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REYES, E., S. OTT, B. ROBINSON AND R. CONTRERAS. The effect of in utero administration of buthionine sul-
foximine on rat development. PHARMACOL BIOCHEM BEHAV 50{4) 491-497, 1995. — Glutathione (GSH) is a tripep-
tide that is thought to be an essential cell component playing an important role as a cellular antioxidant and scavenger of free
radicals. GSH depletion has been shown to render cells more sensitive to various insults. GSH has a protective effect. GSH
levels can be decreased by inhibition of its synthesis with buthionine sulfoximine (BSO), which inhibits y-glutamylcysteine
synthetase. Several studies have shown that treatment with BSO enhances the toxicity of some drugs and radiation. A previous
study indicated that the effects of BSO on the developing embryo were short lived and did not persist to birth. In the
above-mentioned study, mothers were treated with BSO only on days 10 and 11 of gestation. The objective of the present
study was to determine the effects of BSO administration on GSH depletion throughout pregnancy on the developing rat.
Timed pregnant Sprague-Dawley rats were placed on a liquid BioServ diet containing BSO starting on day 1 of pregnancy.
The mothers received a daily dose of BSO ranging from 2 to 6 mmol/kg/24 h. The mothers were maintained on the diet until
gestation day 21 when they were anesthetized with sodium pentobarbital and the pups delivered by Cesarean section. GSH
levels were measured in brain and liver, and various parameters relating to development were assessed. A dose-response curve
showed that a maximum depletion (86%) of GSH in the mother’s liver was produced by the 6 mmol/kg dose of BSO.
However, no change was seen in brain GSH levels of the mothers. GSH levels in brain and liver of the offspring were
decreased by 60% and 66%, respectively. No significant effect of treatment with BSO was observed on growth-related
parameters, such as body or brain weight. A significant decrease in neuron-specific enolase (NSE) activity in cerebellum and
an increase in liver y-glutamy! transpeptidase activity were observed in pups born to mothers treated with BSO. A decrease in
NSE activity consistent with delayed development was observed. Therefore, we conclude that although a decrease in GSH
may not produce obvious or observable teratogenic effects, it may produce a delay in development and may have a permissive
role in teratogenic effects produced by other drugs by virtue of GSH depletion.
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GLUTATHIONE (GSH) is a tripeptide abundant in the cells
of most organisms. GSH is a major nonprotein thiol associ-
ated with a number of critical cellular regulatory functions.
GSH appears to have a vital role in maintance of health. The
role of GSH deficiency in diseases has recently been reviewed
(47). GSH may play a variety of roles including conjugation
with electrophilic metabolites, reaction with oxidants, and free
radical scavenging reactions. The cytosolic pool of GSH func-
tions in microtubule assembly and as a cysteine reservoir dur-
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ing protein synthesis (44). It is important in protecting living
cells against damage produced by many toxic xenobiotics
(5,17). Increased intracellular GSH protects the cell against
the toxic effects of a variety of drugs, against radiation, as
well as from hyperbaric oxygen toxicity (15,39). GSH protects
against potassium bromate-induced oxidative DNA damage as
well as cytotoxicity in kidney (38). Endogenous brain GSH is
an important factor in the defense mechanism against lesion
formation after ischemia (25). Cells depleted of GSH are more
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prone to membrane damage than normal cells due to oxidative
stress (16).

GSH has been implicated as a possible common link in
events leading to abnormal growth (12). GSH can play an
important role in the regulation of chemically elicited neural-
tube abnormalities in the developing conceptus (11).

Fasting as well as drugs have been shown to decrease GSH
levels in liver (6,41). L-Buthionine (SR)-sulfoximine (BSO) ef-
fectively lowers hepatic and renal GSH by specifically inhibit-
ing y-glutamylcysteine synthetase (y-GCSyn), the rate-limiting
enzyme for GSH synthesis (4,7,9). BSO appears to have few,
if any, effects other than the depletion of GSH (9,48). Skeletal
muscle degeneration (23) and potentiation of drug toxicities
(13,26,36) following BSO treatment are a result of decreased
levels of GSH. BSO appears to decrease GSH levels in brain
only in young animals, but does not appear to decrease GSH
in brain of adults (3). BSO depressed cell growth in cultures of
heart cells (18).

