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ABSTRACT. Oxidative stress in the conceptus is characterized by an increased oxidized to reduced glutathione
(GSSG:GSH) ratio and the induction of fos and jun mRNAs, transcripts for components of the activator
protein-1 (AP-1) transcription factor. We investigated the role of glutathione homeostasis in the rat conceptus
in the regulation of: (1) AP-1 expression and activity, and (2) the activities of glutathione-dependent
cytoprotective enzymes. Glutathione content was enhanced with the addition of 1-2-oxothiazolidine-4-
carboxylate (OTC), a precursor of cysteine, a rate-limiting substrate in glutathione biosynthesis. Day 10 rat
conceptuses were cultured for 44 hr with 0, 5, 10, or 20 mM OTC. High concentrations (10 and 20 mM) of OTC
were embryotoxic. Incubation of the conceptus in 5 mM OTC caused mild (not statistically significant)
embryotoxicity, increased significantly the embryonic glutathione content, prevented culture-induced oxidative
stress, and inhibited the induction of AP-1 transcripts and DNA binding activity in the embryo. In contrast, in
the yolk sac, 5 mM OTC failed to increase glutathione content or to prevent oxidative stress or AP-1 induction.
Thus, regulation of glutathione status in the conceptus is tissue-specific. Glutathione S-transferase and
glutathione peroxidase activities were increased approximately 50% in cultured embryos and yolk sacs. OTC
treatment (5 mM) prevented this induction in the embryo, but not in the yolk sac, suggesting a role for
glutathione homeostasis in the regulation of these enzymes. Tissue-specific regulation of glutathione status and
of cytoprotective enzymes in the conceptus during organogenesis may impact on the consequences of insult with
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oxidative stress.
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The embryotoxicity of agents that induce oxidative stress or
deplete glutathione is well documented (reviewed in Ref.
1), although the associated gene changes are poorly under-
stood. In many models, exposure to reactive oxygen species
induces the mRNA expression and activity of AP-17, a
family of immediate-early transcription factors. The AP-1
transcription factors comprise the cellular proto-oncogene
products Fos—Jun hetero- or Jun—Jun homodimers (re-
viewed in Ref. 2). AP-1 members play important roles in
normal embryogenesis (reviewed in Ref. 2). In addition,
AP-1 may serve to activate the transcription of genes whose
products protect the embryo against insult. Short-term
changes in AP-1 expression and activity lead to long-term
cellular changes [3] that promote cell survival [4].

In a number of cell types, the steady-state concentrations
of fos and jun mRNAs increase significantly after treatment
with oxidizing agents [5-10], or chemicals that deplete
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glutathione [11]. AP-1 is induced in response to signals that
include carbon tetrachloride-induced hepatic metabolic
oxidative stress [12] and pro-oxidants, such as hydrogen
peroxide or diamide [13].

The whole rat embryo culture system is used widely to
test the effect of putative teratogens on embryos during
organogenesis [14]. There is a transient oxidative stress
response in the mid-organogenesis stage rat conceptus in
culture, as assessed by the presence of increased protein [15]
and DNA [16] oxidation products. Within the embryo, a
number of factors protect against reactive oxygen species,
including the tripeptide glutathione (L-y-glutamyl-L-cystei-
nylglycine) (reviewed in Ref. 1). Glutathione exists in
oxidized (GSSG) and reduced (GSH) forms, with GSH
predominating intracellularly as the most abundant non-
protein thiol. The GSSG:GSH ratio indicates, to a large
extent, cellular redox balance and serves as an important
measure of oxidative stress [17, 18]. The oxidative stress
response in the 8-10 somite rat embryo in culture is
characterized by a transient peak in the GSSG:GSH ratio
and by the induction of fos and jun mRNAs and AP-1
DNA binding activity [15]. Importantly, the addition of
antioxidants to the medium protects against the rise in the
GSSG:GSH ratio and inhibits the induction of both AP-1
mRNAs and DNA binding activity.
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The profile of the induction of AP-1, at the message and
protein levels, in response to pro-oxidant treatments, par-
allels very closely that for the induction of cytoprotective
genes such as glutathione S-transferases Y, [11] and Y, [19].
Because the genes for a number of these cytoprotective
enzymes contain upstream AP-1 or AP-1-like response
elements, increased AP-1 DNA binding activity and the
resultant gene transactivation may be involved in their
induction in the embryo. Significant increases in the
activities of the glutathione S-transferases and glutathione
peroxidases were reported in organogenesis-stage embryos
in culture [20]. An increase in the transcript for glutathione
S-transferase Y, was observed in the yolk sacs of cultured
embryos [21]. We hypothesize that these enzymes may be
induced by oxidative stress in the embryo culture system,
and that this induction may be dependent, at least partially,
on AP-1.

