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Considering that amphibians are good sentinels of environmental conditions, Rhinella arenarum embryos
were used to investigate the effects of sublethal concentrations of the organophosphorus insecticide
azinphos-methyl, focusing on its anticholinesterasic or pro-oxidant actions and its possible connection with
the appearance of morphological alterations. Early amphibian embryos exposed to azinphos-methyl dis-
played a protective response through glutathione S-transferase induction, along with superoxide dismutase
inhibition. At intermediate embryonic stages, embryos exposed to azinphos-methyl displayed superox-
ide dismutase inhibition and morphological alterations, although cholinesterase activity was not altered,
suggesting that molecular targets other than cholinesterase were involved in the development of morpholog-
ical alterations. At the end of embryonic development, decreases in reduced glutathione and cholinesterase
inhibition were observed, along with a significant increase in the number of malformed embryos. The
connection between biochemical alterations and the appearance of malformations was not evident in
R. arenarum embryos. However, increased glutathione S-transferase and decreased superoxide dismu-
tase activities could be considered as early markers of exposure to azinphos-methyl. The results obtained
demonstrate that sublethal concentrations of azinphos-methyl are a serious threat to toad embryos in their
natural habitats because biochemical and morphological alterations could impair their ability to deal with
environmental stresses.

Keywords: organophosphorus pesticide; cholinesterase; glutathione S-transferase; superoxide dismutase;
reduced glutathione; amphibian

1. Introduction

Azinphos-methyl (phosphorodithioic acid, O,0-dimethyl S-[(4-oxo0-1,2,3-benzotriazin-3(4H)-
yl)methyl] ester) (AM; CAS RN 86-50-0) is an organophosphorus pesticide intensively applied in
the Valley of Rio Negro and Neuquén, northern Patagonia, Argentina. Of the major organophos-
phorus pesticides applied to foliage, AM is one of the most persistent in water. It is moderately
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persistent at acid and neutral pH, while its half-life in alkaline water is in the order of several
days [1]. The fact that 0.6 kg of AM is applied per hectare every 15 days during the productive
season and 600 tons of product are released annually into the environment [2], makes this insec-
ticide a threat for nontarget species such as the amphibians that inhabit the area. In this regard,
amphibian populations are experiencing widespread declines due to several factors, including
pesticide exposure [3-5]. Although the concentrations of AM detected (in the order of pg-L~1)
in surface water and groundwater of the Valley of Rio Negro and Neuquén, generally range below
lethal concentrations for aquatic vertebrates [6,7], samplings revealed that the AM concentration
exceeded criteria for the protection of aquatic life and remained high throughout the growing
season [7]. Moreover, in studies carried out in channels in the region and in the Negro river,
toad larvae showed significant responses in biomarkers such as cholinesterase, carboxylesterase,
glutathione S-transferase (GST) and reduced glutathione. These results suggest that field con-
centrations, immediately after pesticide application, must temporarily exceed those reported for
surface water [8]. The organophosphorus pesticide AM exerts its insecticidal action by inhibi-
tion of acetylcholinesterase [9], which is considered a biomarker of exposure to this class of
pesticides [10]. Several authors have reported a relationship between cholinesterase (ChE) inhi-
bition and teratogenesis in amphibian embryos and larvae exposed to organophosphorus and
carbamate insecticides [11-13]. In addition to the anticholinesterasic action of AM, it is well
documented that exposure of aquatic species to this insecticide elicits alterations in cellular redox
status, which may lead to modification of the antioxidant defence system [14—17]. Likewise,
a critical involvement of reactive oxygen species (ROS) in the appearance of developmental
alterations by means of oxidative damage to macromolecules in animal models and cell cul-
tures exposed to drugs, environmental chemicals and gamma irradiation has been noted [18].
In this regard, we previously analysed the effects of lethal concentrations of organophospho-
rus pesticides, including AM, and carbamates on antioxidant defences in Rhinella arenarum
embryos [16]. Rhinella arenarum is a native toad of Argentina and inhabits the productive
area of the Valley of Rio Negro and Neuquén, spending its embryonic and larval stages in
water bodies in the region. Accordingly, water quality greatly influences growth and devel-
opment of this species. At the end of embryonic development, significant effects driven by
oxidative stress were proportionally related to the appearance of malformations and death in
R. arenarum embryos chronically exposed to organophosphorus and carbamate insecticides
[16]. Recent studies on the effects of acute exposure to AM using premetamorphic toad lar-
vae showed that an adaptive response of GST occurs earlier than morphological alterations or
mortality [19].

