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SUMMARY

Certain toxic effects of phenytoin are thought to result from its
cytochrome P-450-catalyzed bioactivation to a reactive arene
oxide intermediate that binds covalently to proteins. Using an in
vitro system, we examined an alternative hypothesis based upon
the cooxidation of phenytoin to a reactive free radical interme-
diate by prostaglandin synthetase (PGS), horseradish peroxi-
dase, or thyroid peroxidase. Microsomes from hepatic, thyroid,
seminal vesicular, or pulmonary tissues, or PGS or horseradish
peroxidase, were incubated with the appropriate enzymatic co-
factors to study activities of cytochromes P-450 (NADPH), PGS
(arachidonic acid), thyroid peroxidase (guiaicol, H,O,), and horse-
radish peroxidase (H.0O.). The production of potentially terato-
genic, reactive phenytoin intermediates during in vitro incuba-
tions was estimated by the amount of radiolabeled phenytoin
bound covalently to microsomal protein or bovine serum albumin
and by the detection of a free radical intermediate using ESR
spectrometry. Arachidonic acid-dependent bioactivation of phen-
ytoin was demonstrated for purified PGS and ram seminal vesi-
cles (RSV), as well as for liver, lung, and kidney. Optimal arach-

idonate concentrations varied substantially for different tissues.
Arachidonate-dependent binding of phenytoin with PGS and RSV
was reduced to baseline levels by coincubation with the cycloox-
ygenase inhibitor indomethacin. Hydrogen peroxide-dependent
covalent binding of phenytoin was observed with thyroid perox-
idase and horseradish peroxidase, and binding was significantly
reduced in these systems and in PGS and RSV by coincubation
with the peroxidase inhibitor methimazole. Glutathione, the an-
tioxidants caffeic acid and butylated hydroxyanisole, and the free
radical trapping agent a-phenyl-N-t-butylnitrone (PBN) all signifi-
cantly reduced arachidonate-dependent phenytoin binding. Oxy-
gen uptake was increased in a dose-dependent manner by the
arachidonate-dependent bioactivation of phenytoin by PGS. ESR
spin-trapping techniques using PBN indicated the generation of
a free radical intermediate during the metabolism of phenytoin
by PGS. These results suggest that the hydroperoxidase com-
ponent of PGS, as well as thyroid peroxidase and other peroxi-
dases, can bioactivate phenytoin to a reactive free radical inter-
mediate, which may be toxicologically relevant.

Phenytoin (diphenylhydantoin, Dilantin) is the most effica-
cious and widely used anticonvulsant in North America (1).
Phenytoin teratogenicity has been reported and characterized
in mice (2), rats (3), and rabbits (4). Similarly, in humans,
ingestion of phenytoin during pregnancy has been associated
with a variety of fetal defects such as craniofacial malforma-
tions and cardiac defects, which have been characterized to-
gether as the fetal hydantoin syndrome (1, 5).

There is considerable supporting evidence from several lab-
oratories that phenytoin is bioactivated by microsomal cyto-
chromes P-450 to a reactive arene oxide intermediate, which
may be teratogenic (1, 5-7). This reactive intermediate usually
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American Society for Pharmacology and Experimental Therapeutics and the
Society of Toxicology (Pharmacologist 28:195, 1986), Baltimore, Maryland, Au-
gust 1986. This work was supported by a grant from the Medical Research
Council of Canada.

is detoxified via a number of mechanisms, including re-
arrangement of the arene oxide and enzymatic hydration cat-
alyzed by epoxide hydrolase. Under conditions whereby bioac-
tivation exceeds detoxification, this reactive electrophilic inter-
mediate may initiate a teratologic process by binding covalently
to nucleophilic sites on fetal macromolecules. However, a num-
ber of observations are not readily explained by the cyto-
chromes P-450-arene oxide hypothesis. These observations in-
clude 1) the respective inhibition and enhancement of pheny-
toin teratogenicity by inducers and inhibitors of cytochromes
P-450 (1, 8); 2) the embryopathy of mephenytoin and its
nirvanol metabolite residing with the l-isomers that do not
form an arene oxide intermediate (9); 3) the teratogenicity of
phenytoin analogs such as trimethadione, which have no phenyl
rings and cannot form an arene oxide. These discrepant obser-
vations have led to our hypothesis that an alternative bioacti-
vating pathway for phenytoin may involve PGS and other

ABBREVIATIONS: PGS, prostaglandin synthetase; PG, prostaglandin; BHA, butylated hydroxyanisole; PBN, a-phenyl-N-t-butyinitrone; BSA, bovine

serum albumin; RSV, ram seminal vesicles.
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peroxidases, such as thyroid peroxidase. Thyroid peroxidase
was evaluated because of both its peroxidase activity and earlier
reports that phenytoin-induced decrements in fetal thyroid
hormone concentrations could contribute to the teratologic
mechanism (1).

