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Abstract The purpose of this paper is to examine the role of glutathione in cytoprotection, xenobiotics metabolism
and conjugation of reactive metabolites as well as its role in Protein s- glutathionylation induced by reactive oxygen
and nitrosative species. We reviewed published literatures addressing the xenobiotics detoxification, involvement of
methylglyoxal in glycation and cellular damage as well as role of protein s-glutathionylation in oxidative stress
caused by reactive oxygen and nitrosative stress. Glutathione plays critical role in xenobiotics detoxification. It also
plays a role in conjugation of toxic metabolites generated in the cell during phase I reactions. It participates in
glyoxylase system, protein regulation and expression of gene through disulfide exchange reactions, metabolism of
estrogens, prostaglandins and leukotrienes, maturation of iron-sulfur clusters of diverse proteins and operation of
certain transcription factors. Glutathione plays indispensable role in cytoprotection, detoxification, protein
protection and redox-signalling. It role is well noted in conjugation of highly reactive metabolites. Excess advanced
glycation end products have been linked to the development of diabetes and methylgyoxal levels were found to be
high in the cerebrospinal fluid of diabetic patients. Recently, Protein S-glutathionylation is appearing as a critical
signaling mechanism in cardiovascular diseases.
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AGEs = Advance Glycation End-products
DHAP = Dihydroxy Acetone phosphate
EC = Enzyme Commission

G3P = Glyceraldehydes 3 Phosphate
GCL = Gamma Glutamylcysteinyl Ligase
GIxl = Glyoxylase |

GlIxIl = Glyoxylase Il

Grx = Glutaredoxin

GS = Glutathione synthetase

GSH = Reduce Glutathione

GSSG = Oxidized Glutathione

MGS = Methylglyoxal Synthetase
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NO = Nitric Oxide

PKa = Acid lonization Constant

PSH = Sulthydryl Groups of Proteins
RNS = Reactive Nitrosative Species
ROS = Reactive Oxygen Species
UDP=Uridine 5'-Diphosphophate

Introduction

Glutathione (GSH) is a tripeptide made up of three amino acids namely, glycine, cyteine and glutamate. It is a water
soluble antioxidant that plays a critical role in protecting the cell against oxidative damage and highly reactive
oxygen species . Glutathione is extensively distributed in tissues of living organisms (plants, animals and
microorganisms). It is normally present in millimolar concentration [1] with highest concentration in the liver. It is
the most common thiol present in the cells and the most plentiful low molecular weight tripeptide [1-2]. It makes a
significant amount (about 90%) of the total non-protein in most cells [2-3] and also plays important role in
detoxification of xenobiotics and peroxides into neutral or less toxic compounds through the catalysis by
glutathione-s-transferase and glutathione peroxidase [2-5]. The tripeptide participated in other cellular reactions, like
the glyoxylase system, reduction reaction of ribonucleotides into corresponding deoxyribonucleotides, protein
regulation and expression of gene through disulfide exchange reactions [4], participates in the metabolism of
estrogens, leukotrienes, and prostaglandins, maturation of iron-sulfur clusters of diverse proteins, and in the
operation of certain transcription factors [1]. The tripeptide is present in the cells either as a reduced (GSH) or
oxidized (GSSG) form. Keeping a balanced ratio between reduced and oxidized form of GSH is important to the cell
survival and depletion of GSH increases the risk of cell for oxidative damage [5].

