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Abstract

Background and Aims: Insufficient liver regeneration causes post-hepatectomy liver failure
and small-for-size syndrome. Identifying therapeutic targets to enhance hepatic regenerative
capacity remains urgent. Recently, increased IL-33 was observed in patients undergoing liver
resection and in mice after partial hepatectomy (PHx). The present study aims to investigate the
role of 1L-33 in liver regeneration after PHx and to elucidate its underlying mechanisms.

Approach and Results: We performed PHx in IL-337/~, suppression of tumorigenicity 2
(ST2)~/~, and wild type control mice, and found deficiency of IL-33 or its receptor ST2

delayed liver regeneration. The insufficient liver regeneration could be normalized in 1L-337/~
but not ST2™/~ mice by recombinant murine IL-33 administration. Furthermore, we observed
an increased level of serotonin in portal blood from wild type mice, but not IL-337/~ or

ST27/~ mice, after PHx. ST2 deficiency specifically in enterochromaffin cells recapitulated the
phenotype of delayed liver regeneration observed in ST2~/~ mice. Moreover, the impeded liver
regeneration in 1L-337~ and ST2/~ mice was restored to normal levels by the treatment with
()-2,5-dimethoxy-4-iodoamphetamine, which is an agonist of the 5 hydroxytrytamine receptor
(HTR)2A. Notably, /n vitro experiments demonstrated that serotonin/HTR2A-induced hepatocyte
proliferation is dependent on p70S6K activation.
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Conclusions: Our study identified that IL-33 is pro regenerative in a non-injurious model

of liver resection. The underlying mechanism involved IL-33/ST2-induced increase of serotonin
release from enterochromaffin cells to portal blood and subsequent HTR2A/p70S6K activation in
hepatocytes by serotonin. The findings implicate the potential of targeting the I1L-33/ST2/serotonin
pathway to reduce the risk of post-hepatectomy liver failure and small-for-size syndrome.

INTRODUCTION

After tissue loss, the liver is the only organ that can regenerate and regain the original
tissue-to—body weight ratio within a short period of time.[1] Due to the regenerative capacity
of the liver, partial hepatectomy (PHx) has been an important therapeutic treatment for liver
diseases,[?] especially liver cancers.[3] However, post-hepatectomy liver failure (PHLF), one
of the most dangerous and life-threatening complications of PHX, causes approximately 10%
mortality rate in patients with liver cancer.[4-6] The occurrence and resolution of PHLF are
closely related to the regenerative capacity of the remaining liver tissues.[®! Insufficient liver
regeneration in patients with PHx often leads to PHLF.L78] Partial liver grafts inadequate in
sustaining metabolic demands could cause small-for-size syndrome (SFSS) within the first
week of liver transplantation.[%] It is reported that the survival rate in patients with SFSS

is about 30% less than that in patients without SFSS.[20] Therefore, to prevent PHLF and

to improve the clinical outcomes of small-for-size liver transplantation, it is imperative to
develop treatment strategies aimed to accelerate liver regeneration.

The underlying mechanisms of liver regeneration after PHx have been intensively studied
in rodent models in the past decades.[11:12] Liver regeneration is an orchestrated process
involving a plethora of signaling pathways, including IL-6/signal transducer and activator
of transcription (STAT)3,[13] HGF/MET, 14 EGF/EGF receptor (EGFR),[!®] and pathways
mediated by gut-derived factors (e.g., serotonin, bile acids, endotoxin).[!] Furthermore, a
number of cytokines play essential roles in liver regeneration.[16] For example, interferon
(IFN)y directly inhibits hepatocyte proliferation,[1] but the type 1 IFN signaling accelerates
liver regeneration after PHx.[18] TNFa,[19.20] |_-4 [21] |L-6, [13] |L-17A,[22] and 1L-22(23]
promote liver regeneration, while IL-10[24] impedes hepatocyte proliferation after PHx in
vivo. Recently, it was reported that PHx could increase the release of IL-33 in patients
with cholangiocarcinoma undergoing liver resection.[2%] Increased levels of IL-33 in the
blood were also observed in mice after PHx.[25] Notably, 1L-33 has been implicated as an
important factor driving wound healing and tissue repair.[26] It is reported that exogenous
IL-33 induces cholangiocyte proliferation in hilar bile duct in the liver of naive mice.[27]
However, the role of IL-33 in hepatocyte proliferation and liver regeneration after PHx has
not been investigated.

