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Abstract

Mouse models of acetaminophen (APAP) hepatotoxicity are considered relevant for the human 

pathophysiology. The C57BL/6 strain is most popular because it is the background strain of gene 

knock-out mice. However, conflicting results in the literature may have been caused by sub-strain 

mismatches, e.g. C57BL/6J and C57BL/6N. This study was initiated to determine the mechanism 

behind the sub-strain susceptibility to APAP toxicity. C57BL/6N and C57BL/6J mice were dosed 

with 200 mg/kg APAP and sacrificed at different time points. C57BL/6N mice developed 

significantly more liver injury as measured by plasma ALT activities and histology. Although there 

was no difference in glutathione depletion or cytochrome P450 activity between groups, 

C57BL/6N had a higher glutathione disulfide-to-glutathione ratio and more APAP protein adducts. 

C57BL/6N showed more mitochondrial translocation of phospho-JNK and BAX, and more release 

of mitochondrial intermembrane proteins (apoptosis-inducing factor (AIF), second mitochondria-

derived activator of caspases (SMAC), which caused more DNA fragmentation. The increased 

mitochondrial dysfunction was confirmed in vitro as C57BL/6N hepatocytes had a more 

precipitous drop in JC-1 fluorescence after APAP exposure. Conclusion: C57BL/6N mice are 

more susceptible to APAP-induced hepatotoxicity, likely due to increased formation of APAP-

protein adducts and a subsequent enhancement of mitochondrial dysfunction associated with 

aggravated nuclear DNA fragmentation.
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1. INTRODUCTION

Acetaminophen (APAP)-induced liver injury remains a leading cause of drug-induced 

hepatotoxicity in western societies (Lee, 2013). During an acute overdose, a small portion of 

APAP is rapidly converted to the reactive metabolite N-acetyl-p-benzoquinone imine 

(NAPQI) by cytochrome P450 enzymes, such as CYP2E1 (Nelson, 1990; Bessems and 

Vermeulen, 2001). Although NAPQI can be detoxified by glutathione (GSH), it also forms 

protein adducts (Cohen et al., 1997). Adducts of mitochondrial proteins are thought to cause 

the initial oxidant stress in the mitochondria that leads to activation of redox-sensitive MAP 

kinases and ultimately to phosphorylation of c-jun-N-terminal kinase (JNK) (Han et al., 

2013; Jaeschke et al., 2012; McGill and Jaeschke 2013). This oxidative stress is amplified by 

translocation of phospho-JNK to the mitochondria (Hanawa et al., 2008; Saito et al., 2010). 

The mitochondrial oxidant stress and peroxynitrite formation (Cover et al., 2005) are mainly 

responsible for the opening of the mitochondrial permeability transition (MPT) pore and 

collapse of the membrane potential (Kon et al., 2004). A consequence of the MPT is 

mitochondrial swelling and rupture of the outer membrane, which causes the release of 

intermembrane membrane proteins, such as apoptosis-inducing factor (AIF), endonuclease 

G, and the second mitochondria-derived activator of caspases (SMAC), into the cytoplasm of 

the cell (Jaeschke et al., 2012). AIF and endonuclease G can then translocate to the nucleus 

where they cause extensive DNA fragmentation (Bajt et al., 2006). Both mitochondrial 

dysfunction and nuclear DNA damage are the cause of extensive necrotic cell death after 

APAP overdose (Gujral et al., 2002). Cell necrosis then results in the release of many 

cellular constituents including mitochondrial and nuclear DNA, mitochondrial enzymes, 

high mobility group box 1 (HMGB1) protein, cytokeratin-18, miRNA-122, and many more 

(Antoine et al., 2012, 2013; Beger et al., 2015; McGill et al., 2012, 2014; McGill and 

Jaeschke, 2014).

Progress in the understanding of APAP hepatotoxicity mechanisms is facilitated by the 

widespread use of genetic mouse models such as gene knockout mice as an experimental 

tool. These knockout animals are typically generated on, or are later backcrossed to, popular 

mouse background strains such as the C57BL/6 mouse, a strain readily available from 

various commercial sources. However, subtle genetic differences have developed in sub-

strains of C57BL/6 mice from different sources that can have a substantial impact on 

experiments (Simon et al., 2013). In fact, there was a controversy regarding the role of JNK2 

in APAP hepatotoxicity with groups reporting that JNK2-deficient mice were protected 

