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Abstract

Oxidative stress in fish is the result of the water quality in the ecosystem and the degree of water
pollution. The aim of the study was to determine the oxidative potential in the muscles of selected
fish species found in lakes with different trophy status. Values of redox indexes (MDA, Vit. C, SOD
and CAT) in the muscle tissue of two native (roach (Rutilus rutilus) and perch (Perca fluviatilis)) and
one invasive fish species - brown bullhead (Ameiurus nebulosus) were determined. The differences in
redox indexes in muscle tissue of fish from lakes with different trophy status were noted. This indicates
differentiated sensitivity of individual fish species to oxidative stress resulting from changes in water
quality parameters. The changes in the redox parameters in the tissues of selected fish species were
more influenced by the lake trophy than the effect resulting from interspecies differences. Fish from
a hypertrophic lake had poorer meat quality due to the greater intensity of oxidation processes in
relation to fish from the eutrophic lake. The present study gives the need for further studies that will
take into account more fish species and a longer period of time, including changes resulting from the
functioning of these reservoirs in different seasons.
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Introduction

Fish are a rich source of wholesome protein, fatty
acids (especially unsaturated fatty acids from the
omega-3 group), minerals and vitamins [1, 2]. They are
also considered to be bioindicators because they exhibit
different sensitivities and responses to environmental

*e-mail: jacek.rechulicz@up.lublin.pl

factors that can lead to physiological and biochemical
changes [3, 4].

Available literature indicates that fish often have a
pronounced oxidative stress as a response to organically
and inorganically contaminated aquatic environments
(pesticides,  phenols,  petroleum  hydrocarbons,
polychlorinated biphenyls, surfactants and heavy
metals). Oxidative stress may also indicate that
the fish species have reached their limits of adaptation
[5-8].

Oxidative stress is the result of an imbalance between
the production of free radicals (e.g. reactive oxygen
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species) and antioxidant defense mechanisms in living
organisms [9]. Free radicals are dangerous because they
destroy cell membranes and damage the structure of
enzyme proteins. Superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and glutathione
S-transferase (GST) are major antioxidant enzymes and
important indicators of oxidative stress. In addition,
glutathione (GSH+ GSSG) plays a key role in non-
enzymatic antioxidant defense [10, 11].

Aquatic ecosystems are often contaminated with
heavy metals such as zinc and copper, the action of
which is desired at low concentrations, while at high
concentrations, they exhibit toxic effects. In a water
environment, the metals, including heavy metals,
occur in the form of soluble and insoluble compounds,
and accumulate in water and bottom sediments,
subsequently becoming distributed in the tissues of
aquatic organisms, including fish [12].

The nutrients and other physical and chemical
factors of water also have a significant impact on the
behavior of redox homeostasis in living organisms. The
disturbance of this homeostasis causes intensification of
lipid peroxidation. The consequence is the degradation
of the structure of fatty acids and proteins, which, in
turn, translates into lower nutritional value of meat
and shorter preservation of freshness in the process of
refrigerated storage [13].

According to Riffel et al. [14], the importance
of the antioxidant defense system in response to
stress caused by environmental pollution remains a
very important motive for further searching for the
adaptation possibilities of organisms. In fish, vitamins
are part of the first line of antioxidant defense and
are involved in maintaining various physiological
processes and metabolic reactions. Fish are unable to
synthesize vitamin C due to lack of L-gulonolactone
oxidase, the enzyme responsible for its synthesis
in de novo. Vitamin E is involved in the immune
response and one of its main physiological functions
is the protection of the membrane against oxidative
damage associated with the production of free radicals.
In fish muscle, it plays an important role as an
antioxidant in vivo [2].

Available scientific research on the redox potential
in fish focuses on a limited number of model species,
mainly from the salmonid family and the cyprinids.
Information about other species are limited [15, 16].

