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Abstract

Hepatotoxicity is a serious problem during drug development and for the use of many established 

drugs. For example, acetaminophen overdose is currently the most frequent cause of acute liver 

failure in the United States and Great Britain. Evaluation of the mechanisms of drug-induced liver 

injury indicates that mitochondria are critical targets for drug toxicity, either directly or indirectly 

through formation of reactive metabolites. The consequence of these modifications is generally a 

mitochondrial oxidant stress and peroxynitrite formation, which leads to structural alterations of 

proteins and mitochondrial DNA and eventually to the opening of mitochondrial membrane 

permeability transition (MPT) pores. MPT pore formation results in collapse of the mitochondrial 

membrane potential and cessation of ATP synthesis. In addition, the release of intermembrane 

proteins such as apoptosis-inducing factor and endonuclease G and their translocation to the 

nucleus leads to nuclear DNA fragmentation. Together these events trigger necrotic cell death. 

Alternatively, release of cytochrome c and other pro-apoptotic factors from mitochondria can 

promote caspase activation and apoptotic cell death. Drug toxicity can also induce an 

inflammatory response with formation of reactive oxygen species by Kupffer cells and 

neutrophils. If not properly detoxified, these extracellularly generated oxidants can diffuse into 

hepatocytes and trigger mitochondrial dysfunction and oxidant stress, which then induces the MPT 

and necrotic cell death. This review addresses the formation of oxidants and the defense 

mechanisms available for the cells and applies this knowledge to better understand mechanisms of 

drug hepatotoxicity, especially acetaminophen-induced liver injury.
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INTRODUCTION

Formation of reactive oxygen species (ROS) is one of the most commonly invoked cell death 

mechanisms in all organ injury, including drug-induced liver damage. Despite the ubiquitous 

involvement of ROS in most pathophysiologies, no drugs are available that specifically 

target ROS. The reason for this discrepancy is likely the limited understanding of the 

specific role of ROS under most circumstances. In order to improve this, it is important to: 

(a) identify the specific ROS involved, (b) assess when and where they are generated, (c) 

what specific signaling effect or damage is caused by them and (d) how this impacts overall 

cell and organ survival. Importantly, this needs to be investigated in models relevant for 

animal and human pathophysiology. Drug hepatotoxicity is an ideal example of how 

progress can be made in the understanding of mechanisms of ROS toxicity when these 

objectives are kept in mind. The current review will attempt to provide a brief overview of 

ROS formation and defense mechanisms as a background to the in-depth discussion of the 

role of oxidant stress in acetaminophen (APAP) hepatotoxicity, currently the most frequent 

cause of drug-induced liver failure in humans (Larson et al., 2005) and the most studied 

hepatotoxic drug. The importance of intracellular (mitochondria) and extracellular 

(inflammatory cells) sources of ROS will be discussed. In addition, mitochondrial 

dysfunction and oxidant stress as mechanisms of toxicity will be evaluated for a number of 

lesser known examples of hepatotoxic drugs.

OXIDANT STRESS AND CELLULAR DEFENSE MECHANISMS

Sources of ROS formation

Single electron reductions of molecular oxygen results in formation of ROS including 

superoxide (+1e), hydrogen peroxide (+2e) and hydroxyl radicals (+3e) (Figure 1). 

Additional ROS can be generated by myeloperoxidase from hydrogen peroxide 

(hypochlorous acid) and by lipid peroxidation (LPO), which produces a number of fatty acid 

hydroperoxides and alkoxy radicals. A combination of the two radicals superoxide and nitric 

oxide results in the formation of peroxynitrite, a highly reactive nitrogen species (RNS). The 

most relevant sources of ROS in the cell are electron leaks from the mitochondrial electron 

transport chain (mainly superoxide) (Murphy, 2009), from the P450 system and its 

reductases (superoxide and hydrogen peroxide), and from oxidases within the cell, e.g. fatty 

acid oxidases in peroxisomes. Under pathophysiological conditions, additional oxidases, 

such as xanthine oxidase, can be generated and become a source of ROS. Phagocytes 

contain NADPH oxidase (NOX2), which releases superoxide into the phagosome or to the 

outside of the cell when the phagocyte is activated (Bedard and Krause, 2007). The 

concomitantly released myeloperoxidase then forms hypochlorous acid (Figure 1). Certain 

drugs or chemicals (diquat, paraquat) can be reduced by P450 reductase to form unstable 

radicals, which then transfer their electrons to molecular oxygen and form superoxide. This 

redox-cycling of the chemical results in the formation of large amounts of superoxide in the 

cell. Thus, there are a large number of ways to form various ROS and RNS in different 

locations within the cell or outside.
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Antioxidant defenses

Any ROS formation bears the risk of substantial damage to macromolecules within the cell 

including protein oxidation, lipid peroxidation and DNA/RNA damage (Kehrer, 1993). 

These changes can vary in degree from complete destruction and functional loss of the 

molecule to minor modifications (e.g. sulfhydryl oxidation). However, even minor 

modifications can have adverse functional consequences. Therefore, cells have developed a 

sophisticated, multi-layered defense system that is vital for cell survival in an oxygen 

environment (Figure 1) (Jaeschke, 2010). Superoxide can be removed by catalyzing the 

transfer of an electron from one superoxide molecule to another by Cu/Zn - superoxide 

dismutase (Cu/Zn-SOD, SOD1), which is located in the cytosol, or by Mn-SOD (SOD2) 

present in mitochondria. Although the SOD-catalyzed reaction also yields hydrogen 

peroxide and oxygen similar to the spontaneous dismutation reaction, the enzyme reaction is 

more efficient and is able to limit the formation of peroxynitrite and prevent the reductive 

mobilization of iron from ferritin (Figure 1) (Jaeschke, 2010). Hydrogen peroxide can be 

reduced by glutathione peroxidases in the cytosol and mitochondria using electrons from 

glutathione (GSH) or peroxiredoxin, which can be regenerated by thioredoxin or 

sulfiredoxin depending on the degree of oxidation (Watson et al., 2004). Hydrogen peroxide 

generated predominantly in peroxisomes can be reduced by catalase, which draws electrons 

from hydrogen peroxide (catalase reaction) or low molecular weight alcohols (peroxidase 

reaction) (Calabrese and Canada, 1989) (Figure 1). Additional defense systems that limit 

potential detrimental effects of oxidant stress include metal chelators, which keep heavy 

metal ions tightly bound. In the case of iron, ferritin and transferrin are the main storage and 

transport proteins, respectively, which chelate iron in the ferric (Fe3+) state. In addition, lipid 

soluble antioxidants such as vitamin E are able to interrupt free radical chain reactions in 

membranes (lipid peroxidation) and water-soluble antioxidants such as GSH can 

spontaneously react with peroxynitrite, hypochlorous acid and hydrogen peroxide and 

detoxify them. If some free radical damage does occur, downstream repair mechanisms can 

be activated. For example, thioredoxins (Trx1 in the cytosol; Trx2 in mitochondria) reduce 

protein disulfides (Watson et al., 2004), glutathione peroxidase-4 can reduce fatty acid 

hydroperoxides and phospholipases can remove oxidized fatty acids from membranes 

(Toppo et al., 2009). If the damage to the protein or organelle is too extensive, the modified 

protein can be degraded by the proteasome system or the organelle can be removed by 

autophagy. Together these systems ensure that oxidant stress-mediated cell injury is limited 

and any minor damage is quickly repaired (Jaeschke, 2010).

Lipid peroxidation

When considering ROS-induced liver injury in any pathogenesis including drug-induced 

toxicity, lipid peroxidation (LPO) is the most invoked mechanism of cell death (Kehrer, 

1993; Negre-Salvayre et al., 2010; Sevanian and Hochstein, 1985). Typical experimental 

evidence for this mechanism is a significant increase in a parameter that is thought to reflect 

LPO in the injured tissue (e.g. thiobarbituric acid-reactive substances, TBARS) and a 

reduction of this parameter with an intervention that is thought to act as antioxidant. Based 

on these data, it is frequently assumed that LPO represents the cause of the tissue injury 

(e.g., Campos et al. 1989; Gao and Zhou 2005; Hsu et al. 2008; Küpeli et al. 2006; Wu et al. 

