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ARTICLE INFO ABSTRACT

Keywords: In 2019 California’s Office of Environmental Health Hazard Assessment (OEHHA) initiated a review of the
Acetaminophen carcinogenic hazard potential of acetaminophen. In parallel with this review, herein we evaluated the mecha-
Para.cetamo-l . nistic data related to the steps and timing of cellular events following therapeutic recommended (<4 g/day) and
E,[aertc; ;lslgi:::uty higher doses of acetaminophen that may cause hepatotoxicity to evaluate whether these changes indicate that
Genotoxicity acetaminophen is a carcinogenic hazard. At therapeutic recommended doses, acetaminophen forms limited
Mutagenicity amounts of N-acetyl-p-benzoquinone-imine (NAPQI) without adverse cellular effects. Following overdoses of
Toxicity acetaminophen, there is potential for more extensive formation of NAPQI and depletion of glutathione, which
Mechanisms may result in mitochondrial dysfunction and DNA damage, but only at doses that result in cell death — thus

making it implausible for acetaminophen to induce the kind of stable, genetic damage in the nucleus indicative of
a genotoxic or carcinogenic hazard in humans. The collective data demonstrate a lack of a plausible mechanism
related to carcinogenicity and are consistent with rodent cancer bioassays, epidemiological results reviewed in
companion manuscripts in this issue, as well as conclusions of multiple international health authorities.

1. Introduction

Acetaminophen, when used as directed, is widely recognized by
health authorities, including the U.S. Food and Drug Administration
(FDA), and healthcare professionals around the world as a safe and
effective analgesic and antipyretic. It is used by tens of millions of people
worldwide for a broad array of applications including over-the-counter

uses by consumers (e.g., treatment of headaches) as well as prescription-
based patient use (e.g., cancer pain management). Currently, the
carcinogenic hazard potential of acetaminophen is being reviewed by
the California Office of Environmental Health and Hazard Assessment
(OEHHA) and the California Carcinogen Identification Committee (CIC)
under California’s Proposition 65 (OEHHA, 2019). Their review follows
numerous safety reviews conducted by key scientific bodies, such as the

Abbreviations: AlF, apoptosis-inducing factor; CIC, Carcinogen Identification Committee; CYP450, cytochrome P450; DILI, drug induced liver injury; GSH,
glutathione; JNK, c-Jun N-terminal kinase; KCC, key characteristics of carcinogens; MAPK, mitogen activated protein kinase; MPTP, mitochondria membrane
permeability transition pore; mtDNA, mitochondrial DNA; NAPQI, N-acetyl-p-benzoquinone imine; OEHHA, Office of Environmental Health Hazard Assessment;
UGT, UDP-glucuronosyltransferases.

* Corresponding author. Johnson & Johnson Office of the Chief Medical Officer, 410 George Street, New Brunswick, NJ, 08901, USA.

E-mail address: geichenb@its.jnj.com (G. Eichenbaum).

https://doi.org/10.1016/j.yrtph.2020.104859
Received 15 July 2020; Received in revised form 22 December 2020; Accepted 28 December 2020
Available online 1 January 2021

0273-2300/© 2020 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license


mailto:geichenb@its.jnj.com
www.sciencedirect.com/science/journal/02732300
https://www.elsevier.com/locate/yrtph
https://doi.org/10.1016/j.yrtph.2020.104859
https://doi.org/10.1016/j.yrtph.2020.104859
https://doi.org/10.1016/j.yrtph.2020.104859
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yrtph.2020.104859&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Jaeschke et al.

FDA and the World Health Organization’s International Agency for
Research on Cancer (IARC), who have all previously concluded that the
data do not support acetaminophen as a carcinogenic hazard (FDA,
2010; IARC, 1990).

In carcinogenic hazard assessments, weight of evidence conclusions
are often based on epidemiological studies, long-term rodent bioassays
(referred to as preclinical studies herein), and genotoxicity data. More
recently, a greater emphasis has been placed on the assessment of
mechanistic data (e.g., WHO, 2019) to help elucidate the potential
biological plausibility of a carcinogenic response in humans. Some en-
tities have utilized the proposed key characteristics of carcinogens (KCC)
(Smith et al., 2016) to organize mechanistic data. In its review of acet-
aminophen, OEHHA utilized the key characteristic concept, citing
selected studies in the literature, as well as high-throughput screening
data (HTS), in the identification of activity related to oxidative stress
and electrophilicity (two key characteristics). These characteristics have
been extensively studied for acetaminophen in the context of liver
toxicity. While acetaminophen is broadly accepted by health authorities
and healthcare professionals around the world to be safe at recom-
mended daily adult doses up to 4 g/day, it is also well-recognized that
doses above the recommended doses may lead to hepatotoxicity and that
acute overdose and repeated supratherapeutic overdose may lead to
death (Daly et al., 2004; Davis et al., 1974, 1976; Portmann et al., 1975).

Given the utility of mechanistic data to help elucidate the potential
biological plausibility of a carcinogenic response in humans, the
objective of this publication is to assemble mechanistic data on acet-
aminophen hepatocellular effects at therapeutic and overdose exposures
and evaluate if they indicate that acetaminophen presents a carcino-
genic hazard. The assessment and conclusions regarding its lack of
carcinogenic potential are supported by data evaluated in this publica-
tion and evidence presented in companion publications in this issue,
including a comprehensive assessment of the preclinical carcinogenicity
(Murray et al., 2020), genetic toxicology (Kirkland et al., this issue), and
epidemiology data (Weinstein et al., this issue), as well as quantitative
systems toxicology modeling of mechanistic responses in humans
(Eichenbaum et al., 2020).

2. Approach

In order to achieve the overall goal of evaluating mechanistic data
relative to carcinogenic hazard, a team of scientists, several of whom
have spent substantial portions of their careers evaluating acetamino-
phen toxicology and pharmacology, was assembled. These subject
matter experts include active researchers as well as private-sector sci-
entists involved with the safety and manufacture of acetaminophen. The
multidisciplinary team also included experts in hazard and risk assess-
ment, mode of action, and clinical safety.

The general lack of a specific tumor response in preclinical studies
(Murray at el., this issue) or humans (Weinstein et al., this issue) pre-
cluded the use of standard mode of action techniques to organize and
evaluate mechanistic data; i.e., there was not an adverse outcome (i.e., a
specific tumor type) for which to develop or assess a mode of action. As
such, a more holistic approach to assess the potential for carcinogenicity
was pursued. The approach involved assembling information regarding
mechanistic events for liver toxicity and evaluating it in the context of
the potential for carcinogenicity. Additionally, other mechanistic as-
pects, including mechanisms related to the KCCs, were considered. The
coherence of the mechanistic findings was then considered in regard to
the biological plausibility of a carcinogenic response in humans.

