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Acetylcholinesterase (AChE) is a key enzyme in the nervous system. It terminates nerve impulses by catalysing the hydrolysis of
neurotransmitter acetylcholine. As a specific molecular target of organophosphate and carbamate pesticides, acetylcholinesterase
activity and its inhibition has been early recognized to be a human biological marker of pesticide poisoning. Measurement of
AChE inhibition has been increasingly used in the last two decades as a biomarker of effect on nervous system following exposure to
organophosphate and carbamate pesticides in occupational and environmental medicine. The success of this biomarker arises from
the fact that it meets a number of characteristics necessary for the successful application of a biological response as biomarker in
human biomonitoring: the response is easy to measure, it shows a dose-dependent behavior to pollutant exposure, it is sensitive, and
it exhibits a link to health adverse effects. The aim of this work is to review and discuss the recent findings about acetylcholinesterase,
including its sensitivity to other pollutants and the expression of different splice variants. These insights open new perspective for

the future use of this biomarker in environmental and occupational human health monitoring.

1. Introduction

Biological markers (biomarkers) were early defined as “cellu-
lar, biochemical or molecular alterations that are measurable
in biological media such as human tissues, cells, or fluids” [1].
More recently, the definition includes biological characteris-
tics that can be objectively measured and evaluated as indica-
tor of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention [2].

Biomarkers are useful tools in a variety of fields, including
medicine, environmental health, toxicology, developmental
biology, and basic scientific research. In the last two decades
a growing interest towards biomarkers has been recorded in
occupational and environmental medicine, as observed in
Figure 1, where the trend of the number of papers published
in these fields in the last 20 years is reported. The interest
in biomarkers in occupational and environmental medicine
parallels the development of human biomonitoring which is
defined as the repeated, controlled measurement of chemical
or biomarkers in fluids, tissues, or other accessible samples

from subjects currently exposed or had been exposed in the
past or to be exposed to chemical, physical, or biological
risk factors in the workplace and/or the general environment
[3]. Human biomonitoring is a valuable tool in exposure
estimation of selected populations and currently used in
surveillance programs all over the world.

Biomarkers used in environmental and occupational
human health monitoring can be distinguished into three
classes: biomarker of exposure, effect, and susceptibility
[4]. Biomarkers of exposure involve measurement of parent
compound, metabolites and reflect the dose of exposure.
Biomarkers of effect are a measurable biochemical, physio-
logical, and behavioral alteration within an organism that can
be recognized as associated with an established or possible
health impairment or disease. Biomarkers of susceptibility
indicate an inherent or acquired ability of an organism to
respond to specific exposure [3].

In the last two decades a variety of biomarkers have
been used to study worker populations, and these studies
have contributed at different levels to the improvement
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FIGURE 1: Number of papers published in the last 20 years. The
research was carried out on Scopus by using two research queries,
respectively: (1) “biomarker™” and “occupational medicine,” (2)
“biomarker”” and “Environmental medicine” (Scopus, April 2013).

of occupational health. On the basis of this success there
is a continued need to develop and apply biomarkers as
useful tools for providing real-time detection of exposure to
hazardous substances in the workplace and in the general
environment [4].

One of the early biomarkers characterized in human
environmental exposure is represented by the inhibition of
the enzyme acetylcholinesterase (AChE) as biomarker of
effect on nervous system following complex exposure to
organophosphorus compounds.

The present work aims to review and discuss the recent
findings on this biomarker in relation to the current and
future use in environmental and occupational human health
monitoring.

2. AChE: General Features

AChE belongs to the family of cholinesterases (ChEs),
which are specialized carboxylic ester hydrolases that break
down esters of choline. Cholinesterase class includes AChE
which hydrolyzes the neurotransmitter acetylcholine and
pseudocholinesterase or butyrylcholinesterase (BChE) which
utilizes butyrylcholine as substrate. AChE is mainly found
at neuromuscular junctions and cholinergic synapses in the
central nervous system. Here, AChE hydrolyzes acetylcholine
into choline and acetate after activation of acetylcholine
receptors at the postsynaptic membrane. AChE activity serves
to terminate synaptic transmission, preventing continuous
nerve firings at nerve endings. Therefore, it is essential for
the normal functioning of the central and peripheral nervous
system. AChE is also found on the red blood cell membranes,
where it constitutes the Yt blood group antigen [5] also known
as Cartwright. It helps to determine a person’s blood type,
but the physiological function on erythrocyte membrane
is to date unknown [5]. BChE is found in plasma and its
physiological function in blood remains still unknown [6].
The AChE molecule is composed of two different protein
domains: a large catalytic domain of about 500 residues
and a small C-terminal peptide of less than 50 residues.
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AChE is a product of a single gene [7] which is expressed
in different tissues in different splicing forms. Alternative
splicing in the 3’ terminus of AChE pre-mRNA produces
three variants: the primary, “synaptic AChE-S (otherwise
known as “tailed,” AChE-T) [8], the stress-induced, soluble
(readthrough) AChE-R variant, and the erythrocytic AChE-
E [9]. These isoforms share a similar catalytic domain
but differ in their C-terminal domain, which influences
their molecular form and localization and confers specific
features [10]. “Synaptic” AChE-S constitutes the principal
multimeric enzyme in brain and muscle. It is typically
tetrameric and membrane bound in the synapse. The sol-
uble, monomeric “readthrough” AChE-R is induced under
chemical and physical stress; the erythrocytic AChE-E is a
glycophosphatidylinositol- (GPI-) linked dimer targeted to
the plasma membrane of erythrocyte and lymphocytes [11].
AChE-S and AChE-R have been described also in peripheral
blood cells [12].

