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Effect of diphenyl diselenide diet supplementation
on oxidative stress biomarkers in two species of freshwater
fish exposed to the insecticide fipronil
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Abstract The ability of diphenyl diselenide [(PhSe),]
to attenuate oxidative damage was evaluated in the liver,
gills, brain, and muscle of carp (Cyprinus carpio) and
silver catfish (Rhamdia quelen) experimentally exposed
to fipronil (FPN). Initially, the fish were fed a diet
without (PhSe), or a diet containing 3.0 mg/kg of
(PhSe), for 60 days. After the 60-day period, the fish
were exposed to 0.65 pg/L of FPN for 192 h. The results
showed that carp exposed to FPN and not fed with
(PhSe), exhibited acetylcholinesterase (AChE) inhibi-
tion in brain and muscle, and increased thiobarbituric
acid-reactive substance (TBARS) in liver, gills, and
brain. Furthermore, FPN decreased nonprotein thiols
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(NPSH) and 6-aminolevulinate dehydratase (3-ALA-D)
in carp liver and gills, and increased plasma glucose and
protein levels. In silver catfish, FPN inhibited AChE and
increased TBARS levels in muscle. In addition, glu-
tathione S-transferase (GST) decreased in liver and
muscle, and plasma glucose was increased. (PhSe),
reversed some of these effects. It prevented the increase
in TBARS levels in liver, gills, and brain in carp and in
silver catfish muscle, and reversed the increase in
plasma glucose levels in both species. Additionally,
(PhSe), increased the NPSH levels in carp and silver
catfish that had decreased in response to FPN exposure.
However, (PhSe), was not effective in reversing the
AChE inhibition in brain and muscle or the 3-ALA-D
decrease in carp liver. Thus, (PhSe), protects tissues of
both species of fish, mainly by preventing or counter-
acting the effects of FPN, on TBARS levels, antioxi-
dants, and present anti-hyperglycemic property.

Keywords Antioxidant - Oxidative stress - Fish -
Pesticide - Selenium

Introduction

Elemental minerals are important nutrients because
they are involved in many biological processes as
cofactors or parts of numerous enzymes. Selenium
(Se) is a constituent of various selenoproteins, which
are important components of antioxidant systems that
actively protect from damage caused by free radicals
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and reactive oxygen species (ROS) (Hamilton 2004).
Interest in the chemistry and biochemistry of
organoselenium compounds has increased in the last
three decades due to the antioxidant activity exhibited
by these compounds (Ribeiro et al. 2013). Diphenyl
diselenide [(PhSe),], the simplest of the diaryl dise-
lenides, exhibits glutathione peroxidase-like activity
and antioxidant properties in different experimental
models (Nogueira and Rocha 2010). This compound
has already demonstrated antioxidant properties in
tissues of fish exposed to herbicides, such as quinclo-
rac and clomazone (Menezes et al. 2012, 2013,
2014a).

Thus, it is interesting to determine whether this Se
compound has effects on the toxicity caused by other
environmental pollutants in aquatic organisms. The
growing use of chemicals in agriculture, including
fertilizers and pesticides, has contributed to environ-
mental pollution. Fipronil (FPN) is a broadspectrum
phenylpyrazole insecticide, widely used to control
pests in urban areas and in agriculture (Beggel et al.
2012). This insecticide interferes with the insect
central nervous system by selectively binding to
gamma-aminobutyric acid (GABA)-gated chloride
channels and antagonizing the action of GABA.
GABA receptor inhibition disrupts the chloride ion
control of neuronal signaling, causing central nervous
system toxicity (Stehr et al. 2006). FPN has been
detected in surface water at concentrations up to
12.6 pg/L in residential areas (Gan et al. 2012) and
greater than 9 pg/L in treated fields (Schlenk et al.
2001). Clasen et al. (2012) observed that this insec-
ticide caused altered production of antioxidant
enzymes such as superoxide dismutase (SOD) and
catalase (CAT), and increased lipid peroxidation and
protein carbonylation in carp exposed to 90 days of
rice field conditions.

In aquatic toxicology studies, fish are important
indicators for the impact of toxic substances (Glusczak
et al. 2011; Stara et al. 2013). The carp, Cyprinus
carpio, and silver catfish, Rhamdia quelen, were the
fish species chosen for this study because they are
extensively used for monitoring freshwater contami-
nation in southern Brazil (Mabuchi et al. 2006;
Murussi et al. 2015). The carp is the longest cultured
and is of significant economic importance in several
countries; furthermore, it is an abundant species that is
easy to capture (Vandeputte 2003). The silver catfish is
a species that adapts well to different environments
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and artificial diets, is easy to handle, and has good
commercial acceptance (Baldisserotto 2009).

Previous studies have shown that Se-containing
compounds may protect against the toxic effects
caused by pesticides in fish (Monteiro et al. 2009;
Menezes et al. 2012, 2013). Hence, the present work
was designed to evaluate whether (PhSe), supplemen-
tation could prevent or reduce biochemical alterations
caused by exposure to the insecticide FPN, in two
different species of fish.

