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Abstract

AIM: To establish an appropriate primate model of ful-
minant hepatic failure (FHF).

METHODS: We have, for the first time, established a
large animal model of FHF in Macaca mulatta by intra-
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peritoneal infusion of amatoxin and endotoxin. Clinical
features, biochemical indexes, histopathology and ico-
nography were examined to dynamically investigate the
progress and outcome of the animal model.

RESULTS: Our results showed that the enzymes and
serum bilirubin were markedly increased and the
enzyme-bilirubin segregation emerged 36 h after toxin
administration. Coagulation activity was significantly
decreased. Gradually deteriorated parenchymal abnor-
mality was detected by magnetic resonance imaging
(MRI) and ultrasonography at 48 h. The liver biopsy
showed marked hepatocyte steatosis and massive pa-
renchymal necrosis at 36 h and 49 h, respectively. The
autopsy showed typical yellow atrophy of the liver. He-
patic encephalopathy of the models was also confirmed
by hepatic coma, MRI and pathological changes of
cerebral edema. The lethal effects of the extrahepatic
organ dysfunction were ruled out by their biochemical
indices, imaging and histopathology.

CONCLUSION: We have established an appropriate
large primate model of FHF, which is closely similar to
clinic cases, and can be used for investigation of the
mechanism of FHF and for evaluation of potential medi-
cal therapies.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Fulminant hepatic failure (FHF) is an uncommon and
challenging clinical disease characterized by sudden and
severe hepatic injury and dysfunction, with many differ-
ent symptoms and complications, and high mortality. The
term was first used in 1970 to describe a potentially re-
versible disorder that was the result of severe liver injury
in the absence of pre-existing liver disease, with an onset
of encephalopathy within 8 wk of symptom appear-

ance!. The incidence and ctiology of FHF vary accord-
ing to different geographic regions'”, and viral hepatitis
and drug or toxin ingestion are the most common causes.
As the pathophysiological changes are complicated and
still need to be investigated, a clinically relevant large-
animal model would be an indispensable tool. Orthotopic
liver transplantation has been proved to be an effective
treatment”*, but the shortage of donor organs has re-
stricted its wide applicationw'()]. The development of new
therapies, including hepatocyte transplantation, stem cell
transplantation, tissue engineered liver and bioartificial
liver support systems, is still under investigation[}()]. Be-
fore these treatments can be used clinically, their effects
should be determined in large animal models. For a sat-
isfactory animal model of FHE, seven critetia were sug-
gested by Terblanche ¢ a/'” and Fourneau et al"; (1) re-
versibility; (2) reproducibility; (3) death from liver failure;
(4) presence of a therapeutic window; (5) a large animal
model; (6) minimal hazard to personnel; and (7) a con-
scious animal model. Previous reports have described dif-
ferent animal models of FHF induced by vatious meth-
ods”"*"! but all the established models did not entirely
satisfy all these criteria. Moreover, selection of a species
with similar metabolic and physiological properties to hu-
mans is of importance. In this article, we describe, for the
first time, the establishment of a Macaca mulatta model of
FHF and the dynamic biochemical, pathological and im-
aging changes are also described.

MATERIALS AND METHODS

Chemicals

Lipopolysaccharide (LPS) from Escherichia coli was
purchased from Sigma-Aldrich. Inc., St. Louis, MO.
a-amanitin was from Alexis Biochemicals Co., Lausen,
Switzerland. Gd-BOPTA (multihance) and SonoVue,
contrast media for magnetic resonance imaging (MRI)
and ultrasonography, respectively, were from Bracco Sine
Pharmaceutical Co., Shanghai, China.

Animals

Two healthy female Macaca mnlattas, 3 and 4 years old
and with body weights of 5.5 kg and 4.6 kg, respectively,
were purchased from the Safe and Secure Experimental
Animal Breeding Base in Chengdu, China. They were
housed in a large animal care facility with a constant tem-
perature of 20 'C = 1 °C and a 6 am to 6 pm light cycle.
Two weeks were allowed for the animals to acclimatize to
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the animal facility before the study. They were fed with
standard dry monkey food, washed apples and water ad
libitum. Animal procedures and care were conducted in
accordance with the institutional guidelines and in com-
pliance with national and international laws and policies.

