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Abstract. Due to the lack of a suitable model, research 
on biliary biology is far behind that on other organs. A 
mouse model of common bile duct (CBD) dilation (BDD) 
was first established and compared with CBD ligation mice 
(BDL). Then, in a transplantation experiment, the dilated 
CBD of recipient BDD mice was injured by making an 
elliptical incision and repaired by transplanting a bile duct 
patch from donor BDD mice. Biochemical and histological 
changes were analyzed and cell proliferation of the bile 
duct grafts was determined. Slightly dilated and unblocked 
CBD with a diameter of 2.89±0.76 mm was obtained in 
BDD mice, while the CBD diameter was 0.51±0.08 mm in 
the Sham group and 4.71±0.64 mm in the BDL group on 
day 14 after surgery. The liver damage was very mild in 
BDD mice compared with BDL mice, proving that the BDD 
model could be further used for bile duct transplantation. 
By cross transplanting the bile duct patch from enhanced 
green fluorescence protein and wild‑type BDD mice, it 
was found that the CBD injury was well repaired and the 
cells of the bile duct patch were completely replaced by 
recipient‑derived cells at 12 week after the repair operation. 
α Smooth muscle actin, Ki67 and cytokeratin 19 immuno‑
fluorescence staining showed that the proliferation of bile 
duct epithelial cells and abundant active fibroblasts were 
found within the bile duct patch during the regeneration 
process. Therefore, a reliable new mouse model of bile duct 

injury and repair was successfully established and can be 
used in the study of biliary repair mechanisms and tissue 
engineering of biliary ducts.

Introduction

Iatrogenic bile duct injury is a serious and potentially 
life‑threatening complication of cholecystectomy (1). Improper 
management of bile duct injury and traumatic bile duct stricture 
leads to severe consequences, such as repeated cholangitis, 
formation of hepatolithiasis and biliary cirrhosis (2). Bile duct 
injury seriously affects the quality of life of patients (3). At 
present, surgery is the main treatment for the injured bile duct. 
Roux‑en‑Y hepaticojejunostomy has been the most commonly 
used approach for biliary reconstruction. However, because this 
operation changes the physiological structure of the biliary tract, 
its long‑term outcome is still far from satisfactory due to the 
high incidence of reflux cholangitis, choledocholithiasis, biliary 
cirrhosis, anastomotic stenosis and even oncogenesis (4,5).

Tissue‑engineered bile ducts can potentially be used for 
repairing bile duct injury while preserving the function of the 
Oddi sphincter. New techniques in bile duct epithelial organoids 
culture and cell reprogramming provide a new opportunity in 
the regenerative medicine of bile duct (6). Sampaziotis et al (7) 
seeded human cholangiocyte organoids (ECOs) on a biode‑
gradable scaffold to form artificial structure and to repair the 
gallbladder wall or bile duct in immunodeficiency mice. They 
proved the potential of ECOs in bile duct repair. However, if 
the exogenous cells seeded in the tissue‑engineered bile ducts 
could survive in healthy animals but not immunodeficiency 
animals still needs evidence. Several studies in pigs or dogs 
have shown that transplanted acellular artificial bile duct 
scaffolds could be re‑epithelialized but lack experimental 
details (8,9). In clinical studies, the application of autologous 
graft to repair bile duct defects also failed to demonstrate 
whether biliary re‑epithelialization occurred due to ethical 
issues (10). However, preliminary evidence demonstrates that 
recipient‑derived cells are observed in the peribiliary glands 
and biliary epithelium of the large donor bile ducts after liver 
transplantation (11). Notably, it is worth investigating whether 
it is possible to perform bile duct allografts, as in vascular 
surgery (12,13).

Mice are the most commonly used laboratory animals 
and various transgenic and gene knockout mice can provide 
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beneficial technical means for in‑depth research on the repair 
mechanism of biliary tract injury. To establish a reproducible 
mouse model that can be used for bile duct repair research, the 
present study used the partial bile duct ligation technique (14) 
to cause common bile duct (CBD) distal stenosis and proximal 
dilation (i.e., bile duct dilation, BDD). Then, it developed a 
microsurgical operation for bile duct injury and repair of 
the dilated bile duct. The present study proved the feasibility 
and safety of this novel model for bile duct injury and repair 
research in mice.

