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SUMMARY
Reactive oxygen species (ROS) have been implicated in many pathological
situations, from complications of oxygen therapy in preterm infants to diseases in
adult medicine, including hypertension. Glutathione (GSH) is one of the most
important endogenous antioxidants in the cell. Its synthesis is dependent on the
activity of the rate-limiting enzyme, γ-glutamylcysteine synthetase (GCS), and
the availability of the substrate, cysteine, which is either derived from the diet or
protein catabolism, or synthesized from methionine in the liver by the
transsulfuration pathway.

The present study was designed to investigate the ability of the premature
neonate to synthesize glutathione, and to generate cysteine through the
transsulfuration pathway. To this end, the expression of GCS in human tissues
relevant to neonatal oxidative injury as well as the hepatic expression of two
forms of cystathionine γ-lyase (CGL), the last enzyme of the transsulfuration
pathway, were studied during development. Moreover, the ability of the two
mRNA isoforms to code for active enzyme was assessed. The role of glutathione
in hypertension was studied in a genetic animal model of hypertension, the
spontaneously hypertensive rat (SHR).

The mRNA expression and enzyme activity of GCS were studied in lung, liver
and kidney tissue, and CGL in liver tissue derived from abortions, neonatal
autopsies or transplantations. The ability of the two CGL mRNA forms to code
for active enzyme was investigated by transfecting the corresponding cDNAs into
eukaryotic cells. The activity of GCS and three other enzymes involved in GSH
metabolism, glutathione peroxidase (GPx), glutathione reductase (GR) and
glucose-6-phosphate dehydrogenase (G6PDH) were measured in the kidney,
myocardium and liver of SHR and its normotensive control strain, Wistar-Kyoto
(WKY).

GCS was expressed and active in all tissues studied from early 2nd trimester.
Strong mRNA expression of both CGL isoforms was detected from the 19th
gestational week onwards, while enzyme activity was detected only in adult liver.
Only the longer CGL isoform was enzymatically active in transfected cells. In the
kidney of SHR, nitric oxide synthase (NOS) inhibition caused a decrease in GCS
activity, which was further augmented by a high sodium intake.

In conclusion, GCS appears to be fully functional from early stages of
development in tissues studied implying that GCS does not limit GSH synthesis
in preterm neonates. However, as CGL activity is absent from fetal and neonatal
liver, insufficient synthesis of cysteine may account for low GSH levels in
premature infants. In an experimental animal model of hypertension, NOS
inhibition down-regulates GSH synthesis, which may aggravate hypertensive
kidney injury.
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INTRODUCTION
Reactive oxygen and nitrogen species (ROS and RNS, respectively)  are
implicated in many pathological situations. These range from clinical
complications of premature infants related to oxygen therapy, such as chronic
lung disease, to problems in adult medicine, such as cardiovascular diseases.
While ROS and RNS are produced even in normal cellular metabolism, their
production in pathophysiological situations exceeds the capacity of the cell to
provide defense against their damaging effects. Thus the balance between ROS
production and the antioxidant defense is critical in determining the extent of the
damage caused by these highly reactive molecules.

Glutathione (γ-glutamylcysteinylglycine, GSH) is one of the most important
antioxidants present in the cell. It has a number of other functions, such as
detoxification of xenobiotics, regulation of the redox-state of sulfhydryl groups
of proteins, as well as participation in DNA, protein, and leukotriene synthesis.
Cells synthesize GSH by two ATP-dependent enzymes, γ-glutamylcysteine
synthetase (GCS), and glutathione synthetase. GCS is the rate-limiting enzyme
and it is feed-back inhibited by GSH. GCS is also regulated by ROS and RNS.
The rate of GSH synthesis may also be limited by the availability of one of its
three precursor amino acids, cysteine, which is either provided in the diet or
synthesized in the liver from methionine in a metabolic pathway called
transsulfuration.

This series of studies were undertaken to elucidate the role of the enzymes
involved in glutathione synthesis during human development and in experimental
hypertension.
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REVIEW OF THE LITERATURE

Reactive oxygen and nitrogen species

Reactive oxygen and nitrogen species (ROS and RNS, respectively) include a
number of highly reactive molecules (Table 1). Some of these species are defined
as free radicals, any atom or molecule having an unpaired electron in its outer
orbit (Halliwell and Gutteridge 1989). Others, however, are not radicals but
nevertheless are active metabolites of oxygen and nitrogen. Examples of such
molecules are hydrogen peroxide (H2O2), which reacts with divalent cations in
the Fenton reaction, thereby forming the very reactive hydroxyl radical (OH·)
(Halliwell and Gutteridge 1989), and peroxynitrite (ONOO-), formed by the
reaction of superoxide (O2

·-) and nitric oxide (NO·).

Production

ROS are generated in the normal aerobic metabolism of cells in a variety of
reactions (Table 2). The main source of ROS is mitochondria, where oxygen is
reduced to water in the electron transport chain (Halliwell and Gutteridge 1989).
About 1% of the oxygen reduced by mitochondria is converted to O2

·- (Turrens
1997), at the level of NADH dehydrogenase (Turrens and Boveris 1980) or
coenzyme Q (Cadenas et al. 1977). Mitochondrial O2

·- can be further dismutated
to H2O2 (Fridovich and Freeman 1986). With regard to hyperoxic lung injury in
neonates, it is of interest to note that mitochondrial production of ROS is
increased in hyperoxia (Freeman and Crapo 1981).

Table 1. Reactive oxygen and nitrogen species

Reactive oxygen species (ROS) Reactive nitrogen species (RNS)
O2

·- superoxide NO· nitric oxide
OH· hydroxyl NO2 nitrogen dioxide
LOO· lipid peroxyl N2O3 dinitrogen trioxide
LO· lipid alkoxyl ONOO- peroxynitrite
H2O2 hydrogen peroxide ONOOH peroxynitrous acid
HOCl hypochlorous acid
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Table 2. Cellular sources of ROS

Source Localization
Electron transport system Mitochondria

NADPH oxidase Plasma membrane
Cyclo-oxygenases
Lipoxygenases

Xanthine oxidase Cytosol
Catecholamines
Riboflavin
Transition metals (Fe2+/3+, Cu1+/2+)

Oxidases Peroxisome

Nuclear membrane electron transport Endoplasmic reticulum
(cytochromes P-450, and b5)

Besides mitochondria, important cellular sites of ROS generation relevant to
the present study are membrane-bound NAD(P)H oxidases. NAD(P)H oxidases
generate large amounts of O2

·- in activated inflammatory cells (Rossi 1986), but
in vascular cells the enzyme responsible for NADPH oxidase-like activity
appears to be different and produces O2

·- in much smaller quantities (Mohazzab
et al. 1994). While the role of different ROS-generating systems in the
vasculature is far from clear, evidence suggests that NADPH oxidase-like activity
is a contributing source of ROS in endothelial cells (Mohazzab et al. 1994),
vascular smooth muscle cells (Griendling et al. 1994), and intact aortas
(Rajagopalan et al. 1996) in response to a variety of stimuli such as angiotensin II
and cytokines. This may have implications in hypertension, as angiotensin II is a
potent vasoconstrictor and some forms of hypertension are associated with
elevated levels of this peptide.

Nitric oxide is synthesized from L-arginine in a reaction catalyzed by the
enzyme nitric oxide synthase (NOS), which utilizes molecular oxygen and
NADPH as co-substrates (Griffith and Stuehr 1995). There are three isoforms of
this enzyme, type I (neuronal nitric oxide synthase, nNOS), type II (inducible
nitric oxide synthase, iNOS), and type III (endothelial nitric oxide synthase,
eNOS). Type I and III are referred to as the constitutive form (cNOS). These
isoforms are continuously present in the cell and they can be activated by Ca2+.
NOS I and NOS III generate low fluxes of NO·, whereas the Ca2+ independent
iNOS, originally discovered in cytokine-induced macrophages, is a high-output
enzyme induced by cytokines, LPS and other bacterial products. Although termed



11

as constitutive, NOS I and III are also subject to regulation. Expression is
enhanced by, for example, estrogens (NOS I and III), shear stress, TGF-β1, and
high glucose (NOS III) (Forstermann et al. 1998). Interestingly, under certain
circumstances NOS I (Pou et al. 1992) and NOS III (Vasquez-Vivar et al. 1998)
can generate O2

·-, which may have important implications in vascular diseases
characterized by endothelial dysfunction, such  as hypertension.

Cellular effects of ROS and RNS

ROS and RNS may cause peroxidation of lipids, denaturation of proteins and
damage to nuclear acids (Figure 1). Thus almost all cellular components can be
injured by them (Freeman and Crapo 1982). In cellular membranes, ROS cause
peroxidation of polyunsaturated fatty acids. This reaction is initiated by
abstraction of a hydrogen atom from the lipid molecule and is followed by
autocatalytic propagation, in which lipid hydroperoxides and lipid radicals are
formed. This cascade can be terminated by the reaction of two peroxyl radicals or
the reaction of a peroxyl radical with an antioxidant molecule. NO· can also
terminate a lipid peroxidation process by reacting with a peroxyl radical (Wink
and Mitchell 1998). However, in the presence of superoxide, nitric oxide forms
peroxynitrite, a powerful oxidant capable of initiating lipid peroxidation (Radi et
al. 1991, Hogg and Kalyanaraman 1999).

Figure 1. Sources  of reactive oxygen species and antioxidant pathways
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Proteins can undergo numerous covalent changes upon exposure to oxidants
(Dean et al. 1997). For example, radical-mediated oxidation induces the
formation of amino acyl carbonyl groups (Stadtman 1990). The sulfhydryl moiety
of cysteine is highly prone to oxidative attack leading to formation of disulfide
bonds. Peroxynitrate causes oxidative modification of a number of amino acid
residues (Ischiropoulos and al-Mehdi 1995). These reactions lead to protein
inactivation and, ultimately, to proteolytic degradation. However, some
modifications, such as thiol-disulfide exchange or tyrosine nitration, are fairly
specific and these are postulated to be regulatory (Gilbert 1984, Ischiropoulos
1998).

In DNA, ROS and RNS can cause structural alterations in DNA such as base
pair mutations, rearrangements, deletions, insertions and sequence amplification
(Wiseman and Halliwell 1996). OH· is especially damaging, modifying purine
and pyrimidine bases of DNA as well as the sugar backbones of DNA.

ROS and RNS are not only deleterious, but they can serve as signaling
molecules during normal cellular metabolism (Finkel 1998). ROS have been
shown to affect multiple cell signaling pathways such as protein kinase C, signal
transducer and activator of transcription (STAT) factors and mitogen activated
protein (MAP) kinases, which link extracellular stimuli to cellular responses such
as cell proliferation, differentiation, and cell death (Suzuki et al. 1997, Griendling
and Harrison 1999). Several transcription factors, including AP-1, AP-2 and NF-
κB, are redox-regulated (Dalton et al. 1999). Moreover, the activity of metabolic
enzymes may be regulated by the oxidation state of critical thiol groups (Gilbert
1984). NO· exhibits a number of regulatory properties ranging from the
regulation of the mitochondrial respiration through inhibition of cytochrome c
oxidase (Torres et al. 1995), to the cGMP-dependent vasorelaxation, the first
NO·-dependent signaling event discovered (Ignarro et al. 1987). Thus ROS and
RNS work as signaling molecules in multiple cellular sites and metabolic events,
and the physiological role of oxidants in cell regulation and their mechanisms of
action are only emerging.
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Defense against ROS and RNS

Antioxidant enzymes

Superoxide dismutases (SODs), first described by McCord and Fridovich (1969),
are metalloproteins that dispose effectively and specifically of superoxide anions
(Figure 1). These enzymes facilitate the dismutation of two otherwise repulsive
O2

·- radicals, which join to form hydrogen peroxide (Fridovich 1978). In
eukaryotes, three different forms of SODs have been characterized: a copper and
zinc containing form (CuZn-SOD) that is localized in the cytosol, a manganese
containing form (MnSOD) in the mitochondria (Slot et al. 1986) and a copper-
and zinc-containing extracellular form (ECSOD) in the extracellular matrix
(Marklund 1984).

Catalase, localized mainly in peroxisomes in the cell, enhance the reaction by
which two hydrogen peroxide molecules decompose to water and oxygen (Figure
1) (Fridovich 1978). The enzyme does not metabolize alkyl hydroperoxides
(Chance et al. 1979). Its high Km value for H2O2 and compartmentalization to
peroxisomes implies that its role is mainly to protect the cell against H2O2

produced in these organelles. The role in H2O2 catabolism at low rates of H2O2

production is probably of minor importance (Jones et al. 1981).
The glutathione redox cycle is a central mechanism in scavenging alkyl

hydroperoxides, but it is also active in metabolizing H2O2 (Chance et al. 1979).
The enzymes in the cycle include glutathione peroxidase (GPx) and glutathione
reductase (GR). Because GPx has a lower Km value for H2O2 than catalase, it is
considered more important when low levels of H2O2 are produced.

 Recently, a peroxiredoxin (Prx) family of proteins has been shown to possess
peroxidase-like activity (Kang et al. 1998). These enzymes do not use glutathione
as a cofactor but rely on thioredoxin as a source of reducing equivalents for the
reduction of H2O2. The biological importance of Prx in H2O2 disposal remains to
be elucidated.

Scavengers and antioxidant molecules

There are a number of molecules capable of inhibiting oxidation reactions due to
ROS either by preventing their formation or by scavenging them, thus inhibiting
the chain-reaction. Metal chelating agents, such as desferrioxamine, or proteins,
such as transferrin, ferritin, metallothionein and ceruloplasmin, sequester metal
ions and thus prevent the formation of noxious oxidants by the Fenton reaction
(Halliwell and Gutteridge 1989). Many antioxidants are low molecular weight
compounds that are either synthesized by the cells or derived from the diet. An
important lipid-soluble antioxidant is α-tocopherol (vitamin E), which acts in
cellular membranes as a chain-breaking antioxidant of lipid peroxidation by
donating hydrogen to peroxyl radicals. α-tocopherol works in concert with water-
soluble ascorbate (vitamin C), which re-reduces the tocopheroxyl radical
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(Buettner 1993). Ascorbate also scavenges effectively superoxide, singlet oxygen
and hydroxyl radicals. In addition, it can spare intracellular GSH (Meister 1994).
Other endogenous small molecular weight antioxidants include uric acid, which
is synthesized by xanthine dehydrogenase and bilirubin, produced by heme
oxygenase (Halliwell and Gutteridge 1989).

Glutathione

Glutathione (L-γ-glutamyl-L-cysteinylglycine) (Figure 2) is a tripeptide present in
virtually all animal cells (Meister and Anderson 1983). It is usually the most
abundant intracellular small molecular weight thiol, present in the millimolar
range in mammalian cells. The peptidic γ-linkage between glutamic acid and
cysteine is thought to protect the tripitide from degradation by aminopeptidases.
Glutathione is also less prone to oxidation than cysteine, making it an ideal
compound for maintaining intracellular redox potential. Glutathione exists either
in reduced (thiol, GSH) or oxidized (disulfide, GSSG) form (Figure 2). GSH is
the predominant form, and GSSG content is usually less than 1% of GSH. In the
cell, almost 90% of glutathione is in the cytosol, 10% in the mitochondria and a
small percentage in the endoplasmic reticulum and in the nucleus (Meister 1991).

Mitochondria appear to have a distinct pool of GSH that is resistant to GSH
depletion (Meister 1991). Mitochondria do not synthesize GSH themselves but
import it through an as yet unidentified ATP-dependent mechanism (Fernandez-
Checa et al. 1998). As mitochondria do not contain catalase, GSH-dependent
reactions are thought to be the main mechanism by which mitochondria dispose
of hydrogen peroxide (Meister 1991), though the recent characterization of the
thioredoxin-redox system implies that these could be involved as well (Pedrajas
et al. 1999). Hydrogen peroxide can also diffuse to the cytosol and be
metabolized there.



15

Figure 2. Glutathione and glutathione disulfide

Antioxidant function of GSH

Disposal of hydrogen peroxide and lipid peroxides is catalyzed by isoforms of
GSH peroxidase (GPx). As a consequence, GSH is oxidized to GSSG, which is
then reduced back to GSH by GSSG reductase at the expense of NADPH,
thereby forming a redox cycle (Figure 3). The main pathway for NADPH
regeneration is the pentose phosphate shunt. In addition to GPx, GSH-S-
transferases may dispose of lipid peroxides in the cell (Awasthi et al. 1980). In
addition to enzymatic disposal of peroxides, GSH can also react non-
enzymatically with OH·, N2O3 and ONOO- (Wink and Mitchell 1998).

The family of glutathione peroxidases is comprised of four distinct
selenoproteins. The classical or cytosolic glutathione peroxidase (cGPx) was the
first mammalian selenoprotein to be characterized (Flohe et al. 1973) (Rotruck et
al. 1973). Later on, phospholipid hydrolipid glutathione peroxidase (PHGPx)
(Ursini et al. 1982, Brigelius-Flohe et al. 1994), plasma GPx (pGPx) (Takahashi
et al. 1987), a gastrointestinal form of GPx (GI-GPx) (Chu et al. 1993), and non-
selenium dependent GPx (Shichi and Demar 1990, Fisher et al. 1999) were
identified. All glutathione peroxidases reduce hydrogen peroxide and alkyl
hydroperoxides, but their specificities for the hydroperoxide differ. They use
GSH as thiol substrate, but other substrates, such as thioredoxin (Bjornstedt et al.
1994) may also be used. The abundance of different GPx isoforms may reflect
the different roles of hydroperoxides in signaling in various tissues, cells and
cellular compartments (Brigelius-Flohe 1999).



16

Figure 3. Glutathione redox cycle.

Two strains of cGPx knockout mice have been created independently (Ho et
al. 1997, de Haan et al. 1998). The mice grew and developed normally and did
not show any histopathologies, indicating a limited role of cGPx during normal
development and under physiologic conditions. Furthermore, these mice did not
show increased susceptibility to hyperbaric oxygen (Ho et al. 1997). However,
when stressed with paraquat, cGPx (-/-) mice died faster than controls (de Haan
et al. 1998). The  mice were also susceptible to ischaemia-reperfusion injury
(Yoshida et al. 1997). These studies imply that cGPx is important in the
protection against oxidative stress.