The active site of AChE includes two subsites: the anionic
site and the esteratic subsite. The anionic subsite is the
binding site for the positive quaternary amine of acetyl-
choline. The esteratic subsite is the site where acetylcholine
is hydrolyzed to acetate and choline. The hydrolysis of the
carboxyl ester leads to the formation of an acyl-enzyme and
free choline. Then, the acyl-enzyme undergoes nucleophilic
attack by a water molecule, liberating acetic acid and regen-
erating the free enzyme [13].

3. Organophosphorus and Carbamate
Compounds as Specific Inhibitors of AChE

Organophosphorus and carbamate pesticides are known to
be specific inhibitors of aceylcholinesterase catalytic activity
[14]. They have become the most widely used pesticides
today since the removal of organochlorine pesticides from
use. Organophosphorus and carbamate compounds bind
with variable affinity to the esteratic site by phosphory-
lation or decarbamylation, respectively, and inactivate the
enzyme. Organophosphorus compounds are considered to
be functionally irreversible inhibitors of AChE, since the
time necessary to liberate the enzyme from inhibition may
be in excess of the time required for synthesis of new
AChE. Carbamates, on the other hand, have a fairly rapid
decarbamylation step so that substantial recovery of the
enzyme can occur in a finite period of time. The hydroly-
sis rate of the intermediate phosphorylated or carbamated
enzyme is not the only factor contributing to the toxicity
of these pesticides. The affinity of the serine-hydroxyl group
in the active site (esteratic site) for the inhibitor is another
important aspect to be considered. Some compounds have a
direct effect on the enzyme, while others such as parathion
or chlorpyrifos, that have little capacity to directly inhibit
AChE, are metabolically activated by cytochromes P450 to
form potent AChE inhibitors referred to as “oxygen analogs”
or “oxons” While it has been known that these oxons inhibit
AChE through phosphorylation of Ser-203, the details of the
interactions between these oxons and the enzyme are unclear.
Recent results [15]suggest that the interactions of chlorpyrifos
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oxon with AChE are complex and may involve the binding of
this oxon to a secondary site on the enzyme.

Organophosphate and carbamate pesticides are widely
used for pest control on crops in agriculture and on livestock
and for residential uses, including insect control in domestic
and garden uses. Organophosphorus pesticide residues have
been detected at permissible (and sometimes impermissible)
levels in many agricultural products; therefore low-level
dietary exposures to organophosphorus pesticides are likely.
Occupational exposure occurs at all stages of pesticide for-
mulation, manufacture, and production and implies exposure
to complex mixtures of different types of these compounds.
In general, occupational exposures to organophosphorus
pesticides dwarf environmental exposures [16]; however, spe-
cial populations, such as farm-worker children, may receive
higher exposures. Large amounts of these compounds are
released into the environment and many of them exert their
effect also on nontarget organisms [17-20], being a potential
hazard for human health and the environment. The residues
of organophosphate and carbamate from agricultural prac-
tices are able to infiltrate through the soil into surface water
because of their water solubility [21]. As a consequence of
their wide diffusion there, residues have been detected in
food [22], ground and drinking water [23], natural surface
waters [24], and marine organisms [25]. Therefore, all people
are inevitably exposed to these compounds and/or their
degradation products through environmental contamination
or occupational use in air, water, and food. These pollutants
cannot be easily detected by chemical analysis because of
their relative short life in the environment; on the other hand
their products of environmental degradation can be very
harmful, retaining anticholinesterase activity [26].

As recently outlined by Black and Read [27] the AChE
inhibition by organophosphorus compounds arouses a cer-
tain interest also in relationship to the problem of exposure
to chemical warfare agents, such as organophosphorus nerve
agents [28]. These are the most toxic chemical warfare agents
that are known to have been produced, stockpiled, and
weaponized. Their development, production, stockpiling,
and use are prohibited under the terms of the Chemical
Weapons Convention, and, together with their precursors,
are subject to strict controls and verification procedures [27].
The first confirmed use of organophosphorus nerve agents in
warfare was by Iraq in the conflict with Iran (United Nations,
1984) and by Iraq against Kurdish population. More recently
there has been a perceived increased risk of some terrorist
groups using nerve agents [27].

4. AChE Inhibition as a Biomarker of Effect in
Occupational and Environmental Medicine

As a molecular target of organophosphorus and carbamate
compounds, AChE measurement in the blood was early
recognized to be a human biological marker of effect for these
molecules and emerged as a diagnostic tool in the biomedical
area. As observed in Figure2 in the last two decades a
growing interest in AChE as a biomarker in occupational and
environmental medicine has been observed, as indicated by
the growing number of papers in these fields.
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FIGURE 2: Number of papers published in the last 20 years. The
research was carried out on Scopus by using two research queries,
respectively: (1) “AChE” and “occupational medicine,” (2) “AChE”
and “Environmental medicine” (Scopus, April 2013).

Today measurement of ChE levels in blood is the conven-
tional method of assessing the degree of occupational expo-
sure to organophosphate pesticides in exposed environments
(e.g., environments concerned with pesticide production and
use) during the periodic statutory medical surveillance in
several countries [29]. Intervention levels have been estab-
lished, for example, in Sweden: if AChE inhibition (calculated
with respect to the individual preexposure level-baseline)
is 25%, a second measurement has to be carried out. If the
decrease in ACHE activity is confirmed, exposure has to be
avoided for 14 days [4].

Blood cholinesterase measurement is also useful as a pri-
mary biomarker in emergency medicine in cases of poisoning
and accidental organophosphate or carbamate exposure [29-
33].In occupational and environmental medicine erythrocyte
AChE and plasma or serum BChE are the two principal types
of ChE measured in blood. Potential inhibition of AChE and
BChE varies widely among the different organophosphorus
compounds. Some organophosphate pesticides inhibit BChE
more strongly than AChE. The inhibition of BChE is highly
correlated with intensity and duration of higher exposure to
a large group of organophosphate and carbamate pesticides
[34]. However, BChE inhibition does not reflect the biological
effects of organophosphate in the nervous system [35]. On
the other hand AChE inhibition is more sensitive than BChE
in the case of chronic exposure to organophosphate. In fact,
ACHhE inhibition by organophosphate shows a lower recov-
ery rate compared to BChE and this produces cumulative
inhibitory effect on the AChE activity [36]. Unlike BChE,
erythrocyte AChE inhibition mirrors the biological effects of
organophosphate in the nervous system. Therefore, red blood
cell measures of AChE are generally preferred over plasma
measures of ChE activity because data on red blood cells may
provide a better representation of the inhibition of the neural
AChE.

