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Summary 
Acute liver failure (ALF) is a clinical syndrome with high mortality 
rate, resulting from widespread hepatocyte damage. Its 
pathophysiological background is still poorly understood and 
preclinical studies evaluating pathophysiology and new potential 
therapeutic measures are needed. The model of ALF induced by 
administration of thioacetamide (TAA) in Lewis rats is 
recommended as optimal; however, the limitation of previous 
studies was that they were performed predominantly in male 
rats. In view of the growing recognition that sex as a biological 
variable should be taken into consideration in preclinical 
research, we examined its role in the development of  
TAA-induced ALF in Lewis rats. We found that, first, intact male 
Lewis rats showed lower survival rate than their female 
counterparts, due to augmented liver injury documented by 
higher plasma ammonia, and bilirubin levels and alanine 
aminotransferase activity. Second, in female rats castration did 
not alter the course of TAA-induced ALF whereas in the male 
gonadectomy improved the survival rate and attenuated liver 
injury, reducing it to levels observed in their female counterparts. 
In conclusion, we found that Lewis rats show a remarkable 
sexual dimorphism with respect to TAA-induced ALF, and male 
rats display dramatically poorer prognosis as compared with the 
females. We showed that testosterone is responsible for the 
deterioration of the course of TAA-induced ALF in male rats. In 
most general terms, our findings indicate that in the preclinical 
studies of the pathophysiology and treatment of ALF (at least of 

the TAA-induced form) the sex-linked differences should be 
seriously considered. 
 
Key words 
Acute liver failure • Thioacetamide • Sex differences • Lewis rats 
 
Corresponding author 
E. Koblihová, Department of Surgery, Second Faculty of 
Medicine, Charles University and Central Military Hospital, 
Prague, Czech Republic. E-mail: eva.koblihova@uvn.cz 
 
Introduction 
 

Acute liver failure (ALF) is a term that applies to 
the clinical syndrome resulting from widespread 
hepatocyte damage with consequent loss of liver 
function. ALF is a syndrome characterized by rapid 
development in originally healthy individuals (Stravitz 
and Lee 2019, Weiler et al. 2020). Even though it is 
a rare organ disorder, in accordance with the register of 
the Acute Liver Failure Study Group its incidence is 
estimated at 1 case per million inhabitants (Stravitz and 
Lee 2019, Weiler et al. 2020), and the overall mortality, 
before introduction of orthotopic liver transplantation 
(OLT), was above 80 % (Fyfe et al. 2018, Patel et al. 
2018, Stravitz and Lee 2019). Therefore, ALF must be 
regarded as a serious life-threating condition. There is no 
doubt that OLT is the only effective therapeutic measure 



836   Koblihová et al.  Vol. 69 
 
 
for the treatment of ALF and its introduction to clinical 
practice reduced the overall mortality to about 33 % 
(Bernal et al. 2013, Reuben et al. 2016, Stravitz and Lee 
2019). However, this treatment has limited application, 
primarily due to the scarcity of donor organs, particularly 
those available on emergency notice. In addition, the 
early post-transplantation mortality in patients with ALF 
exceeds that of the patients who undergo OLT for liver 
cirrhosis, which again underscores the severity of clinical 
condition of ALF patients (Stravitz and Lee 2019, Weiler 
et al. 2020). Therefore, it is recognized that new 
strategies for the treatment of this highly lethal condition 
are urgently needed (Stravitz and Lee 2019, Weiler et al. 
2020). However, the prerequisite for the success is the 
detailed understanding of the pathophysiology of ALF. 
The problem is that the relevant clinical studies are 
technically extremely demanding for many reasons, 
mainly because of the requirement of sufficiently high 
number of patients for the study. Therefore, functional 
studies using animal models are urgently needed. After 
considering various aspects of the research, the models 
that use hepatotoxic drugs for induction of ALF in the rat 
were chosen as the most suitable for studies of ALF 
(Butterworth et al. 2009, Lima et al. 2019, Tuňon et al. 
2009). Among a large number of the chemical agents 
examined, thioacetamide (TAA) is recommended most 
often (Butterworth et al. 2009, Lima et al. 2019, Tuňon  
et al. 2009). Over the past 6 years, our laboratory team 
clearly characterized the course of TAA-induced ALF in 
Lewis rats, and using this model, we tested two new 
approaches for the treatment of ALF (Koblihová et al. 
2014, Koblihová et al. 2015, Koblihová et al. 2020). In 
our experience, this experimental model proved most 
suitable for evaluation of the pathophysiology of ALF 
and, in particular, for preclinical testing of new 
therapeutic approaches. 

