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Abstract
BACKGROUND
Extrahepatic biliary duct injury (BDI) remains a complicated issue for surgeons. Although several approaches have been explored to address this problem, the high incidence of complications affects postoperative recovery. As a nonimmunogenic scaffold, an animal-derived artificial bile duct (ada-BD) could replace the defect, providing good physiological conditions for the regeneration of autologous bile duct structures without changing the original anatomical and physiologic conditions.

AIM
To evaluate the long-term feasibility of a novel heterogenous ada-BD for treating extrahepatic BDI in pigs.

METHODS
Eight pigs were randomly divided into two groups in the study. The animal injury model was developed with an approximately 2 cm segmental defect of various parts of the common bile duct (CBD) for all pigs. A 2 cm long novel heterogenous animal-derived bile duct was used to repair this segmental defect (group A, ada-BD-to-duodenum anastomosis to repair the distal CBD defect; group B, ada-BD-to-CBD anastomosis to repair the intermedial CBD defect). The endpoint for observation was 6 mo (group A) and 12 mo (group B) after the operation. Liver function was regularly tested. Animals were euthanized at the above endpoints. Histological analysis was carried out to assess the efficacy of the repair.

RESULTS
The median operative time was 2.45 h (2-3 h), with a median anastomosis time of 60.5 min (55-73 min). All experimental animals survived until the endpoints for observation. The liver function was almost regular. Histologic analysis indicated a marked biliary epithelial layer covering the neo-bile duct and regeneration of the submucosal connective tissue and smooth muscle without significant signs of immune rejection. In comparison, the submucosal connective tissue was more regular and thicker in group B than in group A, and there was superior integrity of the regeneration of the biliary epithelial layer. Despite the advantages of the regeneration of the bile duct smooth muscle observed in group A, the effect on the patency of the ada-BD grafts in group B was not confirmed by macroscopic assessment and cholangiography.

CONCLUSION
This approach appears to be feasible for repairing a CBD defect with an ada-BD. A large sample study is needed to confirm the durability and safety of these preliminary results.
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Core Tip: Extrahepatic biliary duct injury (BDI) remains a complicated issue for surgeons. Although several materials have been explored to repair extrahepatic biliary duct defects, the long-term efficacy is still unclear. This study evaluated the long-term feasibility of a novel heterogenous animal-derived artificial bile duct (ada-BD) for treating extrahepatic BDI in pigs. Eight pigs were randomly divided into two groups according to the various types of defects of the common bile duct. The results indicated that ada-BD safely served as a nonimmunogenic scaffold to replace the defect without changing the original anatomical and physiological conditions.



INTRODUCTION
With the development of laparoscopic biliary surgery, the incidence of biliary duct injury (BDI) is markedly increasing[1]. Multi-institutional studies have shown that approximately 34%-49% of hepatobiliary surgeons have experienced one to two cases of BDI[2,3]. In the United States, cholecystectomy alone could induce 7500 cases of BDI a year[4]. The present approaches to treat BDI are as follows: End-to-end anastomosis, hepatectomy and choledochojejunostomy. The end-to-end anastomosis of the bile duct (BD), regarded as the optimal approach to deal with BDI, has a high incidence of postoperative biliary stricture due to factors such as the high tension of the anastomosis caused by defects of the BD tissue[5]. Choledochojejunostomy is the most common method to repair BDI. However, 20% of patients suffer recurrent BD infection, and some require liver transplantation due to postoperative secondary liver abscess or biliary cirrhosis. 
In long-term treatment, the risk of mortality in BDI patients is 2- to 3-times higher that of normal rehabilitation[6,7]. Moreover, the quality of life is worse in BDI patients than in patients with normal rehabilitation or healthy people, even if BDI patients achieve long-term survival[8]. The artificial BD is a novel material for repairing BD tissue loss by replacing the injured BD, which could avoid the excessive tension of anastomosis and postoperative reflux cholangitis by preserving the Oddis sphincter[9-11]. Nevertheless, due to limitations by the immunocompatibility and difficulties in matching the tube diameter, studies of industrial and synthetic artificial BDs are still in the stage of animal experiments. In 2016, Cheng et al[12] reported the application of decellularized ureteral grafts in BD defect repair in a homologous porcine model. However, this research was limited to 3 mo of observation and showed that a T-tube or a silicone stent was needed to maintain the patency of the graft.
In the present study, a novel heterogeneous animal-derived artificial bile duct (ada-BD) was developed to treat extrahepatic BDI in a pig model to observe its long-term efficacy and safety. The ada-BD was obtained through a series of patented chemical modification processes, such as removing immunogenicity, strengthening crosslinking, anticalcification, etc. with the bovine ureter. In this study, the ada-BD was used as a replacement to repair a segmental defect of the extrahepatic BD in a pig model to assess its efficacy and safety for biliary regeneration.

