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After over 60 years of therapeutic use in the UK, paracetamol (acetaminophen, N-acetyl-p-aminophenol,

APAP) remains the subject of considerable research into both its mode of action and toxicity. The

pharmacological properties of APAP are the focus of some activity, with the role of the metabolite

N-arachidonoylaminophenol (AM404) still a topic of debate. However, that the hepatotoxicity of APAP

results from the production of the reactive metabolite N-acetyl-p-benzoquinoneimine (NAPQI/NABQI)

that can deplete glutathione, react with cellular macromolecules, and initiate cell death, is now beyond

dispute. The disruption of cellular pathways that results from the production of NAPQI provides a source

of potential biomarkers of the severity of the damage. Research in this area has provided new diagnostic

markers such as the microRNA miR-122 as well as mechanistic biomarkers associated with apoptosis,

mitochondrial dysfunction, inflammation and tissue regeneration. Additionally, biomarkers of, and systems

biology models for, glutathione depletion have been developed. Furthermore, there have been significant

advances in determining the role of both the innate immune system and genetic factors that might pre-

dispose individuals to APAP-mediated toxicity. This perspective highlights some of the progress in current

APAP-related research.

1. Introduction

First described in 1878 the analgesic and antipyretic drug
paracetamol (acetaminophen, N-acetyl-p-aminophenol, APAP)
was little used clinically until the withdrawal of phenacetin
from the market on account of observed renal toxicity. At the
time of writing, APAP is probably the most widely available
and commonly used drug worldwide and represents a very
important analgesic;1 indeed it is included in the 20th World

Health Organization Model List of Essential Medicines as
updated in March 2017.2 Some 60 years after its introduction
as a therapeutic agent in the UK, APAP remains a compound
of great interest, not only because of its therapeutic properties
but also for its ability to cause hepatotoxicity in overdose; it
was early recognised that APAP was hepatotoxic at high doses3

but that there were marked species differences in sensitivity.4

Further, these early studies established that a metabolite of
APAP, rather than the drug itself, was the cause of its hepato-
toxicity. Mitchell and colleagues showed that, whilst the major
routes of biotransformation for APAP are indeed detoxication
reactions, that form the phenolic sulfate and glucuronide con-
jugates, a minor route was the oxidative metabolism of the
drug via the P450 system to an electrophilic intermediate,
most likely N-acetyl-p-benzoquinoneimine (NAPQI, also
commonly termed NABQI), which rapidly depleted hepatic
glutathione (GSH).5 Subsequently, it was shown that
acetaminophen can be activated by non-P450-dependent
metabolism, for example by cyclooxygenases6 and myeloperoxi-
dases,7 although the contribution of this to the toxicity of
APAP is unclear. When intracellular GSH concentrations
reached a low level, toxicity ensued.8 These early studies found
a strong relationship between covalent binding of APAP to
tissue proteins and cytotoxicity, leading to the proposal that
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these were causally linked.9 Early studies also demonstrated
that freshly isolated hepatocytes were a good model for the
metabolism and toxicity of APAP, including large species
differences in sensitivity.10 It has now been very well estab-
lished that the toxicity of APAP results from metabolic acti-
vation and there is also evidence that some of the analgesic
properties of the drug may derive from in vivo biotransform-
ation to an arachidonic acid conjugate of p-aminophenol
(N-arachidonoylphenolamine, or AM404) via fatty acid amide
hydrolase.11–13

The metabolism of APAP is illustrated in Fig. 1 for the bio-
transformation reactions that may be significant for its efficacy
or toxicity. However, it should be noted the metabolic fate of
APAP is surprisingly complex with a large number of minor
metabolites in addition to those shown in the figure.

