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In this work, the role of adipokinetic hormones (&) in specific pathological conditions
known as oxidative stress (OS) was evaluated iciss A previous suggestion that the AKHs
reverse the OS status elicited by the herbicidaqueat was confirmed using other OS elicitor
insecticides malathion and endosulfan in the atassnodel species the firebtyrrhocoris
apterus Nevertheless, the main part of this work is fecl®n another insect model a
herbivoreSpodoptera littoraliLepidoptera), where the OS was elicited by tarauicl and
where the impact of both OS and AKH treatment wealuated in larval midgut tissue.
Several markers of OS including activities of axtiant enzymes, their gene expression,
protein carbonyls and reduced glutathione levekeweeasured. The results confirm the active
role of AKH in activation of antioxidative defenceactions and suggest a pathway partially

through which the antioxidant effects of AKHs coblel realized.
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Introduction

Embarking on research on aspects involving insedberinology and oxidative stress
brings with it certain inherent complications besawof a relatively low number of published
literature or data available on this topic. In myastigations, | have attempted to uncover a
role of insect adipokinetic hormones (AKHSs) duringidative stress (OS, see below)
conditions elicited by various stressors which abde to induce a massive production of
reactive oxygen species (ROS). The AKH, which ipeptide primarily participating in
energy metabolism in probably most insect speciess in the last decade found to be
involved also in some additional functions that Wonot necessarily be related to energy
metabolism. There are studies demonstrating thaH A&vel in various insects elevates
during stress conditions after application of tex{(fh) and insecticides (2-5), or suggesting a
certain role of AKH in immune response after themoamogen treatment (6-10). Some of
these observations also indicate a feed-back regulbetween oxidative stressors and AKH
action, and the possible involvement of AKH in aritlative protective reactions (1-3,11,12).
However, the mechanisms of the mode of AKH actidine€t or indirect) and their possible
differences among the insect species, are far fl@ar and demand intensive and extensive
investigations. In this study, it was thought woirnkiestigating the putative role of AKH in
mitigating oxidative stress elicited by oxidativeressors in insect model systems. The
question however remains on what are the spedatieviays by which AKH initiates possible
signaling cascades culminating in the observedxzidtant effects and it is felt that the full
answer to this question is not possible througs tiesis since the main emphasis given here
is on the overt antioxidative actions of AKH in pesse to OS. In fact, this study
encompasses a comprehensive investigation on #rlbantioxidative action and potential
of AKH to respond to OS, rather than probing int® tdetails of a particular pathway
involved in the process, which would be objectif@sfurther research. This was thought to
be the proper way to investigate the role of AKHOS8 responses in insects. It is felt that the
work presented herein would pave the way for atgreanderstanding of the endocrine
system in regulation of OS responses in insects laglg in initiating studies on the
development of biorational pesticides in the fiefcentomology and also open new vistas of

research on endocrine regulation of response tn@# field of biomedicine.



1. Reactive oxygen species: formation, function andetoxification

The oxygen molecule is a crucial component of “edlular breathing” in almost
every tissue compartment of aerobic organisms. Urmtgh normal and pathological
conditions, oxygen can be relatively easily transied into highly reactive ROS, such as
superoxide radical (£), hydrogen peroxide (#D,) or hydroxyl radical (OF. The ROS are
generated by several mechanisms in the cell, sschha electron transport chains in
membranes and by enzymes producing superoxide auch as phagocytic and non-
phagocytic NADPH oxidases (14) or cytosolic xan¢hoxidase (15). A substantial part of
ROS (usually over 90%) in living organisms is progd by electron-transport chains -
mitochondrial, endoplasmic reticulum, plasma andlear membranes, and photosynthetic
system (13,16).

Evidences have been accumulated in the last 46s ybat ROS can act as both
beneficial and deleterious agents depending onesdration in which they are present in the
cells but also on the momentary antioxidant po#atrif target tissue exposed to oxygen
radicals. Deleterious effects of ROS are usuallysegquences of impaired cellular defense
mechanisms or uncontrollable burst of ROS withssues that both lead to pathological
conditions called oxidative stress (see sectioarn®) will be discussed later. Beneficial effects
of ROS occur at low/moderate concentrations analugv physiological roles in defense
against infectious agents and in the function atuieber of cellular signaling systems (Fig.
1). Briefly, low intensity of ROS formation is m&ynsensed by the Keapl/Nrf2 system which
up-regulates downstream genes encoding antioxidamtymes in animals (17,18).
Intermediate ROS concentrations also increase thieitg of antioxidant enzymes, but
mainly via the NF-kB and AP-1 pathways (19,20). dith low and intermediate ROS
concentrations, the MAP- and other kinases inclygirotein kinase C are also involved in
signal sensing and cellular response, leading hameed antioxidant potential (21,22). At the
molecular level, most of the ROS-regulatory effecse realized through either
phosphorylation or reversible modification of sfieccysteine residues of target regulatory
proteins leading to activation or release of spedifanscription factors and expression of

target antioxidant genes, respectively.
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Fig. 1 — Model of OS-initiation treshold. A low ROSformation induces Nrf2, a transcription factor
implicated in the transactivation of gene coding foantioxidant enzymes. An intermediate amount of RG
triggers an inflammatory response through the actiation of NF-kB and AP-1, and a high amount of
oxidative stress induces perturbation of the mitocbndrial PT pore and disruption of the electron trarsfer,
thereby resulting in apoptosis or necrosis (21, mdfied).

1.1 Superoxide radical “Initiator”

Mitochondrial respiration is not the only proceskich can generate superoxide
radical (see section 2.1). Arising either throughtabolic processes or following oxygen
“activation” by physical irradiation, © is considered the “primary” ROS, and can further
interact with other molecules to generate “secoyidROS, either directly or prevalently
through enzyme- or metal-catalyzed processes (@3).is an anion molecule that is
impermeable to membranes such as the inner membfahe mitochondria. However, anion
channels have also been shown to be able to &deilthe @ transport across the cell or
mitochondrial membrane (24,25).,Qends to spontaneously dismute to hydrogen perpxide
particularly when pH is about 4.7 (26), @an also act as both reductant and an oxidant (27),
thus expanding its reactions with many biologicablesules such as oxidation of both
ascorbic acid and-tocopherol (28), and reductions of both ketone® @hd metal cations
(30).

The superoxide radic&brmedin vivo, either functionally or accidentally, is disposed
of by enzyme superoxide dismutase (SOD) discoveréd69 by McCord and Fridovich (31)
and described also in insects (32). This reactuos finstantly and leads to the formation of
H,0,. In the proximity of iron cation (P8, the Q" is oxidized and gives rise to ¥eation,

which can subsequently react with®4 in Fenton’s reaction to create dangeroit radical.
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In the Haber-Weiss reaction, the @lone reacts with D, and again, the OHis formed
(33). Thus, the uncontrollable presence of @ the cell is responsible (directly or via
intermediates) for further generation of ROS angra@ation of macromolecules.

