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ABSTRACT: The most important extracellular antioxidant in the lung is glu-
tathione (GSH). The epithelial lining fluid of normal lungs contains very high con-
centrations of this tripeptide, about 100 times higher than that found in the
extracellular fluid of many other tissues. How these high extracellular GSH levels
are established and the mechanisms for increases (e.g. smokers) or decreases (e.g.
lung fibrosis) are still unknown, but more insight into the regulation of GSH
turnover in type II pneumocytes has recently become available.

The purpose of this review is to give an overview of the literature concerning
cellular GSH turnover for different cell types in vitro, with an emphasis on alve-
olar type II epithelial cells. The main messages of this review are that: 1) GSH is,
in fact, an important vehicle for stabilizing, detoxifying and transferring cysteine;
2) cysteine is the rate-limiting substrate for GSH synthesis, especially under con-
ditions of oxidative stress; 3) various transport systems exist for the uptake of the
constituents of GSH, of which γ-glutamyltransferase appears to be important; 4)
intracellular GSH levels of the type II cells are governed by different factors,
including, probably, the extracellular redox state; and 5) a more reduced extra-
cellular redox state appears to favour GSH efflux, whilst an oxidized state leads
to retention of GSH inside the cell. 

These concepts should lead to reconsideration of some of the conventional
approaches to increasing intracellular glutathione levels.
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It is evident that the lung is a primary target organ
for oxidant injury because of its large surface and its ex-
posure to oxygen and many other inhaled toxic oxidants,
such as ozone and cigarette smoke, as well as to endoge-
nously released oxidants during pulmonary inflamma-
tion. It is, therefore, easy to understand that the lung needs
a strong extracellular antioxidant defence system to pre-
vent cellular attacks by reactive oxygen species, and
damage to the alveolar epithelial cells. The most impor-
tant extracellular antioxidant in the lung is glutathione
(GSH) [1]. Although the extracellular concentration of
this peptide is usually low, the alveolar epithelial sur-
face of the lung is different in this regard: the epithelial
lining fluid (ELF) of normal lungs contains a very high
concentration (about 400 µM) of GSH, i.e. 100 times
higher than that found in the extracellular fluid of many
other tissues [1, 2]. Moreover, the extracellular fluid in
the alveolus of the lung also contains antioxidant enzymes,
such as superoxide dismutase (SOD), catalase, glutathione
reductase and glutathione peroxidase, thus confirming the
existence of a very strong antioxidant defence screen [3].

How these high extracellular GSH levels are estab-
lished is still unknown, but simple diffusion from blood
plasma may be excluded, because blood plasma GSH
levels are much lower (0.5–5 µM). Proposed mecha-
nisms are increased release from intracellular stores be-
cause of increased membrane permeability, cell lysis, or

active transport [2]. It has been observed that the GSH
levels of ELF change in certain conditions. Exposure to
hyperoxia for several days, for example, increases ELF
GSH levels [2], and tobacco smokers also show an in-
crease in ELF GSH, with concentrations up to almost
twice the normal level [1]. On the other hand, ELF GSH
concentrations have been shown to decrease in disea-
ses such as interstitial pulmonary fibrosis (in which ELF
GSH is fourfold lower than in healthy subjects) [4], cys-
tic fibrosis [5], symptom-free human immunodeficiency
virus (HIV)-positive individuals [6], and in adult respira-
tory distress syndrome (ARDS) [7, 8]. Although it appears
that certain disease states are correlated with changes
in GSH in the ELF, the underlying mechanisms for these
changes are still far from being understood, and it is un-
known whether they are the cause or the consequence
of the disease.

Recently, many studies have been performed on the
epithelial type II pneumocytes, to elucidate the poten-
tial role of these cells in the regulation of cellular GSH
turnover in the lung. Although these cells make up only
5% of the surface area of the lung, and represent only
10–15% of the total lung cell population [9], they rep-
resent an important cell population in the lung, because
they are metabolically very active. The most important
functions of these cells are the synthesis and secretion
of pulmonary surfactant, and the ability to function as
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stem cells to renew the epithelium in the event of type
I cell injury [10]. Although the type I pneumocytes make
up 90–95% of the alveolar epithelial surface of the lung,
they account for only 4–5% of the total lung cell pop-
ulation [9]. Their main function is to line the alveolar
surface and to provide a barrier for gas diffusion. They are
much more difficult to study and their metabolic func-
tions, especially with respect to GSH metabolism, are
much less prominent than those of type II cells, or are
probably even absent. For example, γ-glutamyltransferase
(γ-GT), an enzyme that plays an important role in the
breakdown of extracellular GSH, is only present in very
low concentrations in type I cells [11]. Because of their
large surface and low metabolic activity, it is generally
assumed that type I pneumocytes are more susceptible to
injury and oxidative stress than type II pneumocytes.