MATERIALS AND METHODS
Experimental animals
A total of eight Guangxi Bama minipigs of either sex weighing 25-35 kg were obtained from Beijing Shichuang Century Miniature Pig Breeding Base (Beijing, China). All the experimental pigs were housed and fed for 2 wk prior to the operation at the Experimental Animal Center of Beijing Kuibu Shichuang Biotechnology Co., Ltd. to become acclimatized to the new environment. All procedures were performed under anesthesia to minimize pain or discomfort. All the experimental animals were sacrificed with intravenous 10% potassium chloride. Autopsy was conducted to determine the cause of death when unexpected death occurred.

Preparation of ada-BD
A fresh bovine ureter was obtained under sterile conditions and served as the raw material after removing the appendant connective tissues surrounding the ureter. First, obtained ureters were cut into pieces 5.0 cm to 10.0 cm in length. Second, cells or cell fragments as well as tissue protein, nucleic acid and lipid molecules in the ureter were removed by decellularization with detergent. Third, the tissue preservation solution (0.25-0.7 wt% glutaraldehyde solution or Hank’s solution) was perfused into the tube to enhance the histocompatibility without influencing the cell growth of the epithelium. Subsequently, a shaping mold was used to shape the decellularized ureter to the appropriate diameter and thickness. Finally, the decellularized ureteral graft underwent tissue crosslinking and anticalcification treatment in 0.2-2.0 wt% glutaraldehyde solution at 10-60 °C and pH 2.5-8.5 for 2-48 h to increase the shrinkage temperature of the tissue up to 82 °C.

Animal model of the common bile duct defect
All the pigs were categorized into two groups according to various parts of the common bile duct (CBD) defect: Group A (distal CBD defect) and group B (intermediate CBD defect). The time points of observation were set to 6 mo after the operation in group A and 12 mo after the operation in group B. A midline incision was made to expose the CBD. The CBD defect model was generated by resecting the CBD after cholecystectomy: 2 cm in length located in the distal CBD (group A) and the intermediate CBD (group B).

Surgical process
Preoperative fasting for 12 h with free access to water was administered for all the experimental animals, which were administered general anesthesia with mechanical ventilation and premedication with intramuscular ketamine (20 mg/kg) followed by maintenance with a continuous infusion of 0.2 mg/(kg·min) of propofol. Antibiotic prophylaxis was routinely used during the perioperative period.
After the establishment of the CBD injury model, an ada-BD (2 cm in length) was used to reconstruct the CBD (Figure 1). In group A, an end-to-end anastomosis with interrupted 5-0 Prolene sutures was performed by everting mucosa to mucosa sutures between the proximal edge of the incised CBD stump and the ada-BD as well as an end-to-side anastomosis between the distal edge of the ada-BD and duodenum (Figure 2A and 2B). Unlike group A, end-to-end intermittent eversion sutures were carried out in both anastomoses between the stumps of the incised BD and the ada-BD in group B (Figure 2C and D). When the anastomoses were done, a silica gel drainage tube was positioned at the inferior margin of the liver to drain the ascites and to observe biliary leakage after the operation. Then, the greater omentum was brought up to wrap the replaced area. The animals were given intravenous cefazolinoral (1 g dissolved in 100 mL of 154 mmol/L saline) for 3 d after the operation. Drinking water and standard diet were allowed at 12 h and 24 h after the operation, respectively. All animal experiments were carried out by an experienced hepatobiliary surgery team.