If APAP were being developed today, faced with such obser-
vations on its toxicity, a key question would be the relative sen-
sitivity of humans, as compared to the laboratory species
studied. An obvious approach would be to compare the effects
of APAP incubation with freshly isolated hepatocytes from a

number of species including humans. When such studies were
undertaken10 they revealed that the relative sensitivity of
freshly isolated hepatocytes from mouse, rat and hamster
reflected that in vivo and that human hepatocytes were rela-
tively resistant to the cytotoxicity of APAP (Fig. 2). The avail-

Fig. 1 Major metabolic biotransformations of paracetamol related to therapeutic efficacy and observed hepatotoxicity. Metabolites: APAP: acetyl-
p-aminophenol, acetaminophen, paracetamol; PAP: p-aminophenol; AM404: n-arachidonoylaminophenol; NABQI, NAPQI: n-acetyl-p-benzoquino-
neimine; APAP-X: macromolecular conjugate of acetaminophenol; APAP-SG: glutathione conjugate of acetaminophen; APAP-Cys: cysteinyl
acetaminophen; APAP-NAC: mercapturate of acetaminophen; APAP-S: acetaminophen sulfate; APAP-G: acetaminophen sulfate; PAP-S: p-amino-
phenol sulfate; PAP-G: p-aminophenol sulfate. Biotransformation enzymes and cofactors: 1: sulfotransferase, 3’-phosphoadenosine-5’-phosphosul-
fate (PAPS); 2: uridine 5’-diphospho-glucuronosyltransferase (UGT), uridine 5’-diphospho-glucuronic acid (UDPGA); 3: cytochrome P450, O2,
NADPH; 4: non-enzymatic electrophilic addition; 5: glutathione-s-transferase (GST), gluthathione (GSH); 6: gamma-glutamyl transpeptidase; 7:
cysteinyl glycinase; 8: n-acetyltransferase (NAT); 9: n-deacetylase; 10: fatty acid amide hydrolase (FAAH).

Fig. 2 Toxicity of paracetamol and NABQI to freshly isolated hepato-
cytes from mouse, hamster, rat and human (means ± SEM, n ≥ 4).
Produced from data published in Tee et al. (1987).10
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ability of chemically defined NAPQI enabled these studies to
establish that differences in species sensitivity were due to
differences in the rate of metabolic conversion of APAP to
NAPQI.14

The aforementioned in vitro studies were performed using
hepatocytes from a relatively small number of donors (n = 4–11).
Hence, an important issue was the extent to which APAP toxicity
might vary within the population. If APAP were being developed
today, an early indication of this variability could be obtained
from a knowledge of the cytochrome P450 (CYP) enzymes
responsible for its metabolic activation and their population
variability. Studies with human CYP enzymes determined that
several can metabolise APAP to NAPQI, the most important of
which are CYP1A2, CYP2E1 and CYP3A4.15,16 These studies
were later extended17 to demonstrate that, at high concen-
trations of APAP, metabolism via CYP2E1 predominates. It is
perhaps interesting to note, given the association of paraceta-
mol induced drug-induced liver injury (DILI) hepatotoxicity and
mitochondrial toxicity18,19 that CYP2E1 is located not only in
the endoplasmic reticulum but also within mitochondria. A
study where this was investigated in hepatocytes expressing
CYP2E1 in both locations or exclusively in mitochondria showed
a range of adverse effects in both types of cell (despite lower cel-
lular CYP2E1 in the latter). These results led the authors to
suggest that mitochondrial CYP2E1 was able to cause the oxi-
dative stress and cytotoxicity resulting from APAP exposure.20

Immunoblotting of liver samples from 30 different human
donors using a panel of form-specific anti-CYP antibodies
revealed substantial inter-individual variability in the amounts
of these CYPs expressed in liver.21 Hence, it would be predicted
that humans would show considerable inter-individual varia-
bility in their susceptibility to the hepatotoxicity of the drug.
Parallel studies in a large number of healthy volunteers22 using
a therapeutic dose of APAP confirmed the considerable variation
in CYP-dependent metabolism of APAP to NAPQI, with greater
than ten-fold variation amongst ∼200 individuals,22 confirming
previous findings.23 These results are consistent with the obser-
vation that, whilst an overdose of APAP can cause hepatotoxicity
in humans, there is a wide range in sensitivity amongst individ-
uals and many subjects are at relatively low risk.24

