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Abstract

AIM: To investigate the impact of different time points of secondary warm ischemia on bile duct in a rat autologous liver transplantation model with external bile drainage. 
METHODS: One hundred and thirty-six male inbred SD rats were randomly assigned to one of four groups (I–IV) according to the secondary warm ischemia time of 0 min, 10 min, 20 min and 40 min. A rat model of autologous liver transplantation with continuous external biliary drainage under ether anesthesia was established. Ten rats in each group were used to evaluate the one-week survival rate. At 6 h, 24 h, 3 d and 7 d after reperfusion of the hepatic artery, 6 rats were killed in each group to collect the blood sample via the infrahepatic vena cava and the median lobe of liver for assay. Warm ischemia time of liver, cold perfusion time, anhepatic phase, operative duration for biliary external drainage and survival rates in the four groups were analyzed for the establishment of models.
RESULTS: No significant difference was shown in warm ischemia time, anhepatic phase and operative duration for biliary external drainage among the four groups. Five of the 40 rats in this study evaluated for the one-week survival rate died, including three deaths of severe pulmonary infection in group IV. A significant decrease of one-week survival rate in group IV was noted compared with the other three groups. With the prolongation of the biliary warm ischemia time, the indexes of the liver function assessment were significantly elevated, and biliary epithelial cell apoptosis index also increased. Pathological examinations showed significantly aggravated inflammation in the portal area and bile duct epithelial cell injury with the prolonged secondary warm ischemia time. Microthrombi were found in the micrangium around the biliary tract in some sections from groups III and IV.
CONCLUSION: The relationship between secondary warm ischemia time and the bile duct injury degree is time-dependent, and 20 min of secondary warm ischemia time is feasible for the study of bile duct injury. 
© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Liver transplantation has dramatically improved the prognosis, morbidity and mortality of the patients with end-stage liver diseases. Of all liver transplant recipients, 10% - 40% develop biliary complications associated with a mortality rate of 8% - 15% [1, 2]. With the improvement of surgical techniques, the incidence of anastomotic biliary strictures decreased remarkably, whereas the nonanastomotic biliary strictures (NAS) have become the major type of biliary complications of liver allograft. NAS, which is also called ischemic cholangiopathy, appears early during the immediate postoperative period, and it is characterized by biliary strictures and dilatations at any location in the biliary system of the transplanted liver [3].

Knowledge about the pathogenesis of NAS is slowly emerging from clinical and experimental studies performed during the last decade. The cause of NAS is multifactorial, and ischemia/reperfusion injury of the biliary epithelium is considered as one of the major causes [4]. The most commonly used procedure for revascularization of the liver graft in clinical practice is initial portal reperfusion and subsequent reconstruction of the hepatic artery. Compared with liver cells, the bile duct epithelial cells experience an extra ischemia process [the time from portal vein (PV) recanalization to hepatic artery (HA) recanalization], which is "secondary warm ischemia time in the biliary tract (SWIT)" or" relative warm ischemia time in the biliary tract ". This is the special phase of biliary tract warm ischemia in the graft. 

  During the transplantation process, the warm ischemia of biliary tract includes temporal warm ischemia of liver graft during procurement and secondary warm ischemia in the biliary tract. Because warm ischemic time in the harvesting of donor liver after cardiac death (DCD) is inevitable, more and more studies focus on the effect of secondary warm ischemia time on bile duct injury [5]. In this study, we investigated the impact of different time points of secondary warm ischemia in a rat autologous liver transplantation model with external bile drainage.
MATERIALS AND METHODS

Animals and experimental groups
One hundred and thirty-six male inbred SD rats weighing 220 - 250 g were purchased from the Animal Center of Yangzhou University (Yangzhou, China). The rats were housed and fed at the Animal Center of Drum Tower Hospital for least 7 d before transplantation to acclimate them to the environment. All rats were provided with standard laboratory chow and water and housed in accordance with institutional animal care policies. Prior to the study, the rats were fasted for 8 h and were allowed free access to water.