In vitro evidence suggests that GSH modulates the response
of the embryo to a variety of insults. When given to pregnant
rats, BSO decreases GSH levels of fetal and maternal tissues,
including the fetal liver (24). BSO treatment of mothers for
short periods of time did not produce malformations in mice;
however, when given at the time corresponding to fetal eye
development, it caused cataracts (24). The depletion of GSH
with BSO in whole embryo culture systems potentiated the
embryotoxicity of some teratogens (42). BSO also caused a
significant increase in incidence of malformed embryos and
growth retardation in 10.5-day rat embryos (43).

It has been reported (10) that the treatment of pregnant
rats with BSO on days 10 and 11 of gestation produced a
decrease in the embryonic GSH concentration and malforma-
tions in the embryos when observed at day 12 of gestation.
However, the malformations observed in day 12 embryos ap-
parently do not persist during later development. The malfor-
mations observed at day 12 were, according to the authors,
reversed apparently due to a little understood repair mecha-
nism in the embryo (10). The study implies that BSO produces
intrauterine death, but no effects were seen in litter size when
pregnancy outcome was assessed on day 20 of gestation.

It was the purpose of the present study to further investi-
gate the in vivo effects of glutathione depletion with BSO on
the developing rat when it was given throughout gestation. We
hypothesize that BSO will produce teratogenic effects due to
decreases in GSH levels, which will be manifested by de-
creased body, brain, and liver weights in the pups (31,33-35).

METHOD

Chocolate-flavored liquid diet was purchased from BioServ
(Frenchtown, NJ) and prepared to contain varying amounts
of L-buthionine sulfoximine. L-Buthionine sulfoximine, +-
glutamyl-p-nitroanilide, L-a-aminobutyrate, 2-phospho-D-gly-
cerate (sodium salt), and other chemicals were purchased from
Sigma Chemical Co. (St. Louis). Other chemicals were pur-
chased from Fisher Scientific.

Experimental Paradigm

Sprague-Dawley rats used in these experiments as breeding
stock for the experimental paradigm were purchased from
Harlan Labs, Indianapolis, IN. The females were approxi-
mately 90 days of age. The rats were maintained on a 12 L :
12 D cycle with lights on between 0700-1700 h and given
Purina Breeder Blocks and water ad lib. Breeding was per-
formed by placing one male in an individual hanging cage with
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two mature female rats at 1600 h. The females were examined
at 0900 h for evidence of copulation. When copulation was
confirmed, the female was assumed pregnant and placed in a
separate cage and started on the appropriate diet. The liquid
diet was formulated to contain 1000 kcal per liter. The diets
contained BSO in the appropriate concentrations such that the
mothers would receive the following dose in a 24-h period: 0,
2, 3, 4, or 6 mmol per kg. The mothers were adapted to the
BSO diet over a period of a week by gradually increasing the
concentration of BSO to ensure that they consumed adequate
amounts of nutrients in the early stages of pregnancy. The 0,
2, 3, and 4 mmol groups were yoked to the 6 mmol group
via a simultaneous pair-feeding system (BioServ, Frenchtown,
NJ). Fresh liquid diet was provided daily at 1400 h. Each
mother consumed an average of 100 ml of liquid diet per
day. Another group of mothers (LC) received Purina Breeder
Block chow and water ad lib and served as a control for the
liquid diet. Three mothers per group were used. The limited
number of mothers was due to the high cost of BSO required
to treat a pregnant mother throughout gestation.

On gestational day 21, mothers were anesthetized using
sodium pentobarbital (60 mg/kg IP) at approximately 1000 h
and the pups delivered by Cesarean section. An abdominal
incision was made to expose the uterine horns. The uterine
horns were opened and the fetuses delivered, weighed, and
brain and liver samples were obtained for analysis.

