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Abstract

BACKGROUND

Rapid regeneration of the residual liver is one of the key determinants of
successful partial hepatectomy (PHx). At present, there is a lack of recognized
safe, effective, and stable drugs to promote liver regeneration. It has been reported
that vagus nerve signaling is beneficial to liver regeneration, but the potential
mechanism at play here is not fully understood.

AIM

To explore the effect and mechanism of hepatic vagus nerve in liver regeneration
after PHx.

METHODS

A PHx plus hepatic vagotomy (Hv) mouse model was established. The effect of
Hv on liver regeneration after PHx was determined by comparing the liver
regeneration levels of the PHx-Hv group and the PHx-sham group mice. In order
to further investigate the role of interleukin (IL)-22 in liver regeneration inhibition
mediated by Hv, the levels of IL-22 in the PHx-Hv group and the PHx-sham
group was measured. The degree of liver injury in the PHx-Hv group and the
PHx-sham group mice was detected to determine the role of the hepatic vagus
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nerve in liver injury after PHx.

RESULTS

Compared to control-group mice, Hv mice showed severe liver injury and weakened liver regeneration after PHx.
Further research found that Hv downregulates the production of IL-22 induced by PHx and blocks activation of the
signal transducer and activator of transcription 3 (STAT3) pathway then reduces the expression of various
mitogenic and anti-apoptotic proteins after PHx. Exogenous IL-22 reverses the inhibition of liver regeneration
induced by Hv and alleviates liver injury, while treatment with IL-22 binding protein (an inhibitor of IL-22
signaling) reduce the concentration of IL-22 induced by PHXx, inhibits the activation of the STAT3 signaling
pathway in the liver after PHx, thereby hindering liver regeneration and aggravating liver injury in PHx-sham
mice.

CONCLUSION
Hv attenuates liver regeneration after hepatectomy, and the mechanism may be related to the fact that Hv
downregulates the production of IL-22, then blocks activation of the STAT3 pathway.

Key Words: Interleukin-22; Partial hepatectomy; Hepatic vagotomy; Liver regeneration; Signal transducer and activator of
transcription 3; Interleukin-22 binding protein

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, we investigated the role and mechanism of the vagus nerve in liver regeneration using a partial
hepatectomy (PHx) plus hepatic vagotomy (Hv) mouse model. We found that Hv attenuates liver regeneration after
hepatectomy, the mechanism may be related to the fact that Hv downregulates the production of interleukin-22, then blocks
activation of the signal transducer and activator of transcription 3 pathway after PHx. These results provide a theoretical
basis for the development of drugs that promote liver regeneration with the vagus nerve as a new target.

Citation: Zhou H, Xu JL, Huang SX, He Y, He XW, Lu S, Yao B. Hepatic vagotomy blunts liver regeneration after hepatectomy by
downregulating the expression of interleukin-22. World J Gastrointest Surg 2023; 15(12): 2866-2878

URL: https://www.wjgnet.com/1948-9366/full/v15/i12/2866.htm

DOI: https://dx.doi.org/10.4240/wjgs.v15.112.2866

INTRODUCTION

The liver has an enormous capacity for self-regeneration. Results from rodents show that the residual liver will recover its
original quality within two weeks after partial hepatectomy (PHx)[1,2]. Nevertheless, in the face of chronic liver injury
induced by chronic hepatitis, alcohol abuse, and a high-fat diet, the liver’s ability to regenerate itself enough to maintain
normal organ function is challenged[3-5]. Moreover, the incidence of hepatocellular carcinoma is increasing due to long-
term chronic liver injury[6,7]. The risk of critical liver failure increases with the reduction in residual liver volume after
hepatectomy, which greatly limits the proportion of patients receiving surgical treatment, resulting in adverse outcomes
for many of them[8-10]. Therefore, improving the ability of the liver to regenerate is important for enriching the toolbox
of liver surgical treatment. Unfortunately, there are no drugs generally recognized as safe and effective for clinicians to
promote liver regeneration.

