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Abstract Clomazone is considered a potential contaminant
of groundwater and is persistent in the environment. To verify
the effects of clomazone in Cyprinus carpio and Rhamdia
quelen, a method that combines biomarker responses into an
index of “integrated biomarker response” (IBR) was used for
observed biological alterations in these species. Thiobarbi-
turic acid-reactive substances in liver of carp and silver catfish
decreased at both concentrations tested. However, in muscle it
increased in carp at 3 mg/L and silver catfish at 6 mg/L.
Protein carbonyl increased in liver (3 and 6 mg/L) and muscle
(6 mg/L) of carp. In carp, superoxide dismutase (SOD) in-
creased at 3 mg/L and catalase at 6 mg/L. In silver catfish,
SOD in liver decreased at 3 mg/L. Glutathione-S-transferase
increased at 3 mg/L in muscle of carp. Nonprotein thiol levels
decreased at both concentrations in liver of silver catfish and
muscle of carp. In silver catfish, acetylcholinesterase (AChE)
decreased in brain at 6 mg/L. Nevertheless, AChE in muscle
of both species increased at 3 and 6 mg/L. IBR was stan-
dardized scores of biomarker responses and was visualized
using star plots. The IBR values shown that in carp there was
predominantly an induction of parameters, whereas in silver
catfish there was inhibition of these responses. In this way,
IBR may be a practical tool for the identification of biological
alterations in fish exposed to pesticides. In the present study,
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IBR was efficient for comparisons of fish species using clo-
mazone. This study may serve as a base for evaluation of other
pesticides in the rice field, environment, or laboratory
experiment.

In modern agriculture, a wide variety of pesticides are used
to increase productivity. In 2013 in the south of Brazil,
there were approximately one million hectares of irrigated
rice fields. For control of pests during the cultivation pe-
riod, several herbicides, insecticides, and fungicides are
applied to these rice fields (IRGA 2013). The most used
herbicide is clomazone, which is annually applied in

>400,000 hectares of rice field. This intense use is due to
fact that clomazone is efficient both before and after
emergence alone or combined with other classes of pesti-
cides (EMBRAPA 2011; Andres et al. 2013).

Clomazone belongs to the isoxazolidinone chemical
group and acts as an inhibitor of carotenoid synthesis, has
high solubility in water (1100 mg/L), is volatile
(P, = 1.44 x 107* mm Hg), is resistant to hydrolysis
under a wide range of pH values, and is weakly sorptive to
soil (kp = 0.47-5.30) (Andres et al. 2013; Cao et al. 2013).
The physicochemical characteristics indicate that cloma-
zone is persistent in the environment with a half-life of
7.2 days in water and 4-14 weeks in soil. Clomazone
presents properties that indicate potential for groundwater
contamination and has been detected in monitoring studies
of water sampled in the environment (Zanella et al. 2000,
2002; Sauco et al. 2010; Tomco et al. 2010). Clomazone
accumulated in muscle of fish, such as Perca fluviatis and
Cyprinus carpio, after the fish were fed with foods con-
taining 13 pesticides including clomazone (Lazartigues
et al. 2013). Clomazone has been the subject of laboratory
studies in species such as Rhamdia quelen, C. carpio and
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Prochilodus lineatus showing alterations in oxidative and
antioxidant status of tissues as well as metabolic and his-
tological parameters in liver (Crestani et al. 2007; Menezes
et al. 2011; Pereira et al. 2013).