Several excellent reviews are available on the mecha-
nism and pathophysiological consequences of oxidant
exposure [12, 13], the role of GSH as one of the most
important endogenous antioxidants [14–17], and the
potential therapeutic use of sulphydryl (SH) compounds
(N-acetylcysteine) in protecting the lung against oxida-
tive damage [3]. The purpose of this review is to pro-
vide an overview of the literature concerning cellular
GSH turn-over for different cell types in vitro, an issue
which has not received much attention so far. In par-
ticular, we will discuss the different mechanisms involved
in GSH metabolism in type II cells and the role of the
extracellular redox state in antioxidant defence, and we
will search for similarities and differences with other
cell types, in order to highlight gaps in our knowledge,
which might be of value for further research. Further-
more, we will reassess, with respect to our present in-
sights in cellular GSH turnover, existing strategies for
augmenting intracellular GSH levels.

Glutathione in perspective

The tripeptide GSH (γ-glutamyl-cysteinyl-glycine) (fig.
1) was isolated from yeasts by Rey-Pailhade in 1888, but
it really found a place in biochemistry through a report
of Hopkins in 1921. The correct structure was establi-
shed by synthesis in 1935 [18]. GSH is widely-distribu-
ted in all living organisms and is found predominantly
inside cells, where it reaches relatively high concentra-
tions (0.1–10 mM) [14]. In contrast, plasma concentra-
tions of GSH are usually in the low micromolar range,
but they may vary widely. GSH accounts for 90% of the
intracellular nonprotein thiols, and is, therefore, the most
important intracellular reducing agent [14]. The liver is
the main source of GSH, and virtually all GSH newly
synthesized in the liver is exported. Most of the circu-
lating GSH originates from the liver, and it has been
estimated that approximately 45 mmol (or 14 g) GSH is
released into the circulation in humans during 24 h [19].
The lungs, like the liver and the kidney, also show a high
rate of GSH turnover, and might even be a greater im-
porter of GSH than the kidney. Plasma half-life of GSH
is less than 2 min, and cellular half-life has been deter-
mined to be about 3–4 h [20]. Many biological functions
have been ascribed to GSH, including: 1) maintenance
of SH groups in a reduced state in proteins and other
molecules; 2) destruction of hydrogen peroxide, other
peroxides and free radicals; 3) catalysis of disulphide

exchange reactions; 4) acting as a co-enzyme for certain
enzymes (e.g. glyoxalase); 5) detoxification of foreign
compounds by conjugation with GSH; and 6) transloca-
tion of amino acids across cell membranes [21]. Alth-
ough this list of proposed functions is far from complete,
it may be stated, in general, that GSH plays a key role
in cell defence, and serves as a reservoir for cysteine.