Recently, GSH has been shown to play a major role in the protection against
cytotoxic effects of ONOO- (Ma et al. 1997). The protective mechanism is yet to
be elucidated. The direct interaction of ONOO- with the thiol group of GSH is
rapid enough, in view of the high intracellular concentration, to make it
significant (Koppenol et al. 1992). It has also been proposed that GPx (Sies et al.
1997) and other selenoperoxidases (Arteel et al. 1998) can act as peroxynitrite
reductases, thereby preventing cellular damage caused by peroxynitrite.

Detoxifying functions of GSH

Detoxification of xenobiotics is one of the major functions of GSH. Toxic
electrophiles conjugate with GSH either spontaneously or enzymatically in
reactions catalyzed by GSH S-transferases (Whalen and Boyer 1998). GSH S-
transferases are a family of enzymes expressed in all human tissues, though the
expression of different isoenzymes is variable (Awasthi et al. 1994, Mainwaring
et al. 1996). In the liver, GSH-S transferases account for as much as 5-10% of the
total soluble protein (Whalen and Boyer 1998). Thus, the major pathway for
GSH utilization in the liver is through transferase reactions. The conjugation of
electrophiles with GSH is irreversible, and the resulting conjugates are excreted
from the cell. GSH conjugates can then be used for resynthesis of GSH through
the mercapturic pathway. In addition to exogenous substances, many
endogenously formed compounds, such as prostaglandins and leukotrienes,
conjugate with GSH by a similar mechanism (Wang and Ballatori 1998).



17

Maintenance of intracellular thiol status by GSH

Accumulating evidence suggests that the GSH-GSSG redox couple is important
in regulating cellular proteins through reversible disulfide bond formation
(Dalton et al. 1999). The formation of inter- and intramolecular disulfides as well
as mixed disulfides between protein SH-groups and GSH, that is, protein
glutathiolation, has been implicated in regulation of enzyme activity and
transcription. Protein cysteinyl thiols react with GSSG. As the GSH/GSSG ratio
usually exceeds 100, small increases in GSSG concentration will promote
oxidation of protein cysteinyl thiols, shifting the equilibrium of thiol-disulfide
exchange significantly in the direction of mixed disulfide formation and the
formation of intra- and intermolecular disulfide bonds. Reduction of mixed
disulfides is enzyme-mediated by catalysts such as thioredoxin, glutaredoxin and
protein-disulfide isomerase (Cotgreave and Gerdes 1998). Many signal
transduction pathways and transcription factors fundamental for cell growth,
differentiation and apoptosis, appear to be redox-regulated. It has also been
postulated that the thiol-disulfide equilibrium within the cell may regulate certain
metabolic pathways by activating and inactivating enzymes (Gilbert 1982).

Protein thiol groups may also be modulated by S-nitrosothiols such as S-
nitrosoglutathione (GSNO) (Stamler and Hausladen 1998). S-nitrosothiols are
formed by the reaction of NO·-derived species with thiols, and it has been
suggested that these play a role in the storage and transport of NO· (Girard and
Potier 1993). GSNO is able to modify protein thiol groups by both protein S-
nitrosation and S-thiolation, and these modifications in critical thiols have been
postulated to be mechanisms by which NO· controls cellular processes (Ji et al.
1999).

GSH in cysteine storage

One of the important functions of GSH is to store cysteine because it is less
prone to oxidation than cysteine (Meister 1991). The γ-glutamyl cycle (Figure 4)
allows GSH to serve as a source of cysteine (Meister and Anderson 1983). GSH
is exported by a carrier-mediated transporter and transmembrane protein γ-
glutamyl transpeptidase (γ-GT) transfers the γ-glutamyl moiety of GSH to an
amino acid, preferably cystine thereby forming γ-glutamyl amino acid and
cysteinylglycine. γ-glutamyl amino acid can then be transported back into the
cell. Inside the cell, the  γ-glutamyl amino acid can be further metabolized by γ-
glutamylcyclotransferase to release amino acid and 5-oxoproline, which then can
be converted by 5-oxoprolinase to glutamate and used for resynthesis of GSH.
Extracellular cysteinylglycine may be either split extracellularly by dipeptidase to
form cysteine and glycine, or it can be transported into the cell as such,
hydrolyzed and used for resynthesis of GSH.
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The liver has been identified as the central organ in the interorgan homeostasis
of GSH. The liver is not only able to synthesize GSH from its constituent amino
acids glutamine, cysteine and glycine, but it also has an unique capacity to
synthesize cysteine from methionine through the transsulfuration pathway (Reed
and Orrenius 1977, Beatty and Reed 1980). Furthermore, liver epithelial cells
have a high capacity for GSH efflux (Ookhtens and Kaplowitz 1998), with
sinusoidal GSH export as the major determinant of plasma levels of low
molecular weight thiols. GSH is excreted from a sinusoidal cell by carrier-
mediated transporters that are yet to be characterized in detail (Ookhtens and
Kaplowitz 1998). Certain stress hormones, such as adrenaline and phenylephrine,
have been shown to enhance sinusoidal efflux of GSH, making more hepatic
GSH available to systemic circulation (Sies and Graf 1985). In human, the
exported GSH is mainly degraded to its constituent amino acids by γ-GT and
dipeptidase in the liver (Hinchman and Ballatori 1990), and the main small
molecular weight thiol in plasma is cysteine (or its oxidized form cystine)
(Speisky et al. 1990). Plasma cysteine can then be used for GSH resynthesis in
extrahepatic tissues. Alternatively, GSH can be used through the γ-glutamyl cycle
in extra-hepatic tissues rich in γ-GT, such as kidney (Griffith and Meister 1979),
and lung (Martensson et al. 1989).
The lung epithelium has been shown to have high levels of γ-GT activity and it
utilizes extracellular GSH from alveolar lining fluid (Berggren et al. 1984). γ-GT
expression is increased in rat lung epithelial cells by oxidants such as menadione
and t-butylhydroquinone (Kugelman et al. 1994), suggesting that γ-GT may play
a role in the protection against oxidative stress in the lung. However, oxidative
stress has no effect on γ-GT activity in human type II alveolar epithelial cells
(A549 cells) (Rahman et al. 1998). Furthermore, only rare columnar epithelial
cells in bronchi and terminal bronchioles are γ-GT immunopositive in mouse lung
(Lieberman et al. 1995). Therefore, the involvement of γ-GT in the regulation of
lung GSH levels during oxidative stress in vivo remains unproven.
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Figure 4. γ-glutamyl cycle. Abbreviations: DP, dipeptidase; Cys, cysteine; GCS,
γ-glutamylcysteine synthetase; GS, glutathione synthetase; γ-Glu-cys, γ-
glutamylcysteine; γ-GT, γ-glutamyl transpeptidase; Glu, L-glutamic acid; Gly,
glycine, GSH, glutathione.

Glutathione biosynthesis

GSH is synthesized from cysteine, glutamate and glycine by the consecutive
actions of two ATP-dependent enzymes, γ-glutamylcysteine synthetase (GCS, EC
6.3.2.2) and glutathione synthetase (EC 6.3.2.3) (Meister 1995) (Figure 4). Both
enzymes are exclusively cytosolic. The first step in GSH biosynthesis catalyzed
by GCS is rate-limiting, while GSH synthetase apparently has no regulatory role
(Lu 1999). Physiologically, GCS is regulated either by competitive, non-
allosteric inhibition by GSH (Richman and Meister 1975) or by the availability of
GSH precursor, cysteine (Deneke and Fanburg 1989). While the intracellular
glutamate concentration is several-fold higher than the Km value of GCS for
glutamate,  the intracellular cysteine concentration approximates the Km value for
cysteine (0.1-0.3 mM) (Lu 1999).
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γγ-glutamylcysteine synthetase

The mammalian γ-glutamylcysteine synthetase (GCS) is a heterodimer consisting
of a heavy (GCSh, 73 kDa) and a light (GCSl, 28 kDa) subunit, and these can be
dissociated under non-denaturing conditions by dithiothreitol (Seelig et al. 1984).
All the catalytic activity of the enzyme, as well as the site for feed-back
inhibition by GSH, resides in GCSh, while GCSl serves a regulatory function
(Huang et al. 1993a, Huang et al. 1993b). When the light subunit is present, the
Km for L-glutamate of rat kidney holoenzyme is reduced from 18 mM to 1.4 mM
and the Ki for GSH is increased from 1.8 mM to 8.2 mM. The kinetics of the
recombinant human enzyme are similar (Misra and Griffith 1998). Since
intracellular levels of L-glutamate and GSH are 1-3 mM and 1-10 mM,
respectively, it is likely that the presence of the light subunit is needed for full
activity of GCS in vivo (Huang et al. 1993a, Huang et al. 1993b).

GSH synthesis is enhanced through upregulation of GCS in a variety of cells
and organs after exposure to agents that cause oxidative stress (Table 3, see (Lu
1999) and (Rahman and MacNee 1999)). These agents increase GCSh mRNA
levels mostly through increased transcription, but in some cases through mRNA
stabilization as well. Oxidative agents increase also the transcription of GCSl.
Thus, upon oxidative stress there appears to be a concomitant induction of both
subunits, enhancing GSH synthesis and thereby increasing cellular tolerance
against oxidative stress.
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Table 3. Agents that induce γ-glutamylcysteine synthetase and elevate
glutathione (modified from Lu,  (Lu 1999), and Rahman and MacNee (Rahman
and MacNee 1999)).

Agent Cell/organ
Oxidants
H2O2 Human alveolar type II cells (A549)
Dimethylnaphthoquinone Rat lung cells (L2)
t-Butylhydroquinone Human hepatocyte cells (HepG2)
Hyperoxia A549 cells, rat lung
Pyrrolidine dithiocarbamate HepG2 and bovine aortic endothelial cells
β-naphthoflavone HepG2 cells
Cytokines
TNF-α HepG2, A549 cells
IL-1β endothelial cells
Heavy metals
Cadmium A549 cells
Mercury Rat kidney
NO donors
S-nitroso-N-penicillamine Bovine aortic endothelial and rat vascular

smooth muscle cells
DETA NONOate Bovine aortic endothelial and rat vascular

smooth muscle cells

Nitric oxide increases intracellular GSH by inducing GCS in rat vascular
smooth muscle cells (Moellering et al. 1998) and bovine endothelial cells
(Moellering et al. 1999a). NO donors also increase GSH concentration in rat lung
fibroblasts, possibly through a similar mechanism (White et al. 1995). In vascular
smooth muscle cells, NO· fluxes at or above 8 nM/s increase the mRNA
expression of both subunits (Moellering et al. 1998). In endothelial cells, lower
rates of production, 1-3 nM/s, corresponding to the rate required for NOS III to
elicit vasodilation (Kanai et al. 1995), are sufficient to induce GCS (Moellering
et al. 1999a). The induction of GCS by NO· appears to be a cGMP independent
event (Moellering et al. 1998, Moellering et al. 1999a).

The 5’-flanking regions of both GCS subunits have been cloned and sequenced
(Figure 5) (Mulcahy et al. 1997, Moinova and Mulcahy 1998). Putative activator
protein-1 (AP-1), nuclear factor kappa B (NF-κB), activator protein-2 (AP-2),
and several antioxidant responsive elements (ARE; also referred to as electrophil
responsible element or EpRE), have been identified in the promoter region of the
GCSh gene (Mulcahy and Gipp 1995, Mulcahy et al. 1997). The basal
transcription of the gene is driven by sequences between -202 and +22,
containing a consensus TATA box (Mulcahy et al. 1997). AP-1 or AP-1-like
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responsive elements residing in the region of -817 to +82 of the promoter
sequence have been shown to be important for transcriptional induction by
various agents that increase ROS production, such as TNF-α (Morales et al.
1997, Rahman et al. 1999), menadione (Rahman et al. 1996) and H2O2 (Rahman
et al. 1996), while NF-κB appears to have no effect on induction by menadione
or H2O2 (Rahman 1998), or by TNF-α (Morales et al. 1997, Rahman et al. 1999).
Distal ARE/EpRE (ARE 4, Figure 5) sequences have been shown to be important
in the induction of GCSh by electrophilic compounds β-naphthoflavone (Mulcahy
et al. 1997) and pyrrolidine dithiocarbamate (PDTC) (Wild and Mulcahy 1999)
through post-translational activation of transcription factor Nrf2 (Wild et al.
1999, Itoh et al. 1999). In addition, the metal responsive element (MRE), which
is also involved in the regulation of general cellular stress response, appears to be
crucial for GCSh gene expression in response to heavy metals as well as for the
constitutive expression of the gene in the liver (Gunes et al. 1998).

The basal expression of the GCSl gene is directed by a consensus AP-1 site at
-340:-334 of the promoter sequence (Moinova and Mulcahy 1998). It is also
involved in β-naphthoflavone-mediated induction together with the EpRE site at -
301:-291 (Moinova and Mulcahy 1998). As in GCSh, Nrf2 appears to mediate the
induction through EpRE, possibly through complex formation with Maf proteins
and JunD (Wild et al. 1999).

Figure 5. Promoter regions of GCSh and GCSl genes.
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The availability of cysteine as a determinant of GSH synthesis

The hepatic GSH level appears to be largely dependent on dietary cysteine and
methionine, derived from dietary protein. In rat liver, starvation for 48 hours
reduces liver GSH to between two thirds and one half of the normal levels. The
GSH levels are quickly replenished upon refeeding (Tateishi et al. 1974). Liver
GCS activity and mRNA expression are down-regulated in a dose-dependent
manner by high sulfur amino acid or protein content in the diet (Bella et al. 1996,
Bella et al. 1999a, Bella et al. 1999b). Thus, substrate availability rather than
GCS activity appear to regulate GSH synthesis in the liver.

Cysteine is transported into the cell by sodium-dependent A or ASC systems
(Bannai 1984). Intracellular cysteine concentrations can be increased also by
cystine, which is reduced intracellularly to yield cysteine. The transport of
cystine is distinct from that of cysteine, and it utilizes the Xc− transport system
(Bannai 1986). This system is sodium-independent and mediates one-to-one
exchange to glutamate. Xc− transport system has been shown to be induced by
various oxidants and hyperoxia (Deneke et al. 1989, Miura et al. 1992), as well
as by NO· (Li et al. 1999) leading to increased GSH synthesis and intracellular
GSH levels.

Transsulfuration pathway

The liver is the main site for cysteine biosynthesis, which occurs through the
transsulfuration pathway. In transsulfuration, methionine is sequentially
converted into cysteine via several enzymatic steps (Figure 6.). The first step is
the ATP-dependent activation of methionine to S-adenosylmethionine (SAM),
and it is catalyzed by methionine adenosyltransferase. Subsequent demethylation
and removal of the adenosyl moiety yields homocysteine. Homocysteine
condenses with serine to form cystathionine in a reaction catalyzed by
cystathionine synthase. Cleavage of cystathionine, catalyzed by cystathionine γ-
lyase, releases free cysteine. In this pathway, methionine and homocysteine are
readily interconvertible, but the subsequent step, the formation of cystathionine,
is irreversible.

Availability of methionine appears to be the principal determinant regulating
the activity of transsulfuration and remethylation pathways. The main regulatory
control appears to be exerted at the level of homocysteine: when methionine is
needed, homocysteine is remethylated by methionine synthase or betaine-
homocysteine methyltransferase; when methionine is in excess, metabolism of
homocysteine via the cystathionine synthase reaction is accelerated (Selhub
1999). Interestingly, cystathionine β-synthase is a heme protein that under
reducing conditions exhibits a 1.7-fold lower activity than under oxidizing
conditions (Taoka et al. 1998). It has been postulated that under oxidative stress,
homocysteine transsulfuration is favored over remethylation, thereby increasing
the supply of cysteine for GSH synthesis. However, liver methionine
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adenosyltransferase is known to be inactivated upon oxidative and nitrosative
stress (Corrales et al. 1991, Avila et al. 1997, Sanchez-Gongora et al. 1997),
which leads to a decreased production of S-adenosylmethionine and subsequent
decrease in liver GSH levels (Lu 1998).

The last enzyme of the transsulfuration pathway is cystathionine γ-lyase (CGL,
γ-cystathionase, EC 4.4.1.1). It catalyzes the conversion of L-cystathionine into
L-cysteine, α-ketobutyrate and ammonia.  Mammalian CGL is a pyridoxal 5’
phosphate (PLP) dependent enzyme consisting of four subunits each binding one
molecule of PLP (Matsuo Y 1958, Steegborn et al. 1999). Although the three-
dimensional structure of human CGL has not been elucidated, sequence
similarity suggests that the overall fold of the enzyme would resemble that of the
other members of the γ-family of PLP-dependent enzymes cystathionine β-lyase
and cystathionine γ-synthase (Alexander et al. 1994, Clausen et al. 1996, Clausen
et al. 1998, Steegborn et al. 1999). Two monomers are in close contact sharing
active site residues forming an active dimer. Two of these dimers then interact to
form a CGL tetramer.

Figure 6. Transsulfuration pathway. Numbers and abbreviations: 1) Methionine
adenosyltransferase, 2) Various methyltransferases, 3) S-adenosylhomocysteine
hydrolase, 4) cystathionine β-synthase, 5) methionine synthase, 6) betaine-
homocysteine methyltransferase, CGL, Cystathionine γ-lyase.
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Both human (Lu et al. 1992) and rat (Erickson et al. 1990) cDNA for CGL
have been cloned. Two forms of human mRNA for CGL have been
characterized, of which the shorter form has an internal deletion of 132 base
pairs. As the human CGL gene has not been localized, it is not known whether
these two forms are products of different genes or splice variants. Furthermore, it
is not known whether both mRNAs are translated. As it has been shown that
CGL activity is absent from human fetal liver (Sturman et al. 1970), it was
proposed that the subunit composition of the tetrameric CGL regulates the
activity, and that the postnatal increase in CGL activity is caused by a change in
relative expression of the two isoforms (Lu et al. 1992). The absence of CGL
activity in the liver of preterm neonates has been shown to be associated with
lowered cysteine levels and, subsequently, impaired GSH synthesis (Vina et al.
1995).

