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Abstract
Background/Aims: Contaminants in the environment pose a considerable threat to 
biodiversity, ecological balance, and the health of both wildlife and humans, particularly 
through the transfer of these harmful substances via fish in the food chain. Methods: This 
study focused on the developmental stages of sea trout (Salmo trutta L.) in both riverine 
and Baltic Sea environments, with the aim of exploring how chemical element accumulation 
influences oxidative stress biomarkers in these species. Results: The findings revealed notable 
age- and tissue-specific patterns in the accumulation of chemical elements in sea trout. 
Specifically, higher levels of lead (Pb), arsenic (As), mercury (Hg), and tin (Sn) were detected 
in the muscle tissues of adult trout, while cadmium (Cd) primarily accumulated in the gills, 
particularly in smolts. These results underscore the influence of both age and tissue type on 
the bioaccumulation of contaminants in the trout, highlighting how the accumulation of toxic 
elements contributes to increased oxidative stress in the fish. This oxidative stress, reflected by 
increased lipid peroxidation (TBARS) and carbonyl derivatives of oxidatively modified proteins, 
was closely related to the presence of contaminants such as Cd, Pb, As, Hg, and Sn. Gills, which 
are directly exposed to waterborne pollutants, exhibited significantly higher levels of oxidative 
damage compared to muscle tissue, consistent with the greater accumulation of metals in 
this organ. Despite higher total antioxidant status (TAS) in muscle tissue, both muscle and gill 
tissues of adult trout showed signs of considerable oxidative stress, indicating the cumulative 
effects of prolonged exposure to these contaminants. Conclusions: The study highlights the 
detrimental consequences of chemical element contamination on the health of trout, with a 
particular emphasis on oxidative damage, and calls for effective environmental management to 
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protect aquatic species from the long-term effects of exposure to contaminants. Furthermore, 
the correlation and regression analysis conducted revealed significant patterns, demonstrating 
positive correlations between the accumulation of Cd, Pb, and As in the gills of adult trout, 
and between Pb and oxidative stress markers in smolts. Additionally, the analysis indicated 
that mercury contributes significantly to oxidative damage.

Introduction

Pollutants in the environment, especially those introduced by industrial, agricultural 
and urban activities, pose a significant threat to biodiversity, ecological balance and the 
health of wildlife and humans. In aquatic ecosystems such as the Baltic Sea, these pollutants 
- ranging from heavy metals and persistent organic pollutants (POPs) to microplastics - can 
accumulate and biomagnified through the food chain [1]. Fish, both consumers and prey, 
are important vectors for the transfer of these pollutants to higher trophic levels, including 
humans. The Baltic Sea is particularly vulnerable to contamination due to its semi-enclosed 
geography, limited water exchange and intensive human activity in the surrounding areas. 
Pollutants such as mercury, cadmium, lead and arsenic often accumulate in the tissues of 
fish species, including Baltic Sea trout, an ecologically and economically important species 
[2]. These contaminants threaten not only the health of the fish populations themselves - 
potentially impairing growth, reproduction and immune function - but also the predators, 
including humans, that consume these fish [3, 4].

The Baltic Sea poses a significant environmental threat to migratory species, 
such as sea trout (Salmo trutta L.), through a combination of factors including pollution, 
habitat degradation, and climate change [1]. A major concern is the elevated levels of 
contaminants, including toxic metals [2], persistent organic pollutants (POPs), and various 
other pollutants, which accumulate in the marine ecosystem [1, 3]. These contaminants, 
originating mainly from industrial discharges, agricultural runoff, and sewage, pose serious 
risks to aquatic organisms. The bioavailability of toxic metals in the Baltic Sea may exceed 
that in other marine environments due to its special characteristics, such as relatively low 
salinity and enclosed geography [4]. As a result, migratory fish species, including sea trout, 
are at increased risk of metal bioaccumulation, leading to potential health problems, such 
as oxidative stress, impaired growth, and reproductive problems [5-7]. The vulnerability of 
the Baltic Sea ecosystem to overfishing, habitat destruction, and climate change exacerbates 
the challenges faced by migratory trout. As pollution increases and the ecosystem’s ability 
to support healthy populations of marine life decreases, the survival and well-being of such 
species as sea trout are increasingly at risk. Therefore, protecting and restoring the ecological 
health of the Baltic Sea is essential not only for the conservation of migratory trout, but also 
for the conservation of the region’s biodiversity as a whole [8].

The study of trout, in particular Salmo trutta L. or the migratory sea trout, at different 
life stages is essential due to the ecological importance of the species and its sensitivity 
to environmental changes [9]. As a key indicator species within freshwater ecosystems, 
migratory trout play a central role in maintaining the balance of aquatic food webs. Their 
presence and health can serve as a reflection of the overall quality of the aquatic environment, 
making them valuable for environmental monitoring and conservation efforts, particularly 
in response to anthropogenic stressors in both freshwater and marine habitats [10]. By 
studying trout throughout their developmental stages, researchers can gain comprehensive 
insights into the effects of environmental factors, such as pollution, temperature fluctuations, 
and habitat degradation on their growth, survival, and reproductive success [11].

The species in question has significant economic, ecological, and cultural importance. 
Trout serve as an important species for both recreational and commercial fisheries, 
contributing to the livelihoods of communities and supporting local economies, as 
demonstrated in the study by Lynch et al. [12]. Furthermore, their ability to thrive in a wide 
range of freshwater and marine habitats positions them as an important component of 
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biodiversity in river systems and coastal environments. As a keystone species, trout influence 
populations of other aquatic organisms, making monitoring their health and developmental 
stages essential for the conservation of aquatic ecosystems [13]. However, trout are highly 
sensitive to environmental changes, making them vulnerable to habitat degradation, water 
pollution and climate change [14]. Their migratory nature exposes them to a variety of 
ecosystems, each potentially affected by human activities and environmental changes [10]. 
Variations in water temperature, pollution levels, and river modifications can disrupt their 
migratory patterns, reproductive cycles, and overall health. This makes trout an exemplary 
species for studying the effects of environmental change and highlights the need for targeted 
conservation efforts to protect them from the ongoing challenges posed by climate change 
and anthropogenic activities [15].

The developmental stages of migrating trout (Salmo trutta L.) in riverine and Baltic 
Sea environments are markedly influenced by the interaction between toxic metals and 
oxidative stress parameters [7, 16], as depicted in Fig. 1. In freshwater conditions in rivers, 
trout show different physiological and biochemical responses than in the saline environment 
of the Baltic Sea. Freshwater ecosystems are often exposed to elevated concentrations of 
pollutants, including toxic metals, which can accumulate in trout tissues, especially during 
critical developmental stages, such as the juvenile and smolt phases [17, 18]. The presence 
of these metals in rivers induces oxidative stress as the trout’s immune system attempts to 
mitigate the harmful effects of these toxins, resulting in changes in such stress biomarkers as 
2-thiobarbituric acid reactive substances (TBARS), a common indicator of oxidative-induced 
lipid damage [16, 19-21].

Fig. 1. Sea trout lifecycle (egg, parr, smolt, adult, spawner).
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When trout migrate from freshwater rivers to the Baltic Sea, they encounter a wide 
range of environmental stressors [22]. In the marine environment, variations in salinity 
and the presence of additional contaminants can affect the ability of trout to regulate metal 
accumulation in their tissues. The transition from freshwater to saltwater can significantly 
affect the metabolic processes and stress response mechanisms of fish. In saltwater, the 
bioavailability and toxicity of certain metals may change due to variations in pH, salinity, and 
organic matter content, which may affect the interactions between metals and the biological 
systems of the fish [22]. Consequently, oxidative stress parameters may differ between these 
two environments as the fish body adapts to the different environmental conditions.

The main objective of these studies is to improve understanding of the effects of 
various environmental factors, including water quality, pollution and habitat conditions, on 
the health, development, and survival of migrating sea trout (Salmo trutta L.) at different life 
stages [17]. Understanding their responses to environmental contaminants is essential for 
broader environmental management practices [10, 23]. 

