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1. Introduction  

Living systems encounter a variety of stresses during their continuous interaction with 
environment. Environmentally-induced stresses frequently activate the endogenous 
production of reactive oxygen species (ROS), most of which are generated as side products 
of tissue respiration. Hence, constant exposure to stressors may enhance ROS-mediated 
oxidative damage. Increased number of agricultural and industrial wastes enter aquatic 
environment and being taken up by aquatic organisms induce plural changes. Some of them 
directly enhance ROS formation whereas others act indirectly, for example, by binding with 
cellular thiols and reducing antioxidant potential. Fish are particularly threatened by water 
pollution. The use of sentinel species in biomonitoring needs to be discussed due to different 
level of their vulnerability by environmental toxicants. 

Oxidative stress is defined as a situation when steady-state ROS concentration is transiently 
or chronically enhanced, disturbing cellular metabolism and its regulation and damaging 
cellular constituents (Lushchak, 2011). The activation of oxidative manifestations leads to 
the response of antioxidants, activation of expression of genes encoding antioxidant 
enzymes, elevation of the concentration of ROS scavengers. Nevertheless, there are 
considerable gaps in our knowledge on response to oxidative stress, particularly in the feral 
animals. Indeed, in field studies, wide spectrum of inter-site differences (higher, equal or 
lower activities of various antioxidant enzymes with tissue peculiarities and disbalance) 
have been observed in polluted compared to clean areas reflecting both mild stress 
conditions of the location or strong oxidative damage. Different models of the aquatic 
animal response, therefore, need to be analysed before conclusions can be drawn. In any 
case, the integrated approach with the appreciation of balance between prooxidant 
manifestations and antioxidant defence (enzymatic and nonenzymatic) in biological systems 
needs to be a control point to assess toxic effects under stressful environmental conditions.  

In field investigations, there are problems on selection of reference sites even in the cases 
when these sites were selected by generally appreciated criteria. It is clear that, given the 
spontaneous human activities, we will not be able to find a true reference site in some areas. 
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The practical use of oxidative stress markers in fish is also connected to significant 
difficulties, because of their considerable seasonal variation. Moreover, animals can adapt to 
low pollution conditions and, under these circumstances, seasonal factors might affect 
biomarker responses to a greater extent than pollution variations. Therefore, with the aim to 
standardize the results and avoid the effect of adaptation to chronically polluted 
environment, caged organisms, including fish are used for biomonitoring. However, for 
fish, the responses of caged specimens are studied sparsely. 

This chapter summarizes current knowledge on oxidative stress responses of fish in field 
conditions and their potential for environmental toxicology studies and biomonitoring. 

2. Peculiarities of field pollution as a stressful factor 

Unlike model oxidative stress that is usually caused by singular substance acting under 
controlled laboratory conditions (concentration, period) (Bagnyukova et al., 2005, 2006, 2007; 
Kubrak et al., 2010; Lushchak et al., 2007, 2008, 2009a,b,c; Yi et al., 2007; Sun, et al., 2008), 
environmental impact is usually developed according to multiple stressor effects. Indeed, 
ecosystems are under the pressure of complex mixtures of contaminants released in the 
environment due to various human activities. They may originate from miscellaneous 
sources such as chemical and drug manufacture, domestic sewage, polymer and 
petrochemical-based industries, oil refineries, mining, glass blowing, battery manufacture 
and many others. Hydrological changes, hydromorphological degradation and invasive 
species also can contribute to the set of stressing factors (Amado et al., 2006; Sureda et al., 
2006; dos Anjos et al., 2011). According to origin, two primary routes of pollution can be 
selected: (1) point-source pollution and (2) non-point-source pollution. Point-source 

pollution originates from discrete sources whose inputs into aquatic systems can often be 
defined in a spatially explicit manner. Examples of point-source pollution include industrial 
effluents (pulp and paper mills, steel plants, food processing plants), municipal sewage 
treatment plants and combined sewage-storm-water overflows, resource extraction 
(mining), and land disposal sites (landfill sites, industrial impoundments). In opposit, non-

point-source pollution originates from diverse poorly defined, diffuse sources that typically 
occur over broad geographical scales. Examples of non-point-source pollution include 
agricultural runoff (pesticides, pathogens, and fertilizers), storm-water and urban runoff, 
and atmospheric deposition (wet and dry deposition of persistent organic pollutants such as 
polychlorinated biphenyls (PCBs) and mercury) (Ritter et al., 2002). Basically the most 
prevalent xenobiotics arising out of agricultural and industrial activities are pesticides and 
trace metal ions. 

Two examples will illustrate the complexity of natural water pollution that gives very poor 
prediction of its impact on biota. The first one is connected with industrial area, in the 
estuary near the city Göteborg, at the Swedish Western coast. The analyses of the sediments 
in this area showed high concentrations of anthropogenic compounds, such as polycyclic 
aaromatic hydrocarbons (PAHs), PCBs, tributyl tin, and dioxin, as well as transition metal 
ions. Toxicological analyses of the sediments in the Göteborg harbor area indicated that the 
levels of pollutants high enough to exert harmful effects on the ecosystem. To make the 
harbor more accessible and to secure future oil imports to Sweden, the dredging of the 
fairways Göteborg harbor was completed during 2003 (Sturve et al., 2005). In result, 
biomarker responses in the eelpout (Zoarces viviparus) sampled both before and during the 
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dredging indicated that fish were chronically affected by pollutants compared to those in a 
reference area. However, the results during the dredging activities clearly show that fish 
were even more affected by remobilized pollutants. The second example illustrates the 
composition of three aquatic bodies in generally low industrially disturbed area in Western 
Ukraine during three seasons. However, spontaneous pollution together with the use of 
collapse of water purification systems constitutes further pressures for the aquatic 
environment.  

The represented example of physico-chemical analyses of the water from three typical field 
sites in Western Ukraine, forestry site F near the spring of the river, agricultural site A in the 
lower part of the river, and forestry site N on the bank of the cooling pond of Nuclear Power 
Plant, showed that run-off and sewage discharges, industrial processes could be important 
sources of phosphates, phenol, nitrites, ammonium to surface waters at sites F and A and 
trace metal ions, particularly Cd and Cu, are typical pollutants at site N. While site A is 
proved as the most polluted river site in the region due to information from the Public 
Administration of the Environmental Protection, the high level of anthropogenic impact at 
site F near the municipal water inlet of the city was unexpected. High pollution caused by 
Cu and Cd at site N, where agricultural activity is low, may be explained by specific 
composition of the sewages from Nuclear Power Plant. The results indicate that the levels of 
Cu, Cd, nitrite, and phosphate even exceed environmental quality levels (EU Council 
Directive 98/83/EC) (http://www.emwis.org/IFP/law_EU.htm) (Table 1). In any case, 
studied chemical parameters in general terms confirm a plurality of compounds which 
mutual effect could probably induce toxic effects to aquatic organisms. Moreover, the 
relativity of the concept of the reference site is clear, even though the reference site was 
selected by generally accepted criteria. Page: 133 
 This needs to be taken into consideration at examination of environmental impacts. 

Hence, aquatic environment is a sink for many environmental contaminants which can be 
absorbed by aquatic organisms leading to disturbing of antioxidant/prooxidant balance in 
fish (Lackner, 1998; Livingstone, 2001, Lushchak, 2011). That may cause oxidative stress, 
determined as a state when antioxidant defenses are overcomed by prooxidant forces 
(Livingstone, 2001, 1991; Livingstone, 2001,). Moreover, dependently on the source of 
pollutant, steady-state ROS concentration can be enchanced transiently or chronically, 
disturbing cellular metabolism and its regulation and damaging cellular constituents 
(Lushchak, 2011). Synergistic or antagonistic effects of mixtures of pollutants are hardly 
interpreted and predicted exclusively from the chemical analyses; some contaminants are 
substantially accumulated in specific tissues without recorded toxic effects (Viarengo & 
Nott, 1993), while others demonstrate high toxicity even at low levels. So, oxidative stress 
response of fish cannot be predicted using data on the level of certain pollutants in their 
tissues. In some cases, the correspondence between these characteristics was reported, for 
example, the 22-fold increase in PCB concentrations in white muscle of brown bullhead 
(Ameriurus nebulosus) was accompanied by disturbance of antioxidant defence in the tissues 
of this fish compared to fish from the nonpolluted site (Otto & Moon, 1996). On the other 

hand, Machala and colleagues (1997; 2001) did not find any correlation between markers of 
oxidative stress in liver of chub (Leuciscus cephalus) and concentrations of specific 
contaminants, namely organochlorine compounds, PAHs, and metals in several sampling 
sites of a river with various pollution types and rates. So only the direct determining of the 
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stress response, namely oxidative stress markers and may be some others, in biological 
systems has become the most adequate tool for early warning in environmental toxicology 
studies (Valavanidis et al., 2006). 