ROS and antioxidants  in pathophysiology

Neonatal problems

Preterm infants may be deficient in pulmonary surfactant and are at risk for the
respiratory distress syndrome (RDS) during the first days of life. Such infants
often require ventilator therapy with high inspired oxygen concentrations to
provide adequate oxygenation. Prolonged ventilator treatment is associated with
the development of chronic lung disease (CLD). The typical morphologic
changes include airway epithelial damage, bronchial smooth muscle cell
hyperplasia and obstruction, as well as alveolar destruction and interstitial
fibrosis. Predisposing factors include immaturity, high ventilator pressures, and
high inspired oxygen concentrations. The histologic findings in CLD are
markedly similar to pulmonary oxygen toxicity in experimental animals (Frank
1992, Abman and Groothius 1994). Preterm neonates at risk for development of
CLD have shown an enhanced inflammatory reaction in the lungs with an
associated increase in pulmonary microvascular permeability (Groneck et al.
1994). Inflammatory cells contribute to the lung injury by releasing proteolytic
enzymes and ROS, which damage pulmonary cells and alter their function
(Pierce and Bancalari 1995).

There is ample indirect evidence that ROS are associated with CLD. The
amount of lipid peroxidation products, pentane and ethane, in expired air of very
low birth weight infants is increased, and the amounts are significantly higher in
patients with a poor outcome (Pitkänen et al. 1990). The amount of protein
carbonyls, a marker for protein oxidation, in tracheal aspirates of those infants
developing CLD is markedly higher than those that do not (Varsila et al. 1995).
Infants that subsequently develop CLD have increased plasma levels of allantoin,
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a non-enzymatic oxidative product of uric acid (Ogihara et al. 1996), as well as
increased concentrations of lipid peroxidation products (Ogihara et al. 1999).
Also RNS may play a role in the pathogenesis of CLD, as plasma nitrotyrosine
levels are increased (Banks et al. 1998).

Apart from CLD, ROS have been ascribed a role in other common problems of
prematurity, such as retinopathy of prematurity (ROP), and necrotizing
enterocolitis (NEC) (Warner and Wispe 1992). The association of ROP, which is
a developmental vascular disorder of the retina, with prolonged oxygen therapy is
well established, leading to the hypothesis that increased free radical formation in
hyperoxia would cause aberrant vessel formation (Kretzer and Hittner 1988).
However, arterial oxygen levels in premature infants requiring oxygen therapy
are lower than in healthy neonates breathing room air, and experimental data
suggest that the fluctuation in arterial oxygen levels and degree of hypoxia may
have more influence on proliferative retinal disease than extended hyperoxia
(Penn et al. 1995). The pathogenesis of NEC is multifactorial, but ischemia and
subsequent reperfusion with increased ROS production are likely to contribute to
the injury (Warner and Wispe 1992).

Taken together, the association of ROS with neonatal lung injury is fairly well
established. In other neonatal clinical complications, more clinical and
experimental data are needed to confirm the involvement of ROS in
pathophysiological processes.

Antioxidant defense of the newborn

It has been demonstrated in a number of animal species that a several-fold
increase in the activities of fetal lung antioxidant enzymes, MnSOD and
CuZnSOD, catalase and GPx, normally occurs during the final 15-20% of
gestation (Frank 1991). This has been considered a defense mechanism against
air breathing and relative hyperoxia after birth. Insufficient activity of antioxidant
enzymes in the lung of the preterm neonate is thought to aggravate the damage
resulting from ventilatory care. However, coordinated induction of antioxidant
enzymes does not appear to take place in the human lung (Fryer et al. 1986,
Strange et al. 1988, Strange et al. 1990, McElroy et al. 1992, Asikainen et al.
1998). The expression of MnSOD, CuZnSOD, catalase and GPx in human
infants born prematurely is similar to that in adults, which indicates that preterm
neonates are better adapted for life in an oxygen-containing environment than
previously suspected.



27

Little is known about the ontogeny of the enzymes important for glutathione
synthesis. The activities of GCS are significantly lower in the kidneys of neonatal
mice, but the liver and lung have levels similar to those of adults (Harman et al.
1990). A similar trend has also been reported in rats (Tsui and Yeung 1979).  In
human fetal erythrocytes (Lestas and Rodeck 1984), leukocytes (Lavoie and
Chessex 1998), and liver (Rollins et al. 1981), GCS activities are in the same
range as in adults.

Cystathionine γ-lyase activity (Sturman et al. 1970), as well as
immunoreactive protein (Gaull et al. 1972), is absent from human fetal liver,
although other enzymes of the transsulfuration pathway are present. In rats,
activity in the liver is low during fetal development and increases rapidly during
the last 3 days of gestation (Heinonen 1973). The rate of GSH synthesis from
methionine is 6 times lower in fetal than in adult rat hepatocytes, presumably due
to the low CGL activity (Pallardo et al. 1991). In preterm infants, plasma cysteine
levels are much lower than in full term newborns (White et al. 1994, Vina et al.
1995),  reflecting low cystathionase activity. Studies on very low birth weight
infants during the first week of life, when they are mostly on parenteral nutrition,
have shown that plasma cysteine levels decrease more, relative to term reference
values, than those of any other amino acid (Van Goudoever et al. 1995). In
addition, concentration of GSH in plasma and bronchoalveolar lavage fluid is
inversely proportional to gestational age, suggesting that GSH deficiency is
present in the lungs of preterm infants and that the deficiency increases with the
degree of prematurity (Jain et al. 1995).

The role of ROS and RNS in the development of hypertension

It is clearly established that NO· plays a critical role in several renal processes,
including regulation of renal plasma flow, glomerular filtration rate, renin and
angiotensin generation, and sodium excretion (Kone and Baylis 1997). All three
types of NOS are expressed in the kidney in a cell type-specific manner and are
subject to complex and distinct control mechanisms. The role of each NOS
isoform in renal processes is somewhat unclear, since most studies have been
done using non-specific NOS inhibitors. However, NOS I and NOS III appear to
be involved in the regulation of renal plasma flow and glomerular filtration rate,
and NOS II in tubular sodium transport (Kone and Baylis 1997, Gabbai and
Blantz 1999). Thus NO· appears to be critical in normal sodium excretion and
renal hemodynamics, and impediment of its actions leads to disturbance in
kidney homeostasis that may promote hypertension.

Both human essential hypertension as well as many experimental animal
models of hypertension, such as the spontaneously hypertensive rat (SHR), are
associated with increased production of ROS and/or low levels of antioxidants.
Increased production of ROS, notably O2

·-, leads to inactivation of NO·, thus
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preventing its vasodilatory action (Gryglewski et al. 1986). The evidence for
involvement of ROS in human hypertension is indirect: essential hypertension
has been shown  to be associated with increased plasma levels of lipid
peroxidation products (Russo et al. 1998), and clinical studies show that ascorbic
acid improves endothelium-dependent vasodilation and reduces blood pressure in
hypertensive patients (Taddei et al. 1998, Duffy et al. 1999). In SHR, increased
production of O2

·- has been shown in mesenteric arterioles (Suzuki et al. 1995),
and a synthetic membrane-permeable SOD mimetic normalizes the blood
pressure (Schnackenberg et al. 1998). Also xanthine oxidase inhibitors attenuate
the rise in blood pressure in SHR, suggesting that xanthine oxidase may be a
source of ROS generation that is associated with an increasing arteriolar tone in
SHR (Nakazono et al. 1991) (Suzuki et al. 1998). It should be noted, however,
that xanthine oxidase inhibitors do not inhibit exclusively xanthine oxidase.
Another possible source of ROS in SHR is dysfunctional NOS III (Cosentino et
al. 1998).

While the kidney has been shown to be crucial in the development and
maintenance of hypertension, the possible involvement of renal ROS production
in hypertension has drawn relatively little attention. Angiotensin II increases O2

·-

production in vascular smooth muscle cells and adventitial fibroblasts
(Griendling et al. 1994, Pagano et al. 1998), as well as in kidney mesangial cells
(Jaimes et al. 1998). Thus at least in angiotensin II-dependent hypertension, there
appears to be an increase in renal O2

·- production, which is likely to attenuate
NO·-mediated effects. In SHR, increased salt intake leads to an increase in blood
pressure and in renal xanthine oxidoreductase activity, but the increase is mainly
in the dehydrogenase form, which does not produce ROS (Laakso et al. 1998).
Studies on ROS in the kidney face technical problems similar to those in studies
on NO·, because the specific site and the source of ROS is important to know in
order to understand their role in renal processes.

Increased oxidative stress in SHR may be caused not only by enhanced
production but also by lowered antioxidant capacity. In this respect, it is of
interest that increased O2

·-generation in the myocardium of SHR has been shown
to be associated with low activities of MnSOD and CuZnSOD, implying
decreased antioxidant protection (Ito et al. 1995). Little is known about GSH
synthesis or the enzymes of the GSH redox cycle in SHR in comparison to WKY,
and the reports are somewhat controversial. Myocardial GCS has been reported
to be higher in SHR that in WKY (Carlos et al. 1998). GPx activity has been
reported to be either higher (Cabell et al. 1997), similar (Yuan et al. 1996) or
variable depending on age (Batist et al. 1989), and hepatic GPx activitity lower
(Kitts et al. 1998) in SHR in comparison to WKY. However, no systematic
studies have been made to elucidate the activities of all the enzymes in GSH
redox cycle or GSH synthesis in these animals.
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The role of ROS and RNS in the secondary effects of hypertension

Hypertension injures blood vessels, thereby causing end-organ damage. While
many steps in the process are not completely understood, recent advances in the
understanding of the chain of events have made it possible to construct a tentative
model of hypertensive kidney damage (Luft et al. 1999). According to this model,
the primary signaling event is increased blood flow through small arteries, which
has been shown to increase connective tissue production and promote medial
hypertrophy, probably through proliferation of both endothelial and vascular
smooth muscle cells (Tulis et al. 1998). The endothelial layer acts as a signal
transduction interface for hemodynamic forces: both shear stress (the tangential
force due to blood flow) and cyclic strain (circumferential stress due to
transmural pressure) initiate numerous growth-promoting pathways, e.g. release
of growth factors (Chien et al. 1998). Furthermore, cyclic strain increases the
formation of ROS, presumably by activation of NAD(P)H oxidase (Howard et al.
1997). This leads to an upregulation of leukocyte chemoattractants, such as
monocyte chemotactic protein-1 (MCP-1) (Wung et al. 1997), as well as
adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) (Cheng
et al. 1998). Infiltration of the permeabilized endothelium by leukocytes initiates
an inflammatory cascade leading to vascular and mesangial cell proliferation and
hypertrophy, increased coagulation and matrix production, and ultimately end-
stage renal failure.

While mechanical forces are crucial in initiating the events leading to vascular
remodeling and subsequent end-organ damage, other mediators are involved as
well. Rats transgenic for both human angiotensinogen and renin genes (dTGR),
develop severe cardiac and renal damage and die by 7 weeks of age, despite an
only modest increase in blood pressure (Luft et al. 1999). These effects are
reversed by angiotensin converting enzyme (ACE) inhibitors and angiotensin II
type 1 (AT-1) receptor inhibitors and, interestingly, by PDTC (Muller et al.
2000). The latter is an inhibitor of NF-κB (Schreck et al. 1992, Liu et al. 1999),
and has also been shown to be a non-specific scavenger of ROS as well as to
increase cellular GSH levels through induction of GCS (Wild and Mulcahy 1999,
Moellering et al. 1999b). These results indicate that angiotensin II contributes to
hypertensive vasculopathy. Indeed, angiotensin II affects growth-promoting
processes directly as well as indirectly through synthesis of growth factors such
as platelet-derived growth factor (PDGF) and transforming growth factor β
(TGFβ) (Raij 1999), and these synthetic pathways appear to be redox-regulated
(Sundaresan et al. 1995, Du et al. 1999).

Nitric oxide appears to antagonize the effects of angiotensin II in the
vasculature in many ways. It is a powerful inhibitor of vascular smooth muscle
and mesangial cell growth as well as extracellular matrix production (Du et al.
1999, Raij 1999, Garg and Hassid 1989). These effects have been elegantly
shown in vivo in NOS III knockout mice subjected to hemodynamic injury (Rudic
et al. 1998). Nitric oxide inhibits activation of the redox sensitive transcription
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factor NF-κB in response to pro-inflammatory cytokines, which in turn prevents
transcription of chemokines and adhesion molecules and subsequent leukocyte
infiltration (Zeiher et al. 1995, De Caterina et al. 1995, Peng et al. 1995). Nitric
oxide has also been shown to downregulate ACE synthesis (Higashi et al. 1995),
AT-1 receptors in vascular tissue (Ichiki et al. 1998), and TGF-β1 expression
(Craven et al. 1997). Thus the antagonistic interaction of NO· and angiotensin II,
and the balance between these two, appears to be important in the development
of end-organ damage.

In conclusion, it is reasonable to hypothesize that in hypertensive end-organ
damage the effects of angiotensin II override the effects of NO·. Increased
production of ROS upon stimulation by angiotensin II may initiate a pro-trophic
and pro-inflammatory cascade, which ultimately leads to end-organ damage.
While the role of glutathione in this process is yet to be established, many of
these pathways are potentially affected by intracellular thiol status.
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OBJECTIVES OF THE STUDY
The hypothesis underlying this series of studies is that glutathione plays an
important role in antioxidant defense, exemplified by two clinical situations,
preterm birth and hypertension. Therefore, studies were performed to assess the
ability of the premature neonate to synthesize glutathione, and to generate its
rate-limiting substrate, cysteine, through the transsulfuration pathway.
Furthermore, the role of glutathione in hypertension was studied in a genetic
animal model of hypertension, the spontaneously hypertensive rat.

The specific aims were:
1. To study the mRNA expression and activity of the rate-limiting enzyme of

GSH synthesis, γ-glutamylcysteine synthetase, in human  fetal, neonatal and
adult lung, liver, and kidney.

2. To study the mRNA expression and activity of cystathionine γ-lyase in the
human fetal, neonatal, and adult liver, to assess the ability of its two mRNA
isoforms to code for active enzyme, and to elucidate whether alternative
splicing accounts for the two isoforms.

3. To study GSH metabolism in the spontaneously hypertensive rat and to
determine the role of NO· in the regulation of GSH synthesis in this
experimental model.
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MATERIALS AND METHODS

Human samples

Fetal lung, liver, and kidney samples (15 to 19 gestational wk) (N=6) were
obtained from legal abortions. The samples between 26-42 gestational weeks
were obtained from neonatal autopsies performed within 12 h of death. The
causes of death were respiratory distress syndrome (RDS) (N=2), congenital
heart disease (N=1), respiratory failure and hydronephrosis (N=1), and meconium
aspiration (N=1). Adult lung tissue samples (N=3) were obtained from
macroscopically normal tissues of lung cancer patients undergoing lung surgery
and from donor lungs of single lung transplantations. Adult liver tissue (N=4)
was obtained from partial liver transplantations. Kidney tissue (N=5) was
obtained from renal biopsies or from cadaver donors.

The study protocol was approved by the Ethical Committees of The Hospital
for Children and Adolescents, and Department of Thoracic and Cardiovascular
Surgery, University of Helsinki, Helsinki, Finland.

Experimental animals

In the first set of experiments, 47 inbred nine-week-old male SHR rats (Harlan
Sprague Dawley Inc, IN, USA) weighing 240 - 250 g were divided into six
groups. The animals were kept three weeks on diets containing 0.2, 1.1 or 6.0 %
of NaCl (w/w of the diet) with or without Nω-nitro-L-arginine methyl ester (L-
NAME, 0.025 % in the diet, providing approximately 20 mg/kg body
weight/day). In the second experiment, 20 nine-week-old SHR, weighing 190 -
250 g, were divided into two groups, receiving 6.6 % NaCl in diet with or
without isosorbide-5-mononitrate (IS-5-MN, 0.1 % w/w of the diet, providing 60-
70 mg/kg body weight/day) for eight weeks. In the third experiment, fourteen
eight-week-old SHR rats (Harlan Sprague Dawley Inc, IN, USA) weighing 240 -
250 gm were divided into two groups. They were kept for 6 weeks on diets
containing either 0.3 % (low-salt) or 2.6% (high-salt) NaCl (w/w of the diet). The
control Wistar-Kyoto rats (n=8) were kept on a diet containing 0.3% NaCl.

The procedures and protocols for the animal studies were in accordance with
the institutional guidelines and were approved by the Animal Experimentation
Committee of the Intitute of Biomedicine, University of Helsinki, Finland.
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The systolic blood pressure and heart rate of the rats were measured with the
use of a tail-cuff analyzer (Apollo-2AB Blood Pressure Analyzer, Model 179-
2AB, IITC Life Science) as described (Vaskonen et al. 1997). The digital values
for systolic blood pressure and heart rate were evaluated automatically from the
analog data by a microprocessor. Before the measurements the rats were warmed
for 10 to 20 min at 28°C to make the pulsations of the tail artery detectable. The
average of three readings was used. To minimize the stress-induced fluctuations
in blood pressure, all measurements were taken by the same person in the same
quiet environment between 2 and 6 p.m.

Enzyme activity measurements

Frozen human samples were homogenized in 100 mM Tris-HCl buffer (pH 8.2)
containing 50 mM KCl, 20 mM MgCl2 and 2 mM EDTA. The homogenates were
centrifuged at 14,000 x g for 30 min at 4°C. The liver and lung homogenates
were filtered through P-10 gel filtration columns (Pharmacia) and kidney
homogenates through Micro Bio-Spin 6 Column (Bio-Rad, Hercules, CA). GCS
activity was measured as described (Nardi et al. 1990), with modifications.
Briefly, the assay mixture (final volume 100 µl) containing 10 mM ATP, 6 mM
DTT, 3 mM L-cysteine and 15 mM L-glutamic acid in 100 mM Tris-HCl buffer
was preincubated at 37°C for 15 min to ensure complete reduction of thiols. The
reaction was initiated by addition of the sample. The samples were incubated for
15-30 min at 37°C. After the incubation 50 µl of the mixture were added to 50 µl
of 30 mM monobromobimane (Thiolyte, Calbiochem, La Jolla, CA) in 50 mM
N-ethylmorpholine (pH 8.4) and left to react at room temperature for 5 min. The
reaction was stopped by addition of 10 µl 100% TCA and the precipitated protein
was spun down at 14,000 g for 5 min. 5 µl of supernatant were injected into a
Waters Novapak C-18 HPLC column (4 µm, 3.9 x 150 mm) running an isocratic
mobile phase consisting of 4% acetonitrile, 0.25% acetic acid and 0.25%
perchloric acid, pH 3.7. The fluorescent product was detected using Shimadzu
RF-10AxL spectrofluorometer (Shimadzu Corporation, Kyoto, Japan) with
excitation and emission wavelengths of 394 nm and 480 nm, respectively. The
quantity of γ-glutamylcysteine was measured by comparison with γ-
glutamylcysteine (Bachem, Bubendorf, Switzerland) standards derivatized and
analyzed as above. Enzyme activity was normalized on the basis of protein
content, which was determined using Bio-Rad DC protein assay kit.
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For cystathionine γ-lyase activity measurements, the cultured cells were
harvested and suspended in ice-cold 10 mM sodium phosphate buffer (pH 7.0)
containing 1 mM EDTA. After 3 freeze-thaw cycles the non-soluble debris was
spun down and the supernatant used for activity measurement. Frozen liver
samples were homogenized in 30 mM sodium phosphate buffer (pH 7.0),
centrifuged at 14,000 x g for 30 min at 4°C, and filtered through P-10 gel
filtration columns (Amersham Pharmacia Biotech) to remove endogenous amino
acids. Enzyme activity was measured as described (Heinonen 1973). The
specificity of the assay was confirmed using propargylglycine, an inhibitor of
CGL.

