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Introduction

Pesticides, in addition to their intended effects like control of insects or oth-
er pests, are sometimes found to affect non-target organisms (Sharma et al., 
2005). The animals and human beings are daily exposed to these chemicals 
primarily through the consumption of pesticide contaminated feed and water, 
leading to long term health hazards (Xavier et al., 2004). Environmental pollut-
ants can generate the production of oxygen radicals. These radicals then can 
influence and damage biomolecules and thereby induce the oxidative stress. 
Free radicals are generated in a living organism under physiological conditions 
by controlled stimulation and they participate in regulation of proper course  
of many processes. 

Reactive oxygen species – ROS 

Free radicals can be defined as molecules or molecular fragments containing 
one or more unpaired electrons in atomic or molecular orbitals (Halliwell and 
Gutteridge, 2007). Reactive oxygen species are formed and degraded by all aer-
obic organisms, leading to either physiological concentration required for nor-
mal cell function, or excessive quantities, the state called oxidative stress. ROS 
include a number of chemically reactive molecules derived from oxygen (Nord-
berg and Arnér, 2001). Some of those molecules are extremely reactive, such 
as the hydroxyl radical, while some are less reactive (superoxide and hydro-
gen peroxide). Free radicals can readily react with most biomolecules, starting 
a chain reaction of free radical formation. In order to stop this chain reaction, 
a newly formed radical must either react with another free radical, eliminating 
the unpaired electrons, or react with a free radical scavenger – a chain-break-
ing or primary antioxidant. The step-wise reduction of molecular oxygen via 
one-electron transfer can be summarized as follows:
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Superoxide radical O2
• -

The superoxide anion created from molecular oxygen by the addition of an elec-
tron is not highly reactive. It lacks the ability to penetrate lipid membranes and 
is therefore enclosed in compartment where it was produced (Nordberg and 
Arnér, 2001). The formation of superoxide takes place spontaneously, especial-
ly in the electron-rich aerobic environment in vicinity of the inner mitochondri-
al membrane with the respiratory chain. Superoxide is also produced endoge-
nously by xanthine oxidase, lipoxygenase and cyclooxygenase (Lakari, 2002). 
Two molecules of superoxide rapidly dismutate to hydrogen peroxide and mo-
lecular oxygen and this reaction is further accelerated by SOD (Yu, 1994).

Hydrogen peroxide H2O2

H2O2 is not a free radical but is nonetheless highly important much because of its 
ability to penetrate biological membranes. It plays a radical forming role as an 
intermediate in the production of more reactive ROS molecules including HOCl 
by the action of myeloperoxidase and, most importantly, formation of hydroxyl 
radical via oxidation of transition metals (Palchaudhuri et al., 2001).

M n–1 + H2O2 → M n + •OH + OH-		  Fenton reaction

Another important function of H2O2 carried out is its role as an intracellular sig-
naling molecule (Sigler et al., 1999; Gottschling et al., 2001). H2O2 produced by 
different mechanisms is removed by at least two antioxidant enzyme systems, 
namely catalases, and glutathione peroxidases (Nordberg and Arnér, 2001).

Hydroxyl radical •OH 

Due to its strong reactivity with biomolecules, hydroxyl radical is probably ca-
pable of doing more damage to biological systems than any other ROS (Nord-
berg and Arnér, 2001). The hydroxyl radical is very dangerous radical with very 
short in vivo half-life of approx. 10–9 s (Valko et al., 2007). The radical is formed 
from hydrogen peroxide in a reaction catalyzed by metal ions (Fenton reaction), 
often bound in complex with different proteins or other molecules. Superoxide 
also plays an important role in connection with Fenton reaction by recycling the 
metal ions (Leonard et al., 2004):

M n + O2
•- → M n–1 + O2

overall

M n–1/ M n

O2
•- + H2O2 → O2 + •OH + OH-		  Haber-Weiss reaction
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Oxidative stress and damage of biomolecules

Oxidative stress is a condition where there is an imbalance between antioxidant 
defence and the production of reactive oxygen species, so that the defence is 
overcome by radical formation causing oxidative damage to biomolecules (Hal-
liwell and Gutteridge, 2007). Oxidative damage is usually related to the produc-
tion of reactive oxygen species by xenobiotics, and therefore antioxidant defence 
has an important role in the protection of organisms against xenobiotic-induced 
oxidative stress. Indeed, the maintenance of a high antioxidant capacity in cell 
may increase tolerance against different types of environmental stress (Thomas 
et al., 1999). 