MATERIALS AND METHODS
Embryo Culture

Timed-gestation pregnant Sprague—Dawley rats (200-225
g) (Charles River Canada Ltd.) were housed in plastic cages
with hardwood chip bedding and maintained in a temper-
ature-controlled environment with a 12-hr light/dark cycle.
Food (Purina Rat Chow, PMI Feeds) and tap water were
provided ad lib. On the morning of day 10 of gestation (the
morning of sperm-positive vaginal smears was defined as
gestational day zero), embryos were explanted from the
dams and cultured according to the method of New [14], as
previously described [15]. The 6—10 somite stage concep-
tuses, surrounded by an intact yolk sac and ectoplacental
cone, were cultured for up to 44 hr at 37°. OTC (Sigma
Chemical Co.) was added to enhance glutathione biosyn-
thesis [22]. The ability of OTC to increase glutathione
content in the conceptus [23] was verified by culturing
embryos for 44 hr in medium containing 0, 5, 10, or 20 mM
OTC. Development was assessed using the Brown and
Fabro [24] morphological score. Exposure of embryos to 5
mM OTC did not significantly decrease the morphological
score compared with controls, and subsequent studies were
done with this concentration of OTC.

The embryos that were photographed were incubated
with acridine orange (ICN Pharmaceuticals Inc.) at the end
of the culture period. The protocol was similar to that
described by Zucker et al. [25] with the following modifi-
cations: fixation was for 3 hr in 2.5% glutaraldehyde,
incubation with acridine orange was for 4 min, and speci-
mens were washed six times with PBS to remove excess dye.
Photographs were taken using fluorescence microscopy
(Leitz Laborlux with an I5 Filter, Leica Canada Inc.). The
remaining conceptuses were rinsed three times in Hanks’
solution and separated for further analysis into embryo
proper and yolk sac; the yolk sac samples included the
ectoplacental cone.
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Glutathione Determinations

At the time of collection, embryos and yolk sacs were
sonicated with an ultrasonic processor (Sonics & Materials
Inc.) in 5-sulfosalicylic acid (5%, w/v), divided into two
aliquots, flash frozen in liquid N,, and stored at —80°.
Glutathione determinations were performed exactly as
previously described [15].

Western Blot Analysis

Samples were boiled for 5 min in sample loading buffer
(62.5 mM Tris—HCI, pH 6.8, 12% glycerol, 2% SDS, 5%
B-mercaptoethanol) and fractionated with 7.5% polyacryl-
amide gel electrophoresis as previously described [15]. The
proteins were transferred as previously described [15] to
Hybond-C Super supported nitrocellulose membranes, and
detected using enhanced chemiluminescence (both from
Amersham Canada Ltd.). All washes were performed ex-
actly as described by the manufacturer. To detect 5-oxo-
prolinase, blocking was performed for several hours on an
orbital shaker at room temperature with 5% skim milk
powder in PBS with 0.5% Tween 20 (PBS-T) at pH 7.5
(disodium hydrogen orthophosphate anhydrous, 80 mM;
sodium dihydrogen orthophosphate, 20 mM; NaCl, 100
mM). Then the membranes were incubated for 3 hr in 5%
blocker (as above) at room temperature with affinity
purified rabbit anti-rat, anti-5-oxoprolinase antibody (1:
50,000; a gift from G. Batist, Lady Davis Research Institute
[26]). For the detection of a-actin, membranes were
blocked first with 5% skim milk powder and 1% BSA
fraction V (Sigma) in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T) at pH 8 (NaCl, 137 mM; Tris base, 20
mM). Employing similar blocking conditions as just de-
scribed, the membrane was incubated for 2 hr at room
temperature with a rabbit antibody specific for a-actin
(1:2000; Zymed Inc.). Incubation with the secondary anti-
body (1:2500) was for 1 hr in 5% blocker in either PBS-T
(5-oxoprolinase) or TBS-T (a-actin). The membranes were
stripped as described by the manufacturer.

Northern Blot Analysis

Northern blot analysis and signal quantitation were done
exactly as previously described [15].