In the current study, we demonstrate the important role of IL-33 and its receptor
(suppression of tumor-igenicity 2 [ST2]) in liver regeneration after PHx. Our data indicate
that the underlying mechanism involves IL-33/ST2-mediated serotonin release from the
small intestine. Our findings suggest that supplementation of 1L-33 might be a promising
strategy to treat patients with insufficient liver regeneration.
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METHODS

Animal experiments and procedures

IL-337/~ and ST27/~ mice were obtained from Merck & Co. and Dr. Shizuo Akira

(Osaka Univesity), respectively, via material transfer agreements. Wildtype (WT) C57BL/6N
mice were purchased from Taconic Biosciences. The ST2f mice were from KOMP

and ChgaCrER mice were from EMMA. ST2%fChgaCre~/~ and ST2"fChgaCe*/~ mice
were obtained from Dr. Chuan Wu (National Cancer Institute) by crossing ST2f and
ChgaCreER mice. ST2fChgaCe~/~ and ST2ff{ChgaCe*/~ mice were subjected to 1 mg
tamoxifen (Sigma-Aldrich) i.p. daily for consecutive 5 days before experiments. Male
mice were used in this study, and all animals were housed under a 12-h light/12-h

dark cycle. Weight matched mice (8-14 weeks old) were used. PHx in mice was
performed as previously described.[?8] Recombinant murine IL-33 (rmIL-33) and ()-2,5-
dimethoxy-4-iodoamphetamine (DOI) were purchased from R&D Systems and Sigma-
Aldrich, respectively. Bromodeoxyurdine (BrdU) (50 mg/kg; Sigma-Aldrich) was i.p.
injected into hepatectomized mice 2 h before sacrifice. All animal studies described have
been approved by the Institutional Animal Care and Use Committee at the UTHealth.

Primary hepatocyte culture and treatment

Primary murine hepatocytes were isolated as previously described.[28] Live hepatocytes
(1 x 10°) were seeded in each well of a 6-well collagen-coated plate. After 4 h, the
culture medium was deprived of fetal bovine serum (FBS) for at least 48 h. Subsequently,
hepatocytes were treated with 5 UM DOI or 10 uM 70 kDa ribosomal protein S6 kinase
(p70S6K) inhibitor, LY-2584702 (MedChemExpress), in 5% FBS.

Immunohistochemistry

Liver samples were harvested and fixed in 10% formalin for at least 24 h. Paraffin-embedded
tissues were cut into 5-pm-thick sections. Liver sections were rehydrated and processed

for antigen retrieval. Endogenous peroxidase was inactivated, and nonspecific signals were
blocked using 2.5% horse serum (Vector Laboratories). Then the liver sections were
incubated with primary antibodies at 4°C overnight, followed by horseradish peroxidase—
conjugated or alkaline phosphatase—conjugated secondary antibodies (Mector Laboratories).
All sections were counterstained with hematoxylin. The primary antibodies used were rabbit
anti-Ki67, rabbit anti-ST2 (Abcam), and mouse anti-BrdU (Cell Signaling Technology).

Western blotting

Liver tissues and cell samples were homogenized in radio immunoprecipitation assay
buffer (Thermo Fisher Scientific) containing protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific). Protein concentrations were quantified with a commercial
BCA protein assay kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. At least 30 pg of total protein from each sample were loaded and separated
by gel electrophoresis and then transferred to nitrocellulose membranes. After blocking,
membranes were incubated with primary antibodies at 4°C overnight under shaking
conditions. The membranes were then incubated with horseradish peroxidase—conjugated
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secondary antibodies (Jackson ImmunoResearch Laboratories). Detection and quantification
of protein bands were performed using a ChemiDoc Imaging System with ImageLab
Software (Bio-Rad Laboratories). The primary antibodies used were mouse anti-p-actin
(Sigma-Aldrich), mouse anti—proliferating cell nuclear antigen (PCNA), rabbit anti-phospho
STAT3 (Tyr705), rabbit anti-STAT3, rabbit anti-phospho EGFR (Tyr1086), rabbit anti-
EGFR, rabbit anti-phospho-MET (Thy1234/1235), rabbit anti-MET, rabbit anti-phospho-
AKT (Ser473), rabbit anti-AKT, rabbit anti-phospho ERK1/2 (Thr202/Tyr204), rabbit
anti-EKR1/2, rabbit anti-phospho-p70S6K (Thr421/Ser424), and rabbit anti-p70S6K (Cell
Signaling Technology).