ROS are, due to their high reactivity, potentially toxic, mutagenic, or carcinogen-
ic. The targets for ROS damage include all major groups of biomolecules, nucleic 
acids, lipids and proteins (Valko et al., 2007). ROS have been shown to be mu-
tagenic; an effect should be derived from chemical modification of DNA (Singal  
et al., 2000). A number of alterations are due to reactions with ROS. Hydrox-
yl radical is known to react with all components of the DNA molecule, damag-
ing both the purine and pyrimidine bases and also the deoxyribose backbone 
(Halliwell and Gutteridge, 2007). If the DNA-repair systems are not able to im-
mediately regenerate intact DNA, a mutation will result from erroneous base 
pairing during replication (Nordberg and Arnér, 2001). Permanent modification 
of genetic material resulting from oxidative damage represents the first step 
involved in mutagenesis, carcinogenesis, and ageing (Valko et al., 2007).

Generation of ROS results in an attack not only on DNA, but also on other cellu-
lar components involving polyunsaturated fatty acids residues of phospholip-
ids. Polyunsaturated fatty acids are, because of their multiple double bonds, an 
excellent target for free radical attacks (Sigler et al., 1999). Lipid peroxidation is 
probably the most explored area of research when it comes to ROS. 

ROS have been shown to react with several amino acid residues in vitro, gen-
erated anything from modified and less active enzymes to denatured, nonfunc-
tioning proteins (Sigler et al., 1999). Advanced glycation end products (AGEs) is 
a class of complex products. They are the result of reaction between carbohy-
drates and free amino group of proteins.

The intermediate products are known as Amadori, Schiff Base and Maillard 
products. Most of the AGEs are very unstable, reactive compounds and the end 
products are difficult to be completely analyzed (Velíšek and Hajšlová, 2009). 

Defence against oxidative stress

Exposure to free radicals from a variety of sources has led organisms to develop 
a  series of defence mechanisms. Defence mechanisms against free radical-in-
duces oxidative stress involve: preventive mechanisms, repair mechanisms, 
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physical defences and antioxidant defences (Valko et al., 2007). Antioxidants 
are substances that have the ability to inhibit free radical generation, scavenge 
free radicals and reduced oxidation and damage caused by the radicals. The cel-
lular antioxidant system can be divided into two major groups, enzymatic and 
nonenzymatic.

A  large number of low molecular weight compounds are considered to be 
antioxidants of biological importance. The main antioxidants are glutathione 
(GSH), flavonoids, ubiquinones, carotenoids, α-tocopherol, vitamin C, lipoic and 
uric acid. 

One of the most important low molecular weight antioxidant is glutathione 
(GSH) because of its direct participation in binding with reactive oxygen spe-
cies. It is most abundant intracellular non-protein thiol in cell and appears in 
high amounts in the liver (Swiergosz-Kowalewska et al., 2006) because of its 
synthesis there. GSH also has a significant role as a reductant and substrate for 
enzymatically catalyzed reactions. Changes in the amount of GSH can be used to 
detect oxidative damage (Pinto et al., 2003). GSH also serves to detoxify com-
pounds either via conjugation reactions catalyzed by glutathione-S-transferase 
or indirectly, as is the case with hydrogen peroxide in the GPx catalyzed reac-
tion. Oxidized glutathione (GSSG) is reduced by the NADPH-dependent flavoen-
zyme glutathione reductase (Peinado et al., 1991).

