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Glutathione status in critically-ill patients: possibility of
modulation by antioxidants
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Muscle tissue serves as a protein reservoir which is mobilized to meet the specific metabolic needs
associated with various catabolic conditions in human subjects, such as trauma and critical iliness.
Glutathione is one of the most abundant short-chain peptides and a major source of non-protein
thiol in the body, and tissue glutathione concentration is related to its oxidative capacity. Skeletal
muscle is relatively unique with respect to a variety of metabolic properties, such as oxidative
potential, patterns of amino acid utilization, and antioxidant enzyme activity. The glutathione
concentration is not influenced by food intake, or by food deprivation. Moreover, there is no
diurnal variation on muscle glutathione levels. Following elective surgery the muscle
concentration of GSH (the reduced form) decreases by 40 % 24 h post-operatively, while the
concentration of GSSG (the oxidized form) remains unaltered. During critical iliness a similar
decrease in the GSH concentration is seen, but in addition a change in the redox status indicative
of an elevated GSSG level occurs. Furthermore, correlations between the concentrations of
glutamine as well as glutamate and GSH exist in these patients. From available evidence
accumulated it is clear that glutathione plays a pivotal role in the maintenance of the intracellular
redox status, the antioxidant vitamin levels, and the antioxidant enzyme functions under various
metabolic conditions. The effectiveness of glutathione protection in the individual tissue depends
on the tissue concentration of glutathione as well as the capacity of the tissue to import GSH and
to export GSSG. The mechanisms by which catabolism regulates tissue glutathione levels and the
enzyme activities associated with faglutamyl cycle are not completely understood and further
studies need to be conducted.

Glutathione: Critically ill: Glutamine: Skeletal muscle

The tripeptide glutathione (glycyl-glutamyl-cysteine) is in reduced (GSH) state. The state of oxidation is a matter of
guantitative terms one of the most important antioxidants in considerable controversy in the literature, as GSH and the
human cells. Likewise, it has been suggested that glutatotal amount of glutathione are generally analysed but not
thione plays an important role in the regulation of protein GSSH. Thus, published results must be reviewed in the light
synthesis as well as protein degradation. Particularly in theof what analyses have been used in the particular study.
liver, glutathione is also involved in detoxification and There is a substantial literature concerning glutathione
metabolism of a number of substances. In addition, gluta-metabolism and tissue levels in mice and rats. In human
thione is also involved in transmembrane transport of aminosubjects, on the other hand, the knowledge about glutathione
acids, in particular cysteine, which has traditionally been is mostly confined to plasma and blood analyses. The
regarded as the limiting amino acid for glutathione importance of glutathione is mainly related to the clinical
metabolism as well as for protein synthesis (Meister & picture inindividuals suffering from enzymic deficiencies in
Andersson, 1983; Denelat al. 1989; Dolphinet al 1989; the biosynthesis of glutathione (Larsson, 1989).
Taniguchiet al 1989). The liver seems to be the central organ in glutathione
Knowledge about the functions of glutathione has been metabolism, and plasma and erythrocyte concentrations are
closely linked to the accuracy of glutathione analyses. Beingthought to reflect the synthetic capacity of the liver. In other
a thiol glutathione appears in an oxidized (GSSG) and aorgans the origin, biosynthesis and turnover of glutathione is
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more obscure (Adamet al 1983; Meister & Andersson, tissue, with high analytical recoveries of 97 % for GSH and
1983; Lauterburgt al 1984; DelLeve & Kaplowitz, 1990). >92 % for GSSG, and also within-run variations of <3 %
and between-run variations of <10 %. This method based on
monobromobimane labelling offers the broadest range of
application for thiol determination; however, this method
The first step in the synthesis of glutathione is the produc-cannot be used to measure glutathione derivatives in which
tion of the dipeptidg~glutamyl-cysteine from cysteine and the thiol group is blocked.

glutamate. The reaction is catalysedylylutamyl-cysteine
synthase EC 3.4.21.19). This step has traditionally been
considered rate-limiting and the enzyme activity is regulated
by feedback inhibition by glutathione. The second synthetic In muscle, free glutamine plays a central role in amino acid
step is catalysed by glutathione synthase by adding glycinemetabolism. It is produced at a high rate and exported from
to the y-glutamyl-cysteine dipeptide. In particular, the muscle mainly to organs or cells in the splanchnic area. Free
y-glutamyl-cysteine synthase reaction is also involved in the glutamine is maintained at a very high concentration in
transmembrane transport of the participating amino acids. skeletal muscle and a significant correlation0-87;