Superoxide radical also plays a key role in adaptesponses which has evolved in
many organisms to protect the cellular environnierh oxidative stress (see section 2.1). In
bacteria, where this process is well described,dRidizes transcription factor SoxR which
activates transcription of tigoxSgene. Intensified expression of tRexSesults in increased
levels of the specific MRNA and SoxS protein whigh turn, activates the expression of
target genes for superoxide dismutase, endonuct@agkicose-6-phosphate dehydrogenase

which all have protective functions in the cell .34

1.2 Hydrogen peroxide “Propagator and Messenger*

Compared to @, H,O.is a stronger oxidant, and is much more permeabtells or
mitochondrial membrane by passive diffusion. Thggest threat posed by.H, consists in
its oxidative features when reacting with " GHaber-Weiss reaction) or with £ ions
(Fenton’s reaction). Both elicit generation of daroms OH radical (see below). High
concentrations of D, (MM level) can cause severe damage on proteiri3N#, as well
initiate lipid peroxidation (33).

As in vertebrates, hydrogen peroxide is eliminategd several enzymes with
peroxidase activities in insects. The prime rolglsyed by catalase (CAT) that is mainly
located in peroxisomes and its main function igiécompose the reactive;®} into water
and oxygen (32). CAT tends to reduce small perexslech as pD,, but has no effect on
larger molecules such as lipid hydroperoxides. Aaptenzyme, the ascorbate peroxidase
(AsPx), scavenges hydrogen peroxide (ascorbicatiO, - dehydroascorbic acid + 28)
at low concentrations which are not normally scaeehby CAT (which has a high Km) (35).
Insects also possess several glutathione S-trassfer (GSTs), a diverse family of
detoxification enzymes, part of which has peroxedilse activity (GSTPx)36-38). GSTPx
is effective in targeting hydroperoxides (ROOH+2GSHROH + HO + GSSG) but is
unreactive toward hydrogen peroxide.

Hydrogen peroxide has been shown to be involvetklhsignaling, most likely as a
second messenger (39). Different concentrationd,0f, affect repression of various genes
involved in the T cell response, mitochondrial fiime, growth arrest of the cell or iron
metabolism (40). Similarly as was shown for traipgmn factor SoxR and its role in adaptive

response to OS in bacteria,®4 exclusively regulates transcription activator OxyiRich
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exists in oxidized and reduced forms with only thadized form activating transcription of

OxyRregulon genes (41). Products of these genes ie@untoxidant enzymes CAT, SOD or
glutathione reductase (GR) (42). Besides regulatibantioxidant potential within the cell,

some organisms also regulate permeability of mengbta avoid uptake of ROS which are
formed out of the cell. The adaptation of yeasisael HO, challenges rapidly modulates the
expression of genes encoding enzymes involvedtmogen and lipid catabolism, leading to
alterations of membrane lipid composition (43).

1.3 Hydroxyl radical “Executor”

The attack of a very strong oxidant, such as hygroxdical, to biological systems
can cause extensive cellular oxidations (44). Astraeed above, there are two main ways of
OH"formation from hydrogen peroxide — through Haberid§@r Fenton’s reaction. Similar
to O,, the OH is also a short-lived molecule (G in cells) and is impermeable to
membranes. However, it possesses a high reacéimiythus can react with any molecules in
its vicinity at diffusion-limited rates (33,45). Ehfeatures make OHthe most dangerous
oxygen-radical which can initiate the tremendouairciieaction in proteins or lipids almost
everywhere within the organism (46-48).

There is no enzymatic degradation of the Qhblecule. However, OHas well as
0O,", peroxyl and alkoxyl radical®act readily with antioxidant scavengers suchedsiced
glutathione (GSH), ascorbic acid (AsA)tocopherol or carotenoids (49-51) most of which
have also been found in insects (52-54). GSH igriggr cell antioxidant and takes part in
several protective roles (55): (i) GSH is a cofaaib several detoxifying enzymes against
oxidative stress, e.g. glutathione peroxidase (GB§T and others; (i) GSH scavenges
hydroxyl radical and singlet oxygen directly, defgmg hydrogen peroxide and lipid
peroxides by the catalytic action of AsPx or GS &n) GSH is able to regenerate other
antioxidants, vitamins C and E, back to their acfiorms. GSH together with AsA play key
roles in glutathione-ascorbic acid redox cyclengeicts (56). In response to increased ROS
formation, AsA decomposes;8; by enzyme AsPx and is thus oxidized to dehydrahste
(DHAS) (35). Enzyme dehydroascorbate reductase (ER)Aregenerates AsA from DHAs
utilizing the GSH molecule which is oxidized to G $%7). GSSG can be recycled to GSH
in a NADPH-dependent reaction catalyzed by GR. \Aigtiof each of the enzymes involved
in this cycle together with the availability of NAIH and AsA contribute to intracellular
GSH/GSSG ratio and thus to the redox status witiencell which is important for regulation
of oxidative stress.



2. Oxidative stress

2.1 Oxidative stress and “redox state” homeostasis

The harmful effect of ROS causing potential biadafy damage is termed oxidative
stress (OS) and occurs in biological systems cheniaed by an overproduction of ROS
and/or by a deficiency of enzymatic and non-enzieretioxidants. Uncontrolled excess of
ROS can damage cellular lipids, proteins, or DNAibiting their normal functions. The
peroxidation of lipids and the carbonylation of gins are typical products of excessive
oxidation. The variety of lipids and the randomunatof ROS reactions can lead to many
products, including malondialdehyde (MDA) and 4-topd/nonenal (4-HNE), which are
primarily taken as an indicators of cell membraaendge or apoptosis (58,59). The content
of carbonyl groups is commonly used marker of pnotidation (60). Carbonyls are formed
from the amino groups in the side chains of lysppmline, arginine, and histidine that are
exposed to bD, or O, in the presence of redox cycling cations suchedsdt CUf* resulting
in Fenton reactions generating hydroxyl and alkdaylperoxyl) radicals (61).

On the other hand, OS can be elicited in (or djtcells as a part of normal
physiological functions such as immune response. Siimulation of immune response may
involve production of superoxide and HCIO (hypochblss acid, very strong physiological
oxidant) by NADH oxidase and myeloperoxidase invateéd phagocytes (62,63). In such
case, @ and mainly HCIO act like a natural physiologicafehder against pathogenic
microorganisms entering the organism. Quinone cam@® or molecules containing a
metallic cation (Fe, Cu) may promote Tormation because of the ability to easily give th
electron to molecular oxygen (64,65). Both monoamand xanthine-oxidases producgoil
as a by-product during the reactions with monoasared hypoxanthine (66,67).