There are now sufficient data to strongly implicate free
radical injury in the genesis and maintenance of seve-
ral lung disorders in humans, and to state that restora-
tion of intracellular GSH is correlated with increased
antioxidant defence [11–16]. In the light of our aim to
augment antioxidant capacity of (lung) cells, in order to
increase their resistance against various kinds of oxi-
dative stress, most investigators have focused on and
searched for methods to increase intracellular GSH lev-
els, mostly by administration of reduced thiol com-
pounds. Relatively little attention has been paid to the
role of the redox state of the extracellular environment
on intracellular GSH levels. Yet, the extracellular re-
dox state has an important regulatory role with respect
to the import and export of GSH, as will become clear
from this review. Since there are considerable differen-
ces between the various cell types regarding the uptake
of intact GSH and GSH precursor molecules, our treat-
ment strategy to augment antioxidant defence should pro-
bably be differentiated and adapted to the target organ
or cells that we intend to protect. Cellular GSH turnover
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Fig. 1.  –  Structure of cysteine, cystine and glutathione.
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cysteine/cystine, used for intracellular GSH synthesis
[25, 31]. The different amino acid transport systems have
been labelled A, ASC and L by CHRISTENSEN [32]. The
A and ASC systems are sodium-dependent and are used
for the uptake of neutral amino acids with small side
chains, such as cysteine, whilst the L system is sodium-
independent and specific for neutral amino acids with
large branched and apolar side chains, such as methio-
nine [22]. In most cells, the ASC system is the major
constitutive transport system, i.e. not inducible by amino
acid starvation or oxidant stress. As long as cysteine is
present extracellularly, its intracellular level may be main-
tained by the ASC transport system. The characteristics
of cysteine transport are not significantly different in
type II cells from those reported in other cell types [33],
but it is important to realise that in endothelial cells,
fibroblasts, and type II pneumocytes, cysteine transport
is more efficient than cystine transport, which cannot
be taken up via the ASC system because it is an ani-
onic amino acid [25, 31]. Intracellular cysteine levels
could, thus, be increased either by reduction of extracel-
lular cystine to cysteine, e.g. by addition of extracellular
GSH, N-acetylcysteine, or cysteamine, or by increasing
the transport of cystine via the xc

– system (see below).
The latter is feasible because cystine transport is induci-
ble, in contrast to the ASC system [34].

Cystine is taken up into the cell via the xc
– system, as

described by BANNAI and co-workers [35, 36] for human
fibroblasts, neuronal cell cultures [22], hepatocytes [22,
37], human umbilical vein endothelial cells (HUVEC)
[22], mouse peritoneal macrophages [38], and, recently,
also for human pulmonary endothelial cells  [39]. This
system is specific for anionic amino acids, and is strong-
ly inhibited by glutamate [35]. Two kinds of xc

– uptake
systems have been described: a sodium-dependent and
a sodium-independent one [37]. In the liver, both trans-
port systems have been found, but only the sodium-inde-
pendent system was inducible [37]. In bovine pulmonary
artery endothelial cells (BPAEC), the xc

– system was
found to be sodium-independent and inducible by dieth-
yl maleate (DEM), arsenite and 1,3-bis(2-chloroethyl)-1-
nitrosurea (BCNU) [23, 24, 39, 40]. In human fibroblasts

is rather complex, and our knowledge of it is far from
complete, especially with regard to the type II pneumo-
cytes. Nevertheless, certain conclusions obtained from the
study of other cell types might also apply for type II cells.

Intracellular GSH levels: a balance between influx,
synthesis, efflux and consumption

When studying GSH turnover in different kinds of cells,
it is important to remember that GSH is in fact "a vehi-
cle for stabilizing, detoxifying and transferring cysteine"
[13]. Thus, the study of GSH turnover also implies a study
of cysteine/cystine transport, because most of the intra-
cellular GSH is the result of the transfer of its constituents
(cysteine, glutamine and glycine) into the cell. The level
of intracellular GSH is, in fact, the final outcome of a
complex process, which can, for practical reasons, be di-
vided in: 1) uptake of constituents of the GSH mole-
cule via amino acid uptake pathways or via the γ-GT
pathway; 2) uptake of intact GSH; 3) intracellular GSH
synthesis and degradation; and 4) the efflux of intact
GSH and oxidized GSH (GSSG) [13]. For type II pneu-
mocytes, the different pathways are illustrated in figure
2. These different routes will be discussed consecutively.

Amino acid transport systems and GSH synthesis (fig. 3)

Cysteine and cystine are nonessential amino acids,
synthesized primarily in the liver from methionine via
transsulphuration pathways [22]. The activity of transsul-
phuration differs in isolated liver cells from the in vivo
situation, in that isolated liver cells (like other cell types
in vitro) usually lack the transsulphuration pathway, and
thus require exogenous cysteine or cystine [22]. Cysteine
is one of the three components of GSH, and the rate-
limiting substrate for GSH synthesis in various cell types
in culture, especially under conditions of oxidative stress
[22–24]. Glutamate or glycine are rarely rate-limiting
[22, 25]. The availability of cysteine or cystine has been
reported to be strongly correlated with intracellular GSH
levels [24–30]. However, it is not only the presence of
extracellular cysteine or cystine that is important in the
rate of intracellular GSH synthesis, but also the extra-
cellular redox state (which is in part determined by ex-
tracellular GSH levels), which influences the uptake of
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anchor subunit and a smaller catalytic subunit [44]. γ-
GT plays a key role in the γ-glutamyl cycle, a pathway
for the synthesis and degradation of GSH. γ-GT is a
plasma membrane enzyme, with its active site directed
toward the outside of the cell [45]. This enzyme is the
only enzyme that can break the γ-glutamyl bond of GSH,
thus releasing cysteinyl-glycine [44–46]. The glutamyl
moiety is then transferred to an amino acid, a dipeptide
or GSH itself, producing the respective γ-glutamyl deriv-
atives (fig. 4):

