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Abstract

Inhibition of cholinesterases has been frequently used as a biomarker for contamination of aquatic environments, because these
enzymes are frequent targets for toxic effects of contaminants, such as insecticides derived from phosphoric and carbamic acids.
However, this enzyme is also responsive to other contaminants, including metals. The use of cholinesterase inhibition as effect
criterion in ecotoxicology studies requires the previous characterization of the specific enzymatic forms that can be present in the
different tissues and/or organs of species. This work characterized the soluble ChEs present in the brain and dorsal muscle of three
marine fish species, namely Scomber scombrus, Sardina pilchardus and Chelidonichthys lucerna. Pesticides (chlorpyrifos) and
metals (copper sulphate) in vitro assays were conducted to quantify the effects of these contaminants on cholinesterases activity.
The results of this study showed that acetylcholinesterase (AChE) was the predominant form present in the brain tissues of the
three species and in the muscle tissue of one species (Sardina pilchardus). For Scomber scombrus and Chelidonichthys lucerna,
the cholinesterase form present in the muscle tissue evidenced properties between the classic acetylcholinesterase and those of
pseudocholinesterase forms. The results for the metal (copper) and pesticide (chlorpyrifos) showed that this species may be
suitable for monitoring contaminations for these types of contaminants.

Keywords Cholinesterases - Anticholinesterasic compounds - Biomarker - Scomber scombrus - Sardina pilchardus -
Chelidonichthys lucerna

Introduction The activity of ChEs has been widely used as a marker of

neural changes in organisms exposed via the environment to a

Cholinesterases (ChEs) are a family of enzymes designated as
esterases. Among these, one may find specific forms, acetyl-
cholinesterases (AChEs), which are crucial for nerve response
and function (Thompson and Walker 1992). AChEs are capa-
ble of catalysing the hydrolysis of the neurotransmitter acetyl-
choline, a reaction necessary to prevent the accumulation of
acetylcholine at the synaptic cleft and allow cholinergic neu-
rons to return to their resting state after activation (Payne et al.
1996).
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large set of chemical contaminants. This use occurs since the
inhibition of these enzymes may happen due to exposure of
several species to varied environmental contaminants (Labrot
et al. 1996; Payne et al. 1996; Guilhermino et al. 1998;
Howcroft et al. 2010). However, the main focus of cholinester-
ase inhibition as effect criteria has been its use to assess the
environmental presence and exposure of wild biota to
anticholinesterasic pesticides, namely of the carbamate and or-
ganophosphate classes (Payne et al. 1996; Van der Oost et al.
2003). These chemicals act by specifically binding to the active
site of AChE, blocking the access of the physiological substrate
to this location, thereby impairing its activity (Koelle and
Gilman 1949; Sanchez-Hernandez and Walker 2000).

ACHhE activity is thus the main target of organophosphate
and carbamate pesticides, which block the function of this
enzyme, causing the accumulation of acetylcholine in the syn-
aptic cleft (Key and Fulton 2002; Caselli et al. 2000).
Depression on the activity of ChEs (especially AChEs) often
indicates sublethal toxicity and provides an early warning of
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detrimental effects caused by such chemicals in the wild (Day
and Scott 1990).

It is possible that different cholinesterases may coexist in
the same organism, but their relative abundance may change
from tissue to tissue, being this factor related to their physio-
logical role (Nunes et al. 2005; Xuereb et al. 2007; Nunes and
Resende 2017). Different types of ChEs can be functionally
distinct, according to their affinity for a specific substrate and
to their susceptibility to selective inhibitors. In regard to dif-
ferentiate the cholinesterasic forms present in each species
and/or tissue, it is important to test them to analyse their sen-
sitivity towards different substrates and inhibitors of cholines-
terase activity. This same differential sensitivity is likely to
happen towards environmental toxicants, and it is mandatory
to know in advance the response of the ChEs of each species/
tissue, before using them as test organisms or bioindicator
species in environmental monitoring or testing.

The differentiation of cholinesterases, designated as their
characterization, is a process aiming to identify their proper-
ties, according to already defined groups of cholinesterases,
which share common properties. The major forms of cholin-
esterases are acetylcholinesterase (AChE, also known as true
cholinesterases), butyrylcholinesterase (BChE) and
propionylcholinesterase (PChE), being these forms common-
ly designated as pseudocholinesterases; their preferential sub-
strates are acetylcholine, butyrylcholine and propionylcholine,
respectively. The use of inhibitors also contributes for the
identification of cholinesterasic forms; eserine is a general
inhibitor of cholinesterases, BW284C51 (1,5-
bis-(4allyldimethyl-ammoniumphenyl)-pentan-3-one-
dibromide) is a specific inhibitor of acetylcholinesterase, and
Iso-OMPA (tetraisopropylpyrophosphoramide) is a specific
inhibitor of pseudocholinesterases.

The predominant types of ChEs vary across species. In
most vertebrates, two types of ChEs have been identified,
namely acetylcholinesterase (AChE) and butyrylcholinester-
ase (BChE), whereas in invertebrates, this distinction is some-
times difficult to establish (Massoulié and Bon 1982;
Karczmar 2010; Cacciatore et al. 2012). The occurrence of
cholinesterases in living organisms is generally organ specific;
while AChE is especially abundant in the central nervous
system (where it plays a key role in the regulation of neuronal
processes), BChE has a wider tissue distribution, and previous
studies suggest that BChE could be involved in several pro-
cesses such as detoxification, lipid metabolism, cell regenera-
tion, neurogenesis, regulation of cell proliferation, and the
beginning of differentiation during early neuronal develop-
ment (Mack and Robitzki 2000). In addition, ChEs may also
be extensively distributed across numerous tissues, such as
serum, liver, heart, brain, vascular endothelia, and the nervous
system (Leticia and Gerardo 2008; Valbonesi et al. 2011).