Another important group of antioxidants are antioxidative enzymes like glu-
tathione peroxidase (GPx), glutathione reductase (GR), glutathione-S-trans-
ferase (GST), catalase (CAT) and superoxide dismutase (SOD), which are able 
to inactivate and remove free radicals (Koivula and Eeva, 2010). The main func-
tion of antioxidant enzymes is catalyzing the breakdown of free radicals, there-
fore the level of enzyme activity indicates the degree of oxidative stress (Ercal 
et al., 2001; Pinto et al., 2003). In addition to operating as an antioxidant, GSH 
has an important role in the antioxidant defence in combination with GPx, GR 
and GST (Sies, 1999). GPx is responsible for oxidizing GSH to GSSG while GR 
reduces GSSG back GSH to maintain the reduction potential of the cell and hence 
indirectly supporting the antioxidant defence system (Gurer and Ercal, 2000; 
Swiergosz-Kowalewska et al., 2006). GST is able to remove hydrogen peroxide 
produced in reactions of macromolecules and ROS from the cell through GSH 
oxidation (Koivula and Eeva, 2010). GPx, CAT and SOD are metaloproteins and 
their function is based on enzymatically detoxifying peroxides and O2•- (Gurer 
and Ercal, 2000). SOD operates as transformer of superoxide to hydrogen per-
oxide, which is then catalyzed further by CAT and GPx to water and molecular 
oxygen. The cooperation of antioxidant enzymes is shown in Fig. 1.
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Superoxide dismutase (SOD) EC 1.15.1.1

In the reaction catalyzed by SOD, two molecules of superoxide form hydrogen 
peroxide. The reaction is extremely efficient, limited only by diffusion:

SOD

2 O2
• – + 2 H+ → H2O2 + O2 

In eukaryotic cells, superoxid can be metabolized to hydrogen peroxide by two 
metal containing SOD isoenzymes, tetrameric MnSOD present in mitochondria, 
and the cytosolic dimeric Cu/ZnSOD. Bacteria contain both MnSOD and FeSOD 
(Matés and Sánchez-Jimenéz, 1999) and in some cases also Cu/ZnSOD (Youn et 
al., 1996). In mitochondria, superoxide is formed in relatively high concentra-
tions due to the leakage of electrons from the respiratory chain. The strictly mito-
chondrial MnSOD is obviously essential and expression of MnSOD is, in contrast 
to Cu/ZnSOD, induced by oxidative stress (Järvinen, 2001). A larger Cu/ZnSOD 
distinct from the cytosolic form can also be found extracellularly (Lakari, 2002).

Catalase (CAT) EC 1.11.1.6

Catalases of many organisms are mainly hem-containing enzymes (Matés and 
Sánchez-Jimenéz, 1999). The predominant subcellular localization in mamma-
lian cells is in peroxisomes where they catalyze the dismutation of hydrogen 
peroxide to water and oxygen:

2 H2O2 → 2 H2O + O2 

Catalase also has function in detoxifying different substrates (phenols, alcohols) 
via coupled reduction of hydrogen peroxide. One role of catalase is to lower the 
risk of hydroxyl radical formation from H2O2 via the Fenton reaction catalyzed 
by copper or iron ions (Nordberg and Arnér, 2001).

Glutathione peroxidases (GPx)

All glutathione peroxidases may catalyze the reduction of H2O2 using glutathione 
as substrate. They can also reduce other peroxides to alcohols.

GSH + H2O2 → GSSG + 2 H2O

2 GSH + ROOH → GSSG + ROH + H2O

 There are at least four different GPx in mammals, all of them containing seleno-
cysteine (Bordoni et al., 2003). GPx-1 and GPx-4 (phospholipid GPx) are both cy-
tosolic enzymes abundant in most tissues (Li et al., 2000). GPx-4 has been found 
to have dual function in sperm cells by being enzymatically active in spermatids 
but insoluble and working as a structural protein in mature spermatozoa (Nord-
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berg and Arnér, 2001). GPx-2 (gastrointestinal GPx) and GPx-3 (plasma GPx) 
are mainly expressed in the gastrointestinal tract and kidney (Chu et al., 1993).

Some data indicated that GPx should be of high antioxidant importance under 
physiological conditions while others place the enzymes as important only at 
events of oxidative stress (Nordberg and Arnér, 2001).

