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Summary. Cells are sensitive to a variety of signals in their environment, which they respond to and integrate. Signal
transduction at the cellular level refers to the movement of signals from outside the cell to inside. A "cross-talk"
between heterologous cell signaling systems gives a complex communication of molecules in various tissues a new
dimension and specifies the type of the obtained biological response. A biochemical basis for transducing
extracellular signals into an intracellular event has long been the subject of enormous interest. The mechanisms
underlying ROS-mediated signal transduction in oxidative stress response involve a direct alteration in transcription
factors and kinases and indirect modulation of cysteine-rich redox-sensitive signaling proteins. In a given signaling
protein, oxidative attack induces either a loss of function, a gain of function, or a switch to a different function.
Identifying the target proteins for redox modification is the key to understanding how oxidants mediate pathological
processes such as tumor promotion, diabetes, atherosclerosis, aging, etc. Antioxidants and kinase inhibitors may
provide an additional therapeutic effect and act synergistically with current treatments.
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Introduction

Signal transduction at the cellular level refers to the
movement of signals from outside the cell to inside.
This process is possible due to highly specialized cell
systems that integrate, transmit and amplify extracellu-
lar information contained in chemical signals. In most
cases, signaling molecules are natural cell products (en-
docrine hormones, neurotransmitters, paracrines, auto-
crine hormones, and growth factors) or synthetic prod-
ucts. Co-action of and interaction between a variety of
membrane and cytosol proteins makes it possible for
molecular signals to be identified, signal transmission to
be regulated, and the effects to be amplified. All sig-
naling pathways at particular levels of information
transmission utilize non-covalent protein-protein inter-
action or covalent protein modification (phosphoryla-
tion, nitrosylation, glycoxidation, and oxidation). Post-
translational protein modification can be thus consid-
ered a key event in cell signaling. Intracellular signaling
in general and hormone action in particular comprise the
following steps: 1) synthesis of the signaling molecule;
2) release of a biologically active molecule from the cells;
3) transportation to the target cells; 4) detection of the
signaling molecule by specific receptors; 5)response
within the cell; and 6)termination of the signal by
destruction of the signaling molecule.

Signaling molecules form a specific complex with
their receptors, which makes this ligand-receptor inter-
action similar to the enzyme-substrate interaction. Upon

binding the signaling molecule to the active receptor site
(termed the binding site), the information is transmitted
through a regulatory cascade that comprises diverse
membrane and intracellular proteins. By sequential in-
teraction of these proteins, the obtained information is
transmitted onto the second messenger, which, in most
cases, initiates cascade phosphorylation of cytosol pro-
teins, many of which act as transcription factors respon-
sible for the regulation of gene expression.

Mechanisms of cell signaling
mediated by free radicals

A biochemical basis for transduction of extracellular
signals into an intracellular event has long been the
subject of enormous interest. Recently, much attention
has been paid to reactive oxygen species [ROS], which
play a significant role of mediators in signaling proc-
esses (1-3).

Being initiators, transmitters, or modifiers of cellular
response, free radicals occupy a significant place in the
complex system of transmitting information along the
cell to the target sensor. The effects of most extracellu-
lar signals are promoted via receptor ligation on either
cell surface or cytoplasmic receptors. However, some
low-molecular-weight signaling molecules, such as
ROS and nitric oxide [NO], are able to penetrate the
plasma membrane and directly modulate the activity of
catalytic domain of transmembrane receptors or cyto-
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plasmic signal transducing enzymes, thus leading to
abnormal activation of transcription factors. By the ini-
tiation of gene expression and the consequent synthesis
of responding functional and structural proteins, reac-
tive free radicals allow for adaptation and survival of
the cell or, depending on the intensity and duration of
the signal, activate the processes responsible for the cell
damage or death (4,5). In a given signaling protein, oxi-
dative attack induces either a loss of function or a gain
of function or a switch to a different function. The effect
of free radicals on the process of cell signaling is pro-
moted through a number of simultaneous mechanisms
and, most commonly, by activating an extensive net-
work of various interactive intracellular signal trans-
duction pathways.

