdiaphragmatic vagus nerve in
the development of depression-like phenotypes in mice with CBDL.
Additionally, arketamine demonstrated rapid-acting antidepressant-like
properties in this model.

Recent studies have indicated a link between LPS-induced spleno-
megaly and elevated blood levels of pro-inflammatory cytokines such as
IL-6 and TNF-a (Ma et al., 2022a, 2022b, 2023; Zhang et al., 2020;
Zhang et al., 2021a, 2021b). In this study, we observed a positive cor-
relation between the weight of spleen and the levels of pro-inflammatory
cytokines in the blood of mice. Taken together, these findings imply that
CBDL surgery may lead to systemic inflammation, which in turn
contribute to the development of splenomegaly and depression-like
phenotypes.
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Fig. 5. Untargeted metabolomic and lipidomic analyses of plasma samples in mice with CBDL.

(A): Boxplots showing the changes of 29 kinds of metabolites between the two groups. They are listed as follows: 5,6-dihydroxyindole-2-carboxylic acid (Mann-
Whitney test, P < 0.001), allantoin (Mann-Whitney test, P < 0.001), captopril (Mann-Whitney test, P < 0.001), D-pinitol (Mann-Whitney test, P < 0.001), ethyl
sulfate (Mann-Whitney test, P < 0.001), prolinamide (Mann-Whitney test, P < 0.001), taurocholic acid (Mann-Whitney test, P < 0.001), N-1H-indol-5-yl-benzamide
(Mann-Whitney test, P < 0.001), guanidinoethyl sulfonate (Mann-Whitney test, P < 0.001), taurine (Mann-Whitney test, P < 0.001), uric acid (Mann-Whitney test, P
< 0.001), 3-ureidopropionic acid (Mann-Whitney test, P < 0.001), 2-aminoacetophenone (Mann-Whitney test, P = 0.0010), dihydrouracil (Mann-Whitney test, P =
0.0010), DL-arginine (Mann-Whitney test, P = 0.0014), L-tyrosine (Mann-Whitney test, P = 0.0019), trimethylamine (Mann-Whitney test, P = 0.0025), 3-hydrox-
yanthranilic acid (Mann-Whitney test, P = 0.0034), nudifloramide (Mann-Whitney test, P = 0.0034), 2-ethyl-2-hydroxybutyric acid (Mann-Whitney test, P =
0.0045), 1-phenylethylamine (Mann-Whitney test, P = 0.0059), L-glutamic acid (Mann-Whitney test, P = 0.0059), nicotinamide (Mann-Whitney test, P = 0.0059),
phenylacetaldehyde (Mann-Whitney test, P = 0.0059), pseudouridine (Mann-Whitney test, P = 0.0059), 2.alpha.-mannobiose (Mann-Whitney test, P = 0.0077), N1-
methyl-4-pyridone-3-carboxamide (Mann-Whitney test, P = 0.0100), pantothenic acid (Mann-Whitney test, P = 0.0100), propionyl-carnitine (Mann-Whitney test, P
= 0.0100). The X-axis using the Arabic numerals representing the names of different plasma metabolites, and the Y-axis represents the concentration of various
plasma metabolites. Different colors of boxplots represent the corresponding groups. (B) Boxplots showing the changes of 50 kinds of lipids between the two groups.
They are listed as follows: Cer 42:3;20|Cer 18:1;20/24:2 (Mann-Whitney test, P < 0.001), CL 78:3|CL 18:0_24:0_18:1_18:2 (Mann-Whitney test, P < 0.001), CL 74:1|
CL 16:0_16:0_24:0_18:1 (Mann-Whitney test, P < 0.001), FA 18:0 (Mann-Whitney test, P < 0.001) (Mann-Whitney test, P < 0.001), CL 78:5|CL 24:0.18:1.18:2.18:2
(Mann-Whitney test, P < 0.001), FA 20:3 (Mann-Whitney test, P < 0.001), FA 18:1 (Mann-Whitney test, P < 0.001), Cer 42:2;20|Cer 18:1;20/24:1 (Mann-Whitney
test, P < 0.001), CL 82:5|CL 26:0_18:1_18:1_20:3 (Mann-Whitney test, P < 0.001), PE 34:1|PE 16:0_18:1 (Mann-Whitney test, P < 0.001), PE 38:1|PE 18:0_20:1
(Mann-Whitney test, P < 0.001), PC 36:2|PC 18:0_18:2 (Mann-Whitney test, P < 0.001), PC 0-34:2;10|PC 0-17:0_17:2;10 (Mann-Whitney test, P < 0.001), PC 31:0;
O|PC 16:0_15:0;0 (Mann-Whitney test, P < 0.001), HexCer 42:2;20|HexCer 18:1;20/24:1 (Mann-Whitney test, P < 0.001), CL 70:3|CL 14:0_24:0_16:1_16:2 (Mann-
Whitney test, P < 0.001), PC 0-32:1;10|PC 0-17:0_15:1;10 (Mann-Whitney test, P < 0.001), Cer 42:1;20|Cer 18:0;20/24:1 (Mann-Whitney test, P < 0.001), PC
32:0;30|PC 16:0_16:0;30 (Mann-Whitney test, P < 0.001), HexCer 42:1;20 (Mann-Whitney test, P < 0.001), CL 76:1|CL 17:0_17:0_24:0_18:1 (Mann-Whitney test, P
< 0.001), PC 38:5|PC 18:0_20:5 (Mann-Whitney test, P < 0.001), PE 36:0\PE 18:0_18:0 (Mann-Whitney test, P < 0.001), LPE 16:0 (Mann-Whitney test, P < 0.001),
LPE 18:0 (Mann-Whitney test, P < 0.001), LPE O-18:0 (Mann-Whitney test, P < 0.001), PC 34:2;30|PC 18:0_16:2;30 (Mann-Whitney test, P < 0.001), PE 36:2|PE
18:0_18:2 (Mann-Whitney test, P < 0.001), FA 20:5 (Mann-Whitney test, P < 0.001), PC 31:1;0|PC 16:0_15:1;0 (Mann-Whitney test, P < 0.001), PE 40:2|PE
20:1_20:1 (Mann-Whitney test, P < 0.001), PE 0-38:1|PE 0-20:0_18:1 (Mann-Whitney test, P < 0.001), Cer 40:0;20|Cer 18:0;20/22:0 (Mann-Whitney test, P =
0.0010), PE 38:4|PE 16:0_22:4 (Mann-Whitney test, P = 0.0014), SM 34:1;20|SM 18:1;20/16:0 (Mann-Whitney test, P = 0.0014), Cer 44:2;20|Cer 18:2;20/26:0
(Mann-Whitney test, P = 0.0021), CE 18:1 (Mann-Whitney test, P = 0.0025), FA 24:0 (Mann-Whitney test, P = 0.0045), PE 36:2|PE 18:1_18:1 (Mann-Whitney test, P
= 0.0059), LPC 16:1/0:0 (Mann-Whitney test, P = 0.0059), Cer 42:1;20|Cer 18:1;20/24:0 (Mann-Whitney test, P = 0.0100), PE 38:2|PE 18:0_20:2 (Mann-Whitney
test, P = 0.0129), LPC 16:0 (Mann-Whitney test, P = 0.0164), PC 31:2;0|PC 16:1_15:1;0 (Mann-Whitney test, P = 0.0209), FA 20:4 (Mann-Whitney test, P = 0.0209),
Cer 42:1;30|Cer 18:0;20/24:1;0 (Mann-Whitney test, P = 0.0209), NAE 16:0 (Mann-Whitney test, P = 0.0209), LPC 20:3/0:0 (Mann-Whitney test, P = 0.0330), SL
46:2;20(SL 16:2;0/30:0;0 (Mann-Whitney test, P = 0.0367), PE 40:4|PE 18:0_22:4 (Mann-Whitney test, P = 0.0410). *P < 0.05; **P < 0.01; ***P < 0.001.

Analysis of gut microbiota revealed that CBDL significantly in-
fluences the variations in microbial community expression. Specifically,
at the species level, notable differences in the relative abundance of
various microbiota were observed between the two groups. Through
comprehensive untargeted metabolomic and lipidomic analyses, we
identified distinct changes in several metabolites and lipids across these
groups. Network analysis further indicated that the blood levels of these
metabolites and lipids are associated with the relative abundance of

certain microbiota, hinting at the microbiome's involvement in their
synthesis. Importantly, our findings also include correlations between
depression-like behaviors and specific microbiota abundances, under-
scoring the potential role of the gut microbiome in depression. A pre-
vious study reported dysbiosis in gut microbiota and changes in tight
junction proteins (i.e., claudin-1, ZO-1) in mice following CBDL (Alaish
et al., 2013). Considering the established link between gut microbiota
and depression (Chang et al., 2022; Liu et al., 2023), it seems plausible
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Fig. 6. Correlation network between behavioral data (or synaptic proteins, microglial marker, and pro-inflammatory cytokine) and microbiota (or metabolites and

lipids).

(A): A Correlation Network indicating the correlations between the concentrations of plasma metabolites and the gut microbiota at the species level, the results of the
behavioral test, the concentrations of pro-inflammatory cytokines and synaptic proteins in the PFC. (B): A Correlation Network indicating the correlations between
the concentrations of plasma lipids and the gut microbiota at the species level, the results of the behavioral test, the concentrations of pro-inflammatory cytokines and
synaptic proteins in the PFC. (C): A Correlation Network showed correlations between the relative abundance of gut bacteria at the species level and the results of the
behavioral test, the concentrations of pro-inflammatory cytokines and synaptic proteins in the PFC. Both the threshold of correlation networks above were set as P <
0.05 and the absolute value of R > 0.5. The different colors of nodes represent different groups. The sizes of node gradients represent varying degrees of correlation.
The thickness of the line represents the absolute value of the correlation coefficient. Solid lines represent positive correlations, dotted lines represent negative

correlations.

that alterations in the gut-brain axis, including changes in metabolites
and lipids, might contribute to the depression-like behaviors in CBDL
mice.

Prior research has established that SDV can prevent the onset of
depression-like behaviors in mice. This effect was observed following
LPS administration (Zhang et al., 2020), as well as after FMT from mice
with depression-like behaviors (Pu et al., 2021; Wang et al., 2020,
2021). Additionally, SDV has been effective in preventing depression-
like behaviors in Chrna7 knockout mice (Yang et al., 2023), in mice
with HI/R injury (Yang et al., 2024), and in alleviating demyelination in
the brains of cuprizone-treated mice (Wang et al., 2023). Another study
highlighted the role of the gut-spleen axis, specifically through the
subdiaphragmatic vagus nerve, in exacerbating systemic inflammation
in mice under sleep deprivation following LPS administration (Zhang
et al., 2021b). In our study, we found that SDV effectively alleviated
both depression-like phenotypes and splenomegaly in mice with CBDL,
indicating a role of the subdiaphragmatic vagus nerve in depression-like
behaviors and splenomegaly in these mice. Considering the significance
of the gut-liver axis in liver diseases (Albillos et al., 2020; Schwabe and
Greten, 2020; Wiest et al., 2017; Zhang et al.,, 2022b), the

gut-liver-brain axis, likely mediated through the subdiaphragmatic
vagus nerve, appears to be crucial in the development of depression-like
phenotypes in mice with CBDL. The role of the vagus nerve in modu-
lating the systemic inflammatory response to LPS was also underscored
(Borovikova et al., 2000). Given the vagus nerve's role on systemic
inflammation, SDV might be an effective strategy in reducing inflam-
mation in this model. Moreover, with vagus nerve stimulation (VNS)
known for its potent anti-inflammatory actions (Hashimoto, 2023b,
2023c; Wang et al., 2022), VNS could potentially be a therapeutic option
for patients suffering from liver cirrhosis.

The discovery of ketamine's robust antidepressant properties was an
unexpected milestone in the treatment of psychiatric disorders, offering
rapid and sustained antidepressant actions for treatment-resistant pa-
tients with depression (Hashimoto, 2022). Preclinical studies indicate
that arketamine, the (R)-enantiomer of ketamine, may be a safer anti-
depressant alternative compared to ketamine or esketamine, the (S)-
enantiomer of ketamine (Hashimoto, 2020, 2023b, 2023d, 2024; Wei
et al.,, 2022a; Zhang et al., 2022a; Zhang et al.,, 2023). Our earlier
research demonstrated that arketamine not only alleviates depression-
like behaviors in mice but also modifies the gut microbiota
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7.740, P = 0.0101; Interaction: F(1, 25y = 5.314 P = 0.0297). (G): Western blot analysis of GluA1 in the PFC (two-way ANOVA, CBDL: F(;, 25y = 3.411, P = 0.0766;
SDV: F(, 25) = 5.223, P = 0.0310; Interaction: F(;, 55y = 8.779 P = 0.0066) and the representative bands. (H): Western blot analysis of PSD-95 in the PFC (two-way
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14, prefrontal cortex (PFC) and plasma samples were collected. (B): Body weight (repeated measure ANOVA, F(, 26) = 16.89, P < 0.001). (C): Spleen weight (one-
way ANOVA, F( 26) = 20.42, P < 0.001).(D): LMT (one-way ANOVA, F(5 26y = 0.2491, P = 0.7813). (E): FST (one-way ANOVA, F(3 26y = 9.660, P = 0.0007). (F):
SPT (one-way ANOVA, F(y 26) = 9.743, P = 0.0007). (G): Western blot analysis of GluAl in the PFC (one-way ANOVA, F5 26 = 9.429, P = 0.0008) and the
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composition in these models (Qu et al., 2017; Yang et al., 2017). Addi-
tionally, we found that arketamine can reverse reduced bone mineral
density in mice exposed to stress (Wan et al., 2023) and ovariectomized
mice (Wan et al., 2022), acting through the gut-microbiota-bone axis.
Considering the crucial role of gut microbiota on bone mineral density
(Chen et al., 2023; Ohlsson and Sjogren, 2015), it seems plausible that
the gut microbiota-bone axis may play a pivotal role in arketamine's
beneficial effects on bone mineral density (Wan et al., 2022, 2023; Wei
et al., 2022a). More recently, our studies have shown that a single dose
of arketamine can improve depression-like phenotypes in mice with HI/
R injury (Yang et al., 2024), as well as in mice with CBDL (this study).
Remarkably, these beneficial effects on HI/R injury or CBDL models are
attainable with just one post-injection of arketamine. While the precise
mechanisms of arketamine's action in the HI/R or CBDL models remain
to be fully understood, it is plausible that its anti-inflammatory actions,
potentially mediated via the gut-liver—brain axis, play a significant role.
The association between depressive symptoms and cognitive decline in
patients with liver cirrhosis is well-documented (Pantiga et al., 2003;
San Martin-Valenzuela et al., 2020; Stewart et al., 2011). Given the in-
fluence of depression and cognitive function on the progression of liver
cirrhosis (Mullish et al., 2014; Patten et al., 2008), exploring whether
arketamine can alleviate depression in patients with liver cirrhosis
presents a compelling area of research.

This study has several limitations. Initially, we were unable to
measure the blood levels of alanine aminotransferase and aspartate
aminotransferase, as the plasma samples were allocated for metab-
olomic and lipidomic analyses. Additionally, our research did not
include behavioral assessments for cognitive deficits, although a previ-
ous study has shown that rats with bile duct ligation can exhibit spatial
memory deficits (Huang et al., 2009). Another limitation is our focus
solely on the PFC for evaluating synaptic protein expression, despite the
known relevance of other brain regions, like the hippocampus, in
depression. Furthermore, the study did not examine the potential effects
of FMT from mice with CBDL, which could have provided further un-
derstanding of the gut microbiota's role in depression-like phenotypes.
This area warrants future investigations using FMT from CBDL mice.
Lastly, the current research has not yet investigated the connections
between the microbiome or metabolites and depression-like phenotypes
in CBDL mice. Future studies should aim to elucidate how these factors
may contribute to depression-like phenotypes in this model.

In conclusion, our findings indicate that the gut-liver-brain axis,
particularly through the subdiaphragmatic vagus nerve, is crucial in the
development of depression-like phenotypes in mice following CBDL.
Considering the significant role that depression plays in the progression
of liver cirrhosis, arketamine emerges as a promising therapeutic
candidate for treating depression in patients with this condition.
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BERE R mXiEL O aRiEE L v
1. BAEMBE (1)
1) B89 (Goal)

Titania (TiO2) has antibacterial effects due to its photocatalytic activity and has been applied not only in the industrial field but
also in the medical and dental fields. To improve the functions of TiO2, we have prepared highly—ordered TiO2 nanosheets (TiO2
NS) exposing the {001} planes and have shown that they have superior photocatalytic activity compared to conventional titania
nanoparticles. In this study, we made silver, copper, and cerium—doped titania nanosheets (Ag/TiO2 NS, Cu/TiO2 NS, and
Ce/TiO2 NS) and performed antibacterial tests of these 3 kinds of metal-doped TiO2 NS to explore the antibacterial effect
against Streptococcus mutans.

2) Bk B& (Approach)

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

3) # ¥l &A% (Materials and methods)

1. Synthesis of F-TiO2 NS

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

2. Removal of the fluorides from F—TiO2 NS to produce TiO2 NS

To attain the removal of the fluorides from the surface, the as—prepared F-TiO2 NS was washed with 0.1M NaOH (10 mg
TiO2/ml, 2 h under stirring at “300K). The suspension was then centrifuged (4000rpm, 15min). The paste of TiO2 NS was
recovered by centrifugation and washed by water 3 times (1500mg, 40 ml, 4000 rpm, 15 min) to remove Na+ ions from the
surface. 3.
Preparation of metal doped TiO2 NS by photodeposition

For preparation of metal-modified TiO2 NS, silver nitrate, copper sulfate pentahydrate and cerium nitrate hexahydrate are used
as metal precursors. The amount of each metal doped on 1500mg TiO2 NS is 1.2%10-4mol , which means that the quantity of
silver nitrate, copper sulfate and cerium nitrate is 20.40mg, 30.00mg and 52.08mg respectively.

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

The weighted TiO2 NS powder is put into a Pyrex glass tube equipped with a magnetic stirrer, to which 75ml of methanol(99.5%)
aqueous solution(50vol%, distilled water) is added. Then, the aqueous solution of metal salt is slowly dropped while being
stirred(75ml distilled water). The suspension is gas—sparged (N2) for 15 min. The tube is photoirradiated for 3 hours for Ag/TiO2,
Cu/TiO2 and Ce/TiO2 with magnetic stirring (500rpm) by a 121-W high—pressure mercury lamp under thermostatic control at
298K. The thus—obtained photocatalysts is centrifuged (4000rpm for 30 min), washed three times with methanol and three times
with distilled water, and freeze—dried, and then the product is collected for further study[4].

3. Characterization of three composite materials

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

4.Antibacterial tests against S.mutans

Precultures of S. mutans was grown in ATCC Medium:44 Brain-Heart Infusion (BHI) Broth at 37°C anaerobically (180 rpm).
After 18 h, cells are harvested by centrifugation (2200 rpm, 19°C, 5 min), washed twice with 5 ml of saline and
resuspended in saline. The density is standardized and adjusted to 0.5 McFarland concentration using a turbidity meter.
9 ml of S. mutans’ suspension is poured into the glass bottle with 1ml metal/TiO2 or metal/TiO2-ST-01 or metal/TiO2-ST-41
saline solution. In addition, two controls were set as 9 ml of S. mutans’s suspension with 1 ml saline and one of the glass
bottles was covered with aluminum foil.

All experiments are carried out in glass bottles with and without UV irradiation (2.5 mW/cm”2, 315nm-400nm, 27W) with
magnetic stirring (speed 300rpm). At proposed time intervals luminescence was recorded.

4) RERHER (Results)

5) &% (Discussion)
Ag, Cu and Ce could be doped on titanium dioxide by photodeposition. Ag, Cu and Ce doping by photodeposition could affect the
antibacterial efficiency of TiO2 nanosheets and TiO2 nanoparticles against Streptococcus mutans.
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Abstract: Titania (TiO;) nanosheets are crystals with controlled, highly ordered structures that im-
prove the functionality of conventional TiO, nanoparticles. Various surface modification methods
have been studied to enhance the effectiveness of these materials as photocatalysts. Surface modifica-
tions using electrical polarization have attracted considerable attention in recent years because they
can improve the function of titania without changing its composition. However, the combination of
facet engineering and electrical polarization has not been shown to improve the functionality of TiO,
nanosheets. In the present study, the dye-degradation performance of polarized TiO, nanosheets was
evaluated. TiO, nanosheets with a F/Ti ratio of 0.3 were synthesized via a hydrothermal method.
The crystal morphology and structure were evaluated using transmission electron microscopy and
X-ray diffraction. Then, electrical polarization was performed under a DC electric field of 300 V at
300 °C. The polarized material was evaluated using thermally stimulated current measurements. A
dye-degradation assay was performed using a methylene blue solution under ultraviolet irradiation.
The polarized TiO; nanosheets exhibited a dense surface charge and accelerated decolorization. These
results indicate that electrical polarization can be used to enhance the photocatalytic activity of TiO;.

Keywords: TiO,; surface charge; electrical polarization; photocatalytic activity; dye decolorization

1. Introduction

Titania (TiO;) has been used in industrial applications as well as in the dental field as
a denture cleaner and for tooth bleaching because it causes a reduction—-oxidation (redox)
reaction through photocatalytic activity on its surface [1]. Ultraviolet (UV) irradiation
generates electrons and holes on the surface of titania, resulting in the generation of reactive
oxygen species (ROS) such as superoxide anions ('O, ™) and hydroxyl radicals (OH) in
the presence of water and oxygen [2]. These oxidizing substances can decompose organic
dyes with a higher efficiency than common oxygen molecules [3]. However, the generated
electrons and holes recombine within 50 ns, indicating that carriers have a longer lifetime
on their surfaces [4].

The photocatalytic activity of titania has been improved using various methods, such
as facet engineering [5,6], structure regulation [7], and metal doping [8]. These methods
aim to enhance the photocatalytic activity by delaying electron-hole recombination. Espe-
cially enhanced photocatalysis has been obtained by designing compact heterojunctions [9].
We previously reported a highly ordered, facet-controlled, anatase-type titania nanosheet
(NS) with several {001} planes and found that it had superior photocatalytic activity and
antibacterial capability compared to conventional titania nanoparticles [10,11]. Titania
NSs with side lengths of 29 nm were synthesized using ammonium hexafluorotitanate
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((NHy),TiFg) and titanium butoxide (Ti(OBu)y). Fluoride from ammonium hexafluoroti-
tanate inhibits crystal growth of the {001} facet by adhering to its facet, which has a high
surface energy. The {001} surface has also been reported to have a higher reactivity site
against UV irradiation than the {101} surface, which causes redox reactions on both the
{001} and {101} surfaces [12]. These results suggest that facet-engineered titania is crucial for
the design of photocatalyst-containing biomaterials. However, decolorization was achieved
through decomposition via photocatalytic activity as well as by adsorbing dyes on the
titania surface [13].

Dye adsorption is typically regulated by physical forces such as van der Waals forces,
hydrogen bonds, polarity, and dipole-dipole interactions [14]. The surface charge also
plays a critical role in dye adsorption [15]. Electrical polarization has attracted considerable
attention as a promising surface modification method [16-18]. We previously reported
the surface modification of bioceramics, including hydroxyapatite, carbonated apatite, (3-
tricalcium phosphate (TCP), zirconia, bioglasses, and glass ceramics, through the electrical
polarization process, which can induce surface charges without any doped elements or
coating [19-23]. Although the strong ferroelectric polarization of TiO, can be achieved
through the conjunction of perovskite-based material layers [24], such as BaTiOs and
SrTiOj3, for applications in the medical and dental fields, surface modifications without any
other impurities are highly recommended.

Electrical polarization also regulates titania’s electrical dipole orientation under DC
electric fields and a high temperature of approximately 300 to 400 °C and maintains its
orientation at room temperature [25]. Electrically polarized titania has been reported to en-
hance osteoblast-like cell proliferation and differentiation and osteoconductivity [23,25,26].
In previous studies, polarized titania was fabricated using the micro-arc oxidation method,
which incorporates calcium and phosphate ions. However, it is unclear whether the dipole
orientation of titania without doped elements can be induced using electrical polarization.
Concerning metal Ti-oxidated titania, we electrically polarized a thick titania layer on a
titanium substrate. Bandyopadhyay et al. also reported that titania nanotubes on Ti can
be polarized by electrothermal polarization and are supposed to be a novel biomaterial to
promote in vivo osseointegration at an early stage in vivo [27]. It is still unclear whether
titania powder can be electrically polarized.

The purpose of this study was to attempt the surface modification of NSs by electrical
polarization and evaluate the dye-degradation capability of polarized titania NSs to clarify
their functions. TiO, NSs with a fluorine-to-titanium molar ratio of 0.3 were hydrother-
mally synthesized. The crystal structure was characterized using transmission electron
microscopy (TEM) and X-ray diffraction (XRD). Subsequently, electrical polarization was
performed, and the surface charges were evaluated using thermally stimulated current
(TSDC) measurements. The dye-degradation performance of the polarized NS was eval-
uated using a methylene blue (MB) dye-degradation test. The null hypothesis was that
electrical polarization does not enhance the decolorizing performance of TiO,.

2. Materials and Methods
2.1. Synthesis of Titania Nanosheets

The details of the fabrication process for the titania NSs have been described previ-
ously [10]. Briefly, titanium butoxide (Sigma-Aldrich, St. Louis, MO, USA) was added
dropwise with stirring to 37% hydrochloric acid (FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) and ammonium hexafluorotitanate (Sigma-Aldrich, St. Louis, MO, USA) at
a F/Ti ratio of 0.3. The precursor was transferred to a high-pressure reaction vessel and
hydrothermally synthesized at 180 °C for 6 h. The precipitates were sonicated thrice with
methanol and twice with distilled water. The precipitates were then freeze-dried to obtain a
titania NS using a freeze dryer (FDS-1000, Tokyo Rikakikai Co., Ltd., Tokyo, Japan). Titania
nanoparticles (NPs, FUJIFILM Wako Pure Chemical Corp. Osaka, Japan) were used as
control materials.
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Figure 1. (a) Schematic diagram of sample preparation for electrical polarization. For the thermally
Figuvelatqd)Bpelatatition srarf bl peapuratisn tchelelasical potasicarivectPdriae ghbinanye-
stamfhytddmgbepatarezptiograou foerdle(ESEXCpotaemiremand THoCeabeetisadtemens pronedbated to a

galvanometer. (b) Temperature program for electrical polarization and TSDC measurement
oreGligkacterization

The crystal morphology and structure of each sample were observed using TEM
2ABI-ChOO¥RB et Blitachi Ltd., Tokyo, Japan) (JEM-1400Flash, JEOL Ltd., Tokyo, Japan). In
additinetherrhassrpioRs tior At theranpiesEk asapRs WerbygBsk i dha A maae i 2L
78X RS INgHREL DG ad vrar§oBalsan B AmbbbHaus el Cermanpkyo, Japan). In
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ibras Qlewsssplaalated fom 186 HRbRstR4eBs0 R fol oV ing LR8I tion with
a galvanometer (6514/], Tektronix Inc., Tokyo, Japan) (Figure 1) [20-22,26,27]. The stored
charge (Q) was calculated from the TSD€E 9/ thaligihg the following equation:

where Q is the stored charge (C/ cmg B 1sﬁhJ 1] &1}) rate of the temperature (K/s), and J(T)
vidhthre dejscllacigatiod chargrt(@osmity, (¢ ¢he’yamp rate of the temperature (K/s), and J(T)
is the Hbpolaticaltinopartestad¢hsihedtedmny] polarized samples were characterized using

UV-visible 1M pinysaentsehhtoneeatod Gast @ MdEe ) ladervaatiohatdceeritdd dioko,
Uapangiblbeoptisabpaspdgep phergiefetbs) hshe polaszedasd@ompalaaizssatatplelwere
TlgwatapasingHawpplets plexiousabr gescriheddfthe polarized and non-polarized

sample were calculated using Tauc plots, as previously described [28].
4. Dye-Degradation Assay

24. D?@@@Wﬁm test using the redox reaction was conducted using a 0.3 mM MB

sol%wedE@%gr%%‘fomésedé&dﬁmhnga}ea&%ﬁwtga&%lagét%%mﬁﬁ 1o Shenpiige

SSRGS Yeth ihadiated at 3hied w1 gy %SSIIC‘S‘rléaen rl('}%lbrirl hi %E’af‘ "l
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an]%]a (;3,6 34 pan 2 m e(ﬁ?&rp swer ce g%tgg %ﬁi\@
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ﬁi.}peéna antwas dily % 0 anc m asu a,Er %
usmg a mlcrop'late > Feader( (?\51103 0, Bio Clﬁh ora ries Tnc nﬂfercu es, erkele g&
USA). For the non-irradiated group, the absorbance was measured in the same manner after
UV irradiation under the same conditions, shielded with aluminum foil. After obtaining
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at 630 nm using a microplate reader (Model680, Bio-Rad Laboratories

Berkeley, CA, USA). For the non-irradiated group, the absorbance was m
same manner after UV irradiation under the same conditions, shielded w
foil. After obtaining the absorbance at each time point, the rate constéint of M

was calculated using the following equation:

the absorbance at each time point, the rate constant of MOB degradation was calculated
using the following equation: In— = k,t
Ao t
In — = k,t

where k. is a rate constant, A:is the absorbance of the MB solution at each
2 1s a_rate constant, A; is the absorbance of the MB solution at each time, and A is

where
ttﬁ% sarbanee akter 1 min.

Hgpere RxrEsuperizheetitn Faetyepl feradhyionchesma dationresstye dfitee thinjobirtadmieaof the

Baglerieisias weadaes i acea BYS Haat prdvartaluminum plate.

2.5. Measurement of ROS
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Standard curves were constructed using representative concentrations of formazan
and 2-HTA.

2.6. Statistical Analysis 50f11

A one-way analysis of variance followed by the Dunnet T3 test was used for statistical
555%2; tglt? %?%%1 ?tatlstlcal software (IBM SPSS Statistics v27.0; IBM Corp, New York, NY,

nd the results with a p-value of 0.05 or less were considered statisticaH?{ significant.
A one-way analysis of variance followed by the Dunnet T3 test was used for statistical

BIEgceaslitnsg using statistical software (IBM SPSS Statistics v27.0; IBM Corp, New York, NY,

g%, and the results with a p-value of 0.05 or less were considered statistically significant.
3.1. Crystal Morphology and Structure of Polarized Titania

3. ull;T . A
e TEM images of the samples are shown in Figure 3a. The P-NS and H-NS had a
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rutile composites.

Figure 3. Characterization of polarized (P-NS, P-NP) and non-polarized (H-NS, H-NP) titania.

(a) TEM images of titania; (b) XRD patterns of NSs and NPs.
Figure 3. Characterization of polarized (P-NS, P-NP) and non-polarized (H-NS, H-NP) titania. (a)

TR AkBes Gharrssia (YR BattdRar of NSs and NPs.
The surface charges of polarized titania were analyzed using TSDC measurements.

3DheSuerfieseCintive o Optitah Broshpayn in Figure 3a. P-NS showed peaks at 68 °C and

519 ¢ ewstglr EI;C-eNIg shovxéed ak: al’giZS Sfﬁﬂnd %i\(/sr eent 1rvlvaalvefor sss’ﬁrtiflgﬁléoo ECS l\l'oments

eaks were (:iserve ée B@ or%—el— . The.accumulat (Y %0 g C ag"%e was ¢ cﬁalalfl o )
The represepative JoRG SResiTaas eﬁégm&% TS Ao snewed BEpkea e °C and
5395 5 nedhilerlaNP whovrasivpakgatopy (cend divergent masesprnastasting aip300 °C.
Neepenks ovare 20kseneddan theebpduidvery, H-NP. The accumulated stored charge was
calculiited fromwibe G5HN Spenttiae iy integysdibandé gisndtdbind He aqdival blatddaglsarge of
PN veteBhEMd(Eignre andlthepté DRdgaiesIge NG NG WhbiS anthBIN D MEENS and

- AP3néré- 31 Idchi @hdTBRHTER2, respectively.

-81-



506 r Stored chat

3

<05 t P-NS (uCcm™

anomaterials X - - P-NS 315.4
NNunorrfaterl!algg%)%élﬁz, 11:701R PEEL "%\ 04 H-NS

=03 H-NS 3.2

- —P-NP

=02 P-NP 106.4

D -

501 H-NP H-NP 0.9

o 0 Ty 1 I

0 100 200 300 400 500 600
Temperature (°C)

Figure @ &?T ermall}ﬁfﬁpulated depola zation current (R"éﬁ)(“ ) spectra },Qﬁ)ﬂNq -NS, P-N
H-NP; ®)stored charges of P-NS, H-NS/P-NP, and H-NPHENE spectra wdk€ cut off and calc
based OR 54§ C=" ' = !

0 100 200 300 400 500 600
Tauc plots were EF3RHHSH the UV-vis absorbance results, and the optical ban
weliguletctarfineds(Figme:5) Trelojptiia o SHHCOHHENS PG, ¥ NP, amtl P-NP
3 HigaP} o §Foebelies WW e EhNPSTIE) spectra wicPeN6 HENS eIy baidd

Hahé;Bd(bl)l ﬁméatcharges of P-NS, H-NS, P-NP, anid H-NP. The spectra were cut off and calculated
based on 540 °C.

Tauc plots were drawn from the UV-vis absorbance results, and the optical bandgaps
were determined (Figure 5). The optical bandgaps of H-NS, P-NS, H-NP, and P-NP were
3.13, 3.14, 3.31, and 3.31 eV, respectively.

Figdiig8's 54 Taur s il pjcaandsmamiapatireiel e RAatgdahidz PR 0. NSs
%E] N LNEFNPS BN a} 4 P-NP).

Filsard 5oL hELeSHBICAA BRI P B RSERBHS Drorstics hd UBIHANE PR Ss (H-NS
St g 8 B Bt o

fklﬁbﬂpeﬂmslby’ Trniadwm@!funosheet
39&@%@%@‘;&%%@%%%@?%%M oo o ation

mﬂs&sﬁﬁa@&@% Hesnnanmnd i @&;ﬁm@@m&@@m@d using

sﬁk@d@%ﬁaﬁ Ry Fbﬁﬂ&qsw?eswgﬁ%ﬂhfsﬂ?ﬁisfsmgéﬁ&%@at%re ROS

ndupero ide an h,el roxyI fadicals. The polarized titania also generated more ROS than
-polarize
nontpolarize ama

-82-



Nanomaterials 2024, 14, x FOR PEER REVIEW 7 of 12
Nanomaterials 2024, 14, 171 7 of 11

(a) (b)
6 250
%5— T 2200 | a
\-_/4_ -m
3 2150 by
53 = 100
et = - C
%2_ b be é d -
JINSSE FORE SN F
04!; 1 E g
z 2z Z & z 7 2z Z
< R A s

Figure 6. ROS production under UV irradiation. (a) Superoxide anion production and (b) hydroxyl

Figins 4. KOS pe o ins Seen v enshiesy, Slgn tisant diifereness 2t SandiBh and (b) hydroxyl

ragiga) PE)&B‘IB%aTW%@HMﬁISR‘éW{gmﬁwm differences at o = 0.05.

