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Summary 
Acute liver failure (ALF) is known for extremely high mortality 
rate, the result of widespread damage of hepatocytes. Orthotopic 
liver transplantation is the only effective therapy but its 
application is limited by the scarcity of donor organs. Given the 
importance in the liver biology of Wnt/β-catenin signaling 
pathway, we hypothesized that its stimulation could enhance 
hepatocyte regeneration and attenuate the course of 
thioacetamide (TAA)-induced ALF in Lewis rats. Chronic 
treatment with Wnt agonist was started either immediately after 
hepatotoxic insult (“early treatment”) or when signs of ALF had 
developed (“late treatment”). Only 23 % of untreated Lewis rats 
survived till the end of experiment. They showed marked 
increases in plasma alanine aminotransferase (ALT) activity and 
bilirubin and ammonia (NH3) levels; plasma albumin decreased 
significantly. “Early” and “late” Wnt agonist treatment raised the 
final survival rate to 69 % and 63 %, respectively, and 
normalized ALT, NH3, bilirubin and albumin levels. In conclusion, 
the results show that treatment with Wnt agonist attenuates the 
course of TAA-induced ALF in Lewis rats, both with treatment 
initiated immediately after hepatotoxic insult and in the phase 
when ALF has already developed. Thus, the pharmacological 
stimulation of Wnt/β-catenin signaling pathway can present  
a new approach to ALF treatment. 
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Introduction 
 

The liver, one of the most biologically active 
organs with multiple functions, is indispensable for 
survival (Suchy 2009). Acute live failure (ALF) is 
a clinical syndrome resulting from a widespread damage 
of hepatocytes with resultant loss of liver function. While 
ALF is a rare organ disorder, mortality is extremely high 
(Bernal and Wendon 2013, Fyfe et al. 2018). The 
treatment of ALF remains supportive and presents 
a serious challenge, considering that only 45 % of 
patients with ALF will recover. For the remaining 55 % 
urgent orthotopic liver transplantation (OLT) is currently 
the only effective therapeutic approach (Fyfe et al. 2018, 
Patel et al. 2018). However, this treatment has limited 
application, primarily due to the scarcity of donor organs, 
especially the ones available on emergency notice. The 
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other problem is the invasiveness of OLT procedure 
when applied in seriously ill ALF patients. 

There is an obvious need to develop bridging 
techniques enabling survival of ALF patients until  
an organ is available and clinical situation improves 
sufficiently for OLT to be performed (“bridging to 
transplantation”) or until liver function recovers 
(“bridging to recovery”) (Fyfe et al. 2018, Patel et al. 
2018, Zhang et al. 2018). In this context, it is emphasized 
that, unlike other visceral organs, the liver is capable of 
rapid regeneration: Normal cell turnover and regeneration 
processes after acute injury are mediated by proliferation 
of existing differentiated hepatocytes (Michalopoulos 
2017). Therefore, the strategies to enable “bridging to 
transplantation” are focused on the stimulation of the 
extraordinary physiological regeneration capacity of the 
liver. A recognition is growing that β-catenin present in 
hepatocytes, a transcriptional coactivator that is 
controlled by Wnt ligand, plays an important role in 
almost every aspect of liver biology (Perugorria et al. 
2019, Preziosi et al. 2018, Russell and Monga 2018). It 
was reported that stimulation of canonical Wnt-signaling 
that activates β-catenin is an important driver of liver 
regeneration following partial hepatectomy and 
ischemia/reperfusion (I/R) injury (Kuncewitch et al. 
2013, Liu et al. 2015, Monga et al. 2001). Therefore, it 
seems plausible to assume that the stimulation of  
Wnt/β-catenin signaling pathway could enhance the 
process of hepatocyte regeneration and attenuate the 
course of ALF. 

On the other hand, it has to be considered that 
because of the pleiotropic nature of the Wnt/β-catenin 
signaling pathway, its aberrant activation occurs also in 
hepatic pathologies and constant stimulation of the 
pathway by gene targeting methods could have 
undesirable effects (Ghosh et al. 2019, Perugorria et al. 
2019, Russell and Monga 2018). Therefore, there is an 
obvious need for focused experimental studies that would 
examine the value and safety of novel therapeutic 
approaches for ALF. 

For the induction of ALF and exploration of 
liver pathophysiology and new treatment approaches, the 
usage of hepatotoxic drugs is recommended, preferably 
of thioacetamide (TAA) (Butterworth et al. 2009). We 
further developed, optimized and characterized the TAA 
application in Lewis rats (Koblihova et al. 2014) and 
found it optimal for the purpose. The disadvantage of 
other hepatotoxic drugs, such as carbon tetrachloride and 
acetaminophen, is that after the lethal doses the animals 

die within 12 to 24 h (narrow therapeutic window) 
(Koblihova et al. 2014, Mehendale 2005). 

