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Peroxidases: a role in the metabolism
and side effects of drugs

Shahrzad Tafazoli and Peter J. O'Brien

Current safety screening of drug candidates or new chemical entities for reactive
metabolite formation focuses on the role of cytochrome P450. However, peroxidases
also have a major role in drug metabolism, and peroxidase-catalyzed drug oxidation
could lead to reactive metabolite formation, resulting in oxidative stress and
cytotoxicity. Here, the different classes of human peroxidases are summarized and
the molecular mechanisms of peroxidase-catalyzed drug metabolism are discussed. In
addition, evidence is presented that indicates a role of these enzymes in drug toxicity.

P Despite extensive animal testing and safety monitor-
ing during clinical trials, >10% of new drugs that were
approved between 1975 and 2000 either had to be
withdrawn from the market or received a ‘black box’
warning [1]. The development of numerous other
drugs has also been halted before or during trials
because of safety concerns. Possible idiosyncratic
drug toxicity might only appear in late-stage clinical
trials, or even later. This idiosyncratic toxicity does
not involve pharmacological properties of the drug,
for example, no simple dose-response relationship,
delayed onset (6-90 days) and rechallenge with the
drug often produced severe consequences. One
hypothesis is that the adverse reaction in these cases
is immune-mediated and results from the modifi-
cation of a protein by reactive metabolites, which,
instead of inducing resistance or tolerance, creates
an ‘immunotoxic or immunogenic protein’ and/or
causes cell damage that stimulates the immune sys-
tem [2]. Currently, it is thought that cytochrome P450
(CYP) is responsible for much of the reactive metabo-
lite formation and, therefore, candidate drugs or new
chemical entities (NCEs) are screened for drug—protein
covalent binding when the drug is incubated with
human liver microsomes and NADPH [1]. However,
major target tissues for adverse reactions include the

1359-6446/05/$ - see front matter ©2005 Elsevier Ltd. All rights reserved. Pll:S1359-6446(05)03384-5

bone marrow (e.g. agranulocytosis) or skin (early rash
sign), which are likely to be associated with peroxidase-
catalyzed drug metabolic activation [3,4].

The peroxidase family

The peroxidases are heme-containing enzymes that
catalyze the one-electron oxidation of a variety of
oxidizable xenobiotics using hydrogen peroxide
(H,0,). The native enzyme contains a heme, usually
ferriprotoporphyrin IX, with four pyrrole nitrogens
bound to Felll. The fifth coordination position on
the proximal side of the heme is usually the imidazole
side chain of a histidine residue. The sixth coordina-
tion position is vacant in the native enzyme on the
distal side of the heme. The following cycle of reac-
tions are involved in the oxidation of xenobiotics
(Equations 1-3):

Peroxidase + ROOH - Compound I + ROH
(Eqn 1]

Compound I + XOH - Compound II + XO® + H*
(Eqn 2]

Compound II + XOH - Peroxidase + XO® + H,O
[Eqn 3]
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FIGURE 1
Activation of substrates by prostaglandin-endoperoxide H
synthase enzymes. The cyclooxygenase and peroxidase catalytic sites
contribute to the activation of substrates, for example, phenytoin is
oxidized to a carbon radical by the peroxidase moiety [73]. Peroxyl
radicals are formed at the cyclooxygenase catalytic site that can
introduce an oxygen atom across an isolated double bond, as in the
activation of benzopyrene-7,8-diol. Abbreviation: GS*, thiyl radical.

In the first step, peroxidases catalyze the oxidation of
hydroperoxides (lose two electrons) to form the corre-
sponding alcohol and a spectroscopically detectable higher
oxidation state called Compound I. A diverse range of phys-
iological or xenobiotic molecules with numerous cellular
functions are oxidized by compound I. Spectral properties,
including electron paramagnetic resonance (EPR) spectra,
suggest that compound I comprises a Fe=O linkage, which
is probably produced by the transfer of an electron from
the porphyrin ring to form a porphyrin radical cation, for
example, Por®FelV=0, or from the protein (usually a tyro-
sine residue) to form a phenoxyl radical. By contrast,
compound II is well defined as a FeIV=0 species in which
the iron is one oxidation state higher than its resting Felll
state.