339 %T Col iz 'on of the ]%so %1on with titania without UV irradiation was eval-
e

ecoloriz
uated at regu ar 1nter als. 1rrad1at10n MB decomposed in a time-dependent

maiﬁhsriﬁfglﬁe%w Ris M&i $RBH %héé’ tlanizauwdtharbNedopdiabionsyvasin

eypigated 9t FiesiHles Purivaktioh Bieandé ng Hem i BindRePgRSED, BufnbBHfect
depepdsndmanneEBre il The shewrditheibigbemBxeidesuedaion siicirnesdioed

48 d Fdgpen dehtidesiical aedarsoption @ribenecrhyEdRakadtat ok flog N #reveRce

by siteciedvasabsenad ([Fighte D). arolpizEheidenal ohgationsnBvifhentiaHded

Nanomaterials 2024, 14, x FOR PEER%WQHa%MWWWE@m aﬂ% C@Cm@&@r&)mm W%M?@S

mgrgﬁgmﬂyk@dﬁa{gcggﬂ@iﬁg@é@rm@@@mmpared to non—polarlzed tltama The calculated
rate conatant af P-NIS wrac hioher than thnee of H-NIS H-NIP and P-NIP (Fictire R) The

e (@ (b)
0.400 0.400
0.380 0.380
~0.360 ~0.360
= =
=0.340 &0.340
§ 0.320 § 0.320
£0.300 5 0.300
O 0.280 30280 | “PNS
< 0260 < 0.260 H-NS
0.240 0240  PNP
0.220 0.220 NP . .
500 0 100 200 300 400 500
Time (min)
.(c (d)
Figflre 7. Cont. 05
~04 04 L
: :
5 03 203 |
g 2
= «©
-é 0.2 @ 02 +
2 2
0.1 <ol L
0 o
= 0
A~ = A A W om
-83-
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This is the first study to regulate the surface charges of TiO, NPs and NSs using
the electrical polarization method. We showed enhanced dye-degradation activity of
polarized TiO; NSs. To modify the degradation performance of TiO,, the crystal growth
was regulated by supplying F ions during the hydrothermal synthesis using ammonium
hexafluorotitanate and titanium butoxide as starting materials with a F/Ti ratio of 0.3.
Anatase-type TiO, NSs as small as 6.3 nm were obtained. The TiO, powder was then
electrically polarized by a DC electric field at 300 V/mm and 300 °C for 1 h to control
the surface charges. The TSDC results showed that polarized TiO, NSs were successfully
prepared. Accelerated dye degradation was achieved by P-NS, but not by polarized P-NP.
However, superoxide anion and hydroxyl radical generation, detected using NBT and DTA
assays, was enhanced by both P-NS and P-NP. From these results, the null hypothesis,
which states that electrical polarization does not enhance the decolorizing performance of
TiO,, was rejected, as P-NS accelerated MB degradation compared to H-NS.

-84-



Nanomaterials 2024, 14, 171

90f11

Titania NSs have been reported to have high photocatalytic activity because of the
heterojunctions of the {101}/{001} plane, and they are considered an alternative for titania
nanoparticles [32]. We previously synthesized titania NSs with a side length of 6.3 to
445 nm and clarified that the best photocatalytic activity was achieved by titania NSs with
a side length of 6.3 nm [28]. In this study, a titania NS with a side length of 6.3 nm was used
as a representative substrate for electrical polarization because the single-nanometer-sized
titania NS showed the highest dye-degradation performance compared to the other NSs
and NPs.

Dipole formation in a crystal structure originates from the orientation of the posi-
tive and negative ions. Electrical polarization enables the reorientation of ions at room
temperature to be fixed by a constant DC electric field from high to low temperatures
without substituting ions. TSDC measurements can evaluate the surface charges as an
electric current induced by the relaxation of dipoles through a heating process. The surface
charges of TiO; NPs and NSs were estimated to be induced by the reorientation of oxygen
vacancies and Ti>* because regularly synthesized TiO, contains 1% oxygen vacancies [33].
Furthermore, the TiO; NSs contained F, not only at the surface, but also in the lattice,
substituting for O>~ and inducing the reduction of Ti** to Ti** to compensate for the
charges [34]. Hence, P-NS dipoles may be induced by reorienting the oxygen vacancy
and F~.

In the decolorization experiment, P-NS showed the strongest decolorizing power
after 480 min compared with H-NS, P-NP, and H-NP. These results agree with the trend
in our previous report showing the better decolorizing capability of NSs compared to
that of NPs. Furthermore, electrical polarization accelerated the decolorization of MB by
P-NS. The TSDC measurements confirmed that the surface charges of P-NS and P-NP
were successfully induced by electrical polarization. Azeez et al. reported that the MB
adsorption by TiO, NPs was enhanced by the higher surface charges originating from
the rich hydroxyl groups [13]. However, this study showed that the adsorption of the
MB dye was also enhanced by electrical polarization, inducing surface charges without
adding any elements to the surfaces. This study also demonstrated that polarized NSs
and NPs induced the production of more superoxide anions and hydroxyl radicals under
UV irradiation compared to the non-polarized samples. Although ROS generation can
be enhanced by accelerated redox reactions on the surface of TiO, by UV irradiation, the
optical bandgap energy results indicated that electrical polarization had no influence on
the reactivity against UV irradiation. ROS are usually detected by indirect methods using
scavengers such as DTA and NBT because of the rapid reactions and decomposition during
UV irradiation [2]. This indicates that the polarized TiO; accelerated the reaction of DTA
and NBT through redox reactions, following the enhanced adsorption of scavengers.

Despite the greater generation of ROS by P-NP and H-NP, the decolorizing effects of
P-NS and H-NS were greater than those of P-NP and H-NP. This is because the formation
of ROS has been reported to be enhanced by the mixed phase of rutile and anatase [35].
The commercially available NPs used in this study showed a mixed phase of anatase and
rutile phases, whereas the NSs showed a single anatase phase. A previous study indicated
that the adsorption of MB was enhanced by TiO, NSs compared to that by TiO, NPs [36],
which resulted in accelerated dye degradation by the P-NS.

From the above results, the dye-degradation process by polarized TiO, NSs under
aqueous conditions was proposed as follows. The adsorption of efficient photons by TiO,
NSs generated electrons and holes, which resulted in the generation of superoxide anions
and hydroxyl radicals. The polarized TiO; NSs absorbed more MB dye compared to the
polarized TiO, NPs, heated TiO, NSs, or heated TiO, NPs. Oxidation by the generated
ROS and direct oxidation by the reaction with holes degraded the MB solution.
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5. Conclusions

A facile preparation of TiO; NSs using a hydrothermal synthesis with a fluorine/
titanium ratio of 0.3 and the modification of surface charges by electrical polarization
methods was reported. The synthesized TiO, NSs formed a flattened crystal structure
with an average side length and thickness of 6.3 nm and 4.9 nm, respectively. TSDC
measurements showed a dense surface charge of P-NS and P-NP without changing their
morphology or optical properties. The MB degradation assay using P-NS showed an
increase in the dye-degradation rate and adsorption efficiency. Furthermore, P-NS and
P-NP accelerated the generation of hydroxyl and superoxide anions, respectively. This
simple and robust technique can be applied to various ceramic nanocatalysts to manipulate
their surface charge and enhance their photocatalytic activity. Considering the enhanced
photocatalytic activity of polarized TiO; NSs, the band structure of heated and polarized
TiO, will be further investigated to clarify the mechanisms of enhanced dye degradation.
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The relationship between autophagy and wound healing
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1. BIRBEM)
1) B # (Goal)

Wound repair dys function is becoming a major public health is sue worldwide. Yes—associated protein (YAP) has previously been
reported to be closely relat ed to wound healing, while how YAP accelerates wound healing via regulating autophagy needs to be
further probed.

2) BB (Approach)
A series of comparative experiments were conducted on skin trauma models to investigate the mechanisms of autophagy and other

roles in the trauma healing process.

3) ¥ ¥l &5 % (Materials and methods)

ICR male mice were involved in two independent animal exper iments; the mice were randomly allocated into control, autophagy
inhibitor (3—-MA) (injection), and 3-MA (drip) group or control, si-NC, si-YAP group (8 mice for each). Full-thickness excision al
wounds (8 mm) in mice were created by punch to construct an in vivo wound model to observe the effects of autophagy inhibitor (3—
MA) (by in jection and drip) and si—YAP by electrotransfec tion.

4) EERHER (Results)

Firstly, we found that the autopha gy inhibitor (3-MA) accelerated wound closure in vivo. Loss—of—function experiments subsequent
ly revealed that YAP knockdown led to increased proliferation and migration of fibroblasts as well as reduced autophagy, resulting in
accelerated wound healing. In addition, our results revealed that YAP could positively regulate Engrailed—1 (En1) expression in
fibroblasts. En1 knockdown also promoted the proliferation and migration of fibroblasts, meanwhile resulting in increased mammalian
target of rapamycin (nTOR) levels and reduced autophagy in fibroblasts.

5) Z %2 (Discussion)

YAP knockdown repressed autophagy in fibroblasts to accelerate wound closure by regulating the En1/mTOR axis.
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YAP knockdown repressed autophagy in
fibroblasts to accelerate wound healing
through regulating En1/mTOR axis

C.-J. CHEN, K. KISHI

Department of Plastic and Reconstructive Surgery, Keio University School of Medicine, Tokyo, Japan

Abstract. — OBJECTIVE: Wound repair dys-
function is becoming a major public health is-
sue worldwide. Yes-associated protein (YAP)
has previously been reported to be closely relat-
ed to wound healing, while how YAP accelerates
wound healing via regulating autophagy needs
to be further probed.

MATERIALS AND METHODS: ICR male mice
were involved in two independent animal exper-
iments; the mice were randomly allocated into
control, autophagy inhibitor (3-MA) (injection),
and 3-MA (drip) group or control, si-NC, si-YAP
group (8 mice for each). Full-thickness excision-
al wounds (8 mm) in mice were created by punch
to construct an in vivo wound model to observe
the effects of autophagy inhibitor (3-MA) (by in-
jection and drip) and si-YAP by electrotransfec-
tion.

RESULTS: Firstly, we found that the autopha-
gy inhibitor (3-MA) accelerated wound closure in
vivo. Loss-of-function experiments subsequent-
ly revealed that YAP knockdown led to increased
proliferation and migration of fibroblasts as well
as reduced autophagy, resulting in accelerated
wound healing. In addition, our results revealed
that YAP could positively regulate Engrailed-1
(En1) expression in fibroblasts. En1 knockdown
also promoted the proliferation and migration
of fibroblasts, meanwhile resulting in increased
mammalian target of rapamycin (mTOR) levels
and reduced autophagy in fibroblasts.

CONCLUSIONS: YAP knockdown repressed
autophagy in fibroblasts to accelerate wound
closure by regulating the En1/mTOR axis.

Key Words:
Wound healing, Autophagy, YAP, Engrailed-1,
mTOR.

Abbreviations

Yes-associated protein (YAP); Engrailed-1 (Enl); Mam-
malian target of rapamycin (MTOR); 3-(4, 5-Dimeth-
ylthiazolyl2)-2, 5-diphenyltetrazolium bromide (MTT);
Immunohistochemistry (IHC); Quantitative real-time

polymerase chain reaction (RT-gPCR); Standard devi-
ation, (SD); Analysis of variance (ANOVA); Dulbecco’s
Modified Eagle Medium (DMEM).

Introduction

Mammalian skin wound healing refers to an
evolutionarily conserved process that includes
three separated but overlapping stages: hemosta-
sis/inflammatory, proliferative, and remodeling
stages to rebuild the skin’s barrier function.
Various cells in the skin, including keratinocytes
and fibroblasts, work together to respond rapidly
after acute skin injury to restore damaged skin
function?. Currently, many people, including the
elderly, diabetic patients, and patients undergo-
ing chemotherapy or radiotherapy, suffer from
wound repair dysfunction, which imposes a huge
burden on their lives and health®*. Therefore, it
is urgent and necessary to explore the pathogen-
esis of wound healing dysfunction. Autophagy, a
cellular self-decomposing process for degrading
and recycling excess components®, is involved
in the regulation of wound healing®’. Autophagy
is finely modulated in different stages of wound
healing at a precise extent of activity to meet the
stage-specific requirements. However, the role of
autophagic activity in facilitating wound healing
is still controversial. Autophagy, under appropri-
ate conditions, operates as a modulator to monitor
and promote timely and proper healing processes.
However, any alterations in regulating autophagy
can lead to improper activity, resulting in imper-
fect wound healing, such as persistent chronic
wounds and hypertrophic scarring®. Importantly,
inhibition of autophagy was reported in the lit-
erature to facilitate wound healing, of which the
underlying mechanism remains largely unknown.
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Yes-associated protein (YAP), a transcription-
al co-activator of Hippo signaling, functions in
tissue regeneration, wound healing and immune
regulation®. Much evidence®?® has emphasized
its function in epidermal development and skin
wound repair. As proof, Mascharak et al* re-
vealed that YAP knockdown could promote fibro-
blast-induced wound regeneration by repressing
engrailed-1 (Enl) activation. Enl is a neural-spe-
cific transcription factor that functions in regulat-
ing the development of many tissues and organs'2.
However, the specific mechanism of the YAP/
Enl axis in regulating wound healing needs to be
revealed. Notably, YAP inhibition was reported®
to repress autophagy and accelerate skin wound
closure, and the downstream target of Enl, the
mammalian target of rapamycin (mTOR), is also
the core regulator of autophagy*>*. All this evi-
dence suggests that the YAP/Enl/mTOR axis is a
risk factor affecting wound healing, while its role
in regulating autophagy during wound healing is
largely unknown.

Based on the above evidence, we speculated
that YAP knockdown repressed autophagy in
wound healing by regulating the En1/mTOR axis,
thereby ameliorating wound healing dysfunction.
Our research provided potential therapeutic tar-
gets for wound healing dysfunction.

Materials and Methods

Construction of In Vivo Wound Model
The study was carried out between 2021.12
and 2023.8. The ICR male mice (8-10 weeks
of age, Sankyo, Tokyo, Japan) were purchased
and fed in separate cages. A full-thickness ex-
cisional wound (8 mm) in mice was created as
previously reported®. Two independent animal
experiments were conducted, and the mice were
randomly allocated into the control, 3-MA (in-
jection), and 3-MA (drip) group or control, si-
NC, and si-YAP group (8 mice for each). Mice in
3-MA (injection) group, 3-MA (drip) group, and
control group were intraperitoneally injected
with 3-MA (10 mg/kg, AdipoGen, San Diego,
CA, USA), drip 3-MA (10 mM) and drip Phos-
phate-buffered saline (PBS), respectively, every
day after skin injury. For si-YAP experiment,
10 uLL PBS, 10 pL si-NC and si-YAP (Horizon
Discovery, London, UK) with a concentration
of 5 mM were mixed with 40 uL green fluo-
rescent protein (GFP) reporter plasmid with a
concentration of 500 mg/L, and then the mixture
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was dripped onto the wound edges of mice for
electrotransfection by NEPA21 electroporator
(NEPA GENE Co. Ltd. Chiba, Japan) using
electrodes for in vivo experiments. The number
of GFP-positive cells on the wound edges was
observed and calculated one day after electro-
transfection to confirm successful transfection.
Wound images were acquired after wounding on
days 0, 4, 7, 10 and 14. The wound healing rate
was calculated as the percentage of the original
wound size using the following formula: (initial
area — final area)/initial area X 100%. On day 10
after the wound injury in the 3-MA experiment,
three wound samples were randomly selected
from the wounds of three mice in each group.
Half of the samples were subjected to western
blot experiments, and the other half to immu-
nostaining experiments. On day 10 after the
wound injury in the si-YAP experiment, three
wound samples were randomly selected from
three mice in each group. Half of the samples
were subjected to immunostaining experiments,
1/4 of the samples were subjected to RT-qPCR
experiments, and the rest 1/4 were subjected to
western blot experiments. These mice were sac-
rificed by cervical dislocation after anesthesia.
Then, wound samples were collected from these
mice. Our study was approved by the Animal
Ethics Committee of Keio University School of
Medicine [A2022-128].

Immunohistochemistry (IHC)

The sections (4 pm in thickness) were pre-
pared. After deparaffinization and antigen re-
trieval, sections were then blocked and incubated
with antibodies against LC3A/B (CST, Danvers,
MA, USA, 1100, 12741), YAP (CST, Danvers,
MA, USA, 1:100, 14074) and Enl (Bioss, Wo-
burn, MA, USA, 1:100, bs-11744R-HRP) over-
night. The staining of LC3 and YAP was followed
by the incubation with the secondary antibody
biotinylated goat anti-rabbit (Vector Laborato-
ries, Newark, NJ, USA, 1:500, BA1000) for 1 h.
A secondary antibody was not used for staining
Enl. We used the ABC kit (Vector Laboratories,
Newark, NJ, USA) for staining except for Enl.
The sections were stained with DAB and then
counterstained with hematoxylin, dehydrated,
and mounted. The images were taken using a
microscope. Then, we calculated the proportion
of positive cells in the dermis of skin tissue (ex-
cluding the epidermis) in the 3 separate fields of
view using ImagelJ software.
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Quantitative Real-Time Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted with Isogen (Nip-
pongene, Tokyo, Japan). The cDNA was synthe-
sized using the cDNA Synthesis System (BioRad,
Hercules, CA, USA). Then, SYBR Qpcr Mix
(Toyobo, Tokyo, Japan) was employed for the
RT-gPCR assay. GAPDH was used as the refer-
ence gene for mRNA.

The data was analyzed with 24T method.
The primers used in the study were listed as fol-
lows (5°-3°):

YAP (F): ACCCTCGTTTTGCCATGAAC

YAP (R): TGTGCTGGGATTGATATTCCGTA
Enl (F): GCACACGTTATTCGGATCG

Enl (R): GCTTGTCCTCCTTCTCGTTCT
GAPDH (F): AGGTCGGTGTGAACGGATTTG
GAPDH (R): GGGGTCGTTGATGGCAACA

Western Blot

Total proteins were extracted using Ristoce-
tin-induced platelet aggregation (RIPA). Qubit
Protein Assay Kit (Invitrogen, Carlsbad, CA,
USA) was used to quantify the concentration.
Proteins were separated using the 10% sodium
dodecyl-sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) TGX mini gel and further trans-
ferred into a Polyvinylidene fluoride (PVDF)
membrane (Transblot Turbo, Bio-Rad, Hercules,
CA, USA). The membranes were subsequent-
ly incubated overnight with antibodies against
LC3A/B (CST, Danvers, MA, USA, 1:1000,
12741), YAP (CST, Danvers, MA, USA, 1:1000,
14074), mTOR (Abcam, Waltham, MA, USA,
1:1000, ab134903), B-actin (Abcam, Waltham,
MA, USA, 1:5000, ab8226) and Enl (Bioss Inc.,
Woburn, MA, USA, 1:1000, bs-11744R-HRP).
After being washed with PBS-T, membranes were
then incubated with the corresponding secondary
antibody goat anti-rabbit HRP-linked (CST, Dan-
vers, MA, USA, 1:5000, 7074), goat anti-rabbit
HRP-linked (CST, Danvers, MA, USA, 1:5000,
7074), goat anti-rabbit HRP-linked (CST, Dan-
vers, MA, USA, 1:5000, 7074), goat anti-mouse
pAb-HRP (MBL, Chiba, Japan, 1:5000, 330) re-
spectively for 60 min. A secondary antibody
was not used for the western blot of Enl. Pro-
tein bands were analyzed by an ECL detec-
tion kit (WBULS0100, Millipore, Billerica, MA,
USA). Pictures were taken by ImageQuant LAS
4000mini (Cytiva, MA, USA) and then analyzed
by ImagelJ.
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Isolation and Culture of Fibroblasts

ICR male mice (8-10 weeks old) were sacrificed
by cervical dislocation after anesthesia. The trunk
skin was separated and cut into small pieces in
the ultra-clean bench after disinfection with 75%
ethanol. After removing blood by rinsing with
PBS, the tissues were transferred evenly to cell
culture flasks. DMEM complete medium was add-
ed to submerge the tissue block in a constant tem-
perature incubator to fully cultivate. After 24 h,
DMEM complete medium was added, which was
replaced every 3 days. The purified mouse skin
fibroblasts were used for subsequent experiments.

Cell Transfection

siRNA of YAP, Enl (si-YAP, si-Enl — Hori-
zon Discovery, London, UK), and their negative
controls were transfected into cells using the
TransIT-TKO Transfection Reagent (Mirus Bio,
Madison, Wisconsin, United States).

3-(4, 5-DimethylthiazolylZ2)-2,
5-Diphenyltetrazolium Bromide
(MTT) Assay

Cells were seeded in a 96-well plate (2x10°
cells/well) for 24 h and incubated in 5 mg/mL
MTT (MTT Cell Count kit, Nacalai Tesque Inc.,
Nakagyo-ku, Kyoto, Japan) for 4 h. Then the
absorbance at 490 nm was analyzed with a mi-
croplate reader (SpectraMax, Molecular Devices,
San Jose, CA, USA) after DMSO supplement.

Scratch Assay

Mouse fibroblasts were plated into 6-well plates
supplemented with DMEM. An artificial wound
was created in the confluent cell monolayer using
a 200 uL pipette tip. Cells were cultured after the
removal of the medium. The images were taken
at 0 h and 24 h using a microscope. The area was
measured without cells in the middle, respec-
tively, by ImageJ, and then the change rate of
the area from 0 to 24 hours was calculated using
the following formula: (initial area — final area)/
initial area x 100%.

Statistical Analysis

Statistical data was analyzed by SPSS 19.0
(IBM Corp., Armonk, NY, USA) and expressed
as means + standard deviation (SD). The differ-
ences between the two groups were analyzed
using Student’s t-tests. One-way analysis of vari-
ance (ANOVA) was performed to assess the dif-
ferences among multiple groups. p-values lower
than 0.05 were considered significant.
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Results

Autophagy Inhibition Accelerated
Wound Closure In Vivo

As previously reported®, autophagy inhibitor
treatment accelerated wound healing in vivo. In
the current study, it was also observed that the
wound healing rate of a skin injury mouse model
was significantly increased by 3-MA (autophagy
inhibitor) treatment on day 10 (Figure 1A-B). The
increased autophagy marker (LC3II/T), YAP, and
Enl levels were observed in the skin of control
mice, while these changes were partially re-
versed by 3-MA treatment, resulting in accelerat-
ed wound closure and reduced expression of YAP,
EN1, and autophagy marker (LC3A/B) in the skin
10 days after injury (Figure 1C-D). Collectively,
our results suggested that autophagy inhibition
contributed to wound closure in vivo.

YAP Knockdown Facilitated Wound
Closure In Vivo

To probe the role of YAP in wound healing,
we induced the knockdown of YAP in the
wounds of model mice. It was observed that the
wound healing rate was significantly higher in
the si-YAP group than in the si-NC group (Fig-
ure 2A-B). In addition, YAP knockdown led to
reduced YAP and Enl mRNA levels in the skin
of model mice 10 days after injury (Figure 2C).
Moreover, it was observed that si-YAP trans-
fection resulted in reduced LC3II/I, YAP and
Enl levels (Figure 2D). Taken together, YAP
knockdown increased the wound healing rate
by repressing autophagy.

YAP Knockdown Promoted the
Proliferation and Migration of Fibroblasts

Fibroblasts are commonly used cells to study
wound healing in vitro®. Herein, we aimed to
explore the role of YAP in regulating the prolif-
eration and migration of fibroblasts isolated from
mouse skin. Firstly, we induced YAP knockdown
in fibroblasts (Figure 3A). As revealed in Figure
3B, cell proliferation of fibroblasts was increased
by YAP knockdown (Figure 3C). In addition, it
was observed that YAP knockdown led to in-
creased cell migration of fibroblasts (Figure 3D).
Moreover, YAP knockdown resulted in reduced
protein level of LC3II/I in fibroblasts. In conclu-
sion, YAP knockdown promoted the proliferation
and migration of fibroblasts.
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YAP Regulated mTOR-Mediated
Autophagy in Fibroblasts by
Regulation of Eni

We first observed that the YAP knockdown re-
sulted in reduced Enl level and increased mTOR
level in mouse fibroblasts (Figure 4A). In order
to probe the role of Enl in regulating mTOR and
autophagy in wound healing, we induced Enl
knockdown in fibroblasts by transfecting si-Enl
into cells. As demonstrated in Figure 4B, si-Enl
transfection resulted in reduced Enl level and
increased mTOR level in fibroblasts. Functional
experiments subsequently demonstrated that the
proliferation (Figure 4C) and migration (Figure
4D) of fibroblasts were promoted by Enl silenc-
ing. Additionally, Enl knockdown resulted in
reduced LC3II/I level in fibroblasts (Figure 4E).
In summary, Enl served as the target of YAP in
regulating mTOR-mediated autophagy in fibro-
blasts, thereby regulating cell proliferation and
migration.

Discussion

Skin injury is a common event after acciden-
tal trauma®”. Delayed wound healing has always
been an important health problem worldwide,
especially among diabetic patients and the elder-
ly*8. Wound healing is a complicated process, the
specific mechanism of which has not been fully
understood. In the current study, it was found that
autophagy inhibition promoted wound closure in
vivo. We subsequently investigated the regulatory
mechanisms of autophagy during wound healing
in vitro; our results revealed that YAP promot-
ed autophagy in fibroblasts and facilitated their
migration and proliferation in wound healing
by regulating the En1/mTOR axis, providing a
potential therapeutic target for wound healing
dysfunction.

Autophagy refers to a catabolic process that re-
moves unwanted components via lysosomal deg-
radation pathways. Autophagy has been largely
reported to be involved in various diseases such
as heart disease, cancer, and neurodegeneration,
and the function of autophagy in tissue regenera-
tion is intriguing. Our study found that autophagy
inhibition could accelerate wound closure in vivo,
making it a promising target for chronic wound
healing. Consistently, several other studiest3!%2
also pointed out that autophagy inhibitors accel-
erated wound healing in normal mice or diabetic
wounds. For example, advanced glycation end-
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Figure 1. Autophagy inhibition accelerated wound closure in vivo. Mice after the skin was injured were subjected to 3-MA.
A-B, Representative wound healing images, and the wound closures were quantified. C, Western blot was employed to evaluate
LC3II/I, YAP and Enl levels in skin tissues. D, The protein levels of LC3A/B, Enl, and YAP in the dermis of skin tissues were
detected by IHC (magnification 200x). The solid line represents 100 pm. The measurement data were presented as mean + SD.

N = 5. **p < 0.01, ***p < 0.00L,

products (AGEs) can elicit autophagy, modulating
macrophage polarization to M1 and impairing
wound healing®. In addition, excessive autopha-
gy impairs the healing process of diabetic wounds
and leads to the formation of hypertrophic scars®.
However, some studies’® also demonstrated that
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autophagy may have a positive impact on wound
healing. Appropriate hydration can contribute to
rapid and efficient wound closure by promoting
cell proliferation and migration and extracellular
matrix reorganization via inducing autophagy?.
Moreover, autophagy in various types of cells
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Figure 2. YAP knockdown facilitated wound closure in vivo. We electrotransfected si-YAP or si-NC into the wound edges of
mice after the skin was injured. A-B, Representative wound healing images, and the wound closures were quantified. C, RT-
gPCR was carried out to determine the mRNA levels of YAP and Enl in skin tissues. D, The protein levels of LC3II/I, YAP
and Enl levels in skin tissues were detected using western blot. The measurement data were presented as mean + SD. N = 5.
**p < 0.01, ***p < 0.001.
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Figure 3. YAP knockdown promoted the proliferation and migration of fibroblasts. We induced YAP knockdown in fibroblasts.
A, YAP expression was examined by RT-gPCR and western blot. B, Cell proliferation was analyzed by MTT assay. C, Cell
migration was analyzed by scratch assay. D, Western blot was employed to evaluate LC3II/I levels. The measurement data were
presented as mean + SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

may cause different results. Qiang et al” showed
that epidermal autophagy can facilitate the acti-
vation of keratinocytes and fibroblasts and coordi-
nate their interactions, thus enhancing skin repair,
whereas we found that autophagy in fibroblasts is
a risk factor for wound healing. Hence, autophagy
has a dual role in regulating wound healing and
can determine different clinical outcomes depend-
ing on the tissue or cell in which it occurs®. There-
fore, future studies should further clarify the exact
role of autophagy in different stages of wound
healing and develop cell-specific autophagy drugs
to promote wound healing.

As above, autophagy is a crucial process for
wound healing. However, its underlying molecu-
lar mechanism needs to be further elucidated. We
found that the YAP/En1/mTOR axis is essential to
regulate autophagy in skin wound healing. YAP
knockdown repressed autophagy in fibroblasts in
wound healing to promote their migration and

proliferation, accelerating wound closure through
modulating En/mTOR pathway. As widely de-
scribed, YAP, as a transcriptional coactivator of
the Hippo signaling, plays a critical role in skin
wound repair®. As proof, ectopic expression of ac-
tivated YAP mutants or deregulation of upstream
regulators of YAP localization resulted in an
uncontrolled epidermal injury response?2, More
importantly, it was also previously reported
that verteporfin (YAP inhibitor) or YAP knock-
down could promote wound regeneration with
restoration of skin attachment, ultrastructure, and
mechanical strength. In agreement with previous
results, our study suggested that YAP is a risking
factor affecting wound healing, and loss-of-func-
tion experiments revealed that YAP knockdown
promoted the proliferation and migration of fi-
broblasts, leading to accelerated wound closure
in vivo as well as reduced autophagy in wounds.
Therefore, the conclusion drawn was that YAP
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knockdown accelerated wound healing in vitro
and in vivo by suppressing autophagy in fibro-
blasts.

As previously described, YAP inhibition pro-
moted wound regeneration by suppressing Enl
activation, indicating that Enl might function as
the target of YAP in regulating wound healing.
The current study also illustrated that Enl was
the downstream target of YAP in regulating
wound healing and autophagy. Enl is crucial
for tissue regeneration. For instance, in the fe-
tal stage, Enl-history-positive fibroblasts possess
scarring abilities. Conversely, Enl-history-naive
fibroblasts drive dermal development and regen-
eration®®. As expected, Enl knockdown can also
reduce autophagy in fibroblasts and promote the
proliferation and migration of fibroblasts through
activation of the mTOR pathway. mTOR, a ser-
ine/threonine kinase, is a master regulator of au-
tophagy?. Previous studies?® showed that mTOR
activation results in inhibition of autophagy. Col-

lectively, YAP knockdown increased mTOR level
by inhibiting Enl expression, thereby repressing
autophagy in fibroblasts during wound healing.
As a result, YAP can be chosen as a therapeutic
target for skin regeneration, and inhibition of
YAP can accelerate wound healing.

The major limitation of the present study was
lack of clinical validations. The effect of autopha-
gy inhibitor on wound healing needs to be further
verified. In addition, the mechanisms underlying
how YAP regulates En1/mTOR axis should be
further clarified in future studies.

Conclusions

Taken together, YAP knockdown repressed
autophagy in fibroblasts and accelerated wound
healing by regulating the En1/mTOR axis. Our
research provided a hopeful strategy for wound
repair dysfunction.

Figure 4. YAP regulated mTOR-mediated autophagy in fibroblasts by regulation of Enl. A, Enl and mTOR levels in fibroblasts
following YAP knockdown were assessed by western blot. We induced Enl knockdown in fibroblasts. B, Western blot was
conducted to detect Enl and mTOR levels in cells. C, MTT assay was carried out to examine cell proliferation. D, Cell migration
was analyzed by scratch assay. E, Western blot was employed to evaluate LC3II/T levels. The measurement data were presented
as mean + SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Single-Cell RNA-seq Analysis
Reveals Cellular Functional
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Fibrotic and Regenerative Wound
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Cao-Jie Chen’, Hiroki Kajita', Kento Takaya', Noriko Aramaki-Hattori’, Shigeki Sakai’,
Toru Asou?* and Kazuo Kishi"*
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Background: Fibrotic scars are common in both human and mouse skin wounds.
However, wound-induced hair neogenesis in the murine wounding models often results in
regenerative repair response. Herein, we aimed to uncover cellular functional
heterogeneity in dermis between fibrotic and regenerative wound healing fates.

Methods: The expression matrix of single-cell RNA sequencing (scRNA-seq) data of
fibrotic and regenerative wound dermal cells was filtered, normalized, and scaled;
underwent principal components analysis; and further analyzed by Uniform Manifold
Approximation and Projection (UMAP) for dimension reduction with the Seurat package.
Cell types were annotated, and cell-cell communications were analyzed. The core cell
population myofibroblast was identified and the biological functions of ligand and receptor
genes between myofibroblast and macrophage were evaluated. Specific genes between
fibrotic and regenerative myofibroblast and macrophage were identified. Temporal
dynamics of myofibroblast and macrophage were reconstructed with the Monocle tool.

Results: Across dermal cells, there were six cell types, namely, EN1-negative
myofibroblasts, EN1-positive myofibroblasts, hematopoietic cells, macrophages,
pericytes, and endothelial cells. Ligand and receptor genes between myofibroblasts
and macrophages mainly modulated cell proliferation and migration, tube development,
and the TGF-B pathway. Specific genes that were differentially expressed in fibrotic
compared to regenerative myofibroblasts or macrophages were separately identified.
Specific genes between fibrotic and regenerative myofibroblasts were involved in the
MRNA metabolic process and organelle organization. Specific genes between fibrotic and
regenerative macrophages participated in regulating immunity and phagocytosis. We then
observed the underlying evolution of myofibroblasts or macrophages.

Conclusion: Collectively, our findings reveal that myofibroblasts and macrophages may
alter the skin wound healing fate through modulating critical signaling pathways.

Keywords: skin wound healing, fibrosis, regeneration, myofibroblast, macrophage, single-cell RNA sequencing
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INTRODUCTION

The skin is the organ with the largest surface area in the human
body that provides an efficient protective barrier against
mechanical injury, microbial pathogens, and trauma (1). The
skin’s immune system is divided into two structural
compartments: epidermis and dermis, both of which contain a
plethora of immunocompetent cell types (2). The epidermis is
home to the main skin-resident immune cells, Langerhans cells,
and melanocytes. Meanwhile, immune-specialized cells like
dendritic cells, macrophages, and T cells reside in the dermis
(3). The communications within immune populations and the
skin environment are critical to the effectiveness of the skin
immune system (4). Wound healing is a complex process in the
human body, where numerous cell populations with different
functions are involved in the stages of hemostasis, inflammatory
response, growth, re-epithelialization, and remodeling (5). It is
essential to repair the skin after damage (6). Skin wound healing
involves three primary phases: inflammation, re-epithelialization,
and tissue remodeling (7). Nevertheless, effective therapeutic
strategies of accelerating healing and decreasing scarring remain
lacking. Single-cell RNA sequencing (scRNA-seq) technology has
emerged as an indispensable tool for elucidating cellular
phenotype and functional heterogeneity (8). Deciphering the
role of each cell type and interactions within cells is of
importance to understand the mechanism of normal wound
closure (9). Alterations in the microenvironment may influence
cellular recruitment or activation, resulting in damaged states of
wound healing. SCRNA-seq can be applied for deciphering the
cellular changes in chronic wounds and hypertrophic scarring,
thereby promoting the development of more effective therapeutic
solutions for healing wounds (10). Moreover, in-depth
understanding of the differences between fibrotic and
regenerative wound healing fates is a prerequisite for developing
more effective therapeutic interventions (2). Here, the purpose of
this study was to reveal cellular functional heterogeneity in the
dermis between fibrotic and regenerative wound healing fates.

MATERIALS AND METHODS

Acquisition of scRNA-seq Profiles

10x genomics scRNA-seq data of regenerative [GSM4213633;
large full-thickness excision (1 cm?) allows de novo follicle
regeneration] and fibrotic (GSM4213632; large wounds lead to
hairless scars) wound-induced hair neogenesis (WIHN) wounds
of adult 6- or 7-week-old C57Bl/6j mice were curated from the
Gene Expression Omnibus (GEO) repository (https://www.ncbi.
nlm.nih.gov/gds/). The accession number was GSE141814 (11).
Regenerative wounds were defined as hair neogenesis, decreased
contraction, decreased Wnt and TGF-B signaling activity, and
decreased collagen production, while fibrotic wounds were
defined as decreased hair neogenesis, increased contraction,
increased Wnt and TGF-f signaling activity, and increased
collagen production. This dataset was based on the platform of
GPL21103 Illumina HiSeq 4000 (Mus musculus).