The following experimental protocol was approved by the Animal Care and Use Committee of the Drum Tower Hospital and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

All rats were randomly assigned to four experimental groups according to the secondary warm ischemia time. Group I had no SWIT, in which simultaneous reperfusion was performed through the PV and HA after cold perfusion. The SWIT in groups II-IV was 10 min, 20 min and 40 min, in which blood reperfusion of HA was performed 10 min, 20 min or 40 min after PV reperfusion, respectively. Ten rats in each group were used to evaluate the one-week survival rate.

Surgical procedures

A rat model of autologous liver transplantation with continuous external biliary drainage under ether anesthesia was established in this study. It was described as follows: 

A midline incision was made on the abdomen. The ligaments around the liver were dissociated and severed. The left diaphragm vein, hepatoesophageal ligament vein and right adrenal vein were separated, ligated and severed. The liver was turned left, and the suprahepatic vena cava (SHVC) was anatomized. And the common bile duct, HA, and PV were anatomized over the margin of the duodenal bulb. The infrahepatic vena cava (IHVC) was dissociated downwards about 6–8 mm. The liver was dissociated completely except for the hepatic blood vessels in and out, and the common bile duct.
A clamp was placed on the crossing of the cranial mesenteric vein and splenic vein, and the PV was pricked with a transfixion pin and fixed by another clamp. Then heparin saline (35 U/mL, 3 mL) was injected to make the rat heparinized and allow liver blood to enter the general circulation. 
The abdominal aorta was pricked between the common iliac artery and left renal artery with pinhead and fixed by a clamp, and it was blocked from the area above the celiac trunk to the area below the puncture point by a clamp. The clamps were placed on the SHVC and IHVC with IHVC outflow tract left before cold perfusion. Lactated Ringer's solution of 20 mL (4 (C, containing heparin 12.5 U/mL) was perfused at 2.5 mL/min through the PV by an infusion pump and the abdominal aorta, respectively. The liver surface was covered with 4 (C lactated Ringer's solution to lower the temperature. The normal anatomical position of liver was maintained to avoid uneven perfusion. Subsequently, the color of the liver faded (Figure 1A).
The transfixion pin was removed after the perfusion, the PV and abdominal aorta were repaired using 9-0 prolene suture, and the IHVC outflow tract was restored with 8-0 prolene suture. The clamp was loosened to check whether the restoration was successful. The HA was clamped for the removal of the pre-remained line in groups II-V, then the PV, abdominal aorta, SHVC and IHVC were unclamped to end the anhepatic phase. The liver surface was covered with 38 (C normal saline (20 mL) for rapid rewarming. Thus the liver was filled with blood and turned red. The intestinal tract was placed back to the abdominal cavity during the secondary warm ischemia-reperfusion. The abdominal cavity was covered with wet gauze and heated by a lamp to maintain normal temperature. 

   The distal end of the bile duct was ligated and a polyethylene catheter (inner diameter 0.8 mm, outer diameter 1.2 mm) was inserted into the common bile duct for external biliary drainage. A jejunal fistula was established to return the remaining bile into the enterohepatic circulation. A 15-cm portion of polyethylene catheter (inner diameter 1.2 mm, outer diameter 1.5 mm) was inserted approximately 2 cm into jejunum through a stab in the jejunum wall and fixed to the peritoneum (Figure 1B). The free ends of external biliary drainage tube and jejunal fistula tube were brought out of the body through a stab on the back of the rat’s neck and connected with a short hypodermic needle (Figure 1C). 

Sample collection

At 6 h, 24 h, 3 d and 7 d after reperfusion of the hepatic artery, six rats were killed in each group to collect blood sample via the infrahepatic vena cava and the median lobe of liver for assay. The serum was separated and stored at -70 (C until analysis. Washed with cold saline solution, the liver samples were stored immediately in liquid nitrogen until analysis.

Analysis of establishment of models

Analysis of establishment of models included warm ischemia time of liver (the time from abdominal aorta clamping to cold perfusion of liver), cold perfusion time, anhepatic phase (the time from PV clamping to PV reperfusion), operative duration for biliary external drainage and survival rates in the four groups.

Liver function assessment

The liver function assessment included measurements of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (AKP), total bilirubin (TB) and direct bilirubin (DB). The serum samples were collected at 6 h, 24 h, 3 d and 7 d after reperfusion of HA and liver function test was conducted by automatic biochemistry analyzer (HITACHI 7600).

