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a b s t r a c t

Prometryn is a selective herbicide commonly used in agriculture as the commercial preparation,
Gesagard. Goldfish (Carassius auratus) exposure for 96 h to 0.2, 1, or 5 mg L−1 Gesagard 500 FW (corre-
sponding to 0.1, 0.5, and 2.5 mg L−1 of prometryn) on indices of oxidative stress (lipid peroxides, protein
carbonyls, and thiol content) and activities of antioxidant and related enzymes in gills, liver, and kidney
was studied. Gills appeared to be the most resistant to Gesagard treatment, reacting to only the highest
concentration of herbicide with enhanced levels of low molecular mass thiols and activities of glutathione
S-transferase (GST) and glutathione reductase. Goldfish exposure to 0.2–5 mg L−1 Gesagard resulted in
enhancement of carbonyl protein level and activity of superoxide dismutase (SOD), but reduced the lipid
peroxide (LOOH) content and activity of glutathione peroxidase in liver. Kidney appeared to be the main
target organ of Gesagard toxicity, showing the greatest number of parameters affected even under low
concentrations of herbicide. An increase in the content of L-SH and activity of SOD was accompanied
with decreased activities of catalase, GST, and glucose-6-phosphate dehydrogenase and reduced levels
of LOOH in kidney of Gesagard treated fish. The treatment also induced various histological changes in
goldfish liver and kidney which could be related to their dysfunction. The present study indicates that
Gesagard induced oxidative stress of differing intensities in the three goldfish tissues and demonstrated
that kidney would be the best target organ to analyze, reveal, and monitor Gesagard effects on fish.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Triazine herbicides are a major class of toxic substances
used around the world for weed control to enhance agricultural
production and yield. However, their massive use has unavoid-
ably contributed to deteriorating water quality in rivers and
lakes frequently leading to pesticide accumulation in aquatic

Abbreviations: AChE, acetylcholine esterase; CP, carbonyl protein groups; GPx,
glutathione peroxidase; GST, glutathione-S-transferase; GR, glutathione reductase;
G6PDH, glucose-6-phosphate dehydrogenase; H-SH, high molecular mass thiols;
LOOH, lipid peroxides; L-SH, low molecular mass thiols; ROS, reactive oxygen
species; SOD, superoxide dismutase.
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organisms (Akerblom, 2004). Prometryn [2,4-bis(isopropylamino)-
6-(methylthio)-s-triazine] is a selective herbicide of the s-triazine
chemical family and is utilized as a pre- or post-emergence con-
troller of annual grasses and broad-leaf weeds (US EPA, 1996). Its
herbicidic effects on target plants are based on the inhibition of pho-
tosynthetic transport of electrons at the photosystem II receptor
site and inhibition of oxidative phosphorylation (Wakabayashi and
Böger, 2004). Prometryn was first registered in the United States
in 1964 as an herbicide for the control of weeds in cotton, cel-
ery, pigeon peas, and dill crops. Nowadays, prometryn is banned
in many European countries due to its potential for bioaccumula-
tion in organisms. At the same time, large areas of China, Australia,
Canada, New Zealand, South Africa, and the United States are still
treated with this herbicide (Dikić, 2014).

According to laboratory data, prometryn is a persistent chem-
ical and is stable to hydrolysis or photolysis in water and soil (US
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EPA, 1996; Erickson and Turner, 2002). Average soil half-life (abiotic
degradation) in shallow aerobic soil is up to 274 days and in anaer-
obic soil half-life can be up to 316 days. In water, average hydrolysis
half-life is 28 days, but there are records from lake, river, and ground
waters where prometryn was persistent up to 70 days depending
on environmental physical–chemical properties, pH, and organic
components. It is usually stable to hydrolysis at 20 ◦C in neutral,
slightly acidic, or slightly alkaline water. In water, it can bind to
suspended solids (especially organic) or sediment. Photodegrada-
tion half-life in seawater is between 55 and 70 days (US EPA, 1996;
Dikić, 2014).

Due to the large dosage that was previously used and its long
residual time, prometryn is still found in surface and groundwa-
ter of European countries. For example, prometryn concentrations
of 0.078–4.40 �g L−1 were measured in surface water in Greece
(Vryzas et al., 2011) whereas, in surface waters of Western France,
prometryn was detected at concentrations from 0.1 to 0.44 �g L−1

(Caquet et al., 2013). The highest environmental concentration of
prometryn (0.51 �g L−1) was detected in Czech rivers (Stará et al.,
2014). Prometryn concentrations in surface water in the United
States of America were 0.021 �g L−1 in South Florida (Pfeuffer,
2014) and 0.861 �g L−1 in California (Smalling and Orlando, 2011).
The herbicide was also found in surface water in China (Qi et al.,
2015).

Fish can serve as bio-indicators of environmental pollution
and can play significant roles in assessing potential risks associ-
ated with contamination in aquatic environments resulting from
agricultural production. According to previous studies, prome-
tryn is moderately toxic to fish. Acute toxicity 96 h LC50 values
have been reported for several species: 2.9 mg L−1 for rainbow
trout (Oncorhynchus mykiss), 7.9 mg L−1 for bluegill sunfish (Lep-
omis macrochirus), 5.1 mg L−1 for sheepshead minnow (Cyprinodon
variegatus), 4 mg L−1 for goldfish (Carassius auratus), and 8 mg L−1

for common carp (Cyprinus carpio) (Stará et al., 2013).
Numerous studies have demonstrated that exposure to tri-

azine herbicides affects the antioxidant defenses of fish, causing an
imbalance between production and elimination of reactive oxygen
species (ROS) and resulting in oxidative stress and tissue dam-
age (Velíšek et al., 2011a; Paulino et al., 2012; Husak et al., 2014;
Maksymiv et al., 2015; Nwani et al., 2010; Blahova et al., 2013).
In the case of prometryn, it was reported that chronic exposure
(for 35 days) of common carp larvae and embryos to prometryn
at concentrations 0.51–1200 �g L−1 shows no influence on most
oxidative stress parameters (Stará et al., 2012a). However, in adult
carp, chronic exposure (for 14–60 days) to prometryn at concentra-
tions 0.51–80 �g L−1 resulted in significant changes in antioxidant
enzyme activities in tissues, but with no observed oxidative damage
to the cells (Stará et al., 2013). To date, however, there have been no
studies of the effects of acute exposure to prometryn on oxidative
stress parameters and antioxidant status in fish tissues. There-
fore, the present study investigated the effects of goldfish exposure
for 96 h to the prometryn-containing herbicide, Gesagard 500 FW,
on indices of oxidative stress (lipid peroxides, protein carbonyls,
and thiol content) and the activities of antioxidant and associated
enzymes in gills, liver, and kidney.

