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Abstract

Background Hepatocyte-cholangiocyte transdifferentiation (HCT) is a potential origin of proliferating cholangio-
cytes in liver regeneration after chronic injury. This study aimed to determine HCT after chronic liver injury, verify
the impacts of HCT on liver repair, and avoid harmful regeneration by understanding the mechanism.

Methods A thicacetamide (TAA)-induced liver injury model was established in wild-type (WT-TAA group) and COX-2
panknockout (KO-TAA group) mice. HCT was identified by costaining of hepatocyte and cholangiocyte markers

in vivo and in isolated mouse hepatocytes in vitro. The biliary tract was injected with ink and visualized by whole

liver optical clearing. Serum and liver bile acid (BA) concentrations were measured. Either a COX-2 selective inhibitor
or a 3-catenin pathway inhibitor was administered in vitro.

Results Intrahepatic ductular reaction was associated with COX-2 upregulation in chronic liver injury. Immuno-
fluorescence and RNA sequencing indicated that atypical cholangiocytes were characterized by an intermediate
genetic phenotype between hepatocytes and cholangiocytes and might be derived from hepatocytes. The structure
of the biliary system was impaired, and BA metabolism was dysregulated by HCT, which was mediated by the TGF-
(3/B-catenin signaling pathway. Genetic deletion or pharmaceutical inhibition of COX-2 significantly reduced HCT

in vivo. The COX-2 selective inhibitor etoricoxib suppressed HCT through the TGF-3-TGFBR1-f-catenin pathway

in vitro.

Conclusions Atypical cholangiocytes can be derived from HCT, which forms a secondary strike by maldevelopment
of the bile drainage system and BA homeostasis disequilibrium during chronic liver injury. Inhibition of COX-2 could
ameliorate HCT through the COX-2-TGF-B-TGFBR1-3-catenin pathway and improve liver function.

Keywords Hepatocyte-cholangiocyte transdifferentiation, Cyclooxygenase-2, 3-catenin, TGF-3, Chronic liver injury,
Liver regeneration

Hian Lan and Yang Tai contributed equally to this work.

*Correspondence:

Zhiyin Huang

huangzy911@163.com

Jinhang Gao

Gaojinhang@scu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41232-023-00284-4&domain=pdf

Lan et al. Inflammation and Regeneration (2023) 43:37

Introduction

The liver parenchyma, comprised of hepatocytes and
cholangiocytes, accounts for 70-80% of the total liver
mass and maintains hepatic homeostasis [1]. Under nor-
mal conditions, hepatocytes and cholangiocytes main-
tain a low turnover rate to compensate for occasional
cell loss, such as apoptosis and senescence [1, 2]. The
unique regenerative capacity of the liver in acute injury
is always beneficial and has been extensively studied [3].
However, when insulted by prolonged chronic injury, the
exhausted regeneration potential of liver parenchymal
cells is usually insufficient to complete tissue repair only
by their own mitosis and proliferation. The transdifferen-
tiation between hepatocytes and cholangiocytes has been
observed [4]. Proliferation of cholangiocytes, also known
as ductular reaction (DR), is commonly presented in liver
regeneration from chronic injury [5]. Unlike hepatocyte
mitosis, the cholangiocytes in DR may originate from
putative hepatic progenitor cells (HPCs), which are dif-
ficult to determine in human tissue studies [6]. In the
study of cholestatic liver diseases, hepatocyte-cholan-
giocyte transdifferentiation (HCT), a process in which
hepatocytes transdifferentiate into cholangiocytes, was
described [7]. However, the origin of cholangiocytes in
DR due to chronic hepatocytic injuries, such as hepati-
tis B virus (HBV) infection, nonalcoholic steatohepati-
tis (NASH), and alcoholic liver disease (ALD), remains
unclear. In addition, there are few studies regarding the
actual effects of HCT on liver structural regeneration
and functional repair in chronic liver injury. It is uncer-
tain whether HCT is beneficial or detrimental to the liver.
Theoretically, loss of hepatocytes due to HCT might lead
to dysregulation of liver metabolism because hepatocytes
exert a critical role in the synthesis and metabolism of
proteins, glucose, lipids, and bile acids (BAs).

Cyclooxygenase-2 (COX-2) is a highly conserved and
critical enzyme in prostanoid biosynthesis [8]. As an
immediate-early response and highly inducible gene,
upregulation of COX-2 has been reported in vari-
ous inflammation or tumors [9]. Normally, less COX-2
expression is detected in the liver, but it is significantly
increased in chronic liver injury, fibrosis, and cirrhosis,
indicating the important role of COX-2 [9-11]. Genetic
or pharmaceutical inhibition of COX-2 may ameliorate
chronic liver injury and cirrhotic progression by reducing
intrahepatic angiogenesis, inducing hepatic stellate cell
apoptosis, and protecting sinusoidal function [12-15]. To
date, there is no association study on intrahepatic COX-2
expression and HCT.

Mechanistically, the Hippo-YAP pathway, Notch-HES1
pathway, and Wnt-B-catenin pathway are involved in
mediating HCT during biliary injury [16-19]. If HCT in
liver injury could be regulated by COX-2, the underlying
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mechanism may learn from the transforming growth
factor beta (TGF-B)/SMAD signaling pathway because
COX-2 inhibitor intervened in epithelial-to-mesenchy-
mal transition via this pathway in our previous study [15].

