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Os agentes de guerra química constituem uma das maiores ameaças do mundo moderno. Dentre 
estes, destacam-se os agentes neurotóxicos, em virtude de sua alta letalidade e periculosidade. 
Eles são compostos organofosforados que atuam pela inibição da enzima acetilcolinesterase, a 
qual é fundamental no processo de transmissão de impulsos nervosos. Existem várias formas de 
tratamento para a intoxicação por organofosforados, mas nenhuma delas é eficaz contra todos os 
agentes conhecidos ou contra todos os seus efeitos. Esta revisão tem como foco o uso de compostos 
organofosforados como agentes neurotóxicos de guerra química. Após uma breve introdução 
histórica, será feita uma discussão sobre as principais características estruturais e biológicas da 
acetilcolinesterase, seguida por uma revisão das propriedades dos compostos organofosforados e da 
sua aplicação como agentes de guerra química. Por fim, serão discutidas as formas de tratamento 
contra estes agentes, com ênfase nas oximas usadas para reativar a acetilcolinesterase inibida.

Chemical warfare agents constitute one of the greatest threats in the modern world. Among 
them, the neurotoxic agents are of special interest due to their high lethality and danger. Neurotoxic 
agents are organophosphorus compounds that act by inhibiting the enzyme acetylcholinesterase, 
which is fundamental for the control of transmission of nervous impulses. There are several ways 
of treating intoxication by organophosphorus compounds, but none of them is efficient against 
all the known neurotoxic agents or against all of their effects. This review focus on the use of 
organophosphorus compounds as neurotoxic chemical warfare agents. After a brief historical 
introduction, it will be done a discussion about the structural and biological characteristics of 
acetylcholinesterase, followed by a review of the properties of organophosphorus compounds and 
their application as chemical warfare agents. Finally, the ways of treatment against intoxication 
with these agents will be discussed, with emphasis on the oximes used for reactivating the inhibited 
acetylcholinesterase.
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1. Introduction

One of the greatest threats in modern world is the 
possibility of use of chemical weapons by regular forces 
or by terrorist groups. Among these weapons, the so-
called neurotoxic agents, commonly known as “nerve 
agents”, constitute the greatest concern, due to their highly 
deleterious effects on humans. The potentiality of attacks 
employing these agents gives a strong reason for continuous 
research on the development of more effective antidotes 
against them.

One way of treating victims of nerve agents consists 
on the administration of certain pyridinic oximes, which 

possess the capacity to regenerate the catalytic activity 
of the enzyme acetylcholinesterase (AChE), the target 
of these compounds.1-4 Unfortunately, until now it has 
not been reported any oxime that acts efficiently against 
all the existing neurotoxic agents. Therefore, oximes 
that are efficient for the treatment of intoxication with 
one specific nerve agent can be completely ineffective 
with another.1-4 Also, even the fast identification of a 
neurotoxic agent in order to choose the treatment for 
the intoxication is usually not rapid enough to either 
save the life of the patient or to avoid serious permanent 
damages.

In this review, the main aspects concerning the nature 
and mode of action of neurotoxic agents and the treatment 
of intoxicated patients are discussed. 
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2. History and Classification of the Chemical 
War Agents

The expression “chemical warfare”, first used in 1917, 
refers to all tactical war assets which use incendiary 
mixtures, smokes and irritating, vesicant, poisonous or 
asphyxiating gases.5 For the Brazilian Army, chemical war 
is the one that utilizes substances designated as “chemical 
agents”, which are defined as all the compounds that, 
due to their chemical activity, generate a toxic, smoking 
or incendiary effect, when used for military purposes.6 
Chemical warfare agents (CWAs) distinguish themselves 
from biological warfare agents, since the latter consist 
of microorganisms which cause diseases in humans, 
animals or plants, or which deteriorate different materials.5 
Microorganisms toxins may be considered as intermediate 
between chemical and biological warfare agents, since they 
are chemical entities which are produced exclusively by 
living organisms. However, it is not uncommon to consider 
them as biological weapons.5

The use of CWAs can be retraced to 1,000 B.C., when 
the Chinese employed smokes containing arsenic, while the 
Greek utilized chemical compounds to poison water and 
other supplies of their enemies. In the following centuries, the 
use of CWAs was diversified, progressively becoming more 
sophisticated.5 Today it is considered that modern chemical 
war began during the First World War, more precisely on 
April 22nd 1915, when the German Army employed large 
quantities of chlorine gas against the Allied Forces in Ypres, 
Belgium. British and French troops equally retaliated, and 
the First World War became the first stage of the use in 
large scale of several poisonous gases, some of which, like 
phosgene, diphosgene, hydrogen cyanide, cyanogen chloride 
and mustard gas, were even more toxic than chlorine,. Since 
then, the use of CWAs was confirmed or suspected in several 
localized conflicts, although never in such scale as in World 
War I.5 Some of the main historical events involving CWAs 
in the 20th century are listed in Table 1.3,7

Although Japan used CWAs against the Chinese forces 
between the end of the 1930’s and the beginning of the 
1940’s, it is interesting to note that there is no confirmation 
of the use of these weapons in Europe during World War 
II. This fact is astonishing, since Germany was much more 
advanced in that area than the Allies, to whom tabun, sarin 
and soman were completely unknown.8 The reasons for the 
non-utilization of these neurotoxic agents by Germany is 
still a matter of debate: some people argue that Adolph 
Hitler or German senior officers, themselves victims of 
CWAs during World War I, would have prohibited the use of 
chemical weapons. However, the most probable reason was 
the German fear that the United States and Great Britain 

possessed equal or similar chemical weapons (which was 
untrue) and would use them in retaliation.9

Military CWAs can be classified in several categories, 
according to the nature of their use, their persistence in the 
field and their physiological action.10 They are generally 
divided in the following classes: (i) VESICANTS, which 
are compounds that cause irritation and vesication of the 
skin and mucous membranes (mainly the lungs), being 
the mustard gases (ClCH

2
CH

2
XCH

2
CH

2
Cl, X=O, S, NR) 

the most important representatives of the group. Although 
they can lead to death, vesicants usually have only an 
incapacitating effect, as the victims of mustard gas require 
one to four months of hospitalization, for instance. (ii) 
PULMONARY TOXICANTS, which are compounds 
that attack the respiratory tract, causing choking. The 
main substances of this class are phosgene (COCl

2
) and 

diphosgene (Cl
3
COCOCl). (iii) CYANIDES, which are 

substances that release cyanide ions in the body, being 
hydrogen cyanide and cyanogen chloride the most used. 
The major mechanism of toxicity of cyanides occurs 
by inhibition of cytochrome c oxidase, a process that 
results into cytotoxic hypoxia.11(iv) INCAPACITATING 

Table 1. Historical facts about the modern use of chemical weapons

Date Historical fact

1915-18 Use of chemical weapons in World War I.

1935 Italy uses mustard gas in Libya and Ethiopia.

1936 The German chemist Gerhard Schrader synthesizes the 
neurotoxic agent tabun.

1937 Schrader and coworkers synthesize the neurotoxic agent 
sarin.

1939 Japan uses mustard gas against China.

1940-5 Germany employs Zyklon B, a variant of hydrogen cyanide, 
in gas chambers.

1942 Germany begins the industrial production of nerve gases in 
Dyhenfurth.

1944 The German chemist Richard Kuhn synthesizes the neurotoxic 
agent soman.

1950’s VX is synthesized by the British and weaponized by the 
Americans.

1984-6 The use of CWAs by Iraq in the war against Iran is 
confirmed.

1988 The use of chemical weapons by Iraq in the repression against 
the Kurdish population situated in the North of the country 
is confirmed.

1994 Terrorist attack with sarin in Matsumoto, Japan, executed by 
the Aum Shinrikyo sect, results in 7 deaths and more than 
300 injured.

1994/5 Assassination attempts with VX are made in Osaka, Japan, 
by Aum Shinrikyo members, with one fatality.

