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Introduction

Glutathione! occurs in almost all living organisms,
and its multifunctional properties have been attract-
ing interest of many biochemists, physiologists,
pharmacologists as well as clinical scientists. GSH!
is a tripeptide with a structure of y-L-glutamyl-L-
cysteinylglycine, which is characterized by the -
glutamyl peptide and the reactive thiol group. GSH
is synthesized in two steps catalyzed by y-glutamyl-
cysteine synthetase [EC 6.3.2.2] (reaction 1) and
glutathione synthetase [EC 6.3.2.3] (reaction 2), re-
spectively. ‘

L-glutamate + L-cysteine + ATP = y-L-glutamyl-
L-cysteine + ADP + P; (reaction 1)

y-L-glutamyl-L-cysteine + glycine + ATP = GSH
+ ADP + P; (reaction 2)

Reaction 1 is considered rate limiting and inhibited
by GSH, suggesting a physiologically significant
feedback control of GSH synthesis (Meister &
Tate, 1976). It is generally believed that cells are
equipped with these enzymes to synthesize their
own GSH for intracellular utilization. Therefore,
the availability of the precursor amino acids is a
regulatory factor for GSH synthesis, and it is highly
likely that in mammalian cells amino acid supply
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! “Glutathione”’ is used to indicate material containing both
reduced and oxidized forms. GSH or GSSG is used in the re-
duced or oxidized form of glutathione, respectively.

from the outside of cells provides a control point in
the synthesis.

The degradation of GSH is first catalyzed by +y-
glutamyltransferase [EC 2.3.2.2]. This enzyme cat-
alyzes transfer of the y-glutamyl moiety of GSH to
an acceptor. Although certain amino acids are ac-
tive acceptors, the enzyme can catalyze hydrolysis
of GSH; water can serve as the acceptor (McIntyre
& Curthoys, 1979). y-Glutamyltransferase is largely
localized at the outer surface of membranes of cer-
tain epithelial cells (Novogrodsky, Tate & Meister,
1976). The enzyme is thus separated from its sub-
strate, and this suggests that there is a mechanism
for the movement of intracellular GSH to the place
where the enzyme is present. Efflux of GSH from
cells was first observed in perfused isolated liver
preparations (Bartoli & Sies, 1978), in human fibro-
blasts in culture (Bannai & Tsukeda, 1979), and in
human lymphoid cells (Griffith, Novogrodsky &
Meister, 1979). The efflux is considered an impor-
tant step in GSH utilization and is a property of
many, perhaps most cells. GSSG! has also been
known to be released from various cells and tissues
(Sies & Akerboom, 1984). However, this efflux is
often measured in response to oxidizing conditions,
because under physiologic conditions GSSG is ac-
cumulated in the cells only to a very limited extent
because of the action of GSSG reductase [EC
1.6.4.2]. The intracellular level of glutathione in
mammalian cells is in the millimolar range and GSH
is usually predominant.

Thus, two different types of membrane trans-
port may take part in metabolism and function of
glutathione. One is the transport of the precursor
amino acids of glutathione, and another is the trans-
port of glutathione itself. It seems that the former
has not drawn much attention, so in this paper both
will be described. Some recent reviews (Meister &
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Table. Transport systems for precursor amino acids of glutathione

System Occurrence

Na* dependence Preferential substrate

Precursor amino
acid of glutathione

General

Additional comments

Neutral amino acids with
small side chains, espe-
cially those having -SH
or —OH group

Anionic amino acids; aspar-
tate largely excluded

Anionic amino acids; gluta-
mate and aspartate

Glycine and sarcosine

Neutral amino acids with
small, unbranched side
chains

Neutral amino acids with
large, branched and apo-
lar side chains

Neutral amino acids with
small side chains

Subject to trans-stimulation

Subject to adaptive control;
enhanced by electrophilic
agents

Not detectable in human
erythrocytes

Subject to adaptive control;
highly enhanced upon
amino acid starvation

Methionine sulfur is utilized
for cysteine synthesis
mainly in liver

Particularly high affinity for
cysteine

ASC Ubiquitous Yes Cysteine
Serine
Glutamine?
Xz Characterized so far No Cystine
in fibroblasts and Glutamate
hepatic cells
Xic Probably ubiquitous Yes Glutamate
Gly Widespread Yes Glycine
A Ubiquitous Yes Glycine
Serine
Cysteine?
Glutamine
L Ubiquitous No Methionine
C Sheep erythrocytes No Cysteine
N Hepatocytes Yes Glutamine

Amino acid amides and
histidine

2 In hepatocytes this amino acid is not accepted by the system.

Anderson, 1983; Orrenius, Ormstad, Thor & Jewell,
1983; Meister, 1984) will be referred to for the gen-
eral knowledge on the metabolism and function of
glutathione.

