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Abstract

Acetaminophen (APAP)-induced liver injury is an important clinical and toxicological problem. Understanding the mecha-
nisms and modes of cell death are vital for the development of therapeutic interventions. The histological and clinical
features of APAP hepatotoxicity including cell and organelle swelling, karyolysis, and extensive cell contents release lead
to the characterization of the cell death as oncotic necrosis. However, the more recent identification of detailed signaling
mechanisms of mitochondrial dysfunction, the amplification mechanisms of mitochondrial oxidant stress and peroxynitrite
formation by a mitogen-activated protein kinase cascade, mechanisms of the mitochondrial permeability transition pore
opening and nuclear DNA fragmentation as well as the characterization of the sterile inflammatory response suggested
that the mode of cell death is better termed programmed necrosis. Additional features like mitochondrial Bax translocation
and cytochrome c release, mobilization of lysosomal iron and the activation of receptor-interacting protein kinases and the
inflammasome raised the question whether other emerging modes of cell death such as apoptosis, necroptosis, ferroptosis
and pyroptosis could also play a role. The current review summarizes the key mechanisms of APAP-induced liver injury and
compares these with key features of the newly described modes of cell death. Based on the preponderance of experimental
and clinical evidence, the mode of APAP-induced cell death should be termed programmed necrosis; despite some overlap
with other modes of cell death, APAP hepatotoxicity does not fulfill the characteristics of either apoptosis, necroptosis, fer-
roptosis, pyroptosis or autophagic cell death.
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Introduction

Drug hepatotoxicity is a serious clinical problem as well as a
concern during drug development. While idiosyncratic drug-
induced liver injury is very rare and mechanistically poorly
understood, the clinically most relevant drug hepatotoxicity
and acute liver failure in the US and many western coun-
tries is caused by acetaminophen (APAP) overdose (Larson
et al. 2005; Lee 2013). Due to the availability of a mouse
model that is highly relevant for the human pathophysiol-
ogy (Jaeschke 2015; McGill and Jaeschke 2019), APAP is
the most extensively studied hepatotoxic drug worldwide
and hence the modes of cell death have been well studied
in this model. Thus, more is known about the mechanisms
of APAP-induced cell death compared to any other drug or
chemical (Ramachandran and Jaeschke 2019).

It is important to investigate the mode of cell death
caused by APAP or other drugs because the mode of cell
death is critically linked to the molecular mechanisms
activated. Understanding these mechanisms of cell injury
allows the identification of therapeutic targets and conse-
quently development of antidotes. Inhibiting drug-induced
cell death is vital for limiting serious liver injury, prevent-
ing acute liver failure and promoting regeneration of the
damaged liver in patients. To better understand the potential
therapeutic targets, the current review analyzes the differ-
ent established and newly emerging modes of cell death in
APAP hepatotoxicity.

