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AsTRACT  The primary recognized health risk
from common deficiencies in glucose-6-phosphate
dehydrogenase (G6PD), a cytoprotective enzyme for
oxidative stress, is red blood cell hemolysis. Here we
show that litters from untreated pregnant mutant
mice with a hereditary G6PD deficiency had in-
creased prenatal (fetal resorptions) and postnatal
death, When treated with the anticonvulsant drug
phenytoin, a human teratogen that is commonly used
in pregnant women and causes embryonic oxidative
stress, G6PD-deficient dams had higher embryonic
DNA oxidation and more fetal death and birth
defects. The reported G6PD gene mutation was
confirmed and used to genotype fetal resorptions,
which were primarily G6PD deficient. This is the first
evidence that G6PD is a developmentally critical
cytoprotective enzyme for both endogenous and
xenobiotic-initiated embryopathic oxidative stress
and DNA damage. G6PD deficiencies accordingly
may have a broader biological relevance as important
determinants of infertility, in utero and postnatal
death, and teratogenesis.—Nicol, C. J., Zielenski, J.,
Tsui, L-C., Wells, P. G. An embryoprotective role
for glucose-G-phosphate dehydrogenase in develop-
mental oxidative stress and chemical teratogenesis.
FASEB . 14, 111-127 (2000)
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GLUCOSE-6~-PHOSPHATE 1-DEHYDROGENASE (G6PD)
(EC 1.1.1.49) 1s the first and rate-limiting enzyme
in the hexose monophosphate shunt (HMS) path-
way, important for its role in the regeneration of
the reduced form of nicotinamide adenine dinu-
cleotide phosphate (NADPH) and the production
of nbose (1, 2). During cellular oxidative stress,
whether endogenous in ongin or initiated by
drugs or environmental chemicals, collectively re-
ferred to as xenobiotics, NADPH is cntical for
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maintaining “glutathione (GSH) in its reduced
form, which is essenual for detoxification of reac-
tive free radicals and lipid hydroperoxides (3-5)
(Fig, 1). Another important role for NADPH is the
maintenance of the catalytic activity of catalase
(6-8); hence, NADPH also is important for its role
mn the detoxification of hydrogen peroxide. The
production of ribose by the HMS 1s relevant to the
synthesis of nucleotides used in RNA and DNA
replication and, hence, cell division and possibly
DNA repair (2, 9). The gene for G6PD, containing
13 exons, has been localized to the X chromosome
(Xq28), and the coding sequence has been re-
ported for a number of species including mice,
rats, Drosophila, yeast, and humans (10, 11). He-
reditary deficiencies in G6PD, first 1denufied in
the late 1950s based on studies of differential
susceptibility to the hemolytic effects of prima-
quine (12), are the most common enzymopathy
known, affecting well over 400 million people
worldwide, and particularly those from the Med:-
terranean region and selected African and Asian
countries, wherein the incidence of G6PD defi-
ciency may approach 60% of some populations
(2). The degree of G6PD deficiency varies from
negligible to severe, according to both whether
one or two alleles are affected and the nature of
the gene mutation and protein/enzyme variant
(1). To date, 100 human genetic mutations involy-
ing the 12 coding exons, and up to 400 enzyme
variants, have been described (10, 13-15). Hema-
tological problems arising in these G6PD-deficient
populations from exposure to oxidizing xenobiot-
ics have been well characterized, ranging from
hemolysis of red blood cells and hereditary non-
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Figure 1. Postulated embryoprotective role of glucose-6-phosphate dehydrogenase (G6PD). Toxic reactive oxygen species (ROS)
such as hprd hydroperoxides (LOOH) and hydrogen peroxide (H,0,) are formed endogenously and can be substantially
enhanced by xenobiotic bioactivation catalyzed by the cytochromes P450 (P450s), peroxidases such as prostaglandin H synthase
(PHS), and wia reactions catalyzed by related enzymes such as ipoxygenases (LPOs) The detoxification of ROS by glutathione
(GSH) peroxidase requires the cofactor GSH, which 1s oxidized to 1ts disulfide, GSSG The chemical reduction of GSSG and
mamntenance of adequate GSH for ROS detoxification, as well as for the detoxification of free radical intermediates, ulumately
1s dependent on NADPH supphied by G6PD In addition, G6PD-dependent production of NADPH may be mportant in
maintaiming the actvity of catalase, which also detoxifies HyO, (37)

spherocytic hemolytic anemia to sepsis and life-
threatening kernicterus in the newborn (9, 16).
It currently is believed that G6PD deficiencies
constitute a problem only for mature red blood
cells, which are non-nucleated and cannot synthe-
size more protective enzyme under conditions of
oxidative stress (9, 13). However, embryonic tis-
sues up to and including the critical period of
organogenesis are remarkably deficient in the
synthesis of many enzymes, including most of
those prowiding cytoprotection against oxidative
stress, such as GSH reductase, GSH peroxidase,
superoxide dismutase, and catalase (4, 17). On the
other hand, elevated G6PD activity during embry-
omc development corresponds to periods of both
increased cellular proliferation and DNA synthesis
(18, 19), suggesung that G6PD activity may be
important for normal development. Accordingly,
we hypothesized that G6PD-deficient embryos
would be highly susceptible to normal develop-
mental oxidative stress, and even more 5o to that
wnitiated by oxidizing xenobiotics (Fig. 1). This
hypothesis was tested in pregnant mutant C3H
mice with heterozygous (+/—) or homozygous

(—/~) deficiencies in G6PD activity, compared
with congenic G6PD-normal controls (+/+).
Dams either were allowed to deliver untreated or
were treated during organogenesis with cither the
most commonly used anticonvulsant drug in North
America, phenytoin {Dhlantin}, a human terato-
gen that 1s representative of xenobiotics known to
initiate embryonic oxidative stress (20) or its vehi-
cle. To determine the cytoprotective role of GGPD
with respect to xenobiotic-initiated embryonic
DNA damage, after maternal treatment with phe-
nytoin dunng organogenesis, mndividual embryos
were analyzed for both G6PD activity and DNA
oxidation. The recently reported functional muta-
tion 1n the mouse G6PD gene (21) was confirmed
by a combination of direct sequencing and the
development of a polymerase chain reaction
(PCR)-based genotyping method, which was used
to determine the frequency of the G6PD-deficient
genotype in the remnants (resorptions) of em-
bryos that died i utero. The results provide the
first direct evidence of a critical embryoprotective
role for G6PD in both endogenous and xenobiotic-
initiated oxidative stress and DNA damage.
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MATERIALS AND METHODS

Chemicals

Phenytomn (sodium salt) was purchased from Sigma Chemical
{St. Lows, Mo ). Camnoy's solution was made from 100% abso-
jute ethanol, chloroform, and glacial acetc and (631, v/v/v)
(Sigma). BioRad protein assay dye reagent concentrate was
purchased from BioRad Laboratones (Hercules, Calif), and
Albumin Concentrate (source: Bovine Serum) protein assay
standard was purchased from Prerce (Rockford, Ii ).

Animals

Breeding pairs of G6PD-mutant C3H mice were purchased
from the Medical Research Counal (MRC) of England
(Genetics Division, MRC Radiobiology Unit, Chilton, UK).
Same-sex animals were housed not more than three to one
microisolator cage contaimng ground corncob bedding (Beta
Chip, Northeastern Products, Warrensburg, N.Y) and were
mamtained in a temperature<ontrolled animal facihty with a
12 h hght/dark cycle. Food (Laboratory Rodent Chow 5001;
PMI Feeds, St. Louis, Mo ) and tap water were provided ad
Listum. The genotype of all animals was confirmed phenotyp-
ically by analysis of RBC G6PD acuwity. To estabhish a breed-
ing colony, three females were housed overmight with one
male breeder starting at 500 pM Females were checked by
900 aM the next morming, and the presence of a vagial
plug was designated as gestaonal day (GD) 1 Pregnant
females were placed m therr own microisolator cages and
allowed to deliver spontancously, with an average gestation of
20.5 days The number of pups was recorded daily, and the
pups were left with their mothers unul weaning, 21 days after
birth. The number and sex of weaned pups were recorded
Pups were ear-notched for idenuficauon and phenotyped by
G6PD actvity using tail vem blood.