Therefore, this study aimed to determine the associa-
tion of DR and COX-2 expression during chronic liver
injury, whether cholangiocytes in DR originated from
HCT, the impacts of HCT on liver structural regenera-
tion and functional repair, and the involvement of the
TGEF-B-TGFBRI1 or B-catenin signaling pathway in HCT
mediated by COX-2. These elucidations may be help-
ful in preventing liver depletion from harmful liver
regeneration.

Materials and methods

Human samples

For human liver tissue analyses, human liver explants
were obtained from 11 patients with HBV cirrhosis at
the time of liver transplant surgery. Control samples were
collected from 7 patients receiving hepatic hemangioma
resection with no chronic liver disease. Clinical infor-
mation of these patients is provided in Supplementary
Table S1. This study was approved by West China Hos-
pital, Sichuan University, and was registered on the Chi-
nese Clinical Trial Registry (http://www.chictr.org.cn/
index.aspx, registering no. ChiCTR2200063108). Written
informed consent forms were received from all involved
patients. All procedures of this work were carried out fol-
lowing the guidelines and regulations of the institutional
and national ethics committee.

Animal experiments

Animal experiments were approved by the Animal Use
and Nursing Committee of Sichuan University. Wild-
type C57BL/6 mice and Ella®™, AIbC™, and Cox-2f0%/flox
mice were purchased from GemPharmatech (Nanjing,
China). Mice were kept in an environment of constant
temperature and humidity with a 12-h:12-h light—dark
cycle and free access to a chow diet and drinking water.
Ella®™ mice and AIb°™ mice were crossed with Cox-
2flox/flox mice to generate Cox-2 panknockout mice
(Ella®Cox-20¥/1%)  and  hepatocyte-specific ~Cox-2
knockout mice (AL Cox-20010%) " respectively. Age-
matched male mice (6—8 weeks old) were selected for
experiments. Wild-type mice (WT-TAA group), Cox-2
panknockout mice (KO-TAA group), and hepatocyte-
specific Cox-2 knockout mice (CKO-TAA group) were
injected intraperitoneally with 200 mg/kg TAA (Sigma-
Aldrich, St. Louis, MO, USA) every 3 days for 8 weeks to
induce chronic liver injury. One group of wild-type mice
was injected with TAA for 12 weeks and fed imrecoxib
(20 mg/kg/day) by gastric gavage during the last 8 weeks
(WT-TAA+IMRE group). Wild-type mice were injected
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with an equal volume of normal saline as the control
(WT-NS group). The mice were anesthetized and sacri-
ficed 24 h after the last injection. Liver and blood samples
(collected from the orbital sinus at the time of sacrifice)
were harvested for further experiments. A total of 0.1%
DDC diet for 4 weeks and BDL for 4 weeks were also
applied to induce chronic liver injury in mice.

Statistical analysis

All quantitative data are expressed as the mean + standard
deviation. Independent-sample ¢-test with Welch’s test
was applied to compare the two groups. One-way analy-
sis of variance (ANOVA) was applied for multiple group
comparisons. All statistical analyses were conducted
using SPSS 19.0 software, and statistical significance was
considered when p<0.05. The remaining materials and
methods are described in the supplementary file.

Results

Intrahepatic ductular reaction was associated with COX-2
upregulation in chronic liver injury

The increased cholangiocyte marker cytokeratin 19
(CK19) localized at intrahepatic biliary ducts was
detected in the liver tissue sections of 11 patients with
HBYV cirrhosis (Fig. 1a). Similarly, proliferated cholangi-
ocyte-like cells marked with CK19 could also be seen in
the tissue sections of mice treated with thioacetamide
(TAA, Fig. 1b). The CK19-positive area and the num-
ber of bile duct lumens in the portal areas were sig-
nificantly increased in the wild-type mice treated with
TAA (WT-TAA group) compared to the control mice
treated with normal saline (WT-NS group, Fig. 1c). In
addition, the proliferating cholangiocytes in the WT-
TAA group presented atypical cord-like arrangements
with oval shapes and indistinguishable lumens (Fig. 1b),
which were different from those of cholangiocytes in
the 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
diet and bile duct ligation mouse models (BDL, Fig. 1d).
Moreover, upregulation of COX-2 in cholangiocyte-
like cells was observed not only in human cirrhotic liv-
ers (Fig. 1a) but also in mouse livers treated with TAA
(Fig. 1e). The protein and mRNA levels of COX-2 were
significantly higher in the WT-TAA group than in the
WT-NS group (Fig. le, f). The cholangiocyte reaction
due to chronic liver injury could be attenuated in mice
with COX-2 panknockout (Fig. 1b, c).

The atypical cholangiocytes were characterized

by intermediate phenotype between hepatocytes

and cholangiocytes and might be derived

from hepatocytes

The atypical cholangiocytes in the liver tissue sections of
chronic liver injury were costained with the hepatocyte
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markers albumin (ALB) and hepatocyte nuclear factor 4«
(HNF4a) in combination with the cholangiocyte markers
CK19 and SRY (sex determining region Y)-box 9 (SOX9).
There was no colocalization of ALB and cholangio-
cyte markers in the livers of the control group of either
humans or mice. However, immunofluorescence (IF)
showed that ALB and cholangiocyte markers were colo-
calized in the intrahepatic atypical bile ducts of either
human cirrhosis or mice treated with TAA (Fig. 2a—d),
suggesting that the intermediate phenotype between
hepatocytes and cholangiocytes was caused by chronic
liver injury (Fig. 2a—d).

