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Abstract

Although necrosis is recognized as the main mode of cell death induced by acetaminophen 

(APAP) overdose in animals and humans, more recently an increasing number of publications, 

especially in the herbal medicine and dietary supplement field, claim an important contribution of 

apoptotic cell death in the pathophysiology. However, most of these conclusions are based on 

parameters that are not specific for apoptosis. Therefore, the objective of this review was to re-visit 

the key signaling events of receptor-mediated apoptosis and APAP-induced programmed necrosis 

and critically analyze the parameters that are being used as evidence for apoptotic cell death. Both 

qualitative and quantitative comparisons of parameters such as Bax, Bcl-2, caspase processing and 

DNA fragmentation in both modes of cell death clearly show fundamental differences between 

apoptosis and cell death induced by APAP. These observations together with the lack of efficacy of 

pan-caspase inhibitors in the APAP model strongly supports the conclusion that APAP 

hepatotoxicity is dominated by necrosis or programmed necrosis and does not involve relevant 

apoptosis. In order not to create a new controversy, it is important to understand how to use these 

“apoptosis” parameters and properly interpret the data. These issues are discussed in this review.
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1. INTRODUCTION

Apoptosis, a form of cell death different from the commonly recognized necrosis, was first 

described in the 1970s by Kerr and coworkers (Kerr et al., 1972). However, it took another 
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20 years until major progress was made in understanding the specific signaling mechanisms 

of apoptosis including the discovery of caspases in the 1990s (Green and Kroemer, 1998; 

Thornberry, 1997). As a consequence, the number of publications describing apoptotic cell 

death in virtually every disease process including liver diseases, increased exponentially. 

This culminated in the prevailing hypothesis that apoptosis is the dominant form of cell 

death for most liver diseases (Guicciardi and Gores, 2005). A typical example of this 

development was hepatic ischemia-reperfusion injury, where initial studies only recognized 

necrosis mainly caused by inflammatory cells (Jaeschke, 1998). However, only a few years 

later, the injury appeared to be exclusively caused by apoptosis (Neuman, 2001; Rudiger et 

al., 2003). Although subsequent studies questioned these conclusions and demonstrated 

convincingly that cell death during hepatic ischemia-reperfusion is caused by necrosis and 

that apoptosis is of very limited relevance (Gujral et al., 2001; Yang et al., 2014), the idea 

that apoptosis is somehow important prevails until today (Cao et al., 2016). For 

acetaminophen (APAP) hepatotoxicity, a slightly different story developed. Whereas early 

studies suggested necrosis (Mitchell et al., 1973), only few studies surfaced that implicated a 

relevant contribution of apoptosis (El-Hassan et al., 2003; Ray and Jena, 2000; Ray et al., 

1996). In addition, direct comparison between apoptosis and APAP-induced cell death 

showed very clearly that APAP-induced liver injury is caused by necrosis and not apoptosis 

(Gujral et al., 2002). Today, none of the main laboratories investigating mechanisms of 

APAP hepatotoxicity suggest a role for apoptosis in the pathophysiology (Iorga et al., 2017; 

Jaeschke et al., 2012; Hinson et al., 2010; Ramachandran and Jaeschke, 2018).

However, during the last few years a rapidly increasing number of studies, especially in the 

natural product literature, are being published that again claim that apoptosis is an important 

part of the pathophysiology (e.g, Ahmed et al., 2016; Cao et al., 2018; Dong et al., 2014; Hu 

et al., 2017; Hong et al., 2012; Li et al., 2013; Sharma et al., 2011; Song et al., 2014; Wang 

et al., 2010; Wang et al., 2017, Wang et al., 2018; Zhang et al., 2017; Zhao et al., 2012). 

Although most of these studies do not appear to directly challenge previous reports 

regarding the lack of apoptosis, they mainly ignore the pertinent literature and simply 

conclude based on the measurement of a few, assumed apoptosis parameters that the natural 

product that is being tested is protecting due to its anti-apoptotic effect (e.g. Ahmed et al., 

2016; Cao et al., 2018; Dong et al., 2014; Hu et al., 2017; Hong et al., 2012; Li et al., 2013; 

Sharma et al., 2011; Song et al., 2014; Wang et al., 2010; Wang et al., 2017, Wang et al., 

2018; Zhang et al., 2017; Zhao et al., 2012). Unfortunately, this is perpetuating a 

fundamentally wrong conclusion, which not only questions the proposed mechanism of 

protection of a particular natural product but runs the risk that many other studies follow 

their lead. Therefore, the objective of this review is to re-visit the mechanisms of apoptosis 

and how this can be studied in APAP toxicity.

2. SIGNALING MECHANISMS OF APOPTOTIC CELL DEATH IN 

HEPATOCYTES

Apoptosis is characterized by very tightly regulated signaling mechanisms (Guicciardi and 

Gores, 2005; Schattenberg et al., 2006). There are 2 principal pathways of apoptosis 

induction: the extrinsic (cell death receptor) pathway and the intrinsic (mitochondrial 
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pathway). Both pathways trigger the activation of intracellular proteases and endonucleases, 

which are responsible for the breakdown of the cell (Figure 1). In the case of the extrinsic 

pathway, a ligand (e.g., FasL) binds to the death receptor (e.g., Fas receptor), which triggers 

the trimerization of the receptor and the formation of a death-inducing signaling complex 

consisting of the cytoplasmic death domain of the receptor, an adapter molecule (e.g. FADD) 

and procaspase-8 or -10. Through autocatalytic processing, the active caspase is generated, 

which can cleave the pro-apoptotic Bcl-2 family member Bid to form tBid. This truncated 

form of Bid translocates to the mitochondria and facilities together with Bax and Bak the 

formation of pores in the outer mitochondrial membrane (MOMP), which enable the release 

of intermembrane proteins. Critical for the progression of apoptotic signaling is the 

mitochondrial release of cytochrome c, which facilitates the formation of the apoptosome 

and the activation of caspase-9 and subsequently caspase-3. The active caspase-3 can 

promote procaspase-8 cleavage and further amplify the pro-apoptotic signaling loop through 

the mitochondria and it can cleave downstream targets to continue the apoptosis pathway. 