As a new CD4'Th cytokine discovered in 2000, the role of interleukin (IL)-22 in promoting liver regeneration has been
widely reported[11-13]. Although the role of chemokines and cytokines in liver regeneration has been reported widely,
some studies have identified the role of the vagal nerve in liver regeneration after hepatectomy[14-16]. Wang et al[14]
found that hepatic vagotomy (Hv) can delay liver regeneration after PHx in mice, with the peak proliferation postponed
for two days. In mice treated with exogenous netrin-1 (a critical axon-guiding protein), the inhibition of liver regeneration
induced by Hv was reversed as netrin-1 promoted the repair and regeneration of the vagus nerve. An earlier study from
another team also observed adverse effects of Hv on liver regeneration and confirmed the core role of IL-6 in this process
[15]. Hv downregulates the expression of FoxM1 in hepatocytes by inhibiting the production of IL-6 in liver macrophages
after PHXx, finally inhibiting liver regeneration. Our previous study found that Hv aggravates liver ischemia-reperfusion
injury by downregulating the expression of IL-22 in animals[17]. Several research teams have also noticed a possible role
of the vagus nerve in liver regeneration; unfortunately, this process involves a variety of cytokines, chemokines, and
signaling pathways, which we know little about[14-16].

Using a PHx-Hv mouse model, we investigated the role and potential mechanism of the vagus nerve in liver
regeneration. We found that excision of the hepatic branch of the vagus nerve can inhibit liver regeneration at an early
stage and aggravate liver injury significantly after PHx. Further experiments showed that Hv could downregulate the
expression of IL-22 induced by PHx significantly, thereby inhibiting the activation of the signal transducer and activator
of transcription 3 (STAT3) signaling pathway. To clarify the correlation between the downregulation of IL-22 (caused by
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Hv) and the inhibition of liver regeneration, PHx-Hv group mice were treated with exogenous IL-22, while mice in the
PHx group were treated with IL-22 binding protein (IL-22BP, an inhibitor of IL-22 signaling). As expected, the adminis-
tration of IL-22 fusion protein reversed the inhibition of liver regeneration caused by Hv in the early stage of
hepatectomy, while mice treated with IL-22BP showed more severe liver injury and inhibition of liver regeneration,
indicating that the inhibition of liver regeneration caused by Hv relates to the downregulation of IL-22 expression in the
liver. These results provide a theoretical basis for the development of drugs that promote liver regeneration with the
vagus nerve as a new target.

MATERIALS AND METHODS

Materials

Recombinant mouse IL-22 was purchased from Novoprotein Scientific Inc. (Shanghai, China). Anti-FoxM1 antibody was
obtained from Proteintech Group, Inc. (Rosemont, IL, United States). Mouse anti-IL-22 antibody and recombinant mouse
IL-22BP protein were obtained from R&D Systems (Minneapolis, MN, United States). Anti-STAT3, anti-phospho-STAT3
(Tyr 705), anti-CyclinD1, and anti-PCNA antibodies were purchased from Cell Signaling Technology (Danvers, MA,
United States). A BrdU in situ detection kit was obtained from Becton, Dickinson, and Company (Franklin Lakes, NJ,
United States) and a mouse IL-22 enzyme-linked immunosorbent assay (ELISA) kit was obtained from Beijing 4A Biotech
Co., Ltd. (Beijing, China).

Animals and treatment

Animal experiments follow the principle of minimizing pain or discomfort. The C57BL/6 male mice aged 8-10 wk used
for this study were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice
could drink freely but were forbidden from eating anything 12 h before the operation. Pentobarbital sodium was used as
an anesthetic before the operation. Mice were randomly divided into the following six groups: The SP group (sham
operation for PHx), the Hv group, the PHx-sham group, the PHx-Hv group, the PHx-Hv-IL-22 group and the PHx-IL-
22BP group. The specific surgical (PHx and Hv) procedures are described in detail below. Mice in the PHx-Hv-IL-22
group received 125 pg/kg of IL-22 intravenous therapy 30 min before PHx, and the PHx-IL-22BP mice were treated with
5 pg of IL-22BP delivered intraperitoneally 2 h before the abdominal incision. Mice were euthanized at 6, 24, and 48 h
after surgery, and liver and serum samples were collected for analysis.