It has been established in embryological studies 
that 2-amino-4-[3,4-(methlylenedioxy)benzylamino]-6(3-
methoxyphenly)pyrimidine, a small-molecule pyrimidine 
derivative, is an agonist of Wnt signaling pathway 
(Kaldis and Pagano 2009, Liu et al. 2005) which was 
efficiently activated after its intraperitoneal (i.p.) 
administration (Kuncewitch et al. 2013, Ma et al. 2016). 
Therefore, we used here this Wnt agonist for time-limited 
stimulation of the pathway; this approach should 
minimize potential detrimental off-target effects of 
alternative permanent stimulation of the Wnt/β-catenin 
signaling pathway. 

Lewis rats were chosen for the TAA induction of 
ALF because the model fulfills the crucial criteria 
needed: The liver damage is potentially reversible and 
reproducible, mortality is a direct consequence of liver 
damage, and the time between induction of the insult and 
death (therapeutic window) is sufficiently long (3-5 days) 
to apply some treatment measure. 

With such an appropriate research model 
available, we have undertaken, first, to examine if chronic 
treatment with Wnt agonist started immediately after 
hepatotoxic insult would attenuate the course of  
TAA-induced ALF in Lewis rats. Second, to make the 
study more relevant to the clinical situation, we also 
examined whether the treatment would be effective in 
animals in the stage of developed widespread damage of 
hepatocytes. In attempt to further elucidate the role of 
Wnt/β-catenin signaling pathway in the pathophysiology 
of TAA-induced ALF, we determined the expression of 
liver protein β-catenin in untreated animals with  
TAA-induced ALF and in animals exposed to chronic 
treatment with Wnt agonist, in both treatments protocols. 
 
Methods 
 
Ethical approval, animals and chemicals 

The studies were performed in accordance with 
guidelines and practices established by the Animal Care 
and Use Committee of the Institute for Clinical and 
Experimental Medicine, Prague, which accord with the 
European Convention on Animal Protection and 
Guidelines on Research Animal Use. All the animals used 
in the study were housed in facilities accredited by the 
Czech Association of Laboratory Animal Care. The 
experiments were performed in male Lewis rats that were 
purchased from Charles River Laboratories (Velaz, 
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Prague, Czech Republic) at the age of 9 weeks. Before 
starting experiments the rats were acclimatized in our 
vivarium for three weeks. The animals were kept on  
a 12-hour/12-hour light/dark cycle. Throughout the 
experiment, rats were fed a normal salt, normal protein 
diet (0.45 % NaCl, 19-21 % protein, SEMED, Prague, 
Czech Republic) and had free access to tap water. In 
order to maintain consistency and reproducibility of the 
results, Lewis rats were chosen, an inbred strain 
previously shown to be suitable for hepatocyte 
transplantation than can be performed without the need 
for post-transplantation immunosuppression (Koblihová 
et al. 2015); such treatment can alter the function of 
transplanted cells (Kawahara et al. 2010, Loukoupoulos 
et al. 2014). For comparison, we found that Wistar rats 
are more susceptible to the development of TAA-induced 
ALF (Koblihova et al. 2014) and exhibit a very narrow 
therapeutic window. 

TAA (Sigma, Prague, Czech Republic) was 
dissolved in physiological saline and the appropriate dose 
was injected i.p. TAA has been known as 
a hepatotoxicant for more than 70 years, because it was 
first studied in 1948 in response to its detection in orange 
juice following its use as a fungicide in orange groves 
(Fitzhugh and Nelson 1948). TAA is biotransformed to 
thioacetamide sulfoxide which occurs along the 
cytochrome P-450 (CYP)-dependent pathway (CYP2E 
enzyme is mainly involved in this process). 

In the body TAA is converted to thioacetamide 
disulfoxide, a toxic reactive metabolite that binds to liver 
macromolecules and dramatically increases the 
production of reactive oxygen species, leading to acute 
centrilobular liver necrosis (Koen et al. 2013). In the 
present study, freshly prepared TAA was administrated 
i.p. in two injections, on day 0 at 8:00 AM and 20:00 PM 
in the total amount 525 mg.kg-1 of body weight (BW). 
This dose was chosen based on our studies evaluating the 
optimal doses of TAA for induction of ALF; we showed 
that after this dose all Lewis rats developed ALF and 
without treatment succumbed within first 48 h 
(Koblihova et al. 2014). Control rats received i.p. 
injections of physiological saline. 

