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Abstract

Acetaminophen (APAP) overdose is the leading cause of acute liver failure in the United States 

and APAP-induced hepatotoxicity is initiated by formation of a reactive metabolite which depletes 

hepatic glutathione and forms protein adducts. Studies over the years have established the critical 

role of c-Jun N terminal kinase (JNK) and its mitochondrial translocation, as well as mitochondrial 

oxidant stress and subsequent induction of the mitochondrial permeability transition in APAP 

pathophysiology. However, it is now evident that mitochondrial responses to APAP overdose are 

more nuanced than appreciated earlier, with multiple levels of control, for example, to dose of 

APAP. In addition, mitochondrial dynamics, as well as the organelle’s importance in recovery and 

regeneration after APAP-induced liver injury is also being recognized, which are exciting new 

areas with significant therapeutic potential. Thus, this review examines the temporal course of 

hepatocyte mitochondrial responses to an APAP overdose with an emphasis on mechanistic 

response to various trigger checkpoints such as NAPQI-mitochondrial protein adduct formation 

and activated JNK translocation. Mitochondrial dynamics, the organelle’s role in recovery after 

APAP and emerging areas of research which promise to provide further insight into modulation of 

APAP pathophysiology by these fascinating organelles will also be discussed.
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Introduction

Acetaminophen (APAP; N-acetyl-p-aminophenol) is a widely used analgesic worldwide and 

is the most common drug ingredient in the United states according to the Consumer 
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Healthcare Products Association, present in more than 500 different medicines, both 

prescription and over the counter. While safe at therapeutic doses, an overdose of APAP can 

result in significant hepatotoxicity and is the most common cause of acute liver failure in the 

United States (Lee, 2004). While therapeutic doses of APAP are mainly glucuronidated and 

sulfated followed by excretion through the kidney, a minor percentage is metabolized by the 

cytochrome P450 system to form a reactive metabolite N-acetyl-p-benzoquinone imine 

(NAPQI) (Ramachandran and Jaeschke, 2018). Since the low amounts of NAPQI generated 

with therapeutic doses APAP are efficiently scavenged by hepatic glutathione stores, no liver 

injury is seen with these doses. During an APAP overdose, however, generation of NAPQI is 

significantly elevated, overwhelming hepatic glutathione stores and resulting in depletion of 

liver glutathione, which sets the stage for a cascade of events culminating initially in 

necrosis of hepatocytes closest to the central vein with areas of necrosis subsequently 

radiating outward. The mitochondria are a critical early target for NAPQI adduct formation, 

with the early mitochondrial oxidant stress activating the Mitogen Activated Protein (MAP) 

kinase JNK in the cytosol (Ramachandran et al., 2018). Translocation of activated JNK from 

the cytosol to the mitochondria (Hanawa et al., 2008) then amplifies the mitochondrial 

oxidant stress and induces mitochondrial dysfunction with subsequent hepatocyte necrosis 

(Ramachandran and Jaeschke, 2019b). While NAPQI induced mitochondrial adduct 

formation and subsequent mitochondrial oxidant stress has been well studied over the last 

decades (Knight et al., 2002; Knight et al., 2001; Myers et al., 1995; Pumford et al., 1990), 

the discovery of the amplifying role of JNK was a more recent event (Gunawan et al., 2006; 

Hanawa et al., 2008). Thus, it is pertinent to examine the early mitochondrial events in the 

context of JNK activation, which typically occurs by 6 hours in human hepatocytes, with 

mitochondrial translocation by 15 h (Xie et al, 2014). In mice however, events are 

accelerated, with JNK activation within 60 minutes after a 300mg/kg dose of APAP, 

andmitochondrial translocation evident by 2h. This would help in better understanding the 

signaling cascade induced by NAPQI mediated mitochondrial adducts (Figure 1).

