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Abstract
The aim of this study was to investigate the activity of oxidative stress biomarkers (total superoxide dismutase-
Tot SOD, manganese containing superoxide dismutase-Mn SOD, copper zinc containing superoxide 
dismutase-CuZn SOD, catalase-CAT, glutathione peroxidase-GSH-Px and glutathione reductase-GR), as 
well as biotransformation phase II enzyme glutathione-S-transferase (GST) in the white muscle of longfin 
gurnard (Chelidonychthys obscurus) at two localities: Platamuni (PL) and the Estuary of the River Bojana 
(EB) in the south-eastern Adriatic Sea (Montenegro) in winter and spring seasons. Our study represents 
the first investigation of this kind in the white muscle of longfin gurnard from the south-eastern Adriatic Sea 
and shows site specific differences between some investigated enzymes, with seasonal effects being the 
main influencing factor on investigated enzymes at both localities PL and EB.
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Introduction

Oxidative stress is an important component of the 
stress response in marine organisms, which are 
exposed to wide variety of environmental stressors, 
such as anthropogenic contamination or seasonal 
influences (Vinagre et al., 2012). Oxidative stress is 
the result of the over-production of reactive oxygen 
species (ROS). ROS, such as superoxide anion 
radicals, hydrogen peroxide and hydroxyl radicals 
are natural by-products of aerobic metabolism, 
but can additionally be produced intracellularly by 
different xenobiotics. They also can play a beneficial 
role in cells by contributing to pathways of intracellular 
signaling and redox regulation (Grim et al., 2013). 
Their toxicity to the main biological components 
(proteins, lipids and DNA) is counteracted by the 
activities of many cell defence mechanisms (Stohs 
et al., 2000). Cellular antioxidant defence system 
(AOS) is one of the important biochemical strategies 
that give protection to cells against deleterious effects 
of endogenous ROS by keeping their level relatively 
low (Paital and Chainy, 2010). AOS comprises of 
both non-enzymatic small antioxidant molecules 
(reduced glutathione, acsorbic acid, carotenoids) 

and a cascade of antioxidant defence enzymes: 
superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GSH-Px) and glutathione 
reductase (GR), as well as phase II biotransformation 
enzyme glutathione-S-transferase (GST), (Halliwell 
and Gutteridge, 2007; Van der Oost et al., 2003). 

Field studies mainly considered the influence of 
pollution on antioxidant enzyme activities without 
examination of the influence of seasonal changes on 
enzyme activities. An important issue in biomonitoring 
studies of aquatic organisms is the complexity 
of biochemical and physiological responses to 
seasonal variables (Da Rocha et al., 2009). Fishes 
are thermo and oxygen-conformer organisms and 
production of ROS levels and antioxidant defence 
depends of these physical variables (Wilhelm Filho, 
2007). In fish, changes in antioxidant defense 
enzyme activities can be influenced both by intrinsic 
factors (age, feeding behavior, food consumption), 
and also by extrinsic factors, such as toxins present 
in the water, seasonal and daily changes in dissolved 
oxygen and water temperature (Bayir et al., 2011). 
In their natural habitats, fish often have periods of 
poor food supply as a result of lower environmental 
temperature, spawning, migration and reproduction 
(Furné et al., 2009) and changes of these variables 
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are accompanied with seasonal fluctuations. For 
this reason, investigation of antioxidant enzymes 
in fish in biomonitoring studies, have also taken 
into account seasonal effects beside the effects of 
various pollutants.

Longfin gurnard Chelidonichthys obscurus 
(Walbaum, 1792) is a perciform fish which occurs 
in benthic zones and inhabits sand, muddy sand or 
gravel bottoms. It feeds mainly on fish, crustaceans 
and mollusks. Longfin gurnard has three isolated 
rays on the pectoral fin which function as legs on 
which the fish rests and also help in locating food 
on the soft bottom (Frimodt, 1995). Moreover, 
this species maintains a close association with 
sediments for food and protection and it is therefore 
more likely to be exposed to sediment-associated 
pollutants.

The aim of the present work was to compare 
the activity of oxidative stress biomarkers in the 
white muscle of longfin gurnard (Chelidonichthys 
obscurus) between two localities, Platamuni and 
the Estuary of the River Bojana (south-eastern 
Adriatic Sea) in two seasons: winter and spring. 
We examined the activities of total superoxide 
dismutase (Tot SOD), manganese containing 
superoxide dismutase (Mn SOD, EC 1.15.1.1), 
copper zinc containing superoxide dismutase (CuZn 
SOD), catalase (CAT, EC 1.11.1.6), glutathione 
peroxidase (GSH-Px, EC 1.11.1.9), glutathione 
reductase (GR, EC 1.6.4.2), as well as the activity 
of biotransformation phase II enzyme glutathione-
S-transferase (GST, EC 2.5.1.18). 

