
Mitochondrial protein adducts formation and mitochondrial 
dysfunction during N-acetyl-m-aminophenol (AMAP)-induced 
hepatotoxicity in primary human hepatocytes

Yuchao Xie1, Mitchell R. McGill1, Kuo Du1, Kenneth Dorko1, Sean C. Kumer2, Timothy M. 
Schmitt2, Wen-Xing Ding1, and Hartmut Jaeschke1,*

1Department of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical 
Center, Kansas City, KS 66160

2Department of Surgery, University of Kansas Medical Center, Kansas City, KS 66160

Abstract

3′-Hydroxyacetanilide or N-acetyl-meta-aminophenol (AMAP) is generally regarded as a non-

hepatotoxic analog of acetaminophen (APAP). Previous studies demonstrated absence of toxicity 

after AMAP in mice, hamsters, primary mouse hepatocytes and several cell lines. In contrast, 

experiments with liver slices suggested that it may be toxic to human hepatocytes; however, the 

mechanism of toxicity is unclear. To explore this, we treated primary human hepatocytes (PHH) 

with AMAP or APAP for up to 48 h and measured several parameters to assess metabolism and 

injury. Although less toxic than APAP, AMAP dose-dependently triggered cell death in PHH as 

indicated by alanine aminotransferase (ALT) release and propidium iodide (PI) staining. Similar to 

APAP, AMAP also significantly depleted glutathione (GSH) in PHH and caused mitochondrial 

damage as indicated by glutamate dehydrogenase (GDH) release and the JC-1 assay. However, 

unlike APAP, AMAP treatment did not cause relevant c-jun-N-terminal kinase (JNK) activation in 

the cytosol or phospho-JNK translocation to mitochondria. To compare, AMAP toxicity was 

assessed in primary mouse hepatocytes (PMH). No cytotoxicity was observed as indicated by the 

lack of lactate dehydrogenase release and no PI staining. Furthermore, there was no GSH 

depletion or mitochondrial dysfunction after AMAP treatment in PMH. Immunoblotting for 

arylated proteins suggested that AMAP treatment caused extensive mitochondrial protein adducts 

formation in PHH but not in PMH. In conclusion, AMAP is hepatotoxic in PHH and the 

mechanism involves formation of mitochondrial protein adducts and mitochondrial dysfunction.
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INTRODUCTION

APAP is a safe analgesic and antipyretic drug at therapeutic doses. However, APAP 

overdose can cause severe liver damage and even liver failure. Currently, it is the most 

prevalent cause of acute liver failure in the US and UK (Lee, 2012). Mechanistic 

investigations over the past several decades have revealed key events contributing to toxicity 

(Jaeschke et al., 2012, 2013). Bioactivation of APAP results in formation of the toxic 

metabolite N-acetyl-p-benzoquinone imine (NAPQI). At therapeutic doses or mild 

overdoses, NAPQI can be detoxified by glutathione (GSH) with minimal protein binding 

(McGill et al., 2013). However, after a more severe overdose, there is extensive hepatic 

GSH depletion and greater protein adducts formation (McGill et al., 2013). Interestingly, 

binding to mitochondrial proteins correlates with injury (Tirmenstein and Nelson, 1989; 

McGill et al., 2012b). Mitochondrial protein binding precedes mitochondrial dysfunction 

(Meyers et al., 1988), mitochondrial oxidant stress (Jaeschke, 1990; Tirmenstein and 

Nelson, 1990; Knight et al., 2001) and peroxynitrite formation (Cover et al., 2005). An 

initial oxidant stress activates and phosphorylates c-jun-N-terminal kinase (JNK), which 

then translocates to mitochondria (Hanawa et al., 2008) where it amplifies the oxidative 

stress (Saito et al., 2010) and triggers opening of the mitochondrial permeability transition 

pore (Kon et al., 2004; Ramachandran et al., 2011; LoGuidice and Boelsterli, 2011), 

resulting in cell necrosis (Gujral et al., 2002).

