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Targeting therapeutics against glutathione
depletion in diabetes and its complications
CALLUM LIVINGSTONE,1 JAMES DAVIS2
Abstract

Figure 1. Glutathione (L-γ-glutamyl-L-cysteinyl-glycine)

G

Key words: complications, diabetes, glutathione, lipoic acid.

Introduction

The tripeptide glutathione (GSH glutamylcysteinylglycine)
(figure 1) is the most abundant intracellular non-protein thiol,
occupying an important place in cellular metabolism as an
antioxidant. It is found ubiquitously in animal cells present at
millimolar concentrations predominantly in the reduced state.
Some 20% of intracellular glutathione is located in the mitochondria where it helps protect against ROS produced as byproducts of the electron transport chain. Glutathione is abundant in dietary sources with fruits and vegetables contributing
over 50% of intake, though most of the body’s requirements
are synthesised de novo from its constituent amino acids. It is
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lutathione (GSH) is the most abundant
intracellular antioxidant, the dysregulation of
which is widely implicated in disease states.
There is in vitro and clinical evidence that abnormal
glutathione status is involved in β-cell dysfunction and
in the pathogenesis of long-term complications of
diabetes. Interest has developed in the potential for
therapeutic modification of glutathione status in the
treatment of diabetes. There is evidence which supports
the use of glutathione pro-drugs, lipoic acid and vitamin
supplementation but further studies are required before
these enter widespread use. Studies into the role of
oxidative stress in diabetes rely heavily on the ability to
measure glutathione, which has been a problematic
analyte to measure in the laboratory. New
electrochemical methods being developed should
speed up the rate at which data can be accumulated
and will help define clinical utility for its measurement.
Br J Diabetes Vasc Dis 2007;7:258–65

predominantly synthesised in hepatocytes from which it is
exported to peripheral tissues.1 Glutathione itself is not readily
taken up by the cells of these tissues. Instead, plasma membrane bound GGT must first cleave it into its constituent amino
acids which are then transported across the plasma membrane.
The rate limiting step in glutathione biosynthesis is catalysed by
the enzyme GCL which can be modulated by Nrf-2 regulated
expression.2 Cysteine is the limiting substrate.3
Glutathione has a variety of crucial physiological roles outlined in figure 2. First and foremost, it is the central member of
a complex antioxidant system protecting the cell from oxidative
stress.4 It is a cofactor for GPx which is a defence mechanism
against peroxides, preventing the accumulation of ROS and so
preventing cellular injury. GSSG is formed as a product of the
detoxification. GSH is regenerated by the action of GR, an
NADPH-dependent enzyme, thus completing the redox cycle.
Normally about 99% of intracellular glutathione exists in the
reduced form. The GSH system is exquisitely sensitive to
changes in this ratio and maintains it very efficiently, indeed
almost thermostatically. GSH is also a cofactor for the enzyme
dehydroascorbate reductase, which recycles dehydroascorbate
back to reduced ascorbic acid (vitamin C). Glutathione therefore maintains vitamins C and E in their reduced forms by the
reversible oxidation of its sulphydryl group.5 Secondly, GSH
serves as a cofactor in conjugation reactions mediated by GSTs
which protect macromolecules against toxic xenobiotics such
as drugs and carcinogens. The adducts formed are then actively secreted from the cell. Whilst this is beneficial in ridding the
cell of toxins, it depletes the cellular glutathione pool. Thirdly,
glutathione modulates the redox status of thiol groups in signalling proteins, through which it can influence a variety of cell
functions e.g. transcription, gene expression,6 cell proliferation7,8 and programmed cell death9 though the precise mechanisms are unknown. Glutathione itself is known to translocate
into the nucleus and may participate directly in the regulation
of gene transcription.
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Abbreviations
coronary heart disease
dehydroascorbate reductase
deoxyribonucleic acid
hydrogen peroxide
glutathionylated haemoglobin
high performance liquid chromatography
glutamate-L-cysteine ligase
γ-glutamylcysteine synthetase
γ-glutamyltransferase
glucose transporters
glutathione peroxidase
glutathione reductase
glutaredoxin
reduced glutathione
glutathione-S-transferase
oxidised glutathione or glutathione disulphide
messenger ribonucleic acid
N-acetylcysteine
nicotinamide adenine dinucleotide phosphate
nicotinamide adenine dinucleotide phosphate, reduced form
nuclear factor –κb
nuclear factor E2-related factor-2
2-oxothiazolidine-4-carboxylate
superoxide anion
receptor for advanced glycation end products
peroxyl radical
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CHD
DHAR
DNA
H2O2
HbSSG
HPLC
GCL
GCS
GGT
GLUTs
GPx
GR
GRX
GSH
GST
GSSG
mRNA
NAC
NADP
NADPH
NF-κB
Nrf-2
OTC
O2RAGE
ROO.
ROOH
ROS
SOD
SSG

