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Abstract

The paper presents a literature review regarding the role of glutathione as a natural antioxidant and its usage in various

fields, with a special emphasis on aspects relevant to winemaking. Recent studies demonstrated the beneficial influence of
the addition of glutathione in the white wine production technology, especially for the preservation of the varietal
character of the wines obtained from aromatic grapes. Considering that in all living cells it has a similar role of
antioxidant protection, it is a logical assumption that glutathione can contribute to the reduction of the dosage of sulfur
dioxide used for wine protection and, in the future, it might be a good candidate for the replacement of sulphur dioxide.
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1. INTRODUCTION

Glutathione (GSH, y-L-Glutamyl-L-Cysteinyl
Glycine), the most established antioxidant of
endogenous origin, produced in both animal and
vegetal cells, has as its main role the elimination
of free radicals and protection of reactive
compounds, which otherwise would rapidly
interact with oxygen, ensuring as well the
protection  against  various  toxins  and
detrimental heavy metal actions, which interfere
in the processes of cellular aging. Pompella et
al. (2003) defined glutathione (GSH) as “an
important antioxidant in plants, animals, fungi,
and some bacteria and archaea, preventing
damage to important cellular components
caused by reactive oxygen species such as free
radicals and peroxides”. In fact, glutathione
(Fig. 1) is a tripeptide with a gamma peptide
bond between the carboxyl group of the
glutamate side-chain and the amine group of
cysteine (which is attached by normal peptide
bond to a glycine). Due to its chemical
structure, glutathione may protect against
oxidation.
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Figure 1. Glutathione (y-L-Glutamyl-L-Cysteinyl
Glycine, GSH)

A simple mechanism of protection is the one by
which glutathione in its reduced form (GSH) is
oxidized to its dimer form, thereby releasing
protons and electrons (H'+¢) used in coupled
reactions for the protection of other molecules
against oxidation (Antoce, 2007).

Glutathione exists in both reduced (GSH) and
oxidized (GSSG) forms. In the reduced state,
the thiol group of cysteine is able to donate
areducing equivalent (H'+ ") to other unstable
molecules, such as reactive oxygen species. By
donating an electron, glutathione itself becomes
highly reactive, therefore readily reacting with
another reactive glutathione to form GSSG (Fig.
2).
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Figure 2. The oxidation reaction of GSH to GSSH

2. GLUTATHIONE AND ITS ROLE IN
PREVENTING HUMAN DISEASES

Studies about glutathione appeared as early as
the 1980’s, but it was only after the year 2000
that an abundance of research results with
relevance especially for the medical field was
published. Investigations carried out on this
tripeptide, which is synthesized by all the cells
of the organism, revealed its valuable
antioxidant, anti-inflammatory and detoxifying
traits. This, in turn, made the researchers to
consider it as a possible solution for the
prevention and treatment of various immunitary,
degenerative and metabolic diseases, including
cancer. The fact that this tripeptide can be
naturally found in all cells and qualities
conferred by its antioxidant capacity, the
cellular immune stimulation and detoxification
encouraged researchers to consider glutathione a
solution to fight incurable diseases such as
different cancer types, neurodegenerative
diseases such as sclerosis, Parkinson’s disease

and Alzheimer's disease, autism, Down
syndrome, chronic fatigue, heart disease,
chronic infections, autoimmune diseases,

diabetes, arthritis, asthma, kidney problems,
liver disease and more. Glutathione is the most
spread intracellular thiolic antioxidant, being
essential for redox defense mechanisms
activated against oxidative stress. Glutathione
metabolism is extremely accurate and is
involved in redox signaling and protection
against harmful actions of many environmental
oxidants. Changes in the ratio of its reduced
form and the disulfide form (GSH / GSSG) can
destabilize the pathways that cause a wide range
of physiological responses of the body, starting
from cell proliferation to autophagy and
apoptosis, due to the expression of genes
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involving H,O, as a second messenger (Biswas
et al, 2009). The signalling mechanism
involved is quite simple: reduced glutathione
bonds to cysteine of another reduced
glutathione, by serving as an electron donor
used by the cells to detoxify ROS (reactive
oxygen species), the glutathione being in this
way converted to its oxidized form. Once
oxidized, the dimer GSSG can be reduced back
to GSH through a reverse process controlled by
glutathione reductase, by using nicotinamide
adenine dinucleotide phosphate as an electron
donor (Couto et al., 2013). A wealth of recent
studies have concluded that ROS cause the
development and evolution of tumors by
inducing DNA mutations, genomic instability
and aberrant pro-tumorigenic signalling. On the
other hand, a high level of ROS may be toxic as
well to cancer cells and can lead to their death,
some treatment schemes relying on this very
effect. To equilibrate the state of intracellular
oxidative stress, cancer cells intensify their
antioxidant protection mechanisms based on
glutathione, which leads to the conclusion that
high ROS levels can indeed block the tumors
development (Glasauer et al., 2014). An
imbalance in the oxidant/antioxidant
intracellular ratio and additional ROS generated
by environmental factors have  been
demonstrated to have an important role in the
development of respiratory diseases such as
asthma, acute respiratory distress syndrome,
chronic  obstructive  pulmonary  disease,
idiopathic pulmonary fibrosis and so on (Biswas
et al., 2008). Obvious deterioration of GSH
homeostasis has been proven by Fitzpatrick and
his team (2009) in the case of children with
severe asthma refractory to the usual treatment.
Decreased GSH, increased GSSG and higher
oxidation levels were measured in their
epithelial lining fluid. According to Livingstone
and Davis (2007), “Glutathione is a central
marker of oxidative stress and the most
abundant, predominantly intracellular,
antioxidant in the central nervous system”.
Previous studies (Cruz et al., 2003) have
suggested that maintaining glutathione balance
is imperative for antioxidant protection
mechanisms, synaptic  plasticity, —memory
function and learning processes, the huge
importance of glutathione for the proper
functioning of the nervous system being



underlined. Recent studies made by Michels and
his co-workers (2014) demonstrated that, as
compared to the case of non-PTSD participants,
in PTSD (posttraumatic stress disorder) patients
the levels of y-amino butyric acid (a primary
inhibitory neurotransmitter) and glutathione (a
marker for neuronal oxidative stress) are found
in significantly higher concentrations, strongly
suggesting an abnormal oxidative stress. A
deficiency in the glutathione metabolism was
also identified in autism, a syndrome of specific
mental pathology of children characterized by
severe communication difficulties, repetitive
behaviours and impairment in the ability to
socially interact. Until now it was not clear
whether the cause of the GSH deficiency in the
cerebellum tissues of autistic subjects lay in the
decreased synthesis, increased consumption
and/or deficient regeneration mechanisms, but
recent researches (Gu et al., 2013) have reported
that out of various enzymes involved in GSH
metabolism, the glutamate cysteine ligase
(GCL), catalyzing both GSH regeneration and
synthesis, has an insufficient activity, most
likely due to a decreased protein expression of
GCL catalytic and modulatory subunits. A
protective  effect of  glutathione  was
demonstrated in acute poisoning  with
omethoate, an organophosphorous insecticide,
which may lead to hepatocellular edema and
fatty degeneration of the liver. Lu and his team
(2010) showed that exogenous reduced
glutathione (GSH) prevents liver damage, by
restoring the activity of acetylcholinesterase
(AChE), which is significantly inhibited by the
insecticide, and by also mitigating the stress
response of the cells, by attenuating the increase
in the activity of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), Tumor
Necrosis Factor-alpha (TNF-a) and in nitric
oxide (NO) production. As expected, the total
concentration of glutathione in the cells and the
balance in the GSH/GSSG forms is genetically
determined. By studiying mono-and dizygotic
twin pairs, Van ‘t Erve and his co-workers
(2013) have demonstrated that the concentration
of glutathione in human erythrocytes is an
inheritable trait. They have also anticipated that
this holds true for other types of cells too. As
the couple GSH/GSSG is a marker of oxidative
status in the cells, future research can focus on
determining the contributions of both genes and
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environment to the antioxidant protection each
individual can naturally achieve, so that
personalized preventive or treatment strategies
be applied. In this sense, up-regulation of
glutathione-related genes (Schuliga et al,
2002), modulating glutathione-related defenses,
as well as modulating glutathione-related
enzyme activities, may be a new approach in
various therapeutic strategies. Knowing that
GSH cannot be directly administered per se
with any clinical consequence (Chen et al.,
1998a), various precursors (Chen et al., 1998b;
Olney et al. 1990; Ortolani et al., 2000) or
similar products with chemically modified
formula (Yamamoto et al., 1993; Burg et al.,
2002; Hamilton et al., 2004; Kals et al., 2008)
were developed in order to simulate the
physiological or pharmacological effects of
glutathione, some of them used to intensify the
anti-oxidant activity (Shibata ef al., 1995; Wang
et al., 1996; Ehrlich et al., 2007), while others
to target the enzymes involved in GSH
metabolism (Batist er al., 1986; Kunze et al.,
2000; Gate et al., 2001; Ruscoe et al., 2001;Wu
et al., 2010). The two approaches have shown
significant therapeutic potential and a lot of new
molecules are now in clinical tests and
development (Green et al., 2012). Modulation
of glutathione, both by increasing it or by
reducing it, has a huge potential and clinical
significance in a wide range of human diseases
(Wu and Batist, 2013).

3. GLUTATHIONE AND ITS ROLE IN
PLANTS

The glutathione, as in all living cells, plays an
indispensable role in plant cells, being involved
in the antioxidant system, sulfur metabolism and
the detoxification of xenobiotics (Noctor and
Foyer, 1998). Glutathione is found in all plant
cells, being synthesized either in the cytosol or
in the chloroplast. As in human/animal cells, it
has an antioxidant role, being associated with
plant responses to various stress factors,
participating in neutralizing free radicals and

hydrogen peroxide produced by large
temperature  differences, lack of water,
pesticides, air pollution (Alscher, 1989).