The delicate balance between beneficial and hdreifects of free radicals is a very
important aspect of living organisms and is achided®y mechanisms called “redox
regulation”. This process protects living organisfiem OS and maintains “redox
homeostasis” by controlling the redox status vivo (68). The intracellular “redox
homeostasis” is substantiated primarily by GSH #émdredoxin recycling systems. The
glutathione couple (2GSH/GSSG) represents the maelular redox buffer with
concentrations up to 10mM in cytosol and is thaeforepresentative indicator for the redox
environment of the cell (69). Thioredoxins (Trxgamall proteins which act as antioxidants
by facilitating the reduction of other proteins dysteine thiol-disulfide exchange and thus are

critical for redox regulation of protein functioma signaling via thiol redox control. A
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growing number of transcription factors includingetNF-kB or the Ref-1-dependent AP1
require Trx reduction for DNA binding (70). The higatios of GSH/GSSG and TsxTrXox
are maintained by the activity of GR (see sectid) &nd Trx reductase (TrxR), respectively.
However, Kanzok et al. (71) found that the TrxR stiibtes for GR inDrosophila which

points out the importance of this redox-regulasggtem in insects.

2.2 Biomarkers of oxidative stress

When evaluating OS in a living system, one carlyaeaand measure plenty of so
called oxidative stress biomarkers. Usage of appatgp biomarker should be carefully
considered prior to each experiment according éorésearch interest. In this work, various
insect tissues (hemolymph, central nervous systerdgut) were examined in an effort to
determine and quantify impact of OS in organisnubiyng different time periods of exposure
to various stressors. Those issues were takeragtount when exploring antioxidant effects
of neuropeptides from AKH family (AKHs, see sectibnin which the mechanism of acting
and signal transduction under OS conditions is omkn but their undisputable role in
antioxidant response is apparent. For this reasavide scale of different OS markers were
used to explore this phenomenon according to folgwriteria:

1) Antioxidant moleculesvith direct detoxification effect towards free reals and

peroxides. This includes quantification of redugguatathione or expressing of GSH/GSSG
ratio which informs more about “redox state” in tbels or tissue (72) (see sections 1.3).
Another biomarker, a total antioxidant activity ag$TAA), relies on antioxidant capacity of
low molecular weight antioxidants using vitamin Babkbg Trolox as a standard (73).
Advantage of these markers consists in their kadbti easy interpretation under the OS
conditions.

2) Antioxidant enzymesvhich are able to decompose or detoxify ROS amxikt to
products of oxidation. These include above desdrimzymes CAT, SOD, GSTs and AsPx

(see sections 1.1 and 1.2). Principle characterdtthese biomarkers is their specificity and
affinity to target substrate. Gene expressions auivities of these enzymes can vary with
respect to intensity of OS, cell compartment angbsxre period to stressor.

3) Products of oxidatiomlerived from damaged or disrupted macromolecules |

lipids, proteins or DNA following the OS inductiokome of these biomarkers, namely
protein carbonyls (60) and lipid peroxides (58§ quite stable derivatives, with non-specific
tissue formation pattern and thus can be quantifiedlatively large range of stressing period

in most tissues exposed to OS.



4) Direct analysis of reactive oxygen spedganother measure of the impact of OS

and is well established in biological systems, have methods involved often require
complex and costly devices with certain difficuttihen optimizing fom vivo experiments.

Therefore, and also for other reasons, this appraas not used in this study.

3. Induction of OS in insects: an experimental appmach

The various stimuli leading to creation of OS dtinds in living organisms constitute
a highly diverse group of natural and artificialhgmounds as well as exo- and endogenous
sources. Environmental generators of OS usuallyiratestrial pollution, solar radiation or
traffic exhaust (74). Experimentally, OS is usuadiicited by many stimuli including
hyperoxia (75), dietary supplementation with tréoei metals (76,77), herbicides or
insecticides with oxidizing potential (e.g. paraguandosulfan, malathion, see below), both
heat shock (78) and cold exposure (79), or by satimn with ROS-precursors, like hydrogen
peroxide (80).

When working with insects, the choice of appragri@S elicitor depends on several
factors like 1) developmental stage (larvae, adult) ecological and evolutionary
specialization (herbivore, carnivore, piercing-dagkapparatus etc.), 3) connection with
mankind (pest, disease vector, model for basicarebg and others. These factors determine
1) kind of stressor to be applied (insecticide,bi@de, natural allelochemical), 2) way of
application (oral, injection, topically through wmutle), 3) dose (pharmacological,
physiological) or 4) duration of OS exposure. Im masearch, we have used four OS elicitors:
1) paraquat (a herbicide) and insecticides endaswdhd malathion for experiments on the
firebug Pyrrhocoris apterus(see paper 2 and 3) and tannic acid (plant polypie

compound) for experiments on the cotton leafw&podoptera littoralidarvae (see paper 1).

3.1 Paraquat

Paraquat (1,1’-dimethyl-4,4’-bipyridilium, PQ) @potent herbicide which undergoes
a cyclic redox reaction with oxygen to produce sapele radicals, singlet oxygen, hydroxyl
radicals, hydrogen peroxide, lipid peroxides arsiffides (81-83). Most authorities agree
that free radical pathology is the most likely magism by which PQ is cytotoxic (81,85). All
these free radicals formed after PQ exposure grabda of initiating the peroxidation of
membrane lipids, causing tissue damage or eveh ¢&a}. In the presence of NADPH, PQ is
reduced by microsomal NADPH-cytochrome reductake. reduction of lipid peroxides by

GPx or GSTPx requires GSH and leads to GSSG foomathich is regenerated by enzyme
8



GR. Because the reduction of GSSG by GR is coupidtdNADPH oxidation, it seems that
the availability of NADPH is essential for PQ defmation, and that the critical depletion of
NADPH may render the cell more susceptible to ljpédoxidation.

PQ toxicity mediated by free radicals can be maeerdy several cellular defense
mechanisms, including SOD, CAT, GPx, vitamin E, &8H (84,85). The toxicity of PQ
was demonstrated in birds, mammals, fish, as veelhaaquatic and terrestrial invertebrates
and plants (86). Within invertebrates — earthwormmstes, honey bees, two species of
springtails and water crustaceans and mollusks shawing degrees of sensitivity to PQ
(85,87,88). Recently, PQ treatment was found teesponsible for development of oxidative
stress in the colorado potato bedtéptinotarsa decemlineatd) and in fruitfly Drosophila
melanogaster(89,90). In the firebud?. apterus paraquat injection (40 pmols) affected
several OS markers and processes as follows (11i9XKjgnificantly increased protein
carbonylation and decreased GSH level in hemolynipehortened survival rate of both
males and females; egg laying and consequent hgtalhas suppressed in females; and
finally, PQ decreased fluidity and increased migowosity of membrane fractions from brain

tissue.

3.2 Tannic acid

Plant phenolic compounds, particularly flavanoigisd tannins, have long been
associated with plant defense against herbivor&y. (Both autoxidation and enzyme
catalyzed oxidations of phenolic compounds prodsesmiquinone radicals and quinones.
Toxic phenoxyl radicals are formed via oxidativegesses owing to their ability to initiate
free radical chain reactions in the membrane aa@tbpensity to cross-link with a variety of
molecules (93,94).