Wnt agonist (CID 11210285 hydrochloride, 
Sigma, Prague, Czech Republic) was administered i.p. at 
the dose of 5 mg.kg-1 of BW dissolved in 20 % dimethyl 
sulfoxide (DMSO) in normal saline once a day. Untreated 
animals received i.p. vehicle (20 % DMSO in saline) in 
the same amount as Wnt-treated animals (i.e. 0.5 ml). 
This dose of Wnt agonist was previously shown to 

effectively stimulate Wnt/β-catenin signaling pathway in 
the liver (Kuncewitch et al. 2013, Ma et al. 2016). 
 
Experimental design 

Series 1: Effects of treatment with Wnt agonist 
starting immediately after TAA administration (“early 
treatment protocol”) on the course of TAA-induced ALF 

Twenty-four hours before i.p. administration of 
TAA (“-24 h”) blood sample (about 600 µl) was taken 
from the tail vein, for biochemical analyzes (Fuji Drive-
Chem 4000 Analyser). Plasma levels of albumin, 
bilirubin, alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) activities, and ammonia level 
(NH3) were determined. Blood samples for the same 
analyses were also taken 24, 48, 72, 96 and 168 h after 
the first administration of TAA. The follow-up period in 
this series was 168 h and at the end of experiments 
surviving animals were killed by an overdose of 
pentobarbital. Since during ALF development the 
animals’ food and water intake decreased dramatically, 
5 % glucose solution, 2 ml/100 g of BW, was 
administered subcutaneously every morning to prevent 
dehydration; our recent study demonstrated that this 
procedure is an effective remedy (Koblihová et al. 2014). 
The treatment with Wnt agonist was initiated 12 h after 
administration of the second dose of TAA and until  
the end of the experiment it was administered daily  
at 8:00 AM. The survival rate was monitored every 8 h, 
BW was monitored every 24 h and blood samples were 
taken as described above. 

The following experimental groups were 
examined: 

1) Lewis rats + TAA + vehicle (Untreated Lewis rats 
with ALF) (initial n=30) 

2) Lewis rats + TAA + Wnt agonist (Lewis rats with 
ALF + Wnt agonist – “early treatment”) (initial 
n=31) 

3) Lewis rats + physiological saline + vehicle 
(Healthy Lewis rats) (initial n=9) 

4) Lewis rats + physiological saline + Wnt agonist 
(Healthy Lewis rats + Wnt agonist) (initial n=10). 

 
Series 2: Effects of Wnt agonist on the course of 

TAA-induced ALF, with the treatment initiated in animals 
with fully developed ALF (“late treatment protocol”) 

The protocol as described for series 1 was used, 
except that the treatment with Wnt agonist was initiated 
36 h after administration of the second dose of TAA, in 
the phase when signs of ALF are clearly visible, and 
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within the next 24 h the animals begin to die (Koblihova 
et al. 2014, Koblihova et al. 2015). Thus, in this series 
the experimental group can be described as: Lewis rats + 
TAA + Wnt agonist (Lewis rats with ALF + Wnt agonist 

– “late treatment”) (initial n=32). The groups 1, 3 and 4 
of series 1 served as controls. 

The experimental design used in series 1 and 2 is 
outlined in Figure 1. 

 
 

 
 

 
 
Fig. 1. An outline of experi-
mental protocols: (A) early 
treatment protocol, (B) late 
treatment protocol. BS – blood 
sampling, TAA – administration 
of thioacetamide in two intra-
peritoneal injections in the total 
amount 525 mg.kg-1 of body 
weight. Wnt agonist was 
administered once a day by 
intraperitoneal injection at the 
dose of 5 mg.kg-1 of body 
weight. 
 
 
 

Series 3: Effects of Wnt agonist on the liver 
expression of protein β-catenin, histological and 
immunohistochemical evaluation in animals exposed to 
“early treatment protocol” 

The protocol was identical as described for 
series 1, except that all surviving animals were killed 72 h 
after the first administration of TAA. In this series the 
following experimental groups were examined: 

1) Untreated Lewis rats with ALF (n=7 at 72 h after 
first TAA administration) 

2) Lewis rats with ALF + Wnt agonist – “early 
treatment” (n=8 at 72 h after first TAA 
administration) 

3) Healthy Lewis rats (n=7 at 72 h after first TAA 
administration) 

4) Healthy Lewis rats + Wnt agonist (n=8 at 72 h after 
first TAA administration) 