Peroxidases can be classified into two types according
to their interaction with the substrate phenylhydrazine.
The phenyl radical formed via the phenyldiazene interme-
diate binds to the heme-iron of human or animal catalase,
hemoglobin, prostaglandin-endoperoxide H synthase
(PGHS) and CYP, leading to inactivation of the enzyme.
However, the covalent binding of the phenyl radical
formed by the animal peroxidases myeloperoxidase (MPO),
eosinophil peroxidase (EPO) and lactoperoxidase (LPO) to
the &meso heme edge and the protein causes inactivation,
which indicates that phenylhydrazine access to the heme-
iron is restricted by the distal histidine and that phenyl-
hydrazine is oxidized at the heme edge [5]. Thus, presum-
ably, the phenyl radicals formed by human peroxidases
cannot recombine with iron-bound oxygen radicals and
are more likely to diffuse away and cause intracellular
oxidative stress than the phenyl radicals formed by CYP
or catalase.
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Here, the differences in the molecular mechanisms of
drug metabolism catalyzed by peroxidases are discussed
and the substrate specificity and halogenating specificity
are described, as well as the location of the various human
peroxidases. In addition, evidence for peroxidase-catalyzed
drug-induced agranulocytosis (bone marrow toxicity), hep-
atitis (liver toxicity) and skin rashes, and also the possible
involvement of peroxidases in intestinal toxicity, uterine
cancer, atherosclerosis and teratogenicity, are described.
Finally, supporting evidence from recent transgenic mice
research is discussed.

The human peroxidase family

The catalytic oxidation states of MPO, EPO and uterine,
thyroid and gastric peroxidases, their ancestry, physiolog-
ical role and intracellular location, have been reviewed
previously [4]. The focus here is the role of PGHS peroxi-
dase (PGHSP), MPO, EPO and catalase, and their drug
metabolism and side effects. Although CYPs have peroxi-
dase and peroxygenase activity, they have no known
amino acid sequence homology with the peroxidases
and are therefore discussed in a subsequent section.

Prostaglandin-endoperoxide H synthase peroxidase
PGHSP catalyzes a two-electron reduction of the 15-
hydroperoxyl group of prostaglandin G2 (PGG2) to form
prostaglandin H2 (PGH2) using a physiological donor
(Figure 1): this reaction also activates the cyclooxygenase
activity of the enzyme, which, once initiated, can operate
independently of peroxidase activity [6]. Aspirin itreversibly
inhibits the cyclooxygenase activity of PGHSP-I and
PGHSP-II by acetylation of Ser530 and Ser516, respectively,
but does not inhibit the peroxidase activity [7]. Although
the physiological donor has yet to be identified, xenobi-
otics, including drugs, can act as a donor and are conse-
quently oxidized (Figure 1). At the same time, the donor
protects the PGHSP from inactivation by the hydroper-
oxide cofactors. 15-Hydroperoxyeicosatetraenoic acid is
the most active hydroperoxide cofactor, but H,0, can sub-
stitute for PGG2 in this peroxidase activity [4]. PGHSP has
an important role in the activation of carcinogenic aro-
matic and heterocyclic amines resulting in extra hepatic
tissue carcinogeneis (Table 1) [8]. Cosubstrates that are
oxidized to carbon- or sulfur-centered free radicals can
also trap molecular oxygen to form a peroxyl radical,
which, in turn, can oxidize xenobiotics, including phenylbu-
tazone, sulfate, retinoic acid, methylindole and indoleacetic
acid [9].

Myeloperoxidase

MPO forms 2-5% of the dry weight of the human neu-
trophil, and is also present in monocytes and, to a lesser
extent, tissue macrophages. Human neutrophils have
much higher MPO levels and oxidant-generating capac-
ity than rodents, which could suggest that peroxidase-
catalyzed drug metabolism has a bigger role in humans
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TABLE 1
Metabolic activation by prostaglandin-endoperoxide
H synthase

Colon, kidney, bladder, breast and lung carcinogens
(source or use)’

Benzidine (dyes)

4-Aminobiphenyl (smoking)

Benzopyrene-7,8-diol (smoking)
MelQx (barbecued meat or fish)

1Q (barbecued meat or fish)
PhIP (barbecued meat or fish)
MOCA (curing agent)

Phenol (benzene metabolite)

o-Phenylphenol (fungicide)

Drug toxicity”

Phenylbutazone
Diethylstilbestrol

Phenytoin
Thalidomide
Cyclophosphamide

*Information adapted from [8]. “Information adapted from [4,9,73,74].
Abbreviations: 1Q, 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine; MelQx,
(+)benzolalpyrene-7,8-diol,2-amino-3,8-dimethylimidazo [4,5-flquinoxaline;
MOCA, 4,4’ -methylenebis(2-chloroaniline); PhIP, 2-amino-3-methylimidazo
[4,5-flquinoline.

than rodents, which are the major species used for drug
toxicity studies [10]. Human MPO and H,O, (generated
by activated NADPH oxidase) in neutrophils, Kupffer cells
and bone marrow CD34* myeloid progenitor cells are
thought to have an antimicrobial role [11,12].