Materials and methods
Chemicals

The FPN insecticide (CAS 120068-37-3) used was an
available commercial formulation (Standak®-BASF),
containing 25 % fipronil [(7)-5-amino-1-(2,6-dichloro-
a-o-ol-trifluoro-p-tolyl)-4-trifluoromethylsulfinylpyra-
zole-3-carbonitrile]. Malondialdehyde (MDA), 2-thio-
barbituric acid (TBA), sodium dodecyl sulfate (SDS),
and 2,4-dinitrophenylhydrazine (DNPH) were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). All
other chemicals were of analytical reagent grade and
purchased from Merck (Rio de Janeiro, Brazil).
Diphenyl diselenide [(PhSe),] was synthesized accord-
ing to the literature methods (Paulmier 1986).

Fish

Carp (weight, 18.28 + 1.65 g; length, 10.20 &+
1.0 cm) and silver catfish (weight, 17.90 £+ 1.44 g;
length, 12.30 & 0.31 cm) were obtained from a fish
farm (RS, Brazil). Fish were acclimated to laboratory
conditions for 15 days, in 250-L boxes of fiberglass
prior to experiments. They were kept in continuously
aerated tap water with a static system and with a natural
photoperiod (12-h light/12-h dark). Water conditions
were as follows: temperature 23.0 &+ 1.0 °C, pH
7.3 £ 0.1 units, dissolved oxygen 7.1 & 1.0 mg/L,
non-ionized ammonia 0.3 £ 0.01 pg/L, and nitrite
0.05 £ 0.01 mg/L.

Diet preparation and experimental design

The experiment was performed first with the carp and
after with silver catfish. Initially, the fish were divided
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into two groups: (1) control group (fish fed with a diet
without (PhSe),, n = 24) and (2) Se group (fish fed
with a diet supplemented with 3.0 mg/Kg (PhSe),,
n = 24) and were fed with these diets for 60 days. The
diet composition used in the experiment was based on
other studies of the group, and the concentration of
(PhSe), used was 3 mg/kg (Menezes et al. 2012).
Briefly, to obtain the diets containing (PhSe),, this
compound was added to control diet, and all the
ingredients were completely mixed before further
homogenization. Control and (PhSe), diet pellets were
stored at 4 °C until they were used. In this experi-
mental protocol, the fish were fed 3 % biomass per
day. The daily ration was divided into two equal meals
fed at 09:00 and 16:00 hours. The concentration of
(PhSe), chosen was based on previous studies, which
demonstrated that 3.0 mg/Kg (PhSe), did not cause
overt signals of toxicity in carp and silver catfish
(Menezes et al. 2013, 2014b, 2016). Water quality
parameters were monitored daily and were maintained
equal to those registered during the acclimation period
of both species.

After feeding period of 60 days, groups were
subdivided and allocated in 45-L boxes of fiberglass
into four experimental groups of five or seven fish
each group: (1) control group [fish fed with a diet
without (PhSe),], (2) (PhSe), group [fish fed with a
diet supplemented with 3.0 mg/kg of (PhSe),], (3)
FPN group [fish fed with a diet without (PhSe), and
exposed to 0.65 pg/L fipronil for 192 h], (4)
(PhSe), + FPN group [fish fed with a diet supple-
mented with 3.0 mg/kg of (PhSe), and exposed to
0.65 pg/L fipronil for 192 h]. The concentration of
the insecticide, used in this study, was selected from
other experiments performed by our group using this
chemical compound (Clasen et al. 2012). The
concentration of insecticide in water was measured
in the beginning, middle, and final of experimental
period by gas chromatography with electron capture
detection (GC-ECD) according to Marchesan et al.
(2010). Water analysis, at the end of experimental
period, in the experiment of carp showed reduction
in approximately 20 % in the concentration of FPN
(0.52 pg/L) in relation to the concentration initial
(0.65 pg/L). In the experiment with silver catfish
reduced about of 30 % the concentration of FPN
(0.45 pg/L) in relation to the concentration initial
(0.64 pg/L).

Sample preparation

At the end of the exposure period, the fish were
anesthetized with 50 mg/L clove oil for 3 min. After
blood collection from caudal vein using syringe with
heparin as anticoagulant, the plasma was obtained by
centrifugation to analysis of metabolic parameters
(glucose and protein). Fish were euthanized by spinal
section, and liver, gills, brain, and muscle were
removed. The tissues were washed with 150 mM saline
solution, placed in Teflon tubes and kept at —80 °C for
until analysis. The investigation was authorized by the
Board on Experimentation on Animals of the Federal
University of Santa Maria, Reference Number: 84/2009.

Chemical analysis
Acetylcholinesterase (AChE) activity

Tissue samples (brain and muscle) were weighed and
homogenized with 150 mM NaCl (1:10 dilution).
Homogenate were centrifuged for 15 min at
3000x g at 5 °C, and the supernatant was used for the
determination of the enzyme. AChE activity was
measured as described by Ellman et al. (1961). Aliquots
of supernatant (50-100 pL. for brain and muscle,
respectively) were pre-incubated at 30 °C for 2 min
with 0.1 M phosphate buffer, pH 7.5, 1 mM DTNB as
chromogen. After 2 min, the reaction was initiated by
the addition of acetylthiocholine (1 mM) as substrate
for the reaction mixture. The final volume was 2.0 mL.
Absorbances were determined at 412 nm during 2 min.
Enzyme activity was expressed as pmol of acetylthio-
choline (ASCh) hydrolyzed/mg protein/min.

