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ABSTRACT

One of the major classes of pesticides is that of the organophosphates (OPs). Initial developments date back almost 2
centuries but it was only in the mid-1940s that OPs reached a prominent status as insecticides, a status that, albeit
declining, is still ongoing. OPs are highly toxic to nontarget species including humans, the primary effects being an acute
cholinergic toxicity (responsible for thousands of poisoning each year) and a delayed polyneuropathy. Several issues of
current debate and investigation on the toxicology of OPs are discussed in this brief review. These include (1) possible
additional targets of OPs, (2) OPs as developmental neurotoxicants, (3) OPs and neurodegenerative diseases, (4) OPs and the
“aerotoxic syndrome,” (5) OPs and the microbiome, and (6) OPs and cancer. Some of these issues have been debated and
studied for some time, while others are newer, suggesting that the study of the toxicology of OPs will remain an important

scientific and public health issue for years to come.
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Both John Doull (see article by Eaton et al. in this issue) and my
own mentor Sheldon D. Murphy started their career in the
Toxicity Laboratory at the University of Chicago (the Tox Lab),
where they both received a PhD degree in Pharmacology and
worked mostly on the toxicology of organophosphates (OPs). As
magnificently recounted by Doull (2001), the laboratory was cre-
ated in 1941 to evaluate potential chemical warfare agents, and
was closed in 1973, after it had changed its name to the U.S. Air
Force Radiation Laboratory. John joined the Tox Lab in 1946 and
graduated with a PhD in Pharmacology 5 years later, while
Sheldon arrived at the Tox Lab in 1955, fresh from a degree in
Pharmacy at South Dakota University. Ken Du Bois, who served
as lab director for 20 years (1953-1973), was mentor to John and
Sheldon, and both worked on various aspects of the toxicology of
OPs. John’s work was on the acute and chronic toxicity of OPs,
while Sheldon focused on the biochemical basis for the potentia-
tion of malathion. For decades research in the laboratory focused
on Du Bois’s interests in the toxicology of OPs; all the many stu-
dents and postdocs who passed through his lab thus worked on

OPs, and include many luminaries in the field of toxicology (eg,
Bob Neal, Jules Brodeur, Gary Carlson, Bob Tardiff), and many
continued to work on OPs for all their career (eg, Marion Ehrich,
Sheldon Murphy). I got my feet wet in OP toxicology research
when I joined Sheldon’s laboratory at the University of Texas in
Houston as a postdoctoral fellow. The project I was given dealt
with the study of the biochemical mechanisms involved in the
tolerance to OP toxicity that was associated with repeated expo-
sures. Together with graduate student Bradley Schwab, we identi-
fied the down-regulation of cholinergic muscarinic receptors as a
main adaptive mechanism (Costa et al., 1982). My interest in OP
toxicology continued, and over the years I have worked on vari-
ous mechanisms of OP neurotoxicity (eg, Costa 1988; 2006), on the
role of paraoxonase-1 (PON1) in modulating OP toxicity (eg, Costa
et al., 2013), and on the developmental toxicity of OPs (eg, Cole
et al., 2012). Interest in OPs by the research community has been
strong for decades, and there is no sign of a decrease (Figure 1).
This brief review is not intended to provide a comprehensive
review of the toxicology of OPs. For that, a number of excellent
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Figure 1. Number of papers listed in PubMed in selected years (1950-2015) using the search terms “organophosphorus” or “organophosphate.”

books and book chapters should be consulted (eg, Hayes, 1982;
Krieger 2001; 2010: Gupta, 2006; Satoh and Gupta, 2010; Lotti,
2010; Vale and Lotti, 2015). Here, together with some basic con-
siderations on the history and toxicology of OPs, I will highlight
some aspects that represent, in my view, recurrent or novel
issues of discussion on these insecticides.

A BIT OF HISTORY

In an often quoted article, Swedish pharmacologist Bo
Holmstedt ascribed the synthesis of the first OP (tet-
raetylpyrophosphate—TEPP) to the French chemist Philippe de
Clermont in 1854 (Holmstedt, 1963). Others, however, have indi-
cated that some OPs may have been synthesized even earlier. In
1820, Jean Louis Lassaigne reacted ethanol with phosphoric acid
to obtain triethylphosphate (TEP) (Chambers, 1992), though this
synthesis was later ascribed to Franz Anton Voegeli in 1848
(Petroianu, 2009). Even earlier, in 1801, another Frenchman, Jean
Pierre Boudet is believed to have synthesized an OP from alco-
hol and phosphoric acid (Petroianu, 2010a). TEPP was neverthe-
less the first OP cholinesterase inhibitor, and in addition to de
Clermont (with the help of Russian chemist Wladimir
Moschnin, both working in the laboratory of Adolphe Wurtz in
Paris), its synthesis was also accomplished by several other
chemists (Petroianu, 2015). Neither the toxicity nor the mode of
action of TEPP were known at the time, and indeed de Clermont
also tasted the compound, and described it as a sticky liquid
with a burning taste and a peculiar odor (Petroianu, 2010b). In
1932, Willy Lange at the University of Berlin synthesized some
compounds containing the P-F bond. During the synthesis of di-
methyl- and diethyl phosphofluoridate, he and graduate stu-
dent Gerda von Krueger noticed the toxic effects of the vapors
on themselves. They wrote “the vapours of these compounds
have a pleasant and strongly aromatic odor, but a few minutes
after inhaling a marked pressure develops in the larynx com-
bined with breathlessness. Then, mild disturbances of con-
sciousness set in, and also a feeling of being dazzled and
painful hypersensitivity of the eyes to light. The symptoms de-
crease only after several hours. .. Very small quantities produce
the effects” (Costa, 1987). Lange seemed to be aware of the po-
tential of OP compounds to be developed as insecticides, but he
soon left Germany, moved to the United States, where he was
employed by the University of Cincinnati and by Procter &
Gamble, and did not continue to work in the OP field
(Holmstedt, 1963; Costa, 1987; Petroianu, 2010b).
Notwithstanding all these earlier efforts and accomplish-
ments, the father of modern OP insecticide toxicology is