MPO is unique among all peroxidases in catalyzing chlo-
ride oxidation to produce hypochlorite, which accounts
for 20-70% of the H,0, liberated by activated neutrophils.
Hypochlorite is likely to be produced in the phagosomes,
although the phagosomal chloride concentration is not
known and appreciable amounts of hypochlorous acid
(HOCI) are released into the plasma. Compound I performs
a one-electron oxidation of a wide variety of aromatic
amines (e.g. anilines and benzidines [13]) but is unique
in catalyzing a two-electron oxidation of chloride to form
hypochlorous acid (Equation 4). An acidic pH causes a
loss of the distal His95 ligand of the heme that is already
distorted by a sulfonium ion linkage with Met243, thereby
facilitating the binding of chloride ions [14].

MPO Compound I + CI- + H* -~ MPO + HOCI
[Eqn 4]

Eosinophil peroxidase

EOP generates HOCI at plasma chloride levels but is also
the most active peroxidase for generating hypobromite
(OBr-). Bromide at plasma concentrations (20-100 uM)
also markedly increased the HOCI activation and toxicity
of acetaminophen, 4-aminophenol and p-phenetidine

towards hepatocytes through the formation of hypobro-
mous acid (HOBr; Equation 5) [15].

Br + HOCI] - HOBr + Cl-
[Eqn 5]

The high peroxidase activity in rat intestine has been
attributed to invading eosinophils rich in peroxidase,
which provide an antibacterial system in the intestinal
mucus. The intestinal peroxidase was purified and shown
to have similar (including immunological) properties to
EPO. Whereas invading EPO could be responsible for the
majority of the total intestinal peroxidase activity, only
3% could be attributed to an intestinal epithelial cell per-
oxidase [16]. Much of the uterine peroxidase activity has
been attributed to EPO [17].

Catalases

The catalases belong to a third peroxidase superfamily and
are the products of a constitutive, housekeeping gene
found in all cells that catalyzes H,O, disproportionation
detoxication to form O, and H,O. Catalase peroxidase
activity at lower H,0, concentrations oxidizes small sub-
strates, such as methanol, formaldehyde, formate, ethanol,
NADPH, nitrite, hydroxylamine, 5-aminosalicylate, azide,
aminotriazole and phenylenediamine derivatives [18], as
well as the hydrazine drugs phenylhydrazine and phenelzine
[5]. Catalase might be inactivated by aminotriazole radi-
cal-mediated heme or protein adduct formation [19].
Mycobacterium tuberculosis catalase-peroxidase (KatG) is
also responsible for oxidizing the antituberculosis drug
isoniazid to isonicotinyl radicals, which covalently bind
NAD(H) and prevent mycolic acid synthesis, thereby caus-
ing Mycobacterium death: this is important because iso-
niazid-resistant tuberculosis has been attributed to KatG
mutations [20]. Brain catalase peroxidase activity has also
been implicated in the neurological effects of ethanol [21].
The a-hydroxyethyl radical metabolite formed from ethanol
metabolism, as demonstrated with electron spin resonance
(ESR) using a-phenyl-N-tert-butylnitrone-5,5-dimethyl-
1-pyrroline-N-oxide spin traps, oxidized glutathione (GSH),
ascorbate and vitamin E [22]. In addition to covalently
binding to cytochrome c, Tyr48, Tyr67, Tyr74 and Trp59
[23], the a-hydroxyethyl radical also formed bonding
interactions with CYP2E1, and this adduct appeared on
the cell surface and inactivated various antioxidant enzymes
[24]. The protein-bound radical also formed antibodies
in vivo, which were cytotoxic towards hepatocytes isolated
from ethanol-treated rats [25].