(Gunawan et al., 2006), not affected (Henderson et al., 2007; Saito et al., 2010), or even 

showed aggravation of APAP-induced liver injury (Bourdi et al., 2008). A follow-up study 

demonstrated that the main reason for the controversial results may have been the use of 

wild type animals from different C57BL/6 sub-strains (Bourdi et al., 2011). These findings 

raised the concern that some problems with reproducibility of research results today could 
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come from the unrecognized mismatch of wild type and gene knock-out animals from 

different background sub-strains. Since C57BL/6N mice are considerably more susceptible 

to APAP overdose than C57BL/6J mice (Bourdi et al., 2011), the objective of this 

investigation was to assess whether this enhanced susceptibility was caused by different 

injury mechanisms in these sub-strains. However, this objective of understanding the 

mechanism of APAP-induced cell death in various C57BL/6 sub-strains should not be 

confused with the variable toxicity of APAP in different mouse strains, which is a well-

known phenomenon (Harrill et al., 2009a,b).

2. MATERIALS AND METHODS

2.1 Animal Protocols

Male C57BL/6J mice (Stock # 000664; Jackson Laboratories, Bar Harbor, Maine, USA) and 

male C57BL/6NCr mice (Strain Code: 556; Charles River, NCI Research Models and 

Services, Frederick, Maryland, USA) were purchased from the respective vendor at 8-10 

weeks of age and acclimated in our facility for at least 5 days. Experimental protocols were 

approved by the local Institutional Animal Care and Use Committee before the onset of 

experimentation. All animals were fasted overnight and then treated with 200 mg/kg APAP 

diluted in warm saline via an i.p. injection. This dose was based on our preliminary data that 

indicated the 300mg/kg dose caused substantial mortality in the C57BL/6N sub-strain, 

which prevented robust comparison between the sub-strains (data not shown). At the 

indicated time points, groups of mice were sacrificed via cervical dislocation and 

exsanguination via the hepatic vena cava. Heparinized blood was collected and centrifuged 

at 14,000 × g for 3 minutes to collect plasma. Liver was resected and snap frozen in liquid 

nitrogen or stored in 4% paraformaldehyde for 24 hours for histology.

2.2 Biochemical Measurements

Plasma alanine aminotransferase (ALT) activities were measured via the Point Scientific 

ALT test (Point Scientific Inc., Canton, MI) per the manufacturer's instruction. Total 

glutathione or glutathione disulfide (GSSG) were measured with a modified Tietze assay as 

previously described (Jaeschke and Mitchell, 1990). Cytochrome P450 activity was 

measured using 7-ethoxy-4-trifluoromethylcoumarin (7-EFC) as described previously 

(Ramachandran et al., 2011). In brief, liver homogenates were incubated with 50 μM 7-EFC 

and 1 mM NADPH, in 0.1 M PBS (pH 7.4) and DMSO-inhibitable 7-EFC fluorescence was 

measured. This substrate detects mainly CYP2E1 and CYP1A2 activities (Buters et al., 

1993), which are the main cytochrome P450 enzymes responsible for the metabolic 

activation of APAP (Zaher et al., 1998).

2.3 Histology and Immunohistochemistry

Tissue was fixed and embedded in paraffin. Hematoxylin and eosin (H&E) staining was 

performed for evaluation of the area of necrosis as described (Gujral et al., 2002). TUNEL 

staining was performed for evaluation of nuclear DNA damage per the manufacturer's 

instructions (Roche Diagnostics, Basel, Switzerland).
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2.4 Western Blotting

Snap frozen tissue was homogenized in a CHAPs containing protein buffer and total protein 

was measured using the BCA assay (Pierce Scientific, Waltham, MA). Gel electrophoresis 

was carried out on protein lysates from individual samples, which were then transferred to a 

nitrocellulose blot. Densitometry was performed to quantitatively assess differences using 

Image J software. In brief, densitometry was performed serially on blots and normalized to 

either the non-phosphorylated form (JNK) or the loading control, either porin or beta-actin. 

Antibodies to total JNK (catalogue #9252), phospho-JNK (# 9251), β-actin (#4970), BAX 

(#27742), MLK-3 (#2817) and AIF (#5318) were purchased from Cell Signaling 

Technologies (Danvers, MA). Sab and ASK-1 were obtained from Santa Cruz (sc-10167 and 

sc-7931) and SOD2 was acquired from Millipore (06-984). The antibodies against 

thioredoxin 2 (ab16836), Cyp2E1 (ab28146) and porin (#14734) were purchased from 

Abcam (Cambridge, UK). SMAC (# 612245) was acquired from BD Biosciences (San 

Diego, CA).

2.5 Acetaminophen Protein Adduct Measurements

APAP protein adducts were measured as described (Ni et al., 2012b). Briefly, low molecular 

weight compounds were removed from the liver homogenate via Bio-spin 6 columns (Bio-

Rad, Hercules, CA) and subsequently the protein fraction was digested with proteases to 

liberate APAP-CYS conjugates. The conjugates were measured using high performance 

liquid chromatography with electrochemical detection (HPLC-ED) as described (Muldrew et 

al., 2002).