2008; Yuan et al. 2010). However, behind these conclusions are a number of issues that are 
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rarely addressed. First, tissue damage may cause oxidant stress and LPO. Therefore, LPO 

can be a consequence of tissue injury rather than the cause. Second, the compound may 

protect through different mechanisms and the reduced LPO is a consequence of this reduced 

tissue damage. Third, can the drug really get to the target cell in sufficient quantities that it 

can effectively strengthen the already present antioxidant levels in the cell? With respect to 

this latter issue, it is important to keep in mind that even an extreme, 90% reduction of 

hepatic GSH levels still leaves the hepatocyte with about 1 mM GSH. Based on these 

considerations, the conclusion that LPO is the main mechanism of liver injury induced by a 

certain drug may not be justified.

The most important argument against LPO as a relevant mechanism of cell death is 

quantitative considerations. How much LPO is necessary to kill a liver cell? When massive 

amounts of tert-butyl hydroperoxide (tBHP) were infused into rat liver for 45 min, there was 

no liver injury despite an increase in LPO products by 2-to-3-fold compared to baseline 

(Mathews et al., 1994). However, when tBHP was infused for 90 min, LPO products 

increased by >50-fold and liver injury developed (Mathews et al., 1994). These data suggest 

that if LPO is the direct mechanism of liver cell killing, LPO parameters should increase 50-

to-100-fold. In other words, the generally measured increase of LPO products in almost all 

studies (2-to-3-fold above baseline) appears insufficient to directly cause cell injury. Similar 

findings were obtained in drug toxicity studies. For example, acetaminophen (APAP) 

overdose causes severe liver injury but at best a minor increase in LPO in normal animals 

(Knight et al., 2003). However, if animals are fed a diet high in polyunsaturated fatty acids 

and deficient in vitamin E, APAP overdose triggers massive LPO (> 50-fold increase of 

ethane exhalation and TBARS) and liver injury (Wendel and Feuerstein, 1981; Wendel et al., 

1982). In these deficient animals, but not in normal animals, APAP-induced liver injury can 

be reduced with vitamin E pretreatment (Knight et al., 2003; Werner and Wendel, 1990). 

These data demonstrate that an animal fed a regular diet has generally sufficient vitamin E in 

cell membranes to limit drug-induced LPO. Thus, for LPO to be a relevant mechanism of 

cell damage requires not only oxidant formation but also impairment of antioxidant defense 

systems. However, LPO products are biomarkers for oxidant stress (Guéraud et al., 2010; 

Jaeschke, 2011) and they can act as signaling molecules by modifying proteins or DNA 

within the cell or can act as chemotactic agents (Dianzani, 2003; Jaeschke, 2011; Marnett, 

2002; Negre-Salvayre et al., 2010).

ACETAMINOPHEN HEPATOTOXICITY

Acetaminophen (APAP) is a safe drug at therapeutic levels but an overdose can cause severe 

liver injury in animals and man (Larson, 2007). Currently, APAP hepatotoxicity is the most 

frequent cause of acute liver failure in the US (Larson et al., 2005) and APAP is one of the 

most studied hepatotoxic drugs. Despite substantial progress in understanding the 

mechanism of APAP-induced liver injury during the last four decades, many details are still 

unknown.
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Oxidant stress versus protein binding

The role of ROS in APAP hepatotoxicity was controversial for many years due to the 

competing hypotheses of protein binding (Mitchell et al., 1973) and oxidant stress/lipid 

peroxidation (Wendel et al., 1979). However, it was soon recognized that the P450-

dependent metabolism of APAP, as originally assumed (Wendel and Feuerstein, 1981), was 

not the main source of ROS formation (Lauterburg et al., 1984; Smith and Jaeschke, 1989). 

In contrast, ROS formation occurs selectively in mitochondria after the initial metabolism of 

APAP (Jaeschke, 1990; Tirmenstein and Nelson, 1990; Bajt et al., 2004) (Figure 2). 

Formation of protein adducts has been implicated in the toxicity of a number of compounds 

(Park et al., 2011). In the case of APAP, earlier studies comparing protein binding induced 

by APAP versus its regioisomer 3'-hydroxyacetanilide (AMAP) indicated that although both 

drugs caused the same overall protein binding in the liver, the hepatotoxic drug APAP forms 

mitochondrial adducts while the nontoxic compound AMAP does not (Tirmenstein and 

Nelson, 1989; Myers et al., 1995; Matthews et al., 1997). More recent studies using 2D gel 

electrophoresis and mass spectrometry have resulted in identification of a number of the 

APAP adducted proteins in various cellular compartments. Using fasted B6C3F1 mice given 

0.1% phenobarbital in drinking water for 5 days, Qiu et al. (1998) identified 30 proteins 

modified by APAP at a dose of 350 mg/kg for 2 hours. Of these, 6 were mitochondrial 

proteins (Table 1), including glutathione peroxidase and the ATP synthase α subunit. 

Modification of glutathione peroxidase has a functional consequence, since APAP 

administration results in a 60% reduction in glutathione peroxidase activity (Tirmenstein and 

Nelson, 1990). Though compromised activity of glutathione peroxidase could presumably 

have significant consequences due to lack of its anti-oxidant function, this does not seem to 

ultimately affect the extent of liver injury, since GPx−/− animals showed no increase in 

injury after APAP treatment (Knight et al., 2002). A potential explanation for the limited 

relevance of GPx could be that peroxynitrite may be the more important oxidant generated 

during APAP hepatotoxicity compared to the GPx substrate hydrogen peroxide (Knight et 

al., 2002). Modification of the ATP synthase α subunit, which is a catalytically critical part 

of the complex, would be expected to abolish function of ATP synthase and result in 

depletion of ATP, which is evident in APAP hepatotoxicity (Jaeschke, 1990; Saito et al., 

2010b; Tirmenstein and Nelson, 1990). As ATP depletion is partially reversible with 

supplying mitochondrial energy substrates (Saito et al., 2010b), inactivation of ATP synthase 

by protein adduct formation may only be partially responsible for the declining ATP levels 

during APAP toxicity. Similar studies using AMAP resulted in identification of 12 proteins 

including cytosolic proteins such as methionine adenosyl transferase and selenium binding 

liver protein, but did not include any mitochondrial proteins (Qiu et al., 2001). These studies 

illustrate the fact that protein adducts formation after APAP administration seems to be a 

targeted phenomenon with specific proteins being affected, which could impact 

mitochondrial function, especially in a milieu of depleted glutathione. A caveat to these 

studies using 2D gel electrophoresis however is the fact that highly hydrophobic 

mitochondrial inner membrane proteins such as components of the respiratory chain would 

not enter the gels easily and hence would be excluded from detection.

Together these observations support the hypothesis that the metabolic activation of APAP 

leads to the formation of N-acetyl-p-benzoquinone imine (NAPQI), which binds to a large 
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number of cellular proteins, especially mitochondrial proteins (Cohen et al., 1997; Qiu et al., 

1998). Importantly, this binding to mitochondrial proteins correlates with the mitochondrial 

oxidant stress and toxicity (Jaeschke et al., 2003). This suggests that protein binding is a 

critical initiating event which, though insufficient to cause cell death by itself, triggers a 

mitochondrial oxidant stress and other downstream events that result in oncotic necrosis of 

the cell (Jaeschke and Bajt, 2006; Hinson et al., 2004). However, the molecular events that 

trigger the oxidant stress are still unknown. Recently, we demonstrated that apoptosis-

inducing factor (AIF), which functions as NADH oxidase in mitochondria and regulates 

complex I activity (Miramar et al., 2001; Vahsen et al., 2004), can promote APAP-induced 

oxidant stress (Bajt et al., 2011).

