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Abstract This study characterized changes in biomarker
responses in common carp (Cyprinus carpio) upon expo-
sure to effluent water discharged from a sewage treatment
plant (STP) under real conditions. Fish were exposed to
contamination in Cezarka pond, which receives all of its
water input from the STP in the town of Vodnany, Czech
Republic. Five sampling events were performed at day 0,
30, 90, 180, and 360 starting in April 2015. In total, 62
pharmaceutical and personal care products (PPCPs) were
detected in the polar organic chemical integrative sampler.
Compared to a control pond, the total concentration of
PPCPs was 45, 16, 7, and 7 times higher in Cezarka pond at
day 30, 90, 180, and 360, respectively. The result of oxi-
dative stress and antioxidant enzyme biomarkers indicated
alterations in the liver and intestine tissues of fish from
Cezarka pond at day 30 and 360, respectively. High plasma
vitellogenin levels were observed in both exposed females
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(180 and 360 days) and males (360 days) compared with
their respective controls. However, only exposed female
fish had higher vitellogenin mRNA expression than the
control fish in these periods. Exposed female fish showed
irregular structure of the ovary with scattered oocytes,
which further developed to a vitellogenic stage at day 360.
Low white blood cell levels were indicated in all exposed
fish. Despite numerous alterations in exposed fish, favorable
ecological conditions including high availability of food
resulted in a better overall condition of the exposed fish
after 1 year of exposure compared to the controls.

Keywords Biological pond - Biological effects * Endocrine
disruption - Integrate biomarker response

Abbreviations

ALT Alanine aminotransferase
ALB Albumins

ALP Alkaline phosphatase

NH? Ammonia

AST Aspartate aminotransferase
Ca*t Calcium

CAT Catalase

CK Creatine kinase

RBC Red blood cell

FFPW Faculty of Fisheries and Protection of Water
GLU Glucose

GR Glutathione reductase
GST Glutathione S-tranferase
GPx Glutathione peroxidase
PCV Hematocrit value

Hb Hemoglobin concentration
PHOS Inorganic phosphate
LACT Lactate

LDH Lactate dehydrogenase
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WBC White blood cell
Mg Magnesium

MCH Mean corpuscular hemoglobin

MCHC  Mean corpuscular hemoglobin concentration
MCV Mean erythrocyte volume

NSAIDs Non-steroidal anti-inflammatory drugs
POCIS Polar organic chemical integrative sampler
STPs Sewage treatment plants

PPCPs Pharmaceutical and personal care products
SOD Superoxide dismutase

TBARS  Thiobarbituric acid reactive substances

TP Total proteins

TRIG Triglycerides

VTG Vitellogenin

Introduction

Sewage treatment plant (STP) effluents have been shown to
contain a wide spectrum of chemical contaminants, such as
pharmaceutical and personal care products (PPCPs), pesti-
cides, and other contaminants originating from households,
industry, and agriculture (Calisto and Esteves 2009;
Halling-Sgrensen et al. 1998; Kock-Schulmeyer et al.
2012). The discharge of effluents from STPs has several
detrimental effects on the health of aquatic ecosystems,
including the aquatic environment and aquatic organisms.
These effects include nutrient imbalance (Bjorn Giicker
2006), behavioral changes (Garcia-Reyero et al. 2011;
Schoenfuss et al. 2002), and disruption of the endocrine
pathways of aquatic organisms (Anway et al. 2005; Mills
and Chichester 2005).

The presence of PPCPs and their impact on the aquatic
environment have received increasing concern (Zenobio
et al. 2015). Environmentally relevant concentrations of
PPCPs are much lower than the corresponding therapeutic
doses used for medical treatments, and acute toxicity tests
have often failed to detect the subtle action elicited by drugs
at low dosage (Fent et al. 2006). Furthermore, PPCPs are
regularly detected in the complex mixtures of unrelated
molecules with diverse chemical structures, persistence,
specificity, and biological activity (Fent et al. 2006; Lopez-
Serna et al. 2012). The joint ecotoxicity of such chemical
cocktails is typically higher than the toxicity of each indi-
vidual compound (Cleuvers 2003; Eguchi et al. 2004;
Kortenkamp 2009). In particular, even if the levels of
compounds in the mixture are only present below their
respective toxicity thresholds, a joint toxic effect cannot be
ruled out. Therefore, it is challenging to predict the effects
of such mixtures on fish health. Neglecting the potential
impacts of chemical cocktails could possibly result in
underestimating the actual effect of PPCPs under real
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conditions, which depend on the concentration, number of
compounds, and their modes of action.

There is increasing evidence of the presence, distribu-
tion, and effects of PPCPs (Ebele et al. 2017). However, a
significant proportion of the data are derived from labora-
tory experiments. To the best of our knowledge, data from
laboratories are properly used as reference data. However,
these data may fail to reflect the effects in environmental
conditions due to underestimation of the additive, syner-
gistic, or antagonistic interactions during chronic exposure
to mixtures of hundreds of compounds. Their interactions
with other stressors such as temperature or pH are also
unclear.

Several approaches have been applied in toxicological
studies to understand the effect of pollutants mixtures in
environmental conditions, such as field and cage studies.
However, each method has its own disadvantages. In fact,
information about the bioaccumulation and biomagnifica-
tion of toxic compounds may be impossible to gather in
cage studies because the organisms do not consume natural
food. Furthermore, randomly caught fish in field studies
may yield invalid results because of the migration of fish.
Without information about the origin and history of fish, it
is almost impossible to determine the effects and their time
variations.

In this study, an experiment was performed in a biolo-
gical pond that receives input from only STP effluent under
fully realistic conditions. This scenario represents a com-
mon condition in central Europe, where treated communal
wastewater is released to a recipient pond via biological and
production ponds. The fish were stocked in an STP recipient
pond in order avoid the stress of caging and to ensure
natural feeding conditions as well as environmental
interactions.

The common carp (Cyprinus carpio) is one of the most
economically important freshwater species in Europe
(Bostock et al. 2016). This specie has been widely used as a
model to monitor the effects of pollutant compounds and
water quality in both laboratory and field conditions
(Dobsikova et al. 2006; Gungordu 2011; Witeska and
Wakulska 2007; Zivna et al. 2016). The gills, liver (Gon-
zalez-Gonzalez et al. 2014; Thibaut et al. 2006), and blood
(Islas-Flores et al. 2013) have high xenobiotic metabolizing.
Biochemical changes in these tissues have been used as
effective indicators of pollutant exposure in fish.

To describe sequential responses, the focus was on the
early biomarker signals (oxidative stress), later responding
parameters (blood parameters, endocrine disruption) and
chronic effects (histology). The response of enzyme activ-
ities and ionoregulatory has previously been shown to
change in the gills, liver, and blood of common carp
exposed to PPCPs (Gonzalez-Gonzalez et al. 2014; Sar-
avanan et al. 2011). Despite low environmental
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Fig. 1 Map of the Vodnany sewage treatment plant, control, and Cezarka ponds

concentrations, PPCPs have a wide range of modes of
action. Therefore, a large set of biochemical responses that
can reflect both subtle and evident changes is needed to
investigate the effect of PPCP mixtures on fish (He et al.
2011; van der Oost et al. 2003).

Oxidative stress and antioxidant enzymes are among the
sensitive parameters that change in the presence of PPCPs.
The induction of lipid peroxidation (LPO) and glutathione
S-tranferase (GST) has been detected in the gills (Li et al.
2011b) and digestive tissues (Brandao et al. 2013) of fish
exposed to carbamazepine. Changes in superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) activities were detected in the brain, gills, and liver of
common carp exposed to a mixture of diclofenac and
acetaminophen (Nava-AlvaIez et al. 2014).

Hematological and biochemical plasma parameters are
important indices for assessing the physiological status of fish
and toxicological symptoms (Rao 2006a; Velisek et al. 2011).
Vitellogenin (VTG) is an important and effective endocrine
disruption biomarker (Hansen et al. 1998) that has been
proven to have increase in fish exposed to certain pollutants
(Paraso et al. 2017; Petrovic et al. 2002). Histology has
commonly been used to define the toxicological effects and is
considered as a gold standard (Kilty et al. 2007).

This study investigated the effects of a complex mixture
of chemicals predominated by PPCPs from STP effluent.
Common carp was exclusively exposed to the effluent of an

STP for a period of 360 days in a biological pond to assess
the effects in realistic conditions.

Material and Methods
Standard and Reagents

Liquid chromatography—mass spectrometry (LC/MS)-grade
acetonitrile and methanol (Lichrosolv, Hypergrade) were
obtained from Merck (Darmstadt, Germany). Formic acid
(LC/MS grade) was obtained from Fisher Scientific (USA).
All other chemicals were obtained from Sigma-Aldrich
(Europe).

Experimental Area

The study areas were Cezarka pond and a control pond
(Fig. 1). Cezarka pond (2.6ha) is a biological pond
designed for the retention of treated effluent from the
Vodnany STP in the Czech Republic. Vodnany (population
7000) is a town that is adjacent to the Blanice River in
South Bohemia. The commercial activity in Vodnany con-
sists of light industry (poultry slaughter, manufacturing of
agricultural machinery) along with intensive agriculture and
horticulture in the surrounding area. Cezarka belongs to a
cascade of aquaculture ponds that are connected to the
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Blanice River. Moreover, the pond is suitable for the
breeding of common carp. Sewage water treatment in the
STP facility involves primary mechanical filtration and
sedimentation followed by activated sludge treatment.

The control pond (0.12 ha) was selected from the pond
system of the Faculty of Fisheries and Protection of Water
(FFPW), University of South Bohemia, Vodnany, Czech
Republic. The pond was chosen as an ecological repre-
sentative for the water bodies in the region. The control
pond is about 2 km away from Cezarka pond and is in the
same range of geography and weather. Although it was
different in size from the Cezarka pond, the depth and fish
density were kept similar. Similar to other water bodies in
the region, the control pond receives water from the Blanice
River upstream from the town.

Sampling Sites and Field Deployment of the Polar
Organic Chemical Integrated Sampler (POCIS)

Water pollutants in the control and Cezarka ponds were
monitored using both grab and passive samplers. POCISs
were deployed for a period of 10 days prior to each fish
sampling event. Passive and grab water samplers were
collected at three locations in Cezarka (near the inlet, near
the outlet, and in a middle location) and in one location in
the control pond (in a middle location). The analyses of
polar compounds from pesticide configuration of POCIS-
Pest were performed according to the procedures of Grabic
et al. (2010, 2012). Briefly, exposed samplers were cleaned
and disassembled, and the sorbent was transferred to glass
chromatographic columns.

The analytes targets were eluted with 50 ml of methanol,
dichloromethane, and toluene (1:8:1 v/v/v). The extraction
solvent was then changed to methanol, and samples were
analyzed using LC-MS/MS. The target analytes were
separated and detected using a TSQ Quantum triple-stage
quadrupole mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) coupled with an Accela 1250 LC pump
(Thermo Fisher Scientific, San Jose, CA, USA) and HTS
XT-CTC autosamplers (CTC Analytics AG, Zwingen,
Switzerland). An analytical Hypersil GOLD aQ column (50
mm length, 2.1 mm id, 5-um particles; Thermo Fisher
Scientific) was used to chromatographically separate the
target analytes. The dates of sampling events and the sam-
pling points are shown in Supplementary Material 1.

Fish

Both male and female common carp were obtained from a
local facility (66 +3 g body weight and 170 + 0.3 mm in
length). The carp were randomly stocked in the control and
experimental ponds with similar relative stock density (0.14
fish/m?) in April 2015. Both ponds were harvested, and all
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of the remaining fish were removed prior to stocking. The
fish ate only natural food in both ponds. The trophic level of
the control pond is typical for an average aquaculture pond
in the region.

Sampling took place after 0, 30, 90, 180, and 360 days of
exposure. Additional information about the sampling times
is shown in Supplementary Material 1. The fish were col-
lected from both ponds by electrofishing. The fish were
handled according to the national and institutional guide-
lines for the protection of human subjects and animal wel-
fare and the Law Against Animal Cruelty (082/2002-V2).
Approval was obtained from Czech National Directive No.
419/2012 for the protection of experimental animals.

Twelve individual fish from each pond were sampled at
each time point. Blood samples were taken from each fish
by puncturing the caudal vein using a syringe with heparin
as an anticoagulant at a concentration of 5000 IU/ml of
heparin sodium salt. The fish were then sacrificed by
severing the spinal cord. Their weight and length were then
measured. Organs including the gills, gonads, liver, intes-
tine, and white muscle were quickly removed. Blood
plasma was obtained by centrifuging the blood samples in a
cooled centrifuge (4 °C, 10,000 x g, 10 min) and stored at
—80°C until analysis. A small volume of blood was
immediately used to determine hematological variables
(Svobodova et al. 2012). The liver, muscle, intestine, and
gills were dissected and stored at —80 °C for biochemical
analysis. At each sampling point, samples of the kidneys,
livers, gills, and gonads of fish from both ponds were also
fixed in 10% formalin for histological examination.

Morphological Indices

The body, liver, and gonad weights were recorded for each
fish, in addition to each animal’s length. The condition
factor (CF), hepatosomatic index (HSI), and gonadal
somatic index (GSI) were calculated for each fish according
to the literature (White and Fletcher 1985):

b 1 8
CF = — x 100 HSI = - x 100 GSI = =x100,

L3 b b

where b is the body weight (g), L is the total length (cm),

1 is the liver weight (g), and g is the gonad weight (g).

Histological Examination

Fixed samples of the gills, kidney, liver, spleen, and gonads
of exposed and control fish were embedded in paraffin and
cut with a microtome into 4-pm sections for histology. The
sections were stained with haematoxylin-eosin (H&E) and
examined by light microscopy. The organs were excised
and placed longitudinally in a capsule to ensure the largest
possible cut section for each organ. Due to the relatively



Environmental Management

small size of samples, one cut section per fish and organ
was examined, and the lesions were assumed to be dis-
tributed equally throughout the tissue. Pathological changes
were graded as 0 (none), 1 (minimal), 2 (mild), 3 (mild to
moderate), 4 (moderate), 5 (moderate to severe), or 6
(severe) relative to the normal structures described in
healthy animals. After a first screening, the following cri-
teria were selected for semiquantitative evaluation: gills:
epithelial hyperplasia, lamellar fusion, parasitic infestation;
liver: hepatocyte vacuolation, pericholangiar inflammation,
perivascular inflammation, granuloma, vessel wall degen-
eration; gonads: sex, differentiation stage, uniformity of
germ cells, oocyte degeneration.

Biochemical Assays of Fish Tissues

The post-mitochondrial supernatant (PMS) was obtained as
described by Howcroft et al. (2009). GST activity was
determined using 1-chloro-2,4-dinitrobenzene as a substrate
according to the method of Habig et al. (1974), which was
adapted for a microplate reader by Frasco and Guilhermino
(2002). CAT activity was determined using the method of
Claiborne (1985) by measuring the decrease in hydrogen
peroxide in a 96-well flat-bottom ultraviolet-transparent
microtiter plate.

SOD activity was determined using the method of
Nishikimi et al. (1972). This assay relies on the ability of
the enzyme to inhibit the phenazine methosulfate-mediated
reduction of nitro blue tetrazolium (NBT) dye. Glutathione
reductase (GR) activity was determined using the method of
Cribb et al. (1989) with some modifications using 50 ul of
PMS (approx. 0.2 mg/ml) and 150 pul of reaction solution.
GPx activity was measured using the method of Mohandas
et al. (1984). Oxidative damage was assessed by deter-
mining the level of LPO, which was measured as thio-
barbituric acid reactive substances (TBARS). This was
carried out using the methodology of Ohkawa et al. (1979).
The details of each method are presented in Supplementary
Material 2.1.

Biochemical Assays in Fish Blood Plasma

A VETTEST 8008 analyzer (IDEXX Laboratories Inc.,
USA) was used according to the manufacturer’s instructions
to determine biochemical indices, including glucose (GLU),
total proteins (TP), ammonia (NHj3), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), albu-
min (ALB), creatine (CREA), lactate dehydrogenase
(LDH), creatine kinase (CK), lactate (LACT), phosphorous
(PHOS), magnesium (Mg), triglyceride (Trig), alkaline
phosphatase (ALP), and calcium (Ca®™).

Vitellogenin
Gene expression of VIG in liver tissue

RNA isolation was carried out using the Trizol method (Rio
et al. 2010). The isolated RNA was converted to cDNA by
reverse transcription using an iScript cDNA synthesis kit
(Bio-Rad, Canada), according to the manufacturer’s
instructions. cDNA was diluted in RNAase free water and
stored at 20 "C until further use. Semi-quantitative PCR was
conducted according to the method of Rasmussen et al.
(2011) using TagMan probes. Primers and TagMan probes
were designed with Primer Express 3.0.1 using common-
carp-specific sequences of genomic DNA. The primers and
probes are shown in Supplementary Material 2.2.1.

The relative mRNA expression was calculated by relat-
ing the obtained values for threshold cycles to a standard
curve obtained by running a serial dilution of one cDNA
sample. The mRNA expression was normalized to the
mRNA expression of beta actin and expressed as arbitrary
units. The expression of beta actin did not significantly
differ between the experimental and control groups. The
average of the control groups according to exposure time
was arbitrarily set to 1, and the experiment groups were
expressed relative to the corresponding control group. The
details of this method are presented in Supplementary
Material 2.2.

Concentration of VIG in blood plasma

The concentration of VTG in blood plasma was determined
using a Biosense Elisa test kit for carp (Biosense, Norway),
according to the instructions of the manufacturer. Princi-
pally, the test utilizes specific binding between antibodies
and VTG to quantify the VTG concentration in samples.
The wells of microplates were pre-coated with a specific
capture antibody that binds to VTG in standards and sam-
ples added to the wells. A different VTG-specific detecting
antibody was added to create a sandwich of VTG and
antibody, which was detected by an enzyme-labeled sec-
ondary antibody. The enzyme activity was determined by
adding a substrate that yields a colored product, and the
color intensity was directly proportional to the amount of
VTG present.

Hematological Parameters

Transformation solution (0.1 g of potassium ferricyanide,
0.025 g of potassium cyanide, 0.07 g of potassium dihy-
drogenphosphate, and up to 0.51 of distilled water) was
used to determine the hemoglobin (Hb) concentration. The
indices tested were determined by methods described by
Svobodova et al. (2012) and included red blood cells
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Fig. 2 Sum of pharmaceutical and personal care products (PPCPs) in
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= 3) and average temperature (dot) (a); and the total PPCPs according

(RBCs), hematocrit (PCV), mean erythrocyte volume
(MCV), mean erythrocyte hemoglobin (MCH), and mean
color concentration (MCHC). The level of Hb was deter-
mined spectrophotometrically at 540 nm (Helios Epsilon,
UNICAM). The MCV and MCHC values were obtained
from blood count analysis as conventional biomarkers. The
procedures were based on unified methods for hematolo-
gical examinations of fish (Svobodova et al. 2012).

Integrated Biomarker Response (IBR)

For better understanding of the overall effect of STP
effluent on fish, the IBR was calculated according to
Beliaeff and Burgeot (2002). The final IBR values were
calculated by dividing the number of biomarkers (n) based
on the suggestion of Broeg and Lehtonen (2006). The
necessary results of the data standardization procedure for
the IBR calculation are presented in star plots. The IBR
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to groups—NSAIDs (Non-steroidal anti-inflammatory drugs), beta
blocker, hypertension, psychoactive compound, antibiotic, others
(fibrate, azole, antihistamine)—in the control and Cezarka ponds (b)

index was calculated using the results of LPO (measured as
TBARs), SOD, CAT, GPx, GR, and GST.

Statistical Analysis

Differences within the sampling period were tested between
the exposed group and the corresponding control group in
CF, HSI, GSI, mRNA expression, VTG, oxidative stress
and antioxidant enzymes, blood parameters, and histo-
pathology. First, the data were tested for normality using the
Shapiro—Wilk test. If the normality condition was satisfied,
the Student’s unpaired r-test was used to determine whether
there were any significant differences between the control
and exposed groups within sampling period. If the nor-
mality condition was not satisfied, a nonparametric
Mann—Whitney U-test was used. A significant difference
was recognized when P < 0.05 was found. All of statistical
analyses were performed using SPSS statistical software
(version 23, IBM Corp.) for Windows.
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Results

At the day 0, 30, and 90, the fish were juveniles. Therefore,
all parameters were investigated without considering sex. At
180 and 360 days, the fish were separated into males and
females to see the sex differences in the respective
parameters.

Occurrence of Selected Compounds in Water

Figure 2a shows the results of water temperature and total
PPCPs identified using POCIS in the control and Cezarka
ponds. At 30, 90, 180, and 360 days, the water temperature in
Cezarka pond was 3.1 °C lower, 2.4 °C lower, 3.6 °C higher,
and 2.6 °C higher than in the control pond, respectively. The
total concentrations of 62 detected PPCPs ranged from 305 to
880 ng/POCIS in the control pond and from 3490 to 14000
ng/POCIS in Cezarka pond. The total PPCPs increased
slightly over time in the control pond, and a sinusoidal trend
was noted in the Cezarka pond. The total PPCPs concentra-
tion was highest after 30 days. After that point, it constantly
decreased until 180 days before suddenly spiking up by
360 days. Non-steroidal anti-inflammatory drugs (NSAIDs)
(6.6-1020 ng/POCIS), beta-blockers (22—-1210 ng/POCIS),
hypertension  drugs  (47-2770 ng/POCIS), antibiotics
(484590 ng/POCIS), and psychoactive drugs (55-3580 ng/
POCIS) were the most abundant drug compounds in both
ponds (Fig. 2b). The pharmaceuticals irbesartan, telmisartan,
carbamazepine, and tramadol were found in relatively high
concentrations in all of the sampling events in Cezarka pond.
The average concentrations of these compounds were 1990,
1440, 512, and 422 ng/POCIS, respectively. The full list of
measured concentrations of analyzed compounds is presented
in Supplementary Material 4.

Morphological Indices

The morphological indices of common carp from the con-
trol and Cezarka ponds are shown in Table 1. Information
about the mean full length and body weight of the fish are
presented in Supplementary Material 5. Within a year, the
CF value was highest at 90 days with 66 and 92% increases
compared with day O in the control and Cezarka ponds,
respectively (Table 1). The relationship between fish body
weight and total body length was 25, 34, and 52% higher in
fish from Cezarka pond compared with fish in the control
pond at 30, 90, and 360 days.

In the control pond, the mean HSI was higher at day 30
compared with day 0, and we noted a decreasing trend of
HSI at other time points. Significant differences between the
control and exposed fish were observed in the sampled fish
at 30 (33), 90 (57), and 180 (20%) days. Although both
male and female-exposed fish had lower HSI than the

Table 1 Effect of long-term exposure to STP effluent on CF, HSI, and GSI of common carp in control and Cezarka pond

360 days
@ (n=06)

90 days 180 days
Q(n=>3)

30 days

0 days

Time

Qand G (n=12)

J (n=06)

Q@ and G (n=12)

g n=17)

Juvenile (n =12) Juvenile (n=12)

Juvenile (n =12)

Fish

Condition factor

1.92 +0.36 1.93 +£0.04

1.94 +0.52

216+0.13
2.18 £ 0.06

2.10+0.13

226 +0.84

2.17+0.07 2.25+0.26
2.10+0.07

1.94 +0.08

1.31+£0.01

Control

2.52 +0.58%* 2.45 +0.06*

2.36 +£0.13%*

2.51 +£0.05*

2.19 £ 0.06*

Exposed

Hepatosomatic index

4.12+0.20
3.50+0.27

429+0.33

3.61+0.32

3.87+0.09
3.34+0.50

2.77+0.12 2.76 +0.09

2.59+0.10 2.75+0.13
2.54 +0.11

5.97+0.25

432+0.21

Control

220 +0.15%

1.85+0.20*

4.09 £0.34*

3.95+0.15%

Exposed

Gonad somatic index

2.64 +0.49 1.72+0.44

0.37 £ 0.08

2.17+0.56
4.67+1.24

3.13+0.59

6.61 +1.90

0.13+0.03 0.50+0.13

0.16 £0.03
0.25+0.03

NA

Control

9.41+0.77* 6.44 +1.21%*

2.29+0.47*

217 £0.85*

1.21 £ 047*

Exposed

NA not available

Note: Data are presented as mean = SEM; an asterisk corresponds to significant differences compared to control value (*P < 0.05)
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Fig. 3 Histopathology (H&E stain) of fish ovaries in the control (a)
and the Cezarka ponds (b, ¢) after 360 days of exposure. a Ovary of a
control female, oocytes up to previtellogenic stage; b ovary of an
exposed female, oocytes further developed up to vitellogenic stage
(stars), multifocal interstitial edema (open arrowhead); ¢ ovary of an

control fish at 180 days, the reduction was significant in
only male fish.

The GSI of fish from Cezarka pond was significantly
higher than in the control group at 90 and 360 days. The
GSIs of both males and females in the control pond
decreased over the period of 180-360 days, and the GSI of
fish exposed to STP effluent discharge constantly increased
in both sexes. Although the GSIs of both male and female-
exposed fish were higher than control at 180 days, the
elevation was significant in only females, resulting in no
significant difference when including both sexes. At
360 days, the GSI levels in both male and female-exposed
fish were higher than in control fish.

Oxidative Stress and Antioxidant Responses

LPO levels (measured as TBARs) and four antioxidant
enzymatic reactions (CAT, SOD, GR, and GPx) were
measured in the liver, gills, intestine, and muscle tissues.
Changes in these levels are summarized in Table 2 for each
tissue type. In the liver, the levels of TBARs, CAT, SOD,
GR, and GPx in fish exposed to STP effluent were sig-
nificantly different from those of control fish after 30 days.
STP effluent-exposed carp showed a significant increase in
hepatic TBARs level and SOD activities (by 2.3-fold and
1.7-fold, respectively) and a decline in hepatic CAT, GR,
and GPx (by 2.2-fold, 3.2-fold, and 2.2-fold, respectively).
Additionally, GR activity in the exposed fish was sig-
nificantly higher than in the control fish at day 360.
Although both male and female-exposed fish had higher GR
levels than control fish at this sampling time, the elevation
was significant in only male fish.

In the gills, only the GPx level was significantly elevated
in fish exposed in Cezarka pond for 30 days. At day 90,
significantly lower GPx and higher SOD activities were
observed in the gills of exposed fish compared with the
control fish. Significantly lower levels of activity of CAT,
GR, and GPx (by 1.4-fold, 1.2-fold, and 1.3-fold, respec-
tively) and higher levels of SOD (by 1.6-fold) in the gills of

@ Springer

exposed female, irregular structure with interstitial edema (open
arrowheads) and multifocal infiltration with lymphocytes and macro-
phages (closed arrowheads), multiple oocytes degenerated (arrow).
The scale bar corresponds to 50 um

exposed fish were observed when compared with the con-
trol fish at day 180. The TBAR level in the gills was sig-
nificantly higher at 360 days of exposure. However, no
significant differences were found in terms of antioxidant
enzyme activities in this period. At 180 days, both male and
female-exposed fish had higher levels of SOD and lower
levels of GPx, GR, and CAT than control fish. However, the
only significant differences were in the elevation of SOD in
females and the reduction of GPx in males (Table 2).

In the intestine, a significantly higher level of CAT
activity was found in Cezarka fish on day 30, but the level
was lower after 360 days of STP exposure. The activity of
GPx was significantly lower on day 360 of exposure. At
360 days, both male and female-exposed fish had lower
levels of CAT and GPx, but the reductions were significant
in only males for CAT and females for GPx (Table 2).

In the muscles, only SOD activity was significantly
elevated in exposed fish on day 30. The TBAR levels
exhibited significantly larger differences from the controls
on day 90 and 180.

Glutathione-S-Transferase Activity

Table 2 shows the changes in the GST activity in different
fish tissues after long-term exposure to STP effluent. Hepatic
GST activity exhibited a bi-phasic variation in exposed fish,
indicating a significant decrease in GST activity at 30 days
and an increase at 90 and 360 days. The GST activity in the
gills, intestine, and muscle tissues of effluent-exposed fish
was significantly higher than in the control fish at 90 (by 1.4-
fold), 180 (by 1.24-fold), and 360 (by 2.6-fold) days.

Histopathology

The results of the histopathological examination are shown
in Fig. 3. The gonads of control and effluent-exposed male
fish were in the same developmental stage (up to sperms)
after 360 days of exposure. In contrast, the ovaries of STP
effluent-exposed females were more advanced compared
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(VTG) in blood plasma (n=12) (a) and VTG relative mRNA corresponding control group (*P < 0.05)
expression in liver (b) (n = 10). Data are means + SEM, n=12. An

Table 3 Effect of STP effluent on hematological parameters in fish at day 90, 180, and 360 from the control and Cezarka ponds

Time points 90 days 180 days 360 days

Fish Juvenile (n=12) Q@ (n=5) S (n="7) Qand d (n=12) Q (n=06) J (n=06) Q@ and G (n=12)
PCV (1)

Control 0.40 +0.01 0.31+0.10 0.33+0.20 0.33+0.01 026 +0.1 0.32+0.20 0.29 +0.01
Exposed 0.33 £0.02* 0.32+0.10 0.42 +0.2% 0.37 £0.02 0.30+£0.20 0.36 +£0.10 0.34 £0.01*
Hb (g/1)

Control 84.1+28 577+1.6 60.0 £3.2 59.0+2.0 50.5+2.5 63.4+3.7 58+3.0
Exposed 71.1 +4.4% 574+13 72.9 +4.3*% 65.1+3.2 557435 71.4+29 64.8 +3.1
RBC (T/h)

Control 1.31+0.03 1.48 +0.04 1.45 +0.06 1.46 +0.04 1.23 £ 0.07 1.49 + 0.06 1.38 +£0.06
Exposed 1.14 + 0.06* 1.11 £ 0.05%* 1.47+0.10 1.29 +0.08 1.27 £ 0.08 1.39 +0.06 1.34 £ 0.05
WBC (G/1)

Control 185.3+20.1 116.0 +£20.4 91.4+14.8 101.7 £ 12.1 100.9 +9.4 789+ 11.0 88.1+79
Exposed 84.3 +7.8* 42.6 +4.1* 37.3+5.1% 39.9+3.2% 28.9 £5.6% 18.7 +2.5% 23.0+£2.9*
MCV ()

Control 302.7+8.9 210.8 +6.4 231.1+11.6  222.6+7.6 213.0+11.2 2126 +6.7 212.8+5.8
Exposed 296.6 +16.4 293.4+13.5%  292.1+24.8 2928 +13.4* 239.1+3.9 261.9+8.1* 2524 +5.9%
MCH (pg)

Control 64.8+3.2 39.0+1.7 415+2.0 404+1.3 41.2+1.6 426+1.6 42.0=+1.1
Exposed 63.1+3.5 52.0+2.3* 50.7 +3.7* 51.3+2.1% 438+1.4 51.5+1.8* 483 +1.6
MCHC (/1)

Control 0.21+0.03 0.18 +0.01 0.18 +0.00 0.18 +0.01 0.19 +0.01 0.20 + 0.00 0.20 +0.00
Exposed 0.21+0.01 0.18 +0.00 0.17 +0.01 0.18 +0.01 0.18 +0.00 0.20 +0.00 0.19 +0.00

Erythrocyte count (RBC), hematocrit value (PCV), hemoglobin concentration (Hb), leukocyte count (WBC), mean erythrocyte volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC)

Note: Data are presented as mean + SEM; an asterisk corresponds to significant differences between the exposed and corresponding control group,
*P <0.05

with the control fish. The control females uniformly Additionally, the structure of the ovaries in exposed
exhibited primary oocytes only, but in exposed fish scat-  females was more irregular compared with that of the
tered oocytes in the vitellogenic stage were visible. controls, showing interstitial edema, higher amounts of
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Table 4 Effect of STP effluent on biochemical blood plasma
parameters in fish from control and Cezarka pond at 30 days

Biochemical blood parameters at 30 days for control and exposed fish

Parameters Control Exposed
ALB (g/1) 7.0+0.7 82+03
ALT (U/N) 36.8+8.6 26.5+3.3
AST (U/) 125+13 188 + 25*
Ca?* (mmol/l) 2.66 +0.07 2.78 +0.04
LDH (u/l) 2277 + 399 4826 + 1263*
NH; (mmol/l) 609 +49 704 +59
CREA (mmol/l) 40.6 +6.9 78.8 + 8.6*
TP (g/) 224+ 1.7 26.1+1.3
PHOS (mmol/l) 52+04 5.0+£0.2
Mg (mmol/l) 1.9+0.1 2.0+0.1
TRIG (mmol/l) 5.0+0.8 2.0+0.2%
LAC (mmol/l) 9.8+0.6 16.1 +£0.7
GLU (mmol/l) 4.18 +0.57 2.72 £0.33*
CK (Un 1173 + 288 2212+ 1016
ALP (U/) 133+13 8.8 +0.7*

Glucose (GLU), total proteins (TP), albumins (ALB), ammonia (NH3),
triglycerides (TRIG), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), lactate dehydrogenase (LDH), creatine kinase
(CK), lactate (LACT), alkaline phosphatase (ALP), calcium (Ca®™),
magnesium (Mg), and inorganic phosphate (PHOS)

Note: Data are presented as mean+SEM; n=12; an asterisk
corresponds to significant differences between the exposed and
corresponding control group, *P < 0.05

atretic oocytes, and inflammation with mainly macrophages
and lymphocytes (Fig. 3). The pathology observations in the
liver and gills were not significantly different between the
control and exposed fish. However, in three Cezarka-
exposed individuals, there was moderate infiltration with
lymphocytes and macrophages (mainly perivascular) in the
liver. No histopathology changes were evident in the kid-
neys or spleens.

Vitellogenin

Results of plasma VTG protein concentrations and relative
hepatic mRNA expression exhibited the same trends
(Fig. 4). The level of plasma VTG was generally higher in
males and females from Cezarka pond. However, significant
differences were registered in only females after 180 days
and in both males and females after 360 days of exposure.
The same results were observed in mRNA expression level
in the liver. However, due to large fluctuation in the hepatic
relative mRNA expression between individuals, the values
were not significantly different in males. The highest levels
of plasma VTG in males and females were 9.2 and 5600 pg/
ml in exposed fish, respectively. The lowest level observed
in control fish was 0 pg/ml for both sexes at 360 days.

@ Springer

Hematological Parameters and Biochemical Blood
Plasma Parameters

The hematological properties of common carp in the
Cezarka pond are shown in Table 3. The levels of Hb and
RBC in effluent-exposed fish were significantly lower than
in control fish after 90 days (by 13 and 16%, respectively).
The numbers of WBC constantly decreased in the exposed
group on day 90 (55), 180 (61), and 360 (74%) compared
with the control fish. At 180 days of exposure, the levels of
MCH in the exposed fish were significantly higher than in
the control fish (by 27%). MCV were significantly higher in
the exposed animals after 180 and 360 days of exposure.
Although both male and female-exposed fish had higher
levels of MCV, the elevations were significant in only
females at 180 days and males at 360 days.

The plasma biochemical parameters of the carp exposed
to STP discharges were investigated at day 30 only, and the
results are shown in Table 4. After 30 days, AST, LDH, and
CREA levels were significantly higher (by 1.5-fold, 2.1-
fold, and 1.9-fold, respectively) in STP effluent-exposed
fish. In contrast, the TRIG, GLU, and ALP concentrations
were significantly lower (by 2.5-fold, 1.5-fold, and 1.5-fold,
respectively) in STP effluent-exposed fish compared with
the control fish. No significant changes in ALB, ALT, Ca,
NH;, TP, PHOS, Mg, LAC, or CK levels were found in the
blood plasma of the fish.

Integrated Biomarker Response

The results of IBR and star plots are presented in Fig. 5. The
IBR was calculated according to the time points that include
the score of each parameter in each tissue. A IBR indicates
to a high response. The IBR of exposed fish was much
higher than in the control fish in the liver at 30 days (3.15
and 1.57, respectively) and in the intestine at 360 days (3.90
and 2.04). Additionally, the IBR was higher in the gills of
exposed fish at 90 days and 180 days and in the livers at
360 days compared with the control fish. The star plots
show the response of each biomarker for each tissue and
time point (Fig. 5a). Different responses were observed for
all of the biomarkers in the liver at 30 days. Furthermore,
high responses were noted for GST and GR in the liver at
90 days, as well as SOD, GPx, and CAT in the intestine at
360 days.

Discussion
Occurrence of PPCPs

The highest concentration of PPCPs was detected in spring
(30 days of exposure in May), and the lowest was detected
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each tissue (liver, gill, intestine, muscle) (a); and integrated biomarker
response of all six biomarkers, including glutathione S-tranferase

in autumn (180 days of exposure). The PPCP concentra-
tions measured in Cezarka pond, which receives water from
only STP effluent, differed by one to two orders of mag-
nitude compared with the control pond, which receives
surface water from the Blanice River. These results are in
agreement with literature findings that STPs are a major
source of PPCP pollutants in aquatic environments (Zheng
and Li 2013).

Irbesartan, telmisartan, tramadol, carbamazepine, and its
metabolite trans-dihydro-dixydroxy carbamazepine were
the dominant contaminating compounds in Cezarka pond.
The variation in PPCP concentrations can be attributed to
increased human consumption of PPCPs during winter and
spring. Furthermore, the low temperature during this period
often results in less efficient removal of compounds during
STP treatment (Golovko et al. 2014). Our results are con-
sistent with previous findings of high PPCP concentrations
detected in winter compared with summer (Golovko et al.
2014; Koba et al. 2017). Unfortunately, the control pond

(GST), lipid peroxidation (LPO), superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPx), and glutathione reductase
(GR) at each sampling time point (b)

was not absolutely free of PPCPs due to the practically
ubiquitous contamination of surface water by pharmaceu-
tically active substances. However, the total level of PPCPs
was low and can be referred to as a background con-
centration under central European conditions (Ebele et al.
2017).

Morphological Indices

Fish living in polluted environments are believed to reduce
their CF because they have to expend energy for detox-
ification (Fang et al. 2009). It has been demonstrated that
the CF declines in fish exposed to environmental pollutants
(Khan 2003; Roussel et al. 2007). Fish exposed to STP
effluents in Cezarka pond had higher CFs than those from
the control pond. This can be explained by the abundance of
STP-related nutrients in Cezarka pond compared with the
control pond (Supplementary Material 3), resulting in
highly fertile conditions with increased phytoplankton

@ Springer
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productivity serving as dietary components for fish. This
result is consistent with previous studies indicating that STP
led to increased water nutrient loads (Bjorn Giicker 2006)
and CF (Tetreault et al. 2013) for downstream fish.

In contrast to Cezarka, the trophic conditions in the
control pond were representative of average aquaculture
ponds, with an average natural weight gain of 0.5kg
(without artificial feeding) per season for different sizes of
carp. Extreme growth intensity in Cezarka pond led to a
high total fish biomass at 90 days. High feeding pressure in
this period caused a significant reduction of available nat-
ural food. In the following period, high competition for food
resulted in a dramatic decrease of CF, reaching comparable
levels to the control pond at 180 days. The effect of STP
effluent on CF was not different between sexes (Table 1).

The HSI reflects the relative liver size and is linked to the
hepatic enzyme activity for the detoxification of pollutant
compounds (Li et al. 2010; Yeom et al. 2007). An elevation
of HSI was observed in carp that had been captured in a
metal-contaminated site (Bervoets et al. 2009; Ozmen et al.
2006). Other studies found elevated HSI values in fish from
sites contaminated with PCBs and PAHs compared to fish
from uncontaminated sites (Pinkney et al. 2001). However,
several natural factors might significantly affect the HSI of
fish as well, such as nutrient levels and feeding strategies
(Turano et al. 2007).

Significantly lower HSIs were observed in the exposed
group with an exception of the results at 90 days. The
reduction in liver size is likely linked to glycogen depletion
due to the fish expending energy for detoxification activ-
ities. This assumption is supported by the low level of GLU
in the blood plasma of the fish. The results of plasma bio-
chemical parameters (AST, ALP), oxidative stress, and
antioxidant enzymes (all parameters) might suggest damage
to the liver tissue at 30 days. The histopathological exam-
ination after 360 days of exposure revealed a slight but non-
significant decrease in the amount of glycogen vacuoles in
hepatocytes in exposed fish compared to controls. The
higher HSI in exposed fish compared with controls at
90 days might be explained by the enormous excess of
natural food, which allow for deposition of excess energy in
the liver. This result is consistent with the highest CF value
observed at 90 days in fish from Cezarka pond. The same
trend of HSI was observed in both male and female fish
from Cezarka pond (Table 1).

The GSI has been used as a biomarker in aquatic
organisms for exposure to environmental estrogens. Corre-
lations have been established between the inhibition of
testicular growth and the potency of estrogenic compounds
in male fish (Gimeno et al. 1997). Field studies have
reported that estrogenic chemicals decrease the GSI of
exposed fish (Kukkonen et al. 1999). The GSI was lower
among fish exposed to river water with high concentrations
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of estrogenic compounds, such as nonylphenol, bisphenol
A, and 17p-estradiol (Hassanin et al. 2002). However, in
this study, GSIs were higher in exposed female (at 180 and
360 days) and male fish (at 360 days) from Cezarka pond
than in control fish (Table 1).

These results might indicate that the nutrient-rich envir-
onment in Cezarka pond forced exposed fish to grow larger
gonads or to reproduce earlier compared to fish in the
control pond. To confirm this hypothesis, fish gonad his-
tology, VTG expression, and its concentration level were
assessed (see section “Gonad histology and VTG bio-
markers”). The decrease of GSI in control fish at 360 days
can be explained by the expense of energy for the winter
period. In Cezarka pond, warmer water from the STP
effluent helped the fish to grow. The same trend of GSI was
observed between male and female fish from Cezarka pond.

Gonad Histology and VTG Biomarkers

Previous studies have demonstrated an increase in VTG
concentration in female common carp in streams receiving
effluent water from STPs (Petrovic et al. 2002). In the
present study, the gonads of exposed females were more
developed compared with fish in the control group. VTG
levels of females in the effluent-exposed group were higher
at days 180 and 360 than those in the control group. The
highly elevated level of VTG in exposed female fish and
irregular ovary structures suggest a synergistic effect of
xenoestrogens (Rankouhi et al. 2002). In addition, the high
concentration of VTG in males is definitely linked to the
action of the PPCP mixture with eventual estrogenic action,
even if there were no structural changes visible in male
gonads. Early gonad maturation of fish in the pond
receiving water from the STP might lead to changes in the
spawning success. Additional studies are necessary to
examine regarding the reproduction success of fish under
long-term exposure to a biological pond receiving only STP
effluent.

Oxidative Stress and Antioxidant Enzyme Biomarkers

Considering the trend of each biomarker for all tissues and
sampling time points, the effluent-exposed fish showed a
general elevation of TBARs and SOD and a decline in
CAT, GPx, and GR compared with control fish. SOD is
known to be the first line of defense in response to the
conversion of superoxide anion radicals to molecular oxy-
gen and hydrogen peroxide (Fridovich 1989). The follow-
ing steps are completed by other enzymes, such as CAT,
GPx, and GR. The decline of CAT, GPx, and GR indicates
that the fish’s abilities to protect cells from hydrogen per-
oxide were reduced. The inhibition of CAT, GPx, and GR
was reported in fish exposed to carbamazepine (Li et al.
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2009), resulting in increased H,O, in the cells (Ahmad et al.
2000). This result is consistent with hypotheses that ele-
vated SOD activities can be combined with a decrease in
CAT and GPx (Huang et al. 2007; Pandey et al. 2003;
Stanic et al. 2006).

Different intensities of oxidative stress and antioxidant
enzymes for different tissues and exposure periods have
been indicated. The largest amount of PPCPs detected at
30 days obviously induced changes in oxidative stress and
the system responses of antioxidant enzymes in the fish
livers. The liver was the most responsive tissue in this
period, and significant differences were noted between the
control and effluent-exposed fish in all of the measured
biomarkers.

At 180 days, most effects were evident in the gill tissue,
which followed the same trend as the liver (an elevation in
SOD and a decline in CAT, GPx, and GR). Interestingly,
significant changes in SOD, CAT, GPx, and GR antioxidant
enzymes did not lead to oxidative damage investigated
according to TBAR levels. The opposite situation occurred
at day 360 with increased TBARs but no respective
alteration of enzyme activities in the gills. One potential
explanation for this finding is that the antioxidant system of
fish reacts to early exposure, and then oxidative damage
follows. After 180 days of exposure, antioxidant enzymes
were activated, but no damage occurred after the activation.
In a later period, while the antioxidant system stabilized,
oxidative damage caused by previous disturbances was
evident.

Fewer changes were observed in intestine and muscle
tissues. A significant reduction in the GPx level was
detected at 360 days of exposure in combination with
increasing CAT, which may be related to the damage
induced by a high density of parasites (tapeworm—Car-
yophyllaeus sp.) detected in the intestines in this period
(Supplementary Material 6). The decrease of GPx level has
been observed in intestinal parasitic infections in humans
(Mahittikorn et al. 2014).

Phase II Detoxification Enzyme (GST) in Liver, Gill,
Intestine, and Muscle

The liver was the most responsive tissue in terms of GST
activity. Considering the changes in GST for all tissues and
sampling times, in most cases, high levels of GST were
observed in exposed fish compared with the control fish.
This result is consistent with previous studies of goldfish
(Kubrak et al. 2012) and common carp (Schmidt et al. 2004)
exposed to cobalt and polychlorinated biphenyl. Interest-
ingly, low levels of GST were observed in the exposed fish
livers at 30 days of exposure compared with the control fish.
The result suggests an inhibition of GST due to the highest
concentration of PPCPs detected in this period. A previous

study also detected the inhibition of GST in the liver of
common carp exposed to the herbicide quinclorac (Caval-
heiro de Menezes et al. 2012). The lack of differences
observed at day 180 can be explained by the lowest con-
centration of PPCPs detected in Cezarka pond at this time
point.

Hematological Parameters and Biochemical Blood
Plasma Parameters

The same trend was observed between male and female fish
for most of changes in hematological parameters in Cezarka
pond. The reduction of Hb and RBC at only day 90 could
be linked with the variation of total PPCPs, which was
higher in this period compared with later periods in Cezarka
and the control pond. Unfortunately, hematological para-
meters at day 30 were not investigated due to the limited
amount of blood samples of juvenile fish. Several studies
have described a decrease in RBC and Hb in carp (Sudova
et al. 2009), rainbow trout (Li et al. 2011a), and striped
catfish (Mystus vittatus) (John 2007) exposed to con-
taminated environments.

Decreases in Hb concentration and RBC count levels are
linked to anemia (Li et al. 2011a). Changes in WBC are
recognized as a sensitive indicator of environmental stress
(Cole et al. 2001). Declines in WBC detected at 90, 180,
and 360 days reflect the constant disturbance of the immune
system. Additionally, the increases in MCV and MCH
(180 days) and PCV and MCV (360 days) suggest changes
in the internal equilibrium of exposed fish. The effect of 62
PPCPs occurring in water may induce both a synergistic
effect and an antagonistic effect. Therefore, the variation of
MCYV and MCH may not exactly reflect the trend of the total
PPCP concentration in each sampling event, which was
higher at 90 days. These changes may be caused by other
factors, such as the occurrence of parasites detected at
360 days.

Due to numerous significant changes detected at day 30,
the biochemical parameters in blood plasma were addi-
tionally investigated. The increase in AST and decrease in
ALP may be linked to alterations in the liver. The increase
in AST activity in plasma may be due to liver damage,
which results in the liberation of intercellular enzymes and
elevated plasma aminotransferase levels (Rao 2006b). Ele-
vated AST has been observed in common carp exposed to
trifluralin (Poleksi¢ and Karan 1999) and deltamethrin
(Velisek et al. 2006) and was proposed as a biomarker of
acute hepatic damage (Abdel-Tawwab et al. 2013).

ALP is produced by cells lining the small bile ducts in
the liver. The decline in ALP may be linked to a decrease of
this function in the liver. Previous studies have indicated a
decrease in ALP level in the blood plasma of common carp
exposed to chemical stress conditions (Dobsikova et al.
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2006). In addition, the increasing level of LDH in the pre-
sent study could indicate tissue damage, hypoxic condi-
tions, and a switch to anaerobic metabolism (Nemcsok and
Benedeczky 1990; Saravanan et al. 2011).

LDH is a tetramer of anaerobic glycoses. It is crucial for
muscle physiology, particularly under conditions of che-
mical stress when a high level of energy may be required
over short periods of time (Monteiro et al. 2007). Other
changes suggest disturbances in kidney function (CRE) and
energy metabolism (GLU, TRIG). Creatine is mainly
removed from the blood by the kidneys. Thus, increased
CRE levels indicate that pollution affects kidney function
(Abdel-Tawwab et al. 2013). Decreases in GLU and TRIG
were also observed in common carp exposed to anti-
microbial peptide (Dong et al. 2015).

Integrated Biomarker Response

The IBR index is often used to describe general effects and
to assess ecological risk by combining the results of a wide
set of biomarkers (Beliaeff and Burgeot 2002). The usage
and efficiency of this index have been demonstrated in
many studies (Ferreira et al. 2015; Li et al. 2011b). In the
present study, the IBR values clearly reflected a high
response in the liver during the first period of exposure,
when fish were small (early stage) and sensitive to the
polluted environment. The liver is the most important organ
for metabolizing PPCPs.

It is obvious that high PPCP concentrations in Cezarka
pond affected the response of the fish livers. After this
period, a small effect was observed on the gills. The
adaptation of fish can be explained by warm weather peri-
ods (summer and autumn), when the growth conditions of
fish were optimal and there were seasonally low PPCPs in
Cezarka pond. A strong response was noted in the intestine
at 360 days of exposure. This finding could be related to the
high density of parasites detected in the intestine.

Conclusion

Our data have demonstrated that the biological pond
Cezarka contained significantly higher PPCP concentrations
compared with the control pond. Seasonal variations of
PPCPs were observed, with the highest concentrations
occurring in spring. Several effects of the treated effluent on
exposed fish were observed in this scenario. The greatest
effects were found in fish in the early stages of exposure,
with rapid changes observed in numerous parameters. The
observations of oxidative stress, antioxidant enzymes, and
biochemical blood plasma parameters might indicate
alterations in liver metabolism. The initial rapid response to
the effluent environment was followed by a weakening
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biomarker response, which corresponds to a decrease of
PPCP load. However, indications of endocrine disruption
and oxidative stress were noted at later stages.

Despite the numerous physiological alterations observed
in exposed fish, the fish growth was greater in the exposed
pond than the control pond. The effects of pollutants and
consequent physiological alterations in fish organs were
probably compensated by the high nutrient content with a
high availability of natural food. At the end of the experi-
ment, the exposed fish were in good condition. However,
their reproduction ability remains to be tested.

Although modest negative effects were observed in fish
after long-term exposure in the STP effluent reservoir, the
impact of the effluent after retention in the biological pond
cannot be ignored in the receiving ecosystem. The effects of
STP effluent on natural water bodies are highly dependent
on the dilution factor, which must be considered in low-
flow receiving streams. To minimize the impact, longer
retention of water in biological ponds and balanced
microbial, macrophyte, plankton, and fish communities
must be maintained to achieve maximum degradation and
removal capacity.
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