An alternative pathway of bioactivation for a number of
drugs involves cooxidation of the drug during PGS-catalyzed
synthesis of PGs (10, 11). Among these drugs are aminopyrine
(12), benzidine (13), acetaminophen (14), and a variety of N-
alkyl amines (15). PGS is a single protein that contains distinct
catalytic sites for cyclooxygenase and hydroperoxidase activi-
ties. The cyclooxygenase component catalyzes the conversion
of arachidonic acid to the PG hydroperoxy-endoperoxide PGG,,
which is subsequently reduced by the hydroperoxidase compo-
nent of PGS to the corresponding alcohol PGH, (16). In order
to catalyze the reduction of PGG, to PGH,, the PG hydroper-
oxidase requires reducing equivalents, and those drugs undergo-
ing cooxidation have been shown to serve as electron donors to
the peroxidase. The latter reaction may lead to the formation
of electron-deficient drug metabolites such as free radicals,
which may cause oxidant stress, initiate lipid peroxidation,
and/or bind covalently to essential cellular macromolecules,
thereby causing cytotoxic effects and fetal abnormalities.

The present work describes experiments designed to deter-
mine whether phenytoin can be bioactivated by PGS and
thyroid peroxidase to a potentially, teratogenic, reactive, free
radical intermediate. The potential contribution of phenytoin
cooxidation was tested in vitro microsomal incubations by
measuring the covalent binding of radiolabeled phenytoin, oxy-
gen consumption, and free radical production by ESR spec-
trometry.

Materials and Methods

Chemicals and tissues. Tritiated phenytoin (5,5-[phenyl-4-°H(N)]
-diphenylhydantoin; 51.5 Ci/mmol) was purchased from New England
Nuclear (Lachine, Quebec). SKF 525A (2-diethylaminoethyl-2,2-di-
phenylvalerate hydrochloride) was obtained from Smith, Kline and
French Canada Ltd. (Mississauga, Ontario). BHA, BSA, NADPH type
IV, horseradish peroxidase type VI, caffeic acid, GSH, hydrogen per-
oxide, indomethacin, methimazole, PBN, and sodium phenytoin (5,5-
diphenylhydantoin) were obtained from Sigma Chemical Co. (St. Louis,
MO). Arachidonic acid (99% pure) was obtained from Pharmacia
(Montreal, Quebec) and Nu-Chek-Prep Inc. (Elysion, MN). Guiaicol
and potassium iodine were obtained from BDH Chemicals Canada Ltd.
(Toronto, Ontario). PGS, purified from RSV, was purchased from
Oxford Biomedical Research (Oxford, MI). Equine thyroid tissue,
kindly supplied by Professor M. A. Hayes at the University of Guelph,
Ontario, was flash-frozen in liquid nitrogen and stored at —70° until
microsomes were prepared as described below. Female CD-1 mice (30-
36 g; Charles River Canada Ltd., Lachine, Quebec) were killed by
cervical dislocation, the liver and lungs were removed, and microsomes
were prepared fresh and stored at —70°. RSV were obtained from a
slaughterhouse, flash-frozen in liquid nitrogen, and stored at —70° until
used. The arachidonic acid was stored in the dark at —70°.

Microsomal preparation. Tissues were thawed, trimmed of excess
fat and connective tissue, and homogenized in ice-cold KCl (1.15%).
The homogenates were then centrifuged at 9000 X g for 20 min at 4°.
The 9000 X g supernatant was centrifuged at 100,000 X g for 60 min at
4°. The microsomal pellet was resuspended in 2.0 ml of KCl and frozen
in liquid nitrogen. The microsomes were stored at —70° until used for
the incubation studies described below. Microsomal protein concentra-
tions were measured (17) using a standardised assay kit (Bio-Rad
Laboratories, Richmond, CA).

Incubation studies. An initial incubation study was conducted to
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determine the optimal arachidonic acid concentrations for the PGS-
catalyzed covalent binding of phenytoin in various tissues, including
murine liver, lung, and kidney, RSV, and PGS. These studies were
followed by a comparison of phenytoin binding catalyzed by different
peroxidase sources, including RSV, PGS, horseradish peroxidase, and
thyroid tissue. A further study compared the covalent binding of
phenytoin in murine lung and liver catalyzed by cytochromes P-450
and PGS.

