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Abstract

Acetaminophen (APAP) hepatotoxicity is characterized by an extensive mitochondrial oxidant 

stress. However, its importance as a drug target has not been clarified. To investigate this, fasted 

C57BL/6J mice were treated with 300 mg/kg APAP and the mitochondria-targeted antioxidant 

Mito-Tempo (MT) was given 1.5h later. APAP caused severe liver injury in mice, as indicated by 

the increase in plasma ALT activities and centrilobular necrosis. MT dose-dependently reduced the 

injury. Importantly, MT did not affect APAP protein adducts formation, glutathione depletion or c-

jun N-terminal kinase activation and its mitochondrial translocation. In contrast, hepatic 

glutathione disulfide and peroxynitrite formation were dose-dependently reduced by MT, 

indicating its effective mitochondrial oxidant stress scavenging capacity. Consequently, 

mitochondrial translocation of Bax and release of mitochondrial intermembrane proteins such as 

apoptosis-inducing factor were prevented and nuclear DNA fragmentation was eliminated. To 

demonstrate the importance of mitochondria-specific antioxidant property of MT, we compared its 

efficacy with Tempo, which has the same pharmacological mode of action as MT but lacks the 

mitochondria targeting moiety. In contrast to the dramatic protection by MT, the same molar dose 

of Tempo did not significantly reduce APAP hepatotoxicity. In contrast, even a 3h post-treatment 

with MT reduced 70% of the injury, and the combination of MT with N-acetylcysteine (NAC) 

provided superior protection than NAC alone. We conclude that MT protects against APAP 

overdose in mice by attenuating the mitochondrial oxidant stress and preventing peroxynitrite 

formation and the subsequent mitochondrial dysfunction. MT is a promising therapeutic agent for 

APAP overdose patients.
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INTRODUCTION

Acetaminophen (APAP) hepatotoxicity is the leading cause of acute liver failure in the US 

and many Western countries (Budnitz et al. 2011; Manthripragada et al. 2011). Its toxicity is 

initiated by the formation of a reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI) 

(Nelson 1990). Excess NAPQI after APAP overdose depletes glutathione (GSH) and binds 

to cellular proteins (Cohen et al. 1997). Mitochondrial protein adducts disturb mitochondrial 

respiration and enhance the formation of reactive oxygen species (ROS) and peroxynitrite 

(Cover et al. 2005; Jaeschke 1990; Meyers et al. 1988). The oxidative stress activates MAP 

kinases ultimately resulting in the phosphorylation of c-jun N-terminal kinase (JNK), which 

then translocates to mitochondria and further amplifies the mitochondrial oxidant stress 

(Hanawa et al. 2008; Saito et al. 2010a). The enhanced mitochondrial oxidant stress triggers 

the opening of the mitochondrial permeability transition (MPT) pore and cell necrosis (Kon 

et al. 2004; LoGuidice and Boelsterli 2011; Ramachandran et al. 2011a). N-acetylcysteine 

(NAC) was introduced in the 1970s as the clinical antidote for APAP poisoning (Prescott et 

al. 1977) and until today it is still the only available treatment for APAP overdose. NAC 

promotes the re-synthesis of GSH, which can scavenge more NAPQI and prevent protein 

adduct formation (Corcoran et al. 1985). Consequently, NAC is most effective for early 

presenting APAP overdose patients. However, in reality most APAP overdose patients seek 

medical attention relatively late; i.e. around or after the peak of the injury (Larson 2007). 

Therefore, a drug that is effective for late presenting patients is needed.

Mitochondrial oxidant stress has been suggested to be critical in the progression of the 

injury (Jaeschke et al. 2012). Evidence for a selective APAP-induced mitochondrial oxidant 

stress was the specific increase of mitochondrial GSSG levels (Jaeschke 1990; Knight et al. 