 
Western blot analysis for quantification of 

liver β-catenin expression, histology and immuno-
histochemistry 

The liver protein expression of β-Catenin, 
Phospho-β-catenin (Ser675), Non-phospho β-Catenin and 
Phospho-β-catenin (Ser33/37/Thr41) was determined as 

described in detail in previous studies (Bhushan et al. 
2014, Apte et al. 2009). Briefly, liver tissue was 
homogenized 1:3 wt:vol in ice-cold RIPA lysis buffer 
containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 % 
NP-40, 0.25 % deoxycholic acid, 1 mM EDTA; 
supplemented with protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA), kept on ice for 30 min and 
centrifuged twice at 10000x g for 10 min at 4 °C. Protein 
concentration in the supernatant was measured using 
Pierce BCA protein assay (Thermo Scientific, Waltham, 
MA, USA). In total, 50 μg of protein was separated by 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred onto the 
polyvinyl difluoride (PVDF) membrane in transfer buffer 
at 100 V for 1.5 h. Membranes were blocked with 5 % 
BSA in TRIS buffered saline with Tween 20 (TBS-T) 
overnight at 4 °C. After washing with TBS-T, the 
membranes were incubated with primary antibodies 
overnight at 4 °C. The antibody dilutions were as follows: 

β-catenin, 1:500, Cell Signaling (Leiden, 
Netherlands); 

Phospho-β-catenin (Ser675), 1:500, Cell 
Signaling (Leiden, Netherlands); 

Non-phospho β-catenin (Ser33/37/Thr41), 
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1:1000, Cell Signaling (Leiden, Netherlands); 
Phospho-β-catenin (Ser33/37/Thr41), 1:250, 

Cell Signaling (Leiden, Netherlands). 
After overnight incubation, the membranes were 

washed again and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room 
temperature. After last washing, the immunoblots were 
exposed to SuperSignal West Dura Substrate (Thermo 
Scientific, Rockford, IL, USA) for chemiluminiscent 
detection. Relative densitometry was determined using 
ImageJ software (NIH, Bethesda, MD, USA). All protein 
data was normalized to the housekeeping protein β-actin. 
Phospho-β-catenin (Ser33/37/Thr41) is formed by 
glycogen synthase kinase 3 (GSK-3) and is responsible 
for the formation of β-catenin degradation complex 
which inhibits β-catenin activity (Wu and He 2006). 
Therefore, we analyzed the expression of non-phospho-β-
catenin (Ser33/37/Thr41) (active) and phospho-β-catenin 
(Ser33/37/Thr41) (inactive) and their ratio. 

Phospho-β-catenin (Ser675) is the result of 
protein kinase A (PKA) activity, which finally leads to 
Ser675 β-catenin accumulation in the nucleus and 
increases its transcriptional activity (Spirli et al. 2013), 
and it has been shown that its increased activity was 
associated with many detrimental actions (Ghosh et al. 
2019, Perugorria et al. 2019). 

Separate liver samples were washed with 
physiological saline and transferred into 4 % 
formaldehyde. The sections stained with hematoxylin-
eosin, peridodic acid Schiff reaction (PAS) and Masson 
trichrome stain were examined in a blind fashion and 
assessed using a semi-quantitative score as originally 
defined by Ishak et al. (1995) and employed in our 
previous study (Koblihová et al. 2014). 

Immunohistochemical analysis was performed 
on five-micrometer-thick paraffin sections. Deparaffini-
zation, rehydration, and antigen retrieval were performed 
by CC1 (prediluted; pH 8.5) antigen retrieval solution 
(Roche), on the VENTANA BenchMark ULTRA 
automated slide stainer for 52 min at 98 °C. Specimens 
were incubated with primary monoclonal mouse anti-
human Beta-catenin monoclonal antibody (clone  
β-catenin-1; Dako) using a concentration of 1:200 for 
40 min at 37 °C, followed by visualization with the 
UltraView DAB IHC Detection Kit (Roche) for 12 min. 
The specimens were then counterstained with 
haematoxylin and bluing reagent (Ventana) and 
coverslipped. Optimal staining conditions of a given 
antibody were determined using appropriate positive and 

negative controls. Positive results were based on linear 
membrane positivity of hepatocytes. The staining 
intensity was scored as follows: 0 (no stain), 1+ (weak), 
2+ (moderate) or 3+ (strong membranous staining). The 
methods and evaluation procedures are in accordance 
with the technique employed previously by Apte et al. 
(2009). 
 
Statistical analysis 

Statistical analysis of the data was performed 
using Graph-Pad Prism software (Graph Pad Software, 
San Diego, CA, USA). Comparison of survival curves 
was performed by log-rank (Mantel-Cox) test followed 
by Gehan-Breslow-Wilcoxon test. ANOVA for repeated 
measurements, followed by Student-Newman-Keuls test, 
was performed for analysis of changes within the groups. 
Statistical comparison of other results was made by one-
way ANOVA. Unless indicated otherwise, values are 
expressed as mean ± S.E.M. A P<0.05 was considered 
statistically significant. 
 