The antioxidant defence system present in aerobic organisms is complex and includes enzymatic
and nonenzymatic defences to counteract ROS actions [20]. The enzymes superoxide dismutase
(SOD) and catalase (CAT) constitute the first line of defence against ROS in toad embryos [21]. The
antioxidant defence system also comprises a set of enzymes which make use of reduced glutathione
(GSH) as a substrate, including glutathione peroxidases (GPox), glutathione reductases (GR) and
GSTs. Development of the antioxidant system in amphibian embryos protects them against pro-
oxidant environments because GSH levels and the activities of GSH-related enzymes increase
after hatching and gill development [21].

Although previous studies in R. arenarum embryos and larvae have contributed to greater
knowledge of AM-induced oxidative stress and mechanisms of toxicity [16,19], experiments
involving sublethal concentrations of the organophosphorus pesticide would allow more sensitive
evaluation of toxicological mechanisms and would provide useful information on the assessment
of AM pollution in aquatic ecosystems. In this study, we investigate the effects of sublethal
concentrations of AM, in the order of those transiently expected in irrigation channels and ponds,
in R. arenarum embryos. We focus on the anticholinesterasic or pro-oxidant actions and their
possible connection with the appearance of morphological alterations.
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2. Materials and methods

2.1. Chemicals

Azinphos-methyl (AM; 99.0% purity) was purchased from Chem Service (West Chester, PA,
USA). Acetylthiocholine iodide, 5,5'-dithio-2-bis-nitrobenzoate (DTNB), GSH, bovine serum
albumin (BSA), 1-chloro-2,4-dinitrobenzene (CDNB), glutathione reductase (GR) (lot 78H74301,
173 U/mg) and B-NADPH were purchased from Sigma Co. (St. Louis, MO, USA). GSSG was
purchased from ICN Biomedicals Inc. (Aurora, OH, USA). Sodium azide was purchased from
Mallinckrodt (Phillipsburg, NJ, USA). All the other reagents used were of analytical grade.

2.2. Toad embryo culture and insecticide exposure

Three independent experiments were performed using three different pairs of parents. Ovula-
tion of females was induced by intraperitoneal injection of 2500 international units (IU) of
human chorionic gonadotropin. Rhinella arenarum embryos were obtained by in vitro fertili-
sation, as described previously [22]. Groups of 1000 newly fertilised embryos were transferred
to glass recipients containing either amphibian Ringer’s solution (0.65 g-L~! NaCl; 0.01 g-L~!
KCI; 0.02g-L~! CaCl,) (control group) or pesticide solution, keeping a ratio of 1 embryo-mL
solution™!. Pesticide solutions of 0.5 and 2mg-L~' AM were prepared by diluting the insecti-
cide standard solution, prepared in acetone, with an appropriate amount of amphibian Ringer’s
solution, keeping acetone to 0.3%. The exact concentration of the insecticide in the standard solu-
tion was checked by gas chromatography with a nitrogen and phosphorus detector (GC-NPD).
Controls of 0.3% acetone were also performed because this solvent concentration has no adverse
effects on embryonic development [19]. Both concentrations tested were sublethal (96 h LCs,
value: 15.6 mg - L") [23]. In addition, a lethal concentration of 9mg - L~! AM was used in paral-
lel to confirm data reported previously [16]. Treatments were carried out by duplicate. Solutions
were renewed every 48 h until embryos reached the stage of complete operculum (CO; 10 days
of development) [24]. Embryos were maintained at 18—-20°C in a 12:12 h light/dark photoperiod.
The viability of individuals was monitored using a stereoscopic microscope [16]. Morphological
alterations were recorded according to the Atlas of Abnormalities [25]. Control embryos at the
end of development displayed <5% of mortality and <15% of malformations under laboratory
conditions. Embryonic development was assessed in samples of nontreated embryos and embry-
onic stages were determined according to Del Conte and Sirlin [24]. Samples were taken at three
different embryonic stages: tail bud (TB), open mouth (OM) and CO, which correspond to 3, 7
and 10 days of development, respectively.