2001) and the selective formation of nitrotyrosine protein adducts in mitochondria in vivo 
(Cover et al. 2005). In addition, the specific MitoSox Red staining in isolated hepatocytes 

supports the conclusion of a mitochondrial oxidant stress (Yan et al. 2010). The 

pathophysiological relevance of this oxidant stress was documented by the protective effect 

of promoting hepatic GSH synthesis (Du et al. 2014; James et al. 2003; Knight et al. 2002; 

Saito et al. 2010b), which will result in enhanced mitochondrial GSH levels and an 

improved capacity to scavenge ROS and peroxynitrite. Furthermore, mice with partial 

MnSOD-deficiency or inactivation of MnSOD resulted in increased liver injury, suggesting 

that impairment of mitochondrial antioxidant defense enhances the hepatocyte’s 

susceptibility to oxidative injury (Agarwal et al. 2011; Fujimoto et al. 2009; Ramachandran 

et al. 2011b). Together these data support the critical role of a mitochondrial oxidant stress 

in APAP hepatotoxicity. However, a therapeutic approach that specifically targets 

mitochondrial ROS has not been tested in this model.

Mito-Tempo (MT) was recently reported as a mitochondria-targeted antioxidant (Trnka et al. 

2008). This compound combines the antioxidant piperidine nitroxide (Tempo) with the 

lipophilic cation triphenylphosphonium (TPP+) (Trnka et al. 2008). Tempo is a SOD 

mimetic that dismutases superoxide in the catalytic cycle, while TPP is a membrane 

permeant cation that accumulates several hundred-fold within mitochondria driven by the 

membrane potential (Trnka et al. 2008). This combination creates a mitochondria-targeted 

chemical with effective superoxide scavenging properties. Interestingly, this compound has 
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been shown to protect against oxidative injury in various pathologies, such as endotoxin-

induced liver injury, sepsis-induced acute kidney injury, hypertension or colitis (Choumar et 

al. 2011; Dikalova et al. 2010; Patil et al. 2014; Wang et al. 2014). Therefore, the objective 

of the present study was to test whether MT could also protect against APAP hepatotoxicity 

by alleviating mitochondrial oxidant stress and dysfunction, which are critical events in the 

pathophysiology of APAP hepatotoxicity. In addition, we also assessed its therapeutic 

potential for APAP overdose by comparing its effect with NAC treatment, the current 

standard of care antidote.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (8–12 weeks old) purchased from Jackson Laboratories (Bar Harbor, 

ME) were kept in an environmentally controlled room with a 12h light/dark cycle. All 

animals were accustomed at least 3 days before experiments with free access to food and 

water. All experimental protocols followed the criteria of the National Research Council for 

the care and use of laboratory animals and were approved by the Institutional Animal Care 

and Use Committee of the University of Kansas Medical Center.

Experimental design

Mice were fasted overnight and treated i.p. with 300 mg/kg APAP (Sigma-Aldrich, St. 

Louis, MO) dissolved in warm saline. Mito-Tempo (10 or 20 mg/kg) or Tempo (6.1 or 100 

mg/kg) (Sigma-Aldrich) dissolved in saline (10 ml/kg) was i.p. administered 1.5h after 

APAP. To test the therapeutic potential of MT, some mice were treated i.p. with MT or NAC 

(500 mg/kg dissolved in saline) or both at 3h post-APAP. The number of mice used in our 

experiments was based on our extensive experience with the APAP model. In our study we 

used 3–7 mice/group (Suppl. Table 1). Generally, more mice were applied when liver injury 

was expected to be more variable (e.g. NAC-treated mice), while less mice were used when 

the results were consistent and the difference was obvious (e.g. MT-treated mice). Mice were 

euthanized at 3, 6 or 12h post-APAP; under isoflurane anesthesia blood was drawn into a 

heparinized syringe and livers were harvested. Blood was centrifuged to obtain plasma for 

ALT determination. The liver tissue was cut into pieces, and then used for mitochondrial 

isolation as described (Du et al. 2015a), or fixed in phosphate-buffered formalin for 

histology analyses, or was flash frozen in liquid nitrogen and subsequently stored at −80°C.