The success of the use of AChE inhibition as a biomarker
of effect to organophosphate exposure arises from the fact
that it meets a number of characteristics necessary for the
successful application of a biological response as a biomarker
in biomonitoring: the response is easy to measure, shows
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FIGURE 3: Relationship between AChE inhibition and health nega-
tive effects. Drawn on the basis of Maroni et al. [49] findings.

a dose-dependent behavior to pollutant exposure, is sensitive,
and exhibits a link to health adverse effects.

The most widely used method for AChE activity mea-
surement in blood is the Ellman method [37] based on
the photometric determination of the chromogenic product
coming from the reaction between acetylthiocholine (the
substrate of the enzyme) and 5, 5-dithiobis-2-nitrobenzoic
acid (DTNB, Ellman’s reagent). This method is easy to use,
employs relatively inexpensive equipment and the results
are accurate and quantitative. Recently, the measurement of
AChE inhibition in human saliva as a biomarker of effect
for organophosphorus pesticide has been explored [37, 38].
In the last years the use of saliva as a diagnostic fluid for
biomarker development has rapidly grown. The use of saliva
for biomarker detection offers many advantages: saliva col-
lection is noninvasive compared with phlebotomy, it is more
acceptable to patients, and it does not carry the risk of needle-
stick injuries [39]. These characteristics make the use of saliva
suitable for medical surveillance and biological monitoring.
AChE in human saliva is derived from salivary glandular
cells, while BChE may be derived from microorganisms in
the oral cavity [40]. Sayer et al. [41] demonstrated that AChE
catalytic activity in saliva is stable at room temperature for
up to 6h. In a group of exposed pesticide factory workers,
cholinesterase activity in saliva was found to be lower than
the activity in healthy controls [42]. Henn et al. [43] suggested
that saliva may be a useful indicator of potential neurotoxic
effects from exposure to organophosphorus and carbamate
pesticides but pointed out the need to further explore the
factors affecting the high variability in the measures com-
pared to blood AChE measurement. A study of Ng et al.
[44] questioned the use of AChE in saliva as a biomarker
for organophosphate compounds because of the low levels
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of AChE in saliva relative to erythrocytes and the weak
correlation between the two measurements. Therefore, the
use of AChE measurement as a biomarker of effect instead
of blood measurement remains still debated.

The use of a biomarker in biomonitoring requires the
knowledge of the relationships between chemical exposure,
biomarker responses and adverse effects. These aspects
have been well established in the case of AChE. Several
studies reported significant relationship between exposure
to organophosphorus compounds and AChE inhibition in
exposed worker populations [30, 45-48]. As regards the
relationship between AChE inhibition and health negative
effects, it is known that an inhibition of AChE between 50%
and 60% elicits a dose-response pattern of relatively mild
symptoms such as weakness, headache, dizziness, nausea, and
salivation with a convalescence of 1-3 days (Figure 3). An
inhibition of AChE between 60 and 90% produces moderate
symptoms such as sweating, vomiting, diarrhoea, tremors,
disturbed gait, pain in chest, and cyanosis of the mucous
membranes which reverse within few weeks. At 90-100%
inhibition, death from respiratory or cardiac failure occurs
[49].

5. Sensitivity of AChE to Other Pollutants

In the last years, the inhibition of AChE from several
chemical species other than organophosphate and carbamate
pesticides including heavy metals, other pesticides, polycyclic
aromatic hydrocarbons, detergents, and components of com-
plex mixtures of contaminants has been increasingly reported
in humans and other animals [50-54].

The potential of some metallic ions, such as Hg2+, Ccd*,
Cu®*, and Pb*", to depress the activity of AChE in vitro
and/or in vivo conditions has been demonstrated in several
studies on humans and animals [55-57]. Ademuyiwa et al.
[57] studied the potential effect of lead on erythrocyte AChE
activity during occupational exposure to this metal and
suggested that erythrocyte AChE activity could be used as
a biomarker of lead-induced neurotoxicity in occupational
exposed subjects.

AChE activity may also be affected by other pesticides
from different chemical families, such as pyrethroids [58],
triazines [59], and Paraquat [60]. Hernandez et al. [6]]
suggested the usefulness of AChE as a biomarker of exposure
in the surveillance of workers long-term exposed to pesticides
other than organophosphate and carbamate.

Several findings also indicate the anticholinesterase effect
of polycyclic aromatic hydrocarbons which are common
environmental contaminants in surface waters, sediments,
soils, and urban air. These compounds are formed dur-
ing the incomplete combustion of fossil fuels, wood, and
municipal waste incineration, from internal combustion
engines. Kang and Fang [62] demonstrated that several
polycyclic aromatic hydrocarbons inhibit AChE directly in
vitro. The magnitude of the inhibition differs among the
compounds tested and may be related to the number of
aromatic rings in the molecule [63]. Interestingly, polycyclic
aromatic hydrocarbons are able to inhibit AChE activity in
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an additive manner together with organophosphate, being
noncompetitive inhibitors of AChE [63].