Compared with the WT-TAA group, atypical cholan-
giocytes determined by the colocalization of ALB/CK19
or ALB/SOX9 were significantly decreased in COX-2
knockout mice treated with TAA (KO-TAA, Fig. 2c—d).
Consistently, oral administration of imrecoxib, a selec-
tive COX-2 inhibitor, also ameliorated atypical cholan-
giocytes in TAA-treated mice (Fig. 2e). Because COX-2
was involved in the development of HCT-derived atypi-
cal cholangiocytes, a mouse model of hepatocyte-specific
COX-2 deletion was established. Atypical cholangiocyte
proliferation was significantly reduced in this model
(Fig. 2f), suggesting that the atypical cholangiocytes
might be derived from chronically injured hepatocytes.
Possibly, hepatocytes undergo hepatocyte-to-duct con-
version in a COX-2-dependent manner.

Biliary structure and bile drainage were impaired by HCT
The biliary tree was visualized by retrograde ink injection
from the murine gallbladder and optical liver clearing.
Compared to the regular biliary branches in the control
group, the biliary branches were disorganized in the WT-
TAA group, characterized by a tangled biliary plexus
(Fig. 3a). Furthermore, the dysfunctional bile ducts were
visualized by IF staining of CK19 and ALB in liver sec-
tions injected with ink. Most of the bile ducts were filled
with ink in the control group, while the ink was absent
in some HCT-derived bile ducts of the WT-TAA group
(Fig. 3b, white arrows). The disorganized biliary branches
and dysfunctional bile ducts could be partially attenuated
by COX-2 knockout (Fig. 3a, b).

Bile canaliculi are the origin of the biliary system and
are surrounded by the apical membranes of hepato-
cytes. They presented as a regular “train-track”-like
structure by IF staining of ZO-1 in the WT-NS group.
After treatment with TAA (WT-TAA group), the bile
canaliculus became dilated and distorted. Figure 3c
shows that the TAA-induced insult to the bile canali-
culus was relieved by the deletion of COX-2 (KO-TAA
group). Furthermore, the ultrastructure of the bile
canaliculus by TEM revealed that the lumen of the bile
canaliculus was obstructed by dense deposits in the



Lan et al. Inflammation and Regeneration (2023) 43:37

[ Y]

CK19/ CK19 COX-2

Control

Merge

Page 4 of 13

b Macroscopic H&E CK19

2
7]
o
<
£
o
c d
CK19 Number of bile duct WT-BDL
8 kkk  kkkk 15
=
5o 5 o] e @
© o N
o4 £ (]
2 E
g z s COX-2 protein f COX-2 mRNA
o 1.5 Jkkk g 15
[] 0 o Fkkk
- " -
& ¥ £ 2
X\g:g?y}\?? é\o‘\,\:&v'o;ﬂv? COX-2 S -75KD S 1o gm
RNNY S z X
GAPDH | g @nmmse |37 KD go.s Qs
< K
©
0.0 X o
£ F &
¢ S

Fig. 1 Intrahepatic atypical cholangiocyte proliferation was associated with COX-2 upregulation in cirrhotic patients and chronic hepatic injuries
in mice. a Ductular reaction marked with CK19 and COX-2 in the liver tissue sections of patients with HBV cirrhosis (IF). b Ductular reaction marked
with CK19 (IHC) in TAA-treated mice was reduced with COX-2 panknockout. € The CK19-positive area and number of bile ducts in the WT-NS,
WT-TAA, and KO-TAA groups were measured. ****p <0.0001 (one-way ANOVA, n=6/group). d Ductular reaction marked with CK19 in the BDL

and DDC models (IHC). e and f COX-2 expression in the livers of the WT-NS and WT-TAA groups was measured by WB and gPCR. Images were
cropped and scaled for illustration purposes from original Western blot images provided in supplementary files. Black and white Scale bars 50um,

yellow scale bar Tcm. ****p <0.0001 (t-test, n=6/group)

WT-TAA group, which was absent in the WT-NS and
KO-TAA groups (Fig. 3d). As a result, HCT not only
disrupted the structure of the biliary system but also
affected bile drainage.

HCT dysregulated bile acid metabolism via abnormal bile
acid transportation

BA circulation is regulated by bile drainage. Therefore,
it is necessary to assess whether abnormal bile drain-
age due to HCT disturbs BA homeostasis in the liver
and serum. The data showed that the total serum BA
of mice in the WT-TAA group was approximately 100
times higher than that in the WT-NS group and the
KO-TAA group (Fig. 4a). However, the total hepatic
BA levels were comparable among the three groups
(Fig. 4a). Compared to the WT-NS group, hepatic che-
nodeoxycholic acid and ursodeoxycholic acid were
significantly decreased, but 13 kinds of BAs in serum
increased greatly in the WT-TAA group. Such changes
tended to be restored to normal levels in the KO-TAA
group (Fig. 4b, c). Hepatic glycochenodeoxycholic acid
(GCDCA) was significantly elevated in the mice of
the WT-TAA group compared to the WT-NS group.
Then, primary mouse hepatocytes were incubated

with GCDCA in vitro. The enhancement of SOX9 and
the decrease in HNF4« in hepatocytes in vitro indi-
cated that HCT could be induced directly by GCDCA
(Fig. 4d, e). Hence, a higher level of GCDCA in vivo
might promote HCT.

