
Corresponding author: Prof.Vesna Niketiü, Department of Chemistry, University of*

Belgrade, Studentski trg 16, POB 158, YU-11001 Belgrade, Yugoslavia, 
fax +381 (11) 635-425;  e-mail: vniketic@chem.bg.ac.yu

UDC 577.118:577.1
BIBLID 0021-3225 (1998) 34 p. 463-477

Review article

REGULATION OF CELL PROCESSES BY REACTIVE OXYGEN
AND NITRIC OXIDE SPECIES - MECHANISMS OF REACTIONS

Vesna NIKETIû , Srÿan STOJANOVIû  and Mihajlo B. SPASIû1* 1 2

Department of Chemistry, University of Belgrade, Belgrade, Yugoslavia1

Institute for Biological Research, Belgrade, Yugoslavia2

Niketiü Vesna, Stojanoviü Srÿan and Spasiü B. Mihajlo (1998):
Regulation of cell processes by reactive oxygen and NO species -
mechanisms of reactions. - Iugoslav. Physiol. Pharmacol. Acta, Vol. 34, 463-
477.

Recent evidence revealed that reactive oxygen species (ROS) such as
superoxide (O ) and hydrogen peroxide (H O ), which are conventionally2.-

2 2

viewed as unwanted and toxic by-products of life in an aerobic environment,
have physiological roles. Appraisal of the roles of reactive NO species
(RNOS), such as nitrosonium (NO ) and nitroxyl (NO ) ions, peroxynitrite+ -

(OONO ), and higher nitrogen oxides (NO ) in NO mediated processes, is-
x

growing at a rapid rate. ROS and RNOS may evoke a variety of cellular
responses, ranging from major changes in mammalian cell gene expression
to apoptotic death. The greater prevalence and reactivity of thiols over other
biological nucleophiles makes them targets for both ROS and RNOS. Any
essential protein containing cysteine residue that is strategically located at
either active or allosteric site should be considered as a target for regulation
by ROS and/or RNOS. Candidate molecules include proteins that are
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themselves involved in signal transduction processes, ion channels, receptors,
G-proteins, protein-kinases, protein phosphatases, and transcription-activating
factors. In this paper the mechanisms of generation of ROS and RNOS and
their reactions with thiols are briefly described. The regulation of cell
processes by ROS and RNOS is illustrated by the interference of ROS and
RNOS effects with receptor tyrosine kinases signaling. 

Key words: NO-dismutation, reactive oxygen species (ROS), reactive
NO species (RNOS), redox signaling, thiols

INTRODUCTION

Nitric oxide (NO) has gained wide attention for its role as an ubiquitous intra- and
intercellular messenger and cytotoxin. A variety of physiological as well as
pathophysiological roles of NO have been elucidated in recent years (Moncada et al.,
1991; Bredt and Snyder, 1994). The heme group of soluble guanilate cyclase is one of
the most sensitive and important sites of action of NO, based on the well established
role of cGMP in many NO-mediated responses (Bredt and Snyder, 1994). Indeed,
evidence for a physiological role of NO was preceded by studies demonstrating cGMP
formation in response to nitroglycerin and other NO-donors (Milovanoviü et al., 1984,
1985; Bredt and Snyder, 1994). The reversible reactions of NO with a number of other
heme proteins have been studied extensively. It was found that NO activates
cyclooxygenase (Gross and Wolin, 1995) and inhibits a host of other heme proteins
such as cytochrome oxidase, lipoxygenases, peroxidases (Stamler, 1994; Radi, 1996)
and catalase (Brown, 1995; Dusinoviü et al., 1998). In addition to its reactions with
heme proteins, it is well established that in the biological milieu NO takes part in
diverse reactions yielding highly reactive species such as nitrosonium (NO ) and+

nitroxyl (NO ) ions, peroxynitrite, and higher nitrogen oxides (NO ) that are more-
x

reactive than NO itself. Appraisal of the roles of these reactive NO species (RNOS) in
NO mediated processes is growing at a rapid rate (Stamler et al., 1992; Stamler, 1994;
Gross and Wolin, 1995; Wink et al., 1996).

Recent evidence demonstrate that reactive oxygen species (ROS) such as
superoxide (O ) and hydrogen peroxide (H O ), which are conventionally regarded as2 2 2

.-

unwanted and toxic by-products of life in an aerobic environment, may play
physiological roles in diverse cell events. Observation that stimuli to specific
cell-surface receptors are associated with a production of ROS puts the action of ROS
into an even more persuasive physiological context (Suzuki et al., 1997; Nakamura et
al., 1997; Finkel, 1998; Kourie, 1998).

Both ROS and RNOS function in two discrete fashions: high amounts are
cytotoxic, and when produced by macrophages and other immune-effector cells, they
play a role in host defense. However, when produced at low, subtoxic level they serve
physiological functions. Effects of RNOS resemble those of ROS in evoking a variety
of cellular responses ranging from major changes in mammalian cell gene expression
to apoptotic death (Herlich and Rahmsdorf, 1994; Polyak et al., 1997; Kroemer et al.,
1998, Brune et al., 1998; Marquis and Demple, 1998).

