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ABSTRACT

GST isoforms have been extensively studied in adult tissues but little is known about the
composition and levels of these enzymes in fetal tissues. As part of our ongoing studies to
determine the potential role of metabolic enzymes in mediating the differential suscept-
ibility of different strains of mice to lung tumorigenesis following in utero exposure to 3-
methylcholanthrene (MC), we screened for GST enzyme activity and for expression of the
individual GSTa, , u, and 6 isoforms in murine fetal lung and liver tissues isolated from the
parental strains and F1 crosses between C57BL/6 (B6) and BALB/c (C) mice. Using 1-chloro-
2,4-dinitrobenzene (CDNB) as a substrate, we found that treatment with MC had no effect on
the levels of GST enzyme activity in either the fetal lung or liver in either of the two parental
strains or their F1 crosses. Low levels of expression of each of the four enzymes were
detected by Western blotting in both fetal lung and liver tissues in all four strains. A
statistically significant 3.5-fold induction was observed only for GSTw in the fetal lung of
the parental strain of BALB/c mice 48 h after exposure to MC. None of the other enzymes
showed any significant differences in the levels of expression following exposure to MC.
Although strain-specific differences in the expression of the GSTs that were independent of
MC treatment were observed, they could not account for the differences previously observed
in either the Ki-ras mutational spectrum or lung tumor incidence in the different strains of
mice. Similar results were obtained when the maternal metabolism of MC was assayed in
liver microsomal preparations. The results are consistent with previous studies showing
low levels and poor inducibility of phase Il enzymes during gestation, and demonstrate for
the first time that all four of the major GST enzymes are expressed in fetal tissues. While the
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MC, 3-methylcholanthrene
NAT, N-acetyltransferases
PAH, polycyclic aromatic
hydrocarbons

Pas, pulmonary adenoma

high inducibility of activating enzymes, such as Cyplal, and low, uninducible levels of phase
II conjugating enzymes probably account for the high susceptibility of the fetus to trans-
placentally induced tumor formation, the results also suggest that factors other than
metabolism may account for the strain-specific differences in susceptibility to carcino-
gen-mediated lung tumor induction following in utero exposure to chemical carcinogens.

susceptibility © 2006 Elsevier Inc. All rights reserved.
UDPGT, uridine 5'-diphosphoglu-

curonosyltransferase

1. Introduction that catalyze the conjugation of glutathione to reactive

Studies from several laboratories have provided evidence that
the fetus and embryo are more susceptible to environmental
toxicants than are adult organisms [1-6]. One of the factors
that appears to mediate the higher susceptibility of the
developing organism to environmental carcinogens is the
difference in composition and concentration of metabolic
enzymes responsible for the activation and/or detoxification
of carcinogenic agents. In general, fetal tissues have low levels
of drug metabolic enzymes and lack many of the forms of
phase I enzymes present in adult tissues [4,7-10]. In addition,
the fetus exhibits low levels and rather poor inducibility for
many of the protective phase Il enzymes [5,11,12]. Thus, when
exposed in utero to chemical carcinogens such as PAHs, the
fetus demonstrates a marked induction of Cyplal, resultingin
the metabolic activation of the parent PAH to a highly reactive
electrophile capable of binding to DNA and forming potentially
mutagenic DNA adducts. Since this marked induction of
Cyplal occurs in the relative absence of other forms of Cyp
that detoxify the PAH - and because of the poor inducibility of
the phase II enzymes — the fetus demonstrates a higher
relative induction of AHH activity compared to adult tissues
[5,13-16].

Our laboratory has compared the effect of in utero
exposure to MC on lung tumor incidences in D2 x B6D2F1
backcrossed mice and the more susceptible BALB/c strain
[17,18]. Interestingly, we found that BALB/c mice had a
reduced latency for lung tumor formation. All of the BALB/c
mice treated in utero with a 45 mg/kg dose of MC had lung
tumors 6 months after birth, while the Cyp inducible
D2 x B6D2F1 backcrossed mice treated in utero with 30 mg/
kg of MC had a tumor incidence of 84% after 12 months. The
two strains also demonstrated differences in the mutational
spectrum of the Ki-ras gene, as D2 x B6D2F1 backcrossed mice
exhibited G — T transversions in 84% of their lung lesions
while BALB/c mice exhibited a predominance of G—C
transversions in 62% of the lung lesions with Ki-ras mutations
[17,19,20]. Recent studies from our laboratory have shown that
the differences in mutational spectrum induced in the Ki-ras
gene were not due to differences in the levels of Phase I
enzymes expressed during late gestation [21].

