
Pergamon 
Biochemical Phormocology, Vol. 50, NO. 3, pp. 367-380, 1995. 

Copyright 0 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
mo6-2952/95 $9.50 + 0.00 

0006-2952(95)00151-4 

METABOLISM OF PHENYTOIN AND COVALENT BINDING 
OF REACTIVE INTERMEDIATES IN ACTIVATED HUMAN 

NEUTROPHILS 

DENNIS C. MAY&* LEW J. PAWLUK, GLEN APSELOFF, W. BRUCE DAVIS, 
ZHI-WU SHE, ARTHUR L. SAGONE and NICHOLAS GERBER 

Departments of Pharmacology and Internal Medicine, The Ohio State University, Columbus, 
OH 43210, U.S.A. 

(Received 21 September 1994; accepted 15 February 1995) 

Abstract-Activation of neutrophils by phorbol-12-myristate-13-acetate (PMA) causes rapid production 
of superoxide radical (O;), leading to the formation of additional reactive oxygen species, including 
hydrogen peroxide (H,O,), hypochlorous acid (HOCl), and possibly hydroxyl radical (.OH). These 
reactive oxygen species have been associated with the oxidation of some drugs. We investigated the 
metabolism of phenytoin (.5,5-diphenylhydantoin) and the covalent binding of reactive intermediates 
to cellular macromolecules in activated neutrophils. In incubations with 100yM phenytoin, PMA- 
stimulated neutrophils from six human subjects produced p-, m-, and o-isomers of 5-(hydroxyphenyl)- 
5-phenylhydantoin (HPPH) in a ratio of 1.0: 2.1: 2.8, respectively, as well as unidentified polar products. 
Analysis of cell pellets demonstrated that phenytoin was bioactivated to reactive intermediates that 
bound irreversibly to macromolecules in neutrophils. Glutathione, catalase, superoxide dismutase, 
azide , and indomethacin all diminished the metabolism of phenytoin and the covalent binding of its reactive 
intermediates. The iron-inactivating chelators desferrioxamine and diethylenetriaminepentaacetic acid 
had little or no effect on the metabolism of phenytoin by neutrophils, demonstrating that adventitious 
iron was not contributing via Fenton chemistry. In an .OH-generating system containing HzOz and 
Fe*+ chelated with ADP, phenytoin was oxidized rapidly to unidentified polar products and top-, m-, 
and o-HPPH (ratio 1.0: 1.7: 1.5, respectively). Reagent HOC1 and human myeloperoxidase (MPO), in 
the presence of Cl- and H202, both formed the reactive dichlorophenytoin but no HPPH. However, 
no chlorinated phenytoin was detected in activated neutrophils, possibly because of its high reactivity. 
These findings, which demonstrated that activated neutrophils biotransform phenytoin in vitro to 
hydroxylated products and reactive intermediates that bind irreversibly to tissue macromolecules, are 
consistent with phenytoin hydroxylation by .OH generated by a transition metal-independent process, 
chlorination by HOC1 generated by MPO, and possibly cooxidation by neutrophil hydroperoxidases. 
Neutrophils activated in vivo may similarly convert phenytoin to reactive intermediates, which could 
contribute to some of the previously unexplained adverse effects of the drug. 
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Phenytoin was first introduced as an antiseizure 
medication in 1938 by Merritt and Putnam [l]. 
Since that time, numerous attempts to elucidate 
mechanisms of the many adverse effects associated 
with the drug have yielded only partial explanations. 
Many of the adverse effects of phenytoin- 
central nervous system toxicity, cardiac arrhythmias, 
gastrointestinal disturbances, inhibition of secretion 
of antidiuretic hormone, hyperglycemia secondary 
to decreased insulin secretion, osteomalacia, gingival 
hyperplasia, and fetal abnormalities-may be 
minimized by adjusting the dosage [2,3]. Other, less 
predictable, toxic effects include systemic lupus 
erythematosus, agranulocytosis, aplastic anemia, 
lymphadenopathy, potentially fatal hepatic necrosis, 
and peripheral neuropathy associated with demy- 
elination [3]. A possible contributing factor for some 
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of the toxicity may be the formation of yet 
unidentified metabolites. Cytochrome P450 is 
reportedly involved in the bioactivation of phenytoin 
to reactive intermediates that bind to tissue 
macromolecules [4,5]. An arene oxide intermediate, 
or its electrophilic products, formed by cytochrome 
P450, may react with protein or other macro- 
molecules, causing cellular damage. 

Prostaglandin H synthase has been implicated in 
the bioactivation of phenytoin; inhibitors of this 
enzyme and free radical spin traps have reduced the 
incidence of cleft palate in fetal mice exposed 
to phenytoin [6]. The tumor promoter 12-0- 
tetradecanoylphorbol-13-acetate caused a 3-fold 
increase in the incidence of cleft palate in mice 
exposed to phenytoin in utero, perhaps by stimulating 
the release of arachidonic acid leading to formation 
of lipid hydroperoxides and subsequent cooxidation 
of phenytoin by prostaglandin synthase [7]. In 
vitro studies further support the role for the 
hydroperoxidase activity of prostaglandin synthase 
in the bioactivation of phenytoin [8]. 
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Stimulation of neutrophils by phagocytosis of 
bacteria or by other immune processes causes a 
dramatic increase in metabolic oxidation. This 
phenomenon, the respiratory burst, is initiated when 
NADPH oxidase reduces molecular oxygen to 
superoxide anion (OF), which can subsequently form 
reactive oxygen species such as H20z, HOCl, 
chloramines, and possibly *OH* [9, lo]. The principal 
function of neutrophils is to kill invading organisms 
by this oxygen-dependent system. Work from our 
and other laboratories has shown that these reactive 
oxygen species are also linked to the oxidation of 
several chemicals, including benzoic acid [ 111, 
salicylic acid [ 12-141, 5aminosalicylic acid [ 151, and 
carbamazepine [16]. Phenytoin is biotransformed by 
activated neutrophils to reactive intermediates that 
bind to cellular protein, and N-chlorinated phenytoin 
has been proposed as the reactive intermediate [17]. 
We report further studies of the biotransformation 
of phenytoin by activated neutrophils and propose 
alternative pathways for activation of the drug. 

MATERIALS AND METHODS 

Chemicals 

Phenytoin (Lot No. V) was obtained from the 
Warner-Lambert Co. (Ann Arbor, MI). The purity 
determined by HPLC was >99%. [4-14C]Phenytoin 
(49&i/~ol, Lot No. 2596-019) and liquid 
scintillation mixtures, Econofluor and Atomlight, 
were purchased from New England Nuclear (Boston, 
MA). The radiochemical purity of [14C]phenytoin 
by HPLC was 99.3% prior to purification. 

BSTFA and BSA were purchased from Pierce 
(Rockford, IL). HPLC-grade acetonitrile and 
reagent grade H202 were purchased from Fisher 
Scientific (Cincinnati, OH). m-HPPH was purchased 
from the Aldrich Chemical Co. (Milwaukee, WI). 
o-HPPH was a gift from Drs. Kenneth H. Dudley 
and James H. Maguire at the University of North 
Carolina; the synthesis of this compound is described 
by Butler et al. [18]. N-l’, N-3’-dichlorophenytoin 
(dichlorophenytoin) and N-l’-chlorophenytoin were 
gifts from Drs. Saul B. Kadin and Christopher A. 
Lipinski at Pfizer Central Research (Groton, CT). 
Myeloperoxidase (purity >98%; 180-220 U/mg 
protein) isolated from human neutrophils was 
purchased from Calbiochem (La Jolla, CA), and 
desferrioxamine methane sulfonate (Desferal) was 
obtained from CIBA Pharmaceutical (Summit, NJ). 
All other chemicals were purchased from the Sigma 
Chemical Co. (St. Louis, MO): p-HPPH, PMA, 
catalase from bovine liver (14,OOOU/mg protein), 
superoxide dismutase from bovine liver (15,000 U/ 
mg protein), indomethacin, hypoxanthine, xanthine, 
xanthine oxidase grade III (12.7 mg protein/ml; 
1.2 U/mg), GSH, ferrous chloride, ferric chloride, 
Me2S0, and DTPA. PMA was dissolved in MezSO 

* Abbreviations: BSA, N,O-bis(trimethylsilyl)aceta- 
mide: BSTFA. N.O-bis(trimethvlsilvl)trifluoroacetamide; 
DPBk., Dulbecco’s phdsphate-&f&red saline; DTPA, 
diethylenetriaminepentaacetic acid; GSH, reduced gluta- 
thione; .OH, hydroxyl radical; HPPH, 5-(hydroxyphenyl)- 
5-phenylhydantoin; PMA, phorbol-12-myristate-13- 
acetate; SIM, selective ion monitoring; and TMS, 
trimethylsilyl. 

at 2mg/mL, and portions (0.2mL) were frozen at 
-80”. Immediately before use, this solution was 
thawed and a portion diluted with DPBS (Gibco 
Laboratories, Grand Island, NY) to a final 
concentration of PMA of 2 pg/mL. 