Biochemical assays

Plasma ALT activities were measured using an ALT assay kit (Pointe Scientific, MI). GSH 

and GSSG measurement were performed using a modified method of the Tietze assay as 

described in detail (Jaeschke and Mitchell 1990; McGill and Jaeschke 2015). Hepatic APAP-

protein adducts were measured as described previously (Muldrew et al. 2002) with 

modifications as described (Ni et al. 2012). In short, liver homogenates were filtered through 

Bio-Spin 6 columns (Bio-Rad, Hercules, CA) that were pre-washed with 10 mM sodium 

acetate buffer (pH 6.5) to separate cellular proteins from small molecules. The protein 

samples were digested overnight with proteases to liberate APAP-CYS from APAP protein 

adducts. The debris was then pelleted with 40% trichloroacetic acid and supernatants were 
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filtered. APAP-CYS was measured using an HPLC method with electrochemical detection 

(Muldrew et al., 2002; Ni et al., 2012).

Histology and western blotting

Formalin-fixed tissue samples were embedded in paraffin, cut in 5 µm sections and stained 

with hematoxylin and eosin (H&E) for necrosis evaluation (Gujral et al. 2002). Cell necrosis 

was identified by morphological criteria in high resolution microscopic fields: cell swelling, 

vacuolization, karyorrhexis and karyolysis. The percentage of necrosis was estimated by 

comparing the necrosis area to the entire section. The pathologist (A. Farhood) evaluated all 

histological sections in a blinded manner. Nitrotyrosine staining was performed to assess 

nitrotyrosine (NT) protein adducts as described (Knight et al. 2002), using the Dako LSAB 

peroxidase kit (Dako, Carpinteria, CA) and a rabbit polyclonal anti-nitrotyrosine antibody 

(Life Technologies, Grand Island, NY; Cat. # A-21285). Terminal deoxynucleotidyl 

transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed for DNA 

strand break assessment with the In Situ Cell Death Detection Kit, AP (RocheDiagnostics, 

Indianapolis, IN) following manufacturer’s instructions. The positive NT and TUNEL cells 

were identified by the dark brown staining around the centrilobular areas. In general, the 

positive staining was first estimated at low power (100×); questionable areas were evaluated 

at higher magnification (200× or 400×). Western blotting was performed as described (Bajt 

et al. 2000). The primary antibodies (1:1000 dilutions) included a rabbit anti-JNK antibody 

(Cat. # 9252) and a rabbit anti-phospho-JNK antibody (Cat. # 4668), rabbit anti-Bax 

polyclonal antibody (Cat. # 2772), rabbit anti-AIF antibody (Cell Signaling Technology, 

Danvers, MA; Cat # 5318) and mouse anti-Smac/DIABLO (BD Biosciences, San Diego, 

CA; Cat # 612245). A horseradish peroxidase-coupled anti-rabbit or anti-mouse IgG (Santa 

Cruz) was used as secondary antibody (1:5000 dilutions). Proteins were visualized by 

enhanced chemilumines-cence (GE Bioscience) and quantified by densitometric analysis of 

the x-ray film (Kodak, Rochester, NY).

Statistics

All results were expressed as mean ± SEM. Statistical significance between two groups was 

evaluated using the Student's t-test, while comparisons of multiple groups was assessed by 

one-way analysis of variance (ANOVA), followed by Student-Newman-Keul’s test. For non-

normally distributed data, ANOVA was performed on ranks, followed by Dunn’s multiple 

comparisons. P < 0.05 was considered significant.

RESULTS

Mito-Tempo protects against APAP-induced liver injury

Mice treated with 300 mg/kg APAP developed severe liver injury at 3 h and 6 h post-APAP, 

as indicated by increased plasma ALT activities (Fig. 1A) and extensive centrilobular 

necrosis in H&E-stained histology sections (Fig. 1C). Quantification of the areas of necrosis 

by the pathologist (A.F.) in a blinded manner at 6h confirmed these results (Fig. 1B). 

Treatment with MT (10 or 20 mg/kg) 1.5h post-APAP dose-dependently attenuated the 

increase in ALT activities (Fig. 1A) and significantly reduced the areas of necrosis at both 
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time points (Fig. 1B, C), suggesting that MT effectively protected against APAP-induced 

liver injury.