1995 Aum Shinrikyo uses sarin to attack the Tokyo subway, causing 
12 deaths and thousands of casualties.
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AGENTS, also known as irritating agents, are compounds 
that produce physiological or mental effects, rendering their 
victims unable to perform their duties. The most remarkable 
among them are the tear gases (chloroacetophenone, 
o-chlorobenzylidenemalononitrile, bromoacetone, etc.) 
and the vomiting gases (like chloropicrin, Cl

3
CNO

2
) and 

psychoactive agents like 3-quinoclinidinyl benzilate (BZ). 
(v) NEUROTOXIC AGENTS, which are also known as 
nerve agents or nerve gases, inhibit an enzyme called 
acetylcholinesterase, causing several deleterious effects 
which can lead to death. The most important ones are tabun, 
sarin, soman and VX.

The employ of chemical warfare in conflicts is 
strongly objected by the majority of mankind; perhaps 
only biological warfare provokes a repulse even larger.8 
Despite the successful United Nations efforts to proscribe 
these weapons, summarized by adherence to the Chemical 
Weapons Convention by most country of the world,12 the 
possibility of chemical warfare use by rogue States or by 
terrorist groups is still a great concern.

Nerve agents, the focus of this review, are among the 
most toxic synthetic compounds and, along with vesicants, 
constitute the majority of the modern chemical arsenals.10 
As already discussed, tabun, sarin and soman were 
synthesized, but not employed, during World War II. VX 
was synthesized in Great Britain during the 1950’s and later 
developed for military purposes by U.S.A.3 Nerve agents 
are synthesized easily and cheaply, are easily dispersed 
and difficult to detect, feared by public opinion and highly 
lethal, being a excellent weapon for terrorist purposes.13 
Although there are several unconfirmed reports of nerve 
agents’ utilization since 1967,5 there are fortunately few 
confirmed cases of their use. During the Iran-Iraq war, 
Iraq occasionally employed tabun and, possibly, other 
nerve agents, along with mustard gas.14,15 Iraq has also used 
sarin and mustard gas against the civilian Kurdish village 
of Birjinni, in 1988.16 Impure sarin has been employed in 
the terrorist attacks in the Japanese cities of Matsumoto 
(1994) and Tokyo (1995) perpetrated by the Aum Shirinkyo 
sect.3,17-20 Finally, there are records of assassination attempts 
employing VX.21

To further discuss the neurotoxic agents, it is necessary 
to review the main characteristics of their target, the 
acetylcholinesterase enzyme.

3. Acetylcholinesterase

3.1 The cholinesterases

Acetylcholinesterase (AChE, E.C. 3.1.1.7) and 
butyrylcholinesterase (BChE, E.C. 3.1.1.8) are the 

enzymes which constitute the group of the cholinesterases. 
Acetylcholinesterase hydrolyses acetylcholine (ACh) and 
is mainly associated to nerves and muscles, being typically 
found on the synapses, while butyrylcholinesterase, also 
known as plasma cholinesterase or pseudocholinesterase, 
hydrolyses butyrylcholine and is synthesized by the liver, 
being found in large amounts in the serum. The first 
structure of a cholinesterase was determined in 198622 
and after that it became clear that these enzymes define a 
unique family of serine hydrolases.23,24 AChE and BChE 
distinguish from each other mainly in the specificities of 
hydrolysis of different cholines: AChE hydrolyses ACh 
quickly, propionylcholine slower, and shows a marked loss 
of hydrolytic activity for butyrylcholine, while BChE is 
less selective to the size or nature of the acyl group of the 
choline to be hydrolyzed, hydrolyzing butyrylcholine and 
benzoylcholine efficiently.23,25 These unequal specificities 
are explained by differences in the sequences of the 
enzymes, which result in different sizes of their active 
sites.25,26

Both AChE and BChE are found in neurons and glial cells 
of the human brain.27 The physiological function of BChE 
is not fully understood yet: it appears not to be essential to 
cholinergic transmission, but there are some indications of 
its participation in the initial stages of the nervous system 
development.23,25 It has recently been suggested that BChE 
could act in an enzymatic reservoir, taking part under 
certain conditions in a regulatory mechanism of AChE 
levels in cholinergic synapses.27 On the other hand, the 
physiological function of AChE is well understood. It acts 
mainly at the cholinergic receptors located in the central 
and peripheral nervous systems, performing an important 
role during the process of transmission of nerve impulses: 
the catalytic destruction of ACh, which works as cationic 
neurotransmitter.23,28 The role of AChE can be summarized 
as follows: ACh is released from the presynaptic nerve in 
response to an action potential, and diffuses across the 
synapse, binding itself to the ACh receptor (which controls 
the entrance of K+ ions into the postsynaptic nerve or the 
muscular cell, among other functions). After this binding, 
there occur several events that result in the beginning of the 
action potential in the postsynaptic cell. In this moment, 
AChE quickly hydrolyses ACh, finishing the ACh receptor-
mediated ion gating and interrupting the transmission of 
the nerve impulse.28 Cholinergic receptors can be classified 
as nicotinic or muscarinic. Nicotinic receptors are found in 
autonomic ganglia (ganglionic synapses) and neuromuscular 
junctions, and are activated by nicotine, while muscarinic 
receptors, which are located on the parasympathetic effector 
organs and prejunctionally to neuromuscular junctions, are 
mainly activated by muscarine.4
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ACh-mediated neurotransmission is a vital process for 
survival: its abrupt interruption is lethal, and its gradual 
reduction is associated to progressive deterioration of the 
cognitive and neuromuscular functions, as in the case of 
Alzheimer disease, for instance. However, AChE cannot be 
considered as just an enzyme of the cholinergic nervous 
system: it appears to be involved in other biological 
processes, such as neuritogenesis, cell adhesion and 
differentiation, and amyloid fiber assembly, among others.29 
Studies are being conducted to confirm or reject these 
hypotheses of non-classical roles for AChE, and how this 
knowledge could be employed to develop new therapeutic 
strategies for neurological diseases.29-31 Recent findings 
indicate that ACh is not only involved in the correct 
functioning of the central and peripheral nervous systems: it 
is a ubiquitous molecule which takes part in the regulation 
of several other processes, such as cell growth, locomotion 
and apoptosis, to name just a few.32

3.2 Catalytic mechanism of AChE

The catalytic mechanism of AChE is based on the 
formation of a tetrahedral acyl-enzyme intermediate, and 
involves stages of nucleophilic additions and acid-base 
reactions. In the decade of 1970, a minimal kinetical 
model was proposed by Rosenberry, which assumes that 
an induced-fit conformational adjustment of AChE occurs 
after substrate binding, but before chemical catalysis.28,33 
This minimal kinetic model is represented on Figure 1.

The scheme represented in Figure 1 was the first to be 
proposed for AChE hydrolysis, and is basically a classical 
Michaelis-Menten model. However, the catalytic action of 
AChE and BChE can be described by this simple model 
only for neutral substrates, or for low concentrations of 
positively charged substrates; in other cases, more complex 
models should be employed.26 One of these models takes 
into consideration the possibilities of substrate-activation 
and substrate-inhibition.34 Other models have been proposed 
to explain the differences in the kinetics of hydrolysis 

among AChE of several species. As an example, we can 
cite the model for action of Drosophila melanogaster 
AChE proposed by Stojan et al.,35 which considers the 
modulation of the enzyme catalytic action due to binding 
of the substrate to a secondary active site.