Due to the fact that there is not much information
available in the literature on the impact of lake water
quality parameters on changes in fish meat redox
potential, this paper attempts to determine: 1) whether
parameters characterizing the state of water quality
in lakes have an impact on the redox potential in fish
muscles; 2) whether the level of redox status indicators
of various fish species (perch, roach and brown
bullhead) occurring in lakes with different trophy
depends on the species and the settled lake.

Materials and Methods
Study Area

Lake Syczynskie is a small (5.6 ha), shallow (2.9 m),
hypertrophic water body located in the Leczynsko-
Wtodawskie Lakeland (51°17°12”N, 23°14’16”E). The
lake is located in the village of Syczyn and its northern
and western shore is directly adjacent to private plots
properties. In relation to its area, the Syczynskie Lake
have a large catchment area of about 460 ha and over
86% of it is used for agriculture (arable fields, meadows
and pastures).

Values characterizing the parameters of its water
indicate extreme hypertrophy. According to the
classification of Riicker et al. [17], Syczynskie lake is
a “Planktothrix-lake”. As shown in Wisniewska et al.
[18], in the summer and fall, P. agardhii comprises
approx. 96% of the potentially toxic Cyanobacteria in
this lake. Moreover, several years of observation of
its fish community has revealed a variation of species
dominance that depends on the year and season. In
addition, the fish fauna is characterized by low values
of indices of diversity [19].

Lake Miejskie (51°30°19°N, 22°52’50’E) is a small
(45.8 ha) and shallow water reservoir (max depth 2.2 m,
mean depth 1.3 m) [20]. The lake is located near
the Ostrow Lubelski city and its catchment area consists
of arable fields (approx. 75%) as well as meadows
and pastures (approx. 20%) [20]. Lake Miejskie is
located approx. 50 km from Lake Syczynskiego
and is characterized by 2.5 times smaller catchment
area and different fishery management and angling
pressure. In the summer season the lake is intensively
used for recreation. Biomanipulation in the reservoir
was carried out in 2007 and has resulted in a change
in the fish community, and, over time, improvement
in the ecological condition of the lake [21, 22].

Analysis of Water Parameters
and Fish Sampling

The water samples for chemical analysis were taken
on a monthly basis from June to August in the years,
2014 and 2015. The following physical and chemical
factors were examined: temperature, pH, electrical
conductivity, total organic carbon (TOC), chlorophyll «,
ammonium-nitrogen, nitrate-nitrogen and phosphates.
Temperature, electrical conductivity and pH were
recorded in situ using a multiparametric probe (YSI
556, USA). Total organic carbon was determined by
employing a multiparametric UV analyzer (Secomam,
France), and the remaining factors were analyzed in
the laboratory [23]. Chlorophyll a was determined by
spectrophotometric analysis of the acetone extract of
the algae [24].

Fish for analysis were caught using multi-mesh gill
nets (6.25-75 mm) [25]. Fishing by nets in both lakes
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Table 1. Total length (T1) and body mass (W) of analyzed fish from studied lakes.
Total length (TI) (in cm) Body mass (W) (in g)
Lakes Species
N Means | Std. Dev. | Min. | Max. | Means | Std. Dev. Min. Max.
Perch 12 21.76 0.90 |20.80|23.40| 154.90 28.70 106.70 | 223.00
Syczynskie Roach 16 18.22 0.96 17.30 | 19.60 | 78.08 7.88 68.00 89.00
Brown bullhead 16 19.63 2.34 15.50 | 23.80 | 137.25 59.09 53.00 252.00
Perch 12 24.03 2.03 22.00 [ 27.80 | 208.60 62.89 123.00 300.00
Miejskie Roach 16 18.96 1.01 18.00 | 21.80 | 94.94 43.88 64.00 244.00
Brown bullhead 16 20.41 1.49 18.60 | 22.80 | 106.81 22.64 74.00 142.00
were conducted in summer 2014 and 2015 years. All Statistical Analysis

collected fish were identified to species and weighed
(W) to nearest 0.1 g, while total length (Tl) was taken
to the nearest 1| mm. Information about the number of
fish used in the study, their total length and body mass
in Table 1 were presented.