The greater prevalence and reactivity of thiols over other biological nucleophiles
makes them targets for both ROS and RNOS. Any essential protein containing cysteine
residue that is strategically located at either active or allosteric site should be considered



Vesna NIKETIû et al: CELL REGULATION BY ROS AND RNOS 465

Other oxygen free radicals and oxidants that can be formed in living systems include lipid*

(L ) and other (X) peroxy radicals (LOO  and XOO ) lipid peroxide (LOOH), singlet. . .

oxygen ( O ), hypochlorous acid (HOCl) and other N-chloramine compounds.1
2

a target for regulation by ROS and/or RNOS. Candidate molecules include proteins that
are themselves involved in signal transduction processes, ion channels, receptors,
G-proteins, protein-kinases, protein phosphatases, and transcription-activating factors.
A number of protein-kinases were shown to be activated by ROS or RNOS induced
modifications of their cysteine residues (Gopalakrishna and Gundimeda, 1993; Konishi
et al., 1997; Gotoh and Cooper, 1998). On the other hand, activation of certain tyrosine
kinases seems to be due to the inhibition of specific tyrosine phosphatases caused by
ROS or RNOS modifications of cysteine residue in their active centres (Knebel et al.,
1996; Duarte, 1997). Nitrosylation/ thiolation of critical Cys-residue in p21  wasras

shown to activate this small G-protein, which was suggested to represent the central
mechanism by which a variety of redox stress stimuli transmit their signal to nuclei
(Lander et al., 1995). The ROS/RNOS induces redox-sensitive transcription factors
AP-1 and NF- �B (Schreck et al.,1991; Peunova and Enikolopov, 1993; Lander et
al.,1993).

In this paper, mechanisms of generation of ROS and RNOS and their reactions
with thiols will be briefly discussed. Since our primary aim is to interpret rather than
exhaustively summarize the large body of accumulated literature, only the examples of
ROS and RNOS interference with receptor tyrosine kinases (RTK) signaling will be
described in more detail. Specific ligand stimuli to RTKs were shown to be associated
with ROS generation. ROS and RNOS activate RTKs and affect also downstream
components of RTKs cell signaling complex.

SOURCES OF ROS

Reactive oxygen species (ROS) include oxygen free radicals and molecules that
are more strongly oxidizing than molecular oxygen itself. These are superoxide anion
radical (O ), hydrogen peroxide (H O ), and hydroxyl radical (HO ) . There is a large2.- . *

2 2

number of intracellular and extracellular sources of ROS. O  and H O  are produced2 2 2
.-

in large amounts by cells of the immune systems, whereas other cell types, appear to
produce significantly lower amounts of these molecules (Simoviü et al., 1995). The vast
network of intracellular and extracellular anti-oxidant defenses point out that the level
of ROS must be tightly regulated for the cell survival. Antioxidant defense in mammals
is a rather complex system, being species-, organ-, and tissue-specific (Buzadåiü et al.,
1990a; 1990b; Spasiü et al., 1993; Simoviü et al., 1995), and its regulation is closely
connected to the regulation of the principal metabolic functions (Petroviü et al, 1980;
1982; 1983; 1991). The principal sources of ROS and mechanisms of antioxidant
defense are summarized in Fig. 1.

SOURCES OF RNOS

Mammalian cells possess at least three genes encoding distinct isoforms of NO
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Fig 1. Reactive oxygen species and antioxidant defense: Vitamin C (AsA) acts
as a cytosolic antioxidant; vitamin E acts as membrane antioxidant, reduced
glutathione (GSH) protect both cytosol and membranes against ROS. Also
present are the glutathione-containing enzymes glutathione peroxidase
(Se-GSH-Px), glutathione reductase (GR), catalase (CAT) and superoxide
dismutase (SOD). Some of these enzymes exist in several forms. Membrane,
cytosolyc and plasma forms of GSH-Px have all been reported. Similarly, there
are mitochondrial, cytosolic, and extracellular forms of SOD (modified from
Spasiü, 1993).

synthase (NOS). Two NOS gene products are constitutively expressed: one (eNOS) in
endothelial cells, and second (nNOS) in the neuronal and number of other cell types.
The third species of NOS is inducible by immunological stimuli in virtually all
nucleated mammalian cells examined (iNOS). Both eNOS and nNOS produce a small,
physiological increase of NO concentration in response to transient elevation of
intracellular calcium, whereas iNOS produces a large and continuous flux of NO until
substrate becomes limiting. NOS is one of the most regulated enzymes in biology. All
three NOS isoforms oxidize the guanidine group of L-arginine in a process that
consumes five electrons and results in the formation of NO with stochiometric
formation of L-citruline (Bredt and Snyder, 1994; Gross and Wolin, 1995). 

Nitric oxide is a relatively stable gas, that after a currently accepted paradigm,
readily diffuses into cells and cell membranes (Lancaster, 1997; Chen et al., 1998)
where it reacts with molecular targets: transition metal centers, superoxide anion, and
molecular oxygen (Fig. 2). 

The reactions of NO with transition metal centers constitute the basis of NO
actions in biological systems (Moncada et al., 1991). In the majority of metal-nitrosyl
complexes, bonding of the NO group to the central metal atom may be regarded as
covalent, formed between NO  and a metal ion that has been reduced by one oxidation+

state unit. NO  complexes may be formally regarded as resulting from bonding between-

NO  and the metal atom that has been oxidized by one unit. Indeed, metal-catalysed-

reduction of NO has been postulated as a possible source of NO  (Bonner and Pearsall,-

1982). In a limited number of instances nytrosyl complexes are best described as
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Fig. 2. Summary of NO reactions in biological systems that 
reactions with cell thiols to form RS-NO, disulphides, and a number of
intermediates such as RSNHOH (for details see text). 

containing a neutral NO molecule (Bonner and Stedman, 1996).
Our recent in vitro study demonstrated that NO-treatment of Mn and Fe SOD, but

not Cu/Zn SOD gives rise to reactive nitrosyl complexes that generate both NO  and+

NO- ions. NO reacts with Mn and FeSODs presumably according to the following
reaction schemes (Niketiü et al., 1999): 

E    +   NO   �   E    +   NOred ox
-

E    +   NO   �   E    +   NOox red
+

The generation of NO  and NO by Mn and FeSODs is analogous to the well+ - 

known dismutation reaction of O  by SODs to generate O  and H O  (Michelson,2 2 2 2
.-

1987). Therefore, we suggest the term NO-dismutation for the above described
reactions. It seems that Mn and FeSOD induced NO-dismutation reaction may not be
an exception in the biological milieu. Indeed, our recent in vitro studies demonstrated
that in CSFs of both ALS patients and normal individuals, ill-defined low molecular
Fe complexes exist which are able to dismutate NO efficiently (Niketiü et al., 1999).

