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Abstract

Glutathione (GSH) is a ubiquitous intracellular peptide with diverse functions that include
detoxification, antioxidant defense, maintenance of thiol status, and modulation of cell proliferation.
GSH is synthesized in the cytosol of all mammalian cells in a tightly regulated manner. The major
determinants of GSH synthesis are the availability of cysteine, the sulfur amino acid precursor, and
the activity of the rate-limiting enzyme, glutamate cysteine ligase (GCL). GCL is composed for a
catalytic (GCLC) and modifier (GCLM) subunit and they are regulated at multiple levels and at times
differentially. The second enzyme of GSH synthesis, GSH synthase (GS) is also regulated in a
coordinated manner as GCL subunits and its up-regulation can further enhance the capacity of the
cell to synthesize GSH. Oxidative stress is well known to induce the expression of GSH synthetic
enzymes. Key transcription factors identified thus far include Nrf2/Nrf1 via the antioxidant response
element (ARE), activator protein-1 (AP-1) and nuclear factor « B (NFxB). Dysregulation of GSH
synthesis is increasingly being recognized as contributing to the pathogenesis of many pathological
conditions. These include diabetes mellitus, pulmonary fibrosis, cholestatic liver injury, endotoxemia
and drug-resistant tumor cells. Manipulation of the GSH synthetic capacity is an important target in
the treatment of many of these disorders.
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1. Structure and Functions of GSH

Glutathione is a tripeptide, y-L-glutamyl-L-cysteinyl-glycine, found in all mammalian tissues
and especially highly concentrated in the liver. Glutathione exists in the thiol-reduced (GSH)
and disulfide-oxidized (GSSG) forms (Kaplowitz et al., 1985). GSH is the predominant form,
existing in millimolar concentrations in most cells (liver 5-10mM). The GSSG content is less
than 1% of GSH (Akerboom et al., 1982). Eucaryatic cells have three major reservoirs of GSH.
Almost 90% of cellular GSH are in the cytosol, 10% is in the mitochondria and a small
percentage is in the endoplasmic reticulum (Meredith and Reed, 1982; Hwang et al., 1992).
Cytosolic GSH in the rat liver turns over rapidly with a half-life of 2-3 hours. The peptide bond
linking glutamate and cysteine of GSH is through the y-carboxyl group of glutamate rather
than the conventional a-carboxyl group (Fig. 1). This unusual arrangement is subject to
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hydrolysis by only one known enzyme, namely y-glutamyltranspeptidase (GGT), which is only
present on the external surfaces of certain cell types (Meister and Anderson, 1983). As a
consequence, GSH is resistant to intracelluar degradation and is only metabolized
extracellularly by organs with GGT.

GSH serves several vital functions including 1) detoxifying electrophiles; 2) scavenging free
radicals; 3) maintaining the essential thiol status of proteins; 4) providing a reservoir for
cysteine; and 5) modulating critical cellular processes such as DNA synthesis, microtubular-
related processes, and immune function (Kaplowitz et al., 1985; Meister and Anderson,
1983; DelLeve and Kaplowitz, 1990; Suthanthiran et al., 1990). In addition, GSH has been
shown to regulate nitric oxide homeostasis (Hogg, 2002), modulate the activity of proteins by
post-translational modification (protein S-glutathionylation) (Pompella et al., 2003), and
modulate the activity of neurotransmitter receptors (Oja et al., 2000). Clearly GSH is a
multifunctional molecule with diverse and still emerging functions that affect critical cellular
processes. This review summarizes how GSH synthesis is regulated in health and dysregulated
in certain diseases, with an emphasis on the liver. This is because the liver plays a central role
in the interorgan GSH homeostasis as plasma GSH and cysteine levels are largely determined
by the sinusoidal efflux of hepatic GSH (Ookhtens and Kaplowitz, 1998). Some of the key
functions of GSH are described in more detail before turning the attention to GSH synthesis.

1.1. Detoxifying functions of GSH

A major function of GSH is detoxification of xenobiotics and/or their metabolites. These
compounds are electrophiles or electron-loving substances (Fig. 2, indicated as X) and form
conjugates with GSH either spontaneously or enzymatically in reactions catalyzed by GSH-S-
transferase (Meister, 1988). The conjugates formed are usually excreted from the cell or into
bile as in the case of hepatocytes. GSH conjugates can undergo GGT-mediated cleavage of the
v-glutamyl moiety, leaving a cysteinyl-glycine conjugate. The cysteinyl-glycine bond is then
cleaved by dipeptidase, resulting in a cysteinyl conjugate. This is followed by N-acetylation
of the cysteine conjugate, forming a mercapturic acid (Fig. 2). The metabolism of GSH
conjugates to mercapturic acid begins either in the biliary tree, intestine or kidney, but the
formation of the N-acetylcysteine conjugate usually occurs in the kidney (DeLeve and
Kaplowitz, 1990). In addition to exogenous compounds, many endogenously formed
compounds also follow similar metabolic pathways. Although the majority of the conjugation
reactions to GSH result in detoxification of the compound, occasionally the product itself is
highly reactive (DeLeve and Kaplowitz, 1990). GSH conjugation irreversibly consumes
intracellular GSH.

1.2. Maintenance of essential thiol status

GSH is the dominant non-protein thiol in mammalian cells; as such it is essential in maintaining
the intracellular redox balance and the essential thiol status of proteins (Lu, 1999a). GSH
undergoes thiol-disulfide exchange in a reaction catalyzed by thiol-transferase as follows:

Protein — SSG+GSH — Protein — SH+GSSG

Since this reaction is a reversible reaction, the equilibrium is determined by the redox state of
the cell, which depends on the concentrations of GSH and GSSG (proportional to the log of
[GSH]%/[GSSG]) (Lu, 1999a). Normally, cellular GSSG content is extremely low so that
protein mixed disulfide formation is limited. The thiol-disulfide equilibrium within the cell is
known to regulate a diverse number of metabolic processes including enzyme activity,
transport activity, signal transduction, and gene expression via alteration of redox sensitive
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transcription factors such as activator protein-1 (AP-1), nuclear factor kappa B (NF«B) and
p53 (Hutter et al., 1997; Lu, 1999a; Townsend et al., 2003).

1.3. Anti-oxidant function of GSH

All aerobic organisms are subject to a certain level of physiological oxidative stress from
mitochondrial respiration. The intermediates that are formed, such as superoxide (O, ) and
hydrogen peroxide (H»0O,), can lead to the production of toxic oxygen radicals that can cause
lipid peroxidation and cell injury. To prevent this, the endogenously produced hydrogen
peroxide is reduced by GSH in the presence of selenium-dependent GSH peroxidase (Fig. 3).
In the process, GSH is oxidized to GSSG, which in turn is reduced back to GSH by GSSG
reductase at the expense of NADPH, forming a redox cycle. Organic peroxides can be reduced
by GSH peroxidase and GSH S-transferase. Hydrogen peroxide can also be reduced by
catalase, which is present only in the peroxisome. In the mitochondria, GSH is particularly
important because there is no catalase. Indeed, mitochondrial GSH is critical in defending
against both physiologically and pathologically generated oxidative stress (Fernandez-Checa
et al., 1997;Garcia-Ruiz and Fernandez-Checa, 2006).

Severe oxidative stress can overcome the ability of the cell to reduce GSSG to GSH leading
to accumulation of GSSG. To protect the cell from a shift in the redox equilibrium, GSSG can
be actively exported out of the cell or react with a protein sulfhydryl group leading to the
formation of a mixed disulfide. Thus, severe oxidative stress depletes cellular GSH (Lu,
1999a).

1.4. GSH as cysteine storage and the y-glutamyl cycle

Storage of cysteine is one of the most important functions of GSH because cysteine is extremely
unstable extracellularly and rapidly auto-oxidizes to cystine, in a process that produces
potentially toxic oxygen free radicals (Meister, 1988). Meister first described the y-glutamyl
cycle in the early 1970’s, which allows GSH to serve as a continuous source of cysteine (Fig.
4). In this cycle, GSH is released from the cell by carrier mediated transporter(s) and the ecto-
enzyme GGT then transfers the y-glutamyl moiety of GSH to an amino acid (the best acceptor
being cystine), forming y-glutamyl amino acid and cysteinylglycine. The y-glutamyl amino
acid can then be transported back into the cell to complete the cycle. Once inside the cell, the
v-glutamyl amino acid can be further metabolized to release the amino acid and 5-oxoproline,
which can be converted to glutamate and used for GSH synthesis. Cysteinylglycine is broken
down by dipeptidase to generate cysteine and glycine. Most cells readily take up cysteine. Once
inside the cell, the majority of cysteine is incorporated into GSH, some is incorporated into
protein, depending on the need of the cell, and some is degraded into sulfate and taurine
(Meister, 1988). For most cells, the y-glutamyl cycle allows GSH to be used as a continuous
source of cysteine.