reported to be low in patients with type 2 diabetes, possibly
due to impaired activity of the enzyme GCS which is involved
in the biosynthesis of glutathione.9,14 Studies on these patients
have also reported increased levels of GSSG due to both
decreased GR activity and decreased transport of GSSG out of
the cells.15,16 It would appear that patients with diabetes tend
to have a smaller and more oxidised glutathione pool than
control subjects of similar age. This impaired glutathione metabolism would be expected to weaken the defence against oxidative stress. Similar changes in glutathione status have been
observed in ageing in the absence of disease, which may be in
part explained by age-related decrease in plasma vitamin C and
E.16-21 Ageing patients with diabetes will have these changes
superimposed on diabetes-related changes and so it is anticipated that they would be more susceptible to oxidative stress.
There are several mechanisms whereby hyperglycaemia may
bring about oxidative stress via changes in glutathione
metabolism (figure 3).22 Firstly, excessive glucose oxidation
overloading the mitochondrial electron transport chain is
thought to be the main source of O2- putting demands upon
the glutathione pool. Hyperglycaemia also results in increased
flux through the polyol pathway causing NADPH depletion,
impaired GR activity and a decrease in the GSH:GSSG ratio.
There is increased formation of advanced glycation end-products which are known to bind to RAGE receptors thereby
generating ROS and depleting glutathione.23,24 In vitro studies
on cultured cells have demonstrated that exposure to high
extracellular glucose concentrations leads to a decrease in
intracellular glutathione levels proposed to result from reduced
activity of GCS and enzymatic glycation.9,25,26 There is also
decreased GPx activity, which is expected to increase oxidative
stress. Hyperglycaemia does not require to be sustained in
order to promote oxidative stress. Even brief hyperglycaemic
episodes which occur during a glucose tolerance test or postprandially can decrease the antioxidant capacity of plasma in
normal and diabetic subjects.27,28

membrane lipid
reactive oxygen species
superoxide dismutase
gluthione adduct to protein

Glutathione and oxidative stress

The term ‘oxidative stress’ describes the situation where there
is an imbalance between ROS and the defence mechanisms
designed to remove them. In oxidative stress, abnormalities in
the redox state may lead to disease by disturbance of the
cellular processes listed above. For example, the transcription
factor NF-κB regulates a number of genes involved in immune
and inflammatory responses.10 It is activated by agents which
generate a pro-oxidant state.11 The cytotoxic effects of ROS are
likely to contribute to the pathogenesis of many chronic
diseases. This goes hand-in-hand with low levels of glutathione. Considerable evidence has built up from clinical
studies to support a role for glutathione depletion in disease.
Population studies have indicated that health and longevity are
related to glutathione levels in blood.12 In a study on patients
with a variety of chronic diseases over a wide age range,
significant glutathione depletion was noted in 36% of patients,
with the decrease being accounted for by low concentrations
of GSH while the GSSG concentration remained unchanged.13

Diabetes
It is well established that there is a link between oxidative stress
and diabetes and recent research has aimed to clarify the role
of glutathione, a number of studies having investigated its level
in blood from patients. Erythrocyte glutathione levels were

Beta cells

It is well recognised that type 2 diabetes is a progressive condition with insulin production tending to fall with time as the
β-cell mass falls and the cells synthesise less insulin.
Hyperglycaemia is recognised to have toxic effects on the
β-cell, so-called ‘glucotoxicity’ leading to reduced insulin gene
expression, impaired insulin secretion and ultimately cell
death.29 Recently it has been hypothesised that chronic oxidative stress as a consequence of hyperglycaemia is an important
mechanism for glucotoxicity.30 The mechanisms whereby glucose can lead to the production of ROS in β-cells are well defined.
β-cells appear to be vulnerable to oxidative stress as they contain
relatively low levels of GPx and other protective enzymes compared to other cells.31 Moreover, studies on pancreatic islets and
β-cell lines observed the cells to be incapable of increasing their
antioxidant enzyme expression in response to cellular stress
induced by exposure to glucose.32 There is evidence that ROS are
also involved in the pathogenesis of peripheral insulin resistance.33
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Figure 2.