The degradation of glutathione is catalysed-ojutamyl P<0-001) between glutamine concentration and muscle
transpeptidaseEC 2.3.2.2) and a number of dipeptidases protein synthesis has been reported in malnourished and
bound to the external surface of the cell membrane.endotoxaemic rats (Jepsetal 1988). In human subjects,
Normally GSH is not degraded intracellularly but is a significant correlationR<0-01) between the change in
exported out of the cell. In contrast, rather small amounts ofglutamine and the change in protein synthesis was found
GSSG are transported out of the cell. However, in situationsfollowing surgical trauma (Wernermamt al 1990).
where there are increased intracellular levels of GSSG, theFurthermore, a correlation between glutamine and protein
transmembrane export of GSSG is markedly increaseddegradation has also been reported in an experimental rat
(Srivastava & Beutler, 1969; Akerboom & Sies, 1994). muscle system (MacLennat al 1988). As free glutamine

In addition to the synthesis and degradation of gluta- and free glutamate concentrations in muscle are closely
thione, the molecule undergoes changes between thdinked, we became interested in the possible relationship
reduced and oxidized state. The oxidation of GSH to GSSGbetween glutamine and glutathione. In the liver, glutamine
is catalysed by glutathione peroxidageC(1.11.1.9), and  supplementation has been shown to benefit glutathione-
while GSH is a monomer GSSG is a dimer. The GSH is depleted animals (Hongt al. 1992; Robinsomt al 1992).
predominant, normally constituting more than 90 %. Although a significant relationship between protein meta-
Reduction of GSSG to GSH is catalysed by glutathione bolism and glutamine concentration in muscle has not been
reductaseEC 1.6.4.2) using NADPH as the reducing agent. established, at least in some situations the interaction
As a consequence of the increased extracellular leakage dbetween glutamine and protein metabolism can be regulated
GSSG in situations where GSSG is accumulated, GSSGpossibly via glutathione. As animal experiments have shown
formation leads to depletion of the intracellular pool of that glutathione concentration is at the mmol level in several
glutathione. Another pathway of glutathione depletion is via tissues, a study was initiated to investigate glutathione in
the reaction of GSSG with cellular proteins which are then human skeletal muscle.
degraded.

Biochemistry

Glutathione and glutamine

Glutathione in human muscle

Analytical technigques In the post-absorptive state GSH concentration in human

In biological samples specific enzymic reactions and muscle is 1-40sp 0-20) mmol/kg wet weight. The muscle
chromatographic procedures are usually utilized for gluta- GSH concentration in young healthy male volunteers is
thione analyses. For determination of GSH, oxidation with similar to that in non-depleted patients up to the age of 80
5'5'-dithiobis-2-nitrobenzoic acid produces GSSG with years undergoing elective surgery (Lebal 1995, 1999).
stoichiometric formation of 5-thiol-2-nitrobenzoic acid. The The muscle GSH concentration does not undergo diurnal
method depends on accurate standard curves and apprasariations or respond to feeding, but stays constant in
priate standards. A number of sensitive and specific chroma-normal human subjects in the fed state (letcal 1995).
tographic methods are also available, and recently, inFurthermore, short-term starvation for 72 h, which causes a
particular with the application of HPLC, several rapid dramatic reduction in muscle free glutamine, is not
methods have come into use. We have adopted a techniquassociated with any change in muscle GSH (Andersson
based on the use of monobromobimane which has beeret al 1994).