Lipid peroxidation

Lipid peroxidation was estimated by thiobarbituric
acid-reactive species (TBARS) production, performed
by malondialdehyde reaction with 2-thiobarbituric
acid, which was optically measured according to
Buege and Aust (1978). In homogenates of the liver,
gills, brain, and muscle (100400 pL) were added
TCA 10 and 0.67 % thiobarbituric acid, totalizing a
volume of 1.0 mL. The reaction mixture was incu-
bated for 30 min at 95 °C, and optical density was
measured in a spectrophotometer at 532 nm. TBARS
levels were expressed as nmol MDA/mg protein.
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Glutathione S-transferase (GST) activity

Liver, gills, and muscle were homogenized with
20 mM potassium phosphate buffer, pH 7.5 (1:20
dilution), and centrifuged at 10,000x g for 10 min at
4 °C. GST activity was measured according to Habig
et al. (1974) using 1-chloro-2,4-dinitrobenzene
(CDNB) as a substrate. The formation of S-2, 4-dini-
trophenyl glutathione was monitored by the increase
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.

Nonprotein thiols (NPSH) and ascorbic acid (AA)
levels

NPSH and AA contents were determined in liver, gills,
and muscle by the method of Ellman (1959) and Roe
(1954), respectively. The preparation of homogenate
for the two determinations was the same. The tissues
were homogenized with 1.5 mL Tris HC1 50 mM (pH
7.5) followed by centrifugation at 3000 x g for 10 min.
An aliquot of supernatants (1.0 mL) was mixed (1:1)
with 10 % trichloroacetic acid and then centrifuged.
To determine NPSH levels of tissues, an aliquot
(400 pL) of supernatant was added in a phosphate
buffer 0.5 mM (pH 6.8), 10 mM 5,5'-dithio-bis(2-
nitrobenzoic acid) (DTNB), cysteine 0.5 mM. The
color reaction was measured at 412 nm. NPSH levels
were expressed as umol NPSH/g tissue. For determi-
nation of AA, an aliquot of the supernatants (300 pL)
was mixed with 2,4-dinitrophenylhydrazine (4.5 mg/
mL), 0.6 mg/mL thiourea, CuSO4 (0.075 mg/mL),
and trichloroacetic acid 13.3 % and incubated for 3 h
at 37 °C. After, H,SO, 65 % (v/v) was added to the
medium. AA levels were expressed as pg ascorbic
acid/g tissue.

o-Aminolevulinate dehydratase (5-ALA-D) activity

O-ALA-D activity was analyzed in liver and gills
according to the method of Sassa (1982) by measuring
the rate of product porphobilinogen (PBG) formation,
except that 100 mM phosphate buffer (pH 6.8) and
2.5 mM delta aminolevulinic acid (ALA) were used.
The tissues were homogenized in 150 mM NaCl at the
dilution of 1:10 (liver) and 1:5 (gills). The homogenate
was centrifuged at 3000 g for 10 min at 4 °C, and
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supernatant was used for enzyme assay. Incubations
were carried out for 1 h at 37 °C. The reaction product
was determined using modified Ehrlich’s reagent at
555 nm, with a molar absorption coefficient of
6.1 x 10* M/cm for Ehrlich-porphobilinogen salt.
The reaction was stopped by adding 10 % of
trichloroacetic acid (with 10 mM HgCl,). Enzyme
activity was expressed as nmol of porphobilinogen
(PBG)/h/mg protein.

Protein determination

Protein was determined by the Coomassie blue
method using bovine serum albumin as standard.
Absorbance of samples was measured at 595 nm
(Bradford 1976).

Glucose and protein

Plasma glucose was measured by the glucose oxidase
method with a Bioclin test kit, and total protein levels
were measured according to Bradford (1976) using
bovine serum albumin as standard.

Statistical analysis

The values in all determinations are presented as
mean =+ standard error of mean (SEM). Normality and
homogeneity of variances in the samples were tested
with the Kolmogorov—Smirnov and Levene tests,
respectively. Statistical analysis was performed by
two-way analysis of variance (ANOVA) followed by
Newman—Keuls post hoc comparison. Analysis was
performed using Graphpad Prism (version 6.0), and the
minimum significance level was set at p < 0.05.

