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Abstract. The aim of the present study was to improve upon 
the traditional model of pre‑hepatic portal hypertension in 
rats, and simulate the anhepatic phase of orthotopic liver trans-
plantation without veno‑venous bypass. A reversible model of 
portal hypertension was induced by portal vein ligation, with 
a label ring ligated along the portal vein. A total of 135 male 
Wistar rats were divided into three groups: i) Normal control 
(NC) group; ii) portal hypertensive control (PHTC) group; 
and iii) reperfusion (R) group. In the R group, rats with portal 
hypertension underwent simultaneous clamping of the portal 
triad and retrohepatic vena cava for 1 h, followed by removal 
of the clamps to enable blood reperfusion. Portal venography 
and portal vein pressure were recorded during the surgery. 
Arterial oxygen pressure (PaO2), and alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and total bilirubin 
(TBil) levels were determined, and pathological changes of 
the liver were investigated by immunohistochemical staining. 
The results demonstrated that, 3 weeks after portal vein liga-
tion, the vein area and the free portal pressures in the PHTC 
group were significantly increased compared with those in 
the NC group. The serum ALT and AST levels in the R group 
at different time points were significantly elevated compared 
with those in the PHTC group, and reached their maximal 
levels at 24 h after reperfusion. Furthermore, the PaO2 at 24 h 
after reperfusion was significantly decreased. In conclusion, 
the reversible model of pre‑hepatic portal hypertension in rats 
was successfully established using the introduction of a label 

ring. This model may be useful for basic research focusing on 
the anhepatic phase of orthotopic liver transplantation without 
veno‑venous bypass.

Introduction

Orthotopic liver transplantation has become the primary 
treatment for patients with end‑stage liver diseases (1). It is 
well known that the high mortality of end‑stage liver disease 
is a global public health problem. The clinical manifestation 
usually involve cirrhosis caused by different pathological 
factors, and the prognosis is poor for those with decompensated 
cirrhosis, which is defined by the presence of ascites, variceal 
bleeding, encephalopathy and/or jaundice (2). In China, liver 
failure of the majority of liver transplant recipients is due to 
hepatitis‑induced liver cirrhosis, typically combined with 
portal hypertension; due to the presence of extensive collateral 
circulation, in the anhepatic phase, recirculation of blood is 
possible (3). Therefore, transplantation without veno‑venous 
bypass is the primary type of surgery (3). Currently, prob-
lems occur in the anhepatic and post‑anhepatic phases, such 
as hemodynamic instability, metabolic disturbances, and 
ischemia‑reperfusion injuries, which have attracted great 
attention  (4,5). Animal models are important tools with 
which to investigate these problems, several types of animal 
models of portal hypertension are currently available, such as 
drug induced models, and common bile duct ligation models, 
however, there are a number of major defects in traditional 
liver transplantation models, such as the inability to reproduce 
the postoperative recovery phase, high levels of complexity 
and high mortality rates (6). Therefore, based on the classical 
partial portal vein ligation method, the aim of the present study 
was to establish a model by which the whole liver transplanta-
tion process, in particular the postoperative recovery phase, 
could be reproduced.

Materials and methods

Animals and treatments. 8‑week old Male Wistar rats (n=135; 
250‑300 g body mass) were obtained from the Experimental 
Animal Center of Hebei Medical University (Shijiazhuang, 
China) and were housed under the same controlled conditions 
with a temperature of 25±2˚C and a humidity of 50±10%. Rats 
were fed with standard laboratory chow and water ad libitum. 
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All the experimental procedures were under the approval of 
the Ethical Committee of the Animal Experiment Center of 
Hebei Medical University (no. HEBU‑2012‑02).

Following 1 week of acclimatization, rats were randomly 
allocated into three groups (15 in each group). Rats in the 
normal control (NC) group underwent a sham surgery; rats 
in the portal hypertensive control (PHTC) group underwent 
partial portal‑vein ligation; and rats in the reperfusion (R) 
group underwent partial portal vein ligation as in the PHTC 
group, then were subjected to portal vein and inferior vena 
cava clamping for 1 h, followed by reperfusion for different 
time periods (0, 6, 12, 24, 48 and 72 h, and 7 days). Free 
portal pressure (FPP) was measured and portal venography 
was performed 3 weeks after portal vein ligation or the sham 
surgery. Other parameters measured included arterial oxygen 
pressure (PaO2), and biochemical parameters including 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST) and total bilirubin (TBil) expression levels. In addition, 
pathologic examinations were performed.