Numerous studies have highlighted the effects of chemical elements, such as cadmium 
(Cd), lead (Pb), mercury (Hg), and zinc (Zn), on oxidative stress processes in some tissues 
of sea trout, thereby disrupting cellular homeostasis and metabolism [16, 24]. These metals 
catalyse the production of reactive oxygen species (ROS) through Fenton-like reactions and 
mitochondrial interference, while inhibiting enzymatic antioxidants, such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) [21, 25]. They also 
deplete non-enzymatic antioxidants, such as glutathione (GSH), resulting in reduced defence 
against oxidative damage. The resulting ROS induce lipid peroxidation, protein oxidation, 
and DNA damage, leading to membrane disruption, structural protein changes, and genomic 
instability. Together, these effects impair growth, immune response, and reproduction, 
ultimately jeopardising the health and fitness of sea trout populations [26].

Furthermore, the interaction between toxic metals and oxidative stress parameters 
may be exacerbated during certain developmental stages, as previously indicated by Saç and 
Yeltekin [27]. For example, during the early juvenile stages in rivers, when trout are more 
vulnerable and have less developed detoxification mechanisms, the accumulation of such 
metals as Cd, Pb, and As can lead to increased levels of oxidative stress [28-31]. In contrast, 
adult trout in the marine environment, especially after migration, may have more advanced 
detoxification systems, which may mitigate the harmful effects of these metals to some extent. 
However, the long-term accumulation of metals during migration may still lead to increased 
oxidative damage, especially during periods of environmental stress [32, 33], such as elevated 
water temperatures or reduced oxygen levels in the Baltic Sea. A study by the authors [34] 
analysed the mineral composition and heavy metal concentrations in the muscles of Baltic 
Sea trout. The study showed that the levels of toxic elements such as arsenic, lead, cadmium 
and mercury were below international safety limits. The results indicate that Baltic Sea trout 
accumulate beneficial minerals such as copper and magnesium while maintaining low levels 
of harmful metals, highlighting their environmental and ecological importance.

The interaction between metals and oxidative stress parameters in trout is likely to be 
influenced by a combination of biological and environmental factors, with the developmental 
stage and the specific conditions of riverine and Baltic Sea environments playing a crucial role 
[16], as shown in Fig. 2. The riverine environment may result in greater accumulation of toxic 
metals, leading to more pronounced oxidative stress during certain life stages. Conversely, 
the transition to the Baltic Sea presents additional challenges, such as changes in salinity and 
variations in metal bioavailability, which may affect the oxidative stress response [18, 21, 
23]. Understanding these interactions is critical for assessing the overall health of migratory 
trout populations and developing effective conservation strategies to protect them from the 
detrimental effects of pollution in both freshwater and marine habitats [7].

A key aim of this research is to assess the adaptation of migratory trout to different 
aquatic environments, such as freshwater rivers and saltwater seas, and the effects of these 
environments on contaminant accumulation and oxidative stress [34]. By comparing these 
conditions, the research can elucidate the specific vulnerabilities of trout in both types of 
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habitat, helping to refine conservation measures that encompass the full migratory life cycle 
of the species [22, 35]. In addition, this research may contribute to a broader understanding 
of the impact of anthropogenic activities, such as industrial pollution, agricultural run-off, 
and climate-induced changes in water temperature, on aquatic ecosystems [36]. The findings 
may have wider implications for biodiversity conservation and the protection of other 
aquatic species that share similar ecological niches [1, 5]. By establishing links between 
environmental conditions and the health of migratory trout, the study can provide valuable 
data for regulators, researchers, and conservation organisations to implement more effective 
measures for sustainable water management, pollution control, and ecosystem restoration. 
Ultimately, these studies aim to contribute to the conservation of both migratory trout and 
the aquatic ecosystems that support them, ensuring their long-term viability in the face of 
the ongoing environmental challenges.

The aim of this study was to thoroughly analyse the effects of chemical elements on 
oxidative stress in sea trout (Salmo trutta L.) at different developmental stages (smolts 
and adults) and in different tissues (muscle and gills) in order to obtain a comprehensive 
understanding of the effects of environmental pollution on the health of trout in terms 
of changes in metabolism and tissue function, which is crucial for the protection of this 

Fig. 2. Influence of toxic element pollution and environmental factors on the development of sea trout in 
the Baltic Sea.  The unique characteristics of the Baltic Sea, including its low water exchange rate and low 
salinity coupled with the presence of chemical elements, pose a significant threat to the life cycle of sea 
trout. Metal contamination in this ecosystem affects the health and survival of fish at all developmental 
stages, resulting in impaired immunity, reproductive disorders and bioaccumulation of toxins in fish tissues. 
These effects have long-term consequences for entire sea trout populations.
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species. The study focused on four main aspects: (1) measurement of the levels of chemical 
elements such as Cd, Pb, As, Hg, and Sn in different tissues and at different developmental 
stages; (2) assessment of the level of oxidative stress determined by such indicators as lipid 
peroxidation (TBARS) and oxidative protein modifications; (3) MANOVA statistical analysis 
to evaluate interactions between variables and the influence of metals on oxidative stress as 
a function of developmental stage; and (4) detailed correlation and regression analyses to 
determine the relationships between metal accumulation and oxidative stress markers and 
to identify significant associations between these factors.

Materials and Methods

Study area and fish collection. The Słupia River, located in the Pomeranian region of northern Poland, 
represents an important river system for ichthyological activities in Central Pomerania. Classified as a 
coastal river, its entire catchment area lies within the Pomeranian Voivodeship. The middle section of the 
river flows through the Polanowska Upland, while the lower section flows through the Damnica Upland, the 
Słupsk Plain, and the Słowiński Coast, finally flowing into the Baltic Sea in Ustka. Samples of migrating trout 
were systematically collected from various points along the Słupia and its tributaries, as shown in Fig. 3.

The analysis showed that the water quality of the Słupia River in the Słupsk region complies with 
the European standard EN ISO 8689-2 and the Water Framework Directive, achieving a classification of first 
class purity, as shown by Obolewski [37]. Smolt-stage trout samples were collected from several Pomeranian 
rivers, including the Glaźna, Skotawa, Kamienna, and Kwacza near Słupsk city (Fig. 3). Smolt sampling was 
conducted using electrofishing equipment powered by a generator with a DC adaptor. Adult trout were 
sampled at the mouth of the Słupia River in Ustka (Pomeranian Voivodeship, northern Poland). A total of 
69 adult and 128 smolt trout samples were used for this analysis. This research was conducted from 2018 
to 2021 in cooperation with the ‘Dolina Słupia’ Landscape Park and the Słupsk District Office of the Polish 
Angling Association under the environmental permit DROS.AR.MW.6052-16/10.

Our study follows the terminology and definitions previously explored by Pratten and Shearer 
(1983) [38], who established that sea trout are anadromous while brown trout are the resident form of the 
same species. We studied two developmental stages of trout: the smolt (juvenile) and the adult (Fig. 3). It 
is well documented that during the smolt stage, trout reach a size of 10-20 cm and are characterised by a 
transitional habitat stage, as the fish migrate to the sea [18]. The adult stage of sea trout includes individuals 
that return to rivers as mature specimens after spending 2-3 years at sea. These fish typically weigh 2-3 
kg, are sexually mature, and have a silver colouration as described in studies [39, 40]. The effect of sex on 
metal content was not investigated in this analysis. The relationship between developmental stages and 
oxidative stress parameters as well as biochemical characteristics in these conditions has been presented in 
our previous studies [16, 21].

The fish were euthanised by percussion stunning followed by crushing of the brain. Tissue samples 
were collected immediately, frozen on site at –80°C, and then homogenised in the laboratory for analysis.

Tissue collection and preparation. Gill and muscle tissues were collected from both smolt and adult 
stages of the fish for the biochemical analysis of oxidative stress biomarkers. Muscle tissue samples were 
collected specifically from the dorsal region above the lateral line. The collected tissues were homogenised 
in chilled 0.1 M Tris-HCl buffer (pH 7.2) at a ratio of 1:9 (tissue to buffer). The resulting homogenate was 
centrifuged at 3, 000 rpm for 15 min at 4°C and used as the starting material for subsequent biochemical 
analyses.