Accordingly, the variability and complexity of ChEs re-
quire their characterization before their use as biomarkers.
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Many studies have already shown the multiplicity of
cholinesterasic forms in aquatic organisms, in distinct aquatic
species. Cholinesterases from aquatic organisms have been
already characterized in a diverse group of species such as
fish, Lepomis gibbosus (Rodrigues et al. 2011), Haemulon
plumieri (Leticia and Gerardo 2008), Gambusia holbrooki
(Nunes et al. 2005), Gasterosteus aculeatus, Limanda
limanda, Platichthys flesus and Serranus cabrilla (Sturm
et al. 1999), and invertebrates, Solen marginatus, Diopatra
neopolitana (Nunes and Resende 2017), Palaemonetes pugio
(Key and Fulton 2002) and Gammarus pulex (Xuereb et al.
2007). However, the characterization of cholinesterases pres-
ent in marine fish species are still scarce, and considering the
future use of these animals in monitoring programs of the
marine environment, their characterization is now of funda-
mental importance.

The main purpose of this work was to characterize the
predominant cholinesterasic forms found in the muscle and
brain tissue of three marine fish species, namely Scomber
scombrus Linnaeus, 1758 (common name mackerel),
Sardina pilchardus Walbaum, 1792 (common name sardine)
and Chelidonichthys lucerna Linnaeus, 1758 (common name
tub gurnard). These are marine fish species of commercial
interest, being routinely captured by the commercial fishing
fleet in Europe; this is extremely important since their avail-
ability is high, and no efforts of capture or collection are in-
volved if these species are to be used in biomonitoring pro-
grams in the future. A secondary objective of this study was to
analyse and compare the sensitivity of main cholinesterases of
each species, determined in the previous step, towards specific
contaminants, namely the metal copper (implicated in
anticholinesterasic effects; Cunha et al. 2007; Nunes et al.
2011; De Lima et al. 2013) and the pesticide chlorpyrifos
(an anticholinesterasic substance, highly toxic for marine
fish, even at low concentrations; Humphrey et al. 2004).

Material and methods
Chemicals

Acetylthiocholine (> 98%), Bradford reagent,
butyrylthiocholine (=98%), chlorpyrifos (97% purity) 5,5'-
dithio-bis(Y-nitrobenzoic acid) (DTNB; > 98%), ethanol
(99% pure), physostigmine salicylate (98%),
propionylthiocholine (= 98), 1,5-bis(4-allyldimethyl
ammoniumphenyl)—pentan-3-one-dibromide (BW284C51;
97%), tetraisopropylpyrophosphoramide (Iso-OMPA; 100%).

Test organisms

Individuals of the three species of fish were purchased in a
local market in Aveiro, Portugal, immediately after the
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landing of the fish. These fish species were captured in the
wild by the traditional commercial coastal fishing fleet that is
established in the commercial harbour of Aveiro. Their cap-
ture was undertaken in adjacent areas and the distances to their
capture locations were limited by the autonomy of commercial
fishing vessels. The animals, after being captured, were kept at
4 °C until arrival to the commercial harbour of Aveiro.
Consequently, only dead animals (despite being refrigerated)
were used. Upon arrival at the commercial harbour, the ani-
mals were immediately transported to the laboratory. A total
of 5 individuals with similar sizes (Scomber scombrus -
measured 25+ 1 cm; Sardina pilchardus measured 24 +
1 cm; Chelidonichthys Iucerna measured 28 + 1 cm) of each
species were selected to develop all procedures. After being
purchased, fish were transported in refrigerated plastic boxes
to laboratory facilities; between capture and sampling process,
no more than 12 h elapsed. This sampling procedure was
already adopted by Nunes et al. (2011) for the sampling of
marine test organisms.

Sample processing and enzymatic analysis

Immediately upon arrival, fish were dissected on ice, and the
brain (wet weight 4+ 0.5 g) and dorsal muscle (wet weight
5.5+0.5 g) of each individual were isolated. Samples were
homogenized separate in phosphate buffer (0.1 M, pH=7.2)
and after that the samples were centrifuged at 3300 g for
3 min, and the supernatants were recovered and diluted
1:300 with the same buffer. This pool of homogenized tissues
was used in all subsequent in vitro testing procedures. The
enzymatic assay involved the monitorization of ChEs activity
for a period of 15 min, by the formation of the conjugate
thiocoline (resulting from the hydrolytic degradation of the
substrates acetylthiocholine/butyrylthiocholine/
propionylthiocholine by cholinesterases) + DTNB. The absor-
bance of this conjugate (yellow colour) was measured at a
wavelength of 414 nm, as described by Ellman et al. (1961).
The protein concentration in samples was determined by the
method described by Bradford (1976) adapted to microplate
and y-globulin 1 mg/mL use as a standard. Enzymatic results
were expressed as nanomole of hydrolysed substrate per min-
ute, per milligram of protein.

Characterization of cholinesterases

Regarding the characterization of cholinesterases, a tiered
strategy was followed. The first step was to analyse the hy-
drolytic preference of cholinesterases from the distinct tissues
of the three species. To attain this objective, three different
substrates were tested, namely acetylthiocholine,
butyrylthiocholine and propionylthiocholine (substrates that
are preferentially hydrolysed by AChE, BChE, and PChE,
respectively). For each substrate, 13 solutions were prepared,

with the following concentrations: 0.005, 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 (these are the concentrations in the final volume
of incubation).

The second step was to study the hydrolytic inhibitory pro-
files caused by generic and specific inhibitors of cholinester-
ases, true cholinesterases, and also of pseudocholinesterases.
Solutions of 3 different inhibitors were prepared: (1) eserine
(physiostigmine hemisulfate salt) at the concentrations of
6.25, 12.5, 25, 50, 100, and 200 uM, as general cholinester-
ases inhibitor; (2) BW284C51 at the concentrations of 6.25,
12.5, 25, 50, 100, and 200 uM as acetylcholinesterases inhib-
itor; and (3) Iso-OMPA, at the concentrations of 0.25, 0.5, 1,
2, 4, and 8 mM, as pseudocholinesterases (BChE + PChE)
inhibitor.

The stock solutions of both eserine and BW284C51 were
prepared with distilled water, while Iso-OMPA stock solution
was prepared in ethanol, since this inhibitor is not easily sol-
uble in water and is required to this co-solvent to be dispersed
in the incubation media. Following the procedure described
by Nunes et al. (2005), a volume of 5 uL of each inhibitor
solution were incubated with 495 ul of tissue homogenate
(brain and muscle) at room temperature 25+1 °C for
20 min. All the exposures were performed in triplicate, in
which 3 Eppendorf microtubes (with the pooled homogenized
samples, obtained from both tissues) were incubated with the
selected concentrations for each of the three inhibitors. For
eserine and BW284C51 inhibitors, a volume of 5 pL of
ultra-pure water was used as control. For the incubation with
Iso-OMPA, an additional control, incubated only with etha-
nol, was added to the experimental design to test for possible
effects caused by the carrier solvent. For these tests, the sub-
strates that were selected were those for which higher affinity
was found in the previous step. For each species, the concen-
tration of substrates that were used was of 0.075 M, as opti-
mized by Ellman et al. (1961). With the exception of muscle
tissues of S. scomber (whose activity was measured using PCh
as substrate—which was the most hydrolysed substrate), the
cholinesterase activities of all other tissues from the three spe-
cies were measured using ACh as substrate.