2. Materials and methods

2.1. Reagents

Phenylmethylsulfonyl fluoride (PMSF), 1-chloro-2,4-
dinitrobenzene (CDNB), reduced glutathione (GSH), oxidized
glutathione (GSSG), �-nicotinamide adenine dinucleotide phos-
phate (NADP), �-nicotinamide adenine dinucleotide reduced
(NADH), glucose-6-phosphate (G6P), ethylenediamine-tetraacetic

acid (EDTA), xylenol orange, cumene hydroperoxide, ferrous
sulphate, 2,4-dinitrophenylhydrazine (DNPH), 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB), hydrogen peroxide (H2O2), NaCl,
KH2PO4, NaCl, Tris(hydroxymethylaminomethane), N,N,N′,N′-
tetramethylethylenediamine (TEMED), pyruvic acid, glutathione
reductase from baker’s yeast, and �-nicotinamide adenine dinu-
cleotide phosphate reduced (NADPH) were purchased from
Sigma–Aldrich Corporation (USA). Gesagard 500 FW was pur-
chased from Syngenta AG (Switzerland). All other reagents were
of analytical grade.

2.2. Animals and experimental conditions

Specimens of goldfish (C. auratus L.) weighing 80–100 g were
obtained from a local commercial fish farm (Halych district,
Ivano-Frankivsk region, Ukraine) in September 2013. Fish were
acclimated to laboratory conditions for four weeks in a 1000 L
tank under natural photoperiod in aerated and dechlorinated tap
water at 19.0–20.0 ◦C, pH 6.9–7.1, 8.1–8.6 mg L−1 O2 and hardness
(determined as Ca2+ concentration) 38–40 mg L−1. Fish were fed
commercial pellets of CarpCo Excellent for Cyprinids (Koi Grower,
The Netherlands), containing 36% protein, 7% fat, 3.6% cellulose,
8.7% ash, 1% phosphorus and vitamins C, A, D3 and E. Fish were fed
during the acclimation period (four weeks), but were fasted for 1
day prior to and during experimentation.

Experiments were carried out in 120 L glass aquaria (contain-
ing 100 L of water), in a static mode with or without the addition
of the commercial herbicide Gesagard 500 FW (Syngenta AG,
Switzerland) which contains prometryn (6-methylsulfanyl-2-N,4-
N-di(propan-2-yl)-1,3,5-triazine-2,4-diamine) at a concentration
of 500 g L−1. Groups of seven fish were placed in aquaria with dif-
ferent nominal concentrations of Gesagard: 0.2, 1, and 5 mg L−1,
which corresponds to 0.1, 0.5, and 2.5 mg L−1 of prometryn, respec-
tively. Animals were exposed to these conditions for 96 h (no
mortality occurred during exposures). Fish in the control group
were maintained in the same manner, but Gesagard was omitted.
Aquarium water was not changed over the 96 h course to avoid
stressing the animals. Levels of dissolved oxygen, temperature and
pH were monitored every 24 h. After exposure, fish were sacrificed
by transspinal transsection without anesthesia and tissues (gills,
liver, and kidney) were dissected, rinsed in ice-cold 0.9% NaCl, dried
by blotting on filter paper, frozen, and stored in liquid nitrogen until
use. All experiments were conducted in a strict accordance with the
Ethics Committee of Precarpathian National University.

2.3. Determination of oxidative stress indices in goldfish tissues

2.3.1. Assay of lipid peroxides
The lipid peroxide (LOOH) content was assayed by the FOX

(ferrous-xylenol orange) method (Hermes-Lima et al., 1995).
For that, tissue samples were homogenized (1:5, w:v) using a
Potter–Elvehjem glass homogenizer in 96% cold (4 ◦C) ethanol and
centrifuged (5000 × g, 15 min, 4 ◦C). Aliquots of the supernatants
were used for the assay as described previously (Lushchak et al.,
2005). The content of LOOH was expressed as nanomoles of cumene
hydroperoxide equivalents per gram wet mass of tissue.

2.3.2. Measurement of protein carbonyl groups
Carbonyl groups of proteins in tissues were determined as

described previously (Lushchak et al., 2005). Tissue samples were
homogenized (1:10, w:v) in homogenization medium (50 mM
potassium phosphate buffer, pH 7.0, 0.5 mM EDTA, 1 mM PMSF) and
centrifuged (16,000 × g, 15 min, 4 ◦C). Supernatants were removed
and 0.25 ml aliquots were mixed with 0.25 ml of 40% trichloroacetic
acid (TCA) (final TCA concentration 20%) and centrifuged (5000 × g,
5 min, 20 ◦C). Protein carbonyl (CP) levels were measured in
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the resulting pellets by reaction with 2,4-dinitrophenylhydrazine
(DNPH) (Lenz et al., 1989). The values were expressed as nanomoles
of CP per milligram of protein.