Quantitative real time PCR

Total RNA was purified from liver tissues using Pure-Link RNA Mini Kit

(Invitrogen) according to the manufacturer’s protocol, and 1 pg RNA was
reverse-transcribed into cDNA using an iScript cDNA Synthesis Kit (Bio-Rad
Laboratories). Relative quantitative gene expression was measured with SYBR

Green PCR Supermix from Bio-Rad Laboratories. 18S rRNA was used as an

internal standard. The primer sequences are as follows (5'-3"): 18S rRNA

sense: ACGGAAGGGCACCACCAGGA, anti-sense: CACCACCACCCACGGAATCG;
HTR2A sense: TAATGCAATTAGGTGACGACTCG, anti-sense:
GCAGGAGAGGTTGGTTCTGTTT; HTR2B sense: GAACAAAGCACAACTTCTGAGC,
anti-sense: CCGCGAGTATCAGGAGAGC; and HTR2C sense:
CTAATTGGCCTATTGGTTTGGCA, anti-sense: CGGGAATTGAAACAAGCGTCC.

Serotonin measurement

Serotonin levels in portal vein sera and liver tissues were measured using the serotonin
ELISA kit (Fitzgerald Industries International) according to the manufacturer’s manual.

Assays of blood samples

Endotoxin and total bile acid levels in portal vein sera were measured using the endotoxin
assay kit (Gen-Script) and the total bile acid assay kit (Diazyme Laboratories), respectively.

Statistical analysis

Results are presented as mean = SEM. The results were assessed using two-tailed
unpaired Student’s ftest, one-way ANOVA, or two-way ANOVA. p < 0.05 was considered
statistically significant.

RESULTS

Deficiency of IL-33 or ST2 delays liver regeneration after PHx

To investigate the role of IL-33 in liver regeneration, we subjected WT and IL-337/~ mice to
PHx and measured Ki67-positive proliferating hepatocytes after 36 h, which is the peak time
point of hepatocyte proliferation.[1229] The data showed much fewer Ki67+ hepatocytes in
IL-337/~ than WT mice (Figure 1A,B). Western blotting for PCNA and immunostaining for
BrdU incorporation further confirmed the attenuation of hepatocyte proliferation in the livers
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of 1L-337/~ mice compared with WT mice (Figure 1C—F). Consistently, the liver-to-body
weight ratio was significantly lower in 1L-337/~ mice than WT mice at 36 h after PHx
(Figure 1G). However, on day 7 after PHx when liver mass was mostly restored, ! the
liver-to-body weight ratio was comparable between WT and 1L-337/~ mice (Figure 1G),
indicating that 1L-33 deficiency delayed, but did not abrogate, liver regeneration after PHXx.

ST2 has been identified as the orphan receptor for 1L-33.13% If the pro-regenerative function
of 1L-33 is mediated by ST2, we would expect to observe a delayed liver regeneration in
ST27/~ mice after PHx. Indeed, our data showed much fewer numbers of Ki67-positive
hepatocytes and lower levels of hepatic PCNA expression in ST27~ mice than WT mice
(Figure 2A-D). Consistently, hepatocyte DNA replication measured by BrdU staining

was attenuated in ST2™~ mice (Figure 2E,F). Similar to the 1L-337~ mice, ST2™/~ mice
exhibited lower liver-to-body weight ratio than WT mice at 36 h, but not on day 7, after PHx
(Figure 2G).

