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Free-Radical Metabolites of Acetaminophen
and a Dimethylated Derivative

by Volker Fischer,* Paul R. West,* Lauil:'a S. Harman,* and

Ronald P. Mason*t

The oxidation of acetaminophen (4'-hydroxyacetanilide) to the corresponding N-acetyl-p-benzoquinone
imines by plant and mammalian peroxidases is discussed. The acetaminophen free radical (¥V-acetyl-d-
aminophenoxyl) has been reported as an intermediate. It is very reactive and forms melanin-like polymeric
products. Application of a fast-flow system makes it possible to detect the transient species and clearly
distinguish it from persistent paramagnetic melanin polymers.

A model system, leading to more stable metabolites, can be obtained by introduction of methyl groups
next to the oxygen, 3’5" -dimethylacetaminophen (3',5-dimethyl-4'-hydroxyacetanilide). The ESR spec-
trum of the free radical formed could be completely analyzed and confirmed by deuterium substitution.
The data are consistent with the assignment to a phenoxy! free radical (N-acetyl-2,6-dimethyl-4-amino-
phenoxyl). Its formation is discussed in terms of substrate, hydrogen peroxide and enzyme concentration
dependence. It is believed to be formed via a direct one-electron oxidation of 3°,5'-dimethy)-4'-hydroxy-
acetanilide.

The radical does not form polymers or react with nucleophiles. Iis redox behavior is discussed. The

possible reaction of these phenoxyl free radicals with oxygen is thought to be negligible.

Acetaminophen (4'-hydroxyacetanilide) is a com-
monly tised, mild analgesic drug which has gained ac-
ceptanee as a salicylate (aspirin) substitute. Although
it is considered safe in normal dosage, ingestion of large
quantities of acetaminophen can result in hepatic ne-
crosis and acute renal faillure in man (1,2). This toxicity
has been attributed to the formation of a highly reactive
metabolic species, the N-acetyl-p-benzoquinone imine
(3,4), which is thought to bind covalently to protein in
vivo. Under therapeutic dose conditions, tissue gluta-
thione appears to protect against hepatic damage by
binding to the N-acetyl-p-benzoquinone imine, as evi-
denced by acetaminephen dose-dependent depletion of
liver glutathione (5,6). When acetaminophen is present
in excess, however, the glutathione levels are depleted,
leading to covalent binding of the arylating metabolite
to tissue macromolecules and hepatic cell death (6,7).
Several mechanisms for N-acetyl-p-benzoquinone imine
formation have been proposed. Metabolic activation
might eccur through N-oxidation of aeetaminophen to
N-hydroxyacetaminophen, followed by dehydration to
the arylating N-acetyl-p-benzoquinone imine (8) [Eq.
(D] ‘
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However, more recent evidence indicates that N-hy-
droxyacetaminophen is not formed as an intermediate,
and that acetaminophen undergoes overall two-electron
oxidation to the quinone imine reaetive species (9,10)
[Eq. @]].
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Hinson et al. suggested a two-electron oxidation of
acetaminophen to the quinone imine by the cytochrome
P-450 mixed-funetion oxidase (11). The one-electron ox-
idation of acetaminophen by cytochrome P-450 has also
been proposed (12,13), but initially, only a single-line
ESR signal characteristic of an acetaminophen-derived
melanin-like polymer was detected (14). The formation
of a free radical by prostaglandin hydroperoxidase has
also been proposed, but not proven (15-17).
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As shown in Egs. (3)~(5), this one-electron pathway
is formally analogous to the familiar hydroguinone-qui-
none oxidation and could involve the generation of
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transient free radical intermediates.

The zwitterionic and anionic radieals such as benzo-
semiquinone B and the aminophencl-derived C are rei-
atively long-lived and can be observed in static systems.
However, in acetanilide-derived radicals such as A, the
electron-withdrawing acetyl group results in a higher
pK,, and one does not expect the electron-deficient rad-
ical to persist. To detect unstable radicals, flow systems
with observation on a millisecond time scale are re-
quired. This technique consumes liters of solution,
which limits the number of experiments that can be
performed.

