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ABSTRACT A model for oxidative stress is described in
which glutathione (GSH) synthesis is selectively blocked in
newborn rats by administration of L-buthionine-(SR)-
sulfoxipuine (BSO). In this model, the normal endogenous
physiological formation of reactive oxygen species is largely
unopposed, and therefore oxidative tissue damage occurs;
because GSH is used for reduction of dehydroascorbate, tissue
ascorbate levels decrease. In lung there are decreased numbers
of Isieflar bodies and decrease of intraalveolar surfactant.
Proximal renal tubular, hepatic, and brain damage also occur.
A diastereolsomer of BSO that does not inhibit GSH synthesis,
L-buthiflR-sulfoximine, does not produce toxicity; this
control experiment renders it unlikely that the observed effects
of BSO are produced by the sulfoximine moiety itself. There is
correlation between the decrease of mitochondrial GSH levels
and mitochondrial and cell damage. Oxidative stress as eval-
uated by mitochondrial damage and mortality can be prevented
by treatment with GSH esters or ascorbate. There is apparent
inkage between the antioxidant actions of GSH and ascorbate.
This model, which may readily be applied to evaluation of the
efficacy of other compounds in preventing oxidsative stress,
offers an approach to study of other effects of GSH deficiency
(e.g., on lipid metabolim, hematopoiesis), and closely resem-
bles oxidative stress that occurs in certain human newborns and
in other clinical states.

Glutathione (GSH), the ubiquitous peptide thiol that provides
cells with their reducing environment, is a key component of
the antioxidant system (which includes ascorbate, a-toco-
pherol, and other compounds) that defends cells against the
toxic effects ofoxygen (1-3). GSH is synthesized within cells;
its export by many cells is a step in a recycling pathway that
seems to protect cell membrane components against oxida-
tive damage (4-6). The functions ofGSH may be probed by
examining the effects of decreasing cellular GSH. Cellular
GSH may be decreased by administering compounds that
react with GSH to form conjugates or that oxidize GSH to
GSSG; however, these approaches are limited by lack of
specificity of the reagents available and, because the effects
obtained are transient, are associated with major perturba-
tions of metabolism, or both. Inhibition ofGSH synthesis by
inhibition of -glutamylcysteine synthetase [rather than of
GSH synthetase, whose blockage leads to metabolic acidosis
(7, 8)] is the preferred approach to a sustained decrease in
cellular GSH (9). L-Buthionine-(S,R)-sulfoximine (BSO) and
related sulfoximines are highly selective inactivators of -glu-
tamylcysteine synthetase, and their administration to animals
turns off cellular GSH synthesis effectively (10-13). BSO
does not react with GSH, and there is no evidence that the
sulfoximine moiety itself exerts toxicity, a conclusion sup-

ported by studies reported here on a diastereoisomer,
L-buthionine-(R)-sulfoximine, that does not inhibit GSH syn-
thesis. The effects observed after treatment with BSO, which
may be ascribed to GSH deficiency, are produced by the
reactive species that are formed in normal metabolism. Thus,
the BSO-model of oxidative stress differs significantly from
those in which oxidative stress is produced by radiation or by
giving compounds that produce oxidation.

