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Abstract—To examine the importance of reduced intracellular glutathione (GSH) in the modulation of
dysmorphogenesis and to gain insight into the electrophilic character of the embryotoxic intermediates
generated in the rat embryo from N-acetoxy-2-acetylaminofluorene (AAAF) and acetaminophen
(APAP) in cultured embryos, the effects of GSH depletion on the embryotoxicity, dysmorphogenesis
and covalent binding of these agents were examined. Both AAAF (90 uM) and APAP (500 uM)
produced concentration-dependent, statistically significant (P < 0.05) decreases in embryonic length as
well as embryonic and visceral yolk sac protein content when rat embryos were exposed in vitro between
days 10 and 11 of gestation. The predominant malformations observed upon exposure to AAAF and
APAP were prosencephalic hypoplasia and abnormal neurulation respectively. Exposure of conceptuses
to [PH]APAP followed by separation and fractionation of the cellular RNA, DNA and protein via
density gradient centrifugation resulted in detectable binding in fractions that contained protein, but
not DNA or RNA. This suggested that the rat conceptus is capable of bioactivating APAP to a soft
electrophile that selectively arylates protein. In contrast, conceptuses exposed to PHJAAAF exhibited
detectable binding to RNA, DNA and protein, indicative of conversion to both hard and soft elec-
trophiles. Depletion of GSH was accomplished by pretreating conceptuses with 500 uM L-buthionine-
S,R-sulfoximine (BSO) from the start of the culture period (day 9.5) until the morning of day 10. When
conceptuses were depleted previously of GSH by BSO, exposure to APAP resulted in significant
potentiation (relative to APAP alone) of the observed embryotoxicity. These conceptuses displayed
further decreases in both embryonic size and protein content of the embryo and yolk sac, as well as
increased incidence of abnormally open anterior neuropores and increased binding (3-fold) of [’"H]JAPAP
to protein. In contrast, pretreatment with BSO did not potentiate the AAAF-elicited decreases in
embryonic size or protein content, nor the severity of prosencephalic hypoplasia, although a slight
increase in binding of ["HJAAAF to DNA was observed. Taken together, these data are consistent with
the concept that abnormal neurulation elicited by APAP results from the generation of one or more
soft electrophilic species, whereas elicitation of prosencephalic hypoplasia by AAAF appears to be a
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consequence of conversion to a relatively hard electrophile(s).

One of the principal mechanisms by which chemicals
and reactive intermediates are thought to produce
toxicity is via covalent binding to critical cellular
macromolecules, principally DNA, RNA and pro-
tein. An important determinant of the specific cellu-
lar nucleophiles preferentially attacked by a given
electrophilic metabolite is the physicochemical
nature of the electrophilic center. Although attempts
to rigorously quantify reactions between diverse
classes of electrophiles and nucleophiles have not
been successful [1], the selectivity of interactions
between qualitatively similar classes of electrophiles
and nucleophiles can, at least to a degree, be pre-
dicted and interpreted [2]. For example, the car-
cinogenic dye N-methyl-4-aminoazobenzene (MAB)
can be biotransformed to two distinguishable inter-
mediates, each displaying differing reactivities
towards biological nucleophiles. Oxidation of the N-
methyl moiety results in an electrophile that pre-
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ferentially reacts with protein and reduced glu-
tathione (GSH) [3], whereas formation of the N-
sulfate generates an intermediate that selectively
binds to DNA [4-6].

2-Acetylaminofluorene (AAF) is a potent and
widely investigated model compound utilized in
studies of carcinogenesis, mutagenesis, genotoxicity
and cytotoxicity [7]. It is also teratogenic in rats,
mice and chicks [8-10]. In adults, N-hydroxy-2-
acetylaminofluorene is considered the proximate car-
cinogenic and mutagenic metabolite of AAF. This
compound can then be further converted to a highly
reactive nitrenium ion immediately after formation
of the sulfate ester via heterolytic cleavage of the
N-O bond [11]. An analogue, N-acetoxy-2-
acetylaminofluorene (AAAF), which is less reactive
and has a much longer half-life in aqueous solution
than the sulfonyloxy derivative, forms a similar
nitrenium ion in aqueous solution (Fig. 1) [12, 13]
and, therefore, has been valuable as a model car-
cinogen and mutagen. When cultured rat embryos
are exposed to AAAF, the predominant mal-
formation is prosencephalic hypoplasia [14]. How-
ever, when exposed to N-O-sulfonyloxy-AAF, the
most characteristic embryotoxic effect observed is
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Fig. 1. Principal reactive pathways of AAAF and APAP. In aqueous solution, AAAF undergoes

spontaneous heterolytic cleavage to form the highly reactive nitrenium ion. The nitrenium can exist in

one of two states; the triplet state binds to RNA and DNA in addition to protein, while the singlet state

preferentially attacks protein. Upon a 2-electron oxidation of APAP, the reactive intermediate NAPQI
is formed, which subsequently binds almost exclusively to protein.

abnormal axial rotation. Addition of a cytochrome P-
450-dependent bioactivating system with the parent
compound (AAF) results in the formation of reactive
metabolites that produce abnormal neurulation as
the most characteristic defect. Concurrent addition
of GSH to the culture medium has been shown to
reduce the embryolethality as well as the severity
(but not the incidence) of prosencephalic hypoplasia
produced by AAAF [15].