Quality Control

The DropletUtils package (v 3.13) was adopted to read unique
molecular identifiers (UMI) count matrix, identify cells from
empty droplets, remove barcode-swapped pseudo-cells, and
downsample the count matrix (12). The calculateQCMetrics
function of the Scater package was used for counting the
expression of genes in cells (13). Cells with proportions of
mitochondrial genes < 10% and ribosomal genes > 10% were
determined for further analysis.

Data Preprocessing and Principal
Component Analysis

The expression matrix was normalized with the NormalizeData
function of the Seurat package (14). The top 2,000 highly variable
genes were screened by the FindVariableFeatures function. Then,
expression data were linearly scaled utilizing the ScaleData
function. Finally, principal component analysis (PCA) was
performed with the RunPCA function based on the 2,000 genes.

Cell Cluster and Annotation

The principal components with large standard deviations were
selected. Then, cell clustering analysis was performed using the
FindNeighbors and FindClusters function of the Seurat package.
With the RunUMAP function, Uniform Manifold
Approximation and Projection (UMAP) was carried out for
dimension reduction. Cell types were annotated on the basis of
the known marker genes.

Identification of Novel Marker Genes

To calculate the differentially expressed genes between each
cluster and all other cells, the FindAllMarkers function of the
Seurat package was used and novel marker genes were identified
according to the following criteria: |log fold change (FC)| = 0.1,
the minimum expression ratio of cell population = 0.25, and p-
value < 0.05.

Ligand-Receptor Network Analysis

Based on the ligand-receptor pairs from the previous literature
(15), the relationship pairs of receptors and ligands were
analyzed based on the marker genes of various cells. Then, a
cell-cell communication network was conducted and visualized
with the Cytoscape software (16). The core cell population was
identified according to the largest number of receptor-ligand
pairs in the network. Moreover, the receptor and ligand genes
were extracted.

Function Enrichment Analysis

Function enrichment analysis of the indicated genes was carried
out utilizing the clusterProfiler package, including Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (17). GO categories contain biological process,
cellular component, and molecular function. Terms with p < 0.05
were considered significantly enriched.

Protein—Protein Interaction Analysis
The Search Tool for the Retrieval of Interacting Genes (STRING)
database (version 11.0; https://string-db.org/) was utilized for
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exploring the functional interactions between marker gene-
encoded proteins (18). Then, PPI networks were constructed
and the top 20 hub genes were identified.

Pseudotime Analysis

Pseudotime analysis was carried out with the Monocle 3 tool
(19). Firstly, genes that were expressed in at least 5% of the cells
were selected. Then, the reduceDimension function was utilized
to perform dimensionality reduction analysis, followed by cell
cluster with the clusterCells function. Afterwards, the
differentialGeneTest function was adopted to determine
candidate genes with differences between the clusters with p <
0.05. The dimensionality reduction analysis of the cells was carried
out using the DDRTree approach and the reduceDimension
function based on the candidate genes. Through the orderCells
function, the cells along the quasi-chronological trajectory were
sorted and visualized.

Gene Set Variation Analysis

The single-sample gene set enrichment analysis (ssGSEA)
function of the Gene Set Variation Analysis (GSVA) package
was utilized for comparisons of the differences in GO and KEGG
terms between groups (20).

Isolation and Culture of Fibroblasts

C57BL/6 male mice (8-10 weeks old; Sankyo) were used for
fibroblast isolation. Briefly, mice were sacrificed by cervical
dislocation. The trunk skin was separated in the ultra-clean
bench, immersed in 75% ethanol for disinfection, and then cut
into small pieces. Blood was removed by rinsing with PBS buffer
and transferred evenly to cell culture dishes. DMEM complete
medium (Wako) was added to submerge the tissue block that was
placed in a constant temperature incubator to fully cultivate. After
24 h, DMEM complete medium was added, which was replaced
every 3 days. The mouse skin fibroblasts were purified by the
differential adhesion method and were used for subsequent
experiments. Our study was approved by the Animal Ethics
Committee of Keio University School of Medicine [12090(5)].

Transfection

Using the TransIT-TKO Transfection Reagent (Mirus), siRNA-
Engrailed-1 (horizon) and siRNA-control were transfected into
fibroblasts in a constant-temperature incubator. Forty-eight
hours later, the knockdown effect of siRNA was confirmed by
real-time quantitative polymerase-chain reaction (RT-qPCR).

RT-gPCR

Total RNA was extracted from fibroblasts using the Isogen reagent
(Nippon Gene) following the manufacturer’s instructions. cDNA
synthesis was achieved based on the cDNA Synthesis System (Bio-
Rad). RT-gPCR was carried out utilizing SYBR Qpcr Mix (Toyobo)
on a 7500 Real-Time PCR system (Applied Biosystems). The primer
sequences were as follows: EN1, 5-ACACAACCCTGCGATCC
TACT-3(forward) and 5-GGACGGTCCGAATAGCGTG-3’
(reverse); ACTB, 5-GGC TGTATTCCCCTCCATCG-3’(forward)
and 5-CCAGTTGGTAACAATGCCATGT-3 (reverse). The
relative expressions were calculated with the 27" method.

Wound Healing Assay

Fibroblasts were plated onto a 6-well plate (about 3 x 10> cells/
well). When the confluence reached 100%, the fibroblast
monolayer was scratched with a 1000-ul pipette tip.
Additionally, detached fibroblasts were removed with serum-free
medium. At 0 h and 24 h, the wounded area was photographed.

Statistical Analysis

All statistical analysis was performed using the R language
(version 3.6.1) and R Bioconductor packages. p < 0.05
indicated statistical significance.

RESULTS

Quality Control of scRNA-seq Data of
Fibrotic and Regenerative Wound

Dermal Cells

Herein, we collected scRNA data of dermal cells from large
skin wounds on day 18 with two distinct healing fates
(fibrosis: GSM4213632 or regeneration: GSM4213633) from
the GSE141814 dataset. Before analysis, we presented quality
control of scRNA data. Barcode rank plots separately
depicted the distribution of barcodes in total UMI count for
fibrotic and regenerative wound dermal cells (Supplementary
Figures 1A, B). Knee and inflection points in the barcode
rank plots indicated the transition of the total UMI count
distribution, which reflected the difference between empty
droplets and cell droplets. After filtrating empty droplets, we
counted the expression of genes in each cell (Supplementary
Figures 1C, D). Afterwards, we filtrated out cells with
proportions of mitochondrial genes > 10% and ribosomal
genes < 10% (Supplementary Figures 1E, F).

Cell Cluster of Fibrotic and Regenerative
Wound Dermal Cells

After normalizing scRNA data, we screened the top 2,000
highly variable genes across fibrotic and regenerative wound
dermal cells (Figure 1A). Then, scRNA data were linearly
scaled and analyzed by dimensionality reduction with PCA.
Here, we screened the top two principal components for
subsequent analysis (Figure 1B). PCA results uncovered the
prominent difference between fibrotic and regenerative wound
dermal cells (Figure 1C). According to the elbow point, we
identified the optimal principal components as 8 (Figure 1D).
Heatmaps depicted the top 20 marker genes in each principal
component (Figure 1E). With the UMAP method, dermal cells
were clustered into 15 clusters (Figure 1F). The top ten marker
genes of each cell cluster are presented in Figure 1G.

Identification of Cell Types and Their
Marker Genes Across Fibrotic and
Regenerative Wound Dermal Cells

This study attempted to identify cell types across fibrotic and
regenerative wound dermal cells. Based on the known marker
genes, six cell types were annotated, as follows: ENI-negative
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A B
D F
E

marker genes in each cell cluster.

FIGURE 1 | Cell cluster of fibrotic and regenerative wound dermal cells. (A) The top 2,000 highly variable genes across fibrotic and regenerative wound dermal cells
according to standard deviation. Red dots meant highly variable genes. The top ten highly variable genes were marked. (B) Two of the most principal components
according to standard deviation. (C) PCA plots of wound dermal cells between fibrotic (fib) and regenerative (reg) conditions. Reference atlas was colored by tissue
of origin (fibrotic and regenerative wounds). (D) Determination of the optimal principal components through elbow plot. (E) Heatmaps showing the top 20 marker
genes in each principal component. (F) Cell cluster based on the screened principal components. (G) Heatmap showing the expression patterns of the top ten

myofibroblasts (n = 6,392), EN1-positive myofibroblasts (n =
2,219), hematopoietic cells (n = 3,774), macrophages (n = 1,461),
pericytes (n = 1,493), and endothelial cells (n = 303; Figure 2A).
Table 1 lists the cell ratio of each cell type. In particular, we
noticed the differences in ratios of EN1-negative and -positive
myofibroblasts between fibrotic and regenerative wound dermal
cells (Figure 2B). With |logFC| = 0.1, the minimum expression
ratio of cell population = 0.25, and p-value < 0.05, we identified
novel marker genes in each cell type (Supplementary Table 1).
The top ten marker genes in each cell type were visualized, as
follows: EN1-negative myofibroblasts (Aebpl, Collal, Colla2,
Col3al, Col8al, Dcn, Eln, Mfap2, Mfap4, and Sparc),

hematopoietic cells (AW112010, Cd3d, Cd3g, Cd52, Hcst, Ltb,
Ptprcap, Rac2, Srgn, and Trbc2), macrophages (Apoe, Clgb, Ccl9,
Cd74, Ctss, Fcerlg, H2-Ebl, Lyz2, Ms4a6¢c, and Tyrobp),
pericytes (Acta2, Col4al, Col4a2, Gm13889, Higdlb, Myl9,
Mylk, Rgs5, Sparcll, and Tagln), EN1-positive myofibroblasts
(Birc5, Pclaf, Stnml, Ube2c, Histlh2ap, Col5a3, Cks2, Aqpl,
Tnfaip6, and Timpl), and endothelia cells (Egfl7, Cldn5, Cdh5,
Ramp2, Ecscr, Pecaml, Cd200, Ltbp4, Aqpl, and Histlh2ap)
(Figure 2C). Furthermore, we detected the expression levels of the
known marker genes that were used for annotating cell types, as
follows: endothelial cells (Cldn5, Pecaml, and Cd74), EN1-
negative and -positive myofibroblasts (Enl, Collal, Dcn, Sfrp4,
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FIGURE 2 | Identification of cell types and their marker genes across fibrotic and regenerative wound dermal cells. (A) UMAP plots showing cell types identified
by marker genes. Each cell type was colored by a unique color. (B) The cell ratio of EN1-negative and -positive myofibroblasts among fibrotic and regenerative
wound dermal cells. (C) Heatmap visualizing cell-type-specific gene expression patterns. Each column represented the average expression after cells were
grouped. (D) Integrated analysis showing marker genes across cell types. The size of each circle reflected the percentage of cells in each cell type where the
gene was detected, and the color shadow reflected the average expression level within each cell type. (E=J) UMAP plots of expression of the marker genes for
endothelial cells, EN1-negative and -positive myofibroblasts, macrophages, hematopoietic cells, and pericytes.

TABLE 1 | Cell ratio of each cell type.

Cell type

Endothelial cell

Endothelial cell
EN1-negative myofibroblasts
EN1-negative myofibroblasts
EN1-positive myofibroblasts
EN1-positive myofibroblasts
Hematopoietic cell
Hematopoietic cell
Macrophage

Macrophage

Pericytes

Pericytes

Group

Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative

Count

76
112
772

5,620
454
1,765
2,439
1,335
725
851
664
829

Total Ratio

5,130 0.014815
10,512 0.010654
5,130 0.150487
10,512 0.534627
5,130 0.088499
10,512 0.167903
5,130 0.475439
10,512 0.126998
5,130 0.141326
10,512 0.080955
5,130 0.129435
10,512 0.078862
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Fndcl, and Lum), macrophages (Cd14, Cd68, and Csflr), and
hematopoietic cells (Ptprc, Cd69, Acta2, and Rgs5)
(Figures 2D-J).

Cell-Cell Interactions Based on Ligand-
Receptor Interactions

Wound healing is a complex process that necessitates the
collaborative efforts of diverse cell lineages (21). Cell-to-cell
communications across diverse cell types thoroughly govern
appropriate functions of metazoans as well as widely rely on
interactions between secreted ligands and cell-surface receptors.
Based on the marker genes, ligand-receptor interactions were
matched. The number of ligands/receptors for myofibroblasts,
pericytes, endothelial cells, macrophages, and hematopoietic cells

was 114, 91, 32, 28 and 17, respectively (Figure 3A). According
to the number of intercellular receptor-ligand pairs, we screened
out myofibroblasts as the core cell population.

Biological Functions of Ligand and
Receptor Genes Between Myofibroblasts
and Macrophages

We further evaluated the biological functions of ligand and
receptor genes between myofibroblasts and macrophages. Our
results demonstrated that ligand and receptor genes between
myofibroblasts and macrophages were mainly involved in tube
morphogenesis and development, regulation of cell migration,
and motility (Figure 3B). Moreover, we found that the
TGF-B signaling pathway was markedly enriched by these

FIGURE 3 | Cellcell interactions and biological functions of ligand and receptor genes between myofibroblasts and macrophages. (A) The network of ligand—
receptor-mediated multicellular signaling. The arrow pointed to the recipient cell, and the number on the line indicated the number of receptor-ligand pairs. (B) GO
enrichment results of ligand and receptor genes between myofibroblasts and macrophages. (C) KEGG pathways enriched by ligand and receptor genes between
myofibroblasts and macrophages. (D) RT-gPCR for the mRNA expressions of EN1 in fibroblasts transfected with siRNA of EN1. (E, F) Wound healing assay for the

migration of EN1-knockdown fibroblasts. Bar, 20 um. **p < 0.001.
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ligand and receptor genes between myofibroblasts and
macrophages (Figure 3C).

Knockdown of EN1 Facilitates

Fibroblast Migration

We further verified the effects of EN1 on the migration of
fibroblasts. Firstly, siRNA against EN1 was designed and
transected into fibroblasts. RT-qPCR demonstrated that EN1
mRNA expression was distinctly reduced following siRNA-EN1
transfection (Figure 3D). According to wound healing results,
EN1-knockout fibroblasts displayed significantly enhanced
migration capacity (Figures 3E, F). Hence, EN1 suppression
enabled to facilitate fibroblast migration.

Identification of Specific Genes Between
Fibrotic and Regenerative Myofibroblasts
and Their Biological Functions

With the cutoffs of [FC| > 1.2 and p < 0.05, we identified 546 up-
and 481 downregulated specific genes in regenerative compared
to fibrotic myofibroblasts (Figures 4A-C). Table 2 lists the first
20 up- and downregulated specific genes between regenerative
and fibrotic myofibroblasts. As depicted in Figure 4D, we
observed that the specific genes markedly participated in

collagen-containing extracellular matrix, posttranscriptional
regulation of gene expression, positive regulation of cell
migration, mRNA metabolic process, and apoptotic signaling
pathway. Moreover, ribosome and thermogenesis were
prominently enriched by the specific genes (Figure 4E).

Identification of Specific Genes Between
Fibrotic and Regenerative Macrophages
and Their Biological Functions

With the cutoffs of |FC| > 1.2 and p < 0.05, we found that 100
specific genes were significantly upregulated while 197 specific
genes were significantly downregulated in regenerative
compared to fibrotic macrophages (Figures 5A-C). Table 3
lists the first 20 up- and downregulated specific genes between
fibrotic and regenerative macrophages. GO enrichment analysis
uncovered that the specific genes were markedly involved in the
negative regulation of programmed cell death, the regulation of
cell migration, innate immune response and apoptotic signaling
pathway, collagen-containing extracellular matrix, the positive
regulation of T cell activation, and response to interferon 7y
(Figure 5D). Moreover, we observed that antigen processing
and presentation, pathways in cancer, phagosome, ribosome, and
tuberculosis were prominently enriched by the specific
genes (Figure 5E).

FIGURE 4 | Identification of specific genes between fibrotic and regenerative myofibroblasts and their biological functions. (A, B) Scatter plots and volcano diagram
for the up- and downregulated specific genes in regenerative (reg) compared to fibrotic (fib) myofibroblasts. Red dots meant upregulated genes while blue dots
meant downregulated genes. (C) Heatmap visualizing the expression patterns of the specific genes in fibrotic and regenerative myofibroblasts. Yellow represented
upregulation and purple represented downregulation. (D) GO enrichment results of specific genes that were abnormally expressed between fibrotic and regenerative
myofibroblasts. (E) KEGG pathways involved in specific genes that were abnormally expressed between fibrotic and regenerative myofibroblasts.
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TABLE 2 | The first 20 up- and downregulated specific genes between fibrotic and regenerative myofibroblasts.

Gene log2FC p-value
Rplp0 0.870992 0
Ifitm2 0.843781 1.12E-173
Mfap5 0.826158 5.93E-128
Lgals1 0.820706 4.86E-284
Hist1h2bc 0.81979 4.50E-90
Serf2 0.805752 1.37E-310
Rpl35 0.801322 0
Rps5 0.795055 5.07E-274
Basp1 0.794315 1.55E-93
Rpl6 0.792999 4.84E-266
Ybox1 0.791379 6.39E-117
Rps19 0.790084 0
Ost4 0.782118 2.55E-123
Rpl29 0.780779 1.14E-175
H19 0.767949 8.58E-45
Rps11 0.763653 3.10E-260
Rpl15 0.760256 2.28E-207
Ift20 0.758 1.47E-93
Ssrd 0.745387 2.11E-101
Ubb 0.744921 1.14E-144
mt-Nd4l -2.08112 0
mt-Atp6 -1.85976 0
Hspalb -1.85125 4.49E-209
mt-Co2 -1.84169 0
AC160336.1 -1.81875 4.98E-104
Hspatla -1.79337 2.08E-164
mt-Nd4 -1.60147 3.51E-321
mt-Nd5 -1.59322 2.78E-221
mt-Cytb -1.57454 0
Igfop2 -1.4162 1.28E-20
mt-Nd3 -1.41514 1.13E-177
mt-Nd1 -1.4142 4.61E-280
mt-Co3 -1.39259 1.24E-268
mt-Co1 -1.35374 1.30E-265
mt-Nd2 -1.32088 1.81E-190
Gm26917 -1.31863 7.08E-191
Cd74 -1.15624 2.79E-193
Lars2 -0.96874 2.21E-146
Luc712 -0.91132 1.16E-98
Hspg2 -0.90368 3.60E-128

Q-value Regenerative Fibrotic
0 5.166991 4.295999
1.94E-169 3.837826 2.994046
1.03E-123 4.591184 3.765026
8.43E-280 6.19352 5.372813
7.81E-86 2.042755 1.222965
2.39E-306 4.973459 4167707
0 5.164454 4.363133
8.79E-270 4.725084 3.930029
2.69E-89 2.268422 1.474106
8.40E-262 4.489802 3.696803
1.11E-112 2.98192 2.19054
0 5.198609 4.408525
4.42E-119 3.079057 2.296939
1.98E-171 3.875578 3.094799
1.49E-40 3.185378 2.417429
5.37E-256 4.655295 3.891641
3.96E-203 4.262648 3.502392
2.565E-89 2.397842 1.639842
3.67E-97 2.89302 2.147633
1.97E-140 4529784 3.784862
0 0.883721 2.064844

0 5.349053 7.20881
7.79E-205 0.611879 2.463132
0 4.106449 5.948142
8.63E-100 0.763221 2.568197
3.61E-160 1.385872 3.179244
6.08E-317 3.543676 5.145146
4.83E-217 1.144946 2.738165
0 4.565919 6.140456
2.21E-16 2.045862 3.462061
1.96E-173 1.403288 2.818428
8.00E-276 4.509633 5.923829
2.15E-264 5.529273 6.921861
2.26E-261 5.598606 6.952347
3.14E-186 2.765453 4.086338
1.22E-186 0.653702 1.972335
4.84E-189 0.624805 1.781046
3.83E-142 0.232192 1.200933
2.01E-94 1.18695 2.098275
6.24E-124 2.381196 3.284878

PPI Network Analysis of Specific Genes
Between Fibrotic and Regenerative
Myofibroblasts or Macrophages

With the STRING tool, we probed the interactions between
myofibroblast- or macrophage-specific gene-encoded proteins.
In Figure 6A, there were 616 nodes in the PPI network of
myofibroblasts, reflecting the close interactions of
myofibroblast-specific gene-encoded proteins. According to
degree, the top 20 nodes were identified as hub genes,
including Rps27a, Rpsll, Rps23, Rps3, Rps5, Rpsl5a, Rps6,
Rps9, Rps13, Rpsl4, Rps25, Rps3al, Rps27, Rps8, Rpsl9,
Rps28, Rps7, Rpl8, Rpsl8, Rpl26, Rpl32, and Rpslé,
indicating that the above genes were the core of the network.
Figure 6B depicts the interactions between macrophage-
specific gene-encoded proteins. The 20 hub genes were as
follows: Uba52, Rps9, Gnb2l1, Rpl27, Rpl38, Rpsl3, Rpsl5a,
Fau, Rpl18, Rpl30, Rpl35a, Rpl7, Rplp2, Rps24, Rpll3a, Rpl4,
Rps10, Rps12, Rps27rt, and Rps2. The above genes deserve in-
depth explorations.

Reconstruction of the Temporal Dynamics
of Myofibroblast and Macrophage

To investigate the underlying evolution among myofibroblasts and
macrophages, this study adopted the Monocle tool to reveal a
pseudotemporal ordering for the similarity of cell clusters with
developmental lineages. For myofibroblasts, the results clearly
demonstrated the uniform development of myofibroblasts from
cluster 6 to cluster 10 (Figure 7A). The trends of pseudotime-
dependent genes along the pseudo-timeline were divided into six
cell clusters of myofibroblasts with diverse expression dynamics.
Furthermore, we observed that macrophage under fibrotic
conditions was in the beginning position of the differentiation
process and was sequentially transformed into macrophage under
regenerative conditions (Figure 7B).

GSVA Between Clusters 6 and 10 of
Fibrotic and Regenerative Myofibroblasts
According to the results of pseudotime analysis of myofibroblasts,
we carried out GSVA between the initially differentiated cluster 6
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FIGURE 5 | Identification of specific genes between fibrotic and regenerative macrophages and their biological functions. (A, B) Scatter plots and volcano diagram
showing the up- and downregulated specific genes in regenerative (reg) compared to fibrotic (fib) macrophages. Red dots meant upregulated genes while blue dots
meant downregulated genes. (C) Heatmap visualizing the expression patterns of the specific genes in fibrotic and regenerative macrophages. Yellow represented
upregulation and purple represented downregulation. (D) GO enrichment results of specific genes that were abnormally expressed between fibrotic and regenerative
macrophages. (E) KEGG pathways involved in specific genes that were abnormally expressed between fibrotic and regenerative macrophages.

and the final differentiated cluster 10. Compared with cluster 10 of
myofibroblasts in fibrotic and regenerative dermal cells, biological
processes such as the metabolic process significantly activated
cluster 6 of myofibroblasts in fibrotic and regenerative dermal
cells (Figure 8A). As depicted in Figure 8B, we noticed the
prominent activation of cellular components such as
mitochondria in cluster 6 of fibrotic and regenerative
myofibroblasts in comparison to those in cluster 10. Moreover,
we observed that fibrotic and regenerative myofibroblasts in cluster
6 had significantly activated molecular functions like oxidoreductase
activity compared with fibrotic and regenerative myofibroblasts in
cluster 10 (Figure 8C). We also compared the differences in KEGG
pathways between clusters. Diverse signaling pathways like
metabolic pathways, RNA transport, spliceosome, thermogenesis,
oxidative phosphorylation, carbon metabolism, ribosome, cell cycle,
protein processing in the endoplasmic reticulum, and biosynthesis
of amino acids were prominently activated in fibrotic and
regenerative myofibroblasts in cluster 6 compared to those in
cluster 10 (Figure 8D).

GSVA Between Fibrotic and Regenerative
Macrophages

GSVA was also presented between fibrotic and regenerative
macrophages. In Figure 9A, we determined that biological
processes such as the metabolic process and immune response

were markedly activated in fibrotic macrophages compared to
regenerative macrophages. The significantly activated cellular
components such as the spliceosomal complex, catalytic complex,
ribonucleoprotein complex, nuclear lumen, nucleoplasm, nucleolus,
cytosol, nucleus, catalytic step 2 spliceosome, chromosome, and
protein-containing complex were found in fibrotic macrophages
compared with regenerative macrophages (Figure 9B). As shown
in Figure 9C, we investigated the marked activation of molecular
functions like RNA binding, ATP binding, mRNA binding, adenyl
ribonucleotide binding, adenyl nucleotide binding, drug binding,
nucleic acid binding, heterocyclic compound binding, organic cyclic
compound binding, and ATPase activity in fibrotic macrophages in
comparison to regenerative macrophages. Moreover, our results
showed that KEGG pathways such as spliceosome, NOD-like
receptor signaling pathway, Fc gamma R-mediated phagocytosis,
antigen processing and presentation, endocytosis, necroptosis, and
natural killer cell-mediated cytotoxicity displayed marked
activation in fibrotic macrophages compared to regenerative
macrophages (Figure 9D).

DISCUSSION

Skin wound healing involves complicated coordinated interactions
within cells. Through scRNA-seq data, this study identified six cell
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TABLE 3 | The first 20 up- and downregulated specific genes between fibrotic and regenerative macrophages.

Gene name log2FC p-value Q-value Regenerative Fibrotic
Sparc 2.474022 3.60E-97 6.24E-93 5.010671 2.536548
Col1al 2.33817 6.49E-90 1.13E-85 5.266303 2.928133
Colla2 2.13485 3.01E-78 5.21E-74 5.327119 3.192269
Col3al 2.005563 1.16E-91 2.01E-87 5.223726 3.218163
Dcn 1.836106 2.30E-46 3.98E-42 2.785851 0.949745
Bgn 1.83586 5.99E-50 1.04E-45 2.600128 0.764269
Fsti1 1.648779 1.28E-39 2.22E-35 2.200177 0.551399
Postn 1.572566 2.54E-51 4.40E-47 2.775437 1.202871
Mfap5 1.370976 2.18E-39 3.79E-35 2.023966 0.65299
Hbb-bs 1.031846 1.21E-39 2.10E-35 2.844128 1.812282
Cxcl2 1.004274 2.60E-15 4.51E-11 3.268016 2.263742
Actb 0.934603 1.46E-21 2.53E-17 7.663418 6.728815
Kif2 0.828223 1.34E-34 2.33E-30 2.497856 1.669632
Timp2 0.824526 1.09E-35 1.89E-31 1.978589 1.154062
Neat1 0.789153 1.13E-33 1.96E-29 2.328203 1.563905
Nfkbia 0.718421 2.88E-35 4.99E-31 2.761737 2.043317
Lgals1 0.61418 3.23E-47 5.60E-43 4.783109 4.168928
Fn1 0.610899 5.21E-31 9.03E-27 3.726565 3.115666
Pim1 0.59329 1.34E-26 2.32E-22 2.966403 2.373113
Cde3 0.592092 2.84E-21 4.92E-17 2.447508 1.855417
Hspalb —-1.44863 2.08E-61 3.60E-57 1.266466 2.715092
Hsp90aal -0.957 1.59E-41 2.76E-37 2518111 3.475109
Gm26917 -0.91834 3.81E-57 6.61E-53 0.782974 1.701314
Gm42418 -0.91626 1.85E-56 3.20E-52 1.082872 1.999131
Tpt1 -0.89005 3.21E-101 5.57E-97 4.517284 5.40733
mt-Nd5 -0.87923 1.13E-46 1.96E-42 0.858755 1.737986
Hspala -0.83491 4.80E-34 8.32E-30 3.320621 4.155527
mt-Co2 -0.78506 1.59E-46 2.76E-42 3.967573 4.752638
mt-Atp6 -0.77046 5.82E-42 1.01E-37 4.934988 5.70545
Mycbp2 -0.75645 1.65E-49 2.86E-45 0.967289 1.723739
H2-Eb1 -0.75235 6.73E-15 1.17E-10 5.220528 5.972878
Fegreb -0.75221 7.44E-61 1.29E-56 1.801335 2.5535647
Mrci -0.72837 6.62E-26 1.15E-21 1.012111 1.740482
mt-Nd4l -0.67023 7.15E-38 1.24E-33 0.682842 1.36307
AC160336.1 -0.65981 5.00E-25 8.66E-21 1.805651 2.465465
Prked -0.6507 2.95E-59 5.12E-55 1.387319 2.038016
Cybb -0.64225 8.79E-67 1.52E-62 1.99459 2.636836
Tgfbi -0.63629 6.10E-51 1.06E-46 2.746255 3.382547
H2-K1 —-0.62809 3.72E-45 6.44E-41 2.787025 3.415118
ler5 -0.61724 5.52E-41 9.58E-37 2.037704 2.654947
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FIGURE 6 | PPl network analysis of specific genes between fibrotic and regenerative myofibroblasts or macrophages. (A) The PPI network of specific genes between
fibrotic and regenerative myofibroblasts. (B) The PPI network of specific genes between fibrotic and regenerative macrophages.

FIGURE 7 | Pseudotime ordering of myofibroblasts and macrophages. (A) Myofibroblasts and (B) macrophages. Each dot represented one cell and each branch
represented one cell state. The left plot was labeled with cell states and the right plot was labeled with developmental time.
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populations, namely, EN1-negative myofibroblasts, EN1-positive
myofibroblasts, hematopoietic cells, macrophages, pericytes, and
endothelial cells, across the dermis. Evidence suggests that EN1-
positive fibroblasts are known to function in scarring, and EN1-
negative fibroblasts yield wound regeneration. Thus, we used EN1
as a marker to divide the subgroups. Dynamic cellular events after
skin injury rely on bidirectional cell-cell communications against
effective wound healing (22). Our results demonstrated the cross-
talks between myofibroblasts, hematopoietic cells, macrophages,
pericytes, and endothelial cells in the dermis based on the ligand-
receptor interactions. As per previous studies, CX3CR1 may
mediate the recruitment of bone marrow-derived monocytes or
macrophages in skin wound healing, thereby releasing profibrotic

FIGURE 8 | GSVA between clusters 6 and 10 of fibrotic and regenerative myofibroblasts. (A-D) Heatmaps showing the differences in activation of biological processes,
cellular components, molecular functions, and KEGG pathways between clusters 6 and 10 of fibrotic (fib) and regenerative (reg) myofibroblasts.

as well as angiogenic mediators (23). Moreover, macrophages
support proliferation and heterogeneity of myofibroblasts in skin
repair (24). Serum endothelial cell-derived extracellular vesicles
facilitate diabetic wound healing via enhancing myofibroblast
proliferation and decreasing senescence (25). Intradermal
adipocytes modulate the recruitment of myofibroblasts in skin
wound healing (26). Fibroblasts promote NG** pericyte
populations in murine skin development as well as repair (27).
On the basis of the above lines of evidence, there were remarkable
interplays between diverse cell types during dermis progression.
According to the number of ligands and receptors, we identified
myofibroblasts as the core cell population. Our function
enrichment analyses uncovered that the ligand and receptor

Frontiers in Immunology | www.frontiersin.org

-115-

May 2022 | Volume 13 | Article 875407


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chen et al.

Single-Cell Sequencing in Skin Would Healing

genes between myofibroblasts and macrophages were mainly
involved in regulating cell proliferation and migration, tube
development, and the TGF-f pathway. The TGF-B signaling
pathway plays an important role in the formation of collagen in
fibroblasts and myofibroblasts (28). Cytokine TGF-3 may induce
dermal dendritic cells to express IL-31, thereby activating sensory
neurons as well as stimulating wound itching during skin would
healing (29). Hence, targeting the TGF-3 pathway is the promising
therapeutic intervention to reduce abnormal skin scar formation.

To explore the differences in molecular mechanisms involving
myofibroblasts between fibrotic and regenerative wound healing
fates, we identified 546 up- and 481 downregulated specific genes in
regenerative compared to fibrotic myofibroblasts. This revealed the
heterogeneity of myofibroblasts between fibrotic and regenerative
wound healing. Our GO and KEGG enrichment analysis
uncovered the key biological functions involving the specific
genes between fibrotic and regenerative myofibroblasts. As a

FIGURE 9 | GSVA between fibrotic and regenerative macrophages. (A-D) Heatmaps visualizing the differences in activation of biological processes, cellular components,
molecular functions, and KEGG pathways between fibrotic (fio) and regenerative (reg) macrophages.

result, these specific genes between fibrotic and regenerative
myofibroblasts prominently participated in the mRNA metabolic
process and organelle organization. Extracellular matrix of
connective tissues is synthesized by myofibroblasts that play a
critical role in sustaining the structural integrity of various
tissues (30).

Skin wound macrophage is an important regulator of skin
repair, and its dysfunction may cause chronic and non-healing
skin wounds (31). Further analysis identified that 100 specific
genes were significantly upregulated while 197 specific genes
were significantly downregulated in regenerative compared to
fibrotic macrophages. Functional enrichment analysis uncovered
that these specific genes between fibrotic and regenerative
macrophages primarily participated in regulating inflammatory
response, immunity, and phagocytosis. Immunity is the most
important function of the skin, which can prevent harmful
exposure from the external and internal environment (32).
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Furthermore, late wound macrophage phagocytosis of the Wnt
inhibitor may induce chronic Wnt activity during fibrotic skin
healing (11). Collectively, our findings revealed that the
heterogeneity of myofibroblasts or macrophages might
determine wound healing fate as regenerative or fibrotic.

CONCLUSION

Taken together, this study uncovered cellular functional
heterogeneity in dermis between fibrotic and regenerative wound
healing fates. Moreover, myofibroblasts and macrophages may
change the skin wound healing fates by modulating critical
signaling pathways. Therefore, our data provided an insight into
the development of more effective therapeutic interventions for
improving healing fates.
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To investigate the value of Indocyanine Green Fluorescence Imaging (ICGFI) in preventing postoperative
anastomotic leakage after esophagectomy
EIERI mXiEL v} REELE O
1. FEMEN)

1) B # (Goal) This study aimed to investigate the effectiveness of a modified incision line on the lesser curvature for gastric conduit
formation during esophagectomy in enhancing the perfusion of gastric conduit as determined by indocyanine green fluorescence
imaging, and reducing the incidence of anastomotic leakage.

2) Bk B& (Approach) & 3) #1 ¥l & /5% (Materials and methods) 272 patients who underwent esophagectomy at our institute between
2014 and 2022 were enrolled in this study. These patients were divided based on two different types of cutlines on lesser curvature:
Conventional group (n = 141) followed the traditional cutline, and Current group (n = 131) adopted a modified cutline. Gastric conduit
perfusion was assessed by ICG fluorescence imaging and clinical outcomes after esophagectomy were evaluated.

4) EE&HE R (Results) :The distance from pylorus to the cutline was significantly longer in Current group compared with Conventional
group (median: 9.0 cm vs. 5.0 cm, p < 0.001). The blood flow speed in gastric conduit wall was significantly higher in Current group
than in Conventional group (median: 2.81 cm/sec vs. 2.54 cm/sec, p = 0.001). Furthermore, anastomotic leakage was significantly
lower (p = 0.024) and hospital stay was significantly shorter (p < 0.001) in Current group compared with Conventional group.
Multivariate analysis identified blood flow speed in the gastric conduit wall as the only variable significantly associated with
anastomotic leakage. Conclusions: ICG fluorescence imaging is a feasible, reliable method for assessment of gastric conduit perfusion.
Modified lesser curvature cutline could enhance gastric conduit perfusion, promote blood circulation around anastomotic site, and
reduce the risk of anastomotic leakage after esophagectomy.