GSH + amino acid     γ-glutamyl-amino acid +
cysteinyl-glycine

2 GSH     γ-glutamyl-GSH + cysteinyl-glycine
GSH + H2O → glutamate + cysteinyl-glycine

The γ-glutamyl-amino acid is taken up into the cell,
where it is cleaved to free amino acids and glutamate
[46]. The extracellular cysteinyl-glycine part of the GSH
molecule is either hydrolysed by a dipeptidase (cysteine
and glycine are then taken up separately into the cell),
or transported as cysteinyl-glycine into the cell [47].

and HUVEC, these agents have been shown to induce
cystine uptake twofold in the first 30 min, after 60 min
preincubation with 25 µM DEM [26].

The xc
– system in type II cells might be different from

the system described in endothelial cells, hepatocytes and
fibroblasts, in that no inducible cystine transport system
could be demonstrated, but only the sodium-dependent,
noninducible system [33]. However, despite the absence
of an inducible cystine transport system, treatment with
DEM did increase intracellular GSH levels in type II
cells, but the mechanism for this increase remains to be
determined. The xc

– system in type II cells also differed
from the xc

– system described previously in BPAEC or
human fibroblasts, in that the pattern of inhibition by
anionic and neutral amino acids in type II cells was dif-
ferent [33].

The mechanism for the induction of the cystine trans-
port system is not completely understood [40, 41]. It has
been shown that overnight incubation of HUVEC cells
in a medium lacking sulphur (M199-medium) depleted
GSH by more than 70% and increased cystine uptake
over the first 60 min by up to
300% [42]. This effect disap-
peared when the cells were co-
incubated with cycloheximide,
and the induction of the cystine
transport via the xc

– system was
not seen when the cells were
treated with L-buthionine-[S,R]-
sulphoximide (BSO) [40], which
suggests that GSH depletion per
se is not critical for the induc-
tion of this transport system in
"sulphur-starved" cells. How-
ever, an increase in uptake of
cystine via the γ-GT pathway
was demonstrated in response
to pretreatment with the M199-
medium [40]. These findings
might fit with our own findings
of an increase in γ-GT activity
due to GSH depletion in type II
cells [43]. The level of gluta-
thione transferase in cells is as-
sociated with the susceptibility
of the cell or organ to depletion
of GSH by exogenous electro-
philic agents. In the liver, where
glutathione transferase levels are
exceptionally high, administrati-
on of agents, such  as bromoben-
zene, phorone or DEM, results
in rapid depletion of GSH [14].

γ-glutamyltransferase and intra-
and extracellular GSH levels

The enzyme γ-GT is an apical
membrane protein present in
many  epithelial cells [44]. Al-
though synthesized as a single
polypeptide, γ-GT is cleaved to
form a large 55 kDa membrane
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This series of enzyme-catalysed reactions, along with
the two steps for de novo GSH synthesis, has been called
the γ-glutamyl cycle (fig. 5).