The human cytochrome P450 family: peroxidase and
peroxygenase activity

Similarities exist between the peroxidases and CYP in that
both form compounds I and II, which have a FeIV=0
oxidizing center. However, there is no known homology
between the protein sequences of peroxidases and CYP.

www.drugdiscoverytoday.com 619

z
(=)
o
=
&
w
3
v
=
[a]
o
=)
o
[a]
@
=
(<
>
(]
oc




o]
)

=
o

=

wv

=]
=
(=
o
=)
@
[a)
o
=
m
B
3
o
g
=<

REVIEWS

DDT « Volume 10, Number 9 « May 2005

TABLE 2

Enzyme biomarkers: enzyme inactivation by peroxidase-
catalyzed drug oxidation

Drugs that inactivate enzymes when oxidized Refs
by H,0,-peroxidase

Chlorpromazine [77]
Mefenamic acid [78]
Phenylbutazone [79]
Indomethacin [80]
Piroxicam [34]
Tenoxicam [34]
Adriamycin [81]
Enzyme biomarkers inactivated

Cholinesterase [77]
Creatine kinase [78-80]
Glyceraldehyde dehydrogenase [79]
Alcohol dehydrogenase [34]
Succinate dehydrogenase [81]

Furthermore, the proximal side of the peroxidase heme
active center contains a histidine ligand and a distal his-
tidine that is involved in the hemolytic scission of H,0,,
whereas the CYP heme comprises a cysteine thiolate lig-
and and a distal oxygen-binding site that is lined prima-
rily with non-polar groups. Only chloroperoxidase, a fun-
gal peroxidase, resembles CYP by having a similar cysteine
ligand (part of a CYP three residue stretch), which enables
it to catalyze peroxidase, catalase and CYP reactions. In
peroxidases, substrates are limited to electron transfer
reactions at the heme edge and, therefore, form substrate
radicals that have restricted access to the FeIV=0O center
of compounds I and II. An oxygen atom is not transferred
to substrates, and hydrogen abstraction, as well as addi-
tion to double bonds, is compatible only with a radical
oxygen structure. By contrast, the CYP edge is not acces-
sible and substrates must bind directly adjacent to the
FelV=0 center, enabling substrate hydroxylation via inser-
tion of oxygen.

Microsomal CYP and NADPH act as a monooxygenase
in catalyzing the hydroxylation of a variety of aromatic
substrates that are not oxidized by peroxidase (Equation
6). However, the monooxygenase activity cannot catalyze
the one-electron oxidation of peroxidase substrates
(e.g. phenols, biphenols, aminophenols, hydrazines and
phenylenediamines).

RNH, +O, +NADPH +H* - RNHOH +HZO+NADP+
[Eqn 6]

In the absence of oxygen or NADPH, CYP can use
hydroperoxides to catalyze a one-electron oxidation of
classical peroxidase substrates (‘peroxidase’ activity). The
unique proximal heme-iron ligand is a cysteine thiolate
rather than a histidine nitrogen, which enables CYP to
transfer the ferryl oxygen to its substrates instead of simply

620 www.drugdiscoverytoday.com

abstracting an electron, as is the case with peroxidases.
Therefore, in various CYP-catalyzed hydroxylation reactions,
oxygen, NADPH and CYP reductase can be replaced by
hydroperoxides, including physiological molecules, sug-
gesting that the peroxygenase activity involves a short
circuit of the oxygen activation step and that monooxyge-
nase activities were mediated by the same ferryl-oxidizing
species [26]. However, this supposition is still to be resolved
by computational chemistry. Although monooxygenase
activity predominates under physiological conditions,
CYP peroxidase activity probably has a role in detoxifying
intracellular hydroperoxides or H,0, [27]. During cellular
oxidative stress, CYP peroxidase could catalyze other one-
electron oxidative reactions, for example, N-oxidation and
N- and O-demethylation of drugs [28].

Peroxidase-catalyzed drug metabolic activation
It has been hypothesized that peroxidase-catalyzed drug
oxidation causes radical production, protein binding and
oxidative stress cytotoxicity and thereby contributes to
reactive metabolite formation and cell death. The evidence
for this hypothesis includes the finding that peroxidase
catalyzes the oxidation of drugs, carcinogens or xenobiotics
to form radicals that cooxidize biomolecules (e.g. GSH,
DNA, NADH, ascorbate or unsaturated fatty acids) and form
reactive oxygen species [26,29]. Furthermore, hepatocyte
cytotoxicity that is induced by phenothiazines or nons-
teroidal anti-inflammatory drugs (NSAIDs) was markedly
enhanced by nontoxic concentrations of extracellular
H,O,-peroxidase, and intracellular GSH, lipid and ascor-
bate were cooxidized and reactive oxygen species formed
[30,31]. Other drugs for which the cytotoxicity was markedly
enhanced included troglitazone and tolcapone, which were
recently withdrawn from the market as a result of hepato-
toxicity (including idiosyncratic hepatotoxicity) [32]. This
enhanced hepatocyte cytotoxicity assay might mimic in vivo
liver inflammation animal models in which H,O,-peroxi-
dase-releasing immune cells (e.g. neutrophils) infiltrate the
liver [33]. Phenothiazine drug-induced hepatotoxicity
in vivo was also markedly increased by endotoxemia-
induced inflammation [33]. Therefore, it would be useful
to screen NCEs or candidate drugs for their ability to
induce oxidative stress using this ‘hepatocyte inflamma-
tion model’ as an enhanced cytotoxicity assay (Figure 2).