Parameter Site Spring Summer Autumn 
Phosphates, μM 
 

F 16.7±2.1* 5.1±0.4b* 20.7±2.2b* 

A 15.1±1.7* 10.1±0.9a,b* 24.5±2.5b* 

N 1.0±0.1a 3.9±0.3a,b 1.9±0.1a,b 

Nitrites, 
mg N-NO2-·L-1 

F 2.2±0.2* 6.4±0.5b* 4.1±0.4b* 

A 0.4±0.04a 1.4±0.2a,b* 1.4±0.1a,b* 

N 0.4±0.04a 1.4±0.1a* 0.9±0.1a,b* 

Nitrates, 
mg N-NO2-·L-1 

F 2.0±0.2 0.3±0.0b 0.1±0.0b 

A 2.9±0.3a 12.8±1.2a,b 3.0±0.4a 

N 0.9±0.1a 0.1±0.0a,b 0.1±0.0b 

NH4+, mg·L-1 

 
F 6.4±0.8* 2.9±0.3b* 3.6±0.3* 
A 2.8±0.3a* 1.0±0.1a.b* 0.1±0.0a,b 

N 1.6±0.2a* 1.9±0.2a* 0.1±0.0a,b 

Oxidisability, 
mg O2·L-1 

 

F 47.8±2.1* 24.8±2.2b* 17.7±2.1b* 

A 30.1±3.1a* 8.5±0.5a,b* 8.9±0.8a,b* 

N 11.4±1.2a* 41.2±3.2a,b* 17.0±1.6b* 

Hardness, 
mM CaCO3 

F 1.1±0.1 1.1±0.1 0.5±0.1b 

A 1.3±0.1a* 1.7±0.2a,b* 1.0±0.1a,b 

N 0.5±0.1a 0.8±0.1a,b 0.9±0.1a,b 

Phenol, μg·L-1 

 

F 3.6±0.4* 0.9±0.1b 1.5±0.2b* 

A 0.8±0.1a 1.7±0.2a,b* 4.9±0.5* 
N 0.6±0.1a 0.7±0.1a 0.8±0.1 

Cu, μg·L-1 F 2.5±0.2 1.3±0.1b 2.1±0.2b 

A 3.5±0.3a* 1.9±0.2a,b 6.3±0.6a,b* 

N 7.5±0.8a* 5.3±0.5a,b* 5.1±0.5a,b* 
Cd, μg·L-1 F 2.2±0.2 4.3±0.4b 3.6±0.4b 

A 2.9±0.3a 4.1±0.4b 3.4±0.3 
N 2.8±0.3a 8.9±0.7a,b* 6.3±0.6a,b* 

Table 1. Physico-chemical parameters of water in three seasons, M±SD, n=3 (from 
Falfushynska et al., 2010c with permission): *Exceeding of maximum permitted 
concentration allowed for the protection of freshwater aquatic life. The values are expressed 
as the mean ± SD; aSignificantly different from spring value at the same site with P < 0.05; 
bsignificantly different from site F value in the same season with P < 0.05. 

Xenobiotic-induced stress responses can be broadly categorized as intoxication and 
detoxication signals. Intoxication signals manifest debilitating phenomena while the 
detoxication signals are adaptive in nature and provide protection to the biological systems 
when affronted with toxic xenobiotics (Bhattachary, 2001). Dependently on the intensity and 
duration of toxicant effect and resistance of the studied organism, different manifestations of 
the oxidative stress can be expected. However, there are considerable gaps in our 
understanding of oxidative stress response mechanisms in the feral animals (Valavanidis et 
al., 2006). The long-term effect of pollutants, typical for chronically and heavily polluted 
areas, the enhancement of ROS level and perturbation of antioxidant efficiency often 
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prelude the onset of significant alterations like protein and DNA damage, lipid peroxidation 
(LPO) and enzyme inhibition (Winston & Di Giulio, 1991). Fish are particularly threatened 
by aquatic pollution, and the environmental stress they face may help to shape their 
ecology, evolution, or biological systems (Padmini, 2010). 

3. Oxidative manifestations: Reactive oxygen species, damage to lipids, 
proteins and DNA 

When the effect of environmental pollution on the antioxidant defence is elucidated, the 
exceeding of the resiliency of this system, and consequently, oxidative stress could be 
approved only basing on the elevations of the rate of oxidative manifestations. The 
expression of specific lesions known to arise specifically at oxidative stress, e.g. lipid 
peroxidation (membrane damage), oxidized bases in DNA and accumulation of lipofuscin 
pigments were found in many aquatic animals exposed to contaminants (Winston, 1991). 
However, whilst in the laboratory a wide spectrum of these indices is measured, only single 
parameter is often explored in Environmental Risk Assessment (ERA). In any case, the rate 
of oxidative damage is the control point of the effective adaptation to oxidative stress.  

Lipid peroxidation or oxidation of polyunsaturated fatty acids, measured usually as a level 
of thiobarbituric acid reactive substances (TBARS), has been used most frequently to analyse 
the effect of pollutants (Livingstone, 2001; Lushchak et al., 2007, 2008, 2009 a, b, c, 2011). The 
elevated LPO in fish from heavily polluted field sites was observed (Ferreira et al., 2005; 
Farombi et al., 2007; Sanchez et al., 2007). For example, in the African catfish (Clarias 

gariepinus) from the Ogun River located close to major industries in the South Western part 
of Nigeria, TBARS levels of C. gariepinus were significantly higher in the liver, kidney, gills 
and heart by 177%, 102%, 168% and 71% respectively compared to that from fish farm which 
was considered as a reference site (Farombi et al., 2007). Elevated levels of LPO products 
were indicated in the blood of three cichlid fish species (Oreochromis niloticus, Tilapia rendalli, 
and Geophagus brasiliensis) from metal-contaminated site (Bonafé et al., 2008). Dorval et al. 
(2005) demonstrated higher level of hepatic LPO products in white sucker (Catostomus 

commersoni) from the river sites in Québec (Canada), impacted by agricultural chemicals. 
The killifish (Fundulus heteroclitus) inhabiting a creosote-polluted inlet of the Elizabeth River 
also exhibited higher LPO as compared to the reference population (Bacanskas et al., 2004). 
Differences of the level of TBARS in a liver of common carp (Cyprinus carpio) were also 
detected between fish from rural and industrial sites in relatively low polluted area in 
Western Ukraine (Falfushynska & Stoliar, 2009). In this study, the gills demonstrated 
significantly lower level of TBARS than the liver. Moreover, the correlation between TBARS 
levels and O2�– production was detected, confirming the conclusion on potential 
mechanisms of oxidative damage in fish. In crucian carp (Carassius carassius) from the 
similar two areas of comparison, in Western Ukraine (basin of the river Dnister) the 
differences in TBARS concentration were also observed. Especially high level of TBARS was 
observed in fish from industrial site in summer (Falfushynska et al., 2010).   

Other examples demonstrate the absence of differences in TBARS concentration between 
fish from polluted and clean areas. In the study of Pandey et al. (2003), the differences of a 
broad set of antioxidants in gills, kidney and liver tissues in the Indian freshwater fish 
Wallago attu (Bl. & Schn.) from clean and polluted river sites were showed. But LPO 
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intensity assessed as TBARS level did not differ between two sites. Similar results were 
obtained by Huang et al. (2007) in the hepatopancreas of carp from polluted site, unlike the 
responses of other studied tissues, kidney and intestine. Despite differences in the activities 
of superoxide dismutase (SOD), glutathione transferase (GST) and glutathione peroxidase 
(GPx), the level of LPO was the same in the fish from two sites, indicating a stronger 
antioxidant capacity of this organ. In the series of materials devoted to the consequences of a 
dredging campaign in Göteborg harbor, Sweden, to eelpout (Z. viviparous), as a sentinel 
species, TBARS did not show inter-site differences (Almroth et al., 2005). Similarly, in the 
liver of labrid fish (Coris julis) despite the variations in the antioxidant enzyme activities, 
there was no significant difference in TBARS concentrations (Sureda et al., 2006). 

The end-products of LPO can be accumulated in lysosomes as insoluble granules containing 
autofluorescent pigments and are usually referred as lipofuscins. The indication of these 
pigments in the lysosome vacuolar system of fish hepatocytes also can be used for the 
assessment of the level of membrane LPO (Viarengo et al., 2007). The authors even 
recommend evaluation of lipofuscin levels as more valid characteristic of damage to lipids 
than TBARS. However, the corresponding studies with feral fish are scant and connected 
solely histological studies that do not permit to assess the oxidative stress response 
accurately. For example, histopathologic biomarkers in feral freshwater fish populations, 
namely redbreast sunfish (Lepomis auratus) and largemouth bass (Micropterus salmoides), 
showed the signs of lipofuscin accumulation only in polluted sites (Teh et al., 1997). The 
comparison of fish, barbels (Barbus graellsii) and bleaks (Alburnus alburnus) from areas 
located upstream and downstream of a mercury cell chlor-alkali plant on the Cinca River 
(NE Spain), demonstrated that the prominent elevation of the concentration of mercury in 
the tissues of fish sampled downstream of the plant (10- and 30-times higher in the muscle 
and liver of barbels downstream of the factory) was accompanied by significantly higher 
prevalence of liver pathologies consistent with the prooxidant effect of trace metals (Raldúa 
et al., 2007). Fifty paddlefish (Polyodon spathula) collected from two sites on the Ohio River, 
USA, demonstrated significantly higher organochlorine concentrations that even exceeded 
the Food and Drug Administration's action limit for chlordane (0.30 μg/g) than the fish 
from Cumberland River as a reference site. That was accompanied by the presence of 
hepatic hemosiderosis (Gundersen et al., 2000). However, concerning the signs of oxidative 
stress, these results represent only initial stage of study. 

The formed free radicals cause various kinds of genotoxicity, particularly modifications to 
DNA bases. Most of the analytical assays have been focused on measuring of products of 
guanosine hydroxylation, namely 8-OHdG or 8-oxodG, and its free base 8-hydroxyguanine, 
in urine as an indirect method for oxidative damage by free radicals (Shigenaga & Ames, 
1991). In the studies of feral fish these methods are presented scanty. A study with the fish 
(Sparus aurata) found that 8-oxodG determination in chromosomal DNA was a potentially 
useful biomarker of oxidative stress caused by urban and industrial environmental pollution 
(Rodriguez-Ariza et al., 1999). However, the proof of oxidative stress as a reason for 
genotoxicity is usually explored only in model studies, but not in ERA. 

