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ABSTRACT Glutathione deficiency, induced in adult mice
by administering buthionine soximine (an inhib of glu-
tathione synthesis), led to a rapid and substantial increase in
ascorbate in the liver. This effect was apparent 2-4 hr after
giving the inhibitor; subsequently, the level of ascorbate de-
creased and that of dehydroascorbate incaased markedly,
supporting the conclusion that glutathne fcons physio-
logically to keep ascorbate in its reduced form. In kidney and
lung also, ascorbate levels decreased, and dehydroascorbate
increased. Increased synthesis of ascorbate in glutat
deficient adult mice seems to protect against tissue damage. In
contrast, newborn rats, which (like guinea pigs and humans)
apparently do not synthesize ascorbate, suffer severe damage
to liver and other organs; previous studies showed that admin-
istration of ascorbate prevents such tissue damage. The find-
ings support the view that the antioxidant actions ofglutthione
and ascorbate are closely linked and involve a mechanism in
which decrease ofthe glutathione level, perhapsaated with
an oxidative event, stimulates ascorbate synthesis.

Previous studies in this laboratory have shown that inhibition
of glutathione synthesis in adult mice and newborn rats
produced by administration ofbuthionine sulfoximine (a tran-
sition-state inactivator of t-glutamylcysteine synthetase) leads
to decreased tissue levels of glutathione and of ascorbate,
associated with significant tissue damage (1-4). In adult mice
there was degeneration of skeletal muscle (5), lung type 2 and
endothelial cells (6), and the epithelial cells of jejunum and
colon (7); no effects were seen in the liver or kidney. In
contrast, newborn rats with glutathione deficiency had focal
necrosis and decreased extramedullary hematopoiesis in the
liver, renal proximal-tubular degeneration, as well as exten-
sive damage to lung type 2 cells with decreased numbers of
lamellar bodies and decreased amounts of intraalveolar tubu-
lar myelin (2, 3). Tissue damage produced by glutathione
deficiency was closely correlated with mitochondrial damage,
a finding consistent with accumulation of hydrogen peroxide.
Mitochondria normally produce a substantial amount of hy-
drogen peroxide (8-11), and when there is marked decrease of
mitochondrial glutathione, these organelles undergo oxidative
degeneration with consequent tissue damage.

Table 1 summarizes studies on the effects of glutathione
deficiency on the adult mouse and newborn rat. It is notable
that the marked liver and kidney damage found in glutathione-
deficient newborn rats (2, 3) was not found by EM study of
these tissues of glutathione-deficient adult mice (6). Further-
more, glutathione deficiency in newborn rats leads to mortality
(within several days), but this result was not found in adult
mice. These observations suggested that newborn rats, like
guinea pigs and humans, cannot synthesize ascorbate (2, 3).
On the other hand, adult mice appear more able to deal with

Table 1. Effects of glutathione deficiency produced by
administration of buthionine sulfoximine

Animal*

Effect (ref.) Newborn rat Adult mouse

Early mortality (4-6 days) (2, 3) + 0
Tissue damaget

Liver(2, 3, 6) + 0
Lung (1-3, 6)t + +
Kidney (2, 3, 6) + 0
Lens epithelium (3, 12, 13)§1 + 0
Cerebral cortex (2-4)§ + 0
Heart (2, 3, 5) 0 0
Skeletal muscle (1, 5) 11 +
Jejunal epithelium (7) 11 +#4
Colon epithelium (7) 11 +#4
Gastric epithelium (7) _ 1 0
Pancreas (7)** _ 1 0
Lymphocytes (6) 11 +

*0, No effect; +, mortality; mitochondrial and other cellular damage
was observed by EM.

tTissue damage associated with marked (>50%) depletion of mito-
chondrial glutathione; this damage was prevented by administering
ascorbate or glutathione monoesters.
tGreater damage was found in newborn rat than in adult mouse; this
damage was associated with decreased formation of surfactant (1).
§This damage was apparently prevented in adult mouse by the
blood-eye and blood-brain barriers.
lCataract formation (newborn rat).
'This damage has not yet been characterized. No skeletal muscle
damage was found in newborn rats, which die within 4-6 days.
**No evidence of damage was found by EM in adult mice given
buthionine sulfoximine (2.5 mmol/kg i.p. and by gastric tube per
day) for 7 days.

