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Abstract: This study assessed the distribution of heavy metals in the gills, kidney, and liver, corre-
lated with the severity of histopathological changes, of three fish species with different feeding hab-
itats (Barbus barbus, Squalius cephalus, and Chondrostoma nasus) from the Crisul Negru river, Roma-
nia. The levels of copper (Cu), chromium (Cr), cadmium (Cd), lead (Pb), and zinc (Zn) in fish tissues
were measured by atomic absorption spectrophotometry. Histopathology and the expressions of
TNF-a and proliferation cell nuclear antigen (PCNA) were investigated by immunohistochemistry
and Western blot. Our data suggest a significant correlation between the bioconcentration level of
metals and structural changes. The carnivorous species was the most affected compared to the om-
nivorous and herbivorous ones, and the most affected organ was the kidney. Moreover, the corre-
lation of tissue damage with the PCNA and TNF-a expression levels revealed that the herbivorous
species presented less extended lesions, likely due to higher activated repair mechanisms and lower
levels of inflammation. In conclusion, our data and the subsequent statistical analysis suggest that
feeding behavior could be correlated with the histopathological alterations and might be used for a
more profound evaluation of aquatic environment safety and analysis of aquatic ecosystems.
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1. Introduction

The evolution of human civilization has involved the development of new materials
and technologies that have generated air, soil, and water pollution. Ecological toxic sub-
stances and natural or man-made chemicals as well as biological ones exert a deleterious
effect on plants, animals, and humans at doses of milligrams or micrograms per kg [1].
Inorganic pollutants are spread in the environment due to different anthropogenic activ-
ities, such as mine drainage, smelting, metallurgical and other industrial processes, as well
as natural ones, such as volcanic eruptions, sea-salt sprays, forest fires, rock erosion, and
wind-borne soil particles [2]. Among the inorganic pollutants, heavy metals are very im-
portant due to their toxicity for terrestrial and aquatic life.

The metal pollution of surface waters is mainly due to water discharged from the
extraction and processing of ores [3]. These effluents are mine or flotation waters and
wastewater from metal processing units or chemical industry that were untreated or in-
sufficiently treated and discharged into natural water bodies (e.g., rivers, lakes, canals).
Heavy metals are deposited in large quantities in the sediment at the bottom of the river
bed. Metals and organic chemicals are taken up from the aquatic environment by biota
either via the water phase, food, or by direct contact with the sediment [4]. Bioaccumula-
tion of heavy metals in fish occurs with different patterns depending on tissue type, dep-
osition and excretion rates, as well as water acidification, hardness, salinity, and temper-
ature. Various species of fish from the same water body can bioconcentrate different
amounts of metals depending on their living and feeding habits [5]. The affinity of specific
metals for fish organs can differ [5].

Essential and non-essential heavy metals are important in environmental toxicology
due to their toxicity, long persistence, bioaccumulation, and biomagnification in the food
chain [6]. They are taken up by the fish living in contaminated water bodies through their
gills, gastrointestinal tract, and skin [7]. Once absorbed in the fish’s body, the metal ions
enter the blood and are carried to a storage point or to the liver (which is the main site of
accumulation of these [8]), kidney, or digestive tract [5].

Metals, such as Cu, Co, Mn, and Zn, are essential for animals, being involved in cel-
lular metabolism, antioxidant and anti-inflammatory defenses, gene expression, and pro-
tein synthesis [9]. Excessive environmental concentrations of these become toxic for ani-
mals and plants.

Other metals, such as Cd, Cr, and Pb, are not involved in the metabolic pathways
[10,11]. Cd and Pb are accumulated primarily in the kidney and liver, but they may reach
high concentrations also in the gills, digestive tract, and spleen [5]. The kidney in particu-
lar, but also the liver and gills, can accumulate Cr [11].

Redox active metals (Cu, Cr, Mn) generate reactive oxygen species (ROS) by Fenton
and Haber—Weiss reactions [12]. Those without this property interact with thiol groups of
reduced glutathione and enzymes, disrupting the antioxidant defense system [13] and
generating oxidative stress. There is a direct correlation between oxidative stress and his-
tological alterations of different tissues [14].

