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Abstract

AIM: To propose an alternative model of hepatic en-
cephalopathy (HE) in mice, resembling the human fea-
tures of the disease.
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METHODS: Mice received two consecutive intraperi-
toneal injections of thioacetamide (TAA) at low dos-
age (300 mg/kg). Liver injury was assessed by serum
transaminase levels (ALT) and liver histology (hema-
toxylin and eosin). Neutrophil infiltration was estimated
by confocal liver intravital microscopy. Coagulopathy
was evaluated using prolonged prothrombin and par-
tial thromboplastin time. Hemodynamic parameters
were measured through tail cuff. Ammonia levels were
quantified in serum and brain samples. Electroencepha-
lography (EEG) and psychomotor activity score were
performed to show brain function. Brain edema was
evaluated using magnetic resonance imaging.

RESULTS: Mice submitted to the TAA regime devel-
oped massive liver injury, as shown by elevation of
serum ALT levels and a high degree of liver necrosis.
An intense hepatic neutrophil accumulation occurred in
response to TAA-induced liver injury. This led to mice
mortality and weight loss, which was associated with
severe coagulopathy. Furthermore, TAA-treated mice
presented with increased serum and cerebral levels
of ammonia, in parallel with alterations in EEG spec-
trum and discrete brain edema, as shown by magnetic
resonance imaging. In agreement with this, neuropsy-
chomotor abnormalities ensued 36 h after TAA, fulfill-
ing several HE features observed in humans. In this
context of liver injury and neurological dysfunction, we
observed lung inflammation and alterations in blood
pressure and heart rate that were indicative of multiple
organ dysfunction syndrome.

CONCLUSION: In summary, we describe a new
murine model of hepatic encephalopathy comprising
multiple features of the disease in humans, which may
provide new insights for treatment.

© 2014 Baishideng Publishing Group Co., Limited. All rights
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Core tip: The study of hepatic encephalopathy is crucial
for development of new therapies but has been damp-
ened by the absence of murine models resembling
the disease in patients. We showed that sequential
thioacetamide injections cause extensive liver injury in
mice, leading to increased ammonia levels, electroen-
cephalography alterations and brain edema. In line with
this, mice presented with poor psychomotor activity
and survival rate. Liver injury and brain function impair-
ment by thioacetamide resulted in systemic alterations
such as coagulopathy, hemodynamic instability and lung
inflammation, consistent with multiple organ failure.
Therefore, this alternative model may provide tools for
new therapeutic insights for hepatic encephalopathy.
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INTRODUCTION

Acute liver failure (ALF) is a rare but severe clinical syn-
drome. It is typically characterized by jaundice, coagulop-
athy and encephalopathy resulting from sudden hepatic
dysfunction without preexisting liver disease!". Drug-
induced liver injury (DILI) is the main cause of ALF in
the United States and Europem, whereas in developing
countries viral hepatitis is the most important etiology.
Although liver injuries may result from a wide range of
situations, drug overdose may become the most impos-
tant etiology of ALF worldwide in a few yearsm as life
expectancy increases and the medicalization of the older
population tends to increase™. Moreover, the worldwide
cause of ALF tends towards DILI due to increasing pub-
lic health measures (eg., vaccination)m, making it an emer-
gent widespread problem. ALF has a high mortality rate
of approximately 30% due to multiple organ dysfunction,
hepatic encephalopathy and sepsis. Unfortunately, thera-
peutic options are very limited since liver transplantation
is the only definitive therapy available. Besides that, pa-
tients are kept under clinical management and supportive
care until spontaneous liver recovery'™,

Hepatic encephalopathy (HE) is one of the major
complications in ALF because of rapid brain edema,
intracranial hypertension and cerebral herniation™. Clini-
cally, HE is a neuropsychiatric syndrome that comprises
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a wide range of signs and symptoms from subtle altered
mental status to stupor and coma. The severity of HE
has prognostic implications since patient outcome wors-
ens as HE progresses. There is a chance of 65%-70% of
spontaneous liver recovery in mild HE and less than 20%
in severe HE". Moteover, patients with ALF who mani-
fest increased intracranial pressure during the course of
illness are more likely to develop sepsis[sl. Hence, under-
standing HE pathophysiology is crucial for development
of new and specific therapies that would slow down its
progression and increase chances of better outcomes.