PGS-dependent cooxidation of phenytoin in various tissues was
determined as follows. RSV, lung, or liver microsomes, (2.0 mg) were
suspended in 1.0 ml of 0.05 M sodium phosphate buffer, pH 7.4.
Tritiated phenytoin (5,5[phenyl-4-°’H(N)]-diphenylhydantoin, (4.24
nM) and 0.1 mM unlabeled phenytoin were then added in 10 ul of 30%
ethanol. The reactions were then initiated by adding arachidonic acid
(15 uM to 6.0 mM). In appropriate experiments, 0.5 mM NADPH was
used to initiate the reaction. When replacing the arachidonic acid, H,0,
was present at 160 uM; when horseradish peroxidase was used as the
peroxidase, it was present at a concentration of 1.0 mg/ml. PGS also
was used to catalyze the covalent binding of phenytoin to protein. The
incubation mixture consisted of 100 mM T'ris buffer (pH 7.6) containing
5.0 mg of crystallized BSA as the target binding protein, 1000 units of
PGS, 0.5 mM phenol, 1 uM hematin, and water to make 1.0 ml. In these
experiments, tritiated phenytoin was added as described above but
unlabeled phenytoin was omitted. When thyroid tissue, microsomes,
(2.0 mg) were suspended in 1.0 ml of 0.05 M sodium phosphate buffer,
pH 7.4, containing 33 mM guiaicol or 5 mM KL. The reactions were
initiated by the addition of 160 uM H;0,. In other experiments, reaction
mixtures were preincubated for 5 min with different enzymatic inhibi-
tors or free radical scavengers, including SKF 525A, indomethacin,
methimazole, GSH, caffeic acid, BHA, or PBN before the addition of
[*H]phenytoin. The reactions were terminated after 60 min at 37° with
the addition of 5 volumes of ice-cold acetone. Metabolic blanks were
run by omitting arachidonic acid, horseradish peroxidase, guiaicol, or
NADPH. Radioactive phenytoin covalently bound to the microsomal
protein was assayed as described below.

Measurement of covalent binding. The determination of cova-
lent binding of tritiated phenytoin to protein involved an exhaustive
washing procedure (7) modified as follows. After addition of acetone to
the microsomal mixture, the suspension was centrifuged at 25,000 X g
for 20 min. The precipitate was resuspended in 2.0 ml of hot methanol
(50°) and the entire content was transferred onto a Nylong membrane
filter held by a vacuum filtration apparatus (Millipore, Mississauga,
Ontario). The sample was filtered with hot methanol to give a total of
10.0 ml of filtrate or until the washings contained no radioactivity. The
entire filter paper was placed in 0.5 ml of tissue solubilizer (BTS-450;
New England Nuclear) and incubated in a shaking water bath for 30
min at 50° or until all the precipitate was dissolved. The samples were
counted in 10.0 ml of scintillation cocktail (Ready-Solv HP/b; Beck-
man) containing 0.7% glacial acetic acid.

Spin trapping study. The incubation medium contained PGS
(1000 units/ml), 1.0 uM hematin, 0.1 mM PBN, and 200 mM phenytoin
in a 100 mM Tris buffer (pH 7.6) containing 0.5 mM phenol, in a total
volume of 1.0 ml. The PGS was first dissolved in the buffer and
preincubated for 1 min at 37°. The hematin was added and preincubated
for 30 sec. Before the addition of arachidonic acid to initiate the
reaction, phenytoin and PBN were added. The reaction mixture was
incubated at 37° for 15 min. The incubation reaction was stopped by
extraction with ethyl acetate. Spin adducts formed in the incubation
mixtures were extracted with an equal volume of ethyl acetate and
concentrated under a stream of nitrogen to 200 ml. The ESR spectrum
of the extracted spin-trapped radicals was recorded with a Varian E-
102 spectrometer. The instrument settings were as follows: microwave
power, 10 mW; modulation amplitude, 1 G; time constant, 3 sec; scan
range, 100 G; and scan time, 30 min.