Roles of glutathione in cell physiology
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Key: The roles of glutathione shown are 1. antioxidant, 2. antitoxic and 3. modulator. GSH = glutathione (reduced form); GSSG = glutathione (oxidised form);
GR = glutathione reductase; GPx = glutathione peroxidase; GST = glutathione-S-transferase; SOD = superoxide dismutase; DHAR = dehydroascorbate
reductase; GRX = glutaredoxin; Ox = oxidised form; Red = reduced form; NADP = nicotinamide adenine dinucleotide phosphate; NADPH = nicotinamide
adenine dinucleotide phosphate, reduced form; SSG = gluthione adduct to protein; ROO. = peroxyl radical; ROOH = membrane lipid; SH = thiol group;
H2O2 = hydrogen peroxide; O2- = superoxide anion

Nitrosative stress is also thought to contribute to the pathogenesis of β-cell apoptosis.34 Over time these factors will increase the
burden on β-cells, promoting the development of diabetes.

Macrovascular complications

There is considerable interest in the role of oxidative stress in
development of the long-term complications of diabetes.
Measurements of oxidative stress correlate closely with their development.35,36 ROS appear to cause endothelial cell dysfunction
which precedes atherosclerosis and so contributes to the initiation
of CHD, the main cause of mortality in patients with type 2
diabetes.37-39 Considering the central role occupied by glutathione
in antioxidant defence, its depletion is causally implicated in this
process. Weakened antioxidant defence with regard to diminished
GPx and GR activities has been reported to be present in human
atherosclerotic disease.40 In a recent study comparing patients with
advanced CHD with age-matched controls, the patients showed
reductions in red blood cell GPx and SOD activities which were
more marked than the degree of hyperlipidaemia.41 Further work
will clarify whether there is utility for the measurement of these
parameters in the clinical assessment of cardiovascular risk.

Microvasular complications
Evidence is accumulating that oxidative stress contributes to
the development of microvascular complications of diabetes.42
Glutathione is implicated in the pathogenesis of all these com-
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plications. Under normal circumstances, the eye contains high
concentrations of GSH, GR and GPx but changes in these occur
throughout the eye in diabetes. Decreased activity of GPx and
lower levels of ascorbic acid were noted in the eye lens of
patients with diabetes, especially in those with diabetic
retinopathy.43 Plasma GSH concentrations were significantly
lower in these patients than in control subjects. In vitro studies
have investigated the causes of these changes. Chronic exposure of retinal cells to high concentrations of glucose caused
decreased synthesis of glutathione, reducing the size of the
GSH pool44 and the enzymes of glutathione metabolism were
inactivated by glycation as was GSH itself. The role of GSH and
related enzymes in the eye has recently been reviewed.45
Many patients with diabetes and even impaired glucose
tolerance develop neuropathic complications despite good
overall glycaemic control. Short periods of postprandial
hyperglycaemia appear to generate sufficient oxidative stress to
be damaging to neurones. Glucose enters neurones by a
concentration dependent transport mechanism so these cells
are particularly susceptible to adverse effects of hyperglycaemia
and oxidative stress. There is considerable in vitro evidence for
a central role of glutathione in diabetic neuropathy.46
Experimental glutathione depletion of neuronal cells renders
them susceptible to oxidative injury and cell death.47 Conversely,
glutathione loading of neuronal cells can prevent apoptosis in
response to cytotoxic stimuli.48 Glutathione parameters also
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Figure 3.