Spectrophotometric assays were used to measure GPx, GR and G6PDH
activities. GPx was measured by following the oxidation of NADPH in the
presence of t-BOOH, GSH and GR (Beutler 1975b), and GR and by following
NADPH oxidation in the presence of GSSG (Beutler 1975a) at 340 nm. G6PDH
was measured by following the reduction of NADP in the presence of glucose-6-
phosphate (Löhr and Waller 1974).

mRNA detection

Total RNA was extracted from 293T cells using RNeasy mini kit (Qiagen). For
the extraction of total RNA from tissues, the guanidinium thiocyanate/cesium
chloride method was used (Chirgwin et al. 1979).

For the detection of CGL by Northern blotting, RNA was fractionated on
agarose-formaldehyde gels at 10 µg/lane. Following capillary transfer onto nylon
filters (Hybond-N, Amersham Pharmacia Biotech), the blots were hybridized
using standard methods (Sambrook et al. 1989) with [32P] labeled (DuPont)
complementary RNA probe corresponding to nucleotides 874-1106 of the
published sequence (Lu et al. 1992). Following hybridization and washes, the
filters were exposed to Kodak BioMax MR autoradiography films (Eastman
Kodak Co.) The filters were stripped and reprobed with [32P] labeled
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA probe transcribed
from p-TRI-GAPDH-plasmid (Ambion).

For quantification of RNA from fetal, neonatal and adult tissues, the
ribonuclease protection assay (RPA II, Ambion Inc) was used. For the detection
of GCS subunits, 32P-radiolabeled antisense RNA probes were transcribed from
the PstI-NcoI fragment of GCSh (nucleotides 1375-1628) (Gipp et al. 1992), and
the HindII fragment of GCSl cDNA (nucleotides 583-888) (Mulcahy and Gipp
1995), and hybridized with 10 µg (liver and kidney) or 20 µg (lung) total RNA at
42°C overnight. In order to detect GCL-L and CGL-S, templates for radiolabeled
RNA probes were generated by amplifying 301-bp and 169-bp fragments of
CGL-L and CGL-S using the forward primer 5’-GCAAGTGGCATC-
TGAATTTG-3’ and reverse primer 5’-CCCATTACAACATCACTGTGG-3’
flanking the deletion site. The resulting fragments were cloned into the pCR 2.1
cloning vector (Invitrogen) and digested with SpeI. Using T7 RNA polymerase
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and [32P]UTP, these vectors yield 397- and 265-bp radiolabeled run-off
transcripts and 299- and 167-bp protected fragments for CGL-L and CGL-S,
respectively. To normalize for RNA content, the samples were hybridized with
RNA probes transcribed from human β-actin cDNA (pTRI-Actin-Human,
Ambion Inc.). Following RNase A+T1 digestion, the protected fragments were
separated on 5% polyacrylamide/8 M urea gels and exposed to Kodak BioMax
MR autoradiography film (Eastman Kodak Co, Rochester, NY).
For RT-PCR, liver RNA samples were reverse transcribed using random hexamer
primers (Promega) and amplified using the same primers that were used for
creating probes for the ribonuclease protection assay.

In vitro expression of CGL

Cell culture and transfections

Human embryonic adenovirus-transformed kidney cells (293T cells) were
maintained in Dulbecco’s modified Eagle’s medium with 862 mg/l Glutamax I
(Gibco BRL) supplemented with 10% (v/v) heat-inactivated fetal calf serum, 100
units/ml penicillin and 100 µg/ml streptomycin. Cells were seeded at a density of
4 x 106/10-cm plate 20 h before transfection. Cultures were grown at 37°C in a
humidified atmosphere with 5% CO2. Transient transfections were performed
using FuGENE 6 Transfection Reagent (Roche Molecular Biochemicals)
according to the manufacturer’s protocol. Cells were transfected with 6 µg of
pcDNA-CGL-S, pcDNA-CGL-L or pcDNA3. Transfection efficiency was
monitored by cotransfection of 1.5 µg of pCMVβ (Clontech) β-galactosidase
expression vector and measuring β-galactosidase activity as described (Rosenthal
1987). Cells were harvested 48h after transfection.

Plasmids carrying cystathionine γγ-lyase isoforms

Human cystathionine g-lyase cDNA (HCL-1, GenBank acc. #52028) was
obtained from American Type Culture Collection (ATCC, Rockville, MD, USA,
cat. no. 79761). This cDNA clone represents the shorter CGL isoform. However,
the original clone obtained from ATCC lacked the 3’ end (nucleotides 1106-
1194) of the reported sequence of the short form of CGL (Lu et al. 1992). The
missing nucleotides of the coding sequence, a Kozak consensus translation
initiation sequence and restriction sites were added to the sequence by PCR. The
sequences of the primers used were as follows: forward 5’-
CTCTGGTACCGCGACCATGCAGGAAAAAGACGCCTCCTC and reverse 5’-
CGTCGGTACCCTAGCTGTGAATTCTTCCACTTGGAGGGTGTGC (sequences
corresponding to the human CGL are italicized and KpnI restriction sites are
underlined). pcDNA-CGL-S was created by cloning the resulting DNA fragment
into the KpnI site of the mammalian expression vector pcDNA3 (Invitrogen).
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In order to clone the longer isoform CGL-L, 1 µg of total human liver RNA
was reverse transcribed using random hexamer primers (Promega) and PCR
amplified as above. The CGL-S and CGL-L clones were sequenced using ABI
prism automated sequencer (Perkin-Elmer).

PCR of genomic DNA

Our assumption was that the two CGL forms are splice variants and the 132 bp
fragment missing from CGL-S is flanked by two introns. DynaZyme EXT DNA
Polymerase (Finnzymes) was used to obtain the PCR fragments. For the
amplification of the 5’ intron, 100 ng of human genomic DNA were amplified
using forward primer 5’-GCAAGTGGCATCTGAATTTG-3’ and reverse primer
5’-ACAATATGTGCACAGCCTTC-3’. The resulting ca. 2.3 kb fragment was
cloned into pCR-XL-TOPO vector (Invitrogen) and sequenced from both ends of
the insert. The 3’ intron was amplified using forward primer 5’-
AACCCCACCCAGAAGGTGATTG-3’ and reverse primer 5’-GCAGAATAC-
ATAGAAATATCAGCTCC-3’. PCR amplification resulted in ca. 5 kb DNA
fragment, which was then cloned and sequenced as above.

Statistical Analysis

For comparing the expression of GCS in fetal, neonatal and adult tissues, the
Mann-Whitney U-test was used with a level of P≤0.05 chosen to indicate
significant differences. The Spearman rank correlation test was used to assess the
correlation between enzyme activity and mRNA levels.

The CGL activity in cells transfected with CGL-S, CGL-L or empty plasmid
were compared with Student’s t-test. Data were expressed as mean ± S.E.M.
Linear regression was used to assess the correlation between the mRNA
expression of CGL-S and CGL-L during development.

In studies on experimental animals, comparisons between treated and non-
treated animals were carried out using Student’s t-test. The activities were
expressed as mean ± S.D.  The relationship between GCS activity and blood
pressure was assessed using Pearson’s linear correlation coefficient.

All statistical analyses were performed with the SPSS 8.0 program (SPSS
Inc.).
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RESULTS

The expression of GCS

In the liver, both GCS mRNA species were detectable using Northern blotting,
whereas in other tissues only the ribonuclease protection assay was sensitive
enough to detect GCSl and GCSh. Neither mRNA expression of GCSl and GCSh

nor the GCS activity in the fetal and neonatal liver differed significantly from
adult samples. The mean activity of GCS was three to four times higher in the
liver than in other tissues studied (4.4 nmol/min/mg protein).

In the lung, the mRNA expression of GCSh was at the same level in fetal,
neonatal and adult groups, whereas GCSl expression was higher in the neonates
than in the fetuses and the adults (p=0.03). The mRNA expression of GCSl was
highest in two neonatal patients (gestational age 26 weeks) who died of RDS.
Also the highest specific activity (1.9 nmol/min/mg protein) in the lung was
measured from one of the RDS patients. There was no statistically significant
difference in the GCS activity in fetal, neonatal and adult groups.

The mRNA expression of GCSh in the kidney was at the same level in all
groups. The GCSl expression was significantly lower in the fetuses than in the
neonates and the adults (p=0.02), but GCSl mRNA expression did not correlate
with enzyme activity (r=-0.03). The GCS activity in the adults was statistically
significantly higher than in the fetuses and the neonates (p=0.03), but this may be
accounted for by the variation in the small number of samples.

Developmental and in vitro expression of CGL

The expression of CGL during development

CGL activity was only detected in adult liver tissue (68±9 nmol cysteine/h/mg
protein), whereas activities in fetal, preterm and term neonatal liver samples were
undetectable. In contrast, mRNA expression was detected from the 19th

gestational week onwards, and the mRNA levels were comparable to those of
adult liver samples. The expression of the two mRNA forms varied in parallel
(r=0.94, p<0.001). Since in the ribonuclease protection assay the length and the
specific activity of the probe affect the intensity of the signal, exact
quantification of mRNA is not possible by this method. However, the results of
the RT-PCR suggest that the longer form is more abundant in the liver throughout
development.



38

Splice variation on cystathionine γγ-lyase

Amplification of the 5’ intron from genomic DNA resulted in ca. 2.3 kb PCR
fragment, in which the first 93 nt from the 5’ end as well as 71 nt from the 3’ end
were similar to the reported cDNA sequence (Lu et al. 1992). A BLAST
sequence similarity search of the GenBank database did not show similarity to
any other known nucleotide sequences. At the putative exon-intron boundaries,
consensus U2-type GT-AG 5’ donor and acceptor sequences (Sharp and Burge
1997) were found (Figure 7).

Figure 7. (A) Exon-intron structure of the human cystathionine γ-lyase gene at
the site of splice variation. Exons are indicated as empty boxes and introns as
thin lines. Primer positions are indicated by arrows numbered as follows: #1 and
#2: The forward and reverse primers for amplification of intron a, #3 and #4:
The forward and reverse primers for amplification of intron b. (B) Exon-intron
junctions of the human cystathionine γ-lyase gene. Sequences flanking exon-
intron junctions are aligned with consensus splicing sequences. K indicates a or
c, r indicates either purine (a or g), y indicates either pyrimidine (c or t), and n
indicates any base. Exon sequences are in uppercase letters and intron
sequences in lowercase letters. The intron positions in cDNA are shown as
subscript numbers.
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Of the 5 kb DNA fragment resulting from the amplification of the 3’ intron,
108 nucleotides at the 5’ end and 41 nt from the 3’ end were similar to the
reported cDNA sequence and to no other sequence found in a BLAST search.
The putative exon-intron junctions were consensus sequences (Figure 7) (Sharp
and Burge 1997). The fragment  missing in CGL-S appears to be coded by a
single exon as the two genomic PCR fragments were overlapping.

Enzyme activity in 293T cells transfected with different cystathionine γγ-lyase
isoforms

There was a 1.5-fold increase in CGL activity 293T cells transfected with
pcDNA-CGL-L compared to cells transfected with an empty pcDNA3 vector
(Figure 8). Transfection with pcDNA-CGL-S did not cause any increase in
activity. Although the change from basal activity was small, it was consistent and
reproducible. Efficient transcription of both isoforms in transfected cells was
verified by Northern blotting. The CGL mRNA expression of cells transfected
with pcDNA-CGL-L and pcDNA-CGL-S was 7-fold and 11-fold, respectively, in
comparison with basal CGL mRNA expression of mock-transfected cells. The β-
galactosidase activities of the cells co-transfected with β-galactosidase
expression vector were of the same order.
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Figure 8.   Total cystathionine γ-lyase
activity in 293T cells transfected with
the two CGL isoforms.
Control cells were transfected with 6 µg
of an empty pcDNA3 vector; CGL-L,
cells transfected with 6 µg of pcDNA-
GCL-L; CGL-S, cells transfected with 6
µg of pcDNA-GCL-S, N=11 in each
group. Samples are from four
independent experiments. Mean ±
S.E.M. is given. Significance compared
with control cells: *** P<0.001.
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Glutathione metabolism in the spontaneously hypertensive rat

The effect of NOS inhibition on enzymes involved in GSH metabolism in the
kidney

L-NAME treatment led to a significant down-regulation of GCS activity (Figure
9). The reduction was largest in the high-sodium group. The GCS activity
correlated negatively with the systolic blood pressure at the end of the follow-up
period (r = -0.60, p < 0.001) and with the change in systolic blood pressure
during the study (r = -0.52, p < 0.001).

L-NAME treatment had no effect on kidney GPx activity in any salt group
(Table 4). Glutathione reductase activities were lower in rats treated with L-
NAME, and this difference was statistically significant in the group receiving
1.1% NaCl in their diet.
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Figure 9. γ-glutamylcysteine
synthetase activity in kidneys of
spontaneously hypertensive rats
treated with (solid bars) or without
(open bars) Nω-nitro-L-arginine
methyl ester and receiving a diet of
variable NaCl content (LS=NaCl
0.2%, MS=NaCl 1.1%, HS=NaCl
6.0%), n indicates the number of
animals in each group. Mean ± SD is
given. * p < 0.05, *** p<0.001.
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The effect of NO· donor on enzymes involved in GSH metabolism in the kidney

Isosorbide-5- mononitrate treatment did not have an effect on the renal GCS
activity (190 ±35 and 191 ±36 nmol/min/mg protein with and without IS-5-MN,
respectively) in the SHR. Also GPx and GR activities were unaffected by this
treatment (Table 4).

Enzymes involved in GSH metabolism in SHR in comparison to WKY

In the kidney, the increases in GR and GCS activities, seen in both low salt and
high salt SHR groups compared to WKY, did not reach statistical significance
(p=0.07 and p=0.11, respectively). GPx and G6PDH activities were similar in all
groups.

In the left ventricle of the heart, GPx, GR, and G6PDH activities did not differ
between the groups (Table 5). GCS activity was below the detection limit of our
assay. In the liver, the activities of GCS, GR and G6PDH were similar in all
groups, whereas GPx was significantly lower in SHR.

Table 4. Glutathione peroxidase (GPx), glutathione reductase (GR) and glucose-
6-phosphate dehydrogenase (G6PDH) activities in spontaneously hypertensive
rats treated with L-NAME or isosorbide 5-mononitrate (IS-5-MN). *: p<0.01
with respect to control salt group.

                   GPx  GR     G6PDH
0.2% NaCl
0.2% NaCl + L-NAME
1.1% NaCl
1.1% NaCl + L-NAME
6.0% NaCl
6.0% NaCl + L-NAME
6.6% NaCl
6.6% NaCl + IS-5-MN

46.5±6.0
36.0±8.1
45.7±6.4
42.5±2.5
43.8±5.0
45.6±12.1
77.3±11.3
80.8±12.7

88.9±13.6
78.1±8.6
89.6±6.1
73.3±7.4*
86.8±8.0
75.9±13.8
69.6±6.8
71.5±8.0

15.8±0.8
17.0±1.5
15.3±1.0
17.5±1.4*
15.3±1.0
17.8±2.0*



42

Table 5. Enzymatic activities of γ-glutamylcysteine synthetase (GCS),
glutathione peroxidase (GPx), glutathione reductase (GR), and glucose-6-
phosphate dehydrogenase (G6PDH) in heart and liver homogenates.
WKY: Wistar-Kyoto controls (n=8), SHR LS: spontaneously hypertensive
rats on 0.3% NaCL diet (n=7), SHR HS: SHR on 2.6% NaCl diet (n=7).
All data are mU/mg protein, and mean±S.D. are given. **: p<0.01.

Group Tissue GCS GPx GR G6PDH

WKY Heart n.d. 33.1±9.2  6.3±1.9 3.3±1.0
Liver 9.1±1.7 119.3±17.9  47.3±12.3 9.9±2.5

SHR LS Heart n.d. 34.1±6.1  6.1±2.3 3.3±1.9
Liver 8.7±1.1 89.1±36.1**  45.3±3.8
8.5±1.5

SHR HS Heart n.d. 33.7±2.3  6.5±1.5 2.5±1.1
Liver 8.0±1.0 100.2±14.4** 45.4±3.0 8.9±1.7

Blood pressure

During the follow-up period of 6 weeks, the blood pressure in SHR increased
44±10 mmHg and 59±5 mmHg on low- and high-salt diets, respectively, whereas
in control rats the blood pressure did not change. The increase in blood pressure
in the high-salt group was significantly higher (p<0.01) than in the low-salt
group.
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DISCUSSION

The expression of enzymes involved in GSH synthesis during human
development

The expression of γγ-glutamylcysteine synthetase

Given the multitude of GSH-related cellular functions and especially the
important role of GSH in cell proliferation (Cotgreave and Gerdes 1998), it is
likely that the enzymes needed for GSH synthesis are expressed from early stages
of embryonic development. Indeed, GCS has been shown to be expressed at the
early head-fold stage (day 9.5) in rats (Trocino et al. 1995). Interestingly, high
glucose concentration causes a decrease in its expression and a subsequent
decrease in GSH concentration, which is associated with increased incidence of
embryonic malformations and growth retardation. These effects are almost
completely reversed by a GSH ester. Although the cDNAs for both subunits of
mouse GCS have been cloned (Reid et al. 1997), GCS or GSH synthetase knock-
outs have not been described. It is highly likely that such knock-outs are
embryonically lethal. Mice lacking MTF-1, who have diminished hepatic
expression of GCS, die in utero with hepatic failure (Gunes et al. 1998). In
human liver (Rollins et al. 1981) and erythrocytes (Lestas and Rodeck 1984),
GCS activities are at the same level in fetuses as adults, supporting the notion
that GSH synthetic capacity is mature at early developmental stages. However, as
GCS may be differentially regulated in various tissues, it is of importance to
investigate the expression of GCS in those tissues that are critically exposed to
ROS, such as the lung. The low concentration of GSH in the epithelial lining
fluid of preterm newborn infants (Grigg et al. 1993) may reflect the immaturity of
the lung to synthesize GSH efficiently.

