Aquatic Toxicology 194 (2018) 140-151

AQUATIC
TOXICOLOGY

Contents lists available at ScienceDirect

Aquatic Toxicology

journal homepage: www.elsevier.com/locate/aqtox

Differential response between histological and biochemical biomarkers in )

Check for

the apple snail Pomacea canaliculata (Gasteropoda: Amullariidae) exposed to | %
cypermethrin

F. Arrighetti®, E. Ambrosio”, M. Astiz", A. Rodrigues Capitulo®, S. Lavarias™"

@ Museo Argentino de Ciencias Naturales “Bernardino Rivadavia” CONICET, CABA, Argentina
® Instituto de Limnologia de La Plata “Dr. Raiil A. Ringuelet” (ILPLA) CCT CONICET La Plata-Universidad Nacional de La Plata (UNLP), La Plata, Argentina
€ Instituto de Investigaciones Bioquimicas de La Plata (INIBIOLP) CCT CONICET La Plata-Universidad Nacional de La Plata (UNLP), La Plata, Argentina

ARTICLE INFO ABSTRACT

Keywords: To develop effective programs to monitor water quality is necessary to identify sensitive biomarkers in indicator
Biomarker species. The aim of this study was to evaluate different biomarkers in the apple snail Pomacea canaliculata
Cypermethrin exposed to the insecticide Cypermethrin (CYP). Adult male and female snails were exposed to sublethal CYP
;isltl‘:iacth"k’gical concentrations (10, 25 and 100 pg1~1) for 1, 4, 7 and 14 days. The recovery of the exposed snails was also

studied by a post-exposure assay. The activities of the enzymes superoxide dismutase (SOD), catalase (CAT) and
glutathione-S-transferase (GST), the levels of lipid peroxidation (LPO) and protein oxidation (PC) in digestive
gland and gills were studied as biomarkers of exposure. Histopathological changes in target tissues were also
evaluated. In digestive gland, CYP caused a significant increase in SOD, CAT and GST activities compared to
control (p < 0.05) as well as in LPO and PC levels (p < 0.05). However, such biochemical effects were neither
concentration nor time dependent. Histopatological changes were observed in the exposed groups, such as an
increase in the number of basophilic cells, hemocytic infiltration and epithelia atrophy. Additionally, a positive
correlation between the surface occupied by pigmented corpuscles and CYP concentrations was observed at all
exposure periods. Gills showed greater sensitivity to oxidative damage than digestive gland. CYP caused an acute
toxic effect in LPO levels in this respiratory organ. The gill filament of exposed snails, exhibited a reduction or
loss of cilia, vacuolization of the columnar cells and an increase in haemocyte content irrespective of the con-
centration. High concentrations of CYP caused disruptions in the columnar muscle fibers. In general, snails did
not show an improvement in their basal state during post-exposure treatment. Apparently, males and females do
not have differential sensitivity to the pesticide. The results of this study suggest that histopathological changes
are the most sensitive time- and dose-dependent biomarkers of toxicity induced by CYP in P. canaliculata.

Oxidative stress

1. Introduction

Environmental pollutants usually cause multiple toxic effects in
exposed organisms, so it is essential to understand the differential
biological responses and the underlying mechanisms (Rivadeneira
et al.,, 2013). Among such responses, those at molecular level are
usually the first ones to appear and precede those at higher organiza-
tion levels. It is known that several contaminants cause cellular oxi-
dative stress by disruption of mitochondrial function (Livingstone,
2001). That situation occurs when antioxidant defenses fail to detoxify
reactive oxygen species (ROS), causing damage in biomolecules. In
aquatic organisms the oxidative status can be estimated by measuring
levels of protein and lipid oxidation, as well as the activities of

antioxidant enzymes (Monserrat et al., 2007; Lushchak, 2011; Regoli
and Giuliani, 2014). On the other hand, histopathological alterations
show biochemical and physiological changes caused by toxicant ex-
posure, being useful biomarkers of effect. Water environments are
highly vulnerable to the input of anthropogenic pollutants, such as
those used for pest control management. In this regard, biomarkers
studies are considered valuable tools for the evaluation of general
health state of an ecosystem.

Synthetic pyrethroid insecticides are extensively applied in agri-
cultural practices as well as in mosquito control and ectoparasitic dis-
ease treatments (Ansari et al., 2011). The pyrethroid cypermethrin
(CYP) (a-cyano-3-phenoxybenzyl ester of 2,2-dimethyl-3-(2,2-di-
chlorovinyl) 2-2-dimethylcyclo- propane carboxylate) has been widely
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used, mainly to control lepidoptera and coleopteran pest. Nevertheless,
this insecticide is toxic for a broad spectrum of aquatic organisms, being
fish and invertebrates the most sensitive ones (Friberg-Jensen et al.,
2003; Sanchez-Fortin and Barahona, 2005; Carriquiriborde et al.,
2007; Sepici-Dincel et al., 2009; Ngrum et al., 2010). CYP mainly exerts
a neurotoxic action on organisms but it may also cause oxidative stress
as a consequence of its metabolism (Shashikumar and Rajini, 2010)
Among the diverse symptoms caused by CYP, histological alterations
have been observed in aquatic organisms (Korkmaz et al., 2009;
Maharajan et al., 2015; Ullah et al., 2015; Wei and Yang, 2015; Arslan
et al., 2017; Lavarias et al., 2017).

For biomonitoring freshwater ecosystems contaminated with these
pesticides, several biomarkers have been proposed for benthic macro-
invertebrates (Ngrum et al., 2010; Ray et al., 2013; Antwi and Reddy,
2015; Khazri et al., 2015; Merivee et al., 2015; Khazri et al., 2016). For
this purpose, it is necessary to characterize sensitive biomarkers in
organisms exposed under laboratory conditions, to identify toxic me-
chanisms that could be translated to a population level (Faria et al.,
2006).

The freshwater snail Pomacea canaliculata is a cosmopolitan fresh-
water mollusc, native from the La Plata basin (Argentina) and able to
tolerate several environmental conditions (Seuffert and Martin, 2013;
Ferreira and Rodrigues Capitulo,2017). In Asia, this snail is considered
harmful to rice and other crops (Lowe et al., 2000) and is associated
with the transmission of eosinophilic meningoencephalitis (Lv et al.,
2009). Therefore this organism is directly or indirectly target of pesti-
cides.

Although the effect of several pesticides has been studied on this
snail, especially those used as molluscides (Giraud-Billoud et al., 2013;
Martinez et al., 2017) no data was found about the toxic effect of CYP
on different organs. In order to evaluate the most sensitive biomarkers,
the aim of the present work was to compare the effect of CYP on bio-
chemical parameters related to oxidative stress and histological al-
terations in P canaliculata. Furthermore, the differences between males
and females in such biomarkers were analyzed.