Recently, due to the growing interest in nanomaterials in
various applications (e.g., electronics, biomedicine, catalysis,
and material science) [64, 65], Wang et al. [66] explored
the potential effects of nanoparticles on AChE activity in
vitro. Different classes of nanoparticles, including metals,
oxides, and carbon nanotubes (SiO,, TiO,, Al,O;, Al, Cu,
carbon-coated copper, multiwalled carbon nanotubes, and
single-walled carbon nanotubes), showed high affinity for
AChE. Cu, Cu-C, multiwalled carbon nanotubes, and single-
walled carbon nanotubes MWCNT, SWCNT showed a dose-
response inhibition of AChE activity with IC50 values of 4, 17,
156, and 96 mgL ™', respectively. The inhibition by nanopar-
ticles was primarily caused by adsorption or interaction with
the enzyme [66].

All these findings about the the sensitivity of AChE to
several classes of contaminants other than organophosphate
and carbamate compounds need to be taken into account for
the proper application of this biomarker in environmental
and occupational medicine. In fact, in most cases mixed
exposures are observed. It is worth noting that not only
different compounds may reach levels of significance in terms
of anticholinesterase effect, but, moreover, combinations of
different chemical classes can exert additive or synergistic
inhibitory effect on AChE activity. This suggests the need to
reconsider the applicability of AChE in biomonitoring and
risk assessment in areas contaminated by several classes of
pollutants. In these cases the usefulness of this biomarker
could be that of providing an integrative measurement of
the overall neurotoxic risk posed by the whole burden of
bioavailable contaminants present in the environment.

6. Noncatalytic Functions of ACHE and
Organophosphate Sensitivity

Research in the last twenty years indicates additional func-
tions of AChE besides its catalytic activity and its role
in terminating neurotransmission at cholinergic synapses.
Different isoforms of AChE have been shown to affect
cell proliferation, differentiation, and responses to various
stresses. AChE appears to play an important role in axonal
outgrowth [67], synaptogenesis [68], cell adhesion [69],
neuronal migration [70], hemopoietic stress responses [71],
and apoptosis [72]. These functions are largely independent
of the enzymatic ability to hydrolyze acetylcholine [9]. The
mechanisms underlying these important noncatalytic func-
tions are to be explored; however, they seem to involve
alternatively spliced AChE variants in several tissues.

It is known that multiple stress stimuli involve increased
ratio between AChE-R and AChE-S in brain and blood cells
[9, 71].

In brain AChE-S is the main isoform in physiologic
conditions, but the normally rare AChE-R variant can occur
after exposure to physical stress or anticholinesterase drugs
[73]. In general, under normal conditions, the splicing factors
SC35 and ASF/SF2 balance each other and regulate the
splicing of AChE, raising the level of the AChE-S form and

lowering the level of the AChE-R form [9]. During stress,
the upregulated SC35 induces an imbalancing of the dynamic
ratio of AChE-S/R variants by shifting the splicing of AChE-S
form to the AChE-R form through interacting with a specific
exonic splicing enhancer [74].

The two AChE splice variants, R and S, share distinct
functions in development and repair in the brain: the
AChE-R isoform, preferentially induced by injury, appears
to promote repair and protect against neurodegeneration,
while overexpression of the more abundant synaptic isoform,
AChE-S, enhances susceptibility to neurotoxicity.

Recently Jameson et al. [75] suggested that the nonen-
zymatic functions of AChE splice variants are a target
for the developmental neurotoxicity of organophosphates.
As demonstrated in animal models organophosphate com-
pounds are able to induce developmental neurotoxicity at
doses that do not elicit any signs of systemic intoxication
and even at exposures below the threshold for inhibition of
AChE [76-78]. In humans links between organophosphate
exposure during pregnancy and deficits in fetal growth
and neurocognitive development in children were observed
[79]. These findings have led to the restriction of the
household use of some organophosphate insecticides in
some countries. However, the mechanisms and consequences
of organophosphate-induced developmental neurotoxicity
remain a major environmental concern.

Organophosphates are known to increase the overall
expression of AChE and to alter the relative expression of
AChE-R and AChE-S in mammal adult brain [80, 81]. On
the other hand during the developmental period, exposures
to organophosphate elicit an AChE pattern associated with
progressive neurotoxicity characterized by coinduction of
both AChE-R and AChE-S at concentrations of exposure
below the threshold for inhibition of AChE catalytic activity
[75]. As pointed out by Jameson et al. [75], AChE variants may
participate in and be predictive of the relative developmental
neurotoxicity of organophosphates, including long-term cog-
nitive impairment [82].

Recently, organophosphate exposure was found to be
associated with an increased risk of Alzheimer’s disease in
workers exposed to these compounds [83] and, in addition,
with an increased risk of Alzheimer’s disease in children [84].
On the basis of the study of Darreh-Shori et al. [85] who have
explored the roles of the two AChE variants in the Alzheimer
disease, it is possible to hypothesize the involvement of the
AChE different spicing isoforms in the organophosphate
association with Alzheimer’s disease in exposed individuals.

Interestingly, all these results point out the need of
analysing AChE gene splice variants that may be important
in the mechanisms or outcomes of organophosphate-induced
developmental neurotoxicity and not just the total activity of
the protein product. Moreover, they open new perspectives
for the potential use of AChE gene expression in biomonitor-
ing and risk assessment. In perspective, the study of AChE
gene splice variants, of their functions, and of the pollutants-
induced alterations in their expression pattern could con-
tribute (1) to detect exposure to pollutant concentrations that
do not elicit any signs of systemic intoxication and AChE
inhibition in adults but that are able to induce long-term



effects on developmental stages; (2) to define new threshold
exposure levels that protect the organism against adverse
effects at all life stages; (3) to characterize new biomarkers of
susceptibility.

7. Conclusions

AChE represents one of the first validated biomarkers in
environmental and occupational medicine and its use is
increased in the last two decades. However, recent findings
indicate new potentialities of AChE in human biomonitoring.
The sensitivity of AChE activity to other classes of chemi-
cals, including emerging pollutants such as nanomaterials,
suggests the usefulness of this biomarker for providing an
integrative measurement of the overall neurotoxic risk arising
from the whole burden of bioavailable contaminants in areas
contaminated by several classes of pollutants. Moreover, the
study of the expression of AChE splice variants, their role
in the neurotoxicity of organophosphate, contributes to the
development of AChE gene expression as a new biomarker of
susceptibility to improve the understanding of environmental
and occupational health.