Although the identification and determination of the
levels and composition of phase I enzymes has received a
great deal of attention, much less is known about the levels
and activity of phase II enzymes during gestation [12]. The
majority of studies have been conducted in liver tissue, with
little or no information available on other organ sites.
Glutathione S-transferases (GSTs) are a family of enzymes

electrophiles [22-24]. In studies directly comparing fetal to
adult tissue, Di Ilio et al. [25], using 1-chloro-2,4-dinitroben-
zene (CDNB) as a substrate, demonstrated GST activity in fetal
mice on the 14th and 18th days of gestation. Similar to results
obtained with phase I enzymes, they showed that fetal liver
activity in untreated mice was approximately 35% of the
levels found in adult livers, although the inducibility of fetal
GST activity by PAHs was not determined. Previous studies
from our laboratory also demonstrated low levels of CDNB
activity during late gestation in fetal lung and liver super-
natants from C57BL/6 mice [26]. We found that the fetal liver
tissue exhibited approximately seven-fold higher levels of
CDNB activity than did fetal lungs, and also demonstrated
expression of GSTa by Western blotting in both organs. Hales
and Huang [27] demonstrated the expression of the Y,
subunit of GSTP in the yolk sac of rat embyros during
organogenesis. In addition, human fetal livers were shown
to contain low levels of GST expression in conjunction with a
decreased ability to detoxify hydroperoxides [28].

It has been shown in adult animals that MC can be
conjugated by GST enzymes [29]. Thus, in order to determine
the potential role of GSTs in the strain-specific differences
observed in the Ki-ras mutational spectrum following in utero
exposure to MC, and to determine the composition and levels
of the different GSTs during gestation in potential target
tissues for PAH-mediated carcinogenesis, we examined fetal
lung and liver tissues for expression of the four major enzymes
of GST in C57BL/6, BALB/c, and reciprocal crosses between
these two strains of mice. We sought to determine if
differences in the ability of different strains of fetal mice to
detoxify reactive electrophiles could account for differences in
their susceptibility to tumor formation or the mutational
spectrum of Ki-ras mutations.

2. Materials and methods
2.1. Animals and treatment protocols

BALB/c (C) and C57BL/6 (B6) mice were obtained from Charles
River Laboratories (Raleigh, NC). The mice were housed in a
pathogen-free environment in plastic cages with corn cob
bedding and aspen pile for nesting. The mice were allowed
free access to food (Prolab RMH 3000, Lab Diet, Richmond, IN)
and water, and were maintained on a 12 h fluorescent light/
dark cycle. Mice were mated by placing one female and one
male together overnight in a cage. Pregnant mothers were
treated on the 17th day of gestation (day 1 was the first day
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following overnight mating) by a high i.p. injection under the
diaphragm with either 0.5 ml/0.035 kg body weight of olive oil
or a 45 mg/kg dose of MC dissolved in olive oil. Mice were
euthanized by CO, asphyxiation followed by exsanguination
at various time points as described below. All animal studies
were approved by the Institutional Animal Care and Use
Committee of the Wake Forest University School of Medicine.

2.2 Determination of GST enzyme activity

Pregnant mothers were euthanized by CO, asphyxiation/
exsanguination at 8, 24, and 48 h after injection. Maternal
livers and fetal lung and liver tissues were collected separately
and flash frozen in liquid nitrogen immediately upon dissec-
tion and stored at —80 °C (pooled fetal lung or liver tissue from
three individual litters were isolated for each time point). Fetal
lung and liver tissues were homogenized in cold 0.1M
potassium phosphate buffer (pH 7.25) and the homogenates
then subjected to three cycles of freezing in liquid nitrogen
and thawing in a room temperature water bath. Supernatant
fractions were isolated by centrifugation for 10 min at
14,000 rpm at 4 °C. Protein content was determined with the
Bio-Rad Protein Assay Kit (Hercules, CA).