Results
AChE activity

A two-way ANOVA of AChE activity in brain and
muscle of carp revealed a significant effect of FPN
exposure (Fy 16 = 24.42; p =0.0001 and F; ;¢ =
43.94; p < 0.0001, respectively). Post hoc compar-
isons showed that (PhSe), supplementation per se did
not change AChE activity in carp brain and muscle.
The fish fed a diet without (PhSe), and exposed to FPN
presented decreased AChE activity in brain and muscle
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as compared with the control group. Supplementation
with (PhSe), was not able to reverse the inhibition
caused by FPN in brain and muscle of carp (Fig. 1a).
A two-way ANOVA of AChE activity in brain of
silver catfish demonstrated a significant effect of
(PhSe), (F1 20 = 43.13; p < 0.0001), and a significant
effect of (PhSe), and FPN exposures was observed in
muscle (Fy 5o = 16.90; p < 0.001 and F 59 = 21.28;
p < 0.001, respectively). Post hoc comparisons showed
that (PhSe), per se increased AChE activity in brain but
did not change AChE activity in muscle in silver catfish.
On the other hand, silver catfish exposed to FPN
presented a decrease in AChE activity only in muscle
when compared with the control group, but this decrease
was not present in the (PhSe), + FPN group (Fig. 1b).

TBARS levels

A two-way ANOVA of TBARS levels in carp
liver revealed a significant effect of both (PhSe), and
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Fig. 1 Effect of (PhSe), on AChE activity in brain and muscle
of carp (a) and silver catfish (b) exposed to FPN. Data were
expressed as mean = SEM (n = 5-7). Different letters indicate
differences between groups (p < 0.05)

FPN exposures (Fy;6 = 18.27; p < 0.001 and
Fi16 = 52.16; p < 0.0001, respectively). In gills, a
significant effect of (PhSe), and FPN exposures was
also demonstrated (F 6 = 34.41; p < 0.0001 and
Fi 16 = 8.52; p = 0.01, respectively). Furthermore, a
significant effect of (PhSe), and FPN exposures was
revealed in brain (Fy ;¢ = 27.33; p < 0.0001 and
F1.16 = 19.55; p < 0.001, respectively). In muscle of
carp, a two-way ANOVA demonstrated a significant
(PhSe), x FPN exposure interaction (F; ;6 = 6.90;
p < 0.05). Post hoc comparisons showed that carp fed
a diet containing (PhSe), per se presented decreased
TBARS levels in liver, gills, brain, and muscle. In carp
exposed to FPN insecticide and fed a diet without
(PhSe),, the TBARS levels increased in liver, gills,
and brain and no change in muscle when compared to
control group. In addition, supplementation with
(PhSe), was able to reverse the increase in TBARS
levels caused by FPN in liver, gills, and brain of carp
(Fig. 2a).
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Fig. 2 Effect of (PhSe), on TBARS levels in liver, gills, brain,
and muscle of carp (a) and silver catfish (b) exposed to FPN.
Data were expressed as mean == SEM (n = 5-7). Different
letters indicate differences between groups (p < 0.05)
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A two-way ANOVA of TBARS levels in liver of
silver catfish demonstrated a significant effect of
(PhSe), (F 20 = 10.35; p < 0.05). In the gills, a two-
way ANOVA revealed a significant effect of (PhSe),
and FPN exposures on TBARS levels (F; 5y = 5.29;
p < 0.05and Fy 5y = 4.47; p < 0.05, respectively). In
addition, the TBARS levels in brain yielded the
significant effect of (PhSe), (Fy s = 6.19; p < 0.05)
and in muscle of silver catfish, a two-way ANOVA
demonstrated a significant effect of (PhSe), and FPN
exposures (F,0 = 9.05; p < 0.05 and F; 5y = 9.46;
p < 0.01). Post hoc comparisons showed that supple-
mentation with (PhSe), per se did not change TBARS
levels in any tissue analyzed in comparison with the
control group (Fig. 2b). Furthermore, exposure to FPN
increased the TBARS levels in this species in muscle
but did not change TBARS levels in liver, gills, or
brain in comparison with the control group (Fig. 2b).
In the silver catfish, reduced TBARS levels also were
observed in gills and muscle in the (PhSe), + FPN
group, and no change was observed in liver and brain
when compared with the FPN group (Fig. 2b).

GST activity

A two-way ANOVA of GST activity in liver of carp
yielded a significant effect of (PhSe), x FPN expo-
sure interaction and FPN exposure (F 6 = 32.27;
p < 0.0001 and F; 15 = 8.32; p < 0.05, respectively).
In gills, two-way ANOVA demonstrated in GST
activity a significant effect of (PhSe), x FPN expo-
sure interaction, (PhSe), and FPN exposures (F 16 =
27.29; p <0.0001, Fy,6=15.12; p <0.05 and
Fy16 = 43.13; p < 0.0001, respectively). In muscle
of carp, a two-way ANOVA demonstrated a signifi-
cant effect of FPN exposure (F ;6 = 5.20; p < 0.05).
Post hoc comparisons showed that a diet with (PhSe),
per se increased GST activity in liver and gills of carp.
FPN exposure increased GST activity in carp liver,
whereas it did not modify this parameter in gills and
muscle of this species. The GST activity was
decreased in liver of the carp in the (PhSe), + FPN
group when compared with the FPN group, returning
values near to control (Fig. 3a).