In vitro exposure to pesticides and metals

We also studied the effect of chlorpyrifos and copper (copper
sulphate) in order to determine the effects of pesticides and
metals on in vitro ChE activity, respectively. Additional incu-
bations were performed, identical to those previously de-
scribed for the cholinesterases inhibitors. These tests were
carried with the substrates that showed higher affinity to each
species, and the concentration of substrate used was 0.075 M,
as optimized by Ellman et al. (1961). The pesticide used was
chlorpyrifos, in 6 concentrations (12.5, 25, 50, 100, 200, and
400 uM, dissolved in acetone). Besides these concentrations,
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a control group with acetone was also added to the experimen-
tal design. For the assay with copper, copper sulphate was
used, and 5 concentrations (3.125, 6.25, 12.5, 25 and
50 mgL™") were tested. The stock solution of copper was
prepared with distilled water. All these exposures occurred
in triplicate, and three technical replicates were tested with a
pool of each tissue, in which 5 ul of each concentration of
toxicant +495 pl of cellular suspension were distributed by 3
Eppendorf microtubes per condition. These microtubes were
incubated at room temperature 25 + 1 °C for 20 min with each
concentration of the pesticide, and of the metal.

Data analysis

The obtained data were previously analysed to assure normal-
ity and uniformity of variance (Shapiro-Wilk and Levene
tests, respectively). ANOVA was performed followed by
Dunnett’s multicomparison test to compare the control group
with the treatment groups. The adopted level of significance
was of p < 0.05 to discriminate differences against the control
treatments.

Results
Cholinesterase characterization: substrates

The cholinesterasic activity determined in the brain of the
three different species is depicted in Fig. la, ¢ and e.
Cholinesterases activity of the brain tissue of all species
showed higher affinity (with higher hydrolytic activity) to-
wards acetylthiocholine as substrate. However, and despite
this preference, the other two substrates were also extensively
hydrolysed, but not in the same extent as acetylthiocholine.
For the brain tissue of S. scombrus, the second most hydro-
lysed substrate was propionylthiocholine (Fig. 1a), followed
by butyrylthiocholine; for the brain tissues of the two other
species, S. pilchardus (Fig. 1¢c) and C. lucerna (Fig. 1¢), data
for butyrylthiocholine and propionylthiocholine were almost
coincident.

Regarding the cholinesterases activity determined in the
muscle tissues, results are depicted in Fig. 1 (b, d and f).
ChEs muscle tissues from the two species S. pilchardus and
C. lucerna showed higher affinity for acetylthiocholine as sub-
strate, while S. scombrus showed higher affinity for
propionylthiocholine as substrate. The calculated kinetic pa-
rameters (Vmax, Km and Vmax/Km) support the hypothesis
for the preference of each enzyme of the three species (Table 1).

Cholinesterase characterization: inhibitors

The inhibitors eserine and BW284C51 showed higher inhib-
itory profiles than Iso-OMPA for both tissues (brain and
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muscle) of all species. For S. scombrus, brain tissues
(Fig. 2a; F (514)=6.3, p<0.001) and muscle tissues (Fig.
2b; F (6.14) = 6.6, p <0.001) were inhibited at the lowest con-
centration of eserine (6.25 uM). BW284C51 also caused in-
hibitory activities, at its lowest concentration (12.5 uM) for
the brain (Fig. 2¢; F (6,14) =60.8; p<0.001) and for all the
concentrations in the muscle (Fig. 2d; F (4,14) = 10.1;
p<0.001) tissues. Yet for [so-OMPA, the results were differ-
ent; for the brain tissue (Fig. 2e; F (6,14)=16.1, p=0.708),
Iso-OMPA caused no inhibitory effects, and for the muscle
tissue (Fig. 2f; F (6,14) =27.8, p <0.001), it caused effects but
only for the highest concentrations (2, 4 and 8 mM).

The pattern of inhibition resulting from exposure to eser-
ine, in the brain (Fig. 2a; F (6 14) = 3.8, p <0.001) and muscle
(Fig. 2b; F (614)=0.15, p <0.001) tissues of S. pilchardus,
was similar to the one observed for S. scombrus; eserine
caused an almost complete inhibition in both tissues.
BW284C51 also showed a pattern like this; for the brain
(Fig. 2¢; F (6.14)=13.8, p <0.001) and muscle (Fig. 2d; F’
(6.14) = 0.078, p < 0.001) tissues, the inhibitory effect was no-
torious. Once again for Iso-OMPA, the results are different;
for the brain (Fig. 2e; F' (6,14) =2.9, p <0.001), all concentra-
tions, except the lowest (0.25 mM), cause inhibitory effects,
while for the muscle (Fig. 2f; F (¢.14) =0.49, p =0.004), ef-
fects were only seen for the highest concentrations (8 mM).

Chelidonichthys lucerna presented a similar pattern for es-
erine as the other two species; for the brain (Fig. 2a; F' (¢ 14) =
3.2; p <0.001) and muscle (Fig. 2b; F (6,14) =7.2; p < 0.001),
the inhibitory effect was visible for all tested concentrations,
showing a total inhibition. BW284C51 presented a total inhi-
bition for the brain (Fig. 2¢; F (6,14) = 0.74; p <0.001); for the
muscle (Fig. 2d; F (.14) = 15.4, p<0.001), all concentrations
showed statistically significant differences, but the inhibitory
profile was not so evident as the others. Concerning the inhib-
itory profile of the Iso-OMPA for the brain (Fig. 2¢; F (¢.14) =
1.9, p <0.001), all the concentrations showed statistically sig-
nificant differences and for the muscle (Fig. 2f; F (¢14) = 1.9,
p<0.001) as well, but the inhibition was much higher.