Oncotic necrosis and programmed necrosis

APAP toxicity starts with the formation of a reactive
metabolite, N-acetyl-p-benzoquinone imine (NAPQI), by
cytochrome P450 enzymes, especially Cyp2E1. Excessive
NAPQI generation during an overdose leads to depletion of
hepatic GSH levels and protein adduct formation (McGill
and Jaeschke 2013). Protein adducts in mitochondria induce
an initial oxidant stress, which must be amplified by a MAP
kinase cascade (Han et al. 2013). The first step is the activa-
tion of redox-sensitive kinases such as ASK-1, MLK3 and
GSK3b (Nakagawa et al. 2008; Xie et al. 2015; Sharma et al.
2012; Shinohara et al. 2010). These kinases in turn activate
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MKK4 (Zhang et al. 2017), which induces the activation
(phosphorylation) of c-Jun N-terminal kinase (JNK) (Han
et al. 2013; Du et al. 2015). The translocation of phospho-
JNK to mitochondria and binding to the anchor protein Sab
(Win et al. 2011) enhances the oxidant stress and peroxyni-
trite formation (Du et al. 2016). The amplified oxidant stress
together with iron translocation from the lysosomes triggers
the mitochondrial membrane permeability transition pore
(MPTP) opening, which causes the collapse of the mitochon-
drial membrane potential and cessation of ATP synthesis
(Ramachandran and Jaeschke 2019). Early Bax translocation
to the mitochondria and later mitochondrial matrix swelling
with rupture of the outer membrane releases intermembrane
proteins such as endonuclease G and apoptosis-inducing fac-
tor (AIF) (Bajt et al. 2006, 2008). Both proteins translocate
to the nucleus and induce DNA fragmentation (Bajt et al.
2006). Extensive mitochondrial dysfunction and karyolysis
leads to cell necrosis, which is accompanied by cell and
organelle swelling and cell contents release (Gujral et al.
2002) (Fig. 1). These signaling events causing cellular
necrosis can be counteracted in part by adaptive mechanisms
of autophagy to remove protein adducts (Ni et al. 2016),
mitophagy to remove damaged mitochondria (Ni et al. 2012)
and mitochondrial biogenesis to replace damaged mitochon-
dria (Du et al. 2017). Due to the extensive cell swelling and
contents release, this type of cell death in APAP hepatotox-
icity was previously termed oncotic necrosis (Gujral et al.
2002). The more recently identified intricate signaling path-
ways involved in the initiation, amplification and propaga-
tion of the stress within the cell ultimately leading to cell
death also led to the use of the term programmed necrosis.

Necroptosis

A more specific form of programmed necrosis is necrop-
tosis (Jouan-Lanhouet et al. 2014; Tang et al. 2019). It was
recognized that when caspases were inhibited during TNF-
a-induced apoptosis, a necrotic form of cell death emerged
(Vercammen et al. 1998). Investigations into the mechanism
of this new form of programmed cell death, termed necrop-
tosis, revealed the involvement of the receptor-interacting
serine/threonine-protein kinase 1 (RIPK1), RIPK3 and the
pseudokinase mixed lineage kinase domain-like protein
(MLKL) (Jouan-Lanhouet et al. 2014; Tang et al. 2019).
When RIPK1 is activated and caspase-8 is inhibited, RIPK3
and MLKL are recruited to the complex (necrosome),
RIPK3 phosphorylates MLKL, which then oligomerizes,
and multimers of phospho-MLKL translocate to the cell
membrane where it can cause membrane permeabilization
(Tang et al. 2019) (Fig. 1). Since the necrosome can also be
formed independent of RIPK1, RIPK3 and MLKL are the
critical mediators involved in necroptosis (Tang et al. 2019).
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Studies with APAP initially showed RIPK1 expression
and RIPK3 induction in hepatocytes after APAP overdose
(Sharma et al. 2012; Ramachandran et al. 2013). In addi-
tion, the RIPK1 inhibitor necrostatin-1 was protective
in vitro and in vivo (Sharma et al. 2012; Ramachandran
et al. 2013; Zhang et al. 2014). These observations led to
the characterization of APAP-induced cell death as necrop-
totic (Zhang et al. 2014). However, necrostatin-1 has off-
target effects and is not specific for RIPK1 (Degterev et al.
2013). Nevertheless, gene deletion experiments with RIPK1
have confirmed the potential role of RIPK1 in APAP toxic-
ity (Dara et al. 2015) but the role of RIPK1 in apoptosis and
RIPK1-independent mechanisms of necrosome formation
makes RIPK1 not specific for necroptosis. APAP overdose
induces RIPK3 in the liver and in hepatocytes and RIPK3
knockout mice as well as morpholino-based gene knock-
down has been shown to be protective during the early phase
of APAP-induced liver injury (Ramachandran et al. 2013).
These in vivo findings with RIPK3 knockout mice were
confirmed by some investigators (Deutsch et al. 2015) but
not by others (Dara et al. 2015). In addition, an inhibitor of
RIPK3 has been shown to protect against APAP-induced
cell death in human hepatocytes (Li et al. 2014). We have
recently demonstrated that scavenging mitochondrial super-
oxide inhibited APAP-induced RIPK3 expression and cas-
pase activation and apoptotic morphology was evident in
hepatocytes in RIPK3-deficient mice after APAP (Du et al.
2019), suggesting that RIPK3 influenced the mode of cell
death after APAP. Nevertheless, the reason for the contro-
versial findings remains unclear (Yang et al. 2016) and a
better understanding of the function of RIPK3 in the patho-
physiology of APAP is needed. The second critical media-
tor of necroptosis, MLKL, is expressed in the liver and in
hepatocytes but deficiency of this gene did not reduce APAP
toxicity (Dara et al. 2015). Thus, despite the expression and
induction of RIPKs and MLKL during APAP toxicity, there
is no consistent evidence for the involvement of these genes
in APAP-induced cell death and, therefore, necroptosis is
unlikely to play a critical role. This is also supported by the
fact that TNF-a is not a critical mediator of APAP-induced
cell death (Boess et al. 1998).