GST enzyme activity was assayed by a modification [30] of
the method described by Habig et al. [31]. Briefly, 10-20 pg of
protein was assayed at 23 °C in a solution of 0.1 M potassium
phosphate (pH 6.5) and 1 mM glutathione. The reaction was
initiated by addition of 1mM 1-chloro-2,4-dinitrobenzene
(CDNB) in 20x ethanolic solution. Change in absorbance was
monitored at 340 nm for 90 s. Activity was calculated using the
AA/min and extinction coefficient and reported as nmol/min/
mg protein.

2.3.  Determination of GST protein expression level by
Western blot

As previous studies from our laboratory have shown that the
GST specific activity in clonal GST-transfected cell lines is
proportional to the band intensity by Western blot [32], we
utilized Western blotting to determine the levels of the
different GST enzymes. Fetal lung and liver tissues (tissues
from individual litters were pooled and there were three litters
for each time point) were homogenized in cold lysis buffer
(25 mM Tris-HCl, pH 7.4/150 mM NaCl/1% Triton X-100/1%
SDS) containing a cocktail of protease inhibitors (Complete,
Roche, Indianapolis, IN) and phenylmethanesulfonyl fluoride
(0.1 mg/ml). Equal amounts of protein from each lysate were
separated on 12% SDS-PAGEs and analyzed by Western
blotting using a 1:1000 dilution of affinity-purified, class-
specific rabbit anti-GST polyclonal antibodies developed
against purified human «, p, or = class GSTs [33], and a
monoclonal mouse antibody for GST6 (clone GSTE1-1A2,
provided as a gift from LabAs Ltd. Tartu, Estonia). Secondary
antibodies consisted of a 1:10,000 dilution of either goat anti-
rabbit or goat anti-mouse (for GST6) IgG conjugated to
horseradish peroxidase (ICN/Cappel, Aurora, OH). Bands were
visualized using enhanced chemiluminescence according to
the manufacturer’s instructions (Bio-Rad). Equivalent loading
and protein transfer were confirmed by Western blot using
monoclonal mouse anti-rabbit GAPDH antibody (RDI, Flan-

ders, NJ) and by staining membranes with 1% of Ponceau S
(Sigma, St. Louis, MO). Films were scanned with a scanner
(EPSON TWAIN 5, version 5.71A) and band densities were
analyzed using the UN-SCANIT Automatic digitizing system
(Version 5.1). GST values at each time point were expressed
relative to the levels of GAPDH expression.

2.4.  Determination of MC metabolism in maternal liver

The frozen maternal livers from the pregnant mothers were
thawed on ice and rinsed in 0.25 M potassium phosphate, pH
7.25/0.15M KCI buffer. The tissues were homogenized in
10 volumes (w/v) of buffer and centrifuged at 9000 x g for
20 min at 4 °C in an Eppendorf 5804R centrifuge using a fixed
angle rotor. The supernatants were then centrifuged at
42,000 rpm for 60 min at 4 °C in a Beckman 70.1Ti rotor and
the pellet resuspended in 0.25 M K-PO, (pH 7.25)/30% glycerol
and the samples stored at —80 °C until use. Protein content
was determined with the Bio-Rad Protein Assay Kit.

For determination of MC metabolism, the reaction mix-
tures contained 100 pl of 1 M potassium phosphate buffer (pH
7.4), 50 ul of 100 mM magnesium chloride, 100 pl of 0.2 M
glucose-6-phosphate (in 40 mM Tris-HCI buffer, pH 7.3), 20 pl
of 50 units/pl of glucose-6-phosphate dehydrogenase (in 5 mM
sodium citrate buffer, pH 7.5), 100 ul of 6 mg/ml BSA, 50 pl of
10 mM B-nicotinamide adenine dinucleotide phosphate, and
100 pl of 4 mg/ml of liver microsomes diluted in 100 mM
potassium phosphate buffer (pH 7.4). The reactions were
started by the addition of 10 ul of 8 mM MC (in acetone) and
were incubated at 37 °C in a shaking water bath for 7.5 min.
The reactions were quenched by the addition of 1 ml of ethyl
acetate and the samples chilled on ice. The reactions were
done in duplicate for each of three liver microsomal protein
samples.

The reaction mixtures were extracted three times by the
addition of 2 ml of ethyl acetate. Each sample was vortexed,
centrifuged, and the upper layer removed to a glass culture
tube for a final extract volume of approximately 6 ml. The
ethyl acetate was removed by rotary evaporation and the
samples dissolved in 100 ul of methanol.