References

[1] B. S. Hulka, “Overview of biological markers,” in Biological
Markers in Epidemiology, B. S. Hulka, J. D. Griffith, and T. C.
Wilcosky, Eds., pp. 3-15, Oxford University Press, New York,
NY, USA, 1990.

[2] S. Naylor, “Biomarkers: current perspectives and future
prospects,” Expert Review of Molecular Diagnostics, vol. 3, no.
5, pp. 525-529, 2003.

[3] M. Manno, C. Viau, J. Cocker et al., “Biomonitoring for occu-

pational health risk assessment (BOHRA),” Toxicology Letters,

vol. 192, no. 1, pp. 3-16, 2010.

L. E. Knudsen and A. M. Hansen, “Biomarkers of intermediate

endpoints in environmental and occupational health,” Interna-

tional Journal of Hygiene and Environmental Health, vol. 210, no.

3-4, pp. 461-470, 2007,

G. Daniels, “Functions of red cell surface proteins,” Vox Sangui-

nis, vol. 93, no. 4, pp. 331-340, 2007.

L.G. Costa, T. B. Cole, A. Vitalone, and C. E. Furlong, “Measure-

ment of paraoxonase (PONI1) status as a potential biomarker

of susceptibility to organophosphate toxicity,” Clinica Chimica

Acta, vol. 352, no. 1-2, pp. 37-47, 2005.

D. K. Getman, J. H. Eubanks, S. Camp, G. A. Evans, and

P. Taylor, “The human gene encoding acetylcholinesterase is

located on the long arm of chromosome 7, American Journal

of Human Genetics, vol. 51, no. 1, pp. 170-177, 1992.

[8] J. Massoulié¢, “The origin of the molecular diversity and func-
tional anchoring of cholinesterases,” NeuroSignals, vol. 11, no. 3,
pp. 130-143, 2002.

[9] E. Meshorer and H. Soreq, “Virtues and woes of AChE alter-
native splicing in stress-related neuropathologies,” Trends in
Neurosciences, vol. 29, no. 4, pp. 216-224, 2006.

[10] S.E.Park, N. D. Kim, and Y. H. Yoo, “Acetylcholinesterase plays

a pivotal role in apoptosome formation,” Cancer Research, vol.
64, n0. 24, pp. 2652-2655, 2004.

[11] D. Grisaru, M. Sternfeld, A. Eldor, D. Glick, and H. Soreq,

“Structural roles of acetylcholinesterase variants in biology and

(4]

[12

(18

[20

[21

22

(23

]

]

]

]

]

]

BioMed Research International

pathology;” European Journal of Biochemistry, vol. 264, no. 3, pp.
672-686, 1999.

M. Pick, C. Flores-Flores, D. Grisaru, S. Shochat, V. Deutsch,
and H. Soreq, “Blood-cell-specific acetylcholinesterase splice
variations under changing stimuli,” International Journal of
Developmental Neuroscience, vol. 22, no. 7, pp. 523-531, 2004.

P. Taylor and Z. Radi¢, “The cholinesterases: from genes to
proteins,” Annual Review of Pharmacology and Toxicology, vol.
34, pp. 281-320, 1994.

E. Hobbiger, “The inhibition of acetylcholinesterase by organ-
ophosphorus compounds and its reversal,” Proceedings of the
Royal Society of Medicine, vol. 54, pp. 403-405, 1961.

L. G. Sultatos and R. Kaushik, “Interactions of chlorpyrifos oxon
and acetylcholinesterase,” FASEB Journal, vol. 21, pp. 883-892,
2007.

D. B. Barr, R. Allen, A. O. Olsson et al., “Concentrations of
selective metabolites of organophosphorus pesticides in the
United States population,” Environmental Research, vol. 99, no.
3, pp. 314-326, 2005.

M. G. Lionetto, R. Caricato, M. E. Giordano, M. E Pascariello,
L. Marinosci, and T. Schettino, “Integrated use of biomarkers
(acetylcholinesterase and antioxidant enzymes activities) in
Mpytilus galloprovincialis and Mullus barbatus in an Italian
coastal marine area,” Marine Pollution Bulletin, vol. 46, no. 3,
pp. 324-330, 2003.

M. G. Lionetto, R. Caricato, M. E. Giordano, and T. Schettino,
“Biomarker application for the study of chemical contamination
risk on marine organisms in the Taranto marine coastal area,”
Chemistry and Ecology, vol. 20, no. 1, pp. $333-S343, 2004.

A. Calisi, M. G. Lionetto, and T. Schettino, “Pollutant-induced
alterations of granulocyte morphology in the earthworm Eise-
nia foetida,” Ecotoxicology and Environmental Safety, vol. 72, no.
5, pp. 13691377, 2009.

A. Calisi, M. G. Lionetto, and T. Schettino, “Biomarker response
in the earthworm Lumbricus terrestris exposed to chemical
pollutants,” Science of the Total Environment, vol. 409, no. 20,
pp. 4456-4464, 2011.

L. P. Zhang, H. S. Hong, Z. T. Chen, W. Q. Chen, and D.
Calamari, “An initial environmental risk assessment of pesticide
application in Xiamen seas,” Jiournal of Xiamen University, vol.
38, pp. 96-102, 1999.

S. M. Dogheim, E. L.-Z. Mohamed, S. A. Gad Alla et al.,
“Monitoring of pesticide residues in human milk, soil, water,
and food samples collected from Kafr El-Zayat governorate,”
Journal of AOAC International, vol. 79, no. 1, pp. 111-116, 1996.

