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Abstract
It has been well known that free radicals have numerous detrimental effects in both in vitro and in vivo in biological systems
because of their unavoidable and tremendous reactivity against biological macromolecules especially proteins, carbohydrates
and nucleic acids. They are produced in the biological systems continuously by various mechanisms and eliminated by cellular
antioxidant systems. If not eliminated sufficiently, or there is a disturbance in their neutralization, inevitable cellular damage may
occur. Activities or the presence of antioxidant enzymes in the cells are under strong regulation with transcriptional, translational
and post translational mechanisms as a consequence of changes in cellular redox potential. Redox sensitive metabolic enzymes or
proteins; such as protein phosphatases, NF-κB and AP-1, are capable of sensing the oxidant signals by reversible oxidation of their
regulatory units which cause them to transduce the signal and adjust the cellular antioxidant metabolism. Redox sensitive proteins
execute their functions via kinases, phosphatases, and transcription factors influencing the steady state levels of antioxidant enzymes. Therefore, cells may sense, transduce, and translate the oxidant signals into appropriate cellular responses depending on
the cellular redox state. This rewiev focused on the basic definitions for the free radicals and the tissue defense mechanism and the
possible regulation mechanisms of antioxidant enzymes in the situations undergoing reversible changes in cellular redox status.
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INTRODUCTION
Free radicals and reactive oxygen species
(ROS) play an important role in living systems
through their beneficial and detrimental effects.
Atoms or molecules having unpaired electrons
are called as free radicals and they tend to modify
the chemical reactivity of molecules making
them more reactive then their unmodified form.
They are produced in the cells and tissues by
various processes and reactions such as; high
energy ionizing radiation, thermal degradation
of organic materials and electron transport chain
[1]. In healthy cells, production of free radicals is
approximately balanced with antioxidant defense
systems. If this balance is disturbed or repair or
replacement systems to the free radical induced
damage fails, the situation having too many
radicals in relation to the available antioxidants is
raised and called as oxidative stress. In 1991, Sies
[2] defined the oxidative stress as a “disturbance
in the prooxidant-antioxidant balance in favor of
the former, leading to potential damage to the
cellular macromolecules”. Increased damage
may not only due to increased stress but also
due to failure of repair or replacement systems.

As a result; consequences of oxidative stress
arises such as cell injury, disruption in cellular
homeostasis and accumulation of damaged
molecules. Organisms protect themselves by a
copious number of antioxidant macromolecules
and enzymes.
Low
Molecular
Weight
Radical
Scavengers (Non-enzymatic Antioxidants)
Antioxidant macromolecules are the
compounds that are working in the neutralization
of the oxidizing effects of the free radicals.
Even if they accept the free electrons of the
radicals, they do not behave like a radical. A
number of compounds can act as non-enzymatic
antioxidants such as; vitamin C (ascorbic
acid), vitamin E (α-tochopherol), α-lipoic
acid (thioctic acid), ubiquinol, polyphenols,
flavonoids, resveratrol and reduced glutathione.
These molecules have the capability to take free
electrons from the radicals without being as
reactive as free oxygen radicals.
Vitamin E (α-tocopherol) is a hydrophobic
antioxidant mainly present in lipid bilayer and
ascorbic acid (vitamin C) that is highly water
soluble, present mainly in the cytoplasm.
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Together with Vitamin E, Vitamin C cooperates
in cellular defense against ROS in both lipid
and aqueous phase at the expense of lipoic acid
(LA) and dihydrolipoate (DHLA) which serves
as a bridge between them. LA is an essential
component of the pyruvate dehydrogenase and
α-ketoglutarate dehydrogenase multi-enzyme
complexes and maintains the concentrations
of the other reduced antioxidants; glutathione,
thioredoxin, ascorbic acid, vitamin E and
ubiquinol [3,4]. Therefore, LA and DHLA are
present at the central positions in the antioxidant
network [5]. Figure 1 points out to the interaction
in between various antioxidants and their
relation with lipoic acid network. According to
this figure, as vitamin E scavenges a peroxyl
radical, produced vitamin E radical may be rereduced by several other antioxidants such as
glutathione, ubiquinol, ascorbate, and DHLA
can reduce all these antioxidants at the expense
of NADPH. Afterwards, it is regenerated by
enzyme lipoamide reductase.