All the methodologies employed were in accordance with the bioethical normative of the
University Committee for Care and Use of Laboratory Animals, Universidad Nacional del
Comahue.

2.3. Sampling and homogenisation for enzymatic determinations

Each sample consisted of a total of 50 embryos at TB stage or 25 embryos at OM and CO
stages. Embryos were thoroughly washed with cold Ringer’s solution, briefly cooled on ice and
homogenised in 1 mL of 143 mM potassium phosphate buffer pH 7.5 with 6.3 mM EDTA. The
homogenates were centrifuged at 10,000 g for 20 min at 4°C and the resulting supernatants were
divided into aliquots and kept frozen until the enzymatic activity determinations. For superoxide
dismutase (SOD) determination, embryos were homogenised in the same buffer and centrifuged
at 20,000 g for 20 min at 4°C.
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2.4. Cholinesterase activity

Cholinesterase activity was determined according to Ellman et al. [26]. Reactions were per-
formed in 1.03 mL of 100 mM phosphate buffer, pH 8.0 containing 0.2 mM DTNB and 0.75 mM
acetylthiocholine iodide as substrate and 0.1 mL of 10,000 g supernatant were added to initiate
the reaction. Activity was recorded continuously at 412 nm. Specific activity was expressed as
mIU - mg protein~! using a molar extinction coefficient of 13.6mM~!.cm~.

2.5. Antioxidant enzyme determinations
2.5.1. Glutathione S-transferase

GST (EC 2.5.1.18) activity was assayed in a final volume of 1 mL of 100 mM phosphate buffer
pH 6.5 containing 0.5 mM CDNB dissolved in 1% v/v acetonitrile and 2.5 mM GSH as substrates.
Baseline (nonenzymatic reaction) was continuously recorded at 340 nm and 30 puL of the super-
natant was added [27]. The international units of enzymatic activity were calculated using a molar
extinction coefficient of 9.6 mM~!.cm~!.

2.5.2.  Glutathione reductase

GR (EC 1.6.4.2) activity was determined in 1 mL of 143 mM potassium phosphate buffer pH 7.5
with 6.3 mM EDTA, containing 0.21 mM NADPH and 0.5 mM GSSG as substrates and 0.1 mL
embryo supernatant (modified from Schaedle and Bassham [28]). NADPH oxidation was recorded
at 340 nm. Activity values were corrected by unspecific NADPH oxidation omitting GSSG in the
reaction mixture, and converted to mIU using a molar extinction coefficient of 5.886 mM~!.cm™!
according to our experimental conditions.

2.5.3. Selenium-dependent glutathione peroxidase

Se-GPox (EC 1.11.1.9) activity was determined using 0.3 mM H, O, as substrate in a final volume
of 1 mL of 50 mM potassium phosphate buffer pH 7.4 containing 1 mM GSH as cosubstrate,
0.5I1U-mL~! GR plus 0.21 mM NADPH as a recycling system, and 1 mM sodium azide as a
CAT inhibitor [29]. Fifty microlitres of supernatant were used to measure Se-GPox activity by
continuously recording NADPH oxidation at 340 nm. The values were corrected by unspecific
NADPH oxidation and were converted to mIU using the same extinction coefficient as for GR.

2.5.4. Catalase

CAT (EC 1.11.1.6) activity was determined according to Beers and Sizer [30], with slight modifi-
cations. The reaction was performed in 3 mL sodium phosphate buffer 50 mM pH 7.0 containing
25 mM H,0,. Baseline absorbance was controlled to be equal to one unit of absorbance and stable
and 20 pL of supernatant were added to initiate the reaction. Specific activity (at 25 mM H,0,)
was expressed as IU - mg protein~! using a molar extinction coefficient of 40M~' .cm™.

2.5.5. Superoxide dismutase

SOD (EC 1.15.1.1) activity was measured through enzyme competition of NADH oxidation by
superoxide anion, recording the consumption of NADH at 340 nm [31]. The reaction was per-
formed in a final volume of 1.065 mL of 100 mM triethanolamine (TEA)—-100 mM diethanolamine
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(DEA) buffer pH 7.4 containing 0.28 mM NADH, 1.17 mM MnCl,, 2.35 mM EDTA and 0.95 mM
B-mercaptoethanol to initiate the chemical generation of superoxide anion. Control (maximum)
NADH oxidation was competed with 10, 20, 40 and 60 uL of 20,000 g supernatant to determine
SOD activity in each sample [21]. One unit of SOD activity is defined as the amount of SOD
leading to a 50% inhibition of NADH chemical oxidation by superoxide anion.