In vitro protein binding by peroxidase-formed phenoth-
iazine or NSAID drug radicals also resulted in enzyme
inactivation and could prove useful for screening NCEs.
Enzymes that are inactivated by various drugs when oxi-
dized by H,0,-peroxidase are listed in Table 2. The inacti-
vation of these enzymes has been attributed to protein thiol
or tryptophan oxidation and adduct formation by drug
radicals [34]; some of these target enzymes could be useful
as radical biomarkers.

Proteins, such as chymotrypsin, serum albumin or low-
density lipoprotein (LDL), can also be oxidized directly by
the peroxidase heme edge or myoglobin and H,O, to form
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FIGURE 2
The inflammatory cell-hepatocyte model for hepatitis. Neutrophils and Kupffer
cells, which are resident liver macrophages, contain MPO, and form H,0, on activation
of plasma membrane NADPH oxidase during the inflammatory response.The large
increase in liver susceptibility to drugs has been attributed to the infiltrated cells of
the immune system or activated resident Kupffer cells [33].1t is suggested that the
H,O,-peroxidase of the infiltrated cells catalyzes the oxidation of drugs (or their CYP
metabolites) to form reactive pro-oxidant radicals that are toxic to hepatocytes.
Abbreviation: BP, benzopyrene.

protein tyrosine phenoxyl radicals, which can crosslink
proteins and enzymes, leading to inactivation, or oxidize
other biomolecules, for example, linoleic acid [35].
Phenolic xenobiotics (PhOH) or tyrosine oxidized by per-
oxidase form phenoxyl radicals (PhO®), which bind
covalently to protein and induce lipid peroxidation
[35-37]. They would also be expected to increase protein
tyrosine nitration by NO,’, the nitrite one-electron oxi-
dation metabolite of peroxidases [38] (Equations 7-9).
Protein oxidation and nitration is associated with in-
flammatory diseases and drug toxicity [39].

PhO" +Protein - TyrH - Protein —Tyr' + PhOH
[Eqn 7]

Protein - Tyr® +NO," - Protein —Tyr —NO,
[Eqn 8]

H,0, + NO§T ¥4  NO,” +HO™ +H,O
[Eqn 9]

Myeloperoxidase-containing bone marrow cells: the radical
hypothesis

Xenobiotics, or their metabolites, that accumulate in the
plasma or bone marrow might also be cooxidized or chlo-
rinated by activated leukocytes. The leukemias induced
by chronic exposure to etoposide (a phenolic topoisomerase
inhibitor) have been attributed to MPO-H,O ,-catalyzed
one-electron oxidation and O-demethylation [40]. The

leukemias induced by chronic exposure to benzene have
also been attributed to the MPO-H,0O,-catalyzed one-elec-
tron oxidation of the phenolic metabolites formed by
hepatic CYP [41].

HL-60 cells are a bone marrow-derived leukemia cell
line that contain MPO and NADPH oxidase and form
H,0, when activated. Incubation of HL-60 cells with
etoposide and H,0, led to the oxidation of cellular glu-
tathione to thiyl radicals (as demonstrated by spin-trap
adduct formation), whereas cellular lipid did not undergo
lipid peroxidation [42]. Etoposide phenoxyl radicals were
detected by EPR only in GSH-depleted cells. The formation
of thiyl and phenoxyl radicals was prevented by decreas-
ing MPO levels with succinyl acetone, a heme synthesis
inhibitor. PMC, a water-soluble vitamin E analogue and
MPO substrate, has been proposed as a nutritional strategy
to prevent etoposide-induced secondary leukemia [40].

The triphenylethylene drug tamoxifen, which is used in
metastatic breast cancer treatment or as adjuvant therapy,
is one of the safest anticancer drugs, but is a hepatocar-
cinogen in rats, where peroxidase catalyzed the activation
of the major metabolite 4-hydroxytamoxifen and formed
DNA and protein adducts [43]. The phenoxyl radical initially
formed in HL-60 cells oxidized ascorbate to semidehy-
droascorbyl radicals, GSH to thiyl radicals and initiated lipid
peroxidation [44].