In this sense, a murine model that reproduces features
of HE in humans would be key to improve our under-
standing in HE pathophysiology and may also be useful
for drug testing and development. Here, we propose an
alternative murine model of HE using sequential sys-
temic thioacetamide (TAA) injections in a lower dosage
instead of a single higher dose administration.

MATERIALS AND METHODS

TAA induced liver failure and hepatic encephalopathy
Female C57BL/6 mice and Lysm-eGFP (eGFP-express-
ing neutrophils) had free access to food and water. TAA-
induced liver injury protocol was based on two consecu-
tive days of treatment with thioacetamide (300 mg/kg)
administered intraperitoneally. Treated groups received
the first dose in time zero and an additional dose after
24 h. Controls received vehicle following the same chro-
nogram. Mice were sacrificed after 24 or 48 h and liver,
lung, blood and brain samples were collected for further
analysis. All mice received glucose replacement (12/12
h; 5%; s.c.) and glycemia was monitored (12/12 h) with
commercially available reactive strips and a glucometer
(Accu-Chek, Performa). Body temperature was main-
tained at 37 'C by a thermal pad. Psychomotor activity
was graded following an adapted clinical score, in which 0
= normal behavior; 1 = mild lethargy; 2 = decreased mo-
tor activity, poor gesture control, diminished pain percep-
tion; 3 = Severe ataxia, no spontaneous righting reflex; 4
= no righting reflex, no reaction to pain stimuli; and 5 =
death”. All procedures were approved by Animal Care
and Use Committee in UFMG (CEBIO n°051/2011).
The investigation conformed to the standards of Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health publication 85-23, 1996 revision). In
a separate set of experiments, the liver was imaged using
confocal intravital microscopy as described previouslym.
Lysm-eGFP mice received propidium iodide (200 pL
of a 100 pmol/ L stock solution; z2) prior to the surgical
procedure in order to visualize necrotic cells.

Serum and cerebral ammonia determination

Immediately after decapitation, the brain was rapidly re-
moved from the cranial cavity and fast-frozen in liquid
nitrogen. Subsequently, brain samples were macerated
using a pestle in perchloric acid (ice-cold; 1mol/L) and
centrifuged at 10000 g for 10 min at 4 ‘C. The super-
natant was collected for immediate dosage. Also, blood
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samples were centrifuged for 7 min (7000 g) and plasma
was collected. Ammonia concentration was estimated us-
ing Ammonia Assay kit (Sigma, United States) following
manufacturer instructions.

Alanine aminotransferase

The alanine aminotransferase enzyme is present in the
cytoplasm of hepatocytes and is highly specific for the
liver. The measurement of serum alanine aminotrans-
ferase (ALT) is a gold-standard marker of liver damage.
To determine the activity of ALT, blood samples were
centrifuged and the serum was collected and dosed using
a kinetic kit (Bioclin, Brazil).

Hemodynamic measurements using tail cuff method
Mean arterial pressure (MAP) and heart rate (HR) were
evaluated by a volume pressure recording sensor and an
occlusion tail-cuff, which measures mice blood pressure
and HR noninvasively (Kent Scientific Corporation, Toz-
rington, CT, United States)“”. Mice were acclimated to
the restraint and tail cuff inflation for two days before the
beginning of the experiments. The restraint platform was
maintained at 36-38 ‘C. In each session, mice were placed
in an acrylic box restraint, and the tail was inserted into
a compression cuff that measured the blood pressure 10
times. Following the measurement cycle, the average of
these values was considered for each mouse. MAP and
HR were evaluated at 0, 24 and 48 h after TAA adminis-
tration.