Purification of [14Clphenytoin 

As supplied, the [14C]phenytoin contained 
impurities that eluted from the HPLC at retention 
times corresponding to those of the mono- 
hydroxylated metabolites of phenytoin. It is possible 
that the impurities were formed by radiolysis during 
storage. Although the impurities were quantitatively 
minor (0.1 to 0.3% of the total radioactivity), 
[14C]phenytoin was purified to obtain acceptable 
blanks. The impurities were more polar than 
phenytoin and easily separated according to 
differences in their partitioning between l-chloro- 
butane and 0.1 M phosphate [19]. Specifically, 
125 ,uCi of [ 14C]phenytoin was dissolved in 200 mL of 
1-chlorobutane, which was equilibrated subsequently 
with 20 mL of 0.1 M potassium phosphate buffer 
(pH 6.8). The partition coefficients of phenytoin and 
p-HPPH (the most polar of the mono-hydroxylated 
metabolites) in this system were 1.9 and 0.021, 
respectively [20]. The aqueous layer containing the 
polar impurities was discarded, and the organic layer 
was washed three more times with 20mL of 
phosphate buffer. The organic layer was subsequently 
evaporated to dryness under vacuum, and the residue 
containing approximately 100 &i of [i4C]phenytoin 
was redissolved in 100% ethanol and stored at -20”. 
The final radiochemical purity of the [i4C]phenytoin 
determined by analyzing 2 x 106 dpm by HPLC was 
399.94%. There were no detectable peaks of 
radioactivity (<350 dpm) at retention times cor- 
responding to known metabolites of phenytoin. 
Solutions of 5 mM [14C]phenytoin were prepared 
immediately before each experiment by evaporating 
the ethanol to dryness under nitrogen, redissolving 
the drug direcdyin 2 NNaOH (2.5% of reconstitution 
volume), and diluting the solution to the desired 
concentration of phenytoin with deionized water 
(0.05 N NaOH final concentration). 

Isolation of neutrophils 

Neutrophils from heparinized venous blood (40- 
100 mL) of healthy volunteers (ages 23-35 years; 4 
males and 4 females; one smoker of each gender) 
who had been medication-free for at least 48 hr were 
separated by a modification of the method described 
by Boyum [21]. The viability of cells by trypan blue 
exclusion was typically >98% and purity was 298%. 

Metabolism of phenytoin by neutrophils 

After stirring for 30 min during preincubation at 
37”, the neutrophils, (2 x lo’), suspended in 800 PL 
of DPBS with 50 mg/dL of glucose (pH 7.1), were 
stimulated by the addition of 1OOng of PMA in 
50 PL of DPBS containing 0.1% MezSO. Following 
the preincubation, 20 VL of 5 mM phenytoin in 
0.05 N NaOH and 13OpL of DPBS with glucose 
were added to each sample to yield a final volume 
of 1 mL. The final pH was 7.1. Some incubations 
were prepared with proportionately smaller volumes 
of each component. Control samples, all with equal 
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volumes of Me$O, DPBS, and deionized-distilled 
water, were incubated in the absence of one of each 
of the following: (1) PMA, (2) neutrophils, (3) PMA 
and neutrophils, and (4) phenytoin. Following a l- 
hr incubation (stirring with magnetic stir bars), all 
samples were immediately cooled to O”, then 
centrifuged at 10,OOOg for 5 min at 4”. Pellets of 
neutrophils were analyzed for covalent binding, and 
the supernates were maintained on ice or stored at 
-20” until analysis by HPLC. 

Metabolism of phenytoin in the presence of 
antioxidants and iron chelators 

In further studies, sodium azide, GSH, and 
indomethacin were added to separate incubations 
10 min after the start of the preincubation (without 
PMA) to yield final concentrations of 0.1, 1 and 
0.2 mM, respectively. Superoxide dismutase and 
catalase, 15 and 100 pg/mL, respectively, were also 
added separately 10 min after the start of the 
preincubation and in additional studies were boiled 
for 15 min prior to introduction into the incubation. 
Control samples, all with equal volumes of Me#O, 
DPBS, and distilled water, were incubated in the 
absence of (1) PMA, (2) neutrophils, (3) PMA and 
neutrophils, or (4) phenytoin. In a separate 
experiment to determine the effects of free iron on 
the metabolism of phenytoin, the metal chelators 
desferrioxamine (0.1 mM) and DTPA (0.1 mM) 
were added 10 min after the start of the preincubation. 

Analysis of metabolites of phenytoin by HPLC 

Phenytoin and its metabolites were analyzed by 
direct injection of 200 pL of cell-free supernates on 
an HPLC (Hewlett-Packard model 1050 or 1090M, 
Palo Alto, CA) using a 25 x 0.45 cm IBM C-18 
column packed with 5-pm spherical particles. 
Preliminary experiments showed that profiles of the 
metabolites of phenytoin in cell supernates were not 
different when analyzed immediately, after storage 
on ice for 7 hr, or after storage at -20” for 2 weeks. 
Most samples were analyzed on the day of the 
experiment. Mobile phase for the biological samples 
consisted of 5 mM phosphate buffer (pH3.0)/ 
acetonitrile (73/27). The flow was 1.2 mL/min, and 
the UV absorbance was monitored at 210 nm during 
the 30-min analysis. Radioactivity was measured 
with a Flo-One Beta model IC Radioactivity Flow 
Detector (Radiomatic, Tampa, FL) downstream of 
the UV detector. With a flow rate of 5 mL/min 
of scintillation mixture (Scintiverse LC, Fisher 
Scientific) and a 2.5-mL flow cell, the counting 
efficiency for 14C was 95%. Retention times of the 
reaction products of phenytoin were compared with 
those of authentic standards of o-, m-, andp-isomers 
of HPPH. Recovery by HPLC of the radioactivity 
added to incubations in a typical experiment was 
98 * 3% (mean -+ SD, N = 10). 

Identification of metabolites by mass spectrometry 

GC-MS analysis was performed on TMS deriva- 
tives of m- and o-isomers of authentic HPPH and 
presumed HPPH collected and purified by HPLC 
from the incubation of neutrophils. HPLC fractions 
were collected from 20 injections of 200 pL each of 
supemate, lyophilized, and further purified by repeat 

injections. Samples were collected and lyophilized a 
total of three times. The mobile phase was H*O/ 
acetonitrile (73/27). The residues were reconstituted 
in 5 pL of dichloromethane and 3-5 pL of BSA. The 
samples were concentrated under nitrogen to about 
3 pL of which 1 pL (0.5 min splitless injection) was 
analyzed by GC-MS. With argon carrier gas, analytes 
were separated on a DB-1701 GC capillary column 
(15 m x 0.25 mm id., 0.25 pm film thickness, J&W 
Scientific, Folsum, CA) and analyzed on a Finnigan 
model 4021 mass spectrometer with an Incas data 
system using electron impact ionization (70 eV). The 
temperature of the injection port was 250”. The 
column was maintained at 70” for 1 min and then 
increased at a rate of 15”/min to 280”. Transline 
temperature was 260”. The electron multiplier 
voltage was 2100-2200 V. 

In subsequent analyses, GC-MS was performed 
on an HP 5791A mass selective detector (Hewlett 
Packard) using SIM of m/z 484 (M+), 469, and 369. 
Samples were processed as before except that 
BSTFA was substituted for BSA. Splitless injections 
(0.5min) of 0.5 pL (O.lnmol/pL of standard 
metabolites) were made on a DB-1 column 
(28 m x 0.25 mm, 0.25 pm film thickness, J&W 
Scientific). The temperature of the injection port 
was 280”. The temperature of the column was 
maintained at 70” for 3 min and then increased at a 
rate of 15”/min to 280”. Transline temperature was 
280”. Electron impact ionization (70 eV) was used, 
and the electron multiplier voltage was 2200 V. 