Notably, this manuscript assembles mechanistic data from decades of
previous research regarding acetaminophen metabolism and drug
induced liver injury (DILI) (Athersuch et al., 2018; McGill and Jaeschke,
2013; Raucy et al., 1989). DILI concepts are well-established, and
acetaminophen was one of the agents used to develop and validate
models of DILI. Further, because of this generally common under-
standing, the mechanistic data herein were not formally evaluated via a
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mode of action framework or similar framework; rather, they are
assembled in the context of assessing the potential for carcinogenicity as
part of, or subsequent to, liver toxicity.

The approach focuses on mechanistic events in the liver as hepato-
cytes represent a worst-case scenario for N-acetyl-p-benzoquinone imine
(NAPQI) formation due to much higher levels of cytochrome P450
isozyme 2E1 (CYP2E1) and the much higher concentrations of acet-
aminophen and acetaminophen metabolites. Hepatocytes represent a
worst-case scenario for acetaminophen exposure, reactive metabolite
formation, and potential for DNA damage because of the amount of the
drug and drug metabolites that reach the hepatocytes. Acute kidney
injury after an acetaminophen overdose occurs mainly in patients who
develop acute liver failure (O’Riordan et al., 2011) but this may be
caused by a combination of effects that occur during multiple organ
failure. Evidence for a direct toxic effect of an acetaminophen overdose
on the kidney was reported in animals with a mechanism similar to what
is reported for liver injury (Hoivik et al., 1995; Kennon-McGill and
McGill, 2018). However, adverse effects of acetaminophen in organs
other than the liver or kidney, even following repeated supratherapeutic
ingestions or acute overdose, occur very infrequently, and their associ-
ation with acetaminophen is not well established (Kennon-McGill and
McGill, 2018). Thus, the liver is considered the most susceptible and the
clinically most relevant target for toxicity and subsequent potential for
carcinogenicity herein.

2.1. Evidence identification

The evidence base related to acetaminophen is voluminous, thus
requiring a targeted approach to identify relevant data on mechanistic
events associated with acetaminophen toxicity and the implications of
these pathways on carcinogenic hazard potential. Primary research
originally conducted by the authors was considered along with literature
identified from a targeted search to identify mechanistic studies that
informed and specifically characterized key events associated with liver
toxicity. Literature searches specifically targeted studies in primary
mouse hepatocytes or mice in vivo, which are considered the most
relevant model for human pathophysiology as it relates to acetamino-
phen exposure (McGill et al., 2012a). Critical signaling events in mice
have been confirmed in either primary human hepatocytes (Xie et al.,
2014), metabolically competent human HepaRG cells (McGill et al.,
2011) or in acetaminophen overdose patients (Davern et al., 2006;
McGill et al., 2012a, 2014). Targeted searching was also conducted to
identify studies that characterized mechanistic events related to oxida-
tive stress and electrophilic conditions that may lead to protein and DNA
adducts, two key characteristics that could potentially be related to -
though are not exclusively related to - a carcinogenic mode of action. Of
note, genotoxicity (a key characteristic) is briefly addressed herein,
though it is comprehensively reviewed by Kirkland et al. (this issue).

The preclinical models that were considered in this review have been
shown to have systemic exposure to the acetaminophen metabolites that
are formed in humans (Murray et al., 2020) and therefore, studies
evaluating dosing of the metabolites alone under conditions that may
not be physiologically relevant in humans were not considered. Data
evaluating phenacetin (a drug withdrawn from the market in the
1970’s) were not considered relevant to acetaminophen carcinogenicity;
although the primary metabolite of phenacetin is acetaminophen, it is
the N-hydroxylated metabolites of phenacetin and not acetaminophen
that are considered to be mutagens and carcinogens, and thus respon-
sible for carcinogenic responses for phenacetin (Hinson, 1983; Hinson
et al, 1979, 1980). These metabolites are not produced from
acetaminophen.

2.2. High-throughput screening (HTS) data

In vitro HTS data for acetaminophen and 4-aminophenol were extrac-
ted from the US Environmental Protection Agency (EPA) Summary Files
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(invitrodb_v3.2) (EPA, 2019). No data were available for NAPQI,
acetaminophen-glutathione (GSH), acetaminophen-hemisuccinate, acet-
aminophen-cysteine, or paracetamol-mercapturate. Data from individual
chemical-assay endpoint pairs are available within these files for thou-
sands of chemicals and a total of 1473 assay endpoints for 20 variables,
including: the activity of each chemical in the assay (“hit call”), the con-
centration at which activity was observed (ACsg values, i.e. the concen-
tration eliciting 50% maximal activity), the cytotoxic concentration range,
and data flagged for quality issues. Activity calls are indicated by a hit call
of 1 (“active™) or O (“inactive™). Hit calls were based on cytotoxicity
criteria previously defined by the US EPA (Judson et al., 2016). Potential
assay interference due to cytotoxicity is characterized by Z-scores for
these data, indicating the distances between ACs( values and concentra-
tions eliciting cytotoxicity, as described by Judson and colleagues (Judson
et al., 2016). A Z-score >3 was deemed by Judson et al. to be a sufficient
cut-off indicator for the occurrence of assay activity at a concentration well
below the “cytotoxic signal burst” region. Thus, for the purpose of this
assessment, assay endpoints in which the test article had a hit call of 1 and
also had Z-score >3 were considered to be active (see Table Al).

HTS data were evaluated in the context of the Key Characteristics of
Carcinogens (KCCs) by mapping individual assay endpoints to the KCC.
A comprehensive set of assay endpoints from the invitrodb_v3.2 data
release was curated using expert judgement and also by consulting
several other published mappings: (1) KCC mappings previously
employed by IARC Monographs volume 113 to the present, as listed in
supplemental materials to the monographs and by Chiu and associates
(Chiu et al., 2018), which are not up-to-date with the current ToxCast
data release; (2) a recent publication from California EPA scientists
(Iyer et al., 2019) which includes only a subset of assays from 3 vendors
and also is not up-to-date with the current ToxCast data release; and (3)
endocrine pathways as mapped in the ToxCast Endocrine Disruptor
Screening Program in the 21st century (EDSP21) program (specific to
KCC #8: Receptor-mediated effects). Assay endpoints were mapped to 9
out of the 10 KCC (no assay endpoints were mapped to KCC # 9,
Immortalization, as no relevant assays were available in the ToxCast
data).

