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Abstract

Glutathione (y-L-glutamyl-L-cysteinyl-glycine) is a well-known major
antioxidant produced in living cells at the concentrations of 1-10 mM. It
protects cells from nutritional, environmental, and oxidative stresses.
Structurally, it is a nonprotein thiol compound made up of three amino
acids — glutamate, cysteine, and glycine with an unusual y-peptide bond.
To meet the increasing commercial demand of GSH as a functional food
supplement, various methods for its production methods have been tried.
Forms of glutathione (GSH and GSSG) could be produced by enzymatic
methods, which are expensive and unprofitable. The microbial biosynthe-
sis could be achieved by fermentation method using natural or engineered
microorganisms such as some strains of yeasts Saccharomyces cerevisiae
and Candida utilis and some strains of bacteria Escherichia coli and
Lactococcus lactis. However, the former approach is not commercially
viable because of its high production cost as compared to the latter one,
which is more practical and also cost-effective. Certain microorganisms
such as Saccharomyces cerevisiae and Candida utilis have been studied as
potential microorganisms for GSH production. For enhanced production
of glutathione, using a bifunctional enzyme encoded by gshF from
Streptococcus thermophilus has been expressed in Escherichia coli.
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1.1  Significance of Glutathione
Glutathione (GSH) possesses life-sustaining
functions as it is an important antioxidant synthe-
sized by mammals. The deficiency of GSH has
been reported to cause several diseases (Ballatori
et al. 2009; Lu 2009) due to the oxidative stress
(Valencia et al. 2001). GSH a nonprotein thiol
compound is found in cells at the concentration
of 1-10 mM. GSH is found to be the most impor-
tant antioxidant, because its anti-oxidizing capa-
bility is 100 times more than simple antioxidants.
Therefore, there is a high demand and research
on production of synthetic antioxidant (Nutracam
2007; Xiong et al. 2009; Das et al. 2011).

The antioxidants and their antioxidant activi-
ties are the subject of interest for the nutritionists
(Nutrition Advisor 2007) and health profession-
als (World TPO 2007) and so its increasing
demand in pharmaceutical and food industries.
Antioxidants are the factors that protect cells
against free radicals by preventing the oxidation
of other molecules. The common examples of
antioxidants are vitamin C, flavonoids, lipoic
acid, vitamin E, and glutathione. Natural antioxi-
dants including vitamin C, flavonoids, and cou-
marins are widely found in plants, many have
been extracted from various plants using ultra-
sonic methods, and their antioxidant capacities
have been studied in detail (Adam et al. 2009).
Antioxidants are those compounds which prevent
the natural formation of reactive oxygen species
(free radicals) inside the living cells (Wu et al.
2004).

Glutathione (g-L-glutamyl-L-cysteinyl-
glycine), a tripeptide, is a low molecular weight
nonprotein thiol compound (Li et al. 2004). It is
made up of three amino acids, namely, cysteine,
glutamic acid, and glutamine. There is a y-peptide
bonding between glutamate and cysteine which
makes this molecule very resistant toward its
hydrolysis by most peptidases (Anderson 1998).
GSH exists in two forms:

1. Reduced form of glutathione with molecular
weight 307.3 g/mol — referred as GSH

2. Oxidized form of glutathione with molecular
weight 612.6 g/mol — referred as GSSG
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These forms of GSH can be measured using a
practical HPLC method (Yilmaz et al. 2009).

1.2  Properties of Glutathione

GSH is associated with in various vital functions
such as in the maintenance of cells, as radical
scavenger, in detoxification and restoration of
redox potential (Santos et al. 2007; Noctor et al.
1998). Glutathione was first identified in baker’s
yeast cells extracted with ethanol as early as in
1888. Its molecular structure was established in
1921, and it was named as glutathione. Reduced
form of glutathione is y-glutamylcysteinylglycine,
a nonprotein thiol compound, which has been
reported (Meister and Tate 1976) to be present in
most aerobic organisms.

Glutathione is one of the major antioxidant,
which has been detected at the concentration of
up to 10 mM in living organisms and mammalian
cells. GSH reacts with toxic compounds to form
GSH conjugates in enzymatically or nonenzy-
matically catalyzed reactions.

The significant functions of GSH at cellular
level have been placed in three main categories:

(a) Antioxidant: This is the most important func-
tion of GSH. It protects cells against oxida-
tive damage caused by the reactive oxygen
species. It is also found to have an antiaging
effect on the body.