5) Z %2 (Discussion)In this study, we investigated the effectiveness of using a modified cutline on the gastric lesser curvature during
esophagectomy to reduce the incidence of postoperative anastomotic leakage. The blood flow speed in the gastric conduit wall
increased significantly with the use of the modified cutline on the gastric lesser curvature to preserve the entire RGA, thus, our
proposed modification of the cutline resulted in improved perfusion of the gastric conduit. Furthermore, our findings revealed a
significant reduction of anastomotic leakage for patients in which the modified cutline was performed. These findings further indicate
the feasibility and reliability of ICG fluorescence imaging for intraoperative assessment of gastric conduit perfusion and suggest that
modifying the lesser curvature cutline to preserve the entire RGA could be a promising strategy to minimize the risk of anastomotic
leakage after esophagectomy.

Ischemia of the gastric conduit at the anastomotic site is widely acknowledged as a significant predisposing factor for anastomotic
leakage. Early endoscopic assessments after esophagectomy have indicated that anastomotic defects predominantly occur in the
region between the remaining esophagus and the proximal end of the longitudinal gastric staple line. In addition, unlike the greater
curvature, which receives relatively higher blood flow from the right gastroepiploic artery, the lesser curvature side of the formed
gastric conduit often lacks adequate arterial supply. These findings are also in accordance with clinical observations and prompt us to
consider strategies to enhance blood perfusion in the gastric wall with the use of ICG fluorescence imaging.

The importance of preserving the right gastroepiploic artery for forming the gastric conduit is widely recognized in surgical practice,
while handling of the RGA is currently not standardized and is mostly based on individual surgeons’ preferences. In general, the fully
intact stomach and wider gastric tube exhibit adequate vascularization, whereas a narrow gastric tube tends to show poor
vascularization, particularly at the anastomosis site. In narrow gastric tubes, the right gastroepiploic artery is the only feeding artery
(23,24). Furthermore, narrower gastric tubes may be associated with a wide disruption of the broad microscopic network of capillaries
and arterioles in the submucosa of the lesser curvature. A larger width of the gastric conduit has been demonstrated as being
significantly associated with improved gastric conduit perfusion and reduced risk of anastomotic leaks. Assuming that the length of
the gastric conduit allows for sufficient anastomosis, preserving the RGA, which also allows retention of the right gastric vein, may be
essential for maintaining adequate blood supply and improving the venous drainage for the gastric conduit wall based on its
anatomical distribution and microvascular connections.

We adopted the strategy of preserving the entire RGA with a 3.5 cm width gastric conduit and verified its potential impact on the
perfusion of the gastric conduit assessed by intraoperative ICG fluorescence imaging and the clinical outcomes. Our results revealed
that adoption of a modified cutline on the gastric lesser curvature resulted in a significant increase in the distance from the pylorus
to the cutline and a significantly shorter length of the gastric conduit as compared with that of the conventional cutline. However, we
found that all of the preserved gastric conduits were sufficiently long to be pulled up to the neck for completion of the standard
anastomosis in the area of ICG fluorescence imaging. We also found that preservation of the entire RGA led to a significantly
improved blood flow speed within the gastric conduit, especially in the gastric wall. Furthermore, there was a positive correlation
between improvement of the blood flow speed in the gastroepiploic artery and that in the gastric conduit wall. Some studies have
demonstrated the existence of a correlation between the inflow and outflow of blood in the gastric conduit. For example, severe
venous congestion in the gastric conduit could lead to a reduction in the inflow. We concluded from the above results that adoption of
the modified strategy for gastric conduit formation led to significantly improved blood perfusion throughout the gastric conduit.
Notably, preservation of the entire RGA resulted in a significantly lower incidence of anastomotic leakage and shorter hospital stays.
We also found a significant negative correlation between anastomotic leakage and the blood flow speed in the gastric conduit wall.
This is consistent with the theoretical expectation of a reduced incidence of anastomotic leakage after esophagectomy and shorter
hospital stays with improved gastric conduit perfusion.

-120-




MEEES: G406

1. BIRBE(2)

Multivariable logistic regression analysis using data from the entire cohort identified the blood flow speed in the gastric conduit wall
as the only variable showing a significant association with the risk of postoperative anastomotic leakage. A blood flow speed of <2.19
cm/s in the gastric conduit was found as a significant independent predictor for anastomotic leakage. This cutoff value for the blood
flow speed in the gastric conduit was consistent with that reported from a previous study conducted in 2023, but higher than the
cutoff values determined in two previous studies. In the first study, conducted in 2016, we determined a cutoff value of 1.76 cm/s,
while in the second study, conducted in 2020, we determined a cutoff value of 2.07 cm/s . We speculate that in the first study, the
small sample size could have limited our determination of the cutoff value, while in the second study, in which a significant number of
patients with systemic atherosclerosis were included, systemic atherosclerosis could have impacted the microvascular perfusion of
the capillary vessels of the gastric conduit, resulting in a lower calculated cutoff value. We propose to further explore the appropriate
cutoff value for the blood flow speed in the gastric conduit wall to reduce the risk of anastomotic leakage in future studies.

There were several limitations of our study. First, the study was a retrospective investigation conducted at a single center, which
may limit the generalizability of the results. Second, the difference in the periods in which the surgeries were performed could have
introduced some bias. All patients who underwent surgery by the conventional method were operated before 2019, while all patients
who underwent surgery by the modified method were operated after 2019. Third, a significant portion of anastomoses in our patient
cohort were hand—sewn, and it has been found that a relatively short gastric conduit is sufficient when manual anastomosis is
performed as compared with other anastomosis methods. Therefore, surgeons who prefer using other anastomosis methods than the
manual method should interpret the results of our present study with caution.

In conclusion, it is feasible and reliable to assess gastric conduit perfusion intraoperatively by ICG fluorescence imaging with
appropriate parameter settings. Moreover, preservation of the entire RGA during gastric conduit formation led to significantly
improved vascular perfusion and reduced risk of anastomotic leakage after esophagectomy. Thus, this modified strategy for lesser
curvature incision should be considered as the standard for handling the lesser curvature during esophagectomy with gastric conduit
reconstruction.
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Esophageal squamous cell carcinoma (ESCC) is a serious health concern, particularly in regions like Japan and China where incidence
rates are notably high. One of the most perilous complications that can arise after surgical removal of the esophagus, known as
esophagectomy, is anastomotic leakage. This complication occurs when the connection between the remaining esophagus and the
newly created gastric conduit fails to seal properly, leading to leakage of digestive fluids and potentially severe infections. Preventing
such leaks is vital and has thus become a focal point in the field of esophageal surgery research.

To address this issue, surgeons have turned to the use of Indocyanine green (ICG) fluorescence during surgery. ICG is a fluorescent
dye that, when injected into the bloodstream, emits light that can be detected by special cameras. This technology allows surgeons
to evaluate the blood supply at the anastomosis site—a crucial factor in successful healing and prevention of leaks. By ensuring
adequate blood flow to the area, surgical techniques can be refined to enhance the perfusion of the gastric conduit, which is the
section of the stomach that is connected to the esophagus during reconstruction.

ICG fluorescence—guided surgeries have demonstrated promising results in reducing anastomotic leakage rates. Building on this
potential, the study in question explored the effectiveness of a specific surgical modification: altering the incision line on the lesser
curvature during the formation of the gastric conduit. The rationale behind this modification is that by changing the angle or position
of the cut, one might improve blood flow to the area, thereby boosting the overall perfusion.

The study involved a retrospective analysis of 272 patients who underwent esophagectomy procedures between 2014 and 2022.
These patients were divided into two groups based on the type of cutline used for their gastric conduit formation: the conventional
group, which followed traditional surgical guidelines, and the current group, which implemented the modified cutline approach.

Using ICG fluorescence imaging, the researchers assessed the perfusion of the gastric conduit in both groups. They also monitored
postoperative outcomes, including the rate of anastomotic leakage and the duration of hospital stays. The data revealed that the
current group, with the modified cutline, had several advantages over the conventional group. Notably, this group exhibited a longer
distance from the pylorus to the cutline, which was associated with significantly higher blood flow speeds within the wall of the
gastric conduit. Furthermore, the rate of anastomotic leakage was significantly reduced, and patients in this group tended to have
shorter hospital stays compared to those in the conventional group.

Multivariate analysis confirmed that increased blood flow speed in the gastric conduit wall was significantly linked to a reduced risk of
leakage. This finding underscores the importance of adequate blood supply in preventing anastomotic leaks and suggests that the
modified cutline technique could play a pivotal role in enhancing surgical outcomes.

In conclusion, the study provides evidence that ICG fluorescence imaging is a reliable method for assessing perfusion during
esophageal surgeries. The modified cutline technique on the lesser curvature for gastric conduit formation appears to improve
perfusion, enhance blood circulation around the anastomosis site, and reduce the likelihood of postoperative leaks. Such findings
could lead to changes in surgical practices aimed at minimizing the risk of anastomotic leakage and improving patient recovery times.
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University, Changsha, Hunan, China

Purpose: Neoadjuvant chemoimmunotherapy (nCIT) is becoming a new
therapeutic frontier for resectable esophageal squamous cell carcinoma (ESCC);
however, crucial details and technical know-how regarding surgical techniques
and the perioperative challenges following nCIT remain poorly understood. The
study investigated and compared the advantages and disadvantages of
esophagectomy following nCIT with neoadjuvant chemotherapy (nCT) and
chemoradiotherapy (nCRT).

Methods: We retrospectively analyzed data of patients initially diagnosed with
resectable ESCC at clinical stage T2-4N+ and received neoadjuvant therapy
followed by esophagectomy at the Hunan Cancer Hospital between October
2014 and February 2021. Patients were divided into three groups according to
neoadjuvant treatment: (i) nCIT; (i) nCT; and (iii) nCRT.

Results: There were 34 patients in the nCIT group, 97 in the nCT group, and 31 in
the nCRT group. Compared with nCT, nCIT followed by esophagectomy achieved
higher pathological complete response (pCR; 29.0% versus 4.1%, p<0.001) and
major pathological response (MPR; 52.9% versus 16.5%, p<0.001) rates, more
resected lymph nodes during surgery (25.06 + 7.62 versus 20.64 + 9.68,
p=0.009), less intraoperative blood loss (200.00 + 73.86 versus 266.49 + 176.29
mL, p=0.035), and comparable results in other perioperative parameters.
Compared with nCRT, nCIT achieved similar pCR (29.0% versus 25.8%) and MPR
(52.9% versus 51.6%, p=0.862) rates, with significantly more lymph nodes resected
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during surgery (25.06 + 7.62 versus 16.94 + 7.24, p<0.001), shorter operation time
(267.79 + 50.67 versus 306.32 + 79.92 min, p=0.022), less intraoperative blood loss
(200.00 + 73.86 versus 264.53 + 139.76 mL, p=0.022), and fewer ICU admissions
after surgery (29.4% versus 80.6%, p<0.001). Regarding perioperative adverse
events and complications, no significant statistical differences were detected
between the nCIT and the nCT or nCRT groups. The 3-year overall survival rate
after nCIT was 73.3%, slightly higher than 46.1% after nCT and 39.7% after nCRT,
with no statistically significant differences (p=0.883).

Conclusions: This clinical analysis showed that nCIT is safe and feasible, with
satisfactory pCR and MPR rates. Esophagectomy following nCIT has several
perioperative advantages over nCT and nCRT, with comparable perioperative
morbidity and mortality. The long-term survival benefits after nCIT still requires
further investigation.

KEYWORDS

neoadjuvant therapy, programmed cell death protein-1 inhibitors, immunotherapy,
esophagectomy, neoadjuvant chemoradiotherapy, esophageal squmaous cell carcinoma

Introduction

In 2020, esophageal carcinoma was the seventh most prevalent
cancer and sixth leading cause of cancer-related death worldwide (1).
The predominant esophageal cancer subtype in Asia is esophageal
squamous cell carcinoma (ESCC) (2). ESCC accounts for over 84% of
newly diagnosed esophageal cancers annually (3, 4). Surgical resection
remains the gold standard for patients with locally advanced
resectable ESCC. However, studies have shown that local recurrence
and distant metastasis occur in approximately 33% of patients who
receive surgery alone (5, 6). Thus, ESCC treatment is challenging and
requires a multidisciplinary approach to improve the surgical
therapeutic effect in locally advanced resectable disease.

Following the launch of a new era in immunotherapy (including
programmed cell death-ligand 1 [PD-L1] and programmed cell death
protein-1 [PD-1] inhibitors), further exploration of neoadjuvant
immunotherapy alone or combined with chemotherapy or
chemoradiotherapy is expected to further improve the therapeutic
effect in locally advanced resectable ESCC. In a recent systematic
review including 27 phase 2 or 3 clinical trials with 815 patients, the
pooled pathological complete response (pCR) rate was 32.4% in ESCC
after neoadjuvant chemoimmunotherapy(nCIT), with the pooled
incidence of treatment-related severe adverse events of 26.9% (7). Zhu
et al. reported that neoadjuvant immunochemoradiotherapy could not
improve the pCR rate than neoadjuvant chemoradiotherapy (nCRT) for
ESCC, but significantly increased the risk of severe adverse events (8).
Another multicenter retrospective study that included 370 ESCC
patients showed that the pCR rates of mono-immunotherapy, nCIT,
and nCRT plus immunotherapy were 12.1%, 25.5%, and 42.3%,
respectively (9). Hence, neoadjuvant PD-1/PD-L1 inhibitors in
combination with chemotherapy or chemoradiotherapy are becoming
a new therapeutic frontier for resectable ESCC with promising clinical
outcomes. However, long-term follow-up are warranted to validate the
survival benefits of nCIT or nCRT plus immunotherapy.

Camrelizumab is a PD-1 inhibitor produced in China by Jiangsu
Hengrui Pharmaceuticals Co, Ltd. (Lianyungang, China). The
ESCORT-1st study showed that first-line camrelizumab plus
chemotherapy could achieve better disease control and long-term
survival in advanced ESCC than chemotherapy alone (10). Several
prospective phase-II clinical trials have also demonstrated that after
neoadjuvant chemotherapy plus camrelizumab (nCIT) for ESCC,
pCR rates ranged from 24.1% to 42.5%, with major pathological
response (MPR) rates of between 45% and 68.8% (11-14). However,
these sample sizes were small, and only a few studies reported survival
results. Additionally, crucial details and technical know-how
regarding the surgical techniques and perioperative challenges
following nCIT are still poorly understood.

In the present study, we retrospectively reviewed the perioperative
outcomes of esophagectomy following nCIT to compare it with
surgery after nCT and nCRT. This study aimed to investigate the
potential advantages and disadvantages of esophagectomy after nCIT.

Patients and methods
Inclusion and exclusion criteria

This is a retrospective, single-center, observational study. Patients
initially diagnosed with resectable ESCC at clinical stages T2-4N+
(American Joint Committee on Cancer, 8" edition) and received
neoadjuvant therapy followed by curative-intent surgery between
October 2014 and February 2021 at the Hunan Cancer Hospital
were recruited. The Eastern Cooperative Oncology Group’s
performance status of all patients was 0 or 1. Patients were
included on the basis of the following criteria; (1): only squamous
cell carcinoma components; (2); thoracic ESCC; (3); patients who
received neoadjuvant chemotherapy (nCT), nCIT (only
camrelizumab), or nCRT followed by esophagectomy; and (4) the
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chemotherapy regimens only consisted of paclitaxel and platinum.
The exclusion criteria were as follows; (1): pathological non-
squamous cell carcinoma components; (2); patients with
unresectable primary tumors, more than seven lymph node
metastases (N3), or distant metastasis (M1) before neoadjuvant
treatment; (3); patients with previous cancer type(s) or other
concurrent malignant tumors; (4); patients that received other
forms of treatment before surgery; and (5) incomplete
medical records.

All clinical data were obtained from medical records and
retrospectively analyzed. This study was conducted per the
Declaration of Helsinki (as revised in 2013). The Ethics Committee
of Hunan Cancer Hospital approved this study (No. 2022097), and
patients’ written informed consent was obtained.

Neoadjuvant treatment modalities

Patients were retrospectively divided into three groups according
to the neoadjuvant treatment modality they received; (1): the nCT
group, including patients who received one to four cycles of paclitaxel
combined with platinum chemotherapy (21 days per cycle); (2); the
nCIT group, including patients who received conventional
chemotherapy (1-4 cycles of paclitaxel and platinum) and
camrelizumab (200 mg) on the first day of each cycle; and (3) the
nCRT group, including patients who received concurrent
chemotherapy (1-4 cycles of paclitaxel and platinum) and
radiotherapy (6-MV X-ray, 39.6-45.0 Gy/1.8-2.0 Gy/f)
before esophagectomy.

Surgery and adjuvant therapy

Generally, patients would receive a tumor re-evaluation within 2
to 6 weeks after the last neoadjuvant treatment cycle. Following
multidisciplinary discussion, a curative-intent surgical resection was
immediately performed when the tumor was considered operable.
Overall, esophagectomy with the stomach as the esophageal substitute
and cervical or thoracic anastomosis were performed in all patients,
while experienced surgeons regularly conducted a standard 2-field
lymphadenectomy. Cervical lymphadenectomy (3-field) was
performed only when lymph node metastasis was suspected in the
neck region.

Adjuvant treatments were then performed on the basis of
pathological tumor stage and each patient’s recovery condition.
After multidisciplinary discussion, postoperative chemoradiotherapy
or chemotherapy alone might be recommended for patients with ypN
+ or palliative resection. In the nCIT group, adjuvant therapy with
camrelizumab might be recommended for 1 year after surgery.

Outcome measures and follow-up

As reported in previous studies (15, 16), pCR was defined as no
viable tumor cells in the resected specimen. In contrast, MPR was
defined as <10% viable residual tumor cells detected in the specimen.
Pathological responses were evaluated independently by two
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experienced pathologists. Treatment-related adverse events (TRAEs)
were graded as per the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE) version 5.0.
Weight loss at initial diagnosis was defined as weight loss detected
within six months before the diagnosis of ESCC. Operation time was
calculated from incision to wound closure.

Radiographic evaluations were conducted every 3 months for the
first 2 years after surgery, and then every 6 months thereafter.
Whenever recurrence was suspected, rebiopsy and/or 18F-FDG
positron emission tomography-computed tomography (PET-CT) or
both were performed to identify the possible recurrence.

Statistical analysis

The primary endpoint was the MPR rate, and the secondary
endpoints were the pCR, perioperative morbidity, and 3-year OS
rates. OS was defined as the time (in months) from surgery to the date
of death or the last follow-up. Survival analyses were calculated and
compared using Kaplan-Meier curves and the log-rank test.

Differences in clinicopathological features between groups were
calculated using the chi-square (xz) test or t-test. SPSS software 23.0
(IBM Corp., Armonk, NY, USA) was used to perform all statistical
analyses. A p-value <0.05 (two-sided) was considered to be
statistically significant.

Results
Overview of patient cohorts

Between October 2014 and February 2021, 194 patients were
screened for eligibility. Eventually, 162 patients were enrolled for
further analysis (34 patients in the nCIT group, 97 in the nCT group,
and 31 in the nCRT group) (Figure 1). All 162 patients in the study
finished one to four cycles of neoadjuvant therapy. As summarized in
Table 1, the enrolled patients in the nCIT group have a mean age of
60.68 + 7.44 years old and predominantly consisted of males (91.2%),
which were consistent with the nCT and nCRT groups. No significant
differences were detected between the nCIT and the nCT or nCRT
groups in other baseline characteristics, including cigarette
consumption, alcohol abuse, weight loss at initial diagnosis, body
mass index, tumor location, tumor length, cN, and pathological
differentiation. However, the cT4 percentage in the nCIT group was
35.3%, which was significantly higher than in the nCT group (16.5%,
p=0.021) but comparable to that in the nCRT group (19.4%, p=0.238).

Perioperative outcomes

All patients successfully received esophagectomy and most
achieved radical resection with no significant statistical differences
(Table 2). The time interval between final neoadjuvant therapy and
surgery in the nCIT group was 35.91 + 6.76 days, which was
significantly longer than in the nCT group (32.70 + 7.56 days,
p=0.024) but shorter than in the nCRT group (41.87 + 10.60 days,
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FIGURE 1
Patient selection flowchart.

p=0.010). Patients in the nCIT group (267.79 + 50.67 min) required a
shorter operation time than those in the nCRT group (306.32 +
79.92 min, p=0.022). Meanwhile, no significant difference was
detected between the nCIT and nCT groups (291.40 + 71.48 min,
p=0.078). Additionally, intraoperative blood loss in the nCIT group
(200.00 + 73.86 mL) was less than in the nCT (266.49 + 176.29 mL,
p=0.035) and nCRT (264.53 + 139.76 mL, p=0.022) groups. Notably,
2-field lymphadenectomy was the principal method for lymph node
resection in all groups. However, the average number of resected
lymph nodes in the nCIT group (25.06 + 7.62) was significantly
higher than in the other two groups (p=0.009, p<0.001, respectively).

Three-incisional esophagectomy with anastomosis in the neck
was the principal surgery in all three groups. As summarized in
Table 2, no significant differences were detected between the groups in
the total drainage after operation, duration of chest tube, and hospital
stay after surgery. The frequency of ICU stay after surgery in the nCIT
group (29.4%) was comparable with that in the nCT group (32.0%,
p=0.783) but significantly lower than in the nCRT group
(80.6%, p<0.001).
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Pathological efficacy

In the pathological analysis after surgery, MPR was observed in 18
patients in the nCIT group (52.9%), including nine primary tumor
PCRs (26.4%) (8 TONO [23.5%], 1 TON+ [2.9%]), and nine patients
(26.5%) had 1% to 10% viable residual tumor cells detected in the
specimens. In the nCT group, MPR was achieved in 16 patients
(16.5%), including four primary tumor pCRs (4.1%) (3 TONO [3.1%],
1 TON+ [1.0%]), which was significantly lower than in the nCIT
group (p<0.001). In the nCRT group, 16 patients (51.6%) achieved
MPR, including eight primary tumor pCRs (25.8%) (7 TONO [22.6%],
1 TON+ [3.2%]), which was similar to the nCIT group (p=0.862).

Accordingly, the ypT0-2 percentage in the nCIT group (67.6%)
was also significantly higher than in the nCT group (39.2%, p=0.004)
but similar to the nCRT group (58.1%, p=0.424). No significant
differences were detected between the groups for other pathological
parameters including ypN stage, ypTNM stage, positive lymph node
number, and lymphovascular invasion (LVI), or perineural invasion.
After surgery, approximately half of the patients received adjuvant
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TABLE 1 Clinical characteristics for ESCC patients received neoadjuvant therapy.

Variables nCIT (n=34) nCT (n=97) nCIT (n=34) nCRT (n=31) P value
Age
Mean + SD?, y 60.68 + 7.44 60.08 * 7.78 0.699 60.68 £ 7.44 57.23 £ 6.79 0.056
Gender
Male 31 (91.2) 94 (96.9) 0.169 31 (91.2) 30 (96.8) 0.348
Female 3(8.8) 3(3.1) 3(8.8) 1(32)

Cigarette consumption

Former/current 30 (88.2) 86 (88.7) 0.947 30 (88.2) 27 (87.1) 0.889

No 4 (11.8) 11 (11.3) 4 (11.8) 4(12.9)

Alcohol abuse
Former/current 28 (82.4) 78 (80.4) 0.804 28 (82.4) 29 (93.5) 0.170

No 6 (17.6) 19 (19.6) 6 (17.6) 2 (6.5)

Weight loss at initial diagnosis

Yes 21 (61.8) 50 (51.5) 0.303 21 (61.8) 15 (48.4) 0.279
No 13 (38.2) 47 (48.5) 13 (38.2) 16 (51.6)
BMI index
Mean + SD ? 21.82 +2.74 21.35 + 3.17 0.442 21.82 + 2.74 21.77 + 191 0.932

Tumor location

Upper thoracic 3(8.8) 10 (10.3) 0.642 3(8.8) 4 (12.9) 0.169
Middle thoracic 11 (32.4) 39 (40.2) 11 (32.4) 16 (51.6)
Lower thoracic 20 (58.8) 48 (49.5) 20 (58.8) 11 (35.5)

Tumor length before treatment

Mean + SD ¥, cm 536 + 1.81 5.11 + 1.89 0.512 536 + 1.81 521+ 1.72 0.736
cT
T2/3 22 (64.7) 81 (83.5) 0.021 22 (64.7) 25 (80.6) 0.151
T4 12 (35.3) 16 (16.5) 12 (35.3) 6 (19.4)
cN
N1 17 (50.0) 59 (60.8) 0.271 17 (50.0) 11 (35.5) 0.238
N2 17 (50.0) 38 (39.2) 17 (50.0) 20 (64.5)

Pathological differentiation

Poor/moderate 27 (79.4) 70 (72.2) 0.407 27 (79.4) 27 (87.1) 0.409

Well 7 (20.6) 27 (27.8) 7 (20.6) 4 (12.9)

*Variables were described by mean (x) and standard deviation (s).
ESCC, esophageal squamous cell carcinoma; T, clinical T stage before treatment; cN, clinical N stage before treatment; nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus
Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.

therapy, with no statistically significant difference observed among  nCIT group was 47.1%, which was comparable with the nCT and

the three groups. nCRT groups. Regarding CTCAE grade, the frequency of severe

adverse events (grade III/IV) in the nCIT group was 25.0%, which

was similar to the 16.2% and 41.1% in the nCT and nCRT groups,

Pe rioperative adverse events respectively. No deaths related to neoadjuvant therapy (CTCAE grade

and complications V) were observed in any group. As to the adverse event types,

myelosuppression and erythra were the principal events in the

The adverse events related to neoadjuvant therapy are nCIT group, which was different from that of myelosuppression
summarized in Table 3. The frequency of adverse events in the  and gastrointestinal react in the nCT group (p=0.002).

Frontiers in Immunology _1%_ frontiersin.org


https://doi.org/10.3389/fimmu.2023.1066527
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al. 10.3389/fimmu.2023.1066527

TABLE 2 The perioperative outcomes of esophagectomy after neoadjuvant therapy.

Variables nCIT (n=34) nCIT (n=34) nCRT (n=31)

Interval days

x £ s *(day) 3591 +6.76 32.70 + 7.56 0.024 3591 £ 6.76 41.87 £ 10.60 0.010

Surgical radicality

Radical 33 (97.1) 89 (91.8) 0293 33 (97.1) 29 (93.5) 0.500
Palliative 1(2.9) 8(82) 1(29) 2 (6.5)

Operation time

X + s (min) ‘ 267.79 £ 50.67 291.40 +71.48 0.078 ‘ 267.79 + 50.67 306.32 +79.92 0.022

Intraoperative blood loss

x + s *(ml) ‘ 200.00 + 73.86 266.49 + 176.29 0.035 ‘ 200.00 + 73.86 264.53 + 139.76 0.022
Extent of lymph node resection
2-field 34 (100.0) 96 (99.0) 0.552 34 (100.0) 30 (96.8) 0.291

3-field 0 1(1.0) 0 1(32)

Resected lymph nodes number

xts? 25.06 £ 7.62 20.64 + 9.68 0.009 25.06 + 7.62 16.94 + 7.24 <
0.001

Anastomosis position

Neck 33 (97.1) 90 (92.8) 0.370 33 (97.1) 26 (83.9) 0.067

Thoracic 1(2.9) 7 (7.2) 1(2.9) 5 (16.1)

Total drainage after operation

x £ s *(ml) ‘ 1925.29 + 2239.05 2476.25 + 3335.70 0.285 ‘ 1925.29 + 2239.05 3664.35 + 6581.08 0.151

Duration of chest tube

x + s *(day) ‘ 8.00 + 4.70 8.78 + 3.47 0.378 ‘ 8.00 + 4.70 11.42 +19.98 0.336
ICU stay after surgery

Yes 10 (29.4) 31 (32.0) 0.783 10 (29.4) 25 (80.6) <
0.001

No 24 (70.6) 66 (68.0) 24 (70.6) 6 (19.4)

Hospital stays after surgery

x + s *(day) 12.76 + 7.30 12.27 + 471 0.713 12.76 + 7.30 15.65 + 19.38 0.423

Pathological response

MPR 18 (52.9) 16 (16.5) < 18 (52.9) 16 (51.6) 0.862
0.001

PR 9 (26.5) 48 (49.5) 9 (26.5) 7 (22.6)

SD/PD 7 (20.6) 33 (34.0) 7 (20.6) 8 (25.8)

ypT stage

T0-2 23 (67.6) 38 (39.2) 0.004 23 (67.6) 18 (58.1) 0.424
T3-4 11 (32.4) 59 (60.8) 11 (32.4) 13 (41.9)

ypN stage

N- 20 (58.8) 45 (46.4) 0.212 20 (58.8) 18 (58.1) 0.951
N+ 14 (41.2) 52 (53.6) 14 (41.2) 13 (41.9)

ypPTNM stage

(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1066527

Variables nCIT (n=34) nCIT (n=34) nCRT (n=31) P value
0-11 22 (64.7) 45 (46.4) 0.179 22 (64.7) 20 (64.5) 0.839
11 ‘ 9 (26.5) 41 (42.3) 9 (26.5) 7 (22.6)

IVA ‘ 3(8.8) 11 (11.3) 3(8.8) 4 (12.9)

Positive lymph nodes number

xts?t ‘ 132 +243 151 236 0.707 132 +243 1.06 + 1.98 0.642
LVI/perineural invasion

Yes 6 (17.6) 14 (14.4) 0.654 6 (17.6) 2(6.5) 0.170
No 28 (82.4) 83 (85.6) 28 (82.4) 29 (93.5)

Adjuvant therapy

Yes 20 (58.8) 46 (47.4) 0.253 20 (58.8) 15 (48.4) 0.399
No 14 (41.2) 51 (52.6) 14 (41.2) 16 (51.6)

*Variabls were described by mean (x) and standard deviation (s).

nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCT, neoadjuvant chemotherapy; nCRT, neoadjuvant chemoradiotherapy; Interval days, interval days between final neoadjuvant therapy and
surgery; ypT, pathological T stage after neoadjuvant therapy; ypN, pathological N stage after neoadjuvant therapy; ypTNM, pathological TNM stage after neoadjuvant therapy; ICU, intensive care unit;
LVI, lymphovascular invasion; MPR, major pathological response; PR, partial response; SD, stable disease; PD, progressive disease.

Postoperative complications related to surgery within 30
days occurred in 17 patients (50.0%) in the nCIT group,
approximately 37 patients (38.1%) in the nCT group, and 13
patients (41.9%, p=0.227) in the nCRT group (p=0.515)
(Table 4). The principal complications included pulmonary
complications, anastomotic leakage, hoarseness, and cardiac
complications, and these were unrelated to the neoadjuvant
therapeutic modality. One patient in the nCIT group received

TABLE 3 The adverse events of neoadjuvant therapy.

a reoperation within 30 days due to diaphragmatic hernia and
chyle, four patients in the nCT group due to anastomotic leakage
or tracheostomy, and one patient in the nCRT group due to
intrathoracic anastomotic leakage.

Only one patient suffered from sudden death, which was 11 days
after surgery, and the patient was in the nCT group. The 90-day
mortality rate was 8.8% in the nCIT group, and 7.2% in the nCT
group (p=0.761), while no deaths within 90 days were observed in the

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value
Adverse events

Yes 16 (47.1) 37 (38.1) 0.362 16 (47.1) 17 (54.8) 0.531
No 18 (52.9) 60 (61.9) 18 (52.9) 14 (45.2)

CTCAE grade

Any grade N=16 N=37 N=16 N=17

I 6 (37.5) 15 (40.5) 0.765 6 (37.5) 4(23.5) 0.596
I 6 (37.5) 16 (43.2) 0.877 6 (37.5) 6 (35.3) 0.859
1T 2 (12.5) 3 (8.1) 0.465 2 (12.5) 4(23.5) 0.329
v 2 (12.5) 3 (8.1) 0.465 2 (12.5) 3 (17.6) 0.566
\Y% 0 0 0 0

Adverse event types

Myelosuppression 7 (43.8) 18 (48.6) 0.002 7 (43.8) 12 (70.6) 0.129
Erythra 7 (43.8) 1(2.7) 7 (43.8) 1(5.9)

Hepatic dysfunction 1(6.3) 4 (10.8) 1(6.3) 1(5.9)

Gastrointestinal react 1(6.3) 12 (32.4) 1(6.3) 2(11.8)

Renal dysfunction 0 2 (5.49) 0 1(5.9)

nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCRT, neoadjuvant chemoradiotherapy; CTCAE, Common Terminology Criteria for Adverse Events (version 5.0).
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TABLE 4 Perioperative complications within 30 days after surgery and mortality.

Variables nCIT (n=34) nCT (n=97) nCIT (n=34) nCRT (n=31) P value
Postoperative complications

Yes 17 (50.0) 37 (38.1) 0.227 17 (50.0) 13 (41.9) 0.515
No 17 (50.0) 58 (61.9) 17 (50.0) 18 (58.1)

Complication types n=17 n=37 n=17 n=13

Hoarseness 2 (11.8) 6 (16.2) 2(11.8) 1(7.7)

Pulmonary complications 7 (41.7) 10 (27.0) 7 (41.7) 3(23.1)

Cardiac complications 2(11.8) 1(2.7) 2(11.8) 2 (154)

Chyle 1(5.9) 3 (8.1) 1(5.9) 0

Anastomotic leakage 2(11.8) 8 (21.6) 2(11.8) 4 (30.8)

Gastric and intestinal complications 1(5.9) 3(8.1) 1(5.9) 0

Other complications 2 (11.8) 6 (16.2) 2 (11.8) 3(23.1)

Reoperation in 30 days

No 33 (97.1) 93 (95.9) 0.757 33 (97.1) 30 (96.8) 0.947
Yes 1(2.9) 4 (4.1) 1(2.9) 1(3.2)

30-day mortality

No 34 (100.0) 96 (99.0) 0.552 34 (100.0) 31 (100.0) 1.000
Yes 0 1(1.0) 0 0

90-day mortality

No 31 (91.2) 90 (92.8) 0.761 31 (91.2) 31 (100.0) 0.09
Yes 3 (8.8) 7 (7.2) 3 (8.8) 0

nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.

nCRT group. No statistically significant difference was found between
the nCIT and nCRT groups (p=0.09).

Overall survival and analysis of
prognostic factors

Until July 30, 2022, the median follow-up of the entire cohort was
20.45 months, with a range of 0.36 to 84.76 months. In the nCIT
group, the 1- and 3-year OS rates were 82.4% and 73.3%, respectively,
which were not significantly different from the nCT group (77.3% and
46.1%, respectively) and the nCRT group (83.9% and 39.7%,
respectively) (Figure 2A, p=0.883). Furthermore, the 3-year OS for
patients who achieved MPR was 68.7%, which was significantly
higher than 46.3% for partial responders and 23.8% for those with
stable/progressive disease (Figure 2B, p<0.001). Patients who achieved
radical esophagectomy attained a much better 3-year OS rate than
those who achieved palliative surgery (49.7% versus 0%, Figure 2C,
p<0.001). In the analysis of postoperative pathological stage, patients
with stage ypN- achieved a 3-year OS of 60.6%, which was longer than
the 29.0% for patients with ypN+ (Figure 2D, p<0.001). Further
analysis showed that patients with earlier ypT0-2 and ypO-II staged
disease also had better long-term survival rates (Figures 2E,
F, p<0.001).
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Interestingly, the 3-year OS rate of patients with weight loss at
initial diagnosis was 38.7%, which was significantly shorter than the
55.8% for patients without weight loss (p=0.032). Additionally, the 3-
year OS for patients without LVI/perineural invasion was 48.3%,
which was longer than the 33.8% for patients with LVI/perineural
invasion (p=0.022). However, age, sex, body mass index, tumor length
at initial diagnosis, tumor location, pathological differentiation, and
adjuvant systemic therapy were not significantly correlated with OS in
univariate Cox analysis (Table 5).