2.3. Evidence assembly and evaluation

As it is commonly accepted that acetaminophen toxicity is dose-
dependent, molecular events were organized and described based on
two dose categories: (1) therapeutic up to and including the maximum
labeled doses (<4 g/day); (2) supratherapeutic (above the maximum
labeled dose but below the defined acute overdose amount) and acute
overdose scenarios (defined as > ~15 g). The mechanistic events dis-
cussed herein represent a continuous pathway which is influenced by
dose, duration of the dose (e.g., if there is repeated supratherapeutic or
chronic high-dose exposure), and inter-individual variability or sensi-
tivity. Because these important pharmacological concepts impact the
preciseness of the potential occurrence of each molecular event in an
individual, and because biologically these events are linked and are in
many cases reversible, it is difficult to characterize which specific events
occur or do not occur at doses above therapeutic maximum labeled
doses. These aspects are comprehensively evaluated and characterized
by Eichenbaum et al., (2020) using the DILIsym Quantitative Systems
Toxicology model, for which we refer the reader to throughout the
subsequent section.

The mechanistic events associated with liver toxicity were further
assessed for the potential to be associated with a carcinogenic response.
First, the pathway as a whole was considered in determining if observed
toxicity could also be associated with carcinogenicity. Second, specific
events and data associated with the KCC, as well as other lines of evi-
dence relating to mechanistic activity, are reviewed and assessed rela-
tive to liver toxicity and the potential for carcinogenicity.
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3. Mode of action for liver toxicity supports lack of
carcinogenicity

The biochemical pathways associated with acetaminophen meta-
bolism and disposition have been studied extensively in preclinical
models and in humans (Bajt et al., 2006; Cover et al., 2005; Heard et al.,
2011; Hu et al., 1993; Kang et al., 2020; McGill and Jaeschke, 2013;
McGill et al., 2013; McGill et al., 2012a,b; McGill et al., 2011; Ram-
achandran and Jaeschke, 2018, 2020; Xie et al., 2015a; Xie et al., 2014).
In this section we provide a step-by-step summary of the relevant
mechanistic events that occur at therapeutic recommended doses, as
well as the mechanistic events observed at doses above the therapeutic
recommended dose range (Fig. 1). These events reflect the collective
mechanistic evidence that has been generated in vitro, in mouse models,
and in humans and are discussed and referenced in detail in the sections
that follow. This mode of action assessment supports that acetamino-
phen at therapeutic recommended doses does not result in adverse ef-
fects, but at doses above the therapeutic range subsequent mechanistic
events can result in toxicity and cell death — events that preclude and are
not associated with carcinogenic effects (Fig. 1).

3.1. Glucuronidation and sulfation

Approximately 60% of acetaminophen is conjugated by UDP-
glucuronosyltransferases (UGT), UGT1A6 and UGT1A9, and approxi-
mately 30% by sulfotransferases, SULT1A1 and SULT1A3, to non-toxic
glucuronide and sulfate metabolites (McGill and Jaeschke, 2013). The
degree of sulfation is governed by the availability of inorganic sulfate
and the rate of metabolism by sulfotransferases. At therapeutic recom-
mended doses, a relatively small fraction of acetaminophen is oxidized
by CYP450 isoenzyme 2A6 (CYP2A6) to non-toxic catechols, which can
be detected in the urine along with glucuronide and sulfate metabolites
of acetaminophen (Chen et al., 1998).

3.2. GSH depletion, NAPQI formation, and cytosolic protein adducts

At therapeutic recommended doses, approximately 5-10% of acet-
aminophen is oxidized by CYP2E1 to produce NAPQI (Raucy et al.,
1989; Thummel et al., 1993), a highly reactive electrophile (Dahlin
et al., 1984; Guengerich and Liebler, 1985) that is primarily conjugated
to GSH. GSH-NAPQI is subsequently excreted as cysteine, mercapturate,
methylthio and methanesulfonyl adducts of acetaminophen, with
increased levels of NAPQI formation with higher doses (McGill and
Jaeschke, 2013). Human variability in metabolism of acetaminophen as
a result of genetic polymorphisms and nongenetic factors (Court et al.,
2017; Critchley et al., 1986; van der Marel et al., 2003) is not expected to
significantly impact metabolism nor, consequently, safety at therapeutic
recommended doses. Glucuronide and sulfate conjugation are the major
metabolic pathways (~85-90%) and small changes in oxidation to
NAPQ], if there is genetic variability, are not expected to be clinically
significant and often fall within the expected range for therapeutic
recommended doses (Eichenbaum et al., 2020; de Morais et al., 1992;
Forrest et al., 1979; van Rongen et al., 2016; Zapater et al., 2004).

At therapeutic recommended doses, there is limited formation of
NAPQI; thus, the amount that is bound to GSH and to cellular proteins is
very limited (McGill et al., 2013). It is so limited that only very low
levels of acetaminophen-cysteine protein adducts are detectable in both
mice and humans with sensitive mass spectrometric methods (Heard
et al., 2011; McGill et al., 2013). Although a number of these protein
adducts have been identified (Cohen et al., 1997; Qiu et al., 1998), no
protein adduct was identified that could cause cell death (Ramachan-
dran and Jaeschke, 2020). As some examples showed, the enzyme ac-
tivities of covalently adducted proteins were reduced by 25-40%, which
was insufficient to directly trigger cell death (Andringa et al., 2008;
Pumford et al., 1997).

As GSH becomes depleted and its regeneration lags behind NAPQI
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Fig. 1. Schematic diagram showing the mode of action for liver toxicity by dose, recognizing that the pathway represents a continuum of events impacted by dose,
duration of exposure, and interindividual variability. At supratherapeutic doses, many events are reversible; only under conditions of repeated, high-dose exposure
does the hepatocyte lead to cell death. Such conditions also influence the portion of tissue impacted (e.g., often limited to the centrilobular region following repeated
supratherapeutic exposures). Mechanistic events, regardless of dose, do not result in carcinogen transformation.

production, NAPQI binds to hepatic macromolecules initiating a cascade
of events outlined in Fig. 1. At supratherapeutic doses, there is some
depletion of GSH and cellular proteins that detoxify NAPQI, resulting in
mitochondrial adduct formation. In contrast to GSH and general protein
binding, adducts formed in mitochondria have negative consequences
that can lead to cell death.

With overdose, there can be extensive GSH depletion and a dramatic
increase in NAPQI-protein adduct formation (McGill et al., 2013).
Following large overdoses, the sulfation pathway becomes saturated,
resulting in a greater percentage of acetaminophen being glucur-
onidated, a non-saturable pathway (Xie et al., 2015a), and oxidized to
NAPQI. Simulations of human exposure to various doses were discussed
in a companion manuscript (Eichenbaum et al., 2020), which showed

the extent of GSH depletion in the supratherapeutic dose range, as well
as overdose across a diverse representative patient population. Although
CYP1A2 and CYP3A4 show some metabolic activity in vitro in human
microsomes (Patten et al., 1993; Raucy et al., 1989; Thummel et al.,
1993), both enzymes were found to have negligible contribution to
hepatotoxicity in human in vivo studies compared to other enzymes
(Manyike et al., 2000; Sarich et al., 1997).