The midgut of insect herbivores is a highly oxid@g environment. Hence, diet
supplementation of lepidopteran larvdelicoverpa zeandsS. littoralis with phenolic acids
was found to increase various indicators of oxidatstress in gut tissues (95,96). Redox-
active iron could potentially promote tannin oxidatwhen oxygen levels are limiting (97).
Almost any oxidation of phenolics can result in teneration of superoxide anion radicals
because the reactive semiquinone can donate anrosleto molecular oxygen. The
superoxide anion generated in this manner canduiad to the generation of additional
radical species, including hydroxyl radicals. Thtie propensity of phenolics to generate
radicals depends on whether they are ionized alized. The oxidation and ionization of the

phenolics depend on their phenolic structure, thesigcochemical conditions under which the
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reactions take place, including hydrogen ion (piY alectron (Eh, or redox potential)
availability, and the concentration of antioxidamzymes as well as nonenzymatic oxidants
and reductants (98).

Toxic and oxidizing effects of tannic acid (TA)gested in the diet were described in
several insect species previously (98,99)SInittoralis larvae of last developmental instar,
the highest ROS formation and most intensive aitaxt defense were found to be allocated
to different gut compartments (96). In foregut @mti increase in total peroxides and
superoxide radical levels was recorded whereas tantid increase in activities of
antioxidant enzymes CAT, SOD and AsPx was obseiwethidgut tissue after 5% TA
feeding. Moreover, increased protein carbonyladod decreased GSH level with decreased
GST activity as well as increased CAT and SOD gexmession was described later in the
midgut tissue (100). These results indicate intergsfeeding strategy by utilizing ROS:
strong oxidizing milieu of foregut tissue suppotte deployment of semiquinones and
oxygen radicals after TA feeding which could pdifigerves as a defense mechanism against
pathogens ingested by natural way and partiallylif@es digestion of proteins (101).
Increased formation of ROS is then dropped abruptign the food bolus passed from the
foregut to the midgut (where the nutrients are diesi and utilized), apparently due to high

activities of the antioxidant enzymes.

3.3 Oxidizing insecticides: malathion and endosulfa

The insecticides malathion and endosulfan, usea rart of this study, are applied
against a number of insect pests and mites inwgrre, greenhouses and gardens, as well as
for the public vector control. Despite their higixicity, hazard of their use and restrictions
for their usage, they are still employed world-waed particularly in developing countries.
Both insecticides were also clearly proven to e{@$ (see also below).

Malathion is one of the most often used organophate insecticide in the world. The
primary toxicity of malathion consists in inhibiticf enzyme acetylcholine esterase (AChE).
This toxicity is manifested after bioactivation wfalathion by cytochrome P450 enzymes,
which create the active metabolite malaoxon (10®,10nsects, unlike mammals, lack
enzyme carboxyl esterase which can detoxify malattas a substrate; this fact should
determine selectivity of this organophosphate towansects (104). Malathion poisoning can
elicit oxidative stress in humans by increasingdliperoxidation, decrease in GSH level and

increase in activities of CAT and SOD antioxidanzymes (105). In larvae of the wax-moth
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Galleria mellonella malathion application increased lipid peroxidatiand SOD activity
while decreased GSH level and activity of AChE (106

Endosulfan is an insecticide with contact and agtton that belongs to a group of
organochlorine cyclodiene pesticides. It acts agw@otoxin (in both insects and mammals)
by inhibiting GABA receptors at synapses,’Cand Md* ATPase, and AChE, and also
works also as an endocrine disruptor. In particidadosulfan has a relatively reactive cyclic
sulfite diester group and could be metabolized ridosulfan sulfate (shows similar acute
toxicity to the parent compound). Endosulfan-indluaidative stress was evidenced in
yeasts (107), plants (108) and humans (109), mbstiyicrease in lipid peroxidation products
formation and in the activity of antioxidant enzymand by depletion of antioxidant
molecules.

In P. apterusinjection of either endosulfan (200 and 250 ng)malathion (300 and
450 ng) did increase CAT activity and decreased Gl in hemolymph 3 hours after the
treatment. Also the carbon dioxide production wasreased in the bugs exposed to both
insecticides when compared to control bugs. Tompallication of malathion (500 and 900
ng) and endosulfan (450 and 1100 ng) increasedrmrtality substantially evidencing ability

of these insecticides to penetrate through theleusind to act as contact agents as well (3).
4. Insect adipokinetic hormones and their role in widative stress

4.1 Introduction to AKHs and energy metabolism

Insect metabolism and especially its energetid parcontrolled by adipokinetic
hormones (AKHSs), small peptides composed mostiynfi® to 10 amino acids, which are
synthesized, stored and released by neurosecregtisyfrom thecorpora cardiaca(CC), a
neuroendocrine gland connected with the insecinbi@enerally, AKHs behave as typical
stress hormones — they stimulate catabolic reactipnmobilizing lipids (therefore adipo-
kinetic), carbohydrates (since trehalose is a pradating form of sugars utilized by insect,
they are sometimes called hypertrehalosemic horsjoHETHs) or certain amino acids,
making energy more available, while inhibiting dytic reactions. Using this strategy they
direct the entire energy to combat the immediatesstproblems and suppress processes that
are momentarily unimportant or even those thataduhw on the mobilized energy (110).

These hormones have been isolated from represezdaif many insect orders (111)
and to date, more than 40 insect AKHs have beemactaized. All AKHs possess a

pyroglutamate residue blocking the N-terminus amcimide group blocking the C-terminus
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(except for the AKH of butterflivanessa carduwith C-terminally extended) (112). The
amino acids tryptophan and glycine are at positdrand 9 (when present); in addition to
tryptophan the molecule contains at least one maooenatic amino acid, most commonly
phenylalanine at position 4.

Receptors for AKH (AKHRs) are G protein-coupled aade, structurally and
evolutionary, related to the gonadotropin-releasimgmone receptors (GnRH-Rs) from
vertebrates (113). Recently, the AKHRsBafmbyx mori, D. melanogastér13), Periplaneta
americana(114) andAnopheles gambia@d 15) have been cloned and many others have been
deduced from their genetic sequences (116). A ddiybs the main target of AKH actions
where the signal transduction is well described7(118). Generally, after binding to G
protein-coupled receptor in cellular membrane, AkKah trigger two different pathways
leading either to lipid, sugar or amino acid ressrvnobilization. In sugar metabolism, G
protein-activated phospholipase C initiates fororatof inositol 1,4,5-triphosphate (IP3)
and/or dyacylglycerols (DAG) from membrane lipi&sther IP3 or DAG can then activate, in
presence of intracellular €aions, phosphorylase kinase or protein kinase Gheaively.
This finally leads to phosphorylation of glycogerhogphorylase and production of
glucose/trehalose molecules (119,120). In lipid abelism, G-protein activated adenylate
cyclase results in an increase of intracellular ¢Akhd C&' levels. Cyclic AMP stimulates
lipase activity, most likely via activation of peah kinase A, leading to fatty acid production
from triacylglycerol (TAG) reserves (119,121). Ffa#y acids then underg®oxidation and
the resulting to the acetyl coenzyme A productibn.some insects (certain beetles and
dipterans) an alternative lipid pathway is usedaty@ccoenzyme A serves for conversion of
alanine to proline that serves as an energetidrsueg119).

