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Lajtner, J.; Trgovčić, K.; Mijošek Pavin,
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Abstract

Utilizing a multi-biomarker approach, we assessed the potential adverse effects of pol-
lutants on subcellular responses in the digestive gland of the freshwater mussel Unio
crassus from a historically contaminated lowland section (KIZ) of the river Mrežnica com-
pared to its less impacted upstream karstic section (REF) and their seasonality (spring
vs. autumn). This approach accounted for the diverse modes of action of pollutants
by including biomarkers of metal exposure (metallothioneins, MT), general stress (total
cytosolic proteins, TP), antioxidative capacity (catalase, CAT; glutathione, GSH; glutathione-
S-transferase, GST), oxidative damage (malondialdehyde, MDA), and neurotoxicity (acetyl-
cholinesterase, AChE). Only in spring, MT concentrations were 15% higher at the REF
site (4.38 ± 1.06 µg mg proteins−1) compared to the KIZ site (3.69 ± 0.63 µg mg proteins−1),
likely related to elevated Cd bioaccumulation due to the karstic substrate. Regardless of
the season, mussels from KIZ showed consistently lower TP and GSH, with significantly
higher CAT, GST, and MDA levels, indicating elevated stress, activation of antioxidant
defenses, and oxidative damage from chronic exposure to pro-oxidant pollutants, including
metal(loid)s and organic contaminants (e.g., ibuprofen, nicotine). Compared to the REF
site, AChE activity at the KIZ site was higher in late spring and lower in early autumn,
indicating seasonal variability in AChE activity at the contamination-impacted location
driven by fluctuating exposure to neurotoxicants, such as drugs and insecticides. Overall,
biomarker responses indicated that mild historical pollution, reinforced by current low-
capacity sources, has an observable impact on mussel health, posing long-term risks to
sediment-dwelling aquatic organisms.
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Key Contribution: Mild freshwater contamination, including historical pollution, can
cause visible subcellular biochemical alterations in wild mussel populations, highlighting
oxidative stress and neurotoxicity as lasting physiological effects. The multi-biomarker
approach proved essential for detecting subtle yet biologically relevant physiological
alterations in Unio crassus, offering a comprehensive assessment of organism health and
improving the interpretation of complex environmental pollution effects.

1. Introduction
Traces of historical industrial contamination can still be found in numerous aquatic en-

vironments around the globe [1–5]. The Mrežnica River in Croatia serves as an example, as
it has been exposed to various sources of industrial pollution for over a century, which were
stopped or reduced more than a decade ago [2]. Our recent study of water/sediment con-
tamination of the Mrežnica River, during the same seasons and at the same sites as chosen
for the current study, confirmed the presence of contaminants that may be associated not
only with current but also historical sources of pollution, such as increased concentrations of
metals and certain organic contaminants in the water and sediments that are typical for the
currently inactive textile industry and coal combustion [1,6]. Prior to the current study, we
first investigated the bioaccumulation of metals (total and cytosolic) in the digestive gland
of the same specimens of the sediment-dwelling endangered bivalve species, Unio crassus,
from the Mrežnica River, which were used in this study [7]. Due to their direct exposure to
the pollutants stored in the sediments, increased concentrations of many non-essential and
potentially highly toxic elements were detected in the mussel specimens from the industrial
zone of Karlovac town [7]. However, the sole measurement of bioaccumulated pollutants,
such as metals, in bivalve organs does not present sufficient information to estimate their
potential negative effects at the subcellular level or on the health of the organisms. On
the other hand, the analysis of subcellular molecular/biochemical biomarkers involved in
important cellular processes, such as detoxification or antioxidative defense, can be used to
detect the earliest disturbances of homeostasis that may have occurred in the organisms
due to exposure to different types of contaminants [8].

The best-known biomarkers for metal exposure are metallothioneins (MT), ther-
mostable cytosolic proteins with low molecular mass, which are important for the regu-
lation of essential and the detoxification of non-essential elements in mussels and other
organisms [9]. Many studies suggest that analyzing MT induction is a valuable method to
detect the responses of organisms exposed to metals [10–12]. The subcellular presence of
excess metals in a non-detoxified form can be associated with the onset of negative events,
including the increased production of reactive oxygen species (ROS), which consequently
pose a significant threat to cellular integrity by causing damage to proteins, DNA, and
polyunsaturated fatty acids in the cell membranes of organisms [13,14]. To counteract the
negative effects of oxidative stress (OS), aquatic organisms, including freshwater mussels,
show a variety of changes in (non-)enzymatic antioxidant defenses following exposure to
pollutants with oxidative potential [8,15]. These antioxidant defense systems include, in
particular, catalase (CAT), an oxidoreductase enzyme that catalyzes the oxidation of various
electron donor substrates and is specific to the degradation of H2O2 [14]; glutathione (GSH),
with the important function of neutralizing reactive oxygen intermediates and free radicals
that are constantly formed during metabolism [13]; and glutathione S-transferase (GST),
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a phase II detoxification enzyme that catalyzes the binding of GSH to potentially cell-
damaging xenobiotics and converts them into more water-soluble molecules to facilitate
their excretion [16]. The overproduction of ROS caused by metallic or organic contaminants
can trigger a process known as lipid peroxidation (LPO), and one of the best-known by-
products of LPO is malondialdehyde (MDA), which is often used as a reliable marker for
the assessment of cell membrane damage [17]. Cell membrane damage can interfere with
the release, reuptake, and degradation of neurotransmitters, such as acethylcholinesterase
(AChE), leading to imbalances in neuromuscular synaptic transmission. Inhibition of AChE
has been successfully used as a biomarker for the neurotoxicity of various pollutants, such
as pesticides, detergents, and pharmaceuticals [16].

Previous research on the effects of environmental stressors on U. crassus is scarce. To
our knowledge, only three laboratory studies have been conducted, one observing behav-
ioral changes in U. crassus exposed to volatile organic solvents [18], the other measuring
four immunological/biochemical parameters in the digestive gland of mussels exposed
to zinc/copper pyrithione [19], and the third measuring hemocyte counts, histological
alterations, and five biomarkers of OS following exposure to nano-CeO2 [20]. In addition,
research on other freshwater mussels has also focused on a limited number of biomarkers
in mussel tissues, both in laboratory and environmental studies [21–23]. Accordingly, the
main aim of our study was to assess the susceptibility of an endangered freshwater mussel
species, U. crassus, to mild sediment contamination, including from historical sources, using
a set of different subcellular biomarkers. As a target organ, we have chosen digestive gland,
as, compared to the gills and hemolymph, it offers greater sensitivity for biomarker anal-
yses due to higher contaminant accumulation, metabolic activity, and ability to integrate
long-term exposure [10,24,25]. The specific aim was to identify potential adverse effects
and subcellular biochemical changes caused by pollutants stored in the sediment and bioac-
cumulated in mussel tissue. The studied set of biomarkers included biomarkers of metal
exposure (MT), general stress (total cytosolic proteins, TP), antioxidative capacity (CAT,
GSH, and GST), oxidative damage (MDA), and exposure to organic pollutants (AChE).
We hypothesized that mussels from the historically contaminated site will exhibit altered
biomarker responses indicative of metal exposure, oxidative stress, and neurotoxicity com-
pared to those from the less impacted reference site. To our knowledge, the results reported
in this study are the first data from a multi-biomarker approach for the wild population
of the mussel species U. crassus under real environmental conditions. The influence of
various biotic and abiotic factors, such as the season of sampling (e.g., reproductive status
of mussels, water temperature), on biomarker responses is also discussed, as they may
contribute to fluctuations in biomarker activity/concentration and thus mask the effects of
pollutants [10].

