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Abstract: The current ischemic models of liver failure are difficult and usually time-consuming to produce. The
aim of this study was to develop a simplified and reproducible porcine model of acute liver failure for use in preclinical
research. Eighteen Bama miniature pigs were randomly divided into Groups A, B, and C. The hepatic artery and
common bile duct were ligated in all groups. While the portal vein was completely preserved in Group A, it was
narrowed by 1/3 and 1/2 in Groups B and C, respectively. Results of biochemical analyses, encephalopathy scores,
and survival times were compared among the groups. Results of hematoxylin-eosin staining, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling, Masson staining, and Ki-67 analyses were recorded. Survival times
in Groups B and C were 11.67 £ 1.86 and 2.16 + 0.75 days, respectively, shorter than that in Group A (>15 days).
Following surgery, alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, alkaline
phosphatase, total bilirubin, and direct bilirubin levels significantly increased relative to baseline values in all groups
(P<0.05). Groups B and C exhibited a significant decrease in encephalopathy scores and a significant increase in
ammonia levels, which were negatively correlated with one another. Pathological analysis revealed obvious necrosis
of liver cells, which correlated closely with the degree of portal vein constriction. Our simple, highly reproducible
model effectively mimics the clinical characteristics of acute liver failure in humans and provides a foundation for
further research on artificial liver support system development.
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Introduction nor livers [2]. Recently, researchers focused on a novel

alternative to liver transplantation by shifting their at-

Liver transplantation is an important procedure forthe  tention to artificial liver support systems (ALSS) [3],
treatment of end-stage liver disease [1], but many pa-  with a focus on bioartificial liver support systems that
tients die while waiting for a suitable donor due to the  can perform biological functions such as synthesis and
ever-widening gap between supply and demand for do-  metabolism [3—6]. Therefore, stable animal models of
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human liver failure need to be established to evaluate
the safety, technical applicability, and therapeutic effects
of these emerging therapeutic technologies.

Currently, animal models of liver failure are mainly
grouped into the following two categories: hepatotoxic
drugs and surgical models. Pharmaceutical models have
been widely used due to their simplicity and convenience
[7, 8] but they have limitations [9], including poor re-
producibility, induction of organ damage outside the
liver, and potential risks and hazards for experimental
personnel. In addition, the effects of hepatotoxic drugs
on bioartificial livers remain unknown [10, 11]. Surgical
models are developed by hepatectomy or hepatic devas-
cularization (i.e., ischemia models). Total hepatectomy
(i.e., the anhepatic model) can rapidly lead to liver fail-
ure [12] but cannot mimic the inflammation and release
of toxic substances that occur during clinical hepatocyte
necrosis and therefore is rarely performed. In addition,
the procedure is difficult, and the therapeutic window is
narrow. The partial hepatectomy model [13, 14], which
is often combined with liver ischemia, is difficult to re-
produce because there are currently no uniform criteria
for hepatectomy volume.

Complete or partial ischemic models can be developed
by means of permanent [15] or temporary [16—18] he-
patic artery ligation with portal-vena cava shunting. In
these models, blockage of blood flow into the liver leads
to hepatic ischemia, in turn leading to hepatocyte necro-
sis. Subsequent liver failure is associated with the path-
ological release of inflammatory toxins, simulating the
processes that occur during human liver failure. There-
fore, ischemia model is the most commonly utilized
animal model of liver failure [19].

The ischemic models utilized in previous studies have
all relied on portocaval shunting using portocaval side-
to-side [16], or end-to-side anastomosis [20, 21]. How-
ever, the procedure is time-consuming and difficult to
perform; therefore, it cannot be widely adopted. Cur-
rently, there are no reports of hepatic failure in cases of
portal vein preservation. In addition, the criteria for
animal models of acute liver failure have been estab-
lished before [22, 23]. The criteria are as follows: (a)
potential reversibility, (b) reproducibility, (c) death due
to liver failure, (d) use of large animals, (e) a suitable
therapeutic window, (f) ethically appropriate methods,
(g) minimal hazards to research personnel, (h) physio-
logical metabolism similar to that of humans, and (i)
changes in consciousness. Therefore, in the present
study, we sought to determine whether the portal vein
can be preserved to create a simplified and reproducible
model of liver failure in large animals and compliance
with the criteria above.