1. Early Mitochondrial changes after APAP overdose

Due to the reactivity of NAPQI, one of the very early events after its formation and depletion 

of hepatic glutathione stores is the formation of NAPQI adducts on cellular proteins. Studies 

focused on mitochondrial function demonstrated that NAPQI binding to mitochondrial 

proteins correlates with APAP toxicity (Jaeschke et al., 2003). In addition, mitochondrial 

protein adducts also seem to be responsible for the APAP-induced mitochondrial 

dysfunction (Hu et al., 2016b). The importance of mitochondrial protein adduct formation to 

APAP induced hepatotoxicity is illustrated by experiments which used exposure to the 

species-specific non-toxic regioisomer of APAP, N-acetyl-m-aminophenol (AMAP), which 

did not form mitochondrial adducts in mice, hamsters and cell lines (Matthews et al., 1997; 

Myers et al., 1995; Tirmenstein and Nelson, 1989). However, AMAP-induced mitochondrial 

adduct formation was demonstrated in human hepatocytes, where the regioisomer was 

indeed toxic (Xie et al., 2015). While glutathione depletion occurs rapidly (within 30 

minutes) after a 300mg/kg dose in mice (McGill et al., 2013; McGill et al., 2012), studies 

examining mitochondrial adducts and functional parameters are typically carried out much 

later making it difficult to differentiate changes inducing JNK activation and translocation 

from those induced by JNK translocation. Early studies using radioactive APAP 
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demonstrated highest levels of covalent binding in the cytosolic and ER fractions by 2 hours 

after a dose of 375mg/kg APAP in mice, but levels in mitochondria were also evident, being 

approximately 65% of that in the cytosol (Jollow et al., 1973). Subsequent proteomic studies 

at the 2h time point after a dose of 350mg/kg APAP in mice revealed a number of 

mitochondrial protein-adducts, including on mitochondrial aldehyde dehydrogenase, the α 
subunit of ATP synthetase, and glutathione peroxidase (Qiu et al., 1998). Modification of 

ATP synthase could influence protein activity and decreases in ATP synthase enzyme 

activity have been shown after APAP overdose (Parmar et al., 1995). However, these 

measurements were carried out at the 24h time point in the rat model (Parmar et al., 1995), 

which demonstrates significantly lower amounts of mitochondrial protein adducts and is not 

a good model in the human context (McGill et al., 2012). Very rapid drops in ATP content 

and oxygen consumption in the range of minutes have been demonstrated in hepatocytes 

directly exposed to 400μM NAPQI (Andersson et al., 1990), though the relevance of this 

time course to in-vivo exposure to APAP is questionable since it is unlikely that hepatocytes 

would be exposed to such concentrations of NAPQI generated extracellularly in vivo. 

However, drops in hepatic ATP content have been demonstrated by 90 minutes after a 

500mg/kg dose of APAP in the mouse (Jaeschke, 1990), which probably indicates an 

accelerated time course due to the higher dose. Adduct formation on glutathione peroxidase 

within 2h (Qiu et al., 1998) is likely to influence mitochondrial anti-oxidant capacity, but 

this seems to be a bystander effect, since mice deficient in glutathione peroxidase showed no 

exacerbation of APAP-induced liver injury (Knight et al., 2002). While a more recent 

proteomic analysis identified additional protein modified after APAP exposure including the 

voltage gated ion channel VDAC2 as well as antioxidant enzymes such as peroxiredoxin 6 

and redox sensitive chaperone PARK7 (Bruderer et al., 2015), a major caveat is that it was 

carried out on 3D Human Liver Microtissues exposed to concentration of APAP up to 10mM 

over a 3 day period, which does not match the in vivo acute injury seen with typical APAP 

overdose, although glutathione depletion, adduct formation and mitochondrial dysfunction is 

delayed in human hepatocytes when compared to mice (Xie et al., 2014).

Experiments in isolated mitochondria indicated that exposure to APAP inhibited NADH- 

and succinate-linked respiration reversibly, while spectral changes of cytochromes suggest 

that inhibition was at the Complex III region of the respiratory chain (Ramsay et al., 1989). 

