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SUMMARY

A murine embryo culture model was used to investigate phe-
nytoin-initiated embryonic DNA oxidation and dysmorphogen-
esis and to determine the embryoprotective potential of super-
oxide dismutase and catalase, which detoxify reactive oxygen
species. Gestational day 9.5 CD-1 embryos were cultured for
up to 24 hr at 37° in medium containing phenytoin (20 ug/ml, 80
uM) or its vehicle (0.002 N NaOH). Embryos cultured for 24 hr
were examined for embryotoxicity. After varying durations of
incubation, embryonic DNA was isolated and purified, and DNA
oxidation was determined from the formation of 8-hydroxy-2'-
deoxyguanosine (8-OH-2'-dG). Control embryos showed an
early increase in 8-OH-2'-dG levels that was maximal between
2 and 4 hr, followed by a small but significant decrease over 24
hr, with no evidence of embryopathy. Phenytoin-treated em-
bryos within 4 hr also demonstrated maximal 8-OH-2'-dG for-
mation, which was substantially greater than that of controls,
with a maximal 3-fold increase over controls at 24 hr (p < 0.05).

In wash-out studies, embryos removed from the phenytoin-
containing medium after 4 hr and then cultured in phenytoin-
free medium for an additional 20-hr period showed no decrease
in either 8-OH-2'-dG levels or embryotoxicity, compared with
embryos incubated in the presence of phenytoin for 24 hr.
Embryos exposed to phenytoin demonstrated substantial dys-
morphogenesis, as evidenced by decreases in anterior neuro-
pore closure, turning, yolk sac diameter, crown-rump length,
and somite development (p < 0.05). Superoxide dismutase and
catalase virtually eliminated phenytoin-initiated 8-OH-2'-dG
formation and reduced or completely eliminated all phenytoin-
initiated dysmorphological anomalies (p < 0.05). These results
suggest that embryonic DNA oxidation constitutes teratologi-
cally important molecular target damage, and they provide the
first direct evidence that free radical-mediated oxidative stress
plays a critical role in phenytoin teratogenesis.

The anticonvulsant drug phenytoin (diphenylhydantoin,
Dilantin), which is commonly used for the treatment of epi-
lepsy, has been shown to be teratogenic in animals (reviewed
in Ref. 1) and humans (2, 3). Although the teratogenic prop-
erties of phenytoin are well known, the risk associated with
untreated epileptic seizures is greater than the potential risk
associated with phenytoin exposure. For this reason, pheny-
toin therapy is generally continued throughout pregnancy.
Because up to 0.5% of all pregnant women are epileptic,

Preliminary reports of this research were presented at the 34th Annual
Meeting of the Society of Toxicolgy (Baltimore, MD, March 1995) (39) and at
the 35th Annual Meeting of the Teratology Society (Newport Beach, CA, June
1995) (40). These studies were supported by a grant from the Medical Research
Council of Canada.

phenytoin-initiated teratogenesis represents a significant
medical concern.

Although numerous reports suggest that phenytoin-initi-
ated teratogenesis results from the bioactivation of pheny-
toin to a reactive arene oxide intermediate (reviewed in Refs.
1, 4, and 5), there are several discrepancies in this hypothesis
that have led to the investigation of other enzymatic systems
known to bioactivate xenobiotics (1). In vivo and in vitro
studies from our laboratory indicate that phenytoin-initiated
teratogenesis may involve a peroxidase-catalyzed bioactiva-
tion of phenytoin to a reactive free radical intermediate (6, 7)
(Fig. 1). If this phenytoin free radical is not detoxified by
cellular detoxifying mechanisms (e.g., GSH), it or a free rad-
ical-dependent arene oxide intermediate can covalently bind

ABBREVIATIONS: GSH, glutathione; HBSS, Hanks’ balanced salt solution; HPLC, high performance liquid chromatography; MRS, male rat
serum; 8-OH-2’-dG, 8-hydroxy-2'-deoxyguanosine; PHS, prostaglandin H synthase; SOD, superoxide dismutase; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid.
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to embryonic macromolecules (6, 7), or it may initiate oxida-
tive stress, leading to the oxidation of embryonic lipids, pro-
teins, or DNA (8, 9, 10).

Due to its reducing capabilities, the phenytoin free radical
may generate highly reactive oxygen species, such as hy-
droxyl free radical (‘OH). Potentially, ‘OH could be generated
indirectly by the phenytoin free radical reducing Fe3* com-
plexes, initiating the Fenton reaction (11). Superoxide anions
(O,') potentially could be formed by the phenytoin free radi-
cal reducing oxygen, ultimately producing -OH. Although
‘OH is generally thought to be a primary intermediate of in
vivo damage (11), Wink et al. (12), using a simple Fe?*/H,0,
mixture in acidic aqueous solution, have observed at least
two strongly oxidizing intermediates, neither of which shows
the competitive reactivities expected for -OH. Despite the
controversy over their chemical composition, these reactive
oxygen species, if not detoxified by cytoprotective enzymes
such as SOD and catalase, can irreversibly modify DNA (13).
The damage caused by such molecular modifications has
been proposed to contribute to aging, cancer, and other age-
related degenerative diseases (13). Although little is known
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Fig. 1. Postulated mechanism of pheny-
toin-initiated teratogenesis. Arachidonic
acid is released from membrane phospho-
lipids by the action of phospholipase A,.
Arachidonic acid can then serve as a sub-
strate in both the cyclooxygenase- and
lipoxygenase-dependent eicosanoid path-
ways, generating the corresponding hy-
droperoxides, which are then reduced by
hydroperoxidases to the corresponding
alcohols. In this pathway, phenytoin may
serve as a reducing co-substrate, itself
being oxidized to a reactive free radical
intermediate. f not detoxified, this free
radical can initiate oxidative stress and/or
bind covalently, thereby irreversibly dam-
aging cellular macromolecules and initiat-
ing teratogenesis. PGG,, prostaglandin
G,; HPETE, hydroperoxyeicosatetraenoic
acid; PGH,, prostaglandin H,; HETE, hy-
droxyeicosatetraenoic acid; GSSG, oxi-
dized GSH.

about DNA as a potential molecular target of phenytoin, in
vivo evidence from our laboratory indicates that peroxidase-
catalyzed embryonic DNA oxidation may constitute an im-
portant molecular mechanism mediating the teratogenicity
of phenytoin (9), and p63-deficient mice lacking DNA repair
are more susceptible to phenytoin teratogenicity (14), as well
as to the teratogenicity of benzo[alpyrene (15), another DNA-
damaging xenobiotic.