However, a great number of signaling pathways, es-
pecially those that can be modified by free radicals and
their oxidized products, have not been fully explained,
nor is it much known about the exact cell sensors for
redox stress in eukaryotes.

The ability of oxidants to act as second messengers
is a significant aspect of their physiological activity.
The incorporation of free radicals into a complex cas-
cade of transducing the signal to the effectors modifies
and alters the order of events: numerous second mes-
sengers acquire the properties of third messengers,
while intermediaries of free radical activity often func-
tion in both initiating and terminating signal transduc-
tion. These sequential events ultimately lead to either
normal cell proliferation or development of cancer in-
flammatory conditions, aging, and two common age-
related diseases — diabetes mellitus and atherosclerosis
(6-9).

The effect of free radicals upon the process of cell
signaling is commonly promoted via multiple and asso-
ciated signal transduction pathways. Unlike prokaryotes
with clearly defined "sensor" proteins on oxidants
(10,11), in eukaryotes many proteins that participate in
cell signaling are in addition to transcription factors
sensitive to a change in the redox status of the cell (12).
However, the sensor sites and the cellular response have
not been to date completely defined.

Regulation of transcription of oxidative
stress-inducible genes — direct activation
of transcription factors by oxidants

Due to a distant process of transcription and transla-
tion, eukaryotes, unlike prokaryotes, possess mechanisms
for controlling cell signaling in the initiation of stress-
inducible gene expression that are significantly more
complex. The finding that free radicals occupy an
important place in the cell signaling of eukaryotes has
contributed to a more accurate characterization of target
signaling molecules activated by radicals such as: acti-
vator protein-1 [AP-1], activator protein-2 [AP-2], nu-
clear transcription factor [NF-xB], and p2lras. These
factors of transcription play a crucial role in controlling
cell proliferation, cell differentiation, and morphogenesis.
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1. Activation of AP-1 transcription factor
by oxidative stress

The mechanism for activating AP-1 transcription
factor by free radicals is one of the best-explained
mechanisms in eukaryotes. AP-1 is a heterodimer com-
prising proteins of products of c-fos and c-jun proto-
oncogenes, or a homodimer comprising products of c-
jun gene (13). Protein products of these genes (FOS and
JUN proteins) exhibit co-operability in inducing specific
genes responsible for a change in cell phenotype, cell
differentiation, cell regeneration and/or apoptosis (14).
AP-1 controls the expression of numerous genes, in-
cluding those that determine the synthesis of collage-
nase, thrombocyte growth factor [TGF-1b] and cytoki-
nes, and binds to the promoter of these genes. The ex-
pression of c-jun and c-fos genes is significantly in-
duced in the presence of mitogen and phorbol esters
such as 12-O-tetradecanoyl phorbol-13acetate [TPA].
Growth factors, tumour necrosis factor [TNF], H,0,,
ultraviolet and ionizing radiation activate this transcrip-
tion factor as well (13,15-17).