2. Materials and Methods
2.1. Study Area and Sampling of Mussels

Sampling of the thick-shelled river mussel U. crassus was carried out in the Mrežnica River
in Croatia at two sites. These are the reference site (REF) (N 45◦26′28.40′′ E 15◦30′15.39′′), which
is located about 2 km upstream from the town of Duga Resa and represents a karst location
with low anthropogenic impact, and the polluted site, which is located in Karlovac town’s
industrial zone, Mala Švarča (KIZ), and represents a location historically contaminated with a
mixture of pollutants from various anthropogenic sources and is nowadays exposed only to
low-pollution-capacity facilities (N 45◦27′49.05′′ E 15◦32′30.09′′) (Figure 1).

The river section from Duga Resa to Karlovac was for decades exposed to various
industrial wastewaters, including from the textile industry and the production of medical
supplies; approximately a decade ago, the textile industry ceased to operate, and the major-
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ity of the remaining industrial wastewaters were connected to the wastewater treatment
plant of Karlovac town, with treated wastewater being discharged into the Kupa River
downstream from Karlovac [1]. Only a few small facilities still discharge their wastewaters
into the Mrežnica River (e.g., a heating plant, a car wash, a hospital, and production of
medical supplies made of cotton and personal care products) [1]. The data confirming
the contamination status of the selected sampling sites originating largely from historical
sources, i.e., elemental concentrations in water (dissolved/particulate) and sediments, as
well as concentrations of organic contaminants and other valuable information about REF
and KIZ sites, can be found in our previously published papers [1,6]. Excerpted results
from these studies, which are important for our discussion, are shown in Table 1.

Figure 1. Study area with marked sampling sites on the Mrežnica River in Croatia (site upstream from the
town of Duga Resa (REF); historically contaminated site: industrial zone of the city of Karlovac (KIZ)).
Sources of the maps: https://gisportal.hr/ (accessed on 30 January 2025); https://d-maps.com/carte.php?
num_car=2175&lang=en. (accessed on 1 March 2023).

Table 1. Concentrations of selected metals in the sediments and selected organic contaminants in
the water of the Mrežnica River at two mussel sampling sites (REF—reference site; KIZ—historically
contaminated site—industrial zone of the city of Karlovac) in April 2021 and September 2021. The
presented data are excerpts from our previously published papers, where they are discussed in
detail [1,6].

Period Sampling Site

REF KIZ

Metals in the Sediment [1]

Bi/µg g−1 April 2021
September 2021

0.330 ± 0.112
0.254 ± 0.030

0.416 ± 0.152
0.405 ± 0.052

Cd/µg g−1 April 2021
September 2021

0.509 ± 0.067
0.516 ± 0.047

0.537 ± 0.021
0.582 ± 0.058

Cr/µg g−1 April 2021
September 2021

52.6 ± 17.5
37.9 ± 5.4

81.0 ± 13.9
84.4 ± 3.1

Cs/µg g−1 April 2021
September 2021

2.02 ± 0.85
1.87 ± 0.19

4.13 ± 0.94
5.04 ± 0.41

Cu/µg g−1 April 2021
September 2021

19.4 ± 6.0
15.3 ± 2.5

31.7 ± 8.9
38.9 ± 1.8

Fe/mg g−1 April 2021
September 2021

11.7 ± 3.7
9.69 ± 1.24

21.9 ± 5.4
20.1 ± 1.7

Ni/µg g−1 April 2021
September 2021

25.8 ± 6.6
23.6 ± 3.0

48.8 ± 5.8
54.2 ± 8.3

https://gisportal.hr/
https://d-maps.com/carte.php?num_car=2175&lang=en
https://d-maps.com/carte.php?num_car=2175&lang=en


Fishes 2025, 10, 317 5 of 20

Table 1. Cont.

Period Sampling Site

REF KIZ

Metals in the Sediment [1]

Pb/µg g−1 April 2021
September 2021

13.3 ± 6.0
9.95 ± 0.86

26.9 ± 21.8
20.6 ± 1.7

Rb/µg g−1 April 2021
September 2021

28.0 ± 12.7
25.4 ± 2.7

38.8 ± 11.7
45.2 ± 5.2

Sb/µg g−1 April 2021
September 2021

0.537 ± 0.229
0.434 ± 0.062

0.799 ± 0.337
4.19 ± 5.66

U/µg g−1 April 2021
September 2021

1.18 ± 0.48
1.08 ± 0.12

3.75 ± 0.76
3.94 ± 0.37

V/µg g−1 April 2021
September 2021

38.6 ± 15.4
36.6 ± 4.8

63.0 ± 11.1
71.1 ± 6.5

Zn/µg g−1 April 2021
September 2021

49.1 ± 19.9
36.1 ± 2.1

93.2 ± 30.2
68.2 ± 1.1

Organic contaminants in the water [1,6]

Herbicides/µg L−1 A April 2021
September 2021

0.007
0.002

0.029
0.002

Insecticides/µg L−1 B April 2021
September 2021

0.198
0.347

0.309
0.578

Total drugs/ng L−1 C April 2021
September 2021

10.6
443

429
491

A Metolachlor, neburon, terbutryn, atrazine, and its metabolites. B Nicotine, methiocarb metabolites. C Ibuprofen,
topiramate, lorazepam, trazodone.

The specimens of U. crassus can burrow up to 20 cm into the riverbed’s sediment, but
they are usually visible on the sediment’s surface [26]. The granulometric analysis of the
sediments in 2021 showed that the average proportions of clay amounted to 9.5–11.9%, silt
47–56%, and sand 34–44% [1]. The mussels were collected manually by a diver during two
seasons in 2021, including late spring (early June, a period of higher water levels/flows) and
early autumn (early October, a period of lower water levels/flows). Sampling collection
was performed during stable weather conditions. In June 2021, sampling was conducted on
sunny days with an average air temperature of 22.8 ◦C, while in October 2021 the weather
was also clear and dry, with an average air temperature of 9.5 ◦C. There were no significant
precipitation events or sudden weather changes during the sampling periods, ensuring
consistency and minimizing potential environmental variability. Because U. crassus is
a protected mussel species, sampling was carried out with the permission of the state
authorities. In total, 30 mussels were collected and transported to the laboratory in dark and
cool containers. Average lengths of mussels (cm) were as follows: REFspring: 46.7 ± 3.65;
KIZspring: 59.0 ± 2.83; REFautumn: 46.1 ± 3.76; KIZautumn: 61.7 ± 3.52. Thereafter, the
digestive glands were dissected, frozen into liquid nitrogen, and kept at −80◦C until further
treatment. Composite samples, each containing digestive glands from four to five mussels,
were prepared for biomarker analyses: REFspring = 7; KIZspring = 10; REFautumn = 6; KIZ
autumn = 6. Digestive glands are commonly used mussel tissue to assess environmental
quality because they are a major storage and detoxification organ that plays an important
role in cell homeostasis [10,24,25].