EMSA

Crude nuclear extracts were obtained as follows: tissues
were placed in buffer A [Tris, 10 mM, pH 8; MgCl,, 1.5
mM; KCI, 5 mM; DTT, 0.5 mM; Nonidet 40, 0.5%;
aprotinin, 1.5 pg/mL; bestatin, 40 wg/mL; leupeptin, 1
pg/mL; pepstatin, 1 wg/mL; phenylmethylsulfonyl fluoride
(PMSF), 0.5 mM; B-glycerophosphate, 8 mM; NaF, 0.4
mM; NaVO,, 0.4 mM] and distrupted on ice with an
ultrasonicator (3-mm probe at 30% output for 2 sec (Sonics
& Materials Inc.). Samples were left on ice for 10 min, then
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centrifuged for 15 min at 2000 g (Beckman Microfuge 12,
Beckman Instruments Canada Inc.). The pellet was gently
resuspended in buffer A and centrifuged for 10 min at 2000
g The supernatant was removed, and 20 uL of buffer B
(Tris, 20 mM, pH 8; glycerol, 25%; MgCl,, 1.5 mM; NaCl,
0.4 M; EDTA, 0.2 mM; DTT, 0.5 mM; aprotinin, 1.5
pg/mL; bestatin, 40 pwg/mL; leupeptin, 1 pwg/mL; pepstatin,
1 pwg/mL; PMSF, 0.5 mM; B-glycerophosphate, 8 mM; NaF,
0.4 mM; NaVO,, 0.4 mM) was added to the pellet, which
was gently resuspended and left on ice for 15 min. This was
followed by centrifugation at 14,000 g for 30 min. The
supernatant was removed and retained, and the pellet was
resuspended once more in buffer B. The solution was left on
ice for 15 min, centrifuged at 14,000 g, and this second
supernatant was pooled with the first. Protein concentra-
tions were determined (Bio-Rad Laboratories, Inc.), and
the samples were normalized for protein content by the
addition of buffer B. They were then flash frozen in liquid
nitrogen and stored at —80°. EMSA was carried out as
previously described, except that the concentration of DTT
used in the binding mixture was the minimum amount
required to achieve detectable binding after overnight
autoradiography [15]. In all cases, the DTT concentration
was less than 0.5 mM. Quantitation of EMSA experiments
was as previously described [15].

Enzyme Activity Assays

The activities of the glutathione peroxidases [27] and
glutathione S-transferases [21] were determined as previ-
ously described, except that the activities were determined
from individual embryos and yolk sacs homogenized in 5X
volume of 0.25 M RNase-free sucrose (Pharmacia, Biotech.
Inc.). Glutathione peroxidase activities were determined
with two substrates: cumene hydroperoxide as a substrate to
assess total peroxidase activity (contributions by non-
selenium-dependent glutathione peroxidases or glutathione
S-transferases, and selenium-dependent glutathione perox-
idase) and hydrogen peroxide to detect only the selenium-
dependent peroxidase activity (reviewed in Ref. 28). Glu-
tathione S-transferase activity was assessed using 1-chloro-
2,4-dinitrobenzene as the substrate (Sigma).

Statistical Analysis

Statistical analyses were done by t-test or one-way ANOVA
using the CSS (Complete Statistics System) computer
program (Statsoft), followed by a post hoc Duncan or
Tukey’s test. The a priori level of significance was P < 0.05.

RESULTS
Effects of OTC on Embryonic Development

The treatment of embryos with OTC for a period of 44 hr
caused a concentration-dependent impairment in a number
of parameters of embryonic growth and development.
Significant reductions in both the total morphological
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FIG. 1. Brown and Fabro total morphological scores and the
yolk sac scores after 44 hr of culture in the presence of 0, 5, 10,
or 20 mM OTC. The data are expressed as means = SD, N =
9-10. Asterisks denote a significant difference from control (0
mM OTC) as determined by ANOVA (P < 0.05).

scores and the yolk sac scores were apparent after treatment
with 10 or 20 mM OTC (Fig. 1). The most striking effect
of 44 hr of culture with 20 mM OTC was the complete
absence of yolk sac blood islands and vasculature. Interest-
ingly, at 24 hr, the yolk sac development of all four groups
was indistinguishable (data not shown).

Treatment with 10 or 20 mM OTC significantly inhib-
ited the growth of conceptuses as assessed by the number of
somites, crown-rump length, head length, and yolk sac
diameter (Table 1). After treatment with 5 mM OTC, yolk
sac diameter was reduced significantly with respect to
controls. Although some embryos treated with 5 mM OTC
did exhibit retarded head development (Fig. 2), the effects
on head growth were not statistically significant. Dorso-
ventral turning was adversely affected by OTC treatment in
a concentration-related manner. The incidence of turning
after treatment with 5, 10, and 20 mM OTC was 10/10,
9/10, and 3/10, respectively (Table 1).

Embryos from the various treatment groups are shown in
Fig. 2. Distinguishing characteristics of the control embryo
shown in panel A include the well elevated telencephalic
hemispheres, the maxillary process that is about to fuse with
the nasal process, and the distinct evagination of the
Wolffian crest at somites 2630, indicative of early hind
limb development. Some embryos cultured in 5 mM OTC
(Fig. 2B) displayed less growth and development of the
head region compared with the control, as evidenced by a
relative absence of the elevation of the telencephalic
hemispheres, although the telencephalic invaginations
were apparent. In addition, the maxillary process and nasal
ridge were more distant. The occurrence of such mild
developmental delays in some embryos was not sufficient to
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TABLE 1. Developmental and growth parameters in the conceptus after 44 hr of exposure to OTC

Crown-rump length

Head length

OTC N Number of somites (mm) (mm) Yolk sac diameter (mm)
0 mM 9 32.0+ 2.0 43 +0.2 2.5 *0.1 45=*0.2
5 mM 10 295+ 1.6 4.1 *0.1 22=*0.2 4.2 +0.3%

10 mM 10 28.6 = 1.6* 3.8+ 0.2%F 2.0 = 0.3* 4.0 £ 0.1%*

20 mM 10 18.5 = 3.9% 1.8 = 0.2%% 0.7 £0.1* 3.2 £0.5%

Data are means = SEM.