1.5. GSH as aregulator of growth and death

In cell types such as lymphocytes and fibroblasts, an increased GSH level is associated with
an early proliferative response and is essential for the cell to enter the S phase (Shaw and Chou,
1986; Messina and Lawrence, 1989; Hamilos et al., 1989; Iwata et al., 1994; Poot et al.,
1995). We also reported increased GSH levels during proliferation of rat hepatocytes such as
plating primary cultures of rat hepatocytes under low density, which stimulates hepatocytes to
shift from G to G1 phase of the cell cycle (Lu and Ge., 1992), and after 2/3 partial hepatectomy
(PH) (Huang et al., 1998). The increase in hepatic GSH after PH occurred due to increased
biosynthesis and prior to the onset of DNA synthesis (Huang et a., 1998). If this increase in
GSH was blocked, liver regeneration was impaired (Huang et al., 2000a). Furthermore, GSH
status directly correlated with the growth of liver cancer cells (Huang et al., 2000a). Carretero
and colleagues have also shown that increased GSH promotes growth of metastatic melanoma
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cells in the liver (Carretero et al., 1999). The molecular mechanism of how GSH modulates
cell proliferation remains largely speculative. GSH is known to modulate DNA synthesis by
maintaining reduced glutaredoxin or thioredoxin, which are required for the activity of
ribonucleotide reductase, the rate-limiting enzyme in DNA synthesis (Holmgren, 1981).
Alternatively, an increase in the cellular GSH content may change the thiol-redox status of the
cell, which in turn may affect the expression or activity of factors important for cell cycle
progression.

GSH has also been implicated in the modulation of cell death. Apoptosis, one of the extremes
of a continuous process of cell death, is characterized by morphological features such as
chromatin condensation and fragmentation and interrnucleosomal DNA cleavage; while the
other extreme is necrosis, which is characterized by rupture or fragmentation of the plasma
membrane and ATP depletion (Garcia-Ruiz and Fernandez-Checa, 2007). Both forms of cell
death often coexist and share common pathways, such as involvement of the mitochondria
(Lemasters, 2005). GSH modulates cell death at both extremes. GSH regulates redox state of
specific thiol residues of proteins (such as NF«B, stress kinases and caspases) involved in cell
death (Garcia-Ruiz and Fernandez-Checa, 2007). GSH depletion occurs during apoptosis in
many different cell types, secondary to increased reactive oxygen species (ROS), enhanced
GSH efflux, and decreased GCL activity (see also Post-translational regulation of GCLC)
(Hall, 1999; Franklin et al., 2003). In U937 and HepG2 cells, blocking GSH efflux prevented
puromycin-induced apoptosis (Ghibelli et al, 1998), suggesting depletion of GSH played an
important role in initiating apoptosis in some cell types. However, profound GSH depletion
converts cell death induced by a variety of agents from apoptosis to necrosis (Hall, 1999),
suggesting very high levels of ROS may overwhelm the apoptotic machinery. Indeed, GSH
can influence cell death pathway by modulating the level of mitochondrial ROS, as has been
demonstrated in the case of tumor necrosis factor o (TNFa) (Garcia-Ruiz and Fernandez-
Checa, 2007). Mitochondrial GSH depletion leads to increased levels of ROS and reactive
nitrogen species, mitochondrial dysfunction and ATP depletion. This can convert apoptotic to
necrotic cell death (Garcia-Ruiz and Fernandez-Checa, 2007).

2. Synthesis of GSH

GSH is synthesized in cytosol in virtually all cells (Meister and Anderson, 1983). The synthesis
of GSH from its constituent amino acids involves two ATP-requiring enzymatic steps:

1. L-glutamate + L-cysteine + ATP — y-glutamyl-L-cysteine + ADP + Pi
2. y-glutamyl-L-cysteine + L-glycine + ATP — GSH + ADP + Pi

The first step of GSH biosynthesis is considered rate limiting and catalyzed by glutamate
cysteine ligase (GCL, EC 6.3.2.2; formerly y-glytamylcysteine synthetase), which exhibits an
absolute requirement for either Mg2* or Mn2*. GCL is composed of a heavy or catalytic
(GCLC, Mr~ 73,000) and a light or modifier (GCLM, Mr ~ 30,000) subunit, which are encoded
by different genes in species as divergent as humans and fruit flies (Yan and Meister, 1990;
Huang et al., 1993a; Gipp et al., 1992; Gipp et al., 1995; Dalton et al., 2004). In contrast, yeast
and bacteria have only a single gene (Dalton et al., 2004). For clarity, this review is focused
only on the heterodimeric GCL. GCL may be dissociated under nondenaturing conditions by
treatment with dithiothreitol (Seelig et al., 1984). GCLC obtained after this treatment exhibits
all of the catalytic activity of the isolated enzyme as well as feedback inhibition by GSH (Seelig
et al., 1984). GCLM is enzymatically inactive but plays an important regulatory function by
lowering the K, of GCL for glutamate and raising the K; for GSH (Huang et al., 1993a; Huang
etal., 1993b). Thus, the holoenzyme is catalytically more efficient and less subject to inhibition
by GSH than GCLC alone. In rat, GCLC has a K, for glutamate that is about 10-fold higher
(18.2mM) than that for GCL (Huang et al., 1993a), which is higher than the cellular glutamate
concentration in most tissues (Dalton et al., 2004; Chen et al., 2005). This suggests GCLC is
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inactive under physiological condition. However, GCL and GCLC’s K, for glutamate in other
species such as human, mouse and fruit fly do not differ as much (Dalton et al., 2004), raising
the possibility that GCLC may possess some activity. This is further supported by the fact that
mice deficient in the Gclm gene are viable but have markedly reduced tissue GSH levels
(reduced by about 85 to 90%) (Yang et al., 2002).

GCL is specific for the glutamyl moiety and is regulated physiologically by: (a) nonallosteric
feedback competitive inhibition by GSH (K;=2.3mM) which involves binding of GSH to the
glutamate and another site on the enzyme (Richman and Meister, 1975; Huang et al., 1988)
and (b) availability of its precursor, L-cysteine (Meister and Anderson, 1983). The apparent
K values of GCL for glutamate and cysteine are 1.8 and 0.1-0.3 mM, respectively (Richman
and Meister, 1975). The intracellular glutamate concentration is nearly 10-fold higher than the
K value but intracellular cysteine concentration approximates the apparent K, value (Bannai
and Tateishi, 1986; Lu et al., 1992b).

The second step in GSH synthesis is catalyzed by GSH synthase (GS, EC 6.3.2.3, formerly
known as GSH synthetase). This enzyme has not been studied as extensively as GCL. GS
purified from rat kidney has a Mr of approximately 118,000 daltons, is composed of two
apparently identical subunits (Oppenheimer et al., 1979). Mapping studies of the GS substrate
binding sites indicate that the regions of the active site that bind glycine and the cysteinyl
moiety of y-glutamylcysteine are highly specific, while the L-y-glutamyl moiety can be
replaced by a variety of analogs (Oppenheimer et al., 1979). Due to the fact that y-
glutamylcysteine (product of GCL) is present at exceedingly low concentrations when GS is
present, GCL is considered rate limiting (Dalton et al., 2004). Supporting this is the observation
that overexpression of GS failed to increase GSH level whereas overexpression of GCL
increased GSH level (Grant et al., 1997). GS is not subject to feedback inhibition by GSH.
However, GS deficiency in humans can result in generalized lower GSH levels and dramatic
metabolic consequences because the accumulated y-glutamylcysteine is converted to 5-
oxoproline, which can cause severe metabolic acidosis, hemolytic anemia, and central nervous
system damage (Shi et al., 1996). Although GS is generally thought not to be important in the
regulation of GSH synthesis, accumulating evidence suggests GS may play an important role,
at least in certain tissues and/or under stressful conditions. In response to surgical trauma, GSH
levels and GS activity in skeletal muscle fell while GCL activity was unchanged (Luo et al.,
1998). Additionally, increased rat GS and GCLC expression further enhanced GSH synthesis
above that observed with increased GCLC expression alone (Huang et al., 2000b). Thus, it is
important to also consider GS when studying regulation of GSH synthesis under stressful or
pathological conditions.