The oxidized guanine analogue 8-OH-2'-dG is thought to
be formed by the hydroxylation (at the C8-position) of deox-
yguanosine residues in DNA by ‘OH, which in turn is formed
by various oxygen radical-producing agents (16). The produc-
tion of 8-OH-2'-dG is thought to represent one of approxi-
mately 20 oxidative DNA modifications resulting from oxy-
gen radical-initiated DNA damage (13). After enzymatic
digestion, the 8-OH-2’-dG adduct in DNA can be readily
measured among the mononucleosides by using HPLC with
electrochemical detection (17). Accordingly, 8-OH-2'-dG for-
mation can be used as a biological marker of oxidative DNA
damage. In vivo studies have shown a correlation between
the production of 8-OH-2'-dG and tumor promotion (14, 16)
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or carcinogenesis (18). Liu and Wells (9) have shown in vitro
that the formation of 8-OH-2'-dG by phenytoin and structu-
arally related drugs is associated with their teratogenic po-
tency. In cells, 8-OH-2’-dG-containing DNA can be repaired
by nonspecific DNA repair enzymes that excise DNA adducts
to release deoxynucleosides, which are enzymatically hydro-
lyzed to the nucleosides. Alternatively, this molecular lesion
can be repaired by specific DNA repair glycosylases that
release free bases (13). Both nucleosides and free bases are
readily excreted from cells. We hypothesize that embryonic
peroxidase-catalyzed bioactivation of phenytoin initiates free
radical-mediated formation of reactive oxygen species that
can oxidize guanine bases, forming 8-OH-2'-dG (Fig. 2). If not
repaired, this oxidized DNA may constitute an important
molecular mechanism in phenytoin teratogenesis.

To determine the significance of embryonic bioactivation
and oxidation of DNA as a potential molecular mechanism
mediating phenytoin teratogenicity, a murine embryo cul-
ture model was used to assess embryonic DNA oxidation,
putative repair, and dysmorphogenesis resulting from expo-
sure to a concentration of phenytoin (20 ug/ml, 80 uM) that is
within the therapeutic range in maternal plasma. The em-
bryo culture model is invaluable, in that it removes the
embryo from any confounding maternal and placental effects,
as well as permitting the selection of embryos at similar
stages of development, which does not occur among litter-

mates in vivo. To determine the potential involvement of free
radical-initiated reactive oxygen species in DNA oxidation
and the molecular mechanism of phenytoin teratogenicity,
the potential embryoprotective effects of the antioxidative
enzymes SOD and catalase were evaluated (Fig. 2). These
studies provide the first direct evidence that reactive oxygen
species play a critical role in phenytoin teratogenesis, and
they suggest that DNA constitutes a teratologically impor-
tant molecular target.

Materials and Methods

Animals. Virgin female CD-1 mice (Charles River Canada Ltd.,
St. Constant, Quebec, Canada) were housed in plastic cages with
ground corn cob bedding (Beta Chip; Northeastern Products, War-
rensburg, NY) and maintained in a temperature-controlled room
with a 12-hr light/dark cycle. Food (Laboratory Rodent Chow 5001;
PMI Feeds, St. Louis, MO) and tap water were provided ad libitum.
Three females were housed with one male from 5:00 p.m. to 9:00 a.m.
The presence of a vaginal plug in a female mouse was considered as
gestational day 1, and these females were separated from the colony
and housed together in groups of five or fewer animals/cage.

Because MRS contains undefined nutrients and factors required
by murine embryos for survival and growth (19), it was used as the
medium in which the embryos were cultured. Blood was obtained
from retired CD-1 male rat breeders (Charles River), which were
exsanguinated under anesthesia using diethyl ether (J. T. Baker
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Chemical Co., Phillipsburg, NJ). The blood was centrifuged for 5 min
at 1000 X g at 4° (model TJ-6 centrifuge; Beckman Instruments,
Toronto, Ontario, Canada) and kept on ice until blood was obtained
from all animals. All blood samples were then centrifuged for 30 min
at 1900 X g at 4° (model J2-21M centrifuge; Beckman Instruments).
Pooled serum was heat-inactivated for 1 hr at 58° and gassed (6%
CO, in air; Cannox Canada, Toronto, Ontario, Canada) for 30 min to
evaporate residual protein-bound ether. The heat-inactivated MRS
was divided into aliquots and stored at —80°.

Chemicals. Phenytoin (diphenylhydantoin sodium), SOD, cata-
lase, proteinase K, ribonuclease A, ribonuclease T,, and Escherichia
coli alkaline phosphatase were obtained from Sigma Chemical Co.
(St. Louis, MO); fetal bovine serum, HBSS, Waymouth’s MB 752/1
medium, sodium bicarbonate solution, HEPES, L-GSH, and penicil-
lin-streptomycin were from Gibco Laboratories (Toronto, Ontario,
Canada). Standard 8-OH-2'-dG was prepared as described by Kasai
and Nishimura (20). All other reagents used were of analytical or
HPLC grade.