Teratogenesis

Homozygous (+/+) G6PD-normal and heterozygous (+/~)
and homozygous (—/~) G6PD-deficient females were mated
with males that were hemuzygous (—/y) G6PD-deficient as
described above. Dams were either untreated, treated intra-
pentoneally at 900 A M on GDs 12 and 13 with vehicle alone
or treated with a subteratogenic (20 mg/kg) or teratogenic
dose {65 mg/kg) of phenytom in sahine contaming 0 002N
NaOH (17) and killed by cervical dislocation on GD 19 The
uterus was extenorized, inplantatons (fetuses and resorp-
tions/ mn utero deaths) were noted, and fetuses and dissectable
resorptions were removed Fetuses were examined to deter-
mine sex, weight, and external anomahes Viable fetuses were
kept warm under a heat lamp (30°C) for 2 h to assess
postpartum lethality Fetuses subsequently were bled by de
capitation and phenotyped for RBC GEPD actmty Resorp-
tions and fetal tails were stored at ~80°C for future study
Pinpotnt resorptions were noted and left in the uterus, which
was stored, similar to fetal heads and bodies, 1n Carnoy’s
solution for future analysis. Fetuses were later examined for
internal anomalies.

G6PD gene sequencing

RNA was isolated and punfied from +/+ G6PD-normal and
—/— GBPD-deficient mouse spleen samples using a Qiagen
RNeasy total RNA punfication kit (Qragen, Chatsworth,
Cahf ) according to the manufacturer’s mstructions. Punfied
RNA was subsequently converted to cDNA using a Gibeo BRL
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Superscript Preamplification System for First Strand ¢<DNA
Synthesis (Gibco BRL [Canada), Burlington, Ontario) with
oligo dT pnmers according to the manufacturer’s instruc-
vons using a Perkin Elmer GeneAmp PCR System 2400
thermal cycler (Perkin-Elmer [Canada), Mississauga, On-
tano). Ohgonucleotide primers for PCR reactuons were syn-
thesized based on previously reported C57BL/6 mouse G6PD
¢DNA sequences {11), cDNA coding for GEPD was subse-
quently amplified using the PCR. Amplified cDNA templates
were subsequently used for direct cycle sequencing using a
Thermo Sequenase radiolabeled terminator cycle sequencing
kit (Amersham [Canada], Oakwille, Ontario) according to the
manufacturer’s instructions, where sequencing pnmers for
both sense and antisense strands, designed to produce over-
lapping sequences, were based on the published normal
G6PD mouse cDNA sequence (11). Samples were run on
standard 6% polyacrylamide gels and exposed overmght
prior to developmg film. Data for G6PD mutant mouse
intronic regions were sequenced from genomic mouse DNA
samples denved from tail smups

G6PD genotyping

DNA was isolated from late-stage (dissectable) fetal resorp-
tions by the method of Gupta (22), G6PD mouse PCR pnmers
(sense. GGAAACTGGCTGTGCGCTAC, antisense
TCAGCTCCGGCTCTCTTCTG) were made between exon 1
and intron 1, around the reported mutauon site (21) PCR
conditions on a Perkin Elmer 9600 thermal cycler (Perkin-
Elmer [Canada)) were 94°C for 2 min, 20 s at 94°C, 20 s at
58°C, and 30 s at 72°C for a total of 35 cycles, with 2 5 min
extension at 72°C and kept at 4°C unul ready for digestion.
PCR products were digested using Ddel restnicuon enzyme
(Gibeo BRL) at 37°C for 1 h and run on 3% agarose gels to
determine G6PD genotype,

G6PD phenotyping

G6PD actiity was measured in RBCs, whole embryo homog-
enates, and the 9,000 g supernatant from homogenized
maternal organs using a standard reagent kit purchased from
Sigma. Acuvities were measured over a 5 min interval at 37°C
on a UV/wis spectrophotometer (model Lambda 3, Perkin-
Elmer [Canada]) using a computer-assisted kinetic program.
All results were standardized with respect to total proten
content and reported in International Units per gram of
protem (U/g) G6PD normal control standards (Sigma) were
run concurrently with samples

DNA oxidation

Females were mated as in the teratological studies. Dams were
killed 6 b after maternal treatment with phenytoin (65 mg/kg
1p) on GD 13 The uterus was exterionzed, and embryos
were removed and homogemzed separately, Once GO6PD
actvity was measured, DNA was 1solated from the remaimnder
of the indmdual whole embryo homogenates by the method
of Gupta (22), as modified 1n Winn and Wells (20) Embry-
onic DNA oxidation was measured by the method of Shi
genaga and Ames (23), using high-performance liquid chro-
matography with electrochemical detection of 8-hydroxy-2'-
deoxyguanosine (8-OH-2-dG}

Protein concentration assay

Protein content was analyzed using the standard Bio-Rad
protocol (Bio-Rad, Hercules, Calif ), as detected by spectro-
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photometric absorbance at 595 nm, using bovine serum
albumin concentrate as a standard.

Statistical analysis

Binomial data were analyzed using x* analysis or Fisher's exact
test where appropnate Continuous data were analyzed using a
two-way analysis of vanance (ANOVA) and the Student-New
man-Keuls test. The level of sigmificance was P < 005.

RESULTS
Characterization of phenotype

Figure 2 presents differences in red blood cell (RBC)
G6PD activities among G6PD mutant adult progeni-
tor mice (3 months of age, from our colony), with
hemizygous (~/y), heterozygous (+/-), and ho-
mozygous (—/—) mutants having 21, 53, and 17%,
respectively, of normal RBC G6PD activity. Pheno-
typing of congenic G6PD normal and mutant anj-
mals was based on our progenitor RBC G6PD activ-
ities (see Fig. 2) and corroborated by comparisons
with expected outcomes, from both parental matings
and neonatal sex, given that the G6PD mutation is
inhented via the X chromosome.

Untreated mice

In untreated dams allowed to deliver spontaneously,
compared with congenic +/+ G6PD-normal con-
trols, htter sizes for —/~ G6PD-deficient animals
were 50% smaller at birth (Fig. 3, upper panel)
(P<0.05). Subsequently, by the ume of weamng,
litter sizes were 90% smaller, and the incidence of

MUTANT MOUSE G6FD ACTIVITY
GSPD Phenatype, v

Horoorygous Females l—.
NORMAL gl o
Hemizpgous Males, }-—-uw

JHeterozygous Females (5%

DEFICIENT Homozygous Femates 48)

Hemirygous Males {44)

0 10 20 30 40
GLUCOSE-6PHOSPHATE DEEYDROGENASE ACTIVITY
{U per gram RBC protein, niean + SD)

Figure 2. Characterization of G6PD phenotype Red blood
cell (RBC) GBPD actmties among congemc adult progemtors
(3 months of age, from our colony) for homozygous (+/+)
and hemizygous G6PD-normal {+/y), and heterozygous (+/
=), homozygous (~/-}, and hemizygous {—/y) G6PD mu-
tant mice are presented. The total number of mice from a
particular phenotype 15 given m parentheses Adult GEPD
acuvities were used 1n subsequent studhes to assess embryonic
and maternal G6PD phenotype.

UNTREATED

15
o LITTER SIZE AT BIRTH
‘E 12 L-{{n) = Litters E
g2 11) ®
;'i’ ot (] I -
g 15
286 L
2%, I
& I |
-
0
~ PREWEANING DEATH
& 100 1| (n) = Pups
=~ 80}
&
:
'l
[}
d .