2.3.3. Estimation of thiol-containing compounds
Free thiols were measured spectrophotometrically by the Ell-

man procedure with 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) at
412 nm (Ellman, 1959). Using supernatants prepared as above for
the CP assays, total thiol concentration was measured as described
previously (Lushchak and Bagnyukova, 2006b). For determination
of low-molecular mass thiols (L-SH), aliquots of supernatants were
mixed with trichloroacetic acid (TCA) to reach a final TCA con-
centration of 10%, centrifuged (16,000 × g, 5 min, 4 ◦C) to remove
pelleted protein and the final supernatants were used for the assay.
Thiol concentrations were expressed as micromoles of SH-groups
per gram wet weight of tissue. The high-molecular mass thiol (H-
SH) content was calculated by subtracting the L-SH concentration
from total thiol concentration.

2.4. Assay of enzyme activities and protein

2.4.1. Determination of activities of antioxidant and associated
enzymes

Tissue homogenization and centrifugation was carried out
as described above for CP assays and supernatants were col-
lected. The activities of superoxide dismutase (SOD), catalase,
glutathione peroxidase (GPx), glutathione-S-transferase (GST), glu-
tathione reductase (GR), and glucose-6-phosphate dehydrogenase
(G6PDH) were measured in supernatants as described earlier
(Lushchak et al., 2005). One unit of SOD activity was defined as the
amount of enzyme (per milligram protein) that inhibited quercetin
oxidation reaction by 50% of maximal inhibition. Inhibition values
for SOD activity were calculated using an enzyme Kinetics com-
puter program (Brooks, 1992). One unit (U) of catalase, GST, GR,
GPx, and G6PDH activity is defined as the amount of enzyme con-
suming 1 �mol of substrate or generating 1 �mol of product per
minute. Activities were expressed as international units (or milliu-
nits) per milligram soluble protein (U/mU mg protein−1).

2.4.2. Assay of acetylcholinesterase activity
Acetylcholinesterase (AChE) activity was determined according

to the method of Ellman et al. (1961) with minor modifications
and adaptation of the procedure to microplate determination. The
reaction mixture contained 100 mM potassium phosphate buffer
(pH 8.0), 0.3 mM DTNB, and 10 �l supernatant. After 10 min incu-
bation at 25 ◦C the mixture was supplemented with 30 �l of 75 mM
acetylthiocholine iodide (final volume 0.3 ml) and reaction rate was
immediately measured at 412 nm. The enzyme activity was calcu-
lated using a molar extinction coefficient of 13.600 M−1 cm−1. One
unit of AChE activity was defined as the amount of enzyme produc-
ing 1 �mol of thionitrobenzoate per minute and was expressed per
milligram soluble protein (mU mg protein−1).

2.4.3. Assay of protein
Soluble protein concentration was measured with the

Coomassie Brilliant blue G-250 (Bradford, 1976) using bovine
serum albumin as a standard.

2.5. Histological examination

Liver and kidney samples of the control and treated fish were
fixed in 10% neutral-buffered formalin, and then the samples were
processed for routine wax histological evaluation (dehydrated and
embedded in paraffin). Sections of 5 �m were prepared and stained
with hematoxylin and eosin stains as described by Luna, (1968) and
Bernet et al. (1999). Histological samples of respective tissue were

Table 1
The concentrations of high molecular mass (H-SH) and low molecular mass (L-
SH) thiols (�mol gwm−1) in gills, liver and kidney of goldfish, exposed to control
conditions or 0.2, 1, and 5 mg L−1 of Gesagard for 96 h.

Tissue Parameter Fish group

Control 0.2 mg L−1 1 mg L−1 5 mg L−1

Gill H-SH 6.45 ± 0.46 6.15 ± 0.65 5.53 ± 0.48 5.28 ± 0.41
L-SH 0.50 ± 0.09 0.48 ± 0.06 0.49 ± 0.08 0.70 ± 0.05*

Liver H-SH 3.95 ± 0.19 3.86 ± 0.15 3.60 ± 0.26 3.78 ± 0.45
L-SH 2.26 ± 0.21 1.92 ± 0.12 2.33 ± 0.19 2.00 ± 0.14

Kidney H-SH 5.94 ± 0.28 5.93 ± 0.52 5.24 ± 0.40 6.10 ± 0.67
L-SH 1.82 ± 0.14 1.99 ± 0.18 2.49 ± 0.25* 2.62 ± 0.27*

Data are presented as means ± S.E.M, n = 7.
* Significantly different from the control group with P < 0.05.

prepared from four fishes from each experimental group with two
replicates of each sample and the changes described were similar
in all the slides that were assessed.

2.6. Statistical analysis

Statistical analysis was performed by Mynova software (version
1.3) using ANOVA followed by the Dunnett’s test to compare mul-
tiple experimental treatments to the single control value. Data are
presented as means ± S.E.M. The probability value of P < 0.05 was
considered to be statistically significant.

3. Results

The LC50
96 value (half-lethal concentration after 96 h exposure)

for goldfish exposed to prometryn was determined to be 4 mg L−1

(Erickson and Turner, 2002). Therefore, we chose to expose goldfish
to Gesagard at concentrations of 0.2, 1, or 5 mg L−1, which corre-
sponds to 0.1, 0.5, or 2.5 mg L−1 of prometryn, respectively. Animal
exposure to these concentrations resulted in no mortality during
the experiment, suggesting that these concentrations were clearly
sublethal.

3.1. Levels of oxidative stress markers

The concentration of CP groups in tissues of control goldfish
was highest in gills (17.0 ± 1.3 nmol mg protein−1), intermedi-
ate in kidney (4.04 ± 0.68 nmol mg protein−1), and lowest in
liver (1.65 ± 0.27 nmol mg protein−1). Fish exposure for 96 h to
0.2–5 mg L−1 Gesagard significantly increased CP levels in liver by
61–75%, but did not affect this parameter in gills or kidney (Fig. 1A).