Embryo culture. Pregnant murine dams were sacraficed on ges-
tational day 9.5 by cervical dislocation, and embryos were explanted
according to the method of New (21). Using this technique, the
uterus was removed from the dam and rinsed in warmed HBSS.
While in HBSS, the individual implantation sites were exposed using
a no. 5 watchmaker’s forceps (Dumont and Fils, Montignez, Switzer-
land). The decidua, trophoblast, parietal endoderm, and outermost
membrane (Reichert’s membrane) were then removed, leaving the
amnion, visceral yolk sac, and ectoplacental cone intact. Explanted
embryos were kept at 37°, in a holding bottle containing pregassed
(5% CO, in air; Cannox Canada) holding medium (50 ml of Way-
mouth’s MB 752/1 medium, 14 mM NaHCOj, 2.5 mm HEPES, 1.0 mm
L-glutamine, and 17 ml of MRS), until all embryos from all dams
were explanted.

Embryos at similar stages of development (4—6 somite pairs) were
pooled and cultured in 26-cm?, sterile, cell culture flasks (Corning
Glassworks, Corning, NY) containing 10 ml of CO,-saturated embryo
culture medium (50 ml of holding medium, 50 units/ml penicillin,
and 50 mg/ml streptomycin). Flasks were incubated at 37° in a Model
3546 S/N CO, incubator (Forma Scientific, Toronto, Ontario, Can-
ada) on a platform rocker (Bellco Biotechnology, Vineland, NJ).

In the time course studies, embryos were exposed to either phe-
nytoin (20 pg/ml, 80 uM) or the phenytoin vehicle (0.002 N NaOH) for
various time periods. In wash-out experiments, embryos were ex-
posed to phenytoin or the vehicle for either 4 or 24 hr. Embryos that
were exposed to phenytoin for only 4 hr were removed from the
culture flask, rinsed with HBSS, placed in a new culture flask con-
taining only fresh medium and the phenytoin vehicle, and cultured
for an additional 20 hr. In the SOD and catalase studies of DNA
oxidation, embryos were cultured in the presence of either SOD (500
pg/ml, 1680 unite/ml) or catalase (1 mg/ml, 1680 units/ml), with or
without phenytoin, for 4 hr. After each experiment, embryos (with
their yolk saes intact) from the same group were pooled (three to five
embryos) and homogenized using a hand homogenizer (Kontes Glass
Co., Vineland, NJ), in 500 ul of DNA digestion buffer (100 ml of 1 M
Tris, pH 8.0, 10 ml of 0.5 M EDTA, pH 8.0, 2 g of sodium lauryl
sulfate, and 11.68 g of NaCl; volume adjusted to 1000 ml with water).

To study the role of SOD and catalase in reducing phenytoin-
initiated embryotoxicity, embryos were cultured for 24 hr at 37° in
the presence of phenytoin (20 ug/ml, 80 uM) and either SOD (500
ug/ml, 1680 units/ml) or catalase (1 mg/ml, 1680 units/ml). In wash-
out experiments, embryos were exposed to phenytoin or the vehicle
for either 4 or 24 hr. Embryos exposed to phenytoin for 4 hr were
removed from the culture flask, rinsed with HBSS, placed in a new
culture flask containing only fresh medium and the phenytoin vehi-
cle, and cultured for an additional 20 hr. After 24 hr, embryonic
morphological and developmental parameters were observed using a
dissecting microscope (Carl Zeiss, Oberkochen, Germany), as de-
scribed below. Developmental parameters included dorsal-ventral
flexure (turning), anterior neuropore closure, and somite develop-
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ment. Morphological assessments included yolk sac diameter (in
millimeters) and crown-rump length (in millimeters).

Developmental parameters. Somite development was assessed
because it can be correlated with distinct developmental events and
is directly related to the growth and development of the embryo (22).
Somite development of individual embryos was determined as fol-
lows. At the beginning of each culture the number of somites was
noted for each embryo. At the termination of the culture, this num-
ber was subtracted from the final somite count to determine somite
development. The final somite count was determined by counting
from the location of the anterior limb bud (13th somite) in a cranial-
to-caudal direction. This technique was used because somites located
cranially to the 13th somite begin to disperse in preparation for
future morphological development, making accurate somite determi-
nation difficult.

Embryos were also examined for dorsal-ventral flexure, or turn-
ing. Gestational day 9.5 embryos are S-shaped, with the hindbody
lying in the same plane as the head. After 24 hr of culture (day 10.5),
under normal conditions the embryo turns, assuming a C-shaped
position (fetal position) with the tail lying on the right side of the
head.

The open cranial end of the developing neural tube, from which
the central nervous system develops, is called the anterior neuro-
pore. To ensure proper development of the nervous system and
cranial tissues, sufficient neural tube growth and neuropore closure
are essential. Anterior neuropore closure can be a potentially impor-
tant measure of embryotoxicity, as indicated by the evidence that
phenytoin can cause congenital central nervous system dysfunction
in humans (2, 3) and animals (23). Therefore, each embryo was
examined for anterior neuropore closure. Anterior neuropore closure
occurs at the same time as the development of the 16th somite pair;
therefore, embryos that had reached the 16th somite stage or greater
without anterior neuropore closure were classified as having an open
anterior neuropore.

Morphological parameters. The measurement of yolk sac di-
ameter was made at the widest point perpendicular to the ectopla-
cental cone. Measurements were made at either 3.2X or 4.0X mag-
nification, with an eye-piece reticle micrometer. For embryos that
had turned, the crown-rump length was defined as the distance from
the mesencephalon to the lumbar-sacral region. The crown-rump
length was not measured for embryos that had not turned.

