
Veterinary World, EISSN: 2231-0916� 1682

Veterinary World, EISSN: 2231-0916
Available at www.veterinaryworld.org/Vol.12/November-2019/1.pdf

RESEARCH ARTICLE
Open Access

Histopathological changes of acetaminophen-induced liver injury and 
subsequent liver regeneration in BALB/C and ICR mice

Fazil Muhammad-Azam, Saulol Hamid Nur-Fazila, Raslan Ain-Fatin, Mohamed Mustapha Noordin and Nurhusien Yimer

Department of Veterinary Pathology and Microbiology, Faculty of Veterinary Medicine, Universiti Putra Malaysia, 43400 
UPM Serdang, Selangor, Malaysia.

Corresponding author: Saulol Hamid Nur-Fazila, e-mail: nurfazila@upm.edu.my
Co-authors: FM: m.azamfazil@gmail.com, RA: nrlainftn@gmail.com, MMN: noordinmm@upm.edu.my,  

NY: nurhusien@upm.edu.my
Received: 21-06-2019, Accepted: 11-09-2019, Published online: 04-11-2019

doi: www.doi.org/10.14202/vetworld.2019.1682-1688 How to cite this article: Muhammad-Azam F, Nur-Fazila SH, 
Ain-Fatin R, Noordin MM, Yimer N (2019) Histopathological changes of acetaminophen-induced liver injury and subsequent 
liver regeneration in BALB/C and ICR mice, Veterinary World, 12(11): 1682-1688.

Abstract

Background and Aim: Laboratory mice are widely used as a research model to provide insights into toxicological studies 
of various xenobiotic. Acetaminophen (APAP) is an antipyretic and analgesic drug that is commonly known as paracetamol, 
an ideal hepatotoxicant to exhibit centrilobular necrosis in laboratory mice to resemble humans. However, assessment of 
histopathological changes between mouse strains is important to decide the optimal mouse model used in APAP toxicity 
study. Therefore, we aim to assess the histomorphological features of APAP-induced liver injury (AILI) in BALB/C and 
Institute of Cancer Research (ICR) mice.

Materials and Methods: Twenty-five ICR mice and 20 BALB/C mice were used where five animals as control and the rest 
were randomly divided into four time points at 5, 10, 24 and 48 hours post-dosing (hpd). They were induced with 500 mg/kg 
APAP intraperitoneally. Liver sections were processed for hematoxylin-eosin staining and histopathological changes were 
scored based on grading methods.

Results: Intense centrilobular damage was observed as early as 5 hpd in BALB/C as compared to ICR mice, which was 
observed at 10 hpd. The difference of liver injury between ICR and BALB/C mice is due to dissimilarity in the genetic 
line-up that related to different elimination pathways of APAP toxicity. However, at 24 hpd, the damage was markedly 
subsided and liver regeneration had taken place for both ICR and BALB/C groups with evidence of mitotic figures. This 
study showed that normal liver architecture was restored after the clearance of toxic insult.

Conclusion: AILI was exhibited earlier in BALB/C than ICR mice but both underwent liver recovery at later time points.
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Introduction

Acetaminophen (APAP, paracetamol) is a major 
component in paracetamol that commonly used as anti-
pyretic and analgesic drug in humans. APAP serves as 
one of the classically studied drugs that characterized 
as an ideal hepatotoxicant [1] . Metabolism of APAP is 
carried out by cytochrome P-450 isoform (Cyt P-450) 
to produce a reactive metabolite known as N-acetyl-
p-benzoquinone-imine (NAPQI) [2]. Glutathione 
(GSH) served as antioxidant and scavenger within 
hepatocytes which is responsible to detoxify reac-
tive metabolite, reduce oxidative stress, and control 
redox level [3]. Detoxified NAPQI by GSH will form 
GSH-NAPQI conjugate to be excreted out as a waste 
product. However, excessive accumulation of NAPQI 
produced by APAP overdose depletes cellular GSH 
that subsequently increases oxidative stress within 

hepatocytes [4] to exhibit hepatocellular changes. It 
has been proven that APAP-induced hepatotoxicity 
in a mouse model is similar to humans as it exhibits 
mitochondrial damage and nuclear DNA fragmenta-
tion, leading to centrilobular necrosis, hemorrhage, 
and congestion of the liver parenchyma [5]. However, 
after the clearance of toxic insult at the later time point, 
subsequent liver regeneration was found to take place 
after hepatocytes entered the cell cycle [6,7].