2.6 Statistics

Data are expressed as means ± SE. Comparison between two groups were performed with 

Student's t-test. Comparisons between multiple groups were performed using one-way 

ANOVA followed by Student-Neuman-Keuls post hoc test for multiple groups. p<0.05 was 

considered significant.

3. RESULTS

3.1 C57BL/6N mice are more sensitive to APAP-induced liver injury than C57BL/6J mice

Data from our previous studies indicated that sub-strains of C57BL/6 mice might have 

differential susceptibility to APAP overdose (Bourdi et al., 2011). To confirm this, 

C57BL/6N or C57BL/6J mice were fasted, treated with 200 mg/kg APAP, and sacrificed 

over a series of time points. C57BL/6N mice were significantly more susceptible to APAP 

hepatotoxicity as evidenced by increased plasma ALT values at both 2 h and 8 h after APAP 

overdose (Figure 1A). These data were confirmed by both H&E and TUNEL staining 

(Figure 1B,C). The histology indicated that C57BL/6N mice had extensive centrilobular 

hepatocellular necrosis at 8 h after APAP overdose, whereas only limited cell death was 

present in the C57BL/6J mice. TUNEL staining confirmed these findings. DNA 

fragmentation in the centrilobular area was substantially more extensive in C57BL/6N 

compared to C57BL/6J mice (Figure 1C).
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3.2 APAP metabolism is similar in C57BL/6N and C57BL/6J mice

To determine if the increased susceptibility to APAP overdose was due to differences in 

metabolism between the sub-strains, hepatic GSH depletion and recovery was compared in 

C57BL/6J versus C57BL/6N mice after APAP administration. Both depletion of GSH and 

its regeneration were similar between sub-strains (Figure 2A). In contrast, C57BL/6N mice 

had significantly higher levels of glutathione disulfide (GSSG) 8 h after APAP overdose 

(Figure 2B), and a higher GSSG-to- GSH ratio at the same time point (Figure 2C), indicative 

of increased oxidative stress in the C57BL/6N mouse. To confirm these data, protein-derived 

APAP-CYS adducts were measured at 30 min, 2 h and 8 h after APAP administration. 

C57BL/6N mice accumulated more APAP-CYS adducts in the total liver homogenate 2h and 

8 h after APAP administration (Figure 3A). There was also an increase in mitochondrial 

adducts at 2 h (Figure 3B), which is the peak of adduct formation (McGill et al., 2013). This 

was in spite of the fact that P450 enzyme activities were similar between the sub-strains of 

mice (Figure 3C). To ascertain if some of these differences might be due to differential 

expression of proteins involved in metabolism or antioxidant response, we also assessed 

baseline expression of CYP2E1, superoxide dismutase 2 (SOD2) and thioredoxin 2 (Trx2); 

however, no difference was observed in the expression of these proteins when control mice 

of each sub-strain were compared (Supplemental Figure 1). Despite the relatively similar 

GSH depletion and recovery profiles, the increased APAP-CYS adduct formation in the 

C57BL/6N sub-strain indicates a reduced rate of detoxification of APAP in C57BL/6N mice. 

This may be a cause of the increased oxidative stress and exacerbated injury in this sub-

strain.

3.3 Enhanced mitochondrial JNK translocation in C57BL/6N mice

JNK is an established intracellular mediator of APAP-induced liver injury in both mice 

(Gunawan et al., 2006; Hanawa et al., 2008; Saito et al., 2010) and in humans (Xie et al., 

2014). Given the importance of mitochondrial JNK translocation to APAP toxicity, JNK 

activation (phosphorylation) and mitochondrial translocation was measured in C57BL/6N 

and C57BL/6J mice after an APAP overdose. Interestingly, there was increased phospho-

JNK translocation in C57BL/6N 2 h after APAP overdose as compared to C57BL/6J mice 

(Figure 4A, C), when compared to the mitochondrial reference protein porin; however, there 

was also increased total JNK in the mitochondria of C57BL/6N mice (Figure 4A,C). 

Furthermore, there was an increase in cytoplasmic phospho-JNK expression and increased 

activation in C57BL/6N as compared to C57BL/6J mice (Figure 4B,D). To confirm the 

increase in JNK pathway involvement, we also measured protein expression of JNK pathway 

members mixed lineage kinase-3 (MLK3) (Sharma et al., 2012), apoptosis signal regulating 

kinase 1 (ASK1) (Xie et al., 2015b), and SH3BP5 binding protein (Sab) (Win et al., 2011). 