Among control goldfish, the concentration of lipid perox-
ides (LOOH) was lowest in kidney (35.2 ± 6.8 nmol gwm−1),
whereas in gills and liver it was similar at 58.4 ± 4.6 and
64.3 ± 9.0 nmol gwm−1, respectively. Exposure to Gesagard had no
effect on LOOH concentration in gills, whereas exposure to 0.2 and
5 mg L−1 of the herbicide caused a substantial decline by 27 and
29%, respectively, in liver lipid peroxide level (Fig. 1B). In kidney,
the LOOH content was lower by 35 and 43% in fish exposed to 1 and
5 mg L−1 of Gesagard, respectively, than in controls (Fig. 1B).

The sulfhydryl group content of proteins (high molecular mass
thiols, H-SH) was lowest in liver of control goldfish, about 61–66% of
the value in gills and kidney (Table 1). None of the tissues showed
substantial changes in H-SH content during goldfish exposure to
any of the Gesagard concentrations used. By contrast, the concen-
tration of L-SH, which is believed to be represented mainly by
glutathione, was lowest in gills of control goldfish, just 22–27%
of the value in liver and kidney (Table 1). Goldfish exposure to
0.2–5 mg L−1 Gesagard did not affect L-SH in liver, but in the
other two tissues Gesagard at its highest concentration (5 mg L−1)
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Fig. 1. The level of carbonyl proteins (nmol mg protein−1) (A) and lipid peroxides
(nmol gwm−1) (B) in gills, liver and kidney of goldfish, exposed to control conditions
or 0.2, 1, and 5 mg L−1 of Gesagard for 96 h. Data are presented as means ± S.E.M,
n = 5–7. *Significantly different from the control group (P < 0.05) using ANOVA fol-
lowed by a Dunnett’s test.

increased L-SH content by 39% in gills and by 44% in kidney com-
pared to controls (Table 1).

3.2. Activities of antioxidant and associated enzymes

The activity of superoxide dismutase (SOD), a first line
antioxidant enzyme, in control goldfish was highest in liver
(184 ± 14 U mg protein−1) and lower in kidney and gills (81.3 ± 4.2
and 56.7 ± 3.0 U mg protein−1, respectively) (Fig. 2A). Fish expo-
sure to Gesagard did not affect SOD activity in gills, but increased
it in liver and kidney. In liver, a significant enhancement by 28%
occurred in fish treated with 5 mg L−1 herbicide, whereas in kidney
the activity was elevated by 36 and 47% after fish exposure to 0.2
or 1 mg L−1 Gesagard, respectively.

The activity of the second primary antioxidant enzyme, catalase,
was 10.1 ± 0.6, 60.6 ± 10.3 and 14.3 ± 1.3 U mg protein−1 in gills,
liver and kidney of control goldfish, respectively. In kidney, catalase
activity was diminished by ∼20% in all Gesagard-treated animals,
whereas in liver and gills no statistically significant differences from
control values were found (Fig. 2B). The activities of glutathione
peroxidase (GPx) were 116 ± 17, 201 ± 23, and 180 ± 21 mU mg
protein−1 in control goldfish gills, liver, and kidney, respectively.
In gills and kidney, Gesagard did not affect GPx activity at any
of the concentrations used, whereas in liver GPx activity was 38%
lower thsn in controls in fish exposed to 1 and 5 mg L−1 of herbicide
(Fig. 2C).

Activities of the second line antioxidant enzymes, namely
glutathione-S-transferase (GST), glutathione reductase (GR), and
glucose-6-phosphate dehydrogenase (G6PDH), responded differ-

Fig. 2. The activities of superoxide dismutase (SOD, U mg protein−1) (A), catalase
(U mg protein−1) (B), and glutathione peroxidase (GPx, mU mg protein−1) (C) in gills,
liver and kidney of goldfish, exposed to control conditions or 0.2, 1, and 5 mg L−1 of
Gesagard for 96 h. Other information as in Fig. 1.

ently to goldfish exposure to Gesagard. The activity of GST was
highest in liver of control goldfish (2.42 ± 0.25 U mg protein−1),
intermediate in kidney (1.09 ± 0.14 U mg protein−1), and lowest
in gills (0.35 ± 0.01 U mg protein−1). The three tissues showed dif-
ferential responses by GST to treatment with Gesagard. Goldfish
exposure to 1 and 5 mg L−1 of Gesagard resulted in higher GST activ-
ity than conrols in gills by 55% and 59%, respectively, whereas the
herbicide had no effect on liver GST activity and in kidney GST activ-
ity was suppressed by 38–46% after exposure to the herbicide at any
concentration (Fig. 3A).

Glutathione reductase activity in control fish was virtually the
same in gills and liver, 20.6 ± 2.0 and 20.8 ± 1.3 mU mg protein−1,
respectively, whereas in kidney it was 31.09 ± 2.89 mU mg
protein−1. Fish exposure to the highest concentration (5 mg L−1)
of Gesagard resulted in higher GR activity in gills than in control
gills by 52% (Fig. 3B), but activity was unchanged in the other two
tissues (Fig. 3B).
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Fig. 3. The activity of glutathione-S-transferase (GST, mU mg protein−1) (A),
glutathione reductase (GR, mU mg protein−1) (B), and glucose-6-phosphate dehy-
drogenase (G6PDH, mU mg protein−1) (C) in gills, liver, and kidney of goldfish,
exposed to control conditions or 0.2, 1, and 5 mg L−1 of Gesagard for 96 h. Other
information as in Fig. 1.

The activities of G6PDH in control fish were 36.9 ± 2.0,
86.0 ± 13.2, and 106 ± 7 mU mg protein−1 in gills, liver, and kid-
ney, respectively. Goldfish exposure to Gesagard did not affect the
G6PDH activity in gills and liver, whereas it was reduced by 28%
and 33% in kidney after exposure to 1 and 5 mg L−1 of herbicide,
respectively (Fig. 3C).

3.3. Acetylcholinesterase activity

The activity of the AChE in gills of control fish was about 1.4-fold
higher than that in liver and kidney (Table 2). Herbicide exposure
had no effect on AChE activity in liver, whereas in gills and kidney
treatment with the highest concentrations of Gesagard (5 mg L−1)

Table 2
The activity of acetylcholinesterase (AChE) (mU mg protein−1) in gills, liver, and
kidney of goldfish, exposed to control conditions or 0.2, 1, and 5 mg L−1 of Gesagard
for 96 h.