Covalent binding of reactive metabolites of phenytoin 
in neutrophils 

After the supernate was removed from the 
centrifuged incubations containing neutrophils, the 
remaining pellet of neutrophils was analyzed 
for covalent binding. The cells were lysed by 
resuspending in 0.5 mL of methanol, and the mixture 
was centrifuged at 4000 g for 10 min. The pellet was 
resuspended and washed repeatedly (at least five 
times to remove unbound radioactivity) with 0.5 mL 
of methanol until the radioactivity in the wash was 
less than twice background (background = 45 dpm). 
Residual radioactivity in the pellet was considered 
irreversibly bound to macromolecules. The pellet 
was solubilized in 100 pL of 1 N NaOH at 60” for 
1 hr. A 40-pL portion of the sample was counted for 
radioactivity in 10 mL of Atomlight on a Beckman 
LS 5000TD liquid scintillation counter, and 50 ,uL 
was assayed for total protein by the method of Lowry 
et al. [22] using standards of bovine serum albumin. 

Oxidation of phenytoin in chemical and biochemical 
systems 

The potential role of .OH, OF, HOC& and H202 
in the oxidation of phenytoin was evaluated in 
chemical systems (for a discussion of biologically 
relevant free radical chemistry, see the review of 
Halliwell and Gutteridge [23]). All samples were 
incubated at 37” in room air. The products of 
phenytoin were analyzed by HPLC as described 
above, except that the mobile phase was water/ 
acetonitrile (73/27). 

ADP/Fe2+/H202 system. A well-known source of 
.OH is from the univalent reduction of hydrogen 
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peroxide by metal ions, such as the Fenton reaction 
between a ferrous chelate and H202 [24]: 

Fez+ + HzO, + Fe3+ + OH- + *OH. (1) 

The chemical system used in our experiments was 
modified after Floyd et al. [25]. The components of 
the reaction mixture, dissolved in NaCl/NaHCOs 
buffer (100 mM/25 mM, pH 7.2) except for pheny- 
toin (5 mM) which was in 0.05 N NaOH, were added 
in the following sequence at the indicated final 
concentrations (the order of addition is critical 
[24]): 1.5 mM FeCl*, 2mM ADP, and 0.1 mM 
[14C]phenytoin (24.5 @i/pmol). Enough NaCl/ 
NaHCO, buffer was added to bring the volume to 
0.7mL. Following preincubation for 30sec at 37”, 
0.3 mL of 10 mM H202 was added to yield a final 
volume of 1 mL. Some incubations were prepared 
with proportionately smaller volumes of each 
component. The samples were mixed for 1 min, and 
100-200 ,uL was injected directly into the HPLC. In 
control incubations,, H202, FeC12, and ADP were 
each excluded indtvtdually. 

Hypoxanthine-xanthine oxidase system plus che- 
latedferric iron. In the presence of molecular oxygen, 
xanthine oxidase oxidizes hypoxanthine and xanthine 
to their respective products, xanthine and uric acid. 
Moiecular oxygen is the electron acceptor for these 
reactions, which generate both 0; and HZO,; the 
proportion of each product is dependent on pH and 
oxygen concentration with higher pH and p02 
favoring 0; [26,27]. At neutral pH with 21% 02, 
approximately one-fifth of the electron flow can be 
accounted for as 0,. The Fe3 + complexed with 
EDTA or ADP is readily reduced to Fe*+ by 01 
[28]: 

Fe3+ + 0, + Fe*+ + Oz. (2) 

Hydroxyl radical is subsequently generated by a 
Fenton-type reaction of ADP/Fe*+ with H202, as 
shown in reaction 1 [27]. 

The system used in our experiments, modified 
after Floyd et al. [25], contained the following 
components dissolved in NaCl/NaHC03 buffer 
(100 mM/25 mM, pH adjusted to 7.2 with HCl) 
except for phenytoin which was in 0.05 N NaOH: 
25 PL of 2 mM hypoxanthine, 5 PL of 5 mM [‘“Cl- 
phenytoin (49&i/pmol), 25 PL of 20 mM ADP, 
25 PL of 1 mM FeCis, and enough NaCl/NaHC03 
buffer to bring the volume to 215 pL. Samples were 
preincubated for 15 set at 37” before addition of 
35 PL of xanthine oxidase (15 U/mL) to initiate the 
reaction. After incubation for 10 min at 37”, 200 PL 
was injected directly into the HPLC. Control samples 
contained additional NaCl/NaHCOs buffer instead 
of hypoxanthine. 

HOC& H202, and myeloperoxidase. Previous 
studies have demonstrated that activated neutrophils 
produce the equivalent of 0.1 to 1 mM HOC1 via the 
myeloperoxidase system [29,30]. We studied the 
reactions of HOC1 and its biological precursor, 
H202, with phenytoin. Incubations contained final 
concentrations of 100 PM [14C]phenytoin (49 pCi/ 
pmol), 0.5 mM HOC1 or 2.5 mM Hz02 in 50 mM 
sodium phosphate buffer containing 0.15 M NaCl 
(final pH 7.2 or 6.0). Samples were preincubated for 
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Fig. 1. Metabolism of phenytoin by neutrophils. HPLC-UV/ 
radiochromatograms of ceil-free supemates (200 ,uL) of 60- 
min incubations of [‘YJ]phenytoin (100 PM, 49 &i/ 
~01) with human neutrophils (2 x lo7 cells/ml). (A) 
Unstimulated neutrophils. (B) Neutrophils stimuiated with 
100 ng/mL of PMA. Key: (I) unidentified polar products; 
(II) p-HPPH; (III) m-HPPH; (IV) o-HPPH; and (V) 

phenytoin. 

2 min at 37” prior to the addition of HOC1 or H202, 
mixed, and incubated for an additional 1.5 to 60 min; 
20 to 200~PL samples were analyzed directly by 
HPLC. In control experiments, HOC1 or H,02 was 
replaced with buffer. 

We studied the reaction of myeloperoxidase with 
phenytoin using the method described by Uetrecht 
and Zahid [17]. The final concentrations of reactants, 
dissolved in 0.1 M sodium phosphate buffer (pH 6.0) 
containing 0.15 M NaCl, except for a 1 mM stock 
solution of phenytoin which was in 0.05 N NaOH, 
were: 0.25 U of myeloperoxidase, 0.1 mM [14C]- 
phenytoin (49@/~01), and 0.4mM H,Or in 
a final incubation volume of 0.20mL. The 
myeloperoxidase and phenytoin were preincubated 
at 37” for 2min, and the reaction was started by 
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Table 1. Metabolism of phenytoin by human neutrophils 

p-HPPH m-HPPH o-HPPH HPPH Sum Polar Total 

subject (nmol/2 X 10’ cells) 

SM 0.070 0.148 0.168 0.386 1.34 1.73 
SL 0.053 0.091 0.088 0.232 0.99 1.22 
SN 0.115 0.239 0.263 0.617 3.64 4.26 
zs 0.112 0.232 0.263 0.607 2.02 2.63 
LP 0.081 0.202 0.380 0.663 3.21 3.88 
DS 0.130 0.290 0.483 0.903 4.27 5.17 
Mean 0.094 0.200 0.274 0.568 2.58 3.15 
SD 0.030 0.071 0.142 0.233 1.32 1.54 

Neutrophils (2 x 10’ cells/ml) from healthy volunteers were stimulated with PMA (100 ng/ 
mL) and incubated with 100 @vf [%]phenytoin for 1 hr at 37”. No metabolites were detected 
in any control incubations, including those without PMA. Metabolites of phenytoin were 
quantified by HPLC as described in Materials and Methods. Subjects SM and SL were females; 
ZS and SL were smokers. 

addition of HzO2. In separate experiments, a 4 mM phenytoin) derived from the supernates of activated 
phenytoin stock solution in ethanol was added to neutrophils were collected and further purified by 
the incubations to give a final concentration of HPLC. Analysis by GC-MS established the identity 
0.1 mM phenytoin. Portions (20 &) of the reaction of m-HPPH in the biological sample; the mass 
mixture were analvzed directlv by HPLC as described spectrum of the tri-TMS derivative of the unknown 
above. To minimize decompo&tion of labile products _ 
during the HPLC run, selected samples were 
analyzed using a different mobile phase: 44% 
acetonitrile and 56% water containing 1% glacial 
acetic acid. In this system the retention times of p- 
HPPH, m-HPPH, phenytoin, and dichlorophenytoin ioo- 

were 3.8, 4.0, 5.8 and 14.5 min, respectively. E 

Statistics E 
Data are reported as means 5 SD. Statistical 2 

significance was determined by one-way ANOVA 
and by Student’s unpaired, two-tailed t-test. 