#tJejunal and colon epithelia were protected also by orally admin-
istered (but not i. p. administered) glutathione (7).

glutathione deficiency because they can synthesize ascorbate.
The effects ofglutathione deficiency in newborn rats (2, 3) and
in adult mice (1) can be prevented by administering high doses
of ascorbate, indicating that ascorbate can function as an
essential antioxidant in the presence of severe glutathione
deficiency and that glutathione and ascorbate have actions in
common. This result is supported by the observation that
administration of ascorbate to buthionine sulfoximine-treated
mice and rats leads to an increase of tissue and mitochondrial
levels of glutathione (1, 3); thus, ascorbate "spares" glu-
tathione. In the present studies we have examined the ascor-
bate levels of several tissues of adult mice during the initial
phase of induction of glutathione deficiency.

EXPERIMENTAL SECTION
Materials. Mice (male, 25- to 35-g Swiss-Webster; Taconic

Farms) were maintained on Purina chow. L-Buthionine-

*Present address: Department of Internal Medicine, Greenwich Hos-
pital, Yale University School of Medicine, Greenwich, CT 06830.
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(S,R)-sulfoximine was obtained as described (14, 26, 27).
Ascorbic acid standards were obtained and characterized as
described (3).
Methods. Buthionine sulfoximine was administered i.p. (4

mmol/kg ofbody weight) twice each day (9 a.m. and 9 p.m.),
and buthionine sulfoximine was added (20 mM) to the drink-
ing water.
The tissues were obtained as follows. Mice were decapi-

tated, and the thoracic and peritoneal cavities were opened
within 1 min. The tissues were perfused from the left ventricle
with 10 ml of cold saline after clamping the venous heart
input. Perfusion was completed within 1 min, as the lung
turned white, and the liver became light brown. The tissues
were excised, quickly blotted, and immersed in liquid nitro-
gen. The frozen samples were weighed and homogenized in
5 vol of 5% sulfosalicylic acid/3 mM Na2EDTA. Ascorbate
and total ascorbate (ascorbate plus dehydroascorbate) (15,
16) were determined as described (3).

RESULTS
In these studies glutathione deficiency was produced in adult
mice by administration of a high dose of buthionine sulfox-
imine. This inhibitor was given in the drinking water and by
twice-daily i.p. injections, essentially as has been described
(1-7). Under these conditions, there is a marked decrease of
the glutathione levels in several tissues, including skeletal
muscle (5), liver (6), and lung (1, 6). The level of mitochon-
drial glutathione decreases to -20%' or less of the control
level in lung (6) and skeletal muscle (5) but remains at -60%
of the control level in the liver (6).

In the present work, the levels of ascorbate and of total
ascorbate (ascorbate plus dehydroascorbate) were deter-
mined in the liver initially and at intervals (from 2 hr to 7 days)
after starting the buthionine sulfoximine administration. As
shown in Fig. 1, there was a prompt and significant increase
in the levels of ascorbate and total ascorbate after 2 and 4 hr.
Values for ascorbate and total ascorbate were the same,
within experimental error, indicating that the dehydroascor-
bate level was very low initially and after 2 and 4 hr. After 14
hr and subsequently, the levels ofascorbate declined to about
the initial level (or to a somewhat higher level at 7 days). The
level of total ascorbate remained at relatively high values,
which were substantially greater than those for ascorbate,
indicating the presence of appreciable levels of dehy-
droascorbate. The findings indicate that glutathione defi-
ciency rapidly induces ascorbate synthesis, which is main-
tained for at least 7 days. No such increase of ascorbate
occurs after giving buthionine sulfoximine to newborn rats.
After treatment ofnewborn rats with buthionine sulfoximine,
ascorbate and total ascorbate levels decline in liver and other
tissues (3).

