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Abstract
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This review is the introduction to a special issue concerning, glutathione (GSH), the most abundant
low molecular weight thiol compound synthesized in cells. GSH plays critical roles in protecting
cells from oxidative damage and the toxicity of xenobiotic electrophiles, and maintaining redox
homeostasis. Here, the functions and GSH and the sources of oxidants and electrophiles, the
elimination of oxidants by reduction and electrophiles by conjugation with GSH are briefly described.
Methods of assessing GSH status in the cells are also described. GSH synthesis and its regulation
are addressed along with therapeutic approaches for manipulating GSH content that have been
proposed. The purpose here is to provide a brief overview of some of the important aspects of
glutathione metabolism as part of this special issue that will provide a more comprehensive review
of the state of knowledge regarding this essential molecule.
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1. Introduction
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The tripeptide, γ-L-glutamyl-L-cysteinyl-glycine known as glutathione (GSH) (Fig. 1), is the
most important low molecular weight antioxidant synthesized in cells. It is synthesized by the
sequential addition of cysteine to glutamate followed by the addition of glycine. The sulfhydryl
group (−SH) of the cysteine is involved in reduction and conjugation reactions that are usually
considered as the most important functions of GSH. These reactions provide the means for
removal of peroxides and many xenobiotic compounds; however, GSH is also involved in
regulation of the cell cycle (Meister 1992).

2. Sources of oxidants
GSH plays a major role in removal of many reactive species. But, before addressing those
aspects, it is important to understand from where these reactive species come and their
pathological consequences that GSH helps avoid. Quinones are a class of redox cycling
molecules that includes some drugs and xenobiotic compounds. Redox cycling in this context
refers to the ability to cycle between oxidized and reduced forms and in the process, produce
reactive oxygen species, such as superoxide (O2−) and hydrogen peroxide (H2O2). In this
reaction (Fig. 2), the quinone is reduced by one electron transport reaction to produce a
semiquinone, which is a free radical that can react with oxygen to produce O2−.
2008 Elsevier Ltd. All rights reserved.
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There are other places in the cells where reactive oxygen species can be generated. In
phagocytes, a major part of the mechanism of killing microorganisms involves production of
reactive oxygen species (Forman and Thomas, 1986). The first enzyme involved is NADPH
oxidase (NOX) that produces O2−. That enzyme is now known to be a member of a class of
enzymes found in almost all cells (Vignais 2002). Once O2− is made, it can be dismuted into
H2O2 both by a relatively fast non-enzymatic reaction and by very fast reaction catalyzed by
one of the superoxide dismutases (SOD). Some phagocytes have the capacity to secrete
enzymes called myeleoperoxidases that can catalyze a reaction of H2O2 and halides (chloride
or bromide) to produce hypochlorous acid (HOCl) or hypobromous acid (HOBr) (Bakkenist
et al., 1980). These hypohalous acids kill bacteria but can also damage normal tissue and
thereby contribute to an inflammatory reaction.
The H2O2 formed can also be potentially hazardous if there are reduced metals present in the
cells. H2O2 can react with ferrous iron (Fe2+) and produce the hydroxyl radical ( OH). This
radical has capability to oxidize Teflon or fluorine and any organic molecule at near diffusion
limited rates. In other words, OH can react with any molecule next to where it is produced.
O2− can reduce ferric iron (Fe3+) to Fe2+, which suggests that it can play two roles in producing
OH; however, reduction of Fe3+can also occur with other reductants such as ascorbic acid
(vitamin C).
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One of the dangers of producing OH is when it is produced near a membrane. Lipids can be
oxidized by OH and start a free radical chain reaction that will damage the membrane. In the
initiation of lipid peroxidation by OH, the reaction with a reduced molecule of the lipid
produces a lipid radical (L) and water. The L can react with oxygen to produce hydroperoxide
radical (LOO ), which then reacts with another lipid molecule, generating a lipid peroxide
(LOOH) and another lipid radical L that can continue a chain reaction. One of the dangers from
lipid peroxidation besides membrane damage is the production of byproducts such as 4hydroxy-2-nonenal (HNE). Arachidonic acid is a polyunsaturated fatty acid found in
membranes of all cells. When it becomes oxidized, it can break down yielding a large variety
of compounds including a, β-unsaturated aldehydes (Poli et al., 1987) These are toxic
compounds because they can react with proteins in the cells, particularly at cysteine, lysine or
histidine by either Michael addition to the carbon–carbon double bond or by Schiff base
formation at the carbon–oxygen double bond (Esterbauer et al., 1991; Eckl, 2003; Schaur,
2003). These reactions can inactivate the function of proteins. For example, reaction with an
active site cysteine can destroy the activity of an enzyme.
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The final component of oxidative damage considered here is peroxynitrite (ONOO−). This ion
is made in a reaction between nitrogen oxide ( NO) and O2−. These two free radicals react at
the fastest rate of any reaction known to occur in biology and is the only reaction that is faster
than the dismutation reaction of O2− via superoxide dismutases. In its basic form, ONOO− does
not react with organic molecule, it breaks down to form nitrite
and nitrate
But
when peroxynitrite is protonated it becomes the highly reactive, peroxynitrous acid (ONOOH)
that has the reactivity of nitrogen dioxide ( NO2), a very toxic free radical component in smog
and cigarette smoke, and OH.