In the multivariate analysis, which included significant factors
identified by univariate analysis, only surgical radicality (hazard ratio
[HR]: 5.882, 95% confidence interval [CI]: 2.799-12.359, p<0.001),
pathological response (HR: 1.493, 95% CI: 1.040-2.143, p=0.030), and
ypN stage (HR: 2.100, 95% CI: 1.245-3.542, p=0.005) were found to
be independent prognostic factors for OS other than neoadjuvant
modality (Table 5).

Discussion

This study described potential intraoperative technical challenges
after nCIT and compared them with other neoadjuvant treatment
modalities including nCT and nCRT. Compared with nCT, nCIT
followed by esophagectomy achieved higher pCR and MPR rates,
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FIGURE 2

those who had stage yplll and ypIVA (p<0.001).

more resected lymph nodes during surgery, less intraoperative blood
loss, and comparable results in other perioperative parameters.
Compared with nCRT, nCIT achieved similar pCR and MPR rates,
significantly more resected lymph nodes during surgery, shorter
operation time, less intraoperative blood loss, and less frequent ICU
stays after surgery. Regarding postoperative complications, no

Overall survival (OS) curves for the 162 ESCC patients. (A) OS was not significantly different in the neoadjuvant chemoimmunotherapy (nCIT) group
compared with the neoadjuvant chemotherapy (nCT) and neoadjuvant chemoradiotherapy (nCRT) groups (p=0.883). (B) OS was significantly increased
for patients who achieved major pathological response (MPR) compared with those who achieved partial response (PR) and stable disease (SD)/
progressive disease (PD) (p<0.001). (C) OS was increased for patients who achieved radical esophagectomy compared with those who achieved palliative
surgery (p<0.001). (D) OS was increased in patients with stage ypN- compared with those who had stage ypN+ (p<0.001). (E) OS was increased in
patients with stage ypT0-2 compared with those who had stage ypT3/4 (p<0.001). (F) OS was increased in patients with stage ypO-Il compared with

10.3389/fimmu.2023.1066527

significant statistical difference was detected between the nCIT and
the nCT or nCRT groups.

Over the past decade, there have been lingering controversies
concerning the effects of neoadjuvant chemotherapy (nCT),
chemoradiotherapy (nCRT), and immunotherapy for ESCC. There
is still no convincing evidence to prove which neoadjuvant

TABLE 5 Univariate and multivariate analysis of OS for 162 ESCC patients treated with surgery following neoadjuvant therapy.

Univariate

Multivariate

Characteristics

HR (95% Cl)

HR (95% Cl)

*Factors included into multivariate analysis.

Age (y): < 60 vs = 60 1.039 (0.660-1.634) 0.870

Gender: Male vs Female 0.564 (0.138-2.299) 0.424

Weight loss at initial diagnosis: Yes vs No 1.679 (1.047-2.692) 0.032*

BMI index: < 22 vs > 22 0.870 (0.545-1.390) 0.561

Tumor length at initial diagnosis: <5 vs >5cm 0.981 (0.620-1.553) 0.936

Tumor location: Lower vs Upper/middle 1.250 (0.793-1.972) 0.337

Pathological differentiation: Poor/moderate vs Well 1.170 (0.673-2.035) 0.579

Surgical radicality: Palliative vs Radical 7.415 (3.765-14.605) <0.001* 5.882 (2.799-12.359) <0.001
Pathological response: SD(PD) vs PR vs MPR(CR) 2.090 (1.533-2.849) <0.001* 1.493 (1.040-2.143) 0.030
ypT stage: ypT3-4 vs ypT0-2 2.555 (1.569-4.161) <0.001*

YPN stage: ypN+ vs ypN- 2.601 (1.615-4.190) <0.001* 2.100 (1.245-3.542) 0.005
YPTNM stage: IVA vs III vs 0-11 1.588 (1.300-1.939) <0.001*

LVI/perineural invasion: Yes vs No 2.026 (1.105-3.715) 0.022*

Neoadjuvant therapeutic modality: nCRT vs nCIT vs nCT 0.990 (0.872-1.125) 0.883

Adjuvant systemic therapy: Yes vs No 0.957(0.606-1.511) 0.849

ESCC, esophageal squamous cell carcinoma; OS, overall survival; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCT, neoadjuvant chemotherapy; nCRT, neoadjuvant chemoradiotherapy;
ypT, pathological T stage after neoadjuvant therapy; ypN, pathological N stage after neoadjuvant therapy; ypTNM, pathological TNM stage after neoadjuvant therapy; vs, versus; HR, hazard ratio; CI,
confidence interval.
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therapeutic modality is best for locally advanced resectable ESCC.
Pathological responses including pCR and MPR have been considered
as principal surrogate endpoints to evaluate the therapeutic efficacy of
different neoadjuvant treatments. Previous large-scale randomized
clinical trials have reported that nCRT could achieve higher pCR rates
(43.2-49%) than nCT (3.8-10.7%) in ESCC, but nCRT might have
more postoperative complications and higher postoperative
mortality, with no identified overall survival differences (4, 17-24).
Therefore, in Western countries, many institutions have adopted
nCRT followed by esophagectomy, but globally, many other
countries support nCT alone (4, 25).

In this study, the pCR rate for the primary tumor was 26.4%, and
the MPR rate was 52.9% after nCIT, consistent with previous reports
(9, 11, 12, 26-30). However, after nCT for ESCC, the pCR rate in
previous studies is usually between 3.8% and 10.7% (23, 24, 31), which
is close to the 4.1% for the primary tumor in this study and
significantly lower than the results for nCIT. In contrast, the pCR
rate for nCRT has reached approximately 28.9% to 49% in previous
studies, which is slightly better than the 25.8% in this study (21, 24,
31-33). Xu et al. demonstrated that the pCR rate was comparable
between nCIT and nCRT (29.8% vs 34.0%), with no significant
differences in the incidence of postoperative complications and 30-
day mortality (34). Thus, this study showed that ESCC might achieve
better therapeutic efficacy from nCIT and nCRT on the basis of pCR
and MPR results.

Although the pathological efficacy was better for nCIT and nCRT,
controversies concerning the long-term survival results remained.
Previous prospective trials on esophageal cancer, including
JCOG9907, OEO2, CROSS, and NEOCRTEC5010 have
demonstrated that nCT or nCRT can achieve better OS results than
surgery alone or postoperative chemotherapy (20, 21, 32, 35).
Nonetheless, survival differences between different neoadjuvant
therapeutic modalities have not been clarified. Klevebro et al. and
Wang et al. showed that nCRT could result in a higher pCR rate than
nCT, but with no significant survival benefits (24, 31). Another study
showed no significant differences in the 5-year OS or the 5-year
relapse-free survival (RES) rates between nCRT and nCT (36). Two
separate meta-analyses also reported that nCRT did not show
significant long-term survival benefits as nCT (37, 38). In this
study, the 1-year OS rate in the nCIT group were 82.4%, consistent
with the 1-year OS of between 87.6% and 92.8% in previous reports
(29, 39), but not significantly different from nCT (77.3%) and nCRT
(83.9%). In a few propensity score matching analyses, the 1-year OS
rate in the nCIT group was 94.5-95.7%, slightly better than 84.8% in
the nCT group and 86.2% in the nCRT group, but with no significant
statistical differences (40, 41). Although no statistically significant
difference was observed in our data, the 3-year OS after nCIT was
73.3%, slightly higher than 46.1% after nCT and 39.7% after nCRT.
However, the sample size and follow-up time in the present study
were too limited to report mature OS results. Therefore, the survival
benefit after nCIT in locally advanced resectable ESCC still requires
further investigation. Furthermore, as previously reported (4, 36, 42),
our further analysis showed that radical esophagectomy, MPR, and
ypNO (no lymph node metastasis) were independent favorable
prognostic factors for OS after neoadjuvant therapy. As to adjuvant
therapy, approximately half of the patients received adjuvant therapy
in each group, and no statistically significant difference was observed
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among the three groups. No survival difference was observed between
patients received adjuvant therapy or not in our analysis.

This study also highlighted advantages for esophagectomy, as nCIT
had more lymph nodes resected and less intraoperative blood loss
compared with nCT. During our surgery, tumor and metastatic
lymph nodes regression was more significant in the nCIT group than
in the nCT group, facilitating lymph node clearance and reducing
operation times. Qiao et al. also reported that patients who received
nCIT had more lymph nodes cleared during surgery than those who
received nCT (34 vs. 30, p<0.001), with comparable incidence of
complications (23). Furthermore, when compared with nCRT,
esophagectomy after nCIT also achieved more resected lymph nodes,
shorter operation times, less intraoperative blood loss, and less frequent
ICU stays after surgery. Based on our surgical experience, mild or
moderate tissue adhesions were more frequently observed in the nCIT
group compared to the nCRT group, which might help reduce the
intraoperative difficulties. In certain propensity score matching analyses
by Hong et al. and Xiao et al, esophagectomy after nCIT required shorter
operative times, and dissected more lymph nodes than after nCRT (41,
43). Cheng et al. also reported that the nCIT group had minimal
intraoperative blood loss, shorter operative times, and fewer
perioperative complications than the nCRT group (37). However, the
extent of lymph node resection and positive lymph node numbers after
nCIT were similar to after nCT and nCRT in this study. Regarding other
perioperative parameters such as radical resection rate and several
postoperative recovery parameters, no significant differences were
detected among the three groups.

Perioperative morbidity and mortality are the principal concerns
in surgical treatment following neoadjuvant therapy. This study
detected no significant statistical differences in the CTCAE grade
related to neoadjuvant therapy and postoperative complication types
among the three groups. Thus, the addition of camrelizumab to nCT
did not increase morbidity or mortality. Additionally, another study
by Qiao et al. showed that the total incidence of adverse events during
nCIT was lower (77.1%) than nCT (91.7%, p=0.003) (23). As reported
in previous studies (26, 30), pneumonia was the most prevalent major
30-day postoperative complication in this study. Other common
complications included hoarseness, cardiac complication, and
anastomotic leakage. Fortunately, no treatment- or surgery-related
deaths were observed within 30 days after esophagectomy in this
study, except for one sudden death in the nCT group, proving that
esophagectomy following nCIT is safe and feasible.

Some limitations are apparent in this study. First, selection biases
were inevitable between groups due to the limited sample size and the
retrospective design. For example, the ¢T4 percentage in the nCIT
group was 35.3%, which was significantly higher than in the nCT
group. Second, the follow-up and recurrences data are insufficient to
report mature OS and disease-free survival results. Third, each
neoadjuvant therapy might have specific benefits for patient
subgroups. The information on predictive biomarkers for
therapeutic efficacy, such as PD-L1 expression, was absent in the
present study. Therefore, the problem remains with selecting optimal
patients who might benefit from different therapeutic modalities.
Hence, more prospective phase III clinical trials with larger sample
sizes and multiple centers should be conducted to identify the
advantages and disadvantages of each neoadjuvant therapy in
locally advanced resectable ESCC.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1066527
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

Conclusion

In conclusion, this real-world analysis showed that nCIT is safe
and feasible, with satisfactory pCR and MPR rates. Esophagectomy
following nCIT achieved several perioperative advantages over nCT
and nCRT, with comparable perioperative morbidity and mortality.
Although the 3-year OS after nCIT is slightly higher, the long-term
survival benefits still require further investigation.
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Abstract

Background: The optimal postoperative surveillance protocol after esophagectomy for
patients with esophageal cancer has still not been established. We investigated the risk factors
for recurrence of esophageal cancer to devise an appropriate surveillance protocol.
Furthermore, we focused on the appearance/worsening of symptoms to determine if
additional imaging examinations should be performed.

Methods: We enrolled 416 patients with esophageal and esophagogastric junctional cancer
who had undergone thoracoscopic esophagectomy at Tokai University Hospital. Outpatient
visits for the patients are usually scheduled at least 4 times per year with CT imaging and
blood biochemical examination. We evaluated the time to recurrence after esophagectomy,
especially the correlation of this parameter with the appearance/worsening of symptoms
during the postoperative outpatient follow-up.

Results: Of the 416 patients, recurrence occurred in 127 patients (30.5%). The median time
to recurrence was 6 months after esophagectomy; recurrence occurred within 24 months in
112 patients (88%), and 51 of these patients (40%) developed some new symptom(s)
(symptomatic group) prior to the diagnosis of recurrence. The number of patients who
developed recurrence within 6 months was significantly higher in the symptomatic group as
compared with that in the asymptomatic group (66.7% vs. 46.0%, p=0.02). The overall
survival in the symptomatic group was significantly shorter than that in the asymptomatic
group (p<0.001).

Conclusions: We advocate an effective surveillance protocol depending on the
appearance/worsening of symptoms to diagnose recurrence of esophageal cancer; we
recommend routine imaging examinations every 6 months and clinical outpatient follow- up

at even shorter intervals for the first 24 months after esophagectomy.
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Abbreviations

MIE = minimally invasive esophagectomy

PET-CT = positron emission tomography-CT

UICC = the Union for International Cancer Control

TNM = Tumor-Node-Metastasis

ICS = intercostal space

OS = overall survival

ASA-PS = Anesthesiologists physical status

ICIs = immune checkpoint inhibitors

Keywords: surveillance, symptom, esophageal cancer, thoracoscopic esophagectomy,

recurrence, outpatient
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Introduction
Esophageal cancer was ranked seventh in terms of the cancer incidence and sixth in terms of
the cancer mortality worldwide in 2020'. The highest regional incidence rates are reported
from East Asia for both men and women. The histology in the majority is squamous cell
carcinoma. Despite the advances in the diagnostic methods, surgical procedures, and
multidisciplinary treatment approaches, the prognosis of esophageal cancer remains
unsatisfactory®. The reported rate of recurrence of esophageal cancer after radical
esophagectomy is 29%-43%">". Moreover, as recurrence after esophagectomy is observed
within two years after surgery in almost all cases, an appropriate postoperative clinical
surveillance protocol is recommended even for patients undergoing curative esophagectomy.
On the other hand, very few patients develop recurrence later than three years after
radical esophagectomy. Follow-up intervals and frequency of imaging examinations after
esophagectomy may need to be adjusted depending on the time elapsed after the surgery.
According to a nationwide survey conducted in Japan, most hospitals usually require their
patients to visit the outpatient department at least four times a year during the first two years
after curative resection and at least twice a year in the third and subsequent years; however,
no consensus has been established yet®. The National Comprehensive Cancer Network
Guidelines recommend follow-up at the outpatient clinic for medical history taking and
physical examination every 3-6 months for 1-2 years, and every 6-12 months for 3-5 years
after curative esophagectomy’. However, the frequencies of imaging examinations are not
clearly specified, and these are performed as needed. Frequent imaging tests are not
recommended for the diagnosis of recurrence, not only owing to a lack evidence of improved
prognosis, but may also lead to unnecessary radiation exposure of the patients and increased
healthcare costs. On the other hand, outpatient visits enable communication between the

patient and physician and establishment of a positive patient-physician relationship, which
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improves patient satisfaction and plays an important role in cancer treatment®’. To date, few
studies have discussed establishment of an appropriate surveillance protocol after
esophagectomy for esophageal cancer. Therefore, no appropriate postoperative surveillance
protocol has been defined yet, and patients are often followed up empirically at each
institution.

The purpose of this study was to clarify the risk factors for recurrence for esophageal
cancer and the influence of the risk factors on the timing of recurrence, in order to devise an
appropriate postoperative surveillance protocol, including the optimal intervals for outpatient
visits and frequencies of imaging examinations. We assessed the long-term outcomes in
esophageal cancer patients who had undergone minimally invasive esophagectomy (MIE) at
our high-volume center (single-institution study). Notably, we focused on the
appearance/worsening of symptoms in the patients with recurrence to determine if additional
imaging examinations are needed, because the postoperative appearance/worsening of
symptoms could be a marker of systemic tumor recurrence and influence the survival.
Methods
Patients
This was a single-center retrospective cohort study of patients with esophageal and
esophagogastric junctional cancer conducted at the Tokai University Hospital. We enrolled a
total of 416 patients who had undergone thoracoscopic esophagectomy with two- or three-
field lymph node dissection for esophageal cancer between January 2010 and December 2019
at our hospital. Patients with R1 or R2 were excluded from the study as cases in which
radical curative resection was not possible. The median observation period was 39 months.
We conducted this retrospective study with the approval of the Institution Review Board of

Tokai University Hospital (20R-346).

18-



8L+AWAOANOMNEAAIAYO/FOAEIOVIASALLIAIPOOAELIEAHIOII/AD AUMY LXOM

ADUOINXFOHISABZIUTM+EHNION WNOTZ | ABYHASGHNQYE Aq SOB[RUINOI/WO00 MM Sfeunol//:diy woy papeojumoq

€2¢02/S1/80 uo

Tumor staging

Clinical staging investigations in this study included upper gastrointestinal endoscopy, upper
gastrointestinal series, computed tomography (CT) of the neck, chest and abdomen, and
positron emission tomography-CT (PET-CT).

Tumor staging was based on the Union for International Cancer Control (UICC)
Tumor-Node-Metastasis (TNM) grading system, 8th edition. In principle, preoperative
chemotherapy was administered to patients with cStage II or more advanced cancer. Patients
with supraclavicular lymph node metastasis were indicated for esophagectomy with lymph
node dissection including the supraclavicular lymph nodes. Histopathological diagnosis of
the resected tumors was performed according to the Japanese Classification of Esophageal
Cancer, 11" Edition'.

Surgical procedure

MIE was first introduced at our hospital in 2009, and has several advantages over open
thoracic esophagectomy!!"'*. Our standard surgical procedure for patients with esophageal
cancer is MIE, except in patients in whom unilateral ventilation is expected to be difficult and
those who have intense adhesions within the thoracic cavity.

We performed MIE with the patient in prone position, in which the gravity in the
thoracic cavity and the CO2 pneumothorax push down the organs in the middle mediastinum,
affording a wide surgical field'. It is also beneficial in terms of ergonomics for the surgeon’s
stance, pulmonary gas exchange in the patient, and avoidance of direct lung injury'®. The
patient is placed in a prone position, with the right arm raised over the head. The surgeon,
assistant, and endoscopist stand on the right side of the patient and watch the video monitor
placed on the opposite side. At first, a 12-mm trocar is inserted into the seventh intercostal
space (ICS) between the inferior scapular angle line and posterior axillary line, and a

pneumothorax in the right chest is induced using CO2 gas. The thoracic cavity is examined to
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identify any pleural adhesions, and a 12-mm trocar is inserted into the ninth ICS on the
inferior scapular angle line for inserting the flexible thoracoscope. Another 12-mm trocar is
inserted into the fifth ICS on the posterior axillary line. Five-millimeter trocars are then
inserted into the seventh ICS on the middle axillary line, and the third ICS on the middle
axillary line. First, the anterior mediastinal pleura of the esophagus is incised, and the trachea
and heart are shifted downward, to make the dissection between the esophagus and middle
mediastinal organs much easier. Next, dissection is performed between the esophagus and the
vertebra or descending aorta. The esophagus is finally mobilized from the thoracic inlet along
with the peri-esophageal mediastinal lymph nodes.

Postoperative follow-up

All esophageal cancer patients are followed up after radical esophagectomy at the outpatient
gastrointestinal surgical care. Outpatient visits are scheduled at least 4 times a year at first. In
principle, blood samples are drawn at each visit, and CT imaging from the neck to the pelvis
is performed every 3 months. Further outpatient and imaging examinations are scheduled as
needed depending on the appearance/worsening of symptoms in the patients. We evaluated
the patients at the postoperative outpatient clinic for the appearance/worsening of symptoms.
Statistical analysis

The overall survival (OS) of the patients overall was calculated by the Kaplan- Meier
method, and the difference in the OS between the recurrence group and no- recurrence group
was analyzed using the log-rank test. Next, the clinicopathological factors were compared
between the recurrence and no-recurrence group, and the risk factors for recurrence were
examined. The length of time from the date of esophagectomy to the date of diagnosis of
recurrence was defined as the time to recurrence, and the relationship between the time to

recurrence and risk factors for recurrence or symptoms at recurrence were also examined.
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Differences between the two groups were analyzed using the Mann-Whitney U test
for continuous variables and the ¥ test or Fisher’s exact test for categorical variables.
Survival curves were drawn using the Kaplan-Meier method. P values of less than 0.05 were
considered as denoting significance. All the analyzes were performed using the statistical
software package IBM SPSS statistics 26 (IBM Japan, Tokyo, Japan).

Results
Characteristics of the patients
Of the 416 patients, 357 (86%) were male and 59 (14%) were female (Supplemental Digital

Content 1, http://links.lww.com/JACS/A287). The median age was 68 years, and the median

BMI was 21.6. The American Society of Anesthesiologists physical status (ASA-PS) was 2
in 361 patients (87%). The most common frequent tumor location was the middle esophagus
(225 patients, 54%), followed by the lower and upper esophagus. The most common
histological type was squamous cell carcinoma (365 patients, 88%). According to the TNM
classification, the pStage was classified as I in 139 patients (33%), II in 99 patients (24%),
and III in 101 patients (24%). Preoperative treatment was administered in 181 patients (43%)
and postoperative complications were observed in 239 patients (57%). Of the 416 patients,
127 (31%) were diagnosed as having recurrence.

Comparison between the recurrence and no-recurrence groups

Comparison of characteristics between the recurrence group (127 patients) and no-recurrence
group (289 patients) revealed that mean age (p=0.02) and BMI (p=0.008) were lower in the

recurrence group (Supplemental Digital Content 1, http://links.lww.com/JACS/A287). The

no-recurrence group was more likely to have pT1, pNO, pMO, or pStage I disease as
compared with the recurrence group (p<0.001). Preoperative treatment was administered
more frequently in the recurrence group than in the no-recurrence group (p<0.001). The

median OS in the overall study cohort was 104 months (Supplemental Digital Content 2,
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http://links.lww.com/JACS/A287). The median OS in the recurrence group was 24 months.
The 5-year OS rate in the recurrence group was 13%, which was shorter than that of 78% in
the no-recurrence group (p<0.001), indicating the very poor prognosis in the recurrence

group (Supplemental Digital Content 3, http://links.lww.com/JACS/A287).

Time to recurrence

The recurrence rate by stage was 0% in patients with pStage 0 disease, 11% in patients with
pStage I disease, 22% in patients with pStage II disease, 48% in patients with pStage II1
disease, and 72% in patients with pStage IV disease. The recurrence rate was lower in
patients with Stage I and Stage II disease and higher in patients with Stage III and Stage IV
disease. The median time to recurrence in the recurrence groups was 6 months. In 88% of
cases with recurrence, the recurrence occurred within 24 months, and in 95% of cases, the
recurrence occurred within 36 months after esophagectomy. In all of the cases with
recurrence, the recurrence occurred within 60 months after the surgery (Fig. 1a). The median
time to recurrence by stage was 18 months in patients with pStage I disease, 7 months in
patients with pStage II disease, 5 months in patients with pStage I1I disease, and 4 months in
patients with pStage IV disease (Supplemental Digital content 4,

http://links.lww.com/JACS/A287). More than 90% of patients with Stage I1I/Stage IV disease

developed recurrence within 24 months after esophagectomy. pStage I patients showed a
lower recurrence rate as well as a longer to time to recurrence as compared with pStage III
and pStage IV patients.

Sites of recurrence

Among the 127 patients with recurrence, lymph nodes (n=90, 70%) were the most common
recurrent organ, followed by the lungs (n=31, 24%), liver (n=27, 21%), and bones (n=13,
10%) (include duplicate data). All of the recurrent patients with bone metastasis had

simultaneous metastasis in other organs. Rare sites of recurrence were the skin (3%),
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cerebellum (0.7%), and adrenal glands (3%). There was no difference in the survival duration
after diagnosis of recurrence or in the time to recurrence between patients with and without
lymph node recurrence (Supplemental Digital Content 5 a,b,

http://links.lww.com/JACS/A287). The time to recurrence and survival after diagnosis of

recurrence also did not differ significantly between patients with and without lung recurrence

(Supplemental Digital Content 5 ¢,d, http://links.lww.com/JACS/A287). Patients with liver

recurrence tended to have a shorter time to recurrence than those without liver recurrence
(p=0.05). Of the patients with liver recurrence, the recurrence developed within 12 months
after esophagectomy in 80% of cases and within 24 months in all cases (Supplemental Digital

Content Se, http://links.lww.com/JACS/A287). The prognosis of patients with liver

recurrence was poor, with a median survival time after recurrence of 9 months (p=0.002)

(Supplemental Digital Content 5f, http://links.lww.com/JACS/A287). The time to recurrence
in patients with bone recurrence did not differ significantly as compared with that in patients
with non-bone recurrence (Supplemental Digital Content Sg,

http://links.lww.com/JACS/A287). However, the prognosis of patients with bone recurrence

was poor, with a median survival time after recurrence of only 4 months (p=0.003)

(Supplemental Digital Content Sh, http://links.lww.com/JACS/A287).

Number of recurrence sites

Of the 127 patients in the recurrence group, 77 (61%) showed single-organ recurrence (Table
1), while the remaining 39% showed simultaneous recurrence in multiple organs. The higher
the number of recurrence sites, the poorer the prognosis of the patients (Supplemental Digital

Content 6, http://links.lww.com/JACS/A287).

Symptoms at recurrence
Among the 127 patients with recurrence, 51 (40%) complained of some symptom(s) prior to

the diagnosis of recurrence. In 66% of the patients with symptoms (symptomatic group), the
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recurrence occurred within 6 months after the surgery. On the other hand, recurrence
occurred within 6 months after the surgery only in 46.0% (p=0.02) of the patients without
symptoms (asymptomatic group). The time to recurrence in the symptomatic group tended to
be shorter than that in the asymptomatic group (median: 5 months vs. 7 months; p=0.08) (Fig.
1b). The main type of symptom at the recurrence was investigated in 51 patients in the
symptomatic group. The most common symptom was pain, followed by respiratory
symptom, fatigue, lump, and digestive symptom (Table 2). Further, the time to recurrence
was significantly longer for the patients with pain compared to the patients with symptoms
other than pain such as respiratory symptoms, fatigue, lump, and digestive symptoms
(median: 9 months vs. 4 months; p=0.042, Fig. 2). In the examination of the relationship
between the site of initial recurrence and the presence of symptoms at recurrence, there was
no significant difference in the percentage of patients with symptoms among patients with
lymph node, liver or lung recurrence, but the percentage of patients with symptoms was
higher in the patients with bone recurrence (p=0.006) (Table 3). The median OS was 14
months in the symptomatic group and 33 months in the asymptomatic group, with a worse
prognosis in the patient group with symptoms at recurrence (p<0.001) (Fig. 1¢). Patients
with symptoms at recurrence had a worse median survival after recurrence than the patients
without symptoms at recurrence (median: 5 months vs. 22 months; p<0.0001) (Fig. 1d).
Discussion

This study was conducted to devise an appropriate postoperative surveillance protocol for
patients with esophageal cancer undergoing radical esophagectomy. Of all the patients who
developed recurrence after the surgery, the recurrence occurred within 24 months of the
surgery in 88% of patients. The median time to recurrence was 6 months in the recurrence
group and 5 months in the patients of this group with symptoms at recurrence. Routine

outpatient follow-up with imaging studies is necessary at least every 6 months for up to 24
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months after esophagectomy, and additional studies should be considered according to the
symptoms of the patients. The frequency of imaging studies could possible reduced after 24
months from surgery.

The time to recurrence decreased as the pathological stage of the disease increased.
This result was similar to previously published reports by Lindenmann et al. and Hiyoshi et
al'”!8_ On the other hand, the presence/absence of preoperative treatment had no influence on
the time to recurrence. In more than 80% of all patients with recurrence, the recurrence
developed within 24 months after the esophagectomy. These results suggest that periodic
follow-up is required within 24 months after radical resection, regardless of the tumor stage
and treatment administration prior to surgery. As there were no cases of recurrence later than
60 months after esophagectomy, systematic follow-up to detect recurrence may not be
necessary in long-term survivors later than 5 years after esophageal cancer surgery.

With regard to the initial site of recurrence, lymph nodes were the most common site
of recurrence, consistent with previous reports'®-?. Patients with liver recurrence had a poor
prognosis, even if the recurrence was localized within the liver. This may be because multiple
intrahepatic recurrences are often detected in patients with liver recurrence and less
responsive to any chemotherapy, as previously reported'***. Bone recurrence often occurs
together with recurrences in other organs, which could explain why patients with bone
metastases show a relatively poor prognosis.

With regard to the number of organ sites with recurrence, single-organ recurrence was
the most common, accounting for 77 cases (61%). Lymph node recurrence accounted for 49
cases (63%) of all the cases with single-organ recurrence. In many of the patients with lymph
node recurrence, the recurrence was limited to the local area nodes and to a limited number of
nodes. In recent years, oligo-recurrence, in which a small number of metastatic recurrences

are found in a limited number of organs, has attracted attention. In this study also, lymph
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node recurrence was frequently observed in patients with oligo- recurrence (data not shown),
and chemoradiotherapy or surgical resection could possibly be performed as radical treatment
in such cases. On the other hand, the prognosis was poorer in patients with simultaneous
recurrences in multiple organs, and the greater the number of organ sites of recurrence, the
poorer the prognosis. All patients with bone recurrence in this study also had recurrence(s) in
other organs, which could explain the poor prognosis in patients with bone recurrence.

In this study to devise an appropriate surveillance protocol for patients with
esophageal cancer after MIE, we focused on the occurrence/worsening of symptoms at
recurrence. Among all patients with recurrence, 51 patients (40%) complained of some
symptom(s) prior to the diagnosis of recurrence. The time to recurrence in the group with
symptoms at the time of recurrence was 5 months, which was shorter than in the group that
reported no symptoms at the diagnosis of recurrence. The most common symptom at the
recurrence was pain, followed by respiratory symptom, fatigue, lump, and digestive
symptom. The time to recurrence was 3-4.5 months in the group with symptoms other than
pain. These results suggest that it is important to enquire about the presence/absence of
new/worsening symptoms and the type of symptoms, particularly respiratory symptoms,
fatigue, lump or digestive symptoms, at the time of the outpatient follow-up visits. In patients
with symptoms at recurrence, not only the time to recurrence was shorter, but also the
survival time after recurrence was shorter. All patients with bone metastasis had simultaneous
metastases in other organs, and the symptoms in patients with bone metastases were related
to both bone and other organ recurrence. Shortened survival of the patients with bone
metastases was caused by multiple organ recurrence.

In this study, we demonstrated the existence of a correlation between a shorter time to
recurrence and the development/worsening of symptoms after MIE, therefore, medical

examination at the outpatient clinic should be frequently performed in patients with
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symptoms. Furthermore, imaging studies should be performed as needed. Additional
examinations should be performed promptly for the patients developing respiratory
symptoms, fatigue, lump, or digestive symptoms, especially in the early postoperative period.
On the other hand, the time to recurrence in the group without any symptom(s) at recurrence
was 7 months. Therefore, routine imaging tests should be performed at least every 6 months
even in patients without any symptoms. Based on these findings, we propose that a
combination of outpatient follow-up at least every 3 months and imaging examinations every
6 months until 24 months after curative esophagectomy for esophageal cancer as an effective
surveillance method. It is important to mention that imaging examinations should be
promptly performed to check for tumor recurrence in patients reporting symptoms at the time
of the outpatient follow-up consultation.

None of the patients included in the present study received immune checkpoint
inhibitors (ICIs) as adjuvant therapy. Most of the patients had also not received ICIs as 2nd or
further line therapy. ICI therapy has been reported effective as adjuvant therapy after radical
resection and also as 1st line treatment in patients with unresectable locally advanced or
recurrent esophageal cancer??’. Therefore, further investigation of an effective surveillance
protocol for patients who have received adjuvant ICI therapy is warranted.

This study had several advantages and limitations. The first of the advantages was
that all of the patients had undergone thoracoscopic esophagectomy, so that there was little
bias arising from the technique used for the surgery in the current study. Second, our
institution has extensive experience in thoracoscopic esophagectomy and this study was
conducted in patients who received treatment with an already established surgical technique.
Third, almost all patients with Stage II and Stage III cancer had routinely received

neoadjuvant chemotherapy, so that there was little preoperative treatment bias.
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The first limitation was that our study was conducted retrospectively at a single
institution, and large prospective multicenter studies are needed to establish an optimal
postoperative surveillance protocol for patients with esophageal cancer after radical
esophagectomy. The second limitation of our study was that squamous cell carcinoma was
predominant among the cases enrolled in the study, so that the results may not be
extrapolatable to patients with esophageal adenocarcinoma. This is an issue for future study.
Conclusions

We advocate an effective surveillance protocol focused on the occurrence/worsening
of patient symptoms for early detection of recurrence in patients with esophageal cancer who
have undergone radical resection; we recommend routine imaging examinations every 6
months and outpatient care at even shorter intervals for the first 24 months after
esophagectomy. We believe that this surveillance protocol may enable early therapeutic
intervention and improvement of the prognosis in esophageal cancer patients with disease

recurrence after surgery.
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Figure legend

Figure 1. Time to recurrence and survival after recurrence in patients with symptom or
without symptom. (A) Time to recurrence (all patients with recurrence); (B) time to
recurrence; (C) overall survival; (D) survival after recurrence

Figure 2. Time to recurrence in patients with pain or with other symptoms (respiratory

symptoms, fatigue, lump or digestive symptoms)
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Table 1. Number Of Recurrent Organs at Diagnosis of Recurrence

Number of recurrent organs

Patients with recurrence, n (%)

1 77 (61)
2 28 (22)
3 13 (10)
4 7 (6)

5 1(1)

6 1(1)
Total 127 (100)
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Table 2.

Type Of Symptoms and Time After Surgery in the Symptomatic Group

Symptom Data, n (%), (n=51) Time after surgery, mo
Pain 17 (33) 8
Respiratory 12 (23) 4

Fatigue 9 (18) 4

Lump 7 (14) 3

Digestive 6(12) 4.5
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Table 3. Comparison of Symptoms at Recurrence According to Organs

Site of recurrence Symptoms, n No symptom, n p Value*
(N=51) (N=76)

Lymph node, n
Yes 39 51 0.320
No 12 25

Liver, n
Yes 10 17 0.826
No 41 59

Lung, n
Yes 15 16 0.299
No 36 60

Bone, n
Yes 10 3 0.006
No 41 73

Other, n
Yes 25 14 <0.001
No 26 62

*X? test or Fisher’s exact test
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“Patient Advocacy” for Psychiatric Interpreters
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[Abstract])

Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric
services In Japan is increasing. Consequently, differences in language and culture have become the biggest
issues faced by psychiatric institutions. Therefore, psychiatric interpreters are expected to play a major
role. Studies have indicated that medical interpreters require advocacy, especially in psychiatric settings.
This article clarifies what is meant by the term “advocacy and why it is required in psychiatric
Interpretation.