Oxygen consumption studies. Oxygen consumption studies were
used to monitor the oxidation of phenytoin by PGS. All incubations
were performed using an oxygen consumption monitor (Model 5300;
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Yellow Springs Instrument Company, Yellow Springs, OH) with a 2.0-
ml stirred cuvette maintained at 37°. Each assay contained 0.05 M
sodium phosphate buffer, pH 7.4, hepatic microsomal protein (750 ug
of protein/ml), unlabeled phenytoin at varying concentrations as in-
dicated, and water to a final volume of 2.0 ml. Oxygen uptake was
recorded on a standard chart recorder (Model 482; Pharmacia, Mon-
treal, Quebec) and slopes were compared to determine stimulation of
oxygen uptake. Oxygen uptake was initiated by the addition of 3.2 mMm
arachidonic acid.

Statistical analysis. Statistical comparisons of differences were
determined using a standard computerized statistical program (SPSS
Inc., Chicago, Illinois) modified for microcomputers (SPSS-PC). Sta-
tistical analysis of multiple comparisons was performed using analysis
of variance followed by a range test, whereas single comparisons were
analyzed by Student’s ¢ test with p < 0.05 as the minimal level of
significance.

Incubation of radiolabeled phenytoin with microsomal pro-
tein or BSA and appropriate cofactors for both peroxidases
(Figs. 1, 2, and 3) and cytochromes P-450 (Fig. 3) resulted in a
significant increase in irreversible binding of phenytoin to
protein after a 1.0-hr incubation period. Peroxidase activities
tested included PGS (Figs. 1, 2, and 3), thyroid peroxidase (Fig.
2), and horseradish peroxidase (Fig. 2). Phenytoin was found
to be bioactivated by peroxidases from a number of tissues,
including RSV, murine lung, liver, and kidney, and equine
thyroid (Figs. 1, 2, and 3). Cytochromes P-450-catalyzed bioac-
tivation of phenytoin was observed in murine liver and lung
and was equivalent to that catalyzed by PGS.

The requirement for PGS in the bioactivation of phenytoin
was indicated by dependence upon arachidonic acid (Figs. 1,
and 2) and by the reduction in covalent binding of phenytoin
by PGS inhibitors (Fig. 2). Indomethacin, an inhibitor of the
cyclooxygenase component of PGS (18), and methimazole, an
inhibitor of hydroperoxidases (19), inhibited arachidonate-de-
pendent covalent binding of phenytoin catalyzed by PGS, RSV,

