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APAP N-acetyl-p-aminophenol, acetaminophen
CYP cytochrome P450
EPR electron paramagnetic resonance
GSH glutathione
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GST glutathione S-transferase
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NAPQI N-acetyl-p-benzoquinone imine
NAPSQI N-acetyl-p-benzosemiquinone imine radical

ROS reactive oxygen species
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Abstract

Acetaminophen is awidely used analgesic and antipyretic. Although relatively
free of obvious side effects at therapeutic doses, at higher levelsit is acutely toxic.
Acetaminophen exerts its toxic effects as a consequence of its oxidative metabolism,
primarily through the toxic metabolite N-acetyl-p-benzoquinone imine. The primary
immediate result of acetaminophen intoxication is the depletion of glutathione and the
covaent modification of proteins. This review will discuss the mechanisms by which

acetaminophen is metabolized, and how the resultant metabolites might mediate toxicity.
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I ntroduction

Acetaminophen (APAP) is awidely used over-the-counter analgesic and antipyretic.
Acetaminophen exerts its therapeutic effect through its inhibition of cyclooxygenase (COX) in
the central nervous system, thereby decreasing the transmission and perception of pain impulses
[1]. Itis oftenchosen over aspirin dueto its lack of gastrointestinal side effects and apparent
nontoxicity at the recommended dosage. However, at higher doses APAP is profoundly toxic,
particularly to the liver and kidneys, leading to organ failure, frank necrosis of target organ
systems, and death [2].

Much debate has been generated regarding the precise nature of APAP-mediated toxicity,
but certain facts have emerged as being critically important. The metabolism of APAP leads to
the production of the toxic compound NAPQI, which then simultaneously decreases GSH pools
and covalently modifies proteins [2]. Acetaminophen-treated cells and tissues exhibit many of
the hallmarks of oxidative stress, including lipid peroxidation, athough it is unclear asto
whether thisis due to actual ROS production or a decrease in antioxidant capacity subsequent to
GSH depletion [2]. Since APAP toxicity may well synergize with other oxidative stressors,
particularly those that affect the liver (such as alcohol, hepatitis, etc.), understanding the nature
of APAP-induced toxicity is of great importance.

Structure and Properties

Structurally, APAP is a substituted phenol with electronwithdrawing groups at the 1 and
4 positions, asshown in Figure 1.  Acetaminophen is a colorless solid, with a melting point of
169-170°C. Practicaly insoluble in cold water and highly nonpolar solvents, APAP is freely
soluble in amphipathic solvents such as methanol and ethylene dichloride. Acetaminophen

exhibits a substantial UV absorbance, as is typical for compounds with p electron systems,
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showing a maximum absorbance at 250 nm (e = 13,800). In addition to its most common uses as

an analgesic and antipyretic, APAP has also been used in the manufacture of azo dyes.
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Figurel. Oxidation of APAP

Redox Chemistry

Acetaminophen can undergo a number of redox changes, the most important biologically
being the formation of a highly reactive two-electron oxidation product, the quinone imine
(NAPQI), asshown in Figure 1 [3]. The existence of the one-€electron oxidation product, the
APAP phenoxyl radical (N-acetyl-p-benzosemiquinone imine; NAPSQI), has been difficult to
show directly, owing to its inherent instability [3]. Thisinstability is due, in part, to the electron
withdrawing effect of the acetyl group, which renders the benzene ring electron-poor [ 3].
Despite the challenges imposed by the nature of the NAPSQI radical, EPR spectra have been
obtained by a number of investigators. An example EPR spectrum, from the work of West et al.,
isshownin Figure 2 [4]. The high reactivity of the semiquinone radical leads to the formation of
an APAP dimer, as outlined in Figure 3. The dimer depicted in Figure 3 has been identified by

Potter et al. as the dominant product of one-electron peroxidase-dependent APAP oxidation [5].
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Figure 2. EPR Spectrum of NAPSQI. EPR spectrum of the lactoperoxidase-catalyzed,
H>O,-dependent oxidation of APAP. Adapted from [4].

Figure 3. APAP Polymerization. Delocalization of the unpaired electron to the o-position

leads to a radical coupling reaction between two molecules of NAPSQI, followed by
enolization to regenerate the aromatic system. Adapted from [5].

Biochemistry
Acetaminophen is primarily detoxified by phase 2 xenobiotic-metabolizing enzymes, to
primarily form glucuronides and sulfates [2]. Glucuronidation and sulfation generate non-toxic

water-soluble compounds that are then excreted in the bile, and are of no toxicologic

consequence [2]. A relatively minor percentage of APAP is thought to be metabolized by the
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cytochrome P450 (CY P) pathway [2]. The case of CY P-mediated APAP metabolism is rather
different, however, in that this pathway generates the highly toxic quinone imine, NAPQI [2, 6].
In addition to the two-€electron oxidation catalyzed by the CY P pathway, it has aso been reported
that various peroxidases are capable of generating the one-electron oxidation product, the

benzosemiquinone radical NAPSQI [3, 7-9].