Glutathione Assay

Tissue samples (whole brain or whole liver) were homoge-
nized in 2 ml of ice-cold perchloric acid (0.2 N) and centri-
fuged at 1000 x g for 10 min to remove protein precipitant.
Glutathione levels in brain and liver were determined by the
spectrophotometric method described by Tietze (46). Absorp-
tion of the samples at 412 nm were compared against a stan-
dard curve and the concentration of GSH in the sample deter-
mined and reported as mmoles reduced glutathione/g of tissue
(wet weight). The standard curve was linear between 0.0015
and 0.050 mg/ml with a coefficient of correlation (r) of 0.99.

v-Glutamyl! Transpeptidase Assay

v-GTP activity was determined by reaction rate kinetics as
described by Rosalki and Tarlow (37) and Reyes and Prather
(32), using a Beckman model DU40 spectrophotometer to
measure the increase in absorbance produced by the formation
of p-nitroaniline at 410 nm at 37°C. Tissue samples (whole
brain or liver) were homogenized in Tris buffer containing
10% deoxycholic acid (DOC), refrigerated overnight, and cen-
trifuged at 1000 x g for 10 min to produce a clear superna-
tant fluid. The supernatant fluid was assayed for y-GTP activ-
ity. A typical reaction mixture was as follows: protein source
0.1 ml (0.4 to 0.7 mg), 5.4 mM y-glutamyl-p-nitroanilide;
110.5 mM glycylglycine; and 92 mM Tris-HCI (pH 8.5), in a
total volume of 2.0 ml. The reaction was stopped with 10%
trichloroacetic acid (TCA). Protein was determined in brain
and liver samples by the method described by Lowry et al.
(19), using bovine serum albumin as standard. Activity is re-
ported as units per mg protein. One unit of y-GTP activity
was defined as the amount of enzyme that will form 1 mmol
of p-nitroaniline per minute.

v-Glutamylcysteine Synthetase Assay

v-Glutamylcysteine synthetase (y-GCSyn) activity was de-
termined in reaction mixtures containing 10 mM sodium gluta-
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FIG. 1. Effects of BSO administration on GSH levels in liver and
brain of pregnant rats. Values are presented as means with standard
error (SE) bar. A significant difference from the control (0) at p <
0.05 is denoted by an s over the SE bar (n = 6 for the control group
and 3 for each of the other treatment groups).

mate, 10 mM L-a-aminobutyrate, 20 mM MgCl,, 5 mM
Na,ATP, 2 mM Na,EDTA, 100 mM Tris-HCI buffer (pH
8.2), and 10 ug bovine serum albumin in a final volume of 1.0
ml, as described by Griffith et al. (8) and Sekura and Meister
(40). The reaction was initiated by the addition of enzyme (0.5
to 0.9 mg). After incubation at 37°C for 20 min, the reaction
was terminated by the addition of 0.5 ml of 10% TCA. The
inorganic phosphate (Pi) formed was determined from ab-
sorbance at 720 nm, as described by Taussky and Shorr (45).
Activity was determined from a standard curve and is reported
in units/mg protein. One unit is that amount of enzyme that
will form 1 mmol of Pi per minute.

Neuron-Specific Enolase Assay

Neuron-specific enolase (NSE) activity was determined by
monitoring the formation of phosphenolpyruvic acid at 240
nm on a Beckman model DU40 spectrophotometer as de-
scribed by Marangos et al. (20-22) and Baranowski and
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Wolna (2). Nonneuronal enolase activity was removed by heat
treatment (28). The assay mixture contained 43.3 mM Tris
buffer (pH 6.8), 0.5 mM KCl, 3.0 mM MgSO,, 1.0 mM 2-
phospho-D-glycerate (sodium salt), and enzyme (0.19 to 0.23
mg) in a total volume of 3.0 ml at 25°C. The enzyme reaction
was initiated by the addition of 50 ml of a 20% brain homoge-
nate to the reaction mixture and the initial velocity deter-
mined. The cerebellum was removed from the rest of the brain
and each section was assayed for NSE activity. NSE activity is
expressed as units per mg protein. One unit is that amount of
enzyme that will form 1 mmol of product per minute.