*Significantly different from controls (0 mM OTC) as determined by ANOVA, P < 0.05.

N = 9, only 9 embryos had undergone turning.
N = 3, only 3 embryos had undergone turning.

cause a decrease in the Brown and Fabro score, despite the
heavy weighting of the head region in this scoring system
(10 of 17 parameters). The embryo cultured in 10 mM
OTC, depicted in Fig. 2C, was retarded significantly with
respect to growth and development. The telencephalic
invagination, nasal ridge, and prominent maxillary process
were absent; furthermore, there was little evidence of hind
limb development. Embryos exposed to 20 mM OTC
displayed severely inhibited growth and development (Fig.
2D). Characteristic features included only partial comple-
tion of dorso-ventral turning, an absence of both front and
hind limb buds, and an unfused gut. Despite a virtual
absence of yolk sac vasculature, the hearts of the embryos
exposed to 20 mM OTC were still beating. Although some
embryos treated with 5 mM OTC exhibited mild retarda-
tion of head growth (head length) and development (dis-
tant nasal and maxillary process), there were no head
region-specific malformations. This, in addition to the

FIG. 2. Embryos cultured for 44 hr in the absence of OTC (A),
or in the presence of 5 mM OTC, (B), 10 mM OTC (C), or 20
mM OTC (D). Distinguishing features included elevated telen-
cephalic hemispheres (et), telencephalic invaginations (ti), dis-
tant nasal ridge and maxillary process (V), absence of limb buds
(O), and open gut (og).

absence of change in the morphological score, was the basis
for the decision to use 5 mM OTC in all subsequent studies.

Effects of OTC on GSH Content and Culture-Induced
Oxidative Stress

The concentration of GSH in the untreated embryos
remained relatively constant throughout the 44-hr culture
period (Fig. 3). Within 15 min, there was a significant
increase in the GSSG:GSH ratio from less than 0.035 at
the beginning of culture (0 hr) to 0.09 at 0.25 hr; this ratio
returned to baseline by 1.5 hr (Fig. 3). The addition of 5
mM OTC to the culture medium transiently increased the
GSH content of the embryo, presumably due to increased
de novo biosynthesis of GSH [22, 23]. Peak GSH accumu-
lation occurred at 0.5 hr (49.8 nmol/mg protein); GSH
concentrations were elevated significantly above control
between 0.5 and 1.5 hr (Fig. 3). Exposure to 5 mM OTC
prevented the rise in the GSSG:GSH ratio in the embryo.

In the yolk sacs of the untreated conceptuses, the GSH
content was similar to that of the embryo; GSH concen-
trations remained unchanged throughout culture (Fig. 3).
The GSSG:GSH ratio increased dramatically in the yolk
sac after the initiation of culture (Fig. 3). Exposure to 5 mM
OTC did not result in an increase in GSH content in the
yolk sac, in contrast to the embryo. Treatment with 5 mM
OTC did not protect the yolk sac from the culture-induced
rise in the GSSG:GSH ratio.

To determine whether the tissue-specific effect of OTC
on glutathione homeostasis was due to limiting substrate,
the cellular content of glutathione and the GSSG:GSH
ratio were examined 30 min after the initiation of culture in
the presence of 10 or 20 mM OTC. In the embryo proper,
these higher concentrations of OTC failed to increase the
glutathione content beyond that achieved by 5 mM OTC
(Table 2); the GSSG:GSH ratio was also unaffected by 10
or 20 mM OTC, suggesting that 5 mM OTC maximally
stimulated glutathione biosynthesis in the embryo. How-
ever, in the yolk sac, 20 mM OTC did increase the cellular
content of glutathione and reduce the GSSG:GSH ratio
(Table 2). Thus, up to a 4-fold higher OTC concentration
was required to stimulate glutathione biosynthesis in the
yolk sac relative to the embryo.

Since OTC may fail to enhance glutathione synthesis in
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FIG. 3. GSH and the GSSG:GSH ratio in
embryos and yolk sacs at various times
after the initiation of culture. Day 10
whole rat embryos were cultured in vitro
for up to 44 hr in either the absence ([J)
or the presence of 5 mM OTC (@).
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tissues in which 5-oxoprolinase content is low, western blot
analysis was done to compare 5-oxoprolinase protein content
between the gestational day 10.5 (O hr) embryo and the yolk
sac (Fig. 4). a-Actin served as a control for the amount of
protein loaded. Unexpectedly, 5-oxoprolinase immunoreac-
tivity was higher in the yolk sac than in the embryo.