3′-Hydroxyacetanilide or N-acetyl-meta-aminophenol (AMAP) is a regioisomer of APAP 

and also possesses analgesic and antipyretic properties (Baker et al., 1963). However, unlike 

APAP, studies in mice (Tirmenstein and Nelson, 1989), hamsters (Roberts et al., 1990), 

primary mouse hepatocytes (Holme et al., 1991) and TAMH cells (Pierce et al., 2002) have 

suggested that AMAP is not hepatotoxic. Several groups have proposed possible 

mechanisms to explain the discrepancy in toxicity, and most of the evidence suggests a 

critical role for mitochondria. It was demonstrated that, although AMAP and APAP caused 

similar total cellular protein binding, there was significantly less mitochondrial protein 

binding after AMAP (Tirmenstein and Nelson, 1989; Myers et al., 1995). Similarly, it was 

shown that the reactive metabolite of APAP extensively bound to mitochondrial proteins, 

while metabolites of AMAP preferentially bound to microsomal and cytosolic proteins 

(Tirmenstein and Nelson, 1989; Streeter et al., 1984; Matthews et al., 1997; Qiu et al., 

2001). APAP also triggered robust nitrotyrosine protein adduct formation in mitochondria 

(Cover et al., 2005), while there was no appreciable mitochondrial protein nitration after 

AMAP (Abdelmegeed et al., 2013). Consistent with those data, there is less cytosolic and 

mitochondrial GSH depletion after AMAP compared to APAP (Nelson, 1980; Tirmenstein 

and Nelson, 1989; Rashed et al., 1990; Hanawa et al., 2008). Furthermore, the lack of JNK 

activation and translocation to mitochondria in mice after AMAP suggested that AMAP did 

not particularly target mitochondria (Hanawa et al., 2008). Together these data indicated that 

Xie et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondrial dysfunction and mitochondrial protein binding are critical in determining 

toxicity. A widely accepted hypothesis to explain the difference in mitochondrial effects is 

that the reactive metabolite(s) of AMAP is more active and not stable enough to escape the 

site of formation in the endoplasmic reticulum (ER), leading to greater microsomal protein 

binding, while NAPQI can escape the ER and attack other organelles, including 

mitochondria (Rashed et al., 1990).

A recent study revisited AMAP toxicity in precision-cut liver slices and found that AMAP 

was as toxic as APAP based on ATP depletion in rat and human liver slices (Hadi et al., 

2013). However, the mechanism of AMAP toxicity in human liver cells was not 

investigated. These findings prompted us to evaluate the differences in the mechanisms of 

action between AMAP and APAP in PHH, and to compare across species. A better 

understanding of AMAP toxicity in PHH could provide new insights into APAP-induced 

hepatotoxicity.

MATERIALS AND METHODS

Isolation and treatment of primary human hepatocytes (PHH)

All human tissues were acquired with informed consent from each patient according to 

ethical and institutional guidelines. The study was approved by the University of Kansas 

Medical Center Institutional Review Board. Table 1 provides a summary of medical 

information of donors. No donor tissue was obtained from executed prisoners or other 

institutionalized persons. All liver specimens were acquired in accordance with a Human 

Subject Committee approved protocol from patients undergoing a hepatic resection 

procedure or from donor livers. Hepatocytes were isolated as described in detail (Xie et al., 

2014). Around 3 h after being seeded, cells were washed with sterile phosphate-buffered 

saline (PBS) and treated with AMAP or APAP. Cells were harvested at different time points 

according to assays.

Isolation and treatment of primary mouse hepatocytes (PMH)

Primary hepatocytes were isolated as described in detail (Bajt et al., 2004). Cell viability of 

each isolation was generally more than 90%, and hepatocyte purity was >95%. Following 

isolation, primary hepatocytes were plated with a concentration of 6×105 cells per well and 

allowed 3 h to attach. The cells were then washed with PBS and exposed to AMAP or 

APAP. Cells were harvested at the indicated time points.