2 50- 

: 
RESULTS ..-I 

42 

Metabolism of phenytoin by activated neutrophils 

Neutrophils incubated with 100 ,uM [14C]phenytoin 

z 

n- 
and stimulated in vitro with P%4A--produced 
metabolites of phenytoin detected by HPLC (Fig. 
1). In contrast, no metabolites were observed in any 
control incubations, including those with [‘“Cl- 
phenytoin and unstimulated neutrophils (Fig. 1) or 
with [14C]phenytoin and PMA without neutrophils 
(not shown). In the cell-free supernates derived from 
incubations of the complete system, the products of 
phenytoin eluting from the HPLC at 6.9, 8.1, and 
11.7 min corresponded to the respective retention 
times of p-, m-, and o-isomers of HPPH. 
Activated neutrophils from six subjects produced 
0.57 * 0.23 PM (mean 2 SD) p-, m-, and o-isomers 
of HPPH in a ratio of 1.0 + 0.2:2.1 2 0.2:2.8 r 0.4 
(Table 1). This represents 0.6% conversion of 

341 

I III 

100 200 300 

m/z 
phenytoin to identifiable mono-hydroxylated metab- 
olites. The neutrophils also produced unidentified Fig. 2. Identification by mass spectrometry of HPPH 

polar metabolites (2.6 t 1.3 PM) representing 2.6% produced in activated human neutrophils. Mass spectra 

conversion. (scanning from r& 50 to 500) of the trimethylsilyl (TMS) 
derivatives of authentic m-HPPH (A) and putative m- 

Identification of HPPH produced from phenytoin by HPPH isolated from an incubation of 1OOpM phenytoin 

activated neutrophils with human neutrophils activated with PMA (B). The ions 

The peaks of radioactivity (metabolites or 
m/z 469 [M-15]+, 369, 354, 341, and 264 are characteristic 

of the tri-TMS derivative of m-HPPH. 

A 
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Fig. 3. Selective ion monitoring (SIM) analysis of HPPH isolated from incubations of phenytoin with 
stimulated neutrophils. SIM analysis (m/z 369,469, and 484) of a mixture of TMS derivatives of HPPH. 
(A) TMS derivatives of authentic o- and m-HPPH (coeluting at 17.6min) and p-HPPH (eluting at 
18.1 min). (B) TM.5 derivatives of HPPH fraction isolated and purified by HPLC from an incubation 
of 1OOpM phenytoin with human neutrophils activated with PMA. The peaks at 17.6 and 18.1 min 

correspond to o-/w-HPPH and p-HPPH, respectively. E + 4, E + 5, etc. = IO“, l@, etc. 

was comparable to that of the derivatized standard 
m-HPPH (Fig. 2). The retention time of the unknown 
by GC (15m DB-1701 column) was ll.lOmin, 
identical to the derivatized standard m-HPPH. The 
amount of m- and o-isomers of HPPH in each 
injection was not sufficient to detect the molecular 
ion (m/z 484) when scanning from m/z 45 to m/z 
500. Analysis of the tri-TMS derivative of the 
biologic sample believed to be o-HPPH, using a 
Finnigan mass spectrometer with SIM at m/z 369, 
469, and 484, revealed ions at m/z 369 and 469 in a 
ratio of 12: 1, almost identical to the derivatized 
standard o-HPPH (ratio 11: 1); the molecular ion 
was not detected in the biological sample. Retention 
times of the tri-TMS derivatives of authentic o- 
HPPH and the biological sample were identical, 
10.33 min. 

Metabolites were also analyzed by GC-MS using 
a Hewlett-Packard mass selective detector with SIM 

of m/z 484, 469, and 369. The putative HPPH 
metabolites, eluting from the HPLC between 6 and 
15 min, were collected together, further purified by 
HPLC, and derivatized with BSTFA. The tri-TMS 
derivatives were analyzed on a 28 m DB-1 column. 
The tri-TMS derivatives of authentic standards of o- 
and m-HPPH coeluted at 17.62 min and p-HPPH 
eluted at 18.13 min (Fig. 3). Two peaks in the 
biological sample matched the retention times of the 
o-/m-HPPH and p-HPPH standards. The relative 
abundance of the selected ions m/z 484 : 469 : 369 for 
standards of o-HPPH, m-HPPH, andp-HPPH (ana- 
lyzed separately) were 3.6: 10.3 : 100, 2.0 : 6.9 : 100, 
and 2.9: 6.9: 100, respectively, and for the peaks in 
the biological samples at 17.62 and 18.12min 
were 2.1: 10.1: 100 and 2.6: 6.3: 100, respectively. 
Collectively, the GC-MS and HPLC data support 
the identification ofp-, m-, and o-HPPH as oxidation 
products of phenytoin in neutrophils. 
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Table 2. Inhibition of metabolism of phenytoin and covalent binding of phenytoin metabolites in 
neutrophils by antioxidants 

Metabolite formation 
(nmol/2 X 10’ cells) 

Covalent binding 
Conditions Unknown polar Sum of HPPH (nmol/mg protein) 

No PMA <O.Ol co.01 0.002 + 0.002 (1) 
Complete system 3.15 2 1.13 (100) 0.72 + 0.16 (100) 0.339 2 0.297 (100) 
Azide (0.1 mM) 0.20 ? 0.06 (6) 0.14 t 0.02 (19) 0.061 +. 0.024 (18) 
Catalase (100 pg/mL) 0.39 ? 0.11 (12) 0.13 c 0.01 (18) 0.079 + 0.051 (23) 
Catalase/boiled 2.08 * 0.95 (66) 0.63 t 0.15 (88) 0.250 ? 0.244 (74) 
SOD (15 pg/mL) 0.21 ? 0.02 (7) 0.11 f 0.05 (15) 0.060 ? 0.037 (18) 
GSH (1 mM) 0.51 lr 0.06 (16) 0.20 t 0.02 (28) 0.051* (15) 
Indomethacin (0.2 mM) 0.47 2 0.04 (15) 0.19 r 0.02 (26) 0.099 2 0.027 (29) 

Neutrophils (2 x 10’ cells/ml) from three healthy male volunteers were stimulated with 100 ng/ 
mL of PMA and incubated for 1 hr at 37” with lOO@f [?Z]phenytoin (complete system). In the 
control incubations, PMA was omitted. Azide and other inhibitors were added to incubations 
containing the complete system before PMA. Metabolism of phenytoin and covalent binding of 
reactive intermediates of phenytoin in neutrophils were determined as described in Materials and 
Methods. Abbreviations: SOD, superoxide dismutase; and GSH, reduced glutathione. Each value 
is the mean ? SD of determinations from three subjects except where noted; percent of complete 
system is in parentheses. 

* One determination. 

The more polar products of phenytoin eluting 
from the HPLC between 1.5 min (void volume) 
and 6 min (Fig. 1) have not been identified. 
Dihydroxylated products of phenytoin, such as 
5 - (3’,4’ - dihydroxyphenyl) - 5 - phenylhydantoin 
(catechol), and hydantoin ring scission products 
(hydantoic acid analogs) are possible metabolites 
that, if present, would elute in this early region. 
Gradient elution of this polar material revealed at 
least 14 incompletely resolved peaks of radioactivity. 

Effects of antioxidants on the formation of HPPH 
and polar products of phenytoin 

Covalent binding of reactive intermediates of 
phenytoin to neutrophils 

Azide inhibits heme-containing enzymes such as 
catalase and myeloperoxidase [31] but does not block 
the respiratory burst activity of neutrophils, measured 
as HrOr production [29]. In our experiments (Table 
2), 0.1 mM azide almost completely blocked the 
formation of unknown polar metabolites of phenytoin 
and the isomers of HPPH (94 and 81% inhibition, 
respectively, compared with incubations without 
inhibitor), indicating that enzymes containing heme 
iron may contribute to the oxidation of phenytoin. 
Addition of catalase to incubations with activated 
neutrophils caused a marked decrease in the 
oxidation of phenytoin. Superoxide dismutase was 
an efficient inhibitor of the oxidation of phenytoin 
to unknown polar metabolites and HPPH (93 and 
85% inhibition, respectively), suggesting a role for 
superoxide or one of its products in the oxidation of 
phenytoin. GSH (1 mM) blocked >80% of the total 
oxidation of phenytoin. GSH inactivates many 
reactive oxidant species, including Hz02, HOC& and 
.OH. The anti-inflammatory drug indomethacin, an 
inhibitor of prostaglandin H synthase, also markedly 
reduced the metabolism of phenytoin. 