DNA isolation. DNA from embryo and yolk sac homogenates was
isolated by a modification of the method of Gupta (24). Briefly,
embryo homogenates were incubated overnight at 55° with protein-
ase K (500 ug/ml). After the addition of 25 ul of 1 M Tris-HC], pH 7.4,
DNA was extracted with 1 volume of chloroform/isoamyl alcohol/
phenol (24:1:25) and then extracted twice with 1 volume each of
chloroform/isoamyl alcohol (24:1). Each extraction step was followed
by microcentrifugation at 18,000 X g for 1 min (model E centrifuge;
Beckman Instruments). The DNA was then precipitated by addition
of 500 ul of precooled (—20°) 100% ethanol and was pelleted by
microcentrifugation for 1 min. The DNA was then dissolved in 500 ul
of phosphate buffer, pH 7.4, and incubated at 37° in the presence of
ribonuclease A (100 pg/ml) and ribonuclease T, (50 units/ml), to
digest residual RNA. The samples were then extracted again with 1
volume of chloroform/isoamyl alcohol (24:1), followed by microcen-
trifugation for 1 min, and the DNA was precipitated as described
above. The pellet was dissolved in 500 ul of 20 mM sodium acetate
buffer, pH 4.8, and the DNA was quantified using a UV/visible
spectrophotometer (Lamda 3 System; Perkin Elmer), at 260 nm, with
calf thymus DNA as the standard. DNA was then digested to nucle-
otides by a 30-min incubation at 37° with nuclease P, (67 ug/ml),
followed by a 60-min incubation with Escherichia coli alkaline phos-
phatase (0.37 unit/ml) at 37°. The resulting deoxynucleoside mixture
was filtered (0.22-um filter) and analyzed by HPLC with electro-
chemical detection.
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Analysis of DNA oxidation. The formation of 8-OH-2'-dG was
measured using an HPLC system (Scientific Systems) equipped with
an electrochemical detector (Coulochem model 5100A; ESA, Chelms-
ford, MA), a reverse phase C,;z column (Jones Chromatography,
Lakewood, CO), an analytical cell (model 5020; ESA), and an inte-
grator (Chromatopac model CR501; Shimadzu, Kyoto, Japan). Sam-
ples were eluted using a mobile phase consisting of 50 mM KH,PO,
buffer, pH 5.5, and methanol (90:10, v/v), at a flow rate of 0.8 ml/min
and an oxidation potential of +0.7 V (13).

Statistical analysis. Statistical significance between treatment
groups in each study was determined using a standard computerized
statistical program (Statview; Abacus Concepts). Groups were com-
pared using a one-factor analysis of variance. Binomial data were
examined using the x? test. The minimal level of significance used
throughout was p < 0.05.

Results

Time course for phenytoin-initiated formation of
8-OH-2'-dG. Phenytoin was bioactivated in murine embryos
to a reactive intermediate that initiated DNA oxidation, as
measured by the formation of 8-OH-2'-dG. The formation of
8-OH-2'-dG in murine embryos occurred early and increased
over the culture period in both the phenytoin-treated group
and the vehicle-treated control group (Fig. 3). 8-OH-2'-dG
levels were maximal within 4 hr in both groups but were
2.4-fold higher in the phenytoin-treated embryos after 4 hr,
compared with controls (p < 0.05). A decrease in the forma-
tion of 8-OH-2'-dG was observed by 24 hr in the control
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Fig. 3. Time course for phenytoin-initiated DNA oxidation in murine
embryo culture. Embryos were cultured on gestational day 9.5 in the
presence of either a therapeutic concentration of phenytoin (20 ug/mi,
80 um) or the phenytoin vehicle (0.002 N NaOH). After the culture period,
embryos from the same group were pooled (four or five/group) and
homogenized in 500 ul of DNA digestion buffer. DNA was digested
overnight with proteinase K (500 ng/mi) and then isolated according to
the method of Gupta (24). DNA oxidation was quantified at various time
points by determination of 8-OH-2'-dG. Each time point represents four
samples of three to five pooled embryos. *, Difference from time-
matched control embryos; +, difference from 4-hr control embryos (p
< 0.05).

group, suggesting limited embryonic repair of damaged DNA
(from 331 * 33.2 fmol/ug of DNA to 255.8 + 28.7 fmol/ug of
DNA). This decrease was not seen in the phenytoin-treated
group.

Effect of removal of phenytoin from the culture me-
dium. Embryos that were cultured in the presence of phe-
nytoin for 4 hr and then cultured for an additional 20 hr in
phenytoin-free medium did not show a significant decrease in
the formation of 8-OH-2'-dG, compared with embryos cul-
tured in the presence of phenytoin for the full 24-hr culture
period (Fig. 4). Phenytoin-initiated embryotoxicity was not
decreased by removal of phenytoin from the culture medium
after 4 hr (Fig. 5).

Effects of SOD and catalase on phenytoin-initiated
DNA oxidation. Incubation of embryos in the presence of
SOD or catalase virtually eliminated the formation of 8-OH-
2'-dG, compared with both the phenytoin-treated and vehi-
cle-treated control groups (Fig. 6). SOD and catalase reduced
phenytoin-initiated 8-OH-2’-dG formation by 98% and 94%,
respectively, and, similarly, reduced base-line 8-OH-2'-dG
formation due to culture conditions by 94% and 87%, respec-
tively. Both enzymes reduced the level of 8-OH-2'-dG to that
observed in the 0-hr embryos (Fig. 3).