In this work, two distinct insect species were uastexperimental models and some
more species were discussed when considering thef@®KHSs in stress reactions. Below |
briefly list all AKHs and HrTHs that have been stdlin those species and used for the
experimental treatment. The fireb&g apteruspossesses two AKHs: an octapeptide Pyrap-
AKH which is unique in this species (122), and atapeptide Peram-CAH-lI, first identified
in the cocroachP. americang123). In all stress experiments, synthetic Py&#d was used
exclusively for hormonal treatments. In the m&thlittoralis Manse-AKH and Helze-HrTH
neuropeptides from AKH family were identified (12#pwever, only Manse-AKH has been
chosen for the stress experiments (see paper Eilyl dhe Colorado potato beetle
decemlineatapossesses two AKHs, Peram-CAH-1 and Peram-CAHbsbth originally
identified inP.americanaAKH (125).
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4.2 Roles of AKH which are not associated with gganetabolism

Although AKHs mostly activate the energetic matation during metabolic stress
elicited by flying or walking, other roles of thepkeiotropic hormones have also been found
in different stress challenges. Stress-induced atilmv of the AKH titre occurs in
Schistocerca gregariaand P. apterus challenged with insecticides (2-5), photophase
interruption (5), or exposure to constant darkri(@&§). Moreover, coinjection of pyrethroid
insecticide permethrin with Pyrap-AKH increase rabity of P. apterusbugs compared with
bugs treated with the insecticide alone (2). Rdgafiscovered interaction of AKH with the
humoral and cellular immune system lin migratoria can also be regarded as a stress
response. The prophenoloxidase (ProPO) cascatie imemolymph of this locugt activated
when laminarin is injected, and this activatiopiislonged when Locmi-AKH-I is co-injected
with the immunogen (8). The injection of bacterigbopolysaccharide (LPS) from
Escherichia colistimulates the formation of nodules but does notease the phenoloxidase
activity in the haemolymph; on the other hand, mesation of Locmi-AKH-I and LPS results
in formation of a greater number of nodules and algtivates the ProPO cascade (5,9). It is
suggested that these two immunogens must actihatedPtoPO cascade by quite distinct
pathways, that are probably not based on rapid gdsaimn the energy rich metabolites;
although, changes in the lipophorins and the apphgtein-1ll coincident with immune

challenge point to a participation of lipids indigrocess (10).

4.3 Role of AKHs in oxidative stress

In the main part of this work, the attention wasused on the role of AKHs in
antioxidant response to OS induced by varioustet®i The results of the last 10-year
research on AKH have revealed that oxidative strsssicrease the level of those hormones
either (or both) in CNS or hemolymph, and that emaus AKHs reverse the OS status in
insect body. These facts indicate a feedback ragoléetween stressors and AKH action in
antioxidant protective mechanisms in insects.

AKH-elevating effect has been reported for thelofeing stressors: the above
mentioned herbicide paraquat (PQ, see section 3.,11), Galanthus nivalisagglutinin
(GNA) and Cry 3AaBacillus thuringiensistoxin (1), and insecticides endosulfan and
malathion (see section 3.3) (3). h apterus 4 hours-exposure to PQ increased the AKHs
level in hemolymph about 5 times (11) whereat.imecemlineatdahe PQ treatment caused

2.7 fold increase of both AKHa hemolymph compared to non-stressed individuBlsBoth
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endosulfan and malathion increased the level df BgtrhocorisAKHs in the hemolymph of
treated bug 2.5 times in 24 hours whereas onhhtslgevation of this neuropeptide was
observed in CNS (3). Unlike the PQ and both inset#s inP. apterusthe toxins GNA and
Cry 3Aa stimulated elevation of the AKHs in CNSLofdecemlineataup to 10 times (1). For
the AKHs overview, see section 4.1.

The above mentioned results suggesting involveroktite AKHs in the activation of
antioxidative mechanisms are supported by a serfiesxperiments demonstrating direct
involvement of AKHs in the modulation of OS biomearKevels. Restoration of GSH level
and suppression of protein carbonylation in hemplymvere observed when AKH was co-
injected with OS stressors PQ, endosulfan and malatin P. apterusor L. decemlineata
(1,11,3). Moreover, decrease in CAT activity andréase in total antioxidant capacity of
hemolymph were observed after the AKH co-injectiwith the stressors ifP. apterus
Involvement of glutathione in AKH-directed antiogtive response is supported by findings
that GSH is elevated in hemolymph after the AKH@tjon in non-stressed individuals.

Role of exogenous AKH in antioxidant response alas demonstrated in the midgut
tissue ofS. littoralis larvae, where 5% TA (supplied in artificial soy-bediet) was used as
the OS elicitor in larvae of'B(final) instar (see section 3.2) (12). Decreased @&tivity
after the TA feeding was restored back to conewel after AKH was injected while neither
CAT nor SOD activities were affected by this horrabrreatment. The AKH-induced
increase in GST activity was accompanied by sugpyesof protein carbonylation which
suggests retreat of OS in the midgut tissue. Tégemeration of the cells-reducing power
corresponded well with rapid decrease in expressid@®AT and SOD mRNAs after the AKH
treatment. However, the information about a possiathway or signal transduction through
which this AKH-induced antioxidant response is diegl is still missing though there are
some indications that GSH could take part as actmfan enzymatic reactions in this

mechanism.

5. Role of other insect hormones in OS

5.1 Glucagon
A certain analogy arises when comparing orgameatf hormonal systems in insects

and vertebrates: brain (neurosecretory cells) - @Groendocrine cells — hemolymph and
hypothalamus — pituitary gland (neuro/adenohypoishysblood (127). Although there is no

apparent structural similarity between AKHs and argrtebrate hypothalamus-pituitary
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hormones, AKHs resemble glucagon, a peptidic hoefoom thea-pancreatic islet cells in
vertebrates that is also responsible for mobilarabf energy rich metabolites.