AChE has an outstanding catalytic performance: its 
turnover number exceeds 104 s-1, and acetylcholine diffusion 
to the enzyme active site is the rate-limiting stage of the 
process. It is noteworthy that AChE is not a selective 
enzyme, as it catalyzes not only ACh hydrolysis, but also 
several reactions involving arylic esters, anilides, thioesters, 
amides, selenoesters, and other acylic and N-demethylated 
compounds analogous to AChE.28

3.3 AChE structure

AChE is a polymorphic enzyme, constituted by globular 
catalytic subunits, each one with a mass of 70-80 kDa. 
These subunits group themselves in oligomeric structures 
that can be divided in two classes: the globular forms 
and the asymmetric (or elongated) forms. The globular 
forms are composed of monomers, dimers or tetramers; 
in the last two cases, the monomeric units are linked by 
disulfide bridges, and each one possesses its own active 
site. The asymmetric forms are constituted by three 
structural subdomains: the catalytic subunits (which are 
globular), the collagenous subunit and the noncollagenous 
subunit. The collagenous subunit is a proteic structure, 
rich in glycine, hydroxyproline and hydroxylysine, and 
generally contains a triple helix. This subunit ends in a 
noncollagenous subunit, which are disulfide-linked to the 
catalytic subunits. The polymorphic forms of AChE are 
found in several organs of various species. Despite their 
structural differences, the catalytic subunits activities in the 
globular and asymmetrical forms are similar.28,36

Torpedo californica AChE (TcAChE) was the first 
to have its primary structure determined.22 A few years 
later, the primary structure of human AChE (HuAChE) 
was discovered.37 TcAChE was also the first one to have 

Figure 1. Minimal kinetic mechanism of AChE catalysis. 
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its three-dimensional crystalline structure determined by 
X-ray diffraction.38 Generally, the AChE’s of different 
species are well conserved, and TcAChE has more than 
60% of identity when compared to mammals AChE’s23 
(it is interesting to note that the identity between, the 
AChE and the BChE of a same species, or of genetically 
proximal species, varies from 50 to 52%). The high identity 
among the sequences of TcAChE and mammals AChE’s, 
including the human, renders the tertiary structures of 
these enzymes very similar. This fact, associated to the 
good resolutions of TcAChE structures available in the 
Brookhaven Protein Data Bank (PDB), has made TcAChE 
the preferred enzyme in theoretical and experimental 
studies of acetylcholinesterases. The three-dimensional 
structure of TcAChE (PDB ID 1EA5) is represented in 
Figure 2.

TcAChE is naturally found in a homodimeric form. 
The monomer has 537 residues and is ellipsoid-shaped, 
with approximate dimensions of 45 Å × 60 Å × 65 Å. It 
is constituted by a 12-stranded central β-sheet surrounded 
by 14 α-helices. The first and the last pairs of strands each 
form a β-hairpin loop, which are loosely hydrogen-bonded 
to the eight remaining strands.38 TcAChE is homologous 
to several lipases and esterases, resulting in similar three-
dimensional structures for all of them.39 However, this 
folding pattern (a β-sheet surrounded by α-helices) is also 
found in hydrolases that bear no similarity to TcAChE 
or among themselves. This fold, first identified in the 
1990’s, is designated α/β hydrolase.40 It is believed that, 

in TcAChE, this folding is kept by four salt bridges.39 In-
depth descriptions of structural details and disulfide-linkage 
patterns, as well as comparisons with structures of other 
enzymes, can be found elsewhere.24,28,38,39

3.4 AChE active site

Essentially, the AChE active site is composed by a 
catalytic triad, formed by Ser-200, Glu-327 and His-440 
in TcAChE22,36,38,41,42 and by Ser-203, Glu-334 and 
His-447 in HuAChE.42 This triad is similar to the ones 
present in other serine hydrolases and serine proteases, 
where there is an aspartate instead of the glutamate found 
in AChE,38,43 as well as an opposite “handedness”, as 
described by Sussman et al.38 In TcAChE, the catalytic 
triad is located at the bottom of a deep and narrow gorge, 
known as active site gorge, which has about 20 Å of depth 
and penetrates approximately halfway in the enzyme, with 
a widening near its bottom. The O

γ
-atom of the Ser-200 

residue is located 4 Å above the bottom of the gorge,38 whose 
wall is aligned by 14 highly conserved aromatic residues 
that interact with quaternary ammonium ions, and also by 
a few acidic residues.38,44,45 Moreover, the distribution of 
charged residues in AChE results in a permanent dipole 
moment that is aligned with the axis of the active site 
gorge; this characteristic facilitates the attraction of a 
positively charged substrate, guiding it through the gorge.46 
The direct interaction of the substrate with the negatively 
charged residues situated in the gorge is shielded by the 
side chains of the aromatic residues.47 This electrostatic 
steering caused by the huge dipole moment, associated 
with the quadrupole and other multipole moments of the 
enzyme, contributes to its high catalytic efficiency.38,44,47-49 
The narrowest part of the gorge is smaller than the cross 
section of the ACh, indicating the need of conformational 
changes of at least part of the gorge to allow the penetration 
of the substrate.50 The fast release of the products of the 
enzymatic catalysis remains unexplained, although some 
studies have proposed the possibility of conformational 
changes that would open alternative “back doors”, through 
which at least some water molecules would exit, while 
the choline would exit by the principal opening.47,49,50 The 
acetate formed in by the hydrolysis of ACh would leave 
the active site mainly through the principal opening, with 
a small fraction leaving through a back door formed during 
the enzymatic reaction.51,52

The catalytic triad is not the only component of the active 
site, although it is undoubtedly the principal part. Quinn 
divided the active site in three subsites,28 and others domains 
have been added to his classification since then. According to 
Quinn and as shown in Figure 3, the active site of AChE can 

Figure 2. Tridimensional structure of Torpedo californica AChE (PDB 
ID 1EA5).
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be divided in: (i) an esteratic subsite, where the serine and 
the histidine of the catalytic triad are located, which binds to 
the acyl group of ACh; (ii) an anionic subsite, constituted by 
negative charges that interact with the quaternary ammonium 
group of ACh; (iii) a hydrophobic region, contiguous or close 
to the esteratic and anionic subsites, which is important for 
the binding of arylic substrates.

Quinn also considered the existence of a fourth domain 
in AChE, which binds to cationic substrates. This domain 
is located near the ridge of the gorge, more than 20 Å away 
from the active site, and is denominated peripheral anionic 
site. The binding of ligands to this peripheral site frequently 
causes conformational changes in the active site. These four 
domains act in a concerted way, resulting in the complex 
reaction dynamics that characterize AChE.28,53

As mentioned before, the enzymatic hydrolysis of ACh 
involves nucleophilic additions and acid-base reactions, 
and is based mainly on the action of the triad catalytic 
residues. The proposed mechanism most consistent with 
available experimental data consists of two nucleophilic 
attacks and two proton-transfers, with a covalent acyl-
enzyme intermediate. In TcAChE, His-440 abstracts a 

proton from Ser-200, forming a nucleophile Ser–O− that 
attacks the ACh molecule, generating a tetrahedral adduct 
as intermediate. The protonated His-440 is stabilized 
by Glu-327 and, to a lesser extent, by Glu-199. The 
stabilization of existing charges in the transition state 
results in the exceptional catalytic power of AChE.43,45,51,54-

57 This mechanism is represented in Figure 4. His-440 
has a high mobility during the catalytic action of AChE,58 
and its exact positioning is fundamental for achieving 
optimal catalytic activity. This positioning is obtained 
by steric hindrance of Phe-288 and by π-stacking with 
Phe-331.53,59,60

Figure 3. Scheme of the AChE active site.

Figure 4. Mechanism of ACh hydrolysis by AChE.
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The residues Trp-84, Glu-199 and Phe-330 are the main 
components of the anionic subsite (also known as choline 
binding site), strongly interacting with the quaternary 
ammonium group of ACh.45,61-63 Particularly, Trp-84 is 
very close (3.7 Å) to the ammonium group, and both 
Trp-84 and Phe-330 interact with this group by cation- π 
interactions.64 Although used for long time, the expression 
“anionic subsite” is not precise, since it contains, at most, 
one formal negative charge; the cation-π interactions are 
responsible for the binding of choline to the active site, and 
not any eventual ionic interaction.38,61,65

Phe-288 and Phe-290 (which correspond to Phe-295 
and Phe-297 in HuAChE and in other mammals) have a 
great importance in the active site: they delimit a space 
where the acyl group of the substrate accommodates itself, 
designated as acyl pocket. These residues are responsible 
for the higher specificity of AChE when compared to BChE: 
the big volume of the Phe sidechains limits the available 
space in the acyl pocket to an acetyl or propanoyl group. In 
BChE, these Phe are replaced by smaller residues (Leu, Ile 
or Val), resulting in a more spacious acyl pocket, capable 
of accommodating larger groups such as butanoyl or 
benzoyl.25,66 Mutagenesis experiments showed that mouse 
AChE with the mutations Phe295Leu and Phe297Ile loses 
its specificity and reduces its maximum catalytic rate 
(k

cat
), which leads to the conclusion that these residues 

are important for substrate stabilization at the optimal 
catalysis position.25 Moreover, mutations Phe297Ile and 
Phe297Val change the kinetic profile of AChE from one 
of substrate-inhibition to another of substrate-activation 
analogous to that of BChE.25,67 The TcAChE acyl pocket 
is complemented by residues Trp-233 and Phe-331, which 
are involved in the mentioned maintenance of the right 
orientation of His-440 for catalysis.59,60