Surgical procedure. All groups received a subcutaneous injec-
tion of 2% atropine (0.05 mg/kg body mass), and low molecular 
weight heparin sodium (625 U/kg body mass). After 30 min, 
rats were anesthetized with 2% ketamine (200 mg/kg body 
mass; intraperitoneal injection) and a 2 cm midline abdominal 
incision was made. In the PHTC and R groups, the portal 
vein was located and surgically isolated from surrounding 
tissues. The isolated vessel was stenosed by applying a 3‑0 silk 
thread around the vein, together with an adjacent 20‑gauge 
blunt‑tipped needle and a label ring (made from a 4‑F Fogarty 
embolectomy catheter, with an external diameter of 1 mm 
and ~1.5 cm circumference) lying along the portal vein. After 
removal of the needle and adjustment of the location of the 
label ring (in order to prevent its potential vein‑twisting effect), 
the efficacy of partial ligation of the vein was confirmed by 
observing the increase in the diameter of the vessel prior 
to ligation, without thrombus or tissue necrosis. Then, the 
abdominal wall was sutured. Rats in the NC group underwent 
the same experimental procedure, minus the stenosing of the 
isolated portal vein. Following surgery, rats were housed for 
3 weeks to develop portal hypertension in the corresponding 
groups.

In the R group, rats received the same treatment as those in 
the PHTC group prior to a second surgical procedure conducted 
3 weeks after the first surgery. After anesthesia, rats received 
Ringer's lactate (5 ml/h) and heparin sodium (625 U/kg of body 
mass) by intubation with a micro‑pump in the left external 
jugular vein; the left carotid artery was intubated and connected 
with an eight‑channel physiological recorder (Beijing Electronic 
Instrument Factory, Beijing, China) in order to monitor the arte-
rial blood pressure. A 2 cm incision below the right costal margin 
was made, and bleeding due to the abdominal wall vein varices 
was stopped by continuous suture of the surgical margin. The 
first portal was exposed as indicated by the label ring placed 
along the portal vein in the first stage surgery, and then the label 
ring was cut down and removed to restore the portal vein. After 
exposing the inferior vena cava (above the renal vein, below the 
liver), the first portal and the inferior vena cava were clamped 
with non‑invasive vascular clamps (Fig. 1A). After 60 min, the 
clamps were removed and the abdominal wall was sutured.

Portal pressure measurement. Following anesthesia, a 2‑cm 
incision along the right rectus abdominis was made. A segment 
of the mesenteric branch vein was cannulated with a 3‑F 
epidural catheter (Fig. 1B), and the tip of a 25 cm catheter was 
advanced into the trunk of portal vein, and the length inserted 
was 0.5 cm. The portal pressure was recorded using the pres-
sure transducer of the eight‑channel physiological recorder. 
The spinal value was regarded as zero.

Portal venography. Once the portal pressure had been 
recorded, a 22‑gauge needle was introduced into the splenic 
pulp and 38% meglumine diatrizoate was injected through 
the 3‑F epidural catheter using a 22‑gauge needle at a rate of 
1 ml/3 sec (Fig. 1C). Rats in the R group were injected with 
meglumine diatrizoate again at the same administration rate 
as before once the label ring had been removed; photographic 
images were captured and analyzed using the AX‑II 500 mA 
remote controlled gastrointestinal X‑ray machine (Shimadzu 
Corporation, Kyoto, Japan) and IDR‑700 digital X‑ray diag-
nosis system (Shimadzu Corporation).

PaO2 and biochemical parameter analysis. Blood samples 
(1  ml) from the abdominal aorta were obtained for PaO2 

measurement using a blood gas analyzer (Bayer Rapidlab 865; 
Bayer AG, Fernwald, Germany), and 3‑ml blood samples from 
the inferior vena cava were centrifuged (1,789xg, 5 min). Levels 
of ALT, AST and TBil in the serum were analyzed using an 
automatic biochemical analyzer (Olympus AU2700; Olympus 
Corporation, Tokyo, Japan).