In 1980, a glucagon-like peptide was foundManduca sextdnemolymph (128) and
despite certain structural similarity to glucagomdasome promising results, neither this
natural peptide nor the vertebrate glucagon weseepr to mobilize energy storeslih sexta
(129,130), and thus the role of intrinsic glucagoninsect body was unclear. However
recently, the role of glucagon in activation ofansantioxidant protective mechanisms has
been suggested (131). Presence of the glucagomdiggde(s) were clearly documented in
the gut and brain tissues Bf apterususing monoclonal antibody against porcine glucagon
Glucagon injected into the hemocoel had no effectnwbilization of lipids, the main
energetic resources in the firebug, whereas thee sdmse did reverse paraquat-induced OS
status in hemolymph by increasing of the GSH lewwl decreasing of protein carbonylation.
These results are not so surprising because glocplgys a protective role in OS also in
vertebrates. Lu et al. (132) reported that glucagedliated signal transduction pathways lead
to a down-regulation of hepatic GSH synthesis wpitemoting its efflux to the blood plasma
in rats. In addition, glucagon may also act in fyrstimulating the GSH mediated reduction
of protein disulfides by the thiol:protein disuéidxidoreductase as demonstrated in isolated
rat hepatic microsomes (133). These findings cfeantlicate at least a partial role of
glucagon in the activation of antioxidative systemsboth vertebrates and insects. In
addition, the lack of significant changes of AKlttdiin P. apterusbody after the injection of
glucagon suggests that the action of glucagon isl Aktlependent (131).

5.2 Ecdysteroids

Ecdysteroids are steroid hormones in insects mediprimarily by prothoracic glands
and partially also by several other tissues (132gy mainly control molting, development,
metamorphosis and reproduction, and are also iedolm a number of diverse processes.
Regarding the role of ecdysteroids in OS, 20-hygecrysone was found to be a potent
antioxidant able to minimize the OS impact of paetqto P. apterus(91, paper 5). This
ecdysteroid restrained lipid peroxidation and themiation of protein carbonyls, ameliorated
changes in microsomal membrane fluidity, enhantedlével of reduced glutathione, and
upregulated the activity gfglutamyl transpeptidase in the brain. At the organal level, 20-
hydroxyecdysone enhanced survival rate and incdeseale fertility when injected in PQ-

treated individuals.
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A protective function during OS was also desdaiber 20 hydroxyecdysone
precursor, ecdysone, iD. melanogastel(133). Ecdysone enhanced resistance 10,Hy
inducing methionine sulfoxide reductase A, an ernzyvhich catalyzes reduction of oxidized
methionine residues. Overexpression of the enzyasagsociated with enhanced protection
against OS, while its knockdown results in hypesgedty to OS (134). In vertebrates,
steroid hormones estrogens and related compoursgegging a phenolic A-ring, were shown
to be involved in the control of OS as well. Thakiibited the oxidation of cholesterol and the
peroxidation of polyunsaturated fatty acids in tigoproteins, microsomes, and other
components of biological systems (135). All thesanaples suggest a role of steroid
hormones as agents with high antioxidative potemtiaoth insects and vertebrates, however,

the precise mechanism of action of these effeatsastly unknown.

5.3 Juvenile hormone (JH)

These terpenoid hormones have two main functiongsect life: as developmental
hormones, they prevent premature initiation of ahseetamorphosis in juvenile stadia
whereas in reproduction, they primarily control geexpression of vitellogenins in adult
females. Their role in OS seems to be indirectlydiated through the regulation of
biologically active proteins like vitellogenins drat transferrin (138,139).

Vitellogenins, which are complex glycol-lipo-pratemolecules, primarily serve as
energetic and building components for a develogngoryo in the insect egg. They are
synthesized in specialized cells in the fat bodyrarely in ovariols by a complicated
hormonally controlled process orchestrated in mosect species by JHs. Vitellogenins
protected the bee workers against the oxidativeag@nof PQ as they were the preferred
target of deleterious carbonylation among other dlgmph proteins (140). Also, survival
rate was significantly increased in high-vitellogefevel bee phenotypes compared to low-
vitellogenin ones after PQ exposure indicating thegportance of vitellogenins in OS
prevention in insects.

Insect transferrin is known as a transporteraf ithat is required for a wide variety of
metabolic processes including oxygen transportedectron transfer. Transferrin is supposed
to be under control of JH in vitellogenic proceasd since free iron ions participate in
harmful Fenton’s reaction under OS conditions, then metabolism should be well
orchestrated in terms of preventing tissues fronidaiwe damage. Nevertheless, the

suppressive effect of JH and its analog methopmndransferrin function in cockroach
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Blaberus discoidalig138) and in mosquitdAedes aegyp(i140), is rather intriguing and not
well understood yet.
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List of abbreviations

4-HNE — 4-hydroxynonenal

AChE — acetylcholine esterase

AKH — adipokinetic hormone

AKHR — AKH receptor

AP-1 — activator protein 1 (transcription factor)

AsA — ascorbic acid, ascorbate

AsPx — ascorbate peroxidase

CAT — catalase

CC - corpora cardiaca

Cry 3Aa — Cry 3AaBacillus thuringiensigoxin

DAG - diacylglycerol

DHAs — dehydroascorbate

DHASsR — dehydroascorbate reductase

GABA —y-aminobutyric acid

GNA — Galanthus nivalisagglutinin

GnRH-R — gonadotropin-releasing hormone receptor

GPx — glutathione peroxidase

GR — glutathione reductase

GSH - reduced glutathione

GSSG - oxidized glutathione

GST — glutathione S-transferase

GSTPx — glutathione S-transferase with peroxidatigity

H,0O,— hydrogen peroxide

HCIO — hypochlorous acid

Helze-HrTH — HrTH first identified itHelicoverpa zea

HrTH — hypertrehalosemic hormone

IP; — inositol 1,4,5-triphosphate

JH — juvenile hormone

Keapl — Kelch-like ECH-associated protein 1 (steesssing protein)
Locmi-AKH-I — AKH first identified in Locusta migratoria

LPS — lipopolysaccharide

MDA - malondialdehyde

Manse-AKH — AKH first identified ifManduca sexta

MAP kinase — mitogen-activated protein kinase

NF-«B — nuclear factor kappa-light-chain-enhancer ¢ivated B cells
Nrf2 — Nuclear factor (erythroid-derived 2)-likgttanscription factor)
O,"- superoxide radical

OH’ - hydroxyl radical

OS - oxidative stress

OxyR — hydrogen peroxide-response system (desciibiescherichia co)i
Peram-CAH-I(Il) — cardio-accelerating hormone(s3tfidentified inPeriplaneta americana
ProPO — prophenoloxidase

PQ — paraquat

PT pore — permeability transition pore (mitochoatjri

Pyrap-AKH — AKH first identified inPyrrhocoris apterus

ROS - reactive oxygen species

SOD - superoxide dismutase

SoxRS — superoxide-response system (describEddnerichia co)i
TA — tannic acid

TAA — total antioxidant assay (a commercially aabié detection kit)
TAG - triacylglycerol

Trolox — 6-hydroxy-2,5,7,8-tetramethylchroman-2kxatylic acid (a derivative of vitamine E)
Trx — thioredoxin (Trxq— reduced form, Trg— oxidized form)