The AP-1 activity is regulated not only at the genetic
level (regulation of transcription) but also at both post-
transcriptional and post-translational levels (18,19). The
exposure of HeLa cells to hydrogen peroxide or UV ra-
diation leads to a significant increase in DNK-binding
activity of AP-1, irrespective of FOS and JUN protein
synthesis. Under the conditions, AP-1 is activated by
phosphorylation of specific residues of AP-1 subunits.
For example, the activation of cascade phosphorylation of
MAP kinase family (c-Jun N-terminal kinase [JNK] i.e.
stress-activated protein kinase [SAPK]) (19) leads to the
phosphorylation of two serine residues (Ser-63 and Ser-
73) in the JUN subunit of AP-1 to promote the activation
of this subunit. Oxidative stress, too, can be a factor that
mediates promotion of ligand effects exerted at the post-
translational level of AP-1 activity regulation, by acti-
vating signaling via JNK protein kinases (20). FOS pro-
tein in AP-1 is also activated, by the phosphorylation of
threonine residue (Thr-232) due to fos-regulatory kinase
activated by p21™ protein (21). On the other hand, the
phosphorylation of JUN protein (Thr-231, Ser-243, and
Ser-149) by constitutive protein kinases, casein kinases
II, and DNK-dependent protein kinase (22) results in
inhibiting the binding of AP-1 to DNK. Dephosphoryla-
tion of threonine and serine residues of JUN protein in-
creases the affinity of AP-1 active transcription factor for
binding to DNK. This transcription factor is activated due
to PKC that initiates dephosphorylation of the JUN sub-
unit of AP-1 protein following activation of phospha-
tases. P21™ itself is a signaling target of radicals gener-
ated by H,O, and nitric oxide. Their overexpression is
also responsible for the activation of PKC and dephos-
phorylation of serine and threonine residues in DNA-
binding domain of c-Jun (23). Dimer complex (FOS and
JUN products) interacts with DNA regulatory element
known as activator protein-1 [AP-1] binding site or with
cAMP-responsible element [CRE]. These elements are
present in the regulatory domain of AP-1 inducible genes.
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The nuclear factor REF-1 (a.k.a. HAP-1 and APEX),
which stimulates DNA binding activity of FOS/JUN
proteins, was recently identified (24). The activity of
this factor may be inhibited by a high concentration of
reducing agents in the cell. It has been determined that
the nuclear factor associated with thioredoxin partici-
pates in regulating the redox status of key cysteine resi-
dues responsible for DNA binding activity of AP-1 in
FOS (Cys-154) and JUN (Cys-272) dimers. Intensified
oxidative stress stimulates the activity of the nuclear
factor and the binding of FOS and JUN heterodimers to
DNK. HeLa cells, in which REF-1 expression is
blocked by the presence of REF-1 antisense oligo-nu-
cleotides, exert a high degree of sensitivity to oxidants,
paraquat, hypoxia, hyperoxia, and inhibitors of glutathi-
one synthesis (24,25). These results suggest that REF-1
could have a key role in protecting cells against the ef-
fects of various stress factors, including free radicals
and a change in the oxygen partial pressure.

2. Activation of NF-kB transcription factor
by oxidative stress

Since its discovery in 1986, NF-«xB transcription fac-
tor has aroused a wide interest in its unusual regulation,
diverse stimuli that activate it, and its apparent involve-
ment in a variety of human diseases, including atheroscle-
rosis, asthma, diabetes, cancer, arthritis, AIDS, inflam-
matory diseases, etc.

NF-kB belongs to the Rel-family of pluriprotein
transcription activators. It is a regulatory protein that
controls the expression of numerous inducible and tis-
sue-specific NF-kB responsible genes (26) and partici-
pates in the regulation of pro-inflammatory and immune
cellular responses, the regulation of cell proliferation,
and apoptosis (27,28). Many dimeric forms of NF-kB
have been detected, but the prototypic activated form of
NF-«B is a heterodimer consisting of p65/RelA and p50
subunits (26). The genes activated by NF-«kB transcrip-
tion factor encode the synthesis of various cytokines
(IFN-B, TNF-a, IL-1, IL-2, IL-6, IL-8, and monocyte
chemoatractant protein-1), receptors for cytokines, cell
adhesion molecules (including vascular adhesion mole-
cule-1 [VCAM-1], intercellular adhesion molecule-1
[ICAM-1], and E-selectin) endothelin-1, hematopoietic
growth factors, and reactants of the acute phase (29). It
has been found that inducible nitric oxide synthase
[INOS] gene promoter possesses an NF-kB binding site.
Early genetic expression of some of the viruses (HIV-1,
cytomegaloviruses, and adenoviruses) is also regulated
by NF-«B transcription factor. This factor is activated
by signaling molecules, such as TNF-a, endotoxin, in-
terleukin 1P, mitogens, lipopolysaccharide, viruses,
agents promoting oxidative stress, lectin, Ca ionopho-
res, and UV radiation (30, 31). Free oxygen radicals,
which are formed on the respiratory chain of mitochon-
dria to act as second messengers, mediate NF-kB acti-
vation promoted by TNF-o and interleukin 1f. In the
absence of cell stimulation, NF-kB is present in cyto-
plasm, in the complex with its inhibitor (IkB). NF-xB

can be activated by a variety of stimuli, including in-
flammatory cytokines such as TNF-a and IL-1, T-cell
activation signals, growth factors, and oxidative stress
inducers. The binding of stimuli to cell receptors is fol-
lowed by phosphorylation of IkB at position Ser-32 and
Ser-36 catalyzed by IkB kinase (32). This mode of post-
translational covalent modification of inhibitors allows
for dissociation of NF-kB from the complex, degrada-
tion of inhibitors, and rapid translocation of NF-kB into
the nucleus where it binds to target DNA elements and
positively regulates transcription of the genes involved
in immune and inflammatory responses, cell growth
control, and apoptosis.