2.1. Factors that determine cysteine availability

2.1.1. Diet and amino acid uptake—Under normal physiological conditions, the rate of
GSH synthesis is largely determined by two factors, cysteine availability and GCL activity.
Cysteine is derived normally from the diet, protein breakdown and in the liver, from methionine
via transsulfuration (conversion of homocysteine to cysteine). Cysteine differs from other
amino acids because its sulfhydryl form, cysteine, is predominant inside the cell whereas its
disulfide form, cystine, is predominant outside the cell (Lu, 1999a). Cysteine readily
autoxidizes to cystine in the extracellular fluid and cystine, once it enters the cell, is rapidly
reduced to cysteine (Bannai and Tateishi, 1986). Therefore, the key factors that regulate the
hepatocellular level of cysteine other than diet include membrane transport of cysteine (via the
ASC system), cystine (viathe X~ system which is induced under oxidative stress or in culture)
and methionine (via the L system) as well as the transsulfuration pathway (Kilberg, 1982;
Bannai and Tateishi, 1986; Takada and Bannai, 1984). Other amino acid transport systems are
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important in cysteine transport for extrahepatic tissues but due to space limitation will not be
discussed here.

2.1.2. Methionine metabolism and the transsulfuration pathway—The
transsulfuration pathway deserves special mention because this is a pathway that is particularly
active in the liver, which allows the liver to effectively utilize methionine for GSH synthesis
(Lu, 1999a). That cysteine can be synthesized from methionine was first demonstrated by
Tarver and Schmidt in 1939 (Tarver and Schmidt, 1939). This pathway is termed the
transsulfuration or the cystathionine pathway (Fig. 5). Outside of the liver, this pathway is
absent or insignificant, either in normal or transformed tissues (Finkelstein, 1990). The activity
of this pathway in the liver is markedly impaired or absent in the fetus and newborn infant, in
cirrhotic patients, and in patients with homocystinemia (Mato et al., 1994).

The transsulfuration pathway is closely linked to the methionine metabolic pathway (Fig. 5).
Methionine is an essential amino acid that is primarily metabolized in the liver. The first step
in methionine metabolism is the formation of S-adenosylmethionine (SAMe) in a reaction
catalyzed by methionine adenosyltransferase (MAT) (Finkelstein, 1990;Mato et al., 2002).
SAMe is the principal biological methyl donor and participates in three key metabolic pathways
in the liver — polyamine synthesis, transmethylation and transsulfuration (Lu and Mato,
2008). Under normal conditions, most of the SAMe generated is used in transmethylation
reactions (Finkelstein, 1990). In transmethylation, SAMe donates its methyl group to a large
variety of acceptor molecules in reactions catalyzed by methyltransferase (MTs). S-
adenosylhomocysteine (SAH) is generated as a product of transmethylation and is hydrolyzed
to form homocysteine (Hcy) and adenosine through a reversible reaction catalyzed by SAH
hydrolase. SAH is a potent competitive inhibitor of methylation reactions and prompt removal
of adenosine and Hcy is required to prevent accumulation of SAH. Hcy can be remethylated
to form methionine by two enzymes: methionine synthase (MS), which requires normal levels
of folate and vitamin B15; and betaine homocysteine methyltransferase (BHMT), which
requires betaine, a metabolite of choline. Remethylation of homocysteine via MS requires 5-
methyltetrahydrofolate (5-MTHF), which is derived from 5,10-methylenetetrahydrofolate
(5,10-MTHF) in a reaction catalyzed by methylenetetrahydrofolate reductase (MTHFR). 5-
MTHEF is then converted to tetrahydrofolate (THF) as it donates its methyl group and THF is
converted to 5,10-MTHF. In the liver, homocysteine can also be converted to cysteine via the
transsulfuration pathway. Here, homocysteine condenses with serine to form cystathionine in
a reaction catalyzed by cystathionine B synthase (CBS), which requires vitamin Bg as a co-
factor. Cleavage of cystathionine, catalyzed by another vitamin Bg-dependent enzyme -
cystathionase, then releases free cysteine for GSH synthesis (Finkelstein, 1990). All
mammalian tissues express MAT and MS, whereas BHMT is limited to the liver and kidney
(Lu and Mato, 2008). In the liver, SAMe inhibits MTHFR and MS and activates CBS (Lu and
Mato, 2008). Thus, when SAMe is depleted, homocysteine is channeled to remethylation to
regenerate SAMe; whereas when SAMe level is high, homocysteine is channeled to the
transsulfuration pathway. Patients with liver cirrhosis often exhibit hypermethioninemia and
have impaired methionine clearance because the activity of hepatic MAT is significantly
impaired (Mato et al., 2002). This impairment has been postulated to be one of the mechanisms
of adecreased hepatic GSH level (Mato etal., 1994). In support of this, administration of SAMe
to patients with liver cirrhosis resulted in increased hepatic GSH level (Vendemiale et al.,
1989).

2.1.3 Role of y-glutamyltranspeptidase (GGT)—As mentioned above, GGT is the only
enzyme located on the external surface of epithelial cells that is able to hydrolyze the peptidic
bond of GSH to provide a continuous source of cysteine through the y-glutamyl cycle. As such
GGT plays an integral role in GSH homeostasis and has been traditionally regarded as a
component of the cellular defense system against oxidative stress (Pompella et al., 2007).

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



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lu

Page 7

Indeed, many pro-oxidants that induce GCL expression also induce the expression of GGT
(Chikhi et al., 1999; Zhang et al., 2006). Similar to GCL subunits, Nrf2 also is a positive
regulator of GGT expression (Zhang et al., 2006). In addition, increased expression of GGT
has been reported in many human tumors and is thought to confer drug resistance by providing
GSH precursors more efficiently (Pompella et al., 2007). However, increased GGT expression
does not always translate to increased GSH levels and recent literature suggests that GGT does
more than just maintain availability of GSH precursors (Paolicchi et al., 2002). A recent paper
showed that GGT was able to mediate extracellular detoxification of cisplatin (Paolicchi et al.,
2003). It turns out that cysteinylglycine, the product of GGT-mediated hydrolysis of GSH (see
Figure 4), reacts with cisplatin about 5-fold faster than GSH (Daubeuf et al., 2002), leading to
decreased cellular accumulation of cisplatin (Paolicchi et al., 2003). Even more intriguing is
the notion that GGT-mediated hydrolysis of GSH can create a low level of ROS, due to
generation of the more reactive thiol cysteinylglycine, which can reduce ferric iron to ferrous
iron and trigger an iron redox cycling with production of ROS (Paolicchi et al., 2002). This
low level ROS generated by GGT-mediated catabolism may even participate in tumor
progression (Pompella et al., 2007). Thus, GGT is more than just a provider of GSH precursor
and its role in cancer involves more than just drug resistance.

2.2. Regulation of GCL

The activity of GCL is a major determinant of the rate of GSH synthesis. Changes in GCL
activity can result from regulation at multiple levels affecting only GCLC or both GCLC and
GCLM subunits. Transcriptional and post-transcriptional regulation of both subunits has been
described. Post-transcriptional regulation includes both mRNA stabilization/destabilization
and post-translational modification.