3.3. Autophagy or mitochondrial adduct formation

Because GSH levels in hepatocytes are high (5-10 mM), the very
small amount of protein adducts that are formed at therapeutic recom-
mended doses are located predominantly in the cytosol (Hu et al., 2016)
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and are subsequently removed by autophagy (Ni et al., 2016). Recent
data showed that this mechanism of protein adduct removal is highly
effective and prevents adverse effects in hepatocytes even after multiple
supratherapeutic doses (Nguyen et al., 2021). Further, the minor adduct
formation with therapeutic recommended doses is pathophysiologically
irrelevant as neither mitochondrial dysfunction nor DNA damage is
detectable (Hu et al., 2016; McGill et al., 2013) and any temporary loss
of GSH is rapidly re-replenished (McGill et al., 2013). These data
collectively demonstrate that although a small amount of NAPQI is
formed, there is no biological consequence related to a carcinogenic
response following exposure to acetaminophen at therapeutic recom-
mended doses due to adduct removal by autophagy. Studies with
autophagy-deficient mice demonstrated that only long-term, severe
cellular stress with extensive cell death and compensatory regeneration
will eventually lead to inflammation, fibrosis and liver cancer over the
lifetime of the animals (Ni et al., 2014).

Following overdose, mitochondrial protein adduct formation and
toxicity can occur. Supratherapeutic doses (in mice) can lead to limited
protein adducts in mitochondria (Hu et al., 2016). This is regarded as the
principle mode of cellular toxicity, which subsequently drives cell death
(Qiu et al., 2001; Tirmenstein and Nelson, 1989; Xie et al., 2015b).

This conclusion is based on mechanistic studies demonstrating no
difference in overall protein binding for N-acetyl-p-aminophenol (acet-
aminophen) compared to its regioisomer N-acetyl-m-aminophenol
(AMAP). Only acetaminophen caused protein adducts in mitochondria
and induced liver injury (Qui et al., 2001; Tirmenstein and Nelson,
1989). These results were confirmed for mouse hepatocytes but not in
human hepatocytes, where AMAP caused mitochondrial adducts and
cell death (Xie et al., 2015b). In addition, dose-response studies with
acetaminophen in vivo showed that mitochondrial dysfunction is
correlated with mitochondrial protein adduct formation (Hu et al.,
2016).

3.4. Mitochondrial oxidative and nitrosative stress

Following supratherapeutic doses and acute overdose, the mecha-
nistic pathway continues to the generation of oxidative and nitrosative
stress in the mitochondria in capacities dependent on dose, duration,
and human sensitivity. Peroxynitrite, which is a potent oxidant and
nitrating species (Radi, 2004), is the ultimate oxidant responsible for the
liver injury following acetaminophen acute overdose (Du et al., 2016;
Knight et al., 2002) and potentially occurs also in a limited portion of
hepatocytes under some supratherapeutic dosing conditions. Impor-
tantly, it is confined to the mitochondria as indicated by selective
mitochondrial DNA damage and nitrotyrosine protein adducts inside the
mitochondria but not in any other compartment of the cell, including the
nucleus (Cover et al., 2005). The limitation of the oxidative/nitrosative
processes within the mitochondria is also documented by the selective
increase of GSH disulfide (GSSG) concentrations within the mitochon-
dria (Jaeschke, 1990; Knight et al., 2001) and the use of MitoSox, which
is a superoxide indicator that accumulates selectively inside the mito-
chondria (Yan et al., 2010). The pathophysiological importance of the
mitochondrial superoxide formation is also demonstrated by the
dramatically enhanced peroxynitrite formation and hepatotoxicity in
Manganese  Superoxide Dismutase (MnSOD)-deficient mice
(Ramachandran et al., 2011a) and the protective effect of the selective
mitochondria-targeted SOD mimetic Mito-Tempo (Du et al., 2017a). The
critical role of MnSOD is to prevent the reaction of nitric oxide with
superoxide to form peroxynitrite (Fukai and Ushio-Fukai, 2011). The
enhanced dismutation of superoxide to hydrogen peroxide and oxygen
allows the detoxification of hydrogen peroxide by glutathione peroxi-
dase. However, it theoretically enhances the risk of a Fenton reaction
and lipid peroxidation. The fact that there is only very limited evidence
for lipid peroxidation after acetaminophen overdose, and that the
lipid-soluble antioxidant vitamin E does not protect against such (Knight
etal., 2003), further supports the hypothesis that peroxynitrite, which is
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limited to the mitochondrial space, is the critical oxidant in the patho-
physiology (Du et al., 2016).

3.5. Activation of the JNK pathway

A clear consequence of the mitochondrial NAPQI-protein adducts is a
modest oxidant stress, which is insufficient to cause relevant mito-
chondrial dysfunction but instead activates redox-sensitive mitogen
activated protein kinases (MAPK) such as apoptosis signal-regulating
kinase 1 (ASK-1) (Nakagawa et al., 2008; Xie et al., 2015c) and mixed
lineage kinase 3 (MLK3) (Sharma et al., 2012). The activation of ASK-1
and MLK3 triggers the phosphorylation of mitogen-activated protein
kinase 4 (MKK4, Zhang et al., 2017), which results ultimately in the
phosphorylation of c-jun N-terminal kinase (JNK) in the cytosol and the
translocation of phosphorylated JNK (P-JNK) to the mitochondria
(Hanawa et al., 2008). The binding of P-JNK to the anchor protein Sab
on the outer mitochondrial membrane and inactivation of intra-
mitochondrial Src kinases results in a further interruption of the mito-
chondrial electron transport chain and enhanced electron leakage with
formation of superoxide in the mitochondrial matrix (Win et al., 2016).
The occurrence of these events is limited at supratherapeutic doses
relative to the acute overdose scenario (Hu et al., 2016).