Materials and methods

Animals. Adult male C57BL/6 mice (n=85; age, 8 to 10 weeks; 
weight, 20‑24 g) were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. Twenty adult male 
C57BL/6‑Tg [CAG‑enhanced green fluorescence protein 
(EGFP)]/Nju mice (age, 8 to 10 weeks; weight, 20‑24 g) were 
purchased from Nanjing University Model Animal Center. 
Animals were fed standard chow with water ad libitum 
and kept at 24˚C and 40% humidity with a 12 h light/dark 
cycle. Experiments were approved by the Committee on 
Ethics of Animal Experiments of the Chinese PLA General 
Hospital (approval no. 2017‑X13‑65) and in compliance with 
the recommendations of the Guide for the Care and Use of 
Laboratory Animals of the National Research Council (US) 
Committee, 8th edition, 2011 (https://nap.nationalacademies.
org/read/12910).

Experimental design. In the BDD model experiment (Fig. 1), 
C57BL/6 mice were randomly divided into three groups: A 
control group with a sham operation (Sham group; n=6), a bile 
duct dilation group with a CBD partial ligation to cause CBD 
distal stenosis and proximal dilation (BDD group; n=24) and a 
bile duct ligation group with CBD ligated (BDL group; n=24). 
The BDD and BDL groups were set to three time points: 7, 14 
and 21 days after the operation (n=8 for each time point in each 
group). Each mouse was weighed preoperatively (day 0) and on 
days 7, 14 and 21 after the operation. The mouse with body 
weight loss >20% was sacrificed by exsanguination under 3% 
isoflurane anesthesia before the planned time point (15). All 
mice were monitored every day for their health and behavior 
in our Experimental Animal Centre.

In the bile duct injury and repair experiment (Fig. 1), an 
elliptical incision was made in the anterior wall of the dilated 
CBD of recipient BDD mice and then repaired by transplanting 
a bile duct patch from donor BDD mice. The patches from 
EGFP mice were transplanted into wild‑type mice (EGFP 
donors: n=14; C57BL/6 recipients: n=28) and the patches from 
wild‑type mice were transplanted into EGFP mice (C57BL/6 
donors: n=3; EGFP recipients: n=6). One donor could provide 
bile duct patches for two recipients. Four time points (1, 2, 4 
and 12 weeks after transplantation) were set to observe the 
outcomes of recipient mice.

Surgery for the BDD mouse model. All mice were fasted over‑
night with free access to water before surgery. Anesthesia was 
performed under isoflurane/oxygen inhalation (3% isoflurane 
for induction, 1.5% for maintenance of anesthesia). Following 
a midline incision, the CBD was exposed and separated 

carefully by a microtweezer under a surgical microscope. In 
the Sham group, the abdomen was closed after the CBD was 
separated (Fig. 2A). In the BDD group, an 8‑0 nylon suture 
was placed around the CBD at the upper edge of the pancreas 
and tied with one lax surgical knot. An 8‑0 surgical needle 
(Φ=0.15 mm, Nylon suture; Lingqiao) was placed into the 
lax surgical knot (Fig. 2B) and then the knot was tied tightly 
(Fig. 2C). The needle was removed, leaving a defined lumen 
between the bile duct and the ligation suture (Fig. 2D). The 
superfluous sutures were removed with a microscissor and 
the abdomen was closed by a 4‑0 surgical suture. In the BDL 
group, the CBD was ligated tightly with two surgical knots 
using 8‑0 nylon suture and then the CBD was transected 
between the two knots (Fig. 2E).

Surgery for bile duct injury and repair. At 14 days after the 
modelling operation, BDD mice were used as donors and 
recipients. First, the dilated CBD of donor mice was excised, 
divided into two patches and stored in a histidine‑trypto‑
phan‑ketoglutarate solution (Custodiol, Koehler Chemi) at 
4˚C for transplantation. Second, the dilated CBD of recipient 
mice was exposed (Fig. 2F). An elliptical incision of ~2x3 mm 
was made with a microscissor on the ventral side of the CBD 
(Fig. 2G). The bile was absorbed with a cotton swab. A donor 
patch was taken and trimmed to be slightly larger than the 
incision. The patch was first fixed to the CBD at the upper and 
lower ends with two sutures using two 8‑0 nylon threads with 
needles and then continuous suture was performed from the 
top to the bottom at one side and from the bottom to the top 
at the other side of the patch (Fig. 2H). After ensuring no bile 
leakage, the abdominal cavity was rinsed with normal saline 
and the abdomen was closed with a 4‑0 suture. Antibiotics 
(cefoperazone sulbactam sodium; Pfizer, Inc.; 60 mg/kg, 
once per day) were given for 3 days postoperatively and 20% 
glucose in their drinking water was given for 24 h except for 
the standard laboratory chow ad libitum (16).

