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Abstract: Pikeperch of age classes 3+ and 4+ were collected from the Garasi reservoir (Serbia)
to analyze their bioindicator potential and compare their possible differences. Concentrations of
26 elements were determined in gills, muscles, and liver by inductively-coupled plasma optical
emission spectrometry (ICP-OES) and of 17 organochlorine pesticides (OCPs), and six polychlorinated
biphenyls (PCBs) in muscle by gas chromatography with mass spectrometric detection (GC-MS).
Histopathological changes in the liver and gills were analyzed as biomarkers of general fish health.
Only the concentrations of Cd, Na, and P in the muscles differed significantly. The OCPs and
PCBs concentrations were below the detection limits, so fish meat consumption does not pose a risk
concerning these substances. Hg and Cd exceeded the maximum allowed concentrations in some
4+ individuals, probably due to biomagnification. Gills were the most affected by metal exposure in
both age classes. Histopathological changes and indices were minor and did not differ significantly
between age classes, suggesting that pollution did not affect the morphology and structure of gills and
liver. There were no significant correlations between elemental accumulation and fish condition or
between histopathological scores. Therefore, both age classes can be used as bioindicators of pollution.

Keywords: fish; age class; toxic elements; organochlorine pesticides; bioaccumulation; histological
alterations

1. Introduction

One of the most attractive fish species, both in recreational and commercial inland
fisheries in Europe, is the pikeperch (pikeperch, sander, zander, sudak), Sander lucioperca
L. (Actinopterygii, Perciformes, Percidae). This pelagic species is found in freshwater and
brackish water habitats. It inhabits rivers, lakes, reservoirs, and canals, as well as estuaries
and coastal areas of the sea with lower salinity [1]. Pikeperch prefers hard substrates (gravel
and sand) and plant roots for egg deposition [1]. As an ichthyophagous species native to
Eastern Europe, it plays an important role in the regulation of phytophagous fish used for
the improvement of water quality, especially in reservoirs and lakes [2]. Large predatory
fish, such as pikeperch, are keystone species, and their status can show profound indirect
effects on ecosystem functioning [3].

Despite pikeperch being one of the most valuable fish in freshwater fisheries, trends
in European pikeperch population status vary, and stock assessments are scarce. Most
stocks are targeted by recreational fisheries, and catch estimates are uncertain. Stock
assessment methods are useful to evaluate the status of fish populations and determine
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management measures that should be applied [4]. In addition to human pressure, the effects
of climate change, environmental fluctuations, lack of reproduction habitats, lack of food
availability for juveniles, especially during overwintering months, increasing predation
pressure (cormorants), and pollution are the main threats for pikeperch populations [4].

Pikeperch has been an economically important species for commercial and recreational
fishing in Serbia for decades. Official statistics show data on annual catches gathered since
1948 [5]. According to catch statistics, pikeperch accounts for about 8% of the total fish catch
in Serbia. From 2006 to 2021, the total catch of pikeperch in open waters varies—137 in 2006,
2581in 2013, and 176 tons in 2021. Looking at the statistical data, there is generally a decreasing
trend for this species, but officially reported catches may not reflect actual harvest trends. There
has been a sharp decline in catches in the commercial fishery during the period cited [6]. Over
the past decade, pikeperch catches in recreational fisheries have exceeded commercial fishing
catches. It is an important food fish, and the entire harvest is used for human consumption.
This is why sustainable fishing should be imposed as a priority.

As an important fish for human consumption, considerable efforts have been made to
increase the stock in the ponds [7-9]. Even though pikeperch is considered an important
species for intensive culture in Europe [9,10], there is no pikeperch production in Serbia,
though sometimes it is stocked in common carp ponds to control pest fish [11].

As an apex predator in freshwater ecosystems, pollutants found in the water and
biota are expected to accumulate in the various organs and tissues of this species [12,13].
Reservoirs and lakes are collectors of persistent pollutants. Accumulated elements can be
resuspended from the sediment into the water column over time and transformed into
bioavailable pollutants, such as methylmercury MeHg [14].

Toxic elements can affect the growth, physiological functions, and reproduction of
aquatic animals. Certain elements (Fe, Cu, Zn, Cr) are essential but can be toxic in higher
concentrations, while others (Pb, Hg, Cd, As) are not essential and are toxic even in
trace amounts [15]. The level of organohalogen residues in the environment is changing
slowly over time. Estimates of dietary intake show that the highest concentrations of most
persistent organic pollutants (POPs) are ingested through food, especially organochlorine
residues (OCPs) and polychlorinated biphenyls (PCBs), with fish being the most important
source [16].