2.2. Processing of the Mussel Digestive Gland Samples

For the analyses of MT and TP, the digestive glands were cut into small pieces, and
a cooled homogenization buffer 20 mM Tris/HCl buffer (Sigma Aldrich, St. Louis, MO,
USA; pH 8.6 at 22 ◦C) containing 0.01% β-mercaptoethanol (Sigma Aldrich, St. Louis,
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MO, USA), protease inhibitors (0.006 mM leupeptin and 0.5 mM phenylmethylsulfonyl
fluoride; Alfa Aesar, Karlsruhe, Germany), and 0.5 M saccharose (only for MT analysis;
Sigma Aldrich, St. Louis, MO, USA) was added (mass:volume = 1:4). The suspension
was homogenized with a Potter–Elvehjem homogenizer (Glas-Col, Terre Haute, IN, USA;
used for all sample preparations). The homogenates were then centrifuged at 50,000× g
for 120 min at +4 ◦C (Avanti J-E centrifuge; Beckman Coulter, Indianapolis, IN, USA), and
the resulting supernatant (S50) was used for MT and TP analyses. For GSH analysis, a
piece of digestive gland tissue was homogenized in ice-cold 5% sulphosalicylic acid (SSA)
(Kemika, Zagreb, Croatia) (mass:volume = 1:5) and then centrifuged at 10,000× g for 10 min
at +4 ◦C (Biofuge Fresco, Heraeus, Hanau, Germany). The resulting supernatant (S10-SSA)
was used for GSH analysis. Another piece of digestive gland tissue for the analyses of CAT,
GST, MDA, and AChE was homogenized in ice-cold 50 mM potassium phosphate buffer
(PPB) (Kemika, Zagreb, Croatia; pH 8.1 at 4 ◦C) (mass:volume = 1:5), and then the following
centrifugation steps (Avanti J-E centrifuge) were performed: 3000× g for 10 min at +4 ◦C,
and the resulting supernatant (S3-PPB) was used for MDA analysis; and 10,000× g for
30 min at +4 ◦C, and the obtained supernatant (S10-PPB) was used for analyzing CAT, GST,
and AChE activity. The supernatants obtained for all biomarker measurements were stored
at –80 ◦C until further analysis.

2.3. Biomarker Analyses

MTs were determined according to the modified method of Viarengo et al. [27], which
is described in Bourdineaud et al. [28]. The supernatant S50 (250 µL) was used for two-step
ethanol/chloroform precipitation (CARLO ERBA Reagents, Cornaredo, Italy, and Fischer
Chemical, Loughborough, UK, respectively). The resulting pellets were then washed with
a solution of 87% ethanol and 1% chloroform in the homogenization buffer. After centrifu-
gation at 12,000× g for 6 min at 2 ◦C, the pellets were dried under a stream of nitrogen.
The MT-containing pellets were reconstituted by adding 35 µL each of 0.25 M NaCl (Merck,
Darmstadt, Germany) and a solution of 4 mM EDTA/1 M HCl (both Merck, Darmstadt, Ger-
many). The thiol group’s content was then analyzed using 5,5-dithiobis-2-nitrobenzoic acid
(DTNB) (Sigma Aldrich, St. Louis, MO, USA) dissolved in 0.2 M PPB/2 M NaCl (Kemika,
Zagreb, Croatia, and Merck, Darmstadt, Germany, respectively), pH 8. The samples were
transferred to a microplate, and the absorbance was measured at 412 nm. Reduced GSH
was used as the reference standard (2.5–25 µg GSH), and the MT content was expressed
per TP content (µg MT mg−1 TP).

The quantification of TP concentrations was performed according to the method of
Bradford [29], which was adapted for use in microplates. A volume of 300 µL of CBB
reagent (Coomassie brilliant blue G-250; Serva, Heidelberg, Germany) was added to 10 µL
of 20-fold-diluted S50 samples in 20 mM Tris/HCl buffer. After 10 min of incubation, the
absorbance was read at 595 nm. Bovine serum albumin (BSA) (Serva, Heidelberg, Germany)
was used as a reference standard (0.0625–0.500 mg mL−1 BSA).

CAT activity was determined according to a micromethod described by Li and Schell-
horn [30], with some modifications. A solution of PPB (50 mM, pH 7.0; Kemika, Croatia)
and 30% hydrogen peroxide (Suprapur®, Merck, Darmstadt, Germany) was prepared to
yield 10.34 mM H2O2, and a volume of 290 µL of this solution was then added to 10 µL of a
15-times-diluted sample (S10-PPB) in 50 mM PPB (pH 7.0). The analysis was performed in
UV-transparent 96-well microplates, and absorbance measurements were taken every 10 s
for 1 min at 25 ◦C. The specific enzyme activity was calculated using a molar extinction
coefficient of 43.6 M−1 cm−1 and expressed as µmol H2O2 degraded per minute per mg
of proteins. Protein concentrations in the S10-PPB fractions were determined using the
Bradford method [29].
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The total concentration of GSH was measured in five-times-diluted S10-SSA super-
natants using a spectrophotometric DTNB-GSSG reductase recycling assay, as outlined
by Tietze [31]. The protocol for the microtiter plate assay was adapted from Rahman
et al. [32]. All solutions were prepared in 0.1 M PPB (Kemika, Zagreb, Croatia) with the
addition of 1 mM EDTA disodium salt (Merck, Darmstadt, Germany), maintaining a pH
of 7.5. A volume of 150 µL of a solution containing DTNB (0.108 mM, Sigma Aldrich,
St. Louis, MO, USA) and GR (glutathione reductase, 0.171 U mL−1; Sigma Aldrich, St.
Louis, MO, USA) was added to the sample (five-times-diluted supernatants S10-SSA in
Mili Q) in the plate. The plate was then mixed and left in the dark for 5 min. Subsequently,
50 µL of NADPH solution (0.192 mM; Sigma Aldrich, St. Louis, MO, USA) was added,
and the absorbance at 412 nm was measured at 1-min intervals for 5 min at 25 ◦C. GSH
standards (3.125–12.5 nM mL−1; Sigma Aldrich, St. Louis, MO, USA) were prepared in 1%
SSA. Results were expressed as nmol of GSH per gram of wet tissue mass.

GST was analyzed according to the method of Habig et al. [33], which we modified
slightly and adapted for use in microplates. The samples (S10-PPB) were diluted five times
in 0.1 M sodium phosphate buffer (pH 6.5; Merck, Germany), and 5 µL of the diluted
sample was added to the microtiter plate. Subsequently, 10 µL of a 20 mM GSH solution
(co-substrate, final concentration 1 mM; Sigma Aldrich, St. Louis, MO, USA) and 185 µL of
a 1 mM 1-chloro-2,4-dinitrobenzene solution (CDNB; Sigma Aldrich, St. Louis, MO, USA)
were added, and the absorbance at 340 nm and 25 ◦C was measured at 15 s intervals for
3 min. Enzyme activity was expressed as µmol per minute per mg of proteins (determined
in S10-PPB fractions using the Bradford method [29]), and the absorbance coefficient of
9.6 mM−1 cm−1 was used for the calculations.