Antioxidant Enzymes
Even though antioxidant molecules are
unavoidably essential in protection from
oxidation of radicals, there comes through a
time when they become not adequate to cope
with continuously produced free radicals in the
cells. It is known that superoxide radicals and
peroxides are continuously produced within
the cell by various subcellular reactions and
luckily cells evolve specific antioxidant enzymes
designed by nature to destroy these compounds.
Using enzymes as an antioxidant provides
a cell with various benefits. Firstly, steady-state
concentration of radicals and peroxides can be
adapted to the cellular requirements. Because,
there is a strong regulation mechanism over the
antioxidant enzymes in such a way that, they
can be induced, inhibited or activated by several
mechanism such as transcriptional, translational
or post-translational control mechanisms.
Therefore, they have imperative functions in the
regulation of specific functions and metabolic
pathways.
The tissue level of antioxidants critically
influences the susceptibility of various tissues
to oxidative stress. Figure 2 summarizes the
intracellular sources of the oxygen radicals
and the downstream antioxidant defense
systems developed for the protection against
oxidative damage to the tissues. Superoxide
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dismutases (SOD) convert superoxide radicals
into hydrogen peroxide and Catalases (CAT)
remove hydrogen peroxide by converting it into
water. Glutathione peroxidases (GPx) get rid of
hydrogen peroxide by oxidizing the glutathione
(GSH) into its oxidized (GSSH) form. Also,
xenobiotic metabolizing phase 2 detoxification
enzymes, glutathione S-transferases (GSTs),
are functioning in the detoxification reactions of
oxidatively modified molecules and peroxides in
the cells.
Superoxide Dismutases (E.C:1.15.1.1)
Superoxide dismutases are metalloenzymes,
which catalyze the dismutation of superoxide
anion (O2-) into H2O2 to protect organisms
against toxic radicals produced during oxidative
processes and they have central role in protecting
cells and tissues against oxidant stress [6,7].
Four different isozymes of SODs have been
characterized in eukaryotes; a copper and zinc
containing form (Cu-Zn SOD) localized in the
cytosol, a manganese containing form (Mn
SOD) in the mitochondria, iron containing form
(Fe SOD) in some prokaryotes and plants’ outer
mitochondrial membrane, and a copper and
zinc containing form in the extracellular matrix
(EC SOD) [8]. The active sites of Mn and Fe
superoxide dismutases contain the same type of
amino acid side chains and exhibit a high degree
of sequence and structure similarity, strongly
suggesting that these enzymes originate from a
common ancestry. The Cu-Zn SODs are inhibited
by cyanide (CN-), whereas Fe and Mn containing
SODs are not. Therefore, inhibition by cyanide
can be used to distinguish Cu-Zn SOD activities
in tissue homogenates. Moreover, prolonged
exposure to H2O2 inactivates the Cu-Zn SOD and
Fe SOD but not Mn SOD [1]. Thus, incubating
the homogenates with H2O2 inactivates Fe SOD
but not Mn SOD allowing the discrimination of
these two closely related isoforms.
Catalase (E.C: 1.11.1.6)
Catalase is a tetrameric hemoprotein
(porphyrin-containing) with Fe (III) at its
active site. A typical catalase activity is the
decomposition of the H2O2 into water and oxygen;
in addition to that, they have also peroxidative
functions, so as to convert peroxides (ROOH)
into alcohol (ROH) and water. Catalase is mainly
localized in the peroxisomes [9], but it is also
found in the cytosol of human neutrophiles [10]
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and in rat-heart mitochondria [11]. Some nonperoxisomal catalase is also found to be present
in the livers of some animals such as guinea pigs
[12]. Catalase is inhibited by azide, cyanide,
peroxynitrite and hypochloric acid [1]. In
mammalian cells, NADPH is bound to catalase
and it protects the enzyme from inactivation by
H2O2 [13].