One of the targets of caspase-3 is the inhibitor of caspase-activated DNase (ICAD). 

Cleavage of ICAD liberates CAD for translocation to the nucleus causing nuclear DNA 

cleavage into inter-nucleosomal fragments of 180 base pairs and multiples thereof (Nagata et 

al., 1998). The intrinsic pathway of apoptosis is activated mainly by internal signals such as 

Bax activation and its translocation to the mitochondria and then follows the same signaling 

events downstream of MOMP formation as the extrinsic pathway. Hepatocytes generally 

require mitochondria to amplify the death signal and execute apoptosis (type II cell) 

(Scaffidi et al., 1998). However, a very strong signal at the Fas receptor can lead to sufficient 

caspase-8 activation, which in turn directly activates enough caspase-3 to cause apoptotic 

cell death (type I cell) (Schüngel et al., 2009).

Because a number of cytokines and stress signals can activate the apoptotic pathways, it is 

critical to have checkpoints in the process in order to avoid accidental activation. FLICE-

inhibitory proteins can prevent death receptor activation (Krueger et al., 2001) and inhibitors 

of apoptosis (IAPs) in the cytosol can bind to certain pro-caspases and activated caspases 

and prevent further activation (Marivin et al., 2012; Wang and Lin, 2013). On the other hand, 

Second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding 

protein with low pI (Smac/Diablo) can be released from mitochondria and inactivate IAPs to 

allow apoptotic signaling to progress (Fulda, 2015). The intermembrane proteins apoptosis-

inducing factor (AIF) and endonuclease G can also be released through the outer membrane 

pores but do not appear to be critical for caspase-dependent apoptosis (van Gurp et al., 2003) 

but can contribute to DNA fragmentation during non-apoptotic cell death, e.g. APAP toxicity 

(Bajt et al., 2006). Additional regulators of both the extrinsic and the intrinsic pathway are 

the anti-apoptotic molecules Bcl-2 and Bcl-xL, which act mainly through heterodimerization 

of pro-apoptotic Bcl-2 family members like Bax and Bak in the outer mitochondrial 

membrane, which prevents the outer membrane permeabilization (Chao and Korsmeyer, 

1998).

Thus, apoptotic signaling pathways are well defined and can be measured by a number of 

parameters including caspase activities, pro-caspase processing, cell morphology changes, 

DNA fragmentation, translocation of pro-apoptotic factors to the mitochondria and release 

of mitochondrial intermembrane proteins into the cytosol or translocation to the nucleus. 
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Some of the parameters are relatively specific, e.g. caspase activation; however, it is 

important to keep a quantitative perspective between these parameters and the extent of cell 

death. This is best accomplished by using a positive control for apoptosis such as Fas- or 

TNF-induced apoptosis. In addition, caspase inhibitors are highly effective in preventing 

apoptosis and should be used to demonstrate the relevance of apoptosis in the overall cell 

death (Bajt et al., 2000).

3. EXPERIMENTAL EVIDENCE FOR APOPTOSIS IN ACETAMINOPHEN-

INDUCED CELL DEATH

3.1 Morphology

Apoptosis was initially defined by characteristic morphological features including cell 

shrinkage, chromatin condensation and margination, nuclear fragmentation, membrane 

blebbing and the breakdown of the cell into apoptotic bodies (Kerr et al., 1972) (Figure 2). 

However, the morphological characteristics of APAP-induced cell death are fundamentally 

different and include cell swelling, karyolysis, cell contents release and inflammation 

(Gujral et al., 2002) (Figure 2). Importantly, the apoptotic bodies generated during apoptosis 

will be removed through phagocytosis by macrophages or neighboring cells thereby 

preventing the initiation of an inflammatory response (Ravichandran, 2010).

In general, if apoptosis is a relevant contributor to the overall cell death in the liver, the 

apoptotic cells are easily identifiable with light microscopy (×100 or ×200) in H&E stained 

liver sections (Figure 2). However, some investigators prefer a higher magnification (×1000) 

or even use electron microscopy (×8,000) (Ray et al., 1996). This allows a better view of the 

morphology of individual cells. However, the caveat is that due to regular cell turnover in the 

liver, at any given time there are thousands of cells undergoing apoptosis. Thus, it is always 

possible to find individual apoptotic cells using higher magnification. However, the very 

miniscule field of view of electron microscopy makes it very difficult to quantitatively assess 

the percentage of apoptotic cells in the total liver, and if these cells are part of the 

pathophysiology or just regular cell turnover.

The classical mechanism of apoptosis applies mainly to the turnover of individual cells or 

removal of cells during development (Jacobson et al., 1997). Under these conditions, cellular 

organelles remain intact and no intracellular content is released. However, under 

pathophysiological conditions, when a number of contiguous cells undergo apoptosis, the 

process cannot be completed. Instead, due to declining cellular ATP levels, the cells switch 

from apoptosis to secondary necrosis characterized by organelle swelling and cell content 

release (Bajt et al., 2000; Jaeschke and Lemasters, 2003; Ogasawara et al., 1993) and 

subsequently an inflammatory response. The fundamental difference between APAP-

induced oncotic necrosis and secondary necrosis is that only during secondary necrosis 

extensive caspase activities are detectable and pancaspase inhibitors prevent both apoptosis 

and the following secondary necrosis (Jaeschke et al., 2004).
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3.2 Nuclear DNA Fragmentation

Most of the confusion regarding mode of cell death comes from misinterpretation of 

presumed biochemical apoptosis parameters as none of the recent papers show any evidence 

of apoptotic morphology. It was recognized very early that APAP hepatotoxicity causes 

genomic DNA fragmentation as indicated by a DNA ladder on agarose gel (Ray et al., 1990; 

Shen et al., 1991). Since this did not go along with the morphological evidence of apoptosis 

(cell shrinkage, apoptotic bodies formation), it was initially still considered as necrosis (Ray 

et al., 1993). However, eventually the conclusion emerged that this reflects actually 

apoptosis (Ray et al., 1996, 2000). We measured DNA strand breaks using the terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay and DNA 

fragmentation using an anti-histone ELISA assay (Lawson et al., 1999; Gujral et al., 2002). 