Glutathione has vital importance for plants,
because it fulfills certain essential functions in
their metabolism. GSH participates in some



biosynthesis processes and cell detoxification. It
is involved in photorespiratory and respiratory
metabolism control, phytohormones modulation
and in redox mechanism against damaging
actions of ROS (Noctor et al., 2012). In some
plants glutathione is found together with his
homologues, molecules which have in their
structure other amino acids in C-terminal
position than the glycine (Rennenberg, 1980;
Klapheck, 1988; Klapheck et al., 1992), such as
alanine or serine. Homoglutathione (y-
Glutamyl-Cysteinyl--Alanine) is found mainly
in legumes (MacNicol, 1987; Klapheck 1988),
while in cereals, another GSH analogous,
hydroxymethyl GSH (y-Glutamyl-Cysteinyl-
Serine), is predominant. Some researchers
concluded that these analogues are not formed
by specific synthesis, but rather by glutathione
molecule modification (Klapheck, et al. 1992;
Okumura et al., 2003; Skipsey et al., 2005). As
in animal cells, disulfide forms of glutathione
and its homologues are reduced to GSH through
reactions catalyzed by GSH reductases
(Klapheck 1988; Klapheck ef al., 1992).
Glutathione fulfills other important functions in
plants, being involved in sulfur assimilation and
inhibition of sulfate absorption (Herschbach and
Rennenberg, 1994; Lappartient et al., 1999,
Vauclare et al., 2002; Buchner et al., 2004),
pollen germination and pollen tube growth
(Zechmann et al., 2011) and cell division and
meristem development (Vernoux er al., 2000;
Cairns et al., 2006; Reichheld er al., 2007,
Frottin et al., 2009; Bashandy et al., 2010).
GSH is part of the mechanism to fight against
infections caused by molds, such as Botrytis
cinerea (Chassot et al., 2008). Oxidants are
produced in plants following the metabolic
processes of photosynthesis, photorespiration
and respiration (Foyer and Noctor, 2003), but
they are also generated by unfavourable weather
conditions (cold, heat, drought, heavy rainfall),
soil and air pollution and various pathogen
agents, all affecting the GSH redox state in
plants leaves (Sen Gupta et al., 1991; Vanacker
et al., 2000; Bick et al., 2001; Gomez et al.,
2004). Interestingly, the content of GSH or its
homologues in leaves is not very much
influenced by the variation of light intensity
during the day/night alternance. The ratio
GSH/GSH homologues is constant in plants
leaves, for example almost all soybean leaves
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with the exception of those damaged by age,
contain similar total amounts and similar
GSH/GSH  homologues ratios. However,
important gradients were measured between
young and aged poplar tree leaves (Arisi et al.,
1997). Toxic metals and metalloids determine
an excessive production of ROS responsible for
the oxidative stress, plants being among the
most sensitive organisms to metal toxicity. GSH
controls directly or indirectly the defense
mechanisms against ROS, thus being involved
in plants protection against oxidative stress
generated by toxic metals and metalloids
(Anjum et al., 2012). The anti-oxidant
mechanism of glutathione observed in living
cells is also valid in food products containing
reduced-glutathione or their precursors. Their
presence contributes to a better protection
against the aggression of oxygen and to a longer
shelf life of these products. Among foods, one
that can benefit the most from anti-oxidant
protection is the wine, therefore, from ancient
times men was in pursuit of powerful (and
healthy) anti-oxidant molecules to be added to
protect the aroma and colour. It is therefore no
surprise that the naturally-occurring GSH
attracted recently a lot of attention, especially
for the white wine anti-oxidant protection.
Glutathione has crucial roles in winemaking,
from the preservation of important varietal
aroma compounds originating in grapes, to the
limitation of browning and of atypical ageing
off-flavours development in wines. The simplest
protection mechanism against oxidation is the
oxidation of reduced form of glutathione to its
disulfide form. Another mechanism is based on
the fact that, due to its end cysteine residue, the
GSH reacts with quinones and forms colorless
complex molecules, more resistant to further
oxidation (Antoce, 2007).

4. OXIDATION MECHANISMS
OCCURING IN WHITE WINES

Oxygen control, especially during white
winemaking process, plays an extremely
important role for the quality of wine. The lack
of proper management of oxygen can promote
oxidation reactions of certain phenolic
compounds responsible for maintaining varietal
character and typicity of the wine. Oxidative
transformations of grape must start during the



harvest process and transportion of grapes to the
cellar, due to the exposure to air of the must
leaking from the broken berries. Protection
against oxidation should be taken into
consideration particularly in pre-fermentation
phases, the only cases in which positive effects
of oxygen are apparent being during the first
stages of wine fermentation and during
maturation (Antoce, 2007). In the presence of
oxygen, the very well known polyphenol
oxidation processes are rapidly occurring and
are followed by changes in the must/wine
chemistry, with negative effects on the white
wine quality, mostly expressed by wine
browning and fruity aroma loss. However,
oxygen supplementation is desired in some
cases, going even as far as the hyper-
oxygenation of the must. Winemaking by hyper-
oxygenation technology is only recommended
for non-aromatic varieties, in order to obtain
neutral wines to serve as a base for sparkling
wines or to obtain wines with enhanced
fermentation aroma. Loss of aromatic
compounds, browning and phenol precipitate
formation are specific incidents associated with
oxidation of white wines (Kilmartin, 2010).
Oxidation of phenolic compounds in wine takes
place by uptaking the oxygen dissolved in wine,
either by chemical or by enzymatic pathways,
both  oxidation = mechanisms  occurring
simultaneously. The oxidation of polyphenols
from must occurs very rapidly under the
catalysis of various polyphenoloxidases (PPOs).
The tyrosinase enzymes catalyze the oxidation
of cinnamic acid and its esters with tartaric acid
(caftaric acid and cutaric acid) causing the
formation of quinones, which are involved in
various metabolic reactions of oxidation and
oxidative polymerization. Laccases, another
polyphenoloxidase found only in musts from
grapes attacked by the fungus Botrytis cinerea,
catalyze the quick oxidation of various
substrates and is very hard to control (Antoce,
2007). On the other hand, it is believed that the
non-enzymatic absorption of oxygen in the wine
leads to similar products and further chemical
processes as in the case of the enzymatic
oxidation in the presence of PPO, except that
the formation of hydrogen peroxide is only
linked with the non-enzymatic oxidation
(Singleton, 1987). Non-enzymatic oxidation of
ortho-catechins leads to the formation of ortho-
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diquinones, with elimination in must of a
molecule of H>O,, which is also very reactive
and can oxidise other substances in wine, such
as alcohols, producing more volatile aldehydes.
One of the common oxidation reactions that
occurs immediately following the chemical
transformation of ortho-diphenols is the
transformation of the ethanol into acetaldehyde
(Antoce, 2007). The oxidation of ortho-
diphenolic compounds allows for some further
reactions resulting in the formation of quinones,
by means of a semi-quinone radical
intermediate. In this case oxygen is initially
reduced to hydrogen peroxide, by a coupled
transformation reaction of iron(Il) into iron(IIT)
(Waterhouse and Laurie, 2006). The resulted
quinones have electrophilic properties, which
prompts them to react with the nearby
nucleophilic molecules, so that the catechol
radical is converted back to a reduced phenolic
form, although with a substituted group
attached. The semi-quinones radicals are able
to react with other radical species, including
hydrogen atoms, regenerating in this way the
ortho-diphenol  structure.  The  chemical
transformation of ethanol into acetaldehyde
occurs in a significant proportion only when
coupled with the oxidation of readily-oxidisable
polyphenols, such as caffeic acid, a
hydroxycinnamic acid typical for white wine
(Wildenradt and Singleton, 1974). As such,
these ortho-diphenolic compounds are oxidation
propagators. In the absence of polyphenols,
considered the main initial substrates for
oxidation of wine, ethanol and tartaric acid are
very stable against oxidation.

4.1. OXIDATIVE BROWNING OF WHITE
WINES

The reaction of browning of white wines
normally starts with a lag time, followed by a
low speed phase, before reaching an accelerated
phase, which leads to the conclusion that this
phenomenon is rather an autocatalytic process,
in which the easiest oxidizable polyphenol
oligomeric products are involved. The browning
of the white wines was rather correlated to the
total flavonoid content than to the total phenols
content or to the concentration of
hydroxycinnamic acids (Singleton, 1987). The
browning of the white wines is due to the



oxidation of oxidisable polyphenols and is
associated with the loss of varietal aroma
compounds that give wine varietal typicity.
Chemical analyses show that white wines have
lower concentrations of total polyphenols
(typically 200-500 mg/L), with a predominance
of hydroxycinnamic acids. White wines contain
low concentrations of flavonoids (quercetin
glycosides or catechins), but even so, their
presence is important in the context of wine
browning. Higher concentrations of these
compounds were found in musts with a longer
time of contact with the skin and harder
pressing (Maggu et al, 2007), which make
these particular musts more susceptible to
browning. The mechanism by which the
polyphenoloxidases  (PPO) catalyze  the
oxidation reactions of the very easily oxidisable
compounds in the presence of oxygen and in the
absence of any protection with sulfur dioxide is
very well known (Singleton, 1987). PPO
enzymes determine the formation of reactive
quinones, which can react further with other
polyphenols, with glutathione or different
varietal thiols, such as 3-sulfanylhexanol, in all
cases resulting brown coloured products
(Cheynier ef al., 1989a, 1993; Nikolantonaki et
al., 2014). Studies have shown that the preferred
substrate of PPO is not the catechin, but the
caftaric acid (caffeoyl tartaric acid) and the
quinones resulted from the oxidation of caffeic
acid have a higher affinity to bond with
catechin, rather than with another caffeic acid,
leading to catechin quinones, which in turn form
condensation compounds (Cheynier et al,
1989a). However, the PPO enzymes are playing
this role in the white wine browning processes,
only under certain conditions, such as the lack
of SO, and only for a limited period of time
(Traverso-Rueda  and  Singleton,  1973).
Moreover, Lutter et al. (2007) showed in a
model wine solution that in the presence of an
Fe(II) catalyst the oxidation of caffeic acid leads
to  dihydroxy-benzaldehyde. = When  the
dihydroxy-benzaldehyde reacted with catechin,
not brown, but various colourless and
yellow/red  compounds  were  produced,
including bridged-catechin dimmers (Cheynier
et al., 1989b; Schneider, 1998; Ho et al., 2000).
For the instability of varietal aromatic
compounds (i.e. 3-sulfanylhexan-1-ol and for
the wine browning reactions occuring during
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maturation) again the polyphenols are
responsible, especially the flavonoids (i.e.
flavan-3-ols and their condensation products,
proanthocyanidins), ~ which  are  readily
oxidisable compounds (Blanchard et al., 2004,
Fernandez-Zurbano et al., 1995; Nikolantonaki
et al., 2012; Rossi and Singleton, 1966). All the
compounds responsible for the browning
reaction of white wine were difficult to
determine, but some studies have indicated
some possible other directions and methods.
George et al. (2006) have demonstrated that the
glyoxylic acid, resulted from the oxidation of
tartaric acid, binds with two catechin molecules
trough a reaction catalysed by metalic ions
(iron, copper) and form yellow coloured
xanthylium pigments. The xanthylium cation
pigments originating formed from epicatechin
proved to be two times more intensely colored
than those forming from solutions containing
catechins (Labrouche et al., 2005). The same
pigments were generated in reactions between
catechin and dihydroxfumaric acid, resulted
from tartaric acid oxidation by hydroxyl radicals
(Clark, 2008). The researches made by Merida
et al. (2006) have demonstrated that in the
presence of yeasts, a lower quantity of coloured
products have been produced in the reaction
between catechin and glyoxylic acid, this
phenomen being explained by the fact that
yeasts consumed the oxygen and that they are
also capable to absorb the brown products. On
the other hand, to prevent the browing of the
finished wine, the hyperoxidation of musts can
be used to eliminate the excessive -easily
oxidisable phenolic compounds, which are in
this way oxidized and precipitated (Cheynier et
al., 1989b; Schneider, 1998; Ho et al., 2000).
As a consequence, wines with very low
concentrations of polyphenols and with lower
browning potential are produced. The aroma of
these wines may achieve a high intensity if it is
enhanced by freeze-concentration or the grapes
are late harvested (i.e.: the icewines cases)
(Kilmartin ef al., 2007)