Effects of SOD and catalase on phenytoin-initiated
embryotoxicity. Embryos exposed for 24 hr to phenytoin
demonstrated substantial dysmorphogenesis, as evidenced
by decreases in anterior neuropore closure, turning, yolk sac
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Fig. 4. Effect on DNA oxidation of removal of phenytoin from the
culture medium after 4 hr of phenytoin exposure (wash-out). Embryos
were removed from the culture flask, rinsed with HBSS, and placed in
a new flask containing fresh medium and the phenytoin vehicle (0.002
N NaOH). Embryos were then cultured for an additional 20 hr and
analyzed for DNA oxidation. Results for the vehicle-treated control
group were taken from Fig. 3. Resuits compare control embryos with
embryos from the wash-out group and embryos cuitured with pheny-
toin for 24 hr. The number of samples analyzed is given in parentheses,
and each sample represents four or five pooled embryos. *, Difference
from embryos incubated in the presence of phenytoin for 24 hr (p <
0.05).
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Fig. 5. Effect on phenytoin-initiated embryotoxicity of removal of phe-
nytoin from the culture medium after 4 hr of phenytoin exposure.
Incubation conditions were identical to those described for Fig. 4.
Results for the vehicle-treated control group were taken from Fig. 7.
Results compare embryos from the phenytoin wash-out group and
embryos cultured in the presence of phenytoin for 24 hr. The number of
embryos is given in parentheses. *, Difference from embryos incubated
in the presence of phenytoin for 24 hr (p < 0.05).

diameter, crown-rump length, and somite development (p <
0.05) (Fig. 7). Exposure to phenytoin reduced anterior neu-
ropore closure by 60%, turning by 28%, yolk sac diameter by
22%, crown-rump length by 27%, and somite development by
18% (p < 0.05). Incubation of embryos in the presence of SOD
or catalase completely eliminated phenytoin-initiated de-
creases in all of the aforementioned developmental parame-
ters (p < 0.05) (Fig. 7). Compared with vehicle-treated con-
trols, neither SOD nor catalase improved anterior neuropore
closure, turning, crown-rump length, or somite development,
although there was a small but significant improvement in
yolk sac diameter.
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Discussion

The results from these embryo culture studies support the
hypothesis that a concentration of phenytoin within the ther-
apeutic range in maternal plasma can be embryonically bio-
activated, resulting in the formation of a reactive free radical
intermediate (Fig. 1) and reactive oxygen species that can
oxidize DNA (Fig. 2), potentially leading to teratogenesis. It
has been shown in vivo and in vitro that peroxidases such as
PHS and lipoxygenases are capable of bioactivating pheny-
toin (6, 7, 25). This may be important, because cytochrome
P450-catalyzed bioactivation may not contribute signifi-
cantly to the mechanism of murine phenytoin teratogenicity.
The content and activity of cytochromes P450 are very low in
murine embryos at day 9.5, compared with adult levels (5). In
contrast, the embryonic content and activities of peroxidases
such as PHS and lipoxygenases are relatively high (26, 27)
and hence may be an important determinant in phenytoin
teratogenesis.

DNA damage has been the focus of several recent studies,
due to its central role in information transfer between gen-
erations of somatic cells (28). In vivo and in vitro studies have
found that DNA may be a molecular target mediating phe-
nytoin teratogenesis (9), and p53-deficient mice lacking DNA
repair are more susceptible to phenytoin teratogenicity (14).
Accumulating evidence suggests that reactive oxygen species
such as ‘OH, which may be generated subsequent to pheny-
toin bioactivation (29), can produce structural alterations
affecting the integrity of DNA bases (16, 17). Such alterations
may occur in the form of hydroxylated residues, which can
result in misreplication (30).

The formation of 8-OH-2'-dG in DNA has been widely used
as a biological marker of oxidative DNA damage (18). The
reported levels of 8-OH-2'-dG in various untreated tissues
range from 0.006 to 0.04 pmol/ug of DNA (31). The levels
reported in this study range from 0.04 pmol/ug of DNA at 0
hr to as high as 1.35 pmol/ug of DNA after a 24-hr incubation
with a therapeutic concentration of phenytoin. These results
are consistent with findings from a study conducted by Rich-
ter et al. (28), in which DNA isolated from rat liver that had
been incubated with Ca®* and alloxan (a prooxidant) for 15
min had levels of 8-OH-2'-dG as high as 2.70 pmol/ug of
DNA. Floyd et al. (17) found similar levels of 8-OH-2'-dG
(1.31 pmol/ug of DNA) in human granulocytes exposed to the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate.

Because 8-OH-2'-dG is a potential threat to cells, due to its
mutagenic activity (30), it is removed from DNA, through
either general or specific repair mechanisms (13). Evidence
for this repair is supported by the existence of enzymes in E.
coli (32) and mammalian cells that are capable of selectively
removing the 8-OH-2’-dG lesion from DNA as the corre-
sponding base 8-hydroxyguanine. Although mature cells
have developed various enzymatic systems to detoxify reac-
tive oxygen species that can damage DNA (11), embryos may
be deficient in these mechanisms and therefore may be more
susceptible to phenytoin-initiated oxidative stress. It is
known that rat and mouse embryos have low activities of
GSH peroxidase, GSH reductase, SOD, and catalase (33-35).

In these studies, control embryos showed evidence of min-
imal DNA repair between 4 and 24 hr, as seen in a small but
significant decrease in the levels of 8-OH-2'-dG originally
produced endogenously, presumably due to enhanced oxida-

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

118  Winn and Wells

CONTROL (3

eveerron I

VEHICLE [l (3) »
SOD
PHENYTOIN 4 (3) »
VEHICLE |H (3) »
CATALASE
PHENYTOIN [l (3) +

Fig. 6. Effect of SOD or catalase on pheny-
toin-initiated DNA oxidation in murine embryo
culture. Treatment groups were as foliows:
vehicle-treated control (0.002 N NaOH); phe-
nytoin (20 pg/ml, 80 um); SOD (500 ug/ml,
1680 units/mi); SOD (500 ug/mi, 1680 units/
mi) plus phenytoin (20 ug/ml, 80 um); catalase
(1000 ug/ml, 1680 units/ml); and catalase
(1000 pg/mi, 1680 units/ml) plus phenytoin
(20 ng/ml, 80 um). Embryos were cultured for
4 hr. The number of samples analyzed is
given in parentheses, and each sample rep-
resents four or five pooled embryos. *, Differ-
ence from control embryos (p < 0.05).
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tive stress during embryo culture (Fig. 3). In recent in vivo
studies, phenytoin initiated maximal maternal and embry-
onic DNA oxidation within 6 hr, but virtually all 8-OH-2'-dG
was removed, indicating substantial DNA repair, from both
maternal and embryonic tissues within 24 hr.! Conversely, in
this in vitro study, embryos incubated with phenytoin for 24
hr showed no evidence of repair mechanisms (Fig. 3). The
observed base-line embryonic oxidative stress in culture, ev-
idenced by enhanced 8-OH-2'-dG formation in control em-
bryos, may overwhelm the DNA repair capacity and/or di-
rectly inhibit repair processes, precluding the repair of
phenytoin-initiated DNA oxidation.