While there was no expression in upstream JNK activators ASK-1 or MLK-3, there was 

increased Sab expression at 2h in C57BL/6N mice consistent with increased mitochondrial 

JNK translocation (Supplemental Figure 2). These data indicate that C57BL/6N mice have 

increased JNK activation in the cytosol after APAP overdose resulting in increased 

mitochondrial translocation, which may contribute to the higher injury observed in the 

C57BL/6N mice.
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3.4 Enhanced mitochondrial BAX translocation and release of both AIF and SMAC in 
C57BL/6N mice

As it was previously noted there was increased DNA damage in the C57BL/6N mice (Figure 

1C) as well as enhanced mitochondrial JNK translocation (Figure 4A,C), we measured 

translocation and release of a number of potential mitochondrial mediators. Upon APAP 

exposure, the Bcl-family member BAX translocates to the mitochondria and enhances the 

permeability of the outer mitochondrial membrane through formation of pores and causes 

release of intermembrane proteins (Bajt et al., 2008). While cytoplasmic BAX levels were 

similar between groups (Figure 5A), increased BAX translocation to the mitochondria was 

observed in C57BL/6N mice at both 2 h and 8 h after APAP overdose as compared to the 

C57BL/6J sub-strain (Figure 5B), despite similar control levels. To observe potential 

downstream mediators of the enhanced BAX translocation, release of AIF from the 

mitochondria into the cytosol was measured in both strains of mice. C57BL/6N mice had 

significantly increased AIF release into the cytosol as compared to C57BL/6J mice at both 2 

h and 8 h after APAP overdose (Figure 6A); again, baseline levels of AIF were similar in 

both sub-strains. Interestingly, AIF protein expression was induced in C57BL/6N mice as 

indicated by significantly higher mitochondrial levels of AIF after APAP treatment (Figure 

6B). Release of AIF and other proteins such as endonuclease G from the mitochondria to the 

cytoplasm and subsequent translocation to the nucleus is responsible for DNA fragmentation 

as indicated by the TUNEL assay (Bajt et al., 2006, 2011). Thus, the enhanced DNA damage 

in C57BL/6N mice is likely caused at least in part by the increased mitochondrial BAX 

translocation and the subsequent higher release of intermembrane proteins, e.g. AIF, some of 

which can translocate to the nucleus and promote DNA fragmentation. In order to confirm 

the higher outer membrane permeability increase in C57BL/6N mice, the release of another 

mitochondrial intermembrane protein, SMAC, was investigated both in the mitochondria and 

the cytosol. C57BL/6N had increased levels of cytosolic SMAC both 2 h and 8 h after 

APAP-induced liver injury as compared to C57BL/6J mice (Figure 7A) although 

mitochondrial levels were similar both before and after APAP treatment (Figure 7B). These 

data confirm the increased outer membrane permeability in C57BL/6N mice after APAP 

overdose. Of note, cytosolic SMAC levels were significantly higher in untreated C57BL/6N 

mice (Figure 8A,C). However, no differences were found between C57BL/6N and C57BL/6J 

mice with regard to baseline cytosolic AIF or BAX levels (Figure 8A,B,D).

3.5 Primary hepatocytes from C57BL/6N mice develop mitochondrial dysfunction faster 
than cells from C57BL/6J mice

To confirm the enhanced mitochondrial instability, we isolated primary hepatocytes from 

mice and exposed them to a cytotoxic concentration of APAP. Hepatocytes of C57BL/6N 

mice had a much sharper decrease in JC-1 fluorescence when exposed to 5 mM APAP for 3 

h (Figure 9A) indicating enhanced susceptibility to APAP-mediated mitochondrial 

dysfunction. At a later time point when substantial LDH release had occurred (9 h), there 

was little difference in the loss of the mitochondrial membrane potential or the degree of 

cellular LDH release between hepatocytes of C57BL/6N and C57BL/6J mice (Figure 9A,B). 

This suggests that with this concentration of APAP, mitochondrial dysfunction is mainly 

accelerated in hepatocytes of C57BL/6N mice, but not fundamentally different compared to 

hepatocytes of C57BL/6J mice. As such, sufficient mitochondrial dysfunction is present in 
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vitro to induce cell death for both sub-strains despite the more rapid acceleration in 

C57BL/6N mice.