Statistical Analysis

Data are presented as the mean + SE, and analyzed by
one-way analysis of variance (ANOVA) with BSO dose as the
independent variable. A Newman-Keuls post hoc test was
used to determine which groups differed from the control
group. Two pups from each of three litters were used for
determinations of GSH levels, v-GTP, y-GCSyn, and NSE
activities. The use of an equal number of pups from each
litter in the analysis prevents the inappropriate influence of an
abnormal litter as suggested by Abel (1). In determinations of
other values, such as pup body, brain, and liver weights, all
the pups from a litter were used and the data was analyzed
using a nested design.

RESULTS

The effects of BSO administration on GSH levels in liver
and brain of pregnant mothers is shown in Fig. 1. GSH levels
are reported as mmol per g of wet tissue. Pair-fed control
levels in liver and brain were determined to be 3.75 and 1.01
mmol per gram, respectively. The levels of GSH in brain were
not altered by the daily consumption of BSO in up to 6 mmol
per kg. BSO produced a significant, F{4, 13) = 20.0, p <
0.05, dose-dependent decrease in liver GSH levels. Newman-
Keuls post hoc tests indicated that all doses of BSO used were
effective in lowering GSH levels in liver. An 86% decrease in
GSH was produced by 6 mmol BSO.

v-Glutamylcysteine synthetase was measured in the liver
and brain of the mothers and found not to differ significantly
between the various treatment groups. Control values in liver
and brain were found to be 13.16 and 17.66 units per mg
protein, respectively. No differences were found in y-GTP
activity in brain or liver of mothers in the various treatment
groups.

The BSO treatment had no effect on the litter size, F(4, 13)
= 0.25. Litter sizes of 11.3, 10.7, 13.3, 13.3, and 13.0 were

TABLE 1
CHARACTERISTICS OF OFFSPRING BORN TO RATS TREATED WITH L-BUTHIONINE SULFOXIMINE THROUGHOUT GESTATION

L-Buthionine Sulfoximine, mmol/kg/24

Characteristic LC(6) 0(3) 2(3) 303) 4(3) 6(3) F-Value

Body weight, g 3.59 + 0.04 3.16 + 0.05 3.10 + 0.08 3.20 + 0.05 3.25 + 0.05 3.36 £ 0.06 (4,12) = 0.54*
Brain weight, mg 170.88 + 1.88 170.77 + 2.33 174.34 + 291 174.10 £ 2.38 171.95 + 3.29 172.87 + 2.93  (4,12) = 0.24*
Liver weight, mg 244.67 + 4.80 189.63 + 5.48 179.22 + 6.33 178.20 + 4.14 181.87 + 5.48 189.18 + 5.65 (4,12) = 0.37*

Litter size

12.66 = 0.95(6) 11.33 + 2.53(6) 10.67 + 4.71(3) 13.33 + 1.47(3) 13.33 + 1.47(3) 13.00 + 1.23(3) (4,13) = 0.25}

Values are presented as means of litter means + SE. Values in parenthesis represent the number of litters used.

*Statistical analysis by nested analysis of variance design.
tStatistical analysis by one way ANOVA.
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FIG. 2. Effects of in utero administration of BSO on GSH levels in
liver and brain of g2l-day-old rats. Values are presented as means
with SE bar. A significant difference from the control (0) at p < 0.05
is denoted by an s over the SE bar (n = 10 for the control group and
6 for each of the other treatment groups).

found for the groups treated with 0, 2, 3, 4, and 6 mmol BSO,
respectively.