An important structural characteristic found in the 
active site of AChE is an arrangement of hydrogen-bond 
donors that stabilize the acyl-enzyme intermediate, 
accommodating the negative charge of the carbonyl group 
(which is in the form C–O− in the acylation and deacylation 
intermediates). This arrangement forms a cavity known as 
oxyanion hole, where the carbonyl group accommodates 
itself. This hole is formed by residues Gly-118, Gly-119 
and Ala-201 in TcAChE, and by Gly-121, Gly-122 and 
Ala-204 in HuAChE. The NH groups of these residues’ 
backbones hydrogen-bond to the carbonyl.38,45,54,55,65 The 
residues in the oxyanion hole and in the acyl pocket 
take part in the stabilization of acylation and deacylation 
intermediates, accommodating them without the need of 
major conformational changes.68

The peripheral anionic site is located near the ridge of 
the active site gorge and, although is not directly involved 

in AChE catalytic activity, comprises several superposed 
sites for the binding of allosteric inhibitors and activators. 
The exact structure and functional role of the peripheral 
anionic site are still unknown, but it was discovered that 
some allosteric inhibitors act by a combination of steric 
hindrance (blocking the way of ligands entering and leaving 
the active site gorge) and allosteric modifications in the 
conformation and efficiency of the catalytic triad.69 It is 
also known that Tyr-70, Tyr-121 and Trp-279 are certainly 
part of the peripheral anionic site, and that this domain 
binds to cationic and aromatic ligands which are too large 
to penetrate the active site gorge, or to long bisquaternary 
ligands which can extend themselves from the ridge to the 
bottom of this gorge.24,61,63,70

As can be seen in Figure 4, water molecules play 
an important role in AChE catalysis. A study of several 
crystalline structures of TcAChE showed that most water 
molecules are in well-conserved positions, and that some 
of these molecules move after AChE binds to the substrate, 
while others remain approximately in the same position.50 It 
is noteworthy that when AChE catalyzes the hydrolysis of 
substances less reactive than ACh, there occur changes in 
the mechanism of reaction, the action of the catalytic triad 
being replaced by a basic catalysis involving Glu-199.62

Other structural aspects of AChE and BChE which 
are not discussed in this review can be found elsewhere.70 
AChE is the main target of the neurotoxic CWAs, which 
will be discussed next.

4. Organophosphorus Compounds as Neuro-
toxic Chemical Warfare Agents (CWAs)

4.1 Organophosphorus compounds

Neurotoxic chemical warfare agents are essentially 
organophosphorus compounds (OPCs) that inhibit AChE 
activity, resulting in several deleterious effects in the 
victim (including death). OPCs and carbamates are the 
AChE inhibitors most used nowadays. Many substances 
of these two classes compounds are used as insecticides, 
but only OPCs are employed as CWAs.71,72 Accidental 
intoxications and suicide attempts with insecticides 
constitute a serious health problem, mainly in Third World 
countries: World Health Organization estimates that there 
occurs annually three millions of poisoning cases due to 
pesticides, with more than 220.000 deaths caused by them 
around the world.73,74 Some OPCs are also used as flame 
retardants in electrical devices and as antiparasites in 
veterinary medicine.72 Although less lethal than chemical 
weapons, organophosphorus pesticides can lead to similar 
deleterious effects when used in greater amounts or higher 
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concentrations.75 In fact, the World Health Organization 
reports about three million cases per year of intoxication 
with organophosphorus pesticides, causing about 220.000 
deaths, in the world.73,74 These intoxications usually result 
from wrong manipulation of pesticides and suicidal 
attempts.73,76,77

Phosphorus is an extremely versatile element, located 
below nitrogen in Group V of the Periodic Table. Its 
general application in many reactions in organic chemistry 
results from its electronic structure (1s2 2s2 2p6 3s2 3p3). 
Consequently, phosphorus can adopt several stable oxidation 
states, including +3, +5 and +6, and can be naturally found 
bonded to organic and inorganic ligands. The usefulness of 
phosphorous reagents in organic synthesis stems from the 
phosphorus ability to progress from the lowest to highest 
coordination number (and, occasionally, in the reverse 
direction). Key factors of phosphorous compounds include 
the high nucleophilicity of trivalent phosphorous reagents 
towards electrophiles, its strong and readily formed bonds 
with oxygen, sulphur, nitrogen and halogens, and the 
capacity of phosphorus to stabilize adjacent anions.78

Organophosphorus compounds are organic substances 
which contain a phosphoryl (P=O) or a thiophosphoryl  
(P=S) bond.72 They are essentially esters, amides or thiolic 
derivatives of phosphoric, phosphonic or phosphinic acids, 
with different arrangements of attached oxygen, carbon, 
nitrogen or sulfur atoms.72,79 The classification of OPCs 
is quite complex, due to the extraordinary variety of side 
chains that can be attached to the phosphorus atom. Because 

of this, no universal classification system for OPCs has 
been widely accepted to date. According to Gupta,72 there 
are at least 13 types of OPCs, whose structures are shown 
in Figure 5. OPCs usually have two alkyl substituents 
and an additional substituent known as “leaving group”, 
since it is more susceptible to hydrolysis or substitution 
by nucleophiles than the alkyl groups. OPCs that are 
derivatives from phosphoric and phosphonic acids generally 
have anticholinesterase activity, in opposition to OPCs 
derived from phosphinic acid.72

The toxic effects of OPCs in humans and insects were 
discovered in 1932 and 1937, respectively. In 1940, it was 
proven that AChE is the main target of OPCs in mammals, 
and a few years later it was found out that the same is true 
for insects.80 OPCs employed as CWAs are much more 
potent than the ones used as insecticides, which usually 
present selective toxicity towards insects, relatively to 
mammals, because of structural differences in AChE 
receptors, as well as in other binding subsites.80,81 It is 
noteworthy that only toxicity to insects does not qualify an 
OPC (or any other substance) as insecticide: it should have 
other properties, mainly efficacy in low concentrations, 
low toxicity to mammals, low phytotoxicity and economic 
viability.82 The use of OPCs as insecticides began in the 
1940’s, and has received a great impulse between 1960 and 
1980, when they gradually replaced the organochloride 
insecticides (which are less toxic, but much more persistent 
in the environment). In 1999, OPCs represented about 40% 
of the global market of pesticides.82

Figure 5. Types of OPCs, according to Gupta.72
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Before reaching AChE, OPCs may suffer several 
metabolic biotransformations. Most OPCs (except 
phosphates and phosphonates) show no or little 
anticholinesterase activity in their nonmetabolized 
form.83 The biotransformation of non-toxic OPCs to active 
metabolites occurs through many different reactions, being 
the most representative of them the oxidative desulfuration 
of the thiophosphate group, converting the thiophosphoryl 
bond to a phosphoryl. In this way, phosphorothioates 
and phosphorodithioates, which are usually weak AChE 
inhibitors (due to the low electronegativity of sulfur when 
compared to oxygen), are converted to their oxidized 
forms, which are extremely toxic anticholinesterase 
compounds.83-85 Other important metabolic reactions are 
those that result in the detoxification of OPCs. These 
processes involve the breaking one of the phosphorus 
bonds, forming a negatively charged molecule,83 or the 
increase in water solubility of the OPC, making its excretion 
easier and reducing its half-life in the organism.85

4.2 Mechanism of action of OPCs

OPCs used as CWAs and as insecticides act by 
inhibiting AChE, preventing hydrolysis of ACh. This 
causes an accumulation of ACh in all cholinergic receptors, 
resulting in overstimulation of the structures enervated by 
these cholinergic fibers. The mechanism of the reaction 
involves a nucleophilic attack of the serine in the AChE 
catalytic triad (Ser-200 in TcAChE, Ser-203 in HuAChE) to 
the phosphorus atom in the OPC. Unlike acetylated AChE, 

which quickly converts itself in acetic acid and regenerated 
AChE, the phosphylated enzyme (‘phosphylation’ denotes 
both ‘phosphorylation’ and phosphonylation’) is stable 
and, depending on the groups attached to the phosphorus 
atom, becomes irreversibly inhibited. The lack of activity 
of the inhibited enzyme occurs because the serine of the 
catalytic triad, when phosphylated, can no longer hydrolyze 
ACh.4,36,75,84,86,87 A scheme of AChE inhibition by OPCs 
is shown in Figure 6. Computational studies of AChE 
phosphonylation by the nerve agent sarin indicate that the 
reaction actually involves a two-step addition-elimination 
mechanism, rather than a concerted one; the addition 
would be the rate-determining step.88,89 OPCs are also able 
to inhibit BChE action by an analogous mechanism, but 
the effects of this inhibition in the organism are unknown, 
since the physiological function of this enzyme is not fully 
understood yet.86 Moreover, OPCs covalently bond to other 
serine esterases, such as carboxylesterase, neuropathy target 
esterase (NTE), trypsin and chymotrypsin.79