liver microsomes, and horseradish peroxidase (Fig. 2; Table 1).
The covalent binding of [*H]phenytoin to BSA catalyzed by
horseradish peroxidase further supported the hypothesis that
phenytoin was cooxidized by the hydroperoxidase component
of PGS during arachidonic acid-induced covalent binding of
[*H]phenytoin to microsomal protein (Fig. 2). In experiments
using liver microsomes, it was evident that two different drug-
metabolizing enzymes associated with the liver microsomal
fraction, PGS and the cytochromes P-450, played distinct func-
tional roles in catalyzing the irreversible binding of [°*H]phen-
ytoin (Fig. 3). Preincubation of microsomal protein with 100
uM indomethacin inhibited PGS-dependent covalent binding
by 95% in lung tissue and 90% in liver tissue. Omission of
arachidonic acid or NADPH from the microsomal system led
to significantly reduced levels of covalently bound phenytoin.
In addition to microsomes from liver (20) and RSV (21),
many other mammalian tissue microsomes such as lung (22)
and kidney (23) possess significant PG activity. We, therefore,
examined PGS-dependent covalent binding of radiolabeled
phenytoin at various arachidonic acid concentrations in micro-
somes from different tissues (Fig. 1). The addition of arachi-
donic acid was found to stimulate the covalent binding of
phenytoin, indicating PGS-catalyzed bioactivation to a reactive
intermediate. Maximal covalent binding was achieved with
arachidonate concentrations of 6.0 mM for lung and kidney
microsomes, 3.0 mM for liver microsomes, 150 uM for RSV
microsomes, and 15 uM foi PGS. These optimal concentrations
of arachidonic acid were employed in subsequent studies.
Table 1 illustrates the dependence of covalent binding of
[*H]phenytoin on either PGS or cytochromes P-450 by the use
of known inhibitors of these pathways. SKF 525A, a reversible
inhibitor of many hepatic monooxygenase reactions, inhibited
NADPH-dependent covalent binding of radiolabeled phenytoin
but did not inhibit arachidonic acid-induced covalent binding.
In fact, SKF 525A slightly stimulated covalent binding when
arachidonic acid was used as cofactor. Conversely, indometha-
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Fig. 1. Effect of arachidonic acid
(AA) concentration on phenytoin
covalent binding catalyzed by
PGS and by microsomes from
liver, lung, kidney, and RSV. The
PGS incubation system con-
sisted of 100 mm Tris buffer (pH
7.6), 5.0 mg of BSA, 1000 units
of PGS, 0.5 mm phenol, 4.24 nm
[*H]phenytoin, 1 um hematin,
and water to make 1.0 ml. In-
cubations of liver, lung, kidney,
or RSV microsomes (2.0 mg)
contained 4.24 nm [*H]pheny-
toin and 0.1 mm unlabeled phen-
ytoin, 0.05 m sodium phosphate
buffer (pH 7.4), and water to
make 1.0 ml. Reactions were
initiated with 15 um to 6.0 mm
arachidonic acid and were ter-
RSV minated after 60 min at 37°.
Symbols represent the mean +
standard error of at least tripli-
cate determinations.
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Fig. 2. Peroxidase-dependent covalent binding of phenytoin catalyzed by RSV, PGS, horseradish peroxidase (HRP), and thyroid peroxidase (TP).
Both of the enzymatic inhibitors, indomethacin (/INDO) and methimazole (METH), were employed in a concentration of 0.2 mm. RSV microsomes
mixture contained 2.0 mg of RSV microsomal protein, 4.24 nm [°*H]phenytoin, and 0.1 mm unlabeled phenytoin suspended in 1.0 mi of 0.05 m
sodium phosphate buffer (pH 7.4). Reactions were initiated with 150 um arachidonic acid (AA). The PGS incubation system consisted of 100 mm
Tris buffer (pH 7.6), 2 mg of crystallized BSA, 1000 units of PGS, 0.5 um phenol, 4.24 nm [*H)phenytoin, 1 um hematin, and water to make 1.0 mi.
Reactions were initiated with 15 um arachidonic acid. The horseradish peroxidase incubation mixture consisted of 1.0 mg of horseradish peroxidase
suspended in 1.0 ml of 0.05 M sodium phosphate buffer (pH 7.4) containing 5.0 mg of crystallized BSA. Reactions were initiated with 160 um H;0,.
The thyroid microsomal mixture contained 2.0 mg of thyroid microsomal protein, 4.24 nm [°*H]phenytoin, 0.1 mm unlabeled phenytoin, and 33 mm
guiaicol suspended in 1.0 mi of 0.05 m sodium phosphate buffer (pH 7.4). Reactions were initiated with 160 um H.O.. All reactions were terminated
after 60 min at 37°. Bars represent the mean + SE of at least triplicate determinations. Asterisks indicate groups that are significantly different from
the incubation activated with cofactor (arachidonic acid or H.0.) (o < 0.05).
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TABLE 1

Effects of various enzyme inhibitors on the covalent binding of
radiolabeled phenytoin to hepatic microsomal protein
Incubations were conducted for 60 min at 37° under aerobic conditions. The values
are given as percentages of the control value, 1180 + 114 [dpm/2 mg of protein
(mean * standard error)], in the absence of cofactors. Resuits are the averages of
at least two experiments done in triplicate. Experimental conditions were as
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cin and methimazole inhibited covalent binding of phenytoin
in the presence of arachidonic acid but had no effect when
NADPH was utilized as the cofactor.

To examine bioactivation of phenytoin by tissue peroxidases

Control NADPH AA Control NADPH AA

Incubation Conditions

Fig. 3. Comparison of covalent binding of [*H]phenytoin in murine lung
and liver catalyzed by cytochromes P-450 and PGS. Reaction mixtures
contained 2.0 mg of microsomal protein, 4.24 nm [°H]phenytoin, and 0.1
mm unlabeled phenytoin, suspended in 1.0 ml of 0.05 m sodium phos-
phate buffer, pH 7.4. Reactions were initiated with 3.2 mm arachidonic
acid (AA) for PGS, or 0.5 mm NADPH for cytochromes P-450, and were
terminated after incubation for 60 min at 37°. Bars represent the mean
+ SE of at least triplicate determinations. Asterisks indicate groups that
are significantly different from controls (p < 0.05).

apart from the hydroperoxidase component of PGS, the ability
of thyroid peroxidase to stimulate covalent binding of radiola-
beled phenytoin was studied. The addition of H,0, to thyroid
microsomes containing guiaicol resulted in a significant in-
crease in irreversible binding of radiolabeled phenytoin to pro-
tein (Fig. 2). A similar increase in covalent binding of tritiated
phenytoin was observed with KI was used as a cofactor for
thyroid peroxidase (data not shown). Omission of the necessary
cofactor to activate thyroid peroxidase, either guiaicol or KI,
resulted in no increase in the covalent binding of radiolabeled
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phenytoin. Incubation with the thyroid peroxidase inhibitor
methimazole reduced the covalent binding of phenytoin to
baseline levels.