4. DISCUSSION

The objective of this investigation was to better understand sub-strain differences in the 

susceptibility to APAP overdose between C57BL/6N and C57BL/6J mice. Our study 

confirmed that C57BL/6N mice had more severe liver injury in response to a toxic dose of 

APAP (Bourdi et al., 2011). It is important to point out that we used the C57BL/6NCr strain 

from Charles River whereas in our previous study we used C57BL/6NJ from Jackson 

Laboratories (Bourdi et al., 2011). Despite the different vendors, C57BL/6N mice from both 

sources proved to be more susceptible compared to the C57BL/ 6J sub-strain. Recognizing 

the sub-strain of knockout mice and comparing them to the proper wild type mice is critical 

for the correct interpretation of experimental data (Fontaine and Davis, 2016). As shown by 

investigations into the role of JNK2 in APAP toxicity, sub-strain mismatch can lead to 

contradicting and irreproducible results (Bourdi et al., 2008, 2011; Gunawan et al., 2006; 

Henderson et al., 2007; Saito et al., 2010). This difference in hepatotoxicity does not only 

apply to APAP overdose but also to a mechanistically different model of T-cell-dependent 

liver injury after concanavalin A treatment (Bourdi et al., 2011). Importantly, the 

concanavalin A model uses fed mice, suggesting that the nutritional status does not affect the 

different susceptibility of the two sub-strains to the liver toxins.

4.1 Differential response of C57BL/6 sub-strains to APAP overdose

Over the last several decades, a number of critical events in the mechanism of APAP-

induced cell death have been established (Jaeschke et al., 2012; McGill and Jaeschke, 2013). 

After an overdose of APAP, excessive formation of the reactive metabolite NAPQI leads to 

hepatic GSH depletion and protein adduct formation (Jollow et al., 1973; Mitchell et al., 

1973a,b; Dahlin 1984). Mitochondrial protein adduct formation (Tirmenstein and Nelson, 

1989; Xie et al., 2015a), JNK activation (Hanawa et al., 2008; Hu et al., 2016) and 

eventually MPT (Kon et al., 2004) are key events of the observed toxicity. In addition, early 

BAX translocation to mitochondria results in outer membrane permeabilization (Bajt et al., 

2008), or later MPT-induced matrix swelling and rupture of the outer membrane. This leads 

to the release of the intermembrane proteins AIF and endonuclease G into the cytosol and 

translocation of these proteins to the nucleus, where they contribute to nuclear DNA 

fragmentation (Cover et al., 2005), which is a hallmark of APAP-induced cell death (Ray et 

al., 1990). Mitochondrial oxidant stress and peroxynitrite formation are central to 

mitochondrial dysfunction and toxicity (Jaeschke, 1990; Cover et al., 2005). Using a 

moderate overdose of 200 mg/kg, which is tolerated by both sub-strains of mice without 

mortality, allows for direct comparison of the mechanism over time. Our data indicate that 

the mechanism of toxicity involves all the described events in both sub-strains. However, 

C57BL/6N mice consistently showed more severe mitochondrial dysfunction. In fact, all 

parameters indicating mitochondrial dysfunction (JNK, P-JNK, GSSG, BAX, Sab) and 

downstream events like mitochondrial AIF and SMAC release and DNA fragmentation were 

consistently more elevated in C57BL/6N compared to C57BL/6J mice. This more severe 

mitochondrial dysfunction in C57BL/6N mice correlated with the more severe cell injury in 
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these mice. However, the observation that all parameters of mitochondrial dysfunction were 

enhanced in both sub-strains and the difference between C57BL/6N and C57BL/6J mice was 

mainly quantitative suggests that the overall mechanism of APAP toxicity is the same and 

that the reason for the difference is upstream of mitochondria.

4.2 Protein adduct formation and mitochondrial instability during APAP hepatotoxicity

During an acute overdose, APAP is rapidly metabolized by cytochrome P450 enzymes into 

the reactive metabolite NAPQI (Dahlin et al., 1984), which quickly adducts nearby proteins 

and leads to considerable oxidative stress (reviewed in Jaeschke et al., 2012). Glutathione 

depletion typically functions as a standard marker of APAP metabolism, as NAPQI rapidly 

binds glutathione and the APAP-GSH conjugate is then excreted (Rosen et al., 1984). Of 

note, we found neither a difference (between the two sub-strains) in the time course of 

glutathione depletion and recovery, nor any difference in P450 activity (mainly Cyp2E1 and 

Cyp1A2), but substantial differences in APAP-CYS adduct levels both in the total 

homogenate, as well as in the mitochondrial fraction were observed. APAP-CYS adduct are 

the most direct biomarkers of differences in the metabolic activation of APAP. APAP-protein 

adducts, especially in mitochondria, are widely thought to be the initiating event for 

mitochondrial oxidant stress and dysfunction that is responsible for eventual cell death 

(Jaeschke et al., 2012). Thus, the higher degree of APAP-protein adduct formation in 

C57BL/6N mice may explain the higher susceptibility to APAP overdose of this sub-strain.