However, experiments in isolated mouse hepatocytes exposed to 5mM APAP for 60 minutes 

also showed decrease in mitochondrial complex I and II mediated respiration without 

significant effect on complex III (Burcham and Harman, 1991). However, these experiments 

need cautious interpretation since they were carried out in hepatocytes in suspension cultures 

which artificially increase susceptibility of cells to APAP induced cell death when compared 

to adherent cells (Jaeschke et al., 2010). Interestingly, while Complex II of the respiratory 

chain was found to be susceptible to direct exposure to NAPQI when experiments were 

carried out in vitro (Lee et al., 2015), only half the mice treated with APAP in vivo showed 

inhibition of complex II activity 4 hours after a 450mg/kg dose (Lee et al., 2015). However, 

bypassing complex II in the respiratory chain using methylene blue resulted in significant 

protection against APAP-induced liver necrosis in vivo (Lee et al., 2015) indicating the 

modulation of electron transport chain complexes could influence APAP-induced injury. Our 

recent preliminary data on mitochondrial changes very early after an APAP overdose 
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indicates that while total adducts in the liver are detectable by 15 minutes after an overdose 

of 300mg/kg in mice, significant elevations in mitochondrial protein adducts were evident 

between 30–60 min (Nguyen et al., 2019), immediately after glutathione depletion. This 

occurred prior to JNK activation in the cytosol at 60 minutes, without significant change in 

electron transport chain parameters, indicating that mitochondrial respiratory function is 

maintained even after initial adduct formation, which is a requirement for JNK activation in 

the cytosol (Figure 1). Subsequent experiments indicate that antimycin-induced directional 

superoxide release from Complex III, preferentially to the intermembrane space of the 

mitochondria also activates cytosolic JNK along a similar time course as APAP treatment 

(Ramachandran et al, unpublished data). This raises the possibility that initial NAPQI-

induced mitochondrial adduct formation induces release of superoxide from complex III of 

the electron transport chain towards the cytosolic compartment, which then results in JNK 

activation without altering mitochondrial bioenergetics. Interestingly, a proteomic analysis 

of APAP-induced changes in mitochondrial protein expression identified complex III as the 

most upregulated within the ETC within 2h after a 300mg/kg dose in mice (Stamper et al., 

2011).

Activation of JNK in the cytosol is not a direct effect of cytosolic oxidant stress, but involves 

several intermediates including thioredoxin, apoptosis signal-regulating kinase 1 (ASK1), 

Mixed-lineage kinase 3 (MLK3) and Mitogen activated protein kinase kinase 4 (MKK4) 

(Ramachandran and Jaeschke, 2019b). NAPQI mediated mitochondrial adduct formation 

also results in activation of glycogen synthase kinase-3β (GSK3β) in the cytosol, followed 

by its translocation to the mitochondria with a time course slightly earlier than that of JNK 

after a 300mg/kg dose of APAP in mice (Shinohara et al., 2010). Silencing GSK3β 
significantly reduced JNK activation and protected mice against APAP hepatotoxicity 

(Shinohara et al., 2010), suggesting that GSK3β functions upstream of JNK, probably at a 

level parallel to ASK1 (Shinohara et al., 2010). In addition to these kinases, Bax also 

translocates to the mitochondria along a similar time course as JNK (Bajt et al., 2008; El-

Hassan et al., 2003). Bax translocation to mitochondria after an APAP overdose is probably 

induced by JNK activation, since phosphorylation of the 14–3-3 proteins (which normally 

tether Bax in the cytosol) by JNK promotes Bax translocation to mitochondria (Tsuruta et 

al., 2004).

2. The mitochondria after JNK translocation

Mitochondrial alterations subsequent to JNK, Bax and GSK3β translocation are one of the 

most intensively studied steps of the APAP-induced hepatocyte necrosis cascade. While 

binding partners and downstream signaling for JNK after APAP has been a focus of the 

Kaplowitz group, the lack of APAP-specific information for Bax and GSK3β requires 

extrapolation from other contexts. The mitochondrial outer membrane scaffold protein Sab 

has been identified as a binding partner for activated JNK (Win et al., 2011) and data from 

cardiomyocytes indicates that the N-terminal domain of GSK3β may function as a 

mitochondrial targeting sequence to facilitate binding to VDAC2 on the mitochondrial outer 

membrane (Tanno et al., 2014), while Bax likely directly inserts into the outer membrane 