Introduction of methy! groups in the 3' and 5" posi-
tions of acetaminophen does not change the toxiecity sig-
nificantly. 3’,5’-Dimethylacetaminophen (3’,5'-di-
methyl-4’-hydroxyacetanilide) is reported to be of
comparable toxicity to acetaminophen itself (18). How-
ever, both the free radical and the benzoguinone imine
metabolites of 3',5'-dimethylacetaminophen are more
stable and can be detected in static incubations. They
do not undergo the very rapid dimerization and poly-
merization reactions which are characteristic of simple
phenoxyl free radicals such as the acetaminophen free
radical. [Eq. (6)].

After the radieal formation, a radical coupling reac-
tion oceurs, usually at the 3’ and 5’ position, followed
by an enolization fo regenerate the aromatic system.
Analogous reaction of the 3’,5'-dimethylacetaminophen
free radical should be much slower for two reasons.
First, due to steric effects the rate of dimer interme-
diate formation will be diminished. Second, the for-
mation of the stable acetaminophen dimer from the in-
termediate requires rearomatization via enolization,
which is impossible in the dimethyl analog without
breaking carbon-earbon bonds.

Phenol derivatives can be oxidized by inorganic oxi-
dizing agents such as PbQ,, Pb{OAc), and KMnO,. The
horseradish peroxidase/H,0, system, a generally ac-
cepted model for the peroxidase aetivity of prostaglan-
din H synthase, has an oxidizing potential similar to
that of KMnQ,. Initial attempts to obtain gpectra of the
transient acetaminophen phenoxyl radical using horse-
radish peroxidase and Hz0, in a statie system were
unsuccessful. Only a stable, single broad line was ob-
served which increased in intensity over the time course
of the experiment (8 min} (19) (Fig. 1).

It appears that the broad signal is due to the sub-
sequent formation of a melanin-like radical. Melanins
are high-molecular weight polymers of quinone-, se-
miquinone (paramagnetic)-, and hydroquinone-type
units in equilibrium. The observed ESR gpectra of mel-
anins (g = 2.004, line width of 4~10 G, and no detectable
hyperfine structure) are close to those obtained for the
acetaminophen polymer radical. This similarity, and the
knowledge that synthetic “melaning” arise from the pro-
lenged enzymatic oxidation of a broad range of phenolic
compounds such as L-tyrosine, p-hydroquinone, and
serotonin, is consistent with the anticipated formation
of a melanin-related radical in the acetaminophen sys-
tem. The slow rate of formation and the broad ESR
signal are both inconsistent with the assignment of this
species to the initial phenoxyl metabolite of acetami-
nophen as reported (13).

However, using the fast-flow technique, West et al.
(19) found an intense, three-line ESRE spectrum with
amplitude ratios 1:2:1 between 20 and 100 msec after
mixing (Fig. 24). The signal has the characteristic g
value of 2.0043 + 0.0002 and can be assigned to an
oxygen-centered phenoxyl free radical. It is similar to
those obtained with other phenolic substrates in fast-
flow horseradish peroxidase/H,0s systems (20,21). The
observed three-line pattern is characteristic of para-
substituted phenoxyl radicals with & dominant large
coupling to the two equivalent ortho hydrogens (22).
For example, the acetaminophen coupling, 5.1 G, is com-
parable to phenoxyl itself, 6.6 G, but contrasts with the
lower values of delocalized and stabilized species such
as p-benzosemiquinone, atino = 2.48 G (22). Hyperfine
structure due to other magnetic nuclei present in the
radical can be observed using a lower modulation am-
plitude (Fig. 2B) under the same flow conditions.

If the transient ESR signal arose from an acetami-
nophen dimer, one would anticipate entirely different
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coupling constants for the ortho protons. For example,
if the spin were localized on one ring, only a doublet
pattern would be expected. Delocalization over both
rings (i.e., four ortho positions) would give a triplet,
but with one half the ortho splitting typical of substi-
tuted phenoxyl radicals. -