PHx

The specific operation of PHx was as described previously[18]. In brief, about 70% of the liver lobes (including the left
posterior lobe, left anterior lobe, and right anterior lobe) were ligated and resected after a midline laparotomy was
performed in the mice.

Hepatic branch vagotomy

We performed hepatic branch vagotomy as previously described[17]. First, we gently pulled down the esophagus and
stomach after fully exposing the abdominal cavity, then dissociated the liver carefully and pulled up the right and front
lobes of the liver in order to separate the hepatic branch from the abdominal branch (a few millimeters above the cardia)
of the vagus nerve. In animals receiving Hv, the vagus nerve of the hepatic branch was gently transected with fine
forceps.

BrdU staining and analysis

Animals were intraperitoneally injected with 5-bromo-2’-deoxyuridine (50 pg/g of body weight; Sigma-Aldrich, St.
Louis, MO, United States) 2 h before euthanasia. The liver samples obtained were stained according to the instructions of
the BrdU in situ Detection Kit, and BrdU-positive cells were considered to be regenerated hepatocytes. We determined the
number of BrdU* hepatocytes and total hepatocytes in four to six microscope fields (200 x) to calculate the BrdU*
hepatocyte/total hepatocyte ratio, which directly reflects the level of hepatocyte regeneration.

Analysis of liver injury

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in addition to liver hematoxylin
and eosin (H&E) staining were used as indicators of liver injury. Both serum ALT and AST activity were measured using
an automatic chemical analyzer (Hitachi 3100; Hitachi Ltd., Tokyo, Japan). In previous studies, we found that mice
undergoing 70% PHx showed varying degrees of residual liver damage after surgery, manifested as liver parenchymal
hemorrhage and necrosis[18]. H&E staining of liver tissue was commonly used in many of our studies, which has been
described in detail in previous articles[17].

Measurement of IL-22 levels

Serum and liver tissue homogenate of mice at different time points after PHx were obtained for the detection of IL-22
level. The quantification of IL-22 level was performed using a commercial mouse ELISA kit according to the
manufacturer’s instructions. In short, add standards and samples to the microplate strips, then sequentially add
antibodies, IL-22 conjugate, substrate solution, and stop solution. Finally, measure the optical density values of each well
at a wavelength of 450 nm within 30 min.

WJGS | https://www.wjgnet.com 2868 December 27,2023 | Volume15 | Issue12 |

Jaishideng®



Zhou H et al. Hv blunts liver regeneration

Quantitative real-time polymerase chain reaction analysis

TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract total RNA from mouse livers; then, we used
the PrimeScript reverse transcription kit (Takara Biotechnology Co., Ltd., Kusatsu, Japan) to reverse-transcribe RNA into
complementary DNA. We use SYBR Green PCR Master Mix (CoWin Biosciences, Cambridge, MA, United States) to
perform quantitative real-time polymerase chain reaction (QPCR) using the 7500 system (Applied Biosystems, Waltham,
MA, United States). We used 18sRNA as a housekeeping gene. The sequence of IL-22 oligonucleotide used in this study
was as follows: forward (5-GCTCAGCTCCTGTCACATCA-3) and reverse (5-CAGTTCCCCAATCGCCTTGA-3).

Western blot analysis

Western blot analysis of animal liver tissue to measure the expression level of related proteins was reported in detail in
our previous article[17]. The protein was extracted from hepatic tissue, separated by sodium-dodecyl sulfate gel electro-
phoresis, and transferred to polyvinylidene fluoride membrane. After incubated with primary and secondary antibodies,
the protein bands were visualized using a luminescent reagent kit. The dilution ratios of all primary antibodies used in
this study were determined according to the manufacturer’s protocols. We visualized protein bands using a
hypersensitive chemiluminescence kit using Image]J 1.6.0 (United States National Institutes of Health, Bethesda, MD,
United States).