However, it is admitted that our studies have one 
critically important limitation, i.e. they were performed 
exclusively in male animals. This is a very common 
limitation in preclinical research, despite the increasing 
recognition that studies confined to one sex (usually 
male) could be one factor contributing to the failure of 
translation of the experimental results to clinical medicine 
(Docherty et al. 2019, Lee 2018, Mannon et al. 2020, 
Zucker and Berry 2019). It will be noticed that the liver is 
one of the most sexually dimorphic organs, regarding its 
structure and physiological function (Gustafsson et al. 
1983, Marcos et al. 2015, Suchy 2009, Waxman and 
Holloway 2009, Waxman and O´Connor 2006), the 

sensitivity to various hepatotoxic insults (Amacher 2014, 
Buzzett et al. 2017, Mennecozzi et al. 2015, Sutti and 
Tackle 2018) and, finally, the course of ALF and liver 
regeneration (Bizzaro et al. 2017, Lee et al. 2019, Rubin 
et al. 2018, Schotten et al. 2015, Tsukamoto and Kojo 
1990, Weiler et al. 2020). Therefore, it is obvious that 
studies that evaluate the role of sex in the development of 
TAA-induced ALF in Lewis rats are needed. 
Accordingly, the first aim of the present study was to 
compare the development of TAA-induced ALF in 
healthy male and female Lewis rats. Thenceforward, we 
evaluated if sexual hormones mediate the presumed  
sex-linked differences. For this purpose, the classical 
experimental approach to study sex-linked differences 
was employed based on the comparison of the course of 
TAA-induced ALF between intact and gonadectomized 
male and female Lewis rats (Ostadal et al. 2009, Regiz-
Zagrosek and Kararigas 2017). 
 
Methods 
 
Ethical approval, animals, ALF model 

The studies were performed in accordance with 
the 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, and consequently 
were approved by the Ministry of Health of the Czech 
Republic (project decision 12353/2018-3/OVZ). The 
experiments were performed in male and female Lewis 
rats that were purchased from Charles River Laboratories 
(Velaz, Prague, Czech Republic) at the age of 8 weeks. 
Before starting the experiments, the rats were 
acclimatized in our vivarium during two weeks. The 
Lewis rats were chosen, because it is an inbred strain and 
we showed it previously to be suitable for hepatocyte 
transplantation studies (Koblihová et al. 2015). In order 
to maintain consistency and reproducibility of the results 
of all our research using TAA-induced ALF model, we 
have decided to employ Lewis rats also in the present 
study. 

TAA (Sigma, Prague, Czech Republic) was 
dissolved in physiological saline and administrated i.p. in 
two injections, on day 0 at 8:00 AM and 20:00 PM, in the 
total amount of 525 mg/kg of body weight (BW). This 
dose was chosen based on our original study evaluating 
the optimal dose of TAA for induction of ALF in Lewis 
rats and it was used in all our studies in this model 
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(Koblihová et al. 2014, Koblihová et al. 2015, Koblihová 
et al. 2020). By employing this dose all Lewis rats 
developed ALF and, when untreated, succumbed within 
the first 48 h. Control rats received i.p. injections of 
physiological saline. 