Enzymes Working in Glutathione Redox
Cycle
Three antioxidant enzymes are essential
and functioning in the glutathione redox cycle
(figure 3). These are Glutathione Peroxidase
(GPx), Glutathione S-Transferase (GST) and
Glutathione Reductase (GR).
Glutathione Peroxidase (E.C: 1.11.1.9)
Glutathione peroxidases (GPx), water
soluble homotetrameric proteins which are
present at various locations in the body with
different isoforms, catalyze the reduction of
peroxides by using reduced glutatihone (GSH)
as a reducing power [14,15]. By this process,
hydrogen peroxide is reduced to generate
water and also organic peroxides are converted
into less toxic form which is alcohols. Their
active sites contain selenium ions in the form
of selenocysteine and they are classified into
five isoform according to their expression in
different tissue types and location inside of the
cells. Cytosolic and mitochondrial forms of this
enzyme (GPx1) reduce hydrogen peroxide and
fatty acid hydroperoxides using GSH. GPx4,
another form, directly reduce the phospholipid
hydroperoxides, fatty acid hydroperoxides, and
cholesterol hydroperoxides which are produced
in oxidized lipoproteins and peroxidized
membranes. This form of enzyme is located in
the membrane and also cytoplasm [16]. Both
GPx1 and GPx4 are present and function as
an antioxidant enzyme in most of the tissues.
Liver, kidney and erythrocytes predominantly
contain GPx1 and renal epithelial cells and testes
extremely express GPx4. Two other isoforms,
GPx2 and GPx3 are found to be expressed by
gastrointestinal tract and kidney, respectively.
The last isoform, GPx5 is expressed in epididymis
and it is found to be selenium-independent [17].
Glutathione-S-Transferases (E.C:2.5.1.18)
Glutathione S-transferases (GSTs) are (homo
or hetero) dimeric, ubiquitous multifunctional
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enzymes composed of two polypeptide subunits
playing a key role in cellular detoxification [18].
The tripeptide glutathione (GSH) involve in the
metabolism of xenobiotics (foreign compounds)
many of which metabolized by conjugation with
GSH by glutathione S-transferases. In the cells,
in addition to selenium dependent neutralization
of hydrogen peroxide by by GPx, some isoforms
of glutathione S-transferases (GSTs) also reveal
selenium independent peroxidase activity on
organic hydroperoxidases. There are multiple
numbers of different isoforms of GSTs present
in cytoplasm and membrane bound organelles in
all eukaryotes with different substrate specificity
and catalytic functions. Multiple gene families
are encoding the various forms of cytosolic GSTs
forming homo or heterodimeric enzymes and a
range of combinations of different monomers
leads to production of different isoforms of GST
enzymes. Mamalian GSTs are categorized in at
least seven divisions named as alpha, zeta, mu,
pi, omega, sigma and theta isoform. The alpha,
mu and pi class of enzymes are most abundant in
mammals and levels are often increased by the
exposure to xenobiotics via antioxidant response
elements, which will be discussed in detail later
in this manuscript, and they have active roles in
drug metabolism. Sigma form is functioning in
the prostoglandin synthesis [19]. Theta, pi and tau
have been shown to have glutathione peroxides
activity to reduce organic hydroperoxides of
fatty acids to the corresponding monohydroxy
alcahols [20,21]. These GST isoforms are
important protectors against lipid peroxidation
showing activity toward membrane associated
lipid peroxides and metabolizing toxic end
products of the lipid peroxidation.
Glutathione Reductase (E.C:1.6.4.2)
Glutathione reductase is an enzyme containg
a flavin group (flavoprotein) and catalyzes the
reduction of oxidized glutathione (GSSG) to
reduced glutathione (GSH) at the expense of
NADPH as a reducing power.
GSSG+NADPH+H+→2GSH+NADP+
This enzyme is essential for the GSH
redox cycle which maintains adequate levels of
reduced cellular GSH. A high GSH/GSSG ratio
is important for protection against oxidative
stress.