Peroxynitrite (ONOO ) is formed in the near-diffusion controlled reaction between-

NO and O . Thus the formation of ONOO  will predominate in any setting where NO2
.- -

and O  are simultaneously produced, e.g., in an inflammatory lesion (Wink et al.,2
.-

1996). 
The products formed from NO/O  reaction in gas phase and hydrophobic media2

i.e. NO , N O  and N O  are well characterized. However, the true nature of higher2 2 3 2 4

nitrogen oxides (NO ) formed upon oxidation of NO with O  in aqueous media remainsx 2

disputable. The reaction between NO and O  was shown to occur via third- order2

kinetics, with nearly identical rates in any biological medium. Therefore, under
physiological conditions the interference from NO/O  reaction is considered minimal.2

However, under the conditions of higher NO concentrations the rate of its oxidation
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exponentially increases (Wink et al., 1996).

REACTIONS OF ROS AND RNOS WITH THIOLS

Sulphydryl groups in proteins, free cysteine, and GSH represent abundant sources
of reduced thiols in biological systems. The concentration of protein SH (PSH) groups
in the cell is far greater than that of the metabolically most important thiol GSH
(Simplicio et al., 1998). There is an increasing body of evidence on proteins having
reactivities similar to or higher than that of GSH. The intrinsic reactivity of PSH with
ROS and RNOS will depend not only on their pKa but also on other structural features,
such as their accessibility; moreover in allosteric proteins the -SH reactivity may be
expected to be influenced by ligands.

A feasible mechanism for O  and H O  induced disulphide formation involve an2 2 2
.-

oxyradical initiated mechanism. By this mechanism protein sulphydryl groups are
activated by reaction with O /H O , and then the activated proteins react with GSH or2 2 2

.-

with other protein SH groups. The process is rapid, it does not require extensive
oxidation of cellular glutathione, and it might occur at localized sites in close proximity
to the site of O /H O  generation. Further support for this mechanism is found in2 2 2

.-

recently observed hemoglobin thiyl radical in erythrocytes exposed to O /H O2 2 2
.-

(Maples et al., 1990) followed by detection of glutathione adduct of hemoglobin in vivo
(Niketiü et al.,1992). 

The free sulphydryl groups will be restored by the thiol-disulphide exchange
catalyzed by thiol-transferases in the presence of excess of GSH. Because the
thiol-transferase reaction is bidirectional, the equilibrium will be determined by the
redox state of the cell, i.e. in the excess of GSH it will be shifted to the right (Wang
and Ballatori, 1998):

Thiol transferases

    RS-SR' + GSH    �     RS-SG + R'SH

    RS-SG + GSH     �     RSH + GSSG

Under anaerobic conditions, NO reacts directly with low molecular weight thiols
at physiological pH yielding stable end products: disulphide and nitrous oxide (Pryor
et al., 1982). Thiol proteins under the same conditions can yield sulfenic acid
(DeMaster et al., 1995). It has been suggested recently that NO may react directly with
thiols to form S-nitrosothiol in the presence of an electron acceptor (Gow et al., 1997).

Peroxynitrite is more reactive with sulphydryls than H O . Low molecular weight2 2

thiols are oxidised with peroxynitrite to predominantly disulphide forms (Fig. 2), while
steric restrictions due to the size of the molecule or the location of SH groups may
preclude disulphide formation in protein molecules. Peroxynitrite may oxidize protein
SH groups beyond the disulphide (Radi et al., 1991). 

Under physiological conditions NO  is rapidly converted to N O and reacts with-
2

O  to yield peroxynitrite (Stamler et al., 1992). The competing two step reaction with2

thiol groups results in the formation of disulphide and hydroxylamine (Fig. 2) (Wink
et al., 1996). 

S-nitrosothiols (RSNO) are efficiently formed upon reaction of thiols with
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nitrosating agents (NO  donors) and NO  (Fig. 2) (Stamler et al., 1992; Stamler 1994.;+
x

Wink et al., 1996). They show varying degrees of stability under physio-logical
conditions. For example, S-nitrosoglutathione (GSNO) undergoes decompo-sition over
hours, whereas S-nitrosocysteine has a half life of less than 2 min (Singh et al., 1996).
Their decomposition to yield disulphides is strongly catalyzed by transition metal ions
(McAninly et al., 1993). For any system containing thiol (R'SH) and S-nitrosothiol
(RSNO) the rapid transnitrosation (exchange reaction) is characteristic, but the reaction
seems to be more complex than might be inferred from the few final reaction products
(Singh et al., 1996).Glutathione readily reacts with S-nitrosothiols, forming the stable
GSNO in cells . It was demonstrated recently that in restoration of free GSH reducing
agents such as ascorbic acid (Iwatsuki, 1997) and the thioredoxin system (Nikitoviü and
Holmgren, 1996) may be involved.