Materials and Methods
The specimens of longfin gurnards (Chelidonychthys 
obscurus) were caught by trawling in winter 
(February) and late spring (May) at two localities: 
Platamuni (PL) and the Estuary of the River Bojana 
(EB), (Fig. 1). These localities receive different 
amounts of industrial and agricultural discharges 
and were selected in order to compare the activity 
of oxidative stress biomarkers between sites, as 
well as between periods of lower metabolic activity 
(winter) and higher metabolic activity (spring). At 
Platamuni, 20 specimens (10 in the winter and 10 in 
the spring) and at the Estuary of the River Bojana, 
20 specimens (10 in the winter and 10 in the spring) 
of longfin gurnard were collected. Specimens of 
fish were collected and immediately transferred to 
seawater tanks where they were identified. Fish 
were killed on board by severing the spinal cord 
and dissected within 3 minutes on ice. The white 
muscle was rapidly dissected from each sample, 
washed in ice-cold 0.65% NaCl and frozen in liquid 
nitrogen (-196°C) before storage at -80°C. White 
muscle was ground and homogenized in 5 volumes 
of 25 mmol/L sucrose containing 10 mmol/L Tris-

HCl, pH 7.5 (Lionetto et al., 2003) using Janke & 
Kunkel (Staufen, Germany) IKA-Werk Ultra-Turrax 
homogenizer at 4°C (Rossi et al., 1983). The 
homogenates were sonicated for 30s at 10 kHz on 
ice to release enzymes (Takada et al., 1982) and 
sonicates were then centrifuged at 4°C at 100000 g  
for 90 minutes. The resulting supernatants were 
used for biochemical analyses. 

Figure 1: The geographical position of two 
investigated localities: Platamuni (PL) and the 
Estuary of the River Bojana (EB) in the south-

eastern Adriatic Sea (Montenegro).

Total protein concentration in the supernatant was 
determined according to the method of Lowry et al. 
(1951) and expressed in mg/g wet mass. The activity 
of antioxidant defence enzymes was measured 
simultaneously in triplicate for each sample using 
a Shimadzu UV-160 spectrophotometer and a 
temperature controlled cuvette holder. The total 
activity of SOD was assayed using the epinephrine 
method (Misra and Fridovich, 1972) and expressed 
as specific activity (U/mg of protein). For the 
determination of Mn SOD activity the assay was 
performed after the preincubation with 8 mmol/L 
KCN. CuZn SOD activity was calculated as a 
difference between total SOD and Mn SOD 
activities. CAT activity was evaluated by the rate 
of hydrogen peroxide (H2O2) decomposition and 
expressed as μmol H2O2/min/mg protein (Claiborne, 
1984). The activity of GSH-Px was determined 
following the oxidation of nicotine amide adenine 
dinucleotide phosphate (NADPH) as a substrate 
with t-butyl hydroperoxide (Tamura et al., 1982) and 
expressed in nmol NADPH/min/mg protein. The 
activity of GR was assayed as described by Glatzle 
et al. (1974) and expressed as nmol NADPH/min/
mg protein. The activity of biotransformation phase 
II enzyme GST towards 1-chloro-2,4-dinitrobenzene 
(CDNB) was measured using the method of Habig 
et al. (1974) and expressed as nmol GSH/min/mg 
protein. All chemicals were the products of Sigma 
(St. Louis, MO, USA). 
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The data are expressed as mean ± S.E. (standard 
error). The non-parametric Mann-Whitney U-test 
was used to seek significant differences between 
means. A minimum significance level of p<0.05 
was accepted. In addition, Principal Component 
Analysis (PCA) was employed to detect variables 
that significantly contributed to differences in the 
activities of investigated enzymes between the 
examined sites and seasons. Analytical protocols 
described by Darlington et al. (1973) and Dinneen 
and Blakesley  (1973) were followed.