Biochemical assays

ALT activities were measured using an ALT reagent kit (Pointe Scientific, MI). LDH and 

GDH levels were determined as described (Xie et al., 2013; Du et al., 2013). A modified 

Tietze assay was used to measure glutathione levels as described (Jaeschke and Mitchell, 

1990). The JC-1 Mitochondrial Membrane Potential Kit (Cell Technology, Mountain View, 

CA) was used to measure the mitochondrial membrane potential as described in detail (Bajt 

et al., 2004).

Xie et al. Page 3

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Propidium iodide (PI) staining

PHH and PMH were treated with AMAP or APAP 3 h after seeding. The medium was 

removed after 48 h (PHH) or 15h (PMH) and cells were stained with 500 nM of PI 

(Invitrogen) for 5 min. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and 

images were obtained with a fluorescence microscope.

Isolation of subcellular fractions and western blotting

Mitochondria and cytosolic fractions were isolated using differential centrifugation as 

described (Xie et al., 2014). Western blotting was performed as described (Bajt et al., 2000). 

A rabbit anti-JNK antibody and a rabbit anti-phospho-JNK antibody (Cell Signaling 

Technology, Danvers, MA) were used for JNK and phospho-JNK detection. A rabbit 

primary antibody was used to detect APAP or AMAP protein adducts. The antibody was 

raised against acetamidobenzoic acid and has been demonstrated to detect both APAP and 

AMAP protein adducts (Matthews et al., 1997; Salminen et al., 1998).

Statistics

All results are expressed as mean ± standard error (SE). Comparisons between multiple 

groups were performed with one-way ANOVA followed by post hoc Student-Newman-

Keul’s test. If the data were not normally distributed, the Kruskal-Wallis Test was used 

(nonparametric ANOVA) followed by Dunn’s Multiple Comparisons Test. P < 0.05 was 

considered significant.

RESULTS

AMAP induces cell death and GSH depletion in primary human hepatocytes

Freshly isolated primary human hepatocytes (PHH) were treated with 10 mM AMAP or 

APAP for 48 h. APAP triggered significant cell death as indicated by the percentage of 

alanine aminotransferase (ALT) released into the cell culture medium at 24 h and 48 h after 

treatment (Fig. 1A,B). AMAP did not cause significant cytotoxicity until 48 h (Fig. 1B). 

Consistent with that, toxicities of both AMAP and APAP at 48 h were confirmed by the 

cellular uptake of red fluorescent PI stain (Fig. 2). PI cannot enter live cells but upon 

membrane permeabilization during necrosis, the stain enters the cells and binds to nuclear 

DNA, which enhances the red fluorescence. An overlay of PI with the nuclear stain DAPI or 

the phase contrast images confirms the nuclear localization of the PI staining indicative of 

necrotic cell death in PHH after exposure to APAP and AMAP (Fig. 2). At both 24 h and 48 

h, AMAP was less toxic than APAP (Fig. 1A,B). The hepatotoxicity of AMAP was dose-

dependent (Fig. 1C). Exposure to 10 mM AMAP triggered substantial GSH depletion at 24 

h, although this effect was less dramatic than after APAP (Fig. 1D). Overall, although 

AMAP has a reduced propensity to cause necrotic cell death compared to APAP, our data 

clearly show that it is toxic in PHH.
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AMAP triggers mitochondrial dysfunction in PHH without JNK activation or P-JNK 
translocation to mitochondria

Given the importance of mitochondria in the toxicity after APAP in mice and humans, we 

hypothesized that AMAP caused mitochondrial dysfunction in PHH. To test this hypothesis, 

release of glutamate dehydrogenase (GDH), an enzyme localized in the mitochondrial 

matrix that is released into the serum upon mitochondrial damage (McGill et al., 2012a), 

was evaluated. Significant release of GDH was observed in both AMAP- and APAP-treated 

hepatocytes at 48 hours after treatment, and the effect of AMAP was dose-dependent (Fig. 

3A,B). Consistent with that, the JC-1 assay revealed the significant loss of mitochondrial 

membrane potential after AMAP by a decline of the red-to-green fluorescence ratio, 

although the decrease was less extensive than after exposure to APAP (Fig. 3C). 

