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a b s t r a c t
Cholinesterases (ChE) are a family of enzymes that play an essential role in neuronal and motor functions.
Because of the susceptibility of these enzymes to anticholinergic agents and to other contaminants, their activity
is frequently used as biomarker in pollution monitoring studies. The three known types of ChE in ﬁsh are
acetilcholinesterase (AChE), butyrylcholinesterase (BChE) and propionylcholinesterase (PChE). The presence
of these enzymes in each tissue differs between species, and thus their usage as biomarkers requires previous enzyme characterization. Sharks, mostly acting as apex predators, help maintain the balance of ﬁsh populations
performing a key role in the ecosystem. Blue sharks (Prionace glauca) are one of the most abundant and heavily
ﬁshed sharks in the world, thus being good candidate organisms for ecotoxicology and biomonitoring studies.
The present study aimed to characterize the ChE present in the brain and muscle of the blue shark using different
substrates and selective inhibitors, and to assess the in vitro sensitivity of these sharks' ChE to chlorpyrifos-oxon, a
metabolite of a commonly used organophosphorous pesticide, recognized as a model anticholinesterase contaminant. The results suggest that the brain of P. glauca seems to contain atypical ChEs, displaying mixed properties of
AChE and BChE, and that the muscle tissue seems to contain mainly AChE. In vitro exposures to chloropyrifosoxon inhibited blue shark's ChE in both tissues, the brain being the most sensitive tissue and therefore the
most suitable for detection of exposure to low concentrations of anticholinergic compounds in the environment.
This study indicates that ChE activity in blue sharks has the potential to be used as a sensitive and reliable
biomarker in marine biomonitoring programs.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Cholinesterases (ChE) are a family of enzymes that catalyze the
hydrolysis of the neurotransmitter acetylcholine into choline and acetic
acid, an essential process for both neuronal and motor capabilities
(Nachmansohn and Wilson, 1951; Pohanka, 2011). The measurement
of ChE activity is widely used in pollution monitoring as a biomarker
of effect, mainly due to their high sensitivity to anticholinergic
chemicals, such as organophosphate and carbamate pesticides, (Arufe
et al., 2007; Chambers et al., 2002; Fulton and Key, 2001; Galloway
et al., 2002; Kirby et al., 2000; Van der Oost et al., 2003) but also to
other contaminants often simultaneously present in marine environments like oils and industrial run-offs (Galgani et al., 1992; Payne
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et al., 1996). Additionally, ChEs are among the less variable biomarkers,
making them suitable for environmental pollution biomonitoring
studies (Solé et al., 2008).
Currently there are three known types of ChE in ﬁsh: acetylcholinesterase (AChE), butyrylcholinesterase (BChE) and propionylcholinesterase
(PChE) (Kirby et al., 2000; Solé et al., 2008; Sturm et al., 1999a, 2000).
AChE is a key enzyme of the nervous system, and a well-accepted biomarker of exposure to neurotoxic chemicals, existing predominantly in
brain tissue but also, for example, in muscle, liver and blood (Bresler
et al., 1999; Burgeot et al., 2001; Lionetto et al., 2004; Solé et al., 2008;
Stien et al., 1998). BChE and PChE, the other types of cholinesterases
frequently named pseudocholinesterases, have also been found, for
example, in plasma, liver and muscle (Chambers et al., 2002; Kirby
et al., 2000; Solé et al., 2010; Sturm et al., 1999a, 2000). The roles and
physiological functions of pseudocholinesterases are still not completely