Pathological examination. Anesthesia was performed with 
2% ketamine at a dose of 200 mg/kg. Following anesthesia 
and sacrifice by cervical dislocation, 3‑mm segments of 
the lower esophagus were dissected from rats 3 weeks after 
ligation. The left lobe of the liver was dissected from rats 
3 weeks after ligation, or at different reperfusion time points 
(0, 6, 12, 24, 48 and 72 h, and 7 days). Then, 3‑µm sections of 
esophagus or liver tissue were fixed in 10% buffered formalin, 
embedded in Paraplast and stained using hematoxylin and 
eosin (H&E). Pathological examination was performed using 
light microscopy (Olympus BX51; Olympus Corporation), 
images were recorded, and the vein areas in each section of 
the esophageal mucosa were quantified using the RM6240B/C 
multichannel bio‑signal collection processing system (Chengdu 
Implement Co., Chengdu, China).

Statistical analysis. Data are expressed as mean ± standard 
deviation, and were compared using one‑way analysis of 
variance followed by Bonferroni multiple comparison test. 
P<0.05 was considered to indicate a statistically significant 
difference. Statistical calculations were performed using SPSS 
version 13.0 software (SPSS, Inc., Chicago, IL, USA).

Results

Gross observations and measurement of the submucosal vein 
area in the lower esophagus. Three weeks following portal 
vein ligation, gastric‑esophageal vein varices were observed, 
and the kidneys and spleen were observed to be enlarged and 
dark red in color. Intestinal wall and mesenteric vein varices 
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were also observed, together with edema of the intestinal wall 
in the PHTC group (Fig. 2A and B). Microscopic examination 
of the esophagus showed that the submucosal vein in the lower 
esophagus was dilated in the PHTC group, and the vein area 
(33.58±6.42 µm2) was significantly higher compared with that 
of the NC group (5.62±1.30 µm2; P<0.05; Fig. 2C‑E).

Portal venography and portal pressure measurement. Portal 
venography results demonstrated that, in the NC group, the 
portal vein trunk and its branches were natural in shape, 
without the presence of portal‑systemic collateral circulations 
(Fig. 3A). In the PHTC group, portal veins were tortuous, and 
significant narrowing was observed in the vein trunk near 
the branches (Fig. 3B and C). In the R group, following the 
removing of the label ring, the constricted vein was restored 
(Fig. 3D).

The FPP in the NC group was 7.7±1.7 mmHg; while the 
FPP in the PHTC group with ring was 15.6±3.1 mmHg, which 
was significantly higher compared with that of the NC group 

(P<0.05). In addition, the FPP in the PHTC group without the 
ring (measured immediately after the ring was removed) was 
13.4±2.3 mmHg, which was significantly higher compared 
with that of the NC group (P<0.05); however, there was no 
significant difference between the PHTC groups with and 
without the ring (P>0.05; Fig. 3E).

Serum biochemical parameters and PaO2. There were no 
significant differences in the serum levels of ALT and AST 
between the NC group and the PHTC group. However, ALT 
and AST serum expression levels were significantly increased 
in the R group after 0 h, 6 h, 12 h, 24 h, 48 h and 72 h of reper-
fusion, compared with the NC or PHTC groups (all P<0.05); 
the levels of these two enzymes reached their maximum values 
at 24 h after reperfusion. At 7 days, the ALT and AST serum 
levels were decreased and comparable with those of the NC 
or PHTC groups (Fig. 4A and B). With regards to TBil, there 
were no significant differences in serum expression levels 
between all groups (Fig. 4C). In addition, the PaO2 value was 

Figure 1. Images of the surgery. (A) Once exposed, the portal vein and inferior vena cava were clamped with non‑invasive vascular clamps simultaneously. 
(B) A segment of the mesenteric branch vein was cannulated with a 3‑F epidural catheter in order to measure the portal pressure. (C) Portal venography was 
performed by splenic pulp puncture.