Importantly, compared with APAP, the less severe mitochondrial dysfunction after AMAP 

correlated with the lower ALT release and GSH depletion after AMAP compared to APAP 

(Fig. 1). JNK activation and translocation, which are critical amplifying events in APAP-

induced hepatotoxicity, were also assessed after AMAP treatment (Fig. 4). At 6 and 24 h 

after AMAP exposure, an increase in total JNK compared to untreated cells was observed in 

the cytosol, which was paralleled by a modest increased expression of P-JNK (Fig. 4A). 

However, the ratio of P-JNK-to-total JNK did not change significantly before or after 

AMAP (Fig. 4C). Furthermore, there was no P-JNK translocation to mitochondria and only 

a minor JNK translocation at 24 h (Fig. 4B). Compared to APAP, JNK activation and P-JNK 

translocation to the mitochondria after AMAP is negligible (Fig. 4B). Taken together, 

AMAP causes significant mitochondrial dysfunction, but JNK activation and phospho-JNK 

translocation likely do not contribute to the cell death in PHH.

No injury or significant mitochondrial dysfunction after AMAP in primary mouse 
hepatocytes (PMH) under the conditions studied

For comparison, primary mouse hepatocytes were treated with 5 mM APAP or various 

concentrations of AMAP. Consistent with previous findings, AMAP was not significantly 

toxic even at 20 mM as demonstrated by the lack of lactate dehydrogenase (LDH) release. 

However, 5 mM APAP resulted in extensive cell death (80% release of total LDH into 

culture medium) (Fig. 5A). The necrotic cell death after APAP was confirmed by cellular 

uptake of the red PI stain using immunofluorescent staining (Fig. 6). Consistent with the 

lack of LDH release, AMAP-treated cells did not show any cellular PI uptake. Overlay of PI 

with the nuclear stain DAPI or phase contrast images confirmed the nuclear localization of 

the PI stain in APAP but not AMAP-treated cells (Fig. 6). A similar trend was observed with 

GSH content, as exposure of AMAP had no significant effect on GSH levels while APAP 

caused 92% depletion of total GSH (Fig. 5B). In contrast to PHH, no mitochondrial 

dysfunction was observed in PMH at either 5 h or 16 h after AMAP (Fig. 5C, D). Based on 

these data we conclude that AMAP does not induce cell death or mitochondrial dysfunction 

in PMH under the conditions studied.
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AMAP induces a significant increase of mitochondrial protein binding in PHH but not in 
PMH under the conditions studied

As mitochondrial protein binding is thought to be a key event in the initiation of APAP 

toxicity in mice, covalent binding in mitochondria from PHH was measured by 

immunoblotting for arylated proteins. An antibody against acetamidobenzoic acid was used 

that can detect both APAP and AMAP protein adducts (Matthews et al., 1997; Salminen et 

al., 1998). In PHH, extensive mitochondrial protein adducts formation was detected at 6 and 

24 h after AMAP exposure (Fig. 7A,B). Note that the adduct bands consist of various 

proteins with molecular weights ranging from 30–250 kDa. A comparison to adducts 

detection in AMAP-treated PMH clearly indicates lower overall mitochondrial protein 

adducts formation in PMH than in PHH (Fig. 7A,B,C). On the other hand, a substantial 

number of mitochondrial protein adducts were observed in PMH after APAP treatment (Fig. 

7A). The unexpected bands in the SDS control lane (Fig. 7A) were caused by SDS as this 

band was absent when only buffer was used (Supplemental Figure). Thus, despite less 

protein loading on the gel (as seen by the lower porin detection), APAP appeared to trigger 

much higher mitochondrial protein adducts formation than AMAP in PMH. Nevertheless, 

these data suggest that AMAP exposure results in significantly more mitochondrial covalent 

protein binding in PHH, which may be involved in AMAP-induced mitochondrial damage 

and hepatotoxicity in these cells.

DISCUSSION

The aim of this study was to investigate the mechanisms of AMAP hepatotoxicity in freshly 

isolated PHH and PMH. In contrast to results in mice and PMH, we found that AMAP is 

toxic to PHH. Comparison between PHH and PMH suggested the importance of 

mitochondrial protein adducts formation and mitochondrial dysfunction in the toxicity.

