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Glutathione-Ascorbic Acid
Antioxidant System in Animals*

The discovery that the lethal and other
effects of GSH deficiency
can be prevented by administration of ascorbate was made in the
course of studies on newborn rats (4); later researchon guinea pigs
(12), which also do not synthesizeascorbate, and on adult mice (10,
13, 14), which do, has shown that there are significant interrelaAlton Meister
tionships between GSH and ascorbate(15). Early studiessuggested
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that dehydroascorbate reductase activity is present in animal tisUniversity Medical College, New York, New York 10021
sues (16), and there isgood evidence for its presence in plants (17).
Borsook et al. (18) concluded that GSH is involved in this reaction
There is continuing interest in cellular antioxidants and in the in animal tissues, but another early
pioneer, Guzman-Barron (19),
idea that certain diseases are
produced (or made worse) by reactive
dismissed the idea that this interaction is
of major importance.
oxygen species (e.g. oxygen free radicals, hydrogen peroxide) (11.'
Later studies suggested that animal tissue preparationscan cataCells have a number of mechanisms for dealing with the toxic lyze GSH-dependent reduction of dehydroascorbate (20-231, and
effects of oxygen. One of the most important, perhaps the most Wells et al. (24) found that very highly purified preparations of
important, isconnected with thewidely distributed tripeptidethiol protein disulfide isomerase and glutaredoxin can catalyze this reGSH). Indeed there
glutathione (L-y-glutamyl-L-cysteinyl-glycine;
action. The reaction also occurs nonenzymatically ( 1 8 , 2 5 ) and may
is a strong evolutionary link between GSH and eukaryoticaerobic be driven by GSSG reductase. Many findings support theview that
metabolism that is reflected in the function of GSH in protection GSH, maintained in itsreduced form by NADPH-dependent GSSG
against oxygen toxicity (2). GSH is not required in the diet
of reductase, is a major player in cellular metabolism (26-29) and
animals but is synthesized in virtually all animal cells' by the that GSH functions directly in the destruction of reactive oxygen
sequential actions of two enzymes: y-glutamylcysteine synthetase species and as a substrate for GSH peroxidases (both seleniumand GSH synthetase. A usefulapproach to understanding the
func- containing and others),which catalyze the reduction of hydrogen
tions of a cellular component such as GSH is t o remove it and to peroxide and other peroxides. GSH also finctions in the reduction
determine the consequences of its deletion. GSH deficiency can be of many cell components in addition to ascorbate.
produced in vivo by administering to animals
(orally orby injection)
Recent reports emphasize the potential significance of various
a transition-state inhibitor of y-glutamylcysteine synthetase, e.g.
antioxidant molecules, but reactions that areinvolved in recycling
L-buthionine-(SR )-sulfoximine (BSO).3 BSO (in phosphorylated
of these and in the
production and maintenanceof cellular reducing
form) binds tightly to theactive site of y-glutamylcysteine synthe- power need also to be considered. Cells normally produce substantase, thus inhibiting it irreversibly (3). Cellular GSH levels de- tial quantitiesof reactive oxygen species. Mitochondria are a major
crease after BSO is given because export of GSH continues in the source of oxidants. The dramaticeffects of GSH deficiency emphaabsence of significant intracellular synthesis.
size the importance of the GSH system, which supplies cells with a
WhensuchGSH
deficiency is produced in newborn rats or fairly constant level of GSH, in themillimolar range, thatis needed
guinea pigs, the animalsdevelop multiorgan failure anddie within to contain the large normal
production of oxidants. After oxidation,
a few days (4, 5). This result is directly related to the loss of an a n antioxidant might be regenerated by reduction, or it might be
essential antioxidant system. The animals
exhibit focal necrosis in broken down and thereforeneed to be replaced. In the case of
liver, proximal tubular damage inkidney, and disruption of lamel- ascorbate, oxidation leads t o dehydroascorbate, which, if not relar bodies in the lung; the
newborns develop brain damage (6) and duced, is irreversibly degraded. Although
some ascorbate is dealso cataracts ( 7 ) . Cellular damage chiefly involves the mitochon- graded or excreted, only very small amounts of dietary ascorbate