Idiosyncratic agranulocytosis and the hypochlorite-radical
hypotheses

Activated neutrophils or MPO-H,0O, form DNA adducts
with the carcinogens benzidine, methylaminoazobenzene
and aminofluorene and could potentially contribute to
chemical carcinogenesis [45]. ESR indicated that chlorpro-
mazine and aminopyrine were oxidized by H,O,-peroxidase
to pro-oxidant radicals, and spin-trapping showed that
phenylhydrazine was oxidized to phenyl radicals [46]. The
aminopyrine N-cation radical formed by peroxidase is a
pro-oxidant and is likely to be an oxidized protein [29]
(Figure 3), whereas the aminopyrine dication (the two-
electron oxidation product formed by MPO-H,0,-Cl or
HOCI) could covalently bind to protein [47]. HOCI oxida-
tion of other idiosyncratic drugs (e.g. vesnarinone, propy-
Ithiouracil, dapsone, sulfonamides and procainamide [4])
also resulted in the formation of protein adducts. The
antipsychotic drug clozapine was metabolized by MPO-H, 0O,
to a pro-oxidant radical [48] and protein binding nitrenium
ions, which induced neutrophil GSH depletion and caused
apoptosis and necrosis [49]. Activated neutrophils or bone
marrow cells [50] caused clozapine protein binding but
not GSH depletion. Another clozapine structural analogue,
fluperlapine, was not oxidized by neutrophils but induced
agranulocytosis. However, the major CYP metabolite,
7-hydroxyfluperlapine, was oxidized to a protein-binding
iminoquinone in neutrophils [51]. DMP406, another cloza-
pine analogue substitute, was oxidized to an imine similar
to that formed from mianserin by activated neutrophils
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not be noticed by the patient and could
ROS oxidative stress partly explain the rareness of idiosyncratic
(also perfused liver) . .
drug reactions (IDRs). Hepatotoxicity
T can also be increased by activating the
Ph\N N GS' GSH PR, Kupffer cells with retinol or endotoxins.
- S / N Inflammation increases plasma endotoxins
OJ\/\ CYP2C8/19or O&/\ Cation radical and immunomodulators, which activate
N myeloperoxidase N (purple, Amax = 560 nm) Kupfter cells and lead to liver infiltration
Aminopyrine by neutrophils and macrophages, whereas
Reverse disproportionation parasite infection causes infiltration by
Aminopyrine eosinophils, thereby increasing liver MPO
Ph HCHO  H,0  Ph +H PR, or EPO activity by 50-100-fold compared
\ / J N_’\\' with the low peroxidase activity normally
J\R\ J\/\ o 04/\2\ observed in hepatocytes. Activation of
HaC” NlCHZ PLIS c these peroxidase-containing cells by drugs
4-Monomethylaminoantipyrine Iminium cation Dication (hypochlorite product) or proinflammatory cytokines leads to a
(Amax = 420 nm) burst of oxygen uptake and H,O, formation.
In vivo evidence for peroxidase-catalyzed

FIGURE 3

Proposed peroxidase-catalyzed aminopyrine activation. Aminopyrine N-cation radical formed by
peroxidase, readily oxidized GSH, which, in the process, formed reactive oxygen species.The N-cation
radical was also formed by reverse disproportionation from an iminium cation, the two-electron oxidation
product and aminopyrine.The iminium cation is also hydrolyzed to N-methylaminoantipyrine and
formaldehyde (HCHO) [47].The aminopyrine dication is the two-electron oxidation product formed by

oxidation of tyrosine to phenoxyl radicals
during inflammation is that patients with
sepsis have high urinary tyrosine dimers.
Furthermore, mice with acute peritoneal
inflammation have high peritoneal leuko-

MPO-H,0,-Cl or HOClI at acidic pH. Abbreviation: ROS, reactive oxygen species.

or H,0O,-horseradish peroxidase (HRP) but not by HOCI
[52]. The idiosyncratic adverse reactions of the anticon-
vulsant drugs carbamazepine and phenytoin have also
been attributed to protein oxidation by phenoxyl radicals
formed by the myeloperoxidase-catalyzed oxidation of
their 3-hydroxy and 4-hydroxy metabolites, respectively,
and/or iminoquinone formed from 2-hydroxy-carba-
mazepine by hypochlorite [53].

