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Abstract

AIM: To establish a highly reproducible animal model of
acute liver failure (ALF), for assessing the effect of bioartificial
liver support system (BALSS).

METHODS: A two-phase complete liver devascularization
procedure was performed in eight loco-hybrid pigs. Blood
biochemical index and liver biopsy were studied every 2 h
after surgery, and survival time was recorded. The BALSS
constructed with high volume recirculating technique was
a hollow fiber circulating system consisting of a hepatocyte
reactor-hollow fiber module inoculated with microcarrier-
adhering hepatocytes, and a double pump, heparinized,
thermostabilized, micro-capsulized activated carbon-
adsorbing plasmapheresis system. Twelve pigs undergoing
two-phase surgery were randomized into: control group
(perfused without hepatocytes, 7= 6) and treatment group
(perfused with hepatocytes, n = 6). Intergroup liver
biochemical indexes, survival time, and liver pathological
changes were analyzed at regular intervals.

RESULTS: Two-phase surgery was performed in all the
experimental pigs, and there was no obvious difference
between their biochemical indexes. After 3 h of phase II
surgery, ammonia (Amm) increased to (269+37) umol/L.
After 5 h of the surgery, fibrinogen (Fib) decreased to
(1.5+0.2) g/L. After 7 h of the surgery, ALT, AST, Tbil and
PT were (7.6£1.8) nka/L, (40+5) nka/L, (55+8) umol/L and
(17.5%£1.7) nka/L respectively. After 9 h of surgery, ALB
and Cr were (27+4) g/L and (87+9) umol/L. After 13 h of
surgery, BUN was (3.5£0.9) umol/L. All the above values
were different from those determined before surgery.
Survival time of pigs averaged 13.5£1.4 h. ALF pigs in the
other group were treated with BALSS. The comparison
analysis between the treated and control animals showed
the changes of Tbil, PT, Alb, BUN, Cr, Fib, and Amm
(P<0.01), but there was no change of ALT and AST. The
survival time was statistically different (P<0.01), and there
was no significant difference in histological changes.

CONCLUSION: The porcine ALF model established by
two-phase devascularized surgery is valid and reproducible.
The hollow fiber BALSS can meet the needs of life support
and is effective in treating ALF.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

A highly reproducible animal model of ALF is crucial for
assessing the extracorporeal BAL support efficiency. In our
investigation, when a two-phase complete liver devascularization
surgery was performed, acute loss of compensation for
liver functions occurred, and pigs died of acute liver failure
(ALF) eventually. Blood samples were collected to analyze
biochemical indexes and liver biopsy was obtained for
pathologic examinations under light and electron microscope.
The survival time of all experimental animals was recorded.
Pigs with ALF were treated with the bioattificial liver support
system (BALSS) consisting of a hepatocyte reactor-hollow fiber
module inoculated with microcarrier-adhering hepatocytes,
and a double pump, heparinized, thermostabilized, micro-
capsulized activated carbon-adsorbing plasmapheresis
system. Pigs with ALF in the other group were treated with
BALSS. Compated to the control animals, Thil, PT, Alb, BUN,
Cr, Fib, and Amm in the treated animals changed (P<0.01),
but ALT and AST did not change. Survival ime was statistically
different (P<0.01), but there was no difference in histological
changes.

MATERIALS AND METHODS

Animals and reagents

Twenty 2-3 mo old healthy native hybrid pigs (15-20 kg)
purchased from the Animal Center of Sun Yat-Sen University
of Medical Sciences were used in the experiment. All the
animals received humane care and the study protocols were
in compliance with the animal care guidelines established
by the First Military Medical University. Twelve grams per
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liter alginic acid sodium reservoit, 13 g/I. CaCl, solution,
poly-lysine solution, and 0.6 g/ alginic acid sodium solution
were kindly provided by the Institute of Molecular Immunology,
The First Military Medical University. All other chemicals
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Machines used included Fresenius hemodialysis
machine (A2008C, Germany), UF5.5F6 dialyzer (Fresenius
Polysulfone, Germany), YT-HP-160 hemoperfusion machine
(Yatai Medical Instrumentation Co., Ltd, Ningbo, Zhejiang
Province, China).