Exposure of fish to several heavy metals (Cu, Cr, Pb, Cd) can induce the upregulation
of proinflammatory genes [15,16].

The Crisul Negru river is one of the three rivers of the Cris basin located in the NW
region of Romania with a total surface of 25,537 km?, collecting tributaries from a heavily
mined area of outcrop rocks with a high content of heavy metals [17]. The main rivers of
this basin meet in pairs in Hungary, in a single course of the river Tisza. According to the
data provided by Banarescu et al. [18], sixty years ago, the ichthyofauna of the Crisul
Negru consisted of 33 species. Nowadays, their number has been reduced to 20 species
[19]. The drastic reduction in number of species was due to anthropogenic pressure and
pollution contaminants. For this study, we have chosen a collecting point known to have
polluted water, where the ichthyofauna are characterized by the Barbus barbus, Chon-
drostoma nasus, and Squalius cephalus species according to Gergely et al. [19].
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In this context, we studied the histopathological alterations and protein expression
of TNF-a and proliferation cell nuclear antigen (PCNA) induced by heavy metal exposure
on three species of cyprinides: Barbus barbus (BB), Squalius cephalus (SC), and Condostroma
nasus (CN), widely distributed throughout the selected sampling point of the Crisul
Negru river, in correlation with their accumulation in water, sediment, and tissues (liver,
kidney, and gill), in order to test the hypothesis that fish in the upper food chain position
are prone to accumulate higher quantities of metals and develop more severe biological
consequences.

2. Materials and Methods
2.1. Sampling

In this study, a representative polluted sampling site was chosen along the Crisul
Negru river (Figure 1).

ROMANIA

Figure 1. Schematic map of the Crisul Negru River showing sampling site (Ghirisu Negru).

These three analyzed species, dominant in the ichtyofauna site and belonging to dif-
ferent feeding habitats (Table 1), i.e., Barbus barbus (BB), Chondrostoma nasus (CN), and
Squalius cephalus (SC), were captured alive by electrofishing for further analyses (15 indi-
vidual, 5 fish/species).

Table 1. Classification and the main feeding habits of fish species sampled from the Crisul Negru river.

Species Family Order Main Feeding Habit
Mainly carnivorous (benthic organ-
Barbus barbus Cyprinidae = Cypriniformes isms, including crustaceans, insect

larvae and mollusks)
Herbivorous (algae and other
aquatic plants)
Omnivorous (aquatic and terrestrial
animal and plant material)

Chondrostoma nasus Cyprinidae  Cypriniformes

Squalius cephalus ~ Cyprinidae  Cypriniformes

Sampling took place during one day in summer (August 2015), in daylight, using a
fishing device carried by one of the operators, while the other one was carrying the anode
through the water. The identification of the species was carried out immediately after cap-
ture. Each individual was weighed and measured and observations were made regarding
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possible diseases and parasites. The healthy fish, with lengths between 20 and 25 cm and
a wet weight ranging from 200 to 250 g, were included in the study. The fish were washed
using deionized water, anesthetized with benzocaine (0.1 g L), and killed by medullar
sectioning; then, the gills, kidney, and liver tissues were placed in clean isolated polyeth-
ylene bags with ice and immediately taken to the laboratory in the Vasile Goldis Western
University of Arad. The experimental procedures were approved by the Research Ethical
Committee of the Vasile Goldis Western University of Arad.

Water and sediment sampling were carried out on the same day and location, and
the samples were stored immediately at 4 °C until the laboratory analysis.

2.2. Heavy Metals Concentration in Water and Sediments

The water and sediment samples collected three times from the site were mineralized
in a solution containing 65% nitric acid and 30% hydrogen peroxide. The metals were
determined using flame Atomic Absorption Spectroscopy, and the concentrations were
expressed in mg/dm? for the water samples and mg/kg dry for the sediment samples.