TrxR — thioredoxin reductase
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ARTICLE INFO ABSTRACT
HF!F—'JIE history: : The anticxidative potential of the Manduca sexta adipokinetic hormone (Manse-AKH) in the last instar larvae
Received 5 September 2011 of Spodoptera littorafis (MNoctuidae, Lepidoptera) was demonstrated after exposure to oxidative stress (05)

Recetved in revised form 31 October 2011
Accepted 31 October 2011
Available online oo

elicited by feeding on artificial diet containing tannic acid (TA). Determination of protein carbonyls (PCs)
and reduced glutathione (GSH) levels, monitoring of activity of antioxidant enzymes catalase [ CAT), superox-
ide dismutase (50D and glutathione-5-transferases (G5Ts), as well as measuring of the mRMNA expression of
CAT and 50D were used as markers of the 05, Injection of the Manse-AKH (5 pmol per individual) reversed

Lﬁxﬁim —— the 08 status by mitigation of PCs formation and by stimulation of glutathione-S-transferases (GSTs) activity.
Antinxidant response The CAT and 50D mRNA expression was significantly suppressed after the Manse-AKH injection while activ-
Antioxidant enzyimes ity of these enzymes was not affected. These results indicate that diminishing of OS after the AKH injection
Glutathione might be a result of activation of specific enzymatic pathway possibly at the post-translational level rather
(heidative stress than a direct effect on regulation of antioxidant marker genes at the transcriptional level.

Protein carbanyls © 2011 Elsevier Inc. All rights reserved.
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AERETICLE INFO ABSTRACT

Article histary: Adipokinetic hormones (AKHs) are insect neuropetides responding to stress situations including oxida-

Available online 23 December 2010 tive stress. Two insecticides - endosulfan and malathion - were used to elicit oxidative stress conditions
in the firebug Pyrriocons apterus, and the physiological functions of AKHs and their ability to activate

Reywords; protective antioxidative reactions were studied. The insecticide treatments elicited only a slight increase

Insect of the AKH level in CNS, but more intensive increase in haemolymph, which indicates an immediate

Adipokinetic hormoneg

i involvement of AKH in the stress response. The treatment also resulted in a significant increase of cata-
Oxidative stress

s airiAa lase activity in the bug's body and depletion of the reduced glutathione pool l'm the haemolymph, _hm-.'-
Catalase ever, co-application of the insecticides with the AKH (80 pmol ) reduced the effect. [t has also been found
Clutathione that co-application of the insecticides with AKH increased significantly the bug mortality compared to
that induced by the insecticides alone, This enhanced effect of the insecticides probably resulted from
the stimulatory role of AKH on bug metabolism: the carbon dioxide production was increased signifi-
cantly after the co-treatment by AKH with insecticides compared to insecticide treatment alone. It was
hypothesized that the increased metabolic rate could intensify the insecticide action by an accelerated

rate of exchange of metabolites accompanied by faster penetration of insecticides into fissues.
@ 2011 Elsevier Inc. All rights reserved.
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ARTICLE INTFO ABSTRACT
Article history: Resembling the main function of insect adipokinetic hormones (AKHs), the vertebrate hormone glucagon
Recetved 10 October 2008 mobilizes energy reserves and participates in the control of glucose level in the blood, Considering the

Recemed in revised form 27 November 2008
Acvepted 28 November 2008
Available online 3 December 2008

similarities, the effect of porcine glucagon was evaluated in an insect model species, the firebug Pyirhocons
apteriis. sing the mouse anti-glucagon antibody, presence of immunoreactive material was demonstrated
for the first time in the firebug CNS and gut by ELISA. Mammalian (porcine) glucagon injected into the adult
bugs showed no effect on hemolymph lipid level or on the level of AKH in CNS and hemolymph, however, it

ﬁf;‘f::ﬁ:;.m ROTETGHE activated an anticxidant response when oxidative stress was elicited by paraguat, a diquaternary derivative
Antioxidant capacity of 4, 4'-bipyridyl. Glucagen elicited the antioxidant response by increasing glutathione and decreasing
Glucagon protein carbonyl levels in hemolymph, decreasing both protein carbonyl and protein nitrotyrosine levels in
Insect CNS. Additionally, when co-injected with paraguat, glucagon partially eliminated oxidative stress markers
Onidative stress elicited by this redox cycling agent and oxidative stressor. This indicates that glucagon might induce an
Paraquat antioxidant defense in insects, as recently described for AKH. Failure of glucagon to alter AKH level in the

bug's body indicates employment of an independent pathway without involving the native AKH.
@ 2008 Elsevier Inc. All rights reserved,

32



Supportive publications

Paper 4(published and defended as part of author’s rigomaork)

Awailable online at www.sciencedirect.com

"22*"ScienceDirect C B P

s, -
ELSEV Comparative Biochemistry and Physiology, Part C 146 (2007) 336- 342

www glsevier comvlocate'chpe

Adipokinetic hormone-induced enhancement of antioxidant capacity of
Pyrrhocoris apterus hemolymph in response to oxidative stress

~ w ow @ h . . - . b ' n_a.b, :
Josef Vecera ™", Natraj Krishnan ®, Glenda Alquicer “°, Dalibor Kodrik ****, Radomir Socha®
= Irstitute af Entomaology, Academy of Sctences, Branifovskd 31, C2-370 05 Ceskd Budédfovice, Czech Repuhlic
b Faculty of Biological Seiences, Unbversity of South Bohemia, Branifovwka 31, Ceské Budéjovice 370 05, Caech Republic

Received 23 February 2007, received in revised form 10 April 2007 accepted 10 April 2007
Available onling 19 April 2007

Abstract

The in vive effects ol oxidatve stress on adipokinetic hormone (AKH) titer in short-winged (brachypterous) males of the lircbug Pyrrhocoris
apterus were lested using paraquat (PO), a bipyndilivm herbieide. PO undergoes a eyvelic redox reaction with oxygen during microsomal and electron
transler reactions forming free radicals in the msect body. Oxidative msult (40 pmol PO resulted in enhanced protem carbonylation {a biomarker for
oxidative stress) and a depletzon of glutathione (GSH) pool in the hemolymph. Interestingly, AKH titer was significantly enhanced m hemolymph at
4 h post inoculation of PO, while its content in CNS ( brain with corpora cardiaca) showed non-specific changes incomparable penod. Co-injection of
AKH with PO (40 pmol each) reversed these effects by decreasing protein carbony! formation, increasing reduced GSH levels, and enhancing the
wital antioxidant capacity ol cell free plasma, Our results indicate that there 1s a positive Ffeedback regulation between an oxidauve stressor action and
the level of AKH m insect body, and that AKHs might be involved i the activation ol antioxidant protection mechanism.,

& 2007 Elsevier Inc. All rights reserved.