When NAPQI was first synthesised and its properties
studied it was found to be not only an electrophile but also a
strong thiol oxidant.14 This observation gave rise to the ques-
tion of the relative role played by covalent binding and thiol
oxidation in the toxicity of APAP. In order to investigate this, a
two-phase model of APAP toxicity in freshly isolated hamster
hepatocytes was developed;25 in phase 1, metabolic activation
of APAP occurred with depletion of GSH, but no loss of cell via-
bility; in phase 2, in fresh medium with no APAP present,
there was progressive morphological damage, leading ulti-
mately to cell death. The addition of the thiol reductant,
dithiothreitol, at the start of phase 2, prevented and reversed
the toxicological damage that would otherwise occur, in the
absence of any reduction in covalent binding or resynthesis of
GSH. It was concluded that the toxicity of APAP to hepatocytes
is largely through reversible oxidation of thiol groups in key

enzymes. Studies with the antidotes N-acetylcysteine (NAC)
and methionine, revealed that whereas NAC was able to
prevent and reverse the toxicity of APAP in phase 2, methion-
ine was essentially without effect, despite the fact that both
were effective in phase 1. It was notable that when NAC was
added in phase 2, there was restoration of GSH concentrations
whereas this did not occur with methionine. Hence, it is likely
that NAPQI leads to oxidation of one or more enzymes involved
in the conversion of methionine to cysteine, preventing GSH
resynthesis from this precursor in phase 2, whereas with NAC
such inhibition does not prevent GSH resynthesis.26 Recent
studies have provided evidence that cystathionine beta-
synthase and cystathionine gamma-lyase, necessary for the con-
version of methionine to cysteine, are targets for thiol oxi-
dation by NAPQI.27 Following treatment with NAC, the result-
ing GSH can act both to detoxify NAPQI by conjugation and to
reverse toxicity by thiol reduction. In support of this there is
some (slight) evidence that administration of NAC to APAP
overdose patients is effective at later times than methionine.28

2. Biomarkers: monitoring,
understanding and predicting APAP
hepatotoxicity in humans

As well as the formation of GSH conjugates, covalent binding
to macromolecules and GSH depletion the effects of APAP
administration have been seen in changes in a variety of
endogenous metabolites; both 5-oxoproline (pyroglutamate,
5OXP)29 and ophthalmic acid (OPA), a tripeptide analog of
GSH in which the cysteine group is replaced by L-2-aminobuty-
rate, have been found to reflect the effects of reactive metab-
olite production on the GSH depletion seen with APAP tox-
icity.30 For example, the excretion in the urine of large quan-
tities (up to concentrations of 1 M) of 5OXP was observed after
three weeks of feeding APAP in the diet (1%) to young rats.29

These results are illustrated in Fig. 3 below.
This dosing regimen also resulted in effects on growth, with

the animals failing to gain weight.31 Both of these effects were
prevented by the administration of methionine in the diet
leading to the suggestion that both the 5-oxoprolinuria and
growth inhibition resulted from a lack of sulfur-containing
amino acids due to GSH consumption to detoxify NAPQI, with
severe disruption of the gamma-glutamyl cycle. Similarly,
studies in the mouse showed that OPA was also produced in
response to APAP. Both 5OXP and OPA are likely general bio-
markers for oxidative stress and GSH deficiency rather than
APAP specific biomarkers, but elevated urinary 5OXP is seen in
humans suffering from APAP overdose and is often clinically
reported as anion gap metabolic acidosis.32–34 A systems biology
approach, developed using in vitro studies in THLE-2E1 cells
(CYP2E1-transfected SV40 large T-antigen immortalized human
liver epithelial cells) resulted in a computational model that
used the relative concentrations of OPA and 5OXP to predict
intracellular concentrations of GSH (Fig. 4); increased 5OXP was
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associated with increased biosynthesis whilst OPA production
indicated the depletion of the sulfur-containing amino acids
essential for GSH biosynthesis.35