dria (which do not synthesize GSH but transport it from the cy- suffice to prevent scurvy in guinea pigs and humans. Administratosol), but also other structures, andaffects both the water-soluble
tion of dehydroascorbate to guinea pigs can prevent scurvy. It is
and thelipid phases of cells. The observed morbidity and mortality therefore evident that ascorbate is recycled in vivo; when large
unequivocally attest to the major importance of the GSH antioxi- amounts of ascorbate are given, recycling may become less impordant system for cell survival and function. Virtually no cellular
tant. Thisminireview emphasizes relationships between GSH and
defects are found after giving L-buthionine-(R )-sulfoximine, the di- ascorbate that have been studied in animals that can synthesize
astereomer of L-buthionine-(SR)-sulfoximinethat does not inhibit ascorbate (e.g. adult mouse) and those that cannot (e.g. newborn
y-glutamylcysteine synthetase. When the animals are given BSO rat, guinea pig).
plus GSH ester: a cellular GSH delivery agent, tissue damage and
mortality are greatlydecreased, and innewborn rats, cataracts are GSH Deficiency in Newborn Rats and Adult Guinea
Pigs;
almost entirely prevented in a dose-dependent manner (11).
Sparing of GSH byAscorbate
When newborn rats are made GSH-deficient by administration
* This minireviewwill be reprinted in the Minireview Compendium,
which
of BSO, they develop cellular damage in liver, kidney, lung, and
will be available in December, 1994. The research described here that was
brain. They diewithin a few days. Death and tissue damage can
be
camed out in the author's laboratory was supported in part
by National
Institutes of Health Grant 2 R37 DK 12034 from the United States Public
prevented by administration of ascorbate (but not
of dehydroascorHealth Service. Several general reviews on glutathione (3, 10, 2G29) and
bate). GSH deficiency is accompanied by a marked decrease of
ascorbic acid (58, 59) have appeared and are cited in the text.
tissue ascorbate levels. Thus, administration to newborn rats of
'This idea reflects the untoward effects of free radicals, which are of
course formed and usefully involved in normal metabolism; they are also
BSO ( 6 mmol/kg/day for 3.5 days) led to a decrease of the ascorbate
involved in the inductionof certain genes and in protection against bacteria level from control levels of 2.51 t 0.3 mmoVg to 0.42 + 0.15 mmoVg
and viruses.
in the liver, a decrease of about 80% (4). The corresponding values
GSH is also synthesized by many microorganisms and plants.
The abbreviations used are: BSO, L-buthionine-(SR)-sulfoximine;
LDL,
for total ascorbate (ascorbate+ dehydroascorbate) were 2.60 2 0.28
low density lipoprotein.
GSH mondglycyl) esters (ethyl, isopropyl) have usually been used (8); (control) and 1.14 t 0.23 mmoVg, indicating markedly increased
levels of dehydroascorbate. Similar values were obtained in other
recent studies indicate that GSH diethyl ester
is more effective (9). The
esters are converted to GSH intracellularly. GSH diethyl ester is about as
tissues. Normally very little dehydroascorbate is found in tissues.
effective as GSH monoethyl ester in
mice and rats whose blood plasma
The tissue ascorbate levels of GSH-deficient animals were greatly
exhibits high GSH diethyl ester a-esterase
activity. In other animals
(includincreased by giving ascorbate, as expected, but surprisingly, giving
in humans), the diesteris not split extracellular1 and serves as anefficient
cefiular delivery agent for GSH monoester, whict is formed intracellularly
ascorbate also led to higher GSH levels. The mitochondrial GSH
where it is converted to GSH over a period of time (9). Extracellular GSH
levels were 2.7-6.0-fold higher in the tissues
of newborn rats given
itself, whether supplied orally or parenterally, is not effectively transported
into most cells (10).
BSO plus ascorbateas compared with those given only BSO. Thus,
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ascorbate spares GSH under these conditions. Treatment of newborn rats with only two doses of BSO (on the 2nd and 3rd daysof
life) led to cataracts, observed when the rats opened their eyes on
days 14-16. The incidence of cataracts was97% but wasonly 9% in
animals given both BSO and ascorbate (2mmol/kg/day).
Treatment of guinea pigs with BSO led t o findings similar to
those made on newborn rats (12). There was tissue damage and
decreased tissue ascorbate levels, and the animals died within a
few days. Theseeffects were largely preventedby administration of
ascorbate.