Proteins are considered to be important targets of free radical attack in cells (Eustace & Jay 
2004; Almroth et al., 2008b; Lushchak, 2011) and thus compromise antioxidant defense, 
cellular function, and survival (Padmini, 2010). Therefore, protein oxidation, often under 
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investigation in proteomic studies, has been recently proposed as a biomarker of oxidative 
stress (Sheehan, 2006; Lushchak, 2011). In flounders, living in contaminated waters with 
xenobiotics, increased levels of oxidised proteins were reported (Fessard & Livingstone, 1998). 
Studies on dynamics showed that proteins can be oxidized before lipids or DNA in ROS-
exposed cells (Du & Gebicki, 2004). At the same time, many other factors can influence cell 
cycle and correspondingly, injury of proteins, related particularly to their oxidative damage. In 
any case, protein carbonyls (PC), so successfully explored in the studies of model oxidative 
stress in short-term laboratory experiments (Parvez & Raisuddin, 2005; Kubrak et al., 2010; 
Lushchak, 2011), are very seldomly used in the field studies for the assessment of 
environmental effects on fish. In the set of studies devoted to the consequences of a dredging 
campaign in Göteborg harbor, Sweden, to fish on the example of eelpout (Z. viviparous), as a 
sentinel species, monitor the impact of these events, the formation of additional carbonyl 
groups in proteins was studied (Almroth et al., 2005; 2008a). They confirmed that unlike LPO, 
PC, measured using an ELISA method, show differences between the reference and polluted 
sites in the field, as well as differences between time periods (before and during dredging and 
following the oil spill detected in this area were found. Particular results were reported for the 
fish from spontaneously polluted area. In the study with C. carassius from two field sites, 
significant differences of PC were indicated. However, lower level, particularly in the gills was 
found in fish from industrial site. The inter-site differences were opposite to that of the 
concentrations of GSH and metallothionein-related thiols (Falfushynska et al., 2010b). These 
data were interpreted from high tolerance of fish of genus Carassius to adverse conditions in 
the industrial site. On the other hand, for C. carpio higher levels of PC were detected in the liver 
and gills in two seasons in industrial site and only in summer the inter-site difference was 
opposite (Falfushynska et al., 2009).  

Direct studies of intensity of ROS production in the field works are limited. The 
measurement of superoxide anion radical (O2�–) production in the liver and gills of C. carpio 
from rural and industrial areas in Western Ukraine showed that the O2�– production was 
elevated at the industrial site in the majority of samples (Falfushynska & Stolyar, 2009). In 
this study, the negative correlation between Mn-SOD activity and O2�– production was 
observed and production of O2�– and TBARS correlated positively. In the compared groups, 
coherent changes of PC and O2�– levels were also detected in the liver and gills. In the study 
of C. carassius from two field sites, the significant difference of PC corresponded to 
variations in O2�– production, particularly in gills (Falfushynska et al., 2009b).  

4. Non-enzymatic antioxidants: Glutathione and other scavengers 

Non-enzymatic antioxidants are represented by ROS scavengers (both hydrophilic such as 
low-molecular mass thiols, glutathione (GSH), metallothioneins (MTs), ascorbic and uric 
acids, as well as lipophilic ones such as vitamin E and carotenoids (Viarengo et al., 2007). In 
the field studies, GSH is the most frequently studied scavenger. The hepatic ratio of 
oxidized to reduced glutathione (GSSG/GSH), a value used as an indicator of the “redox 
status” of the cell, may be appropriate biomarker for oxidative stress. However both GSH 
and GSSG levels have only been measured in a limited number of field studies (Van der 
Oost et al., 2003). It should be noted, that GSH can be involved in diverse processes different 
from related to free radical metabolism, within the cell and its variability can not be 
considered entirely in connection to oxidative stress.  
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In moiety of field studies, the elevated level of GSH was indicated in fish from polluted 
areas (Van der Oost et al., 2003). English sole (Pleuronectes vetulus) sampled from the 
Duwamish Waterway, a contaminated urban site in Puget Sound, Washington, showed 
increased GSH concentrations. The findings also indicated that induction of GSH synthesis 
from L-Cys was not a major factor in the increase of hepatic GSH in contaminant-exposed 
fish whereas it was not accompanied by changes in either L-Cys concentrations or gamma-
glutamylcysteine synthetase activity (Nishimoto et al., 1995). A population of killifish (F. 
heteroclitus) inhabiting a creosote-polluted inlet of the Elizabeth River demonstrated higher 
total glutathione concentrations in adult hepatic tissue as compared to the reference 
population (Bacanskas et al., 2004). Study on the Indian freshwater fish Wallago attu (Bl. & 
Schn.) collected from two sites along the river Yamuna demonstrated that GSH in liver, 
kidney and gills was found to be substantially higher in the fish collected from more 
polluted site (Pandey, 2003). In the African catfish (C. gariepinus) from the Ogun River 
located close to major industries in the South Western part of Nigeria, GSH concentration 
was higher by 81%, 83% and 53% in the liver, kidney and heart, respectively, compared to 
that from the reference site (Farombi et al., 2007). Opposite response of GSH in the gills 
(lower by 44% in the fish from polluted area) was indicated in this study. At the same time, 
some field studies of contaminated sites did not detect differences in GSH level with the fish 
from the reference site (Jenner et al., 1990; Eufemia et al., 1997) or detected decreases (Otto & 
Moon, 1996; McFarland et al., 1999), and one study found an initial decrease followed by a 
sustained elevation (Steadman et al., 1991). Dorval et al. (2005) demonstrated that in hepatic 
and adrenal tissues of white sucker (C. commersoni) from a river that drains an agricultural 
region, GSH level was higher in reference site compared to fish from contaminated sites. 
Also, the three-spined stickleback (Gasterosteus aculeatus L.) sampled from heavily 
contaminated stream in France exhibited decreased liver GSH levels (Sanchez et al., 2007).  

The increase of the ratio of GSSG/GSH in fish due to either direct scavenging of radicals or 
increased peroxidase activity can be expected. However, increases in total glutathione 
without increases in the percent of GSSG have been observed in channel catfish under the 
effects of sediments from polluted site (Di Giulio et al., 1993), in larvae of killifish (F. 

heteroclitus) inhabiting a Superfund site on the Elizabeth River (VA, USA) (Meyer et al.,  
2003). The levels of both, GSH and GSSG, in C. carpio  from the river in Western Ukraine 
were higher in industrial site than in rural site and were more sensitive to spatial 
peculiarities in liver than in gills (Falfushynska & Stolyar, 2009). In the gills, GSH redox 
status was in the range 0.77−0.97, but in summer, it decreased to 0.54, with no difference 
between the sites. On the other hand, in C. carassius tissues high GSH levels and redox state 
of GSSG/GSH couple (particularly in the gills), were indicated in polluted site, which was 
expected to confer some advantages to this higly tolerant to environmental stresses fish 
(Falfushynska et al., 2010). Nevertheless, after 21 days in captivity, the fish from these two 
sites demonstrated opposite difference in GSH and GSSG levels (Falfushynska et al., 2011). 

Some general relationships between Redox Index of GSH (RI GSH) calculated as the ratio of 
content GSH/(GSH+2GSSG) and other markers of oxidative stress were observed in field 
studies of fish (Falfushynska et al., 2010a), that can be explained by versatility of glutathione 

functions. The examples of discrepancies between RI GSH, LPO products and the activities 
of antioxidant enzymes in the field studies on fish were analysed in a review by Kelly et al. 
(1998). However, in any case, the elevation of GSH level and RI GSH can possess benefit to 
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fish in its ability to survive in polluted environment, while glutathione depletion is usually 
associated to enhancing of peroxidation processes in the cell membrane and leads to stress 
and can prominently contribute in hepatotoxicity (Viarengo et al., 2007).  

Metallothioneins (MTs) are low molecular mass intracellular cysteine-enriched proteins that 
are suggested to be related to oxidative stress response. They constitute a diverse family of 
thermostable intracellular low molecular mass proteins, which are enriched in cysteines and 
bind metal ions in metal-thiolate clusters. Now they are considered to participate in the 
storage and detoxification of metal ions such as zinc, copper, and cadmium, and in the 
scavenging of ROS in diverse living organisms (Viarengo et al., 2007; Fernandes et al., 2008). 
However till now, despite a lot of publications devoted to MTs, their biological functions, 
relationship and necessity for the organism are discussed and adjusted. Some recent data 
demonstrate MTs induction in fish by other than metal pollutants, particularly in connection 
with oxidative stress (Paris-Palacios et al., 2000; 2003). However, several metals which are 
not essential for MTs (ferrum and nickel, for example) and also endocrine-disrupting 
chemicals have been known to be inhibitors of the MT gene transcription (Rhee et al., 2009; 
Lee et al., 2010). 

Since their low redox potential, the metal-thiolate clusters of MTs can be easily reduced or 
oxidized in vitro and in vivo with concomitant binding/release of metal ions (Maret & Valee, 
1998). It was found that MT levels in mammalian tissues under physiological conditions could 
be rather high to harbour important implications for MTs operation in Zn and redox 
metabolism (Capdevila et al., 1997; Capasso et al., 2005; Kelly et al., 2006). Different substances 
besides metals, such as fungicides fenhexamid, mancozeb, and also hydrogen peroxide, induce 
the elevation of MT content in fish (Viarengo et al., 1999; Cavaletto et al., 2002; Paris-Palacios et 
al., 2003; Mosleh et al., 2005; Kang, 2006). Inter-relation of elevated MT level with other stress 
proteins (catalase, GST) and negative relation to LPO products was confirmed for C. carassius 
over three seasons in a mixed polluted area characterized by spontaneous agricultural 
activities (Falfushynska et al., 2010a). On the other hand, studies on the C. carpio, have 
demonstrated the inability of their MTs to maintain high level of antioxidant defense, but 
elevated metal-binding capacity at the industrial site polluted by metals (Falfushynska & 
Stolyar, 2009; Falfushynska & Stoliar, 2009). 