Mitochondrial protein adducts formation in AMAP-induced hepatotoxicity

AMAP has long been considered a non-hepatotoxic analog of APAP. The main reason for 

the difference in toxicity in mice appears to be protein adducts formation. When directly 

compared to APAP, AMAP triggers comparable total protein adducts formation but induces 

significantly less mitochondrial adducts (Myers et al., 1995; Tirmenstein and Nelson, 1989; 

Qiu et al., 2001). Therefore, it was concluded that mitochondrial protein adduct levels, 

rather than total cellular adduct levels, correlate with toxicity. The more recent data showing 

that AMAP can cause toxicity (ATP depletion) in human liver slices cast some doubt on this 

conclusion (Hadi et al., 2013). However, our data suggest that mitochondrial protein binding 

in fact correlates with toxicity in PHH, and the significant disparity in mitochondrial adduct 

levels readily explains the species difference in our study. Currently two approaches are 

commonly used for assessment of protein adducts formation after AMAP: detection of 

radiolabeled adducts and detection with antibodies. A comparison of the two methods 

indicate similar performance of adduct detection after AMAP either quantitatively or 

qualitatively. Importantly, both approaches suggest low levels of mitochondrial adducts in 

PMH (Myers et al., 1995). As antibody detection performs equally as well as radiolabeling, 

which is generally the gold standard method to detect protein adducts, the limited detection 

of mitochondrial protein adducts observed here in PMH after AMAP is most likely due to 
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actually low levels of adducts. Admittedly, we cannot guarantee that this antibody is able to 

detect all mitochondrial adducts in mouse samples. However, since the antibody appears to 

detect large numbers of mitochondrial AMAP adducts in PHH, one would have to assume a 

dramatically different efficacy in detecting AMAP adducts in human versus mouse samples. 

This appears unlikely. Nevertheless, alternative detection methods are necessary for further 

verification.

Although the mitochondrial adducts profile in PHH after AMAP treatment appears to be 

similar to that in PMH after APAP (Fig. 7), a more detailed analysis of the adducted proteins 

is needed to determine if similar proteins were adducted. Proteomic investigation in mice 

demonstrated that proteins modified by AMAP constitute a subgroup of proteins modified 

by APAP in that species (Fountoulakis et al., 2000). Other studies narrowed down the list of 

adducted proteins and indicated that microsomal proteins, especially Cyp2e1, are the main 

targets of AMAP (Myers et al., 1995; Matthews et al., 1997; Halmes et al., 1998). However, 

that is beyond the scope of the current study. The fact that there appear to be more 

mitochondrial protein adducts after APAP correlates with the more severe mitochondrial 

dysfunction and higher cell death after APAP compared to AMAP under the conditions 

studied. In addition, previous data from a comparison of APAP toxicity in rats and mice 

suggest that the extent of mitochondrial protein binding correlates with liver injury (McGill 

et al., 2012b). Collectively, our data together with previous findings consistently support the 

idea that mitochondrial protein adduct levels correlate with hepatotoxicity.

Mitochondrial dysfunction in AMAP-induced hepatotoxicity

The critical role of mitochondria in APAP-induced hepatotoxicity has been well established 

(Jaeschke et al., 2012, 2013). Specifically, mitochondria are involved in APAP toxicity by 

covalent protein binding (Tirmenstein and Nelson, 1989; McGill et al., 2012b), 

mitochondrial oxidative stress (Jaeschke, 1990) and peroxynitrite formation (Cover et al., 

2005), JNK activation and P-JNK translocation to mitochondria (Hanawa et al., 2008), 

oxidant stress amplification (Saito et al., 2010), mitochondrial Bax pore formation (Bajt et 

al., 2008), the mitochondrial membrane permeability transition pore opening (Kon et al., 

2004) and mitochondrial endonuclease translocation to the nucleus (Bajt et.al., 2006). 