Phenytoin stimulated arachidonic acid-induced oxygen con-
sumption by PGS. The stimulation of PGS was concentration
dependent (Table 2). At a phenytoin concentration of 200 uM,
a 49% increase in oxygen uptake was observed (Fig. 4). Phen-
ylbutazone, a known cofactor of PGS, stimulated oxygen con-
sumption by 58% in hepatic microsomes at a concentration of
200 uM.

To evaluate whether a reactive free radical intermediate may
be formed from phenytoin by PGS, we examined the effect of
antioxidants on covalent binding of phenytoin in the microso-
mal system (Table 3). GSH and the free radical scavenging
agent PBN substantially inhibited covalent binding of [*H]
phenytoin to microsomal protein. This inhibition was greater
for PGS-dependent covalent binding than for covalent binding
catalyzed by cytochromes P-450. Addition of the phenolic an-
tioxidants BHA and caffeic acid to the incubation mixtures

TABLE 2

Effect of phenytoin and phenylbutazone on arachidonic acid-
dependent oxygen consumption in hepatic microsomes

Assays were performed in 0.05 m sodium phosphate buffer, pH 7.4, containing
hepatic microsomal protein (750 ug of protein/mi) and phenytoin in a total volume
of 2.0 mi. After a 4-min preincubation period at 37°, the reaction was initiated by
the addition of 3.2 mm arachidonic acid. Results are the mean + standard error for
at least three experiments done in triplicate.

Phenytoin ~ Phenylbutazone ~ Oxygen Consumption ~ Increase

u u umol/min %
0 103+4
100 118 £ 12 15
200 153+ 11 49
400 115+ 6 12
200 163 + 13 58
185

176

150

125

100

75 No Additive

Oxygen Content (n moles)

200uM Phenytoin
50 |
200uM Phenylbutazone
251
0 1 1 1 1 1
o 1 2 3 4 5 6

Time (min)

Fig. 4. The stimulation of oxygen consumption during PGS-catalyzed
oxidation of phenytoin. Reaction mixtures contained 0.05 M sodium
phosphate buffer, pH 7.4, hepatic microsomal protein (750 ug of protein/
mi), 200 um concentrations of phenytoin or phenybutazone, and water
to a final volume of 2.0 ml.

TABLE 3

Effects of free radical scavengers on the covalent binding of
radiolabeled phenytoin to hepatic microsomal protein

Incubations were conducted for 60 min at 37° under aerobic conditions. All
scavengers were used in a concentration of 10 mm. The data are given as
percentages of the control value in the absence of scavenger. Results are averages
of at least two experiments done in triplicate. Control values (mean + standard
error) for the incubations were for NADPH-dependent covalent binding, 1997 + 70
dpm/2 mg of protein; for arachidonic acid-dependent covalent binding, 1821 + 291
dpm/2 mg protein; and for horseradish peroxidase-dependent covalent binding,
1331 + 313 dpm/2 mg of protein. Experimental conditions were as described in
the legend to Fig. 3.

Covalent Binding
NADPH Arachidonic acid Peroridase
% of control
PBN 51 44 27
BHA 47 31 33
GSH 31 20 13
Caffeic acid 5 6 5
| 10 G '
A
B

Fig. 5. ESR spectra of PGS incubation systems. The incubation systems
contain 1000 units of PGS, 0.24 nm arachidonic acid, 1.0 um hematin,
200 um phenytoin, 0.2 m PBS, 0.5 um phenol, and 100 mm Tris buffer in
a total volume of 1.0 ml. The spectra represent the free radical PBN spin
adduct obtained after a 15-min incubation at 37° (A) or when phenytoin
was omitted from the incubation system (B).

decreased covalent binding to a similar degree in both the
arachidonic acid- and the NADPH-dependent systems. Addi-
tional and direct support for PGS-catalyzed bioactivation of
phenytoin to a free radical intermediate was obtained from the
ESR spin-trapping study. The results from this experiment in
which PGS was incubated with phenytoin and the spin trap
PBN indicated the presence of a free radical adduct of PBN
with narrow unresolved hyperfine splittings for the a;H and
with ay = 14.5 G (Fig. 5A). No ESR signal was observed if
phenytoin was omitted from the incubation system (Fig. 5B).
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Discussion