2.2.1. Regulation of GCL catalytic subunit (GCLC)

2.2.1.1 Transcriptional regulation of GCLC: A change in GCL activity is responsible for
alteration in cell GSH in many conditions. Oxidative stress caused by a variety of agents and
drug-resistant tumor cell lines are two conditions associated with increased cell GSH levels,
GCL activity, GCLC mRNA levels and GCLC gene transcription (Mulcahy et al., 1994a;
Mulcahy etal., 1994b; Mulcahy et al., 1995a; Godwin et al., 1992; Ishikawa et al., 1996; Woods
etal., 1992; Shi et al., 1994; Liu et al., 1996; Yamane et al., 1998). While many of the above
treatments tend to induce both GCLC and GCLM expression, we have reported selective
induction of only the GCLC subunit at the transcriptional level when cultured rat hepatocytes
are treated with insulin, hydrocortisone, or by lowering the initial plating cell density (Lu and
Ge 1992a; Lu et al., 1992b; Cai et al., 1995; Cai et al., 1997). The physiologic significance of
the hormone effect was confirmed using in vivo models such as insulin-deficient diabetic or
adrenalectomized rats. Both exhibited lower hepatic GSH levels and GCL activity, which were
prevented with hormone replacement (Lu et al., 1992b). These hormones did not raise baseline
hepatic GSH levels or GCLC expression, instead they prevented the fall (Lu et al., 1992b).
However, a recent paper showed that dexamethasone administration increased the basal
expression of GCLC and GSH levels in the spiral ganglion of the mouse cochlea (Nagashima
and Ogita, 2006). Thus, glucocorticoids may exert different tissue-specific effects. With
regards to relevance to human situation, lower levels of GSH in the erythrocytes of diabetic
patients and increased susceptibility to oxidative stress of these cells have been reported
(Yoshida et al., 1995; Jain et al., 2000). Recently, Kim et al confirmed the effect of insulin on
GSH levels and GCLC expression in rat hepatocytes and found that of the signaling pathways
activated by insulin, PI3K/Akt/p70S6K are involved in mediating the effect while ERK, INK
and p38 MAPK are not (Kim et al., 2004). However, Li et al reported that insulin-mediated
up-regulation of GSH synthesis in cardiac myocytes required PI3K, MEK and p38 MAPK (Li
et al., 2003). Thus, different signaling pathways activated by insulin may be involved in
mediating the up-regulation of GSH synthesis in different cell types.
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Rapid hepatocyte growth is another condition that is associated with increased GSH levels and
GCLC expression. We first reported this when cultured hepatocytes were plated under low
density (Lu and Ge 1992a; Cai et al., 1997). Lowering the initial plating density of hepatocytes
effectively shifts adult rat hepatocytes from the Gy to G; phase of the cell cycle, analogous to
liver regeneration after PH or after cell death (Nakamura et al., 1983a; Nakamura et al.,
1983b). Consistent with our findings in cultured rat hepatocytes, a doubling of the hepatic GSH
level and an increase in the steady state mRNA levels of GCLC were noted at 12hr after 2/3
PH (Huang et al., 1998). Increased GSH levels and GCLC transcription and mRNA levels also
occur in human hepatocellular carcinoma (HCC) (Huang et al., 2000a). Since hepatocyte
growth factor (HGF) is the most potent mitogen known for hepatocytes (Zarnegar and
Michalopoulos, 1995), we investigated how HGF might influence GSH synthesis.
Interestingly, we found that HGF’s mitogenic effect depends on the cell density (Yang et al.,
2008). At subconfluent density, HGF acts as a mitogen, induced the expression of both GCL
subunits (although low density itself induced the expression of GCLC only) and increased GSH
levels. This increase in GSH was required for HGF’s mitogenic effect. HGF did not exert a
mitogenic effect at confluent cell density (Yang et al., 2008). It should be pointed out that HGF
only acts as a mitogen in vivo when there is loss of cell-cell contact such as following 2/3 PH
(Zarnegar and Michalopoulos, 1995). Taken together, our data suggest hepatic GCLC gene
expression is increased during rapid growth and since an increase in GCLC expression alone
can lead to increased GSH level, hepatocytes may express more GCLM than GCLC. This
notion is shared by others (Soltaninassab et al. 2000) but remains controversial, as the opposite,
namely that the liver expresses more GCLC than GCLM has also been reported (Krzywanski
et al., 2004; Chen et al., 2005; Lee et al., 2006). Still, how an increase in GCLC expression
alone can increase GCL activity and GSH level can’t be easily explained if GCLM is limiting.

Transforming growth factor-B1 (TGF-B1) has also been shown to regulate GSH synthesis at
the level of GCLC in different cell types (Jardine et al., 2002; Fu et al., 2008). TGF-plis a
pleiotropic cytokine elevated in many chronic inflammatory disorders and is implicated in the
pathogenesis of idiopathic pulmonary fibrosis and in liver fibrosis (Jardine et al., 2002; Fu et
al., 2008). In type Il alveolar epithelial cells, TGF-B1 was found to inhibit the expression of
GCLC (Jardine et al., 2002). Likewise, TGF-B1 suppressed the expression of GCLC (no effect
on GCLM) and lowered GSH levels in rat hepatic stellate cells (HSCs), which facilitated
fibrogenesis (Fu et al., 2008). Interestingly, (—)-epigallocatechin-3-gallate (EGCG), the major
constituent of green tea that has potent antioxidant action, was shown to block the inhibitory
effect of TGF-B1 on GCLC expression and GSH levels in HSCs and TGF-B1-induced HSC
activation (Fu etal., 2008). This may be an important mechanism of EGCG’s antifibrotic effect.

Inaddition to above, several other conditions are also known to influence the steady state GCLC
MRNA level. These include treatments with several anti-oxidants such as butylated
hydroxyanisole (Eaton and Hamel, 1994; Borroz et al., 1994), 5,10-dihydroindeno[1,2-b]
indole and tert-butyl hydroquinone (TBH) (Liu 1994 and 1996, Yang et al., 2002), zinc (Ha et
al., 2006), melatonin (Urata et al., 1999), curcumin (Zheng et al., 2007), formation of Michael
reaction acceptors (containing an electrophilic electron-deficient center that is susceptible to
nucleophilic attack) by treatment with diethyl maleate (DEM) or phorone to produce GSH
conjugates (Borroz et al., 1994; Cai et al., 1997), and lipid peroxidation products such as 4-
hydroxynonenal (HNE) and 15-deoxy-+12-14-prostaglandin J, (15d-PGJ,) (lles and Liu,
2005; Zhang et al., 2007; Chen et al., 2006; Lim et al., 2004). HNE is one of the major end
products of lipid peroxidation and deserves special mention. It is present in normal human
plasma at concentrations ranging from 0.1uM to 1.4uM and this can increase to over 10 times
higher during oxidative stress in vivo (Zhang et al., 2007). Recently HNE has been shown to
induce GCLC with concentrations found in human plasma, suggesting that the “basal” GCLC
expression is under regulation by products of lipid peroxidation (Zhang et al., 2007). Inducers
of Phase Il detoxifying enzymes such as B-naphthoflavone (B-NF) also transcriptionally
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activate GCLC (Mulcahy et al., 1997). Increased GCLC mRNA levels have also been reported
in response to heat shock (Kondo et al., 1993). Cysteine deprivation has also been shown to
induce GCLC expression (Lee etal., 2006). Thus, GCLC gene expression is up-regulated under
conditions where increased cellular defense is necessary.

Many studies have focused on transcriptional regulation of GCLC at the promoter level. The
5'-flanking regions of human, rat, and mouse GCL subunits have all been cloned (Mulcahy
and Gipp, 1995b; Mulcahy et al., 1997; Galloway et al., 1997; Moinova and Mulcahy, 1998;
Hudson and Kavanagh, 2000; Yang et al., 2001; Solis et al., 2002; Yang et al., 2005b).
Consensus NFxB, Sp-1, AP-1, activator protein-2 (AP-2), metal response (MRE), and
antioxidant response (ARE)/electrophile responsive (EpRE) elements have been identified in
the human GCLC promoter. Many studies have identified a proximal AP-1 element (—263 to
—269) to be critical in mediating the effect of oxidative stress-induced increase in human GCLC
transcription (Morales et al., 1997; Morales et al., 1998; Rahman et al., 1996; Rahman et al.,
1998; Sekhar et al., 1997b). On the other hand, Mulcahy et al described a critical distal ARE
element (ARE4), located ~ 3.1kb upstream of the transcriptional start site, which mediated
constitutive and B-NF inducible expression in HepG2 cells (Mulcahy et al., 1997). They
showed that the transcription factor Nrf2, possibly in complexes with other Jun or Maf proteins,
was responsible for trans-activating the human GCLC promoter via binding to ARE4 in
response to B-NF, pyrrolidine dithiocarbamate, and TBH (Wild et al., 1999; Erickson et al.,
2002). While treatment of hepatocytes with phenolic antioxidants induce binding of Nrf2/
JunD/Maf to human GCLC’s ARE4 to trans-activate the gene, it appears that TGF-p1 treatment
in type Il alveolar cells induced binding of Fra-1/c-Jun dimer to the internal AP-1 sequence of
the ARE4 site and suppressed GCLC expression (Jardine et al., 2002). Thus, depending on the
make up of the transcription factors bound to the cis-acting element, opposite effects may be
observed. In the case of HNE, the molecular mechanism appears to be species-specific and is
dependent on the dose used (lles and Liu, 2005; Zhang et al., 2007). Thus, with pathologic
HNE concentrations (10uM and higher) for rat GCLC, ERK activation was required for the
HNE-mediated induction but for human GCLC, JNK activation was essential and Nrf2 was
not required (lles and Liu, 2005). However, with physiologic HNE concentrations, induction
of GCLC required Nrf2 signaling (Zhang et al., 2007). Interestingly, the 1.8 kb 5'-flanking
region of the rat GCLC does not contain any consensus ARE element (5-G/ATG/TAG/
CNNNGCA/G-3') (Erickson et al., 2002), but the reporter activity driven by a recombinant rat
GCLC-luciferase construct is induced by TBH (Yang et al., 2005a). In trying to elucidate how
TBH induces the rat GCLC promoter activity, we uncovered interesting interactions between
Nrfl and Nrf2 with AP-1 and NF«B family members (Yang et al., 2005a).