4.2. OXIDATION OF AROMA
COMPOUNDS

Another important general effect of wine
oxidation is directly seen upon wine aroma (du
Toit et al., 2006), ranging from the benefic



elimination of reductive smells generated by
sulfur-containing compounds, to the detrimental

aroma losses, through their oxidative
degradation and the production of new
‘oxidised’ aromas. Moreover, many sulfur-

containing compounds may produce unwanted
aromas in wines (Mestres et al., 2000), which
must be removed later through oxygenation
operations, racking or copper fining. However,
some sulfur-containing compounds have
positive effects to wine aromas (i.e: the
dimethyl sulfide is enhancing the berry fruit
note of the wines and varietal thiols, such as 3
mercaptohexanol  (3MH), determine  the
grapefruit/ passionfruit aromas of Sauvignon
blanc and other wines (Tominaga et al., 1998)).
Such compounds have to be protected against
oxidation (Segurel et al., 2004; Escudero et al.,
2007). A lot of studies have been made to
understand how aroma compounds oxidation
occurs in wines. As we saw previously, the
polyphenols  oxidation products are the
quinones, which are easily reacting with the
sulfides. Direct oxidation of thiols (mercaptans)
to disulfide forms can also occur and is
detrimental for the wine quality as these
products are not anymore removable by copper

fining (Rauhut et al, 1996; Mestres et al.,
2000). Fedrizzi and his team (2007) found that
in older wines, higher concentrations of
dimethyl disulfide and diethyl disulfide, coupled
with lower concentrations of ethyl mercaptan
and 2-mercaptoethanol, indicate the occurance
of oxidation processes. Marais (1979) reported
as well increases in dimethyl sulfide with aging,
due to the degradation of S-methyl methionine.
In the case of the thiol group-containing amino
acid cysteine, a very fast oxidation reaction
occurs in the presence of O,, Fe(Il) and Cu(Il),
as the oxidation of thiols is catalysed by metals
(Danilewicz et al., 2008). The disulfides have
the capacity to convert back to thiols due to the
reducing ability of sulfites in wine, which has
been demonstrated in model solution studies by
Bobet ef al. (1990). During wine ageing thiol
compounds with lower sensorial thresholds than
the disulfides they originate from are being
released. During bottle storage mercaptans
release from the hydrolysis of thioacetic esters
has also been described by Rauhut and co-
workers ( 1996). During wine-ageing, aldehydes
are important intermediates in the redox
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processes occuring, leading to color and flavor
changes. If the off-flavors resulted from wine
oxidation remain at low concentrations they can
contribute to the complexity of a wine, but when
their proportion is increasing, the wine quality is
affected (Oliveira et al., 2011). Unsolved
questions and issues remain regarding the way
in which the behaviour of the aroma compounds
can be controlled and modulated to obtain a
better aromatic profile of the wines. Studies
aiming to improve the aromatic profile of wines
are continuously performed, a multitude of
products with antioxidant properties and
antioxidant protection technologies being
proposed for various stages of the wine
evolution, from grape harvesting and pre-
fermentation  phases, to wine stabilization,
aging in bottles and final consumption.

4.3. ANTIOXIDANT PROPERTIES OF
DIFFERENT ADDITIVES IN WHITE
WINE

White wines resistance to oxidation is an
imperious condition for the preservation of
quality and extension of their shelf life.
Winemakers can choose among a multitude of
available choices for anti-oxygen protection,
taking into account the rate and extent of
oxygen exposure at various stages in
winemaking. Among the most used methods for
the management of unwanted sulfur compounds
formed by oxidation it is the addition of
antioxidant molecules such as SO,, glutathione
(GSH) and ascorbic acid, independently or in
combinations. Another very well known
technique is to maintain the wine on yeast lees
during ageing, in order to harness lees ability for
oxygen consumption. The use of various fining
agents, especially before bottling, is another
way to preserve wine quality, used to remove
the substrates prone to oxidation, such as
polyphenols and sulfur-containing compounds.
As the metals act as catalysts for oxidation
reactions, procedures to decrease the wine’s
metal content (especially iron and copper) or the
use of chelating agents to block these metals
and reduce their catalytic oxidative effect
became available. Another direction is to use
different antioxidant agents, in order to consume
the dissolved oxygen or to reverse the oxidative
processes from the wine, as antioxidants can act



in a multitude of directions in achieving their
antioxidant effect. One of the most used
antioxidant compounds is sulfur dioxide (SO;)
widely applied in a lot of operations and with a
multitude of techniques. Attempts to protect
selected aroma compounds in a model wine
solution containing isoamyl acetate, ethyl
hexanoate and linalool were made by Roussis
and Sergianitis (2008) by using as antioxidants
SO, and mixtures of glutathione with either
caffeic acid or gallic acid at concentrations
similar to those found in wine. Polyphenolic
compounds such as caffeic acid and gallic acid
were used to provide protection against the loss
of certain aroma compounds, by exploiting their
preferential affinity for oxygen, as compared to
other oxidisable substrates. In this case, the
phenolic compounds proved to have completely
different effect from the one shown in browning
reactions (Kilmartin, 2010). Preservatives like
SO,, ascorbic acid, glutathione, having the
ability to act as quinones reductants and/or
scavengers are decisive factors for managing the
wine resistance to oxidative aging and varietal
thiol stability (Brajkovich et al., 2005; Lavigne
Cruege et al., 2003; Ugliano et al., 2011). The
use of sulfur dioxide and ascorbic acid
combined in different proportions determined
the inhibition of polyphenol oxidation in wines
to various extents (Oliveira et al.,, 2002).
However, as Barril et al. (2009) underlined,
ascorbic acid is a highly unpredictable molecule
and the usage brings some risks, because in the
presence of catechin its degradation products
can eventually react farther and lead to yellow
coloured xanthylium pigments. Pons et al.
(2010) emphasized that the ascorbic acid has a
big potential to compromise the wine flavour,
considering the fact that it stays at the origin of
sotolon in dry white wines. As it is known,
sulfur dioxide does not have the ability to
capture oxidative degradation products of
ascorbic acid, which means it is possible that
SO, could not reduce the degradation of
ascorbic acid (Barril et al., 2012). Apart from
SO, and ascorbic acid, the other native
antioxidant compound found in grapes, the
tripeptide glutathione (GSH), was studied in the
last years and at present it is occasionally
employed in winemaking, as the product is
under evaluation by the OIV for the addition in
must and wine (OIV resolutions OENO-
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TECHNO 10-445 and OENO-TECHNO 10-
446, stage 5 in 2015) up to a concentration of 20
mg/l. Previous researches have demonstrated
that the glutathione, combined with small
quantities of SO,, inhibit the loss of desirable
aromatic compounds like mono-terpenes and
esters, and delay the browning reactions in
wines, especially the yellow coloured
xanthylium  cation  pigments  formation
(Bouzanquet et al., 2012; Roussis et al.,2007,
Sonni et al., 2011a). Lavigne and Dubourdieu
(2002) were the first who have observed that
reduced glutathione confers direct protection of
the volatile thiols during the oxidative processes
or aging in barrels, while Ugliano et al. (2011),
confirmed the same protective effect by
measuring the loss of volatile thiols in samples
of Sauvignon Blanc with 20 mg/L of GSH
added at bottling, finding that after 6 months of
aging in bottles the loss of thiolic compounds
was highly reduced. Vaimakis and his co-
workers (1996) have measured in the white
wine a higher un-oxidised phenol content after
the addition of another thiolic compound, the
amino acid cysteine. Other researchers
(Nikolantonaki et al., 2014) assessed with
modern techniques the protective effect of
antioxidant agents in wine, including SO,, GSH,
ascorbic acid and tannins. In spite of the
intensifying research regarding the glutathione
in wines, the present knowledge about the GSH
antioxidant role and its complementary activity
with the most common wine preservatives such
as sulfur dioxide and ascorbic acid need to be
further studied, as these combinations seem to
be very promising for the wine oxidation control
(Kritzinger et al., 2012).

4.4. THE SULFUR DIOXIDE AS
ANTIOXIDANT IN WINE

The most common antioxidant and preservative
agent used in winemaking is the sulfur dioxide,
as it has both oxidation preventing activity and
antimicrobial role. An important proportion of
SO, in wine is bound to carbonyl compounds,
such as acetaldehyde and the free SO, is found
mostly in the bisulfite ion (HSO5") form, only a
small proportion being identified as molecular
SO, (Abramovicret al., 2014). This leads us to
the conclusion that bigger quantities of free
sulfur dioxide in wine, although not welcomed



by the health-concerned consumers, determine
higher molecular SO, levels and a better wine
quality, as the amounts of hydrogen peroxide, o-
quinones and carbonyl compounds are smaller
(Webber et al., 2014). The sulfur dioxide is used
in winemaking to limit the detrimental impact of
oxygen intake into the wine, as its principal
ability is to scavenge the above mentioned
hydrogen  peroxide, ortho-quinones and
carbonyl compounds (Adachi et al., 1979;
Danilewicz and Wallbridge, 2010). The sulfur
dioxide was seen first as an inhibitor of PPO
activity (Singleton et al., 1985). Later, SO, has
been proven to be a fast scavenging agent of
hydrogen peroxide, but not by directly reacting
with oxygen. SO, can be oxidised by O, in
model wine solutions only in the presence of
catalytic metals (such as Fe and Cu) which are
increasing the oxidation of ethanol to
acetaldehyde, followed by an acetaldehyde-
bound SO, accumulation (Danilewicz, 2003,
2007; Danilewicz et al., 2008). Vivas and his
co-workers (1997) have proposed an inhibitory
role of sulfur dioxide for the polyphenols auto-
oxidation reaction, as in their experiments the
oxidation of catechol-containing polyphenols
occurred much faster, with a bigger SO,
consumption, but with minimal ethanol
oxidation. The researchers have concluded that
SO,, at the concentrations typically found in
wine, did not act as a superoxide ion scavenger,
while superoxide was actually effectively
removed by ascorbic acid and polyphenols
(Vivas et al., 1997). Sulfur dioxide has also an
important role in the rapid reduction of oxidized
polyphenols (Cheynier et al, 1989a, 1993),
which has also been demonstrated by Saucier
and Waterhouse (1999) in the synergistic
activity of SO, and catechin. Both tests applied
(Folin—Ciocalteu and Randox (ABTS) total
antioxidant assays) have indicated a minimal
response with SO, alone, but a significant
increasing response in the case of catechin and
SO,, demonstrating the ability of SO, to bring
back the catechin quinone oxidation products in
the form of reduced catechin, allowing it to start
the reaction over again. In accordance to
Lambropoulos and Roussis (2006), in model
wine studies, the sulfur dioxide increases the
ability of caffeic acid and gallic acid to protect
from oxidation several esters and terpenes.
Although any carcinogenic or genetic mutations
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caused by sulfur dioxide have not been
demonstrated, it is agreed that the sulfur dioxide
may adversely affect human health because of
its potential allergenicity (Walker, 1985; Garde-
Cerddn and Ancin-Azpilicueta, 2007). As a
consequence, because SO, is actually used not
only for wine production and preservation, but
also as an additive in a multitude of food
products, the amount ingested being cumulative,
reducing its utilization had to become a priority
for food and beverages industry. Even if at
present producing wine without SO, addition is
not acceptable for many oenologists, in the view
of its multiple protection abilities to prevent the
enzymatic oxidation of musts and to inhibit the
growth of unwanted microorganisms (Garde-
Cerdan and Ancin-Azpilicueta, 2007), for the
sake of the consumers’ health, finding other
suitable  replacement products or new
compounds with similar or better preservative
actions, has to be a priority for the wine
researchers.