Effects of Oxidative Stress on AP-1 mRNA Induction in
the Conceptus

The effects of OTC on glutathione content and its protection
against oxidative stress in the embryo occurred within the first
90 min of culture. Subsequent comparisons of AP-1 regulation
between the oxidatively stressed (untreated) and the OTC-
treated conceptuses were done within this time period.
Northern blot analysis showed single molecular size
transcripts for c-fos (2.2 kb), junB (2.1 kb) and junD (1.7
kb), while two bands (3.1 and 2.6 kb) were observed for
c-jun in the embryo and yolk sac (Fig. 5). In both the
embryo and the yolk sac there were marked increases in the
steady-state concentrations of the messages for c-fos, c-jun,

TABLE 2. Effect of different concentrations of OTC on
glutathione homeostasis after 30 min of culture

Total glutathione

Treatment N  (nmol/mg protein) GSSG:GSH ratio
Embryo
No OTC 6 28.7*+3.6 0.085 = 0.018
5 mM OTC 5 49.8 + 5.7* 0.034 + 0.008*
10 mM OTC 5 51.4 = 5.4* 0.038 = 0.009*
20 mM OTC 5 53.3 £ 6.1* 0.044 = 0.011*
Yolk sac
No OTC 6 254 + 3.1 0.114 = 0.020
5 mM OTC 5 27129 0.098 = 0.015
10 mM OTC 5 31745 0.104 = 0.018
20mM OTC 5 45,5 + 5.2% 0.061 = 0.012*

Data are means = SEM.
*Significantly different from no OTC, as determined by ANOVA, P < 0.05.

0.25 51152 3 624 44

as determined by t-test.

junB, and junD 30 min after the initiation of culture in the
absence of OTC (—). In the presence of OTC (+), this
increase was attenuated in the embryo, but not in the yolk sac.

Autoradiographic signals from three to five separate
experiments were normalized for the amount of RNA
loaded (18S rRNA; [29]), and expressed relative to O min or
the initiation of culture. The induction of transcripts for
AP-1 constituents in the untreated (oxidatively stressed)
embryos was maximal at 30 min for all four messages (Fig.
6). In the embryo, the steady-state concentrations of
mRNAs for fos and jun returned to baseline by 60 min.
Protection of the embryo from oxidative stress by OTC
significantly attenuated the induction of all four AP-1
mRNAs.

The induction of transcripts for AP-1 constituents in the
untreated (oxidatively stressed) yolk sac was also maximal
at 30 min for all four messages (Fig. 6). In the yolk sac, all
fos and jun messages remained elevated 90 min after the

5-oxoprolinase | = & g *% | g 140 kD

a-actin < 46 kD

FIG. 4. Immunoblot analysis of the 5-oxoprolinase protein
content in gestational day 10.5 embryos (400 pg of total
protein), yolk sacs (400 pg of protein), and adult kidney (50 pg
of protein). The membrane was reprobed for «-actin as a
measure of equal protein loading.
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initiation of culture, suggesting increased oxidative stress in
this tissue compared with that in the embryo. As antici-
pated, because 5 mM OTC did not protect against oxida-
tive stress in the yolk sac, steady-state concentrations of the
fos and jun messages in the yolk sac remained elevated after

OTC treatment (Fig. 6).

Effects of Oxidative Stress on AP-1 DNA Binding
Activity

EMSA was done to assess the ability of AP-1 proteins to
bind to a double-stranded synthetic oligonucleotide con-
taining the AP-1 consensus site. The authenticity of AP-1
binding was established in several ways. First, in the
absence of nuclear extract (free), the migration of the
oligonucleotide was not impeded (Fig. 7). Furthermore,
when excess unlabeled oligonucleotide was added to the
buffer, binding was inhibited (Fig. 7; embryo); however, the
addition of excess mutated sequence to which AP-1 does
not bind (mAP-1) had no effect (Fig. 7; yolk sac). Finally,

— — o — — -+ 5mMOTC

90

synthetic probe against 18S rRNA was used as an
internal control for RNA loading.

the addition of polyclonal rabbit antibodies recognizing
specific AP-1 proteins to the binding buffer further retarded
migration of the protein—oligonucleotide complex, whereas
control rabbit IgG did not (data not shown). Thus, the
binding activity is sequence-specific AP-1.