Irreversible binding of metabolites of chemicals 

373 

Table 3. Covalent binding of reactive intermediates of 
phenytoin in neutrophils 

Covalent binding 

Conditions 
(nmol/mg 
protein) 

% Complete 
system 

No PMA 0.007 2 0.001* 551 
Complete system 0.129 + 0.028 loo?22 
Azide (0.1 mM) 0.039 a 0.003* 30 f 2 
Superoxide dismutase 0.049 * 0.0041 38 2 3 

(15 @g/mL) 
Catalase (100 ,ug/mL) 0.070 * 0.002t 54 Y? 2 

Experimental details were the same as described in 
Tables 1 and 2, except that neutrophils were from one 
subject. Each value is the mean 2 SD of three separate 
incubations. 

*St Significantly different from the complete system: 
*P < 0.01, and tP < 0.05. 

to tissue macromolecules is evidence of the formation 
of reactive, potentially harmful, intermediates. 
Extensive binding of reactive intermediates of [‘“Cl- 
phenytoin occurred in cells stimulated by PMA, but 
almost none occurred in cells without PMA (Table 
2). Moreover, antioxidants caused a proportionate 
decrease in metabolism and covalent binding of 
phenytoin. There was considerable intersubject 
variation in covalent binding in neutrophils, 
prompting us to conduct another experiment with 
replicate determinations of covalent binding in 
neutrophils from a single individual. The data in 
Table 3 verify that covalent binding could be 
measured reproducibly. 

Oxidation of phenytoin in chemical and biochemical 
systems 

HPPH and polar products of phenytoin were also 
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Fig. 4. Formation of HPPH and polar products of phenytoin 
by an ADP/FeZ+/H,02 hydroxyl radical-generating system. 
(A) HPLC-UV/radiochromatogram of a 1-min incubation 
with 1.5 mM FeCl,, 2 mM ADP, bicarbonate buffer, and 
100 @I [‘4C]phenytoin (24 &i/pol), omitting H,O,. (B) 
HPLC-UV/radiochromatogram of a l-min incubation with 
1.5 mM FeC&, 2mM ADP, bicarbonate buffer, loO@l 
[14C]phenytoin (24 @i/mol), and 8.8 mM HzOz (complete 
.OH-generating system). Peaks are identified in the legend 

of Fig. 1. 

formed in two chemical systems Known to generate 
*OH. Phenytoin (100 PM) was oxidized rapidly in 
the incubation with ADP/Fe2+/H202. In a 1-min 
incubation, 31 k 6 @I (N = 4) polar products and 
14 k 1 ,uM HPPH were formed (Fig. 4). The ratio 
of thep:m:o-isomers of HPPH was 1.0:1.7:1.5 in 
this chemical system. Metabolites were also 
produced, although in much smaller quantities, with 
ADP and Fez+, in the absence of H202 (Fig. 4) and 
with Fe2+ and H,02, in the absence of ADP (data 
not shown). The former can be explained by 
auto-oxidation of ferrous iron with subsequent 
spontaneous dismutation of superoxide anion: 

Fe2+ + O2 + Fe3+ + 0; (3) 
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Fig. 5. Formation of HPPH and polar products of phenytoin 
by a hypoxanthine/xanthine oxidase hydroxyl radical- 
generating system. (A) HPLC UV/radiochromatogram of 
a control incubation with 100~ [14C]phenytoin, 2mM 
ADP, 0.1 mM FeC&, and 19.8 U/mL of xanthine oxidase, 
omitting hypoxanthine. After 10 min, 2OOpL of the 
incubation was injected directly into the HPLC. (B) 
HPLC-UV/radiochromatogram of the complete 
hypoxanthine/xanthine oxidase incubation, including 
0.2mM hypoxanthine. The reaction was stopped after 
10 min by direct injection of 200 & into the HPLC. Peaks 

are identified in the legend of Fig. 1. 

0, + 0; + 2H+ + H20z + 02. (4) 

The resulting H202 can react with residual Fez+ as 
described above for the Fenton reaction (reaction 
1). Therefore, .OH can be generated in this chemical 
system even without added H202 [24,32]. Oxidation 
of phenytoin in the absence of ADP can be explained 
by a slower but significant reaction of Hz02 with 
unchelated ferrous iron. No products were detected 
(co.02 ,uM) in incubations when FeC12 was omitted, 
demonstrating an absolute requirement for iron in 
this chemical system. 

In lo-min incubations of 100 @4 phenytoin with 
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Fig. 6. N-Chlorination of phenytoin by myeloperoxidase 
in uitro. [r4C]Phenytoin (100 fl, 49 ,&i/mol), 0.125 U 
human myeloperoxidase, and 0.4mM H202 in 150mM 
NaCl/lOOmM sodium phosphate buffer (pH6.0) were 
incubated at 37” for 60 min. The final incubation volume 
was loo&. At various times, samples (20&L) were 
removed and analyzed immediately by HPLC as described 
in Materials and Methods. (A) HPLC-radiochromatogram 
of a sample removed from the incubation after 4min. 
Phenytoin and N-l’,N-3’-dichlorophenytoin eluted in 
this system at 6.9 and 14.5 min, respectively. (B) 
Dichlorophenytoin concentration in samples removed from 
the incubation at various times. The data from two separate 
incubations are combined. Each point is a single 

determination. 

hypoxanthine/xanthine oxidase (mean, N = 2), 
HPPH (1.0 PM) and polar products of phenytoin 
(1.3m) were generated (Fig. 5). The ratio of 
p:m:o-HPPH of 1.0:1.8:1.7 was similar to the 
Fe’+/ADP system. No metabolites were detected 
(co.02 @f) in the xanthine oxidase system without 
hypoxanthine (Fig. 5). 

In incubations of 100 PM phenytoin with 0.5 mM 
HOCl, 65% of phenytoin was converted within 2 min 
to an apparently less polar product, which coeluted 
with an authentic standard of dichlorophenytoin. 
Dichlorophenytoin partially decomposed to pheny- 
toin, or to another compound with the same retention 
time, during the longer HPLC run using our 
conventional mobile phase with phosphate buffer 
(previously optimized for analysis of HPPH isomers). 
Decomposition of dichlorophenytoin during the 
HPLC run was minimized by using a different mobile 
phase [44% acetonitrile and 56% water containing 
1% (v/v) glacial acetic acid] as described by Uetrecht 
and Zahid [17]. 

Dichlorophenytoin also was formed rapidly in 
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Fig. 7. Effects of iron chelators on the metabolism and 
covalent binding of phenytoin by activated neutrophils. 
Neutrophils (2 x 10’ cells/ml) isolated from a healthy 
female volunteer were stimulated with 100 ng/mL of PMA 
and incubated for 1 hr at 37” with 100,&f [r4C]phenytoin 
(control). In separate incubations 100 @l desferrioxamine 
(DFX) or 100 PM diethylenetriamine pentaacetic acid 
(DTPA) was added 20 min before PMA. At the end of the 
incubation period, 200& of the cell-free supernate was 
analyzed by HPLC for polar metabolites (A) and HPPH 
(B) as described in Materials and Methods. Covalent 
binding to protein (C) was measured as radioactivity 
irreversibly bound to the cell pellet. Values are the 
means 2 SE of three determinations. Key: (*) significantly 

different from control (P < 0.05). 

incubations containing 100 PM phenytoin and a 
human myeloperoxidase HOGgenerating system. 
The maximum conversion of phenytoin to dichloro- 
phenytoin was 26 PM at 4 min, the earliest sample 
(Fig. 6). Dichlorophenytoin rapidly decomposed in 
the incubation mixture to phenytoin (or a closely 
eluting compound, possibly monochlorophenytoin) 
with apparent first-order kinetics (Tl~ = 10 min; Fig. 
6). HPPH was not detected during the 60-min 
incubation. No products were detected (CO.02 PM) 
in incubations of 100 ,uM phenytoin with 2.5 mM 
H202 for 30 min in the absence of iron. 

Effects of metal chelators on phenytoin metabolism 
by neutrophils 

The potential role of metals, particularly adven- 
titious iron, in the oxidation of phenytoin in 
preparations of neutrophils was investigated by 
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adding the strong, inactivating metal chelators 
desferrioxamine and DTPA to the incubations [23]. 
Desferrioxamine (100 PM) had no effect on the 
metabolism or covalent binding of phenytoin in 
activated neutrophils (Fig. 7), whereas 1OOpM 
DTPA slightly decreased total HPPH production 
(NS, P > 0.05) and covalent binding (P < 0.0.5), 
suggesting that free iron does not play a major role 
in the metabolism and covalent binding of phenytoin. 