[Key words]
Psychiatric interpreters, Advocacy, Community interpreters
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“Patient Advocacy’ for Psychiatric Interpreters
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[Abstract]

Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric

services In Japan is increasing. Consequently, differences in language and culture have become the biggest

issues faced by psychiatric institutions. Therefore, psychiatric interpreters are expected to play a major

role. Studies have indicated that medical interpreters require advocacy, especially in psychiatric settings.
This article clarifies what is meant by the term “advocacy and why it is required in psychiatric

interpretation.
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Psychiatric interpreters, Advocacy, Community interpreters
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WRT—~ The study on the molecular mechanism of & —Klotho’ s regulation of spermatogonial stem cell
niche during aging
BEIER mXiEt v FEEL O
1. BIRBEM)
1) B # (Goal)

Aging is an urgent sociomedical issue which greatly threats the fertility of population in many societies, especially in the
developed countries and regions. It was reported that advanced paternal age brings higher risks of the pre—mature birth, low
Apgar scores or admission to a neonatal intensive care department of newborns. The paternal age also improves the incidence
rate of multiple congenital defects such as heart malformations as well as oral, palate and lip cleft. In addition, many mental
disorders like autism, schizophrenia, bipolar disorder, low intelligence capacity were also more frequently observed with advanced
father’s age.1

The spermatogonial stem cells (SSCs), a rare subpopulation of the spermatogonia, are tasked to self-renew actively to sustain
the SSC reservoir and give rise to progenitors poised for eventually differentiating into sperms2. Spermatogonial stem cell (SSC)
transplantation is regarded as a promising technique for treating the infertility of male survivors from cancer therapies before
sexual maturation. The SSC transplantation, which reintroduces the SSCs into the seminiferous tubules of recipient’ s testis, can
initiate their spermatogenesis and enable the production of their own biological children. The aging of SSCs is always
accompanied by impaired proliferation, epigenetic abnormalities, altered metabolism and even the loss of sperm—forming
function3, hampering the scientific utilization of SSCs’ versatility a lot. The serial transplantation of SSCs into young testes,
which enabled the longer than lifetime proliferation of SSCs and also proved their strong proliferation ability4. This evidence
indicated that the SSCs have a unique mode of aging which is likely caused by the deteriorated niche, a protective region for
stem cells with surrounding stromal cells.

The Klotho gene is a critical gene in regulating phosphate metabolism and senescence. Mice deficient in & —Klotho not only
have a phosphate metabolism dysfunction and hyperphosphatasemia due to the impaired urinary phosphate excretion but also
show apparent and multiple phenotypes of premature aging, including slower growth, smaller body size, atrophy of multiple organs,
vascular calcification, sarcopenia, cardiac hypertrophy and fibrosis, osteopenia, emphysematous lung, hearing impairment,
cognitive defects and shortened lifespan.b Its abnormal expression and functioning was recently found play an essential role in
the premature placental senescence and malformation caused by advanced maternal age.6 However, its regulation on the aging of
male fertility has not been reported yet. This study aims to investigate the molecular mechanism of Klotho’ s regulation on the
senescence of spermatogonial stem cells and their niche.

2) BXB& (Approach)

(1investigate the spermatogonial stem cell niche of Klotho testis using immunostaining

(2)functional analysis of the blood testicular barrier (BTB) of Klotho testis

(3)exogenous supplement of testosterone into Klotho KO male mice and investigate its lifespan, spermatogonial stem cell niche
and spermatogenesis

3) ¥ ¥l &5 i% (Materials and methods)

(1)Animal: All the experimental protocols including animals were granted by the Institutional Animal Care and Use Committee of
Kyoto University. The Klotho—deficient mice were produced by crossing the heterozygous Klotho +/— male and female mice.
(2)Testosterone injection: 0.45mg per 0.1ml olive oil were subcutaneously injected into the Klotho KO male mice twice a wekk
since 6 week old.

(3)Biotin intrusion experiment: A total volume of 10 ul 7.5mg/ml biotin was injected into each testis when the Klotho—deficient
mice turned 10—week—old after anesthesia. Half hour after the injection, the mice were sacrificed, and the testes were removed
and processed for immunostaining of Biotin.

(4)Macroscopic and histological analysis of testes: Implanted mice were killed at the age of 12 weeks (4 weeks post—implantation).
The testes were kept intact in cold PBS and observed under macroscopy. The testes and epididymis were fixed in 10% neutral—
buffered formalin and embedded in paraffin blocks. Slides were stained with hematoxylin and eosin and checked for histological
analysis
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(5)Immunostaining: Testes were fixed in 4% paraformaldehyde for 2 h at 4° C, and embedded in Tissue-Tek OCT compound
(Sakura Finetek, Tokyo, Japan) before cryosectioning. Cryo—sections of 6 ( m thickness were then prepared. The tissue were
then treated with 0.1% Triton—X and sodium citrate in phosphate—buffered saline (PBS) for permeabilization. Donkey serum diluted
at 10 fold in PBS were applied onto the slide for blocking. The tissues were treated with first antibodies in 4 degree overnight,
then incubated with second antibodies in room temperature for 1 hour after washing with PBS. Hochest were diluted at 1:300
ratio in PBS and then dropped onto the slides and kept for 10 minutes for counter staining.

(6)Serum collection and Enzyme linked immunosorbent assay (ELISA): The blood from the carotid artery of mice will be collected
during scarification. The blood would be kept in 4 degree overnight. The serum was collected after centrifugation at 1200rpm for
30min and cryopreserved in —80 degree. The ELISA will be performed for detecting the concentration of testosterone according
to producer’ s protocol.

4) EEXHER (Results)

We firstly examined the expression of Claudin 3, 5 and 11, as well as the key enzymes of testosterone synthesis (CYP17A1 and
HSD3B) in the testes of Klotho KO and WT mice. We noticed that Cldn3(0.004 #0.001 vs. 0.045 #0.008 um2/um, p<0.001),
Cldn11(0.006 +=0.017 vs. 0.025 £0.006 um2/um, p=0.01), and CYP17A1(0.112 +0.112 vs. 58.27%+9.82 um2, p=0.0005) are
remarkably lower in Klotho KO testes in comparison with the WT, but the expressions of HSD3B and Cldnb are comparable in
both groups. These results imply the impaired BTB and testosterone metabolism in Klotho—deficient testis. Then we performed
the Biotin intrusion experiment on the 10 weeks old Klotho KO mice and WT mice’ s testes(n=4) to confirm whether there is a
functional defect of BTB in Klotho KO testes. A total volume of 10 ul 7.5mg/ml biotin was injected into each testis. We observed
that the majority of seminiferous tubules in Klotho KO mice’ s testes are notably more penetrated by biotin, while almost no
biotin intrusion could be found in the WT testes (88.89+4.54% vs. 6.25%3.61%, p<0.0001). We also detected the mRNA level of
Klotho—alpha in the testes of CTL and W mice (5 Weeks old, n=3) using gPCR. The result shows that alpha—Klotho’ s expression
in W mice testes is significantly lower than the control group(1.023 = 0.031 vs. 0.457 +0.062, p=0.0012).

Previous results showed the impaired testosterone metabolism and tight junction between Sertoli cells in Klotho KO testes. As
previous studies showed that testosterone could rescue the incomplete tight junction between Sertoli cells and ameliorated the
phenotype of aging, we hypothesized that the malfunctioning and lower expression of cldn3 and cldn11 in Klotho KO testes were
caused by the lower level of testosterone. We also supplemented the testosterone into Klotho—deficient mice to rescue its
fertility. To verify the feasibility of such technique, we treated 4 Klotho KO mice per group with testosterone or pure olive oil
respectively. After 6 weeks of injection, we noticed that the external genital organ of the testosterone group became bigger. As
we investigate the testosterone and olive oil treated Klotho KO by immunofluorescence, we found that the testosterone—treated
Klotho deficient mice not only had a comparable level of Cldn5 as compared with the cholesterol group, but also showed
increased level of Cldn3, Cldn11, as well as the GFRAT1, Ki67 Positive GFRA1, and PNA, indicating that the testosterone
treatment might not only repaired the BTB, but also facilitated its spermatogenesis. In consistent with these findings, the
macroscopic and histological investigation of testosterone and cholesterol treated testes and the pathological examination of
their epididymis also showed that the testosterone treatment had notably increased the size and weight of Klotho KO testis and
facilitated the maturation of sperm in the epididymis compared with the olive oil group.

5) & %2 (Discussion)

We previously reported the intrinsic senescence model of SSC via Jnk—mediated glycolysis activation using long—term cultured
SSCs. We noticed that aged SSCs proliferate faster than young SSCs and showed enhanced glycolytic activity, but still kept
euploidy and exhibited stable androgenetic imprinting patterns with robust SSC activity, though having shortened telomeres. In
consistency with this, the investigation of Klotho—deficient mice model also showed hyperactivation of JNK and enhanced
glycolysis. We also reported the significantly smaller size, fewer PNA+ tubules, increased proliferation of ZBTB16+ cells, and
enhanced level of 53BP1 expression in Klotho KO testis.

Although many phenotypes of Klotho—deficient testis were described in our previous work, the detailed molecular mechanism of
Klotho’ s regulation on the spermatogonial stem cell niche and spermatogenesis has not been clearly elucidated. In present study,
we observed the impaired testosterone metabolism, functional and structural defects of blood testicular barrier in the Klotho—KO
testis, which could be rescued by the exogenous supplement of testosterone. To our surprise, the 4—week implantation of
testosterone (from 8 weeks to 12 weeks) not only repaired the BTB of Klotho—deficient testis but also recovered their
spermatogenesis. These findings indicated the potential existence of the Klotho— testosterone-BTB pathway. To verify such
hypothesis, we plan to perform western blot in our future study. In addition, we would also endeavor to explore the underlying
molecular mechanism in detail.
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Current perception of transvaginal natural orifice translumenal
endoscopic surgery among Chinese female gynecological medical staff
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Minimally invasive surgery
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Online questionnaire

To the editor,

Natural orifice transluminal endoscopic surgery (NOTES) is a
novel minimally invasive surgical (MIS) concept for performing
endoscopic procedures via natural orifices.! Its feasibility for hu-
man clinical application was initially proven by transgastric appen-
dicectomy surgery conducted in 2003.? Since then, NOTES has
developed rapidly, and surgeons have explored its use through
other orifices, such as the intestinal tract and vagina. Notably, trans-
vaginal NOTES (vNOTES) has been shown to outperform many
other NOTES approaches due to the availability of greater operative
space and easier removal of resected tissues, thus it has become
increasingly popular for peritoneal surgeries, especially gyneco-
logic laparoendoscopy, despite some reservations regarding the
procedure.’

Theoretically, the acceptance of and preference for vNOTES can
vary remarkably among patients and healthcare workers from
different cultural, ethnic, and socioeconomic backgrounds, and it
can be also expected to change with the development of endo-
scopic techniques and instruments. In the Western world, several
surveys on patients and medical workers have investigated their

L))

Check for
updates

perceptions of the vNOTES procedure and yielded paradoxical re-
sults.* However, after the introduction of VNOTES in mainland
China seven years ago, its familiarity among the public and accep-
tance among mainland Chinese medical professionals has rarely
been reported.’ Since healthcare workers' perception and aware-
ness of such novel MIS procedures is probably a prerequisite for
its recommendation and popularization, and female medical staff
can provide insights from gynecological patients' perspective in hy-
pothetical scenarios, we conducted a citywide online questionnaire
survey in Chengdu, China, to investigate Chinese female gynecolog-
ical health workers’ current perceptions of vNOTES and to identify
potential factors that contribute to their preference for vNOTES.

In our study, 523 gynecologists and 482 nurses completed the
questionnaire. The majority (92.6%) had a positive attitude toward
VNOTES. The “prefer vNOTES” group included a much lower pro-
portion of respondents finishing postgraduate education than the
“did not prefer vNOTES” group (11.0% vs. 25.7%, p = 0.003). They
also included significantly more respondents having heard of the
vNOTES procedure (83.9% vs. 68.9%, p = 0.001) and a strikingly
higher proportion of members who had participated in vNOTES
training courses (47.1% vs. 11.8%, p = 0.029). A significantly higher
proportion of participants opted for vNOTES for reasons like safety
(73.9% vs. 23.0%, p < 0.001), effectiveness (70.8% vs. 25.7%,
p < 0.001), postsurgical cosmesis (93.7% vs. 73.0%, p < 0.001) and
less postprocedural pain (71.1% vs. 47.3%, p < 0.001) than those in
the “did not prefer vNOTES” group (shown in Table 1). Logistic
regression revealed that concerns regarding postprocedural cosm-
esis (odds ratio (OR) = 3.239, p < 0.001) and prior awareness of
VNOTES (OR = 2.271, p = 0.004) were significant predictors of pref-
erence for VNOTES, whereas those with higher education levels had
a negative coefficient for vVNOTES preference (OR = 0.549,
p = 0.003) (see Fig. 1).

Fig. 1. Logistic regression model for factors that made vNOTES preferable. NOTE: **p <.01, ***p <.001 Abbreviations: vNOTES, transvaginal natural orifice translumenal endoscopic

surgery.

https://doi.org/10.1016/j.asjsur.2022.06.117

1015-9584/© 2022 Asian Surgical Association and Taiwan Robotic Surgery Association. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

-184-



T. Liu, D. Feng, X. Li et al. Asian Journal of Surgery 45 (2022) 2947—2950

Table 1
Subject characteristics and attitudes toward vNOTES in “prefer for vNOTES” group versus “not prefer for vNOTES” group.

Subject characteristics

prefer YNOTES not prefer X’ P value

VvNOTES
n=931(92.6%) n=74
(7.4%)
Age group (years old) 2.871 0.580
20-30 258(27.7%) 22 (29.7%)
31-40 394(42.3%) 36 (48.6%)
41-50 204 (21.9%) 13 (17.6%)
51-60 70 (7.5%) 3(4.1%)
=61 5(0.5%) 0(0%)
Occupation 2462 0.117
Gynecologist 478 (51.3%) 45 (60.8%)
Nurse 453 (48.7%) 29 (39.2%)
Educational background 13.762 0.003**
College 203 (21.8%) 14 (18.9%)
Bachelor 625 (67.1%) 41 (55.4%)
Master 97 (10.4%) 18 (24.3%)
Doctoral 6 (0.6%) 1(1.4%)
Occupational title 2271 0518
Elementary 313 (33.6%) 24 (32.4%)
Intermediate 354 (38.0%) 27 (36.5%)
Senior 241 (25.9%) 19 (25.7%)
Others 23 (2.5%) 4 (5.4%)
The level of hospital you working for 3.203 0.361
Tertiary A 591 (63.5%) 54 (73.0%)
Tertiary B 167 (17.9%) 8(10.8%)
Secondary A 96 (10.3%) 7 (9.5%)
Secondary B 77 (8.3%) 5 (6.8%)
How many years have you practiced medicine? 4135 0.388
<3 117 (12.6%) 13 (17.6%)
3-5 92 (9.9%) 8 (10.8%)
5-10 200 (21.5%) 16 (21.6%)
10-20 297 (31.9%) 26 (35.1%)
=20 225 (24.2%) 11 (14.9%)
Have you ever experienced laparoscopic surgery or examination 2430 0.119
Yes 182 (19.5%) 9(12.2%)
No 749 (80.5%) 65 (87.8%)
Have you experienced laparotomy? 2.208 0.137
Yes 397(42.6%) 25 (33.8%)
No 534 (57.4%) 49 (66.2%)
Do you have child or children? 1.583 0.208
Yes 804 (93.1%) 60 (81.1%)
No 127 (13.6%) 14 (18.9%)
Attitude toward vNOTES
Do you think postsurgical cosmesis is as important as safety for gynecologic surgery? 21.215 <0.007 ***
Yes 862 (92.6%) 57 (77.0%)
No 69 (7.4%) 17 (23.0%)
Have you ever heard of laparoendoscopic single site surgery? 0.698 0.404
Yes 867 (93.1%) 67 (90.5%)
No 64 (6.9%) 7 (9.5%)
(Q10)Have you heard of transvaginal natural orifice translumenal endoscopic surgery (VNOTES)? 10.779 0.001**
Yes 781 (83.9%) 51(68.9%)
Never 150(16.1%) 23 (31.1%)
If your answer to Q10 is yes, how do you know about it? n =781 n=>51
Academic conference 488 (62.5%) 25(49.0%) 3.671 0.055
Training courses 368 (47.1%) 16 (11.8%) 4.776 0.029*
Reading literatures 413 (52.9%) 29 (56.9%) 0.305 0.580
Heard from colleagues 496 (63.5%) 33(64.7%) 0.057 0.811
Relatives and friends received vNOTES 119 (15.2%) 6(11.8%) 0.452 0.501
Is vNOTES conducted in your hospital? 4.014 0.045*
Yes 490 (52.6%) 30 (40.5%)
No 441 (47.4%) 44 (59.5%)
What is the acceptable complication incidence rate of vNOTES for you to replace the conventional laparoendoscopic 10.220 0.006**
gynecologic surgery? (The incidence rate for surgical complications of laparoendoscopy is 0%—3%)
0%—3% 626 (67.2%) 37 (50.0%)
3%—6% 200 (21.5%) 27 (36.5%)
6%—9% 105 (11.3%) 10 (13.5%)
Are you willing to undergo vNOTES (if diagnosed with indication) or recommend it to relatives/friends/families? 84.902 <0.007***
Yes 688 (73.9%) 17 (23.0%)
No 243 (26.1%) 57 (77.0%)
If you are a patient or a family member of a patient, for what reason(s) you would prefer to undergo vNOTES (multiple
options)?
Safe 688 (73.9%) 17 (23.0%) 84.902 <0.001*x**

2948
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Table 1 (continued )

Asian Journal of Surgery 45 (2022) 2947—2950

Subject characteristics

prefer vYNOTES not prefer — X? P value
vNOTES
n=931(92.6%) n=74
(7.4%)
Effective 659 (70.8%) 19 (25.7%) 63.546 <0.001***
Cosmetic/scarless 874 (93.9%) 54 (73.0%) 42.344 <0.001***
No pain or painless 662 (71.1%) 35(47.3%) 18.283 <0.0071***
Other reasons 6 (0.6%) 9 (12.2%) 61.852 <0.007%**
If you are a patient or a family member of a patient, refuse to undergo vNOTES may for (multiple options)?
Worried about its potential impact on sexual life 210 (22.6%) 27 (36.5%) 7.382 0.007**
Worried about its potential impact on pregnancy and childbirth 193 (20.7%) 29 (39.2%) 13.572 <0.001***
Worried about the failure of the operation 273 (29.3%) 27 (36.5%) 1.680 0.195
Worried about surgical complications 334 (35.9%) 43 (58.1%) 14.455 <0.001***
Other reasons 10 (1.1%) 11 (14.9%) 63.725 <0.007*%**
Do you think age is a major factor for choosing vNOTES or recommending it to friends and relatives? 3.272 0.070
Yes 330 (35.4%) 34 (45.9%)
No 601 (64.6%) 40 (54.1%)
If your answer is yes, what do you think is the most appropriate age for vYNOTES n =330 n=34 9.656 0.008**
20-40 227 (68.8%) 16 (47.1%)
41-55 84 (25.4%) 12 (25.5%)
>55 19 (5.8%) 6 (17.6%)
(Q22) Do you think finish childbirth or not is a major factor in the surgical selection of vNOTES or the recommendation 1.002 0.317
of it to your family and friends' choice?
Yes 348 (37.4%) 32 (43.2%)
No 583 (62.6%) 42 (56.8%)
If your answer to Q22 is yes, do you think you should finish childbirth before undergoing vNOTES? n =342 n=32 0.021 0.885
Yes 265 (77.5%) 24 (75.0%)
No 83 (22.5%) 8 (25.0%)
Gynecologists' perspective of vNOTES
Prefer vNOTES ~Not prefer — X? P value
n =495 vNOTES
n =42
Would you like to conduct vNOTES in your department? 20.148 <0.007%**
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)
Do you think the prospect of vNOTES is good? 61.310 <0.007***
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)
What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%) 3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%)  7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Other————— 10(2.0%) 0(0%) 0.865 0.352
Gynecologists' perspective of VNOTES
Prefer YNOTES ~Not prefer — X? P value
n =495 VvNOTES
n=42
Would you like to conduct vNOTES in your department? 20.148 <0.007**x*
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)
Do you think the prospect of vNOTES is good? 61.310 <0.007%**
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)
What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%)  3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%)  7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Other———— 10(2.0%) 0(0%) 0.865 0.352

In conclusion, the majority of surveyed female gynecologic
healthcare workers had a supportive attitude toward vNOTES. Prior
awareness and evaluation of surgical cosmesis had a positive influ-
ence on the surgical preference for vNOTES. However, concerns
about its impact on sexual life, pregnancy, and childbirth still exist.
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To the editor,

Natural orifice transluminal endoscopic surgery (NOTES) is a
novel minimally invasive surgical (MIS) concept for performing
endoscopic procedures via natural orifices.! Its feasibility for hu-
man clinical application was initially proven by transgastric appen-
dicectomy surgery conducted in 2003.? Since then, NOTES has
developed rapidly, and surgeons have explored its use through
other orifices, such as the intestinal tract and vagina. Notably, trans-
vaginal NOTES (vNOTES) has been shown to outperform many
other NOTES approaches due to the availability of greater operative
space and easier removal of resected tissues, thus it has become
increasingly popular for peritoneal surgeries, especially gyneco-
logic laparoendoscopy, despite some reservations regarding the
procedure.’

Theoretically, the acceptance of and preference for vNOTES can
vary remarkably among patients and healthcare workers from
different cultural, ethnic, and socioeconomic backgrounds, and it
can be also expected to change with the development of endo-
scopic techniques and instruments. In the Western world, several
surveys on patients and medical workers have investigated their

L))

Check for
updates

perceptions of the vNOTES procedure and yielded paradoxical re-
sults.* However, after the introduction of VNOTES in mainland
China seven years ago, its familiarity among the public and accep-
tance among mainland Chinese medical professionals has rarely
been reported.’ Since healthcare workers' perception and aware-
ness of such novel MIS procedures is probably a prerequisite for
its recommendation and popularization, and female medical staff
can provide insights from gynecological patients' perspective in hy-
pothetical scenarios, we conducted a citywide online questionnaire
survey in Chengdu, China, to investigate Chinese female gynecolog-
ical health workers’ current perceptions of vNOTES and to identify
potential factors that contribute to their preference for vNOTES.

In our study, 523 gynecologists and 482 nurses completed the
questionnaire. The majority (92.6%) had a positive attitude toward
VNOTES. The “prefer vNOTES” group included a much lower pro-
portion of respondents finishing postgraduate education than the
“did not prefer vNOTES” group (11.0% vs. 25.7%, p = 0.003). They
also included significantly more respondents having heard of the
vNOTES procedure (83.9% vs. 68.9%, p = 0.001) and a strikingly
higher proportion of members who had participated in vNOTES
training courses (47.1% vs. 11.8%, p = 0.029). A significantly higher
proportion of participants opted for vNOTES for reasons like safety
(73.9% vs. 23.0%, p < 0.001), effectiveness (70.8% vs. 25.7%,
p < 0.001), postsurgical cosmesis (93.7% vs. 73.0%, p < 0.001) and
less postprocedural pain (71.1% vs. 47.3%, p < 0.001) than those in
the “did not prefer vNOTES” group (shown in Table 1). Logistic
regression revealed that concerns regarding postprocedural cosm-
esis (odds ratio (OR) = 3.239, p < 0.001) and prior awareness of
VNOTES (OR = 2.271, p = 0.004) were significant predictors of pref-
erence for VNOTES, whereas those with higher education levels had
a negative coefficient for vVNOTES preference (OR = 0.549,
p = 0.003) (see Fig. 1).

Fig. 1. Logistic regression model for factors that made vNOTES preferable. NOTE: **p <.01, ***p <.001 Abbreviations: vNOTES, transvaginal natural orifice translumenal endoscopic

surgery.

https://doi.org/10.1016/j.asjsur.2022.06.117

1015-9584/© 2022 Asian Surgical Association and Taiwan Robotic Surgery Association. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Subject characteristics and attitudes toward vNOTES in “prefer for vNOTES” group versus “not prefer for vNOTES” group.

Subject characteristics

prefer YNOTES not prefer X’ P value

VvNOTES
n=931(92.6%) n=74
(7.4%)
Age group (years old) 2.871 0.580
20-30 258(27.7%) 22 (29.7%)
31-40 394(42.3%) 36 (48.6%)
41-50 204 (21.9%) 13 (17.6%)
51-60 70 (7.5%) 3(4.1%)
=61 5(0.5%) 0(0%)
Occupation 2462 0.117
Gynecologist 478 (51.3%) 45 (60.8%)
Nurse 453 (48.7%) 29 (39.2%)
Educational background 13.762 0.003**
College 203 (21.8%) 14 (18.9%)
Bachelor 625 (67.1%) 41 (55.4%)
Master 97 (10.4%) 18 (24.3%)
Doctoral 6 (0.6%) 1(1.4%)
Occupational title 2271 0518
Elementary 313 (33.6%) 24 (32.4%)
Intermediate 354 (38.0%) 27 (36.5%)
Senior 241 (25.9%) 19 (25.7%)
Others 23 (2.5%) 4 (5.4%)
The level of hospital you working for 3.203 0.361
Tertiary A 591 (63.5%) 54 (73.0%)
Tertiary B 167 (17.9%) 8(10.8%)
Secondary A 96 (10.3%) 7 (9.5%)
Secondary B 77 (8.3%) 5 (6.8%)
How many years have you practiced medicine? 4135 0.388
<3 117 (12.6%) 13 (17.6%)
3-5 92 (9.9%) 8 (10.8%)
5-10 200 (21.5%) 16 (21.6%)
10-20 297 (31.9%) 26 (35.1%)
=20 225 (24.2%) 11 (14.9%)
Have you ever experienced laparoscopic surgery or examination 2430 0.119
Yes 182 (19.5%) 9(12.2%)
No 749 (80.5%) 65 (87.8%)
Have you experienced laparotomy? 2.208 0.137
Yes 397(42.6%) 25 (33.8%)
No 534 (57.4%) 49 (66.2%)
Do you have child or children? 1.583 0.208
Yes 804 (93.1%) 60 (81.1%)
No 127 (13.6%) 14 (18.9%)
Attitude toward vNOTES
Do you think postsurgical cosmesis is as important as safety for gynecologic surgery? 21.215 <0.007 ***
Yes 862 (92.6%) 57 (77.0%)
No 69 (7.4%) 17 (23.0%)
Have you ever heard of laparoendoscopic single site surgery? 0.698 0.404
Yes 867 (93.1%) 67 (90.5%)
No 64 (6.9%) 7 (9.5%)
(Q10)Have you heard of transvaginal natural orifice translumenal endoscopic surgery (VNOTES)? 10.779 0.001**
Yes 781 (83.9%) 51(68.9%)
Never 150(16.1%) 23 (31.1%)
If your answer to Q10 is yes, how do you know about it? n =781 n=>51
Academic conference 488 (62.5%) 25(49.0%) 3.671 0.055
Training courses 368 (47.1%) 16 (11.8%) 4.776 0.029*
Reading literatures 413 (52.9%) 29 (56.9%) 0.305 0.580
Heard from colleagues 496 (63.5%) 33(64.7%) 0.057 0.811
Relatives and friends received vNOTES 119 (15.2%) 6(11.8%) 0.452 0.501
Is vNOTES conducted in your hospital? 4.014 0.045*
Yes 490 (52.6%) 30 (40.5%)
No 441 (47.4%) 44 (59.5%)
What is the acceptable complication incidence rate of vNOTES for you to replace the conventional laparoendoscopic 10.220 0.006**
gynecologic surgery? (The incidence rate for surgical complications of laparoendoscopy is 0%—3%)
0%—3% 626 (67.2%) 37 (50.0%)
3%—6% 200 (21.5%) 27 (36.5%)
6%—9% 105 (11.3%) 10 (13.5%)
Are you willing to undergo vNOTES (if diagnosed with indication) or recommend it to relatives/friends/families? 84.902 <0.007***
Yes 688 (73.9%) 17 (23.0%)
No 243 (26.1%) 57 (77.0%)
If you are a patient or a family member of a patient, for what reason(s) you would prefer to undergo vNOTES (multiple
options)?
Safe 688 (73.9%) 17 (23.0%) 84.902 <0.001*x**
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Subject characteristics

prefer vYNOTES not prefer — X? P value
vNOTES
n=931(92.6%) n=74
(7.4%)
Effective 659 (70.8%) 19 (25.7%) 63.546 <0.001***
Cosmetic/scarless 874 (93.9%) 54 (73.0%) 42.344 <0.001***
No pain or painless 662 (71.1%) 35(47.3%) 18.283 <0.0071***
Other reasons 6 (0.6%) 9 (12.2%) 61.852 <0.007%**
If you are a patient or a family member of a patient, refuse to undergo vNOTES may for (multiple options)?
Worried about its potential impact on sexual life 210 (22.6%) 27 (36.5%) 7.382 0.007**
Worried about its potential impact on pregnancy and childbirth 193 (20.7%) 29 (39.2%) 13.572 <0.001***
Worried about the failure of the operation 273 (29.3%) 27 (36.5%) 1.680 0.195
Worried about surgical complications 334 (35.9%) 43 (58.1%) 14.455 <0.001***
Other reasons 10 (1.1%) 11 (14.9%) 63.725 <0.007*%**
Do you think age is a major factor for choosing vNOTES or recommending it to friends and relatives? 3.272 0.070
Yes 330 (35.4%) 34 (45.9%)
No 601 (64.6%) 40 (54.1%)
If your answer is yes, what do you think is the most appropriate age for vYNOTES n =330 n=34 9.656 0.008**
20-40 227 (68.8%) 16 (47.1%)
41-55 84 (25.4%) 12 (25.5%)
>55 19 (5.8%) 6 (17.6%)
(Q22) Do you think finish childbirth or not is a major factor in the surgical selection of vNOTES or the recommendation 1.002 0.317
of it to your family and friends' choice?
Yes 348 (37.4%) 32 (43.2%)
No 583 (62.6%) 42 (56.8%)
If your answer to Q22 is yes, do you think you should finish childbirth before undergoing vNOTES? n =342 n=32 0.021 0.885
Yes 265 (77.5%) 24 (75.0%)
No 83 (22.5%) 8 (25.0%)
Gynecologists' perspective of vNOTES
Prefer vNOTES ~Not prefer — X? P value
n =495 vNOTES
n =42
Would you like to conduct vNOTES in your department? 20.148 <0.007%**
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)
Do you think the prospect of vNOTES is good? 61.310 <0.007***
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)
What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%) 3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%)  7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Other————— 10(2.0%) 0(0%) 0.865 0.352
Gynecologists' perspective of VNOTES
Prefer YNOTES ~Not prefer — X? P value
n =495 VvNOTES
n=42
Would you like to conduct vNOTES in your department? 20.148 <0.007**x*
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)
Do you think the prospect of vNOTES is good? 61.310 <0.007%**
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)
What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%)  3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%)  7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Other———— 10(2.0%) 0(0%) 0.865 0.352

In conclusion, the majority of surveyed female gynecologic
healthcare workers had a supportive attitude toward vNOTES. Prior
awareness and evaluation of surgical cosmesis had a positive influ-
ence on the surgical preference for vNOTES. However, concerns
about its impact on sexual life, pregnancy, and childbirth still exist.
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Abstract

Aims: To investigate the perioperative outcomes and sexual function of patients
undergoing repeated transvaginal natural orifice transluminal endoscopic surgery
(VNOTES).

Methods: We retrieved the records of patients who underwent vNOTES twice at
our institute between April 2019 and December 2022 and analyzed their baseline
information and perioperative complications, and compared the pre- and postop-
erative sexual function of both vNOTES.

Results: Patients’ mean age and body mass index were 29.00 * 3.59 and 30.4 £ 4.00
years and 21.89 + 3.69 and 22.76 + 3.88 kg/m?, respectively, when receiving
the first and second vNOTES. Ectopic pregnancy was the most frequent indica-
tion for vNOTES, with 7 cases in the first vNOTES and 11 cases in repeated
vINOTES. The interval between the two vINOTESs ranged from 9 days to 38 months.
The operation duration (63.33 + 13.71 vs. 67.33 + 22.51 min, p = 0.723), intraopera-
tive estimated blood loss (32.00 + 20.42 vs. 30.00 £ 9.26 mL, p = 0.429), and dura-
tion of postoperative hospital stay (2.20 £ 0.56 vs. 2.40 + 0.51 days, p = 0.082) of
both vNOTESs were comparable. No significant differences were found in any of the
domains in the comparison of pre-first and post-first VNOTES, pre-second and post-
second VNOTES, and pre-first and post-second VNOTES female sexual function
index. None of the patients delivered after the second vNOTES.

Conclusion: Repeated vINOTES is safe and feasible. No significant change in the
patients’ sexual function was found in our cohort after the first and second
vNOTES.

KEYWORDS
culdotomy, female sexual function index, incision complications, perioperative complications

NOTES performed transvaginally, hereinafter abbre-
viated as vINOTES, has avoided many demerits of other

Natural orifice transluminal endoscopic surgery (NOTES)
uses natural orifices such as the stomach, urethra, rectum,
and vagina to access the body cavity and targeted organs.
With the development of endoscopic techniques,
NOTES has been proven clinically feasible and has
achieved better surgical outcomes, especially in avert-
ing visible skin scars." However, because of technical
difficulties and specific morbidities, most NOTES
approaches require highly skilled hands and careful
preoperative examination and consultation; thus, they
have not gained popularity as expected.’

Dan Feng, Tianjiao Liu, and Xin Li contributed equally to this study.

NOTES. It enables shorter access to the peritoneum and
urogenital organs, easier retrieval of large and hard speci-
mens, closure of the incision under direct view, and the
use of rigid endoscopes. It also reportedly outperforms
other endoscopic techniques because of its better cos-
metic outcomes, less pain and intraoperative bleeding,
and faster recovery.” Therefore, VNOTES has been
increasingly used to treat benign gynecological diseases.
Although many studies have demonstrated the feasibil-
ity and safety of vNOTES for better short-term surgical
outcomes compared to other endoscopic techniques,*’
evidence supporting its repeatability is still lacking.®” Con-
sidering that it was not fully elucidated whether the second

J Obstet Gynaecol Res. 2023;49:2501-2508.
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VvINOTES can be successfully performed without severe
adverse surgical outcomes and it is possible that the
repeated colpotomy in the second VNOTES might cause
undesirable impairment to patients’ sexual function and
vaginal delivery, research on repeated vNOTES’ impact on
these issues is desperately needed to fill the knowledge gap.’
To this end, this case series retrieved all the 15 repeated
vINOTES for benign gynecological indications performed at
our institute in recent years and compared the postoperative
outcomes and pre- and postoperative sexual function of
both vNOTESs, hoping to prove the feasibility and safety
of repeated vNOTES.

METHODS
Study design

This is a retrospective study, which investigated a series
of patients who underwent VNOTES twice at our
institute between April 2019 and December 2022 and
analyzed their baseline information (age, education,
ethnicity, body mass index [BMI], gravidity and parity
history, abdominopelvic surgical history, and comorbid-
ities) and perioperative outcomes (time to establish the
surgical entrance, operation duration, intraoperative pel-
vic adhesion [categorized based on the grading system
issued by the American Society for Reproductive Medi-
cine, ASRM], estimated intraoperative blood loss, vol-
ume of blood transfusion, pre- and postoperative
hemoglobin levels, postoperative pain score [Visual Ana-
log Scale, VAS] of the first to third postoperative days,”
and intraoperative complications, including surgical con-
version) of both VNOTESs. The VAS consists of a
10 cm-long line with both ends representing the extremes
of pain intensity (from painless to extremely painful).
The time to establish surgical entrance was defined as the
sum of the time taken to expose the cervical part of
the vagina and posterior vaginal fornix by clamping,
incise the posterior vaginal fornix, and insert the dispos-
able tractor. In addition, when patients were about to
undergo VNOTES, their preoperative sexual functions
were surveyed using the Female Sexual Function Index
(FSFI) scale after obtaining their written consent forms
during the preoperative assessment. Postoperative sexual
function data were collected 3—6 months after vNOTES.
The intervals between the vNOTESs were calculated and
recorded. The patients’ postoperative childbirth status
was also followed up until the end of the study.