The reaction of OPCs with cholinesterases initially 
involves the formation of the OPC-enzyme Michaelis 
complex, followed by the phosphylation of the enzyme and 
its subsequent inactivation, with replacement of the OPC 
leaving group by the alcoholic oxygen of the catalytic triad 
serine. The phosphylated enzyme is stable; nonetheless, 
the phosphyl-enzyme complex eventually suffers one of 
different possible secondary processes. The first possibility 
is the spontaneous reactivation: hydrolysis of the phosphyl-
enzyme complex regenerates the cholinesterase, with 
elimination of the OPC (although this process can be 

Figure 6. Scheme of AChE inhibition by OPCs and aging (X = leaving group).
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very slow to be clinically significant). As will be seen, 
this reactivation can be accelerated by the use of adequate 
nucleophiles.1,2,4,79

Another possibility is the breaking of the PO–C bond 
of the phosphylated enzyme, with the subsequent loss of an 
alkylic carbenium (Figure 6). After this reaction, known as 
aging, the phosphylated enzyme can no longer be efficiently 
reactivated spontaneously or by the action of nucleophiles, 
becoming irreversibly inhibited.1,2,4 The mechanism of 
aging by monodealkylation of a dialkylphosphyl-enzyme 
is considered classical; non-classical mechanisms have 
been described. In the case of the nerve agent tabun, aging 
occurs by breaking of a P–N bond, instead of a PO–C 
bond, with elimination of a dimethylamine group,90,91 
however, the possibility of occurring a classical aging for 
tabun has been recently proven.92 Some OPCs can age by 
different mechanisms. For instance, the insecticide mipafox 
[O=P(F)(NHCH(CH

3
)

2
)

2
] ages by deprotonation of one of 

its phosphoroamide groups in the complex with human 
NTE,93 by loss of two isopropyl groups in the complex with 
HuAChE94 (as represented in Figure 7), and by loss of just 
one isopropyl group in the complex with equine BChE.95

The aged phosphylated cholinesterase cannot be 
reactivated due to several factors.96,97 Firstly, the aged 
complex possesses a negative charge in the active site, 
making the attack of a negatively charged nucleophile more 
difficult. Besides, various non-covalent forces stabilize 
the aged complex: interactions among the OPC and the 
oxyanion hole, the acyl pocket and the histidine at the 
active site either stabilize the aged complex, either limit the 
dephosphylation by blocking the access of water or other 
nucleophiles to the phosphorus atom.98-102 Another factor 
that may contribute to the resistance of aged enzymes for 
reactivation is the conformational changes that they suffer 
after aging, making the OPC less exposed to nucleophilic 

attacks.96 Finally, at least in the case of the nerve agent 
soman, it has been proposed the existence of a “push-pull” 
electrostatic mechanism, involving residues Glu-199,  
His-440, Trp-84 and the oxyanion hole in TcAChE, which 
would stabilize the carbenium formed during aging and 
favor a methyl migration that would transform a secondary 
carbenium in a tertiary one.97,99,103,104

Spontaneous reactivation rates of phosphylated 
cholinesterases are determined by the structure of the 
phosphyl-enzyme. Except for the nerve agents, spontaneous 
reactivation occurs at clinically significant rates with the 
majority of the OPCs, but it is always slower than the 
deacetylation that happens in the hydrolysis of the natural 
substrate: Deacetylation of AChE occurs in microseconds, 
but dephosphylation in hours to days. Generally, the smaller 
the alkyl groups of the OPC, the faster will be spontaneous 
reactivation.4 Aging rates also depend on the structure of 
the phosphyl-enzyme complex.

Nucleophilic substitutions of OPCs, all of which have 
a tetra-coordinated phosphorus atom, pose two questions: 
what is the position of attack of the nucleophile, and which 
leaving group is effectively replaced? For reactions with 
strong nucleophiles, it is considered that the nucleophile 
approaches perpendicularly to the trigonal face of the 
phosphorus-centered tetrahedron that is opposed to the 
leaving group. In this way, a pentavalent trigonal bipyramidal 
intermediate is formed, where the nucleophile and the leaving 
group are located on the apical positions (see Figure 6).105-108  
In OPCs with more than a potential leaving group, the 
intermediate structure influences which group will be 
replaced, determining the product stereochemistry. In OPCs, 
it is common a competition between a alcoxy and a thioalkyl 
leaving group, the former being more electronegative and 
the latter being more polarizable, less basic and, therefore, 
a better leaving group. In the absence of restraining steric 

Figure 7. Mechanism of aging of AchE inhibited by mipafox.94
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effects, the most electronegative substituents tend to occupy 
the apical positions in trigonal bipyramidal structures,107,109,110 
which would make them the preferable leaving groups. 
However, the possibility of occurrence of pseudorotations 
around the phosphorus atom and the possible existence 
of steric hindrances may result in a less electronegative 
group occupying an apical position in the intermediate, so 
becoming the preferable leaving group.106,110,111 So, breaking 
of a P–O or a P–S bond will be the result of a competition 
between the apicophilicity of the alcoxy group, kinetically 
favored, and the better stability as leaving group of the 
thioalkyl group, thermodynamically favored.106,108,112

OPCs cause several deleterious effects in the organism, 
since ACh accumulation results in an excessive stimulation 
of nicotinic and muscarinic receptors in both central and 
peripheral nervous systems. The muscarinic symptoms are 
the result of an increase of activity of the parasympathetic 
system and include miosis, salivation, abdominal pain 
and bradycardia, while the nicotinic symptoms, which 
affect the autonomic ganglia, are usually tachycardia and 
hypertension. Effects at both, muscarinic and nicotinic 
receptors can occur at different organs, like the hart or the 
central nervous system (CNS). At the CNS the symptoms are 
usually headache, muscle tremors, giddiness, convulsions 
and respiratory arrest, being the latter the responsible for 
most fatalities caused by OPCs.3,4,113 The signs and symptoms 
of intoxication by these agents (cholinergic syndrome) 
just appear when more than 50% of AChE is inhibited, 
and death occurs after inhibition of 90% of the enzyme.71 
Interestingly, the symptoms caused by different nerve agents 
are similar, with the differences being caused by the variation 
of inactivation or ageing rates, as well as differences in 
absorption, distribution and metabolism.4 Long-term effects, 
observable from weeks to months, have been registered, and 
are due to constant exposition to low doses of OPCs, or to 
late effects of acute expositions.3,4,114

It should be noted that AChE inhibition does not 
constitute the only toxic effect of OPCs, since these 

compounds also inhibit other enzymes. Besides, very high 
concentrations of cholinesterases inhibitors (many times 
the lethal dose) can cause direct effects on cholinergic 
receptors, for instance by blocking the ionic channels. 
Finally, OPCs can affect other neurotransmission pathways, 
such as the dopaminergic and the noradrenergic ones, 
although these perturbations seem to be secondary when 
compared to effects on cholinergic systems. Despite the 
relevance of these alternative mechanisms for the clinical 
effects of OPCs not being completely understood yet,3,4 a 
recent study has mathematically modeled the lethal effects 
in vivo of several highly toxic OPCs used as nerve agents, 
concluding that their primary mechanism of action is really 
AChE inhibition: less than 10% of their toxicity can be 
attributed to alternative mechanisms.115