Statistical analysis

Comparisons between two groups were performed with Student’s t-test; for more than two groups, one-way analysis of
variance followed by Tukey’s post hoc test was used. All data in this paper are expressed as mean * SD values. SPSS
software (version 19.0; IBM Corporation, Armonk, NY, United States) we used for statistical analysis, and the difference
was considered statistically significant when P < 0.05.

RESULTS

Hv inhibits liver regeneration and aggravates liver injury after PHx

BrdU staining of liver tissue showed that a significant increase in BrdU* hepatocytes could be seen at 48 h after PHx,
while almost no positive hepatocytes were seen at earlier observation points (6 or 24 h) (Figure 1A). The proportion of
BrdU* hepatocytes in the PHx-sham group at 48 h was greater than that in the PHx-Hv group, suggesting that Hv can
hinder the process of liver regeneration after PHx (Figures 1A and B). The liver weight/body weight ratio in the PHx-
sham group was higher than that in the PHx-Hv group at 48 h after PHx, suggesting that liver regeneration in the former
group was faster than that in the latter group, which confirmed the BrdU staining results (Figure 1C).

H&E staining results showed that liver tissue of mice in the PHx-Hv group was more severely damaged than that in
the PHx-sham group, showing a wider range of necrosis (Figure 1D). The activities of serum ALT and AST in mice
increased significantly and reached a peak value at 24 h (within our observation time period) after PHx. Compared to the
activities of ALT and AST in the PHx-sham group, those in the PHx-Hv group were higher at 24 h and 48 h after PHx,
and the difference in AST was more significant at 24 h (Figures 1E and F). All these results indicate that Hv may
aggravate hepatic injury after PHx.

Hv reduces IL-22 production induced by PHx

We observed that the IL-22 concentration in the serum of mice receiving PHx (i.e., mice in the PHx-sham and PHx-Hv
groups) significantly increased after surgery, while the serum IL-22 concentration was too low to be detected in mice not
receiving PHx (i.e., those in the SP and Hv groups). Compared to the serum IL-22 level in the PHx-Hv group, that in the
PHx-sham group was higher at 6 and 24 h after PHx, and the difference at 24 h was statistically significant (Figure 2A).
Similarly, the concentration of IL-22 in the liver tissue homogenate was highest at 6 h after PHx, then gradually
decreased; however, there was no significant difference between the PHx-sham group and the PHx-Hv group at any time
point (Figure 2B). Western blotting and qPCR technology were used to further determine the difference in IL-22
expression in liver tissues of the PHx-sham group and the PHx-Hv group. As expected, compared to the level of IL-22
protein in liver tissue from the SP and Hv groups, that from the PHx-sham and PHx-Hv groups significantly increased at
6 h after PHXx, especially in the PHx-sham group (Figures 2C and D). Similarly, the expression of IL-22 mRNA in liver
tissue of the PHx-sham group was significantly higher than that in the PHx-Hv group at 6 h after PHx (Figure 2E). In
conclusion, these results suggest that Hv reduces IL-22 production induced by PHx.

Hv inhibits the activation of the hepatic STAT3 signaling pathway and reduces the expression of various mitogenic

and anti-apoptotic proteins after PHx

It is well known that IL-22 effectively promotes liver regeneration, and the mechanism, which is related to the activation
of the hepatic STAT3 signaling pathway, promotes the expression of a variety of downstream mitogenic and anti-
apoptotic proteins. Our previous study found that vagotomy of the hepatic branch could inhibit the expression of IL-22
after PHx. Here, we tested the STAT3 pathway and related mitogenic and anti-apoptotic protein expression levels using
western blotting (Figure 3). The results showed that the expression levels of STAT3, P-STAT3, CyclinD1, and PCNA
proteins in livers from the PHx-Hv group decreased significantly compared to those from the PHx-sham group, which
was consistent with our expected result. As mentioned above, FoxM1 is a key proliferation-promoting transcription factor
necessary for normal cell proliferation. Some researchers found that one of the mechanisms of liver regeneration after

WJGS | https://www.wjgnet.com 2869 December 27,2023 | Volume15 | Issue12 |

Jaishideng®



Zhou H et al. Hv blunts liver regeneration

A Time after surgery D Time after surgery
6h 24h 48 h

Hv SP
PHx-Sham

PHx-Sham

PHx-Hv

301 I 5
20+ "
10 24

0 . 0

BrdU-positive hepatocytes (%)
LW/BW (%)

PHx-Sham PHx-Hv 24 h
Time after PHx

F
5000
- 8000+
< 4000 _
= S 60001
;3000 - =}
£ & 4000
€ 2000+ 2
& §
1000 - & 20001
0- o
6h 24h 48h 24h

Time after PHx
DOI: 10.4240/wjgs.v15.i12.2866 Copyright ©The Author(s) 2023.