We present the following article in accordance with
the ARRIVE 1.0 reporting checklist.

Materials and Methods

Animals

Eighteen Bama miniature pigs weighing between 35
and 45 kg (age, 12-24 months) were used for the ex-
periments in the present study. They received humane
care in accordance with the standard animal care guide-
lines established by the Laboratory Animal Management
Association of China. Each pig was housed in an indi-
vidual metal cage and was provided with a quiet and
comfortable environment. They were fed three times a
day with ad libitum access to drinking water. All proce-
dures involving animals were reviewed and approved by
the Institutional Animal Care and Use Committee of
Beijing City (IACUC protocol number: SYXK (Beijing,
China) 2018-0011).

The authors are accountable for all aspects of the work
in ensuring that questions related to the accuracy or in-
tegrity of any part of the work are appropriately inves-
tigated and resolved. Experiments were performed under
a project license (NO.: 201912001) granted by the insti-
tutional review board of Nongnong (Beijing, China) Life
Science and Technology Co., in compliance with EU
Directive 2010/63/EU for the care and use of animals.

Experimental groups

The study design is presented in Fig. 1. Eighteen pigs
were randomly divided into three intervention groups
according to different degrees of portal vein constriction
after ligation of the common bile duct and hepatic artery
based on the results of our preliminary experiments. The
number of animals in each group was determined based
on similar research reports [14]. The study groups and
the degree of portal vein constriction were as follows:
group A (n=6), non-constricted; group B (n=6), reduction

fasting surgery  blood sampling and observing animal behavior
GroupA = e 0w E
(n=6)
All pigs GroupB. = o 0 0
(n=18) T (n=6)
Randomly
divided GrowpC -
(n=6)
-2d 0 1d 7d 15d

Fig. 1. Study design. All pigs were randomly divided into three
intervention groups. The experimental timeline shown here
presents the sequence of events to establish the acute liver
failure (ALF) models.
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of the portal vein perimeter by 1/3 based on a perimeter
equal to 2zr (r, radius) and a circular area equal to mr?,
resulting in the narrowing of the cross-sectional area by
4/9; and group C (n=6), reduction of the portal vein pe-
rimeter by 1/2, resulting in the narrowing of the cross-
sectional area by 3/4.

Surgical procedures

General care and anesthesia: Prior to surgery, the pigs
were starved for 12 h, although they were allowed ad
libitum access to water until 4 h before the operation.
Anesthesia was induced via an intramuscular injection
of midazolam (0.1 mg/kg) and sodium pentobarbital (20
mg/kg). The pigs were placed in the supine position af-
ter disappearance of the eyelid reflex, after which they
were intubated and connected to an anesthetic ventilator
to ensure continuous inhalation of isoflurane (1-2%) and
0, (2 L/min). The tidal volume of the anesthetic machine
was set to 8—12 ml/kg, and the respiratory rate was ad-
justed based on the end-expiratory partial pressure of
CO,, which was maintained at 35-45 mmHg. Following
intubation, the right internal jugular vein was cannu-
lated with a double-lumen catheter (Supplementary Fig.
1) to connect a venous pressure meter, which allowed
monitoring of the central venous pressure (CVP). The
catheter was also used for blood sampling and perfusion
treatment. The right common carotid artery was also
cannulated to monitor arterial pressure. Continuous in-
travenous infusions of propofol (6—8 mg/kg/h) and fen-
tanyl (0.015 mg/kg/h) were administered for analgesia,
while atracurium (no more than 0.7 mg/kg/h) was ad-
ministered to ensure muscle relaxation. Echocardiogra-
phy was performed, and the following vital signs were
closely monitored and recorded: rectal temperature (T),
heart rate (HR), mean arterial pressure (MAP), CVP, and
peripheral oxygen saturation (SpO,).