Mitochondrial superoxide and peroxynitrite formation

Superoxide can react with nitric oxide (NO) to form peroxynitrite (ONOO −), a highly 

reactive and potent oxidant and nitrating species (Radi et al., 2001). During APAP 

hepatotoxicity, peroxynitrite is generated in hepatocytes and sinusoidal endothelial cells as 

indicated by formation of nitrotyrosine protein adducts (Hinson et al., 1998; Knight et al., 

2001) (Figure 2). Not unexpected, nitrotyrosine adducts are found mainly in mitochondria 

suggesting that peroxynitrite is formed inside of mitochondria in hepatocytes (Cover et al., 

2005b) not by macrophages on the outside (James et al., 2003a). In contrast to the source of 

superoxide formation, the source of NO is controversial. All three forms of nitric oxide 

synthase (NOS), inducible NOS (Gardner et al., 2002), endothelial NOS (Salhanick et al., 

2006) and neuronal NOS (Burke et al., 2010) have been implicated in contributing to 

peroxynitrite formation under certain conditions. However, others found no effect of iNOS 

on APAP hepatotoxicity (Burke et al., 2010; Michael et al., 2001; Saito et al., 2010a). 

Nevertheless, evidence for peroxynitrite formation was reported in cultured hepatocytes 

exposed to APAP (Burke et al., 2010; Yan et al., 2010) indicating that NO can be generated 

within hepatocytes. This suggests that, depending on the experimental systems and the 

specific conditions, different NOS enzymes located in different cell types may contribute the 

NO that is used to form peroxynitrite during APAP hepatotoxicity. Independent of the actual 

source of NO, the peroxynitrite formed in mitochondria leads to nitration of mitochondrial 

proteins, e.g. SOD2 (Agarwal et al., 2011) and damage to mitochondrial DNA (Cover et al., 

2005b). The pathophysiological significance of peroxynitrite for APAP-induced liver injury 

was demonstrated by protection against APAP overdose when recovery of mitochondrial 

GSH levels was accelerated after delayed treatment with GSH precursors (Bajt et al., 2003; 

James et al., 2003b; Knight et al., 2002; Saito et al., 2010b). Under these conditions, the 

newly synthesized GSH scavenged peroxynitrite and enhanced the detoxification of 

hydrogen peroxide (Knight et al., 2002). This not only results in short-term protection but 

also attenuated long-term injury and enhanced regeneration (Bajt et al., 2003). However, 

scavenging reactive oxygen and peroxynitrite is not the only mechanism of protection after 

treatment with GSH or NAC after APAP. The generally used high dose of NAC in the clinic 

and the laboratory exceeds the amount of cysteine needed for GSH synthesis. The surplus 

cysteine is degraded and ends up as energy substrate in the Krebs cycle to support 

mitochondrial energy production (Saito et al., 2010b). The fact that hepatic ATP levels can 

be enhanced by excess amino acids indicates that the depletion of hepatic ATP levels after 

APAP overdose is not a completely irreversible effect but is at least in part caused by a 
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relative shortage of Krebs cycle substrates (Saito et al., 2010b). Supply of mitochondrial 

energy substrates and partial restoration of cellular ATP levels adds to the protective effect 

of GSH and GSH precursors against APAP toxicity as scavengers of ROS and peroxynitrite 

(Saito et al., 2010b). However, simply promoting mitochondrial ATP production without 

scavenging ROS does not protect, suggesting that the support of the impaired mitochondrial 

energy metabolism alone is ineffective in preventing cell death (Saito et al., 2010b).

The critical role of the mitochondrial oxidant stress in APAP hepatotoxicity was also 

demonstrated in animals heterozygous for MnSOD-deficiency (MnSOD+/-). These animals 

had increased liver injury after APAP together with increased peroxynitrite and protein 

carbonyl formation (Fujimoto et al., 2009; Ramachandran et al., 2011b). These data indicate 

the importance of mitochondrial MnSOD in removing superoxide to limit peroxynitrite 

formation. On the other hand, MnSOD is nitrated and partially inactivated by peroxynitrite 

after APAP treatment (Agarwal et al., 2011). This impairment of the mitochondrial 

antioxidant defense may enhance the hepatocyte’s susceptibility to ROS formation. Because 

the formation of superoxide in mitochondria can depend on the oxygen tension, it is 

important to keep in mind that the oxygen levels of standard cell culture conditions (21% 

oxygen) are much higher than what hepatocytes experience in vivo, i.e. 3 - 9% oxygen 

(Kietzmann and Jungermann, 1997). In fact, when primary mouse hepatocytes were 

incubated at 10% oxygen instead of the standard 21% oxygen, mitochondrial oxidant stress 

and peroxynitrite formation and cell death were reduced (Yan et al., 2010). These data 

suggest that under conditions of a drug-induced mitochondrial stress, ROS formation and 

cell injury may be amplified under hyperoxic cell culture conditions.

Amplification of mitochondrial oxidant stress

There are several consequences of the initial mitochondrial oxidant stress that is triggered by 

protein binding (Figure 2). At first, during the very early time period after APAP, there is 

evidence of c-jun-N-terminal kinase (JNK) activation, which can be attenuated by 

antioxidants (Hanawa et al., 2008; Saito et al., 2010a). However, ROS do not seem to affect 

JNK directly. The redox-sensitive step appears to be the dissociation of thioredoxin and 

apoptosis signal-regulating kinase 1 (ASK1), which triggers the activation of ASK1 (Saitoh 

et al., 1998). Nakagawa et al. (2008) demonstrated that APAP treatment induced ASK1 

activation after dissociation from thioredoxin. In addition, JNK activation and liver injury 

are attenuated in ASK1-deficient mice suggesting that ASK1 activation is upstream of JNK 

(Nakagawa et al., 2008). However, only late (≥ 3 h after APAP) JNK activation was 

attenuated. There was no effect at an earlier time point (1.5 h) (Nakagawa et al., 2008). This 

indicates that additional mechanisms of JNK activation are involved after APAP overdose. 

This is also supported by the fact that a JNK inhibitor is more effective in protecting against 

APAP hepatotoxicity than ASK1 deficiency (Nakagawa et al., 2008). Another possible 

mechanism of JNK activation is its release from glutathione-S-transferase Pi (GSTPi), which 

was shown to bind JNK (Elsby et al., 2003). The release of JNK from GSTPi could be 

triggered by oxidant stress or direct NAPQI binding. Alternatively, it was shown that 

glycogen synthase kinase-3β (GSK-3β) is activated very early during APAP hepatotoxicity 

(Shinohara et al., 2010). Down-regulation of GSK-3β protein levels attenuated the early 

JNK activation and protected against APAP-induced liver injury (Shinohara et al., 2010). 
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Independent of the activation mechanism, activation of JNK leads to mitochondrial 

translocation of both bax (discussed below) and P-JNK (Hanawa et al., 2008) and further 

promotes the mitochondrial oxidant stress and peroxynitrite formation (Saito et al., 2010a). 

Overall, inhibition of JNK has proved to be a highly effective intervention against APAP 

hepatotoxicity (Gunawan et al., 2006; Henderson et al., 2007, Latchoumycandane et al., 

2007; Saito et al., 2010a).