2. Materials and methods
2.1. Sample collection

Adult males and females of Pomacea canaliculata were collected in
Zapata stream, a tributary of Rio de la Plata estuary, Argentina
(34°59’19”S, 57°42’59”W) during the pre-reproductive season (end of
winter). They were adapted to laboratory conditions in dechlorinated
tap water (CaCOj3 hardness, 160 mg 171, pH between 6.6 and 6.9, and
dissolved oxygen between 4.5 and 5mgl™') at 22 = 2°C, and
12:12 h L:D photoperiod for at least two weeks before the experiments.
Individuals were fed ad libitum with fresh lettuce and supplemented
weekly with carp food pellets only during acclimation period (Giraud-
Billoud et al., 2011).

The specimens were selected according to their weight
(16 = 4.5g) and size (30.2 = 7.4 mm total shell length). The differ-
entiation between males and females was performed taking into ac-
count the external shape of the operculum (Cazzaniga, 1990), later
confirmed during organ dissection. All experiments were performed
according to guidelines of the Institutional Animal Care and Use
Committee of National University of La Plata (UNLP).

2.2. Sublethal toxicity assays

It should be clarified that previously to sublethal bioassays, assays
to determine the sensitivity of this snail to CYP determining lethal doses
as end point were performed. However, no mortality was observed at
400 pg 17! of CYP exposure for 4 days, estimating that 96-h LCsq values
are greater than this concentration. Due to the maximum concentration
detected in water contaminated with CYP from the streams inhabited

Aquatic Toxicology 194 (2018) 140-151

by P. candliculata was close to 100 ug1™! (Mugni et al., 2011), this
concentration was selected.

Bioaccumulation assays were performed exposing the individuals to
sublethal CYP concentrations (below NOAEL) 10, 25 and 100 ugl_l,
during 1, 4, 7 and 14 days. In order to study recovery response in snails,
a biodepuration assay was performed as follow: after 4 days of CYP
exposure at the same concentrations used for bioaccumulations assays,
the snails were transferred into CYP free water for during 10 days. A
stock solution of 2.5 glf1 CYP (Glextrin 25 formulated-solution con-
taining 25% of active principle purchased from GLEBA S.A. La Plata,
Argentina) was prepared in absolute ethanol (grade p.a.) and main-
tained in the dark at 4 °C. The subsequent working stock solutions were
prepared by diluting the main stock with absolute ethanol. The final
ethanol concentration remained below 0.001% for all treatments
(Giraud-Billoud et al., 2013). The control group was kept with ethanol
but without CYP, additionally another solvent-free control group was
included. For the experiments, adult snails (n total = 360) were placed
into glasses aquarium containing 2.5 1 of test solution. Three males and
3 females were placed in separate individual containers. The assays
were made by triplicate, at 20-22°C, and 12:12 h L:D photoperiod.
Dissolved oxygen and pH were measured in all containers. Test solution
was daily replaced. Snails were not fed for 2 days before the assay and
during the exposure period. All experiments were performed according
to guidelines of the Institutional Animal Care and Use Committee of
National University of La Plata (UNLP).

To determine the effective water concentration in the test solutions,
CYP was quantified by GC-ECD following the method described in
Lavarias et al. (2017).

2.3. Preparation of tissues samples

At1, 4,7 and 14 days of CYP exposure and at 10 days recovery after
4 days CYP exposure snails were anesthetized on ice for 10 min and
different tissues were dissected. For histopathological analysis, small
sections of digestive gland, foot and gill were immediately fixed in
Bouinis solution for 6-h, subsequently washed and stored in 70%
ethanol. The remaining of digestive gland and gill were stored at
—80 °C for biochemical determinations.

2.4. Oxidative stress parameter measurements

2.4.1. Preparation of tissue homogenate

The tissue was weighed and homogenized (1:6 w/v for digestive
gland and 1:5 w/v for gills) in 125 mM Tris-base cold buffer solution,
pH 6.8 using a Teflon homogenizer. Homogenates were centrifuged at
10,000 xg at 4 °C for 15 min and the supernatant were used for bio-
chemical determinations. Total protein concentration was determined
as described by Bradford (1976) using bovine serum albumin as stan-
dard.

2.4.2. Antioxidant enzyme activities

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured as
described by Marklund and Marklund (1974). The method is based on
the inhibition of the auto-oxidation of pirogallol (26 mM, pH 2) fol-
lowed spectrophotometrically at 420 nm. The reaction was carried out
in 50 mMTris-cacodilate buffer (pH 8.8) in 1 ml final volume. One SOD
unit was defined as the amount of enzyme necessary to inhibit 50% of
autocatalytic pyrogallol oxidation min~!. Specific activity was ex-
pressed as units of SOD per mg of total protein.

Catalase (CAT, EC 1.11.1.6) activity was determined by following
the decrease in absorbance at 240 nm due to H,O, (10 mM) decom-
position (Aebi, 1984). The reaction mixture was 1 ml of 50 mM po-
tassium phosphate buffer (pH 7). One CAT unit was defined as the
amount of enzyme catalyzing 1 pmol of H,O, min . Specific activity
was expressed as units of CAT per mg of total protein.
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Fig. 1. Effect of sublethal concentrations of CYP on enzymatic activities of SOD, CAT and GST in digestive gland of P. canaliculata.

Data are shown as mean + SD (n = 6). SOD: Superoxide dismutase activity in males (A) and females (B). CAT: Catalase activity in males (C) and females (D). GST: Glutathione S-
transferase measured in males (E) and females (F). Statistical differences from the corresponding control are indicated as *(p < 0.05); **(p < 0.001). | Control S 10 ug 1!

I 25 0g1! 100 pug1~!

2.4.3. Antitoxic defense 0.1 M phosphate buffer (pH 6.5), 1 mM CDNB and 1 mM GSH in 1 ml

Glutathione S-transferase (GST, EC 2.5.1.18) was measured in ac- final volume. One GST was defined as the amount of enzyme required
cordance to the protocol of Habig et al. (1974) using 1-chloro-2,4-di- to conjugate GSH with 1 umol of CDNB min~' determined at 340 nm.
nitrobenzene (CDNB) as substrate. The final reaction mixture contained Specific activity was expressed as units of GST per mg of total protein.
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2.4.4. Oxidative damage

Lipid peroxidation level was measured according to Buege and Aust
(1978) using the formation of thiobarbituric acid-reactive substances
(TBARs). Samples were added to the reaction mixture containing tri-
chloroacetic acid 15% (w/v), 2-thiobarbituric acid 0.375% (w/v), and
0.147 mM butylhydroxytoluene at a ratio of 1:5 (v/v). The mixture was
vigorously shaken, maintained in boiling water for 60 min, and im-
mediately cooled at 4 °C for 5 min (Ohkawa et al., 1979). After cen-
trifugation at 5000 xg for 10 min, the supernatant was measured
spectrophotometrically at 535 nm. LPO was expressed as nmol TBARs
complexes per mg of wet tissue weight.

Protein oxidation was assessed by the method described by Reznick
and Packer (1994) with minor modifications. Briefly, carbonyl con-
centration (PCs) was quantified spectrometrically at 505 nm. The
homogenized sample was incubated with 2,4-dinitrophenylhydrazine
(DNPH) 10 mM in HCI 2N during 15 min in dark, followed by neu-
tralization with NaOH 1N. Sodium pyruvate was used as standard.
Results were expressed as pg protein carbonyl per mg of total protein.