Gonadectomy or sham-operation was performed 
under thiopental sodium anesthesia, 50 mg/kg BW 
(Thiopental VUAB, Prague, Czech Republic); this was 
done two weeks before TAA administration. The details 
of the operation were as described in our previous study 
(Vaněčková et al. 2011). Briefly, in female rats, the 
peritoneal cavity was opened and the ovaries and uterus 
were removed, thereafter the peritoneal cavity was 
cleaned and the muscle wall and the skin were sutured. In 
male rats orchiectomy was performed: the ductus 
deferens was isolated and ligated and then each testicle 
was removed via midline incision on the scrotum. 
Butorphanol (Torbugesic, Fort Dodge Animal Health, 
Fort Dodge, KS, USA), 2 mg/kg BW, was administered 
subcutaneously for post-operative analgesia. Fourteen 
days after sham-operation or gonadectomy, their 
effectiveness was validated in separate groups of animals 
by determining plasma levels of testosterone and 
estradiol, assessed by radioimmunoassay employing 
commercially available kits (Diagnostic Systems 
Laboratories, Webster, Texas, USA), see series 1. 
 
Experimental design 
 
Series 1: Effects of gonadectomy on plasma testosterone 
and estradiol levels in Lewis rats 

Sham-operation or gonadectomy was performed 
in male and female Lewis rats aged 11 weeks (n=8 in 

each group), and two weeks later the animals were killed 
by decapitation (to prevent effects of anesthesia on blood 
hormone levels) and plasma testosterone and estradiol 
were determined as described above. 
 
Series 2: Effects of gonadectomy on the course of  
TAA-induced ALF in Lewis rats 

The experimental design used in this series is 
outlined in Figure 1. Like in series 1, male and female 
Lewis rats aged 11 weeks underwent either sham-
operation or gonadectomy, and two weeks later TAA was 
administered i.p. whereas control animals received 
physiological saline. Twenty-four hours earlier a blood 
sample was taken from the tail vein for biochemical 
analyses (Fuji Drive-Chem 4000 Analyzer). Plasma 
levels of albumin, bilirubin, alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) activity, 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 the 
experiments, the surviving animals were killed by an 
overdose of sodium thiopental. Since during 
ALF development the animals’ food and water intake 
decreased dramatically, 5 % glucose solution,  
2 ml/100 g BW, was administered subcutaneously every 
morning to prevent dehydration; this was done also in 
control animals. Our recent studies demonstrated the 
desired effectiveness of this procedure (Koblihová et al. 
2014, Koblihová et al. 2015, Koblihová et al. 2020). The 
survival rate was monitored every 8 h, BW was 
monitored every 24 h and blood samples were taken at 
the time-points described above. 

 
 

 
 
Fig. 1. An outline of the experimental protocol. BS – blood sampling, TAA – administration of thioacetamide in two intraperitoneal 
injections in the total amount 525 mg/kg of body weight. 
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The following experimental groups were 
examined: 

1) Male Lewis rats intact + physiological saline 
(Healthy male rats) (initial n=8) 

2) Male Lewis rats castrated + physiological saline 
(Healthy male rats + castration) (initial n=9) 

3) Male Lewis rats intact + TAA (Male rats with 
ALF) (initial n=30) 

4) Male Lewis rats castrated + TAA (Male rats with 
ALF + castration) (initial n=30) 

5) Female Lewis rats intact + physiological saline 
(Healthy female rats) (initial n=9) 

6) Female Lewis rats castrated + physiological saline 
(Healthy female rats + castration) (initial n=10) 

7) Female Lewis rats intact + TAA (Female rats with 
ALF) (initial n=30) 

8) Female Lewis rats castrated + TAA (Female rats 
with ALF + castration) (initial n=30) 

 
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, the values are 
expressed as mean ± S.E.M. A P<0.05 was considered 
statistically significant. 
 
Results 
 

As shown in Figure 2A, in male rats castration 
caused substantial reduction of testosterone concentration 
to the level seen in female rats. There was no difference 
in plasma testosterone levels between intact and castrated 
female rats and no difference in plasma estradiol levels 
between intact and castrated male rats (Fig. 2B). On the 
other hand, plasma estradiol concentration was 
significantly higher in intact female rats as compared 
with intact male rats, and gonadectomy decreased plasma 
estradiol in the females to values observed in the males 
(Fig. 2B). 