considered Gerhard Schrader, a chemist at the ILG.
Farbenindustrie in Germany. While working on the synthesis of
organic fluorine and sulfur compounds, one day in December
1936 Schrader noticed “.that, on my way home my visual acuity
was somewhat reduced. By the following day vision had practi-
cally returned to normal and I resumed my work. When other
visual disturbances occurred, it became quite obvious that they
were caused by a new synthetic substance” (Costa, 1987). The
compound, 0-ethyl N, N-dimethyl-phosphoroamido-fluoridate,
was found to be too toxic to warm-blooded animals to be used
in agriculture. Schrader is credited for a new simple method to
synthesize TEPP, which was the first commercialized OP insecti-
cide under the trade name Bladan in a mixture with other hexa-
compounds, though it was not sufficiently stable for plant pro-
tection. It is said that Schrader synthesized thousands of OP
compounds (Holmsted, 1963; Costa, 1987). OMPA (octamethyl-
pyrophosphoramide) was synthesized in 1942, but the true
“breakthrough” came in 1944, when a new substance (code
name E605) was synthesized, which had optimal stability and
insecticidal activity. At the end of World War II, the methods for
its synthesis were taken over by the Allies, and later E605 was
introduced into the agricultural market under the trade name
parathion, which became the most widely used insecticide of
this class. In parallel with Schrader, British scientists McCombie
and Saunders were also working on OPs, and subsequently pat-
ented dimefox and diisopropyl fluorophosphate (DFP). During
those years some of the OPs synthesized by Schrader turned out
to be extremely toxic to mammals. In 1938 the German
Government declared all research on OPs to be “secret,” and the
development of OPs followed 2 parallel strategies: one was to
synthesize chemicals that were less toxic to mammals and ef-
fective as insecticides; the other was to develop compounds of
high human toxicity and high volatility, to be used as poison
gases instead of chlorine, mustard gas or phosgene.
Compounds like Tabun, Sarin, and Soman were developed in
that period for potential use as chemical warfare agents
(Holmstedt, 1963; Delfino et al.,, 2009), though they were not
used during World War II. Since the late 1930s, hundreds of OP
compounds have been made and commercialized worldwide as
insecticides in a variety of formulations. Their use peaked in
the 1970s when most widely used organochlorine insecticides
where phased out or banned. Until as recently as 2000, OPs con-
stituted ~70% of all insecticide used in the U.S,, but that value
has been halved in the following years (eg, 33% in 2012; Atwood
and Paisley-Jones, 2017). However, use of OPs is still high in
most developing countries, particularly because of the low cost
of these chemicals compared to newer insecticides.
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Concurrently with their synthesis, the mechanism of action
of OPs, ie, inhibition of acetylcholinesterase (AChE), was also
discovered. German scientists had noted the parasympathomi-
metic (cholinergic) effects of OPs, and found that atropine could
serve as an antidote. These findings were certainly facilitated
by the knowledge of the effects of physostigmine, an alkaloid iso-
lated in 1864, whose miotic activity and antagonism by atropine
was recognized at the same time, and whose mode of action as
an AChE inhibitor was elucidated by Loewi and Navratil in 1926
(Casida, 1964). Indeed, the mechanism of action of OPs was sug-
gested as early as 1939. A decade later Ken Du Bois (with John
Doull) firmly established that parathion toxicity was due to inhi-
bition of AChE (Du Bois et al., 1949). Other important milestones
in the early history of OPs are the discovery of the reactivation
and “aging” of the phosphorylated AChE. In 1951, Irwin Wilson at
Columbia University in New York, showed that AChE inhibited
by OPs could be reactivated by hydroxylamine (Petroianu, 2012).
In a parallel effort during the next few years, Wilson (in the U.S.)
and Albert Green and Dan Davies (in the U.K.), synthesized prali-
doxime (2-PAM), which together with atropine remains a cardi-
nal antidote for OP poisoning as of today (Davies and Green,
1959). This favorable development in the treatment of OP poison-
ing was somewhat counteracted by the discovery, also in the
mid-1950s that the ability of oximes to reactivate phosphorylated
(The more generic term phosphylate/phosphylation may also be
used to describe the interaction of OPs with B-esterases.) AChE
decreased with time, since “aging” (the nonenzymatic loss of an
alkyl chain from the phosphate) would convert the inhibited en-
zyme into a nonreactivatable form (Hobbiger, 1963).

Inasmuch as insecticides such as pyrethroids and carba-
mates are known to derive from natural compounds, natural
OPs have also been identified, though after synthetic OPs had
been developed. Two OPs (named CGA 134735 and CGA 134736)
were isolated from cultures of the soil microorganism
Streptomyces antibioticus and found to be potent inhibitors of
AChE activity (Neumann and Peter, 1987). Another natural com-
pound, anatoxin-a, was isolated from the freshwater cyanobac-
terium anabaena flos-aquae strain NRC-525-17, and found to be
an irreversible inhibitor of AChE (Mahmood and Carmichael,
1987). Thus, in the end, even for OPs, decades of chemical re-
search have “reinvented” (and improved) what nature had al-
ready provided.