Surgery: A midline laparotomy was performed to en-
able entry into the abdominal cavity, following which
the intestines were pushed to the lower left abdomen. A
deep automatic retractor was used to fully expose the
right upper quadrant of the abdominal cavity. The size,
texture, and color of the liver were noted, and a 0.5 cm
x 0.5 cm % 0.5 cm tissue sample was removed for his-
tological analysis at baseline. The liver was skeletonized,
and all structures in the hepatogastric and hepatoduode-
nal ligaments were dissected (Fig. 2A). The common
bile duct, hepatic artery, and portal vein were then iso-
lated, following which the common bile duct and he-
patic artery were ligated and disconnected. The portal
vein was preserved and left unprocessed in group A. In
groups B and C, the perimeter of the portal vein above
the confluence of the splenic vein was measured using

62 | doi: 10.1538/expanim.21-0076

silk thread (Figs. 2B and C), following which the portal
vein was constricted using No. 7 silk thread, which two
knots was made on the silk thread as markers and the
distance between the two marked knots is the shortened
perimeter length (Fig. 2D), to reduce its perimeter by
1/3 and 1/2, respectively (Fig. 2F). Such constriction
decreased the hepatic blood supply, resulting in hepatic
ischemia. The color and movement of the intestines were
monitored. When there was no obvious congestion and
intestinal motility was sufficient, the abdomen was
washed with 1 L of warm physiological saline. A con-
tinuous suture was then used to close the skin and sub-
cutaneous tissue.

Postoperative monitoring: Vital signs were closely
monitored after surgery. Crystal and colloid fluid vol-
umes were adjusted to maintain hemodynamic stability.
Once a pig could breathe on its own for 30 min, the
tracheal tube was removed if its vital signs were stable.
Animals continued to receive intensive care and analge-
sic treatment with intravenous infusions of flurbiprofen
axetil (50 mg/day) after surgery. They were allowed
water ad libitum. The liquid input and supplementary
energy were calculated according to the body weight,
the total liquid input was 50 ml/kg/day and the energy
was 30 kcal/kg/day. The ratio of sugar to fat was 1:1 to
supplement energy. Catheters were flushed twice daily
with about 10 ml heparinized saline (10 U/ml).

Survival

In our preliminary experiment, all pigs with unpro-
cessed portal veins survived for >1 month. Postoperative
day 15 was selected as the endpoint for group A. Pigs in
groups B and C were humanely euthanized by injection
of pentobarbital and 10% potassium chloride, when they
lapsed into a coma accompanied with tachypnea. Sur-
vival time was recorded as the time interval from com-
pletion of surgery to the time when the animals were
sacrificed.

Clinical observation and encephalopathy scores

The behavioral status of each pig was recorded each
day after surgery. The animals were scored using the
Encephalopathy Score Table created by Inge Fourneau
[16], which is used to assess general behavior, gait,
drinking, and eye-opening responses. The detailed scor-
ing items and corresponding scores are shown in Table
1. Data were collected daily for all pigs until they were
euthanized.

Blood sampling
Preoperative venous blood was collected to determine
baseline values, while fasting venous blood was col-
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Fig. 2. Simple surgical procedures for portal vein preservation combined with common bile duct and hepatic artery
ligation and transection. (A) Isolation and skeletonization of the portal vein, hepatic artery, and common
bile duct. (B—C) Measurement of the perimeter of the portal vein after ligation and transection of the com-
mon bile duct and hepatic artery. (D) Two knots (red arrow) were made on the silk thread as markers, the
distance between the two marked knots is the shortened perimeter length. (E) Constriction of the portal vein.
(F) Completion of surgery. CBD, common bile duct; PV, portal vein; HA, hepatic artery; SV, splenic vein.