3.6. Amplification of mitochondrial oxidative/nitrosative stress

The amplified oxidant stress inside the mitochondria triggered by the
JNK pathway leads to the enhanced formation of peroxynitrite (Saito et al.,
2010a). Hence, JNK inhibitors effectively prevent acetaminophen-induced
oxidant stress and peroxynitrite formation, ultimately preventing liver
injury (Akakpo et al., 2019; Saito et al., 2010a). The initial JNK activation,
which occurs as early as 1 h after acetaminophen overdose (Xie et al.,
2015c), is triggered by the early mitochondrial oxidant stress caused by
mitochondrial protein adduct formation (Hanawa et al., 2008). However,
continuous JNK activation requires an auto-amplification loop where the
amplified oxidant stress in the mitochondria sustains cytosolic JNK acti-
vation by release of oxidants such as hydrogen peroxide. Evidence for this
mechanism comes from the fact that delayed treatment, i.e. after the initial
JNK activation, with inhibitors of ASK1 (Xie et al., 2015c¢) or JNK (Akakpo
et al., 2019) effectively blocks prolonged JNK activation, late oxidant
stress and injury. A similar effect is observed when animals are treated
with N-acetylcysteine at 1.5 h after acetaminophen (Xie et al., 2015c).
N-acetylcysteine treatment promotes the synthesis of hepatic GSH, which
directly scavenges peroxynitrite (Knight et al., 2002; Saito et al., 2010b)
and supports the detoxification of hydrogen peroxide (Saito et al., 2010b),
i.e., interrupts the amplification cycle by removal of the diffusible
hydrogen peroxide.

3.7. Loss of mitochondrial membrane potential

Acetaminophen-induced cell death involves the opening of the
mitochondrial membrane permeability transition pore (MPTP) resulting
in the collapse of the membrane potential and cessation of ATP synthesis
invitro (Kon et al., 2004) and in vivo (Masubuchi et al., 2005). The MPTP
opening can be regulated by cyclophilin D or can be unregulated
depending on the severity of the stress (Kim et al., 2003). Consistent
with this hypothesis, it was shown that a cyclophilin D-deficient mouse
is completely protected against a moderately toxic overdose of acet-
aminophen ((Ramachandran et al., 2011b) but not against a severely
toxic overdose (LoGuidice and Boelsterli, 2011). It is well known that
oxidants can trigger the MPTP opening in mitochondria (Kim et al.,
2003). The fact that scavengers of reactive oxygen can effectively pre-
vent acetaminophen-induced cell death supports the hypothesis that
oxidants are the driving force of the MPTP opening (Saito et al., 2010b).
In addition, lysosomal iron translocating to the mitochondria is involved
in the MPTP opening (Kon et al., 2010). If enough mitochondria within a
hepatocyte are affected, the cell undergoes necrosis (Gujral et al., 2002).



H. Jaeschke et al.

However, damaged mitochondria can also be removed by mitophagy (Ni
et al., 2012) and then replaced by mitochondrial biogenesis (Du et al.,
2017b) resulting in the survival of cells especially on the periphery of the
necrotic area (Ni et al., 2013).

3.8. Release of endonucleases from mitochondria

One of the consequences of the MPTP opening is mitochondrial
matrix swelling, which leads to rupture of the outer membrane (Kim
et al., 2003). In this case, intermembrane proteins such as cytochrome c,
Smac/Diablo, endonuclease G, and apoptosis-inducing factor (AIF) are
released into the cytosol (Bajt et al., 2006, 2008). An increased perme-
ability of the outer mitochondrial membrane with release of these pro-
teins can also be caused by translocation of the apoptosis regulator
BCL-2-associated X (BAX) protein from the cytosol to the mitochon-
dria, where BAX can combine with other proteins such as BCL-2 ho-
mologous antagonist/killer (BAK), BCL2-associated agonist of cell death
(BAD), and BH3 Interacting Domain Death Agonist (BID) in the outer
membrane (Bajt et al., 2008). Mitochondrial BAX translocation occurs
within 1-2 h after an acetaminophen overdose and release of these
intermembrane proteins can be observed several hours later (Bajt et al.,
2008; El-Hassan et al., 2003). Elimination of the BAX pore formation in
BAX-deficient mice prevents this early release of the intermembrane
proteins and reduces the early injury, however, several hours later there
was no longer protection in these animals (Bajt et al., 2008). The reason
for the protection only being temporary was that BAX deficiency did not
prevent the mitochondrial oxidant stress and thus did not prevent the
MPTP formation, matrix swelling, late release of the intermembrane
proteins and eventual cell death (Bajt et al., 2008). Thus, release of
mitochondrial intermembrane proteins due to the formation of an initial
BAX pore and later rupture of the outer mitochondrial membrane caused
by MPTP-induced matrix swelling is a critical step in the intracellular
signaling events leading to cell death after an acetaminophen overdose.

3.9. Translocation to the nucleus

Some of the mitochondrial intermembrane proteins such as cyto-
chrome ¢ and Smac/DIABLO are considered pro-apoptotic proteins that
lead to promotion of apoptotic signaling (Jaeschke et al., 2018).
Although these proteins are clearly released from mitochondria into the
cytosol during acetaminophen hepatotoxicity (Bajt et al., 2006, 2008;
El-Hassan et al., 2003), there is no evidence that they promote caspase
activation and apoptotic cell death under these conditions (Jaeschke
et al., 2018). In contrast, AIF and endonuclease G, when released from
the mitochondrial intermembrane space, translocate to the nucleus and
cause DNA fragmentation after acetaminophen overdose (Bajt et al.,
2006). Both AIF and endonuclease G are known to be involved in nuclear
DNA degradation during non-caspase-dependent cell death pathways
(Daugas et al., 2000; Low, 2003). Preventing mitochondrial dysfunction
after acetaminophen overdose inhibits nuclear translocation of AIF and
endonuclease G (Bajt et al., 2006; Cover et al., 2005).

3.10. Nuclear DNA fragmentation

Karyolysis is a hallmark of necrotic cell death (Gujral et al., 2002).
Nuclear DNA fragmentation has been documented by DNA ladder (Ray
et al., 1990; Cover et al., 2005), the TUNEL assay (Lawson et al., 1999;
Cover et al., 2005), anti-histone ELISA (Lawson et al., 1999; McGill et al.,
2012b) and expression of phosphorylated H2AX, a marker of DNA
double-strand breaks (Borude et al., 2018), during
acetaminophen-induced liver injury. Although there is some overlap in
DNA fragmentation between apoptosis and acetaminophen-induced ne-
crosis, there are also clear distinctions in terms of the TUNEL staining
(Jaeschke et al., 2018) and in the size of the DNA fragments (Jahr et al.,
2001). The reason is that nuclear DNA fragmentation during apoptosis is
caused by caspase-activated DNases (Nagata et al., 2003), while
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acetaminophen-induced hepatotoxicity involves mitochondria-derived
AIF and endonuclease G (Bajt et al., 2006; Cover et al., 2005).

3.11. Cell death

The release of cytochrome ¢ from the mitochondria could theoreti-
cally lead to activation of caspase-9 and trigger apoptosis; however,
there is no evidence for relevant activation of any caspases (Lawson
et al.,, 1999; Gujral et al., 2002) or morphological characteristics of
apoptosis after acetaminophen overdose (Jaeschke et al., 2018). Because
the mitochondrial apoptosis pathway involving cytochrome c-mediated
apoptosome activation also requires ATP, a potential reason for the lack
of apoptosis might be declining ATP levels, which has been observed
after acetaminophen overdose (Jaeschke, 1990). Although it is
hypothesized that the capacity to maintain cellular ATP levels is
necessary for apoptotic cell death (Jaeschke and Lemasters, 2003; Malhi
etal., 2006), necrotic cell death in acetaminophen toxicity appears to be
independent of hepatic ATP levels (Williams et al., 2011).