Further consequences of this amplified mitochondrial formation of ROS and peroxynitrite 

includes mitochondrial DNA damage (Cover et al., 2005b) and selective, partial loss of 

mitochondrial enzyme activities through thiol oxidation (Andringa et al., 2008) and nitration 

(Agarwal et al., 2011). However, the most critical effect of the oxidant stress is the opening 

of the mitochondrial membrane permeability transition (MPT) pore leading to collapse of 

the membrane potential and cessation of ATP synthesis (Kon et al., 2004; Masubuchi et al., 

2005; Ramachandran et al., 2011a; Reid et al., 2005). Pharmacological inhibition of 

cyclophilin D, a critical regulator of the MPT pore (Baines et al., 2005), with cyclosporin A 

provides only temporary protection in vitro (Kon et al., 2004) but appears to more fully 

protect in mice treated with 350 mg/kg APAP in vivo (Masubuchi et al., 2005). However, the 

non-immunesuppressive cyclosporin A analogue Debio 025 did not protect in vivo when 

using a dose of 600 mg/kg APAP (Loguidice and Boelsterli, 2011). Similarly, cyclophilin D-

deficient mice were protected against a low overdose (200 mg/kg) of APAP (Ramachandran 

et al., 2011a) but not against the higher dose (Loguidice and Boelsterli, 2011). An 

explanation could be that the cyclophilin D-regulated MPT occurs mainly at moderate stress 

levels, while a more severe stress may trigger an unregulated MPT, which is no longer 

affected by cyclophilin D inhibition (He and Lemasters, 2002). In the case of APAP, this 

may apply to higher, more toxic doses of APAP in vivo (Loguidice and Boelsterli, 2011) or 

in the presence of additional stress when keeping cells in culture (Kon et al., 2004). A higher 

dose of APAP leads to more severe stress due to prolonged depletion of GSH, which means 

a longer period where no scavengers for mitochondrial ROS and peroxynitrite are available 

(Saito et al., 2010b). Similarly, the higher oxygen concentrations generally used for cell 

culture experiments cause more severe APAP-induced oxidant stress and peroxynitrite 

formation in hepatocytes (Yan et al., 2010). In addition, more recent data also suggested an 

involvement of lysosomal iron in the MPT that translocated into the mitochondria through 

the calcium uniporter (Kon et al., 2010).

Nuclear DNA fragmentation

One of the consequences of the MPT is swelling of the matrix, which leads to the rupture of 

the outer mitochondrial membrane. As a result, there is extensive release of proteins from 

the intermembrane space. Proteins released after APAP overdose include endonuclease G 

and apoptosis-inducing factor (AIF) both of which can translocate to the nucleus (Bajt et al., 

2006) due to their nuclear localization sequences (Norberg et al., 2010). AIF is involved in 

chromatin condensation and large scale DNA fragmentation (Boujrad et al., 2007). 

Endonuclease G cleaves DNA at the level of 50-300 kb and then at the level of 

internucleosomes (Widlak and Garrard, 2005). This is the reason that both large and small 

mono- and oligonucleosomal length DNA fragments are generated during APAP 

hepatotoxicity (Jahr et al., 2001). This gives a typical DNA ladder on an agarose gel and 
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makes the fragments indistinguishable from classical apoptotic DNA fragments (Cover et 

al., 2005b; Ray et al., 1990; Shen et al., 1992). In addition to unregulated release after the 

MPT, AIF and endonuclease G can also be released earlier through a bax pore (Bajt et al., 

2008). Mitochondrial bax translocation is a very early event after APAP overdose (Adams et 

al., 2001; Bajt et al., 2008; El-Hassan et al., 2003; Jaeschke and Bajt, 2006) leading to the 

mitochondrial outer membrane permeabilization (MOMP) and release of intermembrane 

proteins (Bajt et al., 2008). The importance of this event for APAP-induced cell injury has 

been demonstrated in bax-deficient mice. At 6 h after APAP overdose, there was inhibition 

of intermembrane protein release, reduced DNA fragmentation and attenuated liver injury in 

bax-deficient compared to wild type mice (Bajt et al., 2008). However, the absence of bax 

had no effect on the mitochondrial oxidant stress and peroxynitrite formation. As a 

consequence, the MPT was not prevented and the subsequent release of intermembrane 

proteins led to delayed DNA fragmentation and cell injury with no difference between wild 

type and bax-deficient mice at 12 h (Bajt et al., 2008). In contrast, scavenging the 

mitochondrial oxidant stress strongly attenuated nuclear DNA fragmentation and cell injury 

and promoted survival and regeneration (Bajt et al., 2003, Cover et al., 2005b; Knight et al., 

2002). Furthermore, partial AIF-deficient mice showed significantly reduced DNA damage 

and liver injury after APAP (Bajt et al., 2011). These observations support the conclusions 

that nuclear DNA damage contributes to the cell injury mechanism during APAP 

hepatotoxicity. However, mitochondrial dysfunction and oxidant stress are the central 

regulators of APAP-induced cell death.

The Ca2+/Mg2+-dependent endonuclease deoxyribonuclease-1 (DNase1) translocates to the 

endoplasmic reticulum after translation and is then secreted by hepatocytes into the blood 

(Napirei et al., 2005). It was shown that extracellular DNase1 can gain access into cells 

undergoing necrosis and contribute to nuclear fragmentation (Napirei et al., 2004). After 

APAP overdose, DNase1-deficient mice had less nuclear DNA damage and less injury 

(Napirei et al., 2006). The temporary pattern of DNA strand breaks and injury indicated that 

cells towards the periportal area were more susceptible to DNase1, which did not affect the 

initial damage in the centrilobular hepatocytes (Napirei et al., 2006). This suggested that 

DNase1 released by centrilobular hepatocytes may be involved in the progression of the 

injury. This expansion of the area of necrosis may not only involve DNase1 but also calpains 

and phospholipases (Limaye et al., 2003; Bhave et al., 2011). Regarding the mechanisms of 

DNase1-induced cell death, it was hypothesized that the DNA damage induced by DNase1 

may lead to activation of repair mechanisms including poly-adenosine diphosphate-ribose 

polymerase-1 (PARP-1) (Napirei et al., 2006). The excessive consumption of NAD+ by 

activated PARP-1 can contribute to cell necrosis (Ha and Snyder, 1999). Although hepatic 

NAD+ levels decline at 6 -12 h (Napirei et al., 2006) parallel to PARP-1 activation (Cover et 

al., 2005a), PARP-1-deficient mice were not protected against APAP hepatotoxicity (Cover 

et al., 2005a). In fact, PARP-1-deficient mice showed a moderate increase in liver injury 

suggesting that activation of DNA repair mechanisms after APAP overdose is beneficial 

(Cover et al., 2005a).
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Apoptosis versus necrosis

It has been proposed that oxidant stress causes apoptotic cell death involving JNK activation 

in cultured hepatocytes (Czaja, 2002; Conde de la Rosa et al., 2006). However, oxidant 

stress in vivo generally leads to oncotic necrosis (Hong et al., 2009). Consistent with this 

observation, the extensive oxidant stress and JNK activation after APAP overdose causes 

mainly oncotic necrosis (Gujral et al., 2002; Jaeschke et al., 2004). APAP-induced cell death 

in vivo and in vitro is characterized by cell and organelle swelling, extensive cell contents 

release, karyolysis and inflammation (Gujral et al., 2002; Jacob et al., 2007; Jaeschke et al., 

2004). In general, there is no caspase activation after APAP overdose (Lawson et al., 1999) 

despite the release of mitochondrial intermembrane proteins (cytochrome c, second 

mitochondrial activator of caspases [smac]) (Bajt et al., 2006). In addition, caspase inhibitors 

do not protect (Gujral et al., 2002; Jaeschke et al., 2006; Lawson et al., 1999; Williams et al., 

2010b). A study reported protection against APAP hepatotoxicity with a pan-caspase 

inhibitor in the absence of caspase activation (El-Hassan et al., 2003). However, the 

protection was caused by the solvent (dimethyl sulfoxide, DMSO) (Jaeschke et al., 2006), 

which is an effective inhibitor of P450 enzymes (Yoon et al., 2006). On the other hand, in 

cases of Fas- or TNF-induced hepatocellular apoptosis, caspase inhibitors are highly 

effective and completely eliminate cell death (Bajt et al., 2000; Jaeschke et al., 1998). 