The biological activity of S-nitrosothiols is thought to be associated with both
heterolytic and homolytic mechanisms of decomposition (Garley and Stedman, 1988).
RSNOs retain NO-like bioactivity, but exhibit resistance to reactions with O  and O .2 2

.-

For that reason, the S-nitrosated proteins, the most abundant of which is serum
albumin, are thought to serve as a source and sink of NO, buffering the concentration
of free NO (Stamler et al., 1992).

The detection of S-nitrosated proteins in vivo and evidence that such chemical
modification can alter protein activity have led to the view that nitrosation of protein
thiols may be a fundamental to signal transduction process (Stamler et al., 1992;
Stamler, 1994). S-nitrosation of a protein can regulate its activity by several discrete
mechanisms. It may bring about a conformational change by altering intramolecular
hydrogen bonding or electrostatic interactions. If located in the immediate vicinity of
an intramolecular thiol it may accelerate disulphide formation (Stamler, 1994). 

INTERFERENCE OF ROS AND RNOS WITH 
RECEPTOR TYROSINE KINASES (RTKs) SIGNALING 

Numerous studies have demonstrated that ligand stimulation of non-phagocytic
cells results in an increase in intracellular ROS. This has been observed in a wide
variety of cell types and is stimulated by a diverse collection of ligands, including
growth factors acting through tyrosine kinases (Finkel, 1998). ROS were shown to
activate RTKs and regulate downstream tyrosine phosphorylation (Sundaresan et al.,
1995; Bae et al., 1997). The primary source of ligand activated ROS-generating system
seems to be NADPH oxidase functionally similar to the neutrophil NADPH oxidase
(Finkel, 1998). The intracellular pathway in non-phagocytic cells leading from ligand
activation to ROS generation appears to require also small GTP-binding proteins Ras
and Rac1. This further supports the hypothesis that ROS may serve as intracellular
second messengers and suggest that small GTP-binding proteins regulate
redox-sensitive signal-transduction pathways (Sundersan et al., 1996). These findings
suggest that ligand stimulation of cells may activate two separate but interrelated
pathways. One well cha-racterized pathway leads to the modification of protein by
phospho-rylation of critical tyrosine residues. The other pathway, also con-trolled by
small GTP-binding proteins, presumably would result in the generation of transient,
highly local-ized, burst of ROS which will lead to the modification of protein functions
by the oxidation of critical cysteine residues.



470 IUGOSLAV.PHYSIOL.PHARMACOL.ACTA, Vol. 34, No.2, 463-477, 1998

Figure 3. Interference of ROS and RNOS with RTKs signaling. (+) indicates
activation and (-) inhibition. Black patches on the cytoplasmic domain of the receptor
indicate the tyrosine phosphates to which signaling proteins bind. Increase in ROS
causes oxidation of cysteine residue at the active center and consequent transient
inhibition of tyrosine phosphatases (TPA), which temporarily permits a burst of kinase
activity. Phosphorylation of RTKa triggers the assembly of an intracellular signaling
complex on the receptor tail. The newly phosphorylated tyrosines serve as binding
sites for different intracellular signaling molecules. The complex then broadcasts
signals along multiple routes to many destinations inside the cell, activating and
coordinating the numerous biochemical changes needed to trigger a complex response
such as a cell proliferation. Each activating receptor produces multiple outputs (for
details see: Bray, 1998).

ROS were shown to stimulate activities of various receptor and non-receptor
tyrosine kinases (Suzuki et al.,1997; Finkel, 1998). Indeed, patterns of H O  induced2 2

epidermal growth factor (EGF) and insulin RTKs phosphorylation were found to be
identical with those induced by the natural ligands (Gamou and Shimizu, 1995).
Responses by RNOS closely resemble those of ROS (Lander et al. 1993; Stamler,
1994; Martin et al., 1998). However, whereas ligand stimulation results in transient,
highly localized burst of ROS which activates only specific RTKs, RNOS and ROS
produced by other sources may induce a multitude of RTKs which lead to the
activation of a numerous downstream signaling pathways. It is likely that the
stimulation by specific growth factor may activate strong signaling to the nucleus while
part of the signaling induced by ROS or RNOS may be neutralized and not reach the
nucleus (Knebel et al., 1996) (Fig. 3).
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How do oxidants activate tyrosine kinases? It is not yet clear whether reactive
species cause direct activation of tyrosine kinases or the observed increase in tyrosine
phosphorylation is due to inhibition of tyrosine phosphatases. Because all
protein-tyrosine phosphatases have reactive cysteine residues in their active centers
(Fischer et al., 1991), the inhibition of tyrosine phosphatases may account for the
mechanisms of stimulation of tyrosine phosphorylation by ROS and RNOS (Fig. 3).

Receptor tyrosine kinase activation requires homo- or heterodimerization
(Spivak-Kroizman et al., 1994). It was documented that a considerable fraction of
EGFR and platelet derived growth factor receptors (PDGFR) are in close association
in the absence of ligand and exhibit intrinsic tyrosine kinase activity. However, under
basal conditions tyrosine phosphatase activity predominates, since the specific activity
of tyrosine phosphatases is several orders of magnitude greater than that of the
corresponding tyrosine kinases. Increase in ROS causes oxidation of cysteine residue
at the active center and consequent transient inhibition of tyrosine phosphatases, which
temporarily permits a burst of kinases activity. It seems that RTKs as well as
cytoplasmic tyrosine kinases are under the control of different phosphatases, which can
be differently affected with ROS, and thus the signal transduction may vary (Knebel
et al., 1996).

