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INTRODUCTION

A large number of organophosphorus compounds are
extensively used in the agricultural and related industry around
the world as pesticides and insecticides [1,2]. In the modern
and sustainable agriculture for the sake of high and continuous
production of agro-products due to their high demand, it is
necessary to optimization of resources of soil including minerals,
nutrients and also use of pesticides, which become a regular
practice primarily to controlling weeds and pests [3]. Because
some pests are present on the surface or inside the crops or in
the upper layer of soil are known to harm the agricultural crops
and cause yield reduction. Although a huge number of pesti-
cides including organophosphorus compounds are used regu-
larly to enhance the agricultural yield and minimise the time of
growth of crops. It is important to mention that a massive number
of biological functions like photosynthesis, metabolism,
chromosome synthesis, biocatalytic activity and coenzyme [4,5]
systems, where phosphorous compounds play an essential role.
Generally, phosphorous adopted a combination of +3 and +5
oxidation states in these compounds and their derivatives and
presenting optical isomerism possessing chiral centre. Interes-
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tingly, they have different importance in term of sustainable
agriculture since all enantiomers are not equally active as
pesticides due to their different chemical activity with stereo-
chemical rearrangement. Various studies have revealed that
the organophosphorus pesticides can alter the enzyme activity
of pests including tiny organisms and the impact of pesticides
to biological lives. In this standpoint a new methodology with
a mechanistic understanding appears helpful to explore the
toxicity of organophosphorus compounds [6,7] and their bio-
interaction with enzymes present in central nervous system of
living creatures. Among numerous categories of pesticides
organophosphorus halide and psuedohalide compounds are
very effective in terms of neurological toxicity. These chemicals
kill creatures by inhibiting cholinesterase and acetylcholine-
sterase (AChE), present in nerve cells and the brain and play a
vital role in nerve action. The inactivation of these enzymes
fatally disrupts the nervous system. Much interest and weight-
age are given for such halide compounds specially fluorinated
analogues such as sarin, cyclosarin, soman and some of the
derivatives since they are included in the chemical warfare [8-
10] agents utilizing their destructive property like nerve agents
[11,12]. Nowadays some of these organophosphorus compounds
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are extensively use in the chemical combat as lethal weapons
using the toxic properties rather than in other positive or bene-
ficial interests. Comparing with the deadly nerve gases, sarin
is the most toxic and fast-acting chemical weapons [13]. This
type of warfare is distinct from nuclear warfare and biological
warfare, rather considered as weapons of mass destruction.
Organophosphorus compounds must be handled with greater
care since they are extremely toxic even deadly to mammals
including humans. Several oxime functionalized compounds
called antidotes commonly act as reactivators of acetylcholine-
sterase, deactivated by organophosphorus nerve agents, are
the reversible inhibitors of AChE [14-18]. Though all such
oxime based antidotes are not fully effective to treat the neuro-
deactivated condition due to some limitations.

In this circumstance, synthesis approaches to the new
antidotes by creating modification of oxime functionality or
amalgamation of hetero functional moity with oxime and their
derivatives are the focal theme for researchers to reactivate the
blocked enzyme by nerve chemicals. Simultaneously, the explo-
ration of the synthetic route of halogenated organophosphorus
compounds [19] by which disclose the hidden biochemistry
of interaction between enzyme-nerve agents antidotes can be
encountered. The findings of enhanced lethal effect in vivo
and in vitro, sensing methods and other remedies adopted from
various sources were admitted. Also the mechanistic approach
of interaction of organophosphorus nerve agents with neuro
enzymes, which developing toxicity results the potential long-
term health effects even fatal when high dose is administrated
and the possible recovery pathway from the inhibited nerve
enzyme due to application of antidotes and their farther scopes
are described in concise form.

Organophosphorus nerve agents: A range of structural
diversity are observed in organophosphorus pesticides gene-
rally are amides, thiols or esters of phosphonic, phosphinic,
phosphoric or thiophosphoric acids having cyanide, phenoxy
or thiocyanate group in side chains and in many cases halides,
specially fluorides are also the other substituent. These volatile
compounds are most important due to their structural cum
stereochemical feature and way of action as killer nerve agents
[20]. There are mainly four series of nerve gas among them
the G-series agents include tabun (GA), sarin (GB), soman
(GD) and cyclosarin (GF), which were developed by Germans
and are of most significant (Fig. 1). The V- series agents for
example VX also an effective nerve agent having organosulfur
group are differ from G-agents in terms of their lower volatility,
superior environmental persistency and higher toxicity [21].