Mito-Tempo does not inhibit the metabolic activation of APAP

To determine whether MT affects the metabolic activation of APAP, APAP-protein adducts 

were measured at 3h post-APAP. MT did not affect APAP-protein adducts formation at 

either dose (Fig. 2A), indicating that MT did not inhibit reactive metabolite formation when 

it was given 1.5h after APAP, i.e. when APAP metabolic activation is almost completed. 

Consistent with this, GSH depletion at 3h was not inhibited by MT (Fig. 3B). In addition, 

there was no significant difference in GSH recovery among the groups at 6h post-APAP 

(Fig. 2B), suggesting that the protection by MT is neither caused by an effect on protein 

adduct formation nor hepatic GSH recovery.

Mito-Tempo attenuates APAP-induced mitochondrial oxidant stress in a JNK-independent 
manner

Next, we tested whether MT can alleviate the mitochondrial oxidant stress as was 

hypothesized based on the mode of action of the drug. Formation of reactive oxygen species 

was assessed by GSSG levels and the GSSG-to-GSH ratio (Fig. 3A, B). In support of the 

protection by MT (Fig. 1), GSSG levels and the GSSG-to-GSH ratio were significantly 

lower in MT-treated mice in a dose-dependent manner at both 3h and 6h (Fig. 3A, B). 

Superoxide reacts with nitric oxide (NO) to form peroxynitrite (ONOO−), a highly potent 

oxidant and nitrating species that has been shown to be formed during APAP toxicity 

(Hinson et al. 1998). Consistent with previous findings (Hinson et al. 1998; Knight et al. 

2001), there was extensive staining for nitrotyrosine protein adducts in the centrilobular 

areas (Fig. 3C). Importantly, MT treatment almost eliminated APAP-induced nitrotyrosine 

staining (Fig. 3C), consistent with the hypothesis that the effective dismutation of 

superoxide can prevent peroxynitrite formation.

It has been hypothesized that the initial oxidant stress after APAP overdose is responsible for 

JNK activation, and it translocation to mitochondria where it further amplifies the 

mitochondrial oxidant stress (Hanawa et al. 2008; Saito et al. 2010a). Consistent with the 

previous studies, our western blots showed that APAP overdose induced JNK activation 

(phosphorylation) in the cytosol, and activated P-JNK translocated to the mitochondria as 

early as 3h (Fig. 4A); cytosolic JNK activation and to a lesser degree mitochondrial JNK 

translocation was maintained up to 6h (Fig. 4B). However, neither JNK activation nor the 

mitochondrial translocation was affected by MT treatment (Fig. 4A,B). Densitometric 

analysis of these western blots further confirmed these findings (Fig. 4C,D). This indicated 

that the protection by MT is independent of the activation of the JNK signaling pathway.

Mito-Tempo attenuates APAP-induced mitochondrial dysfunction

Bax was shown to translocate to mitochondria and to form pores in the mitochondrial outer 

membrane, resulting in the release of intermembrane proteins such as Smac and AIF after 

APAP overdose (Bajt et al. 2006; 2008). Consistent with these previous studies, we observed 

Bax translocation to mitochondria after APAP, as indicated by the appearance of Bax in the 

mitochondrial fraction and a reduction in the cytosolic fraction (Fig. 5A), which was 
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confirmed by the corresponding densitometric analysis (Fig. 5B,C). MT almost completely 

prevented Bax translocation (Fig. 5A–C). As a result, the release of mitochondrial 

intermembrane proteins such as Smac and AIF was also completely eliminated (Fig. 

5A,D,E). The corresponding DNA fragmentation as indicated by the TUNEL assay (Fig. 5F) 

is caused by release of mitochondrial endonucleases such as AIF and endonuclease G (Bajt 

et al. 2006; 2011; Cover et al. 2005). Consistent with the elimination of mitochondrial 

intermembrane protein release, MT treatment also prevented DNA fragmentation as 

indicated by the elimination of TUNEL-positive cells (Fig. 5F).