Endonuclease G and AIF translocate to the nucleus and cause DNA
fragmentation (Bajt et al., 2006). Importantly, the main consequence of
this mechanism of DNA fragmentation is karyolysis, which is not
repairable. This means that under conditions in which biologically sig-
nificant DNA fragmentation occurs, the cell passes the “point of no re-
turn” and progresses to necrosis, which makes it impossible that such a
cell survives or proliferates. That is, following supratherapeutic doses or
upon overdose, acetaminophen causes DNA damage only at exposures
that result in cell death, making it implausible for acetaminophen to
induce the kind of stable genetic damage indicative of a genotoxic or
carcinogenic hazard in humans.

3.12. Pathway-based assembly demonstrate lack of carcinogenic potential

There is clear evidence showing that at therapeutic doses NAPQI
does not reach the nucleus in the presence of high GSH levels and the
presence of cytosolic proteins with free SH groups in vivo and that there
is no formation of mitochondrial protein adducts, JNK activation,
mitochondrial oxidant stress or dysfunction, and no evidence of DNA
damage or cell death (Hu et al., 2016; McGill et al., 2013). Review of
mechanistic information related to acetaminophen confirms that DNA
damage in relevant, well-controlled test systems only occurred at dos-
es/concentrations that result in cell death, which preclude it from
having potential to cause any carcinogenic effects via a genotoxic
mechanism (Kirkland et al., this issue).

Careful examination of the mode of action in the liver under supra-
therapeutic and overdose conditions demonstrates that the potential for
oxidative stress and DNA effects resulting from formation of a reactive
metabolite occurs in a well-characterized sequence that results in
cellular toxicity before it can become a carcinogenic hazard. At supra-
therapeutic, non-toxic doses in the mouse (100-150 mg/kg), there is
depletion of GSH due to NAPQI detoxification, mitochondrial protein
adduct formation, initial oxidative/nitrosative stress, temporary JNK
activation and MPTP opening (Hu et al., 2016; Dunn et al., 2020).
Because the MPTP is reversible, mitochondria re-polarize, no DNA
damage occurs, and the cell recovers (Hu et al., 2016; Dunn et al., 2020).
Under these conditions only few single cells in the centrilobular area
may die. In a review of the genotoxic mode of action of acetaminophen,
the same mechanism of action (NAPQI-mediated oxidative stress) was
identified for genotoxicity following overdose (Bergman et al., 1996).

In acute overdose, in which GSH is depleted, NAPQI binds to mito-
chondrial proteins resulting in mitochondrial dysfunction;
mitochondrial-dependent nuclear DNA fragmentation occurs, leading to
cell death to regions beyond the centrilobular area. This acute cell death
prevents any effects on nuclear DNA that could drive carcinogenesis.
The lack of carcinogenicity potential - at any dose - is consistent with the
overall lack of carcinogenic effects in rodent cancer bioassays (Murray
et al., 2020) and epidemiological studies (Weinstein et al., this issue).



H. Jaeschke et al.

4. Additional mechanistic evidence demonstrates a lack of
carcinogenic potential

4.1. Acetaminophen DNA adducts have not been structurally identified in
vivo at any dose level

Nuclear DNA adduct formation in humans or animals in vivo have not
been identified in studies which use biologically relevant test systems (e.
g., reliable specific labeling techniques as discussed by Kirkland et al.,
this issue). The limited evidence that acetaminophen has the potential to
form DNA adducts comes from in vitro studies (Dybing et al., 1984;
Hongslo et al., 1994; Rogers et al., 1997), and a mouse in vivo study
(Rogers et al., 1997). These studies show a dose-related increase in the
extent of DNA binding of a tritiated label at therapeutic and supra-
therapeutic concentrations and doses. However, comparisons of the
relative binding of the tritiated label to the DNA, chromatin, and nucleus
demonstrate that >90% of the label was on the chromatin and nucleus,
and not on the DNA; as such, these data demonstrate that the label is
binding to histones and other proteins rather than the DNA (Rogers
et al., 1997). However, the authors only measured radioactivity in the
DNA and assumed this reflected binding of acetaminophen to DNA. In
addition, the tritium label can be readily displaced and enter the general
cellular pool such that it gets incorporated into normal bases and thence
into DNA (metabolic incorporation) and does not represent acetamino-
phen. There was also no clear observation of adducts in liver DNA using
the 32P—postlabeling technique (see Kirkland et al., this issue). No DNA
adducts were identified or characterized, and, as indicated above, the
presence of radioactivity from the tritium in DNA does not prove that
adducts have been formed (Phillips et al., 2000). As stated by Bergman
et al. (1996) “Definite proof that the covalent binding of radioactivity
from 3H-labeled paracetamol to DNA represents the formation of true
DNA adducts would require chemical structural analysis”. In contrast to
cytosolic and mitochondrial protein adducts, there is no scientifically
valid evidence for adduct formation on nuclear DNA after therapeutic or
toxic doses of acetaminophen in vivo.

4.2. Implications of toxicity pathways for carcinogenicity hazard
potential in sub-populations: patients with purported susceptibility to liver
injury

A recent critical review of the literature concluded that no patient
group is unequivocally at elevated risk of acetaminophen-induced liver
toxicity (Caparrotta et al., 2018). This review included clinical studies
addressing genetic and nongenetic factors that may alter acetaminophen
metabolism, such as enzyme polymorphism, race/ethnicity, Gilbert’s
syndrome, liver disease, age, obesity, nutritional state, alcohol use, and
potential drug interactions. Other reviews of clinical data addressed
acetaminophen use by liver-impaired patients (Hayward et al., 2016) and
by populations in which low GSH has been observed (Lauterburg, 2002),
concluding that there was no evidence for greater risk. Another review
highlighted the impact of purported drug, alcohol, and fasting interactions
with acetaminophen that were based on data from animal studies, in vitro
tests, and case reports (Rumack, 2004).

Of note, Eichenbaum, et al. (this issue) modeled mechanistic events
in patient sub-populations and in overdose patients using a Quantitative
Systems Toxicology Platform called DILIsym that has been developed
and validated using acetaminophen. The results of these simulations
characterize interindividual variability, including sensitive populations.