Our results show that GCS mRNA expression and activity do not differ
appreciably between fetal, neonatal and adult groups in the tissues studied. The
highest GCS activity was measured in the liver, and the activities in the lung and
in the kidney were lower but similar. As GCS is expressed and active in these
tissues already in the second trimester, GCS appears to be fully operative also in
preterm infants. It is of interest that GCS activity is two orders of magnitude
higher in rat than in human kidney (Neuschwander-Tetri et al. 1997). This may
explain why GCS activity is drastically increased postnatally in rats and mice
(Tsui and Yeung 1979, Harman et al. 1990), but not in humans. Furthermore, γ-
GT activity is also much higher in rat than in human kidney tissue (Hinchman
and Ballatori 1990). These differences in tissue-specific expression of GCS and
γ-GT between humans and rodents reflect differences in inter-organ GSH
metabolism, as the kidney rather than the liver is the principal site of GSH
salvage in rats.
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The in vitro and developmental expression of cystathionine γγ-lyase

Cystathionine γ-lyase activity (Sturman et al. 1970) has been shown to be absent
from human fetal liver. As two mRNA forms of CGL have been found in human
liver, it was postulated that changes in the relative expression of the two isoforms
causes the postnatal increase in activity (Lu et al. 1992). It was proposed that the
expression of the longer isoform would dominate during the fetal period and the
protein coded by it would be inactive. Later on, the expression of the shorter
mRNA form would increase causing the postnatal increase in activity. However,
the shorter form of CGL lacks 44 amino acid residues, including the catalytically
indispensable residues Asp187 and Asn188, which are conserved in all members
of the γ-family of PLP dependent enzymes (Steegborn et al. 1999). This suggests
that the shorter form would be inactive.

In our study, only those cells transfected with the cDNA corresponding to the
longer form of CGL had increased enzymatic activity, although both mRNAs
were efficiently transcribed. Transfection with the shorter form neither increased
nor decreased the basal CGL activity. The deletion of the shorter form is at the
catalytic area, while those residues interacting with the other subunits of the CGL
tetramer remain intact. Therefore, it is likely that the shorter form would interact
with the longer form, but does not inhibit its activity. However, the missing
fragment in the shorter form of GCL would necessitate major movements of the
secondary structure elements, which may result in a considerable alteration of the
tertiary structure. Futhermore, as we have no means to detect CGL protein, it is
possible that CGL-S protein is degraded rapidly, as has been shown for rat
cystathionine β-synthase (Roper and Kraus 1992). Taken together, our findings
do not support the postulated regulatory function of GCL-S.

In the present study, CGL activity was only detected in adult liver tissue,
whereas activities in fetal, preterm and term liver tissues were undetectable. This
is in accordance with an earlier report (Sturman et al. 1970). In contrast, strong
mRNA expression was detected from the 19th gestational week onwards. That
the mRNA expression of both subunits varies in parallel and the longer form is
predominant throughout development further reinforces the notion that the
postnatal increase in the CGL activity is not regulated by the change in the
relative expression of the two isoforms. Although the discrepancy between CGL
mRNA expression and enzyme activity could be accounted for by an inhibitor
present in the crude extracts of fetal liver, or by CGL protein that is catalytically
inactive, earlier studies do not support these views (Sturman et al. 1970, Gaull et
al. 1972, Pascal et al. 1972). Rather, a likely explanation is post-transcriptional
regulation of CGL gene expression, as has been shown for a number of enzymes
during the development of the liver (Das et al. 1996, de Groot et al. 1987, de
Groot et al. 1986, Hryb and Feigelson 1983).



45

Therapeutic possibilities of supplementation of GSH or its precursors

Theoretically, increasing intracellular GSH would be a rational approach to
antioxidant therapy. As GSH itself is not efficiently transported into most cells,
supplementation of GSH precursors, preferably the limiting substrate cysteine,
would be more feasible. This is especially relevant to preterm neonates, who
cannot synthesize cysteine themselves due to absent γ-cystathionine activity.
However, cysteine is not very stable in intravenous solutions, and it has a narrow
therapeutic window (Anderson and Meister 1987). Therefore, cysteine precursors
could be used to augment cellular GSH.

N-acetylcysteine (NAC) has a thiol group that can directly scavenge certain
oxidants. However, its major antioxidant effect is thought to be based on
deacylation to cysteine, which is then used for GSH synthesis (Moldeus and
Cotgreave 1994). NAC given intravenously is the established treatment for
acetaminophen (paracetamol) poisoning (Vale and Proudfoot 1995). It is also
used orally as a mucolytic agent (Grassi and Morandini 1976). There are a
number of animal studies showing beneficial effects of NAC in various animal
models of lung injury (Bernard et al. 1984, Leff et al. 1993, Sprong et al. 1998),
but also opposite results have been reported (van Klaveren et al. 1997). In
preterm guinea pigs, NAC ameliorates hyperoxic lung  injury (Langley and Kelly
1993), but in mouse lung it does not protect against the detrimental effects of
hyperoxia on pulmonary growth (Wilborn et al. 1996). In clinical studies,
intravenous NAC have been shown to improve lung function in acute respiratory
distress syndrome (ARDS) in some studies (Suter et al. 1994, Bernard et al. 1997,
Jepsen et al. 1992), but others failed to see any effect (Domenighetti et al. 1997,
Laurent et al. 1996). Given orally, NAC did not produce a sustained increase in
GSH levels sufficient to increase the antioxidant capacity of the lungs
(Bridgeman et al. 1994). In conclusion, both experimental studies with adult and
preterm animals and clinical studies with adult patients have shown somewhat
contradictory results, and no clear consensus exists, as to whether or not NAC is
beneficial in the treatment of experimental or clinical lung injury.

With respect to preterm neonates, antioxidant therapy by NAC is an especially
attractive option because of their relative cysteine deficiency. However, there are
several potential problems. Nothing is known about the ability of preterm
neonates to deacetylate NAC, and it is possible that their ability to deacetylate
NAC and to utilize liberated cysteine for GSH synthesis is limited. Nevertheless,
NAC may increase intracellular GSH through reduction of extracellular cystine to
cysteine, thus augmenting cellular uptake of this amino acid. Moreover, thiols are
strong reductants able to reduce transition metal ions, which participate in Fenton
chemistry. They can also react to form reactive and potentially toxic thiyl radicals
(Munday 1989). In addition, optimal function of a number of molecules such as
cell membrane receptors and proteins involved in signal transduction may require
a balance between oxidized and reduced thiols. Interference with the homeostasis
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of these redox-sensitive pathways by excess amounts of  reductants may alter the
normal cell signaling that occurs upon oxidative stress (Cross et al. 1994).

Thiazolidines are potentially useful compounds for cysteine delivery. L-2-
oxothiazolidine-4-carboxylate (OTC) is readily taken up by cells and metabolized
by cellular 5-oxoprolinase to cysteine (Meister 1991). The efficacy of orally
given OTC against pulmonary oxygen toxicity has been shown in protein-energy
malnourished rats (Taylor et al. 1992). It has also been shown to improve the
clinical outcome of ARDS patients (Bernard et al. 1997). OTC is not a thiol
itself, so theoretically it does not have the extracellular adverse effects attributed
to the thiol group that NAC might have. The clinical use of OTC is limited
because it is not a registered drug. Futhermore, as the ontogeny of 5-oxoprolinase
has not been studied, it is remains to be established whether or not preterm
infants are able to metabolize it to cysteine.

Limitations of the study

All studies using human samples are fraught with technical and methodological
difficulties. In our study, there was large variation in enzyme activities and
mRNA levels between different individuals. This may in part be due to the fact
that the period between the time of death and autopsy was variable, although we
did not detect any correlation between the length of this time and enzymatic
activity or mRNA expression. All infants were treated in intensive care units for
up to five days before death, and all but one received oxygen therapy. Since both
GCS mRNA expression and activity have been shown to be induced upon
oxidative stress in lung epithelial cells (Shi et al. 1994, Tian et al. 1997), the
upregulation of GCSl in the lungs of 26 wk infants may well be caused by oxygen
therapy. Thus, all the changes observed in mRNA levels do not necessarily
reflect alterations of gene expression during development, but may be caused by
disease processes or therapeutic interventions.

Glutathione metabolism in experimental hypertension

The interplay of NO·and GSH in vascular function

There is ample evidence of a close interaction between NO· and GSH
metabolism. In vitro, NO· increases intracellular GSH concentration by inducing
GCS, as well as increasing cellular cystine uptake (Moellering et al. 1998,
Moellering et al. 1999a, Li et al. 1999). Conversely, GSH is needed for proper
function of NO synthases. In purified preparations of iNOS and nNOS,
glutathione is needed for full enzyme activity (Stuehr et al. 1990, Hofmann and
Schmidt 1995). Furthermore, NO· synthesis is impaired in endothelial cells
depleted of GSH (Ghigo et al. 1993), but increased in endothelial cells treated
with NAC (Ramasamy et al. 1999). Thus NO· and GSH synthesis appear to be
regulated in a reciprocal manner.
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In the vasculature, NO· has a wide range of physiological functions, including
inhibition of leukocyte adherence, chemotaxis, and vascular smooth muscle cell
proliferation (Lane and Gross 1999). Intracellular thiol status appears to play a
role in all of these effects. This is relevant to the end-organ damage due to
hypertension, in which vascular smooth muscle cell proliferation and monocyte
infiltration occur. Thiol antioxidants appear to have similar anti-inflammatory
and antiproliferative effects to NO· (Henkel et al. 1993, Wung et al. 1997, Du et
al. 1999). In this respect, it is of interest that marked increases in monocyte
infiltration into coronary vessels as well as in NF-κB activation and MCP-1
expression caused by chronic NOS inhibition in rats are effectively reversed by
intraperitoneal administration of NAC (Usui et al. 2000).

In our study, chronic inhibition of NOS by L-NAME led to a down-regulation
of GCS by 50% in the high salt group. Relatively little is known about the
correlation of the level of GCS down-regulation and glutathione content in vivo.
In a study by Drew et al. (Drew and Miners 1984), the effect of GCS inhibition
by BSO on kidney GCS activity and GSH levels was studied in mice. From
buthionine sulfoximine dose-response curves it could be estimated that down-
regulation of GCS by 50% resulted in a reduction of GSH by 50%. Although the
kidneys of adult mice appear to be unaffected by this degree of GSH deficiency
for three weeks (Meister 1991), it is likely that  in the case of secondary kidney
damage due to hypertension, in which ROS appear to be a significant contributor,
GSH depletion of this magnitude increases the damage.

It has to be emphasized that while GSH is the major intracellular thiol, many
complementary molecules and systems exist in the cell which may compensate
for the loss of GSH. Ascorbic acid, which is present in millimolar quantities,  can
replace GSH (Meister 1994). Catalase may substitute for the loss of GSH in the
disposal of hydrogen peroxide. With respect to thiol redox-signaling, other
redox-active molecules, such as thioredoxin, may compensate for GSH (Arrigo
1999). While the pharmacological effects of GSH augmenting drugs are not
easily discerned, it would be interesting to see whether other drugs such as GSH
ester or OTC could provide protection against the detrimental effects of chronic
NOS-inhibition that is seen in the kidney of SHR, in the similar manner to NAC
(Vaskonen et al. 1997, Usui et al. 2000).

There are a number obvious limitations in our study. Firstly, we did not
measure kidney GSH levels. Thus, decrease in GCS regulation could possibly be
due to down-regulation by high GSH levels. However, this seems unlikely, since
inhibition of NO· synthesis by L-NAME is associated with increased production
of ROS both in vitro and in vivo (Niu et al. 1994, Usui et al. 1999, Usui et al.
2000). Secondly, nitrosoglutathione and other nitrosothiols were not measured,
and thus their role in NO· storage and transport is not known. Thirdly, the kidney
has all three forms of NOS, and their specific functions and localizations are not
fully elucidated. Therefore, inhibition by a non-specific NOS inhibitor and



48

measuring activity from total kidney homogenates does not provide information
about the role of different NOS isoforms in the regulation of GSH synthesis, nor
do we gain knowledge about the effect of NOS inhibition on GSH synthesis in
the various cells in the kidney. Furthermore, given the complex roles of NO· in
the regulation of renal homeostasis such as sodium excretion, much of which is
yet to be characterized in detail, it is not easy to envision what impact the
inhibition of GSH synthesis would have on these mechanisms leading to renal
hypertension.

The role of GSH in hypertension

There are relatively few reports on glutathione metabolism in human or
experimental hypertension. When SHR rats have been compared to WKY, GPx
activity has been reported to be either higher (Cabell et al. 1997), similar (Yuan
et al. 1996) or variable depending on age (Batist et al. 1989), and hepatic GPx
activity lower (Kitts et al. 1998) in SHR in comparison to WKY. The
discrepancy may be at least partly be accounted for by differences between the
ages of the rats in different studies, as it has been shown that GPx activity in
myocardium decreases with advancing age (Batist et al. 1989).

Our results show that kidney GCS and GR activities tend to be higher in SHR
than WKY, which implies an enhanced capacity to produce reduced GSH. It is of
interest that even a small, 1.2-1.5 fold increase in GCS activity causes a 2-4 fold
increase in intracellular GSH levels (Shi et al. 1994, Mulcahy et al. 1997).
Considering the millimolar concentration range of  intracellular GSH, GCS
induction of this magnitude provides efficient protection against increased
oxidative stress.

GR regulation under oxidative stress is not very well characterized. While it is
known that GR is not increased upon exposure to hyperoxia in the lung
(Pietarinen-Runtti et al. 1998), nor is it affected by cytokines known to cause
increased oxygen radical formation (Kinnula et al. 1995), there may be tissue-
specific differences in the regulation of GR. In the kidney, an increase in GR
activity may provide an additional mechanism to maintain reduced GSH levels.

In the liver, GPx was lower in SHR than in WKY, which is in accordance with
earlier studies (Cabell et al. 1997, Kitts et al. 1998). SHR liver has been shown to
be more susceptible to GSH depletion by hydrogen peroxide (Kitts et al. 1998).
However, decrease in liver GSH does not necessarily lead to increased oxidative
damage (Kitts et al. 1998). Furthermore, as renal and cardiac damage are
hallmarks of secondary damage caused by hypertension, and the liver is not
affected, it is likely that the small decrease seen in our study in the liver GPx
activity is of minor importance.
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CONCLUSIONS

The main conclusions of this thesis are as follows:
1) In terms of activity and and mRNA levels, the expression of the rate-limiting

enzyme of glutathione synthesis, γ-glutamylcysteine synthetase, is higher in
the liver than in the lung and kidney, but does not  vary appreciably between
fetal, neonatal and adult samples. This indicates that glutathione synthetic
capacity of the preterm neonate is not limited by the lack of this enzyme.

2) The mRNA expression of both the longer and shorter cystathionine γ-lyase
isoform is abundant from the 19th gestational weeks onwards, whereas the
enzyme activity is only present in adult liver. There is a close correlation
between the mRNA expression of both isoforms during development. Only the
longer isoform is enzymatically active when expressed in eukaryotic cells.
These results suggest that cystathionine γ-lyase is post-transcriptionally
regulated during development, and argue against the hypothesis that the
subunit composition of cystathionine γ-lyase tetramer would regulate its
activity during development.

3) Systemic inhibition of nitric oxide synthesis by L-NAME in spontaneously
hypertensive rats down-regulates renal γ-glutamylcysteine synthetase activity,
which is likely to aggravate secondary kidney damage in hypertension.

4) GSH recycling and synthesis appears not to be weaker in SHR in comparison
to WKY. Rather, SHR tend to have higher renal GCS and GR activities
implying better ability to increase reduced GSH. This effect may be an
adaptive response to an increased oxidative stress.



50

ACKNOWLEDGEMENTS
This study was carried out at the Research Laboratory of the Hospital for Children and

Adolescents, University of Helsinki, Finland. I wish to express my sincere gratitude to professor

Jaakko Perheentupa, MD, former Head of the Department of Pediatrics, for placing the excellent

research facilities at my disposal.

 I am most grateful to my supervisor, Professor Kari Raivio, MD, for introducing me to the

world of science. His support and encouragement have been invaluable. I owe my warmest thanks

to my other supervisor, Docent Risto Lapatto, MD, for his indispensable help and guidance

throughout this study.

I wish to thank Associate Professor Victor Darley-Usmar, Ph. D., from the University of

Alabama at Birmingham, USA, and Docent Pekka Kääpä, MD, from the University of Turku, for

critically reviewing this thesis prior to preparation of the final manuscript.

The English language was revised by Ms. Caroline Sato, B.A., whose help is gratefully

acknowledged.

I am grateful to all my collaborators, whose help made this work possible. I thank Professor

Heikki Karppanen, MD, Juha Laakso, MSc, Eero Mervaala, MD, and Timo Vaskonen, MD, for

pleasant cooperation. I am most grateful to Docent Markku Heikinheimo, MD, for his valuable

help during the preparation of the manuscripts of my original publications.

I wish to thank all the members of our research group for creating warm and friendly

atmosphere in our lab. I acknowledge the friendship of Kristiina Aalto, MD, Terhi Ahola, MD,

Henrikka Aito, MD, Tiina Asikainen, MD, Nina Linder, MD, Eeva Martelin, MD, Petra

Pietarinen-Runtti, MD, and Mika Saksela, MD Also other colleagues and friends in the Hospital

for Children and Adolescents are acknowledged for their companionship both in and out of the

lab.