Within 30 min of the initiation of culture, nuclear
extracts obtained from untreated embryos displayed in-
creased DNA binding activity (relative to O min), which
returned to baseline by 90 min; protection from oxidative
stress with OTC treatment prevented AP-1 induction (Fig.
7). AP-1 DNA binding activity in the yolk sac was also
increased at 30 min and remained elevated up to 90 min;
treatment with 5 mM OTC had no effect on the AP-1
DNA binding activity in the yolk sac (Fig. 7).

A quantitative analysis of the autoradiographic signals
for AP-1 DNA binding activity from three to five separate
experiments is presented in Fig. 8. AP-1 DNA binding
activity increased 4-fold (relative to O min) in the embryo
within 30 min of the initiation of culture; OTC protection

FIG. 6. Quantification of steady-state concentra-

tions of the mRNA transcripts for c-fos, c-jun,
junB, and junD in control (open squares) and 5
mM OTC-treated (solid circles) embryos and yolk
sacs. Autoradiograms were scanned using laser

densitometry, normalized for the amount of RNA

loaded (18S rRNA), and expressed relative to O
hr. The bars represent the means = SEM from 3 to
5 separate experiments. Asterisks indicate a signif-
icant difference between the OTC-treated samples

and the controls at the same time point, as deter-

mined by t-test (P < 0.05).
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FIG. 7. Representative EMSA of the AP-1 DNA binding activity in embryo and yolk sac samples. Nuclear extracts (10 pg) were
prepared from control or OTC-treated samples collected at the specified times (minutes) after the initiation of culture. The retarded
AP-1 complex, and the free radiolabeled oligonucleotide, containing the human collagenase AP-1 response element, are indicated. The
binding of extracts obtained from control embryos at 30 min was competed out by incubation in the presence of up to a 200-fold molar
excess of unlabeled oligonucleotide (ds AP-1). Up to a 100-fold molar excess of an unlabeled mutated sequence (ds mAP-1) to which
AP-1 does not bind was unable to inhibit the binding of extracts prepared from 30-min control yolk sacs.

from oxidative stress prevented the induction of AP-1
binding activity at both 30 and 60 min (Fig. 8). In the yolk
sac, there was a 4-fold increase in the AP-1 DNA binding
activity by 30 min, which fell to 3-fold by 90 min;
treatment with 5 mM OTC had no significant effect on
AP-1 DNA binding activity in the yolk sac (Fig. 8).

Effects of OTC Exposure on the Culture-Induced

Increases in Cytoprotective Enzyme Activities

In the embryo in utero, the activity of the glutathione
S-transferases approximately doubled from gestational day
10 (O hr) to gestational day 12 (Table 3). Culture of the
embryos in vitro for an equivalent period of time resulted in
a further 50% increase in this activity. The glutathione
S-transferase activity of embryos cultured in the absence of

OTC (untreated) was significantly higher than that of
embryos cultured in the presence of 5 mM OTC (i.e.
protected from oxidative stress). Thus, OTC treatment
prevented the culture-related increase in glutathione S-
transferase activity in the embryo. In vivo, the activity of
the glutathione S-transferases tripled in the yolk sac be-
tween gestational days 10 and 12. Again, culture induced a
further increase in yolk sac glutathione S-transferase activ-
ity; however, unlike in the embryo, treatment with 5 mM
OTC did not attenuate this increase.

There were significant increases in glutathione peroxi-
dase activities with both cumene hydroperoxide and hydro-
gen peroxide as substrates between gestational days 10 and
12 in vivo in the embryo (Table 4). Culture of the embryos
for 44 hr in vitro resulted in a further induction of these

Relative Binding

o
—

C - — + - + - + - +

Yolk Sac

I

- - 4 -
0 15 30 60 90

Minutes in Culture

FIG. 8. Quantitation of the EMSA of AP-1 DNA binding activity in embryos and yolk sacs at the specified times (minutes) following
the initiation of culture. Autoradiograms were quantified using laser densitometry and expressed relative to O hr. The control (hatched
bars) and 5 mM OTC-treated samples (solid bars) are the means (= SEM) of at least 3 separate experiments. Asterisks indicate a
significant difference (P < 0.05) from the control at the same time point, as determined by t-test.
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TABLE 3. Glutathione S-transferase activity in the conceptus
after 44 hr of treatment with 5 mM OTC

Glutathione S-transferase

activity

Sample (nmol/min/mg protein) N

Embryo
In vivo ed 10 5.58 *2.37 4
gd 12 13.12 = 1.89* 7
In vitro Untreated 19.46 + 3.427 6
OTC (5 mM) 1537 + 2.01* 6

Yolk sac
In vivo ed 10 8.65 +3.32 4
gd 12 23.42 = 2.33% 8
In vitro Untreated 36.34 = 4.957 7
OTC (5 mM) 33.79 £ 6.19 7

Data are means * SD.

*Developmental changes; significantly different from in vivo gestational day (gd)
10 by ANOVA, P < 0.05

FCulture-induced increase; significantly different from in vivo gd 12 by ANOVA,
P < 0.05.