The MDA concentration was determined spectrophotometrically after the reaction of
MDA with 2-thiobarbituric acid (TBA) [34] according to the protocol described in Mijošek
et al. [35]. A mixture of 1% butylated hydroxytoluene (BHT, Sigma-Aldrich, St. Louis,
MO, USA) in ethanol (CARLO ERBA Reagents, Cornaredo, Italy) and 10% trichloroacetic
acid (TCA, Kemika, Zagreb, Croatia) in Milli-Q water (BHT/TCA = 1:100) was added to
the S3-PPB supernatant. The samples were vortexed and cooled for 15 min, followed by
centrifugation at 4000× g for 15 min at 4 ◦C using a Biofuge Fresco centrifuge (Heraeus,
Hanau, Germany). The resulting supernatants were transferred to 1.5 mL Eppendorf®

tubes, and TBA (Alfa Aesar, Karlsruhe, Germany) dissolved in Milli-Q water was added.
The tubes were heated for 30 min at 100 ◦C, producing a pink fluorescent product. After
cooling, the samples were transferred to a microplate. The absorbance was measured at
a wavelength of 535 nm, and a calibration curve was generated using five concentrations
(0.9–15 µM) of MDA (Aldrich, St. Louis, MO, USA). The homogenization buffer served as a
blank and underwent the same treatment as the samples. Results were expressed as nmol
of MDA per gram of wet tissue mass.

AChE analysis was performed according to the method described by Ellman et al. [36],
adapted for use in microtiter plates. A reaction mixture consisting of 10 µL of sample
(S10-PPB) and 250 µL of 0.1 M PPB (pH 7.4 at 25 ◦C) (Kemika, Zagreb, Croatia) with
0.1 mM DTNB (Sigma Aldrich, St. Louis, MO, USA) was incubated in the dark for 15 min.
The measurement began with the addition of 25 µL of 10 mM acetylthiocholine iodide
and immediate observation of the increase in absorbance at 412 nm and 25 ◦C, with
absorbance values measured at 15 s intervals for 3 min. Enzymatic activity was quantified
as nmol of hydrolyzed acetylthiocholine per minute per mg of proteins (determined in
S10-PPB fractions using the Bradford method [29]) using the absorbance coefficient of
13.6 mM−1 cm−1 for calculations.

Absorbance readings for all biochemical measurements were performed using the Infi-
nite M200 microplate spectrophotometer (Tecan, Männedorf, Switzerland). Each composite
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sample was analyzed in triplicate for all biomarkers to ensure analytical reproducibility. For
each analytical method, blank samples were included and processed alongside biological
samples. Depending on the biomarker, blank values were subtracted from the correspond-
ing sample measurements to correct for background levels and ensure data accuracy.

2.4. Statistical Analysis

SigmaPlot 11.0 and Statistica 12.5 for Windows were used for statistical analyses.
Basic calculations and graphs were performed/created in Microsoft Office Excel 2011 for
Windows. To assess the variability of biomarker values in the digestive gland of freshwater
mussels, U. crassus, across two seasons and two sites, a two-way ANOVA with a post
hoc LSD test was performed. Prior to analysis, data were log-transformed to meet the
assumption of normal distribution and variance homogeneity, where necessary. Results
were considered statistically significant at p < 0.05. Pearson correlation analysis was applied
to calculate correlation coefficients (r) between MT and certain metal levels.

3. Results and Discussion
In order to assess biological responses and detect potential adverse effects of pollutants

in native populations of endangered U. crassus mussels living in a lowland river section
historically exposed to a mixture of pollutants from different anthropogenic sources, mainly
from industry, we used the multi-biomarker approach. Results of statistical analyses
between sites and seasons are shown in Table 2. We discuss this in light of information on
the bioaccumulation of metals in the digestive glands of the same mussel samples used in
this study, which we have published previously [7]. This approach involved the analysis
of a set of subcellular molecular/biochemical biomarkers that may indicate the earliest
disturbances of cellular homeostasis. The data presented here are, to our knowledge, the
first comparative data on the concentrations/activities of seven biomarkers considered in
this study in the digestive gland of U. crassus exposed to pollution under real environmental
conditions and the first data altogether for MTs, AChE, and CAT in U. crassus. As mentioned
above, the only data available for the remaining four biomarkers were previously reported
for the digestive gland of U. crassus exposed to Zn/Cu pyrithione (MDA, GSH, and TP [19])
or nano-CeO2 (GSH, GST, and TP [20]) in the laboratory.

Table 2. Two-way ANOVA results and post hoc LSD test for biomarker responses in the digestive
gland of Unio crassus showing the effects of site, season, and their interaction. For each biomarker,
degrees of freedom (DF), F-values, and corresponding p-values are presented. Statistically significant
effects (p < 0.05) are indicated in bold.

DF MT TP CAT GSH GST MDA AChE

F p F p F p F p F p F p F p

Site 1 1.19 0.286 1.25 0.275 36.8 <0.001 4.15 0.052 89.6 <0.001 8.97 0.006 1.09 0.307
Season 1 47.2 <0.001 0.168 0.685 56.9 <0.001 27.5 <0.001 19.4 <0.001 38.1 <0.001 9.34 0.005

Interaction 1 2.78 0.107 0.946 0.341 2.22 0.149 0.527 0.475 0.019 0.889 3.89 0.060 8.01 0.009

3.1. Changes in Biomarkers of Metal Exposure and General Stress
3.1.1. MT Concentrations

In our study, the average MT concentrations in the digestive gland of U. crassus were
4.38 ± 1.06 µg mg proteins−1 at the REF site and 3.69 ± 0.63 µg mg proteins−1 at the KIZ site
in the spring campaign and 2.25 ± 0.25 µg mg proteins−1 at the REF site and 2.39 ± 0.15 µg
mg proteins−1 at the KIZ site in the autumn campaign (Figure 2a). No significant differences
in MT concentrations were observed between the sites in either season. Similarly, in the
digestive gland of the duck mussel Anodonta anatina, no differences in MT concentrations
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were detected among three sites with different contamination levels [24]. Although the
induction of MT is considered a biomarker of exposure to metals [9], numerous studies
examining MTs in mussels inhabiting chronically polluted sites have shown that MT
concentrations did not correspond to the elevated environmental levels of metals [10].

Figure 2. Concentrations of (a) metallothionein (biomarker of exposure to metals, MT) and (b) total
proteins (biomarker of general stress, TP) in the digestive gland of the mussel species Unio crassus,
collected at the REF site (light gray boxes) and at the KIZ site (dark gray boxes) in the Mrežnica River
during two sampling seasons (late spring and early autumn 2021) (n = 7 for the REF site in late spring;
n = 10 for the KIZ site in late spring; n = 6 for both sites in early autumn). Significant differences
between seasons within each site are indicated by different letters: A, B for the REF site and a, b for
the KIZ site (p < 0.05, two-way ANOVA and post hoc LSD test).

