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MULTIFUNCTIONALITY OF ANTIOXIDANT SYSTEM IN INSECTS
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Abstract - Amount of reactive oxygen species (ROS) produced in tissues of vertebrates is regulated by their
elimination through coordinate action and level of enzymatic (SODs - superoxide dismutases, CAT-catalase,
GSH-Px - glutathione peroxidase, GSTs - glutathione-S-transferases and GR - glutathione reductase) and
non-enzymatic (glutahione, ascorbate and tocopherols) antioxidant (AO) components. Different from ver-
tebrates, incest species lack selenium-dependent GSH-Px and posses active enzymatic ascorbate recycling
pathway serving to eliminate hydrogen peroxide. Moreover, the sites of ROS generation in insect cells are
compartmentalized and dislocated within the cells. Consequently, AO components are widely distributed at
subcellular level. The mode of the regulation of AO components functioning in insects has been studied in
diverse insect species employing different agents acting as inducers of oxidative stress, as well as during re-
production, development and ageing. The results reported so far showed that incest AO system is very flexi-
ble and dynamically organized. Besides, it has been demonstrated that this system operates not only to
eliminate extensive ROS but also to recompose particular ROS which express direct physiological effects

(e.g. hydrogen peroxide and nitric oxide) and to establish optimal redox state.

INTRODUCTION

Generation of reactive oxygen species (ROS) rep-
resents one of the accompanying phenomena during
oxygen metabolism in aerobes. ROS are produced in
diverse biochemical reactions and the respiration proc-
ess during which about 2% of molecular oxygen are
permanently transformed into superoxide anion ra-
dical (O,") represents the principal generator of ROS.
On the other hand, superoxide anion radical is catalyti-
cally reduced to a high extent into hydrogen peroxide
(H202) (Harman1972;Nohl and Hegner 1978
Chance efal 1979). Among other processes known
to generate ROS in the concentrations significant for
the cells and characteristic for insect species, it is worth
mentioning monooxygenation of different classes of
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molecules( o, is generated), microsomal oxidase reac-
tions (H O, is' produced) (Hoffman and Hetru
1983), as well as Fenton and Haber-Weiss reactions
resulting in hydroxyl radical (-OH) production (H a11-
iwell and Gutteridge 1999). Because of their
relatively high reactivity, ROS are interacting not only
with each other but also absolutely unspecifically with
different classes of the molecules within a cell. Hy-
droxyl radical, known for its high reactivity interacts
with almost any of the vicinal molecules. Specificity of
intracellular ROS action can lead in the end to the al-
terations in the structure of constitutive cellular mole-
cules through a series of chain radical reactions. These
structural alterations are termed oxidative injuries
(Halliwelland Gutteridge1999).
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Connected to the above mentioned facts, a group
of enzymes and low-molecular weight components that
act transforming ROS into non-radical or weakly
reactive molecular specics has been classified as cellular
antioxidant defence mechanism. Principal physiolo-
gical role of this mechanism is to prevent development
of oxidative injuries (Cotgreave etal 1988 Mat-
suo 1993).

REACTIVE OXYGEN SPECIES (ROS) AND
THE COMPONENTS OF ANTIOXIDANT
SYSTEM IN INSECTS

The concept of antioxidant defence system
suggested a functional connection of its components
and completely viewed, it should be considered as a
physiological system. This is justified by the fact that the
sequences which involve components of antioxidant
defence system -and lead to the elimination of possible
negative ROS effects are. linked with each other. Dis-
mutation of superoxide anion radical in the inner mito-
chondrial membrane to H,O, by manganese-containing
superoxide dismutase would be the first functional step
as shown by the equation (1):