To further corroborate the finding that 1L-33, through ST2, plays a critical role in liver
regeneration, we treated 1L.-337/~ and ST2~/~ mice with exogenous rmlL-33 after PHx
(Figure 3A). Notably, the rmIL-33 treatment of 1L-337/~ mice after PHx dramatically
increased the number of Ki67-positive hepatocytes and the liver-to-body weight ratio to
the levels observed in WT mice (Figure 3B-D). However, rmIL-33 failed to promote
hepatocyte proliferation in ST2~/~ mice (Figure 3E-G). Together, these data demonstrate
that the deficiency of 1L-33 or ST2 causes insufficient hepatocyte proliferation after PHXx,
leading to delayed liver regeneration.

Gut-derived serotonin mediates the effect of IL-33/ST2 on liver regeneration

To elucidate how 1L-33/ST2 signaling promotes liver regeneration, we examined signaling
pathways reported to contribute to liver regeneration. After PHx, STAT3 is activated at
early time points and initiates hepatocytes to enter cell cycle.[16:31] The HGF/MET and
EGF/EGFR pathways are directly mitogenic to hepatocytes, and depletion of both signaling
pathways results in liver failure after PHx.[%:32] We performed western blotting analysis
after PHx to measure the levels of phospho-STAT3/STAT3, phospho-EGFR/EGFR, and
phospho-MET/MET, as well as their downstream targets, including phospho-AKT/AKT
and phospho-ERK1/2/ERK1/2. The data showed that all of these signaling pathways were
activated to similar degrees between WT and ST27/~ livers (Figure SIA-E), suggesting that
the STAT3, MET, and EGFR signaling pathways were not involved in the mechanism of
IL-33/ST2-regulated liver regeneration.

In searching for clues of the underlying mechanism, we first measured serum levels of
IL-33. We observed that serum IL-33 levels increased after PHx with a peak at 12 h and then
returned to baseline levels by 24 h after surgery (Figure S2). This observation suggests that
12 h after PHx is a good time point to study the mechanistic involvement of IL-33. We next
set out to measure the expression of I1L-33 receptor (ST2) in the liver; however, we could
not detect any ST2-positive cells in the liver after PHx (Figure 4A). This result suggested

to us that an extrahepatic signaling might be involved in IL-33-regulated liver regeneration.
Gut-liver axis has been widely reported to contribute to liver regeneration.[:33] Among

the gut-derived mediators, endotoxin,[3435] bile acids,[36:37] and serotonin[38:3%] have been

Hepatology. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 6

associated with liver regeneration. We measured these factors in the portal vein blood at 0
h and 12 h after PHx. Comparable levels of endotoxin and total bile acids were detected
among WT, IL-337~, and ST2~/~ mice (Figure 4B,C). Interestingly, the serotonin levels in
portal blood were elevated at 12 h after PHx in WT mice, but not in I1L-337/~ and ST27/~
mice (Figure 4D). Administration of exogenous IL-33 could restore serotonin elevation in
IL-337"~ mice but not in ST27/~ mice (Figure S3A,B). The levels of serotonin in the liver at
12 h after PHx were also significantly higher in WT mice than IL-337/~ and ST27/~ mice,
whereas serotonin was undetectable at 0 h in the livers of all three strains of mice (Figure
4E). These data suggested that a defect in serotonin release from the gut might account for
the delayed liver regeneration in IL-337/~ and ST27/~ mice.

Enterochromaffin cell-specific ST2 contributes to the pro-regenerative function of
serotonin in PHx

Most of the body’s serotonin (~95%) is synthesized and located in the enterochromaffin
cells in the small intestine.[39:40] A recent study demonstrated that the IL-33/ST2 signaling
in enterochromaffin cells plays a critical role in serotonin release from these cells.[41]
Thus, we hypothesized that mice with enterochromaffin cell-specific deletion of ST2
(ST2fChgaCre*/~) would exhibit a delay in liver regeneration after PHx. Indeed, compared
with WT littermates (ST2fChgaCe~/-), the ST2fChgaCre*/~ mice showed significantly
attenuated hepatocyte proliferation at 36 h after PHx (Figure 5A,B). Consequently, the
liver-to-body weight ratio was lower in ST2fChgaC"*/~ mice than WT littermates at 36 h
(Figure 5C). Consistently, the levels of serotonin in portal vein sera were much lower in
ST2ffChgaCre*/~ mice than WT littermates at 12 h after PHx (Figure 5D).