A 20 pl sample was injected onto an Agilent 1100 series
LC/MSD single quadrapol system in atmospheric chemical
ionization (APCI) mode. Separations were carried out on a
5 pm Agilent Zorbax SB-C18 column (4.6 mm x 150 mm) at
25 °C with a flow rate of 0.75 ml/min. The mobile phase was a
binary gradient of 0.1% formic acid in deionized water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B): a
linear gradient from 40% solvent A and 60% solvent B to 10%
solvent A and 90% solvent B at 20 min, isocratic at 10%
solvent A and 90% solvent B from 20 to 40 min, then a linear
gradient to 100% solvent B at 50 min, and hold for 10 min.
Each run was followed by a 15 min equilibration time at
initial conditions.

Data were collected with an Agilent 1100 series PDA at
295 nm and 1100 series MSD. The MSD source was operated in
positive APCI mode with a corona current of 4000 nA, the
vaporizer at 400 °C, a gas temperature of 350 °C with a flow of
51/min, and a nebulizer pressure of 60 psi. The MSD collected
data in single ion monitoring (SIM) mode for metabolite
fragments of masses 267, 283, and 299 m/z.
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2.5. Statistical methods

2.5.1. Fetal levels of GSTs
Statistical analyses were performed to (1) assess if significant
differences existed between the olive oil controls and the 24 h
and/or 48h MC treated samples for each liver and lung
combination across each of the two parental strains and their
F1 crosses, and (2) compare these four strains for significant
differences for each group combination for 24h olive oil
control, 24 h MC, and 48 h MC treatment. Descriptive analyses
were performed to explore distribution shape and character-
istics of GST levels. A logarithmic transformation was used in
the analysis to stabilize variation and preserve normality.
For comparison of the 24 h MC and 48 h MC treatments to
the olive oil control, t-tests were performed comparing
In(GST). Results were adjusted for multiple comparisons using
stepwise Bonferroni type adjustments [34,35]. For comparison
of the four strains for each treatment, Analysis of Variance
was performed with In(GST) for the response and strain.

2.5.2. Maternal metabolism of MC

Descriptive statistics were examined for assay levels by
metabolite to assess their distribution shape and character-
istics. Analysis of Variance (ANOVA) was performed on the
levels to assess strain and treatment group differences in
enzyme activity for each metabolite. Tests of interaction
between strain and treatment group were performed. If
significant, tests of simple effects for strain differences within
treatment group and treatment group differences within
strain were performed. Adequacy of model assumptions was
examined by analysis of residuals. For the 1-one and 2-OH
metabolites, a log transformation was used to preserve
normality after such analysis indicated some inadequacy.
All analyses were performed using SAS v8.2 (SAS Institute,
Cary, NC).

3. Results

GST isoforms have been extensively studied in adult tissues in
both humans and mice. However, little is known about the
composition and levels of these enzymes in fetal tissues. As
part of our ongoing studies to determine the potential role of
metabolic enzymes in mediating the differential susceptibility
of different strains of mice to lung tumorigenesis following in
utero exposure to MC, we screened for GST enzyme activity
and for expression of the individual GSTq, =, ., and 6 isoforms
in murine fetal lung and liver tissues isolated from C57BL/6
(B6), BALB/c (C), and F1 crosses between the two strains of
mice. Pregnant mothers were treated on the 17th day of
gestation with either olive oil alone or 45mg/kg of MC
dissolved in olive oil. Fetal tissues were collected at 8, 24
and 48 h after injection.

Using CDNB as a substrate, we found that treatment with
MC had no effect on the levels of GST enzyme activity in either
the fetal lung (Fig. 1A) or liver (Fig. 1B) in either of the two
parental strains and their F1 crosses. These results confirmed
previous studies conducted by Di Ilio et al. [25] and our
laboratory [26]. We then used Western blotting to determine
the expression of the four major GSTs in fetal lung and liver
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Fig. 1 - GST enzyme activity in fetal tissues. Fetal lung and
liver tissues were collected 8, 24, and 48 h after injection of
MC. GST enzyme activity was assayed using 1 mM 1-
chloro-2,4-dinitrobenzene (CDNB) as substrate. Activity
was calculated using the AA/min and extinction
coefficient, reported in nmol/min/mg protein. 0: control
samples collected 24 h after injection with the olive oil
vehicle. For the histogram, each bar represents the

mean = S.D. of three individual litters. It should be noted
that the 8 h fetal lung samples for C mice were lost due to a
technical error.