Thiol Specific Antioxidants (Thioredoxins
and Peroxiredoxins)
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Thioredoxins (Trx) (EC 1.8.4.10) are
proteins that act as an antioxidant by facilitating
the reduction of other proteins by cysteine thioldisulfide exchange. Reduced Trx contain two
–SH groups that form a disulphide in oxidized
thioredoxin. Together with Thioredoxin
reductase (TrxR) reducing oxidized thiols,
thioredoxin forms an omnipresent oxidationreduction system having antioxidant and redox
regulatory functions. Thioredoxins undergo
redox reactions with various proteins with a
mechanism described in figure 4.
Peroxiredoxins (Prx) (EC 1.11.1.15) are
thiol-dependent antioxidants which are family
of peroxidases that reduce H2O2 and organic
peroxides at the expense of NADPH together
with the thioredoxin systems (Figure 5). They
do not have any tightly bound metal ions and
have no amino acid sequence similarity with
other enzymatic antioxidants such as glutathione
peroxidases, catalases, or superoxide dismutases
[22]. Peroxiredoxins function slower than the
other peroxides in catalyzing H2O2 removal and
inactivated by H2O2 easily [1].
At low H2O2 level, peroxiredoxins are
responsible for removal, but as the cells
sense extra H2O2, the peroxiredoxins are
partially inhibited to allow gene expression
by redox regulation with phosphorylation and
dephosphorylation. Peroxiredoxins might be
phosphorylated by cyclin dependent kinases that
decrease their activity, unlike the CAT and GPx
which are phosphorylated by the c-abl and arg
kinases which enhance their catalytic activities
[23,24].
Redox regulation of gene transcription
Redox regulation can be defined as
the modulation of protein and/or enzyme
activity by oxidation and reduction potential
differences which control the cellular activities
in various ways. Intracellular redox balance
is tightly controlled and its disturbance
leads to modifications in the pattern of gene
expressions of several enzymes [25]. Recently,
it has been investigated that gene expression of
several enzymes and proteins are regulated by
antioxidants, oxidants and the factors having an
effect on the state of cellular oxidation-reduction
(redox) potential [26-28]. It was also shown that
redox-sensitive proteins are oxidized by free
radicals directly or indirectly [1,29]. Cellular
metabolism can be modulated directly by redox
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sensitive metabolic enzymes while redoxsensitive signaling proteins exert their functions
by means of downstream signaling elements,
such as kinases, phosphatases, and transcription
factors. Therefore, cells may sense, transduce,
and translate the oxidant signals into appropriate
cellular responses.
In the cells, there are some proteins
having the capability of undergoing reversible
oxidative and reductive reactions so called
redox-sensitive, and these proteins activate or
slow down the downstream signaling pathways
depending on cellular redox status. Thioredoxins
and peroxiredoxins are such proteins having
highly conserved cysteine (sulfhydryl) groups
in their active and regulatory points and
these sites are prone to reversible oxidation
and reduction reactions. Therefore they are
important components of redox signaling
pathways. Several genes, which are involved in
tissue antioxidant defense, have DNA binding
sequences on which several transcription factors
such as NF-κB and AP-1 can bind and modulate
the transcription of their products serving as a
key point in the control of gene expression of
several proteins [30]. Therefore, critical steps
in the signal transduction cascade are sensitive
to changes in oxidant/antioxidant balance and
both endogenous and exogenous antioxidants
such as glutathione, thioredoxin, lipoate and
dihydrolipoate may be the efficient regulators
of redox-sensitive signal transduction and gene
expression.
A dimeric transcription factor NF-κB is
composed of p50 and p65 subunits and mainly
resides in the cytoplasm where it is associated
with a transcriptional repressor IκB. It is involved
in the regulation of transcription of several
genes thought to include antioxidant enzymes,
responsible for immune and inflammatory
responses. It has been demonstrated that a wide
range of stimuli such as cytokines, radiation
and oxidative stress (e.g. exposure to H2O2)
may activate this transcription factor causing
it to enter nucleus and initiate transcriptional
responses [31]. These activating factors leads
IκB phosphorylation and its dissociation from
NF-κB causes it to be localized in nucleus [32].
Figure 6 summarizes the oxidant stress induced
NF-κB activation mechanism.