However, since this did not correlate with caspase activity increases, we concluded that this 

DNA damage cannot be caused by caspase-activated DNase, the classical enzyme 

responsible for DNA fragmentation during apoptosis (Lawson et al., 1999). Follow-up 

studies documented that APAP-induced DNA damage is dependent on mitochondrial 

dysfunction (Cover et al., 2005) and that the mitochondrial intermembrane proteins AIF and 

endonuclease G translocate to the nucleus where they cause DNA fragmentation (Bajt et al., 

2006, 2011). In fact, the direct comparison of TNF-mediated apoptosis and APAP-induced 

cell death showed the similarities in developing TUNEL-positive cells and inducing DNA 

fragmentation between both modes of cell death but also fundamental differences in the 

appearance of TUNEL staining (nuclear staining in apoptosis and cytosolic staining after 

APAP) (Jaeschke et al., 2011; Jaeschke and Lemasters, 2003). This difference is also 

reflected by direct analysis of the molecular weights of the DNA fragments, which showed 

mainly inter-nucleosomal DNA fragments after apoptosis and mostly higher molecular 

weight fragments after APAP (Jahr et al., 2001); however, evidence for limited inter-

nucleosomal DNA fragments was also observed (Cover et al., 2005). The larger versus more 

lower molecular weight DNA fragments explains the difference in TUNEL staining between 

APAP hepatotoxicity with staining of the nucleus and the cytosol and TNF-mediated 

apoptosis with the more selective nuclear staining (Figure 2) (Jaeschke and Lemasters, 2003; 

Jaeschke et al., 2011). In addition, the fundamental difference is that apoptosis-induced 

DNA fragmentation is completely eliminated by a caspase inhibitor (Cover et al., 2005; 

Jaeschke et al., 1998) whereas APAP-induced DNA fragmentation is not affected by caspase 

inhibitors (Cover et al., 2005; Gujral et al., 2002; Lawson et al., 1999). Thus, despite the 

similarities of some of these parameters, there are fundamental differences to consider when 

interpreting the results; importantly, these parameters do not reflect apoptosis in APAP 

hepatotoxicity.

3.3 Role of Bcl-2 family members

Bcl-2 (B-cell lymphoma 2) family members can have both pro- and anti-apoptotic functions 

(Chao and Korsmeyer, 1998). Bcl-2 itself is considered anti-apoptotic due to its location in 

the outer mitochondrial membrane and its capacity to heterodimerize with the pro-apoptotic 

Bax protein (Yin et al., 1994), which can form pores in the outer membrane and promote 

apoptotic cell death by releasing cytochrome c (Scorrano and Korsmeyer, 2003). Bcl-2 levels 

in normal hepatocytes are generally very low in mice or humans (Charlotte et al., 1994; 
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Rodriguez et al., 1996). Bcl-2 overexpressing mice are highly resistant to Fas receptor-

induced apoptosis (Rodriguez et al., 1996), however, the same mice showed only a minor 

initial delay in injury by 6 h after APAP but a severe aggravation of the necrosis by 24 h 

(Adams et al., 2001). Although the mechanisms of this effect of Bcl-2 overexpression in 

hepatocytes remained unclear, the fact that the transgenic mice had evidence of a higher 

oxidant stress (higher glutathione disulfide levels) (Adams et al., 2001) is consistent with 

previous studies showing pro-oxidant properties of Bcl-2 (Steinman, 1995). Thus, Bcl-2 

overexpression effectively blocks the progression of apoptotic signaling during apoptosis but 

may have unexpected off-target pro-oxidant effects during non-apoptotic cell death.

More recently, it became popular to measure Bcl-2 mRNA and protein levels during APAP 

hepatotoxicity (Ahmed et al., 2016; Cao et al., 2018; Dong et al., 2014; Hu et al., 2017; 

Hong et al., 2012; Li et al., 2013; Sharma et al., 2011; Song et al., 2014; Wang et al., 2017, 

Wang et al., 2018; Zhang et al., 2017; Zhao et al., 2012). Interestingly, most of these reports 

show high Bcl-2 expression in controls and declining levels during APAP toxicity (Ahmed et 

al., 2016; Cao et al., 2018; Dong et al., 2014; Hu et al., 2017; Hong et al., 2012; Li et al., 

2013; Sharma et al., 2011; Song et al., 2014; Wang et al., 2017, Wang et al., 2018; Zhang et 

al., 2017; Zhao et al., 2012). Treatment with natural products appears to reverse this decline 

(Ahmed et al., 2016; Cao et al., 2018; Dong et al., 2014; Hu et al., 2017; Hong et al., 2012; 

Li et al., 2013; Sharma et al., 2011; Song et al., 2014; Wang et al., 2017, Wang et al., 2018; 

Zhang et al., 2017; Zhao et al., 2012). This is then interpreted as evidence for apoptotic cell 

death. However, there are serious concerns with these types of isolated data. First, there is no 

verification that the authors actually measured Bcl-2 especially because early reports have 

indicated that there is little to no expression of Bcl-2 in control hepatocytes (Charlotte et al., 

1994; Rodriguez et al., 1996). Second, it is not proven that Bcl-2 expression levels have 

anything to do with the mechanism of cell death; it may just be a secondary effect of the 

modified injury. Third, a fundamental contradiction of this idea is that APAP can cause 

extensive “apoptotic” cell death despite the presence of high levels of Bcl-2, which actually 

should prevent apoptosis. On the other hand, it is argued that only a partial recovery of 

depleted Bcl-2 levels caused by a natural product will prevent apoptotic cell death. It is 

difficult to reconcile these contradictory arguments. Thus, Bcl-2 expression levels, especially 

when the data contradict relevant studies on this subject (Charlotte et al., 1994; Rodriguez et 

al., 1996), are insufficient to draw any conclusions regarding apoptotic cell death during 

APAP hepatotoxicity.