CHEMISTRY AND METABOLISM OF OPS

The chemistry of OPs has been thoroughly investigated, and
their general structure, first indicated by Schrader in 1937, is
shown in Figure 2. The pentavalent phosphorus is attached
with a double bond to a sulfur (in this case the compound is de-
fined as a phosphorothioate) or an oxygen; R1 and R2 are most
commonly alkoxy groups (ie, OCH; or OC,Hs), though isopropyl
substitutes are also possible, and X is the so-called “leaving
group,” that is removed when the OP phosphorylates AChE, and
is the most sensitive to hydrolysis. Several chemical subclasses
of OPs also exist, eg, phosphonothioates, phosphoramidates,
phosphonates, and others (Costa, 1988; Chambers et al., 2010a).
Most OPs used as insecticides are phosphorothioates (ie, they
have a P=S bond), and need to be bioactivated in vivo to their
oxygen analogs to exert their toxic action, but some (eg, dichlor-
vos, methamidophos, or the nerve agents sarin or soman) have
a P=0 bond and do not require any bioactivation. This bioacti-
vation is an oxidative desulfuration mediated by a variety of cy-
tochrome P450 enzymes (CYPs; Chambers et al., 2010b). Other
bioactivation reactions exist, for example formation of a

C,Hg0 or CH;0
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Figure 2. General structure of OP insecticides.

sulfoxide, S=0O, followed by the formation of a sulfone,
0=S=0), also catalyzed by CYPs (eg, disulfoton; Costa, 1988). All
other biochemical reactions, catalyzed by CYPs or by hydrolytic
esterases (eg, carboxylesterase, paraoxonase-1) detoxify the OPs
and lead to metabolites of lesser or no toxicity (Chambers et al.,
2010b; Costa et al., 2013).

TOXICOLOGY OF OPS

As with most chemical insecticides in use today, OPs are pri-
marily neurotoxicants, and act by poisoning the nervous sys-
tems of the target species (Casida, 2009). With few exceptions,
their species-selectivity is low, hence mammals, including
humans, are very sensitive to their toxicity. There are 2 main
types of neurotoxicity associated with acute OP exposure: acute
cholinergic toxicity and, in some cases, delayed neurotoxicity
(Aldridge, 1981). Another type of toxicity, the intermediate syn-
drome, has been described in humans upon severe OP poison-
ing. It consists primarily of muscular weakness, and develops
once acute cholinergic symptoms have subsided; its exact
mechanism is not known (Costa, 2013).

Cholinergic Toxicity

As noted previously, the primary target for OPs is AChE, a B-
esterase whose physiological role is that of hydrolyzing acetyl-
choline, a major neurotransmitter in the central and peripheral
nervous systems. OPs with a P=0 moiety phosphorylate a hy-
droxyl group on serine in the active site of the enzyme, thus im-
peding its action on the physiological substrate. Phosphorylated
AChE is hydrolyzed by water at a very slow rate (several hours
to days). While certain hydroxylamine derivatives can facilitate
dephosphorylation of AChE and are utilized in the therapy of OP
poisoning (see below), reactivation of phosphorylated AChE
does not occur once the enzyme-inhibitor complex has “aged,”
ie, there is the loss (by nonenzymatic hydrolysis) of one of the 2
alkyl (R) groups. When phosphorylated AChE has aged, the en-
zyme can be considered to be irreversibly inhibited, and the
only means of replacing its activity is through synthesis of new
enzyme, a process that may take days (Sultatos, 2006).
Inhibition of AChE by OPs causes accumulation of acetylcholine
at cholinergic synapses, with overstimulation of cholinergic
receptors of the muscarinic and nicotinic type. As these recep-
tors are localized in most organs of the body, a “cholinergic syn-
drome” ensues, which includes increased sweating and
salivation, profound bronchial secretion, bronchoconstriction,
miosis (constriction of the pupil), increased gastrointestinal mo-
tility, diarrhea, tremors, muscular twitching, and various CNS
effects (dizziness, inhibition of central respiratory centers, con-
vulsions, coma) (Holmstedt, 1959; Lotti, 2010). Death can occur
as a result of respiratory failure. OPs are often the primary pesti-
cides involved in acute human poisoning either because of
accidental exposure or in suicidal attempts, as they have (with
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few exceptions, eg, malathion) relatively high acute toxicity by
the oral and dermal routes (Colosio et al., 2010).

The muscarinic receptor antagonist atropine represents the
cornerstone of the treatment for OP poisoning, as it prevents
the action of accumulating acetylcholine on these receptors.
Oximes such as 2-PAM are also used in the therapy of OP poi-
soning, as they can dephosphorylate AChE, thus restoring the
catalytic site to its function (Davies et al., 1959). Controversies
on the effectiveness of oximes have been ascribed to dosing and
time interval after poisoning, as their therapeutic window is de-
termined by the rate of aging (Lotti, 2010; Eddleston and
Chowdhury, 2015; Worek et al., 2016). Recent efforts are also
aimed at developing compounds (eg, N-methyl-2methoxypyri-
dinium species) which could “resurrect” aged AChE, thus ren-
dering it sensitive to the action of oximes (An et al., 2016).