tissues in the different mouse strains (Figs. 2 and 3). We were
able to detect low levels of expression of each of the four GSTs
in both the fetal lung and livers in all four strains. Because of
the low levels of expression and the uncertainty in determin-
ing the exact time of conception, a high degree of variability
was seen between individual litters in the same treatment
group. GST¥, in particular, showed a very high degree of inter-
sample variation, particularly in the lung (Fig. 2). Statistical
analyses indicated that the only significant difference
detected following in utero exposure to MC was a significant
increase in the levels of GSTu in the fetal lung of the parental
strain of BALB/c mice in lung tissue isolated 48 h after in utero
exposure to MC, which increased by 3.5-fold at this time point
relative to the olive oil treated group (P = 0.01). At all other time
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fold induction | 24hr Q0 | 24hr MC 43hr MC | 24hr OO | 24hr MC 48hr MC 24hr QO | 24hr MC | 48hr MC 24hr QO | 24hr MC 48hr MC
GST-o 1.00 0.36 2.39 1.00 2.34 4.64 1.00 0.49 0.44 1.00 1.38 1.28
GST-mu 1.00 1412 3.50 1.00 1.31 1.47 1,00 1.19 0.32 1.00 0.63 0.76
GST-pi 1.00 0.99 1.62 1.00 1.00 5.42 1.00 0.86 1.09 1.00 0.56 0.96
GST-theta 1.00 0.55 4.39 1.00 6.24 48.07 1.00 0.42 0.85 1.00 0.73 0.97

Fig. 2 - Western blot analysis of GST«, i, w and 6 protein in fetal lung following transplacental exposure to MC.

Pregnant

mothers were treated on day 17 of gestation with either olive oil (O) or 45 mg/kg of MC (M). Mice were euthanized by CO,
asphyxiation/exsanguination and homogenates prepared from fetal lung tissues 24 and 48 h after injection. Lungs from the
same litter were pooled. Tissues homogenates and protein standards (STD) or positive controls from transfected cell lines
(POST) were electrophoresed on 12% SDS PAGEs, transferred to nitrocellulose membranes, and the membranes blotted with

antibodies to the different GSTs. Three litters are shown for

each time point. The results from the Western blots shown in

the upper part of the figure are also presented as a histogram showing densitometric values in arbitrary units. For the
histogram, each bar represents the mean + S.D. of three individual litters. Values in the histogram are expressed as the
ratio of the value obtained for GST divided by the value obtained for expression of GAPDH (densitometric analysis of GST
expression relative to GAPDH). These data are presented as fold induction over 24 h olive oil treated controls in the table at

the bottom of the figure.

points in both organs, none of the other GSTs showed any
significant differences in the levels of expression following
exposure to MC. To be sure that developmental alterations in
the levels of the individual enzymes did not occur from
gestation day 18 to 19, which could impact our analysis of
enzyme induction relative to the 24h control, we also
compared the 24 h olive oil treated controls to another group
of mice euthanized after a 48h exposure to olive oil.
Homogenates from three individual litters were pooled and
analyzed by Western blotting (Fig. 4). The results showed that
the basal levels of each GST were stable over the 24 and 48 h
post-injection time period in which the samples were assayed
for induction by MC. The results are consistent with previous
studies showing low levels and poor inducibility of phase II
enzymes during gestation, and demonstrate for the first time
that all four of the major GSTs are expressed in fetal tissues
[12,25,26]. The mean values obtained for GST6, though not
significant, would at first glance appear to suggest a rather
marked induction of the enzyme following in utero exposure
to MC, particularly in the C x B6 mice. However, careful
inspection of the Western blots show that at both the 24 and
48 h post-injection time points, this increase is due mainly to
one of the three samples analyzed.

There did appear to be some strain-specific differences in
the expression of the GST enzymes that were independent of

the treatment. Statistically significant differences (P < 0.05)
were found across the four strains for GSTp in the olive oil
treated lung and liver groups, as well as in the 24 h MC treated
liver. Statistically significant differences between expression
in the four strains were also noted in the olive oil treated lung
for expression of GSTw and 6, and for GST6 in the 24 h MC
treated groups. However, no consistent patterns of differences
in expression could be determined that would account for the
differences in mutational spectrum observed in D2 x B6D2F1
backcrossed and BALB/c mice [17,19].