Transport
of Precursor Amino Acids of Glutathione

As shown above, the reaction catalyzed by 1v-
glutamylcysteine synthetase is thought to be rate
limiting in GSH synthesis. This enzyme has been
purified from several sources and catalytic proper-
ties have been examined. The enzyme from rat kid-
ney exhibits apparent K,, values for glutamate and
cysteine of 1.8 and 0.3 mM, respectively (Richman
& Meister, 1975). Although the intracellular con-
centration of cysteine has not been extensively
studied, the available data suggest that it is regu-
lated at a lower level than the apparent K, value of
v-glutamylcysteine synthetase for cysteine. There-
fore it is probable that the rate of GSH synthesis
and, consequently, the GSH level is significantly
influenced by the availability of intracellular cys-
teine (Tateishi et al., 1974). Evidence to show the
correlation between the cellular levels of cysteine

and GSH has been provided in rat liver (Demaster
et al., 1984).

One of the important factors that regulate the
intracellular level of cysteine is its membrane trans-
port. The basic concepts on the transport of amino
acids across mammalian cell membranes have been
developed primarily by Christensen and his co-
workers (Christensen, 1984). Uptake and release of
amino acids is mediated by a number of transport
systems which manifest broad and overlapping sub-
strate specificity.

Cysteine is transported mainly by System ASC
in a variety of cells (Kilberg, Handlogten & Chris-
tensen, 1981; Franchi-Gazzola, Gazzola, Dall’Asta
& Guidotti, 1982; Bannai, 1984a). This system is
Nat*-dependent and especially reactive with neutral
amino acids having side chain of short to intermedi-
ate length. Although the system is highly concentra-
tive, it mediates both inward and outward flows of
the amino acids. The system is subject to trans-
stimulation (Gazzola, Dall’ Asta & Guidotti, 1980); a
System ASC amino acid (an amino acid substrate
for System ASC) at one side of the membrane stim-
ulates the passage of another System ASC amino
acid present at the other side of the membrane. Sys-
tem ASC seems to be constitutive, and in many



S. Bannai and N. Tateishi: Membrane Transport and Glutathione

cells it does not respond to regulatory factors
known to alter amino acid transport by other sys-
tems. It should be noted that the intracellular level
of cysteine and probably of GSH is directly influ-
enced by the extracellular levels of not only cys-
teine but also other System ASC amino acids (Ban-
nai & Ishii, 1982). The extracellular cysteine acts to
raise the intracellular level of cysteine. In contrast,
the extracellular System ASC amino acids other
than cysteine inhibit competitively the influx of cys-
teine (cis-inhibition) and stimulate the efflux of cys-
teine (trans-stimulation). Thus, System ASC amino
acids such as alanine, serine and glutamine present
outside of cells function to lower the intracellular
level of cysteine.

Another important factor that regulates the in-
tracellular level of cysteine is transport of cystine.
Usually plasma concentration of cystine is much
higher than that of cysteine (Saetre & Rabenstein,
1978; Bannai, 1984a), and cystine is readily con-
verted to cysteine in cells. In the case of cells in
culture, the situation is serious because cysteine in
the culture medium is easily autoxidized to cystine.
Furthermore, most of the cultured cells have only
a limited, if any, ability to synthesize cysteine via
the cystathionine pathway (Eagle, Washington &
Friedman, 1966). Therefore, unless the cultured
cells take up cystine and reduce it to cysteine, the
intra- and extracellular levels of cysteine would be
falling. Actually mouse ascites lymphoma L1210
cells are deficient in cystine transport activity, and
therefore, when cultured in vitro, the intracellular
levels of cysteine and GSH rapidly decrease and the
cells fail to survive (Ishii, Hishinuma, Bannai &
Sugita, 1981).

Transport of cystine is mediated by a system
different from the well-known neutral amino acid
transport systems, Systems A, ASC, and L. Ac-
cording to Christensen (1984), amino acid transport
is an ion transport; Systems A, ASC, and L ordi-
narily mediate the transport of the zwitterionic form
(or dipolar ion) of amino acids. Cystine is not a
dipolar ion, but within the physiologic pH range it
occurs as a tetrapolar (neutral as a whole) ion in the
main and as a tripolar (anionic as a whole) ion for
the rest (Bannai & Kitamura, 1981; Makowske &
Christensen, 1982). Cystine is transported as the
anionic form in human fibroblasts (Bannai & Kita-
mura, 1980, 1981) and in hepatic cells (Makowske &
Christensen, 1982; Takada & Bannai, 1984). The
system that mediates the transport of anionic cys-
tine is designated as System x;. This system is Na*-
independent and, among amino acids routinely
present in the intra- or extracellular fluid space,
only cystine and glutamate are reactive substrates.
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Recently evidence to show that System x; mediates
an exchange of cystine and glutamate has been ob-
tained (S. Bannai, submitted). The physiologically
significant flows of amino acids via System x is
thought to be an entry of cystine accompanied by an
exodus of glutamate, because cells are usually rich
in glutamate, but not in cystine. It is interesting to
think of a likeness between substrates of System x;
and of y-glutamylcysteine synthetase. Cystine, af-
ter entering cells in exchange for glutamate, is re-
duced to cysteine, which then reacts with glutamate
to form y-glutamylcysteine. Apparently intracellu-
lar glutamate has a function to draw in extracellular
cystine and to maintain an adequate balance be-
tween cysteine and glutamate in the cells.