Bax (Bcl-2-associated X protein) is one of the pro-apoptotic Bcl-2 family members located 

predominantly in the cytosol. Under stress conditions, Bax can translocate to the outer 

mitochondrial membrane where it can homo- or heterodimerize with Bak and form pores in 

the outer membrane to release intermembrane proteins such as cytochrome c and promote 

apoptosis (Gross et al., 1998; Wolter et al., 1997). Interestingly, Bax translocation to the 

mitochondria was observed as early as 2 h after APAP overdose (Adams et al., 2001; Bajt et 

al., 2008; El-Hassan et al., 2003; Jaeschke and Bajt, 2006) (Figure 3). Mitochondrial Bax 

translocation appears to be dependent on the activation of c-jun N-terminal kinase (JNK) 

activation (Gunawan et al., 2006). Bax was responsible for the initial release of 

intermembrane proteins including AIF and endonuclease G, which translocate to the nucleus 
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(Bajt et al., 2006, 2008). The pathophysiological importance of Bax in APAP hepatotoxicity 

was shown by the temporary inhibition of nuclear DNA fragmentation and delayed cell 

death in Bax-deficient mice (Bajt et al., 2008). However, Bax deficiency did not affect the 

main mitochondrial oxidant stress and peroxynitrite formation, which resulted in the later 

opening of the mitochondrial membrane permeability transition pore (MPTP) and matrix 

swelling with outer membrane rupture; a second wave of AIF and endonuclease G release 

still triggered DNA fragmentation and cell necrosis (Bajt et al., 2008). Thus, Bax has a 

temporary effect on APAP-induced cell necrosis by causing a delay in the progression of the 

injury process (Bajt et al., 2008).

Similar to Bcl-2, Bax mRNA and protein expression at the whole liver level have been used 

as evidence for apoptosis during APAP-induced liver injury (Cao et al., 2018; Dong et al., 

2014; Hu et al., 2017; Hong et al., 2012; Li et al., 2013; Sharma et al., 2011; Song et al., 

2014; Wang et al., 2017, Wang et al., 2018; Zhang et al., 2017; Zhao et al., 2012). However, 

this conclusion is highly questionable for several reasons. First, Bax is expressed in all cells 

in sufficient quantities to trigger cell death if initiated properly. Second, Bax translocation to 

the mitochondria inducing the permeabilization of the outer membrane is the critical event 

for apoptosis. Thus, Bax protein expression changes without further supporting evidence, 

especially at the whole liver level, do not justify the conclusion that apoptotic cell death is 

involved in the pathophysiology of APAP hepatotoxicity. Because of the alleged opposite 

effect of Bcl-2 and Bax, recent studies have reported changes in the Bcl-2-to-Bax ratio as 

evidence of apoptosis (Hu et al., 2017; Wang et al., 2018). Again, the ratio is not more 

informative than the individual proteins, which are not reliable indicators of apoptosis.

Additional Bcl-2 family members such as Bid, Bcl-xL, Bik and Bad have only been 

investigated superficially in the APAP hepatotoxicity model. It was shown that Bid is 

cleaved early during APAP-induced liver injury and the truncated form of Bid (tBid) 

translocates to the mitochondria (El-Hassan et al., 2003; Jaeschke and Bajt, 2006) (Figure 

3). Although there is no evidence of caspase activation during APAP hepatotoxicity (Gujral 

et al., 2002; Lawson et al., 1999), Bid cleavage may be caused by calpains (Mandic et al., 

2002), which have been shown to be activated during APAP-induced liver injury (Limaye et 

al., 2006). However, a critical pathophysiological role of Bid has not been demonstrated. 

Based on the fact that tBid supports the formation of Bax pores, it can be assumed that 

deficiency of Bid will at best cause a temporary delay in DNA fragmentation and injury 

similar to Bax deficiency (Bajt et al., 2008). APAP has been shown to reduce Bcl-xL 

expression and a number of natural products have attenuated this reduction in Bcl-xL 

expression (Ahmed et al., 2016; Dong et al., 2014; Ray et al., 1999, 2006; Ray and Jena, 

2000). However, these results are merely correlative and do not support any causative role of 

Bcl-xL in APAP-induced cell death. Likewise, the protein expression of other Bcl-2 family 

members, e.g. Mcl-1, Bik, and Bad, after APAP overdose showed changes that correlated or 

inversely correlated with cell death but the pathophysiological role of these proteins has not 

been tested (Jang et al., 2015; Shinohara et al., 2010; Williams et al., 2015).

Taken together, the only Bcl-2 family member that has been shown to have a limited impact 

on APAP-induced hepatocellular necrosis is Bax; all other pro- or anti-apoptotic family 

members show some correlations with the injury but no clear impact on cell death. 
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Nevertheless, given the role of Bax in the pathophysiology, anti-apoptotic Bcl-2 members 

such as Bcl-xL and Mcl-1 can be expected to have some impact on necrotic cell death. 

However, hepatic protein expression changes of these Bcl-2 family members alone are 

insufficient to support the hypothesis that there is relevant apoptotic cell death after APAP 

overdose.