Figure 1 Hepatic vagotomy inhibits liver regeneration and aggravates liver injury after partial hepatectomy. A: Representative BrdU staining
pictures of liver tissue at different observation time points after partial hepatectomy (200 x); B and C: The proportion of BrdU* hepatocytes (48 h) and the liver
weight/body weight ratio in each group were calculated to visually display the level of liver regeneration; D: Representative hematoxylin and eosin staining shows the
area of liver injury after surgery (50 x); E and F: Serum alanine aminotransferase and aspartate aminotransferase activities of mice in different groups were detected
to determine the severity of liver injury (n = 6-10). 2P < 0.05. PHx: Partial hepatectomy; Hv: Hepatic vagotomy; SP: Sham operation.

PHXx is the activation of the hepatic STAT3 signaling pathway, which induces the expression of FoxM1. Our research
confirms this conclusion. Compared to the activation of the STAT3 pathway in the PHx-sham group, that in the PHx-Hv
group was inhibited, and the expression of hepatic FoxM1 protein was muted.

Treatment with exogenous IL-22 reverses the inhibition of liver regeneration caused by Hv

To further explore the effects of IL-22 on liver regeneration in PHx-Hv mice and then confirm the correlation between the
decrease in IL-22 expression caused by Hv and the delay of liver regeneration, PHx-Hv mice were treated with exogenous
IL-22 (0.125 pg/ g of body weight). Results showed that, compared to the proportion of BrdU* hepatocytes in liver tissue
from the PHx-Hv group, that from the PHx-Hv-IL-22 group significantly increased at 48 h after PHx, and a significant
increased liver weight/body weight ratio was observed in the latter group, suggesting that exogenous IL-22 treatment
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Figure 2 Hepatic vagotomy reduces interleukin-22 production after partial hepatectomy. A and B: A mouse interleukin (IL)-22 enzyme-linked
immunosorbent assay kit was used to quantify the concentration of IL-22 in serum and liver homogenate of mice in each group; C-E: Liver tissues of different groups
were obtained at 6 h after partial hepatectomy (PHx), and the expression of IL-22 protein (C and D) and IL-22 mRNA (E) in liver tissues were detected by western
blotting and quantitative real-time polymerase chain reaction techniques, respectively (n = 6-10). 2P < 0.05, °P < 0.01, °P < 0.001. PHx: Partial hepatectomy; Hv:
Hepatic vagotomy; SP: Sham operation.
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Figure 3 Hepatic vagotomy inhibits the activation of the hepatic signal transducer and activator of transcription 3 signaling pathway. A
and B: Western blotting was used to detect the activation of the signal transducer and activator of transcription 3 pathway and the expression of its related proteins,
such as CyclinD1, PCNA, and FoxM1, in liver tissues of each group at 6 h after partial hepatectomy. 2P < 0.05, °P < 0.01, °P < 0.001. PHx: Partial hepatectomy; Hv:
Hepatic vagotomy; SP: Sham operation; STAT3: Signal transducer and activator of transcription 3.