understood but in humans they seem to be involved in detoxiﬁcation
processes, cell regeneration, lipid metabolism, neurogenesis, and neural
development (Mack and Robitzki, 2000).
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Activity levels, and types of ChE present in each tissue, vary among
species (Chuiko, 2000). Given the lack of ChE characterization in several
organisms, studies reporting screening for AChE may, in fact, be dealing
with other ChE types that could have distinct sensitivities to contaminants. Different types of ChE can be distinguished using both different
substrates and speciﬁc inhibitors (Silver, 1974).
In recent years, ﬁsh have become very useful for the quality assessment of aquatic environments, acting as bioindicators of environmental
pollution (Dautremepuits et al., 2004; Lopes et al., 2001). Like all
animals at the top of the food chain, sharks play a very important role
in ocean population dynamics, by maintaining other ﬁsh populations
in balance. Thus, if the number of predators is signiﬁcantly altered, the
consequences for the ecosystem structure, functioning, and resilience
can be signiﬁcant (Baum and Worm, 2009; Duffy, 2002; Paine, 1996).
According to Bonﬁl (1994) and Stevens (2009), blue sharks are one of
the most abundant and heavily ﬁshed sharks in the world, with an
estimated 20 million individuals caught annually as target or by-catch
species, making them suitable organisms for ecotoxicology and biomonitoring studies. To our knowledge, and to date, ChE of shark species have
only been characterized in the muscle tissue of Scyliorhinus canicula and
Galeus melastomus (Solé et al., 2008).
This research had three main goals: 1) to characterize the ChE
present in the brain and muscle of blue shark (Prionace glauca), using
different substrates and speciﬁc inhibitors, in order to optimize tissue
selection and experimental procedure; 2) to assess the in vitro sensitivity of these sharks' ChE to chlorpyrifos-oxon, a metabolite of a vastly
used organophosphorous pesticide, recognized as a model anticholinesterase contaminant; and 3) to address the blue shark ChE as a tool for
future biomonitoring studies in marine ecosystems.
2. Materials and methods
2.1. Test organisms
Muscle and brain tissues of eight juvenile blue sharks (P. glauca)
were sampled aboard a commercial ﬁshing boat on November 2013,
off the Atlantic coast of Portugal at 36°43′11.2″N 13°09′30.0″W. The
organisms used in this study consisted of four males and four females
ranging 105 to 157 cm and 113 to 167 cm, respectively. Tissues from
each shark were collected immediately after capture and landing on
the vessel, after which all samples were stored on ice until they were
deep-frozen in the lab at −80 °C for further biochemical measurements.
2.2. Chemicals
The substrates acetylthiocholine iodide (ATCh), S-butyrylthiocholine
iodide (BTCh) and propionylthiocholine iodide (PTCh), as well as
the inhibitors eserine hemisulfate, 1,5-bis[4-allyl dimethyl ammonium phenyl] pentan-3-one dibromide (BW284C51) and
tetra[monoisopropyl]pyrophosphortetramide (iso-OMPA), were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Chlorpyrifosoxon (CPF-oxon) was obtained from Greyhound Chromatography
(Birkenhead, Merseyside, UK).
2.3. Tissue preparation
Brain and muscle tissues from each shark were homogenized in
potassium phosphate buffer (0.1 M, pH 7.2) in a 1:5 proportion. The
homogenates were centrifuged at 3000 g, for 3 min (4 °C), and the supernatant of each sample was transferred to new microtubes and stored
at −80 °C.
2.4. Cholinesterase characterization
Before the enzymatic assays, total protein concentration in the supernatant was quantiﬁed according to the Bradford method (Bradford,