4.3 OPCs as chemical warfare agents

The so-called neurotoxic chemical warfare agents, 
also known as nerve gases or nerve agents, are OPCs 
which have a very high toxicity to mammals, particularly 
percutaneously or by inhalation. Their toxicity is 
much higher than that of OPCs used as insecticides.3,4 
Nerve gases are usually phosphonofluoridates and 
S-substituted phosphonothioates, while most OPCs used 
as insecticides are phosphonothioates with the P=S bond. 
The main neurotoxic CWAs are known by their military 
designations attributed by the North Atlantic Organization 
Treaty (NATO): GA (also denominated tabun; O-ethyl-
N,N-dimethyl-phosphoramidecyanidate), GB (sarin; 
O-isopropyl-methyl-phosphonofluoridate), GD (soman; 
O-pinacolyl-methyl-phosphonofluoridate) and VX (O-ethyl 
S-[2-(diisopropylamine)ethyl]-methyl-phosphonothioate). 
These agents are considered nerve gases because they have 
favorable characteristics for military use, and their structures 
are represented on Figure 8. There are registrations of an old 
nerve agent, designated as GF (cyclosarin; O-cyclohexyl-
methyl-phosphonofluoridate), whose manufacture is 

Figure 8. Structures of the main neurotoxic chemical warfare agents.
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similar to that of sarin. This neurotoxic agent would have 
been discarded by U.S.A. as being of no military interest 
(for reasons still unknown), and was fabricated by Iraq 
during the Gulf War.3 VR (or Russian VX; O-isobutyl S-[2-
(diethylamine)ethyl]-methylphosphonothioate) is a VX-
analogous developed by the Soviet Union. Structures of GF 
and VR are also represented in Figure 8. Other less relevant 
(and less studied) nerve agents are GE (O-isopropyl-methyl-
phosphonofluoridate), CVX (O-n-butyl S-[2-(diethylamine)
ethyl]-methylphosphonothioate, also known as Chinese 
VX), VE (O-ethyl S-[2-(diethylamine)ethyl]-ethyl-
phosphonothioate), VG (O,O-diethyl S-[2-(diethylamine)
ethyl]-ethyl-phosphorothioate) and VM (O-ethyl S–[2-
(diethylamine)ethyl]-methyl-phosphonothioate).4

Anticholinesterase compounds have been used as 
weapons in Africa since the XIX century, at least, and the 
first AChE inhibitor OPC to be developed was probably 
tetraethylpyrophosphate, synthesized by Wurtz in 1854.3 
However, the history of modern nerve agents begins in the 
1930’s, when the German conglomerate Farbenindustrie 
initiated a program of syntheses of several compounds, in 
an attempt to develop new insecticides. In this program, 
tabun and sarin were synthesized by Schrader in 1936 and 
1937, respectively. The high toxicity of these compounds 
to mammals limited their use as insecticides, but attracted 
the attention of the German Ministry of Defense, which 
anticipated their potential as weapons and created a pilot 
plant for their industrial production in 1942. In 1944, 
Richard Kuhn synthesized soman, but there was no time 
to weaponize it before the end of World War II. VX was 
synthesized in the 1950’s in the United Kingdom, being 
weaponized by U.S.A., and cyclosarin was first synthesized 
in 1949, by a process analogous to the synthesis of 
sarin.3,4

Although known as ‘nerve gases’, neurotoxic OPCs are 
actually colorless liquids at room temperature: their boiling 
point varies from 158 oC (sarin) to 298 oC (VX). G-series 
compounds are relatively volatile and offer more risk when 
inhalated; VX is very little volatile, and it may be necessary 
weeks before its complete dissipation. In this way, VX offers 
low risk of being inhalated (unless at high temperatures), and 
an elevated risk of being absorbed through the skin.3 Some 
physical, chemical and toxicological properties of nerve 
agents are summarized on Table 2. It is believed that toxicity 
differences among them are partially due to differentiated 
AChE inhibitions in different parts of the brain.116 VR is 
not listed on Table 2, but recent studies have shown few 
differences between the in vitro toxicities of VX and VR, 
although the former is a bit more toxic.117

All nerve agents present optical isomery: tabun, sarin, 
cyclosarin, VX and VR have one chiral phosphorus atom 
each, while soman has an additional stereocenter at a 
carbon atom of the pinacolyl group. These stereoisomers 
react with AChE at different rates and possess distinct 
toxicological properties,113 so toxicological data in Table 2 
should be considered as regarding non-specified mixtures 
of stereoisomers of each nerve agent. These differences 
result from the stereochemistry of the active site of AChE, 
which favors the accommodation of one enantiomer at 
the active site in detriment to the binding of another one. 
It is believed that the phenylalanine residues in the acyl 
pocket (mainly Phe-290 in TcAChE) are the major agents 
of this selectivity, due to the steric constraints imposed by 
them.66,118 However, molecular modeling97 and mutagenesis 
studies63,119 have shown that the oxyanion hole, the anionic 
subsite and the peripheral anionic site also play an important 
role in stabilization of the phosphyl-AChE complex and in 
stereoselectivity.

Table 2. Physical, chemical and toxicological properties of the principal nerve agents

Property Tabun (GA) Sarin (GB) Soman (GD) VX

Molecular weight / (Da) 162.3 140.1 182.2 267.4

Boiling point / (oC) 230 158 198 298

Melting point / (oC) –49 –56 –80 –20

Vapor pressure / mm Hg 0.037 (20 oC) 2.1 (20 oC) 0.40 (25 oC) 0.0007 (20 oC)

Vapor Density (relative to air) 5.6 4.9 6.3 9.2

Liquid Density / (g per mL at 25 oC) 1.08 1.10 1.02 1.01

Volatility / (mg per m3 a 25 oC) 610 22000 3900 10.5

Solubility in water 9.8 g per100g (25 oC) miscible 2.1g per 100g (20 oC) Miscible

Persistency on soil 1-1.5 day (half-life) 2-24 h (5 to 20 oC) relatively persistent 2-6 days

LCt
50

 in humans / (mg min per m3) 400 100 50 10

LD
50

 in humans / (mg per 70 kg in human) 1000 (percutaneous) 1700 (percutaneous) 350 (percutaneous) 6-10 (percutaneous)

Sources: references 3 and 4.
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For nerve agents, the stereoisomer with the absolute 
configuration shown in Figure 9 is usually the most 
active AChE inhibitor, since the R’O group is greater 
than the R group.113 This configuration corresponds to 
the S-isomers of sarin and VX, and to S-configuration 
around the phosphorus atom (P

S
) for soman.63,97,118 Table 

3 shows the effect of the stereochemistry of nerve agents 
on their anticholinesterase activity and acute lethality, 
which is not very expressive.97 In the particular case of 
soman, there is low selectivity related to the chiral carbon 
atom. In fact, the P

S
C

S
 isomer is a bit more toxic than the 

P
S
C

R
, and there is practically no difference between their 

aging rates,120 probably because the same carbenium is 
formed in both cases.

In soman, isomers P(–) have S-configuration on the 
phosphorus atom, and isomers C(–) have S-configuration 
on the chiral carbon atom.97 Recently, it has been proved 
that (+)-tabun and (–)-tabun have R- and S-configuration, 
respectively.121

Since AChE inhibition is irreversible after aging, 
there is a great interest on the study of the kinetics of this 
process. Aging rates vary among the several OPCs: for 
tabun, the half-life for the aging of the phosphyl-AChE is 
about 19 hours; for sarin, 3 hours; for cyclosarin, 7 hours; 
for VX, 36.5 hours; and for soman, only 2 minutes.75,79 
The extraordinarily fast aging rate of soman constitutes a 
great challenge for the treatment of victims of this agent, 
since it demands a nearly immediate administration of 
the currently used antidotes, limiting their efficacy. It 
is believed that the rapid aging of soman is due to the 
formation of a tertiary carbenium (which later rearranges 
itself in neutral compounds) by a methyl migration in the 
secondary pinacolyl carbenium aided by a ‘push-pull’ 
mechanism, as shown in Figure 10.97,99,103,104

Table 4 compiles data of rate constants for inhibition 
of HuAChE by racemic mixtures of several nerve agents, 

and also presents rate constants for aging and spontaneous 
reactivation of the phosphylated enzyme in each case.

A phenomenon not observed in other nerve agents 
occurs with tabun. When this compounds forms a complex 
with mouse AChE, still without aging, a movement of the 
imidazolic ring of His-447 dislocates Tyr-337 and Phe-338, 
thus reducing the diameter of the active site gorge and 

Figure 9. Absolute configuration of the most active nerve agent 
stereoisomers for AChE inhibition.