According to the literature [17], age classes 3+ and 4+ cover the expected maturation
of both genders. The present study aims to determine the contaminant (both elements and
organics) concentrations in the adult specimens of pikeperch, one of the most important fish
species in recreational and commercial fisheries, as well as to compare the obtained results
with histopathological (changes in the anatomy of the gills and liver) and organosomatic
(condition index) biomarkers.

2. Material and Methods

In this study, we measured concentrations of 26 elements in different tissues (mus-
cle, gills, and liver) and 17 organochlorine pesticides—OCPs and six polychlorinated
biphenyls—PCBs in the muscles of age classes 3+ and 4+ pikeperch. The results obtained
were compared with the condition of the fish, and it was estimated which age class is
a suitable bioindicator of water pollution. Fish of age classes 3+ (3 years old) and 4+
(4 years old) were selected because fish of this age are most commonly available on the
market for human consumption.

2.1. Sampling Location

The Garasi reservoir was selected for the assessment and sampling of this fish species.
The reservoir was built in 1977 as a drinking water supply for the city of Arandelovac
(approx. 46,000 inhabitants) in central Serbia. According to the previously published
results, the Garasi reservoir is constantly exposed to agriculture runoff and effluents from
the wastewater treatment plant, which increases the nutrient load and concentrations of
toxic elements [12,18].
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2.2. Fish Sampling

Pikeperch fishing in Serbia is regulated by a closed season (1 March-30 April) and a
minimum landing size of 40 cm [19]. In recreational fishing, restrictions for daily bag limits
are 3 specimens. Individuals of pikeperch (20 in total) were sampled in the summer of 2017
at Garasi reservoir (44.286876 N, 20.473896 E), using a set of standing gillnets (30 m x 2 m,
35-40 mm mesh size). The gillnets were left in the water overnight. Fish were sacrificed
by a quick blow to the head. The age of each fish was determined by analyzing the scales
between the dorsal fin and lateral line. Total body length (L, cm) and body weight (W, g)
were measured, and the condition index or Fulton’s condition factor (CF) of each fish was
calculated [20]:

CF = WL™3 x 100 1)

Samples were prepared and processed for elemental, OCPs, and histopathological
analysis, according to Nikoli¢ et al. [21].

2.3. Elemental Analysis

The concentrations of 26 elements: macroelements (Ca, K, Mg, P, S), essential (B, Co,
Cu, Fe, Mo, Mn, Se, Si, Zn), and non-essential (Ag, Al, As, Ba, Cd, Cr, Hg, Li, Ni, Pb, Sr)
microelements, were measured using ICP-OES (Spectro Genesis EOP II, Spectro Analytical
Instruments DmbH, Germany) and expressed as ug g~ ! dry weight (dw). The wavelength
lines of the ICP-OES analysis are presented in the Supplementary Material. Three blank
samples were run to determine the potential presence of the analyzed elements in the
reagents used. The digested samples were diluted with distilled water to reach a volume of
25 mL. Bovine liver BCR-185R and lichen reference material IAEA-336 were used in the
analysis to ensure that the detected concentrations were within 90-115% of the certified
values for all elements analyzed.

The element concentrations in muscle tissue were compared with the maximum
allowed concentrations (MACs) established in the national legislation of Serbia [22] and the
European Union (EC) [23] to evaluate the health risks of pikeperch for human consumption.
According to both legislations, the MAC for Cd is 0.05 pg g~ ww, Hg is 0.50 ug g~ ! ww,
and Pb 0.3 ug g~! ww. National legislation [22] also prescribes MACs for Cu, Zn, and As,
which are 30.0, 100.0, and 2.0 pg g’l ww, respectively.

The metal loading index (MPI) has been used to assess the total metal content in
various tissues of pikeperch (Usero et al. 1997) [24]:

MPI = (Cq x Cp X ... x Cp)¥/™ )
where C, is the mean concentration of metal n in the analyzed tissue (ug g~! wet weight).