MnSOD
20+ 2H' —5HO +0 (1)
2 2 2 2

Cytosol  copper-zinc-containing SOD  form
(CuZnSOD) dismutates Oy~ in the cytosol also into
H,0, (Fridovich 1995). However, this reaction
does not prevent further possible oxidative damages
because H,0, itself, represents a strong oxidative agent
and a mediator of -OH generation wia Fenton and/or
Haber-Weiss reactions. Hydrogen peroxide is enzyma-
tically decomposed by the action of catalase - CAT (H a
Iliwell and Gutteridge 1985):

CAT
2HO —»2H O +0 2
2 2 2 2
In vertebrates, H,O, can also be transformed by

the action of sclenium-dependent glutathione peroxi-
dase - GSH-Px(Cotgreave efal 1988):

GSH-Px

2GSH +H O, —> 2H O + GSSG (3)

However, the data reported so far demonstrated
the absence of this enzyme in inscct species (Smith
and Shrift 1979;Sohal eral 1990; Bolter and
Chefurka 1990; Ah mad1992;Grubor- Laj-

$i1¢ etal 1996;Jovanovié-Galovié etal
1997, Jovanovié-Galovié 1998). Due to its
higher affinity for H,O, comparing to CAT, GSH-Px is
considered to play a key role in the maintenance of the
cellular homeostasis in mammalian tissucs. Since in-
sects do not contain this important functional compo-
nent, one can ask a question on the organization of
protection against oxidative injurics in insect species.
However, in 1995, Felton and Summers re-
ported the activity of a specific ascorbate-recycling
mode for hydrogen peroxide climination to be present
in insects. Reduction of H,0, by the action of ascorbate
peroxidase - APOx, representing the first step, as shown
by the equation (4):

APOx
AsA + HZO2 —> 2H,0 + DAsA (4)

The resulting dehydroascorbate (DAsA) gets further
retransformed into the ascorbate by the action of dehy-
droascorbate reductase DHAR (Summers and Fe-
Iton 1993), as seen from the equation (5):

DHAR

2GSH + DAsA —> AsA + GSSG (5)

Glutathione (GSH) serves as an electron donor
for this reaction during which it is oxidized to its disul-
fide form GSSG. Reduction of thus formed GSSG oc-
curs by the action of glutathione reductase - GR and
NADPH consumption (Griffith 1980) as shown by
the following equation:

GR ‘
GSSG + 2NADPH —» 2GSH + NADP+  (6)

Such a mode of protection against oxidative inju-
ries is rather functional and represcnts the first line of
defence at the cost of consumption of the reduction

" cofactors.

Taking into account the absence of GSH-Px ac-
tivity in insects on the one hand and considering func-
tional efficiency of an antioxidant system outlined in
such a way on the other hand, it could be assumed as
theoretically completed and functionally sufficient, be-
cause the above listed reactions result in the formation
of water and oxygen molecules. However, Fenton reac-
tion and/or Haber-Weiss rcaction can lead to the foma-
tion of hydoxyl radical (-OH) which can further produce
lipid peroxides via its chain reactions with lipids. Be-
cause of that, the enzymes catalyzing decomposition of
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lipid peroxides represent also the components of the
antioxidant system. In the cells of vertebrate species
lipid peroxides are transformed into the corresponding
alcohols by the action of selenium-dependent glutathi-
one peroxidase and a glutathione-S-transferase (GST)
isoform possessing peroxidase activity - GPOx. In insect
species, however, lipid peroxides are eliminated only by
the action of GPOx because of already mentioned fact
that they do not possess the activity of selenium-
dependent GSH-Px (Ahmad etal 1989):

GPOx
2GSH + LOOH — LOH + H,O + SSG (7)

It could be considered that antioxidant compo-
nents listed above provide an adequate protection at
the level of basal metabolism and decrease the possibil-
ity for the development of cellular injuries. However,
there is no enzymatic protection for the elimination of