Quantitative analysis of chemical elements
The digestion of the sample was conducted in accordance with the following procedure. Dried 

animal tissues were digested using concentrated nitric acid (8 ml, 69–70%) and hydrogen peroxide (2 ml, 
30%) via microwave digestion. The digestion program included sequential heating: Five minutes at 190°C 
(a 25-minute ramp), five minutes at 200°C (a 5-minute ramp), and five minutes at 210°C (a 5-minute ramp). 
The resulting solutions were then diluted to 50 ml with 0.05 μS/cm deionised water.
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The instruments and reagents used are listed below. Trace element analysis was performed using 
an Agilent 7500ce ICP-MS with a micromist nebuliser, Peltier-cooled double-pass spray chamber, and 
a peristaltic pump. The system featured a shielding torch, off-axis ion lenses, and an Octupole Reaction 
System (ORS) chamber with hydrogen and helium (6.0, 99.9999%) to reduce interference. A quadrupole 
mass analyser with hyperbolic rods and a dual-mode detector (digital/analogue) provided a dynamic range 
extending over nine orders of magnitude. High-purity argon (5.0, 99.999%) was used as the carrier gas. The 
utilisation of internal standards (45Sc, 89Y, 159Tb) was instrumental in minimising matrix effects and ensuring 
the stability of measurements. Quality control measures were implemented to ensure the reliability of the 
analytical process. Each batch included blanks and a certified reference material (NCS ZC73016 chicken). 
The measurement uncertainty was 10%, with recoveries ranging from 90% to 110%.

Fig. 3. Maps of the Pomeranian region of northern Poland showing the location of the town of Słupsk. This 
is the area where trout samples were collected for the study. The fish were caught in four tributaries of the 
Słupia River: Glaźna, Skotawa, Kamienna, and Kwacza (Central Pomerania, northern Poland). Photo Natalia 
Kurhaluk.
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Analyses of biomarkers of oxidative stress
Lipid peroxidation level. Lipid peroxidation levels in fish gill and muscle homogenates were assessed 

by quantification of 2-thiobarbituric acid reactive substances (TBARS) using the method proposed by Buege 
and Aust  [41] with slight modifications. This technique quantifies malondialdehyde (MDA), a by-product of 
lipid peroxidation, as a pink chromogen that absorbs at 532 nm. Tetraethoxypropane (TEP) was used as a 
standard for accurate quantification. The results were normalised to the protein content determined by the 
Bradford method [42] and expressed as nanomoles of TBARS per milligram of protein.

Determination of carbonyl groups in oxidatively modified proteins (OMP). Protein oxidation was 
assessed by quantifying the presence of carbonyl groups introduced into amino acid residues during 
oxidative stress. These carbonyl groups react with 2, 4-dinitrophenylhydrazine (2, 4-DNPH) to form 
hydrazone derivatives. Aldehydic derivatives (OMP-AD) and ketonic derivatives (OMP-KD) were measured 
spectrophotometrically at 370 nm and 430 nm, respectively, according to established protocols [43, 44]. 
This method provides a reliable assessment of protein oxidative damage by quantifying aldehyde and 
ketone levels.

Total antioxidant status (TAS) assay. Total antioxidant status (TAS) was measured using a commercially 
available Randox kit (catalogue number NX 2332, Randox Laboratories Limited, UK). The assay is based on 
the reaction of antioxidants in the sample with the radical cation of 2, 2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS+), as described by Miller et al. [45]. ABTS+ is generated during incubation with 
hydrogen peroxide (H2O2) and peroxidase (metmyoglobin). Reduction of ABTS+ by antioxidants results 
in a decrease in absorbance, which is measured spectrophotometrically. The results were expressed as 
micromoles of Trolox equivalents per milligram of protein to ensure standardisation and comparability.

Statistical analysis. The STATISTICA 13.3 software package (TIBCO Inc., Palo Alto, CA, USA) was 
used to perform statistical analyses, including regression slope assessment, analysis of variance (ANOVA) 
to detect differences between groups, and distribution tests. Levene’s test was used to assess homogeneity 
of variances to ensure that the assumption of equal error variances was met. Normality of data distribution 
was tested using the Kolmogorov-Smirnov test, a critical step in determining appropriate statistical methods 
[46].

The results are expressed as mean ± S.E.M., which provides a clear measure of central tendency 
and variability. Where the data did not follow a normal distribution, a logarithmic transformation was 
performed to meet the assumptions of parametric statistical tests. Pearson’s regression analysis was used 
within the multiple regression module to examine relationships between parametric variables, including 
the calculation of correlation coefficients (r), regression equations, and the statistical significance of these 
relationships (P values). This approach elucidated the relationship between oxidative stress biomarkers 
and elemental concentrations.

The arithmetic mean concentrations of oxidative stress biomarkers and the elemental content in 
trout tissues (muscle and gills) were compared between developmental stages (smolt and adult) using two-
way ANOVA. Multivariate significance tests and two-way ANOVA allowed multiple factors to be assessed 
simultaneously. The regression and correlation analyses provided insight into the relationships between 
chemical elements, oxidative stress biomarkers, and tissue-specific responses at different developmental 
stages of trout. This method facilitated the evaluation of the effects of chemical elements, such as Cd, Pb, 
As, Hg, and Sn, on the developmental stage and tissue type. The significance of these effects was further 
assessed using multivariate testing to ensure robustness and reliability in the interpretation of results.

A two-way classification model was used to assess the combined effects of chemical elements on the 
developmental stage and tissue type parameters. The full model was described using multiple correlation 
coefficients (R), coefficient of determination (R²), and adjusted R² (R²adj) to account for random error in 
data analysis. These metrics provided insight into the proportion of variability explained by the model. The 
proportion of variance explained by oxidative stress biomarkers and biochemical parameters was assessed 
using the sum of squares (SS) test. The F-test was used to determine the significance of these proportions, 
providing a comprehensive understanding of the relationships and effects investigated [46].
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Results

The accumulation of 
chemical elements, including Cd, 
Pb, As, Hg, and Sn, in the muscle 
tissue and gills of sea trout was 
analysed and the results are shown 
in Figures 4 and 5. Our results 
showed distinct patterns of metal 
accumulation influenced by both 
the tissue type and the age group. 

Cadmium (Cd) levels were 
significantly higher in gill tissue of 
adult sea trout compared to muscle 
tissue, indicating that the gills are 
a primary site for metal uptake 
(Fig. 4A). Interestingly, juvenile 
trout exhibited higher overall 
Cd accumulation than adults, 
which may reflect developmental 
differences in metabolism or 
exposure history. As shown in Fig. 
4A, cadmium accumulation in gill 
tissues was significantly higher 
in adults than in smolts, whereas 
the opposite trend was observed 
in muscle tissues, where smolts 
exhibited higher Cd levels than 
adults. These results highlight age- 
and tissue-specific differences in 
Cd uptake and detoxification. In 
adult trout, elevated gill Cd levels 
may reflect prolonged exposure in 
the marine environment, where 
gill tissue, as the primary site 
of ion exchange, is particularly 
susceptible to metal accumulation. 
Such bioaccumulation could 
impair osmoregulatory function 
by disrupting ion transport 
mechanisms. In contrast, the 
elevated Cd concentrations 
observed in the muscle tissue of 
smolts may indicate a limited detoxification capacity at this developmental stage, resulting 
in greater systemic distribution and storage of the metal. Taken together, these results 
highlight the physiological susceptibility of different life stages to cadmium exposure and 
emphasise the importance of tissue-specific analysis in ecotoxicological assessments.

For lead and arsenic, adult muscle tissue showed a greater propensity to uptake these 
elements, with statistically significant differences supporting these observations (Fig. 4B, 
4C). In addition, arsenic showed a similar dependence in the gills, indicating its dual affinity 
for both muscle and gill tissues in adult trout (Fig. 4C).