Whilst poor nutritional status may predispose some subjects
to toxicity via a reduced ability to produce GSH for NAPQI-detox-
ication other metabolic factors may also come into play. For
example, Clostridium spp. that are present in the gut, convert
tyrosine and phenylalanine to p-cresol for which the metabolic
detoxication in humans is, as for APAP, predominantly via sulfa-
tion. However, the capacity of sulfation is limited and compe-
tition between APAP and p-cresol will limit the detoxication of
both by this route, increasing the likely formation of NAPQI as
metabolism is pushed towards CYP2E1. In addition, p-cresol is
also likely to deplete GSH as, like APAP, it is a substrate for
oxidative metabolism, forming reactive metabolites (RMs) via
CYP P450-mediated metabolism (both a quinone methide via
CYP2D6, 2C19, 1A2, 1A1, and 2E1 and a 4-methyl-o-hydro-
quinone that is further oxidized to 4-methyl-1,2-benzoquinone,
mainly via CYP2E1 but also CYP1A1, 1A2, and 2D6)36 potentially
reducing the ability of the host to simultaneously detoxify APAP-
derived RMs. In both rats and humans administered APAP, the
endogenous quantities of p-cresol sulfate in the urine were cor-

related with liver effects (rat)37 and the APAP-sulfate/APAP-glu-
curonide ratio (humans),38 directly leading to the concept of
pharmacometabonomics.37,38 Similarly, urinary concentrations
of p-cresol and p-cresol sulfate have been found to be elevated
in children with autism39 and when the urinary APAP-sulfate/
APAP-glucuronide ratio was determined for 20 “low function-
ing” autistic children receiving the drug it was found to be
significantly lower than for the controls.40

The prediction of acute APAP-induced liver injury in
humans, and consequent treatment needs or patient outcomes
during hepatotoxicity remains difficult. A lack of sensitivity
and specificity of currently used biomarkers of organ injury
coupled with a poor understanding of the mechanistic basis of
hepatotoxicity remain contributory factors.41 One approach to
dealing with such issues adopts a ‘tissue to periphery’ strategy
in which novel and targeted bioanalytical technologies are
integrated with traditional methods of pathological assess-
ment to identify improved biomarkers that can be quantified
in blood/urine that reflect changes in less accessible tissues.42

Results of both clinical and pre-clinical studies of APAP over-
dose have demonstrated the identification and development of
circulating oligonucleotide and protein biomarkers that
provide enhanced hepatic specificity (miR-122) and/or can
inform on mechanistic events such as necrosis (keratin-18,
HMGB1), apoptosis (caspase-cleaved keratin-18), mitochon-
drial dysfunction (glutamate dehydrogenase), inflammation
(acetyl-HMGB1) and tissue regeneration (CSF-1).41–47 Recently
it was demonstrated in large (n > 1500) prospective studies of
APAP overdose patients, encompassing the entire spectrum of
the disease, that markers such as miR-122 provide a sensitive
and early identification of liver injury at hospital presentation
that permits stratified treatment (Fig. 5). Furthermore, in
studies of APAP hepatotoxicity, in which patients have been
transferred to a tertiary liver unit, the prognostic ability of elev-
ated plasma acetyl-HMGB1 and KIM-1 (kidney injury) to
predict the need for liver transplant, and of elevated CSF-1 to
predict spontaneous survival, has been demonstrated.48 Key
outcomes from these studies and from collaborations with the
IMI funded SAFE-T consortium have resulted in the Letter of
Support status for the further qualification of these bio-
markers across the spectrum of drug-induced liver injury from
the FDA (July 2016)49 and EMA (September 2016).50 By using
hepatocyte specific conditional knock-out mice it has also
been shown that the inflammatory mediator and biomarker,
HMGB1, plays an integral role in the mechanism of toxicity by
linking cell death to inflammation.51 In addition, the thera-
peutic potential of chimeric anti-HMGB1 to block post-injury
inflammation and reduce APAP hepatotoxicity, at a time when
NAC is ineffective, has recently been demonstrated.52

3. The innate immune response to
APAP-induced liver injury

The clinical syndrome of APAP induced acute liver failure is one
of innate immune dysfunction. Massive hepatocyte death over