The mRNA levels of BA transporters, including the
basolateral BA transporter Na'-taurocholate cotrans-
porting polypeptide (NTCP, Slc10al) and the apical
bile salt export pump (BSEP, Abchb11), were decreased
in the WT-TAA group compared to the WT-NS group.
However, these decreases were abrogated in the KO-
TAA group (Fig. 4f). The reduced protein level of BSEP
induced by TAA was also recovered in the KO-TAA
group (Fig. 4g, h). In addition, BSEP is expressed on the
microvilli of the bile canaliculi, and the density of micro-
villi was significantly decreased in the WT-TAA group
and improved in the KO-TAA group (Fig. 3e). Moreover,
the mRNA level of basolateral BA efflux transporter Ostf
(Slc51D) in the WT-TAA group increased compared with
the control group and decreased after COX-2 ablation
(Fig. 4f). However, the mRNA expression of the major BA
synthesis enzyme Cyp7al in the liver was similar among
the three groups (Supplementary Fig. S1). These data
indicated that the alteration of the BA pool was mainly
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Fig. 2 Visualization of atypical cholangiocyte proliferation derived from HCT in chronic liver injury. a and b Liver samples were collected

from healthy controls and patients with liver cirrhosis. HCT was measured by IF of hepatocyte markers (ALB, HNF4a) and cholangiocyte markers
(CK19, SOX9). c and d HCT was measured in livers of the WT-NS, WT-TAA, and KO-TAA groups by IF of hepatocyte marker (ALB) and cholangiocyte
markers (CK19, SOX9). e and f HCT was measured by IF of hepatocyte marker (ALB) and cholangiocyte markers (CK19, SOX9) in livers of the WT-TAA
and WT-TAA +imrecocxib groups (e) and in the WT-TAA and CKO-TAA groups (f). White arrows indicate coexpression or colocalization of hepatocyte

and cholangiocyte markers. Scale bars 50pm

associated with disruption of BA transportation but not
BA synthesis.

Activation of BA receptors, such as farnesoid X
receptor (FXR) and Takeda G protein-coupled recep-
tor 5 (TGR5), can regulate BA synthesis and BA trans-
portation. The mRNA levels of FXR (Nrih4) and its
downstream molecule SHP-1 (Nr0b2) in the liver were
significantly decreased in the WT-TAA group and
increased in the KO-TAA group (Fig. 41). In contrast, the
expression of TGR5 (Gpbarl) was increased in the WT-
TAA group and reduced after COX-2 deletion (Fig. 4i).
Notably, FXR and the FXR downstream factor fibroblast
growth factor 15 (FGF15) in the ileum also participate
in bile acid signaling. The mRNA levels of Fgfl5 in the
ileum were significantly decreased in the WT-TAA group
and increased after COX-2 knockout (Fig. 4j). Moreover,
accumulation of glycerolipids and phosphoglycerides
was observed in the WT-TAA group (Supplementary
Fig. S2a—c). COX-2 ablation partly redressed the meta-
bolic disturbance after TAA-induced chronic liver injury

(Fig. 4k—m). In brief, HCT resulted in BA metabolism
dysregulation via abnormal BA transportation, while
COX-2 was involved in this series of events.

HCT was mediated by the TGF-B/B-catenin signaling
pathway

To understand the underlying mechanisms of COX-
2-mediated HCT during chronic liver injury, enrich-
ment analysis of RNA-sequencing data from liver tissues
of the KO-TAA and WT-TAA groups was performed.
The TGE- signaling pathway was downregulated in the
KO-TAA group and was thus investigated in this study
(Fig. 5a). HCT could be induced by TGF-p in primary
mouse hepatocytes in vitro, accompanied by upregula-
tion of TGF-p receptor 1 (TGFBRI, Fig. 5b, c). As shown
by RNA sequencing, TGF-p treatment in primary mouse
hepatocytes resulted in elevated expression of chol-
angiocyte markers (Sox9, HnflB, Smo, Itga3, etc.) and
decreased expression of hepatocyte markers (Alb, Ttr,
Tdo2, etc.) (Fig. 5d).
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Fig. 3 The structure of the biliary drainage system was impaired by HCT. a Visualization of the biliary tree structure in murine livers of the WT-NS,
WT-TAA, and KO-TAA groups by retrograde ink injection and optical liver clearing. b HCT was detected in ink-injected murine liver of the three
groups by IF of hepatocyte marker (ALB) and cholangiocyte markers (CK19). White arrows indicate coexpression or colocalization of hepatocyte
and cholangiocyte markers. ¢ Visualization of the bile canaliculi marked by IF of ZO-1 in the murine liver of the three groups. d The ultrastructure
of the bile canaliculi shown by TEM in the three groups. e Quantification of the density of the microvilli in the bile canaliculi. White scale bars
50um.*p <0.05, **p <0.01, **p <0.0001 (one-way ANOVA, n=6/group)

In the KEGG pathway analysis of differentially
expressed genes between vehicle- and TGF-B-treated
primary mouse hepatocytes, Wnt-p-catenin-related
signaling pathways were significantly enriched, such as
degradation of beta-catenin by the destruction complex,
ubiquitin-dependent degradation of Cyclin D1, and deg-
radation of AXIN (Fig. 5e). Consistently, the mRNA levels
of key molecules in the Wnt-f-catenin signaling pathway,
such as WntSa, Wnt9a, Gsk3b, Apc, Ctnnbl, Ccndl, Myc,
and Tcf4, and the protein expression of active p-catenin
and Cyclin D1 were significantly upregulated in TGE-
[B-treated primary mouse hepatocytes compared with
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vehicle-treated cells (Fig. 5b, ¢, f). Moreover, TNF«
and osteopontin were reported to induce HCT in vitro,
and AML-12 cells treated with TNFa and osteopontin
showed upregulation of the B-catenin pathway (Supple-
mentary Fig. S3a—d).