In general, the herbicides induce oxidative stress in fish due
to the formation of reactive oxygen species (ROS) and cause
alterations in the antioxidant systems. These alterations are
caused by an imbalance between ROS and the antioxidant
activity or damage to biological systems (Uner et al. 2006;
Glusczak et al. 2011). The oxidative damage is measured in
the form of thiobarbituric acid-reactive substances (TBARS)
and protein carbonyl in fish (Almroth et al. 2005; Parvez and
Raisuddin 2006; Cattaneo et al. 2012). The antioxidant en-
zymes are important due to their detoxification capacity of
toxic agents and their metabolites. The fish have an enzymatic
antioxidant system composed of superoxide dismutase (SOD)
and catalase (CAT, as well as nonenzymatic mainly repre-
sented by nonprotein thiols (NPSH) (Oropesa et al. 2009;
Pereira et al. 2013). Another important enzyme is glutathione-
S-transferase (GST), which catalyzes the conjugation of glu-
tathione-reduced (GSH) with a variety of intracellular com-
pounds that are less permeable to the membranes and easily
eliminated by increasing their hydrophilicity (van der Oost
et al. 2003; Modesto and Martinez 2010). Acetyl-
cholinesterase (AChE) is used for monitoring carbamate and
organophosphate effects in vertebrates including fish (Filho
et al. 2004). Furthermore, other pesticide classes show alter-
ations in AChE activity, for example, isoxalidinone cloma-
zone (Miron et al. 2005, 2008; Cattaneo et al. 2012).

Although biomarkers can provide valuable information
and can be used to measure a wide range of physiological
responses to chemicals, their use is limited if they cannot
be integrated into a general scheme that facilitates data
analysis and interpretation. The biomarkers evaluated re-
flect a hierarchy of biological organization and were used
to develop the index of “integrated biomarker response”
(IBR) described by Beliaeff and Burgeot (2002) for the
interpretation of biomarker responses. The IBR reflects the
contamination levels measured at different concentrations
regardless of the variability in the biomarker sets used for
the index calculations (Serafim et al. 2012). Studies using
an IBR for simplifying the interpretation of biomarker re-
sponses have not been verified previously in silver catfish
and carp under laboratory conditions. In this context, the
IBR constitutes a practical and robust tool to assess the
susceptibility of clomazone. The carp (C. carpio) and silver
catfish (R. quelen) were used in this study because they are
extensively used for monitoring freshwater contamination.
Both species are commercialized in southern Brazil due to
the rapid growth of the carp and high quality of the fillet of
silver catfish. The species are found in rivers near to rice
fields or create in consortium rice-fish (Bongers et al. 1998;
Mabuchi et al. 2006; Pretto et al. 2011).

Thus, this study aimed to analyze several biomarkers re-
lated to the parameters of oxidation and defense if C. carpio
and R. quelen, and to use a method that combines these
biomarkers, for compare of way integrated between the
concentrations tested, biological alterations in this species.

Materials and Methods
Chemicals

Commercial formulation of the herbicide clomazone (2-(2-
chlorophenyl)methyl-4,4-dimethyl-3-isoxazolidinone), which
has a trade name in the Brazilian market—Gamit (FMC Corp.,
Philadelphia, Pennsylvania, USA)—was used in this ex-
periment. Acetylthiocholine (ASCh), 5,5'-dithio-bis(2-ni-
trobenzoic acid) (DTNB), 1-chloro-2,4 dinhitrobenzene
(CDNB), bovine serum albumin (BSA), Triton X-100, hydro-
gen peroxide (H,O,), malondialdehyde (MDA), 2-thiobarbi-
turic acid (TBA), and sodium dodecyl sulfate (SDS) were
obtained from Sigma (St. Louis, Missouri, USA).

Animals and Water Parameters

Silver catfish (R. quelen) and carp (C. carpio) were obtained
(males and females) from the fish farm of the Federal
University of Santa Maria n RS, Brazil. Silver catfish
weighed, on average, 27.8 = 1.0 g and measured 12.4 +
1.0 cm in length. Carp weighed, on average, 18.5 £ 0.7 g
and were 10.4 £ 1.0 cm in length. The fish were acclimated
in boxes (250 L) for 10 days under laboratory conditions.
They were kept in continuously aerated dechlorinated tap
water in a static system and with a natural photoperiod (12 h
of light to 12 h of dark). Water parameters were measured
every day: Temperature was 24.0 £ 2.0 °C, pH was
7.0 £ 0.5, dissolved oxygen was 8.5 + 0.4 mg/L, nonion-
ized ammonia was 0.80 £ 0.02 pg/L, nitrite was 0.08 £
0.01 mg/L, and alkalinity was 18.0 £ 2.0. During acclima-
tion, the fish were fed once a day with commercial fish pellets
(42 % crude protein; Supra, Brazil). Feces and pellet resi-
dues were removed by suction. Filter systems were used to
maintain water quality. After the acclimation period, the fish
were allocated to 45-L fiberglass boxes and divided into
groups.