  A   B   C

Figure 2. Gross observations and esophagus vein measurement following portal vein ligation. (A) Gastric‑esophageal vein varices were observed, and kidneys 
and spleen were enlarged and in dark red color. (B) Intestinal wall and mesenteric vein varices were also observed, together with edema of the intestinal wall. 
Hematoxylin and eosin staining was performed on the pathology slides of the esophagus in the (C) NC and (D) PHTC groups. Dilated veins are marked with 
arrows. (E) The esophagus vein areas were measured in the NC and PHTC groups. *P<0.05 vs. NC. NC, normal control; PHTC, portal hypertensive control.

  A   B
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significantly decreased in the R24 h group compared with the 
NC or PHTC groups (Fig. 4D) (all P<0.05).

Liver pathology examination. H&E‑stained slides were inves-
tigated using light microscopy. Results demonstrated that in 
the NC and PHTC groups, liver cells were well organized, 

and the hepatic lobules were well‑arranged without liver cell 
edema or neutrophil infiltration. In the R group at 6 h, the liver 
cell morphology and structure appeared normal; mild liver cell 
edema was observed while the hepatic lobule structure was 
maintained; in the R group at 12 h, prominent liver cell edema 
and a small number of infiltrating granulocytes were observed. 

Figure 4. Serum biochemical parameters and PaO2. (A) ALT, (B) AST and (C) TBil serum levels, and (D) PaO2 were measured in the NC, PHTC and R groups. 
In the R group, measurements were made at 0, 6, 12, 24, 48 and 72 h, and 7 days (d). aP<0.05 vs. NC; bP<0.05 vs. PHTC; cP<0.05 vs. R 12 h; dP<0.05 vs. R 24 h; 
eP<0.05 vs. R 7 d. Values are presented as mean ± standard deviation (n=15). ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total 
bilirubin; PaO2, arterial oxygen pressure; NC, normal control; PHTC, portal hypertensive control; R, reperfusion. 

  A   B

  C   D

Figure 3. Portal venography and portal pressure measurements. (A) Portal venography in the NC group. Portal venography in the PHTC group (B and C) real 
time image and developed X‑ray film with the ring, respectively, and (D) immediately after the ring was removed. (E) FPP was measured in each group. *P<0.05 
vs. NC. The arrows depict (A) the location of splenic vein puncture, (B and C) the implanted label ring and narrowed portal vein and (D) the restored portal 
vein after the label ring was removed. FPP, free portal pressure; NC, normal control; PHTC, portal hypertensive control.

  A   B
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In the R group at 24 h, a number of liver cells had become 
necrotic, and a large quantity of infiltrating granulocytes were 
observed. These pathological appearances were alleviated in 
the R group at 48 h and 72 h, and the cells were almost restored 
to normal in the R group after 7 days (Fig. 5).

Discussion

Orthotopic liver transplantation without veno‑venous bypass, 
in which the first portal vein and inferior vena cava are clamped 
simultaneously, has become a mainstream method of surgery 
in China (3,5). It is advantageous as there is no need to dissect 
the second portal vein, the liver can be rapidly removed, and 
complications caused by veno‑venous bypass or outflow tract 
obstruction are avoided. However, the incidence of periop-
erative complications remains high due to the occurrence of 
ischemia‑reperfusion injury during the process (7). Therefore, 
it is imperative to establish a model of reversible pre‑hepatic 
portal hypertension and thus to simulate the anhepatic phase 
of orthotopic liver transplantation without veno‑venous bypass, 
for the purpose of studying different aspects of this process.

Numerous types of animal models of portal hyperten-
sion are currently available, including the following: i) Drug 
induced models, in which carbon tetrachloride (8), thioacet-
amide (9) or dimethylnitrosamine (10) is used to induce liver 
injury. Although prominent cirrhosis and portal hypertension 
are present in these models, portal‑systemic collateral circula-
tion is not evident, and longer time periods of induction may 
be required (11‑15 weeks). In addition, portal hypertension is 
irreversible in these models and thus cannot be used to simu-
late the liver transplantation process (11,12). ii) Common bile 