2.4. OCPs and PCBs Analysis

Analysis of the presence of OCPs (aldrin, «-HCH, 3-HCH, y-HCH, §-HCH, 4,4-DDD,
4,4'-DDE, 4,4’-DDT, dieldrin, endosulfan I, endosulfan II, endosulfan sulfate, endrin, endrin
aldehyde, heptachlor, heptachlor epoxide, metoxychlor) in fish muscles was performed
using gas chromatography with mass spectrometric detection (GC-MS) and an autosam-
pler. In addition, the sum of six indicator PCB congeners (PCB 28, 52, 101, 138, 153, and
180) was determined simultaneously with the OCPs by GC/MS under the same prepa-
ration and determination conditions. Pesticide-grade acetonitrile was purchased from
J.T. Baker (Phillipsburg, NJ, USA) and used for sample extraction. Analytical standards
were purchased from Dr. Ehrenstorfer (Augsburg, Germany). A mixture of OCP and PCB
standards was prepared in acetonitrile at a concentration of 10 mg/L and stored in dark
glass vials at —20 °C. Working solutions were prepared through appropriate dilution at
concentrations of 0.01, 0.02, 0.03, 0.05, and 0.1 mg kgfl. The internal standard triphenyl
phosphate (ISTD) was used for calibration and quantification (Dr. Ehrenstorfer). Calibra-
tion curves were drawn using the ratio of the area of standard pesticides or PCBs to the
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ISTD peak area (y-axis) relative to the concentration of the standard (x-axis) and fitted with
an inverse-weighted (1/x) linear regression.

The system was a Clarus 680 gas chromatograph PerkinElmer with a Clarus SQ8T mass
spectrometer. Chromatographic separation was performed using an Elite-CLPesticides
capillary column (30 x 0.25 mm ID x 0.25 df, PerkinElmer part no. N9316662). The
injection volume of the calibration standards and the tested samples was 2 uL. The system
was operated with high-purity helium inert gas under a constant flow rate of 1 mL min~!.
The ion source temperature was 250 °C, and the inlet line temperature was 280 °C. The
temperature of the injection port was isothermally set at 250 °C. The system was operated
in electron impact mode at 70 eV. The oven temperature program was initially set at 80 °C
for 2 min and increased to 150 °C at a rate of 25 °C min !, then to 200 °C at 3 °C min !,
and finally to 280 °C at 9 °C min~!, and held for 9 min. Turbo Mass v.6.1.0 software
was used for data processing. Four ions of each analyte tested were scanned using the
selected ion monitoring (SIM mode). Full scan mode was used continuously throughout
the chromatographic run.

SANTE requirements were followed for method validation and quality assurance [25].
The latest version of the validation guidelines, SANTE 11312/2021, was used. A certified
reference material blank sample of fatty fish (Fapas-Sand Hutton, York, UK) was used for
blank matrices. The fatty fish sample was selected because it contains fat, i.e., a composition
of fatty acids and proteins corresponding to the fish matrix. Blank matrices of oily fish
were used to generate the matrix calibration curves to account for the matrix effect in the
calibration, as well as in the quantification. The present modified QUEChERS method was
validated for linearity, limit of detection (LOD), limit of quantification (LOQ), trueness,
precision, and recovery on the spiked level 0.01 mg kg~! and 0.02 mg kg ~—!. For the recovery
and precision experiment, we also used a 10 g blank sample of oily fish. A blank fish sample
was added with a standard mixture of pesticides at 0.01 and 0.02 mg kg ™! (six replicates
each). The performance parameters of the method are given in the Supplementary Material
(Table S1).

All OCPs and PCBs concentrations are expressed as mg kg~!. The concentrations
of 4,4'-DDD, 4,4’-DDE, 4,4’-DDT, heptachlor, and heptachlor epoxide in fish muscle were
compared with the maximum allowed concentrations (MAC) in fish meat specified in
the national legislation of Serbia [26]. The MAC for DDT and derivatives is 1.0 mg kg,
and heptachlor and heptachlor epoxide 0.1 mg kg~!. The MAC for sum indicator PCB
congeners (PCB 28, 52, 101, 138, 153, and 180) is 125 ng gfl.