γ-GT has been localized on the luminal surface of rat
Clara cells and type II cells [11, 48]. Although even hi-
gher immunoreactivity was associated with type I pneu-
mocytes by indirect immunofluorescence and Western
blot analysis, it is not certain that this activity originates
from the type I cells, because type II cells lose their γ-
GT when they progress towards type I cells in culture,
suggesting that much of the immunoreactive γ-GT of the
type I cell is probably nonfunctional [48, 49]. One expla-
nation is that the type II cells, not only synthesize a γ-
GT protein, but also release it, probably together with
phosphatidylcholine, which associates with surfactant
[50]. It is likely to be this association of γ-GT with sur-
factant that accounts for the apparent immunocyto-
chemical localization on type I cells and macrophages
[49, 51]. Another possible explanation is that type I cells
express only the larger uncleaved form of γ-GT, explain-
ing the high level of immunoreactivity, but also the low
specific activity [48]. The functionality of this type I
cell associated γ-GT is, however, incompletely defined.
The surfactant associated γ-GT could function to regu-
late the size of the intra-alveolar GSH pool. Hence, it
could influence the ability of GSH to function as an
extracellular reducing agent within the alveolus, and,
therefore, also influence the export of GSH out of the
cell (see below), or it could provide a means for the
production of γ-glutamyl-amino acids within the alveo-
lus. The acidic pH of the alveolar lining fluid would
favour the γ-GT catalysed hydrolysis reaction over the
transpeptidation reaction, and the split products could
serve as substrates for GSH synthesis by the cells in the
alveolar space [52]. Dipeptidases, which complete the
hydrolysis of cysteinyl-glycine have also been demon-
strated in the alveolus [53].

Besides the breakdown of extracellular GSH and, less
efficiently, of GSSG, γ-GT has a role in several phys-
iological and toxicological processes. It removes, for
example, the glutamate moiety from glutathione conju-
gates, catalyses the conversion of leukotriene C4 (LTC4)
to leukotriene D4 (LTD4) and the conversion of glutathi-
one conjugates to cysteine-S conjugates [54, 55]. Recent
studies with endothelial cells, alveolar macrophages and
fibroblasts have shown that γ-GT might play a role in the

protection against oxidative stress, since specific γ-GT
inhibitors (serine-borate complex and acivicin) can pre-
vent the protective effect afforded by extracellular gluta-
thione against added oxidants [43, 56–58]. On the other
hand, after murine fibroblasts had been depleted from
intracellular GSH with DEM, the recovery of intracel-
lular GSH was increased, compared to control cells, if
γ-GT activity had been increased by transfection with
recombinant γ-GT [57]. As far as we know, there have
only been two reports on the induction of γ-GT acti-
vity due to oxidative stress in type II cells [43, 58]. In
the first study [58], exposure of a lung L2 epithelial
tumour cell line to the oxidant menadione gave a dose-
dependent induction of γ-GT activity, amounting to 2–
8 times the control values. In our own study [43], we
demonstrated that, in freshly isolated rat type II cells,
increases in γ-GT activity were governed more by GSH
depletion than by oxidative stress. Phenobarbital, steroids
and xenobiotics are inducers of γ-GT expression in hep-
atocytes [59], but there is no evidence for induction by
these compounds in the lung or in isolated type II cells
(own unpublished data).

The γ-glutamyl cycle is also an important pathway
for the uptake of cystine. This evidence is mainly cir-
cumstantial, but includes the fact that γ-GT possesses a
low Km for cystine, and prefers cystine as an acceptor
for transpeptidation of GSH [60]. Cystine is also a potent
inhibitor of γ-GT-dependent hydrolysis of GSH. Speci-
fic and strong inhibition of γ-GT by acivicin or anth-
glutin for 6 h in HUVEC resulted in a total depletion
of GSH in these cells [40]. This means that intracellu-
lar cysteine concentrations were too low, and that the
uptake of cystine via the xc

– system did not suffice to
maintain GSH biosynthesis, thus facilitating the deple-
tion due to continual breakdown and export of GSH [42].

Kidney cells, intestinal epithelial cells and pulmonary
type II epithelial cells, in particular, have high levels of
γ-GT activity, and are equipped to salvage amino acids
from the extracellular GSH pool in their milieu [55].
Endothelial cells, hepatocytes and fibroblasts have lower
γ-GT levels, and can, thus, less easily use extracellular
GSH for intracellular GSH synthesis [60]. Moreover, in
these cells, no transport systems for the cellular uptake
of intact GSH have been demonstrated. These differ-
ences are very important when comparisons are made
between the different cell types with respect to their
response to oxidative stress, but also with respect to
enhancement of antioxidant defence.