Apoptosis

Apoptosis was the first described form of programmed cell
death, and extensive investigations over the last decades
revealed many details of the cell death pathway. Based on the
initiation, extrinsic and intrinsic pathways are distinguished.
During extrinsic apoptosis, ligands, e.g., Fas-ligand or
TNF-a, react with their receptors, e.g., Fas receptor or TNF
receptor 1, on the cell surface and trigger the trimerization
of the receptor. Through the death domain of the receptor,
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procaspase-8 is bound and activated. Active caspase-8 can
either directly cleave and activate effector caspases such as
caspase-3 (type I cell) or cleave Bid (type II cell), which
then translocates to the mitochondria and together with other
Bcl-2 family members (Bax, Bak, Bad) permeabilizes the
outer mitochondrial membrane and releases cytochrome
¢ and Smac/Diablo. Cytochrome c together with ATP and
procaspase-9 binds to apoptotic protease-activating factor-1
(APAF-1) inducing the activation of caspase-9, which then
activates caspase-3 (Fig. 1). Smac/Diablo inhibits the cyto-
solic inhibitors of apoptosis proteins (IAPs), which prevent
inactivation of caspases by IAPs. The intrinsic pathway of
apoptosis starts with inducing Bax translation to the mito-
chondria or other signals that trigger the release of pro-
apoptotic mediators from mitochondria, which induces the
caspase cascade by activation of caspase-9. In either case,
the effector caspases degrade a variety of intracellular mac-
romolecules triggering shrinkage and fragmentation of the
cell into apoptotic bodies. In addition, there is chromatin
condensation and DNA fragmentation induced by the cas-
pase-activated DNase (CAD). This enzyme is kept inactive
in the cytosol by an inhibitor (ICAD), which is cleaved by
caspase-3 during apoptosis. This leads to the liberation and
translocation of CAD to the nucleus where it cleaves DNA
into nucleosomal units. Overall, the most prominent features
of apoptosis are the morphological changes including cell
shrinkage, nuclear condensation and chromatin margination
in the absence of cell or organelle swelling and cell contents
release. The biochemical hallmark of apoptosis is the activa-
tion of effector caspases, especially caspase-3, and preven-
tion of cell death by caspase inhibitors. Virtually all other
signaling events that occur during apoptosis, e.g., mitochon-
drial cytochrome c release, Bax translocation to mitochon-
dria, etc., can be observed in other forms of cell death and
are not specific for apoptosis. Importantly, when many cells
undergo apoptosis, the apoptotic signaling pathway cannot
be completed due to the decline of cellular ATP levels (Jae-
schke and Lemasters 2003). The removal of apoptotic bodies
by phagocytosis is then impaired, and cells switch to second-
ary necrosis. Under these conditions, the cells are swelling
and release their contents similar to primary necrotic cell
death with the exception that active caspases can still be
measured. The complicated signaling events involved, the
potential switch from apoptosis to secondary necrosis and
the fact that other forms of cell death may use in part similar
pathways, and features led to considerable confusion and
controversies regarding the role of apoptosis in many dis-
ease processes including acute and chronic liver diseases
(Jaeschke and Lemasters 2003; Malhi et al. 2006).