Chlorpyrifos

In general, all the three species showed to be sensitive to the
pesticide chlorpyrifos. The brain (Fig. 3a; F (6,14)=7.1,
p<0.001) and muscle (Fig. 3b; F (514) = 1.03, p <0.001) tis-
sues of S. scombrus presented statistically significant differ-
ences in all tested concentrations. However, for the muscle
tissue, the inhibition was more evident, and results show an
almost total inhibition of the cholinesterase activity.

For S. pilchardus, not all tested concentrations showed
effects. In the brain (Fig. 3c; F (6.14) = 7.8, p <0.001), sta-
tistically significant differences were visible for all the
concentrations, except one (50 uM), and the muscle (Fig.
3d; F (614)=0.42, p <0.001) only presented statistically
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Fig. 1 Cholinesterase activities determined with different substrates: a
brain of Scomber scombrus; b muscle of Scomber scombrus; ¢ brain of
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significant differences for the highest concentrations (50,
100, 200 and 400 uM); in general, this was the less affect-
ed species.

Lastly, the species C. lucerna showed to be also sensitive to
this pesticide. For the brain (Fig. 3e; F (6,14) =2.09, p <
0.001), even the lowest concentration (12.50 uM) caused an
inhibitory effect; a similar trend was also observed for the
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muscle tissue (Fig. 3f; F (6.14) =5.9, p <0.001), whose cho-
linesterase activity was highly inhibited.

Copper

Copper had effects that were dose dependent even in the low-
est concentration (3.12 mg/L); for the brain (Fig. 4a; F (5,14) =

Table 1 Values of the maximal velocity (Vmax), Michaelis—-Menten constant (Km) and the catalytic efficiency (Vmax/Km) of the ChEs in the brain
and muscle of S. scombrus, S. pilchardus and C. lucerna
Tissues S. scombrus S. pilchardus C. lucerna
ASCh BSCh PSCh ASCh BSCh  PSCh ASCh BSCh PSCh
Brain Vmax (nmol min~" mg protein™") 107.58 28.69 67.96 32.70 5.46 6.06 21.23 447 4.10
Km (uM) 7.79 5.12 7.00 8.87 6.16 6.02 8.94 5.42 597
Vmax/Km 13,808.5 5605.3 97084  3687.9 886.9 1006.1 2374.8 824.8 687.2
Muscles  Vmax (nmol min~' mg protein") 29.25 21.63 41.83 4.03 1.04 1.35 15.60 14.00 10.05
Km (uM) 6.20 5.49 6.80 8.04 5.46 8.77 6.29 5.67 6.06
Vmax/Km 4720.5 39369 61475 500.7 190.5 153.7 24815 2470.8 1656.3
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Fig. 2 In vitro assay with cholinesterase inhibitors eserine, BW284C51
and Iso-OMPA. a brain of fish species with inhibitor eserine; b muscle of
fish species with inhibitor eserine; ¢ brain of fish species with inhibitor
BW284C51; d muscle of fish species with inhibitor BW284C51; e brain
of fish species with inhibitor Iso-OMPA; f muscle fish species with

7.8, p<0.001) tissue of S. scombrus and for the muscle (Fig.
4b; F (6.14) = 3.2, p <0.001) tissue, this metal had no effects in
the cholinesterase activity.

For S. pilchardus, the effects were made evident for both
tissues. For the brain (Fig. 4c; F (6.14) = 6.3, p <0.001), all
concentrations tested had statistically significant effects in the
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cholinesterase activity; in the muscle (Fig. 4d; F (¢,14) = 0.35,
p<0.001), the effects were only expressed for the 3 highest
concentrations (12.5, 25, and 50 mg/L).

Copper changed the cholinesterase activity of the brain
(Fig. 4e; F (614) = 1.6, p<0.001) tissue of the C. lucerna for
all concentrations, except for the lowest (3.12 mg/L);
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Fig. 3 In vitro effects of chlorpyrifos in the cholinesterases of fish
species. a brain of Scomber scombrus; b muscle of Scomber scombrus;
¢ brain of Sardina pilchardus; d muscle of Sardina pilchardus; e brain of
Chelidonichthys lucerna; f muscle of Chelidonichthys lucerna. Ctrl AC,

however, in the muscle (Fig. 4f; F' (5,14) = 9.06, p < 0.001), the
effects on the ChE activity were only present in the 3 highest
concentrations (12.5, 25 and 50 mg/L).

Discussion

Cholinesterase characterization

The brain tissues of all tested species showed a preference for
ASCh as substrate; for S. scombrus (Fig. 1a) and S. pilchardus

(Fig. 1c), this preference was followed by PSCh and BSCH,
while for C. lucerna (Fig. le), the second most hydrolysed
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acetone control group, incubation with acetone. Values correspond to the
mean of three replicates and corresponding standard deviation bars.
*Statistically significant differences, p <0.05

substrate was BSCh, followed by PSCh; however, these dif-
ferences in the hydrolytic activity of cholinesterases, obtained
when using BSCh and PSCh as substrates and for
S. pilchardus and C. lucerna, are almost imperceptible, and
are likely to result from natural fluctuations caused by the
experimental conditions. For S. pilchardus and C. lucerna,
the hydrolytic degradation of acetylthiocholine was
significantly higher than of the other two substrates. These
data are consistent with previous studies. The majority of
scientific works about this issue showed that
acetylthiocholine is usually the most hydrolysed substrate by
cholinesterases found in the nervous tissues of most
vertebrates, namely fish. Rodrigues et al. (2011) observed
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Fig. 4 In vitro effects of copper in the cholinesterases of fish species. a
brain of Scomber scombrus; b muscle of Scomber scombrus; ¢ brain of
Sardina pilchardus; d muscle of Sardina pilchardus; e brain of
Chelidonichthys lucerna; f muscle of Chelidonichthys lucerna. Ctrl,

that, for the head of'the freshwater fish L. gibbosus, ASCh was
the substrate of preference. Monteiro et al. (2005) concluded
that for the head tissues of the fish species Pomatoschistus
microps, cholinesterases showed more affinity for the ASCh
when compared to other substrates. A study by Leticia and
Gerardo (2008) also showed that for brain tissue of the marine
fish species Haemulon plumeri, ASCh was the substrate of
preference. Other studies done with fish species also support
this result. Garcia et al. (2000) with Poecilia reticulata, Nunes
et al. (2003) with Gambusia holbrooki, Osten et al. (2005)
with Gambusia yucatana and also Sturm et al. (1999) with
three species, Limanda limanda, Platichthys flesus and
Serranus cabrilla, showed that ASCh was the most