Fig. 3 Single pulse 1H NMR spectra of pooled urine from (a) control
rats, (b) rats fed APAP in the diet (1%, 10 weeks) and (c) diet containing
both APAP and methionine (both 1%). Key P, PS and PG = n-acetyl
signals for APAP, APAP sulphate and APAP glucuronide respectively. PNC
is the resolved n-acetyl on the side chain of the mercapturate.
Reproduced from Ghauri et al. (1993).29
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the course of hours provokes rapid and comprehensive innate
immune activation. Kupffer cells, the tissue resident macro-
phages of the liver, are activated through toll-like receptors by
damage associated molecular patterns (DAMPs) released from

necrotic hepatocytes. The Kupffer cells respond by secreting pro-
inflammatory cytokines and chemokines that drive a systemic
inflammatory response and the recruitment of myeloid effector
cells to the liver.53 Neutrophils have been reported to be among

Fig. 4 Schematic of computational model of glutathione homeostasis. The network embraces pathways of methionine catabolism, glutathione
metabolism, 5-oxoproline and ophthalmic acid synthesis and glutathione mediated detoxification. Variable metabolites are indicated by blue circles,
fixed metabolites are indicated by green circles, enzymes are shown in white rectangles and rate numbers are shown in yellow squares. The shaded
area refers to the intracellular space, while the prefixes ‘c’ and ‘b’ denote substances in the cell and the blood, respectively. The enzymes which
catalyze the numbered reactions are: v[9]-mati-methionine adenosyl transferase i-2516; v[10]-matiii-methionine adenosyl transferase iii-2516;
v[11]-meth-glycine n-methyltransferase-21120; v[12]-gnmt-dnamethyltransferase-21172; v[13]-ah-s-adenosyl-homocysteine hydrolase-3311;
v[14]-bhmt-betaine-homocysteine methyltransferase-2115, v[15]-ms-methionine synthase-21113; v[16]-cbs-cystathionine gamma-synthase-42122;
v[17]-ctgl-cystathionase-4411; v[18]-gcs-glutamylcysteine synthetase-6322; both v[19] and v[27]-gs-glutathione synthetase-6323; v[20]-gpx-gluta-
thione peroxidase-11119; v[21]-gr-glutathione reductase-1817; v[26]-ggct-gamma-glutamylcyclotransferase-2324; v[25]-op-5-oxoprolinase-3529,
v[27]-gcsglutamylcysteine synthetase-6322; v[31]-ap-aminopeptidase-34112; v[33]-ggct-gamma-glutamylcyclotransferase-2324; v[34]-gpx-
glutathione s-transferase-25118; v[35]-gpx-glutathione s-transferase-25118. Metabolites assumed to be present at variable concentrations are:
met—methionine; SAM—s-adenosyl-methionine; SAH—s-adenosylhomocysteine; hcy—homocysteine; cyt—cystathionine, ccys—cytosolic cysteine;
bcys—blood cysteine; glc—glutamyl-cysteine; cGSH—cytosolic glutathione; bGSH—blood glutathione; cGSSG—cytosolic glutathione disulfide;
bgssg—blood glutathione disulfide; cgly—cytosolic glycine; cglut—cytosolic glutamate; opa—ophthalmic acid; n—[n-(γ-glutamyl)-α-aminobutyryl]
glycine; oxo—oxoproline = pyroglutamic acid; asg—acetaminophen glutathione adduct; gluab—glutamyl aminobutyrate; bgluaa—blood glutamyl
amino acid; gln—glutamine; prot—protein. Metabolites assumed to be present at fixed concentrations are: ab—2-aminobutyrate; bet—betaine;
bgly—blood glycine; bglut—blood glutamate; bmet—blood methionine; CNADPH—nicotinamide adenine dinucleotide phosphate; cser —cytosolic
serine; H2O2—cellular hydrogen peroxide; bopa—blood ophthalmic acid; n-[n-(γ-glutamyl)-α-aminobutyryl]glycine; boxo—blood oxoproline, pyro-
glutamic acid; basg—blood acetaminophen glutathione adduct; para—paracetamol (acetaminophen). Reproduced from Geenen et al. (2013).35
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the earliest cells to arrive and may contribute to local tissue
damage through the production of reactive oxygen species and
the release of proteases.54 Other studies have failed to replicate
this finding, and the role of neutrophils in early tissue injury
remains controversial.55 Infiltrating monocytes, initially pro-
inflammatory in function, mature within the liver to monocyte
derived macrophages which have important tissue repair func-
tions.56 In the systemic compartment, patients exhibit a numeri-
cal and functional deficit in circulating monocytes that renders
them susceptible to infections.57 Understanding the innate
immune response to liver injury – the balance between pro-
inflammatory and tissue restorative functions and between local
hepatic and systemic effects – will be vital to improving treat-
ments and outcomes for patients with acute liver failure.58