2.5. Histopathological (HP) Analysis of Gills and Liver

To assess the general health of the fish and the possible effects of toxic elements on
the microscopic anatomy of the organs, we opted for a histopathological assessment of the
gills and liver. This method is widely used in environmental toxicology and can detect the
effects of contamination on various fish species [27-29]. For grading HP alterations in the
gills and liver of all sampled individuals (20 in total), a semiquantitative scoring system
published by Bernet et al. [30] was implemented. It is based on categorizing each lesion into
one of four reaction patterns: circulatory, progressive, inflammatory, and regressive. Each
HP alteration is assigned an importance factor (IF) ranging from 1 (minimal importance) to
3 (marked importance). A score value from 0 to 6 (0 = none, 2 = mild, 4 = moderate, and
6 = severe alteration) is given for the extent of a particulate lesion. IF and the score values
were used to obtain values for various HP indices [30]:

(@) Reaction index of organ:

Iorg rp = Zalt (aorg rp alt X Worg pr alt) ®)

(b) HP index of organ:

Iorg = er Zalt (aorg rp alt X Worg pr alt) 4)
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(c) Total index for each individual fish:

Ir= Zorg Erp Zalt (aorg rp alt X Worg pr alt) (5)

where org stands for the organ (Ig-gills; Iy -liver), rp for the reaction pattern, alt for the
alteration, a for a score value, and w for the importance factor.

2.6. Statistical Analysis

Normality and homoscedasticity of all data sets were tested with the Shapiro-Wilk and
Levene tests, respectively. If the data sets did not show a normal distribution, comparisons
of the element concentrations/HP scores were carried out using the Mann-Whitney U
test. If the data sets met the assumptions of normality and homoscedasticity, significant
differences between the groups were tested with the ¢-test. Similarly, significant differences
in elemental concentrations for certain element between analyzed tissues was tested by the
Kruskal-Wallis H test followed by the Mann-Whitney U test or one-way ANOVA followed
by Tukey’s HSD post-hoc test. Correlation tests between the condition of the fish and the
element concentration, as well as between the HP scores for gills and liver, were examined
using Spearman’s rank correlation test. The significance level was set at 5%.

3. Results
3.1. Size and Condition of Analyzed Fish

The average body length and weight of the pikeperch individuals per age class, as well
as Fulton's condition factor, are given in Table 1. As expected and confirmed by statistical
tests, 4+ individuals were longer and heavier than 3+ individuals.

Table 1. Number of individuals (n), total length (L), weight (W), and Fulton’s condition factor (CF)
of pikeperch individuals, as well as the metal pollution index (MPI), and element concentrations
(1g g~ 'dw) in muscle, gills, and liver tissue in two age classes of pikeperch individuals from Garasi
reservoir. Values are presented as mean £ SD, while ND indicates values below the detection threshold.

Age
3+ BT 4+ BT BG
n 8 12
L 374+ 3.6 45.6 £3.5
w 422.6 +119.8 774.6 £ 157.7
CF 0.79 £+ 0.03 0.82 £0.12
Tissue
MPI Muscle 3.38 2.15
Gills 6.29 7.60
Liver 5.60 4.08
Ag Muscle 0.01 £+ 0.01 0.01 £ 0.01
Gills 0.04 + 0.01 t+
Liver 0.01 £ 0.01 0.01 £ 0.01
Al Muscle 55.13 4+ 60.40 32.09 + 19.25
Gills 71.11 £ 88.28 228.71 4+ 321.69
Liver 83.55 4+ 82.00 44.23 4+ 29.51
As Muscle 0.09 + 0.11 0.21 £0.23
Gills 0.15+0.15 0.16 £0.19
Liver 0.11 +0.16 0.16 + 0.26
B Muscle 0.58 £+ 0.60 0.28 +£ 050"
Gills 0.62 + 0.27 191 +248¢2 *
Liver 1.36 = 1.17 099 +£1.172
Ba Muscle 1.33 £ 1.11 1.56 + 1.01
Gills 1.53 +1.30 1.18 +1.23
Liver 1.16 4+ 1.08 1.25 + 1.06
Ca Muscle 3503.81 + 3448.33 b 1474.72 + 958.03 b
Gills 23209.67 + 5389.49 @ wHE 20661.45 + 5731.74 2 bl
Liver 599.71 + 379.96 ¢ 607.64 +442.34 ¢
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Table 1. Cont.