Serotonin agonist could normalize liver regeneration in IL-337/~ and ST27/~ mice

5-hydroxytrytamine receptors (HTR)2 have been implicated in serotonin-mediated liver
regeneration.[38:42] Therefore, we measured the mRNA expression of the HTR2 receptors
and found that only HTR2A mRNA expression was elevated at 12 h after PHx in WT
mice (Figure 6A). Furthermore, our immunofluorescent staining experiments showed that
the protein expression levels of HTR2A on hepatocytes were increased at 12 h after PHx
(Figure S4). Next, we treated WT, 1L-337~, and ST2~/~ mice with a HTR2A agonist, DOI,
after PHx (Figure 6B). Although DOI treatment did not further increase the number of
Ki67-positive hepatocytes in WT mice, it significantly enhanced hepatocyte proliferation
in 1L-337~ and ST27/~ mice to a degree comparable with that in WT mice (Figure

6C,D). Consistently, the liver-to-body weight ratios were also significantly increased in
IL-337/~ and ST27/~ mice after DOI treatment (Figure 6E). These data suggest that 1L-33/
ST2-regulated liver regeneration is dependent on serotonin/HTR2A signaling.

P70S6K is involved in IL-33/serotonin-mediated hepatocyte proliferation

It has been demonstrated that serotonin promotes hepatic cancer cell proliferation through
p70S6K activation.[43] To examine whether p70S6K activation might be the downstream of
IL-33/serotonin-mediated hepatocyte proliferation, we measured phospho-p70S6K (Thr421/
Ser424) in the livers at 12 h after PHx. The levels of phospho-p70S6K were significantly
higher in WT than ST27/~ mice (Figure 7A,B). Remarkably, DOI treatment increased
p70S6K phosphorylation in ST2™~ mice to a similar level observed in WT mice (Figure
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7C,D). Moreover, in vitrotreatment of primary murine hepatocytes with DOI for 30 min
induced p70S6K phosphorylation (Figure 7E,F). To further demonstrate the involvement

of p70S6K in serotonin/HTR2A-regulated hepatocyte proliferation, we treated hepatocytes
with DOI in the presence or absence of a p70S6K inhibitor for 24 h. PCNA immunoblotting
showed that the DOI treatment could enhance hepatocyte proliferation—an effect that was
abrogated by the inhibition of p70S6K (Figure 7G,H). Together, these data suggest that
IL-33 promotes hepatocyte proliferation in liver regeneration through enhancing serotonin-
induced p70S6K activation.

DISCUSSION

The current study demonstrates that the IL-33/ST2 signaling promotes liver regeneration
after PHx through serotonin-involved gut-liver axis (Figure 8). IL-33 enhances the release
of serotonin from ST2-positive enterochromaffin cells. Serotonin enters the resected liver
through portal blood and binds to HTR2A on hepatocytes, thereby facilitating hepatocyte
proliferation. Furthermore, our data show that serotonin-induced hepatocyte proliferation
after PHx is dependent on hepatic p70S6K activation.

Our finding that IL-33 or ST2 deletion significantly delays liver regeneration indicates

that 1L-33, signaling through ST2-postive cells, plays an important role in promoting
hepatocyte proliferation after PHx. ST2-positive myeloid cells and innate lymphoid cells
have been reported to promote epithelial cell proliferation and tissue repair in various

injury models, such as naphthalene-induced lung injury, dextran sulfate sodium-induced
colitis, and cardiotoxin-induced muscle injury.[44-46] However, we could not detect any
ST2-postive cells in the liver after PHX, suggesting an extrahepatic contribution of the
IL-33/ST2 signaling in liver regeneration. It is widely reported that ST2 is expressed in