Although there were no significant differences in MT concentrations between the sites,
approximately 15% higher MT concentrations were observed in the digestive gland of U.
crassus at the REF site compared to the KIZ site in spring, concurrent with approximately
ten times higher concentrations of bioaccumulated Cd in the cytosol of the digestive gland
of the same mussel specimens (Table 3 [7]). Several studies have shown that Cd is a good
inducer of MTs in various mussels, including freshwater species [9,11,24], and the results
of this study also suggest that certain Cd concentrations may represent a potential trigger
for MT synthesis in the digestive gland of U. crassus. However, the lack of significant
differences in MT concentrations between sites may be due to increased bioaccumulation of
several other well-known or potential MT inducers observed in the digestive gland cytosol
of the same mussels at the KIZ site in spring (Bi, Pb, Cu; Table 3 [7]), which could have
caused some MT increase at that site also, thus attenuating the difference (r(Pb, MT) = 0.29).

Unlike Cd, the potential of some of these elements to induce MT synthesis is still
questionable, as often discussed for Pb [9], although some metals (e.g., Ag, Cu) have been
proven to bind to MTs [37]. However, Cu, an element that was elevated in these same
mussels from the KIZ site in both samplings (approximately twice higher; Table 3 [7]), has
been shown to be a weak inducer of MT synthesis in many mussel species either at high
short-term exposure [11] or moderate long-term exposure [38]. Our results therefore also
suggest a probable lower induction potential of Cu (r = 0.38) for MT synthesis than of Cd
(r = 0.61), at least at the Cu levels measured in this study.

In autumn, the MT content was mildly increased (p > 0.05) in the digestive gland of
mussels from the KIZ site, which was simultaneously accompanied by a decrease in Cd
bioaccumulation in the same mussels as those studied here at the REF site compared to
spring (the difference between the two sites was several times lower) and an increase in Ag,
Bi, and Pb bioaccumulation in the mussels at the KIZ site (Table 3 [7]). The attenuation of
the difference in MT levels between the two sites, and even the change of direction, could
thus be attributed, at least partly, to the change in dynamics of metal bioaccumulation.
On the other hand, metals are probably not the only triggers of MT synthesis, and other
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non-metallic pollutants could also influence MT induction. Because the contamination
of the KIZ site, not only with metals but also with various organic contaminants, has
been stronger than the contamination of the REF site ([1,6]; Table 1), and due to the fact
that organic contaminants can induce MT synthesis in mussels [15], the slightly increased
MT content in the digestive gland of mussels from the KIZ site in autumn could have
occurred, to some extent, due to the additional contribution of organic contaminants with
pro-oxidative activity at this site.

Table 3. Cytosolic concentrations (expressed on wet mass basis; average ± SD) of selected
(non)essential elements in the digestive gland of the mussel species Unio crassus sampled at the
two sites in the Mrežnica River (reference site (REF): upstream of the town of Duga Resa; contami-
nated site (KIZ): Karlovac city industrial zone) during two sampling campaigns (June and October
2021). The presented data are excerpts from our previously published paper, where they are discussed
in detail [7].

Period Sampling Site

REF KIZ

Ag/ng g−1 June 2021
October 2021

3.81 ± 0.55
5.22 ± 1.13

5.47 ± 0.79
11.8 ± 5.5

Bi/ng g−1 June 2021
October 2021

2.55 ± 0.34
2.37 ± 0.57

3.89 ± 0.34
3.72 ± 0.78

Cd/ng g−1 June 2021
October 2021

1149 ± 284
222 ± 47.8

96.0 ± 12.3
49.9 ± 7.9

Cu/µg g−1 June 2021
October 2021

1.41 ± 0.21
0.99 ± 0.13

3.67 ± 0.57
2.02 ± 0.25

Cs/ng g−1 June 2021
October 2021

0.67 ± 0.11
0.86 ± 0.06

1.54 ± 0.21
2.95 ± 0.30

Pb/ng g−1 June 2021
October 2021

31.7 ± 6.6
18.6 ± 1.3

48.2 ± 8.1
66.5 ± 18.8

Sb/ng g−1 June 2021
October 2021

1.06 ± 0.10
0.77 ± 0.08

2.41 ± 0.14
2.27 ± 0.17

Tl/ng g−1 June 2021
October 2021

1.42 ± 0.28
1.52 ± 0.12

1.96 ± 0.24
2.33 ± 0.19

U/ng g−1 June 2021
October 2021

24.4 ± 3.1
17.5 ± 2.9

43.6 ± 3.8
41.1 ± 2.9

V/ng g−1 June 2021
October 2021

129 ± 8.6
102 ± 20.4

166 ± 18
141 ± 16

3.1.2. TP Concentrations

In general, proteins respond to environmental changes and stress by enabling
metabolic processes and biochemical reactions to counteract adversity [35]. In our
study, the average cytosolic TP concentrations in the digestive gland of U. crassus were
43.6 ± 3.96 mg g tissue−1 at the REF site and 41.2 ± 3.81 mg g tissue−1 at the KIZ site in the
spring campaign and 42.6 ± 3.97 mg g tissue−1 at the REF site and 41.8 ± 2.26 mg g tissue−1

tissue at the KIZ site in autumn (Figure 2b). Although there were no significant differences
between the TP content at the REF and KIZ sites in either season, the average TP concen-
trations were always slightly lower at the KIZ site. High levels of pollutants can suppress
protein synthesis and disrupt normal metabolism [35]. In the historically contaminated
section of the Mrežnica River, pollution stress could have been caused, among other things,
by the increased accumulation of several non-essential elements in the digestive gland of
the same specimens of U. crassus as that studied here in both seasons (Ag, Bi, Cu, Cs, Pb, Sb,
Tl, U; Table 3 [7]). Although some metals are important elements for various biochemical
and physiological processes in organisms, all of them, and especially non-essential ones, can
cause adverse effects when present in certain concentrations [24,35,39]. The digestive gland
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plays a pivotal role in the metabolism and detoxification of metals, resulting in an increased
demand for protein to meet energy requirements, with increased protein degradation
serving as a valuable measure of the extent of toxicity [40]. However, increased exposure to
organic pollutants (pesticides and drugs), which were detected in higher concentrations
at this site compared to the REF site in the year of mussel sampling ([1,6]; Table 1), could
have also contributed to the general stress of the studied mussels.