3.4 Caspase Activation

Caspases are directly or indirectly responsible for all aspects of apoptotic signaling in the 

cell. Thus, procaspase processing and caspase enzyme activities are the most specific 

indicators of apoptotic cell death (Julien and Wells, 2017; Thornberry, 1997). Early studies 

assessing caspase activation could not find any evidence for increased caspase-3 activity, the 

main executioner caspase, during APAP toxicity in vivo (Adams et al., 2001; Lawson et al., 

1999). This was measured by both enzyme activity and procaspase-3 processing (Adams et 

al., 2001; Lawson et al., 1999) (Figure 3). Importantly, pan-caspase inhibitors had no effect 

on APAP-induced liver injury (Gujral et al., 2002; Lawson et al., 1999; Jaeschke et al., 

2006). This led to the conclusion that caspase-dependent apoptotic cell death is not involved 

in APAP hepatotoxicity (Gujral et al., 2002; Lawson et al., 1999; Jaeschke et al., 2006). 

Unfortunately, a caveat of using a caspase inhibitor such as ZVAD-fmk, which is a highly 

effective suicide substrate, is the fact that these types of inhibitors are only soluble in 

dimethyl sulfoxide (DMSO). However, DMSO is a potent inhibitor of cytochrome P450 and 

can block APAP toxicity even at relatively low concentrations in vivo (Jaeschke et al., 2006; 

Kelava et al., 2010). If this fact is overlooked and proper solvent controls are not included, 

then protective effects of caspase inhibitors against APAP toxicity can be observed (El-

Hassan et al., 2003; Hu and Colletti, 2010), even in the verified absence of caspase 

activation (El-Hassan et al., 2003). However, as has been shown repeatedly, caspase 

inhibitors are readily absorbed and are highly effective within less than an hour during TNF- 

or Fas receptor-induced apoptosis (Bajt et al., 2000, 2001; Jaeschke et al., 1998, 2000) and 

therefore can be given right before the onset of the injury. Thus, in order to avoid the effect 

of DMSO on the oxidative metabolism of APAP, we generally treat animals 2–3 h after 

APAP (Gujral et al., 2002; Lawson et al., 1999; Jaeschke et al., 2006). This is sufficient to 

block apoptotic signaling with these irreversible suicide substrates. However, these inhibitors 

dissolved in DMSO are only effective against APAP toxicity as pretreatment (El-Hassan et 

al., 2003; Hu and Colletti, 2010), which really assesses the inhibitory effect of the solvent on 

drug metabolism and not the effect of the caspase inhibitor (Jaeschke et al., 2006, 2011). 

Thus, the lack of relevant caspase activation and the absence of any inhibitory effect on the 

toxicity by highly potent caspase inhibitors clearly indicate that there is no relevant apoptotic 

cell death contributing to APAP-induced liver injury. These findings in mice also apply to 

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

and patients (Antoine et al., 2012; McGill et al., 2012a).

A recent study by Kucera et al. (2017) comparing APAP-induced cell death in cultured 

mouse and rat hepatocytes demonstrated the much higher susceptibility of mouse 

hepatocytes to APAP and the absence of caspase activation. In contrast, the delayed GSH 

depletion and lower injury in cultured rat hepatocytes compared to the mouse was 

accompanied by a modest increase in caspase-3 activity (Kucera et al., 2017). Overall, these 
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data are consistent with in vivo studies where similar hepatic GSH depletion and even 

protein adduct formation was seen in mice when compared to rats treated with 3-to-4 times 

higher doses of APAP. Protein adducts were quantitatively less in the liver and in 

mitochondria in rats, however, with no liver injury (McGill et al., 2012b). Importantly, there 

was no activation of JNK and no nitrotyrosine staining, suggesting the absence of the critical 

mitochondrial oxidant stress in rats (McGill et al., 2012b). These observations indicate that 

if the central event of the mechanism of APAP toxicity in mouse and human hepatocytes, i.e. 

the mitochondrial oxidant stress, is absent or is prevented, cultured cells may undergo late 

apoptosis. This conclusion is supported by our earlier studies with APAP in mouse 

hepatocytes where there was necrotic cell death caused by oxidant stress and the MPTP 

opening (Bajt et al., 2004; Kon et al., 2004). However, when necrosis was prevented by 

pharmacological interventions that affected the MPTP opening, further incubation of the 

cells resulted in caspase activation and apoptosis (Kon et al., 2004, 2007). The reason for 

this secondary apoptosis is likely the fact that when the end stages of necrotic signaling are 

blocked, there is still the cellular stress of reactive metabolite and mitochondrial protein 

adducts formation, which eventually can trigger an intrinsic apoptotic cell death. However, it 

has to be kept in mind that this type of apoptotic cell death is not the primary mechanism of 

APAP-induced cell death but a secondary response to inhibition of necrotic signaling.

Despite this overwhelming evidence against apoptosis as the primary mode of cell death 

after APAP overdose, more recently it became more popular to demonstrate caspase 

involvement in APAP hepatotoxicity through western blotting. A reduction of pro-caspase-3, 

-8 and -9 and the appearance of cleaved fragments of these caspases is increasingly been 

used as evidence for caspase activation (Cao et al., 2018; Dong et al., 2014; Hong et al., 

2012; Sharma et al., 2011; Song et al., 2014; Wang et al., 2010; Wang et al., 2017; Zhang et 

al., 2017). Although these parameters can be indicators of the presence of activated caspases, 

the important aspect is that there is a low baseline turnover of hepatocytes in every liver; this 

turnover is accomplished by apoptosis. Thus, extensive overexposure of any western blot of 

liver tissue can reveal some minor caspase activation, which is always detectable by caspase 

processing even in untreated controls (Cao et al., 2018; Dong et al., 2014; Hong et al., 2012; 

Song et al., 2014; Wang et al., 2010; Wang et al., 2017; Zhang et al., 2017). However, when 

compared to pathophysiologically relevant apoptotic liver injury during TNF- or Fas 

receptor-induced apoptosis with its 30-to-100-fold increase in caspase-3 activities and 

extensive processing of pro-caspases and the appearance of the cleaved fragments (Lawson 

et al., 1999; Bajt et al., 2000, 2001; Jaeschke et al., 1998, 2000), the effects observed on 

these parameters during an APAP overdose is negligible despite the fact that the APAP-

induced injury is much more severe (Lawson et al., 1999; Gujral et al., 2002) (Figure 3). 