2.3. Bioaccumulation of Heavy Metal in the Gills, Liver, and Kidney

The tissue samples were stored at —80 °C until the analyses were performed. The
samples were lyophilized with an Alpha 1-4 type instrument (Martin Christ Gefriertrock-
nungsanlagen, Osterode am Harz, Germany) and digested by a MLS 1200 mega (Mile-
stone) microwave digestion system using a volume of 4 mL 69% HNOsand 0.25 mL 30%
H20: per sample. The program of the microwave digestion system was set as follows: 5
min 25% (300 W), 5 min 50% (600 W), and 5 min ventilation 0% (0 W).

The trace metal quantification (Cd, Cr, Cu, Zn, and Pb, respectively) was performed
by microwave plasma atomic emission spectroscopy using a 4100 MP-AES equipment
(Agilent Technologies, Santa Clara, California, USA) with an external gas control module.
The sample introduction was performed with a concentric nebulizer. The required N2 was
continuously generated by a 4107 N2 generator (Agilent Technologies, Santa Clara, Cali-
fornia, USA). The results were evaluated using MP Expert software.

2.4. Histopathology

Histological analysis was performed for each sample. The gills, liver, and kidney tis-
sues were fixed in 4% paraformaldehyde phosphate buffered solution and embedded in
paraffin using a standard protocol. Sections were cut into 5 pm thick sections and stained
with hematoxylin and eosin (H&E) according to the methods provided by Bio-Optica
staining kits.

Histopathological changes were analyzed and ranked for the severity of lesions as
belonging to grades from 1 to 3 (Table 2), modified according to previous works [20-22].
For each organ, a “lesion grade” was calculated as mean + SEM.

Table 2. Histopathological changes ranked for the severity of lesions.

Tissue Grade Histopathological Changes
gill epithelium hyperplasia and hypertrophy, blood congestion, epithelial lifting of the la-
mellae, fusion or lamellar disorganization

1

incomplete fusion of the secondary lamellae, incomplete epithelium break, epithelial cell

Gills 2 .
desquamation

lamellar aneurysm, epithelial cells break with hemorrhage, complete fusion of all the lamel-
lae, lamellar epithelium break
normal aspect of hepatocytes, sinusoids slightly dilated
sinusoids slightly dilated and connective tissue expansion

w

Liver

hypertrophic hepatocytes with vacuolated cytoplasm, dilated sinusoids

normal aspect of hematopoietic tissue, slightly dilated renal tubuli

N[= [N |=

mild dilated tubular epithelial cells and glomeruli/contraction
hypertrophy or tubular/damaged renal tubuli, glomerular contraction, connective tissue ex-
pansion, decrease of the hematopoietic tissue

Kidney
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2.5. Immunohistochemistry

For immunolocalization of TNF-a and PCNA in the gills, liver, and kidney samples,
a rabbit ABC Staining System, Santa-Cruz Biotechnology (San Diego, CA, USA) was used.
The incubation with primary antibody (1:100 diluted) overnight at 4 °C was followed by
the incubation with horseradish peroxidase (HRP)-conjugated secondary goat anti-rabbit
IgG antibody (1:5000 dilution) and stained with the chromogenic substrate, 3,3'- diamino-
benzidine chromogen (DAB). The nuclei were counterstained with Hematoxylin Gill 2
(Merck), and the samples were analyzed under a microscope (Olympus BX43 micro-
scope).

2.6. Protein Extraction and Western Blot Analysis

The protein extraction was performed from 50 mg samples with Tissue Protein Ex-
traction Reagent (TPER) (ThermoFischer Scientific, Rockford, IL, USA). All samples were
diluted to 50 pg protein/well with TPER reagent. After denaturation with 1:1 Laemmli
buffer (Bio-Rad Laboratories, Hercules, CA, USA), proteins were separated by SDS-PAGE
electrophoresis on Mini-PROTEAN TGX Stain-free Precast Gels (Bio-Rad Laboratories,
Hercules, CA, USA) with Tris/Glycine/SDS premixed electrophoresis buffer (Bio-Rad La-
boratories, Hercules, CA, USA) at 90 V for 1.5 h. After that, the proteins were transferred
onto 0.20 um polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Her-
cules, CA, USA) at 25 V for 5 min with a Bio-Rad Trans-Blot Turbo Transfer System (Bio-
Rad Laboratories, Hercules, CA, USA). The next steps (membrane blocking, incubation
antibodies with chromogen solution) were performed using the WesternBreeze Chromo-
genic kit (Invitrogen, Carlsbad, CA, USA), and the membranes were processed according
to the manufacturers’ instructions. The primary antibodies, anti-TNF-a rabbit polyclonal
antibody (Abcam, Cambridge, UK) and anti-PCNA rabbit polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), at a dilution of 1:150 were used overnight for
membrane hybridization. The secondary antibodies used were those provided with the
WesternBreeze kits. Blots were scanned using Bio-Rad ChemiDoc MP Imaging System
(Bio-Rad Laboratories, Hercules, CA, USA). Densitometry of protein bands was carried
out using the Image] 1.42 software (NIH Bethesda, MD, USA), and values were expressed
as a percentage of the total size and density of all bands (intensities).