Acetaminophen (APAP) is a widely used analgesic
drug which, in excessive doses, causes hepatotoxicity
and tissue necrosis in humans and adult experimental
animals [16]. This toxicity has been attributed to the
formation of the electrophilic intermediate N-acetyl-
p-benzoquinoneimine (NAPQI) [17]. This inter-
mediate selectively binds to, and oxidizes, both pro-
tein and GSH (Fig. 1) [18], although the exact
mechanism of hepatotoxicity of NAPQI remains
unknown. In addition to the elicitation of toxicity in
adults, it has been demonstrated recently that APAP
is capable of causing abnormal neurulation in cul-
tured rat embryos exposed during the stage of
organogenesis [19]. The defect produced is mor-
phologically similar to that elicited by exposure to 7-
hydroxy-2-acetylaminofluorene (7-OH-AAF) [20],
but can be distinguished from the open neural tubes
produced by cytochalasin D and valproic acid [21].
This specific dysmorphogenesis is also absent from
rat conceptuses following exposure to the non-ace-
tylated analogues p-aminophenol and 7-OH-AAF
[20], suggesting that deacetylation does not play a
significant role in the elicitation of abnormal neurul-
ation by either 7-OH-AAF or APAP.

The tripeptide glutathione (GSH) is important in
the regulation of diverse cellular processes such as
proteolysis [22], intermediary metabolism and
enzyme regulation [23], as well as serving a primary
role in the biochemical defense against reactive inter-

mediates. Accordingly, modulation of the intra-
cellular concentration of reduced GSH in rat
embryos has been described [24] and has been shown
to be an important determinant in the protection of
the embryo against reactive intermediates [25].

The purpose of this investigation was to: (a) deter-
mine whether the rat conceptus is capable of bioac-
tivating APAP to reactive intermediates that bind to
cellular macromolecules, (b) explore the electro-
philic character of the intermediate generated by
APAP and AAAF, and (c) determine the effect of
GSH depletion on the dysmorphogenesis produced
by APAP and AAAF.

METHODS

Animals and embryo culture. Time-mated, pri-
migravida, Sprague-Dawley (Wistar-derived, 180—
200 g) rats were obtained locally (Tyler Laboratories,
Bellevue, WA). Animals were housed as described
[26] and provided with food and water given ad lib.
The morning following copulation (as evidenced by
seminal plugs) was designated as day 0 of gestation.

Dams were anesthetized with ether on the after-
noon of gestational day 9, and the uteri were
removed. Conceptuses were explanted from the
uterus as previously described [27], and cultured
overnight in medium saturated with 5% O,:5%
CO,:90% N,. To accomplish GSH depletion, con-
ceptuses were exposed to 0.5 mM L-buthionine-S,R-
sulfoximine (BSO) from the beginning of the culture
period until the morning of day 10. At 8:30 a.m. on
day 10 of gestation, the conceptuses were staged
according to somite number, yolk sac diameter, and
elevation of the neural folds. Appropriately devel-
oped embryos were then cultured for an additional
24-hr period in roller bottles containing fresh
medium (saturated with 20% O,:5% CO,:75% N,)
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and AAAF or APAP dissolved in either dimethyl
sulfoxide (DMSO) or Hanks’ Balanced Salt Solution
(HBSS), respectively.

At the end of the 24-hr culture period, conceptuses
were evaluated for viability as defined by the pres-
ence of a heartbeat and active vitelline circulation;
non-viable conceptuses were not considered further.
Viable embryos were then examined for embryonic
length, degree of axial rotation, and neural tube
morphology. In addition, two measurements were
conducted to assess the severity of prosencephalic
hypoplasia. The maximum distance (X2) in mm from
the tip of the prosencephalon to the center of the
optic cup was designated as the “a” measurement,
while the maximum distance from the tip of the
prosencephalon to the dorsal edge of the rhomb-
encephalon was designated as the “b” measurement.
All morphological assessments were conducted with-
out the investigator having prior knowledge of the
treatment. Following assessment, embryos and yolk
sacs were separated and placed in 0.5 ml of potassium
phosphate (0.1 M)-EDTA (5mM) buffer (pH 8.0)
and stored at —75°. Samples were thawed and ultra-
sonically disrupted immediately prior to analysis.

Assays. Protein content was determined according
to Bradford [28] as modified for a microplate reader.
Aliquots of sample homogenates (15 ul) were mixed
with diluted protein reagent (200 ul, Bio-Rad Protein
Reagent). Bovine plasma y-globulin was used as the
standard (Bio-Rad Standard I). DNA was quantified
by the method of Labarca and Paigen [29].