(b) Detoxifier: It detoxifies the thiol group of
foreign compounds by conjugating with the
exogenous electrophiles and  diverse
xenobiotics.

(c) Immunity booster: GSH plays an important
role in white blood cells production.

GSH has its role in the regulation of cellular
events like protein synthesis, gene expression,
and protein glutathionylation and in the regen-
eration of vitamin C and vitamin E to its un-
oxidized state, conversion of prostaglandin H,
into prostaglandins D2 and E2 by endoperoxide
isomerase. GSH converts methylglyoxal to
D-lactate in a glyoxalase microbial pathway,
and it also actively contributes in spermatogen-
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esis and sperm maturation. Commercially, GSH
has established its application in several cos-
metic products, where it is used as an emulsifier
and moisturizing agent, to enhance the whiten-
ing of skin and as an antiaging agent in sun-
protection products (Wu et al. 2004; Bachhawat
et al. 2009). If the cells become deficient of
GSH, this condition may lead to certain dis-
eases such as Alzheimer’s, Parkinson’s, cystic
fibrosis, sickle cell anemia, cancer, and HIV
(Wu et al. 2004). Wang et al. (2008) have
reported that GSH can be used in brewing
industries to maintain the high cell viability and
to enhance the flavor of beer.

1.3  Occurrence of Glutathione
Natural glutathione is found in several fruits and
vegetables, like orange, peach, squash, aspara-
gus, potato, spinach, tomato, grapefruit, etc. The
consumption of some vegetables, such as broc-
coli, cabbage, Brussels sprouts, cauliflower,
kale, and parsley, in human diets contributes in
two ways — firstly, providing their naturally
occurring GSH and secondly also stimulating the
human body to self-produce this powerful
antioxidant.

Though there are many natural sources to
extract GSH, but economically, yeast cells are
proved to be the most suitable resource to extract
GSH. The yeast can be easily and practically
grown on larger scale in shorter time period and
have a low-cost maintenance and storage com-
pared to vegetables and fruits. Yeasts have excep-
tional capability to accumulate GSH in its cells,
and low operational costs are involved in its
extraction (Vitamin Stuff 2013). Research work
has been focused on some specific yeast strains,
e.g., Saccharomyces, Candida, Kluyveromyces,
Pichia, Rhodotorula, Hanserzula, Debaryomyces,
Torulopsis, or the fission yeast genus
Schizosaccharomyces, which produced glutathi-
one in simple cultivation medium. For the large-
scale production of GSH, two
yeasts — Saccharomyces cerevisiae and Candida
utilis — are widely used (Cha et al. 2004; Liang
et al. 2008a, b).

1.4  Biosynthesis of Glutathione
Several researches were actively carried out on
fermentative and enzymatic production of GSH
(Yamada et al. 1984; Murata 1989). Thornalley
(1991) studied the esterification of glutathione
for its bioavailability. Anderson (1998) over-
viewed the biosynthesis and modulation of gluta-
thione. The optimization of biosynthesis of GSH
using yeast cells of Saccharomyces cerevisiae
has been studied by many workers (Liu et al.
1999; Chalil et al. 2010; Nigam and Owusu-
Apenten 2011).

Glutathione can be enzymatically produced in
the presence of ATP and its precursor amino
acids, namely, L-glutamic acid, L-cysteine, and
glycine (Lu 2013). But the commercialization of
GSH was obtained by fermentative production
process and not by the method of enzymatic pro-
duction, because of its high production cost (Li
et al. 2004). Later on the large-scale production
of GSH was carried out by fermentation methods
using Candida utilis and Saccharomyces cerevi-
siae (Wei et al. 2003a, b).

It is synthesized from its constituent amino
acids by two ATP-dependent reaction steps which
are catalyzed by two enzymes y-glutamylcysteine
synthetase (GSH1) and glutathione synthetase
(GSH2). In the first step, y-glutamylcysteine is
formed from glutamate and cysteine, catalyzed
by the enzyme y-glutamyl synthetase. In the sec-
ond step, glycine is added to the C-terminal of
yGC by the enzyme glutathione synthetase (Li
et al. 2004). The strong electron-donating factor
of glutathione is generally due to the presence of
a sulthydryl group (SH) on the cystenial portion.
It is mainly present in the body in reduced form;
GSH is oxidized to GSSG by reacting with free
radicals catalyzed by enzymes glutathione per-
oxidase or glutathione S-transferase. Regeneration
of GSH is an NADPH dependent and is catalyzed
by the enzyme glutathione reductase (Grant
2001). GSH reacts enzymatically or nonenzy-
matically with toxic products to form GSH con-
jugates (Anderson 1998). In humans, the
metabolism takes place in the liver by absorbing
amino acids to increase GSH level for detoxify-
ing chemicals (Valencia et al. 2001).