Other organophosphorus pesticides including malathion,
dichlorvos, azinphosmethyl, chlorpyrifos unlike nerve gases were
more popular and extensively used, since they are easily degrade
in the environment and effective than persistent organochlorine
insecticides like DDT, aldrin and dieldrin. Much interest paid
and focused on the organophosphorus halogenated nonsulfur
compounds especially sarin, since they possess a rich covalently
binding property with biomolecules and are extensively used
chemical as nerve agents. Including sarin other nerve agents are
dispersing hurriedly because of air currents due to their high
volatility. Commonly, nerve agents are akin to certain kinds of
pesticides used as insect killers called organophosphates in terms
of how they work and what kind of destructive effects they cause.
Sarin is a colourless, transparent, odourless, tasteless, extremely
fatal and occurring mutually as a volatile liquid and vaporized
as a gas in the pure form belongs to this group.

Their high volatility and physically silent nature made
them short-lived threat for people unconcerned that they get
exposed. Most of the organophosphorus nerve agents are synth-
esize in numerous multistep routes involving some hazardous
chemicals like HF, PCl3, PCl5, SOCl2, SO2, etc. [19]. The synth-
etic route concerning the direct transformation of phosphorus
trichloride to methylphosphonic dichloride and utilising the
Friedel-Craft type reaction followed by fluorination using HF
or NaF to methylphosphonic difluoride and finally to sarin
and its derivatives applying iPrOH in base-CH2Cl2 medium
(Scheme-I).

Biochemical activity of nerve agents: Organophosphorus
compounds are structurally more important since their effect-
iveness and modes of action as pesticides depends on the
structure they adopted. Stereoisomer of organophosphorus
compounds play an essential role in the context of the range
of toxicity of the compounds and it is found that generally P(-)
enantiomers are more toxic in nature. For example, like other
member sarin is a chiral molecule with respect to the tetrahedral
central phosphorus atom (Fig. 1) [22]. It possess two enantio-
mers P(-) and P(+), among them the P(-) optically active S
configuration being more active enantiomer hence more toxic,
can show effective binding affinity to the important enzyme
AChE [23] found in synaptic cleft of nervous system. Acetyl-
cholinesterase enzyme is composed of α-helical and β-sheet
domains which belong to the superfamily of the α/β hydrolase
fold enzymes more specifically serine hydrolase [24]. High
pH is one of the important factors for studying the biological
impact since they get decomposes rapidly in this condition to
phosphonic acid derivatives.
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Fig. 1. Structure of G-series nerve gas agents
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Study of biological activity including interaction with
neuroenzymes and mechanism of action with neurochemicals
are the hot topic of research [11]. Organophosphorus nerve
gases are readily hydrolyzed either fully or partially to the
respective range of components as alkylmethyl phosphonates
for instance isopropylmethyl phosphonate, pinacolylmethyl
phosphonate, ethylmethylphosphonate, etc. and eventually
they converted to phosphoric acid or its derivatives [25] via
methylphosphonate intermediate (Fig. 2) in aqueous medium
and then get absorbed in soil, hence pH of the corresponding
soil changed to acidic region.

The partially hydrolyzed product of nerve agents or some
active product during the bio degradation process like POCl3

and its derivatives HOP(O)Cl2 and (HO)2P(O)Cl are effectively
bind with the serine residue of AChE and inhibition resulted
with neuromuscular block (Fig. 3) confirmed by 31P NMR.

Mechanisms of toxicity as nerve agent: In general nerves
communicate with muscles, glands and other nerves by relea-
sing biochemicals and neurotransmitters at their connection
sites called synapses. The enzyme AChE is emanated into the
synaptic cleft and degrades the neurotransmitter acetylcholine.
This acetylcholine performed their function at the neuromus-
cular junction and made link to vital parts of the body by which
the nerve signals are transmitted between neurons. Normally,
acetylcholine is released from the neuron to stimulate the muscle,
after which it is degraded by acetylcholinesterase to stop further
stimulation of the nerve, muscle or gland and allowing them
to relax. Interestingly, acetyl group is detached from the choline
moiety during acylation of acetylcholine proceeds through
forming a covalent bond to a particular serine amino acid residue
of the enzyme and again in the deacylation step, acetyl group

is hydrolyzed from that serine residue is followed. Most of the
organophosphorus nerve chemicals bear a POX3 or PO(OH)X2

type of moiety which is a powerful covalent irreversible inhibitor
of enzyme acetylcholinesterase [26,27] (Fig. 4) showing anti-
cholinesterase action and also serum butyrylcholinesterase
(BuChE) inhibition. This inhibition hits the nervous system at
neuromuscular junctions by interfering with the re-absorption
of neurotransmitters and death will be the result due to the
incapability to control the breathing muscles. Neuromuscular
block is observed in pests like harmful insects and also the micro-
organism exists in soil, amphibian as well as in mammals.