The participation of MTs in antioxidant defense can be explained by the high content of 
thiols and the particular metal binding/release dynamics intrinsic to these proteins (Atif et 
al., 2006; Monserrat et al., 2007; Viarengo et al., 2007). However, the effect of pollution on the 
relations between the metal binding and antioxidant functions of the MTs in aquatic animals 
has not been clarified (Chesman et al., 2007).  

The participation of MTs in antioxidant defence can be also indirectly connected to the 
distribution of metal ions within the cell in deposited form and unbound, potentially toxic 
form. Complex field pollution can decrease the metal-binding function of MTs and promote 
the metal-related generation of ROS. With a view to include MTs in biomonitoring 
programs, simultaneous studies of the response of their expression, metal-binding capacity 
and thiol concentration in the field conditions must be undertaken. Metal-keeping function 
and possible participation in the antioxidant defense, expressed by concentrations of 
complexes of MT with metal ions (MT-Me) and total MTs (MT-SH), can be 
alternative/complementary characteristics of MTs in aquatic animals in complex field 
pollution. 
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Main discovery in the study of MTs expression is the distinguishing of basal and related 
emergency gene products both in vertebrate and invertebrate aquatic animals. In general, it 
seems that constitutive MT isoforms represented a primary action under ‘less stressful’ or 
‘sublethal’ conditions whereas the activation of other isoforms became important under 
‘more stressful’ or ‘lethal’ circumstances (Bargelloni et al., 1999; Lee et al., 2010). However, 
some limitations are still evident demonstrating that MTs are regulated at translational and 
transcriptional levels. The concentration MT proteins and their multiplicity do not appear to 
correlate always with constitutive expression of MTs. For example, two icefish species show 
the same number of MT genes despite a lack of expressed MTs at the protein level. In brown 
trout (Salmo trutta) from some polluted areas, the MT content was not elevated even when 
transcription of MT genes was enhanced (Hansen et al., 2006a, b). Therefore, with the aim to 
understand the importance of MTs in the response under oxidative stress, the study needs 
to combine the determination of gene expression at all levels including their properties. 

There is limited evidence of induction of MTs due to exposure to environmental trace 
organic contaminants, and thus they usually are not discussed in corresponding literature. 
Moreover, they respond not only to anthropogenic pollution but also to physical stress and 
other natural factors. This makes them extremely difficult to be used as “stand-alone” 
biomarkers (Lam & Wu, 2003).  

Studies addressed other potential ROS scavengers in the feral fish under stress conditions 
are very scarce. In a large-scale field study in Sweden, perch inhabiting water bodies 
contaminated with bleached kraft pulp mill effluents consistently displayed higher 
ascorbate concentrations than fish from the reference site (Andersson et al., 1988). α-
Tocopherol (vitamin E), a lipid-soluble antioxidant, that is synthesized by plants, but 
required in the diets of animals, appears to play a major role in protecting of cell membranes 
from LPO (Stegeman et al., 1992). Measurements of these substances in tissues of feral fish 
are expected to be useful for ERA, especially within the set of oxidative stress indices. 

5. Antioxidant enzymes 

Antioxidant enzymes are included in the environmental pollution assessment because of 
their inducibility under conditions of mild oxidative stress and their potential role in 
adaptation to pollutant-induced stress. It is expected that they may be more sensitive at 
detecting of initial insults than such markers as histopathologies, changes in growth rates, 
etc. (Adams & Greeley, 2000). Laboratory studies confirmed that the measurement of 
changes in the expression of a large number of specific genes or activities of certain enzymes 
of antioxidant defence can be explored in an early warning system of toxicant exposure 
(Livingstone, 2001; Lushchak, 2011). However, if in the model studies, the enzyme response 
to disposable effect of toxic chemicals can depend on duration of pollutant influence, 
showing a bell-shaped relationship, in the field studies the results often indicate that 
antioxidant enzyme responses are transient and variable for different species, enzymes and 
chemicals (Viarengo et al., 2007). Obviously, the early warning can be used when temporal 
effect of pollution is expected. In the field studies, fish is frequently subjected to long-term 
exposure of number of factors. Therefore, the observed difference in the activity of 
antioxidant enzymes between two sites may be attributed both to their activation under 
mild stress conditions of the location or to their suppression due to strong oxidative 
damage. Different models of the aquatic animal response, therefore, need to be analysed 
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before conclusions can be drawn. Changes in gene expression may occur relatively quickly 
during an exposure, but the effect of long-term exposure on the expression may differ 
(Bagnyukova et al., 2005, 2006, 2007; Kubrak et al., 2010; Lushchak et al., 2007, 2008, 2009a, b, 
c). Additionally, contaminant-independent reference expression patterns should include 
natural fluctuations of the level. Indeed, in field studies, higher, equal or lower activities of 
various antioxidant enzymes have been observed in polluted compared to cleaner areas 
(Narbonne et al., 1999; Bonafé et al., 2008). 

Typically, the battery of oxidative stress parameters in feral fish includes usually the 
activities of either SOD, or catalase. At least one of GSH-related enzymes is also often 
included in the study. Due to easily carried out and low-cost enzymatic tests, the assessment 
of catalase and GST activities has most often been used in biomonitoring programmes for 
fish (Romeo et al., 2000; Viarengo et al., 2007).  

Whereas the field studies mostly belong to biomarker-type studies, the specification of 
antioxidant enzymes in them is limited. In according to this, it should be noted that 
including in the study the assessment of only one antioxidant enzyme and (desirable) its 
measurement only in single tissue/organ facilitates nominally the discussion of obtained 
data. In this case, the final conclusion concerning the indication of adverse effect is derived 
from the initial knowledge concerning the relative level of pollution (site in the lower stream 
of the river or situated close to the certain point of pollution). In any case, indication of 
changing enzyme activity comparing to selected reference site is considered as a sign of 
pollution effect. For example, significant differences in SOD, GPx, and catalase activities in 
the blood of three cichlid fish (O. niloticus, T. rendalli, and G. brasiliensis) taken during two 
seasons from site polluted by industrial effluents compare to reference site was used as an 
evidence of pollution in the area (Bonafé  et al., 2008).  

It is more difficult to give the multiple explanations of obtained results when a set of 
biomarkers includes several enzymes and they are studied in more than one tissue. In this 
case, discrepancy between different activities is usual attribute of oxidative stress in fish. In 
general, the elevated enzyme activity in fish from polluted areas is considered to be the 
main feature of compensatory response within its tolerance range and the lower its activity 
witness about the exceed of the resilience of this response. 

Many biomarker-type studies have identified increases in antioxidant defenses in aquatic 
organisms (Collier & Varanasi, 1991; Stein et al., 1992; Rodriguez-Ariza et al., 1993; 
Livingstone et al., 1995; van der Oost et al., 1996; Eufemia et al., 1997; Stephensen et al., 
2000). That is probably the result of both, physiological acclimation and/or genetic 
adaptation in the populations (Meyer et al., 2003).  This activation is mainly connected to 
SOD, particularly in fish from sites contaminated with persistent organic substances (Buet et 
al., 2006). A field study at the Elizabeth River polluted by creosot demonstrated elevated 
Cu,Zn-SOD activity in feral spot (Leiostomus xanthurus) (Roberts et al., 1987). 

The elevated SOD activity can be combined with the decrease or stable activity of the second 
main antioxidant enzyme, catalase. For example, in the field study C. carpio were collected in 
two sites of the upper Yellow River, and the results showed that in polluted site, SOD and 
GST activities were higher and catalase and also GPx activities were lower in almost each 
case of comparison (activities were determined in hepatopancreas, kidney and intestine) 
(Huang et al., 2007). The concerted elevation of SOD and GPx activities was indicated in 
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liver of sterlet (Acipenser ruthenus L.) collected from the Danube-oil refinery site compared to 
that from the reference site, while no differences were found in other studied enzymes 
(catalase, GST, the same as the enzymes of biotransformation in liver, aspartate 
aminotransferase, alanine aminotransferase, and gamma-glutamyl transferase in serum) 
(Stanic et al., 2006). In the study of three populations of brown trout (S. trutta) exposed to 
elevated Cd and Zn or Cu levels in their natural environment, both metal-exposed groups 
had higher activities of SOD in liver compared to unexposed trout from reference site, and 
catalase activity in the liver was the same in all tree populations (Hansen et al., 2006a). 

Disbalansed antioxidant activities were shown in the various oxidative stress biomarkers in 
the Indian freshwater fish Wallago attu (Bl. & Schn.) (Pandey et al., 2003). In this study, the 
fish from polluted river site possessed higher activities of SOD and xanthine oxidase (in 
liver, kidney and gills), glutathione reductase (GR) in liver and gills whilst catalase activity 
in both liver and kidney was found to be significantly lower when compared with values in 
tissues of fish collected from clean site.  

In the African catfish (C. gariepinus) from the Ogun River located close to major industries in 
the South Western part of Nigeria, SOD activity was higher by 61% in the liver, 50% in the 
kidney and in the heart by 28 % compared to that from Agodi fish farm. The levels of GST 
activities in the liver, kidney and heart of this fish was higher by 62%, 72% and 37%, 
respectively. Only in the gills of fish from polluted area, a significantly lower SOD (44%) 
and GST (41%) activities were observed. On the contrary, there was 46%, 41%, 50% and 19% 
lower catalase activity in the liver, kidney, gills and heart, respectively (Farombi et al., 2007). 