Chemicals. AAAF was synthesized according to
Lotlikar ef al. [30], and recrystallized until a constant
melting point (111-112°) in agreement with the pub-
lished literature values was obtained. The purity was
verified to be greater than 99% by reverse phase
HPLC on a DuPont Zorbax C-8 column. AAAF
(ring-G-°*H, 1.1 Ci/mmol) was purchased from the
National Cancer Institute repository. Radioactive
APAP (ring-G-*H, 4.8 Ci/mmol) was purchased
from New England Nuclear (Wilmington, DE) and
was greater than 99% radiochemically pure as deter-
mined by HPLC on a Zorbax ODS column using
94% water:6% acetonitrile.

Cesium trifluoroacetate gradients. The simulta-
neous separation of RNA, DNA and protein in the
homogenates of conceptuses was determined by the
method of Mirkes [31], with the exception that all
glassware and plasticware was treated previously
with diethyl pyrocarbonate (Sigma) or baked (450°
for 4 hr) to inhibit RNase. Twenty conceptuses (day
10, 10 = 2 somites) were exposed to 5 uCi of radio-
labeled AAAF or APAP in 15 ml of Waymouth’s
medium (37°, 20% O,) for 6 hr, rinsed three times
in ice-cold HBSS (Gibco) and frozen at —75° in a
minimal volume of HBSS until ready for gradient
separation. The conceptuses were then centrifuged
at 16,000 g for 5 sec and processed for the gradient
as described [31]. This procedure resuits in a gradient
that contains a visible RNA band at the lowest por-
tion of the tube, followed by an intermediate DNA
band, with proteins remaining on the top of the
gradient. Following centrifugation, 10-drop fractions
were collected from the bottom of the tube. Since
the gradient does not separate unbound radioactivity
from the protein band at the top of the gradient,
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100-ul aliquots of the fractions were precipitated with
trichloroacetic acid (TCA, 10% final concentration)
after addition of 15 ug carrier protein (bovine serum
albumin) and washed with 5% TCA until the radio-
activity in the supernatant fraction equaled the back-
ground level. The TCA-precipitable macromolecules
were redissolved in 1 ml Solulyte (37°, overnight),
neutralized with 140 ul glacial acetic acid (final
pH 6.0), and counted with 3 ml Ready-Safe (Beck-
man Instruments, Fullerton, CA) in a liquid scin-
tillation counter. The protein and DNA
concentrations in each fraction were determined as
described above.

Statistics. Analysis of variance (one-way, two-
tailed) followed by the Student-Newman-Keuls’
multiple range test [32] were used to evaluate dif-
ferences among sample means for protein content,
somite number and embryonic length. Malformation
incidence and viability were evaluated using a chi-
square test. The level of significance chosen was 95%
(P =<0.05).

RESULTS

Bioactivation and binding of APAP and AAAF.
To investigate simultaneously whether conceptuses
were capable of bioactivating APAP to a reactive
intermediate(s) that binds to cellular macro-
molecules, as well as to determine which cellular
nucleophiles were preferentially attacked by APAP
and AAAF, the RNA, DNA and protein from rat
conceptuses exposed to radiolabeled APAP and
AAAF were separated by cesium trifluoroacetate
density centrifugation. Upon exposure of con-
ceptuses to 5 uCi of PH]APAP for 6 hr, TCA-pre-
cipitable radioactivity was present only in gradient
fractions containing protein (fractions 25-32), while
no radioactivity was present in fractions that con-
tained RNA (determined visually to be approxi-
mately fractions 10-12) or DNA (fractions 14-19).
A representative gradient fractionation is shown in
Fig. 2A. These data indicate that organogenesis-
stage rat conceptuses possess the capacity to bioac-
tivate APAP to a reactive intermediate(s) that selec-
tively binds to cellular protein. In contrast, exposure
of rat conceptuses to 5 uCi of [*'HJAAAF for 6 hr
resulted in much higher levels of binding in protein-
containing fractions (26-31), and also resulted in
readily detectable binding to cellular RNA (fractions
8-10) and DNA (fractions 17-22), as shown in Fig.
2B. Since AAAF breaks down spontaneously in
aqueous solution to yield the nitrenium ion, embry-
onic bioactivation enzymes are not necessarily
involved in the binding of this chemical to cellular
macromolecules.

To determine the effects of GSH depletion on the
binding of APAP and AAAF to embryonic macro-
molecules, conceptuses were pretreated with BSO
for 16 hr prior to exposure and subjected to gradient
separation. When the quantities of radioactivity
bound to DNA and protein were averaged for several
gradients, the data in Table 1 were obtained. Prior
depletion of GSH resulted in significant increases in
covalent binding of both APAP and AAATF,
although each compound displayed differing trends.
Relative to exposure to APAP alone, GSH depletion
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Fig. 2. Covalent binding of [PH]JAPAP (A) and [*HJAAAF
(B) to RNA, DNA and protein of rat conceptuses. Rat
conceptuses were exposed for 6 hr on the morning of day 10
to 5 uCi of radiolabeled chemical. Cellular macromolecules
were separated by cesium trifluoroacetate gradient cen-
trifugation. The gradients were fractionated, unbound
counts were removed by TCA precipitation, and the
amounts of radioactivity, DNA, and protein were deter-
mined for each fraction.