Study design

After premedication with ketamine (15 mg/kg im), skin
preparation was performed on the posterior legs for
blood collection from the saphenous vein and on the
abdomen for intraperitoneal infusion and hepatic needle
biopsy. LPS (1 pg/kg) and o-amanitin (0.1 mg/kg) were
mixed in 50 ml physiological saline and slowly infused
into the peritoneal cavity. Before their administration,
blood biochemical parameters of the liver, kidney, heart
and pancreas were measured, and total body MRI and
ultrasonography were performed to acquire the physi-
ological data as baseline values (expressed as “0” in the
figures). After administration, blood biochemical param-
eters were measured every 12 h. An imaging examination
was performed every 24 h.

Core needle biopsy of the liver guided by ultrasonog-
raphy scan was performed 12 h after administration and
repeated every 24 h. Part of the needle biopsy specimens
was subjected to frozen section and oil red O staining;

The state of consciousness and behavior of the ani-
mals was observed and the hepatic encephalopathy was
defined according to the West-Haven criteria in humans'"?,

The two Macaca mmulattas underwent necropsies after
death, which included a full macroscopy and a histologi-
cal evaluation of the liver, kidneys, lungs, heart, brain,
spleen, pancreas and lymph nodes. Tissues were fixed in
10% neutral buffered formalin, sectioned at 5 um and
stained with hematoxylin and eosin (H and E).

RESULTS

Clinical features and animal survival

The animals showed a gradual increase in listlessness and
loss of appetite after toxin administration. Anorexia and
vomiting occurred 24 h after administration, followed by
grasping disability, mental indifference, drowsiness and
coma. Hepatic coma appeared at 42 h and 56 h, and de-
cease occurred at 49 h and 70 h, respectively.

Biochemical results

We measured the liver enzymes, bilirubin and coagula-
tion indices to determine the extent of liver injury. The
data below were the average values from the two Macaca
mulatta models when both were alive, or from one mon-
key when one died. After administration, the values of
alanine aminotransferase and aspartate aminotransferase
began to increase significantly and reached a peak at 36 h
with over 300-fold and 200-fold increases from the base-
line, respectively (Figure 1A), then the values sharply de-
creased. The total bilirubin, direct bilirubin and indirect
bilirubin all increased gradually, and the final measured
values exceeded a 30-fold rise from the corresponding

February 7, 2012 | Volume 18 | Issue5 |



Zhou P et al. A Macaca mulatta model of fulminant hepatic failure

>

—e— ALT (IU/L)

—m— AST (IU/L)

Measured values (x 10%)

o = N W A U1 OO N 0 O
T

C30r o pre .

300 - —m— APTT ()
250
200

150 -

Measured values

100 -

50

350 1 —&— Urea (mmol/L)

300 - —m— CRE (umol/L)

250 - —&— UA (umol/L)
200

150

Measured values

100

50

24

36 48 60

t/h

Measured values

O

Measured values (x 10°)

Measured values

0 e TBIL (umol/L)

60 [~ —B— DBIL (umol/L)

50 —&— BIL (umol/L)

40

30

20

10

24

36
t/h

48 60

16

—e— CK (IU/L)
—m— LDH (IU/L)

14
12
10

o N A O

t/h

147 e GLU (mmol/L)

10

24 36 48 60

t/h

Figure 1 Blood biochemical parameters of the Macaca mulatta model of fulminant hepatic failure. The abscissa and ordinate represent measured time and
value, respectively. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TBIL: Total bilirubin; DBIL: Direct bilirubin; IBIL: Indirect bilirubin; PT: Prothrombin
time; APTT: Activated partial thromboplastin time; CK: Creatine kinase; LDH: Lactate dehydrogenase; CRE: Creatinine; UA: Uric acid; GLU: Glucose; FHF: Fulminant
hepatic failure. 'Represents values > 300 s, which exceeded the range of the equipment, so we did not obtain an exact measurement.

baseline values (Figure 1B). The consistent increase in biliru-
bin and the notable dectrease in enzymes after 36 h suggest
the emergence of enzyme-bilirubin segregation. The pro-
thrombin time (PT) and activated partial thromboplastin
time (APTT) were also prolonged after administration. At
48 h, both the levels exceeded 300 s so that we could not
measure the exact number using the machine. Even the
last two measured levels of PT and APTT showed little
diminution, and at 250 s were still 14- to 22-fold of the
baseline (Figure 1C). The ratios of prothrombin activity
were 1.18% and 5.53%.