Animal surgery

Prior to surgery, animals were kept fasting for 12 h, with
water available ad /ibitum. Anesthesia was induced with an
intra-abdominal bolus of 30 mg/kg pentobarbital (30 g/L.).
A double lumen catheter was inserted into the right upper
limb vein for drug and infusion delivery. Animals received
oxygen through nasal catheter intubation. Laparotomy was
performed in midline from xiphoideus down to the lower
abdomen. After mobilization of the portal vein and right
renal vein, 0.25 mg heparin was injected into the portal
vein, which was clamped in the middle part with a hemostat,
a 15 cmX0.8 cm silica-gel catheter containing 20 g/1. hepatin
saline was introduced into the inferior caval vein with a
depth of 2-3 cm from the far-forth end of the right renal
vein, and secured. Another end of this catheter was placed
in the portal vein toward the far-forth end with a depth of
1.5 cm, then the catheter was secured and opened. When
there was no distinct bleeding, the abdominal wound was
closed. Thus a portacaval shunt was established end to side.
Phase II surgery was performed after 2 d. All the peri-
hepatic ligaments were cut. The branches of hepatic artery
were transfixed; hepatic artery and gastroduodenal artery
were ligated completely. An 18-G catheter was inserted into
the left femoral artery for direct blood pressure measurement.
After 1, 4, and 7 h of complete liver devascularization,
liver biopsies were taken for postoperative histology
examination. The operative wound was closed in a single
layer. During the surgery, 500 mL 0.9% NaCl and 800 000 U
benzylpenicillin were infused. When the animal died, autopsy
was practiced, and specimens of liver were taken for
histology examination.

Biochemical index assessment During phase II surgery,
blood sample was collected before the obstruction of blood
liver (0 h) and at regular intervals (every 2 h after phase 11
surgery) to monitor AST, ALT, Alb, Thil, Amm, BUN, Cr,
PT, and Fib until the pigs died.

Histology examination Under light microscope, liver
specimens were trimmed into 5-mm sections, fixed into
100 mL/L formalin, dehydrated with alcohol, embedded
with paraffin and sliced up, then stained with HE for
observation under light microscope. Under electronic
microscope, liver specimens wete doubly-fixed with 25 g/L
glutaral and 10 g/L osmium acid, dehydrated with acetone,
embedded with Epon-812 resin and sliced up by LKB-2088
ultramicrotome, then stained with acetic acid and citromalic
acid lead for electronic microscopy with Hitachi-600
transmission electron microscope (Japan).

Survival time record Survival time (from phase II surgery
to the death of animal) of all the animals was recorded.

Treatment with BALSS

Porcine hepatocyte preparation Hepatocytes of native
hybrid pigs were isolated by the two-step collagenase digestion
method™. The digested liver parenchyma was suspended in
ice cold Hanks-Hepes medium and filtered with gauze and
500 pm of stainless steel mesh. Then, the cell pellet was
collected by centrifugation at 50 r/min and washed several
times with Hanks-Hepes balanced solution. Viability of the
cells was always greater than 90%, as judged by trypan blue
exclusion. Isolated liver cells were attached to hydrated
microcartiers according to the methods of Demettiou ef a/P.
Construction of BAL circulatory system Micro-
capsulization of activated carbon was conducted according
to the method of Rozga ez alPl. (Figure 1).
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Figure 1 Pattern of BAL circulating system.

System parameters Blood was pumped out from the
femoral catheter at a flow rate of 50 mL/min and into a
high flux recirculation circuit, and then converged with
the recircling blood at a flow rate of 150 mI./min, which
was pumped out of the reservoir by constant current
pump. The confluent blood was filtrated through the double
pumps, heparinizing, thermostabilized, oxygenating,
pressure monitoring and micro-capsulized charcoal
adsorption devices in order, and then passed through
the intracapillary space of the hollow fiber module at
200 mL/min. The extracapillaty space of the device was
filled with 200 mL of microcarrier-adhering hepatocytes
and culture media system (containing 5X10° hepatocytes).
Solute exchange occurred through the side pore of the
fiber. Subsequently, 500 mL of the circling blood flowed
into the reservoir and a majority of it (150 mI./min) turned
into recirculation through the pump. The rest (50 mL./min
of blood) was infused back into the pigs through the femoral
vein catheter.