Another difference between C57BL/6J and C57BL/6N mice, although beyond the scope of 

the present paper, could be a difference in autophagy. Both damaged mitochondria (Ni et al., 

2012a) and protein adducts (Ni et al., 2016) were shown to be removed by autophagy, an 

adaptive mechanism that protects against APAP hepatotoxicity. The consistently lower 

adducts in C57BL/6J mice could be caused by the reduced formation of adducts compared 

to C57BL/6N mice or could be the result of higher autophagic clearance. The latter 

explanation would be consistent with the fact that no significant difference in drug 

metabolizing enzyme activity was found. More experiments need to be done to investigate 

this mechanism in more detail.

Consistent with the findings of increased mitochondrial dysfunction in vivo, cells isolated 

from C57BL/6N mice also showed a more rapid loss of the mitochondrial membrane 

potential in vitro in response to APAP exposure for 3 h. However, at the later time point (9 

h) when cell death occurred, the loss of the mitochondrial membrane potential was similar to 

the degree of cell death in hepatocytes from C57BL/6N and C57BL/6J mice. This confirmed 

that mitochondrial dysfunction is an established aspect of APAP-induced cell death in vitro 
in both murine hepatocytes (Bajt et al., 2004), in metabolically competent hepatoma cells 

(HepaRG) (McGill et al., 2011) and in primary human hepatocytes (Xie et al., 2014). 

Although we could document an initial higher susceptibility to APAP-induced mitochondrial 

dysfunction in hepatocytes isolated from C57BL/6N mice, the differences between 

hepatocytes of the two sub-strains disappeared when cells from the C57BL/6J sub-strain 

caught up with the injury mechanism several hours later. These findings further support the 

conclusions from the in vivo experiments that there are similar mechanisms of APAP 

toxicity in both sub-strains; it may require lower doses to observe permanent differences in 
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hepatocytes from C57BL/6N versus C57BL/6J mice. Nevertheless, a more detailed 

assessment of the mitochondrial bioenergetics is warranted. A similar phenomenon was 

previously seen in vivo when liver injury was only prevented in cyclophilin D-deficient mice 

after a low overdose of APAP (Ramachandran et al., 2011) but not after a higher dose 

(LoGuidice and Bolesterli, 2011) suggesting that the MPT pore opening can only be 

regulated by cyclophilin D during a lower cellular stress. However, this mechanism can be 

overwhelmed with higher doses leading to an unregulated MPT pore formation.

4.3 Sub-strain differences in biological research

A number of differences in basic physiology have previously been established between 

C57BL/6N and C57BL/6J mice (Fontaine and Davis, 2016; Simon et al., 2013). These 

differences were attributed to mediate the surprising changes between supposedly similar 

knockout mice in other models of disease (Newberry et al., 2015). The absence of the 

mitochondrial protein Nicotinamide Nucleotide Transhydrogenase (NNT) has routinely been 

suspected to be a major mediator in these differences (Freeman et al., 2006; Simon et al., 

2013). Previously it was hypothesized that since NNT is responsible for interconversion of 

NADH to NADPH, it may be important for GSH regeneration from GSSG (Bourdi et al., 

2011). However, we found no differences in GSH regeneration, indicating that 

interconversion of NADPH and NADH is of limited relevance for normal GSH re-synthesis 

in the APAP model and enhanced capacity for the generation of NADPH from NADH 

confers no advantage after APAP overdose. Thus, the Nnt-deficiency in C57BL/6J mice 

cannot explain the lower susceptibility to APAP hepatotoxicity in these animals.

This is in agreement with the previous observation showing that in the concanavalin A-

induced liver injury model, C57BL/6N mice were more susceptible than C57BL/6J mice to 

APAP-induced liver injury (Bourdi et al., 2011) suggesting that the susceptibility difference 

between C57BL/6J and C57BL/6N is not necessarily dependent on drug metabolism but 

may be more dependent on the mitochondrial oxidant stress. Indeed, mitochondrial oxidative 

stress plays a pathologic role in the concanavalin A liver injury model (Ni et al., 2008). 

However, more detailed investigations are needed to evaluate the mechanisms of the 

different susceptibilities in various liver injury models between C57BL/6N and C57BL/6J 

mice.

The use of genetic knockout models has steadily increased since their inception and now 

represents the gold-standard in assessing the pathophysiological role of specific genes. 