can reverse liver regeneration inhibited by Hv (Figures 4A and C). At different time points after PHx, lower activities of
ALT and AST in serum were observed in the IL-22 treatment group, confirming the expected protective effect of IL-22 on
liver injury in PHx-Hv mice (Figures 4D and E). Western blot analysis of liver tissue showed that the expression of P-
STAT3, CyclinD1, and PCNA protein in the PHx-Hv-IL-22 group were higher than those in the PHx-Hv group,
suggesting that the treatment of IL-22 will further activate the STAT3 pathway and its downstream proteins inhibited by
Hyv (Figures 4F and G).
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Figure 4 Administration of exogenous interleukin-22 reverses the inhibition of liver regeneration caused by hepatic vagotomy. A:
Representative BrdU staining pictures of liver tissues at 48 h from the partial hepatectomy (PHx)-hepatic vagotomy (Hv) group and the PHx-Hv-interleukin-22 group
(200 x); B and C: The proportion of BrdU* hepatocytes (48 h) and the liver weight/body weight ratio of these two groups were counted; D and E: Serum alanine
aminotransferase and aspartate aminotransferase activities of these two groups were detected to determine the severity of liver injury; F and G: Detection of the
signal transducer and activator of transcription 3 pathway and related protein expression in mouse livers by western blotting (6 h) (n = 5-7). 2P < 0.05. PHx: Partial

hepatectomy; Hv: Hepatic vagotomy; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; LW/BW: Liver weight/body weight; STAT3: Signal transducer
and activator of transcription 3.

Treatment with IL-22BP can reduce the concentration of IL-22 induced by PHx, then hindering liver regeneration and
aggravating liver injury

As a soluble IL-22 receptor, the specific role of IL-22BP in different types of liver injury is controversial, which may be
related to the concentration ratio of IL-22BP/IL-22 and the internal environment. Here, we use this model to study the
specific role of IL-22BP in liver regeneration after PHx. The concentration of IL-22 in serum (at 6 h) and liver tissue (at 24
h) in the PHx-IL-22BP group after surgery was lower than in the PHx-sham group (Figures 5A and B). Moreover, liver
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Figure 5 Treatment with interleukin-22BP can reduce the concentration of interleukin-22 and inhibit liver regeneration. A and B: The
concentration of interleukin (IL)-22 in serum and liver tissue homogenate at each time point after partial hepatectomy (PHx) in the PHx-sham group and the PHx-IL-
22BP group was counted; C: Representative BrdU staining pictures of liver tissue at different time points after PHx (200 x); D: The percentage of BrdU* hepatocytes
(48 h) in the PHx-sham group and the PHx-IL-22BP group was calculated; E and F: We used an automatic chemical analyzer to detect the activities of serum alanine
aminotransferase and aspartate aminotransferase in the PHx-sham group and the PHx-IL-22BP group (n = 4-8). 2P < 0.05). PHx: Partial hepatectomy; Hv: Hepatic
vagotomy; IL: Interleukin; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase.

Jwishidenge WIGS | https://www.wijgnet.com 2873 December 27,2023 | Volume15 | Issue12 |



Zhou H et al. Hv blunts liver regeneration

regeneration was significantly higher and more BrdU-positive hepatocytes were seen in the PHx-Sham group than in the
PHx-IL-22BP group at 48 h after PHx (Figures 5C and E). The activities of ALT and AST in the PHx-sham group were
lower than those in the PHx-IL-22BP group at 48 h (Figures 5F and G), indicating that IL-22BP increased liver injury after
PHx.

IL-22BP inhibits the activation of the hepatic STAT3 signaling pathway after PHx

Compared to the expression of STAT3, P-STAT3, and CyclinD1 proteins in the livers of the PHx-sham group, expression
of these proteins in the livers of the PHx-IL-22BP group decreased significantly 6 h after PHx (Figure 6), indicating that
IL-22BP treatment before PHx would inhibit activation of the STAT3 signaling pathway in the early postoperative period,
which may be one of the factors causing the slow rate of liver regeneration after PHx.

DISCUSSION

Rapid regeneration of the residual liver is one of the key determinants of the success of PHx. Failed regeneration means
failure of the liver, which brings great risk to the lives of patients undergoing hepatectomy|[14,19,20]. However, compared
to the research on cytokines and chemokines, that on the role and potential mechanism of the vagal nerve in liver
regeneration is very insufficient. Using a PHx-Hv animal model, we found that hepatic branch vagotomy can aggravate
liver injury and inhibit liver regeneration after PHx. The mechanism in this context may be related to the reduction of IL-
22 production and the inhibition of the STAT3 signaling pathway activation caused by Hv. These results suggest that the
hepatic vagus nerve may play an active role in liver regeneration through the IL-22-STAT3 axis.