3.2. Changes in Biomarkers of Antioxidative Capacity (CAT, GSH), Xenobiotic Detoxification
(GST), and Oxidative Damage (MDA)

The generation of ROS is an integral part of cellular metabolism, which necessitates the
presence of antioxidant defense mechanisms to mitigate their harmful effects [14]. However,
various (non)essential elements and organic contaminants can also act as pro-oxidants in
mussel organisms [23]. Accordingly, literature reports suggest that both inorganic and
organic contaminants can penetrate the cellular lipid membrane, disrupt phospholipid
arrangement, and alter membrane fluidity, leading to an increase in LPO and thus increased
MDA concentrations. Higher concentrations of many metals in both seasons (e.g., Cr, Cs,
Cu, Fe, Pb, Rb, U, V, Table 1) were found in the sediments of the Mrežnica River at the
KIZ site compared to the REF site, as well as pharmaceuticals in the water only in spring
(total concentrations in Table 1; examples of compounds detected only at the KIZ site
in spring: desvenlafaxine, 94 ng L−1; ibuprofen, 109 ng L−1; paracetamol, 34 ng L−1;
amphetamine, 5 ng L−1; and caffeine, 100 ng L−1) and pesticides in the water in both
seasons (total concentrations in Table 1, e.g., nicotine, REFspring, 198 ng L−1, KIZspring,
309 ng L−1, REFautumn, 347 ng L−1, KIZautumn, 578 ng L−1; terbutryn, detected only at the
KIZ site in spring, 104 ng L−1) [1,6]). These could have jointly induced ROS production,
consequently exacerbating OS in the studied mussels. The difference between sites in terms
of water contamination with pharmaceuticals was especially pronounced in spring, with
40 times higher total drug concentration at the KIZ site ([6]; Table 1). Furthermore, as
shown above, increased bioaccumulation of many of the studied metals (Ag, Al, Bi, Cs,
Cu, Mo, Pb, Sb, V, Tl, and U) was observed at the KIZ site in the digestive gland of the
same mussel specimens as those studied here in both seasons [7], and these metals include
those with high oxidative potential [14], such as Cu, Pb, and V (Table 3 [7]). Therefore, the
four biomarkers of OS (CAT, GSH, GST, MDA) were utilized to assess the effects of the
mentioned contaminants on antioxidant responses and oxidative damage in wild mussels,
U. crassus, from the two sites on the Mrežnica River.

3.2.1. CAT Activity: Biomarker of Antioxidative Capacity

In our study, the average CAT activities in the digestive gland of U. crassus were
96.5 ± 17.5 µmol min−1 mg proteins−1 at the REF site and 131 ± 8.71 µmol min−1 mg
proteins−1 at the KIZ site in the spring campaign and 141 ± 23.7 µmol min−1 mg proteins−1

at the REF site and 198 ± 29.3 µmol min−1 mg proteins−1 at the KIZ site in autumn
(Figure 3a). Significant spatial differences were observed in both seasons (p = 0.002),
with increased enzyme activity detected in the digestive glands of mussels from the KIZ
site. Increased CAT activities in bivalves exposed to metals have also been observed in
freshwater mussel species D. polymorpha and D. bugensis exposed to Cr and Ni [41]. The
early activation of CAT may indicate that this enzyme represents the first line of defense
against OS caused by inorganic and organic contaminants.
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Figure 3. Biomarkers of antioxidative capacity and xenobiotic detoxification: (a) activities of catalase
(CAT), (b) total glutathione (GSH) concentrations, and (c) the activity of glutathione S-transferase
(GST); and biomarker of oxidative damage: (d) malondialdehyde (MDA) concentration in the diges-
tive gland of the mussel species Unio crassus collected at the REF site (light gray boxes) and at the
KIZ site (dark gray boxes) in the Mrežnica River during two sampling seasons (late spring and early
autumn 2021) (n = 7 for the REF site in late spring; n = 10 for the KIZ site in late spring; n = 6 for both
sites in early autumn). Significant differences between sites within each season are indicated with an
asterisk (*), and differences between seasons within each site are indicated by different letters: A, B
for the REF site and a, b for the KIZ site (p < 0.05, two-way ANOVA and post hoc LSD test).

3.2.2. GSH Concentration: Biomarker of Antioxidative Capacity

In our study, the average GSH concentrations in the digestive gland of U. crassus were
79.8 ± 14.3 nmol g−1 tissue at the REF site and 60.2 ± 6.66 nmol g−1 at the KIZ site in
the spring and 112 ± 28.7 nmol g−1 at the REF site and 103 ± 24.4 nmol g−1 at the KIZ
site in the autumn sampling campaign (Figure 3b). In general, lower GSH levels were
detected at the KIZ site than at the REF site, although the difference between sites was
significant only during spring sampling (p < 0.01). GSH, as the most important cellular thiol,
plays a crucial role in protecting cells against metal toxicity by forming complexes with
metal ions, such as Cd, Cu, and Pb. These metals have a tendency to form covalent bonds
with sulfhydryl groups of proteins and peptides [13]. Thus, an increase in GSH content
is sometimes observed in aquatic organisms as a result of metal exposure, as observed
by Machado et al. [42] in the freshwater unionid mussel Lasmigona costata. Moreover,
GSH has been suggested to be involved in conjugation reactions with various pesticides.
Accordingly, GSH increases were reported in the digestive gland of Unio tumidus at a site
with increased polycyclic aromatic hydrocarbons, polychlorobiphenyls, and organochlorine
pesticide concentrations in the sediment [17].

In contrast, it is assumed that the GSH content decreases under OS due to its an-
tioxidant function [13]. Therefore, the finding of GSH depletion in the digestive gland
of mussels living in a historically polluted site indicates the occurrence of OS in these
organisms caused by either metals or organic pollutants detected at this site, as listed above,
or their combination [1,6]. The results obtained are consistent with the findings of several
other studies in which GSH depletion was observed in mussels chronically exposed to
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elevated concentrations of pro-oxidant pollutants, both organic and inorganic. Leonard
et al. [14] reported that prooxidant metals like Cu and Pb, which were present in higher
concentrations in the digestive gland of the same specimens of U. crassus from the KIZ site
as those studied here (Table 3 [7]), could be associated with decreased GSH concentrations.
On the other hand, significant depletion of GSH was observed in the digestive glands
of U. tumidus transplanted to a site polluted with organochlorine pesticides [43]. Finally,
there is convincing evidence that GSH levels are significantly affected by metallic and
organic pollutants and that the response of this antioxidant may depend on the specific
pollutant, the exposure’s duration, the contaminant’s concentration, the exposed organ,
and the individual physiology of a given animal species, among other factors.

3.2.3. GST Activity: Biomarker of Xenobiotic Detoxification

In our study, the average GST activities in the digestive gland of U. crassus were
0.605 ± 0.080 µmol min−1 mg−1 proteins at the REF site and 0.911 ± 0.090 µmol min−1 mg−1

at the KIZ site in the spring campaign and 0.750 ± 0.070 µmol min−1 mg−1 at the REF site and
1.05 ± 0.05 µmol min−1 mg−1 at the KIZ site in autumn (Figure 3c). The differences between
the two sites were significant in both sampling seasons. Furthermore, as already mentioned,
the increased GST activity was accompanied by lower GSH content. Although metals are not
natural substrates for GST, several studies have documented the induction of GST, sometimes
concomitant with the decrease of GSH, in mussels exposed to metals [44] or collected from
metal-polluted sites [45]. Therefore, the increase in GST activity in the digestive gland of U.
crassus at the KIZ site could possibly serve as a mechanism for metal detoxification, ultimately
leading to a decrease in GSH concentrations.