lected each morning until the animals died. Biochemical Table 1. Encephalopathy scoring system

analyses for the levels of the following macromolecules . :
) ] o Variable Points
were performed immediately after obtaining blood )
. . . . General behavior
samples: alanine aminotransferase (ALT), aspartate ami- Quiet and awake 5
notransferase (AST), lactate dehydrogenase (LDH), al- Somnolent 4
kaline phosphatase (ALP), total bilirubin (TBiL), direct l;:;ﬂfg:e g
bilirubin (DBiL), ammonia (Amm), albumin (ALB), Comatose 1
creatinine (Cr), blood urea nitrogen (BUN), glucose Gait
Normal 3
(Glu), and blood lactate (Lac). Cerebellar 5
No 1
Histological examination Drisnking \
. . . . pontaneous
Autopsies were performed immediately after the pigs On presentation >
died. The Patency of the portal vein was carefully in- No 1
spected. Tissues were dissected, and formalin was used Eye opening
. . . . . Spontaneous 4
for fixation. Routine sampling, dehydration, embedding, On stimulus
and sectioning were performed. After sectioning, hema- Acoustic 3
toxylin—eosin (HE) staining, Masson trichrome staining, Il:Ia:)mful ?

terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining, and Ki-67 immu-
nohistochemical staining were performed to assess the
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extent of pathological changes in the liver, hepatic fibro-
sis, hepatocyte apoptosis, and hepatocyte proliferation,
respectively.

Statistical analysis

Numerical data are reported as means = SD. One-way
analyses of variance were used to compare the means
among the three groups. A paired-sample t-test was used
to compare the data with baseline measurements. The
Kaplan—Meier method was used to analyze differences
in survival. All data were analyzed using SPSS version
26.0 (SPSS, IBM, Chicago, IL. USA). The level of sta-
tistical significance was set to P<0.05.

Surgical outcomes

Surgery was successful in all animals. Surgical out-
comes for all three groups are shown in Table 2. Vital
signs were stable throughout the procedure in groups A
and B. When the portal vein was constricted, the values
of MAP, CVP, and HR changed significantly in group C
when compared with baseline values (P<0.01 for all):
MAP and CVP decreased, whereas HR tended to in-
crease. Intraoperative changes in T, HR, MAP, CVP, and
SpO, in each group are shown in Figs. 3A-E.

Survival

All pigs in group A survived to postoperative day 15.
In group B, the shortest duration of survival was 9 days,
while the longest duration of survival was 14 days. The
mean survival time was 11.67 £ 1.86 days. Survival times
were significantly shorter in group C than in the other
two groups, as all animals in group C died within 3 days
of surgery (mean survival: 2.16 + 0.75 days). Kaplan-
Meier survival analysis revealed significant differences
in survival time among the groups (P<0.001). The sur-
vival curve is shown in Fig. 4A.

Table 2. Basic characteristics of surgery

Clinical assessment and encephalopathy scores
Significant differences in clinical manifestations were
observed among the three groups. After surgery, the pigs
in group C rapidly developed fatigue, depression, and
cerebellar gait, following which they lost the ability to
stand, became drowsy, and fell into a coma. The pigs in
group B gradually developed fatigue, depression, and
cerebellar gait, and their ability to drink water gradually
decreased. Thereafter, eye-opening responses gradually
disappeared. The pigs in group A remained capable of
moving and drinking water freely. Encephalopathy
scores for the different groups are shown in Fig. 4B.

Biochemical analyses

After surgery, the levels of liver enzymes (ALT, AST,
LDH, and ALP) significantly increased in all animals.
However, significantly greater increases were observed
in group C than in groups A and B (all P<0.05). The peak
ALT values in groups A, B, and C were 746.67 + 157.69,
720.00 + 357.44, and 1,675.50 = 762.34 U/L, respec-
tively, whereas the peak AST values were 2,890.00 +
790.65, 3,164.17 + 1,839.10, and 7,938.00 + 3,747.73
U/L, respectively. In groups A and B, liver enzyme lev-
els decreased after reaching their peak at 2—4 days post-
operatively; the peak appeared earlier in group B than
in group A. TBIiL and DBIL increased progressively in
all groups when compared with baseline values (P<0.05
for all); they all reached their peak at the end point. These
data, together with the changes in liver enzymes, suggest
that bile enzyme separation occurred in groups A and B.
Amm levels increased significantly relative to the base-
line values in all groups after surgery (P<0.05 for all
groups); however, the values were significantly lower in
Group A than in groups B and C. ALB levels tended to
decrease after surgery in all three groups (P<0.05 for
all), with groups C and A having the fastest and slowest
decreases, respectively. The levels of Cr and BUN, which
are indicators of renal function, did not significantly
change in groups A and B, although they increased after