adapted and developed to measure concentrations of Elective abdominal surgery, which causes a 30-40 %
glutathione, cysteine and their respective disulphides (Luoreduction in muscle free glutamine, is accompanied by a
et al 1995, 1998). Quantification of the bimane adducts of 40 % reduction in muscle glutathione (Led al 1996,
glutathione and cysteine is achieved by reversed-phasel998). The reduction is predominantly in GSH, while GSSG
HPLC. Additionally, the method is coupled with the is proportionally the same. The maximal decrease is seen at
prederivatization procedures using dithiothreitol and 24 h after surgery, and at 72 h an increase towards restitution
N-ethylmaleimide for the measurement of the thiol is observed, although at that time the concentration is not
disulfides. Full validation results for quantitative measure- completely normalized. When studying enzymic activities,
ments have been conducted using acid extracts of muscléhe activity of glutathione synthase appears to be reduced in
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this situation. This observation suggests a different glutathione stores by providing the glutamate portion of
regulation of glutathione homeostasis in human muscle glutathione. Since glutamine is efficiently transported across
compared with rat liver. The time course of the decrease incell membranes, it may be a readily-available precursor for
GSH coincides with the decrease in glutamate, but comes aylutathione synthesis. Evidence supporting this hypothesis
little earlier than the decrease in glutamine. Following major includes: (1) radiolabelling studies in erythrocytes and
vascular surgery, including up to 90 min of ischaemia in the kidney have shown that the glutamate portion of glutathione
legs, there is a pattern similar to that seen after abdominals derived preferentially from glutamine (Miller & Horiuchi,
surgery (Westmanet al 1998). Also, after maximal 1963; Cook & Peters, 1986); (2) hepatocytes cultured in a
ischaemia, and immediately after reperfusion, glutathione glutamine-free medium were rapidly depleted of glutamate,
levels are only marginally influenced. Later a decrease isresulting in decreased intracellular glutathione levels
observed, but the contribution of surgical trauma itself and (Taniguchiet al 1989); (3) inhibition of glutamine transport
that of ischaemia in this particular patient model cannot beinto cultured lymphocytes resulted in a decrease in
separated. This finding fits well with the clinical practise of intracellular glutathione in a dose-dependent manner
restricting ischaemia to less than 90 min during vascular (Novogrodskyet al 1979); (4) in isolated perfused kidney
surgery. under specific conditions, glutamine was found to be rate-
In intensive-care (ICU) patients with septic compli- limiting for glutathione synthesis (Welbourne, 1979).
cations following surgery, muscle free glutamine is depleted Glutamine supplementation enhanced plasma GSH
to less than 25 % of the normal concentration (Hammarqvistconcentration, and preserved GSH levels during intestinal
et al 1997). In parallel, during the first week in ICU muscle ischaemia and reperfusion (Harwaetl al. 1994; Denno
GSH concentration is reduced to the same level or greateet al. 1996). Thus, it is possible that intravenous glutamine
compared with patients undergoing elective surgery. Amongsupplementation is a simple, safe and relatively inexpensive
ICU patients the scatter in muscle GSH concentration ismethod of enhancing antioxidant protection.
more pronounced as compared with post-operative patients. In summary, although the role of glutathione in cellular
Another difference is that GSSG maintains a high concen-antioxidant defence has been well established, its signifi-
tration both in absolute and relative terms. Furthermore, incance in protecting skeletal muscle tissue against free radi-
this situation there is a significant correlation between cal-induced oxidative stress and tissue damage following
muscle free glutamine and muscle total glutathione concen-surgical trauma and critical illness has not been investigated
tration as well as GSSG : total glutathion®@-46 and 0-42;  until recently. From available evidence, it has become
P<0-001 respectively). However, when consecutive increasingly clear that glutathione plays a pivotal role in the
biopsies were studied in a small group of ICU patients amaintenance of intracellular redox status, antioxidant vita-
tendency towards normalization of the total glutathione min levels, and antioxidant enzyme functions under various
level was observed. Needless to say, this observation needsetabolic conditions. The effectiveness of glutathione pro-
to be confirmed in a larger sample of patients (Flagingl. tection in the various tissues depends on the concentration of
1999). tissue glutathione as well as the capacity of the tissue to
import GSH and to export GSSG. The possible mechanisms
by which catabolism regulates tissue glutathione levels and
the enzyme activities associated with thglutamyl cycle
As the information on glutathione concentrations in human are not completely understood and further studies need to be
tissues is not extensive, we have also studied other tissues inonducted.
the post-absorptive state. Liver and duodenal mucosa
maintain a concentration two to three times that of skeletal

Other human tissues
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