Organophosphate-Induced Delayed Polyneuropathy

A few OPs may also cause another type of neurotoxicity, known
as organophosphate-induced delayed polyneuropathy (OPIDP).
Of much interest is that OPIDP, now very rare, was once the pre-
dominant type of toxicity associated with exposure to OP com-
pounds, as several occurrences of mass human poisoning have
occurred since the late 1800s, mostly involving tri-ortho-cresyl
phosphate (TOCP) which is a poor AChE inhibitor (Davies, 1963).
The largest outbreak (which may have involved >20 000 cases)
occurred in the first part of 1930 in the Southeastern states of
the United States (Smith et al., 1930a, 1930b) following consump-
tion of a Jamaican Ginger extract contaminated with TOCP.
Several other episodes of poisoning occurred in the next deca-
des, mostly involving tricresylphosphate (TCP, a mixture of or-
tho, meta, and para isomers of tricresylphosphate). By the early
1960s Davies (1963) had tallied >40 000 cases of OPIDP, mostly
from TCP or TOCP, though other OP used as insecticides (eg, lep-
tophos) also have this capability. Incidence of this delayed neu-
rotoxicity has then slowly declined, and only a few cases have
been reported in the past decade (Colosio et al., 2010). Signs and
symptoms of OPIDP include tingling of the hands and feet, fol-
lowed by sensory loss, progressive muscle weakness and flac-
cidity of the distal skeletal muscles of the lower and upper
extremities, and ataxia (Davies, 1963; Lotti, 1991; Lotti and
Moretto, 2005). These effects are seen 2-3 weeks after exposure,
when eventual signs of acute cholinergic toxicity have subsided.
OPIDP can be classified as a distal sensorimotor axonopathy, in
which the primary lesion is a bilateral degenerative change in
distal levels of axons and their terminals, primarily affecting
larger/longer myelinated central and peripheral nerve fibers,
leading to breakdown of neuritic segments and the myelin
sheaths (Ehrich and Jortner, 2010). Of utmost importance is that
OPIDP is not related to AChE inhibition, and the putative target
for initiation of OPIDP is thought to be another esterase, present
in nerve tissues but also in other tissues (eg, lymphocytes, tes-
tis), named neuropathy target esterase (NTE) (Johnson and
Glynn, 2001). A significant difference with the cholinergic toxic-
ity deriving from inhibition of AChE by OPs is that inhibition of
NTE’s catalytic activity is not sufficient for initiating OPIDP.
Indeed, several OPs can inhibit NTE, as do some non-OPs (eg,
carbamates and sulfonyl fluorides) but they do not cause
delayed neurotoxicity. Only OPs whose chemical structure leads
to aging of phosphorylated NTE (by a process analogous to that
described for AChE) can cause OPIDP, suggesting that inhibition
of NTE catalytic activity is not the mechanism of axonal degen-
eration, and that the aging of NTE is a key event in the initiation
of OPIDP. In addition, for OPIDP to be initiated, phosphorylation
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and subsequent aging of at least 70% of NTE is necessary; this
two-step process occurs within hours of poisoning, and NTE ac-
tivity has fully recovered when the first clinical signs of OPIDP
are evident some weeks later.

Despite progresses in molecular biology and protein chemis-
try, the exact physiological function(s) of NTE and the precise
mechanisms of its involvement in OPIDP remain elusive. NTE is
a large protein (1327 amino acids) with esterase and phospholi-
pase activities (Glynn, 2006), and a member of a 9-protein family
of patatin-like phospholipase domain-containing proteins
(PNPLASs), of which NTE is PNPLA6 (Richardson et al.,, 2013).
Mutations of the PNPLA6 gene have been associated with a
number of congenital disorders involving alterations in the cen-
tral and/or peripheral nervous systems (Hufnagel et al., 2015).
Mammalian NTE is similar to the Swiss Cheese Protein (Sws) in
Drosophila; Sws can regulate protein kinase A, and exposure to
TOCP alters the Sws-PKA interactions, thereby inhibiting PKA
activity and causing neurodegeneration (Wentzell et al., 2014),
somewhat supporting the hypothesis that OPIDP may be the re-
sult of a toxic gain-of-function of phosphorylated and aged NTE
(Lotti and Moretto, 2005). However, despite these and other re-
cent advances, the exact chain of events occurring between
phosphorylation and aging of NTE and axonal degeneration is
still unknown. Before commercialization, OPs must undergo
specific neurotoxicity testing in the hen (one of the most sensi-
tive species) to determine whether OPIDP is produced, and this
would exclude the compound from further development.
Nevertheless, a few commercialized OPs (metamidophos, tri-
chlorfon, and chlorpyrifos), which initially tested negative in
the hen test, have caused OPIDP in humans, mostly as a result
of extremely high exposures in suicide attempts (Lotti and
Moretto, 2005; Kobayashi et al., 2017).

OP INTERACTIONS AND TOXICITY

Examining exposures to mixtures of insecticides is important
for understanding the underlying mechanisms of multiple tox-
icity and for assessing aggregate risk (Casida, 2017a; Hernandez
et al., 2017), and indeed numerous studies have examined the
effects of combinations of OPs. An example is represented by
studies on the role of inhibition of carboxylesterase (CarE) by
TOCP in the toxicity of malathion/malaoxon (DuBois, 1958;
Murphy et al., 1959; Cohen and Murphy, 1971). CarE is actually a
multigene family of enzymes that are widely distributed in the
body; in rodents, but not in humans, it is also present in plasma
and may contribute to higher detoxication of certain OPs (Li
et al., 2005). CarEs can catalytically hydrolyze the carboxylic
esters of malathion and malaoxon. Exposure to malathion or
malaoxon, in combination with compounds that inhibit CarE,
leads to a potentiation of malaoxon cholinergic toxicity (DuBois,
1969; Table 1). In addition to TOCP, several other OPs (eg, chlor-
pyrifos oxon, diazoxon, or paraoxon), and malathion impurities
(eg, isomalathion) can inhibit CArE, thereby potentiating mala-
thion and malaoxon toxicity (Baker et al., 1978; Cole et al., 2010).
The low CarE activity in insects is believed to determine their
high sensitivity to malathion toxicity compared to mammals
(Costa, 2013).