Low intensity, but prolonged effect of spontaneous sources of pollution can deplete SOD 
activity in fish tissues. That is examplified by very few cases stydied to date (Bacanskas et 
al., 2004, Pandey et al., 2008; Falfushynska & Stolyar, 2009; Falfushynska et al., 2010a). The 
decreased SOD activity along with increased O2�– levels suggests the weakness of 
antioxidant defences in common carp C. carpio at the chronically polluted industrial site 
(Falfushynska & Stolyar, 2009). Mn-SOD in C. carpio was both more abundant and more 
sensitive to local influence than Cu,Zn-SOD. Moreover, the importance of Mn-SOD was 
supported in this study by the showing the negative correlation between Mn-SOD activity 
and O2�– production. Similar site-related difference was obtained for SOD (total activity) of 
relatively more tolerant fish, C. carassius, from the same area (Falfushynska et al., 2010a).  

The increase in catalase activity is often observed in the model experiments and also can 
occurre without relation to SOD responses and due to high pollutant impact (Üner et al., 
2005; Moraes et al., 2007; Lushchak, 2011). The higher catalase activity was reported for the 
liver subcellular fractions of red mullet Mullus barbatus collected along the Western 
Mediterranean coast (the Northern Iberian Shelf). Moreover, only catalase activity was well 
related to pollution in the area and showed about doubled activities in four most 
contaminated sites in comparison with the reference sites. For SOD activity, significant 
difference among sampling sites were found in this study, but they had no clear relationship 
to the levels of studied pollutants. Additionally, no pollution- or site-related difference was 
observed for GPx activities (Se-dependent and total) (Porte et al., 2002). On the other hand, 
the study of fish M. barbatus from a coastal marine area of Salento Peninsula (Italy) indicated 
that catalase activity did not show any significant variation between animals sampled from 
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urbanized and conditionally uncontaminated sites, whilst acetylcholinesterase indicated the 
neurotoxicity of environment (Lionetto et al., 2003).  

The depletion of catalase activity or its stability along with increment of SOD activity were 
reported (Pandey et al., 2003; Stanic et al., 2006; Huang et al., 2007), and even although 
catalase mRNA levels were higher in the exposed fish (Hansen et al., 2006a). Dorval and 
colleagues (2005) in hepatic and adrenal tissues of white sucker (C. commersoni) from a river 
Yamaska that drains an agricultural region in Québec (Canada) found that in fish from the 
contaminated sites catalase and GPx activities were lower than those in the fish from 
reference site. 

In recent study (Falfushynska & Stolyar, 2009), the low catalase activity in C. carpio was 
attributed to high production of O2�–, which has been reported to inhibit catalase in the case 
of excess of production (Kono & Fridovich, 1982). However, the negative correlations 
between them were not regular in three seasons. Two-fold higher catalase activity was 
found in the liver and gills of carps from industrially polluted site as compare to reference 
site. Principal component analysis showed that catalase activity was not included in the 
significantly important set of markers unlike other oxidative stress indexes (Fig. 1). 
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Fig. 1. Principal component analysis of the parameter data set in the gills of common carp 
from rural (and industrial sites from the river Seret in Western Ukraine. Parameters: activity 
of SOD, catalase; AChE, level of MT, GSH, TBARS, and O2�– production. The arrows indicate 
biomarkers having significant factorial weights > 0.7 (from Falfushynska & Stolyar, 2009 
with pemission). 

It seems that catalase activation can be considered as a last refuge of antioxidant defense in 
the feral fish. The particular catalase role in the antioxidant defense of feral fish was 
grounded by Porte et al. (2002), basing on the information on its activation by H2O2 at high 
concentrations. They suggested that catalase normally plays a relatively minor role in H2O2 
catabolism at low rates of peroxide generation, but it becomes indispensable when the rate 
of H2O2 production is enhanced, for example, at oxidative stress. Comparatively higher 
stability of GPX activity reported in this and other studies can result from its dependence on 
both H2O2 and lipid peroxides, as substrates of decomposition. Therefore, it is possible that 
GPX activity would maintain normal cell functions, whereas catalase would form part of a 
stress-response mechanism (Janssens et al., 2000). Godin & Garnett (1992) found 
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compensatory relationship between catalase and GPX activities: low GPX activity was 
combined with high catalase activity. 

Coordinated activation of antioxidant enzymes in reported sparse can be explained by the 
possible genetic adaptation to specific aquatic environment. Higher activities of GST, GPx 
and GR were detected in liver of teleost C. julis from two stations with seagrass Caulerpa 
species that produce toxic methabolite Caulerpenyne, as compare to fish from the area 
where Caulerpa species were absent. At that, no statistical difference was found in catalase 
activity between the groups (Sureda et al., 2006). However, in the case of worsening of 
environmental conditions caused by dredging of contaminated sediments, high activities of 
catalase, GR and GPx in red mullet M. barbatus sampled at a disposal site for dredged 
sediments was demonstrated by Regoli and colleagues (2002).  

Including of different forms of enzymes in the study demonstrated variability of their 
responses to the environmental pollution. This is mostly connected with SOD (Roberts et al., 
1987) and GST (Porte et al., 2002) and is obvious in relation to different genetic origin, 
location within the cell and function of individual/specific enzyme isoforms. Meyer et al. 
(2003) stressed that the study of spot (L. xanthurus) (Roberts et al., 1987) and killifish (larvae 
of F. heteroclitus) from the same polluted area demonstrated different species-specific 
sensitivity of Mn-SOD and Cu,Zn-SOD activation. Connecting tissue specificity of enzymes 
studied in field experiments, the enzymes of liver are considered to be less sensitive to some 
kinds of pollution than other tissues, because of the best antioxidant adaptation in the liver 
of fish, since despite the variations in the antioxidant enzyme activities, there was no 
significant difference in malondialdehyde concentration (Sureda et al., 2006).  

Only a few field studies described the modulation of fish GR activity by the chemical stress. 
In the study of Machala et al. (1997), the GR activity was significantly higher and appeared 
to be a relevant biochemical marker of exposure to persistent chlorinated contaminants. 
However, Bainy and colleagues (1996) reported a decrease in hepatic GR activity in Nile 
tilapia collected at a PCB- and hexachlorocyclohexane-contaminated sampling site. 

Sometimes, the attempts to find the relation between the accumulation of toxic substances in 
the tissues and antioxidant enzyme activities are successful. For example, muscle 
concentrations of PCB compounds as well as biliary levels of PAH metabolites showed that 
catalase activity, but not other ones, was well related to PCB body burden (Porte et al., 2002). 
Relatinship between the level of PCB in white muscle of brown bullhead (A. nebulosus) and 
cytosolic SOD activity in the kidney of fish from the polluted site was reported (Otto & 
Moon, 1996). However, catalase activity in the kidney, GPx activity in the red and white 
muscle, and total glutathione in the liver, kidney, and white muscle were decreased relative 
to fish from the nonpolluted site. The measuring of CAT activity in liver subcellular 
fractions together with markers of biotransformation, namely, 7-ethoxyresorufin O-
deethylase (EROD) and UDP-glucuronosyltransferase (UGT), in two different fish species, 
the four-spotted megrim (Lepidorhombus boscii) and the pouting (Trisopterus luscus) collected 
along the Northern Iberian coast, showed a good positive correlation with the amount of 
alkylphenols and 1-naphthol accumulated in the tissues for EROD and UGT but not for 
catalase activities (Fernandes et al., 2008). In the study of Machala et al. (1997) the activities 
of a set of GSH-related enzymes in common carp from several field sites was analysed in 
concert with the chemical analysis of organic contamination in five sampling sites in ponds. 
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In the ponds polluted mainly by PAHs and PCBs, the activation of glutathione-dependent 
enzymes, namely cytosolic GR and GST toward 1-chloro-2,4-dinitrobenzene, ethacrynic acid 
and 1,2-epoxy-3-(p-nitrophenoxy) propane, and microsomal GST was detected even when 
these substances were not revealed in the tissues of fish.  

Special attention needs to be paid to GST, the GSH-dependent enzyme that promotes the 
reactions of conjugation in the II phase of the biotransformation of toxic substances, and also 
participates in the antioxidant defence due to the dependence on GSH and reduction of 
some peroxides. It is recommended as the biomarker of oxidative stress in fish (Viarengo et 
al., 2007). Indeed, among all connected antioxidant defence enzymes, GST is frequently 
activated at pollution. In the study of three species of cyprinids, barbel (B. plebejus), chub (L. 

cephalus), and Italian nase (Chondrostoma söetta), from two sites of the River Po, located 
upstream and downstream from the confluence of one of its middle-reach polluted 
tributaries, the River Lambro, with the exception of a higher GST enzyme activity of barbel 
from the downstream site, no significant modification was evident in GR, and GPx activities, 
despite the difference in specific markers of pollution by PAHs and PCB (Vigano et al., 
1998). In the study of Machala et al. (1997) GST toward 1-chloro-2,4-dinitrobenzene, 
ethacrynic acid and 1,2-epoxy-3-(p-nitrophenoxy) propane, and microsomal GST 
demonstated higher activity in common carp from several field ponds polluted even to 
small extent (registered in sediments but not in muscle tissue) by PAHs and PCBs. However 
it can indicate its involvement in the processes of biotransformation more than in the 
detoxification of oxygen radicals. The toxicity of many exogenous compounds can be 
modulated by increased activity of GSTs. Effects of inducing agents on total hepatic GST 
activity have been observed in several fish species (Armstrong, 1990; George, 1994; 
Commandeur et al., 1997). 