Thus, in order to properly interpret these types of western blot data, it is critical to directly 

compare them to a positive control of apoptosis, which will give the necessary perspective. 

In addition, the measurement of caspase activities and the use of a caspase inhibitor can 

provide further support for the absence of apoptosis.
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4. ACETAMINOPHEN-INDUCED APOPTOTIC CELL DEATH IN HEPATOMA 

CELL LINES

Human hepatoma cell lines such as HepG2, HuH7, SK-Hep1, and others have been 

extensively used for drug toxicity studies including APAP toxicity (Donato et al., 2008). 

Interestingly, exposing hepatoma cells to 5–20 mM APAP for 24–48 h consistently causes 

apoptotic cell death (Boulares et al., 2002, 2004; Kass et al., 2003; Manov et al., 2004). The 

apoptotic signaling in these cells include extensive caspase activation, translocation of Bax 

to mitochondria, the cytoplasmic release of cytochrome c and Smac/DIABLO, chromatin 

condensation and nuclear DNA fragmentation (Boulares et al., 2002; Kass et al., 2003; 

Macanas-Pirard et al., 2005; Manov et al., 2004). Apoptosis in hepatoma cell lines appears 

to be mainly caused by the intrinsic pathway, as caspase activation and DNA fragmentation 

are post-mitochondrial events (Boulares et al., 2002). Overall, there is little doubt that APAP 

triggers apoptotic cell death in these hepatoma cells. However, the important question is 

whether these mechanisms of cell death have any relevance for primary hepatocytes or the 

liver in vivo? The fundamental difference between primary hepatocytes and hepatoma cells 

is the dramatically lower expression of cytochrome P450 enzymes (Westerink and 

Schoonen, 2007), which are responsible for the metabolic activation of APAP to generate the 

reactive metabolite NAPQI and initiate the toxicity. Hence it was shown that APAP only 

causes minimal GSH depletion, low protein adducts formation and minimal mitochondrial 

dysfunction in HepG2 cells (McGill et al., 2011) compared to primary human hepatocytes 

(Xie et al., 2014). In addition, N-acetylcysteine, which is the standard of care for APAP 

overdose in humans (Rumack and Bateman, 2012) and is also highly effective in animals 

(James, et al., 2003; Saito et al., 2010), does not prevent APAP-induced apoptosis in HepG2 

cells (Manov et al., 2004). HepG2 cells could be sensitized to APAP-induced cell death by 

transfection of CYP2E1, which resulted in greater GSH depletion and protein adducts 

formation and more severe mitochondrial dysfunction (Bai and Cederbaum, 2004). 

However, in addition to the now prevalent necrosis, there was still evidence of apoptotic cell 

death (Bai and Cederbaum, 2004). Thus, in general, hepatoma cell lines are not good models 

for studying mechanisms of APAP hepatotoxicity because most of these findings cannot be 

translated to the human pathophysiology. One notable exception from this rule is the human 

hepatoma cell line HepaRG (McGill et al., 2011; Rodrigues et al., 2016). Although there are 

also differences in gene expression from primary human hepatocytes, the gene expression 

profile of HepaRG cells is more closely related to human hepatocytes than HepG2 cells 

(Yokoyama et al., 2018). In particular, the expression of drug metabolizing enzymes is close 

to human hepatocytes and much higher compared to HepG2 cells (Anthérieu et al., 2012; 

Yokoyama et al., 2018). Therefore, HepaRG cells show many similarities in cell signaling in 

response to APAP, which include extensive GSH depletion, protein adducts formation, 

oxidant stress and mitochondrial dysfunction, and they die by necrosis and not apoptosis 

(McGill et al., 2011). Thus, HepaRG cells are the only hepatoma cell model that is relevant 

for studying mechanisms of APAP hepatotoxicity.
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5. MECHANISM OF APAP-INDUCED CELL DEATH: PROGRAMMED 

NECROSIS

The morphology of APAP-induced liver injury clearly suggests an oncotic necrotic cell 

death (Figure 2). These morphological features are caused by biochemical signaling 

pathways that start with the mainly Cyp2E1-mediated formation of the reactive metabolite 

N-acetyl-p-benzoquinone imine (NAPQI), which can be detoxified by cellular GSH but also 

leads to low levels of protein adducts formation by binding to cysteine residues in cellular 

proteins (McGill and Jaeschke, 2013). However, after an overdose of APAP, NAPQI 

formation is substantially increased leading to extensive GSH depletion and enhanced 

protein binding, especially to mitochondrial proteins (McGill and Jaeschke, 2013; 

Ramachandran and Jaeschke, 2017). Mitochondrial protein adducts formation inhibits the 

electron transport chain and causes electron leakage, which triggers the activation of redox-

sensitive components of the mitogen-activated protein kinase (MAPK) cascade (Du et al., 

2015; Han et al., 2013). Ultimately, this leads to the phosphorylation and mitochondrial 

translocation of c-jun N-terminal kinase (JNK) (Hanawa et al., 2008). This event further 

inhibits the electron flow in the mitochondria and increases the electron leakage causing a 

substantial amplification of the oxidant stress and also peroxynitrite formation (Win et al., 