Sample collection and CBD diameter measurement. The 
mice were anaesthetized with isoflurane (3% isoflurane 
for induction, 1.5% for maintenance of anesthesia) and the 
abdomen was opened by a midline incision. The diameter of 
the CBD was measured in situ with a Vernier caliper. Blood 
was collected via the vena cava with a 1 ml syringe. The CBD 
was perfused with 4% paraformaldehyde via the gallbladder. 

Figure 1. A schematic graph of the experimental design and groups. BDD, bile 
duct dilation; BDL, bile duct ligation; EGFP, enhanced green fluorescence 
protein. 
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Samples of liver tissue were fixed with 10% buffered formalin 
at 4˚C for 24 h. Finally, the mice were sacrificed by exsan‑
guination. Prior to sample collection, a high‑resolution small 
animal ultrasound system (Vevo 2100, VisualSonics) was also 
used for the noninvasive measurement of CBD diameter in the 
BDD group mice 21 days after the operation.

Blood biochemical analysis. Levels of serum alanine amino‑
transferase (ALT), aspartate aminotransferase (AST) and total 
bilirubin (TBil) were measured using the Cobas 8000 serum 
analyzer (Roche Diagnostics).

Histology and immunofluorescence detection. The fixed bile 
duct and liver tissue were embedded in paraffin after dehydra‑
tion in an ascending ethanol series in turn (from 75 to 100% 
ethanol), cleared by dimethylbenzene and cut into 5‑µm thick 
sections. For hematoxylin and eosin (HE) staining, sections 
were stained for 3 min with hematoxylin and 1 min with 
eosin at room temperature. For assessment of the presence of 
collagen, the sections were stained with Masson's Trichrome 
including staining in Weigert hematoxylin for 8 min, Ponceau 
for 10 min and aniline blue for 2 min at 25˚C. For immuno‑
fluorescence detection, the bile duct was further fixed with 
4% paraformaldehyde for 4 h at 4˚C, dehydrated with 30% 
sucrose solution and then embedded with OCT for 8‑µm 
thick frozen sections. Tissue sections were incubated at 4˚C 
overnight with primary antibodies against the myofibroblast 
(activated fibroblast) marker α smooth muscle actin (α‑SMA; 
cat. no. D4K9N; 1:200; Cell Signaling Technology, Inc.), 
proliferative cell nuclear antigen (Ki67; cat. no. D3B5; 1:400; 

Cell Signaling Technology, Inc.) and cholangiocyte‑specific 
marker cytokeratin 19 (CK19; cat. no. ab52625; 1:400; 
Abcam). Then, the sections were incubated with fluorescent 
secondary antibodies (1:400; Alexa 594; cat. no. 711‑585‑152; 
Jackson ImmunoResearch Laboratories, Inc.) at 25˚C for 
2 h. Cell nuclei were stained with DAPI at 25˚C for 10 min 
(MilliporeSigma).

Indocyanine green (ICG) fluorescence imaging. Bile excretion 
of ICG can be used for real‑time visualization of biliary tract 
structure. The mice were anaesthetized with isoflurane (3% 
isoflurane for induction, 1.5% for maintenance). Following a 
midline incision, 0.5 mg/kg ICG was injected into the inferior 
vena cava. Fluorescence imaging of the liver, biliary tract and 
duodenum was observed intermittently with an ICG imager 
(Beijing Digital Precision Medicine Technology Co. Ltd.).

Statistical analysis. All data are expressed as the mean ± stan‑
dard deviation. Statistical analyses were performed by SPSS 
17.0 (SPSS, Inc.). The values between the two groups were 
compared with unpaired Student's t test. Comparisons of 
multiple groups were performed with Student‑Newman‑Keuls 
test for three groups and Turkey test for more than three groups 
after analysis of variance (ANOVA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Changes in body weight and CBD diameter of the model 
mice. The body weight of both BDD mice (19.39±1.64 g) and 