The aim of this study was to evaluate the potential role of
PGS and other enzymes with peroxidase activity in the bio-
transformation of phenytoin to reactive intermediates capable
of interacting irreversibly with cellular macromolecules. Qur
results demonstrated the formation of reactive phenytoin in-
termediates produced by RSV, PGS, thyroid peroxidase, and
horseradish peroxidase, as indicated by the covalent binding of
radiolabeled phenytoin to tissue protein, the stimulation of
oxygen consumption, and the detection of a free radical inter-
mediate using ESR spectrometry. The dependence of covalent
binding on arachidonic acid and its inhibition by the cycloox-
ygenase inhibitor indomethacin indicate that PGS is involved
in the cooxidation of phenytoin in mouse lung, kidney and liver
microsomes. Our data using PGS provide corroborative evi-
dence that phenytoin is metabolized by this enzyme system,
which supported a relatively large amount of phenytoin cova-
lent binding to the BSA added to the incubation system. The
ability of the hydroperoxide H,0,, with either thyroid peroxi-
dase or horseradish peroxidase, to substitute for arachidonic
acid in initiating covalent binding and the ability of the hydro-
peroxidase inhibitor methimazole to inhibit arachidonic acid-
dependent covalent binding together indicate that the hydro-
peroxidase component of PGS is responsible for the cooxidative
metabolism of phenytoin. This is consistent with the bioacti-
vation of other substrates by PGS (10, 11).

The arachidonate-dependent stimulation of oxygen uptake
observed with phenytoin supports the role of phenytoin as a
reducing cofactor for the peroxidase activity of PGS. The
mechanism could involve increased incorporation of oxygen
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Fig. 6. Postulated relation of ter-
atogenicity to the cooxidation of
phenytoin by PGS. Arachidonic
acid is oxidized by the cycloox-
ygenase activity of PGS to PGG.,
a hydroperoxy endoperoxide.
This compound then is reduced
by the hydroperoxidase activity
of PGS to PGH,, a hydroxy endo-
peroxide. Phenytoin may serve
as a reducing cofactor for this
reaction, being cooxidized to an
electrophilic intermediate via a
free radical pathway. The elec-
trophilic species may bind cova-
lently to tissue macromolecules.
The free radical intermediate
may initiate lipid peroxidation,
react with PBN to form an ad-
duct, or react with GSH or intra-
cellular antioxidants to regener-
ate the parent compound phen-
ytoin. Indomethacin and meth-
imazole are, respectively, in-
hibitors of fatty acid cyclooxy-
genase and hydroperoxidase ac-
tivities. Covalent binding, oxidant
stress, and/or lipid peroxidation
could lead to altered cellular
function, cytotoxicity, and/or ter-
atogenesis.

into arachidonic acid during PGG, biosynthesis, because such
stimulation of PGS by its chemical substrates is commonly
observed (24, 25). Alternatively, the enhanced oxygen uptake
could be the result of autooxidation of phenytoin by PGS,
which would result in the incorporation of oxygen into pheny-
toin, as has been observed for such substrates such as phenyl-
butazone (26).

In addition to NADPH, various hydroperoxy compounds also
can support cytochromes P-450-dependent drug oxidations
(27-29). The possibility, therefore, exists that the covalent
binding observed during PG biosynthesis was due to the inter-
action of PGG, with cytochrome P-450 in liver and lung micro-
somes. However, our evidence argues against this possibility.
SKF 525A, which is an inhibitor of cytochromes P-450, was
not inhibitory to covalent binding of radiolabeled phenytoin in
microsomes fortified with arachidonic acid (Table 1). The mod-
est enhancement on arachidonic acid-dependent binding may
have been due to inhibition by SKF 525A of alternative cyto-
chromes P-450-catalyzed routes of arachidonic acid oxidation
(28, 29) and/or inhibition of the autooxidation of PGS (25).