Nrfl and Nrf2 are members of the cap ‘n’ collar-basic leucine zipper proteins (CNC-bZIP) that
can trans-activate ARE (Kwong et al., 1999; Jaiswal, 2004; Chan and Kwong, 2000). Nrf2 is
kept in the cytosol by Keapl under non-stressful conditions and undergoes proteosomal
degradation (Kensler et al, 2007). Upon recognition of signals imparted by oxidative and
electrophilic molecules, Nrf2 is released from Keapl, escapes proteosomal degradation and
translocates to the nucleus to induce genes involved in defense and survival (Kensler et al.,
2007). Although Nrfl is similar to Nrf2 structurally, Nrfl1’s activity is not controlled by Keapl
(Wang and Chan, 2006). Instead, Nrfl is primarily localized to the membrane of the
endoplasmic reticulum and is released and translocates to the nucleus during endoplasmic
reticulum stress (Wang and Chan, 2006). Nrfl1 knockout mice die in utero but fetal hepatocytes
and embryonal fibroblasts from these animals have lower GSH levels and are more susceptible
to oxidative stress (Kwong et al., 1999; Chen et al., 2003). Mice lacking Nrf2 also exhibit lower
GSH levels and are more susceptible to acetaminophen-induced liver injury (Chan et al.,
2001). Nrfl and Nrf2 knockouts have lower GCLC expression (Chan et al., 2001; Chen et al.,
2003) and overexpression of Nrfl and Nrf2 has been shown to induce the human GCLC
promoter activity (Myhrstad et al., 2001; Wild et al., 1999). Interestingly TBH also induces
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the expression of rat GCLC and the activity of the rat GCLC promoter even though the promoter
lacks ARE (Yang et al., 2001; Yang et al 2002). Instead AP-1 appears to be essential for TBH-
mediated induction of the rat GCLC gene (Yang et al., 2002). We examined whether Nrfl and
Nrf2 are important in the transcriptional regulation of the rat GCLC using Nrfl and Nrf2
knockout (F1 and F2) and wild-type (WT) fibroblasts and found that Nrf1 and Nrf2 are
important for the rat GCLC promoter activity despite absence of ARE. The mechanism involves
the dependence of key family members of AP-1 and NF«B on Nrfl and Nrf2 for their
expression (Yang et al., 2005a). The basal protein, mMRNA levels and nuclear binding activities
of c-Jun, c-Fos, p50 and p65 were lower in F1 and F2 cells and exhibited a blunted response
to TBH. Other AP-1 and NF«B family members were either unaffected (JunB, JunD) or
increased (Fra-1, JAB1, and c-Rel). Overexpression of Nrfl and Nrf2 restored the rat GCLC
promoter activity and response to TBH in F1 and F2 cells, respectively. However, this was
blocked if the AP-1 and NF«B binding sites are mutated. Fra-1 overexpression lowered
endogenous GCLC expression and rat GCLC promoter activity while Fra-1 antisense has the
opposite effects. Taken together, Nrfl and Nrf2 regulate rat GCLC promoter by modulating
the expression of key AP-1 and NFkB family members. These findings further illustrate the
complex cross-talks among the different families of transcription factors and suggest many of
the biological functions of the Nrf1 and Nrf2 may be related to their ability to modulate AP-1
and NF«B expression.

An area of controversy is the role of NFxB in modulation of the GCLC gene expression.
Oxidative stress induces NF«B activity and Urata et al showed blocking activation of NFkB
by anti-sense strategies prevented cytokines (TNFo and IL-1B)-induced increase in GCLC
transcription in mouse endothelial cells (Urata et al., 1996). We also showed blocking the
activation of NF«kB prevented the increase in GCLC mRNA level induced by buthionine
sulfoximine (BSO, an irreversible inhibitor of GCL) and TBH rat hepatocytes (Cai et al.,
1997). Iwanaga et al also implicated the NFkB consensus element, but not AP-1 or ARE, in
mediating the effect of ionizing radiation on GCLC expression in a human glioblastoma cell
line (Iwanaga et al., 1998). However, NFkB consensus element was shown not to be involved
in mediating the effect of TNFa, okadaic acid and ionizing radiation on human GCLC
expression in HepG2 cells (Morales et al., 1997; Morales et al., 1998; Sekhar et al., 1997b).
The explanation for these discrepant results is unclear and may reflect species and/or cell type
differences in mediating the effect of these agents on GCLC promoter. Our recent study using
the rat GCLC promoter revealed that NFkB is important in maintaining the basal expression
of GCLC and in mediating the effect of TNFa-mediated induction of GCLC in rat hepatocytes
(YYang et al., 2005b). NF«kB can act on a consensus element present at —378 of the rat GCLC
gene as well as induce the expression of AP-1 family member c-Jun to trans-activate AP-1
sites (Yang et al., 2005b). Thus, by acting directly and indirectly via inducing AP-1, NF«B is
important in the expression of rat GCLC and perhaps human GCLC as well.

Although ARE/EpRE, AP-1 and NFxB may be responsible for basal expression and induction
of GCLC by many of the pro- and anti-oxidants, recently c-Myc has been identified to also
contribute to the basal expression and induction of human GCL under oxidative stress (Benassi
et al., 2006). Thus, down-regulation of c-Myc lowered GSH while overexpression of c-Myc
increased GSH. Two noncanonical c-Myc binding sites (CACATG, E box) are present in the
human GCLC promoter at —559/-554 and —500/—495 and together with ARE4, are responsible
for H,0,-induced GCLC promoter activity (Benassi et al., 2006). The signaling pathway
activated by H,O» involves ERK-mediated phosphorylation and activation of c-Myc (Benassi
et al., 2006). Interestingly, an E-box motif has also been identified in the rat GCLC promoter,
but it is present in the region that negatively regulate the GCLC promoter in lung epithelial L2
cells (Cheng et al., 2005). USF1 and USF2, but not c-Myc, can bind to this E-box and
overexpression of either one can inhibit the promoter activity (Cheng et al., 2005). Given the
similarities in how the human and rat GCLC respond to oxidative stress, whether oxidative
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stress can increase c-Myc binding to this E-box and displace USF1/2 to activate rat GCLC
would be of interest.

2.2.1.2 Post-transcriptional requlation of GCLC: Post-transcriptional regulation includes
regulation of the mRNA stability and post-translational regulation. In addition to increased
gene transcription, DEM and 4-hydroxy-2-nonenal treatments have also been found to stabilize
the GCLC mRNA (Sekhar et al., 1997a; Liu et al., 1998). The molecular mechanism of this
effect remains unknown. Others and we have shown that GSH synthesis can be inhibited by
hormone-mediated activation of various signal transduction pathways (Lu et al., 1991; Estrela
et al., 1988) leading to an acute inhibition of GCL activity (Lu et al., 1991). Subsequent study
showed that GCLC is phosphorylated directly by activation of protein kinase A (PKA), protein
kinase C (PKC) or Ca2*-calmodulin kinase 11 (CMK) (Sun et al., 1996). Phosphorylation of
GCLC was also demonstrated in cultured hepatocytes after treatment with dibutyryl cAMP
(DBCAMP) or phenylephrine using specific antibodies which immunoprecipitated the
phosphorylated GCLC. Interestingly there was basal GCLC phosphorylation, which increased
when treated with DBCAMP or phenylephrine, suggesting GCLC may be under a basal
inhibitory tone (Sun et al., 1996). The demonstration of phosphorylation of GCL using cultured
hepatocytes suggests phosphorylation-dephosphorylation may be an important physiologic
regulator of GCL. Since many pathologic and toxic conditions result in sustained increase in
cytosolic free Ca2*, which can lead to activation of CMK and phosphorylation of GCLC,
theoretically, inhibition of GCL may further contribute to toxicity under these conditions. The
report by Lauterburg and Mitchell that toxic doses of acetaminophen administered in vivo
suppressed hepatic GSH synthesis in rats (Lauterburg and Mitchell, 1982) raises this
possibility.

Another post-translational regulation of GCLC is caspase 3-dependent cleavage that occurs
during some forms of apoptotic cell death (Franklin et al., 2002; Franklin et al., 2003). GCLC
was cleaved from the full-length 73 kDa to a 60 kDa form during apoptosis induced by TGF-
B1, TNFa and a-Fas (Franklin et al., 2003). Cleavage of GCLC occurs at Asp*9 within the
sequence AVVD#99G, which lies upstream of Cys®®3 that is thought to be important for
association with GCLM (Franklin etal., 2002). In the case of TGF-B1, decreased GCLC mRNA
together with cleavage of GCLC protein resulted in decreased GCL activity. GCLM protein
level was not affected during this process (Franklin et al., 2003).