In vivo imaging, while not a new technique, has been revolutio-
nised over the past decades by improvements in fluorescence
microscopy and surgical preparation. Laser scanning confocal
microscopy allows high-quality live imaging of fluorescently
labelled cells and tissues using a pinhole to exclude light out-with
the focal plane. Optical sectioning through the tissue permits the
generation of 3D images and videos. A number of recent studies
have utilised such in vivo imaging to study the immunopathology
of APAP-induced acute liver failure (reviewed by Marques et al.
(2015)).59 Researchers have been able to demonstrate sinusoidal
DNA deposition, neutrophil accumulation and CCR2+ monocyte
recruitment to be key factors in the pathogenesis of propagating
liver injury following APAP hepatotoxicity.60–62

Through the application of laser scanning confocal
microscopy a number of the features of innate immune acti-
vation in APAP-induced acute liver injury have been demon-

strated in a mouse model. Hepatocyte necrosis within the
centrilobular region can be visualised by an absence of rhod-
amine 123 staining and acquisition of nuclear propidium
iodide staining. Compromise of the sinusoidal endothelium is
evident as intravascular contrast (labelled albumin) extrava-
sates into the peri-venular space. Within 6–8 hours of injury
anti-Ly6G-labelled neutrophils are seen to migrate towards and
accumulate within the centrilobular area. Using a Cx3cr1gfp/+
Ccr2rfp/+ transgenic reporter mouse, the temporo-spatial
characteristics of monocyte migration into the injured liver
and in situ maturation can be followed (see Fig. 6).

Highly mobile CCR2+CX3CR1−monocytes scan the sinusoids
throughout the whole hepatic lobule, showing significantly
greater displacement in their migration paths than
CCR2+CX3CR1+ cells, which are largely restricted to small move-
ments within the centrilobular region. These techniques, such as
intravital microscopy offer a powerful tool to explore immune
cell function in minimally perturbed in vivo models of disease.
Its application to the study of APAP-induced acute liver injury
has already yielded novel insights into the immunopathology of
this condition. Ongoing work aims to identify key features of
innate immune cell migration and interactions within the
injured liver, to identify potential targets for immunotherapy.

4. Genetic factors in APAP-induced
DILI

As discussed above, the hepatotoxicity of APAP has long
been recognized. It is now well established as an important