2.5. Histological studies

Fixed samples stored in 70% ethanol were dehydrated at increasing
ethanol concentrations and then embedded in resin (Leica Historesin").
Blocks were sectioned at 4 um using an automatic microtome (Leica’
RM2155) with tungsten knives and mounted on microscope slides. The
slides were stained with hematoxilyn-eosin and observed using a light
microscope (AXIPLAN 2 Zeiss"). Histopathological changes in gill, foot
and digestive gland were described and classified according to the
frequency of appearance of such alteration with the following criteria:
— = none (no slide presented alteration), + = mid (alteration presents
in < 25% of the slides analyzed), + + = moderate (alteration presents
in 25%-75% of the slides analyzed) and + + + = severe (alteration
presents in > 75% of the slides analyzed). A total of 60 slides were
analyzed per treatment (n = 8, males and females snails analyzed per
treatment).

To quantify the health status of the digestive gland, the number of
pigmented corpuscles was evaluated in 2 sections (100 um distances
from each other) from each snail of both sexes. Five images were ran-
domly taken at 20 X magnification and analyzed using an automatic
image analysis system (Axiovision Rel 4.4). A segmentation procedure
was applied to quantify the area occupied by pigmented corpuscles in
the digestive gland. The results were expressed as the average epithelial
area filled with corpuscles: Aec = Ae/Ac X 100, where Ae = area of
epithelium (0.371 mm?), and Ac = total area of corpuscles found in the
epithelium section.

2.6. Statistical analyses

Statistical comparison of different treatments was done by one-way
ANOVA after checking for normality and homogeneity of variances.
Student-Newman-Keuls was used as the post-test to determine which
treatments differed significantly from the control (p < 0.05). Results
of biomarker analysis are shown as mean * standard deviation (SD).
Data were analyzed using Instat v. 3.01.

3. Results

Cypermethrin did not cause mortality in snails during the whole
exposure phase. Also, no mortality was observed in the control organ-
isms. No significant differences were observed between control groups
with and without ethanol. Therefore, the control group with ethanol
was used to assess the effects of CYP exposures.
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3.1. Effects of CYP on oxidative stress parameters

3.1.1. Enzymatic activities

Fig. 1 shows CYP effect on enzymatic activities in digestive gland of
adult snails. SOD activity was significantly higher (with values ranging
between 65%-80%) compared to the controls (p < 0.05) in males at
all pesticide concentrations essayed on day 4 of exposure and at
100 pg 17! of CYP on day 7 of exposure by 80% (Fig. 1A). These results
might indicate an acute and short-term response in males. In females,
this parameter was only significantly increased (p < 0.05) at 10 ug1~*
of CYP on day 1 of treatment by 25% showing a low sensitivity of SOD
activity to pesticide exposure (Fig. 1B). On the other hand, SOD activity
was notably increased in all snails in both genders from day 7 of
treatment comparing to those on days 1 and 4 indicating that fasting
could have affected this enzyme (Fig. 1A-B).

CAT activity was significantly higher (p < 0.05) in males at dif-
ferent CYP concentrations on days 1, 4 and 7 as compared to controls
with values ranging between 50%-240%, evidencing an acute response
(Fig. 1C). In females, this parameter significantly increased (p < 0.05)
only on day 4 at 25ugl~! of CYP by 97%, and showed significant
decreases (p < 0.05) at all CYP concentrations essayed on day 14
(40%-65%), suggesting a chronic response (Fig. 1D). GST activity did
not show a clear concentration-dependent response to CYP exposure in
treated organisms when compared to controls. In males, this parameter
significantly increased (p < 0.05) on 7-day treatment at 10 and
100 ug1~* by 72% and 122%, respectively (Fig. 1E). On 1-day, GST
activity measured in males was significantly lower (p < 0.05) at
100 pg 17! by 45% (Fig. 1E). Similar to the effect observed in SOD, GST
activity was remarkably increased in all organisms on 14-day, although
no significant differences were found between the control and different
treatments (Fig. 1E). These results might indicate that fasting could also
have affected GST activity in male snails but this effect was not ob-
served in females (Fig. 1F). GST activity in females were significantly
higher compared to controls (p < 0.05) at 10 and 100 pg 1~ ! on 1-day
treatment (110% and 127%, respectively) as well as at the highest CYP
concentration on 4-day exposure by 104% (Fig. 1F). While on day 14
the enzymatic activity significantly increased (p < 0.05) at 10 and
25ug 1! of CYP exposure (135% and 107%, respectively). However,
on 7-day GST activity showed a tendency to decrease at 100 ug1~! of
CYP although there were no significant differences with the control
(Fig. 1F).

In order to analyze the time effect at all CYP concentrations, the
percentages variation of treatments as compared with 100% of their
respective controls was calculated (Supplemental material).

Time-dependent trend in SOD activity was found mainly in females,
whereas in males this parameter tends to decrease on 14-day
(Supplemental material Fig. 1A-B). No clear time-dependent responses
were observed in both genders neither in CAT nor GST activities
(Supplemental material Fig. 1C-F).

3.1.2. Oxidative damage in digestive gland and gill

Toxic effect of different CYP concentrations on lipids (TBARs) and
proteins (PCs) oxidation in digestive gland of adult snail is shown in
Table 1.

Notably, TBARs levels in digestive gland of males were not sensitive
to CYP exposure. Significantly decreases as compared to controls
(p < 0.05) at 25 and 100 pg 1~ ! on 4-day of exposure (64% and 67%,
respectively) as well as at 100 pg 1~ on 7-day by 67%, were observed
(Table 1). These results would suggest that the pesticide exposure not
induce LPO. In females TBARs levels showed a highly significant in-
crease (p < 0.001) on 7-day treatment at 25 and 100 pg 1! of CYP by
50% and 82%, respectively (Table 1). Nevertheless, this parameter was
significantly lower (p < 0.05) at 25pug1~! on day 1 and at all CYP
concentrations on day 14, with values ranging between 11%-22% re-
spect to controls (Table 1).

In general, CYP caused increasing in PCs levels in digestive gland of



F. Arrighetti et al.

Table 1
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Effect of sublethal concentrations of CYP on lipid peroxidation levels (TBARs) and protein oxidation damage (PCs) in digestive gland and gills of males and females of P. canaliculata.