Ticlopidine (used for inhibiting platelet aggregation)
induced agranulocytosis, aplastic anemia and hepatitis,
and was oxidized to dehydro-ticlopidine by leukocytes.
HOCI or MPO-H,0,-Cl also formed dehydro-ticlopidine,
and probably a thiophene-S-chloride reactive metabolite,
to a greater extent than MPO-H,0,. However, CYP inacti-
vation, and possibly hepatitis, was attributed to metabolism
by liver microsomes resulting in the formation of a thio-
phene-S-oxide [54].

Hepatitis and in vivo evidence for the ‘inflammatory
hypothesis’

Drugs, such as chlorpromazine and acetaminophen,
which have the potential to cause mild hepatotoxicity,
become much more hepatotoxic in the face of a modest
ongoing inflammatory response [33]. Drug hepatotoxicity
in vivo can be prevented by inactivating the Kupffer
cells with gadolinium chloride or dextran sulfate, or by
superoxide dismutase or tumor necrosis factor inhibitors
and/or antibodies. Such hepatic inflammation could be
caused by endotoxins released from infective bacteria or
gut microflora in response to insults, such as alcohol con-
sumption, liver disease or dietary changes, which might

622
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cyte protein dityrosines and carbonylated
proteins and trichlorobromotyrosine in
the peritoneal fluid [55-57]. Therefore, drug metabolism
during hepatic inflammation probably also involves rad-
icals formed by the metabolic activation of drugs by
H,O,—-peroxidases. Recently, it has been shown that drugs
associated with hepatotoxic idiosyncrasy became toxic to
isolated rat hepatocytes if nontoxic concentrations of
H,O,—peroxidases were present [26,29-32] (Figure 2).
These drugs included troglitazone, a gluconeogenesis
inhibitor, and tolcapone, a catechol-O-methyltransferase
(COMT) inhibitor for L-dihydroxyphenylalanine (DOPA)
therapy in Parkinson’s disease, which were recently
removed from the market because of severe hepatotoxicity.
Troglitazone, a vitamin E analogue with a phenolic toxi-
cophore, presumably underwent a peroxidase-catalyzed
troglitazone oxidation to form a phenoxyl radical because
hepatocyte GSH and lipid oxidation occurred [32]. By con-
trast, liver microsomal CYP3A4 catalyzed the oxidation of
troglitazone to a quinone metabolite that was less toxic
than troglitazone [58]. However, only 1 in 10,000 patients
on troglitazone experienced a serious hepatotoxic reaction.
Tolcapone contained a catechol toxicophore and was also
much more toxic in the ‘inflammation hepatocyte’ model
[32]. However, the parent drug was also a powerful
mitochondrial uncoupler, thereby implicating that a
reactive semiquinone radical or o-quinone was formed by
peroxidase [59]. The NSAID diclofenac has been successfully
used by millions, but an estimated 5000 people developed
severe hepatotoxicity after 1-3 months of treatment [60].
Reactive metabolites implicated were quinoneimines
formed by CYP [60] or peroxidase-formed pro-oxidant
radicals [29]. In addition, isoniazid-induced idiosyncratic
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hepatitis and lupus erythromatous disease could involve
reductive hydrazinyl radical intermediates and pro-oxidant
acetyl radical metabolites formed by oxidative metabolism
of isoniazid, catalyzed by MPO-H,0,-Cl, HOCI or neu-
trophils [61,62]. The hepatotoxic antidepressant iproniazid
and the anticancer agent procarbazine were also oxidized
to isopropyl and methyl radicals, respectively, by hepato-
cytes and HL-60 cells, which was attributed to CYP and
MPO activity, respectively [63]. Phenylbutazone caused
hepatotoxicity in 1-5% patients and readily caused cyto-
toxicity and lipid peroxidation in the inflammation hepa-
tocyte model [32].

Skin rashes

Skin rashes are an early sign of life-threatening IDRs for
the HIV antimicrobials sulfamethoxazole, dapsone and
nevirapine, and the antiepileptic lamotrigine. Less than
10% of patients taking lamotrigine developed skin rashes
before other IDRs (e.g. neutropenia, leucopenia, agranu-
locytosis and hepatitis), whereas 16% of patients taking
nevirapine developed skin rashes and 1% developed hepa-
titis. Recently, an animal model (Brown-Norway female rats)
for nevirapine-induced skin rashes has become available
[64]. Although lamotrigine and nevirapine are unlikely to
be peroxidase substrates, the phenolic CYP metabolites of
these drugs are likely to be substrates, particularly if their
glucuronidation rate is slow. If the skin rashes are caused
by unstable reactive metabolites (e.g. phenoxyl radicals)
then metabolic activation is likely to occur in the skin.
A rat skin peroxidase located in the nuclear-mitochon-
drial fraction has been isolated and characterized [65].
Skin microsomal CYP3A1l and CYP2B1 levels were 4.7%
and 2.3%, respectively, of those found in liver microsomes
[66]. Epidermal keratinocytes, the most abundant skin
cell, also contained peroxidase, CYPs and PGHSP and
activated sulfonamides [67]. PGHSP oxidized phenol to
phenoxyl radicals, which cooxidized keratinocyte lipids,
thiols and ascorbate to their respective radicals [68,69].
MPO also accumulated in the skin as a result of xenobiotic-
induced skin irritation and inflammation [10].