4.3. Consideration of potential effects of acetaminophen on DNA repair or
genomic stability

Several studies show a potential inhibitory effect of acetaminophen
on reparative and replicative DNA synthesis in vitro and in vivo using a
thymidine uptake assay (Hongslo et al., 1994; Lister and McLean, 1997).
This is relevant to KCC #3: “alter DNA repair or cause genomic

Regulatory Toxicology and Pharmacology 120 (2021) 104859

instability.” However, the reduced thymidine uptake is transient,
reversing in vivo within 2-4 h (Hongslo et al., 1994; Lister and McLean,
1997). Additionally, it has been proposed that, by analogy with hy-
droxyurea, the thymidine uptake assay results may be related to the
inhibition of ribonucleotide reductase, which may also be responsible
for genotoxic effects seen with acetaminophen at high doses (Bergman
et al., 1996; Thybaud et al., 2007).

Another mechanism that has been proposed for acetaminophen ef-
fects on DNA is through inhibition of ribonucleotide reductase in vitro.
There have been several studies that reported inhibition of ribonucleo-
tide reductase in in vitro models (Hongslo et al., 1990). However, these
models have unclear relevance to humans or animals (e.g., mouse
mammary immortalized tumor cell line with mutations introduced
and/or in which the conditions tested are implausible in humans; see
further discussion in Kirkland et al., this issue). Additionally, a literature
search yielded no evidence demonstrating that acetaminophen inhibits
ribonucleotide reductase or disrupts the ribonucleotide pool in vivo.

There are other potential mechanisms besides direct inhibition of
ribonucleotide reductase that could cause the thymidine uptake effects
observed in these in vitro model systems (Hongslo et al., 1990). One
potential alternative mechanism for the effects observed on DNA repair
could be acetaminophen-induced mitochondrial permeability transition
in vitro that occurs in two phases (GSH depletion/covalent binding fol-
lowed by mitochondrial dysfunction). Mitochondrial dysfunction can
inhibit ribonucleotide reductase function in the cytosol (Desler et al.,
2007, 2010) and potentially cause the effects on DNA replication that
were observed in vitro. As discussed herein, the changes to mitochondrial
function and GSH depletion only occur at supratherapeutic doses.

Elevation of intracellular Ca®* by high doses of acetaminophen
represents another potential cause of genomic instability, as it can result
in DNA fragmentation. This has been attributed to formation of acet-
aminophen protein adducts on the plasma membrane enzyme CaZ"
ATPase after hepatotoxic doses of acetaminophen (Tsokos-Kuhn et al.,
1988). High concentrations/doses of acetaminophen induce a marked
increase in intranuclear Ca®", resulting in endonuclease activation and
DNA fragmentation (Ray et al., 1990; Shen et al., 1991). These effects
may be a consequence of cytotoxicity, and, as discussed herein, damaged
cells would not survive. Thus, since increased Ca®* levels are associated
only with cytotoxicity, the resultant clastogenicity will exhibit a
threshold. Human plasma Ca®" concentrations under normal acet-
aminophen usage are much lower than cytotoxic concentrations, so that
under normal usage acetaminophen would not induce genotoxicity
associated with increased Ca®" levels. Further, DNA fragmentation that
occurs strictly under cytotoxic conditions is likely not related to carci-
nogenic mechanisms, as would be the case for DNA damage in repli-
cating cells.

4.4. High throughput screening (HTS) data do not support a carcinogenic
response to acetaminophen

Acetaminophen was tested for activity in 665 HTS assays, 309 of
which measure endpoints relevant to one or more of the KCCs. Acet-
aminophen was inactive in all but four of the 655 assays in which it was
tested, with three of the four active assays mapped to a KCC. These three
active KCC-relevant assays were tested in human cell models, as were
the majority of the HTS assay data for acetaminophen (cell lines or cell-
free). The three active assay endpoints were related to epigenetic al-
terations, progesterone receptor binding, or androgen receptor antago-
nism. However, these assays were all flagged for data quality issues
according to the ToxCast summary files, bringing their reliability into
question (Table Al). Further, while acetaminophen was active in a
single assay for androgen receptor antagonism, three other assays for
androgen receptor antagonism were inactive, and the overall consensus
for androgen receptor antagonism is inactive according to computa-
tional modeling of the HTS data (ToxCast pathway model for androgen
receptor: https://comptox.epa.gov/dashboard/dsstoxdb/results?search
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=DTXSID2020006#Dbioactivity-toxcast-models)

Thus, acetaminophen at concentrations up to 200 pM was generally
considered inactive in HTS assay endpoints related to the KCCs.

4-Aminophenol was active in a total of six ToxCast assay endpoints,
five of which were mapped to a KCC. 4-Aminophenol was inactive in
another 122 assay endpoints related to one or more KCC. Three assays
reporting activity were related to DNA repair. These assays measure
cellular ATP content as a determinant of cell viability using luciferase-
coupled ATP quantitation. The DT40_100 and DT40_657 are chicken
lymphoblast cells that have deletions in genes involved in repairing
chromosomal breaks (DT40_100: Ku70 and Rad54 gene deletions (—/—);
DT4_657: Rev3 gene deletions (—/—)), which can be compared to
response in wild type DT40 cells under the same treatment conditions. 4-
Aminophenol was active in all of the DT40 assays regardless of DNA
repair gene function, indicating that 4-aminophenol is cytotoxic but
does not necessarily indicate the ability of the compound to induce
structural DNA damage in these assays. There was also one active assay
mapped to KCC #10 Cell proliferation, death and nutrient supply
(TOX21_MMP _ratio_down). In such, membrane potential is detected in
human liver HepG2 cells with fluorescence intensity signals by ho-
mogenous mitochondrial membrane potential assay technology.
Because activity in this assay represents loss of signal, this endpoint
informs the ability of 4-aminophenol to cause cell death. Thus, 4-amino-
phenol was active in cell models designed to measure chromosomal
damaging potential; however, the activity appears to be related to
cytotoxicity as opposed to genotoxicity. Finally, 4-aminophenol was
active in an assay for thyroid receptor antagonism in a rat pituitary
gland cell line. 4-Aminophenol was also cytotoxic in this assay, but ac-
tivity for thyroid receptor antagonism occurred at a slightly lower ACsg
value than significant cytotoxicity (Table Al).

Collectively, these data are consistent with the pathways described.
And when viewed in context of the preclinical findings (Murray et al.,
2020), which would account for many of the limitations in interpreta-
tion of in vitro assays, the limited amount of activity observed in the HTS
data also considered to have limited biological significance.

4.4.1. Mechanistic data demonstrating potential beneficial (protective)
effects

Current evidence regarding acetaminophen’s analgesic mechanism of
action has been proposed to involve: (1) the inhibition of cellular prosta-
glandin production (Anderson, 2008; Graham and Scott, 2005); (2)
increased cannabinoid receptor activity (Anderson, 2008; Hogestatt et al.,
2005; Sharma and Mehta, 2014); (3) the inhibition of nitric oxide pro-
duction (Sharma and Mehta, 2014); and (4) anti-oxidant/peroxynitrite
scavenging properties (Dou et al., 2017; Schildknecht et al., 2008).