Finally, we also determined the ability of maternal liver to
metabolize MC in order to ascertain if subtle differences in
maternal metabolism could influence the amount of carcino-
gen available that could cross into the fetal compartment.
Pregnant mice were treated with 45 mg/kg of MC on day 17 of
gestation and liver microsomes were prepared from the
maternallivers 24 h afterinjection of MC. Asshownin Table 1,
we measured 5 specific metabolic products of MC, including
the 1-OH, 1-one, 2-OH, 11,12-diol, and 11,12-dione. We found
statistically significant differences between each of the
strains for a number of the metabolites produced following
MC metabolism, both in the oil-treated control and MC-
treated samples. Type III tests for significant interaction
between strain and treatment group indicated that there
were significant differences for all metabolites except for the



120 BIOCHEMICAL PHARMACOLOGY 72 (2006) 115-123

GST-a GSTu GST-T GST-0
STD OO0 24hr  _MC 24hr _MC 48hr STD OO0 24hr MC 24hr MC 48hr STD OO0 24hr  MC 24hr _MC 48hr POST 0O 24hr _MC 24hr _ MC 48hr
S1 S2 S3 5152 83 5182 83 51 525351 5283 51 5283 S1 S2 83 S18253818283 81 82 S3 8152 §3 51 8283
c -—— —_— —— e --v‘__.__—-ﬁ"
CB6 g e — - - ‘-—-—-—---J
BEC e e e—— —— \-———_______ - T ——————— gf
BE g - e A———— T S ——— — —
T G5T-u § GST-mu T GST-pi = GS5T-+theta
o = 8 o
260 < 5o % 40
] <
Qa0 3 300 o ¢ 3.0
3 £ 150 El o T 20
= 20 iy Py H =0
17 w 00 o0 o0
G 0o 8 24h 24h 48h |24h 24h 48h (24h 24h 48h |2dh 24h deh | || O Goo
- e OMMI|OMM|OMEBE|OMM = s
3 = c =13 B&C L= "
[ = o« -4
GST Isozymes Fold Induction in Fetal Liver Tissues
C CB6 B6C B6
fold induction | 24hr 0O | 24hr MC | 48hr MC | 24hr OO | 2dhr MC | 48hr MC | 24hr OO | 24hr MC | 48hr MC 24hr OO | 24hr MC | 48hr MC
GST-n 1.00 1.76 5.88 1.00 0.48 0.37 1.00 2.19 1.06 1.00 1.29 1.48
GST-mu 1.00 0.75 1.69 1.00 0.23 0.21 1.00 0.76 0.68 1.00 0.98 1.23
GST-pi 1.00 0.59 0.78 1.00 1.26 0.87 1.00 0.82 0.60 1.00 114 1.52
G5T-theta 1.00 0.81 1.42 1.00 0.97 0.99 1.00 1.21 0.69 1.00 1.24 1.37

Fig. 3 - Western blot analysis of GST«, p, m and 6 protein in fetal liver following transplacental exposure to MC. Pregnant
mothers were treated on day 17 of gestation with either olive oil (O) or 45 mg/kg of MC (M). Mice were euthanized by CO,
asphyxiation/exsanguination and homogenates prepared from fetal liver tissues 24 and 48 h after injection. Livers from the
same litter were pooled. Tissues homogenates and protein standards (STD) or positive controls from transfected cell lines
(POST) were electrophoresed on 12% SDS PAGEs, transferred to nitrocellulose membranes, and the membranes blotted with
antibodies to the different GSTs. Three litters were analyzed for each time point. The results from the Western blots shown
in the upper part of the figure are also presented as a histogram showing densitometric values in arbitrary units. For the
histogram, each bar represents the mean + S.D. of three individual litters. Values in the histogram are expressed as the

ratio of the value obtained for GST divided by the value obtained for expression of GAPDH (densitometric analysis of GST
expression relative to GAPDH). These data are presented as fold induction over 24 h olive oil treated controls in the table at