Protection by Tempo was less effective than Mito-Tempo

To investigate whether the mitochondria targeting property of MT is critical for its 

protection, we compared its efficacy with its analog Tempo, which retains the ROS 

scavenging moiety piperidine nitroxide of MT but lacks the part of the molecule (TPP+) that 

is responsible for targeting mitochondria. Considering the differences in molecular weight 

between MT (510.03 g/mol) and Tempo (156.25 g/mol), the amount of Tempo in 20 mg/kg 

MT is 6.1 mg/kg on a molar basis, which was subsequently used in our experiments. In 

contrast to the dramatic protection by MT, 6.1 mg/kg Tempo did not afford significant 

protection to APAP toxicity, as indicated by the plasma ALT activities (Fig. 6A) and H&E-

stained sections and the TUNEL assay (Fig. 6B). NT staining was also not affected by the 

lower dose of TEMPO (Fig 6B). Interestingly, Tempo did significantly protect against APAP 

toxicity and reduced NT staining when a much higher dose (100 mg/kg) was administered 

(Fig. 6A, B), although this protection was still less when compared to a much lower dose of 

MT (20 mg/kg) (Fig. 1A, B).

Therapeutic potential of Mito-Tempo against APAP hepatotoxicity

Until today, N-acetylcysteine (NAC) is the only available clinically approved antidote 

against APAP poisoning. However, it has to be given shortly after APAP overdose to achieve 

its greatest effect, while in reality most APAP overdose patients present for medical care 

relatively late (Larson 2007). Therefore, a pharmacological intervention that still works after 

the onset of liver injury would greatly benefit the late presenting patients. Our data showed 

that NAC as a 3h post-treatment provided only marginally lower average ALT values at 12h 

after APAP treatment (Fig. 7A,B). In contrast, MT administration 3h after APAP treatment 

significantly reduced liver injury as indicated by 70% lower ALT activities, less necrosis and 

less TUNEL-positive cells (Fig. 7A,B). Interestingly, the mice receiving both MT and NAC 

showed greater protection than those with NAC alone (Fig. 7A,B). These results indicate 

that MT can improve the beneficial effect of NAC, the current standard of care in the clinic. 

The significant protection by MT against APAP hepatotoxicity, especially when given as a 

late post-treatment, indicates its therapeutic potential for APAP overdose patients.

DISCUSSION

The objective of this study was to evaluate the efficacy of the mitochondria-targeted 

antioxidant Mito-Tempo in a murine model of APAP hepatotoxicity. Our data demonstrated 

that MT attenuated the mitochondrial oxidant stress and subsequent mitochondrial 

dysfunction and thus protected against APAP hepatotoxicity. In addition, MT did not affect 
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the metabolic activation of APAP, GSH recovery or the JNK signaling pathway. More 

importantly, MT showed a superior protective effect compared to NAC as a late post-

treatment alone or together with NAC, suggesting that MT has therapeutic potential for 

APAP overdose patients.

Critical role of mitochondrial oxidant stress in APAP hepatotoxicity

Our current study demonstrated that MT, when administered 1.5 h after an overdose of 

APAP, dose-dependently attenuated liver injury. The protection was independent of any 

impact on the metabolic activation of APAP, the critical initiating step in the 

pathophysiology, as indicated by the lack of an effect on APAP-protein adducts formation. 

This result is not surprising as a dose of 300 mg/kg is largely metabolized and the peak of 

adduct formation is reached 1.5 h after APAP treatment (McGill et al. 2013). In addition, 

MT did not affect JNK activation and the translocation of activated (phosphorylated) JNK to 

the mitochondria. Since the initial mitochondrial dysfunction is thought to be responsible for 

activation of MAP kinases, which ultimately result in JNK activation (reviewed in Du et al. 