Experimental Design

The fish (R. quelen and C. carpio) were distributed into a
control group (no clomazone) and two exposure groups (3
and 6 mg/L clomazone). Each experiment was performed
using 8 fish/treatment in duplicate, and thus the final
number was n = 16 fish per group. The time of exposure of
8 days was based on the half-life of clomazone in water,
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i.e., 7.2 days (Tomco et al. 2010). The concentrations of
herbicide were chosen based on previous studies involv-
ing freshwater fish species and considering medium val-
ues for clomazone exposure at sublethal concentrations.
Miron et al. (2005) exposed R. quelen to 5, 10, and
20 mg/L of clomazone for 96 h. Pereira et al. (2013)
exposed P. lineatus to 1, 5, and 10 mg/L of clomazone
for 96 h. Miron et al. (2008) exposed Leporinus obtusi-
dens to 0.5 mg/L of clomazone for 8 days, and Cattaneo
et al. (2012) exposed C. carpio to 0.5 mg/L of clomazone
in a rice field.

To obtain the experimental concentrations (3 and 6 mg/L
of clomazone), the herbicide was diluted in distilled water.
The stock solution (800 mg/L of clomazone) was added
with a micropipette at only the beginning of experiment at
the boxes, and there was no herbicide replacement during
the study. The concentration of the herbicide in the water
of the boxes was monitored during the experiment (days 1
and 8) by high performance liquid chromatography/ultra-
violet (HPLC/UV) using the method described by Zanella
et al. (2002). After the period of exposure, fish were
sampled, and organs (liver, brain, and muscle) were col-
lected and frozen at —80 °C until analysis. All protocols
used in this study were approved by the Committee on
Ethics and Animal Welfare of the Federal University of
Santa Maria, protocol number 42-2010.

Lipid Peroxidation Estimation Assay

Lipid peroxidation was estimated by a TBARS assay ac-
cording to Buege and Aust (1978), performed by an MDA
reaction with TBA, which was optically measured. Sam-
ples of liver (1:20) were homogenized in a Potter—Elve-
jhem glass/Teflon homogenizer with 20 mM of potassium
phosphate buffer (pH 7.5), and muscle (1:8) was ho-
mogenized with 150 mM of NaCl after the samples were
centrifuged at 10,000xg for 10 min at 4 °C. To ho-
mogenates of liver (250 uL) and muscle (400 puL) was
added trichloroacetic acid 10 % (TCA) (250-100 pL, re-
spectively) and 0.67 % of TBA (500 pL) to adjust to a final
volume of 1.0 mL. The reaction mixture was placed in a
microcentrifuge tube and incubated for 30 min at 95 °C.
After cooling, it was centrifuged at 5000x g for 15 min,
and after samples and standards curve of MDA (0.03 mM)
(TBA) were read at 532 nm against the blank of the stan-
dard curve. TBARS levels were expressed as nmol MDA/
mg protein.