I am deeply indebted to Ms. Sari Lindén and Ms. Ritva Löfman for their excellent technical

assistance. I also thank the head of the Research laboratory, Docent Erkki Savilahti, MD,  and

the other personnel of the laboratory for creating a pleasant environment for my studies.

I owe thanks to all my faithful friends, especially Kristiina, Jari, Hanna, Mikko, and Susanna

for dragging me out of the lab every now and then to do something else besides pipetting.

I thank my dear parents for the love, support and encouragement they have given me

throughout my life. I also thank my sister and brother and their families, especially their amiable

children Sonja, Arto, Iris and Anna, for helping me to keep in touch with life outside the scientific

field.

Finally, my warmest thanks belong to my beloved husband Markku. Without his unflagging

support the completion of this study would not have been possible.

This study was financially supported by the MD/PhD program of the University of Helsinki,

Helsinki University Central Hospital, the Foundation for Pediatric Research and the Maud

Kuistila Foundation.

Helsinki, May 2000



51

REFERENCES

Abman S H, and Groothius J R: Pathophysiology and treatment of bronchopulmonary dysplasia.
Current issues. Pediatr Clin North Am 41: 277-315, 1994

Alexander F W, Sandmeier E, Mehta P K, and Christen P: Evolutionary relationships among
pyridoxal-5'-phosphate-dependent enzymes. Regio-specific alpha, beta and gamma families. Eur J
Biochem 219: 953-960, 1994

Anderson M E, and Meister A: Intracellular delivery of cysteine. Methods Enzymol 143: 313-
325, 1987

Arrigo A P: Gene expression and the thiol redox state. Free Radic Biol Med 27: 936-944, 1999

Arteel G E, Mostert V, Oubrahim H, Briviba K, Abel J, and Sies H: Protection by selenoprotein
P in human plasma against peroxynitrite-mediated oxidation and nitration. Biol Chem 379: 1201-
1205, 1998

Asikainen T M, Raivio K O, Saksela M, and Kinnula V L: Expression and developmental profile
of antioxidant enzymes in human lung and liver. Am J Respir Cell Mol Biol 19: 942-949, 1998

Awasthi Y C, Dao D D, and Saneto R P: Interrelationship between anionic and cationic forms of
glutathione S-transferases of human liver. Biochem J 191: 1-10, 1980

Awasthi Y C, Sharma R, and Singhal S S: Human glutathione S-transferases. Int J Biochem 26:
295-308, 1994

Avila M A, Mingorance J, Martinez-Chantar M L, Casado M, Martin-Sanz P, Bosca L, and
Mato J M: Regulation of rat liver S-adenosylmethionine synthetase during septic shock: role of
nitric oxide. Hepatology 25: 391-396, 1997

Banks B A, Ischiropoulos H, McClelland M, Ballard P L, and Ballard R A: Plasma 3-
nitrotyrosine is elevated in premature infants who develop bronchopulmonary dysplasia.
Pediatrics 101: 870-874, 1998

Bannai S: Transport of cystine and cysteine in mammalian cells. Biochim Biophys Acta 779:
289-306, 1984

Bannai S: Exchange of cystine and glutamate across plasma membrane of human fibroblasts. J
Biol Chem 261: 2256-2263, 1986

Batist G, Mersereau W, Malashenko B A, and Chiu R C: Response to ischemia-reperfusion
injury in hypertrophic heart. Role of free-radical metabolic pathways. Circulation 80: III10-13,
1989

Beatty P W, and Reed D J: Involvement of the cystathionine pathway in the biosynthesis of
glutathione by isolated rat hepatocytes. Arch Biochem Biophys 204: 80-87, 1980



52

Bella D L, Kwon Y H, and Stipanuk M H: Variations in dietary protein but not in dietary fat plus
cellulose or carbohydrate levels affect cysteine metabolism in rat isolated hepatocytes. J Nutr
126: 2179-2187, 1996

Bella D L, Hirschberger L L, Hosokawa Y, and Stipanuk M H: Mechanisms involved in the
regulation of key enzymes of cysteine metabolism in rat liver in vivo. Am J Physiol 276: E326-
E335, 1999a

Bella D L, Hahn C, and Stipanuk M H: Effects of nonsulfur and sulfur amino acids on the
regulation of hepatic enzymes of cysteine metabolism. Am J Physiol 277: E144-E153, 1999b

Berggren M, Dawson J, and Moldeus P: Glutathione biosynthesis in the isolated perfused rat
lung: utilization of extracellular glutathione. FEBS Lett 176: 189-192, 1984

Bernard G R, Lucht W D, Niedermeyer M E, Snapper J R, Ogletree M L, and Brigham K L:
Effect of N-acetylcysteine on the pulmonary response to endotoxin in the awake sheep and upon
in vitro granulocyte function. J Clin Invest 73: 1772-1784, 1984

Bernard G R, Wheeler A P, Arons M M, Morris P E, Paz H L, Russell J A, and Wright P E: A
trial of antioxidants N-acetylcysteine and procysteine in ARDS. The Antioxidant in ARDS Study
Group. Chest 112: 164-172, 1997

Beutler E: Glutathione reductase. red cell metabolism: a manual of biochemical methods,
Grune&Stratton, 69-71, 1975a

Beutler E: Glutathione peroxidase. Red cell metabolism: a manual of biochemical methods,
Grune&Stratton, 71-73, 1975b

Bjornstedt M, Xue J, Huang W, Akesson B, and Holmgren A: The thioredoxin and glutaredoxin
systems are efficient electron donors to human plasma glutathione peroxidase. J Biol Chem 269:
29382-29384, 1994

Bridgeman M M, Marsden M, Selby C, Morrison D, and MacNee W: Effect of N-acetyl cysteine
on the concentrations of thiols in plasma, bronchoalveolar lavage fluid, and lung tissue. Thorax
49: 670-675, 1994

Brigelius-Flohe R, Aumann K D, Blocker H, Gross G, Kiess M, Kloppel K D, Maiorino M,
Roveri A, Schuckelt R, Usani F, and et al.: Phospholipid-hydroperoxide glutathione peroxidase.
Genomic DNA, cDNA, and deduced amino acid sequence. J Biol Chem 269: 7342-7348, 1994

Brigelius-Flohe R: Tissue-specific functions of individual glutathione peroxidases. Free Radic
Biol Med 27: 951-965, 1999

Buettner G R: - The pecking order of free radicals and antioxidants: lipid peroxidation, alpha-
tocopherol, and ascorbate. Arch Biochem Biophys 300: 535-543, 1993

Cabell K S, Ma L, and Johnson P: Effects of antihypertensive drugs on rat tissue antioxidant
enzyme activities and lipid peroxidation levels. Biochem Pharmacol 54: 133-141, 1997



53

Cadenas E, Boveris A, Ragan C I, and Stoppani A O: Production of superoxide radicals and
hydrogen peroxide by NADH-ubiquinone reductase and ubiquinol-cytochrome c reductase from
beef-heart mitochondria. Arch Biochem Biophys 180: 248-257, 1977

Carlos D M, Goto S, Urata Y, Iida T, Cho S, Niwa M, Tsuji Y, and Kondo T: Nicardipine
normalizes elevated levels of antioxidant activity in response to xanthine oxidase-induced
oxidative stress in hypertensive rat heart. Free Radic Res 29: 143-150, 1998

Chance B, Sies H, and Boveris A: Hydroperoxide metabolism in mammalian organs. Physiol Rev
59: 527-605, 1979

Cheng J J, Wung B S, Chao Y J, and Wang D L: Cyclic strain-induced reactive oxygen species
involved in ICAM-1 gene induction in endothelial cells. Hypertension 31: 125-130, 1998

Chien S, Li S, and Shyy Y J: Effects of mechanical forces on signal transduction and gene
expression in endothelial cells. Hypertension 31: 162-169, 1998

Chirgwin J M, Przybyla A E, MacDonald R J, and Rutter W J: Isolation of biologically active
ribonucleic acid from sources enriched in ribonuclease. Biochemistry 18: 5294-5299, 1979

Chu F F, Doroshow J H, and Esworthy R S: Expression, characterization, and tissue distribution
of a new cellular selenium-dependent glutathione peroxidase, GSHPx-GI. J Biol Chem 268:
2571-2576, 1993

Clausen T, Huber R, Laber B, Pohlenz H D, and Messerschmidt A: Crystal structure of the
pyridoxal-5'-phosphate dependent cystathionine beta-lyase from Escherichia coli at 1.83 A. J Mol
Biol 262: 202-224, 1996

Clausen T, Huber R, Prade L, Wahl M C, and Messerschmidt A: Crystal structure of Escherichia
coli cystathionine gamma-synthase at 1.5 A resolution. EMBO Journal 17: 6827-6838, 1998

Corrales F, Ochoa P, Rivas C, Martin-Lomas M, Mato J M, and Pajares M A: Inhibition of
glutathione synthesis in the liver leads to S-adenosyl-L-methionine synthetase reduction.
Hepatology 14: 528-533, 1991

Cosentino F, Patton S, d'Uscio L V, Werner E R, Werner-Felmayer G, Moreau P, Malinski T,
and Luscher T F: Tetrahydrobiopterin alters superoxide and nitric oxide release in
prehypertensive rats. J Clin Invest 101: 1530-1537, 1998

Cotgreave I A, and Gerdes R G: Recent trends in glutathione biochemistry--glutathione-protein
interactions: a molecular link between oxidative stress and cell proliferation? Biochem Biophys
Res Commun 242: 1-9, 1998

Craven P A, Studer R K, Felder J, Phillips S, and DeRubertis F R: Nitric oxide inhibition of
transforming growth factor-beta and collagen synthesis in mesangial cells. Diabetes 46: 671-681,
1997

Cross C E, van der Vliet A, CA O N, and Eiserich J P: Reactive oxygen species and the lung.
Lancet 344: 930-933, 1994



54

Dalton T P, Shertzer H G, and Puga A: Regulation of gene expression by reactive oxygen. Annu
Rev Pharmacol Toxicol 39: 67-101, 1999

Das A T, Salvado J, Boon L, Biharie G, Moorman A F, and Lamers W H: Regulation of
glutamate dehydrogenase expression in the developing rat. Eur J Biochem 235: 677-682, 1996

De Caterina R, Libby P, Peng H B, Thannickal V J, Rajavashisth T B, Gimbrone M A, Jr., Shin
W S, and Liao J K: Nitric oxide decreases cytokine-induced endothelial activation. Nitric oxide
selectively reduces endothelial expression of adhesion molecules and proinflammatory cytokines.
J Clin Invest 96: 60-68, 1995

de Groot C J, Zonneveld D, de Laaf R T, Dingemanse M A, Mooren P G, Moorman A F, Lamers
W H, and Charles R: Developmental and hormonal regulation of carbamoyl-phosphate synthase.
Biochim Biophys Acta 866: 61-67, 1986

de Groot C J, ten Voorde G H, van Andel R E, te Kortschot A, Gaasbeek Janzen J W, Wilson R
H, Moorman A F, Charles R, and Lamers W H: Reciprocal regulation of glutamine synthetase
and carbamoylphosphate. Biochim Biophys Acta 908: 231-240, 1987

de Haan J B, Bladier C, Griffiths P, Kelner M, RD O S, Cheung N S, Bronson R T, Silvestro M
J, Wild S, Zheng S S, Beart P M, Hertzog P J, and Kola I: Mice with a homozygous null
mutation for the most abundant glutathione peroxidase, Gpx1, show increased susceptibility to
the oxidative stress- inducing agents paraquat and hydrogen peroxide. J Biol Chem 273: 22528-
22536, 1998

Dean R T, Fu S, Stocker R, and Davies M J: Biochemistry and pathology of radical-mediated
protein oxidation. Biochem J 324: 1-18, 1997
Deneke S M, and Fanburg B L: Regulation of cellular glutathione. Am J Physiol 257: L163-
L173, 1989

Deneke S M, Baxter D F, Phelps D T, and Fanburg B L: Increase in endothelial cell glutathione
and precursor amino acid uptake by diethyl maleate and hyperoxia. Am J Physiol 257: L265-
L271, 1989

Domenighetti G, Suter P M, Schaller M D, Ritz R, and Perret C: Treatment with N-
acetylcysteine during acute respiratory distress syndrome: a randomized, double-blind, placebo-
controlled clinical study. J Crit Care 12: 177-182, 1997

Drew R, and Miners J O: The effects of buthionine sulphoximine (BSO) on glutathione depletion
and xenobiotic biotransformation. Biochem Pharmacol 33: 2989-2994, 1984

Du J, Peng T, Scheidegger K J, and Delafontaine P: Angiotensin II activation of insulin-like
growth factor 1 receptor transcription is mediated by a tyrosine kinase-dependent redox-sensitive
mechanism. Arterioscler Thromb Vasc Biol 19: 2119-2126, 1999

Duffy S J, Gokce N, Holbrook M, Huang A, Frei B, Keaney J F, Jr., and Vita J A: Treatment of
hypertension with ascorbic acid. Lancet 354: 2048-2049, 1999



55

Erickson P F, Maxwell I H, Su L J, Baumann M, and Glode L M: Sequence of cDNA for rat
cystathionine gamma-lyase and comparison of deduced amino acid sequence with related
Escherichia coli enzymes. Biochem J 269: 335-340, 1990

Fernandez-Checa J C, Kaplowitz N, Garcia-Ruiz C, and Colell A: Mitochondrial glutathione:
importance and transport. Semin Liver Dis 18: 389-401, 1998

Finkel T: Oxygen radicals and signaling. Curr Opin Cell Biol 10: 248-253, 1998

Fisher A B, Dodia C, Manevich Y, Chen J W, and Feinstein S I: Phospholipid hydroperoxides
are substrates for non-selenium glutathione peroxidase. J Biol Chem 274: 21326-21334, 1999

Flohe L, Gunzler W A, and Schock H H: Glutathione peroxidase: a selenoenzyme. FEBS Lett 32:
132-134, 1973

Forstermann U, Boissel J P, and Kleinert H: Expressional control of the 'constitutive' isoforms of
nitric oxide synthase (NOS I and NOS III). FASEB J 12: 773-790, 1998

Frank L: Antioxidants, nutrition, and bronchopulmonary dysplasia. Clin Perinatol 19: 541-562,
1992

Frank L: Developmental aspects of experimental pulmonary oxygen toxicity. Free Radic Biol
Med 11: 463-494, 1991

Freeman B A, and Crapo J D: Hyperoxia increases oxygen radical production in rat lungs and
lung mitochondria. J Biol Chem 256: 10986-10992, 1981

Freeman B A, and Crapo J D: Biology of disease: free radicals and tissue injury. Lab Invest 47:
412-426, 1982

Fridovich I: The biology of oxygen radicals. Science 201: 875-880, 1978

Fridovich I, and Freeman B: Antioxidant defenses in the lung. Annu Rev Physiol 48: 693-702,
1986

Fryer A A, Hume R, and Strange R C: The development of glutathione S-transferase and
glutathione peroxidase activities in human lung. Biochim Biophys Acta 883: 448-453, 1986

Gabbai F B, and Blantz R C: Role of nitric oxide in renal hemodynamics. Semin Nephrol 19:
242-250, 1999

Garg U C, and Hassid A: Nitric oxide-generating vasodilators and 8-bromo-cyclic guanosine
monophosphate inhibit mitogenesis and proliferation of cultured rat vascular smooth muscle cells.
J Clin Invest 83: 1774-1777, 1989

Gaull G, Sturman J A, and Raiha N C: Development of mammalian sulfur metabolism: absence
of cystathionase in human fetal tissues. Pediatr Res 6: 538-547, 1972



56

Ghigo D, Alessio P, Foco A, Bussolino F, Costamagna C, Heller R, Garbarino G, Pescarmona G
P, and Bosia A: Nitric oxide synthesis is impaired in glutathione-depleted human umbilical vein
endothelial cells. Am J Physiol 265: C728-C732, 1993

Gilbert H F: Biological disulfides: the third messenger? Modulation of phosphofructokinase
activity by thiol/disulfide exchange. J Biol Chem 257: 12086-12091, 1982

Gilbert H F: Redox control of enzyme activities by thiol/disulfide exchange. Methods Enzymol
107: 330-351, 1984

Gipp J J, Chang C, and Mulcahy R T: Cloning and nucleotide sequence of a full-length cDNA for
human liver gamma-glutamylcysteine synthetase. Biochem Biophys Res Commun 185: 29-35,
1992

Girard P, and Potier P: NO, thiols and disulfides. FEBS Lett 320: 7-8, 1993

Grassi C, and Morandini G C: A controlled trial of intermittent oral acetylcysteine in the long-
term treatment of chronic bronchitis. Eur J Clin Pharmacol 09: 393-396, 1976

Griendling K K, Minieri C A, Ollerenshaw J D, and Alexander R W: Angiotensin II stimulates
NADH and NADPH oxidase activity in cultured vascular smooth muscle cells. Circ Res 74:
1141-1148, 1994

Griendling K K, and Harrison D G: Dual role of reactive oxygen species in vascular growth. Circ
Res 85: 562-563, 1999

Griffith O W, and Meister A: Glutathione: interorgan translocation, turnover, and metabolism.
Proceedings of the National Academy of Sciences of the United States of America 76: 5606-
5610, 1979

Griffith O W, and Stuehr D J: Nitric oxide synthases: properties and catalytic mechanism. Annu
Rev Physiol 57: 707-736, 1995

Grigg J, Barber A, and Silverman M: Bronchoalveolar lavage fluid glutathione in intubated
premature infants. Arch Dis Child 69: 49-51, 1993

Groneck P, Gotze-Speer B, Oppermann M, Eiffert H, and Speer C P: Association of pulmonary
inflammation and increased microvascular permeability during the development of
bronchopulmonary dysplasia: a sequential analysis of inflammatory mediators in respiratory
fluids of high-risk preterm neonates. Pediatrics 93: 712-718, 1994

Gryglewski R J, Palmer R M, and Moncada S: Superoxide anion is involved in the breakdown of
endothelium-derived vascular relaxing factor. Nature 320: 454-456, 1986