Interestingly, APAP toxicity even prevents Fas-induced apoptosis mainly due to the APAP-

induced mitochondrial damage, which interrupts the apoptotic signaling through the 

mitochondria (Lawson et al., 1999; Knight and Jaeschke, 2002). Although both apoptosis 

and APAP-induced necrosis cause DNA fragmentation, there is a clear distinction in the 

staining patterns with the terminal deoxynucleotidyl transferase-mediated dUTP nick-end 

labeling (TUNEL) assay between the two forms of cell death (Jaeschke and Lemasters, 

2003), which is caused by the generally larger DNA fragments generated by AIF and 

endonuclease G compared to a caspase-activated DNase (Jahr et al., 2001). Nevertheless, in 

other assays of DNA damage, i.e. DNA ladder or anti-histone ELISA to measure DNA 

fragments in the cytosol, apoptosis and APAP-induced necrosis are indistinguishable (Cover 

et al., 2005b). Thus, conclusions regarding the mode of cell death should never be based on 

only one parameter but should include morphological and several biochemical parameters 

(Jaeschke et al., 2004).

Although the conclusions of most papers suggesting a role for apoptotic cell death can be 

questioned due to methodological concerns, a recent study indicated that APAP overdose 

can cause a temporary moderate caspase activation and generation of caspase-specific 

cleavage products of cytokeratin 18 in fed CD-1 mice (Antoine et al., 2009). A caspase 

inhibitor prevented these effects but had no impact on the overall liver injury (Antoine et al., 

2009). The authors suggested that this transient caspase activation may be characteristic of 

APAP toxicity in fed mice and is missed in starved animals due to the lower ATP levels, 

which prevents caspase activation (Antoine et al., 2009, 2010). Our own studies confirmed 

this minor (compared to TNF-induced apoptosis) caspase activation in fed Swiss-Webster 

mice but not in fed C57Bl/6 mice (Jaeschke et al., 2011a) or in fed C3Heb/HeJ mice (Gujral 

et al., 2002). However, this effect appears to be more related to the use of outbred strains 

rather than fed animals. In either case, no protection was found with caspase inhibitor 

treatment and no morphological evidence for apoptosis was detected. This suggests that 
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while modest caspase activation due to release of mitochondrial proteins may occur, it is 

insufficient to actually cause significant apoptotic cell death (Jaeschke et al., 2011a).

APAP toxicity in human cells and humans

The discussed mechanisms of acetaminophen-induced liver injury are based mainly on the 

mouse model and primary cultured mouse hepatocytes. The relevance of these findings for 

the human pathophysiology needs to be addressed. The most obvious approach to get at this 

question would be to use human hepatocytes. However, primary human hepatocytes have 

several disadvantages including limited availability, high cost and highly variable drug 

metabolism. On the other hand, hepatoma cell lines, e.g. HepG2 cells, are readily available 

but have a very poor capacity to metabolically activate APAP and therefore can not produce 

data that are relevant for animals or humans. HepaRG is a stem cell-derived human 

hepatocyte cell line that has retained the metabolic capacity of human hepatocytes 

(Guillouzo et al., 2007). Exposure of these cells to APAP demonstrated dose- and time-

dependent depletion of glutathione, protein adduct formation, mitochondrial superoxide and 

peroxynitrite formation, mitochondrial dysfunction (loss of the membrane potential) and 

eventually cell necrosis (McGill et al., 2011b). In contrast, APAP did not change any of 

these parameters in HepG2 cells and did not cause cell death. A very minor formation of 

protein adducts (<10% of HepaRG cell levels) confirmed the limited capacity of HepG2 

cells to metabolically activate APAP in these cells at less than pathophysiologically relevant 

levels (McGill et al., 2011b). APAP toxicity was also shown in a different, spontaneously 

immortalized human hepatocyte cell line (HC-04). This cell line is less well characterized 

and not commercially available. However, it also appears to retain its metabolic capacity 

(Lim et al., 2007). In the HC-04 cell line, APAP-induced cell death was prevented by the 

MPT inhibitor cyclosporin A and by the JNK inhibitor leflunamide (Latchoumycandane et 

al., 2006). In both cell lines, necrosis was the dominant form of cell death 

(Latchoumycandane et al., 2006; McGill et al., 2011b).

Earlier studies showing the formation of a reactive metabolite with GSH depletion and 

protein binding in mice (Mitchell et al., 1973) led to the introduction of NAC as an antidote 

against APAP overdose in patients (Prescott et al., 1977). Even today, NAC is the only 

approved treatment for APAP hepatotoxicity in the clinic (Larson, 2007). Subsequent studies 

in humans confirmed the initial assumption that there are similar mechanisms of toxicity in 

humans. Indirect evidence for a stress on the hepatic glutathione pool after therapeutic doses 

of APAP was provided by analysis of plasma GSH and cysteine turnover in healthy 

volunteers (Burgunder et al., 1989; Lauterburg and Mitchell, 1987). Later measurement of 

APAP protein adducts, which correlated with the severity of liver injury, in plasma of 

overdose patients provided direct support for the formation of a reactive metabolite and 

protein binding in humans (Davern et al., 2006; James et al., 2009; Muldrew et al., 2002). In 

addition, recent preliminary data demonstrating markers for mitochondrial injury (glutamate 

dehydrogenase activity; mitochondrial DNA) in plasma of APAP overdose patients with 

substantial liver injury suggest that APAP toxicity in patients correlates with mitochondrial 

damage (McGill et al., 2011a). In terms of necrosis and apoptosis, the massive cell contents 

release including liver enzymes observed in patients support the conclusion that necrosis is 

the dominant form of cell death in humans (McGill et al., 2011a). Although no increase in 
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caspase activities were detected in our patient samples (McGill et al., 2011a), low and 

variable levels of a caspase-dependent cleavage product of cytokeratin-18 have been 

detected (Bechmann et al., 2008; Rutherford et al., 2007; Volkmann et al., 2008). However, 

even if this would reflect actual apoptotic cell death and not just a minor activation of 

caspases, the consensus is that this represents only a minor fraction of cell death. Thus, 

together these data support the conclusion that mechanisms of APAP-induced liver injury in 

mice and in primary mouse hepatocytes can also be observed in human hepatocyte cell lines 

and in patients.

DRUG-INDUCED MITOCHONDRIAL INJURY AND OXIDANT STRESS

While acetaminophen toxicity is the most thoroughly investigated and well established 

example of mitochondria mediated drug-induced hepatic injury, there are other liver 

toxicants which appear to have similar mechanisms. Among the most interesting of these are 

drugs with idiosyncratic toxicity in humans. Idiosyncratic toxicity is toxicity that occurs at 

pharmacological doses and is characterized by low incidence (< 1 in 10,000 patients on the 

drug) and delayed onset. The non-steroidal antiinflammatory drugs (NSAIDs) diclofenac 

and nimesulide are well studied examples. While hepatotoxicity at therapeutic doses is rare, 

at supra-therapeutic doses both of these drugs can cause mitochondrial membrane 

permeabilization and mitochondrial dysfunction in both rodent models and in vitro (Berson 

et al., 2006; Lim et al., 2006). The ability of these somewhat acidic and lipophilic 

compounds to decrease the mitochondrial transmembrane potential is partially dependent 

upon their protonophoric properties. However, there is also evidence that both of these drugs 

can induce the MPT (Masubuchi et al., 2002; Berson et al., 2006; Lim et al., 2006). 

Masubuchi et al. (2002) found swelling and loss of Ca2+ retention in isolated rat liver 

mitochondria and loss of fluorescence of the mitochondria-targeted cationic fluorophore 

rhodamine 123 in cultured rat hepatocytes treated with diclofenac. Importantly, all of these 

effects were cyclosporin A (CsA)-sensitive. Follow-up studies by Lim et al. (2006) revealed 

that the human hepatocyte cell line HC-04 cotreated with diclofenac and the CYP2C 

inhibitor sulfaphenazole had reduced injury, despite a reduction in the mitochondrial 

transmembrane potential similar to cells treated with diclofenac alone. It was suggested that 

the uncoupling caused by the parent compound could dissipate the proton gradient across the 

inner mitochondrial membrane, but that true MPT was caused by reactive metabolites of the 

drug. This highlights the importance of studying drug toxicity in intact cells or animals, as 

the effect of the metabolite would have been missed in experiments using isolated 

mitochondria. Interestingly, later work by the same group found complete protection with 

CsA in HC-04 cells even in the absence of the CsA target cyclophilin D (Siu et al., 2008). 