Enzyme Assays
For SOD, CAT, and GST, the organs were homogenized in

a Potter—Elvejhem glass/Teflon homogenizer with 20 mM
of potassium phosphate buffer (pH 7.5) (1:20 dilution) and
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centrifuged at 10,000x g for 10 min at 4 °C. SOD activity
was determined in liver and was based on inhibition of the
radical superoxide reaction with adrenalin as described by
Misra and Fridovich (1972). In this method, SOD present
in the sample competes with the detection system for
radical superoxide. A unit of SOD was defined as the
amount of enzyme that inhibits by 50 % the speed of
oxidation of adrenalin. The oxidation of adrenalin leads to
the formation of the colored product, adrenochrome, which
as detected by spectrophotometer. SOD activity is deter-
mined by measuring the speed of adrenochrome formation,
as observed at 480 nm, in a reaction medium containing
glycine—-NaOH [50 mM (pH 10)] and adrenalin (1 mM).
The activity was expressed in IU SOD/mg protein. CAT
activity in liver was assayed by UV spectrophotometry
(Nelson and Kiesow 1972). The assay mixture consisted of
2.0 mL of potassium phosphate buffer [S0 mM (pH 7.0)],
0.05 mL of H,O, (0.3 M), and 0.05 mL of homogenate.
Change of H,0O, absorbance in 60 s was measured by
spectrophotometry at 240 nm. CAT activity was calculated
and expressed in pmol/min/mg protein. GST activity was
measured in liver and muscle according to Habig et al.
(1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as sub-
strate. The formation of DNPH was monitored by the in-
crease in absorbance at 340 nm against blank. The molar
extinction coefficient used for CDNB was 9.6 mM/cm. The
activity was expressed as pmol GS-DNB/min/mg protein.
AChE activity was measured using the method de-
scribed by Ellman et al. (1961). Brain and muscle (50 mg)
were weighted and homogenized (1:10) in a Potter-Elve-
jhem glass/Teflon homogenizer with sodium phosphate
buffer 50 mM (pH 7.2) and Triton X-100 1 %. The ho-
mogenate was then centrifuged for 10 min at 3000x g at
5 °C, and the supernatant was used as enzyme source.
Aliquots of supernatant (50 pL of brain and 100 pL of
muscle) were incubated at 30 °C for 2 min with a solution
containing 0.1 M of sodium phosphate buffer (pH 7.5) and
1 mM of DTNB. After the incubation period, the reaction
was initiated by the addition of ASCh (1 mM). The final
volume was 2.0 mL. Absorbance was measured by spec-
trophotometry at 412 nm for 2 min. Enzyme activity was
expressed as pimol ASCh hydrolyzed min/mg protein.

Nonprotein Thiols

NPSH levels were determined in liver and muscle by the
method of Ellman (1959). The liver and muscle (150 mg)
were homogenized (1:10) with 1.5 mL of Tris—HC] 50 mM
(pH 7.5) followed by centrifugation at 3000x g for 10 min.
An aliquot of supernatants (1.0 mL) was mixed (1:1) with
10 % trichloroacetic acid and then centrifuged. To deter-
mine NPSH of organs, an aliquot (400 mL) of supernatant
was added in a phosphate buffer 0.5 mM (pH 6.8), 10 mM
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DTNB, and cysteine 0.5 mM. The color reaction was
measured at 412 nm. NPSH levels were expressed as pmol
NPSH/g of tissue.

Protein Carbonyl Assay

The liver and muscle samples were homogenized in 10
volumes (w/v) of 10 mM Tris—HCI buffer (pH 7.4) using a
glass homogenizer. Protein carbonyl measurement was
assayed by the method described by Yan et al. (1995).
Soluble protein (1.0 mL) was reacted with 10 mM of
DNPH in 2 N hydrochloric acid (HCI). After incubation at
room temperature for 1 h in the dark, 0.5 mL of denaturing
buffer (150 mM of sodium phosphate buffer (pH 6.8)
containing SDS 3.0 %), 2.0 mL of heptane (99.5 %), and
2.0 mL of ethanol (99.8 %) were added sequentially, vor-
texed for 40 s, and centrifuged for 15 min. Then the pro-
tein isolated from the interface was washed twice by
resuspension in ethanol and ethyl acetate (1:1), and sus-
pended in 1.0 mL of denaturing buffer and the carbonyl
content was measured spectrophotometrically at 370 nm.
Assay was performed in duplicate, and two tubes blank
incubated with 2 N HCI without DNPH were included for
each sample. Total carbonylation was calculated using a
molar extinction coefficient of 22.000 M/cm and expressed
in nmol carbonyl/mg protein.

Protein Determination

The protein levels were estimated spectrophotometrically
using the method described by Bradford (1976), and BSA
was used as the standard.