1976), adapted from BioRad's Bradford microassay set up in a 96 well
ﬂat bottom plate and using bovine γ-globuline protein standard.
The ChE activity of each muscle and brain sample was determined in
quadruplicates in the previously diluted supernatant (ﬁnal protein
concentration of 0.8 mg/ml) by the method proposed by Ellman et al.
(1961) adapted to microplate (Guilhermino et al., 1996). For the determinations, 250 μl of the reaction solution [30 ml potassium phosphate
buffer (0.1 M, pH 7.2), 1 ml of reagent 5,5-dithiobis-(2-nitrobenzoic
acid) 10 mM (DTNB) and 200 μl of substrate] was added to 50 μl of
the diluted supernatant. The absorbance was measured every 20 s for
5 min at 414 nm (25 °C). All spectrofotometric measurements were
performed using a microplate reader Synergy H1 Hybrid Multi-Mode
(BioTek® Instruments, Vermont, USA).
2.4.1. Substrates
Cholinesterases substrate preferences were assessed in both muscle
and brain tissues by determining the enzyme activity at 12 increasing
concentrations of the substrates ATCh, BTCh, and PTCh: 0.01, 0.02,
0.04, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56, 5.12, 10.24 and 20.48 mM. Cholinesterases activity in the presence of these substrates was determined as
described in the previous section, with 200 μl of each substrate being
dissolved in the reaction buffer. Blank reactions were made for each
substrate concentration using the same volume of potassium phosphate
homogenization buffer (0.1 M, pH 7.2) instead of sample.
2.4.2. Inhibitors
Eserine sulfate, BW284C51, and iso-OMPA were used as selective
inhibitors of total ChE, AChE, and BChE, respectively. Cholinesterases
activities were measured in all muscle and brain samples as described
in Section 2.4, using 200 μl of ATCh 0.075 M solution as substrate, at
six increasing concentrations of each inhibitor dissolved in the reaction
buffer.
Final concentrations of the inhibitors were 0.781, 3.125, 12.5, 50, 200
and 800 μM for eserine sulfate and BW284C51, and 0.0156, 0.0625, 0.25,
1, 4 and 16 mM for iso-OMPA.
Blank reactions were speciﬁcally made for each inhibitor concentration using the same volume of potassium phosphate buffer (0.1 M,
pH 7.2) instead of sample. Controls of ChE activity in the absence of
inhibitors in the reaction buffer were also made.
2.5. In vitro effects of chlorpyrifos-oxon on ChE activity
An in vitro test was performed using chlorpyrifos-oxon, a metabolite
of a widely used organophosphorous pesticide. The ChE activity was
measured as described for the inhibitors using ATCh 0.075 M as substrate and dissolving the different pesticide metabolite concentrations
in the reaction buffer. A stock solution of the insecticide was prepared
in ethanol, and reactions were done using ﬁnal concentrations ranging
from 0.0365 to 2400 nM.
Blank reactions were made for each contaminant concentration
using the same volume of potassium phosphate buffer (0.1 M, pH 7.2)
instead of sample. A control of ChE activity without chlorpyrifos-oxon
in the reaction buffer was also done as well as an extra solvent control
(same solvent concentration as in the maximum tested pesticide
metabolite concentration).
2.6. Statistical analysis
To calculate the catalytic efﬁciency of the enzyme with each
substrate, experimental curves were ﬁtted (monotonic increase part of
the curve) using the Michaelis–Menten equation, in order to determine
the ChE kinetic parameters: maximal velocity (Vmax), Michaelis–
Menten constant (Km), and their ratio (Vmax/Km), indicating the
catalytic efﬁciency of the enzyme.
Data from the ChE activity with the speciﬁc inhibitors, as well as
from the in vitro exposures, were analyzed using one-way analysis of
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variance (ANOVA) followed by Dunnett's multicomparison test to
evaluate signiﬁcant differences between tested concentrations and the
control/solvent control at a signiﬁcance level of 0.05. In vitro inhibition
concentration values for chlorpyrifos-oxon (IC50) were calculated
using a nonlinear four parameter logistic curve. To address effects of
gender and size on the inhibitory capacity of chlorpyrifos-oxon in vitro
at the different concentrations, a two-way ANOVA was performed,
followed by Holm–Sidak test to discriminate statistical signiﬁcant
differences between groups.
All the referred tests were made using the Sigma Plot software for
Windows, Version 11.0 (SigmaPlot, 1997).
3. Results
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Table 1
Values of the Michaelis–Menten constant (Km), maximal velocity (Vmax) and the catalytic efﬁciency (Vmax/Km) of Prionace glauca cholinesterases for the three tested substrates.
Values of the Michaelis–Menten equation are expressed as the mean ± standard error.
Km
(mM)