Procedures for electroencephalography recording
Surgery procedures: Mice (7 = 8) were anesthetized
using a mixture of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Prophylactic treatment with antibiotics (en-
rofloxacin; 10 mg/kg; s.c.) was done in order to prevent
post-surgical infections. The animals were submitted to
surgery for electroencephalography (EEG) electrode im-
plantation in the right and left parietal cortices. The elec-
trodes for superficial EEG recordings were made with
surgical screws (Fine Science Tools; model 19010-00;
Foster City, CA, United States) previously soldered to
Teflon-coated stainless-steel wires (A&M Systems; model
7916; Catlsborg, WA, United States) and introduced bi-
laterally in the parietal bones. A reference electrode, also
made with surgical screws, was inserted in the nasal bone.
All the electrodes were soldered to a common pin con-
nector and anchored to the cranium with dental acrylic.
Following surgery, animals were allowed to recover for at
least 4 days before EEG recordings.

Experimental protocol: Mice were injected with thio-
acetamide in the same regime (# = 5) or saline (7 = 3).
Each mouse was recorded in three consecutive days,
namely: day 1, before drug injection; days 2 and 3, after
first and second drug injections, respectively. Mice were
recorded for a period of 10 min each day. Bioelectrical
activity was recorded with a video-EEG recording system
(8:00-11:00 am). The EEG signal from both parietal cor-
tices was amplified (1000 X gain) and filtered (1 Hz High
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pass, 500 Hz Low pass) by a signal conditioner (Aisha4
- Kananda® Ltda). Data were sampled at 1 kHz (12 bit
DI-148U A/D converter - DATAQ® Instruments) and
recorded in a computer hard disk for offline analyses.
Spectral analysis and 3D rendering of EEG spectrum
were done using MatLab® scripts.

Magnetic resonance imaging: Acquisition and analysis
MR image experiments were acquired using 4.7T NMR
system (Oxford Systems) controlled by a UNITY Ino-
va-200 imaging console (Varian). The imaging protocol
consisted of coronal T2-weighted (TR = 3000 ms, TE =
50 ms) spin echo multislice scans, 16 contiguous 1 mm
thick slices. Mice (#= 12) were anesthetized with halo-
thane (4% induction, 1.5% maintenance) and oxygen
(1.5 1/min) delivered by a facemask in a head holder to
minimize artifact movements. Animals anesthetized for
the duration of an imaging experiment (50 min) recov-
ered with no apparent difficulty and could be used for
subsequent imaging studies. Each mouse was imaged in
three consecutive days, namely: day 1, before drug injec-
tion; days 2 and 3, after first and second drug injections,
respectively. Brain masks, based on the anatomical scans,
were done using a tablet driver (Bamboo Tablet Driver,
V5.2.5 WIN, WACOM Technology Corporation, United
States) and MeVisLab software (MeVis Medical Solutions
AG, Fraunhofer). Additionally, densitometry analysis
was done using Matl.ab® scripts and repeated measures.
ANOVA was used to compare densitometry values on
different days.

Statistical analysis

Statistical analyzes were performed using one-way ANO-
VA (Tukey’s post test) and Student’s 7 test. P values less
than 0.05 were considered statistically significant. All data
are presented as mean * SE.

RESULTS

Repeated TAA injections caused neuropsychomotor
changes, brain edema and hyperammonemia, with EEG
spectrum suggestive of metabolic encephalopathy