Table 1. Binding of radiolabeled AAAF and APAP to
DNA and protein of the rat conceptus

Protein DNA
Treatment (cpm/ug) (cpm/ug)
APAP 0.437 £ 0.05 ND*
APAP + BSO 1.44 + 0.18¢ ND
AAAF 6.19+1.3 18.5 = 0.41
AAAF + BSS 8.76 = 0.83 26.8 * 0.89F

Data are the means (= SE) of three gradients.

* Not detected.

t Significantly different from conceptuses not pre-
exposed to BSO (P =< 0.05, Student’s -test).

resulted in a more than 3-fold increase in binding to
protein, while binding to DNA remained unde-
tectable. In contrast, GSH depletion resulted in
significant increases in the binding of AAAF to
DNA, but not to protein.

Embryonic growth parameters. After exposure for
24 hr, both AAAF and APAP produced significant
embryotoxicity and malformations, as assessed by
measurements of embryonic growth parameters
(Table 2). Significant decreases in embryonic size
were observed after exposure to -initial concen-
trations greater than 90 uM (AAAF) or 500 uM
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(APAP). Based upon the observed effects on the
gross appearance of the embryos and yolk sacs, as
well as the embryonic size, AAAF was more toxic
to the embryos than was APAP. At higher con-
centrations of AAAF (250 uM), the extent of yolk
sac vasculature was decreased markedly, with only
the larger vitelline vessels visible.

When GSH depletion was desired, conceptuses
were pre-exposed to BSO (0.5 mM, dissolved in the
culture medium) from the start of the culture period
on day 9.5 until the morning of day 10. Pretreatment
with BSO resulted in significantly (P < 0.05)
decreased embryonic size and increased incidence of
abnormal axial rotation after exposure to 500 uM
APAP.

As previously described [20], exposure to APAP
produced abnormally open anterior neuropores as
the most characteristic malformation, with the neural
folds remaining elevated but separated by approxi-
mately 45 degrees. The predominant malformation
observed upon exposure to AAAF was prosen-
cephalic hypoplasia accompanied by decreased yolk
sac vasculature and decreased embryonic size.

Embryonic and yolk sac protein content. When
conceptuses exposed to APAP were assayed for pro-
tein content, the results depicted in Fig. 3 were
obtained. A significant decrease in protein, relative
to control, was observed only for embryos exposed
to 500 uM APAP. This is consistent with the obser-
vation that APAP produced a relatively specific
defect with a minimum of generalized embry-
otoxicity, necrosis, and decreased size. However,
when the GSH was depleted previously by BSO
pretreatment, exposure to APAP resulted in
decreased protein content in both the embryo and
yolk sac, relative to the effects observed with APAP
alone. Pretreatment with BSO alone did not alter
significantly the protein concentration in either the
embryo or the yolk sac relative to untreated controls.

In contrast to the effects of exposure to APAP,
exposure to AAAF produced marked decreases in
both embryonic and yolk sac protein in the absence
of GSH depletion (Fig. 4). For example, the maxi-
mum decrease in embryonic protein associated with
APAP exposure was 22% compared with 55% for
AAAF-exposed embryos. In further contrast to
APAP, when AAAF exposure was superimposed
upon GSH depletion, no significant differences rela-
tive to AAAF alone were observed.

Chemical dysmorphogenesis. To further determine
the relative response of conceptuses to these agents,
it was of interest to compare the effect of GSH
depletion on the characteristic dysmorphogenesis
produced by each of these agents in addition to the
more non-specific growth parameters and bio-
chemical end-points discussed above. Therefore, the
incidence of abnormally open anterior neural tubes
was determined for embryos exposed to APAP,
while the degree of prosencephalic hypoplasia pro-
duced by AAAF was quantified by measuring the
maximum distance from the edge of the pro-
sencephalon to the center of the optic cup (“a”
measurement) as well as to the dorsal edge of the
rhombencephalon (“b” measurement).

As shown in Fig. 5, exposure to APAP (250-
500 uM) resulted in concentration-dependent and
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Table 2. Growth parameters of embryos exposed for 24 hr to AAAF or APAP in conjunction
with GSH depletion

Embryonic

Treatment % length % Abnormal

group Viability (mm) axial rotation N
Medium control 100 3.11 = 0.05* 3 62
BSO control 100 3.10 £ 0.06 7 31
AAAF (60 uM) 97 3.02+£0.05 7 38
AAAF (60 uM) + BSO 90 2.90 = 0.06 13 30
AAAF (90 uM) 100 2.59 = 0.05% 6 16
AAAF (90 uM) + BSO 94 2.51 +£0.04 6 16
AAAF (120 uM) 100 2.57 £0.03t 7 24
AAAF (120 uM) + BSO 100 2.64 £ 0.05 8 28
APAP (250 uM) 100 3.20 +0.05 4 24
APAP (250 uM) + BSO 100 3.13 £0.06 5 19
APAP (500 uM) 100 2.93 +0.05% 0 26
APAP (500 uM) + BSO 100 2.79 + 0.08% 28 16

* Mean * SE.

t+ Statistically significant (P =< 0.05) compared to corresponding control.
1 Statistically significant (P =< 0.05) from exposure to APAP alone.