Analysis of Oxidation-Reduction Parameters

Muscle tissue samples were collected above the
lateral line. From each fish, nine 1 g samples were
collected after skinning. The muscle samples were
first stored at -20°C for a period of 2 weeks and then
homogenized in buffers according to the applicable
methodological procedures. Muscle homogenates was
also examined to measure the activity of superoxide
dismutase (SOD) by spectrophotometry, using
the adrenaline assay method by Greenwald [26].
The SOD activity is determined by measuring the
rate of auto-oxidation of adrenaline at 30°C on the
basis of the increase of absorbance at 320 nm (which
corresponds to the monitoring of the increase of
concentration of various products of adrenaline
oxidation). The activity of catalase (CAT) was also
established, following the Bartosz [27] method. This
analysis consisted in the measurement of the substrate
decomposition rate (hydrogen peroxide) catalyzed by
this enzyme.

In determining the antioxidant status
parameters, the content of vitamin C (vit. C)
was assessed calorimetrically in a reaction with
2,6-dichlorophenolindophenol, following the method
of Omaye et al. [28]. In addition, muscle homogenates
were analyzed for levels of malondialdehyde (MDA)
the lipid peroxidation products that are the end
product of tissue lipids oxidation, in accordance to
the procedure of Salih et al. [29]. The method is based
on a thiobarbituric acid (TBA) reaction with lipid
peroxidation end products in an acid environment,
with the increased temperature generating a colored
adduct. To eliminate quantities of complex series of
adducts from TBA, the assay is run in the presence of
inhibitors, e.g. BHT.

Prior to statistical analyses, all data were checked
for normality (Shapiro-Wilk test) and homogeneity
of variances. To compare the physical and chemical
parameters of both lake waters, one-way analysis of
variance (ANOVA) was used. Statistical differences in
the values of redox status indicators in fish muscle from
both lakes were ascertained using a two-factor analysis
of variance (2-ways ANOVA with interaction) (factor
1: lake, factor 2: fish species, interaction: lake x fish
species). The statistical analyses were carried out with
Statsoft Statistica software, with a significance level of
p=0.05.

In order to compare the redox potential of fish
species (perch, roach and brown bullhead) from both
lakes, principal component analysis (PCA) was applied,
using Canoco 4.5 Software.

Results and Discussion

Information on antioxidant protection in fish
is modest, although fish are constantly exposed to
environmental stressors, including oxidative stress
[30]. The physiology of stress in fish has been studied
in species such as rainbow trout, zebrafish and
common carp [31-33]. Due to the fact that fish are
mostly perennial organisms, the negative effects of the
environment in their organisms are often difficult to
assess [27]. Many of them can manifest itself only after
a long period of time. In addition, organisms, including
also fish, tend to adapt [34].

Three species of fish, two native ones, i.e. roach
(Rutilus rutilus) and perch (Perca fluviatilis), and an
invasive alien species, the brown bullhead (Ameiurus
nebulosus) for the analysis were selected. These species
are diverse in terms of biology, but all have high
tolerance to habitat conditions. Roach and perch are
ubiquitous species occurring in almost all types of water
reservoirs. At the same time, these species, due to the
varied food they eat, represents different trophic levels.
The roach is an omnivorous species and its diet includes
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both planktonic organisms as well as aquatic plants and
invertebrate fauna. The perch, on the other hand, is a
predatory species which, when it in size approx. 14-16 cm
begins to eat fish [35]. The brown bullhead is an alien
and invasive species that should be removed from
natural aquatic ecosystems. It is an omnivorous species
[36], very resistant to many environmental factors and
having stable populations in many water reservoirs
in the region [37]. The knowledge on the immune
resistance and redox stress of selected fish species is
very modest and there is no such information in the
available references.