Fig. 5 Paracetamol mechanistic complexity offers new opportunities for biomarker and therapeutic development. Based on decades of preclinical
and clinical evidence, the mechanism of paracetamol induced hepatotoxicity has been largely defined. Key tipping points have been identified that
modulate the overall response and may serve as crucial targets for therapeutic intervention. This include bioactivation of paracetamol to naqpi (1),
mitochondrial dysfunction (2), cell death mode dynamics (3) and the balance between inflammation resulting in either enhanced injury or hepatic
regeneration (4). Recently, it has been shown that these key events can also be reported by circulating biomarkers that offer improved diagnosis, pre-
diction and prognostication during paracetamol toxicity. For example, monitoring APAP and GSH adducts may serve to report bioactivation, GLDH
can be considered a marker of mitochondrial injury, cell death mode dynamics can be reported with kertin-18/caspase cleaved keratin-18 release
and the balance between pro-inflammatory and pro-regenerative events can be assessed by HMGB1-acetyl and CSF-1 respectively.
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cause of acute liver failure (ALF), which has an incidence of
approx. 10 cases per million people annually in developed
countries. Indeed, 50% of ALF cases in the USA and Europe
are due to drug exposure with 80% of these cases relating to
APAP overdose and the remaining 20% to injury from drugs
other than APAP where the drug was taken at the prescribed
dose.63 DILI due to APAP is an inevitable consequence if
sufficient drug is consumed and there is no medical interven-
tion but it remains possible that some individuals are more
susceptible to this toxicity than others, especially at lower
levels of overdose. There is a rapid effect (several days) invol-
ving predominantly hepatocyte necrosis. Unlike many forms of
DILI which are idiosyncratic, the underlying mechanism for
APAP toxicity is unlikely to involve T cell response but, as dis-
cussed above, there is a role for the innate immune system.64

There has been good progress to date on identifying genetic
risk factors for idiosyncratic DILI and, in particular, various
human leukocyte antigen (HLA) alleles have been demon-
strated to be strong risk factors.65 However, for the concen-
tration-dependent intrinsic DILI seen in APAP overdose, pro-
gress on identifying genetic risk factors is more limited. The
underlying mechanism for the cellular necrosis seen in APAP
overdose may involve reactive metabolite formation followed
by protein interaction and hepatocyte injury. Hepatocyte injury
releases compounds such as NAD and ATP. This triggers
inflammasome activation and an innate immune response.64

It is therefore possible that genetic susceptibility to APAP over-
dose could be determined by the ability of an individual to
form the toxic imine metabolite determined by genotype for
certain drug metabolism genes but also genotype for genes
affecting the ability of cells to respond to oxidative stress, the
innate immune system generally, and damage repair. Such
factors might be particularly relevant to APAP-induced DILI
where the extent of overdose is limited (e.g. consumption of

approx. 10 g) with a relatively low plasma drug concentration
yet the patient still goes on to develop serious liver toxicity.
Genetic studies on APAP-induced DILI in humans to date have
involved three different approaches: (i) studies in healthy vol-
unteers given APAP at normal doses but showing transient
transaminase elevation; (ii) studies on patients who have
suffered liver failure following APAP overdose; (iii) adminis-
tration of the imine metabolite NAPQI to human lymphoblas-
toid cell lines combined with a genome-wide association study
(GWAS).

Approx. 19% of volunteers taking 4 g APAP per day showed
transient alanine aminotransferase (ALT) > 5 times upper limit
of normal (ULN) after 7 to 10 days.66 These individuals may
serve as a surrogate for those more sensitive to toxicity in over-
dose. Using data from mouse models where evidence for
genetic variation in susceptibility to APAP DILI has also been
obtained, polymorphisms in a set of candidate genes were gen-
otyped in approximately 120 individuals for whom data on cir-
culating ALT following APAP administration at 4 g per day for
7 days was available.67 Polymorphisms in CD44 (rs1467558),
which codes for a protein involved in lymphocyte adhesion
and activation, and in CAPN10 (rs3749166) which encodes a
protease released following hepatocyte damage, were predictive
for the extent of ALT elevation with borderline significant
effects seen for those carrying rs1467558 or rs3749166.

An entirely separate candidate gene study involving 275
patients who had suffered acute liver failure after either delib-
erate or accidental APAP overdose also reported some border-
line significant associations.68 For the rs1467558 CD44 variant
discussed above, there was a trend towards significance in
those who had overdosed unintentionally. A more significant
finding emerged from the intentional overdose group where
rs776746, a polymorphism that predicts CYP3A5 expression
and is likely to be relevant to imine production, was more