Even when phenytoin was washed out after 4 hr, neither
the level of 8-OH-2'-dG nor embryotoxicity 20 hr later was
reduced (Figs. 4 and 5), which raises several interesting
possibilities. Perhaps the most interesting is that the irre-
versible molecular damage initiated by phenytoin occurs very
early and continued exposure is teratologically irrelevant.
The fact that removal of phenytoin from the culture medium
after 4 hr did not reduce phenytoin-initiated embryotoxicity
supports the teratological importance of early, irreversible,
DNA damage by reactive intermediates. This concept de-
serves further study, both to elucidate critical molecular
mechanisms of teratogenesis and to provide the potential for
more definitive therapeutic interventions. Alternatively, it is
known that a teratogenic dose of phenytoin inhibits DNA
synthesis in murine embryos (33), which may be related to
phenytoin-initiated DNA oxidation. It is possible that pheny-
toin may damage the DNA that codes for repair enzymes,
which would compromise embryonic DNA repair. If so, then

this effect is not evident in vivo, where embryonic DNA
repair in the continued presence of phenytoin was not mea-
surably affected (9). If DNA repair is inhibited directly or
indirectly by phenytoin, it is possible that embryos incubated
for a period longer than the additional 20 hr, or embryos at a
later gestational age, may have increased activities of DNA
repair enzymes and thus decreased levels of 8-OH-2'-dG.
Finally, although the persistent levels of 8-OH-2'-dG after
phenytoin wash-out may have been due to residual phenytoin
within the embryos, this concentration would be relatively
low after an initial concentration equivalent to a concentra-
tion in the maternal therapeutic range.

To investigate the role of phenytoin-initiated formation of
reactive oxygen species (Fig. 2) and their involvement in the
subsequent oxidation of DNA, forming 8-OH-2'-dG, the pro-
tective effects of the antioxidative enzymes SOD and catalase
were evaluated. In these studies, both SOD and catalase
dramatically decreased the formation of 8-OH-2'-dG to base-
line levels observed in 0-hr embryos (Fig. 6). SOD, catalase,
and GSH peroxidase are present in murine embryos at day
9.5, which is within the period of organogenesis; however, the
activities of these enzymes are substantially lower than those
observed later, near the end of gestation (days 18-19) (34).
Addition of SOD and catalase also significantly reduced phe-
nytoin-initiated embryotoxicity (Fig. 7), supporting a role for
reactive oxygen species in phenytoin teratogenesis. Although
in vivo studies show that protection by SOD depends on the
encapsulation of SOD by liposomes, free SOD does prevent
acetaminophen-induced cell death in cultured hepatocytes
(37). Likewise, it has been shown that free SOD does pene-
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trate cells, although at a slower rate than liposomally encap-
sulated SOD (38). The cytoprotection afforded by antioxida-
tive enzymes in embryo culture provides strong evidence that
reactive oxygen species play a major role in phenytoin-initi-
ated DNA oxidation and teratogenesis.

Agents that inhibit phenytoin teratogenicity in vivo have
been shown to inhibit phenytoin-initiated DNA oxidation in
vivo and in vitro (9). These agents include the PHS inhibitor
acetylsalicylic acid and the free radical spin-trapping agent
a-phenyl-N-¢t-butylnitrone. Furthermore, the abilities of phe-
nytoin and structurally related teratogens to oxidize DNA in
an in vitro, peroxidase-dependent, bioactivating system cor-
relate well with their potencies as in vivo murine teratogens
(9). Finally, p53-deficient mice, which have low DNA repair
capabilities, are more susceptible to phenytoin teratogenicity
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(14). However, although these observations have led to our
recent focus upon DNA as a teratologically critical molecular
target, both arylation and oxidation of proteins (8, 10, 39, 40)
and lipids (8, 10) also have been demonstrated with pheny-
toin, and the teratological relevance of these molecular le-
sions has yet to be established.

The virtual elimination by SOD and catalase of 8-OH-
2'-dG formation in control embryos also provides some in-
sight into the biochemical events occurring during dissection,
staging, and culturing of untreated embryos (Fig. 5). The
significant base-line elevation in embryonic 8-OH-2'-dG lev-
els occurs within 2 hr, indicating early endogenous oxidative
stress from reactive oxygen species, as evidenced by the
inhibition by antioxidative enzymes. This level of oxidative
stress and DNA oxidation in untreated cultured embryos
may be within physiologically tolerable limits, because in our
experiments SOD and catalase produced no improvement in
anterior neuropore closure, turning, crown-rump length, or
somite development. Although yolk sac diameter appeared to
be slightly reduced by oxidative stress, as evidenced by a
small but significant improvement with the addition of SOD
or catalase, this did not appear to adversely affect the embryo
itself. Other studies also have found that embryos in culture
generally develop comparably to in vivo controls (19, 25),
although Goto et al. (41) observed an increase in in vitro
embryonic development when mouse embryos were cultured
in medium containing SOD. These results demonstrating
cytoprotection with SOD and catalase, although the first in
embryo culture, are similar to those obtained in other biolog-
ical systems, such as the decrease in 12-O-tetrade-
canoylphorbol-13-acetate-initiated 8-OH-2'-dG formation in
intact granulocytes after exogenous addition of SOD and
catalase (17). Given their remarkable efficacy in preventing
DNA oxidation in embryo culture, the potential use of exog-
enous antioxidative enzymes as a therapeutic intervention in
animal models of chemical teratogenesis merits further
study.