To determine whether the toxins damaged other or-
gans, the biochemical parameters of the heart, kidneys
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and pancreas were measured. Creatine kinase (CK) and
lactate dehydrogenase (LDH), markers of myocardial in-
jury, also displayed peaks at 36 h with values 27-fold and
38-fold that of baseline, respectively (Figure 1D). Of the
three kidney-associated parameters, i.e., urea, creatinine
(CRE) and uric acid, only the level of CRE obviously
increased after 48 h (Figure 1E). The blood glucose con-
centration decreased (Figure 1F), and the serum amylase
of the pancreas did not show any significant changes.

Imaging

MRI and ultrasonography were performed every 24 h,
and the final scans were performed when the animal
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Figure 2 Magnetic resonance imaging of the liver and brain of Macaca mulatta model at different times. T2WI: T2-weighted imaging; T1WI: T1-weighted imaging.

died. At 24 h, MRI showed slight signals emerging in the
left lobe of the liver, and Gd-enhanced T1-weighted im-
aging demonstrated homogeneous intensity. The signal
began to increase heterogeneously in the parenchyma at
48 h, and became more heterogeneous and diffuse at 66 h,
and the intensity decreased on a widespread basis in the
hepatobiliary period (Figure 2). In ultrasonography, the
echo of the liver parenchyma was slightly enhanced at 48
h, especially in the left lobe, and the contrast sonogram
with SonoVue showed low perfusion. The hepatic artery
resistance index increased. At 60 h, the echo was still
enhanced slightly, but the portal vein velocity decreased
and the hepatic artery resistance index increased further
(Figure 3). Before 48 h, no predominant changes were
found in brain MRI, but at 66 h, abnormal rhythmic sig-
nals emerged in the frontal lobe and both temporal lobes,
which demonstrated hyperacute ischemia (Figure 2). We
also scanned the thoracic and abdominal organs and no
marked abnormality was found (data not shown).

Pathological changes
Core needle biopsies were performed at 12 h and 36 h af-
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ter administration and the animals underwent necropsies
after death. The main organs were evaluated, including
the liver, kidneys, lungs, heart, brain, spleen, pancreas and
lymph nodes, for macroscopic and histological changes.

H and E and oil red O staining showed that the liver
developed severe steatosis at 36 h after toxin infusion,
and in the necropsy liver, extensive parenchymal necrosis
was found. The hepatic cord was dissociated, with disor-
dered hepatocytes, and the hepatic sinusoid was extended
with hyperemia. Vacuoles appeared in the cytoplasm, and
patchy necrosis was found in the portal areas. In the non-
necrotic areas, most hepatocytes were stained reddish-
orange by oil red O. In the necropsy section, massive
necrosis caused loss of almost all of the hepatocytes,
and only the reticular structure remained, which is similar
to the case in humans suffering from acute severe viral
hepatitis (Figure 4).

With the naked eye, the livers appeared softer and
smaller, with sharper and thinner edges, than the normal
liver. The surface color was red and yellow, and it was
a uniform yellow at the cut surface (Figure 4). Vascular
dilatation and hyperemia were found on the surface of
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Figure 3 Liver sonogram of the Macaca mulatta model at different times. Arrows show a slightly enhanced echo and lower perfusion of SonoVue at 48 h.

the brain and cerebral edema was proved by widened gyri
and shallowed sulci (Figure 5). Under microscopy, the
superficial layer of the brain was loose, edematous and
weakly stained (Figure 06).