Age
3+ BT 4+ BT BG
cd Muscle 0.15 +0.024 0.12 +£0.02>B *
Gills 027 £0.102 ook 0.24 +0.072 *
Liver 0.18,0.12 1. 0.28 + 0482
Co Muscle 0.05+0.012 0.04 +£0.022
Gills 0.04 +0.032 0.03 £0.022
Liver NDP? 0.004 +£0.01b
Cr Muscle 0.19 + 0.08 2 0.22 4+ 0.09 @
Gills 0.16,0.06 1 ° 0.04 +£0.09°
Liver 0.26 +£0.082 023 +0.042
Cu Muscle ND P 0.10 +P
Gills NDP * NDP *
Liver 7.46 +17.752 1.23 +2.00 2
Fe Muscle 55.16 + 96.63 © 26.10 & 20.01 P
Gills 153.20 + 118.64 P h 324.24 + 291.66 2 ook
Liver 401.10 £ 222.872 373.97 + 354.04 2
Hg Muscle 1.49 + 0.50 @ 1.67 +1.022
Gills 043 +0.24° e 0.36 £ 0.31° o
Liver 0.90 + 0.52P 1.24 +1.00 2
K Muscle 9457.53 + 688.14 2 8466.27 + 1465.18 @
Gills 6075.07 + 1215.45 P ek 6683.34 + 571.74 P ok
Liver 6744.30 + 750.41 P 6968.08 + 815.62 P
Li Muscle 0.30 +0.32b 0.41 4+ 0.27P
Gills 1.29 +0.77 2 * 207 £1.602 *
Liver 0.56 & 0.40 2P 0.50 + 0.97 P
Mg Muscle 1246.11 + 183.56 2 1075.11 £ 224322
Gills 1397.34 + 379.14 @ = 1283.96 + 451.70 @
Liver 659.34 + 139.46 P 667.71 + 13136 ®
Mn Muscle 0.15+0.24°¢ 0.08 +0.15¢
Gills 16.29 + 8.08 2 et 16.36 +7.63 2 et
Liver 446 +3.79P 5.73 +2.88P
Mo Muscle 0.09 +0.10b 0.08 +0.07 "
Gills 0.13 + 0.04° 032 +0.652
Liver 048 +£0.222 0.38 +0.16 2
Na Muscle 2065.22 + 376.42 b A 1594.13 + 269.53 b/ B ok
Gills 3575.45 + 744.28 2 3282.75 + 181.352
Liver 3210.68 + 391.50 @ 3086.44 +296.70
Ni Muscle 1.10 + 0.19 1.12 £ 0.17
Gills 1.29 + 0.38 1.16 + 0.24
Liver 1.18 + 0.28 121 +0.14
P Muscle 7698.28 + 1892.31 b A 6121.35 -+ 1423.87 ¢ B *
Gills 28431.54 + 10063.35 2 22684.94 + 11497.63
Liver 8520.23 + 2069.44 P 8854.67 + 1619.43 P
Pb Muscle 0.10 & 0.09 0.03 4+ 0.06
Gills 0.45 + 0.48 2.74 £ 4582 ek
Liver 0.09,0.08 t 0.08 +0.08°
S Muscle 9379.51 +1935.98 2 8851.37 + 2459.50
Gills 5052.70 + 455.58 e 4935.37 +1925.17 ° b
Liver 6201.48 + 1967.55 © 5418.45 + 1593.82 b
Se Muscle 3.06+1.87P 265+ 1.43P
Gills 10.13 +£ 4212 > 754 +4972 *
Liver 500+ 1.75P 338 +2.77P
Si Muscle 67.47 + 86.86 49.40 + 30.82 P
Gills 125.52 + 146.14 325.62 +412.452 *
Liver 64.71 4+ 71.47 41.07 + 33.61°
Sr Muscle NDP NDP
Gills 42.13 +26.232 ook 29.94 4 27.222 ok
Liver NDb NDP
7n Muscle 17.62 +£4.32° 14.17 +£2.32°
Gills 64.26 + 6972 et 55.76 4 10.68 @ et
Liver 59.44 4+ 16.00 2 52.00 4 12.44 2

3¢ Values with different lowercase letters between tissues (BT) for certain elements are significantly different
(*—p < 0.05, *—p < 0.01 and **—p < 0.001, refers to overall values of Kruskal-Wallis H test or one-way ANOVA).
A B Values with different capital letters in the same row are significantly different between 3+ and 4+ groups (BG)
(Mann-Whitney U test or t-test; *—p < 0.05, **—p < 0.01 and ***—p < 0.001). + Concentrations above the detection
threshold only in one sample. 1 Concentrations above the detection threshold only in two samples.
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3.2. Element, OCPs, and PCBs Analyzes