3. Protective functions of glutathione
3.1. Reduction
GSH is found in the cytosol of cells where it is in the range of 1–10 mM (Meister 1988). In
most cells the GSH concentration is about 1–2 mM, while in hepatocytes, which export GSH,
the concentration can reach about 10 mM. So why do we need GSH outside of the cells? In
plasma GSH is in the micromolar range; however, in some extracellular spaces such as the
lining fluid of the lung, a thin layer of fluid covering the air spaces where gas exchange occurs,
Mol Aspects Med. Author manuscript; available in PMC 2010 February 1.
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there is high concentration of GSH that is secreted by epithelial cells (Sutherland et al.,
1985; Cantin et al., 1987). In people who smoke or inhale particles or other oxidants, there is
potential inflammation that involves invasion of neutrophils from the blood through the
endothelial and epithelial cells into the air spaces. As these neutrophils squeeze between the
cells, they release HOCl, which can react with GSH secreted from the epithelial cells that
normally protects the epithelial cells (Venglarik et al., 2003).
In cystic fibrosis patients, who secrete lower GSH than normal individuals into the lining fluid
covering their alveoli, and in smokers, who have exposed their lungs to many oxidants
including nitrogen dioxide and H2O2, there is both chronic inflammation and lower than normal
GSH (Roum et al., 1993). In that case, HOCl can oxidize proteins in the lining fluid or on the
surface of the epithelial cells. It can also react with lipid to produce even more dangerous
compounds than are produced by lipid peroxidation itself (Pullar et al., 2000). Fig. 3 shows
how GSH reacts with HOCl and removes it (Winterbourn and Brennan, 1997). While many
studies of GSH in inflammation have been done of the lungs, these reactions can occur in any
organ.
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Secretion of GSH to the air space in cystic fibrosis is depressed because of a mutation of a
protein called cystic fibrosis transport receptor (CFTR) (Roum et al., 1993). The CFT1 cell
line, which is derived from a cystic fibrosis patient, has lower GSH secretion to the apical (air
space) side. If the wild type CFTR is transfected into the cells, the rate of GSH secretion is
increased to the level seen in normal cells (Gao et al., 1999). The generation of HOCl in the
surface fluid covering normal epithelial cells to mimic the action of stimulated neutrophils can
decrease in the electrical resistance of that epithelial cell layer; however, the presence of GSH
at a concentration similar to normal lining fluid protects against the loss of electrical resistance
(Venglarik et al., 2003). Similar events occur during inflammation and are exaggerated in cystic
fibrosis patients. There is some evidence that other lung diseases, such as idiopathic pulmonary
fibrosis, also have a lower GSH concentration (Cantin et al., 1989). Further studies on the
potential contribution of GSH deficiency to these pathologies are needed. Understanding the
transport of GSH across the plasma membrane is an important issue that is essential to treatment
of diseases involving oxidative stress (see reviews by Ballatori et al., 2008 and by Yuan and
Kaplowitz, 2008 in this issue).
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Compared to the extracellular environment, what happens inside of the cells is quite different.
Glutathione plays major roles in the different cellular compartments. In mitochondria it plays
a key role in regulating apoptosis versus necrosis (see review by Yuan and Kaplowitz 2008 in
this issue). In the nucleus, GSH is a key regulator of cellular division (see review by Pallardó
et al., 2008 in this issue.) While lungs are clearly adversely affected by lowered intracellular
and extracellular GSH, the majority of studies on the pathologies involving GSH transport and
metabolism have been done in liver. Reviews of the involvement of altered intracellular GSH
in lung diseases (Biswas and Rahman, 2008), liver diseases (Yuan and Kaplowitz, 2008) and
viral diseases (Fraternale et al., 2008) can be found in this issue.
Most of the GSH in antioxidant defense in cells is utilized by three members of glutathione