both human and murine intestinal epithelium and lamina propria.[47=4%] Moreover, emerging
studies support a beneficial role of the gut-liver axis in liver regeneration.[>%] Notably,
simultaneous bowel resection in rats delayed liver regeneration after PHx.[>1l Germ-free
mice or antibiotics-treated mice exhibited attenuated liver regeneration after PHx.[52-54]
PHx in rodents caused an increase of Bacteroidetes and a decrease of Firmicutes during

the priming and early phase of hepatocyte proliferation.[5556] These studies implicate the
involvement of gut microbiota in liver regeneration after PHx. However, we cohoused the
ST2/fChgaCre*/~ mice with their littermate WT counter-parts and still observed a significant
delay in hepatocyte proliferation. The results suggest that the role of IL-33/ST2 in liver
regeneration might be independent of gut microbiota.

It is also reported that PHx induces the accumulation of gut-derived endotoxin in the

liver. This causes NF-xB activation in Kupffer cells, which initiate hepatocyte proliferation
through the release of TNFa and IL-6.116] Endotoxin neutralization and induction of
endotoxin tolerance could significantly impair liver regeneration in rodents after PHx.[3552]
Bile acids, an important factor in the gut-liver axis, have also been implicated in liver
regeneration after PHx. An expansion of the bile acid pool has been observed in the liver
and circulating blood of rodents after PHx.[57:58] PHx accompanied by ileal resection results
in diminished liver regeneration, likely attributable to the loss of bile acid reabsorption in
the ileum.[®9] Surgical or genetic disruption of normal bile acid enterohepatic circulation,
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or sequestration of bile acid by cholestyramine, remarkably attenuated liver regeneration.
[57.58] However, our data showed that PHx caused similar increases of gut-derived endotoxin
and bile acids in both WT and ST2~/~ mice, indicating that these factors are not involved

in 1L-33/ST2-regulated liver regeneration. Interestingly, we uncovered that the serotonin
release, up regulated by IL-33/ST2 signaling, served as a gut-derived mediator in regulating
liver regeneration.

Serotonin has been reported to promote liver regeneration after PHx. It has been shown

that the loss of gut serotonin production in mice with deficiency of tryptophan-hydroxylase
1, critical in serotonin synthesis, attenuates liver regeneration.[38 In the current study, we
demonstrated that PHx increased serotonin levels in the portal blood of WT mice, but not

in 1L-337~ and ST27/~ mice after PHx, suggesting a critical role of 1L-33/ST2 in promoting
serotonin release from the gut. A recent elegant study reported that exogenous IL-33 directly
triggered calcium influx to promote serotonin release from ST2-positive enterochromaffin
cells, and that ST2-deficient enterochromaffin cells failed to respond to IL-33, resulting

in a defect of serotonin release.[41] Consistently, we found that the enterochromaffin cell—
specific ST2 knockout mice had lower levels of serotonin in the portal blood, correlating
with reduced hepatocyte proliferation after PHx compared with WT mice. Moreover, our
observation that the DOI treatment could correct the impaired liver regeneration in 1L-337/~
and ST27/~ mice further validate that gut-derived serotonin accounts for I1L-33/ST2 induced
hepatocyte proliferation during liver regeneration.

A previous study detected the induction of both HTR2A and HTR2B in liver after PHx,[38]
whereas we only observed an up-regulation of HTR2A, but not HTR2B. However, both the
previous study and our current study demonstrate that liver regeneration could be restored by
the treatment of DOI (an HTR2A agonist) in mice with defect of serotonin production. Our
in vitro experiments also showed that DOI could induce the proliferation of primary murine
hepatocytes. Furthermore, it is reported that a selective HTR2A antagonist, ketanserin,
impedes liver regeneration after PHx in rats.[42.60] These findings suggest that serotonin-
induced hepatocyte proliferation is dependent on HTR2A during liver regeneration.

The serotonin/HTR2A axis has been implicated in activating G4/S transition in rat liver
regeneration after PHx.[42] Our data demonstrated that DOI directly promoted hepatocyte
proliferation /n vitro. We further found that DOI induced p70S6K activation, and that
inhibition of p70S6K could suppress the pro-proliferative effect of DOI. It is known

that p70S6K activation leads to the phosphorylation of 40S ribosomal S6 and triggers

the translation of mMRNA with a 5" oligopyrimidine tract typically encoding components
of the protein synthesis machinery, thereby initiating G; to S transition in cell cycle
progression.[61.62] These findings suggest that p70S6K may be important in mediating the
pro-proliferative role of serotonin in hepatocytes.