NF-«B activation is stimulated by pro-oxidative cell
status, especially by an increased presence of H,O,. The
exact signaling cascade seems to be due to the activa-
tion of MAP kinase pathway. On the other side, the ac-
tivation of NF-«xB is blocked by thiol components such
as N-acetyl-L-cysteine (glutathione precursor) and anti-
oxidants. It has been demonstrated that a low concen-
tration of thiol compounds in the cell, primarily gluta-
thione as the most widespread thiol compound, plays a
key role in positive regulation of NF-kB activity
(28,29,31,32). Therefore, the mechanisms that regulate
and control the level of glutathione in the cell indirectly
participate in regulating the expression of the genes with
an NF-kB binding site in the promoter. It is postulated
that ROS regulate NF-xB activity and modify some of
the links in a complex activating cascade of NF-kB tran-
scription factor: 1) oxidation of key sites in enzymes
(kinases) that phosphorylate and activate IkB kinase
which, due to the phosphorylation of serine residues of
inhibitors, activates NF-kB complex; 2) redox modula-
tion of IkB kinase activity; and 3) modulation of trans-
port of the activated NF-kB from the cytoplasm into the
nucleus.

Since NF-kB has a ubiquitous role in controlling
cytokine activity and immunoregulatory genes, the inhi-
bition of NF-kB activity by steroid hormones, antioxi-
dants, non-steroid anti-inflammatory drugs, and prote-
ase inhibitors represents a pharmacological basis for the
intervening adjuvant therapy in numerous diseases, in-
cluding cancer, diabetes mellitus, AIDS, and diverse
inflammatory disorders (33).

Redox sensitive regulation of gene
expression mediated by protein kinases

It is now recognized that ROS can modify cell sig-
naling proteins and that these modifications have func-
tional consequences. Considering the fact that one of the
most widespread modes of signal transduction along the
cell is target protein phosphorylation controlled by a
joined kinase-phosphatase activity, the effects of oxida-
tive stress upon the activity of these enzymes represent
key sites for signal transduction modulation by oxida-
tive stress. ROS and the altered redox potential can be
considered primary intracellular changes that regulate
protein kinases and thereby serve as an important cellu-
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lar component linking external stimuli with signal
transduction in stress response.

a) Oxidative stress and modulation of PKC activity

Protein kinase C [PCK] is a family of structurally
and functionally related proteins derived from multiple
genes and the alternative splicing of single RNA tran-
scripts. A total of 12 PKC isozymes have been cloned
and characterized. Activation and translocation of PKC
from cytosol to plasma membrane occurs in response to
a transient increase in diacylglycerols [DAGs] or expo-
sure to exogenous tumor-promoting agents known as
phorbol esters (34,35).

The first observations referring to modulation of
PKC activity by redox sensitive modulators date as
early as ten years ago. It is certainly not by accident that
changes in PKC activity related to redox sensitive
regulation dominate in diabetes mellitus (36,37). The
origin of this disease, its course and development of
complications are closely associated with a misbalance
in pro/anti-oxidative cell status and a change in redox
potential (8,38,39). Extracellulary, glucose has been
demonstrated to interact non-enzymatically with pri-
mary amines of proteins, thus forming glycated com-
pounds or oxidants. Although precise mechanisms for
PKC activation by free radicals and oxidation products
— advanced glycation end products [AGE] - have not yet
been fully examined, it is postulated that PKC activity
modulation is promoted indirectly, i.e., it is mediated by
DAG whose production grows as a consequence of
phospholipase C activation after exposing cells to the
effect of oxidants (40). It is for this reason that the acti-
vated DAG-PKC pathway of signal transduction in nu-
merous tissues, particularly in vascular endothelium, is
most often referred to as a molecular mechanism re-
sponsible for developing diabetic complications. How-
ever, direct modulation of SH group in the regulatory,
i.e., "activation segment" of PKC by redox factors
should not either be excluded as a mechanism likely to
activate protein kinase C. That DAG-PKC pathway of
signal transduction is amplified by oxidants is supported
by the fact that PKC activity decreases by adding E vi-
tamin, resulting in a decreased DAG level (41). The
mechanism of this effect involves the stimulation of
DAG kinase and an increased conversion of DAG to
phosphatidic acid (42). At the same time, E vitamin
does not affect the activity of purified PKC isoforms.
Polyamines, by decreasing PKC activity, may affect the
development of complications in diabetes (43).