Tissue Fish group

Control 0.2 mg L−1 1 mg L−1 5 mg L−1

Gill 13.2 ± 1.1 16.4 ± 2.1 14.7 ± 2.5 20.2 ± 1.5*

Liver 9.76 ± 0.83 11.6 ± 1.0 7.95 ± 0.63 9.53 ± 0.92
Kidney 9.77 ± 0.81 10.3 ± 1.4 12.8 ± 1.2 14.0 ± 1.3*

Data are presented as means ± S.E.M, n = 7.
* Significantly different from the control group with P < 0.05.

increased AChE activity by 53% and 44%, respectively, as compared
to the controls.

3.4. Histopathology

In the present work, we observed pathological changes of liver of
fish exposed to Gesagard at all concentrations used. The histological
analysis of control fish showed normal histological liver structure
(Fig. 4A). Exposure for 96 h to 0.14 mg L−1 Gesagard increased the
number of dilated sinusoids (Fig. 4B). More pronounced changes
occurred in liver of fish exposed to higher Gesagard concentrations.
Dystrophy in hepatic cells was observed along with an increased
number of dilated sinusoids at Gesagard concentrations of 1 and
5 mg L−1 (Fig. 4C, D).

Changes in kidney structure were also observed in goldfish
exposed to Gesagard. At low concentration (0.2 mg L−1) of the her-
bicide, we observed small hemorrhages and necrotic cells in kidney
structure (Fig. 5B). At concentration 1 mg L−1 pesticide induced
more substantial damages in fish kidney, particularly degeneration
of epithelium cells, hemorrhages, and decrease in space between
glomerulus and Bowman’s capsule (Fig. 5C). The similar histolog-
ical alterations were also observed in fish exposed to the highest
herbicide concentration (5 mg L−1) with additional hypertrophy of
hematopoietic tissue and necrotic cells (Fig. 5D).

4. Discussion

In recent decades, there has been great interest in studying
the toxicity of triazine pesticides on living organisms due to their
widespread use in agriculture. Prometryn, along with terbutryn and
simetryn, belongs to the group of methylthio-s-triazine herbicides
(Fenoll et al., 2014). Prometryn is commonly used in agriculture
as commercial preparations named Caparol and Gesagard. In pho-
totrophic organisms, prometryn inhibits photosynthesis by acting
as a photosystem II inhibitor and induces oxidative stress (Jiang
and Yang, 2009). In non-target organisms, particularly mammals,
the possible mechanisms of prometryn action include disruption
of the tricarboxylic acid cycle and inhibition of oxidative phospho-
rylation (Brvar et al., 2008; Dikić et al., 2009a; Dikić et al., 2010).
As shown previously, chronic oral exposure of mice to prometryn
disrupted the operation of the immune system, markedly affecting
lymph nodes and thymus, as well as altering blood biochemistry
indicators (Dikić et al., 2009b; Dikić et al., 2010). Acute poisoning
in humans was accompanied by metabolic acidosis (Brvar et al.,
2008). Metabolism of prometryn in mammals primarily occurs via
N-dealkylation, conjugation through the sulfur group, sulfur oxida-
tion and disulfide formation, with 90–98% of prometryn residues
being eliminated in the urine and feces within seven days (Maynard
et al., 1999).

In aquatic organisms, enhanced ROS generation and devel-
opment of oxidative stress are believed to be among the main
mechanisms of pesticide-induced toxicity (Livingstone, 2003;
Slaninova et al., 2009; Lushchak, 2011). Organic compounds can



254 N.M. Mosiichuk et al. / Aquatic Toxicology 165 (2015) 249–258

Fig. 4. Light micrographs of sections through liver of goldfish (C. auratus L.) showing histological structure of the control group (A), and animals treated with 0.2 (B), 1 (C) or
5 (D) mg L−1 of Gesagard for 96 h. Samples were stained with hematoxylin-eosin and photomicrographs were taken using 200 × magnification. Fv – fatty vacuolization; Sy –
sinusoids; Ds – dilated sinusoids; Pv – portal vein; Dh – diffuse haemorrhage; Dhs – dystrophy of hepatic cells. These are representative pictures of sections prepared from
multiple fish – at least four animals were tested per control or experimental groups.

Fig. 5. Light micrographs of section through kidney of goldfish (C. auratus L.) showing histological structures of the control group (A), and animals treated with 0.2 (B), 1 (C)
or 5 (D) mg L−1 of Gesagard for 96 h. Samples were stained with hematoxylin–eosin and photomicrographs were taken using 400× magnification. RT – renal tubules; H –
hematopoietic tissue; SH – small hemorrhage; DE – degeneration of tubular epithelium; N – necrotic cells and nuclei of tubular epithelium; MH – multiple hemorrhage; HT
– hypertrophy of intertubular hematopoietic tissue; BC – Bowman’s capsule; * – asterisk indicates decrease in space between glomerulus and Bowman’s capsule. These are
representative pictures of sections prepared from multiple fish; kidney tissue from at least four animals was sectioned, stained and examined for each of the groups (control
and three experimental groups).
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Fig. 6. ROS transformation in living organisms. Abbreviation: GSH, reduced glutathione; GSSG, oxidized glutathione; LOOH, lipid hydroperoxide; LOH , lipid hydroxide;
G6P, glucose-6-phosphate; 6PGL, 6-phosphoglucolactone; PR, protein; CP, protein carbonyls. Enzymes involved: SOD, superoxidedismutase; CAT, catalase; GR, glutathione
reductase; Gpx glutathione peroxidase; GST, glutathione-S-transferase; G6PDH, glucose-6-phosphate dehydrogenase.