Fig. 1. Cooperation of antioxidant enzymes

The effect of bendiocarb on the activity of antioxidant enzymes  
in brain of rabbit

Bendiocarb is the carbamate insecticide which is effective against a wide range 
of pests and disease vectors. The toxicity of bendiocarb is primary connected 
with the inhibition of acetylcholinesterase (Capcarova et al., 2010). According to 
toxicological studies bendiocarb does not accumulate in the body. It undergoes 
to rapid metabolic transformation and then it is rapidly eliminated by kidneys 
(EHC, 1986). Some intermediates can be toxic at certain conditions (Crespí et al., 
2005). It was confirmed that bendiocarb can generate the production of reactive 
oxygen species. These radicals increase its primary toxic effect (Sobeková et al., 
2009). The brain is the organ with the highest oxygen consumption. Its defense 
mechanism against oxidative stress is insufficient (Achuba, 2005). Superoxide 
dismutase and ascorbic acid represent the main antioxidative capacity of nerve 
tissues. Low activity of catalase and glutathione peroxidase was observed in the 
nervous tissue (Halliwell and Gutteridge, 1986). The aim of this study was to 
observe the effect of bendiocarb on the antioxidative enzyme system of brain 
of rabbits. 
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Material and methods

The experiment was carried out on clinically healthy domestic rabbits (Oryc-
tolagus cuniculus domesticus) obtained from an accredited animal farm (Nitra, 
SR). Experimental animals (6 in each group) were administered bendiocarb 
(96% Bendiocarb, Bayer) per os at a dose of 5 mg.kg–1 BW per day. Owing to 
the adverse side effects of bendiocarb after 10 days of the experiment, the dose 
mentioned was administered every 48 h. The animals were sacrificed on days 3, 
10, 21 and 30 of the experiment. The study was carried out in agreement with 
the requirements of institutional ethical authority.

The brain of the experimental animals was used to prepare 25% (w/v) homoge-
nates in 5 mmol.l–1 TRIS-HCl buffer, pH 7.8. After centrifugation (105  000 g,  
1 h, 4°C) the total proteins were determined in supernatants by the method of 
Bradford (1976) using bovine serum albumin as a standard.

Superoxide dismutase activity (SOD, EC 1.15.1.1) was determined by measuring 
the inhibition of the cytochrome c reduction using xanthine/xanthine oxidase 
O2

•– generating system at 550 nm (25°C) (Flohé and Ötting, 1984). One unit of 
SOD activity was defined as the amount of enzyme that causes 50% inhibition of 
cytochrome c reduction under the assay conditions. Catalase (CAT, EC 1.11.1.6) 
was assayed by monitoring the decrease in absorbance of H2O2 at 240 nm (30°C) 
(Sizer and Beers, 1952). Glutathione peroxidase activity (GPx) was measured 
by monitoring the oxidation of NADPH+H+ at 340 nm (37°C) as described Flohé 
and Günzler (1984) in a  coupled assay with glutathione reductase using cu-
mene hydroperoxide (GPx-cum, EC 1.11.1.12) or H2O2 (GPx-H2O2, EC 1.11.1.9) 
as substrates. Glutathione reductase (GR, EC 1.6.4.2) was determined by fol-
lowing the decrease in NADPH+H+ absorbance at 340 nm (30°C) due to GSSG 
reduction (Pinto et al., 1984). Glutathione-S-transferase (GST, EC 2.5.1.18) was 
measured by the procedure of Habig and Jacoby (1981) at 30°C using the sub-
strate CDNB at a final concentration of 1 mmol.dm–3; the GSH concentration was  
1 mmol.dm–3. One unit of enzyme activity (GPx, GR, and GST) was defined as the 
amount of enzyme that catalyzes the formation of 1 μmol of product per minute 
under assay conditions.

Lipid peroxidation products measured at 535 nm as thiobarbituric acid reactive 
substances (TBARS) were determined according to Gutteridge (1984). The con-
tent of TBARS was expressed in absorbance.mg–1 of protein. 

The results are given as means ± SD of at least three independent determina-
tions in six different batches. Statistical analysis was done by Student’s t-test. 

All reagents were of the highest purity from Sigma, Merck and Boehringer.
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Results

The effect of bendiocarb on the antioxidative enzyme system of brain of rabbits 
was studied. A significant reduction in activity of superoxide dismutase in the 
brain of rabbits was observed on the days 3 and 10 of the experiment (Fig. 2). 
Catalase activity was increased at the same time (Fig. 3). It is assumed that the 
SOD activity was inhibited either by its own H2O2 production or by H2O2 produc-
tion in another metabolic pathways. Glutathione peroxidase activity was statis-
tically increased on the days 10 and 30. Activity of auxiliary enzyme glutathione 
reductase was significantly decreased on the day 3. Changes in specific activity 
of glutathione-S-transferase were very similar (Tab. 1). Inhibition of the activi-
ty of certain enzymes could be due to accumulation of reactive oxygen species. 
Oxidative damage of brain was confirmed by increased content of thiobarbituric 
acid reactive substances (Tab. 1).