@ Springer

Che Activity (nmol/min/mg protein)

10000

0w

0o

Cul 312 625 125

Copper Sulphate concentration (mg/L)

25

ChE Activity (nmol/min/mg protein)

Cul 312 825 1250

Copper Sulphate concentration (mg/L)

ChE Activity (nmol/min/mg protein)

Cul

312 625 1250

Copper Sulphate concentration (mg/L)

control group, incubation with water. Values correspond to the mean of
three replicates and corresponding standard deviation bars. *Statistically
significant differences, p < 0.05

hydrolysed substrate by the mentioned species. This prefer-
ence is not however limited to aquatic vertebrates. Scaps et al.
(1996) obtained similar results for tissues of the polychaete
species Nereis diversicolor.

The muscle tissues had a distinct behaviour in terms of sub-
strate preferences, and no uniformity was reported, similar to
the one described for brain tissues. For S. pilchardus (Fig. 1d)
and C. lucerna (Fig. 1f), similarly to what occurred for the brain
tissue, the substrate of preference was ASCh. For S. pilchardus,
this result was more evident, since the hydrolytic degradation of
acetylthiocholine was significantly higher compared to the oth-
er two substrates. Many studies from the literature showed sim-
ilar results were ASCh was the preferential substrate in the
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muscle tissue. Rodrigues et al. (2011) identified ASCh as the
preferential substrate of the muscle tissue of the fish species
L. gibbosus. Similarly, this tendency was reported in the muscle
tissue of the fish Haemulon plumeri (Leticia and Gerardo
2008). Some studies showed an identical pattern in larvae of
the marine fish Sparus aurata (Arufe et al. 2007) in which
cholinesterases had higher affinity towards ASCh as substrate.
In addition to fish, this trend seems also to occur in inverte-
brates. Other studies also identified ASCh as the substrate of
preference but in whole body homogenates of the freshwater
snails Potamopyrgus antipodarum and Valvata piscinalis
(Gagnaire et al. 2008).

However, for S. scombrus (Fig. 1b), the preferential sub-
strate was PSCh; this result, despite not being a common fea-
ture of vertebrate species, is not totally surprising. Results from
the literature have shown that there are other species showing
preference for PSCh as substrate. This trend was observed in
Eisenia fetida, as demonstrated by Scaps et al. (1996). This
study showed that this preference for PSCh occurred for three
different tissues, head, body, and whole animal. Nunes and
Resende (2017) obtained comparable results in whole body
homogenates of the mollusc S. marginatus. The mollusc
Cerastoderma glaucum was also demonstrated to possess
cholinesterasic forms whose activity was higher when PSCh
was used, as shown by Jebali et al. (2011). Similarly, this same
trend was observed in tissues of the freshwater clam species
Corbicula fluminea (Mora et al. 1999). A similar finding was
obtained by Talesa et al. (1990), in tissues of the marine mol-
lusc Bolinus brandaris. A study with Daphnia magna Straus
showed that cholinesterases of this species demonstrated
higher affinity for PSCh as substrate (Diamantino et al. 2003).

In terms of the anticholinesterasic effects caused by inhib-
itors, the incubation of brain tissues from all the three species
showed a consistent pattern, in which a significant inhibition
of the cholinesterasic activity was attained even at the lowest
concentration of eserine (6.25 M) (Fig. 2a). Knowing that
eserine is a generic inhibitor of cholinesterases, it is possible to
suggest that the predominant form present in the brain tissues
of the three species is a cholinesterase, rather than a nonspe-
cific esterase. Exposure of brain tissue homogenates of all
three species to BW284C51 (the specific inhibitor of acetyl-
cholinesterases) also yielded an almost complete inhibition of
all enzymatic hydrolytic activity, although for S. scombrus
this inhibition was more evident for the highest concentration
of this inhibitor (Fig. 2¢). On the contrary, no uniform trend
was envisaged after incubating brain tissues homogenates of
the three species with Iso-OMPA. No inhibitory effect was
observed after the incubation of the brain tissue homogenates
of S. scombrus with this compound (Fig. 2e). For
S. pilchardus, inhibitory effects were observed for all concen-
trations of Iso-OMPA, with the exception of the lowest.
Concerning C. lucerna, inhibitory effects were observed for
all concentrations. Although Iso-OMPA was capable of

showing significant inhibitory effects, this only happened for
high concentrations, and not following the same inhibitory
trend that was observed for the other two inhibitors. In addi-
tion, the inhibition caused by exposure to Iso-OMPA was not
complete, and incubations with this chemical only attained
partial inhibition of the cholinesterases present in homoge-
nates of tissues of the three tested species.

This may have several fundaments. Iso-OMPA did indeed
inhibit cholinesterasic forms of all species. At first, this could
be somewhat surprising, since the previous assumptions indi-
cate that the predominant cholinesterasic form in tissues of the
three fish was AChE. However, this effect only happened at
concentrations of Iso-OMPA that were much higher than
those of eserine and of BW28C51 (Nunes and Resende
2017). There are no totally specific inhibitors of each of the
three distinct cholinesterasic forms. In fact, overlapping activ-
ities in terms of the inhibition capacity of each inhibitor were
already described (Bhakta et al. 2016). This result is an addi-
tional indication that S. scombrus, S. pilchardus, and
C. lucerna brain tissues possess a predominance of acetylcho-
linesterase, supported by the significant inhibition by eserine
and BW284C51, and for the absence of strong, dose-
dependent inhibitory effects after the incubation with Iso-
OMPA. The result here obtained is in agreement with many
others from the literature. Rodrigues et al. (2011) obtained
similar results for two tissues (brain and muscle) of
L. gibbosus and concluded that acetylcholinesterase was the
main cholinesterasic form in this tissue. A similar conclusion
was obtained by Leticia and Gerardo (2008), who showed that
AChE was the main ChE found in the brain of H. plumieri.
Another result in agreement with the here obtained data is the
one from Frasco et al. (2008), showing that in the eyes of the
shrimp Palaemon serratus, the main cholinesterasic form was
AChE. Other studies supporting our assumptions were also
performed with other species, such as Poecilia reticulata
(Garcia et al. 2000), G. holbrooki (Nunes et al. 2003),
G. yucatana (Osten et al. 2005) and Limanda limanda,
Platichthys flesus and Serranus cabrilla (Sturm et al. 1999).