Figure 2. Intraoperative images of (A‑D) BDD, (E) BDL and surgical repair of the injury at the dilated (F‑H) CBD in mice. The scale of the white ruler is 
1 mm. (A) The CBD of mice was exposed. (B) A loose knot was tied with an 8‑0 nylon suture around the CBD and an 8‑0 surgical needle was placed in the 
knot. (C) The surgical knot was tied tightly. (D) The needle was removed and partial ligation of the CBD was completed. (E) Double ligation of the CBD 
with 8‑0 nylon suture and transection between the two knots. (F) The dilated CBD of BDD model mice was exposed and the knot for partial ligation was still 
visible. (G) One elliptical incision (shown with a white dotted line) was created on the ventral side. (H) The incision was repaired with a trimmed graft patch 
by continuous sutures. BDD, bile duct dilation; BDL, bile duct ligation; CBD, common bile duct; RL, right liver lobe; ML, middle liver lobe; LL, left liver 
lobe; P, pancreas.
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BDL mice (19.30±0.79 g) decreased significantly during the 
first week postoperation compared with their baseline levels 
(BDD: 22.28±0.79 g; BDL: 21.89±1.08 g) or the Sham group 
(24.25±1.26 g; P<0.001). However, during the second and 
third weeks, the BDL mice continued to lose weight (day 14: 

18.00±0.78 g; day 21: 17.40±0.53 g) and four mice had a 
body weight loss of >20% on day 21 and were sacrificed after 
sample collection. Meanwhile, the BDD mice began to gain 
weight (day 14: 21.46±1.18 g; day 21: 24.41±1.04 g) as did the 
Sham group mice (day 14: 25.75±0.82 g; day 21: 26.98±0.75 g; 

Figure 3. The changes in body weight and CBD of the mice that underwent different modelling operations. (A) The body weight of the Sham, BDL and BDD 
groups. (B) The CBD diameter of the Sham, BDL and BDD groups. (C) Representative ultrasonic Doppler imaging for the measurement of CBD diameter in 
the BDD mice on day 21 post operation compared with using the Vernier caliper method under laparotomy. (D) HE‑stained CBD cross‑sections and Masson 
staining for collagen in CBD cross‑sections from sham, BDL and BDD mice on day 14 after the operation (magnification, x100). n=6 for the sham group; n=8 
for the BDL and BDD groups. ***P<0.001 vs. Sham; +++P<0.001 vs. BDD; ns, P>0.05 vs. BDD. CBD, common bile duct; BDL, bile duct ligation; BDD, bile duct 
dilation; HE, hematoxylin and eosin; ns, not significant.
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Fig. 3A). The CBD diameter of sham mice was 0.51±0.08 mm. 
The CBD diameters of BDD mice were 3.11±0.76, 2.89±0.76 
and 2.93±0.66 mm on days 7, 14 and 21 postoperation, respec‑
tively, while the CBD diameters of BDL mice were 2.95±0.39, 
4.71±0.64 and 4.92±0.95 mm, respectively (Fig. 3B). The CBD 
remained slightly dilated in BDD mice but continued to expand 
in BDL mice from days 7 to 21 postoperation. These results 
indicated that the effect of partial CBD ligation on mouse 
body weight was transient and the degree of CBD dilation in 
BDD mice was mild and stable compared with that in BDL 
mice. To provide a noninvasive method to assess the degree of 
CBD dilation, the CBD diameter of BDD mice on day 21 was 
also measured with ultrasonic Doppler for small animals. As 
shown in Fig. 3C, the maximum bile duct diameter measured 
by ultrasonic Doppler was 2.82±0.77 mm, which was not 
significantly different from the diameter measured by Vernier 
calipers in vivo under laparotomy (2.93±0.66 mm, P=0.265). 
The bile duct diameters measured by the two methods were 
also comparable on days 7 and 14.

HE staining of the CBD cross sections also showed the 
mild expansion of CBD in the BDD group compared with the 
BDL group on day 14 (Fig. 3D). Masson staining showed a 
similar signal intensity for collagen in the Sham and BDD 
groups but much more compact collagen fiber deposition in the 
CBD wall of the BDL group. The thickness of the CBD wall 
was similar in the three groups and all had peribiliary glands 
within the CBD walls.

Liver function of the model mice. Complete CBD obstruction 
in BDL mice resulted in severe liver damage with markedly 
elevated ALT, AST and TBil serum levels and increased 
intrahepatic bile duct hyperplasia (as shown by HE staining 
and CK19 immunostaining) on days 7, 14 and 21 postopera‑
tion (Fig. 4). Nevertheless, the liver damage was very mild in 
BDD mice, with much lower ALT, AST and TBil serum levels 
and slight intrahepatic bile duct hyperplasia due to appropriate 
partial CBD ligation (Fig. 4). As the CBD diameter and liver 
damage of BDD mice became stable from day 14 after the 
operation, Day 14 was chosen as the time point to perform 
bile duct injury and repair in BDD mice in the following 
experiments.