Fig. 4. Contents of Cd (A, ppm), Pb (B, ppm), and As (C, ppm) 
in muscle and gill tissues of adult and juvenile sea trout (Salmo 
trutta L.) sampled from the Pomeranian region (northern 
Poland). * Changes are significant (p<0.05) for one tissue type 
and different age groups; # Changes are significant (p<0.05) for 
one age group and different tissue types. Results are expressed 
as mean ± S.E.M. (adults, muscles, n = 69; smolts, muscles, n 
= 128; adults, gills, n = 50; smolts, gills, n = 60).  Differences 
between groups were analysed using two-way ANOVA followed 
by Bonferroni’s post-hoc test.
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A consistent pattern was 
observed for mercury, where higher 
concentrations were recorded in 
muscle tissue compared to gills in 
both age groups, highlighting muscle 
tissue as a primary storage site for 
Hg (Fig. 5A). This trend suggests 
that Hg bioaccumulation continues 
throughout the life cycle of the fish. 
Furthermore, the tin levels were 
significantly higher in the muscle 
tissue of adult trout compared to 
smolts, suggesting a cumulative 
effect of exposure over time (Fig. 
5B). These results highlight the 
differences in the uptake and 
storage of chemical elements 
between tissues and age groups, 
reflecting the complex interplay 
between environmental exposure, 
physiological processes, and tissue-
specific retention mechanisms.

Thus, our results indicate that 
chemical element accumulation in 
sea trout increases with age and 
prolonged exposure to contaminated 
environments, with muscle tissue 
serving as a primary storage site 
for persistent contaminants, such as 
cadmium and mercury. In addition, 
the gills, which are directly exposed to waterborne metals, play a critical role in the initial 
uptake of contaminants, such as lead and arsenic, highlighting the combined effects of 
chronic and acute contamination on trout health.

Our results showed that lipid peroxidation, as assessed by TBARS levels, was 
significantly higher in adult trout compared to smolts, reflecting increased oxidative stress 
with age and environmental exposure (Fig. 6A). Notably, the gills had higher TBARS levels 
than muscle tissue in adult individuals, suggesting that gills are more susceptible to oxidative 
damage due to their direct interaction with waterborne pollutants. This pattern highlights 
the critical role of gills as a frontline organ exposed to environmental stressors, particularly 
in polluted habitats.

However, the total antioxidant status (TAS) in muscle tissue remained consistent 
across the developmental stages, indicating a stable antioxidant defence mechanism in this 
tissue (Fig. 6B). Furthermore, the TAS levels were higher in muscle than in gills, highlighting 
the enhanced ability of muscle tissue to counteract oxidative damage. Oxidative protein 
modifications (OMP AD and OMP KD) were found to be more pronounced in adults, with 
muscle tissues showing higher levels of these modifications than gills (Fig. 7A, 7B). This 
suggests a cumulative effect of oxidative stress over time, particularly in metabolically active 
tissues, such as muscle, and further emphasises the impact of ageing and environmental 
exposure on oxidative damage in trout.

Fig. 5. Content of Hg (A, ppm) and Sn (B, ppm) in muscle 
and gill tissues of adult and juvenile sea trout (Salmo trutta 
L.) sampled from the Pomeranian region (northern Poland). 
* Changes are significant (p<0.05) for one tissue type and 
different age groups; # Changes are significant (p<0.05) 
for one age group and different tissue types. Results are 
expressed as mean ± S.E.M. (adults, muscles, n = 69; smolts, 
muscles, n = 128; adults, gills, n = 50; smolts, gills, n = 60). 
Differences between groups were analysed using two-way 
ANOVA followed by Bonferroni’s post-hoc test.
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Our study indicates that adult trout experience higher levels of oxidative stress 
compared to smolts, as evidenced by increased lipid peroxidation processes estimated by 
TBARS levels and the oxidative protein modification score, with gills being more susceptible 
to oxidative damage than muscle tissue. Although the TAS data were higher in muscle than 
in gills, they were not affected by the developmental stage, suggesting a stable antioxidant 
defence in muscle. These results highlight the greater susceptibility of adult trout to 
environmental contaminants and oxidative stress, particularly in the gills, and underline the 
cumulative effects of prolonged exposure to contaminants in aquatic environments.

MANOVA analysis. Four multivariate tests – Wilks’ Lambda, Pillai’s Trace, Hotelling-
Lawley Trace, and Roy’s Largest Root – were used to assess the significance of the stage, 
tissue, and their interaction. These tests determined whether the independent variables and 
their interactions had a statistically significant effect on the dependent variables in our study. 
Wilks’ Lambda is particularly effective in assessing overall group differences by minimising 

Fig. 6. TBARS levels (A, nmol·mg-1 protein) 
and total antioxidant status (B, μmol·min-

1·mg-1 protein) in muscle and gill tissues of 
adult and juvenile sea trout (Salmo trutta 
L.) sampled from the Pomeranian region 
(northern Poland). * Changes are significant 
(p<0.05) for one tissue type and different age 
groups; # Changes are significant (p<0.05) 
for one age group and different tissue types. 
Results are expressed as mean ± S.E.M. 
(adults, muscles, n = 69; smolts, muscles, 
n = 128; adults, gills, n = 50; smolts, gills, 
n = 60). Differences between groups were 
analysed using two-way ANOVA followed by 
Bonferroni’s post-hoc test.

Fig. 7. Levels of aliphatic aldehyde 
dinitrophenylhydrazones (A, OMP AD, 
nmol·mg-1 protein) and aliphatic ketone 
dinitrophenylhydrazones level (B, OMP KD, 
nmol·mg-1 protein) in muscle and gill tissues 
of adult and juvenile sea trout (Salmo trutta 
L.) sampled from the Pomeranian region 
(northern Poland). * Changes are significant 
(p<0.05) for one tissue type and different age 
groups; # Changes are significant (p<0.05) 
for one age group and different tissue types. 
Results are expressed as mean ± S.E.M. 
(adults, muscles, n = 69; smolts, muscles, 
n = 128; adults, gills, n = 50; smolts, gills, n 
= 60).  Differences between groups were 
analysed using two-way ANOVA followed by 
Bonferroni’s post-hoc test.
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unexplained variance, while Pillai’s Trace is more robust to violations of assumptions and 
provides a conservative estimate. Hotelling-Lawley Trace is sensitive to large differences 
between group means, and Roy’s Largest Root focuses on the largest eigenvalue, making it 
useful for detecting dominant effects.

The multivariate significance tests (Wilks’ Lambda, Pillai’s Trace, Hotelling-Lawley 
Trace, and Roy’s Largest Root) confirmed significant effects of all the factors analysed: 
stage (developmental stage - smolt or adult), tissue (tissue type - muscle or gill), and their 
interaction (stage*tissue). For all tests, the p-value was < 0.001, indicating strong statistical 
significance. The low values of Wilks’ Lambda for the stage and tissue reflect substantial 
variance explained by these factors, while their interaction suggests a more moderate but still 
significant contribution. These results highlight the importance of the fish developmental 
stage, tissue type, and their interaction in determining the observed results related to 
chemical element effects and oxidative stress data.

The MANOVA statistical analysis also used sigma-restricted parameterisation, which 
facilitates interpretation by comparing factor levels relative to a reference category. This 
approach ensures that the statistical model used is identifiable and allows clear examination 
of differences between developmental stages and tissue types (muscle or gill) of trout. 
Decomposition of the effective hypotheses parameter further clarified the contribution of 
each factor analysed, with the developmental stage and tissue type showing strong main 
effects and their interaction providing additional, although less pronounced, variance 
explanation.

Thus, our results indicate that the developmental stage of trout has a significant effect 
on the dependent variables, suggesting physiological changes throughout the life cycle of the 
fish. The tissue type also plays a critical role, with clear differences in the response between 
these tissues. Furthermore, the significant interaction between the stage and tissue implies 
that the effect of the developmental stage varies depending on the tissue, highlighting the 
complexity of oxidative stress processes in fish at different life stages.

The next statistical analysis focused on evaluating the concentrations of selected 
chemical elements and oxidative stress markers in fish tissues at different developmental 
stages. The SS test for the full model versus SS for residuals compares the variability 
explained by the model with the unexplained variability, providing an assessment of model 
fit. A higher full model SS and a lower residual SS, together with a significant F statistic, 
indicate that the model effectively explains the variability in the data. The primary objective 
was to determine the extent to which these variables were influenced by the developmental 
stage, tissue type, and their interaction, providing insight into oxidative stress responses and 
potential toxicological effects (Table 1).