2.6. GSH content determination

Fifty TB embryos or 25 OM and CO embryos from each duplicate treatment were randomly
separated. Embryos were rinsed with cold amphibian Ringer’s solution and homogenised in
5% trichloroacetic acid at 4°C. The homogenates were centrifuged 10 min at 10,000 g and GSH
content was immediately measured as acid-soluble thiols in triplicate in 0.1 mL of the supernatant,
using 1 mL of 1.5 mM DTNB in 0.25 M sodium phosphate buffer, pH 8.0 [21]. The mixture was
incubated for 10 min and the absorbance at 412 nm was measured. Acid soluble thiols were
quantified using a calibration curve with pure GSH as standard.

2.7. Protein determination

Protein content was determined according to Lowry et al. [32] using BSA as standard.

2.8. Data analysis

Three independent experiments were performed. Within each assay, different treatments were
tested in duplicate. For the statistical analysis, data from the three experiments were pooled (n =6
for each embryo stage and treatment) because no significant differences were observed between
experiments. Statistical differences between treatments were assessed by ANOVA and Fisher’s
lowest significant differences (LSD) post hoc test.

3. Results

3.1. Effects of azinphos-methyl on embryonic development

At the early embryonic stage of TB (3 days of development), embryos exposed to both con-
centrations of AM displayed no significant differences in the percentage of malformations when
compared with controls. However, when they reached the OM stage, the percentage of malformed
embryos increased significantly at exposure to 2 mg - L~' AM when compared with control values
(10.3 vs. 6.5% respectively; p <0.05) (Figure 1). Finally, at the end of embryonic development,
CO embryos exposed to 2 mg - L~! AM displayed a significant increase in the frequency of malfor-
mations when compared with control values (23.5 vs. 14.4% respectively; p <0.001) (Figure 1).
The morphological abnormalities commonly found included gills atrophy, axial shortening, body
blistering, dorsal tail flexure and oedema. Control OM embryos were 7 mm long and displayed
external gills (Figure 2A). At this stage, the embryonic mouth opens and the embryo begins to
feed on external substrates. The CO stage is the last embryonic stage in R. arenarum and is char-
acterised by complete reabsorption of the external gills (Figure 2D,E). Control CO embryos were
10 mm long and showed a rounded anterior area well differentiated from their caudal fin. In this
study, a generalised shortening of the embryonic axis was frequently observed in R. arenarum
embryos exposed to 2mgL~! AM and was usually associated with other abnormalities such as
oedema (Figure 2B,C,F). Abdominal oedema appeared as a transparent and swollen fluid-filled
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Figure 1. Percentage of malformed Rhinella arenarum embryos exposed to 0, 0.5 and 2 mg - L~! AM from fertilization
until the CO stage. Data represent mean =+ SE from six replicates. Asterisks indicate significant differences with respect

to control values (*p < 0.05; ***p < 0.001) determined by ANOVA and Fisher’s LSD test. AM, azinphos-methyl; TB, tail
bud; OM, open mouth; CO, complete operculum.

A

’

Figure 2. Malformations observed in Rhinella arenarum embryos exposed to 2mg - L~! AM. The arrows indicate the
different morphological abnormalities observed. (A) Lateral view of a control OM embryo (length: 7mm; x 16). Normally
developed gills are evident. (B) Lateral view of a malformed OM embryo showing severe abdominal oedema along with
developmental failure of the gut. (C) Lateral view of a malformed OM embryo showing severe abdominal oedema and
dorsal tail flexure. (D) Dorsal view of a control CO embryo (length: 10 mm; x 4). Gills have been completely reabsorbed.
(E) Ventral view of a control CO embryo. The line indicates the normal coiling of the gut. (F) Ventral view of a malformed
CO embryo showing severe oedema, body blistering and decreased body size. Malformed embryos fail to develop their
gut normally.

area and was often accompanied by an impairment in gut development (Figure 2C,F). Pronounced
dorsal tail flexure was observed in OM embryos exposed to AM, and epidermal oedema (blister-
ing) was also evident in CO embryos exposed to this insecticide (Figure 2F). We also observed
that the external gills of OM R. arenarum embryos exposed to AM were atrophied when com-
pared with control embryos and lacked from their characteristic ramifications. No significant
increase in the number of malformations was found in embryos exposed to 0.5mg-L~! AM. As
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Table 1. GSH-dependent enzymes and GSH levels in Rhinella arenarum embryos exposed to sublethal concentrations
of azinphos-methyl.