stimulate ROS production by a variety of biochemical mechanisms
including redox cycling of quinones, nitroaromatics, nitroamines,
and bipyridyl herbicides; autoxidation of particular oxygenases
(e.g., cytochrome P450s (CYPs); enzyme induction (e.g., CYPs, flavo-
protein reductases); disruption of membrane electron transport
by lipophilic contaminants; and depletion of antioxidant defenses
(e.g., GSH involved in the biotransformation of organic contami-
nants) (Livingstone, 2003; Lushchak, 2011, 2014; Sies, 2015). Living
organisms are equipped with a variety of defense mechanisms
to eliminate ROS and other free radicals as well as the damage
products resulting from their interactions with cellular compo-
nents (Fig. 6). The antioxidant defense system includes the first
line antioxidant enzymes such as SOD, catalase, and GPx, and sec-
ond line (associated or auxiliary) antioxidant enzymes such as GST,
GR, and G6PDH, as well as low molecular mass antioxidants such
as glutathione (Lushchak, 2011, 2014; Sies, 2015).

Several toxicological studies have confirmed that acute or
chronic exposure to triazine herbicides enhanced ROS generation
and induced oxidative stress in fish (Elia et al., 2002; Nwani et al.,
2010; Zhu et al., 2011; Paulino et al., 2012; Blahova et al., 2013). The
effects of chronic exposure to prometryn in environmentally rea-
sonable concentrations on oxidative stress parameters have been
investigated to a significant extent in common carp and crayfish
(Stará et al., 2012a; Stará et al., 2013; Stará et al., 2014). However,
there is a scarcity of data on the effects of acute exposure to prom-
etryn or its commercial formulations at sublethal concentrations.
Therefore, we decided to fill this knowledge gap with an analysis
of the effects of acute prometryn exposure on oxidative stress and
antioxidant responses in the goldfish. We chose three tissues (gills,
liver, kidney) and evaluated the toxicity of Gesagard on goldfish.
Gills are primary organs that are directly exposed to water-borne

pollutants, whereas liver and kidney are key organs involved in
elimination, biotransformation, and excretion of xenobiotics from
the body.

4.1. Reaction of gills to Gesagard exposure

Persistent hydrophobic chemicals may enter aquatic organisms
through different routes: via direct uptake from water by gills or
skin (bioconcentration), via uptake of suspended particles (inges-
tion), or via consumption of contaminated food (biomagnification).
Gills are the first site of direct contact with water contaminants
and they perform biotransformation and elimination of xenobi-
otics (Van der Oost et al., 2003). Previous research proved that
uptake of triazine via fish gills was a main route of entry (Gunkel,
1981). Therefore, it might be predicted that goldfish gills would be
the tissue most affected by Gesagard as compared with the other
tissues investigated, namely liver and kidney. However, our exper-
iments did not confirm this initial hypothesis. The main markers of
oxidative stress, protein carbonyls (CP), and lipid hydroperoxides
(LOOH), did not change in gills of goldfish exposed to any of the
Gesagard concentrations used. Similarly, previous studies reported
low sensitivity of gill tissue to triazine herbicides. In particular,
chronic exposure to prometryn at concentration 0.51–80 �g L−1

had no effect on the intensity of lipid peroxidation, measured
as levels of thiobarbituric acid reactive substances (TBARS), in
gills of common carp (Stará et al., 2013). Long term exposure to
another methylthio-s-triazine pesticide, terbutryn, did not change
TBARS levels, either, but increased CP content in gills of common
carp (Velíšek et al., 2011a). Furthermore, acute (48 h) exposure
of Prochilodus lineatus to atrazine did not change LOOH levels in
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gills, whereas after subchronic (14 day) exposure, the level of LOOH
increased (Paulino et al., 2012).

The resistance of gill proteins and lipids to oxidative modifi-
cation might be connected with a high potential of the antioxidant
system to eliminate ROS. However, we did not observe any changes
in gill in the activities of first-line defense enzymes such as SOD,
catalase, and GPx in response to Gesagard exposure. Similarly,
(Stará et al., 2012a) did not observe alterations in the activities of
SOD and catalase in tissues of carp at early life stages when exposed
to 0.51–1.2 �g L−1 of prometryn for 35 days. Later, the same authors
reported that SOD activity decreased in gills of common carp after
long-term exposure to 0.51–80 �g L−1 of prometryn, whereas cata-
lase activity was unchanged (Stará et al., 2013). In addition, acute
(48 h) exposure to atrazine did not impact the activities of SOD,
catalase and GPx in the gills of P. lineatus (Paulino et al., 2012).

In many cases, free thiols offer a key defense against oxidative
stress in living organisms (Van der Oost et al., 2003; Lushchak,
2011, 2012, 2014). In animal tissues, low molecular mass thiols
(L-SH) are represented mainly by the tripeptide glutathione (GSH)
and the free amino acid cysteine (Lushchak, 2012). In this study,
we observed an increase in L-SH concentration in gills of gold-
fish exposed to the highest concentration of Gesagard, potentially
attributable to increased GSH biosynthesis. The level of free low
molecular mass thiols also depends on GR activity, which was sub-
stantially increased in gills in response to 5 mg L−1 of Gesagard
exposure. But GR only reduces oxidized glutathione and cannot
increase its total pool due to which increase in total L-SH concentra-
tion is supposed to be attributed to de novo synthesis. Importantly,
GSH is also needed for conjugation with xenobiotics via the reaction
catalyzed by GST (Lushchak, 2012). The increased GST activity in
gills of fish exposed to 1 and 5 mg L−1 of Gesagard suggests that the
detoxification pathway for prometryn in the gills may involve the
direct conjugation of prometryn to GSH since its chemical structure
favors such conjugation. At the same time, the lack of increase in
GPx activity could be a mechanism for preserving the GSH content
in the cell above a critical level favoring the conjugation of prom-
etryn to GSH by GST (Paulino et al., 2012). Oropesa et al. (2009)
also reported an increase in GSH level in gills of common carp after
chronic exposure to simazine, as a result of as an adaptive response
to this stressful situation.