Normal Deficient
MATERNAL G6PD PHENOTYPE

Figure 3. Spontaneous embryopathies 1n untreated G6PD-
deficient and G6PD-normal dams Pregnant heterozygous
(+/-) and homozygous (~/~} G6PD-deficent dams, and
homozygous (+/+) G6PD-normals, were allowed to delwver
spontaneously, and hitter sizes were determined on the day of
birth and 21 days later at the ume of weaning Uhper panel,
hitter size at birth The total number of htters from a gwven
maternal phenotype 15 given in parentheses The asterisk
mdicates a difference from +/+ G6PD-normal controls
(P<005) Lower panel, incidence of preweaming death of pups
born Ive and dying before weamng The total number of
viable pups for a gnen maternal phenotype 15 given
parentheses. The asterisk indicates a difference from G6PD-
normal controls (P<0 0001)

preweaning offspring death was threefold higher for
untreated ~/~G6PD-deficient dams compared with
+/+ G6PD-normal controls (P<0.0001) (Fig. 3,
lower panel).

Vehicle control mice

Homozygous GEPD-normal (+/+) and heterozy-
gous (+/-) and homozygous (~/~)} G6PD-defi-
cient mice were njected intraperitoneally on GD 12
and 13 with the saline/NaOH vehicle for phenytoin
and killed on GD 19. Compared with +/+ G6PD-
normal dams, +/~ and -/~ G6PD-deficient dams
had 6 and 7-fold increases, respectively, mn fetal
resorptions (in ufero deaths) (P<0.0001), 6 and
11-fold increases, respectively, in postpartum lethal-
ity (P<00001), and 7 and 16% decreases, respec-
uvely, 1n fetal body weight (P<0.05) (Fig. 4).
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Figure 4. Embryopathies in treated normal and G6PD-defi-
cient mice by maternal phenotype Dams were treated mtra-
pentoneally (ip ) on gestatonal days (GDs) 12 and 13 with
either phenytoin or 1ts vehicle and killed on GD 19. Upper
panel, fetal resorpuons (1m utero deaths) were calculated by
dmiding the total number of resorptions by the total number
of ymplantanons (resorptions plus fetuses) for a particular
maternal phenotype. The total number of implantations 1s
gven m parentheses. Middle panel, postpartum lethahty was
calculated by dmding the total number of fetuses born live
and dymng within 2 h by the total number of viable fetuses for
a given maternal phenotype The total number of viable
fetuses is given in parentheses, Lower panel for mean fetal
weights, the total number of viable fetuses for a gven
maternal phenotype 15 given 1 parentheses Astenisks indr
cate a difference from respective +/+ G6PD-normal controls
(P<0 002), § mducates a difference from vehicle controls of
the same phenotype (P<0.05), and 1 indicates a difference
from respecuve phenytomn (20 mg/kg) groups of the same
phenotype (P<005).

With respect to embryonic phenotype, compared
with +/y G6PD-normal fetuses, independent of sex,
+/~ and —/~ and —/y G6PD-deficient fetuses had
enhanced postpartum lethality, following a gene-
dose pattern with 0% in +/y G6PD-normal fetuses,
10% in +/— G6PD-deficient fetuses, and 50% mn
combined —/~ and —/y G6PD-deficient fetuses
(P<0.0001). A similar gene-dose pattern was ob-
served with fetal body weight, which, compared with
+/y G6PD-normal fetuses, was decreased by 6% in
fetuses with a mutation in one GEPD allele (+/~)
and by 18% in fetuses with a mutation in all alleles
{~/= and -/y) (P<0.05) (Fig. 5) Furthermore,
the mean weight of fetuses with a mutauon in all
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G6PD alleles (—/— and —/y) was 13% lower than
that of fetuses with a mutation in one allele (+/-)
(P<0.05).

Phenytoin-treated mice

With respect to maternal phenotype, compared with
vehicle-treated controls of the same phenotype, a
standard teratogenic dose of phenytoin (65 mg/kg)
enhanced fetal resorptions twofold in both +/—~ and
-/~ G6PDdeficient dams (P<0.05), and in +/—
G6PD-deficient dams, enhanced postpartum lethal-
ity threefold and decreased fetal weight by 27%

|POSTPARTUM LETHALITY ‘

Deficient
EMBRYONIC G6PD PHENOTYPE

Normal*

Figure 5. Embryonic DNA oxidation and embryopathies for
treated G6PD-deficient mice analyzed by embryonic pheno-
type Fetuses from dams descnbed in Fig, 4 were phenotyped
by RBC G6PD actmty. Homozygous female (—/-) and
hemizygous male (~ /y) G6PD-deficient fetuses with all alleles
mutated were identically affected, and these data were com-
bined in this and all subsequent analyses The total number of
viable fetuses for a particular phenotype is given in parenthe-
ses, Upper panel, postpartum lethality was calculated as de-
scnibed in Fig 4. Upper panel inset, embryonic DNA oxtdation
as a reflection of oxidatve stress and DNA damage in GD 13
embryos exposed 6 h before to phenytomn, 65 mg/kg i p. The
total number of embryos from each group s given n paren-
theses, and the astenisk mdicates a difference from G6PD-
normal littermates (P<0 03). Normal whole embryo G6PD
actwity was defined as =25 U/g proten. Lower panel, mean
fetal body weights. Astensks indicate a difference from respec-
uve G6PD-normal groups (P<005), § indicates a difference
from vehicle controls from the same phenotype (P<0 05),
and t indicates a difference from respective +/— G6PD-
deficient fetal groups (P<0 05). a indicates that +/+ G6PD-
normal fetuses are not achievable with —/y male breeders.
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(P<0.05) (Fig. 4). Among phenytoin-treated dams
(65 mg/kg), compared with +/+ GO6PD-normal
controls, in both +/~ and -/~ G6PD-deficient
dams respectively, the incidence of fetal resorptions
was enhanced 4.8- and 5.5fold (P<0.0003), the
incidence of postpartum lethality was enhanced 16.6-
and 15.4fold (P<0.002), and fetal weight was de-
creased by 18-29% (P<0.05) (Fig 4).

With a lower dose of phenytoin (20 mg/kg) that is
nonteratogenic in other strains (4, 5) as well as the wild
type of this G6PD mutant, all embryopathies in phenyt-
oin-treated +/— and —/— G6PD-deficient dams were
mereased above the values observed in phenytoin-
treated +/+ G6PD-normal controls (P<0.05). How-
ever, when analyzed by maternal phenotype, unlike
embryonic phenotype (see below), these values were
only different from vehicle controls of the same mater-
nal phenotype among +/+ dams (Fig 4).

Embryonic phenotype

With respect to embryonic phenotype, the higher
dose of phenytoin (656 mg/kg) caused a 2.4fold
increase in embryonic DNA oxidaton 1 G6PD-
defictent fetuses compared to G6PD-normal htter-
mates (P<0.03) (Fig. 5, upper panel, mnset), and a
decrease in fetal body weight in all phenotypes, with
the weight loss being progressively worse with one or
two mutated G6PD alleles (Fig 5, lower panel).
Thus, compared to vehicle controls of the same
phenotype, the phenytoin-iniuated decrease mn fetal
weight was 5% i +/y G6PD-normal fetuses, 95%
mn +/— G6PD-deficient fetuses, and 9% in —/— and
~/y G6PD-deficient fetuses (P<0.05). The high dose
of phenytoin also appeared to enhance postpartum
lethality in all G6PD-deficient fetuses, although these
differences were not statistically significant (Fig, 5,
upper panel).

Among only those fetuses exposed to phenytoin
(65 mg/kg), compared with +/y G6PD-normal fe-
tuses, which had no postpartum lethality, phenytoin-
imtiated postpartum lethality and decreased fetal
body weight were substantially worse in +/- G6PD-
deficient fetuses, and even more som —/~ and —/y
G6PD-deficient fetuses (P<0 05) (Fig. 5). Thus, post-
partum lethality initated by phenytoin (65 mg/kg)
was increased 2.9fold in —~/— and —/y fetuses
compared with +/— fetuses, which in turn were
substantially more affected than +/y G6PD-normal
fetuses (25 vs. 0%) (P<0.05). Simularly, with pheny-
toin-exposed fetuses, the mean weight of combined
=/~ and ~/y fetuses was decreased by 12.9% com-
pared with +/ - fetuses, which in turn had weights
10.5% lower than those in +/y G6PD-normal fetuses
(P<0.05). There were no apparent gender differ-
ences 1n teratological susceptibility (data not
shown).