Treatment of ALF with BALSS Twelve experimental pigs
were randomized into control group and treatment group (#
= 6 in each group). When construction of BALSS was
completed, the groups with ALF were treated with BALSS.
The control animals were treated with BALSS containing
no hepatocytes, but only 200 mL of culture medium, and
the treatment group was treated with BALSS containing
5X10? hepatocytes in the same volume of cultute medium.
Analysis of liver biochemical indexes, survival time and
morphological changes was carried out to judge the
extracorporeal liver support efficiency of BALSS.
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Statistical analysis
Results were expressed by mean+SD. Data were analyzed
by the 7 test. P<0.05 was considered statistically significant.

RESULTS
Establishment of ALF models

Experimental ischemic ALF model was established
successfully in eight pigs by two-phase complete liver
devascularization surgery. After the obstruction, the average
survival time was (13.5+1.4) h.

Biochemical assays After devascularization, Amm increased
immediately, followed by a decrease after 9-11 h, and then
increased progressively again. Levels of AST, ALT, Thil,
BUN, Ct, and PT increased. Alb and Fib decreased (Table 1).
Histology observation Light microscopy observation:
Before the complete liver devascularization (0 h), structure
of hepatic lobules was normal, Disse cavity did not dilate,
hepatocytes did not swell, and arrayed radiatively around
the central vein (Figure 2A). One hour later, structure of
hepatic lobules was still normal, so was the linage of
hepatocytes. Disse cavity dilated slightly, and hepatocytes
wete swollen and turbid, while nuclear membrane and
nucleoli were still clear (Figure 2B). Four hours later, structure

of hepatic lobules was still in existence, so was the frame
of hepatic plates. While Disse cavity dilated obviously,
central veins caved in and ballooning degeneration occurred
in cytolymph. Pyknosis and vanishment of nucleoli occurred
as well (Figure 2C). Seven hours after the obstruction,
structure of hepatic lobules was in disorder, hepatic plate
was dissociated and the arrangement of hepatocytes was
disordered, Disse cavity dilated more, ballooning degeneration
in cytolymph was more significant, so was the swelling of
hepatocytes, chromatin gathered borderly, and there was
evidence of lytic necrosis of hepatocytes (Figure 2D). When
the experimental animals died of ALF, pathological
examinations revealed that hepatic lobules were unrecognized,
hepatocytes diminished, hepatic plate dissociated, and
obvious extensive piecemeal necrosis of hepatocytes
emerged (Figure 2E). Electronic microscopy observation:
Before devascularization, the examination of hepatocyte
ultrastructures showed that there was abundant glycogen
granules in cytolymph, also plenty of endoplasmic reticulum
with no dilation and no swelling mitochondria, and
mitochondrial cristae were clear, so was mitochondrial
membrane, chromatin was symmetrical, nucleoli and nuclear
membrane were also legible (Figure 3A). Four hours later,
it was obvious that glycogen granules in cytolymph were

Figure 2 Liver histology observation at 0 h (A), 1 h (B), 4 h (C), 7 h (D) after liver devascularization, and death of pigs (E) under light microscope.
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Table 1 Biochemical indexes of ALF pigs at different time points (mean+SD)

0h 1h 3h 5h 7h 9h 11h 13h
ALT (nkat/L) 4.740.7 5.1+1.3 4.9+1.2 5.2+1.5 76+1.8 824212 10.943.4° 16.241.2°
AST (nkat/L) 181 1941 2041 2542 4045 113+22° 30+8° 1042
Tbil (umol/L) 4046 4449 417 47+10 55482 49+8° 52452 59+10°
Alb(g/L) 3615 33+4 3144 304 28+3 27442 27432 25442
Amm (umol/L) 117+18 215429 269+37° 2854342 275£30° 239+28° 216£19* 280+35°
BUN (mmol/L) 2.740.6 2.8+0.4 2.5+0.4 2.540.6 2.84+0.5 2.8+0.4 29405 3509
Cr (umol/L) 7418 77+7 7749 6415 637 8792 102+17° 98+10°
PT(s) 12.8+1.0 13+1.1 144414 1544138 17.5+1.7° 19.241.9° 21.3+1.9° 21.9+2°
Fib(g/L) 2.240.2 2.140.2 1.9+0.2 1.5+0.2° 1.2¢0.2° 0.8+0.1° 0.8+0.1° 0.7+0.1°
2P<0.05 vs 0 h group.