Digestive Gland Gills
Control 10ugl™? 25ug1~?! 100 ugl1~* Control 10ugl™? 25ugl~?! 100 ugl1~*
TBARs  1-day M 265 + 7.8 31.1 = 3.3 28.4 = 9.4 27.3 + 44 20.2 = 0.6 255 + 3.8* 24.3 = 1.1** 23.4 + 2.5%
F 337 = 24 33.0 = 5.0 29.8 = 0.3* 29.4 + 87 222 = 1.2 30.2 = 4.6* 33.9 £ 2.9% 345 = 3.7%
4-day M 43.2 = 17 29.5 = 18.2 15.6 = 4.7* 141 = 3.1* 255 = 4.3 19.2 = 2.9* 245 + 3.3 19.7 = 5.4
F ND ND ND ND 16.9 = 2.0 20.6 = 6.3 35.7 = 5.7** 184 = 6.8
7-day M 186 * 6.4 153 £ 3.6 13.0 £ 2.6 6.2 + 3.1% 14.0 = 4.8 17.6 = 8.2 25.4 = 15.6 22.0 = 9.9
F 25.3 = 0.9 235 = 6.5 37.9 = 1.5%* 46.0 = 5.7** 184 = 3.7 32.7 £ 2.1** 36.9 + 7.5%* 23.6 £ 4.4
14-day M 28.8 = 5.3 26.7 * 6.4 29.6 + 49 257 * 3.1 25.2 * 9.6 11.9 = 6.3* 43.0 = 9.1* 42.3 + 15.2*
F 331 = 25 25.8 = 0.4* 26.3 = 1.1%* 29.6 = 0.7* 215 = 6.4 36.7 = 5.2* 34.6 = 4.0* 39.9 = 8.7
Recuperation M  26.3 = 3.3 39.0 = 3.2% 33.3 = 3.0* 46.0 = 8.6% 32.7 = 5.0 68.0 = 7.6** 54.3 = 11.2* 43.4 = 5.9*
F 25.6 * 3.4 26.2 + 3.8 30.2 = 5.9 36.1 = 9.1* 45.3 = 10.8 24.4 + 3.0* 50.3 + 12.1 33.8 = 5.1*
PCs 1-day M 025 + 0.13 0.24 = 0.11 0.30 = 0.17 0.52 = 0.01** 0.25 = 0.05 0.33 = 0.10 0.73 = 0.38* 0.67 = 0.13**
F 0.11 = 0.05 0.34 = 0.10** 0.39 = 0.04** 0.31 = 0.08** 0.37 £ 0.04 0.44 = 0.21 1.09 £ 0.07**  0.69 * 0.50
4-day M 046 * 0.20 0.90 * 0.28* 0.73 = 0.25 0.68 + 0.22 0.23 = 0.03 0.11 = 0.03** 0.16 = 0.01* 0.20 = 0.06
F 0.53 = 0.23  0.73 = 0.37 0.47 = 0.03 0.46 = 0.12 0.39 = 0.04 0.50 = 0.10* 0.66 = 0.12* 1.05 = 0.19**
7-day M 074 £ 0.08 0.41 * 0.07** 3.16 = 1.17** 1.06 + 0.29* 0.22 = 0.02 032 = 0.03**  0.27 = 0.04* 0.29 = 0.05*
F 0.34 + 0.17 0.29 + 0.24 0.63 + 0.36 0.52 + 0.25 1.50 = 0.42 2.25 + 0.45* 2.14 + 0.76 2.80 + 0.93*
14-day M 065 + 0.13 0.93 + 0.32 0.69 = 0.30 1.06 = 0.57 0.31 = 0.29 0.42 = 0.03 0.58 = 0.26 1.61 = 0.34**
F 1.09 = 0.46  0.58 = 0.09* 1.21 * 0.29 0.88 = 0.57 0.29 = 0.19 0.54 = 0.35 0.86 = 0.21**  0.80 = 0.40*
Recuperation M 0.95 = 0.21 1.10 = 0.18 0.58 += 0.20* 1.21 = 0.43 0.23 = 0.14 0.34 = 0.20 0.83 += 0.69 0.57 * 0.34*
F 0.83 = 0.25 0.68 = 0.53 0.58 *= 0.16 0.61 + 0.22 0.27 = 0.09 0.59 *= 0.23* 1.21 * 0.26**  0.57 * 0.31%

Data are shown as mean + SD (n = 6). TBARs units as nmol mg ™~ '. wet weight. PCs units as mg carbonyl mg~'. protein. F: females; M: males. Statistical differences

corresponding control *(p < 0.05); **(p < 0.001). ND: not determined.

exposed organisms as compared with their respective controls
(Table 1). On 1-day, PCs values in males significantly increased
(p < 0.001) at 100 ug 1~* by 107%. The same was observed on 4 days
of exposure at 10 ug1™! (p < 0.05) by 97%, as well as on 7 days of
treatment at 25ugl™' (p < 0.001) and 100pugl~! (p < 0.05) by
325% and 43%, respectively. In females, PCs levels significantly in-
crease (p < 0.001) at all CYP concentrations on 1-day treatment, with
values ranging between 181%-256%.

Gills were also damaged by CYP exposure by lipids and proteins
oxidation (Table 1). Males showed significantly higher TBARs values
(p < 0.05) at all CYP concentrations on 1 day with values ranging
between 15%-26%, as well as at 25 and 100 ug1~ ' on 14 days of ex-
posure (70% and 68%, respectively). In females, TBARs levels in gills
were higher as compared to controls at all CYP concentrations and all
treatments, with significant increase (p < 0.05)at 10 pg1~ %, 25 ug 17!
and 100 ug1~! on 1, 7 and 14 days of exposure with values ranging
between 28% and 101%. On 4-day, TBARs levels showed a significantly
increase (p < 0.001) only at 25 ug1~* by 111%.

PCs levels measured in gills of exposed snails of both genders were
higher at all CYP concentrations and exposure periods compared to
controls, but on 4-day treatment they were significantly lower in males
(Table 1). It was observed in males a significantly increase (p < 0.05)
at 25 and 100 ug 1! on 1-day of exposure, as well as at all CYP con-
centrations on 7-day and at 100 ug 1~ ! on 14 day, with values ranging
between 23% and 422%. In females, significantly higher values on PCs
(p < 0.05) corresponded to 1-day (25pugl~!), 4-day (all CYP con-
centrations), 7-day (10 and 100 pg 17! CYP) and 14-day (25 and
100 ug1~' CYP) treatments, with values ranging between 29% and
195%.

Time-dependent analyses of oxidative damage showed that there
was no clear time-dependent response in both genders neither in TBARs
and PCs levels in digestive gland (Supplemental material Fig. 2) nor in
gills of P. canaliculata (Suplemental material Fig. 3).

3.1.3. Recuperation trial

In order to analyze if post-exposure treatment affects the parameters
evaluated during CYP exposure, another assay where snails were ex-
posed for 4 days and then transferred to clean water for 10 days, was
carried out. Oxidative stress parameters in males and females from the
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from the

recuperation period were compared with their respective controls.
Although in digestive gland, SOD activity of exposed snails showed a
tendency to increase, it significantly increased compared to the control
(p < 0.05) only in males at 100 ug1~* by 34% (Fig. 1A-B).

CAT activity showed similar behavior, with significant increases
(p < 0.05) in males at 10 and 100 ug 1~ ! (58% and 61%, respectively)
and in females showed an increase of 128% at 100 ugl™' of CYP,
compared to control (Fig. 1C-D). No significant differences between
control and exposed snails were observed in GST activity for either
males or females (Fig. 1E-F).