One of the important functions of GSH is to
protect cells from an endogenous or exogenous
electrophilic attack by trapping the electrophilic
agent. Thus electrophilic compounds are believed
to deplete intracellular GSH. This is the case when
the compounds are present in excess. However,
when cultured human fibroblasts are exposed to
such electrophilic agent as diethylmaleate at rela-
tively low concentrations, GSH levels, though ini-
tially decreased a little, do increase and become
twice the normal levels (Bannai, 1984b). Under
these conditions it has been found that the activity
of System x; is greatly induced. The increase in
GSH levels is ascribable to the enhanced influx of
cystine via System x;, because the GSH levels do
not increase if the influx of cystine through System
x7 is competitively inhibited by glutamate or homo-
cysteate (both are System x; amino acids). The
mechanism of the induction of System x- by the
electrophilic compounds is unclear at present, but
the phenomenon may reveal a protective function
of the cells against an electrophilic attack. That is,
when the cells are exposed to the electrophilic at-
tack, the activity of System x; is induced and the
influx of cystine is enhanced, resulting in a stimula-
tion of GSH synthesis. GSH thus accumulated may
serve for a detoxication of the electrophilic agent.
The similar results are obtained in isolated rat hepa-
tocytes (Bannai, Takada & Tateishi, 1984). It has
been thought that hepatocytes hardly take up cys-
tine (Orrenius et al., 1983). However, the activity of
System x; is detectable upon culturing hepatocytes
in the presence of some hormones (Takada & Ban-
nai, 1984), and it is strongly induced when the cells
are treated with an electrophilic agent such as sulfo-
bromophthalein. GSH levels of isolated hepato-
cytes rapidly decrease after addition of sulfobromo-
phthalein, but the levels are soon restored. This res-
toration is consequent on the enhanced activity of
System x;.



Hepatocytes, unlike other cells, actively syn-
thesize cysteine from methionine and serine via the
cystathionine pathway and utilize it for GSH syn-
thesis. Transport of methionine into hepatocytes is
largely mediated by Na*-independent System L
(Kilberg et al., 1981). The transport activity for
methionine or serine may influence the GSH syn-
thesis, though there is no evidence for this view at
present.

Transport of amino acids across the erythrocyte
membrane is required for normal erythrocyte func-
tion and viability. Mature mammalian erythrocytes
possess a variety of amino acid transport systems
(Young, Jones & Ellory, 1980). These cells do not
synthesize protein, and a principal reason for the
cells to transport amino acids is to provide the sub-
strates cysteine, glutamate and glycine for GSH
synthesis. Deficiency of GSH may associate with
the occurrence of hemolytic anemia. Adequate
membrane transport of cysteine is necessary for the
erythrocytes, because they are hardly permeable to
cystine and have no detectable activity of cystathio-
nine pathway. Human erythrocytes transport cys-
teine by a Na*-dependent, stereospecific uptake
mechanism (Young et al., 1980). This system has a
uniquely high affinity for cysteine and is equivalent
to the System ASC in other cell types. At physio-
logic concentrations of cysteine in plasma, the sys-
tem accounts for major part of the cysteine uptake
into the cell. Human erythrocytes have also a low-
affinity, Na'-independent uptake component for
cysteine flux, which is similar to System L. An in-
teresting feature of erythrocyte amino acid trans-
port is that the distribution of amino acid trans-
porters in the erythrocytes of different species is
highly variable. Thus, sheep erythrocytes lack Sys-
tems ASC and L. Instead, they possess an addi-
tional system (System C) responsible for the trans-
port of cysteine (Young, Ellory & Tucker, 1976).
The substrate specificity of the human System ASC
and sheep System C are similar, but System C does
not require Na*. The sheep is known to exhibit in-
herited GSH deficiency. One type of GSH defi-
ciency (approximately 30% of normal levels), which
occurs most commonly in Finnish Landrace sheep
(the breed frequency approximately 20%), results
from an impaired membrane transport for cysteine;
System C is defective in the low-GSH sheep eryth-
rocytes (Young et al., 1976). It is noted that the
inherited transport lesion is not expressed in reticu-
locytes, liver, kidney and other tissues. They have
normal GSH contents, suggesting that System C is
erythrocyte-specific (Young & Tucker, 1983).