In APAP hepatotoxicity, necrosis was the generally
accepted cell death mechanisms for decades. In the early
1990s, George Corcoran’s group first reported evidence of
nuclear DNA fragmentation using the DNA ladder assay,
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which shows the cleavage of nuclear DNA into internu-
cleosomal fragments of about 180 base pairs and multiples
thereof (Ray et al. 1990, 1993; Shen et al. 1991, 1992). In
a follow-up study, Ray et al. (1996) concluded based on the
DNA ladder assay and nuclear condensation in histological
sections that approximately 40% of the dead cells died by
apoptosis. Although the dying cells were also TUNEL-posi-
tive (Lawson et al. 1999; Gujral et al. 2002), the morphology
did not show the characteristics of apoptosis when compared
to positive controls such as Fas- or TNF-induced apoptosis
(Guyjral et al. 2002; Jaeschke et al. 2011). Both the TUNEL
assay and the DNA ladder assay show DNA fragmentation
but are not necessarily specific for apoptosis (Grasl-Kraupp
et al. 1995; Cover et al. 2005). In addition, there was no evi-
dence of caspase activation during APAP toxicity (Lawson
et al. 1999; Adams et al. 2001; Gujral et al. 2002), which
suggests that the DNA fragmentation could not have been
caused by the caspase-activated DNase. In contrast, subse-
quent studies have identified the mitochondrial endonucle-
ases, endonuclease G and apoptosis-inducing factor, as the
cause of the DNA fragmentation (Bajt et al. 2006, 2011).
Furthermore, mitochondrial translocation of Bax and Bid
and mitochondrial release of cytochrome ¢ and Smac/Diablo
have been observed during APAP hepatotoxicity (Adams
et al. 2001; Bajt et al. 2008; El-Hassan et al. 2003; Jaeschke
et al. 2006); Bax is responsible for early release of some
intermembrane proteins but has no lasting impact on cell
death (Bajt et al. 2008). Despite the release of cytochrome
¢, no relevant caspase activation has been reported (Adams
et al. 2001; Knight and Jaeschke 2002; Lawson et al. 1999;
El-Hassan et al. 2003) and highly effective caspase inhibitors
do not protect (Lawson et al. 1999; Gujral et al. 2002; Wil-
liams et al. 2010). In the two studies that claim inhibition of
APAP hepatotoxicity with pan-caspase inhibitors (El-Hassan
et al. 2003; Hu and Colletti 2010), the solvent DMSO, which
is a potent cytochrome P450 inhibitor (Park et al. 1988),
was the cause of the protection (Jaeschke et al. 2006, 2011).
Thus, despite the significant overlap of signaling pathways
between necrosis and apoptosis, APAP-induced cell death
in mouse hepatocytes or in vivo is caused by programmed
necrosis and there is no evidence of any relevant contri-
bution of apoptosis. This conclusion also applies to APAP
overdose in humans and human hepatocytes (McGill et al.
2011, 2012; Xie et al. 2014).