T. Garrido, J. Fraile, J. M. Ninerola, M. Figueras, A. Ginebreda,
and L. Olivella, “Survey of ground water pesticide pollution
in rural areas of Catalonia (Spain),” International Journal of
Environmental Analytical Chemistry, vol. 78, no. 1, pp. 51-65,
2000.

FE Hernandez, R. Serrano, M. C. Miralles, and N. Font,
“Gas and liquid chromatography and enzyme linked immuno
sorbent assay in pesticide monitoring of surface water from
the western mediterranean (Comunidad Valenciana, Spain),”
Chromatographia, vol. 42, no. 3-4, pp. 151-158, 1996.

D. Barcel6, C. Porte, and J. Cid, “Determination of organopho-
phorus compounds in Mediterranean coastal waters and biota
samples using gas-chromatography with nitrogen-phosphorus
and chemical ionization mass spectrometric detection,” Inter-
national Journal of Environmental Anaytical Chemistry, vol. 38,
pp. 199-209, 1990.



BioMed Research International

[26] S.O.Pehkonen and Q. Zhang, “The degradation of organophos-
phorus pesticides in natural waters: a critical review;” Critical
Reviews in Environmental Science and Technology, vol. 32, no. 1,
pp- 17-72, 2002.

[27] R. M. Black and R. W. Read, “Biological markers of exposure to
organophosphorus nerve agent,” Archives of Toxicology, vol. 87,
pp. 421-437, 2013.

[28] R. M. Black, “An overview of biological markers of exposure to
chemical warfare agents,” Journal of Analytical Toxicology, vol.
32, no. 1, pp. 1-8, 2008.

[29] V. Ng, D. Koh, A. Wee, and S.-E. Chia, “Salivary acetyl-
cholinesterase as a biomarker for organophosphate exposure,”
Occupational Medicine, vol. 59, no. 2, pp. 120-122, 2009.

[30] A. E Hernandez, O. Lépez, L. Rodrigo et al,, “Changes in
erythrocyte enzymes in humans long-term exposed to pesti-
cides: influence of several markers of individual susceptibility,”
Toxicology Letters, vol. 159, no. 1, pp. 13-21, 2005.

[31] M. S. Souza, G. G. Magnarelli, M. G. Rovedatti, S. Santa Cruz,
and A. M. P. De D’Angelo, “Prenatal exposure to pesticides:
analysis of human placental acetylcholinesterase, glutathione S-
transferase and catalase as biomarkers of effect,” Biomarkers,
vol. 10, no. 5, pp. 376-389, 2005.

[32] J. M. Safi, T. A. Abu Mourad, and M. M. Yassin, “Hematological
biomarkers in farm workers exposed to organophosphorus
pesticides in the Gaza Strip,” Archives of Environmental and
Occupational Health, vol. 60, no. 5, pp. 235-241, 2005.

[33] M. E Simoniello, E. C. Kleinsorge, J. A. Scagnetti et al.,
“Biomarkers of cellular reaction to pesticide exposure in a rural
population,” Biomarkers, vol. 15, no. 1, pp. 52-60, 2010.

[34] M. Araoud, E Neffeti, W. Douki et al., “Factors influencing
plasma butyrylcholinesterase activity in agricultural workers,”
Annales de Biologie Clinique, vol. 69, no. 2, pp. 159-166, 2011.

[35] E He, “Biological monitoring of exposure to pesticides: current
issues,” Toxicology Letters, vol. 108, no. 2-3, pp. 277-283, 1999.

[36] F. Kamel and J. A. Hoppin, “Association of pesticide expo-
sure with neurologic dysfunction and disease,” Environmental
Health Perspectives, vol. 112, no. 9, pp. 950-958, 2004.

[37] G. L. Ellman, K. D. Courtney, V. Andres Jr, and R. M.
Featherstone, “A new and rapid colorimetric determination of
acetylcholinesterase activity, Biochemical Pharmacology, vol. 7,
no. 2, pp. 88-95, 1961.

[38] B. C. Henn, S. McMaster, and S. Padilla, “Measuring cholin-
esterase activity in human saliva,” Journal of Toxicology and
Environmental Health A, vol. 69, no. 19, pp. 1805-1818, 2006.

[39] D.S.-Q.Koh and G. C.-H. Koh, “The use of salivary biomarkers
in occupational and environmental medicine,” Occupational
and Environmental Medicine, vol. 64, no. 3, pp. 202-210, 2007.

[40] K. Ueda and K. Yamaguchi, “Cholinesterase activity of human

saliva and types of the enzymes. Comparison of whole saliva

with parotid saliva,” The Bulletin of Tokyo Dental College, vol. 17,

no. 4, pp. 231-241, 1976.

R. Sayer, E. Law, P. J. Connelly, and K. C. Breen, “Association

of a salivary acetylcholinesterase with Alzheimer’s disease and

response to cholinesterase inhibitors,” Clinical Biochemistry,

vol. 37, no. 2, pp. 98-104, 2004.

[42] M. Abdollahi, M. Balali-Mood, M. Akhgari, B. Jannat, A. Kebri-
aeezadeh, and S. Nikfar, “A survey of cholinesterase activity
in healthy and organophosphate exposed populations,” Iranian
Journal of Medical Sciences, vol. 21, p. 68,1996.

[43] B. C. Henn, S. McMaster, and S. Padilla, “Measuring cholin-
esterase activity in human saliva,” Journal of Toxicology and
Environmental Health A, vol. 69, no. 19, pp. 1805-1818, 2006.

[41

[44] V. Ng, D. Koh, A. Wee, and S.-E. Chia, “Salivary acetylcho-
linesterase as a biomarker for organophosphate exposure,
Occupational Medicine, vol. 59, no. 2, pp. 120-122, 2009.