the bottom of the figure.
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Fig. 4 - Basal levels of GST expression in fetal tissues on gestation days 18 and 19. Pregnant mothers were treated on day 17
of gestation with olive oil and euthanized by CO, asphyxiation/exsanguination. Homogenates were prepared from fetal
lung and liver tissues 24 and 48 h after injection. Tissues homogenates from two to three individual litters were pooled.
Tissues homogenates and protein standards (STD) were electrophoreses on 12% SDS PAGEs, transferred to nitrocellulose
membranes, and the membranes blotted with GST antibodies. The data in the histogram are expressed as the ratio of GST/
GAPDH (densitometric analysis of GST expression relative to GAPDH).
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2| o © s | 6 86® % 1-one. For this metabolite, there were significant differences
S § R § Qs g g g between strains (P = 0.0008) and between the MC tr.eated and
B 8 ; o ué. control groups (P = 0.06). For the oth.er four metabolites, there
%O E o B were significant strain differences in the control group only
= @ § = L g '§E° for the 1-OH metabolite (P=0.0006). For the MC treated
yl/lsasdas § qé 3 5 groups, strains were significantly different for these meta-
O = Sataw é 5 EO § bolites (P < 0.025). Differences within strain between control
Cwaa 3 & § g ;?5) and MC-treated groups varied for these four metabolites, with
§ é §§ B6 x C mice exhibiting significant dl'fferer.mef, for these
Moo ow o § g 2 metabolites (P < 0.04). I@portantly, while p.alr\.mse corr.lpar-
2133333 %rf g 2 isons between the strains demonstrated significant dlt.'fer—
S o 3 ﬁ ﬁ j o g £ § ences between specific strains for some of the metaboht.es,
RS ; 8% g the B6 mice did not differ from each of the other thre.e strains
= g g2 for any of the five metabolites of MC, suggesting that
o = ,S % % differences in maternal metabolism could not accoulnt for
3 E 3 § '8 E % 2 3 the observed differences in tumor incidence notgd in our
* e -§ t‘i & more recent studies in B6 and C mice [36]. Thus, similar to the
88 o E .§ results obtained pre.viously for the Phase I.enzymes. and
SoNmwm|Y 3 % ”g & formation and repair of MC-DNA adducts in fetal tissue
CHIRS 3 g S g E = *:5 %f’ sg: samples [21], we found that, although there were some
’;: = a0 g ﬁ ﬂ E g fé oy E differences in the amount of specific products formed gcross
© RRads é E .oao § 8 each of the four strains, none of these differences in the
2 B f é . % maternal metabolism of MC could account for the marked
Sl o g E €53 £ differences in tumor induction (Table 1).
) — oo N2 =89 = @
£|v-c o |E8%SES
Sldda 8|EEatgns
n O N | = . .
GhdZ3 F f; E;;So % ‘g 4. Discussion
(o = PE % g % g § g & The results of these experiments demor.lstrate fo.r the first
E S § - 5 g% <& 7'2 o5 5 time the expression of all four of the major GSTs in the late
8 = 2 ? g i % & gestation mouse fetus, and that all four forms are expressed
E 5 8 & & § ::‘E g9 E fé concurrently in the same tissues.Prev1ou§ ?,tudles have? shown
5 aads3 8 & ? g 2 GEJ that the fetus and embryo are more ser.151t1ve to chemical and
o © % f, j o 3 § v < g E e physical carcinogens than are adu.lt anlmals.[1.,5,6].A.number
8 ° RRASL |3 E é § =8 of studies have shown that fetal tissues exhibit relatlveily low
g = e ee é 5V g g 2 levels of drug metabolic activity compared to adult. tissues
S E" g % 2 E E [4,7-9]. Thus, transplacental exposure to PAHs results 1.navery
g g wg |8 E & é v high level of Cyplal induction [5,10,13,37]. Using RNA isolated
“g' glccs S % g g S ﬁ q’aJ from the same tissues used in this study, we have shown that
g S j i i ﬁ @ u‘% £ % gy the levels of Cyplal transcripts were induced 7000- to 16,000-
g SaNES é 5 i g E TE fold and 2000- to 6000-fold in fetal liver and lung tissue,
§ =85 % :5: ) respectively. Because of the poor inducibility of the phase II
é gl R % ; ;‘f : % % enzymes during development [5,11,12], this resu1.tS in a very
b é TEREY é § _2 ﬁ % : large increase in the relative activity of the major eflzyme
2 ) 3 = §‘§ = responsible for PAH metabolisr¥1, namel.y .Cyplal, in the
Té @ e | E g qg ;5: % absence of an increase in protective detoxifying enzymes. In
@ RS RS § g & T addition to the GSTs, several studies have demonstrated'l(?w
é % i i : 3 i 9] ‘é’ %‘% E E levels of uridine 5/—diphosphoglucuronosyl?:ransferase act1v1.ty
B> 2 RSB ‘*25 Eé £ a & in the developing fetus of several organisms [11,12], while
ﬁ vyeee ki . }? Lg g § McQueen et al. [38] have demonstrated low leyels of NAT1 and
= o E Eo;g é NAT2 enzymatic activity and RNA trar}scrlpts., as well. as
s QT | E5 E 58 reduced acetylation of 4-aminobiphenyl, in murine fetal 11v§r
g g i : i i i g E eS| % =} % relative to the activity observed in adult liver tissue. T.hus., it
3 “legzzga|® 588 E & appears that the high inducibility for induction of activating
-‘3 Hem e S § g EJ § =2 ~§° enzymes, such as Cyplal, and low, unindu?ible levels ofph'ase
§ ° % g ;ﬁj 8:?5‘ II conjugating enzymes probably contrlbut(.e to the high
: 368885 S susceptibility of the fetus to transplacentally 1n<?1u.ced tumor
: v aa § § 3 i o g formation. These differences in metabolic act1v1ty' towerd
t";; 585 E §— £a3 :E‘;’ 5 & carcinogenic agents, combined with the high proliferative
= mmams [EEES A capacity of fetal tissues due to their high rate of growth, leaves
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the fetus less time to repair damage to DNA prior to the next
round of DNA replication and increases the likelihood of gene
mutations occurring that lead to cancer and other diseases.