Coupled with the observation that bax translocated into the mitochondria after diclofenac 

treatment and that siRNA knockdown of bax could partially protect against diclofenac 

toxicity in this model, these data suggest that the diclofenac-induced MPT is independent of 

the traditional MPT pore (composed of cyclophilin D, the adenine nucleotide transporter 

[ANT], and the voltage-dependent anion channel [VDAC]) and involves Bcl-2 family 

member proteins. It remains to be seen whether or not these findings are specific to HC-04 

cells. It is also somewhat puzzling that nearly complete knockdown of bax only afforded 

about 50% protection based on enzyme release, while CsA completely protected in this 
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model. In either case, mitochondrial depolarization plays an important role in diclofenac 

toxicity. Similar data are available as evidence of the MPT after nimesulide (Berson et al., 

2006).

The observation that these drugs can induce the MPT at high doses led to the hypothesis that 

their idiosyncratic toxicity may be the result of some deficiency in mitochondrial function or 

antioxidant defenses in affected patients (Masubuchi et al, 2002; Ong et al., 2007). 

Consistent with this, it was reported that delayed-onset troglitazone hepatotoxicity can be 

induced in partial SOD2-deficient mice (Ong et al., 2007). In addition to the implications for 

idiosyncratic toxicity, these results suggest a role for mitochondrial oxidative stress in the 

mechanism of troglitazone toxicity. Unfortunately, Fujimoto et al. (2009) were unable to 

repeat these data, despite finding that partial SOD2-deficient mice were more susceptible to 

APAP toxicity. Whether or not the difference in toxicity is related to the different vehicles 

and routes of administration used in the two studies has yet to be determined. Several other 

drugs with idiosyncratic toxicity have since been found to induce similar injury in this model 

of mitochondrial genetic insufficiency, including the NSAID nimesulide and the anti-

androgen flutamide (Ong et al, 2006; Kashimshetty et al., 2009). Unfortunately, these 

studies suffer from a lack of complete time course information. Nevertheless, if these data 

can be confirmed, this would suggest that mitochondrial oxidative stress is important in 

many drug toxicities and that impairment of mitochondrial antioxidant defenses may be part 

of the mechanism of many idiosyncratic adverse drug reactions. These results indicate that 

subclinical abnormalities in mitochondria may accelerate mitochondrial aging and lead to 

accumulation of mitochondrial damage with chronic drug dosing, which becomes apparent 

upon development of idiosyncratic toxicity (Boelsterli and Lim, 2007).

Interestingly, associations between drug-induced liver injury and genotypic variation in 

SOD2 and glutathione peroxidase 1 (GPX1) in humans have been reported (Huang et al., 

2007; Lucena et al., 2010). These data suggest that mutant SOD2 and/or GPX1 protein 

expression correlates with greater susceptibility to drug hepatotoxicity. It has been suggested 

that these polymorphisms result in greater H2O2 production or reduced detoxification within 

mitochondria upon drug stimulation, leading to increased mitochondrial damage (Huang et 

al., 2007; Lucena et al., 2010). In another recent study, evidence was provided for an 

association between idiosyncratic liver injury caused by the anti-epileptic valproate (VPA) 

and allelic variants of the mitochondrial DNA polymerase γ (POLG) gene in humans 

(Stewart et al., 2010). Based on these data, it is tempting to speculate that gradual 

accumulation of mitochondrial DNA (mtDNA) damage caused by drug-induced oxidative 

stress in patients with impaired mtDNA repair mechanisms may be a factor in some cases of 

idiosyncratic drug toxicity, especially if these changes affect expression of antioxidant 

defense genes. Evidence has been reported for the development of oxidative stress prior to 

toxicity in rats and primary rat hepatocytes after VPA administration (Tong et al., 2005a,b). 

Daily treatment with VPA up to two weeks resulted in a significant increase in 15-F2t-

isoprostane, a marker of oxidative stress, in both plasma and tissue prior to an increase in 

serum levels of the hepatocyte-specific enzyme α glutathione S-transferase (Tong et al., 

2005a). Similar data were obtained in vitro using 15-F2t-isoprostane and 2’,7’-

dichlorodihydrofluorescein diacetate fluorescence as markers of ROS (Tong et al., 2005b). 

In the latter model, depletion of GSH prior to VPA treatment resulted in greater oxidative 
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stress. The lack of GSH also facilitated the loss of the mitochondrial transmembrane 

potential and cell death. Importantly, several studies in humans taking VPA at therapeutic 

doses have revealed increases in plasma and urine markers of oxidative stress (Chang and 

Abbott, 2006). Based on these data, it is possible that VPA-induced oxidative stress in 

patients with an underlying impairment in antioxidant defenses or with silent mitochondrial 

dysfunction could lead to toxicity over time. Additional evidence for oxidant stress in 

idiosyncratic liver injury comes from a study which found an association between a 

combined glutathione-S-transferase GSTT1-GSTM1 deficiency and troglitazone 

hepatotoxicity in humans (Watanabe et al., 2003).

It has also been suggested that VPA can exert toxic effects through inhibition of 

mitochondrial β oxidation, leading to liver injury and microvesicular steatosis. VPA has 

been shown to cause carnitine depletion in some patients and a decrease in mitochondrial 

carnitine levels. There appear to be multiple mechanisms and possibly multiple metabolites 

involved (Lheureux and Hanston, 2009), with recent data showing inhibition of carnitine 

palmitoyl transferase I (CPT1) by the VPA metabolite valproyl-CoA (Aires et al., 2010). 

While glucuronidation eliminates most of the drug, β-oxidation is one of the major routes of 

metabolism for the remaining parent compound. Though not addressed by the authors, it is 

possible that inhibition of this pathway may result in shunting through other metabolic 

pathways, possibly enhancing the other hepatic effects of VPA including hepatocellular 

necrosis. VPA may also inhibit mitochondrial respiration (Jimenez-Rodriguezvila et al., 

1985).

Other drugs which may be direct inhibitors of mitochondrial respiration or β oxidation and 

which can cause liver injury include the non-nucleoside reverse transcriptase inhibitor 

efavirenz. Recent data in Hep3b cells suggest that this drug inhibits complex I in the electron 

transport chain, leading to dose-dependent ATP depletion, ROS formation, and altered lipid 

metabolism possibly as a result of increased AMPK activation (Blas-Garcia et al., 2010). 

The authors obtained similar, though less convincing, results with human liver tissues. 

Interestingly, these effects were exacerbated in Hep3b cells by treatment with a commonly 

prescribed combination of drugs for HIV treatment. Other drugs thought to cause liver injury 

through altered respiration or lipid metabolism include aspirin, tetracycline antibiotics 

(Fréneaux et al., 1988), and many more. Curiously, minocycline has been shown to inhibit 

mitochondrial respiration and cause mitochondrial dysfunction but has also been used as an 

MPT inhibitor in some conditions (Gieseler et al., 2009; Kupsch et al., 2009; Theruvath et 

al., 2008).