2.7. Statistical Analysis

A two-way analysis of variance ANOVA (GraphPad Prism, version 3.0) was applied
to evaluate and compare the concentrations of metals and TNF-a and PCNA expression
in different tissues from distinct species and to correlate the metal levels with histopatho-
logical lesion grade and inflammation (TNF-«a level) or tissue recovery (PCNA level) with
lesions grade. Data were presented as mean + SEM. Post hoc analyses of the significant
means were performed using the Bonferroni test.

3. Results and Discussion
3.1. Heavy Metal Concentrations in Water and Reservoir Sediments

Metals concentrations in the Crisul Negru water and sediments are shown in the Ta-
ble 3. Average levels of Zn, Cr, Pb, Cu, and Cd in the sediments were 66.46 mg/kg, 35.95
mg/kg, 30.40 mg/kg, 19.51 mg/kg, and 2.5 mg/kg, respectively. The abundance of metals
in the sediments varied in the following sequence: Zn> Cr> Pb> Cu> Cd.
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Table 3. Concentration of trace elements (mean; range) in sediments (mg/kg dry weight).

Heavy Metal Water (mg/dm?) Sediment (mg/kg Dry Weight)
Cd <0.001 2.5;2.5-2.5
Cr <0.01 35.95; 27.75-42.37
Cu <0.05 19.51; 17.91-21.53
Pb <0.003 30.40; 24.48-33.73
Zn <0.05 66.46; 61.10-69.50

3.2. Metal Bioaccumulation in the Gills, Liver, and Kidneys

The analysis of the data is presented in Figure 2. A two-way analysis of variance was
applied to evaluate and compare the concentrations of metals in different tissues from all
three species analyzed with different feeding habits: carnivorous (BB), omnivorous (5C),
and herbivorous (CN).

Renal cadmium accumulation was significantly higher in BB compared to SC and
CN, while no significant differences between species for gills and liver were noticed (Fig-
ure 2A). Similarly, Pb accumulated at highest level in the kidneys of carnivorous species
compared to the omnivorous and herbivorous ones (Figure 2E). Zn was also bioconcen-
trated mainly in the kidneys, compared to the gills and livers. The carnivorous species
accumulated significantly more Zn compared to the herbivorous fish (Figure 2C).

The gills of BB species presented the highest concentration of Cr (p <0.001 compared
to SC; p < 0.05 compared to CN). The same situation was also noticed for the liver tissue
compared to the other two species (Figure 2B). By contrast, Cu accumulated mostly in the
liver of the omnivorous species compared to the herbivorous (p <0.01) and carnivorous (p
< 0.005) ones (Figure 2D).

Overall, Cd, Pb, and Zn accumulated at the highest concentrations in the kidneys,
while Cr was recorded in the gills, and Cu in the liver. The BB carnivorous species was
more sensitive to heavy metals and bioconcentrated the largest amount of Cd, Pb, Zn, and
Cr, whereas Cu was accumulated at the highest level by omnivorous species. No analyzed
heavy metal has accumulated mainly in the herbivorous species.