‘OH radical. It is eliminated by ascorbic acid (AsA) in
hydrosol and by vitamin E in lipophilic compartments,
the latter being dominant in ceasing radical chain reac-
tions in the cell membrane, thus preventing the evolve-
ment of lipid peroxides (Halliwel and Gutteri-
d g e 1999). As a result of the reactions of ascorbate
and vitamin E with radical species, stable ascorbate and
vitamin E radicals arise and it can be assumed that this
arrests further radical propagation. In insects, the ac-
tivity of ascorbate radical reductase (ARR) enables the
return to zero homeostatic state (Felton and Duf-
fey 1992) as shown by the following cquation:

ARR

AsA + NADPH —> AsA + NADP (8)

The data of several authors clearly demonstrated
that ascorbic acid acts efficiently and at a high reaction
rate reducing vitamin E radical while transforming itself
to the corresponding radical form which is further en-
zymatically reduced to AsA as shown by the equation
B)(Niki 1991; Wijesundara and Berger 1994)
In this way the concept on AQO system in insect species
could be assumed to be completed. However, the num-
ber of antioxidant components and their functional role
in insects still remains an open question. The presence
of different peroxidase (POx) classes is one of
controversies. In the reaction of hydrogen peroxide
reduction, peroxidases generally use different classes of
reduction cofactors (RHy):

POx
RH, + H,O, — R + 2H,0 9)

However, peroxidases have bees uetected neither
in all insect species studied so far, nor in all insect
tissues(Ahmad 1992; Felton anl Summers
1995). So, they don’t have to be assumed as an obligate
component of antioxidant protection in insects.

Different classes of generically a. d/or nutritiona-
lly present non-protein molecules have »een considered
for a relatively long period of time as to play a role of
antioxidants in insects. This list includes :arotenes (R o-
binson and Beatson 1985; A had 1992), ca-
rotenoids (Kayser 1982 ), uricacid (Hilliker et
al1992; Felton and Summers 1995), polyols
and some carbohydrates (Halliwell and Gutter-
id g e 1990). However, it is still unclear whether the
antioxidant action represents their primary role or the
consequence of their chemical properties and relatively
high concentration within the tissues under certain
physiological conditions or developmental stage (G u -
bor-Laj§ié etal 1992a; Worland etal 1998,
2000). However, it has been demonstrated that
trehalose, a primary carbohydrate in the insect
haemolymph can scavenge hydroxyl radical much more
efficiently than the glucose (Felton and Summ-
ers 1995). Glycerol and cthylenc glycol accumulating
during the winter period in insect species as anhydro-
protectors and antifreeze compounds have also been
suggested to be potential free radical scavengers (Blo
-ck 1990; Duman etal 1991;Block efal 1993).
In addition, it should be mentioned that 3-kydroxykynu-
renine, a precursor of the eye pigment in insects,
also expresses antioxidant properties (W a d a n o
et al. 1993).

It is also very interesting to discuss the formation
of peritrophic matrix - PM (peritrophic membrane) in
insects. It represents a special protective layer formed
around ingested material in the midgut of most of
insect species. PM protects epithelial midgut cells
against abrasion by food particles, binds toxicants and
prevents penetration of pathogenes into epithelial
midgut cells. It consists of chitin and protein layer that
represents the first barrier against prooxidants.
Polysaccharide prope-tties of chitin help it to serve as
an efficient sink of reactive oxygen specics. It has been
reported that under in vitro conditions, PM not only
diminishes the extent of lipid peroxidation, but also
represents a rather efficient scavenger of OH radicals
(Felton and Summ e rs 1995). PM greatly
resembles mammalian gastric mucin, which is also a
polysaccharide-protein complex that acts as an impor-
tant scavenger of reactive oxygen species.
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There are also some molecules which are not
antioxidants but act diminishing potential danger of
oxidative injuries and because of that they are very

frequently referred to as a part of antioxidant defence.