$Effect of OTC treatment; significantly different from untreated in vitro samples by
ANOVA, P < 0.05.

activities with both substrates. In the embryo, protection
from oxidative stress by OTC treatment prevented the
culture-induced increase in glutathione peroxidase activi-
ties. Glutathione peroxidase activities were higher in the
yolk sac than in the embryo and further increased between
gestational days 10 and 12. Culture of the conceptus further
induced these activities in the yolk sac; exposure to 5 mM
OTC did not modulate glutathione peroxidase activities.

DISCUSSION

When mid-organogenesis rat embryos were placed in cul-
ture, there was a transient increase in the GSSG:GSH ratio
[15], indicative of oxidative stress [18]. The present studies
determined the consequences of increasing the cellular
content of glutathione with a cysteine pro-drug, OTC, on

T. R. S. Ozolins and B. F. Hales

AP-1 gene expression and AP-1 DNA binding activity in
the conceptus; furthermore, the role of oxidative stress and
of AP-1 in the induction of these activities of the glutathi-
one S-transferases and glutathione peroxidases in the con-
ceptus in vitro were evaluated.

High (10 and 20 mM) concentrations of OTC were
embryotoxic in the rat embryo culture system. In wivo
studies have shown that another cysteine pro-drug, N-
acetylcysteine, may be embryotoxic also. The co-adminis-
tration of a high dose of N-acetylcysteine (275 mg/kg, i.p.)
and phenytoin in CD-1 mice significantly increased the
incidence of cleft palate and fetal resorptions [30]. This was
attributed to the formation of GSH or cysteinyl free radicals
as a result of N-acetylcysteine-induced elevations in cellu-
lar GSH or cysteine content. Overproduction of GSH may
also cause dysmorphogenesis via alterations in prostanoid
production. The incubation of ram seminal vesicles in witro
with 5 mM GSH produces teratogenic prostaglandin E,
exclusively [31, 32], whereas concentrations of less than 1
mM GSH produce a broad spectrum of prostaglandins [33].
Thus, the embryotoxicity of 10 or 20 mM OTC may be due
to the formation of GSH or cysteinyl free radicals or to
other disturbances in metabolism.

Exposure to 5 mM OTC increased embryonic GSH
levels (likely due to increased GSH biosynthesis [22, 23])
and prevented the culture-induced increase in the GSSG:
GSH ratio in the embryo; however, in the yolk sac, only a
higher concentration of OTC (20 mM) increased GSH
content. The failure of 5 mM OTC to increase glutathione
content in the yolk sac in these studies is in contrast to a
previous report in which the GSH content of the yolk sac
was increased when the rat conceptus was incubated for 24
hr in the presence of 5 mM OTC and 41 wM 2-nitrosoflu-
orene [23]. After oxidative stress, the total glutathione pool
remains intact; by depleting total glutathione, nitrosoflu-
orene may be a more potent stimulus of glutathione
biosynthesis in the yolk sac than is oxidative stress. Alter-
natively, since the degree of oxygen saturation in the

TABLE 4. Glutathione peroxidase activity in the conceptus after 44 hr of treatment with 5 mM OTC

Glutathione peroxidase activity
(nmol NADPH oxidized/min/mg protein)

Sample CmOOH N H,0, N

Embryo
In vivo gd 10 17.52 = 7.31 3 19.17 = 4.62 3
gd 12 58.89 + 4.78* 7 54.46 + 6.81* 4
In vitro Untreated 84.70 + 9.797 6 77.84 + 12.047 5
OTC (5 mM) 62.75 = 4.72* 6 58.74 = 6.21% 4

Yolk sac
In vivo gd 10 50.74 = 1.09 3 48.23 + 14.63 3
gd 12 84.63 + 7.70% 5 78.11 + 3.41* 3
In vitro Untreated 119.34 = 34.06" 5 114.69 * 14.977 3
OTC (5 mM) 108.31 = 19.48 4 99.60 + 12.12 4

Data are means * SD.

*Developmental changes; significantly different from in vivo gd 10 by ANOVA, P < 0.05.

"Culture-induced changes; significantly different from in vivo gd 12 ANOVA, P < 0.05.

*Effect of OTC treatment; significantly different from untreated in vitro samples by ANOVA, P < 0.05.
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medium is proportional to its protein content, the use of
90% rat serum as a culture medium may expose the
conceptus to a higher oxygen tension than that in previous
studies in which the medium was 33% serum [23].