The mechanisms for greater tolerance under certain
environmental conditions can occur in two different
ways. First, through physiological acclimatization, and
second, through genotypic adaptation. An example
would be fish, which is less sensitive to chronic
stressors and therefore may be more efficient under
stressful environmental conditions. This advantage
may be effective due to the heritability of the trait.
Acclimatization occurs in fish individually, where they
become accustomed to a different environment through
the physiological expression of resistant phenotypes.
In turn, adaptation takes place on a population scale,
where genetic changes allow for the occurrence of
genotypes with better performance in a specific
environment [38].

The studies indicated that the physical and chemical
parameters of water from both lakes were different.
In total, for water from Lake Syczynskie, we recorded
higher values of parameters responsible for the
eutrophication of the lake. Herein, significantly higher
values (M-W U test, p<0.05) were noted for electrical
conductivity, P-PO,, P tot, chlorophyll a and total
suspended solids (TSS) (Table 2).

The basic sources of pollution from the lake
catchment areas that increase eutrophication of
freshwaters are agriculture, animal production and
households, especially those not connected to the sewage
system. Excess amounts of phosphorus compounds
are the cause of blooms in water reservoirs and of the
high concentrations of chlorophyll-a, which is an index
of the development of phytoplankton biomass [39-41].
Nevertheless, the degree of eutrophication of reservoirs
is directly related to the morphometric conditions of the
water bodies and the size of the catchment basin. The
object of our study, Lake Syczynskie, is a small, shallow
reservoir, with a catchment of about 500 ha holding a
large share of arable land (65.6%). This contributes to
increasing susceptibility to eutrophication [42, 43].
According to Pajewski [44], the manner of arca usage
located within the basin mainly affects the quality of
water in the lake. As a consequence, the increase in
lake trophy may lead to changes in the structure of

Table 2. Characteristics of water indicators (means+SD) of studied lakes (mean values for 2014-2015 years).

Parameter Unit Syczynskie Lake Miejskie Lake
T °C 15.99+7.41 13.58+6.91
pH - 7.44+ 0.58 7.87+0.45
TST mg dm™? 13.0245.62 8.49+5.32
EC uS cm! 547.33*£32.34 144.47+12.40
O, mg dm? 10.94+ 3.22 10.25+1.17
%0, % 106.66+ 19.65 99.424+20.21
N-NH, mg dm? 0.20£0.01 0.38*+£0.21
N-NO, mg dm? 0.33+£0.16 0.21+£0.14
N-NH, + N-NO, mg dm™ 0.53+0.15 0.58+0.33
P-PO, mg dm™ 0.29*+0.11 0.05+0.04
Ptot mg dm? 0.46*+0.07 0.07+0.05
Chlor pug dm? 70.28%+42.40 33.16+14.05
TSS mg dm? 24.37*£2.56 7.61+£7.67
TOC mg dm™? 6.92+ 0.92 7.73£1.16
NO, mg dm? <0.2+0.01 <0.2+0.01
SUR mg dm™ 3.66+0.73 4.07+0.61
COD mg O, dm? 17.05+2.00 18.96+2.91
BOD mg O, dm? 9.55+1.27 10.90+1.68

*-significant differences at p<0.05
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groups of plant organisms, and, most importantly, in
the ichthyofauna [19], and, as a consequence, to the
intensification of oxidative stress in fish [8, 45].

The values of redox parameters in fish muscles
varied depending on the lake and fish species (p<0.001),
but differences due to the interaction of lake vs. fish
species were noted as well. In the fish from Lake
Syczynskie, significantly higher MDA contents were
recorded for roach (0.246 nmol mg' protein), for perch
and brown bullhead (0.32 nmol mg' protein for each).
In addition, higher CAT activity for roach (4.310 U mg’
protein) and perch (6.31 U mg' protein) were noted
(M-W U test, p <0.0001). Moreover, the fish from Lake
Miejskie revealed higher content of Vit. C and SOD
activity (M-W U test, p <0.0001) (Fig. 1).