peroxidase (GPx) family (Brigelius-Flohe, 1999) and by one of the peroxiredoxins (Prdx 6).
These enzymes catalyze the reduction of H2O2 by GSH into H2O and GSSG. Prdx 6 also
requires GSH S transferase Pi in order to be active (Ralat et al., 2006). Phospholipid
hydroperoxide glutathione peroxidase (PHGPx or GPx IV) can reduce lipid peroxides to lipid
alcohols (Imai and Nakagawa, 2003). GSSG is potentially toxic to the cells but cells normally
contain high glutathione reductase activity, which maintain most of the GSH in the reduced
form. Some GSSG is also secreted from cells. During oxidative stress, GSSG could react by
disulfide exchange with a protein thiol to produce a protein mixed disulfide (PSSG), which
can further exchange with another protein thiol to a protein disulfide (Huang and Huang,
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2002). These reactions are actually quite slow unless catalyzed by an enzyme such as protein
disulfide isomerase (PDI), an important enzyme that is particularly abundant in the endoplasm
reticulum where protein folding occurs. In fact, the cysternae of the endoplasm reticulum is
the only part of the cell with a relatively high ratio of GSSG/GSH. In the cytosol formation of
PSSG is transient except during oxidative stress.
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Formation of PSSG with some enzymes may play a role in signal transduction although the
exact mechanism of their formation is uncertain. So how might PSSG form during normal
metabolism in the cells? While protein disulfide exchange with a thiol can be catalyzed by
PDI, some proteins contain a microenvironment in which thiolate (−S−), which is far more
reactive than is a thiol in both reaction with H2O2 or disulfide exchange, is formed. This requires
that the microenvironment be composed in part by basic amino acids in proximity to the
cysteine to allow dissociation of the thiol, which normally has a pKa of around 8.3. GSH
peroxidase catalyzes the production of GSSG, which could be potentially exchanged with a
thiolate to form mixed disulfide. But in the cytosol, even during oxidative stress, the ratio of
GSH/GSSG remains very high, which makes that exchange reaction unfavorable. The enzyme
PDI can enhance the rate of that reaction but, like any catalyst, cannot change the equilibrium.
Instead, it has been proposed that during physiological signaling when the H2O2 is used as the
second messenger, some of protein thiolates could potentially react and form sulfenic acid
(PSOH) (Fig. 4); however, for most thiolates including that formed by glutathione, the rate of
the non-enzymatic reaction is too slow to account for the inactivation of the enzymes (Forman,
2007). We do know that in the active site of peroxiredoxins, where the reaction of H2O2 with
a thiolate can occur up to six orders of magnitude faster than with glutathione in its thiolate
form, the reaction can occur. Regardless, once formed, a protein sulfenate would rapidly react
with GSH to produce the mixed disulfide, and this could be the mechanism through which
PSSG formed for some proteins in the cytosol during oxidative stress when H2O2 is high
enough to overcome a slow rate constant.
3.2. Conjugation
The elimination of many xenobiotic compounds can be accomplished through conjugation with
GSH followed by secretion of the adduct from the cell (Boyland and Chasseaud 1969).
Although the quinone, menadione, can react with GSH to form an adduct non-enzymatically,
an enzymatic catalyzed Michael addition by a glutathione-S transferase (GST) is much faster.
The glutathione adduct can then be secreted from cells through a membrane transporter such
as the multidrug resistant proteins. The product of the addition of GSH can also rearrange into
a quinol that are usually considered to be less toxic than the quinone (see above).
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GSH is also used in the elimination of electrophiles such as HNE. Almost all these reactions
are catalyzed by GSTs, and there is a specific one in human cells that can cause the conjugation
of GSH to HNE at about 100 times faster rate than the non-enzymatic reaction. The conjugate,
which is a Michael adduct (because the reaction is a Michael addition), can rearrange to form
a cyclic hemiacetal (Fig. 5) (Alary et al., 2003). Both of the compounds however, can be