As shown in Figure 3A, male as well as female 
Lewis rats began to die 48 h after TAA administration but 
the males exhibited much poorer survival course, and 
their final survival rate was 37 % (11 of 30 animals) 

compared to 83 % (25 of 30 animals) in the females. 
Figure 3B shows that gonadectomy considerably 
improved the survival rate in male Lewis rats, with the 
final survival of 93 % (28 of 30 animals), but did not alter 
the course of survival rate and the final survival rate in 
the females (Fig. 3C). 
 
 

 
 
Fig. 2. Plasma testosterone (A) and estradiol (B) levels 
measured 14 days after sham-operation or castration. * P<0.05 
vs. the corresponding intact (not castrated) group. 
 
 

Prior to TAA administration there were no 
significant differences in BW between intact and 
castrated male and female Lewis rats (Fig. 4A and 4B). 
As expected, BW of the males was significantly higher 
than in the females, similarly in intact and castrated 
animals. Intact as well as castrated healthy male rats (i.e. 
those receiving physiological saline) showed similar 
slight BW gain throughout the experiment (Fig. 4A). In 
contrast, TAA treated intact male rats showed a profound 
decrease in BW seen already 24 h after administration of 
the drug, with the maximum BW loss seen 96 h after 
TAA administration. In the end, the survived animals still 
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showed BW about 80 g lower than the intact healthy male 
rats (280±8 vs. 364±9 g, P<0.05) (Fig. 4A). As shown in 
Figure 4A, castration of male rats attenuated the post-
TAA loss of BW. Figure 4B shows that the females and 
males displayed similar profiles of BW, except that 
gonadectomy did not alter the course of BW after 
TAA administration. 
 
 

 
 
Fig. 3. (A) Comparison of the survival rate in intact male and 
female Lewis rats with acute liver failure (ALF) induced by 
thioacetamide (TAA) administration. The survival rate of intact 
male Lewis rats with ALF was significantly lower than in their 
female counterparts. (B) In male Lewis rats with ALF, castration 
significantly improved survival rate as compared with intact 
males. (C) In female Lewis rats with ALF, castration did not alter 
the survival rate. The comparison of the survival rate curves was 
performed by log-rank Mantel-Cox test followed by Gehan-
Breslow-Wilcoxon test. 

 
 
Fig. 4. Changes in body weight in male (A) and female (B) Lewis 
rats with acute liver failure (ALF) induced by thioacetamide 
(TAA), intact or castrated, and in intact or castrated male and 
female Lewis rats. * P<0.05 vs. basal values (i.e. at time 0) in the 
same group. # P<0.05 vs. corresponding values at the same time 
point in castrated male Lewis rats with TAA-induced ALF. 
 
 

A marked increase in plasma NH3 levels was 
observed in the first 48 h after TAA administration and it 
was more pronounced in intact males than in the females 
(Fig. 5A). In the animals that survived until the end of 
experiment (i.e. 168 h after first TAA injection)  
NH3 levels were similar as observed in healthy males and 
females, i.e. the animals injected with physiological 
saline. In male rats castration attenuated the increase in 
plasma NH3 reducing it to the levels observed in intact 
females. In contrast in female rats gonadectomy did not 
alter the course of changes in plasma NH3 (Fig. 5A). 

Likewise (Fig. 5B), TAA administration caused 
a significant increase in plasma ALT activity, which was 
more pronounced in intact male rats than in intact 
females, and in the intact males it remained elevated until 
the end of experiment (i.e. 168 h after first TAA injec-
tion). In male rats, castration attenuated the increase in 
plasma ALT seen after TAA injections. In contrast, 
castration did not alter the course of plasma ALT activity 
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in the females. Plasma AST activity showed a similar 
pattern of changes (data not shown). 

As shown in Figure 5C, TAA administration 
elicited significant elevation of plasma bilirubin levels, 
which was again more prominent in intact male rats as 
compared with the females. This figure shows that 
gonadectomy attenuated this increase in the males but not 
in the females; this was observed in the case of 
NH3 levels and ALT and AST activities. 