Inclusion and exclusion criteria

At our institute, we had similar inclusion and exclusion
criteria for the first and second vNOTES, except that the
patient requiring the second vNOTES must have a surgi-
cal history of a first vNOTES. The inclusion criteria for

FIGURE 1 Critical steps in establishing the surgical platform of
second transvaginal natural orifice transluminal endoscopic surgery
(VNOTES). (a) Mucous wrinkles on the posterior vaginal fornix. (b-d)
Entering the pelvic cavity through the previous incision.

vNOTES were: (i) laparoscopic surgery was needed
for benign gynecological indications; (ii) patients showed
willingness to undergo vINOTES. The exclusion criteria
for vNOTES were as follows: (i) history of rectal surgery,
severe pelvic inflammation, and pelvic radiotherapy;
(i1) signs of suspected rectovaginal endometriosis, malig-
nant tumors, or severe pelvic adhesions in preoperative
examinations; (iii) not yet experienced sexual intercourse;
(iv) not suitable to receive transvaginal surgery due to the
risk of infection, including vaginal infections, or massive
pelvic hemorrhage potentially necessitating autotransfu-
sion; and, (v) myoma on the lateral wall or posterior and
anterior wall of the uterus.

Surgical procedures

The vINOTES approaches in the present study were simi-
lar to those described in previous publications, with inci-
sions of both first and second vNOTES made on the
posterior vaginal fornix.” '* All surgeries were performed
by the same group of highly experienced surgeons. By the
end of VNOTES, an anti-cohesive reagent (Gynecare
Interceed [Johnson & Johnson, New Jersey, the United
states]), was applied if the patient was willing to receive
anti-cohesive treatment. The surgical incisions were
closed by continuous suturing of both layers of the vagi-
nal wall and peritoneum using a 2-0 absorbable suture.
For the second vNOTES, there are two noteworthy
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points (shown in Figure 1): (1) Before performing the cul-
dotomy for establishing the surgical platform of the sec-
ond VNOTES, special mucous wrinkles on the posterior
vaginal fornix, caused by the previous incision and
suture, could be easily noticed (Figure 1a); (2) Due to the
narrow surgical safe zone of the posterior fornix, we
accessed the pelvic cavity via a previous incision located
0.5 cm below the cervicovaginal junction or in the same
location as the mucous wrinkles (Figure 1b—d).

FSFI

The FSFI is a validated and widely applied scale with a
maximum obtainable score of 95. It comprises 19 ques-
tions involving six domains of female sexual experience,
including libido, arousal, lubrication, orgasm, satisfac-
tion, and pain.”> A score lower than 26.5 indicates
impaired sexual function.'* The score of each domain is
determined by the sum of all items in that domain multi-
plied by the domain factor (desire, 0.6; arousal, 0.3; lubri-
cation, 0.3; orgasm, 0.4; satisfaction, 0.4; pain, 0.4). The
overall score is the sum of the six domain scores.

Statistical analysis

SPSS version 25.0 (IBM Corporation, Armonk, NY) and
GraphPad Prism (version 9.0.0, GraphPad Software, San
Diego, CA) were used for statistical analyses of the pre-
sent study. Paired Student’s #-test was performed for each
patient’s pre- and postoperative FSFI scores of the first
and second VvNOTESs. Statistical significance was
defined as a p-value lower than 0.05.

RESULTS
Patients’ baseline characteristics

During the study period, there were approximately 3000
patients who underwent their first VNOTES. Among
them, 21 patients were initially considered for a second
vINOTES, but 6 cases (5 cases of tubal pregnancy and
massive pelvic hemorrhage and 1 case of a potentially
malignant indication) underwent transumbilical lapar-
oendoscopic single site surgery instead. As a result, there
were 15 patients who were willing to undergo a second
VvINOTES in light of their satisfactory cosmetic outcomes
and painless experience in the first VNOTES. Their socio-
demographic characteristics are given in Table 1. Their
mean age during the first and second VNOTES was
29.00 £ 3.59 and 30.4 £ 4.00 years, respectively. The
mean values of their BMI when receiving the first and
second VNOTES were 21.89 * 3.69 and 22.76 + 3.88 kg/m>.
Three patients had never experienced pregnancy before
their first vNOTES. This number decreased to one

after the second vNOTES. Most patients (11/15) were
nulliparous at the time of the first vNOTES. One case
had induced labor at the 20th gestational week because
of fetal anomalies during the interval between both
vINOTES. None of the patients delivered after the second
vINOTES. Among the remaining four cases, one patient
had experienced vaginal delivery once, one had delivered
vaginally twice, and the other two had undergone cesar-
ean section once.

Surgical outcomes of first and second VYNOTES

Subsequently, we summarized the clinicopathological char-
acteristics of both the vNOTESs (Table 2). Ectopic preg-
nancy was the most frequent indication for vNOTES, with
7 cases during the first VNOTES and 11 during the second,
followed by ovarian teratoma, with 5 cases during the first
vINOTES. The interval between both vNOTES approaches
ranged from 9 days to 38 months, with case 4 complicated
by persistent ectopic pregnancy after VNOTES salpingost-
omy, and thus received a vVNOTES salpingectomy on the
9th postoperative day. Their postoperative VAS score also
remained stable, with only case no. 8 experiencing slightly
increased VAS score after the second vNOTES (2 and 1 on
the first and second postoperative day of the first YNOTES,
respectively vs. 3, 2, and 1 on postoperative Day 1, 2, and
3, respectively). Intriguingly, this patient did not experience
any perioperative or postoperative complications during the
follow-up, even though the surgical interval was remarkably
short. No other perioperative complications were found in
either VNOTES among the patients. We also noticed
slightly exacerbated intraoperative pelvic adhesion during
the first vINOTES in cases 3, 6, and 12, which correspond-
ingly increased the difficulty of repeated vINOTES but did
not lead to any surgical conversion. In addition, none of the
cases had any postoperative incision complications such as
hernia, polypi, or granuloma. The operation duration
(63.33 £ 13.71 vs. 67.33 £22.51 min, p = 0.429), intrao-
perative estimated blood loss (32.00 £ 20.42 vs. 30.00
+9.26, p = 0.723), and postoperative hospital stay (2.20
1 0.56 vs. 2.40 £ 0.51, p = 0.082) of both vNOTESs were
also comparable. However, we noticed a prolonged surgical
duration in cases 3, 10, 12, and 15. Moreover, the matched
samples #-test revealed that the second vVINOTES needed a
significantly longer time to establish the surgical entrance
(3.53£1.36 vs. 473 £1.58, p=0.023). Noteworthily,
three patients were pregnant at the end of the study period.

Pre- and postoperative sexual function of the
first and second YNOTES

The domain and overall scores of the patients’ pre- and
postoperative FSFI for both vNOTES are listed in
Table 3 as mean * standard error. We only recorded case
4’s pre-first and post-second VNOTES FSFI (due to the
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(Continued)

TABLE 2

VAS score of first
3 postoperative

days”

VAS score of first
3 postoperative

days®

Intraoperative

Intraoperative

Hospital
stay"

Hospital
stay”

Postoperative

Perioperative Perioperative Postoperative

estimated blood

loss”

estimated blood

loss™

Case
no.

complications”

complications” complications™

complications”

2/1
2/1

2/1

50
30
30
30
20

50
20

1/1

10

11

FENG ET AL.

2/1/1
2/2/0

2/1

2/1/0
2/1/0

1/1

100
30
30
30
30

12
13

3/1/0
2/1/0

2/2/0
2/0

30
30

14
15

240 +£0.13

2.20 £ 0.56
0.082¢

30.00 £ 9.26

32.00 +20.42

0.723¢

Average

P-value

Abbreviations: IVF, in vitro fertilization; VAS, Visual Analogue Scale; vNOTES, transvaginal natural orifice transluminal endoscopic surgery.

#Characteristics of 1st YNOTES.
®Characteristics of 2nd vNOTES.

“Matched samples ¢-test.

short surgical interval) and case 15°s pre- and post-first
vNOTES FSFI (received the surgery 1 month before
drafting); all the remaining cases were surveyed all four
time points. Three comparisons were conducted
between (1) the pre- and postoperative FSFI scores of
the first vNOTES, (2) the pre- and postoperative FSFI
of the second vNOTES, and (3) the pre-first and post-
second VNOTES FSFI. We noticed a slightly lower
score in the pain domain of pre- and postoperative
FSFI for repeated vNOTES compared to those for the
first vNOTES (pre-first vNOTES: 4.96 + 0.78; post-
first VNOTES: 4.82 £0.79; pre-second vNOTES:
4.45 + 1.39; post-second vNOTES: 4.43 £+ 1.36). Such
difference was also observed in the overall scores
(pre-first vNOTES: 24.52 £ 2.44; post-first vNOTES:
24.23 £ 2.15; pre-second vNOTES: 22.43 + 6.50; post-
second vNOTES: 4.43 + 1.36). However, no significant
differences were found in any of the domains or overall
scores between the three comparisons.

DISCUSSION

With the unprecedented development of minimally inva-
sive surgical techniques and equipment, the vVNOTES
approach has gained increasing popularity in general
surgery, urology and gynecology. Meanwhile, whether
vNOTES can be performed repeatedly has become a
huge concern among gynecologists and endosco-
pists.®”1>1° Some experts are of the opinion that the re-
entry via the culdotomy of previous vNOTES should be
avoided,'® while the clinical evidence supporting such
an opinion is still lacking. Traditional laparoendo-
scopy can easily enter the abdominal cavity through
the previous entrance and use new trocar sites on the
abdominal walls. However, owing to the limited opera-
tive safety zone of the vaginal fornix, the second
vINOTES requires a re-incision of the previous incision
to establish the surgical access, which may cause poten-
tial incisional complications and impact patients’ sex-
ual life and childbirth.

To date, reports regarding repeated VNOTES are
scarce. The first and only study discussing the feasibility
of a second VNOTES complete hysterectomy among
patients who underwent the first NOTES adnexectomy
mainly focused on the surgical complications of the sec-
ond VNOTES and included only 11 patients, most of
whom were already in their peri- or postmenopausal
period.® Evidence of the safety and impact of repeated
non-hysterectomy vNOTES on childbirth and sexual
quality of life is still lacking.

vINOTES is an emerging minimally invasive surgical
technique, which has not been widely performed world-
wide. It has been conducted in our institute for only
4 years."” We have performed 3000 cases of VNOTES so
far, but because not many patients would suffer from
another benign gynecological disease in such a short
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TABLE 3 FSFI domain scores before and 3 month after 1st and 2nd vNOTES.

Domain Pre-1st YWNOTES Post-1st YNOTES P-value® Pre-2nd vYNOTES Post-2nd vYNOTES P-value” P-value®
Desire 3.44 £ 0.66 3.28 £ 0.59 0.164 3.04 £ 0.55 3.13£0.48 0.336 0.365
Arousal 3.04 £ 0.61 3.06 + 0.62 0.991 3.00 £ 0.70 298 +0.75 0.752 0.302
Lubrication 4.60 £ 0.71 4.52 +0.69 0.573 4.52+0.72 4.67 + 0.69 0.221 0.221
Orgasm 4.13£0.78 4.16£0.84 0.670 4.14£0.73 4.09 £0.63 0.435 0.551
Satisfaction 4.35£0.67 4.40 £0.77 0.334 4.51£0.62 431£0.59 0.187 0.477
Pain 4.96 £0.78 4.82+0.79 0.151 445+1.39 443 £1.36 0.583 0.328
Overall 2452 +2.44 2423 £2.15 0.272 22.43 + 6.50 22.33 +6.49 0.566 0.250

Abbreviations: FSFI, female sexual function index; vNOTES, transvaginal natural orifice transluminal endoscopic surgery.

#Comparison between the pre- and postoperative FSFI scores of the 1st vNOTES.
®Comparison between the pre- and postoperative FSFI scores of the 2nd vNOTES.
‘Comparison between the pre-first and post-second vNOTES FSFI.

period after the first vNOTES, we did not have many
patients who underwent a second vNOTES. Thus, we
only had a few cases of repeated vNOTES, making the
study on the repeatability of vNOTES challenging.

There were several intriguing findings regarding the
second VNOTES in our study. The postoperative VAS
score of both VNOTESs were similar, with only 1 patient
having a slightly increased VAS score. We speculate that
it might be due to the scarce distribution of nerves in the
posterior vaginal fornix, which is also one of the most
notable minimal invasive features of the VNOTES tech-
nique. There was no significant difference in the opera-
tive duration between both vVNOTESs in our 15 cases,
despite several cases experiencing longer surgical dura-
tion in the second vNOTES. We conclude that the pro-
longed surgical duration experienced by several cases
might be caused by more severe pelvic adhesions or lesser
surgical experience of the second surgeon. The signifi-
cantly longer time needed to establish the surgical
entrance in the second vNOTES may be caused by a less
clear anatomical structure as a result of the first
vNOTES.

Since transvaginal access could be accomplished
through the posterior or anterior vaginal fornix and even
the vaginal residue after the complete hysterectomy, the
repeated VNOTES could be categorized into the following
situations: (1) VNOTES complete hysterectomy following
the first VNOTES via culdotomy in the posterior or anterior
vaginal fornix; (2) both vVNOTES performed through cul-
dotomy in the posterior vaginal fornix; and (3) both
VvINOTES established via the anterior vaginal fornix. In clin-
ical practice, the first two situations are the overwhelming
majority. Only one publication has explored the feasibility
of the first scenario of repeated VNOTES.® In our study, all
VINOTES:s of the 15 cases, regardless of whether they were
performed initially or later, were conducted through poste-
rior fornix culdotomy. Our perioperative findings showed
no aggravation of postoperative pelvic adhesion and a com-
parable incidence rate of surgical complications as the first
vINOTES, indicating that repeated vNOTES may be a safe
and feasible surgical alternative for patients with a history
of posterior fornix entrance VNOTES.

No evidence has been found on the impact of the sec-
ond vVNOTES on patients’ sexual well-being so far. Some
previously published studies have shown no significant
difference in patients” FSFI between vNOTES and conven-
tional laparoscopic opportunistic bilateral salpingectomy.'®
Consistent with this, the 15 cases in our study also had com-
parable FSFI domain and overall scores, regardless of
VvNOTES. One potential explanation is that most somatic
vaginal innervation is distributed in the distal and anterior
parts of the vaginal walls and bypasses the posterior vaginal
fornix, thus making the culdotomy, even the repeat culdot-
omy, least deleterious to sexual function.'*

Regarding the impact of VNOTES on childbirth, sev-
eral cases of successful vaginal delivery among patients
who underwent the first vNOTES, including ovarian
cystectomy, tubal ligation, and myomectomy, have been
reported, primarily revealing the relative safety of vNOTES
concerning childbirth.”’*> However, no evidence of the
impact of repeated VNOTES on childbirth has been
reported in the literature. Unfortunately, due to the rela-
tively short postoperative follow-up period and small cohort
size in our study, after the second vNOTES, none of the
patients had delivered vaginally or via cesarean section.

Although several limitations of the current study might
hinder the generalizability of our findings, including the
small cohort size, various surgical intervals, the potential
selection bias, and the fact that the patients have not yet
undergone childbirth after the second VNOTES, this case
series first reported the sexual functions of patients who
underwent vNOTES twice and found no significant change
in FSFI and comparable incidence rate of perioperative
complications between these two VNOTES. This might be
helpful for the minimally invasive surgical approach selection
for patients who undergo vVINOTES once. Our study provides
evidence that the second vVNOTES could be successfully con-
ducted without overt impact on patients’ postoperative out-
comes and sexual function. However, a larger sample size
and longer follow-up period are needed to investigate the
influence of VNOTES and repeated vNOTES on childbirth.

To sum up, we provide preliminarily evidence
that repeated non-hysterectomy vNOTES, which has a
comparable incidence rate of perioperative complications
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and insignificant impact on patients’ sexual function, is
safe and feasible.
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Obijective: To assess the perioperative outcomes of VNOTES tubal surgeries and to
identify predictors of surgical conversion.

Methods: A single-center retrospective cohort study was performed on 619 patients
who underwent vVNOTES tubal surgeries in our institute from December 2018 to
October 2021. Patients were categorized into “converted” or “non-converted” groups
based on whether conversion occurred. t-test and 4? test were performed on demo-
graphic and clinicopathologic data to compare their perioperative outcomes. Logistic
regression was built to identify predictors for surgical conversions.

Results: The conversion and complication rates of the vVNOTES tubal surgeries in the
present study were 3.07% and 4.85%, respectively. The “converted group” has a signifi-
cantly higher percentage of patients with severe pelvic adhesions (9/19 [47.4%]) and pel-
vic endometriosis (2/19 [10.5%)]), which significantly predicates surgical conversion. The
“converted group” also had a longer duration of surgery (140.94 +88.73min, P =0.002)
and an increased proportion of “converted from vNOTES” patients experienced more
than 50ml of intraoperative blood loss (7/19 [36.9%)]). Four patients had intraoperative
rectal injuries, and no Clavien-Dindo IlI-V postoperative complications occurred.
Conclusion: vNOTES tubal surgeries are safe due to low conversion and complica-
tion rates. Severe pelvic adhesion and endometriosis are predictors for surgical

conversions.

KEYWORDS
intraoperative conversion, risk factors, surgical complication, surgical outcomes, tubal
operation, VYNOTES

1 | INTRODUCTION

The development and progress of surgical technology over recent
decades have led us to adopt many minimally invasive surgical (MIS)
options. Natural orifice transluminal endoscopic surgery (NOTES), a

novel MIS concept of accessing the abdominal cavity through nat-
ural orifices, has created an innovative, less painful, and scarless
surgical alternative to conventional laparoscopy in recent years.1
Because of the anatomical features of the vagina, transvaginal

NOTES (vNOTES) allow easy access to the female internal genital
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organs and safe closure of the incision, making them increasingly
popular and frequently utilized in the field of gynecology.2

Although VNOTES was proved clinically feasible in 2007,° it
still lacks adequate evidence demonstrating its safety and in-
eligible risk factors for surgical conversions. However, the rate
of complications and intraoperative conversion to other ap-
proaches, along with the effectiveness of disease treatment, are
the most important immediate judgment criteria for the safety
and feasibility of novel procedures like vYNOTES. Due to their rel-
atively lower complexity, tubal operations such as ligation, sal-
pingostomy, chromopertubation, and resection are always the
first choice of novice gynecologists learning the vNOTES tech-
nique. Additionally, none of the existing publications regarding
these VNOTES tubal surgeries presents a sample size larger than
20 patients.* More solid clinical evidence is thus required for
better surgical recommendation and consultation of vNOTES.>®
Considering that, understanding why vNOTES tubal surgeries
were converted is important and could help gynecologists to
make better preoperative decisions. Here we retrospectively re-
viewed 619 vNOTES tubal surgeries in our institute to investigate
the perioperative outcomes, especially surgical conversions, and
to identify predictors for conversion.

2 | MATERIALS AND METHODS
21 | Study design

This retrospective study analyzed the data on the postoperative
outcomes of 619 patients who underwent vNOTES tubal surgeries,
mainly for treating ectopic tubal pregnancy, hydrosalpinx, or infer-
tility, in the Department of Gynecology of Chengdu Women's and
Children's Central Hospital (CWCCH), Chengdu, People's Republic
of China, from December 2018 to October 2021 (Figure 1). In our
center, patients who underwent vNOTES tubal surgeries all met fol-
lowing criteria: (1) laparoscopic surgery was required for tubal pa-
thology; (2) patients were willing to receive vNOTES, although the
following patients were excluded: (i) those with a history of rectal
surgery, severe pelvic inflammatory disease, or pelvic radiotherapy;
(i) patients suspected of rectovaginal endometriosis, malignant tu-
mors, or severe pelvic adhesions; (iii) and those who had not had
sexual intercourse.””” A 1-month routine follow-up was carried out
to investigate patients' short-term postoperative outcomes. Given
the relatively narrow operative space, restricted visualization, and
technical difficulty associated with vNOTES for delicate suturing
in neosalpingostomy and tubal anastomosis for natural conception,
these tubal surgeries were rarely conducted transvaginally in our
institute. Based on whether vNOTES was converted to other ap-
proaches or not, the patients were grouped into “converted from
vNOTES” (n = 19) and “non-converted vNOTES” (n = 600), respec-
tively. Following that, statistical analyses were carried out to com-
pare the postoperative outcomes of the groups and identify the risk

factors for surgical conversion.

Patients underwent
vNOTES for treating
benign tubal pathologies

| Baseline information collection |

Case collection

l With surgical conversion or not

| !

Nonconverted vNOTES Converted vNOTES
(n=600) n=19)

Perioperative outcomes |

!

| Follow-up outcomes |

!

| Risk factors for surgical conversion |

Surgical outcome analysis

FIGURE 1 Flow diagram of present study.

2.2 | Surgical procedures

The vNOTES tubal surgical technique and instruments used for
the present study have been previously described.*?™*! A detailed
gynecological physical examination and ultrasonography were per-
formed during the preoperative examination and assessment to rule
out severe pelvic adhesion. The surgical procedures involved in the
present study included tubal salpingostomy, salpingectomy, tubal li-
gation, and several instances of chromopertubation. In the present
study, 33 surgeons performed vNOTES tubal procedures and were
classified as second-line and third-line surgeons based on their years
of experience. There are 21 second-line surgeons in our center, each
of whom has at least 10years of operating experience and has per-
formed more than 500 laparoscopies, including about 30 instances
of vNOTES, and 12 third-line surgeons, each of whom has at least
20years of operating experience and has performed more than
1000 laparoscopies, including more than 60 instances of vNOTES.
First-line surgeons (with less than 10years of operating experience)
were regarded as relatively inexperienced and were not permitted to
perform the vNOTES surgery as chief operators in our institute; thus
they were not included. From the day that vYNOTES was performed
to the third postoperative day, the Visual Analogue Scale (VAS) was
applied to each patient to measure their postoperative pain daily.

2.3 | Baseline information and perioperative
characteristics of the patients

We included patients' sociodemographics, such as age, ethnicity,
body mass index (BMI, calculated as weight in kilograms divided
by the square of height in meters), gravidity, parity, and surgical

or gestational histories, as their baseline characteristics. We also
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gathered their clinicopathologic characteristics, such as a history
of previous abdominal or pelvic surgeries and the presence of
uterine pathology, endometriosis or pelvic adhesion, and classified
them using consensus criteria, with some modifications due to the
relatively narrow field of visualization in the case of yYNOTES.'?13
The perioperative features of the patients, such as operative du-
ration, postoperative hospital stay, postoperative fever, volume
of estimated blood loss, and postoperative pain scores, were also
collected. The surgical conversion implied converting a vVNOTES
procedure to an open abdominal (OA) surgery, transumbilical
laparoendoscopic single port (LESS), or conventional multiport
laparoscopy (MPL) procedure. The Clavien-Dindo (CD) classifica-
tion method was applied to categorize the postoperative compli-
cations of each surgical patient.’* We also calculated the uterine
volume using the formula for the volume of a prolate ellipsoid,
V = 0.52xmaximum lengthxanteroposterior diameter xtrans-
verse diameter, for analyzing the uterine size's role in the surgical

conversion of vNOTES tubal surgeries.'”

2.4 | Ethics statement

The present study was approved by the Ethics Committee of the
CWCCH, and written informed consent was obtained from all pa-
tients during their admission. After retrieving the data from the
HIS, all personally identifiable information about the patients was
deleted.

2.5 | Statistical analyses

All data were analyzed with SPSS version 25 (IBM). The continu-
ous variables were presented as mean +standard deviation (SD)
and analyzed using a two-sample t-test or Mann-Whitney U-test
as appropriate. The categorical variables were expressed as num-
bers and percentages and compared using the ;{2 or Fisher exact
test unless stated otherwise. A logistic regression was built to
determine the predictors for surgical conversion, and the results
were presented in the form of odds ratios and 95% confidence
intervals (Cls). A P-value of less than 0.05 was considered statisti-

cally significant.

3 | RESULTS
3.1 | Overall profile of patient cohort

Of the 619 patients included in the present study, only 19 (3.07%)
experienced surgical conversion from vNOTES (Table 1), and no
patient was lost during the 1-month postoperative follow-up. The
entire study cohort included 403 salpingectomies, 49 tubal liga-
tions, including 20 neosalpingostomies, 138 salpingostomies, and

29 tubal chromopertubations, of which six and three of these

805
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procedures were combined with fimbrioplasty and neosalpingos-
tomy, respectively.

3.2 | Demographic and clinicopathologic
features of the patients

Both patient groups, “non-converted vNOTES” and “converted
from vNOTES,” displayed similar distributions in terms of mean
age (31.45+5.53years vs. 32.42+7.44years, P = 0.458), BMI
(21.66 +£3.15 vs. 20.48 +2.46, P = 0.107), and proportion of Han
Chinese ethnicity (578/600 [96.3%] vs. 19/19 [100%], P = 0.395).
Statistically significant differences were also absent in terms of
gravidity, parity, cumulative cesarean sections, and previous pelvic
or abdominal surgeries between the patients in the groups. The
distribution of different procedures between these two groups
was also similar, with the majority having undergone salpingec-
tomy (390/600 [65.0%] vs. 13/19 [68.4%], P = 0.890). In addition,
the proportions of different classes of surgeons conducting the
procedures in both groups were also similar, with 256/600 (42.7%)
versus 9/19 (47.4%) surgeries performed by second-line surgeons
and 344/600 (57.3%) versus 10/19 (52.6%) surgeries performed
by third-line gynecologists (P = 0.683). Besides, these two groups
also had similar uterine volumes (56.47 +31.32 vs. 54.14 +23.96,
P = 0.748) and compositions of concurrent uterine pathologies
(myoma 26/600 [4.3%] vs. 1/19 [5.3%]; adenomyoma 7/600 [1.2%]
vs. 0, P =0.879).

Notably, the converted group had a significantly lower pro-
portion of patients who underwent vNOTES for treating ectopic
pregnancy (370/600 [61.7%] vs. 9/19 [47.4%]) and a bigger pro-
portion for treating tubal hydrosalpinx (191/600 [32.3%] vs. 8/19
[42.1%], P = 0.036). A higher percentage of patients in the con-
verted vNOTES group had severe pelvic adhesions (9/19 [47.4%)]
vs. 0/600 [0.0%], P <0.001) and endometriosis (2/19 [10.5%]
vs. 10/600 [1.7%], P <0.001). Additionally, the patients in this
group underwent a significantly longer duration of surgery than
did the non-converted vNOTES patients (140.94 +88.73 min vs.
67.22 +27.50min, P = 0.002). The postoperative outcomes of the
patients in these two groups also differed significantly. Although
the patients between the groups displayed no significant differ-
ence in the postoperative pain score for three consecutive days,
a significantly larger percentage of patients in the converted
vNOTES group stayed hospitalized for longer than a week post-
surgery (6/19 [31.6%] vs. 11/600 [1.8%], P <0.001). In addition, a
higher proportion of patients in the converted vNOTES group had
lost more than an estimated 50 ml of blood intraoperatively (7/19
[36.9%] vs. 17/600 [2.9%], P <0.001).

The perioperative complications in our cohort are listed in
Table 2. There were four cases of rectal injury in our cohort, in-
cluding one full-thickness rectal injury in both groups and two
seromuscular injuries in the “converted vNOTES” group. In the
non-converted case of full-thickness rectal injury, the surgeon

successfully repaired the injured rectum and completed the whole
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TABLE 1 Demographics and clinical characteristics of patients who underwent vNOTES tubal surgery without versus with surgical

conversions.

Characteristics
Age (year)
BMI?
Ethnicity
Han Chinese
Minority groups
Gravidity

Cesarean section

0

22
Vaginal delivery

0

22
Previous pelvic or abdominal surgery

0

22
Chief complaint
Ectopic pregnancy
Infertility
Tubal hydrosalpinx
Fallopian tube abscess
Types of tubal surgery
Salpingostomy
Salpingectomy
Tubal ligation
Chromopertubation

Chromopertubation combined with fimbrioplasty
or neosalpingostomy
Surgeon type
Second-line
Third-line
Uterine volume (cm®)°
Concurrent uterine pathology
None

Myoma

Non-converted vNOTES (n = 600
[96.9%])

31.45+5.53
21.66+3.15

578 (96.3%)
22 (3.7%)

96 (16.0%)
137 (22.8%)
367 (61.2%)

323(53.8%)
207 (34.5%)
70 (11.7%)

480 (80.0%)
96 (16.0%)
24 (4.0%)

439 (73.2%)
121 (20.1%)
40 (6.7%)

354 (59.0%)
177 (29.5%)
69 (11.5%)

371 (62.6%)
28 (4.7%)
199 (32.3%)
2(0.3%)

135 (22.5%)
390 (65.0%)
47 (7.8%)
19 (3.2%)

9 (1.5%)

256 (42.7%)
344 (57.3%)
56.47 +31.32

567 (94.5%)
26 (4.3%)

-203-

Converted from vNOTES (n = 19
[3.1%])

P-value
32.42+7.44 0.458
20.48+2.46 0.107
0.395
19 (100.0%)
0
0.609
2 (10.5%)
6 (31.6%)
11 (57.9%)
0.973
10 (52.6%)
7 (36.8%)
2 (10.5%)
0.518
17 (89.5%)
2 (10.5%)
0
0.210
11 (57.9%)
7 (36.8%)
1(5.3%)
0.145
15(78.9%)
4(21.1%)
0
0.016
9 (47.4%)
1(5.3%)
8(42.1%)
1(5.3%)
0.890
3(15.8%)
13 (68.4%)
2 (10.5%)
1(5.3%)
0

0.683
9 (47.4%)
10 (52.6%)
54.14+23.96 0.748
0.879
18 (94.7%)
1(5.3%)
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TABLE 1 (Continued)

Non-converted vNOTES (n = 600

Characteristics [96.9%])
Adenomyoma 7 (1.2%)
Presence of pelvic adhesions
None 155 (25.8%)
Mild or moderate 445 (74.2%)
Severe 0
Presence of pelvic endometriosis
Deep endometriosis 0 (0.0%)
Ovarian endometriosis 6 (1.0%)
Superficial endometriosis 4 (0.7%)
None 590 (98.3%)
Surgical duration (min) 67.22+27.50
Estimated intraoperative blood loss (ml)
<50 583 (97.2%)
<100 12 (2.0%)
<200 1(0.2%)
>200 4(0.7%)
Postoperative complications (Clavien-Dindot
classification)
None 576 (96.0%)
| 17 (2.8%)
Il 7 (1.2%)
1n-v 0(0.0%)
Postoperative pain score®
Day O 2.86+0.43
Day 1 2.33+0.69
Day 2 1.49+0.66
Day 3 0.90+0.58
Postoperative hospitalization duration (day)
<3 433 (72.2%)
3-7 156 (26.0%)
>7 11 (1.8%)

&

Converted from vNOTES (n = 19

[3.1%]) P-value
0
<0.001
4(21.1%)
6(31.6%)
9 (47.4%)
<0.001
2 (10.5%)
0 (0.0%)
0(0.0%)
17 (89.5%)
140.94 +88.73 0.002
<0.001
12 (63.2%)
5(26.3%)
1(5.3%)
1(5.3%)
0.241
17 (89.4)
1(5.3%)
1(5.3%)
0(0.0%)
2.95+0.23 0.129
2.53+0.61 0.225
1.63+0.68 0.346
1.16+0.69 0.055
<0.001

10 (52.6%)
3(15.8%)
6 (31.6%)

?Body mass index (calculated as weight in kilograms divided by the square of height in meters).

bUterine volume was calculated using the formula for the volume of prolate ellipsoid: V = 0.52 x maximum length*anteroposterior

diameter x transverse diameter.
“Visual Analogue Scale (VAS).

procedure in a vNOTES manner. Furthermore, we displayed the
more detailed distribution of postoperative complications accord-
ing to the CD classification (Table 2). The incidence rates of CD
-1V complications in our cohort were 18/619 (2.91%) for CD |,
8/619 (1.29%) for CD Il, and zero for CD Ill and CD IV, respectively.
For the CD | complications, there were seven cases of vomiting,
four of fever, two of pain (requiring a painkiller), one of wound
bleeding, two cases of anemia (requiring iron supplements), and
two cases of urinary retention requiring catheterization. As for the
CD Il complications, all six cases of postoperative pelvic infection
occurred in the non-converted vNOTES group, and both groups

had one patient with ileus.

3.3 | Risk factors for surgical conversion

For further identification of the risk factors dictating the conversion
from vNOTES tubal surgery in our cohort, we performed a logistic re-
gression analysis on the factors relevant to the surgical conversions,
including BMI, history of vaginal delivery, history of abdominopelvic
surgery, uterine volume, the presence of pelvic adhesion, and endome-
triosis (Table 3). We found that the presence of severe pelvic adhesion
and endometriosis significantly increased the chance of surgical con-
version from vNOTES. Patients with severe pelvic adhesion were more
than 14 times as likely to be converted to MPL or LESS in comparison
with those without pelvic adhesion (adjusted odds ratio [OR] 14.87,
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TABLE 2 Perioperative complications of vYNOTES tubal surgery.

Complications

Intraoperative complications 1
Full-thickness rectal injury 1(0.17%)
Rectal seromuscular injury 0

Postoperative complications
CDI 17 (2.83%)

Vomiting 7 (1.17%)
Fever (without treatment with antibiotics) 3(0.50%)

Pain 2(0.32%)

Wound bleeding 1(0.16%)
Anemia requiring iron supply 2(0.33%)
Urinary retention 2 (0.33%)
cbll 7 (1.17%)
Postoperative acute pelvic inflammatory 6 (1.00%)
disease
Incomplete ileus 1(0.16%)
CD llI-V 0
Total 25(4.17%)

Abbreviation: CD, Clavien-Dindo classification.

TABLE 3 Logistic regression analysis of risk factors for
conversion of vNOTES tubal surgeries.

Adjusted OR
Variable P-value (95%Cl)
BMI? 0.421 0.91(0.75-1.14)
History of vaginal delivery 0.417 1.40 (0.64-3.16)
History of abdominopelvic 0.347 0.60 (0.23-1.76)
surgery
Uterine size 0.745 0.99 (0.98-1.01)
Presence of mild or 0.582 1.71(0.19-18.56)
moderate pelvic
adhesion
Presence of severe pelvic <0.001 14.87 (5.63-40.16)
adhesion
Presence of endometriosis <0.001 14.63 (3.93-56.84)

Abbreviations: Cl, confidence interval; OR, odds ratio; vNOTES,
transvaginal natural orifice translumenal endoscopic surgery.

“Body mass index (calculated as weight in kilograms divided by the
square of height in meters).

95% Cl 5.63-40.16, P <0.001). In addition, the presence of endometri-
osis also significantly increased the chance of surgical conversion from
vNOTES (adjusted OR 14.63, 95% Cl 3.93-56.84, P <0.001).

3.4 | Clinical characteristics of patients with
surgical conversion

We present the major clinicopathologic features of all 19 patients

who underwent surgical conversion in Table 4. Generally speaking,

Non-converted vNOTES (n = 600)

Converted from vNOTES (n = 19)  All cases (h = 619)

3 4(0.65%)
1(5.26%)
2(10.53%)

1(5.26%) 18 (2.91%)
0 7 (1.13%)
1(5.26%) 4 (0.65%)
0 2(0.32%)
0 1(0.16%)
0 2(0.32%)
0 1(0.16%)
1(5.26%) 8(1.29%)
0 6(0.97%)
1(5.26%) 2(0.32%)
0 0
5(26.32%) 30 (4.85%)

there were two major indications for these conversions, including:
(1) failure in entering the abdominal cavity through the posterior
vaginal fornix (8 patients); and (2) the procedures could not be com-
pleted in a vNOTES manner after the surgical platform had been
established (11 patients). For the rectum and posterior uterine wall
adhere to each other tightly, thus sealing the posterior fornix. As
for the second indication, there were four different situations of
surgical conversion, including interstitial tubal pregnancy (2 cases,
18.18%), abnormal location of the fallopian tube (2 cases, 18.18%),
an unexpected malignant intraoperative finding (1 case, 9.09%), and
serious pelvic adhesions that made it hard to expose the pathological
tubes (6 cases, 54.55%). Of note, all three converted rectal injuries
were found in patients with the first indication. The planned proce-
dures were one chromopertubation, two tubal ligations, three tubal
salpingotomies, and 13 salpingectomies. Two procedures were con-
verted to conventional MPL, and the remaining 17 were converted
to the LESS approach. Nine second-line and 10 third-line surgeons

performed these surgeries.