Intracellular GSH synthesis

The rate-limiting step in the synthesis of GSH is γ-
glutamyl-cysteine synthetase [21, 45]. The enzyme cat-
alyses the bond between glutamate and cysteine, and is
inhibited by BSO [61]. Enzyme activity is regulated by
feedback inhibition of GSH, so that GSH, but not GSSG,
regulates its own synthesis. In normal steady-state condi-
tions, the enzyme does not function at maximal activity,
because patients with 5-oxoprolinuria, who have a GSH
deficiency due to a defect in the enzyme glutathione syn-
thetase, overproduce γ-glutamyl-cysteine [45]. The nega-
tive feedback of GSH on γ-glutamyl-cysteine synthetase
can be circumvented by supplying the cell with high in-
tracellular cystine concentrations (fig. 6) [62]. Cystine
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is directly, or less efficiently after reduction of cystine to
cysteine, bound to the γ-glutamyl moiety of GSH, and is
taken up into the cell by the action of γ-glutamyl-trans-
ferase. The γ-glutamyl-cystine/cysteine formed, thus,
bypasses γ-glutamyl-cysteine synthetase, and by the action
of GSH-synthetase, higher GSH levels can be achieved.

Glutathione efflux

There is increasing evidence that GSH is exported out
of the cell, and that this pathway is an important deter-
minant of the final intracellular GSH level [63–65]. The
GSH transporter does not appear to be facilitative and
bidirectional, but transport seems to be not perfectly sym-
metrical, in that the kinetics of uptake differ from the
kinetics of efflux [65]. The function of the GSH trans-
porter is influenced by the thiol status of the extracellu-
lar environment: in rat hepatocytes it was shown, perhaps
contrary to expectation, that high extracellular SH lev-
els (GSH, dithiothreitol and other thiols) promote the
efflux of intracellular GSH [63]. In contrast, cystine (and
other disulphides, such as GSSG and cystamine), inhibits
efflux at physiological concentrations, while promoting
the uptake of GSH. Thus, a more oxidized extracellu-
lar environment stimulates the cell to retain GSH, while
a more reduced extracellular state facilitates GSH ef-
flux [63–65]. The increased release of intracellular GSH
in the presence of high extracellular GSH is not simply
the result of higher intracellular GSH levels, originating
from the breakdown and subsequent uptake of extra-
cellular GSH components by the action of γ-glutamyl-
transferase. Indeed, when these cells were incubated
with acivicin (to block the degradation of extracellular
GSH) and with BSO (to prevent GSH synthesis), they
still showed efflux of GSH in the presence of high ex-
tracellular GSH levels [63]. The efflux from the liver
is also under hormonal control, since vasopressin, phenyl-
ephrine and adrenaline stimulate the efflux [66]. These
studies were performed on isolated and cultured liver
cells only, and so far no studies on the export of GSH
have been performed on lung type II cells. DENEKE et
al. [41] found that incubation of lung type II cells with
RPMI medium without cystine resulted in a dramatic and
rapid decline in intracellular GSH levels. They suggested
that this phenomenon might be explained by the above-

described mechanism, and that exogenous cystine, by
causing a more oxidized environment, might block trans-
port of GSH out of the cell. So far, this hypothesis has
not been proved.

The ELF in healthy volunteers shows GSH concen-
trations greater than 400 µM, which is among the high-
est reported for any extracellular fluid [1, 2]. Other
studies have shown that GSH is present in cerebrospinal
fluid, saliva, sweat, seminal fluid and milk. Thus, release
of GSH appears to be a general property of cells, which
suggests that extracellular GSH has specific biological
functions. One of these functions is control of the extra-
cellular redox state, but other functions of extracellular
GSH include: acting as a source of cysteine; acting as a
substrate for extracellular GSH-dependent enzymes; dir-
ect protection of critical thiol groups of transporters and
receptors present on the extracellular surface of cells; the
reduction of disulphides to control the fluidity of mucus;
and the maintenance of other antioxidant systems (e.g.
ascorbate) [67]. 

The origin of GSH in the ELF has not been deter-
mined, but it is not due to simple diffusion from the
plasma, because plasma levels are much lower. Smokers
showed an 80% higher GSH concentration in ELF,
whereas, in patients with pulmonary fibrosis, GSH con-
centrations were fourfold lower than in healthy subjects
[1, 2]. An explanation for these phenomena is not yet
available. Even if a bidirectional GSH transporter exist-
ed in the lung, as in the liver, these findings cannot be
explained by this mechanism alone: exposure of cells
to oxidative stress implicates a more oxidized environ-
ment, which should, according to the function of the
bidirectional GSH transporter, stimulate the cell to retain
GSH inside the cell instead of releasing or exporting
GSH into the ELF. 