Figure 3 Electronic microscopy observation of hepatocytes at 0 h (A) and 4 h (B).

homogenized, rough endoplasmic reticulum de-grained,
mitochondrion was swollen, and part of it was lysed,
mitochondrial cristae blurred, cholangiole microvilli between
the hepatocytes significantly diminished, chromatin centralized,
nuclei deformed, and pseudo-inclusion bodies in nuclei

appeared (Figure 3B).

Treatment with BALSS

Experimental ischemic ALF model was established
successfully in 12 pigs by the two-phase complete liver
devascularization surgery, and treatment of all the pigs with
BALSS was accomplished successfully.

Determination of biochemical indexes Before the complete
liver devascularization, the difference in ALT and AST had
no statistical significance between the two groups; after the
surgery, ALT and AST increased progressively and swiftly
in both groups after the surgery, but there was no statistical
significance between the two groups (Figures 4A and B). A
significant difference in Thil level emerged between the two
groups after 7 h (P<0.05), this difference became more

significant after 9 h (P<0.01, Figure 4C). The significant
difference in Alb between the two groups emerged after 3 h
(P<0.05) and became more significant 2 h later (P<0.01,
Figure 4D). Amm level increased rapidly in the control animals,
but slowly in the treated animals, the difference was significant
(P<0.01, Figure 4E). The levels of BUN and Cr increased
more slowly in both groups as compared to Amm; the
difference between the two groups was observed after 5 h
(P<0.05), and became more significant 7 h later (P<0.01,
Figures 4F and G). There was no statistical significant
difference in PT and Fib between the two groups after 3 h,
but the difference in PT tended to be significant 5 h later
(P<0.05), and difference in Fib was more significant (P<0.01,
Figures 4H and I).

Morphology observation Liver pathological impairment
in the two groups was analogous to the pathological images
of ALF model.

Survival time Survival time of the control animals was
11.6-15.1 (averaged 13.17£1.47) h, and that of the treated
animals was 18.1-24.4 (averaged 21.33%2.16) h. The difference
was significant between the two groups (P<0.01).

DISCUSSION

Hepatotoxins, such as alcohol, anaflon, dimethyl-nitramine
and D-galactosamine, are used as ALF chemical inducers.
But the chemical ALF models induced by hepatotoxin can
have much diversity in the changes of biochemical indexes,
pathological examinations, mortality rate, and survival time.
Thus, it is hard to evaluate the effects of treatments in
those models. Also hepatotoxins often impair the internal
organs such as kidneys and lungs, thus complicating the
causes of death. Surgical ALF models are preferred,
especially when a large animal model is established. Since
devascularization method to induce canine ALF with two-
phase surgery was reported by Rapaport and Gigesin, 1953,
the procedure has been modified by the technique of hepatic
artery ligationt* .

In our experiment, two-phase surgery was performed
for liver devascularization. The pigs underwent portal-right
renal venous shunt, and 2 d later, hepatic artery, gastroduodenal
artery and peri-hepatic ligaments were cut to obstruct blood
flowing into the liver. Acute loss of compensation for liver
functions was then produced and the pigs died of ALF. We
found that this model was simple and easy to operate. The
choice of portal-right renal venous intubation shunt instead
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of portal-cava anastomosis reduced the difficulty of the
surgery greatly. The blood flowing into liver was obstructed
in phase I surgery, which induced ischemia tolerance of the
pig. Thus, all the experimental pigs could accept phase 11
surgery. The model was reproducible. Stable parameters
like biochemical indexes and survival time could be obtained,
and the success rate of surgery was high. The two-phase
surgery could achieve devascularization of liver, while not
abruptly diminishing the blood volume in heart, the function
of other internal organ was not influenced greatly. The
pathologic changes in this model were irreversible, just like
the model of total hepatectomy. The key technical point
of this ALF model is as follows: The liver rami of left
gastric artery and diaphragm artery must be ligated thoroughly
during phase II surgery. Because the anatomic structure of
porcine liver is similar to that of human beings, the same
procedures to obstruct liver rami of human peri-hepatic
ligaments were adopted in this study. Portocaval anastomosis
is advantageous over portocaval intubation shunt theoretically,
but in practice, portocaval intubation shunt is simple and
reliable. In the prophase experiments of our study, the
metabolism indexes of normal pigs were compared to those
of the pigs with their right renal vein ligated. The results
indicated that there was no significant difference in Amm,
BUN, Cr, and blood sugar fluctuation between the two
groups. The time of portocaval intubation shunt was much
shorter than that of portocaval anastomosis (just about
5 min). No interference with hemodynamics of portal vein
was found in the cases of right renal venous cannulation.
The color and luster of bowel were ruddy during phase II
surgery, indicating that 0.8-cm caliber of the shunt catheter
is advisable.