Acetylcholinesterase (AChE) is widely known as a specific
biomarker of pesticide intoxication due to inactivation of the
enzyme (Assis et al., 2011). Instead, we observed an increase AchE
activity in gills of goldfish exposed to 5 mg L−1 of Gesagard. One can
suggest that an increase in AChE activity in response to Gesagard
may be an adaptive response to acute and really not intensive expo-
sure, whereas decreases in AChE activity would be expected after
more extended or extensive exposure. A similar effect was reported
for tissues of fish exposed to heavy metals (Bainy et al., 2006).

4.2. Gesagard-induced changes in liver

Liver is the primary organ for bioaccumulation and detoxifica-
tion of xenobiotics, as well as a site of multiple oxidative reactions
and ROS generation in substantial amounts (Van der Oost et al.,
2003). This tissue has been extensively studied in regards to the
toxic effects of triazines. For example, liver was viewed as a pri-
mary organ for atrazine metabolism in zebrafish (Jin et al., 2010).
Velisek and colleagues did not observe any changes in the activ-
ities of enzymes (ethoxyresorufin-O-deethylase, GST) and levels
of cofactors (cytochrome P450, GSH) involved in xenobiotic bio-
transformation in liver of common carp after chronic exposure to
terbutryn or simazine (Velíšek et al., 2011a; Stará et al., 2012b).
Previously, we showed that short-term exposure to the metribuzin-
containing herbicide Sencor altered liver histology, metabolism,
and free radical processes (Maksymiv et al., 2015). The present

study demonstrates that Gesagard enhanced ROS-induced modi-
fication of proteins in goldfish liver. At the same time, the pesticide
decreased the level of lipid peroxides in liver that could result either
from their decreased production or enhanced degradation under
goldfish exposure to Gesagard. Lipid hydroperoxides are not only
a marker of oxidative damage to lipids – they are also possibly
involved in triggering the up-regulation of activities of antioxi-
dant enzymes (Valavanidis et al., 2006; Lushchak and Bagnyukova,
2006a). As a result, an enhanced antioxidant response could sup-
press the intensity of lipid peroxidation (Bagnyukova et al., 2007).
However, only minor changes were observed in the activities of
antioxidant and associated enzymes in liver of goldfish exposed to
Gesagard. For example, SOD activity increased in liver only in fish
exposed to the highest concentration of Gesagard. Concurrently,
catalase activity showed tendency to decrease in fish exposed to
Gesagard, whereas GPx activity was significantly suppressed in
liver of the 1 and 5 mg L−1 treatment groups. The latter enzyme
is involved in ROS detoxification and plays an important role in
defense against lipid peroxidation in aquatic organisms (Lushchak,
2011, 2012, 2014). The decrease of GPx activity might be related to
enhanced superoxide production or to a direct action of the pesti-
cide or its derivatives on enzyme synthesis (Monteiro et al., 2006).
With these results one may suggest a scenario of oxidative stress
development in liver of goldfish at least at the highest concentra-
tion of Gesagard used. The activities of GST, GR, and G6PDH were
unaffected by fish exposure to Gesagard, suggesting that their high
constitutive activities in liver are probably sufficient to deal with
any oxidative stress arising from Gesagard exposure. Of the three
tissues studied, liver also possessed the highest level of L-SH in con-
trol goldfish, which could contribute to alleviating the toxic effects
of the pesticide.

Similar findings were reported in the liver of carp exposed to
prometryn at doses of 0.51 to 80 �g L−1 over 14–60 days (Stará
et al., 2012a). In that study, SOD and GR activities were unchanged
over the experimental course, whereas catalase activity decreased
after 60 day exposure of fish to 80 �g L−1 of prometryn. Prolonged
exposure of common carp to terbutryn significantly increased SOD
activity and decreased GR activity but had no effect on GPx activ-
ities in liver (Velíšek et al., 2011a). Earlier we found that acute
exposure of goldfish to the metribuzin-containing herbicide Sencor
enhanced SOD activity, but reduced catalase, GPx, and GR activities
in liver (Maksymiv et al., 2015).

In our study, histology of fish liver exposed to Gesagard showed
dystrophy in hepatic cells and dilated sinusoids. The histologi-
cal alterations in the liver tissue resulting from acute Gesagard
exposure might reduce its functional efficacy. In contrast to our
observation, no histological anomalies were demonstrated in liver
of carps subjected to long-term exposure to terbutryn, simazine,
and prometryn (Velisek et al., 2011ɑ, 2012, 2013).

4.3. Effects of Gesagard on the fish kidney

Kidney is a target organ for certain toxicants since, it actively
transforms xenobiotics and is a major route for their excretion.
Thus, pollution with some xenobiotics is highly likely to affect
kidney. Triazines are mainly excreted in mammals and fish by
the kidney (Gunkel, 1981; Bradway and Moseman, 1982) and
have direct effects on kidney structure and function in fresh-
water fish (Velíšek et al., 2011b; Husak et al., 2014). We found
that kidney appeared to be the target organ of Gesagard toxicity,
because most of the parameters studied were affected in kidney
of goldfish exposed to this herbicide. Similar to the effects seen
in liver, acute Gesagard treatment significantly decreased the lev-
els of lipid peroxides in goldfish kidney. Lipid peroxides can be
degraded by phospholipid hydroperoxide glutathione peroxidase
and/or GST (Hermes-Lima, 2004; Lushchak, 2012, 2014). However,
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we did not observe any changes in GPx activity in goldfish kidney,
whereas GST activity was reduced in pesticide treatment groups,
suggesting that in our case these enzymes might not responsible
for decreased LOOH. Protein carbonyl levels were unaffected by
Gesagard exposure in kidney, possibly because of good endogenous
defense systems that prevent ROS-promoted protein oxidation.
In particular, this effect may be linked with the increase in L-SH
content in kidney of goldfish exposed to Gesagard, since a sim-
ilar tendency was observed in gills. With respect to antioxidant
enzymes, our results showed a significant increase of SOD activ-
ity in the kidney of goldfish exposed to Gesagard, which suggests
that a rise in the O2