Apoptosis assay of bile duct epithelia

Apoptosis of biliary tract epithelia was identified by detecting DNA fragmentation in situ in serial sections at 6 h and 24 h after HA reperfusion. DNA fragmentation was detected by TUNEL staining, which was performed on deparaffinized and dehydrated sections using the In Situ Cell Death Detection kit (Zhongshan Biomedical Technology Co., Beijing, China) according to the manufacturer’s instructions. TUNEL-positive cholangiocytes displayed a characteristic morphology of apoptosis, such as chromatin condensation, cell fragmentation and apoptotic bodies. Apoptotic cells were examined at original magnification ×400 in 10 randomly chosen fields per section. The apoptotic index was calculated as percentage of apoptotic cells related to the total number of cholangiocytes.  

Histological evaluation of bile duct injury

Six hepatic specimens were collected at 24 h after reperfusion of HA in each group. The liver specimens for light microscopy were fixed with 10% formalin and then embedded in paraffin. The sections were stained with hematoxylin and eosin for histological examination. Bile duct injury in specimens was semi-quantified by calculating a bile duct injury severity score (BDISS) [6] based on the following three components: bile duct damage (graded as 0, absent; 1, mild; 2, moderate; and 3, severe; modified from the Banff criteria for defining acute rejection); ductular proliferation (graded 0–3, using a similar scale as stated earlier); and cholestasis (graded 0–3, using a similar scale as stated earlier). This resulted in a minimal BDISS of zero and a maximum score of nine points. All examinations were conducted by an experienced pathologist who was unaware of the other study data.

Statistical analysis

Results were expressed as mean ± SD. Numerical data was analyzed with Statistical Analysis System. One-way repeated measures analysis of variance with the Student-Newman-Keuls test was performed for multiple comparisons to test the effect of time, groups, and the interaction between the time and groups. A P value of < 0.05 was considered significant.

RESULTS 
Analysis of establishment of models

The cold perfusion time in each group was eight minutes with the use of an infusion pump. No significant difference was shown in warm ischemia time, anhepatic phase and operative duration for biliary external drainage among the four groups (P>0.05). Five of the 40 rats in this study evaluating the one-week survival rate died, including one death of bleeding caused by unsuccessful abdominal aorta repair (group III), one of sudden respiratory arrest after HA reperfusion (group IV) and three of severe pulmonary infection (group IV). The result of autopsy after the death of three rats in group IV showed serious pulmonary vascular exudation and edema accompanied with pulmonary consolidation. Pathological examination revealed obvious leucocyte infiltration in alveolar cavity and pulmonary interstitium, numerous inflammatory exudates around bronchi, and alveolar wall damage with microvascular endothelial cell injury and bleeding (Figure 2). A significant decrease of one-week survival rate in group IV was noted compared with the other three groups (P<0.05, Table 1).
Liver function assessment
A significant increase of ALT, AST, AKP, TB and DB was observed at 6 h, 24 h, day 3 and day 7 (P<0.05) after operation in the three groups compared with the results in group I. The increased indexes of liver function test in group IV were higher than in groups II and III, and there were significant differences among these three groups at 6 h, 24 h, day 3 and day 7 after operation (P<0.05).

ALT and AST reached the peak at 6h after autologous liver transplantation, and very significant decrease was observed on post-operative days 3 and 7 (P<0.01). Other liver function indexes, including AKP, TB and DB, reached the peak at post-operative 24 h, and there was significant decrease on post-operative days 3 and 7 (P<0.05, Table 2).
Apoptosis assay of bile duct epithelia

The apoptosis index of bile duct epithelia in groups I at 6 and 24h after hepatic artery reperfusion was 5.87±0.50 and 7.13±0.60. Compared with group I, there was a significant increase of apoptosis index at 6h and 24h in groups II and III (P<0.05), and a very significant increase in group IV (P<0.01). The increased apoptosis index in group IV was higher than in groups II and III, and there were significant differences among these three groups at post-operative 6h and 24h (P<0.05). In all groups, the apoptosis index at 24h after hepatic artery reperfusion was higher than at 6h, but no significant differences were noted (P>0.05), (Table 3; Figure 3A, B)