Results and Discussion
Table 1 represents geographical coordinates 
of investigated locations (PL and EB) in the 
south-eastern Adriatic Sea in winter and spring 
season, while Table 2 represents physico-
chemical parameters of sea water (depth, salinity, 
temperature, O2 concentration and O2 saturation) 
at the examined locations (spot measurements). As 
we expected, seawater temperature was markedly 
higher in spring season in respect to winter at 
both localities. The rate of biological activity and 
consequently metabolic activity in ectotherms are 
deeply influenced by environmental temperature 
(Crocket, 2008). At cold temperatures, intracellular 
lipids are elevated (Sidell, 1998), and in biological 
membranes the degree of unsaturation and ratio 
of phospholipids are increased (Hazel, 1995). 
Consequently, ectotherms are exposed to elevated 
risk of lipid peroxidation. They also maintain oxidative 
metabolism of skeletal muscle by increasing the 
density of mitochondria and thus maintain elevated 
production of ROS, even at very low temperatures 
(Mueller et al., 2011).  

Table 1: Geographical coordinates of two 
investigated locations (Platamuni-PL and the 
Estuary of the River Bojana-EB) in the south-

eastern Adriatic Sea in winter and spring.

Longitude Latitude

Winter
PL 42°19’56’’ 18°35’05’’
EB 41°52’60’’ 19°14’87’’

Spring
PL 42°16’56’’ 18°41’66’’
EB 41°52’60’’ 19°14’87’’

Table 2: Physico-chemical parameters of the seawater 
(depth, salinity, temperature, O2 concentration and O2 
saturation) at two examined locations (Platamuni-PL 
and the Estuary of the River Bojana-EB) in the south-

eastern Adriatic Sea in winter and spring.
Depth  

(m)
Salinity 

(‰)
Temperature 

(ºC)
O2 conc. 

(mg/l)
O2 sat. 

(%)

Winter
PL 80 33.07 12.8 8.1 91
EB 30 37.70 11.6 8.4 95

Spring
PL 80 38.00 17.2 7.6 98
EB 28 37.20 17.9 7.4 97

The major antioxidant defence enzymes in marine 
fish are SOD, CAT and GSH-Px (Winston and Di 
Giulio, 1991). Antioxidant status in species of marine 
fish is related to tissue oxygen consumption and to 
overal activity of the organism (Wilhelm Filho et al., 
2000). At the same time, many enzyme activities, 
including antioxidant enzymes show considerable 
seasonal fluctuations. Seasonality is known to exist 
in internal and natural exposure to oxidative stress 
as well (Pavlović et al., 2010). The overall trend 
obtained in our study revealed decreased activities 
of the investigated enzymes in spring when 
compared to the winter. The SODs are a group of 
metalloenzymes that catalyse the conversion of 
superoxide anion radicals to hydrogen peroxide. 
The activities of Tot SOD, Mn SOD and CuZn SOD 
obtained in our experiment are presented in Fig. 2. 
Our results show decreased activities of all three 
enzymes at PL and only Mn SOD at EB in winter 
season (p<0.05). The effect of locality was detected 
for Tot SOD and CuZn SOD whose activities were 
increased at EB in spring season (p<0.05). Some 
laboratory studies have reported an increased SOD 
activity in fish exposed to various contaminants, but 
some studies reported a decreased activity, too. The 
main difficulty in understanding SOD behavior is the 
notable difference between responses observed in 
laboratory studies and in the field (Van der Oost et 
al., 2003).

Figure 2: Tot SOD, CuZn SOD and Mn SOD 
activities (U/mg protein) in the white muscle of 

longfin gurnard (Chelidonychthys obscurus) from 
the Platamuni (PL) and the Estuary of the River 
Bojana (EB) in winter and spring. The data are 
expressed as mean ± S.E. The non-parametric 

Mann-Whitney U-test was used to seek significant 
differences between means. p<0.05 represents a 

minimal significant level.

The activities of CAT and GSH-Px are shown in 
Fig. 3. Our analysis show that seasonal effect was 
obtained only in CAT activity with decreased activity 
at both PL and EB in spring season (p<0.05). At 
the same time, the activity of CAT was increased at 
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EB in respect to PL in winter season (p<0.05) and 
activity of GSH-Px was decreased at EB compared 
to PL in spring season (p<0.05). CATs are hematin-
containing enzymes localized in the peroxisomes 
of most cells that facilitate the removal of hydrogen 
peroxide. Similarly to SOD, in various studies, 
opposite results for CAT activity were obtained (Van 
der Oost et al., 2003). At the same time, glutathione-
dependent enzymes (GSH-Px and GST) showed 
decreased activities in spring in respect to the winter. 
At low temperatures, the increased polyunsaturation 
of mitochondrial membranes in fish should raise 
rates of mitochondrial respiration, which would in 
turn enhance the formation of ROS, increase proton 
leak and favour peroxidation of these membranes. 
The mitochondria show seasonal cycles of the 
maximum rates of protein-specific substrate 
oxidation at any given temperature. Increases in 
the maximal capacity of pyruvate oxidation were 
sufficient to compensate for seasonal changes in 
temperature, except during the winter months when 
rates at habitat temperature were approximately 
half the rates over other periods (Guderley, 2004). 
Also, higher levels of organic hydroperoxides are 
formed by enhanced lipid mobilization which leads 
to induction of higher GSH-Px activity. This induces 
enhanced utilization of reduced glutathione (GSH) 
forming their oxidized form (GSSG).

Figure 3: CAT and GSH-Px activities (U/mg 
protein) in the white muscle of longfin gurnard 

(Chelidonychthys obscurus) from the Platamuni 
(PL) and the Estuary of the River Bojana (EB) 

in winter and spring. The data are expressed as 
mean ± S.E. The non-parametric Mann-Whitney 
U-test was used to seek significant differences 
between means. p<0.05 represents a minimal 

significant level.

Changes in GR activity either for the season or 
for locality was not observed (Fig. 4). The activity 
of phase II biotransformation enzyme GST was 
significantly decreased at EB in spring season 
(p<0.05), (Fig. 4). In winter, the activity of this enzyme 

was increased, while in spring season was decreased 
at EB in respect to PL. These data suggest that GST 
enzyme react differently in winter and spring season 
(increase in winter and decrease in spring at EB in 
respect to PL) suggesting that this enzyme exhibit 
different behavior to contaminants in respect to 
season. This indicates that GST is a sensitive and 
suitable biomarker of environmental status. In winter, 
possible effects of organic pollutants on GST activity 
are more pronounced, according to the synergism 
between cold-stress and toxic effects and chemical 
pollutants (Pavlović et al., 2004).

Figure 4: GR and biotransformation phase II 
enzyme GST activities (U/mg protein) in the 

white muscle of longfin gurnard (Chelidonychthys 
obscurus) from the Platamuni (PL) and the Estuary 
of the River Bojana (EB) in winter and spring. The 

data are expressed as mean ± S.E. The non-
parametric Mann-Whitney U-test was used to seek 

significant differences between means. p<0.05 
represents a minimal significant level.

In Fig. 5 the Principal component analysis (PCA) 
of all investigated antioxidant defence enzymes is 
presented. The PCA referred to relative contribution 
of every antioxidant enzyme in the white muscle 
and show that Factor 1 and Factor 2 explain over 
60% of the total variance in the data matrix. Factor 1 
explains 38.30% of the total variance and is mainly 
characterized by negative loading of the variables 
GSH-Px and GST. Factor 2 explains 22.53% of 
the total variance and is mainly characterized by 
positive loading of the Tot SOD and CuZn SOD and 
negative loading of Mn SOD, CAT and GR. 

Fig. 6 represents summary results of PCA for both 
investigated sampling localities in winter and spring 
seasons and shows that Factor 1 and Factor 2 
explain over 90% of total variance. Relating to the 
position of sites, Factor 1 (51.99%) discriminates 
between PL-winter/EB-winter and PL-spring/EB-
spring. Factor 2 (38.48%) discriminates between 
EB-spring and PL-winter/EB-winter/PL-spring. 
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Several studies have shown that the physiological status of marine organisms changed when exposed to 
contaminants, but little work has been devoted to mutual effects of seasonal fluctuations of temperature 
and influence of pollutants. The annual variation of a particular biomarker response should be known and 
well understood prior its use in biomonitoring studies in order to separate successfully the contamination 
effects from the effects caused by normal physiological variations and thus for correct interpretation of 
results (Petrović et al., 2004). In general, many enzymes react differently to contaminants in respect to the 
season and this fact must be incorporated in the biomonitoring studies (Pavlović et al., 2004).

Figure 5: Principal component analysis (PCA) based on correlations, projection of all investigated 
antioxidant defense enzyme activities on the factor plane.

Figure 6: Principal component analysis (PCA) of each site (Platamuni-PL and the Estuary of the River 
Bojana-EB) and season on the factor plane.
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Conclusions
In this study, both the effects of locality and season 
on oxidative stress biomarkers analyzed were 
observed, but statistical analysis reveal stronger 
effect of season on investigated parameters in the 
white muscle of longfin gurnard (Chelidonychthys 
obscurus) at investigated locations. Our study 
represents the first investigation of this kind in the 
white muscle of longfin gurnard (Chelidonychthys 
obscurus) from the south-eastern Adriatic Sea 
(Montenegro) and requires more detailed analysis 
in future.

Acknowledgements
This work was supported by the Ministry of 
Education, Science and Technological Development 
of the Republic Serbia, Grant No. 173041.

References
Bayir, A., Necdet Sirkecioglu, A., Bayir, M., Ibrahim 

Haliloglu, H., Mahmut Kocaman, E. and N. 
Mevlut Aras (2011). Metabolic responses to 
prolonged starvation, food restriction and 
refeeding in the brown trout, Salmo trutta: 
Oxidative stress and antioxidant defenses. 
Comp. Biochem. Physiol. Part B. 159, 191-
196.

Claiborne, A. (1984). Handbook of Methods for 
Oxygen Radical Research, Greenwald, RA, 
C.R.C. Press Inc., Boca Raton. 

Crockett, E. (2008). The cold but not hard fats in 
ectotherms: consequences of lipid restructuring 
on susceptibility of biological membranes to 
peroxidation, review. J. Comp. Physiol. Part B. 
178, 795-809.

Da Rocha, A.M., Salamão de Freitas, D.P., Burns, M., 
Vieira, J.P., de la Torre, F.R. and J.M. Monserrat 
(2009). Seasonal and organ variations in 
antioxidant capacity, detoxifying competence 
and oxidative damage in freshwater and 
estuarine fishes from Southern Brazil. Comp. 
Biochem. Physiol. Part C. 150, 512-520.

Darlington, R.B., Weinberg, S. and H. Walberg 
(1973). Canonical variate analysis and related 
techniques. Rev. Educ. Res. 43, 433-454.

Dinneen, L.C. and B.C. Blakesley (1973). A generator 
for the sampling distribution of the Mann Whitney 
U statistic. Appl. Stat. 22, 269-273.

Frimodt, C. (1995). Multilingual illustrated guide to 
the world’s commercial coldwater fish, Fishing 
News Books, Oxford, England, Osney Mead., 
1-215.

Furné, M., Garcia-Galego, M., Hidalgo, M.C., 
Morales, A.E., Domezain, A., Domezain, J. and 
A. Sanz (2009). Oxidative stress parameters 
during starvation and refeeding periods 
in Adriatic sturgeon (Acipenser naccarii) 
and rainbow trout (Oncorhynchus mykiss). 
Aquaculture Nutr. 15, 587-595.

Glatzle, D., Vulliemuier, J.P., Weber, F. and K. 
Decker (1974). Glutathione reductase test with 
whole blood a convenient procedure for the 
assessment of the riboflavin status in humans. 
Experientia. 30, 665-667.

Grim, J.M., Simonik, E.A., Semones, M.C., Kuhn, 
D.E. and E.L. Crocket (2013). The glutathione-
dependent system of antioxidant defense is not 
modulated by temperature acclimation in muscle 
tissues from striped bass, Morone saxatilis. 
Comp. Biochem. Physiol. Part A. 164, 383-390.

Guderley, H. (2004). Metabolic responses to low 
temperature in fish muscle. Biol. Rev. 79, 409-427.

Habig, W.H., Pubst, M.J. and W.B. Jakoby (1974). 
Glutathione S-transferase. J. Biol. Chem. 249, 
7130-7139.

Halliwell, B. and J.M.C. Gutteridge (2007). Free 
Radicals in Biology and Medicine, Fourth ed., 
Oxford University Press, New York.

Hazel, J.R. (1995). Thermal adaptation in biological 
membranes: is homeoviscous adaptation the 
explanation? Annu. Rev. Physiol. 57, 19-42.

Lionetto, M.G., Caricato, R., Giordano, M.E., 
Pascariello, M.F., Marinosci, L. and T. 
Schettino (2003). Integrated use of biomarkers 
(acetylcholinesterase and antioxidant enzyme 
activities) in Mytilus galloprovincialis and 
Mullus barbatus in an Italian coastal marine 
area. Mar. Poll. Bull. 46, 324-330. 

Lowry, O.H., Rosebrough, N.L., Farr, A.L. and R.I. 
Randall (1951). Protein measurement with Folin 
phenol reagent. J. Biol. Chem. 193, 265-275.

Misra, H.P. and I. Fridovich (1972). The role of 
superoxide anion in the autoxidation of 
epinephrine and simple assay for superoxide 
dismutase. J. Biol. Chem. 247, 3170-3175.

Mueller, I.A., Grim, J.M., Beers, J.M., Crockett, E.L. 
and K.M. O’Brien (2011). Inter-relationship 
between mitochondrial function and 
susceptibility to oxidative stress in red and 
white-blooded Antarctic notothenioid fishes. J. 
Exp. Biol. 215, 3732-3741.

Paital, B. and G.B.N. Chainy (2010). Antioxidant 
defenses and oxidative stress parameters 
in tissues of mud crab (Scylla serrata) with 
reference to changing salinity. Comp. Biochem. 
Physiol. Part C. 151, 142-151.



25

Pavlović et al. Water Research and Management, Vol. 3, No. 2 (2013)  19-25

Pavlović, S.Z., Belić, D., Blagojević, D.P., Radojičić, 
R.M., Žikić, R.V., Saičić, Z.S., Lajšić, G.G. and 
M.B. Spasić (2004). Seasonal variations of 
cytosolic antioxidant enzyme activities in liver 
and white muscle of thinlip gray mullet (Liza 
ramada Risso) from the Adriatic Sea. Cryo 
Lett. 25, 273-285.

Pavlović, S.Z., Borković Mitić, S.S., Radovanović, 
T.B., Perendija, B.R., Despotović, S.G., 
Gavrić, J.P. and Z.S. Saičić (2010). Seasonal 
variations of the activity of antioxidant defense 
enzymes in the red mullet (Mullus barbatus) 
from the Adriatic Sea. Mar. Drugs. 8, 413-428.

Petrović, S., Smenčić, L, Ozretić, B. and M. Ozretić 
(2004). Seasonal variations of physiological 
and cellular biomarkers and their use in the 
biomonitoring of north adriatic coastal waters 
(Croatia). Mar. Pollut. Bull. 49, 713-720.

Rossi, M.A., Cecchini, G. and M.M. Dianzani (1983). 
Glutathione peroxidase, glutathione reductase 
and glutathione transferase in two different 
hepatomas and in normal liver. IRCS Med. Sci. 
Biochem. 11, 805.

Sidell, B.D. (1998). Intracellular oxygen diffusion: 
the roles of myoglobin and lipid at cold body 
temperature. J. Exp. Biol. 201, 1119-1127.

Stohs, S.J., Bagchi, D., Hassoun, E. and M. Bagchi 
(2000). Oxidative mechanisms in the toxicity 
of chromium and cadmium ions. J. Environ. 
Pathol. Toxicol. Oncol. 19, 201-213.

Takada, Y., Noguchit, T. and M. Kayiyama (1982). 
Superoxide dismutase in various tissues from 
rabbits bearing the Vx-2 carcinoma in the 
maxillary sinus. Cancer. Res. 42, 4233-4235.

Tamura, M., Oschino, N. and B. Chance (1982). 
Some characteristics of hydrogen  and alkyl-
hydroperoxides metabolizing systems in 
cardiac tissue. J. Biochem. 92,  1019-1031.

Van der Oost, R., Beyer, J. and N. Vermeulen 
(2003). Fish bioaccumulation and biomarkers 
in environmental risk assessment: a review. 
Environ. Toxicol. Pharmacol. 13, 57-149.

Vinagre, C., Madeira, D., Narciso, L., Cabral, H.N. 
and M. Diniz (2012). Effect of temperature 
on oxidative stress in fish: Lipid peroxidation 
and catalase activity in the muscle of juvenile 
seabass, Dicentrarchus labrax. Ecol. Indic. 23, 
274-279.

Wilhelm Filho, D. (2007). Reactive oxygen species, 
antioxidants and fish mitochondria. Front 
Biosci. 12, 1229-1237.

Wilhelm Filho, D., Torres, M.A., Marcon, J.L., Fraga, 
C.G. and A. Boveris (2000). Comparative 
antioxidant defences in vertebrates–emphasis 
on fish and mammals. Trends Comp. Biochem. 
Physiol. 7, 33-45.

Winston, G.W. and R.T. Di Giulio (1991). Prooxidant 
and antioxidant mechanisms in aquatic 
organisms. Aquat. Toxicol. 19, 137-161.