Studies conducted in vitro have shown that acetaminophen at ther-
apeutically relevant concentrations acts as a cellular peroxynitrite
scavenger (Dou et al., 2017; Schildknecht et al., 2008), suggesting it may
have a protective effect against oxidative stress, and therefore could be
protective against potential carcinogenesis. In tissue and in vivo animal
studies acetaminophen has also been shown to reduce reactive oxygen
species/reactive nitrogen species in multiple tissue types (Blough and
Wu, 2011). Acetaminophen has been shown to have antioxidant effects
in the rat liver (DuBois et al., 1983) and acetaminophen (20 mg/kg) has
also been shown to decrease liver mitochondrial HyO5 formation in both
control and high fat diet fed mice (Shertzer et al., 2008). Acetaminophen
has also been shown to have protective effects at low doses on renal
injury in a Zucker rat obesity model for renal injury; the effects appear to
be mediated, at least in part, through attenuation of endoplasmic re-
ticulum stress (Wang et al., 2014).

There are also several reports of anti-proliferative and anti-tumor
effects of acetaminophen in different nonclinical models. Bush et al.
(2016) reported that acetaminophen “exhibited antiproliferative activ-
ity against all tested ovarian cancer cell lines” in vitro and described
potential pathways driving its antiproliferative effects. Takehara et al.
(2011) demonstrated that a breast cancer stem cell line treated with
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acetaminophen in vitro resulted in the loss of their tumorigenic ability in
nude mice. Furthermore, administration of acetaminophen inhibited the
growth of tumor xenografts of MDA-MB-231 cells in both the presence
and absence of simultaneous administration of doxorubicin, a typical
anti-tumor drug for breast cancer.

4.4.2. Relevance of key characteristics of carcinogens (KCCs)

Acetaminophen has some properties related to what have been
described as “Key Characteristics of Carcinogens™ i.e., formation of
reactive metabolites and the potential to cause oxidative stress under
toxic conditions that can lead to DNA damage (OEHHA, 2019). KCCs are
not themselves predictive of carcinogenesis (Smith et al., 2016). The
KCCs can be useful for identification and prioritization (Bus, 2017;
Goodman and Lynch, 2017; Iyer et al.,, 2019; Wikoff et al., 2019),
however, activity or association with “Key Characteristics” does not
support a conclusion that a compound has the potential to cause cancer
(Becker et al., 2017; Trosko, 2017). Endogenous biomolecules such as
NO, 03 Hy09, and OCI™ are constantly causing biologically significant
covalent modifications to DNA in normal cells on a physiologic basis and
the body has mechanisms in place to repair the damage (Ames and Gold,
1991). It has been estimated that the total number of all types of
oxidative DNA adducts per cell per day formed from endogenous bio-
molecules due to oxidative stress is on the order of about 10* (Ames and
Gold, 1991; Marnett and Burcham, 1993). There is also evidence that in
cells under normal physiological conditions there is substantial DNA
damage from spontaneous depurination, strand breaks, deamination,
and endogenous adduction (Marnett, 2000; Marnett and Burcham,
1993; Marnett et al., 2003), which may be increased by the release of
endogenous biomolecules from white blood cells as part of responses to
bacterial infection or inflammation (Ames and Gold, 1991). These ex-
amples highlight the critical nature of going beyond organization of data
into characteristics, but to actually examine the data in context of dose,
species, specific cancer types, and mode of action considerations —
similar to what was done in this manuscript, in which the observed and
well-characterized activity which may be related to the key character-
istics are associated with toxicity rather than carcinogenicity.

In the case of acetaminophen, the pathways of oxidative stress and
resulting DNA effects that could potentially drive a tumorigenic
response only occur at doses where there is cell death and no chance for
the DNA damage to be propagated to daughter cells. In addition,
acetaminophen-induced DNA damage involves a fundamentally
different mechanism that is caused by endonuclease-mediated DNA
fragmentation that non-reversibly degrades the nucleus of a dying cell
and does not involve adduct formation by direct interaction of the
chemical with the DNA (Bajt et al., 2006; Cover et al., 2005). This is not
repairable and is fundamentally different from a potential DNA modi-
fication that could give rise to a cancer cell. These pathways are
consistent with oxidative stress effects that have been observed in
humans (Jetten et al., 2012; Kozer et al., 2003; Nuttall et al., 2003).

4.5. Clinical evidence support that acetaminophen-induced cellular
toxicity does not result in carcinogenicity

The histology of liver injury due to significant overdoses of acet-
aminophen in rodents and humans is well described (Baeg et al., 1988;
Hamlyn et al., 1977). In humans, key histologic features vary from
limited centrilobular necrosis to confluent necrosis in more serious
cases. In those subjects who recover from this injury, complete recovery
characterized by normalization of liver function and restoration of he-
patic architecture is the typical pattern (Clark et al., 1973; Hamlyn et al.,
1977; Lesna et al., 1976; Portmann et al., 1974). For example, a single
case report (Baeg et al., 1988) and case series from the 1970s have
evaluated histology of overdose subjects both in the acute phase and
three months post overdose (Clark et al., 1973; Hamlyn et al., 1977;
Lesna et al., 1976; Portmann et al., 1974). In the case series, in most
patients at follow up biopsy, necrotic zones were found to have been
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completely reconstituted with restoration of hepatic architecture. In a
very small fraction of biopsied patients, minor abnormalities and fibrosis
were seen. Fibrosis, if it occurred, was generally mild, and was seen only
in very severe cases of injury. In many patients, serial biopsies demon-
strated resolution of fibrosis over several months. Of further note, in
these cases involving fibrosis, a number of potential causative factors
were potentially involved, though there was an absence of pertinent
medical information to fully characterize other potential etiologic fac-
tors (alcohol, viral, NASH etc.). Collectively, such clinical data generally
support the differentiation of toxicity and the potential for carcinoge-
nicity — that clinical case reports on liver injury from acetaminophen
overdose when it does not require a liver transplant demonstrate that the
injury resolves fully.

5. Conclusion

The sequence of intracellular mechanistic events that occurs
following exposure to acetaminophen are well-characterized and are
differentiated from mechanistic activity that would result in carcino-
genicity at any dose or duration of exposure. When these mechanistic
data for liver toxicity are combined with the weight of evidence from the
available preclinical carcinogenicity (Murray et al., 2020) and epide-
miology studies (Weinstein et al., this issue), the evidence support a lack
of carcinogenic hazard.
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