Not only had the lower class of life, mammals including
humans are also exposed by organophosphorus nerve agents
who are associated to the agro-industries and almost same type
of nerve agent biomolecule interaction can be observed with
some complex way. The toxicity level in human due to exposure
of organophosphorus compounds nerve agents in terms of
LD50, LC50 and LCt50 are reviewed and summarized in Table-1
[28,29]. Organophosphorus nerve chemicals like sarin, the
electrophillic phosphorus of it attacked by the particular serine
amino acid residue of enzyme and forming a covalent bond
irreversibly in the active site of the enzyme designated as serine-
sarin adduct [30,31]. Halides or pseudohalides (fluoride in case
of sarin) act as the leaving group and generate phosphoester
which is robust and biologically inert [32,33]. As a result of
inhibition of AChE, the neurotransmitter acetylcholine accumu-
lates in the synaptic cleft and over-stimulates the muscarinic
and nicotinic receptors [34] and causes hyperactivity of the
cholinergic nerves, muscles and glands, eventually leads to
their desensitization. If such nerve chemicals like sarin is not
removed from AChE within a few hours of exposure, AChE
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Scheme-I: Route to synthesize sarin (organophosphorus fluorinated nerve agent)

Vol. 34, No. 4 (2022) Organophosphorus Pesticide as Nerve Agent: Inhibition and Reactivation of AChE: A Review  769



P

O

HO
HO

MPA

P

O

OHHO
HO

Phosphoric acid

O
P

OH

O

PMPA

O
P

OH

O

F

Soman

O
P

O

HO

IMPA O
P

OH

O

F

O
P

O

F

Cyclosarin

O
P

O

F

Sarin

O
P

OH

O

N

O
P

O

HO N

O
P

O

N N

Tabun

Fig. 2. Hydrolysis scheme of nerve agents

O

P
X X

X

H2O

O

P
X OH

X

AChE-OH

O

P
HO OAChE

X

H2O

O

P
HO OAChE

HO

Enzyme blockedH2O H2O

H2O

O

P
HO X

HO

O

P
HO OH

HO
Phosphoric acid

Fig. 3. Proposed mechanism of hydrolysis of OP compound and then neuro-enzyme block by the active nerve agents, X= halide, pseudohalides,
alkoxide

will undergo a dealkylation process known as "aging" [35] in
which the phosphorylated AChE becomes resistant to hydro-
lysis and is considered irreversibly bound to sarin become inert
adduct and thus, irreversibly inhibited (Fig. 4). Organophos-

phorus nerve agents can be lethal nevertheless at very low
concentrations, with death following in few moments after
direct inhalation due to suffocation from lung muscle paralysis,
unless some antidotes are applied. People can be exposed to
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TABLE-1 
MEASURED TOXICITY DATA OF COMMON NERVE AGENTS 

Toxicity of nerve agents 
Nerve agents LD50 

(mg/person) 
LC50  

(ppm) 
LCt50  

(mg min/m3) 
Tabun (GA) 1000 2.0 150-400 
Sarin (GB) 1700 1.2 60-100 
Soman (GD) 350 0.9 35-70 
Cyclosarin (GF) 30 Unknown 35 
VX 10 0.3 10-50 
 

the vapour even if they do not come in contact with the liquid
form of chemicals through skin or eye contact or by breathing
air. They can be affected by touching or drinking contaminated
water by toxins since it is highly miscible into water called
poison water. It may be exposed from contaminated food or
even through clothing also.

Detection: Nowadays at first identification, detection [20,
36] and then determination as well as elimination of organo-
phosphorus compounds including nerve agents have became
important mission in the view point of their potential use in
the terrorists warfare. The most common ways for detecting
organo-phosphorus pesticides are chromatographic methods
like liquid chromatography (LC) or high performance liquid
chromatography (HPLC) coupled with different detectors such
as mass spectrometry (MS). Few researchers [37-40] reported
the detection process utilize spectrometry, molecular imprin-
ting coupled with luminescence and fluorescent study for this
purpose. In the case of the direct method, the assay is based
on the spectrophotometric or electrochemical measurement is
the advanced method of recognition. Fluorescence based sensors
biosensors/chemosensors [41-45] offer significant advantages
over other conventional methods for detection of organophos-

phorus compounds and many other advanced tools are develo-
ping for detection devices and modern approaches also included
in the detection and analysis procedure.