The antiarrhythmic amiodarone and the structurally similar drugs benzbromarone and 

benzarone have been shown to induce the MPT in hepatocytes (Kaufman, et al., 2005; 

Waldhauser et al., 2006). Treatment of rat hepatocytes for 1 hour with each of these drugs 

and loaded with [3H]-tetraphenylphosphonium bromide resulted in accumulation of 

radioactivity within mitochondria (Kaufman et al., 2005). They also showed an increase in 

mitochondrial swelling and reported that this effect could be partially inhibited by the MPT-

inhibitor CsA. At 8 hours, there was a significant increase in propidium iodide labeling of 

necrotic cells. The authors also found a small increase in the number of apoptotic rat 

hepatocytes and the release of cytochrome c in HepG2 cells treated with these drugs. 
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Unfortunately, interpretation of these data is complicated by the use of the different 

hepatocyte models. Based on the results from rat hepatocytes, it seems likely that these 

drugs cause cell necrosis through a mechanism involving the MPT. Other xenobiotics which 

have been suggested to induce the MPT in liver mitochondria include the alcohol abuse 

deterrent disulfiram (Balakirev and Zimmer, 2001), the peripheral benzodiazepine receptor/

translocator protein agonist alpidem (Berson et al., 2001), and aspirin (Battaglia et al., 2005; 

Trost and Lemasters, 1997).

A large number of drugs are thought to cause liver injury through mitochondrial dysfunction 

and oxidative stress (Pessayre et al., 2010). While acetaminophen is currently the best 

characterized example, future investigation will reveal in greater detail the mechanisms of 

toxicity of these other compounds. A possible involvement of mitochondria and oxidative 

stress in idiosyncratic drug hepatotoxicity is particularly exciting. (Boelsterli and Lim, 

2007). However, it is likely that idiosyncratic toxicity can occur through a number of 

different mechanisms, depending upon the drug. The delayed onset characteristic of many 

idiosyncratic reactions suggests a role for the adaptive immune system (Uetrecht, 2009; 

Adams et al., 2010; Zhang et al., 2011). Variation in drug metabolizing enzymes may also 

explain some cases of idiosyncratic toxicity (Andrade et al., 2009). The emerging evidence 

for the involvement of mitochondria and oxidative stress among these other mechanisms is 

an interesting contribution to our understanding of this phenomenon.

EXTRACELLULAR OXIDANT STRESS DURING DRUG-INDUCED 

INFLAMMATION

ROS generation by inflammatory cells

Resident macrophages (Kupffer cells) and infiltrating phagocytes (neutrophils, monocytes) 

can be extracellular sources of ROS formation during an inflammatory response. Kupffer 

cells are in a fixed position in sinusoids. Therefore, any ROS generated by Kupffer cells 

(NOX2-derived superoxide and hydrogen peroxide) is released into the vascular space and 

space of Disse before it can affect hepatocytes (Figure 3). Thus, GSH released by 

hepatocytes can in part neutralize this oxidant stress in the vascular space (Bilzer et al., 

2002; Jaeschke, 1992; Liu et al., 1994). In contrast, neutrophils have to extravasate and 

adhere to the target cell in order to be fully activated and produce a long-lasting adherence-

dependent oxidant stress (Jaeschke and Smith 1997). In this case, the ROS (hydrogen 

peroxide, hypochlorous acid) are generated in very close proximity to the target and can 

easily diffuse into the target cell (Entman et al., 1992). Thus, both KC and PMN generate 

ROS outside hepatocytes but the ROS diffuse into hepatocytes and trigger an intracellular 

oxidant stress as indicated by increased GSSG levels (Jaeschke et al., 1999) or increased 

chlorotyrosine protein adducts (Gujral et al., 2004a,b; Hasegawa et al., 2005). In addition, 

enhancement or deficiency of intracellular antioxidant systems protected or enhanced the 

injury, respectively (Bilzer et al., 1999; Jaeschke et al., 1999; Schauer et al., 2003). Because 

inflammatory liver injury is generally a self-aggravating process once it begins, 

strengthening of intracellular oxidant defenses attenuates the initial injury and, through 

limited further release of cell contents (damage-associated molecular patterns, DAMPs), also 

prevents the propagation of the inflammatory response (Jaeschke, 2006).
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Extracellular oxidant stress-induced cell death

Investigations of the mechanisms of hepatocyte cell death induced by externally added ROS, 

mainly hydrogen peroxide and tert-butyl hydroperoxide (tBHP), focused initially on protein 

thiol oxidation (Bellomo and Orrenius, 1985) and LPO (Rubin and Farber 1984). However, 

protein thiol oxidation could not be observed during oxidant stress-induced liver injury in 
vivo and the extent of LPO was insufficient to explain cell death (Smith et al., 1985). An 

important reason for some of the discrepancies was certainly the fairly high doses of ROS 

used in the early cell culture studies. Despite some of the concerns, two important 

observations were made (Farber, 1994). First, oxidant stress-induced cell death involves an 

endogenous source of ferric iron (Starke et al., 1985). Second, toxicity by hydrogen peroxide 

and tBHP requires formation of superoxide (Nakae et al., 1990; Starke and Farber, 1985). 

Subsequent experiments exposing cultured hepatocytes to moderate concentrations of tBHP 

demonstrated that the toxicity is caused by the mitochondrial MPT pore opening, which 

involves mitochondrial superoxide formation (Nieminen et al., 1995,1997). Furthermore, 

chelation of iron also reduced cell death (Nieminen et al., 1997). The lysosomal 

compartment was identified as the source of chelatable iron contributing to cell death (Starke 

et al., 1985; Uchiyama et al., 2008). Thus, moderate amounts of external ROS diffusing into 

hepatocytes can lead to lysosomal instability and release of iron into the cytosol where it is 

taken up into mitochondria by the calcium uniporter and contributes to the MPT (Uchiyama 

et al., 2008). These experiments documented that lysosomal iron mobilization can 

substantially sensitize hepatocytes to oxidant stress-mediated cell killing through a 

mitochondria-dependent mechanism (Uchiyama et al., 2008). A role for chelatable iron has 

also been shown for oxidant stress-induced liver injury in vivo (Smith, 1987).

ROS formation during drug-induced inflammation

There is no question that Kupffer cells, infiltrating monocytes/macrophages and recruited 

neutrophils can be activated and produce ROS and directly, through ROS-mediated 

mechanisms, can cause liver injury in hepatic ischemia-reperfusion injury, obstructive 

cholestasis and various models of endotoxemia (Jaeschke, 2003; 2011; Jaeschke and 

Hasegawa, 2006) (Figure 3). However, the role of inflammatory cells in producing ROS and 

causing liver injury during drug-induced liver injury is mechanistically much less defined 

and in some cases controversial. An involvement of Kupffer cells in the hepatotoxicity of 

various drugs and chemicals has been shown mainly by reducing the injury with gadolinium 

chloride (GdCl3), an intervention that inactivates Kupffer cells. Reduced liver injury with 

GdCl3 was shown after treatment with carbon tetrachloride (Edwards et al., 1993; elSisi et 

al., 1993), acetaminophen (Laskin et al., 1995; Michael et al., 1999), allyl alcohol 

(Przybocki et al., 1992) and cadmium (Sauer et al., 1997). Although GdCl3 can attenuate the 

capacity of Kupffer cells to produce ROS (Liu et al., 1995), it can also modulate the 

formation of cytokines and other mediators (Kono et al., 2002). Thus, it remains unclear in 

most cases how exactly Kupffer cells contribute to the injury mechanism of drug 

hepatotoxicity. In hepatic ischemia-reperfusion injury, there is direct evidence for Kupffer 

cell-induced ROS formation selectively during reperfusion (Jaeschke et al., 1991), consistent 

documentation that reduction in Kupffer-induced oxidant stress reduces reperfusion injury 

and activation of Kupffer cells enhances both the oxidant stress and the injury (Jaeschke and 

Farhood, 1991; Liu et al., 1995) and it was demonstrated that selective interventions against 
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Kupffer cell-derived ROS in the hepatic vasculature can reduce liver injury (Liu et al., 1994; 

Bilzer et al., 1999; Schauer et al., 2004). In contrast, a role for Kupffer cell-derived ROS has 

rarely been conclusively demonstrated in the pathophysiology of drug-induced liver injury. 