Outcomes of the mice with bile duct transplantation. The 
size of the elliptical incision made on the dilated CBD 
was 2.53±0.48 mm in length and 1.7±0.41 mm in width 
(n=6). The trimmed patch was 3.53±0.48 mm in length and 
2.73±0.46 mm in width (n=6). Altogether, 34 BDD mice 
underwent bile duct transplantation (referred to as Tp mice); 
of these, 30 Tp mice survived to the scheduled time points 
without obvious morbidity or body weight loss. Three mice 
died of abdominal bleeding on the second day and one mouse 
succumbed on the seventh day due to bile leakage. These 
mice were excluded from the study.

The present study first examined the mice that survived 
12 weeks after CBD repair. Under a surgical microscope, the 
position of the grafted patch could be roughly identified by the 
surgical suture (Fig. 5A). The patch was covered with abun‑
dant blood vessels and fused with the native CBD. The border 
was indistinguishable except for the suture. The CBD retained 
the same degree of dilation as when being repaired. There 

were no signs of bile leakage or intraabdominal abscesses in 
the Tp mice. Fluorescence imaging showed that ICG could be 
excreted from the liver through the CBD into the duodenum, 
indicating that the CBD was unobstructed (Fig. 5B).

Liver injury in Tp mice was examined at 1, 2, 4 and 12 weeks 
after CBD repair. Although their ALT and AST serum levels 
were slightly higher than those of the Sham group, they were 
comparable to or slightly higher than those before CBD repair 
(BDD14d). The TBil levels of the Tp mice at 1, 2 and 4 weeks 
after CBD repair were not significantly different from those 
before CBD repair (BDD14d) (Fig. 5C). HE staining showed 
that the hepatic sinus structure remained intact and there was 
slight bile duct hyperplasia in Tp mice, as shown by CK19 
immunostaining (Fig. 5D). However, mild liver injury did not 
affect the long‑term survival of Tp mice.

Histologic examination of the transplanted patches. The 
long‑term outcomes of repaired CBD were examined by 
cross transplantation of bile duct patches from EGFP mice to 
wild‑type mice and vice versa at 12 weeks after transplanta‑
tion. As shown in Fig. 6, HE staining showed that the CBD 
structure was intact and its lumen was free from sludge. 
Immunofluorescence detection of cholangiocyte marker 
CK19 showed that the CK19+ biliary epithelium on the bile 
duct patch, which was identified by the surgical suture, was 
arranged in an orderly manner. There were peribiliary glands 
(PBGs) that were CK19+ within the bile duct wall of the patch 
and the native bile duct (Fig. 6A and B). However, no EGFP+ 
cells were preserved within the patch from EGFP BDD mice 
(Fig. 6B) and vice versa, the patches became EGFP positive 
when the patches from wild‑type mice were transplanted 
into EGFP BDD mice at 12 weeks after transplantation 
(Fig. 6C and D). These results demonstrated that the trans‑
planted bile duct patch, including biliary epithelial cells, was 
replaced by recipient‑derived cells.

Regeneration process of the repaired CBD. The regeneration 
process of the repaired CBD with EGFP patches was observed 
at 1, 2 and 4 weeks after transplantation. As shown in Fig. 7, at 
1 week, there were still numerous EGFP‑positive cells within 
the patch and the wall structure of the patch seemed intact 
with CK19+ and EGFP+ epithelium (indicated with a white 
arrow) and PBGs (indicated with a yellow arrow). At 2 weeks, 
the patch lost its CK19+ epithelium and connected with a mass 
of loosely released substance protruding into the lumen of the 
CBD. Meanwhile, the structure of the patch seemed disordered 
in HE staining. However, at 4 weeks, the patch was again 
covered with CK19+ biliary epithelium and the wall structure 
of the patch became ordered again. Only a few EGFP+ and 
CK19+ PBGs were still present within the bile duct wall in 
some mice. The loose material released from the patch into the 
lumen was obviously reduced or missing. During this repair 
process, the native CBD did not seem to change much and was 
always covered with CK19+ biliary epithelium. These results 
suggested that the bile duct patch went through a process 
from destruction to regeneration and its cells were replaced by 
recipient‑derived cells, including biliary epithelial cells.

Regeneration mechanism of the transplanted CBD patch. Ki67 
is a commonly used sensitive indicator of cell proliferation. 
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Immunofluorescence staining of the repaired CBD indicated 
that a significantly increased number of Ki67+ cells was 
observed within and adjacent to the patch compared with the 
native CBD at 1, 2 and 4 weeks following transplantation, 
demonstrating the activation of cell proliferation during the 
repair process (Fig. 8). In the patch, Ki67+ cuboidal columnar 
epithelial cells were found within the biliary epithelium and 
peribiliary glands identified by neatly arranged tall columnar 
nuclei (indicated with a white arrow). The cell proliferation of 

the biliary epithelium was most significant at 2 weeks after 
transplantation. There were almost no Ki67+ cells in the patch 
at 12 weeks after transplantation.