Similar mechanisms were observed in the metabolically competent human hepatoma cell 

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

AMAP, previous reports have shown a limited relevance of mitochondria. AMAP leads to 

microsomal protein binding rather than the mitochondrial protein binding observed after 

APAP (Tirmenstein and Nelson 1989; Rashed et al., 1990; Myers et.al., 1995). Compared 

with APAP, AMAP depletes total GSH and mitochondrial GSH to a lesser extent (Nelson, 

1980; Tirmenstein and Nelson 1989; Rashed et al., 1990; Hanawa et al., 2008), despite the 

fact that a number of glutathione conjugates were identified in vitro (Rashed and Nelson, 

1989). In contrast to APAP, AMAP did not disrupt mitochondrial calcium homeostasis by 

impairing the capacity to sequester calcium (Tirmenstein and Nelson, 1989). Thus, 

consistent evidence in mice indicates that AMAP does not appear to target mitochondria in 

that species. However, pharmacological intervention using BSO to deplete mitochondrial 

GSH made mice more vulnerable to AMAP (Tirmenstein and Nelson, 1991). Under these 

conditions, there was more mitochondrial protein binding correlating with AMAP toxicity in 
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mice (Tirmenstein and Nelson, 1991). Overall, this led to the hypothesis that metabolites of 

AMAP may be too reactive to reach mitochondria under physiological conditions in mice 

(Rashed et al., 1990; Myers et al., 1995). Our data are consistent with the hypothesis that 

AMAP triggered mitochondrial dysfunction as a result of mitochondrial protein binding in 

PHH and the resulting mitochondrial damage likely led to cell death. This suggests more of 

a species difference in AMAP toxicity rather than a totally different mechanism. In support 

of this hypothesis, we have previously shown that the species difference in the time course 

of APAP toxicity between mice and humans is caused by the much more delayed protein 

adducts formation, especially in mitochondria, leading to delayed oxidant stress and JNK 

activation (Xie et al., 2014). In addition, the apparently nontoxic APAP analog, 2,6-dimethyl 

APAP, (2,6-DMA) was cytotoxic in PMH from phenobarbital-pretreated mice (Birge et al. 

1989). Although the authors did not specifically assess mitochondrial protein adducts, the 

cytotoxicity of 2,6-DMA in PMH correlated with enhanced protein binding (Birge et al., 

1989). These examples suggest that the cytotoxicity of AMAP or 2,6-DMA in PMH is 

mainly dependent on the experimental conditions. However, whether these difference in 

AMAP toxicity is only caused by a different metabolite profile and spectrum of adducts 

formed in human compared to mouse cells or if there are other factors involved remains to 

be investigated.

The metabolism profile of AMAP is different between mice and humans. In mice, around 

40% of AMAP is eliminated either unaltered or conjugated with glucuronic acid or sulfate 

(Rashed et al., 1990). The remaining AMAP is metabolized by P450 enzymes to 3 major 

proximate metabolites which are 2,5-diOH-acetanilide, 3-OH-APAP and 3-OMe-APAP. 

These hydroquinones can be conjugated with glucuronic acid or sulfate, or they could be 

further converted to reactive quinones, which bind to GSH or attack cellular proteins 

(Rashed et al., 1990; Kenna, 2013). In precision-cut liver slices, it was reported that 

sulfation is the predominant pathway for AMAP in mouse livers, while glucuronidation 

prevails in human liver slices (Hadi et al., 2013). Besides, levels of three hydroquinones, 

which are precursors of the toxic quinones differ significantly in mice and humans (Hadi et 

al., 2013). It is also possible that different cytochrome P450s are involved in AMAP 

metabolism in different models. Future investigations regarding the species differences are 

necessary to elucidate the different mechanisms of actions.