2.2.2. Regulation of GCL modifier subunit (GCLM)—As stated above, the light subunit
of GCL plays a critical regulatory role on the overall function of the enzyme (Huang et al.,
1993a; Huang et al., 1993b). Although the two GCL subunits are coordinately up-regulated by
many inducers of oxidative stress and treatment with antioxidants (Galloway et al., 1997,
Galloway et al., 1998; Moinova and Mulcahy, 1998; Moinova and Mulcahy, 1999; Wild et al.,
1999, Erickson et al., 2002; Yang et al., 2005b; Zheng et al., 2007), there are also examples
where the two subunits of GCL are differentially regulated. Gipp et al found no correlation
between the steady state mMRNA levels of the two GCL subunits (Gipp et al., 1995). We have
shown that hormones and rapid growth transcriptionally activate only GCLC in hepatocytes
(Caietal., 1995; Caietal., 1997; Huang et al., 1998, Huang et al, 2000b). Interestingly, thyroid
hormone was reported to preferentially induce GCLM in astrocytes (Dasgupta et al, 2007)
although the mechanism is not clear. Cysteine deprivation induces GCLM expression in
hepatocytes, which was thought to facilitate holoenzyme formation and improve enzyme
efficiency (Leeetal., 2006). Similar to their findings with the human GCLC promoter, Mulcahy
and colleagues demonstrated that up-regulation of the human GCLM by B-NF involved binding
of Nrf2 (possibly in complexes with other Jun or Maf proteins as in GCLC) to a functional
ARE/EpRE site located at —302 of the human GCLM (Moinova and Mulcahy, 1999; Wild et
al., 1999). However, Galloway and McLellan found that while an AP-1 site at —340 of human
GCLM modulated basal expression of GCLM, neither the AP-1 site nor the ARE/EpRE site
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at —302 was involved in mediating the up-regulation of GCLM by TBH (Galloway et al.,
1998). The reasons for these discrepancies are unclear although a follow-up study from
Erickson et al attributed the discrepant results to a lack of functional consequence in the ARE
mutant used by Galloway and McLellan (Erickson et al., 2002). Lipid peroxidation products
like HNE and 15d-PGJ, also induce GCLM although the signaling pathways appear to differ
with pathological levels of HNE (Iles and Liu, 2005). With physiological HNE concentrations,
Nrf2 signaling is required for GCLM induction (Zhang et al., 2007). Nrf2 is also required for
GCLM induction by 15d-PGJ, (Chen et al., 2006). Similar to GCLC, c-Myc also induced the
human GCLM promoter activity under H,O,-induced stress (Benassia et al., 2006). There is
a critical c-Myc-binding E-box at —1609/—1604 of the human GCLM promoter that in
conjunction with the proximal ARE, mediate the full induction of the GCLM promoter when
treated with H,O, (Benassia et al., 2006). Mutation of either of these sites (E box or ARE)
resulted in loss of activity. Transcription factors and cis-acting elements important for mouse
and rat GCLM genes are similar to the human gene. Fibroblast cells derived from Nrfl and
Nrf2 knockout mice have lower GSH levels and reduced basal expression of GCLM (Kwong
etal., 1999; Yang et al., 2005a). The rat GCLM promoter also has a functional ARE element
(295 to —285) (Yang etal., 2005b). This ARE element is important for basal promoter activity
as well as TNFa-mediated induction of rat GCLM (Yang et al., 2005). AP-1, NF«B and Nrf2
are all positive regulators of the rat GCLM gene and are induced by TNFa treatment (Yang et
al., 2005b). Although the rat GCLM promoter lacks NF«kB binding site, NFxB can indirectly
enhance GCLM expression by activating AP-1 (Yang et al., 2005b). Not all inducers of
oxidative stress induce GCLM. Ethanol and TGF-1 treatments are known to induce oxidative
stress, but GLCM expression was not increased (Lu et al., 1999b; Fu et al., 2008). The reason
for this discordance is not clear and may depend partly on the relative expression of the two
subunits in a given cell/tissue. Clearly, these findings point out there are important differences
in the regulation of these two GCL subunits.

Post-transcriptional regulation of GCLM has been described with HNE, which increased the
stability of GCLM mRNA by a mechanism that required de novo protein synthesis (Liu et al.,
1998). This is different from its action on the GCLC mRNA stability, which did not require
protein synthesis (see above). The molecular mechanisms underlying these differences remain
to be elucidated.

2.3. Regulation of glutathione synthase (GS)

While much is known about GCL regulation, little attention has been paid to GS. The gene
encoding GS was cloned in 1995 (Huang et al., 1995) but its transcriptional regulation has only
been characterized recently after cloning of the rat and human GS promoters (Yang et al.,
2002; Lee et al., 2005). 1,10-phenanthroline, a metal chelating agent, was reported to induce
GS expression but the mechanism was not examined (Sun, 1997). Treatment of rats with
monocrotaline, a pyrrolizidine alkaloid, was also shown to increase the activity of GS to a
comparable level as that of GCL (Yan and Huxtable, 1996). Interestingly, Choi and colleagues
described decreased hepatic GSH levels, which correlated with a fall in GS activity in Tat
transgenic mice (Choi et al., 2000). In this model, there was no change in the GCLC protein
level or GCL activity when measured under saturating substrate conditions. A decrease in the
activity of GS alone without a change in GCL and a fall in muscle GSH levels were also
described after surgical trauma in human skeletal muscle (Luo, et al., 1998). If GCL is rate-
limiting, how can a change in GS activity influence the steady state GSH level? Although the
specific activity of GS is normally 2 to 4 times that of GCL activity in normal liver (Lu et al.,
1992b, Lu et al., 1999c), this may not be the case in other tissues. In fact, in normal human
skeletal muscle, the specific activity of GS is only 36% higher than that of GCL (Luo et al.,
1998). Surgical trauma selectively reduced GS activity, which probably became rate-limiting
(Luo, et al., 1998). Collectively these results suggest regulation of GS has been overlooked
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and may be just as important in determining the overall GSH synthetic capacity as GCL under
certain conditions and in non-hepatic tissues.

Using treatments that are known to influence the hepatic GCL subunit expression, we found
that treatments that increase the expression of both subunits also increased the expression of
GS (Huang et al., 2000b, Yang et al., 2005b; Yang et al., 2008). Thus, DEM, BSO, TBH,
TNFo and HGF treatment of rat hepatocytes and thioacetamide treatment of rats increased the
expression of GS to a comparable level as previously observed with GCL subunits (Huang et
al., 2000b; Yang et al. 2002; Yang et al., 2005b; Yang et al., 2008). In contrast, treatments that
increase the expression of the heavy subunit alone such as insulin, hydrocortisone in cultured
hepatocytes and ethanol feeding in vivo, had no influence on the expression of GS. There are
some exceptions to this, one is liver regeneration after PH and the other is HCC. GS mRNA
level increased in parallel to that of GCLC in both liver regeneration after PH and in human
HCC (Huang et al., 2000a; Huang et al., 2000b). It is conceivable that when GCL is induced
tremendously, the step catalyzed by GS may become limiting. A coordinated induction in the
activity of both enzymes would facilitate the cell’s ability to increase GSH production. The
issue is whether the induction in GS can contribute to the increase in the capacity to synthesize
GSH. We compared how treatments that increase only the expression of GCLC versus those
that increase the expression of both GCLC and GS affect the capacity to synthesize GSH.
Interestingly, treatment with insulin, hydrocortisone and ethanol, which induced only GCLC,
increased the GSH synthesis capacity by 50 to 100% at the most (Lu et al., 1992b; Lu et al.,
1999b). Treatment with thioacetamide and 2/3 partial hepatectomy in rats, which induced both
GCLC and GS expression, increased the GSH synthesis capacity by 161-200% (Huang et al.,
1998, Lu et al., 1999c). This supports the notion that increased GS expression can further
enhance the capacity to synthesize GSH.

Another example where GCLC and GS are coordinately regulated but GCLM is unchanged is
found in liver-specific retinoid X receptor o (RXRa) knockout mice (Wu et al., 2004). RXR
are members of the nuclear receptor family that regulate diverse developmental and
physiological processes by binding to DNA response elements and modulating transcriptional
activity (Wan et al., 2000). RXR are unique in their ability to form both homodimer and
heterodimer to bind DNA. Different binding partner of RXR gives rise to a different DNA-
binding specificity of the heterodimer, which in turn modulates distinct set of gene expression.
Three distinct RXR genes (RXR a, B and y) have been characterized in vertebrates and
RXRa is the most abundant isotype in the liver. Prompted by report that RXRa is important
in liver regeneration (Imai et al., 2001), we examined changes in GSH homeostasis in mice
with liver specific RXRa deletion (Wu et el., 2004). We found that hepatic GSH levels were
50% lower in the RXRa null mice. This is due to impairment in GSH synthetic capacity (40%
lower) and not precursor limitation (cysteine levels were unchanged). The mRNA levels of
GCLC and GS were both lower (50% and 30%, respectively) while mRNA levels of GCLM
were unchanged. These animals are more prone to develop ethanol-induced liver injury, which
may be at least partly due to these changes. How RXRa regulates GCLC and GS remains to
be elucidated.