Gunes C, Heuchel R, Georgiev O, Muller K H, Lichtlen P, Bluthmann H, Marino S, Aguzzi A,
and Schaffner W: Embryonic lethality and liver degeneration in mice lacking the metal-
responsive transcriptional activator MTF-1. Embo J 17: 2846-2854, 1998

Halliwell B, and Gutteridge J M C: Free radicals in biology and medicine. Oxford University
Press, New York 1989



57

Harman A W, McKenna M, and Adamson G M: Postnatal development of enzyme activities
associated with protection against oxidative stress in the mouse. Biol Neonate 57: 1871-1893,
1990

Heinonen K: Studies on cystathionase activity in rat liver and brain during development. Effects
of hormones and amino acids in vivo. Biochem J 136: 1011-1015, 1973

Henkel T, Machleidt T, Alkalay I, Kronke M, Ben-Neriah Y, and Baeuerle P A: Rapid
proteolysis of I kappa B-alpha is necessary for activation of transcription factor NF-kappa B.
Nature 365: 182-185, 1993

Higashi Y, Oshima T, Ono N, Hiraga H, Yoshimura M, Watanabe M, Matsuura H, Kambe M,
and Kajiyama G: Intravenous administration of L-arginine inhibits angiotensin- converting
enzyme in humans. J Clin Endocrinol Metab 80: 2198-2202, 1995

Hinchman C A, and Ballatori N: Glutathione-degrading capacities of liver and kidney in different
species. Biochem Pharmacol 40: 1131-1135, 1990

Ho Y S, Magnenat J L, Bronson R T, Cao J, Gargano M, Sugawara M, and Funk C D: Mice
deficient in cellular glutathione peroxidase develop normally and show no increased sensitivity to
hyperoxia. J Biol Chem 272: 16644-16651, 1997

Hofmann H, and Schmidt H H: Thiol dependence of nitric oxide synthase. Biochemistry 34:
13443-13452, 1995

Hogg N, and Kalyanaraman B: Nitric oxide and lipid peroxidation. Biochim Biophys Acta 1411:
378-384, 1999

Howard A B, Alexander R W, Nerem R M, Griendling K K, and Taylor W R: Cyclic strain
induces an oxidative stress in endothelial cells. Am J Physiol 272: C421-C427, 1997

Hryb D J, and Feigelson M: Histidase mRNA. Nature of translational products, tissue specificity,
and differental development in femal and male rat liver. J Biol Chem 258: 11377-11383, 1983
Huang C S, Chang L S, Anderson M E, and Meister A: Catalytic and regulatory properties of the
heavy subunit of rat kidney gamma-glutamylcysteine synthetase. J Biol Chem 268: 19675-19680,
1993a

Huang C S, Anderson M E, and Meister A: Amino acid sequence and function of the light
subunit of rat kidney gamma-glutamylcysteine synthetase. J Biol Chem 268: 20578-20583,
1993b

Ichiki T, Usui M, Kato M, Funakoshi Y, Ito K, Egashira K, and Takeshita A: Downregulation of
angiotensin II type 1 receptor gene transcription by nitric oxide. Hypertension 31: 342-348, 1998

Ignarro L J, Byrns R E, Buga G M, and Wood K S: Endothelium-derived relaxing factor from
pulmonary artery and vein possesses pharmacologic and chemical properties identical to those of
nitric oxide radical. Circ Res 61: 866-879, 1987



58

Ischiropoulos H: Biological tyrosine nitration: a pathophysiological function of nitric oxide and
reactive oxygen species. Arch Biochem Biophys 356: 1-11, 1998

Ischiropoulos H, and al-Mehdi A B: Peroxynitrite-mediated oxidative protein modifications.
FEBS Lett 364: 279-282, 1995

Ito H, Torii M, and Suzuki T: Decreased superoxide dismutase activity and increased superoxide
anion production in cardiac hypertrophy of spontaneously hypertensive rats. Clin Exp Hypertens
17: 803-816, 1995

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel J D, and Yamamoto M: Keap1
represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the
amino-terminal Neh2 domain. Genes Dev 13: 76-86, 1999

Jaimes E A, Galceran J M, and Raij L: Angiotensin II induces superoxide anion production by
mesangial cells. Kidney Int 54: 775-784, 1998

Jain A, Mehta T, Auld P A, Rodrigues J, Ward R F, Schwartz M K, and Martensson J:
Glutathione metabolism in newborns: evidence for glutathione deficiency in plasma,
bronchoalveolar lavage fluid, and lymphocytes in prematures. Pediatr Pulmonol 20: 160-166,
1995

Jepsen S, Herlevsen P, Knudsen P, Bud M I, and Klausen N O: Antioxidant treatment with N-
acetylcysteine during adult respiratory distress syndrome: a prospective, randomized, placebo-
controlled study. Crit Care Med 20: 918-923, 1992

Ji Y, Akerboom T P, Sies H, and Thomas J A: S-nitrosylation and S-glutathiolation of protein
sulfhydryls by S- nitroso glutathione. Arch Biochem Biophys 362: 67-78, 1999

Jones D P, Eklow L, Thor H, and Orrenius S: Metabolism of hydrogen peroxide in isolated
hepatocytes: relative contributions of catalase and glutathione peroxidase in decomposition of
endogenously generated H2O2. Arch Biochem Biophys 210: 505-516, 1981

Kanai A J, Strauss H C, Truskey G A, Crews A L, Grunfeld S, and Malinski T: Shear stress
induces ATP-independent transient nitric oxide release from vascular endothelial cells, measured
directly with a porphyrinic microsensor. Circ Res 77: 284-293, 1995

Kang S W, Chae H Z, Seo M S, Kim K, Baines I C, and Rhee S G: Mammalian peroxiredoxin
isoforms can reduce hydrogen peroxide generated in response to growth factors and tumor
necrosis factor-alpha. J Biol Chem 273: 6297-6302, 1998

Kinnula V L, Pietarinen P, Aalto K, Virtanen I, and Raivio K O: Mitochondrial superoxide
dismutase induction does not protect epithelial cells during oxidant exposure in vitro. Am J
Physiol 268: L71-L77, 1995

Kitts D D, Yuan Y V, and Godin D V: Plasma and lipoprotein lipid composition and hepatic
antioxidant status in spontaneously hypertensive (SHR) and normotensive (WKY) rats. Can J
Physiol Pharmacol 76: 202-209, 1998



59

Kone B C, and Baylis C: Biosynthesis and homeostatic roles of nitric oxide in the normal kidney.
Am J Physiol 272: F561-F578, 1997

Koppenol W H, Moreno J J, Pryor W A, Ischiropoulos H, and Beckman J S: Peroxynitrite, a
cloaked oxidant formed by nitric oxide and superoxide. Chem Res Toxicol 5: 834-842, 1992

Kretzer F L, and Hittner H M: Retinopathy of prematurity: clinical implications of retinal
development. Arch Dis Child 63: 1151-1167, 1988

Kugelman A, Choy H A, Liu R, Shi M M, Gozal E, and Forman H J: gamma-Glutamyl
transpeptidase is increased by oxidative stress in rat alveolar L2 epithelial cells. Am J Respir Cell
Mol Biol 11: 586-592, 1994

Laakso J, Mervaala E, Himberg J J, Teräväinen T L, Karppanen H, Vapaatalo H, and Lapatto R:
Increased kidney xanthine oxidoreductase activity in salt-induced experimental hypertension.
Hypertension 32: 902-906, 1998

Lane P, and Gross S S: Cell signaling by nitric oxide. Semin Nephrol 19: 215-229, 1999

Langley S C, and Kelly F J: N-acetylcysteine ameliorates hyperoxic lung injury in the preterm
guinea pig. Biochem Pharmacol 45: 841-846, 1993

Laurent T, Markert M, Feihl F, Schaller M D, and Perret C: Oxidant-antioxidant balance in
granulocytes during ARDS. Effect of N- acetylcysteine. Chest 109: 163-166, 1996

Lavoie J C, and Chessex P: Development Of Glutathione Synthesis and Gamma-
Glutamyltranspeptidase Activities In Tissues From Newborn Infants. Free Rad Biol  Med 24:
994-1001, 1998

Leff J A, Wilke C P, Hybertson B M, Shanley P F, Beehler C J, and Repine J E: Postinsult
treatment with N-acetyl-L-cysteine decreases IL-1-induced neutrophil influx and lung leak in rats.
Am J Physiol 265: L501-L506, 1993

Lestas A N, and Rodeck C H: Normal glutathione content and some related enzyme activities in
the fetal erythrocytes. Br J Haematol 57: 695-702, 1984

Li H, Marshall Z M, and Whorton A R: Stimulation of cystine uptake by nitric oxide: regulation
of endothelial cell glutathione levels. Am J Physiol 276: C803-C811, 1999

Lieberman M W, Barrios R, Carter B Z, Habib G M, Lebovitz R M, Rajagopalan S, Sepulveda
A R, Shi Z Z, and Wan D F: gamma-Glutamyl transpeptidase. What does the organization and
expression of a multipromoter gene tell us about its functions? Am J Pathol 147: 1175-1185,
1995

Liu S F, Ye X, and Malik A B: Inhibition of NF-kappaB activation by pyrrolidine
dithiocarbamate prevents In vivo expression of proinflammatory genes. Circulation 100: 1330-
1337, 1999

Lu S C: Methionine adenosyltransferase and liver disease: it's all about SAM. Gastroenterology
114: 403-407, 1998



60

Lu S C: Regulation of hepatic glutathione synthesis: current concepts and controversies. FASEB
J 13: 1169-1183, 1999

Lu Y, O'Dowd B F, Orrego H, and Israel Y: Cloning and nucleotide sequence of human liver
cDNA encoding for cystathionine gamma-lyase. Biochem Biophys Res Commun 189: 749-758,
1992

Luft F C, Mervaala E, Muller D N, Gross V, Schmidt F, Park J K, Schmitz C, Lippoldt A, Breu
V, Dechend R, Dragun D, Schneider W, Ganten D, and Haller H: Hypertension-induced end-
organ damage : A new transgenic approach to an old problem. Hypertension 33: 212-218, 1999

Löhr G W, Waller, H.D.: Assay of glucose-6-phosphate dehydrogenase. Methods of Enzymatic
Analysis, Academic Press, 636-641, 1974

Ma X L, Lopez B L, Liu G L, Christopher T A, Gao F, Guo Y, Feuerstein G Z, Ruffolo R R, Jr.,
Barone F C, and Yue T L: Hypercholesterolemia impairs a detoxification mechanism against
peroxynitrite and renders the vascular tissue more susceptible to oxidative injury. Circ Res 80:
894-901, 1997

Mainwaring G W, Williams S M, Foster J R, Tugwood J, and Green T: The distribution of theta-
class glutathione S-transferases in the liver and lung of mouse, rat and human. Biochem J 318:
297-303, 1996

Marklund S L: - Extracellular superoxide dismutase in human tissues and human cell lines. J Clin
Invest 74: 1398-1403, 1984

Martensson J, Jain A, Frayer W, and Meister A: Glutathione metabolism in the lung: inhibition of
its synthesis leads to lamellar body and mitochondrial defects. Proc Natl Acad Sci U S A 86:
5296-5300, 1989

Matsuo Y G, D.M.: A crystalline enzyme that cleaves homoserine and cystathionine. J Biol Chem
230: 561-571, 1958

McCord J M, and Fridovich I: Superoxide dismutase. An enzymic function for erythrocuprein
(hemocuprein). J Biol Chem 244: 6049-6055, 1969

McElroy M C, Postle A D, and Kelly F J: Catalase, superoxide dismutase and glutathione
peroxidase activities of lung and liver during human development. Biochim Biophys Acta 1117:
153-158, 1992

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

Meister A: Glutathione deficiency produced by inhibition of its synthesis, and its reversal;
applications in research and therapy. Pharmacol Ther 51: 155-194, 1991

Meister A: Glutathione-ascorbic acid antioxidant system in animals. J Biol Chem 269: 9397-
9400, 1994

Meister A: Glutathione Metabolism. Methods Enzymol 251: 3-7, 1995



61

Misra I, and Griffith O W: Expression and purification of human gamma-glutamylcysteine
synthetase. Protein Expr Purif 13: 268-276, 1998

Miura K, Ishii T, Sugita  Y, and Bannai S: Cystine uptake and glutathione level in endothelial
cells exposed to   oxidative stress. Am J Physiol 262: C50-C58, 1992

Moellering D, McAndrew J, Patel R P, Cornwell T, Lincoln T, Cao X, Messina J L, Forman H J,
Jo H, and Darley-Usmar V M: Nitric oxide-dependent induction of glutathione synthesis through
increased expression of gamma-glutamylcysteine synthetase. Arch Biochem Biophys 358: 74-82,
1998

Moellering D, Mc Andrew J, Patel R P, Forman H J, Mulcahy R T, Jo H, and Darley-Usmar V
M: The induction of GSH synthesis by nanomolar concentrations of NO in endothelial cells: a
role for gamma-glutamylcysteine synthetase and gamma-glutamyl transpeptidase. FEBS Lett
448: 292-296, 1999a

Moellering D, McAndrew J, Jo H, and Darley-Usmar V M: Effects of pyrrolidine
dithiocarbamate on endothelial cells: protection against oxidative stress. Free Radic Biol Med 26:
1138-1145, 1999b

Mohazzab K M, Kaminski P M, and Wolin M S: NADH oxidoreductase is a major source of
superoxide anion in bovine coronary artery endothelium. Am J Physiol 266: H2568-H2572, 1994

Moinova H R, and Mulcahy R T: An electrophile responsive element (EpRE) regulates beta-
naphthoflavone induction of the human gamma-glutamylcysteine synthetase regulatory subunit
gene. Constitutive expression is mediated by an adjacent AP-1 site. J Biol Chem 273: 14683-
14689, 1998

Moldeus P, and Cotgreave I A: N-acetylcysteine. Methods Enzymol 234: 482-92, 1994

Morales A, Garcia-Ruiz C, Miranda M, Mari M, Colell A, Ardite E, and Fernandez-Checa J C:
Tumor necrosis factor increases hepatocellular glutathione by transcriptional regulation of the
heavy subunit chain of gamma-glutamylcysteine synthetase. J Biol Chem 272: 30371-30379,
1997

Mulcahy R T, and Gipp J J: Identification of a putative antioxidant response element in the 5'-
flanking region of the human gamma-glutamylcysteine synthetase heavy subunit gene. Biochem
Biophys Res Commun 209: 227-233, 1995

Mulcahy R T, Wartman M A, Bailey H H, and Gipp J J: Constitutive and beta-naphthoflavone-
induced expression of the human gamma-glutamylcysteine synthetase heavy subunit gene is
regulated by a distal antioxidant response element/TRE sequence. J Biol Chem 272: 7445-7454,
1997

Muller D N, Dechend R, Mervaala E M, Park J K, Schmidt F, Fiebeler A, Theuer J, Breu V,
Ganten D, Haller H, and Luft F C: NF-kappaB inhibition ameliorates angiotensin II-induced
inflammatory damage in rats. Hypertension 35: 193-201, 2000



62

Munday R: Toxicity of thiols and disulphides: involvement of free-radical species. Free Radic
Biol Med 7: 659-673, 1989

Nakazono K, Watanabe N, Matsuno K, Sasaki J, Sato T, and Inoue M: Does superoxide underlie
the pathogenesis of hypertension? Proc Natl Acad Sci U S A 88: 10045-10048, 1991

Nardi G, Cipollaro M, and Loguercio C: Assay of gamma-glutamylcysteine synthetase and
glutathione synthetase in erythrocytes by high-performance liquid chromatography with
fluorimetric detection. J Chromatogr 530: 122-128, 1990

Neuschwander-Tetri B A, Presti M E, and Wells L D: Glutathione synthesis in the exocrine
pancreas. Pancreas 14: 342-349, 1997

Niu X F, Smith C W, and Kubes P: Intracellular oxidative stress induced by nitric oxide
synthesis inhibition increases endothelial cell adhesion to neutrophils. Circ Res 74: 1133-1140,
1994

Ogihara T, Okamoto R, Kim H S, Nagai A, Morinobu T, Moji H, Kamegai H, Hirano K,
Ogihara H, Tamai H, and Mino M: New evidence for the involvement of oxygen radicals in
triggering neonatal chronic lung disease. Pediatr Res 39: 117-119, 1996

Ogihara T, Hirano K, Morinobu T, Kim H S, Hiroi M, Ogihara H, and Tamai H: Raised
concentrations of aldehyde lipid peroxidation products in premature infants with chronic lung
disease. Arch Dis Child Fetal Neonatal Ed 80: F21-F25, 1999

Ookhtens M, and Kaplowitz N: Role of the liver in interorgan homeostasis of glutathione and
cyst(e)ine. Semin Liver Dis 18: 313-329, 1998

Pagano P J, Chanock S J, Siwik D A, Colucci W S, and Clark J K: Angiotensin II induces
p67phox mRNA expression and NADPH oxidase superoxide generation in rabbit aortic
adventitial fibroblasts. Hypertension 32: 331-337, 1998

Pallardo F V, Sastre J, Asensi M, Rodrigo F, Estrela J M, and Vina J: Physiological changes in
glutathione metabolism in foetal and newborn rat liver. Biochem J 274: 891-893, 1991

Pascal T A, Tallan H H, and Gillam B M: Hepatic cystathionase: immunochemical and
electrophoretic studies of the human and rat forms. Biochim Biophys Acta 285: 48-59, 1972

Pedrajas J R, Kosmidou E, Miranda-Vizuete A, Gustafsson J A, Wright A P, and Spyrou G:
Identification and functional characterization of a novel mitochondrial thioredoxin system in
Saccharomyces cerevisiae. J Biol Chem 274: 6366-6373, 1999

Peng H B, Libby P, and Liao J K: Induction and stabilization of I kappa B alpha by nitric oxide
mediates inhibition of NF-kappa B. J Biol Chem 270: 14214-14219, 1995

Penn J S, Henry M M, Wall P T, and Tolman B L: The range of PaO2 variation determines the
severity of oxygen-induced retinopathy in newborn rats. Invest Ophthalmol Vis Sci 36: 2063-
2070, 1995



63

Pierce M R, and Bancalari E: The role of inflammation in the pathogenesis of bronchopulmonary
dysplasia. Pediatr Pulmonol 19: 371-378, 1995