Interactions of interest can also be found with regard to
OPIDP. As said earlier, several compounds can inhibit NTE but if
no aging occurs, these compounds are not neuropathic. When
given before a neuropathic OP, these chemicals exert a protec-
tive role, by occupying the NTE active site. However, when given
after a neuropathic OP, these compounds have been shown to
“promote” OPIDP, ie, to potentiate the delayed neurotoxicity
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Table 1. Potentiation of Malaoxon (MO) Toxicity by Tri-Ortho-Cresyl
Phosphate (TOCP)

MO TOCP + MO

AChE Activity (% of Control)

Brain 80 20"
Diaphragm 98 37*

Male mice were treated dermally with MO (60 mg/kg) alone or 24 h after dermal
administration of TOCP (10 mg/kg). Liver and plasma carboxylesterase activities
were inhibited 65 and 40% by TOCP.

*p <.001. Adapted from Jansen et al. (2009).

caused by initiators (Lotti and Moretto, 2005). The mechanisms
underlying such “promotion” are still unknown, and the phe-
nomenon may be less specific than initially thought, ie, pro-
moters are effective even towards other types of neuropathies
(Lotti and Moretto, 2005). The issue of promotion of chemical-
induced neuropathies may have a bearing on the risk
assessment of potential insecticide mixtures, as exposure to an
initiator at a dose lower than that required to cause OPIDP,
would nevertheless result in OPIDP if followed by exposure to a
promoter of neuropathy (Costa, 2013).

SOME OLD AND NEW ISSUES OF DEBATE ON
OP TOXICITY

The following sections are brief discussions on some issues on
the toxicology of OPs. Some are “old” in the sense that they have
been debated for some time, though they are still relevant and no
definitive conclusion can be drawn (eg, additional targets, devel-
opmental neurotoxicity). Various others fall in this category (eg,
effects of low chronic exposure, genetic susceptibility) and are
not discussed here, but have been the subjects of several reviews.
Instead, some potential novel avenues of OP toxicology are intro-
duced, such as a possible link between OP exposure and neurode-
generation, the debated role of OPs in the “aerotoxic syndrome”
and the interactions of OPs with the microbiome.

Are There Other Targets for OPs, and What Is Their
Significance?

The possibility that OPs may act on targets other than the
“traditional” ones, and the relevance that such interactions may
have in mediating some of the effects of OPs, has been debated
for some time (Casida and Quistad, 2004; Costa, 2006; Terry,
2012). For example, it has been pointed out that the pattern of
symptoms may differ with different OPs, and cannot be
explained by inhibition of AChE alone (Moser, 1995; Pope, 1999;
Burke et al.,, 2017). The existence, and relevance, of additional
targets has been widely used to discuss issues such as of com-
mon mechanism of action of OPs and the proposed cumulative
risk assessment, possible CNS effects of long-term chronic ex-
posure, as well as developmental neurotoxicity, particularly
when effects are seen at OP doses that cause minimal or no
AChE inhibition (Voorhees et al., 2017). OPs do indeed affect
hundreds of enzymes, receptors, and other proteins. Thus, it is
of utmost relevance to compare the relative potency of OPs to-
ward these targets and AChE, to investigate eventual interac-
tion of the parent compound and of -cholinergically
active/inactive metabolites, to verify findings in vivo upon
acute/chronic exposures, and to define the relevance of the tar-
get by pharmacological or genetic means (Costa, 2006). Some

examples of effects of OPs different from inhibition of AChE/
NTE are briefly discussed below.

Various other components of the cholinergic system have
been shown to be directly affected by some OPs, and muscarinic
M2 receptors in particular have been shown to be a potential
target (Costa, 2006). Several enzymes involved in the metabo-
lism of peptides are inhibited by OPs. For example, acylpeptide
hydrolase (APH), responsible for the removal of N-acetylated
amino acids from the N-terminus of short peptides, such as
beta-endorphin, is inhibited by various oxons (eg, dichlorvos,
diazoxon) at low concentrations, and inhibition was also ob-
served after in vivo exposure (Richards et al, 2000; Li et al.,
unpublished). Adducts of OPs to red blood cell APH may serve as
biomarkers for monitoring OP exposure (Marsillach et al., 2013).
Indirect evidence of inhibition of encephalin metabolism by DFP
(a neuropathic OP, never used as insecticide) has also been
reported (Costa and Murphy, 1986). OPs can also target the can-
nabinoid system; the endocannabinoid anandamide (which
binds to brain cannabinoid receptor-1, also the target for the
principal psychoactive ingredient of marijuana, A9-tetrahydo-
cannabinol) is hydrolyzed by fatty acid amide hydrolase (FAAH),
of which various OPs are potent inhibitors (Quistad et al., 2001;
Buntyn et al., 2017), though its toxicological significance remains
unclear (Quistad et al., 2002). Several OPs have also been shown
to inhibit a variety of lipases, which may alter lipid metabolism,
particularly in the nervous system (Quistad et al., 2006).

Two potentially important noncholinergic effects of OPs that
have been investigated are oxidative stress and neuroinflam-
mation. Both may be of high relevance as they are known to be
involved in the pathogenesis of several neurodevelopmental
and neurodegenerative diseases. OP-induced oxidative stress
has been observed in experimental animal studies in vivo, in
in vitro preparations, as well as in humans (Kovacic, 2003;
Milatovic et al., 2006; Giordano et al., 2007). Of relevance is the
fact that both the parent compounds as well the oxygen analogs
were able to induce oxidative stress, and the fact that this effect
did not appear to be related to AChE inhibition. Acute and
chronic exposures to OPs have also been shown to cause neuro-
inflammation, with microglia activation and increase in pro-
inflammatory cytokine levels in mice (Banks and Lein, 2012;
Viviani et al., 2014), as well as in 3-dimensional brain cell cul-
tures (Monnet-Tschudi et al., 2007). The exact molecular mecha-
nisms involved in OP-induced oxidative stress and
neuroinflammation are still elusive, though they may be sec-
ondary to mitochondrial toxicity (Terry, 2012). Overall, though
the possibility that novel additional noncholinergic targets or
effects may be involved in some adverse effects of OPs is of
much interest, the evidence so far linking one or more of the ob-
served effects to significant in vivo end-points is not fully con-
vincing, and more rigorous investigations are needed.
Importantly, the dose/concentration of OP capable to affect
these alternative targets needs to be compared with that caus-
ing AChE inhibition.