GSH Deficiency in AdultMice; Sparing of GSH by
Ascorbate
Sparing of GSH by ascorbate was also observed in studies on
adult mice, but the findings are somewhatdifferent because adult
mice can synthesize ascorbate. Treatment of adult mice with BSO
does not produce mortality and has no detectable effect on the
cellular structure of liver and kidney because these tissues are
protected by the presence of significant amounts of ascorbate. The
hepatic level of ascorbate increases substantially early in
GSH
deficiency (14). Thus, 4 h after administration of BSO, the level of
ascorbate in the liver doubles; thereafter, the ascorbate level decreases and thatof dehydroascorbate increases. The level of ascorbate in the other tissues decreases and that of dehydroascorbate
increases. These findings provide further evidence that GSH functions in vivo in the reduction of dehydroascorbate. Induction of
hepatic ascorbate synthesisin GSHdeficiency is reminiscentof the
induction of ascorbate synthesis that occurs in the livers of rats
afteradministration
of certaindrugs
(30-32). The molecular
mechanism by which GSH deficiency triggers ascorbate synthesis
needs study. This mechanism is not active in newborn rats (1-5
days of age).
Although the liver and kidney are essentiallyunaffected by GSH
deficiency in adultmice, this is not true
for the lung, in
which there
is type 2 cell lamellar body disintegration (to a lesser extent than
found in newborn rats and guinea pigs treated with BSO) and
decreased amounts of intraalveolar tubular myelin (the precursor
of surfactant secreted by the lamellar bodies). This is associated
with oxidative destruction of the perilamellar membrane, which
contains phosphatidic acid phosphatase andcholine phosphotransferase, the key enzymes needed for the synthesis of phosphatidylcholine, the majorcomponent of surfactant. GSH deficiency in
adult mice is associated with decreased levels of phosphatidylcholine in the lung and in bronchoalveolar
the
fluid;when ascorbate is
given, lamellar body damage does not occur and thelevels of phosphatidylcholine increase by about 2-fold (13).
These observations indicate that the lung, which is directly exposed to oxygen, is particularly sensitive t o the effects of GSH
deficiency. The findings summarized above indicate that animportant function of GSH is reduction of dehydroascorbate. In animals
that do not synthesize ascorbate, GSH deficiency has more severe
and lethal effects, which can be overcome by giving ascorbate.

REDUCTASE
NADPH, H'

\
(2)GSH

I

FIG.1. Glutathione-ascorbate interrelationships(see the text).[Ol,
reactive oxygen substances.