Vmax
(nmol/min/mg protein)

Vmax/Km

Brain
ATCh
PTCh
BTCh

0.045 ± 0.02
0.056 ± 0.03
0.027 ± 0.01

18.82 ± 1.65
9.09 ± 0.73
7.50 ± 0.56

422.90
163.26
279.76

Muscle
ATCh
PTCh
BTCh

0.053 ± 0.01
0.034 ± 0.01
–

31.62 ± 2.09
4.97 ± 0.34
–

598.87
147.36
–

3.1. Cholinesterase characterization
The results of ChE substrate preference in the brain and muscle
tissues are shown in Fig. 1.
In brain tissue (Fig. 1A), the substrate with higher hydrolysis rate
was ATCh (19.2 nmol/min/mg protein), followed by PTCh
(10.8 nmol/min/mg protein) and BTCh (8.1 nmol/min/mg protein).
The enzymatic catalytic efﬁciency indicated by the parameters of the
Michaelis–Menten equation (Table 1) also demonstrates the preference
for the substrate ATCh (higher Vmax/Km values). Furthermore, a
decrease in ChE activity caused by excess of the substrates ATCh and
BTCh was also veriﬁed with concentrations higher than 2.56 mM and
5.12 mM, respectively.
In muscle tissue (Fig. 1B), there was a clear preference for the
substrate ATCh, as seen by the higher hydrolysis rates and greater
catalytic efﬁciency of ChE with this substrate (Table 1). Indeed, there
were higher hydrolysis rates in the muscle than in the brain tissue
with maximum ChE activities of 29.5 nmol/min/mg protein at
0.64 mM of ATCh when compared with the 19.2 nmol/min/mg protein
maximum activity in the brain at 2.56 mM of the same substrate. Almost
no ChE activity was observed in muscle when using the substrate
BTCh. In this tissue there was also an inhibition of hydrolysis by excess
of ATCh at concentrations higher than 0.64 mM.
Regarding the results with the speciﬁc inhibitors, incubation with
eserine, a generic inhibitor of ChE, signiﬁcantly inhibited ChE activity
in brain tissue already at the lowest concentration tested of 0.781 μM
(F6,49 = 115.1, p b 0.001) whereas in muscle signiﬁcant inhibitions
only occurred at concentrations higher than 12.5 μM (F6,49 = 179.5,
p b 0.001) (Fig. 2A). However, at concentrations higher than 50 μM
almost complete inhibitions were observed in both tissues (over 95% inhibition). Concerning the speciﬁc inhibitor for AChE (Fig. 2B), incubation with BW284C51 in brain only signiﬁcantly inhibited the enzyme

activity at concentrations higher than 50 μM (F6,49 = 35.8, p b 0.001)
and inhibitions above 90% were observed only at 800 μM, whereas in
muscle a signiﬁcant inhibition of 93% occurred already in the lowest
concentration tested (F6,49 = 122.8, p b 0.001). No effects on enzyme activity were observed with iso-OMPA incubations, a speciﬁc inhibitor of
BChE, either in brain (F6,49 = 9.69, p = 0.138) or muscle (F6,49 = 0.47,
p = 0.825) tissues (Fig. 2C). However, there was a dose–response inhibition in the brain, albeit non-signiﬁcant, reaching 40% inhibition in the
highest iso-OMPA concentration tested.

3.2. In vitro effects of chlorpyrifos-oxon
The effect of ethanol, the solvent used for chlorpyrifos-oxon stock
solution, on ChE activity was tested and compared with the control
and no statistical difference was observed either in brain (t(14) =
0.403, p = 0.693) or muscle (t(14) = 0.420, p = 0.681) tissues.
Regarding the effects of the in vitro exposure to chlorpyrifos-oxon,
there was a dose–response pattern showing lower ChE activities with
increasing pesticide metabolite concentrations, in both tissues tested,
with almost complete inhibitions (over 97%) with the highest pesticide
metabolite concentration (Fig. 3).
Although signiﬁcant inhibitions in relation to control were only detected at 600 nM of pesticide metabolite in both tissues (brain: F6,49 =
40.38, p b 0.001; muscle: F6,49 = 37.77, p b 0.001), the lower concentrations of chlorpyrifos-oxon (until 150 nM) caused statistically higher ChE
inhibitions in the brain than in the muscle (two-way ANOVA, p b 0.001).
This higher sensitivity to chlorpyrifos-oxon in the brain tissue can
also be seen by the estimated IC50 (± SE) values of 48.97 ± 3.79 nM
(i.e. 16.39 μg/l) in brain and 204.97 ± 94.32 nM (i.e. 68.57 μg/l) in
muscle.

Fig. 1. Cholinesterase substrate preferences in the brain (A) and muscle (B) of Prionace glauca. Cholinesterases (ChE) activity is expressed as mean values ± standard error. ATCh =
Acetylthiocholine iodide. BTCh = S-Butyrylthiocholine iodide. PTCh = Propionylthiocholine iodide.
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Fig. 2. Effect of the inhibitors eserine (A), BW284C51 (B) and iso-OMPA (C) on Prionace glauca cholinesterase (ChE) activities in brain and muscle tissues (expressed as mean values ±
standard error) using acetylthiocholine as substrate. Bars correspond to ChE activities and lines correspond to the percentage of ChE inhibition. An asterisk indicates a signiﬁcant difference
from the control at p ≤ 0.05 (ANOVA, Dunnett's test).

In order to address effects of gender and size on the susceptibility
to chlorpyrifos-oxon, samples were divided in two groups of four
according to gender (males and females) and size (larger or smaller
than 130 cm). The IC50 values for these separate groups, in brain and
muscle tissues, were calculated and the results can be seen in Table 2.
According to the IC50 values, the higher sensitivity of brain tissue when compared to the muscle is visible independently of the
organisms' gender or size, and the differences between tissues

are even more pronounced within females and in larger individuals (Table 2).
Regarding the effects of gender or size within each tissue, there were
some differences in the IC50 values, e.g. lower IC50 for females or larger
organisms in the brain (trend not present in the muscle). These differences were however not statistically signiﬁcant and therefore the
response to chlorpyrifos-oxon in brain tissue or muscle was not affected
by either gender or size (two-way ANOVA, p N 0.05).