OPs as Developmental Toxicants and Neurotoxicants

The Food Quality Protection Act (FQPA) of 1996 directed atten-
tion on the potential higher susceptibility of infants and chil-
dren to the toxicity of pesticides (Abreu-Villaga and Levin, 2017).
With regard to OPs, findings in animals clearly show that the
young are more sensitive to the acute cholinergic toxicity, likely
because of lower detoxication abilities (Benke and Murphy,
1975; Mortensen et al., 1996; Costa, 2006; Pope, 2010). In contrast,
the young appear to be more resistant to OPIDP (Lotti and
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Moretto, 2005). In recent years, accumulating evidence suggests
that perinatal exposure to OPs may cause developmental neuro-
toxicity. Several epidemiological studies have found associa-
tions between in utero or early childhood exposure to OPs and
behavioral abnormalities, particularly deficits in learning and
memory (reviewed in Eskenazi et al., 1999; Eaton et al., 2008;
Munoz-Quezada et al., 2013; Gonzalez-Alzaga et al., 2014; Reiss
et al.,, 2015). It has been pointed out that exposure to OPs, as
shown by biological monitoring in children, though somewhat
elevated in inner cities or farming communities, is still at levels
below those causing any AChE inhibition. Several animal stud-
ies also showed developmental neurotoxicity effects of OPs,
however, with few exceptions, effects were observed at levels
causing significant AChE inhibition (see details in Eaton et al.,
2008; Timofeeva and Levin, 2010). As indicated earlier, OPs can
interact with targets other than AChE, and affect various cellu-
lar processes in vitro or ex-vivo, often at dose levels that pro-
duced no clear cholinergic signs of toxicity and at times that
produce no AChE inhibition (reviewed in Eaton et al., 2008;
Burke et al., 2017) For example, a recent in vitro study reported
that chlorpyrifos and its oxon could inhibit axonal transport at
concentrations below those required for inhibiting AChE activ-
ity (Gao et al., 2017a; Table 2). It should be noted that most of the
human, animal and in vitro studies have focused on chlorpyri-
fos, a widely used OP, and to a minor extent on diazinon, lead-
ing to regulatory restrictions on their use. However, there is no
strong reason to believe that other OP compound may not share
similar novel mechanisms of action, and further research in
this area is certainly warranted.

OPs and Neurodegenerative Diseases: Is There a Link?

Aging is often associated with a wide variety of clinical and
pathological conditions which can be classified as neurodegen-
erative diseases. Typical examples of such diseases are
Parkinson’s disease (PD), Alzheimer’s disease (AD), or amyotro-
phic lateral sclerosis (ALS). The etiology of these diseases is un-
known and both environmental and genetic factors may play a
role; oxidative stress and neuroinflammatory processes are
prominent in most neurodegenerative diseases.

Parkinson’s disease is a neurodegenerative disorder charac-
terized by a slow and progressive degeneration of dopaminergic
neurons in the substantia nigra, with degeneration of nerve ter-
minals in the striatum. Once loss of dopaminergic neurons has
reached about 80%, clinical signs appear which include resting
tremor, rigidity, bradykinesia, and gait disturbances. Though ge-
netic forms of PD have been associated with specific mutations
in a number of genes, the great majority of PD cases is sporadic,
and may be due to environmental factors or to gene-
environment interactions, ie, exposure of genetically suscepti-
ble individuals to neurotoxic substances. Among the
environmental factors believed to be associated with PD there
are certain pesticides such as the herbicide paraquat and the in-
secticide rotenone. Acute exposure to OPs has been reported to
cause Parkinsonism, but this was a pharmacological, reversible
phenomenon (Miiller-Vahl et al., 1999). However, Chuang et al.
(2017) recently reported an increased risk of PD after OP (and
carbamate) poisoning. In addition, positive association between
chronic exposure to OPs and PD were found (eg, Wang et al,,
2014), particularly in individuals with certain paraoxonase-1
genotypes (Paul et al., 2017). The mechanism(s) by which OPs
may cause degeneration of dopaminergic neurons remains elu-
sive, though oxidative stress and neuroinflammation have been
suggested (Wani et al, 2017). The emerging role of gut
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Table 2. Inhibition of Axonal Transport by the OP Chlorpyrifos

End-point Chlorpyrifos Chlorpyrifos Oxon

Lowest effective concentration

Anterograde transport 100 nM 0.1nM
Retrograde transport 10 uM 10nM
AChE activity 10 uM 10nM

Axonal transport was measured in rat cortical neurons. Adapted from Gao et al.
(2017a).

microbiota in PD (Parashar and Udayabanu, 2017) and the
effects of OPs on the microbiome (see below) may represent an-
other fruitful avenue for mechanistic investigations.

Alzheimer’s disease is by far the most common cause of de-
mentia, followed by dementia with Lewy bodies. Its most com-
mon symptom is memory loss for recent events, with diffuse
cortical and hippocampal atrophy, and accumulation of abnor-
mally folded amyloid beta and of tau proteins in amyloid pla-
ques and neuronal tangles (Khan and Bloom, 2016; Selkoe and
Hardy, 2016). Though anticholinesterase agents (eg, rivastig-
mine) are used, with limited success, to mitigate cognitive defi-
cits of AD, acute and/or chronic exposures to OPs have been
investigated as potential etiological factors in this disease. A re-
view of the literature shows that evidence for such association
in human studies is weak, and suggested mechanisms are again
oxidative stress and neuroinflammation (Zaganas et al., 2013;
Sanchez-Santed et al., 2016; Herndndez et al., 2016), though the
gut and oral microbiomes (both affected by OPs) may be worth
investigating (Tremlett et al., 2017).