A two-way ANOVA of GST activity in liver of
silver catfish revealed a significant effect of (PhSe),
and FPN exposures (Fj,9 = 19.86; p < 0.001 and
Fi 50 = 9.07; p < 0.05, respectively). In gills, a two-
way ANOVA demonstrated a significant effect of FPN
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Fig. 3 Effect of (PhSe), on GST activity in liver, gills, and
muscle of carp (a) and silver catfish (b) exposed to FPN. Data
were expressed as mean £ SEM (n = 5-7). Different letters
indicate differences between groups (p < 0.05)

exposure (Fj,0 = 5.52; p < 0.05), and in muscle,
there was a significant (PhSe), x FPN exposure
interaction (F; o = 13.40; p < 0.05). Post hoc com-
parisons demonstrated that (PhSe), per se increased
GST activity in liver of silver catfish and did not
change GST activity in gills and muscle. Exposure to
FPN insecticide decreased GST activity in liver and
muscle and no change in gills in comparison with the
control group. (PhSe), treatment restored GST activity
that was diminished by FPN exposure in liver and
muscle of silver catfish (Fig. 3b).

NPSH levels

A two-way ANOVA of NPSH levels in liver of carp
revealed a significant effect of (PhSe), x FPN expo-
sure interaction, (PhSe), and FPN exposure (F; 16 =
11.20; p <0.05, F;16 =70.76; p <0.0001 and
Fy16 = 40.66; p < 0.0001, respectively). In gills, a
two-way ANOVA demonstrated a significant effect of
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(PhSe), and FPN exposures (Fy 16 = 24.34;
p = 0.0001, F;;6=75.86; p <0.0001, respec-
tively), and in carp muscle, a two-way ANOVA
demonstrated a significant effect of (PhSe),
(F116 = 798; p<0.05). Post hoc comparisons
showed that supplementation with (PhSe), per se
caused a significant increase in NPSH levels in liver
and gills of carp, and no change was observed in
muscle when compared with the control group. On the
other hand, carp exposed to FPN insecticide and fed a
diet without (PhSe), showed reduced NPSH levels in
liver and gills and no change in muscle compared with
the control group. In carp liver and gills, an increase in
NPSH levels was observed in the (PhSe), + FPN
group compared with the FPN group (Fig. 4a).

A two-way ANOVA of NPSH levels in the liver of
silver catfish revealed a significant effect of
(PhSe), x FPN exposure interaction, (PhSe), and
FPN exposures (Fy30 = 5.65; p <0.05, Fip =
9.08; p < 0.01 and F; 5o = 33.36; p < 0.0001, respec-
tively). In gills, two-way ANOVA demonstrated a
significant effect of (PhSe), x FPN exposure interac-
tion and (PhS€)2 (FI,ZO = 1162, p < 005, F1,20 =
43.98; p < 0.0001, respectively). In muscle of silver
catfish, a two-way ANOVA of NPSH levels did not
demonstrate a significant effect of (PhSe), x FPN
exposure interaction, (PhSe), or FPN exposure. Post
hoc comparisons showed (PhSe), per se increased the
NPSH levels in liver and gills and did not change NPSH
in muscle of silver catfish when compared with the
control group. FPN exposure did not change NPSH
levels in any of the analyzed tissues when compared
with the control group in this species of fish. Further-
more, the (PhSe), + FPN group in silver catfish
caused an increase in NPSH levels in gills in compar-
ison with the control and FPN groups (Fig. 4b).

AA levels

A two-way ANOVA of AA levels in liver of carp
showed a significant effect of (PhSe), and FPN
exposures (F 16 = 28.00; p < 0.0001, F; 6 = 8.12;
p < 0.05, respectively). In gills, a two-way ANOVA
revealed a significant effect of (PhSe), x FPN expo-
sure interaction, (PhSe), and FPN exposures (F; 16 =
22.25; p < 0.001, Fy 16 = 94.60; p < 0.0001, F) 16 =
49.94; p < 0.0001, respectively). In muscle of carp, a
two-way ANOVA demonstrated a significant effect of
(PhSe), (Fy16 =52.49; p <0.0001). Post hoc
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Fig. 4 Effect of (PhSe), on NPSH levels in liver, gills, and
muscle of carp (a) and silver catfish (b) exposed to FPN. Data
were expressed as mean £ SEM (n = 5-7). Different letters
indicate differences between groups (p < 0.05)

comparisons showed that (PhSe), per se in carp
increased AA levels in liver, gills, and muscle. In
addition, carp exposed to FPN and fed a diet without
(PhSe), had no change in AA levels in the three tissues
analyzed. In carp liver, gills, and muscle, an increase
in AA levels was observed for the (PhSe), + FPN
group when compared with the control and FPN
groups (Table 1).

A two-way ANOVA of AA levels in liver of silver
catfish revealed a significant effect of (PhSe), x FPN
exposure interaction, (PhSe), and FPN expo-
sures (F 16 = 66.93; p < 0.0001, Fy 16 = 40.33; p <
0.0001, F; 16 = 55.66; p < 0.0001, respectively). In
gills, a two-way ANOVA demonstrated a significant
effect of FPN exposure (F; 16 = 5.13; p < 0.05). In
muscle of silver catfish, a two-way ANOVA of AA
levels did not demonstrate a significant effect of
(PhSe), x FPN exposure interaction, (PhSe), or FPN
exposure. Post hoc comparisons showed that (PhSe),
per se and FPN exposures did not change AA levels in
liver, gills, and muscle of silver catfish when
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compared with the control group. In the liver of silver
catfish, an increase in AA levels was observed in the
(PhSe), + FPN group when compared with the con-
trol, (PhSe), and FPN groups (Table 1).