Intestinal toxicity, uterine cancer, atherosclerosis and
teratogenicity

Intestinal peroxidase or EPO could have a role in NSAID-
induced gastrointestinal (GI) toxicity because NSAIDs are
readily oxidized to pro-oxidant radicals [29], which could
explain why GI toxicity induced by indomethacin has
been attributed to oxidative stress [70]. Uterine peroxidase
or EPO has been implicated in the uterine cancer induced
by the peroxidase substrates 4-hydroxytamoxifen, diethyl-
stilbestrol and estradiol [43,44,71]. Could plasma MPO-H,0,
oxidize drugs to radicals that initiate LDL oxidation, as has
been shown for plasma amino acid substrates [72], and
thereby accelerate plaque formation and atherosclerosis?
Oxidatively modified lipoprotein would then be recognized
by the macrophage scavenger receptor and phagocytosed,

thus increasing the risk of transformation to a foam cell,
which initiates plaque formation. Significant amounts of
MPO and hypochlorite modified proteins were expressed
in human atherosclerotic lesions colocalized with mono-
cytes and macrophages [72]. It is not known whether
plasma oxidized LDL levels increase after chronic drug
administration, for example, NSAIDs. The teratogenicity
or utero death of thalidomide and the anticonvulsant
drug phenytoin have been shown to depend partially on
activation by embryonic PGHSP and lipoxygenase [73,74].

Transgenic mouse models

PGHS-1 or PGHS-2 knockout mice were more resistant to
polycyclic aromatic hydrocarbon (PAH)-induced skin
cancer [75], which could suggest PAH activation by
PGHSPs. Mice with a targeted disruption of the NADPH
oxidase gp91 subunit were much more susceptible to
Candida albicans and the mice were resistant to early
alcohol-induced hepatitis [76]. MPO-deficient mice exposed
to polymicrobial sepsis formed considerably lower con-
centrations of 3-chlorotyrosine and 3-bromotyrosine in
their peritoneal inflammatory fluid than exposed wild-
type mice, and were also more likely to die from infection
than wild-type mice [56]. MPO or EPO knockout mice
were also resistant to the protein nitrotyrosine formation
induced by inflammation, which was attributed to activated
peroxidase-catalyzed nitrite oxidation [39].

Conclusions

Although the evidence for a peroxidase-catalyzed drug
metabolic activation is largely based on in vitro studies,
there is ample evidence that oxidative stress contributes
to many pathological conditions and diseases, particularly
those associated with aging. Knockout mice research has
also provided evidence that endogenous molecules, such
as tyrosine radical oxidation products, were not formed
in MPO or EPO knockout mice and increased levels of
these reactive species were observed in inflammation
animal models or patients with sepsis. Research is under-
way to show that peroxidase-catalyzed drug metabolism
is also modulated in the same way as tyrosine oxidation
and that antibodies to drug radical haptens are blocked
in MPO knockout mice. Drug candidate or NCE screening
should include peroxidase-catalyzed pro-oxidant radical
formation and protein oxidation, whereas cytotoxicity
assays should use oxidative stress biomarkers to determine
if this was part of the cytotoxic mechanism. It might not
be enough to determine the amount of microsomal pro-
tein covalent binding by candidate drugs or NCEs [1].
New peroxidase substrates could be designed that form
toxic radicals for use as anticancer agents, anti-infectives
or antibiotics. Alternatively, novel peroxidase inhibitors
could also be developed for preventing the toxic side
effects of drugs used for treating chronic diseases. For
example, cyclooxygenase (COX)-1 and COX-2 inhibitors
have been used to prevent human colon carcinogenesis
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and animal drug toxicity or chemical carcinogenesis
[4,8,9]. Finally, individual susceptibility to various cancers,
atherosclerosis, neurodegenerative, autoimmune and other
diseases has been associated with a common MPO pro-
moter polymorphism (MPO-463GA), which increases MPO
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