The effects of ROS/RNOS and antioxidants on steps further downstream are less
predictable. It was shown that H O  induces tyrosine phosphorylation of the Src family2 2

protein tyrosine kinases (Nakamura et al., 1993), nitrosation/thiolation of critical
Cys-residue activates p21  (Lander et al., 1995) and the ROS/RNOS may activateras

redox-sensitive transcription factors AP-1 and NF-�B (Devary et al., 1993; Lander,
1993; Stamler, 1994) 

CONCLUDING REMARKS

ROS and NO fulfill several criteria as possible signaling molecules. They are small
diffusible species that are ubiquitously present and can be rapidly synthesized and
destroyed. Contrary to conventional biosignaling ligands that act by binding to specific
receptor molecules, the biological actions of NO and ROS are dictated by the reactions
they undergo with target molecules in cells, membranes, and the extracellular milieu.
The ROS and NO initiated processes are rapid enough to be of metabolic significance.
They are very site directed since the reactivity of radicals suggests that they do not
diffuse far before participating in chemical reactions. 

Oxidation/reduction and nitrosation of critical SH-groups in proteins caused by
ROS and/or RNOS may be more widely exploited as a regulatory principle than is
currently assumed. In other words, continuum of ROS and RNOS (reversible)
modifications of cysteine residues may constitute biological signaling events. The
alteration of protein function by ROS and RNOS may be in many ways analogous to
phosphorylation except that protein modification no longer occurs on specific serine
or tyrosine residues but instead on redox sensitive cysteine residues.

The protein kinases and protein phosphatases seem to be well suited for the
regulation via oxidation/reduction and/or S-nitrosation. But, significant work needs to
be done in identifying direct targets of ROS and RNOS, the molecular basis of ROS
and RNOS sensitivity in proteins, and the relevant sources of their production. Such
work will hopefully provide some understanding of how specificity can be achieved
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using ROS and RNOS as signal transducers. The relative importance of other post-
translational modifications of proteins, which arise from direct reaction with ROS and
RNOS species such as tyrosine nitration, which are expected to occur under toxic
conditions, are yet to be realized.

ROS and RNOS have been postulated to be contributors to the pathogenesis of a
number of diseases, including arteriosclerosis, cancer, and Alzheimer's disease.
Interestingly, clinical and epidemiologic studies have, in some cases, indicated that
antioxidant nutrients may be effective in disease prevention (Palmer and Paulson,
1997). Discoveries that ROS/RNOS and antioxidants can directly affect the cellular
signaling apparatus and, consequently, the control of gene expression may provide the
link between ROS/RNOS and antioxidant chemistries and the mechanisms of disease
processes and prevention.

Acknowledgments. - This work was supported by the Ministry of Science and
Technology of Serbia.

REFERENCES

Bae, Y.S., Kang, S.W., Seo, M.S., Baines, I.C., Tekie, E., Chock, P.B. and Rhee, S.G.
(1997): Epidermal growth factor (EGF)-induced generation of hydrogen peroxide.-
J.Biol.Chem. 272: 217-221. 

Bonner, F.T. and Pearsal, K.A. (1982): Aqueous nitrosyliron(II) chemistry. 1.
Reduction of nitrite and nitric oxide by iron(II) and (trioxodinitrato)iron(II) in
acetate buffer.- Intermediacy of nitrosyl hydride.- Inorg.Chem. 21: 1973-1978.

Bonner, F.T. and Stedman, G. (1996): The chemistry of nitric oxide and redox-related
species.- In: Feelish, M. and Staamler, J.S., eds. Methods in Nitric Oxide
Research. Wiley, London, p. 4-18. 

Bray, D. (1998): Signaling complexes: biophysical constraints on intracellular
communication.- Ann. Rev. Biophys. Biomol. Struct. 27: 59-75.

Bredt, D.S. and Snyder, S.H. (1994): Nitric Oxide: a physiologic messenger molecule.-
Ann. Rev. Biochem. 63: 175-195.

Brown, G.C. (1995): Reversible binding and inhibition of catalase by nitric oxide.-
Eur.J.Biochem. 232: 188-191.

Brune, B., von Knethen, A. and Sandau, K.B. (1998): Nitric oxide and its role in
apoptosis.- Eur.J.Pharmacol. 351: 261-272.

Buzadåiü, B., Spasiü, M., Saiþiü, Z.S., Radojiþiü, R., Halliwell, B. and Petroviü, V.M.
(1990a): Antioxidant defense in the ground squirrel Citellus citellus. 1. A
comparison with the rat.- Free Rad. Biol. Med. 9: 401-406.

Buzadåiü, B., Spasiü, M., Saiþiü, Z.S., Radojiþiü, R., Petroviü, V.M. and Halliwell, B.
(1990b): Antioxidant defenses in the ground squirrel Citellus citellus. 2. The effect
of hibernation.- Free Rad. Biol. Med. 9: 407-413.

Chen, B., Keshive, M. and Deen, W. (1998): Diffusion and reaction of nitric oxide in
suspension cell cultures.- Biophys. J. 75: 745-754.

DeMaster, E.G., Quast, B., Redfern, B. and Nagasawa, H.T. (1995): Reaction of nitric
oxide with the free sulphydryl group of human serum albumin yields a sulfenic
acid and nitrous oxide.- Biochemistry 34: 11494-11499.

Devary, Y., Rosette, C., DiDonato, J.A. and Karin, M. (1993): NF-kappa B acti-vation
by ultraviolet light not dependent on a nuclear signal.- Science 261: 1442-1445.



Vesna NIKETIû et al: CELL REGULATION BY ROS AND RNOS 473

Duarte, J. (1997): Effect of tyrosine kinase and tyrosine phosphatase inhibitors on
aortic contraction and induction of nitric oxide synthase.- Eur.J.Pharmacol. 338:
25-33. 