4.5. GLUTATHIONE AND ITS ROLE IN
PREVENTING THE MUST AND WINE
OXIDATION

One of the most promising molecules with
abilities to at least replace the sulfur dioxide in
its antioxidants actions is the glutathione. As
mentioned before, glutathione (GSH) is a
natural antioxidant contained in grapes, that
plays key roles in winemaking, from the
preservation of important varietal aroma
compounds, to the limitation of browning and of
atypical ageing off-flavours development in
wines. The GSH content found in the various
varieties of Vitis vinifera is extremely variable,
depending on the genetic component, the level
of grapes ripening, nutrition or environmental
stresses.  Grape juices contain  different
concentrations of GSH, from traces to more
than 100 mg/L, the content being influenced by
oxygen exposure, polyphenoloxidases activities,
crushing operations, grape skin contact period
and pressing conditions (Cheynier et al., 1989c;
Park et al., 2000a; du Toit et al., 2007; Maggu
et al., 2007, Patel et al., 2010). Lower
concentrations of GSH were found in a more
oxidative must treatment, compared to a
reductive one. In the pressed grape juice
researchers measured lower concentrations of



GSH in the absence of added SO, and ascorbic
acid, but the GSH content found during frozen
storage, was quite stable (du Toit ez al., 2007).
To assure the antioxidant protection of musts,
high concentrations (50-100 mg/L) of free
glutathione in crushed grapes are needed
(Singleton et al., 1985). Even during the
alcoholic fermentation a possible variation of
GSH content can be observed, related to the
yeast activity (Mezzetti and de Vero, 2014). In
finished wines, the GSH concentration may
considerably vary (Kritzinger et al., 2013; Park
et al., 2000a) due to several technological
conditions. Starting from the grapes, GSH
production is directly correlated with both total
nitrogen and assimilable amino acid content of
grape juice, therefore, even from the beginnig,
the raw materials differ significantly.
Afterwards, the fermentation yeast may also
influence the GSH concentration in the medium,
and the lees contact can have an even greater
influence. To establish the GSH positive
influence to the wine quality, intending
specifically to limit the browning reactions and
losses of aroma compounds, some researchers
analyzed its antioxidant status in the presence
of various oenological factors, such as yeast
strain choice, extended lees contact and the
manipulation of juice assimilable nitrogen
content (Kritzinger et al, 2013). The GSH
concentration during the alcoholic fermentation
was measured too within various experimental
studies. Irregular levels of GSH during the
alcoholic fermentation were found, some
researchers reporting higher levels (Park et al.
2000a, b; Fracassetti, 2010; Andtjar-Ortiz et al.,
2012), other lower levels (du Toit et al., 2007,
Patel et al., 2010; Coetzee, 2011) as compared

to GSH initial amount. Lavigne and his
collaborators  (2007) established that the
glutathione  concentration after alcoholic

fermentation completion is directly influenced
by the yeast strain, as they measured different
GSH concentrations in the same Sauvignon
Blanc juice inoculated with different yeast
strains. Working with other yeasts, other
researchers did not confirmed these results.
Results obtained by Fracassetti (2010) lead to
the conclusion that the influence of yeast strain
on the GSH wine concentration is insignificant.
Kritzinger and his team (2013) studied too the
influence of some commercial wine yeast

strains, lees contact and assimilable nitrogen
content on glutathione concentration in wine.
Decreased contents of glutathione were reported
by many researchers during wine ageing (Penna
et al., 2001; Ugliano et al., 2011). However, the
GSH concentration remaining in wine is indeed
affected by the wine yeasts, as it was observed
that the lees prevents the consumption of the
glutathione content (Lavigne et al, 2007).
Kritzinger et al. (2012) demonstrated that the
use of GSH-enriched inactive dry yeast
preparations also have influence on the GSH
concentration in the wine, fact also supported by
other researchers (Lavigne et al. 2007), who
showed that keeping the wines on the lees could
contribute to maintaining of a good level of
glutathione in the aging wine. Some yeasts are
at present specifically selected to impact on the
total content of GSH and resolutions are under
debate at the OIV, regarding the approval of
inactivated yeasts rich in glutathione containing
at least 8 mg/g of reduced glutathione
(resolutions OENO-TECHNO 13-532 and
OENO-TECHNO 13-533, Stage 5 in 2015).

As suggested by Kritzinger (2012), the final
concentration of GSH in wine may be
influenced by the Saccharomyces cerevisiae
metabolism during alcoholic fermentation. As
GSH is an intracellular compound, it is released
during the process of yeast autolysis, and can be
absorbed as well from the extracellular
environment by the yeast cells. Kritzinger and
his co-workers (2013) concluded that the yeast
strains could alter the GSH content in wines, by
either utilising or secreting glutathione during
fermentation, leading in this way to a variable
wine GSH content. In supporting this theory,
several research teams have identified and
described in S. cerevisiae transporters for both
the absorbtion and secretion of GSH (Miyake et
al., 1998; Bourbouloux et al., 2000; Dhaoui et
al., 2011). Because GSH can be transported to
the vacuoles of yeast cells, Jaspers and his
collaborators (1985) have shown that GSH may
be degraded by the enzymes form vacuolar
membrane, such as c-glutamyltranspeptidase (c-
GT) and L-cysteinylglycine dipeptidase. Kumar
et al. (2003) described an alternative pathway of
GSH degradation in Saccharomyces cerevisiae,
independent of the enzyme c-GT, mediated by a
novel protein complex encoded by three new
genes (Ganguli et al, 2007). GSH plays a
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crucial role during the oxidation of white must
and wine, being involved even in some
oxidation reactions of phenolic compounds, as it
is the case of caftaric acid quinones, with which
it forms 2-S-glutathionyl caftaric acid, the so
called Grape Reaction Product (GRP)
(Singleton et al., 1985; Cheynier et al., 1986;
Antoce, 2007; Sonni et al., 2011a,b). These
reactions usually occur during the operation of
grapes crushing, when most of the phenolic
compounds come in contact with oxygen and in
the presence of PPO are rapidly oxidized, but
these reactions can also occur later, without
enzymes, when there only is chemical oxidation
(Sonni et al., 2011a, Ugliano et al., 2011). GSH
can also operate indirectly as a cofactor for
several antioxidant enzymes, such as GSH
peroxidase, GSH reductase, glutaredoxins and
GSH S-transferases (Grant, 2001). This is the
way in which GSH inhibits the browning
reactions in wine, by blocking the ortho-
quinones in uncoloured polymers (Singleton et
al., 1985; Antoce, 2007), making the ratio of
glutathione to caftaric acid important for the
browning susceptibility of a wine (Cheynier and
van Hulst, 1988). Singleton suggested in 1987
to calculate an index of the enzymatic oxidation
to which a must was exposed, as the ratio of
caftaric acid to the GRP. Although it is thought
that during alcoholic fermentation and storage
of wine no significant changes of caftaric acid
or S-glutathionyl caftaric acid (GRP) content
occur, in further studies performed on bottled
red wines kept for 170 days at 20°C, Giovanelli
and Brenna (2007) found an increase of GRP
concentration. The increase in GRP may be
explained by a reaction of glutathione with
caftaric acid quinones resulted from the
chemical oxidation that can still occur in wine
during aging in bottle. A similar evolution has
been proven by Bassil er al. (2005), who
obtained S-cysteinecaffeic acid by adding only
the amino acid cysteine to caffeic acid oxidised
by using sodium periodate as oxidant agent. To
balance the dual effect of glutathione, which can
protect from oxidation and contribute to
oxidation as well, Vaimakis and Roussis (1996)
have proposed a combination of white must
oxidation and glutathione addition. It has been
already demonstrated that glutathione is useful
for the protection of different varietal aroma
compounds during the aging of wines, as it is
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the case of 3-mercaptohexanol or other
polyphenols (Dubourdieu et al., 2000), volatile
thiols (Lavigne-Cru¢ge and Dubourdieu, 2002;
Dubourdieu and Lavigne, 2004; Ugliano et al.
2011), esters and terpenes (Papadopoulou and
Roussis, 2001, 2008; Roussis et al., 2009). GSH
appears to have an inhibitory effect on the
formation of sotolon and 2-aminoacetophenone,
which contribute to the development of atypical
ageing characters (Dubourdieu and Lavigne,
2004). Other studies were not able to show any
significant correlation between browning and
GSH content. The statistical analyses of
physicochemical  parameters of  thirteen
Lebanese 2 years old Chardonnay dry wines of
the same vintage studied by El Hosry and his
team (2009) have lead to the conclusion that the
main contributors to the wine browning are the
pH, total phenols and total SO,, but not the
glutathione. Previously similar results were
reported by Fernandez-Zurbano and co-workers
(1995). In these cases, rapid oxidation of
glutathione might explain the lack of correlation
between GSH and browning predisposition of
wine. By adding GSH, the aromatic
characteristics of wines are primarily improved
(du Toit et al., 2006), as the first step of wine
oxidation affects the aroma compounds, while
browning is a later step (Singleton, 1987). The
wines produced from oxygenated musts to
which GSH has been added registered a
considerable improvement of quality, without
signs of specific oxidation flavour (Vaimakis
and Roussis, 1996). In order to determine the
doses of exogenous GSH which should be
added to wine to obtain antioxidant protection
and improved wine aromatic profile, different
variants were studied. The protection against the
loss of a-terpineol and linalool has been ensured
by the addition of 20 mg/L of glutathione in
Muscat wines kept in contact with the air at
20°C for 3 days (Papadopoulou and Roussis,
2001). The results were also confirmed in 2008
by the same authors during the storage of
Debina white wines added with 20 mg/L of
GSH. Lavigne-Cruege and Dubourdieu (2002)
have showed that the addition of only 10 mg/L
of GSH prevented the apparition of yellow
shading of wine, ageing defects and the loss of
the varietal aroma. Du Toit et al. (2006) have
found that during 8 days of accelerated
oxidation (55°C), a concentration of 10-20 mg/1