Recent studies have been demonstrated
that NF-κB activation may be suppressed by
antioxidant administration. Application of
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antioxidant α-tocopherol reduces the NF-κB
activity and translocation to the nucleus [31].
Moreover, H2O2, UV, and ionizing radiation
stimulate the IκB degradation and activate NFκB translocation [31-33]. It was also found
that overexpression of catalase suppress the
NF-κB activation while overexpression of
superoxide dismutase increases the NF-κB
activation in TNF cells [34]. These observations
lead to understand the role of reactive oxygen
intermediates, especially H2O2, involved in the
activation of NF-κB and thereby antioxidant
enzymes’ gene expressions. Although, the effects
of antioxidants on activation or reduction of NFκB is not known precisely, it has been proposed
that a redox sensitive antioxidant, thioredoxin
peroxidase may regulate the phosphorylation of
inhibitory protein, IκB, relieving the suppression
over the NF-κB [35].
Another redox sensitive mediator of gene
expression is a protein which links extracellular
signals to the intracellular signaling pathways,
and activates the transcription of certain genes
responsible for growth, differentiation and stress
[36,37]. This transcription factor is named as
activator protein-1 (AP-1) and it is composed
of homodimeric (Jun/Jun) or heterodimeric
(Jun/Fos) complexes. In the cells, two proteins;
Fos and Jun are expressed at basal levels, on
the other hand under the presence of a wide
range of signals; such as changes in cellular
redox status and UV radiation, they are induced
quickly and momentarily by forming AP-1
complex to initiate the transcription machinery
of several oxidative stress response genes
[26,32]. Post-transcriptional and transcriptional
events regulate the activation mechanism of
AP-1. Former perform its effects on preexisting
AP-1 protein and the letter provides an
enhancement in the amount of AP-1 binding
proteins increasing its transcription. What’s
more; Schenk and coworkers [38] found that
reversible modification of DNA binding domain
of Fos, which contains cysteine residues, may
have power over the DNA binding ability of this
transcription factor.
There is a basic distinction in the mechanism
of oxidative signal transduction (redox signaling)
caused by AP-1 and NF-κB complexes in
that NF-κB passes a signal from cytoplasm to
nucleus by bridging these two compartments
[39,40], whereas, AP-1 (i.e. Fos and Jun family
proteins) are stacked to the nucleus to where

99

several other protein kinases, such as MAPK,
are thought to pass messages from cytoplasm to
nucleus [41,42].
Ref-1 is a hydrolytic endonuclease catalyzing
the repair of oxidative lesions (primarily abasic
sites) in DNA and stimulating the DNA-binding
ability of AP-1 proteins (i.e. Fos and Jun) by a
mechanism depending on redox status of the
cell. Studies demonstrated that, redox-sensitive
cysteine residues of the transcription factor
AP-1 are reduced by Ref-1 protein and thus it
assists AP-1’s DNA-binding and transcriptional
activities [43]. Both DNA repairing activities
and stimulating the DNA-binding ability of
certain transcription factors, demonstrate the
importance of Ref-1 protein in cellular response
to oxidative stress [44].
Not only transcription factors, AP-1 and
NF-κB, but also protein tyrosine phosphatases
(PTPs) have cysteine residues at active domains,
which are susceptible to oxidation by reactive
oxygen species and altered reversibly in a redox
dependent manner [45-48]. Therefore, in a
situation of changed redox status, expression and
activities of antioxidant enzymes are thought to
be regulated with these reversible and mandatory
modifications at post-translational level.
Kinases and phosphatases in redox signal
transduction
Serine, threonine or tyrosine residues
on proteins can be phosphorylated or
dephosphorylated by protein kinases (PK) or
protein phosphatases by adding a phosphate
group to abovementioned residues covalently
and reversibly. Phosphoregulation is defined as
regulation of proteins by phosphorylation and it
determines the degree of activity of a particular
protein. The most common and the operative
phosphoregulation are carried out by tyrosine
phosphorylation which is controlled by the
differing activities of protein tyrosine kinases
(PTKs) and protein tyrosine phosphatases
(PTPs). Recent studies indicated that, there is a
strong relationship in between redox signaling
and steady state level of protein phosphorylation
because; reactive oxygen species (especially
H2O2) may alter the cellular phosphorylation
status influencing activities and expressions of
antioxidant enzymes [47-49]. H2O2 has been
found to modulate the intracellular protein
phosphorylation level by changing the degree
of phosphorylation status by modifying the
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cysteine residues of several PTPs reversibly.