BEEg rrAP
W77 APAP +BSO
300 Embryo Yolk Sac

200

100

Protein (ug/E or YS)

0 250 500 0 250 500

APAP (uM)

Fig. 3. Protein content of embryos and yolk sacs following
24-hr exposure of the conceptus to various concentrations
of APAP alone and in combination with GSH depletion.
Values are the means (= SE) of at least three experiments
and are expressed as ug protein/embryo or yolk sac. BSO
denotes pre-exposure of conceptuses to 0.5 mM BSO for
16 hr prior to addition of APAP. Key: (*) significantly
(P < 0.05) different from control, and (1) significantly
(P <0.05) different from APAP exposure alone. Pre-
treatment with BSO alone resulted in protein values that did
not differ significantly (P > 0.05) from the corresponding
controls.

statistically significant increases (P =<0.05) in the
incidence of abnormally open neural tubes relative
to non-exposed conceptuses. Pretreatment of the
conceptuses with BSO to deplete GSH resulted in
further increases relative to embryos exposed to only
APAP.

Exposure to AAAF resulted in decreased pro-
sencephalic length (as measured by both the “a” and
“b” measurements) which was significantly different
(P =< 0.05) from that of the corresponding controls at
the 90 uM concentration (Fig. 6). Since conceptuses
exposed to 120 uM AAAF typically were anoph-
thalmic, these embryos were not examined for pro-
sencephalic length. In contrast to the effects of GSH
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Fig. 4. Protein content of embryos and yolk sacs following
24-hr exposure of the conceptus to various concentrations
of AAAF alone and in combination with GSH depletion.
Values are the means (* SE) of at least three experiments
and are expressed as pg protein/embryo or yolk sac. BSO
denotes pre-exposure of the conceptus to 0.5 mM BSO for
16 hr prior to addition of AAAF. Key: (*) Significantly
(P =< 0.05) different from control. Pretreatment with BSO
alone resulted in protein values that did not differ sig-
nificantly (P > 0.05) from the corresponding controls.

depletion on APAP-elicited dysmorphogenesis,
prior depletion of GSH did not result in additional
decreases in either the “a” or “b” measurement
relative to AAAF exposure alone.

DISCUSSION

The data presented here indicate that both GSH
status as well as the character of the electrophilic
intermediate can have marked effects on chemical
dysmorphogenesis produced in rat embryos. Prior
depletion of GSH potentiated the binding of APAP
to protein, the APAP-elicited decreases in embry-
onic length and protein, as well as increases in the
incidence of abnormal axial rotation and abnormally
open neural tubes. In contrast, neither the incidence
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Fig. 5. Incidence of abnormally open anterior neural tubes
following 24-hr exposure to APAP alone or in combination
with GSH depletion. BSO denotes pre-exposure to the
conceptus to 0.5 mM BSO for 16 hr prior to addition of
APAP. Key: (*) significantly (P =< 0.05) different from
control; and () significantly (P < 0.05) different from
APAP exposure alone. Pretreatment with BSO alone had
no significant effect (P > 0.05) on the incidence of abnormal
neurulation.
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Fig. 6. Severity of prosencephalic hypoplasia following
exposure for 24 hr to AAAF alone and in combination with
GSH depletion. The “a” measurement was determined by
measuring the maximum distance (in mm, x2) from the
edge of the prosencephalon to the center of the optic cup;
the “b” measurement was determined by measuring the
maximum distance (in mm, x2) from the edge of the
prosencephalon to the dorsal edge of the rhomben-
cephalon. BSO denotes pre-exposure of the conceptus to
0.5 mM BSO for 16 hr prior to addition of AAAF. Key:
(*) significantly (P < 0.05) different from control. BSO
pretreatment alone had no significant (P > 0.05) effect on
the severity of prosencephalic hypoplasia. Values are the
means * SE of at least three experiments.

nor the severity of malformations produced by
AAAF was altered by GSH depletion.

As mentioned previously, the interaction of elec-
trophiles with biological nucleophiles can be inter-
preted based upon the character of the electrophile,
i.e. whether the intermediate is chemically “hard”
or “soft” [2,33]. Previous investigations have
demonstrated that the nitrenium ion produced upon
heterolytic cleavage of AAAF is a relatively hard
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electrophile [34]. While the nitrenium ion can exist
as a ground state singlet or triplet ion, MNDO
calculations reveal that the singlet state is more
stable [35, 36]. In the singlet state, the electrophilic
center is delocalized throughout the aromatic ring
system, while the positive charge is highly localized
on the nitrogen in the triplet state [34]. Thus, the
soft singlet ion will preferentially react with soft
nucleophiles (such as GSH), and the hard triplet
ion will preferentially react with hard nucleophiles
(DNA, RNA). In support of this hypothesis is the
observation that RNA does not compete with GSH
for binding, supporting the presence of two different
reactive intermediates [37]. Studies of the inter-
actions between cellular nucleophiles and AAAF
have shown the order of nucleophilicity to be
tRNA = polyguanylic acid > N-acetyl-L-methion-
ine, indicating that AAAF can preferentially react
with hard nucleophiles [37, 38].