COX-2 inhibition ameliorated HCT by downregulating

the TGF-B/B-catenin signaling pathway

Next, whether COX-2 inhibition can attenuate HCT by
regulating the TGF-B-TGFBR1-p-catenin signaling path-
way was validated in vivo and in vitro. In vivo, TGFBR1,
active B-catenin, Cyclin D1, and SOX9 were significantly
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Fig. 4 HCT-affected bile acid homeostasis through intervention in bile acid transportation. a The total bile acid (TBA) level in the liver and serum
in the WT-NS, WT-TAA, and KO-TAA groups. b and ¢ The concentrations of bile acid species in liver tissue (b) and serum (c) in the three groups
were measured, with most changes presented as violin plots. d and e The effects of GCDCA on SOX9 and HNF4a protein levels in hepatocytes

isolated from wild-type mice. f mRNA expression of bile acid transporters in murine livers of the three groups (QPCR). g and h Hepatic expression
of BSEP in the three groups (IF) and its quantification. i and j mRNA levels of bile acid receptors in the liver tissue (i) and the ileum (j) of the three
groups (gPCR). k-m Metabolomic analysis of liver tissues of the WT-TAA and KO-TAA groups. The heatmap of significantly altered metabolites (k),
the bubble chart of enriched KEGG pathways (I), and the chord diagram showing the cross-linking of differential metabolites (m) are presented

Images were cropped and scaled for illustration purposes from original Western blot images provided in supplementary files. Scale bars 50um.
*p<0.05, **p<0.01,***p <0.001, ****p <0.0001; ns, not significant (one-way ANOVA, n=6/group)

increased in TAA-induced cirrhotic murine liver and
cirrhotic human liver (Fig. 6a, b). However, the expres-
sion of these proteins was significantly lower in the liv-
ers of the KO-TAA group than in the WT-TAA group, as
shown by Western blotting (Fig. 6b). In the mouse model,
IF revealed that increased active [B-catenin and Cyclin D1
expression after TAA administration was ameliorated by
COX-2 deletion (Fig. 6¢c). Consistently, administration
of imrecoxib in vivo (Fig. 6d) and hepatocyte-specific
COX-2 knockout (Fig. 6e) decreased the active -catenin

and Cyclin D1 induced by TAA. Furthermore, primary
mouse hepatocytes isolated from the WT-NS, WT-TAA,
and KO-TAA groups showed that active B-catenin, Cyc-
lin D1, and SOX9 were elevated in the WT-TAA group
compared to those in the WT-NS group, while these
increased proteins induced by TAA were significantly
reduced in the primary mouse hepatocytes isolated from
the KO-TAA group (Fig. 7a, b).

Next, we validated the effect of COX-2 inhibition on
HCT in vitro. The increased HCT induced by TGF- in
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primary mouse hepatocytes was significantly abrogated
by the selective COX-2 inhibitor etoricoxib (Fig. 7c—e).
TGF-B-induced HCT was accompanied by an increased
protein level of TGFBR1, which was also abrogated by
COX-2 inhibitors (Fig. 7d—e). Additionally, the B-catenin
signaling pathway was also activated by TGEF-p treat-
ment, as determined by increased protein levels of
active p-catenin, CyclinD1, and SOX9 in primary mouse
hepatocytes upon TGEF-f treatment (Fig. 7c—e). How-
ever, the enhanced protein levels of active P-catenin,
CyclinD1, and SOX9 in primary mouse hepatocytes

upon TGF-p stimulation were suppressed by etoricoxib
(Fig. 7c—e). The B-catenin inhibitor FH535 also signifi-
cantly reduced the activation of the B-catenin signaling
pathway and ameliorated TGF-B-induced HCT (Fig. 7c—
e). Confirmingly, etoricoxib and FH535 also ameliorated
TNFa-induced HCT in primary mouse hepatocytes
(Supplementary Fig. S4). Notably, the mRNA expression
of Tgfbrl decreased after COX-2 inhibition but remained
unchanged after B-catenin pathway inhibition (Fig. 7f),
indicating that TGF-B/TGFBR1 might be upstream of the
[-catenin signaling pathway.
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Fig. 6 COX-2 inhibition downregulated the TGF-B-TGFBR1-3-catenin signaling pathway in vivo. a Comparison of the key protein levels
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knockout of COX-2 on the expression of active 3-catenin and Cyclin D1 in liver sections (IF). Images were cropped and scaled for illustration
purposes from original Western blot images provided in supplementary files. Scale bars 50um. *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001; ns,

not significant (one-way ANOVA, n=3/group)

Activated B-catenin can enter the nucleus and bind the tran-
scription factor transcription factor 4 (TCF4) to induce the
transcription of target genes [20]. In the JASPAR database,
markers of hepatocytes and cholangiocytes, such as Sox9,
Ck19, Alb, and Hnf4a, were predicted as potential targets
of TCF4 (Supplementary Fig. S5). These data indicated that
COX-2 inhibition ameliorated HCT by downregulating the
TGEF-B-TGFBR1-B-catenin-TCF4 signaling pathway (Fig. 8).