Both kidneys showed hyperemia. The heart, spleen and
pancreas did not display obvious gross changes (Figure 5).
No peritoneal hyperemia, adhesions or edema in the peri-
toneal cavity was found. The lymph nodes located in the
mesentery were enlarged and darkened. Under micros-
copy, they showed diffuse bleeding and lymphocytes were
extensively reduced with much histiocyte proliferation.
Arterioles in the lymphoid follicles were found to have
hyaline degeneration. Both kidneys were also injured and
demonstrated ectasia and hyperemia of the capillaries in
the renal glomerulus and the stroma of the kidney tubules,
and there was cellular swelling in the tubule epithelial cells.
Only a wave-like change of the myocardium was found in

the heart (Figure 0).

DISCUSSION

In this study, we have established, for the first time, a
Macaca mulatta model of FHE, which satisfies all of the
criteria for a large animal model of FHF proposed by
Terblanche ¢z a/"” and Fourneau e a/'", especially a con-
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scious animal model for observation of the development
of hepatic encephalopathy. All the clinical features and
biochemical parameters, including liver enzymes, bilirubin
as well as coagulation activity, confirmed that this model
matched all the diagnostic criteria of human FHE In ad-
dition, we dynamically examined and recorded the patho-
logical and imaging changes in the liver and extrahepatic
organs during disease progression.

Animal models of FHF are urgently needed to fully
investigate the pathogenesis, progression, diagnosis and
treatment of this serious disease clinically. Novel thera-
peutic strategies including hepatocyte transplantation,
stem cell transplantation, tissue engineered liver and
bioartificial liver support systems are under investigation.
However, all the therapies need to be tested in an animal
model before clinic use. Over the past 30 years, various
animal models of FHF have been created with differ-
ent methods™*", including models using rodents'™ ",
dogs“()'Z3J and pigsm’ZSJ. However, differences in the
metabolic and physiological properties in these distantly
relative species restricted the application of the results to
humans. As the closest relative to the human, the primate
possesses much more similar metabolic and physiological
properties, and a primate with FHF is considered to be
the best large animal model for use in basic and pre-clin-
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Figure 4 Histopathological changes of the liver. A: Tissue from needle biopsy at 12 h. Changes in organizational structure and cell morphology were not obvious
[hematoxylin and eosin (H and E) stain, x 200]; B: Tissue from needle biopsy at 36 h. Vacuoles appeared in the hepatocellular cytoplasm (H and E stain, x 200); C, D:
Tissue from necropsy after death at 70 h. Hepatocellular necrosis was distributed in the portal area (C) and central area (D) (H and E stain, x 200). Massive necrosis
caused almost all of the hepatocytes to be lost, and only the support structure remained; E: Frozen tissue from needle biopsy at 36 h. The extensive reddish-orange
color suggested serious fatty degeneration (oil red O stain, x 100); F: Frozen tissue from needle biopsy at 36 h. In the borderline between necrosis and steatosis, the
reddish-orange color was obvious (oil red O stain, x 200); G, H: Comparison of pathological changes of fulminant hepatic failure in humans induced by viral hepatitis
(G) and a Macaca mulatta model induced by c-amanitin and lipopolysaccharide (H) (H and E stain, x 200); I: Normal liver of Macaca mulatta for comparison; J: The
surface view of the experimental liver on necropsy appeared red and yellow; K: The cut surface view of the experimental liver was uniformly yellow.

T

Figure 5 Other main organs on necropsy. A: The brain with cerebral edema; B: Mesenteric lymph nodes enlarged and beaded; Hyperemia of the kidney (C), spleen
(D), heart (E), and pancreas (F) without obvious gross lesions.
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Figure 6 Histopathological changes of other organs. A: Ectasia and hyperemia of capillaries in the renal glomerulus [hematoxylin and eosin (H and E) stain, x
200]; B: Widespread hyperemia of capillaries in the renal stroma and cellular swelling in the tubular epithelial cells (H and E stain, x 100); C: Weak staining in the su-
perficial layer of the brain suggest cerebral edema (H and E stain, x 100); D: Wave-like changes in the myocardium (H and E stain, x 200); E: Hyperemia of capillaries
in the stroma and hyaline changes in the arterioles of the lung (H and E stain, x 200); F: Hyaline changes in the central artery of the spleen (H and E stain, x 200); G:
Widespread reduction in lymphocytes and hemorrhage in the mesenteric lymph nodes (H and E stain, x 50); H: Hemorrhage and histiocyte proliferation in the mesen-
teric lymph nodes. Hyaline change appeared in the vessel wall of lymphoid follicles (H and E stain, x 200).