GST GR Se-GPox GSH
Treatment (mIU - mg (mIU - mg (mIU - mg (nmol - mg
Embryo stage (mg-L~' AM) protein—!) protein—!) protein—!) protein—!)
TB 0 90.17 + 6.47% 2.87+£0.27° 37.53 £5.48° 1.27 £0.19*
0.5 102.01 +£9.51 3.5+0.35 38.08 = 14.42 1.28 £0.02
2 133.80 +£10.9* 3.65+0.98 26.53 £8.12 1.42 £0.06
oM 0 65.27 +1.68° 2.8440.08° 86.15+3.10° 6.55+0.21°
0.5 69.42 +3.18 2.3£0.66 66.96 +21.73 6.98 £0.46
2 78.424+0.18 4.04+0.67 81.95+15.68 6.40 +0.40
CO 0 157.42 +8.26°¢ 7.06 £ 0.67° 98.91 +1.07¢ 9.56 +£0.84°¢
0.5 131.21+9.87 8.01 £1.05 80.78 £6.18 8.79+0.79
2 153.30+=7.80 7.83 +£1.68 104.02 +20.93 7.06 £ 0.53*

Notes: Data represent mean £ SE from six replicates. Different letters denote significant differences between control embryos of dif-
ferent embryonic stages (p < 0.01). Asterisks indicate significant differences between azinphos-methyl-exposed (AM) embryos and the
corresponding control (p < 0.05). TB, tail bud stage; OM, open mouth stage; CO, complete operculum stage.

expected, no significant mortality resulted from continuous exposure to both sublethal concen-
trations of AM during R. arenarum embryonic development. Besides, in malformed OM and CO
exposed embryos, some changes in behavioural responses could be observed, such as quietness,
over-reaction to stimuli and altered locomotion.

3.2. GSH-dependent enzymes and GSH levels

Among GSH-dependent enzymes, TB embryos exposed to the sublethal concentration of
2mg-L~! AM showed a significant increase of 48% in GST activity when compared with control
values. In the OM and CO stages, no significant differences were detected between control and
AM-exposed embryos. Control GST activity decreased significantly during the OM stage with
respect to the TB and CO stages (Table 1).

GR and Se-GPox activities showed no significant differences in embryos exposed to sublethal
concentrations of AM when compared with control values (Table 1). Control GR activity was
similar between the TB and OM stages, and increased significantly when embryos reached the
CO stage, whereas control Se-GPox activity increased along embryonic development.

Exposure to the insecticide did not affect GSH levels in either TB or OM embryos exposed
to sublethal concentrations of AM. However, GSH levels decreased significantly by 26% in
CO embryos exposed to 2mg-L~" AM compared with control values. GSH levels increased
continuously in control embryos throughout embryonic development (Table 1).

3.3. Catalase and superoxide dismutase activity

In TB embryos exposed to 2mg-L~' AM, SOD activity was significantly decreased by 39%
compared with control values (Figure 3A). The effect on SOD inhibition was accentuated when
embryos exposed to AM reached the OM stage. When compared with control values, SOD was
inhibited by 41 and 47% in OM embryos exposed to 0.5 and 2 mg - L~' AM, respectively. When
embryos reached the end of embryonic development, SOD activity recovered control values.
Control SOD activities were ~ 331U -mg protein~! in the TB stage, 6 IU - mg protein~! in the
OM stage and 41U -mg protein~! in the CO stage. However, no significant differences were
detected in CAT activity in R. arenarum embryos exposed to sublethal concentrations of AM
during embryonic development. Control CAT activity was high and remained constant during
embryonic development, averaging 110 IU - mg protein~—!. (Figure 3B).
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Figure 3. CAT and SOD activity in Rhinella arenarum embryos expressed as percentage of control activity. Embryos
were exposed to 0, 0.5 and 2 mg - L~! AM from fertilization until the CO stage. (A) CAT activity in R. arenarum embryos.
(B) SOD activity in R. arenarum embryos. Data represent mean £ SE from six replicates. Asterisks indicate significant
differences with respect to control values (*p < 0.05) determined by ANOVA and Fisher’s LSD test.
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Figure 4. ChE activity in Rhinella arenarum embryos exposed to 0, 0.5 and 2mg - L~' AM from fertilization until the
CO stage. Data represent mean £ SE from six replicates. Asterisks indicate significant differences with respect to control
values (*p < 0.05) and different letters denote significant differences between control values among different embryonic
stages (p < 0.0001) determined by ANOVA and Fisher’s LSD test.