DISCUSSION 

Our studies demonstrate that neutrophils activated 
by PMA metabolize phenytoin to the p-, m-, and o- 
isomers of HPPH and to other more polar products 
(Figs. 1-3; Table 1). In humans, metabolism of 
phenytoin is catalyzed in vivo primarily by hepatic 
cytochrome P450; 60-75% of the dose is excreted 
in the urine asp-HPPH and its conjugates [20,33,34]. 
Aromatic hydroxylation of phenytoin at the m- 
position is a minor pathway in humans (constituting 
O-10% of the dose) and in all other species studied 
except the dog, in which it is the major pathway 
[l&19,33,35]. To our knowledge, there have been 
no reports of o-HPPH formation in humans. 
A dihydrodiol metabolite of phenytoin [5-(3,4- 
dihydroxy - 1,5 - (cyclohexadien-1 - yl)) - 5 - phenyl- 
hydantoin], thought to arise from a reactive arene 
oxide intermediate [36], accounts for about 5-10% 
of the dose in humans [37]. 

The ratio of p:m: o-isomers of HPPH generated 
by hepatic metabolism in humans is approximately 
1 .O : ~0.1: 0.0, consistent with regiospecific hydroxy- 
lation catalyzed by cytochrome P450. In the Fe2+/ 
ADP hydroxyl radical-generating system in our 
studies, the ratio of p :m: o-hydroxylation of 
phenytoin was 1.0:1.7:1.5 (Fig. 4), similar to 
the isomer ratio of 1.0: 1.9 : 1.4 for aromatic 
hydroxylation of benzoic acid exposed to radiation- 
generated aOH [38]. In contrast, the ratio of p : m : o- 
hydroxylated products of phenytoin in activated 
neutrophils was 1.0:2.1:2.8 (Fig. 1; Table l), 
indicating a higher selectivity for o-HPPH than 
observed with .OH generated in the Fe2+/ADP 
chemical system and completely different selectivity 
from that of reactions catalyzed by cytochrome P450 
(Table 1, Fig. 1). In neutrophils, o-hydroxylation 
appears to be favored at the expense of p- and m- 
hydroxylation. These results support the notion that 
hydroxylation of phenytoin in neutrophils involves 
more than a direct chemical reaction with .OH. 
Additional, more selective mechanisms, possibly 
involving enzyme-catalyzed reactions or less reactive 
oxygen species, may contribute to the higher than 
expected o-hydroxylation. 

The metabolism and covalent binding of reactive 
intermediates of phenytoin in neutrophils occurred 
only in the presence of PMA (Fig. 1, Tables 2 and 
3), which stimulates the cells to produce reactive 
oxygen species, such as 05, H202, HOCl, 
chloramines, and possibly *OH [lo]. These or related 
oxidants apparently lead to the formation of reactive 
intermediates of phenytoin that covalently bind to 
macromolecules in neutrophils (Tables 2 and 3). The 
significance of these reactive intermediates of 
phenytoin in vivo is not known, although there are 

several reports in the literature linking metabolic 
activation of phenytoin by cytochrome P450 to a 
wide variety of toxic effects [4,6,39]. Arene oxides 
of phenytoin, formed by cytochrome P450, were 
implicated as the reactive (toxic) intermediates in 
those studies. A potential role for the activation of 
phenytoin by the hydroperoxidase activity of 
prostaglandin H synthase in microsomes from ram 
seminal vesicles and murine lung and liver was 
demonstrated in studies by Kubow and Wells [8]. 
The covalent binding of phenytoin in microsomes 
stimulated by arachidonic acid could be blocked with 
indomethacin [8]. There are reports in the literature 
supporting the importance of peroxidative oxidation 
of other chemicals during arachidonic acid metab- 
olism by prostaglandin H synthase; this enzyme is 
thought to play a significant role in the bioactivation 
of several chemicals, including 2_aminofluorene, 
diethylstibesterol, and benzo[a]pyrene-7,8-dihydro- 
diol [40]. The extensive work of Uetrecht and 
colleagues also has demonstrated that mye- 
loperoxidase is involved in the metabolism of 
phenytoin and several other drugs by activated 
leukocytes, and that this enzyme may lead to the 
production of toxic metabolites responsible for some 
hypersensitivity reactions [17,41]. 

In our studies, indomethacin, GSH, azide, 
catalase , and superoxide dismutase effectively 
inhibited the metabolism and covalent binding of 
phenytoin in activated neutrophils (Tables 2 and 3). 
The effect of indomethacin suggests involvement of 
prostaglandin synthase in the bioactivation of 
phenytoin in activated neutrophils. However, 
indomethacin, like several other inhibitors of 
prostaglandin synthase, can directly scavenge 
reactive oxidant species [lo, 42,431 and may also act 
indirectly by inhibiting 0, production in PMA- 
stimulated neutrophils [44]. The effect of GSH may 
be explained by reduction of hydroperoxides (e.g. 
H202, prostaglandin G2), or other reactive species 
generated by activated neutrophils. Azide inhibits 
the heme-dependent hydroperoxidase activity of 
prostaglandin synthase and myeloperoxidase but 
does not affect 0; production by NADPH oxidase. 
Catalase is known to decrease myeloperoxidase 
activity by depleting Hz02, one of its substrates for 
HOC1 production [31]. The mechanism by which 
superoxide dismutase alters phenytoin metabolism 
is not known, but superoxide dismutase has been 
linked to other unexpected findings such as a 
decrease in myeloperoxidase activity (measured as 
HOC1 production) in incubations of activated 
neutrophils [45]. Hydroxylation of salicylic acid by 
a superoxide-dependent reaction catalyzed by 
myeloperoxidase has been proposed recently [46]. 
A similar, myeloperoxidase-catalyzed reaction may 
be contributing to the hydroxylation of phenytoin. 

Our results that show chlorination of phenytoin 
in vitro by both reagent HOC1 and HOC1 generated 
by myeloperoxidase isolated from human neutrophils 
(Fig. 6) confirm the findings of Uetrecht and Zahid 
[17]. Dichlorophenytoin is short-lived in cell-free 
incubations with myeloperoxidase (Fig. 6) and has 
a half-life of only 30 set when added to neutrophil 
incubations [17], explaining why we and others were 
unable to detect it by HPLC in the more complex 
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matrix of incubations with activated neutrophils. 
Chlorinated products of phenytoin may act as 
intermediate oxidants, similar to the longer-lived 
chloramines formed from the reaction of HOC1 with 
amino acids [47]. The chlorohydantoin group of di- 
and monochlorophenytoin is analogous to a common 
chlorinating reagent, iV-chlorosuccinimide [48]. 
Indeed, intermolecular chlorine transfer to phenytoin 
forming monochlorophenytoin is a documented 
reaction of dichlorophenytoin [49]. The relative 
importance of chlorination of phenytoin in the 
formation of the ultimate reactants with tissue 
macromolecules as proposed by Uetrecht and Zahid 
[17] requires further investigation. 

Our chemical studies suggest that reagent- 
generated .OH, or another highly reactive oxidant, 
oxidizes phenytoin to some of the same products 
observed in neutrophils (compare Fig. 1 with Figs. 
4 and 5). While there is much indirect evidence for 
the production of *OH by Fenton reactions of 0, 
and H202 in activated neutrophils [lo, 501, there is 
a growing argument against .OH production in this 
biological system [31,51,52]. In fact, recent kinetic 
evidence suggests that the oxidizing intermediate in 
Fenton oxidations may be a peroxo complex such as 
FeII(OOH) rather than *OH [53]. Central to the 
controversy is that direct study of .OH has not been 
possible because of its very short half-life. Therefore, 
indirect methods are required, such as detection of 
free radicals by ESR using spin-trapping agents. 
However, ESR is subject to limitations and artifacts 
in biological systems [54]. For example, a problem 
with this method of detection of *OH in activated 
neutrophils is that 0; rapidly decomposes the .OH 
spin-trap adduct [55]. 

We do not believe that contaminating iron 
contributes to the hydroxylation of chemicals by 
activated neutrophils under the conditions used in 
our laboratory. There are two pieces of evidence 
from previous studies to support this: (1) the iron- 
inactivating chelator desferrioxamine does not 
inhibit hydroxylation of salicyhc acid by activated 
neutrophils, and (2) free iron could not be detected 
(<2pM) in the neutrophil supernate [13]. In the 
present investigation, we further examined the role 
of iron in the oxidation of phenytoin. Addition of 
1OOpM desferrioxamine or 100pM DTPA prior to 
stimulating neutrophils with PMA had no significant 
effect on the oxidation of phenytoin and caused only 
a modest reduction (16% with DTPA) in covalent 
binding of phenytoin reactive intermediates to 
macromolecules (Fig. 7). Both metal chelators are 
known to block the reduction of Fe3 + by 0; and 
thereby inhibit the formation of .OH by the Haber- 
Weiss reaction [23]. 