ALF is a clinical syndrome involving massive hepatocyte
necrosis, and resulting in liver function failure and encep-
halopathy. The death rate of ALF can reach 80%, and
there is no specific therapy for it. The introduction of liver
transplantation into clinical practice has improved the
survival time of patients. Howevet, because of the deficiency
in donor liver, about 50% of the ALF patients would die
waiting for donors. Since liver has a powerful ability to
regenerate, an effective artificial liver assembly has been
established to replace the liver functions of ALF patients
for a temporary period, till the liver itself regenerates and
recovers from acute decompensation. Recently, with advances
in cell engineering and material technology, various kinds
of large-scale cell culture techniques are used for the study
of bioartificial liver, such as microcatriers™, microcapsule
coating®, gelatin embedding!*'?, hollow fiber modulel****!
and sphetoid cultute™, ez. The BALSS of potcine hepatocyte
reactor-hollow fiber module was established and has entered
into phase I clinical trials. It has been proven that such a
system can yield multifunctions of hepatocytes to support
the patients with ALF passing over the crisis. The BALSS
can serve as a bridge to liver transplantatdon*'®.

The technical characteristics of BALSS are as follows:
(1) The microcarrier-adhering hepatocytes and culture media
system increase the adsorbing area of hepatocytes greatly.
Sufficient contact of cell-matrix or cell-cell is ensured. It is
quite helpful to maintain hepatocytes polarity, thus
prolonging the stability of hepatocytes. (2) In the circulation

loop, high volume recirculating technique is adopted, which
facilitates liquor convection greatly, and improves the
substrate-product exchange of hepatocytes and the efficiency
of BAL circulation. (3) Before the blood is pumped into the
hepatocyte reactor, hemoperfusion over charcoal is used
to relieve the hepatocyte impairment induced by the toxic
substances in blood, thus hepatocyte viability and function
can be maintained longer!”). In this study, after devascul-
arization of the liver, ALT increased progressively and
swiftly in both groups, but there was no statistical significance
between the two groups, suggesting that the degree of
hepatocyte impairment is similar in both groups. Since
devascularization of the liver in this study was permanent,
the impairment of liver function was irreversible. AST could
not be determined in treated animals 15 h later. The reason
is likely that hepatocyte mitochondria which could not endure
hypoxia for a long time reach the peak of disruption about
9 h later, and AST is exhausted gradually. After the experimental
pigs died, liver pathological impairment of the two groups
was analogous to the pathological image of ALF models,
suggesting that the model of ALF established in this study
is stable.

During the treatment of BAL, the most impressive result
was the fluctuation of Amm. Amm is mainly produced by
intestinal bacteria and detoxificated through being synthesized
into utea in liver. After the obstruction, Amm level in control
animals increased rapidly from (110+17) umol/L to
(240%35) pmol/L 5 h later, while increased slowly from
(112£14) umol/L to (144£34) umol/L in the treated animals
(P<0.01), suggesting that the BALSS can detoxify and
depress Amm. Similar results have been reported by Chen
et al. The levels of Thil, Alb, BUN, Cr, PT, and Fib were
significantly different between the two groups 3-7 h later,
suggesting that BALSS has some action on bilirubin
metabolism.

In conclusion, the BALSS can be used in the treatment
of ALF. The results achieved in this study of large animals
may contribute to the clinical therapy of ALF with BALSS.
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