Downloaded by [Univ Politec Cat] at 04:55 31 December 2011

Chemistry and Ecology 565

3.4. Cholinesterase activity

The primary target of organophosphorus pesticides, ChE activity, was also evaluated after AM
exposure. No significant differences were observed between control embryos and those exposed
to sublethal concentrations of AM, at either the TB or OM stage. However, CO embryos con-
tinuously exposed to 0.5 and 2mg-L~! AM showed a significant decrease of 29 and 27% in
ChE activity, respectively (Figure 4). Control ChE activity increased significantly throughout
embryonic development.

4. Discussion

It has been documented that exposure of amphibian embryos or larvae to organophosphorus
pesticides may induce diverse alterations that affect normal development [11,12,33]. In this study,
we observed that 2 mg - L~ AM was capable of inducing morphological changes in R. arenarum
embryos and affecting antioxidant defences and cholinesterase activity, whereas 0.5 mg -L~! AM
transiently altered SOD activity at the OM stage and decreased ChE activity at the CO stage. It is
important to mention that the highest sublethal concentration evaluated in this study, 2mg-L~!
AM, was 4.5 times lower than the concentration of 9mg-L~! AM previously reported to cause
30% mortality in R. arenarum embryos at the end of their embryonic development [16].

Several authors have reported the appearance of malformations in amphibian embryos and lar-
vae exposed to anticholinesterasic pesticides, indicating a connection between teratogenesis and
ChE inhibition [11-13]. In this study, despite the fact that ChE is the primary target of AM action,
its activity was only significantly inhibited by sublethal concentrations of AM at the end of embry-
onic development (CO stage), when control ChE specific activity reached its highest value. A lack
of inhibition in early stages of R. arenarum development due to organophosphorus exposure has
been observed previously by Caballero de Castro et al. [34]. Although ChE inhibition in the CO
stage was not associated with mortality, it could affect vital behavioural responses of tadpoles, as
noted in some studies in aquatic species [35]. In amphibians exposed to organophosphorus, the
relation between behavioural alterations and ChE activity has not yet been fully assessed. Never-
theless, several studies report modifications in amphibian behaviour such as impaired swimming
capacity and a decrease in food consumption due to organophosphorus exposure [36,37]. It is
important to mention that the significant ChE inhibition in CO R. arenarum embryos exposed to
2mg-L~" AM was accompanied by an increase in the number of malformed individuals. The
malformations observed in individuals exposed to AM could be due to the inhibition of ChE
activity which is crucial for neuromuscular development, as reported previously [11-13]. How-
ever, morphological alterations in R. arenarum embryos were also evident in earlier stages when
ChE activity was not inhibited, suggesting that other molecular targets of organophosphorus are
involved in teratogenesis.