Keywornds: Adipokinetic hormone, Antioxidant activity, Oxidative stress: Paragquat
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20-Hydroxyecdysone Prevents Oxidative Stress
Damage in Adult Pyrrhocoris apterus

Natraj Krishnan,' Joset Vecdefa,"* Dalibor Kodrik,'” and Frantifek Sehnal"**

Injections of 38 pmol paroquat (1,1 dimethyl-4,4"-bypyridilium) into adult Aurhocoris opferus (overage body weight 29.6
mg in males and 38.9 my in females) coused o significont elevation of lipid peroxidation and protein carbonylation and o
dedling of membrane fluidiry in the microsomal brain fraction. Anather manifestation of oxidative stress was o depletion of the
reduced glutathione pool and reduction of the ~y-gluramyl transpeptidase activity in the broin extracts. The damaging oction of
paraquar on the brain was counteracted by simultanaous injection of 1 pmal 20-hydroxyecdysone (20F). 20F rastrained lipid
peraxidation and the formation of protein carbonyls, ameliorated changes in microsomal membrane fluidity, enhanced the
level of reduced glutathione, and uprequlated the activiry of ~y-glutamy! manspeptidose. At the organismic level, 20F curtailed
thee detrimantal effects causad by paraguat injection: the disappearance of a blood protein, the suppression of fecundity and
eqq harchability, and the shortening of adult lifa span. The data showed that 20 provided o systemic antioxidant proraction
bur the significance of endogenous ecdysteroids in the monagement of oxidative stress remains to be shown. Arch. Insect
Bichern. Physiol. 5:114—124, 2007, @ 2007 Wikey-lis, In.

Kerwaegs: glutathione; ~glutamyl transpeptidose; 20-hydrosyecdysone; insect brain; lipid peraddation;
membrane fluidity; axidative stress; paraquat; protein carbonyls
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Paper 6(published during PhD study)

Insect Science (2011) 00, 112, DO A1 T44-T217.201 1.01457 .

The effects of selection for early and late reproduction
on metabolite pools in Acanthoscelides obtectus Say

Jelica Lazarevi¢!, Nikola Tuci¢!-2, Darka Seslija Jovanovié!, Josef Vetera® 4 and Dalibor Kodr(k2-4

institute for Biological Research, Belgrade, ? Biological faculty, University of Belgrade, Belgrade, Serbia, *Institute of Enfomology, Biology
Centre, Czech Academy of Sciences, Ceské Budéfovice, *Facully of Sciences, University of South Bohemia, Ceské Budgfovice, Czech
Republic

Abstract The present study was aimed at revealing the responses of metabolite pools
to selection for altermative reproductive schedules in the seed beetle, Acanthascelides
abtectus Say (Coleoptera: Chrysomelidag: Bruchinae). The levels of metabolites (free
sugars, glycogen, lipids, soluble and hydrophobic proteins) that were determined in virgin
females and males at three ages from adult eclosion onwards were compared among the
base population (B} and two derived lines that were selected for either early (Y or late (O)
reproduction. The results showed differences in the accumulation of metabolites during
pre-adult development, as well as in the pattern of their changes during adult ageing.
Generally, in comparison to the B population, the short-lived beetles from the Y line
showed increased protein content and reduced carbohydrate and lipid content, whereas
the opposite was true for the long-lived beetles from the O line. Females from the O line
exhibited slower utilization of energy reserves and a slower increase in protein contents
than females from the Y line. Females contained higher levels of free sugars, glycogen and
hydrophobic proteins and lower levels of lipids and soluble proteins than males, although
the sexual dimeorphism was not evenly expressed among lines. Age-specific changes in
metabolite contents were slower in females than males. Our findings suggest that trade-offs
among capital resources are a physiological basis of early/late fimess trade-offs and point
to a conservation of resources that can be used for somatic maintenance.

Key words ageing, energy resources, laboratory evolution, proteins, seed beetle,
trade-off
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Conclusions

1. Manse-AKH reverses OS status elicited by TA feaay in S. littoralis larvae (paper 1)
TA-rich diet (5%) supplied t&. littoralis larvae in & instar caused significant decrease in
GSH level and activity of GST enzymes, and incraasgrotein carbonylation and mRNA
expression of CAT and SOD genes, all after 12 hotithe TA feeding. When Manse-AKH
(5 pmol) was injected in the middle of the feedpegiod, gene expression of CAT and SOD
dropped to control level, protein carbonylation veappressed and GST activity increased.
These results suggest at least two possible mddastion of this hormone during the TA-
induced OS: either by the control of GSH level withthe tissue, which could increase
reducing power of the cell by increased GSH/GSSiB,rar by stimulation of GST enzymes
through unknown signaling pathways.

2. Pyrap-AKH enhances antioxidant status and intenfies the effects of insecticides
endosulfan and malathion on mortality inP. apterus (paper 2)

Injection of either endosulfan (250 ng) or malathi@50 ng), elevated the AKH titre in
hemolymph and CNS as well as increased activigntibxidant enzyme CAT and decreased
level of GSH in the same bug 3 hours after thetrineat. Exogenous application of Pyrap-
AKH considerably decreased CAT activity and incesh§&SH level under OS elicited by
both insecticides. Interestingly, carbon dioxid@darction and also mortality (caused by
topical application or injection of either insedatie) were intensified when AKH was co-
applied. These findings indicate a versatile efigicAKH in these processes: AKH could
enhance antioxidant status that can help inseatsge with OS induced by the insecticides.
On the other hand the AKH action might be countedpctive: AKH-stimulated increase of
insect metabolism can intensify the insecticideBoacby their faster penetration into the
tissues.

3. Glucagon mimics role of AKH in antioxidant respmse in P. apterus after PQ
treatment (paper 3).

PQ (40 pmol) injected into the firebug apterusdid increase protein carbonylation and
decrease GSH level in hemolymph 4 hours after teathent. Both biomarkers were
reversed after co-injection of glucagon (50 pmoRhwPQ within 4 hours. This effect is
identical to previously described role of AKH intexxidant response in this species (paper 4)
and supports the hypothesis that the main funaifoine glucagon-like peptides is a role in

the antioxidant protection of insect body.
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Concluding remarks

Exploring the field of oxidative metabolism and iinteractions with antioxidant
defense mechanisms has revealed plenty of requtshi@w interesting information till date,
but practically as many questions have also comelrupny opinion (and not just mine |
guess), the insect is a very good model for ingatitns related to oxidative stress.
Compared to vertebrates, the work on this animalehbrings a lot of advantages, such as
availability of many species, low costs of keepingreeding, practically no ethical questions
arising from killing the insect individual, shoregod of development and reproducing, and
thus minimal time delay in work, and many other#.these advantages have supported and
accelerated further experiments and conclusionghnave been demonstrated on the field
of insect endocrinology and have also demonstratede similarities to human endocrine
system. Thus, besides the important contributioth&éopest control, the research on insect
endocrinology in connection to oxidative stress oagg promising results and consequently
a possible treatment for tremendous and incurahl@am neurodegenerative or immune
diseases in the future. | hope this study coulg hel progress in some of these topics

mentioned above.
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