The effects of the in utero administration of BSO on body,
brain, and liver weights are presented in Table 1. The in utero

70 T T T T T
s
Liver
60 |- Brain s -
S 50 F -
E
.
£ 40} =
o
=
E
~ 30} .
a
7
>~ 20 + ~
10 B
0 0 2 3 4 6

BSO (mmol / Kg / 24 hrs)

FIG. 3. Effects of in utero administration of BSO on y-GTP in liver
and brain of g21-day-old rats. One unit of y-GTP activity is defined
as the amount of enzyme that will form on pmol p-nitroaniline per
minute. Values are presented as means with SE bar. A significant
difference from the control (0) at p < 0.05 is denoted by an s over the
SE bar (n = 10 for the control group and 6 for each of the other
treatment groups).
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administration of BSO did not produce a significant, F(4, 12)
= 0.54, p < 0.05, effect on the body weight of the pups at
gestational age 21 days. The pups of the mothers treated with
6 mmol BSO were heavier than those of the other treatment
groups. However, there was no difference between the LC
pups and the pups from the mothers treated with 6 mmol of
BSO. There were also no effects on brain and liver weights
observed.

The effects of in utero administration of BSO on liver and
brain GSH of offspring is presented in Fig. 2. Values are
reported in mmol of GSH per g of wet tissue weight. A statisti-
cally significant, F(4, 28) = 14.84, p < 0.05, effect of BSO
dosage was produced. Newman-Keuls post hoc test showed
that all four treatment groups had lower levels of GSH than
did the control group. The greatest effect was produced by 4
mmol of BSO, which produced a 72% decrease.

Also shown in Fig. 2 are the effects of BSO on brain GSH
levels. There was a statistically significant, F(4, 28) = 6.62, p
< 0.05, decrease in GSH produced by the in utero adminis-
tration of BSO. The 2 mmol dose of BSO did not differ from
the control, although higher doses of BSO did differ statisti-
cally from the pair-fed control. A maximum decrease of 60%
was produced by the 6 mmol dose.

Figure 3 shows the effects of in utero administration of
BSO on y-GTP in liver and brain of the offspring. Values are
reported as munits of y-GTP activity per mg protein. y-GTP
activity in liver was increased by the administration of BSO,
F(4, 27) = 3.65, p < 0.05. The 2 and 3 mmol doses of BSO
produced an increase in y-GTP activity, although it was not
statistically significant. The 6 mmol BSO dose produced a
greater than 100% increase in activity over the control, from
22.4 munits to 55.1 munits.

Figure 3 also shows that brain y-GTP activity was not
affected by BSO. The 6 mmol dose of BSO produced only a
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FIG. 4. Effects of in utero administration of BSO on NSE activity in
cerebellum and brain of g2l-day-old rats. Values are presented as
means with SE bar. A significant difference from the control (0) at p
< 0.05 is denoted by an s over the SE bar (n = 10 for the control
group and 6 for each of the other treatment groups).
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FIG. 5. Effects of in utero administration of BSO on y-GCSyn in
brain and liver of g21-day-old rats. One unit of v-GCSyn activity is
definded as the amount of enzyme that will form one umol of Pi per
minute per mg protein. Values are presented as means with SE bar. A
significant difference from the control (0) at p < .05 is denoted by an
s over the SE bar (n = 10 for the control group and 6 for each of the
other treatment groups).

slight increase in y-GTP activity from that seen in the pair-fed
control.

The effects of in utero administration of BSO on NSE
activity is seen in Fig. 4. Values are reported as units per mg
protein. BSO produced a decrease in NSE activity in brain
(with cerebellum removed) although not statistically signifi-
cant. Lack of statistical significance may be due, in part, to an
increase in NSE activity produced by the 6 mmol dose of BSO
resulting in a U-shaped dose-response curve. In the cerebel-
lum, a statistically significant decrease in NSE activity was
produced, F(4, 28) = 3.03, p < 0.05. Post hoc analysis
showed that the only significant difference was between the 4
and 6 mmol treatment groups. The 6 mmol dose of BSO pro-
duced a 30% decrease in NSE activity from control in cerebel-
lum, #(14) = 2.8, p < 0.05.