(Westphal et al., 2011). Signal transduction after JNK-Sab interaction on the mitochondrial 

outer membrane involves release of SHP1 (PTPN6) from Sab in the inside of the 
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mitochondrial outer membrane, which leads to its activation and transfer to the inner 

membrane mediated by the platform protein DOK4 (Win et al., 2016). SHP1 then 

dephosphorylates P-Y419Src (active) to its inactive form, resulting in inhibition of the 

electron transport chain and formation of reactive oxygen species (Win et al., 2016) (Figure 

2).The NADH ubiquinone flavoprotein 2 at Tyr 193 of complex I and succinate 

dehydrogenase A at Tyr 215 of complex II are targets of Src phosphorylation and inhibition 

of Src activity decreased activity of the NADH dehydrogenase-ubiquinone oxidoreductase 

system in complex I (Lim et al., 2016). While exogenous expression of GSK3β in the 

mitochondria itself was shown to decrease complex I activity and ATP production as well as 

increase reactive oxygen species production (King et al., 2008), this was in neuroblastoma 

cells and so it is not clear if the same effects will be seen in hepatocytes. While evidence for 

Bax interaction with subunits of mitochondrial Complex I have been presented (Kim et al., 

2014), the deficiency of Bax does not influence APAP-induced mitochondrial ROS 

generation (Bajt et al., 2008), and while these mice showed early protection against APAP 

hepatotoxicity by 6 h, liver necrosis was similar to wild type mice at later 24h time points 

(Bajt et al., 2008). This suggests that alternate pathways for completion of necrotic cell 

death exist if Bax translocation is prevented in a milieu of oxidative stress. The above-

mentioned proteins are not the only molecules migrating to mitochondria after APAP. 

Transfer of iron from the lysosomes to mitochondria has been demonstrated between 2 and 4 

hours in hepatocytes exposed to APAP in culture (Kon et al., 2010). Lysosomal instability 

was also evident by 3h after APAP overdose in mice in vivo (Woolbright et al., 2012) and 

further studies in isolated primary hepatocytes reveal that iron translocation into 

mitochondrial after APAP occur through the calcium uniporter (Hu et al., 2016a).

Thus, the overall consequence of activation and translocation of JNK and its partners to the 

mitochondria is an increased generation of superoxide from the organelle (Yan et al., 2010), 

and the critical role played by JNK in ROS formation is evident in the protection against 

APAP hepatotoxicity by blockade of JNK activation and translocation (Akakpo et al., 2019; 

Huo et al., 2017; Saito et al., 2010a). The importance of mitochondrial superoxide is evident 

in the exacerbation of APAP hepatoxicity seen in mice with partial deficiency of 

mitochondrial localized manganese superoxide dismutase (MnSOD) (Fujimoto et al., 2009; 

Ramachandran et al., 2011b) and further confirmed by robust protection afforded by 

mitochondrially targeted superoxide dismutase mimetics such as Mito-TEMPO (Du et al., 

2017a; Du et al., 2019). Recent studies also highlight the importance of modulation of 

mitochondrial bioenergetics in influencing mitochondrial events post JNK translocation as 

seen in mice deficient in pyruvate dehydrogenase kinase 4, which showed a rapid alteration 

(by 2h) of mitochondrial uncoupling protein 2 (UCP2) levels after APAP and were protected 

against liver injury despite JNK translocation to mitochondria (Duan et al., 2020).

Mechanistically, however, it is the reaction product of mitochondrial generated superoxide 

with nitric oxide to form peroxynitrite (Cover et al., 2005; Knight et al., 2001; Saito et al., 

2010b), which further amplifies mitochondrial dysfunction. Formation of peroxynitrite in 

centrilobular hepatocytes was identified by immunostaining for nitro-tyrosine modified 

proteins after an APAP overdose in mice (Hinson et al., 1998). Evidence that significant 

peroxynitrite formation occurs subsequent to JNK activation and translocation arises from 

studies which revealed nitro-tyrosine staining in sinusoidal endothelial cell staining within 1 
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hour after a 300mg/kg dose of APAP in mice, with hepatocyte staining only by 4h post 

APAP (Knight et al., 2001). The source of mitochondrial nitric oxide for peroxynitrite 

formation after APAP has been unclear, with various nitric oxide synthase (NOS) inhibitors 

having either no effect or exacerbating APAP induced liver injury (Hinson et al., 2002) and 

iNOS deficient mice showing injury similar to wild type animals (Saito et al., 2010a). 