The present study unveiled a role of the 1L-33/ST2 pathway in non-injurious liver
regeneration. The data also provide insights into the mechanism underlying the involvement
of the gut-liver axis in liver regeneration. Our findings suggest that 1L-33 supplementation or
serotonin agonist might be a promising option for hepatectomized patients with insufficient
liver regeneration.
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IL-33 deletion delays liver regeneration after partial hepatectomy (PHx). Wild-type (WT)
and 1L-337/~ mice were subjected to PHx. (A,B) Ki67 immunostaining was performed in
liver sections collected at 36 h after PHx (scale bar: 100 um). Ki67-positive hepatocytes
were quantified (7= 8-9/group). (C,D) Proliferating cell nuclear antigen (PCNA) levels in
liver tissues at 36 h after PHx were measured by immuno-blotting and the ratios of PCNA/p-
actin were quantified (7= 3/group). (E,F) Bromodeoxyurdine (BrdU) incorporation was
performed in liver sections at 36 h after PHx (scale bar: 100 pm). BrdU positive hepatocytes
were quantified (n7 = 4/group). (G) The ratios of liver/body weight were analyzed at 36 h and
168 h after PHx (/7= 4-9/group). Two-tailed unpaired Student’s ¢test was performed in (B),
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(D), and (F). Two-way ANOVA was performed in (G). HPF, high-power field; RFC, relative
fold change
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FIGURE 2.

ST2-deletion delays liver regeneration after PHx. WT and suppression of tumorigenicity 2
(ST2)~/~ mice were subjected to PHx. (A, B) Ki67 immunostaining was performed in liver
sections collected at 36 h after PHx (scale bar: 100 um). Ki67-positive hepatocytes were
quantified (n = 8-13/group). (C,D) PCNA levels in liver tissues at 36 h after PHx were
measured by immunoblotting and the ratios of PCNA/B-actin were quantified (77 = 3/group).
(E,F) BrdU incorporation was performed in liver sections at 36 h after PHx (scale bar: 100
um). BrdU positive hepatocytes were quantified (7= 3-4/group). (G) The ratios of liver/body
weight were analyzed at 36 h and 168 h after PHx (77 = 4-13/group). Two-tailed unpaired
Student’s ttest was performed in (B), (D), and (F). Two-way ANOVA was performed in (G)
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FIGURE 3.

Exogenous IL-33 promotes liver regeneration in 1L-337/~ mice after PHx. (A) Strategy

of exogenous IL-33 treatments in IL-337~ and ST27/~ mice after PHx. (B,C) Ki67
immunostaining was performed in liver sections of 1L-337/~ mice with PBS or recombinant
murine 1L-33 (rmIL-33) treatment at 36 h after PHx (scale bar: 100 um). Ki67-positive
hepatocytes were quantified (7= 4/group). (D) The ratios of liver/body weight were
analyzed at 36 h after PHx (7= 4/group). (E,F) Ki67 immunostaining was performed in liver
sections of ST27/~ mice with PBS or rmIL-33 treatment at 36 h after PHx (scale bar: 100
um). Ki67-positive hepatocytes were quantified (7= 5/group). (G) The ratios of liver/body
weight were analyzed at 36 h after PHx (/7= 5/group). Two-tailed unpaired Student’s #test
was performed in (C), (D), (F), and (G)
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FIGURE 4.
Deletion of 1L-33 or ST2 attenuates PHx-induced increase of serotonin in the portal blood

and liver. (A) Immunohistochemistry (IHC) staining for ST2 in liver sections at 0, 3, and 12
h after PHx. The arrow points to a ST2-positive cell in the inset representative images from
n = 3-8 mice/group were shown. Scale bar: 200 pm. (B-E) WT, IL-337~ and ST27/~ mice
were subjected to PHx. Portal vein sera and livers were collected at 0 and 12 h after PHx.
Portal blood levels of endotoxin (B), total bile acid (C), and serotonin (D) were measured
(n=3-10/group). (E) Serotonin levels in liver tissues were also measured (7 = 4-5/group).
Two-way ANOVA was performed in (B), (C), (D), and (E)
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FIGURE 5.