2015b), the fact that MT did not prevent JNK activation suggests that MT did not affect 

these early signaling events. In contrast, MT eliminated NT staining and attenuated GSSG 

formation. It is known that NT protein adducts (Cover et al. 2005) and GSSG (Jaeschke 

1990) are accumulating almost exclusively in mitochondria after APAP overdose. Thus, the 

elimination of NT staining is consistent with the effective promotion of superoxide 

dismutation by MT and therefore the prevention of nitrotyrosine formation. On the other 

hand, dismutation of superoxide yields oxygen and hydrogen peroxide, which can be 

detoxified by glutathione peroxidase resulting in formation of GSSG. This explains why MT 

was more effective in preventing the formation of NT adducts than GSSG. Nevertheless, 

since peroxynitrite is the more potent oxidant compared to hydrogen peroxide, the shift 

away from the more aggressive oxidant resulted in effective attenuation of the injury. These 

data are consistent with previous findings where the accelerated recovery of hepatic and 

mitochondrial GSH levels improved the scavenging capacity for peroxynitrite and hydrogen 

peroxide with similar protection (James et al. 2003; Knight et al. 2002; Saito et al. 2010b). 

In addition, mice with partial deficiency of SOD2, which resides in mitochondria, showed 

enhanced toxicity after APAP overdose (Fujimoto et al. 2009; Ramachandran et al. 2011). 

Since the mitochondrial oxidants generated during APAP toxicity inactivate SOD2 (Agarwal 

et al. 2011), this explains why an improved SOD activity in the mitochondria by MT 

treatment effectively prevents mitochondrial dysfunction and cell necrosis.

The mitochondria-targeted antioxidant is most effective against APAP hepatotoxicity

When MT was compared to Tempo, the identical antioxidant lacking a mitochondrial target 

signal, it was obvious that on a molar basis, MT was considerably more effective in 

protecting against the mitochondrial oxidant stress during APAP overdose. This supports the 

conclusion that the active transport of MT into mitochondria achieves a higher concentration 

in the target organelle and thus higher efficacy. It actually required 20-times the dose of 

Tempo to cause significant but still less protection than MT. Together these results indicate 

the high efficacy of a SOD-mimetic that can be targeted to mitochondria in protecting 

against the selective mitochondrial oxidant stress during APAP-induced liver injury.
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MT prevents mitochondrial dysfunction and DNA fragmentation

DNA fragmentation is a hallmark of APAP hepatotoxicity (Lawson et al. 1999; Ray et al. 

1990). Previous studies have shown that nuclear DNA damage is related to mitochondrial 

dysfunction (Cover et al. 2005), which causes the release and nuclear translocation of 

mitochondrial intermembrane proteins AIF and endonuclease G (Bajt et al. 2006). The 

release of AIF and endonuclease G is caused initially by formation of a bax pore in the outer 

mitochondrial membrane and later, after the MPT, by rupture of the outer membrane due to 

matrix swelling (Bajt et al. 2008). Since MT prevented mitochondrial bax translocation, the 

release of intermembrane proteins such AIF and nuclear DNA strand breaks as indicated by 

the TUNEL assay, these findings are consistent with the attenuation of mitochondrial 

dysfunction by MT.

Overall, the data suggest that preventing peroxynitrite formation by MT prevents the oxidant 

stress-mediated MPT and as a consequence all down-stream events such as intermembrane 

protein release, their nuclear translocation and nuclear DNA damage. Ultimately, the severe 

mitochondrial dysfunction and the nuclear DNA fragmentation are the cause of necrotic cell 

death (Jaeschke et al. 2012).

MT is more effective than N-acetylcysteine

NAC is currently the only approved clinical antidote against APAP overdose (Polson and 

Lee 2005). NAC treatment supports hepatic GSH synthesis and protects against APAP 

toxicity by providing GSH to scavenge the reactive metabolite and preventing protein adduct 

formation (Corcoran et al. 1985). Thus, NAC is most effective when administered during the 

metabolism phase of APAP (Xie et al. 2015; Smilkstein et al. 1988). Unfortunately, many 

patients present after the metabolism is over and the injury is already in progress (Larson 

2007). During this time, NAC is still somewhat effective (Smilkstein et al. 1988). However, 

GSH is now being used to scavenge peroxynitrite and reactive oxygen in mitochondria 

(James et al. 2003; Knight et al. 2002; Saito et al. 2010b). Furthermore, some of the excess 

NAC is being converted to Krebs cycle intermediates supporting mitochondrial energy 

metabolism (Saito et al. 2010b). Although the mouse model of APAP overdose mimicks 

closely events in humans (McGill and Jaeschke 2014), overall the time to liver injury is 

shorter in mice. Thus, the therapeutic window for NAC in mice is between 0–2 h after APAP 

and the protective effect of NAC disappears by 3 h (James et al. 2003; Knight et al. 2002). 