Discussion

Hepatocytes and cholangiocytes, the two mature hepatic
epithelial cells, are derived from the hepatoblasts of the
embryonic liver in the process of embryogenesis. During

postnatal life, liver regeneration in the situation of com-
pensated injury is mediated by hepatocyte mitosis [21].
However, chronic liver injury may cause cirrhosis by
impairing liver regeneration and function. This study
detected intrahepatic DR as atypical cholangiocytes in
the liver tissue sections of patients with HBV cirrhosis
as well as mice treated with TAA, BDL, and a 0.1% DDC
diet, indicating the universality of DR in chronic hepatic
injury.

Regarding the origin of cholangiocytes in DR, experi-
mental studies with rodent models have demonstrated
that oval cells, which are derived from HPCs with prop-
erties of biliary epithelium, are potential origins [22].
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The precursors of oval cells may be the cells residing
in the canals of Hering. Nevertheless, there has been
a long-standing debate on whether progenitors are
derived from biliary-like stem cells that acquire hepat-
ocyte functions or from hepatocytes that lose hepato-
cyte functions [23]. The atypical cholangiocytes with
intermediate genetic phenotypes in this study might be
bipotential. It is worth noting that their proliferation is
not only affected by various chronic liver injuries but

also mediated by COX-2. Hepatocyte-specific COX-2
deletion significantly reduced atypical DR, suggesting
that hepatocytes undergo HCT. Such a hepatocyte-
to-duct conversion was also confirmed in our study
in vitro.

Generally, bipotential HPCs can regenerate both
hepatocytes and cholangiocytes [21, 24]. Hepatocytes
may act as facultative liver stem cells and can replenish
the cholangiocyte population after severe biliary injury
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[4]. Tarlow et al. considered that hepatocytes can escape
injury through ductal metaplasia and redifferentiate
into functional hepatocytes after damage subsides [24].
Therefore, HCT has been deemed a rescue for hepato-
cytes or biliary damage. Unless the cells become malig-
nant, the benefits of DR are usually positive. However,
whether HCT-origin cholangiocytes can obtain nor-
mal biliary function remains unclear. This study tried to
address this question in terms of biliary structure and
function. The HCT-derived bile ducts in this study were
not marked with ink in the liver sections by retrograde
ink injection, while most of the bile ducts were filled with
ink in the control group, suggesting that HCT-derived
cholangiocytes were not able to coalesce with the preex-
isting bile duct. The biliary branches were disorganized,
and the tangled biliary plexus was present in the livers
with chronic injury but without cirrhotic pseudolob-
ules. Moreover, DR also affected the bile canaliculus, the
origin of the biliary system surrounded by apical mem-
branes of hepatocytes. They were dilated, distorted, and
obstructed in contrast with those in the control group.
These morphological changes in the whole duct may
reduce the effectiveness of biliary drainage. In addition

to the changes in biliary structure, HCT-derived DR also
dysregulated BA metabolism via abnormal BA transpor-
tation, including decreased BSEP and NTCP. If the loss
of normal hepatocytes is in exchange for immature chol-
angiocytes with deteriorated function, HCT would not
be beneficial in liver regeneration but a second strike on
hepatocytes. The data of this study showed that COX-2
is involved in several targets of the HCT process. It may
be possible that HCT through other pathways would be
beneficial for liver regeneration, but HCT regulated by
COX-2 may exacerbate chronic liver injury by abrogating
biliary homeostasis.

As we verified that COX-2 dominated the HCT pro-
cess in chronic liver injury, the regulation of COX-2 on
B-catenin pathway-mediated HCT remained elusive.
Arachidonic acid (AA) can be catalyzed by COX-2 and
converted to PGE2. The PGE2-P-catenin interaction
plays an important role in liver regeneration after par-
tial hepatectomy [25]. However, there is less concern
regarding the link between COX-2 and the p-catenin
pathway in chronic hepatic injury. Enrichment analysis
of RNA-sequencing data from liver tissues of the KO-
TAA and WT-TAA groups provided useful clues for
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us to reveal the mechanisms behind COX-2-mediated
HCT. COX-2 deletion was related to downregulated
TGE-p signaling pathways. It has been reported that the
TGE-f signaling pathway is critical to liver homeostasis
and regeneration. TGF-P can modulate biliary differen-
tiation during liver development. Activation of TGFBR1
is capable of triggering HCT in the liver of mouse mod-
els with aberrant biliary development [26, 27]. This
study showed that TGF-B-TGFBR1 pathway-induced
upregulation of the B-catenin pathway and HCT could
be ameliorated by inhibition of COX-2 in vitro. Further
bioinformatics analysis enriched Wnt-f-catenin-related
signaling pathways between vehicle- and TGF-f3-treated
primary mouse hepatocytes. Experiments with pri-
mary mouse hepatocytes showed that Wnt-f-catenin
was significantly upregulated by TGF-f treatment. The
Wnt/B-catenin pathway is a vital signaling pathway that
drives liver development and regeneration and main-
tains liver homeostasis. Wnt/p-catenin also regulates
cholangiocyte proliferation and determines the fate of
bipotential liver progenitor cells [28—-30]. In the con-
text of HCT, Wnt proteins can induce HCT in AML-12
and primary mouse hepatocytes through activation and
nuclear translocation of -catenin [29]. Overexpression
of hepatic B-catenin may prompt HCT in DDC-treated
mice [19]. Thus, we demonstrated that inhibition of
COX-2 downregulates HCT through the TGEF-B/p-
catenin signaling pathway and reverses the detrimental
effect caused by HCT.

In summary, atypical cholangiocytes in DR derived
from HCT mediated by the COX-2-TGF-B-TGFBR1-p-
catenin pathway misguided liver regeneration with mal-
development of the bile drainage system and bile acid
homeostasis disequilibrium. The secondary strike of
chronic liver injury can be ameliorated by the inhibition
of COX-2.