Biosynthesis of Glutathione

GSH is synthesized in the cells from the three amino acids glycine, cysteine and glutamic acid [5]. it is synthesized
in a two-step energy dependent process [6]. The Synthesis of GSH takes place in the cytosol [7] and requires the
participation of two important cytosolic enzymes; L glutamylcysteine synthetase also known as glutamate cysteine
ligase(GCL) (GSH1; EC 6.3.2.2.) and GSH synthetase (GS) (GSH2; EC 6.3.2.3.) [5-7]. In the first step, Glutamate
and cysteine are combined by the enzyme glutamylcysteine synthetase to form-glutamylcysteine. In the second step,
glutamylcysteine is then combined with glycine by glutathione synthase at the expense of two ATP molecules to
yield GSH [6] (figure 1). The bioavailability of cysteine is the rate limiting for the synthesis of GSH [5,7]. Cysteine
and oxidized form of amino acid are transported into the cell through sodium dependent and independent
Transporters [5-8]. The level of GSH inside the cell is much greater than that of cyteine, thus, GSH act as a
repository and convey form of cyteine moieties. GSH is synthesized within the cells and exported from the cells;
glutamyltranspeptidase, an enzyme localized in the external surface of cell membranes coordinates it’s breakdown.
Export of GSH functions in inter-organ and intra-organ transfer of cysteine moieties, in the protection of cell
membranes, and as part of a pathway of transport for cysteine and probably other amino acids [9]. GSH is under
tight homeostatic control both within and outside the cell [5, 10]. A good balance is achieved through synthesis of
GSH; it’s recycling from GSSG/oxidized glutathione, and its utilization.
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Figure 1: Biosynthesis of glutathione; glutamate and cyteine combined to form y-glutamylcysteine in the cytosol
catalyzed by the enzyme glutamylcyteine ligase (GCL). The y-glutamylcyteine is then combined with glycine to form
GSH catalyzed by the enzyme GSH synthetase (GS). The whole process is energy dependent and two molecules of
ATP are consumed per GSH synthesized. The bioavailability of cysteine is the rate limiting in the synthesis of GSH.
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Role of Glutathione in Detoxification of Xenobiotics

Xenobiotics are foreign chemicals which are not normally present in a biological system. All organisms are exposed
frequently and inescapably to xenobiotics, which include both artificial and natural chemicals such as drugs,
pesticides ,industrial chemicals, pollutants, alkaloids, secondary metabolites of plant, and toxins generated by
molds, plants, and animals and pyrolysis products in cooked food [11]. Glutathione plays vital role in conjugation of
these xenobiotics and act as critical antioxidant neutralizing the free radicals produced in phase | metabolism[12].
Reduce glutathione(GSH) glutathione, In the process of neutralizing the free radicals, is however, oxidized to
glutathione disulfide(GSSG). The involvement of GSH in several intracellular detoxification routes is well noted
[12-13]. Some of the routes in which glutathione is involved includes; protecting the formation of covalent bounds
between alkylating compounds [13-14] and cellular genetic materials (DNA and RNA) and prevents mutation and
cancerous potentials of genes, the conjugation reaction with electrophiles, especially epoxides of cyclic and acyclic
organic compounds. The conjugative activity of GSH to electrophiles may occur with or without the facilitation of
Glutathione-S-transferase (GST); an enzyme with ability to conjugate xenobiotics with reduced form of glutathione
1214 The principal function of GSH is to remove toxic metabollites thereby preventing oxidative damage through
the exchange of NADPH and NADP™ [12-13]. Xenobiotic metabolism occurs in two phases in the cells (figure 2).
The first phase involves biotransformation of the xenobiotics catalyzed by phase | drug metabolizing enzymes like
cytochrome P450, monooxygenases, epoxide hydrolases, esterases and amidases. The second phase consist of
mainly detoxification, in which xenobiotics are conjugation by phase Il metabolising enzymes, such as Glutathione-
S-Transferase (GST), UDP-glucuronosyltransferases, and sulfotransferases. The initial detoxification process may
generate electrophiles or nucleophiles that are often carcinogenic or toxic [13-14] for example, toxicant such as
nicotine and acetaminophen, as well as the procarcinogenic substances, benzene and polyaromatic hydrocarbons ),
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Figure 2: metabolism of xenobiotics: the role of glutathione in conjugation of reactive metabolite, thereby
protecting cells from damage.
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The Glyoxylase System and the Glutathione