Recent cloning of the rat and human GS promoters has allowed us to investigate molecular
mechanisms of GS transcriptional regulation. The rat GS promoter contains functional AP-1
sites, some of which act as enhancers. It also contains a functional NF1 site that acts as a
repressor (Yang et al., 2002). Basal expression of the rat GS gene in hepatocytes requires AP-1
and NF«B (Yang et al., 2002; Yang et al., 2005b). AP-1 is required for TBH-induced GS
expression (Yang et al., 2002) and both AP-1 and NF«B are required for TNFa to induce GS
(Yang et al., 2005b). Nrfl is required for basal expression of GS in the mouse (Kwong et al.,
1999) and Nrfl and Nrf2 overexpression induced the human GS promoter activity (Lee et al.,
2005). The cloned human GS promoter contains two regions with homology to the NFE2
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(nuclear factor erythroid 2) motif that are required for basal activity as mutation of these sites
reduced the human GS promoter activity by 66% (Lee et al., 2005). Nrfl and c-Jun binds to
both sites while Nrf2 binds only to the distal NFE2 site. Thus, similar to human GCL subunits,
Nrfl and Nrf2 are important transcriptional regulators of the human GS gene. Recently,
Nefedova et al. reported that all-trans retinoic acid (ATRA), which works via RXR, induced
the expression of GS selectively (no effect on GCLC or GCLM) and GSH levels in myeloid-
derived suppressor cells (Nefedova et al., 2007). ATRA treatment for 48 hours also increased
GSH levels in mononuclear cells isolated from patients with metastatic renal cell carcinoma,
although whether GS expression was increased was not examined (Nefedova et al., 2007).
ATRA failed to exert an effect on the GS promoter and had no effect on Nrf2 or NFkxB
expression. However, the effect of ATRA on GS expression was blocked if ERK1/2 was
inhibited (Nefedova et al., 2007). Detailed signaling mechanism still remains to be elucidated.
Post-transcriptional regulation of GS has not been reported.

3. Dysregulation of GSH synthesis in aging and disease

3.1. Aging

Although many conditions are known to be associated with low GSH levels (such as
Parkinson’s, HIV/AIDs, cystic fibrosis) (Townsend et al., 2003), not too many have been
shown to be associated with a fall in GCL activity and/or GCL expression. Polymorphism of
GCL subunits has received increasing attention. GCLC polymorphism has been shown to be
associated with decreased GCLC expression in a patient with hemolytic anemia (Beutler et al.,
1999), GSH levels and drug resistance among tumor cell lines (Walsh et al., 2001), decreased
GCL activity and GSH levels in patients with schizophrenia (Gysin et al., 2007). GCLM
polymorphism has been associated with impairment of NO-mediated coronary vasomotor
function and risk of myocardial infarction (Nakamura et al., 2002; Nakamura et al., 2003).
Whether these polymorphisms affect other diseases remain to be determined. The following
discusses only conditions associated with a change in GCL activity and/or GCL expression
that’s not known to be due to polymorphism.

Liu and coworkers have systematically evaluated the effect of aging in rodents on GSH
homeostasis in different tissues and found that GSH level falls in all tissues with age, due to a
corresponding fall in GCL and GS gene expression (no change in GGT, GSH reductase
expression, cysteine availability or GSSG as an indicator of oxidative stress) (Wang et al.,
2003; Liuetal., 2004). Although aging is associated with a fall in GSH content in both genders,
male mice had more dramatic fall in GSH levels and GCL mRNA levels in many tissues (Wang
et al., 2003). Exogenous estrogen increased GCL, GS expression and increased GSH levels in
livers of both male and female mice, but it had no effect in other tissues such as heart and brain
(Liu et al., 2004). Taken together, these findings suggest that the age-dependent fall in GSH
may contribute to many of the age-associated diseases. How aging affects the expression of
GCL and GS at the molecular level remains largely unclear.

3.2. Diabetes mellitus

As discussed above under transcriptional regulation of GCLC, insulin deficiency lowers the
expression of GCLC and reduced GSH content in erythrocytes of diabetic patients have been
reported. High glucose by itself was also shown to reduce GCLC transcription in mouse
endothelial cells (Urata et al., 1996). Recently, Masahiro et al showed that chronic
hyperglycemia resulted in enhanced apoptosis in human brain endothelial cells, which was
attenuated by insulin (Masahiro et al., 2006). This was related to insulin’s ability to induce
GCLC expression (GCLM was unchanged as in hepatocytes). This required PI3K/Akt/mTOR
signaling and it resulted in nuclear translocation of Nrf2 (Masahiro et al., 2006). Taken together,
these findings support the notion that decreased GCLC expression due to hyperglycemia and
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insulin deficiency can lead to decreased GSH levels that impair antioxidant defense. An
important action of insulin is to increase the expression of GCLC.

3.3. Cholestasis

Cholestatic liver disease is a major cause of morbidity and mortality. Retention of toxic bile
acids is believed to be a major mechanism for cell toxicity (Neuschwander-Tetri et al., 1996;
Tan etal., 2007). Chronic retention of toxic bile acids can cause oxidative stress, apoptosis and
fibrosis leading to cirrhosis. Although there is conflicting data, many groups showed a fall in
GSH level in either livers of animals subjected to experimental cholestasis or hepatocytes
treated with toxic bile acids (Neuschwander-Tetri et al., 1996; Montilla et al., 2000; Gumpricht,
et al., 2000; Serviddio et al., 2004; Ebrahimkhani, et al., 2005; Demirbilek et al., 2006; Reyes-
Gordillo, et al., 2007). This can further jeopardize antioxidant defense and contribute to injury.
Some (Neuschwander-Tetri et al., 1996; Serviddio et al., 2004) but not others (Gumpricht, et
al., 2000) showed a fall in GCL activity. One paper reported a fall in both GCLC and GCLM
mRNA levels (Serviddio et al., 2004). Interestingly, ursodeoxycholic acid, the only treatment
approved by the Food and Drug Administration for the treatment of primary biliary cirrhosis,
a chronic cholestatic disorder, was shown to prevent the fall in GCL expression during chronic
cholestasis (Serviddio et al., 2004) and increase GCL expression in cultured rat hepatocytes
(Mitsuyoshi et al., 1999). The molecular mechanisms for changes in GCL expression during
cholestasis or in response to ursodeoxycholic acid treatment remain unknown.

3.4. Endotoxemia

Lipopolysaccharide (LPS) is a major component of the outer membrane of all gram-negative
bacteria that can trigger the synthesis and release of pro-inflammatory cytokines such as
TNFa, interleukin 1p (IL-1B), and inducible nitric oxide synthase (iNOS) (Zhang et al.,
2000; Su, 2002). Liver plays a central role in the clearing of gut-derived LPS (Su, 2002). Indeed,
endotoxemia frequently occurs in patients with liver cirrhosis and the degree of endotoxemia
correlates directly with the degree of liver failure (Su, 2002). Endotoxemia is also believed to
participate in the pathogenesis of many liver diseases including alcoholic liver disease and non-
alcoholic steatohepatitis (Su, 2002; Yang et al., 1997). GSH is an important variable that
determines susceptibility to LPS-induced liver injury (Payabvash et al., 2006; Sun et al,
2006). In animal models, endotoxemia is known to lower GSH levels in the liver (Jaeschke,
1992; Payabvash et al., 2006) and in peritoneal macrophages and lymphocytes (Victor and De
La Fuente, 2003). This occurs also in patients hospitalized for sepsis as lower blood
GSH:GSSG ratios have been reported (Németh and Boda, 2001). Exogenous GSH suppressed
LPS-induced systemic inflammatory response and reduced mortality (Sun et al., 2006). The
molecular mechanism of GSH’s protective effect may have to do with its ability to influence
toll like receptor 4 (TLR 4) signaling. Thus, low GSH level potentiated LPS-induced mortality
and TNFa secretion. This was demonstrated using Nrf2—/— mice and N-acetylcysteine
administration prevented these changes (Thimmulappa et al., 2006). The fall in GSH is
multifactorial. Part of it is secondary to oxidative stress, which is well documented to occur
during endotoxemia (Zhang et al., 2000). However, one study (Payabvash et al., 2006) showed
that a major part of hepatic GSH depletion during endotoxemia is a fall in GCL activity, which
as associated with a fall in GCLC mRNA level. In support for this is that a cysteine prodrug
was unable to prevent the fall. On the other hand, nitric oxide (NO) inhibitor (both non-specific
and iNOS specific) ameliorated the fall in GSH (Payabvash et al., 2006). This would suggest
that hepatic GCLC expression is inhibited by an increased in NO level. However, the effect of
NO on GCL expression is mixed and depends on cell type. In rat hepatocytes, NO exerted no
influence on the basal GSH level or GCL expression but was involved in up-regulating GCL
expression in response to IL-1 (Kuo et al., 1996). Also, treatment of rat aortic vascular smooth
muscle cells with NO at physiological concentrations resulted in increased cell GSH level and
expression of both GCL subunits (Moellering et al., 1998). These results appear to contradict
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finding reported in vivo (Payabvash et al., 2006). Suffice to say, the molecular mechanism of
how GCL expression falls during endotoxemia and whether NO regulates GCL expression in
vivo remain largely unknown.