JNK activation and AMAP-induced hepatotoxicity

Interestingly, no P-JNK translocation to the mitochondria was observed in PHH after AMAP 

treatment. After APAP overdose, JNK activation and mitochondrial P-JNK translocation are 

critical for the mechanism of liver injury in mice (Hanawa et al., 2008). In addition, knock-

down or inhibition of many kinases, including apoptosis signal-regulating kinase 1 

(Nakagawa et al., 2008; Xie et al., 2015), mixed-lineage kinase 3 (Sharma et al., 2012) and 

glycogen synthase kinase-3beta (Shinohara et al., 2010) has revealed that they are involved 

in activation of JNK and translocation of P-JNK to mitochondria, which are critical 

amplifying events for the initial oxidative stress. For AMAP, previous studies demonstrated 

the absence of JNK activation in other models after AMAP treatment. In TGF-alpha 

transgenic mouse hepatocytes (TAMH), which exhibited susceptibility to APAP and 

resistance to AMAP, AMAP induced less JNK and c-Jun activation compared to APAP 
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(Stamper et al., 2010). In fact, JNK siRNA had no effect on cell death after AMAP while it 

was able to attenuate the cytotoxicity after APAP (Stamper et al., 2010). Similarly, in mice 

there is no JNK activation or mitochondrial translocation after AMAP (Hanawa et al., 2008). 

However, there was no toxicity after AMAP in these models. In contrast, our data indicate 

AMAP hepatotoxicity in PHH without relevant JNK activation and mitochondrial P-JNK 

translocation suggesting cell death in the absence of JNK activation. Interestingly, even in 

APAP-induced liver injury, JNK activation is not always necessary for the cell death 

mechanisms. In HepaRG cells, APAP triggers mitochondrial dysfunction and cell death 

without JNK activation (McGill et al., 2011; Xie et al., 2014). In PHH hepatocytes, APAP 

causes JNK activation but JNK inhibitors are only moderately protective (Xie et al., 2014). 

Similarly, PKC inhibitors attenuate APAP-induced liver injury in mice by preventing 

phosphorylation of AMPK and by activating autophagy in a JNK-independent way (Saberi 

et al., 2014). Together these data suggest that although JNK is important for most models of 

APAP hepatotoxicity, especially in mice, it does not contribute to cell death after AMAP in 

PHH.

In summary, our results demonstrated the hepatotoxicity of AMAP in PHH. The cell death 

was preceded by GSH depletion and loss of mitochondrial membrane potential. JNK 

activation was likely not involved in AMAP toxicity. In contrast, no GSH depletion, 

mitochondrial dysfunction or cell death was observed in PMH after AMAP. Comparison 

between PHH and PMH revealed that AMAP induces a significant increase of mitochondrial 

protein binding in PHH but not in PMH under the conditions studied. Our data emphasize 

the importance of mitochondrial dysfunction and sustained mitochondrial protein binding in 

determining hepatotoxicity in human hepatocytes after AMAP treatment, and also indicate 

that species differences in protein adduct formation should be considered when evaluating 

the toxic potential of a compound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT alanine aminotransferase

AMAP N-acetyl-meta-aminophenol

APAP acetaminophen

BSO buthionine sulfoximine
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DAPI 4′,6-diamidino-2-phenylindole

GDH glutamate dehydrogenase

GSH glutathione

GSSG glutathione disulfide

JNK c-jun-N-terminal kinase

LDH lactate dehydrogenase

NAPQI N-acetyl-p-benzoquinone imine

PBS phosphate-buffered saline

PHH primary human hepatocytes

PI propidium iodide

PMH primary mouse hepatocytes

TAMH TGF-alpha transgenic mouse hepatocytes
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HIGHLIGHTS

• AMAP induces cell death in primary human hepatocytes (PHH).

• AMAP does not cause cell death in primary mouse hepatocytes (PMH).

• AMAP leads to mitochondria dysfunction in PHH but not PMH.

• Protein adduct formation and dysfunction in mitochondria correlate with 

toxicity.
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Figure 1. AMAP induces cell death and GSH depletion in human hepatocytes
Primary human hepatocytes (PHH) were treated with 10 mM of AMAP or APAP over a 

period of 48 h, and the percentage of alanine aminotransferase (ALT) release was measured 

at 24 h (A) and 48 h (B) to evaluate toxicity. (C) Dose-response of AMAP toxicity at 48 h 

after treatment. (D) Glutathione depletion after 10 mM AMAP or APAP exposure for 24 h. 