duct ligation models, in which bile duct ligation or dissection, 
cirrhosis, portal hypertension and portal‑systemic collateral 
circulation can be established in 25‑28 days. However, in these 
models, increases in portal pressure are not evident (13) and no 
typical pseudolobules are formed in the liver (14). iii) Partial 
portal vein ligation models, which are easy to reproduce 
and inexpensive. Presinusoidal portal hypertension develops 
quickly in these models, and 1 week after portal vein ligation, 
portal hypertension and portal‑systemic collateral circulation 
can be observed  (15). In preliminary experiments for the 
present study, the use this model was attempted; however, a 
number of shortcomings were found when this model was 
used for the purpose of simulating the liver transplantation 
process. Firstly, heavy adhesion was observed near the first 
portal vein, which was difficult to dissect, thus the bleeding 
increased. Secondly, changes to the portal vein were irrevers-
ible, despite the ligation being opened. iv) Other models, such 
as portal hypertension models without liver fibrosis induced by 
feeding rats with methionine and choline deficient feed (16), 
and injecting rats with 80‑µm micro‑balls through the portal 
vein (17). In summary, all of the aforementioned models are 
not suitable for accurately simulating the process of liver trans-
plantation, including the pre‑operative cirrhosis combined 
with portal hypertension, the intraoperative anhepatic phase 
and the postoperative portal pressure recovery phase.

Based on the portal vein ligation model, the present study 
established a reversible model of pre‑hepatic portal hyperten-
sion in rats. In the first stage of surgery, the trunk of the portal 
vein was stenosed with an adjacent 20‑gauge blunt‑tipped 
needle and a label ring; then, the needle was removed to 
partially constrict the portal vein [the diameter of the needle 

Figure 5. Liver pathology results. Pathological images of liver in the (A) normal control, (B) PHTC and (C‑I) R group at (C) 0 h, (D) 6 h, (E) 12 h, (F) 24 h, 
(G) 48 h, (H) 72 h and (I) 7 days after reperfusion (hematoxylin and eosin staining; scale bar, 50 µm; magnification, x400).
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and label ring together was 1.9 mm, which is longer than that 
of the portal vein (1.5 mm‑1.8 mm)]. In addition to making the 
portal vein recoverable, the application of a label ring may also 
be used as a marker, following which the first portal vein can 
be easily exposed, thus reducing the difficulty of the surgery 
and reducing the level of bleeding.

The results in the present study demonstrate that, in 
accordance with classical partial portal vein ligation models, 
during the first surgical period, the FPP in the PHTC group 
was significantly elevated compared with that in the NC 
group, and ascites, varicose epigastric and visceral veins were 
observed. In addition, the submucosal vein area in the lower 
esophagus was significantly increased in the PHTC group 
compared with the NC group. Portal venography results 
demonstrated that typical portal‑systemic collateral circula-
tion had been developed. During the second surgical period, 
significant ischemia‑reperfusion injury in the liver was 
observed in the histological examination, serum biochemical 
parameters (ALT, AST and TBil) and arterial PaO2 measure-
ments. In addition, due to the recovery of the constricted 
portal vein in the R group, the portal pressure and vein 
varices were attenuated gradually, and the portal‑systemic 
collateral circulation gradually disappeared. These changes 
share great similarities with the clinical post‑operative state 
of liver transplantation (18).

There are a number of shortcomings in the present model. 
Firstly, a certain level of surgical skill is required to perform 
the number of steps involved in the surgery. Secondly, the 
introduction of the label ring may increase the incidence 
of postoperative infection. Finally, typical pseudolobules 
in the liver may not develop in the model, which limits its 
application. This is due to the fact that the portal hyperten-
sion induced in the model is more evident than drug‑induced 
models or common bile duct ligation models. However, there 
are still differences between the liver tissues of the portal 
hypertension model and the realistic portal hypertension, 
as the latter are usually induced by a chronic pathological 
stimulus and with typical pseudolobules, whereas, the former 
is not as usually in an acute condition.

In conclusion, the authors of the current study success-
fully established a reversible model of pre‑hepatic portal 
hypertension in rats. Thus, the clinical context of orthotopic 
liver transplantation without veno‑venous bypass could be 
reproduced (as shown in the R group). This model may be 
helpful in investigating important mechanisms involved 
in the process of orthotopic liver transplantation without 
veno‑venous bypass, such as the hemodynamic changes, 
biochemical parameter alterations, and the non‑liver 
organism injuries involved in the anhepatic and post‑anhe-
patic phases.
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