3.5. Alcoholic liver disease

Patients with alcoholic liver disease are known to have low hepatic and plasma GSH levels
(Vendemiale et al., 1989; Tsukamoto and Lu 2001; Lee et al., 2004). The reason for this is
multi-factorial. Oxidative stress is one of the reasons that deplete GSH. Another is cysteine
availability, which can be limited due to nutritional deficiency and multiple abnormalities of
the methionine metabolic pathway that include reduced activities in MAT and trans-sulfuration
enzymes (Tsukamoto and Lu, 2001). We reported that in addition to these abnormalities,
patients hospitalized for alcoholic hepatitis have a 50% fall in the steady state hepatic mMRNA
levels of GCLC and GS (no change in GCLM) (Lee et al., 2004). The mechanism for this is
unclear but given that GSH is required for normal lymphocyte function (Hamilos et al.,
1989; Hartl et al., 2005), these abnormalities may further contribute to the high morbidity and
mortality of this disorder.

3.6. Cancer and drug-resistant tumors

Resistance to commonly used alkylating agents or platinum chemotherapeutic drugs is often
multifactorial, involving altered drug transport, biotransformation and enhanced detoxification
capacity (Lu, 1999a). Increased GSH levels and GCL expression occur in many tumors and
have been implicated to confer drug and/or radiation resistance to tumors of ovarian, lung,
prostate and colorectal origins (Lu, 1999a). We also found that GSH levels are higher in human
liver cancer (Huang et al., 2000a). This was due to increased GCLC and GS (GCLM was
unchanged) expression at the transcriptional level (Huang et al., 2000a). The increase in cell
GSH is a major contributing factor to drug resistance by binding to or reacting with drugs,
interacting with reactive oxygen moieties, preventing damage to proteins or DNA, or by
participating in DNA repair processes. In most studies, GCLC is induced in resistant tumors
and whether GCLM is affected is controversial. MRP (human multidrug resistance protein), a
member of the superfamily of ATP-binding cassette membrane transporters, can confer
resistance to multiple classes of chemotherapeutic agents (Kuo et al., 1998; Oguri et al.,
1998). Several studies have shown coordinated overexpression of GCLC and MRP in drug-
resistant tumor cell lines, in human colorectal tumors and in human lung cancer specimens
after platinum drug exposure (Kuo et al., 1998; Oguri et al., 1998). In contrast, no correlation
was found between MRP and GCLM expression (Kuo et al., 1998). In some of these cancers,
increased GCLC expression is associated with increased AP-1 (Yao et al., 1995; Huang et al.,
2000a). The importance of GSH in cancer treatment is best illustrated by the fact that BSO,
the irreversible inhibitor of GCL, is now often used as an adjuvant chemotherapeutic agent to
sensitize tumor cells to the effects of chemotherapy (Reber et al., 1998; Alessio et al., 2004).

3.7. Other conditions

Many other conditions are also associated with dysregulated GSH synthesis. This includes
uremia (Alhamdani, 2005), neurodegenerative diseases (Liu, et al., 2004), and pulmonary
fibrosis (Walters et al., 2008). A fall in GCL activity has been reported in some of them. While
much has been learned about what up-regulates GCL expression, we remain largely in the dark
about what down-regulates GCL, especially in disease states.

4. Summary and future directions

Since the importance of GSH and its synthetic enzymes was realized more than half a century
ago, much has been learned about how GSH synthesis is regulated. Studies in the past 15 years
have elucidated the molecular signaling pathways that regulate GCL expression. Key cis-acting
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elements and transcription factors have been identified that are responsible for the induction
of GCL under oxidative stress, treatment with anti-oxidants and insulin. Many acute and
chronic diseases have associated GSH synthesis dysregulation and reduced expression of GCL
and GS but the molecular mechanisms remain largely unknown. Polymorphism of GCL
subunits has been reported in a handle of diseases and whether their effects are more generalized
are unknown. Areas of future investigation should include identification and confirmation of
GCL subunit polymorphisms in chronic diseases associated with oxidative stress and
elucidation of the molecular mechanisms responsible for reduced GCL and GS expression in
various disease states. Identifying these mechanisms may lead to development of therapies
directed at either preventing or correcting these abnormalities. Ultimately, the goal is to
translate these findings to prevent complications that can result from altered GSH synthesis.
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Fig. 1.
Structure of GSH or y-glutamylcysteinyl glycine, where the N-terminal glutamate and cysteine
are linked by the y-carboxyl group of glutamate.
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X + y-Glu-CySH-Gly

GSH S-transferase

y-Glu-Cy?-Gly
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v-glutamyltranspeptidase
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X

Gl r/l Dipeptidase

CyS-X
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N-acetyl-Cys-X (mercapturic acid)

Fig. 2.

Detoxifying action of GSH through the mercapturic pathway. X is a compound with an
electrophilic center that can form GSH conjugate in a reaction catalyzed by GSH S-transferase.
The y-glutamyl moiety is then cleaved by y-glutamyltranspeptidase, releasing the cysteinyl-
glycine conjugate. This is further broken down by dipeptidase, resulting in the formation of
the cysteinyl conjugate. This is followed by N-acetylation of the cysteine conjugate catalyzed
by N-acetylase, forming a mercapturic acid.
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Fig. 3.

GSH is an important antioxidant. Hydrogen peroxide, generated as a result of aerobic
metabolism, can be metabolized by GSH peroxidase in the cytosol and mitochondria, and by
catalase in the peroxisome. GSSG that is formed is reduced back to GSH by GSSG reductase
at the expense of NADPH, thereby forming a redox cycle. Organic peroxides (ROOH) can be
reduced by either GSH peroxidase or GSH S-transferase. Under severe oxidative stress, the
ability of the cell to reduce GSSG to GSH may be overcome, leading to an accumulation of
GSSG. To avoid a shift in the redox equilibrium, GSSG can either be actively transported out
of the cell or react with a protein sulfhydryl (PSH) to form a mixed disulfide (PSSG).
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GSH as cysteine storage via the y-glutamyl cycle. The y-glutamyl cycle utilize GSH as a
continuous source of cysteine. Cysteine is taken up readily by most cells and once it enters the
cell, most of it is incorporated into GSH while the rest is incorporated into newly synthesized
proteins and/or broken down into sulfate and taurine. GSH is exported from the cell and the
ecto-enzyme GGT then transfers the y-glutamyl moiety of GSH to an amino acid (the best
acceptor being cystine), forming y-glutamyl amino acid and cysteinylglycine. The y-glutamyl
amino acid can then be transported back into the cell to complete the cycle. Once inside the
cell, the y-glutamyl amino acid can be further metabolized to release the amino acid and 5-
oxoproline, which can be converted to glutamate. Cysteinylglycine is broken down by
dipeptidase (DP) to generate cysteine and glycine, which are then transported back into the
cell to be reincorporated into GSH.
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Fig. 5.

Hepatic methionine metabolism and GSH synthesis. Up to half of the daily intake of methionine
(Met) is catabolized to S-adenosylmethionine (SAMe) in the liver in a reaction catalyzed by
methionine adenosyltransferase (MAT). SAMe is the link to three key metabolic pathways -
polyamine synthesis, transmethylation and transsulfuration. Polyamine synthesis is required
for cell growth and here SAMe is decarboxylated and the remaining propylamino moiety is
donated to putrescine and spermidine. In transmethylation, SAMe donates its methyl group to
a large variety of acceptor molecules in reactions catalyzed by methyltransferases (MTs). S-
adenosylhomocysteine (SAH), generated as a result of transmethylation, is a potent inhibitor
of all transmethylation reactions. Hydrolysis of SAH to homocysteine (Hcy) and adenosine is
through a reversible reaction catalyzed by SAH hydrolase, whose thermodynamics favors
biosynthesis rather than hydrolysis. In vivo this reaction proceeds as hydrolysis because the
products Hcy and adenosine are promptly removed. Hey can be remethylated to form
methionine via methionine synthase (MS), which requires folate and vitamin B4, and betaine
homocysteine methyltransferase (BHMT), which requires betaine. MS-mediated
homocysteine remethylation requires 5-methyltetrahydrofolate (5-MTHF), which is generated
from 5,10-methylenetetrahydrofolate (5,10-MTHF) in a reaction catalyzed by
methylenetetrahydrofolate reductase. 5-MTHF is then converted to tetrahydrofolate (THF) as
it donates its methyl group and THF is converted back to 5,10-MTHF. In trans-sulfuration,
Hcy is converted to cysteine (Cys), the rate-limiting precursor for GSH, via a two-step
enzymatic process catalyzed by cystathionine B-synthase (CBS) and cystathionase, both
requiring vitamin Bg. Cys is then converted to GSH. The trans-sulfuration pathway is
particularly active in the liver and allows methionine and SAMe to be effectively utilized as
GSH precursor.
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