Table 1. SS test for the full model versus SS test for the MANOVA residuals for toxic metals and markers of 
oxidative stress in fish tissue
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Chemical element analysis. The results for chemical elements show different levels of 
association with the independent variables. The data present an analysis of variance for the 
selected chemical elements (Cd, Pb, As, Hg, Sn) and oxidative parameters (TBARS, OMP AD 
and OMP KD, and TAS) in the full model, including the independent variables, compared 
to the residual variance. Our results include the coefficient of determination (R²), which 
indicates the proportion of variance explained, and F-statistic values with their significance 
levels estimated by p-values. A higher F-value accompanied by a low p-value indicates 
that the model explains a significant amount of the variability in the data compared to the 
unexplained variability, confirming the effectiveness of the model (Table 1).

Cadmium showed a statistically significant relationship with an R² of 0.0665, 
indicating that 6.65% of the variance in the Cd concentration was explained by our model. 
The F value was 7.20 (p = 0.000), indicating strong evidence of a relationship. Lead showed 
a weaker association with an R² of 0.0273 and an F-value of 2.83 (p = 0.039), which was 
still statistically significant at the p = 0.05 level. Arsenic showed the strongest relationship 
among the metals analysed, with an R² of 0.3772, explaining 37.72% of the variance, and an 
F-statistic of 61.17 (p = 0.000). In contrast, mercury did not show a statistically significant 
relationship (R² = 0.0161, F = 1.66, p = 0.1766). Tin (Sn) showed a moderate association 
with an R² of 0.0413, an F-value of 4.35, and a p-value of 0.005, confirming a significant but 
relatively small effect (Table 1).

Oxidative stress biomarkers. A very strong relationship with the independent variables 
was found for TBARS, a marker of lipid peroxidation (Table 1). For TBARS, the R² was 0.7563, 
meaning that 75.63% of the variance in TBARS levels was explained by our model, and the F 
value was 313.36 (p = 0.000), emphasising a highly significant effect. These results highlight 
the strong influence of the factors analysed on oxidative damage measured by TBARS, 
depending on the tissue type.

The model showed similar explanatory power for oxidatively modified proteins (OMP 
AD and OMP KD). OMP AD had an R² of 0.6845 (F = 219.17, p = 0.000), which means that 
68.45% of the variance was attributable to the factors investigated. OMP KD showed an 
even stronger relationship with an R² of 0.7428 and an F-value of 291.67 (p = 0.000). These 
results indicate that both biomarkers of oxidative stress are significantly influenced by the 
independent variables, highlighting the role of oxidative damage in the tissues studied.

The analysis of the TAS level, which influences the total antioxidant defence status, 
showed an R² of 0.7167, indicating that 71.67% of the variance in the TAS value was explained 
by our statistical model. The F-value was 255.52 (p = 0.000), confirming the robustness of the 
relationship. These results emphasise that the factors investigated have a significant impact 
on the antioxidant capacity of fish tissues and further support the relevance of oxidative 
stress processes across developmental stages and tissue types.

Therefore, our analysis revealed a higher significance of oxidative stress markers 
(TBARS, OMP, TAS) compared to chemical elements, as indicated by the higher R values and 
the stronger F statistics. This suggests that oxidative stress responses were more strongly 
influenced by the independent variables, emphasising their greater relevance in the context 
of the study.

Regression analysis. The regression analysis was used to examine the relationships 
between chemical elements and oxidative stress data as dependent variables and three 
independent variables. This analysis helps to determine the strength, direction, and 
significance of these relationships. In this context, β-coefficients indicate the magnitude of 
change in the dependent variable when an independent variable changes by one unit, with 
positive or negative values indicating the nature of the relationship.

The regression analysis showed that the tissue factor had a significant negative effect 
on the Cd levels, as indicated by the t-value, which shows statistical significance. Furthermore, 
a strong and significant effect was observed in the interaction between the Stage and Tissue 
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factors, which had a positive 
effect on the cadmium 
levels (p = 0.000). These 
results suggest that, while 
the Tissue factor may have 
had a negative effect on the 
Cd levels, the interaction 
between Stage and Tissue 
had a positive effect (Table 
2).

Moving on to another 
element, the regression 
analysis showed that the 
Tissue variable had a 
positive effect on the Pb 
levels, with a significant 
relationship indicated 
by the coefficient and 
the t-value. The positive 
coefficient means that 
an increase in the Tissue 
variable is associated with 
an increase in the Pb levels. 
The statistical significance, 
with a p-value of less 
than 0.05, confirms that 
the relationship between 
Tissue and Pb is significant.

In the case of arsenic, 
the regression analysis 
shows that the Tissue 
variable had a significant 
negative effect on the As 
levels, demonstrating a 
strong and statistically 
significant negative relationship. Conversely, the Stage variable had a positive effect on the 
As levels, indicating a significant positive relationship. Both variables had a significant effect 
on the arsenic levels, with Tissue having a negative effect and Stage having a positive effect.

Similarly, to As, in the case of mercury, the Tissue variable had a positive effect on 
the Hg levels, with a statistically significant relationship indicated by the coefficient and the 
t-value. Specifically, the positive coefficient indicates that an increase in the Tissue variable 
corresponds to an increase in the Hg levels. The p-value of 0.041 confirms the statistical 
significance of this relationship (Table 2).

Next, the analysis of tin showed that the interaction between the Stage and Tissue 
factors had a significant negative effect on the Sn levels. The negative β-coefficient indicates 
that changes in both Stage and Tissue factors have a negative effect on the Sn levels. This 
relationship is statistically significant, confirming the influence of this interaction on the Sn 
levels (Table 2).

The regression analysis also showed that both Stage and Tissue had a significant 
negative effect on the TBARS levels, while the interaction between Stage and Tissue had 
a positive effect. Specifically, Stage had a strong negative relationship with TBARS, and 
higher Tissue values were associated with lower TBARS levels. On the other hand, the 

Table 2. Results of the regression analysis for the dependent variable 
(toxic metals: Cd, Pb, As, Hg, Sn) in trout, t values, and standardised 
regression coefficients (β ± S.E.M.) for the independent variables 
(Stage, Tissue, and Stage * Tissue)

Β ± S.E.M.
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interaction between Stage and Tissue had a positive effect on TBARS levels, corresponding 
to the influence of chemical elements. All these relationships are statistically significant, 
confirming their influence on the TBARS levels. Notably, high β values were obtained for 
the other oxidative stress data (OMP AD, OMP KD, and TAS value), depending on the factors 
involved in the analysis (Table 2).

In summary, the regression analysis indicates that different factors (stage, tissue, and 
their interactions) significantly influence the levels of chemical elements, such as Cd, Pb, 
As, Hg, and Sn, as well as biomarkers of oxidative stress in trout. The results show different 
relationships between these variables, with some factors having distinct effects on the levels 
of these elements. Furthermore, the oxidative stress data also show significant relationships, 
with high β values indicating strong dependencies on the factors studied. The high statistical 
significance of all the relationships shown in Table 2 suggests that the factors studied play a 
crucial role in determining the concentration of these elements in fish in different environmental 
conditions. These results may reflect the influence of different environmental conditions, 
such as freshwater in 
rivers or saltwater in the 
sea, on trout. Overall, 
the analysis highlights 
the complex interactions 
and dependencies that 
influence elemental 
levels and oxidative 
stress and underlines the 
importance of considering 
multiple variables when 
examining the impact 
of environmental and 
biological data on fish 
organisms.

Correlative analysis. 
Significant correlations 
between the accumulation 
of different chemical 
elements and oxidative 
processes were observed 
in the adult trout muscle 
tissue. The positive and 
statistically significant 
correlation between 
Cd and As (Table 3) 
suggests possible related 
accumulation of these 
metals in muscle tissue. 
The negative correlation 
between Cd and Sn and 
the positive correlation 
between Pb and Sn indicate 
that these metals tend to 
accumulate together in 
muscle tissue. Similarly, a 
positive correlation was 
observed between Hg and 
Sn, suggesting a tendency 

Table 3. Correlation analysis of toxic metal accumulation in trout muscle 
and gills at different developmental stages (adult vs. juvenile) based on 
r and p values

–
–
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–
–

–
–
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–
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for these metals to co-accumulate. Furthermore, the significant positive correlation between 
OMP KD and Sn suggests that increased Sn levels are associated with greater oxidative 
damage in the adult trout muscle tissue. Thus, our results indicate that the accumulation 
of chemical elements, particularly Cd, Pb, Hg, and Sn, in the adult trout muscle tissue is 
interrelated, with significant positive and negative correlations observed between different 
metal pairs. The correlations between Cd and As and between Hg and Sn suggest possible 
synergistic accumulation, potentially increasing oxidative stress in muscle tissue. In addition, 
the significant correlation between Sn and oxidative protein modifications highlights the 
potential role of Sn in contributing to oxidative damage in muscle tissue.