added GSH lead to a maximum total phenol
content, while in the samples with 30 mg/L a
moderate diminution of the total content of
phenol occurred. The control samples, without
any addition of GSH registered the lowest total
phenol content. A clear improvement in total
phenol content was initially observed (on day 0)
for all wine samples with added GSH in
comparison with control sample (with no added
GSH). After 8 days of oxidation, irrespective of
the glutathione addition, the GSH concentration
in all the studied samples, ranged from 4.79 to
5.11 mg/L. Because a similar GSH
concentration of 5.1 mg/L was found in white
Palomino wine from Davis USA (Park et al,
2000a) some researchers (Du Toit et al., 2006)
drew the conclusion that the value of about 5
mg/L of GSH is a steady-state value for the
white wines. Webber and his collaborators
(2014) have evaluated the effect of glutathione
(GSH) addition on secondary aromas and on the
phenolic compounds of sparkling wine
elaborated by traditional method. When 10-20
mg/l GSH were added to the base must, lower
levels of total phenolic compounds,
hydroxycinnamic  acids, ethyl decanoate,
octanoic and decanoic acids were recorded,
along with higher levels of 2-phenylethanol, 3-
methyl-1-butanol and diethyl succinate. The
GSH addition has a better effect for the
sparkling wine quality when it is performed in
the base must and not in the base wine. The
highest level of total glutathione, as reported by
Webber and his team (2014), was found in
sparkling wine in which GSH was added to the
must. GSH addition to base wine determined
higher levels of free SO,, irrespective of the
amount of added GSH (Webber et al., 2014).
The levels of GSH in sparkling wines are
similar to those found in still white wines
(Marchand and de Revel, 2010; Janes et al.,
2010; Fracassetti et al., 2011). The content of
GSH in the sparkling wine production
diminished during fermentation, as observed
also in some previous studies (du Toit et al,
2007; Kritzinger, 2012) and was lower than the
quantity of GSH added to the must and/or base
wine. In the case of sparkling wines too, GSH
may have been consumed by the reaction with
ortho-quinones to form the GRP or by its
interaction with the yeast (du Toit et al., 2007;
Kritzinger, 2012). In previous studies Penninckx
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(2002) underlined that GSH is involved in many
stress response mechanisms of Saccharomyces
cerevisiae and it may also play a role in the
maintenance of basic cell functions such as cell
structural integrity. GSH is an important
metabolite for the yeast multiplication during
alcoholic fermentation and it is also a potential
source of nitrogen and sulfur (Penninckx, 2002).
GSH is the most abundant sulfur-containing
organic compound in  Saccharomyces
cerevisiae, which can account for 0.5-1.0% of
the cell dry weight (Elskens et al., 1991). As a
source of sulfur, glutathione may also generate
undesirable sulfur-based odours. Some studies
regarding actually pointed out the potential of
GSH to be a source of hydrogen sulfide (H,S),
because cysteine, one of the amino acids
constituents of GSH, can be degraded by
cysteine desulthydrase to form H,S (Tokuyama
et al., 1973). Hallinan and co-workers (1999)
researches reported that glutathione may
contribute to up to 40% of the H,S release,
liberated from sulfate by nitrogen starved yeast,
incubated in the presence of sulfate. In a more
recent study Ugliano ef al. (2011) reported the
formation during aging of a higher
concentration of H,S in the wines treated with
GSH prior to bottling than in untreated wines.
GSH influence and functions in must and wine,
along with its evolution during the alcoholic
fermentation or aging, is thus not completely
understood, therefore, further studies are
necessary to completely clarify the way in
which GSH can contribute to the wine quality
improving during all winemaking stages.

5. CONCLUSIONS

Glutathione is found in plants, especially in
fruits, among which the grapes are an important
source. Its presence in grapes ensures the
antioxidant protection of the must and the
crushed grape mash, as its chemical structure
allows for the oxidation of its thiol group into a
disulfuric  group, thus protecting other
molecules from the attack of reactive oxygen
species. With its high affinity for oxygen,
glutathione preserves the fruity aromatic notes
of young wines and prevents the premature
aging of the wine. Glutathione can also block
the formation of ortho-quinones, which confer
brownish colour to the wines, by reducing them



to incolor phenolic compounds. Glutathione
from grapes can also be used during must
fermentation by the Saccharomyces yeasts as a
source of sulfur, provided by its cysteinyl
residue. Recent studies also demonstrated the
beneficial influence of the addition of
glutathione in the white wine production
technology, especially for the preservation of
the varietal character of the wines obtained from
aromatic  grapes. Many  studies  have
demonstrated a direct relation between the
oxidative stability of white wines, the values of
pH, total phenol and total SO, levels and of
GSH added to must or to wine during bottling.
GSH can improve the wine stability and prevent
the apparition of atypical oxidative flavours
during wine ageing. Considering that it has a
similar role of antioxidant protection across all
living things, it is a logical assumption that
glutathione can function similarly in processed
foods and that can contribute to the reduction of
the dosage of sulfur dioxide used for antioxidant
wine protection. Athough, due to sulfur dioxide
multiple functions in preservation of foods and
wines, a complete replacement of sulfur dioxide
cannot be envisaged, in the future, it might
become a good candidate for partial replacement
of sulfur dioxide. For now, it is important to
continue the researches in order to establish the
minimum/optimal amounts of free sulfur
dioxide and/or ascorbic acid needed besides
GSH to assure the wine stability.

REFERENCES

Abramovic” H., Kosmerl T., Poklar Ulrih N., Cigic” B.,
2015. Contribution of SO2 to antioxidant potential of
white wine. Food Chemistry, 174:147—-153.

Adachi T., Nonogi H., Fuke T., Ikuzawa M., Fuyjita K.,
Izumi T., et al., 1979. On the combination of sulphite
with food ingredients (aldehydes, ketones and sugars).
II. Zeitschrift fir Lebensmittel-Untersuchung und
Forschung, 168(3):200-205.

Alscher G.R.,1989. Biosynthesis and antioxidant function
of glutathione in plants. Physiologia Plantarum,
77(3):457-464.

Andujar-Ortiz 1., Pozo-Bayon M.A., Moreno-Arribas
M.V., Martin Alvarez P.J., Rodriguez-Bencomo J.J.,
2012. Reversed-phase  high-performance liquid
chromatography—fluorescence  detection for the
analysis of glutathione and its precursor y-glutamyl
cysteine in wines and model wines supplemented with
oenological inactive dry yeast preparations. Food
Analytical Methods, 5:154-161.

Anjum A.N., Igbal Ahmad 1., Mohmood I., Pacheco M.,
Duarte C.A., Pereira E., Umar S., Ahmad A., Khan AN.,

135

Igbal M., Prasad MN.V., 2012. Modulation of
glutathione and its related enzymes in plants’ responses to
toxic metals and metalloids - A review. Environmental
and Experimental Botany, 75:307-324.

Antoce O.A., 2007. Oenology. Chemistry and sensory
analysis. Universitaria Publishing House, Craiova.

Arisi A.C.M., Noctor G., Foyer C.H., Jouanin L., 1997.
Modification of thiol contents in poplars (Populus
tremula x P. alba) overexpressing enzymes involved in
glutathione synthesis.Planta, 203:362-372.

Barril C., Clark A.C., Prenzler P.D., Karuso P., Scollary G.
R., 2009. Formation of pigment precursor (+)-100
methylene-600-hydroxy-2H-furan-500-one-catechin
isomers from (+)-catechin and a degradation product of
ascorbic acid in a model wine system. J. Agric. Food
Chem., 57(20):9539-9546.

Barril C., Clark A.C., Scollary G.R., 2012. Chemistry of
ascorbic acid and sulfur dioxide as an antioxidant
system relevant to white wine. Analytica Chimica
Acta, 732:186-193.

Bassil D., Makris D.P., Kefalas P., 2005. Oxidation of
caffeic acid in the presence of L-cysteine: isolation of
2-S-cysteinylcaffeic acid and evaluation of its
antioxidant properties. Food Res. Int., 38:395-402.

Batist G., Tulpule A., Sinha B.K., Katki A.G., Myers C.E.,
Cowan K.H., 1986. Overexpression of a novel anionic
glutathione transferase in multidrug-resistant human
breast cancer cells. J. Biol. Chem., 261:15544-15549.

Bashandy T., Guilleminot J., Vernoux T., Caparros-Ruiz
D., Ljung K., Meyer Y., Reichheld J.P., 2010.
Interplay between the NADP-linked thioredoxin and
glutathione systems in Arabidopsis auxin signaling.
The Plant Cell, 22:376-391.

Bick J.A., Setterdahl A.T., Knaff D.B., Chen Y., Pitcher
L.H., Zilinskas B.A., Leustek T., 2001. Regulation of the
plant-type 5’-adenylyl sulfate reductase by oxidative
stress. Biochemistry, 40:9040-9048.

Biswas K.S., Rahman 1., 2009. Environmental toxicity, redox
signaling and lung inflammation: The role of glutathione,
Review . Molecular Aspects of Medicine, 30:60-76.

Blanchard L., Darriet P., Dubourdieu D., 2004. Reactivity of
3-mercaptohexanol in red wine: Impact of oxygen,
phenolic fractions, and sulfur dioxide. Amer. J. Enol.
Vitic., 55(2):115-120.

Bobet R.A., Noble A.C., Boulton R.B., 1990. Kinetics of the
ethanethiol and diethyl disulfide interconversion in wine-
like solutions. J. Agric. Food Chem., 38:449-452.

Bourbouloux A., Shahi P., Chakladar A., Delrot S.,
Bachhawat A.K., 2000. Hgtlp, a high affinity glutathione
transporter from the yeast Saccharomyces cerevisiae.
Journal of Biological Chemistry, 275:13259— 13265.

Brajkovich M., Tibbits N., Peron G., Lund C.M., Dykes
S.I., Kilmartin P.A., et al., 2005. Effect of screwcap
and cork closures on SO2 levels and aromas in a
Sauvignon Blanc wine. J. Agric. Food Chem.,
53(26):10006-10011.