IBR

The results obtained in this study were applied to the IBR
index to characterize the effects of different concentrations
of clomazone. The IBR was calculated based on the log-
transformation to decrease variance and is represented as
star plots (Beliaeff and Burgeot 2002; Sanchez et al. 2013).
For the IBR calculation, the experimental data for each
concentration was log-transformed (Y;), and the overall
mean (1) and SD (s) were further calculated. Then Y;
values were standardized by the following formula—
Z; = (Y; — w/s—and the difference between Z; and Z,
(control) was calculated to determine the A values. The A
values represent the result attributed for each biomarker

calculated. The IBR was estimated for each concentration
by the sum of the A values resulting in S values. Repre-
sentative results are shown as star plot charts indicating the
deviation of all biomarkers in relation to the control (0).

Statistical Analysis

The normal distribution and homogeneity of the data were
confirmed by Kolmogorov—Smirnov and Bartlett’s tests, re-
spectively. Statistical analyses were performed using analysis
of variance and Tukey’s multiple comparisons test consider-
ing p < 0.05 as statistically significant for all analyses. The
data were compared with the control group and between the
treatments of each species studied. The tests were performed
in GraphPad 6.01 (Software, Califérnia, USA).

Results

The clomazone concentrations in water were measured at
the beginning and the end of the experimental period. The
results showed a decrease of 48.5 % at 3 mg/L and 54.0 %
at 6 mg/L in both experiments (Table 1). In carp and silver
catfish, TBARS levels in liver decreased in both concen-
trations compared with the control group (Fig. 1a). In carp,
TBARS levels in muscle increased at 3 mg/L and in silver
catfish increased in 6 mg/L. compared with the control
group (Fig. 1b).

In carp, SOD activity in liver increased at 3 mg/L,
whereas in silver catfish SOD activity decreased at 3 mg/L
compared with the control group. In addition, CAT activity
in liver of carp increased at 6 mg/L in relation to the
control group, whereas silver catfish did not show sig-
nificant results. In both species, GST activity in liver did
not show significant differences. In carp, GST activity in
muscle increased at 3 mg/L. compared with the control
group, whereas in silver catfish GST did not show sig-
nificant results (Table 2).

In carp, NPSH levels in liver did not show significant
results; however, in muscle, NPSH decreased in both
concentrations compared with the control group. In silver
catfish, NPSH levels in liver decreased at 3 and 6 mg/L
compared with the control, whereas in muscle NPSH did
not show any significant results (Table 2).

In carp, AChE activity in brain did not show significant
results, but in muscle AChE increased in both concentra-
tions compared with the control group. In silver catfish,

Table 1 Concentrations of the

.. . Nominal concentrations
herbicide clomazone (mg/L) in

Measured on day 1

Measured on day 8 Herbicide Decrease (%)

water samples 3.0

3.248
6.0 6.496

1.672 48.5
2.983 54.0
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Fig. 1 TBARS levels and protein carbonyl in the liver (a, ¢) and muscle (b, d) of carp and silver catfish exposed to commercial herbicide
containing clomazone 3 and 6 mg/L for 8 days. Different letters indicate difference between the groups by the Tukey’s test (p < 0.05) (n = 16)

Table 2 SOD and CAT in
liver, GST and NPSH in liver
and muscle, and AChE in brain
and muscle of carp and silver
catfish exposed to different
concentrations of clomazone for
8 days

0 mg/L clomazone 3 mg/L clomazone 6 mg/L clomazone

Parameter

SOD Liver

CAT Liver

GST Liver
Muscle

NPSH Liver
Muscle

AChE Brain
Muscle

Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish
Carp
Silver catfish

6.210 £ 0.183"
6.400 + 0.029*
1.180 £ 0.065"
1.770 £ 0.054*
0.235 £ 0.046"
0.283 + 0.025*
0.107 £ 0.008*
0.147 £ 0.017*
5.693 + 0.325"
5.558 £ 0.317*
2.120 + 0.258*
2.957 £ 0.147*
0.310 £ 0.016*
0.347 £ 0.010*
0.144 £ 0.009*
0.124 £ 0.014*