Significant correlations between chemical elements and oxidative processes were also 
observed in the trout smolt muscle tissue (Table 3). The positive correlation between Pb and 
As suggests possible co-accumulation of these metals. In addition, the negative correlation 
between Pb and OMP KD indicates that higher Pb levels may be associated with reduced 
oxidative damage, possibly due to compensatory mechanisms in smolts. The almost perfect 
positive correlation between Hg and Sn suggests that these two metals co-accumulate in 
smolt muscle tissue, possibly reflecting similar bioaccumulation pathways. These results 
highlight the interactions between metal accumulation and oxidative damage in trout 
smolts and emphasise the complex relationships between environmental pollutants and 
physiological processes in early life stages.

Among the significant correlations observed in the adult trout gills (Table 3), the 
strongest correlation was found between Cd and Pb, indicating a positive relationship between 
the levels of accumulation of these two metals. In addition, the positive correlation between 
Cd and TBARS indicates that the increased Cd accumulation is associated with higher levels 
of oxidative stress. Regarding antioxidant status, As showed a negative correlation with TAS, 
suggesting that higher arsenic levels may reduce the ability of trout gills to combat oxidative 
stress. A strong negative correlation was also observed between Hg and TAS (r = –0.669, p 
= 0.000), suggesting that mercury accumulation severely impairs gill antioxidant defences. 
Finally, the positive correlation between TBARS and OMP AD reflects the link between lipid 
peroxidation and protein damage in response to oxidative stress in adult trout gills.

Based on our correlation analysis of chemical elements and oxidative stress indicators 
at both developmental stages (smolt and adult) and tissue types (muscle and gills), several 
key findings emerge. In adult trout, the accumulation of such metals as Cd, Pb, and As in the 
gills showed significant positive correlations, with Cd strongly correlated with Pb and As. In 
contrast, the trout smolts showed a different pattern of metal accumulation and oxidative 
stress. The Pb accumulation showed positive correlations with As, Sn, and TBARS and OMP 
AD oxidative stress markers, suggesting a complex interaction between these metals and 
their combined effect on oxidative damage. A remarkable correlation was observed between 
Hg and both TBARS and OMP AD, further highlighting the contribution of mercury to 
oxidative stress.

Discussion

The studies conducted aimed to analyse the interactions between oxidative stress 
parameters and toxic elements in muscle and gill tissues of smolt and adult trout. The 
results obtained highlight several important findings. Firstly, the study highlights distinct 
differences in the accumulation patterns of toxic elements, such as Cd, Pb, As, Hg, and Sn, in 
the muscle tissues and gills of sea trout (Salmo trutta L.), with notable variations observed 
between smolts and adults. In particular, the Cd levels were statistically higher in the gills of 
adult trout compared to muscle tissues, suggesting that the gills serve as a primary site for 
metal uptake in adults. Conversely, the smolt trout had higher total Cd levels, indicating age-
related differences in metal uptake and detoxification processes. The adult muscle tissues 
showed a greater tendency to accumulate Pb and As, with statistically significant differences 
observed. Furthermore, arsenic showed a similar accumulation pattern in the adult gills, 
highlighting the dual role of these organs in element accumulation and exposure pathways.
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Tin accumulation was also significantly higher in muscle tissues of adult trout compared 
to smolts, suggesting a cumulative effect over the lifetime of the trout. Taken together, these 
results highlight the critical role of age, tissue type and environmental exposure in shaping the 
bioaccumulation of chemical elements in migrating trout. The observed differences between 
gill and muscle tissues provide valuable insights into the physiological and ecological factors 
driving chemical element accumulation and highlight the importance of targeted monitoring 
and mitigation strategies to protect sensitive fish populations.

The phenomenon of cross-acclimation, as analysed in studies by McGeer et al. [47] 
and Hollis et al. [48], refers to the ability of an organism to adapt to one metal by influencing 
its response to and uptake of another metal. Prior exposure to one metal (e.g. copper) can 
alter the uptake and distribution of other metals (e.g. cadmium) in fish, with important 
implications for metal bioaccumulation and toxicity. McGeer et al. [47] demonstrated cross-
acclimation where prior exposure to copper resulted in an increased capacity and affinity 
to accumulate cadmium in rainbow trout, while exposure to zinc had no similar effect. 
Copper-acclimated trout had a higher cadmium uptake capacity compared to unexposed 
controls, whereas cadmium-acclimated fish had a lower cadmium uptake rate. This study 
highlights the importance of considering past metal exposure when assessing toxicity 
and bioaccumulation, as acclimation can significantly influence an organism’s response to 
subsequent metal exposure [47]. Chowdhury et al. confirmed these findings by exposing 
rainbow trout to sublethal concentrations of waterborne and dietary cadmium, which 
induced a significant increase in metallothionein (MT) levels in various tissues [49]. The 
highest MT levels were observed in kidney and intestine tissues, suggesting competition 
between Cd and other metals (Zn, Cu) for binding sites on MT and non-MT proteins. This 
competition resulted in a marked decrease in Cd, Zn, Cu, and MT levels in the posterior 
intestine of acclimated fish following acute Cd-induced exposure, as shown by Chowdhury 
et al. [49]. This phenomenon is crucial for understanding how acclimation to a metal can 
alter the response of an organism to subsequent exposures, with implications for metal 
bioaccumulation and toxicity in aquatic organisms.

Our study showed that the accumulation of Cd, Pb, As, Hg, and Sn in the muscle tissue 
and gills of sea trout was particularly pronounced in adult specimens, as indicated by the 
statistically significant differences. Muscle tissue, being metabolically active and an important 
storage site, serves as a long-term reservoir for these metals. The persistent accumulation 
in muscle tissue reflects chronic exposure throughout the life cycle of trout, particularly in 
polluted environments, such as rivers and the Baltic Sea. For example, cadmium and mercury 
are known to bind strongly to proteins in muscle tissue, disrupting cellular metabolism 
and contributing to oxidative stress [7]. These findings are consistent with our statistical 
analysis, which showed a significant increase in the concentrations of these metals in the 
adult fish, suggesting that bioaccumulation increases with age and prolonged exposure to 
contaminated habitats.

The gills, a primary site of interaction with the aquatic environment [50, 51], also 
showed significant accumulation of chemical elements in adult trout, highlighting their role 
as a critical point of entry for contaminants. The gills are directly exposed to waterborne 
metals and act as a filtering organ, resulting in the deposition of such metals as lead and 
arsenic in their tissues [50, 51]. The higher accumulation observed in adult trout suggests 
that prolonged exposure to polluted waters during migration results in increased metal 
concentrations. These changes were statistically significant, indicating that gills are not 
only sensitive to acute exposure but also reflect chronic contamination levels. The combined 
effects of chemical element accumulation in muscle tissue and gills highlight the need for 
ongoing monitoring and conservation efforts to mitigate health risks to trout populations in 
polluted ecosystems.

Our previous study [34] showing that contaminant levels in Baltic Sea trout remain 
below internationally acceptable levels is crucial in this context. They provide evidence that 
this species can remain a relatively safe and nutritious food source despite environmental 
pressures. Such results are important for public health, as they reassure consumers about 
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the safety of eating Baltic fish, while emphasising the need for continued monitoring and 
sustainable management of the Baltic Sea ecosystem. The study on the mineral composition 
of Baltic Sea trout and the levels of heavy metals has important implications not only for 
human health, but also for understanding the state of the Baltic Sea ecosystems. The results, 
which show that the consumption of sea trout provides substantial amounts of copper and 
magnesium while maintaining minimal levels of toxic heavy metals such as arsenic, lead, 
cadmium and mercury, indicate that the fish is of relatively high quality as a food source.