Laboratory mice have been extensively used in 
toxicological studies mainly in APAP toxicity as the 
mechanism has been proven to resemble humans [8]. 
Rats possess more resistance against APAP intoxica-
tion due to reduction in mitochondrial protein adducts 
and dysfunction which prevents the production of oxi-
dative stress as compared to mice [9]. Male mice are 
frequently used due to the fact that the female mice are 
less susceptible to APAP intoxication due to the low 
amount of oxidative stress accumulation as a result of 
rapid recovery of hepatic GSH [10,11]. Meanwhile, 
different mouse strains can potentially exhibit a dif-
ferent degree of hepatocellular injury [12]. Institute of 
Cancer Research (ICR) mice are commonly used as a 
model for toxicological studies, particularly for prod-
uct safety testing [13]; meanwhile, BALB/C mouse 
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is mainly used for immunological study [14]. ICR 
mouse is an outbred stock represented wide genetic 
variability, whereas BALB/C mouse is inbred strain 
that is considered as genetically homogenous to emit 
identical response [15]. Although numerous published 
studies have explored and reported a similar basic 
mechanism of APAP intoxication in mouse models, 
hepatotoxic responses for different mouse models are 
still variable [16]. The comparative studies are yet to 
be explored to allow the choice of an optimal mouse 
model to be used in toxicological studies.

This study aimed to assess the histomorpholog-
ical changes of APAP intoxication in different strains 
or stock of mice; ICR and BALB/C mice. The his-
topathological features were described and scored 
based on the grading system. Moreover, the degree of 
hepatic regeneration after APAP intoxication was also 
evaluated.
Materials and Methods

Ethical approval

All protocols described were undertaken in 
accordance with criteria approved by Universiti 
Putra Malaysia (UPM), Institutional Animal Care 
and Use Committee (IACUC) – UPM/IACUC/
AUP-R078/2017. 
Experimental animals

All animals were purchased from the Animal 
Resource Unit (ARU), Faculty of Veterinary 
Medicine, UPM. The experiment was conducted 
at Animal Research Facility, Faculty of Veterinary 
Medicine, UPM. The animals had 7 days of acclima-
tization period before experimentation and they were 
maintained in a 12 h of light-dark cycle at 7 am and 7 
pm with the regulatory temperature at 21-23°C with 
free access to food and drink.
Experimental and sampling protocols

A total of 45 male mice (5-6 weeks old, 20-25 g) 
were used in this study where 5 of them served as con-
trols and another 40 were grouped as APAP-treated ani-
mals. In groups of five animals for individual cages, 20 
animals for each ICR and BALB/C mice were assigned 
randomly at four different time points; 5, 10, 24 and 
48 h. A tablet of 500 mg/kg APAP was freshly prepared 
by adding 16.7 mL of 0.9% normal saline at 50 mg/ml 
concentration into 20 ml glass vial. The APAP solution 
was dissolved completely before it was administered 
to individual animals. The dosage of APAP was calcu-
lated according to body mass (dose = BWT×16.7 µL) 
with the range volume of 0.3-0.45  ml per animal. 
APAP dose of 500 mg/kg is considered as a toxic dose 
[17] with the exhibition of necrosis mainly on the cen-
trilobular area [10,18]. It is also known to be a sub-
lethal dose that subsequently regenerates the damaged 
liver cell [16]. The APAP solution was given intraperi-
toneally at between 8.00 am and 10.00 am. The control 
animals were administered with 0.9% NaCl intraperi-
toneally. At four different time frames; 5, 10, 24 and 