Appl. Sci. 2021, 11, 3760

7 of 16

ZIn

Bss
Bsc
Bon

[ s3]
B sc
BoN

9
&

BB
Bsc
BoN

Bss
Bsc
Bon

Figure 2. Heavy metal concentrations (mean + SEM) in the gills, kidneys, and liver of Barbus barbus (BB), Squalius

cephalus (SC), and Chondrostoma nasus (CN) for cadmium (A) chromium (B), zinc (C), copper (D), lead (E)
difference at p < 0.001; ** significant difference at p < 0.01; * significant difference at p < 0.05.

3.3. Histopathology

significant

All tissues presented specific histological changes that affected the morphology of
the gills, liver, and kidneys of each species (Figure 3).
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Figure 3. Microphotographs of histopathological changes observed in the captured fish: Gills—cartilaginous core (C),
secondary lamellae (SL), epithelial edema (**), epithelial necrosis and desquamation (arrow), lamellar fusion (LF), epithe-
lial lifting (EL), lamellar aneurism (LA); Liver—centrilobular vein (CV), dilation of blood sinusoid (arrow), vacuolated
hepatocytes (arrowhead); Kidneys—necrosis of renal tubules epithelium (arrowhead), shrinkage of glomerulus and in-
crease in Bowman's space (arrow); BB—Barbus babus; CN — Chondrostoma nasus; SC—Squalius cephalus. H&E stain. Scale

bar: 20 pm.

The most relevant branchial changes were represented by vasodilation, epithelial ne-
crosis, and desquamation, occasionally resulting in lamellar fusion and epithelial lifting.
Many epithelial cells appeared marked by hypertrophy and hyperplasia. Contamination
of the freshwater with metals caused histopathological changes in fish gills in a metal con-
centration and exposure time-dependent manner, mainly because these are the primary
target organs of aquatic pollutants [23,24]. The increased bioaccumulation of Cr and Zn in
the gills of all analyzed species could be correlated with the observed histopathological
changes. According to Fonseca et al. [25], the impacts of metals could be of major im-
portance and are significantly correlated with filament epithelium proliferation, lamellar
fusion, and epithelial necrosis.

Hepatocyte vacuolization and sinusoid dilatation are more common than other
pathological changes. Structural changes less severe than those found in the gills and kid-
neys suggested that the liver has a higher capacity and adaptability to counteract the
metal-induced damage based on its stronger antioxidant system, thus preventing injuries
induced by these toxins [14].

On the other hand, the kidney morphology was more affected compared to that of
the gills and liver. Vacuolization of the renal epithelial cells and atrophy of the renal tub-
ular lumens were noticed in all tested species. Glomeruli contraction and disruption of
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the hematopoietic tissue was also highlighted. Atrophy of renal tubules and degeneration
of the Bowman'’s capsule were more evident for CN.

The histopathological changes ranged between 1 and 3 for each organ and species
and correlated with the specific bioaccumulation of metals into the fish tissues (Figure 4).

Cd
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Figure 4. Correlations of the histopathological lesion grade (range 1-3) in the gills, kidneys, and liver of Barbus barbus (BB),
Squalius cephalus (SC), and Chondrostoma nasus (CN) with metal concentration [cadmium (A) chromium (B), zinc (C), cop-
per (D), lead (E)] determined in the same tissues of all three analyzed species. Statistical results mark the calculated sig-
nificance between the metal concentration and the lesion grade in the respective organ per each species: *** significant
difference at p < 0.001; ** significant difference at p < 0.01; * significant difference at p < 0.05.

The metals were simultaneously accumulated in the gills, kidneys, and liver, and this
reflects their uptake by the organisms, their subsequent distribution, and significant in-
terspecies histopathological damage differences.

The extended histopathological lesions recorded in the kidneys of the predatory fish
(2.8 £ 0.2) are significantly correlated with the high concentrations of Cd, Pb, and Zn at
the renal level (p <0.001), suggesting that these metals are mainly involved in the damage
of this tissue. A previous study noticed Cd and Pb accumulations mainly in the kidneys,
while the aquatic environment and fish habitats affect the metals’ bioavailability and favor
its significant accumulation in predatory fish [26]. Moreover, the highest amount of renal
Zn determined in our experiment confirmed Campbell’s data [27], which showed that
predators accumulated this heavy metal more than benthivores. This is probably due to
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the fact that Zn is accumulated mainly in sediments [28], and probably by extraction and
disturbance of the redox potential of sediments and the chemical form of heavy metal, the
efflux of metals from sediment to water and aquatic organism could be accelerated [29].
Furthermore, the diet of predators mainly consists of invertebrates and other benthic or-
ganisms, increasing metal accumulation in the organ and tissues of predatory fish and
reflecting the pollution level of the sediment and its biota [30]. Moreover, the correlations
between Cd, Pb, and Zn accumulation at renal level and the degree of tissue damage re-
main statistically significant for the omnivorous species and less significant or insignifi-
cant for the herbivorous species.