Due to its vast functions and significance, the
bioavailability of GSH to humans was of great
concern. Many techniques were undertaken to
make glutathione available on large scale but at a
lower cost. Chemical method was one of the ear-
liest method in which modified version of benzyl
carbonate method was used to make synthetic
glutathione. But the GSH synthesized in this pro-
cess was optically inactive mixture of D- and
L-isomers; therefore, the optical resolution was
required to separate the L-form from the D-isomer
which hindered this method (Bachhawat et al.
2009).

Enzymatic method has tried to avoid the prob-
lems and cost involved in chemical synthesis of
GSH. The immobilized microbial cells and
enzymes have also been studied in the bioreactor
systems. The enzymatic method required the par-
ticipation of ATP and coenzymes; however, the
regeneration of ATP and the low activity of GSH1
and GSH2 became the limiting factors in GSH
biosynthesis. This method was also expensive
and time consuming because of the usage of three
precursor amino acids. The biosynthetic approach
via fermentative production method is the most
economical one, which involves the sugar mate-
rial as the fermentation raw substrate, and micro-
organisms are employed to carry out the
fermentative-biosynthetic process (Li et al
2004). Yeast strains are the most suitable micro-
organism for this purpose, yeasts like
Saccharomyces cerevisiae and Candida utilis
have been found to possess higher intracellular
content of GSH. The biggest advantage using
yeasts is that these yeasts can be easily grown on
cheaper sources of sugar substrates, and the other
major advantages in using yeast are that they do
not cause any endotoxic reactions in humans. In
research to increase yield in biosynthesis of GSH,
recombinant techniques have been used to over-
express gshpl and gshp2 in S. cerevisiae and E.
coli, but any increased level of glutathione yield
could not be achieved (Bachhawat et al. 2009).
Research has been conducted by Li et al. (2011)
on the production of glutathione using a bifunc-
tional enzyme encoded by gshF from
Streptococcus thermophilus which was expressed
in Escherichia coli. The gene coding for a novel
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bifunctional enzyme that is catalytically involved
in the reaction for glutathione synthesis, gshF,
was cloned from Streptococcus thermophilus
SIIM B218 and expressed in Escherichia coli
IM109. The induced E. coli IM109 (pTrc99A-
gshF) showed the accumulation of 10.3 mM GSH
in 5 h in the presence of the precursor amino
acids and ATP. Addition of higher concentrations
of the precursor amino acids and ATP induced E.
coli IM109 (pTrc99A-gshF) to produce up to
36 mM GSH. The molar yield of GSH based on
added cysteine was 0.9 mol/mol and based on
added ATP yield was found 0.45 mol/mol. Li
et al. (2011) found that when ATP was replaced
with glucose, E. coli JIM109 (pTrc99A-gshF)
could produce 7 mM GSH in 3 h. ATP was gener-
ated by Saccharomyces cerevisiae for GSH pro-
duction. E. coli IM109 (pTrc99A-gshF) produced
33.9 mM GSH in 12 h with a yield of 0.85 mol/
mol based on added L-cysteine in the presence of
glucose and the pmrl mutant of S. cerevisiae
BY4742.

Parameters Control in GSH
Biosynthesis

1.5

A number of researches were carried out to study
the cellular responses of different microorgan-
isms in order to maintain metabolic viability and
vitality of strains for use in industrial fermenta-
tion. Thus, a number of practical approaches
were carried out to enhance the fermentative glu-
tathione production, and this could be performed
either by increasing the cell biomass by high cell
density cultivation or by optimizing the fermen-
tation process parameters (Liang et al. 2008a, b,
c). The overall production of GSH has been
focused in three approaches: (a) production
methods, (b) extraction methods, and (c) detec-
tion methods.