3-ALA-D activity

A two-way ANOVA of d-ALA-D activity in liver of
carp yielded a significant effect of FPN exposure
(F1.16 = 25.50; p = 0.0001). In gills revealed a sig-
nificant effect of (PhSe), x FPN exposure interaction,
(PhSe), and FPN exposures (F 16 = 8.01; p < 0.05,
Fi16 = 112.90; p < 0.0001, Fy 16 = 7.65; p < 0.05,
respectively). Post hoc comparisons showed that carp
fed a diet containing (PhSe), per se presented increased
3-ALA-D activity in liver and gills in comparison with
the control group. On the other hand, carp exposed to
FPN and fed a diet without (PhSe), showed a decrease
in 8-ALA-D activity in liver and gills. In liver of the
carp, the diet containing (PhSe), was not effective in
reversing the inhibition caused by FPN, whereas in
gills an increase in the 5-ALA-D activity was observed

in the (PhSe), + FPN group in comparison with the
control and FPN groups (Table 2).

In liver of silver catfish, a two-way ANOVA of -
ALA-D activity did not demonstrate a significant effect
of (PhSe), x FPN exposure interaction, (PhSe), or
FPN exposure. In gills revealed a significant effect of
FPN exposure (F,0 = 35.39; p < 0.0001). Post hoc
comparisons showed that the diet containing (PhSe),
per se did not change the activity of 8-ALA-D in liver or
gills of silver catfish. However, FPN exposure caused
an increase in 8-ALA-D activity in gills, and no change
was observed in liver when compared with the control
group. In addition, an increase in the 3-ALA-D activity
in the (PhSe), + FPN group was observed in gills of
the silver catfish when compared with the control group
(Table 2).

Glucose and protein
A two-way ANOVA of glucose levels in plasma of

carp showed significant effects of (PhSe), and FPN
exposures (F 16 = 30.33; p < 0.0001, Fy 16 = 82.79;

Table 1 AA levels (umol/g tissue) in liver, gills, and muscle of carp and silver catfish fed during 60 days with diets containing

(PhSe), and after exposure to FPN or to control conditions

Control (PhSe), FPN (PhSe), + FPN

Carp

Liver 3.41 &+ 0.06* 3.94 + 0.07° 3.66 + 0.07% 436 + 0.21°
Gills 3.63 £ 0.06* 4.03 +0.11° 3.82 £ 0.02%° 4.98 + 0.09°
Muscle 255 + 0.07° 3.07 £ 0.07° 2.69 + 0.04° 3.06 + 0.05°
Silver catfish

Liver 2.61 + 0.06* 242 + 0.17* 2.54 £ 0.09* 4.08 £ 0.05°
Gills 3.45 £ 0.27% 430 + 0.68* 2.81 + 0.14* 3.21 £ 0.14%
Muscle 1.78 £ 0.05° 1.87 & 0.06* 2.02 £ 0.05° 1.83 &+ 0.13*

Data were expressed as mean = SEM (n = 5-7). Different letters indicate differences between groups (p < 0.05)

Table 2 5-ALA-D activity (nmol PBG/h/mg protein) in liver and gills of carp and silver catfish fed during 60 days with diets
containing (PhSe), and after exposure to FPN or to control conditions

Control (PhSe), FPN (PhSe), + FPN
Carp
Liver 2.50 + 0.16* 2.87 £ 0.16° 2.11 £ 0.05° 2.05 + 0.06°
Gills 6.11 + 0.17° 7.53 &+ 0.26" 5.09 £ 0.12° 7.54 4+ 0.14°
Silver catfish
Liver 3.56 + 0.25° 3.42 + 0.28° 3.46 + 0.44* 470 £ 0.35%
Gills 3.03 £ 0.09* 2.57 £ 0.10* 4.02 4+ 0.26° 3.94 + 0.25°

Data were expressed as mean = SEM (n = 5-7).
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Table 3 Glucose (mg/dL) and protein (g/dL) in plasma of carp and silver catfish fed during 60 days with diets containing (PhSe),

and after exposure to FPN or to control conditions

Control (PhSe), FPN (PhSe), + FPN
Glucose
Carp 168.40 + 10.43* 119.14 + 8.50° 271.94 + 14.55° 204.05 + 6.70°
Silver catfish 177.72 + 7.47* 151.44 + 1.53° 260.57 + 3.30° 232.05 + 1.15¢
Protein
Carp 2.59 4 0.12° 2.70 £ 0.15° 3.12 £ 0.05° 3.04 £ 0.05°
Silver catfish 2.92 £+ 0.15* 2.51 £ 0.11* 3.10 +£ 0.27* 3.11 £ 0.12%

Data were expressed as mean + SEM (n = 5-7). Different letters indicate differences between groups (p < 0.05)

p < 0.0001). Similarly, a two-way ANOVA of silver
catfish plasma glucose levels demonstrated significant
effects of (PhSe), and FPN exposures (F 1 = 42.74;
p < 0.0001, F;16 = 380.20; p < 0.0001). Post hoc
comparisons showed that carp and silver catfish fed a
diet containing (PhSe), per se showed a decrease in
plasma glucose levels. Both species of fish fed a diet
without (PhSe), and exposed to FPN presented an
increase in glucose levels. However, (PhSe), amelio-
rated the increased plasma glucose level induced by
FPN in carp and silver catfish, but the glucose levels
were still higher than the control values for both
species (Table 3).