The highest concentrations of K and S were detected in the muscles, Ca, Mn, P, Se, and
Sr in the gills, and Cu and Mo in the liver in all study cases (Table 1). On the other hand, the
lowest concentrations of MnNa, and Zn were observed in the muscles, Cr in the gills, and
Ca and Co in the liver. According to the MPI, the gills were exposed to the highest pressure
of metals in both age groups (Table 1). In both age classes, Al, Ba, and Ni in all tissues, as
well as Hg in muscle and Sr in gills, greatly influenced heavy metal concentration (each
of them with a concentration greater than 1.0 ug g~! dw). The MPI values for gills and
liver indicated that individuals in the 4+ age class were under higher pressure of metal
pollution. We found no significant correlations between the elemental accumulation and
fish condition.

The concentrations of Hg in muscle tissue of six individuals of age class 4+ and of
Cd in two individuals of age class 4+ exceeded the MACs (concentrations given by both
Serbia and the EU). Only 3, Cd (t = 2.296106; p = 0.033894), Na (t = 3.271997; p = 0.004235),
and P (t = 2.129760; p = 0.047246) in muscle, out of 78 (26 elements x 3 tissues) possible
differences in element accumulation between age class 3+ and 4+ pikeperch were found to
be statistically significant (Table 1).

The optimization of data processing parameters is presented in the Supplementary Ma-
terial. The LOQs of the analytes ranged from 0.003 to 0.007 mg kg ~!. The identical response
of certain groups of polychlorinated derivatives of cyclohexane (lindane), polychlorinated
cyclodiene (endosulfan), and polychlorinated biphenyls (DDT) confirms the narrow value
of the angular coefficient from the calibration curves. The applicability of this modern
modified approach to determine pesticides allowed a more accurate determination of the
residues. The recovery was within the acceptable range of 70-120%. It can be concluded
that the method used could effectively determine the desired analytes with satisfactory
performance. When the real samples were analyzed, none had residues and PCBs above
the levels of LOQ. None of the OCPs analyzed were detected in the pikeperch muscle.

3.3. Histopathological (HP) Analysis

In general, low histopathological scores for gills and liver were observed in both
age classes (Table 2). The histopathological changes in gills and liver, as well as the
histopathological indices, did not differ significantly between the age classes and are shown
in Figure 1. In the gills, the only alteration with moderate/severe scores (mean alteration
score >2) was edema of the primary epithelium. HP indices for the liver were higher than
for the gills, indicating that the liver is a more sensitive organ to pollutants. This was also
confirmed by higher scores for necrosis in the liver compared to the gills.

Table 2. HP scores presented as mean values £ SD, with importance factor (IF) for gills and liver
alterations in two age classes of pikeperch individuals from the Garasi reservoir.

Age Class
Histopathological Alteration IF 3+ 4+
Gills

Hyperaemia 1 20+£35 1.8+£1.8
Edema of primary epithelium 1 47+12 3.0+17
Edema of secondary epithelium 1 13423 1.0+1.1
Hypertrophy of epithelial cells 1 2.0+0.0 0.8+1.0
Architectural and structural alterations 1 07+12 02+06
Presence of eosinophilic granular cell 1 07+£12 14+£19
Hyperplasia of epithelial cells 2 ND 0.4+038
Leukocyte infiltration 2 07+12 14419
Necrosis 3 ND 0.2+0.6
Icp 2.0+00 1.6+1.6
Icc 6.6 £ 4.6 48429
Icr 2.0+20 18+24
Icr 2.0+2.0 424438

I 127 £7.0 124 £ 8.0
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Table 2. Cont.

Age Class
Histopathological Alteration IF 3+ 4+
Liver

Sinusoidal congestion 1 40+24 20+23
Sinusoidal dilation 1 2.84+3.0 1.0+£23
Fatty degeneration 1 23+17 1.7+£24
Fibrosis of periportal and portal areas 2 0.5+09 12+1.6
Pyknosis of hepatocytes’ nuclei 2 15+18 13+13
Vacuolation of hepatocytes 2 25+26 22+25
Stasis 2 35+£30 12+23
Leukocyte infiltration 2 ND 1.0+18
Necrosis 3 1.8+£2.0 0.7+1.0
Ip 1.0£19 23+32
Tic 75+53 32+35

Iir 183 £ 134 11.7 £71
Inp ND 2.0+ 3.6

Ip, 26.8 £16.5 192 +123

It 315 £16.2 29.5 £10.9

HP scores ranged from 0 (no alteration) to 6 (severe alteration) occurrence. Subscripted letters meaning: G—gills,
L—liver, T—total, P—progressive, C—circulatory, R—regressive, [—inflammatory.