If hydroxylation of phenytoin in activated 
neutrophils is not caused by Fenton chemistry related 
to iron contamination, is it possible that .OH could 
be formed in these cells by another process? Ramos 
et al. [56] explored this question and proposed that 
human neutrophils and monocytes generate *OH 
through the following transition metal-independent 
reaction: 

HOC1 + 0~ + .OH + Or + Cl-. (5) 

Azide, catalase and superoxide dismutase, but not 

the iron chelator DTPA, decreased the apparent 
production of *OH by neutrophils in their experiments 
[56]. These agents had similar effects on HPPH 
production in our studies. Hydroxyl radical from 
reaction 5 could attack phenytoin, forming a 
substituted cylcohexadienyl free radical that can be 
further oxidized to HPPH or participate in free radical 
reactions, including attacks on macromolecules. 
Analogous intermediates of phenylalanine hydroxy- 
lation by radiation-produced .OH have been shown 
to react with molecular oxygen, forming peroxy free 
radicals [57]. Reaction 5 could also explain the 
decrease in hydroxylation of phenytoin observed 
when exogenous superoxide dismutase was added to 
activated neutrophils. The lack of HPPH formation 
with either reagent HOC1 or the myeloperoxidase 
HOCl-generating system is consistent with our 
proposed reactions (see Fig. 8) and can be attributed 
to the absence of a source of 0, in those incubations. 
Therefore, our results and those of Uetrecht and 
Zahid [17] support a role for myeloperoxidase- 
generated HOC1 in the formation of potentially 
reactive species of phenytoin (e.g. dichloro- 
phenytoin) by neutrophils. However, our results also 
suggest that there are other mechanisms for activation 
of phenytoin in stimulated neutrophils, including the 
formation of free radical precursors to hydroxylated 
phenytoin. 

Figure 8 illustrates the possible pathways for the 
metabolism of phenytoin in activated neutrophils. 
Hydroxyl radical, formed in neutrophils by the 
transition metal-independent reaction of HOC1 with 
OF, attacks phenytoin, forming a substituted 
cyclohexadienyl free radical (1) which is oxidized to 
HPPH (only the p-isomer is shown) or undergoes 
additional reactions, possibly binding to protein or 
other macromolecules. Phenytoin also reacts directly 
with HOC1 to form dichlorophenytoin. Dichloro- 
phenytoin donates chlorine to a suitable acceptor 
forming free radical 2, which may react with protein 
and possibly other macromolecules. An alternative 
pathway not shown in Fig. 8 is the oxidation of 
phenytoin by a superoxide-dependent reaction 
catalyzed by myeloperoxidase as described by Kettle 
and Winterbourn [46] for hydroxylation of salicylic 
acid. This reaction would also be diminished by 
superoxide dismutase. A further possibility is the 
oxidation of phenytoin to reactive intermediates 
by prostaglandin synthase, or one of its lipid 
hydroperoxide products, similar to the reactions 
described by Smith et al. [40]. 

The hydroxylation reactions and other unde- 
termined reactions with phenytoin clearly require 
the presence of PMA. The fact that metabolism of 
phenytoin by neutrophils occurs only when the 
neutrophils are activated may explain possible 
adverse effects following administration of phenytoin 
in some disease states. It has been proposed that an 
inflammatory process in uiuo may stimulate 
neutrophils and monocytes, resulting in the formation 
of toxic reactive metabolites of some chemicals, 
primarily in such areas of inflammation [12,41,58]. 

Oxidation of phenytoin at sites of inflammation 
may cause some of the adverse effects of phenytoin, 
for example, gingival hyperplasia. This abnormality 
occurs only in dentulous gingivae, perhaps because 
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Fig. 8. Proposed pathways of metabolism of phenytoin in activated neutrophils. Abbreviations: SOD, 
superoxide dismutase; MPO, myeloperoxidase; CAT, catalase; and DDPH, dichlorophenytoin. 

edentulous gingivae are not associated with inflam- 
mation of chronic bacterial gingivitis. In addition, by 
forming adducts with proteins, reactive metabolites of 
drugs may create an antigenic response, contributing 
to allergic reactions in duo. Further research is 
needed to determine whether the metabolism of 
phenytoin observed in vitro in neutrophils also 
occurs in uivo, explaining in part the enigma of 
adverse effects associated with the use of this drug. 

REFERENCES 

1. Merritt HH and Putnam TJ, Sodium diphenyl 
hydantoinate in treatment of convulsive disorder. J 
Am Med Assoc 111: 1068-1073, 1938. 

2. Holcomb R, Lynn R, Harvey B Jr, Sweetman BJ and 
Gerber N. Intoxication with 5.5diuhenvlhvdantoin 
(Dilantin):’ Clinical features, blood* levels,- urinary 
metabolites and metabolic changes in a child. J Pediutr 
80: 627-632, 1972. 

3. Woodbury DM, Penry JK and Pippenger CE (Eds.), 
Antiepileptic Drugs, 2nd Edn. Raven Press, New York, 
1982. 

4. Martz F, Fallinger C and Blake DA, Phenytoin 
teratogenesis: Correlation between embryopathic effect 
and covalent binding of putative arene oxide metabolite 
in gestational tissue. .I Pharmacol Exp Ther 203: 231- -__ .^__ 

5. Pantarotto C, Arboix M, Sezzano P and Abbruzzi R, 
Studies on 5,5_diphenylhydantoin irreversible binding 
to rat liver microsomal proteins. Biochem Phnrmacol 
31: 1501-1507, 1982. 

6. Wells PG, Zubovits JT, Wong ST, Molinari LM and 
Ali S, Modulation of phenytoin teratogenicity and 
embryonic covalent binding by acetylsalicylic acid, 
caffeic acid, and cu-phenyl-N-t-butylnitrone: Impli- 
cations for bioactivation by prostaglandin synthetase. 
Toxic01 Appl Pharmacol97: 192-202, 1989. 

7. Wells PG and Vo HPN, Effects of the tumor promoter 
12-O-tetradecanoylphorbol-13-acetate (TPA) on 
phenytoin induced embryopathy in mice. Toxicol Appl 
Pharmacol97: 398-405, 1989. 

8. Kubow S and Wells PG, In vitro bioactivation of 
phenytoin to a reactive free radical intermediate by 
prostaglandin synthetase, horseradish peroxidase, and 
thvroid Deroxidase. Mol Pharmacol35: 504-511.1989. 

9. Lehrer *RI, Ganz T, Selsted ME, Babior BM and 
Curnutte JT, Neutrophils and host defense. Ann Intern 
Med 109: 127-142, 1988. 

10. Sagone AL Jr, The respiratory burst and the metabolism 
of drugs. In: The Respiratory Burst and Its Physiological 
Signijknce (Eds. Sbarra AJ and Strauss RR), pp. 
245-276. Plenum Press, New York, 1988. 

11. Alexander MS, Husney RM and Sagone AL Jr, 
Metabolism of benzoic acid by stimulated poly- 
morphonuclear cells. Biochem Pharmacol 35: 3649- ____ .^__ 

239, 1977. 3631, lY86. 



Metabolism of phenytoin in human neutrophils 379 

’ ? IL. Sagone AL Jr and Husnev RM, Oxidation of salicylates 

13. 

14. 