Enterochromaffin cell-specific ST2 knockout mice show attenuated hepatocyte proliferation
after PHx. ST2"fChgaC"®*/~ mice and cohoused ST27fChgaCre~/~ littermates were subjected
to PHx. (A,B) Ki67 immunostaining was performed in liver sections collected at 36 h after
PHx (scale bar: 100 um). Ki67-positive hepatocytes were quantified (7= 4/group). (C) The
ratios of liver/body weight were analyzed at 36 h after PHx (7= 4/group). (D) Serotonin
levels in portal vein sera were determined at 12 h after PHx (n7= 5/group). Two-tailed

unpaired Student’s ¢test was performed in (B), (C), and (D)
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FIGURE 6.

Serotonin agonist restores liver regeneration in IL-337~ and ST27/~ mice after PHx. (A) The
mRNA levels of 5-hydroxytrytamine receptor 2 (HTR2) were measured in WT livers at 0
and 12 h after PHx (7= 5-7/group). (B) Strategy of (+)-2,5-dimethoxy-4-iodoamphetamine
(DOI) treatments in WT, IL-337/~, and ST2/~ mice after PHx. (C,D) Ki67 immunostaining
were performed in liver sections of WT, 1L-337/~, and ST2~/~ mice with saline or DOI
treatment at 36 h after PHx (scale bar: 100 um). Ki67-positive hepatocytes were quantified
(n=3-6/group). (E) The ratios of liver/body weight were analyzed at 36 h after PHx (n=
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3-6/group). Two-tailed unpaired Student’s ¢test was performed in (A). Two-way ANOVA
was performed in (D) and (E)
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FIGURE 7.

P70S6K is involved in serotonin mediated hepatocyte proliferation. (A,B) Immunoblotting
of phospho-p70S6K/p70S6K was performed in WT and ST27/~ livers at 0 h and 12 h

after PHx. The ratios of p-p70S6K/B-actin were quantified (#7= 3/group). (C,D) WT and
ST27/~ livers treated with saline or DOI were collected at 12 h after PHx. Immunoblotting
of phospho-p70S6K/p70S6K was performed and the ratios of p-p70S6K/B-actin quantified
(n=3/group). (E,F) Primary murine hepatocytes were isolated and treated with DOI after
serum starvation. Phospho-p70S6K was measured by immunoblotting, and the ratios of p-
p70S6K/B-actin from three independent experiments were quantified. (G,H) Primary murine
hepatocytes were treated with DOI or an p70S6K inhibitor (p70S6Ki). The levels of PCNA
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were measured by immunoblotting. The ratios of PCNA/p-actin from three independent
experiments were quantified. Two-way ANOVA was performed in (B), (D), (F), and (H)
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FIGURE 8.
Proposed mechanism of 1L-33/ST2 regulated liver regeneration. After PHx, 1L-33/ST2

signaling in enterochromaffin cells enhances serotonin release. Through the portal blood,
serotonin travels into the liver where it binds to HTR2A and activates p70S6K, thereby
contributing to hepatocyte proliferation

Hepatology. Author manuscript; available in PMC 2024 January 01.



	Abstract
	INTRODUCTION
	METHODS
	Animal experiments and procedures
	Primary hepatocyte culture and treatment
	Immunohistochemistry
	Western blotting
	Quantitative real time PCR
	Serotonin measurement
	Assays of blood samples
	Statistical analysis

	RESULTS
	Deficiency of IL-33 or ST2 delays liver regeneration after PHx
	Gut-derived serotonin mediates the effect of IL-33/ST2 on liver regeneration
	Enterochromaffin cell–specific ST2 contributes to the pro-regenerative function of serotonin in PHx
	Serotonin agonist could normalize liver regeneration in IL-33−/− and ST2−/− mice
	P70S6K is involved in IL-33/serotonin-mediated hepatocyte proliferation

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	FIGURE 8