A two-way ANOVA of plasma protein levels in
carp yielded a significant effect of FPN exposure
(Fr16 = 18.29; p <0.001). Similarly, a two-way
ANOVA of plasma protein levels in silver catfish
demonstrated a significant effect of FPN exposure
(F1.16 = 4.80; p <0.05). Post hoc comparisons
demonstrated that the two species of fish fed a diet
containing (PhSe), per se did not show a change in
plasma protein levels when compared with the control
group. FPN exposure increased the plasma protein
levels in carp and did not changed these levels in silver
catfish. Supplementation with (PhSe), in carp was not
effective in returning the values of plasma protein to
control values (Table 3).

Discussion

FPN is an insecticide commonly used in rice fields in
southern Brazil. This insecticide was introduced to the
consumer market in 1996 and was shown to be less
toxic than the standard insecticides used in rice
cultivation. Clasen et al. (2012) evaluated the effects

of FPN inrice field conditions on carp and observed that
this insecticide caused alterations in biochemical
parameters in different tissues of this species. Thus, in
the present study, we assessed the effects of (PhSe), in
carp and silver catfish to determine whether this
selenium-containing compound is able to reverse
changes caused by FPN. Studies have shown that
(PhSe), can interact in the body of fish to reduce the
toxicity of pesticides (Menezes et al. 2012, 2013,
2014a). In this study, (PhSe), was effective in protect-
ing against some damage caused by FPN in tissues of
carp and silver catfish, mainly by acting on lipid
peroxidation and antioxidant defenses. It was unable to
reverse the effects of FPN on AChE activity in brain and
muscle and 5-ALA-D activity in liver of carp. Further-
more, (PhSe), was able to reduce plasma glucose levels.

Alterations of AChE enzyme activity are used
widely as a rapid method for the detection of pesticide
toxicity. AChE catalyzes the hydrolysis of acetyl-
choline into choline and acetate in the synaptic cleft
(Roex et al. 2003; Moraes et al. 2009). In this study,
FPN caused inhibition of AChE activity in brain and
muscle of carp and in muscle of silver catfish.
Inhibition of AChE can influence cholinergic neuro-
transmission and promote undesirable effects due to
an increased amount of acetylcholine in the synaptic
cleft, which may lead to overactivation of tissue.
(PhSe), per se only changed AChE activity in brain of
silver catfish demonstrating that this selenium-con-
taining compound shows few direct effects on this
parameter. In addition, (PhSe), was not effective
against FPN-induced AChE inhibition in carp tissues
of carp, whereas (PhSe), reverted the effect of FPN in
muscle of silver catfish.

The typical damage caused by reactive species
involves peroxidation of lipids. Consistent with this,
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our results showed increased TBARS levels in liver,
gills, and brain of carp and in muscle of silver catfish
exposed to FPN. The TBARS results indicate the lipid
peroxidation generated by FPN exposure caused
oxidative damage in both species. Our results are in
agreement with those obtained by Clasen et al. (2012)
where TBARS levels significantly increased in brain,
liver, and muscle of carp after 7, 30, and 90 days of
exposure to FPN under rice field conditions. In
addition, (PhSe), per se decreased TBARS levels in
carp liver, gills, brain, and muscle, whereas no
significant change was observed in the TBARS in
silver catfish. In agreement, Menezes et al. (2014b)
observed that carp fed a diet containing 3.0 mg/kg of
(PhSe), had decreased TBARS levels in liver, gills,
brain, and muscle. Furthermore, (PhSe), reduced lipid
peroxidation in liver, gills, and brain of carp and in
muscle of silver catfish caused by FPN. This effect is
probably due to the antioxidant potential showed by
this organoselenium compound. In accordance with
this result, studies have shown that fish fed with
dietary Se supplementation had reduced TBARS
levels in different tissues after exposure to other
pesticides (Monteiro et al. 2009; Menezes et al. 2012,
2013,2014a). This response demonstrates that (PhSe),
was effective in ameliorating oxidative damage
induced by FPN exposure.

GST is a detoxifying enzyme that catalyzes the
conjugation of a variety of electrophilic substrates to
the thiol group of GSH, thereby decreasing the toxicity
of the substrate. In the current study, we found that
carp exposed to FPN had an increased level of GST
activity in liver, but no significant difference in gills
and muscle in comparison with the control group.
However, in silver catfish, inhibition of this enzyme
was observed in liver and muscle, but no change was
observed in gills. The enzyme activity can be activated
or inhibited by pesticide exposure. The exact effect
depends on different factors, such as intensity and
duration of stress, as well as the susceptibility of
exposed species. Thus, we can see that the two species
of fish used in this study show different effects of FPN
insecticide exposure on GST activity. In silver catfish,
supplementation with (PhSe), reverted the inhibition
of GST activity in liver and muscle caused by FPN.
This result reinforces the hypothesis that the mecha-
nism of the protective action of (PhSe), is derived
from its antioxidant properties. Moreover, (PhSe), per
se increased GST activity in liver and gills of carp and
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in liver of silver catfish, suggesting a likely mecha-
nism by which (PhSe), may act as a protective agent.