7.230 & 0.235°
4.160 + 0.256°
1.400 + 0.042°
1.870 + 0.123*
0.281 + 0.035"
0.382 + 0.045"
0.160 + 0.011°
0.139 + 0.007*
5.770 & 0.289*
4.290 + 0.270°
0.756 + 0.026"
2739 + 0.113%
0.369 + 0.012°
0.306 + 0.012°
0.215 £ 0.015°
0.238 + 0.012°

6.800 & 0.106®
6.220 + 0.152*
2.650 + 0.067°
1.570 + 0.062°
0.273 £ 0.015°
0.282 + 0.034*
0.128 & 0.007*°
0.162 + 0.009*
4771 £ 0.511°
3.800 + 0.140°
1.051 & 0.129°
2.544 + 0.103*
0.350 + 0.023*
0.229 + 0.013°
0.302 + 0.019°
0.227 £ 0.012°

SOD activity was expressed as IU SOD/mg protein; CAT activity was expressed as pmol/mg protein/min;
and GST activity was expressed as pmol GS-DNB/min/mg protein. NPSH levels were measured by Tukey
test (p < 0.05) (n = 16). Different letters indicate difference between the groups

AChE activity in brain decreased at 6 mg/L and in muscle
increased in both concentrations compared with the control

group (Table 2).

In carp, protein carbonyl in liver increased in both
concentrations, whereas that in muscle increased only at
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6 mg/L compared with the control group. In silver catfish,
protein carbonyl did not show significant differences in any
organ (Fig. Ic, d).

Values of the IBR for carp at 3 and 6 mg/L. were 15.85
and 17.74, respectively. The parameters that most
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influenced this result at 3 mg/L were protein carbonyl,
SOD, and GST of liver, AChE in brain, and GST and
NPSH in muscle (Fig. 2a). The parameters that most con-
tributed to this result at 6 mg/L. were TBARS, CAT, GST,
and NPSH of liver and protein carbonyl and AChE in
muscle (Fig. 2b).

Values of IBR for silver catfish at 3 and 6 mg/L were
14.06 and 16.93, respectively. The parameters that most
contributed to this result at 3 mg/L. were TBARS, protein
carbonyl, SOD, GST, and NPSH of liver and AChE of
muscle (Fig. 3a). In contrast, at 6 mg/L the parameters that
most influenced this result were TBARS, protein carbonyl,
and NPSH of liver and muscle and AChE of brain and
muscle (Fig. 3b).

Discussion
The reduction of clomazone for both experimental units
ranged from 48.5 to 54.0 % in both experiments. The re-

duction observed could be attributed to the physicochemical

(a) S:15.85

TBARS liver

3
5.4
1 4

 0'

-1

NPSH muscle, TBARS musde

NPSH liver Protein carbonyl liver

G ST muscle ¢ 1 Protein carbonyl muscle
GST liver SOD liver
ACHE muscle CAT liver

.-\C}f brain

Fig. 2 IBR values for each concentration of clomazone, i.e., 3 mg/L
(a) and 6 mg/L (b), in carp for 8 days. Biomarkers results are
representation in relation to the reference control group. The area >0

(a) S: 14.06
TBARS liver

NPSH muscle TBARS muscle

BoNow

NPSH liver Protein carbony| liver

GST muscle |

) Protein carbony| muscle

GST liver SOD liver

AChE muscle CAT liver

AChE brain

Fig. 3 IBR values for each concentration of clomazone, i.e., 3 mg/L
(a) and 6 mg/L (b), in silver catfish for 8 days. Biomarkers results are
represented in relation to the reference control group. The area >0

characteristics of this herbicide as volatilization or by pos-
sible variation of pH (Cao et al. 2013). The results observed
in the present study are in agreement with previous results
obtained by our research group. Investigators have explained
that the biotransformation of clomazone by fish metabolism
probably results in damage to organs as evidenced by Moraes
et al. (2009), Menezes et al. (2011), and Cattaneco et al.
(2012). The clomazone reduction observed in water samples
during the experimental period could be indicative of accu-
mulation in fish tissues. Complementary studies are needed
to better explain this hypothesis.