These results [34] have wider implications for the ecosystems of the Baltic Sea. As 
one of the most polluted seas in the world, the Baltic Sea is particularly vulnerable to the 
accumulation of toxic substances due to limited water exchange, intensive human activities 
and the high population density in its catchment area. The data confirming low concentrations 
of heavy metals in sea trout suggest that in some parts of the Baltic, ecological conditions 
remain stable enough to support healthy fish populations with low levels of bioaccumulated 
contaminants. These findings also highlight the delicate balance between exploiting marine 
resources and protecting the health of the environment. Effective mitigation strategies – 
such as reducing pollution at source, implementing stricter regulations and promoting 
international cooperation between countries bordering the Baltic Sea – are essential to 
ensure the long-term sustainability of both the ecosystem and the food resources it provides. 
Addressing the risk of pollution protects biodiversity and the health of communities that 
depend on the Baltic Sea, ensuring that it remains a viable habitat and valuable resource for 
future generations.

Telli-Karakoç and Barlas analysed the health of fish from selected aquacultures and 
observed rare abnormalities in such organs as the liver, spleen, intestines, and reproductive 
system [52]. However, these abnormalities did not significantly affect the overall health of 
the fish. Enzyme activity and protein concentrations varied mainly with age and season, 
rather than with farm location or environmental conditions, unless extreme or polluted. The 
concentrations of nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), lead (Pb), 
and mercury (Hg) did not exceed regulatory limits, indicating that fish in optimal farming 
conditions are of good quality and safe for human consumption [52].

A study by Meland et al. highlighted the long-term environmental impact of road 
runoff on aquatic ecosystems, similar to previous studies on the impact of metal exposure 
on fish health [53]. Traffic-related pollutants, including metals and polycyclic aromatic 
hydrocarbons (PAHs), were found in higher concentrations in tunnel wash water discharged 
into the Arungselva River, exceeding environmental quality standards [53]. These 
contaminants, which are thought to originate from tyre wear, brakes, and road salt, may have 
a negative impact on the fish population, as evidenced by the reduced growth of sea trout in 
downstream reaches, suggesting long-term ecological effects. PAHs and such elements as Al, 
Cd, Cr, Cu, Fe, and Pb were mainly associated with particles and colloids, while As, Ca, K, Mg, 
Mo, Ni, Sb, and Zn were more commonly found in their dissolved forms [53].

Our studies provide important insights into environmental factors influencing 
chemical element accumulation and oxidative stress in fish, particularly sea trout. 
Understanding the levels of such elements as Cd, Pb, As, Hg, and Sn is essential for assessing 
the health of aquatic ecosystems and the safety of seafood [54]. Toxic metal contamination is 
a major global concern, as it affects aquatic life and human health [54, 55]. By investigating 
these relationships, the study contributes to better environmental monitoring and the 
development of strategies to reduce water pollution [56].

Secondly, our results suggest that the increased oxidative stress observed in adult 
trout, as indicated by the increased TBARS levels and oxidative protein modifications, is 
likely to be related to the accumulation of chemical elements, such as Cd, Pb, As, Hg, and 
Sn. Gills, which are directly exposed to aquatic pollutants, showed greater oxidative damage 
than muscle tissue, consistent with the higher concentration of metals found in gills. While 
the muscle tissue had a higher TAS value, both the muscle and gill tissues of adult trout 
experienced significant oxidative stress, indicating the long-term effects of chemical element 
exposure. These findings highlight the detrimental effects of metal pollution on trout health, 
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particularly in terms of oxidative damage, and emphasise the need to protect aquatic 
environments from ongoing pollution. It is also important to consider that other factors 
may contribute to the observed oxidative stress in adult trout, including such environmental 
variables as water temperature, oxygen levels, and the presence of other contaminants, e.g. 
plastics [57]. These factors can interact with toxic metals, potentially exacerbating their toxic 
effects and affecting the overall health of fish. In addition, such biological factors as trout age, 
sex, metabolic rate, and immune system responses may modulate the severity of oxidative 
damage [58]. Therefore, while metal accumulation is a key factor, it is crucial to consider the 
complex interplay of environmental and biological influences on the health of sea trout.

Kumar et al. have shown that such metals as cadmium, lead, mercury, and zinc 
significantly contribute to oxidative stress processes in sea trout, disrupting vital cellular 
functions and transcriptional profiling of genes [59]. Studies have also elucidated how toxic 
metals increase the production of reactive oxygen species (ROS) via Fenton-like reactions 
and mitochondrial dysfunction, while inhibiting key antioxidant enzymes, such as superoxide 
dismutase, catalase, and glutathione peroxidase, as demonstrated by Jomova et al. [60]. 
In addition, Srikanth et al. showed that depletion of non-enzymatic antioxidants, such as 
glutathione, weakens the ability of fish to counteract oxidative damage [61]. This imbalance 
leads to lipid peroxidation, protein oxidation, and DNA damage, causing structural and 
functional disruptions in cell membranes and proteins [62]. These findings highlight that 
oxidative stress impairs growth, immune function, and reproduction in sea trout, posing a 
significant risk to the health of the population.

This research is highly relevant in the context of current global environmental challenges 
[65]. The Baltic Sea is known for its relatively low water exchange with other oceans, leading to 
higher retention of pollutants in the ecosystem. The low water circulation combined with the 
shallow depth of a considerable part of the Baltic Sea means that pollutants can remain in the 
water for long periods, creating long-term exposure risks for marine life. For migrating trout, 
which are sensitive to changes in water quality and temperature, this prolonged exposure 
to pollutants can lead to severe physiological stress. This stress can be exacerbated by such 
factors as rising water temperatures, oxygen depletion, and eutrophication, i.e. conditions 
exacerbated by climate change and human activities [36]. Understanding the effects of 
different environmental conditions (freshwater versus saltwater) on the bioaccumulation of 
toxic elements is crucial, especially in the context of climate change, which is altering aquatic 
environments and influencing the behaviour of pollutants [11]. The results contribute to 
the field by addressing these issues and shedding light on the possible impact of different 
environmental factors on the health of aquatic species in different habitats.

Thirdly, the highest correlations observed in the adult trout gills highlight the 
significant interactions between metal accumulation and oxidative stress (Table 3). The 
strong positive correlations between Cd and Pb and between Cd and As suggest that these 
metals accumulate together in the gills, potentially increasing the overall toxic load. The 
positive correlation between Cd and TBARS supports the idea that metal accumulation is 
closely linked to increased oxidative stress, with lipid peroxidation serving as a marker 
of this process. In addition, the negative correlation between Hg and TAS highlights the 
detrimental effect of mercury on antioxidant status, further exacerbating oxidative damage 
in the gills. These results emphasise the complex relationships between metal accumulation 
and oxidative stress and highlight the potential threat posed by contaminants, particularly 
mercury, to the health of adult trout in contaminated environments. Significant correlations 
between chemical elements and oxidative processes in the gills and muscle tissues at the 
smolt and adult stages of sea trout are shown in Fig. 8. 
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Our results highlight the important role of tin in the biochemical processes in juvenile 
fish, although the existing literature on the effects of tin is sparse. Winship’s study showed 
that tin plays a complex role in aquatic environments and organisms, including fish [66]. 
Inorganic tin salts exhibit low toxicity due to poor absorption in the gastrointestinal tract 
and rapid excretion, with only a small fraction deposited in such tissues as lungs and bones. 
Conversely, organostannic compounds can be toxic, affecting fish through such mechanisms 
as mitochondrial dysfunction, membrane alterations, and neurotoxicity, mainly induced 
by trimethyltin and triethyltin compounds. These effects can disrupt key physiological 
processes, including oxidative phosphorylation and immunity, with potential implications for 
fish health and survival, as reported by Winship [66]. Although tin is not essential for fish or 
humans and no tin deficiency has been observed, certain compounds exhibit properties that 
could be exploited in medical applications, highlighting the need for careful risk assessment 
in aquatic systems, as demonstrated by Nagy et al. [67].