2016), which are critical for the mechanism of cell death (Du et al., 2016). The oxidant 

stress triggers the opening of the MPTP resulting in the collapse of the membrane potential 

and cessation of ATP production (Kon et al., 2004). In addition, early mitochondrial 

translocation of Bax, which is potentially induced by JNK activation (Gunawan et al., 2006), 

causes outer mitochondrial membrane permeabilization that facilitates release of 

intermembrane membrane proteins such as AIF, endonuclease G, cytochrome c, and Smac/

DIABLO (Bajt et al., 2006, 2008). After the MPTP, which triggers matrix swelling and outer 

membrane rupture, a second and more permanent wave of intermembrane proteins is 

released (Bajt et al., 2008). AIF and endonuclease G can translocate to the nucleus and cause 

DNA fragmentation (Bajt et al., 2006) generating fragments of various molecular weight 

size (Jahr et al., 2001; Cover et al., 2005). The critical importance of AIF in nuclear DNA 

fragmentation and cell death has been shown with AIF-deficient mice (Bajt et al., 2011) and 

with pharmacological interventions that inhibit nuclear AIF translocation (Nagy et al., 2010; 

Liang et al., 2012). The MPTP in mitochondria and nuclear DNA fragmentation are critical, 

terminal events of APAP-induced cell death (Figure 4).

More recently it was recognized that TNF receptor-mediated signaling can cause one of 

three effects in cells: NF-kB activation, caspase-mediated apoptosis or necroptosis 

(Grootjans et al., 2017). Necroptosis depends on the activation of receptor interacting serine/

threonine kinase 1(RIP1), RIP3 and mixed lineage kinase domain like pseudokinase 

(MLKL) (Grootjans et al., 2017). In the multi-protein complex of the necrosome, which 

includes both RIP1 and RIP3, RIP3 is responsible for the phosphorylation of MLKL (Sun et 

al., 2012). The phosphorylated MLKL translocates to the cell membrane and causes 

membrane permeabilization (Zhang et al., 2016). In APAP hepatotoxicity, increased RIP3 

expression was noted (Ramachandran et al., 2013; Deutsch et al., 2015; Li et al., 2014). In 

addition, interventions that eliminated RIP1 (Dara et al., 2015; Zhang et al., 2014) and RIP3 

(Ramachandran et al., 2013; Deutsch et al., 2015; Li et al., 2014) showed protection against 
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the toxicity but animals deficient in MLKL were not protected (Dara et al., 2015). 

Furthermore, some studies questioned the role of RIP3 (Dara et al., 2015) and TNF-α 
(Boess et al., 1998) in the pathophysiology. Together, these data clearly indicate that APAP-

induced cell death cannot be defined as necroptosis. Nevertheless, the intracellular 

mechanisms identified over the last decade demonstrate that this is not just a random 

destruction of the cell but certainly follows signaling pathways leading to cell death 

(Ramachandran and Jaeschke, 2018). Therefore, the term programmed necrosis is 

appropriate for this type of cell death (Dara et al., 2016).

APAP-induced liver injury in vivo is characterized by centrilobular necrosis (Figure 2). The 

zonation of the injury is caused by the higher cytochrome P450 levels and lower GSH 

content in this zone making it more susceptible to the APAP-induced events (McGill and 

Jaeschke, 2013). This means the discussed mechanisms do not occur to the same degree in 

every cell of the liver lobule (Ni et al., 2013). The severity of the insult and the number of 

mitochondria affected by the described signaling mechanisms is gradually reduced from the 

centrilobular towards the periportal region (Ni et al., 2013). Thus, adaptive mechanisms such 

as autophagy to remove damaged mitochondria and protein adducts (Ni et al., 2012, 2016) 

and mitochondrial biogenesis to restore mitochondrial mass (Du et al., 2017) can limit cell 

death and promote regeneration around the necrotic area. These events add to the complexity 

of the intracellular signaling mechanisms of APAP-induced programmed necrosis (Figure 

4).

Although the absence of a relevant apoptotic cell death in APAP hepatotoxicity is supported 

by many different parameters, the question remains why there is no caspase activation 

despite mitochondrial Bax translocation and outer mitochondrial membrane 

permeabilization with release of cytochrome c and Smac/DIABLO (Adams et al., 2001; Bajt 

et al., 2008, Knight and Jaeschke, 2002). It was suggested that the declining ATP levels after 

APAP overdose in fasted animals (Jaeschke, 1990) were responsible for the prevention of 

caspase-3 activation (Antoine et al., 2010). In fact, fed animals showed a minor caspase 

activation (5% apoptosis; 95% necrosis) based on cleaved versus full length cytokeratin-18; 

although a pan-caspase inhibitor reduced the caspase activities, there was no protection 

based on plasma ALT activities (Antoine et al., 2010). This temporary minor increase of 

caspase-3 activation in fed mice could be confirmed but this was only observed in an outbred 

strain and was independent of hepatic ATP levels (Williams et al., 2011). Again, a pan-

caspase inhibitor did not protect (Williams et al., 2011). These data indicated that under 

certain circumstances APAP may trigger a minor increase in caspase activity. Interestingly, a 

more recent study suggests that the heparin sulfate proteoglycan syndecan-1 inhibits caspase 

activation and late injury in cells surrounding the area of necrosis (Nam et al., 2017). These 

cells are also most active for mitochondrial biogenesis (Du et al., 2017) suggesting that the 

prevention of apoptosis by syndecan-1 and the stimulation of mitochondrial biogenesis 

promote regeneration and recovery (Du et al., 2017; Nam et al., 2017).