One might speculate that γ-GT, which is located on
the extracellular site of the cell membrane, is involved.
From a theoretical point of view, surfactant associated
γ-GT could function to regulate the size of the intra-
alveolar GSH pool, because γ-GT is the only enzyme
that can break down intact GSH. Low γ-GT activity
would mean less degradation of the GSH molecule and,
thus, higher GSH levels, but in our own study, with rats
exposed to hyperoxia, there was no evidence for this:
low γ-GT activity in the ELF was strongly associated
with low ELF GSH levels [68]. High ELF γ-GT levels
in the presence of low ELF GSH levels, and vice versa,
might be disastrous because it could lead to either com-
plete GSH depletion or a GSH excess in the ELF. 

It seems that ELF γ-GT is not the main determinant
in establishing ELF GSH levels, but that a certain ELF
GSH level will be the result of a complex interaction
between the extracellular redox state, intracellular GSH
synthesis (and GSH levels), ELF γ-GT activity, and efflux
of GSH from the type II cells into the ELF [68]. Further-
more, the export of GSH from the ELF can be accom-
plished by a variety of cells, including lymphocytes,
macrophages, fibroblasts and endothelial cells, found in
large numbers in the lower respiratory tract. It is prob-
able that the consumption of GSH by these cells is dif-
ferent in the aforementioned disease states, but the
permeability of the interstitium might also differ and
lead to increased or decreased leakage of GSH into the
pulmonary circulation [1].
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Export of GSSG [69]

In mammalian cells, only a low percentage (<0.01%)
of total GSH is in the oxidized form (GSSG), and GSSG
increases under conditions of marked toxicity or oxida-
tive stress. In these conditions, there is an increased
export of GSSG from the cells, presumably through an
active transport mechanism, even though most cell types
contain appreciable activity of GSSG reductase. It has
been suggested that active export of GSSG may be an
emergency mechanism to protect cells from the toxic
effects of GSSG. The exact nature of this transport sys-
tem is unknown, and the question as to how much GSSG
is normally transported is difficult to answer because
intracellular GSSG levels are very low, and accurate mea-
surements in the presence of large amounts of GSH is
a technical problem. GSSG transport has been reported
in erythrocytes, the liver and lens [69].

Uptake of intact glutathione

Since 1986, several authors, mostly from the same re-
search group, have described uptake of intact GSH by
type II pneumocytes, kidney cells and the small intes-
tine [70–75]. The mechanism seems to be present only
in cells designed to salvage GSH from the extracellu-
lar environment. All cell types are epithelial in origin
and located in areas that are readily exposed to oxida-
tive or xenobiotic injury. Uptake of intact GSH was not
found in liver cells, fibroblasts and (pulmonary) endothe-
lial cells [13]. The transporter was found to be sodium-
dependent, and could be inhibited by about 60% by
γ-glutamyl compounds, such as γ-glutamylglutamate,
probenecid and ophthalmic acid [70, 71]. Anaerobic con-
ditions completely inhibited the uptake, implying that
the process is an active one [72]. HAGEN and co-workers
[71, 72] found that the uptake rate of intact GSH was
greater than the rate of intracellular synthesis in renal
tubular cells; the rate of GSH formation was 0.15–0.28
nmol·10-6 cells·min-1 and the initial uptake rate 1.1
nmol·10-6 cells·min-1 at an extracellular concentration of
GSH or amino acids of 1 mM. In type II cells, the uptake
had the same characteristics as in kidney cells; it was
a sodium-dependent active process, with uptake against
a substantial concentration gradient and inhibition by
γ-glutamyl compounds. The synthetic rate was again a
small fraction of the transport rate [70, 73–75]. Type I
cells do not have the capacity to take up intact GSH
[14].