The glyoxylase system is a system made of up two enzymes namely glyoxylase | (GIxI) and glyoxylase 11 (GIxII) all
of which participated in the conversion of methylglyoxal, a highly reactive acyclic oxoaldehyde to D-lactate [16].
The system is mediated by glutathione, an endogenous tripeptide charged with responsibility of detoxification of
toxic substances. The GIxI carry out the transformation of hemithioacetal (a product from methylglyoxal and
glutathione) to S-D-lactoylglutathione. The second enzyme GIxII transformed S-D-lactoyl-glutathione into D-lactate
and glutathione. Glyoxalase system play role in detoxification of methylglyoxal, a by-product of glycolysis which is
highly reactive [16]. Glycation of important macromolecules such as DNA causes cell damaged. Therefore,
conversion of methyglyoxal into D-lactate is an important detoxification reaction mediated by glutathione to protect
cells from oxidative damaged [16-17] (figure: 3). The extreme accumulation of advanced glycation end products
(AGES) has been linked to the development of diabetes and methylgyoxal levels were found to be high in the
cerebrospinal fluid of diabetic individuals[18]. Methylglyoxal has been suggested to be generated mostly during
glycolysis, by nonenzymatic conversion of triose phosphates, specifically DHAP, which occurs spontaneous [17, 19-
21]. When insufficient inorganic phosphate is available, Methylglyoxal has been suggested to be produced from the
triose phosphate intermediate, particularly dihydroxyacetone phosphate (DHAP) [22-23]. Sources other than that
from DHAP which are believed to generate lower amounts of methylglyoxal, include intermediates of protein and
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fatty acid metabolism, such as aminoacetone formed from I-threonine and glycine [24-25], and acetone [26-27].
Reduced glutathione (GSH) plays a crucial role by binding methylglyoxal and presenting it to glyoxalase I. Hence,
sufficient availability of GSH is imperative in keeping low levels of Methylglyoxal in the body. Enzymes involved
in the synthesis and recycling of GSH, such as glutathione peroxidase and glutathione reductase are also essential in
the metabolism of Methylglyoxal [28-31]. Research conducted in plants and animal have suggested that glyoxylase
system might be connected with regulation of cell proliferation and cell maturation as well as vesicle mobilization
and disease process such as tumor growth and diabetes mellitus [32].
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Figure 3: Role of glutathione in glyoxylase system in detoxification of reactive metabolites. In the diagram, the
detoxification of methylgyoxal is carried out in the glyoxylase system which is mediated by glutathione. Glucose is
first imported into the cell by glucose transporter 1(GLU1). The glucose undergo glycolysis by glycolytic enzymes

to produced fructose 1, 6-bisphosphate which is cleaved into glyceraldehydes- phosphate 3- (G-3-P) and Dihydroxy
acetone phosphate (DHAP). The methylglyoxal is generated from DHAP and it is converted into S-D-
LactoylGlutathione by GIx1 and subsequently into D-lactate by GIxIl and free GSH is released.