As shown in Figure 1A, around 30% of mice treated
with a single dose of TAA died after 24 h and more than
40% succumbed due to a second TAA administration.
Also, a progressive increase in neurological score (reflect-
ing a decreased neuropsychomotor activity) was observed
(Figure 1B) and, probably due to such reduced mobility,
TAA-treated mice presented with a significant weight loss
in comparison to controls throughout the experiment
(Figure 1C). In addition, TAA treatment caused serum
hyperammonemia after 24 h (Figure 1D), which was also
detected in the brain in later timepoints (48 h; Figure 1E).
Taking into account the edematogenic effects of cerebral
ammonia accumulation, we imaged mice brains using
magnetic resonance (MR) to investigate potential mor-
phological alterations, including suggestive areas of fluid
accumulation. MR revealed a discrete but diffuse brain
edema in TAA-treated mice, which was not observed in
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Figure 1 Thioacetamide treatment triggered neuropsychomotor changes, diffuse brain edema and hyperammonemia, with electroencephalography spec-
trum compatible with of encephalopathy. A: Survival rate following repeated TAA injections (arrows); B: Neurological score was assessed through all experimental
procedure. Neuropsychomotor deficit increases as higher is the score average, with 1 = normal and 5 = death; C: Mice treated with TAA also presented with significant
weight loss in comparison to controls; D, E: Serum ammonemia was detected following 24 h of TAA injection, while brain ammonia concentration increased gradually,
reaching significant higher values after 48 h (E); F: In agreement, MRI from TAA-treated mice brains showed discrete, but diffuse edema as pointed by arrow heads.
G, H: EEG analysis revealed that while controls had coincident EEG records during the experimental protocol (G), brain waves spectrum of TAA-treated mice (H)
was compatible with metabolic encephalopathy; I: 3D rendering of 60 minutes EEG record (Z axis) plotted comparing energy (in Y axis) with frequency (X axis). Note
the increase in higher frequencies waves (theta and alpha; 4-8 and 8-13 Hz, respectively) with a concomitant increase of lower frequency ones (mainly delta; up to
4 Hz). Best case results were depicted here; N = 8 for each group; J: Total EEG energy was also reduced in TAA-treated group. alndicates statistical significance in
comparison to controls and bin comparison to 24 h group. P < 0.05, analysis of variance (Tukey’s post test). N = 5 for each group. TAA: Thioacetamide; EEG: Electro-
encephalography.
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controls (Figure 1F). Increased fluid accumulation was
more evident following 48 h of TAA treatment; however,
such a feature was not prominent. In fact, no significant
differences were observed in brain densitometry during
analysis of MRI images (data not shown), suggesting that
a mild brain edema was occurring in this model. To fur-
ther dissect the neurological effects of TAA poisoning,
we submitted mice to daily EEG registration throughout
the experimental protocol. Analysis of the EEG spec-
trum revealed that while untreated mice had coincident
EEG records during all experimental protocol (Figure
1G), TAA administration caused a progressive decrease
in higher frequencies waves (theta and alpha; 4-8 and 8-13
Hz, respectively) with a concomitant increase of lower
frequency ones (mainly delfa; up to 4 Hz; Figure 1H-I).
Such an EEG profile, with concentration of energy
mainly in delfa waves region and significant reduction in
total energy (Figure 1]), confirmed that repeated TAA
administration led to a diffuse brain lesion and metabolic
encephalopathy.

Severe liver necrosis and inflammation triggered
metabolic encephalopathy, coagulopathy and remote
lung injury

It is well established that impaired liver function caused
by extensive hepatocyte death leads to a general defi-
ciency in metabolism, including ammonia depuration and
synthesis of coagulation cascade factors”. Liver intravital
microscopy revealed a marked increase in necrotic cells
(stained by propidium iodide; in red) following TAA ex-
posure (Figure 2A), which was also confirmed by histol-
ogy analysis (Figure 2B). Also, we observed an exuberant
neutrophil accumulation in liver necrotic areas, which in-
creased throughout TAA intoxication process (Figure 2A;
eGFP-expressing cells). Macroscopically, livers from TAA
treated mice displayed extensive areas of necrosis (Figure
2C), which became more obvious after repeated TAA
administration (48 h). Significantly higher serum levels
of alanine aminotransferase (ALT) also indicated massive
liver injury, which was sustained during the whole experi-
mental period (Figure 2D). In fact, a complete lack of
hemostatic function also confirmed hepatotoxicity and
organ failure, suggesting that synthesis of liver-derived
coagulation factors was seriously impaired. While con-
trols had normal hemostatic parameters (MAP and HR),
TAA-treated mice had a prolonged (undetermined) pro-
thrombin and partial thromboplastin time (Figure 2E, F).
Moteovet, while control mice had normal hemodynamic
parameters, the TAA-treated group had a significant
drop in MAP (approximately 35%) with concomitant
tachycardia, suggesting that mice might be evolving to a
hemodynamic shock (Figure 2G, H). In this direction, we
hypothesized that in our model TAA might also cause
multiple organ failure and remote injury.