Fig. 2. Specific activity of SOD in brain of rabbits; The values are means ± SD (n=6). 
Student t-test was used for assessment; * p<0.05, ** p<0.01
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Fig. 3. Specific activity of CAT in brain of rabbits; The values are means ± SD (n=6). 
Student t-test was used for assessment; p<0.05, ** p<0.01

Tab. 1. Specific activities of some antioxidative enzymes and TBARS levels  
in brain of rabbits; The values are means ± SD (n=6); Student t-test was used  

for assessment; * p<0.05, ** p<0.01 

Specific 
activity 

GPxcum
(U.mg–1)

GPxH2O2

(U.mg–1)
GR

(U.mg–1)
GST

(U.mg–1)
TBARS

(A535.mg–1)

Control 0.11 ± 0.01 0.069 ± 0.008 0.103 ± 0.009 0.8 ± 0.2 0.0175 ± 0.0007

Day 3 0.13 ± 0.01 0.10 ± 0.02 0.09 ± 0.01* 0.49 ± 0.06 0.027 ± 0.002**

Day 10 0.16  ± 0.02** 0.085 ± 0.007* 0.10 ± 0.01 0.5 ± 0.1 0.023 ± 0.005

Day 21 0.13 ± 0.02 0.09 ± 0.03 0.096 ± 0.005 0.7 ± 0.1 0.030 ± 0.008*

Day 30 0.142 ± 0.008** 0.10 ± 0.01* 0.091 ± 0.007 0.8 ± 0.1 0.016 ± 0.002

Discussion

Free radicals are generated in a living organism under physiological conditions 
by controlled stimulation and they participate in regulation of proper course of 
many processes. The increased steady-state concentration of ROS constitutes 
the chemical basis of oxidative stress. The natural endogenous protection of 
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the organism against the generation of ROS is the antioxidant enzyme system. 
Changes in their activities are specific cells response to contaminants exposure. 
A significant reduction in activity of SOD in the brain of female rabbits was ob-
served on the day 3 and 10 of the experiment. Catalase activity was increased 
at the same time. SOD provides primary antioxidative protection of cells against 
ROS. The extent of the decrease of SOD activity depends on the degree of ox-
idative stress (Pracasam et al., 2001). The inhibition of the SOD activity may 
result from the increased production of superoxide anion radical (Sobeková et 
al., 2009). Inhibition of SOD causes accumulation of superoxide anion radical 
and leads to damage to the mitochondrial membrane and apoptosis (Huang et 
al., 2000). Chronic inhibition of SOD induces degeneration of spinal neurons 
(Rothstein et al., 1994). Lower activity of SOD was found in rat brain in relation 
to age. Superoxide production in the brain increases with age together with de-
creased SOS activity. It has been shown that SOD is inhibited by H2O2 (Hodgson 
and Fridovich, 1975). Inactivation of SOD is caused by the reduction of copper 
ions in the active centre of the enzyme. Catalase and glutathione peroxidases 
are the predominant enzymes in regulating and controlling intracellular h2o2 
concentrations. Catalase is especially effective at high h2o2 concentration and 
glutathione peroxidase is capable to utilize hydroperoxides and to metabolize 
h2o2 at its low concentration (Chance et al., 1979). Because h2o2 is continuous-
ly produced by several enzymes, it can be assumed that the SOD activity was 
inhibited either by its own H2O2 production or by H2O2 production in another 
metabolic pathways. The correlation between decreased SOD activity and in-
creased lipid peroxidation in different parts of the rat brain was shown (Alper, 
1998). Oxidative damage of rabbits’ brain was confirmed by increased content 
of thiobarbituric acid reactive substances in our experiment. 

The alterations in the activities of antioxidative enzymes and increased TBARS 
values showed that brain of rabbits was exposed to the action of free radicals. 
Toxicity and possible oxidative damage of brain depends on the concentration 
of pesticide and on the time of exposition.

* * *

The study is a  part of the project KEGA 020UVLF–4/2012 of the Institute of 
Medical Chemistry of UVMP in Košice. 
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