48  hours post-dosing (hpd), they were humanely euth-
anized by cervical dislocation. Then, the animals were 
dissected and liver samples were harvested and fixed 
in 10% formalin for histological processing.
Histopathology for the assessment of hepatotoxicity 
in the liver

Histological specimens from the liver were pre-
pared at the Histopathology Laboratory, Faculty of 
Veterinary Medicine, UPM. Liver samples were fixed 
in 10% buffered formalin for at least 24 h before pro-
cessing. Briefly, the fixed tissues were embedded into 
the paraffin wax followed by the dehydration process 
with a series of increasing concentrations of ethanol to 
remove the free or bound water. The embedded tissues 
were sliced using a microtome into the tiny section 
(3-5 µm). For histological assessment, the liver sec-
tions were mounted on plain glass slides and routinely 
stained with Harris’ hematoxylin and eosin (HE) stain-
ing method. HE-stained sections were observed for 
any abnormalities of histopathological features under 
a light microscope at 100×, 200×, and 400×. The 
degree of hepatocellular changes was scored based on 
the grading system done by the previous study [19], as 
shown in Table-1.
Statistical analysis

All data obtained were expressed as 
mean ± standard deviation. Values were analyzed 
using Shapiro–Wilks test for non-normality data. 
Normally distributed data were tested using unpaired 
t-test while Mann–Whitney U-test was used for 
non-parametric data. All calculations were performed 
using SPSS statistical software (IBM Corp, NY, USA) 
and results were considered statistically significant 
when p<0.05 (*p<0.05, **p<0.01, and ***p<0.005).
Results

The liver changes observed in 500  mg/kg 
APAP intoxication toward ICR and BALB/C mice 

Table-1: AILI scores with descriptions on 
histopathological changes in liver cells that range from 0 
(normal hepatocytes) to 5 (severe hepatocytes loss).

Score Description

0 (−) Normal–no hepatocytes necrosis
1 (+) Minimal–mild

Focal, limited to centrilobular region
Less than ¼ of affected lobules are 
necrotic

2 (++) Mild-moderate
Focal and multifocal
Central to midzonal lobular region
½ affected lobules are necrotic

3 (+++) Moderate to severe
Multifocal (centrilobular-portal region)
¾>X>½ affected lobules are necrotic

4 (++++) Severe
Multifocal
X>¾ affected lobules are necrotic

5 (+++++) Severe (whole lobules)
Hepatocytes loss from central vein to 
portal area extend to adjacent lobules

AILI=Acetaminophen-induced liver injury
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were assessed histologically using HE-stained liver 
sections. The degree of hepatocellular changes induced 
by APAP was scored based on the previously applied 
scoring system by Antoine et al. [19]. Descriptions 
of the histological findings and APAP-induced liver 
injury (AILI) scores of all animals were done by a 
pathologist independently and in a blinded fashion. 
The histopathological features on APAP-induced mice 
liver were compared at 5, 10, 24, and 48 hpd.

A summary of the average grading scores is 
recorded in Figure-1. Expectedly, control animals 
did not reveal any histological abnormalities and 
they were scored 0. It indicated that no hepatocyte 
loss and necrosis were observed. Similarly, although 
both groups of APAP treatment showed hepatocel-
lular injury at all-time points, APAP-treated ICR 
mice at 5, 24, and 48 hpd showed that no signif-
icant difference to controls with AILI score was 
lesser than 1. Overall, AILI scores for BALB/C 
groups were higher than ICR groups except at 10 
hpd although it differed insignificantly. Intense cen-
trilobular cell damage was significantly observed 
as early as 5 hpd in BALB/C mice, with individual 
scoring were ranged between 3 and 4. At 10 hpd, ICR 
group showed the AILI score of 3.8 while BALB/C 
mice had continuous hepatocytes injury with a mean 
score of 3.2, exhibiting the peak of hepatocellular 
damage could be observed throughout the experi-
mentation. However, the average of AILI scores for 
BALB/C mice was significantly reduced at 24 and 
48 hpd with average score of 0.63 and 0.17, respec-
tively, as demonstrated in Figure-1, with individual 
animals were scored from 0 to 2.