We have previously shown that necrosis-detived prod-
ucts may reach systemic circulation and trigger remote
inflammatory responses in organs including the lungsm].
Here, we evaluated the potential of TAA in induction of
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lung inflammation. Histopathological analysis showed
that TAA-induced liver injury also caused pulmonary in-
jury. After 24 h, lungs from mice had increased cellularity
in lung parenchyma, alveolar edema and hemorrhage in
comparison to controls (Figure 1I; arrows). Those ob-
servations were found to be more pronounced after 48
h, showing increased tissue damage, alveolar hemorrhage
and lung architecture disruption, suggesting that lethality
induced by TAA can also be due to exacerbation of lung
inflammatory response in this model.

DISCUSSION

The hepatotoxic ability of TAA is well described in the
literature and this drug has been extensively used in rat
models of ALF and HE in sequential repeated dose ad-
ministration””"”. Once in circulation, TAA is absorbed
and bioactivated by hepatocytes. This metabolite will
finally modify aminolipids and proteins, causing cell dam-
age and death"”. In mice, acute TAA poisoning causes
centrilobular necrosis and an increase in plasma trans-
aminases and bilirubin. We have shown that following
two daily TAA injections, mice developed a massive and
progressive liver damage and failure, with hyperammone-
mia in serum and brain, with discrete signals of cerebral
edema.

Hyperammonemia is a hallmark of HE pathophysiol-
ogy. In patients with ALF, the arterial ammonia level is
directly related to severity of HE and development of
intracranial hypertension'”. Also, persistent hyperammo-
nemia seems to be more important than a transient in-
crease in the ammonia level regarding the occurrence of
intracranial hypertension'”. Most studies in mice used a
single dose of a hepatotoxic drug which caused a briefer
period of illness™ ™. To supersede this, we developed a
novel protocol using a lower TAA dose (300 mg/kg) and
repeated administration (2 daily doses), trying to mimic
a more realistic scenatio closer to severe HE. We found
that under these conditions, mice progressively presented
with neuropsychomotor deficiencies (as assessed by neu-
rological score)”, which was accompanied by persistent
liver injury and failure. Interestingly, serum ammonia
concentration peaked after the first TAA administration,
decreasing at 48 h. However, cerebral ammonia gradually
increased throughout the expetimental protocol, reach-
ing significantly higher levels 48 h after TAA, suggesting
that probably excessive serum levels of ammonia might
be transferred to the brain due to deficient liver ammonia
clearance. The mechanisms responsible for ammonia-
mediated encephalopathy and brain edema are still under
debate; however, it is accepted that increased blood-
derived ammonia intensifies glutamine synthesis via
amidation of glutamate, generating a hyperosmotic envi-
ronment within brain cells (mainly astrocytes)””. Conse-
quently, cerebral liquid accumulation leads to intracranial
hypertension, herniation and coma. In agreement with
this, magnetic resonance imaging from mice treated with
TAA revealed a discrete, but crescent-shaped and diffuse
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Figure 2 Thioacetamide caused severe liver necrosis and inflammation, which may explain mice metabolic encephalopathy, coagulopathy and remote
lung injury. A: Liver intravital microscopy showing crescent number of necrotic cells (in red, propidium iodide) with concomitant neutrophil infiltration (in green, Lysm-
eGFP mice); B: Liver sections stained by hematoxylin and eosin (4 x increase). Arrows indicate necrotic areas; C, D: Liver macroscopic analysis confirmed extensive
and diffuse necrosis, which is also reflected by elevated serum transaminase activity (D); E, F: Liver failure was confirmed by prolonged prothrombin and partial
thromboplastin times; G, H: Also, significant drop in mean arterial pressure (MAP; G) and increased heart rate (H), as assessed by tail cuff method, suggested that
TAA-treated mice also evolved to hemodynamic shock; I: After TAA treatment hours, lungs from mice had increased cellularity in lung parenchyma, alveolar edema
and hemorrhage in comparison to controls (arrows, 4 x increase) alndicates statistical significance in comparison to controls. *P < 0.05, ANOVA (Tukey's post test). N
= 5 for each group. TAA: Thioacetamide.