Figure 5D shows that in intact male Lewis rats 
TAA administration resulted in a progressive decrease in 
plasma albumin with maximum decrease seen 72 h after 
first TAA administration (26.1±0.9 vs. 41.6±1.1 g/l 
control values, P<0.05). However, TAA did not elicit any 
significant decrease in plasma albumin levels in intact 
female rats. In the males, castration prevented the post-
TAA decrease in plasma albumin whereas gonadectomy 
did not influence plasma albumin in the females. 

 
 

 
 
Fig. 5. Comparison of changes in (A) plasma ammonia (NH3) levels; (B) plasma alanine aminotransferase (ALT) activity; (C) plasma 
bilirubin levels; (D) plasma albumin levels in intact and castrated male and female Lewis rats with acute liver failure (ALF) induced by 
thioacetamide (TAA). * P<0.05 vs. the unmarked values at the same time point. # P<0.05 vs. corresponding values at the same time 
point in castrated male Lewis rats with TAA-induced ALF. 
 
 
Discussion 
 

It should first be clarified that the term “sex” 
defines the chromosome pattern, XX or XY, 
characterizing each cell in the body, and is associated 
with biological and physiological features denoted as 
male or female. Dissimilarly, “gender” refers to the 
combination of genetic status of the subject with social, 
behavioral and cultural contexts (Lee 2018, Mannon et al. 

2020, Straface et al. 2012, WHO – available at 
http://www.who.int/gender/whatisgender/en/). Therefore, 
“gender-related differences” cannot be explored in 
experimental animal studies even though this can be 
undertaken in clinical investigation. Therefore, in our 
study, only sex-related differences are studied and the 
term “sex” will be used as defined here. 

The first important set of findings of the present 
study relates to sex-linked differences in the course of 
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TAA-induced ALF in intact (no gonadectomy) Lewis 
rats. The differences consisted of lower survival rate and 
augmented degree of liver injury (higher plasma NH3, 
ALT and bilirubin levels) in intact male rats as compared 
with the female counterparts. In addition, the males 
showed augmented deterioration of biosynthetic function 
of the liver, as seen from a profound decrease in plasma 
albumin levels. In the surviving male rats, these levels 
were also significantly lower than in the females or in the 
healthy males receiving injections of physiological saline. 
Of special interest is the finding that intact females were 
relatively resistant to the development of TAA-induced 
ALF: The mortality but also the morbidity were low, in 
accordance with only moderate increases in plasma NH3 
and bilirubin levels and ALT activity. Nor was the 
biosynthetic function of the liver dramatically impaired, 
because plasma albumin was not significantly reduced 
throughout the experiment as compared with the initial 
values and the values measured in healthy female rats. 

The second important set of findings of the 
present study relates to the effect of castration on the 
course of TAA-induced ALF in Lewis rats. Our results 
show that gonadectomy did not alter the course of ALF in 
female rats whereas in the males castration improved the 
survival rate and attenuated the degree of liver injury 
bringing it to the level observed in their female 
counterparts. 

Our data show that Lewis rats exhibit important 
sexual dimorphism of TAA-induced ALF and that the 
deterioration of the course of TAA-induced ALF in male 
rats is mediated by testosterone. On the other hand, 
protective effects of ovarian hormones on the course of 
ALF in female rats are negligible. Taken together, the 
data indicate that the lack of testosterone rather than 
presence of female hormones might be critical for 
attenuation of liver failure. However, it is important to 
acknowledge that our conclusion regarding deleterious 
effects of testosterone on the course of TAA-induced 
ALF in male Lewis rats reveals some limitation, because 
testosterone levels were measured in separate series of 
animals after gonadectomy and therefore the data 
regarding plasma sex hormone levels in animals exposed 
to TAA administration are missing. Our conclusion is 
based on the indirect evidence from the first series of 
experiments (i.e. series evaluating effects of 
gonadectomy on plasma testosterone and estradiol levels 
in healthy Lewis rats). This limitation is caused by 
technical reasons, because for the evaluation of plasma 
testosterone and estradiol levels relatively large volumes 

of blood samples are required, which could adversely 
affect the course of TAA-induced ALF concerning the 
survival rate, and therefore blood samples were not taken. 
Our findings are of special interest and consideration of 
a number of pertinent issues might provide some insight 
in the background of the observed sex-related differences. 