Mechanisms whereby hyperglycaemia leads to oxidative stress
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Key: GSH = glutathione (reduced form); GR = glutathione reductase; AGEs = advanced glycation end-products; GCS = γ-glutamylcysteine synthetase;
NADP = nicotinamide adenine dinucleotide phosphate; NADPH =nicotinamide adenine dinucleotide phosphate, reduced form; O2- = superoxide anion;
RAGE = receptor for advanced glycation end products; ROS = reactive oxygen species

appear to be deranged in patients with diabetic nephropathy. A
recent study on diabetic patients with microalbuminuria, noted
the study group to have significantly lower red blood cell GSH
and GPx levels than diabetic subjects without microalbuminuria.49
Non-enzymatic glycation of proteins is implicated in the
pathophysiology of microvascular complications. Patients with
microvascular disease are reported to have a higher proportion
of HbSSG compared to patients without complications or to
control subjects.50 The HbSSG level correlated with the duration
of diabetes, measures of glycaemic control and oxidative stress.
It was negatively correlated with the red blood cell GSH level
suggesting that enhanced oxidative stress in diabetes may
result in increased protein glutathionylation, having an adverse
effect on cellular glutathione levels. Taken together, these
findings suggest a likely role for glutathione deficiency in the
development of microvascular complications but further clinical
studies are clearly needed to clarify this role.

Therapeutic implications
It is clear from the above that there is a strong theoretical basis
for believing that the therapeutic elevation of intracellular glutathione levels would be beneficial in patients with diabetes. In
fact a considerable body of evidence already supports the therapeutic potential of antioxidant thiols.51 Most of the reports of
beneficial effects are in model systems with as yet relatively little data from clinical studies. Various approaches have been
taken to enhancing glutathione levels. Its oral administration
has been observed to increase plasma glutathione levels.
However, as a therapeutic agent glutathione suffers from the
limitation that it is not readily taken up by cells and so direct supplementation is an inefficient means of delivery.15 Consequently,

alternative approaches have been developed for exogenous supplementation of intracellular glutathione levels. In contrast to their
parent compound, glutathione esters are readily transported into
cells where they are hydrolysed to yield free glutathione and have
potential for the treatment of its deficiency.52 Repletion of
intracellular glutathione has been achieved with both monoesters
and diesters i.e. esterified at the glycine residue.53 There is evidence for a role in preventing nephrotoxicity and cataract.54,55

Cysteine prodrugs

Cysteine, the limiting substrate for glutathione synthesis, can
be supplied as the precursor NAC which is deacetylated after
transport into cells. It has long been used as an antidote for
paracetamol overdose by preventing liver damage resulting
from glutathione depletion. NAC can inhibit the action of the
transcription factor NF-κB discussed above which is believed to be
involved in the mechanism whereby oxidative stress leads to cellular pathology.56 There is considerable evidence from in vitro and
animal model studies on diabetic rats and mice for the beneficial
effects of NAC in diabetes. Treatment of cultured lens cells with
NAC decreased hyperglycaemia-induced oxidation of lens proteins.57 NAC treatment of streptozotocin-induced diabetic animals
reduced glutathione oxidation,58 lipid peroxidation,59 inflammatory cytokine levels60 and increased fibrinolytic factor concentrations.60 There is also evidence from studies of an animal model of
type 2 diabetes that NAC treatment can ameliorate the development of insulin resistance amongst other beneficial effects.33
If the oxidative stress hypothesis of glucotoxicity is correct,
it would be anticipated that early intervention with antioxidant
therapy would prevent the decline in β-cell mass and integrity,
so modifying the sequence of events leading to diabetes. There
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Vitamins

Vitamins E and C work in tandem with glutathione to remove
ROS. They therefore need to be included in any discussion of the
therapeutic role of glutathione as their supplementation along
with other nutrients potentially has a role in limiting ROS-mediated damage. Dietary deficiency of vitamin E causes reduced GPx
and GR activity, both of which are restored by vitamin E supplementation.68 Vitamin E supplementation also increases the
plasma level of GSH as would be expected from its place in
metabolism.69 Vitamin C deficiency results in decreased plasma
GSH levels as a result of decreased conversion of GSSG back to
the reduced form.70 Deficits of both vitamins C and E have been
reported in diabetes.42 The consideration of vitamin C status is
complicated by the observation that lymphocyte vitamin C levels
may be low in patients with diabetes, in the face of normal plasma levels.71 This intracellular vitamin C deficiency may be
explained by competition with glucose for cellular uptake or
down regulation of GLUTs. In vitro work has demonstrated that
glucose competitively inhibits leucocyte uptake of dehydroascorbic acid, even at glucose levels in the physiological range.72
Whilst correction of deficiencies is a valid therapeutic
approach, it is less clear whether supplementation above normal intake reduces the risk of disease. This will be important to
clarify as there is concern that excessive supplementation of
some antioxidants may be hazardous e.g. selenium and vitamin
C combined with iron.73,74 Oral therapy with vitamins C and E
significantly improved endothelial function in type 1 diabetes75
and there is evidence that a high dietary intake of vitamin E is
associated with decreased low density lipoprotein oxidisability
and reduced risk of mortality from CHD.76,77 In patients with
type 2 diabetes oral supplementation with vitamins C and E