In the initial studies in which adult rats and mice were
treated with BSO, the tissue levels of GSH decreased sub-
stantially without' apparent morbidity (14). Later studies
showed that treatment of adult mice with BSO for 7-21 days
led to significant damage to skeletal muscle (15), lung type 2
cells (16), and epithelial cells of the jejunum and colon (17).
Cellular damage was associated with major destruction of
mitochondria [which do not synthesize GSH but transport it
from the cytosol' (18, 19)]. No damage occurred when GSH
monoester, a cellular GSH delivery agent (20-23),'was given
together with BSO. Mitochondrial degeneration may be
ascribed to accumulation of hydrogen peroxide and conse-
quent oxidative damage; a significant fraction of the oxygen
used by mitochondria, which do not contain catalase, is
normally converted to hydrogen peroxide (24-27). The find-
ing that treatment of newborn mice with BSO produced
cataracts (28) led to studies on newborn mice and rats in
which it was found that cataracts, which are formed after
giving a small dose of BSO, may be prevented by giving GSH
monoester (29). BSO is poorly transported into the brains of
adult animals and thus has only a small effect on the brain
GSH level (30, 31). However, treatment of newborn rats
[which have an undeveloped blood brain barrier (30)] with
BSO led to brain dysfunction associated with striking en-
largement and degeneration of cerebral cortex mitochon-
dria-effects that were prevented by giving GSH monoester
(31). GSH deficiency in newborn rats decreases tissue ascor-
bate levels, and administration of ascorbate, which spares
GSH, decreases mortality in GSH-deficient newborn rats (32)
and prevents tissue damage. Thus, oxidative damage asso-
ciated with GSH deficiency can be prevented by either GSH
or ascorbate.

In the present work we have further examined the effects
of GSH deficiency in newborn rats because this model
appears useful for characterization of oxidative stress in
several tissues and may have relevance to such stress in the
newborn human and in other clinical states.

EXPERIMENTAL SECTION
Materials. Sprague-Dawley rats (female, timed pregnant;

also both sexes, newborn to 180 days old) were obtained from
Taconic Farms and given laboratory chow and water ad
libitum. Newborns were breast fed for 18 days. BSO (10-13)

Abbreviations: BSO, L-buthionine-(S,R)-sulfoximine; GSH, glu-
tathione; GSSG, GSH disulfide; GSSR, GSH-protein mixed disul-
fide(s).
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was recrystallized from 80% (vol/vol) ethanol in 90% yield
and fractionally crystallized from water to obtain the less
soluble diastereoisomer, L-buthionine-(R)-sulfoximine; this
product contained <1% of the L-(S) isomer (33-35). GSH
monoethyl ester (20-23) was obtained as the semi-
hydrosulfate salt (23) or free base (36).
Methods. The rats were anesthetized, and the tissue and

plasma samples were obtained as described (15, 16, 29, 37).
For isolation of lymphocytes and granulocytes, the described
(16) method was modified by adding 1 vol of 6% dextran in
saline to the whole blood to facilitate removal of reticulocytes
by sedimentation. Mitochondria were isolated as described
(15-17, 29, 38, 39). Total GSH was determined by the GSSG
(GSH disulfide) reductase-DTNB (5,5'-dithiobis(2-nitroben-
zoic acid) recycling procedure (37). GSSG was determined by
the vinylpyridine method (40). GSH-protein mixed disulfides
(GSSR) were determined after reduction with dithiothreitol
(37, 41). y-Glutamylcysteine synthetase was determined as

described (15, 16) except that fractionation with ammonium
sulfate (31.3 g/100 ml) (42, 43) was done to remove interfering
proteins. y-Glutamyl transpeptidase was determined as de-
scribed (44). Electron and light microscopy were performed
as described (15, 16, 32). Erythrocyte contamination was

assessed (16, 45) and found to account for <0.5% of the
content of GSH or y-glutamylcysteine synthetase (16). Pro-
tein was determined (46, 47) by using bovine serum albumin
as the standard.

RESULTS
Effects of BSO-Induced GSH Deficiency on Newborn Rats.

Treatment of newborn rats with BSO (two daily doses of 3
mmol/kg of body weight) led to 83% mortality after 7 days
(Table 1). It is important to note that no mortality occurred
after administration of the same dose of the L-(R) isomer of
BSO (Table 1, experiment 4). Mortality was not affected by
coadministration ofGSH (experiment 5) but was significantly
decreased when GSH ester was given together with BSO
(experiment 6). As noted previously (29, 31), GSH ester itself
is somewhat toxic to newborn rats. Mortality was substan-
tially decreased by coadministration ofascorbate (2 mmol/kg
per day) (experiment 8). Higher (5 mmol/kg) doses of ascor-
bate (or of GSH) are fatal to newborn rats. Doses of 6-8
mmol/kg of BSO or of ascorbate, GSH, and GSH esters can
be given to 16-day-old and older rats without mortality.