Although AAAF is capable of being converted to
either hard or soft electrophiles, the results presented
in this study are consistent with the concept that
AAAF-elicited prosencephalic hypoplasia observed
in rat embryos results from the generation of a hard
electrophile(s). The most direct evidence for gener-
ation of a hard electrophilic species comes from the
observation that AAAF is capable of binding to hard
(DNA, RNA) cellular nucleophiles in addition to
softer nucleophiles (protein). Since the interaction
of the nitrenium ion with a soft nucleophile such as
GSH would not be favored, the depletion of GSH in
the rat conceptus would not be expected to modulate
significantly the incidence or severity of AAAF-
elicited dysmorphogenesis. The inability of GSH
depletion to potentiate either the decrease in embry-
onic protein or the prosencephalic hypoplasia pro-
duced by AAAF supports this conclusion, although
GSH depletion resulted in a slight (1.4-fold) increase
in binding to DNA.

An important but largely unanswered question
pertains to the presence, activity and substrate speci-
ficity of glutathione-S-transferase isozymes (GST) in
the early rat conceptus. Since GSTs catalyze the
conjugation of GSH with a variety of electrophilic
substrates, the interaction between hard electro-
philes and GSH can thereby become relatively
efficient. The best example of this may be the role
of GST and GSH in detoxifying the 2,3-oxide inter-
mediate of aflatoxin B; (AFB;), a hard electrophile.
This conjugation reaction occurs only if GST is
present [39], and the species susceptibility to AFB,
correlates with the presence and activity of GSTs
[40]. It is conceivable that the presence of such
transferases could potentially influence the inter-
pratation of the results presented here. In addition,
physico-chemical factors must also be taken into
consideration prior to drawing any final conclusions.

In contrast to AAAF, the embryotoxic elec-
trophilic species generated from APAP (presumably
NAPQI) appears to behave almost exclusively as a
soft electrophile. The order of nucleophilic attack by
several sulfhydryl compounds was found to be
GSH = N-acetyl-cysteine > cysteine > methionine
(soft to hard) [41]. In addition, protein sulfhydryls
and GSH have long been regarded as the primary
sites of electrophilic attack following APAP
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exposure [42], and a thiol-protein adduct of APAP
has been identified [43]. Although the exact mech-
anism(s) of toxicity is unknown, evidence suggests
that NAPQI depletion of cellular thiols and the
subsequent oxidation of cellular proteins may be
critical [44].

Since APAP requires enzymatic bioactivation to
exert toxicity in hepatocytes, the extent and capacity
of rat conceptuses to convert APAP to embryotoxic
metabolites would expectedly be an important bio-
chemical determinant for embryonic susceptibility.
The data presented here suggest that the rat con-
ceptus, as is the case in the adult, possesses the
capacity to bioactivate APAP to a soft electrophile
which interacts almost exclusively with protein and
GSH. APAP also was found to produce dys-
morphogenesis in the same concentration range as
that required to produce toxicity in isolated hepato-
cytes. The critical role of GSH in modulating APAP-
elicited embryotoxicity is supported by the increase
in binding to protein, and the potentiation of embryo-
toxicity and dysmorphogenesis upon GSH depletion.

In summary, the data presented here indicate that
the interaction of two factors—the electrophilic
character of the responsible reactive intermediates
as well as the quantitative presence of GSH (and, by
extension, GST) in target cells—can exert marked
effects on the observed embryotoxicity. Consider-
ations of electrophilic character may help explain
previous observations of chemical embryotoxicity,
such as the report that GSH depletion enhances the
embryotoxicity of acrolein, but not phosphoramide
mustard [45], the influence of embryonic age upon
the toxicity of 7-OH-AAF following GSH depletion
[21], and the role of extracellular GSH in modulating
the embryotoxicity of AAAF [15]. Future investi-
gations of the presence of GST isozymes during
embryonic development can be expected to provide
further valuable insight into the capacity of embryos
to mount a biochemical defense against reactive
intermediates.

Acknowledgements—The technical assistance of Hseuh
Ying-Yang and the generous assistance with the density
gradients by Dick Grace are gratefully acknowledged.

REFERENCES

1. Snyder R, Parke DV, Kocsis JJ, Jollow DJ, Gibson CG
and Witmer CM, Biological reactive intermediates. II:
Parts A and B. Adv Exp Med Biol 136B: 1-1476, 1982.

2. Coles B, Effects of modifying structure on electrophilic
reactions with biological nucleophiles. Drug Metab Rev
15: 1307-1334, 1987.