Histomorphological features of the liver changes 
induced by APAP toxicity at 5, 10, 24, and 48 hpd are 
illustrated in Figures-2-4, respectively. No histological 

abnormality was recognized in normal saline dose 
animals, as shown in Figure-2a. Meanwhile, a histo-
logical liver section of APAP-treated ICR mice showed 
variably sized cytoplasmic vacuoles with evidence 
of early hydropic degeneration and minimal hepatic 
cell death as early as 5 hpd as observed in Figure-2b. 
However, at the same time point in APAP-treated 
BALB/C mice, more severely damaged hepatocytes 
were observed with evidence of intense centrilobular 
necrosis and hemorrhage (Figure-2c), with numer-
ous inflammatory cells were seen at 400×, as shown 
in Figure-2d. At 10 hpd, we observed centrilobular 
necrosis and hemorrhage that extensively spread to 
almost 3/4 of liver sections in ICR groups, as shown 
in Figure-2e. However, BALB/C mice had persistent 
centrilobular damage (Figure-2f) in which continu-
ously exhibited necrosis as observed in 5 hpd. Both 
groups revealed great hepatocytes loss and replace-
ment with erythrocytes that coagulated at the hepato-
cellular regions.

At later time points, hepatic hemorrhage and 
necrosis were no longer observed and there was 
replaced by intact hepatocytes. However, minimal 
existence of centrilobular cellular changes charac-
terized by ballooning degeneration of hepatocytes 
could be observed in ICR mice at 24 hpd, as illus-
trated in Figure-3a. Almost complete hepatocellular 
architectures surrounding the central vein with mild 
centrilobular necrosis were retained in BALB/C 
mice (Figure-3b). On the other hand, liver dam-
age had seen in ICR groups was markedly reduced 
with most of the individual animals showing intact 
hepatocytes (Figure-3c), with evidence of mitotic 
figures (Figure-3d) indicative of complete regener-
ation. Similarly, at 48 hpd, APAP-treated BALB/C 
mice showed minimal liver cell damage where the 

Figure-1: Histopathological grading score of liver samples in controls and 500 mg/kg acetaminophen (APAP)-treated 
Institute of Cancer Research and BALB/C mice. APAP-induced liver injury scores are determined based on the degree 
of hepatocellular damage with 0 indicating no histological abnormalities and 5 indicating the most severe damage. Data 
represent mean±SD (five animals per group). *p<0.05, **p<0.01, and ***p<0.005. hpd: hours post-dosing.
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normal architecture of hepatic cells was observed in 
generalized areas of liver section (Figure-3e).
Discussion

To date, there are several studies that demonstrate 
the effects of AILI in rodent species to provide an 
optimal animal model in biomedical research [18,20]. 
However, histopathological assessment on the strain 
or stock differences in APAP intoxication is still lack-
ing. Theoretically, different genetic backgrounds in 
an animal model may influence the outcome of the 
hepatotoxic responses that should be highlighted to 
achieve the need for the study. However, the most 
suitable models used in toxicity studies are still debat-
able [12,13]. Therefore, a comparative assessment 
of APAP-induced hepatotoxicity on the liver paren-
chyma and its subsequent regeneration in outbred 

ICR and inbred BALB/C mice needs to be further 
elucidated.

The typical lesion in the liver induced by APAP 
overdose in mice is well known to exhibit centrilob-
ular necrosis [5,9,19]. Based on AILI grading score 
to determine the degree of hepatocellular damage fol-
lowing APAP dosing, our study showed that BALB/C 
mice exhibited extensive liver damage which includes 
centrilobular cell necrosis, inflammatory cells infil-
tration, particularly neutrophils, and also ongoing cell 
death with morphological features of necrosis as com-
pared to ICR mice as early as 5 h of APAP dosing. The 
previous study showed that different genetic line-up 
could be the influencing factor for early response 
dissimilarity [18]. Severe centrilobular hemorrhage 
and necrosis could be observed in BALB/C than ICR 
groups possibly due to the susceptibility of BALB/C 