PKC modulation by oxidants represents the critical
event in developing vascular complications, especially
in diabetes. The intensified DAG-PKC signaling path-
way in endothelial cells is responsible for a disturbance
in the regulation of permeability, contraction, extra-
cellular matrix deposit, cell growth, angiogenesis, cyto-
kine activation, and synthesis of adhesive molecules.
These disturbances, as basic mechanisms for develop-
ment of vascular complications such as atherogenesis
and hypertension, allow for several target sites of PKC
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activity, some of which are the following (38,44-46):

* increased expression of endothelin-1;

* increased expression of inducible nitric oxide
synthase [iNOS];

* initiation of NF-kB and AP-1 transcription factor
expression;

* initiation of arachidonic acid cascade by stimula-
tion of A2 phospholipase;

* stimulation of NADH/NADPH oxidase activity of
macrophage and endothelium cells;

e increased synthesis of vascular endothelium
growth factor [VEGF].

b) Oxidative stress and modulation of proteins
with intrinsic tyrosine kinase activity

The term "protein tyrosine kinase" is a generic term
used for a large super-family of enzymes consisting of
both transmembrane-spanning receptors with intrinsic
tyrosine kinase activity in their cytoplasmic domains
and a wide range of subfamilies of cytoplasmic tyrosine
kinases, such as Src, Abl, or Janus kinase [JAK] fami-
lies.

A large body of evidence suggests that tyrosine ki-
nase is implicated in promoting the effects of growth
factors, cytokines, and hormones (47-49). One of the
ways of regulating the activity of proteins with tyrosine
kinase activity is redox sensitive regulation. This regu-
lation is based on a change in the redox status of the
cell, which is determined by the content of thiol com-
pounds in the cell, primarily by the content of glutathi-
one as the most widespread thiol compound in the cell.

The fact that hydrogen peroxide induces the phos-
phorylation of tyrosine residues of numerous cell pro-
teins is supportive of the observation that modulation of
the activity of tyrosine kinase pathway in cell signaling
is the most frequent target site of the redox modulator
effect in physiological control of signal transduction in
the cell. The exposure of cells to hydrogen peroxide
simulates numerous effects that are due to the activity of
various extracellular ligands. For example, H,O, simu-
lates insulin effects, by employing some of the signaling
pathways: by the activation of tyrosine kinases respon-
sible for the phosphorylation of receptor subunits and
other intracellular proteins whose phosphorylation in-
tensifies when affected by insulin; by PIK3 activation;
by p38 MAPK activation (50). Some of these pathways
differ from those being activated by insulin. The expo-
sure of lymphocytes to hydrogen peroxide also leads to
the activation of a specific p56'™ tyrosine kinase to ini-
tiate its auto-phosphorylation at Tyr-394 position. Lck
tyrosine kinases belong to the Src family of cytoplasmic
tyrosine kinases that play a significant role in the acti-
vation of T lymphocytes.