3. Ketterer B, Srai SKS, Waynforth B, Tullis DL, Evans
FE and Kadlubar FF, Formation of N-(glutathion-S-
methylene)-4-aminoazobenzene following oxidation of
the N-methyl group of the carcinogen N-methyl-4-
aminoazobenzene. Chem Biol Interact 38: 287-302,
1982.

4. Kadlubar FF, Miller JA and Miller EC, Hepatic metab-
olism of N-hydroxy-N-methyl-4-aminoazobenzene and
other N-hydroxy arylamines to reactive sulfuric acid
esters. Cancer Res 36: 2350-2359, 1976.

5. Lin JK, Miller JA and Miller EC, Structures of hepatic
nucleic acid-bound dyes in rats given the carcinogen N-
methyl-4-aminoazobenzene. Cancer Res 35: 844-850,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2691

1975.

. Beland FA, Tullis DL, Kadlubar FF, Straub KM and

Evans FE, Characterization of DNA adducts of the
carcinogen N-methyl-4-aminoazobenzene. Chem Biol
Interact 31: 1-17, 1980.

. Miller EC and Miller JA, Some historical perspectives

on the metabolism of xenobiotic chemicals to reactive
electrophiles. In: Bioactivation of Foreign Compounds
(Ed. Anders MW), pp. 3-38. Academic Press,
Orlando, 1985.

. Izumi J, Development anomalies in offspring of mice

induced by administration of 2-acetylaminofluorene
during pregnancy. Acta Anat Nippon 37: 239-249, 1962.

. Alexandrov VA, Embryotoxic and teratogenic effects

of chemical carcinogens. IARC Sci Publ 4: 112-126,
1973.

Jelinek R, Use of chick embryos in screening for embry-
otoxicity. Teratogen Carcinogen Mutagen 2: 225-261,
1982.

DeBaun JR, Miller EC and Miller JA, N-Hydroxy-2-
acetylaminofluorene sulfotransferase: Its probable role
in carcinogenesis and in protein (methion-S-yl) binding
in rat liver. Cancer Res 30: 577-595, 1970.
Underwood GR and Kirsch RB, The solvolysis of N-
acetoxy-2-acetylaminofluorene and  N-acetoxy-4-
acetylaminobiphenyl: Delicate balance between nitren-
ium jon formation and hydrolysis. J Chem Soc Chem
Commun 136-138, 1985.

Kadlubar FF and Beland FA, Chemical properties of
ultimate carcinogenic metabolites of arylamines and
arylamides. ACS Symposium Series 283: 341-370, 1985.
Faustman-Watts EM, Yang HYL, Namkung MIJ,
Greenaway JC, Fantel AG and Juchau MR, Muta-
genic, cytotoxic and teratogenic effects of 2-
acetylaminofluorene and reactive metabolites in vitro.
Teratogen Carcinogen Mutagen 4: 273-283, 1984.
Faustman-Watts EM, Namkung MJ and Juchau MR,
Modulation of the embryotoxicity in vitro of reactive
metabolites of 2-acetylaminofluorene by reduced
glutathione and ascorbate and via sulfation. Toxicol
Appl Pharmacol 86: 400-410, 1986.

Black M, Acetaminophen hepatotoxicity. Annu Rev
Med 35: 577-593, 1984.

Dahlin DC, Miwa GT, Lu AYH and Nelson SD, N-
Acetyl-p-benzoquinoneimine: a cytochrome P-450-
mediated oxidation product of acetaminophen. Proc
Natl Acad Sci USA 81: 1327-1331, 1984.

Albano E, Rundgren M, Harvison PJ, Nelson SD and
Moldeus PJ, Mechanisms of N-acetyl-p-benzoquinone
imine cytotoxicity. Mol Pharmacol 28: 306-311, 1985.
Harris C, Stark KL and Juchau MR, On the prediction
of chemical teratogenicity in vitro: biotransformation
of acetaminophen (APAP) and 7-OH-acetylamino-
fluorene (7-OH-AAF). Toxicologist 8: 32, 1988.
Stark KL, Harris C and Juchau MR, Modulation of the
embryotoxicity and cytotoxicity elicited by 7-hydroxy-
2-acetylaminofluorene and acetaminophen via deace-
tylation. Toxicol Appl Pharmacol 97: 548-561, 1989.
Harris C, Stark KL and Juchau MR, Glutathione status
and the incidence of neural tube defects elicited by
direct acting teratogens in vitro. Teratology 37: 577-
590, 1988.

Mego JL, Simulation of intralysosomal proteolysis by
cysteinyl glycine, a product of the action of y-glutamyl
transpeptidase on glutathione. Biochim Biophys Acta
841: 139-144, 1985.

Ziegler DM, Role of reversible oxidation-reduction of
enzyme thiol-disulfides in metabolic regulation. Annu
Rev Biochem 54: 305-329, 1985.

Harris C, Fantel AG and Juchau MR, Differential
glutathione depletion by L-buthionine-S, R-sulfoximine
in rat embryo versus visceral yolk sac in vivo and in
vitro. Biochem Pharmacol 35: 4437-4441, 1986.