Administration of BSO led to substantial decline of the
mitochondrial GSH levels of lung, kidney, brain, and liver

Table 1. Mortality associated with BSO-induced GSH deficiency
in newborn rats

Mortality

No.
Exp. Treatment (dose, mmol/kg per day) died/total %

1 Saline 0/12 0
2 BSO, L-(S,R) (6) 30/36 83
3 BSO, L-(S,R) (8) 20/20 100
4 BSO, L-(R) (6) 0/12 0
5 BSO, L-(S,R) (6) + GSH (5) + ethanol (5) 10/14 71*
6 BSO, L-(S,R) (6) + GSH ester (5) 7/22 32
7 GSH ester (5) 6/20 30
8 BSO, L-(S,R) (6) + ascorbate (2) 5/45 11

BSO isomer was injected i.p. into newborn rats (age, 30-36 h) in
isosmolar solution at 9 a.m. and 9 p.m. in two equal doses (total daily
dose is indicated in parentheses). GSH monoethyl ester was given in
two daily doses of 2.5 mmol/kg at 11 a.m. and 11 p.m.; equivalent
amounts of GSH, ethanol, and Na2SO4 were given in experiment 5.
Equal volumes were injected by including saline in injections.
Experiment 8 is from ref. 32; ascorbate (1 mmol/kg) was given at 11
a.m. and 11 p.m.
*Not significantly different statistically from experiment 2.

Table 2. Mitochondrial GSH levels after treatment with BSO,
L-(S,R) or L-(R) isomer

GSH, % of control

Tissue L-(S,R) L-(R)

Lung 3.5 ± 0.8 80 ± 1.6
Kidney 2.4 ± 0.4 50 ± 2.4
Brain 9.9 ± 0.5 59 ± 2.2
Liver 5.6 ± 0.4 82 ± 2.2
Heart 40 ± 4.1 89 ± 4.8

Newborn rats (age, 30-36 h) were injected i.p. with saline (con-
trols) or with the L-(S,R) or L-(R) [containing <1% of L-(S)] isomer
of BSO in doses of 3 mmol/kg twice daily (9 a.m. and 9 p.m.) for 4
days; analyses were done 2 h after the last injection. Brain tissue was
cerebral cortex. Control values were 5-9 nmol/mg of protein. Values
are given as the percent of control ± SD (n = 3-5).

(Table 2). In contrast, administration of the L-(R) isomer of
BSO produced only a small decline in mitochondrial GSH
levels, an effect consistent with a slight (<1%) contamination
of the L-(R)-isomer preparation by the L-(S) isomer. [Highly
purified preparations of the L-(R) isomer do not inactivate
y-glutamylcysteine synthetase]. Treatment with BSO
[L-(S,R)] did not affect heart mitochondrial GSH levels to the
marked extent found in other tissues.

Administration of BSO to newborn rats led to substantial
decline of total tissue GSH levels (Table 3). The decreases
were generally greater in newborn than in 16-day-old rats.
The level of GSH in lens was most markedly affected.

Electron microscopy revealed decreased numbers of mi-
tochondria in brain, liver, lung, and kidney. In all tissues,
except the heart, there was substantial evidence ofmitochon-
drial swelling and degeneration. The lung type 2 cells had
decreased numbers of lamellar bodies with decreased intraal-
veolar tubular myelin and capillary endothelial damage (Fig.
1 a and b). The giant lamellar bodies may reflect a defect in
maturation. There were decreased numbers of lysosomes.
The kidney showed mitochondrial damage (32), degeneration
of microvilli with nuclear chromatin condensation, and mar-
gination associated with necrosis of the proximal tubular cells
(Fig. ld). Extramedullary hematopoesis, normally found in
the liver of 5-day-old rats, was depressed, and this was
especially evident in the erythroblast and megakaryocyte
populations (32). None of these effects was found after
treatment of the rats with BSO plus GSH ester or ascorbate.
GSH Status of Newborn and Older Rats. The tissue levels of