TBARs levels in digestive gland of both males and females were
higher on recuperation treatments than controls (Table 1). Significant
increases (p < 0.05) of this parameter were registered in males at all
CYP concentrations with values ranging between 27%-75%, but only
were observed in females at the highest concentration (41%). Although
a clear trend to decrease in PCs levels in this organ was observed in both
genders, only males showed significant differences (p < 0.05) at
25 ug 17! CYP by 40%, as compared to control (Table 1).

In gills, the recuperation treatment caused significant increases in
TBARs levels (p < 0.05) at all CYP concentrations in males, with va-
lues ranging between 33%-108%. In contrast, females showed sig-
nificant decreases (p < 0.05) of this parameter at 10 and 100 ug1~!
(46% and 25%, respectively) (Table 1). In general, PCs levels in gills of
both males and females were higher at all treatments as compared with
their respective controls. A significant increase (p < 0.05) of this
parameter was observed at all CYP concentrations in females, with
values ranging between 113% and 354% (Table 1).

Taken into account that organisms were exposed during 4 days to
CYP, it would be expected that the recuperation treatment would
showed an improvement in altered parameters as compared to such
treatments. Although in general there was no clear trend in modifica-
tion of oxidative stress parameters evaluated in this study, TBARs and
PCs levels were increased in gills during depuration treatment. These
results may indicate a change in oxidative metabolism of one of the first
target organ of toxicant input.

3.1.4. Comparison between males and females
To evaluate whether during the pre-reproductive period males and
females present differences, statistically significant effects on
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Fig. 2. Micrographs of gill and foot of P. canaliculata. A. Detail of a gill filament from control snail showing columnar cells (cc) with long apical cilia (ci) and narrow hemolymph spaces
(h). B, C. Gills filaments of snails exposed to CYP indicating: loss of cilia (arrowhead), wider hemolymph spaces (h) and columnar cells vacuolization (asterisk). Note the presence of
nodular-type inflammation in C. D. Foot transverse section of control snail showing columnar muscle cells (cm). E, F. Foot transverse section of exposed snails to CYP showing disruption

of columnar muscle fibers and increasing amount of spaces in between them (arrow).

antioxidant defense system at each treatment were evaluated
(Supplemental material Table 1). It is interesting to note that males and
females of P. canaliculata showed statistical differences (p < 0.05) in
SOD activities at all CYP concentrations on 4-day treatment as well as at
10 ug1™! of CYP on 1, 7 and 14 day exposure. CAT activity showed
statistical differences (p < 0.05) between genders at all CYP con-
centrations on 7-day of exposure. GST levels showed significant dif-
ferences (p < 0.05) between males and females at all CYP concentra-
tions on 1 and 4 days of treatments as well as at 10 and 25 pug1~* on 7-
day and 100 ug 17! on 14-day of exposure. On recuperation trial, main
statistical differences (p < 0.05) on SOD, CAT and GST activities
corresponded to the highest CYP concentration.

Statistical differences between males and females on oxidative da-
mage to proteins and lipids in digestive gland and gills were analyzed
(Supplemental material Table 2). TBARs levels measured in digestive
gland showed statistical differences (p < 0.05) at all CYP concentra-
tions on 7-day as well as at 100 pg 1~ ! on day 14 in both genders. The
main statistical differences (p < 0.05) on PCs levels were found at
25ug 17! (on 4, 7 and 14 days) and 100 pg1~" (on 1 and 7 days). On
recuperation trial, statistical differences between males and females
were found on TBARs levels at 10 ug1~* CYP (p < 0.0001) and PCs
levels at 100 ug1™! CYP (p < 0.05). TBARs levels measured in gills
showed statistical differences (p < 0.0001) between genders at higher
CYP concentrations (25 and 100 ugl’l) on 1 and 4 days treatment,
whereas at longer exposure periods (7 and 14 days) were also found at
the lowest CYP concentration. The main significantly differences
(p < 0.0001) on PCs levels were registered at all CYP concentrations
on both 4 and 7 days treatment. On recuperation treatments, no sig-
nificant differences were found between males and females on protein
oxidation measured in gills, whereas TBARs levels showed differences
(p < 0.05) at 10 and 100 ug1~* CYP.

Although these results demonstrate some significant differences
between males and females to CYP exposure, did not show a clear trend
in the sensitivity level of any of the genders to the pesticide.

3.2. Effects of CYP on histophatological alterations

Histological alterations were observed in gill, foot and digestive
gland in snails exposed to CYP compared to control treatment. The
quantification of the histopathologial effects is show in Table 2. No
differences were observed in all analyzed organs between genders for
any of the CYP concentrations and exposure times.

3.2.1. Gil

Gill of the control snails are formed by a central axis with numerous
filaments extended along one side. The gill filament epithelium con-
tained ciliated columnar cells and mucus-secreting cells (Fig. 2A). Nu-
merous hemocytes were found in the hemolymph space. No histo-
pathological alteration was found on 1-day of CYP exposure; however
after such period both concentration- as well as time-dependent
changes were observed. The most remarkable filament alteration was
the presence of wider hemolymph space with severe hemocyte in-
filtration after 25 and 100 ug1~! CYP exposure for 4, 7 and 14 days
(Fig. 2B). Other epithelial alteration observed was a reduction in length
or, in some cases, loss of cilia at 100 ug1~! CYP on 4 and 7-day of
exposure as well as at 25 and 100 ug1~* CYP on 14-day (Fig. 2B, C).
Additionally, at higher CYP concentrations (25 and 100 ug1™1), the
apical portion of the columnar cells exhibited swelling and some cells
degenerate producing large intercellular spaces (Fig. 2C), with more
severe alterations on 7 and 14 days of exposure. On recuperation trial,
no histopathological alterations were observed at 10 pgl~' of CYP
exposure. Although, at the highest CYP concentration (100 ugl™") a
severe columnar cell vacuolization was still observed, the hemolymph
space was reduced compared to treatment at 4 days of exposure.

3.2.2. Foot

The foot tissue of control snails mainly contained columnar muscle
cells (Fig. 2D). No histological alteration was observed after 1-day of
exposure. The most conspicuous histolopathological effect was the



F. Arrighetti et al.

Aquatic Toxicology 194 (2018) 140-151

Fig. 3. Micrographs of digestive gland of P. canaliculata. A. Tubules of the digestive gland of control snail showing digestive cells (dc) and basophilic cells (bc) and pigmented intracellular
corpuscles (pc). B. A haemocytic infiltration (hi) around digestive tubules of an exposed snail. C. Digestive gland tubules of treated snail showing numerous pigmented corpuscles in the
epithelia. D. Necrosis of the digestive gland is evident, although some pigmented corpuscles are evident.

disruption of columnar muscle fibers (Fig. 2E). This change slightly
occurred on 4-day of 100 g1~ CYP exposure, becoming more severe
on 7 and 14 days at 100 ug1~' of CYP exposure. Also, to those more
extreme CYP treatments spaces and gaps between the muscle fibers
were observed (Fig. 2F). At the recuperation period slight disruption of
the columnar muscle fibers was still observed.