However, in several studies no significant differences or decrease of its activity were 
observed in fish from polluted sites. The effects of the extensive dredging in Göteborg 
harbor, Sweden on eelpout (Z. viviparus) sampled along a gradient, both before and during 
the dredging, indicated that eelpout were exposed to increased levels of pollutants indicated 
by elevated EROD activities, cytochrome P4501A levels and MTs gene expression. The 
prominent increase in GR activity in eelpout from the inner harbour during dredging was 
indicated, but no difference was observed in GST activities between the sites (Sturve et al., 
2005).  

The direct measurement of changes in the expression of a large number of genes related to the 
markers of specific kinds of pollution, namely vitellogenin, cytochrome P450, hsp-related 
genes began to be explored for early warning of pollution, for example, by xeno-estrogenes or 
oil in recent years (Tom & Auslander, 2005; dos Anjos et al., 2011). However, at the moment, 
among piscine genes which expression is increasingly utilized as environmental biomarkers, 
very few literature data are devoted to antioxidant defence enzymes in feral fish (Nikinmaa & 
Rees, 2005; Hansen et al., 2006a, b) despite in laboratory studies a successes in the study of 
corresponding genes were achieved (Cho et al., 2008; Woo et al., 2009; Lee et al., 2010).  

The comparison of expression of specific genes (mRNA level) and the activities or protein 
levels of corresponding antioxidant enzymes did not confirm the relation between them. 
When three populations of brown trout (S. trutta) exposed to different metal ion levels in the 
natural environments were compared, the data indicated that chronic exposures to Cd, Zn 
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and/or Cu did not involve maintenance of high activities of SOD and CAT in gills, although 
SOD mRNA levels were higher in the Cd/Zn-exposed trout (Hansen et al., 2006a, b). 
Further, in livers, mRNA levels of SOD, CAT and GPx were higher in the metal-exposed 
trout, but only for SOD enzyme activity was higher in liver compared to the unexposed 
reference trout. That could result from posttranscriptional modifications. Based on these 
observations, the necessity to combine studies on transcript and protein levels in the 
evaluation of antioxidant response in feral fish seems to be desirable approach for field 
studies. To date, only the highest concentrations of Cd, Zn, Cr, corresponding to LC50 96h 
(1000 ppb) for Japanese medaka (Oryzias javanicus), provoked the activation of transcription 
of SOD whereas Cu (0.1, 10, 100 ppb) did not demonstrate this effect after exposure for 24 h 
(Woo et al., 2009). 

6. Effect of seasons and abiotic factors on the biomarkers of oxidative stress 

There are many factors that may influence the response of fish antioxidant system to 
exposure to field contaminants. The main criticisms that have been presented against the 
biomarker approach is connected to high seasonal variability that is frequently found in 
field studies based on biomarkers, particularly of oxidative stress markers. Season-related 
biotic regularities include biotic factors, such as reproductive and metabolic status of fish 
and environmental conditions, such as food availability, oxygen level, temperature of water, 
salinity, photoperiod, etc. (Parihar et al., 1997; Buet et al., 2006; Da Rocha et al., 2009). Inter-
species differences in antioxidant responses depend on the quantitative distribution of 
antioxidant defenses in the different tissues and sub-cellular compartments. Toxic and 
organ-specific ROS responses can be related to the anatomical localization, exposure routes 
and distribution of pollutants, as well as to defense capacity (Ahmad et al., 2006; Ruas et al., 
2007; Da Rocha et al., 2009). Fasting conditions (Ferreira et al., 2005), location in the trophic 
chain affect bioaccumulation of toxic substances (Solé et al., 2009). Fish species that develop 
different mechanisms of tolerancy to environmental conditions are of particular interest.  
Some benefits of gills related to high level of GSH known for fish of genus Carassius were 
expected to supply enhanced antioxidant capacity of fish from chronically polluted site 
(Falfushynska et al., 2010a). The effect of these factors must be considered in the field studies 
including this phenomenon in diverse aquatic animals (Winston & Di Giulio, 1991; 
Lushchak, 2011). Species differences in the efficiency of antioxidant defenses may partly 
explain prevalence of pathological lesions observed with certain fish species (Vigano et al., 
1998). In experiments with hepatocytes of male and female flounder, it was demonstrated 
that many responses to oxidative stress were sex-related (Winzer et al., 2001). Particularly, 
increased LPO was showed to be related to a variety of insults other than exposure to 
xenobiotics causing oxidative stress (Kappus, 1987). 

Besides all pointed peculiarities, the combinations of site and season related dependences in 
aquatic animals have been studied rather extensively. Several studies with fish aimed to 
distinguish between the local pollution, site-related effects of abiotic factors, and common 
seasonal regularities. Sometimes they demonstrated that seasonal variation was stronger 
than relation to site (Niyogi et al., 2001; Almroth et al., 2005; Gorbi et al., 2005). For example, 
the measuring of a set of biomarkers of antioxidant defense, including catalase, GPx, GR, 
and GST activities, total glutathione concentration and Total Oxyradical Scavenging 
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Capacity (TOSC-assay) in the field study of the European eel (Anguilla anguilla) and the 
striped mullet (M. cephalus) in Mediterranean lagoons on a seasonal basis suggest that 
natural variation of responses were associated with seasone variation of both environmental 
and biological factors, mainly temperature and reproductive cycle which, however, 
differently affected  these two species (Gorbi et al., 2005). Striped mullets exhibited the 
strongest variation in October at spawning, whereas eels were not influenced by a seasonal 
sexual maturation and showed more marked changes during summer, likely related to the 
elevated seawater temperature and light irradiance in the lagoon. Obviously, fish can adapt 
to low pollution conditions and, under these circumstances, seasonal factors might affect 
biomarker responses to a greater extent than induced by pollution. 

Common seasonal regularities of GSH-related parameters (decreased GSH total 
concentration and increased GR activities from early to late summer, as well as after 
maintaining in the laboratory) was demonstrated for killifish (F. heteroclitus) from two 
populations, wild caught in reference and polluted sites of Elizabeth River, USA (Bacanskas 
et al., 2004). A clear seasonality was found for gill GSH levels of all studied species 
(Micropogonias furnieri, Pimelodus pintado, Loricariichthys anus and Parapimelodus nigribarbis) 
from Southern Brazil, with higher concentration during spring (Da Rocha et al., 2009).  

Seasonal variations of the wide set of indices in digestive tissue of barnacle, Balanus 

balanoides, from polluted and non-polluted populations have been evaluated by Niyogi and 
colleagues (2001). As a general trend in barnacles from polluted and non-polluted 
populations, maximum antioxidant enzyme, including GST, activities were detected in 
summer followed by a gradual decrease during the autumn with a minimum in the winter. 
Microsomal LPO exhibited an almost reverse trend of seasonal variation to that of 
antioxidant enzyme activities indicating an enhanced susceptibility of barnacle to oxidative 
stress. Among the environmental parameters, only water temperature seemed to have a 
significant effect on observed variations of the activities of antioxidant enzymes and GST. 
However, this pattern was similar to tissue concentrations of PAHs, resulting in significant 
positive correlation with the activities of antioxidant enzymes, mainly catalase and SOD. So, 
the seasonal dependence was not clear different from the seasonal level of pollution.  

Comparison of flounder (Platichthys flesus) collected from nine stations once a month over 
whole year at Sobieszewo (Gulf of Gdańsk) demonstrated strong month (attributed mainly 
to spawning, and less to pollution) and geographical (attributed to pollution) variations in 
biomarker activities, as well as gender difference (Kopecka & Pempkowiak, 2008). In this 
work correlations between GST and catalase activities with abiotic properties of the 
environment were less important. 

In the study of Da Rocha et al. (2009), the biomarkers of freshwater and estuarine fish 
species from Southern Brazil were compared in terms of seasonal variation and in three 
organs (muscle, liver and gills) for the four fish species (M. furnieri, P. pintado, L. anus and P. 

nigribarbis) in order to perform an environmental diagnosis. Obtained results showed that 
liver of L. anus and gills of M. furnieri presented higher total antioxidant capacity against 
peroxyl radicals during autumn. In terms of oxidative damage (TBARS), liver of M. furnieri 
and gills of P. nigribarbis showed higher TBARS levels during fall, whereas P. pintado 
showed the lowest TBARS value. Finally, a conspicuous seasonal effect was observed for 
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purified enzymes of the GST family as well as for non-purified GST, where minimum values 
were registered during fall, pointing to this season as one where fish species were less 
competent to perform detoxifying reactions (Da Rocha et al., 2009).  

However, majority of season-related studies confirms that the continuous environmental 
press may affect the seasonal dynamics of biomarker states (Gorbi et al., 2005). When spatial 
and temporal dependences are compared, statistical approaches need to be applied to 
distinguish these determinants. For example, in the study of common carp (C. carpio) from 
two sites, despite of the priority of the season effect for the majority of markers, a similarity 
in the seasonal patterns between two sites was evident only for O2�–, MT and TBARS 
(Falfushynska & Stoliar, 2009). This disparity as well as Two-factor interaction and the high 
classification rate between sites according to Discriminant Analysis reflect the impact of the 
effects of pollution on the seasonal regularity. However, in the areas that are characterised 
by spontaneous pollution, temporary inter-site differences can occur. Spatial effects could 
have seasone-related manner due to the specificity of agricultural activity, for example, or 
oxygen consumption and temperature that can be particularly important for the animals 
from cooling ponds of nuclear power plants. Therefore, the native “reference site” can be 
considered as the relative concept even if this site seems to be nearby unaffected. In this 
study, a battery comprising SOD, GSH and MTs in the liver as well as SOD, catalase and 
O2�– in the gills among several examined biomarkers was found to discriminate adequately 
fish from areas with varied water quality during three seasons.  