Glutamate and glycine are also precursors of
GSH. However, evidence to show that the trans-
port of glutamate or glycine influences GSH biosyn-
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thesis is limited. These amino acids are synthesized
via several metabolic pathways; glutamate is easily
formed from glutamine by deamination, and glycine
is formed from serine through the action of serine
hydroxymethyltransferase [EC 2.1.2.1]. In human
fibroblasts, intracellular glutamate or glycine is not
depleted even if the cells are cultured in media lack-
ing in glutamate or glycine, respectively (Bannai &
Kitamura, 1982). Depletion of glutamate has been
observed in cells cultured in glutamine-free medium
(glutamate concentration is usually low in the cul-
ture media routinely used), and depletion of glycine
has been found in cells cultured in glycine-and-
serine-free medium. Under these conditions intra-
cellular levels of GSH decrease significantly. Glu-
tamine and serine are, therefore, used as sources of
glutamate and glycine, respectively, in the fibro-
blasts. Since glutamine and serine are mainly trans-
ported by System ASC in this and some other types
of cell, System ASC appears to play a large part in
the supply of all three precursors for GSH syn-
thesis.

The liver GSH content decreases on starvation
and returns to normal on refeeding. It has been
shown that the availability of glutamate on refeed-
ing is favorable for GSH synthesis (Tateishi et al.,
1974). However, in isolated hepatocytes exclusion
of glutamate from the medium does not affect the
rate of GSH synthesis (Thor, Moldéus & Orrenius,
1979). Presumably, glutamine in the medium is the
chief source for cellular glutamate. In hepatocytes,
glutamine is transported by a unique, Na*-depen-
dent system, System N (Kilberg, Handlogten &
Christensen, 1980), whereas glutamate is trans-
ported by Na'-dependent transport systems for an-
ionic amino acids (Gazzola et al., 1981; Kilberg,
1982). The plasma concentration of glutamine is
usually higher than that of glutamate, suggesting a
major role of System N in the supply of glutamate in
hepatocytes.

The erythrocytes of most mammalian specics
are essentially impermeable to glutamate, but glu-
tamine enters via a Na*-dependent system similar
to System ASC (Ellory, Preston, Osotimehin &
Young, 1983). A more likely route for the precursor
of GSH is therefore transport of glutamine, which
will be deaminated to glutamate intracellularly. Re-
cently assimilation of a-glutamylpeptides by human
erythrocytes has been proposed (King & Kuchel,
1985). Experimentally, the authors used proton
spin-echo NMR spectroscopy to follow peptide hy-
drolysis, because peptide spectra are different from
those of the free amino acids. The results suggested
that a-glutamylpeptides such as a-glutamylalanine
entered the red cell and were rapidly hydrolyzed
there. It has been postulated that this route is a
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possible means of glutamate supply for GSH syn-
thesis in human erythrocytes. Although the results
are of interest, it is clear that the transport and hy-
drolysis of a-glutamylpeptides should be examined
by other methods with the use of the radiolabeled
peptides.

Dog erythrocytes possess a high affinity, Na™-
dependent transport system for glutamate and as-
partate (System X ;). The ability of these cells to
transport glutamate permits the use of extracellular
glutamate for intracellular GSH biosynthesis. A dog
family with hereditary high concentrations of GSH
and some amino acids, such as glutamate and aspar-
tate, in the erythrocytes has been found (Maede,
Kasai & Taniguchi, 1982; Inaba & Maede, 1984).
These erythrocytes exhibit (Na*, K*)-ATPase ac-
tivity and contain high K* and low Na* concentra-
tions, whereas normal dog erythrocytes lack the
enzyme and contain low K* and high Na* con-
centrations. It has been concluded that a
Na*-concentration gradient induced by (Na*, K*)-
ATPase causes the increased transport activity of
System X ¢ and consequently glutamate and aspar-
tate are accumulated. The increased level of GSH
(about six times the normal concentrations) is ac-
counted for by the fact that the feedback inhibition
of y-glutamylcysteine synthetase by GSH is re-
lieved by the very high level of glutamate (about 90
times the normal levels).

Glycine transport is usually mediated by sev-
eral carrier systems. System Gly is a Nat-depen-
dent, high affinity system, selective for glycine and
sarcosine. This system is considered major route
for glycine entry into cells of many types at physio-
logic concentrations of glycine in the extracellular
fluid (Christensen & Handlogten, 1981). Other sys-
tems, such as System A, take some part in the
glycine transport in liver cells (Christensen &
Handlogten, 1981), and the band 3 anion-exchange
system partly mediates the glycine flux in human
erythrocytes (Ellory, Jones & Young, 1981). It is
possible that the membrane transport of glycine reg-
ulates GSH synthesis, but evidence to show that is
not known as yet.