Results

Items

Group A Group B Group C P value
Operative time (min) 38.83+£2.23 45.17£3.54 46.00 £ 1.79 <0.001
Operative time in LH (min)? 12.00 +1.10 14.33 £ 1.03 14.00 = 1.41 0.008
Perimeter of portal vein before occlusion (cm) 3.69+0.13 3.68 £ 0.06 3.72+0.09 0.576
Perimeter of portal vein after occlusion (cm) 3.69+£0.13 2.50 £0.44 1.87 +0.50 <0.001
ABL during the operation (mL) 2.0+£245 3.67+2.94 3.50+£2.26 0.984
ABT during the operation (mL) 0 0 0 1

Data are presented as means + SD, n=6; LH, liver hilum; ABL, amount of blood loss; ABT, amount of blood transfusion.
a0perative time in LH: including ligament separation, ligation of the hepatic artery and common bile duct, and portal

vein constriction.
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Fig. 3. Intraoperative changes of vitals. Changes in T (A), HR (B), MAP (C), CVP (D), and SpO, (E) dur-
ing surgery in each group. Data are presented as means = SD; n=6; ***P<(0.001 versus baseline. T,
rectal temperature; HR, heart rate; MAP, mean arterial pressure; CVP, central venous pressure;
SpO,, peripheral oxygen saturation.
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Fig. 4. Survival and encephalopathy score. (A) Survival times of pigs in the different study groups.
Group A vs. group B, P<0.001; group A vs. group C, P<0.001; group B vs. group C, P<0.001.
(B) Evolution of the encephalopathy score in the three groups. Data are presented as means
+ SD; n=6. *P<0.05, **P<0.005, ***P<(0.001, one-way analysis of variance.
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surgery in group C (P<0.05). Lac levels fluctuated
steadily at low values in group A throughout the ex-
perimental observation process. In group B, Lac levels
remained at low values in the early stage but rose rap-
idly within 3 days before the animals died. In contrast,
group C exhibited progressive increases in Lac levels
after surgery. Changes in biochemical and lactic acid
values are shown in Figs. SA-L.

Morphological characteristics
A moderate amount of effusion was observed upon
opening the abdominal cavity after the animals’ death.

There was no congestion in the gastrointestinal. In group
A, livers were yellowish brown with marked hepato-
megaly and the hardened liver tissues exhibited obvious
cholestasis. We also observed severe adhesions to the
surrounding tissues and small nodules/granules on the
surface of the liver in group A (Fig. 6A). In group B,
livers were dark brown, and obvious cholestasis was
observed in some areas. The tissue was brittle, hard, and
fractured easily, with some adhesions to the surrounding
tissues (Fig. 6B). In group C, livers were dark purple
and yellowish brown, while their surfaces were softer
and smoother. Fewer adhesions to the surrounding tissue
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Fig. 5. Biochemical analysis. Changes in the levels of ALT (A), AST (B), LDH (C), ALP (D), TBiL (E), DBIL (F), Amm (G), ALB (H),
Cr (I), BUN (J), Glu (K), and Lac (L) prior to the operation (baseline) and each day after the operation. Data are presented as
means + SD, n=6. *P<0.05, **P<0.005, ***P<0.001, one-way analysis of variance. ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; TBiL, total bilirubin; DBiL, direct bilirubin;
Amm, ammonia; ALB, albumin; Cr, creatinine; BUN, blood urea nitrogen; Glu, glucose; Lac, blood lactate.

Fig. 6. Morphological characteristics of the liver. A, Group A, livers were yellowish brown with marked hepato-
megaly; B, Group B, livers were dark brown, and obvious cholestasis was observed in some areas; C, Group
C, livers were dark purple and yellowish brown.
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were observed in group C (Fig. 6C). At autopsy, no
thrombosis of the portal vein was noted in all animals.