3.2.3. Digestive gland

The digestive gland of control snails consisted of numerous blind-
ended tubules composed of abundant digestive cells and scarce baso-
philic cells (Fig. 3A, B). The basophilic cells were triangular with a big
central nucleus while the digestive cells were columnar with a basal
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nucleus. Pigmented intracellular corpuscles of different sizes and shapes
were found along the digestive gland epithelium (Fig. 3B). Another
histological characteristic of the digestive gland control was a hemo-
lymphatic space and connective tissue between the tubules. Significant
histopathological alterations were observed in the digestive gland at
different CYP concentrations and time of exposure (Table 2). In all
snails exposed at 10 ug1~! and 25ug1~! CYP for 7 and 14 days, a
moderate increase of hemocytes in areas between the tubules were
observed (Fig. 3C). The same symptom occurred at 100 ugl~! CYP,
irrespective of the time exposure, but was more intensity on 14-days
(Fig. 3D). At 100 pg 1~ CYP on 4-day and at all CYP concentrations on
7 and 14 days of exposure, an increase number of basophilic cells were
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Histopathological effects of sublethal CYP concentrations in gill, foot and digestive gland of P. canaliculata.

1-day 4-day 7-day 14-day Recuperation
CYP (ug1™")
Histopathological Effects Control 10 25 100 10 25 100 10 25 100 10 25 100 10 25 100
Gill Cilia alterations - - - - - - + - - ++ - + +++ - - +
Wider hemolymph space - - - - - + +++ - 4+ +++ - ++ +++ - - +
Columnar cells vacuolization - - - - - + +++ - 4+ +++ - 4++ +++ - + 4+
Foot Lipid vacuoles - - - - - - - - - ++ - + +++ - - - -
Columnar muscle fibers atrophy - - - - - - + - + ++ + +++ - -
Digestive gland Hemocytic infiltration - - - ++ - - ++ ++ +4+ 4+ ++ 4+ + +4+4+ - - ++
Increase number of basophilic cells - - - - - - ++ + ++ +++ + ++ +++ - - +
Atrophy of the epithelia - - - - - - + - - + + + ++ - - +
Necrosis - - - - - - - - - + - - ++ - - -

Score value:—: no histopathology, +: mid histopathology (present in < 25% of the slides), + +: moderate histopathology (present in 25%-75% of the slides) and + + + = severe
histopathology (present in > 75% of the slides). N = 60 slides analyzed per treatment (n = 8). For more details see M&M.

observed (Fig. 3E). Epithelial damage or atrophy was observed at
100 ug1~! CYP on 4 and 7-day of exposure with more intensity at 14-
day (Fig. 3E). The first necrotic changes occurred at the highest sub-
lethal concentration of CYP (100 pgl’l) on 7 and 14-day (Fig. 3F).
During the recuperation period, hemocyte infiltration, a high number of
basophilic cells and a slight epithelial atrophy were still observed.

3.2.3.1. Quantitative evaluation of corpuscles in digestive gland. Fig. 4
shows the percentage of area occupied by corpuscles in the digestive
gland epithelium in males and females of P. canaliculata. In general,
concentration-dependent responses to CYP exposure were observed in
all treated snails compared to controls. On days 1 and 7 the area
occupied by corpuscles in males significantly increased (p < 0.05)
only at the highest concentration of CYP (100 pg 1~ 1) by 80% and 98%
respectively (Fig. 4A). But this parameter was significantly increased
(p < 0.05) at all CYP concentrations essayed on days 4 and 14 with
values ranging between 74% and 251% (Fig. 4A). On 1-day, females
showed an acute toxic effect in the area occupied by corpuscles
evidenced by the significant increase (p < 0.05) at the three CYP
concentrations essayed (18%-51%) (Fig. 4B). Nevertheless at longer
exposure times (4, 7 and 14 days), this parameter significantly
increased (p < 0.05) only at the highest CYP concentrations (25 and
100 pug 1™ 1) (84%-195%), while at 10 ug1~! of CYP the values were
similar to controls showing a less sensitive response.

In contrast, during the recuperation period the percentage of
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A

Epithelial area filled with corpuscles (%)

corpuscles increased considerably (p < 0.001) and such levels were
above those observed on 4 days of CYP exposure in both genders
(Fig. 4A, B).

It is interesting to note that males and females of P. canaliculata
showed statistical differences between them in corpuscle content only
on 14-day in all CYP concentrations essayed (Supplemental material
Table 3). From all these results it is clear that this parameter is very
sensitive to CYP exposition and could reflect chronic effect mainly in
males than females (Fig. 4).

The analysis of the effect of time on corpuscle content in digestive
gland, at any CYP concentration essayed showed a time-dependent
trend mainly of males except on day 7 where the values decreased in
both genders (Supplemental material Fig. 4).

4. Discussion

Synthetic pyrethroids are effective pesticides against insects but
they are considered to be safe for mammals and birds. Thus these in-
secticides have been used worldwide in agricultural programs as well as
in public health (Palmquist et al., 2012). However, there is enough
evidence that shows that aquatic organisms are very sensitive to their
toxic effects. CYP, the most frequently used type II pyrethroid, is highly
toxic to fish and invertebrates causing alterations in several metabolic
and physiological pathways (Palmquist et al., 2012). The principal
neurotoxic effect of CYP on the target organism is that acts as a
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Fig. 4. Effect of sublethal concentrations of CYP on average epithelial area filled with pigmented corpuscles in digestive gland of P. canaliculata.
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disruptor of the voltage-gated sodium channels in nerve cells,
prolonging the time during which such channels are open. This results
in stimulus-dependent sustained depolarization promoting convulsions,
paralysis and eventually death (Soderlund and Bloomquist, 1989). In
addition, CYP showed other toxic effects on cells, promoting oxidative
damage and disturbing cell membrane structure due to its hydrophobic
nature (Grajeda-Cota et al., 2004). CYP catabolism releases cyanohy-
drins, which are decomposed to cyanide and aldehyde. These com-
pounds together with other lipophilic conjugates may lead to ROS
generation which produces DNA damage, lipid peroxidation and pro-
tein carbonylation, modifying the normal cellular functions
(Shashikumar and Rajini, 2010). ROS, such as H,0,, superoxide (O,—)
and hydroxyl radical (OH—), are constantly generated as a consequence
of aerobic metabolism, therefore organisms hold both enzymatic and
non-enzymatic antioxidant defensive systems to neutralize them. En-
zymatic defenses like SOD and CAT, decompose (O,—) and H,O, re-
spectively to produce less toxic metabolites (Livingstone, 2001). By up-
regulating the cell activity of these antioxidant enzymes, organisms are
able to adapt to higher ROS production due to xenobiotic exposure.
This defensive mechanism is promoted by enhancing the enzymatic
activity expression through transcriptional and post-translational reg-
ulations (Regoli and Giuliani, 2014). SOD and CAT activities have been
often proposed as biomarkers of pollutant contamination in aquatic
systems (Valavanidis et al., 2006; Monserrat et al., 2007; Regoli and
Giuliani, 2014). It should be noted that even glutathione peroxidases
and peroxiredoxins are components of the antioxidant system, and
perform the same function of CAT. These antioxidant enzymes have
recently received much attention from the scientific community, and
also their expression has recently been characterized in response to
environmental stress (Sattin et al., 2015; Tolomeo et al., 2016). The
components of the antioxidant system have been conserved throughout
deep evolutionary time, confirming the importance of the role played
by these molecules in all eukaryotic organisms, from unicellular or-
ganisms to vertebrates (Santovito et al., 2012; Ferro et al., 2013, 2015),
although some of them are less studied in invertebrates.