Incubation of muscle homogenates of S. pilchardus and
C. lucerna with eserine yielded a significant inhibition of its
cholinesterasic activity. This effect, similarly to what occurred
for brain tissue, occurred even at the lowest concentration of
eserine (6.25 uM) (Fig. 2b). The hydrolytic behaviour of mus-
cle cholinesterases of the three species after the incubation
with BW284C51 was made clear (Fig. 2d). There was a pro-
gressive, dose-response inhibition of the cholinesterasic activ-
ity, which was almost complete for low levels of exposure in
the case of S. pilchardus. However, this effect was not so
prominent for the muscle tissue of S. scombrus and
C. lucerna. The incubation of the muscle tissue with Iso-
OMPA resulted in inhibitory effects for the three highest con-
centrations (2, 4, and 8 mM) for S. scombrus (Fig. 2f), while in
muscle homogenates of S. pilchardus, it was possible to
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observe an inhibition, but only for the highest concentration of
this same inhibitor (8 mM). For muscle homogenates of
C. lucerna, the incubation with Iso-OMPA resulted in inhib-
itory effects for all concentrations tested.

For S. pilchardus, the hydrolytic behaviour of the muscle
ChE allows to classify its cholinesterases as AChE because it
preferentially hydrolyses ASCh, being extremely sensitive to
eserine and BW284C51; in addition, the activity of this enzy-
matic form was not significantly compromised by Iso-OMPA.
Valbonesi et al. (2011) performed a study in Anguilla anguilla
and similarly concluded that AChE was the predominant ChE
form in the analysed tissues. In addition, the study performed
by Varo et al. (2007) with Aphanius iberus indicated that
AChE was the predominant form present in both sexes and
tissues of this fish species. Ramos et al. (2013) obtained com-
parable results for the marine crustacean Pollicipes pollicipes.

The incubation of the muscle tissue of S. scombrus was
made with the substrate PSCh, because of the higher affinity
demonstrated by its cholinesterases towards this substrate. It is
important however to note that the hydrolytic rate for the two
other substrates was not much lower in this tissue and species,
a trend that was not followed by the other tissues of the three
species, for which strong and clear preferences for one of the
substrates (especially for acetylthiocholine) were always no-
ticed. Following this modification, muscle ChEs of this spe-
cies were inhibited both by eserine and by BW284C51. Based
on these results, it is possible to assume that muscle
S. scombrus ChEs consisted mainly of AChE, despite being
able to effectively degrade propionylthiocholine. This same
tendency was observed by Caselli et al. (2006), when
analysing the properties of cholinesterases from the earth-
worm Eisenia andrei. Additionally, the incubation of the mus-
cle tissues with Iso-OMPA showed inhibitory effects, but only
for the highest concentrations (2, 4, and 8 mM).

In summary, the results obtained for the muscle tissue of
S. scombrus indicate the presence of a generalist cholinesterase,
and not a specific form. This cholinesterase form shows inter-
mediate properties, since its hydrolytic profile shows preference
for propionylthiocholine, but the pattern of inhibition after using
inhibitory compounds revealed an acetylcholinesterase-like be-
haviour. This type of results is not totally sporadic, and some
data similar to these here mentioned were already documented
in the literature. In muscle of fish, atypical ChEs displays like
this have been previously reported, namely by Rodriguez-
Fuentes et al. (2008), in the fish Pleuronectes vertulus and
Pleuronichthys verticalis, and a similar effect was shown to
occur in the fish Gasterosteus aculeatus (Sturm et al. 1999).
Similar data are quite common for invertebrate species such as
the mollusc Corbicula fluminea (Ramos et al. 2012) and the
crustacean Daphnia magna (Diamantino et al. 2003).

The muscle tissue of C. lucerna presented quite different
results. The substrate preference was for ASCh, but this pref-
erence was closely followed by the hydrolytic activity
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demonstrated when using the substrate PSCh. In addition,
these muscle ChEs forms were not as sensitive to the inhibitor
BW284C51 as those from the other two species, and their
activity was compromised by Iso-OMPA in all its concentra-
tions. It is thus not possible to conclude that this is a classic
acetylcholinesterase. The cholinesterasic form present in the
muscle tissue of C. lucerna has a hydrolytic activity between
that of classic acetylcholinesterases and pseudocholinesterases,
a pattern already described to occur by Gagnaire et al. (2008) in
the freshwater snail P. antipodarum.

Inhibitory effects caused by chlorpyrifos

The cholinesterase inhibition of both brain and muscle tissues
after in vitro exposures to chlorpyrifos showed that this organ-
ophosphate pesticide has the capacity of exerting significant
effects in the three species. For S. scombrus, this pesticide
caused effects in all the concentrations tested; however, for
the muscle tissue, its sensitivity was more evident (Fig. 3a and
b), since the inhibitory effects were more pronounced at lower
concentrations of this pesticide. Tissues of S. pilchardus
showed different results; in the brain, all concentrations of
the pesticide caused inhibitory effects, except for the concen-
tration of 50 uM (Fig. 3c); while in the muscle tissue, the
inhibitory effects occurred only for the four highest concen-
trations (50, 100, 200 and 400 uM) (Fig. 3d). C. lucerna
showed a pattern similar to that of S. scombrus, since the
pesticide caused effects in all tested concentrations (Fig. 3e
and f); however, in the muscle tissue, the inhibitory effect was
more evident and occurred at lower levels of pesticide.
Acetylcholinesterase is considered a specific biomarker for
organophosphate and carbamate pesticides (Leticia and
Gerardo 2008; Costa 2013; Whitehead et al. 2005).
Numerous studies reported a reduction in enzyme activity
caused by this type of compounds in aquatic organisms.
Alves et al. (2015) observed results similar to these in the
brain and muscle of the shark Prionace glauca exposed to
chlorpyrifos-oxon. A study conducted by Assis et al. (2010)
concluded that individuals of the fish species Colossoma
macropomum after being exposed to three organophosphates
(dichlorvos, chlorpyrifos and tetraethyl pyrophosphate)
showed inhibition of their ChEs activity. Other studies con-
ducted by Karen et al. (1998, 2001) showed that even low
concentrations of chlorpyrifos were enough to produce a
strong inhibition of ChEs activity. Wheelock et al. (2005)
found that young Chinook salmon, Oncorhynchus
tshawytscha, exposed to chlorpyrifos at concentrations of
7.3 pg/l exhibited a ChE inhibition as high as 85% in the
brain, and of 92% in the muscle. Varo et al. (2002) obtained
a significant inhibition after exposing for 24 h two species of
crustaceans, Artemia salina and Artemia parthenogenica, to
all the tested concentrations of chlorpyrifos. Xuereb et al.
(2007) and Barata et al. (2004) found similar results but with
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the crustacean Gammarus pulex and Daphnia magna, respec-
tively. Samnuek et al. (2007) tested the responsiveness of the
brain and muscle tissues of two species of Hydra catfish
(Clarias macrocephalus and Clarias gariepinus) and showed
that chlorpyrifos could indeed compromise their hydrolytic
activity, being the brain tissue more sensitive than the muscle.