In recent years, a substantial number of manuscripts are
being published in the natural product field that claim apop-
totic cell death in APAP hepatotoxicity. The conclusions are
mainly based on elevated mRNA or protein expression of
Bax and caspases after APAP and declining levels of Bcl-2
(reviewed in Jaeschke et al. 2018). Occasionally, a TUNEL
assay is performed. The conclusions are questionable as
hepatocytes do not need to induce pro-apoptotic proteins to
execute apoptosis. Only Bax translocation to mitochondria

and activation of caspases are relevant for apoptosis. In addi-
tion, the role of Bcl-2 in APAP toxicity is unclear (Adams
et al. 2001) and the TUNEL assay indicates DNA strand
breaks, which are caused by mitochondria-derived endonu-
cleases (Bajt et al. 2006). Despite some similarities, there are
substantial differences in the molecular weight of the DNA
fragments between apoptosis and APAP-induced necrosis
(Jahr et al. 2001). Thus, most of the recent claims of apop-
totic cell death in APAP-induced liver injury are not justified
by the data.

Autophagy and autophagy-associated cell
death

Macroautophagy (hereafter referred to as autophagy) is
a highly conserved intracellular degradation pathway,
which degrades cellular components and damaged/excess
organelles in response to adverse environmental condi-
tions and stresses for cell survival purpose (Klionsky and
Emr 2000; Nakatogawa et al. 2009; Parzych and Klionsky,
2014). Emerging evidence indicates that autophagy protects
against APAP-induced liver injury by at least two mecha-
nisms: selective removal of damaged mitochondria and of
APAP protein adducts in hepatocytes (Ni et al. 2012, 2013;
Chao et al. 2018). Timely removal of damaged mitochondria
may help to attenuate APAP-induced mitochondrial dam-
age to maintain mitochondrial homeostasis and sufficient
ATP, which protects against APAP-induced liver injury.
We demonstrated increased number of GFP-LC3-positive
autophagosomes in GFP-LC3 transgenic mouse livers after
APAP administration, suggesting the induction of autophagy
(Ni et al. 2012, 2013). Autophagic removal of damaged
mitochondria is mediated by a selective autophagy process
termed as mitophagy. Phosphatase and tensin homolog
(PTEN)-induced kinase 1 (PINK1)/Parkin pathway is so
far the best characterized signaling pathway regulating
mitophagy in mammals. In healthy mitochondria, PINK1
is cleaved by the inner mitochondrial membrane protease
PARL to release the truncated PINKI1 into the cytosol,
which is then degraded by the proteasome via the N-end rule
pathway (Jin et al. 2010; Deas et al. 2011; Meissner et al.
2011; Yamano and Youle 2013). In damaged and depolar-
ized mitochondria, PINKI1 is stabilized on the outer mito-
chondrial membrane (Matsuda et al. 2010; Narendra et al.
2010; Vives-Bauza et al. 2010). PINK1 then phosphorylates
ubiquitin and Parkin, an E3 ligase, that not only leads to
the recruitment of Parkin to mitochondria but also enhances
Parkin E3 ligase activity resulting in outer mitochondrial
membrane protein ubiquitination (Koyano et al. 2014). Con-
versely, a recent study showed that PTEN-L, an isoform of
PTEN, dephosphorylates ubiquitin via its protein phos-
phatase activity to negatively regulate mitophagy (Wang
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et al. 2018). Ubiquitinated mitochondria then bind with
autophagy receptor proteins such as optineurin, SQSTM1/
p62 (hereafter referred to as p62) and NDP52 to trigger
mitophagy (Ni et al. 2015; Rojansky et al. 2016; Pickles
et al. 2018; Williams and Ding 2018). We recently demon-
strated that APAP administration increases Parkin translo-
cation to mitochondria with concurrent increased ubiquit-
ination of mitochondrial proteins and mitophagy induction
in mouse livers (Williams et al. 2015). This mitochondrial
translocation and ubiquitination of mitochondrial proteins
were blunted in PINK1 knockout (KO) mice (Wang et al.
2019). Using a novel tandem fluorescent-tagged inner mito-
chondrial membrane protein Cox8 (Cox8-GFP-mCherry)
that can be used to monitor mitophagy based on different
pH stability of GFP and mCherry fluorescent proteins, we
found that single deletion of either Parkin or PINK1 in mice
is not enough to blunt APAP-induced mitophagy. However,
mitophagy markedly decreased in PINK1/Parkin double KO
mouse livers after APAP treatment (Wang et al. 2019). More
importantly, PINK1/Parkin double KO mice were more sus-
ceptible to APAP-induced liver injury (Wang et al. 2019).
These data suggest that PINK1/Parkin-mediated mitophagy
protects against APAP-induced liver injury by removing
APAP-induced damaged mitochondria. However, it remains
unknown whether any of the known mitophagy receptor pro-
teins would be involved APAP-induced liver injury.