Dusinoviü, S., Mijalkoviü, D., Saiþiü, Z.S., ûuriü, J., äuniü, Z., Niketiü, V. and Spasiü,
M. (1998): Antioxidative defense in human myocardial reperfusion injury.-
JEPTO 17: 281-284. 

Finkel, T. (1998): Oxygen radicals and signaling.- Curr. Opin. Cell Biol. 10: 248-253.
Fischer, E.H., Charbonneau, H. and Tonks, N.K. (1991): Protein tyrosine

phosphatases: a diverse family of intracellular and transmembrane enzymes.-
Science 253: 401-406. 

Gamou, S. and Shimizu, N. (1995): Hydrogen peroxide preferentially enhances the
tyrosine phosphorylation of epidermal growth factor receptor.- FEBS Lett. 357:
161-164. 

Garley, M.S. and Stedman, G. (1988): The effect of nitric oxide on the kinetics of
decomposition of thionitrates.- J.Chem.Res. Synop: 54-55

Gotoh, Y. and Cooper, J.A. (1998): Reactive oxygen species- and dimeri-
zation-induced activation of apoptosis signal-regulating kinase 1 in tumor necrosis
factor-alpha signal transduction.- J.Biol.Chem. 273: 17477-17482.

Gopalakrishna, R. and Gundimeda, U. (1993): Nitric oxide and nitric oxide-generating
agents induce a reversible inactivation of protein kinase C activity and phorbol
ester binding.- J.Biol.Chem. 268: 27180- 27185.

Gow, A.J., Buerk, D.G. and Ischiropoulos, H. (1997): A novel reaction mechanism for
the formation of S-Nitrosothiol in vivo.- J.Biol.Chem. 272: 2841-2845.

Gross, S.S. and Wolin, M.S. (1995): Nitric oxide: pathophysiological mechanisms.-
Ann. Rev. Physiol. 57: 737-769.

Herrlich, P. and Rahmsdorf, H.J. (1994): Transcriptional and post-transcriptional
responses to DNA-damaging agents.- Curr.Opin.Cell Biol. 6: 425-431.

Iwatsuki, M.K., Kitoh, K., Kasahara, E., Yu, H., Nisikawa, M., Matsuo, M. and Inoue,
M. (1997): Ascorbic acid and reducing agents regulate the fates and functions of
S-nitrosothiols.- J.Biochem. 122: 1208-1214. 

Knebel, A., Rahmsdorf, H.J., Ullrich, A. and Herrlich, P. (1996): Dephospho-rylation
of receptor tyrosine kinases as target of regulation by radiation, oxidants or
alkylating agents.- EBMO J. 15: 5314-5325. 

Konishi, H., Tonaka, M., Takemura, Y., Matsuzaki, H., Ono, Y., Kikkawa, U. and
Nishizuka, Y. (1997): Activation of protein kinase C by tyrosine phospho-rylation
in response to H O .- Proc.Natl.Acad.Sci.USA 94: 11233-11237.2 2

Kourie, J.I. (1998): Interaction of reactive oxygen species with ion transport
mechanisms.- Am.J.Physiol. 275: C1-24.

Kroemer, G., Dallaporta, B. and Reche-Rigon, M. (1998): The mitochondrial death/life
regulator in apoptosis and necrosis.- Ann. Rev. Physiol. 60: 619-642.

Lancaster, J.R. (1997): A tutorial on the diffusibility and reactivity of free nitric oxide.-
Nitric Oxide: biology and chemistry 1: 18-30.

Lander, H.M., Sehajpal, P.K. and Novogrodsky, A. (1993): Nitric oxide signaling: a
possible role for G proteins.- J. Immunol. 151: 7182-7187.

Lander, H.M., Ogiste, J,S., Teng, K.K. and Novogrodsky, A. (1995): p21ras as a
common signaling target of reactive free radicals and cellular redox stress.- J.Biol.
Chem. 270: 21195-21198. 

Maples, K.R., Kennedy, C.H., Jordan, S.J. and Mason, R.P. (1990): In vivo thiyl free
radical formation from hemoglobin following administration of hydroperoxides.-



474 IUGOSLAV.PHYSIOL.PHARMACOL.ACTA, Vol. 34, No.2, 463-477, 1998

Arch.Biochem.Biophys. 277: 402-409. 
Marquis, J.C. and Demple, B. (1998): Complex genetic response of human cells to

sublethal levels of pure nitric oxide.- Cancer.Res. 58: 3435-3440.
Martin, L.D., Krunkosky, T.M., Voynow, J.A. and Adler, B. (1998): The role of

reactive oxygen and nitrogen species in airway epithelial gene expression.-
Environ.Health.Perspect. 106: Suppl 5, 1197-1203. 

McAninly, J., Williams, D.L.H., Askew, S.C., Butler, A.R. and Russell, C. (1993):
Metal ion catalysis in nitrosothiol (RSNO) decomposition.- J. Chem. Soc.
Chem.Commun. 23: 1758-1759. 

Michelson, M.A. (1987): Medical aspects of superoxide dismutase.- Life Chem.
Reports 6: 1-142. 

Milovanoviü S., Varagiü, V.M., Spasiü, M., Miliü, B., Saiþiü, Z. and Petroviü, V.M.
(1984): The relaxing effect of nitro compounds and concentration of cyclic
nucleotides in the isolated rat uterus during various types of muscle activation.-
IUPHAR 9th International Congres of Pharmacology, London, august 27-31,
Book of Abstracts, 420 P.