Furthermore, various cellular and intracallular
reductants and antioxidants restore the oxidized
cysteine residues into their reduced form and
refurbish the biological activities of oxidized
redox sensitive proteins.
Protein tyrosine phosphatases (PTPs) are
one of the important redox regulated proteins
in the cells due to thiols groups in active sites
and this makes them vulnerable to reversible
inactivation by oxidation of the conserved
catalytic site cysteine groups [50] which is an
important regulatory mechanism in cellular
signal transduction cascades [51]. Figure 7
demonstrates the possible effects of oxidized
cysteine on PTPs regulating the overall
phosphorylation pattern throughout the cell.
Antioxidant Response Elements
In cells, there are various genes and their
products, which are continuously expressed
and coordinately induced as the amounts of
the reactive oxygen species, antioxidants and
xenobiotics fluctuate within a time period. This
group of genes on DNA structure is named as
antioxidant response elements (AREs) defined
as a cis-acting enhancer element which is
upstream of many phase II detoxification and
antioxidant enzymes [52,53]. Antioxidant
response elements (ARE) are DNA sequences
to which transcription factors bind when
xenobiotics are present. Binding of transcription
factors allows increased transcription of genes
encoding xenobiotic metabolizing enzymes
responsible for the metabolic detoxification
of drugs and carcinogens as well as protecting
the cells against redox cycling and oxidative
stress [54]. Phase II detoxification enzymes
such as glutathione S-transferase (GST) are
proved to contain ARE in their promoter regions
[55]. Moreover, superoxide dismutase (SOD),
glutathione peroxidase (GPx), catalase (CAT)
genes are considered to be regulated with such
kind of antioxidant response elements [28]
which are subjected to fine transcriptional
control by a transcription factor called Nuclear
factor-erythroid-2-related factor 2 (Nrf2). Nrf2
is essential for the coordinated induction of
those genes and related proteins. It is the central
protein being in the charge of the ARE that
activate the constitutive gene transcription and
oxidative stress response genes. Under normal
circumstances, Nrf2 is kept hold on in the cytosol
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associating with a cytoskeletal protein Keap1
which is rich in cysteine residues (figure 8).
Upon the oxidation and covalent modifications
of critical cysteine residues of Keap1 protein
with oxidative elements, Nrf2 is released to be
free to accumulate in nucleus and hence induce
genes containing ARE elements [28].
Another activation mechanism is the release
of Nrf2 from its repressor by the phosphorylation
of Nrf2 with kinases. Cytosolic Nrf2 is
phosphorylated with MAPK in response to PK-C
activation by cellular stress and translocates
into the nucleus. In the nucleus, Nrf2 activate
genes through AREs by interacting with other
transcription factors [28].
In the cells, oxidation and reduction potential
difference (redox balance) is firmly controlled
and its disturbances may lead to modifications
in the pattern of gene expressions and catalytic
activities as well as protein amount of antioxidant
enzymes [56]. Furthermore, application of
some antioxidants such as lipoic acid or
ascorbic acid has been found to be beneficial
in restoring the changes in the expression and
activities of these enzymes. Recent studies
demonstrated that tyrosine phosphorylation
at specific tyrosine residues of antioxidant
enzymes such as catalase (CAT) and glutathione
peroxidase (GPx) may regulate its activity and
its proteolytic degradation [19,24]. When ROS
levels are low in cells, enzymatic CAT activity
is stimulated by phosphorylation and as it is
very high, activity is diminished by targeting
the phosphorylated CAT for degradation [57].