given in Fig. 1. Both ascorbate and GSH can react with hydrogen
peroxide and oxygen free radicals (101in Fig. 1). Although several
proteins have been found that catalyze GSH-dependent reduction
of dehydroascorbate, a specific dehydroascorbate reductase has not
yet been obtained from animal tissues. GSH-dependent reduction
of dehydroascorbate is catalyzed by highly purified transhydrogenases from animal tissues(e.g. glutaredoxin (24), protein disulfide
isomerase (24), and homogeneous transhydrogenase preparations
from several animal tissue^).^ GSH-dehydroascorbate reductase activity has thus farnot been found in humanerythrocytes5 nor have
GSH transhydrogenases apparently been found in mitochondria.
Nonenzymatic reduction of dehydroascorbate by GSH, which is
rapid (25), may be driven by GSSG reductase in theselocations. It
is well known that ascorbate is stabilized by thiols, and this is
consistent with the in vivo finding of decreased tissue ascorbate
levels in GSH deficiency. Deficiency of GSH could conceivably lead
t o inactivation of other systems that maybe involved in reduction
of dehydroascorbate or to increased metabolic demand for NADPH.
Although the in vivo data clearly indicate a function of GSH in the
reduction of dehydroascorbate, the enzymology involved needs
more study. Possibly dehydroascorbate is oriented in vivo at sites
favorable for reduction by GSH (see prolyl hydroxylase, below).
Possibly stable GSH-dehydroascorbate complexes are involved
(34). More also needs t o be learned about the closely related and
important topic of transport of ascorbate and dehydroascorbate
across cell membranes. Early studiessuggested that dehydroascorbate is a major transport form of ascorbate and that the glucose
transporter is involved (see Ref. 35). Neutrophils accumulateascorbate by a mechanism involving oxidation of extracellular ascorbate
to dehydroascorbate, transport of this, and intracellularreduction
(36). Ina n elegant study (37), it wasshown that dehydroascorbate
(but not ascorbate) is transported into
Xenopus oocytes expressing
mammalian hexose transporters. There seem to be multiple pathways of ascorbate oxidation,reduction, and transport. Ascorbyl
Ascorbate Deficiency in Guinea Pigs; Sparing
of Ascorbate
radical (semidehydroascorbate) is formed from ascorbate in the
by GSH
p-hydroxylation of dopamine and in other ways; thus, semidehyIt is well known that guinea pigs given a n ascorbate-deficient droascorbate may be formed by interaction of dehydroascorbate
diet develop scurvy and die within 21-24 days. There is a marked and ascorbate. The NADH-dependentsemidehydroascorbate reloss of weight (after the first week), which is followed by the ap- ductase system (38-421, not yet fully characterized, catalyzes the
one-electron reduction of ascorbyl radical and thus functions in
pearance of characteristic bone changes and hematomas. Treatment of such animals with GSH ester significantly delayed the conservation of cellular ascorbate. GSH-dependent reductionof deonset of scurvy; there were no signs of scurvy after 40 days (33). hydroascorbate is apparently important but not the sole pathway
When guinea pigs receiving a scorbutic diet were given GSH ester, for maintenance of ascorbate.
Some of the sparing effects of ascorbate on GSH summarized
the tissue ascorbatelevels (as well as the GSH levels) werehigher
above may be associated with nonenzymatic reactions; this would
than those of saline-treated controls. The loss of ascorbate was
slowed in the presence of higher levels of GSH, another in vivo be consistent with the finding that relatively high doses kg. 1
result that supports
a role of GSH in thereduction of dehydroascor- mmol/kg/day) of ascorbate are requiredfor in vivo effects. Interacbate. The findings indicate that GSH, supplied as an ester, spares tion of hydrogen peroxide and ascorbate is enzyme-catalyzed in
chloroplasts, cyanobacteria, and soybean nodules (43),and an analascorbate.
ogous reaction may occur in animals.
GSH-Ascorbate Interrelationships; AnimalModels
Many in vitro studies support the idea that ascorbatereduce
can
Ascorbate and GSH have actions in common and can spareeach the tocopheroxy radical (see Ref. 44). An elegant experiment in
other under appropriate experimental
conditions; this redundancy guinea pigs showed that ascorbate does not spare a-tocopherol in
reflects the metabolic importance of such antioxidant activity. An
E. Szymanska and A. Meister, unpublished data.
attempt toexplain the observations in termsof known reactions is
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TABLE
I
Experimental models of GSH deficiency and ascorbate de,ficiency
(Ref.)

Newborn

Model

Species

mouse
1

Adult

2

(10,131
Protection
r a t (4,5)
Protection

3
4

(12)

pig

Guinea
Guinea pig (33)

BSO
ester BSO
Protection
BSO

+ GSH
+ ascorbate

BSO
ester BSO + GSH
Protection
BSO + ascorbate

damage

death

Tissue

damage;

Tissue

-5 days

Tissue damage; death, -5 days

BSO
Protection
BSO + ascorbate
Ascorbate-deficient diet
Ascorbate-deficient diet + GSH ester
Ascorbate-deficient diet + GSH”

Scurvy; death, -21 days
Scurvy prevented for a t least 40 days
Death, -9 days

Guinea pigs given an ascorbate-deficient diet and GSH itself (3.75 mmoI/kg/day) showed hair loss and loss of weight and became moribunda h r -9 days. Identical
treatment of control animals did not cause toxicity, but simi!ar toxicity was found with higher dosesof GSH (7.5 mmoIkg/day). (No toxicity was found with comparable
doses of GSH ester.)