Similar to the effects seen among +/+ dams for
mean fetal body weight, when the data were analyzed
by embryonic phenotype, there was evidence for an
embryopathic effect of the lower dose of phenytoin
(20 mg/kg). This pattern was observed for both
enhanced postpartum lethality and decreased fetal
body weight but was statistically significant only for
the latter in +/— G6PD-deficient embryos (P<0.05)
(Fig. 5).

Teratological syndrome

Viable fetuses from the teratological studies were
examined in a blinded fashion for both external and
internal anomalies (Fig. 6). These structural anom-
alies, collectively referred to here as a syndrome,
included cleft palate, club foot, dilated bladder,
dilated cerebral ventricles, ectopic kidney, hema-
toma, microcephaly, micrognathia, omphalocele,
open eye, red nevus, and underdeveloped renal
papilla. A gene-dose response was observed in both
vehicle- and phenytoin-treated groups, and a drug-
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Figure 6. Teratological syndrome in treated G6PD-deficient
mice by embryomic and maternal phenotype These data were
obtained from the dams descnibed in Fig 4 treated with
phenytomn or its vehicle Visible anomalies, collecuvely re-
ferred to as a syndrome, mncluded cleft palate, club foot,
dilated bladder, dilated cerebral ventricle, ectopic kidney,
hematoma, microcephaly, micrognathia, omphalocele, open
eye, red nevus, and underdeveloped renal papilla The sever-
ity of the teratological syndrome was caleulated as the total
number of anomalies for a given phenotype dmided by the
total number of fetuses for that phenotype, The total number
of fetuses for a parucular phenotypic group 15 given in
parentheses Inset, teratological syndrome by maternal phe-
notype Astensks indicate a difference from respective G6PD-
normal groups (P<0 05), § indicates a difference from vehr-
cle controls from the same phenotype (P<005), and t
indicates a difference from respectve +/~ G6PD-deficient
groups (P<0.05)
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dose response was observed in phenytoin-treated
animals. This pattern was observed by both embry-
onic (Fig. 6) and maternal (Fig. 6, inset) phenotype,
but was most clearly defined by embryonic pheno-
type. Data for —/~(female) and ~/y (male} G6PD-
deficient fetuses were analyzed independently and
found to be identical, hence these two phenotypes
with all alleles mutated were combined for all final
analyses.

For fetuses exposed only to vehicle, anomalies in
—/— and —/y G6PD-deficient fetuses were over
twofold higher than in either +/— G6PD-deficient
or +/y G6PD-normal fetuses (P<0.05) (Fig. 6). A
similar twofold enhancement was observed by mater-
nal phenotype, but was not statistically significant
(Fig. 6, inset).

For fetuses exposed to the highest dose of phenyt-
oin (65 mg/kg), compared with +/y G6PD-normal
fetuses, anomalies were increased 2.5fold mn +/—
G6PD-deficient fetuses and 4.5fold (P<0.05) in
—/— and —/y G6PD-deficient fetuses (Fig. 6). For
all G6PD-deficient fetuses, this enhancement also
was observed relative to vehicle controls of the same
phenotype (P<0.05). The higher dose of phenytoin
produced more anomalies than the lower dose (20
mg/kg) in —/~ and—/y G6PD-deficient fetuses
(P<0.05). With the lower phenytomn dose, compared
with +/y G6PD-normal phenytoin-treated controls,
anomalies were not increased in +/— fetuses, but
were ncreased almost twofold i ~/~ and —/y
fetuses (P<0.05). When compared irrespective of
embryonic phenotype, the lower dose of phenytoin
caused a 1.6-fold increase in anomalies compared
with vehicle controls (P<0.05).

By maternal phenotype, a similar pattern of phe-
nytoin-enhanced anomalies was observed, except
that +/— G6PD-deficient dams were as susceptible
as —/ = dams, and even the lower dose of phenytoin
was teratogenic. The lower phenytom dose caused
over a threefold, albeit nonsigmificant, increase in
anomalies in +/~ G6PD-deficient dams compared
with +/+ G6PD-normal phenytoin-treated dams
and a significant fourfold increase when compared
with pooled +/+ and +/— vehicle controls
(P<005) (Fig. 6, inset). With the higher dose of
phenytoin compared with respecuve vehicle con-
trols, there was a fivefold increase in anomalies
in +/— G6PD-deficient dams (P<0.05). A similar
but lower twofold enhancement was observed in
—/— 6PD-deficient dams because of the 2 6-fold
increase in anomalies 1n the vehicle controls for this
phenotype. When combined, +/~ and ~/~ G6PD-
deficient dams treated with the higher dose of
phenytoin had over fourfold more anomalies than
respecuve phenytom-treated +/+ G6PD-normal
dams (P<0.05). Similarly, combined +/~ and ~/~
G6PD-deficient dams treated with either a high or

low dose of phenytoin had three- and twofold more
anomalies, respectively, compared with their com-
bined vehicle controls (P<0.05). The higher dose of
phenytoin was more teratogenic than the lower dose,
but unlike by embryonic phenotype, the difference
by maternal phenotype was statistically significant
only when the data for +/~ and -/~ G6PD phe-
notypes were combined (P<0.05).

In G6PD-normal animals, phenytoin in either dose
did not increase fetal anomalies compared with
vehicle controls in either +/y fetuses (Fig. 6) or
+/+ dams (Fig. 6, inset).

Mutational analysis and genotyping for late in utero
embryonic death

We were able to confirm the reported mutation (21)
causing the heritable decrease in G6PD activity in
our strain of mutant mice. This involved direct
sequencing of not only the full-length mutant mouse
¢DNA, which includes the 5’ and 3’ untranslated
regions and the entire coding region for the G6PD
protein, but also 6 of the 12 intromic G6PD genomic
DNA regions, including introns 4, 6, 7, and 10-12.
Apart from the reported functional mutation in our
C3H mutant mouse strain, we found a single silent A
to C mutation, located at base 718 of the mouse
¢DNA sequence. This silent mutation differs from
the reported C57 mouse strain cDNA (11) and
corresponds to the human DNA sequence at base
15861 (24), maintaining the amino acid sequence
code of GGC for glycine,

We also noted that the single functional point
mutation, an A to T transversion in the 5’ untrans-
lated region of the gene at the penultimate base of
the 3’ end of exon 1, results in the destruction of a
Ddd restriction enzyme site in the mutant allele. We
used this information to develop a genotyping assay
to characterize the functional G6PD mutation in the
remnants of dissectable fetal resorptions from our
teratological studies (Fig. 7). In short, we designed a
pair of PCR primers around the mutation site, based
on the known sequence of the G6PD gene, expected
to produce a PCR fragment from mouse genomic
DNA of 269 base pairs (bp) in length. For normal
mice, subsequent digestion of PCR products with the
Ddd restriction enzyme would produce two cleaved
fragments of 214 bp and 55 bp, whereas mice with
mutations in all GEPD alleles would not show a
change in fragment size, and heterozygotes were
expected to show all three fragments All three bands
were initially observed, as expected, by polyacryl-
amide gel electrophoresis (PAGE) analysis, but sub-
sequent analysis of samples was performed using
agarose gel electrophoresis, in which the 55 bp
fragment did not resolve from the leading xylene
cyanole band of the loading buffer (Fig. 7).
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Figure 7. G6PD mutant mouse genotyping assay. PCR-based, Ddd digest genotyping assay of dams and late-stage (dissectable)
embryomc resorptions (i ufero deaths), iilustrating wild-type (+/+ or +/y), heterozygous (+/-) and homozygous {~/-) or
hemizygous (—/y) G6PD-deficient mutant mice genotypes. PCR primers were designed to generate 2 269 bp product, which on
digesuon with Ddd would produce fragments of 214 bp and 55 bp 1n +/+ or +/y G6PD-normal mice, no change in molecular
size m ~ /= or —/y mutant G6PD-deficient mice, and all three fragments in +/~ mutant G6PD-deficient mice Lanes 1 and
13 represent 123 bp ladder molecular weight controls. Lanes 2 to 7 represent PCR reaction products of phenotypically
characterized maternal and uncharacterized embryonic resorption DNA or a water control Lanes 8 to 12 represent Ddel digest
products of maternal and embryonic resorption PCR products histed above. The embryonic resorptions illustrated were obtamed
from G6PD-dams confirmed to have a genotype different from that of the respecuve resorption.