Table 3. Effect of the stereochemistry of nerve agents on their 
anticholinesterase activity and acute lethality

Nerve agent 
stereoisomer

Rate constant for AChE 
inhibition / 

(mol L-1 min-1) at 25 oC

LD
50 

(in mice) / 
(µg per kg)

C(+)P(–)-soman 2.8 × 108 99 (sc)

C(–)P(–)-soman 1.8 × 108 38 (sc)

C(+)P(+)-soman < 5 × 103 > 5000 (sc)

C(–)P(+)-soman < 5 × 103 > 2000 (sc)

C(±)P(±)-soman not available 156 (sc)

(–)-sarin 1.4 × 107 41 (iv)

(+)-sarin < 3 × 103 not available

(±)-sarin not available 83 (iv)

(–)-tabun 2.3 × 106 119 (iv)

(+)-tabun 3.7 × 105 837 (iv)

(±)-tabun not available 208 (iv)

(–)-VX 4 × 108 12.6 (iv)

(+)-VX 2 × 106 165 (iv)

(±)-VX not available l 20.1 (iv)

Source: reference 113.

Figure 10. Mechanism for the aging of the soman-AChE complex.
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hampering the access of the antidote.121 This conformational 
change is reversible, so that the cited residues reverse to 
the original positions in the apoenzyme and in the aged 
tabun-AChE complex. It is believed that this phenomenon, 
denominated conformational aging, renders reactivation of 
tabun-inhibited AChE quite difficult, even before aging of 
the complex.122

Another important problem by the use of CWAs is the 
need of safe and effective cleaning of the contaminated 
areas and victims skin. Due to their volatility, G-agents have 
a short biological half-life, while VX and other V-agents 
are more persistent in the environment. There are several 
processes for chemical or enzymatic decontamination for 
these purposes. The discussion of this important subject 
is beyond the scope of this review, but it may be found 
elsewhere.123-126

4.4 Treatment and antidotes for nerve agents

Intoxication with different nerve agents leads to similar 
symptoms and effects, caused mainly by accumulation of 
acetylcholine. 

Despite their high lethality, most nerve gases have a 
relatively short period of action, being quickly degraded 
or dispersed to non-lethal concentrations.13 So, just after 
an attack with one of these agents, there are significant 
possibilities for the emergency services to treat the majority 
of the exposed victims, providing emergency care and, when 
possible, transporting them to better-equipped facilities. 
The principles of medical treatment of OPCs victims are the 
same applied to victims of intoxications by any other toxic 
substance, that is, termination of exposure to the toxic agent; 
establishment or maintenance of appropriate ventilation; 
administration of adequate antidotes, if available; and, 
finally, correction of cardiac abnormalities. All care must 
be taken by rescue personnel in order to avoid their own 
contamination during the treatment and transportation. 

This is accomplished by the use of appropriate suits 
and individual protection equipments and the complete 
decontamination of victims.3 In battle situations, removal 
of victims of nerve agents to decontamination locals may 
be a very hard task to accomplish. In these cases, fast 
administration of antidotes becomes the main priority. With 
this problem in mind, autoinjector syringes were developed, 
allowing the administration of the antidotes by the victim 
itself (or by a colleague) at the first signs of contamination 
by nerve agents.127,128

When exposure to nerve agents is expected, prophylactic 
measures may be taken. One of them involves pretreatment 
with carbamates, such as pyridostigmine or physostigmine. 
Carbamates are reversible inhibitors of AChE and, once 
bonded to the enzyme active site, prevents its irreversible 
inhibition by OPCs, being spontaneously hydrolyzed 
later.129-131 However, their continuous use causes some 
collateral effects (mainly gastrointestinal).129 The use of 
patches for transdermal drug administration132-133 can help to 
circumvent or mitigate these effects. Another prophylactic 
alternative consists on the use of compounds which sequester 
of degrade the nerve agent before it gets to its target. These 
compounds are denominated scavengers, and are classified 
as stoichiometric or catalytic. The stoichiometric scavengers 
are enzymes which bind stoichiometrically and irreversibly 
to the OPC (such as the cholinesterases themselves), 
while the catalytic scavengers hydrolyze the molecules 
of OPCs (such as OPC hydrolases and anhydrases).134,135 
Several enzymes are being evaluated for use as scavengers, 
such as human serum BChE, recombinant human BChE 
expressed in the milk of transgenic goats, genetic variants 
of AChE and human paraoxonase.134-138 Oximes can be 
employed for pretreatment, improving the post-treatment 
by atropine and other oximes132,139 (see below), but some 
questions should be addressed for their use, such as timing, 
duration and achievement of adequate concentrations after 
administration.132,133

The chemotherapy employed for the treatment of 
intoxication with OPCs includes the use of three types of 
drugs:1,3,13,128 (i) an anticholinergic substance, to antagonize 
the effects of ACh accumulation in the cholinergic 
receptors; (ii) a central nervous system (CNS) depressor, 
which acts as an anticonvulsive; and (iii) an oxime to 
reactivate inhibited AChE.

Atropine, whose structure is shown in Figure 11, is the 
most used anticholinergic. It competes with ACh for the 
muscarinic receptors, blocking the effects of the excess of 
ACh. Atropine is effective in the treatment for all OPCs, 
being adopted as standard antidote since the end of the 
decade of 1940 until the present, in spite of the continuous 
research for new antidotes. However, atropine is unable 

Table 4. Rate constants for HuAChE inhibition by nerve agents (k
i
) and 

for aging (k
a
) and spontaneous reactivation (k

r
) of inhibited HuAChE

Nerve agent k
i
 / (mol L-1 min-1) k

a
 / (h-1) k

r
 / (h-1)

Tabun 7.4 ± 0.2 × 106 0.036 ± 0.001 N.D.

Sarin 2.1 ± 0.1 × 107 0.228 N.D.

Soman 9.2 ± 0.4 × 107 6.6 N.D.

Cyclosarin 4.9 ± 0.0006 × 108 0.099 ± 0.003 N.D.

VX 1.2 ± 0.002 × 108 0.019 ± 0.001 0.021 ± 0.001

VR 4.4 ± 0.006 × 108 0.005 ± 0.001 0.039 ± 0.002

Each entry in the table indicates mean value ± standard deviation of 2-5 
experiments. N.D.: no spontaneous reactivation of AChE activity during 
the observation period. Source: reference 75.
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to counterbalance the action of OPCs in the nicotinic 
receptors. It should be noted that atropine does not prevent 
AChE inhibition by OPCs; it just antagonizes the effects 
of ACh accumulation.

CNS depressors are used to mitigate the convulsions 
and the muscle spasms commonly associated to acute OPC 
intoxications. Diazepam, also represented in Figure 11, 
is the most used compound of this class, but many other 
analogues can be employed.

Several oximes are employed for reactivation of AChE 
inhibited by OPCs, provided that the phosphylated enzyme 
is not aged yet. They are especially useful in the treatment 
of OPCs nicotinic effects. The diverse oximes differ among 
themselves in the optimal dose for reactivation, in toxicity 
and in effectiveness. However, all of them have three great 
deficiencies: (i) the utilized oximes are generally quaternary 
ammonium ions and, as hydrophilic compounds, have 
many difficulties to cross the blood-brain barrier: their 
concentrations in the brain are only 1 to 10% of their plasma 
levels.140-142 As a consequence, they can reactivate only a 
small fraction of the inhibited AChE in the CNS; (ii) oximes 
do not reactivate aged phosphyl-enzymes; and (iii) unlike 
atropine, oximes are not effective against all OPCs, having 
different activities for each one of them.

Oximes that reactivate AChE are usually mono or bis-
pyridinic ones. One of the most used of them is pralidoxime, 
or 2-PAM (2-pyridinium aldoxime), employed in the form 
of chloride (in USA) or methanesulfonate (in UK). Other 
European countries utilize other oximes, such as trimedoxime 
(TMB-4) or obidoxime (or toxogonin).1,3,143 The structures 
of these compounds are shown in Figure 12.