"Transferrin and ferritin belong to this group of compo-
unds, although their principal physiological role is to
transport and storage iron and copper ( Locke and
Nichol 1992). The reason for their involvement into
the concept of antioxidant system should be sought for
in the elimination of free metal ions that could lead to
both the initiation and propagation of radical processes
from a broad cellular environment and cytosol into cell
compartments. In addition to transferrin and ferritin,
cerulloplasmin that catalyzes the oxidation of Fe?* to
Fe** without ROS generation and metallothioneins
and similar compounds belong to the above group of
molecules that efficiently bind the metals M aroni
et al. 1986). However, their active participation in the
process of antioxidant defence and thus in the antioxi-
dant system of insects still remains to be elucidated (Po-
le k et al. 1993). Connected to the above assumptions,
low molecular weight compounds such as ATP, citrate,
lactate, uric acid, ete. which behave as chelating agents,
could be hypothesized to play a role in antioxidant
defence, as well. When considering whether all these
molecules represent components of the antioxidant
system, it is of utmost importance to establish their
relation to the sum and significance of radical processes
themselves, and especially their relation to primary
antioxidant components. Further studies along these
lines are necessary to determine experimentally these

- relations.

COMPARTMENTATION OF GENERATION
SITES OF ROS AND ANTIOXIDANT SYSTEM
COMPONENTS IN INSECTS

Subcellular distribution of AO components in in-
“sects clearly differs from that occurring in vertebrates.
The most prominent difference is related to catalase
which is widely distributed at subcellular level in insects
"(Ahmad and Pardini 1990), while in mammalian

species this enzyme is dominantly localized in perox--

isomes (Fukami and Flatmark1986). Such a
wide subcellular distribution of catalase in insect spe-
cies could be explained in terms of the absence of sele-
nium-dependent glutathione peroxidase. Also, ferritin
is dominantly localized in vacuoles (Nichol and Lo
" cke 1989) and in this way it is distant from cytoplasmic
membranes, cytosol and the nucleus what minimizes the
possibility for the generation of *OH radicals and lipid
peroxides. It seems that the distribution of GPOx activ-
ity is accompanying the sites of potential generation of

lipid peroxides, while in mitochondria the activity of
this enzyme has not been detected (Ahmad et al
1988; Ahmad andPardini 1990).

The level of insect antioxidant system components
was found to be tissue-specific. Metabolically active
tissues such as fat body, midgut and Malpighian
tubules, known for the most extensive ROS production
possess relatively significant activity of all AO enzymes.
In contrast, the activity of AO enzymes in haemolymph
is either very low or even under the level of detectability
(A hmad 1992), although it contains a protein
complex that actively generates O, (T o r u  1994).
Production of free radical species in insect haemolymph
has been confirmed by the data of numerous authors
(Arakawa 1995;Arakawa etal 1996; Grubor
-Lajgi¢ 1997b; Whitten and Ratcliffe 1999).
Since both oxidants and antioxidants take part in the
processes of differentiation, signal transduction, gene
expression and apoptosis, it could be speculated that an
increased radical production might be important for his-
tolysis and histogenesis processes occurring during meta-
morphosis of insects (Sohal efal 1986; Sohal and
Allen 1990).

FUNCTIONAL ASSOCIATION AND
COORDINATION OF ANTIOXIDANT SYSTEM
COMPONENTS IN INSECTS

The problem of AO defence has been usually dis-
cussed in the available literature taking into considera-
tion enzymatic components ( Pritsos eral 1988 a,b;
Ahmad and Pardini 1990; Pritsos 1990; F e-
lton and Duffey1991, 1992; Summers and
Felton 1993; Batcabe etal 1994). This is rela-
tively logical, because these components represent con-
stitutive elements of the endogenous system what
makes it possible to endogenously regulate their activ-
ity. Concentration of low-molecular weight antioxidants
within the tissues is susceptible to dict-related modifica-
tions. Thus, the regulation of their level within the
frame of a general concept of the antioxidant system
represents the objective of more complex mechanisms
which include trophic regulation, as well as processes of