In a complex cascade phosphorylation of various cell
proteins to the end effectors (transcription factors), p21
protein, in addition to tyrosine kinases, represents a
common target sensor protein for free radicals and redox
stress. The activation of this protein by nitric monoxide
and/or redox-modifying agents initiates GDP/GTP sub-
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stitution on the protein. The pre-treating of the cells with
L-buthionine-(S,R)-sulfoximine, by a specific inhibitor of
y-glutamylcysteine synthetase (regulatory enzyme in glu-
tathione synthesis), results in glutathione decrease and up
to 100 times higher sensitivity of p21 protein to oxidants.
Redox modification of the amino acid residue of cysteine
(Cys118) on the monomer G-protein Ras (p21) is a key
moment for the activation of this protein by oxidative
stress and nitric monoxide. Mutant and activated forms of
p21 protein found in various types of cancer in humans
and a high sensitivity of this signaling protein to free
radicals and redox status allow for additional mechanisms
for the promotion of oncogenesis by free radicals (51,52).

Due to the activation, induced conformational
changes in Ras protein are responsible for its interaction
with various signaling proteins termed Ras protein ef-
fectors. Ras can interact with various effectors and, de-
pending on the stimulus type, one or more effectors can
be engaged in the further cascade propagation of the
signal. Some of the effectors of Ras protein are: phos-
phatidylinositol 3'kinase [PI3K], Raf-1, protein kinase
C, diacylglycerol kinase, and MAP-kinase-kinase-ki-
nases. In the transmission of signals via activated Ras
protein, phosphatidylinositol 3'kinase [PI3K] partici-
pates in the regulation of many cellular responses such
as: cell differentiation, cell division, phagocytosis, glu-
cose transport. There are observations that Ras protein
activation by redox modifiers is a "trigger" for a selec-
tive interaction of this protein with PI3K (53).

The oxidized products can initiate cell signaling by
activating some of the redox sensors. The products of
non-enzymatic glycation of serum proteins and lipids,
so called advanced glycation end products [AGE],
which develop independently in diabetes and aging,
activate signal transduction pathways. These products
bind to specific receptors (RAGE) on the surface of the
cells of various tissues (49,54). Receptors accept glyco-
sylated proteins that are further metabolized in the cell.
However, in case of intensified oxidative stress, a long-
term stimulation of receptors is responsible for the acti-
vation of Ras-MAP kinase pathway. RAGE activation
induces the formation of free radicals, but the way in
which they are formed is not fully clear. Radicals, hav-
ing been formed, further activate Ras-MAP signaling
pathway, which leads to a misbalance in vascular ho-
meostasis and to the development of vascular complica-
tions in diabetes. In Alzheimer's disease, the binding of
amyloid-peptides to RAGE and its deposition in plaques
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INTERAKCIJA IZMEDU OKSIDACIONOG STRESA
1 REDOKS CELIJSKE SIGNALIZACIJE

Dusica Pavilovié, Vidosava Dordevié, Gordana Kocié

Institut za biohemiju, Medicinski fakultet Univerziteta u Nisu
E-mail: pavlovicd@bankerinter.net

Kratak sadrzaj: Celije su osetljive na razlicite signale u svojoj okolini, na koje reaguju i koje integrisu. Signalna
transdukcija na Celijskom nivou podrazumeva kretanje signala kroz éeliju od spolja ka unutra. Interakcija izmedu
heterolognih sistema Celijske signalizacije daje kompleksnoj komunikaciji molekula u razlicitim tkivima novu
dimenziju i odreduje specificni tip dobijenog bioloskog odgovora. Biohemijska osnova za pretvaranje vancéeliskih
signala u unutarcéelijski dogadaj je dugo predmet interesovanja. Mehanizmi koji su u osnovi ROS posredovane
signalne transdukcije na prisustvo oksidacionog stresa ukljucuju direknu promenu faktora transkripcije i kinaza i
indirektnu modulaciju signalnih proteina bogatih cisteinom i osetljivih na redoks celijsku signalizaciju. U datom
signalnom proteinu, oksidacioni atak indukuje ili gubitak funkcije ili sticanje funkcije ili promenu funckije.
Identifikacija target proteina za redoks modifikaciju je klju¢ za razumevanje nacina na koji oksidansi posreduju u
patoloslim procesima, kakvi su pojava tumora, dijabetes, ateroskleroza, starenje, itd. Antioksidansi i inhibitori kinaza
mogu obezbediti dodatni terapeutski efekat agenasa i delovati sinergistucki sa tekuc¢im tretmanima.

Kljuéne re¢i: Redoks celijska signalizacija, ROS, PKC, MAP kinaze