Besides the removal of damaged mitochondria, we also
demonstrated that autophagy can remove APAP-adducts.
We found that APAP-adducts co-localize with GFP-LC3-
positive autophagosomes in primary cultured hepatocytes.
Moreover, purified hepatic autophagosomes and autolys-
osomes from APAP-treated mouse livers contain APAP-
adducts (Ni et al. 2016). Furthermore, pharmacological
inhibition of autophagy increases whereas activation of
autophagy decreases APAP-adducts in APAP-treated mouse
livers. Furthermore, knockdown of autophagy receptor pro-
tein p62 impairs the clearance of APAP-adducts in hepato-
cytes and increases APAP-induced hepatotoxicity (Ni et al.
2016). Taken together, these findings suggest that activa-
tion of autophagy may be beneficial against APAP-induced
hepatotoxicity by removing APAP-adducts and damaged
mitochondria.

It should be noted that there is a complicated mutual regu-
latory network among autophagy and cell death. Apoptosis
suppresses autophagy by inducing caspase-mediated cleav-
age of essential autophagy proteins such as Beclin 1 (Li et al.
2011). In addition, necroptosis protein RIPK1 represses
basal autophagy by inhibiting TFEB-mediated expression
of autophagy-related and lysosomal genes (Yonekawa et al.
2015). In contrast, despite its protective role against cell
death, under certain conditions, autophagy also promotes
ferroptosis, a form of iron-mediated non-apoptotic cell death
(as discussed below). Autophagy can selectively degrade
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ferritin through NCOA4 (nuclear receptor coactivator 4)
(namely ferritinophagy) that increases intracellular iron lev-
els to promote ferroptosis (Mancias et al. 2014; Hou et al.
2016). Currently, it is unclear how cells regulate the bal-
ance from cell survival autophagy towards cell injury (via
promoting other forms of cell death) that will eventually
lead to liver injury after APAP exposure. Moreover, it is
also unclear whether and how autophagy may also promote
liver repair/regeneration, which is more relevant for treating
APAP-induced liver injury. Future work is needed to fur-
ther elucidate the complicated role of autophagy in APAP-
induced liver injury.