ical research. To the best of our knowledge, our Macaca model was reported to satisfy the criteria of near-univer-
mnlatta model of FHF is the first large primate model in sal mortality from highly reproducible hepatic failure, of
this field. mortality occurring in a defined time range, of damage

Methods used to induce the FHF models included specific to the liver, and of potential for recovery of the
surgical intervention and hepatotoxin administration. damaged liver™”!. Tn our preliminary experiment, L.PS
Total or partial hepatectomy and hepatic ischemic injury  (2.25 pg/kg) and a-amanitin (0.225 mg/kg) were injected
were widely used, but these relied on extensive surgical in a Macaca mulatia through a branch of the mesenteric
expertise and were influenced by individual variations in vein by laparotomy at the dose converted from that used
the animals. Hepatotoxins, which induce massive hepatic in pigs, which received LPS and q-amanitin at a dose of

necrosis, are widely used in the establishment of a FHF 1 ug/ kg and 0.1 mg/kg, respecdvely[38’39]. However, the
model. Acetaminophen and galactosamine were the two animal died within 8 h. We supposed that the direct and

most widely used hepatotoxins' ""*****!l "and in some undiluted toxic effects to the liver might be the main
studies, carbon tetrachloride™, thioacetamide™", aZOXy- cause of death and the surgery might promote the death
methane”" concanavalin A”” and amanita phalloi- of the Macaca mulatta. Thus, we reduced the dose of the
des”™” were also employed. However, a lack of standard- two hepatotoxins to the level used in pigs, which was
ization, especially a lack of reproducibility, is the major nearly half of our preliminary dose. We then improved

disadvantage of models induced by acetaminophen'™"". the administration pathway by slow intraperitoneal infu-

The high costs restrict the application of galactosamine sion of the toxins diluted in 50 ml. physiological saline
in large-scale models™™”. Amatoxin, a polypeptide ex- instead of direct portal injection. Our results showed that
tracted from a hypertoxic mushroom, has been used as the animals survived for at least 49 h and all the features
a hepatotoxin in pigs with an endotoxin (LPS), and this of FHF were cleatly presented. Most importantly, the

4%
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prolonged disease course ensures a wide therapeutic win-
dow. It is possible that intraperitoneal infusion of toxins
could lead to severe peritonitis. Fortunately, we did not
find any symptoms and signs of peritonitis, either in im-
aging examination or in Necropsy.

Induced by a-amanitin and LPS, the hepatocytes pre-
sented severe steatosis first and massive necrosis at the
end stage of FHE, which is similar to the case in humans
suffering from acute severe viral hepatitis. Serum parame-
ters, including hepatic enzymes, bilirubin, and coagulation
activities, as well as serum ammonia, are often considered
as the markers representing the level of damage of hepa-
tocytes, since a biopsy is seldom carried out because of
the restriction of invasive operation and bleeding, In fact,
the hepatic injury during the course of FHF still needs
direct confirmation. Our model offers an appropriate
model to obtain real-time pathological changes in the
hepatocytes, which makes it valuable for study of clinical
features based on the pathological changes.

We also monitored the continuous alteration of the
liver by imaging, and this is the first report on dynamic
MRI of the liver during the course of FHE cither in pa-
tients or in an animal model. Combining the biopsy and
the MRI, it is feasible to establish the diagnostic criteria
of the damage level based on the MRI values, thus offer-
ing a non-invasive strategy to reveal the level of hepatic
injury.