The vagus nerve is an important regulatory component of the gastrointestinal-related immune system[21-23]. The liver
plays a key role in immune monitoring with a large number of resident macrophages among the organs in the abdominal
cavity[24,25]. Therefore, it is generally believed that the liver is the main target of vagal nerve fibers[26]. Nevertheless, we
still know little about the role of the vagus nerve in liver injury, liver immunity, and liver regeneration. Research shows
that the role of the vagus nerve in the liver immune response includes two aspects: A fast response and a long-term
response[26]. The fast response means that the vagal nerve signal can activate and optimize the phagocytic activity of
Kupffer cells, while the long-term response means that the vagal nerve produces effects over a long time by regulating
the production of various cytokines[26,27]. Using a PHx rat model, scientists discovered the delayed effect of Hv on liver
regeneration more than 30 years ago[28]. In recent years, researchers have made more in-depth discoveries to clarify the
core role of the vagus-macrophage-hepatocyte link in liver regeneration[15]. We established a PHx-Hv mouse model to
clarify the role of the hepatic vagus nerve in liver regeneration and further study its potential mechanism. Our results
were as expected; the liver index (liver weight/body weight) decreased significantly and the proportion of BrdU-positive
cells in liver tissue was lower in mice in the PHx-Hv group than in those in the PHx-Sham group, indicating that Hv
hindered liver regeneration.

The present study showed that an increase in liver IL-22 was observed in mice treated with CCL4, PHX, or liver
ischemia/reperfusion injury (IRI), indicating that the injury itself may be one of the factors inducing the release of IL-22
[17,29-31]. Data from human patients showed that, compared to serum IL-22 concentration in a healthy control group,
serum IL-22 concentration in patients with liver cirrhosis in the compensatory or stable decompensated period did not
increase; however, it significantly increased in patients in the acute decompensated period or with acute-on-chronic liver
failure, suggesting that the release of IL-22 after liver injury seems to relate to the type (acute/chronic) and degree of
injury[32]. Our study found that the concentration of IL-22 in the serum of normal mice was low enough to be difficult to
detect. However, the concentration of IL-22 in both serum and liver tissue homogenate increased significantly and
reached the peak at 6 h after hepatectomy. These data are similar to those of previous reports, indicating that PHx can
stimulate the release of IL-22.

The regulatory role of the nervous system in the expression of IL-22 is still poorly understood. Recently, Liu et al[30]
found that environmental eustress acts on type 1 innate lymphoid cells (ILC1s) through sympathetic nerve signals to
promote the production of IL-22, then promoting liver regeneration after PHx. Moreover, our previous study found that
the vagus nerve plays an important role in the expression of IL-22 induced by IRI in the liver. Hv significantly increases
the liver injury caused by ischemia and reperfusion due to the sudden decrease in IL-22 release[17]. In this study, the
concentration of IL-22 in the serum and liver homogenate of mice significantly decreased after surgery in the PHx-Hv
group but not in the PHx-sham group. These data prove that Hv inhibits the expression of IL-22 once again.