Fig. 6 Left: Still from a video showing neutrophil migration into the centrilobular region 8 hours after APAP dosing in a wild type mouse.
Rhodamine 123 (cyan) is sequestered in mitochondria with an intact membrane potential and thus, stains viable hepatocytes. Black areas show an
absence of rhodamine 123 staining in non-viable hepatocytes. Anti-Ly6G antibody (red) shows migration of neutrophils towards and their accumu-
lation within the area of necrosis. Right: Still from a video showing mature inflammatory infiltrate around the centrilobular area 72 hours after APAP
in a transgenic Cx3cr1gfp/+ Ccr2rfp/+ reporter mouse. Kupffer cells (blue, anti-f4/80) line the sinusoids throughout the lobule. Large monocyte
derived macrophages with mixed CCR2 (red) Cx3cr1 (green) f4/80 (blue) signal are seen in the centrilobular region. CCR2 positive monocytes scan
the sinusoids.
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common. Other polymorphisms in drug metabolising genes
relevant to APAP toxicity, including CYP2E1 and various UGT
and SULT genes, showed no significant difference in cases
compared with controls. A study using 176 human lympho-
blastoid cell lines exposed to the imine NAPQI used a novel
approach to identify risk factors for APAP DILI.69 The IC50 for
APAP toxicity in each cell line was examined in relation to the
genome-wide genotype for the cell line. This GWAS approach
resulted in one genome-wide significant signal with rs2880961
on chromosome 3 found to be the strongest genome-wide sig-
nificant marker. However, this signal is in a “gene desert” with
no nearby genes and is currently difficult to interpret.

In summary, genetic risk factors for development of serious
DILI at relatively low levels of APAP overdose seem likely to
exist but the limited studies performed to date need to be fol-
lowed up by genome-wide approaches using larger numbers of
confirmed DILI cases or possibly further studies on volunteers
showing transient ALT elevation. At present, the most plausible
findings relate to CD44 and CYP3A5.

5. Perspective

As indicated in the introduction, APAP has been in clinical use
in the UK for over 60 years, over which time much has been
learnt about its toxicity. If the “thought experiment” is per-
formed whereby APAP is considered as a recent compound
that was being progressed through drug development today, it
would be clear that it is reproducibly hepatotoxic at high doses
in laboratory species, but that there are marked species differ-
ences in sensitivity (mouse ≫ rat). Hepatotoxicity would be
shown to be a consequence of CYP-mediated metabolism to
NAPQI and differences in this metabolic pathway are a key
determinant of relative sensitivity to its hepatotoxicity. Studies
with isolated hepatocytes would establish that human cells are
less sensitive than those from mice, and that this difference is
due to the relative rates of NAPQI formation. APAP activation
would be shown to be catalysed mainly by CYP2E1, CYP1A2
and CYP3A4, with CYP2E1 predominating at high concen-
trations. The expression of these enzymes is known to vary
appreciably amongst individuals and hence inter-individual
differences in susceptibility would be anticipated.

Depending on the importance of APAP to such a hypotheti-
cal development portfolio, in-depth mechanistic studies might
be undertaken at this point. These would establish the mode
of action, involving reversible thiol-group oxidation (and/or
covalent binding) as a key event, leading to mitochondrial per-
turbation and ultimately to necrotic cell death. Based on this
knowledge, one would envisage the development of antidotes
such as NAC, which would be effective even for some time
after the metabolic phase of toxicity was complete. However, it
would be apparent from such studies that the relationships
between dose, GSH concentrations and toxicity are complex.
Hence, even now, and despite the knowledge that APAP can
cause hepatotoxicity in overdose, and the extensive research
that has been conducted on its pharmacokinetics and mecha-

nisms of toxicity over the years, there is still no quantitative
model for predicting de novo the dose level at which hepato-
toxicity will occur in humans and how this will vary with meta-
bolic activity.70 Ultimately the decision to progress the develop-
ment of APAP would then come down to potential risk versus
benefit. It is not at all clear with the current regulatory con-
cerns regarding DILI that a drug with the properties of APAP
would be advanced for approval and, if approved, that it would
ever be considered acceptable for sale over the counter. And
yet, as noted in the opening paragraph of this perspective,
despite all of this, APAP remains in the 20th World Health
Organization Model List of Essential Medicines.2
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