excreted from the cells. This is the major route of elimination of HNE and other electrophiles
that conjugate with GSH.
3.3. Interaction with other non-enzymatic antioxidants
While GSH is the most important small molecular weight antioxidant produced in the cells,
there are other small molecular antioxidants obtained from the diet such as vitamins E (αtocopherol) and C (ascorbic acid). Vitamin E can reduce lipid hydroxyl radicals and lipid
peroxides that are produced from polyunsaturated fatty acids. The oxidized vitamin E is then
reduced by vitamin C in a non-enzymatic but rapid reaction. The oxidized vitamin C can then
be restored to the reduced form by enzymatic reactions, one of which uses GSH as substrate.
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One of the important issues in determining the mechanisms of both oxidative stress and redox
signaling is the measurement of the different forms of thiols in cells. The predominant forms
are the reduced form of GSH and GSSG. Nitrosoglutathione (GSNO) and protein nitrosothiols
(PSNO) are also formed in cells and play a role in NO signaling independent of the cyclic GMP
pathway. Cysteine is a precursor amino acid of GSH and cystine is the disulfide form of
cysteine. Protein thiols exist as cysteine, mixed disulfides between cysteine and GSH or other
thiols, and disulfides between two protein cysteines that may be in the same or different protein
molecules. It is important to recognize that an increase in the oxidized forms of these thiols in
the cytosol will be transient even during oxidative stress. Therefore it can be very difficult to
measure thiol oxidation, particularly that occurring in signal transduction.
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GSH reacts with dithionitrobenzoic acid (DTNB) (Akerboom and Sies, 1981) and by reducing
GSSG total GSH (GSH + GSSG) can be measured. DTNB reacts with GSH to produce a
conjugate and TNB anion that can be detected by fluorescence or absorbance (Fig. 6a). To
measure total GSH, a recycling assay is used in which GSH reacts with the conjugate producing
GSSG and another molecule of TNB, which can be increases fluorescence or absorbance (Fig.
6b). The enzyme glutathione reductase then reduces the GSSG releasing the GSH that can react
with another molecule of DTNB. Therefore, instead of a single determination of how much
DTNB reacts with GSH, the rate of TNB production is measured, as that is proportional to the
initial amount of GSH. To measure GSSG however, one must first modify the GSH present at
the beginning so it is removed from the recycling assay. Modification of GSH is done with Nethylmaleimide (NEM) or vinylpyridine. To measure protein mixed disulfides, the GSH can
be released from the protein mixed disulfide with sodium borohydride (NaBH4), and the GSH
is then measured in the recycling assay.
A more commonly used procedure for measuring GSH and GSSG now is high performance
liquid chromatography (HPLC) (Fariss and Reed, 1987). In this assay, thiol compounds are
first modified by the addition of iodoacetate (Fig. 6c). The amino groups on the compound
then are modified by 1-fluoro-2, 4-dinitrobenzene. This then allows separation of many
compounds that can be identified by their movement on HPLC.
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On method that has been developed to measure nitrosoglutathione involves the production of
GSH from it followed by reaction with orthophthaldehyde (OPT) to produce a fluorescent
compound (Fig. 6d) (Tsikas et al., 1999) while another method uses a biotinylated fluorescent
label in a method called the biotin-switch (Gladwin et al., 2006). First however, as with the
measurement of GSSG above, it is necessary to first remove any GSH in the original sample
with methyl methanethiosulfonate before reducing GSNO to release GSH. Various reagents
have been proposed as best for differentially reducing GSNO as well as PSNO especially as
the presence of GSSG or protein mixed disulfides can also yield GSH upon reduction (Gladwin
et al., 2006). After reaction with OPT the products are separated by HPLC with a fluorescence
detector. There are other methods for measuring GSNO such as using 15N labeling (Kluge et
al., 1997), but this is not commonly used and requires mass spectrometry.