First, it is of considerable interest that female 
Lewis rats are resistant to the development of  
TAA-induced ALF. This is so even though it has been 
reported that female patients are more sensitive to the 
drug-induced liver injury (Amacher 2014, Buzzett et al. 
2017), that female primary hepatocytes are more sensitive 
to various hepatotoxicants (Mennecozzi et al. 2015), and 
that drug-induced ALF occurs more frequently in women, 
and the mortality is markedly higher (Miller 2001, Rubin 
et al. 2018, Ostapowicz et al. 2002, Stravitz and Lee 
2019, Weiler et al. 2020). Admittedly, the biological 
mechanism for the greater susceptibility of women to 
drug-induced liver injury is still unknown, and neither of 
numerous pertinent theories proved valid (Gochfeld 2007, 
Miller 2001, Soldin et al. 2011, Waxman and Holloway 
2009). Nevertheless, our original hypothesis was that 
female rats should be more susceptible to the 
development of TAA-induced ALF as compared with 
their male counterparts. Moreover, in view of the recent 
report that estrogen deficiency potentiated TAA-induced 
oxidative damage in the liver and development of hepatic 
fibrosis in ovariectomized female rats as compared with 
intact female rats or male rats (Lee et al. 2019), we also 
hypothesized that castration should worsen the course of 
TAA-induced ALF in female rats. However, neither of 
these hypotheses has proven to be valid. 

Second, we took into consideration that low 
serum testosterone levels are associated with many liver 
diseases (particularly the non-alcoholic form) (Grossman 
et al. 2019, Traish 2020), and with adverse outcome of 
patients with cirrhosis (Sinclair et al. 2016). Moreover, it 
is known that male patients are less sensitive to the drug-
induced liver injury, including ALF (Amacher 2014, 
Buzzett et al. 2017). Therefore, we hypothesized that 
male rats should be less sensitive to the development of 
TAA-induced ALF as compared with the females, and 
that castration should deteriorate its course in the male 
rats. However, again, this hypothesis was not confirmed, 
and in fact, our results point to the contrary pattern. 
Therefore, of special interest is our finding that 
gonadectomy unequivocally improved the course of 
TAA-induced ALF in the males, bringing the relevant 
indices down to the levels observed in the intact female 
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rats. This suggests very strongly that the deteriorated 
course of TAA-induced ALF in male rats depends on the 
harmful influence of testosterone. This conclusion is 
based on the classical experimental approach to explore 
sex-linked differences, i.e. on the comparison of intact 
animals with those after gonadectomy (Ostadal et al. 
2009, Regiz-Zagrosek and Kararigas 2017); such 
conclusion is valid despite some limitations of our 
experiments. We are aware that for an ultimate 
conclusion comprehensive studies are needed evaluating 
the course of TAA-induced ALF in animals after 
gonadectomy, in those after gonadectomy with 
substitution of appropriate hormones, as well as after 
gonadectomy with administration of steroid hormones of 
the opposite sex, and also the studies of post-menopausal 
females, without and with hormonal substitution etc. 
(Ostadal et al. 2009, Regiz-Zagrosek and Kararigas 
2017). All these animal groups should be subjected to 
experimental studies similar with those employed in the 
present study. Understandably, the above-defined 
required studies are extremely demanding and would be 
difficult to interpret. In this context it is important to 
recognize that TAA requires metabolic activation to elicit 
toxicity: its biotransformation to thioacetamide sulfoxide 
(TASO) occurs along the cytochrome P-450 (CYP)-
dependent pathway and then by flavin-containing 
monooxygenase to its reactive S,S-dioxide thioacetamide 
(TASO2). Then these reactive metabolites react with 
proteins by modifying lysine side chains, dramatically 
increase the production of reactive oxygen species, and 
consequently induce acute centrilobular liver necrosis 
(Akhtar and Sheikh 2013, Hajovsky et al. 2012, Koen  
et al. 2013). So far, it is recognized that TASO and 
TASO2 groups interact and substantially modify activity 
of 25 enzymes of intermediary metabolism, together with 
13 enzymes of drug metabolism, which suggest the 
complexity of TAA-induced hepatotoxicity (Akhtar and 
Sheikh 2013, Hajovsky et al. 2012, Koen et al. 2013). 
Unfortunately, it is unknown how this TAA metabolic 
activation, which is necessary to elicit toxicity, is 
influenced by sex hormones, in our case particularly by 
testosterone. It is obvious that such biochemical studies 
are required in the future to more comprehensively 
understand mechanism(s) underlying TAA-induced 
hepatotoxicity. 