Initially glutathione was produced extracellu-
larly by Candida tropicalis pk233. In this method,
the filamentous form of organism was grown in
the presence of ethanol. Initially at higher con-
centration of ethanol, the production of extracel-
lular glutathione was low, but it increased rapidly
along growth time, and the maximum glutathione
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was obtained after 96 h of cultivation at 5 % (v/v)
concentration of ethanol (Yamada et al. 1984).
Optimization of medium was one of the basic
approaches for higher GSH production. Liu et al.
(1999) optimized the growth medium by using
peptone, magnesium sulfate, and glucose for
enhanced synthesis of GSH by S. cerevisiae and
obtained a yield of 124 mg/L. Later on Cha et al.
(2004) improved the yield up to 204 mg/L by
using a different medium composition consisting
of glucose, yeast extract, KH,PO, and cysteine.
Amino acids like cysteine, glutamic acid, and
glycine are required to form glutathione. Hence,
the enhanced GSH production was studied using
amino acid supplementation using S. cerevisiae
(Wen et al. 2004) and by amino acid modulation
(Wen et al. 2006). Cysteine had a major impact,
so a two-step strategy was undertaken where cys-
teine was added at the beginning of culturing, and
then other amino acids were added after some-
time which resulted in 2.67 times increase in
GSH yield. Single shot of cysteine addition was
shown to give higher yield as compared to con-
tinuous addition, because more amount of cyste-
ine ceased the cell growth. Later studies used a
strategy of combining amino acids with other
parameters, where a feedback control strategy
was used and the GSH yield and productivity
could be increased by 25 and 70 % from S. cere-
visiae. Santos et al. (2007) optimized culture
conditions of S. cerevisiae, and GSH yield
achieved was 154.5 mg/L after 72 h incubation.
Subsequent studies in 2008 were designed on
control of dissolved oxygen (DO) along with cys-
teine addition in C. utilis. It was undertaken by
adapting a two-stage strategy where the cysteine
was added initially; DO was initially controlled
at 5 % v/v for the first 3 h, and then it was gradu-
ally increased to 20 % in the following 12 h, such
strategy resulted in 1767 mg/L GSH yield (Liang
et al. 2008a). In the same year, again, C. utilis
was used by adapting precursor amino acids with
ATP which was added after 15 h of amino acid
addition resulting in GSH yield of 2043 mg/L
after 72 h of incubation (Liang et al. 2008b).
Since yeast cells consist of stress molecule
that is synthesized and stored under high stress
conditions, therefore, other parameters like salin-

ity, high temperature, and osmotic pressure were
undertaken to obtain maximum GSH without
inhibiting the cell growth. Earlier in 2003, effect
of temperature was studied on C. utilis, and a
two-stage temperature control strategy was cho-
sen for increasing the cell density as well as
higher GSH production by growing cells at 30 °C
for 8 h and glutathione production at 26 °C rang-
ing 235-385 mg/L (Wei et al. 2003a). With
regard to pH studies in C. utilis, alow pH strategy
was applied initially in 2005 and then later on
combined low pH with cysteine addition (Liang
et al. 2008c). The pH less than 1.5 with single
and double shift addition led to 673 and 558 mg/L.
GSH excretion into the medium (Liang et al.
2008b, c¢). Dong et al. (2007) studied the effect of
high pressure on glutathione accumulation in S.
cerevisiae, in this approach the yield of GSH
obtained was 103 g/mg GSH at 1.0 MPa.

Glutathione in reduced form is electron donor
for GPx reaction (Izawa et al. 1995). Having this
knowledge that exposure of cells to osmotic and
oxidative stress results in inhibition of cell
growth, the strategy of multiple oxidative stress
using H,0, and osmotic stress using NaCl was
applied conditions on C. utilis. The maximum
GSH yield obtained was 218 mg/L and 238 mg/L,
respectively, under these two conditions.
Increased level of intracellular cysteine and
y-glutamyl synthetase and GSH reductase were
noticed indicating the involvement in GSH accu-
mulation against the condition of stress imposed
(Liang et al. 2009a, b).

The downstream processing for the extraction
of GSH after the fermentation process is the most
important step in GSH recovery. The main objec-
tive is the selective separation of compound from
the fermented medium. Despite the fact that
extraction of GSH is the most important step,
only a little work has been carried out on the
extraction methods, and hence the detailed infor-
mation is not available. Earlier glutathione was
extracted by using aqueous acetone in Pirie’s
method which extracted around 60 % of the
GSH. In 1988, glutathione extraction was carried
out from S. cerevisiae by selenite. Selenite was
added into the medium, and intracellular GSH
was leaked out turning the yeast cell culture red



due to the presence of elemental selenium. In this
reaction glutathione reductase was involved in
the reduction of glutathione selenotrisulfide to
glutathione selenopersulfide or to GSH and ele-
mental selenium (lizuka et al. 1988). In one work
copper precipitation method and ion exchange
chromatography were used for GSH extraction
(Bachhawat et al. 2009). In 2005, a comparison
of various techniques was made based on factors
like extraction time and temperature. The tech-
niques used were ultrasonic methods, homoge-
nizing method, and autolysis. The autolysis
method was found to be an efficient technique
among others (Salleh et al. 2005).