Based on an approach previously established in
our laboratory (25), these studies allowed us to
determine the potential protective role of G6PD with
respect to tn utero fetal death (Fig. 8). Among the
dissectable fetal resorptions reflecung 1 utero death
late in gestation, compared with +/y G6PD-normal
fetuses, G6PD-deficient fetuses with a mutation in
either one (+/-) or all (—/— and —/y) G6PD
alleles had over six- and fivefold increases, respec-
tively, in i utero deaths when compared mdepen-
dent of treatment (P<0.0001} (Fig 8). When ana-
lyzed by treatment, compared with the +/y G6PD-
normal embryonic genotype, the nadence of late
fetal resorptions was substantially ncreased to ap-
proximately the same extent in all G6PD-deficient
embryomc genotypes by both vehicle and phenytoin
treatments (P<0 03), although the difference was
staustically margnal in vehicle-exposed +/— fetuses
(P<0.06) (Fig. 8, nset).

Early in utero embryonic death

In dams treated with phenytoin, there also were a
substantial number of pinpoint resorptions that
were too small to dissect, reflecting i utero embry-
onic death early in gestation (Fig. 9). This early
embryonic death, which was both G6PD gene dose-
and phenytoin dose-related, occurred postimplan-
tation, as the number of implantations did not
differ among the maternal phenotypes. The num-
ber of implantations (mean % sp), rrespective of
treatment, was 9.79 +/—~ 085 for +/+ G6PD-
normal dams vs. 8 13 * 3.20 for * and 8.82 + 3.57
for —/~ G6PD-deficient dams. In +/— and -/~
G6PD-deficient dams, both the low dose (20 mg/
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kg) and the high dose (656 mg/kg) of phenytoin
substantially enhanced the incidence of pinpoint
resorptions to a similar extent compared with
respective vehicle controls, which had no such
early resorptions in any treatment group (P<001)
(Fig. 9). With the high dose of phenytoin, the
incidence of early embryonic death was enhanced
three- and fivefold (£<0.02), respectively, in +/—
and —~/~ GEPD-deficient dams compared with
+/+ G6PD-normal dams, and the incidence was
1 6-fold higher in —/— dams compared with +/—
dams (P<0.03). A remarkably 1dentical pattern of
maternal phenotypic susceptibility to, and magni-
tude of, early embryonic death was observed with
the low dose of phenytoin (P<0 01), although the
enhancement in +/~ dams was statistically mar-
ginal (P<0.07).

Embryonic and maternal G6PD activities

On GD 13, within the peniod of organogenesis,
whole embryo G6PD activity was 43% lower in G6PD-
deficient embryos compared with G6PD-normal hit-
termates (Fig. 10) In this case, G6PD-deficient em-
bryos mcluded +/—, —/y, and —/— genotypes,
because these studies preceded the establishment of
our genotyping technique. At the end of gestation,
on day 19, G6PD activity in normal fetuses was lower
than that during organogenesis and remained at this
same lower level at the ume of weaning (Fig. 10) and
into adulthood (see Fig 2). A sumilar pattern was
observed in G6PD-deficient fetuses, whereby com-
pared with GD 13 whole embryo activity, RBC activity
on day 19 among combined fetuses with a mutation
in one or all G6PD alleles had declmed by 64%
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Figure 8. Effect of embryonic G6PD genotype on the inadence of late 1 uters death These data are from the animals descnbed
m Fig. 4 Late resorptions were the remnants of fetuses that died m utero sufficiently late 1 gestation that a dissectable mass
remained For a particular embryomic genotype, incidence was calculated by dwding the number of typeable resorptions for a
given genotype, independent of treatment, by the total number of implantations (fetuses and resorpuons) for that embryomc
genotype The number of implantanions for a particular embryonic genotype is given in parentheses Astensks mdicate a
difference from respective +/y G6PD-normal controls (P<00001). Inset, the indmidual late-stage embryomic resorption
genotypes for each treatment group Inaidences for a particular genotype were calculated by dmding the number of typeable
resorptions for a given treatment group by the total number of dissectable resorptions for that respecuve treatment group The
number of dissectable resorptions mn each treatment group is given in parentheses Astensks indicate a difference from
respective +/y G6PD-normal controls (P<0 05) andicates a marginal difference from respective +/y G6PD-normal controls
(P<0.06).

(P<005), and simlar patterns were evident for
other organs and blood.

(P<0.05) and remained constant thereafter On day
19, compared with +/+ G6PD-normal littermates,
RBC GSPD actvity in +/— GB6PD-deficient fetuses
was 48% of normal (P<0.05) and 1n ~/y and ~/~
G6PD-deficient fetuses was 18% of normal (P<0.05).
This pattern and the respective RBC activities re-
mained similar at weaning, 58 and 19%, respectively,
of normat (P<0.05) (Fig. 10).

DISCUSSION

Toxicologic implications of GPD deficiency

The relative distribuuon of G6PD activities in
different organs was similar for all phenotypes, with
up to an 1lfold difference between the highest
(spleen) and the lowest (heart) activities (Fig. 11). In
spleen, compared with +/+ G6PD-normal dams,
G6PD activities in +/— and —/— G6PD-deficient
dams were 79 and 27%, respecuvely, of normal

It 15 widely believed that serious health risks from
hereditary G6PD deficiencies are limited primanly to
mature red blood cells, which lack a nucleus and are
unable to synthesize more protecuve enzyme under
conditions of oxidative stress With respect to G6PD
deficiency and newborns, RBC hemolysis is known to
result in hyperferremia and hyperbilirubinemia
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Figure 9, Effect of maternal G6PD phenotype on early m utero
embryomc death. These data are from the ammals descnbed
in Fig 4 Early resorptions were the remnants of embryos that
died sufficiently early in gestation that the remaining mass of
ussue was not rehably dissectable from the uterus For a
particular treatment group, incidence was calculated by di-
widing the number of early-stage fetal resorptions by the total
number of resorptions (early- plus late-stage) for the respec-
tve maternal phenotype. The total number of resorptions for
a particular group 15 given 1n parentheses. Asterisks indicate a
difference  from respecuve +/+ G6PD-normal groups
{P<003), § a difference from the vehicle control of the same
phenotype (P<001), and t a difference from the respec-
uve +/— G6PD-deficent group (P<003) g mdicates a
marginal difference from the vehicle control of the same
phenotype (P<007)

(jaundice) leading to increased sepsis and/or poten-
tially life-threatening kernicterus, an encephalopa-
thy caused by excessive bilirubin in the brain (9, 16,
26). However, most embryonic tissues n utero are
known to synthesize only low Jevels of most enzymes
involved 1n the detoxification of xenobiotic reactive
intermediates and reactive oxygen species (ROS),
particularly up to the end of organogeness, the
critical period of teratological suscepubility (4, 17).
On the other hand, elevated G6PD activity during
embryonic development corresponds to periods of
both increased cellular proliferation and DNA syn-
thesis (18, 19), suggesting that G6PD acuvity may be
important for normal development. Indeed several
groups have shown peak G6PD activities i various
nonmurine whole embryos and their organs occur
during the early stages of development and subse-
quently decline to adult levels near the end of
gestation (18, 27-29). These results correspond to
our own and are suggestive of the critical importance
of G6PD during embryonic development Moreover,
similar to avian species, which have nucleated RBCs
(30, 31), samples from human maternal circulauon
found the amount of nucleated fetal RBCs per 40 ml

of blood increased as gestation progressed, from
0.1% at 6 wk to 1% at term (32); the latter is
comparable to the proportion of reticulocytes
among all cells in normal human adult blood (33). If
this increased percentage of nucleated RBCs occurs
similarly within the fetus, then this may assist in
providing protection for a normal developing fetus
at a particular gestational age because of the ability
to synthesize more G6PD enzyme under conditions
of oxidative stress. However, although chickens have
nucleated RBCs, they are still susceptible to phenyt-
oin teratogenests (34). We accordingly hypothesized
that G6PD-deficient embryos would be unable to
mount an adequate antioxidative response to normal
developmental oxidative stress, as well as that initi-
ated by xenobiotics, and hence be highly suscepuble
to ROS$-mediated damage (Fig 1). .