Bouzanquet Q., Barril C., Clark A.C., Dias D.A.,
Scollary G.R., 2012. A novel glutathione-
hydroxycinnamic acid product generated in oxidative
wineconditions. J. Agric. Food Chem., 60(49):12186—
12195.

Buchner P., Stuiver C.E., Westerman S., Wirtz M., Hell
R., Hawkesford M.J., de Kok L.J., 2004. Regulation of



sulfate uptake and expression of sulfate transporter
genes in Brassica oleracea as affected by atmospheric
H2S and pedospheric sulfate nutrition. Plant
Physiology, 136:3396-3408.

Burg D., Filippov D.V., Hermanns R., van der Marel G.A.,
van Boom JH., Mulder G.J., 2002. Peptidomimetic
glutathione analogues as novel gammaGT stable GST
inhibitors. Bioorg. Med. Chem., 10:195-205.

Cairns N.G., Pasternak M., Wachter A., Cobbett C.S.,
Meyer A.J., 2006. Maturation of Arabidopsis seeds is
dependent on glutathione biosynthesis within the
embryo. Plant Physiology, 141:446-455.

Chassot C., Buchala A., Schoonbeek H.J., Métraux J.P.,
Lamotte A., 2008. Wounding of Arabidiopsis leaves
causes a powerful but transient protection against Botrytis
infection. The Plant Journal, 55:555-567.

Chen X., Carystinos G.D., Batist G., 1998a. Potential for
selective modulation of glutathione in cancer
chemotherapy. Chem. Biol. Interact., 111-112:263-275.

Chen X., Schecter R.L., Griffith O.W., Hayward M.A., Alpert
L.C., Batist G., 1998b. Characterization of 5-oxo-L-
prolinase in normal and tumor tissues of humans and rats:
a potential new target for biochemical modulation of
glutathione. Clin. Cancer Res., 4:131-138.

Cheynier V.F., Trousdale E.K., Singleton V.L., Salgues
M.J., Wylde R., 1986. Characterization of 2-S-
glutathioylcaftaric acid and its hydrolysis in relation to
grape wines. J. Agric. Food Chem., 34:217-221.

Cheynier V.F., van Hulst M.W.J., 1988. Oxidation of
trans-caftaric acid and 2-Sglutathionylcaftaric acid in
model solutions. J. Agric. Food Chem., 36:10-15.

Cheynier V., Basire N., Rigaud J., 1989a. Mechanism of
trans-caffeoyltartaric acid and catechin oxidation in
model solutions containing grape polyphenoloxidase.
J. Agric. Food Chem., 37:1069-1071.

Cheynier V., Rigaud J., Souquet J.M., Barillere J.M.,
Moutounet M., 1989b. Effect of pomace contact and
hyperoxidation on the phenolic composition and
quality of Grenache and Chardonnay wines. Amer. J.
Enol. Vitic., 40:35-42.

Cheynier V., Souquet J.M., Moutounet M., 1989c.
Glutathione content and glutathione to
hydroxycinnamic acid ratio in Vitis vinifera grapes
and musts. Am. J. Enol. Vitic., 40:320-324.

Cheynier V., Masson G., Rigaud J., Moutounet M., 1993.
Estimation of must oxidation during pressing in
Champagne. Amer. J. Enol. Vitic., 44:393-399.

Clark A.C., 2008. The production of yellow pigments from
(+)-catechin and dihydroxyfumaricacid in a model wine
system. Eur. Food Res. Technol., 226:925-931.

Coetzee C., 2011. Oxygen and sulphur dioxide additions
to Sauvignon blanc: effect on must and wine
composition.  MScAgric  Thesis,  Stellenbosch
University, Matieland, South Africa.

Couto N., Malys N., Gaskell S.J., Barber J., 2013.
Partition and turnover of glutathione reductase from
saccharomyces cerevisiae: a proteomic approach.
Journal of Proteome Research, 12:2885-2894.

Cruz R.., Almaguer Melian W., Bergado Rosado J.A., 2003.
Glutathione in cognitive function and neurodegeneration.
Revista de Neurologia, 36:877-886.

Danilewicz J.C., 2003. Review of reaction mechanisms
of oxygen and proposed intermediate reduction

136

products in wine: central role of iron and copper.
Amer. J. Enol. Vitic., 54:73-85.

Danilewicz J.C., 2007. Interaction of sulfur dioxide,
polyphenols, and oxygen in a winemodel system: central
role of iron and copper. Am. J. Enol. Vitic., 58:53-60.

Danilewicz J.C., Seccombe J.T., Whelan J., 2008.
Mechanism of interaction of polyphenols, oxygen, and
sulfur dioxide in model wine and wine. Amer. J. Enol.
Vitic., 59:128-136.

Danilewicz J.C., Wallbridge P.J., 2010. Further studies
on the mechanism of interaction of polyphenols,
oxygen, and sulfite in wine. Amer. J. Enol. Vitic.,
61(2):166-175.

Dhaoui M., Auchere F., Blaiseau P.L., Lesuisse E., Landoulsi
A., Camadro J.M., Haguenauer-Tsapis R., Belgareh-
Touzé N., 2011. Gexl is a yeast glutathione exchanger
that interferes with pH and redox homeostasis. Molecular
Biology of the Cell, 22:2054-2067.

du Toit W.J., Marais J., Pretorius L.S., du Toit, M., 2006.
Oxygen in must and wine: A review. S. Aftr. J. Enol.
Vitic., 27:76-94.

du Toit W.J., Lisjak K., Stander M., Prevoo, D., 2007.
Using LC-MSMS to assess glutathione levels in
South African white grape juices and wine made with
different levels of oxygen. J. Agric. Food Chem., 55:
2765-2769

Dubourdieu D., Moine-Ledoux V., Lavigne-Cruege V.,
Blanchard L., Tominaga T., 2000. Recent advances in
white wine aging: the key role of the lees. In Rantz J
M (ed.), Proceedings of the ASEV 50th Anniversary
Annual Meeting, Seattle, WA, American Society for
Enology and Viticulture, 345-352.

Dubourdieu D., Lavigne V., 2004. The role of glutathione
on the aromatic evolution of dry white wine.
Vinidea.net., 2:1-9.

Ehrlich K., Viirlaid S., Mahlapuu R., Saar K., Kullisaar
T., Zilmer M., et al.,, 2007. Design, synthesis and
properties of novel powerful antioxidants, glutathione
analogues. Free Radic. Res., 41:779-787.

El Hosry L., Auezova L., Sakr A., Hajj-Moussa E., 2009.
Browning susceptibility of white wine and antioxidant
effect of Glutathione. International Journal of Food
Science and Technology, 44:2459-2463.

Elskens M.T., Jaspers C.J., Penninckx M.J., 1991.
Glutathione as an endogenous sulfur source in the
yeast Saccharomyces cerevisiae. Journal of General
Microbiology, 137:637-644.

Escudero A., Campo E., Farina L., Cacho J., Ferreira V.,
2007. Analytical characterization of the aroma of five
premium red wines. Insights into the role of odor
families and the concept of fruitiness of wines. J.
Agric. Food Chem., 55:4501-4510.

Fedrizzi B., Magno F., Badocco D., Nicolini G., Versini
G., 2007. Aging effects and grape variety dependence
on the content of sulfur volatiles in wine. J. Agric.
Food Chem., 55:10880-10887.

Fernandez-Zurbano P., Ferreira V., Rena C., Escudero A.,
Serrano F., Cacho G., 1995. Prediction of oxidative
browning in white wines as a function of their
chemical composition. J. Agric. Food Chem.,
43:2813-2817.

Fitzpatrick M.A., Gerald Teague W., Holguin F., Yeh M.,
Brown S.L.A., 2009. Airway glutathione homeostasis



is altered in children with severe asthma: Evidence for
oxidant stress. J. Allergy Clin. Immunol., 123(1):146-
152.

Fracassetti D., 2010. Investigation on cysteinyl thiol
compounds from yeast affecting wine properties. PhD
Thesis, Food Science, Technology and Biotechnology
Department, University of Milan, Italy.

Fracassetti D., Lawrence N., Tredoux A.G.T., Tirelli A.,
Nieuwoudt H.H., Du Toit W.J., 2011. Quantification
of glutathione, catechin and caffeic acid in grape juice
and wine by a novel ultra-performance liquid
chromatography method. Food Chemistry, 28:1136—
1142.

Frottin F., Espagne C., Traverso J.A., Mauve C., Valot B.,
Lelarge-Trouverie C., Zivy M., Noctor G., Meinnel T.,
Giglione C., 2009. Cotranslational proteolysis dominates
glutathione homeostasis for proper growth and
development. The Plant Cell, 21:3296-3314.

Garde-Cerdan T., Ancin-Azpilicueta C., 2007. Effect of
SO2 on the formation and evolution of volatile
compounds in wines, Food Control, 18:1501-1506.

Ganguli D., Kumar C., Bachhawat A K., 2007. The alternative
pathway of glutathione degradation is mediated by a novel
protein complex involving three new genes in
Saccharomyces cerevisiae. Genetics, 175:1137-1151.

Gate L., Tew K.D., 2001. Glutathione S-transferases as
emerging therapeutic targets. Expert Opin. Ther.
Targets, 5:477-489.

George N., Clark A.C., Prenzler P.D., Scollary G.R.,
2006. Factors influencing the production and stability
of xanthylium cation pigments in a model white wine
system. Aust. J. Grape Wine Res., 12:57-68.

Giovanelli G., Brenna O.V., 2007. Oxidative stability of
red wine stored in packages with different oxygen
permeability. Eur. Food Res. Technol., 226:169-179.

Glasauer A., Chandel S.N., 2014. Targeting antioxidants
for  cancer therapy. Review.  Biochemical
Pharmacology, 92:90-101.

Gomez L.D., Vanacker H., Buchner P., Noctor G., Foyer
C.H., 2004b. The intercellular distribution of
glutathione synthesis and its response to chilling in
maize. Plant Physiology, 134:1662— 1671.

Grant C.M., 2001. Role of the glutathione/glutaredoxin and
thioredoxin systems in yeast growth and response to stress
conditions. Molecular Microbiology, 39:533-541.

Green L.S., Chun L.E., Patton A.K., Sun X., Rosenthal G.J.,
Richards J.P., 2012. Mechanism of inhibition for N6022,
a first-in-class drug targeting S-nitrosoglutathione
reductase. Biochemistry, 51:2157-2168.

Gu F., Chauhan V., Chauhan A., 2013. Impaired synthesis
and antioxidant defense of glutathione in the cerebellum
of autistic subjects: Alterations in the activities and
protein expression of glutathione-related enzymes. Free
Radical Biology and Medicine, 65:488-496

Hallinan C.P., Saul D.J., Jiranek V., 1999. Differential
utilisation of sulfur compounds for H,S liberation by
nitrogen starved yeasts. Australian Journal of Grape
and Wine Research, 5:82-90.