Though a definite molecular source is yet to be conclusively determined, currently, the most 

plausible candidate seems to be neuronal NOS (nNOS), a putative mitochondrial NOS 

(Finocchietto et al., 2009). Pharmacological inhibition of nNOS was shown to protect 

hepatocytes against APAP-induced necrosis in vitro (Banerjee et al., 2015) and nNOS 

deficient mice were also protected against APAP-induced liver injury (Agarwal et al., 2012). 

Consequences of peroxynitrite formation are widespread, ranging from post translational 

modification and inhibition of MnSOD (Agarwal et al., 2011), which would further 

compromise mitochondrial superoxide scavenging, to mitochondrial DNA modification and 

loss (Cover et al., 2005). The critical role played by peroxynitrite-induced protein 

modification in APAP-hepatotoxicity is evident from the fact that scavenging peroxynitrite 

by resveratrol (Du et al., 2015) or mitochondrial glutathione (Knight et al., 2002; Saito et al., 

2010b) protects against liver injury.

3. Mitochondrial permeability transition- effect of dose

It is now clear that amplification of mitochondrial oxidative and nitrosative stress by JNK 

translocation facilitates induction of the mitochondrial permeability transition and loss of 

membrane potential (Kon et al., 2004; Masubuchi et al., 2005; Ramachandran et al., 2011a). 

While these events were considered to be terminal for mitochondrial function, with 

subsequent loss of functional capacity, it is now being recognized that these changes are 

much more nuanced than earlier appreciated with the dose of APAP modulating the extent of 

damage. The mitochondrial permeability transition pore (MPTP) on the inner mitochondrial 

membrane has been functionally recognized to allow movement of molecules of less than 

1.5kDa across the membrane (Bernardi et al., 1994) and its regulation by cyclophilin D from 

within the mitochondrial matrix is also well characterized (Baines et al., 2005; Karch and 

Molkentin, 2014). The molecular identity of the MPTP has been intensively investigated 

over the last decades and while studies are ongoing, an emerging candidate is the c-subunit 

of ATP synthase (Mnatsakanyan et al., 2017) though roles for other proteins such as the 

adenine nucleotide transporter are still being clarified. Recent studies using reconstituted 

purified monomeric ATP synthase from porcine heart mitochondria into vesicles with 

mitochondrial inner membrane composition indicate that the ATP synthase monomer is 

sufficient for MPTP activity (Mnatsakanyan et al., 2019). However, there is possibly some 

difference between tissues, since liver mitochondrial MPTP seems to be mediated by the 

adenine nucleotide transporter (ANT) and an additional cyclosporin inhibitable component 

(Karch et al., 2019) which is yet to be identified conclusively. However, these identified 

components could also be functioning as part of a large multi protein complex, since ANT 

has been shown to interact and form a complex with F1FO ATP synthase (Chen et al., 2004; 

Mnatsakanyan et al., 2017). In spite of the investigations on the inner mitochondrial 

membrane pore, contributors to the permeabilization of the outer membrane are mainly Bax 

and the protein Bak (Karch et al., 2013; Karch and Molkentin, 2015). However, Bax 

regulated outer membrane permeabilization, while acting in synergy with inner membrane 
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permeabilization, also seems to be separately regulated in certain contexts. For example, 

activation of the inner membrane permeability transition and loss of mitochondrial 

membrane potential can occur in absence of Bax and Bak (Karch et al., 2013), and Bax has 

been shown to form two distinct types of channels which can fine-tune outer membrane 

permeabilization (Lin et al., 2011).