Cr is mainly bioaccumulated in the gills, and this observation is significantly corre-
lated with the histopathological changes in BB (2.6 + 0.24), SC (2.4 + 0.24) and CN (2.0 +
0.0) (p <0.001) because the gills are the first pathway for metals to enter into body [31,32].
Furthermore, the Cr concentrations in fish organs increase through biomagnification at
each trophic level, taking into account that carnivorous feeders show particularly higher
concentrations of this metal [33].

The liver was the target organ for Cu accumulations in all species and correlated sig-
nificantly with the hepatic lesion grade for BB (2.2 + 0.20), SC (2.0 £ 0.0), and CN (1.8 £0.2)
(p < 0.001). High levels of Cu in the hepatic tissues could be correlated with the binding
proteins levels, such as metallothionein (MT) [34], which stores this essential metal to ful-
fill enzymatic and other metabolic demands [35]. The Cu bioconcentration in the hepatic
tissue of SC was in agreement with other studies in which the highest concentration of it
was recorded in the pelagic species (omnivorous/herbivorous) compared with the benthic
(carnivorous) fish [36,37].

3.4. Heavy Metal Bioaccumulation Activates Inflammatory Pathways in the Gills, Liver, and
Kidney of BB, CN, and SC

Recent studies have revealed that heavy metals accumulation has generated a signif-
icant increase in TNF-a expression in the gills, liver, and kidney of common carp [38] or
in the monocytes/macrophages of Chana punctatus Bloch [39].

Figure 5 illustrates the expression of TNF-a in the gills, liver, and kidney of all three
species exposed to metal contaminants. A large number of DAB-positive stain cells were
observed in the gills, followed by the kidneys in comparison with the livers, where im-
munopositivity was insignificantly detected. Inflammation was especially present in the
gills of the BB samples, compared to SC and CN (p < 0.001). The correlation between the
TNF-a concentration in the gills and kidney of all tested species and the degree of histo-
pathological alterations revealed a significant relationship between the two analyzed pa-
rameters, respectively: the carnivorous species with the highest expression of TNF-a hav-
ing extended tissue damage (Figure 5C).

Our results suggested that the gills are the most sensitive organ for inflammatory
processes. Taking into account the higher bioaccumulation of Cd, Cu, and Zn, this might
lead to the induction of inflammation and upregulation of pro-inflammatory TNF-a cyto-
kine [40]. Western blot analysis indicated that the highest TNF-a level was recorded for
the carnivorous species (BB), being in agreement with the histopathological damages.
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Figure 5. The effects of specific tissue heavy metal bioaccumulation on inflammatory pathway activation. (A) Immuno-
histochemical expression of TNF-a in the gills, kidney, and liver of Barbus barbus (BB), Chondrostoma nasus (CN), and
Squalius cephalus (SC); (B) Western blot analysis of TNF-a protein levels in in the gills, kidney, and liver of Barbus barbus
(BB), Chondrostoma nasus (CN), and Squalius cephalus (SC); (C) correlations of the histopathological lesion grade (ranging
from 1 to 3) in the gills, kidneys, and liver of Barbus barbus (BB), Squalius cephalus (SC), and Chondrostoma nasus (CN) with
TNF-a level determined in the same tissues of all three analyzed species. Statistical results mark the calculated significance
between the TNF-a concentration and the lesion grade in the respective organ per each species: *** significant difference
at p <0.001; ** significant difference at p < 0.01; * significant difference at p < 0.05.
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3.5. Heavy Metal Bioaccumulation Activates Reparatory Mechanisms in Gills, Liver, and Kidney
of Barbus barbus, Chondrostoma nasus, and Squalius cephalus

The structural integrity of fish’s gills, kidneys, and liver also depends on cell integrity
[19] and can be correlated with the expression of PCNA (proliferating cell nuclear antigen)
in fish organs exposed to metal contamination [24,38], taking into account that PCNA can
act as a mediator between cell cycle control and DNA repair [39].