In the case of APAP, it was reported that GdCl3 pretreatment attenuated liver injury in the rat 

(Laskin et al., 1995) and mouse (Michael et al., 1999) and oxidant stress/peroxynitrite 

formation in mice (Michael et al., 1999). However, these results could not be confirmed by 

others in terms of both injury and oxidant stress reduction (Ito et al., 2003; Ju et al., 2002; 

Knight and Jaeschke, 2004). Most importantly, complete elimination of Kupffer cells by 

clodronate liposomes actually aggravated liver injury (Ju et al., 2002). The enhanced injury 

was caused by the elimination of IL-10 formation, which has a critical role in limiting the 

induction of intracellular iNOS (Bourdi et al., 2002). In addition, mice with deficiency of 

functional NADPH oxidase, which is the enzyme responsible for ROS formation in 

phagocytes, showed neither a reduction in ROS and peroxynitrite formation nor reduced 

liver injury (James et al., 2003a). In addition, the most active Kupffer cells are located in the 

periportal area (Bautista et al., 1990), which is away from the centrilobular area where 

necrosis develops after APAP treatment. Thus, these observations are inconsistent and 

incompatible with a role for Kupffer cell-induced oxidant stress in the pathophysiology of 

APAP hepatotoxicity. However, cytokine formation by Kupffer cells may modulate 

intracellular events and therefore Kupffer cells may play a role in the overall 

pathophysiology. Unfortunately, for most other drugs or chemicals where Kupffer cells have 

been implicated, there is little support for this hypothesis beyond reduced injury after GdCl3 

treatment and limited information regarding the actual mechanism.

Recruitment of neutrophils is a common response after tissue injury. However, this does not 

necessarily mean that these phagocytes aggravate the injury. Only if appropriately stimulated 

to extravasate and attack a stressed target cell, which would survive in the absence of 

neutrophils, are these phagocytes able to contribute to liver injury (Jaeschke, 2006). In 

general, neutrophils kill by formation of ROS, especially hypochlorous acid (Jaeschke, 

2006). In support of this concept, it was demonstrated that neutrophil cytotoxicity during 

obstructive cholestasis (bile duct ligation) involves formation of chlorotyrosine adducts in 

hepatocytes suggesting the diffusion of neutrophil-derived oxidants into hepatocytes (Gujral 

et al., 2003, 2004b). The fact that a MPT inhibitor protected against inflammatory liver 

injury after bile duct ligation supports the concept that the neutrophil-induced oxidant stress 

kills hepatocytes through mitochondrial depolarization (Rehman et al., 2008). Similar 

findings were obtained in hepatic ischemia-reperfusion injury. From the massive 

accumulation of neutrophils at the site of injury (Jaeschke et al., 1990), the direct evidence 

for hepatic neutrophil activation and neutrophil-specific ROS production during the late 

phase of reperfusion injury (Jaeschke et al., 1992; Hasegawa et al., 2005), the fact that 

various antibodies against β2 integrins on neutrophils reduce the postischemic oxidant stress 

and injury (Jaeschke et al., 1990; 1993; Liu et al., 1995) and the protection by NADPH 

oxidase inhibitors (Liu et al., 2008), there is solid experimental support for the importance of 

a neutrophil-mediated oxidant stress as the central mechanism of reperfusion injury. In 

contrast, there is much more limited support for a neutrophil component in drug- or 

chemical-induced hepatotoxicity. Halothane hepatitis (You et al., 2006), alpha-

naphthylisothiocyanate (ANIT) toxicity (Kodali et al., 2006; Roth and Dahm 1997) and 
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carbon tetrachloride-induced liver injury (Ohta et al., 2006) are examples for drug toxicity 

with evidence for neutrophil involvement. The conclusion that neutrophils contribute to 

APAP hepatotoxicity (Liu et al., 2006; Ishida et al., 2006) has been questioned due to off-

target effects of the neutropenia-inducing antibody used in these studies (Jaeschke and Liu, 

2007) and extensive experimental evidence that hepatic or peripheral neutrophils are not 

activated for ROS formation after APAP (Williams et al., 2010a). This is consistent with the 

absence of hypochlorite-modified proteins in the liver indicating that the accumulating 

neutrophils during APAP overdose do not produce ROS (Cover et al., 2006) and the fact that 

NADPH oxidase-deficient mice are not protected against APAP hepatotoxicity (James et al., 

2003a). Furthermore, a battery of interventions against neutrophils including NADPH 

oxidase inhibitors, antibodies against β2 integrins or use of mice deficient in these adhesion 

molecules failed to protect against APAP hepatotoxicity (Cover et al., 2006; James et al., 

2003a; Lawson et al., 2000; Williams et al., 2010a). Thus, despite the cytotoxic potential of 

neutrophils, an involvement of neutrophils in drug hepatotoxicity needs to be carefully 

assessed using multiple experimental approaches. In particular, it has to be kept in mind that 

many immunological interventions may also affect drug metabolism or cause gene 

expression changes that protect independent of the intended immune cell target, which 

makes these types of experiments especially vulnerable to misinterpretations. However, if an 

involvement of neutrophils can be established, the mechanism of toxicity most likely 

depends on the neutrophil-derived ROS affecting target cell mitochondria (Figure 3).
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Figure 1. Cellular mechanisms of oxidant generation and scavenging
Superoxide produced mainly from the mitochondrial electron transport chain can either react 

with nitric oxide to produce peroxynitrite or be converted to hydrogen peroxide by 

superoxide dismutases. The hydrogen peroxide thus formed can initiate lipid peroxidation 

by conversion to the hydroxyl radical or generate hypochlorous acid through the action of 

myeloperoxidase. Scavenging of hydrogen peroxide can occur through action of catalase, 

glutathione peroxidase or peroxyredoxin, which uses thioredoxin for its action. Glutathione 

helps as an anti-oxidant by functioning with glutathione peroxidase or directly scavenging 

species such as peroxynitrite and hypochlorous acid, while vitamin E interrupt the free 

radical chain reaction leading to lipid peroxidation.
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Figure 2. Acetaminophen-induced mitochondrial oxidant stress and its influence on cellular 
signaling
Metabolism of APAP results in generation of the reactive intermediate NAPQI, which forms 

protein adducts and induces mitochondrial oxidative stress. The increased generation of 

superoxide, especially from the mitochondrial electron transport chain and its reaction with 

nitric oxide results in production of peroxynitrite. The superoxide can be scavenged by 

superoxide dismutase 2 (SOD2) and converted to hydrogen peroxide, though the generation 

of peroxynitrite can interfere in this process by nitration of SOD2. Mitochondrial oxidative 

stress and hydrogen peroxide can also activate the MAP kinase JNK by multiple pathways, 

resulting in its phosphorylation and translocation to the mitochondria. This then amplifies 

the mitochondrial oxidant stress, which subsequently leads to activation of the mitochondrial 

permeability transition, translocation of mitochondrial proteins such as apoptosis inducing 

factor (AIF) and endonuclease G to the nucleus. This then results in DNA fragmentation and 

finally oncotic necrosis.
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Figure 3. Extracellular generation of ROS generation by inflammatory cells
Though both Kupffer cells as well as neutrophils can generate free radicals in the vicinity of 

hepatocytes, the location of generation influences the effect of oxidant generation. Radicals 

generated in the sinusoids by Kupffer cells need to diffuse through the vascular space as well 

as the space of Disse before reaching hepatocytes, and hence can be scavenged by GSH 

released from hepatocytes. The formation of reactive oxygen by extravasated neutrophils in 

close proximity to hepatocytes results in the diffusion of the oxidants into the target cell. The 

oxidant stress derived from neutrophils or Kupffer cells results mitochondrial dysfunction, 

mitochondrial oxidant stress and ultimately cell death.
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Mitochondrial proteins identified as forming acetaminophen-adducts (From Qui et al., 1998)

Protein Function

1 Glutathione peroxidase Anti-oxidant

2 Housekeeping protein -

3 Aldehyde dehydrogenase Alcohol metabolism

4 ATP synthase alpha subunit ATP synthesis

5 Homologous to 2,4-dienoyl-CoA reductase precursor
from rat

? Beta oxidation

6 Glutathione S transferase pi Detoxification
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