5. Glutathione synthesis
The first step in de novo GSH synthesis involves the combination of cysteine with glutamate
to produce γ-glutamylcysteine. This reaction is catalyzed by the enzyme glutamate cysteine
ligase (GCL), which is also called γ-glutamylcysteine synthetase (Fig. 7). This enzyme requires
coupled ATP hydrolysis to form an amide bond between the γ-carboxyl group of glutamate
and the amino group of cysteine (Huang et al., 1993). The next step involves the enzyme
glutathione synthetase, responsible for adding glycine to the dipeptide to produce GSH (γglutamylcysteinylglycine) and also requires coupled ATP hydrolysis (Meister, 1974).
Mol Aspects Med. Author manuscript; available in PMC 2010 February 1.
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GSH can be transported out of cells. This mechanism is physiologically important as
hepatocytes supply GSH found in the plasma, which is used as a source of cysteine for GSH
synthesis in other cells (Anderson et al., 1980). In fact, GSH in the plasma is maintained at
very low concentration because of the metabolism of GSH by many other cells (Sies and Graf,
1985; Hirota et al., 1986). This process requires two enzymes commonly found on the surfaces
of cells. The enzyme γ-glutamyl transpeptidase transfers a glutamate to other amino acids
releasing cysteinylglycine, which in turn can be broken down by a dipeptidase to produce
cysteine and glycine (Kozak and Tate 1982; Hirota et al., 1986). Cysteine and glycine as well
as γ-glutamyl amino acids are moved into cells by specific amino acid transporters and used
for GSH biosynthesis (Meister, 1991).
5.1. Regulation of glutamate cysteine ligase activity
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GCL is regulated at both the level of its enzymatic activity and the expression of its two
subunits. One subunit is the relatively heavy (− 73 kDa) subunit, which has competent but low
catalytic activity for production of γ-glutamylcysteine. The catalytic subunit, designated as
GCLC, can be feedback inhibited by GSH (Huang et al., 1993). The lower molecular weight
(− 28 kDa) subunit regulates the activity of the enzyme by reducing the inhibition by GSH
(Huang et al., 1993; Choi et al., 2000) and with purified enzyme has been shown to also decrease
the KM for glutamate (Huang et al., 1993). This subunit, which is designated as GCLM for its
modulatory activity can affect the steady state level of GSH found in cells when GCLM/GCLC
expression is altered (Richman and Meister, 1975; Choi et al., 2000; Krzywanski et al.,
2004). Thus, increased expression of GCLC will tend to elevate GSH while increasing GCLM/
GCLC will further increase GSH. An example of when lowering GCLM/GCLC causes
decreased GSH is the expression of the HIV-Tat protein, which suppresses GCLM expression
(Choi et al., 2000). Finally, the kinetics of GCL seems to be regulated by phosphorylation of
both subunits as well (Sun et al., 1996). The functional roles of the two GCL subunits are
reviewed in this issue by Franklin et al. (2008)).
5.2. Regulation of glutamate cysteine ligase expression
The expression of GCL is also regulated at many levels. Oxidant species and electrophiles are
able to increase the transcription of both the modulatory and catalytic subunits (Shi et al.,
1994; Rahman et al., 1996; Tian et al., 1997) (also see review by Lu, 2008 in this issue). This
occurs by the activation of signal transduction pathways involved in the control of transcription
of GCLC and GCLM genes but also there is some evidence of mRNA stabilization by oxidants
and electrophiles (Liu et al., 1998).
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It has been known for almost twenty years that sublethal concentrations of electrophiles could
increase GSH production (Ogino et al., 1989; Darley-Usmar et al., 1991); however, it was
unclear whether the increase was on the kinetic or the transcriptional level or even whether
GSSG reduction was increased. Using redox cycling quinones to increase production of
hydrogen peroxide and by measuring transcription by nuclear run-on analysis, it was then
shown that a sustained increase the amount of GSH in cells could be achieved by increasing
the transcription of GCLC (Shi et al., 1994; Shi et al., 1994). Subsequently many labs showed
that a variety of other agents, able to generate an oxidative stress throughH2O2 generation,
increasing concentrations of electrophiles or nitric oxide could also induce GCLC or GCLM
subunits or both (Rahman et al., 1996; Tian et al., 1997; Galloway and McLellan, 1998; Liu
et al., 1998; Moellering et al., 1999; Wild and Mulcahy, 1999).
The GCLC and GCLM promoter sequences were described first from humans and then they
were determined in rodents (Gipp et al., 1992; Gipp et al., 1995; Hudson and Kavanagh,
2000; Yang et al., 2001). The human and rodent promoters have some similar cis elements and
appear to be regulated somewhat differently than the human genes (Iles and Liu 2005) (see