Milovanoviü, S.M., Varagiü, V.M., and Kovaþeviü, V. (1985): The effects of nitro
compounds on the metabolism of cGMP and the activity of the isolated rat uterus.-
Iugoslav. Physiol. Pharmacol. Acta 21: 229-230.

Moncada, S., Palmer, R.M.J. and Higs, E.A. (1991): Nitric oxide: physiology,
pathophysiology, and pharmacology.- Pharmacol. Rev. 43: 109-142.

Nakamura, K., Hori, T., Sato, N., Sugie, K., Kawakami, T. and Yodoi, J. (1993):
Redox regulation of a Src family protein tyrosine kinases p56lck in T cells.
Oncogene 8: 3133-3139. 

Nakamura, H., Nakamura, K. and Yodoi, J. (1997): Redox regulation of cellular
activation.- Ann. Rev. Immunol. 15: 351-369.

Niketiü, V., Bešlo, D., Raiþeviü, S., Srediü, S. and Stojkoviü, M. (1992): Glutathione
adduct of hemoglobin (Hb ASSG) in hemolysates of patients on long-term
antiepileptic therapy.- Int. J. Biochem. 24: 503-507.

Niketiü, V., Stojanoviü, S., Nikoliü, A., Spasiü, M. and Michelson, M.A. (1999):
Exposure of Mn and FeSODs, but not Cu/ZnSOD, to NO leads to nitrosonium
and nitroxyl ions generation which cause enzyme modification and inactivation:
An in vitro study.- Free Rad.Biol.Med., in press. 

Nikitoviü, D. and Holmgren, A. (1996): S-Nitrosoglutathione is cleaved by the
thioredoxin system with liberation of glutathione and redox regulating nitric
oxide.- J. Biol. Chem. 271: 19180-19185. 

Palmer, H.J. and Paulson, K.E. (1997): Reactive oxygen species and antioxidants in
signal transduction and gene expression.- Nutr.Rev. 55: 353-361.

Petroviü, V.M., Saiþiü, Z.S., Spasiü, M., Radojiþiü, R. and Miliü, B.(1980): Effect of
noradrenaline and thyroid hormones on superoxide dismutase activity in the liver,
brown adipose tissue and brain.- Bull.Acad.Serbe.Sci. 72: 11-18.

Petroviü, V.M., Saiþiü, Z.S., Spasiü, M., Miliü, B., Radojiþiü, R., Janiü-Šibaliü, V. and
Krantiü, S. (1983): Effect of thyroid hormones on superoxide dismutase, thyrosine
hydroxylase and monoamine oxydase activity in the rat brain. In: Neuropeptides
and Psychosomatic Processes, Endroczi, ed, North Holland Publ. Comp.-Hung.
Acad. Sci. House, Budapest, p.511-520.

Petroviü, V.M., Saiþiü, Z.S., Spasiü, M., Radojiþiü, R. and Buzadåiü, B. (1991):
Hormones and antioxidative defense.- In: Anticarcinogenesis and Radiation
Protection 2, Nygaard, O.F. and Upton, A.C. eds, Plenum Press, New York and



Vesna NIKETIû et al: CELL REGULATION BY ROS AND RNOS 475

London, p.405-416.
Petroviü, V.M., Spasiü, M., Saiþiü, Z.S., Miliü, B. and Radojiþiü, R. (1982): Increase

in superoxide dismutase activity induced by thyroid hormones in the brains of
neonate and adult rats.- Experientia 38: 1355-1356.

Peunova, N. and Enikolopov, G. (1993): Amplification of calcium-induced gene
transcription by nitric oxide in neuronal cells.- Nature 364: 450-453.

Polyak, K., Xia, Y., Zweler, J.L., Kinzler, K.W. and Vogelstein, B. (1997): A model
for p53-induced apoptosis.- Nature 389: 300-305.

Pryor, W.A., Church, D.F., Govindan, C.K. and Crank, G. (1982): Oxidation of thiols
by nitric oxide and nitrogen dioxide: synthetic utility and toxicological
implications.- J.Org.Chem. 47: 156-159. 

Radi, R., Beckman, J.S., Bush, K.M. and Freeman, B.A. (1991): Peroxynitrite
oxidation of sulphydryls. The cytotoxic potential of superoxide and nitric oxide.-
J. Biol. Chem. 266: 4244-4250. 

Radi, R. (1996): Reactions of nitric oxide with metalloproteins.- Chem. Res. Toxicol.
9: 828-835. 

Schreck, R., Rieber, P. and Baeuerle, P.A. (1991): Reactive oxygen intermediates as
apparently widely used messengers in the activation of the NF-kappa B
transcription factor and HIV-1.- EMBO J. 10: 2247- 2258.

Simoviü, M.B., Spasiü, M. and Michelson, A.M. (1995): Free radicals in human
miocardial reperfusion injury.- Life Chem. Rep. 12: 227-270. 

Simplicio, P.D., Cacace, M.G., Lusini, L., Giannerini, F., Giustarini, D. and Rossi R.
(1998): Role of protein -SH groups in redox homeostasis - the erythrocyte as a
model system.- Arch. Biochem. Biophys. 355: 145- 152

Singh, S.P., Wishnok, J.S., Keshive, M., Deen, W.M. and Tannenbaum, S.R. (1996):
The chemistry of the S-nitrosoglutathione/glutathione system.- Proc. Natl. Acad.
Sci. USA 93: 14428-14433. 

Spasiü, M.B., Saiþiü, Z.S., Buzadåiü, B., Koraü, B., Blagojeviü, D. and Petroviü, V.M.
(1993): Effect of long-term exposure to cold on the antioxidant defense system in
the rat.- Free Rad.Biol.Med. 15: 291 -299. 