The results obtained in the present study show, in gen-
eral, that these fish species show different results according
to the organ analyzed. The TBARS evaluation could be
used as a biomarker to identify damage in lipids for some
tissues. Lipid peroxidation is a common response observed
after herbicide exposure. However, for both species,
TBARS levels in liver showed a decrease, thus indicating
that lipid peroxidation did not occur in this organ probably
due to the action of antioxidant enzymes. In liver of carp,
the enzymes that possibly protected was SOD at 3 mg/L

(b) S:17.74
TBARS liver
3 -
NPSH muscle 2 | TBARSmusde
1 t
NPSH liver [ Protein carbonyl liver
.1 4
2
GST muscle ¢ 1 Protein carbonyl muscle
GST liver SOD liver
ACEKE muscle CAT liver

ACHKE brain

reflects induction of the biomarker, and that <0 indicates reduction of
the biomarker

(b) S:16.93

TBARS liver
3

NPSH muscle ,TBARS muscle

NPSH liver Protein carbony| liver

GST muscle | Protein carbony| muscle
GST liver SOD liver
AChE muscle CAT liver

AChE brain

reflects induction of the biomarker, and that <0 indicates reduction of
the biomarker
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and CAT at 6 mg/L. In silver catfish, SOD at 3 mg/L. may
have contributed. These enzymes neutralize radicals, such
as H,O,, superoxide anion (O7), and hydroxyl radicals
(OH), which, due to reactivity, cause damage to lipids,
protein, carbohydrates, and nucleic acids (Modesto and
Martinez 2010). Therefore, damage to lipids was probably
prevented by the action (increase or decrease of activity) of
these enzymes in liver of these fish species.

TBARS levels in muscle increased in carp at 3 mg/L
and in silver catfish at 6 mg/L. These results show that
lipid peroxidation occurred in muscle due to clomazone
exposure in both fish species studied. This result was pre-
viously reported by Cattaneo et al. (2012) when carp in rice
fields exposed to clomazone (0.5 mg/L) for 7 days showed
muscle lipid peroxidation and by Murussi et al. (2014)
when silver catfish were exposed to penoxsulam (23 pg/L).
The oxidative cell injury probably occurs due to the in-
crease of free radicals mediated by the herbicide poisoning.

The enzymes SOD and CAT have a function in the
conversion of ROS to harmless metabolites. It is important
to consider that the antioxidant response related with these
enzymes are capable of induction or inhibition under
conditions of oxidative damage. The response observed for
antioxidant enzymes in this study is intimately related to
the protection shown by the liver against lipid peroxidation
mediated by free radicals. The results of SOD were distinct
according to the species analyzed. SOD in silver catfish
showed a decrease at the low concentration, whereas SOD
in carp increased in this same concentration. The SOD
increase observed in carp may be justified by the process of
adaptation in an attempt to detoxify the organism from
oxygen free radicals and to prevent damage to macro-
molecules such as lipids. CAT activity is responsible for
the detoxification of H,O, into water as a way of cellular
defense against oxidative stress (van der Oost et al. 2003;
Mela et al. 2013). The observed absence of response for
CAT activity and the SOD inhibition in liver of silver
catfish could be explained by the increase in free radical
formation due to clomazone exposure.

Increased GST activity in muscle of carp (3 mg/L)
probably helped fish to prevent oxidative damage repre-
sented by the absence of protein carbonyl formation in this
tissue. However, the increase in GST activity was not
sufficient to neutralize the increase of TBARS levels in the
muscle of carp in 3 mg/L clomazone. GST is especially
important to the detoxification process after pesticide ex-
posure. In contrast, GSH is considered the most abundant
NPSH with important roles in antioxidant defense and
signal transduction. In our study, NPSH was decreased in
several organs of both fish species. These results could
represent a loss of nonenzyme antioxidants (NPSH), thus
decreasing the antioxidant capacity of fish exposed to
clomazone. Another explanation is that GSH acts as a
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cofactor for GST or GPx enzymes, and in the context of the
present study, could be an important NPSH contributor
facilitating the removal of reactive molecules from the
cells. Nevertheless, in silver catfish at 6 mg/L, other
pathways—such as glutathione reductase (GR) and/or
glutathione peroxidase—may play an important role in
herbicide toxicity, but they were not measured in this
study. This hypothesis was formed because SOD, CAT,
GST, and NPSH did not show results that justify protection
observed to liver for this concentration.