The protection against APAP induced liver injury afforded by pharmacological inhibition of 

cyclophilin D in vitro (Kon et al., 2004) implicated the mitochondrial permeability transition 

(MPT) in mitochondrial dysfunction after APAP. However, this protection was transient, 

evident at 6h but disappearing by 16h after APAP (Kon et al., 2004) suggesting that 

sustained upstream signaling can bypass the blockade mediated by cyclophilin D inhibition. 

The relevance of dose was evident in in vivo studies, where mice lacking cyclophilin D were 

protected against liver injury when exposed to APAP at 200mg/kg (Ramachandran et al., 

2011a), but were not protected at the higher 600mg/kg dose (LoGuidice and Boelsterli, 

2011). Interestingly, an in vivo study comparing a low 150mg/kg dose of APAP with 

300mg/kg in mice demonstrated transient JNK activation and reversible induction of the 

MPTP at the lower dose with irreversible MPTP at the higher dose (Hu et al., 2016b). This 

indicates that sustained JNK activation is required to maintain necrotic cell signaling after 

APAP overdose and induction of the MPTP is not the terminal event for mitochondrial 

dysfunction. Such transient opening of the MPTP are now recognized as having possible 

physiological functions in various systems (Boyman et al., 2019; Mnatsakanyan et al., 

2017). With regards to JNK localization on mitochondria, rigorous time course examinations 

are lacking, but our preliminary data indicates that activated phospho-JNK on mitochondria 

gradually disappears by 24h after a 300mg/kg dose of APAP in mice, indicating an 

additional level of control by modulating duration of P-JNK localization on mitochondria. 

MAP kinases are typically inactivated by dephosphorylation by mitogen-activated protein 

kinase phosphatases (Keyse, 2000) and mitogen-activated protein kinase phosphatase 1 

(MKP-1) is responsible for dephosphorylation of JNK (Wancket et al., 2012). Interestingly, 

MKP-1 deficient mice showed an increased susceptibility with prolonged JNK activation 

(Wancket et al., 2012), suggesting that MKP-1 restricts APAP-induced necrosis and hence 

its influence on duration of JNK activation provides fine control of the dose response to 

APAP-induced mitochondrial oxidant stress. Ultimately, in the face of persistent JNK 

activation and sustained mitochondrial oxidant stress, induction of the mitochondrial 

permeability transition results in release of inter membrane proteins such as apoptosis 

inducing factor (AIF) and endonuclease G, which translocate to the nucleus to induce DNA 

fragmentation and hepatocyte necrosis. These aspects have been extensively reviewed 

recently (Jaeschke et al., 2019b; Ramachandran and Jaeschke, 2019a) and hence preclude 

discussion in this mitochondria-focused review. Nevertheless, irreversible opening of the 

MPTP, accompanied by mitochondrial matrix swelling and release of intermembrane 

proteins causing DNA fragmentation, represent the point of no return for APAP-induced cell 

death.
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4. Mitochondrial dynamics, biogenesis and its role in liver recovery after APAP-induced 
injury

While mitochondrial morphology was not a focus of early studies examining its role in 

cellular energy homeostasis, evidence from recent decades have established that 

mitochondria are dynamic organelles undergoing significant changes in morphology which 

are interlinked with its function. Thus, mitochondria undergo fission and fusion during 

maintenance of cellular homeostasis, which can be perturbed in pathophysiological 

conditions. APAP overdose was shown to induce elevations in the mitochondrial fission 

protein Drp1 and its translocation to mitochondria after APAP overdose resulting in 

mitochondrial fission (Ramachandran et al., 2013). Drp1 translocation and mitochondrial 

fission are downstream of JNK activation and mitochondrial translocation, since mice 

lacking Sab, the JNK binding partner on the mitochondrial outer membrane, did not show 

Drp1 translocation (Dara et al., 2015). Drp1 mediated mitochondrial fission could influence 

later events such as the MPTP, since Drp1 can interact with and reciprocally regulate Bax 

(Karbowski et al., 2002; Wang et al., 2015; Wu et al., 2011). Considering the earlier 

discussed translocation of lysosomal iron to mitochondria after APAP, it is also interesting to 

note that iron has been suggested to modulate mitochondrial dynamics (Upadhyay and 