Transport of Glutathione

The efflux of GSH has been observed in a variety of
cells and organs (Meister & Anderson, 1983). Since
the enzymes that catabolize GSH are localized on
the external surface of certain cells, the efflux con-
stitutes the initial step in the degradation of GSH. It
is noted that the efflux occurs independently of
the subsequent enzymatic degradation. Thus, cells
hitherto known to have a rapid turniover rate of
GSH usually exhibit rapid export of GSH.
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Hepatic GSH is translocated from hepatocytes
into plasma and bile. Lauterburg, Adams & Mitch-
ell (1984) have made quantitative observations on
glutathione metabolism in the liver of intact ani-
mals. The efflux of GSH into blood and the excre-
tion of GSH into bile in normally fed rats have
amounted to 12.4 and 3.4 nmol per min per g liver,
respectively. Total efflux has almost entirely ac-
counted for the turnover of liver GSH in the basal
state. The efflux of GSH from liver contributes over
90% of total glutathione inflow in the circulation.
Thus, although the finding does not exclude the pos-
sibility that other organs may contribute GSH to
plasma, the liver is the major source of plasma
GSH.

A system of GSH transport across hepatocyte
sinusoidal plasma membrane vesicles has been de-
scribed (Inoue, Kinne, Tran & Arias, 1984). The
membrane vesicles exhibit Nat-independent trans-
port of GSH into an osmotically active intravesicu-
lar space. Two transport systems with high and low
affinity have been postulated. GSH transport via
the latter system is markedly inhibited by GSSG or
some glutathione conjugates, suggesting that these
glutathione derivatives interact preferentially with
the low-affinity transport system for GSH. A con-
troversial point in this study is about the orientation
of the sinusoidal membrane vesicle preparations
used. These authors have suggested that the vesi-
cles are mostly oriented right side out. It has been
known that hepatic GSH transport occurs unidirec-
tionally from the cell to the extracellular space.
Therefore, an effiux of GSH from the vesicles is
intrinsic and should be measured. Properties of the
transporter across the vesicle membrane are not
necessarily symmetrical. A GSH transport system
in hepatocyte canalicular membrane vesicles has
also been described (Inoue, Kinne, Tran & Arias,
1983). GSH uptake occurs into an intravesicular
space of the membrane. This transport is Nat-inde-
pendent and saturable with respect to GSH concen-
tration. The rate of GSH uptake is enhanced by
valinomycin-induced K*-diffusion potential. There-
fore, GSH uptake into the vesicles appears to be
mediated by an artificially imposed membrane po-
tential difference, because these vesicles are ori-
ented exclusively right side out. Under physiologic
conditions GSH is unidirectionally secreted from
hepatocytes into bile. This directionality might be
explained on the basis that the direction of the
transport is controlled by an electrochemical poten-
tial difference. Isolated plasma membrane vesicles
may provide a useful preparation for the study of
membrane process, independently from cellular
metabolic events and with good control of the com-
position of the solutions at both the intra- and extra-
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cellular sides of the plasma membrane. However,
vesicles might undergo changes in transport proper-
ties and regulatory functions during their prepara-
tion. Conclusions with isolated vesicles therefore
need to be confirmed for their applicability in intact
cells. Further studies seem to be required to deter-
mine whether the reported systems in hepatic sinu-
soidal and canalicular membrane vesicles function
in vivo in a similar manner as described.

The primary organ for clearance of circulating
GSH is the kidney (McIntyre & Curthoys, 1980;
Orrenius et al., 1983). GSH filtered by glomeruli is
degraded to its constituent amino acids by the
action of y-glutamyltransferase and peptidases lo-
calized on the luminal surface of the brush border
membrane of proximal tubules. It has been known
that the amount of GSH extracted by the kidney
exceeds the amount which could be accounted for
by glomerular filtration. This imbalance leads to the
proposal that basolateral uptake of nonfiltered, in-
tact GSH occurs in the kidney (Rankin & Curthoys,
1982). However, since y-glutamyltransferase is also
associated with the basolateral membrane portions
of the renal proximal tubule, the disappearance of
GSH from the basolateral circulation may be due to
catabolism of GSH. For this reason uptake of intact
GSH by the kidney has been studied under condi-
tions where degradation of GSH is inhibited. A
transport system which mediates influx of intact
GSH across renal basolateral membrane has been
described (Lash & Jones, 1984). GSH transport in
basolateral membrane vesicles from rat kidney is
Na*-dependent and electrogenic. GSH is cotrans-
ported with Na* at the coupling ratio of at least
2Na*/GSH. The system seems to have a sufficient
driving force to allow uptake of GSH into the cells
against the usual concentration gradient of GSH.
Analysis of vesicle content has confirmed that the
measured uptake of GSH represents transport of
intact GSH rather than of its degradation products.
Apparently the system is a general transport sys-
tem for y-glutamyl compounds, because y-glutamyl
amino acids interact with the GSH transport, and
uptake of y-glutamylglutamate with properties simi-
lar to GSH uptake also occurs in these membranes.
In vivo experiments provide evidence for uptake of
y-glutamyl compounds in the kidney (Anderson &
Meister, 1983). However, under physiologic condi-
tions there is extensive degradation of GSH by the
action of basolateral enzymes, and net basolateral
transport of intact GSH is hardly detected (Abbott,
Bridges & Meister, 1984). Our present understand-
ing is that there is a unidirectional efflux of GSH
from a variety of cells and tissues and that, although
only a few published results demonstrate the influx
of GSH (Lash & Jones, 1984; Linder, Burlet & Su-
daka, 1984), some cells might take up intact GSH.
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Although the kidney is the primary organ for
clearance of plasma glutathione, its function with
regard to glutathione is not solely to use it. The
kidney synthesizes and secrets GSH actively. Thus
in the kidney GSH is secreted into the tubular lu-
men and degraded there. The amino acids thus
formed is reabsorbed and used for GSH synthesis
(an intra-renal circulation). A similar circulation is
observed in the liver. Glutathione-degrading en-
zymes are localized on the luminal surface of bile
canaliculi (Inoue et al., 1984a). Therefore GSH se-
creted into the bile is partially degraded and the
constituent amino acids may be transported back
into the liver (an intra-hepatic circulation).