The solvent ethanol was used for the extrac-
tion in cells of S. cerevisiae without disrupting
the yeast cells by Xiong et al. (2009), thus having
advantage over other techniques as it can main-
tain cells under appropriate condition with intact
plasma membrane. This method required less
time, and the solvent ethanol used for the extrac-
tion could be recycled, which reduced the cost of
the overall production (Xiong et al. 2009).
Surfactants were used to optimize the extracellu-
lar accumulation of GSH in a fermentation pro-
duction process using S. cerevisiae by Wei et al.
(2003b). GSH production was found mainly
affected by the factors like processing tempera-
ture, extraction time, the concentration of the
yeast cells, and the solvent used (Salleh et al.
2005); however, the extraction using ethanol has
proven beneficial to extract GSH for a higher
yield. Another important parameter was glutathi-
one detection in yeast cells which was deter-
mined by the popular method known as Tietze
method. This method includes the use of DTNB
also known as Ellman’s reagent which reacts
with GSH and produces an oxidized form GSSG
and 2-nitro-5-thiobenzoic acid, which is yellow
in color (Biomax Co. Ltd 2007). The formation
of color can be determined by OD measurement
at 412 nm using a spectrophotometer. The advan-
tage of using this reagent was its convenience and
short detection time, and DTNB produced can be
recycled.

Many conventional techniques have been used
like encapsulating the glutathione in the lipo-
some or in combination with other pharmacolog-
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ical products like vitamins or statin, a
cholesterol-lowering product (World Intellectual
Property Organization 2007). In some research
work, glutathione precursor is made available
which induces glutathione formation inside the
body (Nutrition Advisor 2007). The pure form of
GSH is presently supplemented in the form of
oral pills or tablets. However, the major draw-
back of this supplementation is that glutathione is
broken down into its three constituent amino
acids in the digestive system by the enzymes
y-glutamyl transpeptidases, and thus the glutathi-
one doesn’t reach the end target (Nutra Cam
2007).

The bioavailability of GSH can be improved
by esterifying the GSH with alcohol and using
HCI as a catalyst. The monoester form of GSH
can be regarded as major bioavailable form of
glutathione (Thornalley 1991), as it can be easily
taken up by the cells.

1.6 Future Prospects

The biosynthesis of GSH using yeast cells, par-
ticularly S. cerevisiae, has been studied by sev-
eral researchers, because of its capability of
regenerating sufficient ATP for GSH biosynthe-
sis and due to simplified glycolytic pathway.
Yeast cells can be used in large-scale biosynthe-
sis of GSH due to the fact that these compared to
other microorganisms are more capable of thriv-
ing under adverse growth conditions (Murata
1989). The potential ability of organism to pro-
duce higher amount of glutathione under osmotic
stress condition using NaCl, and under oxidative
stress using H,O,, could be used by applying the
strategy of varying the doses and periods of stress
factors. The advantages of use of ethanol in
extraction studies and the comparison of different
alcohol solvents should be explored for the effec-
tive extraction of glutathione to obtain maximum
yield under high cell density achieved in fermen-
tation process.

A modified HPLC method may be used to
determine the oxidized and reduced form of GSH
in animal tissues which would be faster and more
sensitive and would not require derivatization
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process unlike normal method (Yilmaz et al.
2009). The bioavailability on larger scale can be
enhanced by esterification of glutathione using
the background information from previous stud-
ies (Thornalley 1991).

The future prospects for the microbial biosyn-
thesis of GSH should be focused on enhancing
the yield of glutathione through the recovery of
dense yeast cell mass and making it bioavailable
using optimized method and suitable chemicals
on a large scale. The large-scale fermentative
production of glutathione can be done producing
active yeast cell cultures in bioreactors under
optimized conditions mainly DO and some stress
agents. The formulation of GSH, according to its
required applications, can be devised in the form
of tablets, powder, or cream. Esterified GSH
can be tested on animals for its bioavailability
and functions and for the pharmaceutical
applications.
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