•− generation rate might have taken place. In
contrast, catalase activity was reduced in all experimental groups.
This reduction might be due to high superoxide anion levels that
might inactivate catalase. Catalase activity also depends on the
level of NADPH. It has been demonstrated that NADPH protects
catalase from inactivation, because each of the four monomers of
catalase contains an NADPH-binding site which should be occu-
pied to provide full enzymatic activity (Kirkman and Gaetani, 1984;
Kirkman et al., 1999). Decreased NADPH level correlated with a loss
of catalase activity in human erythrocytes (Gaetani et al., 1989). The
role of G6PDH in antioxidant defense is peripheral but important,
because this enzyme is one of the main cellular sources of NADPH
synthesis required for antioxidant defense (Winzer et al., 2002;
Lushchak, 2014). We observed decreased G6PDH activity in kidney
of Gesagard treated fish, which correlated with the decrease in cata-
lase activity. Activity of GR in kidney did not respond to treatment
of fish with low Gesagard concentrations, but a downward trend
was observed at the highest concentration of herbicide. Antioxi-
dant enzymes, such as catalase, GST, G6PDH, and GR are sensitive
to damage by ROS, leading to their inactivation (Lushchak et al.,
2005). It could be suggested, therefore, that this scenario took place
in our experiment suggesting that goldfish exposure to Gesagard
induced oxidative stress in animal kidney.

Triazine pesticides have been reported previously to modify the
activities of various antioxidant enzymes in kidney. For example,
subchronic exposure of common carp to atrazine reduced activities
of SOD, catalase, and GPx in kidney (Xing et al., 2012). Exposure to
the metribuzin-containing herbicide Sencor decreased the activi-
ties of catalase, GPx, and GR (but not SOD and GST) in kidney of
goldfish after 96 h exposure (Husak et al., 2014). Similar to gills, in
kidney of goldfish we also observed increased AchE activity at the
highest concentration of herbicide. That may reflect an adaptive
response to pesticide insult by this enzyme.

In addition to disturbances to antioxidant system, kidney struc-
ture is altered in goldfish exposed to Gesagard. We observed
necrotic cells, degeneration of epithelium cells, hemorrhages, and
decrease in space between glomerulus and Bowman’s capsule
in the organ. Velisek et al. (2013) also observed concentration-
dependent structural changes in tubular epithelium of caudal
kidney of carps after chronic exposure to prometryn. They included
the shedding of cellular fragments into the lumina, shedding of
tubular epithelial cells, and the presence of hyaline casts as well
as inflammatory infiltration and interstitial hemorrhaging (Velisek
et al., 2013). Long-term exposure to simazine at concentrations of
0.06–4 �g L−1 caused severe hyaline degeneration of the epithelial
cells of renal tubules of the caudal kidney, but no histopathologi-
cal changes were demonstrated in caudal kidney of carp following
long-term exposure to terbutryn at concentrations of 0.02, 0.2, and
2 �g L−1 (Velisek et al., 2011b, 2012).

5. Conclusions

The present study demonstrated that 96 h exposure to the
prometryn-contained herbicide Gesagard perturbed ROS homeo-

stasis in goldfish gills, liver, and kidney and caused histopatho-
logical changes in kidney and liver. However, pesticide-induced
changes varied considerably between the tissues with an unex-
pectedly weak response by gills which are in direct contact with
the water-borne pesticide. In gills, only four of the 11 parameters
measured were increased at the highest Gesagard concentration
used: L-SH levels and activities of GST, GR, and AChE, indicative
of a relatively weak antioxidant defense response in this organ.
So, Gesagard stress on gills may be categorized as low intensity
(Lushchak, 2014; Sies, 2015). Of the three tissues tested, goldfish
liver possesses the most powerful antioxidant defense system as
evidenced by levels of L-SH and activities of SOD, catalase, GPx,
GST, and G6PDH. Despite intensification of selected signatures of
oxidative stress in liver (increased CP levels; decreased GPX activ-
ity), damage may be controlled by the existing antioxidant defenses
even allowing for a reduction in LOOH levels in liver of pesticide-
exposed fish. Clearly, however, liver showed several signatures
of low intensity oxidative stress response to Gesagard (Lushchak,
2014; Sies, 2015). Finally, perturbations of ROS-related processes in
response to goldfish exposure to Gesagard were most pronounced
in kidney among the three tissues analyzed. Decreased activities
of catalase, GST and G6PDH were seen but might be counteracted
by increased L-SH levels and SOD activity. These data suggest that
kidney experienced the greatest response to Gesagard, with an
oxidative stress level between weak and intermediate in inten-
sity (Lushchak, 2014; Sies, 2015). Collectively, the results of this
research allow us to conclude that oxidative stress is one of the
mechanisms responsible for the toxicity of Gesagard to fish. Indeed,
the same mechanism of Gesagard toxicity may also be at work in
other groups of non-target organisms. Comparison of our data on
acute fish exposure to Gesagard with information in the literature
about long term pesticide exposures suggests that in the latter case
lower doses/concentrations over longer timeframes may induce
changes similar to those reported here for acute exposures to higher
toxicant levels. Finally, our work shows that kidney was the most
responsive organ to Gesagard exposure which may make this organ
the best tissue to utilize to reveal and monitor Gesagard effects on
fish.
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2009a. Subchronic oral exposure to prometryne changes relations of blood
biochemistry indicators in mice. Acta Vet. Brno 78, 243–251.
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Stará, A., Kristan, J., Zuskova, E., Velíšek, J., 2013. Effect of chronic exposure to
prometryne on oxidative stress and antioxidant response in common carp
(Cyprinus carpio L.). Pest. Biochem. Physiol. 105, 18–23.
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