1.5. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

by-stimulated granulocyt&: Evidence that these drugs 
act as free radical scavengers in biological systems. J 
Immurwl13lk 2177-2183, 1987. 
Davis WB, Mohammed BS, Mays DC, She Z-W, 
Mohammed JR, Husney RS and Sagone AL, 
Hydroxylation of salicylate by activated neutrophils. 
B&hem Pharmacol38z 4013-4019, 1989. 
Sagone AL Jr, Husney RM, Triozzi PL and Rinehart 
J, Interleukin-2 therapy enhances salicylate oxidation 
by blood granulocytes. Blood 78: 2931-2936, 1991. 
Dull BJ, Salata K, Van Langenhole A and Goltman 
P, 5-Aminosalicylate: Oxidation by activatedleukocytes 
and protection of cultured cells from oxidative damage. 
Biochem Pharmacol36: 2467-2472, 1987. 
Furst SM and Uetrecht JP, Carbamazepine metabolism 
to a reactive intermediate by the myeloperoxidase 
system of activated neutrophils. Biochem Pharmacol 
45: 1267-1275, 1993. 
Uetrecht JP and Zahid N, N-Chlorination of phenytoin 
by myeloperoxidase to a reactive metabolite. Chem 
Res Toxic01 1: 148-151, 1988. 
Butler TC, Dudley KH, Johnson D and Roberts SB, 
Studies of the metabolism of 5,5_diphenylhydantoin 
relating principally to the stereoselectivity of the 
hydroxylation reactions in man and the dog. J 
Pharmacol Exp Ther 199: 82-92, 1976. 
Gerber N, Weller WL, Lynn R, Rangno RE, Sweetman 
BJ and Bush MT, Study of dose-dependent metabolism 
of 5,5_diphenylhydantoin in the rat using new 
methodology for isolation and quantitation of metab- 
olites in oivo and in vitro. J Pharmacol Exp Ther 178: 
567-579, 1971. 
Gerber N, Lynn R and Oates J, Acute intoxication 
with 5,5_diphenylhydantoin (Dilantin) associated with 
impairment ofbiotransformation: plasmalevels,urinary 
metabolites, and studies in healthy volunteers. Ann 
Intern Med 77: 765-771, 1972. 
Boyum A, Isolation of mononuclear cells and 
granulocytes from human blood. Stand J Clin Lab 
Invest 21: 77-89, 1968. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. 
Halliwell B and Gutteridge JMC, Role of free radicals 
and catalytic metal ions in human disease: An overview. 
Methods Enzymol 186: l-85, 1990. 
Cohen G, The Fenton reaction. In: CRC Handbook 
of Methods for Oxygen Radical Research (Ed. 
Greenwald RA), pp. 55-64. CRC Press, Boca Raton, 
FL, 1985. 
Floyd RA. Watson JJ and Wong PK, Sensitive assay 
of hydroxyl free radical formation utilizing high 
pressure liquid chromatography with electrochemical 
detection of phenol and salicylate hydroxylation 
products. J Biochem Biophys Methods 10: 221-235, 
1984. 
Fridovich I, Biological aspects of the production of 
superoxide anion radical by milk xanthine oxidase. J 
Biol Chem 245: 4053-4057, 1970. 
Beauchamp C and Fridovich I, A mechanism for the 
production of ethylene from methional. J Biol Chern 
245: 4641-4646, 1970. 
McCord JM and Day ED Jr, Superoxide dependent 
production of hydroxyl radical catalyzed by iron- 
EDTA complex. FEBS Len 86: 139-142, 1978. 
Weiss SJ, Klein R, Slivka A and Wei M, Chlorination 
of taurine by human neutrophils. Evidence for 
hypochlorous acid generation. J Clin Invest 70: 59% 
607, 1982. 

30. Davis WE, Husney RM, Wewers MD, Herzyk DJ and 
Sagone AL, Effect of O2 partial pressure on the 

31. 

32 

33 

34 

35. 

36 

37. 

38 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

myeloperoxidase pathway of nentn@ls. J AppJ 
Physiol66: 1995-2003, 19&I 
Weiss SJ, Tissue destruction by neutrophils. N Engl J 
Med 32& 365-376, 1989. 
Winston GW and Cederbaum AI, Decarboxylation of 
7-‘%-benzoic acid. In: CRC Harsdbook of Methods for 
Oxygen Radical Research (Ed. Greenwald RA), pp. 
169-175. CRC Press, Boca Raton, FL, 19%. 
Within KM, Bitts DL, Teague BL, Wiese LS, Boyles 
LW and Dudley KM, Determination of 5-(p- 
hydroxyphenyl)-5phenylhydantoin andstudies relating 
to the disposition of phenytoin in man. Ther Drug 
Monit 1: 11-34, 1979. 
Dickinson RG, Hooper WD, Patterson M, Eadie MJ 
and Maguire JH, Extent of urinary excretion of p- 
hydroxyphenytoin in healthy subjects given phenytoin. 
Ther Drug Monit 7: 283289, 1985. 
Atkinson AJ Jr, MacGee J, Strong J, Garteiz D and 
Gaffney TE, Identification of 5-meta-hydroxyphenyl-5- 
phenylhydantoin as a metabolite of diphenylhydantoin. 
Biochem Pharmacol 19: 24832491, 1970. 
Chang T, Savory A and Glazko AJ, A new metabolite 
of 5,5-diphenylhydantoin (Dilantin). Biochem Biophys 
Res Commun 38: 444-449, 1970. 
Maguire JH, Quantitative estimation of catechol/ 
methylcatechol pathways in human phenytoin metab- 
olism. Epilepsia 29: 753-759, 1988. 
Klein GW, Bhatia K, Madhavan V and Schuler RH, 
Reaction of .OH with benzoic acid. Isomer distribution 
in the radical intermediates. J Phys Chem 79: 1767- 
1774, 1975. 
Spielberg SP, In vitro analysis of idiosyncratic drug 
reactions. Clin Biochem 19: 142-144, 1986. 
Smith BJ, Curtis JF and Eling TE, Bioactivation of 
xenobiotics by prostaglandin H synthetase. Chem Biol 
Interact 79: 245-264, 1991, 
Uetrecht JP, Mechanism of drug-induced lupus. Chem 
Res Toxic01 1: 133-143, 1988. 
Hiller K-O and Wilson RL, Hydroxyl-free radicals and 
anti-inflammatory drugs: Biological inactivation studies 
and reaction rate constants. Biochem Pharmacol 32: 
2109-2111, 1983. 
Aruoma 01 and Halliwell B, The iron-binding and 
hydroxyl radical scavenging action of anti-inflammatory 
drugs. Xenobiotica 18: 459-470, 1988. 
Umeki S, Effects of non-steroidal anti-inflammatory 
drugs on human neutrophil NADPH oxidase in both 
whole cell and cell-free systems. Biochem Pharmacol 
40: 559564, 1990. 
Kettle AJ and Winterbourn CC, The influence of 
superoxide on the production of hypochlorous acid by 
human neutrophils. Free Radic Res Commun 12-13: 
47-52, 1991. 
Kettle AJ and Winterbourn CC, Superoxide-dependent 
hydroxylation by myeloperoxidase. J Biol Chem 269: 
17146-17151, 1994. 
Weiss SJ, Lampert MB and Test ST, Long- 
lived oxidants generated by human neutrophils: 
Characterization and bioactivity. Science 222: 625-627, 
1983. 
March J, Advanced Organic Chemistry, 4th Edn, pp. 
589592. John Wiley, New York, 1992. 
Lipinski CA, Bordner J, Butterfield GC and Marinovic 
LC, N-Chlorination of Dilantin and sorbinil. J 
Heterocycl Chem 27: 1793-1799, 1990. 
Malech HL and Gallin JI, Neutrophils and human 
disease. N Engl J Med 317: 687-694. 1987. 
Britigan BE, Rosen GM, Chai Y and Cohen MS, 
Do human neutrophils make hydroxyl radical? 
Determination of free radicals generated by human 
neutrophils activated with soluble or particulate 
stimulus using electron paramagnetic resonance. J Biol 
Chem 261: 44264431, 1986. 



380 D. C. MAYS et al. 

52. Cohen MS, Britigan BE, Hassett DJ and Rosen GM, Bernstein EF and Russo A, Hydroxyl radical production 
Do humans [sic] neutrophils form hydroxyl radical? by stimulated neutrophils reappraised. J Biol Chem 
Evaluation of an unresolved controversy. Free Radic 263: 13797-13801, 1988. 
Biol Med 5: 81-88, 1988. 56. Ramos CL, Pou S, Britigan BE, Cohen MS and Rosen 

53. Wink DA, Nims RW, Saavedra JE, Utermahlen WE GM, Spin trapping evidence for myeloperoxidase- 
Jr and Ford PC, The Fenton oxidation mechanism: dependent hydroxyl radical formation by human 
Reactivities of biologically relevant substrates with two neutrophils and monocytes. J Biof Chem 267: 8307- 
oxidizing intermediates differ from those predicted for 8312, 1992. 
the hydroxyl radical. Proc Nat1 Acad Sci USA 91: 57. Simic MG, Pulse radiolysis in study of oxygen radicals. 
6604-6606, 1994. Methods Enzmol 186: 89-100, 1990. 

54. Pou S, Hassett DJ, Britigan BE, Cohen MS and Rosen 58. Kalyanaraman B and Sohnle PG, Generation of free 
GM, Problems associated with spin trapping oxygen- radical intermediates from foreign compounds by 
centered free radicals in biological systems. Ana/ neutrophil-derived oxidants. J Clin Invest 75: 1618- 
Biochem 177: 1-6, 1989. 1622, 1985. 

55. Samuni A, Black CDV, Krishna CM, Malech HL, 