According to Almeida et al. (2005), AChE is related to
tissue enervation, and in the present study, the brain and
muscle activity of this enzyme was evaluated. The brain
showed decreased activity only in silver catfish (6 mg/L).
The inhibition of AChE activity in brain may result in
hyperactivity and tremors and may lead the fish to consume
greater quantities of energy due to the accumulation of
acetylcholine in the synaptic cleft (Salbego et al. 2010).
The induction of AChE in muscle was observed at the two
concentrations of clomazone in both fish species analyzed.
The activation of AChE activity in muscle after exposure to
clomazone is not a common response. Moraes et al. (2007)
showed this same effect when exposing L. obtusidens to
clomazone (0.5 mg/L) and metsulfuron-methyl (0.002 mg/L).
The activation of AChE activity in muscle may be due to the
possible accumulation of acetylcholine in the brain, which
leads to overstimulation of muscle fibers.

Measurements of protein damage could be made by
protein carbonyl, thus quantifying the protein oxidation
mediated by free radicals. Protein carbonyl increased in
liver and muscle of carp. Parvez and Raisuddin (2005)
affirmed that the increase in protein oxidation may lead to
the loss of sulthydryl groups due to the modification of
amino acids, thus causing the formation of carbonyl and
other oxidized moieties. In this way, the defenses (SOD
and CAT) were efficient against lipid peroxidation in liver
of carp, but they were not effective in controlling the in-
crease in protein carbonyl in this organ. Carp seem to be
more affected by protein oxidation, resulting in the dis-
ruption of the protein metabolism and changes in the en-
zyme activity, whereas changes in protein carbonyl did not
occur in silver catfish.

The IBR was useful to differentiate, in a single value,
the effects caused by clomazone exposure at each con-
centration in the fish species studied. In general, values >0
are considered induction and values <0 are considered
inhibition for each score parameter. In carp, the response of
induction was predominant. In contrast, in silver catfish,
the values were <0 indicating inhibition. These results are
in agreement with the responses observed for parameters
analyzed in fish species.

Other studies with different species, including mussels
(Damiens et al. 2007; Raftopoulou and Dimitriadis 2010)
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and fish (C. carpio; Kim et al. 2010), that used this index
emphasized the potential of the IBR; however, some details
must be carefully considered. Serafim et al. (2012) related
that the IBR is a “dynamic” index and therefore s not able to
give fixed values for a determined population or species
when exposed to a determined contaminant; one must con-
sider variation inherent in the species as well as other factors
(temperature, pH, and nutritional conditions.) Another point,
made by Raftopoulou and Dimitriadis (2010), is that the IBR
may be used as a simple qualitative method but not for the
quantitative evaluation of the degree of stress.

Considering the biomarkers studied as being relevant for
each concentration and species, changes in more pa-
rameters were common at 6 mg/L. These biomarkers se-
lected with the IBR might serve as a set of evaluating in
studies of laboratory or in environmental monitoring. Ac-
cording to Beliaeff and Burgeot (2002), the IBR may be
associated with a star or radar chart that shows the specific
response at each concentration analyzed.

Conclusion

Clomazone herbicide caused oxidative damage in both fish
species studied and in different organs in each species. The
responses observed were different according to the fish
species and clomazone concentration tested. The IBR value
confirms this theory, showing that induction is prevalent in
carp, whereas inhibition is more evident in silver catfish. In
the present study, the IBR index showed that 6 mg/L of
clomazone in both fish species may be causing more stress
effects compared with 3 mg/L. This result indicates that
fish exposed to high concentrations depend on defense
mechanisms to eliminate the herbicide toxicity. In the
laboratory, the use of the IBR was valid by the capacity of
punctuate the biomarkers more relevant. To select a more
complete set of biomarkers to apply in biomonitoring
studies, more studies are necessary that involve other or-
gans and that use the IBR as a tool for evaluation under
different environmental conditions.
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