Such inhibitory effects may have consequences at higher
levels of physiological integration, namely behaviour. By
compromising behavioural traits, these anticholinesterasic ef-
fects may compromise the ecosystem balance, forcing ecolog-
ical consequences of unpredictable consequences. To address
this thematic, Sandahl et al. (2005) performed a study involving
the exposure of the fish Oncorhynchus kisutch to chlorpyrifos.
The endpoints of this study were changes in feeding behaviour
and swimming, and also quantifying the effects of chlorpyrifos
on AChE activity, to establish causal relationships between
exposure to this neurotoxicant, impairment of neuronal regula-
tion and behavioural alterations. The authors concluded that
chlorpyrifos inhibited tissue AChE activity, and compromised
all behavioural traits in a dose-dependent manner.

Some studies have showed that AChE activity can be
linked to alterations on the behaviour. Many authors showed
modifications on the swimming performance of fish. Van
Dolah et al. (1997) showed modifications on the swimming
stamina of juvenile red drum (Sciaenops ocellatus) and of the
mummichog (Fundulus heteroclitus) exposed to
azinphosmethyl, Kumar and Chapman (1998) in eastern rain-
bow fish (Melanotaenia duboulayi) exposed to profenofos,
and Beauvais et al. (2000) in larval rainbow trout
(Oncorhynchus mykiss) exposed to diazinon and malathion.
These effects are not however restricted to fish, and
crustaceans also seem to be sensitive to these types of
anticholinesterasic pesticides, evidencing strong behavioural
alterations. Xuereb et al. (2007) performed a study in
Gammarus fossarum exposed to chlorpyrifos and methomyl
and established a relationship between the AChE activity and
behaviour alterations. The authors concluded that, for both
compounds, a concentration-dependent decrease was ob-
served for the AChE activity and behavioural parameters.
The author also reported that the feeding rate and
locomotion impairment were directly correlated to levels of
ACHhE inhibition for both pesticides. Rao et al. (2005) demon-
strated that a period of 20 days of exposure to sublethal con-
centrations of chlorpyrifos were causative of changes in the
locomotor behaviour of Gambusia affinis. The authors thus
concluded that the triggering factor for this behavioural
change was the inhibition of acetylcholinesterase activity.
This type of effects can translate into alterations in a variety
of other factors such as food seeking, predator avoidance,
migration and also reproduction, which might be impaired,
and have important deleterious alterations in higher levels of
biological organization. So, we may assume that this is an
important parameter, with extreme relevance in ecological

terms, since individual alterations may translate into popula-
tion changes of unpredictable nature and consequences.

Inhibitory effects caused by copper sulphate

Metals are natural compounds which are widely used nowa-
days; however, their interaction with living organisms can lead
to harmful effects, namely with regard to toxicity on the central
nervous system of exposed organisms. This neurotoxic effect
is commonly a consequence of impairment of cholinesterase
activity (Guilhermino et al. 1998; Mora et al. 1999; Castro
et al. 2004; Rodriguez-Fuentes et al. 2008; Li 2008; Vieira
et al. 2009). The here-obtained data showed that the metal
copper, in general, was capable of causing a significant impair-
ment of cholinesterase activity of all species and tissues.
In vitro exposure to copper sulphate resulted in the inhibition
of cholinesterase activity in all species, but not equally for all
tissues. Results obtained for the species S. scombrus were am-
biguous, because the metal caused effects in the brain tissue for
all the concentrations tested (Fig. 4a), but muscle tissue did not
evidence any significant alteration (Fig. 4b). In individuals of
S. pilchardus, exposure to copper caused effects in both tis-
sues. In the brain, effects were observed for all concentrations
(Fig. 4c), while in the muscle, the effects were only reported
for the three higher concentrations (12.5, 25 and 50 mg/L)
(Fig. 4d). For C. lucerna, differences were reported between
the two tissues. For the brain tissue, copper caused inhibitory
effects for all concentrations, except for the lowest (Fig. 4¢). In
the muscle tissue, this metal only caused effect for the three
highest concentrations (12.5, 25 and 50 mg/L) (Fig. 4f).