Results 
 

TAA administration in untreated Lewis rats 
dramatically decreased survival rate. The animals started 
to die 48 h after TAA administration; after 72 h only 
43 % and at the end of the experiment only 23 % 
survived (Fig. 2). The treatment with Wnt agonist, both 
within the early and late treatment protocol, markedly 
improved the survival rate, to 86 % and 87 %, 
respectively, when measured 72 h after TAA 
administration, and the respective final survival rates 
were 69 % and 63 %. Remarkably, there was no 
significant difference in the course of survival rate 
between the rats treated with Wnt agonist within the early 
and late treatment protocols (Fig. 2A and 2B). All healthy 
untreated as well as healthy Lewis rats treated with Wnt 
agonist survived until the end of experiment (data not 
shown). 

A marked increase in plasma NH3 was seen 
already in the first 24 h after TAA administration; this 
was significantly attenuated by early treatment with Wnt 
agonist (Fig. 3A). The increases in plasma NH3 levels in 
untreated animals were further augmented at 48 and at 
72 h after TAA administration and the treatment with 
Wnt agonist either in the early or late treatment protocol 
substantially attenuated these increases. 

Likewise, TAA administration caused a signifi-
cant increase in plasma ALT activities and the treatment 
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with Wnt agonist, both within the early and late treatment 
protocol, markedly attenuated these increases (Fig. 3B). 
As soon as 96 h after the first TAA administration, 
plasma ALT activity returned to levels observed under 
basal conditions and were not significantly different from 
the values observed in healthy animals. Plasma AST acti-
vity showed a similar pattern of changes (data not 
shown). 
 
 

 
 
Fig. 2. Effects of early (A) and late (B) treatment with Wnt 
agonist on the survival rate in Lewis rats with acute liver failure 
(ALF) induced by thioacetamide administration. The survival rate 
of untreated Lewis rats with ALF was in both protocols 
significantly lower than in rats treated with Wnt agonist (analyzed 
by log-rank Mantel-Cox test followed by Gehan-Breslow-Wilcoxon 
test). 
 
 

TAA administration elicited a significant 
elevation in plasma bilirubin levels and the treatment 
with Wnt agonist, both within the early and late treatment 
protocol, attenuated this increase, similarly as in the case 
of ALT activity (Fig. 4A). 

Figure 4B shows that TAA treatment resulted 
first in a progressive decrease in plasma albumin levels, 

followed by a recovery beginning at 72 h after 
administration. The treatment with Wnt agonist prevented 
the decreases in plasma albumin levels, both within the 
early and late treatment protocol. 

There were no significant changes in any 
biochemical parameters in healthy Lewis rats treated with 
Wnt agonist throughout the experiment and therefore the 
data are not shown. 
 
 

 
 
Fig. 3. Changes in plasma ammonia (NH3) levels (A) and plasma 
alanine aminotransferase (ALT) activities (B) in untreated Lewis 
rats with acute liver failure (ALF) induced by thioacetamide 
administration and in ALF rats exposed to early or late treatment 
protocol. * P<0.05 versus the value for untreated ALF rats at the 
same time point. # P<0.05 versus all the other values at the 
same time point. 
 
 

TAA administration did not cause any 
significant increase in the liver protein expression of total 
β-catenin, even though such a trend did occur. The 
treatment with Wnt agonist did not alter the total  
β-catenin liver protein expression in healthy animals or in 
the animals with TAA-induced ALF (Fig. 5A). There 
were no significant differences in liver protein expression 
of phospho-β-catenin (Ser675) in healthy animals or in 
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animals with TAA-induced ALF, and the treatment with 
Wnt agonist did not change them (Fig. 5B). 

TAA administration did not alter the liver 
protein expression of non-phospho-β-catenin (Ser33/37/ 
Thr41) and the treatment with Wnt agonist did not 
modify it in healthy animals or in those with TAA-indu-
ced ALF (Fig. 6A). In contrast, TAA administration 
resulted in marked decreases in the liver protein 
expression of phospho-β-catenin (Ser33/37/Thr41) and 
the treatment with Wnt agonist did not modify it in 
healthy animals or in those with TAA-induced ALF 
(Figure 6B). Figure 6C shows the balance between non-
phospho-β-catenin (Ser33/37/Thr41) (active) and 
phospho-β-catenin (Ser33/37/Thr41) (inactive) levels of 
this form expressed as their ratio, and the data presented 
here show that animals with untreated TAA-induced ALF 
exhibit about 4-fold increase in this ratio. The treatment 
with Wnt agonist did not modify it, similarly in healthy 
animals and in animals with TAA-induced ALF. 
 
 

 
 
Fig. 4. Changes in plasma bilirubin (A) and albumin (B) levels in 
untreated Lewis rats with acute liver failure (ALF) induced by 
thioacetamide administration and in ALF rats exposed to early or 
late treatment protocol. * P<0.05 versus the value for untreated 
ALF rats at the same time point. 