Moreover, c-Abl and Arg which are the nonreceptor tyrosine kinases are found to be
activated in the presence of oxidative stress [24]
and they modulate the phosphorylation levels of
peroxide detoxifying enzymes; CAT and GPx
by forming an active association having kinase
activity. This activated complex phosphorylates
the GPx and CAT at specific tyrosine residues,
augmenting the activity and providing a
protection to cells against oxidative stress.
Additionally, changes in activities of antioxidant
enzymes are linked to redox sensitive protein
tyrosine phosphatases regulating the enzyme
activities by phosphorylation dephosphoylation
cascades. In addition to these post-translational
mechanisms controlling the activities of these
two antioxidant enzyme, the gene expressions of
these enzymes were also found to be regulated
in a situation where oxidative stress present [58]
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by a transcriptional mechanism as in case of
AP-1, Nrf-2 and NF-κB discussed earlier in this
manuscript.
The actual regulation mechanisms of the
antioxidant enzymes could not be solved so
far and we have tried to explain this in part
or whole by reversing the changes in redox
sensitive transcriptional factors such as NF-κB,
AP-1, Nrf2 and phosphatases which sense the
oxidative stress and modify the expressions and
activities of antioxidant enzymes. Since, DNA
binding sites and active regulatory cysteine
groups of these transcription factors are located
in the promoter region of antioxidant enzymes,
and any changes in intracellular redox state
modulate the mRNA and protein expressions
of antioxidant enzymes providing a protection
to cell or causing a cell to undergo apoptotic
pathways by reversible modification of these
redox sensitive proteins. Knirsch and Clerch [59]
found that a cytoplasmic protein can bind to the
3’untranslated region of Mn SOD mRNA and this
binding was regulated by the phosphorylation of
Mn SOD binding protein affecting the Mn SOD
protein expression. Therefore, expression and so
activities of Mn SOD are also under the control
by phosphorylation/dephosphorylation cascade
systems.
In order to solve the actual regulation
mechanism over the antioxidant enzymes, the
researchers must focus on to determine how
transcriptional factors are modulated whose
effects were seen at antioxidant enzymes’ gene
transcription. Any change observed in the
levels of expression of antioxidant enzymes
may provide new insights for analyzing cellular
mechanism for protection of cells against
oxidative damage solving the molecular nature
of the regulation of the antioxidant enzymes
in a state of redox misbalance. From all these
present knowledge of related literature, we
conclude that, little have been known about
the molecular regulation mechanisms and it is
clear that oxidative stress coordinately regulates
the activities of the antioxidant enzymes at
molecular level in a very intricate mechanism
that should be elucidated.
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Figure 1. Presentation of antioxidant network indicating the relations between vitamin E, ubiquinol,
vitamin C, glutathione, and lipoic acid redox cycles [5].

Figure 2. Metabolic pathways of reactive oxygen radical generation in cells and antioxidant systems
eliminating the radical induced tissue damage.
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Figure 3. Glutathione redox cycle in which antioxidant enzymes Glutathione
Peroxidase (GPx), Glutathione S-transferase (GSTs) and Glutatihone Reductase
(GR) is functioning.

Figure 4. Roles of Trx and TrxR system in the NADPH dependent
reduction of oxidized proteins and several other substrates.

Figure 5. Thioredoxin dependent reduction of organic hydroperoxides and hydrogen peroxide with
peroxiredoxins.
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Figure 6. Proposed mechanism for oxidative activation of NF-κB. Increase in
superoxide anion and so H2O2 activates kinases or inhibit phosphatases bringing
about augmentation of steady state phosphorylation level of inhibitory protein IκB
which is then degraded and leaving the subunits of NF-κB (p50/p65) [35].

Figure 7. Fate of protein tyrosine phosphatases (PTPs) under the presence of
increased H2O2 which inactivates them catalytically by oxidation of thiol groups
at active sites. Inhibition of PTPs leads to sustained phosphorylated proteins in the
downstream signaling pathways.
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Figure 8. Mechanisms of the induction of antioxidant response element with oxidative stress. Nrf2
can be activated by at least two mechanisms; (i) stabilization of Nrf2 via Keap1 cysteine thiol
modification and (ii) phosphorylation of Nrf2 by upstream kinases [28].