GSH, y-glutamylcysteine synthetase, and y-glutamyl trans-

Table 3. Effect of BSO on GSH levels of tissues of newborn and
16-day-old rats

GSH, ,umol/g of tissue (% of control)

Tissue Newborn 16 days old

Liver 0.28 ± 0.02 (7.4%) 2.60 ± 0.11 (36%)
Kidney 0.34 ± 0.02 (11%) 0.62 ± 0.03 (27%)
Lung 0.50 ± 0.05 (31%) 0.80 ± 0.04 (39%o)
Plasma* 2.20 ± 0.10 (7.6%) 4.40 ± 0.20 (24%)
Heart 0.10 ± 0.01 (4.4%) 0.38 ± 0.02 (19%)
Skeletal muscle 0.12 ± 0.01 (8.7%) 0.09 ± 0.01 (5.7%)
Granulocytest 1.09 ± 0.11 (65%) 1.06 ± 0.05 (78%)
Lymphocytest 0.32 ± 0.03 (63%) 0.35 ± 0.02 (73%)
Lens 0.11 ± 0.03 (1.4%) 0.78 ± 0.03 (11%)
Braint (11%) (59%)
BSO was given (2 mmol/kg) i.p. daily at 10 a.m. for 9 days.

Analyses (37) were done 2 h after the last BSO injection. Controls
were given saline. Data are given as means ± SD (n = 4 or 5).
*MicromolarGSH from right ventricle.
tnmol of GSH per 10' cells.
tCerebral cortex; data are from ref. 31. The dose of BSO was 4
mmol/kg per day.
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a

FIG. 1. Electron (a-c) and light (d) microscopy of tissues from 5-day-old rats after treatment with BSO (6 mmol/kg of body weight per day)
for 4 days or with saline (control) (a). (a) Saline-treated lung type 2 cells; mitochondria (arrows), lamellar bodies (open arrows), intraalveolar
tubular myelin (star), and lysosomes (arrowheads). (x5300; bar = 0.24 Atm.) (b) BSO-treated lung type 2 cells; lamellar body giant formation
(arrowhead), microvillus blunting and decreased tubular myelin (stars), capillary endothelial swelling with vacuolization (arrow), perinuclear
vacuolization (two arrows), and margination of nuclear chromatin. (x5300; bar = 0.24 ,um.) (c) BSO-treated liver; focal damage with
mitochondrial damage (arrows) and decreased glycogen. (x7400; bar = 0.17 gm.) (d) BSO-treated kidney; proximal tubular degeneration
(arrows). (x500; bar = 2.67 A&m.)
peptidase in rats of various ages are given in Fig. 2 (see also
refs. 48-55). Substantial levels of GSH are present in tissues
at all ages. Notably, the level of GSH in the liver increases
about 4-fold during development. The level declines in some
tissues (e.g., lung, liver, and kidney) shortly after birth; in
general, levels then increase to reach adult values.

Separate experiments showed that the GSH levels of the
lung decrease by about 30% within the first 2 h of life and then
gradually return to adult levels. The mean plasma GSH
difference between samples obtained from the right ventricle
and the carotid artery was 0.7 AM for 1-day-old rats and 1.8
,uM for adult rats (compare ref. 16). These values indicate
utilization ofplasma GSH ofabout 6.5 mmol/min per g oflung
and 9.0 nmol/min per g of lung in 1-day-old and adult rats,
respectively; these values are based on pulmonary plasma
flow values of9.2 ml/min perg ofbody weight in 1-day-old and
5.0 ml/min per g of body weight in adult rats (56).