Amyotrophic lateral sclerosis, also known as motor neuron
disease or Lou Gehrig’s disease, is a progressive neurodegenera-
tive disorder of the motor neuron system, characterized by pro-
gressive weakness and wasting of striated muscle due to motor
cortical and spinal neurodegeneration. Environmental factors
potentially involved in the etiopathogenesis of ALS have been
investigated to a very limited degree. Recently it has been pro-
posed that OPIDP may represent a good model for ALS, suggest-
ing that “the resemblances between OPIDP and ALS are striking
at the clinical, etiological, neuropathological, cellular, and mo-
lecular levels” (Merwin et al., 2017). However, such arguments
and conclusions have been rebutted, largely based on the signif-
icant differences between ALS and OPIDP (Lotti and Moretto,
2017). Overall, while investigations on possible associations be-
tween environmental factors and neurodegenerative diseases
remain of much relevance, evidence that OPs may play an etio-
logical role in such diseases remains weak.

Are OPs Involved in the “Aerotoxic Syndrome”?

Over the past 2 decades, aircrew and some passengers on vari-
ous airlines have complained of ill health following exposures
to toxic fumes in airplane cabins (Harrison and Mackenzie Ross,
2016). Air drawn from outside is circulated around the engine
and then pumped into the aircraft; such bleed air may be con-
taminated with engine oil fumes which contain a number of
toxic substances (Shehadi et al., 2016). The varied and complex
arrays of signs and symptoms reported following these episodes
(often referred to as “fume events”) have been given the name
of “Aerotoxic Syndrome” (Harrison and Mackenzie Ross, 2016;
Michaelis et al., 2017). Reported symptoms range from respira-
tory tract irritation, to gastrointestinal effects, to CNS problems
of various types (tremors, disorientation, memory loss, and
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cognitive dysfunction) of short-and long-term nature. Several
air monitoring studies have identified various toxic substances
(eg, toluene, carbon monoxide, and N-phenyl-L-naphthyl-
amine), but interest has focused on TCP and TOCP. As indicated
in an earlier section, TOCP has been shown to cause OPIDP in
humans. However, evidence available so far for the etiological
involvement of TCP and/or TOCP in the Aerotoxic Syndrome is
still unconvincing (de Boer et al., 2015; Duarte et al., 2017). These
compounds can be detected in cabin air, but levels are very low
(de Ree et al., 2014). Human exposure, determined by urine me-
tabolite levels and by butyrylcholinesterase adducts, is also very
low (Schindler et al., 2013; Liyasova et al., 2011). No significant in-
hibition of lymphocytic NTE activity was reported, and erythro-
cyte AChE activity was also, not surprisingly, unaffected
(Heutelbeck et al., 2016). Nevertheless, any potential role of TCPs
would need further, more thorough investigations. For example,
the FAAH inhibitor BIA 10-2474 (not an OP) recently caused se-
vere neurotoxicity in a Phase-1 clinical trial (Kerbrat et al., 2016)
which was attributed to its off-target effects rather than by inhi-
bition of FAAH (Van Esbroeck et al., 2017) (which is also inhibited
by OPs; Quistad et al., 2001, 2002). Such off-target effects may be
related to the ability of BIA 10-2474 to inhibit NTE, CarE, and var-
ious lipases, which are also targeted by OPs, including TCPs.

A few decades ago attention had focused on the formation
of the bicyclophosphate esters upon pyrolysis of trimethylpro-
pane polyesters, which, like the triarylphosphates, were also
used as aircraft engine lubricants (Kalman et al., 1985). Bicyclic
phosphorus esters do not inhibit AChE, but they are potent
antagonists of the gamma-aminobutyic acid-A receptors, and
hence potent convulsants (Bellet and Casida, 1973; Bowery et al.,
1976). Issues related to the eventual roles of OPs in the aerotoxic
syndrome remain emotionally charged and scientifically weak;
perhaps a way forward would be that of developing bleedless
aircrafts, as already done with some newer models.

OPs and the Microbiome

The fact that the human gut contains various organisms such
as fungi, parasites, viruses and bacteria has been known for
decades. There are >100 million bacteria which reside in the
gastrointestinal tract, and many more can be found in essen-
tially every part of the human body, from the skin to the nasal
and auditory cavities, from the mouth to the urogenital system.
These microbes whose genome, the “microbiome,” is believed
to be 100-fold the size of the human genome, live in symbiosis
with the smaller population of eukaryotic cells in the body, and
play important roles in development and in general metabolic
homeostasis. In recent years, attention has focused on the role
that perturbation of human microbiota may have on disease
(Mahana et al.,, 2016; Felice and O’Mahony, 2017). Significant
associations have been found for example between alterations
in the gut microbiome and diabetes, inflammatory diseases,
liver damage, and also neurodevelopmental (eg, autism) and
neurodegenerative (eg, PD) diseases, in line with the important
role of the gut-brain axis (ZHu et al., 2017). Several chemicals
have been shown to perturb the gut microbiota, and a handful
of studies have focused on OPs. The OP diazinon, given in drink-
ing water (4 mg/L for 13 weeks) to mice has been shown to alter
the gut microbiome, the functional metagenome, and the asso-
ciated metabolic profiles (Gao et al., 2017b). Interestingly, the
effects were more pronounced in male than in female mice.
Examples of observed effects include significant changes in bac-
terial genera, alterations in bile acids abundance, and a drastic
decrease in taurine levels (Gao et al., 2017b). In a follow up study,