Some studies about pyrethroid effects on molluscs reported an in-
crease in SOD and CAT activities in the digestive gland of freshwater
mussel Unio gibbus exposed to CYP (Khazri et al., 2015) and marine
clams Ruditapes descussatus (Sellami et al., 2014) and Venerupis de-
cussate (Sellami et al., 2015) exposed to permethrin. In the freshwater
snail P. canaliculata, both concentration- as well as time-dependent
responses in the activity of these enzymes resulted remarkable dissim-
ilar at CYP exposition. In some cases, a significant increase of activities
between the treatments and their respective controls was observed,
whereas some others cases showed significant decrease. Mahmoud et al.
(2012) observed that in digestive gland of marine gastropod Hexaplex
trunculus, permethrin caused concentration- dependent increase in CAT
activity, however at high concentrations this activity decreased. The
authors explain that this pattern could be related to the energetic status
of this organism caused by pyrethroid exposure. On the other hand,
Regoli and Giuliani (2014) suggested that this biphasic trend of CAT
activity could be associated with a regulatory mechanism by which low
ROS levels, increase CAT activity while higher levels promotes it in-
activation. Superoxide radicals are proposed to be the main specie re-
sponsible for CAT inhibition, causing excessive H,O, production which
finally inhibits SOD activity as well (Wei and Yang, 2015). ROS may
also affect enzymatic activities impairing protein synthesis, as sug-
gested by the authors.

Although SOD and CAT constitute the first defense line against ROS,
there are many reports showing that both enzymes do not respond in
the same manner. In digestive gland of P. canaliculata exposed to tri-
butyltin, CAT activity was highest than controls but SOD was no dif-
ferent (Martinez et al., 2017). In this study, P. canaliculata showed only
in a few cases that both enzymes were significantly different from
controls at the same time. On the other hand, it was observed in the
nematode Caenorhabditis elegans, that SOD activity decreased while CAT
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and GST activities increased after CYP exposure (Shashikumar and
Rajini 2010). Differential responses between enzymes that are part of
the same metabolic pathway could be attributed to different reasons. It
is important to take into account that enzymatic activity depends on
kinetic parameters (e.g. Km, Vmax, optimum pH and temperature),
regulatory mechanisms (e.g. modulators, transcription factors), their
stability against stressors (e.g. ROS) and the physiology of the or-
ganism.

The biotransformation enzyme of phase II metabolism, GSTs, is the
most studied in aquatic organisms. It main role is detoxification of
electrophiles, such as pesticides metabolites, by conjugation with re-
duced glutathione to facilitate their excretion (Livingstone, 2001). Xe-
nobiotics could induce GST activity inducing transcription or through
stress-activated signaling cascades (Richardson et al., 2009). Some re-
ports suggest that GST is also involved in CYP metabolism in aquatic
organism (Xu and Huang, 2017).

The digestive gland is the major site of both phase I and II detox-
ification in mollusk. GST increases its activity when the enzymes of
phase I are unable to protect the cells (Sellami et al., 2015). However,
in P. canaliculata exposed to CYP, the GST activity was rarely affected
indicating that this snail has little capacity to metabolize CYP.

It was observed in gills and digestive gland of the freshwater mussel
U. gibbus, that the activities of antioxidant enzymes were significant
increased by CYP exposure, however, did not prevent lipid oxidative
damage (Khazri et al., 2015; Khazri et al., 2016). This phyretroid
caused similar responses in P. canaliculata but it was observed neither a
concentration- nor a time-dependent linear response in LPO. In gills of
P. canaliculata, CYP only caused a very short- and long-term effect on
lipid oxidation evidenced by significant high TBARs levels. Never-
theless in clams R. decussatus and V. decussate, the digestive gland
showed to be the most sensitive organ target to phyretroid toxicity
compared to gills (Sellami et al., 2013; Sellami et al., 2015). These
tissue-specific responses could be due to the function of the digestive
gland as the main site of pesticide detoxification that generates high
ROS production (Sellami et al., 2015). However, gill is a site for gas
exchange, ion regulation, and excretion of catabolic products, more-
over, it constitutes one of the first routes of input dissolved toxicants
from the water (Wei and Yang, 2015). Thus, this organ is susceptible to
be damaged by ROS, as was observed in P. canaliculata. CYP, such as
other xenobiotics, has the ability to induce lipid peroxidation affecting
membrane fluidity as well as their biomolecules integrity (Wei and
Yang, 2015).

Lipid peroxidation products can promote protein oxidation by car-
bonyl groups formation (aldehydes and ketones). These moieties are
also generated by amino acid oxidation by glycation and glycoxidation
reactions (Dalle-Donne et al., 2003). PCs derivatives are chemically
stable and are the biomarker of choice to evaluate oxidative damage in
proteins (Dalle-Donne et al., 2003). In freshwater crayfish Procambarus
clarkii, PCs levels were very sensitive to CYP exposition and showed a
good correlation with ROS and with histological damage in gills (Wei
and Yang, 2015). However, it was not the case of P. canaliculata since
PCs levels showed significant differences only in some treatments, as
the others biochemical parameters evaluated in this study. As Lushchak
(2011) explained, the measurement of protein carbonyl groups is a
dynamic parameter that could be affected by different factors. Thus,
other techniques could be more appropriate to evaluate oxidative da-
mage to protein in snails exposed to CYP. On the other hand, additional
components could be playing an important role in oxidative balance in
P. canaliculata. It was observed that this snail stores uric acid in spe-
cialized tissue that can function as soluble antioxidant during estivation
and arousal periods (Giraud-Billoud et al., 2011) and it may be involved
in the CYP toxicity process.

There are evidences that measurements assessing antioxidant re-
sponses and oxidative damage in some aquatic invertebrates are poor
biomarkers (Monserrat et al., 2007). So is important to evaluate others
alternative or complementary biomarkers that help to evaluate the
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health status of exposed organisms.

The analysis of histopahtological alterations offer information about
the general health status of species, because reflects cellular and sub-
cellular morphologic changes. Therefore, are sensitive biomarkers, re-
sponding to a diversity of xenobiotics and natural stressors (Marigomez
et al., 2004). There is scarce evidence that phyrethroids induce histo-
pathological changes in aquatic invertebrates. In P. candliculata, all
tissues studied in this work (gill, digestive gland and foot) showed
histological changes, but this alterations were more conspicuous in gill
and digestive gland, in particular at higher CYP concentrations. The
effects of the pesticide started to be observed from day-4 of exposure,
showing mid-term response. As mentioned above, histopathological
biomarkers are a result of profound changes at biochemical and phy-
siological levels (Hinton et al., 1992), so these latter are expected to be
more sensitive.