α‑SMA is usually used as a marker of myofibroblasts or 
activated fibroblasts. An increase in α‑SMA+ cells was also 
observed during the regeneration process of repaired CBD 
(Fig. 9). Immunofluorescence staining for α‑SMA indicated 
significantly upregulated expression in the patch compared 
with the native CBD at 1, 2 and 4 weeks after transplantation. 

Figure 4. The liver function of the mice that underwent different modelling operations. (A) ALT, AST and TBil serum levels in the Sham, BDL and BDD groups 
on days 7, 14 and 21 after the operation. n=6 for the Sham group, n=8 for the BDL and BDD groups. *P<0.05 vs. sham; **P<0.01 vs. sham; ***P<0.001 vs. Sham; 
+++P<0.001 vs. BDL; ns, P>0.05 vs. Sham. (B) HE staining and CK19 immunostaining of liver sections from Sham, BDL and BDD mice (magnification, x400). 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; BDD, bile duct dilation; BDL, bile duct ligation; HE, hematoxylin and 
eosin. 
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The increase in α‑SMA expression was highest at 2 weeks 
after transplantation. At 12 weeks, the α‑SMA expression level 
in the patch was comparable to that in the native CBD. These 
results suggested that the regeneration of the muscular layer 
and epithelia occurred at the same rate to complete the CBD 
repair process.

Discussion

The outcomes of the current treatment strategies for bile 
duct injury are not always favorable (2,3). Much remains to 

be clarified with regard to the process of bile duct healing 
or regeneration following severe injury. The present study 
investigated whether a bile duct defect and repair model could 
be established in mice, which are the most commonly used 
animal models for studying mechanisms. The present study 
successfully established a novel mouse model for the study of 
bile duct injury and repair. To the best of the authors' knowl‑
edge, this is the first study to report the histological changes 
and healing process of repaired CBD.

For BDL model, it is important to ensure that the CBD 
is ligated by two surgical knots and then transected between 

Figure 5. The macroscopic finding of repaired CBD and liver function of BDD mice following transplantation of bile duct patches (Tp mice). (A) Images of 
the repaired CBD in situ and in vitro from the Tp mice 12 weeks after transplantation under a surgical microscope (magnification, x10). (B) ICG fluorescence 
imaging of sham mice and Tp mice 12 weeks after transplantation showing that ICG was excreted from the liver through the CBD into the duodenum. (C) ALT, 
AST and TBil serum levels in BDD mice before (BDD14d) and 1, 2, 4 and 12 weeks after transplantation. n=6 for each time point of each group. *P<0.05 
vs. sham; ***P<0.001 vs. Sham; +P<0.05 vs. BDD14d; +++P<0.001 vs. BDD14d; ns, P>0.05 vs. sham or BDD14d. (D) HE staining and CK19 immunostaining 
of representative liver sections showing mild bile duct hyperplasia in Tp mice (magnification, x400). CBD, common bile duct; BDD, bile duct dilation; ICG, 
indocyanine green; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; HE, hematoxylin and eosin; ns, non significant.
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Figure 6. The bile duct patches were replaced by recipient‑derived cells at 12 weeks after transplantation. The CBD of wild‑type BDD mice repaired with 
bile duct patches from EGFP+ mice. (A) HE staining showed the position of the patch and the repaired intact CBD. (B) Immunofluorescence staining of CK19 
showed that the biliary epithelium and peribiliary glands were CK19+ and no EGFP+ cells were observed. (C) HE staining of the CBD of EGFP BDD mice 
repaired with bile duct patches from wild‑type mice. (D) Immunofluorescence staining of CK19 showed that the biliary epithelium of the CBD was positive 
for both CK19 and EGFP. Yellow circles indicate the sutures and the patch was between the two sutures. CBD, common bile duct; BDD, bile duct dilation; HE, 
hematoxylin and eosin; EGFP, enhanced green fluorescence protein.
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Figure 7. HE and immunofluorescence staining showing the regeneration process of the injured CBD of wild‑type mice. Yellow‑ and white‑dashed lines 
indicate the locations of the patches. CK19 immunofluorescence staining showing the biliary epithelium (white arrow) and PBGs (yellow arrow) of the patches 
and native CBDs. EGFP+ donor cells of the patch were replaced by the recipient‑derived EGFP‑ cells. HE, hematoxylin and eosin; CBD, common bile duct; 
PBG, peribiliary gland; EGFP, enhanced green fluorescence protein. 