Histological characteristics

Animals in each group exhibited varying degrees of
liver damage relative to the baseline condition. In group
A, the lobular structure had collapsed, while moderate
hepatocyte necrosis and infiltration of the surrounding
inflammatory cells were observed. Moreover, we noted
substantial proliferation of fibrous tissues and Ki-67 im-
munostaining revealed significant increases in hepato-
cyte proliferation. In group B, the lobular structure had
also collapsed, while massive fused necrosis of hepato-
cytes was observed. Substantial infiltration of surround-
ing inflammatory cells was accompanied by the disap-
pearance of necrotic cells, balloon-like changes, and
vacuolar degeneration. Masson staining revealed severe
fibrosis, whereas Ki-67 immunostaining revealed scat-
tered hepatocyte proliferation. In addition,cholestasis
was observed both in group A and B. In group C, the
lobular structure was basically intact, and small amounts

of necrosis and balloon-like changes were observed.
There was no evidence of fibrous tissue proliferation,
and Ki-67 immunostaining revealed slight hepatocyte
proliferation at the lobular margin. TUNEL staining was
observed in all groups, while levels of TUNEL staining
in all experimental groups were similar to those observed
at baseline. The histological characteristics of the liver
for each group are shown in Fig. 7.

Discussion

We succeeded in developing a novel, simplified, and
reproducible porcine model of ischemic liver failure with
portal vein preservation in compliance with the criteria
for animal models of acute liver failure.

In this study, a portal vein-preserving model of partial
ischemic liver failure was established for the first time.
By ligating the hepatic artery and contracting the portal
vein, the blood flow to the liver decreases sharply, which
leads to hepatocellular necrosis caused by ischemia and
hypoxia and eventually to the rapid loss of normal liver

Group C

Fig. 7. Liver histology and immunohistochemistry from baseline and of the different groups. HE, hematoxylin-eosin; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling (x100 magnification, 200-um scale bars).
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function. Previous studies have shown that the collat-
eral circulation of the bile duct wall can provide blood
flow to the liver [17, 24], which is very important. With-
out ligation, the survival time of liver failure model
animals will be significantly prolonged [16]. In order to
avoid the effect of collateral circulation on hepatic isch-
emia, the model animals of hepatic failure were sub-
jected to ligation and disconnection of the common bile
duct. More importantly, after ligation of the common
bile duct, bilirubin and bile acid accumulate due to the
loss of the liver’s excretory function, leading to inflam-
mation and liver failure [21].

Compared with other partial ischemia models, this
model does not require portocaval shunting, is easy to
operate, and is time-saving. The portal vein occlusion
time was 11 to 15 min, as previously reported [15]. Al-
though we modified the portocaval shunting method by
using a polyvinyl chloride tube to bridge the portal vein
and vena cava, the portal vein blood flow was also
blocked for 5 + 2 min [9]. To simplify the operation, the
portal vein preserving liver failure model developed in
this study does not require occlusion of this vein or por-
tal shunting.

The key to establishing the model is to determine the
appropriate degree of portal vein constriction. In a pre-
liminary experiment involving more than 10 pigs, we
explored different degrees of portal vein contraction,
including non-constriction, reduced 1/5, 1/4, 1/3, or 1/2,
and completely blocked portal vein perimeters, respec-
tively, and compared their biochemical and survival time.
Preliminary studies have shown that excessive preserva-
tion of cross-sectional area can significantly slow down
the development of liver failure and prolong the sur-
vival time. The survival time of pigs without portal vein
stenosis was more than 1 month, and the main cause of
death was severe hyperbilirubinemia. However, gastro-
intestinal congestion and severe hemodynamic fluctua-
tions occur when the portal vein cross-sectional area is
reduced (>75%). When the portal vein was completely
blocked, the animals died within 5 h. According to pre-
liminary data, three different degrees of portal vein ste-
nosis were investigated in this study.