Carp exposed to FPN showed a decrease in NPSH
levels in liver and gills, whereas no change was
observed in the silver catfish. The decrease in NPSH
levels in carp after FPN exposure could be associated
with the elevation of TBARS levels. A carp diet
containing (PhSe), reversed the reduction in NPSH
levels observed in liver and gills. In addition, (PhSe),
per se increased NPSH levels in liver and gills of both
species. The results concerning the effects of (PhSe),
per se are in agreement with Menezes et al. (2013),
where carp and silver catfish showed increased NPSH
levels in liver and gills. Some protective effects were
observed, which may relate to an interaction between
organic selenium and sulthydryl groups of thiols. This
fact was important in protecting the fish from FPN
toxicity. Another non-enzymatic antioxidant evalu-
ated in the present study was AA. Carp and silver
catfish exposed to FPN did not show any change in AA
levels in liver, gills, and muscle, so a protective effect
of (PhSe), could not be determined. Menezes et al.
(2012) also observed no change in AA levels in carp
fed with (PhSe), and exposed to quinclorac herbicide.
On the other hand, we observed an increase in the AA
levels in liver, gills, and muscle of carp fed (PhSe), per
se and in the (PhSe), + FPN. The increase in AA
levels could be interpreted as part of the antioxidant
response as a consequence of pre-administration of
(PhSe),.

Pesticides exposure can also cause inhibition of
sulfhydryl enzymes like 3-ALA-D (Menezes et al.
2014c). In this study, we observed inhibition of &-
ALA-D activity in liver and gills of carp, whereas FPN
exposure increased the activity of this enzyme in gills
of silver catfish. Inhibition of 3-ALA-D activity can
produce an increase in its substrate (ALA), which is
accepted as a pro-oxidant compound (Barbosa et al.
1998). Menezes et al. (2014c) observed that exposure
to the herbicide clomazone caused a significant
reduction in 3-ALA-D activity in gills of carp exposed
to concentrations of 5 and 10 mg/L. Oxidant agents
may interact with the thiol group of this enzyme in
particular and thereby impair its activity. Additionally,
activation of -ALA-D in liver and gills was observed
in carp fed with a (PhSe),-supplemented diet per se.
The increase in the activity of this enzyme may be
associated with the increase in NPSH levels in these
tissues. On the other hand, the diet containing (PhSe),
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failed to reverse the inhibition of 8-ALA-D activity
caused by FPN in liver of carp. The combination of
(PhSe), and FPN increased the 3-ALA-D activity, and
this increase could offer an additional protection
against FPN toxicity. Thus, (PhSe), may not be
efficient in protecting against 6-ALA-D inhibition,
but may on its own cause an increase in activity.
Studies have previously observed that although
(PhSe), protects against pro-oxidant effects caused
by xenobiotics, it did not reverse the 8-ALA-D
inhibition (Barbosa et al. 2008; Fiuza et al. 2015).

FPN exposure induced hyperglycemia in carp and
silver catfish, which was demonstrated by increased
glucose levels in plasma. Plasma glucose is used as a
sensitive indicator of stress in fish, and an increase in
this parameter may result from an increase in gluco-
neogenesis to provide energy for the increased
metabolic demands imposed by FPN. On the other
hand, (PhSe), per se caused a decrease in plasma
glucose levels in carp and silver catfish. (PhSe),
attenuated the increase caused by FPN in plasma
glucose in carp and silver catfish, indicating its anti-
hyperglycemic property. The protein levels in plasma
were increased only in carp after exposure to FPN, and
this increase persisted in the (PhSe), + FPN group.
This result could be attributed to an increase in protein
synthesis to suit the high energy demand caused by
FPN exposure.

The present study demonstrated that treatment
with (PhSe), restored oxidative damage (evidenced
by TBARS levels) and change in defenses antioxi-
dants (NPSH levels and GST activity) caused by
FPN exposure in tissues of carp and silver catfish.
The exact mechanism of the antioxidant action of
(PhSe), is not clear at the moment, particularly with
respect to the anti-hyperglycemic activity. Further-
more, (PhSe), caused an increase per se in NPSH
levels and GST activity in liver and gills of both fish
species. These results reinforce the involvement of
the glutathione system in the antioxidant effect of
(PhSe),. Thus, the protective influence of (PhSe),
was partly associated with its free radical scavenging
and antioxidant actions. In addition to this benefit,
the lack of adverse effect in carp and silver catfish
fed with (PhSe), diet alone suggests its safety which
is crucial if (PhSe), is considered for validation as a
promising agent to minimize the toxicity of pesti-
cides like FPN.
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