In comparing the differences in the values of redox
status indicators between fish species in each lake,
significant differences were observed. For fish from
Lake Syczynskie, in all the studied parameters, there
was a difference depending on the species. Herein, we
saw significantly higher values for perch and brown

bullhead in the case of MDA content and CAT activity
(Fig. la and 1d), and for roach and perch in the case
of Vit. C content and SOD activity (Fig. 1(b-c)). In the
case of fish from Lake Miejskie we recorded significant
difference only between the content of MDA and the
activity of SOD (M-W U test, p <0.0001) (Fig. 1(a-d)).
Based on the obtained results, oxidative stress in
the fish organism is affected by the living environment,
especially trophy. That the degree of eutrophication of
lakes may affect the quality of fish tissues is evidenced
by increases in the content of MDA and CAT activity
in fish from the hypertrophic Lake Syczynskie. As
reported by Mohanty and Samanta [46], CAT plays
a vital role in scavenging the H,O, produced through
dismutation of superoxide anion radicals (O,”) by
super-oxide dismutase (SOD). According to some
authors, the CAT-SOD system can be treated as the first
line of defense against anti-oxidative stress [47, 48].
In addition, as shown by the studies of Carvalho et al.
[30] on the liver and muscle of Oreochromis niloticus,
among others, SOD and CAT could be considered
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Fig. 1. Characteristic of values of pro-oxidative and antioxidative parameters of muscles of perch, roach and brown bullhead for two
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as potential candidates for biomarkers of toxicity of
contaminants in fish tissues.

In our results, we recorded higher values of
malondialdehyde (MDA) in the fish muscles. This may
indicate that oxidative stress induces lipid peroxidation
in fish muscle tissue. As a result of the lipid peroxidation
process, redox balance is disturbed. This is notable in
the fish of hypertrophic Lake Syczynskie. What is more,
we saw in the muscle tissue of the brown bullhead,
an increase in catalase enzyme activity (CAT) that is
correlated with a decrease in the level of non-enzymatic
antioxidants (vitamin C). This must be caused by
stimulation of the antioxidant mechanisms to defend
against the reactive oxygen form (ROS) [4, 49, 50].
Enzymatic antioxidant protection is a key component of
the biochemical system that allows survival of species
during oxidative stress [51]. The abundance of vitamin
C in tissues depends on several factors: past diseases,
diet, lifestyle, as well as the intensification of metabolic
processes in the body. According to Ciszewski et al.
[52], the range of values of redox indicators is built
upon many factors, including the species, age, sex,
physiological condition, as well as the season and
abundance of the habitat in food.

In our study, we used fish species commonly found
in freshwaters waters and which vary in terms of food
preferences: omnivorous-roach and predator-perch.
In addition, we studied a third species, the invasive
brown bullhead. This has been present in Poland’s

waters for about 100 years and has very varied food
preferences, being omnivorous or predatory [36].
According to available literature [53, 54], brown
bullhead is characterized by having very high resistance
to poor living conditions and to pollution. In addition,
it can survive drops in oxygen content even to 0.2 mg
L. In contrast, species such as roach and perch hold
moderate environmental requirements [55]. Hence, the
slightly higher MDA content in the muscles of roach
from Lake Miejskie, are comparable to the results
obtained for the brown bullhead.

Smal et al. [56] and Solis [43] state that Lake
Syczynskie is exposed to surface pollution originating
from the lake catchment, and especially to the inflow
of anthropogenic pollution from the used agricultural
fields. Intensive agricultural production is one of the
sources of soil contamination with heavy metals.
These are found in the composition of many fertilizers,
especially in phosphate fertilizers [57]. The effect
of heavy metal pollution on the oxidative stress and
osmoregulatory damage of fish was confirmed by the
study by Kaya and Akbulut [50]. These were conducted
on the brain tissue and gills of tilapia in Mozambique
that are exposed to lead, and in the tissues of these fish,
a high level of TBARS was noted, which is a commonly
used indicator of lipid oxidation status. Hermenean et
al. [58] conducting a study on the impact of heavy metal
aquatic contamination on fish also saw high levels of
TBARS in the liver of chub.