Spasiü, M.B.(1993): Antioxidant defense in mammals - A Review.- Jugoslov. Med.
Biochem. 12: 1-9.

Spivak-Kroizman, T., Lemmon, M.A., Dikic, I., Ladbury, J.E., Pinchasi, D., Huang, J.,
Jaye, M., Crumley, G., Schlessinger, J. and Lax, I. (1994): Heparin-induced
oligomerization of FGF molecules is responsible for FGF receptor dimerization,
activation, and cell proliferation.- Cell 79: 1015-1024. 

Stamler, J.S., Singel, D.J. and Loscalzo, J. (1992): Biochemistry of nitric oxide and its
redox-activated forms.- Science 258: 1898-1902.

Stamler, J.S. (1994): Redox signaling: nitrosylation and related target interactions of
nitric oxide.- Cell 78: 931-936. 

Sundaresan, M., Yu, Z.X., Ferrans, V.J., Irani, K. and Finkel, T. (1995): Require-ment
for generation of H O  for platelet-derived growth factor signal trans-duction.-2 2

Science 270: 296-299. 
Sundaresan, M., Yu, Z.X., Ferrans, V.J., Sulciner, D.J., Gutkind, J.S., Irani, K.,

Goldschmidt-Clermont, P.J. and Finkel, T. (1996): Regulation of reactive-
oxygen-species generation in fibroblasts by Rac1.- Biochem.J. 318: 379-382.

Suzuki, Y.J., Forman, H.J. and Sevanian, A. (1997): Oxidants as stimulators of signal
transduction.- Free Radic.Biol.Med. 22: 269-285. 

Wang, W. and Ballatori, N. (1998): Endogenous glutathione conjugates: occurrence



476 IUGOSLAV.PHYSIOL.PHARMACOL.ACTA, Vol. 34, No.2, 463-477, 1998

and biological functions.- Pharmacol. Rev. 50: 335-356.
Wink, D.A., Hanbauer, I., Grisham, M.B., Laval, F., Nims, R.W., Laval, J., Cook, J.,

Pacelli, R., Liebmann, J., Krishna, M., Ford, P.C. and Mitchell, J.B. (1996):
Chemical biology of nitric oxide: regulation and protective and toxic mechanisms.-
Curr. Top. Cell. Regul. 34: 159-187. 

Received February 16, 1999
Accepted February 20, 1999



Vesna NIKETIû et al: CELL REGULATION BY ROS AND RNOS 477

��������	�
����	���
�������
���������
�������
�������
�
����
��������
�
���������
�����	��

��������	
��� ����������������� ��������������������� � �

��������� ��!�"�"�#��$��%�"�"�!����&��'!(� ���"�"!"�%��)����*��� �

��"��+�$�,���'�-�,��%�� �%����&��!����&��'��!&����$���

� � + � " � �

1DMQRYLMD VD]QDZD XND]XMX GD UHDNWLYQH NLVHRQLaQH �UHDFWLYH R[\JHQ VSHFLHV �

526� YUVWH NDR ^WR VX VXSHURNVLG �2 � L YRGRQLN SHURNVLG �+ 2 �� NRML VH
� � �

��

XRELaDMHQR SRVPDWUDMX NDR QHCHTHQL L WRNVLaQL VSRUHGQL SURL]YRGL CLYRWD X
DHUREQLP XVORYLPD� LPDMX IL]LROR^NH XORJH� 9HOLNRP EU]LQRP GROD]L VH L GR
VD]QDZD GD UHDNWLYQH 12 YUVWH �UHDFWLYH QLWULF R[LGH VSHFLHV � 5126�� NDR ^WR
VX QLWUR]RQLXP �12 � L QLWURNVLO �12 � MRQL� SHURNVLQLWULW �2122 � L YL^L� � �

D]RWRYL RNVLGL �12 � LPDMX YDCQH XORJH X SURFHVLPD X NRMLPD XaHVWYXMH 12� 526
[

L 5126 PRJX GD L]D]RYX UD]OLaLWH `HOLMVNH RGJRYRUH� RG L]PHQD X HNVSUHVLML JHQD
GR DSRSWRWLaQH VPUWL `HOLMH� 6 RE]LURP GD VX WLROL X `HOLML ]DVWXSTHQLML L
UHDNWLYQLML RG RVWDOLK QXNOHRILOD� UHDNFLMH 526 L 5126 VD ZLPD EL`H QDMYL^H
L]UDCHQH� 6YDNL SURWHLQ NRML VDGUCL RVWDWDN FLVWHLQD X DNWLYQRP LOL
DORVWHUQRP FHQWUX PRCH GD EXGH SRJRGDQ ]D UHJXODFLMX VD 526 L�LOL 5126�
.DQGLGDWL VX SURWHLQL NRML XaHVWYXMX X WUDQVGXNFLML VLJQDOD� MRQVNL NDQDOL�
UHFHSWRUL� *�SURWHLQL� SURWHLQVNH NLQD]H L IRVIDWD]H L WUDQVNULSFLRQL IDNWRUL�
8 RYRP UDGX XNUDWNR VX RSLVDQL PHKDQL]PL QDVWDMDZD 526 L 5126 L ZLKRYH
UHDNFLMH VD WLROLPD� 8ORJD 526 L 5126 X UHJXODFLML `HOLMVNLK SURFHVD
LOXVWURYDQD MH QD SULPHUX WLUR]LQ�NLQD]QLK UHFHSWRUD�

3ULPTHQR �����������
3ULKYD`HQR �����������


