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Abstract

Abbreviations:

CAT
ECso
GPx
GR

GST

OBJECTIVES: The aim of this study was to assess the impact of ciprofloxacin
in Danio rerio on growth, on the development of histopathological changes in
selected organs (gills, kidney, liver), and on the activity of some oxidative stress
markers during a 28-day toxicity test.

METHODS: Juvenile growth tests were performed on D. rerio according to OECD
guideline No. 215. Fish at the age of 30 days were exposed for 28 days to a range
of concentrations of ciprofloxacin (0.7 ug.L-! - environmental concentration, 100,
650, 1100 and 3000 pg.L-1).

RESULTS: There were no significant differences between the specific growth
rates of fish from the test groups and from the control group. Histopathological
examination revealed no pathological changes in organs of fish exposed to any
ciprofloxacin concentration. The activity of glutathione S-transferase increased at
the ciprofloxacin concentrations of 0.7 and 100 pg.L-! compared to the control. A
significant decrease in glutathione reductase activity was obtained in fish exposed
to ciprofloxacin at 1100 and 3000 ug.L-1; a significant decrease in glutathione
peroxidase activity was also found, but at all tested concentrations except for
100 ug.L-1. A decrease in the concentration of thiobarbituric acid reactive sub-
stances was noted only at 100 ug.L-! compared to the control.

CONCLUSIONS: According to our results, all tested concentrations of ciprofloxacin,
including the environmental concentration, had an influence on oxidative stress
markers and detoxifying enzymes in exposed fish, but did not affect fish growth
or cause the development of histopathological changes in the fish organism.

- catalase NOEC - no observed effect concentration

- median effective concentration LOEC - lowest observed effect concentration

- glutathione peroxidase OECD - Organisation for Economic Co-operation and
- glutathione reductase Development

- glutathione S-transferase TBARS - thiobarbituric acid reactive substances

..................................................................................................

To cite this article: Neuroendocrinol Lett 2014;35(Suppl. 2):64-70



INTRODUCTION

In general, pharmaceuticals are among the most
important environmental contaminants, as they can
have adverse effects on a large number of non-target
organisms — in particular, on growth and development.
Residues of pharmaceuticals have been detected in the
aquatic environment, especially in sewage treatment
plants, effluents, surface waters, seawaters, and ground-
waters (Halling-Serensen et al. 1998; Golet et al. 2002;
Golet et al. 2003; Fent et al. 2006, Carlssson et al. 2009;
Santos et al. 2009; Camacho-Munoz et al. 2010). High
levels of pharmaceuticals are not only detected in water
but also in sediments (Zhou et al. 2011; Gibs et al. 2013).

Ciprofloxacin is an antibiotic from the group of fluo-
rinated quinolones, which are frequently used in both
human and veterinary medicine in the Czech Republic
and worldwide. Fluoroquinolones are broad-spectrum
antimicrobial agents against a wide range of gram-posi-
tive and gram-negative bacteria and their mechanism of
action is the inhibition of DNA replication in bacteria
by means of the disruption of the normal function of
two key enzymes, DNA topoisomerase II (i.e., gyrase)
and DNA topoisomerase IV (Wolfson & Hooper 1989;
Arnoldi et al. 2013; Cheng et al. 2013).

Residues of ciprofloxacin in the aquatic environment
have been detected worldwide in relatively high con-
centrations ranging from ng.L-! to mg.L-1. Watkinson
et al. (2009) reported a maximum ciprofloxacin con-
centration of 1.30 ug.L-! in surface water in Australia;
Yang et al. (2013) found a concentration of 304 ng.L-!in
river water samples in China. According to Kolpin et al.
(2002), ciprofloxacin was present in samples from 115
streams throughout the United States (the maximum
concentration was 0.03 ug.L-1). Also, Gibs et al. (2013)
discovered residues of ciprofloxacin in water samples
from sites downstream of wastewater treatment plant
discharges (0.077 ug.L-1). In Switzerland, ciprofloxacin
was detected in raw sewage at concentrations ranging
from 313 to 568ng.L-! and in final effluents from 62
to 106 ng.L-! (Golet et al. 2002). In Italy, Castiglioni et
al. (2008) found ciprofloxacin concentrations in river
waters ranging from 17.4 to 558.5ng.L-1. Even higher
concentrations of ciprofloxacin and other fluoroqui-
nolones were detected in areas with insufficient waste-
water management: in India, for example, Fick et al.
(2009) found 14 mg.L-! of ciprofloxacin in the effluent
of a treatment plant and 6.5mg.L-! in lakes. Similarly,
an extremely high level of ciprofloxacin (31 mg.L-1)
was reported by Larsson et al. (2007) in the effluent
of a treatment plant serving drug manufacturers in
Patancheru (also in India).

Many studies have dealt with the acute effects of
pharmaceuticals on organisms, especially on aquatic
organisms (Halling-Serensen et al. 2000; Robinson
et al. 2005; Nie et al. 2009). Ciprofloxacin may pose a
risk to the most sensitive aquatic organisms (Martins
et al. 2012; Santos et al. 2013). Ciprofloxacin is toxic

Effects of ciprofloxacin on zebrafish

to the green algae Selenastrum capricornutum (ECs,
was 2.97mg.L-1) and highly toxic to the cyanobacteria
Microcystis aeruginosa (ECs, was 5-60 pg.L-1) (Halling-
Serensen et al. 2000). For fish, ciprofloxacin has low
acute toxicity (Halling-Serensen et al. 2000; Zaleska-
Radziwill et al. 2011; Martins et al. 2012).

It is necessary to learn more about the chronic effects
of this and other fluoroquinolones on fish organisms
and on early developmental stages in order to evalu-
ate the range of the problem accurately. In many stud-
ies, biomarkers of oxidative stress have been used to
evaluate toxic effects, because the large amounts of
xenobiotics including pharmaceuticals in the aquatic
environment have the potencial to induce oxidative
stress in fish organisms (i.e. through the production of
free radicals and reactive oxygen species) (Valavanidis
et al. 2006; Brandao et al. 2013; Bartoskova et al. 2014;
Nava-Alvarez et al. 2014).

The aim of this study was to assess the impact of cip-
rofloxacin in surface waters on fish under experimental
conditions. In detail, the aim was to assess the effects
of subchronic exposure to ciprofloxacin on fish growth
and the development of histopathological changes in
selected organs (gills, kidney, liver), and on the activity
of some oxidative stress markers. Thus, the activities of
the enzymes gluthathione S-tranferase (GST), glutathi-
one reductase (GR), glutathione peroxidase (GPx), and
catalase (CAT), and the products of the lipid peroxida-
tion (thiobarbituric acid reactive substances — TBARS)
were determined.

MATERIAL AND METHODS

Experimental fish

Ciprofloxacin toxicity tests were performed on D. rerio,
which is one of the model organisms most commonly
used in toxicity tests to determine the effects of chemi-
cals and pharmaceuticals on fish in the aquatic environ-
ment (Hill et al. 2005; Scholz et al. 2008; Carlsson et al.
2009; Segner 2009; Plhalova et al. 2012; Bartoskova et
al. 2013). Experimental procedures were in compliance
with national legislation (Act No. 246/1992 Coll., on the
Protection of Animals Against Cruelty, as amended, and
Decree No. 419/2012 Coll., on the Protection, Breeding
and Use of Experimental Animals, as amended).

The subchronic toxicity test

Tests were performed on D. rerio at the age of 30 days,
according to OECD guideline No. 215 Fish, Juvenile
Growth Test. Aqueous testing solutions of ciprofloxacin
were prepared from the active compound produced by
Sigma-Aldrich (St. Louis, MO, USA; chemical purity
~ 98.0%).

The fish were randomly distributed into 30 liter glass
aquaria, 50 specimens per each. The experiment was
conducted in a flow-through system and the volume
of each test solution was replaced twice a day. The fish
were exposed to a range of ciprofloxacin concentrations
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(0.7ug.L-1 - environmental concentration, 100, 650,
1100 and 3000 ug.L-1) for 28 days. Each test on a cip-
rofloxacin-treated group was performed in duplicate.
The average initial weight of fish used in the experi-
ment was 9+0.8 g and the average initial total length of
fish was 10.71+2.48 mm. The fish were fed with dried
Artemia salina without nutshells to the amount of 8%
of their body weight per day. The food ration was based
on initial fish weights and was recalculated after 14
days. At the end of the tests, the fish were euthanized
(using anaesthetic MS 222) and weighed, and their
tank-average specific growth rates determined. Food
was withheld from the fish 24 h prior to weighing.

Tank-average specific growth rates were calculated
using the following formula according to OECD No.
215:

B log.W, — log.W,
L—t

*100

r

r - tank-average specific growth rate

W, W, - weights of a particular fish at times ¢; and ¢,
respectively

log, W, - average of the logarithms of the values W for
the fish in the tank at the start of the study period
log, W, - average of the logarithms of the values W, for
the fish in the tank at the end of the study period

t;, t, - time (days) at the start and end of the study
period

During the tests, living conditions were checked
at 24-hour intervals and the number of dead fish was
recorded in each concentration. The mean values for
water quality were: temperature, 25+1°C; oxygen
saturation above 60% (ranging from 77% to 94%);
and pH from 8.53 to 8.71. The basic chemical param-
eters of dilution water used were: COD,, (chemi-
cal oxygen demand), 1.1-1.2mg.L-1; total ammonia
below the limit of determination (<0.04 mg.L-1); NO5-,
15.5-16.8 mg.L-1; NO,~ below the limit of determina-
tion (<0.02mg.L-1); Cl-, 18.2-18.9mg.L-1; ¥ CatMg,
12.3mmol.L-1.

Determination of ciprofloxacin concentrations

The measurement of ciprofloxacin concentrations was
based on high-performance liquid chromatography
coupled with triple quadrupole tandem mass spec-
trometry (LC-ESI-MS/MS) (Babic et al. 2010). Samples
were filtered through a 0.45-pum nylon filter (Millipore,
Billerica, MA) and used for LC-ESI-MS/MS analy-
sis. A Thermo Scientific UHPLC Accela 1250 system
was connected to a Thermo Scientific TSQ Quantum
Access MAX Triple Quadrupole Instrument (Thermo,
San Jose, CA, USA) equipped with a heated electrospray
ionization (HESI-II) probe. A Thermo Scientific Hyper-
sil Cg (2.1 mm x50 mm, 1.9 um) column was used at a
constant flow rate of 300 pL.min~!. The mobile phase
consisted of water containing 0.1% formic acid (v/v)

(solvent A) and acetonitrile containing 0.1% formic
acid (solvent B). The gradient used was: 0-2 min linear
gradient from 30 to 70% of B; 2-2.5 min held at 70%
of B; 2.5-3 min from 70 to 30% of B, and 3-3.1 min
held at 30% of B in order for the column to re-equili-
brate before the next injection. The full loop injection
volume of the tissue extract was set at 10 pL. The heated
electrospray ionization was operated in positive-ion
mode under the following conditions: Capillary Tem-
perature, 325.0°C; Vaporizer Temperature, 300.0°C;
Sheath Gas Pressure, 35.0 psi; Auxiliary (drying) gas,
10 a.u; and Spray Voltage, 3300 V. Standards of cipro-
floxacin as well as trichloroacetic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All solvents
were residual analysis purity (Chromservis, PCL, CZ).

Histopathological examination

The fish (10 specimens from each concentration) were
prepared for histopathological examination (of selected
organs — gills, kidney, liver), fixed in buffered 10% neu-
tral formalin, dehydrated, embedded in paraffin wax,
sectioned on a microtome at a thickness of 4 um, and
stained with haematoxylin and eosin. Five sections
from each fish were examined at different levels.

Fish sampling and homogenisation

At the end of the test, the fish were immediately frozen,
and stored at -85 °C until analyses. Whole body sam-
ples were weighed and homogenised (1:10 w/v) using
phosphate buffer (pH=7.2). The homogenate was
divided into two portions, one for measuring TBARS
and a second centrifuged (10500x g, 4°C, 20 min) to
obtain a supernatant fraction for the determination of
GST, GPx, GR and CAT activities.

Measurement of oxidative stress parameters and
detoxifying enzyme

The total catalytic concentration of GST was deter-
mined by measuring the conjugation of 1-chloro-2,4-
dinitrobenzene with reduced glutathione at 340 nm
(Habig et al. 1974). The specific activity was expressed
as the nmol of the formed product per min per mg of
protein. The catalytic concentration of GR was deter-
mined spectrophotometrically by measuring NADPH
oxidation at 340nm (Carlberg & Mannervik 1975).
The catalytic concentration of GPx was calculated
from the amount of NADPH oxidation to NADP+
produced by the reaction with GR at 340 nm (Flohe &
Gunzler 1984). The specific activities of GR and GPx
were expressed as the nmol of NADPH consumption
per min per mg of protein. The activity of CAT was
determined spectrophotometrically by measuring the
breakdown of H,0, at 240 nm. The specific activity
was expressed as the pmol of decomposed H,0O, per
min per mg of protein (Aebi 1984). Protein concentra-
tions were determined by a Bicinchoninic Acid Pro-
tein Assay Kit (Sigma-Aldrich, St. Louis, MO, USA)
using bovine serum albumin as the standard (Smith
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et al. 1985). To check for lipid peroxidation, malo-
ndialdehyde was measured by the TBARS method as
described by Lushchak et al. (2005) at 535nm. The
concentration was expressed as nmol per gram wet
weight of tissue.

Statistical analysis and estimation of NOEC and LOEC

All data were tested for normal distribution using the
Shapiro-Wilk test. After testing for homogeneity of
variance across groups (the Levene test), an analysis of
variance (one-way ANOVA) was used. The differences
between test groups with different concentrations and
the control group were assessed using Dunnett's test
with p<0.05 chosen as the level of significance.

Estimation of the LOEC (lowest observed effect
concentration) and NOEC (no observed effect concen-
tration) was based on the identification of the lowest
concentration at which differences in specific growth
rates and the activities of oxidative stress markers were/
were not significant at a 0.05 probability level, and, fur-
ther, on the results of histopathological examination
and the assessment of changes in fish behaviour.

RESULTS
Mortality and behaviour

In all ciprofloxacin-exposed groups and in the control
group, mortality did not exceed 5% during the 28-day
experimental period (no mortality was observed in
the control group). Fish in all treated groups and con-
trol exhibited normal feeding behaviour during the
experiment.

Growth rate

The initial body weights were not significantly different
(p>0.05) between groups; at the end of the trial, average
values of body weights and total lengths in all ciproflox-
acin-exposed tanks were compared to the control group.

No significant differences (p>0.05) in specific
growth rate between fish from the various ciprofloxacin
concentrations and those from the control group were
found.
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Histopathological examination

Histopathological examination did not reveal any path-
ological lesions in any ciprofloxacin-exposed fish or in
fish from the control group.

Oxidative stress markers and detoxifying enzyme

The effects of subchronic exposure to ciprofloxacin on
selected oxidative stress markers and the activity of the
detoxifying enzyme are presented in Table 1.

GST exhibited significantly higher activity (p<0.01)
in the 0.7 and 100 pg.L-! groups compared to the con-
trol group. In the other experimental groups, the GST
activity was lower than in the control group, but none of
these differences were significant (p>0.05).

A decrease in GR activity was observed in fish
exposed to ciprofloxacin at 650, 1100 and 3000 ug.L-1,
but only in the groups exposed to ciprofloxacin at 1100
and 3000 pg.L-! were the decreases significant (p<0.05).

Significantly lower GPx activity (p<0.05, p<0.01)
was found in fish exposed to ciprofloxacin concentra-
tions of 0.7, 650, 1100 and 3000 pg.L-! compared to
the control group; however, no significant difference
in GPx activity between the 100 pg.L-! group and the
control group was observed.

No significance differences (p>0.05) between the
control group and any experimental group were found
with respect to CAT activity.

The TBARS level was significantly lower (p<0.01)
in fish exposed to ciprofloxacin at a concentration of
100pg.L-! compared to the control, while in the other
experimental groups no significant differences com-
pared to the control group (p>0.05) were observed.

Validity of the tests

Our tests met all conditions required by the OECD -
mortality in the control groups was below 10%, the final
weight of control fish was higher than 150% of the ini-
tial weight, the dissolved oxygen concentrations were at
least 60%, the water temperature did not differ by more
than +1°C among test aquariums, and test substance
concentrations were above 80% of the initial measured
concentration.

Tab. 1. Comparison of the activities of glutathione S-transferase (GST, nmol.min-1.mg protein-1), glutathione reductase (GR, nmol.min-1.mg
protein-1), glutathione peroxidase (GPx, nmol.min-1.mg protein-1), and catalase (CAT, pmol.min-1.mg protein-1) and the levels of thiobarbituric
acid reactive substance (TBARS, nmol.g ww tissue~1) after ciprofloxacin exposure between different treatment groups and control.

Concentration of ciprofloxacin (pg.L-1)

Indices

Control 0.7 100 650 1100 3000
GST 114.02£10.94 140.52+23.42** 132.73+14.70%* 107.69+8.94 107.56+14.48 108.83£7.23
GR 10.15£1.07 10.11£1.80 10.79£0.71 8.97+1.71 8.35+1.39% 8.38+1.36*
GPx 41.89+10.89 26.82+7.19** 49.44+14.55 30.80+5.77* 28.43+6.46** 25.59+4.77**
CAT 88.01+4.98 78.86%2.36 86.33+3.02 83.89+2.98 85.61+5.66 92.66+4.07
TBARS 20.51+£5.22 19.53+2.45 14.99+2.15%* 19.10+3.03 22.14+3.22 19.64+3.56

(mean * standard error of the mean) (¥p<0.05), (**p<0.01).
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DISCUSSION

Pharmaceuticals are among the most important con-
taminants of the environment. While the acute effects
of many pharmaceuticals on aquatic organisms are
known, there is little information about the chronic
impacts of residues of ciprofloxacin or other fluoroqui-
nolones on fish. Although ciprofloxacin is not acutely
toxic to fish with respect to survival (Halling-Serensen
et al. 2000; Zaleska-Radziwill et al. 2011; Martins et al.
2012), exposure to antibiotics in the aquatic environ-
ment might pose a risk. In our experiment, mortality
did not exceed 5%, which corresponds with the results
of Robinson et al. (2005), who investigated the effects
of seven fluoroquinolones on fish larvae. Six of these
antibiotics (ciprofloxacin, lomefloxacin, ofloxacin,
levofloxacin, enrofloxacin and flumequine) caused less
than 8% mortality at a concentration 10 mg.L-1, in con-
trast to clinafloxacin, which caused 100% mortality at
the same dose.

Zaleska-Radziwill et al. (2011) found ciprofloxacin
to have an impact on growth - specifically, the stimu-
lation of growth in juvenile D. rerio. Robinson et al.
(2005) also described an increase in weight in the larval
stage of fathead minnows (Pimephales promelas) after
7 days of exposure to ciprofloxacin (10 mg.kg-1). The
same effect on weight they also observed in fish after
treatments with levofloxacin and ofloxacin (10 mg.L-1).
However, in our study, we did not find any significant
differences in growth rates in zebrafish exposed to any
of the tested ciprofloxacin concentrations compared to
the control group. Bartoskova et al. (2014) described
the same results in a juvenile growth test with another
fluoroquinolone, norfloxacin. Also, a study by Carls-
son et al. (2009) showed no effect of fluoroquinolones
on fish growth. They exposed embryos of zebrafish to
diluted effluent (from a wastewater treatment plant in
India) containing high levels of fluoroquinolones and
other pharmaceuticals. The concentrations of 11 of
the drugs (including 6 fluoroquinolones - lomefloxa-
cin, norfloxacin, enoxacin, ofloxacin, enrofloxacin and
ciprofloxacin) exceeded 100ug.L-! Concentrations of
ciprofloxacin ranged from 28 to 31 mg.L-! (Larsson et
al. 2007; Carlsson et al. 2009). According to Carlsson
et al. (2009), diluted effluent water (1-16% dilutions)
had no effect on the body length of hatched zebrafish
embryos or on hatching time. However, they recorded
a significant decrease in the number of movements (at
8 and 16% dilution) with reduced or no pigmentation
on the body and a reduced heart rate (at 16% dilution).
Because the effluent water also contained other phar-
maceuticals at high concentrations, these results cannot
be associated only with the action of fluoroquinolones.

Oxidative stress biomarkers are used for evaluation
of the effects of pharmaceuticals and other pollut-
ants on fish organisms. Fish are endowed with defen-
sive mechanisms to counteract the impact of reactive
oxygen species resulting from the metabolism of vari-

ous chemicals or xenobiotics (Nwani et al. 2010). Our
results showed significant differences in the activities
of oxidative stress markers in all experimental groups,
even at the environmental concentration of ciprofloxa-
cin compared to the control group.

Glutathione S-transferase is the detoxifying enzyme
of phase II that provides cellular protection against the
toxic effects of a variety of environmental and endog-
enous substances (Di Giulio & Hinton 2008). Sig-
nificantly increased GST activity was observed only in
groups exposed to ciprofloxacin concentrations of 0.7
and 100 ug.L-1. Similarly, Bartoskova et al. (2014) found
an increase in GST activity only at the environmental
concentration of norfloxacin (0.1ug.L-1), while in the
other tested groups (0.1, 1, 10 and 30 mg.L-1), the activ-
ity was comparable to the control. This might indicate
that low concentrations of fluorogiunolones led to the
activation of GST. By contrast, high levels caused the
depletion of the detoxifying system or disorder of the
enzyme synthesis. Wang et al. (2009) studied the effects
of enrofloxacin in relation to density stress on Panga-
sianodon hypophtalmus. Fish were fed with pellets con-
taining 1g.kg-! enrofloxacin for 7 days. Enrofloxacin
accumulates in the liver, where it is converted into cip-
rofloxacin by cytochrome P450 enzymes (during this
experiment the maximum ciprofloxacin level was only
3% of the maximum of enrofloxacin concentration).
They detected no effect on the activity of GST in the
liver or brain; however, GST activity in gills was lower
in the tank with low fish density (40 fish.m=3) com-
pared to the tanks with medium or high fish density
(80 and 120 fish.m~3, respectively).

Glutathione peroxidase metabolizes H,0, and also
reduces fatty acid peroxides. This enzyme, which can
act on a variety of organic peroxides, catalyzes the oxi-
dation of reduced glutathione to glutathione disulfide
(Chance et al. 1979; Di Giulio & Hinton 2008). The
activity of GPx in our study with ciprofloxacin showed
a significant decrease in contrast to Bartoskova et al.
(2014), who reported an increased in GPx activity in all
tested groups (except the environmental concentration
of norfloxacin).

Glutathione reductase catalyzes the transforma-
tion of glutathione disulfide to reduced glutathione
(Di Giulio & Hinton 2008). A significant decrease in
GR activity was observed at the highest ciprofloxacin
concentrations (1100 and 3000ug.L-1). This can be
explained by the assumption that the highest concen-
trations led to a decrease in enzyme activity. In con-
trast, Bartoskova et al. (2014) found no differences in
the activity of GR at any concentration of norfloxacin
compared to the control.

Catalase is an enzyme that provides the conversion
of H,0, into water and oxygen (Wang et al. 2009). Even
though the activity of CAT in all tested groups with cip-
rofloxacin was comparable to the control, Bartoskova
et al. (2014) reported a significant increase in CAT
activity in fish exposed to norfloxacin. Likewise, Wang
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et al. (2009) reported changes in CAT activities in the
gills and brain of fish after enrofloxacin treatment, but
found no effect in the liver.

Many organisms, especially aquatic ones, contain
high amounts of unsaturated lipids, which are a sub-
strate for oxidation (their oxidation usually leads to the
production of peroxides). To monitor lipid peroxida-
tion, methods based on the measurement of end prod-
ucts are used (malondialdehyde) (Lushchak 2011). In
the present study, a significant decrease in TBARS level
was noted only at 100 ug.L-! of ciprofloxacin. Similarly,
in a study with norfloxacin, Bartoskova et al. (2014) did
not find any effect of ciprofloxacin on lipid peroxida-
tion. Wang et al. (2009) found significant differences in
lipid peroxidation levels in the gills and brain of fish fed
with pellets containing enrofloxacin compared to the
control. In contrast, no effect was observed in the liver
of these fish.

In the light of the above findings, it was concluded
that even the lowest tested concentration of ciprofloxa-
cin (the environmental concentration) caused signifi-
cant changes in some oxidative stress markers (GST,
GPx); hence, the NOEC value could not be detemined.
The LOEC value for ciprofloxacin for juvenile D. rerio
after 28 days of exposure was 0.7 ug L-1.

CONCLUSIONS

According to our results, the subchronic exposure of
Danio rerio to ciprofloxacin did not affect fish growth
and did not cause the development of histopathologi-
cal changes in the fish organism. However, we can con-
clude that ciprofloxacin (even at the environmental
concentration) may have a negative impact on some
biochemical processes which are connected with the
production of reactive oxygen species and free radicals
in the fish organism.
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