Figure 7A shows that healthy Lewis rats had 
normal liver parenchyma and histological scoring 
revealed no damage (score 0 in all cases), and the 
treatment with Wnt agonist did not alter the morphology 
of liver parenchyma in healthy Lewis rats (Fig. 7B). TAA 
administration resulted in formation of numerous foci of 
centrilobular hemorrhagic necrosis with sporadic 
formation of bridging necrosis. At the end of our 
experiment, regenerative changes in the liver parenchyma 
dominated, particularly the resorption of centrolobular 
necroses and the bridging necroses mostly caused by the 
collapse of reticulin framework. Only sporadically were 
the traces of initial collagenization observed (Fig. 7C). In 
contrast, in animals with TAA-induced ALF treated with 
Wnt agonist the extent of liver damage was attenuated as 
compared with untreated animals with TAA-induced 
ALF (histological score 3.44±0.47 vs. 5.14±0.36, p<0.05) 
(Fig. 7D). 
 
 

 
 
Fig. 5. Liver protein expression of total β-catenin (A) and 
phospho-β-catenin (Ser675) (B) in untreated healthy Lewis rats 
and untreated Lewis rats with acute liver failure (ALF) induced by 
thioacetamide administration, and in same group of animals 
treated with Wnt agonist. 



120   Koblihová et al.  Vol. 69 
 
 

There were no significant differences in  
β-catenin staining intensity among the individual 
experimental groups and the representative images are 
shown in Figure 8. 

 
 

 
 
Fig. 6. Liver protein expression of non-phospho-β-catenin 
(Ser33/37/Thr41) (A), phospho-β-catenin (Ser33/37/Thr41) (B) 
and their ratio (C) in untreated healthy Lewis rats and untreated 
Lewis rats with acute liver failure (ALF) induced by thioacetamide 
administration, and in the same group of animals treated with 
Wnt agonist. * P<0.05 versus the value for healthy Lewis rats. 
 
 
Discussion 
 

The first important finding of the present study 
is that treatment with Wnt agonist started immediately 
after hepatotoxic insult attenuated the course of  
TAA-induced ALF in Lewis rats. This was clearly seen 

from improved survival rate and reduced degree of liver 
injury as indicated by lowering of plasma ALT, AST, 
NH3 and bilirubin levels, and also by lower histological 
score defining the degree of liver damage. The treatment 
also restored the biosynthetic function of the liver, 
because plasma albumin levels in surviving animals were 
not significantly different from those in healthy Lewis 
rats. Even more important is our second finding that all 
these beneficial effects of Wnt agonist were present also 
when treatment was initiated after signs of ALF became 
apparent. This finding enhances the clinical value of the 
results. 

Taken together, these findings confirm our 
hypothesis that the pharmacological stimulation of the 
Wnt/β-catenin signaling pathway can attenuate the course 
of TAA-induced ALF. 

Hepatocytes are the major cell type of human 
liver, accounting for 80 % of the parenchymal volume 
and are dominantly responsible for the organ’s main 
functions: synthesis and metabolism of life-essential 
factors, detoxification, biotrasformation and excretion of 
foreign chemicals (Suchy 2009). Growing body of 
evidence indicates that the Wnt/β-catenin signaling 
pathway in hepatocytes plays important role in various 
aspects of liver physiology (Russell and Monga 2018). 
A study of β-catenin knockout mice has demonstrated 
that the Wnt/β-catenin signaling pathway plays a critical 
role in the embryonic (Haegel et al. 1995) but also in the 
postnatal liver development: on one hand, the loss of  
β-catenin in hepatocytes resulted in a significant decrease 
in liver growth (Tan et al. 2006), on the other hand, 
hepatocyte-specific overexpression of β-catenin caused 
a marked increase in liver size due to increased 
hepatocyte proliferation (Tan et al. 2005). Further studies 
have shown that the Wnt/β-catenin signaling pathway 
importantly participates in all basic hepatocyte functions 
(Preziosi et al. 2018, Russell and Monga 2018). 
Moreover, the Wnt/β-catenin signaling pathway is 
important for liver regeneration, as reported from studies 
in the two-thirds partial hepatectomy model (Monga et al. 
2001). Within days, the remaining liver lobes enlarged 
due mostly to cell hyperplasia with some contribution of 
hypertrophy (Michalopoulos 2017). The treatment with 
Wnt agonist also accelerates regeneration in a partial liver 
transplant model (Ma et al. 2016). In addition, an 
important role of the Wnt/β-catenin signaling pathway 
has been implicated in I/R injury, because knockout mice 
for hepatocyte β-catenin showed greater susceptibility to 
I/R liver injury whereas the mice with hepatocyte-specific 
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Fig. 7. Representative images of liver parenchyma (stained with hematoxylin-eosin, magnification 50x) in untreated healthy Lewis rats 
(A), healthy Lewis rats treated with Wnt agonist (B), untreated Lewis rats with acute liver failure (ALF) induced by thioacetamide (TAA) 
administration (C), and Lewis rats with TAA-induced ALF treated with Wnt agonist (D). Scale bar in the figure is 200 µm. 
 