Figure 8. Immunofluorescence staining for the proliferative cell marker Ki67 in frozen sections of repaired CBD at 1, 2 and 4 weeks after transplantation. 
More Ki67+ cells were present in the patch than in the native CBD (white dashed lines indicate the margin of the patches). In the patch, Ki67+ cuboidal 
columnar epithelial cells were observed within the epithelium and peribiliary glands were identified by neatly arranged tall columnar nuclei (white arrow). 
Semiquantitative evaluation of the Ki67 labelling index of the epithelium. CBD, common bile duct.
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the two ligations (17,18). One of the key points of BDD mouse 
model is the proper induction of CBD dilation by partial ligation 
of the CBD, which makes the slender bile duct of the mouse 
moderately dilated for easier surgical repair. Although the 
BDD mice experienced obvious but mild liver injury because 
of biliary stenosis compared with the Sham group, its effect 
on body weight was transient and the BDD mice did not show 
obvious morbidity. In BDL mice where the CBD was completely 
obstructed, their body weight decreased dramatically, their liver 
damage was very serious and their ALT, AST and TBil levels 
were 10 times higher than those of BDD mice. BDL caused a 
decrease in body weight by ~20% and obvious liver injury which 
were also observed in previous studies (19,20). In the study by 
Heinrich et al (14), a similar method was used to establish a 
model of acute cholestasis in mice; however, the gallbladder was 
removed and the mice were observed for only 2 weeks in their 
study. In the present BDD model, the gallbladder was preserved 
to maintain the physiological state as much as possible and the 
gallbladders of BDD mice did not show obvious expansion, in 
contrast to the extensively expanded gallbladder in BDL mice. 
These BDD mice survived at least 6 months without significant 
symptoms of morbidity.

The CBD diameter of normal mice was ~0.5 mm. After 
BDD, the CBD became 4‑7‑fold of its normal size and reached 

a steady state from day 14 after surgery. HE and Masson 
staining showed that the CBD wall of BDD mice was similar 
to that of normal mice, but there was more collagen fiber in the 
CBD wall of BDL mice. This might be due to the high biliary 
pressure because of complete obstruction in the BDL mice. 
These results suggested that the degree of bile duct dilation 
in the BDD model was very mild and had little effect on its 
survival.

The present study then demonstrated that the dilated CBD 
could be injured and repaired easily by suturing a bile duct 
patch onto the damaged region under surgical microscopy. It 
is almost impossible to perform these procedures on normal 
mice. Biliary fistula was the main reason for early mortality 
and usually occurred during the learning period for the micro‑
surgical performer. After a short time of training, >90% of the 
mice were able to survive to the predetermined time points.

In addition, the CBD diameter remained almost the same as 
before repair during the observation period of 12 weeks, although 
it was not accurately measured because of tissue adhesion. There 
were no signs of bile leakage or intraabdominal abscesses. 
At 12 weeks, the site of the patch was covered with abundant 
blood vessels and was indistinguishable from the native duct. 
Its lumen was free from sludge. Histological examination also 
demonstrated that the bile duct injury was completely repaired 

Figure 9. Immunofluorescence staining for α‑SMA in frozen sections of the repaired CBD at 1, 2 and 4 weeks after transplantation. α‑SMA expression was 
significantly higher in the patch than in the native CBD and was most obvious at 2 weeks after transplantation (white dashed lines indicate the margin of the 
patches). Semiquantitative evaluation of α‑SMA expression. α‑SMA, α smooth muscle actin; CBD, common bile duct.
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and could not be distinguished from the surrounding CBD wall. 
Only the suture silk could show the approximate position of the 
patch. The suture silk was even extruded into the lumen from 
the bile duct wall after 6 months (data not shown).

By cross transplantation of the bile duct patch between 
wild‑type mice and EGFP mice, it was found that no EGFP+ 
cells were observed within the patch at 12 weeks after 
transplantation when the EGFP patch was transplanted into 
wild‑type mice and vice versa, the site of the patch became 
EGFP+ when the wild‑type mouse patch was transplanted 
into EGFP mice. At 1 week after transplantation, the biliary 
epithelium of the patch seemed intact and there were still 
numerous EGFP+ cells in the patch. However, at 2 weeks after 
transplantation, EGFP+ cells were destroyed and reduced 
and the biliary epithelium became imperfect. At 4 weeks, 
the biliary epithelium regenerated and became intact. CK19+ 
EGFP‑ cholangiocytes with tall columnar nuclei were neatly 
arranged on the inner side of the CBD, although a few EGFP+ 
peribiliary glands were still present within the CBD wall in 
some mice. These results demonstrated that the transplanted 
bile duct patch, including the biliary epithelium, was replaced 
by recipient‑derived cells. The injured CBD was regenerated 
and repaired. Recently, de Jong et al (11) also demonstrated 
that recipient‑derived cholangiocytes were present in the large 
bile ducts of the donor liver after liver transplantation. The 
presence of chimaerism in the large bile ducts suggested that 
recipient‑derived cells may play a role in biliary regeneration 
following ischemia‑induced injury.