While the use of gene knockout mice has led to a number of breakthroughs, potential pitfalls 

are present when the gene-deficient mice are not compared to the proper wild type animals 

(Fontaine and Davis, 2016; Vanden Berghe et al., 2015). Significant genetic drift has 

occurred in the C57BL/6 mouse sub-strains since the original split when a portion of the line 

from Jackson Labs was sent to the National Institutes of Health (Zurita et al., 2011). While 

this study did not directly identify the genetic differences mediating the increased 

susceptibility, it is clear that C57BL/6N mice experience increased APAP-protein adduct 

formation, increased mitochondrial dysfunction, and increased cell death after APAP 

overdose.
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4.4 Conclusions

Overall, our data support a hypothesis where increased APAP-protein adduct formation in 

the C57BL/6N mouse causes enhanced phospho-JNK translocation to the mitochondria and 

enhanced BAX-mediated mitochondrial instability, which leads to more mitochondrial 

oxidative stress, and increased AIF and SMAC release. These differences result in more cell 

death and liver injury in C57BL/6N compared to C57BL/6J mice. These data strongly 

suggest that careful attention must be paid to the genetic differences between C57BL/6N and 

C57BL/6J during the generation of knockout models as insufficient back-crossing may yield 

results that are not specific to the gene in question.
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Abbreviations

APAP acetaminophen

AIF apoptosis-inducing factor

ALT alanine aminotransferase

ASK-1 apoptosis signal-regulating kinase 1

CYP cytochrome P450

7-EFC 7-ethoxy-4-trifluoromethylcoumarin

HMGB1 high mobility group box 1

HPLC-ED high performance liquid chromatography with electrochemical detection

KO mice knockout mice

MLK-3 mixed lineage kinase-3

NAPQI N-acetyl-p-benzoquinone imine

NNT nicotinamide nucleotide transhydrogenase

MPT mitochondrial permeability transition

JNK c-jun N-terminal kinase

GSH reduced glutathione
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GSSG glutathione disulfide

Sab SH3BP5 binding protein

SMAC second mitochondria-derived activator of caspases

SOD2 superoxide dismutase 2

Trx2 thioredoxin 2

TUNEL terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling assay
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HIGHLIGHTS

• Acetaminophen (APAP) hepatotoxicity is more severe in C57BL/6N 

versus C57BL/6J mice

• C57BL/6N have increased mitochondrial APAP protein adducts 

compared to C57BL/6J mice

• C57BL/6N mice show increased mitochondrial dysfunction and higher 

DNA fragmentation

• APAP hepatotoxicity mechanisms are similar between the 6N and the 

6J sub-strains

• Overall, C57BL/6N mice are more susceptible to APAP overdose
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Figure 1. 
Acetaminophen-induced liver injury in C57BL/6J and C57BL/6N mice. Animals were 

treated with 200 mg/kg APAP or saline as control. (A) Plasma ALT activities of C57BL/6J 

and C57BL/6N mice at 0.5, 2, and 8 h. (B) Representative H&E-stained liver section (×50 

magnification) and (C) TUNEL staining (×50 magnification) are shown for controls and 

animals treated with APAP for 2 h and 8 h. Data represent means ± SE of n=4 animals per 

group. *p< 0.05 (compared with controls, t=0). #p< 0.05 (compared with C57BL/6J mice 

treated with APAP).
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Figure 2. 
Liver GSH and GSSG content after APAP treatment. C57BL/6J and C57BL/6N mice were 

treated with 200 mg/kg APAP or saline as control. Total GSH (A) was measured in liver 

tissue homogenate at 0.5, 2 and 8 h post-APAP and in control mice. GSSG was measured at 

the same times in C57BL/6J and C57BL/6N mice (B) and the percent of GSSG compared to 

total GSH was calculated (C). Data represent means ± SE of n=4 animals per group. *p< 

0.05 (compared with controls, t=0). #p< 0.05 (compared with C57BL/6J mice treated with 

APAP).
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Figure 3. 
APAP-protein adduct formation and P450 activities in C57BL/6J and C57BL/6N mice. 

C57BL/6J and C57BL/6N mice were treated with 200 mg/kg APAP or saline as control. 