What is the physiological significance of the ex-
tracellular metabolism of glutathione? The first sug-
gestion is that the hepato-renal transport of GSH
functions to supply cysteine steadily to other tis-
sues. This proposal is based on a view that liver
GSH serves as a reservoir of cysteine (Tateishi et
al., 1977). The intracellular concentrations of GSH
far exceed those of cysteine, which is rapidly uti-
lized for protein synthesis or catabolized. The func-
tion of GSH as a storage and transport form of cys-
teine has a distinct advantage. The sulfhydryl group
of GSH is more stable than that of cysteine, and,
probably due to this difference, GSH even at rela-
tively high concentrations in cells is far less toxic
than cysteine. The second suggestion is that extra-
cellular GSH functions as a reductant that protects
membranes from oxidative stress. There is good ev-
idence that GSH has an important function of de-
stroying reactive oxygen intermediates and free
radicals which are formed physiologically. The
rapid oxidation of GSH secreted in bile to GSSG
indicates that the bile canalicular and ductile mem-
branes are exposed to strong oxidative stresses. In
addition, the plasma GSH may function as a sub-
strate of glutathione peroxidase present in plasma
(Hill & Burk, 1983).

Concluding Remarks

This paper summarizes some recent studies on the
membrane transport in relation to the metabolism
and function of glutathione. Although we do not
know much about the physiological importance of
membrane transport with respect to the general
amino acid metabolism, it now appears obvious that
the membranal events are indispensable to the me-
tabolism of glutathione. The molecular aspects of
transport of amino acids or GSH by mammalian
cells is an area just starting to develop. Isolation of
the membrane components involved in the trans-
port process, mechanism of energization, and regu-
lation of the transport remain to be challenged. Bet-
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ter understanding of these problems will serve to
illustrate a key role of the membrane transport in
not only the metabolism of glutathione but also
many other aspects of amino acid metabolism.

References

Abbott, W.A., Bridges, R.J., Meister, A. 1984. Extracellular
metabolism of glutathione accounts for its disappearance
from the basolateral circulation of the kidney. J. Biol. Chem.
259:15393-15400

Anderson, M.E., Meister, A. 1983. Transport and direct utiliza-
tion of y-glutamylcyst(e)ine for glutathione synthesis. Proc.
Natl. Acad. Sci. USA 80:707-711

Bannai, S. 19844. Transport of cystine and cysteine in mamma-
lian cells. Biochim. Biophys. Acta T79:289-306

Bannai, S. 1984b. Induction of cystine and glutamate transport
activity in human fibroblasts by diethyl maleate and other
electrophilic agents. J. Biol. Chem. 259:2435-2440

Bannai, S., Ishii, T. 1982. Transport of cystine and cysteine and
cell growth in cultured human diploid fibroblasts: Effect of
glutamate and homocysteate. J. Cell. Physiol. 112:265-272

Bannai, S., Kitamura, E. 1980. Transport interaction of L-cys-
tine and L-glutamate in human diploid fibroblasts in culture.
J. Biol. Chem. 255:2372-2376

Bannai, S., Kitamura, E. 1981. Role of proton dissociation in the
transport of cystine and glutamate in human diploid fibro-
blasts in culture. J. Biol. Chem. 256:5770-5772

Bannai, S., Kitamura, E. 1982. Adaptive enhancement of cystine
and glutamate uptake in human diploid fibroblasts in culture.
Biochim. Biophys. Acta 121:1-10

Bannai, S., Takada, A., Tateishi, N. 1984. Traits and regulation
of anionic amino acid transport system x;. Fed. Proc.
43:1814

Bannai, S., Tsukeda, H. 1979. The export of glutathione from
human diploid cells in culture. J. Biol. Chem. 254:3444-3450