In our mutant C3H mouse model, RBC G6PD
activities at weaning of heterozygous (+/-) and
homozygous (—/—) G6PD-deficient females and
hemizygous (~/y) GO6PD-deficient males were 56,
16, and 21% , respectively, of the activity in congenic
wild-type G6PD-normal female (+/+) and male
(+/y) mice, similar to previously reported respective
activities of 60, 15, and 20% (35). More importantly,
during the period of organogenesis, while normal
embryonic G6PD activity was 1.6fold higher than
RBC actwity at weaning, G6PD-deficient embryos
had <58% of the actiity in G6PD-normal htter-

80
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Figure 10. G6PD actmty in mutant mice at vanous stages of
development post fertilization The data for GD 13 embryos
was obtaned before our development of a genotyping assay,
hence, for this group, the + /- G6PD-deficient embryos were
not disungwshable from the ~/~ and —/y G6PD-deficient
embryos The embryome GEPD-deficient phenotype was
based on both an actvity <25 U/g protem and the expected
genotype as determined from maternal and paternal matings

Mice were weaned 21 days after birth Astensks mdicate a
difference from GD 13 G6PD-deficient embryos (P<( 05), §
indicates a difference from the respective G6PD-normal con-
trols (P<0 05), and 1 indicates a difference from the respec-
tve +/— GSPD-deficient group (P<005) The number of
mice 15 given 1n parentheses
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Figure 11. Maternal G6PD actmity in various organs from
normal and GEPD-deficient mice Note the differences in
scale of the y axes for each phenotype Organs were obtained
from dams killed on GD 19 for the teratological studies
descnbed m Fig 4 The number of animals 15 given
parentheses Astensks indicate a difference from the same
organ in +/+ G6PD-normal dams, and 1 indicates a differ-
ence from the same organ n +/~ G6PD-deficient dams
(P<005).

mates, potentially leaving the G6PD-deficient em-
bryos more susceptible to embryopathic oxidative
stress G6PD acuvities likely were substantally lower
in —/— and —/y than +/~ G6PD-deficient em-
bryos, but these studies were performed before the
development of our genotyping assay, precluding
subclassification by embryonic genotype. However,
relative differences can be inferred from fetal G6PD
activities on GD 19 when, compared with +/y G6PD-
normal littermates, +/— G6PD-deficient fetuses had
only 48% of normal fetal acuvity, and fetuses with all
alleles mutated, (—/~ and ~/y) had only 18% of
normal activity. The observed enhanced susceptibil-
ity of G6PD-deficient mice to the embryopathic
effects of both normal developmental oxidative
stress, and even more 5o to that imtiated by the
ROS-initiating anticonvulsant drug phenytoin, indi-
cates that G6PD is a cnitical embryoprotective en-
zyme. Embryonic DNA oxidation and a broad spec-
trum of apparent ROSmediated embryopathies
were enhanced in G6PD-deficient animals, including
fetal resorptions (in utero death), postpartum and
preweaning lethahty, decreased fetal body weight,
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and a syndrome of structural anomalies, including
open eye, facial, renal, bladder, and cerebral ventric-
ular defects. This C3H-derived mutant strain, similar
to previous findings using inbred C3H mice (36), is
resistant to one of the hallmarks of phenytoin ter-
atogenicity, cleft palates. Although the number of
fetuses affected was too small for statistical analysis, it
was interesting that cleft palates were observed only
in G6PD-deficient fetuses treated either with vehicle
(1 out of 50 +/— fetuses and 1 out of 15 ~/y
fetuses) or phenytomn (65 mg/kg) (1 outof 28 +/—
fetuses). The enhanced suscepubility of G6PD-defi-
cient animals also corroborates other enidence indr-
cating the importance of oxidative stress in the
molecular mechanism of phenytoin teratogenesis
(37) and further suggests that, contrary to the appar-
ent safety of oxidizing drugs like phenytoin in adult
G6PD-deficient patients (9), embryos in general, and
G6PD-deficient embryos in particular, may be at
serious risk.

Normal developmental oxidative stress and
teratogenesis

In untreated mice allowed to deliver spontaneously
in the breeding colony, the decreased hitter size at
birth, and increased preweaning death in homozy-
gous {—/—) G6PD-deficient dams (Fig. 3) provides
the first direct evidence that 2 physiological level of
endogenous oxidative stress during development
can be embryopathic and may contribute substan-
tially to both apparent infertlity and postnatal death,
In addition, this is the first direct evidence that G6PD
15 a crniucal embryoprotecuve enzyme for normal
development.

In vehicle-treated mice killed just before the time
of delivery and examined more comprehensively, a
striking, broader spectrum of increased embryopa-
thies, including fetal resorptions, postpartum lethal-
ity, decreased fetal weaght, and a syndrome of tera-
tological anomalies, was observed in G6PD-deficient
animals (Figs. 4-6), suggesting an extensive embryo-
pathic potential for developmental levels of ROS
production and a broad embryoprotective role for
G6PD. Given that no pinpoint resorptions reflecting
early in utero death were observed 1n vehicle controls,
and there were no differences in the number of
implantations among all groups, it appears that the
apparent infertility in G6PD-deficient animals is be-
cause of postmplantational, relauvely late in utero
death. The obligatory role of ROS in the mechanism
of vehicle-initiated embryopathies 1s suggested by the
observation that these effects were found only in
G6PD-deficient dams and fetuses. By both maternal
and embryonic genotype, all developmental param-
eters for vehicle-treated G6PD-normal animals were
comparable to the normal range for extensive con-
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trol groups from other murine strains studied in our
laboratory (17). Previous in vive studies in our labo-
ratory also have shown that the vehicle does not
measurably enhance oxidative stress and hydroxyl
radical formaton (38), indicating that the observed
embryopathies in vehicle-treated controls are the
result of normal developmental oxidative stress. For
many embryopathies (fetal resorptions, postpartum
lethality, decreased fetal weight), increased suscepti-
bility was as greatn +/~ asin —/— G5PD-deficient
dams, indicating a potentially widespread develop-
mental relevance of G6PD deficiencies. By embry-
onic phenotype, the substantially increased seventy
of vehicle-imtiated embryopathies (Fig 5), including
teratologic anomales (Fig. 6), in G6PD-deficient
fetuses provided direct and proximal endence that
G6PD-deficient fetuses are exquisitely susceptible to
developmental oxidative stress. While —/~ and — /y
G6PD-deficient fetuses were most adversely affected
for several embryopathies, there was enidence of a
gene-dose effect, wherein +/— fetuses also had
significantly decreased body weight and appeared to
be at increased risk of postpartum lethality com-
pared with +/y G6PD-normal fetuses. The signifi-
cant intermediary embryopathic nsk for +/~ dams
and fetuses 1s consistent with their intermediate
deficiency in G6PD acuvity.