Agarwal, 2019), albeit studied in neuronal systems. An excess of mitochondrial iron seems 

to facilitate mitochondrial fission (Upadhyay and Agarwal, 2019), which is what is evident 

after APAP. Delving deeper into mitochondrial structural features, cristae are mitochondrial 

inner membrane invaginations which increase inner membrane surface area and host 

components of the ETC. Recent evidence now highlights structural alterations in cristae 

which influence function of the electron transport chain (ETC) allowing adaptation to 

cellular perturbations. It has been shown that the arrangement of ETC complexes vary 

between normal cellular conditions and situations of stress, which facilitate formation of 

ETC super-complexes to modulate reactive oxygen production and ATP generation (Baker et 

al., 2019). In this context, it is interesting to note that APAP was also suggested to block 

assembly of mitochondrial respiratory super complexes by modulation of the mitochondrial 

negative regulator MCJ, which ultimately decreased ATP production and enhanced ROS 

generation (Barbier-Torres et al., 2017). Thus, the remodeling of cristae and mitochondria 

can regulate mitochondrial efficiency and influence cellular bioenergetic status (Baker et al., 

2019), which would have significant consequences on subsequent cellular viability.

While the roles of mitochondria in APAP-induced liver injury have been extensively 

investigated as detailed above, APAP overdose also triggers adaptive responses which 

attempt to maintain homeostasis in the face of mitochondrial dysfunction by removal of 

damaged mitochondria (Figure 3). Such autophagic responses are important, since they 

facilitate removal of APAP-protein adducts (Ni et al., 2016) and limit APAP induced injury 

(Ni et al., 2012). A specialized version of autophagy targets mitochondria and removes 

damaged mitochondrial by mitophagy (Jaeschke et al., 2019a; Ni et al., 2012; Ni et al., 

2013) through a PINK1-Parkin signaling pathway (Wang et al., 2019) and inhibition of this 

process results in exacerbation of APAP-induced liver injury (Baulies et al., 2015). While 

the dose of APAP would dictate the effectiveness of limiting liver injury by the adaptive 

mechanisms, it is now becoming evident that patient prognosis after an APAP overdose is 

not only dependent on the extent of injury, but also on the liver’s inherent capacity to 
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regenerate (Schmidt and Dalhoff, 2005). APAP hepatotoxicity-induced liver regeneration 

involves a complex interplay of several signaling mediators, including growth factors, 

cytokines, angiogenic factors, and other mitogenic pathways (Bhushan and Apte, 2019). 

Mitochondrial biogenesis has been recognized to play an important role in recovery after an 

APAP overdose (Jaeschke et al., 2019a; Ramachandran and Jaeschke, 2019b; Ramachandran 

et al., 2018), especially in surviving cells bordering the areas of centrilobular necrosis (Du et 

al., 2017b). This spatially defined enhancement of mitochondrial biogenesis plays a critical 

role in liver recovery after APAP, with pharmacological activation of mitochondrial 

biogenesis facilitating liver recovery and regeneration (Du et al., 2017b). Centrilobular 

necrosis is a characteristic of APAP-induced liver injury and illustrates the importance of 

spatial heterogeneity of hepatocytes to drug-induced liver injury. The enhanced 

susceptibility of centrilobular hepatocytes to APAP hepatotoxicity has been attributed to 

several reasons, including increased expression of cyp2E1, the prominent cytochrome P450 

enzyme metabolizing APAP, as well as lower levels of glutathione stores (Sezgin et al., 

2018). However, another putative reason for this spatial divergence in susceptibility, which 

has been relatively neglected, is the heterogeneity of mitochondria in hepatocytes from the 

central and portal regions. Zonal mitochondrial heterogeneity within the liver has been well 

recognized from an anatomical perspective for several decades (Ferri et al., 2005; Gebhardt 

and Matz-Soja, 2014; Guzman et al., 1995) but the role this plays in influencing 

pathophysiology such as drug-induced liver injury is not well understood and would be 

interesting to study.