- adaptation and development, ecological interactions

and coevolution. However, due to the heterogeneity of
nutritive and environmental conditions numerous insect
species are exposed to, there are some exceptions. The
number of antioxidants contained in plant diet is rather
high and all of them can play a role of ‘an additional
antioxidant defence that disguises possible role of the
primary, enzymatic antioxidants. Also, coevolution of
insects and host plants resulted in the development of
trophic adaptations and as a consequence, this led to
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differences in utilization of plant nutrient components

which can contribute to the establishment of oxidative
equilibrium in a different way. The present study was
aimed at better understanding of endogenous func-
tional organization of antioxidant system characterizing
insect species. Although the differences in the organi-
zation (relative share and significance of individual
components) result from' genetic programmes charac-
teristic for individual species, metabolic rate and com-
bination of different genetic factors in broader sense of
meaning, and although it seems that the animals main-
tain homeostasis by the entire antioxidant level (Cut -
ler 1984;Sohal and Allen 1986), the problem
should be considered from the aspect of their structural
organization, as well.

Analysis of ROS generation pathways clearly
shows that the simplest way for the understanding of
the AO system functionality could be found when con-
sidering physiological axis SOD — CAT. So, the entire
generated Oy~ would be dismutated by the action of
SOD to H,0,, which would be further transformed into
water molecules by catalase action. Because of that,
these two enzymes were assumed to be a physiological
tandem. A 11 e n et al (1984) treated houseflies
(Musca domestica) with a metabolic generator of Op”
and observed not only an extensive generation of H,0,
as a result of dismutation, but also an increased CAT
activity. This means that the activities of these two
enzymes should be coupled and in correlation with the
resulting reduced concentration of oxidatively damaged
cellular molecules. Such an assumption has been
confirmed by the results of sophisticated experiments

performed by Orr and S o hal(1994). These authors .

have inserted extracopies of the corresponding genes
for SOD and CAT in Drosophila melanogaster genome
and observed a decreased amount of oxidative damages
in transgenic individuals comparing to that recorded in
the original wild type controls (O rr and So hal
1994; S o h a1 ‘et al 1995). From the onset of
experiments, they included only modified fruit flies

which had SOD and CAT activity increased by 50%,.

while all other modified transgenic genomes were
excluded. This enabled them to use only individuals

with an increased gene expression, so that the enhanced .

enzymatic activitics were not induced but constitutive
ones. The results of these experiments confirmed only
the theoretical concept, but not the physiological one
which would mean an active correlation of the compo-
nents as a dynamic response to the changes of the
oxidative status. Such a correlation has been recorded
in mammals but as SOD — GSH-Px metabolic axis
(Blagojevié efal 1998). At the same time, in
bean weevil (Acanthoscelides obtectus Say) as a repre-

sentative of insect species, no correlation between the
activities of SOD and CAT has been recorded (Bla -
gojevicé etal 1998). Experiments with transgenic
fruit flies with inserted individual SOD gene failed to
provide the expected effects (Se to ef al 1990). Even
a higher mortality rate has been observed in transgenic
Drosophila individuals with a SOD extra gene copy in
relation to the corresponding controls (Reveillaud
et al. 1991) and in this context, hypothesis on SOD-
CAT as a physiological tandem would be justified.
However, higher SOD activity in transgenic fruit flies
was not accompanied by an endogenous increase of
CAT activity necessary to establish homeostasis accor-
ding tosuch a model Reveillaud efal 1992).
Also, the results of experiments with the reduction of
the constitutive SOD and CAT activities revealed no
positive coordination and correlation of SOD and CAT
activity in both directions (Reveillaud efal 1992;
Orr etal 1992). The data obtained in the same
experiments even demonstrated that neither SOD, nor
CAT are essential for the cellular viability per se (P hi-
lipsetal 1989; O 11 et al 1992). This means that
insects either have a broader tolerance limit against
ROS than the vertebrates, or antioxidant system plays
another physiological role in addition to the coupled
protective one. In the latter case, antioxidant system in
insects should be examined in more details and from
different aspects.