Figure-2: Assessment of histopathological features of liver samples in the Institute of Cancer Research (ICR) and BALB/C 
mice at 5 and 10 hpd post 500 mg/kg acetaminophen (APAP) treatment (hematoxylin and eosin staining). (a) Normal liver 
architectures were seen in controls. Scale 50 µm. (b) Mild variable cytoplasmic vacuoles of early hydropic degeneration 
could be observed in ICR mice at 5 hpd (mean score=0.13). Scale 50 µm. (c) BALB/C mice at 5 hpd exhibited severe 
hemorrhage with necrosis present on central vein (mean score=3.5) – scale 50 µm, with (d) numerous inflammatory cells 
(arrows) were observed at 400×. Scale 20 µm. (e) Severe centrilobular necrosis in APAP-treated mice at 10 hpd. Scale 
50 µm. (f) Severe hemorrhage and necrosis in the centrilobular region were seen in APAP dose BALB/C mice at the same 
time frame (mean score=3.2) hpd. Scale 50 µm.
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as inbred strain to acute APAP toxicity. In a study by 
Fengler et al. [21], CD-1 mice as an outbred stock were 
found to be more resistant in diet-induced liver disease 
than an inbred strain, C57BL5/J mice with hepatic 
features of ballooning, inflammation, and lipid accu-
mulation for 7 weeks. Meanwhile, another study also 
demonstrated similar results, whereby Swiss albino 
mice had low sensitivity toward toxic shock syndrome 
toxin as compared to BALB/C mice which showed the 
highest toxicity [22]. Chen et al. [23] mentioned that 
different elimination pathway of APAP could result in 
a different response of mice strain induced with APAP 
intoxication. However, there were no differences in 
histopathological changes at 10 hpd between ICR 
and BALB/C where severe centrilobular necrosis was 
observed. Liver necrosis in APAP intoxication was 
found to be severe after 6 h post-toxic induction [24] 
and also observed to be highest at 12 hpd [7].

However, centrilobular damage was substantially 
reduced and mostly was replaced by intact hepato-
cytes at the later, 24 and 48 hpd. Both hepatocellular 
features in ICR and BALB/C mice revealed almost 
complete regeneration with the presence of numer-
ous mitotic figures at 48 hpd in ICR mice. It had 
been proven previously that normal liver architecture 
was restored after clearance of APAP insult in CD-1 
mice [25]. The previous studies also provide further 
evidence that regeneration is the final outcome of AILI 
in rodent models [6,25]. It was also revealed that liver 
possesses the ability to self-regenerate after injury 
induced by APAP toxic insult [19]. In a study con-
ducted by William et al. [16], liver necrosis observed 
in APAP-treated mice was subsided and liver regener-
ation took place at a later time after clearance of toxic 
insult due to increase in hepatic GSH to reduce the 
accumulation of NAPQI and oxidative stress.

Figure-3: Histomorphological features of liver sections in the Institute of Cancer Research (ICR) and BALB/C mice at 24 
and 48 hpd after 500 mg/kg acetaminophen (APAP) induction (hematoxylin and eosin staining). (a) Several hepatocytes 
swelling (ballooning degeneration) (arrows) surrounded central veins in ICR mice at 24 hpd (mean score=0.5). Scale 
50 µm. (b) APAP-treated BALB/C mice at 24 hpd showed persistent mild centrilobular cell damage (mean score=0.63). 
Scale 50 µm. (c) Complete hepatocytes regeneration in APAP-treated ICR mice at 48 hpd was observed (mean score=0.08) 
– scale 50 µm; with (d) evidence of mitotic figures (arrows). Scale 20 µm. (e) BALB/C mice revealed the normal architecture 
of liver section with variable hepatocellular arrangement at the same time point (mean score=0.17) hpd. Scale 50 µm.
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Necrotic cells death occurred is the main cause 
of inflammatory response that may be one of the heal-
ing factors at the cellular level. Inflammatory response 
plays an important role by removing the damaged cells 
before any cellular mitosis can occur [26]. Two eminent 
inflammatory cells in AILI are neutrophils and macro-
phages [27]. Macrophages activation had been known 
to be beneficial for the proliferation of hepatocytes by 
removing the damaged cells that are to be replaced with 
new cells [28]. The presence of mitotic figures at 48 
hpd showed that the hepatocytes were regenerated by 
Bhushan and Apte [29] replacing the damaged cells for 
the formation of new cells to restore normal liver func-
tion. Commonly, cell regeneration is associated with 
cell mitosis that produces intact cells to replace the 
damaged cells. In the normal condition of hepatocytes, 
cells remain quiescence and inactive for cell cycle 
(G0 phase). Induction of AILI, cells start to enter the 
cell cycle and resume to other phases in mitosis process 
of G1 and S phase where DNA replication occurs fol-
lowed by G2 and mitosis where the cell is divided [30].

Hence, our study proves that different strains and 
stocks of laboratory mouse could influence the suscepti-
bility of APAP intoxication due to different genetic back-
grounds [18], possibly due to the differences in elimi-
nation pathways of APAP [23]. Although both showed 
histopathological lesions at an early time point, both had 
restored normal hepatocellular architectures and under-
went complete hepatic regeneration at later time points.
Conclusion

The present study demonstrated that different 
mouse strains respond differently to the same APAP 
dose. Overall results showed that BALB/C mice had a 
higher susceptibility of AILI reflected by severe hepa-
tocellular damage as compared to ICR mice at early 
toxic induction of APAP overdose. Subsequently, 
complete hepatic regeneration also occurred after 
clearance of toxic insults at later time frames for 
both ICR and BALB/C mice. The response exhib-
ited by different mouse strains could not be ignored. 
Therefore, further investigations would be required to 
fully understand the mechanism involved to explain 
the toxicity differences between mouse strains.
Authors’ Contributions

SHN designed the study, provided the materials 
and reagents, and performed the histological score and 
data analysis. FM conducted the experiment, collected 
the samples, performed statistical analysis, and wrote 
the manuscript. RA helped with animal study and sam-
ple collection. MMN and NY co-supervised the study. 
SHN and FM contributed to the drafting and revision 
of the manuscript. All authors read and approved the 
final manuscript.
Acknowledgments

The authors want to thank Universiti Putra 
Malaysia (UPM) as a research grant provider 

(GP-IPM/2017/9526900) and also to all the staffs of 
Veterinary Histopathology Laboratory, Veterinary 
Clinical Pathology Laboratory, Animal Resource Unit, 
and Animal Research Facility, Faculty of Veterinary 
Medicine, UPM, who helped in the project, particu-
larly Mrs. Jamilah, Mr. Zainuddin, Mr. Kamarzaman, 
Mr. Azmil, Mr. Aizat, Mr. Ismail Shaari, and Dr. Mohd 
Hafidz.
Competing Interests

The authors declare that they have no competing 
interests.
Publisher’s Note

Veterinary World remains neutral with regard 
to jurisdictional claims in published institutional 
affiliation.
References

1.	 Ostapowicz, G., Fontana, R.J., Schiødt, F.V., Larson, A., 
Davern, T.J., Han, S.H.B., McCashland, T.M., Shakil, A.O., 
Hay, J.E., Hynan, L., Crippin, J.S., Blei, A.T., Samuel, G., 
Reisch, J., Lee, W.M. and U.S Acure Liver Failure Study 
Group. (2002) Results of a prospective study of acute liver 
failure at 17 tertiary care centers in the United States. Ann. 
Intern. Med., 137(12): 947-954.

2.	 Rivera, P., Pastor, A., Arrabal, S., Decara, J., Vargas, A., 
Sánchez-Marin, L., Pavón, F.J., Serrano, A., Bautista, D., 
Boronat, A., de la Torre, R., Balxeras, E., Lucena, M.I., de 
Fonseca, F.R. and Suárez, J. (2017) Acetaminophen-induced 
liver injury alters the acyl ethanolamine-based anti-in-
flammatory signaling system in liver. Front. Pharmacol., 
8(705): 1-16.

3.	 Botta, D., Shi, S., White, C.C., Dabrowski, M.J., 
Keener,  C.L., Srinouanprachanh, S.L., Farin, F.M., 
Ware,  C.B., Ladiges, W.C., Pierce, R.H., Fasuto, N. and 
Kavanagh, T.J. (2006) Acetaminophen-induced liver injury 
is attenuated in male glutamate-cysteine ligase transgenic 
mice. J. Biol. Chem., 281(39): 28865-28875.

4.	 Yoon, E., Babar, A., Choudhary, M., Kutner, M. and 
Pyrsopoulos, N. (2016) Acetaminophen-induced hepato-
toxicity: A comprehensive update. J. Clin. Transl. Hepatol., 
4(2): 131-142.

5.	 Hinson, J.A, Roberts, D.W. and James, L.P. (2010) 
Mechanisms of acetaminophen-induced liver necrosis. 
Handb. Exp. Pharmacol., 196: 369-405.

6.	 Mehendale, H.M (2005) Tissue repair: An important deter-
minant of final outcome of toxicant-induced injury. Toxicol. 
Pathol., 33(1): 41-51.

7.	 Bhushan, B., Walesky, C., Manley, M., Gallagher, T., 
Borude, P., Edwards, G., Monga, S.P.S. and Apte, U. (2014) 
Pro-regenerative signaling after acetaminophen-induced 
acute liver injury in mice identified using a novel incremen-
tal dose model. Am. J. Pathol., 184(11): 1-13.

8.	 McGill, M.R., Williams, C.D., Xie, Y., Ramachandran, A. 
and Jaeschke, H. (2012) Acetaminophen-induced liver 
injury in rats and mice: comparison of protein adducts, 
mitochondrial dysfunction, and oxidative stress in the 
mechanism of toxicity. Toxicol. Appl. Pharmacol., 264(3): 
387-394.

9.	 Jaeschke, H., Xie, Y. and McGill, M.R. (2014) 
Acetaminophen-induced liver injury: From animal models 
to humans. J. Clin. Transl. Hepatol., 2(3): 153-161.

10.	 Dai, G., He, L., Chou, N. and Wan, J.J.Y. (2006) 
Acetaminophen metabolism does not contribute to gen-
der difference in its hepatotoxicity in mouse. Toxicol. Sci., 
92(1): 33-41.

11.	 Du, K., Williams, C.D., McGill, M.R. and Jaeschke,  H. 



Veterinary World, EISSN: 2231-0916� 1688

Available at www.veterinaryworld.org/Vol.12/November-2019/1.pdf

(2014) Lower susceptibility of female mice to acetaminophen 
hepatotoxicity: Role of mitochondrial glutathione, oxi-
dant stress and c-jun N-terminal kinase. Toxicol. Appl. 
Pharmacol., 281(1): 58-66.

12.	 Festing, M.F.W (2010) Inbred strains should replace out-
bred stocks in toxicology, safety testing, and drug develop-
ment. Toxicol. Pathol., 38(5): 681-690.

13.	 Chia, R., Achilli, F., Festing, M.F.W. and Fisher, E.M.C. 
(2005) The origins and uses of mouse outbred stocks. Nat. 
Genet., 37(11): 1181-1186.

14.	 Johnson, M. (2012) Laboratory Mice and Rats. Synatom 
Research, Princeton, New Jersey.

15.	 Beck, J.A., Lloyd, S., Hafezparast, M., Lennon-Pierce,  M., 
Eppig, J.T., Festing, M.F.W. and Fisher, E.M. (2000) 
Genealogies of mouse inbred strains. Nat. Genet., 24(1): 23-25.

16.	 Williams, C.D., Koerner, M.R., Lampe, J.N., Farhood, A. 
and Jaeschke, H. (2011) Mouse strain-dependent caspase 
activation during acetaminophen hepatotoxicity does not 
result in apoptosis or modulation of inflammation. Toxicol. 
Appl. Pharmacol., 257(3): 449-458.