Recent studies from our laboratory have provided evidence
suggesting that B6 mice are relatively resistant to the
induction of lung cancer following in utero exposure to MC
[36]. This finding was unexpected since 84% of inducible
D2 x B6D2F1 backcrossed mice treated in utero with MC
developed tumors 12 months after birth. Our previous studies
demonstrated that the differential susceptibility to tumor
formation was not due to strain-specific differences in
induction of phase I enzymes or in the formation or repair
of DNA adducts [21]. The results presented in this study
further suggest that strain-specific differences in phase II
metabolism also cannot account for the differential suscept-
ibility to transplacental tumorigenesis. It should be pointed
out that we did not observe any sex-related differences in
tumor incidence following in utero exposure to MC in any of
our previous studies [15,17,36], and we pooled litters and did
not separate the fetuses on the basis of sex in the results
reported here. Thus, we cannot rule out sex-related differ-
ences in the levels of induction of the different GST enzymes
during late gestation. Among the limitations of the current
study include interpretation of some of the nonsignificant
effects on GSTs. Here, levels in the liver for GST isoforms w and
6 exhibited larger than expected variability, even after log-
transformation to preserve normality and stabilize variability,
which facilitated an effects size smaller than desired. This
scenario was also observed for interaction effectin the ANOVA
models for the 2-OH and 1-one metabolites. Here, a significant
interaction effect was found for 2-OH (P = 0.03) but not for 1-
one (P = 0.87). These two metabolites also exhibited larger than
expected variability after being log-transformed, which
facilitated smaller effects size. So while 2-OH was significant,
caution in the interpretation of the interaction effect for 1-one
is given. Similar attention is given for the main effects of
treatment for 1-one (P=0.07) and strain for 11,12-dione
(P=0.47).

It appears that, while metabolic activation of chemical
carcinogens and the subsequent formation of mutagenic DNA
adducts are necessary pre-requisites for tumor initiation, it is
apparent that other downstream events play a role in
ultimately determining the carcinogenic effects and indivi-
dual response to DNA damaging agents. Identification of these
novel factors will be important for understanding the
molecular pathogenesis of cancer. These results and our
recent studies [21,36] showing the relative resistance of B6
mice to tumor induction suggest the presence of a previously
unidentified genetic locus that might influence susceptibility
to cancer causing agents specifically following in utero
exposure. The generally low levels of GSTs found during the
fetal period thus has potential clinical implications. These
results suggest that the fetus will be less able to detoxify
exogenous agents than the adult organism, and thus may be
sensitive to the potentially toxic effects of a variety of drugs
and chemicals that would have no effect on the mother or
adult organism. Identifying highly susceptible populations -
such as the developing organism, pregnant women, and young
children - that exhibit heightened sensitivity to carcinogenic
agents should be a consideration in both the regulation of

chemicals and drugs, as well as in the potential design of
chemopreventive agents specifically developed to protect the
fetus from environmental toxicants.
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