In this context, it is remembered that in our 
previous studies using the same experimental approach 
(i.e. comparing intact animals with animals after 
gonadectomy), we documented that testosterone was  

an important mediator of hypertension-induced end-organ 
damage in the hypertensive rat transgenic for the mouse 
Ren-2 renin gene (TGR), a unique model of angiotensin 
II-dependent hypertension, and was responsible in part 
for poorer prognosis of heart failure (HF) in TGR 
(Červenka et al. 2015, Kala et al. 2019, Vaněčková et al. 
2011). These findings indirectly support our belief in the 
adverse effects of testosterone on the course of  
TAA-induced ALF in Lewis rats. 

The third issue deserving general consideration 
is the role of “sex” in animal preclinical research. The 
importance of sex as a biological variable (SABV) in the 
biomedical scientific research is increasingly recognized, 
due to growing acknowledgment of the significance of 
sex differences in various physiological and 
pathophysiological situations. This is largely due to the 
announcement by the National Institutes of Health (NIH) 
of a directive entitled “Consideration of SABV in  
NIH-Funded Research” (https://orwh.od.nih.gov/sites/ 
orwh/files/docs/NOT-OD-15-102_Guidance.pdf) (Natio-
nal Institutes of Health Office of Extramural Research). 
Since the NIH now expects that SABV will be factored 
into research designs, analyses and reporting in vertebrate 
animal studies, this document has a great impact on the 
research. When the study of only one sex is proposed, 
applicants are obliged to provide strong justification from 
the scientific literature, preliminary data or other relevant 
considerations. The Canadian Institute of Health 
Research (CIHR) (Duchesne et al. 2017) and European 
Union (AG Gender Position Paper 2018-2020) instituted 
similar polices. Therefore, even if in physiology and 
pharmacology the sex-related differences in experimental 
animals and humans are usually minimal, the evaluation 
of SABV in preclinical research is important. This 
opinion pertains also to the present study, despite the fact 
the sexual dimorphism pattern with regard to  
TAA-induced ALF in Lewis rats is contrary what has 
been expected based on the experience with drug-induced 
liver injury in patients. One can fear that if the issue of 
SABV were disregarded and single sex preclinical studies 
in ALF are employed, misleading information would be 
obtained. For instance, concluding from the data from 
female rats that TAA-induced ALF is a trivial and almost 
harmless disease would be incorrect and misleading, 
which could discourage further testing of new approaches 
for the treatment of ALF. Even if we accept the idea that 
in the field of drug-induced ALF, the “gender” 
differences might be more important than “sex” 
differences, we have to unfortunately confess, that despite 
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the fact that TAA-induced ALF in Lewis rats is generally 
recommended for studying the pathophysiology of ALF 
and, in particular, for preclinical testing of new 
therapeutic approaches (Butterworth et al. 2009, 
Koblihová et al. 2015, Koblihová et al. 2020, Lima et al. 
2019, Tuňon et al. 2009), our present data critically 
question the notion that TAA-induced ALF in Lewis rats 
is a fully appropriate model for studying ALF. 

In conclusion, we found that Lewis rats display 
a remarkable sexual dimorphism with respect to  
TAA-induced ALF in that male rats have dramatically 
poorer prognosis. Our data show that testosterone-
mediated actions are responsible for the deterioration of 
the course of TAA-induced ALF in male rats. In general, 

our findings indicate that in the preclinical studies of 
pathophysiology and treatment of ALF (at least the  
TAA-induced ALF) the sex-linked differences should be 
seriously considered. 
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