[45] H. N. Nigg and J. B. Knaak, “Blood cholinesterases as human
biomarkers of organophosphorus pesticide exposure,” Reviews
of Environmental Contamination and Toxicology, vol. 163, pp.
29-111, 2000.

[46] A.F Hernandez, M. A. Gémez, G. Pena et al,, “Effect of long-
term exposure to pesticides on plasma esterases from plastic
greenhouse workers,” Journal of Toxicology and Environmental
Health A, vol. 67, no. 14, pp. 1095-1108, 2004.

[47] A. P. Remor, C. C. Totti, D. A. Moreira, G. P. Dutra, V. D.
Heuser, and J. M. Boeira, “Occupational exposure of farm
workers to pesticides: biochemical parameters and evaluation
of genotoxicity, Environment International, vol. 35, no. 2, pp.
273-278, 20009.

[48] T. A. Mourad, “Adverse impact of insecticides on the health
of Palestinian farm workers in the Gaza Strip: a hematologic
biomarker study;,’ International Journal of Occupational and
Environmental Health, vol. 11, no. 2, pp. 144-149, 2005.

[49] M. Maroni, C. Colosio, A. Ferioli, and A. Fait, “Biological
Monitoring of Pesticide Exposure: a review. Introduction,”
Toxicology, vol. 143, no. 1, pp. 5-118, 2000.

[50] J. P. Bressler and G. W. Goldstein, “Mechanisms of lead neuro-
toxicity,” Biochemical Pharmacology, vol. 41, no. 4, pp. 479-484,
1991.

[51] G. W. Goldstein, “Neurologic concepts of lead poisoning in
children,” Pediatric Annals, vol. 21, no. 6, pp. 384-388, 1992.

[52] M. G. Lionetto, R. Caricato, M. E. Giordano, and T. Schettino,
“Biomarker application for the study of chemical contamination
risk on marine organisms in the Taranto marine coastal area,”
Chemistry and Ecology, vol. 20, no. 1, pp. $333-S343, 2004.

[53] J. Jebali, M. Banni, H. Guerbej, E. A. Almeida, A. Bannaoui,
and H. Boussetta, “Effects of malathion and cadmium on
acetylcholinesterase activity and metallothionein levels in the
fish Seriola dumerilli) Fish Physiology and Biochemistry, vol. 32,
no. 1, pp. 93-98, 2006.

[54] A. Vioque-Fernandez, E. A. de Almeida, ]. Ballesteros,
T. Garcia-Barrera, J.-L. Gémez-Ariza, and J. Lopez-Barea,
“Donana National Park survey using crayfish (Procambarus
clarkii) as bioindicator: esterase inhibition and pollutant levels,”
Toxicology Letters, vol. 168, no. 3, pp. 260-268, 2007.

[55] L. G. Costa, “Effects of neurotoxicants on brain neurochem-
istry;” in Neurotoxicology, H. Tilson and Mitchell, Eds., pp. 101-
124, Raven Press, New York, NY, USA, 1992.

[56] M. F. Frasco, D. Fournier, F. Carvalho, and L. Guilhermino, “Do
metals inhibit acetylcholinesterase (AchE)? Implementation of
assay conditions for the use of AchE activity as a biomarker of
metal toxicity,” Biomarkers, vol. 10, no. 5, pp. 360-375, 2005.

[57] O. Ademuyiwa, R. N. Ugbaja, S. O. Rotimi et al., “Erythro-
cyte acetylcholinesterase activity as a surrogate indicator of
lead-induced neurotoxicity in occupational lead exposure in
Abeokuta, Nigeria,” Environmental Toxicology and Pharmacol-
0gy, vol. 24, no. 2, pp. 183-188, 2007.

[58] P. M. Reddy and G. H. Philip, “In vivo inhibition of AChE
and ATPase activities in the tissues of freshwater fish, Cyprinus
carpio exposed to technical grade cypermethrin,” Bulletin of
Environmental Contamination and Toxicology, vol. 52, no. 4, pp.
619-626, 1994.

[59] P. E. Davies and L. S. J. Cook, “Catastrophic macroinvertebrate
drift and sublethal effects on brown trout, Salmo trutta, caused



by cypermethrin spraying on a Tasmanian stream,” Aquatic
Toxicology, vol. 27, no. 3-4, pp. 201-224, 1993.

A. Szabo, J. Nemcsok, B. Asztalos, Z. Rakonczay, P. Kasa,
and L. H. H. Le Huu Hieu, “The effect of pesticides on carp
(Cyprinus carpio L). Acetylcholinesterase and its biochemical
characterization,” Ecotoxicology and Environmental Safety, vol.
23, no. 1, pp. 39-45, 1992.

A. F. Hernédndez, O. Lopez, L. Rodrigo et al., “Changes in
erythrocyte enzymes in humans long-term exposed to pesti-
cides: influence of several markers of individual susceptibility,”
Toxicology Letters, vol. 159, no. 1, pp. 13-21, 2005.

J.-J. Kang and H.-W. Fang, “Polycyclic aromatic hydrocarbons
inhibit the activity of acetylcholinesterase purified from electric
eel,” Biochemical and Biophysical Research Communications, vol.
238, no. 2, pp. 367-369, 1997,

D. A. Jett, R. V. Navoa, and M. A. Lyons Jr., “Additive inhibitory
action of chlorpyrifos and polycyclic aromatic hydrocarbons
on acetylcholinesterase activity in vitro,” Toxicology Letters, vol.
105, no. 3, pp. 223-229, 1999.

C. Buzea, I. Pacheco, and K. Robbie, “Nanomaterials and nano-
particles: sources and toxicity;” Biointerphases, vol. 2, no. 2, pp.
MRI17-MR?71, 2007.

L. Indennidate, D. Cannoletta, F. Lionetto, A. Greco, and A.
Maffezzoli, “Nanofilled polyols for viscoelastic polyurethane
foams,” Polymer International, vol. 59, no. 4, pp. 486-491, 2010.