Pyroptosis

Pyroptosis is an inflammatory form of programmed necro-
sis (Bergsbaken et al. 2009; Jorgensen et al. 2017) (Fig. 2).
The key mechanism of this mode of cell death is the activa-
tion of pyroptotic caspases including caspase-1, -4 and -5 in
humans and caspase-11 in mice (Yuan et al. 2016). Caspase-1
is activated by stimulation of inflammasomes such as Nalp3
or Aim2 (Bergsbaken et al. 2009) and the other caspases can
be activated through direct binding of bacterial endotoxin (Shi
et al. 2014). This links the activation of the pyroptotic caspases
not only to pathogen associated molecular patterns (PAMPSs)
but also to damage-associated molecular patterns (DAMPs)
released during a sterile inflammatory response including
APAP-induced cell death. The pyroptotic caspases proteolyti-
cally cleave gasdermin D and multiple amino-terminal frag-
ments insert into the plasma membrane forming a pore, which
triggers the breakdown of ion gradients across the membrane,
cell swelling and necrotic cell death (Jorgensen et al. 2017).
Caspase-1 can cleave the pro-forms of IL-1f and IL-18 to the
active cytokines, which also can be released through the gas-
dermin pore (Jorgensen et al. 2017). During APAP-induced
necrosis, there is release of DAMPs from hepatocytes, which
includes mtDNA, nuclear DNA fragments but also ATP
(Woolbright and Jaeschke 2017). This causes both the tran-
scriptional activation of cytokines through toll-like receptors,
e.g., TLRY, and the activation of the Nlp3 inflammasome
leading to increased expression of IL-1f mRNA and forma-
tion of pro-IL-1p and the active cytokine (Imaeda et al. 2009;
Williams et al. 2010). Caspase-1-deficiency in mice and treat-
ment with a pan-caspase inhibitor prevents the formation of
the active IL-1p but not the formation of the mRNA (Imaeda
et al. 2009; Williams et al. 2010) indicating the activation of
the NIp3 inflammasome and caspase-1 during APAP hepa-
totoxicity. Although it was reported that caspase-1-deficient
mice have reduced APAP-induced liver injury (Imaeda et al.
2009), this observation could not be reproduced (Williams
et al. 2011) and many studies have shown the lack of a protec-
tive effect of various caspase inhibitors in this model (Lawson
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Fig.2 Pyroptosis. Pyroptosis is
cell death induced by inflamma-
tory mediators such as bacteria,
viruses or toxic microbial
material mediated by caspase
1,4,5 and 11 in humans.
Identification of these inflam-
matory materials by cells results
in activation of inflammation
sensing complexes such as the
NALP3 inflammasome, which
results in activation of caspase
1. This is complemented by
direct activation of caspases 4, 5
and 11 by bacterial lipopolysac-
charides (LPS), where caspase
11 can then activate the NALP3
inflammasome. The activated
caspases then cleave gasder-
min D, and the insertion of the
resulting protein fragments into
the plasma membrane form
channels which cause cell swell-
ing and necrosis

et al. 1999; Gujral et al. 2002; Jaeschke et al. 2006; Williams
et al. 2010). In addition, the overall formation of IL-1p after
APAP overdose is very limited both in mice (Williams et al.
2010; Zhang et al. 2018) and in humans (Woolbright and Jae-
schke 2017). Together these findings do not support that the
cell death after APAP is caused by pyroptosis.

Ferroptosis

Ferroptosis is considered a new form of cell death that can
occur in various cells including hepatocytes. Ferroptosis
requires iron mobilization and the inactivation of glutathione

peroxidase 4 (GPx4), which specifically reduces phospho-
lipid hydroperoxides and prevents lipid peroxidation (LPO)
(Lei et al. 2019). Hence, the fundamental characteristics
of ferroptosis involves iron-dependent LPO, which can be
inhibited by the key ferroptosis regulator glutathione peroxi-
dase 4 (GPx4), iron chelation, antioxidants and inhibitors of
ferroptosis including ferrostatins and liproxstatins (Doll and
Conrad 2017; Skouta et al. 2014) (Fig. 3). A recent study
suggests that ferroptosis may be involved in APAP-induced
cell death in primary mouse hepatocytes based on the partial
protection by ferrostatin-1 (L6rincz et al. 2015). However,
ferrostatin-1 is only soluble in DMSO and the authors did
not investigate if the compound or the solvent caused some
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Fig. 3 Ferroptosis. Ferroptosis is a mode of cell death mediated by
cellular free iron and lipid peroxidation in the context of decreased
glutathione peroxidase activity. Intracellular reactive oxygen spe-
cies such as hydrogen peroxide react with cellular free iron through
the Fenton reaction to generate the reactive hydroxyl radical, which

delay in metabolic activation, which may be the cause of the
modest protection observed in these cells.