Data represent mean ± SE from experiments using cells from 3 to 10 donors. *P< 0.05 

(compared with controls); #P< 0.05 (compared with APAP group).
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Figure 2. AMAP and APAP induce necrosis in human hepatocytes
Primary human hepatocytes (PHH) were treated with 10 mM of AMAP or APAP over a 

period of 48 h and necrotic cell death as indicated by nuclear PI staining was assessed. 

DAPI, 4′,6-Diamidino-2-Phenylindole (nuclear stain); PI, propidium iodide (nuclear stain of 

necrotic cells)
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Figure 3. AMAP triggers mitochondrial dysfunction in PHH
(A) Percentage of glutamate dehydrogenase (GDH) release into the culture medium at 48 h 

after 10 mM AMAP or APAP. (B) Dose-response of GDH release at 48 h after AMAP (5–

20 mM). (C) Loss of mitochondria membrane potential after 24 h exposure to 10 mM 

AMAP or APAP as indicated by the decrease of the red/green fluorescence ratio using the 

JC-1assay. Data represent mean ± SE from experiments using cells from 8 donors. *P< 0.05 

(compared with controls); #P< 0.05 (compared with APAP group).
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Figure 4. No JNK activation or mitochondrial translocation after AMAP in PHH
JNK activation in the cytosol (A) and P-JNK translocation to the mitochondria (B) were 

evaluated by western blotting. Mitochondrial fraction from APAP-treated PHH was used as 

positive control. (C) Densitometry of cytosolic JNK activation. Data represent mean ± SE 

from densitometry using cells from 3 donors.
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Figure 5. No significant mitochondrial dysfunction or cell death after AMAP in primary mouse 
hepatocytes (PMH)
(A) Lactate dehydrogenase was measured as an indicator of cell death after exposure to 5–

20 mM AMAP or 5 mM APAP for 15 h. (B) GSH depletion at 5 h after 5 mM AMAP or 

APAP. Loss of mitochondrial membrane potential at 5 h (C) and 16 h (D) after AMAP and 

APAP were assessed by decrease of red/green fluorescence ratio using the JC-1assay. Data 

represent mean ± SE from experiments using primary mouse hepatocytes from 4 different 

isolations. *P< 0.05 (compared with controls); #P<0.05 (compared with the APAP group).
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Figure 6. APAP but not AMAP caused cell necrosis in mouse hepatocytes
Primary mouse hepatocytes (PMH) were treated with 5 mM of AMAP or APAP over a 

period of 15 h and necrotic cell death as indicated by nuclear PI staining was assessed. 

DAPI, 4′,6-Diamidino-2-Phenylindole (nuclear stain); PI, propidium iodide (nuclear stain of 

necrotic cells)
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Figure 7. AMAP induces covalent protein binding in PHH but not PMH
(A) Mitochondrial fractions were isolated from PHH and PMH which were treated with 

AMAP for 6 h or 24h. Mitochondrial fraction from APAP-treated PMH was used as a 

positive control, and a blank (bl) lane loaded with only SDS loading buffer was used as a 

negative control. 0 h lanes represent mitochondria samples of control PHH or control PMH 

without any treatment. Porin was used as a loading control. (B) (C) Densitometry of adduct 

levels normalized to porin for PHH and PMH. The results of each 0 h lane were set to 1 and 

the data for AMAP-treated cells are expressed as fold increase over baseline. Data represent 

mean ± SE from experiments using primary human or mouse hepatocytes from 3 different 

isolations per group. *P< 0.05 (compared with corresponding controls)
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Table 1

Liver donor medical information

Donor Source Age Gender Diagnosis

1 Resection 41 Female Metastatic colon cancer

2 Donor 25 Female Head trauma

3 Donor 64 Female Anoxia

4 Donor 38 Male Head trauma

5 Donor 29 Female CVA/Stroke

6 Donor 25 Male Cardiac arrest

7 Donor 13 Male Asthma attack

8 Donor 50 Male Head trauma

9 Donor N/A Male Anoxia

10 Donor 19 Male Head trauma

11 Donor 24 Female Cardiac arrest

12 Donor 16 Male Head trauma

CVA; cerebrovascular accident; N/A; not available
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