The nature of the reactive intermediate of phenytoin formed
from PG metabolism is a matter of speculation. The inhibition
of covalent binding by GSH further indicates that an electro-
philic or free radical intermediate is generated during cooxida-
tion of phenytoin (Fig. 6). The inhibition of covalent binding
by the free radical scavengers BSH, caffeic acid, and PBN in
the cooxidation of phenytoin suggests that the reactive inter-
mediate may be a free radical, as has been observed for many
other compounds activated by the PGS system (11). In such a
mechanism, the initial step is believed to be the interaction of
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PGG, (formed from arachidonic acid) with the peroxidase,
generating the corresponding alcohol and a compound I-type
derivative of PGS. This enzymatic derivative would be two
oxidizing equivalents above the resting state of the enzyme
(30). Sequential one-electron reductions of the enzyme with
reducing equivalents provided by the electron abstraction of
phenytoin would reduce the protein back to the resting state
and yield a free radical from phenytoin. A chemical precedent
for a nitrogen-centered hydantoin free radical exists in the
formation of the succinimidyl free radical (31), which involves
a ring structure similar to that for hydantoin compounds. In
those studies, the succinimidyl free radical was a nitrogen-
centered free radical generated chemically from N-bromosuc-
cinimide. A similar mechanism could hold true for horseradish
peroxidase-catalyzed activation of phenytoin to a free radical.
The ESR spin-trapping experiment provided direct evidence
that the metabolism of phenytoin by PGS generated a free
radical intermediate. An alternative possibility is that an epox-
ide of phenytoin could be formed by a free radical mechanism
from PGS metabolism, as has been previously shown to occur
with PGS-catalyzed metabolism of benzo(a)pyrene (32).

GSH, BHA, and caffeic acid could partially inhibit total
phenytoin metabolism by serving as alternative cooxidizable
substrates (33, 34). The ability of these free radical scavengers
to inhibit NADPH-induced covalent binding of phenytoin me-
tabolites may be due, in part, to the known capability of such
compounds to inhibit mixed function oxidase activity at the
concentrations used (35).

The extent of PGS-catalyzed covalent binding of radiolabeled
phenytoin was observed to vary among different tissues. This
result may be due to differences in relative concentrations of
PGS. These preparations may also differ in endogenous per-
oxide content of microsomal lipid, which has been shown to
support cooxidation reactions (36, 37). Small increases in the
level of cellular peroxides can cause dramatic increases in
cyclooxygenase activity (36, 37). Such variables could alter the
absolute dose-response relation for arachidonic acid stimula-
tion of phenytoin cooxidation.

PGS-dependent metabolism of drugs and other foreign chem-
icals has important implications with regard to the disposition
of such compounds, because the biosynthesis of PGs occurs in
many cell types (38). In the case of phenytoin, cooxidative
bioactivation of phenytoin by PGS and other peroxidases may
allow such extrahepatic tissues as lung, fetus, and thyroid to
metabolize phenytoin to reactive intermediates (Figs. 2, 3, and
6). Such peroxidase-catalyzed bioactivation of phenytoin may
play an important role in many of the multitude of toxic effects
of phenytoin and other structurally related drugs, which in
humans affect virtually every organ system. This pathway
minimally may be important for phenytoin teratogenicity,
which at least in mice, is reduced by in vivo pretreatment with
either the irreversible PGS inhibitor acetylsalicylic acid, the
antioxidant caffeic acid, or the free radical spin-trapping agent
PBN (39). Conversely, murine phenytoin teratogenicity is en-
hanced by in vivo treatment with 12-O-tetradecanoylphorbol-
13-acetate, a phorbol ester that stimulates phospholipase A.,
thereby releasing arachidonic acid intracellularly (40). Further
in vivo support for the involvement of PGS-catalyzed bioacti-
vation of phenytoin and structurally similar teratogens is the
protection afforded by pretreatment with the PGS inhibitor
acetylsalicylic acid against the murine teratogenicity of trime-

thadione and its N-demethylated metabolite, dimethadione
(41). Peroxidase-catalyzed bioactivation also could explain dif-
ferences in the embryopathic activities of the asymmetric hy-
dantoin anticonvulsants mephenytoin and its N-demethylated
metabolite nirvanol, wherein embryopathic activity resides
with the l-isomers of each drug, which do not form an arene
oxide intermediate (9). Bioactivation of phenytoin by thyroid
peroxidase also could play a role in phenytoin teratogenicity,
in that a reduction in fetal concentration of thyroid hormones,
possibly due to thyroid dysfunction, has been implicated in the
teratologic mechanism (1). Site-specific bioactivation by per-
oxidases in other tissues such as bone marrow could be involved
in other toxic effects of phenytoin, including the pseudolym-
phoma syndrome. Additional studies are warranted to ascertain
further the pharmacologic and/or toxicologic importance of
cooxidation of phenytoin by PGS and other peroxidases.

In conclusion, our studies show that the cooxidation of phen-
ytoin by PGS, thyroid peroxidase, or horseradish peroxidase
results in the formation of a reactive intermediate that binds
covalently to proteins, apparently via a free radical pathway.
This mechanism of bioactivation may be relevant to the tera-
togenicity and possibly other toxic effects of phenytoin and
structurally related compounds.
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