Interestingly, the role of iron and LPO has been inves-
tigated as mechanism of cell death of APAP-induced liver
injury in the 1980s, i.e., long before the term ferroptosis was
introduced (Jaeschke et al. 2003). Wendel and coworkers
provided solid evidence for severe LPO in APAP-treated
mice, an effect that could be attenuated by iron chelation
and vitamin E pretreatment (Wendel and Feuerstein 1981;
Jaeschke et al. 2003). However, what is widely ignored is
the fact that these animals were fed a diet deficient in vita-
min E and selenium and high in soybean oil resulting in
elevated hepatic levels of polyunsaturated fatty acids like
arachidonic acid (20:4) and docosahexaenoic acid (22:6),
which made these animals extremely susceptible to LPO by
GSH-depleting drugs and chemicals such as APAP and allyl
alcohol (Jaeschke et al. 1987; Wendel and Feuerstein 1981).
In contrast, when mice are fed a normal rodent diet, LPO
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attacks lipid membranes to induce lipid peroxidation and membrane
instability, which can ultimately result in leakage of cellular material
and cell death. This process can be inhibited by compounds such as
ferrostatin or chelation of free cellular iron to prevent lipid peroxida-
tion

after APAP is minimal (< twofold above baseline) and quan-
titatively insufficient to cause cell death (Knight et al. 2003).
In addition, lipid-soluble antioxidants like vitamin E do not
protect (Knight et al. 2003). Studies comparing cell death
and LPO parameters such as hydroxy-eicosatetraenoic acids
(HETES), the reaction product of GPx4, and F2-isoprostanes
clearly demonstrated that such LPO parameters increase by
20-50-fold above baseline when LPO is the cause of cell
death (Mathews et al. 1994), which is consistent with APAP
hepatotoxicity in vitamin E-deficient mice (Wendel and
Feuerstein 1981; Wendel et al. 1982). Thus, under normal
circumstances when animals are not made particularly sensi-
tive to oxidant stress, APAP-induced LPO parameters are at
most two-to-threefold above baseline and, therefore, LPO is
quantitatively insufficient to cause cell death.

The chelation of intracellular iron by deferoxamine attenu-
ated APAP-induced liver injury (Sakaida et al. 1995; Sch-
nellmann et al. 1999). However, APAP overdose triggers
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lysosomal instability (Woolbright et al. 2012), which leads
to release of lysosomal iron that is being taken up into mito-
chondria through the electrogenic Ca>*, Fe** uniporter where
it promotes cell death through the opening of the membrane
permeability transition pore (Kon et al. 2010; Hu et al. 2016).
The lysosomal-targeted iron-chelator starch-deferoxamine
attenuated APAP-induced cell death (Hu et al. 2016). Thus,
lysosomal iron promotes APAP hepatotoxicity independent
of LPO. Hence, the APAP-induced cell death cannot be char-
acterized as ferroptosis.

Conclusions and future perspectives

Based on the entire experimental evidence, cell death induced
by an APAP overdose in mice or patients has all the histologi-
cal features of oncotic necrosis, which is caused by complex
intracellular signaling events justifying the term programmed
necrosis. As outlined, each of the other necrotic cell death
modes including necroptosis, ferroptosis, pyroptosis or
autophagic cell death have characteristics that are not fully
met by APAP. Apoptosis is morphologically different from
necrosis and has certain biochemical pathways, e.g., caspase
activation, that are not present during APAP-induced cell
death. When all histological features and intracellular sign-
aling pathways are considered for these modes of cell death
and compared to the same parameters in APAP-induced cell
death, it is obvious that this is necrosis and does not match
the established characteristics of apoptosis or the other, more
specialized, necrosis pathways. However, there is clearly over-
lap in some of the signaling pathways between these modes
of cell death. Thus, to avoid wrong conclusions based on one
or two ambiguous parameters, it is critical to consider all the
signaling events and histological features. In addition, focus-
ing on elucidating critical mechanisms rather than attempts to
re-define modes of cell death have a more realistic chance of
discovering new therapeutic targets for the clinical problem of
APAP-induced liver injury and acute liver failure.
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