In summary, these studies provide the first direct evidence
that a concentration of phenytoin within the therapeutic
range in maternal plasma can be embryonically bioactivated
in sufficient amounts to initiate substantial DNA oxidation.
The protection afforded by SOD and catalase supports the
involvement of a reactive free radical intermediate and reac-
tive oxygen species in the molecular mechanism of phenytoin
teratogenesis. The role of reactive oxygen species in chemical
teratogenesis and the potential therapeutic implications of
antioxidative enzymes merit further study.

References

1. Wells, P. G. Biochemical determinants of chemical teratogenesis: studies
with phenytoin, benzolalpyrene and related xenobiotics, in Teratogens:
Chemicals Which Cause Birth Defects (V. Kolb, ed.), Ed. 2. Elsevier Science
Publishers, Amsterdam, 40-63 (1993).

2. Hanson, J. W., and D. W. Smith. The fetal hydantoin syndrome. Teratology
88:349-353 (1975).

3. Scolnik, D., I. Nulman, J. Rovet, D. Gladstone, D. Czuchta, A. Gardner, R.
Gladstone, P. Ashby, R. Weksberg, T. Einarson, and G. Koren. Neurode-
velopment of children in utero to phenytoin and carbamazepine
monotherapy. JAMA 271:767-770 (1994).

4. Hansen, D. K. The embryotoxicity of phenytoin: an update on possible
mechansims. Proc. Soc. Exp. Biol. Med. 197:361-368 (1991).

5. Juchau, M. R., Q. P. Lee, and A. G. Fantel. Xenobiotic biotransformation/
bioactivation in organogenesis-stage conceptal tissues: implications for
embryotoxicity and teratogenesis. Drug Metab. Rev. 24:196-238 (1992).

6. Kubow, S., and P. G. Wells. In vitro bioactivation of phenytoin to a reactive
free radical intermediate by prostaglandin synthetase, horseradish perox-
idase, and thyroid peroxidase. Mol. Pharmacol. 35:504—-511 (1989).

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

120  Winn and Wells

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

24.

Yu, W. K, and P. G. Wells. Evidence for lipoxygenase-catalyzed bioacti-
vation of phenytoin to a teratogenic reactive intermediate: in vitro studies
using linoleic acid-dependent soybean lipoxygenase, and in vivo studies
using pregnant CD-1 mice. Toxicol. Appl. Pharmacol. 181:1-12 (1995).

. Liu, L., and P. G. Wells. In vivo phenytoin-initiated oxidative damage to

proteins and lipids in murine hepatic and embryonic tissue organelles:
potential molecular targets of chemical teratogenesis. Toxicol. Appl. Phar-
macol. 136:247-255 (1994).

. Liu, L., and P. G. Wells. DNA oxidation as a potential molecular mecha-

nism mediating drug-induced birth defects: phenytoin and structurally
related teratogens initiate the formation of 8-hydroxy-2'-deoxyguanosine
in vitro and in vivo in murine maternal hepatic and embryonic tissues.
Free Rad. Biol. Med. (in press).
Liu, L., and P. G. Wells. Potential molecular targets mediating chemical
teratogenesis: in vitro peroxidase-catalyzed phenytoin bioactivation and
oxidative damage to proteins and lipids in murine maternal hepatic mi-
crosomes and embryonic 9000 g supernatant. Toxicol. Appl. Pharmacol. (in
press).
Halliwell, B., and J. M. C. Gutteridge. Protection against oxidants in
biological systems: the superoxide theory of oxygen toxicity, in Free Rad-
icals in Biology and Medicine (B. Halliwell and J. M. C. Gutteridge, eds.).
Oxford University Press, London, 86-187 (1989).
Wink, D. A., R. W. Nims, J. E. Saavedra, W. E. Utermahlen, Jr., and P. C.
Ford. The Fenton oxidation mechanism: reactivities of biologically rele-
vant substrates with two oxidizing intermediates differ from those pre-
dicted for the hydroxyl radical. Proc. Natl. Acad. Sci. USA 91:6604-6608
(1994).
Slngenaga, M. K, and B. N. Ames. Assays for 8-hydroxy-2’'-deox-
yguanosine: a biomarker of in vivo oxidative DNA damage. Free Radical
Biol. Med. 10:211-216 (1991).
Laposa, R. R., and P. G. Wells. Preliminary evaluation of phenytoin ter-
atogenicity in transgenic mice deficient in the p53 tumor suppressor gene.
Toxicologist 16:161 (1995).
Nicol, C. J., M. L. Harrison, R. R. Laposa, I. L. Gimelshtein, and P. G.
Wells. A teratologic suppressor role for p53 in benzo{alpyrene-treated
transgenic p53-deficient mice. Nature Genet. 10:181-187 (1995).
Kasai, H., P. F. Crain, Y. Kuchino, S. Nulnmum,A.Ootsuyama,andH
Tanooka. Formation of 8-hydroxyguanine moiety in cellular DNA by
agents producing radicals and evidence for its repair. Carcinogen-
esis (Lond.) 7:1849-1851 (1986).
Floyd, R. A., J. J. Watson, J. Harris, M. West, and P. K. Wong. Formation
of 8-hydroxydeoxyguanosine, hydroxyl free radical adduct of DNA, in
granulocym expooed to the tumor promoter tetradeconylphorbolacetate.
Biophys. Res. C: 187:841-846 (1986).
Floyd R. A The role of 8-hydroxyguanine in carcinogenesis. Carcinogen-
esis (Lond.) 11:1447-1450 (1990).
Fantel, A. G. Culture of whole rodent embryos in teratogen screening.
Teratog. Carcinog. Mutagen. 3:231-234 (1982).
Kasai, H., and 8. Nishimura. Hydroxylation of deoxyguanosine at the C-8
position by ascorbic acid and other reducing agents. Nucleic Acids Res.
18:2137-2145 (1984).
New, D. A. T. Whole embryo culture and the study of mammalian embryos
during organogenesis. Biol. Rev. 53:81-122 (1978).