A deficiency of the cited oximes is their low efficacy 
against soman intoxications. On the other hand, the so-
called Hagedorn oximes are much more effective against 
this nerve agent. The structures of the main Hagedorn 
oximes (HI-6, HLö-7, HGG-12 e HGG-42) are represented 
on Figure 13. In general, it can be said that 2-PAM is 
efficient in vitro against sarin and VX, but not against 
soman, tabun and cyclosarin; obidoxime is effective against 
sarin, VX and tabun, but not against soman and cyclosarin; 
and HI-6 is highly efficient against sarin, soman and VX, 
but not against tabun. The most recent HLö-7 seems to 
be able to reactivate AChE inhibited by sarin, soman, 
cyclosarin, tabun and VX, and may constitute the first 
step towards a truly universal AChE reactivator.1,75,143,144 
The relative toxicity of these oximes to humans is HI-6 < 
HLö-7 < 2-PAM < obidoxime < trimedoxime.127 Despite 
the activity of those compounds, there are several problems 
for the reactivation of AChE in vivo. For example, it should 
be reminded that the fast aging of the AChE phosphylated 
by soman limits the use of any oxime as a reactivator.143 
Also, HI-6 and HLö-7 decompose in aqueous solution, 
and must be stored as lyophilized powder.145 To solve this 
last problem, a recent study has evaluated the possibility 
of using HI-6 dimethanesulfate, which is more stable and 
water soluble than the hydrochloride. The obtained results 
in that investigation have been encouraging.146

Nucleophilic reactivation of phosphylated AChE by an 
oxime occurs through the mechanism described in Figure 
14. Usually, it is considered that the oxime reacts in the 
deprotonated form (oximate) in nucleophilic reactivation, as 
represented in Figure 14.147 However, there are indications 

Figure 11. Structures of atropine and diazepam.

Figure 12. Structures of 2-PAM, trimedoxime and obidoxime.
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pointing to the possibility that the reaction occurs with the 
neutral oxime, instead of the oximate;148 additional studies 
are needed to elucidate this question.149 The nucleophilic 
attack of the oximate (or oxime) to the phosphorus atom is 
facilitated by the polarization of the phosphoryl bond, which 
is enhanced by the oxyanion hole. In general, the phosphyl-
enzymes derived from nerve agents with S

P
 configuration 

(which are more toxic) are more prone to reactivation; 
this indicates that polarization of the phosphoryl bond is 
necessary for an efficient reactivation by nucleophiles.118,150 
Ideally, the oximate and the enzyme (the leaving group 
in the reactivation) would occupy the axial positions in 
the trigonal bipyramidal intermediate; however, steric 
constraints in the active site gorge prevent the optimal attack 
of the oximate. Because of this, reactivations by oximes are 
much slower than phosphylation reactions.118,150

The possibility of AChE reinhibition by the phosphylated 
oxime may pose a serious clinical problem.151,152 
Accordingly, an efficient reactivator should have an unstable 
phosphylated form. This factor reduces the efficacy of the 
4-pyridinium aldoximes (such as 4-PAM, TMB-4 and 
obidoxime), whose phosphylated forms decompose slower 
than those of 2-pyridinium aldoximes).152,153 Nevertheless, 

human serum capacity to decompose phosphylated oximes 
attenuates this negative effect.154 Therefore, the efficiency 
of an oxime as an antidote for intoxication with neurotoxic 
OPCs is function of the nucleophilicity of the oximate (or 
the oxime itself) and the exclusion from the active site and 
decomposition rate of the phosphylated oxime.143

Structural models for the mechanism of action and 
the differences in activity among oximes have been 
proposed.122,147,150,155,156 It is known that an adequate 
orientation of the phosphoryl bond inside the active site 
is necessary for both the enzyme efficient inhibition 
and its reactivation; however, the orientation of the 
oximes in the active site and their angles for attacking 
the phosphylated serine are different.150 Many new 
oximes have been synthesized, and their capacities of 
AChE reactivation evaluated.157-170 Figure 15 shows the 
structure of some of those new promising bis-pyridinium 
oximes. For example 1,7-heptylene-bis-N,N’-syn-2-
pyridiniumaldoxime, which is 200 times more active than 
2-PAM and could lead to the development of compounds 
able to reactivate aged phosphorylated HuAChE.158 Other 
examples of new promising bis-pyridinium oximes 
are K027 [1-(4-hydroxyiminomethylpyridinium)-

Figure 13. Structures of the main Hagedorn oximes.

Figure 14. Reactivation of phosphylated AChE by oximes.
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3-(4-carbamoylpyridinium) propane dibromide], 
K048 [1-(4-hydroxyiminomethylpyridinium)-4-(4-
carbamoylpyridinium) butane dibromide], which display 
low toxicity against different types of human cells but 
have a very good capacity to reactivate HuAChE inhibited 
with tabun,161,165 and similar oximes with an unsaturated 
liker, like K203 ((E)-1-(4-carbamoylpyridinium)-
4-(4-hydroxyiminomethylpyridinium)-but-2-ene 
dibromide).166,167 There are evidences that at least some 
oximes (mainly HI-6 and HLö-7) also act on the treatment 
of intoxications through direct pharmacological effects, 
which are not related to AChE reactivation. However, 
the mechanism of these effects is not well understood 
yet, but there are some hypotheses.127,171 For example, 
it has been suggested that HI-6 may interfere with  
GABA-ergic inhibition, a process that is related to 
regulation of respiration.171 Oximes can bind to the active 
site of AChE or to the peripheral anionic site, acting as a 
reversible inhibitors and preventing the enzyme interaction 
with OPCs. Although this phenomenon has been well 
documented in in vitro studies, it has not been evaluated 
yet in terms of experimental toxicology.127

Several factors can lead an oxime to be ineffective in the 
treatment of OPCs intoxications. For instance, it is possible 
that steric or electronic effects result in low reactivation 
rates, which happens particularly with phosphoroamidates, 
such as tabun. Also, due to the employed low doses of 

oximes, it is possible that the rate of AChE inhibition by 
an OPC is higher than the reactivation rate by the oxime. 
The oxime optimal concentration might not be kept during 
the necessary period, when treatment is interrupted too 
early. Finally, as already cited, AChE re-inhibition by the 
phosphylated oximes reduces the antidote efficacy. The 
treatment regimen with oximes must be rigorously followed 
in order to maximize the antidote effects, although there 
are still many doubts about the adequate regimen under 
certain conditions.172 Nowadays, it is still discussed even 
the need of administration of oximes to victims of OPCs 
intoxication.173-175

Studies have shown that, to be an effective AChE 
reactivator, a compound should possess some structural 
properties: it should have a quaternary nitrogen atom, 
which guides the molecule to the active site by interacting 
with the anionic subsite.145 Also, the length and the 
stiffness of the chain linking the pyridinium rings should 
be adequate for the action against the target OPC. Finally, 
the antidote molecule should possess one or more oxime 
groups properly positioned.176 Nonetheless, the reason 
for the necessity of this oxime group, instead of another 
nucleophilic one, is not well understood yet. A proposed 
explanation considers the alpha effect presented by oximes 
and oximates.177,178 Our research group is conducting further 
investigations on this point, trying to better understand the 
need of an oxime as an antidote.

Figure 15. Structures of 1,7-Heptylene-bis-N,N’-syn-2-pyridiniumaldoxime, K027, K033, K048 and K203.
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5. Conclusions

Despite the widespread adherence to the Chemical 
Weapons Convention, chemical warfare agents still 
constitute a threat, due to the possibility of their use by 
Non-Signatory States or by terrorist groups. Among these 
weapons, organophosphorus neurotoxic agents are the most 
dangerous. No universal antidote against these compounds 
is known to date, and the possibility of aging demands a 
quick-acting AChE reactivator (especially for soman).

The development of antidotes for intoxication with 
neurotoxic OPCs is important, not only because their 
potential use as chemical warfare defense agents, but also 
for the treatment of intoxication with organophosphorus 
pesticides, which are very intensively used in agriculture.

Continuous research on new oximes for AChE reactivation 
is being conducted all around the world. However, the 
incomplete knowledge about the interaction between the 
oxime and the nerve agent inside the enzyme active does not 
allow a rational approach for new drugs design; most of the 
research of new oximes is on empirical basis. It is expected 
that the application of molecular modeling techniques may 
eventually shed some light on this subject.
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