Biochemical changes and survival time are important
in evaluating the success of animal models of liver fail-
ure. In this study, different degrees of portal vein con-
striction in the animal model showed a statistically
significant difference in survival time and biochemical
indicators. In group C, ALT, AST, Amm, Lac, CRE, and
BUN increased significantly, while ALB decreased sig-
nificantly, suggesting liver function and multiple organ
failure. The change in trends of some indicators between
group A and group B were similar; ALT, AST, LDH, ALP
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increased first but then decreased, ALB gradually de-
creased, and TBIL and DBIL gradually increased, which
suggested that liver failure developed in both groups.
However, the changes of ALB, TBIL, and DBIL in group
B were significantly larger than those in group A, and
more importantly, Amm and Lac increased significantly
postoperatively in group B. However, these two indica-
tors in group A remained at a low level during the ob-
servation period. We considered all the changes to be
related to different degrees of hepatic ischemia induced
by different coarctations of the portal vein in the three
groups. Although the biochemical indexes of group C
seemed to change significantly, its survival time was
excessively short, resulting in an inappropriate therapeu-
tic window. Both groups A and B had suitable therapeu-
tic window time, and some biochemical indexes were
similar. However, since blood ammonia and lactate are
important in the treatment of liver failure, we believe
that reducing the portal vein perimeter by 1/3 may be
the most appropriate strategy.

Neurological changes are another important indicator
when evaluating animal models of liver failure [25].
These changes can be assessed by utilizing the Enceph-
alopathy Score Table developed by Fourneau et al. [16].
Encephalopathy scores were negatively correlated with
Amm levels, consistent with previously reported hypoth-
eses [26]. The two indices of group B and group C had
significant changes, indicating that consciousness had
changed. However, encephalopathy scores and Amm
levels remained stable in group A. These results and
pathological findings suggest that the preservation of
portal vein can make the liver retain enough hepatocytes
to maintain metabolic capacity.

The morphological and pathological changes of the
liver were different among the groups. In group C, al-
though the liver morphology changed, the pathological
changes were not obvious. The lobule structure was
basically intact with only a few necroses. This may be
related to the short survival time of group C. The large
contraction area of the portal vein leads to hemody-
namic changes and, eventually, to the death of model
pigs shortly. However, the liver cells have a strong abil-
ity to tolerate ischemia and hypoxia [17], and the typical
necrosis of liver cells has not yet appeared during this
time. In addition, the observation time was insufficient
to observe for cell proliferation and fibrous hyperplasia
in the liver. Based on these evidences, group C is not
suitable to be regarded as a liver failure model, and may
be more suitable to be regarded as a hemodynamic fail-
ure model. Under long-term ischemic hypoxic conditions
in groups A and B, the livers in both groups exhibited
obvious proliferation and fibrosis, and hepatocytes ex-
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hibited obvious necrosis and destruction of lobular ar-
chitecture. Although the two groups performed simi-
larly, the degree of hepatocellular necrosis and lobular
structure damage in group B were significantly higher
than those in group A.

In the current study, the perimeter was chosen as the
experimental variable, considering its reproducibility
and convenience of measurement. In our supplementary
experiments, we detected the changes of portal vein
blood flow caused by reducing portal vein peremeter in
different degrees using 6 pigs. The results showed that
when the portal vein peremeter reduced by 1/3, the por-
tal vein blood flow decreased from an average of 942.94
+201.16 ml/min to 534.02 + 97.39 ml/min, while when
the portal vein peremeter reduced by 1/2, the portal vein
blood flow decreased from an average of 851.34 + 5.00
ml/min to 387.87 + 15.66 ml/min. Demonstrated that
portal vein blood flow closed related to its’ perimeter
and portal vein perimeter can be used as the marker of
this model. However, more animal experiments are
needed to determine the relationship between portal vein
peremeters and blood flow. Daily heparin injections may
prevent jugular catheter and portal vein thrombosis, lead-
ing to impaired coagulation function testing. Therefore,
changes in coagulation in liver failure could not be dem-
onstrated.

Conclusion

The novel partial ischemic model of portal vein con-
striction developed in the present study effectively mim-
ics the clinical characteristics of acute liver failure in
humans. Furthermore, we successfully validated the
various manifestations of different degrees of portal vein
constriction. This model is highly reproducible and easy
to generate. We believe that this model may help provide
a platform for further research related to the development
of ALSS.
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