. Moore, K. L. Formation of the trilaminar embryo, in The Developing

Human (M. Wonsiewicz, ed.). W. B. Saunders, Philadelphia, 40-64 (1988).

. Vorhees, C. V. Fetal hydantoin syndrome in rats: dose-effect relationships

of prenatal phenytoin on postnatal development and behavior. Teratology
85:287-308 (1987).

Gupta, R. C. Nonrandom binding of the carcinogen N-hydroxy-2-
acetlyfluorene to repetitive sequences of rat liver DNA in vivo. Proc. Natl.
Acad. Sci. USA 81:6943-6947 (1984).

. Miranda, A. F., M. J. Wiley, and P. G. Wells. Evidence for embryonic

peroxidase-catalyzed bioactivation and glutathione-dependent cytoprotec-
tion in phenytoin teratogenicity: modulation by eicosatetraynoic acid and

27.

81.

387.

39.

41.

42.

buthionine sulfoximine in murine embryo culture. Toxicol. Appl. Pharma-
col. 134:230-241 (1994).

. Mitchell, M. D., S. P. Brennecke, S. P. Saed, and D. M. Strickland. Arachi-

donic acid metabolism in the fetus and neonate, in Biological Protection
with Prostaglandins (M. M. Cohen, ed.). CRC Press, Boca Raton, FL,
27-44 (1985).

Datta, K., and A. P. Kulkarni. Oxidative metabolism of aflatoxin B, by
lipoxygenase purified from human term placenta and intrauterine concep-
tal tissues. Teratology 50:311-317 (1984).

. Richter, C., J. W. Park, and B. N Ames. Normal oxidative damage to

mitochondrial and nuclear DNA is extensive. Proc. Natl. Acad. Sci. USA
85:6465-6467 (1988).

. Kim, P. M., and P. G. Wells. Salicylate hydroxylation as an in vivo probe

for hydroxyl radical formation in CD-1 mice: relevance to phenytoin ter-
atogenicity. Toxicologist 18:253 (1993).

Cheng, K. C., D. S. Cahill, H. Kasai, S. Nishimura, and L. A. Loeb.
8-Hydroxyguanine, an abundant form of oxidative DNA damage, causes
G—T and A—C substitutions. J. Biol. Chem. 367:166-172 (1992).
Dizdaroglu, M., and D. Bergtold. Characterization of free radical-induced
base damage in DNA at biologically relevant levels. Anal. Biochem. 156:
182-188 (1986).

. Chung, M. H,, H. Kasai, D. S. Jones, H. Inoue, H. Ishirawa, E. Ohtsuka,

and S. Nishimura. An endonuclease activity of Escherichia coli that spe-
cifically removes 8-hydroxyguanine residues from DNA. Mutat. Res. 284:
1-12 (1991).

. Dillio, C., G. Del Boccio, E. Casalone, A. Aceto, and P. Sacchetta. Activities

of enzymes associated with the metabolism of glutathione in fetal rat liver
and placenta. Biol. Neonate 49:96-101 (1986).

. El-Hage, S., and 8. M. Singh. Temporal expression of genes encoding free

radical- metabolizing enzymes is associated with higher mRNA levels
during in utero development in mice. Dev. Genet. 11:148-159 (1990).

. Serafini, M. T., L. I. Arola, and A. Romeu. Glutathione and related enzyme

activity in the 11-day rat embryo, placenta and perinatal rat liver. Biol.
Neonate 60:236-242 (1991).

. Hicks, H. E., P. M. Spalding, and A. J. Banes. The water, DNA, collagen

andmneoﬂagenpmtmneonten&membryoonﬁcrmmﬂadmmstn
tion of a teratogenic dose of phenytoin. Toxicol. Lett. 35:41-46 (1985).

Kyle, M. E,, S. Miccadei, D. Nakae, and J. L. Farber. Superoxide dismutase
and catalase protect cultured hepatocytes from the icity of acet-
aminophen. Biochem. Biophys. Res. Commun. 196:1129-1137 (1987).

. Michelson, A. M., and K. Puget. Cell penetration by exogenous superoxide

dismutase. Acta Physiol. Scand. Suppl. 493:67-80 (1980).

Martz, F., C. Failinger ITI, and D. A. Blake. Correlation between embryo-
pathic effect and covalent binding of putative arene oxide metabolite in
gestational tissue. J. Pharmacol. Exp. Ther. 208:231-239 (1977).

. Roy, D., and W. R. Snodgrass. Covalent binding of phenytoin to protein

mdmoduhﬁonofdiphmlhydanﬁuinmehbolimbythichinNJmn
liver microsomes. J. Pharmacol. Exp. Ther. 353:895-900 (1990).

Goto, Y., Y. Noda, K. Narimoto, Y. Umaoka, and T. Mori. Effects of oxygen
tonatyonwlydevelopmentofmo\-eembryos Mol. Reprod. Dev. 81:
28-33 (1992).

Winn, L. M., and P. G. Wells. Phenytoin-initiated DNA oxidation in mu-
rine embryo culture, and cytoprotection by the antioxidative enzymes
superoxide dismutase and catalase: Evidence for reactive oxygen species-
mediated DNA oxidation in the molecular mechanism of phenytoin terato-
genicity. Toxicologist 16:276 (1996).

. Winn, L. M., and P. G. Wells. Embryoprotective role of superoxide dis-

mutase: Reduction in phenytoin-initiated embryotoxicity in murine em-
bryo culture by superoxide dismutase. Teratology 51:201 (1995).

Send

t requests to: Peter G. Wells, Faculty of Phnrmacy University

reprin
of Toronto, 19 Russell St., Toronto, Ontario, M5S 282, Canada

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/