However, GST is primarily involved in the conjugation of glutathione with organic
electrophilic compounds (e.g., pesticides), forming less reactive and more polar glutathione
S-conjugates [16]. A study on Unio tigridis exposed to the pesticide chlorpyrifos showed a
progressive rise in GST activity along the concentration and duration of exposure gradi-
ent [46]. The fact that pesticides were also detected in higher concentrations in the water at
the KIZ site compared to REF site of the Mrežnica River ([1]; Table 1) could be a plausible
and even probable cause for the higher GST activity in the digestive gland of U. crassus
from this particular site.

3.2.4. MDA Concentration: Biomarker of Oxidative Damage

In our study, the average MDA concentrations in the digestive gland of U. crassus were
24.5 ± 2.1 nmol g−1 tissue at the REF site and 31.7 ± 5.1 nmol g−1 at the KIZ site in the
spring campaign and 18.4 ± 3.6 nmol g−1 at the REF site and 19.9 ± 3.2 nmol g−1 at the
KIZ site in autumn (Figure 3d). The difference between sites was statistically significant
in spring (p < 0.001) and showed about 23% higher average values at KIZ compared to
the REF site. An increase in MDA was observed in the digestive gland of U. mancus [23],
in U. tumidus [17], and in U. crassus [19] in association with metal pollution. On the other
hand, in a laboratory study by Köprücü et al. [22] on the freshwater mussel Unio elongatulus
eucirrus, an increase in MDA was observed following exposure to cypermethrin, while
Khudhur and Shekha [21] observed a significant induction of both MDA and CAT activity
with decreased GSH concentrations in U. pictorum exposed to 1-naphthyl methyl carbamate,
thus confirming that increased MDA production can occur as a result of exposure to
organic contaminants.

Overall, the results obtained for CAT, GSH, GST, and MDA activities/concentrations
in the digestive gland of U. crassus from the Mrežnica River have pointed to the same
conclusion, namely, to the notable consequences of OS in U. crassus at the historically
contaminated site, which were exhibited in the form of an induced antioxidative defense
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and detoxification system and already presented oxidative damage. Although the spa-
tial differences were observable in both seasons, the results for GSH and MDA showed
more pronounced differences between the sites in spring, when the difference in drug
contamination between sites was also multifold greater ([6]; Table 1). Such rapid changes
in the responses of the biomarkers of OS in the digestive gland of U. crassus point to their
sensitivity to changes in pollution levels of prooxidant metals/organic compounds and
thus may serve as a reliable component of water pollution assessment studies.

3.3. Changes in Biomarker of Neurotoxicity (AChE)

One enzyme that is particularly sensitive to organic contamination is AChE. It is
mainly present in postsynaptic neurons and catalyzes the hydrolysis of the neurotransmit-
ter acetylcholine, which terminates the nerve impulse and allows the cell to return to its
resting state [47]. Some organic compounds, such as organophosphorus pesticides and
carbamates, are known to interact with the active site of AChE and inhibit its activity, which
can potentially lead to behavioral changes, paralysis, and even death [16]. In our study, the
average AChE activity in the digestive gland of U. crassus was 20.6 ± 2.0 nmol min−1 mg−1

of proteins at the REF site and 27.3 ± 6.7 nmol min−1 mg−1 at the KIZ site in the spring cam-
paign and 20.2 ± 2.1 nmol min−1 mg−1 at the REF site and 17.1 ± 2.5 nmol min−1 mg−1

at the KIZ site in autumn (Figure 4). The differences were significant in both seasons,
with higher AChE activity at the KIZ site in spring and higher AChE activity at the REF
site in autumn.

Figure 4. Biomarker of pesticide and metal exposure/neurotoxicity (acethylcholinesterase (AChE)
activity) in the digestive gland of the mussel species Unio crassus collected at the reference (REF) site
(light gray boxes) and at the Karlovac industrial zone (KIZ) site (dark gray boxes) in the Mrežnica
River during two sampling seasons (late spring and early autumn 2021) (n = 7 for the REF site in
late spring; n = 10 for the KIZ site in late spring; n = 6 for both sites in early autumn). Significant
differences between sites within each season are indicated with an asterisk (*), and differences
between seasons within the KIZ site are indicated by the letters a and b (p < 0.05, two-way ANOVA
and post hoc LSD test).

In spring, AChE activity in the digestive gland of U. crassus was significantly higher
at the KIZ site compared to the REF site (p = 0.008). The study by Zhang et al. [48] sug-
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gests a possible role of AChE induction in regulating the apoptotic process leading to cell
membrane disruption and the subsequent release of AChE into the cytoplasm. Kaizer
et al. [49] also suggested that higher AChE activity may be due to increased LPO, which
has the potential to affect the integrity and functionality of the cholinergic system. In
the spring period, drug concentrations, including the non-steroidal anti-inflammatory
compound ibuprofen, were detected in much higher concentrations at the KIZ site (ibupro-
fen: 109 ng L−1) than at the REF site, where ibuprofen itself was not even detected ([6]).
As ibuprofen (at 1 µg L−1) has been reported to cause significant oxidative damage in D.
polymorpha [50], AChE induction in this season in the digestive gland of U. crassus could
be hypothesized to be a consequence of the drug-promoted LPO and increased MDA
concentrations (Figure 3d).

In autumn, however, decreased AChE activity was observed at the KIZ site. These
results were not surprising, as AChE inhibition is actually used as an indicator of neu-
rotoxicity caused by the presence of organophosphate and carbamate pesticides in the
environment [47]. A study on U. tigridis exposed to different concentrations of chlorpyri-
fos, a common component of organophosphate pesticides, showed a decrease in AChE
activity with increasing pesticide dose and exposure duration [46]. Moreover, the mecha-
nism of action of some anxiolytic/antidepressant drugs involves the inhibition of certain
neurotransmitters, so it is not unreasonable to assume that AChE could also be affected
by their presence. Recent studies have shown that AChE can be inhibited not only by
organic compounds but also by heavy metals [39,51], which could potentially interact with
the acetylcholine receptor and affect AChE binding efficiency, leading to inhibition of its
activity [47]. In a study by Georgieva et al. [51], decreased AChE activity was found in
the Chinese pond mussels Sinanodonta woodiana, which were exposed to different environ-
mental pollutants, including metals and metalloids. The KIZ site on the Mrežnica River
proved to be a site with higher levels of both inorganic and organic contaminants, including
anxiolytic/antidepressant drugs in the water, compared to REF site in both seasons, but
higher levels of insecticides (i.e., nicotine, REFspring 198 ng L−1, REFautumn 347 ng L−1,
KIZspring 309 ng L−1, KIZautumn 578 ng L−1, [1]; proven inhibitor of AChE activity [52])
were recorded in autumn compared to spring ([1,6]; Table 1). Generally higher bioaccumu-
lation of the number of metals in the digestive gland of the same specimens of U. crassus as
those studied here was also observed at the KIZ site, which was especially prominent in
autumn for several elements (Ag, Bi, Cs, Pb, Sb, Tl, U; Table 3 [7]). Thus, it can be presumed
that the synergistic action of these contaminants has caused slight inhibition of AChE at
the KIZ site in autumn. The results of our study therefore support the usefulness of AChE
as a biomarker of neurotoxicity, demonstrating its applicability for the recognition of the
effects of complex mixtures of pollutants.