This set of results is in agreement with an already published
data on cholinesterasic impairment by copper in aquatic or-
ganisms. Studies corroborating our data were published by
Garcia et al. (2000), evidencing the inhibitory effects caused
by copper in Poecilia reticulata. Pereira et al. (2019) also
showed that copper could cause an in vitro inhibition of mus-
cle acetylcholinesterase of the freshwater fish Astyanax
altiparanae, Phalloceros harpagos and Pterygoplichthys
pardalis. In addition, Cunha et al. (2007) showed that
in vitro exposure to Cu®* caused an inhibition of ChE activity
in the molluscs Monodonta lineata and Nucella lapillus.
Frasco et al. (2005) demonstrated that several metals could
inhibit AChE activity, such as mercury, cadmium, copper,
and zinc in purified AChE of the fly Drosophila
melanogaster. In many aquatic organisms, ChEs have been
found to be inhibited by copper in both in vivo and in vitro
conditions (Garcia et al. 2000; Castro et al. 2004; Roméo et al.
2006; Rodriguez-Fuentes et al. 2008; Vieira et al. 2009).
However, this effect by copper may not be assumed as a gen-
eral rule for all metals, since some metallic compounds did not
cause any effects (Varo et al. 2007; Frasco et al. 2008). In
some cases, exposure to metals resulted in even increased
levels of ChE activity (Dethloff et al. 1999; Romani et al.
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2003). These results are somehow contradictory, and this can
be related with the interference that the metals may have in the
methodology used for the determination of ChE activity.
Frasco et al. (2005) suggested that this pattern may be an
artifact of the Ellman’s method. Some authors proposed that
the apparent inhibition of ChEs caused by metals may not
derive from interference with the catalytic activity of the en-
zyme; it may instead derive from an interference with a parti-
cle present in the reactive medium use for the determination of
the enzymatic assay, namely 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB). Ellman et al. (1961) method is the most com-
mon methodology used for determination of ChE activity. In
this method, the enzymatic catalytic activity is determined
based on the degradation of acetylthiocholine (substrate)
resulting in acetate and thiocholine, and the latter product
complexes with DTNB (dithiobisnitrobenzoate), giving rise
to a coloured compound (yellow colour). Metals can react
with all metallic ions present in the reaction medium, reducing
the formation of the coloured compound and therefore leading
to the false assumption that ChEs are being inhibited by
metals (Frasco et al. 2005; Nunes 2011).

Cholinesterase inhibition and behavioural traits

Cholinesterase inhibitory effects may have consequences at
higher levels of physiological integration, namely behaviour,
especially considering the role of these enzymatic forms in the
central integration of nervous impulses, and the effector re-
sponses of muscular innervation at neuromuscular junctions
(Nunes 2011). By compromising behavioural traits, these
anticholinesterasic effects may compromise the ecosystem
balance, forcing ecological consequences of unpredictable
consequences. Consequently, the importance of the inhibition
of cholinesterases by specific xenobiotics is not restricted to
in vitro studies. However, this approach is mandatory to es-
tablish mechanistic linkages between environmental pollut-
ants (such as those studied in this work) and putative adverse
effects that may occur in the wild, namely involving behav-
ioural changes. To address this thematic, Sandahl et al. (2005)
performed a study involving the exposure of the fish
Oncorhynchus kisutch to chlorpyrifos and observed a strong
ACHhE inhibition that was associated to deleterious changes in
feeding behaviour and swimming, in a dose-dependent man-
ner. These data are not surprising, since many others authors
showed modifications on the swimming performance of fish.
Van Dolah et al. (1997) showed modifications on the swim-
ming stamina of juvenile red drum (Sciaenops ocellatus) and
of the mummichog (Fundulus heteroclitus) exposed to
azinphosmethyl. Kumar and Chapman (1998) reported swim-
ming modifications in eastern rainbow fish (Melanotaenia
duboulayi) exposed to profenofos. Similar findings were re-
ported by Beauvais et al. (2000) in larval rainbow trout
(Oncorhynchus mykiss) exposed to diazinon and malathion.
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Rao et al. (2005) demonstrated that a period of 20 days of
exposure to sublethal concentrations of chlorpyrifos were caus-
ative of changes in the locomotor behaviour of Gambusia
affinis. The authors thus concluded that the triggering factor
for this behavioural change was the inhibition of acetylcholin-
esterase activity. These effects are not however restricted to
fish, and crustaceans also seem to be sensitive to these types
of anticholinesterasic pesticides, evidencing strong behavioural
alterations. Xuereb et al. (2007) exposed Gammarus fossarum
to chlorpyrifos and methomyl, and established a relationship
between the AChE activity and behaviour alterations, namely
feeding rate and locomotion impairment, parameters that were
directly correlated to levels of AChE inhibition for both pesti-
cides. Despite not being possible, solely based on our data, to
extrapolate to putative ecological consequences, it is important
to fully describe mechanisms of toxic action that may underlie
behavioural alterations. Based on our results, it is possible to
unequivocally assume that chlorpyrifos and copper may exert
adverse, inhibitory effects on cholinesterases of the tested spe-
cies. It is also possible to hypothesize that these effects, as
demonstrated by previous studies described in the literature,
are likely to end up in behavioural alterations. This type of
behavioural effects can translate into alterations in a variety
of other interactions, such as food seeking, predator avoidance,
migration and also reproduction. The impairment of such traits
may have important deleterious alterations in higher levels of
biological organization. So, we may assume that this is an
important parameter, with extreme relevance in ecological
terms, since individual alterations may translate into population
changes of unpredictable nature and consequences. The puta-
tive relationship among environmental pollutants, effects of
specific enzymatic forms, and adverse alterations in hydrolytic
activities is thus mandatory to predict the type and extent of the
most likely consequences if these chemicals indeed occur in the
wild. Our study established a potential mechanistic link be-
tween adverse effects of two widespread environmental pollut-
ants on the most significant forms of cholinesterases that occur
in two tissues of three marine fish species and potential behav-
ioural changes that these organisms may show.

Conclusions

The results from this study strongly suggest that the three
species under study have not the same type of ChE form.
The brain tissues of all the three species presented AChE as
the main ChE form, and these forms were highly sensitive to
eserine and BW284C51, and showed almost no inhibitory
effects when exposed to Iso-OMPA. For the muscle tissue,
the pattern is not so evident. Scomber scombrus, besides
showing high preference for PSCh has substrate, also showed
inhibitory profiles that suggest the existence of an atypical
form of ChE. Sardina pilchardus showed a consistent pattern
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for the muscle tissue, similarly to what was shown for the
brain tissue, since the results suggest that the main ChE form
of both tissues of S. pilchardus is AChE. The brain tissue of
C. lucerna has mainly an acetylcholinesterase as its predom-
inant form; on the contrary, data on the muscle tissue of this
species suggest otherwise, since the inhibitory profiles (partial
inhibition caused by BW284C51 and also by Iso-OMPA) are
not consistent with the predominance of AChE, being instead
somewhere between the classic acetylcholinesterase and pseu-
docholinesterase forms. The data concerning pesticides and
metals allows to conclude that the species may be suitable
for monitoring pesticides and metals contaminations and can
be used as test organisms in marine ecotoxicology, since the
in vitro ChE sensitivity towards metals and pesticides showed
inhibitory profiles. Although the different sensibilities of spe-
cies and also they different habitat has to be considered since
they can have different responses to que same contaminant.
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