Hamilton D., Batist G., 2004. Glutathione analogues in
cancer treatment. Curr. Oncol. Rep., 6:116-122.

Herschbach C., Rennenberg H., 1994. Influence of
glutathione (GSH) on net uptake of sulfate and sulfate

137

transport in tobacco plants. Journal of Experimental
Botany, 45:1069-1076.

Ho P., Rogerson F.S.S., Watkins S.J., Silva M.D.C.M.,
Hogg T.A., Vasconcelos 1., 2000. Effect of skin
contact and oxygenation of musts on the composition
of white port wines. Sci. Aliments, 19:687-699.

Janes L., Lisjak K., Vanzo A., 2010. Determination of
glutathione content in grape juice and wine by high
performance liquid chromatography with fluorescence
detection. Analytica Chimica Acta, 674:239-242.

Jaspers C.J., Gigot D., Penninckx M.J., 1985. Pathways of
glutathione degradation in the yeast Saccharomyces
cerevisiae. Phytochemistry, 24:703-707.

Kals J., Starkopf J., Zilmer M., Pruler T., Pulges K.,
Hallaste M. et al., 2008. Antioxidant UPF1 attenuates
myocardial stunning in isolated rat hearts. Int. J.
Cardiol., 125:133-135.

Kilmartin P.A, 2010. Understanding and controlling
nonenzymatic wine oxidation, Woodhead Publishing Series
in Food Science, Technology and Nutrition, 432-458

Kilmartin P.A., Reynolds A.G., Pagay V., Nurgel C., Johnson
R., 2007. Polyphenol content and browning of Canadian
icewines. J. Food, Agric. Environ., 5:52-57.

Klapheck S., 1988. Homoglutathione: isolation,
quantification and occurrence in legumes. Physiologia
Plantarum, 74:727-732.

Klapheck S., Chrost B., Starke J., Zimmermann H., 1992.
v-Glutamylcysteinylserine — a new homologue of
glutathione in plants of the family Poaceae. Botanica
Acta, 105:174-179.

Kritzinger E.C., 2012. Winemaking practices affecting
glutathione concentrations in white wine (Thesis).
Stellenbosch, South Africa: Stellenbosch University.

Kritzinger E.C., Bauer F.F., du Toit W.J., 2012. Role of
glutathione in winemaking: A review. J. Agric. Food
Chem., 61(2):269-277.

Kritzinger E., Stander M., du Toit W.J. (2012).
Assessment of glutathione levels in  model solution
and grape ferments supplemented with glutathione-
enriched inactive dry yeast preparations using a novel
UPLC-MS/MS  method. Food Additives &
Contaminants. Part A, Chemistry, Analysis, Control,
Exposure & Risk Assessment, 30 (1):80-92.

Kritzinger E.C., Bauer F.F., du Toit W.J., 2013. Influence
of yeast strain, extended lees contact and nitrogen
supplementation on glutathione concentration in wine.
Australian Journal of Grape and Wine Research,
19:161-170.

Kumar C., Sharma R., Bachhawat A K., 2003. Utilization of
glutathione as an exogenous sulfur source is independent of
y-glutamyl transpeptidase in the yeast Saccharomyces
cerevisiae: Evidence for an alternative glutathione. FEMS
Microbiology Letters, 219:187-94.

Kunze T., Heps S., 2000. Phosphono analogs of
glutathione: inhibition of glutathione transferases,
metabolic stability, and uptake by cancer cells.
Biochem. Pharmacol., 59:973-981.

Labrouche F., Clark A.C., Prenzler P.D., Scollary G.R.,
2005. Isomeric influence onthe oxidative coloration of
phenolic compounds in a model white wine:
Comparison of (+)-catechin and (-)-epicatechin. J.
Agric. Food Chem., 53 :9993-9998.



Lambropoulos 1., Roussis 1.G., 2006. Inhibition of the
decrease of volatile esters and terpenes during storage
of a white wine and a model wine medium by caffeic
acid and gallic acid. Food Res. Int., 40:176—181.

Lappartient A.G., Vidmar JJ., Leustek T., Glass A.D.,
Touraine B., 1999. Inter-organ signaling in plants:
regulation of ATP sulfurylase and sulfate transporter
genes expression in roots mediated by phloem-
translocated compound. The Plant Journal, 18:89-95.

Lavigne-Cruége V., Dubourdieu D., 2002. Role of
glutathione on development of aroma defects in dry
white wines. In: 13" International Enology
Symposium, Montpellier, 331-347.

Lavigne-Cruége V., Pons A., Chone X., Dubourdieu D.,
2003. Role du glutathione sur 1’évolution aromatique
des vins blancs secs. In: 7e Symposium international
d’Oenologie, Bordeaux.

Lavigne V., Pons A., Dubourdieu D., 2007. Assay of
glutathione in must and wines using capillary
electrophoresis  and  laser-induced  fluorescence
detection — changes in concentration in dry white
wines during alcoholic fermentation and aging.
Journal of Chromatography, A 1139:130-135.

Livingstone C., Davis J., 2007. Targeting therapeutics
against glutathione depletion in diabetes and its
complications. British Journal of Diabetes& Vascular
Disease, 7:258-265.

Lu L., Wangb X., Langa L., Fua F., 2010. Protective
effect of reduced glutathione on the liver injury
induced by acute omethoate poisoning. Environmental
Toxicology and Pharmacology, 30:279-283.

Lutter M., Clark A.C., Prenzler P.D., Scollary G.R., 2007.
Oxidation of caffeic acid in a wine-like medium:
production of dihydroxybenzaldehyde and its subsequent
reactions with (+)-catechin. Food Chem., 105:968-975.

MacNicol P.K., 1987. Homoglutathione and glutathione
synthetases of legume seedlings: partial purification
and substrate specificity. Plant Science, 53:229-235.

Maggu M., Winz R., Kilmartin P.A., Trought M.C.T,
Nicolau L., 2007. Effect of skin contact and pressure
on the composition of Sauvignon Blanc must. J.
Agric. Food Chem., 55:10281-10288.

Marais J., 1979. Effect of storage time and temperature on
the formation of dimethyl sulfide and on white wine
quality. Vitis, 18:254-60.

Marchand S., de Revel G., 2010. A HPLC fluorescence-
based method for  glutathione  derivatives
quantification in must and wine. Analytica Chimica
Acta, 660:158-1630.

Merida J., Lopez-Toledano A., Medina M., 2006.
Influence of aerobic and anaerobic conditions and
yeasts on the reaction between (+)-catechin and
glyoxylic acid. Eur. FoodRes. Technol., 222:451-457.

Mestres M., Busto O., Guasch J., 2000. Analysis of
organic sulfur compounds in wine aroma. J.
Chromatogr., A, 881:569-581.

Mezzetti F., de Vero L., 2014. La selezione di lieviti
migliorati per la produzione di glutathione. VQ vite,
vino& qualita, 4:44-47.

Michels L., Schulte-Vels T., Matthis Schick M.,
O’Gorman L.R., Zeffiro T., Gregor Hasler G.,
Mueller-Pfeiffer C., 2014. Prefrontal GABA and
glutathione imbalance in posttraumatic stress disorder:

138

Preliminary  findings. Research:
Neuroimaging, 224:288-295.

Miyake T., Hazu T., Yoshida S., Kanayama M.,
Tomochika K., Shinoda S., et al., 1998. Glutathione
transport systems of the budding yeast Saccharomyces
cerevisiae. Bioscience, Biotechnology, and
Biochemistry, 62:1858-1864.

Nikolantonaki M., Jourdes M., Shinoda K., Teissedre
P.L., Quideau S., Darriet P., 2012. Identification of
adducts between an odoriferous volatile thiol and
oxidized grape phenolic compounds: Kinetic study of
adduct formation under chemical and enzymatic
oxidation conditions. J. Agric. Food Chem., 60(10):
2647-2656.

Nikolantonaki M., Magiatis P., Waterhouse L.A., 2014.
Measuring protection of aromatic wine thiols from
oxidation by competitive reactions vs wine preservatives
with ortho-quinones. Food Chemistry, 163:61-67.

Noctor G., Foyer C.H., 1998. Ascorbate and glutathione:
keeping active oxygen under control. Annual Review
of Plant Physiology and Plant Molecular Biology,
49:249-279.

Noctor G., Mhamdi A., Chaouch S., Han Y., Neukermans J.,
Marquez-Garcia B., Queval G., Foyer H.C., 2012.
Glutathione in plants: an integrated overview. Plant, Cell
and Environment, 35:454-484.

Oliveira C.M., Silva Ferreira A.C., Guedes de Pinho P.,
Hogg T.A., 2002. Development of a potentiometric
method to measure the resistance to oxidation of white
wines and the antioxidant power of their constituents.
J. Agric. Food Chem., 50(7):2121-2124.

Oliveira C. M., Silva Ferreira A.C., de Freitas V., Silva M.S.
A., 2011. Oxidation mechanisms occurring in wines.
Review. Food Research International, 44:1115-1126.

Olney J.W., Zorumski C., Price M.T., Labruyere J., 1990.
L-cysteine, a bicarbonate sensitive endogenous
excitotoxin. Science, 248:596-599.

Okumura R., Koizumi Y., Sekiya J., 2003. Synthesis of
hydroxymethylglutathione from glutathione and L-
serine catalyzed by carboxypeptidase Y. Bioscience
Biotechnology & Biochemistry, 67:434-437.

Ortolani O., Conti A., de Gaudio A.R., Moraldi E.,
Cantini Q., Novelli G., 2000. The effect of glutathione
and N-acetylcysteine on lipoperoxidative damage in
patients with early septic shock. Amer. J. Respir. Crit.
Care Med., 161:1907-1911.

Papadopoulou D., Roussis 1.G., 2001. Inhibition of the
decline of linalool and a-terpineol in Muscat wines by
glutathione and N-acetyl-cysteine. Italian Journal of
Food Science, 13:413-419.

Papadopoulou D., Roussis 1.G., 2008. Inhibition of the
decrease of volatile esters and terpenes during storage
of a white wine and a model wine medium by
glutathione and N-acetylcysteine. International Journal
of Food Science and Technology, 43:1053-1057.

Patel P., Herbst-Johnstone M., Lee S.A., Gardner R.C.,
Weaver R., Nicolau L., Kilmartin P.A., 2010.
Influence of juice pressing conditions on polyphenols,
antioxidants and varietal aroma of Sauvignon blanc
microferments. J. Agric. Food Chem., 58:7280— 7288.

Park S.K., Boulton R.B., Noble A.C., 2000a. Formation
of hydrogen sulfide and glutathione during

Psychiatry



fermentation of white grape musts. Amer. J. Enol.
Vitic., 51:91-97.