The novelty of our research lies in its comprehensive approach to studying the complex 
interactions between contaminant accumulation and biomarkers of oxidative stress in fish 
at different developmental stages. In addition, the unique environmental conditions of the 
Baltic Sea, including low oxygen levels in certain areas, may further complicate the health of 
migrating trout. Hypoxia, or low oxygen, is a common problem in the Baltic Sea, especially 
in deeper areas where water circulation is restricted [22]. Trout entering these areas may 
experience respiratory stress, reducing their ability to effectively process pollutants and 
potentially exacerbating the toxic effects of metals and other contaminants [5]. These 
combined stressors can significantly affect the survival and health of migratory fish species, 
making the Baltic Sea a particularly hazardous environment for such species as trout that 
migrate between freshwater and marine habitats. By integrating chemical element analysis 
with oxidative stress data and considering the effects of both freshwater and saltwater 
environments, our study provides a holistic understanding of the effect of pollution on aquatic 

Fig. 8. Significant correlations between toxic metals and oxidative processes in gills and muscle tissues of 
smolt and adult sea trout.
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life [55]. Our interdisciplinary approach linking environmental variables with biological 
markers of oxidative stress represents a novel contribution to ecological and environmental 
studies. Furthermore, the use of regression analysis to examine these interactions allows 
detailed exploration of the influence of specific factors on contaminant levels, providing 
valuable insights for future research and policy development.

Fourthly, our regression analysis indicates that several factors (developmental stage, 
tissue type and their interactions) significantly affect the levels of chemical elements such 
as Cd, Pb, As, Hg and Sn as well as oxidative stress biomarkers in trout, as shown in Table 
2, underlining the critical role of these factors in determining the concentration of these 
elements in fish, particularly in response to environmental conditions. We would like to 
emphasise that the smolt gill data revealed several strong correlations that underline 
the complex relationships between metal accumulation and oxidative stress, as shown in 
Table 3. Sn was significantly correlated with both TBARS and OMP AD, highlighting its role 
in promoting oxidative damage in smolt gills. The strong positive correlations between 
oxidative stress indicators such as TBARS and OMP AD further support the concept of 
integrated oxidative damage in response to metal accumulation. Fig. 9 summarises the key 
findings of our study and illustrates the impact of chemical element contamination on trout 
health, with a focus on oxidative damage.

A limitation of the present study is the omission of sex as a biological variable. 
Although sex differences in metal accumulation have been reported in fish, it was not 
possible to reliably determine the sex of all individuals, particularly at the smolt stage where 
there is no external sexual dimorphism. Including only individuals of known sex would 
have significantly reduced the sample size and hence the statistical power of the analysis. 
Future investigations should aim to include sex as a factor to better understand its potential 
influence on metal bioaccumulation patterns.

Future research on the effects of chemical elements on oxidative stress in sea trout 

Fig. 9. The Fig. summarises the key findings of our study and illustrates the impact of chemical element 
contamination on trout health, with a focus on oxidative damage.
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and other aquatic species has considerable potential to advance our understanding of 
environmental toxicity and its biological effects. Researchers could carry out long-term 
multi-generational studies to determine the impact of chronic exposure on genetic and 
epigenetic adaptations. In addition, studying the combined effects of chemical elements 
with other stressors, such as climate change or habitat degradation, would provide a 
more comprehensive view of ecosystem health [68, 69]. Future work should also focus on 
identifying biomarkers for early detection of oxidative stress and developing strategies to 
mitigate metal toxicity, such as bioremediation techniques or dietary supplementation with 
antioxidants. These studies are essential to inform conservation efforts, regulatory policies, 
and sustainable management practices for aquatic ecosystems.

Broader implications
In the study by Tkachenko et al. [34] analysed the mineral composition and heavy 

metal concentrations in the muscles of Baltic Sea trout to assess their suitability for human 
consumption. The results showed that the concentrations of the elements in the fish were 
below the maximum permissible levels set by international food safety standards, confirming 
no significant health risk associated with their consumption. Baltic Sea trout was found to 
be a particularly rich source of copper and magnesium in the diets of both children and 
adults, although levels of other minerals were less significant. In addition, fish consumption 
was not associated with significant exposure to heavy metals such as arsenic, lead, cadmium 
or mercury. This suggests that Baltic Sea trout can be a safe and valuable part of the diet, 
especially in providing essential minerals. The study highlights the potential of Baltic Sea 
trout as a beneficial dietary option due to its ability to provide key minerals such as copper 
and magnesium, while ensuring safety from toxic metal exposure. This is particularly 
important for the development of dietary strategies that improve mineral intake without 
compromising health standards [34].

Chandel et al. [31] showed that both natural and anthropogenic arsenic forms pose 
a significant threat to aquatic organisms, with bioaccumulation in fish potentially affecting 
higher trophic levels, including humans [31, 65]. Continued exposure to arsenic in aquatic 
environments underscores the urgent need for sustainable practices and policies to mitigate 
contamination and protect both aquatic ecosystems and human health [28]. Arsenic 
interferes with enzymes involved in cellular energy production by binding to thiol groups, 
potentially affecting the physiological functions of fish, including their nervous systems. 
This interference may lead to disruptions in neural pathways, potentially resulting in 
neurodegenerative changes, such as an altered protein composition in the cytoskeleton and 
hyperphosphorylation of cytoskeletal proteins. Such disruptions in the cytoskeletal structure 
can impair cellular integrity and function, affecting fish behaviour, sensory responses, and 
overall health [63].

Polak-Juszczak and Szlinder-Richert (2021) studied the impact of chemical weapons 
dumped in seas and oceans after World War II, including the Baltic Sea, on marine pollution. 
Sunken containers released toxic substances, such as arsenic, into the environment. The 
study examined total arsenic, inorganic arsenic (III + V), and organic arsenic compounds in 
the muscle tissue of cod, herring, sprat, and flounder. The authors reported that sprat had the 
highest total arsenic content, while cod had the lowest. The risk to consumer health, based 
on the estimated daily intake and carcinogenic risk, showed no significant health threat, with 
carcinogenic risk values within the acceptable range [64].

Thus, studies have demonstrated that Baltic Sea fish, including trout, generally 
contain essential minerals like copper and magnesium while maintaining low levels of toxic 
metals such as arsenic, cadmium, lead, and mercury, with concentrations typically below 
international safety limits. Nevertheless, historical pollution, e.g. the release of arsenic from 
sunken chemical weapons, in conjunction with ongoing environmental contamination, 
underscores the necessity for sustained monitoring due to the potential for bioaccumulation 
and its repercussions on aquatic organisms and ecosystem health.
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Conclusion

Our results show significant tissue and age-related patterns of chemical element 
accumulation in sea trout. In adult trout, higher levels of Pb, As, Hg, and Sn were found in 
muscle tissues, whereas Cd accumulated predominantly in the gills, especially in smolts. These 
results emphasise the influence of age and tissue type on chemical element bioaccumulation. 
Our data suggest that the increased oxidative stress observed in adult trout, as indicated 
by increased lipid peroxidation (TBARS) and oxidative protein modifications, is likely to be 
driven by the accumulation of such chemical elements as Cd, Pb, As, Hg, and Sn. Gills directly 
exposed to waterborne contaminants showed more pronounced oxidative damage than 
muscle tissue, which correlated with higher chemical element concentrations found in the 
gills. Although the muscle tissue had a higher total antioxidant capacity, both muscle and gill 
tissues of adult trout experienced significant oxidative stress, reflecting the long-term effects 
of chemical element exposure. These findings highlight the detrimental effects of chemical 
pollutants on trout health, particularly in terms of oxidative damage, and emphasise the 
importance of protecting aquatic ecosystems from ongoing contamination.

The correlation and regression analysis of chemical elements and oxidative stress 
markers across the different developmental stages (smolt and adult) and tissue types (muscle 
and gills) revealed several key patterns. In the adult trout, significant positive correlations 
were observed between the accumulation of such elements as Cd, Pb, and As in the gills, with 
Cd showing a strong relationship with both Pb and As. Conversely, the trout smolts showed 
a distinct pattern of chemical element accumulation and oxidative stress. In particular, the 
Pb accumulation was positively correlated with As, Sn, and oxidative stress markers, such 
as TBARS and OMP AD, suggesting a complex interaction between these metals and their 
collective effect on oxidative damage. In addition, a significant correlation was found between 
Hg and both TBARS and OMP AD, highlighting the contribution of mercury to oxidative 
stress in trout smolts. These results provide valuable insights into the complex interactions 
between chemical element accumulation and oxidative stress in sea trout and highlight the 
need for comprehensive strategies to mitigate the effects of environmental pollutants on 
aquatic species.
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