Protein S-Glutathionylation

The term protein S-glutathionylation refers to the process whereby GSH bind to proteins which occurs during
oxidative stress caused by reactive oxygen species (ROS) and reactive nitrosative species (RNS)[6, 33-35]. Protein
modification by ROS/RNS may befacilitated directly or indirectlyvia reaction with secondary by-products of
oxidative stress. The effects that may result due to protein modification include; formation of cross-linked protein
aggregates, cleavage of the polypeptide chain, and oxidation of amino acid side chains as well. Non-reversible
modifications instigated by ROS/RNS, for example, protein carbonylation, are usuallylinked with permanent loss of
protein function and may results inincrease accumulation of the damaged proteins into cytoplasmic inclusions, as
reported in agerelated neurodegenerative disorders [33]. Several roles of Protein s-glutathionylation has been
identified and a number of vital role in regulation of transcription factors and enzyme activity as well as protection
of proteins against oxidation by cystein residues has been suggested [6, 34]. Firstdefined as a result of oxidative
stress, S-glutathionylation was later identified to play major regulatory functions as well as in post-translational
modification ¥ many research has been directed towards the investigation of protein S-glutathionylation due to
tremendous understandingin the role of ROS and NO in signal transduction and probably by the reversibility of
protein S-glutathionylation [34-36]. Protein glutathionylation may be a means by which cells protect protein thiol
groups from irreversible oxidation or store GSH during oxidative stress and has attracted particular interest as a
post-translational modification in which enzyme activities can be regulated [34]. Reversibility of both
glutathionylation and deglutathionylation can be catalyzed by family of disulfide enzymes such as oxidoreductases,
glutaredoxin and to a less extent thioltransferase, which in particular catalyses exchange of thiol disulfide and in turn
oxidizes protein using GSSG or reduce protein using GSH [35-36]. During oxidative and nitrosative stress, protein
S-glutathionylation may possibly acts as molecular mechanism by which GSH performed redox-dependent signaling
molecule resulting in transcriptional activation of many genes [ Protein s-glutathionylation might betransducer of
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redox signals generated by ROS and NO species probably due to activation of either glutathione or protein thiols by
oxidants in order to keep on reacting with sufhydryls. Due to the highly reducing nature of intracellular environment
(except in certain organelles such as endoplasmic reticulum), only small number of proteins are subjected to s-
glutathionylation. The reactivity of thiols group has been suggested to be determined factor for the global
susceptibility and site specificity for protein s-glutathionylation [34-36]. The relevant factors in protein
susceptibility for S glutathionylation which were thought to be thiol steric accessibility and thiol pKa; depend solely
on protein folding as well as surrounding area to the side chains of basic amino acids, respectively. The biochemical
mechanisms of protein-S-glutathionylation proposed so far are based on thiol protein or GSH pool redox
modifications which may be triggered through ROS or NO derived species. The most reported and investigsted
mechanisms of protein S-glutathionylation are based on either thiol disulfide exchange through protein thiolate and
glutathione disulfide (GSSG) or the reaction between an oxidized thiol to sulfenic acid with the reduced form of
GSH [34-36]. Protein S-glutathionylation is now appear as a critical signaling mechanism in cardiovasculardiseases,
as it regulates many physiological processes involved in cardiovascularhomeostasis, including myocyte contraction,
oxidative phosphorylation, protein synthesis,vasodilation, glycolytic metabolism and response to insulin®!.A
considerable amount of glutathione reversibly bound to sulfhydryl groups of proteins (PSH) via S- glutathionylation
to form S- glutathionylated proteins (PSSG) (figure 4). In human disease, PSSG have been exploring as biomarker
of oxidative stress [37]. There have been report of increase S-Glutathionylhaemoglobin in both type I and type
Ildiabetes, hyperlipidemia, uremia associated with haemodialysis or peritoneal dialysis, and in smokers and has
been suggested as biomarker of oxidative stress for the whole body [37].
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Figure 4: the role of glutathione in protein s- glutathionylation: in the diagram, glutathione synthesized from three
amino acids, glutamate, cyteine and glycine, binds to the protein during oxidative and nitrosative stress. In the
process, reduced glutathione (GSH) is converted into oxidized glutathione (GSSG). In the same vein, glutathione
binds to sulfhydryl groups of proteins (PSH) via S-glutathionylation to generate S-glutathionylated proteins (PSSG).
Glutaredoxin (GRx) regulates activities of many redox sensitive enzymes such as glutathione reductase which is
essential for the GSH/PSH redox cycle and maintains adequate levels of reduced cellular GSH.

Conclusion

Glutathione plays an important role in cytoprotection, detoxification, protein protection and redox-signalling. It role
is well noted in conjugation of highly reactive metabolites. Excess advanced glycation end products have been
linked to the development of diabetes and methylgyoxal levels were found to be high in the cerebrospinal fluid of
diabetic patient. Recently, Protein S-glutathionylation is appearing as a critical signaling mechanisms in
cardiovascular diseases.
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