Remedy of nerve agent exposure: Removal of organo-
phosphorus pesticides from the exposed area of the body as
soon as possible and providing supportive medical care are the
most important treatment of exposure. Some most effective
medicines like atropine, biperiden and pralidoxime are avail-
able for organophosphorus nerve agent’s treatment [46] but
they do not re-establish the functionality of AChE and thus,
are not considered as antidote for this purpose. A diverse range
of pyridinium salts functionalized oxime derivatives are used
as antidotes to treat the nerve agent’s exposure efficiently.
Antidote like pralidoxime or pyridine-2-aldoxime methiodide
(2-PAM) [47], which can be easily synthesized by reaction of
pyridine-2-aldehyde with hydroxylamine followed by addition
of methyl iodide [48] is renowned as first drug used very effec-
tively in acetylcholinesterase reactivator [49]. They actually
oriented such a way that generate an interaction with the anionic
site of the enzyme using it’s positive nitrogen centre and reacti-
vates the inhibited enzyme through a nucleophillic attack from
oximate anion(antidote) to the phosphorus atom of the coval-
ently bound inhibitor followed by the detachment of nerve
agent-antidote adduct generating free AChE (Fig. 5) [50-59].
In this perception, amalgamation of amidine group into the
organic oxime drug molecules enhances the binding inter-
action to the biomolecules as enzyme adduct by generating
positive charge and hence the electron draining power on ami-
dine moiety, which increases the nucleophillic ability of nearby
oxime group attached to it, is responsible for reactivation of
blocked enzyme by nerve agents [60,61]. Compare to the normal
oxime antidotes or the pro-drug therapy, application of amidine-
oxime reactivators have the advantages as (i) improved chemical
stability, (ii) greatly improved lipophilicity, (iii) increased in
vitro reactivation efficacy and (iv) significant protection from
the in vivo toxic effects of organophosphorus pesticides, made
them superior combined antidotes in this field [62].

After rigorous study and experiments on the various animal
models, it is found that a large number of incompatible data
on the efficacy of different oximes in the treatment of different
nerve agents exposure. Benzodiazepines and midazolam is
much effective drug for seizures due to organophosphorus into-
xication and authenticated by animal model study [63-66].
Many other bis-quaternary oximes such as HI-6, Hlö-7, MMB-4,
obidoxime, etc. are more promising antidotes [67-71] and
encouraged for recent efforts in the field of organophosphorus
antidote research. However, the main difficulty is that broad-
spectrum antidotes i.e. applied for regeneration of maximum
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nerve agent’s inhibition have not been identified [72,73] and
their safety profile is not up to the mark as that of 2-PAM [58].
There is some reports of unconventional application of pro-
drug of 2-PAM, which is oxidized in vivo (CNS) producing
functionally active quaternary oxime are effective for reacti-
vation of blocked enzyme [74-76] though the prime disadvan-
tages are the synthesis difficulties [77] and poor stability of
such pro-drugs. There are many modern approaches to dealing
with nerve agent exposure as catalytic antibody therapy [78,79]
and prophylactic gene therapy [80] are much successful.

Conclusion

Although the organophosphorus compounds are deve-
loped for the agro-industrial use as pesticides, but they are
frequently employed as chemical warfare of terrorist attack
utilizing their destructive property as nerve agents. In this
review article, the chemical property and mechanisms of bio-
interaction, way of action, toxicity, the potential health effects
on exposure, currently available treatments for intoxication
and the future directions and the scope of modern research of
organophosphorus pesticides nerve agents are summarized.
There are many tools for sensitive detection of trace of organo-
phosphorus chemicals such as fluorescence method, sensing,
chromatography are beneficial. A promising novel technology
for the miniaturized detectors utilizing micro-fluidics and nano-
technology, are easy to operate and can be applied for onsite.
Here, the different parameters of mechanism of action of AChE
inhibition (phosphonylation and aging) by nerve agents and
its physiological aspects as well as the biochemistry involved
there are systematically reviewed. Again, the current available
treatment options and the modern research directions for their
progress including the development of novel drugs as antidote
are compulsory for medical countermeasures. It must be
undeniable that the design and development of new drug is
promising field of research to counter the adverse effect of
organophosphorus compounds once it is exposed to mankind.
Finally, there must be a mutual understanding between the
policies and protocols to minimize the use of harmful organo-
phosphate pesticides for agronomic problems as well as their
application as chemical warfare must be monitored and banned
globally.
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