4 | DISCUSSION

Lee et al.'* were the first to report on the clinical application of
vNOTES in the treatment of ectopic pregnancy. Nowadays, YNOTES
is a basic MIS procedure that is frequently performed by novice sur-
geons learning this MIS technique. Although vNOTES is associated
with several desirable postoperative outcomes, including better cos-
metic satisfaction, quicker recovery, and less postoperative pain,*®
clinical evidence proving its safety and feasibility is still Iacking.s The

majority of previous studies on vNOTES have failed to document a
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&
large enough sample size and detailed perioperative data, and have
rarely focused on the aspects of surgical conversion either,*1%718
making their conclusions questionable.>¢

The present study first reported the risk factors for the surgical
conversion of vNOTES tubal surgeries. Our regression analysis re-
vealed that patients with endometriosis and severe pelvic adhesions
had a significantly higher chance of undergoing surgical conversion
from vNOTES. Many previous studies also indicated that vYNOTES
is contraindicated in patients with severe pelvic adhesions, which
significantly increase the risk of rectal injury.t**® This is probably
because endometriosis and severe pelvic adhesion can result in ad-
hesion formation in the pouch of Douglas, blocking the entry site
of vNOTES and causing the surgical conversion."’ Despite perform-
ing detailed preoperative gynecological examinations on patients
to avoid such risks, we were still confronted with several cases of
“latent” or unpredictable severe pelvic adhesions, making it difficult
to enter the abdominal cavity during surgery or resulting in acciden-
tally injury to the rectum of the patient. Some of these patients did
not have any prior events of severe pelvic adhesion based on their
medical histories and pelvic examinations. However, this does not
rule out the use of vNOTES in the treatment of patients with pelvic
adhesion. Many studies have reported the detection of Douglas cul-
de-sac obliteration and deep endometriosis using medical imaging,
especially ultrasonography, which could aid in reducing surgical con-
version of vNOTES in our future clinical practice.?°?? In the present
study itself, patients who were diagnosed with mild or moderate pel-
vic adhesion were successfully operated on with vNOTES and rarely
converted to the OA, MPL, or transumbilical LESS approach.

We also found that factors such as BMI, and history of vaginal
delivery or abdominopelvic surgery, including cesarean section,
did not increase the risk of surgical conversion. Our findings were
almost consistent with a newly published consensus on the safe
implementation of vVNOTES, which held the view that a previous
cesarean section and a high BMI (>30) were not contraindications
for vNOTES.” Many other publications have also shown that the
vNOTES approach is advantageous for patients with obesity, as
surgeons can easily access the pelvic cavity in a transvaginal man-
ner using endoscopic instruments and extract the resected tissue
through the vaginal tract.**2324

The complication rate In our cohort is comparable to that of a
recently published study on vNOTES with a large sample size (4.85%
vs. 3.9%), in which all the 1000 surgeries were performed by a high-
volume VNOTES expert,?> but the conversion rate of the present
study is higher than that study (3.07% vs. 0.4%). We reason that it is
because we had a more diverse composition of surgeons, the major-
ity of whom have a much lower caseload and more years' experience
of conducting vNOTES than the expert in the other study. The most
serious perioperative complication in the present study was rectal
injury. There were two full-thickness and two seromuscular rectal
injuries. Of these, one full-thickness injury was repaired via VNOTES
and the remaining three were converted into MPL or LESS.

In the present study, we attempted to provide solid clinical ev-

idence about the perioperative complications, especially surgical

conversions, of VNOTES tubal surgeries. One of the strengths of
the present study is its large sample size. Furthermore, variables
such as the primary outcome and incidence of conversion are well
documented in the medical records and are not simply subject to
interpretation. However, there are a few inherent limitations to the
study design. Besides, we only performed a 1-month follow-up,
which was relatively short, and did not get long-term postoperative
complications data, such as deep dyspareunia and incision granulo-
mas. Another limitation is that the present study only investigated
vNOTES complications in treating tubal pathology, which restricted
the generalization of our findings to other procedures such as
cystectomies, myomectomies, hysterectomies, and oophorecto-
mies. Furthermore, our data were retrospectively collected, which
might have introduced information bias and the possibility of data

misclassification.

5 | CONCLUSION

vNOTES tubal surgeries are safe due to their low conversion and
complication rates. Their surgical conversions are dictated by severe
pelvic adhesion and endometriosis.
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ARTICLE INFO ABSTRACT
Keywords: Objective: We aimed to determine the safety of Vaginal natural orifice transluminal endoscopic
Enhanced recovery after surgery surgery (VNOTES) in terms of the Enhanced Recovery after Surgery (ERAS) concept for tubal

Salpingectomy

Salpingostomy

Laparoendoscopic

Transvaginal natural orifice endoscopic surgery
Tubal pregnancy

pregnancy surgery and provide a detailed process of VNOTES for tubal pregnancy surgery,
including experience and key points for surgeons performing this procedure.

Methods: The Longitudinal Vaginal Natural Orifice Transluminal Endoscopic Surgery Study
(LovNOTESS), which was conducted in Chengdu, China. A total of 219 patients who underwent
tubal ectopic pregnancy surgery between September 2021 and March 2022. The patients un-
derwent salpingectomy or salpingostomy using transumbilical laparoendoscopic single-site sur-
gery (LESS) or vNOTES, according to their preferences. This study prospectively collected
perioperative and one-year follow-up data on tubal pregnancy outcomes after vNOTES and
compared them with those after LESS.

Results: The vNOTES group showed a shorter surgical duration, hospitalization duration, and
postoperative exhaust time and a lower analgesic medication usage rate, but it showed a higher
surgical conversion rate. The vNOTES approach reduced the postoperative exhaust time by
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approximately 9 h (95% confidence interval [CI]: —11.93, —5.57 h, p < .001) and the risk of
postoperative analgesic drug use by 77% (odds ratio, 0.23; 95% CI: 0.10, 0.61, p = .023).
Conclusion: vNOTES can shorten the exhaust time and duration of hospitalization, reduce post-
operative pain, and avoid surface surgical scars in tubal pregnancy surgeries, consistent with the
ERAS concept. However, more comprehensive preoperative evaluation of patients who choose
vNOTES is required to reduce the occurrence of intraoperative conversion.

Trial registration: ChiCTR2100053483.

1. Introduction

Ectopic pregnancy involves implantation of the zygote outside the uterine cavity, and tubal pregnancy is the most common form of
ectopic pregnancy [1]. Although the incidence rate of tubal pregnancies is only approximately 0.5%-2.3% [2,3], it is the main cause of
early pregnancy death [4,5]. Stable and ruptured tubal pregnancies are primarily treated using surgical procedures, which are divided
into salpingostomies and salpingectomies [6,7].

Tubal pregnancy surgeries are routinely performed as daycare surgeries at our department because of the minor surgical damage.
While the conventional surgical approach is transumbilical laparoendoscopic single-site surgery (LESS), vaginal natural orifice
transluminal endoscopic surgery (VNOTES) has recently emerged as an option [8-11]. The growing relevance of the Enhanced Re-
covery after Surgery (ERAS) concept requires surgeons to continuously refine their surgical skills to ensure less surgery-related damage
and pain, shorter hospital stays, and earlier return to normal life [12-14]. In comparison with LESS, vVNOTES shows milder post-
operative pain, faster anal exhaust, and complete absence of surface scars, consistent with the concept of ERAS [15-19]. Although the
feasibility of vNOTES for tubal pregnancy surgery has been reported, data regarding its safety are limited [8]. Considering its
anatomical specificity, this approach may cause damage to adjacent organs such as the bladder or rectum [16,20,21], indicating the
need to investigate the safety of vNOTES in tubal pregnancy surgery in terms of the ERAS concept.

Therefore, this study prospectively collected and compared perioperative and one-year follow-up data on tubal pregnancies treated
using VNOTES and LESS. Using these data, we aimed to determine the safety of vINOTES in terms of the ERAS concept for tubal
pregnancy surgery and provide detailed insights regarding vNOTES for tubal pregnancy surgery, including important considerations
for surgeons performing this procedure.

2. Materials and methods
2.1. Study design and participants

This study was based on the Longitudinal Vaginal Natural Orifice Transluminal Endoscopic Surgery Study (LovNOTESS), which
was conducted in Chengdu, China (China Clinical Trials Registry ChiCTR2200059282), and was approved by the Institutional Review
Board of Chengdu Women and Children’s Central Hospital (No. 202130). This subgroup study prospectively collected perioperative
and one-year follow-up data of patients with tubal pregnancy who were willing to undergo surgical treatment between September
2021 and March 2022. This study only recruited patients with stable vital signs, and patients suspected of significant abdominal
bleeding or hemorrhagic shock underwent emergency surgery. Meanwhile, this study excluded patients with absolute or relative
contraindications to vNOTES, such as suspected vaginal infections, severe pelvic adhesions, fallopian tube ovarian abscesses, endo-
metriosis, malignancy, intrauterine pregnancy, potential interstitial ectopic pregnancy (through preoperative ultrasound examination
[22]) or sacrouterine nodularity. After informing the patient in detail about the risks associated with the surgery and providing written
informed consent, the patient underwent salpingectomy or salpingostomy using LESS or vNOTES according to their preferences. In
tubal pregnancies, suspected vaginal infections, severe pelvic adhesions, or lesions located in the interstitial part of the fallopian tubes
are contraindications for vNOTES.

2.2. Data collection

The patients’ perioperative data were collected from the hospital’s electronic medical record system, including data related to the
patients’ age, duration of amenorrhea, body mass index (BMI), fertility history, previous abdominal surgery, surgical method, surgical
approach, maximum diameter of the mass, preoperative and postoperative blood human chorionic gonadotropin (HCG) levels,
operation time, pelvic adhesions, surgical conversion, postoperative exhaust time, length of hospital stay, and perioperative com-
plications. The operative time was measured from the time the incision was made to the end of suturing. Postoperative recovery data
included the time from the end of the surgery to the first postoperative activity, urination, feeding, and exhaust. For salpingectomy,
outpatient follow-up assessments were performed 1 week after surgery and 1 month thereafter; for salpingostomy, patients were
required to undergo weekly blood HCG tests until they showed negative results.

2.3. Standard surgical procedures for transumbilical LESS and vNOTES under ERAS

For all patients, the routine procedure for ERAS was as follows: patients fasted for >8 h after consuming fried or fatty foods or
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meats, >6 h after consuming light meals or milk, and >2 h after drinking water. Urinary catheters were not routinely placed during
surgery. After waking up from anesthesia, the patient was asked to eat light food as soon as possible and get out of bed as soon as
possible. For patients who experienced no specific discomfort, discharge was routinely performed on the same day or in the morning
after surgery (within 24 h of admission). After discharge, patients were given a 24-h online phone number to contact the doctors in case
of adverse events.

All surgeries were performed by the same qualified surgeons in accordance with the same surgical procedures. Patients emptied
their bladder before surgery and received an intravenous infusion of 1-g cefazoline 30 min before surgery to prevent infection. The
patient was assisted in the lithotomy position and administered general anesthesia. Before performing vNOTES, cervical forceps were
used to pull the cervix to ensure good cervical and uterine activity. For vNOTES, the specific operating steps are as follows: 1) The
vaginal retractor exposes the cervix, and 2 Allis forceps are used to pull the cervix outward and upward to expose the posterior vaginal
fornix; 2. Make a 2 cm transverse incision at the midpoint of the posterior vaginal fornix, cut the whole thickness of the vaginal wall,
and then use tissue scissors to separate the tissue to reach the peritoneum; 3) Cut the peritoneum and extend the incision toward 4 and
8 o’clock in the vagina; 4) A disposable double-ring multi-instrument access port (Beijing Aerospace Kadi Technology Development
Institute, HK-TH-60.4TY) was inserted into the pelvic cavity through the incision. For the LESS procedure, an incision was made at the
navel. The next steps were same in all groups and followed: Pneumoperitoneum was created up to 14 mmHg of CO2 insufflation and a
10-mm 30-degree rigid laparoscope (Karl Storz GmbH & Co. KG, Tuttlingen, Germany) was used for visualization.

2.4. Standard surgical procedures for salpingostomy or salpingectomy

For salpingostomy, an incision was made on the opposite side of the fallopian tube mesentery, at the most prominent point of the
pregnancy mass. Bipolar electrocoagulation was performed to create an electrocoagulation band along the long axis of the fallopian
tube. The fallopian tube was placed inside a specimen bag to prevent the villi from flowing into the abdominal cavity. Electro-
coagulation hooks or scissors were used to cut longitudinally along the long axis of the affected fallopian tube, with a slightly shorter
incision length than the pregnancy mass. Non-invasive forceps were used to lift the incision edge of the fallopian tube wall, stretch into
a 5-mm flushing suction device along the tube wall into the lumen, use water pressure to separate the villi and blood clots from the tube
wall, and drive the villi and blood clots to completely discharge from the incision under water flow. If the villi and blood clots adhered
tightly to the tube wall and could not be completely separated by water pressure, non-invasive grasping forceps were used to gently
pull the villi tissue and continue to separate the villi from the base of the tube wall under water pressure. The lumen of the fallopian
tube was rinsed repeatedly with an NaCl solution to ensure the absence of residual villous tissue. The wound surface of the Fallopian

Fig. 1. Selection process for this study.
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tube was opened or sutured discontinuously to the mucosal layer.

For salpingectomy, the fimbriated extremity of the fallopian gland was lifted with non-invasive forceps, the mesosalpinx was
coagulated with bipolar electrocoagulation, and the mesosalpinx was gradually cut to the isthmus of the oviduct with scissors. After
bipolar electrocoagulation of the interstitial part of the fallopian tube, scissors were used to cut the fallopian tube at the electro-
coagulation site, and the wound was electrocoagulated to stop the bleeding.

All surgeons and surgical team members follow standardized operating procedures to complete the learning curve [23] and achieve
proficiency. If intraoperative injury of large vessels, important organs or bleeding >800 ml, the surgical method will be changed.
vNOTES is generally converted to transabdominal single-port laparoscopic surgery, and single-port laparoscopic surgery is converted
to multi-ports surgery. Immediately convert to open surgery if there is a life-threatening vascular injury.

The abdominal and vaginal wound were closed with 2-0 absorbed suture and 2-0 barbed absorbable suture respectively. If the
patient feels significant pain after surgery, 10 ml of ibuprofen will be given as a single oral analgesic. Use again after 4-6 h if necessary.

2.5. Statistical analysis

SPSS software (version 27.0; IBM Corp., Armonk, NY, USA) were used to perform the all statistical analyses. Fisher’s exact or Chi-
square tests were used to analyze categorical data, reporting as counts (percentages). The mean + standard deviation values of
continuous variables were evaluated via Student’s t-test and least significant difference Student’s t-test. Multivariate linear regression
analysis was used to detect the factors influencing intraoperative bleeding, duration of surgery, and postoperative exhaust time. Binary
logistic regression was used to analyze the associations between preoperative characteristics and postoperative analgesic medication
usage. Covariates were selected according to the different variables in the univariate analysis and factors that were reported to affect
the dependent variable in previous studies. All statistical significance was set at P < .05 with two-tailed tests.

3. Results

The selection process for the study population is illustrated in Fig. 1. Initially, 261 patients with tubal ectopic pregnancies who were
willing to undergo surgical treatment were recruited for the study. After excluding patients who underwent other surgeries simul-
taneously, the final analysis included 219 patients, of whom 106 (48.4%) underwent vNOTES and 113 (51.6%) underwent LESS. The
average age of the patients, duration of amenorrhea, and BMI at recruitment were 31.40 + 5.45 years, 31.40 + 5.45 days, and 21.28 +
3.16 kg/mz, respectively. Among these patients, 159 (72.6%) had a history of artificial dilation and curettage abortion, 115 (52.5%)
had undergone abdominal surgery, and 30 (13.7%) had a previous ectopic pregnancy. Among the 219 patients, 68 (31.1%) chose
salpingostomy and 151 (68.9%) chose salpingectomy (Table 1).

No statistically significant differences were observed in the demographic characteristics of the patients in the LESS and vNOTES
groups. Patients in the VNOTES group showed a shorter duration of surgery and hospitalization, a shorter postoperative exhaust time,
and a lower analgesic medication use rate, but had a higher surgical conversion rate (Table 2). The reasons for surgical conversion in
four cases in the VNOTES group were as follows: the procedure was beyond the scope of the surgical instrument due to adhesion of the
fallopian tube to the lateral wall of the pelvic cavity in one case; difficulty stopping bleeding due to the proximity of the mass to the
uterine part in one case; and difficulty entering the pelvic cavity due to pelvic adhesions in two cases. All four of these patients were
transferred to the LESS group. Perioperative complications in the LESS group included persistent ectopic pregnancy after surgery in
one patient, poor incision healing in one patient, and postoperative fever and one patient had; in contrast, perioperative complications
in the vNOTES group included persistent ectopic pregnancy after surgery in one patient, postoperative pelvic hemorrhage in one
patient, and postoperative fever in two patients had. All patients recovered after undergoing conservative treatment and were dis-
charged without re-surgery.

The volume of intraoperative bleeding can be indirectly used as an indicator of surgical injury, and was further analyzed using

Table 1
Description of the patients demographic characteristics and operation types.
Variables Total
Patients 219
Age (year) 31.40 + 5.45
BMI (kg/m?) 21.28 + 3.16
Duration of amenorrhea (day) 47.90 4+ 10.45
History of abdominal surgery 115 (52.5%)
History of D & C artificial abortion 159 (72.6%)
History of ectopic pregnancy 30 (13.7%)
Surgical approach
LESS 113 (51.6%)
v-NOTES 106 (48.4%)
Surgical type
Salpingostomy 68 (31.1%)
Salpingectomy 151 (68.9%)

BMI: body mass index, v-NOTES: vaginal natural orifice transluminal endo-
scopic surgery, LESS: laparoendoscopic single-site surgery.
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Table 2
Description of the patient characteristics by surgical approaches.

Variables LESS v-NOTES P-value

Patients N =113 N =106

Age (year) 31.60 + 4.98 31.24 + 5.86 0.735"

BMI (kg/m?) 21.38 + 3.41 21.20 + 2.97 0.769°

Duration of amenorrhea (day) 46.92 +7.95 48.67 +£12.15 0.374"

History of abdominal surgery 60 (53.1%) 55 (51.9%) 0.756"

Max diameter of mass (cm) 2.94 +1.32 2.78 +1.19 0.493"

Preoperative HCG (mIU/ml) 2861.12 + 5765.42 3004.95 + 5647.45 0.897"

D&C artificial abortion 73 (64.6%) 86 (81.1%) 0.787"

History of ectopic pregnancy 17 (15.0%) 13 (12.2%) 0.293"

Emergency surgery 4 (3.5%) 5 (4.7%) 0.702°
Surgical type 0.215"
Salpingostomy 38 (33.6%) 30 (28.3%)

Salpingectomy 75 (66.4%) 76 (71.7%)

Operative information
Duration of surgery (min) 59.53 + 21.35 55.94 4+ 17.06 0.230"
Bleeding volume (ml) 22.19 + 31.01 18.02 + 15.39 0.370"
Pelvic adhesion 35 (31.0%) 32 (30.2%) 0.846"
Surgical conversion 0 (0%) 4 (3.8%) 0.026

Post-Operative information
Hemoglobin difference (g/L) 15.65 + 9.43 13.71 +£9.23 0.387°
Hospital stay (day) 1.03 £ 0.18 0.60 + 0.13 0.041°
Exhaust time (hour) 6.05 + 4.89 4.84 + 3.90 0.204
Analgesic medication use 26 (23.9%) 8 (7.6%) <0.001°
Perioperative complications 3 (2.7%) 4 (3.8%) 0.776¢

BMI: body mass index, v-NOTES: vaginal natural orifice transluminal endoscopic surgery, LESS: laparoendoscopic single-site surgery, HCG: human
chorionic gonadotropin, D&C: Dilation and Curettage.

# Average and standard deviation. Student’s t-Test.

> Number (percentage). Chi-squared Test.

¢ Number (percentage). Fisher Exact Test.

multiple linear regression. The results showed that the amount of intraoperative bleeding was positively correlated with surgical
conversion and pelvic adhesions. The bleeding volume increased by approximately 29 mL in cases involving surgical conversion (95%
confidence interval [CI]: 17.56, 39.73 mL, p = .019) and 19 mL for each 1-grade increase in pelvic adhesion (95% CI: 7.08, 27.39 mL, p
=.043) (Table 3).

The factors influencing operation time were further analyzed using multiple linear regression, and the results showed that oper-
ation duration was correlated with BMI, surgical type, surgical conversion, and pelvic adhesion (Fig. 2A). Salpingostomy, surgical
conversion, and each grade of pelvic adhesion increased the operation duration by approximately 10 min (95% CI: 1.24, 18.22 min, p
=.025), 32 min (95% CI: 16.83, 46.17 min, p = .037), and 9 min (95% CI:5.33, 13.39 min, p = .012), respectively (Fig. 2B). Inter-
estingly, the operation duration also increased by approximately 1.4 min when BMI increased by 1 kg/m? (95% CI: 0.24, 2.59 min, p =
.019).

Early postoperative anal exhaust indicates faster recovery of gastrointestinal function. Multiple linear regression analysis was
conducted to investigate the factors influencing postoperative anal exhaust time, and the results showed that exhaust time was
correlated with BMI, surgical approach, and pelvic adhesions (Table 4). A l-kg/m2 increase in BMI and an increase one 1 grade in

Table 3

Association between perioperative characteristics and volume of intraoperative bleeding.
Variables Beta 95% CI P-value VIF
R* = 0.360
Age (year) 0.09 (—0.87,1.06) 0.849 1.29
BMI (kg/m2) —0.25 (—1.86,1.36) 0.760 1.21
Surgical approach (VNOTES) —5.62 (—15.08,3.84) 0.242 1.04
Surgical type (Salpingostomy) 2.49 (-9.14,14.11) 0.672 1.36
Surgical transfer 28.64 (17.56,39.73) 0.019 1.13
History of abdominal surgery -2.15 (—7.45,3.15) 0.423 1.15
Duration of amenorrhea -0.02 (—0.51,0.46) 0.929 1.19
Max diameter of mass -0.35 (—4.15,3.45) 0.855 1.04
Preoperative HCG 0.01 (0,0.02) 0.146 1.16
Emergency surgery 2.16 (—4.49,8.81) 0.588 1.06
Pelvic adhesion 19.24 (7.08,31.39) 0.043 1.10
Duration of surgery 0.19 (—0.08,0.46) 0.166 1.28
Surgeon -3.60 (-11.39,4.19) 0.361 1.22

BMI: body mass index, v-NOTES: vaginal natural orifice transluminal endoscopic surgery, HCG: human chorionic gonadotropin.
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Fig. 2. The influence of surgical characteristics on the operation duration. (A) Multiple linear regression showed that the operation duration was
correlated with BMI, surgical type, surgical conversion, and pelvic adhesion. Salpingostomy, surgical conversion, and each grade of pelvic adhesion
increased the operation duration by approximately 10 min (95% confidence interval [CI]: 1.24, 18.22 min; p = .025), 32 min (95% CI: 16.83, 46.17
min; p = .037), and 9 min (95% CI: 5.33, 13.39 min; p = .012), respectively. Interestingly, the operation duration increased by approximately 1.4
min when BMI increased by 1 kg/m2 (95% CI: 0.24, 2.59 min, p = .019). (B) The groups with no adhesions, mild adhesions, and severe adhesions
showed significant differences in the duration of surgery.

pelvic adhesion increased the exhaust time by 0.6 h (95% CIL: 0.26, 0.85 h, p = .027) and 6.7 h (95% CI: 2.90, 10.57 h, p = .019),
respectively. Notably, the vNOTES approach reduced the postoperative exhaust time by approximately 9 h (95% CI: —11.93, —5.57 h,
p < .001).

Analgesics are not routinely used after surgery, and patients actively requesting the use of analgesics may be experiencing greater
pain and discomfort. The factors influencing postoperative analgesic drug use were analyzed using binary logistic regression, and the
results showed that analgesic drug use was correlated with the surgical approach, surgical conversion, and duration of surgery
(Table 5). Surgical conversion increased the risk of postoperative analgesic drug use by 102% (odds ratio [OR]: 2.02, 95% CI:1.34,
3.56, p = .025), while vNOTES decreased the risk by 77% (OR:0.23, 95% CI: 0.10, 0.61, p = .023). Moreover, the risk of postoperative
analgesic drug use increased by 3% when the duration of surgery increased by 1 min (OR:1.03, 95% CI: 1.01, 1.12, p = .037).

The patient’s fertility history was followed-up by phone one year after surgery. In the salpingostomy group, more patients chose
contraception, mostly because of concerns regarding the recurrence of ectopic pregnancy. In this group, patients planning to conceive
had a higher natural conception rate and risk of recurrent tubal pregnancy, and lower rates of infertility or conception through assisted
reproductive technologies (Supplementary Table 1).

4. Discussion

Our results showed that vNOTES shortened the exhaust time and hospital stay, reduced postoperative pain, and helped avoid
surface surgical scars, consistent with ERAS requirements. In this prospective study, we compared the perioperative characteristics of
tubal pregnancy surgery using LESS and vNOTES in terms of the ERAS requirements and collected data on fertility one year after
surgery. In addition, the advantages and disadvantages of vNOTES in relation to the ERAS requirements for tubal pregnancy surgery
are discussed in detail, providing a theoretical basis for the further development of vNOTES.

The vNOTES and LESS approaches showed no significant differences in intraoperative bleeding, surgical duration, or postoperative

Table 4

Association between postoperative exhaust time and perioperative characteristics.
Variables Beta 95% CI P-value VIF
R? = 0.607
Age (year) —0.01 (—0.33,0.32) 0.963 1.32
BMI (kg/m2) 0.56 (0.26,0.85) 0.027 1.14
Surgical approach (VNOTES) —8.75 (-11.93,-5.57) <0.001 1.07
Surgical type (Salpingostomy) —-2.19 (—5.92,1.55) 0.249 1.28
Surgical transfer 5.68 (—18.31,29.66) 0.201 1.21
History of abdominal surgery 1.31 (—0.64,3.25) 0.187 1.43
Max diameter of mass 0.63 (—0.63,1.88) 0.325 1.04
Emergency surgery 0.42 (—5.55,6.39) 0.889 1.35
Pelvic adhesion 6.73 (2.90,10.57) 0.019 1.16
Intraoperative bleeding volume -0.03 (—0.09,0.04) 0.415 1.07
Duration of surgery -0.02 (—-0.10,0.07) 0.715 1.22
Surgeon —-0.45 (-1.60,0.71) 0.443 1.12

BMI: body mass index, v-NOTES: vaginal natural orifice transluminal endoscopic surgery.

-214-



Y. Liu et al. Heliyon 10 (2024) e24945

Table 5

Association between postoperative analgesic medication use and perioperative characteristics.
Variables Exp(B) 95% CI P-value
Age (year) 0.94 (0.85,1.02) 0.177
BMI (kg/m2) 1.01 (0.86,1.18) 0.901
Surgical approach (VNOTES) 0.23 (0.10,0.61) 0.023
Surgical type (Salpingostomy) 1.02 (0.71,1.44) 0.916
Surgical transfer 2.02 (1.34,3.56) 0.025
History of abdominal surgery 0.68 (0.02,1.38) 0.826
Duration of amenorrhea 1.47 (0.89,2.43) 0.128
Max diameter of mass 0.97 (0.92,1.02) 0.255
Emergency surgery 1.29 (0.02,2.31) 0.256
Pelvic adhesion 0.56 (0.03,1.32) 0.545
Postoperative exhaust time 1.02 (0.97,1.06) 0.212
Intraoperative bleeding volume 1.00 (0.98,1.02) 0.791
Duration of surgery 1.03 (1.01,1.12) 0.037
Surgeon 1.45 (0.27,2.02) 0.109

BMI: body mass index, v-NOTES: vaginal natural orifice transluminal endoscopic surgery.

complication rates, indicating that the vNOTES approach is safe and feasible. However, the surgical conversion rate of 3.8% in the
vNOTES group was much higher than that in the LESS group (0%). These conversions were primarily attributable to adhesions and the
presence of the mass in the uterine part. In such cases, continued surgery under vNOTES may cause damage to neighboring organs;
consequently, these patients were converted to LESS. Thus, surgeons should conduct a more comprehensive preoperative evaluation of
the patients selected for vNOTES. A history of dysmenorrhea or previous pelvic surgery, difficult uterine activity, and tenderness of
sacral ligament nodules may provide important clues for screening of severe pelvic adhesions [24,25]. In addition, vaginal ultrasound
can be used for real-time assessment of the sliding of the uterus on the anterior wall of the rectum. If these evaluations indicate severe
pelvic adhesions, the vNOTES approach should be avoided. Notably, the lesion was in the uterine part in one case. Due to failure to
reach the uterine fundus, the patient underwent transumbilical single-port laparoscopy for hemostasis. This reflects the limitations of
vNOTES that for lesions in the uterine fundus, vNOTES is difficult to perform surgery due to limitations in field of view and instrument
range. We believe that a combination of these methods can effectively avoid the complications associated with inappropriate patient
selection.

In this cohort, the incidence of complications was 3.2%, slightly higher than that associated with LESS in previous studies [21,
26-30]. Among the cases showing complications, two involved persistent ectopic pregnancies, accounting for 2.9% of salpingostomy
cases, which was similar to the corresponding percentage reported in previous studies [31,32]. Both patients recovered and were
discharged from the hospital after methotrexate administration following surgery, and neither patient required re-surgery. Moreover,
the surgical duration in the vVNOTES group was shorter than that in the LESS group, although the difference was not statistically
significant. This may be due to the smaller chopstick effect caused by the lesion being closer to the platform [33-35]. Our experience
suggests that salpingostomy and ovarian cystectomy are more convenient to perform using vVNOTES because the lesion site is directly
located in front of the approach [36,37].

The timing of postoperative anal exhaust as a part of the discharge evaluation criteria is crucial for evaluating the ERAS mode [38,
39]. In our cohort, the postoperative exhaust time was shorter in the vNOTES group than in the LESS group, which is consistent with
previous studies [40]. The vINOTES procedure was performed in the pelvic area, and showed little effect on the upper abdomen. After
entering the pelvis, the first step is to push the small intestine into the abdominal cavity, after which the intestine will not be touched
again, thereby minimizing intestinal irritation. Additionally, because the vNOTES incision is made in the vaginal vault, this site is
insensitive to cutting pain caused by visceral nerve innervation. Lighter postoperative pain encourages patients to get out of the bed
early after surgery, which can also promote gastrointestinal recovery and facilitate earlier exhaust [41,42].

The ERAS concept requires less damage to patients, faster postoperative recovery, greater patient comfort, and an earlier return to
normal life activities [43-45]. The findings of this study imply that vNOTES is not inferior to or is even more suitable than LESS in
terms of the ERAS concept. Moreover, vVNOTES offers the advantage of completely eliminating surface scars, making it aesthetically
pleasing. However, in patients who choose VNOTES, a more comprehensive preoperative evaluation is required to reduce the
occurrence of intraoperative conversion.

The follow-up assessments of the patients’ fertility status one year after surgery yielded noteworthy findings. Among the patients
who chose salpingostomy because of reproductive reasons, 61.8% chose continuous contraception because of concerns regarding
another ectopic pregnancy. However, patients who undergo salpingectomy have fewer options for contraception because they don’t
have to worry about ectopic pregnancy happening again in the affected fallopian tubes. This situation may also be caused by informed
notification from physicians during the perioperative period. As for patients who choose salpingostomy, physicians usually recom-
mend strict contraception for 3-6 months and inform them that the affected fallopian tube will increases the risk of ectopic pregnancy
again after surgery. This may increase the psychological pressure on patients, leading them to choose long-term contraception.
Although patients undergoing salpingostomy have a slightly higher natural conception rate, they also have a 15.4% chance of
recurrent tubal pregnancy. Therefore, further studies are needed to determine which surgical method is the best choice for women with
reproductive needs.

The strengths of this study include its prospective design and professional participants. The patients were included on the basis of
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strict inclusion and exclusion criteria and a surgical procedure, ensuring a high degree of consistency in demographic characteristics
between the two groups. This study compared the perioperative characteristics of the two most advanced surgical methods for tubal
pregnancy surgery and preliminarily confirmed the safety and effectiveness of VNOTES for this procedure. In addition, a relatively
comprehensive experimental design was implemented by prospectively collecting follow-up data from patients at 1 week, 1 month,
and 1 year after surgery.

This pilot study strengthened our understanding of the safety of vNOTES during tubal pregnancy. However, this study had some
limitations. First, the sample size of this study was relatively smaller than that of similar studies using Multi-port and LESS. Second, the
limitations of the VNOTES technique are the chopstick effect (lack of triangulation resulting from the use of the conventional
equipment) and the limited experience of the surgeons. Before performing vNOTES surgery, we suggest that all surgeons and surgical
team members should follow standardized operating procedures to complete the learning curve [23]. Third, although this study shows
that vNOTES can promote ERAS in patients, it is necessary to grasp the indications of this approach to reduce the occurrence of
complications and surgical conversions. Four, since this study is not a randomized clinical trial, we are unable to specify surgical
procedures for patients. After fully informing the advantages and disadvantages of the two surgeries, the final decision is based on the
patient’s wishes. Therefore, in this process, some potential bias factors may be added, which may affect the choice of surgical methods
for patients. Five, if there is a conventional surgical group as the control group, it can indeed better demonstrate the advantages of
vNOTES. However, due to the fact that our hospital no longer performs routine open surgery and Multi-port laparoscopic surgery
except for some large uterine fibroids or malignant tumor surgeries, we do not have enough data as a control. Six, vNOTES has been
widely used in gynecology for only 5 years, and the patients in this study were followed-up for only 1 year. Longer follow-up periods
with more patients can improve our understanding of the short- and long-term complications of VvNOTES and their potential influence
on sexual function and fertility. Therefore, large-scale multicenter studies involving more patients, longer time periods, and more types
of surgery are needed to further promote the widespread use of vNOTES in the field of gynecology.

5. Conclusions

Our results indicated that vNOTES could shorten the exhaust time and hospital stay, reduce postoperative pain, and avoid surface
surgical scars, consistent with the ERAS concept. Thus, VNOTES may be more suitable for ERAS than LESS. However, in patients who
choose VNOTES, a more comprehensive preoperative evaluation is required to reduce the occurrence of intraoperative conversion.
With the further popularization of minimally invasive and scar free surgery, vVNOTES will inevitably achieve longer-term development.
Therefore, more and higher quality research is needed to demonstrate its advantages and promote its rapid development.
Capsule

To reflect the safety of vaginal natural orifice transluminal endoscopic surgery (vNOTES) in terms of the Enhanced Recovery after
Surgery (ERAS) concept for tubal pregnancy surgery and provide a detailed process of vNOTES for tubal pregnancy surgery, including
experience and key points for surgeons performing this procedure.
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