Conclusions

In summary, while extensive investigation over the years have highlighted the critical role of 

mitochondrial dysfunction and oxidant stress in APAP-induced hepatotoxicity, the somewhat 

naive concept of the organelle as a silent gatekeeper allowing downstream events to occur 

once JNK is activated and translocates to it is clearly rather simplistic. If anything, the 

mitochondria function as a highly regulated and selective gatekeepers, with nuanced 

responses dictated by multiple stimuli, JNK translocation being one among them. Recent 

evidence also indicates that mechanisms of mitochondrial oxidant stress immediately after 

NAPQI-adduct formation, which initially result in JNK activation are mechanistically 

distinct from those inducing free radical formation from the ETC subsequent to JNK 

translocation. Other emerging areas of research including the role of mitochondrial 

dynamics as well as zonal heterogeneity in dictating regenerative responses after APAP are 

poised to provide exciting information which could facilitate development of late acting 

therapeutics to prevent development of liver failure after an APAP overdose.
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Figure 1: A temporal representation of signaling events targeting mitochondria after a 300mg/kg 
acetaminophen overdose in the mouse.
Reaction of NAPQI generated after an APAP overdose with cellular GSH results in its rapid 

depletion within 30 minutes, when NAPQI-protein adducts in the liver are detectable. 

NAPQI reaction with mitochondrial proteins cause rapid subsequent elevation of 

mitochondrial protein adducts, accompanied by mild oxidant stress through interference 

with the electron transport chain. This activates the mitogen activated protein (MAP) kinase 

c-jun N-terminal kinase (JNK) in the cytosol within 1hr, followed by its translocation to the 

mitochondria within 2h. The subsequent amplification of mitochondrial oxidant stress along 

with generation of peroxynitrite by reaction of superoxide with nitric oxide results in 

induction of the mitochondrial permeability transition and release of endonuclease G and 

Apoptosis inducing factor (AIF) into the cytosol. By 6h after APAP, these proteins 

translocate to the nucleus, inducing DNA fragmentation and subsequent cell necrosis.
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Figure 2. Mitochondrial response to an APAP overdose:
NAPQI protein adduct formation on mitochondrial proteins is a relatively early event after 

and APAP overdose. While complete mechanistic details are still to be worked out, adduct 

formation causes elevated superoxide production, especially towards the cytosol, probably 

from complex III of the respiratory chain. This early superoxide release seems to occur 

without appreciable mitochondrial dysfunction, with bioenergetic parameters being 

maintained. The cytosolic release of mitochondrial derived free radicals ultimately activates 

the mitogen activated protein (MAP) kinase c-jun N-terminal kinase (JNK) through several 
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intermediates which have been reviewed elsewhere (Ramachandran and Jaeschke, 2019b). 

Subsequent translocation of JNK as well as other proteins such as Bax and GSK3β activate a 

signaling cascade which is likely distinct from the early mechanism of superoxide elevation. 

This post-JNK translocation phase is induced by release of SHP1 from its binding partner 

Sab on the outer membrane following JNK-Sab binding. This in turn dephosphorylates Src, 

which then results in inhibition of mitochondrial electron transport and enhanced superoxide 

formation. Superoxide reaction with nitric oxide results in peroxynitrite formation, which 

exacerbates mitochondrial dysfunction. This amplification of mitochondrial oxidant stress 

after JNK translocation ultimately results in activation of the mitochondrial permeability 

transition pore (MPTP) opening facilitated by Bax on the mitochondrial outer membrane. 

Release of proteins such as endonuclease G and AIF from mitochondria through the MPTP 

ultimately causes nuclear DNA fragmentation and hepatocyte necrosis after their 

translocation to the nucleus.
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Figure 3: Spatial distinctions of mitochondrial response to APAP overdose:
APAP overdose is characterized by centrilobular necrosis initiated in hepatocytes around the 

central vein. These cells will have significant mitochondrial dysfunction and morphological 

changes such as mitochondrial fission. Cells immediately adjacent to those undergoing 

necrosis will be attempting adaptation by removing damaged mitochondria undergoing 

fission by mitophagy and may recover if adaptation is successful. Surviving cells at the outer 
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border, will induce mitochondrial biogenesis in order to facilitate recovery and regeneration 

of hepatocytes lost by necrosis.
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