Mol Aspects Med. Author manuscript; available in PMC 2010 February 1.

Forman et al.

Page 7

NIH-PA Author Manuscript

review by Lu, 2008 in this issue). For the human GCL genes, the promoter enhancer regions
of the two genes contain several elements able to respond to oxidants and electrophiles (Gipp
et al., 1992; Gipp et al., 1995; Yang et al., 2001; Dickinson et al., 2002). One of the important
oxidant responsive cis elements (transcription factor binding sites) regulating GCL genes is
the AP-1 binding site also called the TRE element. TRE binds members of the Jun and Fos
family of transcription factors (Ofir et al., 1990; Binetruy et al., 1991). Another important
element in human GCL gene promoters that responds to electrophiles in cells and increases
gene expression is the EpRE or electrophile response element (Rushmore et al., 1991; Jaiswal,
1994; Vasiliou et al., 1995). EpRE elements are also present in both human GCLC and GCLM
promoters (Gipp et al., 1992; Gipp et al., 1995). Initially EpRE was called the antioxidant
response element (ARE) because the first compound, shown to activate ARE was a so-called
antioxidant that was subsequently shown to generate H2O2 through redox cycling (Pinkus et
al., 1996). The EpRE elements bind proteins members of the Nrf family, Jun family and small
Maf family (Venugopal and Jaiswal, 1998;Kong et al., 2001; Moran et al., 2002; Itoh et al.,
2004). One of the transcription factors established as able to bind EpRE is Nrf2, which located
in the cytosol through the inhibitory interaction with Keap1 in resting cells. Upon stimulation,
Nrf2 is translocated into the nucleus after dissociation from Keap1 (Itoh et al., 1999).
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While the redox and electrophilic response cis elements have been identified, less has been
done to identify the signaling mechanisms that activate the transcription factors that bind to
those elements. We will describe here briefly what is understood regarding the signaling by
HNE. Darley–Usmar and coworkers have shown that HNE directly modifies Keap1, which
allows Nrf2 to avoid degradation and migrate to the nucleus where it can bind to EpRE elements
in the promoters of the human GCLC and GCLM genes (Levonen et al., 2004). But, this cannot
be the whole story as there are actually multiple EpRE elements in the promoters and not all
of them are involved in regulating transcription (Dickinson et al., 2004). While Nrf2 is critical,
EpRE binding also involves a partner protein. For the EpRE element that regulates transcription
of GCLC in human bronchial epithelial cells that partner has not yet been firmly identified.
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More is understood about the TRE element. Interestingly, the TRE element in the human GCLC
promoter appears to bind c-Jun dimers preferentially (Rahman et al., 1999). For HNE induction,
the activation of the critical AP-1 binding elements in both human GCL genes can is achieved
through the Jun N-terminal kinase (JNK) pathway (Dickinson et al., 2002). JNK
phosphorylates c-Jun, which translocates into the nucleus, and binds to the TRE element.
Inhibition of JNK completely eliminates GCLC and GCLM gene expression in response to
HNE in human bronchial epithelial cells while inhibition of the ERK or p38MAPK pathways
had no effect. Recently, the activation of the JNK pathway by HNE has been shown to occur
upstream at the protein tyrosine phosphatase SHP-1that is inhibited by HNE, which also
appears to accelerate the degradation of the enzyme (Rinna and Forman, 2008).