Figure 1. Some of the histopathological alterations found in gill (a—c) and liver (d—f) samples
in the present study: (a) proliferation of the epithelium around one or two secondary lamellae
(double arrowheads) and infiltration of eosinophilic granulocytes in the primary epithelium (arrows).
Note mucous cells in primary and secondary lamellae emptying their contents in the environment
(arrowheads) (HE x 400); (b) hypertrophy of respiratory epithelium (arrows), especially pronounced
on the tips of secondary lamellae (HE x 400); (c) hyperplasia of the epithelium between the secondary
lamellae and subsequent necrosis of the tissue with infiltration of leucocytes (HE x 400); (d) vascular
fibrosis (HE x 200); (e) blood stasis in the vessels (double arrowheads) and congestion of sinusoid
capillaries (arrows) (HE x 200); (f) vacuolization of hepatocytes in the liver parenchyma (HE x 400).
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4. Discussion
4.1. Element, OCPs, and PCBs Analyzes

In both age classes, the gills were most affected by metal pollution, probably because
this organ is in direct contact with the pollutants in the water [31]. The highest MPI values
for gills were also recorded in pikeperch [12] as well as in other fish species, e.g., [21,28].

In contaminated ecosystems, toxic elements reach much higher levels than in fish
sampled in less polluted environments [14]. The results of previous studies [14,32,33] state
that the accumulation of toxic elements (Hg and Cd) can be two to four times higher in
fish of higher trophic levels compared to omnivorous fish (i.e., common carp and mullet).
This is especially true for Hg, as this element biomagnifies through the food chain [14].
The pikeperch is considered an apex predator in both lakes and rivers, with an estimated
trophic position between 4 and 5 [34].

The concentrations of Hg in muscle tissue of six individuals of age class 4+ and of
Cd in two individuals of age class 4+ exceeded the MACs (concentrations given by both
Serbia and the EU). This could be due to the high accumulation of toxic elements in the
sediments of the Gara$i reservoir [35]. Cd has been classified as a category 1 carcinogen
(TARC 1993) [36] for humans and can cause damage to the liver, lungs, and testes [37]. Al-
though not directly mutagenic itself, it has been associated with lung, prostate, and kidney
cancer [38]. Bioavailable contaminants, such as methylmercury MeHg, are responsible
for stomatitis and kidney injuries in humans [39]. According to studies by Gochfeld [40]
and Davidson et al. [41], chronic exposure to MeHg causes central nervous system damage,
cerebral palsy and mental retardation, and blindness in infants born to mothers with high
levels of Hg. Nabavi et al. [42] also reported that concentrations of Cd and Pb in pikeperch
sampled from the Caspian Sea exceeded the MACs. Concentrations of toxic elements in
pikeperch from the Danube River near Belgrade [43,44], the GruZa reservoir [45], and the
Danube, Sava, and Tisa rivers [46] were below the proscribed MACs values. Noel et al. [47]
found that muscle concentrations of As, Cd, Pb, and Hg in pikeperch from five French
fishing areas were below MACs. Hg concentrations in this species collected from important
fishing areas in the Czech Republic exceeded MAC value at only one (of 16) sampling
sites [32].

In Tunisia, concentrations of Cd and Pb were higher in pikeperch muscle from a lake
contaminated by industrialization and urbanization than in other locations [14]. Further-
more, concentrations of Hg and Cd in muscle were highest in pikeperch compared to
common carp (Cyprinus carpio) and flathead grey mullet (Mugil cephalus) [14]. Higher Cd
concentrations were found in pikeperch compared to common carp from Lake Beysehir in
Turkey [48], while Mazej et al. [49] found no difference between Cd concentrations in the
muscles of fish species of different trophic levels, including common carp and pikeperch,
from a Slovenian reservoir, contaminated with mine tailings. There were no differences
between the Cd levels in the gills and liver of common carp and pikeperch, while differ-
ences in Cd concentrations in these organs were found in other fish species. In France,
no differences in Cd concentrations in muscle were found between fish species at a few
contaminated sites [14]. Concentrations of only three elements in muscle tissue were signif-
icantly different between 3+ and 4+ individuals. This could be due to the similar feeding
and behavioral habits of the age classes studied. Similarly, significant differences between
males and females of pikeperch were found for K, S, and Mg in muscles and Al, Ag, and Mn
in the liver [12]. Miloskovi¢ et al. [14] analyzed heavy metal concentrations in the muscle
tissue of pikeperch, bream (Abramis brama), and catfish (Silurus glanis) from the Danube,
Sava, and Tisa. They found that these rivers were slightly affected or even unaffected by
direct pollution.