vivo (45), but this does not exclude a n in vivo role of ascorbate,
which nevertheless remainsunproved. Several in vitro studies suggest that the tocopheroxy radical is reduced by a GSH-dependent
enzyme (46-51); thus, thetocopheroxy radical (shownby ESR spectroscopy in liver microsomal membranes) was reduced to tocopherol by a heat-labile protein that usesGSH (50).Such a function of
GSH, as yet unproved i n uiuo, may be connected with the widespread occurrence of cellular export of GSH (52). Treatment of
newborn rats with BSO led to decreased levels of a-tocopherol in
the liver6; further studies are needed to determine the effects of
GSH deficiency on the tocopherols and other membrane components. Possibly GSH functions in maintaining a-tocopherol in two
ways, one direct and the othervia ascorbate as has been suggested
for platelets (53). This ideawould be consistent with studieson the
“pecking order” of various antioxidants (54).
Although there issignificant overlapin thefunctions of GSH and
ascorbate in the destruction of reactive oxygen compounds, GSH
has functions that are not served
by ascorbate, and ascorbate performs functions that arenot efficiently carried out by GSH. There
are probably critically essential minimumlevels of both ascorbate
and of GSH. Some of the animal models that have been examined
are summarized in Table I. Treatment with GSH itself of guinea
pigs fed a scorbutic diet (model 4) led t o death within 9 days without producing signs of scurvy or indeed of other pathology that
could be detected by microscopy. The mechanism of this toxic effect
of GSH in guinea pigs is not yet clear; possibly it involves extracellular oxidationt o form superoxide and peroxide (55). Apparently,
ascorbate protects against it (Table I, Footnote a ) . It is generally
observed that guinea pigs are more sensitive to various types of
stress than are rats and many other animals. Newborn rats are
also sensitive, and doses of 5 mmol/kg/day GSH or ascorbate are
fatal to them
(5).It would not be unexpected t o find that superoxide
and superoxide dismutase (56) are
of significance in GSH-ascorbate
interrelationships. Although superoxide seems not to be directly
toxic, it can lead to iron-dependenthydroxyl radical formation. An
interesting hypothesis about the
role of superoxide dismutase led to
the suggestion that superoxide might produce oxidative stress by
oxidizing GSH (57).
Deficiency of either GSH (not a vitamin) or of ascorbate (avitamin for guinea pigs, newborn rats, and humans) leads to early
mortality, but these conditions reflect quite different manifestations of oxidative stress. Newborn rats and guineapigs die within
4-6 days when given BSO, whereas guineapigs deprived of dietary
ascorbate show morbidity at 14-17 days anddie shortly thereafter.
In GSH deficiency, there is rapid development of mitochondrial
degeneration with multiorgan failure, whereas in scurvy there is
decreased synthesis of collagen and bone associated with oxidative
inactivation of prolyl hydroxylase and probably other hydroxylases
that require Fez+ (and which are inactivated by oxidation to the
Fe3+forms; the same may apply t o certain copper-containing enzymes) (58, 59). The bone defects characteristic of scurvy may reflect similar oxidative inactivation of a n enzyme needed for the
P. McCay, G. Wallis, E. Stole, A. J a i n , J. MBrtensson, and A. Meister,
unpublished data.

formation of 1,25-dihydroxycholecalciferol (60). Scorbutic guinea
pigs continue t o synthesize GSH in several tissues, although the
tissue levels are lower than normal (33). Notably, the P-subunit of
prolyl hydroxylase has GSH-dependent protein disulfide isomerase
activity (61). Prolyl hydroxylase (a-subunit), which tends to undergooxidativeinactivation
readily, is reactivated by ascorbate
(62). GSH-dependent reduction of the dehydroascorbate formed in
the reactivation reaction can apparently be catalyzed by the P-subunit (24), suggestingthat both ascorbate and
GSH contribute to the
prolyl hydroxylase reaction. The presence of higher levels of GSH
(in the GSH ester-treated guinea pigs) (33)would tend to promote
formation of ascorbate from dehydroascorbate at a site @-subunit)
close to the active site of the oxygenase (a-subunit).
Elucidation of the GSH-ascorbate system suggests that some
previous studies on the effects of GSH deficiency in rats andmice
(and on other animals that can synthesize ascorbate) may
need to
be re-interpreted because these models of GSH deficiency are complicated by induction of ascorbate synthesis. For example, treatment of rats or mice with BSO might conceivably increase brain
ascorbate; ascorbate (but not BSO) is well transported into brain.
In this respect, the guinea pig might be a better animal model for
studies on GSH deficiency and more reflective of human metabolism. The doses of ascorbate and BSO can probably be adjusted to
provide estimates of the GSH and ascorbate minimally needed.
(Decreased GSH sy:nthesis may also be accomplished by genetic
approaches (see below).) Although large doses of ascorbate can
prevent deathof BSO-treated guineapigs, effects of GSH deficiency
unrelated to those duplicated by ascorbate may be revealed by
further work in which the animals are supplied with sufficient
ascorbate t o prevent thetoxic effects of reactive oxygen substances.