O
HN G,
OH
o APAR [}
P450 P450 iy
Hch, ﬁ H M~ CH,
oH :
OH o
3-0OH-APAP MAPQI
) l GSH lGSH
(s} o
HIF ™ CH, HIN™~GH,
G OH =T
OH CH
GE-Catechol G3-APAP

Figure 4. Cytochrome P450 Oxidation of APAP. Inan in vitro system consisting of CYF
enzyme, NADPH, APAP, and GSH, APAP is oxidized via the two pathways shown. Adaptec

from [5].

Cytochromes P-450 (CYP) are alarge family of related heme proteins that mediate the
oxidative metabolism of awide range of endogenous substrates and xenobiotics. At least two
possible products of CY P-mediated APAP oxygenation are known, NAPQI and 3-OH-APAP,
the latter compound being considered norttoxic [7]. A schematic depiction of CY P-mediated
APAP oxygenation is shown in Figure 4 [7]. At least three CY P isozymes have been shown to
metabolize APAP, namely 2E1, 2A6, and 1A2 . It isnot known whether the oxidation of APAP
carried out by CY P generates a transient radical species, or if a concerted two-electron oxidation

occurs. Interestingly, 2E1 and 2A6 differ significantly in the ratio of NAPQI to 3-OH-APAP
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produced. Cytochrome P450 2E1 produces product in the ratio of 6:1, NAPQI vs. 3-OH-APAP,
while for 2A6 theratio is 1:3 [7].

The toxic consequences of NAPQI production are two-fold, namely the conjugation of
GSH and the covalent modificationof proteins. Although the conjugation of NAPQI to
electrophilic amino acids, such as cysteine, is not thought to require enzymatic catalysis, the
reaction of NAPQI with GSH can occur with or without the mediation of GSH-conjugating
enzymes such as GST [10, 11]. Therelatively small amounts of NAPQI produced as a
consequence of therapeutic doses of APAP leads to an inconsequential consumption of cellular
GSH, but larger doses of APAP can cause the generation of concentrations of NAPQI sufficient
to severely deplete GSH [10, 11]. Interestingly, the p isozyme of GST does not appear to play a
significant role in the conjugation of NAPQI to GSH, as shown by studies of GST-p knockout
mice[10].

No clear consersus in the literature can be found as to the relative importance of these
two mechanisms in the mediation of APAP toxicity. However, some studies have shown that
GSH replenishment, via treatment with GSH prodrugs such as NAC or GSH ester, can protect
against hepatic necrosis induced by APAP, independently of the formation of APAP-protein
adducts[12-14]. These findings would tend to support GSH depletion as the primary mechanism
of APAP toxicity, since both NAC and GSH ester increase the levels of intracellular GSH. NAC
doesthis at least partly by providing substrate for the rate-limiting step of GSH synthesis, the
step catalyzed by ?-glutamyl cysteine synthetase, while GSH ester is deesterified following
cellular uptake to produce GSH. Although reports of direct oxidative stress induced by APAP
can be found, it is unclear if this represents de novo formation of ROS or is simply dueto a

decreased antioxidant capacity subsequent to GSH depletion.
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Less well studied, but intriguing nonetheless, is the reported one-electron oxidation of
APAP by various peroxidases [4]. As shown in Figure 2, lactoperoxidase can catalyze the
formation of the NAPSQI radical, thus demonstrating that one-electron oxidation of this
substrate can occur with biologically relevant components[4]. Free NAPSQI may go on to form
APAP polymers via the mechanism shown in Figure 3 [9]. Alternatively, free NAPSQI could be
reduced by ascorbate or GSH [15]. Reduction of NAPSQI by GSH could be of particularly
severe consequence, as it was demonstrated that such an interaction could lead to the formation
of GSSG’~, an extremely reducing radical that can form O,°~ [15].

Summary

The commonly used over-the-counter analgesic and antipyretic APAP can have grave
consequences when ingested in excess. Acetaminophen at high doses is extremely toxic, causing
liver and kidney failure, and in the most severe cases, death. The metabolism of APAP via the
CY P system leads to the formation of the toxic metabolite NAPQI, which can lead to the
depletion of GSH pools, in addition to the covalent modification of proteins. Although much
remains to be settled as to how APAP toxicity is mediated, the importance of GSH homeostasis
seems to be central.

Acetaminophen exposure leads to the appearance of oxidative stress, most particularly
lipid peroxidation. Whether this is due to de novo ROS production or the loss antioxidants has
not been definitively worked out. Since many oxidative stresses are encountered by modern
humans, that APAP toxicity could be expected to exacerbate, understanding the mechanism of

APAP-mediated toxicity is of general significance.
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