Studies on the levels of GSH, GSSG, and mixed disulfides
between GSH and proteins (GSSR) in the lung and heart
showed that, although the levels of GSSG were similar in
1-day-old and adult rats (about 1% of the total),- the GSSR
levels (about 20%o of the totals) were higher in 1-day-old rats
than in adult rats. Thus, GSSR values for 1-day-old heart and
lung were 0.54 + 0.18 and 0.41 + 0.14 ,umol/g, respectively,
whereas the corresponding values for adults were 0.18 ± 0.06
and 0.26 ± 0.05 tumol/g. GSSG levels (in plasma) from the

right ventricle (0.17 ± 0.11 ,uM) were lower than those taken
from the carotid artery (0.73 ± 0.24 uM) in 1-day-old rats,
indicating significant output ofGSSG by lung, which was not
seen in adults. Plasma GSSR levels were 30-45% ofthe totals
in both newborn and adult rats.
The y-glutamylcysteine synthetase activity of most tissues

of newborns was at or above adult levels except for the
kidney, which exhibited about 13% of the adult level at birth.
Relatively low -t-glutamyl transpeptidase activity was found
in the lung at birth; this activity increased markedly with age.
Liver transpeptidase activity was high at birth as previously
found (49-52, 55) and decreased rapidly to adult levels. In
contrast, the kidney activity is low at birth (49, 50) and
increases with age.
The levels of GSH in the liver, plasma, lung, and heart

increased in 1-day-old rats after administration of cysteine
and to a lesser extent after glutamate and a-ketoglutarate
were given; glycine supplementation did not affect GSH
levels (Table 4). In similar experiments in which equivalent
amounts of GSH were administered, the results were similar
to those found after injection of cysteine. That giving either
cysteine or GSH increases tissue GSH levels indicates that
the availability of cysteine moieties is probably the limiting
factor in GSH synthesis in newborn rats as it is in certain
adult tissues.

Proc. Natl. Acad Sci. USA 88 (1991)
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FIG. 2. Levels of GSH (Top), 'y-glutamylcysteine synthetase
(Middle), and y-glutamyl transpeptidase (Bottom) in tissues of rats of
various ages. Values are means + SD (n = 3-7).

DISCUSSION
The antioxidant factors that protect the newborn during the
rapid transition from uterine to extrauterine life are present
at birth (57, 58), and indeed all tissues examined here have
appreciable levels of GSH, y-glutamylcysteine synthetase,
and y-glutamyl transpeptidase. However, there is apparently
some "strain" on the system shortly after birth as indicated
by decreased levels ofGSH in lung and certain other tissues,
significant output ofpulmonary plasma GSSG, and increased
levels of GSSR in lung and heart. Some authors refer to
"layers" of antioxidant protection and list them as primary,
secondary, and so forth. GSH reacts directly with reactive
oxygen intermediates and also supplies antioxidant effects
less directly by maintaining in reduced forms various com-
pounds such as ascorbate and a-tocopherol. The major
importance ofGSH in antioxidant defense is emphasized by
the finding of significant tissue damage and mortality after
administration of BSO. The finding that the L-(R) diastereo-
isomer of BSO does not produce toxicity is an important
control experiment whose results render unlikely the possi-
bility that the effects of BSO are due to another type of
toxicity.

Proc. Natl. Acad. Sci. USA 88 (1991) 9363

Table 4. GSH levels in 1-day-old rats

GSH, Atmol/g of tissue

Supplement Liver Lung Heart
L None 2.80 + 0.21 1.17 ± 0.23 1.68 ± 0.11

Cysteine 9.05 ± 0.50* 2.20 ± 0.22* 3.20 ± 0.29*
Glutamate 4.22 ± 0.50* 1.25 ± 0.12 2.18 ± 0.20
a-Ketoglutarate 3.61 ± 0.31* 1.05 ± 0.10 1.75 ± 0.15
Cys + Glu + Gly 9.35 ± 0.70* 2.30 ± 0.25* 3.30 ± 0.30*

Tissue samples were taken at 10 a.m. 1 h after i.p. injection of
saline or supplement (2 mmol/kg) in isosmolar solution (pH 6.8-7.0).
Supplementation with glycine alone had no effect. Studies at 30 min
and 2 h after injection showed less effect. Data are means ± SD (n
= 4 or 5). Similar data were obtained for plasma (right ventricle).
*Significant change (P < 0.05) by the Mann-Whitney U test.