Figure 5 shows the effects of the in utero administration of
BSO on brain and liver y-GCSyn activity. y-GCSyn activity in
brain ranged from 2.17 to 4.83 units. The pups from the group
treated with 4 mmol of BSO had the lowest activities of ~-
GCSyn (2.17 units), while the pups from the mothers treated
with 6 mmol had the highest activity (4.83 units). v-GCSyn
activity in liver was higher than that in brain, and ranged from
6.00 to 9.20 units. BSO had no statistically significant effect
on liver or brain y-GCSyn activity.

DISCUSSION

The daily administration of BSO in doses from 2 to 6 mmol
per kg produced a decrease in liver GSH levels in the mothers
to approximately 14% of control. Even the lowest dose of
BSO (2 mmol) produced a significant decrease in GSH levels.
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Brain levels of GSH were not affected. This is consistent with
previous studies (7,9,14), and may be due to the fact that BSO
does not cross the blood-brain barrier (3).

The in utero administration of BSO produced a dose-
dependent depletion of GSH in brain and liver of the off-
spring. A 60% decrease in brain GSH was produced by the 6
mmol dose of BSO. The 4 mmol BSO dose produced a 72%
decrease in liver GSH levels. The administration of BSO
throughout gestation produced a greater decrease of liver
GSH than did the one time treatment on day 12 of gestation
(10), or a 4 day treatment at various times during gestation
(24).

The administration of BSO to pregnant rats produced no
effects on y-GCSyn, the rate-limiting enzyme associated with
synthesis and metabolism of GSH, in the mothers. Several
reasons for this are possible. It is conceivable that the effects
of BSO on y-GCSyn were obliterated by the addition of buffer
and deoxycholic acid to the liver samples to make them ready
for in vitro assay. Interference from other ADP-forming sys-
tems on the enzyme assay may have contributed to a lack of
observable effects of BSO on y-GCSyn in the mothers (27).
Certainly, the decreased GSH levels in liver indicate that BSO
inhibited y-GCSyn in the mothers. y-GTP activity, a key en-
zyme in the metabolism of GSH, in the mothers was not af-
fected by BSO. Aside from decreasing GSH levels in liver,
BSO had no apparent affect on the mothers.

BSO treatment of the mothers produced a decrease in GSH
levels in both liver and brain of gestational day 21 pups. Al-
though BSO does not cross the blood-brain barrier in an
adult, BSO is apparently able to enter the brain when adminis-
tered in utero.

No effects of BSO treatment were seen on litter size, body
weight, brain weight, or liver weight of the offspring. BSO
did not appear to have produced teratogenic effects in these
animals, as defined by alteration of the parameters measured
and gross examination. This is similar to results obtained in
mice, where the only observable abnormalities were lens epi-
thelial cell damage (24). We did not examine the pups for lens
epithelial cell damage.

Because NSE activity has been associated with the differen-
tiation and functional maturation of neuronal cells in rat brain
(22), the decrease in NSE activity in cerebellum may represent
a delay in the development of the offspring (22). This finding
agrees with the delay in the development of a number of the
parameters that made up the morphological score seen in rats
exposed to BSO on day 10 and 11 of gestation (10). Decreased
NSE activity may be a more sensitive parameter to measure
than brain weight, to ascertain effects on development. As
suggested by Rajpert-De Meyts et al. (29), v-GTP activity may
be increased to respond to decreased levels of GSH and to
provide protection against GSH depletion. The altered v-GTP
activity, at a time when the enzyme activity is changing rap-
idly, may also reflect an alteration of development (30).

BSO in and of itself produced no teratogenic effects. This
finding, however, is important because it makes it possible to
use BSO in studies that investigate the role of GSH in mecha-
nisms of teratogenesis. If GSH is involved in the teratogenic
mechanism of a particular drug, the depletion of GSH by BSO
administration should result in a shift to the left of the drug’s
teratogenic dose response curve.
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