The basis for the observation that, in the yolk sac, only
the highest (20 mM) OTC concentration increased gluta-
thione content and prevented glutathione oxidation re-
mains enigmatic. This is due to the unexpected observation
that immunoreactivity to 5-oxoprolinase, the enzyme re-
sponsible for the conversion of OTC to cysteine, was
present at higher concentrations in the yolk sac than in the
embryo. Thus, when conceptuses are cultured in the pres-
ence of 90% serum, cysteine may not be rate limiting,
rendering OTC less effective. While cysteine availability
may determine the rate of glutathione biosynthesis in the
embryo, glutamate may be rate limiting in the yolk sac.
Interestingly, in the embryo, the K|, of y-glutamylcysteine
synthetase for glutamate is higher than that for cysteine
[34]. More information is needed on the nature of the
tissue-specific regulation of glutathione biosynthesis in the
conceptus, and its role in the response of the conceptus to
insult.

Inhibition of oxidative stress in the embryo by OTC (this
report) or with antioxidant enzymes [15] prevented the
induction of increased steady-state concentrations of the
c-fos, c-jun, junB, and junD mRNAs. Taken together,
these data strongly suggest that changes in cellular redox
balance may play a significant role in modulating the
expression of AP-1 in the conceptus; however, OTC may
also alter AP-1 regulation via other cellular mechanisms.
The pathway by which oxidative stress signals an increase
in AP-1 expression and activity in the conceptus is un-
known. In HeLa cells, increased c-fos expression after H,0,
treatment was initiated by Ras stimulation of p42MATK
activity [10]. Another MAPK family member, p38, was
important for induced jun expression in an in vivo carbon
tetrachloride model of radical induced hepatic damage [12].
The H,0,-mediated induction of c-jun in the NIH3T3 cell
line was dependent upon non-receptor protein tyrosine
kinase activity [35]. Therefore, both the MAP kinases and
non-receptor protein tyrosine kinases may be important in
the oxidative stress signaling cascade in the conceptus.

In addition to effects on transcription, both OTC (this
report) and antioxidants [15] were capable of inhibiting the
induction of AP-1 DNA binding activity in the conceptus.
In cell culture models, post-translational modification of
the AP-1 proteins by p42MAPK pggMAPK® 14GMAPK 504
pS4MAPK a1l members of the MAPK superfamily, regulated
AP-1 activity (reviewed in Ref. 36). Treatment with
antioxidants inhibited the response of some of these kinases
to a variety of pro-oxidant stimuli [37]; thus, post-transla-
tional mechanisms may be involved also in the signal
transduction cascade leading to the AP-1 oxidative stress
response in the conceptus.

The activities of two families of glutathione-dependent
detoxification enzymes, the glutathione S-transferases and
glutathione peroxidases, were induced in the conceptus in
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culture (this report; [20]). We hypothesized that the oxi-
dative stress-induced increase in the GSSG:GSH ratio in
the conceptus in culture, associated with increased AP-1
expression and activity, was involved in the induction of
these cytoprotective enzymes. In support of this hypothesis
was the observation that OTC treatment protected the
embryo against an increase in the GSSG:GSH ratio,
prevented the induction of AP-1 expression and activity,
and prevented the increase in the activities of the gluta-
thione S-transferases and glutathione peroxidases in the
embryo. While the glutathione and AP-1 status of the
conceptus may be important in regulating the activities of
these enzymes, it is likely that other factors are involved
also, particularly since OTC may do more than just alter
glutathione homeostasis. The role of AP-1 in mediating the
induction of glutathione S-transferases Y, and Y, (which
also possess a glutathione peroxidase activity; reviewed in
Refs. 28 and 38, respectively) is not clear. This is due to the
controversy surrounding the ability of bona fide AP-1 to
bind to the “AP-1-like” elements upstream of glutathione
S-transferases Y, [39] and Y, [19]. Studies have demon-
strated that Fos and Jun do not bind to the Y, enhancer
element [40], and that Y, induction through its “AP-1-like”
response element is dependent upon an unidentified tran-
scription factor [41]. In contrast, others have demonstrated
that a reporter construct containing elements of the Y,
promoter is driven by the heterodimers c-Fos/c-Jun or
c-Fos/JunB, but not the homodimer c-Jun/c-Jun [42]. How-
ever, the AP-1 DNA binding activity of both the embryo
and the yolk sac in the mid-organogenesis rat conceptus is
void of detectable JunB and contains very little c-Fos and
c-Jun (unpublished results). Therefore, the conceptus may
not possess the AP-1 constituents required to transactivate
the expression of glutathione S-transferase Y,. This would
provide an explanation for our findings in a previous report
that the induction of the transcript for glutathione S-
transferase Y, in the conceptus was refractory to phorbol
esters, potent activators of AP-1 activity [21].

In summary, these data demonstrated that glutathione
homeostasis in the conceptus is regulated differentially in
the embryo and yolk sac. AP-1 expression and DNA
binding activity, as well as the activities of glutathione-
dependent detoxification enzymes, are responsive to
changes in glutathione status. Oxidative stress-induced
AP-1 may play a role in the response of the embryo to insult
during organogenesis.
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