Pietarinen-Runtti P, Raivio K O, Saksela M, Asikainen T M, and Kinnula V L: Antioxidant
enzyme regulation and resistance to oxidants of human bronchial epithelial cells cultured under
hyperoxic conditions. Am J Respir Cell Mol Biol 19: 286-292, 1998

Pitkänen O M, Hallman M, and Andersson S M: Correlation of free oxygen radical-induced lipid
peroxidation with outcome in very low birth weight infants. J Pediatr 116: 760-764, 1990

Pou S, Pou W S, Bredt D S, Snyder S H, and Rosen G M: Generation of superoxide by purified
brain nitric oxide synthase. J Biol Chem 267: 24173-24176, 1992

Radi R, Beckman J S, Bush K M, and Freeman B A: Peroxynitrite-induced membrane lipid
peroxidation: the cytotoxic potential of superoxide and nitric oxide. Arch Biochem Biophys 288:
481-487, 1991

Rahman I, Bel A, Mulier B, Lawson M F, Harrison D J, Macnee W, and Smith C A:
Transcriptional regulation of gamma-glutamylcysteine synthetase-heavy subunit by oxidants in
human alveolar epithelial cells. Biochem Biophys Res Commun 229: 832-837, 1996

Rahman I, Bel A, Mulier B, Donaldson K, and MacNee W: Differential regulation of glutathione
by oxidants and dexamethasone in alveolar epithelial cells. Am J Physiol 275: L80-L86, 1998

Rahman I, Antonicelli F, and MacNee W: Molecular mechanism of the regulation of glutathione
synthesis by tumor necrosis factor-alpha and dexamethasone in human alveolar epithelial cells. J
Biol Chem 274: 5088-5096, 1999

Rahman I, and MacNee W: Lung glutathione and oxidative stress: implications in cigarette
smoke- induced airway disease. Am J Physiol 277: L1067-L1088, 1999

Raij L: Nitric oxide, salt sensitivity, and cardiorenal injury in hypertension. Semin Nephrol 19:
296-303, 1999

Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman B A, Griendling K K, and Harrison D G:
Angiotensin II-mediated hypertension in the rat increases vascular superoxide production via
membrane NADH/NADPH oxidase activation. Contribution to alterations of vasomotor tone. J
Clin Invest 97: 1916-1923, 1996

Ramasamy S, Drummond G R, Ahn J, Storek M, Pohl J, Parthasarathy S, and Harrison D G:
Modulation of expression of endothelial nitric oxide synthase by nordihydroguaiaretic acid, a
phenolic antioxidant in cultured endothelial cells. Mol Pharmacol 56: 116-123, 1999

Reed D J, and Orrenius S: The Role of Methionine in Glutathione Biosynthesis by Isolated
Hepatocytes. Biochem Biophys Res Commun 77: 1257-1264, 1977

Reid L L, Botta D, Lu Y, Gallagher E P, and Kavanagh T J: Molecular cloning and sequencing
of the cDNA encoding the catalytic subunit of mouse glutamate-cysteine ligase. Biochim Biophys
Acta 1352: 233-237, 1997



64

Richman P G, and Meister A: Regulation of gamma-glutamyl-cysteine synthetase by
nonallosteric feedback inhibition by glutathione. J Biol Chem 250: 1422-1426, 1975

Rollins D, Larsson A, Steen B, Krishnaswamy K, Hagenfeldt L, Moldeus P, and Rane A:
Glutathione and gamma-glutamyl cycle enzymes in human fetal liver. J Pharmacol  Exp Ther
217: 697-700, 1981

Roper M D, and Kraus J P: Rat cystathionine beta-synthase: expression of four alternatively
spliced isoforms in transfected cultured cells. Arch Biochem Biophys 298: 514-521, 1992

Rosenthal N: Identification of regulatory elements of cloned genes with functional assays.
Methods in Enzymology 152: 704-720, 1987

Rossi F: The O2
·- -forming NADPH oxidase of the phagocytes: nature, mechanisms of activation

and function. Biochim Biophys Acta 853: 65-89, 1986

Rotruck J T, Pope A L, Ganther H E, Swanson A B, Hafeman D G, and Hoekstra W G:
Selenium: biochemical role as a component of glutathione peroxidase. Science 179: 588-590,
1973

Rudic R D, Shesely E G, Maeda N, Smithies O, Segal S S, and Sessa W C: Direct evidence for
the importance of endothelium-derived nitric oxide in vascular remodeling. J Clin Invest 101:
731-736, 1998

Russo C, Olivieri O, Girelli D, Faccini G, Zenari M L, Lombardi S, and Corrocher R: Anti-
oxidant status and lipid peroxidation in patients with essential hypertension. J Hypertens 16:
1267-1271, 1998

Sambrook J, Fritsch, E. F., Maniatis, T.: Molecular cloning: a laboratory manual. Cold Spring
Harbor Laboratory Press, 1989

Sanchez-Gongora E, Ruiz F, Mingorance J, An W, Corrales F J, and Mato J M: Interaction of
liver methionine adenosyltransferase with hydroxyl radical. FASEB J 11: 1013-1019, 1997

Schnackenberg C G, Welch W J, and Wilcox C S: Normalization of blood pressure and renal
vascular resistance in SHR with a membrane-permeable superoxide dismutase mimetic: role of
nitric oxide. Hypertension 32: 59-64, 1998

Schreck R, Meier B, Mannel D N, Droge W, and Baeuerle P A: Dithiocarbamates as potent
inhibitors of nuclear factor kappa B activation in intact cells. J Exp Med 175: 1181-1194, 1992

Seelig G F, Simondsen R P, and Meister A: Reversible dissociation of gamma-glutamylcysteine
synthetase into two subunits. J Biol Chem 259: 9345-9347, 1984

Selhub J: Homocysteine metabolism. Annu Rev Nutr 19: 217-246, 1999

Sharp P A, and Burge C B: Classification of introns: U2-type or U12-type. Cell 91: 875-879,
1997



65

Shi M M, Kugelman A, Iwamoto T, Tian L, and Forman H J: Quinone-induced oxidative stress
elevates glutathione and induces gamma-glutamylcysteine synthetase activity in rat lung epithelial
L2 cells. J Biol Chem 269: 26512-26517, 1994

Shichi H, and Demar J C: Non-selenium glutathione peroxidase without glutathione S-transferase
activity from bovine ciliary body. Exp Eye Res 50: 513-520, 1990

Sies H, and Graf P: Hepatic thiol and glutathione efflux under the influence of vasopressin,
phenylephrine and adrenaline. Biochem J 226: 545-549, 1985

Sies H, Sharov V S, Klotz L O, and Briviba K: Glutathione peroxidase protects against
peroxynitrite-mediated oxidations. A new function for selenoproteins as peroxynitrite reductase. J
Biol Chem 272: 27812-27817, 1997

Slot J W, Geuze H J, Freeman B A, and Crapo J D: Intracellular localization of the copper-zinc
and manganese superoxide dismutases in rat liver parenchymal cells. Lab Invest 55: 363-371,
1986

Speisky H, Shackel N, Varghese G, Wade D, and Israel Y: Role of hepatic gamma-
glutamyltransferase in the degradation of circulating glutathione: studies in the intact guinea pig
perfused liver. Hepatology 11: 843-849, 1990

Sprong R C, Winkelhuyzen-Janssen A M, Aarsman C J, van Oirschot J F, van der Bruggen T,
and van Asbeck B S: Low-dose N-acetylcysteine protects rats against endotoxin-mediated
oxidative stress, but high-dose increases mortality. Am J Respir Crit Care Med 157: 1283-1293,
1998

Stadtman E R: Metal ion-catalyzed oxidation of proteins: biochemical mechanism and biological
consequences. Free Radic Biol Med 9: 315-325, 1990

Stamler J S, and Hausladen A: Oxidative modifications in nitrosative stress. Nature Struct Biol 5:
247-249, 1998

Steegborn C, Clausen T, Sondermann P, Jacob U, Worbs M, Marinkovic S, Huber R, and Wahl
M C: Kinetics and Inhibition of Recombinant Human Cystathionine gamma-Lyase. J Biol Chem
274: 12675-12684, 1999

Strange R C, Cotton W, Fryer A A, Drew R, Bradwell A R, Marshall T, Collins M F, Bell J, and
Hume R: Studies on the expression of Cu,Zn superoxide dismutase in human tissues during
development. Biochim Biophys Acta 964: 260-265, 1988

Strange R C, Cotton W, Fryer A A, Jones P, Bell J, and Hume R: Lipid peroxidation and
expression of copper-zinc and manganese superoxide dismutase in lungs of premature infants
with hyaline membrane disease and bronchopulmonary dysplasia. J Lab Clin Med 116: 666-673,
1990

Stuehr D J, Kwon N S, and Nathan C F: FAD and GSH participate in macrophage synthesis of
nitric oxide. Biochem Biophys Res Commun 168: 558-565, 1990



66

Sturman J A, Gaull G, and Raiha N C: Absence of cystathionase in human fetal liver: is cystine
essential? Science 169: 74-76, 1970

Sundaresan M, Yu Z X, Ferrans V J, Irani K, and Finkel T: Requirement for generation of H2O2
for platelet-derived growth factor signal transduction. Science 270: 296-299, 1995

Suter P M, Domenighetti G, Schaller M D, Laverriere M C, Ritz R, and Perret C: N-
acetylcysteine enhances recovery from acute lung injury in man. A randomized, double-blind,
placebo-controlled clinical study. Chest 105: 190-194, 1994

Suzuki H, Swei A, Zweifach B W, and Schmid-Schonbein G W: In vivo evidence for
microvascular oxidative stress in spontaneously hypertensive rats. Hypertension 25: 1083-1089,
1995

Suzuki H, DeLano F A, Parks D A, Jamshidi N, Granger D N, Ishii H, Suematsu M, Zweifach B
W, and Schmid-Schonbein G W: Xanthine oxidase activity associated with arterial blood
pressure in spontaneously hypertensive rats. Proc Natl Acad Sci U S A 95: 4754-4759, 1998

Suzuki Y J, Forman H J, and Sevanian A: Oxidants as stimulators of signal transduction. Free
Radic Biol Med 22: 269-285, 1997

Taddei S, Virdis A, Ghiadoni L, Magagna A, and Salvetti A: Vitamin C improves endothelium-
dependent vasodilation by restoring nitric oxide activity in essential hypertension. Circulation 97:
2222-2229, 1998

Takahashi K, Avissar N, Whitin J, and Cohen H: Purification and characterization of human
plasma glutathione peroxidase: a selenoglycoprotein distinct from the known cellular enzyme.
Arch Biochem Biophys 256: 677-686, 1987

Taoka S, Ohja S, Shan X, Kruger W D, and Banerjee R: Evidence for heme-mediated redox
regulation of human cystathionine beta-synthase activity. J Biol Chem 273: 25179-25184, 1998

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

Taylor C G, Bauman P F, Sikorski B, and Bray T M: Elevation of lung glutathione by oral
supplementation of L-2- oxothiazolidine-4-carboxylate protects against oxygen toxicity in
protein-energy malnourished rats. FASEB J 6: 3101-3107, 1992

Tian L, Shi M M, and Forman H J: Increased transcription of the regulatory subunit of gamma-
glutamylcysteine synthetase in rat lung epithelial L2 cells exposed to oxidative stress or
glutathione depletion. Arch Biochem Biophys 342: 126-133, 1997

Torres J, Darley-Usmar V, and Wilson M T: Inhibition of cytochrome c oxidase in turnover by
nitric oxide: mechanism and implications for control of respiration. Biochem J 312: 169-173,
1995

Trocino R A, Akazawa S, Ishibashi M, Matsumoto K, Matsuo H, Yamamoto H, Goto S, Urata
Y, Kondo T, and Nagataki S: Significance of glutathione depletion and oxidative stress in early
embryogenesis in glucose-induced rat embryo culture. Diabetes 44: 992-998, 1995



67

Tsui E, and Yeung D: Development of gamma-glutamylcysteine synthetase and oxoprolinase in
rat kidney. Experientia 35: 1293-1294, 1979

Tulis D A, Unthank J L, and Prewitt R L: Flow-induced arterial remodeling in rat mesenteric
vasculature. Am J Physiol 274: H874-H882, 1998

Turrens J F, and Boveris A: Generation of superoxide anion by the NADH dehydrogenase of
bovine heart mitochondria. Biochem J 191: 421-427, 1980

Turrens J F: Superoxide production by the mitochondrial respiratory chain. Biosci Rep 17: 3-8,
1997

Ursini F, Maiorino M, Valente M, Ferri L, and Gregolin C: Purification from pig liver of a
protein which protects liposomes and biomembranes from peroxidative degradation and exhibits
glutathione peroxidase activity on phosphatidylcholine hydroperoxides. Biochim Biophys Acta
710: 197-211, 1982
Usui M, Egashira K, Kitamoto S, Koyanagi M, Katoh M, Kataoka C, Shimokawa H, and
Takeshita A: Pathogenic role of oxidative stress in vascular angiotensin-converting enzyme
activation in long-term blockade of nitric oxide synthesis in rats. Hypertension 34: 546-551, 1999

Usui M, Egashira K, Tomita H, Koyanagi M, Katoh M, Shimokawa H, Takeya M, Yoshimura
T, Matsushima K, and Takeshita A: Important role of local angiotensin II activity mediated via
type 1 receptor in the pathogenesis of cardiovascular inflammatory changes induced by chronic
blockade of nitric oxide synthesis in rats. Circulation 101: 305-310, 2000

Vale J A, and Proudfoot A T: Paracetamol (acetaminophen) poisoning. Lancet 346: 547-552,
1995

Van Goudoever J B, Colen T, Wattimena J L, Huijmans J G, Carnielli V P, and Sauer P J:
Immediate commencement of amino acid supplementation in preterm infants: effect on serum
amino acid concentrations and protein kinetics on the first day of life. J Pediatr 127: 458-465,
1995

van Klaveren R J, Dinsdale D, Pype J L, Demedts M, and Nemery B: N-acetylcysteine does not
protect against type II cell injury after prolonged exposure to hyperoxia in rats. Am J Physiol
273: L548-L555, 1997

Varsila E, Pesonen E, and Andersson S: Early protein oxidation in the neonatal lung is related to
development of chronic lung disease. Acta Paediatr 84: 1296-1299, 1995

Vaskonen T, Mervaala E, Krogerus L, Teräväinen T L, Laakso J, Karppanen H, and Vapaatalo
H: Cardiovascular effects of chronic inhibition of nitric oxide synthesis and dietary salt in
spontaneously hypertensive rats. Hypertens Res 20: 183-192, 1997

Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N, Masters B S, Karoui H, Tordo P, and
Pritchard K A, Jr.: Superoxide generation by endothelial nitric oxide synthase: the influence of
cofactors. Proc Natl Acad Sci U S A 95: 9220-9225, 1998



68

Vina J, Vento M, Garcia-Sala F, Puertes I R, Gasco E, Sastre J, Asensi M, and Pallardo F V: L-
cysteine and glutathione metabolism are impaired in premature infants due to cystathionase
deficiency. Am J Clin Nutr 61: 1067-1069, 1995

Wang W, and Ballatori N: Endogenous glutathione conjugates: occurrence and biological
functions. Pharmacol Rev 50: 335-356, 1998

Warner B B, and Wispe J R: Free radical-mediated diseases in pediatrics. Semin Perinatol 16:
47-57, 1992

Whalen R, and Boyer T D: Human glutathione S-transferases. Semin Liver Dis 18: 345-358,
1998

White A C, Maloney E K, Boustani M R, Hassoun P M, and Fanburg B L: Nitric oxide increases
cellular glutathione levels in rat lung fibroblasts. Am J Respir Cell Mol Biol 13: 442-448, 1995

White C W, Stabler S P, Allen R H, Moreland S, and Rosenberg A A: Plasma cysteine
concentrations in infants with respiratory distress. J Pediatr 125: 769-777, 1994

Wilborn A M, Evers L B, and Canada A T: Oxygen toxicity to the developing lung of the mouse:
role of reactive oxygen species. Pediatr Res 40: 225-232, 1996

Wild A C, and Mulcahy R T: Pyrrolidine dithiocarbamate up-regulates the expression of the
genes encoding the catalytic and regulatory subunits of gamma-glutamylcysteine synthetase and
increases intracellular glutathione levels. Biochem J 338: 659-665, 1999

Wild A C, Moinova H R, and Mulcahy R T: Regulation of gamma-glutamylcysteine synthetase
subunit gene expression  bt the trancription factor Nrf2. J Biol Chem 274: 33627-33636, 1999b

Wink D A, and Mitchell J B: Chemical biology of nitric oxide: Insights into regulatory, cytotoxic,
and cytoprotective mechanisms of nitric oxide. Free Radic Biol Med 25: 434-456, 1998

Wiseman H, and Halliwell B: Damage to DNA by reactive oxygen and nitrogen species: role in
inflammatory disease and progression to cancer. Biochem J 313: 17-29, 1996

Wung B S, Cheng J J, Hsieh H J, Shyy Y J, and Wang D L: Cyclic strain-induced monocyte
chemotactic protein-1 gene expression in endothelial cells involves reactive oxygen species
activation of activator protein 1. Circ Res 81: 1-7, 1997

Yoshida T, Maulik N, Engelman R M, Ho Y S, Magnenat J L, Rousou J A, Flack J E r, Deaton
D, and Das D K: Glutathione peroxidase knockout mice are susceptible to myocardial ischemia
reperfusion injury. Circulation 96: II-216-220, 1997

Yuan Y V, Kitts D D, and Godin D V: Heart and red blood cell antioxidant status and plasma
lipid levels in the spontaneously hypertensive and normotensive Wistar-Kyoto rat. Can J Physiol
Pharmacol 74: 290-297, 1996



69

Zeiher A M, Fisslthaler B, Schray-Utz B, and Busse R: Nitric oxide modulates the expression of
monocyte chemoattractant protein 1 in cultured human endothelial cells. Circ Res 76: 980-986,
1995


	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	LIST OF NONSTANDARD ABBREVIATIONS
	SUMMARY
	INTRODUCTION
	REVIEW OF THE LITERATURE
	OBJECTIVES OF THE STUDY
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