 

 
 
Fig. 8. Representative immunohistochemical imagines of β-catenin staining in the liver parenchyma (magnification 100x) in untreated 
healthy Lewis rats (A), healthy Lewis rats treated with Wnt agonist (B), untreated Lewis rats with acute liver failure (ALF) induced by 
thioacetamide (TAA) administration (C), and Lewis rats with TAA-induced ALF treated with Wnt agonist (D). 
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Wnt/β-catenin overexpression exhibited increased 
resistance to such injury (Lehwald et al. 2011). 
Furthermore, it has been documented that stimulation of 
Wnt/β-catenin signaling pathway using the same agonist 
at the same dose as in our present study attenuated the I/R 
injury and in a lethal model of hepatic I/R injury the 
mortality rate was significantly reduced (Kuncewitch  
et al. 2013). Collectively, these findings prompted us to 
hypothesize that the pharmacological stimulation of the 
Wnt/β-catenin signaling pathway may be a suitable 
approach to the treatment of ALF. This notion is further 
strengthened by findings that in non-lethal chemical ALF 
model β-catenin activation is an early event and it is vital 
for regeneration after APAP-induced ALF (Apte et al. 
2009, Bhushan et al. 2014). However, administration of 
lethal doses of APAP, that are known to inhibit liver 
regeneration (Fyfe et al. 2018, Shan et al. 2018), was 
associated with suppression of liver β-catenin (Bhushan 
et al. 2014). Furthermore, it was demonstrated that 
Wnt/β-catenin signaling pathway drives TAA-mediated 
heteroprotection against APAP-induced lethal ALF 
(Dadhania et al. 2017). Heteroprotection is a term to 
describe a situation when a minimal non-lethal dose of 
one hepatoxicant, in this case TAA, is administered 24 h 
before administration of a lethal dose of another 
hepatoxicant, in this case APAP. It was shown that the 
primary dose of non-lethal toxicant induces 
compensatory tissue repair, which protects against the 
lethal dose of the second toxicant (Mehenadale 1995); 
this resembles “mithridatism” i.e. the practice of 
protecting oneself against a poison by gradual self-
administration of non-lethal amounts (Mayor 2014). In 
this context, of special interest are our findings showing 
that even though the whole-liver β-catenin protein is not 
increased in untreated Lewis rats with TAA-induced ALF 
as compared with healthy Lewis rats, the balance between 
non-phospho-β-catenin (Ser33/37/Thr41) (active) and 
phospho-β-catenin (Ser33/37/Thr41) (inactive) is 
markedly increased, indicating that the formation of  
β-catenin degradation complex is substantially reduced 
and therefore the β-catenin activity in Lewis rats with 
TAA-induced ALF is enhanced compared with healthy 
animals. These findings are in agreement with the 
previous studies suggesting that early activation of  
β-catenin is critically important for liver regeneration 
after APAP-induced ALF (Apte et al. 2009, Bhushan  
et al. 2014). Based on this knowledge and our present 
Western blot, histological and immunohistochemical 

findings, early activation of β-catenin, particularly in 
pericentral hepatocytes of zone III, appears critically 
important for liver regeneration after hepatotoxic insult. 
We suggest that early activation of the Wnt/β-catenin 
signaling pathway is a common sign of liver regeneration 
in APAP-induced as well as in TAA-induced ALF models. 