As ampullariids, P. canaliculata presents both gills and lungs that
allow it adaptation to different environmental conditions (Hayes et al.,
2015). During CYP exposure it was observed that the snails preferred
aquatic breathing (personal observation), thus gill is probably the re-
spiratory organ more affected by the pesticide. In this study, the most
remarkable effects observed in gill of P. canaliculata exposed to CYP
were the widening of hemolymph spaces, due to hemocytes accumu-
lation, and the reduction or loss of cilia in the apical portion of the
columnar cells. The increment in hemocytes may indicate an in-
flammatory reaction while the loss of cilia may reduce the oxygen
consumption and disturb the osmoregulation and hemodynamic func-
tions. Similar pathological changes were observed by Kruatrachue et al.
(2011) and Dummee et al. (2012, 2015) after exposure to heavy metals.
The same occurred to other freshwater snail, Marisa cornuarietis,
(Sawasdee et al., 2011) exposed to heavy metals.

In foot, the histopathological changes were less pronounced than in
the rest of the tissues, although some changes were observed such as a
disruption of muscle fibers. This disruption may generate gaps between
the cells affecting the normal function of the foot.

Because the digestive gland is the main detoxification organ, it is
expected to show histopathological sensitivity to CYP exposure. In di-
gestive gland of P. canaliculata, an increased number of basophilic cells,
hemocytic infiltration, an increment in the area occupied by pigmented
corpuscles and atrophy of the epithelia were observed. All this altera-
tions seems to be dose dependent and correlated to the time of ex-
posure.

Digestive cells are usually more abundant than basophilic cells, but
under stress conditions an increment in the number of basophilic cells
occurs, a process called “cell-type replacement” (Marigémez et al.,
1998; Soto et al., 2002; Zaldibar et al., 2008). In P. canaliculata this cell-
type replacement occurred, especially on 7 and 14 days of CYP ex-
posure. In the experimental groups exposed to CYP during 4 days and to
a recovery period of 10 days, it was observed that, this process is re-
versible. This effect was also observed in the slug Arion ater, transferred
from an abandoned zinc mine to an unpolluted site and the other way
round (Zaldibar et al., 2008). However, in snails this process was not
enough to reverse tissue damage.

The presence of hemocytic infiltration in the digestive gland, at
long-term exposures, is characteristic during an acute inflammatory
process and might reflect a physiological adaptation to stress. The ac-
cumulation of hemocytes in the connective tissues between the tubules
was also observed for the pulmonate freshwater snails Lymnaea stagnalis
and Galba truncatula exposed to sublethal concentrations of endosulfan
(Unlii et al., 2005 and Cengiz et al., 2005 respectively). The atrophy of
the digestive tubules is an initial degenerative process that ends with
epithelia necrosis indicating systemic damage. These studies showed
that atrophic tubules were rarely observed in short-time exposure,
however, atrophy gradually increased even showing necrosis after
longer exposures. Histological alterations may affect biochemical
pathways leading to failure of the digestive gland function and as a final
consequence the organism death. This inflammatory reaction and
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degenerative changes in the tubules were found to be irreversible.

The other conspicuous change caused by CYP exposure was the
increase of the area occupied by pigmented corpuscles, when compared
to the digestive gland of control snails. According to Vega et al. (2005,
2006) this corpuscles are a prokaryotic symbiont, and seems to re-
produce within the digestive gland and expelled in the feces. Results of
this work revealed that the average area occupied by corpuscles in
exposed snails was higher than in controls and was dose-dependent.
The increase in the observed area seems to be mainly caused by an
individual growth of each corpuscle than by its reproduction. It was
observed that the pool of corpuscles is maintained and the rest are
eliminated in the feces (Vega et al., 2005). Besides, Vega et al. (2012)
observed under experimental conditions that the corpuscles could
bioconcentrate heavy metals, so these corpuscles could be involved in a
detoxification process by feces excretion (Vega et al., 2012). This fact
could explain the high tolerance of P. canaliculata to different en-
vironmental contaminants such as CYP.

In the freshwater snail Bellamya bengalensis exposed to CYP during
reproductive, pre and post —reproductive periods, although the con-
centration of the antioxidant ascorbic acid was affected in a similar
manner, the oxidative status was different between such periods
(Ahirrao and Phand, 2015). This observation could be due to differ-
ential metabolic rates during those periods. On the other hand, there is
little data available about sex-dismorphic response to pyrethroid ex-
posure, especially in aquatic invertebrates. Differences in the activities
of the antioxidant enzymes observed in rat exposed to permethrin could
are associated with hormonal status (Wang et al., 2016). Taking into
account that the present study was carried out during the pre-re-
productive period, differences between P. canaliculata genders were
expected. Some differences between males and females in almost all
parameters evaluated were observed specially in CAT and GST activ-
ities. Similar dose-response behavior was observed in both genders,
although females responded at earlier times than males in activation of
these enzymes (at 4 and 7 days respectively). Nevertheless, whether one
gender is more sensitive than the other to pesticide exposure is difficult
to be deduced. Considering that the metabolism in females is more
active during the reproductive period, it is usually recommended to
measure biomarkers in males.

It was observed that mussels can bioaccumulate CYP at high con-
centrations (Gowland et al., 2002; Khazri et al., 2015) being the gills
the main routes of uptake. In tadpoles Rana nigromaculata a rapid up-
take of CYP with a time-dependent concentration was observed,
reaching a maximum level on day-14 of exposure (Xu and Huang,
2017). The authors also reported that during the depuration period CYP
was rapidly eliminated from the tadpoles. Although CYP concentrations
were not measured in P. canaliculata, the pesticide could be accumu-
lated in lipid compartments of tissues causing morphological alterations
and oxidative damage. To compare between exposure and depuration
treatment, in general there were no clear modifications in oxidative
stress parameters and in some histophatological symptoms in P. cana-
liculata. However, the symbiotic corpuscles increased considerably in
the recuperation period showing a high capacity of regeneration. So, it
is possible that the snails need a recovery period more than 10 days for
the altered parameters by CYP reaching the basal levels as observed in
the freshwater fish Labeo rohita (Adhikari et al., 2004).

As mentioned earlier, biomarkers are usually considered as useful
tools to anticipate damage at higher biological organization levels.
However, many reports included the present one suggest that a single
biomarker is not sufficient to evaluate toxicants effects on organisms.
Thus it could be recommendable to analyze a battery of complementary
biomarkers in order to understand the organism responses to the pol-
lution in a given area, as suggested by Vieira et al. (2016).

5. Conclusions

These data indicated that CYP affected several biomarkers in the



F. Arrighetti et al.

apple snail Pomacea canaliculata, but histopathological changes appear
to be the most sensitive ones. Although there were some significant
differences between males and females in some of the biomarkers
analyzed, is not clear whether they are related to a differential sensi-
tivity to CYP exposure. It could be interesting to evaluate other bio-
markers in addition to classical oxidative stress determinations in order
to integrate them into more adequate monitoring strategies to evaluate
the environmental risk by pyrethroids.
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