The regeneration of transplanted artificial bile ducts at 
the graft site after the tube had been degraded has been 
reported in several experimental studies in pigs (21,22), 
but the detailed process was not disclosed. The present 
study demonstrated that the transplanted bile duct patch 
did not survive but went through a process of destruction 
and regeneration. It is known that epithelial cells and peri‑
ductal myofibroblasts are closely linked because damage 
to the former leads to activation and proliferation of the 
latter (23,24). Ki67+ cuboidal columnar epithelial cells 
were found within the columnar biliary epithelial and 
peribiliary glands. An increase in α‑SMA+ myofibroblasts 
was also observed in the bile duct wall of the patch and the 
surrounding area. The proliferation was most significant 
at 1‑4 weeks after the repair operation. At 12 weeks, the 
number of Ki67‑positive cells was minimal and the number 
of α‑SMA+ cells was reduced to the level observed in the 
surrounding bile duct wall. These results were consistent 
with the process of graft re‑epithelialization observed by 
HE and CK19 staining. Although it was not clear whether 
the extracellular matrix was also completely replaced by 
new extracellular matrix, synthesis of extracellular matrix 
by α‑SMA+ cells was suggested.

Long‑term outcomes are key clinical settings for 
the surgical treatment of bile duct injury. A satisfactory 
follow‑up period of 2‑5 years is necessary to assess the 
long‑term outcome of repair surgery (2,3). In the present 
study, 12 weeks is a relatively long time considering the 
lifespan of mice. Creation of artificial bile ducts functionally 
identical to natural organs is a final goal in the research area 
of artificial bile ducts. In the study of Sampaziotis et al (7), 
the bile ducts were repaired using specially made very fine 

artificial tissue‑engineered bile ducts and the microsurgical 
procedure was extremely difficult and lacked universality. 
In the present study, a BDD model was used to achieve bile 
duct injury and repair in mice, which significantly reduced 
the difficulty of microsurgery. It was hypothesized that the 
mouse model established in the present study can be used 
to evaluate the biocompatibility, repairing effect and mecha‑
nism of tissue‑engineered bile ducts (8‑10). Notably, if the 
survival of the grafted bile duct patch is not as important 
as proven in the present study, cryopreserved bile duct, 
allogeneic or even heterogenic decellular bile duct might be 
superior to synthetic materials for the recipient‑derived cells 
to engraft after transplanting (25,26).

The limitation of the present study was that bile duct 
injury and repair were not performed in healthy mice but in 
an experimental model of partial bile duct ligation. However, 
when the bile duct needs to be repaired due to injury or stric‑
ture, it would also be carried out in a pathologic environment. 
Therefore, the BDD model has clinical significance. As the 
dilated CBD was short and stuck tightly together to the portal 
vein below, it was very easy to injure the portal vein when 
attempting to resect the stenosis at the beginning to establish 
this model. Therefore, due to technical reasons, the stenosis 
was not removed when the CBD was repaired in the present 
study. It is hoped to perform this with more elaborate micro‑
surgical procedures or in other experimental animals, such 
as rats, in future studies. In addition, due to the small size of 
the bile duct patch, a limited number of tissue sections were 
available for immunofluorescence and IHC staining and the 
presence of EGFP fluorescence limited the double staining 
capabilities. Therefore, more detailed cellular and molecular 
analyses were not performed in this study.

To the best of the authors' knowledge, this is the first study 
to show a replicable and successful model for the study of 
bile duct injury and repair in mice. With the help of surgical 
microscopy, a good postoperative survival rate (>90%) was 
obtained in the present study without serious complications. 
Preliminary results suggested that the recipient‑derived cells 
were responsible for bile duct repair through epithelial cell 
proliferation and extracellular matrix synthesis. More elabo‑
rate molecular mechanisms of bile duct injury and repair will 
be explored using genetically engineered mice or cell tracer 
techniques in the future.
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