The potential mechanism of the vagus nerve in liver regeneration is not completely clear at present. Izumi et al[15]
found the role of the vagus-macrophage-hepatocyte link in liver regeneration after PHx. This study found that vagus-
derived cholinergic signals stimulate the production of IL-6 by macrophages in the liver, promote the expression of
FoxM1 in liver cells, then promote liver regeneration, indicating that IL-6 plays a central role in this process[15]. Another
study found that the neuronal guidance protein netrin-1 plays an important role in vagus signal-mediated liver
regeneration as Netrin-1 promotes the repair and regeneration of the vagus nerve after PHx in mice[14]. We found that
the release of IL-22 was significantly inhibited after vagotomy. The fact that IL-22 promotes liver regeneration by
activating the STAT3 signaling pathway has been widely reported; therefore, IL-22 may be a cytokine that the vagus
nerve regulates during liver regeneration. In addition, consistent with previous reports, we confirmed that the expression
of FoxM1 protein in liver tissue of mice in the PHx-Hv group decreased (compared to that in the PHx-sham group).
Unfortunately, we have not yet confirmed whether this change is only caused by the downregulation of IL-6 or is related
to both IL-6 and IL-22.
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Figure 6 Interleukin-22BP inhibits the activation of the hepatic signal transducer and activator of transcription 3 pathway after partial
hepatectomy. The expression levels of signal transducer and activator of transcription 3 (STAT3), P-STAT3, and CyclinD1 protein in liver tissue of mice in the
partial hepatectomy (PHx)-sham group and the PHx-interleukin-22BP group at 6 h after PHx were detected. 2P < 0.05, °P < 0.01, °P < 0.001. PHx: Partial
hepatectomy; Hv: Hepatic vagotomy; STAT3: Signal transducer and activator of transcription 3; IL: Interleukin.

There are some limitations to this research. Although we have observed the effect of Hv on the expression of IL-22 after
PHX, it is not clear which links in the production of IL-22 have been blocked. There are many factors regulating the
production of IL-22, including both positive (e.g., IL-7, IL-1 B, and IL-23) and negative (e.g., IL-27, transforming growth
factor-B, and IL-22BP) factors[33-38]. Additionally, there are many kinds of lymphoid cells that produce IL-22, including
NKT cells, ILCs, y6 T-cells, and af T-cells, but which cell is the target of vagal nerve signaling has not been determined
[39,40]. The deepening understanding of liver regeneration is one of the research hotspots in recent years. The study of
neuromodulation in liver regeneration has become meaningful as it is difficult for patients undergoing large-scale
hepatectomy or liver transplantation to avoid the risk of partial loss of innervation of organs[27,41]. In general, this
experiment provides data support for studying the role of neuroregulation in liver regeneration, and we will study these
questions in the near future.

CONCLUSION

Our investigation confirmed that Hv aggravates liver injury and hinders liver regeneration after hepatectomy. The
mechanism may be related to the downregulation of IL-22 production, which inhibits the activation of the STAT3
pathway caused by Hv in the liver.

ARTICLE HIGHLIGHTS

Research background

There is a lack of recognized safe, effective, and stable drugs to promote liver regeneration at present, which greatly limits
the progress of liver surgery. It has been reported that vagus nerve signaling is beneficial to liver regeneration, but the
potential mechanism is not fully understood.

Research motivation

In previous studies, we found that blocking the hepatic vagus nerve would exacerbate liver injury caused by ischemia-
reperfusion, indicating that the vagus nerve may play a protective role in liver injury. Unfortunately, we cannot
determine the effect and mechanism of the vagus nerve in liver regeneration after hepatectomy so far.

Research objectives
Exploring the role and mechanism of hepatic vagus nerve in liver regeneration after partial hepatectomy (PHx).

Research methods

Establishing a PHx+ hepatic vagotomy (Hv) mice model. The effect of vagus on liver regeneration was determined by
comparing the liver regeneration levels of the PHx-Hv group and the PHx-sham group mice. Quantikine enzyme-linked
immunosorbent assay kit and molecular biology techniques (western blot, polymerase chain reaction, etc.) have been used
to further investigate the potential mechanism of Hv on liver regeneration.

Research results

Hv mice showed severe liver injury and weakened liver regeneration after PHx compared to control-group mice. Hv
downregulates the production of interleukin-22 (IL-22) induced by PHx, inhibiting the activation of the signal transducer
and activator of transcription 3 (STAT3) pathway in the liver. Exogenous IL-22 supplementation reverse the inhibitory
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effect on liver regeneration induced by Hv, while IL-22 binding protein inhibits the activation of liver STAT3 signaling
pathway after PHx, then hindering liver regeneration in PHx-sham mice.

Research conclusions
Hyv inhibits the regeneration of residual liver after surgery by downregulating the production of IL-22 induced by PHx.

Research perspectives

We are currently planning to investigate whether drugs that protect the vagus nerve play a positive role in liver
regeneration after PHx.
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