Bartoli, G.M., Sies, H. 1978. Reduced and oxidized glutathione
efflux from liver. FEBS Lett. 86:89-91

Christensen, H.N. 1984. Organic ion transport during seven de-
cades. The amino acids. Biochim. Biophys. Acta T79:255-269

Christensen, H.N., Handlogten, M.E. 1981. Role of system gly
in glycine transport in monolayer cultures of liver cells. Bio-
chem. Biophys. Res. Commun. 98:102-107

Demaster, E.G., Shirota, F.N., Redfern, B., Goon, D.J.W., Na-
gasawa, H.T. 1984. Analysis of hepatic reduced glutathione,
cysteine and homocysteine by cation-exchange high-perfor-
mance liquid chromatography with electrochemical detec-
tion. J. Chromatog. 308:83-91

Eagle, H., Washington, C., Friedman, S.M. 1966. The synthesis
of homocystine, cystathionine, and cystine by cultured dip-
loid and heteroploid human cells. Proc. Natl. Acad. Sci. USA
56:156-163

Ellory, J.C., Jones, S.E.M., Young, J.D. 1981. Glycine transport
in human erythrocytes. J. Physiol. (London) 320:403—-422

Ellory, J.C., Preston, R.L., Osotimehin, B., Young, J.D. 1983.
Transport of amino acids for glutathione biosynthesis in hu-
man and dog red cells. Biomed. Biochim. Acta 42:548—552

Franchi-Gazzola, R., Gazzola, G.C., Dall’Asta, V., Guidotti,
G.G. 1982. The transport of alanine, serine, and cysteine in
cultured human fibroblasts. J. Biol. Chem. 257:9582-9587

Gazzola, G.C., Dall’Asta, V., Bussolati, O., Makowske, M.,
Christensen, H.N. 1981. A stereoselective anomaly in dicar-
boxylic amino acid transport. J. Biol. Chem. 256:6054—-6059

Gazzola, G.C., Dall’Asta, V., Guidotti, G.G. 1980. The trans-
port of neutral amino acids in cultured human fibroblasts. J.
Biol. Chem. 255:929-936

Griffith, O.W., Novogrodsky, A., Meister, A. 1979. Transloca-
tion of glutathione from lymphoid cells that have markedly
different y-glutamyl transpeptidase activities. Proc. Natl.
Acad. Sci. USA 76:2249-2252

Hill, K.E., Burk, R.F. 1983. Effect of methionine and cysteine
on glutathione synthesis by selenium-deficient isolated rat he-
patocytes. In: Functions of Glutathione. Biochemical, Physi-
ological, Toxicological, and Clinical Aspects. A. Larsson, S.
Orrenius, A. Holmgren, and B. Mannervik, editors. pp. 117—
124. Raven, New York

Inaba, M., Maede, Y. 1984. Increase of Na*-gradient-dependent
L-glutamate and L-aspartate transport in high K* dog erythro-
cytes associated with high activity of (Na*, K*)-ATPase. J.
Biol. Chem. 259:312-317

Inoue, M., Akerboom, T.P.M., Sies, H., Kinne, R., Thao, T.,
Arias, 1.M., 19844. Biliary transport of glutathione S-conju-
gate by rat liver canalicular membrane vesicles. J. Biol.
Chem. 259:4998--5002

Inoue, M., Kinne, R., Tran, T., Arias, [.M. 1983. The mecha-
nism of biliary secretion of reduced glutathione. Analysis of
transport process in isolated rat-liver canalicular membrane
vesicles. Eur. J. Biochem. 134:467-471

Inoue, M., Kinne, R., Tran, T., Arias, .M. 1984. Glutathione
transport across hepatocyte plasma membranes. Analysis us-
ing isolated rat-liver sinusoidal-membrane vesicles. Eur. J.
Biochem. 138:491-495 :

Ishii, T., Hishinuma, I., Bannai, S., Sugita, Y. 1981. Mechanism
of growth promotion of mouse lymphoma 1.1210 cells in vitro
by feeder layer or 2-mercaptoethanol. J. Cell. Physiol.
107:283-293

Kilberg, M.S. 1982. Amino acid transport in isolated rat hepato-
cytes. J. Membrane Biol. 69:1-12

Kilberg, M.S., Handlogten, M.E., Christensen, H.N. 1980.
Characteristics of an amino acid transport system in rat liver
for glutamine, asparagine, histidine, and closely related ana-
logs. J. Biol. Chem. 255:4011-4019

Kilberg, M.S., Handlogten, M.E., Christensen, H.N. 198].
Characteristics of System ASC for transport of neutral amino
acids in the isolated rat hepatocyte. J. Biol. Chem. 256:3304—
3312

King, G.F., Kuchel, P.W. 1985. Assimilation of e-glutamyl-pep-
tides by human erythrocytes. A possible means of glutamate
supply for glutathione synthesis. Biochem. J. 227:833-842