Interestingly, MT administered 3 h after APAP was still highly effective making it a better 

therapeutic intervention than NAC at later time points. Furthermore, there was some additive 

effect between MT and NAC. This is possible because the mechanism of protection is 

different. MT prevents peroxynitrite formation and NAC, after GSH synthesis in the cytosol 

and uptake into mitochondria, can scavenge peroxynitrite and hydrogen peroxide.

NAC is administered intravenously (i.v.) in clinical practice. In the mouse model of APAP 

hepatotoxicity, both i.v. and i.p. injection of NAC have been shown to effectively protect 

against APAP toxicity (Saito et al., 2010b; James et al., 2003). Since i.p. injection is less 

stressful to the animal, both NAC and MT were injected i.p. in our study, which may need to 

be considered when translating these findings to the human pathophysiology.
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Another issue to consider is the difference in the time course of APAP hepatotoxicity in 

mice and humans. It is known that the development of liver injury after APAP overdose is 

much more delayed in humans compared to mice. This fact has to be taken into account 

when defining "late post-treatment" therapy. In humans, the liver injury is typically first seen 

around 24h with peak injury at 48–96h after APAP overdose (Larson, 2007; McGill et al., 

2012; Rumack, 1983); this time course of cell death can also be reproduced in primary 

human hepatocytes exposed to APAP (Xie et al., 2014). In mice, the injury normally begins 

at 3h and peaks around 12h post-APAP (McGill et al., 2013). The reason for this delay in 

humans may be related to the delayed mitochondrial protein binding and delayed JNK 

activation as we have shown in primary human hepatocytes (Xie et al., 2014). Consequently, 

NAC is very effective in patients when administered within 8h of APAP ingestion (before 

the injury starts) (Smilkstein et al., 1988). Again, this can be reproduced in human 

hepatocytes where NAC is 100% effective at 6h and partially effective at 15h after APAP 

exposure (Xie et al., 2014). In contrast, NAC is only highly effective up to 2h after APAP in 

mice (James et al., 2003; Knight et al., 2002; Saito et al., 2010b). When administered at 3h 

after APAP, the “protection” (if any) is very marginal and variable because the injury is 

already in progress. In this scenario, treatment of NAC or MT at 3h post-APAP can be 

considered as a "late post-treatment" in mice comparable to a 24h time point in humans. 

Since MT is still effective in mice when given at 3h post-APAP while NAC is not, MT could 

be regarded as a promising therapeutic agent for late-presenting patients in the clinic.

Summary and Conclusions

In summary, we demonstrated that MT protected against APAP hepatotoxicity in mice. It did 

not inhibit metabolic activation of APAP but dose-dependently attenuated mitochondrial 

oxidant stress and prevented the following mitochondrial dysfunction. Comparison of the 

protection by MT to its analog Tempo highlights the importance of mitochondrial oxidant 

stress in the development of APAP toxicity. Our study also demonstrated that MT as a 

treatment alone or together with NAC offers a better protection than NAC alone, which 

supports MT as a therapeutic option for treatment of APAP overdose or acute liver failure in 

patients.
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AIF apoptosis-inducing factor

ALT alanine aminotransferase
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APAP acetaminophen