Hepatic encephalopathy is one of the most impor-
tant clinical features and causes of death of FHE Being
consanguineous with humans, the Macaca mulatta presents
similar behavior and consciousness to humans suffering
from FHE In addition, the brain volume and the simi-
lar gyrus outline make it suitable for MRI examination
of the cerebral edema, ischemia or infarction. In our
model, the progressing symptoms of listlessness, an-
orexia, grasping disability, mental indifference, drowsiness
and coma are fully developed and thoroughly recorded.
The behavior and conscious alterations, combined with
the MRI and pathological changes, make it a valuable
model for further investigation of the pathogenesis and
pathophysiology of hepatic encephalopathy, which could
not be reproduced in humans or in any other animals.
As a noninvasive means of detection, MRI may be an
appropriate strategy to monitor the progression of the
hepatic encephalopathy. The first objective assessment
of MR brain changes specific to hepatic encephalopathy
was made in the early 1990s. It was noted that in patients
with cirrhosis, the basal ganglia appeared hyperintense
on T1-weighted MRI". However, continuous data are
still absent to reveal the correlation between the degree
of encephalopathy and the MRI parameters during the
course of FHE With our model, it is feasible to obtain
the dynamic imaging alterations during the whole course
of hepatic encephalopathy.

It is necessary to rule out that animal death was in-
duced by extrahepatic organ failure. In our experiment,
the main extrahepatic organs were also evaluated. The in-
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creasing of CRE happened late, suggesting that the dam-
age to the kidneys was a result of hepatorenal syndrome
rather than direct toxin damage. The values of CK and
LDH increased immediately after toxin administration,
but no marked abnormality was found by echocardio-
gram and no myocardial necrosis was observed in his-
topathological examination. The cause of the increased
CK and LDH still needs clarification. The lesion of the
mesenteric lymph nodes might be associated with the
toxins, which needs further study. We did not find any
pathological evidences indicating cell injury of the lung
and pancreas. Above all, we can conclude that the toxicity
of intraperitoneal infusion of amatoxin and endotoxin is
liver-specific and animal death is directly correlated with
FHF and not extrahepatic organ failure.

We describe, for the first time, a Macaca mulatta model
of fulminant hepatic failure, which satisfies all of the cri-
teria for a large animal model of FHF""'", With similar
metabolic and physiological properties to humans, our
primate animal model of FHEF offers a valuable model
to be used for investigation of the pathophysiology of
FHF and for evaluation of potential medical therapies.
Compared with other animals, primate models are more
expensive, and the ethics of using such animals should be
taken into consideration.

COMMENTS

Background

Fulminant hepatic failure (FHF) is an uncommon and challenging clinical dis-
ease characterized by sudden and severe hepatic injury and dysfunction, and
it results in many different symptoms and complications with a high mortality.
Previous reports have described different animal models of FHF induced by
various methods, but all the established models did not entirely satisfy all the
criteria.

Research frontiers

Animal models of FHF are urgently needed to fully investigate the pathogen-
esis, progression, diagnosis and treatment of this serious disease in the clinic.
Recently, more studies have focused on large animal models and therapy for
FHF. Novel therapeutic strategies including hepatocyte transplantation, stem
cell transplantation, tissue engineered liver and BAL support systems are un-
der investigation. Also, various animal models of FHF have been created with
different methods, including models using rodents, dogs and pigs. However,
differences in metabolic and physiological properties in these distantly relative
species restricted the application of the results to humans. No primate animal
model with FHF has been created before.

Innovations and breakthroughs

In this article, the authors describe, for the first time, a Macaca mulatta model
of FHF, which satisfies all of the criteria for the large animal model of FHF. It
is important that with the model, it is feasible to obtain dynamic imaging and
pathologic alterations, and this is the first report about dynamic MRI of the
liver during the course of FHF, either in patients or in animal models. Though
lipopolysaccharide and o.-amanitin were reported to induce a pig model of FHF,
the main extrahepatic organs were not evaluated. In this article, the authors im-
proved the administration pathway and evaluated the main extrahepatic organs.
Applications

The primate animal model of FHF offers a valuable model to be used for investi-
gation of the mechanism of FHF and for evaluation of potential medical therapies.
Terminology

Macaca Mulatta: A species of the genus MACACA inhabiting India, China, and
other parts of Asia. The species is used extensively in biomedical research and
adapts very well to living with humans.
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Peer review

The authors show an appropriate large primate model of fulminant hepatic
failure. They described the rigid data of hepatic failure by biochemical results,
imaging, and pathological changes. The primate animal model of fulminant he-
patic failure has clinical benefit because of similar metabolic and physiological
properties to human. This paper is an interesting and instructive manuscript. It
is well written.
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