Abbreviations

DR Ductular reaction

HPC Hepatic progenitor cell

HCT Hepatocyte-cholangiocyte transdifferentiation
HBV Hepatitis B virus

NASH Nonalcoholic steatohepatitis

ALD Alcoholic liver disease

BA Bile acid

COX-2 Cyclooxygenase-2

TGF-B Transforming growth factor beta

TAA Thioacetamide

DDC 3,5-Diethoxycarbonyl-1,4-dihydrocollidine
BDL Bile duct ligation

CK19 Cytokeratin 19

ALB Albumin

HNF4a Hepatocyte nuclear factor 4a

SOX9 Sex determining region Y-box 9

IF Immunofluorescence
GCDCA  Glycochenodeoxycholic acid

Page 12 of 13

NTCP Na*-taurocholate cotransporting polypeptide
BSEP The bile salt export pump

FXR Farnesoid X receptor

TGF5 Takeda G protein-coupled receptor 5

TCF4 Transcription factor 4

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/541232-023-00284-4.

Additional file 1: Supplementary methods. Supplementary Fig
S1.The mRNA expression of liver bile acid synthesis enzymes after TAA
administration and COX-2 knockout; Supplementary Fig S2. Liver metab-
olomic changes between the control group and TAA-induced chronic liver
injury group. Supplementary Fig S3. OPN and TNFa induced HCT and
upregulation of the B-catenin pathway in AML-12 cells. Supplementary
Fig S4. Inhibition of COX-2 and the B-catenin signaling pathway amelio-
rated TNFa-induced HCT; Supplementary Fig. S5. Prediction of potential
targets of TCF4 using the JASPAR database. Supplementary Table S1.
Clinical characteristics of patients with liver cirrhosis and normal controls.
Supplementary Table S2. Antibodies used in this study. Supplementary
Table S3. gPCR primers.

Additional file 2. Original WB data.

Acknowledgements
Not applicable.

Authors’ contributions

CT and JG designed the study. JG and ZH supervised the research.TL, YT, and
CZ established the animal models. TL, YT, ZH, CZ, YX, ZY, LZ, CG, and WD con-
ducted the experiments. ZH and HT collected and analyzed human samples.
TL and HT analyzed and interpreted the data. TL wrote the original draft and
prepared the figures. TL, CT, JG, and ZH reviewed and edited the manuscript.
All authors reviewed and approved the manuscript.

Funding

This study was supported by the National Natural Science Fund of China
(82170625, 82000613, 82241054, 82170623, 82200687) and the 135 projects
for disciplines of excellence of West China Hospital, Sichuan University
(ZYGD18004).

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was performed in line with the principles of the Declaration of Hel-
sinki. Approval was granted by the Ethics Committee of West China Hospital,
Sichuan University, and was registered on the Chinese Clinical Trial Registry
(http://www.chictrorg.cn/index.aspx, registering no.ChiCTR2200063108).
Informed consent was obtained from all individual participants included in
the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Laboratory of Gastroenterology and Hepatology, State Key Laboratory of Bio-
therapy, West China Hospital, Sichuan University, Chengdu 610041, China.
’Department of Gastroenterology, West China Hospital, Sichuan University,
Chengdu 610041, China.


https://doi.org/10.1186/s41232-023-00284-4
https://doi.org/10.1186/s41232-023-00284-4
http://www.chictr.org.cn/index.aspx

Lan et al. Inflammation and Regeneration

(2023) 43:37

Received: 4 May 2023 Accepted: 31 May 2023
Published online: 14 July 2023

References

1.

20.

21.

22.

23.

Stanger BZ. Cellular homeostasis and repair in the mammalian liver. Annu
Rev Physiol. 2015;77:179-200.

LanT, Qian S, Tang C, Gao J. Role of immune cells in biliary repair. Front
Immunol. 2022;13:866040.

Sahoo S, Mishra A, Diehl AM, Jolly MK. Dynamics of hepatocyte-cholan-
giocyte cell-fate decisions during liver development and regeneration.
iScience. 2022;25(9):104955.

Gadd VL, Aleksieva N, Forbes SJ. Epithelial plasticity during liver injury and
regeneration. Cell Stem Cell. 2020;27(4):557-73.

Sato K, Marzioni M, Meng F, Francis H, Glaser S, Alpini G. Ductular reaction
in liver diseases: pathological mechanisms and translational significances.
Hepatology. 2019;69(1):420-30.

Ko S, Russell JO, Molina LM, Monga SP. Liver progenitors and adult cell
plasticity in hepatic injury and repair: knowns and unknowns. Annu Rev
Pathol. 2020;15:23-50.

LiW, Li L, Hui L. Cell plasticity in liver regeneration. Trends Cell Biol.
2020;30(4):329-38.

Seo MJ, Oh DK. Prostaglandin synthases: molecular characterization and
involvement in prostaglandin biosynthesis. Prog Lipid Res. 2017,66:50-68.
Wang D, Cabalag CS, Clemons NJ, DuBois RN. Cyclooxygenases and pros-
taglandins in tumor immunology and microenvironment of gastrointesti-
nal cancer. Gastroenterology. 2021;161(6):1813-29.

Yang H, Xuefeng Y, Shandong W, Jianhua X. COX-2 in liver fibrosis. Clin
Chim Acta. 2020;506:196-203.