brain edema™. In addition, through analysis of the EEG model reproduces some of the main clinical manifesta-

spectrum we found diffuse a brain lesion compatible with tions of HE®. In conjunct, our data suggest that this
metabolic encephalopathym, suggesting that our DILI model may be suitable for further studies involving ALE,
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hyperammonemia and brain edema.

We also investigated the mechanisms involved in liver
damage triggered by TAA in mice. Intravital microscopy
revealed that large areas of liver necrosis were infiltrated
by neutrophils and such sterile inflammation has been de-
scribed as a key factor for injury ampliﬁcationm]. Further-
more, we also observed repercussions in hemodynamic
functions and inflammatory infiltration in the lungs. In
this sense, the innate immune response triggered by ne-
crosis-derived products may add to direct TAA-mediated
hepatotoxicity to establish not only ALF, but also remote
organ injury. Accordingly, TAA-treated mice displayed
a severe impairment in hemostatic function compatible
with an end-stage liver failure, with coagulopathy, hypo-
volemic shock and possible multiple organ failure. Thus,
these factors should be also evaluated in future studies
primarily dedicated to the liver or central nervous system.

In conclusion, we have shown that repeated lower
doses of TAA might constitute as a novel murine model
of HE and ALF, which reproduce several features of
human disease. Also, we provided read-outs for disease
grade and severity that comprise behavioral changes,
brain edema and ammonemia, hemodynamic parameters
and inflammatory response.
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COMMENTS

Background

Acute liver failure (ALF) is a rare but severe clinical syndrome. ALF is the result
of massive liver injury, which can be caused mostly by drugs or viruses. Dur-
ing the disease, patients may suffer hepatic encephalopathy, multiple organ
dysfunction and sepsis, leading to a high mortality rate. The incidence of ALF is
increasing worldwide and liver transplantation and supportive medical care are
the only therapies available for ALF.

Research frontiers

Hepatic encephalopathy (HE) is one of the major complications in ALF because
of rapidly progressing brain edema and hypertension. Hence, understanding
HE pathophysiology is crucial for development of new and specific therapies
that would slow down its progression and increase chances of better outcomes.
In this sense, a murine model that reproduces most features of HE in humans
would be key to improve our understanding of HE pathophysiology and may
also be useful for drug testing and development.

Innovations and breakthroughs

This study provided a new model to study hepatic encephalopathy and acute
liver failure in mice. In this model, mice are treated twice with a low dose thio-
acetamide, causing extensive liver injury and characteristic complications of hu-
man HE, including high ammonia levels, altered electroencephalography (EEG),
brain edema and poor neuropsychomotor function. In addition, mice presented
with a systemic response similar to multiple organ failure syndrome, where lung
inflammation, coagulopathy and hemodynamic alterations were observed.
Applications

This is a new model to study ALF and HE in mice, the most used animal model.
Also, this is the first animal model to present such similar symptoms to the hu-
man disease, making it a more useful research tool for this biomedical area.
Terminology

The most important terms in this article are: ALF, HE and thioacetamide.

Peer review

The authors describe a murine model of acute hepatic failure to study hepatic
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encephalopathy by sequential administration of thioacetamide intraperitoneally.
The hypothesis is convenient, the methodology for acute hepatic failure was
suitable, the evaluation of hepatic encephalopathy was convenient and sophis-
ticated, the results were interesting and the discussion appropriate.
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