2692

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Harris C, Namkung MJ and Juchau MR, Regulation of
intracellular giutathione in rat embryos and visceral
yolk sacs and its effects on 2-nitrosofluorene-induced
malformations in the whole embryo culture system.
Toxicol App! Pharmac 88: 141-152, 1987.
Faustman-Watts EM, Greenaway JC, Namkung MJ,
Fantel AG and Juchau MR, Teratogenicity in vitro of
two deacetylated metabolites of N-hydroxy-2-
acetylaminofluorene. Toxicol Appl Pharmacol 76: 161-
171, 1984.

Fantel AG, Greenaway JC, Shepard TH and Juchau
MR, Teratogenic bioactivation of cyclophosphamide in
vitro. Life Sci 25: 67-72, 1979.

Bradford MM, A rapid sensitive method for the quanti-
tation of microgram quantities of protein using the
principle of protein-dye binding. Anal Biochem 72:
248-254, 1976.

Labarca L and Paigen K, A simple, rapid and sensitive
DNA assay procedure. Anal Biochem 102: 344-352,
1980.

Lotlikar PD, Scribner JD, Miller JA and Miller EC,
Reaction of aromatic N-hydroxy amines and amides
with methionine in vitro. A model for in vivo binding
of amine carcinogens to protein. Life Sci 5: 1263-1269,
1966.

Mirkes PM, Simultaneous binding of rat embryo DNA,
RNA, and protein in cesium trifluoroacetate gradients.
Anal Biochem 148: 376-383, 1985.

Keuls M, The use of the “studentized range” in con-
nection with an analysis of variance. Euphytica 1: 112-
122, 1952.

Pearson RG and Songstad J, Application of the prin-
ciples of hard and soft acids and bases to organic
chemistry. J Am Chem Soc 89: 1827-1836, 1967.

Van den Goorbergh JAM, Meerman JHN, de Witt H
and Mulder GJ, Reaction of 2-acetylaminofluorene-N-
sulfate with RNA and glutathione: evidence for the
generation of two reactive intermediates with different
reactivities towards RNA and glutathione. Carci-
nogenesis 6: 1635-1640, 1985.

Scribner JD and Naimy NK, Destruction of triplet
nitrenium ion by ascorbic acid. Experientia 31: 470-
471, 1975.

36.

37.

38.

39.

40.

41.

42.

43.

45.

K. L. STARK, C. HARRIS and M. R. JUCHAU

Ford PG and Scribner JD, MNDO molecular orbital
study of nitrenium ions derived from carcinogenic aro-
matic amines and amides. J Am Chem Soc 103: 4281-
4291, 1981.

Smith BA, Gutman HR and Springfield JR, Interaction
of nucleophiles with the enzymatically-activated car-
cinogen, N-hydroxy-2-acetylaminofiuorene, and with
the model ester, N-acetoxy-2-acetylaminofiuorene.
Carcinogenesis 6: 271-277, 1985.

Smith BA, Gutman HR and Springfield IR, Interaction
of the synthetic ultimate carcinogens, N-sulfonoxy- and
N-acetoxy-2-acetylaminofluorene, and of enzymat-
ically activated N-hydroxy-2-acetylaminofluorene with
nucleophiles. Carcinogenesis 7. 405411, 1986.

Neal GE and Green JA, The requirement for gluta-
thione-S-transferase in the conjugation of activated
aflatoxin B, during hepatocarcinogenesis in the rat.
Chem Biol Interact 45: 259-275, 1983.

O’Brien K, Moss E, Judah D and Neal G, Metabolic
basis of the species-difference to aflatoxin B;-induced
hepatotoxicity. Biochem Biophys Res Commun 114:
813-821, 1983.

Buckpitt AR, Rollins DE and Mitchell JR, Varying
effects of sulfhydryl nucleophiles on acetaminophen
oxidation and sulfhydryl adduct formation. Biochem
Pharmacol 28: 2941-2946, 1979.

Streeter AJ, Dahlin DC, Nelson SD and Baillie TA,
The covalent binding of acetaminophen to protein.
Evidence for cysteine residues as major sites of aryl-
ation “in vitro”. Chem Biol Interact. 48: 348-366, 1984.
Hoffman KJ, Streeter AJ, Axworthy DB and Baillie
TA, Identification of the major covalent adduct formed
in vitro and in vivo between acetaminophen and mouse
liver proteins. Mol Pharmacol 27: 566-573, 1985.

. Porubek DJ, Rundgren M, Harvison PJ, Nelson SD

and Moldeus P, Investigation of mechanisms of
acetaminophen toxicity in isolated rat hepatocytes with
the acetaminophen analogues 3,5-dimethylacetamino-
phen and 2,6-dimethylacetaminophen. Mol Pharmacol
31: 647-653, 1987.

Slott VL and Hales BF, Enhancement of embryo-
toxicity or acrolein, but not phosphoramide mustard by
glutathione depletion in rat embryos in vitro. Biochem
Pharmacol 36: 2019-2025, 1987.