In epithelial cells, the uptake of intact GSH might,
thus, play an important role in GSH turnover and prot-
ection against oxidative stress. Although all these studies
present data on the time course of GSH uptake, the
kinetic properties of the uptake system are not known
and the transporter has not been identified. As all inves-
tigators, except JENKINSON et al. [75], used relatively
high GSH concentrations (1 mM), passive diffusion can-
not be excluded, because no data on the uptake at 4°C
are presented. JENKINSON et al. [75] used a more phys-
iological GSH concentration of 0.02 mM, and demon-
strated an uptake of only 4.7 pmol·10-6 cells in 5 min,
which is of minor significance. In our own (unpublished)
studies, it was difficult to demonstrate any uptake, and
other scientists also appear to have had problems.

Possible implications for therapy

It is important to make a distinction between curative
treatment with antioxidants to restore GSH levels in GSH-
depleted cells, and "preventive" treatment to increase an-
tioxidant levels in otherwise normal cells, in order to
protect them against an expected attack by oxidants. In
the former situation, the cells will readily take up cys-
teine analogues but the latter situation is likely to be
more complicated. because intracellular GSH synthesis
is subject to a negative feedback by GSH itself. There
are, nevertheless, several possibilities to circumvent this
problem, but these are dependent on the target cells. 

Because epithelial cells (type II pneumocytes) may
be equipped with an uptake system for intact GSH, expo-
sure of these cells to GSH might increase intracellular
levels. However, this system is not present in liver,
endothelial cells and fibroblasts. The same applies for
the γ-GT pathway, by which precursor amino acids, cys-
tine and less, efficiently, cysteine, are taken up into the
cell, bound to the γ-glutamyl moiety of GSH, thus form-
ing γ- glutamyl-cyst(e)ine, and hence bypassing the rate-
limiting enzyme of the GSH synthesis, γ-glutamyl-cysteine
synthetase. Another possibility is the induction of the
cystine transport system by oxidative stress or treatment
with DEM, but it is not certain that this system is in-
ducible in type II pneumocytes. Furthermore, there is
evidence that a more oxidized environment (i.e. high
cystine) will force the bidirectional GSH transporter, at
least in liver cells, to retain GSH inside the cell. 

In our in vivo experiments with N-acetylcysteine (NAC)
and 85% hyperoxia, we demonstrated that daily i.p. in-
jections of 200 mg·kg-1 NAC indeed increased ELF GSH
levels, but lowered type II cell GSH, and led to higher
type II cell γ-GT and higher ELF γ-GT activities [68].
These findings might support the presence of a bidi-
rectional GSH transporter, and demonstrate that a more
reduced environment will lead to GSH release from the
type II cell into the ELF. The question is whether these
higher ELF GSH levels, achieved at the expense of lower
intracellular GSH levels, are beneficial for the cell.
Further investigations are needed, although we demon-
strated significantly more type II cell damage in the
NAC-treated animals, as indicated by 24 h thymidine
incorporation. Because the different cell types exhibit
important differences in the uptake mechanisms, it is
probably wrong to apply a single treatment regimen for
all target cells, and a more cell-specific strategy is pre-
sumably more appropriate.

Conclusion

Studying the turnover of GSH is, in fact, a study of
cysteine/cystine metabolism, since GSH can be regard-
ed as a vehicle for cysteine transport. As a free amino
acid, cysteine is more efficiently transported than cys-
tine, but in most cell types, with the probable exception
of lung type II cells, cystine transport is inducible by
oxidative stress or amino acid starvation. Cells of epithe-
lial origin located in areas that are readily exposed to
oxidative or xenobiotic injury, are equipped with two
other uptake pathways, in addition to the amino acid up-
take pathways for cysteine and cystine. The first is the
uptake of intact GSH, the second the γ-glutamyl cycle,
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by which cystine in particular, and, less efficiently, cys-
teine, and other precursor molecules for de novo GSH
synthesis can be taken into the cell. 

Recently, more information concerning the extracel-
lular transport of cysteine has become available for liver
cells. It is remarkable that the redox state of the extra-
cellular milieu influences the bidirectional GSH trans-
porter. A more oxidized environment, i.e. characterized
by high cystine levels, stimulates the cell to retain GSH,
whilst a more reduced state facilitates GSH efflux.
Identification of a similar transport system in type II
pneumocytes would probably shed new light on the ori-
gin of the increased GSH levels found in the ELF of
the lung during hyperoxia and in smokers. Further in-
sight into the mechanism by which intra- and extracel-
lular glutathione levels are established would probably
lead to new therapeutic approach to increasing (intra-
cellular) antioxidant defence.
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