Studies on GSH deficiency in adult mice (15-17) and
newborn rats (29, 31, 32) indicate that mitochondrial damage
is a major consequence of GSH deficiency. There is good
correlation between the decrease of GSH levels and occur-
rence of mitochondrial damage (Fig. 3). GSH-deficient adult
mice exhibit severe depletion of GSH in mitochondria in
association with mitochondrial and cell damage in lung,
jejunum, colon, and skeletal muscle. Damage was not found
in liver, heart, kidney, and brain. Cell damage does not occur
until the mitochondrial level ofGSH is substantially less than
50%o of the control, and may be ascribed to accumulation of
reactive oxygen compounds and their diffusion into the
cytosol, as well as to decreased mitochondrial function with
consequent decrease in ATP formed. The factors that deter-
mine the variation in mitochondrial GSH deficiency among
the various tissues need to be explored. The resistance ofthe
heart and the stomach (17) to GSH depletion is notable and
needs further study. Failure of BSO to readily cross the
blood-brain barrier undoubtedly protects the brain (31, 59).
The relatively high sensitivity of newborn tissues to GSH
deficiency as compared with the adult also requires study.
Increased retention ofBSO by the newborn (32), perhaps due
to decreased renal clearance, and also the likelihood that
there is little or no synthesis of ascorbate in the newborn rat
(see below) need to be considered.
The effects observed on the kidney and lung are notable

since these organs are among the least developed at birth, at
which time they undergo rapid maturation (60-62). Major
developmental changes also occur at this time in liver and
brain. GSH deficiency in adult mice leads to lamellar body
abnormalities (28) and in newborn rats leads to a decreased
number of lamellar bodies and reduced amounts of intraal-
veolar tubular myelin, which is secreted by the lamellar
bodies (Fig. 1 a and b). This points to a deficiency of
surfactant, which might lead to oxidative lung injury (63).
Proximal renal tubular cells are highly sensitive to hypoxia,
and proximal tubular necrosis (Fig. ld) may partly be a
consequence of pulmonary failure (64). Thus, mortality of
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GSH-deficient newborn rats may be ascribed to functional
defects in one or more organs. Hyperoxia would be expected
to accentuate the type of toxicity observed here; data indi-
cating increased mitochondrial formation of oxygen radicals
during hyperoxia have been reported (65).
The present model of oxidative stress, which resembles

effects seen in humans deficient in GSH synthesis and GSSG
reductase (8), is of interest in relation to other physiological
phenomena associated with GSH metabolism [e.g., cholesterol
and triglyceride accumulation, decreased hematopoesis (32)].
The effects found here may be ascribed to accumulation of

reactive oxygen species normally formed in metabolism,
largely by mitochondria. This is consistent with the efficient
protection afforded by GSH and ascorbate, which exhibit
very similar antioxidant properties. The actions of these
compounds are linked because GSH is used for reduction of
dehydroascorbate (32, 66). The observed protection of new-
born rat lens against cataracts by dehydroascorbate (32) may
probably be ascribed to its reduction by GSH in liver (or other
organs) and transport of ascorbate via the plasma to the lens.
Treatment of adult mice with BSO leads to decrease of
ascorbate levels in several tissues except the liver, whose
ascorbate level increases for several days (correlated with
decrease of GSH levels) followed by a marked decrease
(unpublished data). Such induction of ascorbate synthesis in
liver does not occur in newborn rats, nor does it occur in
guinea pigs (67, 68), which (like humans) do not synthesize
ascorbate. It is of interest that guinea pigs are highly sensitive
to GSH depletion and, like newborn rats, die soon after
receiving several doses ofBSO (67). Ascorbate may function
physiologically in reactions in which GSH does not efficiently
participate and vice versa. It is of interest that these antiox-
idants can replace each other under certain conditions. The
linkage between the antioxidant effects of ascorbate andGSH
seems to be of physiological importance; this needs to be
further explored.
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