Postoperative complications evaluation
Jaundice, appetite and mental status were observed to evaluate postoperative complications. The result of autopsy was the gold standard of complications of bile leakage, jaundice, lithogenesis and postoperative infection.

Liver function and bilirubin tests
Alanine aminotransferase (ALT), aspartate aminotransferase, alkaline phosphatase, gamma-glutamyl transferase, total bilirubin (TBil), and TBil of the drainage were monitored by an automatic biochemistry analyzer to evaluate liver function, jaundice and bile leakage before the operation and before sacrifice.

Autopsy and cholangiography
The animals were sacrificed at 6 mo and 12 mo. Autopsy was conducted by the procurement of the en bloc liver associated with the entire extrahepatic BD, including the partial duodenum and pancreas. Subsequent cholangiography was performed via distal anastomosis catheterization (group A) or duodenal papilla (group B).

Histologic analysis
[bookmark: _Hlk54875964]All the experimental animals were sacrificed with intravenous 10% potassium chloride. Then, the extrahepatic biliary tree including the gallbladder was resected en bloc from the animal and fixed in 10% neutral buffered formalin. Then, the tissues were delivered to the histopathology laboratory for sectioning. Following the observation of the gross morphology of the reconstructed BD, microscopic analyses including hematoxylin/eosin staining, cytokeratin 19 immunostaining, desmin immunostaining and Masson’s trichrome staining were performed, which were used to observe the epithelial regeneration in vivo, tissue regeneration in the smooth muscle layer and connective tissue regeneration in the submucosal layer.

Statistical analysis
The relevant data were analyzed by SPSS 25.0 (IBM Corporation; Armonk, NY, United States). Continuous variables are expressed as the median (range). An independent-samples Mann-Whitney U test was used to analyze various continuous variables. All tests were two sided, and P values less than 0.05 indicate a statistically significant difference.

RESULTS
Survival and complications
Eight animals were enrolled in the study. The median operative time was 2.45 h (2-3 h), with a median anastomosis time of 60.5 min (55-73 min). For group A, one animal developed bile leakage on postoperative day (PoD) 4, which was confirmed by drainage examination. The standard diagnosis for postoperative bile leakage was the same as that in humans (a bilirubin concentration of the drainage at least 3-times higher than the serum bilirubin concentration measured at the same time)[13]. Fortunately, this pig spontaneously recovered with adequate drainage and oral antibiotic administration (norfloxacin, 10 mg/kg) and was subsequently sacrificed at 6 mo after the initial operation according to the predetermined time points. In addition, another three animals in group A were sacrificed as planned at the same time. All experimental animals were euthanized with intravenous 10% potassium chloride. The autopsy of the pig with bile leakage showed a severe inflamed encapsulated adhesion surrounding the hepatic hilar caused by bile leakage. After separating the adhesion, we found that the graft was patent, in place and completely covered by the visceral layer of the peritoneum, similar to the other three pigs. Of these three pigs, one animal suffered an incision infection and recovered well after thorough debridement and daily disinfection with iodophor.
The remaining four animals in group B survived to the predetermined date of 12 mo postoperatively without any complications or weight loss. All of them were sacrificed at 12 mo to conduct a long-term observation. The macroscopic assessment of the entire extrahepatic BD, especially for interposition grafts, was performed. The results showed that the inner walls of the anastomoses were smooth without scars or stricture (Figure 3A and 3B).

Biochemistry and cholangiography
The results of liver function tests of all the experimental animals were within the normal range except for the pig with bile leakage in group A. In contrast, only the levels ofALT on PoD 7 were significantly increased in group A (Table 1).
Cholangiography was performed via distal anastomosis catheterization (group A) or duodenal papilla catheterization (group B) after the procurement of the en bloc liver associated with the entire extrahepatic BD, including the partial duodenum and pancreas. The results indicated that all ada-BDs remained patent without any signs of stricture or obstruction (Figure 3C and 3D).

Histopathology
Histopathology analysis of the neo-extrahepatic BD in group A and group B showed re-epithelialized tall columnar cells overlaying the surface of the inner wall without marked transmural neutrophil and lymphoplasma cell infiltrate (Figure 4). Meanwhile, marked neovascularization was observed in the regenerated regions (Figure 4E and 4F). Cytokeratin 19 immunostaining indicated that the graft was covered by the regeneration of the BD epithelium and accessory glands on the inner wall. Superior integrity of the regeneration of the biliary epithelial layer was observed in group B compared to that in group A. In group B, it appeared that the BD showed no significant differences from a normal benign BD (Figure 5). Smooth muscle regeneration was confirmed by detecting the desmin-positive area, which was significantly larger in group A than in group B (Figure 6). Masson’s trichrome staining was performed to investigate the regeneration of the submucosal layer and collagen. Regenerative connective tissue was observed in group A and gradually became thicker and more regular in group B (Figure 7).

DISCUSSION
In 1985, Erich Mühe[14] initially described a novel surgical technique, laparoscopic cholecystectomy, as a less invasive procedure to cure symptomatic cholelithiasis and cholecystitis. Through decades of practice and research, laparoscopic cholecystectomy has become the preferred option for treating symptomatic cholelithiasis and cholecystitis[15,16]. However, accompanying the development of laparoscopic cholecystectomy, the incidence of BDI of the laparoscopic technique seemed to be higher than that of the open technique[17]. Current studies claimed that the laparoscopic technique for biliary disease was associated with an increased number of BDIs[1,4]. The end-to-end anastomosis of the BD is regarded as the optimal approach for treating BDI. Nevertheless, there remains a high incidence of reconstructive failure due to unrepairable BD tissue defects. Thus, as an alternative option, Roux-en-Y choledochojejunostomy has been widely used to address the above conditions by effectively reconstructing the bilioenteric anatomy. However, the option has only improved the repair of the pathology of BDIs, which still shows a certain incidence of complications caused by the reflux of intestinal contents into the biliary tree, including cholangitis, strictures, bile leaks and a relatively high risk of cholangiocarcinoma[6]. Repairing the BDI while preserving the function of the Oddis sphincter remains a challenge for hepatobiliary surgeons.
In recent years, the development of novel materials has brought a new era for extrahepatic BDI. An extensive review of the literature shows that several materials have been used as scaffolds to treat BDIs. In 2002, Gómez et al[18] found that thin-walled FEP-ringed Gore-Tex vascular grafts were useful in the repair of BD injuries, which was the first report of an artificial BD in the field of BD repair. After that, several synthetic materials were applied to the manufacture of artificial BDs. However, the further application of the artificial BD in clinical trials was limited by the mechanical strength of the original materials as well as the molding technique. A report from Li et al[19] demonstrated a novel exploration of biosynthetic material by the experimental repair of BD defects in pigs using collagen scaffolds loaded with human collagen-binding bFGF. The short-term experimental results showed good immuno-compatibility. Nevertheless, factors including a complicated manufacturing process and difficulty in making tubes may limit the application of this material to clinical trials.
In addition, several studies have performed animal research in which defects of the BD were patched with autogenous tissue in an attempt to avoid immunological rejection. The autogenous tissues included autogenous veins, single-layer small intestinal submucosa, etc. Although definite superiority in regard to compliance and immunocompatibility was observed, their further clinical utility was restricted by the mismatch of the diameter and thickness as well as the complicated procedure of the acquisition and preparation of autogenous materials[11,20]. From a pathophysiological point of view, animal-derived materials are similar in compliance and structure compared with those of humans. Thus, theoretically, animal-derived materials could present improved immunocompatibility following decellularization by removing cellular antigens. The similarity in diameter, thickness, flexibility and strength leads to advantages in the ease of anastomosis and the matching of different tissues as well as in the preservation of the Oddis sphincter function in preventing reflux cholangitis. A homologous animal-derived decellularized ureteral graft was explored in a BD defect porcine model[12]. However, only 3 mo of observation was carried out accompanied by unsatisfying results of the patency of the graft without T-tube or a silicone stent inserted. In addition, the strict requirement of homology also limits further exploration in clinical applications. Thus, the long-term observation of the efficacy and safety of heterogenous animal-derived materials in repairing BD remains unclear.
In the present study, we investigated the long-term replacement effect of ada-BD for two types of extrahepatic BD segmental injury models in the pig model. We chose ada-BD because it showed a high similarity between the bovine ureter and BD in the following ways: (1) A similar pathological structure (mucosa, muscular layer and outer membrane); (2) A similar sterile environment (with only slight differences in pH value and composition); (3) A similar physiological pressure (ureteral internal pressure 7-13 cmH2O, physiological pressure of the CBD 12 cmH2O); and (4) Similar in diameter, thickness and compliance. The result of immunological rejection is the primary cause of the induction of graft loss after transplantation[21,22]. Thus, the immunogenicity of grafts is an urgent problem that must be resolved. In this work, the immunogenicity of the bovine ureter was effectively removed via the technique of Triton-X-100/phosphate buffered saline decellularization. Subsequently, strengthening crosslinking associated with anticalcification was carried out with a 0.20-2.0 wt% glutaraldehyde solution to improve the mechanical properties, thermal stability and anticalcification feature. Finally, an animal-derived BD scaffold was manufactured for use in this study.
Overall, the duration of the operation and the BD anastomosis were basically the same as in human surgery. Cheng et al[12] established an animal BD damage and repair model by resecting a 1 cm long CBD followed by bridging the defect using a 2 cm long decellularized ureteral graft without tension. However, this animal experiment only considered the tension of anastomosis without considering the increased risk of biliary stricture caused by the fold of the redundant BD after the operation. 
Different from previous studies, the present damage and repair model was developed with a 2 cm-to-2 cm replacement using the ada-BD to avoid longitudinal anastomotic tension and redundant BD tissue. The initial four animals in group A underwent ada-BD-to-duodenum anastomosis to repair the distal defect of the CBD and were sacrificed at the predetermined date of 6 mo postoperatively. Among these animals, the main complications, including bile leakage (1/8) and incision infection (1/8), were cured by conservative treatment without weight loss. The resulting increase in ALT on PoD 7 in group A was associated with liver function damage caused by bile leakage. Macroscopic assessments indicated that the ada-BD appeared to induce the covering of the visceral layer of the peritoneum and the regeneration of the biliary mucous membrane without the formation of any scars or strictures. As supplementary evidence, histological analysis (hematoxylin/eosin staining and cytokeratin 19 immunostaining) showed that the inner wall of the graft was covered by regenerated BD epithelium without marked inflammatory cell infiltration. 
The above observations suggest that no obvious post transplantation rejection or biliary infection occurred in the experimental animals. With regard to the extrahepatic BD, the smooth muscle in the submucosal layer is a vital component that maintains the structural integrity, ensures the rigid structure and participates in the process of bile secretion. The desmin-positive area detected revealed the significant regeneration of smooth muscle in group A. Simultaneously, the remarkable regeneration of connective tissue in the submucosal layer was confirmed by Masson’s trichrome staining.
In comparison, the remaining four long-term observation animals recovered uneventfully after the operation. In addition, the histological analysis suggested the superiority in group B compared to group A regarding the regeneration of the BD epithelium and connective tissue. Notably, improved regeneration of the BD smooth muscle was observed in group A compared with group B. This phenomenon indicated that ada-BD-to-duodenum anastomosis showed a better induction effect on the regeneration of the BD smooth muscle compared with ada-BD-to-CBD anastomosis. No effect on the patency of the extrahepatic BD was found according to the macroscopic assessment and cholangiography. Thus, a prolonged investigation is needed to observe the long-term patency of the ada-BD graft. The enhancement of the regeneration of connective tissue in the submucosal layer in group B was confirmed by Masson’s trichrome staining. Both the macroscopic and microscopic assessment of the neo-extrahepatic BD showed no significant differences from a normal duct at 12 mo. Apparently, based on the results above, the ada-BD, as a nonimmunogenic scaffold, could provide good physiological conditions for the regeneration of autologous BD structures. This would suggest that the ada-BD was successfully used for the repair of BD segmental defects and achieved a similar effect as autologous BD end-to-end anastomosis.

CONCLUSION
This study evaluated an ada-BD for the reconstruction of a segmental extrahepatic BD defect in pigs. Extrahepatic BD reconstruction using this novel animal-derived BD scaffold as an interposition tube graft was safe and feasible. The long-term observation indicated that the reconstructed BD could serve as a native BD for bile drainage. An additional large sample study is needed to confirm the durability and safety of these preliminary results.

ARTICLE HIGHLIGHTS
Research background
Several approaches have been explored to address extrahepatic biliary duct injury (BDI). The high incidence of complications affects postoperative recovery. Animal-derived artificial bile duct (ada-BD), a nonimmunogenic scaffold, could replace the defect via providing good physiological conditions for the regeneration of autologous bile duct structures without changing the original anatomical and physiologic conditions.

Research motivation
To assess the safety and feasibility of a novel animal derived material for treating extrahepatic BDI in pigs.

Research objectives
To evaluate and confirm the long-term feasibility of a novel heterogenous ada-BD for treating extrahepatic BDI.

Research methods
Eight pigs were randomly divided into two groups. Surgery was performed to develop a bile duct injury and repair model via a 2 cm long novel heterogenous ada-BD to repair an approximately 2 cm segmental defect of various parts of the common bile duct (CBD) for all pigs. Group A received ada-BD-to-duodenum anastomosis to repair the distal CBD defect, and group B received ada-BD-to-CBD anastomosis to repair the intermedial CBD defect. The endpoint for observation was 6 mo (group A) and 12 mo (group B) after the operation.

Research results
All experimental animals survived until the endpoints for observation. The liver function was almost regular. Histologic analysis indicated a marked biliary epithelial layer covering the neo-bile duct and regeneration of the submucosal connective tissue and smooth muscle without significant signs of immune rejection. In comparison, the submucosal connective tissue was more regular and thicker in group B than in group A, and there was superior integrity of the regeneration of the biliary epithelial layer. Despite the advantages of the regeneration of the bile duct smooth muscle observed in group A, the effect on the patency of the ada-BD grafts in group B was not confirmed by macroscopic assessment and cholangiography.

Research conclusions
Repairing a CBD defect with an ada-BD appears to be a feasible and safe approach. A large sample study is needed to confirm the durability and safety of these preliminary results.

Research perspectives
Ada-BD showed a high similarity between the bovine ureter and bile duct. The decellularized bovine ureter provided an optimal pathophysiological condition and a novel material to avoid immunological rejection. All the encouraging results bring a new hope for bile duct repairment.
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Figure Legends
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Figure 1 Diagrams of common bile ductal injury and repair model. A: Normal extrahepatic common bile duct; B: Injury and repair model of distal common bile duct (group A); C: Injury and repair model of intermedial common bile duct (group B).
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[bookmark: _Hlk54879008]Figure 2 Surgical procedures of extrahepatic common bile duct reconstruction. A: End-to-end anastomosis was carried out between the proximal stump of the common bile duct (CBD) and the animal-derived artificial bile duct (2 cm in length) after resection of a 2 cm distal CBD segment (group A); B: End-to-side anastomosis was performed between the distal stump of the animal-derived artificial bile duct and the duodenum to complete the repairment of the distal CBD defect (group A); C and D: End-to-end anastomoses were conducted between the stumps of CBD and the animal-derived artificial bile duct (2 cm in length) to repair the 2 cm intermedial CBD defect (group B).
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Figure 3 Autopsy and cholangiography. A: The macroscopic assessment of the extrahepatic bile duct (BD) indicated the inner walls of the anastomoses were smooth without scars or stricture; B: The extrahepatic BD was divided into three segments to perform the microscopic assessment according to the anastomoses; C: The en bloc liver procured was associated with the entire extrahepatic BD including partial duodenum and pancreas after euthanasia. The area of two white arrows denoted the location of the animal-derived artificial bile duct (group B); D: The cholangiography showed patency of the animal-derived artificial bile duct without dilatation of the proximal BD. The area of two white arrows denoted the location of the animal-derived artificial bile duct (group B).
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Figure 4 Hematoxylin/eosin staining of the animal-derived artificial bile duct site. No marked transmural neutrophil and lymphoplasma cell infiltration was observed. A: Hematoxylin/eosin (H/E) staining of a 6 mo survival pig in group A (magnification: 20 ×); B: H/E staining of a 12 mo survival pig in group B (magnification: 20 ×); C: H/E staining of a 6 mo survival pig in group A (magnification: 40 ×); D: H/E staining of a 12 mo survival pig in group B (magnification: 40 ×); E and F: H/E staining result of neovascularization was marked in group A and B (magnification: 20 ×).
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Figure 5 Cytokeratin 19 immunostaining. The cytokeratin 19 (CK19) staining showed no marked differences between the animal-derived artificial bile duct site and the normal bile duct on the aspect of bile duct epithelium and accessory glands on the inner wall. The superior integrity of regeneration of the biliary epithelial layer was observed in group B than that in group A. A: CK19 staining of the animal-derived artificial bile duct site in group A (magnification: 20 ×); B: CK19 staining of duodenal papilla in group A (magnification: 20 ×); C and D: CK19 staining of the animal-derived artificial bile duct site in group B (magnification: 40 ×); E and F: CK19 staining of the distal normal bile duct in group B (magnification: 40 ×).
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Figure 6 Desmin immunostaining. The desmin positive area confirmed the regeneration of smooth muscle. Meanwhile, the desmin positive area was significantly larger in group A than group B. A: Desmin immunostaining of the animal-derived artificial bile duct site in group A (magnification: 20 ×); B: Desmin immunostaining of duodenal papilla in group A (magnification: 20 ×); C and D: Desmin immunostaining of the animal-derived artificial bile duct site in group B (magnification: 20 ×); E and F: Desmin immunostaining of the distal normal bile duct in group B (magnification: 20 ×).
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Figure 7 Masson’s trichrome staining. The Masson’s trichrome staining showed marked regeneration of the submucosal connective tissue and no significant differences between the animal-derived artificial bile duct site and the normal bile duct. The submucosal connective tissue was more regular and thicker in group B than that in group A. A: Masson staining of the animal-derived artificial bile duct site in group A (magnification: 20 ×); B: Masson staining of duodenal papilla in group A (magnification: 20 ×); C and D: Masson staining of the animal-derived artificial bile duct site in group B (magnification: 20 ×); E and F: Masson staining of the distal normal bile duct in group B (magnification: 20 ×).


Table 1 Median values of the experimental animals in liver function tests
	
	Normal range
	PoD 1
	PoD 7
	6 mo after operation
	12 mo after operation

	AST in U/L
	0-97.5
	39.30 (29.0-40.8)
	33.85 (27.0-50.0)
	29.55 (21.0-41.0)
	31.45 (22.0-36.6)

	ALT in U/L
	0-86.7
	54.00 (35.0-77.0)
	44.25 (35.1-106.0)a
	33.50 (21.0-37.0)
	30.55 (27.0-35.5)

	ALP in U/L
	0-200.2
	60.50 (15.0-78.0)
	69.65 (48.0-212.0)
	62.50 (46.0-102.1)
	60.00 (53.3-61.0)

	GGT in U/L
	0-88.0
	40.30 (21.0-52.0)
	51.05 (35.0-78.0)
	38.20 (35.0-48.6)
	35.60 (32.0-44.3)

	TBil in mg/dL
	0-5.55
	0.835 (0.30-1.30)
	0.905 (0.40-3.20)
	0.680 (0.52-1.50)
	0.655 (0.53-0.80)


aP < 0.05, group A vs group B. The values of normal range were obtained by reference to the previous large sample study in the pig model[19]. The values are expressed as median (range). ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; GGT: Gamma-glutamyltransferase; PoD: Postoperative day; TBil: Total bilirubin.
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