Table 3. Spearman Rank Order Correlation for redox parameters and physical-chemical parameters of water from studied lakes.

Syczynskie Lake Miejskie Lake
Parameters
MDA Vit. C SOD CAT MDA Vit. C SOD CAT
T -0.401 0.862* 0.195 -0.042 -0.068 -0.221 -0.383 0.570
pH 0.445 0.350 0.262 0.168 -0.288 0.211 -0.254 0.119
TST 0.361 0.333 0.127 0.050 0.008 0.272 -0.415 0.110
EC -0.453 -0.325 -0.433 -0.065 -0.162 -0.221 -0.681* 0.732*
0, 0.420 -0.983* -0.380 -0.034 -0.220 0.228 0.170 -0.170
%0, 0.849* -0.600 -0.025 0.134 -0.246 -0.009 -0.314 0.415
N-NH, -0.966* 0.483 -0.076 -0.521 -0.195 0.114 0.331 -0.195
N-NO, 0.815% -0.400 -0.152 0.387 -0.059 0.448 0.246 -0.314
TNN 0.672%* -0.283 -0.203 0.168 -0.271 0.334 0.339 -0.271
P-PO, -0.412 -0.300 -0.279 -0.185 0314 -0.220 0.059 0.008
Ptot -0.740%* 0.200 -0.380 0.017 0.042 0.097 0.534 -0.263
Chlor 0.513 0.333 0.447 0.118 -0.144 -0.466 0.331 0.314
TOC -0.487 -0.333 -0.295 -0.261 0.221 -0.221 0.596 -0.340
SUR -0.470 -0.294 -0.170 -0.102 -0.034 0.193 0.576 -0.644
COD -0.464 -0.310 -0.258 -0.278 0.102 -0.203 0.426 -0.306
BOD -0.487 -0.333 -0.295 -0.261 0.221 -0.221 0.596 -0.340

*-significant differences at p<0.05
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Our research results show a wide spectrum
of differences between eutrophic (Miejskie) and
hypertrophic (Syczynskie) lakes. These we found
are associated with higher or lower activity of redox
indicators in fish tissues. Past research has revealed
notably upward trends in parameter values and higher
oxidative stress in polluted waters when compared
with cleaner water reservoirs [59]. In the tissues of fish
inhabiting Lake Miejskie, we found higher vitamin
C content, SOD activity and lower MDA and CAT
activity. In such fish, the increase in SOD activity was
probably recorded during the activation of antioxidant
defense mechanisms. However, such situations also
commonly see an increase in the content of MDA
and the activity of CAT [60]. Since there has been no
increase in the above-mentioned oxidation parameters,
it should be recognized that the condition of the fish
environment does not induce such processes in the fish
body. Similarly, McFarland et al. [61] reported that the
activity of the catalase was lower in contaminated
river waters, when compared to sites less polluted.
In addition, Shen et al. [62] on assessing the activity
of catalase in the liver of carp living in a polluted
environment, found a decrease in the activity of

catalase due to the fluctuation of superoxide radicals.
Accordingly, the presence of heavy metals (which are
mainly taken up by the gills) may have an inhibitory
effect on the activity of catalase.

Table 3 shows the analysis of correlation between
redox indicators and physical and chemical parameters
of water showed that Lake Syczynskie held definitely
more significant dependencies. Significant positive
correlations were indicated between temperature (T)
and the content of Vit. C (r = 0.862, p<0.001), and
between oxygen saturation (%0,), nitrate nitrogen
(N-NO,), total nitrogen (TNN) and MDA activity,
r = 0.849; r = 0.815; r = 0.672, respectively. In Lake
Miejskie, these dependencies were definitely lower. In
this lake, positive significant correlation was noted only
in the case of electrical conductivity and the activity
of CAT (r = 0.732). At the same time, significantly
negative correlation of this parameter with SOD activity
was recorded (r = -0.681).