In order to assess the consequences of the toxic effects of metal-dependent organ in-
jury and the consequent activation of a reparatory mechanism, the expression of PCNA
was analyzed. A large number of PCNA immunopositively cells were observed in gills
distributed both along the filaments and lamellae, followed by the kidney, in comparison
with the liver of all three analyzed species (Figure 6A). The immunohistochemical results
are consistent with the Western blot analysis outcomes (Figure 6B).

It is probably that the immunoreactivity for PCNA could be correlated with the se-
verity of DNA injury, mainly for the gills and kidney, which might suggest that the acti-
vation of repair pathways depends on the level of alterations induced by exposure to
heavy metals. Although the severity of tissue damage was recorded at the highest level
for carnivorous species (BB), the repair mechanisms were unable to keep up with the dam-
age (Figure 6B,C). According to our data, the analyzed CN organs presented the best ca-
pacity of proliferation, meaning that PCNA expression could be correlated with liver [41],
kidney [42], and gill [43] tissue regeneration. The omnivorous SC presented a similar ca-
pacity for kidney regeneration with CN, but a lower one for the gills and liver. The corre-
lation between PCNA expression in the three organs and food chain position of the three
species revealed a significant inverse relationship, i.e., the herbivorous species likely acti-
vated the repair mechanisms at the highest level (Figure 6C). More studies are necessary
to explain this observation.
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Figure 6. The effects of specific heavy metal bioaccumulation in tissues regarding the activation of
repair mechanisms. (A) Immunohistochemical expression of PCNA in the gills, kidney, and liver
of Barbus barbus (BB), Chondrostoma nasus (CN), and Squalius cephalus (SC); (B) Western blot analy-
sis of PCNA protein levels in the gills, kidney, and liver of Barbus barbus (BB), Chondrostoma nasus,
(CN) and Squalius cephalus (SC); *** p < 0.001 in the case of gills: SC compared to BB and CN; *** p <
0.001 in the case of kidneys: BB compared to CN and SC; *** p <0.001 in the case of liver: SC com-
pared to BB and CN; (C) Correlations of the histopathological lesion grade (range 1-3) in the gills,
kidneys, and liver of Barbus barbus (BB), Squalius cephalus (SC), and Chondrostoma nasus (CN) with
PCNA level determined in the same tissues of all three analyzed species. Statistical results mark
the calculated significance between the PCNA concentration and the lesion grade in the respective
organ per each species: *** significant difference at p <0.001.
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4. Conclusions

The differentiated accumulation of heavy metals in fish species living in the same
aquatic environment was attributed to the differences in the search for habitats [1], behav-
ior, and environmental contamination [44]. It is difficult to interpret the significance of the
similar concentration of heavy metals in tissues belonging to different species due to var-
iables such as physiological tolerance or other regulatory mechanisms [45]. However, the
metal concentrations in different tissues might be attributed to their specific molecular
binding and metabolic characteristics [46] and could be ultimately species specific [1].

Our data suggest that there is a direct correlation between the bioconcentration level
of metals in fish organs and the structural changes. The carnivorous BB species was the
most affected compared to SC and CN, and the most affected organ was the kidney. How-
ever, the restorative mechanisms expressed by PCNA synthesis could not keep up with
the severity of the lesions reported. The herbivorous species presented the least extensive
lesions, probably due to the higher activation of repair mechanisms and the lowest level
of inflammation.

In conclusion, our data including subsequent statistical analysis suggest that feeding
behavior could be correlated with the heavy metals-induced histopathological alterations
in the gills, kidney, and liver, and histological analyses could be used for a deeper evalu-
ation of aquatic environment safety and analysis of aquatic ecosystems.
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