Principles of the regulation of ROS equilibrium,
functional connections and possible coordination of
AO system components in insects were analyzed under
conditions of experimentally provoked oxidative stress
employing different agents. A general conclusion that
could be drawn out from thus obtained experimental
results suggests that depending on the kind of oxidative
stress, AQO system dynamically establishes new relations
that provide homeostasis. These new relations also
include dynamic reorganization of isoforms of AO com-

.ponents as suggested recently by Perié¢-Mataru-
‘g a etal (2000). The data obtained in such experiments

demonstrated that the role of SOD and, CAT activity is

~ significant, but not the only one. An increased SOD

activity under conditions of oxidative stress has not
been always accompanied by an enhanced CAT activity,

although the results have clearly demonstrated an

elevated H,O, production (Peri¢-Mataruga ef
al. 1997). Numerous authors recorded an increased glu-
tathione level as a response to oxidative stress applied
to several insect species (Allen efal 1984, 1985;
Sohal etal 1984; Sohal 1988;Peri¢-Mata-
ruga etal 1997), as well as the activation of the
mechanism directed towards O, consumption (Alle n
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and Sohall982;Sohal etal 1984; Allen etal
1984, 1985). Taking into account the absence of GSH-
Px in insects, an increased glutathione levels could be
explained in terms of its direct antioxidant properties
and the role of cofactors in GST-mediated elimination
of lipid peroxides, but also by the restitution of SH
groups of active molecules, maintenance of the redox
state within a cell and control of cellular Ca®* ion con-
centration. Participation of GSH in ascorbate recycling
mechanism has not been examined in the above
experiments. However, keeping in mind the role of
ascorbate recycling enzymes in insects, it is clear that
this mechanism can be of great importance from
physiological point of view. Connected to that, it is
worth mentioning that the ascorbate-enriched diet was
shown to lecad to a decrease of glutathione level in
insect cells (Soh al et al 1985), clearly pointing to an
economical cellular manipulation with redox-active
molecules. It is interesting to note that in the cases of
an cxceeding working limit of constitutive AO enzymes,
a compensatory decrease of O, consumption occurs.
This demonstrates two-way functional connection of
oxidative metabolism level and the amount of ROS. It
could mean that ROS mediate or take part in the
processes of metabolism regulation and if affirmative,
the role of AO system would be to discretely direct
their concentrations towards the regulatory ones. There
are some data in the available literature demonstrating
a direct regulatory role of ROS in physiological
processes of insects. It has been shown recently that
H,0, can provoke apoptosis of insect cells (Hasnain
et al. 1999), as well as the sequence of molecular events
of induction characteristics (Courge on et al 1988).
To obtain a complete picture on a possible regulatory
role of AO system which could be of great significance
for insect physiology, it is necessary to provide an
insight into the functioning of this system not only
under conditions of protection against oxidative injuries
but also under conditions of the regulation of the basal
vital processes.

Most of the results related to the functioning of
insect AO system have been obtained using different
insect species as experimental models in the studies
concentrated on ageing processes and especially on the
evaluation of free-radical theory of ageing. Quite a
number of papers referred to in the present review had
such a starting point. It has been believed that the
ageing represents a process of accumulation of ROS-
mediated oxidative injuries and that AO system plays a
key role in the longevity. The results obtained in
experiments of O rr and S o h a1 (1994) confirmed