The dependence of parameters characterizing the
perch redox potential from both lakes can be described
by means of two main components that explain this
relationship to 97.5% (Fig. 2). The first main component
provides explanation to 74.4% and the second to 23.1%
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Fig. 2. Principal component analysis (PCA) of values of redox potential of perch (Perca fluviatilis L.)a), roach (Rutilus rutilus L.) b) and

brown bullhead (Ameiurus nebulosus Le Sueur) c¢) from Syczynskie

Lake (+) and Miejskie Lake (e®).
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of all dependencies. Herein, Axis 1 is negatively
correlated with CAT activity, while Axis 2 negatively
correlates two parameters with Vit. C and SOD activity.
Axis 1 reveals a clear division of perch into two groups,
i.e. populations from lakes with different trophy status
(Fig. 2a).

The PCA analysis of the dependence of the
redox potential parameters for roach revealed that
two main components can be described to 93.8%, of
which the first component is at 59.5% and the second
component is at 34.3% (Fig. 2b). Here, Vit. C content
and the activity of SOD clearly correlate positively with
Axis 1, while CAT activity is negatively correlated
with Axis 2. In the case of this species, there is also a
clear division into two groups of fish of different trophy
status (Axis 2) (Fig. 2b).

For the invasive species, brown bullhead, from
both lakes, PCA analysis showed that the two main
components explain this relationship to 92.8%, the
first and second components respectively being 76.0%
and 16.85% (Fig. 2¢). Axis 1 was positively correlated
with CAT activity, while Axis 2 was negatively
correlated with SOD activity. Unlike the perch and
roach, none of the axes indicated brown bullhead
division into groups due to the trophic diversity of the
lakes (Fig. 2c¢).

The obtained results of the dependence of redox
indicators on the physical and chemical parameters of
water from the studied lakes are difficult to interpret.
The high positive correlation was observed between
the oxygen saturation of water (%0O,) and MDA content
and water temperature and vitamin C content, and
the negative correlation between O, and the content
of Vit. C in Lake Syczynskie may be related to the
oxidation reaction of lipid compounds. The rate of this
reaction increases significantly with increasing oxygen
saturation and water temperature. Perhaps the factors
that influenced the slowdown of the oxidation reaction
in the lake include the presence of antioxidants and the
lower temperature in the water reservoir in the studied
period. It is known that the solubility of oxygen in
water is inversely proportional to water temperature
[63]. Furthermore, the positive correlation among nitrate
nitrogen (NNO) and total nitrogen (TNN) and MDA
content and negative between ammonium nitrogen
(NNH) and MDA content that we saw can be explained
by the inflow of nitric compounds, especially nitrates,
to the reservoirs. These compounds have a toxic effect
on ichthyofauna, and fish can accumulate them to
varying degrees in their body. In addition, ammonia is a
strong poison that is lethal to fish and its concentration
in water should not exceed 0.01 mg L™, otherwise, it
leads to physiological dysfunction [64]. The correlations
of antioxidative enzymes activity (SOD and CAT) with
electrical conductivity observed in Lake Miejskie may
also indicate the high mineralization of the reservoir
water [65, 66].

Conclusions

The results of the present study confirmed that
oxidative stress in fish is mainly a consequence
of the state of the environment in which they live and
the degree of its contamination. In the muscles of
studied fish species from lakes with different trophy
status, there were differences in the concentration
of muscle tissue redox indicators were obtained.
This effect may indicate different sensitivity of
individual fish species to the physicochemical
parameters of the water, where more significant
dependencies were noted in the case of hypertrophic
Syczynskie Lake. At the same time, compared to
the fish from the eutrophic lake, the fish from the
hypertrophic lake had worse quality parameters of
the meat due to the greater intensity of oxidative
processes. The obtained results are difficult to interpret
unequivocally and further study would be indicated,
taking into account the longer period and different
times in the year in the functioning of the reservoir,
as well as the specificity of fish species living in these
conditions.
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