Histological evaluation of bile duct injury

The predominant injuries of bile duct in group I included cholangiocytes lined in disorder, diversified morphous and edema, inflammatory cell infiltration, migrated chromatin, and the necrotic and caducous cell debris in the lumen under light microscope. The bile duct showed more histological changes in groups II and III, and the most significant injury occurred in group IV (Figure 4A, B). Microthrombi were found in the micrangium around the biliary tract in some sections from groups III and IV.
Compared with group I, there was a significant increase of BDISS at 6h and 24 h in groups II and III (P<0.05), and a very significant increase of apoptosis in group IV (P<0.01). The BDISS in group IV was higher than in groups II and III, and there were significant differences among the three groups at post-operative 6h and 24h (P<0.05). In all groups, BDISS at 24 h after hepatic artery reperfusion was higher than at 6h, but no significant differences were noted (P>0.05, Table 3).
DISCUSSION 

Grafts from DCD are used to increase the number of organs available for liver transplantation, and warm ischemic time in the donor in addition to subsequent cold ischemia-reperfusion injury is believed to result in increased damage to biliary epithelial cells [7, 8]. It is associated with a higher risk of biliary strictures, and the incidence of NAS after DCD ranged from 10% to 30% compared with an incidence of 1% - 10% after brain death [9-11]. The present experiment used a rat model of autologous orthotopic liver transplantation to simulate I/R injury of the biliary tract, which simulated the whole process of clinical liver transplantation. This model decreased the possibility of blood vessel or vascular anastomosis damage compared with allogeneic orthotopic liver transplantation, and it avoided the effects of immunologic rejection. This model is simple and has a high successful rate, better reflects the pathophysiologic process of bile ducts, and provides an approach for investigating the intrahepatic bile duct injury in liver transplantation caused directly by I/R injury [12]. 

More and more studies have focused on the role of bile salt toxicity in the development of bile duct injury after transplantation, and bile composition analysis may be important in evaluating the liver function [13-15]. Establishing a stable model of orthotopic liver transplantation with external biliary drainage in rats is needed to provide the possibility for dynamic detection of bile characteristics after transplantation. But the lack of bile in the gut lumen is one of the factors associated with an increase in translocation of bacteria through the intestinal mucosa. It has been proposed that the intestinal bile flow is important to the immunity because bile salt has a dispersion effect on lipopolysaccharide and endotoxin, which had been proved to correlate with suppression of cellular immunity [16]. In experimental models, internal biliary drainage resulted in better systemic immune status, and improved intestinal barrier and mucosal immune functions [17]. The operative duration for biliary external drainage in this study was 6.7±1.7 min, and no rat died of biliary complication. The biliary extra-drainage model in rat autologous liver transplantation in this study provides a simple and reliable method for dynamic collection of bile, and it could be applied in various experimental studies.
Hepatocytes are supplied by both the hepatic artery and the portal vein, but bile ducts entirely depend on arterial blood supply for oxygenation. The terminal arteriole of hepatic artery branches off into the peribiliary plexus (PBP), which supplies the intrahepatic bile ducts. Therefore, the changes of PBP usually altered the intrahepatic bile duct structure. Post-transplantational hepatic artery ischemia induces ischemia and occlusion of PBP, which is the vital reason leading to aggravation of ischemia of intrahepatic bile ducts [18-20]. The pathomorphologic changes of biliary tract showed that the relationship between secondary ischemia time and pathological structural injury was time-dependent, and the biliary tract injury in group IV was most serious among the four groups in this study. Microthrombi were found in the micrangium around the biliary tract in some sections from groups III and IV. Accordingly, the serum levels of liver function increased with the prolonged second warm ischemia time. The levels of AKP, TB and DB, in particular, revealed the injury of the bile duct, which became worse with the longer second warm ischemia time.

Bile duct epithelia are highly susceptible to reoxygenation after anoxia [21]. The increased susceptibility to reoxygenation injury by cholangiocytes is associated with increased production of toxic reactive oxygen species by cholangiocytes during reoxygenation with concomitant low basal levels of the antioxidant glutathione in these epithelial cells [22]. Apoptosis is one of the two mechanisms by which cell death occurs (the other is the pathological process of necrosis). Accumulating evidence suggests that apoptosis plays an important role in ischemia-reperfusion injury in organ transplantation [23, 24] and it is widely taken as a reference index to evaluate bile duct epithelial injury. With the prolongation of the biliary warm ischemia time, the biliary epithelial cell apoptosis index was significantly elevated, and the apoptosis index at 24 h after hepatic artery reperfusion was higher than at 6h, but with no significant differences.
In conclusion, the relationship between secondary warm ischemia time and the bile duct injury degree is time-dependent. Because of a lower one-week survival rate in the 40 min group, 20 min of secondary biliary warm ischemia time is feasible for the study of bile duct injury in a rat autologous liver transplantation model with external bile drainage.
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Background

With the improvement of surgical techniques, the incidence of anastomotic biliary strictures after liver transplantation decreased remarkably, whereas the nonanastomotic biliary strictures became the major type of biliary complications of liver allograft. Diffuse non-anastomotic biliary strictures remain the most challenging type of biliary complication as they are frequently therapy-resistant and often associated with long-term consequences.
Research frontiers

Warm ischemic time in donation after cardiac death in addition to subsequent cold ischemia-reperfusion injury is believed to result in increased damage to biliary epithelial cells. Compared with liver cells, the bile duct epithelial cells experience an extra ischemia process, which includes the time from portal vein recanalization to hepatic artery recanalization, and this is "secondary warm ischemia time in the biliary tract" or" relative warm ischemia time in the biliary tract ". This is the special phase of biliary tract warm ischemia in the grafts, and more and more studies have focused on the effect of secondary warm ischemia time on bile duct injury.

Innovations and breakthroughs

Because warm ischemic time in the harvesting of donor liver after cardiac death is inevitable, more and more studies have investigated the effect of secondary warm ischemia time on bile duct injury. In this study, the authors investigated the impact of different time points of secondary warm ischemia in a rat autologous liver transplantation model with external bile drainage. This model provides a simple and reliable method for dynamic collection of bile, and can be applied in various experimental studies.
Applications

This study demonstrated that the relationship between secondary warm ischemia time and the bile duct injury degree is time-dependent. Because of the lower one-week survival rate in the 40 min group, the authors proposed that 20 min of secondary biliary warm ischemia time should be feasible for the study of bile duct injury in a rat autologous liver transplantation model with external bile drainage.
Peer review 
This is a well designed and conducted experimental study with very interesting results. The literature review was adequate. The materials and methods were adequate and coincident to the objective of the study. Newer studies with your rat model with prolonged secondary biliary will help us to elucidate unanswered questions in hepatobiliary surgery.
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Figure 1 Surgical procedure for a rat model of autologous liver transplantation with continuous external biliary drainage. A: Lactated Ringer's solution was perfused by an infusion pump through the portal vein and the abdominal aorta; B: A polyethylene catheter was inserted into the common bile duct for external biliary drainage; C: The free ends of external biliary drainage tube and jejunal fistula tube were connected.
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Figure 2 Pathological examination of the lung after the death of three rats in group IV (hematoxylin-eosin; original magnification ×400).
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Figure 3 With the prolongation of secondary biliary warm ischemia time, more biliary epithelial cells became apoptotic. A: Biliary epithelial cell apoptosis in group I at 24 h after hepatic arterial (HA) reperfusion; B: Biliary epithelial cell apoptosis in group IV at 24 h after HA reperfusion (hematoxylin-eosin; original magnification ×400). 
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Figure 4 Histological examination of the liver at 24 h after hepatic arterial reperfusion. A: Cholangiocyte injury can be found in group I; B: More marked injury occurs in group IV (hematoxylin-eosin; original magnification ×400). 
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Table 1 Analysis of establishment of models  

	Group
	Warm ischemia time(min)
	Anhepatic phase(min)
	Operative duration for biliary external drainage(min)
	One-week survival rate (%)

	I 
	3.1±0.5
	18.1±1.2
	6.2±1.2
	100

	II
	3.0±0.4
	17.6±1.5
	7.1±1.4
	100

	III
	3.3±0.3
	18.5±1.1
	6.7±1.6
	90

	IV
	3.2±0.5
	17.9±1.7
	6.5±2.0
	60


Table 2 Effect of different secondary warm ischemia time on liver function (mean±SD) 
	Liver function
	Normal value
	Group
	6 h
	24 h
	3 d
	7 d

	ALT
	5-40
	I
	165.71±31.42
	140.22±21.08
	24.30±12.04
	20.15±8.12

	(U/L)
	
	II
	356.15±52.52a
	246.31±22.93a
	46.43±4.69a
	38.24±3.52a

	
	
	III
	632.23±32.28bc
	444.32±27.80 bc
	79.58±17.93 ac
	56.12±10.23 ac

	
	
	IV
	931.27±20.21 bde
	801.81±25.17 bde
	108.95±11.81 bde
	71.26±9.14 bde

	AST
	8-40
	I
	855.11±28.20
	553.62±17.66
	82.02±21.14
	52.13±17.26

	(U/L)
	
	II
	1027.05±42.02 a
	837.31±47.72 a
	117.33±30.86 a
	84.24±18.92 a

	
	
	III
	1560.46±68.39 bc
	1129.26±137.09 bc
	173.48±33.61 ac
	113.13±25.72 ac

	
	
	IV
	2620.13±123.68 bde
	2194.53±297.70 bde
	250.10±48.54 bde
	165.31±41.26 bde

	AKP
	47-185
	I
	124.52±26.26
	154.13±32.32
	121.22±14.21
	91.52±11.56

	(U/L)
	
	II
	206.54±27.69 a
	270.85±28.48 a
	189.74±24.28 a
	126.51±16.15 a

	
	
	III
	297.40±34.14 bc
	363.36±30.73 bc
	295.90±22.04 bc
	163.26±13.29 bc

	
	
	IV
	417.06±10.82 bde
	445.81±33.49 bde
	327.92±12.36 bce
	227.84±32.16 bce

	TB
	0.3-1.2
	I
	0.82±0.26
	1.42±0.27
	0.82±0.24
	0.70±0.21

	(mg/dL)
	
	II
	1.13±0.17 a
	1.52±0.10
	0.93±0.11
	0.81±0.16

	
	
	III
	2.12±0.20 ac
	2.54±0.19 ac
	1.37±0.20 ac
	1.04±0.18 ac

	
	
	IV
	2.64±0.28 bce
	3.43±0.19 bde
	2.34±0.27 bce
	1.96±0.28 bce

	DB
	0.1-0.4
	I
	0.83±0.17
	1.06±0.11
	0.64±0.11
	0.52±0.21

	(mg/dL)
	
	II
	1.02±0.11
	1.33±0.12 a
	0.83±0.12
	0.71±0.16

	
	
	III
	2.05±0.22 ac
	2.36±0.20 ac
	1.45±0.22 ac
	1.32±0.19 ac

	
	
	IV
	2.36±0.12 bce
	2.75±0.12 ace
	2.23±0.20 bde
	2.02±0.26 bde


aP<0.05, bP<0.01 vs group I; cP<0.05, dP<0.01 vs group II; eP<0.05 vs group III. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; AKP: Alkaline phosphatase; TB: Total bilirubin; DB: Direct bilirubin.
Table 3 Effect of different timing of secondary warm ischemia on apoptosis index of bile duct epithelia and bile duct injury severity score (mean±SD)
	
	Apoptosis index of bile duct epithelia
	Bile duct injury severity score

	Group
	6 h 
	24 h
	6 h
	24 h

	I
	5.87±0.50
	7.13±0.60
	2.5±0.3
	2.9±0.2

	II
	7.58±0.31a
	8.96±0.67 a
	3.6±0.3 a
	3.7±0.4 a

	III
	8.98±0.69 ac
	9.90±0.48 ac
	4.7±0.2 ac
	5.1±0.3 ac

	IV
	11.99±0.49bce
	13.08±0.65 bde
	6.1±0.4 be
	6.5±0.2 bce


aP<0.05, bP<0.01 vs group I; cP<0.05, dP<0.01 vs group II; eP<0.05 vs group III.
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