17.	 Ruepp, S.U., Tonge, R.P., Shaw, J., Wallis, N. and Pognan, F. 
(2002) Genomics and proteomics analysis of acetamino-
phen toxicity in mouse liver. Toxicol. Sci., 65(1): 135-150.

18.	 Shahid, M. and Subhan, F. (2014) Comparative histopa-
thology of acetaminophen induced hepatotoxicity in animal 
models of mice and rats. Pharmacologyonline, 3 (6): 32-43.

19.	 Antoine, D.J., Williams, D.P., Kipar, A., Jenkins, R.E., 
Regan, S.L., Sathish, J.G., Kitteringham, N.R. and Park, K. 
(2009) High-mobility group box-1 protein and keratin-18, 
circulating serum proteins informative of acetamino-
phen-induced necrosis and apoptosis in vivo. Toxicol. Sci., 
112(2): 521-531.

20.	 Rahman, T.M. and Hodgson, H.J.F. (2000) Animal models 
of acute hepatic failure. Int. J. Exp. Pathol., 81(2): 145-157.

21.	 Fengler, V.H.I., Macheiner, T., Kessier, S.M., 
Czepukojc, B., Gemperlein, K., Müller, R., Kiemer, A.K., 
Magnes,  C., Haybaeck, J., Lackner, C. and Sargsyan, K. 

(2016) Susceptibility of different mouse wild type strains to 
develop diet-induced NAFLD/AFLD-associated liver dis-
ease. PLoS One, 11(5): 1-21.

22.	 Dias, R.S., Carmo, L.S., Heneine, L.G.D., Rocha, P.H., 
Barbosa, C.F., Rodrigues, R.J. and Linardi, V.R. (2009) 
The use of mice as animal model for testing acute toxicity 
(LD-50) of toxic shock syndrome toxin. Arq. Bras. Med. 
Vet. Zootec., 61(1): 170-173.

23.	 Chen, P.J., Pang, V.F., Jeng, Y.M., Chen, T.J., Hu, F.C., 
Chi,  W.T., Chou., H.Y., Chiu, H.C., Lee, Y.C. and 
Sheen, L.Y. (2012) Establishment of a standardized animal 
model of chronic hepatotoxicity using acetaminophen-in-
duced hepatotoxicity in the evaluation of hepatoprotective 
effects of health food. J. Food Drug Anal., 20(1): 41-47.

24.	 Saito, C., Zwingmann, C. and Jaeschke, H. (2010) Novel 
mechanisms of protection against acetaminophen hepa-
totoxicity in mice by glutathione and N-acetylcysteine. 
Hepatology, 51(1): 246-254.

25.	 Apte, U., Singh, S., Zeng, G. and Monga, S.P.S. (2009) Beta-
catenin activation promotes liver regeneration after acetamin-
ophen-induced injury. J. Food Drug Anal., 175(3): 1056-1065.

26.	 Jaeschke, H., Williams, C.D., Ramachandran, A. and 
Bajt,  M.L. (2012) Acetaminophen hepatotoxicity and 
repair: The role of sterile inflammation and innate immu-
nity. Liver Int., 32(1): 8-20.

27.	 Woolbright, B.L. and Jaeschke, H. (2017) Role of the 
inflammasome in acetaminophen-induced liver injury and 
acute liver failure. J. Hepatol., 66(4): 836-848.

28.	 Li, N. and Hua, J. (2017) Immune cells in liver regenera-
tion. Oncotarget, 8(2): 3628-3639.

29.	 Bhushan, B. and Apte, U. (2019) Liver regeneration after 
acetaminophen hepatotoxicity: Mechanisms and therapeu-
tic opportunities. Am. J. Pathol., 189(4): 719-729.

30.	 Apte, U. (2015) Liver regeneration: An introduction. In: 
Massuco, S., editor. Liver Regeneration Basic Mechanisms, 
Relevant Models and Clinical Applications. 1st  ed. Mica 
Haley, Oxford. p3-11.

********