3.4. Season as a Common Factor Influencing Biomarker Responses

Seasonal differences in site characteristics, including abiotic factors, such as temper-
ature and oxygen levels and resulting changes in the bioavailability of metals and other
contaminants, as well as biotic factors, such as annual growth, feeding activity, and re-
productive cycles of mussel species, may contribute to seasonal differences in biomarker
responses [10,39]. Seasonal differences in temperature and food availability, which vary
according to river regime, can also significantly affect the biology of mussels [8,39].

In this study, data on biomarker activities and concentrations gathered from two
sampling campaigns carried out at different times of the year (late spring—early June 2021;
early autumn—early October 2021) showed a significant seasonality of biomarker responses
in the digestive gland of U. crassus (Figures 2–4). This was especially obvious for MTs
and MDA with higher concentrations in spring (Figure 2a; Figure 3d) (p < 0.001) and CAT,
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GSH, and GST with higher activities/concentrations in autumn (Figure 3a–c) (p < 0.001).
TPs (Figure 2b) did not show seasonal differences, whereas seasonal differences of AChE
(Figure 3) seemed to indicate the above-discussed difference in environmental exposure
to contaminants.

One of the factors that may have caused higher MT and MDA concentrations in late
spring is probably the higher water temperature in June compared to October. Several
studies have shown that higher water temperature leads to increased MT and MDA concen-
trations in mussel species [39]. In addition, a known MT inducer, the non-essential element
Cd, was found to accumulate at higher concentrations in the digestive gland of the same
specimens of U. crassus as those studied here in spring at both sites (Table 3 [7]), which
could also explain higher MT concentrations in that season. Also, several authors have
pointed out that concentrations of these two biomarkers could be influenced by factors like
organic matter, nutrients, phytoplankton blooms, and feeding activities [10]. As expected,
higher nutrient levels were reported in spring than autumn 2021 in the Mrežnica River (e.g.,
nitrates, total phosphorus; Table 4 [1]), which probably caused mussels’ greater feeding
activities and consequently increased metabolic rates and increased MDA and MT levels
in the digestive gland of U. crassus. It should, however, be emphasized that U. crassus
reproduces during spring and summer months [53], as confirmed in our study by the
presence of glochidia (unpublished results). Thus, increased MT concentrations could
perhaps reflect increased MT synthesis during the development of glochidia.

Table 4. Selected physico-chemical parameters and nutrient concentrations in the water of the
Mrežnica River at two mussel sampling sites (REF—reference site; KIZ –Karlovac industrial zone)
in April 2021 and September 2021 (n = 1). The presented data are excerpts from our previously
published paper, where they are discussed in detail [1].

Period Sampling Site

REF KIZ

Dissolved oxygen
/mg L−1

April 2021
September 2021

10.1
11.4

9.24
11.3

Conductivity
/µS cm−1

April 2021
September 2021

375
333

366
327

pH April 2021
September 2021

8.30
8.08

8.38
8.26

Nitrates
/mg N L−1

April 2021
September 2021

0.28
0.07

0.29
0.08

Total phosphorus
/mg P L−1

April 2021
September 2021

0.017
0.013

0.022
0.003

Regarding the three biomarkers characteristic of OS, which were higher in autumn,
these results contradicted previously reported studies, which generally observed higher
activity and concentration of these biomarkers in spring related to the development of
gonads and higher temperature, which contribute to increased sensitivity to OS [15,39].
However, in the same mussel specimens as those studied here, increased cytosolic con-
centrations in the digestive gland were reported for several non-essential metals during
the autumn sampling campaign compared to spring at both sites (Ag, Cs; Table 3 [7]). In
addition, concentrations of insecticides (i.e., nicotine, the concentrations presented above)
in the water of the Mrežnica River were also higher in autumn compared to the spring
campaign at both sites ([1]; Table 1). The combination of increased exposure to metals
and organic pollutants could have additionally induced antioxidative mechanisms in the
digestive gland of U. crassus in autumn. Because the adaptability or saturation of antioxi-
dant defenses against prooxidant challenges depends on the intensity and variability of
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environmental factors [8], the above-mentioned seasonal variability of contamination levels
may serve as a plausible explanation for the increase in OS biomarkers in autumn. The
observed seasonal variations highlight the importance of investigating the seasonality of
biomarker responses and determining the values typical of different seasons to provide a
basis for future comparisons and achieve a more reliable assessment of the consequences of
environmental pollution.

4. Conclusions
The multi-biomarker approach utilized in this study was the first of its kind for the

wild population of the endangered mussel species U. crassus under real environmental
conditions. The obtained results have demonstrated the usefulness of the applied approach
for the recognition of early signs of organism health disturbances. Among investigated
biomarkers, MTs, as a biomarker of metal exposure, showed the least responsiveness to
environmental exposure to contaminants, which is consistent with their well-known suscep-
tibility to many other biological and ambient factors. Contrary, all of the other biomarkers,
as indicators of oxidative stress and neurotoxicity in mussels, seem to be directly influenced
by the contaminant exposure level in water/sediment, with the seemingly fast response to
changes in the contaminant level or type. Furthermore, the observed fluctuating seasonal
responses confirmed the necessity of considering, whenever possible, the sampling season
and other accompanying factors, both biotic (e.g., age, size, reproductive phase) and abiotic
(e.g., water temperature, dissolved oxygen, nutrient level, etc.) in the assessment of the
biomarker levels and health status of the studied mussels. Our results emphasized the
susceptibility of U. crassus mussels to even moderately polluted freshwater environments
due to their continuous direct contact with the pollutants stored in the sediments. This
further accentuates the need to monitor freshwater affected by industrial pollution sources
long after they stop operating, as well as supervision of sensitive aquatic organisms living
in such environments.
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2. Frančišković-Bilinski, S.; Bilinski, H.; Maldini, K.; Milović, S.; Zhang, Q.; Appel, E. Chemical and magnetic tracing of coal slag
pollutants in karstic river sediments. Environ. Earth Sci. 2017, 76, 476. [CrossRef]

3. Hurley, R.R.; Rothwell, J.J.; Woodward, J.C. Metal contamination of bed sediments in the Irwell and Upper Mersey catchments,
northwest England: Exploring the legacy of industry and urban growth. J. Soils Sediments 2017, 17, 2648–2665. [CrossRef]

4. Hutchinson, S.M.; Rothwell, J.J. Mobilisation of sediment-associated metals from historical Pb working sites on the River Sheaf,
Sheffield, UK. Environ. Pollut. 2008, 155, 61–71. [CrossRef] [PubMed]

5. Suschka, J.; Ryborz, S.; Leszczynska, I. Surface water and sediment contamination in an old industrial region of Poland—Two
critical examples. Water Sci. Technol. 1994, 29, 107–114. [CrossRef]
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