6. Glutathione therapeutics
As an increase in GSH appears to be a ubiquitous response to oxidants and electrophiles and
some diseases appear to be exacerbated by decreasing GSH, increasing GSH by using delivery
of permeable esters (Levy et al., 1993) or increasing the availability of cysteine using the nontoxic precursor N-acetylcysteine (Thor et al., 1979) have been proposed. Increasing GSH
through synthesis would also seem to be useful therapeutically but as oxidants and most
electrophiles would not seem appropriate, natural compounds such as curcumin, a principal
ingredient of curry powder (Dickinson et al., 2003), and sulforaphane, a potent Phase II geneinducing compound in broccoli, (Brooks et al., 2001) have been proposed but none of these
natural has actually become a major therapeutic agent.
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On the other hand, compounds that decrease GSH and increase the susceptibility of tumors to
chemotherapy or radiation have been used. GCL can be inhibited by a buthionine sulphoximine
quite specifically making it a useful tool in studying GSH metabolism, and useful in cancer
chemotherapy (Martensson et al., 1989; Anderson et al., 1997; Gartenhaus et al., 2002). An
inhibitor of γ-glutamyl transpeptidase (GGT), acivicin (AT-125) (Griffith and Meister, 1980)
was tried in chemotherapy before it was known to inhibit GGT; however, acivicin also inhibits
enzymes in purine and pyrimidine biosynthesis, which may be its actual mode of action (Poster
et al., 1981; Elliott and Weber, 1985). Thus, there is still much to be done in understanding
how GSH synthesis and metabolism may be manipulated to therapeutic advantage. Further
information about the use of GSH and related compounds in therapy for a variety of diseases
including viral infection, cystic fibrosis and cancer, can be found in the reviews by Biswas and
Rahman (2008)) and by Fraternale et al. (2008) in this issue.
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GSH, glutathione
−SH, sulfhydryl group
O2−, superoxide
H2O2, hydrogen peroxide
NOX, NADPH oxidase
SOD, superoxide dismutase
HOCl, hypochlorous acid
HOBr, hypobromous acid
Fe2+, ferrous iron
OH, hydroxyl radical
Fe3+, ferric iron
L, lipid radical
LOO, hydroperoxide radical
LOOH, lipid peroxide
HNE, 4-hydroxy-2-nonenal
ONOO−, peroxynitrite
NO, nitrogen oxide
, nitrite
, nitrate
ONOOH, peroxynitrous acid
NO2, nitrogen dioxide
CFTR, cystic fibrosis transport receptor
GPx, glutathione peroxidase
PHGPx GPx IV, phospholipid hydroperoxide glutathione peroxidase
GSSG, glutathione disulfide
Prdx, peroxiredoxin
PSSG, protein mixed disulfide
PDI, protein disulfide isomerase
−S−, thiolate
PSOH, sulfenic acid
GST, glutathione-S transferase
GSNO, nitrosoglutathione
DTNB, dithionitrobenzoic acid
NEM, N-ethylmaleimide
NaBH4, sodium borohydride
OPT, orthophthaldehyde
GCL, glutamate cysteine ligase
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ARE, antioxidant response element
JNK, Jun N-terminal kinase
GGT, γ-glutamyl transpeptidase.
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Fig. 1.

Glutathione structure. A stereochemical and ball and stick figure showing γ-glutamylcysteinyl-glycine are shown.
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Fig. 2.

Redox cycling of 1,4-naphthoquinones. A naphthoquinone with two variable groups (R) can
be reduced by NADPH (or NADH, which is not shown) enzymatically to the semiquinone
radical and then will react with oxygen to generate superoxide and restore the naphthoquinone.
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Fig. 3.

Reactions of glutathione with hypochlorous acid. GSH and HOCl can react to produce several
different products.
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Fig. 4.

Formation of protein mixed disulfide. Both glutathione peroxidases and peroxiredoxin 6 can
catalyze the oxidation of glutathione by hydrogen peroxide to glutathione disulfide and water.
GSSG can then undergo an exchange reaction with protein sulfhydryl to form PSSG, which is
usually catalyzed by a protein disulfide isomerase. An alternative mechanism is the oxidation
of a protein thiolate to a sulfenic acid, which then will react with GSH to form PSSG and water.
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Fig. 5.

Glutathione conjugations with 4-hydroxynonenal. Glutathione S-transferases catalyze the
conjugation of GSH with HNE. This is a Michael addition that can slowly occur nonenzymatically.
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Fig. 6.

Measurements of thiols. (a) Reaction of GSH with DTNB produces an adduct and TNB, which
is measured spectrofluorometrically or spectrophometrically; (b) total glutathione can be
determined by recycling of GSSG produced in the reaction in (a) and measuring the rate of
TNB; (c) Glutathione and related compounds are first derivatized with iodoacetate followed
by a second derivatization with 1-fluoro-2,4-dinitrophenol. The second products are then
separated by HPLC and measured spectrofluorometrically; (d) Reaction of glutathione with
orthophthaldehyde (OPT) yields a product that can be measured spectrofluorometrically.
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Fig. 7.
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Glutathione synthesis. The sequential ATP dependent formation of amide bonds between
cysteine and the γ-carboxyl group of glutamate and then between glycine and cysteine are
shown.
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