The absence of the OCPs and PCBs in the pikeperch muscle tissue of analyzed individ-
uals is probably because these contaminants have not been used recently, as was the case
for the European chub (Squalius cephalus) from the same reservoir [21]. At all study sites,
concentrations of DDT and derivatives (2DDT < 0.3 mg kg~!) in pikeperch muscle were
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below MAC. HCB, - HCH, 3- HCH, and y-HCH were low and generally below their limits
of quantification, namely 0.00003, 0.00002, 0.00004, and 0.00003 mg kg, respectively [32].

4.2. Histopathological (HP) Analysis

The histopathological changes in gills and liver, as well as the histopathological indices,
did not differ significantly between the age classes and are shown in Figure 1. This is due
to the similar behavior, diet, and physiology of the fish of both age classes analyzed in
this study. In the gills, the only alteration with moderate/severe scores (mean alteration
score >2) was edema of the primary epithelium. Lamellar edema results from ultrafiltration
caused by increased arterial blood pressure in the gills [50]. It often occurs with metal
exposure [51] and does not significantly limit the respiratory process. HP indices for the
liver were higher than for the gills, indicating that the liver is a more sensitive organ to
pollutants. This was also confirmed by higher scores for necrosis in the liver compared to
the gills. The mechanism of metal toxicity for fish is well known. It is based on the ability
to induce oxidative stress and produce an excess of reactive oxygen species (ROS) in the
mitochondpria [52,53]. Consequently, the presence of ROS in cells leads to an increase in
the concentration of antioxidant enzymes and the occurrence of pyknosis of cell nuclei,
apoptosis, and/or necrosis in hepatocytes [54,55]. Furthermore, the chronic presence of
some metals (e.g., Cd) significantly alters liver physiology and induces fatty degeneration
and vacuolization of hepatocytes in a dose-dependent manner [56]. A distinct pattern of
circular alterations (congestion/dilatation of sinusoids and stasis in blood vessels) in fish
liver has been reported in fish exposed to metals [57,58] and is usually more common in
fish in summer [59], which may be due to higher metabolic activity and explain the higher
scores of mentioned alterations.

5. Conclusions

Based on element and OCPs accumulation and histopathology of gills and liver, both
3+ and 4+ age classes of pikeperch could be used as bioindicators of water pollution.
Only 3 (Cd, Na, and P in muscle) of 78 (26 elements x 3 tissues) possible differences in
element accumulation between age classes were found to be significant. All OCPs and
PCBs analyzed were below the detection limit; therefore, there is no threat from consuming
fish meat regarding these pesticides. On the other hand, the concentrations of Hg and Cd
exceeded the MACs in some individuals of age class 4+, probably due to biomagnification.
Histopathological changes and histopathological indices were low and did not differ
significantly between age classes, indicating that pollution did not affect the morphology
and structure of the gills and liver. The alterations with the highest scores were edema of
primary epithelium in the gills and sinusoidal congestion in the liver.

Environmental changes and increasing recreational fishing need to be monitored regu-
larly using consistent and comparable methods, and the scientific community should continue
to improve data sharing and collaboration in assessing population status. Fisheries monitoring
and management appears to be one of the most important priorities for the sustainability of
the pikeperch stock and the control of the health status of the pikeperch population.

Due to the low number of individuals involved in our research, the conclusions of
this study should be viewed with caution. Further studies including a larger number
of individuals, as well as an analysis of the influence of age, gender, and diet on the
accumulation of elements in fish tissues, are needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su151411321/s1, Figure S1: Pikeperch individuals aged four (A)
and three (B) years, sampled at Garasi reservoir; Table S1: Calibration curves of the matrix-matched
standards (0.01-0.1 mg kg 1), coefficients of determination (R?), limits of detection (LOD), limits of
quantification (LOQ), recovery and RSD for the spiked level 0.01 and 0.02 mg kg~
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