. Gao JH,Wen SL, Yang WJ, Lu YY, Tong H, Huang 2V, et al. Celecoxib

ameliorates portal hypertension of the cirrhotic rats through the dual
inhibitory effects on the intrahepatic fibrosis and angiogenesis. PLoS
ONE. 2013;8(7):693009.

. Gao JH,Wen SL, Feng S, Yang WJ, Lu YY, Tong H, et al. Celecoxib and

octreotide synergistically ameliorate portal hypertension via inhibition of
angiogenesis in cirrhotic rats. Angiogenesis. 2016;19(4):501-11.

TaiY, Zhao C, Zhang L, Tang S, Jia X, Tong H, et al. Celecoxib reduces
hepatic vascular resistance in portal hypertension by amelioration of
endothelial oxidative stress. J Cell Mol Med. 2021;25(22):10389-402.

Paik YH, Kim JK, Lee JI, Kang SH, Kim DY, An SH, et al. Celecoxib induces
hepatic stellate cell apoptosis through inhibition of Akt activation and
suppresses hepatic fibrosis in rats. Gut. 2009;58(11):1517-27.

Wen SL, Gao JH, Yang WJ, Lu YY, Tong H, Huang ZY, et al. Celecoxib atten-
uates hepatic cirrhosis through inhibition of epithelial-to-mesenchymal
transition of hepatocytes. J Gastroenterol Hepatol. 2014;29(11):1932-42.
Yanger K, Zong Y, Maggs LR, Shapira SN, Maddipati R, Aiello NM, et al.
Robust cellular reprogramming occurs spontaneously during liver regen-
eration. Genes Dev. 2013;27(7):719-24.

Yimlamai D, Christodoulou C, Galli GG, Yanger K, Pepe-Mooney B,
Gurung B, et al. Hippo pathway activity influences liver cell fate. Cell.
2014;157(6):1324-38.

Sekiya S, Suzuki A. Hepatocytes, rather than cholangiocytes, can be the
major source of primitive ductules in the chronically injured mouse liver.
Am J Pathol. 2014;184(5):1468-78.

Thompson MD, Awuah P, Singh S, Monga SP. Disparate cellular basis of
improved liver repair in beta-catenin-overexpressing mice after long-
term exposure to 3,5-diethoxycarbonyl-1,4-dihydrocollidine. Am J Pathol.
2010;177(4):1812-22.

Russell JO, Monga SP. Wnt/beta-catenin signaling in liver development,
homeostasis, and pathobiology. Annu Rev Pathol. 2018;13:351-78.
Lukacs-Kornek V, Lammert F. The progenitor cell dilemma: cellular and
functional heterogeneity in assistance or escalation of liver injury. J Hepa-
tol. 2017;66(3):619-30.

Michalopoulos GK, Barua L, Bowen WC. Transdifferentiation of rat hepato-
cytes into biliary cells after bile duct ligation and toxic biliary injury.
Hepatology. 2005;41(3):535-44.

Michalopoulos GK. The liver is a peculiar organ when it comes to stem
cells. Am J Pathol. 2014;184:1263-7.

24.

25.

26.

27.

28.

29.

30.

Page 13 of 13

Tarlow BD, Pelz C, Naugler WE, Wakefield L, Wilson EM, Finegold MJ, et al.
Bipotential adult liver progenitors are derived from chronically injured
mature hepatocytes. Cell Stem Cell. 2014;15(5):605-18.

Goessling W, North TE, Loewer S, Lord AM, Lee S, Stoick-Cooper CL, et al.
Genetic interaction of PGE2 and Wnt signaling regulates developmental
specification of stem cells and regeneration. Cell. 2009;136(6):1136-47.
Schaub JR, Huppert KA, Kurial SNT, Hsu BY, Cast AE, Donnelly B, et al. De
novo formation of the biliary system by TGFbeta-mediated hepatocyte
transdifferentiation. Nature. 2018;557(7704):247-51.

Clotman F, Jacquemin P, Plumb-Rudewiez N, Pierreux CE, Van der Smissen
P, Dietz HC, et al. Control of liver cell fate decision by a gradient of TGF
beta signaling modulated by Onecut transcription factors. Genes Dev.
2005;19(16):1849-54.

Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell.
2012;149(6):1192-205.

Okabe H, Yang J, Sylakowski K, Yovchev M, Miyagawa Y, Nagarajan S, et al.
Wnt signaling regulates hepatobiliary repair following cholestatic liver
injury in mice. Hepatology. 2016,64(5):1652-66.

Perugorria MJ, Olaizola P, Labiano |, Esparza-Baquer A, Marzioni M, Marin
JJG, et al. Wnt-beta-catenin signalling in liver development, health and
disease. Nat Rev Gastroenterol Hepatol. 2019;16(2):121-36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Atypical cholangiocytes derived from hepatocyte-cholangiocyte transdifferentiation mediated by COX-2: a kind of misguided liver regeneration
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Human samples
	Animal experiments
	Statistical analysis

	Results
	Intrahepatic ductular reaction was associated with COX-2 upregulation in chronic liver injury
	The atypical cholangiocytes were characterized by intermediate phenotype between hepatocytes and cholangiocytes and might be derived from hepatocytes
	Biliary structure and bile drainage were impaired by HCT
	HCT dysregulated bile acid metabolism via abnormal bile acid transportation
	HCT was mediated by the TGF-ββ-catenin signaling pathway
	COX-2 inhibition ameliorated HCT by downregulating the TGF-ββ-catenin signaling pathway

	Discussion
	Anchor 20
	Acknowledgements
	References