CYP cytochrome P450

GSH glutathione

GSSG glutathione disulfide

HPLC-ECD high-pressure liquid chromatography with electrochemical detection

MPT mitochondrial permeability transition

MT Mito-Tempo

NAC N-acetylcysteine

NAPQI N-acetyl-p-benzoquinone imine

ROS reactive oxygen species

Smac second mitochondria-derived activator of caspases

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
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Figure 1. MT protected against APAP hepatotoxicity
Mice were treated with 300 mg/kg APAP, and 10 or 20 mg/kg MT or saline (10 ml/kg) was 

given 1.5 h later. Blood and liver tissue were harvested at 3 or 6 h post-APAP. (A) Plasma 

alanine aminotransferase (ALT) activity. (B) Area of necrosis at 6 h (%). (C) H&E stained 

liver sections. Bars represent means ± SEM for n = 4 – 7 mice. *p<0.05 vs. 0h. #p<0.05 vs. 

APAP. $p<0.05 vs. APAP+10 mg/kg MT.
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Figure 2. MT did not inhibit APAP metabolic activation
Mice were treated with 300 mg/kg APAP, and 10 or 20 mg/kg MT or saline (10 ml/kg) was 

given 1.5 h later. (A) Total liver APAP-cysteine adducts. (B) Time course of hepatic GSH 

levels. Bars represent mean ± SEM for n = 4 – 7 mice. *p<0.05 vs. 0h. #p<0.05 vs. APAP.
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Figure 3. MT dose-dependently attenuated mitochondrial oxidant stress
Mice were treated with 300 mg/kg APAP, and 10 or 20 mg/kg MT or saline (10 ml/kg) was 

given 1.5 h later. (A) Total liver GSSG levels. (B) GSSG-to-GSH ratios. (C) Nitrotyrosine 

staining of representative liver sections. Bars represent mean ± SEM for n = 4 – 7 mice. 

*p<0.05 vs. 0h. #p<0.05 vs. APAP. $p<0.05 vs. APAP+10 mg/kg MT.
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Figure 4. MT did not inhibit JNK activation or mitochondrial translocation
Mice were treated with 300 mg/kg APAP, and 20 mg/kg MT or saline (10 ml/kg) was given 

1.5 h later. Total JNK and P-JNK were measured in cytosolic and mitochondrial liver 

fractions at 3 h (A) or 6h (B) post-APAP. Densitometric analysis of P-JNK / JNK in the 

cytosolic (C) and mitochondrial (D) fractions. Bars represent means ± SEM for 3 mice. 

*p<0.05 vs. Ctrl.
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Figure 5. MT protected against mitochondrial dysfunction
Mice were treated with 300 mg/kg APAP, and 20 mg/kg MT or saline (10 ml/kg) was given 

1.5 h later. (A) Mitochondrial Bax and cytosolic Bax, Smac, AIF and β-actin measured by 

western blot at 6 h post-APAP. Densitometric analysis of mitochondrial Bax (B) and 

cytosolic Bax (C), Smac (D) and AIF (E) with β-actin as the loading control. (F) TUNEL 

staining of representative liver sections. Bars represent means ± SEM for 3 mice. *p<0.05 

vs. Ctrl. #p<0.05 vs. APAP.
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Figure 6. Protection by Tempo was less effective than MT
Mice were treated with 300 mg/kg APAP, and 6.1 or 100 mg/kg Tempo or saline (10 ml/kg) 

was given 1.5 h later. (A) Plasma ALT activity at 6 h post-APAP. (B) Representative liver 

sections (6 h APAP) were stained with H&E (50×), TUNEL (50×) and Nitrotyrosine (100×). 

Bars represent means ± SEM for n = 4 mice. *p<0.05 vs. APAP.
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Figure 7. MT seemed to be a promising therapeutic agent for APAP poisoning
Mice were treated with 300 mg/kg APAP, and saline (10 ml/kg), 20 mg/kg MT or 500 mg/kg 

NAC or MT+NAC was given 3 h later, plasma and liver tissue were harvested at 12 h post-

APAP. (A) Plasma ALT activity. (B) Representative liver sections (12 h APAP) were stained 

with H&E (50×), TUNEL (50×) and Nitrotyrosine (100×). Bars represent means ± SEM for 

n = 3 – 7 mice. *p<0.05 vs. APAP. #p<0.05 vs. APAP + NAC.
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