262

and folic acid was observed to benefit antioxidant parameters
including plasma GSH and GPx levels and lipid oxidation.78-80
Although there is evidence that vitamin supplementation can
improve oxidative stress parameters in diabetes this is a
complex area with much conflicting data.75,81-2 Recently a metaanalysis examined 68 randomised controlled trials of the use of
antioxidant supplements for the prevention of disease.83 Overall
no significant effect on mortality was observed. When 47 lowbias trials were considered separately β-carotene, vitamin A and
vitamin E supplementation were associated with an increase in
mortality. In a recent review, the authors concluded that there
were insufficient data to recommend ingestion of antioxidant
vitamins in excess of recommended dietary allowance.84

Trace metals
GPx is a selenoprotein and copper, zinc and manganese are all
required for forms of SOD. Magnesium is a cofactor for GR.
Dietary deficiencies of these metals results in reduced clearance
of ROS, with peroxidative damage to proteins.85 Metal deficiencies have been reported to be commoner in patients with
type 2 diabetes as compared to age-matched controls.86
Patients with disorders predisposing to trace element deficiencies should have their trace metal status checked periodically
and supplemented as necessary. More studies are required on
trace metal status in diabetes.
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is evidence that this is the case. Over-expression of GPx and
GCL, an enzyme involved in the biosynthesis of glutathione,
protects islet cells against the adverse effects of prooxidants.61,62 In addition, NAC treatment of islet β-cells partly
prevents the defects in cell function associated with oxidative
stress viz reduced insulin mRNA, DNA binding of transcription
factors, cellular insulin content and glucose-induced insulin
secretion.63 Subsequent application of this treatment to animal
models of type 2 diabetes prevented hyperglycaemia and defective β-cell function by maintaining expression of the insulin gene
as well as β-cell insulin content and secretion. More recently,
treatment with NAC has been observed to improve β-cell function in an animal model of type 1 diabetes.64,65
Another cysteine pro-drug, OTC, is readily transported into
cells where it can increase glutathione levels.66 Oral supplementation of OTC has been observed to enhance endothelial
integrity in patients with coronary artery disease and so has a
potential therapeutic role in diabetes.67 In considering the therapeutic benefit of thiol antioxidants, a potential drawback should
be borne in mind. It is likely that excessive thiol levels would have
a detrimental effect on redox sensitive signalling pathways and so
it would be advisable not to exceed the plasma free thiol concentrations expected in a young healthy adult i.e. about 16 µM.

Exercise

High intensity training up-regulates muscle SOD and GPx
enhancing the ability of the individual to deal with the
increased ROS generation that accompanies exercise.87 In studies on streptozotocin-induced diabetic animals, exercise combined with supplementation of vitamins A and E improved levels of antioxidant enzymes and glutathione in the kidney and
eyes.88 Exercised animals also appear to have a greater overall
antioxidant status and suffer smaller myocardial infarctions following ischaemia-reperfusion injury.89 A recent human study
compared the oxidative stress profile between sedentary and
physically active subjects with type 2 diabetes. Although total
glutathione levels were similar between the groups, the physically active subjects had more favourable oxidative stress and
haemodynamic profiles.90 Further work is needed to investigate
exercise-induced changes in glutathione parameters in patients
with diabetes.

Lipoic acid
Lipoic acid is a sulphur-containing compound synthesised de
novo in humans though it is usually present in adequate
amounts in the diet.91 Its main physiological function is as a coenzyme for the pyruvate dehydrogenase multienzyme complex
in mitochondria. Lipoic acid has some ROS-scavenging properties but works mainly through its reduced form dihydrolipoic
acid which is a more potent antioxidant than GSH. As well as
scavenging ROS, Lipoic acid is involved in recycling endogenous
antioxidants, such as vitamins C and E, and helps prevent
oxidative processes by chelating metal cations. It interacts
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Key messages