Studies on the kidney (Fig. 2) showed no significant change
of the levels of ascorbate and total ascorbate after 2 hr.
Subsequently there was a decrease in the ascorbate level (to
20-45% of initial level), but the level of total ascorbate
remained at about control level. In the lung, there was a
prompt and progressive decline in ascorbate level (Fig. 3).
The level oftotal ascorbate remained at about the initial value
for 14 hr and then declined.

DISCUSSION
These studies show that induction of glutathione deficiency
is accompanied by an initial rapid increase in ascorbate level
in the liver ofadult mice; this effect has been briefly described
(2). The magnitude of this increase is substantial and is
reflected also in the relatively high levels of total ascorbate
observed. The levels of dehydroascorbate, indicated by the
difference between the levels ofascorbate and total ascorbate
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FIG. 1. Levels of ascorbate (e) and total ascorbate (ascorbate
plus dehydroascorbate) (o) in livers of adult mice treated with
buthionine sulfoximine, as described in text. Initial values were 1.01
± 0.09 (SD) Amol/g (ascorbate) and 0.99 ± 0.16 ,mol/g (total
ascorbate); n = 4-5.

in Fig. 1, are substantially elevated as compared with initial
levels, which are very low. These data, which indicate (i)
increased ascorbate synthesis and (ii) decreased reduction of
dehydroascorbate in these glutathione-deficient mice,
strongly support the conclusion that an important physiolog-
ical function of glutathione is to maintain ascorbate in its
reduced state (3).
The liver appears to be the chief site ofascorbate synthesis,

but in some species (17) ascorbate is synthesized in the
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FIG. 2. Levels of ascorbate (o) and total ascorbate (o) in kidneys
ofadult mice treated with buthionine sulfoximine. Initial values were
0.82 + 0.07 ,umol/g (ascorbate) and 1.04 + 0.03 ,umol/g (total
ascorbate).
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FIG. 3. Levels of ascorbate (e) and total ascorbate (o) in lungs of
adult mice treated with buthionine sulfoximine. Initial values were
1.98 + 0.11 ,umol/g (ascorbate) and 2.21 ± 0.15 psnol/g (total
ascorbate).

kidney. That the level of total ascorbate is well maintained in
the kidney in these experiments (Fig. 2) would be consistent
with some renal synthesis of ascorbate or its supply from the
liver via the plasma or both. In contrast, the level of total
ascorbate in the lung decreases rapidly, suggesting that this
organ depends extensively on plasma ascorbate.

Previous studies on newborn rats and adult mice indicate
that glutathione and ascorbate function together as an an-

tioxidant couple (2, 3). The present findings on the stimula-
tion of ascorbate synthesis in glutathione deficiency provide
further evidence for this conclusion. Additional support
comes from recent work in which it was found that the onset
of scurvy in ascorbate-deficient guinea pigs was significantly
delayed by administration of glutathione monoethyl ester
(18). In these studies it was found that ascorbate deficiency
in the guinea pig leads to an initial increase of tissue glu-
tathione levels. This result would provide further evidence
for the physiological function of the glutathione-ascorbate
antioxidant system, which would thus seem to involve sym-
metrical control mechanisms.
There is much evidence that both glutathione and ascor-

bate are involved in the metabolism of various drugs. Thus,
glutathione is known to form S conjugates with a large variety
of chemical agents, some of which can induce synthesis of
glutathione and various glutathione-metabolizing enzymes
(19-21). There is also considerable literature on the interac-
tions between ascorbate and various drugs, and many studies

have shown stimulation of ascorbate synthesis after drug
administration (see, for example, refs. 22-25). The mecha-
nism by which inhibition of glutathione synthesis leads to
stimulation of ascorbate synthesis in mouse liver is presently
unknown. This mechanism may possibly be similar to one
involved in drug-induced ascorbate synthesis. Although this
pathway is, of course, not available to humans and guinea
pigs, it would be of interest to elucidate the nature of the
chemical signal by which a decrease in glutathione triggers
ascorbate synthesis. Several intriguing mechanisms can be
envisaged to explain how oxidative effects might trigger
ascorbate synthesis.
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stipendiary support from the Draco Medical Research Fund.