APAP-cysteine adducts were quantified by HPLC-ED in liver homogenate at 30 min, 2h and 

8h post-APAP (A) or mitochondria (B) at 2 h post-APAP (peak of adduct formation) in 

C57BL/6J and C57BL/6N mice. Cytochrome P450 activities were measured in the 14,000×g 

supernatant of control mouse liver homogenate using the 7EFC deethylase assay (C). Data 
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represent means ± SE of n=4 animals per group. *p< 0.05 (compared with C57BL/6J mice, 

t=0).
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Figure 4. 
JNK phosphorylation in liver cytosolic fraction and mitochondrial p-JNK translocation after 

APAP treatment in C57BL/6J and C57BL/6N mice. Animals were treated with 200 mg/kg 

APAP or saline as control. At 2 h and 8 h after APAP, cytosolic and mitochondrial fractions 

were subjected to western blotting for phosphorylated JNK, total JNK, porin and beta-actin 

(A and B). Densitometry was performed on these blots and the pJNK-to-JNK ratio, the 

pJNK-to-beta actin ratio and pJNK-to-Porin ratio was calculated for the different time points 

of C57BL/6J and C57BL/6N mice Data represent mean ± SE of n=3 animals per group. *p< 
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0.05 (compared with controls, t=0). #p< 0.05 (compared with C57BL/6J mice treated with 

APAP).
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Figure 5. 
Mitochondrial BAX translocation after APAP treatment in C57BL/6J and C57BL/6N mice. 

Animals were treated with 200 mg/kg APAP or saline as control. At 2 h and 8 h after APAP, 

cytosolic fractions were subjected to western blotting for BAX and beta-actin (A). Western 

blotting was also performed on the isolated mitochondrial fraction for BAX and porin (B). 

Densitometry was performed on these blots and the cytosolic BAX-to-beta actin and the 

mitochondrial BAX-to-porin ratio was calculated for the different time points of C57BL/6J 

and C57BL/6N mice. The cytosolic or mitochondrial ratio for each time point for the 6N 

Duan et al. Page 22

Food Chem Toxicol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strain was set to 1 and the corresponding ratios for the 6J strain were expressed as a fraction 

of 1. Data represent means ± SE of n=3 animals per group. *p< 0.05 (compared with 

C57BL/6J mice, t=0).
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Figure 6. 
Mitochondrial AIF release after APAP treatment in C57BL/6J and C57BL/6N mice. 

Animals were treated with 200 mg/kg APAP or saline as control. At 2 h and 8 h after APAP, 

cytosolic fractions were subjected to western blotting for AIF and beta-actin (A). Western 

blotting was also performed on the isolated mitochondrial fraction for AIF and porin (B). 

Densitometry was performed on these blots and the cytosolic AIF-to-beta actin and the 

mitochondrial AIF-to-porin ratio was calculated for the different time points of C57BL/6J 

and C57BL/6N mice. The cytosolic or mitochondrial ratio for each time point for the 6N 
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strain was set to 1 and the corresponding ratios for the 6J strain were expressed as a fraction 

of 1. Data represent means ± SE of n=3 animals per group. *p< 0.05 (compared with 

C57BL/6J mice, t=0).
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Figure 7. 
Mitochondrial SMAC release after APAP treatment in C57BL/6J and C57BL/6N mice. 

Animals were treated with 200 mg/kg APAP or saline as control. At 2 h and 8 h after APAP, 

cytosolic fractions were subjected to western blotting for SMAC and ß-actin (A). Western 

blotting was also performed on the isolated mitochondrial fraction for SMAC and porin (B). 

Densitometry was performed on these blots and the cytosolic SMAC-to-beta actin and the 

mitochondrial SMAC-to-porin ratio was calculated for the different time points of C57BL/6J 

and C57BL/6N mice. The cytosolic or mitochondrial ratio for each time point for the 6N 
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strain was set to 1 and the corresponding ratios for the 6J strain were expressed as a fraction 

of 1. Data represent means ± SE of n=3 animals per group. *p< 0.05 (compared with 

C57BL/6J mice, t=0).
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Figure 8. 
Cytosolic baseline levels of AIF, SMAC and BAX in C57BL/6J and C57BL/6N mice. Using 

the control mice, cytosolic fractions were subjected to western blotting for AIF, SMAC and 

BAX (A). Densitometry was performed on these blots and the ratio of the protein-to-beta 

actin was calculated (B), (C), (D). Data represent mean ± SE of n=4 animals per group. *p< 

0.05 (compared with C57BL/6J mice, t=0).
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Figure 9. 
Effect of APAP on mitochondrial function and viability in cells from C57BL/6J and 

C57BL/6N mice. Primary hepatocytes isolated from C57BL/6J and C57BL/6N mice were 

treated with media containing 5 mM APAP or control media. (A) Mitochondrial membrane 

potential, as indicated by the red/green fluorescence ratio, was determined with the JC-1 

assay at 0, 3 and 9 h after 5 mM APAP. (B) Cell death, as indicated by the percentage of 

lactate dehydrogenase (LDH) released into the culture media, was assessed at 3 and 9 h after 
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APAP. Data represent mean ± SE of n = 4 cell isolations. *p < 0.05 (compared to untreated 

cells, t=0); #p< 0.05 (compared to cells from C57BL/6J mice).
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