● Glutathione is the most abundant intracellular thiol

antioxidant
● Glutathione has a central role in defence against

reactive oxygen species
● Oxidative stress is involved in the development and

progression of diabetes and its complications.
Glutathione is strongly implicated in these processes
● Preliminary evidence suggests modifying glutathione
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status may benefit patients with diabetes

post-column derivatisation method was described, capable of
selectively distinguishing between monomolecular thiols.100 There
is also an assay method which uses derivatisation and reverse
phase ion-pair liquid chromatography.101 It can measure reduced,
oxidised and protein-bound forms of the monomolecular thiols
present in human plasma, including glutathione.
Whilst HPLC methods are highly sensitive and specific for
GSH they do not overcome some inherent problems with its
measurement. Free plasma glutathione levels are very low (micromolar range) compared to total thiol levels. About 99.5% of
blood glutathione is contained in red blood cells with the consequence that even a tiny degree of haemolysis or leakage will
result in a large artefact. GSH is also rapidly oxidised to GSSG and
equally rapidly forms mixed disulphides, so its half-life in plasma
is less than two minutes. The plasma glutathione level is also subject to some diurnal variation with levels being rather lower
during fasting.19 Inevitably, as a result of these problems, there
have been wide differences in levels reported between studies.
Researchers measuring GSH should be aware of these pitfalls and
keep interferences to a minimum in particular by carrying out
rapid analysis of specimens and seeking to avoid haemolysis.
The difficulty and expense in measuring glutathione has
undoubtedly been a limiting factor in research. If more is to be
learned about the role of glutathione in diabetes novel methods
will be required for its measurement. The authors have developed
an electrochemical method for measuring total thiols on plasma
in patients with diabetes and are currently developing methodology for the specific measurement of glutathione on whole
blood.102,103 The beauty of electrochemistry in this and other contexts is its rapidity, small specimen requirement and potential for
miniaturisation into a near patient-testing device. Such methodology will allow rapid generation of data on glutathione levels
enabling its clinical utility to be established.

directly with the GSH system as a substrate for GR and so facilitates regeneration of GSH.92
Administration of lipoic acid causes a rise in the cellular level
of GSH, GPx activity and vitamins C and E.93 When given to
diabetic patients with poor glycaemic control, it can improve
antioxidant defence, reduce oxidative stress and improve the
microcirculation and it has been shown to decrease protein glycation rate.94,95 Considerable interest has therefore developed in
its potential use in preventing microvascular complications.
Clinical trial evidence for the benefit of lipoic acid is accumulating. A meta-analysis of studies on its effect in patients with
diabetic neuropathy concluded that short-term treatment (three
weeks) with lipoic acid 600 mg o.d. administered intravenously
significantly reduced symptoms of diabetic polyneuropathy and
improved underlying deficits.96 Longer-term oral treatment (four
to seven months) reduced neuropathic deficits and improved
cardiac autonomic neuropathy. A long-term multicentre trial of
oral treatment (Neurological Assessment of Thioctic Acid in
Neuropathy study [NATHAN I]) is currently underway in the
USA. Lipoic acid is licensed in Germany for use in patients with
diabetes but is not yet licensed for use in the USA or UK.

Measurement of glutathione

The most established method for measuring thiols is Ellman’s
method described in 1959.97 It is based on the thiol-disulphide
exchange reaction between dithionitrobenzoic acid and thiols.
Thiols react with this agent to give a yellow colour measured
spectophotometrically at 412 nm. Whilst GSH can be detected
using this method, it doesn’t distinguish between individual
thiol-containing molecules. Methods later evolved for the specific determination of GSH. The levels of both GSH and GSSG can
be measured using a GR cycling method which follows the
oxidation of NADPH to NADP by measuring absorbance at
340 nm.98 A number of HPLC methods have been described.
Iodoacetic acid can be used to form derivatives of thiols with
subsequent conversion of the free amino groups to 2,4
dinitrophenyl derivatives and HPLC separation.99 More recently a

Future directions

Antioxidants do not work in isolation. Future studies will therefore need to consider the effect of combination therapies with
different antioxidant treatments and with existing anti-diabetic
therapies. The potential impact of antioxidant therapies on
diabetes and its complications is exciting. Studies into such
therapies will be greatly facilitated by the ability to measure
glutathione and it is likely that monitoring of glutathione levels
will prove advisable during therapy and risk assessment.
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