Teratogenesis has also been associated with an increase in ROS or alteration in the antioxidant
system [38,18]. Also, oxidation of DNA may be particularly critical in situations of oxidative stress
and/or low antioxidant defences, leading to generalised teratogenic processes in several tissues.
Both concentrations of AM tested in this study had diverse effects on the antioxidant system during
R. arenarum embryonic development. At the TB stage, a significant increase in GST activity might
represent an attempt to protect early embryos from insecticide toxicity by stimulation of pesticide
detoxification. It is well known that the enzyme GST plays an important role in the detoxification
of AM [39] and its expression is controlled by the transcription factor Nrf2, which binds to the
antioxidant response element (ARE) present in the promoter region of the target gene [40,41]. An
increase in GST activity has been suggested as an adaptive response to other pesticides in toad
embryos [33]. As embryos exposed to sublethal concentrations of AM continue their development,
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GST activity returns to control levels, reflecting the fact that continuous exposure to AM prevents
the maintenance of the protective response established in TB embryos. Moreover, a significant
decrease in GST activity at the end of R. arenarum development, caused by a lethal concentration
of AM (9 mg - L"), has been reported previously [16]. In this study, GSH levels were diminished
in CO embryos as a consequence of their sustained exposure to the sublethal concentration of
2mg-L~" AM. Similarly, GSH was depleted in CO embryos exposed to 9mg-L~! AM [16].
A decrease in GSH is considered a valuable biomarker of oxidative stress in fish [42], as well
as amphibians [16]. Besides, the significant decrease of GSH observed in exposed CO embryos
might seriously affect their antioxidant response [39]. GSH levels are low in cells that accumulate
ROS, which in turn, can damage macromolecules and impair correct embryonic development [18].
Teratogens such as hydroxyurea cause oxidative stress and induce tail and limb malformations in
mouse embryos [43]. In this sense, oxidative stress caused by AM in amphibian embryos could
be related to caudal alterations such as those observed in this study. At lethal concentrations,
anticholinesterasic insecticides caused a situation of oxidative stress in toad embryos, which
correlated with the appearance of a high percentage of malformed individuals [16]. Despite
the effect on GSH levels, sublethal concentrations of AM caused no significant effects on the
GSH-related enzymes GR and Se-GPox in this study. Conversely, whereas GR was significantly
inhibited by the lethal concentration of 9mg-L~! AM, Se-GPox activity was induced by AM
at the CO stage [16]. Besides, different organophosphorus pesticides were reported to cause no
effect as well as both induction and inhibition of these enzymes in aquatic vertebrates [14,35,42].

CAT and SOD are antioxidant enzymes also involved in the protection against oxidative injuries.
In R. arenarum embryos, CAT maintained an elevated activity which was not affected by sublethal
concentrations of AM along embryonic development. Similar results in R. arenarum embryos
acutely exposed to the herbicide paraquat, whose mode of action is the generation of ROS, have
been reported [44]. In this study, the enzyme SOD was in turn inhibited by sublethal concentrations
of AM at the TB and OM stages. SOD inhibition could be due to the oxidation of —SH groups
of cysteine residues of the enzyme [45] as a result of protein damage. The inhibition of SOD
activity in R. arenarum embryos would lead to the accumulation of superoxide anion. Besides, in
individuals exposed to 2 mg - L~! AM, SOD inhibition was accompanied by a significant increase
in the percentage of malformations. When embryos reached the stage of CO, the previous inhibition
of SOD activity was overcome and control values recovered. Exposure of toad embryos to lethal
concentrations of AM showed in turn an inhibition in SOD activity followed by its recovery at the
CO stage [16]. Similarly, it has been reported that freshwater snails exposed to AM were capable
of activating compensatory mechanisms to overcome oxidative stress after an initial inhibition of
SOD activity [17].

In R. arenarum embryos exposed to sublethal concentrations of AM, morphological abnor-
malities were not observed at the beginning of embryonic development but were evident from
intermediate (OM) to final stages (CO). Although R. arenarum embryos were able to survive to
2mg-L~" AM under laboratory conditions, the malformations observed might impair their per-
formance in their habitat and also affect their progression to metamorphosis [46]. In this study, the
ability of embryos to adopt a correct position was impaired as a result of the morphological alter-
ations observed, such as oedema, which forced the embryos to rest either on their dorsal surface
or on their sides. Under these circumstances, malformed embryos exposed to AM displaced with
difficulty and moreover, severe impairment in swimming capacity was evident. In addition, the
dorsal tail flexure documented in this study also contributed to embryonic swimming impairment
and has also been observed in Xenopus laevis larvae exposed to other anticholinesterasic com-
pounds [11-13]. This has been noted in studies performed with different species of amphibians
inhabiting agricultural areas or their surroundings [47,48].

Summarising, the results indicate that antioxidant defences were altered in early R. arenarum
embryos exposed to sublethal concentrations of AM. These effects were followed by transcendent
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morphological alterations, while GSH content and ChE activity decreased as a late effect. The
connection between these biochemical alterations and the appearance of malformations at sub-
lethal concentrations of AM was not evident in R. arenarum embryos. However, increased GST
and decreased SOD activities could be considered as early AM expositional markers.

Taken together, these data demonstrate that sublethal concentrations of AM are a serious threat
for toad embryos in their natural habitats since biochemical and morphological alterations could
impair their ability to deal with an environmental stress situation.
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