such a hypothesis. However, numerous authors failed to
demonstrate that longevity or increased average life
span are accompanied by a clear linear elevation of AO
activity (Massie etal 1975;Niedzwiecki et
al. 1992;Seslija et al 1999). An increased average
life span can be achieved in insects employing diffcrent
sclection regimes which act altering physiological status
of individuals, as well. So, it has been reported that
Drosophila melanogster individuals genetically mani-
pulated for postponed senescence employing selection
regime for resistance to starvation had increased lipid
levels (Service 1987; Zwaan et al 1991). On the
other hand, application of the selection regime directed
towards resistance against desiccation (Service ef al
1985; R o s e. 1990) provided individuals with an eleva-
ted glycogen concentration accompanied by a decre-
ased motoric activity and metabolic rate (Graves ef
al. 1992). However, there is no cither biochemical
and/or physiological ageing pattern that could be posi-
tively established and reasonably presented (S o h al
1985). Besides, longevity is a quantitative character
(Luckinbill etal 1988, Arking ctal 1993)
controlled by several gene loci (Hutchinson and
Rose 1990; Luckinbill eral 1987). So, keeping
these facts in mind, AOQO system could be described
as a segment of functional metabolic control of vital
processes.

Changes in insect AO system components have
been recorded during development (Grubor-Laj-
§i¢ etal 1992b,1997a; Peri¢-Mataruga etal
1997,2000; Jovanovié-Galovié 1998), as well
as in reproduction processes (Blagojevié 1996;
Blagojevié etal1997;Seslija efal 1999) and
the results did not demonstrate that the participation of
AQO components is connected only with the segment of
antioxidant defence. So, Grubor-Lajsié efal
(1997a) observed a species-specific change in glutathi-
one level in diapausal larvae of European corn borer
(Ostrinia nubilalis) under conditions of a decrcased
ambient temperature. These results were interpreted in
terms of developmental programme in which glutathi-
one plays a very significant role unrelated to its antioxi-
dant properties. In addition, it has been shown that
both dehydroascorbate reductase and glutathione play
an important role in developmental processes of
Ostrinia nubilalis. At the same time, compensatory
functioning of DHAR and GR in the direction of an
increased reduction of cofactors, ascorbate or
glutathione, available to the larvae or the pupae in a
certain developmental stage to a greater extent, as well
as a clearly correlated activity in the control of redox
state were observed Jovanovié-Galovié
1998). It is interesting to note that physiological
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mechanisms during insect development represents the
consequence of long-lasting cocvolution of insects and
host plants, ccological factors and inherent deve-
lopmental programme. The results obtained in experi-

ments related to inscct reproduction pointed to catalase

and glutathione as the factors involved in this process
(Blagojevi¢ etal 1997). Reproduction of insects
includes signal, hormone-mediated events and metas
bolic activity. From this point of view, AO system could
be clearly classified as a segment of protection.
However, it is known that in insects NO - ¢cGMP signal
pathway i is operative (Ribeiro etal 1993 Dow et
al. 1994). Consequently, the role of AO systen1 in these
processes could not be assumed as to be passive,
because a significant part of this system is NO redox-
based (L i p‘t on et al 1993). Thus, the role of AO
system is not limited to the necutralization of ROS,
because it takes part in prestructuring of active
molecules towards physiologically functional conce-
ntrations. Similar to vertebrates, active generation of
free radical species has been demonstrated to occur in
insect cells. Superoxide anion radical is actively gener-
ated in haemocytes of the haemolymph (W hitten
and Ratcliffe 1999), while in addition to super-
oxide anion radical in neural cells of insects and salivary
glands of some blood-sucking inscet species, nitrogen
oxide (NO) with a distinct physiological 1ole is synthe-
sized(Ewer etal 1994, Dow etal 1994;Ribeiro
and Nussenzveig 1993). So, additional logics on
the physiological role of antioxidant system compo-
nents still remains and open question.. This is related
first of all to SOD as a barricr of peroxinitrite (ONOO")
generation, the role of glutathione as a redox factor,
mediator of different cellular processes and physiologi-
cal carrier of S-nitrozothiol. In addition, reactions of
ROS with regulatory molecules can result in the change
of the cffector physiological processes. It is to be ex-
pected that in the near future the studies along these
lines will provide the answers to some of the above
questions what would greatly enrich our understanding
on multifunctional activity of mdmdual antioxidant
components in insects. nes e
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