Fig. 3. Cholinesterase (ChE) activity values and percentage of activity inhibition (expressed as mean values ± standard error) in the brain (A) and muscle (B) of Prionace glauca exposed
in vitro to chlorpyrifos-oxon. An asterisk indicates a signiﬁcant difference from the solvent control (0+) at p ≤ 0.05 (ANOVA, Dunnett's test).

L.M. Alves et al. / Journal of Experimental Marine Biology and Ecology 465 (2015) 49–55
Table 2
In vitro inhibition concentrations (IC50) of chlorpyrifos-oxon in Prionace glauca, depending
on gender and size of the organisms.
IC50 ± SE (nM)
Brain

Muscle

Gender
Males
Females

86.04 ± 6.38
21.99 ± 4.57

136.49 ± 11.44
291.93 ± 73.37

Size
b130 cm
N130 cm

69.98 ± 6.80
29.93 ± 3.69

206.36 ± 111.56
215.96 ± 40.04

4. Discussion
4.1. Cholinesterase characterization
To use ChE as a biomarker of effect of pollutants in a particular
species, it is vital to characterize this enzyme in different target tissues,
as they may have several non-speciﬁc esterases that can mislead
ecotoxicological studies (Gomes et al., 2014; Howcroft et al., 2011;
Pestana et al., 2014).
Regarding the brain tissue, incubation with eserine sulfate, an organophosphorus compound well-known as a general inhibitor of ChE at
low concentrations, resulted in an almost complete enzyme inhibition
(Fig. 2A), meaning that the measured enzymatic activity is mostly due
to ChE, and not to other nonspeciﬁc esterases (Eto, 1974; Pezzementi
et al., 1991). The characterization of the brain's ChE was performed by
testing its afﬁnity to different substrates, and response to speciﬁc inhibitors. As typical with AChE, ChE in the brain showed a preference for the
substrate ATCh, presenting higher hydrolysis rates and greater catalytic
efﬁciencies with this substrate (Table 1). Also, there was an inhibition of
hydrolysis by excess substrate (Fig. 1), which is another characteristic of
AChE (Toutant, 1989), previously reported in the brain of other ﬁsh species (e.g. Monteiro et al., 2005; Rodríguez-Fuentes et al., 2013; Sturm
et al., 1999a). Moreover, brain ChE were sensitive to BW284C51, a
speciﬁc inhibitor of AChE, although signiﬁcant inhibitions only occurred
at concentrations higher than 50 μM (Fig. 2B). Despite all these typical
responses of AChE, brain ChE were also able to hydrolyze BTCh
(although at a lower rate and with lower catalytic efﬁciency than with
ATCh; Table 1) and showed some sensitivity to iso-OMPA, a speciﬁc inhibitor of BChE, at high concentrations (Fig. 2C). Therefore, considering
the responses to the different substrates and inhibitors, these ﬁndings
suggest that the brain of P. glauca seems to contain atypical ChE,
displaying mixed properties of AChE and BChE. According to the literature, the majority of ﬁsh have almost exclusively AChE in their brains,
such as Limanda limanda, Platichthys ﬂesus, and Serranus cabrilla,
described in a study by Sturm et al. (1999a) or several others described
by Solé et al. (2008). However, similar results to the ones obtained in
our study were also described for the reef ﬁsh Haemulon plumieri
(Alpuche-Gual and Gold-Bouchot, 2008).
Regarding the muscle tissue, the enzyme preferred the substrate
ATCh, presenting much higher hydrolysis rates and catalytic efﬁciency
in relation to other substrates (Fig. 1 and Table 1). Similarly to what
was observed in the brain, the incubation with eserine sulfate in the
muscle caused an almost complete inhibition of enzymatic activity
(Fig. 2A) and therefore suggests that most of the measured activity is related to ChE and not other esterases. The preference for the substrate
ATCh and the observed inhibition of activity by excess of this substrate
(Fig. 1), along with the high sensitivity to BW284C51 and insensitivity
to iso-OMPA (Fig. 2B,C), lead to the conclusion that the ChE present in
the muscle of P. glauca have characteristics of true AChE and this
seems to be the main form present. Although most marine species express both AChE and pseudocholinesterases in their muscle tissues at
different levels depending on the species—such as demonstrated by
Sturm et al. (1999a) for three teleosts species and by Solé et al. (2008)
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for two sharks—Garcia et al. (2000) observed that, like in the present
blue shark samples, the muscle of Poecilia reticulate contains mainly
AChE.
Considering the maximum enzymatic activity levels in both brain
and muscle tissues observed for blue sharks, they were lower than
those usually found in marine ﬁsh (Alpuche-Gual and Gold-Bouchot,