In the study of more tolerant that C. carpio species, C. carassius, from the similar two field 
sites, Two variant ANOVA and the centroid grouping analysis allowed to distinguish the 
fish according to season more than to site, confirming the effect of season on all studied 
indices of oxidative stress except catalase activity in liver (Falfushynska et al., 2010a). The 
centroid grouping analysis of the separate specimens indicated clearly the general temporal 
dependence for fish from both sites (Fig. 2). However, in each season, especially in summer 
for gills and in autumn for liver, distinct spatial separation was found. Regarding the 
separate indices, the typical temporal difference in enzyme activities involved the elevation 
of values from spring to summer/autumn, probably due to increase in metabolic rates and 
accumulation of energy reserves was found (Chellappa et al., 1995). In some cases, different 
temporal dependence (for SOD and catalase activities in the liver) was observed in the 
groups from industrially polluted and reference sites. Obviously, this distortion of the 
general patterns could result from local adverse effects. In each season, especially in 
summer for gills and autumn for liver, distinct spatial separation was found. Temporal 
dependence with an elevation in summer was shown for the activities of SOD, catalase and 
concentration of GSSG in both tissues at reference site and only for the activities of SOD in 
the gills and GSSG in liver and gills at polluted site. The decrease from spring to autumn 
was typical for TBARS. The inter-site difference was especially high in summer, when lower 
actitivities of SOD (in the liver) and catalase and elevated TBARS levels were observed in 
the tissues of fish from polluted site. In autumn, the higher catalase activity in both tissues, 
and the higher SOD activity and lower TBARS levels in the gills indicated more efficient 
antioxidant defense in this group of fish. Only glutathione system showed relatively 
constant differences between fish from the two sites with higher GSH and Redox Index of 
GSH levels (particularly in the gills) and lower GSSG levels for the fish from industrial site 
in comparison to the other site. 
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Fig. 2. Centroid grouping analysis of C. carassius from two sites, industrial (B) and rural (Z) 
parameter data set in the liver (A) and gills (B) in spring (1), summer (2) and autumn (3) 
(from Falfushynska et al., 2010a with permission). 

To summarize, there is no doubts in the seasonal variation of antioxidant defence in fish. 
Different oxidative manifestations may have different dynamics. Environmental pollution, 
particularly spontaneous pollution, can interfere with seasonal dynamics and disturb it. 
However, fish can adapt to pollution in the areas with constant impact and do not show 
particular response compare to clean areas. So, the evidence of common seasonal difference 
in fish from polluted and clean areas can not be estimated as an absence of the effects of 
pollution. Integral statistic approach is effective in the discrimination between seasonal 
physiological regularities and spatial effects, particularly casual effects of non-pointed 
sources of pollution on fish. 

7. Poisoning and adaptation: Caged fish 

The main failure in application of markers of oxidative stress with feral fish is expected 
adaptation to the environmental conditions that leads to compensatory homeostasis 
occuring in antioxidant system (Barja de Quiroga et al., 1990; Regoli & Principato, 1995; 
Reynders et al., 2008). The choice of end points in the field studies of fish may be 
complicated by a history of exposure to xenobiotics causing oxidative stress. For instance, 
grey mullet (Mugil sp.) collected from an estuary polluted with metal ions, PAHs, PCBs, and 
pesticides demonstrated evidence of oxidative stress as indicated by Redox Index of GSH. 
However, these fish did not show elevated levels of LPO products while showing elevated 
activities of antioxidant enzymes (GPx, SOD, catalase, and GR). It is possible that an 
adaptive response occurred and repair of LPO mignt take place (Rodriquez-Ariza et al., 
1993). Therefore, with the aim to standardize the results and avoid the effects of adaptation 
to chronically polluted environment, transplantation of caged organisms, including fish, to 
the sites of interest on the time suitable for the response, is recommended as an adequate 
step for the ERA. Caging studies often utilize farmed fish with known age and nutritional 
background, though wild captured fish can also be used. Caging allows the exposure of 
individual fish to conditions at a certain site, for known time (Almroth, 2008). In this case, 
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the early warning of toxic effect can be expected. The transferring of fish in new conditions 
can critically change their antioxidant profile. However, unlike with molluscs (Viarengo et 
al., 2007), for fish, the studies on the response of caged specimens are scarce.  

For the appreciation of measurable oxidative stress response, 48 h exposure was 
recommended (Ahmad et al., 2004). This exposure strategy was adapted for different 
aquatic ecosystems biomonitoring using A. anguilla and other fish species. In the study of 
Ahmad and colleagues  (2006), A. anguilla was plunged at five study sites located at 
increasing distances from the entrance point of the main source of contamination, originated 
from the introduction of agricultural chemicals, trace metal ions, domestic wastes, as well as 
eutrophication and incorrect utility of resources resulted in an increased water pollution. 
Inducing trend for total antioxidant enzyme activites (catalase, GPx and GST) was observed 
in gills of fish caged in the polluted area. In liver and kidney, the exposure typically induced 
significant decrease in the activity of the abovementioned enzymes. However, each studied 
parameter displayed a particular pattern in each site. Hepatic GSH concentration was 
increased, whereas LPO was decreased in individuals from polluted sites (Ahmad et al., 
2006). Despite the authors assured that these findings provided a rational use of oxidative 
stress biomarkers in pollution biomonitoring of freshwater ecosystems, the discrepancy and 
variability of changes in each polluted site, did not allow to confirm the self-sufficience of 
this approach. No clear relationship could be established between gill oxidative stress 
responses and the distance to the main source of pollution in this study. Additionally, no gill 
LPO induction in this study may be explained by an effective antioxidant action. In general, 
in this study all organs studied revealed a similar resistance to peroxidative damage, 
suggesting that the antioxidants are more responsive biomarkers than LPO for short-term 
exposure. Besides the activation of antioxidant enzymes (as observed in gills), their 
inhibition (as observed in kidney and liver) should also be considered as a clear marker of 
pollutant presence and environmental degradation (Ahmad et al., 2006). 

The utility of model studies was demonstrated in English sole (P. vetulus) exposed in 
laboratory and in their natural environment to an organic-solvent extract of sediment. 
Exposure provoked significant increase of hepatic GSH concentrations with a dose-
dependent increase. Similarly, fish sampled directly from the polluted site showed higher 
GSH concentrations compared to fish from a reference site (Nishimoto et al., 1995). 

Another period of time, usually used for caging experiments, is about 14-15 days. It is 
suitable for the indication of the effect of pollution related to the accumulation of specific 
pollutant/s. The transplantation of brown trout from a river with low levels of metal ions 
(the Stribekken River) to a river with high levels of Cd and Zn (the Naustebekken River) for 
up to 15 days allowed to demonstrate difference in the transcription and activities of central 
antioxidant enzymes and proteins in an environmental setting. This time was sufficient for 
significant uptake of both Cd and Zn in gills. Moreover, Cd levels were found to correlate 
significantly with transcript levels of MT, Cu,Zn-SOD, GPx, and GR. The activities of SOD 
and catalase increased in gills after transfer, but MT protein levels decreased. In liver, SOD 
activity and MT protein levels increased, while in kidney only MT protein concentrations 
were elevated after transfer. The detection of a general lack of consistency between mRNA 
transcription and specific enzyme activities, indicating that these proteins and enzymes are 
not solely under transcriptional control was very important result of this study (Hansen et 
al., 2006a). 
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The transfer of brown trout to a Cu-contaminated river in the Roros region in Central 
Norway provoked significant increase of MT-A, SOD and GR transcription along with 
uptake of Cu in gills, while only transcription of MT-A was found to respond in liver and 
kidney during the exposure. At that, no increase in MT protein levels were observed in gills. 
The levels of SOD and catalase enzymes were affected in all tissues during the exposure. A 
negative correlation between SOD and catalase activities was observed in gills indicating 
that the activities of these enzymes were influenced not only through transcription. The 
transcript levels of GPx and GR transcript levels correlated positively with each other in gills 
and liver, indicating their shared function in GSH-turnover (Hansen et al., 2006b). 

The response of antioxidant system after depuration of feral fish, mullet, M. cephalus, and 
flounder, P. flesus, from the polluted site was expressed as the decrease of the activities of 
SOD and catalase only in mullet liver (Ferreira et al., 2005). Oxidative damage in liver, 
evaluated by estimating LPO and PC, increased in both species in most cases. This effect 
was explained by the decreased antioxidant defence after oxidative stress insults in natural 
environment.  

The initial health status of fish can significantly affect the ability to form stress-related 
response. Some results in this direction were obtained when animals from two sites were 
compared under the modelling effect in laboratory (Hasspieler et al., 1994; Meyer et al., 
2003; Falfushynska et al., 2011). Up-regulated stress-related parameters in the animals from 
chronically polluted sites at additional loading was revealed in the set of comparative 
studies of Di Gulio and colleagues on killifish F. heteroclitus inhabiting site polluted by 
creosote (Meyer et al., 2003; Bacanskas et al., 2004), and in the study of cadmium-acclimated 
rainbow trout (Chowdhury et al., 2004), whereas the fish from reference site were not able to 
activate the enzymes of antioxidant defense under the exposure. The comparison of the 
effects of prooxidant copper (Cu2+, 0.005 and 0.050 mg·L-1) or manganese (Mn2+, 0.17 and 1.7 
mg·L-1) on C. auratus gibelio from polluted and unpolluted sites after exposure for 14 days 
indicated that fish from the polluted site showed lower activities of SOD (Cu,Zn- and Mn-
SOD) and GST in the liver and gills. The oxidative stress response was more efficient in fish 
from the polluted site (Falfushynska et al., 2011) due to the activation of Cu,Zn- and Mn-
SOD. The interference of the ability of the antioxidative defence and the origin of fish (pre-
exposure to chronic pollution) was found in this study. In general, gibel carp from the 
polluted site demonstrated a highly effective response of the antioxidant system particularly 
with SOD activity in liver and gills.  In this study site-related differences in the level of LPO 
and GSH between the two groups were mainly maintained in all groups.  