On the‘‘Oxygen” Theory of Disease
There is a growing literature on the toxic effects of oxygen free
radicals and reactive oxygen compounds, and it isoften suggested
that these lead to al wide variety of conditions including ageing,
cancer,atherosclero’sis, viral infectionsincluding AIDS, stroke,
myocardial infarction, and arthritis (l).’Oxidative stress may not
be the fundamental cause of each of these, but it is nevertheless
interesting t o speculate that a variety of specific pathological and
degenerative processes may render cells more susceptible to oxidative damage. Although each of these conditions has oxidative aspects, the specific pathological events and the sequence in which
these occur are likely to vary indifferent diseases andto depend on
the cellular components affected (e.g. mitochondria, various membranes, cytosolic components) and their turnover rates. More understanding is required about themechanisms responsible for the
detection and disposal of damaged molecules and the repair processes, any of which might be limiting in particular clinical syndromes. Despite the complexities involved, it is possible to obtain
disease models by producing alterations in theavailability of oxygen and by varying thelevels of protective antioxidant substances
or enzymes.
It isof interest to further study
model systems inwhich BSO has
been applied.The resultingoxidative stress isof endogenous origin,
in contrast to that produced by application of various oxidizing
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agents, drugs, and radiation. The substantial
degree of cellular
damage found in GSH deficiency reflects the extensive formation of
reactive oxygen intermediates that occurs normally and which is
normally opposed by reactions involving GSH. A model of cataract
formation in which small doses of BSO are given t o newborn rats
and mice (or to pregnant animals) hasbeen used (11). Other BSO
models that lead to cellular damage t o muscle (631, lung (13, 64),
jejunum, and colon (65) have been examined. GSH deficiency in
newborn rats, which leads t o multiorgan failure, has
been proposed
as a model for evaluation of the efficacy of compounds in preventing
oxidative stress (5). In theBSO models, treatment withGSH esters
is effective in preventing cellular damage. Since ascorbate has a n
essential antioxidant function in experimentalGSH deficiency (4),
it mightbe expected to be a useful therapy inpathological states in
which there is generalized or local GSH deficiency. It may be valuable for treating patients with inborn errors involving defects in
GSH synthesis.
Conditionsassociated with oxidative stress might be ameliorated by therapy that increases cellular
GSH levels or the cellular
capacity for GSH synthesis, or both. This would be in accord with
the established role of GSH as an antioxidant and itsfunction in
providing reducing power for maintenance of ascorbate, a-tocopherol, and other cellular constituents. Recent studies suggest that
oxidized LDL is involved in thedevelopment of atherosclerosis (66),
and experimental trials of various antioxidants have been suggested. Therapy designed to increase tissue
GSH would be likely to
decrease oxidation of LDL (15, 67). There is recent evidence that
the GSH status of macrophages in the arterialwall may affect the
formation of foam cells and promote elimination of oxidized LDL
(68). Thus, thebiochemical lesion involved in formation of oxidized
LDL may be influenced by the available cellular reducing power.
Therapy based on a n increase of cellular GSH may also be useful in
other conditions associated with oxidative phenomena (see Ref. 15)
and in premature infantswho may have a deficiency in the cystathionine pathway (69); decreased levels of plasma GSH have been
found in pre-termas compared with full-term infants
(13). Methods
that increase cellular levels of GSH (10) include those based on
administration of precursors of substrates for y-glutamylcysteine
synthetase and GSH synthetase, and of GSH derivatives such as
esters
Cellular
GSH levels may also be increased by increasing the levels of the synthetases; this hasbeen accomplished
in microorganisms (70), and studies on animals are now feasible
(see Refs. 71 and 72) and in progress. Genetic approaches to producing a decrease in GSH synthesis are also feasible and would
offer an alternativet o administration of BSO. It would be interesting to determine theeffects of introducing thegene for gulonolactone oxidase (73) into guinea pigs.
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