Gao et al. (2017c) identified specific changes in the gut micro-
biome caused by diazinon involving oxidative stress pathways,
fatty acids and carbohydrate metabolism, and quorum sensing
systems. Of note is that prolonged exposure to diazinon was
reported not to cause any AChE inhibition (Gao et al., 2017b,
2017c). Developmental exposure of rats to the OP chlorpyrifos
(Img/kg/day during pregnancy until postnatal day 60) also
caused significant alterations in gut microbiota, which mim-
icked those observed in the Simulator of the Human Intestinal
Microbial Ecosystem (SHIME®) (Joly et al., 2013). Two similar
studies, which utilized this and higher doses of chlorpyrifos (3.5
and 5.0 mg/kg) also found perturbations in the gut microbiome
and related metabolic abnormalities (Joly Condette et al., 2015;
Reygner et al., 2016). Similar findings were also reported in adult
mice upon a 30day exposure (1mg/kg/day; Zhao et al., 2016).
Unfortunately, none of these studies with chlorpyrifos indicates
whether AChE activity was affected. A human study by
Stanaway et al. (2017) examined oral buccal microbiomes in
farmworkers using pesticides and found an association be-
tween exposure to azinphosmethyl and perturbations in 7 com-
mon Dbacterial taxa including significant reductions of
Streptococcus. As research on the role of microbiota in human
disease is rather recent, it would be expected that research on
the interactions of OPs with the microbiome will increase, and
perhaps provide some novel mechanism for some of the still
unexplained effects of these insecticides, particularly as it
relates to effects from prolonged low level exposures.

Are OPs a Cancer Risk?

Innumerable epidemiological studies have been carried out
with the purpose of determining possible associations between
exposure to pesticides and an increased risk of tumors. For
some compounds, particularly some fungicides and herbicides,
associations were found and were at times supported by animal
and/or mechanistic data. As a class OPs have not been consid-
ered to pose a significant cancer risk (Woo et al., 1996), and very
few were listed by the USEPA as possible human carcinogens
(group C, limited evidence in animals). Two widely used OPs,
chlorpyrifos and diazinon, are classified as unlikely to be carci-
nogens in humans; yet epidemiological studies have revealed
associations between exposure to these 2 OPs and certain can-
cers (Weichenthal et al, 2012; Hu et al., 2017). Recently, the
International Agency for Cancer Research (IARC) concluded that
diazinon and malathion (one of the most widely used OPs;
Hoppin et al., 2012) are probable human carcinogens (Group 2 A),
while parathion and tetrachlorvinphos are classified as possible
human carcinogens (Group 2B) (Guyton et al., 2015; IARC, 2017).
For diazinon and malathion, the classification was based on
limited to sufficient animal evidence, limited human evidence
and some mechanistic evidence (genotoxicity, oxidative stress).
What, however, created the most debate was the assignment to
Group 2 A of another OP, which is not neither an insecticide nor
an AChE/NTE inhibitor, ie, the herbicide glyphosate. For this
compound, which is the most widely used pesticide worldwide,
particularly because it is used in glyphosate-resistant crops, evi-
dence by IARC was deemed sufficient for animal studies, lim-
ited for humans, and supported by evidence of genotoxicity and
oxidative stress (Guyton et al., 2015). At about the same time the
European Food Safety Authority concluded instead that glypho-
sate is unlikely to pose any carcinogenicity risk for humans
(EFSA, 2015), starting a fiery debate which is still ongoing (eg,
Williams et al.,, 2016; Portier et al., 2016), and will certainly
continue.
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WHAT’S NEXT FOR OPS?

As noted previously, the use of OPs as insecticides has been de-
clining in recent years; however, this is not yet the time of their
demise (Casida and Durkin, 2013). Features that keep OPs as
major chemicals for pest control include decades of experience
on their use, high effectiveness on many pests, availability of
generic products of low cost, excellent overall environmental
profile (Casida and Durkin, 2013), while high toxicity to mam-
malian species remains a major concern. The lack of new OPs in
the industry R&D pipeline is mainly due to the development of
resistance of multiple species of pests to OPs (Casida and
Durkin, 2013; Casida, 2017a). Nevertheless, as recently stated,
“OP toxicology is not just AChE inhibition” (Casida, 2017b).
Indeed several OP compounds have and are being developed as
herbicides (eg, glyphosate, glufosinate), fungicides (eg, iproben-
fos, edifenphos), pharmaceutical drugs (eg, the antihyperten-
sive fosinopril or the antineoplastic fotemustine), or flame
retardants [eg, tris (1, 3 dichloro-2-propyl) phosphate—TDCPP,
or tris (2-chloroethyl) phosphate—TCEP] (Casida, 2017b). These
chemicals share some of the structural characteristics of OP
insecticides (the P=0 moiety) but act on target and nontarget
organism by different mechanisms and present different sets of
toxicological issues. For example, production and use of OP
flame retardants have increased significantly in the past 2 deca-
des, particularly since the more popular PBDEs (polybrominated
diphenylethers) have been phased out or banned due to con-
cerns on their potential developmental neurotoxicity (Costa and
Giordano, 2007). However, like PBDEs, these OPs are also used as
“additive” flame retardants, ie, they are not chemically bound to
the product, and hence they leach in the environment and have
become widespread environmental pollutants (van der Veen
and de Boer, 2012; Greaves and Letcher, 2017). In addition, sev-
eral OP flame retardants have been associated with a number of
adverse health effects, as they are suspected carcinogens, de-
velopmental neurotoxicants, reproductive toxicants, and endo-
crine disruptors (van der Veen and de Boer, 2012; Greaves and
Letcher, 2017). As for insecticidal OPs and for nerve agent OPs
(ie, primarily AChE inhibitors) several toxicological issues still
linger and need further investigations, as in part outlined in this
review.
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