Vega-López and colleagues (2008) studied the responses of antioxidant system (LPO, SOD 
and catalase activities) in fish Girardinichthys viviparus after exposure to water from PCBs 
contaminated habitants and from other site, expected to be suitable place for the re-
introduction of this endangered species. Water enriched by PCB was also inspected in that 
study during 1, 2, 4, 8 and 16 days of exposure. Four types of responses were observed 
dependently on the composition of water and sex of fish: (1) increased lipid peroxidation 
intensity, depressed SOD and increased catalase activities; (2) an increase in all three 
biomarkers; (3) decreased LPO product levels, unchanged SOD and increased catalase 
activities; (4) increased LPO intensity and depressed SOD and catalase activities. At that, the 
only PCB addition to the natural water of fish resulted in decreased LPO, whilst the 
exposure no native water depressed both studied enzymes in concert with the 
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intensification of LPO. Evaluation of these responses is rather complicated and cannot 
provide a clear conclusion on the consequence of each response for fish health status. These 
results also let to conclude that in the field investigations, the selection of the reference site is 
important to understand the response of fish. The relativity of the concept of the reference 
site is sometimes indicated even though this site was selected by generally accepted criteria.  

8. Biomarkers of oxidative stress in the multi-marker approach: Integrated 
data analysis 

Performed analysis has shown that each of separate markers of oxidative defense alone 
cannot provide the conclusion on the nature of observed difference between compared 
groups. Indeed, in the field studies, wide spectrum of inter-site differences (higher, equal or 
lower activities of various antioxidant enzymes with tissues peculiarities and disbalance) 
have been observed in polluted compared to clean areas reflecting both mild stress 
conditions of the location or strong oxidative damage. Therefore, different models of the 
aquatic animal response need to be analysed before conclusions can be drawn. Only the 
evaluation of the final effect of oxidative impact can provide the conclusion on the response 
of organism. All these possibilities and their combinations have been reported (Winston & 
Di Guilio, 1991; Lushchak, 2011) and this complexity of antioxidant responses to pollutants 
often leads to a controversy on the use of oxidative stress markers in ecotoxicological 
studies. 

Two approaches for the appreciation of the severity of stress are proposed. The first one is 
connected to the measuring of the integrated state of the antioxidant capacity which was 
successfully applied by Regoli and colleagues (Regoli, 2000; Regoli et al., 2002a, b). The total 
oxyradical scavenging capacity (TOSC) quantifies the capability of the whole antioxidant 
system to neutralize oxyradicals, allowing to discriminate between different forms of ROS, 
thus providing useful indications to predict oxyradical-mediated adverse effects under 
certain physiological conditions of organisms (Regoli, 2000). Appropriate assay conditions 
have been standardized in which different ROS induced a comparable prooxidant force 
quantified by the oxidation of the substrate -keto--methiolbutyric acid. Thus, the 
efficiency of antioxidants toward various reactive species can be better compared by their 
ability to inhibit an oxidative pressure induced by specific oxidants. The validity of this 
approach was confirmed in different field studies. Particullarly, integration of measurement 
of individual antioxidants with TOSC analysis increased the evaluation of oxidative 
responses to pollutants in ecotoxicological studies (Regoli et al., 2005). The field study of an 
Antarctic silverfish (Pleuragramma antarcticum), that is developed in the environment with 
strong pro-oxidant characteristics, revealed particularly prompt responses for GSH 
metabolism which, however, did not prevent high intensity of LPO. From the analysis of 
TOSC, the overall efficiency to neutralize peroxyl radicals remained almost constant while 
slightly lower TOSC values were obtained toward hydroxyl radicals at the end of sampling 
period (Gorbi & Regoli, 2003; Regoli et al., 2005). The analysis of TOSC revealed that the 
overall capacity of specific tissues of red mullet (M. barbatus) in the area of dredging to 
absorb various oxidants was not substantially compromised when challenged with 
increased prooxidant pressures (Regoli, 2002). In the study of Meyer et al. (2003), offsprings 
of killfish from polluted site showed higher basal TOSC value that was balanced by higher 
GSH concentrations, and Mn-SOD protein levels. 
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In general, it is considered that individual antioxidants are useful as ‘‘response biomarkers’’ 
indicating a varied prooxidant challenges and potentially important early warning signals. 
Variations of individual antioxidants are useful for understanding the mode of action of a 
chemical stressor and the possible molecular targets with specific responses. However, their 
value is more limited for understanding of the biological effects in terms of health 
conditions of the organisms. The value of TOSC is a less sensitive marker than individual 
characteristics of antioxidant defence, but it provides more holistic picture of susceptibility 
to oxidative stress. It is an ‘‘biomarker’’ effect with predictive value since varied capability 
to counteract oxyradical efects can induce alterations at other levels of biological 
organization. In conclusion, the combination of measurement of individual antioxidants 
with TOSC analysis seems to improve the evaluation of oxidative responses to pollutants in 
ecotoxicological studies (Regoli, 2000). 

The second approach to give an integrated assessment of antioxidant response is based on 
the multi-marker approach and calculation of the balance between prooxidant endogenous 
and exogenous factors (i.e., environmental pollutants) and antioxidant defenses (enzymatic 
and nonenzymatic) in biological systems. It gives so-called coefficient - the Integrated 
Oxidative Stress (IOS) index, calculated as the ratio of antioxidant factors, A, and prooxidant 
manifestations, O, after data standardization (Falfushynska et al., 2008). The basis of 
standardization of each factor taking into consideration mean values and standard 
deviations for each group was described by Leiniö and Lehtonen (2005). The antioxidant 
factors (A) may include the activities of SOD and catalase, GSH level, and oxidative damage 
manifestations (O) represented by TBARS and O2�– levels. They also can include PC and 
GSSG if they were detected. Lower IOS value in the counterpart implies the weakness of 
antioxidant defence and higher one − its suppression. In the tissues of common carp from 
two field sites, all measured markers of oxidative stress contributed to the integrated index. 
For example, in the polluted area, season-related difference between two groups can be 
detected (Fig. 3). In most cases, the balance between A and O was found, particularly in 
gills. However, in spring, the IOS in the liver suggested the unbalance, or presence of 
oxidative stress in the fish at the reference site. The particularly high overbalancing 
appeared in the groups for the polluted site for the antioxidant systems of liver and gills in 
summer and autumn, respectively. In the gills, the highest antioxidant capacity is reflected 
in autumn according to the calculated IOS. Indeed, the elevation of TBARS level at the R-site 
in spring and at the I-site in autumn reveals that the variations in activities of different 
antioxidant enzymes and levels of nonenzymatic antioxidants were unable to prevent 
oxidative damage in fish liver. In contrast, the gills were significantly more tolerant to 
oxidative damage. Additionally, this integrative approach applied in different seasons 
confirmed that the fish in relatively low polluted area can form adaptive response in the 
particular cases, especially in autumn, and possesses the weakness of this response in spring 
after the winter metabolic depression. 

Generally, it needs to be pointed out that the measuring of oxidative stress markers in the 
feral fish is almost obligate constituent of the evaluation of its health status. Obviously, as it 
was shown above, their response are higly variable. Based on this variability, correspondent 
articles are traditionally finalized by the suggestion that selected parameters are suitable 
biomarkers of pollution, and studied certain species is suggested to be potential bioindicator 
organism against environmental pollution. However, the classification of the interrelation of 
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the changes in different tissues, of separate characteristics and their relation to the ability of 
fish to withstand pollution have not been represented yet.  The intercalibration and 
generalization of results and based on this issue classification of oxidative stress response 
remains to be very actual technology in ERA. 
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Fig. 3. Integrated Oxidative Stress index of liver (A) and gills (B) of common carp from 
relatively clean (R) and chronically polluted (I) field sites in three seasons, calculated from 
their SOD and catalase activities, GSH level, superoxide anion production and TBARS levels 
(from Falfushynska et al., 2009 with permission).  

9. Conclusions and perspectives 

Oxidative stress in fish is a general consequence of the environmental pollution. Information 
on antioxidant defense in fish is meagre despite that fish are constantly exposed to a myriad 
of environmental stresses including oxidant-induced ones. In the feral organisms, 
deleterious effects of environment are often difficult to evaluate since many of these effects 
tend to manifest only after longer periods of time and organisms tend to adapt to them (van 
der Oost et al., 2003). Early warning of the toxic effects of pollutants, particularly in 
spontaneously polluted areas can be predicted only using a biomarker approach, including 
oxidative stress manifestations and adaptive responses. 

Antioxidant defense system in fish is very sensitive to environmental conditions. However, 
in different studies with fish from mixed polluted field sites, the enzymes of antioxidant 
defence demonstrated case-dependent difference. Whereas, apparently, the study of the 
frame of resilience of antioxidant enzymes in the fish from polluted and pristine sites needs 
to be the object of specific study. When several enzymes were studied, their responses were 
frequently imbalanced, or their transcriptional level and enzyme activity trends might be 
different. In some studies, the absence of the changes of their activities was observed when 
biomarkers of specific pollution confirmed toxicity of environment. Studies addressed 
potential ROS scavengers in the feral fish under stress conditions are very scarce. Free 
radical-related processes and ROS production were found to be responsible for a variety of 
oxidative damages leading to adverse health effects and diseases in the feral fish even from 
comparatively indisturbed areas. Moreover, it is clear that, given spontaneous human 
activities, nobody will be able to find a true reference site in some areas. 
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The integrated approach with the appreciation of balance between prooxidant 
manifestations and antioxidant defences in biological systems needs to be a control point to 
assess toxic effects under stressful environmental conditions. 
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