Using direct sequencng in the mutant C3H
model, we did not find any functional mutations m
either the enure coding region or the 3’ untrans-
lated region of the cDNA, nor 1 at least 6 of the 12
intronic regions of genomic DNA We did find a
strain difference between our C3H mutant mouse
strain and the reported C57 mouse ¢DNA (11) at
base 718; however, this sequence alteration does not
change the amino acid code for glycine at this
position and as such is not expected to have any
effect on G6PD activity At that time, the functional
mutation was published, 1dentifying a single point
mutation, an A to T transversion, in the 5 untrans-
lated region of the gene at the penultmate base of
the 3’ end of exon 1 (21). We confirmed this
mutation and then developed a genotyping assay
that allowed us to determine the G6PD genotype n
the dissectable remnants (resorptons) of embryos
that died wm utero (Fig. 7), as we previously had
successfully used in characterizing the role of p53 as
a teratological suppressor gene (25). This approach
is apphcable to embryos that die later in gestation
leaving a sufficient amount of tissue to be reliably
dissectable without maternal tissue contamination,
In vehicle-exposed embryos, the threefold greater
incidence of resorptions for —/~ and ~/y G6PD-
deficient fetuses compared with +/y G6PD-normal
httermates (Fig. 8, inset) shows directly that normal
developmental oxidative stress can play a major role
mn 1 utero death, with G6PD serving as a critical

N

embryoprotective pathway. Remarkably, a similar
threefold increase in fetal resorptions was observed
even in +/~ G6PD-deficient embryos, although this
apparent enhancement was only marginally signifi-
cant (P<006). However, the incidence of these
resorptions appeared to be at a maximal level that
was not further enhanced by phenytoin, and when
the data were analyzed independent of treatment,
heterozygous G6PD-deficient embryos were as sus-
ceptible as embryos with mutations 1n all G6PD
alleles, demonstrating a highly sigmficant sixfold
increase over G6PD-normal littermates (Fig. 8) and
ndicaung a potentially broad population at nisk.

Embryos dying early in gestation were observed as
nondissectable pinpoint resorptions, however this
earlier embryopathy was not observed with vehicle-
exposed embryos of any genotype, suggesting that
the rate as well as the extent of embryolethality
initated by developmental oxidative stress are less
than that initiated by xenobiotics. As well, the extent
of this early embryopathy, especially in G6PD-defi-
cent dams, likely contributed to the apparent lack of
a xenobiouc-initated effect among resorptions oc-
curnng later in gestation. In general, the develop-
mental risk in G6PD-deficient heterozygotes, in some
cases equivalent to that for dams and fetuses with
mutations 1n all G6PD alleles, reveals a potentially
substanual clinical nsk from G6PD deficiencies un-
der condiuons of normal developmental oxidative
stress

Xenobiotic-initiated oxidative stress and
teratogenesis

Phenytoin and related proteratogens, including the
sedauve drug thalidomide, are bioactvated by em-
bryonic prostaglandin H synthases, lipoxygenases,
and related enzymes to 2 free radical intermedsate,
which causes embryonic oxidatve stress, hydroxyl
radical formation, and oxidative damage to DNA and
other cellular macromolecules m embryonic tissues
(4, 17, 37, 39, 40). Thus, the dose-dependent in-
crease in embryopathies caused by phenytomn by
both maternal and embryonic analyses, together
with the enhanced suscepubility of G6PD-deficient
dams and embryos compared with vehicle controls
(Figs. 4-6, 8) and the enhanced phenytoin-initated
DNA oxidation in G6PD-deficient embryos (Fig 5,
inset), provide the first direct evidence that G6PD is
a major embryoprotective enzyme for xenobiotic-
imtiated oxidauve stress and embryonic macromo-
lecular target damage. The suscepublity of heterozy-
gous (+/—) GEPD-deficient amimals to phenytoin
embryopathies was particularly remarkable, gener-
ally exhibiting a risk intermediate, if not equal, to
that of homozygous (~/~) and hemizygous (—/y)
G6PD-deficient dams and fetuses, depending on the
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parameter. This pattern differed somewhat only with
in utero death, wherein the incidence of early but not
late fetal resorptions was enhanced over vehicle
controls (Figs. 8, 9), although both types of m utero
death were substantially enhanced in G6PD-deficient
embryos, and the risk in heterozygotes was similar to
that for homozygous and hemizygous G6PD-defi-
cient embryos. To an extent greater than that i the
vehicle controls, the embryopathic susceptibility of
even heterozygous G6PD-deficient dams and em-
bryos to phenytoin suggests that G6PD deficiencies
may have broad developmental relevance for expo-
sures to drugs and environmental chemicals like
phenytoin that initiate oxidative stress

With the lower, 20 mg/kg dose of phenytoin, the
enhanced embryopathies (decreased fetal body
weight, early resorptions, teratological anomahes)
compared with vehicle controls was remarkable, as
this is <40% of a threshold teratogenic dose (55
mg/kg) in normal mice (17). For some embryopa-
thies (e g., early resorptions, teratological anoma-
lies), a maximal response was achieved with the
lower 20 mg/kg dose in both +/— and —/— and
—/y G6PD-deficient hittermates. These results dem-
onstrate that G6PD-deficient animals are exception-
ally susceptible to the embryopathic effects of xeno-
biotic-initiated oxidative stress,

By both maternal and embryome analysis, the
dose-dependent increase in most embryopathies,
including teratological anomalies, produced n
G6PD-deficient animals by phenytoin compared with
vehicle controls, corroborates the role of oxidative
stress 1n the molecular mechanism of phenytoin
teratogeness. The enhanced embryonic DNA oxida-
tion observed in phenytomn-exposed G6PD-deficient
embryos further suggests that oxidative damage to
embryonic cellular macromolecules may play a prox-
imate role in embryopathic initiation. These results
implicating reactive oxygen species and oxidative
damage to embryonic cellular macromolecules in
the mechanism of phenytoin teratogenicity are con-
sistent with other munne studies in vivo, 1n embryo
culture, and n vitro demonstrating phenytomn-initi-
ated formation of reactive oxygen species, oxidauve
damage to embryonic cellular macromolecules, and
a protective role for antioxidants (vitamin E, caffeic
acid, glutathione) and other anuoxidauve enzymes
such as glutathione reductase, glutathione peroxi-
dase, superoxide dismutase, and catalase (37, 41).
The embryopathic importance of enhanced DNA
oxidation in G6PD-deficient embryos 1s consistent
with previous studies of phenytomn and benzo-
[a]pyrene, another teratogen known to imuate em-
bryonic oxidative stress, wherein p53-deficient mice
with reduced DNA repair were shown to be more
susceptible to the embryopathic effects of these
xenobiotics (25, 42, 43).

It has been reported that under conditions of
oxidative stress, the increased expression of G6PD
activity is primarily a result of an increased rate of
transcription, with a minor contribution from post-
transcriptional modifications (44), possibly due to
posttranslational regulation of G6PD by small heat
shock proteins (45). Given the above evidence for
the involvement of reactive oxygen species in i utero
death and teratogenesis, it is likely that the biochem-
1wcal mechanmism underlying the embyroprotective
role of G6PD 1s its production of NADPH essential
for both glutathione reductase-dependent, and pos-
sibly catalase-dependent, detoxification of lipid hy-
droperoxides and hydrogen peroxide, rather than
G6PD-dependent pentose production. This is consis-
tent with a recent study of diamide-iniuated oxida-
uve stress, which identified the essential protective
role for G6PD as NADPH production, as disunct
from its dispensable role in pentose synthesis, deter-
mined by cloning efficiency of mouse embryonic
stem cells wheremn the G6PD gene was selectively
knocked out (46). A reduction in catalase function
may contribute to the enhanced teratologic suscep-
ubility observed with G6PD deficiencies, because
NADPH 1s known to maintain catalase actinty not
only by preventing the formauon of one of the
inactve states of the enzyme (compound II}, possibly
through electron tunneling between surface-bound
NADPH and the mternal heme group, but also by
reducing oxidized states and internal groups of
catalase distinct from compound II, possibly includ-
ing one of the actve states of the enzyme (com-
pound 1) (6~8). This mechanism also is consistent
with other studies demonstrating a protective effect
of catalase therapy against phenytoin teratogenicity
in embryo culture (20} and m viwo (41). Our results
also show that G6PD, as disunct from isoctrate
dehydrogenase and malic enzyme (47), provides the
major supply of embryonic NADPH dunng organo-
genesis, and alternative embryonic sources are inad-
equate in the face of hereditary G6PD deficiencies.