Park S.K., Boulton R.B., Noble A.C., 2000b. Automated
HPLC analysis of glutathione and thiol-containing
compounds in grape juice and wine using pre-column
derivatization with fluorescence detection. Food
Chemistry, 68:475-480.

Penna N.C., Daudt C.E., Brendel M., Henriques J.A.P.,
2001. Evolucion de los niveles de glutathiona y ésteres
hidroxicinamicos durante la vinificacion de Sauvignon
Blanc, Chenin Blanc, Nidgara y Tannat. Alimentaria,
326:147-151.

Penninckx M.J., 2002. An overview on glutathione in
Saccharomyces versus nonconventional yeasts. FEMS
Yeast Research, 2:295-305.

Pompella A., Visvikis A., Paolicchi A., Tata V., Casini,
AF., 2003. The changing faces of glutathione, a
cellular protagonist. Biochemical Pharmacology,
66(8):1499-503.

Pons A., Lavigne V.R.,, Landais Y., Darriet P.,
Dubourdieu D., 2010. Identification of a sotolon
pathway in dry white wines. J. Agric. Food Chem.,
58(12):7273-7279.

Rauhut D., Kurbel H., Dittrich H.H., Grossmann M., 1996.
Properties and differences of commercial yeast strains
with respect to their formation of sulfur compounds.
Wein- Wissenschaft Wiesbaden, 51:187—-192.

Reichheld J.P., Khafif M., Riondet C., Droux M., Bonnard
G., Meyer Y. 2007. Inactivation of thioredoxin
reductases reveals a complex interplay between
thioredoxin and glutathione pathways in Arabidopsis
development. The Plant Cell, 19:1851-1865.

Rennenberg H., 1980. Glutathione metabolism and
possible  biological roles in  higher plants.
Phytochemistry, 21:2771-2781.

Rossi J.A. Jr., Singleton V.L., 1966. Flavor effects and
adsorptive properties of purified fractions of grape-
seed phenols. Amer. J.Enol. Vitic., 17(4):240-246.

Roussis 1.G., Lambropoulos 1., Tzimas P., 2007.
Protection of volatiles in a wine with low sulfur
dioxide by caffeic acid or glutathione. Amer. J. Enol.
Vitic., 58(2):274-278.

Roussis 1.G., Sergianitis S., 2008. Protection of some
aroma volatiles in a model wine medium by sulphur
dioxide and mixtures of glutathione with caffeic acid
or gallic acid. Flavour Fragrance J., 23:35-3

Roussis 1.G., Papadopoulou D., Sakarellos-Daitsiotis M.,
2009. Protective effect of thiols on wine aroma
volatiles. Open Food Science Journal, 3:98-102.

Ruscoe J.E., Rosario L.A., Wang T., Gate L., Arifoglu P.,
Wolf C.R. et al.,, 2001. Pharmacologic or genetic
manipulation of glutathione S-transferase P1-1
(GSTpi) influences cell proliferation pathways. J.
Pharmacol. Exp. Ther., 298:339-345.

Saucier C.T., Waterhouse A.L., 1999. Synergetic activity
of catechin and other antioxidants. J. Agric. Food
Chem., 47:4491-4494.

Schneider V., 1998. Must hyperoxidation: a review.
Amer. J. Enol. Vitic., 49:65-73.

Segurel M.A., Razungles A.J., Riou C., Salles M.,
Baumes R.L., 2004. Contribution of dimethyl sulfide
to the aroma of Syrah and Grenache Noir wines and

139

estimation of its potential in grapes of these varieties.
J. Agric. Food Chem., 52:7084-7093.

Sen Gupta A., Alscher R.G., McCune D., 1991. Response of
photosynthesis and cellular antioxidants to ozone in
Populus leaves. Plant Physiology, 96:650-655.

Shibata S., Tominaga K., Watanabe S., 1995. Glutathione
protects against hypoxic/hypoglycemic decreases in 2-

deoxyglucose uptake and presynaptic spikes in
hippocampal slices. Eur. J. Pharmacol., 273:191-195.
Schuliga M., Chouchane S., Snow E.T., 2002,

Upregulation of glutathione-related genes and enzyme
activities in cultured human cells by sublethal
concentrations of inorganic arsenic. Toxicol Sci.,
70(2):183-92.

Singleton V.L., 1987. Oxygen with phenols and related
reactions in musts, wines, and model systems:
observations and practical implications. Amer. J. Enol.
Vitic., 38:69-77.

Singleton V.L., Salgues J., Zaya J., Trousdale E., 1985.
Caftaric acid disappearance and conversion to products of
enzymatic oxidation in grape must and wine. Amer. J.
Enol. Vitic., 36:50-56.

Skipsey M., Davi, B.G.,, Edwards R., 2005a.
Diversification in substrate usage by glutathione
synthetases from soya bean (Glycine max), wheat
(Triticum  aestivum) and maize (Zea mays).
Biochemical Journal, 391:567-574.

Sonni F., Clark A.C., Prenzler P.D., Riponi C., Scollary
G.R., 2011a. Antioxidant action of glutathione and the
ascorbic acid/glutathione pair in a model white wine.
J. Agric. Food Chem., 59:3940-3949.

Sonni F., Moore E.G., Clark A.C., Chinnici F., Riponi C.,
Scollary G.R., 2011b. Impact of glutathione on the
formation of methylmethine- and carboxymethine-
bridged (+)-catechin dimers in a model wine system.
J. Agric. Food Chem., 59:7410-7418.

Tokuyama T., Kuraishi H., Aida K., Uemura T., 1973.
Hydrogen sulfide evolution due to a pantothenic acid
deficiency in the yeast requiring this vitamin, with
special reference to the effect of adenosine
triphosphate on yeast cysteine desulfhydrase. Journal
of General and Applied Microbiology, 19:439-466.

Tominaga T., Murat M.L., Dubourdieu D., 1998.
Development of a method for analyzing the volatile
thiols involved in the characteristic aroma of wines
made from Vitis vinifera L. Cv. Sauvignon Blanc. J.
Agric. Food Chem., 46:1044—1048.

Traverso-Rueda S., Singleton V.L., 1973. Catecholase
activity in grape juice and its implications in
winemaking. Amer. J. Enol. Vitic., 24:103-109.

Ugliano M., Kwiatkowski M.J., Vidal S., Capone D.,
Siebert T., Dieval B., Aagaard O., Waters E.J., 2011.
Evolution of 3-mercatohexanol, hydrogen sulfide, and
methyl mercaptan during bottle storage of Sauvignon
blanc wines. Effect of glutathione, copper, oxygen
exposure, and closure-derived oxygen. J. Agric. Food
Chem., 59:2564-2572.

Vivas N., Saint Cricq De Gaulejac N., Glories Y., 1997.
Influence of SO, and ascorbic acid on the scavenger
effect of tannins, measured on superoxide anion.
Application to red wines. Vitis, 36:91-96.



Vaimakis V., Roussis 1.G., 1996. Must oxygenation
together with glutathione addition in the oxidation of
white wine. Food Chemistry, 57:419-422.

Vanacker H., Carver T.L.W., Foyer C.H., 2000. Early
H,0, accumulation in mesophyll cells leads to
induction of glutathione during the hypersensitive
response in the barley-powdery mildew interaction.
Plant Physiology, 123:1289-1300.

van ‘t Erve J.T., Wagner A.B., Ryckman K K., Raife J.T.,
Buettner R.G., 2013. The concentration of glutathione
in human erythrocytes is a heritable trait. Free Radical
Biology and Medicine, 65:742-749.

Vazquez-Medina J.P., Zenteno-Savin T., Elsner R., 2007.
Glutathione protection against dive-associated ischemia/
reperfusion in ringed seal tissues. Journal of Experimental
Marine Biology and Ecology, 345:110-118.

Vauclare P., Kopriva S., Fell D., Suter M., Sticher L., von
Ballmoos P., Krihenbiihl U., den Camp R.O., Brunold
C., 2002. Flux control of sulphate assimilation in
Arabidopsis thaliana: adenosine 5'-phosphosulphate
reductase is more susceptible than ATP sulphurylase
to negative control by thiols. The Plant Journal,
31:729-740.

Vernoux T.,Wilson R.C, Seeley K.A., Reichheld
J.P.,Muroy S., Brown S.,Maughan S.C., Cobbett
C.S., Van Montagu M., Inzé D., May M.J., Sung Z.R.,
2000. The root meristemless1/cadmium senzitive2 gene
defines a glutathione-dependent pathway involved in
initiation and maintenance of cell division during
postembryonic root development. The Plant Cell,
12:97-110.

Wang T., Chen X., Schecter R.L., Baruchel S., Alaoui-
Jamali M., Melnychuk D., Batist G., 1996.
Modulation of glutathione by a cysteine pro-drug
enhances in vivo tumor response. J. Pharmacol. Exp.,
276:1169-1173.

140

Walker R., 1985. Sulphiting agents in foods: Some
risk/benefit considerations. Food Additives and
Contaminants, 2(1):5-24.

Waterhouse A.L., Laurie V.F., 2006. Oxidation of wine
phenolics: A critical evaluation and hypotheses. Amer. J.
Enol. Vitic., 57(3):306-313.

Webber V., Valduga Dutra S., Rodrigues Spinelli F.,
Rossi Marcon A., Jodo Carnieli G., Vanderlinde R.,
2014. Effect of glutathione addition in sparkling wine.
Food Chemistry, 159:391-398.

Wildenradt H.L., Singleton V.L., 1974. Production of
aldehydes as a result of oxidation of polyphenolic
compounds and its relation to wine aging. Amer. J.
Enol. Vitic., 25:19-126.

Wu J.H., Batist G., 2013. Glutathione and glutathione
analogues; Therapeutic ~ potentials. Review.
Biochimica et Biophysica Acta, 1830:3350-3353.

Wu JH. Miao W., Hu L.G., Batist G., 2010.
Identification and characterization of novel Nrf2
inducers designed to target the intervening region of
Keapl. Chem. Biol. Drug Des., 75:475-480.

Yamamoto M., Sakamoto N., Iwai A., Yatsugi S., Hidaka
K., Noguchi K. et al., 1993. Protective actions of
YM737, a new glutathione analog, against cerebral
ischemia in rats. Res. Commun. Chem. Pathol.
Pharmacol., 81:221-232.

Zechmann B., Koffler B.E., Russell S.D., 2011.
Glutathione synthesis is essential for pollen
germination in vitro. BMC Plant Biology, 11:54.

http://en.wikipedia.org/wiki/Glutathione.

orv web site, Intranet, Resolutions,

http://www.oiv.int/intraoiv/intraoiv/resolution?year=&
ref=&title=glutathione&idStep=0&numpage=1&idRe
solution=0&method=resolutionSearch, accessed on
February 2015.