2008; Arufe et al., 2007; Oliveira et al., 2007; Rodríguez-Fuentes et al.,
2013; Sturm et al., 1999a), which is in accordance with the study by
Solé et al. (2008) where the authors have also reported lower enzymatic
activities in the sharks S. canicula and G. melastomus.
To our knowledge, there is scarce information regarding the enzymatic pathways of sharks, speciﬁcally concerning ChE, but generally
existing data suggests that activity levels might oscillate seasonally,
due to size, sex, and dietary composition (Beauvais et al., 2002;
Chuiko et al., 1997, 2003; Flammarion et al., 2002; Kirby et al., 2000;
Sturm et al., 1999b). These correlations between ChE activity rates and
physiological characteristics are, however, not always observed (Solé
et al., 2006; Tortelli et al., 2006). Also in the present work, no
correlations were found between the enzymatic activity levels and the
physiological parameters sex and size, although it is important to refer
that the sampling group was limited and more information could be
taken from a larger sampling, preferably using both mature and
immature individuals.
4.2. In vitro effects of chlorpyrifos-oxon
Given the important role of AChE in the neuromuscular system and
the fact that it is often the main target of toxicity for organophosphate or
carbamate insecticides, and might also be affected by other pollutants,
the activity of this enzyme can be used as a biomarker of effect after
exposure to contaminants, providing extensive applicability for both
laboratory and ﬁeld studies (Alpuche-Gual and Gold-Bouchot, 2008;
Whitehead et al., 2005).
Chlorpyrifos-oxon is a metabolite of the organophosphate insecticide chlorpyrifos, widely used for pest control (Sparling and Fellers,
2007). The presence of chloropyrifos in marine ecosystems, as well as
other pesticides of similar nature, is well documented making it a suitable candidate for assessing the effects of these pesticides on organism's
cholinesterases (Barakat et al., 2002; García-Álvarez et al., 2014; Lund
et al., 2000).
The results of the present study show that chloropyrifos-oxon
inhibited blue shark's ChE in vitro, with brain tissue showing higher sensitivity towards the compound when compared to muscle tissue.
Although some authors state that ChE inhibition in muscle is a better
predictor of induced mortality than inhibitions using the brain tissue,
with brain tissue inhibition being a better tool to foresee alterations in
behavior (Fulton and Key, 2001), it is generally assumed that, in order
to monitor pesticide accumulation in aquatic environments, one should
perform measurements in the tissue proven to be the most sensitive
to these compounds (Whitehead et al., 2005). Therefore, as in the
present study brain tissue in P. glauca showed higher sensitivity to
chloropyrifos-oxon than muscle, one may infer that the brain has a
greater potential for detection of exposure to low concentrations of
this and other similar compounds in the environment.
The lack of statistically signiﬁcant differences in sensitivity to
chlorpyrifos-oxon between genders and sizes gives strength and
robustness to this tool. Nevertheless, in order to complement and
validate these ﬁndings, a greater number of samples should be collected
and analyzed, preferably of adult individuals, as the increased sizes and
different metabolic responses might inﬂuence ChE activity and
sensitivity.
When comparing the present in vitro results with the ones of
vertebrate ﬁsh (Carr et al., 1997), it is possible to see that the blue
shark has similar IC50 values in the brain, but considerable higher values
in the muscle. To our knowledge, so far, there are no studies addressing
the effects of chloropyrifos, or other pesticides, in elasmobranchs.
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However, there are reports of pesticide accumulation in different tissues
of several shark species (Schlenk et al., 2005; Shanshan et al., 2013),
which enforce the need for studies that provide better understanding
on how these compounds affect such marine predators.
With this study's characterization of blue shark ChE in the brain and
muscle, together with the determination of its high sensitivity in the
in vitro pollutant inhibition assay, the foundation work has been set to
further study this enzyme and potentially use it in ocean biomonitoring
studies as a biomarker for the effects of anticholinergic contaminants
using the widespread and easy to obtain blue shark.
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