This is of special interest, because hepatocyte 
transplantation (Tx) has recently emerged as a new 
possible approach to ALF treatment, either as “bridging 
to transplantation” or even “bridging to recovery” 
(Anderson and Zarinpar 2018, Iasante et al. 2018, Lee  
et al. 2018, Patel et al. 2018, Zhang et al. 2018). Initially, 
hepatocyte Tx has been successfully employed for the 
treatment of inborn metabolic liver diseases dependent on 
deficiency of a single hepatic enzyme or protein (e.g. 
Crigler-Najjar syndrome type I, urea cycle defects, and 
Wilson´s disease) and can be corrected with engraftment 
of hepatocytes expressing the gene involved (Anderson 
and Zarinpar 2018, Iasante et al. 2018, Lee et al. 2018, 
Zhang et al. 2018). However, the first attempts of 
hepatocyte Tx in ALF were not always successful and it 
has been suggested that the number of viable hepatocytes 
currently transplanted might be sufficient to correct 
a single inborn defect, but not to provide full restoration 
of liver function (Anderson and Zarinpar 2018, Iasante  
et al. 2018, Lee et al. 2018, Zhang et al. 2018). In this 
context, it has been proposed that the significant 
limitation of hepatocyte Tx as a new approach for the 
treatment of ALF is their reduced viability (Anderson and 
Zarinpar 2018, Iasante et al. 2018, Lee et al. 2018, Zhang 
et al. 2018). Given the aforementioned importance of the 
Wnt/β-catenin signaling pathway in liver biology and in 
view of our current findings, it can be reasoned that 
activation of this pathway could increase viability of the 
transplanted hepatocytes and improve the results of ALF 
treatment based on hepatocyte Tx. However, it has to be 
admitted that even though the treatment with Wnt agonist 
exhibited protective effects on the course of  
TAA-induced ALF, it was not reflected by the increased 
liver expression of non-phospho-β-catenin (Ser33/37/ 
Thr41) or increased balance between non-phospho-β-
catenin (Ser33/37/Thr41) (active) and phospho-β-catenin 
(Ser33/37/Thr41) (inactive), nor did it alter β-catenin in 
the liver parenchyma. Taken together, our present 
findings indicate that the beneficial actions of the 
treatment with Wnt agonist are not simply the result of 
increased β-catenin expression in the liver parenchyma. 
Certainly, one could hypothesize that even though the 
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treatment with Wnt agonist did not alter liver protein 
expression, it could increase the activity of the  
Wnt/β-catenin signaling pathway. Evidently, comprehen-
sive studies are needed to evaluate the precise 
mechanism(s) underlying the beneficial effects of the 
Wnt agonist treatment on the course of TAA-induced 
ALF, and our present results provide only the necessary 
background. 

Aside from the above discussed drawbacks, our 
present study has one more important limitation. It was 
seen that untreated Lewis rats with TAA-induced ALF 
displayed important deterioration in the detoxification 
ability, as documented by marked increases in NH3 
plasma levels, and the treatment with Wnt agonist 
dramatically improved the liver detoxification function. 
Again, the underlying mechanism(s) remain unknown. It 
is known that the toxic reactive metabolite of TAA 
impairs the function of the enzymes operative in the urea 
metabolic cycle (Mehandale 2005, Koen et al. 2013). 
Therefore one could assume that improvement of the 
liver detoxification function in the animals with  
TAA-induced ALF treated with Wnt agonist could be 
either the result of induction of glutamine synthetase 
activity or simply due to rapid restoration of the liver 
parenchyma and regeneration of zone 1, which is the 
main location for the series of reactions known as the 
urea cycle in the liver (Suchy 2009). Again, instead of 
unsolicited speculations, future focused studies are 
needed to address this issue. 

Nevertheless, it should be remembered that 
aberrant activation of the Wnt/β-catenin signaling 
pathway has been implicated in the pathobiology of 
hepatocellular carcinoma (Jemal et al. 2010, Perugorria  
et al. 2019), hepatoblastoma (Purcell et al. 2011, 
Perugorria et al. 2019), and activation of hepatic stellate 
cells which have a role in liver fibrosis (Russell and 
Monga 2018) and, in general, accumulating evidence 
indicates that abnormalities in the Wnt/β-catenin 
signaling pathway play an important role in the 
development of various cancers (Ghosh et al. 2019). 
Since the Wnt/β-catenin signaling pathway can be 

involved both in liver regeneration as well as in its 
damage (Russell and Monga 2018, Perugorria et al. 
2019), therapeutic strategies targeting this pathway must 
be carefully considered in order to avoid or at least 
minimize detrimental outcomes. In this context, of special 
interest is our finding that the treatment with Wnt agonist 
did not cause any detrimental effects in healthy animals. 
Nor did it induce any increase in liver phospho-β-catenin 
(Ser675), whose abnormal activity has been shown to be 
associated with tumorigenesis (Ghosh et al. 2019, 
Perugorria et al. 2019). Therefore, even though our 
follow-up period was relatively short, it seems that the 
treatment with Wnt agonist is safe, which agrees well 
with earlier reports (Kuncewitch et al. 2013, Liu et al. 
2015, Ma et al. 2016). Thus, transient pharmacological 
activation of the Wnt/β-catenin signaling pathway could 
be a novel approach for the enhancement of viability of 
transplanted hepatocytes and, consequently, for the 
improvement of the results of hepatocyte Tx in the 
treatment of ALF, both as “bridging to transplantation” 
and “bridging to recovery”. Further studies are needed to 
fully evaluate this proposal and the present work provides 
a necessary background. 

Our present results show that the treatment with 
Wnt agonist attenuates the course of TAA-induced ALF 
in Lewis rats, both when the treatment is initiated 
immediately after the hepatotoxic insult and when applied 
in the phase when the ALF has already developed. We 
believe that the pharmacological stimulation of the 
Wnt/β-catenin signaling pathway should be considered in 
attempts to develop new therapeutic approaches or tools 
for the treatment of ALF. 
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