Z. Wang, J. Zhao, F. Li, D. Gao, and B. Xing, “Adsorption and
inhibition of acetylcholinesterase by different nanoparticles,”
Chemosphere, vol. 77, no. 1, pp. 67-73, 2009.

J. W. Bigbee, K. V. Sharma, E. L.-P. Chan, and O. Bogler,
“Evidence for the direct role of acetylcholinesterase in neurite
outgrowth in primary dorsal root ganglion neurons,” Brain
Research, vol. 861, no. 2, pp. 354-362, 2000.

M. Sternfeld, G.-L. Ming, H.-J. Song et al., “Acetylcholinesterase
enhances neurite growth and synapse development through
alternative contributions of its hydrolytic capacity, core protein,
and variable C termini,” Journal of Neuroscience, vol. 18, no. 4,
pp. 1240-1249, 1998.

J. W. Bigbee and K. V. Sharma, “The adhesive role of acetyl-
cholinesterase (AChE): detection of AChE binding proteins in
developing rat spinal cord,” Neurochemical Research, vol. 29, no.
11, pp. 2043-2050, 2004.

D. M. Byers, L. N. Irwin, D. E. Moss, I. C. Sumaya, and C.
E Hohmann, “Prenatal exposure to the acetylcholinesterase
inhibitor methanesulfonyl fluoride alters forebrain morphology
and gene expression,” Developmental Brain Research, vol. 158,
no. 1-2, pp. 13-22, 2005.

D. Grisaru, M. Pick, C. Perry et al., “Hydrolytic and nonenzy-
matic functions of acetylcholinesterase comodulate hemopoi-
etic stress responses,” Journal of Immunology, vol. 176, no. 1, pp.
27-35, 2006.

H. Soreq and S. Seidman, “Acetylcholinesterase—new roles for
an old actor;” Nature Reviews Neuroscience, vol. 2, no. 4, pp. 294-
302, 2001.

[73] D.Kaufer, A. Friedman, S. Seidman, and H. Soreq, “Acute stress

facilitates long-lasting changes in cholinergic gene expression,”
Nature, vol. 393, no. 6683, pp. 373-377,1998.

[74] E. Meshorer, B. Bryk, D. Toiber et al., “SC35 promotes sus-

tainable stress-induced alternative splicing of neuronal acetyl-
cholinesterase mRNA,” Molecular Psychiatry, vol. 10, no. 11, pp.
985-997, 2005.

BioMed Research International

[75] R. R. Jameson, E J. Seidler, and T. A. Slotkin, “Nonenzymatic

functions of acetylcholinesterase splice variants in the develop-
mental neurotoxicity of organophosphates: chlorpyrifos, chlor-
pyrifos oxon, and diazinon,” Environmental Health Perspectives,
vol. 115, no. 1, pp. 65-70, 2007.

T. A. Slotkin, “Developmental neurotoxicity of organophos-
phates: a case study of chlorpyrifos,” in Toxicity of Organophos-
phate and Carbamate Pesticides, R. C. Gupta, Ed., pp. 293-314,
Elsevier Academic Press, San Diego, Calif, USA, 2005.

T. A. Slotkin, E. D. Levin, and E J. Seidler, “Comparative
developmental neurotoxicity of organophosphate insecticides:
effects on brain development are separable from systemic
toxicity, Environmental Health Perspectives, vol. 114, no. 5, pp.
746-751, 2006.

T. A. Slotkin, C. A. Tate, I. T. Ryde, E. D. Levin, and E J. Seidler,
“Organophosphate insecticides target the serotonergic system
in developing rat brain regions: disparate effects of diazinon and
parathion at doses spanning the threshold for cholinesterase
inhibition,” Environmental Health Perspectives, vol. 114, no. 10,
pp. 1542-1546, 2006.

V. A. Rauh, R. Garfinkel, F. P. Perera et al., “Impact of prenatal
chlorpyrifos exposure on neurodevelopment in the first 3 years
of life among inner-city children,” Pediatrics, vol. 118, no. 6, pp.
€1845-e1859, 2006.

T. V. Damodaran, K. H. Jones, A. G. Patel, and M. B. Abou-
Donia, “Sarin (nerve agent GB)-induced differential expression
of mRNA coding for the acetylcholinesterase gene in the rat
central nervous system,” Biochemical Pharmacology, vol. 65, no.
12, pp. 2041-2047, 2003.

A. Salmon, C. Erb, E. Meshorer et al., “Muscarinic modulations
of neuronal anticholinesterase responses,” Chemico-Biological
Interactions, vol. 157-158, pp. 105-113, 2005.

D. Yang, A. Howard, D. Bruun, M. Ajua-Alemanj, C. Pickart,
and P. J. Lein, “Chlorpyrifos and chlorpyrifos-oxon inhibit
axonal growth by interfering with the morphogenic activity
of acetylcholinesterase;” Toxicology and Applied Pharmacology,
vol. 228, no. 1, pp. 32-41, 2008.

K. M. Hayden, M. C. Norton, D. Darcey et al., “Occupational
exposure to pesticides increases the risk of incident AD: the
Cache County Study;” Neurology, vol. 74, no. 19, pp. 1524-1530,
2010.

M. E. Bouchard, D. C. Bellinger, R. O. Wright, and M. G.
Weisskopf, “Attention-deficit/hyperactivity disorder and uri-
nary metabolites of organophosphate pesticides,” Pediatrics, vol.
125, no. 6, pp. €1270-€1277, 2010.

T. Darreh-Shori, E. Hellstrom-Lindahl, C. Flores-Flores, Z.
Z. Guan, H. Soreq, and A. Nordberg, “Long-lasting acetyl-
cholinesterase splice variations in anticholinesterase-treated
Alzheimer’s disease patients,” Journal of Neurochemistry, vol. 88,
no. 5, pp. 1102-1113, 2004.