6. CONCLUSIONS

When certain biochemical parameters are being selected, it appears that there is plenty of 

evidence for apoptotic cell death during APAP-induced liver injury. However, when the lack 
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of specificity of these parameters for apoptosis is considered, it is very obvious that the 

support is actually weak at best. In addition, if APAP hepatotoxicity is directly compared to 

a positive control for apoptosis and a selective intervention such as a caspase inhibitor is 

being used with the appropriate solvent control, it is quite clear that apoptosis is not a 

quantitatively relevant mode of cell death during APAP-induced liver injury. Although many 

of these studies and arguments against apoptosis have been discussed in the past, the 

question remains why an increasing number of recent studies, especially in the field of 

natural product testing, appear to not consider the entire literature on this subject. There is 

currently no scientific rationale or sound experimental evidence to support the hypothesis 

that apoptosis is critically involved in APAP hepatotoxicity in any relevant animal model, 

primary human hepatocytes or humans. One can only speculate what the attraction may be 

to favor apoptosis without experimental support. It appears that the desire to provide more 

data by measuring additional, easily accessible parameters may be at the heart of the 

problem despite that these extra data do not provide any meaningful insight into the 

pathophysiology. In order not to go backwards and create questionable narratives, it is 

important that both authors and reviewers are more aware of these problems. Only if authors 

are held to higher standards and either pay more attention to the entire literature or provide 

solid experimental evidence against the established view if they disagree, will we make 

progress in understanding the mechanisms of protection of natural products.
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Highlights

- Acetaminophen overdose causes severe liver injury in mice and in humans

- Morphological evidence suggests mainly necrotic not apoptotic cell death

- There is no relevant caspase activation and no protection with caspase 

inhibitors

- Mitochondrial Bax translocation triggers the release of AIF and endonuclease 

G

- Nuclear DNA fragmentation and the MPTP opening are causing necrotic cell 

death
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Figure 1. Signaling Mechanisms of Apoptotic Cell death
The extrinsic pathway requires activation of a death receptor, such as the Fas receptor, which 

triggers the formation of a death-inducing signaling complex with FADD and procaspase-8 

or -10. Generation of the active caspase then results in cleavage of Bid to tBid, which 

translocates to mitochondria and initiates the mitochondrial outer membrane 

permeabilization facilitated by Bax and Bak, which triggers the release of cytochrome c. 

This enables formation of the apoptosome and subsequent activation of caspase-9 and 

caspase-3. Active caspase-3 cleaves ICAD to release CAD, which translocates to the nucleus 

and initiates nuclear DNA fragmentation. Caspase 3 can also promote procaspase-8 cleavage 

and further amplify the pro-apoptotic signaling loop through the mitochondria. The intrinsic 

pathway for apoptosis is activated by cellular stress signals, which activate Bax and its 

translocation to the mitochondria, which then follows signaling events similar to the 

extrinsic pathway downstream of the MPT.
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Figure 2. Representative H&E and TUNEL-stained liver sections
A. Liver sections from untreated mice were stained with hematoxylin and eosin (left panel) 

and the TUNEL assay (right panel). CV, central vein. B. Liver sections from an animal 

treated with galactosamine/endotoxin for 6 h (TNF-mediated apoptosis). Arrows in the H&E 

section mark examples of hepatocytes in different stages of apoptotic cell death. Arrow 1: 

cell shrinkage and chromatin margination (early stage of apoptosis). Arrow 2: marks 2 

apoptotic bodies with and without chromatin present (late stages of apoptosis). Arrow 3: 

marks a shrinking hepatocyte with the characteristic halo and condensed chromatin. The 

right panel shows the characteristic TUNEL-staining of apoptotic cells. C. Liver sections of 
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an acetaminophen-treated mouse (300 mg/kg, 6 h). The H&E-stained section shows a 

confluent area of necrosis around the central vein (CV) with extensive loss of nuclei. The 

right panel shows the characteristic TUNEL staining of necrotic cells with staining of nuclei 

that are still present and extensive cytoplasmic staining. (Images are reproduced with 

permission from Gujral et al., 2002).
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Figure 3. Bcl-2 Family Members and Caspase-3 during Acetaminophen-induced Cell Death
A. Western blot of Bcl-2 family members (Bax, Bid and the truncated form of Bid) and 

cytochrome c in the cytosol and in mitochondria of a control mouse liver and after treatment 

of the animals with 300 mg/kg acetaminophen (2 and 4h). B. Western blot of pro-caspase-3 

and the cleaved fragment (p11) representing activation in the liver of an untreated mouse, 

after various times (0.5–6 h) of acetaminophen treatment (300 mg/kg), and after 

galactosamine/endotoxin (G/E; positive control for apoptosis) treatment for 6 h. [Images are 

reproduced with permission from Jaeschke and Bajt, 2006 (A) and Gujral et al., 2002 (B)].
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Figure 4. Signaling Mechanisms of Acetaminophen-induced Liver Cell Death
Therapeutic doses of acetaminophen (APAP) are metabolized by glucuronidation and 

sulfation with a minor amount converted by cytochrome P450 into a reactive metabolite 

NAPQI. Cellular stores of glutathione scavenge these levels of NAPQI without any 

deleterious consequences. In case of an APAP overdose, glucuronidation and sulfation are 

overwhelmed and large amounts of APAP are metabolized through the cytochrome P450 

system to generate high levels of NAPQI. This then depletes cellular glutathione and forms 

protein adducts, especially on mitochondria, which then inhibits the electron transport chain 

(ETC), resulting in leakage of electrons and oxidative stress. This then activates the MAP 

kinase c-jun N-terminal kinase (JNK), which translocates to the mitochondria and further 

induces generation of superoxide from the ETC, which, along with nitric oxide results in 

formation of the highly reactive peroxynitrite. The amplified oxidative stress, coupled with 

translocation of Bax from the cytosol to the mitochondria results in induction of the 

mitochondrial permeability transition, and release of AIF and endonuclease G into the 

cytosol. Their translocation to the nucleus then results in DNA fragmentation. APAP 

overdose also causes the upregulation of RIP3, which induces DRP1 translocation to 

mitochondria and mitochondrial fission and mitophagy. These events subsequently lead to 

necrotic cell death.
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