Epidemiological considerations

The observed decreased litter size at birth in untreated
—/— G6PD-deficient mice and, in vehicletreated
mice, the increased fetal resorptons in both +/- and
—/— G6PD-deficient dams, would present in humans
as an apparent decrease in fertity, Given that implan-
tations were not decreased in G6PD-deficient dams, the
decrease 1n viable offspring was because of posumplan-
tation embryolethality rather than increased oocyte loss
and/or increased premplantation embryonic death.
The gestational uming of susceptibility to oxidative
stress may be because of, at least in part, the change
from anaerobic to aerobic metabolism that begins after
mmplantaton, This change occurs as the mitochondrial
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electron transport system and associated enzymes start
to become functional and in rodents is complete with
the establishment of the allantoic circulation. For rat
embryos, this process starts between GD 10 and 11 and
ends by GD 125, with blood arculation through the
yolk sac and embryo by GD 11 (48-50). For mouse
embryos, this process may run from GD 6 to 9.5, with
allantoic arculation through the placenta by GD 9
(51-53). Although humans do not have a yolk sac
placenta, comparisons based on stage of development
and somite count between rat and human indicate that
GD 11 and 125 in the rat are equivalent to GD 28 and
37 in the human, after which ume the switch from
anaerobic to acrobic metabolsm should be complete
(48, 54).

Accordingly, it is not surprising that this posum-
plantation gestatonal period constitutes a critical
window of suscepubility to ROS-mediated lethahity
for G6PD-deficient embryos Indeed, +/- G6PD-
deficient embryos were as suscepible as their —/~
and ~/y G6PD-deficient littermates. In humans,
expected incidences for G6PD-deficient —~/y males
and -/~ females born among all G6PD-deficient
groups 1n Europe were 0.7 and 5 1%, respectively,
whereas the observed incidences of these groups
were only 03 and 2%, respectvely (2). In other
words, there were 57% fewer —/y G6PD-deficient
males and 61% fewer —/— GEPD-deficient females
born than expected. These lower birth incidences in
human G6PD-deficient populations imply a lower
survival rate than expected for embryos deficient in
G6PD, as was observed in our mouse model

To date, no major deletions or frameshifts within
G6PD have been idenufied. Most vaniants result from
pont mutatons or small intragenic deletions lead-
ing to a decrease of only one or two residues (14),
There are few published cases of herable mild
G6PD deficiencies 1 erythrocytes from other spe-
cies, specifically 1n a colony of rats (55) and in one
dog out of 3,300 screened (56). In both cases, the
mutation was not characterized, but difficulues in
maintaiming the rat colony because of increased
mortality and sterihity among the affected animals
suggests that a homozygous knockout of G6PD
would likely prove embryolethal. Similarly, there has
never been a reported case of a complete human
GO6PD deficiency (10).

Alimited number of recent human studies provide
indirect evidence of other areas where G6PD defi-
ciencies may be pathologically relevant GEPD 15
important for maintaining adequate concentrauons
of reduced glutathione, which 1s necessary for a
number of cytoprotective antioxidative activities, in-
cluding that of glutatione peroxidase (Fig, 1), Graf
et al. (57) found sigmificanty lower glutathione
peroxidase actinty among 37 children with the neu-
ral tube defect myelomeningocele, compared with

age-matched controls. Weber and colleagues (58)
reported intractable seizures, repeated infections,
and intolerance to anticonvulsants in four children
with glutathione peroxidase deficiencies, one of
whom also was G6PD deficient. These adverse out-
comes may have been because of granulocytopenia
and enhanced ROS-dependent signaling pathways,
respectively, both of which could result from oxida-
tive stress and inadequate protection from antioxi-
dative enzymes. This is consistent with results from a
rat model of human chronic posttraumatic epileptic
serzures, in which pretreatment with antioxidants
(alpha-tocopherol and selenium) protected agamnst a
spectrum of iron-induced peroxidative injuries, 1n-
cluding cawtation, neuronal loss, astroghosis, and
epileptiform discharges in rat isocortical regions,
suggesting that deficiencies in cytoprotection against
peroxidative injury may increase the risk of recurrent
epileptic seizures (59). Finally, a recent study found
increased levels of G6PD activity in several relevant
regions of Alzheimer’s brains compared with con-
trols, possibly reflective of increased levels of cere-
bral oxidative challenge (60, 61). In our mouse
model, normal adult brain G6PD activity was one of
the Jowest of all tissues exammed and was further
reduced by >21 and 72%, respecuvely, 1n +/— and
—/— G6PD-deficient animals (Fig. 11). If oxidauve
stress 15 involved in the mechanism of neurodegen-
erauve diseases (62, 63), then G6PD deficiencies may
contribute to enhanced susceptibility. These studres
are consistent with our observaton of enhanced
embryopathies in G6PD-deficient mice and suggest
the potenual for a broader range of pathological
suscepubilities with G6PD deficiencies that may be
further enhanced by exposure to xenobroucs hike
phenytoin that intbate oxidative stress.

The commonly postulated evolutionary pressure
for the widespread prevalence of G6PD deficiencies
15 their advantage in providing resistance to malana.
This view 15 supported by the almost complete over-
lap of regions of increased incidence of G6PD defi-
ciency with those of elevated incidence of malarial
infections (Z, 10) Recently, both heterozygous and
hemizygous G6PD-deficient people were confirmed
to be 46 and 58% more resistant, respectively, to
severe malarial infectuon (64). Malaria-infected nor-
mal RBCs demonstrate increased lipid peroxidauon
(65) presumably because of parasite-generated Hy,O,
(66) and decreased antioxidant levels, with no
change in G6PD actumity The authors concluded this
to be a possible defense mechamsm by which in-
fected host cells seek to produce and mamntan
unchecked oxidative stress to their advantage in a
self-sacrificing attempt to imut the spread of malanal
infection. As such, G6PD-deficient cells are more
sensitive to this increased oxidative damage (66),
which may help mediate their increased resistance to
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such infections, either by predisposing the cell to
premature destruction by the reticuloendothelial
system (67) or macrophage-initiated lysis (68)
and/or impaired growth of the parasite in G6PD-
deficient erythrocytes as suggested by in vitro studies
(69, 70), thus abolishing a suitable incubation envi-
ronment for parasite development. However, this
apparent selecuve advantage must be balanced by
equally disadvantageous selective pressures, not the
least of which include the developmental risks ob-
served 1 our mouse study and suggested in human
epidemiological studies discussed above. Develop-
mental risks may well be increasing as a result of
more frequent exposure to drugs and environmental
chemicals such as phenytoin that imuate oxidative
stress exquisitely toxic to G6PD-deficient embryos
Such factors may be contnibuting to the apparently
restricted increase in the prevalence of G6PD defi-
ciencies in malaria-infected regions (64).

CONCLUSIONS

Hereditary deficiencies in G6PD are widely thought
to pertain only to red blood cell hemolysis, with the
most severe outcome being neonatal kernicterus (9,
10, 26). Our results provide the first endence that
G6PD is a developmentally critical enzyme, protect-
ing the embryo from both endogenous and xenobi-
otcinitiated oxidauve stress and DNA damage that
produce a broad range of embryopathies, including
teratologic anomalies. The developmental nsk is
potentally substantial, given both the common mci-
dence of hereditary G6PD deficiencies and the sus-
ceptibility of even heterozygous G6PD-deficient ani-
mals.

The enhanced suscepubihty of G6PD-deficient em-
bryos to phenytoin corroborates other studies impli-
cating embryonic oxidative stress and DNA damage
in the molecular mechanism of embryopathies
caused by phenytoin and related teratogens (37).
G6PD deficiencies completely redefine thresholds
for teratologic susceptibility to xenobiotic exposure,
as evidenced by the enhanced suscepubility of even
heterozygous G6PD-deficient embryos to phenyton
embryopathies at a dose that is well below the
minimal teratogenic dose in G6PD-normal mice.
The developmental nisk from xenobioucs that 1niti-
ate oxidative stress appears to be considerably
greater than that ohserved in adults, because adult
patients with GE6PD deficiencies are reported to be
nonsusceptible to RBC hemolysis initiated by drugs
like phenytoin.

Prehminary reports of this work were presented at the 35th,
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