1. Jain, A., Martensson, J., Mehta, T., Krauss, A. N., Auld,
P. A. M. & Meister, A. (1992) Proc. Nail. Acad. Sci. USA 89,
5093-5097.

2. Martensson, J., Jain, A., Stole, E., Frayer, W., Auld, P. A. M.
& Meister, A. (1991) Proc. Nail. Acad. Sci. USA 88, 9360-
9364.

3. Martensson, J. & Meister, A. (1991) Proc. Natl. Acad. Sci.
USA 88, 4656-4660.

4. Jain, A., Mfrtensson, J., Stole, E., Auld, P. A. M. & Meister,
A. (1991) Proc. Nadl. Acad. Sci. USA 88, 1913-1917.

5. Martensson, J. & Meister, A. (1989) Proc. Natl. Acad. Sci.
USA 86, 471-475.

6. Mlrtensson, J., Jain, A., Frayer, W. & Meister, A. (1989) Proc.
Natl. Acad. Sci. USA 86, 5296-5300.

7. Martensson, J., Jain, A. & Meister, A. (1990) Proc. Natl. Acad.
Sci. USA 87, 1715-1719.

8. Loschen, G., Flohe, L. & Chance, B. (1971) FEBS Lett. 18,
261-264.

9. Boveris, A., Oshino, N. & Chance, B. (1972) Biochem. J. 128,
617-630.

10. Boveris, A. & Chance, B. (1973) Biochem. J. 134, 707-716.
11. Forman, J. J. & Boveris, A. (1982) in Free Radicals in Biology,

ed. Pryor, W. A. (Academic, New York), Vol. pp. 65-90.
12. Mlrensson, J., Steinherz, R., Jain, A. & Meister, A. (1989)

Proc. Nadl. Acad. Sci. USA 86, 8727-8731.
13. Calvin, H. L., Medvedovsky, C. & Worgul, B. V. (1986)

Science 233, 553-555.
14. Griffith, 0. W., Anderson, M. E. & Meister, A. (1979) J. Biol.

Chem. 254, 1205-1210.
15. Omaye, S. T., Turnbull, J. D. & Sauberlich, H. E. (1979)

Methods Enzymol. 62, 3-7.
16. Roe, J. H. & Kuether, C. A. (1943) J. Biol. Chem. 147,

399-407.
17. Chatterjee, I. B., Majumder, A. K., Nandi, B. K. & Subra-

manian, N. (1975) Ann. N. Y. Acad. Sci. 258, 24-47.
18. Mfrtensson, J., Han, J., Griffith, 0. W. & Meister, A. (1993)

Proc. Natl. Acad. Sci. USA 90, in press.
19. Smith, C. V. & Mitchell, J. R. (1989) in Glutathione, Chemical,

Biochemical and Medical Aspects, eds. Dolphin, D., Poulsen,
R. & Avramovic, 0. (Wiley, New York), Part B, pp. 1-44.

20. Stevens, J. L. & Jones, D. P. (1989) in Glutathione, Chemical,
Biochemical and Medical Aspects, eds. Dolphin, D., Poulsen,
R. & Avramovic, 0. (Wiley, New York), Part B. pp. 45-84.

21. Boyland, E. & Chasseaud, L. F. (1969) Adv. Enzymol. 32,
173-219.

22. Holloway, D. E. & Peterson, F. J. (1984) Drugs Pharm. Sci.
21, 225-295.

23. Bums, J. J., Mosbach, E. H. & Schulenberg, S. (1954) J. Biol.
Chem. 207, 679-687.

24. Bums, J. J. (1987) Ann. N.Y. Acad. Sci. 458, 534-535.
25. Zannoni, V. G., Brodfuehrer, J. I., Smart, R. C. & Susick,

R. L., Jr. (1987) Ann. N. Y. Acad. Sci. 458, 364-388.
26. Griffith, 0. W. & Meister, A. (1979) J. Biol. Chem. 254,

7558-7560.
27. Griffith, 0. W. (1982) J. Biol. Chem. 257, 13704-13712.

Proc. Nad. Acad Sci. USA 89 (1992)