Lash, L.H., Jones, D.P. 1984. Renal glutathione transport. Char-
acteristics of the sodium-dependent system in the basal-lat-
eral membrane. J. Biol. Chem. 259:14508-14514

Lauterburg, B.H., Adams, J.D., Mitchell, J.R. 1984. Hepatic
glutathione homeostasis in the rat: Efflux accounts for glu-
tathione turnover. Hepatology 4:586-590

Linder, M., De Burlet, G., Sudaka, P. 1984. Transport of glu-
tathione by intestinal brush border membrane vesicles. Bio-
chem. Biophys. Res. Commun. 123:929-936

Maede, Y., Kasai, N., Taniguchi, N. 1982. Hereditary high con-
centration of glutathione in canine erythrocytes associated
with high accumulation of glutamate, glutamine, and aspar-
tate. Blood 59:883-889

Makowske, M., Christensen, H.N. 1982. Contrasts in transport
systems for anionic amino acids in hepatocytes and a hepa-
toma cell line HTC. J. Biol. Chem. 257:5663-5670

Mclintyre, T.M., Curthoys, N.P. 1979. Comparison of the hydro-
lytic and transfer activities of rat renal vy-glutamyltrans-
peptidase. J. Biol. Chem. 254:6499-6504



Mclntyre, T.M., Curthoys, N.P. 1980. The interorgan metabo-
lism of glutathione. Int. J. Biochem. 12:545-551

Meister, A. 1984. New developments in glutathione metabolism
and their potential application in therapy. Hepatology 4:739~
742

Meister, A., Anderson, M.E. 1983. Glutathione. Annu. Rev. Bio-
chem. 52:711-760

Meister, A., Tate, S.S. 1976. Glutathione and related y-glutamyl
compounds: Biosynthesis and utilization. Annu. Rev. Bio-
chem. 45:559-604

Novogrodsky, A., Tate, S.S., Meister, A. 1976. y-Glutamyl
transpeptidase, a lymphoid cell-surface marker: Relationship
to blastogenesis, differentiation, and neoplasia. Proc. Natl.
Acad. Sci. USA 73:2414-2418

Orrenius, S., Ormstad, K., Thor, H., Jewell, S.A. 1983. Turn-
over and functions of glutathione studied with isolated he-
patic and renal cells. Fed. Proc. 42:3177-3188

Rankin, B.B., Curthoys, N.P. 1982. Evidence for the renal para-
tubular transport of glutathione. FEBS Lett. 147:193-196

Richman, P.G., Meister, A. 1975. Regulation of y-glutamyl-cys-
teine synthetase by nonallosteric feedback inhibition by glu-
tathione. J. Biol. Chem. 250:1422-1426

Saetre, R., Rabenstein, D.L. 1978. Determination of cysteine in
plasma and urine and homocysteine in plasma by high-pres-
sure liquid chromatography. Anal. Biochem. 90:684-692

Sies, H., Akerboom, T.P.M. 1984. Glutathione disulfide (GSSG)
efflux from cells and tissues. Methods Enzymol. 105:445-451

S. Bannai and N. Tateishi: Membrane Transport and Glutathione

Takada, A., Bannai, S. 1984. Transport of cystine in isolated rat
hepatocytes in primary culture. J. Biol. Chem. 259:2441-2445

Tateishi, N., Higashi, T., Naruse, A., Nakashima, K., Shiozaki,
H., Sakamoto, Y. 1977. Rat liver glutathione: Possible role as
a reservoir of cysteine. J. Nutr. 107:51-60

Tateishi, N., Higashi, T., Shinya, S., Naruse, A., Sakamoto, Y.
1974. Studies on the regulation of glutathione level in rat
liver. J. Biochem. 75:93-103

Thor, H., Moldéus, P., Orrenius, S. 1979. Metabolic activation
and hepatotoxicity. Effect of cysteine, N-acetylcysteine, and
methionine on glutathione biosynthesis and bromobenzene
toxicity in isolated rat hepatocytes. Arch. Biochem. Biophys.
192:405-413

Young, J.D., Ellory, J.C., Tucker, E.M. 1976, Amino acid trans-
port in normal and glutathione-deficient sheep erythrocytes.
Biochem. J. 154:43-48

Young, J.D., Jones, S.E.M., Ellory, J.C. 1980. Amino acid
transport in human and in sheep erythrocytes. Proc. R. Soc.
London B 209:355-375

Young, J.D., Tucker, E.M. 1983. Erythrocyte glutathione defi-
ciency in sheep. In. Functions of Glutathione: Biochemical,
Physiological, Toxicological, and Clinical Aspects. A. Lars-
son, S. Orrenius, A. Holmgren, and B. Mannervik, editors.
pp. 373-384. Raven, New York

Received 29 May 1985



